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Abstract
Expression quantitative trait loci (eQTLs) are instrumental in genome-wide identification of
regulatory elements, yet were overlooked in the mitochondrial DNA (mtDNA). By analyzing
5079 RNA-seq samples from 23 tissues we identified association of ancient mtDNA SNPs
(haplogroups T2, L2, J2 and V) and recurrent SNPs (mtDNA positions 263, 750, 1438 and
10398) with tissue-dependent mtDNA gene-expression. Since the recurrent SNPs
independently occurred in different mtDNA genetic backgrounds, they constitute the best
candidates to be causal eQTLs. Secondly, the discovery of mtDNA eQTLs in both coding and
non-coding mtDNA regions, propose the identification of novel mtDNA regulatory elements.
Third, we identified association between low m1A 947 MT-RNR2 (16S) rRNA modification
levels and altered mtDNA gene-expression in twelve tissues. Such association disappeared in
skin which was exposed to sun, as compared to sun-unexposed skin from the same
individuals, thus supporting the impact of UV on mtDNA gene expression. Taken together,
our findings reveal that both mtDNA SNPs and mt-rRNA modification affect mtDNA gene
expression in a tissue-dependent manner.
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Introduction
The mitochondrion is the major source of cellular energy (ATP) and a pivotal player
in cell life and death, and hence is critical for the life of most tissues. However,
mitochondrial mass, morphology and the amount of ATP produced via the oxidative
phosphorylation system (OXPHOS) differ between tissues (Fernandez-Vizarra et al. 2011).
Accordingly, tissue-dependent mitochondrial disorders are frequently reported (Boczonadi
et al. 2018), and mitochondrial DNA (mtDNA) common variants often associate with altered
tendency to develop tissue-dependent phenotypes (Marom et al. 2017) . As mitochondrial
activity differs among tissues, it is reasonable that regulation of such functions will be
tissue-dependent.
Although most mitochondrial factors are encoded by the nuclear genome (nDNA)
(Calvo et al. 2016), 37 essential genes are encoded by the mtDNA in all studied vertebrates
(including humans). Specifically, the human mtDNA encodes 13 protein subunits of the
OXPHOS system, 22 tRNAs and two rRNAs (MT-RNR1 and MT-RNR2), which co-transcribed
in 2-3 strand-specific polycistrons(Aloni and Attardi 1971). Recently we demonstrated coregulation of mtDNA and nDNA-encoded OXPHOS genes across many human body sites
(Barshad et al. 2018a). This analysis enabled identifying candidate regulatory factors, which
both preferentially bind upstream regulatory elements of nDNA-encoded OXPHOS genes,
and bind the human mtDNA in vivo (Blumberg et al. 2014). As accumulating evidence
suggest that quite a few known regulators of nDNA genes' transcription are imported into
the mitochondria, bind specific regions throughout the mtDNA and regulate mtDNA
transcription (Barshad et al. 2018b), we hypothesized that there are additional (and yet
unknown) regulatory elements of mtDNA gene expression, which are not necessarily
confined to the non-coding mtDNA control region.
Expression quantitative trait loci (eQTLs) have been widely used in genome-wide
screens for regulatory elements (Westra and Franke 2014), yet were overlooked in the
mtDNA. Previously, we and others performed in vitro transcription (Suissa et al. 2009) and
RNA-seq in cell culture from multiple individuals to assess the impact of human mtDNA
variants on mtDNA transcription (Cohen et al. 2016). Such experiments, however, assessed
the impact of mtDNA variants on gene expression only in lymphoblastoid cells. Although an
assessment of mtDNA gene expression in cytoplasmic cell lines (cybrids) enabled
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comparison of the impact of different mtDNA genetic backgrounds (haplogroups) on gene
expression while controlling for the cell nucleus (Gomez-Duran et al. 2010; Kenney et al.
2014), these experiments were again performed using specific cell types, and specific
mtDNA genetic backgrounds. As such, these efforts failed to explain how, and if, mtDNA
gene expression differs among tissues (Fernandez-Vizarra et al. 2011). With this in mind, we
recently analyzed RNA-seq experiments from 48 different human tissues, as well as singlecell data from different cell types in human and mouse brains, and found tissue and cell type
variability in terms of mitochondrial-nuclear genes' co-expression (Barshad et al. 2018a).
Therefore, although tissue variability has been shown in terms of nDNA and mtDNA gene
expression levels (Sudmant et al. 2015), it remains unclear whether the functional impact of
inherited mitochondrial variants is influenced by tissue and/or cell types.
Here, we tested the association between mtDNA genetic variants and gene
expression patterns in a variety of tissues, thereby identifying mitochondrial expression
quantitative loci (mt-eQTLs). Specifically, we analyzed the mtDNA-encoded transcript
sequences of samples collected by the GTEx consortium and assessed the association of
mtDNA-encoded RNA sequence variants with altered gene expression. These analyses
revealed that both ancient mtDNA haplogroup-defining variants and recurrent variants may
act as eQTLs in a tissue-dependent manner. We also found that the low level of RNA-DNA
difference at mtDNA position 2617, indicative of m1A 947 MT-RNR2 (16S) rRNA
modification, was associated with differential mtDNA gene expression in several tissues,
thus connecting mtDNA transcription and translation. The implications of these findings for
the identification of novel putative mtDNA regulatory elements are discussed.

