
Abstract. Aim: Mitochondrial dysfunction plays a central
role in carcinogenesis in numerous cancer-related diseases.
We examined the copy number variation of mitochondrial
DNA (mtDNA) and the expression of energy-producing genes
in relation to ulcerative colitis (UC)-associated
carcinogenesis. Materials and Methods: We studied 17
patients with UC-associated adenocarcinoma (UC-Ca) and 16
without UC-associated adenocarcinoma (UC-nonCa). The
copy number of mtDNA in non-dysplastic mucosa in both
groups was quantified by an array-based digital polymerase
chain reaction (PCR) assay. Simultaneously, gene expression
related to mitochondrial energy metabolism was determined
by a PCR array. Results: We observed a higher copy number
of mtDNA in non-dysplastic mucosa in the UC-Ca group
compared to the UC-nonCa group (484.2 vs. 747.7 copies/cell,
p=0.022). The sensitivity, specificity, positive predictive value,
and negative predictive value for the detection of UC-
associated adenocarcinoma by mtDNA copy number were
43.8%, 100%, 100%, and 60.9%, respectively. We observed an
increased expression of mitochondrial genes related to energy
metabolism together with an increased copy number of
mtDNA. Conclusion: Mitochondrial function and its metabolic
process play essential roles in UC carcinogenesis and are
possible risk markers for the development of colitic cancer.

Ulcerative colitis (UC) is a type of inflammatory bowel
disease (IBD), and disease-related long-standing
inflammation results in increased risk of colitic cancer. The
cumulative risks of invasive adenocarcinoma have been
shown to be 0.5%, 4.1%, and 6.1% at 10, 20, and 30 years,
respectively (1), and colitic cancer, especially the advanced
type, determines patient outcomes. Currently, in order to
detect dysplastic lesions early, colonoscopy together with
random and target biopsies are considered to be the most
effective detection option, especially for longstanding UC;
however, the characteristics of colitic cancer, such as flat
mucosal lesions and widespread distribution, make early
detection difficult (2). Another problem with surveillance
colonoscopy is its invasiveness and cost effectiveness;
therefore, we thought that another modality for the detection
of colitic cancer and identification of predictors of patients
at high risk was needed.
As clinical indicators, the extent and severity of

inflammation and the duration of disease have been observed
to increase the cumulative risk of dysplasia or invasive
colorectal cancer in IBD (3-6). From a molecular
perspective, we studied genetic variance in non-neoplastic
mucosa. We observed lower DNA copy numbers and lower
expression of RUNX3 in non-neoplastic rectal mucosa in
cancer-free UC patients (UC-nonCa) than in patients with
colitic cancer (UC-Ca) (7). In another study, we identified
20 genes that showed differences in expressions between
UC-Ca and UC-nonCa mucosae, and we introduced a
prediction model that achieved a markedly high accuracy
rate of 83% and negative predictive value of 100% (8).
These studies contributed to a better understanding of the
genetics of colitic cancer and methods of prediction.
Recently, the genetic alteration of mitochondrial DNA

(mtDNA) has attracted attention as a target for various
diseases. The mitochondrion is a small organelle in cells
that plays an important role in the production of energy
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from dietary calories through oxidative phosphorylation in
cells. Hundreds to thousands of copies of mtDNA exist per
cell. The accumulation of somatic mutations in mtDNA
results in metabolic dysfunction and causes late-onset and
age-related diseases, such as multiple sclerosis, primary
biliary cirrhosis, psoriasis, type-2 diabetes, schizophrenia,
gastric cancer, and colorectal cancer (9-12). In an
inflammatory environment, mtDNA is subject to damage
induced by reactive oxygen species (ROS) (13), and it
accumulates more mutations than nuclear DNA because it
lacks histones and related protective systems (14).
Nishikawa et al. reported that the mutational rate in the 
D-loop was higher in UC-Ca mucosa than in UC-nonCa
mucosa (15). Another aspect of mtDNA is its diversity of
copy numbers. Copy number variation (CNV) of mtDNA
varies between tissues depending on energy requirements.
Brain cells contain 2,000 of mtDNA, but there are <100 in
white blood cells (16, 17). On the other hand, Afshan et al.
hypothesized that CNV of mtDNA depends on damage and
can function as a biomarker of mitochondrial dysfunction in
a particular tissue (18). Changes in the copy number of
mtDNA have been reported in sporadic colorectal
carcinogenesis (19-21); however, there are few reports on
investigations of CNV related to colitis cancer development.
The purpose of this study was to evaluate the usefulness

of CNV of mtDNA in colitic cancer development as a
genetic predictor. In addition, we examined the expression
of genes related to the energy production of mitochondria
during colitic carcinogenesis.

