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Background Mitochondrial DNA (mtDNA) mutations alter mitochondrial function in oxidative metabolism and
play an important role in tumorigenesis. A series of studies have demonstrated that the mtDNA control region
(mtCTR), which is essential for mtDNA replication and transcription, represents a mutational hotspot in human
tumors. However, a comprehensive pan-cancer evolutionary pattern analysis of mtCTR mutations is urgently
needed.

Methods We generated a comprehensive combined dataset containing 10026 mtDNA somatic mutations from
4664 patients, covering 20 tumor types based on public and private next-generation sequencing data.

Findings Our results demonstrated a significantly higher and much more variable mutation rate in mtCTR than in
the coding region across different tumor types. Moreover, our data showed a remarkable distributional bias of tumor
somatic mutations between the hypervariable segment (HVS) and non-HVS, with a significantly higher mutation
density and average mutation sites in HVS. Importantly, the tumor-specific mutational pattern between mtCTR
HVS and non-HVS was identified, which was classified into three evolutionary selection types (relaxed, moderate,
and strict constraint types). Analysis of substitution patterns revealed that the prevalence of CH > TH in non-HVS
greatly contributed to the mutational selection pattern of mtCTR across different tumor types. Furthermore, we
found that the mutational pattern of mtCTR in the four tumor types was clearly associated with mitochondrial bio-
genesis, mitochondrial oxidative metabolism, and the overall survival of patients.

Interpretation Our results suggest that somatic mutations in mtCTR may be shaped by tumor-specific selective
pressure and are involved in tumorigenesis.
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Introduction
Human mitochondrial DNA (mtDNA) is a highly com-
pact, 16.5 kb circular molecule that harbors 37 genes
encoding two rRNAs, 22 tRNAs, and 13 proteins
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essential for oxidative phosphorylation.1 The mtDNA
control region (mtCTR) is approximately 1122 bp in
length and is the single major non-coding part of
mtDNA. It contains various functional units crucial for
the regulation of mtDNA replication and transcription,
such as the H-strand origin of replication (OHR), L-
strand, and H-strand promoters (LSP and HSP) etc.1

Despite its vital regulatory role, mtCTR evolves much
faster than the remaining mtDNA coding region
1
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Research in context

Evidence before this study

mtDNA mutations in cancer have drawn increasing
attention in recent years. Previous pan-cancer studies
have mainly focused on the mtDNA coding region
(mtCDR), illustrating its mutational signatures, evolu-
tionary selection difference, and functional impact
across human cancers. Although the mtDNA control
region (mtCTR), which contains various functional units
regulating mtDNA replication and transcription, has
long been identified as a mutational hotspot in various
types of cancer, whether and how somatic mutations in
mtCTR are subjected to evolutionary selection in differ-
ent tumor types remains poorly explored. Several stud-
ies demonstrating the potential clinical impact of
mtCTR mutations have been limited either by the
research scope, where only a single or a few tumor
types have been considered, or by the sequencing
methodology, where traditional Sanger sequencing
with relatively low sensitivity has been commonly
applied for mutation detection. Therefore, a compre-
hensive and systematic profiling of mtCTR mutations
across multiple tumor types based on next-generation
sequencing (NGS) data is urgently needed to provide
novel insights into mtCTR mutations and their critical
roles in mitochondrial dysfunction and tumorigenesis.

Added value of this study

In this study, we gathered the most comprehensive
mtCTR mutation dataset across 20 human tumor types
from public and private NGS datasets. Our results
showed that the mtCTR mutations were characterized
by high variability across different tumor types com-
pared to those in mtCDR. Mutations in mtCTR showed a
similar distributional preference to the hypervariable
segment (HVS) as germline variants. In addition, similar
to the divergent evolutionary signatures observed in
tumor mtCDR mutations, the evolutionary patterns of
tumor mtCTR mutations also showed great differences
and could be classified into three types: relaxed, moder-
ate, and strict constraint types, based on tumor-specific
mutational signatures between non-HVS and HVS
regions, especially the relative prevalence of CH > TH in
non-HVS. Moreover, regional mutation patterns in
mtCTR were clearly associated with mitochondrial dys-
function and patient prognosis.

Implications of all the available evidence

The present study offers new insights into pan-cancer
mutational signatures and the evolutionary patterns of
mtCTR. Our results revealed that regional mutations
might suffer from different selection powers and play
distinct roles in mitochondrial dysfunction and clinical
phenotypes in human cancers. Our study provides a
better understanding of the evolutionary nature of
mtCTR mutations, which may contribute to its utility as
a diagnostic biomarker in clinical practice.
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(mtCDR), especially at the three hypervariable segments
(HVS1, 16024-16383; HVS2, 57-372; HVS3, 438-574).2

