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C A N C E R

Pathogenic mitochondrial DNA mutations inhibit 
melanoma metastasis
Spencer D. Shelton1, Sara House1, Luiza Martins Nascentes Melo2, Vijayashree Ramesh1,  
Zhenkang Chen1, Tao Wei1, Xun Wang1, Claire B. Llamas1, Siva Sai Krishna Venigalla1,  
Cameron J. Menezes1, Gabriele Allies2, Jonathan Krystkiewicz2, Jonas Rösler2,3,  
Sven W. Meckelmann3, Peihua Zhao4, Florian Rambow4, Dirk Schadendorf2,5, Zhiyu Zhao1, 
Jennifer G. Gill6, Ralph J. DeBerardinis1,7,8,9, Sean J. Morrison1,7,8,9,  
Alpaslan Tasdogan2*, Prashant Mishra1,8,9*

Mitochondrial DNA (mtDNA) mutations are frequent in cancer, yet their precise role in cancer progression remains 
debated. To functionally evaluate the impact of mtDNA variants on tumor growth and metastasis, we developed an 
enhanced cytoplasmic hybrid (cybrid) generation protocol and established isogenic human melanoma cybrid lines 
with wild- type mtDNA or pathogenic mtDNA mutations with partial or complete loss of mitochondrial oxidative 
function. Cybrids with homoplasmic levels of pathogenic mtDNA reliably established tumors despite dysfunction-
al oxidative phosphorylation. However, these mtDNA variants disrupted spontaneous metastasis from primary 
tumors and reduced the abundance of circulating tumor cells. Migration and invasion of tumor cells were reduced, 
indicating that entry into circulation is a bottleneck for metastasis amid mtDNA dysfunction. Pathogenic mtDNA 
did not inhibit organ colonization following intravenous injection. In heteroplasmic cybrid tumors, single- cell anal-
yses revealed selection against pathogenic mtDNA during melanoma growth. Collectively, these findings experi-
mentally demonstrate that functional mtDNA is favored during melanoma growth and supports metastatic entry 
into the blood.

INTRODUCTION
Pathogenic mutations within mitochondrial DNA (mtDNA) are wide-
ly recognized as causative for inherited diseases, yet their role in the 
pathology of acquired diseases is largely unknown (1–3). Somatic 
mtDNA mutations commonly occur in human tumors, with an in-
cidence rate greater than 50% (4–6). Certain tumor types such as 
colorectal, thyroid, and renal cancers exhibit a disproportionately 
high incidence and allelic burden of deleterious mtDNA mutations 
(5–9), and are typically associated with “oncocytic” changes second-
ary to excessive mitochondrial accumulation (10). However, high 
allelic deleterious mtDNA mutations are atypical in most tumors, 
and most cancers maintain somatic mtDNA mutations at a low al-
lelic frequency (4–6). In addition, it has been suggested that most 
cancer types favor functional mtDNA, as indicated by a lower allelic 
frequency of deleterious mutations relative to nonpathogenic vari-
ants (4–6).

Evaluating the impact of somatic mtDNA variants on tumorigenesis 
is challenged by an inability to precisely edit the mitochondrial genome 

as current mtDNA editing technologies suffer from a limited scope of 
editable mutations, off- target editing, and an inability to achieve homo-
plasmy (11, 12). Previous studies have largely relied on the transplanta-
tion of patient mtDNA into mtDNA devoid (ρ0) cells, with most reports 
using the 143B osteosarcoma cell line (13–19). Two major limitations 
limit the generality of existing transmitochondrial cytoplasmic hybrid 
(cybrid) creation protocols (20, 21). First, selection mechanisms are re-
quired to remove residual mtDNA donor cells following generation. The 
frequently used 143B cell line contains a genetic deficiency in thymidine 
kinase, which confers resistance to bromodeoxyuridine (BrdU), and 
thus cytotoxic concentrations of BrdU selectively remove residual 
mtDNA donor cells. Beyond the 143B cybrid system, mtDNA mutations 
have only been investigated in a few other cancer lines: HeLa, A549, PC3, 
and murine lung carcinoma (22–26). The generation of these cybrid 
lines used alternative strategies for removal of contaminating mtDNA 
donor cells, including inherent resistance to 6- thioguanine treatment, 
growth in HAT media, or engineered neomycin resistance (24, 25, 27). 
Second, to remove ρ0 cells that failed to acquire donor mtDNA, pyruvate 
and uridine nutrients are withdrawn from culture. As these supplements 
are required to support aspartate and pyrimidine levels during mito-
chondrial oxidative dysfunction, only cells with residual mitochondrial 
activity will survive (21, 28–30). As a result, these previous studies are 
limited to partial loss of mitochondrial oxidative function mtDNA mu-
tations that do not confer pyruvate/uridine auxotrophy. Updated tech-
niques for generating transmitochondrial cells are available; however, 
they continue to rely on selection mechanisms to isolate cybrid lines 
(31, 32).

Homoplasmic cybrids produced from these previous generation 
methods have demonstrated that mtDNA variants can affect tumor 
progression. However, these studies suffered from a limited number of 
mtDNA variants and cancer types assessed, a lack of biological repli-
cates, an incompatibility with mtDNA mutations that cause complete 
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loss of oxidative mitochondrial function (due to pyruvate and uri-
dine withdrawal selection), and an inability to establish heteroplasmic 
pathogenic alleles, a scenario compromising most human cancers. 
Beyond mtDNA genetics, a number of studies have suggested that 
mitochondrial activity promotes cancer progression. For example, 
disseminated cancer cells in melanoma, breast, and renal cancers 
display increased expression of the mitochondrial biogenesis tran-
scription factor PGC- 1α, which promotes mitochondrial mass and 
oxygen consumption (33–35). In oral squamous cell carcinoma, 
metastatic cells are observed to enhance mtDNA translation through 
mt- tRNA modifications (36). From a metabolic standpoint, activity 
in the tricarboxylic acid (TCA) cycle is elevated in metastatic tumors 
of triple- negative breast cancer and clear cell renal cell carcinoma 
when compared to primary tumors (37, 38). Further, pharmacologic 
inhibition of mitochondrial complex I with IACS- 010759 in preclin-
ical models curbed melanoma brain metastases without impeding 
primary tumor growth (35).

Here, we investigated somatic mtDNA mutations in a cohort of 
advanced- stage melanomas, observing a rare subset of melanomas 
with high allele frequency truncating mtDNA mutations. To function-
ally study the biological consequences of mtDNA mutations, we pres-
ent a simplified cybrid generation method by incorporating flow 
cytometric enrichment to enable homoplasmic or heteroplasmic 
transplantation of mitochondrial genomes into any cell line without 
requiring selective enrichment dependent on inherent resistances or 
metabolic deficiencies. We use this method to generate nuclear- 
isogenic biological replicates for a series of wild- type (WT) and 
patient- derived dysfunctional mtDNA cybrids in metastatic human 
melanoma cell lines. In addition to transplanting pathogenic muta-
tions in MT- ND1 and MT- ATP6 genes, we exploit our cybrid genera-
tion method for mtDNA derived from a human melanoma with a 
homoplasmic deletion in MT- CO1, an mtDNA variant not amenable 
to existing cybrid generation protocols. We characterized the effects of 
these pathogenic mtDNA alleles on melanoma tumor progression. De-
spite introduced mtDNA- encoded functional deficits, all homoplasmic 
cybrid lines invariably established tumors when injected into immu-
nocompromised mice. These mtDNA mutant tumors demonstrated a 
pronounced reduction in spontaneous metastasis, which we isolated to 
a specific defect in bloodstream invasion within the tumor interstitial 
environment. Consistent with this, short- term treatment of mtDNA- 
functional melanomas with a complex I inhibitor eliminated the pres-
ence of circulating tumor cells. We further leveraged our cybrid 
generation protocol for assessment of selective pressures exerted on the 
mitochondrial genome in a series of heteroplasmic cybrid lines, reveal-
ing that in vivo melanoma growth selects against pathogenic mtDNA 
variants. These findings provide the first direct in vivo experimental 
verification of mtDNA selection during tumor growth and demon-
strate that functional mtDNA promotes metastatic entry of melanoma 
cells into the blood.

RESULTS
Somatic mtDNA mutations are a common feature of 
advanced- stage melanomas
We analyzed the mtDNA status of melanoma and matched healthy 
tissue samples from a cohort of patients with advanced- stage mela-
noma (Fig. 1A) (39). Within this cohort, 128 patients exhibited suffi-
cient mtDNA read depth in both normal and melanoma tissues to 
identify tumor- specific somatic mtDNA mutations (fig. S1, A to E). 

Notably, 57.8% (74 of 128) of the melanomas displayed at least one 
detectable tumor somatic mtDNA mutation (Fig. 1B). Most of these 
mtDNA mutations were C>T or T>C transitions, similar to mtDNA 
mutational signatures previously identified in other cancers (fig. S2A) 
(4–6). We identified somatic mtDNA mutations in both noncoding 
(D- loop) and coding (rRNA, tRNA, cI, cIII, cIV, and cV) regions 
(Fig. 1, A and C, and data S1), which were present at a variety of 
allelic frequencies (fig. S2, B to H). Analysis of the maximum variant 
allele frequency (VAF) for each mtDNA mutational type across the 
cumulative fraction of samples revealed that noncoding (D- loop) 
and protein- coding missense mutations were the most prevalent type 
of mtDNA mutations in individual melanomas (Fig. 1D). Conversely, 
truncation (protein coding indels and nonsense) mutations were 
notably infrequent with suppressed VAFs among the melanomas 
(Fig. 1D).

