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Mitochondrial dysfunction is found in the brain and peripheral
tissues of patients diagnosed with Huntington’s disease (HD), an ir-
reversible neurodegenerative disease of which aging is a major risk
factor. Mitochondrial function is encoded by not only nuclear DNA
but also DNA within mitochondria (mtDNA). Expansion of mtDNA
heteroplasmies (coexistence of mutated and wild-type mtDNA) can
contribute to age-related decline of mitochondrial function but has
not been systematically investigated in HD. Here, by using a sensitive
mtDNA-targeted sequencing method, we studied mtDNA hetero-
plasmies in lymphoblasts and longitudinal blood samples of HD pa-
tients. We found a significant increase in the fraction of mtDNA
heteroplasmies with predicted pathogenicity in lymphoblasts from
1,549 HD patients relative to lymphoblasts from 182 healthy individ-
uals. The increased fraction of pathogenic mtDNA heteroplasmies in
HD lymphoblasts also correlated with advancing HD stages and
worsened disease severity measured by HD motor function, cogni-
tive function, and functional capacity. Of note, elongated CAG re-
peats in HTT promoted age-dependent expansion of pathogenic
mtDNA heteroplasmies in HD lymphoblasts. We then confirmed in
longitudinal blood samples of 169 HD patients that expansion of
pathogenic mtDNA heteroplasmies was correlated with decline in
functional capacity and exacerbation of HD motor and cognitive
functions during a median follow-up of 6 y. The results of our study
indicate accelerated decline of mtDNA quality in HD, and highlight
monitoring mtDNA heteroplasmies longitudinally as a way to inves-
tigate the progressive decline of mitochondrial function in aging and
age-related diseases.
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Huntington’s disease (HD) is a monogenic disorder caused by
the expansion of cytosine–adenine–guanine trinucleotide

(CAG) repeats in the HTT gene at chromosome 4p16.3 (1). Al-
though HTT is expressed in various tissues, the brain, particularly
the striatum, is vulnerable to mutant huntingtin (mHTT)-associ-
ated toxicity (2). The average age at onset of the characteristic
motor symptoms of HD is between 40 and 50 y old, followed by a
progressive decline of motor, cognitive, and psychiatric functions
for an average of 20 y prior to death (3).
The biological processes that determine the onset and pro-

gression of HD are still elusive. Recent studies suggest that mi-
tochondrial dysfunction may be involved in HD pathogenesis (4,
5). Mitochondria are subcellular organelles of eukaryotes, which
play vital roles in maintaining energetic and metabolic homeo-
stasis (6, 7). Evidence for mitochondrial dysfunction in HD was first
reported in the postmortem brain of HD patients, which show low
mitochondrial oxidative phosphorylation (OXPHOS) protein activ-
ity and energy deficits (8–10). Mitochondrial dysfunction was further
found in peripheral tissues and cell lines of HD patients, such as
blood, lymphoblasts, skeletal muscle, and skin fibroblasts (11–17).
Several molecular mechanisms have been proposed to connect

mHTT to mitochondrial dysfunction. Studies in HD knockin mice
indicate that toxic fragments derived from mHTT can suppress
mitochondrial biogenesis and energy metabolism (18). mHTT has
also been found to physically interact with mitochondria, reducing
mitochondrial membrane potential (13, 19). Furthermore, mHTT

may stimulate mitochondrial network fragmentation (20–22), and
it has recently been found to impair mitophagy (23–28), an evo-
lutionarily conserved quality control system in eukaryotes to se-
lectively remove dysfunctional mitochondria (29). Perturbation of
mitochondrial tubular networks, morphology, and mitophagy are
pathological features common to various neurodegenerative dis-
eases (30, 31).
Mitochondrial function is determined not only by the nuclear

genome but also by the mitochondrial genome (mtDNA). Human
mtDNA is a 16.6-kb circular DNA located within mitochondria. It
encodes 13 evolutionarily conserved proteins in four of the five
OXPHOS protein complexes (32). The accumulation of mtDNA
mutations in somatic tissues has been suggested as a possible
driver of age-related mitochondrial dysfunction (33). Transgenic
mice with an increased level of mtDNA mutations manifest pro-
geroid phenotypes and early neurodegeneration that resemble
human aging (34, 35). Clonal expansion of preexisting mtDNA
mutations in somatic tissues has also been shown to contribute to
accelerated mitochondrial aging and OXPHOS defects in human
diseases (36, 37).
Because there are multiple copies of mtDNA in a single cell,

mutations can arise and coexist with wild-type mtDNA in a state
called heteroplasmy, which has been linked to a variety of mi-
tochondrial disorders in humans (32, 38). Our previous study on
lymphoblasts from the 1,000 Genomes project indicates that
about 90% of individuals in the general population carry at least
one heteroplasmy in mtDNA, and purifying selection keeps most
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pathogenic heteroplasmies at a low fraction (39). Thus, when
such a selective constraint on mitochondria is weakened under
certain conditions (40), such as the presence of mHTT (20–28),
these low-fraction pathogenic heteroplasmies may increase in
their fractions in cells, culminating in dysfunctional mitochondria
and related energy deficits (32).
In the current study, we hypothesized that HD progression is

partially driven by the deterioration of mtDNA quality. Since HTT
is universally expressed, and mitochondrial dysfunction has been
repeatedly observed in peripheral tissues (11–16), we surmised that
HD-associated mtDNA changes can be detected in peripheral
tissues and cell lines of HD patients, such as blood-derived lym-
phoblasts, which are readily available in large patient cohorts and
thus can provide increased power for identifying mtDNA changes
in HD. To test this hypothesis, we employed a sensitive mtDNA
targeted sequencing approach, STAMP (sequencing by targeted
amplification of multiplex probes) (41), to assess mtDNA hetero-
plasmies in lymphoblast and longitudinal blood samples from HD
patients and healthy control individuals in the European Hun-
tington’s Disease Network’s REGISTRY study (hereafter referred
to as REGISTRY) (42). We achieved ultradeep sequencing cov-
erage on mtDNA in these samples and revealed an accelerated
expansion of pathogenic mitochondrial DNA heteroplasmies in
HD, illustrating a molecular feature underlying HD biology.