Materials and Methods

Study design. This was a retrospective study conducted in a single
institution. UC patients were recruited from the Department of
Surgical Oncology, University of Tokyo Hospital, Tokyo, Japan.
This study was approved by the Ethics Committee of University of
Tokyo Hospital, and patients gave their written informed consent
for the use of their specimens in advance. Thirty-three UC patients
were enrolled in this study. Among them, 17 had UC-associated
adenocarcinoma (UC-Ca group), and 16 were without neoplastic
lesions (UC-nonCa group). 

Sample collection and nucleic acid isolation. Specimens were
obtained from non-neoplastic colorectal mucosa from all patients
for DNA and RNA analysis. Samples were obtained either from
surgically resected specimens or during surveillance colonoscopy.
The samples were snap-frozen in liquid nitrogen immediately after
resection and stored at −80˚C until DNA extraction. Nuclear and
mitochondrial DNA were extracted from epithelial cells using a
DNAeasy kit (Qiagen, Tokyo, Japan). The samples were
microscopically verified by experienced pathologists as not
containing neoplastic lesions. The concentrations of the extracted
dsDNA were measured using a Qubit 2.0 fluorometer and Qubit
proprietary reagents and dyes (Life Technologies, Grand Island, NY,
USA). For RNA isolation, total RNA was isolated from frozen
samples using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). 

mtDNA copy number quantification by digital PCR analysis.
Absolute quantification (no standards needed) of the copy number
of mtDNA was performed using a QuantStudio™ 3D Digital PCR
(QS3D) System and digital PCR master-mix (Thermo Fisher
Scientific KK, Waltham, MA) according to the manufacturer’s
instructions. We used the primer to detect the ND1 gene in mtDNA.
The primer sequences were as follows: 
MT-ND1_forward 5’-CCCCTAAAACCCGCCACATC-3’ and MT-
ND1_reverse 5’-GTAGAAGAGCGATGGTGAGAGC-3’. The
probe sequence was MT-ND1-FAM_BHQ: [6-FAM]-ACCCTCTAC
ATCACCGCCCCGACC[BHQ1a-6FAM]. 
A reaction mix was formulated by mixing diluted DNA with the

QS3D Master Mix and TaqMan assay and was then loaded onto a
QS3D chip. This chip was then sealed, and the mixture was
amplified by a thermal cycler. PCR was performed using the Flat
Block GeneAmp PCR System 9700 Thermal Cycling method and
the following conditions: 96.0˚C for 10 min, 39 cycles of 60.0˚C
for 2 min and 98.0˚C for 30 s. Data were then visualized using the
QuantStudio™ 3D AnalysisSuite Cloud Software, which performed
a quality check on the digital PCR data and calculated the target
concentration.

Microarray experiments and data processing. Gene expression
profiles were determined using Affymetrix HG-U133 Plus2.0
GeneChips® (Affymetrix, Santa Clara, CA) according to the
manufacturer’s recommendations. Expression analysis was
performed using GeneSpring GX™ software version 13.1.1 (Agilent
Technologies, Santa Clara, CA, USA). Gene expression data were
loaded into the software and were then summarized using a MAS
5.0 algorithm. The probes in which the numbers of “Present” or
“Marginal” detection calls were >33% of those for the samples that
passed the QC-process were used for further analysis. The entire
microarray dataset is available at http://www.ncbi.nlm.nih.gov/
geo/info/linking.html under the data series accession number GSE
74265. The mitochondria-related genes involved in the biogenesis
and function of mitochondria are included regulators and mediators
of mitochondrial molecular transport of the metabolites needed for
the electron transport chain and oxidative phosphorylation important
for ATP synthesis.

Statistical analysis. The statistical significance of differences in
mtDNA copy numbers was assessed by unpaired t-test. p-Values
<0.05 were considered to indicate statistical significance.
Differences in standard deviations were calculated using the F-test.
The predictive accuracy of UC-associated adenocarcinoma
measured by mtDNA CNV was assessed by determining the
specificity, sensitivity, and area under the receiver operating
characteristic curve (ROC). Data were analyzed using JMP ver. 9.0
software (SAS Institute, Tokyo, Japan).