Results
Identification of tissue-dependent mtDNA eQTLs. To identify mt-eQTLs, we
analyzed 5079 GTEx RNA-seq samples from 23 tissues, each surveyed in at least 100
individuals (Fig. 1). Since the entire human mtDNA sequence is transcribed, we used the
RNA-seq data to reconstruct the personal mitochondrial genome of each sample, call
variants, and assign each individual to an mtDNA-determined genetic background (i.e.,
haplogroups) (Kloss-Brandstatter et al. 2011) (Supplemental Table S1). To avoid sample size
4
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issues, we excluded samples with Asian mtDNA haplogroups from further analyses
(haplogroups A, B, C, D and N1a9), due to their overall small representation (N=11). Notably,
although the sequencing read coverage across the mtDNA differed among the tested body
sites (Supplemental Fig. S1, it did not preferentially impact any certain mtDNA genetic
backgrounds. This left us with sample sizes ranging from N=97 (ovary) to N=441 (whole
blood) (Supplemental Table S1). We next assessed the association of each recorded mtDNA
SNP with the expression level of mtDNA-encoded transcripts in tissues with a sample size of
at least 250 individuals (N=8 tissues; Supplemental Table S2). Notably, to avoid erroneous
signals coming from mtDNA fragments that were transferred to the cell nucleus during
evolution (i.e., nuclear mitochondrial pseudogenes - NUMTs) (Mishmar et al. 2004), we
employed unique mapping. This analysis revealed that seven ancient, haplogroup-defining
SNPs (Levin et al. 2013) associated with altered mtDNA-encoded gene expression patterns
in six of the tested tissues (Fig. 2, Table 1, Supplemental Dataset S1). Some of the identified
SNPs associated with increased expression of all tested mtDNA-encoded genes (e.g., T2
haplogroup in skeletal muscle, V haplogroup in tibial artery) or with the altered expression
of a number of mtDNA-encoded genes (Table 1). Nevertheless, all identified mtDNA SNP
associations with mtDNA gene expression were specific to particular body sites, such as the
association of haplogroup L2-defining SNPs with increased expression of specific mtDNA
genes in the ovary and tibial nerve.
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Fig. 1: Study design. RNA-seq reads from 23 body sites were mapped against the human genome
(GRCh38), allowing output of reads that mapped to single loci (unique mapping). The extracted
mtDNA sequences were used to perform phylogenetic analysis and as specific reference sequences
for each sample in a remapping process. After remapping, a second phylogenetic analysis was
performed, and reads were counted and normalized to library size, allowing for testing of the
expression pattern of each sample according to its phylogenetic data.

Fig. 2: A screen of all identified mtDNA SNPs highlights association of haplogroup-defining SNPs
with mtDNA gene expression at specific body sites. An unbiased mtDNA SNP by SNP association
study revealed that expression levels of mtDNA genes were higher (orange) in individuals belonging
to haplogroups T2 (A), V (B), J2 (C) and L2 (D), when compared to the rest of the cohort (blue). X axismtDNA genes. Y axis- normalized read counts. (*) < 1.19 X 10-5, (**) < 1 X 10-6, (***) < 1 X 10-7.
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Table 1: mtDNA SNPs associate with altered mtDNA gene expression. Arrow indicates
elevated (upward) or reduced (downward) mtDNA gene expression levels.
SNP (Haplogroup)

Tissues

Significantly affected genes

C7476T, G15257T (J2)

Tibial nerve (6/303)

MT-CO3 ↑

G8206A (L2)

Tibial nerve (17/303)

MT-ND6 ↑

Unexposed skin (11/245)

MT-CO3, MT-ATP8 ↑

Ovary (5/96)

MT-ND5, ND6 ↑

Skeletal muscle (28/410)

MT-ND3 ↑

Cerebellum (6/129)

All mtDNA genes ↓

Cerebral hemisphere (5/107)

All mtDNA genes ↑

Tibial artery (11/317)

MT-ND1, MT-ND2, MT-CO2, MT-ATP6, MT-ATP8 ↑

Cortex (6/118)

All mtDNA genes ↑

Adipose (5/321)

All MT-ND genes, MT-CYB, MT-CO1, MT-RNR2 ↑ MT-

A11812G, A14233G (T2)

G4580A (V)

A7424G (L3d)

