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Abstract

The ontogeny and dynamics of mtDNA heteroplasmy remain unclear due to limitations of current mtDNA sequencing
methods. We developed individual Mitochondrial Genome sequencing (iMiGseq) of full-length mtDNA for ultra-sensitive
variant detection, complete haplotyping, and unbiased evaluation of heteroplasmy levels, all at the individual mtDNA
molecule level. iIMiGseq detected sequential acquisition of detrimental mutations in defective mtDNA in NARP/Leigh
syndrome patient-derived induced pluripotent stem cells (iPSCs). iMiGseq identified unintended heteroplasmy shifts in
mitoTALEN edited NARP/Leigh syndrome iPSCs. iMiGseq of mitochondrial base editor DACBE-edited cells did not detect
any appreciable level of unintended mutations in mtDNA. iMiGseq uncovered unappreciated levels of heteroplasmic
variants in single healthy human oocytes well below the conventional NGS detection limit, of which numerous
variants are deleterious and associated with late-onset mitochondrial disease and cancer. iMiGseq revealed dramatic shifts
in variant frequency and clonal expansion of large structural variants during oogenesis and stable heteroplasmy levels
during human blastoid generation. It showed the first haplotype-resolved mitochondrial genomes from single human
oocytes and single human blastoids. Therefore, iMiGseq could not only help elucidate the mitochondrial etiology of
diseases, but also enhance the precision of mitochondrial disease diagnosis.

Introduction
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Figure 1. Schematic representation of iMiGseq. Single cells were manually plcked and lysed in RIPA buffer. iMiGseq
applies the IDMseq strategy to specifically label individual mtDNA with UMIs by a single round of primer extension. The
UMI oligo contains a 3’ gene-specific sequence (red), a UMI sequence (yellow), and a 5" universal primer sequence
(green). The UMI-labeled mtDNA is further amplified by long-range PCR using the universal primer (green) and gene-
specific reverse primer (purple) as a single amplicon. The sequencing of long amplicons is performed on long-read

ford Nanopore MinlON and PacBio sequencing platforms. The sequencing data were analyzed by a bioinformatic
toolkit-VAULT-to identify UMI sequences, bin reads based on UMI and call variants.

Results

1. Validation of iMiGseq using 293T cells.

W Mutant droplet

WT droplet

droplet number
8

i,lsf;;; I

057
o

N
wzs 2
o1 W st

Figure 2. a, Distribution of effectively covered length of UMI groups detected by Nanopore and PacBio sequencing. Color-
coded triangles indicate N50 values. b, VAF distribution of SNV's detected in iMiGseq of 293T cells. The majority of unique
SNVs are below the current 1% detection limit (the vertical dotted line). ¢, Circular plots showing the distribution of SNVs
in the mitochondrial genome of 293T cells determined by Nanopore and PacBio sequencing. The innermost circle (grey)
shows the depth of reads of all detected UMI groups in linear scale as indicated by the scale bar in the center. The red
triangle indicates the position of the primers. The middle circle (light blue) represents common SNPs from the human
dbSNP-151 database. Individual SNVs are plotted in the outer barplot circle, in which the height of bar represents the VAF.
Red color indicates VAF > 0.6. d, ddPCR results showing the detected positive events (droplets) for variants with different
VAFs. The VAFs calculated by Nanopore iMiGseq are shown under the variants. Around 80 cells were used in ddPCR to
ensure the generation of enough events for analysis, as compared to 5 cells in iIMiGseq. The data are from two
independent biological replicates.

