
Original article

Germline and somatic mtDNA mutation
spectrum of rheumatoid arthritis patients in the
Taizhou area, China

Juping Du1, Sufei Yu1, Donglian Wang2, Shuaishuai Chen1, Suyun Chen1,
Yufen Zheng1, Na Wang1, Shiyong Chen1, Jun Li1 and Bo Shen 1,2

Abstract

Objective. Reactive oxygen species are believed to be involved in the onset of RA, and the association between

nuclear-encoded mitochondrial respiratory chain-related variants and RA has recently been revealed. However, little

is known about the landscape of mitochondrial DNA (mtDNA) variants in RA.

Methods. Next-generation sequencing was conducted to profile mtDNA germline and somatic variants in 124 RA

patients and 123 age- and sex-matched healthy controls in the Taizhou area, China. Fisher’s exact test, SKAT and

SKAT-O were used for gene-burden tests to investigate RA-related variants of mitochondrial genes. Predictive tools

were applied to evaluate the pathogenicity of mtDNA variants, and mtDNA haplogroups were assigned according

to mtDNA mutations recorded in PhyloTree database. The frequency distribution of mtDNA haplogroups between

the groups was compared using v2 analysis.

Results. We identified 467 RA-unique and 341 healthy control-unique mtDNA variants, with 443 common variants.

Only MT-ATP6 with a significant burden of variants was identified by Fisher’s exact test, SKAT and SKAT-O, even

after Bonferroni adjustment, and the enrichment variants in MT-ATP6 was mainly driven by m.8830C>A,

m.8833G>C and m.8843T>A variants. Besides, four frequently low-heteroplasmic variants including the three var-

iants above and m.14135T>G of MT-ND5 were detected in RA only; except for m.8830C>A, they are considered

potential pathogenicity based on functional predictions. v2 analysis before Bonferroni adjustment revealed hap-

logroup F1/F1a to be negatively associated with RA (P < 0.05).

Conclusion. These results profiled the landscape of germline and somatic mtDNA variants in RA and supported

the effects of mitochondrial genes on RA.

Key words: rheumatoid arthritis, mitochondrial DNA (mtDNA), reactive oxygen species (ROS), next-generation
sequencing

Introduction

RA is a multifactorial and chronic inflammatory auto-

immune disease that is characterized by autoantibody

production and persistent synovial inflammation, which

leads to articular cartilage destruction and bone erosion.

Although the mechanism involved in the development of

RA is not completely understood, oxidative damage

caused by overproduction of reactive oxygen species

(ROS) has been believed to activate key signalling path-

ways, such as nuclear factor kappa B (NF-jB), mamma-

lian target of rapamycin (mTOR) and antiapoptotic

pathways, in RA onset [1–4].

Mitochondrial respiratory chain complexes have been

considered as the major source of ROS production

[5–8]. Recently, Mitsunaga [4] and colleagues revealed
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that the aggregation of rare/low-frequency variants of

the four nuclear-encoded mitochondrial respiratory

chain-related proteins contribute to the risk of severe

erosive RA, offering a genetic link between ROS and

RA. Mitochondria also have their own genetic material,

mitochondrial DNA (mtDNA), which is characterized by

different haplogroups and the combination of a particu-

lar set of single nucleotide polymorphisms (SNPs) accu-

mulated under selective forces of long periods of

climatic and environmental changes. Distinct mtDNA

haplogroups might be protective or risk factors in de-

generative disorders, aging, diabetes and cancers [9–

12]. However, few studies to date have reported mtDNA

haplogroups or variants associated with RA [13, 14].

High mtDNA somatic mutations and oxidatively dam-

aged mtDNA in the synovial tissue and fluid of RA

patients have been reported [15–17]. Yu et al. found that

the mtDNA G7778T variant in the murine mtAtp8 gene

was able to promote ROS production, impairing mito-

chondrial function and increasing susceptibility to

collagen-induced arthritis [18]. In addition, that group

reported that the mtDNA G13708A variant was associ-

ated with an increased risk of RA [13]. Conversely, no

associations between mtDNA haplogroups and RA and

its manifestations were observed in a Denmark popula-

tion [14]. As mtDNA haplogroups or variants present

ethnic- and geographic-specific distributions, the rela-

tionship between mtDNA and RA might be essential for

clarifying the situation in China. Moreover, all the studies

above focused on either mtDNA mutation load or specif-

ic variants, whereas the general profiling of the entire

mtDNA sequence has remained largely unclear. In this

study, we gave a sight into the landscape of germline

and somatic mtDNA mutations in RA and analysed the

associations between mtDNA haplogroups and RA

patients in China.