In addition, mtCTR is often triple-stranded, forming a
displacement loop (D-loop) by stable incorporation of a
third short DNA strand known as 7S DNA (650 bp),
which partially overlaps with the HVS1 and HVS2.3

mtCTR has long been identified as a mutational hotspot
in various types of cancer.4�6 Because of the important
role of mtCTR in mtDNA replication and transcription,
the accumulation of mtCTR mutations may affect the
copy number and expression level of mtDNA, poten-
tially contributing to mitochondrial metabolic reprog-
ramming and tumor progression. For instance, we have
reported that the number and variant allele frequency
(VAF) of mutations in the D-loop in hepatocellular car-
cinoma (HCC) are higher than those in adjacent non-
tumor tissues, and are associated with decreased
mtDNA copy number and poor prognosis of HCC
patients.7 Similarly, somatic mutations in mtCTR have
been considered indicators of poor prognosis in breast
cancer and better prognosis in oral squamous cell
carcinoma.8,9 However, these previous studies have lim-
itations either because they mainly focused on single or
only a few tumor types or because traditional Sanger
sequencing with relatively low sensitivity has been com-
monly applied for mutation detection. Recently, several
studies have profiled the molecular characteristics of
mtDNAmutations across human cancers, mainly focus-
ing on the mtCDR, and addressed their impact on mito-
chondrial function and prognosis of cancer patients.10,11

Therefore, a comprehensive and systematic profiling of
mtCTR mutations across multiple tumor types based
on next-generation sequencing (NGS) data is urgently
needed to provide novel insights into mtCTR mutations
and their critical roles in mitochondrial dysfunction and
tumorigenesis.

The evolutionary selection of somatic mutations has
been proposed as an important mechanism for intra-
tumor, inter-tumor, and across-tumor heterogeneities.
However, whether and how somatic mutations in
mtCTR are subjected to evolutionary selection in differ-
ent tumor types remains to be explored. Recent compre-
hensive profiling has provided evidence that germline
variants in mtCTR are subjected to strong selection,
especially in non-hypervariable segment (non-HVS).12

Previous studies have also indicated that HVS regions
are mutational hotspots, and tumor somatic mutations
share similar signatures with germline variants in
HVS1 and HVS2.13 However, all four mtCTR mutations
detected in five cancers were distributed in non-HVS,
especially in colorectal cancer (CRC),14 indicating that
non-HVS may undergo different mutational processes
in tumors. Interestingly, profiling of mtDNA mutations
across different tissues supports the idea that mtCTR
mutations in non-malignant tissues may also be sub-
jected to tissue-specific selection, potentially corre-
sponding to distinct and tissue-specific metabolic
www.thelancet.com Vol 80 Month June, 2022
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requirements.15 However, it remains unclear whether
tumor-specific selection and metabolic adaptation exists
for mtCTR mutations across different tumor types.

Here, we present a comprehensive pan-cancer analy-
sis of somatic mutations in mtCTR using multiple NGS
datasets, including four public datasets and our private
dataset. Our results revealed the presence of a highly
variable and potentially tumor-specific mutation-selec-
tion interplay in the mtDNA control region across dif-
ferent tumor types.
Methods

Public and private somatic mutation data of mtDNA
from tumor tissues
Public somatic mtDNA mutation datasets from whole-
genome sequencing (WGS) or whole-exome sequencing
(WES) data of human tumor tissues were directly down-
loaded from four publications, PNAS 2012, Elife 2014,
PLoS Genet 2015, and Nat Genet 2020,11,14,16,17 in
which detailed information about somatic mtDNA
mutation calling was provided.

Private somatic mtDNA mutation data were gener-
ated in our lab by capture-based mtDNA sequencing of
tumor and matched non-tumor tissue samples from 211
colorectal cancer (CRC), 117 hepatocellular carcinoma
(HCC), 49 renal cell carcinoma (RCC), and 49 ovarian
cancer (OV) patients. For mtDNA variant calling, raw
sequencing data were aligned to rCRS and hg19 with
BWA18 to eliminate contamination from nuclear DNA
of mitochondrial origin (NUMT). We then sorted the
reads and removed duplicate reads using Picard tools.
The IndelRealigner in GATK was used for local realign-
ment to reduce the false-positive rate near indel posi-
tions.19 Finally, high-quality reads were selected by
SAMtools for further analysis.18,20