CO3 ↓
G7337A (L1c2)

Skeletal muscle (6/410)

All mtDNA genes ↑

Sun-exposed skin (6/348)

MT-RNR1 ↑

To assess mtDNA SNP association with mtDNA gene expression at body sites
represented by smaller sample sizes, we next considered the list of SNPs that associated
with mtDNA-encoded gene expression in any of the above-mentioned eight tissues with
larger sample sizes (Tables 1 and 2). Such analysis revealed five additional body sites (i.e.,
sun-unexposed skin, cerebellum, cortex, cerebral hemisphere and ovary) in which mtDNA
gene expression associated with SNPs defining the J2, L2, T2 and V haplogroups (Fig. 3,
Table 1). Interestingly, although distinct mtDNA gene expression pattern was associated
with the T2 haplogroup in both the cerebellum and the cerebellar hemisphere, the mtDNA
transcripts were decreased in the former, but increased in the latter, probably due to the
differential neuronal (and non-neuronal) cell composition in these two types of samples
(Table 1). Notably, samples from different tissues originating from the same individuals
presented different mtDNA SNP associations with mtDNA gene expression (Supplemental
Dataset S1). As the mtDNA is considered a single locus in full linkage disequilibrium, and
hence, all mtDNA SNPs in a given individual are in full linkage, our results support tissuedependent association of mtDNA genetic backgrounds with mtDNA gene expression.
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Table 2: Recurrent mt-eQTLs. Arrow indicates elevated (upward) or reduced (downward)
mtDNA gene expression levels.
SNP
G263A

G750A

Tissues

Significantly affected genes

Whole blood (16/441)

MT-ND2, MT-CO1, MT-CO2, MT-ATP6, MT-ATP8 ↑

Skeletal muscle (6/410)

All mtDNA genes ↑

Sun-exposed skin (6/348)

All mtDNA genes ↑

Thyroid (7/313)

Most mtDNA genes ↑ (except MT-ND3, MT-ND4 ↓)

Ventricle of heart (10/220)

All mtDNA genes ↑

Whole blood (17/441)

MT-ND2, MT-CO1, MT-CO2, MT-ATP6 ↑

Skeletal muscle (6/410)

All mtDNA genes ↑

Sun-exposed skin (8/348)

All mtDNA genes ↑

Thyroid (6/313)

MT-ND1, MT-ND2, MT-CO1, MT-CO2, MT-CO3, MT-ATP6, MTATP8 ↑

Fibroblasts (6/260)

MT-ND1, MT-ND2, MT-ND5, MT-ND6, MT-CYB, MT-CO1, MTCO3, MT-ATP6, MT-ATP8 MT-RNR1 ↑

Ventricle of heart (8/220)

All mtDNA genes (except MT-ND3, MT-ND4L) ↑

G1438A

Skeletal muscle (18/410)

All mtDNA genes (except MT-ND2) ↑

(H2, L1b)

Sun-exposed skin (19/348)

All mtDNA genes ↑

Tibial artery (16/317)

MT-ND1, MT-ND2, MT-CO1, MT-CO2 ↑ MT-ATP6, MT-ATP8 ↓

Thyroid (19/313)

MT-ND2, MT-CO1, MT-CO2, MT-ATP6 ↑

Fibroblasts (11/260)

MT-ND1, MT-ND2, MT-ND5, MT-ND6, MT-CYB, MT-CO1, MTATP6, MT-ATP8, MT-RNR1, MT-RNR2 ↑

Ventricle of heart (16/220)

All mtDNA genes ↑

Testis (7/185)

All mtDNA genes (except MT-CO2, MT-CO3, MT-ATP6, MTATP8) ↑

A10398G

Pancreas (9/169)

MT-CO1 ↑

Cerebellum (7/129)

All mtDNA genes ↑

Tibial artery (84/317)