Results
High-Quality Mitochondrial Genome (mtDNA) Sequencing. In total,
we made mtDNA sequencing libraries with STAMP for 2,206
REGISTRY samples (1,830 lymphoblast samples and 376 blood
samples; SI Appendix, Fig. S1). Among them, 2,107 (95.5%) with a
median mtDNA sequencing coverage of consensus reads greater
than 1,000-fold (X) were used for calling heteroplasmies (SI Ap-
pendix, Table S1). The average median coverage of consensus
reads on mtDNA, after quality control for heteroplasmy analysis,
was about 3,600× in lymphoblast samples and 6,100× in blood
samples (SI Appendix, Table S2). According to the statistical
power of STAMP in discriminating true low-fraction variants from
sequencing errors in mtDNA (SI Appendix, Fig. S2), we called
mtDNA heteroplasmies at variant allele fraction (VAF) ≥1% in
lymphoblasts and at VAF ≥ 0.5% in blood samples, respectively.
We found that of the mtDNA heteroplasmies, which passed

quality control filters in 17 lymphoblasts and 320 blood samples
randomly selected as technical replicates, >95% were detectable
at VAF ≥ 0.2% in the experiments performed on the same
samples (SI Appendix, Table S3). mtDNA heteroplasmies de-
tected also displayed high correlations (SI Appendix, Fig. S3),
and nonsignificant differences, in their VAFs (SI Appendix, Ta-
ble S3) between technical replicates.

Elevation of Pathogenic mtDNA Variant Dosages in Lymphoblasts of
HD Patients. We identified 9,729 heteroplasmies at 4,871 sites in
mtDNA of 1,731 lymphoblasts that passed quality control for
heteroplasmy analysis (Dataset S1). Of the 4,871 heteroplasmic
sites, 2,790 (57%) were singletons, and another 1,779 (37%) were
rare, detected in fewer than five samples. The average number of
heteroplasmies was 5.6 in lymphoblasts of the current study. It was
higher than an average of four heteroplasmies found in lympho-
blasts from the 1000 Genomes project, which were detected with a
lower average depth of coverage of 1,805× on mtDNA (39).
We compared mtDNA heteroplasmies in lymphoblasts between

1,549 HD patients and 182 control individuals. To assess whether
there was an overrepresentation of pathogenic heteroplasmies in
HD lymphoblasts relative to controls, we determined the patho-
genicity of variants in protein-coding and RNA-coding regions of
human mtDNA based on a variety of sources, including known
disease associations, bioinformatic pathogenicity predictions, and
variant frequency in the general population (Dataset S1). We
found that HD patients possessed more predicted pathogenic

heteroplasmies of medium and high fractions (VAF ≥ 2%, P =
0.012) in lymphoblasts compared to control individuals (Fig. 1A).
The elevation of pathogenic heteroplasmy incidence in HD lym-
phoblasts became more pronounced when calculated with only
high-fraction heteroplasmies, showing a rise in odds ratios for HD
from 1.3, when computed at VAF ≥ 2%, to 7.0, when computed at
VAF ≥ 30% (P = 0.0091; Fig. 1A), in logistic regression analyses.
Similar odds ratios of predicted pathogenic heteroplasmies for
HD were also observed among the subset of lymphoblasts from
young and middle-aged individuals (age < 55 y; SI Appendix, Fig.
S4 A and B), including 887 HD patients and 138 control individ-
uals (average age: 43.8 y in patients vs. 44.4 y in controls).

Predicted pathogenic mtDNA heteroplasmies
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Fig. 1. mtDNA variant incidence in lymphoblasts of HD patients and control
individuals. The results are shown by using bars in A for average numbers of
predicted pathogenic heteroplasmies per individual, and in B for proportions
of mtDNA heteroplasmies that were predicted with pathogenicity, in lym-
phoblasts of HD patients and control individuals. The values on the x axes
refer to the minimum VAF of the heteroplasmies used in the analyses, from a
low fraction at 1% to a high fraction at 30%. Error bars represent SEM. SEM
in B was estimated using 1,000 bootstrap resamples of control lymphoblasts
or HD lymphoblasts. The P values for mtDNA heteroplasmies from the lo-
gistic regression analyses of the disease status are shown above the bars in A.
The P values from Fisher’s exact test are shown above the bars in B. The effects
of mtDNA heteroplasmies, as odds ratios for HD, are illustrated with the green
lines indicated by the values on the green y axes on a logarithmic scale.
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Interestingly, the incidence of all mtDNA heteroplasmies, or
those not predicted to be pathogenic, did not dramatically in-
crease in HD lymphoblasts compared to control lymphoblasts,
regardless of their VAFs (P ≥ 0.065; SI Appendix, Fig. S5 A and
C). These results indicate that the overall mtDNA heteroplasmy
load and fraction distribution were not affected by HD. In con-
trast, proportions of heteroplasmies that were predicted with
pathogenicity differed significantly between HD lymphoblasts and
control lymphoblasts (Fisher’s exact test, P = 0.05; Fig. 1B). Of
note, only 3.6% of the heteroplasmies of VAF ≥ 30% detected in
control lymphoblasts were pathogenic. This proportion was more
than quadrupled in HD lymphoblasts (16.5%; Fisher’s exact test,
P = 0.0098; Fig. 1B).

Pathogenic mtDNA Variant Dosages in HD Lymphoblasts Increase
with Disease Stages. Since multiple mtDNA heteroplasmies can
be present in one sample, for each sample, we computed the var-
iant dosage of heteroplasmies by using the sum of the VAFs of all
heteroplasmies identified. Again, HD lymphoblasts exhibited sig-
nificantly increased dosages of predicted pathogenic hetero-
plasmies (P = 0.00098; Fig. 2A), but similar variant dosages of all
heteroplasmies and heteroplasmies without pathogenicity predic-
tions (P ≥ 0.47; SI Appendix, Fig. S5 B andD), compared to control
lymphoblasts.
Next, we examined how the elevated variant dosages of pre-

dicted pathogenic heteroplasmies in HD lymphoblasts would
relate to HD clinical stages. Among the 1,549 HD patients, 1,524
had information on the Unified Huntington’s Disease Rating
Scale (UHDRS ’99) total functional capacity (TFC), total motor
scores, and diagnostic confidence levels recorded in the REG-
ISTRY clinical database within about 1 y of the sample collec-
tion. There were 156 patients in the prodromal stage of HD (43)
(UHDRS diagnostic confidence level < 4). The remaining 1,368
patients were grouped into different disease stages based on their
TFC scores (44). Among them, 766 were in the early stages, in-
cluding 321 in stage I (TFC score ≥ 11) and 445 in stage II (7 ≤
TFC score < 11), 404 were in the middle stage (stage III: 4 ≤ TFC
score < 7), and 198 were in the late stages (stage IV/V: TFC
score ≤ 3). Of note, substantial increases in the variant dosages of
predicted pathogenic mtDNA heteroplasmies had already been
revealed in lymphoblasts of HD patients in the prodromal and
early stages (P ≤ 0.042; Fig. 2A), which became more prominent
among patients in the middle and late stages (P ≤ 0.00069). Ac-
cordingly, there was a significant association between pathogenic
mtDNA variant dosages in lymphoblasts and advancing disease
stages among the 1,524 HD patients (P = 0.0013; Fig. 2A) as well
as among the 1,368 manifest HD patients (P = 0.0084).
The increase of pathogenic mtDNA variant dosages with dis-

