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High-Resolution Genomic Analysis
of Human Mitochondrial RNA

Sequence Variation

Alan Hodgkinson,™ Youssef Idaghdour,?*t Elias Gbeha,* Jean-Christophe Grenier,*
Elodie Hip-Ki,* Vanessa Bruat,* Jean-Philippe Goulet, Thibault de Malliard,? Philip Awadalla®?f

Mutations in the mitochondrial genome are associated with multiple diseases and biological
processes; however, little is known about the extent of sequence variation in the mitochondrial
transcriptome. By ultra-deeply sequencing mitochondrial RNA (>6000x) from the whole

blood of ~1000 individuals from the CARTaGENE project, we identified remarkable levels of
sequence variation within and across individuals, as well as sites that show consistent patterns
of posttranscriptional modification. Using a genome-wide association study, we find that
posttranscriptional modification of functionally important sites in mitochondrial transfer RNAs
(tRNAs) is under strong genetic control, largely driven by a missense mutation in MRPP3 that
explains ~22% of the variance. These results reveal a major nuclear genetic determinant of
posttranscriptional modification in mitochondria and suggest that tRNA posttranscriptional
modification may affect cellular energy production.

itochondria are vitally important for ba-
Msic cellular function, and mutations in

the compact genome of 16,569 base
pairs (bp) have been associated with a large num-
ber of diseases in humans, as well as fundamental
processes such as aging (/-3). Although regu-
lation, transcription, and posttranscriptional pro-
cessing of the human mitochondrial genome are
subject to extensive research (4), very little is
known about the nature, extent, and distribution
of sequence variation in the mitochondrial tran-
scriptome (3), particularly on a population level.
Because it is ultimately translated variation that
dictates downstream phenotypes, it is of great
interest to investigate the extent and effects of such
variation.

To deeply characterize sequence variation in
the human mitochondrial transcriptome across a
large number of individuals, we sequenced the
whole-blood RNA of a random, predominantly
French-Canadian population sample of 708 indi-
viduals from the CARTaGENE project (6) using
the [llumina HiSeq platform. We then stringently
aligned paired-end sequencing reads, focused on
reads mapping to the mitochondria, and called
variants using strict filters (7). On average, we
achieved 6334x coverage (SD = 1139, range =
1456 to 9545) (fig. S1). Within each individual,
we observe numerous sites that carry more than
one allele (heteroplasmies), representing variation
across mitochondrial transcriptomes (mtRNA).
Between individuals, we observe high levels of
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mtRNA sequence variation, both in terms of the
genomic locations of heteroplasmic sites and the
proportions of alternative alleles carried at each
site (Fig. 1).

On average, each individual carries 14.18 het-
eroplasmies identified in mtRNA across a total of
650 sites, higher than most previous estimates in
human mitochondrial DNA (mtDNA) (§—12)
(fig. S1, for biallelic site heteroplasmy annota-
tion, see table S1). It is noteworthy that a number
of positions are heteroplasmic within a high pro-
portion of the 708 individuals (>25%); three of
these sites consistently contain two alleles within
each individual who exhibits heteroplasmy (posi-
tions C295T, G2129A, and G6691A in cDNA)
and are thus potential candidates for RNA editing
or modification. However, 13 sites are multi-
allelic (which here refers to sites containing three
or more nucleotides) and often express all four nu-
cleotides systematically within each individu-
al. Sites that mismatch the genome—such that all
four bases are observed—are indicative of reverse-
transcription errors made at these sites during
the process of creating and amplifying cDNA from
RNA before sequencing and have been shown
to overlap known posttranscriptionally modified
sites (13—16).

Recently, 2 of the 13 multiallelic sites at po-
sitions 2617 (RNR2) and 13710 (ND5) were de-
scribed as putative canonical RNA editing events
(5). However, because we observe all four alleles
at these sites across multiple individuals, it is like-
ly that these changes actually represent post-
transcriptional modifications. It is intriguing that
the remaining 11 multiallelic sites all occur at the
ninth position of transfer RNAs (tRNAs) (p9 sites),
six of which are known to be posttranscriptionally
methylated (/5—17), which suggests that the pres-
ence of multiple alleles in our data represents
posttranscriptional methylation at these sites.

