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Somatic mtDNA mutations have been reported in some human
tumors, but their spectrum in different malignancies and their role
in cancer development remain incompletely understood. Here, we
describe the breadth of somatic and inherited mutations across
the mitochondrial genome by sequence analyses of paired tumor
and normal tissue samples from 226 individuals with five types
of cancer using whole-genome data generated by The Cancer
Genome Atlas Research Network. The frequencies of deleterious
tumor-specific somatic mutations found in mtDNA varied across
tumor types, ranging from 13% of glioblastomas to 63% of rectal
adenocarcinomas. Compared with inherited mtDNA variants, somatic
mtDNA mutations were enriched for nonsynonymous vs. synon-
ymous changes (93 vs. 15; P < 2.2E—-16) and were predicted to
functionally impact the encoded protein. Somatic missense muta-
tions in tumors were distributed uniformly among the mitochon-
drial protein genes, but 65% of somatic truncating mutations
occurred in NADH dehydrogenase 5. Analysis of staging data in
colon and rectal cancers revealed that the frequency of damaging
mitochondrial mutations is the same in stages | and IV tumors. In
summary, these data suggest that damaging somatic mtDNA
mutations occur frequently (13-63%) in these five tumor types
and likely confer a selective advantage in oncogenesis.

deleterious mutations | colon adenocarcinoma | rectal adenomcarcinoma |
acute myeloid leukemia | ovarian serous cystadenocarcinoma

utations in tumor suppressor genes and oncogenes are

fundamental to the process of malignant transformation.
Tumor cells also adapt to the dynamic requirements of unre-
strained growth (1, 2), in part by shifting from oxidative phos-
phorylation to glycolysis, or the Warburg effect (3), which can be
enabled by somatic mutations that impact the hypoxia activation-
inducible factor (4-8). This metabolic shift results in less efficient
energy production per molecule of glucose but also confers
a selective advantage to tumors carrying these mutations through
other mechanisms: increased availability of substrates needed
by rapidly proliferating cells (8, 9), increased hypoxia activation-
inducible factor levels that promote tumor growth, invasion, and
metastasis (4, 5), and reduced reactive oxygen species levels that
can induce cellular senescence (reviewed in ref. 10).

Mutations in nuclear genes encoding proteins of the citric acid
cycle (11) that foster these adaptive changes occur in several human
cancers. Some renal cell cancer and hereditary paragangliomas and
pheochromocytomas carry inactivating mutations in genes encoding
fumarate hydratase or succinate dehydrogenase subunits (12, 13).
Somatic missense mutations in genes encoding isocitrate de-
hydrogenase 1 (IDHI) or IDH2 occur in adult-onset glioblastomas
and acute myelogenous leukemia (11); these activating mutations
attenuate enzyme activity and also induce epigenetic changes that
promote tumor survival (8).

Variants in the mitochondrial genome, encoding 22 tRNAs, 2
rRNAs, and 13 proteins that comprise electron transport chain
complexes critical for oxidative phosphorylation (14), can also
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affect tumorigenesis. mtDNA variants are matrilinearly inherited
or arise as de novo somatic mutations in a fraction (hetero-
plasmic) or all (homoplasmic) of the mitochondrial genomes
within each cell. Although somatic mtDNA mutations that in-
duce metabolic reprogramming and oncogenic signaling have
been previously reported (15-18), robust estimates of their fre-
quency and types in different cancers remain limited because of
analyses of few tumors, incomplete analyses of the entire mito-
chondrial genome, or inadequate ascertainment of insertions
and deletions.