ease stages could result from relaxation of purifying selection on
mtDNA heteroplasmies in HD lymphoblasts. To support this, in
control samples we found a negative correlation between the
VAFs of nonsynonymous heteroplasmies, which can alter the
amino acid sequences of OXPHOS protein complexes, and their
Combined Annotation Dependent Depletion (CADD) patho-
genicity scores (r = −0.13, P = 0.0042; Fig. 2B). These results
substantiate our observations from the general population (39),
indicating that purifying selection may prevent the expansion of
pathogenic heteroplasmies in lymphoblast mtDNA. In contrast, the
degree of purifying selection on mtDNA heteroplasmies diminished
in HD patients in the prodromal, early, and middle stages, with mild
negative correlations between the VAFs of nonsynonymous heter-
oplasmies and their pathogenicity (Fig. 2B). In late-stage HD pa-
tients, we even detected a slight but nonsignificant positive
correlation of pathogenicity with the VAFs of nonsynonymous
heteroplasmies (Fig. 2B), suggesting complete loss of purifying se-
lection on mtDNA heteroplasmies in the late stages of the disease.
The observed increases in pathogenic variant dosages and the

relaxation of purifying selection on mtDNA heteroplasmies in HD

lymphoblasts also persisted among young and middle-aged indi-
viduals (age < 55 y; SI Appendix, Fig. S4 C and D). Taken to-
gether, these results indicate that decline of mtDNA quality could
be a molecular signature reflecting clinical progression of HD.

Pathogenic mtDNA Variant Dosages in HD Lymphoblasts Are Linked
to Clinical Phenotypes and Disease Burden. Clinical progression of
HD is characterized by deterioration of motor, cognitive, and
psychiatric functions. We thus sought to investigate how predicted

Pathogenic mtDNA variant dosages

Av
er

ag
e 

do
sa

ge
 p

er
 in

di
vi

du
al

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

Con
tro

l

HD (p
rod

rom
al)

HD (s
tag

e I
)

HD (s
tag

e I
I)

HD (s
tag

e I
II)

HD (s
tag

e I
V & V)

NA
P=0.042 P=0.022 P=0.011

P=0.00069

P=0.00025

HD stages, P=0.0013

Control vs HD, P=0.00098

mtDNA variant pathogenicity

Pa
th

og
en

ic
ity

 s
co

re
(n

or
m

al
iz

ed
 C

AD
D

 p
hr

ed
)

-1
.5

-1
.0

-0
.5

0.
0

0.
5 r= -0.13,

P= 0.0042 
r= -0.051,
P= 0.012 

r= -0.034,
P= 0.25 

r= 0.052,
P= 0.22 

Con
tro

l

HD (p
rod

rom
al,

sta
ge

 I &
 II)

HD (s
tag

e I
II)

HD (s
tag

e I
V & V)

2200PP5520P21000PP24000PP

VAF:
≥1% and <5%
≥5% and <10%

≥10% and <30%
≥30%

A

B

Fig. 2. mtDNA variant dosages and pathogenicity in lymphoblasts of HD
patients and control individuals. (A) Bar plots of the average variant dosages
of predicted pathogenic heteroplasmies. The P values for mtDNA variant
dosages from the logistic regression analyses of disease status are indicated
above the bars representing the corresponding HD stages. In the linear re-
gression analyses of disease stages, HD stages were treated as a continuous
dependent variable with integer values from 1 to 5. NA, not applicable. (B) The
average pathogenicity of nonsynonymous heteroplasmies stratified by their
variant allele fractions (VAFs) in lymphoblasts. The dots representing different
VAF categories were depicted by using colors indicated in the legend. Pear-
son’s r between the heteroplasmic VAF and the pathogenicity score, as well as
the corresponding P value, are shown in each panel of B. The CADD scores are
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pathogenic mtDNA heteroplasmies in lymphoblasts of HD pa-
tients could reflect these functional declines and correspond to
HTT-related genetic burden. In addition to UHDRS TFC and
total motor scores (n = 1,524), we retrieved UHDRS symbol
digit modalities test (SDMT) scores (n = 1,266) from the
REGISTRY database to assess the severity of cognitive signs in
HD patients (42, 43).
We found that pathogenic mtDNA variant dosages in lym-

phoblasts displayed significant associations with worsened disease
severity, as measured on functional capacity (P = 0.0087; Fig. 3A)
and motor scales (P = 0.0087; Fig. 3B), and a suggestive associ-
ation with decreased cognitive performance in SDMT (P = 0.075;
Fig. 3C). These associations were strengthened when we focused
on mtDNA heteroplasmies predicted to have high pathoge-
nicity (P = 0.0024–0.032; Fig. 3 A–C), which supports our
conclusion that loss of selective constraints on mtDNA leads to
elevated pathogenicity of mtDNA heteroplasmies during HD
progression.
Furthermore, we noted significant correlations between patho-

genic mtDNA variant dosages and HD disease burden, which we
computed as a normalized product between CAG repeat length
and age (n = 1,524; P ≤ 0.0022; Fig. 3D). Inspired by such an
observation, we subsequently assessed age-dependent changes in
mtDNA heteroplasmies by using linear models comprising age,
CAG repeat length, and their interaction as predictors for mtDNA

heteroplasmies in HD lymphoblasts. As a result, we found that the
interaction effect of elongated CAG repeat length and advancing
age was positive, and significant in predicting both variant dosages
(P ≤ 0.011) and incidence (P ≤ 0.014) of predicted pathogenic
heteroplasmies in addition to the effect of age (P ≤ 0.0046; Ta-
ble 1). Of note, expanded CAG repeat length also showed a sub-
stantial main impact on the increase of variant dosages (P = 0.035)
and incidence (P = 0.04) of heteroplasmies predicted to have high
pathogenicity (Table 1). In contrast, neither CAG repeat length
nor its interaction with age was found to affect variant dosages or
incidence of heteroplasmies that were not predicted to have me-
dium or high pathogenicity (P ≥ 0.23), while the effects of age
remained significant (P ≤ 7.4 × 10−5; Table 1).
On the other hand, control lymphoblasts did not display an

age-dependent increase in the variant dosages and incidence of
predicted pathogenic heteroplasmies (P ≥ 0.3; SI Appendix, Ta-
ble S4), even though the impact of age on other, nonpathogenic
heteroplasmies was found significant (P ≤ 0.02). These results
imply that the expansion of heteroplasmies with damaging con-
sequences is largely suppressed in lymphoblasts expressing nor-
malHTT. Collectively, these results indicate that elongated CAG
repeats in HTT may accelerate the age-dependent increase of
pathogenic heteroplasmies in lymphoblasts, in accord with the
biochemical evidence that mHTT impairs mitochondrial quality
control and causes bioenergetic deficits (11, 30).