For each variant site, we first counted the respective
number of major and minor alleles and calculated the
site-specific VAF. We then filtered false positive variants
based on the previously described negative logarithmic
relationship between the mtDNA site sequencing depth
and the minimum detectable mutation threshold.21 In
addition, a range of subsequent filters were used for
mtDNA mutation calling: (i) at least three reads in each
strand carrying the alternative site; (ii) the total sequenc-
ing coverage�100£; (iii) removing heterogeneity sites
in rCRS repeat regions (66�71, 303�311, 514�523,
12418�12425, 16184�16193); (iv) removing mtDNA
mutations if the mutant rate and mutant base quality
do not satisfy the binomial distribution (P > 0.001)22;
and (v) removing C > A/G > T mutations with strong
sequence context bias (at CpCpN>CpApN; most fre-
quently at CpCpG>CpApG) and low VAF (1%-2%) due
to artificial guanine oxidation.23 After evaluation of sam-
ple cross-contamination,24 tumor somatic mutations
were defined as heteroplasmic variants with VAF�2%
www.thelancet.com Vol 80 Month June, 2022
in tumor tissues and VAF < 0.5% in paired non-tumor
tissues. Detailed quality control information is summa-
rized in Supplementary_Table_S2. Finally, 239 mtDNA
somatic mutations in CRC, 262 in HCC, 108 in RCC,
and 74 in OV were identified, with a total of 683
mtDNA somatic mutations in 426 patients.
Generation of the total mutation dataset and three
separate datasets
All mtDNA somatic mutations from the public and pri-
vate datasets were combined to generate the total muta-
tion dataset. If one sample was present in two or more
datasets, all mutations in this sample were combined.
Mutation data were presented based on the tissue type.
Specific cancer subtypes were combined based on their
same tissue origin. In addition, tumor types with a sam-
ple size smaller than 10 or without mtCTR mutations
were excluded. Finally, a total mutation dataset contain-
ing 10026 mutations from 4664 samples was estab-
lished, covering 20 tumor types and 40 specific cancer
subtypes (Table 1; Supplementary_Table_S1). To rule
out potential bias, the total mutation dataset was also
divided into three separate datasets (Supplementary_T-
able_S3): mutation data from The Cancer Mitochondria
Atlas (TCMA) published in Nat Genet 2020 were used
as separate dataset 1; our private mutation data were
used as separate dataset 3; mutation data from the other
three publications were combined as separate dataset 2,
in view of the similar mutation number/sample and
high consistency between VAF of mutations (Supple-
mentary_Figures_S1e-g and S2). In three separate data-
sets, six of twenty tumor types with mutation numbers
smaller than five or present in only one separate dataset
were removed to maintain consistency and make them
comparable. Blood tumors were also removed, and only
the solid tumors were retained. Finally, in separate data-
sets, 13 solid tumor types were maintained, among
which eight common tumor types were composed of a
single cancer subtype.
mtDNA copy number data
Available data on mtDNA copy number for 53 CRC, 154
RCC, 252 HCC, and 99 OV samples were collected
from the only source TCMA, in which mtDNA copy
number was calculated as the coverage depth of mtDNA
divided by the coverage depth of nuclear DNA, adjusted
by tumor purity and ploidy. Detailed sample size infor-
mation for each group of the four cancer subtypes is
listed in Supplementary_Table_S4.
Prognosis analysis
A total of 275 CRC, 183 RCC, 427 HCC, and 139 OV
patients with mtDNA mutations were enrolled from the
public and private datasets for survival analysis. Kaplan-
Meier curves and log-rank (Mantel-Cox) tests were used
3



Tissue types Sample size(n) mtCDR(muts) mtCTR(muts) Total(muts)

Total HVS1 HVS2 HVS3 non-HVS

Bladder 100 140 19 7 11 0 1 159

Bone/soft tissue 297 277 42 12 17 5 8 319

Breast 603 1105 184 49 90 21 24 1289

Cervix 64 64 10 3 5 1 1 74

CNS 316 231 37 15 15 5 2 268

Colon/rectum 445 632 81 19 26 7 29 713

Esophagus 97 348 61 29 20 7 5 409

Head and neck 93 130 28 7 14 4 3 158

Kidney 241 768 165 58 63 17 27 933

Liver 479 1416 227 74 107 18 28 1643

Lung 159 283 46 20 11 6 9 329

Lymphoid 260 287 33 13 12 3 5 320

Myeloid 327 216 21 10 6 1 4 237

Ovary 222 496 52 26 17 8 1 548

Pancreas 313 765 96 38 33 11 14 861

Prostate 280 789 102 36 49 14 3 891

Skin 138 220 33 10 17 2 4 253

Stomach 81 210 35 17 9 3 6 245

Thyroid 48 154 15 7 6 2 0 169

Uterus 101 195 13 6 4 3 0 208

Total 4664 8726 1300 456 532 138 174 10026

Table 1: Summary of total mutation dataset.
?
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for survival analysis between groups with different
mutational statuses. Multivariate Cox proportional haz-
ards model was used to estimate hazard ratio (HR) and
95% confidence interval (95% CI) adjusting for age,
gender, and tumor stage. Detailed sample size informa-
tion for each group of the four cancer subtypes is listed
in Supplementary_Table_S5.
Analysis of mutation density, average mutation sites
and the incidence of different substitution types in
mtDNA
The mutation density, average mutation sites, and inci-
dence of mutations with certain substitution types were
calculated for various genomic regions, including the
mtCTR and mtCDR, and HVS and non-HVS in the
mtCTR. Mutation density was calculated as the total
number of mutations per sample divided by the region
length (kb). The average mutation site was calculated as
the total number of mutation sites per sample divided
by the region length (kb). The incidence of a certain sub-
stitution type was calculated as the substitution number
per sample divided by the number of base pairs (kb).
Gene expression analysis
RNA-seq count data of 334 cancer samples (152 CRC,
109 RCC, and 73 HCC) enrolled in our study were avail-
able in the Broad GDAC Firehose, where RNA-seq raw
data were preprocessed using RSEM from Illumina
HiSeq RNASeqV2. After normalization with the
DEseq2 package of R software, the gene expression dif-
ferences were analyzed for fold change (FC), and P val-
ues were corrected for multiple comparison testing
using the Benjamini�Hochberg method. Detailed sam-
ple size information for each group for the three cancer
types is listed in Supplementary_Tables_S6, S7.
Proliferation and metastasis assay
Proliferation, Transwell invasion, and wound healing
assays were performed as previously described.25