The Cancer Genome Atlas (TCGA) (19, 20) consortium has
performed whole-genome massively parallel sequencing of select
tumor and nontumor tissue pairs to identify somatic variations in
the nuclear genome of cancer cells. Given the abundance of the
16,569-bp mitochondrial genomes in these cells, even low cov-
erage of the nuclear genome results in deep coverage of mtDNA
(median coverage > 800x) (SI Appendix, Table S1), which allows
precise quantification of the heteroplasmic levels of mtDNA
variants (15, 21). We therefore examined mtDNA sequence
variants from tumor and nontumor tissue pairs obtained from
226 individuals with five different types of cancer. We identified
highly significant enrichment of mtDNA variants in some tumor
types that occurred with high levels of heteroplasmy. Thus, del-
eterious mtDNA mutations seem to be a common mechanism
for altering metabolic pathways in tumorigenesis.

Results

mtDNA sequences were extracted from whole-genome sequen-
ces of paired tumor and normal tissues from 226 TCGA subjects.
Available tumor types included colon adenocarcinoma (COAD;
n = 86), rectal adenocarcinoma (READ; n = 43), acute myeloid
leukemia (AML; n = 37), glioblastoma (GBM; n = 32), and
ovarian serous cystadenocarcinoma (OV; n = 28).

Identification and Characterization of Somatic and Inherited mtDNA
Variants. Pairwise comparison of normal and tumor mtDNA
sequences was used to identify inherited mtDNA variants or
variants shared by both tissues (n = 2,440 in all 226 subjects)
(Dataset S1). An average of 11 inherited mtDNA variants were
found per individual, with no significant differences between
tumor types.
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Somatic or tumor-specific mtDNA variants were then identi-
fied in tumor mtDNA genomes (n = 233 in 130 of 226 tumors)
(SI Appendix, Table S2). Although 94% of inherited mtDNA
variants were common sequence polymorphisms found in the
mitochondrial sequence database (annotated from >2,700 indi-
viduals) (22), only 17% of somatic mtDNA mutations had been
described previously (P < 2.2E-16).

Both inherited and somatic mtDNA variants were found in
similar proportions (24% and 29%, respectively) within non-
protein coding sequence regions, which include 22 tRNAs, 2
rRNAs, and the displacement loop control region (P = 0.13)
(Dataset S1). Because the consequences of variants in these
regions are not easily assessed, we focused subsequent analyses
on mtDNA variants in protein coding regions, which include
NADH dehydrogenase subunits (complex I), cytochrome b sub-
units (complex III), cytochrome ¢ oxidase subunits (complex IV),
and ATP synthase subunits (complex IV).

Functional Annotation of Inherited and Somatic mtDNA Variants.
Within protein coding regions, the distribution of nonsynonymous
and synonymous mutations differed significantly between in-
herited variants and somatic mutations, a trend observed in all
tumor types. Nonsynonymous changes occurred in 31% of 1,853
inherited coding variants but 86% of 166 somatic coding muta-
tions (P < 2.2E—16) (Table 1). Somatic mtDNA mutations were,
therefore, 6.3-fold more likely to alter protein amino acid se-
quence (Table 1). The distribution of heteroplasmic levels of
synonymous and nonsynonymous variants (65.6% and 63.1%),
respectively) was not significantly different; 94% (98/104) of
tumors harboring somatic mtDNA mutations carried at least
one nonsynonymous mutation (SI Appendix, Table S3), and 84
tumors (37%) carried somatic nonsynonymous mutations only,
whereas only 6 tumors had synonymous mutations but no non-
synonymous mutations (P = 0.0006). These observations suggest
that some deleterious mtDNA mutations could act as drivers of
malignancy by contributing to metabolic dysregulation and as-
sociated oncogenic progression (2).

We considered the potential deleterious consequences of
142 somatic and 591 inherited nonsynonymous mutations (in-
cluding missense and truncating) using MutationAssessor (v1)
(23), which assigns high-, medium-, low-, or neutral-impact
scores to mutations. We observed a significant difference in the
distribution of impact scores between groups: 3% of inherited
missense variants (20/591) vs. 50% (71/142) of somatic mtDNA
mutations were predicted to have high impact on protein func-
tion (P < 2.2E-16) (Fig. 1). High-impact mutations occurred at
higher levels of heteroplasmy than medium-, low-, or neutral-
impact somatic mutations combined (P = 0.002, one-tailed ¢
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Fig. 1. Impact of inherited and somatic nonsynonymous mitochondrial

variants as assessed by MutationAssessor. Percent of inherited (blue; n =591)
and somatic (red; n = 142) nonsynonymous mtDNA mutations found in 226
individuals binned by predicted functional impact.

test), suggesting that cells carrying these mtDNA variants could
have a selective advantage.

