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INTRODUCTION

Colorectal cancer (CRC) is the third most common fatal 
cancer worldwide [1]. The overall 5-year survival of patients 
with CRC remains very low. Effective biomarkers for the early 
detection, diagnosis, prognosis and monitoring of CRC are 
urgently needed.

Nowadays, the cell-free mitochondrial DNA (mtDNA) 
has been received much attention in cancer diagnosis and 
prognosis. Compared to nuclear DNA (nDNA), mtDNA 
is very vulnerable to mutations, and the copy number of 
mtDNA per cell may increase to compensate for DNA dam-
age [2]. The increase of mtDNA copy number per cell may 
lead to compensation of mtDNA damage or mitochondrial 
dysfunction [3]. Elevated mtDNA copy number in plasma or 
serum has been proven to associate with an increased risk of 
several malignancies including non-Hodgkin lymphoma [4], 
lung cancer [5] and pancreatic cancer [6]. Complex I har-
boring subunits is the largest component of the respira-
tory chain, which catalyzes the transfer of electrons from 
NADH to flavin mononucleotide and then to ubiquinone [7]. 
Mitochondrially encoded NADH dehydrogenase subunit 
1 (MT-ND1), encodes one of the seven subunits of respira-
tory complex I and is involved in the first step of the electron 
transport chain of oxidative phosphorylation (OXPHOS). 
Mutations in MT-ND1 might cause an alteration of the elec-
tron transport components and damage the normal electron 
flow, leading to an increase of superoxidase radical genera-
tion and increase oxidative stress in various types of can-
cer cells  [8]. Some variants of MT-ND1, including A4164G, 
A4123G, T3394C, A3434G and C3497T, exist in the colorec-
tal tumor tissues comparing to the corresponding adjacent 
tissue [9]. In recent years, liquid biopsy is a useful diagnosis 
and monitoring tool, which has been gained extensive atten-
tion as a noninvasive detection tool. However, it is not clear 
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ABSTRACT

Liquid biopsy represents a diagnostic and monitoring tool and the circulating cell-free mitochondrial DNA (mtDNA) plays a vital role in 
tumor diagnosis and dynamic assessment. Colorectal cancer (CRC) is one of the most common fatal cancers worldwide. Mitochondrially 
encoded NADH dehydrogenase subunit 1 (MT-ND1) encodes the biggest subunit of respiratory complex I of mtDNA, and mutations 
in the MT-ND1 are common in CRC. We sought to determine if mutations in circulating MT-ND1 could be a potential biomarker for 
colorectal cancer. In this study, twenty-two CRC patients at Zhujiang Hospital were included. We mainly used droplet digital PCR to 
determine the mutation status of MT-ND1, combined with clinical data. In the experiment in vivo, cell-free mtDNA generally presented 
high concordance with tumor tissues. By quantitative PCR, the MT-ND1 content of plasma in CRC patients was significantly higher than 
that in healthy individuals (58.01 vs. 0.64, p=0.027). The detection of circulating MT-ND1 content and variants (m.3606 A>G, m.3970 
C>T, m.4071 C>T, m.4086 C>T) in cfDNA showed a good correlation with predicted tumor response and progression to chemotherapy. 
In conclusion, the content and variants of circulating MT-ND1 may become a versatile tool for the diagnosis and monitoring of colorec-
tal cancer.
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vivo experiment was performed. We transplanted LoVo and 
HT-29 cells (5×106) by subcutaneous injection into BALB/
c-nu/nu male mice (n=6, Shanghai Slac Laboratory Animal). 
Meanwhile, another six mice were injected with PBS. 
Environmental conditions were a temperature of 22 ± 2°C, 
humidity of 50 ± 10%, 12 h light and 12 h dark cycle with lights 
on at 07:00 and off at 19:00. These mice were sacrificed after 
6 weeks. The tumors were surgical excised, and the genomic 
DNA was extracted from the tumors for PCR as described 
above. The blood samples were collected in EDTA tubes by 
heart puncture, processed into plasma within 30 min (2,000g 
for 15 min at 4°C). The cell-free circulating DNA (cfDNA) of 
plasma was extracted by QIAamp Circulating Nucleic Acid 
Kit (Qiagen), according to the manufacturer’s protocol. The 
DNA concentrations were determined by Qubit dsDNA HS 
Assay Kit (Life Technologies) and cfDNA quality was evalu-
ated with the Agilent 4200 Bioanalyzer.