Results

CNV of mtDNA. During the examination of all 33 samples,
we did not obtain PCR products from three samples (one in
UC-Ca and two in UC-nonCa); therefore, these samples were
excluded from the analysis. The distribution of mtDNA copy
number per cell in 30 samples is shown in Figure 1. The
mean copy number of mtDNA was significantly higher in the
UC-Ca group than in the UC-nonCa group (484.2 vs. 747.7
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copies/cell, respectively, p=0.022). The standard deviation
was larger for the UC-Ca group than for the UC-nonCa
group (390.5 vs. 118.8, respectively, p=0.0001), which
suggested that there was genetic diversity during UC-
associated carcinogenesis.

Prediction of UC-associated colorectal cancer by mtDNA
CNV. We performed ROC analysis to predict UC-associated
adenocarcinoma by the mtDNA copy number. The area
under ROC was 0.69 (Figure 2). We then set the associated
criterion of the mtDNA copy number to 780.8 and calculated
the specificity and sensitivity. Using the mtDNA copy
number, we predicted the development of UC-associated
adenocarcinoma with an accuracy of 70%. Although the
specificity was 100%, the sensitivity was only 43.8%
(positive predictive value=100% and negative predictive
value=60.9%).

mtDNA CNV and mitochondria-related gene expressions.
Next, we investigated the correlation between mtDNA CNV
and gene expression levels using a DNA microarray dataset.
We classified the patients into two groups according to
mtDNA CNV as mtDNA-low and mtDNA-high at the
median. The volcano plots of all QC-passed probes on the
microarray are shown in Figure 3 (upper panel), and those
for the mitochondria-related genes are shown in the lower
panel. Out of 28586 QC-passed probes, 15105 (52.8%)
showed higher expression levels in the mtDNA-high patients
than in the mtDNA-low patients. In the mitochondria-related
genes, 108 of 132 probes (81.8%) showed higher expressions
in the mtDNA-high patients than in the mtDNA-low patients.
Thus, the expression level of mitochondria-related genes
increased together with an increased copy number of mtDNA
(p<0.0001, Fisher’s exact test).
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Figure 1. mtDNA in UC-Ca mucosa showing increased copy number of
mtDNA compared with that of UC-nonCa mucosa (747.7 vs. 484.2
copies/cell, p=0.011). The standard deviation is larger in the UC-Ca
group than in the UC-nonCa group (390.5 vs. 118.8, p=0.0001). Figure 2. Logistic regression and ROC analysis for the prediction of

colitic cancer by mtDNA. AUC was calculated to be 0.69. 

Figure 3. Volcano plot for gene expression by mtDNA copy number
status. Fold change; gene expression levels of mtDNA-high/gene
expression of mtDNA-low. Upper panel, 28586 QC-passed probes;
Lower panel, 132 probes for mitochondria-related genes. 



Discussion

In this study, we showed that the copy number of mtDNA
increased in UC-Ca non-dysplastic mucosa relative to that in
UC-nonCa mucosa. In addition, higher gene expression
related to mitochondrial energy production was observed
together with increased copy number of mtDNA. These
results suggested that mitochondrial function has an essential
role in carcinogenesis through energy production in UC. 
Up to now, several studies have shown that the

pathogenesis of UC is associated to the disorder of energy
production system in mtDNA. Dankowski et al. reported that
MT-ND4 11719 A/G polymorphism in mtDNA was associated
ulcerative colitis (22). From the viewpoint of the treatment of
UC, Saito et al. reported that Qing Dai, a Chinese herbal drug
traditionally used for ulcerative colitis, suppressed production
of mitochondrial ROS (23). However only the limited number
of studies have shown how mtDNA related to the
carcinogenesis of sporadic colorectal cancer. Luiza et al.
reported increased copy number of mtDNA and increased
number of mutations in nuclear genes, which encode proteins
related to mitochondrial fusion, fission, and localization (24),
and concluded that genetic instability and mtDNA function are
affected during colorectal tumorigenesis. Mohideen reported
that 39.6% and 60.4% of colorectal cancer patients showed
increased and decreased copy numbers of mtDNA in tumor
cells, respectively (10). Considering these results, there is no
fixed consensus on how CNV of mtDNA changes in relation
to the carcinogenesis of sporadic colorectal cancer; however,
there are few reports concerning UC-associated cancer.
UC-associated colorectal carcinogenesis differs from the

sporadic type in several ways. First, sporadic colorectal
carcinogenesis has a diversity of pathogeneses and pathways
(25-27); on the other hand, the primary and main pathogenesis
of colitic cancer is chronic mucosal inflammation. Moreover,
this pathogenic inflammation is diffusely distributed in the
colon, which means that examining this non-neoplastic
mucosa could give indications of the accumulated genetic
change in UC-associated carcinogenesis. 
In our search of literature, Cigdem et al. were the only group

