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Mutations in the mitochondrial genome (mtDNA) are associated with different types of cancer, specifically
colorectal cancer (CRC). However, few studies have been performed on precancerous lesions, such as ulcerative
colitis (UC) lesions and adenomatous polyps (AP). The aim of this study was to identify mtDNA mutations in
the cancerous and precancerous lesions of Egyptian patients. An analysis of the mutations found in six regions of
the mtDNA genome (ND1, ND5, COI, tRNAser, D-loop 1, and 2) in 80 Egyptian patients (40 CRC, 20 UC, and 20
AP) was performed using polymerase chain reaction–single-strand conformational polymorphism techniques
and followed up by direct sequencing. The overall incidence of mutations was 25%, 25%, and 35% in CRC, UC,
and AP cases, respectively. Although there was no common mutation pattern within each group, a large number
of mutations were detected in the D-loop region in all of the groups. Some mutations (e.g., T414G) were detected
repeatedly in precancerous (UC and AP) and cancerous lesions. Mutations detected in patients with CRC were
predominantly found in the ND1 gene (40%). Our preliminary study suggests that Egyptian patients with CRC
have a large number of mtDNA mutations, especially in the D-loop region, which have not been previously
reported. Mutations in the mtDNA of precancerous lesions (i.e., AP and UC) may contribute to transformation
events that lead to CRC.

Introduction

Mitochondria are organelles that, according to the
endosymbiosis theory, evolved from purple bacteria

*1.5 billion years ago (Dyall et al., 2004; Cavalier-Smith,
2006). These organelles have their own genome that repli-
cates and transcribes semiautonomously; this genome com-
prises 0.1%–2% of the total DNA in most mammalian cells.
The mitochondrial genome controls many cellular functions
that are critical for producing the cell’s energy. The most
important of these functions are as follows: (1) oxidative
phosphorylation (OXPHOS), (2) production of most of the
cell’s reactive oxygen species (ROS), and (3) regulation of
mitochondrial apoptosis (Wallace, 2005a). Expression of the
entire complement of mitochondrial genes is required to
maintain the proper function of the organelle, suggesting
that even slight alterations in DNA sequences could have
profound effects.

Mitochondrial DNA is thought to accumulate more mu-
tations than nuclear DNA, in part, because mitochondria
lack both protective histones and the highly efficient DNA

repair mechanisms that are seen in the nucleus (Croteau and
Bohr, 1997). Mutations in mtDNA may impact neoplastic
transformation, because mitochondria play a central role in
energy production, ROS production, and apoptosis. Indeed,
certain tumors have been shown to result from mutations in
nDNA-encoded mitochondrial proteins, which may result in
increased ROS production (Wallace, 2005b). Since the
G10398A mtDNA polymorphism was first associated with
an increased risk of breast cancer in African-American wo-
men (Canter et al., 2005), mtDNA mutations have also been
associated with other types of cancer. mtDNA mutations in
cancers fall into two major classes: (1) those that affect OX-
PHOS, thus increasing ROS production and (2) those that
alter the mitochondrial OXPHOS circuitry and permit tumor
cells to adapt to new environmental constraints, such as al-
terations in the available nutrients and oxygen tension
(Brandon et al., 2006). Several mtDNA mutations have been
found specifically in human colorectal cancer (CRC) (Polyak
et al., 1998).

CRC is the third most prevalent type of cancer in the
world. Each year, CRC is diagnosed in >940,000 people,
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and 500,000 people die from the disease (Benson et al.,
2008). Overall, the 5-year survival rate in the United States
exceeds 60% but is <40% in less developed countries
(Stewart and Kleihues, 2003). In Egypt, CRC accounts for
6.53% of all cancers according to the National Cancer
Institute, Cairo University. According to Mokhtar et al.
(2007), the incidence is 2.27% for colon carcinoma and
2.08% for rectal carcinoma. Adenomatous polyps (AP),
which are slow growing overgrowths of the colonic mu-
cosa, comprise *10% of colonic polyps. AP are usually
small and have low (1%) malignant potential (Muto et al.,
1975). Removal of these lesions reduces the risk of future
CRC and advanced adenomas (Bertario et al., 2003; Wi-
nawer et al., 2006). Ulcerative colitis (UC) is a chronic in-
flammatory disease of the colon. Long-standing extensive
UC is associated with the development of UC-related CRC
(Ekbom et al., 1990). A meta-analysis reported the cumu-
lative incidence of CRC in UC to be 2% at 10 years, 8% at
20 years, and 18% after 30 years of the disease (Eaden et al.,
2001).

