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Mitochondrial DNA variant detection in over 6,500 rare disease families by the
systematic analysis of exome and genome sequencing data resolves

undiagnosed cases
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ABSTRACT

Background: Variants in the mitochondrial genome (mtDNA) cause a diverse collection
of mitochondrial diseases and have extensive phenotypic overlap with Mendelian
diseases encoded on the nuclear genome. The mtDNA is often not specifically evaluated

in patients with suspected Mendelian disease, resulting in overlooked diagnostic variants.

Methods: Using dedicated pipelines to address the technical challenges posed by the
miDNA - circular genome, variant heteroplasmy, and nuclear misalignment - single
nucleotide variants, small indels, and large mtDNA deletions were called from exome and
genome sequencing data, in addition to RNA-sequencing when available. A cohort of
6,660 rare disease families were analyzed (5,625 genetically undiagnosed, 84%) from
the Genomics Research to Elucidate the Genetics of Rare diseases (GREGoOR)

Consortium as well as other rare disease cohorts.

Results: Diagnostic mtDNA variants were identified in 10 previously genetically
undiagnosed families (one large deletion, eight reported pathogenic variants, one novel
pathogenic variant). In one additional undiagnosed proband, the detection of >900
heteroplasmic variants provided functional evidence of pathogenicity to a novel de novo
variant in the nuclear gene POLG (DNA polymerase gamma), responsible for mtDNA

replication and repair.

Conclusion: mtDNA variant calling from data generated by exome and genome
sequencing for nuclear variant analysis resulted in a genetic diagnosis or detection of a
candidate variant for 0.4% of undiagnosed families affected by a broad range of rare

diseases.
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INTRODUCTION

Mitochondrial diseases (MDs) result from impaired cellular energy metabolism due
to defects in the mitochondrial organelle.” Amongst rare genetic diseases, MDs are prime
examples of the diagnostic challenge faced by geneticists, given vast genetic
heterogeneity, with dual encoding on the nuclear and mitochondrial genome (mtDNA),
and broad spectrum of associated clinical manifestations.?

The mtDNA is a circular, 16,569 base pair, double-stranded DNA molecule present
in hundreds to thousands of copies per cell. It encodes 13 protein-coding genes, 22
transfer RNA (tRNA) genes, and two ribosomal RNA (rRNA) genes, that are essential to
mtDNA function. Pathogenic variants in the mtDNA are responsible for approximately
75% of adult-onset and 20-25% of pediatric-onset MD.® They span single nucleotide
variants (SNVs), small insertions/deletions (indels), and large mtDNA deletions, and are
estimated to cause MD in at least 1 per 5,000 individuals.*® To date, 127 high-confidence
“confirmed” pathogenic SNV/indel variants have been reported in the expert-curated
database MITOMAP.® The majority of these variants cause disease in the heteroplasmic
state, when the heteroplasmy level (HL) of mtDNA molecules carrying the variant exceeds
a critical threshold in a susceptible tissue, typically reported as 60-80%.” mtDNA
heteroplasmy increases the complexity of genetic diagnosis, as HL can vary from tissue
to tissue. HL is typically highest in post-mitotic tissues such as skeletal muscle, heart, and
brain, and is often lowest in rapidly replicating non-disease affected tissues that are more
readily accessible to sampling and routinely used first-line for DNA testing, in particular
blood and buccal cells.® In comparison, only a small number of homoplasmic variants
have been associated with disease. These variants often demonstrate incomplete
penetrance whereby only a subset of variant carriers manifest with the disease, as is
commonly reported for the m.11778G>A variant causing Leber Hereditary Optic
Neuropathy (LHON) or lead to adult-onset and milder disease.®

Distinguishing mtDNA-encoded disease from other mitochondrial and non-
mitochondrial nuclear-encoded diseases is clinically challenging due to the phenotypic
heterogeneity of MDs and overlap with other nuclear-encoded neurological,

neuromuscular, ophthalmological, and hematological diseases,"'® among others. It is,
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however, essential in determining the mode of inheritance to inform genetic counseling,
provide accurate recurrence risk estimates, and can be important in disease prevention,
such as by egg donation, mitochondrial transfer, or preimplantation genetic diagnostics,
as well as to implement preventative measures and anticipatory care.

To reduce sequencing cost and to streamline data analysis in rare disease
diagnostics, the mtDNA does not routinely undergo targeted sequencing and analysis
unless a MD is clinically suspected. This potentially leads to cases of mtDNA-encoded
MDs eluding detection when exome (ES) or genome (GS) sequencing are selected as
the first-line diagnostic test.'? Analysis of the mtDNA is, nevertheless, possible in a holistic
approach from ES'3'* and GS data'® by applying dedicated bioinformatic pipelines to call
mtDNA SNVs/indels,'®'” and large mtDNA deletions.'® For ES, probes can be added to
the library preparation to capture the mtDNA at high coverage'®. Alternatively, off-target
reads can be analyzed, though this approach provides relatively low coverage of the
mtDNA and is more likely to be enriched for nuclear DNA of mitochondrial origin
(NUMTSs)." In comparison, GS provides high coverage of the mtDNA due to the naturally
high copy number of mtDNA molecules in cells.’™'® mtDNA-specific bioinformatic
pipelines navigate alignment issues created by the circular nature of the mtDNA, facilitate
the detection of variants at low heteroplasmy level (not possible in routine variant calling
pipelines), and apply strategies to reduce the misalignment of NUMTs that can otherwise
result in false positive putative heteroplasmies. These pipelines have proven successful
in the diagnosis of mtDNA encoded disease in cohorts of suspected mitochondrial and
neurological disease.’3-1520