MT-ND3 ↓

(L, J, K1, I)
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Fig. 3: Analysis of selected mtDNA SNPs unravels their association with mtDNA gene expression at
additional body sites. Expression levels of mtDNA genes were higher (orange) in individuals
belonging to haplogroup L2 in the skin which was not exposed to sun (A), and in the ovary (B). In
individuals belonging to haplogroups T2 (orange) mtDNA genes expression was lower in the
cerebellum (C) but higher in the cerebellar hemisphere (D). Finally, in individuals belonging to
haplogroup V (orange) mtDNA gene expression was higher in the cortex (E). Notably, all comparisons
were performed against individuals from the rest of the cohort (blue). X axis- mtDNA genes. Y axisnormalized read counts. (*) < 4.17 X 10-4, (**) < 1 X 10-4, (***) < 1 X 10-5.
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Identification of recurrent mt-eQTLs. The SNPs we identified thus far as mtDNA
eQTLs are part of haplogroups. As such, one cannot distinguish between their putative
direct (i.e. causal) or indirect association (i.e. linkage with other variants) with mtDNA gene
expression. However, in addition to the observed association of mtDNA gene expression
with ancient haplogroup-defining SNPs, we also identified association of altered mtDNA
gene expression with four mtDNA SNPs that reoccurred during the course of human
evolution (Levin et al. 2013). Specifically, the transition at mtDNA position 750, which occurs
in multiple haplotypes, associated with differential expression in 6 tissues (Table 2).
Similarly, the transition at mtDNA position 263, which is shared by individuals assigned to a
variety of mitochondrial haplogroups, associated with mtDNA gene expression in 5 of the 6
tissues that showed association with the 750 SNP (Table 2). A transition in mtDNA position
1438, which re-occurred in the mtDNA branches leading to the H2 and L1b haplogroups
(Levin et al. 2013), associated with altered mtDNA gene expression at 9 body sites (Table 2).
Finally, the transition at mtDNA position 10398, which reoccurred in the L, J, I and K1
haplogroups (Levin et al. 2013), associated with differential expression of the ND3 gene in
the tibial artery. As recurrent mtDNA SNPs have previously been associated with
phenotypes independent of their associated haplotypes (Levin et al. 2013; Levin and
Mishmar 2017), such markers can be considered as causal eQTLs, which likely reside within
or adjacent to regulatory elements of mtDNA gene expression.

nDNA SNPs and co-expression analyses offer candidates that partially explain the
association of mtDNA SNPs with mtDNA gene expression. All known regulatory factors of
mtDNA gene expression are encoded by the nDNA (Barshad et al. 2018b). Thus, we asked
whether SNPs within 116 genes that participate in mitochondrial transcriptional and posttranscriptional regulation (Cohen et al. 2016) (Supplemental Table S3) could explain the
identified mtDNA eQTLs. Although we detected association of certain nDNA SNPs with
mtDNA gene expression (Supplemental Dataset S2), apart from a weak association of a
missense mutation in MRPS17 (i.e. Mitochondrial Ribosomal Protein S17) in the context of
the SNP at mtDNA position 1438, none of the analyzed nDNA SNPs explained mtDNA
haplogroup association with gene expression, likely due to the small sample sizes of each of
the analyzed haplogroups.
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Additionally, we assessed co-expression of the above-mentioned 116 nDNA genes with
mtDNA gene expression in the context of our identified mt-eQTLs. Firstly, while considering
haplogroup-associated eQTLs, the only significant co-expression was of ALKBH7 (i.e.,
mitochondrial Alpha-Ketoglutarate-Dependent Dioxygenase AlkB Homolog 7) with all
mtDNA-encoded genes in skin which was not exposed to sun, in individuals belonging to the
L2 haplogroup (Supplemental Dataset S3). Nevertheless, such association was not identified
in other tissues that highlighted association of L2 haplogroups with mtDNA gene expression.
This suggests that the potential contribution of ALKBH7 to the L2 haplogroup associated mteQTL is minor.
Secondly, while considering the recurrent SNPs at positions 750 and 1438 none of the
identified nDNA co-expressed genes explained these mt-eQTLs in more than two body sites
(Supplemental Dataset S3, Supplemental Table S4). Since these eQTLs associated with
mtDNA gene expression in 6 and 9 body sites, respectively, the nDNA genes could only
partially explain such association. In contrast, we found that the expression of C21orf33 (i.e.,
Glutamine Amidotransferase Like Class 1 Domain Containing 3A) associated with the mteQTL at position 263 in 4 out of 5 body sites, which displayed the impact of position 263 on
mtDNA gene expression. Similarly, we found co-expression of AK4 (i.e., mitochondrial
Adenylate Kinase 4) with the mt-eQTL at mtDNA position 10398 in the tibial artery (e.g., the
only body site in which mtDNA gene expression associated with this mtDNA position,
Supplemental Dataset S3, Supplemental Table S4). These pieces of evidence may offer
candidate regulators of mtDNA gene expression in the context of mtDNA recurrent SNPs.