mtDNA mutations have been assumed to be associated
with the development and progression of CRC, which is
probably the most studied cancer type in the mitochon-
drial field (Polyak et al.,, 1998; Habano et al., 1999). In
previous studies, several mutations were found in the D-
loop region of the mtDNA of three CRC cell lines (Li et al.,
2005). Moreover, similar nucleotide substitutions were
also found in the D-loop region of 40 CRC tissues using
polymerase chain reaction (PCR)–single-strand confor-
mational polymorphism (SSCP) and direct sequencing
techniques (Li et al., 2006). Several studies have shown an
increased rate of D-loop mutation in association with CRC.
However, the association between D-loop mutations and
long-term survival has been controversial. A case series of
365 patients with resected CRC recorded in the Digestive
Cancer Registry of Cote-d’Or (France; 1998–2000) suggests
that D-loop mtDNA mutations are associated with de-
creased CRC survival (Lievre et al., 2005). However, a case
series of 194 patients with CRC who underwent surgery in
Taipei Veterans General Hospital (Taiwan; 1999–2000)
showed no association between D-loop mutations and
CRC patient prognosis (Chang et al., 2009). Recently,
Theodoratou et al. (2010) conducted a more comprehensive
study on 2838 Scottish patients with CRC. This study
suggested an association between three mtDNA single-
nucleotide polymorphisms and all-cause or CRC mortal-
ity. It is not yet clear whether the mtDNA mutations are
the cause or the result of transformation, although Li et al.
(2008) suggest that mutations in the D-loop may partici-
pate in the transformation process. They have shown that
the D-loop from CRC cells promote the malignant
phenotype in NIH3T3 mouse fibroblast cells, which sug-
gests that these mutations might partially contribute to
colorectal carcinogenesis.

In an attempt to understand the role of mtDNA mu-
tations in CRC development, we performed a preliminary
study in which we analyzed six regions of mtDNA in
samples from precancerous lesions (AP and UC) and
CRC in Egyptian patients. Our study showed that the D-
loop regulatory region harbored the largest number of
mutations, most previously unknown, in all examined
stages.

Materials and Methods

Patient samples and DNA extraction

Endoscopic biopsies that included tissue samples from
colorectal lesions and nearby endoscopically normal tis-
sues were collected from 80 patients referred for colo-
noscopy at the Kasr Al-Aini Hospital, Faculty of
Medicine, Cairo University. Blood samples were
taken from the corresponding patients as a control. The
study was approved by the local ethics committee, and
consent was obtained from all the patients included in
the study.

CRC was diagnosed in forty patients, 20 patients had AP,
and 20 patients had UC. A portion of the biopsy was pre-
served in formalin for histopathological examination,
whereas another portion was immediately snap-frozen in
liquid nitrogen and kept at �808C for DNA extraction. Data
were collected from each patient, including age, grade, tu-
mor type, size and location, pathological stages, and polyp
size.

Genomic DNA was extracted from tissue and blood
samples using the QiaAmp DNA mini kit (Qiagen) according
to the manufacturer’s instructions.

Primers and PCR-SSCP analysis
of mitochondrial DNA

Six regions of the mtDNA were amplified: four genes
NADH dehydrogenase 1 and 5 (NDI, ND5), cytochrome c
oxidase subunit I (CO1), and one tRNA gene (tRNAser) and
two regions of the displacement loop (D-loop 1, D-loop 2).
PCR-SSCP analysis was conducted to look for mutations in
these regions. Six sets of primers reported by Maximo et al.
(2001) were used for the PCR amplification of mtDNA from
the tissue and the control blood samples (Table 1). The PCR
amplification protocol was as follows: denaturation at 958C
for 5 min, followed by 35 cycles of 948C for 1 min, 508C for
1 min, 728C for 30 s, and then a final extension for 10 min at
728C.