to report mtDNA copy numbers in non-neoplastic UC mucosa.
They performed quantitative polymerase chain reaction by
amplifying the D-loop region (28). They also examined the
non-neoplastic mucosa of six patients with UC-associated
adenocarcinoma and observed a decrease in the copy number
of mtDNA in mucosa proximal to adenocarcinoma compared
with that of the distal mucosa. Cigdem et al. also found that
cytochrome c oxidase expression was decreased in colorectal
mucosa proximal to the tumor. This result suggested that
mitochondrial energy production and oxidative stress are
involved in UC carcinogenesis; however, the number of
patients in the study was limited. In addition, they measured
mtDNA only in colitic cancer patients; therefore, the results did

not reveal whether CNV of mtDNA would be a useful marker
for the discrimination of patients at a high risk of developing
colitic cancer.
In this study, we compared mtDNA in non-neoplastic

mucosa of UC-Ca and UC-nonCa in a larger number of
patients than were used in previous studies, with the goal of
identifying precursors of UC carcinogenesis. We used digital
PCR to measure CNV of mtDNA. Digital PCR is a new
technique for the quantification of nucleic acids. By directly
counting target molecules, the technique can achieve
absolute quantification without reference to standards and is
more sensitive to small changes than quantitative polymerase
chain reaction. We performed mtDNA digital PCR by
amplifying a fragment of the ND1 region. We think that the
ND1 region is more suitable for quantitative examination
than the D-loop because in colorectal cancer, ND1 rarely
shows mutations, whereas 34% of mutations are observed in
the D-loop (29). Consequently, we achieved more accurate
measurement than that achieved earlier and showed that
increased CNV of mtDNA was involved in carcinogenesis.
Together with the results of microarray analysis that showed

a higher expression of energy-producing genes, it appeared that
the energy demand of mitochondria apparently increased in
UC-Ca mucosa. Taking these results into consideration, we
formed a hypothesis similar to that of a previous report (18)
concerning the carcinogenesis pathway of UC, as shown in
Figure 4. In UC patients, chronic mucosal inflammation
produces ROS. ROS cause oxidative stress of mtDNA and
subsequently affect mitochondrial function. Mutational changes
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Figure 4. Hypothesis of mitochondrial damage during UC-associated
carcinogenesis. An immunological disorder triggers inflammation and
then confers oxidative stress on the mtDNA. To compensate for the
affected mitochondria, the number of mitochondria increases, and the
expression of energy metabolism is up-regulated. The increased and
activated mitochondria produce ROS, which accelerate further
inflammation. The damaged mitochondrial DNA is another cause of
inflammation; hence, it is unmethylated. The increased and continuous
oxidative stress affects dsDNA and causes UC-associated carcinogenesis.



in mtDNA, as observed in other reports (15), occur at this
stage. To compensate for the decreased function, the number
of mitochondria increases and expression of energy-producing
genes is upregulated. The accumulated damaged mtDNA is
unmethylated and leads to inflammation, which produces ROS
and triggers further mtDNA damage while simultaneously
affecting nuclear DNA and inducing carcinogenesis. 
This study is the first to describe CNV of mtDNA between

UC-Ca and UC-nonCa mucosa; however, there exist several
limitations. First, our study included a limited number of
patients from a single institution, therefore the reliability of
statistical significance is limited and this analysis should be
considered a pilot study. A multi-institutional study with a
larger number of patients is needed to confirm and/or extend
our findings. Second, we observed diversity in the clinical
manifestations in UC patients. The duration and extension of
inflammation, activity of inflammation at the time of
examination, and age of onset varied, and we cannot exclude
the possibility that the diversity in clinical manifestations
influenced the mtDNA, which can be affected by various
factors such as fertility and age (30-32). Third, this is a
cross-sectional study, so changes in the inflamed colorectal
mucosa during carcinogenesis were not observed. Despite
these limitations, we believe that our results may contribute
to the elucidation of the carcinogenesis of colitic cancer. 
In conclusion, we showed that higher mtDNA copy

numbers and up-regulated energy-producing genes were
present in the non-dysplastic mucosa of UC-Ca patients.
These results suggest that mitochondrial function and
damage to metabolic processes are involved in UC
carcinogenesis and could be potentially used as risk markers
for the development of colitic cancer. 
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