An m1A 947 16S rRNA modification associates with altered mtDNA gene expression at
multiple body sites. RNA-seq reads enable the identification of RNA-specific sequence
changes (i.e., RNA-DNA differences), which in many cases represent signatures of specific
RNA modifications (Bar-Yaacov et al. 2013; Bar-Yaacov et al. 2016). Accordingly, we asked
whether mitochondrial RNA-specific changes also associate with altered mtDNA gene
expression. Previously, we found that mtDNA position 2617 (Bar-Yaacov et al. 2013),
reported to be invariant in the mtDNA sequences of nearly 10,000 individuals representing
all major global populations (Bar-Yaacov et al. 2013), instead exhibited a mixture of adenine,
thymidine and occasionally guanine-containing reads in RNA-seq of all tissues studied thus
11
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far (Bar-Yaacov et al. 2013) and in many individuals (Hodgkinson et al. 2014). Recently, we
found that such base-mixture echoes an m1A modification of 16S rRNA transcript position
947 (m1A 947) (Bar-Yaacov et al. 2013; Bar-Yaacov et al. 2016). Firstly, there was
considerable variation in the levels of the m1A 947 16S rRNA modification among different
body sites (Fig. 4). Specifically, the modification levels ranged from the lowest in whole
blood to the highest in both the atrial appendage (heart) and the thyroid. Second, a bimodal
distribution of the samples emerged, dividing the tested individuals into those with a lower
modification level (i.e., <45% thymidine-harboring reads at mtDNA position 2617) versus
those with a higher level of m1A 947 (i.e., >55% thymidine-harboring reads at the same
position). As such, the level of m1A 947 16S rRNA modification cannot be explained as being
a strictly continuous trait (Fig. 4). We then found that this modification associates with
mtDNA gene expression at multiple body sites (Fig. 5, Supplemental Fig. S2). Notably, most
body sites that showed mtDNA gene expression association with the m1A 947 16S rRNA
modification (i.e., tibial artery, thyroid, skin not exposed to sun, atrial appendage of the
heart, mammary tissue, stomach, colon, pancreas, frontal brain cortex and the ovary)
presented lower gene expression in samples with higher modification levels (i.e. >55% of
transcripts) (Fig. 5, and Supplemental Fig. S2). At the same time, the caudate and whole
blood displayed an opposite effect (Fig. 5A and Supplemental Fig. S2). As m1A 947 16S rRNA
modification likely affects mitochondrial protein translation (Bar-Yaacov et al. 2016), our
results suggest an impact of modified mito-ribosome levels on mtDNA gene expression,
consistent with cross-talk between mtDNA transcription and translation.
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Fig. 4: The distribution of m1A 947 16S rRNA modification levels across body sites and samples. (A)
m1A 947 16S rRNA modification levels among samples showed bi-modal distribution. X axismodification level in percentages. Y axis- number of samples. (B) Distribution of m1A 947 16S rRNA
modification levels across body sites. X axis- body sites. Y axis- number of samples presenting a given
modification percentage.
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Fig. 5: mtDNA gene expression patterns differ between individuals with low vs. high m 1A 947 16S
rRNA modification levels. Shown are representative body sites which display differential mtDNA
gene expression in association with the m1A 947 16S rRNA modification levels. The results in the full
set of analyzed body sites are displayed in Supplemental Fig. S2. Orange- samples with a low
modification level; Blue - samples with a high modification level. mtDNA gene expression levels were
higher in individuals with high modification levels in whole blood (A), and lower in the tibial artery
(B), thyroid (C), sun-unexposed skin (D), atrial appendage of the heart (E) and in the mammary tissue
(F). X axes- mtDNA genes. Y axes- normalized read counts. Panels a-c: (*) < 1.19 X 10-5, (**) < 1 X 10-6,
(***) < 1 X 10-7. Panels d-f: (*) < 4.17 X 10-4, (**) < 1 X 10-4, (***) < 1 X 10-5.
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TRMT61B only partially explains the association of m1A 947 16S rRNA modification
with altered mtDNA gene expression: We next sought to define the best candidate nDNA
factors responsible for modulating the association of the m1A 947 16S rRNA modification
with mtDNA gene expression. To this end, we screened the results from RNA-seq
experiments involving the twelve tissues in which such modification associated with mtDNA
gene expression for co-expressing nDNA-encoded factors, taking into account where high
versus low levels of modification were observed. Firstly, we performed co-expression
analysis to screen for candidate regulators of the discovered association of mtDNA gene
expression with the m1A 947 16S rRNA modification levels in the above-mentioned 12 body
sites (Supplemental Table S5). Although 107 out of the 116 candidate mtDNA gene
expression regulators displayed significant co-expression values (p<4.3 X 10-4, Pearson
correlation after Bonferroni corrections), none of these candidates had a significant coexpression value in more than 7 of the 12 tested body sites. Notably, we noticed that SLIRP
was the only gene candidate that co-expressed, and displayed slightly higher expression
level along with the modified 16S rRNA transcripts (i.e., higher levels of T-containing reads)
in whole blood and the caudate (Supplemental Table S5). Secondly, TRMT61B, an RNA
methyltransferase recently shown to introduce the m1A 947 16S rRNA modification (BarYaacov et al. 2016), significantly co-expressed with mtDNA genes only in the whole blood
and in skin that was not exposed to sun. This suggests that in addition to TRMT61B,
additional factors are involved in modulating the association of the m1A 947 16S rRNA
modification with mtDNA gene expression, possibly acting in a tissue-dependent manner.

