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Abstract
Introduction: To date, several nuclear DNA variants have been shown to
be associated with increased risk of developing colorectal cancer. Despite
the fact that mitochondria play an important role in carcinogenesis, little is
known about inherited mitochondrial DNA mutations that could be involved
in this disease. Thus, potential associations between inherited mutations
in the entire mitochondrial genomes and colorectal cancer were analysed
in this study.
Material and methods: Two hundred mitogenome sequences determined
for colorectal cancer patients and healthy individuals from Poland were used
to investigate the association between mtDNA alleles or haplogroups and
colorectal cancer. Additional mtDNA control region haplotypes determined
for 1353 individuals from the general Polish population were used for comparison of haplogroup and certain allele frequencies between case and control groups.
Results: The non-R clades together with their diagnostic T alleles at positions 12705 and 16223 were observed with higher frequencies in healthy
individuals than in colorectal cancer patients. Nevertheless, the differences
of the R macrohaplogroup (as well as 12705 or 16223 alleles) frequencies
between cases and controls were statistically insignificant after Bonferroni
correction. Most of the non-R clades were of Asian and African origin, but
none of them were prevalent in the control group. Moreover, neither mtDNA
alleles nor haplogroups were associated with clinicopathological parameters
of colorectal cancer patients.
Conclusions: Contrary to some previous reports, the findings of this study
do not support the hypothesis that mitochondrial DNA variants contribute
to inherited predisposition to colorectal cancer.
Key words: mtDNA, mitochondrial genome, polymorphisms, hereditary
mutations, colorectal cancer.

Introduction
Colorectal cancer (CC) is the third in males and second in females
most commonly diagnosed type of cancer. The incidence of this disease
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varies depending on geographical location. The
highest morbidity of this disease was reported in
Europe, Northern America and Oceania, whereas
the lowest was reported in Africa [1]. Annually
about 18000 individuals are diagnosed and about
12000 persons die because of colorectal cancer
in Poland [2]. Genetic factors could help to identify individuals with increased risk of developing
colorectal cancer. Persons at increased risk of this
disease could be further subjected to appropriate
screening programmes, leading to earlier cancer
diagnosis and subsequent improved survival [3,
4]. To date, about 40 common alleles of nuclear
DNA, which are risk factors for colorectal cancer,
have been identified [5–8]. These susceptibility
loci account for only about 8% to 16% [5] of CC
cases. Thus, additional genetic factors that contribute to this disease still need to be discovered.
Mitochondrial DNA (mtDNA) polymorphisms
were previously claimed to be associated with different cancer types, e.g. breast cancer or prostate
cancer [9]. The human mitochondrial genome encodes 13 proteins which are part of the oxidative
phosphorylation complexes and thus are essential
for proper functioning of mitochondria [10]. The
alterations in mtDNA sequence could subsequently change the mitochondrial gene expression or
protein sequence, which could impair mitochondrial functions. Importantly, dysregulated expression of mitochondrial proteins encoded by nuclear
genes were reported to be potentially relevant in
colorectal carcinogenesis [11]. Notably, mitochondria play an essential role in the production of
reactive oxygen species (ROS) and the regulation
of apoptosis – processes relevant to cancer development [9]. Thus, it is necessary to verify whether
mtDNA contributes to an individual’s risk of cancer development.
The mitogenome is inherited only from the
mother and its mutation rate is about 10 times
higher than nuclear DNA [12]. In consequence,
every few generations, a random mutation is introduced into the mitochondrial DNA sequence
and modifies its mutational signature. All currently known mitogenome lineages evolved from
a common ancestor (called “Mitochondrial Eve”)
through the last 200 000 years [13]. Since then
many new mtDNA lineages have arisen in human populations. As different mutations were
independently introduced into various mtDNA lineages, each of them harbours a specific pattern
of mutations. Thus, on the basis of the presence
of certain mutational motifs, mitochondrial DNA
sequences (haplotypes) are classified into haplogroups (groups of sequences that share a set of
mutations inherited from a common ancestor).
The mitochondrial DNA sequence is highly variable among populations originating from different