We validated our results by sequencing both
the whole mtDNA and two regions of mtRNA
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containing three p9 sites for five individuals using
the IonTorrent platform to an average coverage of
9573x% and 9633x for DNA and RNA, respec-
tively, starting from stock DNA and RNA sam-
ples. In mtDNA, we find no evidence of alternative
alleles above normal sequencing error rates (7)
at the three p9 sites across all five individuals,
whereas all four alleles are present in mtRNA on
all occasions (table S2). Most important, the pro-
portions of reads containing alternative alleles
at these sites are significantly consistent across
sequencing platforms (correlation coefficient
= 0.731, P = 4.89¢-5) (fig. S2). Because se-
quencing was performed after independent reverse
transcription—polymerase chain reactions for each
of the two platforms and the proportion of alter-
native alleles is systematic and repeatable across
experiments, we hypothesize that this observed
proportion represents the level of posttranscrip-
tional methylation within each individual. Under
this assumption, we observe between 0 and 74%
methylation at p9 sites across the 708 individ-
uals (fig. S3). We also validate positions 295,
2129, and 6691 as RNA modification events,
because no heteroplasmies were found in DNA
across the five individuals.

To determine whether methylation is occur-
ring systematically for some mitochondrial or-
ganelles and not others, we examined whether
alternative alleles at different p9 sites occur on
the same read or paired sequencing reads more
often than would be expected by chance. For the
two positions close enough to be tested, consid-
ering the size distribution of our RNA sequencing
(RNA-Seq) libraries, we see a significant enrich-
ment of alternative alleles on the same background
(P < 0.001) (fig. S2), which confirms that, when
methylation takes place, it occurs consistently
across mtRNA polycistronic molecules. By simi-
lar reasoning, we looked for correlations in the
proportions of alternative alleles across p9 sites
and observed significant correlations between 50
of the 55 pairwise comparisons (P < 0.05 after
Bonferroni correction) (fig. S2).

Given the systematic, but highly variable, na-
ture of methylation at p9 sites across individuals,
we performed a genome-wide association study
(GWAS) to test whether nuclear genetic variants
are associated with the within-individual propor-
tion of alternative counts at p9 sites. We geno-
typed all individuals using Illumina Omni2.5M
single-nucleotide polymorphism (SNP) arrays and
limited the analysis to SNPs with minor allele
frequency (MAF) > 5%, in Hardy-Weinberg equi-
librium (P < 0.001), and not missing in more than
1% of the individuals. We used all 11 p9 sites,
calculating the combined alternative allele frequen-
cy for each individual, and considered a variety
of models (7) (QQ plots shown in fig. S4).

The GWAS revealed a region on chromosome
14 that is associated with the within-individual
proportion of alternative counts at genome-wide
significance (Fig. 2, Table 1, and table S3). The
strongest association occurs within the gene
MRPP3 at a missense mutation on the fourth
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exon (rs11156878, Asn — Ser, P = 6.95e-34).
MRPP3 codes for mitochondrial ribonuclease
P protein 3 that forms part of mitochondrial RNase
P enzyme complex, along with MRPP1 and MRPP2.
This complex is involved in the cleavage and
processing of mitochondrial transcripts for trans-
lation into proteins of the oxidative phosphoryl-
ation system (/8). MRPP3 has been associated
with the processing of the 5" ends of tRNAs (16)
and is suggested to contain a metallonuclease do-
main that would enable RNA hydrolysis (/8).
In vitro experiments have indicated that MRPP1
and MRPP2 may be involved in methylating
mitochondrial tRNAs (76, 19); however, MRPP3
has thus far not been implicated in this process.
The GWAS did not detect significant associations
within MRPPI or MRPP2, which suggests that
genetic variation in MRPP3 may modulate natural
variation in the observed rate of posttranscriptional
methylation in humans, either directly or via the
processing activity of the mitochondrial RNase
P enzyme.