Sun exposure likely impacts the association of the m1A 947 16S modification with
altered mtDNA gene expression in human skin: Environmental conditions likely impact
mtDNA gene expression. Indeed, UV irradiation was previously shown to alter mitochondrial
gene expression in keratinocytes (Kelly and Murphy 2018). With this in mind, we considered
our dataset of RNA-seq experiments from skin, comprising samples collected from two body
sites of the same individuals, one sun-exposed and the other not exposed to sun. The two
types of skin samples showed stark differences in terms of mtDNA gene expression, with
skin not exposed to sun displaying significantly higher mtDNA transcript levels than matched
sun-exposed samples (Fig. 6A). Strikingly, whereas the level of m1A 947 16S rRNA
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modification associated with altered gene expression in skin not exposed to sun, such
association was not observed in sun-exposed skin (Fig. 6B).

Fig. 6: mtDNA gene expression differences between sun-exposed versus unexposed skin. (A)
mtDNA gene expression levels were higher in skin not exposed to sun (blue), as compared to sunexposed skin (orange). (B) m1A 947 16S rRNA modification levels associate with altered mtDNA gene
16
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expression in skin not exposed to sun but not in sun-exposed skin. Levels of the modification are
indicated: In sun exposed skin - low (orange) and high (yellow), and in skin not exposed to sun - low
(light blue) and high (blue). For both panel (A) and (B): X axis- mtDNA genes. Y axis- normalized read
counts. Additionally, significance values are as follows: (*) < 3.3 X 10-3, (**) < 1 X 10-4, (***) < 1 X 10-5.

Discussion
In the present study, we showed that both ancient and recurrent mtDNA SNPs
associate with altered mtDNA transcript levels in a tissue-dependent manner, thus marking
the identification of mtDNA eQTLs. Among those, recurrent mtDNA SNPs are the optimal
candidates for causal eQTLs, as they are not consistently associated with a specific mtDNA
genetic background, which could mask such functional potential. Secondly, the association
of mt-eQTLs with tissue-dependent mtDNA gene expression raises the possibility that such
expression patterns contribute to tissue-specific mitochondrial phenotypes (Boczonadi et al.
2018). This is consistent with previous reports of the involvement of ancient mtDNA SNPs in
the penetrance of tissue-specific mitochondrial phenotypes, such as Leber hereditary optic
neuropathy (LHON) (Brown et al. 1997; Torroni et al. 1997; Hudson et al. 2005). Indeed,
close inspection of our analysis revealed that nearly half of the tissues, in which mt-eQTLs
were discovered, are part of the nervous system and skeletal muscle, which are
preferentially affected in mitochondrial disorders. Furthermore, the recurrent SNP at
position 10398, which has been associated here with tissue-dependent mtDNA gene
expression, had also been previously associated with altered tendency to develop a variety
of phenotypes (Marom et al. 2017) such as breast cancer (Darvishi et al. 2007; Kulawiec et
al. 2009) and type 2 diabetes (Rai et al. 2007). Therefore, since mtDNA transcription has not
been systematically studied in the context of mitochondrial and complex disorders, our
results offer a previously unexplored view on the underlying mechanism of such
phenotypes.
The ancient and recurrent mt-eQTLs that were identified in the current study are
located throughout the mtDNA sequence. Specifically, the recurrent mtDNA eQTLs, which
are the best candidates to be causal, either occur immediately adjacent to a known
regulatory element (position 263, near a preferential mitochondrial transcription factor A,
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TFAM, binding site), within the 12S rRNA gene (positions 750 and 1438) or within the ND3
gene (position 10398). This observation suggests that the impact of mtDNA SNPs on mtDNA
transcription (Suissa et al. 2009) could be extended from the known non-coding regulatory
elements to the entire mtDNA, and argues for the existence of novel regulatory elements
throughout the mtDNA sequence. With this in mind, we recently identified in-vivo mtDNA
binding of known regulators of nDNA gene expression within mtDNA protein-coding genes
(Blumberg et al. 2014). Both findings imply that the mtDNA coding region is likely written
not only in the protein-coding language, but also in the regulatory one. If this is true, one
may consider a regulatory impact for certain SNPs occurring within genes. Once methods
that enable manipulation of the mtDNA sequence become available, one will be able to test
this hypothesis experimentally.
Our observed association between m1A 947 16S rRNA modification levels and
differential mtDNA transcript levels in several tissues suggests the existence of regulatory
interactions. Previously, we employed a bacterial model system to assess and demonstrate
the importance of such modification for mitochondrial translation and cell life (Bar-Yaacov
et al. 2016). Our current observation extends the role of the m1A 947 16S rRNA modification
to association with mtDNA transcript levels in a variety of tissues. This suggests that mt-RNA
modifications modulate gene expression but also, when specifically considering the m1A 947
16S rRNA modification, argues for a connection between mtDNA translation and transcript
levels. The underlying mechanism of this connection should be further investigated in the
future.
The observed bimodal distribution of m1A 947 16S rRNA modification levels in the
human population across all tested tissues is intriguing. Apparently, one would have
expected continuous distribution of the modified 16S rRNA level, with possible differences
in the mean distribution among tissues. However, the complete absence of a 50±5%
modification level across all tested body sites suggests the existence of an active modulation
mechanism underlying the differentiation noted between higher and lower modification
levels. If such a mechanism exists, then association of the modification levels with mtDNA
gene expression may operate in an on-off manner.
Finally, our results suggest that the clear association of the m1A 947 16S rRNA
modification with mtDNA transcript levels in skin not exposed to sun was lost in sun18
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exposed skin. Previously, it was shown that UV irradiation changes mitochondrial
morphology and reduces mitochondrial oxygen consumption rate in skin keratinocytes, as
well as altering expression of mitochondria-related genes (Leung et al. 2013; Schutz et al.
2016; Kelly and Murphy 2018). Accordingly, it is conceivable that the impact of m1A 947 16S
rRNA modification on mtDNA transcript levels is influenced by UV exposure. This
demonstrates a phenotypic outcome of such association, and lends support for the
existence of a UV-sensitive mechanism that modulates the modification level.
In summary, we have shown that differential mtDNA gene expression associates
with ancient and recurrent SNPs in different tissues, thus identifying for the first time,
tissue-dependent mt-eQTLs. This is consistent with the previous suggestion that
mitochondrial activity differs among tissues (Fernandez-Vizarra et al. 2011), and paves the
way for future investigation of the association of such mt-eQTLs with tissue-specific
mitochondrial phenotypes. Additionally, the occurrence of such eQTLs both in coding and
non-coding mtDNA sequences imply the identification of previously overlooked regulatory
elements. Secondly, since differential mtDNA expression associated with altered levels of
the m1A 947 16S rRNA modification in eight tissues, mtDNA gene expression is likely
modulated, at least in part, by this RNA modification. Such regulatory impact was
particularly evident in sun-exposed skin, suggesting that this modulation of gene expression
is sensitive to UV exposure. Taken together, the discovery of association of both mtDNA
SNPs and an RNA modification with altered mtDNA gene expression, unearth a previously
unexplored view on the impact of mtDNA variation on phenotypes, and lends new insight
into the mechanisms underlying regulation of mtDNA gene expression.