Using the primers and probes in Table  2, droplet dig-
ital PCR (ddPCR) was performed with QX200 Droplet 
Digital PCR system (BioRad) to detect the mutation rate 
of MT-ND1 in plasma and related tumor tissue. A final vol-
ume of 20 μL reaction mixture comprised 10 μL 2 × ddPCR 
Supermix for Probes, 1.8 μL of both primers (10 μM), 
0.5 μL of both probes (10 μM), 5.4 μL of ddH2O and tem-
plate. The progress of amplification was composed of one 
cycle at 95°C for 10 min, 40 cycles of 94 °C for 30 s and 
55 °C for 1 min, followed by 10 °C hold. We analyzed the 
results using QuantaSoft (ver 1.6.6) software that accom-
panied the QX200 reader. In our analyses, MT-ND1 muta-
tion-specific signals are generated in the FAM channel 
while the MT-ND1 wildtype signals are in the VIC channel. 
We calculated poisson concentrations using QuantaSoft, 
and the MT-ND1 mutation rate was calculated from gen-
erated Poisson concentrations as follows: % Mut = [FAM]/
[FAM+VIC]×100%.

Patient cohort

Twenty-two CRC patients were seen at Zhujiang Hospital, 
and the patient baseline characteristics were shown in 
Table  S1. Eighteen of these patients had tumor tissues, and 
the rest of the patients had blood samples of the whole treat-
ment process including excision and chemotherapy course. 
Four healthy individuals were also included in the study. The 
study protocol has been approved by the Ethics Committee of 

whether circulating MT-ND1 could be used as an effective 
biomarker using liquid biopsy strategies for CRC.

In this study, we investigated the concordance of MD-ND1 
mutations between cfDNA and corresponding tumor tissues 
and analyze the character of cell-free mtDNA in longitudinal 
cases. We aimed to find out whether the content and variants 
of circulating MT-ND1 could be a potential biomarker for col-
orectal cancer.

MATERIALS AND METHODS

Detection of MT-ND1 mutation for CRC cell lines 
in vitro and in vivo

The human colorectal cancer cell lines LoVo and HT-29 
were purchased from Cell Bank of Type Culture Collection of 
Chinese Academy of Sciences (Shanghai, China). All the cells 
were cultured in monolayer using RPMI 1640 medium sup-
plemented with 10% (v/v) fetal bovine serum (FBS) (Gibco, 
USA). Cells were maintained in a humidified atmosphere of 
5% CO2 and 95% air at 37°C.

The whole genome DNA of cell lines was extracted 
from the two cell lines using Genomic DNA Extraction Kit 
(Shanghai Biochip Co., Ltd., China), according to the manu-
facturer’s protocol. The DNA concentration was measured 
with NanoDrop One spectrophotometer (Thermo Fisher 
Scientific, Inc.) and the quality of DNA was monitored by 
electrophoresis.

The primers used for PCR were listed in Table 1 and were 
synthesized by Sangon Biotech (Shanghai) Co., Ltd.. The 
reaction system included 1μL DNA (15–20 ng), 0.2 μLof 
5 U/μL rTaq PCR Polymerase, 0.3 μL of 10 mM dNTP, 1.2 μL 
of 25 mM Mg2+, 1 μL of both primers and 8.8 μL ddH2O. The 
progress of amplification was composed of an initial poly-
merase activation at 95°C for 5 min, followed by 15 cycles at 
95°C for 30 s, with annealing at 65°C (−1°C/cycle) for 30 s 
and 72°C for 45 s, and20 cycles at 95°C for 30 s, with anneal-
ing at 50°C for 30 s and 72°C for 45 s. The prior amplification 
was performed on T100 Thermal Cycler (BioRad). The PCR 
products were sequenced using ABI3730 DNA sequencer 
(Applied Biosystems, Foster City, CA, USA). 