The capacity for massively parallel sequencing to detect small
insertions and deletions, or indels (<10 bp), allowed us to
identify 12 small (1-6 bp) inherited indels, all of which were
homoplasmic and within noncoding regions (Dataset S1). We
also observed 37 small (1-4 bp) somatic indels, 89% of which
occurred in coding regions (SI Appendix, Table S2). Among these
indels, 32 indels produced frameshift truncations and almost
uniformly occurred within homopolymer tracts. In addition, we
identified 7 somatic nonsense mutations, totaling 39 truncating
mutations in tumor mtDNA.

These truncating mutations accounted for 27% (39/142) of all
nonsynonymous mtDNA mutations (SI Appendix, Table S4). They
occurred in 37 tumors, and 11 of these tumors had no other somatic
mitochondrial variant. Truncating mutations were most frequently
found in colorectal tumors, occurring in 26% of COAD (22/86)
and 28% of READ (12/43). Strikingly, the majority of truncating
mutations (25/39 or 64%) occurred in the NADH dehydrogenase 5
gene (ND5), which encodes a subunit of complex I of the electron
transport chain. A single 8-bp homopolymer tract at position

Table 1. Distribution of mtDNA variants in 226 tumors
Inherited variants Somatic mutations
Nonsyn Number of tumors Nonsyn
Number of tumort/ —4mM8 —— with nonsynonymous ——M8
Tumor type  nontumor pairs  Missense Truncating Syn Nonsyn (%) somatic mutations* Missense Truncating Syn Nonsyn (%) P
COAD 86 230 0 520 31 46 (53%) 52 23 9 89 <2.2E-16
READ 43 109 0 195 36 27 (63%) 23 13 9 80 2.39E-08
ov 28 74 0 162 31 10 (36%) 12 1 1 93 5.84E-06
AML 37 87 0 184 32 11 (30%) 12 2 4 78 0.00016
GBM 32 91 0 201 31 4 (13%) 4 0 1 80 0.03766
Combined 226 591 0 1,262 32 98 (43%) 103 39 24 86 <2.2E-16

Nonsyn, the number of nonsynonymous variants found per category; Nonsyn (%), nonsynonymous variants of the total number of coding variants; P,
probability that the nonsynonymous variant frequency is different from the synonymous variant frequency (two-sided Fisher exact test); Syn, the number of

synonymous variants found per category.

*P values comparing the number of tumors with and without nonsynonymous somatic mtDNA mutations were significant between COAD and GBM (4.93E-05),
COAD and AML (0.02), READ and OV (0.03), READ and GBM (1.30E—-05), and READ and AML (0.004).
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12,418 of ND5 showed recurrent mutation: 17 tumors carried an
indel within this longest homopolymer tract of the mitochondrial
genome (SI Appendix, Table S7), and occurred in all tumor types
except GBM. Using Sanger sequencing, we validated this indel in
four COAD tumors and its absence from the corresponding normal
tissue pairs. Levels of heteroplasmy for this indel ranged from 36%
to 94% heteroplasmy among 11 COAD (13%), 3 READ (7%), 2
AML (5%), and 1 OV (4%) tumors.

Distribution of Somatic mtDNA Mutations by Tumor Type. The fre-
quency of somatic mtDNA mutations was significantly different
between tumor types. Colon and rectal adenocarcinomas har-
bored significantly more nonsynonymous mtDNA mutations
than each of the other three tumor types (57% versus 26%; P =
3.7E—06) (Table 1). Whether somatic mtDNA mutational fre-
quency in colorectal epithelium is increased or whether there is
an enhanced oncogenic advantage for tumors versus other cell
types is unclear.