2. iMiGseq of patient-derived hEPS™893T>C ejjs.
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Figure 3. a, Circular plots showing the distribution of SNVs in the mitochondrial genome of hEPSm.8993T>C. The
arrangement of the circular plot is similar to Fig. 2c and the m.8993T>C mutation is indicated by the red frame. b,
Sequential acquisition of detrimental mutations illustrated by Integrative Genomics Viewer (IGV) plots. Three UMI groups
(mtDNA) with the same pathogenic m.13031G>A mutation (indicated in black under the plot) are shown. The putative
disease-causing mutation of m.8993T>C is indicated in red under the plot. A de novo m.7797T>C mutation is found in
one UMI group and indicated in black above the plot. ¢, A schematic map of the mutant mtDNA harboring the 251-bp
deletion and m.8993T>C mutation detected in hEPSm.8993T>C and the accompanying IGV tracks showing the
alignment of Nanopore reads. The read triangle shows the position 8993 in the reads.
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evaluation of heteroplasmy levels, all at the individual mtDNA molecule level
iMiGseq identified unintended heteroplasmy shifts in mitoTALEN editing.
Many rare variants are deleteriou: with late-onset
disease and cancer
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iMiGseq revealed dramatic shifts in variant frequency and clonal expansion
of large structural variants during oogenesis and stable heteroplasmy levels
during human blastoid generation.

3. Characterization of mitochondrial genome editing by mitoTALEN and DdCBE.
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Figure 4. a, The read allgnment of unedited (the top track) and mitoTALEN edited (the second track) cells by deep
lllumina sequencing, and two haplotypes (the bottom two tracks) of unedited cells by iMiGseq illustrated by IGV plots.
The mitoTALEN target position (m.3243) is labeled by red frame. Bulk lllumina sequencing confirms the complete
elimination of the m.3243A>G mutation but fails to detect the rare m.625G>A SNV (VAF of 0.55%). The two haplotypes
by iMiGseq show the predominant linkage between m.16289A and m.3243G, and the infrequent linkage of m.16289G
and m.3243G (only one UMI group is shown for each haplotype). Bulk liumina sequencing is unable to conduct
haplotype analysis. b, The m.11922G>A SNV (on the top H-strand, i.e., C4>T on the bottom L-strand) (red triangle)
installed by ND4-DdCBE is detected by iMiGseq (left, one UMI group is shown for each genotype) and confirmed by
Sanger sequencing (right). A diagram of the ND4-DdCBE left and right TALEs and the target spacing region is shown
below the sequencing results. The cytosines that are within the ND4-DdCBE editing window are highlighted. ¢, The VAF
changes of primary SNV's (VAF > 1%) before and after ND4-DdCBE editing. No significant VAF shift is observed.

4. iMiGseq of single human oocytes.
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Figure 5. a, Circular plots showing the distribution of SNVs in the mitochondrial genome of hOO_1. b, Venn diagrams
showing the overlap of mtDNA SNVs between the hOOs at different heteroplasmy levels. A higher proportion of SNVs
with an NHL 2 1% (right) were shared among hOOs than those with an NHL < 1% (left). ¢, Veenn diagrams showing the
overlap of mtDNA SNVs in hOOs and cancers (TCMA, upper), or confirmed pathogenic mtDNA SNVs in mitochondial
diseases (Disease, lower). Cancer-related mtDNA SNVs exist in all three hOOs. e, A schematic map of the human
mtDNA and the accompanying IGV tracks showing the alignment of Nanopore reads of ten UMI groups (mtDNA)
harboring 7022-bp and 7563-bp deletions in SFhOO_2. Vertical dotted lines indicate deletion breakpoints. Colored bars
in the read coverage track represent SNVs.

5. iMiGseq for tracking mtDNA heteroplasmy dynamics during the generation of human blastoid
from niPSCs.
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Figure 6. a, Schematics of human blastoid generation from niPSCs followed by |M|Gseq Created with Blofender com. b,
Representative widefield images for day 5 niPSC-derived blastoids. Scale bar=200 um. ¢, immunofluorescence of
naive epiblast and trophectoderm marker genes in human blastoids. d, Circular plots showing the distribution of SNVs
in the mitochondrial genome of niPSCs and single blastoid. e, Comparison of heteroplasmy levels of primary SNVs
(VAF > 1%). No significant VAF shift is observed. f, Two rare amino acid-changing SNV's of m.6249G>A (p.Ala116Thr)
and m.12700C>T (p.Leu122Phe) detected in the single blastoid but absent in niPSCs.
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