mtCTR mutations detected in the six HCC cell lines are
listed in Supplementary_Table_S8.
Detection of deletion/duplication
The deletions/duplications of mtDNA in tumor and
non-tumor samples were analyzed by mitoSAlt.26 A
total of 397 samples were analyzed, including 98 CRC,
96 non-CRC, 97 HCC, and 106 non-HCC samples.
Statistical analysis
All statistical tests were performed using the GraphPad
Prism software version 8 for Windows (GraphPad Soft-
ware, San Diego, CA, USA). The Mann�Whitney U test
or Wilcoxon signed-rank paired test was used to com-
pare the difference between the two groups with contin-
uous variables. Spearman’s rank correlation coefficient
was used to measure the correlation between two
www.thelancet.com Vol 80 Month June, 2022
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groups of variables. Chi-square test or Fisher’s exact
probability test was performed using discrete variables.
All P-values were two-tailed, and statistical significance
was set at P<0.05.
Ethics
Ethical approval for public data was obtained from all
four original studies. Ethical approval for private data
was approved by the Ethical Committees of FMMU, and
written consent was obtained from each patient.
Role of Funders
The funding sources played no role in the study design,
data collection, data analysis, interpretation, or writing.
Results

High variability of mutation density in mtDNA control
region across 20 tumor types
To systematically explore the uncharacterized patterns
of somatic mutations in the mtCTR across different
tumor types, we generated a comprehensive combined
dataset of mtDNA somatic mutations in pan-cancer
based on public and private NGS data, with 10026
mutations from 4664 tumor samples covering 20
tumor types and 40 cancer subtypes (Table 1;
Supplementary_Table_S1).11,14,16,17 Considering the dif-
ferent analysis pipelines and cutoff values, we evaluated
the heterogeneity of data from the four studies by com-
paring the mutation site distribution and average muta-
tion rate. As shown in Supplementary_Figure_S1a-d,
the proportion of somatic mutations in both mtCTR
and mtCDR remained unchanged under different cutoff
values for mutation filtering, although the average
mutation number decreased as the cutoff value
increased in different datasets. This finding suggests
the feasibility of combining the mutation data for subse-
quent analysis. The distribution of mtDNA somatic
mutations was further investigated. Similar to previous
reports,27,28 the mutation density (MD) in mtCTR was
significantly higher than that in mtCDR (Figure 1a,
Mann-Whitney U test, P<0.0001). Importantly, we
found that the MD in mtCTR (median, 0.2443; range,
0.0572�0.6102) presented significantly greater vari-
ance across tumor types than mtCDR (median, 0.1169;
range, 0.0428�0.2323), with coefficients of variation
(CV) of 58.56% and 46.05%, respectively (Figure 1b).
Furthermore, the ratio of the MD between mtCTR and
mtCDR (MDmtCTR/mtCDR) also varied greatly across the
different tumor types (Figure 1c). In addition, the value
of MDmtCTR/mtCDR was significantly correlated with the
MD of mtCTR but not with the MD of mtCDR
(Figure 1d, e). To rule out potential bias, the
total mutation dataset was divided into three
separate datasets to further validate our findings
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(Supplementary_Table_S3). As expected, similar results
were observed in all three separate datasets, further vali-
dating the high variability of the mtDNA control region
across tumor types and cancer subtypes (Supplementar-
y_Figures_S3, S4). In general, about 4% of 397 samples
(98 CRC and 96 non-CRC, 97 HCC, and 106 non-
HCC) had private deletions/duplications with hetero-
plasmic levels over 1% (Supplementary_Figure_S5).
Apart from these private deletions/duplications, a low-
level duplication ranging from 4417-4463 were observed
in near half CRC and HCC samples with deletions/
duplications. Whether it was a new “common
duplication” or a false positive discovery might require
further investigation.
Distributional bias of tumor somatic mutations in
non-HVS and HVS of mtDNA control region
Considering evolutionary evidence that germline var-
iants are enriched at the HVS of mtCTR and that more
strict negative selection exists in non-HVS,12 we won-
dered whether the tumor somatic mutations in mtCTR
also aggregated more at the HVS. As shown in
Figure 2a, the majority (n=1126, 86.61%) of the 1300
mutations were in the HVS. A similar distribution pat-
tern was also observed in all three separate datasets
(Supplementary_Figure_S6a, d, g). Meanwhile, 18 of
the 19 mutation hotspots were found in HVS, except for
site 16390 in non-HVS. Aggregation of tumor mtCTR
somatic mutations in the HVS was also observed when
mutations were located across the 20 tumor types
(Figure 2b). Moreover, our data showed significantly
higher mutation density and average mutation sites in
HVS compared to non-HVS in the total mutation data-
set (Figure 2c, d) and all 3 separate datasets (Supple-
mentary_Figure_S6b, c, e, f, h, i). In addition, as shown
in Figure 2e, f, the MD of HVS was positively correlated
with the general MD of tumor across tumor types, while
no significant correlation was observed between the MD
of non-HVS and the general MD of tumor. Our findings
indicate a remarkable distributional bias of tumor
somatic mutations in the non-HVS and HVS.
Tumor-specific mutational pattern between non-HVS
and HVS in mtDNA control region
We further investigated the mutational pattern of mtCTR
across different tumor types by comparing the proportion
of mutations in the non-HVS and HVS of mtCTR
(Figure 3a). Interestingly, our data indicated that the pro-
portion of mutations in non-HVS and HVS, as well as
the degree of distributional bias of mutations in mtCTR,
was remarkably different across the 13 solid tumor types.
A very similar tumor-specific mutational pattern between
non-HVS and HVS was also confirmed in all three sepa-
rate datasets across tumor types and cancer subtypes
(Figure 3b�d; Supplementary_Figure_S7a�c). Based on
5