Prior studies have identified recurrent missense mutations in
GBM and AML that impact specific residues of the nuclear
genes IDH1 and IDH?2, which encode isocitrate dehydrogenase 1
and 2 (24-26). Because somatic mtDNA mutations were signif-
icantly less prevalent in tumor types known to harbor these re-
current IDH mutations, we screened all GBM and AML nuclear
genomes for three characteristic IDH mutations (R172 and R140
of IDH2 and R132 of IDHT) (11); 6 of 37 AML cases had IDH2
mutations (R140Q and R140L), and 2 AML cases had IDHI
mutations (R132H and R132C). Among 32 GBM cases, 2 cases
had IDHI mutations (R132H). Notably, none of the individuals
with IDH mutations had somatic mtDNA mutations (SI Appen-
dix, Table S5). The likelihood for mutual exclusivity of IDH and
somatic mtDNA mutations in AML is low (P = 0.028; one-tailed
Fisher exact test). This observation suggests that compound
mutations in /DH and mitochondrial proteins are, at least to
some extent, functionally redundant (Fig. 2).

Analysis of Mutation Heteroplasmy. In tumors carrying multiple
somatic mtDNA mutations, assessment of heteroplasmy can

offer preliminary insight into whether these mutations arose on
independent mtDNA molecules or the same molecule. Of 64
tumors with multiple somatic mtDNA mutations, we found 35
tumors with examples of mutations at similar levels of hetero-
plasmy. For example, sample 2996 (AML) had NDI mutation
F270L in 56.3% (read depth = 2,901) of mtDNAs as well ND6
mutation 168V in 57.3% of mtDNAs (read depth = 2,320),
suggesting that these mutations arose on the same mtDNA ge-
nome and underwent clonal expansion (SI Appendix, Table S2).
By contrast, 29 tumors had two or more somatic mutations with
different levels of heteroplasmy. An example is sample A016
(READ), which has two somatic mutations found in ~93% of
mtDNAs and two additional somatic mutations found in ~43%
of mtDNAs, suggesting that these mutations arose independently
on different mtDNA molecules.

We also investigated tumors with multiple somatic mtDNA
mutations located within a few hundred base pairs of one another.
Because paired end sequencing was performed, we could use reads
that spanned both mutations to determine if mutations arose in the
same or different mitochondrial genomes. COAD samples 2672
and AOOW carried examples of such mutations. Sample 2672 had
two nonsynonymous substitutions in cytochrome oxidase III with
~80% heteroplasmy (SI Appendix, Table S2). Each of six sequence
reads that spanned these regions carried both mutations, in-
dicating that they occurred in the same mitochondrial genomes. By
contrast, sample AOOW had two ND5 nonsynonymous mutations,
an insertion with 13% heteroplasmy and a substitution with 76%
heteroplasmy. All sequence reads containing the insertion lacked
the substitution, implying that either these ND5 mutations arose in
independent mitochondrial genomes or an initial mitochondrial
mutation expanded in tumor cells followed a second mutation in
a distinct subset of tumor cells.

Finally, we considered whether somatic mtDNA mutations were
stable during clinically detectable tumor growth by assessing the
frequency and heteroplasmy levels of somatic mtDNA mutations
stratified by tumor stage in 127 colon and rectal adenocarcinomas
(Table 2) (27, 28). There was no association between the presence
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Fig. 2. A proposed common pathway by which somatic IDH mutations (red) and damaging mtDNA mutations (red; affecting complexes |, Ill, IV, and V of the
electron transport chain) lead to metabolic deregulation, altering the relative amounts of oxidative phosphorylation and glycolysis (magenta) in early tu-
morigenesis. Nonsynonymous mtDNA mutations were identified in NADH-dehydrogenase (ND; complex 1), cytochrome b (Cyt b; complex Ill), cytochrome ¢

oxidase (COl; complex IV) and ATP synthase (ATP synth; complex V).
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Table 2. Distribution of nonsynonymous (NS) mtDNA mutations in 127 colon and rectal tumors