Expansion of Preexisting mtDNA Heteroplasmies in Blood of HD Patients.
To directly investigate changes in mtDNA heteroplasmies during
HD progression, we performed STAMP on longitudinal blood
samples from 188 HD patients collected from two visits 5 to 9 y
apart (median = 6 y) in REGISTRY. We called mtDNA hetero-
plasmies at VAF ≥ 0.5% in these samples. We found that mtDNA
from seven individuals showed an excess of heteroplasmies (n ≥
14) at known polymorphic sites of mtDNA, which could be caused
by low-level contamination with other DNA samples. As such, we
focused on the remaining 181 HD patients for the following
analysis, of whom 169 were not in the late stages of the disease
at baseline.
We observed a roughly 19% increase in the incidence of

heteroplasmies, from an average of 2.25 at baseline to an average
of 2.67 at follow-up (paired t test, P = 9.7 × 10−6; Fig. 4A).
Among the 558 mtDNA heteroplasmies with VAF ≥ 0.5%, 508
(91%) were shared between the baseline and follow-up samples
(Fig. 4B). Another 21 heteroplasmies (4%; Dataset S2) could be
considered possibly shared, which were used in the sensitivity
analysis of preexisting very low-fraction heteroplasmies (SI Ap-
pendix, Supplemental Discussion 2).
Of the 449 heteroplasmic sites detected, 407 (91%) were unique

to one of the 181 HD patients, suggesting that they were not re-
current heteroplasmies driven by a selective advantage in the he-
matopoietic system (45). There was also a high correlation in VAFs
of heteroplasmies detected between the baseline and follow-up
samples (r > 0.99; P < 2.2 × 10−16). Therefore, most hetero-
plasmies detected in the follow-up samples must have already
existed in the hematopoietic system, specifically, in long-lived stem
or progenitor cells, since the time of the baseline visit. Interestingly,
our results reveal that the increase of detectable heteroplasmies in
follow-up samples can largely be attributed to the expansion of
preexisting mtDNA heteroplasmies in the hematopoietic system.
We found a statistically significant increase of VAFs of these pre-
existing heteroplasmies when comparing their VAFs between the
baseline and follow-up samples (Wilcoxon signed-rank test, P =
6.8 × 10−8; Fig. 4C). This increase might be linked to the advance of
age or disease stage among these HD patients.

Expansion of Pathogenic mtDNA Heteroplasmies in Blood Parallels the
Progression of HD Stages and Clinical Phenotypes. To investigate the
influence of HD progression on the expansion of preexisting
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phenotypes and genetic burden. The pathogenic mtDNA variant dosages
were computed using either heteroplasmies with medium or high patho-
genicity or heteroplasmies with only high pathogenicity. The significance
levels of the associations of pathogenic mtDNA variant dosages with HD
clinical phenotypes are shown in A for UHDRS TFC score, in B for total motor
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cance levels of the associations with HD genetic burden are shown in D for
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mtDNA heteroplasmies, we divided the 169 HD patients, who
were not in the late stages at baseline, into two groups, including
134 who experienced progression of disease stage at follow-up,
and 35 showing a slow progression of the disease with a stable
stage at follow-up. Duration of follow-up did not significantly
differ between these two groups (t test, P = 0.17). We detected 359
preexisting heteroplasmies in 120 progressed-stage patients and

107 in 28 stable-stage patients. Of them, 56 and 16 heteroplasmies
were predicted to be pathogenic in 38 progressed-stage patients
and 13 stable-stage patients, respectively.
Among all the preexisting heteroplasmies, the degree of VAF

changes at follow-up was comparable in progressed-stage patients
and stable-stage patients (Cohen’s d = 0.06; t test, P = 0.56;
Fig. 5A). In contrast, the VAF changes of predicted pathogenic
heteroplasmies displayed a significant increase in progressed-stage
patients compared to those in stable-stage patients (Cohen’s d ≥
0.86; t test, P ≤ 0.0066; Fig. 5A). As reassuring evidence that the
pathogenicity of these heteroplasmies, rather than other uncon-
trolled confounding factors, contributed to the observed difference,
we found that the VAF changes of heteroplasmies without path-
ogenicity annotations did not correspond to the stage changes
among the 51 patients (Cohen’s d = −0.05; t test, P = 0.78) carrying
pathogenic heteroplasmies.
Interestingly, in stable-stage patients, predicted pathogenic het-

eroplasmies exhibited a decrease in their VAFs at follow-up (Wil-
coxon signed-rank test, P ≤ 0.029), suggesting effective purifying
selection on mtDNA. We also noted a negative correlation between
the degree of VAF changes and the pathogenicity (CADD phred
scores) of nonsynonymous heteroplasmies (r = −0.39, P = 0.014;
Fig. 5B) in stable-stage patients, indicating that heteroplasmies with
a higher pathogenic potential were subject to stronger purifying
selection. The evidence for purifying selection on mtDNA dis-
appeared among progressed-stage patients, displaying a slight in-
crease in the VAFs of pathogenic heteroplasmies at follow-up
(Wilcoxon signed-rank test, P ≥ 0.23), and a weak and nonsignifi-
cant correlation between the VAF changes and pathogenicity of
nonsynonymous heteroplasmies (r = −0.03; Fig. 5C). These results
suggest that loss of purifying selection on preexisting heteroplasmies
in mtDNAmay contribute to the expansion of their fractions during
HD progression.
Next, we assessed how the expansion of predicted pathogenic

heteroplasmies in blood would relate to clinical phenotypic data
recorded at baseline and follow-up visits of these patients. By
using mixed-effects models, we found significant associations of
the VAF changes of predicted pathogenic heteroplasmies with the
follow-up clinical phenotypes, including TFC scores (P ≤ 0.0044),
total motor scores (P ≤ 0.024), and SDMT scores (P ≤ 0.011), but
not with the baseline clinical phenotypes (Table 2). Moreover,
among the 51 patients carrying pathogenic heteroplasmies, no
apparent associations were found between the follow-up clinical
phenotypes and the VAF changes of other, nonpathogenic het-
eroplasmies (Table 2). These results point to an overall decline of
mtDNA quality in the hematopoietic system during clinical pro-
gression of HD, which is independent of the effect of normal aging
on heteroplasmy expansion.
Furthermore, we noted a significant positive effect of CAG re-

peat length on the VAF changes of 29 pathogenic heteroplasmies
(linear mixed-effects model, P = 0.0034; SI Appendix, Table S5)

Table 1. Age- and CAG-dependent changes of mtDNA heteroplasmies in lymphoblasts of HD patients