SSCP and DNA sequencing

The amplified PCR products were subjected to SSCP
analysis. Electrophoresis of the denatured PCR products
was carried out on a 10% nondenaturing polyacrylamide
gel and run at 20 W for 4–5 h. The gels were silver stained,
dried, and digitally scanned using a computer. After the
PCR-SSCP analysis, DNA bands that were abnormally
shifted in the gel were compared with their corresponding
normal control, extracted, reamplified with the original set
of primers, and then reanalyzed with SSCP. Only the cases
with reproducible band shifts in the tissue samples but not
in the normal control samples were considered to harbor
somatic mitochondrial mutations. Amplification products
were purified using Axyprep PCR cleanup kit (Axygene
Biosciences). Sequence analysis was then carried out using
Big Dye Terminator cycle sequencing kit (Applied Bio-
system) on an ABI Prism 3730 Genetic Analyzer auto-
mated sequencer. Sequences were compared against the
human mtDNA sequence (GENBANK accession # NC-
012920) and the comprehensive mitochondrial databank
MITOMAP (www.mitomap.org/mitoseq.html) (MITO-
MAP, 2009).
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Sequence variants that were both found at a particular
location in the tumor and matched the corresponding
mtDNA were classified as polymorphisms. If the DNA se-
quence at a particular location in the tumor mtDNA differed
from the corresponding normal mtDNA, then it was defined
as a somatic mutation.

Results

Detection of mutations in mitochondrial
DNA samples by SSCP

Previous studies have examined mtDNA mutations in
CRC, but few have examined these mutations in conditions

Table 1. Nucleotide Position and Primer Sequence

Gene Nucleotide position Primer sequence Product size (bp)

ND1 3397–3617 50-ATACAACTACGCAAAGGCCCCA-30

50-AATAGGAGGCCTAGGTTGAGGT-30
221

ND5 12353–12622 50-CTATAACCACCCTAACCCTGAC-30

50-CGAACAATGCTACAGGGATGAA-30
270

CO1 6541–6730 50-GCAACCTCAACACCACCTTCTT-30

50- GCTCAGACCATACCTATGTATCC-30
190

tRNAser 7359–7606 50-GAAGAACCCTCCATAAACCTGG-30

50-TACTTGCGCTGCATGTGCCATT-30
248

D-loop 1 458–637 50-CCTCCCACTCCCATACTACTAA-30

50-GTGATGTGAGCCCGTCTAAACA-30
185

D-loop 2 267–423 50-TCCACACAGACATCATAACA-30

50-AAAGTGCATACCGCCAAAAG-30
157

Table 2. Summary of Mitochondrial DNA Mutations in Adenomatous Polyps Samples

Case
number Gender Age

Sample
site

Mutation
position Type Gene/region

Amino acid
change Notes

2 F 37 Sigmoid 357 A to C D-loop 2 MITOMAP
(Reeve et al., 2008;
Birket et al., 2009)

376 A to C
379 A to C
383 T to C
391 T to A
411 C to G
414 T to G

5 M 45 Sigmoid 574 A to C D-loop 1 Germline mutation
576 CCC insertion
587 C to G
598 C insertion
602 C del
618 T to G
622 G to A
624 C to A
628 C to G