Here, we apply mtDNA variant calling pipelines to GS, ES, and, where available,
RNA-sequencing data from a diverse collection of over 6,500 rare disease families
primarily sequenced through the GREGoR (Genomics Research to Elucidate the
Genetics of Rare diseases) Consortium. We search for reported pathogenic variants and
leverage recently released reference population databases of homoplasmic and
heteroplasmic mtDNA variant allele frequencies (gnomAD v3'® and HelixMTdb?") in
combination with  mtDNA-specific computational prediction tools and mitochondrial

constraint metrics?? for novel variant prioritization and assessment.
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METHODS

Sample selection. ES, GS, and RNA-sequencing data (when available) from
probands with a suspected rare disease and their affected and unaffected family
members, recruited, sequenced, and phenotyped by the GREGoR Consortium (UQ07),
were subject to mtDNA variant calling. In addition, samples from the Broad Institute
Center for Mendelian Genomics (Broad CMG) that could not be part of GREGoR due to
disease-specific consent, along with other rare disease cohorts sequenced in
collaboration with the Broad CMG were included in the analysis. This resulted in a total
of 14,282 samples from 7,282 families. ES libraries were generated using either Nextera
capture (no mtDNA probes included) or Twist capture (with mtDNA probes included), and
all samples were sequenced using lllumina instruments. Samples with a high level of
contamination (22% of haplogroup defining variants at 85-99.8% heteroplasmy level)
and/or a mean per sample mtDNA coverage of <20X were excluded from the study,
resulting in 13,160 samples from 6,660 families for mtDNA variant analysis (Fig. S1).

mtDNA variant calling, haplogroup determination, and variant annotation.
mtDNA variants were called from GS data using the mitochondria mode of GATK-
Mutect2'® and from ES/RNA-sequencing using the MToolBox pipeline.'”” RNA was
processed using a stranded polyA-tailed kit (lllumina). Large mtDNA deletions were called
using MitoSAIt."® Variants were annotated with quality flags, functional consequence,
reference population frequency, computational predictions, and mitochondrial constraint
metrics.?? Variants flagged as low quality were removed (see Supplemental Methods for
more details).

Identifying pathogenic mtDNA variants. Variants with “confirmed” disease-
causing status were extracted from MITOMAP (n=127, last accessed October 2024).6
Variants submitted as P/LP with 22-star review status in association with primary MD
were extracted from ClinVar (n=111, last accessed October 2024).23 This resulted in a
total of 152 unique reported P/LP variants for analysis (Table S1).

Identifying high priority novel variants. Novel variants were filtered to: i) non-
haplogroup defining variants (for the haplogroup of the respective sample), ii) non-

synonymous variants; iii) rare variants detected in <1:50,000 individuals at homoplasmy
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in reference populations (gnomAD v3 and HelixMTdb) and with an allele count <10 across
all samples in the call set, and iv) variants meeting at least one of the following criteria for
predicted deleteriousness: i) predicted loss-of-function (frameshift, stop gained), ii)
missense with an APOGEE2 score >0.5%* and/or HmtVar score 20.352%), iii) tRNA with
MitoTIP score >12.66%5, PON-mt-tRNA probability score =0.5%7, and/or HmtVar score
20.35; iv) within an area of regional constraint or at a nucleotide position with high
mitochondrial local constraint (MLC score 20.75)?? (see Supplemental Methods for more
details).

Variant interpretation and confirmation. Identified variants were clinically
evaluated as either: i) Diagnostic: A previously reported or novel variant classified as P/LP
according to the ClinGen Variant Curation Expert Panel mtDNA-specifications of the
American College of Medical Genetics and Genomics and Association of Molecular
Pathologists (ACMG/AMP) standards and guidelines for variant interpretation,?® that
explains the proband’s phenotype, is detected at a clinically relevant HL, for which the
multidisciplinary analysis team and referring clinician consider the variant causative, and
clinically confirmed in a CLIA certified laboratory; ii) Candidate: A reported P/LP variant
or high priority variant of uncertain significance (VUS) that may explain the proband’s
phenotype but requires additional evidence to establish causality and/or pathogenicityj; iii)
Pathogenic variant of undetermined clinical relevance: A reported P/LP variant that does
not explain the individual’'s phenotype and/or is known to demonstrate incomplete
penetrance at near-homoplasmy.

Phenotype data analyses. Phenotype data were collected as Human Phenotype
Ontology (HPO) terms. Each reported HPO term was mapped in the ontology to
“phenotypic abnormality” (HP:0000118) and annotated with all intermediate terms. The
objective clinical likelihood of the proband having a disease of mitochondrial etiology was
calculated by the Mitochondrial Disease Criteria (MDC) score,?® adapted for use with HPO
terms’®. MDC scores were stratified into unlikely (score 0-1), possible (score 2-4),
probable (score 5-7), and definite (score 8-12) MD.
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RESULTS

Cohort description. In total, 6,660 families were included in our analysis after
sample-level quality filtering (see Methods). The maijority (5,625, 84%) were genetically
undiagnosed following nuclear analysis of ES/GS (Fig. 1a). Among the solved families
were three that had already had an mtDNA-encoded diagnosis returned by targeted
miDNA sequencing, used as positive controls for our variant calling and analysis
pipelines. Data from multiple sequencing methods (ES, GS, and/or RNA-sequencing)
were analyzed for 164 probands (Fig. 1b).