Variables mtDNA variant pathogenicity

Age CAG repeat length Age × CAG repeat length

Beta (SE) P Beta (SE) P Beta (SE) P

mtDNA variant dosages M/H 0.012 (0.003) 0.00011 0.018 (0.012) 0.15 0.0014 (0.0006) 0.011
H 0.012 (0.003) 5.8 × 10−5 0.025 (0.012) 0.035 0.0015 (0.0005) 0.0062

others 0.013 (0.003) 7.4 × 10−5 0.003 (0.013) 0.82 0.0003 (0.0006) 0.55
mtDNA variant incidence M/H 0.009 (0.003) 0.0046 0.014 (0.012) 0.26 0.0014 (0.0005) 0.013

H 0.010 (0.003) 0.00065 0.024 (0.012) 0.040 0.0013 (0.0005) 0.014
others 0.015 (0.003) 4.8 × 10−6 0.002 (0.013) 0.87 0.0007 (0.0006) 0.23

The variant incidence and dosages of mtDNA heteroplasmies were inverse normal transformed (INV) and were further adjusted for sex and sequencing
coverage. The values of age and CAG repeat length were centered at the population mean. The associations were assessed by using the model: INV dosage/
incidence ∼ age + CAG_length + age × CAG_length. H, high pathogenicity; M/H, medium or high pathogenicity; others, not predicted with medium or high
pathogenicity. Values of P < 0.05 are highlighted in bold type.
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Fig. 4. mtDNA variant incidence and fraction changes detected in longi-
tudinal blood samples of HD patients. (A) Bar plots of the incidence of
mtDNA heteroplasmies detected in the baseline and follow-up blood sam-
ples. The relative incidence of heteroplasmies in different variant allele
fraction (VAF) categories was depicted using colors indicated in the legend.
The P value from paired t test of the overall heteroplasmy incidence is
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gram and box plots of the distribution of the VAF changes of the 508 shared
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identified among early-stage patients with moderate motor symp-
toms at baseline (TFC score ≥ 7 and total motor score < 25).
However, this effect was weakened and became nonsignificant
among all patients (SI Appendix, Table S5), implying that HTT may
exert its impact on mtDNA early in HD pathogenesis. These results
further suggest that elongated CAG repeats in HTT may promote
the expansion of pathogenic heteroplasmies.

Discussion
In the current study, we applied ultradeep sequencing to assessing
mitochondrial genome (mtDNA) heteroplasmies in lymphoblasts
and longitudinal blood samples of HD patients. Our sequencing
data provide more evidence to support the existence of purifying
selection on mtDNA (39), which suppresses the expansion of
pathogenic mtDNA heteroplasmies in cells and therefore could be
an important mechanism that ensures cellular mitochondrial
function during aging.
The increased pathogenic mtDNA variant dosages in HD

lymphoblasts and their positive association with worsened disease
severity indicate that mitochondrial quality control is impaired in
HD. This notion of defective mtDNA quality control in HD was

also supported by the data from longitudinal blood samples of HD
patients whose clinical phenotypes progressed over time. They
showed an expansion of preexisting pathogenic heteroplasmies,
probably from early or midlife mtDNA mutations in the hema-
topoietic system. Moreover, we performed sensitivity analyses and
found that our results were not affected by possibly fixed patho-
genic heteroplasmies in lymphoblasts as well as preexisting very
low-fraction pathogenic heteroplasmies in blood samples (detailed
in SI Appendix, Supplemental Discussion 1 and 2, Fig. S11, and
Table S11) .
Most predicted pathogenic heteroplasmies were singletons

(62%) or doubletons (20%) among HD lymphoblasts (SI Appen-
dix, Fig. S6A). The most frequent one was identified at m.3244
(n = 21), two nucleotides away from the fourth most prevalent one
at m.3242 (n = 12; SI Appendix, Fig. S6B). The variant hotspot at
m.3242–m.3244, located in the MT-TL1 [tRNALeu(UUR)] gene, has
been shown to have increased incidence in the putamen from aged
donors relative to young donors (46). At this site, m.3243 (A>G or
A>T) occurred four times in HD samples but was absent in
controls. m.3243A>G is the most prevalent and studied patho-
genic mtDNA mutation, which causes mitochondrial encepha-
lopathy, lactic acidosis, and stroke-like episodes (MELAS) (47),
and is a risk factor for human aging (48). Heteroplasmic fraction
of m.3243A>G determines its phenotypic manifestation (49–51).
In cybrid cell models, increasing heteroplasmic fraction of
m.3243A>G alters mitochondrial metabolic and redox status, and
subsequently induces global changes in transcriptome and epige-
nome of nuclear DNA (50, 51). At a high fraction of m.3243A>G,
cells exhibit molecular phenotypes resembling those found in
neurodegenerative diseases, including HD (50, 51). There were 13
other heteroplasmies detected in >0.4% (n ≥ 7) of HD lympho-
blasts, which were scattered over eight genes from three OXPHOS
complexes (SI Appendix, Fig. S6B). Of note, m.10197G>A in MT-
ND3 (SI Appendix, Fig. S6B) is a confirmed pathogenic mutation
for Leigh-like syndrome (52). High fraction of m.10197G>A has
been found to reduce complex I activity in muscle and ATP
production in skin fibroblasts (52).
We found that the locations of pathogenic heteroplasmies, in HD

samples, spanned all 13 protein-coding genes in mtDNA. The av-
erage number and dosages of pathogenic heteroplasmies from each
of the four OXPHOS complexes showed strong correlations with
the total number of nonsynonymous sites in mtDNA genes (R2 ≥
0.98; SI Appendix, Fig. S6 C and D). Comparable effects of variant
dosages on HD stages were further identified in pathogenic heter-
oplasmies from all four OXPHOS complexes (P for heterogeneity ≥
0.53; SI Appendix, Table S6). However, our analysis had limited
power (11–22%) to reveal significant association for complexes III
and V (SI Appendix, Table S6), as only 10% and 7% of non-
synonymous sites in mtDNA are used to encode these two com-
plexes, respectively (SI Appendix, Fig. S6C). Overall, our data
support contribution of multiple mtDNA genes and OXPHOS
complexes to mitochondrial dysfunction in HD. These results may
also explain heterogenous findings on dysfunctional OXPHOS
complexes in tissues and cell lines from HD patients (8–10, 14, 53).
Our data suggest that elongated CAG repeats in HTT may af-