Figure 1. High variability of mutation density in mtDNA control region across 20 tumor types. (a) Comparison of mutation density
(MD) between mtDNA control region (mtCTR) and coding region (mtCDR) in 20 tumor types. MD was defined as somatic mutation
number/kb in one sample. Median with 95% CI was shown. P value was from Mann Whitney U test. (b) Mutation density of mtCTR
and mtCDR and (c) Ratio of MD between mtCTR and mtCDR across 20 tumor types. Ratio was calculated as the MD of mtCTR divided
by corresponding MD of mtCDR (ratio of MDmtCTR/mtCDR) in certain tumor tissue type. (d and e) Spearman rank correlation between
ratio of MDmtCTR/mtCDR and MD of mtCTR or MD of mtCDR in 20 tumor types. M, median. CV, coefficient of variation.
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the relative distribution of non-HVS and HVS somatic
mutations, we designated different tumor types into
three mutation-selection subtypes (Figure 3a�d). In
colon/rectum tumors, the mutation proportion in the
non-HVS region was almost equal to the length propor-
tion of non-HVS in mtCTR (27.5%), implying an even
distribution and lack of evolutionary selection for non-
HVS and HVS mutations in this tumor type, we thus
defined it as the relaxed constraint type. In contrast,
almost no mutations were detected in the non-HVS of
mtCTR in the prostate, ovary, uterus, and thyroid tumor
tissues, leading to mutation proportions of HVS almost
100%, which was defined as the strict constraint type.
The other 8 tumor types showed an intermediate distri-
bution of non-HVS and HVS mutations, which was
defined as the moderate constraint type. In addition, we
found a positive correlation between the MD of non-HVS
and the general MD of tumors belonging to the moderate
constraint type (Spearman’s correlation, r= 0.8333, P=
0.0154) (Figure 3e). When mutations were classified
according to 7S DNA, the triple-strand area in mtCTR,
the proportion of mutations in the 7S DNA region
showed no significant difference across the 13 tumor
types in both the total mutation dataset and three
separate datasets (Supplementary_ Figure_S8a�d).
Although not all (8 of 13) tumor types are composed of a
single cancer subtype, these results strongly suggest that
the evolutionary selection pressure on HVS and non-
HVS mutations may be tumor- or cancer subtype-spe-
cific.
Prevalence of CH > TH in non-HVS greatly contributed
to mutational selection pattern of mtCTR across
different tumor types
To explore the underlying mechanism of the tumor-spe-
cific mtCTR mutational pattern, we first compared the
substitution signature between germline variants and
somatic mutations in mtCTR across the 13 tumor types.
As shown in Figure 4a, there was a significantly differ-
ent substitution pattern between germline variants and
somatic mutations (Chi-square test, P < 0.0001). A
detailed analysis of mtCTR mutations revealed the exis-
tence of a dramatic substitution difference between the
HVS and non-HVS groups in both germline variants
and somatic mutations. The non-HVS group exhibited
an overwhelmingly high proportion of TL > CL transi-
tions (78.6%) in germline variants (Figure 4b) and a
www.thelancet.com Vol 80 Month June, 2022



Figure 2. Distributional bias of tumor somatic mutations in non-HVS and HVS of mtDNA control region. (a) Distribution of somatic
mutations in different regions of mtCTR in total mutation dataset. Mutation hotspots (mutation number was at least 10 times higher
than the average mutation number of mtCTR, that is no less than 12) were colored in red. HVS, hypervariable segment. (b) Distribu-
tion of somatic mutations in different regions of mtCTR across 20 tumor types. Tissues were lined from top to bottom according to
the total mutation number of mtCTR. (c and d) Comparison of mutation density or average mutation sites between HVS and non-
HVS of mtDNA control region in tumor types. (e and f) Spearman rank correlation between the general MD of tumor and the MD of
HVS or the MD of non-HVS. P values were calculated from Mann Whitney U test.
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Figure 3. Tumor-specific mutation pattern between mtCTR non-HVS and HVS regions. Proportion of somatic mutations in HVS and
non-HVS regions of mtCTR across 13 solid tumor types in the total mutations dataset (a) and three separate datasets including sepa-
rate dataset 1 (b), separate dataset 2 (c), and separate dataset 3 (d). Vertical dashed lines indicated the length proportion of non-HVS
in mtCTR. Mutation number in non-HVS and HVS regions was shown in brackets. (e) Distributional pattern of the general MD of
tumor and the MD of non-HVS across 13 solid tumor types and Spearman rank correlation in 8 solid tumor types.
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significant increase in CH > TH transitions (from 8.5%
to 45.2%) in somatic mutations (Figure 4b, c). The L
strand refers to the reference sequence for alignment.
Notably, although a broadly similar mutational pattern
was observed between the germline and somatic HVS
groups, the somatic non-HVS group exhibited a dra-
matic change in the substitution spectrum relative to
the germline non-HVS group, as exemplified by an
abrupt reduction in TL > CL proportions and a signifi-
cant increase in CH > TH proportion (Figure 4b, c).
These results suggest that the selection pattern may dif-
fer between germline and somatic mutations, particu-
larly in the non-HVS region.