Most samples were derived from DNA extracted from blood from probands with
pediatric onset of disease, and therefore less likely to carry mtDNA variants restricted to
post-mitotic tissues. A median of three non-redundant HPO terms were reported per
proband (range 0-121). For 5,192 probands (78%), at least one reported HPO term
overlapped with a term associated with MDs, according to the Mitochondrial Disease
Criteria (MDC),?® spanning muscular, neurological, multisystem, metabolic, imaging, and
histopathology terms (Fig. 1c). Based on the combination of these phenotypes and
applying the MDC, 1.2% of probands had a probable or definite likelihood of a MD, 35%
possible, and 64% unlikely, prior to genetic analysis. These figures indicate a low prior
probability of a mitochondrial disease based upon clinical phenotype for most families in

our study.
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Fig 1. Study cohort overview. a) Diagnostic status of probands following nuclear variant
analysis by ES and/or GS, prior to the analysis of mtDNA variants in this study. For three
probands (0.05%) diagnostic variants in the mtDNA had already been detected by
targeted mtDNA sequencing. b) Proband samples by sequencing type, demonstrating
overlap in data type for analysis. ¢) Frequency of HPO terms indicative of MD in the

probands (displaying terms reported in 25 probands) and the resultant MDC classification
of clinical likelihood of a MD.?°

mtDNA coverage and variant detection summary. The mean per-base mtDNA
coverage for GS and RNA-sequencing was high (GS mean 4,416x, RNA-sequencing
mean 5,894x). The coverage by ES depended on capture selection. ES (Twist) provided
high coverage (mean 6,315x) by adding mtDNA probes, whereas ES (Nextera) provided
low coverage from off-target reads (mean 47x) (Fig. 2).
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A mean of 40 mtDNA variants were called at 21% HL per sample, of which 26 per
sample passed our quality filters (see Supplementary Methods). Collectively, 6,960
unique variants were detected, spanning 6,069 of the 16,569 nucleotide positions of the
mMtDNA (37%). Most were detected at near-homoplasmy (295% heteroplasmy level) and
were known haplogroup defining variants (mean 23 per sample), that are unlikely to be
causal of MDs. A summary of the counts of high-quality variants per proband sample for
analysis by data type is displayed in Table S2.

Maternal samples were available for 3,056 probands (46%), allowing comparison
of heteroplasmy level between generations that can be informative for clinical
interpretation. Overall, 99% (80,753/81,772) of variants in the probands were detected in
the maternal sample of the corresponding data type, >99% of homoplasmic variants
(77,449/77,767) and 82% of heteroplasmic variants (3,304/4,005). A small number of
these variants demonstrated either a potentially clinically relevant positive heteroplasmic
shift, from below to above the “typical”’ disease-causing threshold of 60% (147/80,753,
0.18%) or negative heteroplasmic shift, from above to below 60% heteroplasmy level
(85/80,753, 0.11%), though the majority were more neutral (Fig. S2). Variants detected
in the proband only (1,019/81,772 variants, 1.2%) may be de novo, somatic, or present
at undetectable levels in the maternal tissue sampled. Over one-third of the variants
detected in the proband-only were at a heteroplasmy level 260% (388/1,019, 38%) and,
when predicted to be deleterious, are promising candidates for sporadic disease in the

proband.

10


https://doi.org/10.1101/2024.12.22.24319370
http://creativecommons.org/licenses/by-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2024.12.22.24319370; this version posted December 26, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-ND 4.0 International license .

ES without mtDNA enrichment (Nextera)
8000
6000 A
4000 1
2000 1
0 -
ES with mtDNA enrichment (Twist)
< 8000
8. 6000 1
5 4000 A
g 2008 1
5 GS |
3 8000
g 6000 1 .
4000 1 M L ance ¢ PP T oy
g 2000 1 W
0 - .
RNA-sequencing
8000
6000 1 ’l '\'l"'ﬂ W’\
4000 1
2000
O -

5000 10000 16569
chrM base position
TQ TA TC TD TR TS2 TP
Tl ™[ gy TK TG| NDAL
TF TV TL1 TS1 TH TL2 ND6 TE TT
™ ™ ATP8/ATP6  ND3

. protein-coding . tRNA . rRNA D non-coding

Fig 2. mtDNA coverage by data type. Mean per-base mtDNA coverage by chrM base
position. Schematic of a linearized mtDNA, demonstrating lowest coverage over the
artificial break in the mitochondrial D-loop and low RNA-sequencing coverage of the tRNA
genes due to lack of a stable 3’-poly(A) tail for enrichment 3.

Detection of reported P/LP variants. Reported P/LP variants were detected in a
total of 59 probands. Large mtDNA deletions were detected in two of these probands
(Fig. 3a) and pathogenic mtDNA SNVs or small indels, reported in MITOMAP as
“confirmed” disease-causing and/or reported in ClinVar as P/LP with =2-star review
status, were identified in the remaining 57 probands (24 different variants) at 25% HL
(Fig. 3b). In total, nine new diagnoses were made (including one large deletion), two
plausible candidate diagnoses were identified, and all three of the known mtDNA
diagnoses in the cohort (including one large deletion) were reidentified (Table 1). In the
remaining 45 probands, the pathogenic variants were of undetermined clinical relevance.
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Non-diagnostic pathogenic variants may be detected in individuals, including those
in reference populations, at a heteroplasmy level below the disease-causing threshold
(typically reported at 260%, though dependent on the specific variant and tissue) and at
near homoplasmy when the variant demonstrates incomplete penetrance or is associated
with adult-onset or mild disease.'®3' Stratifying the detected pathogenic variants by
reported incomplete penetrance at near homoplasmy, we find all P/LP variants at high
heteroplasmy level, without reports of incomplete penetrance to be diagnostic, with the
proband’s phenotype being in-keeping with reported phenotypes for the variant (Figure
3b). In contrast, we detected many non-diagnostic P/LP variants of undetermined clinical
relevance at high heteroplasmy level that are reported to be incompletely penetrant.