Next, we performed a GWAS for each multi-
allelic site individually using the same associa-
tion models as above and obtained the same
variant (rs11156878) at genome-wide signifi-
cance across eight p9 sites. We also identified
four other genomic regions containing genome-
wide significant markers that associate with the
putative modification level at multiallelic sites
(Table 1). Variation at positions 585 and 1610
show association with a missense variant within
the gene SLC25426 (P values 3.83e-09 and
2.39e-17, respectively), which is a mitochondrial
carrier protein, and for position 13710 (a non-p9
multiallelic site in ND5) with a missense variant
within the gene MTPAP (P = 2.03e-9), which syn-
thesizes the 3’ poly(A)" tail of mitochondrial
transcripts. For position 2617 (a non-p9 multi-
allelic site in RNR?2), the peak association falls
upstream of PPP1CB (P=1.57e-11); however,
genome-wide significant associations also occur
within TRMT61B (peak association has P =
3.15¢-11), which is a methyltransferase that acts
at position 58 of mitochondrial tRNAs and, there-
fore, may play a role in methylating RNR2 at a
functional position that has been linked to stabil-
ity in the large ribosomal subunit (3).

To replicate the genetic associations in an in-
dependent data set, we performed RNA sequenc-
ing (average coverage 3029x) and genotyping
using Omni 2.5M SNP arrays for an additional
287 individuals, and we find similar levels of
variation in the mitochondrial genome (fig. S5).
GWAS analyses replicate the peak SNP associ-
ation in MRPP3 for all p9 sites combined to a
genome-wide significant level (P = 2.56e-11)
(Table 1), which confirms the strength of this
association. We also replicate the same peak SNP
in MRPP3 for three individual p9 sites, as well as
an association linked to SLC25426, but failed
to replicate the associations with MTPAP and
PPPICB (Table 1 and table S4).

Variance explained by the missense vari-
ant 511156878 for all p9 sites combined is high

(= 22.03%) (Fig. 2), despite the relatively
small sample size of our cohort. To fine-map the
region most strongly associated with our pheno-
type, we sequenced the exomes of 96 individ-
uals that were used in the original analysis and
repeated the GWAS. We detected the strongest
association signal with the same missense var-
iant as before at experiment-wide significance
level (P = 3.85¢-7), which reflects the strength
of the association.

It is noteworthy that the frequency distribu-
tion of 7511156878 is not consistent across world-
wide populations; specifically, in 1000 Genomes
data (20), the minor allele frequency shows varia-
tion across continents (14% in the Americas,
17% in Europe, 5% in Asian populations, and
4% in African populations). The specific effect of
this variant is not known; however, given that the
level of methylation at p9 sites has been linked to
levels of protein translation and mitochondrial
respiration (/6), variability at this site across
worldwide populations may have significant im-
plications on region-specific health and disease.

40010

TRNL2
TRNS2

Finally, given the multiallelic variability across
p9 sites, we performed a multiple regression be-
tween the putative level of methylation at p9 sites
and the basal metabolic rate (BMR) of individ-
uals measured using a body composition analyzer
(7). BMR represents the total energy expended
by the body to maintain normal functions at rest,
such as respiration and circulation. For all p9 sites
combined, there is no significant association be-
tween BMR and the proportion of alternative
alleles at p9 sites (P = 0.150). However, for two
individual p9 sites we find suggestive evidence
for a positive association (position 7526, TRND,
P =0.0034 and position 14734, TRNE, P =0.0084),
one of which is replicated in our independent
data set of 287 individuals (position 7526, TRND,
P =0.0192). Resolving the significance of any as-
sociation implicating RNA sequence variation in
the basis of organismal phenotypes requires sys-
tematic investigations; however, these observations,
together with those that highlight the importance
of posttranscriptional methylation for the correct
folding of tRNA molecules (27, 22), suggest that

DLOOP

@
g
=

Fig. 1. Polymorphism information content (PIC) nfor each site in the mitochondrial transcriptome

across 708 individuals. PIC is calculated as 1—Zp;?, where p; is the proportion of sequencing reads

=
containing each nucleotide within an individual and n is the number of different alleles at each site. Each data
point therefore represents the PIC value for a single site using allele frequency information from sequencing
reads within a single individual. White circular lines represent PIC scores of 0.25, 0.5, and 0.75, from outside to
in. Sites with PIC < 0.005 are not shown. For sites containing two alleles, the maximum PIC score is 0.5.
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investigating the role posttranscriptional tRNA
sequence variation in pathologic contexts is like-
ly to be revealing.