fect mitochondrial quality control. In line with our finding, it has
been demonstrated in numerous cellular and animal models of
HD that mHTT can impair mitophagy, through disruption of the
autophagic receptor p62-mediated cargo recognition (23, 26),
limiting the transport and fusion of autophagosome to lysosome
(27), and recruitment of valosin-containing protein to mitochon-
dria (28). Moreover, mHTT has been implicated in the biological
pathways that regulate mitochondrial morphology and tubular
networks, since it may bind to the mitochondrial fission protein,
DRP1, and alter the levels of fusion proteins to favor mitochon-
drial fission over fusion (20–22). Changes in mitochondrial fission
and fusion dynamics and loss of effectiveness of the mitophagic
apparatus in identifying and removing dysfunctional mitochondria
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Fig. 5. Changes of mtDNA variant fractions and pathogenicity in blood
during HD progression. (A) Box plots of the variant allele fraction (VAF)
changes of preexisting mtDNA heteroplasmies in blood samples of HD pa-
tients with and without a progression of disease stage during the follow-up.
The P values from t test and Cohen’s d are shown for the difference between
stable-stage patients and progressed-stage patients, which were computed
using (from Left to Right in A) all heteroplasmies, heteroplasmies with me-
dium or high pathogenicity, or heteroplasmies with only high pathogenicity.
Each red dot in A indicates one heteroplasmy with its VAF change during the
follow-up indicated by the value on the y axis. (B and C) The correlations
between the VAF changes of preexisting nonsynonymous heteroplasmies
and their CADD pathogenicity scores among (B) stable-stage patients and
among (C) progressed-stage patients. The CADD scores are shown with the
inverse normal transformed values, which increase with the chance of a
heteroplasmy being pathogenic. The dashed lines represent the fitted
regression lines.
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may collectively relax selective constraints on mtDNA, precipi-
tating the expansion of pathogenic mtDNA heteroplasmies in
cells (40).
Moreover, our results imply that HTT-related genetic burden

may not completely account for the impairment of mitochondrial
quality control in HD. Other modifiers of HD progression may
also play a role in this process. Some previous studies (54–56)
suggested that age at onset of HD was associated with genetic
variants in PPARGC1A, which encodes PGC-1alpha, a key regu-
lator of mitochondrial energy metabolism (57). PGC-1alpha was
found to be suppressed in the presence of mHTT (18). Knocking
out PCG-1alpha in animal models not only reduced mitochondrial
content but also attenuated lysosomal capacity and mitophagy flux
(58). Recent genome-wide association studies (GWASs) (59, 60)
indicated that genetic variants in RRM2B may modulate age at
onset of HD. Deleterious mutations in RRM2B cause mitochon-
drial disorders showing abnormal mtDNA maintenance (61).
Moreover, genetic variants in mitochondrial fission genes showed
an enrichment of associations with the timing of HD onset in a
pathway-based analysis in GWASs of over 4,000 HD patients (59).
This result was, however, not replicated in GWASs performed on
additional two HD patient cohorts (60). Taken together, these
results point to a possible interaction between nuclear DNA-
encoded mitochondrial genes and mtDNA in the pathogenesis
and progression of HD.
In addition to HTT’s role in mitochondrial quality control, HTT

has been investigated in the context of other mitochondrial
characteristics, such as mitochondrial biogenesis and oxidative
damage (18, 62). In lymphoblast and blood samples, we measured
mtDNA content in relation to the amount of nuclear DNA as a
proxy for mitochondrial biogenesis by using both STAMP and a
quantitative PCR-based method. We found that mtDNA content
did not correlate with the variant dosages of predicted pathogenic
heteroplasmies (SI Appendix, Table S7) in lymphoblasts, or with
the expansion of preexisting pathogenic heteroplasmies in blood
samples of HD patients (SI Appendix, Table S8; further discussed
in SI Appendix, Supplemental Discussion 3, Figs. S12 and S13).
Therefore, mHTT’s impact on mtDNA quality control may be
independent of its impact on mitochondrial biogenesis.
The decline of mtDNA quality in HD lymphoblasts and blood

samples may not be a consequence of oxidative damage to mito-
chondria in HD (62). We found similar patterns of base changes
mtDNA heteroplasmies in lymphoblasts and blood samples of HD
patients, compared to lymphoblasts of control individuals, showing
high transition to transversion ratios of >13 (SI Appendix, Fig. S7).
The minimal proportions of transversion base changes in mtDNA
of HD samples are suggestive of replication errors or base deami-
nation in mtDNA rather than damage associated with oxidative

stress (37, 63). Indeed, oxidative stress could result from reactive
oxygen species produced by defective electron transport complexes
in OXPHOS system if encoded by mtDNA harboring pathogenic
heteroplasmies (40).
These lines of evidence stress the importance of mitochondrial

quality control during clinical progression of HD. Intriguingly,
effective purifying selection on mtDNA heteroplasmies was de-
tected among patients with a slow disease progression in the
analysis of blood samples. It suggests that the decline of mtDNA
quality is not an irreversible process in HD. Modulating mito-
chondrial network dynamics and mitophagy pathway genes, such
as DRP1, HDAC6, PINK1, and GAPDH, has been shown to ef-
fectively correct mHTT-associated toxicity in cell and animal
models (24, 28, 64, 65). Therefore, future studies, which aim to
investigate genes and compounds that could restore or improve
mitochondrial quality control in the context of HD, are needed
for the identification of new therapeutics.
The interpretation of the role of blood mtDNA heteroplasmies

in the pathogenesis of HD is limited in the current study. How-
ever, peripheral blood and related cell lines have been repeatedly
used as a surrogate for studying HD’s impact (11–13). Peripheral
blood of HD patients also reveals transcriptomic changes resem-
bling those of striatum and prefrontal cortex (66). Interestingly,
energy metabolism is one of the significantly down-regulated
pathways in HD that are shared between brain (67) and blood
(11), and correlates with HD severity (66). Therefore, the pattern
of mtDNA heteroplasmies in blood cells may be indicative of
systemic, mtDNA quality and mitochondrial function in HD and
during human aging. Furthermore, the difference in incidence and
fractions of mtDNA heteroplasmies between lymphoblasts and
blood samples in this study agrees with the observations from
previous cell studies, which showed higher numbers of mtDNA
heteroplasmies in cell lines than those in the parental tissues (37,
68, 69). Recently, the propagation of mtDNA heteroplasmies has
been demonstrated in hematopoietic cells using various single-cell
sequencing technologies (70). These technological advances will
provide an unprecedented opportunity to directly study the
changes of mtDNA at a single-cell level and their impact on cel-
lular phenotypes in HD and other age-related diseases.
In sum, our large-scale deep-sequencing study illustrates mtDNA

changes in the hematopoietic system during HD progression,
echoing a theme of defective mitochondrial quality control in HD.
Our data on mtDNA heteroplasmies reveal that decline in mtDNA
quality results from multiple genes and occurs early in HD patho-
genesis. These changes may be overlooked in biochemical assays
that target a specific mitochondrial OXPHOS complex. Hence,
harnessing mtDNA variation, measured by using a sensitive method
such as STAMP, in peripheral tissues could provide an accessible

Table 2. Associations of mtDNA variant fraction changes in blood with HD clinical phenotypes