To validate the concordance of mitochondrial muta-
tions between cfDNA and its corresponding tumor, the 

TABLE 1. The primer sequences of MT-ND1 for Sanger’s 
sequencing

Primer name Primer sequence (5’-3’)
MT-ND1-F1 ACACAGCAAGACGAGAAGACC
MT-ND1-R1 AGAAGAGCGATGGTGAGAGC
MT-ND1-F2 TGCTTACCGAACGAAAAAT
MT-ND1-R2 GAGTTGGTCGTAGCGGAA
MT-ND1-F3 CCTTAGCTCTCACCATCGCT
MT-ND1-R3 CAACATTTTCGGGGTATGGGC

TABLE 2. The primer and probe sequences of MT-ND1 for 
ddPCR detection

Primer or probe name Primer or probe sequence (5’-3’)
Mito-A3480G-F CTTCGCTGACGCCATAAAACT
Mito-A3480G -R TGGTAGATGTGGCGGGTTTTAG
Mito-A3480G-Mut 5’FAM-TTCACCAAGGAGCC-3’MGB
Mito-A3480G-WT 5’VIC-TTCACCAAAGAGCC-3’MGB
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the Zhujiang Hospital (approval number: 2014-PTWK-1010). 
All study participants provide their informed consent before 
inclusion into the study. 

Mutation detection of MT-ND1 for CRC patients

Eighteen CRC patients with malignancy-free margins 
were included. Their tumor tissues were utilized to extract 
genomic DNA. The extraction of genome DNA, the measure-
ment of DNA concentration, the monitoring of DNA quality, 
the primers and the PCR condition were described above. In 
order to exclude germline variants, we collected mitochon-
drial germline variants of cancers from the database of The 
Cancer Genome Atlas (TCGA) and published articles. Then 
we compared the hotspots of CRC patients with reported 
mitochondrial germline variants of cancers, and finally iden-
tified the somatic mutations. 

Detection of MT-ND1 content for CRC patients

Four CRC patients and four healthy individuals were 
included. 5 mL of blood samples were collected in EDTA tubes, 
processed into plasma within 30 min (2,000g for 15 min at 4°C). 
The extraction and quality assessment of the cfDNA from the 
plasma were described above. The primers and the PCR con-
dition used were described in Table 3. The Student’s t-test was 
used as a statistical analysis for the content of MT-ND1. 

Bioanalysis in cfDNA of longitudinal cases 

Four CRC patients with malignancy-free margins were 
included. The time points for collecting the blood samples 
included before surgery (Pre), three days after the operation 
(Post), the first course of chemotherapy (1st); the third course 
of chemotherapy (3rd); the fifth course of chemotherapy (5th). 
5 mL of blood samples for each time point were collected in 
EDTA tubes, processed into plasma within 30 min (2,000g for 
15 min at 4°C). A part of the plasma was used for mutational 
analysis. The extraction and quality assessment of the cfDNA 
from the plasma were described as above. 

To determinate the correlation between the character of 
cfDNA and the relapse of CRC, the abundance and complete-
ness of cfDNA on each stage of patients with CRC were evalu-
ated. The abundance of cfDNA was just as the result of Qubit 
detection. The completeness of cfDNA was evaluated by qPCR, 
using the ratio of 247 bp ALU and 115 bp ALU (Table 4). A final 
volume of 20 μL reaction mixture comprised 2× Master Mix 
(Life Technologies), 0.5 μL for each primer (10 μM), 0.3 μL for 
each probe (10 μM), and the rest for template and ddH2O. The 
progress of amplification was composed of one cycle at 95°C 
for 10 min and 40 cycles at 95°C for 15 s, 60°C for 1 min.

To determine the correlation between the character of 
cell-free mtDNA and the relapse of CRC, the abundance and 

TABLE 3. The primers and probes for detection of MT-ND1 
content

Primer or probe name Primer or probe sequence (5’-3’)
MT-ND1-F CCCTTCGCTGACGCCATA
MT-ND1-R TGGTAGATGTGGCGGGTTTT
MT-ND1-Probe FAM-CACCAAAGAGCCCC-MGB
β-globin-F TGTCTCCACATGCCCAGTTTC
β-globin-R GGGCAGGTTGGTATCAAGGTT
β-globin-Probe VIC-TTGGTCTCCTTAAACCTGTCT-MGB

TABLE 4. The primers for abundance and completeness of 
cfDNA and cell free mtDNA detection