Mitochondrial tRNAs are vitally important to
mitochondrial function; to date, ~250 tRNA mu-
tations have been associated with disease (23). Sim-
ilarly, posttranscriptional events in RNA appear
to be common (5, 24) and may be linked to
biological function and disease (25). It was pre-

viously shown that modification events at p9
sites could be detected in vitro using cells lines
(15, 16); however, here we characterize the na-
ture and extent of the between-individual varia-
tion in vivo across a large number of individuals
at mitochondrial genome-wide scale. Further-
more, we uncovered a previously underappre-
ciated role of MRPP3, likely through missense
variant 7511156878, in modulating the rate of
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Fig. 2. GWAS results for all p9 sites combined. The —log;, P values are shown for all sites across the
nuclear autosomal genome with each chromosome in a difference color. (A) The full model [model 3, see
(7)] accounts for age, gender, site of collection, global genetic ethnicity, and complete blood counts.
(B) The correlation between minor allele count and combined alternative allele frequency is shown
for rs11156878. (C) A magnified section of the full GWAS plot containing the gene MRPP3.

Table 1. GWAS results for the full linear model at multiallelic sites. The peak SNP is shown for each
region that contains genome-wide significant markers in each test during the discovery phase. The full
linear model corrects for age, gender, site of collection, global genetic ethnicity, and complete blood
counts. ALL p9 refers to resampled data from all multiallelic p9 sites combined.

P value

Trait Peak SNP Position MAF Gene  Annotation Change

Discovery Replication
ALL p9 rs11156878 14:35735967 0.1939 MRPP3  Missense  Asn—Ser 6.95 x 107>% 2.56 x 1071
1610 rs11156878 14:35735967 0.1796 MRPP3  Missense  Asn—Ser 7.25 x 107*° 3.93 x 107%*
5520 rs11156878 14:35735967 0.1807 MRPP3  Missense  Asn—Ser 4.89 x 107*¢ 5.80 x 107
8303 rs11156878 14:35735967 0.1839 MRPP3  Missense  Asn—Ser 7.44 x 1072 9.14 x 107%
9999  rs11156878 14:35735967 0.1805 MRPP3  Missense  Asn—Ser 2.24 x 1073 8.36 x 10720+
10413 rs11156878 14:35735967 0.1800 MRPP3  Missense  Asn—Ser 1.16 x 1072% 9.19 x 107%
12146 rs11156878 14:35735967 0.1808 MRPP3  Missense  Asn—Ser 1.18 x 107! 5.25 x 107+
12274 rs11156878 14:35735967 0.1802 MRPP3  Missense  Asn—Ser 3.77 x 1072' 1.08 x 107%¢*
14734 rs11156878 14:35735967 0.1796 MRPP3  Missense  Asn—Ser 5.73 x 107** 1.25 x 107
585 rs13874  3:66419956 0.4444 SLC25A26 Missense  Thr-Met 3.83 x 107°? 1.32 x 107
1610 rs13874  3:66419956 0.4438 SLC25A26 Missense  Thr—Met 2.39 x 107 6.98 x 107%*
2617 1512714241 2:28969413 0.3554 NA Intergenic T-C 157 x 107  0.36870
13710 rs1047991 10:30629226 0.2512 MTPAP  Missense  Arg—Cys 2.03 x 107°°  0.08675

*The site is also the peak SNP in the replication phase.
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posttranscriptional modification, either directly
or through the processing activities of mitochon-
drial RNase P. These results warrant further char-
acterization of the mechanism of action of MRPP3
and its potential role in shaping metabolic-related
processes in humans. More broadly, our study
demonstrates the potential of GWAS to identify
genes involved in basic cellular pathways and
highlights the use of RNA sequence variation to
complement DNA studies to assess variation and
its potential consequences at the population level.
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