We subsequently explored the impact of mtDNA mutations by 
analyzing outcomes in samples with annotated clinical data. As ex-
pected, overall survival and progression- free survival were signifi-
cantly associated with immunotherapy response (Fig. 1E) (39). To 
assess the impact of somatic mtDNA mutations on clinical out-
comes, we followed previous analyses (5, 40) and classified samples 
based on whether they contained somatic mtDNA mutations at 0 to 
10% VAF (WT), 10 to 50% VAF, or >50% VAF (Fig. 1F). The >50% 
VAF group was further divided into samples containing truncating 
(indel or nonsense mutation) or nontruncating mutations (Fig. 1F). 
The identified truncating mutations were exclusively in complex I–
encoding genes (fig. S3). While there were differences in the anti- 
PD1 response rate among these groups, they did not rise to statistical 
significance (Fig. 1G). Further, we did not observe significant differ-
ences in overall survival or progression- free survival between these 
categories (Fig. 1H).

A flow cytometry–based protocol enables transplantation of 
mitochondrial genomes
As patient samples and patient- derived tumor grafts and cell lines 
have differing nuclear genetic backgrounds, we sought to directly 
evaluate the impact of mtDNA variants on tumorigenesis using nu-
clear isogenic melanoma lines with mtDNA mutations of known ef-
fects. Existing cybrid fusion protocols rely on both small- molecule 
and metabolic selection to eliminate unfused contaminating donor 
cells and ρ0 acceptor cells (27, 41). These limitations are due to inef-
ficiencies in both the enucleation and fusion steps and have resulted 
in most studies being performed in cancer cell lines with engineered 
or endogenous selection mechanisms. To overcome these limitations 
and render the protocol more versatile across cell lines, we integrated 
cellular compartment staining followed by flow cytometry–based 
enrichment, effectively removing the necessity for antibiotic and 
metabolic selection (Fig. 2A). Initially, the mitochondria and nuclei 
of mtDNA donor cells are stained with MitoTracker Green (MT-
Green) and Hoechst 33342. Stained donor cells are then incubated 
with cytochalasin B, an actin polymerization inhibitor, and subjected 
to a high- speed centrifugation atop a Percoll cushion, thereby gener-
ating a mixture of nuclei negative cytoplasts and whole cells (42) 
(Fig. 2B). Enucleated cytoplasts, identified as the Hoechst−,MTGreen+ 
population, are enriched through flow cytometry (Fig. 2C). These 
enriched cytoplasts are subsequently fused with ρ0 cells that have 
been prestained with the nuclear dye SYTO59 (Fig. 2A). Last, fused 
cybrid cells, identified as the SYTO59+,MTGreen+,Hoechst− popu-
lation, are enriched by flow cytometry (Fig. 2D).
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We implemented this protocol to transplant mitochondrial ge-
nomes into the A375 human melanoma cell line, enabling a systematic 
investigation of the impact of mtDNA variants on tumor growth and 
progression (Fig. 3A). We first generated mtDNA- depleted A375 cells 
by treating with dideoxycytidine (ddC), an irreversible inhibitor of 
mtDNA replication (43). Following a 2- week treatment with 5 or 10 μM 
ddC, we established multiple A375 ρ0 clones in which mtDNA was 
reduced to undetectable levels (fig. S4A). While the parental line dem-
onstrated functional mitochondrial oxygen consumption, clones from 
both ddC treatment concentrations exhibited no mitochondrial oxy-
gen consumption (fig. S4, B and C). Clones treated with 5 μM ddC 
were selected as the ρ0 recipient line and used to generate a panel of 
A375 homoplasmic cybrids (VAF = 1). These cybrids carried either WT 
mtDNA (with no pathogenic variants) or pathogenic (partial or com-
plete loss of function) variants associated with human disease (Table 1). 
We established and validated multiple independently created lines for 

each cybrid model, ensuring the retention of the A375 nuclear genome 
(through short tandem repeat analysis) and successful transplantation 
of the mtDNA genome by Sanger sequencing (fig. S5, A to C). To pre-
cisely verify homoplasmic allelic frequency for the partial loss of oxida-
tive mitochondrial function lines, ATP6 and ND1, we used digital 
droplet polymerase chain reaction (ddPCR) (Fig. 3, B and C, and fig. 
S5, D to I). The pathologic deletion in the complete loss of oxidative 
mitochondrial function model, CO1, involves a frameshift within a 
homopolymeric region, preventing quantitative ddPCR analysis. How-
ever, Western blot analysis revealed a loss of MT- CO1 protein expres-
sion, while expression of another mtDNA- encoded protein, MT- ATP8, 
remained intact (Fig. 3D).

All cybrid lines displayed a restoration of mitochondrial genome 
content relative to the A375 ρ0 clone, albeit at levels lower than the 
parental line (Fig. 3E). The mitochondrial mass (based on MTGreen 
staining) of the cybrid lines was generally elevated relative to the 

A B C

E

D

F G

H

0 1 2 3 4 5 >6
Number of somatic mtDNA variants

0

20

40

N
um

be
r o

f s
am

pl
es

0.00

0.25

0.50

0.75

1.00 (VAF)
RNR1

RNR2

ND1

ND2

COX1
COX2

ATP8
ATP6

COX3
ND3

ND4L

ND4

ND5

ND6

CYTB
D-Loop

n = 40 17 11 53 7 9 8

D-lo
op

rR
NA

tR
NA cI cII

I
cIV cV

0.0

0.2

0.4

0.6

0.8

1.0

So
m

at
ic

 m
ut

at
io

n 
VA

F

70 80 90 100
Cumulative percentage of samples (n = 128)

0.00

0.25

0.50

0.75

1.00

M
ax

im
um

 s
om

at
ic

 V
A

F

D-loop
rRNA + tRNA, P = 0.081
Protein coding - silent, P = 0.015
Protein coding - missense, P = 0.62
Protein coding - truncating, P < 0.0001

0 500 1000 1500 2000
0

25

50

75

100

Pr
ob

ab
ili

ty
 o

f
ov

er
al

l s
ur

vi
va

l

Responded (n = 35)
Progressed (n = 80)

P
<

 0
.0

00
1

0

25

50

75

100

Days

Pr
ob

ab
ili

ty
 o

f
pr

og
re

ss
io

n-
fr

ee
 s

ur
vi

va
l

P
<

 0
.0

00
1

WT

47%

10-50% VAF

18%

>50% VAF 
nontruncating

30%

>50% VAF
truncating

4%

0 500 1000 1500 2000
0

25

50

75

100

Days

ns

Pr
ob

ab
ili

ty
 o

f
pr

og
re

ss
io

n 
fr

ee
 s

ur
vi

va
l 0 500 1000 1500 2000

0

25

50

75

100

ns

>50% VAF truncating (n = 5)

WT (n = 54)
10-50% VAF (n = 21)
>50% VAF nontruncating (n = 35)

Pr
ob

ab
ili

ty
 o

f
ov

er
al

l s
ur

vi
va

l

W
T

10-50% VAF

>50% VAF 

nontru
nca

tin
g

>50% VAF 

tru
nca

tin
g

0

20

40

Re
sp

on
se

 ra
te

 (%
)

14
/5

4

6/
21

15
/3

5

0/5

P 
= 

0.
15

0 500 1000 1500 2000
P 

= 
0.

45

P 
> 

0.
99

Fig. 1. Somatic mtDNA variants commonly arise in late- stage melanomas. (A) circos plot presenting all somatic mtdNA mutations identified within the melanoma 
cohort (n = 128 samples). the radial depth of the circos plot, extending from the center to the outer edge, reflects the variant allelic frequency (vAF) of each somatic 
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mtdNA status group. (H) Kaplan- Meier plot for overall survival among nonresponders to anti- Pd1 therapy across samples with different mtdNA statuses. the number of 
samples (biological replicates) analyzed per group is indicated. Statistical significance was assessed using Mann- Whitney U test (d), Mantel- cox (log- rank) [(e) and (h)] or 
χ2 test (G).
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Fig. 2. A flow- cytometry protocol to transplant mitochondrial genomes. (A) illustration of the cellular fractionation and staining used during generation of A375 cy-
brids. donor mtdNA lines were stained with Mitotracker Green (MtG) and hoechst before cytoplast generation. cytoplasts were generated, enriched via flow cytometry, 
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levels are shown as loading control. (E) Mitochondrial genome (mtdNA)–to–nuclear genome (ndNA) ratios in the indicated homoplasmic cybrid lines. n.d., not detected. 
P values reflect comparisons with the A375 parental line. (F) Mitochondrial mass as assessed by flow cytometric analysis of MtGreen staining in the indicated homoplas-
mic cybrid lines. P values reflect comparisons with the A375 parental line. MFi, mean fluorescence intensity. (G) Mitochondrial oxygen consumption rates (Mito- OcR) in 
indicated homoplasmic cybrid lines. P values reflect comparisons with the A375 parental line. (H) A375 cybrid in vitro growth rates in culture conditions deplete of pyru-
vate and/or uridine. P values reflect comparisons with complete media condition (+pyruvate and +uridine) at the 48- hour time point. ns, not significant. the number of 
samples (biological replicates) analyzed per group is indicated. data are mean [(B) and (c)], mean ± SeM [(e), (F), and (h)], and median ± interquartile range (G). Statistical 
significance was assessed using one- way ANOvA with dunn’s multiple comparison adjustment (d), nested one- way ANOvA with dunn’s multiple comparison adjustment 
[(F) and (G)], and two- way ANOvA with dunn’s multiple comparison adjustment (h).

Table 1. Origin of cybrid donor mtDNA. 