Methods
GTEx RNA-seq and variant data: GTEx (Consortium 2013) v6 RNA-seq fastqs and
whole genome VCFs were obtained from dbGaP (phs000424.v6.p1) (Mailman et al. 2007).
Analysis was limited to tissues with data from at least 100 individuals (except for ovary), of
whom at least 10% were black. Only the most recently collected samples were kept for
replicate analysis.
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Mapping RNA-seq reads to human mtDNA: RNA-seq reads were trimmed using
trimmomatic (Bolger et al. 2014) according to their fastQC and then mapped onto the entire
human genome reference sequence (GRCh38) using STAR v2.5.3 (Dobin et al. 2013). The
mapping process followed the ENCODE long mRNA protocol (https://github.com/ENCODEDCC/long-rna-seq-pipeline),

using

the

[--outFilterMismatchNoverLmax

0.05],

[--

alignSJoverhangMin 8], [--alignSJDBoverhangMin 1], [--alignSJDBoverhangMax 999] [-alignIntronMin 20], [--alignIntronMax 1000000], and [--alignMatesGapMax 1000000], with
the modification of [--outFilterMultimapNmax 1] mapping parameters to achieve unique
mapping. Since mtDNA sequence variability can impact the number of mapped RNA-seq
reads, we re-mapped the reads against the same human genome files after replacing the
mitochondrial reference sequence with the reconstructed mtDNA in an individual-specific
manner. To this end, a revised index was generated for the new reference genomes by
replacing the human mtDNA sequence with the reconstructed version, as previously
described (Cohen et al. 2016). This was conducted separately for each of the tested
samples, with the first-tier mapping files being retained. While generating the secondary
mapping stage, most of the parameters of the first-tier mapping were retained while
utilizing the 2-pass mode ([--twoPassMode Basic] and [--outFilterType BySJout]). Mapping
accuracy was further increased by allowing fewer mismatches [--outFilterMismatchNmax 8],
while analyzing couples of paired reads. To allow subsequent analysis of mtDNA gene
expression in as many samples as possible we excluded samples with mtDNA read coverage
of less than 165,690 (Supplemental Fig. S1). This approach enabled analyzing samples with
mtDNA sequences covered by at least 10X across most mtDNA positions.
Reconstruction of complete mtDNA sequences from RNA-seq data, multiple
sequence alignment and phylogenetic analysis: Taking advantage of the polycistronic
transcription of the mtDNA (Aloni and Attardi 1971), mtDNA sequences were reconstructed
from each of the RNA-seq samples using an in-house script that followed the logic of the
previously stablished MitoBamAnnotator (Zhidkov et al. 2011) tool. In brief, a pileup of the
mtDNA-mapped reads was generated using the mpileup function in SAMtools (Li et al. 2009)
against the revised mtDNA Cambridge reference sequence (rCRS) (Andrews et al. 1999).
Bases with a phred score higher than 30 [-Q 30] were considered as a measure of quality
control. The mapped bases were then counted, and the most frequent nucleotide in each
20
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mtDNA position was considered the major allele, only if that nucleotide position had a
minimal coverage of 10X. To avoid strand bias, the secondary mutation at a given nucleotide
position was recorded only if it was represented by at least two reads per strand. To
calculate the level of m1A 947 16S rRNA modification, the value was calculated only when a
minimum coverage of 500X at mtDNA position 2617 was available, followed by calculation
of the fraction of reads harboring thymidine at this position. Each reconstructed mtDNA
sequence underwent haplogroup assignment using HaploGrep (Kloss-Brandstatter et al.
2011).