A previous study reported a substitution bias toward
CL > TL in mtCTR, especially in the region around the
origin of replication.17 Therefore, we further compared
the substitution spectrum of somatic mutations
between HVS and non-HVS across 13 tumor types and
found that they were similar in HVS but quite variable
in non-HVS, especially for CH > TH proportion
(Figure 4d). Thus, we compared the incidence ratio of
CH > TH between non-HVS and HVS among different
tumor types. As shown in Figure 4e, there was a
remarkably different CH > TH incidence ratio across 13
tumor types, with colon/rectum tumors showing a high
incidence ratio, but four tumor types showed complete
absence of non-HVS CH > TH. Meanwhile, the CH >

TH incidence ratio correlated well with the mutation
proportion of non-HVS in mtCTR across 13 tumor
types, which were classified into three evolutionary
types (Figure 4f). These results suggest that the preva-
lence of CH > TH in the non-HVS region may greatly
contribute to the tumor- or cancer subtype-specific
selection pattern of mtCTR.
Regional mutations in mtCTR were associated with
tumor mitochondrial dysfunction
mtCTR contains various regulatory elements crucial for
mtDNA replication and transcription (Supplementary_-
Figure_S9).29 Thus, we first investigated the association
between regional mutations in mtCTR and mtDNA
copy number, an indicator of mitochondrial biogenesis,
in four representative cancer subtypes selected from
three evolutionary types. As shown in Figure 5a, no sig-
nificant difference in mutation density was observed
www.thelancet.com Vol 80 Month June, 2022



Figure 4. Prevalence of CH > TH in non-HVS greatly contributed to mutational selection pattern across different tumors. (a) Propor-
tion of different substitution types in germline variants (n=13542) of mtCTR from Elife 2014 (n=10095) and our data (n=3447) and
somatic mutations (n=1007) of mtCTR from 13 solid tumor types. (b) Proportion of different substitution types in germline variants
of mtCTR HVS and non-HVS regions. (c) Proportion of different substitution types in somatic mutations of mtCTR HVS and non-HVS
regions. (d) Proportion of different substitution types in somatic mutations of mtCTR HVS and non-HVS regions across 13 solid tumor
types. (e) Incidence bias of CH > TH across 13 tumor types. Incidence bias was defined as substitution number per kilo base pair (kb)
in non-HVS region divided by substitution number per kilo base pair (kb) in HVS region in certain tumor tissue type. (f) Spearman
rank correlation between incidence bias of CH > TH and proportion of somatic mutations in non-HVS region in 13 tumor types. All P
values were from Chi-square test.
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between non-HVS and HVS in CRC, which exhibited a
relaxed constraint evolutionary type in mtCTR muta-
tions, whereas significant differences existed in RCC
and HCC with moderate constraint selection, as well as
in OV with strict constraint selection. In contrast, CRC
had the highest ratio of MDnon-HVS/HVS, whereas OV
had the lowest ratio (Figure 5b). The mtDNA copy
www.thelancet.com Vol 80 Month June, 2022
number was further compared between cancer samples
with different status of regional mtCTR mutations.
When compared to samples without mtCTR mutations,
the samples with non-HVS mutations exhibited a signif-
icantly lower mtDNA copy number in CRC, RCC, and
HCC, while no significant difference was observed
between samples with HVS mutations and without
9
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mtCTR mutations in all cancer subtypes, except for
HCC (Figure 5c�f). Meanwhile, the mtDNA copy num-
bers in samples with non-HVS mutations were signifi-
cantly lower than those in samples with HVS mutations
only in CRC. Our findings indicate that mutations in
mtCTR exhibit a remarkable but cancer subtype-specific
effect on mitochondrial biogenesis.