geographical locations. For instance, H, J, K, T, V,
X and U haplogroups are common in Europeans,
whereas A, B, C and D clades occur frequently in
Asians [14]. The recent landscape of mtDNA sequence variability results from complex, ancient
migration events. As mtDNA allele and haplogroup
frequencies highly vary between different populations, it is important to evaluate the genetic risk
of cancer in a specific ethnic context. To date,
several studies have been carried out to investigate the associations of single mitochondrial DNA
polymorphic sites (SNPs) with colorectal cancer
in different ethnic groups [15–20]. The analysed
SNPs were hotspots or positions diagnostic for
major haplogroups. Nevertheless, huge variability
within the major haplogroups in human mtDNA
phylogenetic tree could be observed. For instance,
within the H haplogroup a total of 108 subhaplogroups were identified, and they are defined by
a variety of mutations [21]. Some of these subhaplogroups were found to be characteristic for
specific ethnic groups [22]. Thus, it is relevant to
analyse the variability of the entire mitochondrial
genome sequence within a specific ethnic group
to investigate the mtDNA associations with colorectal cancer.
Previous studies suggested that certain polymorphic mtDNA positions may be associated with
increased risk of colorectal cancer in Iranian, Indian or European Americans [16–20]. In contrast,
the studies performed on other ethnic groups (e.g.
British, African Americans, Asian Americans, Latinos or Native Hawaiians) excluded the potential
impact of mtDNA variability in developing CC [15,
16]. Nevertheless, it is still unclear whether the
mtDNA variability might be a risk factor enabling
predicting the colorectal cancer development in
the Polish population. It should also be noted that
the association studies performed so far were
limited to certain mtDNA positions that encompass less than 10% of all positions in the mtDNA
molecule [15–20]. Thus, it could not be excluded
that mtDNA variability outside those positions
might be associated with the occurrence of colorectal cancer. This study considers the complete
mitochondrial genome nucleotide variation with
respect to colorectal cancer development.
To comprehensively investigate whether mitochondrial DNA is a risk factor for colorectal cancer the entire mitochondrial genome sequences
of 100 colorectal cancer patients and 100 healthy
individuals of Polish origin from the Pomerania-Kujawy region (Poland) were analysed in this
study. Additionally, for variants located within hypervariable regions I and II of the mtDNA control
region, the statistical calculations were performed
using the control group increased to 1353 individuals based on reported data from the general
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Polish population [22–25]. The analysis has shown
that the R macrohaplogroup and its diagnostic
mutations at positions 12705 and 16223 were
observed with higher frequencies in colorectal
cancer patients compared to healthy individuals.
Nevertheless, the underrepresentation of non-R
clades in Polish colorectal cancer patients may not
have any relevance to colorectal cancer.

Material and methods
Ethics approval and consent to participate
The experiments were approved by the local
Bioethics Committee of the Ludwik Rydygier Collegium Medicum, Nicolaus Copernicus University
Bydgoszcz, Poland (statements no. KB/32/2002,
KB/299/2003, KB/414/2008, KB 432/2008,
KB/466/2010, and KB 43/2016). Written consent
from all the participants was obtained before the
sample collection and subsequent analysis.

mtDNA sequences used in this study
All cases and controls were of Polish origin. Haplotypes of all mitochondrial DNA sequences were
determined based on the comparison with the
revised Cambridge Reference Sequence, rCRS [5]
and published previously by Mielnik-Sikorska et al.
[22], Skonieczna et al. [26], Malyarchuk et al.
[23], Malyarchuk et al. [24] and Grzybowski et al. [25].
Entire mtDNA haplotypes were deposited in
GenBank under the accession numbers JX128058,
JX128059, KM047188–KM047235, MF177134–
MF177183 and KY782150-KY782249. Haplogroup
assignment was performed according to the updated human mtDNA phylogenetic tree [21] (phylotree build 17). Insertions and deletions within
the mononucleotide repeat region between positions 303–315 and 16184–16193 were disregarded from the analysis.