Methods

Study population

A total of 124 outpatients were consecutively randomly

recruited at Taizhou Hospital of Zhejiang Province from

October 2016 to December 2017. All cases fulfilled the

classification criteria of the ACR and EULAR in 2010.

Basic clinical characteristics and laboratory data were

obtained from our medical records or free clinics. A total

of 124 age- and sex-matched healthy controls (HC)

without a personal or family history of autoimmune dis-

ease were selected from our Physical Examination

Center; one patient was excluded due to poor DNA

quality. Written informed consent to draw blood samples

was obtained from each participant under protocols

approved by the institutional review board of the Ethics

Committee of Taizhou Hospital of Zhejiang Province.

mtDNA next-generation sequencing

Total DNA was extracted from blood samples using

HiPure Blood DNA Midi Kit I (Magen, Beijing, China).

Multiplexed DNA libraries were generated using

MultipSeqVR AI-MitoMulti Panel (iGeneTech, Beijing,

China) following the manufacturer’s instructions. The

quality and concentration of the libraries were confirmed

by agarose gel electrophoresis, Qubit 3.0 and the

Agilent 2100 Bioanalyzer system and then sequenced

on the Illumina HiSeq platform.

mtDNA variant detection and haplogroup
assignment

Raw reads were filtered to remove low-quality reads by

using Fastp. Clean reads were aligned to the revised

Cambridge Reference Sequence (rCRS) with Burrows-

Wheeler Aligner (BWA). Duplications were removed and

sequence variants and small indels were called with the

Genome Analysis Toolkit (GATK) Unified Genotyper and

GATK Indel Genotyper V2. After a series of filter condi-

tions, including total sequencing coverage (�100), qual-

ity score (each base quality >20) and the minimum

allele frequency (MAF �2%), mtDNA variants were

obtained for further analysis. The heteroplasmic fraction

(HF) was defined as the percentage of variant reads

among the total reads for the same nucleotide position.

To assess the associations between mtDNA variants

and RA, we evaluated the potential functional impacts of

these variants (Fig. 1). First, we performed a gene-

burden test for protein-coding and tRNA variants based

on the frequency of variants of each targeted gene in

the RA or control group. Fisher’s exact test was used to

identify RA-associated genes. Cumulative effects of var-

iants in the gene were applied using the sequence ker-

nel association test (SKAT) and SKAT-optimal unified

test (SKAT-O), which combined burden and kernel tests

with small sample size adjustment [4, 19]. Bonferroni

multiple comparison was conducted for the gene-based

test (P < 2.94� 10�3, 0.05/17 genes) and single variant

test (P < 4.00� 10�5, 0.05/1251 variants). Then, we

focused on unique variants carried by RA patients. For

variants in protein-coding genes, the synonymous and

haplogroup/subhaplogroup defined variants were filtered

out. A combined prediction system with HmtVar, SIFT

and PolyPhen 2 was applied. Variants were considered

potentially pathogenic when all three tools supported at

least moderate evidence of pathogenicity. For variants

located in tRNA, we determined the potential structure

and functional alteration by using HmtVar, Mamit-tRNA,

MitoTIP and PON-mt-tRNA. The global frequency data

and evolutionary conservation index are available from

the MITOMASTER database, which contains 48 882 full-

length human mtDNA genomes and reference genomes

for 45 species (Homo sapiens, 39 mammals and five

non-mammalian species).

The haplogroup status was determined according to

PhyloTree for global human mtDNA (www.phylotree.org)

[20] and the phylogenetic tree for East Asian mtDNA

and further checked by MitoTool (http://www.mitotool.

org/) [21].
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Statistical analysis

Statistical analyses were performed using SPSS 23.0

software (SPSS Inc., Chicago, IL, USA), and statistical

significance was established at P � 0.05 or adjusted

for independent tests (17 genes, 1251 variants or 34

haplogroups) using Bonferroni correction. Continuous

or categorical variables were compared using

Student’s t test or Fisher’s exact test. Binary logistic

regression analysis was carried out to determine the

contributions of each haplogroup by calculating odds

ratios (OR) and 95% CI between the RA and HC

groups.