Primer or probe name Primer or probe sequence (5’-3’)
ALU115-F CCTGAGGTCAGGAGTTCGAG
ALU115-R CCCGAGTAGCTGGGATTACA
ALU247-F GTGGCTCACGCCTGTAATC
ALU247-R CAGGCTGGAGTGCAGTGG
ALU-Probe VIC-CGTCTCTACTAAAAATAC-MGB
mtDNA-16S-rRNA-71-F GCATAACACAGCAAGACGAGAAGA
mtDNA-16S-rRNA-71-R GGGTTTGTTAGGTACTGTTTGCATT
mtDNA-16S- rRNA-226-F GAAGAGGCGGGCATAACACA
mtDNA-16S- rRNA-226-R GTCTGTTTGAGGTTGCTAGTG
mtDNA-16S-rRNA-Probe FAM-CCTATGGAGCTTTAATTTA-MGB

completeness of cell-free mtDNA in each stage of patients 
with CRC were evaluated. The abundance of cell-free mtDNA 
was determined by qPCR for the quantification of MT-ND1 
using the primers and probes in Table 3 [10]. The complete-
ness of cell-free mtDNA was evaluated by qPCR, using the 
ratio of 226 bp 16S and 71 bp 16S (Table 4).

Based on the sequencing result of the eighteen CRC 
patients, we had found four hotspots of MT-ND1. In this part, 
we would like to find out the correlation between the MT-ND1 
mutational load and the stage of CRC. Then ddPCR was per-
formed using the primers and probes in Table 5. The reaction 
system, condition and analysis of ddPCR were described 
above. The average mutation load of MT-ND1 for an individ-
ual was the average mutation percentage in four genes.

[ ]
[ ]

= ×
+

 100%
FAM

MutationRate
FAM VIC

1
   AverageMutationLoad MutationRate

N
= ∑

where N is the total number of hotspots, and mutation 
rate is the ratio of positive concentration in FAM passage and 
total positive concentration.

Analysis of the levels of carcinoembryonic antigen 
(CEA), carbohydrate antigen 19-9 (CA19-9) and 
carbohydrate antigen 72-4 (CA72-4) in plasma of 
longitudinal cases 

Blood was collected in a tube without anticoagulant, 
and the supernatant was collected after standing for 30 min. 
Then serum samples were obtained after centrifuging at 800 
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g and 16,000g respectively. CEA, CA72-4 and CA19-9 were 
all performed by Cobas E601 (Roche Diagnostics) in chemi-
luminescent immunoassays according to the manufacturer’s 
instructions. The normal reference values of the three serum 
tumor markers are CEA 0-3.4 ng/mL, CA72-4 0-9.8 U/mL 
and CA19-9 0-39.0 U/mL. Exceeding the upper limit of the 
normal threshold is considered positive.

RESULTS

The concordance of MD-ND1 mutations between 
cfDNA and corresponding tumor 

From the result of Sanger sequencing, we found a muta-
tion site (m.3480A>G) in both human colorectal cancer cell 
lines of LoVo and HT-29 (Figure 1A and 1B). Then the trans-
planted tumor mice model was used. Both cfDNA and the 
genome DNA of tumor tissues were detected by ddPCR using 
the primers and probes for m.3480A>G. Due to the limited 
volume of plasma, we randomly mixed two plasma samples 
into one. Correspondingly, the genome DNA samples from 
the tumor tissues were also mixed. Finally, there were three 
plasma samples and three genome DNA samples in each 
group. The mut-MT-ND1 in both plasma and tumor tissue of 
LoVo and HT-29 xenografted mice were detected. As shown 
in Figure  1C and 1D, the concordance of mutation rate was 
similar. In the xenografted mice of HT-29, the average muta-
tion rate of tumor tissues was 99.94%, while the average muta-
tion rate of plasma was 99.73% (Table 6). In the xenografted 
mice of LoVo, the average mutation rate of tumor tissues 
was 99.80%, while the average mutation rate of plasma was 
95.97% (Table  6). Meanwhile, the control mice did not have 
mut-MT-ND1. The result indicated that the concordance of 