Case group – mitogenomes
The patients were recruited to the study at the
Department of Vascular Surgery and Angiology
NCU CM in Bydgoszcz. The recruitment procedure, clinicopathological features of the patients
and somatic mtDNA mutations were described by
Skonieczna et al. [26]. The case group consisted of
100 unrelated colorectal cancer patients from the
Pomerania-Kujawy region of Poland (41 females
and 59 males). The mean age of colorectal cancer
patients recruited to the study was 65.3 ±10.7 years.
Forty-four patients were diagnosed with right-sided CC, whereas 56 persons had left-sided CC.
Lymph node metastases were identified in 38 colorectal cancer patients. Stage I (T1–T2, N0, M0)
was diagnosed in 29%, stage II (T3–T4, N0, M0)
in 33%, stage III (any T, N1–2, M0) in 34%, and
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stage IV (any T, any N, M1) in 4% of CC patients.
Mitochondrial genome haplotypes determined for
normal cells of those patients were described by
Skonieczna et al. [26]. Concomitant presence of
somatic mtDNA substitutions and indels was observed in 35 colorectal cancer patients. Exclusively
somatic substitutions in mitogenomes were identified in 41 CC patients. Solely somatic mtDNA indels
were observed in 10 colorectal cancer patients.

Control group I – mitogenomes
The control group consisted of 100 unrelated,
healthy individuals of matched ethnicity, from
the Pomerania-Kujawy region (54 females and
46 males), for which mitogenome sequences were
described by Malyarchuk et al. [23]. The entire mitochondrial genome sequences (nucleotide positions 1–16569 bp) were used to analyse the associations between allele or haplogroup status and
colorectal cancer risk.

Control group II–HVI and HVII regions
For comparison purposes, phylogenetically
checked hypervariable region I (HVI) and II (HVII)
haplotypes determined for 1353 individuals from
the general Polish population and described by
Mielnik-Sikorska et al. [22], Malyarchuk et al. [23],
Malyarchuk et al. [24] and Grzybowski et al. [25]
were also used. The above-mentioned HVI and
HVII haplotypes were determined for individuals from Pomerania-Kujawy (n = 536), Pomerania (n = 166), Kaszuby (n = 290), Suwalszczyzna
(n = 73), Podhale (n = 201) and Upper Silesia
(n = 87) regions. HVI and HVII haplotypes were
used to analyse colorectal cancer risk with respect
to haplogroup status or mtDNA allele observed
within nucleotide position ranges: 16024–16400
(encompassing the HVI region) or 30–407 (containing the HVII region).

Statistical analysis
To analyse the genetic relationships of the Polish subpopulations (individuals from Kashubia;
Podhale; Pomerania; Pomerania-Kujawy; Suwałki;
Upper Silesia regions as well as colorectal cancer
patients from Pomerania-Kujawy region) involved
in this study, the principal component analysis
(PCA) was performed on mtDNA haplogroup frequencies using MVSP, v. 3.22 (Kovach Computing
Services, Anglesey, UK).
Statistical significance of the differences between the two groups (cases and controls) and
the mtDNA allele or haplogroup status was calculated using the c2 test with Yates’ correction.
Statistical significance of the differences between
clinicopathological features and the mtDNA allele
or haplogroup status was calculated using the c2
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test with Yates’ correction. Mitochondrial DNA
nucleotide variants with frequencies less than 4%
or above 96% were excluded from the statistical
analysis between colorectal cancer patients and
healthy individuals. Statistical calculations were
performed using Statistica, v. 13.1 software (StatSoft Inc, Round Rock, TX, USA). The odds ratio (OR)
and 95% confidence intervals (95% CI) were also
calculated. The p-values of less than 0.05 were
considered as statistically significant. Correction
for multiple testing was performed using the Bonferroni adjustment.
Statistical power and target number of individuals in cases and controls were calculated with
Mitopower software [27].

Results
The reliability of the mtDNA haplotypes used in
this study was confirmed by phylogenetic methods in previous reports [22–26].