Results

Study participants and mitochondrial genome
sequencing

Supplementary Table S1, available at Rheumatology on-

line depicted the study population characteristics,

including 124 RA patients [female 73.4%, mean age

56.98 (11.14) years] and 123 age- and sex-matched HC

[female 74.8%, mean age 56.24 (10.98) years]. Next-

generation sequencing data across the entire mtDNA

genome were generated for all subjects with a mean

coverage depth of 1492 (665) in RA patients and 1203

FIG. 1 The workflow for analysing mtDNA variants in rheumatoid arthritis (n¼124) and healthy controls (n¼123)
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(684) in HC. The sequence read coverage of the RA and

HC was 100.0060.00% and 99.9960.02%, respectively.

Landscape of mtDNA variants in RA patients

A total of 910 mtDNA variants were identified in RA

patients compared with 784 variants in HC. There were

443 common variants shared by RA patients and HC

individuals (Supplementary Fig. S1 and Supplementary

Table S2, available at Rheumatology online). There were

467 and 341 unique mtDNA variants detected only in

the RA and HC groups, respectively (Supplementary

Tables S3–4, available at Rheumatology online). The

variant density (numbers of variants/region length) of the

control region was much higher than that of the non-

control region in both the RA and HC groups (data not

shown). Except for the control region, the MT-ND5 re-

gion carried the most variants (107 variants) in RA

patients, followed by MT-CO1 (72 variants) and MT-CYB

(70 variants) (Supplementary Table S5, available at

Rheumatology online). In HC, the MT-ND5 region

showed the most variants, at 87, followed by MT-CYB

(72 variants) and MT-CO1 (56 variants). The frequency

of variants per mtDNA genome was defined by dividing

the variant numbers by both region length and sample

size. As shown in Fig. 2, higher variant density in MT-

ATP6 was observed in RA patients.

We then divided all mtDNA variants into three groups:

common variants shared by RA and HC, RA-only var-

iants and HC-only variants. Among the common variants

group, a comparable number of patients carried variants

in each gene region (Table 1). Most mtDNA genes dis-

played significant accumulation of RA-only variants or

HC-only variants. In the RA-only variant group, MT-ND5

was significantly enriched in RA patients (104/124,

83.9%, P ¼ 1.32� 10�49), followed by MT-ATP6, MT-

ND1 and MT-CO1. An abundance of HC-only variants

accumulated in the MT-CYB gene (32/123, 26.0%,

P ¼ 1.99�10�11), followed by MT-ND5, MT-ND4 and

MT-CO1.

Potential pathogenic mtDNA variants associated
with rheumatoid arthritis

We conducted gene-based analysis to clarify the rela-

tionship between mtDNA variants and RA. Both Fisher’s

exact and SKAT/SKAT-O tests revealed that more en-

richment variants in MT-ATP6 were present in RA

patients than in the control group even after Bonferroni

adjustment. The significance was not maintained for

MT-ND5 after multiple comparison correction (Table 2).

We next focused on unique variants in coding regions

carried by RA patients and filtered out haplogroup or

subhaplogroup defining variants based on the mtDNA

mutation database, MitoMap (Fig. 1). Among the 103

remaining protein-coding genes, we selected 54 nonsy-

nonymous variants for further analysis, because syn-

onymous variants are likely to be functionally neutral. A

scoring system combining with HmtVar, SIFT and

PolyPhen was applied to evaluate pathogenicity.

Twenty-nine variants showed moderate or strong evi-

dence of disease causing and all those were rare/low

frequency variants (Table 3), which was <1& in 48 882

human mitochondrial sequences from MITOMASTER.

Notably, we included the variant m.8830C>A as RA-

associated variant due to high frequency observation in

FIG. 2 Frequency distribution of average mtDNA variants per mitochondrial genome in RA patients (n¼ 124) and

healthy controls (HC) (n¼123)

Average number of mtDNA variants per mtDNA genome was calculated by dividing the variant numbers by both re-

gion length and sample size in protein-coding gene.
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RA, although SIFT classified it as a benign variant.

