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SUMMARY

Many mitochondrial diseases are caused by mutations in mitochondrial DNA (mtDNA). Patients’
cells contain a mixture of mutant and nonmutant mtDNA (a phenomenon called heteroplasmy).

Address reprint requests to Dr. Sankaran at the Division of Hematology—Oncology, Boston Children’s Hospital, Harvard Medical
School, 1 Blackfan Cir., Karp 7211, Boston, MA 02115, or at sankaran@broadinstitute.org; to Dr. Regev at Genentech, 1 DNA Way,
South San Francisco, CA 94080, or at aregev@broadinstitute.org; or to Dr. Mootha at the Departments of Molecular Biology and
Medicine, Massachusetts General Hospital, 185 Cambridge St., 6th Fl., Boston, MA 02114, or at vamsi@hms.harvard.edu.

Drs. Walker, Lareau, and Ludwig contributed equally to this article.

Disclosure forms provided by the authors are available with the full text of this article at NEJM.org.


http://NEJM.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Walker et al. Page 2

The proportion of mutant mtDNA varies across patients and among tissues within a patient. We
simultaneously assayed single-cell heteroplasmy and cell state in thousands of blood cells
obtained from three unrelated patients who had A3243G-associated mitochondrial
encephalomyopathy, lactic acidosis, and strokelike episodes. We observed a broad range of
heteroplasmy across all cell types but also found markedly reduced heteroplasmy in T cells, a
finding consistent with purifying selection within this lineage. We observed this pattern in six
additional patients who had heteroplasmic A3243G without strokelike episodes. (Funded by the
Marriott Foundation and others.)

SOME OF THE MOST CHALLENGING MITOCHONDRIAL DISORDERS ARISE from
mutations in mitochondrial DNA (mtDNA), a high-copy-number genome that is maternally
inherited. These disorders manifest with marked clinical heterogeneity, in part because
tissues generally contain a mixture of both nonmutant and mutant mtDNA — a phenomenon
called heteroplasmy. Heteroplasmy varies dramatically across family members, tissues, and
time and is hypothesized to be shaped by a combination of random drift and selection. The
molecular mechanisms governing the dynamics of mtDNA segregation remain unclear, but
heritability studies involving humans! and model systems? indicate the presence of tissue-
specific genetic influences.

The mitochondrial A3243G mutation, which disrupts the mitochondrial leucyl-tRNA gene,
MT-TL1, is the most common heteroplasmic pathogenic mtDNA mutation3# and is
classically associated with mitochondrial encephalomyopathy with lactic acidosis and
strokelike episodes (MELAS).>8 The phenotypic spectrum of heteroplasmic A3243G
mutations is broad and can be associated with a variety of symptoms, including diabetes,
deafness, gastrointestinal dysmotility, epilepsy, and strokelike episodes.’ Severity can range
from comparatively mild disease in persons with maternally inherited diabetes and deafness
to devastating multisystemic disease in persons with MELAS.? A3243G heteroplasmy is
known to vary widely among siblings and across tissues,18-10 thereby complicating clinical
management and genetic counseling. At present, no therapies have been approved by the
Food and Drug Administration (FDA), although emerging reproductive technologies to
prevent transmission of the mutation are now in trials.1

Investigating the segregation of pathogenic mtDNA mutations such as A3243G by means of
bulk analysis of heteroplasmy in human tissues is challenging, because tissues consist of
many cell types, with distinct developmental origins and proportions. Single-cell analysis of
heteroplasmy in defined cell types has been limited to at most a few dozen cells, primarily in
the germline.12-15

Here, we report the application of a single-cell genomics technology,6:17 mtDNA single-
cell ATAC (assay for transposase-accessible chromatin) sequencing, to determine mtDNA
heteroplasmy and cell type simultaneously in many thousands of peripheral-blood
mononuclear cells (PBMCs) that were obtained from three unrelated patients with MELAS.
PBMCs consist of multiple cell types originating from a common stem and progenitor pool;
we sought to use mtDNA single-cell ATAC sequencing to assess the segregation dynamics
of pathogenic mutations in each blood-cell lineage.
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CASE REPORTS

Patient 21 was a 35-year-old man with MELAS that was characterized by strokelike
episodes, failure to thrive, and steatohepatitis. In this patient, clinical molecular testing
identified the A3243G mutation and heteroplasmy was not quantified (Table S1 in the
Supplementary Appendix, available with the full text of this article at NEJM.org).