Haplogroup assignment and colorectal
cancer risk
Principal component analysis (PC) has shown
that the Polish population is quite homogeneous in
terms of mitochondrial haplogroup frequencies. In
particular, four Polish subpopulations from Pomerania-Kujawy, Kashubia, Pomerania and Podhale
regions group together (Supplementary Figure S1).
The Suwałki region appears slightly distant based
on PCA1 variance, whereas colorectal cancer patients from the Pomerania-Kujawy region are
slightly distant based on PCA2 variance (Supplementary Figure S1). Taken together, the results of
PCA provide no proof for hidden stratification within the Polish population (Supplementary Figure S1).
The most prevalent clade in cases and controls
was the R macrohaplogroup. Within this clade, the
most commonly observed was the H haplogroup
in all studied groups. Also the J, T, U and W clades
were frequently observed in cases and controls. The
frequencies of other haplogroups were below 4%.
The frequency of the R macrohaplogroup was significantly higher in colorectal cancer patients than
in the general Polish population (p = 0.0387; OR =
3.4955 with 95% CI: 1.0926–11.183) or exclusively
in healthy controls from the Pomerania-Kujawy region (p = 0.0066; OR = 5.7059 with 95% CI: 1.597–
20.3861; Table I). Nevertheless, these differences
were statistically insignificant after Bonferroni correction (pB = 0.4644 and pB = 0.0792, respectively).
The frequencies of the other mitochondrial haplogroups identified in the Polish population did not
differ significantly between the colorectal cancer
patients and the persons from the general Polish
population or healthy individuals from the Pomerania-Kujawy region solely (Table I).

MtDNA allele frequency and colorectal
cancer risk
The comparison of one hundred mitogenomes
from healthy individuals of Polish origin to the
rCRS sequence revealed 2527 polymorphisms in
605 different positions. Twenty-seven (about 1%)
polymorphisms in 12 positions were insertions,
whereas 12 polymorphisms (about 0.5%) in three
positions were deletions. The majority (about
98.5%) of hereditary mtDNA mutations were
substitutions located in 596 positions (Supplementary Table SI). Hereditary substitutions were
predominantly homoplasmic, and only seven were
in a heteroplasmic state (Supplementary Table SI).
In 110 out of 611 mtDNA polymorphic positions,
the minor allele frequency exceeded the 4% level in healthy persons from the Pomerania-Kujawy
region. In mitogenomes of Polish colorectal cancer patients 2325 polymorphisms at 536 different
positions were found. Approximately 1.1% of all
polymorphisms in six positions were insertions,
whereas about 0.5% of all hereditary mutations
were deletions located in one position. Hereditary mtDNA mutations were predominantly substitutions (about 98.4%) located in 557 positions
(Supplementary Table SI). The majority of those
substitutions were homoplasmic (about 98.1%),
and only about 1.9% were in a heteroplasmic state
(Supplementary Table SI). In 98 polymorphic positions of colorectal cancer mitogenomes, the minor
allele exceeded the level of 4%.
Comparison of allele frequencies between the
studied and control groups have shown that the
frequencies of the T allele at positions 12705
and 16223 (C alleles in both positions constitute
a complete set of mutations diagnostic for the
R macrohaplogroup) were more than four times
higher in healthy individuals than in colorectal
cancer patients (p = 0.0052; OR = 5.7059 with
95% CI: 1.597–20.3861 and p = 0.0046; OR =
4.9157 with 95% CI: 1.5909–15.1888, respectively; Supplementary Table SII). Nevertheless, these
differences were not statistically significant after
Bonferroni adjustment (pB = 1.000 for each allele).
The frequencies of other mitochondrial alleles did
not differ significantly between the cases and controls (Supplementary Table SII).

Mitogenome variability
and clinicopathological features
of colorectal cancer patients
The molecular data were also associated with
the clinicopathological features. Associations
were performed for haplogroups or mtDNA alleles
that were observed in Polish CC patients with
frequencies equal to or above 4%. The analysis
of the haplogroup distribution between the pa-
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tients with different clinicopathological parameters showed no association between haplogroup
status and gender, age, tumour site (left or right),
lymph node metastasis or somatic mitogenome

substitutions and/or indels in colorectal cancer
cells (Supplementary Table SIII). Also, the mtDNA
alleles at 99 different polymorphic positions were
not associated with clinicopathological features

Table I. Associations between mtDNA haplogroups and colorectal cancer in a Polish population
Haplogroups

Case group
(N = 100)
n (%)

Control
group I
(N = 100)