The most frequently detected non-diagnostic pathogenic variants were: i)
m.1555A>G in MT-RNR1 (10 probands) associated with susceptibility to aminoglycoside
ototoxicity, ii) m.3243A>G in MT-TL1 (10 probands) associated with Mitochondrial
Encephalopathy, Lactic Acidosis, and Stroke-like episodes (MELAS), though highly
phenotypically heterogeneous; iii) m.11778G>A in MT-ND4 (7 probands) associated with
Leber Hereditary Optic Neuropathy (LHON). Both m.1555A>G and m.11778G>A are
known to demonstrate incomplete penetrance at near-homoplasmy.'® There are also
numerous reports of asymptomatic individuals with m.3243A>G at high heteroplasmy
level in blood (260%).3?
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Fig 3. Detection of pathogenic mtDNA variants. a) Coverage by chrM base position in
two samples with large mtDNA deletions (green [known diagnosis] and blue [new
diagnosis]). b) Pathogenic variants detected across all probands, stratified by penetrance
at near homoplasmy.'?

Detection of novel variants. We next sought to investigate whether novel mtDNA
variants may be causing disease. To prioritize variants with high disease-causing
potential, we applied stringent filtering by function, frequency in reference populations,
predicted deleteriousness, and mitochondrial constraint metrics (see Methods). In total,
555 variants were prioritized in 518 probands (0.08 per proband across all analyzed
probands) (Fig. 4). Each variant was carefully reviewed for potential relevance to
phenotype and, if considered of diagnostic interest, was classified according to the
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ACMG/AMP standards and guidelines for mitochondrial DNA variant interpretation. This
clinical evaluation led to one new diagnosis and one candidate diagnosis classified as
Likely Pathogenic (LP) by the mtDNA-specifications of the ACMG/AMP,?8 in addition to
eight high-priority candidates classified as VUS (Table 2).

The novel LP diagnosis is a de novo m.15347C>T (p.His201Tyr) variant in MT-
CYB, detected at 19% heteroplasmy level in the blood of a genetically undiagnosed
proband (P15) who presented in the neonatal period with progressive hypertrophic
cardiomyopathy, renal cortical dysplasia, hyperinsulinemic hypoglycemia, and elevated
lactate in both the serum and cerebrospinal fluid. MT-CYB encodes a subunit of
mitochondrial complex Ill. The p.His201 amino acid position has high conservation
(MITOMASTER 100% across species) and is in an area of regional missense constraint,?
with this residue thought to be critical for ubiquinone binding®:. The variant has
consistently deleterious computational predictions (APOGEE2 0.64, HmtVar 0.84), is
absent in reference populations at both homo- and heteroplasmy (gnomAD v3 and
HelixMTdb), and has not previously been reported in clinical cases. Follow-up by targeted
whole mitochondrial genome analysis on DNA extracted from heart tissue found the
variant to be present at 87.5% HL. The variant was initially classified as a VUS.
Subsequent segregation testing of maternal DNA extracted from both blood and urine
was negative, suggesting the variant to be de novo. Functional studies were also
performed, demonstrating the variant to have a deleterious effect on levels of the MT-
CYB protein and on complex Il activity and protein levels in affected tissues (heart and
muscle, data not shown). With these additional lines of evidence for pathogenicity, the
variant was reclassified as LP (PS2, PS3 Supporting, PM2_Supporting,
PP3_Supporting) and was returned to the family to inform family planning.

The novel LP candidate is a de novo m.16023G>A variant in MT-TP, detected at
15% heteroplasmy level in blood in a proband (P16) presenting in infancy with
unexplained seizures, failure to thrive, pancreatic exocrine insufficiency, neutropenia,
anemia, lethargy, and recurrent infections typically with hemodynamic instability requiring
intensive care admission. The variant was absent in the mother's GS data. MT-TP
encodes a mitochondrial tRNA. The variant has consistently deleterious computational
predictions (MitoTIP 17.6, HmtVar 0.65, PON-mt-tRNA 0.8). It is absent in reference
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populations at homoplasmy and is rare at heteroplasmy (absent in gnomAD v3,
heteroplasmic allele count of three in HelixMTdb with a maximum detected HL of 15%).
The variant is listed in MITOMAP with “reported” status, and was previously reported in
two unrelated probands. In the first proband with migraine, pigmentary retinopathy,
deafness, leukariosis on magnetic resonance imaging (MRI), COX-negative fibers and
ragged red fibers on muscle biopsy (proband HL 9% in blood, 86% in muscle, and 36%
in urine; mother HL 1% in blood, 7% in urine) the variant is reported to be diagnostic. In
the second proband with liver dysfunction, urticaria, developmental delay, and fatigue (HL
2% in muscle), the variant remains of undetermined clinical relevance.?*3% The variant
has been functionally validated by gold-standard single fiber analysis.>* Given these lines
of evidence, the variant is classified as LP (PM6, PS3_Supporting, PS4_Supporting,
PM2_Supporting, PP3_Supporting). Clinical follow-up is underway to measure the
variant’s HL in additional tissues from the proband and mother to determine if this is
diagnostic for the family. The remaining eight high-priority candidates are reported in
Table 2.
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variant filtering strategy