Cybrid ETC complex NT change (AA change) Oxidative activity Origin of mtDNA

 WT – – Full activity verified healthy donor

 ATP6 v m.8993 t>G (l156R) Partial mtdNA disease maternally inherited leigh syndrome and 
neuropathy ataxia and retinitis pigmentosa

 ND1 i m.3460G>A (A52t) Partial mtdNA disease leber hereditary optic neuropathy

 CO1 iv m.6692del (truncation) Absent Melanoma patient–derived xenograft
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parental line (Fig. 3F). The influence of the mitochondrial genome on 
oxygen consumption reflected the anticipated functional consequenc-
es of the respective pathogenic mtDNA alleles (44, 45). Specifically, 
the mitochondrial oxygen consumption rate was unchanged be-
tween the parental line and the WT cybrids, partially reduced in the 
ATP6 and ND1 cybrids, and completely ablated in the CO1 cybrids 
(Fig. 3G). Consistent with these changes, the in vitro growth rates of 
WT, ATP6, and ND1 cybrids were independent of pyruvate or uri-
dine supplementation, while the CO1 cybrids growth required pyru-
vate but not uridine supplementation (Fig. 3H).

Tumor growth is sustained in mtDNA dysfunctional cybrids
We subcutaneously xenografted each A375 cybrid line into the hind 
flank of immunocompromised NOD.CB17- Prkdcscid Il2rgtm1Wjl/SzJ 
(NSG) mice and monitored tumor growth over time (Fig. 4A). De-
spite variations in electron transport chain (ETC) capacity, all cybrid 
lines reliably established tumors at either 100 or 10,000 cell injec-
tions (Fig. 4, B and C). Upon tumor harvesting, we confirmed the in 
vivo stability of the homoplasmic pathogenic mtDNA variants (fig. S5, 
J to L). Observed growth rates among the subcutaneous cybrid 
tumors were heterogeneous, with a general reduction in comparison 
to the parental line—an effect further accentuated in the lines with 
mtDNA dysfunction (Fig. 4C). Assessment of Ki67 staining across 
the tumors revealed comparable levels of proliferation among the 
cybrid lines (Fig. 4D and fig. S6, A to D). Histological analysis indi-
cated substantial areas of tumor necrosis within the WT, ND1, and 
ATP6 cybrid tumors (Fig. 4, E and F, and fig. S6E). Conversely, the 
CO1 tumors exhibited decreased tumor necrosis and an increased 
prevalence of disorganized, or discohesive, regions (Fig. 4, E and F, 
and fig. S6, E to G).

We assessed hypoxic regions by pimonidazole staining, which re-
vealed that WT, ATP6, and ND1 tumors contained comparable lev-
els of hypoxia (Fig. 4, G and H). In contrast, no detectable hypoxic 
regions were observed in CO1 tumors (Fig. 4, G and H). We failed 
to find significant differences in mitochondrial biomass, assessed by 
measuring mitochondrial protein expression (TOMM20 on the out-
er membrane and HSP60 in the matrix), and mitochondrial genome 
content among the cybrid tumors (Fig. 4, I and J), indicating a lack 
of oncocytic transformation.

Collectively, these pathogenic mtDNA variants did not preclude the 
growth of subcutaneous melanoma xenografts, as evidenced by 100% 
of implants forming tumors, but generally reduced tumor growth rates 
and affected histological features. To determine whether the molecular 
and metabolic features of the tumor are affected by mtDNA variants, 
we transcriptionally and metabolically profiled subcutaneous tumors 
(data S3 to S7). Hierarchical clustering of differentially expressed genes 
separated transcriptomes of CO1 tumors from those of WT, ATP6, 
and ND1 tumors (fig. S7A). Gene set enrichment analysis (GSEA) re-
vealed no significant pathway enrichments between WT and ATP6 
tumors (fig. S7B and data S5). A number of hallmark pathways were 
enriched among differentially expressed genes in ND1 and CO1 tu-
mors relative to WT tumors (fig. S7B and data S5), including hypoxia- 
related genes that were repressed in CO1 tumors (fig. S7C). Of note, no 
differential enrichment was identified in the hallmark epithelial- to- 
mesenchymal transition (EMT) gene set between the WT and mutant 
cybrid tumors (fig. S7, D to F). Partial least squares discriminant analy-
sis (PLS- DA) of metabolomics profiles also separated CO1 tumors 
from WT, ATP6, and ND1 tumors (fig. S7G and data S6), and the 

abundance of a number of metabolites was altered in CO1 tumors 
(fig. S7H and data S7).

Pathogenic mtDNA variants suppress 
spontaneous metastasis
The xenografted A375 cybrid and parental lines were engineered to 
express luciferase, enabling quantitation of spontaneous metastatic 
disease burden via bioluminescence imaging of organs. Specifically, 
the total spontaneous metastatic burden, as measured by biolumi-
nescence of dissected organs, was analyzed when primary subcuta-
neous tumors attained a size of 20 to 25 mm in diameter (Fig. 5A). 
Both the WT and ATP6 cybrid tumors exhibited spontaneous me-
tastasis at levels comparable to the parental line (Fig. 5, B and C). In 
contrast, the ND1 cybrid tumors exhibited a substantial decrease in 
spontaneous metastatic burden, and no metastasis was detected 
from the CO1 cybrid tumors (Fig. 5, B and C). Correspondingly, 
there was a substantial reduction in the frequency of circulating 
melanoma cells in the blood of all mtDNA mutant cybrid lines 
(Fig. 5D and fig. S8, A and B).

These results indicate that pathogenic mtDNA mutations are well 
tolerated for primary growth of A375 xenografted tumors but sup-
press metastatic behavior. To extend these findings, we first investi-
gated the impact of the CO1 mutation in an independent human 
melanoma cell line (MeWo). After the creation of MeWo ρ0 lines 
with ddC treatment, we generated and validated MeWo WT and 
CO1 cybrids using FACS (fluorescence- activated cell sorting)–based 
enrichment as described above (fig. S9, A and B). Both WT and CO1 
cybrids reliably established tumors after transplantation in NSG mice, 
with growth rates suppressed in the CO1 cybrids (fig. S9C). Histo-
logical analysis revealed decreased necrotic regions (fig. S9D), similar 
to our observations in the A375 background (Fig. 3F). We readily ob-
served metastatic nodules in the livers of mice with WT MeWO tumors, 
which were suppressed in organs from mice bearing CO1 MeWo tu-
mors (fig. S9E).

We next investigated whether pharmacologic inhibition of mito-
chondrial ETC function in a tumor with functional mtDNA could 
suppress the emergence of circulating melanoma cells in the blood. 
Mice bearing advanced- stage melanoma patient–derived xenograft 
(PDX) UT10 (46, 47) tumors were subjected to an acute 5- day oral 
gavage of either IACS- 010759 [10 mg/kg; an established bioavailable 
complex I inhibitor (48)] or 0.5% methylcellulose vehicle control 
(Fig. 5E). The short- term IACS- 010759 treatment did not induce 
changes in primary tumor size or organ metastatic burden (Fig. 5, F 
to H). However, IACS- 010759 treatment led to a significant decrease 
in the number of circulating melanoma cells in the blood (Fig. 5I). 
These findings indicate that either genetic or pharmacologic impair-
ment of mitochondrial ETC activity can inhibit the appearance of 
melanoma cells in the blood.

Pathogenic mtDNA variants inhibit tumor cell motility 
and invasion
Our transcriptomic analysis from subcutaneous tumors did not iden-
tify changes in EMT- related genes (fig. S7, D to F); however, these 
results do not rule out alternative mechanisms that might limit met-
astatic properties related to motility and survival after detachment. 
Considering that the onset of anoikis may limit metastasis (49), we 
investigated whether the cybrid lines exhibited differential detach-
ment survival potentials. In line with observations of metabolic 
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perturbation induced by detachment (50–53), detached culture of 
the A375 cybrid lines increased reactive oxygen species (ROS), re-
duced glucose consumption, and reduced lactate excretion (Fig. 6, A 
to C). Relative to the WT line, these effects were exacerbated in the 
CO1 line. Despite these detachment- induced stresses, the mtDNA 
mutant cybrid lines exhibited significantly elevated cell counts 

following 24 hours of detached culture relative to the WT line 
(Fig. 6D). Detachment resulted in only marginal reductions in via-
bility and minimal increases in apoptosis for all cybrid lines (Fig. 6, 
E and F). To directly investigate metastatic seeding from the blood-
stream, we injected 1000 cells of each A375 cybrid line into the tail 
vein of NSG mice (Fig. 6G). Live bioluminescent imaging showed 
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Fig. 4. Functional mtDNA is dispensable for primary melanoma growth. (A) illustration of subcutaneous injection to assess primary tumors of homoplasmic cybrid lines. 
(B) Frequency of tumor formation for indicated injection counts across homoplasmic cybrid lines. (C) tumor growth rate of indicated cybrid lines following 10,000 cell sub-
cutaneous injection. homoplasmic growth data (black circle) are repeated as a reference in all panels. P values reflect comparison with the wild- type (Wt) group. (D) Quan-
titation of the percentage of Ki67+ nuclei across subcutaneous tumors. P values reflect comparison with the Wt group. (E) Representative h&e images of subcutaneous 
tumors. Scale bars, 5000 μm. (F) Quantitation of necrotic region as a percentage of tumor cross- sectional area. P values reflect comparison with the Wt group. (G) Representa-
tive immunohistochemistry images for pimonidazole staining from subcutaneous tumors of the indicated mtdNA haplotype. Scale bars, 500 μm. (H) Quantitation of pimo-
nidazole positive (hypoxic) regions as a percentage of tumor cross- sectional area. P values reflect comparison with the Wt group. (I) Western blot analysis of mitochondrial 
outer membrane protein tOMM20 and matrix protein hSP60. ActB expression is shown as loading control. P values reflect comparison with the Wt group. (J) Mitochondrial 
genome content (mtdNA/ndNA) for subcutaneous tumors of the indicated mtdNA haplotype. the number of samples (biological replicates) analyzed per group is indicated. 
data are mean ± SeM [(c), (d), (F), (h), (i), and (J)]. Statistical significance was assessed using exponential growth least squares fitting on the mean values of replicates followed 
by extra sum- of- squares F test with holm- Sidak’s adjustment (c) and one- way ANOvA with dunn’s multiple comparison adjustment [(d), (F), (h), (i), and (J)].
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substantial signal in all cybrid lines, irrespective of ETC capacity 
(Fig. 6H). Further analysis of dissected organs indicated no signifi-
cant difference in the total metastatic disease burden, indicating that 
these mtDNA mutations do not inhibit the ability of melanoma cells 
to survive detachment or seed metastatic sites following direct blood-
stream injections (Fig. 6I).