6 F 45 Ascending 7424 A to G t-RNAser MITOMAP
(Yeh et al., 2000)7596–

7597
CA to AG

9 M 50 Sigmoid 523–524 Deletion of AC D-loop 1 MITOMAP
(Wanrooij et al., 2004)532 T Insertion

532 A to C
540 TN Insertion
565 T Insertion

10 M 52 Rectum 12443 G insertion ND5 FS
12454 CN insertion FS
12501 G insertion FS
12534 C insertion FS
12611 T to A

13 M 56 Sigmoid 6633 T deletion CO1 FS
6671 T to C NS MITOMAP

(Herrnstadt et al., 2002)
6680 T to C NS MITOMAP

(Herrnstadt et al., 2002)
6724 T deletion FS
3617 A insertion ND1 FS

MITOMAP: a polymorphism reported in MITOMAP: A Human Mitochondrial Genome Database. 2009 (MITOMAP, 2009).
FS, frame shift; NS, nonsense mutation.
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that predispose to CRC, such as AP and UC. Six different
regions of mtDNA were chosen for mutation analysis: four
regions in genes NDI, ND5, CO1, and tRNAser and two re-
gions in the D-loop regulatory region. These regions were
chosen because mutations had been previously reported
there (Maximo et al., 2001). Tissue samples (lesion and nor-
mal) from 80 Egyptian patients with different cancerous and
precancerous colorectal conditions were collected at the
same time as blood samples, which were used as controls
(Tables 2–4). Twenty patients had AP, 20 had UC, and 40
had CRC.

The PCR products of mtDNA from tissues and blood
samples were analyzed by SSCP to identify DNA harboring
mutations, which were identified as band shifts. Figure 1
shows a representation of several samples that exhibited an
abnormal band migration relative to normal tissue control.
The percentage AP samples in band shifts was 45% (9/20):
sequencing revealed mutations in 7 samples, a mutation rate
of 35% (Table 2). Among patients with UC, 35% of the
samples (7/20) exhibited band shifts. Sequencing revealed
mutations in 5 samples, a mutation rate of 25% (Table 3). In
the CRC group, 35% of samples (14/40) exhibited abnormal
band migration. Of the latter, 10 showed mutations on se-
quencing, for a mutation rate of 25%. It is important to note
that four of the five confirmed mutations in the UC groups
occurred in the D-loop region. Most of the mutations in the
CRC group occurred in the ND1 gene and were detected by
SSCP (6 out of 14) or by sequencing (5 out of 10 confirmed
mutations). Samples in the AP group did not show a clear
common pattern of mutations. A significant association be-
tween mtDNA mutations in patients with UC and both age
and gender was observed. Of these, seven mutations oc-

curred in patients below 50 years of age ( p¼ 0.0358) who
were men ( p¼ 0.0317).

DNA sequencing

Sequencing was performed using the appropriate forward
PCR primer. Due to the limited size of the tissue samples,
some positive SSCP samples could not be sequenced. Tables
2–4 summarize the findings in our patients in the AP, UC,
and CRCgroups. It is important to note the absence of a
common mutation within each group. Nevertheless, some
mutations are present in patients from different groups, such
as most of the D-loop 2 mutations. One of these mutations
(T414G) is a known polymorphism (Reeve et al., 2008; Birket
et al., 2009; MITOMAP, 2009). Interestingly, all these muta-
tions, including the T414G polymorphism, were not present
in the normal tissue of the same patients, suggesting they are
somatic mutations and may represent mutational hotspots in
the D-loop 2 region (AP case # 2, UC case # 3, and CRC case #
33). CCC insertion was detected at position 576 in the D-loop
1 region of the DNA from both normal blood and tissue
samples of a patient with AP (case # 5) and a patient with
CRC (case # 1). Also, a somatic T deletion at position 6724 of
the COI gene was detected in precancerous cases (AP case #
13, UC case # 10) and in cancerous cases (case # 14), as shown
in Tables 2–4.

Discussion

Mitochondria control a number of critical cellular
functions. As a result, mutations in the mtDNA have
been associated with dozens of poorly understood dis-
orders, as well as with the aging process and a variety of

Table 3. Summary of Mitochondrial DNA Mutations in Ulcerative Colitis Samples

Case
number Gender Age Site Dysplasia

Mutation
position Type Gene/region

Amino
acid change Notes

3 F 17 Whole Y 352 A to C D- loop 2 MITOMAP
(Birket et al., 2009;
Reeve et al., 2008)

362 C to A
366 G to A
372 T to A

375–376 CA to AC
379 A to G
383 T to A

388–389 AG to GA
391 T deletion
411 C to G
414 T to G

10 M 40 Whole Y 6671 T to C CO1 NS MITOMAP
(Herrnstadt et al., 2002)

6680 T to C NS MITOMAP
(Herrnstadt et al., 2002)

6724 T deletion FS
11 M 43 Left N 508 T insertion D-loop 1
12 M 45 Recto-sigmoid N 523–52 Deletion of AC D-loop 1 MITOMAP