Detection of excess heteroplasmic variants provides functional evidence of
pathogenicity for a de novo variant in the proofreading exonuclease domain of
POLG. As part of our analysis, we counted the number of heteroplasmic variant calls per
proband at 21% heteroplasmy level. This analysis revealed an outlier proband (P25) in
the ES (Twist) data set with 941 heteroplasmic variants (910 SNVs, 31 indels), compared
to a mean of 10.1 per sample (Fig. 5a). Only 12 of the 941 variants were detected in the
corresponding maternal sample, indicating either an issue with sample quality (despite

passing our sample-level coverage and contamination filters) or pointing towards an
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underlying defect in the replication and repair of the mtDNA leading to high rates of
somatic SNVs. Analysis of ES from the proband and both unaffected parents for causal
nuclear variants had detected a novel de novo missense variant that was initially of
uncertain significance in the nuclear gene POLG, encoding DNA polymerase gamma,
(c.592G>A, p.Asp198Asn), responsible for mtDNA replication and repair. This variant
affects the p.Asp198 residue, an essential catalytic residue involved in the POLG protein’s
proofreading exonuclease activity, and is predicted to be deleterious (REVEL score 0.94)
(Fig. 5b). In reported cellular models, mutagenesis of p.Asp198 to p.Asp198Ala abolishes
the exonuclease activity of POLG®* and, in keeping with the finding of a high
heteroplasmic variant detection rate in our proband, results in accumulation of somatic
SNVs in the mtDNA.?" Similarly, the POLG mutator mouse that is lacking the mtDNA
proofreading exonuclease activity rapidly accumulates somatic mtDNA SNVs.® The
proband’s p.Asp198Asn POLG variant is absent in reference population databases. The
proband presents with congenital sideroblastic anemia (CSA), leukopenia, moderate
neutropenia, and lymphopenia, with no associated history of recurrent infections. Short
stature (1st centile) as well as cognitive and learning disabilities are also reported, and
the brain MRI demonstrates polymicrogyria. Early type | diabetes mellitus was also
recently diagnosed. A CSA phenotype is reported only once in association with a
heterozygous POLG variant in the literature,® yet is highly consistent with both nuclear-
and mtDNA-encoded MD.#° Moreover, among the many heteroplasmic mtDNA variants
detected in the proband was a rare, somatic, predicted deleterious (APOGEE2 0.76)
missense variant in MT-ND1 (m.3976T>C, p.Phe224Leu). The p.Phe224 amino acid
position has high conservation (MITOMASTER 97.8% across species) and is in an area
of regional missense constraint, and the nucleotide position (m.3976T) has high
mitochondrial local constraint (MLC score 0.86). MT-ND1 encodes a subunit of
mitochondrial complex |. The variant is detected at 21% HL and may explain the
hematological manifestation of disease in this proband (Fig. 5¢). For the two GS samples
with excess heteroplasmic variants, no potentially causal rare variants were identified in

genes involved in mtDNA replication and repair.
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Diagnostic detection rate. In summary, across the 6,660 probands included in

our analysis, a total of 614 variants were prioritized for clinical evaluation, spanning

reported pathogenic SNV and indel variants (57 total), large mtDNA deletions (2 total),

and prioritized novel variants (555 total) - approximately one variant per 10 probands. Our

variant calling and analysis pipelines reidentified all three known mtDNA diagnoses in the

previously solved families with targeted mtDNA sequencing (including one large mtDNA

deletion) and established 10 new diagnoses among the undiagnosed families. Candidate
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diagnoses were also identified in 11 probands from undiagnosed families that remain
under investigation (e.g., sequencing of additional tissues, sequencing additional
maternal family members). Together with the novel POLG diagnosis, findings from the
analysis of the mtDNA resulted in a diagnostic uplift of 0.4% (22/5,625) in undiagnosed
families with a generally low prior probability of a MD.

DISCUSSION

We evaluated the diagnostic yield of calling mtDNA variants from ES and GS data
that had already been generated and analyzed for suspected Mendelian (nuclear) causes
of disease. This followed the rationale that mtDNA-encoded MDs may be overlooked in
the differential diagnoses when referring a family for genetic testing, due to extensive
overlap with seemingly Mendelian phenotypes, including nuclear causes of MDs that are
more frequent in children.

We provided a diagnosis to a total of 11 previously undiagnosed families, in addition
to identifying candidates in a further 11, presenting clinically with a broad range of rare
diseases. Many of our candidates were identified in probands with congenital
sideroblastic anemia, a phenotype with a very high probability of being an MD, either
associated with nuclear-encoded mitochondrial proteins or encoded by the mtDNA.*°
According to our calculation of the MDC based upon available HPO terms, many
candidates were also detected in probands with phenotypes indicating an “unlikely” or
“possible” likelihood of MD including retinal disease, a phenotype for which nuclear
variants are more frequently investigated.*®4' Our diagnostic findings demonstrate the
value of adding mtDNA analysis to routine ES/GS data analysis for probands where a
nuclear-encoded mitochondrial cause is considered likely, as well as for those with a low
prior-probability of MD. Moreover, for all probands with maternal data available, the
diagnostic or candidate variants were found to either arise de novo, as reported for ~20%
of mtDNA-encoded disease,*? or to have been transmitted from the unaffected mother
with an increase in heteroplasmy level, presumably at the point of the “mitochondrial
bottleneck” in development.® Therefore, the absence of a maternal family history should

not exclude the suspicion of an mtDNA-encoded disease. The diagnostic uplift of 0.4%
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among undiagnosed families was in line with expectation based on published studies
demonstrating diagnostic rates of 0.1% (11/11,424)'* in individuals enriched for
neurological diseases and 1.6% (5/319)" to 1.8% (38/2,111)"3 in individuals with higher
clinical suspicion of MD.