Twenty-five out of these variants (83.3%) were in a het-

eroplasmic state, with levels ranging from 2.0% to near-

ly 100%. But it should be noted that extremely low

levels (<5%) were observed in over half of the hetero-

plasmic variants (16/25, 72.0%).

We then grouped these thirty variants into two groups

according to their frequency in RA patients. Only four

variants (m.8830C>A, m.8833G>C and m.8843T>A in

MT-ATP6 and m.14135T>G in MT-ND5) were frequently

detected in RA patients (>5%), with frequencies of

29.03% (36/124), 24.19% (30/124), 8.06% (10/124) and

72.58% (90/124), respectively. The three variants, ex-

cept m.8843T>A, were significantly associated with RA

using SKAT-O test at a Bonferroni adjusted threshold

(P < 4.00�10�5). Of these four variants, only

m.8830C>A and m.8843T>A showed evolutionary con-

servation (80.00% and 86.67%); the conservation index

of m.8833G>C and m.14135T>G was as low as

26.67% and 42.22%, respectively, among 45 verte-

brates. Quite a few variants that failed to satisfy our fil-

tering criteria were significantly associated with RA

TABLE 1 Number of subjects carried mtDNA variants in each gene region

RA-only variants HC-only variants Common variants

n P-value n P-value n n P-value

MT-RNR1 11 7.27�10�4 7 0.01 124 123 1.00

MT-RNR2 11 7.27�10�4 21 1.72�10�7 124 123 1.00
MT-ND1 36 1.01�10�10 19 8.30�10�7 68 65 0.80
MT-ND2 27 3.04�10�9 18 1.81�10�6 123 121 0.62

MT-CO1 35 3.54�10�12 26 3.04�10�9 124 123 1.00
MT-CO2 19 1.81�10�6 15 1.82�10�5 28 27 1.00

MT-ATP8 12 3.7�10�4 3 0.12 22 33 0.09
MT-ATP6 56 8.30�10�21 13 8.28�10�5 83 82 1.00
MT-CO3 19 0.06 20 3.78�10�7 77 71 0.52

MT-ND3 7 0.01 11 3.69�10�4 100 95 0.54
MT-ND4L 4 0.12 9 0.00 26 29 0.65

MT-ND4 34 8.42�10�12 26 3.04�10�9 124 123 1.00
MT-ND5 104 1.32�10�49 28 5.83�10�10 113 111 0.83
MT-ND6 13 1.75�10�4 20 3.78�10�7 46 49 0.70

MT-CYB 32 4.67�10�11 32 1.99�10�11 124 123 1.00

RA-only variants, mtDNA variants only carried by RA patients. HC-only variants, mtDNA variants only carried by HC sub-
jects. Common variants, mtDNA variants identified both in RA patients and HC group.

TABLE 2 Potential associated mitochondrial gene of RA observed by gene-based analyses

RA HC Fisher’s exact test SKAT SKAT-O
P-value P-value P-value

MT-ATP6a 229 127 1.18 3 10�5 2.90 3 10�5 2.45 3 10�7

MT-ATP8 47 42 1.00 0.61 0.69
MT-CO1 273 261 0.34 0.50 1.00
MT-CO2 59 57 0.64 0.19 0.81

MT-CO3 137 127 0.71 0.11 0.57
MT-CYB 580 517 0.87 0.39 1.00
MT-ND1 136 119 0.95 0.41 0.36

MT-ND2 286 267 0.50 0.06 1.00
MT-ND3 191 177 0.67 0.08 0.39

MT-ND4 297 262 1.00 0.16 1.00
MT-ND4L 40 41 0.50 0.04 0.86
MT-ND5 393 295 0.03 0.00 1.00

MT-ND6 65 74 0.14 0.34 0.39
MT-RNR1 356 317 0.94 0.37 1.00

MT-RNR2 297 305 0.05 0.56 1.00
MT-tRNA 69 62 0.93 0.54 0.75

Statistical significance set at a Bonferroni adjusted P < 2.94�10�3 (0.05/17 genes). aOnly MT-ATP6 remained significance
after Bonferroni adjustment. Fisher’s exact test was used for gene-burden test.
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according to SKAT-O before adjustment (Supplementary

Table S6, available at Rheumatology online). The signifi-

cance level only held up to m.14766C>T due to the dif-

ference in the heteroplasmic fraction between the

groups. We also found that several variants in the con-

trol region were significant associated with RA, but no

significance maintained after Bonferroni correction

(Supplementary Table S6, available at Rheumatology

online).