P-value

PB-value

Control
group II
(N = 1353)

P-value

PB-value

R*

97.0 (97)

85.0 (85)

0.0066

0.0792

90.2 (1221)

0.0387

0.4644

HV

48.0 (48)

35.0 (35)

0.0851

1.0000

41.2 (632)

0.8844

1.0000

H

44.0 (44)

35.0 (35)

0.2472

1.0000

45.3 (568)

0.7721

1.0000

4.0 (4)

0.0 (0)

0.1297

1.0000

4.1 (55)

0.8175

1.0000

HV0
V

3.0 (3)

0.0 (0)

0.2447

1.0000

4.0 (54)

0.8214

1.0000

J

7.0 (7)

8.0 (8)

1.0000

1.0000

9.4 (118)

0.6838

1.0000

T:

13.0 (13)

13.0 (13)

0.8335

1.0000

11.1 (139)

0.4900

1.0000

T1

2.0 (2)

4.0 (4)

0.6785

1.0000

2.5 (31)

0.8735

1.0000

T2

11.0 (11)

9.0 (9)

0.8137

1.0000

7.9 (107)

0.3668

1.0000

28.0 (28)

26.0 (26)

0.8735

1.0000

25.5 (319)

0.3792

1.0000

U1

1.0 (1)

0.0 (0)

1.0000

1.0000

0.5 (6)

0.9782

1.0000

U2

2.0 (2)

1.0 (1)

1.0000

1.0000

1.2 (15)

0.7505

1.0000

U3

1.0 (1)

0.0 (0)

1.0000

1.0000

1 (12)

0.6640

1.0000

U4

5.0 (5)

10.0 (10)

0.2829

1.0000

5.4 (68)

0.8214

1.0000

13.0 (13)

9.0 (9)

0.4978

1.0000

12.1 (151)

0.6912

1.0000

U5a

8.0 (8)

6.0 (6)

0.7817

1.0000

7.3 (92)

0.8004

1.0000

U5b

5.0 (5)

3.0 (3)

0.7182

1.0000

4.7 (59)

0.9616

1.0000

U7

0.0 (0)

0.0 (0)

1.0000

1.0000

0.2 (2)

0.3112

1.0000

U8

7.0 (7)

6.0 (6)

1.0000

1.0000

4.7 (64)

0.4380

1.0000

K

6.0 (6)

5.0 (5)

1.0000

1.0000

4.2 (53)

0.4498

1.0000

R0

0.0 (0)

1.0 (1)

1.0000

1.0000

0.5 (6)

0.8881

1.0000

I

1.0 (1)

1.0 (1)

1.0000

1.0000

1.9 (26)

0.7834

1.0000

W

2.0 (2)

6.0 (6)

0.2790

1.0000

3.5 (47)

0.6165

1.0000

N

0.0 (0)

2.0 (2)

0.4773

1.0000

1.0 (14)

0.6229

1.0000

A

0.0 (0)

1.0 (1)

1.0000

1.0000

0.1 (2)

0.3112

1.0000

C

0.0 (0)

1.0 (1)

1.0000

1.0000

0.5 (7)

0.9782

1.0000

D

0.0 (0)

1.0 (1)

1.0000

1.0000

0.2 (3)

0.5028

1.0000

E

0.0 (0)

0.0 (0)

1.0000

1.0000

0.1 (1)

0.0884

1.0000

G

0.0 (0)

1.0 (1)

1.0000

1.0000

0.3 (4)

0.6567

1.0000

M

0.0 (0)

0.0 (0)

1.0000

1.0000

0.1 (1)

0.0884

1.0000

L

0.0 (0)

0.0 (0)

1.0000

1.0000

0.3 (4)

0.6567

1.0000

X

0.0 (0)

2.0 (2)

0.4773

1.0000

1.7 (23)

0.3686

1.0000

U:

U5*:

Case group – 100 colorectal cancer patients for which mitogenome sequences were described by Skonieczna et al. [26]; control
group I – 100 healthy persons from Polish population for which mitogenome sequences were described by Malyarchuk et al. [23]; control
group II – general Polish population of 1353 individuals for which HVI and HVI regions were described by Malyarchuk et al. [23]; Malyarchuk
et al. [24]; Grzybowski et al. [25] and Mielnik-Sikorska et al. [22]. Numbers of haplotypes belonging to specific haplogroups are in parentheses.
Major haplogroups are shown in bold. Frequencies of each subhaplogroup within a particular major clade are added to the overall frequency
of this major haplogroup. Statistical significance was calculated with the chi-square test with Yates’ correction. *Macrohaplogroup;
pB – Bonferroni corrected p-values.
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such as age, sex, tumour location (left or right
site), lymph node metastasis or somatic mtDNA
mutations (substitutions and/or indels) in CC cells
(Supplementary Table SIV).

Discussion
A limited number of mtDNA polymorphisms
analysed in previous studies focused on genetic
risk factors for colorectal cancer [15–20]. In some
of them, only a single SNP was analysed [17, 20].
To provide a more comprehensive insight into the
relationship between mtDNA variation and colorectal cancer occurrence, the entire mitochondrial genome sequences were analysed in this study.
According to the guidelines recommended by internationally recognized experts, the studies of
the mtDNA associations with cancer should fulfil
several requirements [28–34]. First and foremost,
to avoid the problem of population stratification,
there is a need for recruiting individuals of the
same ethnic/biogeographical origin to both case
and control groups. In line with this recommendation, the strength of the research described here
lies in proper matching of the control group to the
group of colorectal cancer patients. Indeed, persons from both groups were of Polish origin and
were recruited from the same geographical part
of Poland, reduced to the small Pomerania-Kujawy
region. Moreover, the PC analysis showed no hidden stratification within the Polish subpopulation.
Additionally, the case and control groups used for
mitogenome comparisons were equal in the number of investigated individuals.
In the studies conducted so far no associations
between mtDNA variation and colorectal cancer
risk have been reported in large British [15], African American, Asian American, Latino and Native
Hawaiian [16] cohorts. Other studies performed
on much smaller groups of patients suggested an
association between single mtDNA polymorphic
positions (e.g. m.12308A>G or m.16189T>C) and
colon or rectal cancer in Iranian [17] and Indian
[19, 20] populations. Also, the T haplogroup in European Americans [16] was suggested to be associated with colorectal cancer.
Nevertheless, caution should be taken regarding the above ‑ mentioned mtDNA risk factors. In
particular, a posteriori phylogenetic analysis of the
putative associations of mtDNA with breast cancer showed a variety of shortcomings [35]. These
errors were related to genotyping artefacts, inadequate control group structure or a small number
of patients analysed [35]. Similar discrepancies
could also be observed in some of the colorectal
cancer association studies performed previously.
For instance, the association of the m.12308A>G
allele with colorectal cancer was evaluated based
on the analysis of only 30 patients and 100 con-