TABLE 5. The primer and probe sequences of MT-ND1 for 
ddPCR detection

Primer or probe name Primer or probe sequence (5’-3’)
Mito-A3606G-F CCCAACCCCCTGGTCAAC
Mito-A3606G-R GGCTAGGCTAGAGGTGGCTAGAA
Mito-A3606G-Mut 5’VIC-TCAACCTGGGCCTC-3’MGB
Mito-A3606G-WT 5’FAM- TCAACCTAGGCCTCCT -3’MGB
Mito-C3970T-F AGTCTCAGGCTTCAACATCGAAT
Mito-C3970T-R GATTGTAGTGGTGAGGGTGTTTATTATAA
Mito-C3970T-Mut 5’VIC-CTTCGCCTTATTCTT-3’MGB
Mito-C3970T-WT 5’FAM-CCCTTCGCCCTATT-3’MGB
Mito-C4071T-F CCTCACCACTACAATCTTCCTAGGA
Mito-C4071T-R AGGTTAGAAGTAGGGTCTTGGTGACA
Mito-C4071T-Mut 5’VIC-TCCCCTGAACTCTATACA-3’MGB
Mito-C4071T-WT 5’FAM-TCCCCTGAACTCTACACA-3’MGB
Mito-C4086T-F GCACTCTCCCCTGAACTCTACAC
Mito-C4086T-R GAATTCATAAGAACAGGGAGGTTAGAA
Mito-C4086T-Mut 5’VIC-ATATTTTGTTACCAAGACC-3’MGB
Mito-C4086T-WT 5’FAM-CATATTTTGTCACCAAGAC-3’MGB

FIGURE 1. The concordance of MD-ND1 mutations between cfDNA and corresponding tumor (A) The cell line of LoVo showed 
mutant type for m.3480 A>G in MT-ND1. (B) The cell line of HT-29 showed mutant type for m.3480 A>G in MT-ND1. (C) 1-D plot 
showed the m.3480 A>G status in tumor tissue and plasma cfDNA of LoVo xenografted mouse. (D) 1-D plot showed the m.3480 
A>G status in tumor tissue and plasma cfDNA of HT-29 xenografted mouse. 
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BA



Yichun Xu, et al.: Detection of MT-ND1 as a biomarker for CRC

Bosn J Basic Med Sci. 2021;21(5):577-586 581 www.bjbms.org

MT-ND1 mutations between cfDNA and corresponding 
tumor was high.

The mutation status of MT-ND1 for CRC patients

Eighteen CRC patients with malignancy-free margins 
were included. The genomic DNA of tumor tissues was used 
to detect the mutation of MT-ND1. The result for mutational 
spots in MT-ND1 of eighteen CRC patients was shown in 
Table  7. Four mitochondrial mutational hot spots were 
detected in three or more cases. The proportion of the top 
four hot spots for m.3606 A>G, m.3970 C>T, m.4071 C>T and 
m.4086 C>T in CRC patients were 27.8% (5/18), 38.9% (7/18), 
22.2% (4/18) and 27.8% (5/18) respectively (Figure 2). We 
also founded 44.4% (8/18) of the cases harbored two mito-
chondrial mutational hot spots. We collected mitochondrial 
germline variants of cancers from the database of TCGA 
and published articles (Table  8) [11]. The four hotspots we 
identified had not been included in the collected mitochon-
drial germline variants, and maybe these sites were somatic 
mutations.

Clinical characteristics of four CRC patients

The characteristics of four CRC patients, including diag-
nosis, TNM stage, differentiation, treatment and relapse, were 
reported in Table 9. Briefly, all the four patients were diagnosed 
as CRC with no metastasis. Three CRC patients are in the 
middle degree while only one CRC patient in the high degree. 
The first-line treatment for all the patients was Oxaliplatin 

combined Capecitabine. Three CRC patients showed clinical 
relapse, whereas one showed no sign of relapse. 

The dynamic changes of cfDNA in plasma of 
longitudinal cases

To determine the correlation between the character of 
cfDNA in the treatment and the relapse of CRC, the abun-
dance and completeness of cfDNA at each time point in the 
whole treatment were evaluated. As shown in Figure 3A, the 
level of cfDNA abundance increased after the surgery com-
pared to the level before surgery, and then the level of cfDNA 
abundance decrease in most cases. Then we found that it 
was irregular for the dynamic changes in completeness of 
cfDNA (Figure 3B). Therefore, it seemed that there was no 

TABLE 6. Comparison of m.3480A>G mutation rate between 
tumor tissue and plasma

Mouse Cell line Tumor tissue Plasma
No.1 HT-29 99.96% 99.81%
No.2 HT-29 99.93% 99.76%
No.3 HT-29 99.94% 99.62%
No.4 LoVo 99.83% 98.22%
No.5 LoVo 99.81% 91.30%
No.6 LoVo 99.74% 98.38%

TABLE 7. The result for mutational spots in MT-ND1 of CRC 
patients (n=18)