No somatic NS mtDNA

Somatic NS mtDNA

Tumors with >1 somatic NS

Category (stage) mutations mutations mtDNA mutation (%)
I* 7 18 72
Il 21 27 56
1l 19 16 46
\Y, 8 11 58

*P values comparing pairwise distributions of tumors with and without nonsynonymous somatic mtDNA muta-
tions per stage (two-sided Fisher exact test) were not significant.

of somatic mtDNA mutation and tumor stage. Similarly, the av-
erage heteroplasmy of somatic mtDNA mutations in early- and
late-stage tumors did not differ. These observations suggest that
these mutations likely provided advantages early in tumorigenesis
and were clonally expanded; subsequently, their number and het-
eroplasmy remained constant in tumor mtDNA.

Discussion

Recent studies have greatly expanded understanding of the
complex mechanisms by which altered metabolism promotes
tumor progression (4, 5, 8, 9, 29). For example, mutations in
IDHI and IDH2, which encode isocitrate dehydrogenases, are
prevalent in GBM and AML (11, 30), whereas mutations in
encoding succinate dehydrogenase subunits, which encode suc-
cinate dehydrogenase, have been found to cause hereditary par-
agangliomas and pheochromocytomas (4, 5). These mutations
impact tumor use of different pathways for energy production.
The advantages conveyed by metabolic deregulation and associ-
ated consequences provide a strong selective pressure on tumor
cells. Acquisition of somatic mitochondrial mutations that impact
oxidative phosphorylation seems to be an alternate mechanism for
enhancing tumor growth. Capitalizing on next generation sequenc-
ing technologies that provided very high levels of sequence coverage
for mitochondrial genomes, we quantified somatic mtDNA muta-
tions in five types of cancer. We found high-impact somatic non-
synonymous mitochondrial mutations in several tumor types (Table
1) but most frequently, colon and rectal tumors. Among 226 tumors,
somatic mtDNA mutations resulted in 39 truncations of proteins
that comprise subunits of complex I (NADH dehydrogenase; n =
34), complex III (cytochrome b; n = 2), and complex IV (cyto-
chrome ¢ oxidase; n = 3) of the electron transport chain. The
burden of these mutations is particularly remarkable given evidence
that the mitochondrial genome is subjected to purifying selection
(31). The work by Fan et al. (32) found that mice carrying a trun-
cating ND6 mutation were eliminated from the female germ line
within four generations, whereas a relatively milder missense
mutation in cytochrome ¢ oxidase subunit 1 was maintained.
Among somatic truncating mitochondrial mutations found in
tumors, we identified a single base insertion or deletion at po-
sition 12,418 changing the length of an 8-bp homopolymer tract
in NDS in 17 different tumors (SI Appendix, Table S2). This ND5
truncating mutation was identified previously in a single tumor in
each of six different studies involving 10 colorectal cell lines (33),
44 hepatocellular carcinomas (34), 45 colorectal tumors (35), 9
renal cell tumors (36), 58 breast cancers (37), and 31 gastric
cancers (38). Collectively, these data indicate that truncating
mutations caused by indels in the ND5 homopolymer tract occur
in 3% (previous studies) to 7.5% (this study) of tumors. Other
recurrent functional somatic mtDNA mutations, similar to the
NDS5 truncating mutations, have not been found in tumors.
The study by Hofhaus and Attardi (39) hinted at the metabolic
consequences of this ND5 mutation. This work found this same
ND?5 truncation to arise with varying levels of heteroplasmy in
cultured cell lines that spontaneously developed resistance to
rotenone, a potent inhibitor of oxidative phosphorylation (39).