Considering the key role of mtDNA in mitochondrial
oxidative phosphorylation,30 we further analyzed the
association between regional mutations in mtCTR and
the transcriptional levels of mitochondrial genes. As
shown in Figure 5g, cancer samples with mtCTR non-
HVS mutations exhibited a relatively higher expression
level of mtDNA genes in CRC when compared with
tumor tissue samples with HVS mutations, although not
all gene upregulation reached statistical significance. In
contrast, no notable difference in expression was
observed between samples with non-HVS and HVS
mutations in RCC or HCC. We further compared the
mtCDR mutational burden between samples with HVS
mutations and non-HVS mutations in CRC, RCC, and
HCC. No significant difference was observed in any can-
cer type (Supplementary_Figure_S10). Then, we grouped
the samples according to the median mtCDR mutation
number in each cancer type and compared mtDNA gene
expression at the transcriptional level. Our results
showed no significant difference in mtDNA gene expres-
sion between samples with different mtCDR mutational
burdens (Supplementary_Figure_S11). These results sug-
gest that mutations in mtCTR may be associated with
cancer subtype-specific mitochondrial biogenesis and
metabolic reprogramming.
Somatic mutations of mtDNA control region were
associated with prognosis of cancer patients
Considering the effect of mtCTR mutations on mito-
chondrial biogenesis and metabolism, we evaluated the
association of mtCTR mutations with cancer patient
prognosis. Kaplan�Meier survival analysis revealed that
patients with non-HVS mutations exhibited a signifi-
cantly poorer prognosis than those with HVS mutations
in both RCC (log-rank P=0.0263) and HCC (log-rank
P=0.0280). However, no significant survival differences
were observed between patients with HVS mutations
and those with non-HVS mutations in CRC
(Figure 6a�c). Multivariate Cox regression analysis also
indicated that non-HVS mutation was an independent
prognostic factor for overall survival (OS) of HCC
patients, but not CRC patients (Supplementary_T-
able_S9). We also grouped the samples according to
their mtCDR mutational burden for survival analysis.
No difference in OS was found between patients carry-
ing different mtCDR mutational burdens in CRC, RCC,
and HCC (Supplementary_Figure_S12). Functional
analysis showed that HCC cell lines with non-HVS
mutations exhibited higher proliferation and metastasis
ability than those with HVS mutations (Supplementar-
y_Figure_S13). Meanwhile, there was no significant dif-
ference in OS between patients with HVS mutations
and those with mutations outside mtCTR in CRC, RCC,
and HCC, except for OV, in which patients with HVS
mutations exhibited a significantly poorer prognosis
than those with mutations outside mtCTR
(Figure 6d�g). Our findings suggest that somatic muta-
tions in mtCTR, especially non-HVS mutations, may
play important roles in the progression of specific can-
cer subtypes.
Discussion
In this study, we for the first time systematically charac-
terized somatic mutation patterns in the mitochondrial
control region (mtCTR) across multiple tumor types
based on a comprehensive mtDNA mutation dataset.
Several key findings were obtained. First, somatic muta-
tions in mtCTR were characterized by high variability
across different tumor types. Second, tumor mtCTR
somatic mutations were remarkably enriched in HVS,
but not in non-HVS regions. Third, mtCTR mutation
evolutionary patterns were classified into three types
based on tumor- or cancer subtype-specific mutational
signatures between non-HVS and HVS, including
relaxed, moderate, and strict constraint types, which can
greatly contribute to the prevalence of CH > TH in non-
HVS. Fourth, the regional mutation patterns in mtCTR
were clearly associated with mitochondrial dysfunction
and patient prognosis.

In the present study, we found that the mutation
density in mtCTR exhibited great variation across dif-
ferent tumor types, whereas it was relatively stable in
the coding region. Similar findings have been reported
in previous studies involving a single type of cancer
using Sanger sequencing. For example, it has been
shown that 55.7% RCC patients had at least one
mtCTR mutation, with the average mutation number
of 2.3 per patient.31 In contrast, an average mtCTR
mutation number of 0.86 has been reported in thyroid
lesions.32 Interestingly, the tumor species with high
mtCTR mutation density seem to originate from tis-
sues with high levels of mtDNA replication/transcrip-
tion, since the expression of mitochondrial
transcription factor A (TFAM) is much higher in the
kidney and liver than that in the uterus.11,33 Therefore,
we hypothesized that the variable intensity of mtDNA
replication might lead to different selection pressures
for mtCTR mutations across different tumor or cancer
subtypes. However, the detailed mechanism remains
to be elucidated.

Extensive sequencing of the mtCTR across different
populations has consistently identified three hypervari-
able segments (HVS1-3), which are enriched by germ-
line variants and interspaced by segments with little
variability (non-HVS).34,35 Similarly, our study found an
www.thelancet.com Vol 80 Month June, 2022



Figure 5. Mutational pattern of mtDNA control region was associated with tumor mitochondrial dysfunction. (a) Comparison of
mutation density between non-HVS and HVS in four tumor types. P values were from Fisher’s exact test. (b) Ratio of MDnon-HVS/HVS