With regard to tRNA, we utilized HmtVar, Mamit-

tRNA, MitoTIP and PON-mt-tRNA to assess the pre-

dicted pathogenicity of each variant. We identified a

reported variant, m.15940delT, located in a 5 T stretch

and part of the TWC loop of tRNAThr (Supplementary

Table S7, available at Rheumatology online); this variant

has been associated with various phenotypes, such as

hyperammonaemia, hypertrophic cardiomyopathy and

dysuria [22]. HmtVar indicated m.7472A>C to be a

disease-causing variant with mild evolutionarily conser-

vation (62.22%) in the variable loop region; however, in

a previous study, it was speculated that this variant has

an inhibitory effect on MERRF-related pathogenic

7472insC [23]. Thus, it was unlikely to be a pathogenic

mutation.

Association between potential pathogenic mtDNA
variants and phenotypes in RA

As bilirubin has been supported as an effective antioxi-

dant to scavenge ROS, we investigated the association

between serum bilirubin levels and the four frequently

identified potential pathogenic mtDNA variants. We

observed high total/indirect bilirubin in patients carrying

the m.8830C>A variant (P ¼ 0.006 and P ¼ 0.002),

whereas no significance was detected for other variants

(Supplementary Table S8, available at Rheumatology

online).

Association analysis of mtDNA haplogroups with RA

Given the observation that the mtDNA haplogroup back-

ground itself confers protective or harmful effects on

various diseases, we determined the mtDNA haplogroup

for RA patients and healthy individuals based on the

mtDNA tree in the PhyloTree and MitoTool. All subjects

were categorized into the known East Asian hap-

logroups except one JT haplogroup found in HC individ-

uals. The distribution of the common southern (e.g. B, F,

M7, R9a’b and N9a) and northern (e.g. A, G, D, CZ,

M8a and Y) haplogroups showed no significant differ-

ence between RA patients and HC individuals (data not

shown).

As presented in Table 4, we found a lower frequency

of subhaplogroup F1 (P ¼0.01, OR¼ 0.31, 95% CI: 0.13,

0.76), particularly F1a’c and F1a (P ¼ 0.04, OR¼ 0.37,

95% CI: 0.14, 0.98; P ¼ 0.01, OR¼0.26, 95% CI: 0.08,

0.81, respectively), in the RA group than the HC group,

indicating that these haplogroups decrease the risk of

RA. No associations were detected for the other hap-

logroups, even for macro-haplogroups R9 and F, which

included subhaplogroups F1, F1a’c and F1a. No hap-

logroups were significantly associated with RA after mul-

tiple comparison correction (P > 1.47�10�3). To assess

the potential role of F1, F1a’c and F1a-defined muta-

tions, we conducted v2 analysis and observed a signifi-

cantly lower frequency of all mutations except

m.G13759A in RA patients compared with the control

group before Bonferroni correction (Supplementary

Table S9, available at Rheumatology online). We further

analysed the degree of evolutionary conservation for F1,

F1a’c and F1a-defined mutations. Strikingly, only two

synonymous mutations (m.G6962A and m.C12882T)

were found to be highly conserved.

Discussion

In the present study, we described the landscape of

germline and somatic mtDNA variants in RA patients

and identified enrichment variants in MT-ATP6 for RA

patients using next-generation sequencing. In particular,

three potential pathogenic variants (m.8833G>C,

m.8843T>A and m.14135T>G) and the m.8830C>A

variant were frequently observed in the RA group at low

levels of heteroplasmy (ranging from 15.09% to

44.44%). Haplogroup F1 and its subhaplogroup F1a

might be considered protective factors for RA in the

Taizhou population, but the significance was not main-

tained after multiple comparisons.

Oxidative stress is believed to be involved in the

pathogenesis of RA [24, 25]. Previous reports have dem-

onstrated a strong association of enhanced ROS and

reduced free radical scavenging activity in peripheral

blood and synovial tissue with RA [26, 27]. Dysfunctional

mitochondrial respiratory complexes are the major

source of ROS generation leading to mtDNA mutations.