We therefore hypothesized that mtDNA mutations might im-
pede metastatic entry into the blood. The migratory potential of 
cybrids was examined under various glucose concentrations that 
correspond to high (25 mM), plasma (5 mM), and tumor interstitial 
fluid (TIF) (1 mM) levels (54). Under conditions of TIF glucose 
availability, continuous oxygen consumption analysis revealed a sig-
nificant increase in the oxygen consumption for the WT, ATP6, and 
ND1 cybrid lines, indicating that TIF conditions stimulate mito-
chondrial oxidative activity (fig. S10, A and B). Notably, these differ-
ences were not a consequence of altering cellular viability (fig. S10, 
C to E). Assessment through a scratch- wound assay demonstrated 
a reduction in migration among the pathogenic mtDNA cybrid 
lines under conditions simulating TIF glucose availability (Fig. 6J 
and fig. S10, F and G). Furthermore, a significant decrease in inva-
sion, as evaluated by Boyden transwell assays, was observed in the 

pathogenic mtDNA cybrid lines under TIF conditions (Fig. 6K and 
fig. S10H). Pharmacologic inhibition of ETC function with IACS-
 010759 in the WT cybrid line mirrored the results observed in the 
mutant mtDNA cybrid lines (Fig. 6, J and K). These findings indi-
cate that these partial and complete loss- of- function mtDNA vari-
ants limit migration and invasion under low- glucose conditions 
similar to the TIF.

Selective pressure during tumor growth favors 
functional mtDNA
Although sequence analysis of human tumors has suggested that can-
cers select for WT mitochondrial genomes, our homoplasmic cybrid 
experiments demonstrate that partial or complete loss of oxidative mi-
tochondrial function mtDNA mutations do not abolish growth of sub-
cutaneous melanoma xenografts. However, these experiments did not 
address pressures that might restrict the expansion of dysfunctional 
mtDNA genomes in heteroplasmic scenarios. An advantage of our 
flow cytometry–based protocol is that it allows the generation of het-
eroplasmic cybrid lines by skipping the metabolic selection normally 
used to eliminate unfused recipient (ρ0) cells. We therefore generated 
A375 heteroplasmic cybrid clones by fusing cytoplasts derived from 
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Fig. 6. Dysfunctional mtDNA disrupts migratory potential in human melanoma. (A to D) Reactive oxygen species (A), glucose consumption (B), lactate excretion (c), 
and cell count (d) for indicated cybrid cells after 24- hour adherent and detached culture. P values indicate comparison with Wt group for each condition. MFi, mean fluo-
rescence intensity. Same color scheme throughout. (E) detached viability of indicated cybrid lines following 24 hours of culture. P values indicate comparison with the Wt 
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multiple comparison adjustment (e), nonparametric Kruskal- Wallis test with dunn’s multiple comparison adjustment (i), two- way ANOvA with dunn’s multiple compari-
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mtDNA dysfunctional donors into the homoplasmic WT cybrid line 
(Fig. 7A). Immediately following heteroplasmic cybrid fusion, the 
MT- ATP6, MT- ND1, and MT- CO1 mutant alleles presented as hetero-
plasmic with their respective WT alleles (fig. S11, A to C). However, 
the ND1 and CO1 heteroplasmic lines consistently shifted toward 
increased VAF of the WT allele, indicating that these heteroplasmic 
pathogenic alleles were not stable during clonal expansion (fig. S11, D 
and E). Notably, the MT- ATP6 mutant allele maintained heteroplasmy 
in culture, as assessed by ddPCR analysis (Fig. 7B). We chose four het-
eroplasmic ATP6/WT clones for further analysis (Fig. 7B, red arrows). 
Single- cell analysis of the MT- ATP6 (m.8993 T>G) heteroplasmic 
frequencies in individual clones demonstrated that these clonal lines 
contained a distribution of single cells with allelic frequencies cen-
tered around the calculated allelic frequencies from bulk analysis 
(Fig. 7C). We noted that the cybrid lines with a higher m.8993 
T>G frequency (~50%, clone 1 and clone 2) exhibited a lower oxygen 
consumption rate than clones with lower allelic frequency (~30%, 
clone 3 and clone 4) (Fig. 7D).

These four heteroplasmic ATP6/WT clones, two at ~50% m.8993 
T>G VAF and two at ~30% m.8993 T>G VAF, were used for concur-
rent passage in culture and subcutaneous xenografting (Fig. 7E). After 
subcutaneous xenograft of 100 cells, all clones reached maximal tumor 
size in ~40 days (Fig. 7F). In culture, there were minimal shifts in the 
single- cell allelic frequency in these four clones and changes in hetero-
plasmy were not associated with pyruvate availability (Fig. 7G and 
fig. S11F). In contrast, we observed that subcutaneous tumors consis-
tently shifted toward increased VAF of the WT allele (Fig. 7H). We 
observed similar results following subcutaneous injection of 10,000 cells 
per mouse (fig. S12, A to E). Further, intravenous injection of hetero-
plasmic cell lines also shifted toward the WT allele in metastatic nodules 
of visceral organs (Fig. 7, I to M). Therefore, A375 melanoma growth 
exhibits selection for WT mitochondrial genomes when implanted in 
mice, irrespective of growth in subcutaneous or visceral space.

DISCUSSION
We identified that isogenic melanoma cybrids transplanted with dys-
functional mitochondrial genomes are capable of sustaining tumor pro-
liferation. The ND1 and CO1 mutant mtDNA cybrid lines displayed a 
reduction in spontaneous metastatic dissemination and all dysfunc-
tional cybrid lines exhibited a reduction in circulating melanoma cells 
in the blood. Correspondingly, short- term treatment of severe meta-
static disease with IACS- 010759 ablated the abundance of melanoma 
cells within the blood of melanoma PDX UT10. In contrast, when 
mtDNA mutant cybrid lines were delivered through direct intravenous 
injections, bypassing the process of metastatic circulation entry, they 
resulted in uniform metastatic seeding regardless of mtDNA muta-
tional status. These results suggest that ETC dysfunctional subcutane-
ous tumors fail to disseminate in the blood. Moreover, mutant mtDNA 
cybrid lines exhibited decreased migration and invasion, particularly at 
the low glucose availabilities similar to the TIF. Therefore, we propose 
that limited circulation entry functions as a metastatic bottleneck 
amidst mtDNA dysfunction.

Genomic sequencing analyses of human tumors have revealed that 
a small number of tumor types (colorectal/renal/thyroid) exhibit 
enrichment for loss- of- function mtDNA mutations (5–9). These 
tumors can exhibit a notable proliferation of mitochondria, resulting 
in an oncocytic appearance (10). However, we found that dysfunc-
tional mitochondrial genomes were not sufficient to impart oncocytic 

features in human melanoma, suggesting that tissue specificity and/
or alternative alterations drive oncocytoma mitochondrial pheno-
types. Further, analysis from pan- cancer mtDNA sequencing stud-
ies have suggested that human tumors select against dysfunctional 
mitochondrial genomes, and here, our results provide the first direct 
experimental verification of this selective pressure. Inherited mito-
chondrial diseases often manifest in a state of heteroplasmy; thus, 
insights into the mechanisms that drive tumor selection for functional 
mtDNA could potentially unveil innovative treatment strategies for 
mitochondrial disease.

Before this report, the impact of complete loss of mitochondrial 
oxidative phosphorylation on tumorigenesis has made use of ρ0 cells, 
or cells with nuclear deficiencies in complex III genes (55–57). These 
previous results have indicated that complex III of the mitochondrial 
ETC is required for tumor growth. We find that complete loss of com-
plex IV function can be compatible with melanoma tumor growth. 
The m.6692del mutation in MT- CO1 in this paper was derived from a 
human melanoma PDX model (M405) (45) and has also been reported 
in human colonic crypts (58, 59), myopathy (60), peripheral blood of 
a patient with breast cancer (61), and within the PCAWG/TCGA da-
taset for the following cancer types: bone, breast cancer, prostatic 
adenocarcinoma, esophageal adenocarcinoma, renal cell carcinoma, 
glioma, hepatobiliary cancer, and non–small cell lung cancer (5, 6). 
We previously reported metabolic tracing in the m.6692del M405 PDX 
model and demonstrated a lack of TCA cycle metabolic activity, as well 
as minimal metabolic perturbations by treatment with IACS- 010759 
(45). Here, we build on the effects of m.6692del mutation and demon-
strate that these tumors histologically do not present regions of tumor 
necrosis or hypoxia, yet exhibit a high proportion of discohesive re-
gions. These results indicate that mitochondrial respiration can con-
tribute to tumor necrotic processes, and future studies expanding to 
more cancer types will be needed to establish the relationship be-
tween severe mtDNA impairment and necrosis.

Our heteroplasmic and homoplasmic cybrids robustly establish 
tumors and, following tail vein injections, proliferate within visceral 
organs, which confirms that melanomas can tolerate mtDNA muta-
tions. The negative impact of mtDNA mutations on melanoma me-
tastasis contrasts with cybrid studies in other types of cancer, which 
suggest that mtDNA mutations enhance tumor aggressiveness, po-
tentially via increases in ROS (22, 26, 62–64). In melanomas, elevated 
ROS levels have been shown to inhibit metastatic behavior in mice 
(46, 65). Ultimately, these differences may be the result of unique cell- 
intrinsic factors that modulate the oncogenic response to ROS levels.