We also report on the overall rate of pathogenic mtDNA variant detection among
sequenced probands by heteroplasmy level threshold, finding P/LP variants in many
probands to be secondary findings for conditions/genes not included on the ACMG
recommended reporting list. The detection of high heteroplasmy level pathogenic variants
of undetermined clinical relevance was mostly accounted for by incomplete penetrance,
such as variants conveying a risk of LHON.® This adds to our understanding of how
frequently secondary findings can be expected when routinely analyzing the mtDNA from
ES/GS data. We also detected many low heteroplasmy level pathogenic variants of
undetermined clinical relevance. Due to inconsistency of the respective proband’s
phenotype with reported phenotypes, we did not pursue these variants further (for
example by sequencing additional tissues).

Our study provides a glimpse into the added value of searching for novel mtDNA
variants in a diverse rare disease cohort, that has not been assessed in earlier studies.
By stringent filtering for high-quality variant calls at low population frequency, followed by
prioritization for predicted deleterious consequence and areas of mitochondrial constraint,
we identified one new diagnosis and nine promising candidates in undiagnosed families
with phenotypes within the MD spectrum. The majority of the candidate variants formally
remain as VUS according to the mtDNA-specifications of the ACMG/AMP guidelines for
variant interpretation?® and additional evidence of pathogenicity is required to reach P/LP
status, such as sequencing additional tissues, pursuing segregation studies in maternal
relatives, further investigating blood and/or cerebrospinal fluid metabolite profiles, brain
imaging, tissue histology, and respiratory chain enzymology, as well as functional studies.
Candidates have been returned to local clinical or research teams in case additional study
is warranted and possible, but it is beyond the scope of this study.

The field standard for assessing the population frequency of mtDNA variants is to use
the homoplasmic allele frequency?®, provided by longstanding databases such as
MITOMAP, HmtDB, and MSeqDR.%2543 The majority of pathogenic mtDNA variants are,
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however, heteroplasmic in nature and though homoplasmic frequencies have been
highly-valuable in providing evidence for or against heteroplasmic variants that are also
seen at homoplasmy, they have not provided a complete picture as they have not
captured the heteroplasmic frequency.? In our analyses, we leveraged recently released
reference population databases (gnomAD v3 and HelixMTdb) that provide both
homoplasmic and heteroplasmic frequencies from over 250,000 samples collectively,
mostly depleted for severe disease.'®?! To stay in line with field standards, we selected
to integrate homoplasmic frequencies into our prioritization pipeline, given there are no
recommendations in the current mtDNA-specifications of the ACMG/AMP guidelines for
the use or interpretation in variant classification, and that the heteroplasmic frequency of
numerous pathogenic variants exceeds the standard threshold of <1:50,000.'® We used
the newly reported heteroplasmic frequencies and maximum observed heteroplasmy
levels in reference populations to guide careful downstream clinical evaluation of
candidates, with the expectation that heteroplasmic variants with a deleterious
consequence on mitochondrial function are unlikely to be tolerated at high heteroplasmy
levels in a reference population depleted of severe early-onset disease. We also
prioritized novel variants based upon mitochondrial constraint using recently developed
metrics?? for regional and positional constraint, with a similar rationale that variants falling
in areas of mitochondrial constraint are less tolerated in humans and may play a role in
disease. As mitochondrial constraint metrics are available for all mtDNA positions, our
analysis could also include rRNA and non-coding variants, that are otherwise challenging
to interpret due to the absence of computational prediction tools for these genomic
regions. In our analysis, a number of high priority novel protein-coding candidates were
supported by mitochondrial constraint data, as well as the somatic mtDNA variant likely
driving the congenital sideroblastic anemia phenotype of our POLG-proband. At this time,
all of our prioritized novel rRNA and non-coding variants in constrained regions were not
of high enough clinical interest, based on the proband’s phenotype, to pursue further.
There are a number of limitations to our study. First, the primary source of DNA for
sequencing in our rare disease cohort is blood, where variant heteroplasmy level is
typically lower than in disease affected tissues, and can further decrease over time due

to rapid replication.** Therefore, though mtDNA variants can be detected in the blood in
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the majority of patients,*® in particular during childhood, it is not the optimal source of DNA
for MD diagnosis. The age at DNA sample collection was not available for our cohort to
further understand the impact of this limitation on our analysis. From blood we cannot
conclusively rule out a MD in our undiagnosed families. This underpinned our decision to
include RNA-sequencing data from probands, when available. Our RNA-sequencing data
is mostly from fibroblasts or muscle tissue, offering the opportunity to capture mtDNA
variants in a second tissue and potentially at a higher heteroplasmy level, as well as to
increase the likelihood to detect large mtDNA deletions that are mostly isolated to
muscle.” In two probands (1 known diagnosis, 1 candidate) RNA-sequencing supported
the presence of the variant in a second tissue. Second, in most cases, we were unable
to functionally validate novel candidates by gold standard methods (e.g., single fiber
analysis, cybrids) due to unavailability of patient-derived tissues. Gene editing is
theoretically possible for a subset of the variant types (C>T or A>G transitions) yet is
highly specialized, time consuming, and challenging to pursue.*® We therefore hope by
sharing these candidate variants we may connect with additional affected families in the
future to build evidence towards pathogenic designation.

In summary, our analysis pipeline prioritized a mtDNA variant for clinical evaluation in
approximately 1 per 10 probands, adding minimal additional analytical burden to nuclear
genome analysis. This gave the opportunity to capture diagnostic mtDNA variants in
patients that did not necessarily have a high enough clinical suspicion of MD to prompt
targeted mtDNA sequencing. In our hands, mtDNA analysis resulted in the diagnosis or
prioritization of a promising candidate for 0.4% (1 in 250) of undiagnosed families with

diverse rare disease phenotypes.