(Wanrooij et al., 2004)
13 M 50 Whole Y moderate 523–524 Deletion of AC D-loop 1 MITOMAP

(Wanrooij et al., 2004)532 T insertion
539 T insertion
546 T insertion

MITMAP: a polymorphism reported in MITMAP: A Human Mitochondrial Genome Database. 2009 (MITOMAP, 2009).
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chronic degenerative diseases. Mitochondrial diseases
range in severity from almost asymptomatic to fatal.
These are a function of two types of mtDNA mutations:
those inherited through the female germ line and those
that accumulate with age in somatic cells. Given that the
mtDNA genome is very compact, almost any mutation
could be deleterious; In fact, by 2008, over 170 known
mutations in the mtDNA were found to be responsible
for a myriad of diseases (Crimi and Rigolio, 2008). Mu-
tations in nDNA that encode mitochondrial proteins and
other mtDNA have been associated with several cancers,
including renal adenocarcinoma, head and neck tumors,

astrocytic, thyroid, breast, prostate tumors, and CRC
(Wallace, 2005b).

CRC is probably the most studied cancer type in the mi-
tochondrial field (Polyak et al., 1998), but there have been
very few studies carried out on patients with UC and none
on patients with adenomatous polyposis. To date, there have
been no analyses of mitochondrial DNA mutations in
Egyptian patients with cancer. For these reasons, we decided
to study mtDNA mutations in Egyptian patients with AP,
UC, and CRC.

It has been previously reported that the incidence of
CRC in young Jordanians is much higher than in other

Table 4. Summary of Mitochondrial DNA Mutations in Colorectal Cancer Samples

Case
number Gender Age Site

Grade Mutation
position Type Gene/region

Amino
acid change Notes

1 F 13 Rectum II 574 A to C D-loop 1
576 CCCC insertion Germline mutation

584–585 TA to GC
587 C to T
591 C to A
593 T to C MITOMAP (Mimaki et al.,

2009; Gonzalez et al., 2007)
596 T to C

601–602 GC to AA
605–607 TAC to AAA

612 N insertion
616 T to G
618 T del
622 G to A
624 C to A
628 C to G

2 M 27 Rectum II 489 T to C D-loop 1 MITOMAP (Mimaki
et al., 2009)

589 T deletion
12403 C to T ND5 L to F MITOMAP

(Gonzalez et al., 2007;
Mimaki et al., 2009)

14 F 41 Sigmoid II 6618 C insertion CO1 FS
6724 T deletion FS

16 F 43 Ascending II 3594 C to T ND1 V to V MITOMAP (Mimaki et al., 2009)
25 M 50 Rectum II 3594 C to T ND1 V to V MITOMAP (Mimaki et al., 2009)
29 F 52 Ascend-

ing/
poly

II 3483 A insertion ND1 FS

33 M 58 Descending III 361 A to C D-loop 2 MITOMAP (Mimaki et al.,
2009; Jazin et al., 1996)

366 G to A
372 T to A
376 A to C
379 A to G MITOMAP (Mimaki et al.,

2009; Feder et al., 2008)
383 T to A

388–389 AG to GA
392 A del
404 C to T
411 C to G
414 T to G MITOMAP (Birket et al., 2009;

Reeve et al., 2008)
35 M 60 Rectum I 3614 C insertion ND1 FS
36 F 62 Rectum II 392 A to C D-loop 2