Last, the analyzed partial loss of oxidative mitochondrial func-
tion cybrid lines, ATP6 and ND1, were derived from well- characterized 
human mitochondrial diseases. The influence of mitochondrial dis-
ease on cancer progression is largely uncharacterized, but will grow 
in importance as patient survival improves. Within the scope of the 
studied alleles and cell lines, these findings suggest that mitochon-
drial disease may not preclude melanoma development but rather 
attenuate its severity. We note that our findings are currently limited 
to the specific cell lines tested, and the impact of mtDNA mutations 
may be dependent not only on the tumor type studied here, but also 
on the specific oncogenic driver mutations present in these lines. 
Our flow cytometry–based technique allows cybrid creation of both 
homoplasmic and heteroplasmic cancer cell lines without the need 
for engineered or endogenous selection protocols, and will enable 
similar studies in other cell lines and cancer types to investigate the 
generality of these results.
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Fig. 7. Purifying mtDNA selection is a feature of melanoma growth. (A) Overview of the AtP6/Wt heteroplasmic cybrid generation. (B) Bulk ddPcR analysis of m.8993 
t>G heteroplasmic frequency for AtP6/Wt cybrids after clonal line establishment. data from technical replicates are provided. clones 1 to 4 selected for experiments are 
indicated with red arrows. (C) Single- cell ddPcR (sc- ddPcR) analysis of m.8993 t>G heteroplasmy for selected AtP6/Wt cybrid clones. (D) Mitochondrial oxygen consump-
tion rate of AtP6/Wt heteroplasmic clones. (E) illustration of heteroplasmic selection experiment. initial cells were passaged for extended in vitro culture or xenografted 
for subcutaneous tumors in NSG mice. (F) Subcutaneous tumor diameter over time after xenograft of 100 cells from heteroplasmic AtP6/Wt clones. (G) Single- cell ddPcR 
analysis of m.8993 t>G heteroplasmy for AtP6/Wt heteroplasmic clones at passage 5 (p5) and passage 10 (p10) of in vitro culture. three replicates were independently 
passaged and analyzed for each clone. (H) Single- cell ddPcR analysis of m.8993 t>G heteroplasmy for AtP6/Wt heteroplasmic clones of subcutaneous xenograft of 100 
cells following tumor growth. (I) illustration of heteroplasmic selection assay following tail vein intravenous injection of AtP6/Wt heteroplasmic clones. (J) Biolumines-
cence imaging of live mice following intravenous injection of 1000 cybrid cells. Scale bars, 50 mm. (K) Quantification of organ bioluminescence total flux following intra-
venous injections. (L and M) Single- cell ddPcR analysis of m.8993 t>G heteroplasmy for AtP6/Wt heteroplasmic clones’ tumor nodules following intravenous injection. 
P values reflect comparisons with the initial passage. the number of samples (biological replicates, unless otherwise indicated) analyzed per group is indicated. data are 
mean ± SeM [(B) and (F)] and median ± interquartile range [(c), (d), (G), (h), (K), and (l)]. Statistical significance was assessed by one- way ANOvA with tukey’s multiple 
comparison adjustment (d). Nested one- way ANOvA with dunn’s multiple comparison adjustment [(G) and (h)], one- way ANOvA with dunn’s multiple comparison adjust-
ment (l), and nonparametric Kruskal- Wallis test with dunn’s multiple comparison adjustment (M).
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MATERIALS AND METHODS
Melanoma and normal tissue mtDNA sequencing 
and analysis
Clinically annotated late- stage human melanoma whole exome sequenc-
ing data from Liu et al. (39) were analyzed to detect mtDNA mutations. 
These data were previously acquired with informed consent proce-
dures approved by the central Ethics Committee of the University Hos-
pital Essen (12- 5152- BO and 11- 4715). The sequencing analysis used 
an in- house pipeline as previously described (66). Briefly, sequencing 
reads were checked for quality using FastQC 0.11.8 and trimmed and 
filtered using TrimGalore 0.6.4 to maintain a quality threshold above 
Q30. These processed reads were then aligned to the Homo sapiens mi-
tochondrial genome (GRCh38) using MapSplice2 2.2.1. After map-
ping, paired- end reads were further quality filtered using SAMtools 
1.9.0. Bam- readcount 0.8.0 was used to assess per- base sequencing 
depth and to identify point mutations in the quality- filtered mapped 
reads. Only samples with ≥90% of the mitochondrial genome having a 
read depth ≥5 in both the normal and tumor sequences were used to 
call somatic mtDNA mutations. To reduce false- positive results, vari-
ant calling (both substitutions and indels) required detection on both 
the heavy and light strands, with a minimum of four total supporting 
reads and an allelic frequency ≥5%. For the identification of somatic 
tumor mutations, corresponding normal samples were analyzed for 
suspected variants with a lowered detection threshold of one support-
ing read at any allelic frequency. Consequently, somatic tumor variants 
were confirmed only in the absence of any evidence of these variants in 
the healthy tissue.

Experimental models
Immortalized human melanoma cell line A375 (CRL- 1619) and MeWo 
(HTB- 65) were obtained from the American Type Culture Collection 
(ATCC). Melanoma PDX model UT10 was obtained with informed 
consent according to protocols approved by the Institutional Review 
Board (IRB) of the University of Texas Southwestern Medical Center 
(IRB approval 102010- 051). Melanoma specimens used in the manu-
script are available, either commercially or from the authors, though 
there are restrictions imposed by IRB requirements and institutional 
policy on sharing of material from patients.

Immortalized cells were maintained in complete media [Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS), 2 mM l- glutamine, 1 mM sodium pyruvate, 
100 μM uridine, and 1% penicillin/streptomycin]. For detached ex-
periments, ultralow attachment surface plates were used (Corning 
Costar Ultra- Low Attachment Microplates). All cells used in this 
study were cultivated at 37°C with 5% CO2. The PDX UT10 model 
was maintained in NOD.CB17- Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice 
(The Jackson Laboratory, RRID:IMSR_JAX:005557) (details below). 
Cell culture lines were confirmed as mycoplasma negative using the 
Universal Mycoplasma Detection Kit (ATCC 30- 1012 K). Cell lines 
were authenticated through small- tandem repeat analysis by the UT 
Southwestern McDermott Center Sequencing Core facility.

mtDNA depletion and establishment of stable ρ0 lines
Cells were cultured in complete media (DMEM supplemented with 
10% FBS, 2 mM l- glutamine, 1 mM sodium pyruvate, 100 μM uri-
dine, and 1% penicillin/streptomycin) and treated with 5 or 10 μM 
ddC as indicated. Cells were passaged every 2 days for 2 weeks, at 
which time serial dilution was used to establish single- cell colonies. 

The 5 μM clones demonstrated mtDNA depletion and were selected 
for cybrid generation (see below).

Cybrid generation
Mitochondrial donor cell lines with mtDNA mutations were previ-
ous described (44, 45). For cytoplast generation, 1 × 106 to 1 × 107 
mitochondrial donors were suspended in 1:1 Percoll (Sigma- Aldrich, 
65455- 52- 9) and cybrid generation buffer [D5030 (Sigma- Aldrich), 
25 mM glucose, 2% FBS, 2 mM l- glutamine, 1 mM sodium pyruvate, 
100 μM uridine, and 1% penicillin/streptomycin, pH 7.2–7.4] supple-
mented with cytochalasin B (10 mg/ml; Cayman Chemical Company, 
14930- 96- 2), 2000 nM MTGreen FM (Invitrogen, M7514), and 
Hoechst 33342 (40 μg/ml; Thermo Fisher Scientific, H3570). Cells 
were then subjected to 39,800g centrifugation for 70 min at 37°C. The 
resulting hazy cellular band located above the Percoll cushion was 
collected (~5 ml), diluted 10- fold with cybrid generation buffer, and 
centrifuged at 650g for 10 min at room temperature. The cytoplast 
containing pellet was resuspended in cybrid generation buffer for 
FACS isolation of cytoplasts defined as MTGreen+ and Hoechst−.

Recipient cells (either ρ0 cells for homoplasmic cybrids or WT 
cybrids for heteroplasmic cybrids) were prestained with 100 nM 
SYTO59 (Invitrogen, S11341) for 30 min in complete media at 5% 
CO2 and 37°C. Cells were washed 3× with phosphate- buffered saline 
(PBS), trypsin digested, centrifuged at 300g for 5 min at room tem-
perature, and resuspended in cybrid generation buffer. Cytoplasts 
isolated via FACS were mixed with recipient cells in a 1:1 ratio. A 
portion of the mixture (1/10 total volume) was set aside as a nonfusion 
control for FACS gating. The cell/cytoplast mixture was centrifuged 
at 300g for 5 min at room temperature and all supernatant was re-
moved. The pellet was softly resuspended and mixed with 100 μl of 
polyethylene glycol Hybri- Max [polyethylene glycol (PEG)] (Sigma- 
Aldrich, P7306) for 1 min at room temperature. Slowly and with con-
stant mixing, 37°C cybrid generation buffer (no FBS) was added at a 
rate of 100 μl the first minute, 200 μl the second minute, 300 μl the 
third minute, and so on up to the seventh minute. Next, over the course 
of 2 min, 10 ml of cybrid buffer was added to the cells and the postfu-
sion cell suspension was incubated for 10 min at 37°C. The cells were 
centrifuged at 200g for 7 min and resuspended in cybrid generation 
buffer for FACS isolation of cybrid cells. Successfully fused cybrid 
cells were defined as MTGreen+, Hoechst−, and SYTO59+. Cybrids 
were directly sorted into complete media and plated for cell culture.