Patient 9 was a 29-year-old man with MELAS that was characterized by sensorineural
hearing loss, migraine, epilepsy, ptosis, and strokelike episodes. This patient had A3243G
heteroplasmy of 39% in whole blood, as assessed with clinical long-range polymerase chain
reaction (PCR) and next-generation sequencing.

Patient 30 was a 60-year-old man with MELAS and associated sensorineural hearing loss,
ptosis, strokelike episodes, diabetes mellitus, skeletal myopathy with ragged red fibers, and
cardiomyopathy. This patient had 77% A3243G heteroplasmy in skeletal muscle, as assessed
with clinical long-range PCR and next-generation sequencing.

METHODS
SINGLE-CELL ACCESSIBLE CHROMATIN AND MITOCHONDRIAL GENOTYPING

This study was approved by the institutional review board of Massachusetts General
Hospital. We obtained samples of venous blood at clinical baseline and purified PBMCs
from the patients. We stained cells for viability and applied antihuman CD45 antibodies
before fixation and performed fluorescence-activated cell sorting (FACS) to exclude dead
and nonleukocyte cells (CD457). The mtDNA single-cell ATAC sequencing libraries were
generated by a 10x Chromium Controller and a modified Chromium Single Cell ATAC
Library and Gel Bead Kit protocol, which was followed by paired-end sequencing with the
use of an Illumina NextSeq 500 platform (2x 72-bp reads).

DATA ANALYSIS

We demultiplexed and aligned raw sequencing reads to the hg19 reference genome using
Cell-Ranger-ATAC software, version 1.0 (10x Genomics). We identified cells as bar codes
that met the following criteria: at least 1000 unique fragments mapping to the nuclear
genome, at least 40% of nuclear fragments overlapping a previously established chromatin
accessibility peak set in the hematopoietic system,8 and a mean mtDNA coverage of at least
20x. From the output of the CellRanger-ATAC call, we quantified mtDNA using the mgatk
software package, version 0.5.0.17

We computationally identified cell types on the basis of chromatin accessibility. In brief, we
reprocessed cells from a healthy personl® to define axes of variation using latent semantic
indexing and uniform manifold approximation and projection (UMAP). Next, we projected
patient-derived cells onto this reduced-dimension space using the latent semantic indexing
and UMAP loadings, as previously described.20 We used & nearest neighbors (where & = 20)
to generate 12 data-driven clusters by means of Louvain community detection, which we
mapped onto five major expected cell types in PBMCs (monocytes, dendritic cells, T cells,
B cells, and natural killer [NK] cells). The clustering was robust to the choice of k& (see the
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Data Analysis section in the Supplementary Appendix). We classified all cell types in the
samples from patients by latent sematic indexing projection and minimum distance to cluster
medoids. For visualization, we produced two-dimensional representations of patients’
PBMC data by projecting the 25 latent semantic indexing dimensions onto the pretrained
UMAP model, as previously reported.2°

For heteroplasmy analyses, we excluded all the cells with less than 20x coverage at position
m.3243. Outliers with m.3243 coverage of more than 1.5 times the upper boundary of the
interquartile range were also excluded to avoid the inclusion of artifactual sequencing
multiplets. We calculated the fraction of total read fragments aligning to the mitochondrial
genome in each cell as a proxy for the mtDNA copy number.

To compare the distribution of heteroplasmy in T cells with that of all PBMCs within an
individual patient, we used the Kolmogorov—Smirnov two-sample test statistic, D, which is
defined as the maximum difference between cumulative distributions at any given point; the
D-statistic is expected to approach 0 for identical distributions and to be as high as 1 when
two distributions are distinct. We evaluated significance analytically or empirically using
permutation testing. We used the R base and stats software package, version 3.5.1, and base
software, version 3.5.1, to perform these computations. Data analyses and visualization were
also conducted with the use of R software.