Data availability. Submission to ClinVar is currently in progress for mtDNA variants that

were interpreted as causal in this cohort (https://www.ncbi.nim.nih.gov/clinvar/).
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Table 1. Diagnostic and candidate reported pathogenic mtDNA variants

Sample

Sample HL

Proband’s

Proband Gene |[Variant MITOMAP |ClinVar . Reported , Diagnostic
ID data symbol |(consequence) status status (alt/ref reads) (Inheritance phenotype Proband’s Phenotype MDC outcome
type (score)
m.3946G>A 70% Infantile spasms, cortical visual . Known
P1 ES MT-ND1 missense rptd PILP 2,924/1,247) B MELAS impairment, and severe NDD Possible (3) diagnosis
p g
RNA- 68%
seq (4,720/2,231)
MT- m.8993T>G 87% NARP, LSS, o . Known
P2 ES ATP6 |(missense) cfrm P (5.473/847) | MILS, LHON |Retinitis pigmentosa Uniikely (1) | giagnosis
m.8470_13446del4977 70% Pearson . Known
7 = } (single deletion) ) ) (4,701/1,958) |~ syndrome Festsion svindl @i e DER ) [Plossibls () diagnosis
m.7773_13094del4977 82% Pearson . New
P4 ES ) (single deletion) ) ) (5904/1316) |~ syndrome Pearson syndrome and CSA | Possible (4) diagnosis
MELAS, LSS,
MIDD, SNHL
m.3243A>G 8% ! ’ T . New
P5 ES MT-TL1 cfrm P/LP - CPEO, Retinitis pigmentosa Unlikely (1) | .. .
(tRNA) (490/5,634) myopathy, FSGS, diagnosis
and ASD
MELAS, LSS, Fatigue, periodic fevers,
MIDD, SNHL headache, recurrent fever
0, ’ ) ) )
P6 GS MT-TL1 E?F'f;\lz:?A>G cfrm P/LP (1500/;/5 014) - CPEO, tinnitus, recurrent episodes of |Possible (2) dNiZWnosis
’ myopathy, FSGS, |infection, intermittent rashes, 9
and ASD significant nausea
MELAS, LSS,
MIDD, SNHL
m.3243A>G 11% ! ’ T . New
P7 ES MT-TL1 (tRNA) cfrm P/LP (484/3,959) - CPEO, Retinitis pigmentosa Unlikely (1) diagnosis
myopathy, FSGS,
and ASD
Transmitted Myopathy Mitochondrial myopathy (RRF
m.3243A>T 33% (1.4% HL in § ) f ’ New
P8 ES MT-TL1 cfrm P/LP MELAS, SNHL, |COX- fibers), fatigue, growth  |Probable (7)] .. )
(tRNA) (1,384/4,194) |maternal CPEO delay diagnosis

sample)
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Mitochondrial myopathy (RRF,
m.5591G>A 86% COX- fibers), exercise . New
7 e LA (tRNA) B i (4,253/710) | VEPEUT intolerance, elevated CK, Eeililie () diagnosis
headaches, ID, tachycardia
MT- m.8969G>A 70% MLASA, IgG LSS, hypotonia, FTT, episodic New
P10 GS ATP6 (missense) cfrm LP (3,646/1,540) |~ nephropathy vomiting Probable (6) diagnosis
Transmitted
MT- m.8993T>C 99% (90% HL in NARP, LSS, Hypotonia, cerebellar atrophy, . New
i = ATP6 |(missense) el i (7,018/71) maternal MILS, LHON speech delay Fapelie () diagnosis
sample)
MT- m.9134A>G 82% IUGR, hypotonia, | SGA, LA, NDD, infantile New
P12 GS ATP6 (missense) rptd LP (4,921/6,038) de novo HCM, and LA spasms Probable (5) diagnosis
Transmitted
. 72% (36% HL in Renal Renal tubulopathy, ID, NDD, . .
P13 GS MT-TF |m.591C>T (tRNA) rptd P/LP (4.388/963) | matemal tubulopathy short stature Possible (4) |Candidate
sample)
Transmitted Myopathy
70% (9% HL in . SNHL, cerebral palsy, . .
P14 GS MT-TL1 |m.3243A>T (tRNA) cfrm P/LP (3.373/4.819) |maternal IC\:/IIEIE_gS SNHL, holoprosencephaly* Possible (2) |Candidate
sample)

cfrm, confirmed; rptd, reported; P, pathogenic; LP, likely pathogenic; HL, heteroplasmy level, DBA, Diamond Blackfan anemia; MLASA, Mitochondrial
myopathy, lactic acidosis and sideroblastic anemia; LSS, Leigh syndrome spectrum; MELAS, Mitochondrial Encephalopathy, Lactic Acidosis, and Stroke-like
episodes; NDD, neurodevelopmental delay; CPEO, Chronic progressive external ophthalmoplegia; NARP, Neuropathy, Ataxia, Retinitis Pigmentosa; HCM,
hypertrophic cardiomyopathy; CSF, cerebrospinal fluid; MIDD; Maternally inherited diabetes and deafness; SNHL, sensorineural hearing loss; FSGS, focal
segmental glomerulosclerosis; ASD, autism spectrum disorder; CSA, congenital sideroblastic anemia; CMS; congenital myasthenic syndrome; LA, lactic
acidosis; FTT, failure to thrive; EM, encephalomyopathy; LHON, Leber Hereditary Optic Neuropathy; IUGR, intrauterine growth restriction; OXPHOS, oxidative
phosphorylation; CLIA, Clinical Laboratory Improvement Amendments. *LP variant in ZIC2 explains the proband’s holoprosencephaly phenotype, MT-TL1 is

a candidate for the SNHL and would be a dual diagnosis.
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Table 2. Diagnostic and candidate novel mtDNA variants