trols [17]. Moreover, Mohammed et al. [17] used
tumour samples instead of normal tissues for genotyping mtDNA at position 12308 in colorectal
cancer patients. This approach could be misleading as the tumour sample could have a somatic
mtDNA mutation at this position. In this respect it
is worth noting that the mtDNA haplotypes from
this study were determined for normal colon cells
for patients. Moreover, in line with the international recommendations [28–34], the accuracy of
all mitogenome sequences used here was confirmed with phylogenetic methods in previous
reports [22–26]. The above – mentioned quality
measures guarantee the authenticity of the genotyping and further association results presented
in this study.
Furthermore, the strength of this research lies
in the phylogenetic approach used for grouping of
mtDNA sequences for the purpose of comparisons
between cases and controls, which is highly recommended by internationally recognized experts
[33]. Indeed, classification of each mtDNA clade
presented in this study (Table I, Supplementary Table III) was based on a specific set of mtDNA mutations fixed during evolution, which are delineated
in a reconstructed worldwide human phylogenetic
tree [21, build 17, updated 18 February 2016].
According to the international recommendations, to avoid the inflation of type 1 error, the
statistical evaluations should be corrected for
multiple comparisons using the Bonferroni method (determined by a number of mtSNPs or independent haplogroups) or a permutation approach.
In this respect, it should be noted that while the
R macrohaplogroup and its diagnostic C alleles at
positions 12705 and 16223 [21] were more frequent in cases than in controls in this study, the
Bonferroni corrected p-values were not significant. Considering this, the results obtained in this
study should be taken with caution and further
validation studies using independent cohorts are
needed to confirm this apparent difference in
frequencies. The 12705 position, located in the
MT-ND5 gene, is highly evolutionarily stable in human mtDNA [10]. In fact, transition at this position
is specific for two lineages only, African L0g and
the R macrohaplogroup, widely distributed across
the world [21]. Importantly, all European lineages
are descendants of the R clade [14]. The C to T
transition at 12705 is a synonymous mutation, for
which the conservation index is about 31%, which
suggests little if any effect on cell phenotype. Also,
the transition at position 16223, located at hypervariable region I [10], does not seem to play any
role in modifying cell phenotype. Indeed, 16223
is a frequently mutated site in the human mitogenome and transition at this position is observed
in different mutational patterns of 33 distant
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haplogroups [21]. Altogether, wide distribution of
both 12705 and 16223 transitions across different
human populations and the potential lack of any
effect on cell phenotype suggest that they might
not be associated with colorectal cancer development. Thus, colorectal cancer must be determined
by other molecular factors.
Importantly, transitions at both 12705 and
16223 positions are the only variants that are
diagnostic for the R macrohaplogroup [21]. It is
worth noting that the non-R clades identified in
the general Polish population have non-European
origin and are components widely found in Africa (e.g. L clade) and Asia (e.g. A, C, D and G haplogroups) [14]. Those African and Asian lineages
might have been introduced into the Polish population as a result of medieval migrations of Asian
individuals from Siberia and Western Asia as well
as during recent migrations of Ashkenazi Jews
from Germany to Poland [22]. Interestingly, the incidence of colorectal cancer in Asian and African
populations is much lower than in European ethnic groups [1]. Thus, underrepresentation of the
non-R haplogroups in the group of Polish colorectal
cancer patients may reflect the lower risk for this
disease in Asians and Africans. Importantly, none
of the Asian and African lineages in Polish controls
was significantly more prevalent in healthy Polish
individuals. Altogether, the obtained results may
suggest that some other factors, e.g. nuclear DNA
mutations, in those non-R Polish individuals are
protective against colorectal cancer.
On the other hand, frequencies of non-R haplogroups were low and the frequency difference of
the R macrohaplogroup between cases and controls was not large enough to consider a strong
association according to the international recommendations [28–34]. Furthermore, this potential
association was lost after Bonferroni correction.
The next limitation of this study is the small sample size of the analysed case and control groups,
which in consequence contributed to the low statistical power of the obtained results. Indeed, assuming two categories (R and non-R) and the c2
test with 5000 permutations, our study had only
65.8% (assuming 1353 controls) or 40.2% power
(assuming 100 controls) [27]. Assuming twelve
categories (twelve major haplogroups found in the
Polish population) our study had even lower power
of 3.4% (assuming 1353 controls). The underpowered results suggest that the association of the R
haplogroup (and its diagnostic m.12705C>T and
m.16223C>T transitions) with colorectal cancer
risk in the Polish population can also be explained
by chance. Thus, following international recommendations [28–34], further validation studies
replicated in larger cohorts are necessary to finally
resolve the issue of the obtained associations. In
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fact, subsequent calculations have shown that to
achieve 80% power for the two categories (R and
non-R clades) the case and control groups should
consist of at least 689 individuals each, whereas
assuming twelve categories (haplogroups), the
sample size should consist of at least 1336 individuals [27].
In conclusion, although macrohaplogroup R
and its diagnostic mutations at positions 12705
and 16223 were observed with higher frequency
in colorectal cancer patients than in healthy individuals, the findings of this study do not support
the hypothesis that mitochondrial DNA variants
play a significant role in inherited predisposition to colorectal cancer. Also, further analysis
has not shown any mtDNA factors that could be
associated with clinicopathological outcomes of
colorectal cancer patients. Nevertheless, further
studies performed on larger cohorts are necessary to finally verify the underrepresentation of
non-R haplogroups in Polish colorectal cancer
patients.
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