Variables mtDNA variant pathogenicity (N)*

TFC score Total motor score SDMT score

Beta (SE) P Beta (SE) P Beta (SE) P

Model 1 (baseline phenotypes) M/H (72) 0.005 (0.037) 0.90 0.010 (0.008) 0.20 0.009 (0.011) 0.41
H (49) 0.033 (0.047) 0.49 0.018 (0.011) 0.12 0.015 (0.013) 0.25

Others (145) −0.023 (0.026) 0.38 0.002 (0.006) 0.70 −0.007 (0.009) 0.42
Model 2 (follow-up phenotypes) M/H (72) −0.13 (0.037) 0.0011 0.015 (0.006) 0.021 −0.050 (0.013) 0.00046

H (49) −0.15 (0.050) 0.0044 0.019 (0.008) 0.024 −0.042 (0.015) 0.011
Others (145) −0.014 (0.029) 0.62 0.001 (0.005) 0.83 −0.002 (0.015) 0.92

The associations were assessed by using the following linear mixed-effects model: log2(VAF follow-up/VAF baseline) ∼ score + age + sex + CAG_length +
followup_duration + (1jpatient_id). In the analyses of the follow-up clinical phenotypes, the baseline phenotype and the baseline disease stage were
considered as additional fixed-effect covariates in the model. H, high pathogenicity; M/H, medium or high pathogenicity; others, not predicted with medium
or high pathogenicity in HD patients carrying pathogenic heteroplasmies. Values of P < 0.05 are highlighted in bold type.
*The number of mtDNA heteroplasmies used for analysis; due to missing phenotypes in either the baseline sample or the follow-up sample, 1 pathogenic
heteroplasmy and 2 nonpathogenic heteroplasmies were not included in the analyses of total motor scores, and 2 pathogenic heteroplasmies and 32
nonpathogenic heteroplasmies were not included in the analyses of SDMT scores.
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biomarker for progression of HD and potentially other age-related
disorders.

Materials and Methods
Ethics Statement. REGISTRY is a multicenter, prospective observational study of
HD in Europe (42) (http://www.euro-hd.net/html/registry). It was approved by the
local ethics committees of REGISTRY sites (42) and was conducted in accordance
with the Declaration of Helsinki. Participants of REGISTRY gave informed written
consent according to the International Conference on Harmonization–Good
Clinical Practice guidelines. For participants who lacked the capacity to consent,
study sites adhered to country-specific guidelines to obtain consent. For data
protection and confidentiality, all participants were assigned a unique pseudo-
nym that does not contain any identifying information.

Study Participants.Genomic DNAwas extracted from established lymphoblast
cell lines and peripheral blood samples of participants in REGISTRY (42). Based
on the availability of lymphoblast DNA, we selected 1,630 HD patients with
CAG repeat length in HTT > 36, and 200 age- and sex-matched individuals
with normal HTT as healthy controls, for the study of mitochondrial genome
(mtDNA) heteroplasmies in relation to HD and associated phenotypes. We
selected 188 HD patients with DNA from two independent blood samples,
collected at least 5 y apart, for the study of mtDNA heteroplasmy changes
during disease progression. The study design and aims are illustrated in SI
Appendix, Fig. S1. The demographics, HD-related phenotypes, and mtDNA
sequencing characteristics are summarized in SI Appendix, Tables S1 and S2.
The related power calculation for sample sizes is provided in SI Appendix,
Fig. S8.

HTT CAG repeat length was determined as per the REGISTRY study pro-
tocol (42). Data on HD-related clinical phenotypes were collected using the
UHDRS ’99 (43) for functional (TFC scores), motor (total motor scores), and
psychiatric and cognitive signs (symbol digit modalities test scores) at annual
or biennial visits of participants in REGISTRY. The clinical phenotypes closest
to and within about 1 y of the time of lymphoblast or blood collection were
considered for the analyses in the current study. A diagnostic confidence
score of motor abnormalities on the UHDRS of less than 4 (not unequivocal)
was used to define the prodromal stage (43). Disease stages after motor
onset were derived from the UHDRS TFC scores (44). The disease burden
score (3) was calculated as a normalized product of CAG repeat length and
chronological age for each HD patient by using the following equation:
(CAG repeat length – 30) × age × 100/627.

Mitochondrial Genome Sequencing. We used STAMP (41) to sequence mtDNA
of REGISTRY samples. The experimental and computational workflow of
STAMP are illustrated in SI Appendix, Figs. S9 and S10, respectively, and are
described in detail in SI Appendix, Supplemental Methods 1–4. In brief, the
entire 16.6-kb human mtDNA was first captured with 46 pairs of probes
designed with specific sequences complementary to the heavy or light strand
sequences of mtDNA and five pairs of probes targeting single-copy nuclear
DNA regions (SI Appendix, Fig. S9). The captured DNA fragments were then
amplified using p5i5 and p7i7 indexing primers with individual barcode. The
obtained STAMP libraries were sequenced with 2 × 250 paired-end reads on
HiSeq 2500. Phi-X DNA library was spiked in at 5% to increase the overall
complexity of the libraries. For samples with insufficient sequencing depth,
such as blood samples with low mtDNA content, we performed PCR on an
additional 1.5 to 3 μL of the capture products, sequenced the resulting li-
braries, and pooled the reads from the same sample for analysis. Detailed
information on primer sequences and captured mtDNA fragments of STAMP is
provided in SI Appendix, Table S9.

We developed a Python pipeline (the stamp toolkit) to process reads
generated from STAMP (SI Appendix, Fig. S10) (41). In brief, paired-end reads
were first demultiplexed into files for individual samples. Paired-end reads
were then sorted into clusters of capture products according to the probe
arm sequences identified. The resulting reads were aligned by using
Burrows-Wheeler aligner (bwa mem, version 0.7.17) (71) to the complete
human genome, including both nuclear DNA and mtDNA sequences (ge-
nome assembly GRCh38; downloaded from ftp://ftp.1000genomes.ebi.ac.
uk), and in a second round to a modified mtDNA sequence, which had the
final 120 bp copied to the start to accommodate alignment of D-loop-region
reads in STAMP. Reads mapped to target regions were locally realigned by
using freebayes (version 1.1.0) (72), and their base qualities were recali-
brated by using samtools (version 1.6) (73). For paired-end reads with the
same molecular barcode, the base information at corresponding sites of the
alignments was merged using a Bayesian approach to generate a consensus
read representing the captured DNA fragment (SI Appendix, Supplemental