BULK HETEROPLASMY ANALYSIS

RESULTS

We stained PBMCs with antibodies against antihuman CD45 and antihuman CD56 and used
FACS to purify T-cell and T cell-depleted PBMC populations from which DNA was
extracted. Small amplicons centered on m.3243 were generated by means of PCR and
sequenced on an Illumina MiSeq platform. We aligned reads using the Burrows—Wheeler
alignment tool?! and analyzed them with Samtools.?2 We additionally purified T cells using
magnetic-bead negative selection kits. DNA from purified T cells and total PBMCs was
extracted and used for the generation of m.3243 region PCR amplicons for Sanger
sequencing. Full details are provided in the Methods section in the Supplementary
Appendix.

CHROMATIN ACCESSIBILITY AND HETEROPLASMY IN SINGLE CELLS

Using mtDNA single-cell ATAC sequencing, we generated high-quality sequencing libraries
to simultaneously evaluate cell type and heteroplasmy in thousands of individual cells per
patient. From Patient 21, we sequenced 7176 cells (median, 8146 nuclear fragments per cell)
that passed quality control; from Patient 9, we sequenced 6003 cells (median, 6672 nuclear
fragments per cell) that passed quality control; and from Patient 30, we sequenced 6007 cells
(median, 6507 nuclear fragments per cell) that passed quality control.

Using accessible chromatin signatures derived from nuclear genomic reads, we defined cell
states using a latent semantic indexing projection of each patient’s data set onto a single-cell
reference map of healthy-donor PBMCs that had been generated by a similar single-cell
ATAC sequencing protocol.X® The clusters generated by each analysis were remarkably
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similar and had accessible chromatin profiles that were characteristic of canonical PBMC
cell types (Fig. 1). The overall distributions of the PBMC types identified by this protocol in
our patients were similar to those in previously reported healthy-donor PBMC data sets.23
Furthermore, all the patients had normal representation of blood-cell types on clinical
complete blood counts (Table S2). Together, these results indicated no major perturbation in
lineage frequencies in these patients.

CELL TYPE-SPECIFIC HETEROPLASMY

We next examined heteroplasmy across PBMC cell types, restricting our analyses to those
cells with at least 20x coverage at position m.3243. All the cell types showed a broad
spectrum of heteroplasmy, ranging from no A3243G alleles detected to exclusively A3243G
mutations detected within each lineage, even in patients with low (<10%) bulk heteroplasmy
(Fig. 1). This observation held true even when we limited the analysis to cells with 100x
coverage at m.3243 in Patient 21, in which case we still observed cells in which exclusively
nonmutant or exclusively mutant alleles were detected (Fig. S1).

Levels of heteroplasmy tended to be lower within lymphocytes (B cells, T cells, and NK
cells) than within myeloid (monocyte or dendritic cell) lineages, with T cells consistently
showing the lowest levels (Fig. 1 and Fig. S2). For each patient, we compared the
distribution of heteroplasmy for the T cells with that of all lineages combined using a two-
sample Kolmogorov-Smirnov D-statistic. For Patient 21, the D-statistic comparing T cells
with total PBMCs was 0.52; for Patient 9, it was 0.38; and for Patient 30, it was 0.20 (Dy =
0.03, for a. = 0.05, in each patient). In all three patients, the observed D-statistics exceeded
those obtained by random permutation (Fig. S3). These analyses indicated that within an
individual patient, the distribution of A3243G heteroplasmy in T cells was not identical to
the distribution of heteroplasmy in PBMCs. This pattern of reduced T-cell heteroplasmy was
observed in CD4+ and CD8+ T cells (Fig. S4).

We validated and extended this result of reduced heteroplasmy in the T-cell lineage with
traditional bulk heteroplasmy analysis involving two of these three patients and several
additional patients (Table 1). In these validation studies, we purified T cells using either of
two methods (FACS or bead-based negative selection). Using these orthogonal methods, we
validated our findings of reduced T-cell heteroplasmy in two of the three patients discussed
above (Patients 9 and 30) for whom additional blood samples were available. We then used
these bulk methods to compare heteroplasmy in T cells with that in total PBMCs in six
additional patients who had heteroplasmic A3243G disease but not strokelike episodes. (The
patients’ clinical testing and presentations are summarized in Table S1.) In all six additional
patients, T-cell populations showed lower heteroplasmy than all PBMCs combined or T-cell-
depleted PBMCs (Table 1). Hence, our observations of reduced heteroplasmy appeared to be
robust to assay with different methods.