14090 | www.pnas.org/cgi/doi/10.1073/pnas.1211502109

Because transfer of mutant mitochondria into WT cells main-
tained a reliance on glycolysis for energy, the work by Hofhaus
and Attardi (39) concluded that the ND5 mutation promoted
respiration independence (39). More recently, the work by Park
et al. (16) found that, compared with WT cells, cells carrying the
ND5 truncation exhibited enhanced colony formation on soft
agar and increased tumor growth when implanted into nude
mice. Taken together, these functional studies imply that this
ND5 mutation recapitulates the Warburg effect and provides
early advantages for anchorage-independent growth. Consistent
with this model, we observed no tumors with both an IDH mu-
tation (n = 10) and somatic mtDNA mutations, raising the
possibility that these tumors are functionally redundant (8). In
summary, we suggest that this somatic ND5 truncating mutation
is found at high heteroplasmy in tumors caused by the selective
advantage that it conveys to tumor cells.

The distribution of somatic mutations in tumors provides
some insights into the mutation-causing mechanisms; 82% of
single-base somatic mtDNA mutations in tumors were tran-
sitions (G to A or C to T changes) (SI Appendix, Table S6), which
can arise from abundant reactive oxygen species in mitochondria
(17), and 31 of 32 tumor-specific indels detected in tumors oc-
curred within homopolymer tracts (SI Appendix, Table S7). Be-
cause multiple mitochondrial mutations were found in some
tumors, we speculate that these mutations arose simultaneously
in different mitochondrial genomes or successive steps, resulting
in an evolution of metabolic dysfunction.

Two lines of evidence suggest that damaging mtDNA muta-
tions confer a selective advantage early in oncogenesis. First, the
frequency of damaging somatic mtDNA mutations in colon and
rectal tumors was the same in early (stage I) and late (stage 1V)
tumors (Table 2). Second, the average heteroplasmy of mito-
chondrial mutations was similar in all stages of colorectal tumors.

These data expand evidence for altered metabolism as
a critical hallmark of many cancers, particularly colon and
rectal adenocarcinomas, in which 26-28% of samples carried
deleterious mtDNA mutations. By disrupting electron trans-
port chain proteins, we predict that these mitochondrial
mutations inhibit oxidative phosphorylation and provide se-
lective growth advantages early in oncogenesis. Additional
studies are needed to characterize the molecular pathways ac-
tivated by mitochondrial mutations, define the clinical use of
mitochondrial mutations as tumor biomarkers (18, 40), and ad-
dress the therapeutic potential for targeting mutation-induced
metabolic dysregulation in cancer.

Methods

Whole-genome sequence data generated from several centers of TCGA on
either Illumina Genome Analyzer Il or HiSeq (S/ Appendix, Table S1) were
acquired from the online repository of the consortium (dbGaP). Samples
were selected based on sequencing depth and uniformity of coverage
across the mitochondrial genome. All tumor tissue, with the exception of
AML, was primary solid tumor tissue; AML samples were primary blood-
derived cancer samples from peripheral blood. Normal samples were col-
lected from either solid tissue or blood (S/ Appendix, Table S1). Sequence
reads were aligned to mtDNA (hg18 using bwa [21] or maq) (S/ Appendix,
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Table S1). We then identified mtDNA variants from aligned reads using the
ANNOVAR variant-calling pipeline (41), which was customized to adopt
mtDNA alternative codon use, report heteroplasmy of variants, and convert
the hg18 reference to Revised Cambridge Reference Sequence (rCRS). We
conservatively set a minimum of 5% heteroplasmy as a threshold for vari-
ant calling, although the lowest level of heteroplasmy found in a somatic
mtDNA variant was 11.1% (S/ Appendix, Table S2). Somatic variants and all
indels were visually inspected using the Integrative Genomics Viewer (42).
The recurrent ND5 truncation was validated in tumor and nontumor tissue
genomic DNA using the Beckman Coulter Genomics QuickLane Express
Sequencing service. Where possible, paired end sequences were evaluated
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