Single- cell digital droplet PCR quantification of mtDNA
Single- cell digital droplet PCR analysis was performed as previously 
described (67) with the following exceptions: Single melanoma cells 
were sorted into cell lysis solution {Proteinase K (Fisher BioReagents 
Proteinase K catalog no. BP1700- 100) in 10% [v/v] NP- 40 (Thermo 
Fisher Scientific, FNN0021), 4.5% [v/v] TNES (50 mM tris, 0.4 M 
NaCl, 100 mM EDTA, and 0.5% SDS)}. Proteinase K digestion was 
performed at 50°C for 30 min, followed by inactivation at 100°C for 
10 min, then cooled to 12°C. Next, the region of interest was mini-
mally amplified through a seven- cycle PCR (Phusion High- Fidelity 
DNA Polymerase, NEB) surrounding the mtDNA regions for ddP-
CR detection. Following amplification, 15% of the limited PCR 
product was input for ddPCR probe analysis (Bio- Rad, QX100 drop-
let reader) following manufacturer instructions. ddPCR data analy-
sis was performed in QuantaSoft Analysis Pro version 1.0.596. To 
establish a standard curve, regions of mtDNA were cloned from 
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donor cell lines into p- GEM- T Easy vector (Promega, A1360). Sam-
ples were then diluted to specific concentrations and analyzed to 
evaluate probe specificity.

For detection of the m.8993 T>G mutation within the MT- 
ATP6 gene, a surrounding region was amplified using forward 
(GAAACCATCAGCCTACTCATTC) and reverse (GCTTCCAAT-
TA GGTGCATGAG) primers. Fluorescent labeled WT probe (HEX; 
AGCCCTT GGCCGTACGCC) and mutant probe (FAM; AGCCC-
GGGCCGTACGC) were used for the detection of each variant.

For detection of the m.3460 G>A mutation within the MT- ND1 
gene, a surrounding region was amplified using forward (CAACGT-
TGTAGGCCCCTAC) and reverse (GAGGGTGATGGTAGATGTGG) 
primers. Fluorescent labeled WT probe (HEX; TGGCGTCAGC-
GAAGGG) and mutant probe (FAM; TGGTGTCAGCGAAGGG-
TTG) were used for the detection of each variant.

Quantitative PCR for mtDNA/nDNA
For DNA extraction, cells were lysed by digestion with proteinase K 
(Fisher BioReagents Proteinase K catalog no. BP1700- 100) in diges-
tion buffer (20 mM tris, 100 mM NaCl, 0.5% SDS, and 10 mM EDTA, 
pH 7.6) at 44°C overnight. After digestion, the samples were supple-
mented with additional NaCl to reach a final concentration of 2 mM, 
enhancing DNA extraction yield. Cellular debris was pelleted via 
centrifugation at 14,000g for 10 min. Total DNA was isolated from 
the supernatant via phenol- chloroform extraction and ethanol pre-
cipitation as previously described (68, 69). For mtDNA/nDNA mea-
surements, 3 ng of total DNA was input, and samples were analyzed 
with iTAQ Universal SYBR Green Supermix (Bio- Rad, no. 1725120). 
Quantitative PCR analysis was used to determine the levels of mtD-
NA (targeting regions 7773 to 7929) and the nuclear genome for his-
tone H4c, as previously described (70). The following primers were 
used for detection of mtDNA (forward primer: CCGTCTGAAC-
TATCCTGCCC; reverse primer: GCCGTAGTCGGTGTACTCGT) 
and nuclear DNA (nDNA) (forward primer: GGGATAACATC-
CAGGGCATT; reverse primer: CCCTGACGTTTTAGGGCATA).

Extracellular flux assay
Cells were seeded in Seahorse XFe96 cell culture plates overnight in 
complete growth media. The next day, cells were washed twice with 200 μl 
of assay medium [DMEM (5030, Sigma- Aldrich) supplemented with 
10 mM glucose, 2 mM l- glutamine, 1 mM sodium pyruvate, and 1% 
penicillin/streptomycin]. Subsequently, 150 μl of the assay medium was 
added to each well. The cells were then placed in a 37°C, CO2- free in-
cubator for 1 hour. Oxygen consumption measurements were con-
ducted on a Seahorse XFe96 instrument, using a 3- min mix and a 
3- min measure cycle. Three measurements were recorded at baseline 
and after injecting each compound. Inhibitors were sequentially ad-
ministered at the specified final concentrations: 2 μM oligomycin, 
3 μM CCCP (carbonyl cyanide m- chlorophenyl hydrazone), and 3 μM 
antimycin A. Data collection and analysis were performed using 
WAVE software (v.2.4.1.1). Upon completion of the experiment, cells 
were fixed with formalin and stained with DAPI (4′,6- diamidino- 2- p
henylindole), and cell counts per well were determined using a Celigo 
imaging cytometer (Nexcelom Bioscience, 5.1.0.0). Mitochondrial 
OCR (oxygen consumption rate) was calculated as follows: basal (pre- 
oligomycin) OCR − baseline (post- antimycin) OCR. Negative Mito- 
OCR values were replaced with zero. OCR values were normalized 
based on cell count per well.

Analysis of mitochondrial mass
To assess intracellular mitochondrial mass, adherent cells were 
washed with PBS and incubated for 30 min at 5% CO2 and 37°C in 
staining medium with 20 nM MTGreen FM (Thermo Fisher Scien-
tific, M7514). Cells were then washed with staining medium and 
resuspended in DAPI (1 μg/ml; Sigma- Aldrich) to eliminate dead 
cells from sorts and analyses. Cells were examined on a FACS Fu-
sion Cell Sorter (Becton Dickinson).

Mouse studies and xenograft assays
All mouse experiments complied with all relevant ethical regulations and 
were performed according to protocols approved by the Institutional 
Animal Care and Use Committee at the University of Texas Southwestern 
Medical Center (protocol 2016- 101360). For transplantation, cell culture 
lines were trypsin (T4049, Sigma- Aldrich) digested for 5 min at 37°C to 
dissociate from adherent cultures followed by room temperature cen-
trifugation at 200g for 3 min. Cells were resuspended, at the desired cell 
count for injection, in staining media [L15 medium containing bo-
vine serum albumin (1 mg/ml), 1% penicillin/streptomycin, and 
10 mM Hepes, pH 7.4] with 25% high- protein Matrigel (354248; BD 
Biosciences). PDX single- cell suspensions were obtained by mechanical 
dissociation (12- 141- 363, Thermo Fisher Scientific) on ice followed by en-
zymatic digestion in collagenase IV (200 U/ml; Worthington), DNase 
(50 U/ml), and 5 mM CaCl2 for 20 min at 37°C. Cells were filtered through 
a 40- μm cell strainer to remove clumps, pelleted at 200g for 5 min at 4°C, 
and resuspended in staining media. Subcutaneous injections were per-
formed in the right flank of NSG mice in a final volume of 50 μl. Esti-
mated three- dimensional subcutaneous tumor volume was calculated 
using the formula: [length 1 × (length 22)]/2. Four to eight- week- old 
male and female NSG mice were transplanted with 100 or 10,000 mela-
noma cells subcutaneously as indicated. Intravenous injections were 
done via tail vein injection into NSG mice with 1000 melanoma cells in 
100 μl of staining media. Mouse cages were randomized between treat-
ments (mice within the same cage received the same treatment). Subcu-
taneous tumor diameters were measured weekly with calipers until any 
tumor in the mouse cage reached 2.5 cm in its largest diameter, in agree-
ment with the approved animal protocol. At that point, all mice in the 
cage were euthanized and spontaneous metastasis was evaluated by 
gross inspection of visceral organs for macrometastases and biolu-
minescence imaging of visceral organs to quantify metastatic disease 
burden (see details below).

For short- term treatment with IACS- 010759 (Chemietek), when 
subcutaneous tumors reached greater than 2.0 cm in diameter, the 
mice were administered IACS- 010759 or control solution by oral ga-
vage daily for 5 days [10 mg/kg body mass in 100 μl of 0.5% methyl-
cellulose and 4% dimethyl sulfoxide (DMSO), adapted from (45, 48)]. 
On the fifth day and 2 hours following final oral gavage administra-
tion, mice were euthanized and spontaneous metastasis was evaluated.

Bioluminescence imaging
Metastatic disease burden was monitored using bioluminescence 
imaging [all melanomas were tagged with a bicistronic lentiviral 
(FUW lentiviral expression construct) carrying dsRed2 and luciferase 
(dsRed2- P2A- Luc)]. Five minutes before performing luminescence 
imaging, mice were injected intraperitoneally with 100 μl of PBS con-
taining d- luciferin monopotassium salt (40 mg/ml) (Biosynth) and 
mice were anesthetized with isoflurane 2 min before imaging. All mice 
were imaged using an IVIS Imaging System 200 Series (Caliper Life 
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Sciences) with Living Image software. Upon completion of whole- 
body imaging, mice were euthanized and individual organs were surgi-
cally removed and imaged. The exposure time ranged from 10 to 60 s, 
depending on the maximum signal intensity. To measure the back-
ground luminescence, a negative control mouse not transplanted with 
melanoma cells was imaged. The bioluminescence signal (total pho-
ton flux) was quantified with “region of interest” measurement tools 
in Living Image (PerkinElmer) software. Metastatic disease burden 
was calculated as observed total photon flux across all organs in xeno-
grafted mice.