Mutation site Sample No. Amino acid Change Comment
m.3316 G>T 3 A>S reported
m.3394 T>C 15 Y>H reported
m.3537 A>G 10 syn reported
m.3552 T>A 7 syn new
m.3606 A>G 6/11/12 syn reported
m.3970 C>T 1/3/4/5/8/9/16 syn reported
m.4048 G>A 14 D>N reported
m.4071 C>T 6/11/12/14 syn reported
m.4086 C>T 1/5/8/9/16 syn new
m.4164 A>G 14 syn new
m.4170 C>T 17 syn new

syn: synonymous mutation

TABLE 8. Germline mutations of MT-ND1 in TCGA database 
and published articles11

MtDNA_
pos

Wt_
allele

Var_
allele

Mutation 
type

Amino acid 
Change

m.3339 A G syn V11V
m.3355 A G ns M17V
m.3403 C T syn L33L
m.3465 A G syn  M53M
m.3486 C T syn  P60P
m.3507 C A syn  T67T
m.3546 C A syn  T80T
m.3567 C T syn  T87T
m.3570 C T syn  P88P
m.3579 A G syn  M91M
m.3588 C T syn  P94P
m.3604 C A ns  L100M
m.3613 C T syn  L103L
m.3624 A G syn  L106L
m.3630 C T syn  T108T
m.3681 A G syn  S125S
m.3702 A T syn  A132A
m.3721 A G ns  T139A
m.3757 C T syn  L151L
m.3769 C T syn  L155L
m.3780 C T syn  G158G
m.3798 C T syn  T164T
m.3822 C A syn  L172L
m.3838 T G ns  S178A
m.3861 A G syn  W185W
m.3906 T C syn  L200L
m.3912 A G syn  E202E
m.3954 C T syn  A216A
m.4020 C T syn  T238T
m.4053 A G syn  A249A
m.4065 A G syn  E253E
m.4165 C T ns  H287Y
m.4191 A G syn  P295P
m.4205 T C ns  L300S
m.4206 A G syn  L300L
m.4221 C A syn  V305V
m.4231 A G ns  I309V
m.4254 T C syn  P316P
syn: synonymous mutation; ns: non synonymous mutation



Yichun Xu, et al.: Detection of MT-ND1 as a biomarker for CRC

Bosn J Basic Med Sci. 2021;21(5):577-586 582 www.bjbms.org

correlation between the character of cfDNA and prognosis 
of CRC. To determine the correlation between the character 
of cell-free mtDNA and the relapse of CRC, the abundance 
and completeness of cell-free mtDNA at each time point 
in the whole treatment were evaluated. We found that the 
level of mtDNA content continuously decreased only in 

No.3 patient with a good prognosis, while the changes were 
irregular in the other three patients (Figure  3C). In most 
cases, the level of mtDNA completeness decreased after the 
surgery comparing to the level before surgery, and then the 
level of mtDNA content in most cases also shown an irreg-
ular status. Interestingly, we found that the level of mtDNA 

TABLE 9. Clinical characteristics of four CRC patients

Characteristics No.1 No.2 No.3 No.4
Clinical diagnosis Rectal cancer Transverse colon 

mucinous adenocarcinoma
Sigmoid colon cancer Descending colon cancer

TNM stage T4bN1M0 T4bN0M0 T4aN0M0 T4bN1M0
Differentiation of tumor tissue Intermediate Intermediate Poor Intermediate
Treatment Oxaliplatin + Capecitabine Oxaliplatin + Capecitabine Oxaliplatin + Capecitabine Oxaliplatin + 

Capecitabine
Relapse (Y/N)* Y Y N Y

* The deadline of monitoring was four years after his/her first operation of CRC

FIGURE 2. Mutations in MT-ND1 gene found in colorectal cancer. (A) The sequence data for mutant type of m. 3970 C>T. (B) The 
sequence data for mutant type of m. 4086 C>T. (C) The sequence data for mutant type of m. 4071 C>T. (D) The sequence data 
for mutant type of m. 3606 A>G.

DC

BA

FIGURE 3. The dynamic changes of cfDNA and cell free mtDNA in plasma of longitudinal cases (A) The concentration of cfDNA in 
plasma of longitudinal cases. (B) The completeness of cfDNA in plasma of longitudinal cases. (C) The relative content of cell free 
mtDNA in plasma of longitudinal cases. (D) The completeness of cell free mtDNA in plasma of longitudinal cases.
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completeness dramatically increased after surgery in No.3 
patient with a good prognosis, and then continued to decline 
in the process of chemotherapy (Figure 3D). In summary, the 
results showed that the character of mtDNA may indicate 
the outcome of CRC.