We investigated whether differences in the mtDNA copy number might account for the
observed T-cell-specific depletion of the heteroplasmic mutation. T-cell activation induces
mitochondrial biogenesis, 2425 and in worms, the regulation of mtDNA copy number is
associated with mtDNA surveillance.28 Although a proxy for the mtDNA copy number
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varied according to cell type (Fig. 1), it did not show a relationship to heteroplasmy within
any cell type (Figs. S5 and S6).

DISCUSSION

The dynamics of heteroplasmy is one of the most clinically challenging and scientifically
fascinating aspects of mtDNA disease. Bulk heteroplasmy measurements across tissue types
and kindreds have not provided explanations of the origin, transmission, variability, and
pathogenic mechanisms of pathologic mtDNA heteroplasmy. However, blood heteroplasmy
has long shown several peculiarities, including lower bulk heteroplasmy than in other
tissues,18-10.27 3 weaker direct association with disease severity than is observed with urine
sediment (another clinically tested biospecimen),1-8:27 and a tendency to decrease with age.
8.9.28-30 At present, the mechanisms governing these complex dynamics are not known, but
previous studies have predicted the existence of genetic factors that influence tissue-specific
heteroplasmy.1:2:31

Single-cell analysis of heteroplasmy holds promise for the elucidation of mechanisms
regulating mtDNA heteroplasmic dynamics, but studies involving patients have, to date,
largely been restricted to the study of one cell type at a time (typically oocytes) at a limited
scale. In previous studies, heteroplasmy was examined in 82 oocytes!® and 8 pancreatic beta
cells®2 in single patients with A3243G heteroplasmy. Studies of T8993G heteroplasmy have
involved restriction enzyme-based analysis in cells from single donors, including 87
oocytes,12 2 blastomeres,13 and 30 lymphocytes.14

Emerging single-cell technologies now enable the study of heteroplasmy at massive scale
and high throughput,17 which has allowed us to investigate A3243G heteroplasmy and cell
type simultaneously in thousands of individual cells representing multiple lineages arising
from a common blood stem or progenitor pool in three unrelated patients. By investigating
single-cell heteroplasmy on this scale, we made an unexpected observation regarding
A3243G heteroplasmy across somatic lineages. In each patient and cell type we assessed, we
were able to observe individual cells spanning a broad range of heteroplasmy. This
distribution tended to be left-shifted in lymphocytes, most dramatically in T cells. In our
study, in all three patients who underwent assessment by mtDNA single-cell ATAC
sequencing (Fig. 1), as well as all six additional patients who underwent assessment by bulk
heteroplasmy analysis (Table 1), we observed lower levels of heteroplasmy in T cells than in
PBMCs in aggregate. This observation is not consistent with purely random segregation of
the A3243G mutation.

The most parsimonious explanation for our observations is that they reflect the action of
purifying selection against the pathogenic mtDNA allele within the T-cell lineage. Whether
this selection occurs at the level of the cell, the organelle, or the molecule is yet to be
determined. We found that normal relative and total numbers of T cells were maintained in
patients. Given that the common lymphoid progenitor is the cell that gives rise to T-cell, B-
cell, and NK-cell lineages, selection against higher heteroplasmy in T cells would be
expected at this developmental stage or later. The A3243G mutation is known to cause a
deficiency in the activity of complex I of the electron transport chain,33:34 and multiple
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previous studies in mouse models have shown that complete knockouts of nuclear-encoded
mitochondrial proteins in the whole organism,3°:3¢ at specific developmental phases,3” or
selectively in T cells®8 can impair T-cell development, homeostasis, or immune function. It
is therefore conceivable that a cell-intrinsic or noncell autonomous T-cell-specific process in
the bone marrow, the thymus, or the peripheral circulation may select against high
heteroplasmy, with features enriched in T-cell biology being good candidates.
Developmentally, A3243G-related mitochondrial dysfunction might, for example, present an
insurmountable barrier in positive thymic selection or serve as a trigger for elimination
during negative selection. Alternatively, immune mechanisms may be in place that actively
surveil protein products of mutant mtDNA molecules and eliminate such cells in the T-cell
lineage. For example, mutations in the mf-Nd1 gene have been shown to produce a peptide
that is recognized by cytotoxic T cells in mice.3% Our observation may also represent a
compensatory mechanism to guard against inflammatory responses activated by T cells with
dysfunctional mitochondria.# Further work will be necessary to determine the mechanism
underlying purifying selection and whether it can be generalized to other mtDNA mutations.
Moreover, future studies will be needed to investigate the effects of purifying selection on

the immune system more broadly and its relationship to age-related decreases in A3243G.
8,9,28-30