among four tumor types. (c-f) Comparison of mtDNA copy number among samples without mutations in mtDNA control region (no
mtCTR muts), samples with HVS mutations (HVS muts) and samples with non-HVS mutations (non-HVS muts) in CRC, RCC, HCC and
OV. P values were from Mann Whitney U test. (g) Gene expression change of 15 mtDNA genes between tumor samples with HVS
mutations and non-HVS mutations in CRC, RCC and HCC. The bubble colors from red to blue correspond to Log2 fold change of
gene expression level from high to low in non-HVS group compared to HVS group. *P<0.05, **P<0.01.
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overall enrichment of somatic mutations in the HVS of
mtCTR in multiple solid tumors. Similar findings have
been reported in breast, pancreatic, and prostate
cancers.8,36,37 Considering that most of the regulatory
elements identified to be involved in mtDNA replication
and transcription are located in the HVS, but not in the
non-HVS region,38,39 the distributional bias of both
germline and somatic mutations in mtCTR is interest-
ing and thought-provoking. Wei et al. have recently pro-
vided evidence that the variability between HVS and
non-HVS may be strongly shaped by evolutionary selec-
tion of germline variants during population expansion,
supporting a critical functional role of mtCTR.12 Thus,
it’s reasonable to assume that the mtCTR may also play
an active role in tumorigenesis. Specifically, somatic
mutations in HVS might be more tolerated for func-
tional neutrality or positively selected for better meta-
bolic adaptation, whereas many somatic mutations
in non-HVS may be impermissible in tumorigenesis
and negatively selected during tumor evolution and pro-
gression.
www.thelancet.com Vol 80 Month June, 2022
Consistent with the well-known inter-tumor hetero-
geneity,40 we also observed a high level of heterogeneity
in the regional distribution of mtCTR somatic muta-
tions across different tumor types. Considering the criti-
cal functionality of the non-HVS region,12 we propose
that the variable distribution of somatic mutations in
HVS and non-HVS regions may reflect the presence of
tumor- or cancer subtype-specific selection pressure
against non-HVS mutations, exemplifying the relaxed,
moderate, and strict constraint types, respectively. In
this regard, only CRC exhibited relaxed selection against
non-HVS mutations in the combined dataset. Similarly,
Gorelick et al. reported that CRC cells tolerated a high
level of truncating mutations in mtCDR.10 In contrast,
OV represented a case of the strict constraint type,
where the non-HVS mutations seemed to be severely
depleted. One clue is that OV develops, metastasizes,
and recurs in the abdominal cavity, which represents a
unique microenvironment that may impose critical
requirements on mitochondrial respiration.41 Between
the relaxed and strict constraint types, we also observed
11
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Figure 6. Somatic mutations of mtDNA control region were associated with prognosis of cancer patients. (a-c) Kaplan Meier curve
analysis of overall survival (OS) between patients with non-HVS mutations and HVS mutations in CRC, RCC and HCC. (d-g) Kaplan
Meier curve analysis of overall survival between patients without mtCTR mutations and with HVS mutations in CRC, RCC, HCC and
OV. Log-rank test was used to compare overall survival between two groups.
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a group of cancers with a moderate constraint type, such
as RCC and HCC, where the non-HVS mutations
appeared to be moderately depleted. Both increased
mutation rate and evolutionary selection may contribute
to such different mutation patterns detected across 13
tumor types. In previous studies, mtDNA replication
error has been well recognized to be the common rea-
son for the origin of mtDNA mutations,17,42 for which
no site or region preference of mutations has been
reported. Therefore, we are more inclined to the possi-
ble explanation of evolutionary selection on different
mutation patterns of mtCTR across 13 tumor types. In
addition, our previous study has provided evidence that
specific somatic mutations in mtCTR may be subjected
to positive selection in HCC.7 Meanwhile, a recent study
has reported that mutations in mtCTR showed signifi-
cantly different substitution gradients and distinct
regional biases compared to those in mtCDR, indicating
that regulatory elements may alter mutational
potential.43 Together, these results indicate a very com-
plex evolutionary process involving mutations in the
mtDNA control region across different tumor types,
which needs to be further elucidated by a more system-
atic and comparative pan-cancer analysis.

As mtCTR contains various regulatory regions,
mutations in mtCTR are expected to affect mitochon-
drial biogenesis to some extent. As expected, both up-
and down-regulation have been reported in previous
studies. For example, mtCTR mutations have been
reported to increase mtDNA copy number in human
laryngeal squamous cell carcinoma44 but decrease
mtDNA copy number in liver and breast cancers.7,45 In
the present study, we found a decrease in mtDNA copy
number in tissues with non-HVS mutations in the three
cancer subtypes compared to control tissues, implying
that the analysis of regional mutations in mtCTR may
help understand the function of mtDNA mutations.
Meanwhile, we also observed inconsistent results in OV
www.thelancet.com Vol 80 Month June, 2022
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with a strictly constrained evolutionary type, indicating
no remarkable effect of non-HVS mutations on mtDNA
copy number. Therefore, we suspected the existence of
a cancer subtype-specific compensatory mechanism for
mitochondrial replication.

Interestingly, we found that the expression levels of
mitochondrial genes for oxidative metabolic function
were significantly enhanced in CRC tissues with non-
HVS mutations, but there was no difference between
RCC and HCC tissues. A series of previous studies have
shown that CRC depends more on mitochondrial oxida-
tive phosphorylation.46 Therefore, we speculate that
relaxed selection pressure may shape the specific muta-
tion pattern in the non-HVS of mtDNA and play impor-
tant roles in the regulation of oxidative metabolism in
CRC cells. Røyrvik et al. reported that mutations located
at different sites of mtCTR switch mtDNA replication to
transcription,40 which provides partial support for our
hypothesis. Additionally, our data indicated that non-
HVS mutations could act as a poor biomarker for prog-
nosis in RCC and HCC patients, which further
strengthens the clinical significance of mtCTR muta-
tions. However, whether non-HVS mutations affect the
prognosis of tumor patients by regulating oxidative
metabolism remains unclear.

Despite these inspiring findings, the present study
had several limitations. First, because of the lack of
access to raw sequencing data, only ready-made muta-
tion data from four publications were used for signature
profiling. Second, the sample size and total mutation
number were relatively small for the subgroup analysis,
especially for specific cancer subtypes. Therefore, some
biologically rationalized inter-cancer comparisons could
not be carried out, although our major conclusions were
not affected. Finally, only a small portion of RNA-seq
data was available for our tumor samples. As a result,
gene expression analysis is more indicative, but not con-
clusive. Collectively, our study is the first to comprehen-
sively profile pan-cancer signatures of mtCTR somatic
mutations based on NGS data. Our findings reveal the
tumor-specific evolutionary patterns of mtCTR somatic
mutations across different tumor types, which may con-
tribute to the regulation of mitochondrial biogenesis
and oxidative metabolism, and function as prognostic
biomarkers in cancer patients, further emphasizing the
critical roles of mtDNA mutations in tumorigenesis.
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