MT-ND1 content in cfDNA of CRC patients

Four CRC patients and four healthy individuals were 
included. The MT-ND1 content in cfDNA was compared in 
the two groups. We found that the content of MT-ND1 in 
the plasma of CRC patients was larger than that of healthy 
individuals (Figure  4A). In the four longitudinal CRC cases, 
the MT-ND1 content in the plasma of No.3 patient dramat-
ically decreased at the fifth chemotherapy compared to the 
MT-ND1 content before the operation, which had not been 
observed in the other three CRC patients (Figure 4B).

The dynamic changes of MT-ND1 mutational load in lon-
gitudinal cases were observed (Figure 4C). Based on the muta-
tion status of MT-ND1 for CRC patients, we had found four 
hotspots of MT-ND1. Here, we would like to find out the cor-
relation between the MT-ND1 mutational load and the prog-
nosis of CRC. The mutational status of the four CRC patients 
before the surgery was shown in Table S2. We found that most 
of the hotspots had been seen in the plasma of these CRC 
patients. Three CRC patients contained the hotspot of m.3970 
C>T, which seemed to confirm the result of Table 7. However, 
we found that there was no correlation between the number 
of hotspots and the prognosis of CRC. Then we evaluated the 
dynamic changes of each hotspot in all the treatment. The 
result showed that the mutational ratio decreased before the 
fifth chemotherapy in both low and high abundance muta-
tions, but the mutational ratios at the other timepoints were 
irregular (Figure S1). Interestingly, we found the mutation 
rate continuously decreased only in No.3 patient with a good 
prognosis (Figure S1). Meanwhile, as showed in Figure 3C, the 
MT-ND1 content presented the similar tendency. The data 
demonstrated that a high mutational load of MT-ND1 may be 
associated with CRC relapse.

The dynamic changes of CEA, CA72-4 and 
CA19-9 in plasma of longitudinal cases

In the past decades, serum CEA, CA19-9 and CA72-4 were 
used for CRC diagnosis and postoperative monitoring [12,13]. 
We analyzed the levels of CEA, CA72-4 and CA19-9 in the 
treatment. The result of Table S3 showed the dynamic changes 
of CEA, CA72-4 and CA19-9 in the treatment. However, these 
results indicated that there was no relationship between the 
dynamic changes of conventional tumor biomarkers and the 
prognosis of CRC. Therefore, we thought that it was limited 
to use the traditional biomarkers for early prognosis. Effective 
biomarkers for the early diagnosis and monitoring of cancer 
are urgently needed.

DISCUSSION

CRC is the third most common fatal cancer worldwide. 
Recent studies suggest CRC encompasses an accumulation of 
genetic and epigenetic aberrances, which aggregate to drive 
the essential pathways of CRC initiation and progression along 
a multistep carcinogenic process [14-18]. Genetic and epigen-
etic alterations of CRC, including somatic mutation, chromo-
somal instability (CIN), microsatellite instability (MSI), and 
the CpG island methylator phenotype (CIMP), all contribute 
to the elevation of CRC [19-21]. 

Effective biomarkers for the early diagnosis and mon-
itoring of cancer are urgently needed. Although CEA, 
CA19-9 and CA72-4 have been used in cancer diagnosis 
and prognosis for many years, researchers realize the lim-
ited sensitivity and try to find some more sensitive targets, 
including molecular biomarker, antigenic marker and com-
bined muti-biomarkers [22-26]. The results in our study 
also showed that CA19-9 and CA72-4 demonstrated nega-
tive in all the patients before surgery, and one CRC patient 
showed no positive factor among the three biomarkers. The 
limited sensitivity forces us to depend on positron emission 
tomography (PET), computer tomography (CT) and dou-
ble-balloon enteroscopy [27]. Identification of molecular 

FIGURE 4. Comparison of MT-ND1 levels in CRC patients and healthy individuals  (A) Comparison of MT-ND1 levels in CRC 
patients and healthy individuals. (B) Comparison of MT-ND1 level changes in plasma of longitudinal cases. (C) Comparison of 
MT-ND1 mutational load changes in plasma of longitudinal cases.