Expression pattern analysis considering mtDNA SNPs: mtDNA sequences of all
individuals were aligned to identify polymorphic positions. For each polymorphic position,
the samples were divided into groups according to their allele assignment. Using the linear
model implemented in the Matrix eQTL R package (Shabalin 2012) as previously described
(Cohen et al. 2016), eQTL mapping was calculated according to allele assignment, while
considering age, gender and cause-of-death by the Hardy index as covariates. Bonferroni
correction for multiple testing was employed. To reduce the false positive discovery rate, we
focused on SNPs shared by at least 5 individuals (Levin et al. 2013). To identify possible
associations of nDNA-encoded genes with differential expression patterns of mtDNA genes,
the analysis focused on known SNPs (from the GTEx exome-based VCF files) in the dataset of
genes with known mitochondrial RNA-binding activity(Wolf and Mootha 2014; Cohen et al.
2016), in addition to transcription factors and RNA-binding proteins that were recently
identified in human mitochondria but are not included in MitoCarta (i.e., c-Jun, JunD, CEBPb,
Mef2D, KAT8, NFATC1, THRA) (Ardail et al. 1993; Fernandez-Vizarra et al. 2008; She et al.
2011; Blumberg et al. 2014; Lambertini et al. 2015; Chatterjee et al. 2016). To enable
detection of possible correlations with sufficient statistical power, KAVIAR (Glusman et al.
2011) was used to focus on SNPs with NCBI reference IDs.

Assessing co-expression of potential regulators of mtDNA gene expression with
mtDNA transcripts: Co-expression of either of 116 nDNA-encoded potential regulators of
mtDNA gene expression (Supplemental Table S4, Supplemental Dataset S3), with mtDNA
gene expression was performed while employing Pearson correlation. In brief, we
performed differential expression analysis of the above-mentioned nDNA-encoded genes in
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the context of our identified mtDNA SNP association with mtDNA gene expression. Then, coexpression was sought between the 15 mtDNA-encoded mRNA and rRNA transcripts and
the nDNA genes that passed the differential expression cutoff (p<4.3 x 10-4) after
Bonferroni-correction for multiple testing. The same approach was applied to our identified
association between the m1A 947 16S rRNA modification and mtDNA gene expression.

Supplemental Data
Supplemental Data includes 5 tables, 2 figures and 3 datasets.
Supplemental Table S1: mtDNA haplotype assignment per individual.
Supplemental Table S2: Mapping statistics of samples per tissue.
Supplemental Table S3: 116 candidate regulators of the mtDNA gene expression.
Supplemental Table S4: Summary of nDNA genes that significantly co-expressed with the
mtDNA genes in the context of the identified recurrent mt-eQTLs.
Supplemental Table S5: Summary of nDNA genes that significantly co-expressed with the
mtDNA genes in the context of the m1A 947 16S rRNA modification.
Supplemental Fig. S1: mtDNA positions covered by the RNA-seq reads across tissues.
Supplemental Fig. S2: mtDNA gene expression patterns differ between individuals with low
vs. high m1A 947 16S rRNA modification levels.
Supplemental Dataset S1: eQTL analysis of mtDNA SNP association with mtDNA gene
expression per tissue (including output of the MATRIX eQTL tool). Highlighted are the
significant p-values after Bonferroni correction.
Supplemental Dataset S2: eQTL analysis of nDNA SNP association with mtDNA gene
expression per tissue (including output of the MATRIX eQTL tool). Highlighted are the
significant p-values after Bonferroni correction.
Supplemental Dataset S3: Results of co-expression analysis of 116 candidate regulators and
mtDNA gene expression in the contexts of haplogroup-defining SNPs, recurrent SNPs and
the m1A 947 16S rRNA modification.
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