Low-Level Heteroplasmic Single Large mtDNA Deletions Associated
with Mitochondrial Electron Transport Chain Enzyme Defects
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INTRODUCTION

« Large deletions in mitochondrial DNA (mtDNA) are associated with single large-scale
MmtDNA deletion syndromes (SLSMDSs), including chronic progressive external
ophthalmoplegia (CPEO), Kearns-Sayre syndrome (KSS), and Pearson syndrome (PS).

« CPEO and KSS are characterized by a spectrum of symptoms including ptosis,
ophthalmoplegia, and mitochondrial myopathy, whereas PS presents with early-onset
anemia or pancytopenia in infancy, along with multisystem involvement.

e SLSMDSs often arise from sporadic mtDNA deletions that present in a heteroplasmic
state. While the level of heteroplasmy and tissue distribution of the deletions are
reported to be determining factors for disease severity, a clear mechanism behind the
genotype-phenotype correlation has not been previously documented.

ME THODS

 We retrospectively reviewed clinical cases with both electron transport chain (ETC)
functional testing and mtDNA genome sequencing results assayed from the same
muscle specimen.

« The activities of ETC complexes | through IV were measured using specific
electron donors and acceptors. Citrate synthase (CS) activity was also determined
and used as a calibrator of mitochondrial copy number or tissue preparation.
Respiratory chain enzyme activity was normalized to CS activity.

« The mtDNA deletions were detected by next generation sequencing (NGS) analysis
of long-range PCR products of the mitochondrial genome and confirmed using
either Southern blot (SB) or multiplex ligation-dependent amplification (MLPA)
analysis. The deletion breakpoints were based on NGS results and the
heteroplasmy levels were estimated by SB or MLPA.

Case Selection Flowchart

Consecutive cases with both mtDNA NGS and ETC data

16.5% cases with multiple deletions 7.9% cases with CPEO/KSS indication

3.6% cases with SLSMD No case with PS indication

16 cases with both SLSMD and CPEO/KSS indication

$

7 cases with ETC defects

Summary of clinical presentations

Case # ] 2
Age at test 10 28 31 32 34 39 69
Ptosis + + + + + +
External ophthalmoplegia - + + + + + +
Skeletal myopathy + + + + + - +
Cardiomyopathy - - - - - - +
mr;‘glr:"&'opsy COX,RRF NA NA NA  + COX, RRF gtcr);(é);‘»’/pe :
Abnormal brain MRI +
Pigmentary retinopathy - + + - +
Cardiac block - - - - +
COX: COX deficient fibers; RRF: ragged red fiber, NA: not available
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RESULTS

« Of the eligible cases, 16 cases presented with clinical indications consistent with the
CPEQO/KSS spectrum and exhibited single large mtDNA deletions.

« Of the 16 cases, 7 exhibited significantly deficient ETC complex enzyme activity (defined as
<30% based on modified Walker minor criteria) before or after CS activity correction. Notably,
all 7 participants had low level heteroplasmy (<10%) for the mtDNA deletions.

 Among them, 4 cases showed defects in a single respiratory chain complex, while the other 3
had defects across multiple complexes. Complex IV was most commonly impacted, being
reduced in 4 samples. The activity of nuclear-encoded complex Il remained intact in all
samples.

« The specific ETC complexes affected in each case are not fully correlated with the
mitochondrial genes disrupted by the mtDNA deletions.

SLSMDs observed in the cohort
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Summary of ETC complex enzyme activities

Case # 1 2 3 4 5 6 7/
%Heteroplasmy <10% <10% <10% < 10% <10% <10% <10%
Complex | 68, 39 , 40 , 37 38, 32 , 34 37,106 154, 148
I+11l Total 47, 43, 76 73,90 42, 35 53, 65 74,211 112,108
|+1l1l Rotenone 32,18 39, 69 /74, 91 : 31, 38 93,265 71,68
Complex I 90, 52 49, 86 83,102 84,70 89, 109 122,347 496, 477
Complex [+l 59, 34 69, 121 76, 94 39, 33 47,57 163, 462 83, 80
Complex IV 82, 47 , 50 51, 63 37, 31 8,10 , 76 19, 18
Citrate Synthase (CS) 173 57 81 119 82 35 104

Major (<20% activity) and (20-30% activity) deficiency in ETC complexes. Enzyme activity
values are presented as percentages of control values before and after CS normalization.

CONCLUSION S

 This study demonstrates that the approach of long-range PCR plus NGS can detect low-
heteroplasmy mtDNA deletions. Furthermore, muscle functional studies of ETC enzyme
activities can provide further support for mtDNA deletion syndromes.

* [t has been reported that a biochemical deficiency may not be observed unless the large
deletion fraction exceeds 60%. However, within our study cohort, we observed ETC defects in
patient muscle tissues with a SLSMD in <10% heteroplasmy.

 The results show that mitochondrial function can be significantly compromised even
when mMtDNA deletion heteroplasmy level is well below the expected deficient
thresholds, emphasizing the need for comprehensive molecular and functional
evaluations in making a SLSMDS diagnosis.
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