Method 1). The same method was also used to merge base information
within the overlapping region of the paired-end reads. Reads from nuclear
mitochondrial DNA segments were filtered out using both alignment and
consensus read sequence methods (SI Appendix, Fig. S14 and Table S16) as
described in SI Appendix, Supplemental Method 2. Finally, information on
consensus reads was output into a pileup file by using samtools and was
used to call mtDNA variants. The relative coverage of consensus reads from
all mtDNA probe pairs was shown in SI Appendix, Fig. S15. mtDNA content
was estimated by further using reads from five additional probe pairs tar-
geting single-copy nuclear DNA regions (41). mtDNA content quantification
and related quality control procedures (SI Appendix, Table S17), and com-
parisons with mtDNA content assessed by using a quantitative PCR-based
method (SI Appendix, Table S12 and Fig. S16), are detailed in SI Appendix,
Supplemental Method 4.

mtDNA Variant Identification. mtDNA heteroplasmic variants (with VAF < 0.99)
were determined by using the consensus reads that were aligned to mtDNA
(mapping quality [MAPQ] ≥ 20; base alignment quality [BAQ] ≥ 30), and did
not have an excess of nucleotide mismatches (>5 in the coding region and >8
in the D-loop region) compared to the individual’s major mtDNA sequence
(41). Variants were further filtered based on a list of criteria to reduce false-
positive calls, including 1) ≥100-fold (X) depth of coverage with ≥70% of the
bases having BAQ ≥ 30; 2) not in low-complexity regions or low-quality sites of
mtDNA; 3) ≥5 minor alleles detected; 4) a log likelihood quality score ≥5
computed with base quality scores (39); 5) comparable VAFs (Fisher’s exact test,
P ≥ 10−4, and fold change, <5) when estimated using consensus reads con-
structed with and without duplicate paired-end reads; for variants with VAF <
1%, VAF was at least 0.2% among consensus reads constructed with duplicate
paired-end reads; 6) the detected number of minor alleles significantly larger
than the expected number of errors, which was estimated at a rate of 0.02% in
STAMP (SI Appendix, Fig. S2A, exact Poisson test, P < 0.01/16569). To compare
VAFs of a heteroplasmy between a pair of samples, we further required that,
in both samples, this heteroplasmy was detected at a site that had at least 500
consensus reads with BAQ ≥ 30. The computational tools, parameters, and
quality filters used for read alignment and variant detection are listed in SI
Appendix, Table S10. The quality control procedures are described in detail in
SI Appendix, Supplemental Method 3. mtDNA variant dosages were defined in
the current study in order to represent the overall degree of heteroplasmy
loads and fractions in mtDNA, analogous to the tissue-level mutation burden
estimated for human nuclear DNA (74). It was computed in sample i as
∑n

j=1VAFij, where VAFij refers to the VAF of variant j detected in sample i. Only

variants with VAF over the minimum detection threshold were used for the
computation of dosages.

Haplogroup information of mtDNA in lymphoblast and blood samples was
assigned by using haplogrep2 (version 2.1.1) (75). The distribution of mtDNA
macrohaplogroups among lymphoblasts and blood samples of REGISTRY are
shown in SI Appendix, Tables S13 and S15. The results regarding mtDNA
haplogroups and HD are discussed in SI Appendix, Supplemental Discussion 4
(SI Appendix, Table S14 ).

Bioinformatic Analysis of mtDNA Variant Function. The functional impact of
mtDNA variants was determined by using the ANNOVAR pipeline (76). The
population frequency of mtDNA polymorphisms in the general population was
obtained from HmtDB (77). Pathogenicity of mtDNA variants (SI Appendix, Fig.
S10) was evaluated by using CADD (78) and PON-mt-tRNA (79) for mtDNA-
encoded OXPHOS genes and tRNAs, respectively. A list of disease-associated
variants in mtDNA was collected from the MITOMAP website (80) and the Clin-
Var database (81) (last access, January 2020). Pathogenic variants were deter-
mined as 1) being reported with disease associations (“reported” or “confirmed”)
in MITOMAP or (“pathogenic”) in ClinVar, or 2) having a CADD pathogenicity
score > 20 (phred score, v1.3) in OXPHOS genes, or 3) a PON-mt-tRNA prediction
as “likely pathogenic” or “pathogenic” in tRNAs. mtDNA variants without con-
firmed disease associations listed in MITOMAP and ClinVar were further required
to not overlap with known mtDNA polymorphisms in apparently healthy pop-
ulations of HmtDB (population frequency, <0.01%).

Moreover, based on the initial selection of variants annotated with medium
or high pathogenicity, we prioritized variants with high pathogenicity by using
more stringent criteria on the pathogenicity scores in 2) and 3). For OXPHOS
genes, we required high-pathogenicity variants to have a CADD score >23 and
to be verified by PolyPhen-2 (82) as “probably pathogenic” or by MutPred (83)
to have a score >0.7, For tRNAs, high-pathogenicity variants predicted as
“pathogenic” by PON-mt-tRNA had to be confirmed by MitoTIP (84) to have a
score >16.25. These functional prediction scores have been used to study
pathogenicity of mtDNA heteroplasmies and polymorphisms in the general
population, and yield comparable annotations with each other (39, 79, 84, 85).
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Statistical Analysis. Associations of mtDNA variant incidence and dosages in
lymphoblasts with disease status in all lymphoblasts were assessed by using
logistic regression with adjustment for covariates including age, sex, and
mtDNA sequence coverage. Associations of mtDNA variant incidence and
dosages in HD lymphoblasts with disease stages and related continuous phe-
notype data were analyzed by using linear regression adjusted for age, sex,
mtDNA sequence coverage, and CAG repeat length as an additional covariate.
Age-dependent changes of mtDNA heteroplasmies in HD lymphoblasts were
assessed by using linear model: age + cag_length + age × cag_length (detailed
in SI Appendix, Supplemental Method 5).

In the analysis of longitudinal blood samples, we estimated the degree of
expansion of a preexisting heteroplasmy by using a log2 fold change in the
VAF of the same variant detected between the follow-up sample and the
baseline sample. Its associations with HD-related phenotypes at baseline
were analyzed by using a linear mixed-effects model adjusted for fixed ef-
fects of age, sex, duration of follow-up, and CAG repeat length, and a
random effect of the patient identifier. Its associations with HD-related
phenotypes at follow-up were tested similarly with further adjustment for
the baseline phenotype and the baseline disease stage. The mixed-effects
modeling and the significance level of the fixed effects were computed by
using the lme4 (version 1.1) and lmerTest (version 3.0) R packages. Other

statistical methods used are indicated next to the related results in the main
text and SI Appendix. All statistical analyses were carried out with R (version
3.5.0). Two-tailed P values are reported.

Data Availability. Information on mtDNA heteroplasmies detected in lym-
phoblast samples and blood samples of the current study is provided inDatasets
S1 and S2. The paired-end reads and mtDNA consensus reads of these samples
have been deposited with the European Genome–Phenome Archive (EGA
accession number EGAS00001004092). The pipeline used for analyzing STAMP
sequencing data are available at https://github.com/mtstamp/stamp. All other
study data are included in the article and/or supporting information.
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