The understanding of dynamics of heteroplasmy within blood lineages has important clinical
implications. First, future studies will be needed to determine whether the differences in the
dynamics of heteroplasmy that we observed across immune cell types affect their function.
This is an important area of inquiry given the long-standing observation that
decompensations in mitochondrial disease are often triggered by infections. Second, with
regard to the diagnosis and monitoring of heteroplasmic disease, and given the observed
heterogeneity of heteroplasmy across cell types, we hypothesize that the analysis of
heteroplasmy in defined blood lineages has greater diagnostic and prognostic value than the
analysis of heteroplasmy in whole blood. Ultimately, a new diagnostic assay using single-
cell profiling of peripheral-blood cells* may prove to be useful and even cost-effective as
the costs of sequencing decrease. Finally, given that we currently have no FDA-approved
treatments for mitochondrial disease, understanding the determinants of reduced T-cell
heteroplasmy may inspire new therapeutic approaches that exploit endogenous mechanisms
that surveil and purify pathogenic mtDNA alleles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. T-Cell-Specific Reduction in A3243G Heteroplasmy in Peripheral-Blood Mononuclear
Cells (PBMCs) from Patients with MELAS.

The uniform manifold approximation and projection (UMAP) of mitochondrial DNA
(mtDNA) single-cell ATAC sequencing data from Patients 21, 9, and 30 show the
distribution of indicated major PBMC cell types (left-most graphs) in a single sample of
blood obtained from each of these patients with MELAS (mitochondrial
encephalomyopathy, lactic acidosis, and strokelike episodes). Histograms show the A3243G
heteroplasmy fraction according to indicated cell types for each of the three patients, with
the cell number (N) per population shown (center graphs). Box plots are shown for per-cell
mtDNA coverage at m.3243 (second graphs from the right) and for a proxy of mtDNA copy
number (i.e., the percentage of per-cell reads aligning to mtDNA) (right-most graphs). Our
analyses excluded cells with a coverage at m.3243 of less than 20x or of more than 1.5 times
the upper boundary of the interquartile range. In the right-most graphs, the horizontal line in
the box indicates the median, the edges of the box the interquartile range, and the bars 1.5
times the interquartile range. DC denotes dendritic cell, and NK natural killer.
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Validation of Reduced A3243G Heteroplasmy in T Cells by Bulk Sequencing.”

Table 1.

Patient No.

9
30
31
33
36
37
38
40

Age

Sex

Male
Male
Female
Female
Female
Female
Male
Male

Bulk Heteroplasmy Measurements

Total
PBMCs

28.8
9.6

6.2
16.3
42.1
46.1

7.9

T-Cell-Depleted
PBMCs

percent

9.5
49
5.7

T Cells

9.9
0.7
1.0
2.7
5.9
24.8
322
3.2

Page 12

*
We measured, in a single sample obtained from each patient, the percent of A3243G heteroplasmy for total peripheral-blood mononuclear cells

(PBMCs), flow-sorted T-cell-depleted PBMCs, and T cells purified by negative selection as measured by next-generation sequencing of a

polymerase-chain-reaction amplicon encompassing the m.3243 position. Owing to insufficient sample availability, bulk sequencing was not
performed for Patient 21 (Table S1).

N Engl J Med. Author manuscript; available in PMC 2021 April 15.



	SUMMARY
	CASE REPORTS
	METHODS
	SINGLE-CELL ACCESSIBLE CHROMATIN AND MITOCHONDRIAL GENOTYPING
	DATA ANALYSIS
	BULK HETEROPLASMY ANALYSIS

	RESULTS
	CHROMATIN ACCESSIBILITY AND HETEROPLASMY IN SINGLE CELLS
	CELL TYPE-SPECIFIC HETEROPLASMY

	DISCUSSION
	References
	Figure 1.
	Table 1.