CBA
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biomarkers could improve the diagnosis and prognosis of 
CRC. CfDNA detection is widely used in early diagnosis 
and follow-up monitoring in cancer clinical research [28-31]. 
Plasma circulating cfDNA is known as a useful tool for 
accurate grading of treatment response in cancer patients, 
providing a better perspective for disease status and more 
treatment options [32]. Besides the area of cancer, other 
application areas include prenatal diagnosis, organ trans-
plant, aging and so on [33-37]. Due to the low concentration 
of cfDNA in plasma, the requirement for sufficient DNA for 
molecular analysis is difficult. However, the copy number of 
mtDNA is much higher than the copy number of nDNA in 
cfDNA. Quantification of mitochondrial DNA in plasma or 
serum samples has been used as a valuable tool for diagno-
sis and prognosis in clinical research. A few reports showed 
that the content of mitochondrial DNA in plasma and serum 
was related to prognosis in cancer patients [38-41]. In our 
study, we focused on both states of the cfDNA and cell-free 
mtDNA, and we found that high content of cell-free mtDNA 
may indicate the relapse of CRC, while the content of 
cfDNA, the completeness of cfDNA and the completeness 
of mtDNA had no obvious association with the outcome of 
CRC. In CRC, T4216C (Y304H), T3394C (Y30H), C3497T 
(A64V), 3565_3566insC (Frame shift) were detected in some 
cohorts, and found to be associated with carcinogenesis and 
the progression of CRC [42-47]. In the MITOMAP database, 
we found that the mutations of this cohort, including m.3606 
A>G, m.3970 C>T and m.4071 C>T, had been reported pre-
viously, while the mutation of m.4086 C>T was new.

Mitochondrial metabolism alteration is a hallmark of can-
cer and it is often accompanied by the excessive formation 
of reactive oxygen species (ROS). ROS potentially damaged 
nDNA, mtDNA, lipoproteins and cell membranes  [48-50]. 
Meanwhile, the accumulation of mtDNA mutations affects 
various components of the electron transport chain (ETC), 
leading to oxidative damage, causes energy consumption 
and increases ROS production with a vicious cycle [51,52]. 
Mutations in mitochondrial genes encoding complex I were 
observed to be associated with shorter relapse-free survival 
(RFS) [53]. MT-ND1 was the core mitochondrial-encoded 
subunit of mitochondrial respiratory complex I. Besides can-
cer, MT-ND1 is also associated with mitochondrial enceph-
alopathy, lactic acidosis, and stroke-like episodes (MELAS) 
and optic nerve disease. Its related pathways include respi-
ratory electron transport, ATP synthesis by chemiosmotic 
coupling, and heat production by uncoupling proteins and 
GABAergic synapses. Some researchers found there was a 
significant association between the presence of MT-ND1 
mutations and the postoperative recurrence of localized 
cancer [54]. However, the research object should not be lim-
ited to tumor tissues. In our study, we found that circulating 

cell-free mtDNA generally presented high concordance 
with tumor tissues in the experiment in vivo. Therefore, we 
focused on whether there was an association between the 
character of cell-free MT-ND1 in plasma and the prognosis 
of CRC. Interestingly, at the time point of the fifth chemo-
therapy, the MT-ND1 content of the patient with a good 
prognosis was significantly lower than the MT-ND1 content 
before surgery. However, the MT-ND1 content of the patient 
with recurrence was significantly higher than the MT-ND1 
content before surgery. Although the mutational burden 
decreased at the fifth chemotherapy in all the patients, 
the mutational burden continuously decreased only in the 
patient with a good prognosis. The result may indicate that 
a high mutational load of MT-ND1 may be associated with 
CRC relapse. We may improve the ability for the pharmaco-
dynamic evaluation of chemotherapy and early detection of 
CRC recurrence.

Several limitations remained in our research. Firstly, 
the number of samples for longitudinal cases was limited. 
Secondly, the monitoring period was not long enough. Thirdly, 
the role of these mutations in response to chemotherapy has 
not been clarified. In the future study, we will compare some 
CRC cell lines which harbor these mutations with those with-
out mutations in their response to chemotherapy.

CONCLUSIONS

In summary, the present study demonstrated that the 
MT-ND1 content in CRC patients was significantly higher 
than the MT-ND1 content in healthy individuals. Higher con-
tent and mutational load of circulating MT-ND1 indicated 
poor outcome in CRC. In conclusion, circulating MT-ND1 
variants may become a highly versatile tool for diagnosing and 
monitoring colorectal cancer.
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