Furthermore, the damaged mtDNA in RA might be rec-

ognized as nonself, stimulating the immune system by

inducing the expression of major histocompatibility com-

plex I and II (MHC-I and MHC-II) [16, 28]. Recently,

Tseng CC et al. identified four potential pathogenic

mtDNA genes (MT-CO3, MT-TA, MT-TC and MT-TT) in

gout and provided a potential association between MT-

CO3 and levels of high density lipoprotein [29]. In our

study, a higher incidence of mtDNA variants was found

in peripheral blood samples from RA compared with

samples from the control group, especially for MT-

ATP6. More interestingly, a set of variants with similar

locations in MT-ATP6 were frequently detected in RA

patients. These observations further confirmed the rela-

tionship between mtDNA alteration and RA development

and raised the possibility that certain MT-ATP6 muta-

tions might confer RA susceptibility. MT-ATP6 encodes

a subunit of the membrane proton channel, a key com-

ponent of F1F0 ATP synthase or complex V.

Mitochondrial complex V has been considered as a key

mediator in ATP synthesis, ROS production and apop-

tosis pathways, which were associated with RA progres-

sion documented in previous studies [30]. A series of

clinical manifestations, such as neurogenic muscle
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weakness, peripheral neuropathy, optic atrophy and

metabolic syndrome, have been attributed to pathogenic

mutations in MT-ATP6 differing by heteroplasmic load

[31–33].

Curiously, up to 90 blood samples from RA patients

harboured low levels of heteroplasmic m.14135T>G mu-

tation in MT-ND5, a subunit of mitochondrial complex I.

Consistent with our findings, Mitsunaga and colleagues

suggested that aggregation of the rare/low-frequency

variants in NDUFA7, another subunit of complex I, was

associated with severe erosive arthritis and played an

important role in the pathogenesis of RA [4]. According

to Da Sylva [16], synovial cells adopt mtDNA mutations

as a means of survival, which results in hyperplasia due

to high levels of ROS. We speculate that this mutation

might be accumulated in synovial tissue, causing a low

mutation burden in blood. Unfortunately, we could not

perform analysis on synovial tissues due to difficulties in

obtaining samples. Moreover, as moderate evidence of

pathogenicity and poor conservation index were pre-

dicted, the effect of this variant remains to be further

fully elucidated.

Previous studies have reported that haplogroup B/B4

and J, both belonging to macrohaplogroup R, were

associated with low susceptibility to OA in southern

China and Spain, respectively. Inconsistent with our

results, subhaplogroup B/B4 showed a lower frequency

in RA patients, but no significant difference in the south-

ern Chinese population. Instead, haplogroup F1/F1a’c,

another major subhaplogroup of macro haplogroup R,

was considered a protective factor for RA. No such pro-

tective effect was observed in Chinese OA patients after

adjustment for age and gender, though a decreasing

tendency was noted. This distribution difference might

be partially due to the small sample size or different

character of RA and OA. Although the exact biological

function of haplogroup F remained unclear, recent stud-

ies revealed that haplogroup F (especially for

TABLE 4 Frequencies of mtDNA haplogroups in RA patients and healthy controls

Haplogroup RA (124) HC (123) P-value OR 95% CI
Case (%) Case (%)

M 64 (51.61) 53 (43.09) 0.20 1.39 0.84, 2.29
D 24 (19.35) 25 (20.33) 0.87 0.95 0.51, 1.78
D4 14 (11.29) 21 (17.07) 0.20 0.62 0.30, 1.29

D4a 5 (4.03) 6 (4.88) 0.76 0.83 0.25, 2.78
D4b 4 (3.22) 7 (5.69) 0.36 0.56 0.16, 1.96

D5 10 (8.06) 3 (2.44) 0.05 3.50 0.95, 13.19
M* 40 (32.26) 28 (22.76) 0.13 1.56 0.88, 2.74
M7 11 (8.87) 8 (6.50) 0.49 1.40 0.54, 3.61

M7b 3 (2.42) 6 (4.88) 0.33 0.48 0.12, 1.98
M7c 8 (6.45) 2 (1.63) 0.10 4.17 0.87, 20.06

M8 14 (11.29) 10 (8.13) 0.40 1.44 0.61, 3.38
M8a 6 (4.84) 5 (4.07) 0.77 1.20 0.36, 4.04
CZ 8 (6.45) 5 (4.07) 0.40 1.63 0.52, 5.12