Cell labeling and flow cytometry for circulating 
melanoma cells
For analysis of circulating melanoma cells, blood was collected from mice 
by cardiac puncture with a syringe pretreated with citrate- dextrose 
solution (Sigma- Aldrich) when subcutaneous tumors reached greater 
than 2.0 cm in diameter. Red blood cells were sedimented using Ficoll, 
according to the manufacturer’s instructions (Ficoll Paque Plus, GE 
Healthcare). The remaining cells were washed with Hanks’ balanced 
salt solution (Invitrogen) before antibody staining and flow cytometry. 
Melanoma cells were identified via flow cytometry as previously de-
scribed (46, 47). All antibody staining was performed on ice for 20 min. 
Cells were stained with directly conjugated antibodies against mouse 
CD45 (violetFluor 450, eBiosciences), mouse CD31 (390- eFluor450, 
BioLegend), mouse Ter119 (eFluor450, eBiosciences), and human leu-
kocyte antigen (HLA)- A, B, C (G46- 2.6- FITC, BD Biosciences). Cells 
were washed with staining medium and resuspended in staining me-
dia supplemented with DAPI (1 μg/ml; Sigma- Aldrich) to eliminate 
dead cells from analyses. Human melanoma cells were isolated as 
events positive for HLA and negative for mouse endothelial and hema-
topoietic markers.

Continuous oxygen consumption assay
Thirty- thousand cells were seeded in each well of a 96- well plate in 
complete growth media and cultured overnight to form a monolayer. 
The next day, cells were washed twice with PBS and replaced with 
DMEM (5030, Sigma- Aldrich) supplemented with 1 or 25 mM glu-
cose, 2 mM l- glutamine, and 1% penicillin/streptomycin. Continuous 
oxygen consumption was monitored for 6 hours with a Resipher in-
strument (Lucid Technologies Inc.) and analyzed with Lucid Labs Soft-
ware. OCR values were normalized based on final cell count per well.

Histology
Tumors were dissected, fixed in 10% neutral buffered formalin for 
48 hours, and paraffin embedded. For pimonidazole staining, 3 hours 
before collection, mice received an intraperitoneal injection of pimo-
nidazole (60 mg/kg) dissolved in saline. For pimonidazole detection, 
4.3.11.3 mouse FITC- Mab (Hypoxiaprobe, 1:100) was used in com-
bination with mouse on mouse blocking immunoglobulin G (IgG) 
reagent (Vector, MKB- 2213- 1). The following antibodies were used 
for Ki67 staining: Ki67 (ab15580, Abcam, 1:100, RRID:AB_443209) 
and anti- rabbit IgG- biotin conjugated (Vector Laboratories, BA- 
1000- 1.5, 1:500, RRID:AB_2313606). Five- micrometer serial sec-
tions were used for hematoxylin and eosin (H&E) staining, Ki67 
staining, and pimonidazole staining. Slides were scanned at 40× us-
ing a Nanozoomer 2.0HT (Hamamatsu) at the UTSW Whole Brain 
Microscopy Facility. QuPath (71) was used to quantify all histologi-
cal sections. Quantification of H&E structural regions was performed 
through training the QuPath pixel detection tool on annotated 

regions. Ki67- stained nuclei were detected using the Positive Cell 
Detection tool in QuPath. Pimonidazole- positive regions were de-
tected by applying a threshold in ImageJ (72).

RNA sequencing analysis
RNA isolation was carried out using the RNEasy Kit in accordance 
with the manufacturer’s guidelines (Qiagen, Germany). To assess the 
concentration and quality of RNA, Qubit (Invitrogen, Waltham, MA, 
USA) and Agilent Bioanalyzer RNA nano chips (Agilent, Santa Clara, 
CA, USA) were used. Subsequent to this, library preparation was con-
ducted using Lexogen’s QuantSeq 3′ mRNA- seq Library Prep Kit 
FWD, and sequencing took place on a NextSeq2000 (Illumina, San 
Diego, CA, USA). The acquired sequences underwent trimming us-
ing TrimGalore (v.0.6.0 DOI:10.14806/ej.17.1.200) and alignment 
with HISAT2 (73) to the GRCh38 reference genome. DESeq2 v1.42.0 R 
package (74) was used to identify differentially expressed genes across 
the four experimental conditions (WT, ATP6, ND1, and CO1). Raw 
read counts were normalized, and differential expression analysis was 
performed using the likelihood ratio test (LRT), with the WT condi-
tion set as the reference. Genes with adjusted P values below 0.05 
were considered significantly differentially expressed. GSEA (75, 76) 
was conducted using the fgsea v1.28.0 R package (77), with hallmark 
pathways retrieved with the msigdbr v.7.5.1 R package (DOI: 10.18129/
B9.bioc.msigdb). Log2 fold change values were ranked and analyzed 
against predefined gene sets, with pathway enrichment results filtered 
by adjusted P value (q value <0.25) to identify significant pathways.

Metabolomics analysis
Chemicals
Liquid chromatography–mass spectrometry (LC- MS) grade aceto-
nitrile and methanol were purchased from VWR International 
(Darmstadt, Germany). LC- MS grade acetic acid and ammonium 
acetate were purchased from Sigma- Aldrich (Steinheim, Germany). 
Isotopically labeled compounds, including 13C6- l- arginine hydro-
chloride (Cambridge Isotope Laboratories, Tewksbury, MA, USA), 
13C5- l- valine, 13C2- citric acid, 2H4- succinic acid (Sigma- Aldrich, 
Steinheim, Germany), and 13C6- fructose- 6- phosphate disodium salt 
hydrate (Omicron Biochemicals Inc., South Bend, USA), were used 
for correction of suspected target data. Nanosep centrifugal devices 
with omega membrane were obtained from Thermo Fisher Scien-
tific GmbH (Schwerte, Germany). Ultrapure and desalted water 
with (18.2 megohms/cm resistivity) was generated by a Sartorius 
Stedim water purification system (Sartorius, Goettingen, Germany). 
All other chemicals were purchased by a local distributor in the 
highest possible grade.
Extraction of metabolites
Metabolites were extracted by a two- step liquid extraction adapted as 
described before (78). Briefly, 10 to 25 mg of frozen tissue and 500 μl 
of prechilled methanol (−80°C) were spiked with 25 μl of internal 
standard (13C6- l- arginine, 13C5- l- valine, 13C2- citric acid, 2H4- 
succinic acid, and 13C6- fructose- 6- phosphate, each 100 μM). The 
samples were homogenized using a tissue slicer and vortexed for 
2 min. Subsequently, the samples were sonicated for 2 min in a chilled 
(0°C) ultrasonic bath followed by a freezing/thawing cycle at −80°C 
for 5 min. The thawed samples were vortexed and sonicated for 2 min 
and centrifuged at 3000g for 5 min. The supernatant was collected and 
250 μl of water acidified with 0.1% acetic acid (LC- MS grade) was 
added. The samples were vortexed and sonicated for 2 min and sub-
jected to another freezing/thawing cycle. The samples were vortexed, 

http://dx.doi.org/10.14806/ej.17.1.200
http://dx.doi.org/10.18129/B9.bioc.msigdb
http://dx.doi.org/10.18129/B9.bioc.msigdb
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sonicated for 2 min, and centrifuged at 3000g for 5 min before the 
supernatant was collected. The combined supernatants were com-
pletely dried in a vacuum centrifuge for 45 min. The dried extracts 
were resuspended in 250 μl of acetonitrile/water (60/40; v/v) by 
sonication and vortexed for 2 min. The samples were centrifuged at 
14,000 rpm for 5 min and filtered using Nanosep 3 K Omega cen-
trifugal filters. QC samples were generated by pooling 25 μl of each 
extract. All samples were analyzed in a randomized order with five 
QC samples after every eighth sample.
LC- MS analysis and quantification
Chromatography was performed using an Agilent 1290 Infinity II Bio 
LC system (Agilent Technologies Inc., Waldbronn, Germany) cou-
pled to a Thermo Orbitrap Q Exactive mass spectrometer (Thermo 
Fisher Scientific, Bremen, Germany). An AdvanceBio MS Spent 
Media column (150 × 2.1 mm, 2.7 μm; Agilent Technologies Inc., 
Waldbronn, Germany) was used for HILIC separation of the metabo-
lites. The elution gradient used water (10 mM ammonium acetate, pH 
9) as solvent A and acetonitrile/water (95/5; v/v; 10 mM ammonium 
acetate, pH 9) as solvent B, at a flow rate of 450 μl/min. The linear 
gradient was as follows: 0 min, 100% B; 0.5 min, 100% B; 6.5 min, 
50% B; 7 min, 50% B; 7.01 min, 100% B. The column temperature was 
set at 70°C, and the injection volume was 1 μl. Ionization was per-
formed in electrospray ionization negative and positive modes, and 
MS parameters were optimized for high- resolution scans (MS1) and 
data- dependent MS2. The spray voltage was 3.5 kV, with S- lens RF 
level 40, MS inlet capillary 300°C, and aux gas 350°C. The MS1 acqui-
sition was performed in a scan range from 70 to 1050 mass/charge 
ratio (m/z) at a resolution of 35,000 at m/z 200. MS parameters for 
MS1 were 1 microscan, the default charge 1, AGC target 1 × 106, max. 
IT 50 ms, and chromatographic peak width 12 s. Data- dependent 
MS2 has been used with a resolution of 17,500 at m/z 200. MS2 AGC 
and AGC target were 8 × 103 and 2 × 105, respectively and max It was 
100 ms. A stepped NCE (30, 50, 70) was used for fragmentation with 
an isolation window of 1 m/z and a loop count of 10. Dynamic exclu-
sion of 4 s isotope exclusion was applied. Internal lock masses were 
391.2842 m/z for positive mode and 265.1476 m/z for negative mode.
Data analysis
Data analysis was carried out by a suspect target and a nontarget ap-
proach. For the analysis of suspect target data, Skyline Daily was used 
to generate extracted ion chromatograms based on the known m/z, 
fragmentation pattern by MS/MS, and retention times for metabolites. 
Peaks were automatically integrated by Skyline and manually checked. 
Nontarget data analysis was performed using MSDial 4.90, which in-
cludes a series of automated steps (e.g., peak detection, identification, 
alignment, or gap filling). Identification was performed by matching 
the measured MS/MS with the spectral library provided by MSDial 
(“ESI(−)- MS/MS from standards + bio + in silico” and “ESI(+)- MS/
MS from standards + bio + in silico” [https://systemsomicslab.github.
io/compms/msdial/main.html#MSP (accessed date December 14, 2023)]. 
The resulting data were filtered based on an existing database match, 
an RSD of less than 25% in the quality control (QC) samples, and no 
missing values in the QC. Data were analyzed by PLS- DA using the 
mixOmics package v6.26.0 in R, with eight components and the de-
fined sample groups as the response variable (79).