Heteroplas |Computation
Samp . ClinV |Sample mic AF (AC, |al evidence . .
Proba |[le Gene ) Variant MITOM ar HL (alt/ref |max of !Vlltochondr Transmissi | Reported Proband’s ?roband ACMQ. . I?lagnos
ndID |dat symb |(consequen [AP statu . ial on henotvpe | Phenotype s MDC |classificati |tic
ata ol ce) status reads) observed [deleteriousn |, qtraint P yp YP€ l(score) |on outcome
type S HL) ess
gnomAD: Regional
APOGEE : HMC, LA,
P15  |es |MT- [m.15347C>T| ; 19% (7/30) | 20sent 0.64, HmtVar |TiSsense | oo |- elevated  |Frobable], p New
CYB |[(missense) Helix: 0.84 constraint CSF lactate (6) diagnosis
absent ' MLC:0.53
Migraine,
AD: MitoTIP 17.6, pigmentary |Seizures,
m.16023G> 15% ghom . . :
MT- absent HmtVar 0.65, . retinopathy, |FTT, Possible Candidat
P16 GS P ﬁRNA) rptd vus (717‘)584/8’9 Helix: 1.53e- | PON-mt-tRNA MLC:0.73  |de novo deafness, neutropenia, |(3) LP e
05 (3, 15%) ]0.8 leukoaraiosis |anemia
. Seizures
AD: Transmitted ’
6% gnom APOGEE o . speech and . .
P17 |es |[MI- |m6853G>C | - |(308/4,829 |3PSENt 0.52, Hmtvar [MLC:0.87 |@%HLin language | CSSP® [vus Candidat
CO1 [(missense) ) Helix: 0.8 maternal dela (4) e
absent ’ sample) Y.
myopathy
Hypotonia,
stridor,
feeding
difficulties,
laryngomala
cia, chronic
constipation,
fatigue,
Encephalopa disturbed
AD: . sleep
6% gnom MitoTIP thy / EXIT o . .
P18 |as |MI- [m.8328G>A | vUS |(537/8,952 |2bsent 117.5 PON- |[MLC:0.62 |denovo  |with aerophagia, [Possible |,/;g Candidat
TK (tRNA) Helix: 5.10e- reflux, 3) e
) o mt-tRNA 0.92 myopathy
06 (1, 14%) ; asthma,
and ptosis T
periodic limb
movement,
muscle
fatigue, loss
of skill,
plagiocephal
y, heck
flexion

weakness
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AD: LSS, FTT
96% gnom APOGEE2 UL .
MT- |m.8424T>C absent . hypotonia, Probable Candidat
P19 GS ATP8 |(missense) rptd (529,)265/2,3 Helix: 5.106- ggg HmtVar [MLC:0.01 de novo e 5) VUSs e
06 (1,15%) | regression
98%
RNA- (7.560/195
seq )
gnomAD:
95% 3.54e-05 (2, . .
P20  |ES %7-{-/-38 CLEETIE (6.8687,22 | 28%) LoF MLC:0.03 |- CSA POESTED | Cizdlal
(stop-loss) e (4) e
9) Helix:
absent
gnomAD: NDD,
APOGEE . .
MT- |m.8611C>A 100% absent . cerebellar Possible Candidat
P21 |ES | a7P6 |(missense) | (5,651/0) |Helix: 0%, Hmtvar MLC:0.01 |- atrophy,  |(3) vus e
absent ' strabismus
AD:
50% gnom APOGEE . .
P2 |es |YTo :’;1?375%1:)0 (3,694/7,3 [2P%ent 0.39 MLC:0.15 |- Lss (F;‘iss'b'e Gandidat
87) ’ HmtVar 0.85
absent
gnomAD: transmitted
1.77e-05 (1, |MitoTIP 14.6 f CSA, SNHL . .
- 0, ’ ’ 0, i )
P23 |ES "T/Z $§1£A$7C>T - (170%’6) 17%) PON-mt-tRNA |MLC:0.27 S:;té’m"'aﬁ in ID, motor (F;‘;ss'b'e vUS ga”d'dat
’ Helix:1.02e- |0.62 sample) delay
05 (2, 29%) P
AD: .
87% gnom MitoTIP 17.9 . .
MT-  |m.12198T>C absent ’ . Possible Candidat
P24 ES TH (tRNA) - 862,)707/1,0 Helix: 5.10e- g(g:l;l-mt-tRNA MLC:0.28 - CSA (4) VUSs a
06 (1,9%) |

HL, heteroplasmy level, DBA, Diamond Blackfan anemia; MLASA, Mitochondrial myopathy, lactic acidosis and sideroblastic anemia; LSS, Leigh syndrome

spectrum; MELAS, Mitochondrial Encephalopathy, Lactic Acidosis, and Stroke-like episodes; NDD, neurodevelopmental delay; CPEQO, Chronic progressive

external ophthalmoplegia; RP, Retinitis pigmentosa; NARP, Neuropathy, Ataxia, Retinitis Pigmentosa; HCM, hypertrophic cardiomyopathy; CSF,

cerebrospinal fluid; MIDD; Maternally inherited diabetes and deafness; SNHL, sensorineural hearing loss; FSGS, focal segmental glomerulosclerosis; ASD,

autism spectrum disorder; CSA, congenital sideroblastic anemia; CMS; congenital myasthenic syndrome; LA, lactic acidosis; FTT, failure to thrive; EM,

encephalomyopathy
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