M9 0 (0.00) 1 (0.81) 1.000 0 —
M10 5 (4.03) 2 (1.63) 0.45 2.54 0.48, 13.36
M12’G 6 (4.88) 3 (2.44) 0.50 2.03 0.50, 8.32

G 6 (4.84) 3 (2.44) 0.50 2.03 0.50, 8.32
M# 9 (7.26) 6 (4.88) 0.43 1.53 0.53, 4.43

N 60 (48.39) 70 (56.91) 0.18 0.71 0.43, 1.17
R 44 (35.48) 53 (43.09) 0.22 0.73 0.44, 1.21
R9 20 (16.13) 26 (21.14) 0.31 0.72 0.38, 1.37

R9b 1 (0.81) 1 (0.81) 1.00 0.99 0.06, 16.04
F 19 (15.32) 25 (20.33) 0.30 0.71 0.37, 1.37

F1 7 (5.65) 20 (16.26) 0.01 0.31 0.13, 0.76
F1a’c 6 (4.84) 15 (12.20) 0.04 0.37 0.14, 0.98
F1a 4 (3.23) 14 (11.38) 0.01 0.26 0.08, 0.81

F2 8 (6.45) 2 (1.63) 0.10 4.17 0.87, 20.06
F# 4 (3.22) 3 (2.44) 1.00 1.33 0.29, 6.09

B 22 (17.74) 26 (21.14) 0.50 0.81 0.43, 1.51
B4 14 (11.29) 19 (15.45) 0.34 0.70 0.33, 1.46
B5 8 (6.45) 7 (5.70) 0.80 1.14 0.40, 3.26

A 10 (8.06) 9 (7.32) 0.83 1.11 0.44, 2.84
N9 5 (4.03) 8 (6.50) 0.38 0.60 0.19, 1.90

N# 1 (0.81) 1 (0.81) 1.00 0.99 0.06, 16.04

Statistical significance set at a Bonferroni adjusted P <1.47�10�3 (0.05/34 haplogroups). No significance was found after

multiple comparison correction.
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subhaplogroup F1) exhibited lower ROS levels and mito-

chondrial complex I activities than other haplogroups

[34–36]. Fang et al. clarified that the underlying mechan-

ism by which haplogroup G conferred a risk of OA was

by shifting the metabolic pattern from glycolysis to

OXPHOS but that the protective haplogroup B4 pre-

ferred ATP generation from glycolysis [37]. Moreover,

gene expression profiles based on trans-mitochondrial

technology have identified haplogroup G-enriched OA-

related pathways, such as the rheumatoid arthritis, gly-

colysis/gluconeogenesis and NF-jB signalling pathways,

compared with haplogroup B4 using. Evidence has

shown that exogenous administration of an intermediate

of glycolysis, fructose 1,6-biphosphate, could effectively

reduce the disease activity in a zymosan-induced arth-

ritis model by promoting anti-inflammatory pathways

[38]. These observations support our finding that hap-

logroup F1 and its subhaplogroup F1a were protective

factors for RA, as it displayed similar features as hap-

logroup B4 with high glycolysis activity. However, the

exact role of haplogroup F1 in RA requires further valid-

ation and functional investigation.

There are some limitations to our study. First, we did

not analyse the mtDNA mutation spectrum of synovial

tissues in RA due to difficulties in sample collection. In

addition, we did not validate our results in large samples

and frequent heteroplasmic variants with other methods,

such as qPCR or pyrosequencing assays. Finally, the

sample size was relatively small, particularly for the ana-

lysis of the mtDNA haplogroup background. We are cur-

rently collecting more samples to confirm our findings.

In conclusion, we conducted high-throughput

sequencing to investigate the comprehensive landscape

of mtDNA variants and the influence of the mtDNA

background on RA in the Taizhou area, China. Four RA-

specific somatic variants that drove the enrichment var-

iants in MT-ATP6 and MT-ND5 were frequently

observed. In addition, the protective effect of hap-

logroup F1/F1a could not hold up in multiple compari-

son correction in our present study. The association

should be evaluated in a large sample size, and targeted

functional studies of MT-ATP6/MT-ND5 variants and

haplogroup F1/F1a will provide new insights into the role

of mtDNA mutations in RA.
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