Metabolic glucose and lactate consumption and 
excretion assay
Cells were cultured in adherent culture conditions or detached con-
ditions (Thermo Fisher Scientific, 07- 200- 601) for 24 hours in 

DMEM supplemented with 10% FBS, 2 mM l- glutamine, and 1% 
penicillin/streptomycin. Glucose and lactate were measured in cul-
ture medium using an automated electrochemical analyzer (BioPro-
file Basic- 4 analyzer, NOVA).

Migration and invasion assays
Wound healing migration assay was performed as previously de-
scribed (80). Briefly, cells were seeded to form a monolayer and sub-
jected to overnight serum starvation. Scratches were created with a 
sterile p200 tip and wells were washed with PBS to remove detached 
cells. DMEM (no glucose) supplemented with 10% FBS, 2 mM 
l- glutamine, 1% penicillin/streptomycin, the appropriate concentra-
tion of glucose (1, 5, or 25 mM), and 100 nM IACS- 010759 or DMSO 
vehicle was added to wells. To prevent consumption of all avail-
able glucose at lower availabilities, the medium was replaced every 
8 hours. Images were taken at 0-  and 24- hour time points with a Celigo 
image cytometer- 4 Channel software version 5.1.0 (Nexcelom Bio-
science). The difference in gap length between the 0-  and 24- hour 
time points was reported as distance migrated.

Boyden transwell assay invasion assay was performed as previ-
ously described (80). Briefly, cells were seeded in DMEM (no glu-
cose) supplemented with 1 mM glucose, 2 mM l- glutamine, 1% 
penicillin/streptomycin, and 100 nM IACS- 010759 or DMSO vehi-
cle and were added to wells. Following a 6- hour serum starvation, 
cells were trypsin digested, pelleted at 300g, and washed in the ap-
propriate glucose concentration DMEM, and 50,000 cells per well 
were plated into the upper chamber of a transwell insert with 8 μm 
pore size (Celltreat, 2306439). The bottom chamber of the transwell 
was filled with DMEM (no glucose) supplemented with 10% FBS, 
1 mM glucose, 2 mM l- glutamine, 1% penicillin/streptomycin, and 
100 nM IACS- 010759 or DMSO vehicle. To prevent consumption of 
all available glucose, the medium was replaced every 8 hours. Fol-
lowing 24 hours, the insert was transferred to a PBS wash and a 
cotton swab (Q- tip) dipped in PBS was used to remove nonmigrated 
cells from the upper chamber. The cells were fixed in 10% buffered 
formalin for 20 min, followed by a 20- min stain in 0.1% crystal vio-
let solution (0.1% crystal in 10% ethanol). The inserts were washed 
3× with PBS and the upper chamber was cleaned again with a Q- tip. 
The inserts were allowed to dry for several hours, after which the 
membrane was cut and imaged with Primovert ZEISS microscope 
on a 10× objective. All images were recorded with ZEN 3.1 (Blue ed) 
software and analyzed with ImageJ.

Analysis of adherent and detached ROS, viability, 
and apoptosis
Cells were lifted from adherent passage with PBS supplemented 
with 1 mM EDTA and 1% FBS. Cells were cultured in DMEM sup-
plemented with 10% FBS, 2 mM l- glutamine, and 1% penicillin/
streptomycin for 24 hours in adherent conditions or detached (Ultra- 
Low Attachment Microplates, Thermo Fisher Scientific, 07- 200- 601) 
conditions.

For ROS measurements, both conditions were washed with PBS; 
adherent cells were directly washed with PBS and detached cells 
were centrifuged at 200g for 3 min and resuspended with PBS. Cells 
were incubated for 30 min at 5% CO2 and 37°C in staining medium 
[L15 medium containing bovine serum albumin (1 mg ml−1), 1% 
penicillin/streptomycin, and 10 mM Hepes (pH 7.4)] with 5 μm 
CellROX Green (Thermo Fisher Scientific, C10444). Cells were 
washed with staining medium and resuspended in DAPI (1 μg/ml; 
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Sigma- Aldrich) to eliminate dead cells from sorts and analyses. Cells 
were examined on a FACS Fusion Cell Sorter (Becton Dickinson).

For detached viability, cells were collected and spun down at 
200g for 4 min. Cell viability was determined by the percentage of 
cells that were trypan blue positive (Sigma- Aldrich). For apoptosis 
analysis, the Apo- Direct TUNEL assay kit (MilliporeSigma) was 
used following the manufacturer’s protocol, and cells were exam-
ined on a FACS Fusion Cell Sorter (Becton Dickinson). For adher-
ent monolayer viability, cells were incubated with DAPI (1 μg/ml) 
for 20 min at 5% CO2 and 37°C. Afterward, DAPI- positive cell 
counts were determined using a Celigo image cytometer- 4 Channel 
software version 5.1.0 (Nexcelom Bioscience). For total cell counts, 
cells were fixed with 10% buffered formalin overnight, followed by 
staining with DAPI (1 μg/ml) in PBS for 30 min and total cell counts 
were determined using a Celigo image cytometer- 4 Channel soft-
ware version 5.1.0 (Nexcelom Bioscience).

Western blot analysis
Tumors were excised and rapidly snap frozen in liquid nitrogen. Tu-
mor lysates were prepared by mincing tissue in radioimmunoprecipi-
tation assay buffer (Thermo Fisher Scientific, 89901) supplemented 
with Halt protease and phosphatase inhibitor cocktail (Thermo 
Fisher Scientific) and maintained in constant agitation for 2 hours at 
4°C. For cells, lysis buffer was added to the dish and cells were 
scrapped on ice before constant agitation for 30 min at 4°C. Lysates 
were spun down at 12,000g at 4°C for 10 min. The DC protein assay 
kit II (Bio- Rad) was used to quantify protein concentrations. Equal 
amounts of protein (5 μg) were loaded into each lane and separated 
on 4 to 20% polyacrylamide tris glycine SDS gels (Bio- Rad), then 
transferred to 0.45- μm PVDF membranes (MilliporeSigma). The 
membranes were blocked for 1 hour at room temperature with 5% 
milk in TBS supplemented with 0.1% Tween 20 (TBST) and then in-
cubated with primary antibodies overnight at 4°C. After washing and 
incubating with horseradish peroxidase–conjugated secondary anti-
body (Cell Signaling Technology), signals were developed using Im-
mobilon Western Chemiluminescent HRP Substrate (MilliporeSigma). 
Blot data collection was performed using Amersham ImageQuant 
800. Blots were sometimes stripped using Restore PLUS stripping 
buffer (Thermo Fisher Scientific) and restained with other primary 
antibodies. The following antibodies were used for Western blots: 
anti- mtCO1 (ab14705, Abcam, RRID:AB_2084810), anti- ATP8 (26723- 
1- AP, Proteintech, RRID:AB_2880614), anti- HSP60 (15282- 1- AP, 
Proteintech, RRID:AB_2121440), anti- TOMM20 (11802- 1- AP, Pro-
teintech), and anti–β- actin (4970, Cell Signaling, RRID:AB_2223172).

Statistical analysis
Mice were allocated to experiments randomly and samples were 
processed in an arbitrary order, but formal randomization techniques 
were not used. Sample sizes were not predetermined based on statis-
tical power calculations but were based on our experience with these 
assays. For assays in which variability is commonly high, we typically 
used n > 10. For assays in which variability is commonly low, we 
typically used n < 10. All data representation is indicated in the figure 
legend of each figure. No blinding or masking of samples was per-
formed. All represented data are unique biological replicates unless 
indicated otherwise.

Before analyzing the statistical significance of differences among 
treatments, we tested whether the data were normally distributed 
and whether variance was similar among treatments. To test for 

normal distribution, we performed the Shapiro- Wilk test. To test 
whether variability significantly differed among treatments, we per-
formed F tests. When the data significantly deviated from normality 
or variability significantly differed among treatments, we log2 trans-
formed the data and tested again for normality and variability. Fold 
change data were log2 transformed. If the transformed data no lon-
ger significantly deviated from normality and equal variability, we 
performed parametric tests on the transformed data. If the trans-
formed data remained significantly deviated from normality or equal 
variability, we performed nonparametric tests on the nontransformed 
data. For normally distributed data, groups were compared using 
the two- tailed Student’s t test (for two groups), or one- way analy-
sis of variance (ANOVA) or two- way ANOVA (>2 groups), followed 
by Dunnett’s or Tukey’s test for multiple comparisons. For data 
that were not normally distributed, we used nonparametric testing 
(Kruskal- Wallis test for multiple groups), followed by Dunn’s multiple 
comparisons adjustment. All statistical analyses were performed with 
GraphPad Prism 9.5.1 or in R 4.0.2.

Supplementary Materials
The PDF file includes:
Figs. S1 to S12
legends for data S1 to S7

Other Supplementary Material for this manuscript includes the following:
data S1 to S7
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