MITMAP: a polymorphism reported in MITMAP: A Human Mitochondrial Genome Database. 2009 (MITOMAP, 2009).
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high-risk populations worldwide (Al-Jaberi et al., 2003). In
Egypt, CRC seems to exhibit a trend similar to that seen in
Jordan. Although CRC is considered an old age disease
in the rest of the world, it seems to occur at younger ages in
the Egyptian population. This suggest a different molecu-
lar etiology and compelled us to look for mtDNA mutation
patterns different than those already published. Conse-
quently, it was not surprising that none of the mutations
found in the CRC group, other than the polymorphisms
reported by MITOMAP, were previously reported (Tables
2–4). It is important to note that a somatic mutation is
defined as a DNA variation present in the tumor sam-
ples and absent from the corresponding normal tissue
sample, whereas mtDNA variations between different
patients samples and rCRS are defined as inherited poly-
morphisms.

In an attempt to understand the early events leading to
CRC, we performed a preliminary study to identify possi-
ble mtDNA mutations in precancerous lesions such as AP
and UC. Although SSCP is not a very sensitive technique, it
allows for a rapid screen of possible mutations. It is suitable
for preliminary studies used to determine the possible in-
volvement of mutations in a given disease. Our SSCP
analysis results revealed a high incidence of band shifts:
45% in AP, 35% in UC, and 35% in CRC samples. The SSCP
technique does not detect all mutations; under optimal
conditions, *75%–95% of the potential base exchanges are
detectable by SSCP (Scoggan and Bulman, 2003). This
suggests that the rate of mtDNA mutations in the three
groups analyzed herein may be even higher than reported.
It is important to note that most of the mutations reported
in this study have not been previously associated with
cancers.

Most notable is the presence of numerous mutations in
the regulatory none-coding regions (D-loop 1 and D-loop 2)
compared with the normal tissue control, which is consis-
tent with previous studies suggesting that D-loop muta-
tions are common in colorectal tumors (Lievre et al., 2005;

Chang et al., 2009). Although some of these mutations have
been previously reported as polymorphisms in the MITO-
MAP, such as T414G and T593C, they were absent in the
corresponding control samples in our study. This suggests
that they are somatic mutations related to the associated
lesion (AP, UC, or CRC). Only one mutation was found in
the normal control tissue and in the cancer sample, which
was the multiple C insertion at position 576 in AP case #5
and CRC case #1.

It has been previously suggested that there are no mu-
tational hotspots in CRC (Fliss et al., 2000; Chatterjee et al.,
2006), but the frequent incidences of mutations in the
D-loop observed in our study suggest that it may be a
mutational hotspot in Egyptian patients. The noncoding
D-loop region has been reported to be a mutational hotspot
in other tumors such as bladder, lung, head, and neck
neoplasms (Zhu et al., 2005). Mutations in this region can be
critical to the function of other mitochondrial genes, as the
D-loop contains the main regulatory sequences for tran-
scription and replication initiation (Basso et al., 2007). In
addition, the transfection of a mutated D-loop into NIH3T3
cells induces transformation phenotypes (Li et al., 2008). In
our study, it is not clear whether these multiple D-loop
mutations are predisposing for transformation or whether
they are the result of deregulation after transformation. A
larger, more detailed study of the whole D-loop region is
underway to clarify this point.

Cancer cells develop in a contiguous field of pre-
neoplastic cells that are clonally related to the initial tu-
mor cell. In this study, T deletion at position 6724 of the
COI gene was detected in precancerous cases (AP case
#13 and UC case #10) and in a CRC case (#14), which
may suggest that this deletion has a role in the devel-
opment of CRC. Mutations in the COI gene have been
previously reported in preneoplastic lesions of the colon
in several studies (Taylor et al., 2003; Greaves et al., 2006;
Sui et al., 2006).

In this study, we noticed that a significant number of
mutations detected in the CRC group occurred in the
ND1 gene (40%), which was not the case in the AP or
UC groups. Mutations in another NADH dehydrogenase
subunit, ND6, have been associated with increased
metastatic potential in mouse and human cancer cell
lines, but not in nontransformed cells. This increased
metastatic potential was related to the overproduction
of ROS (Ishikawa et al., 2008). Other NADH dehydro-
genase mutations have been linked to lung cancer (ND
complex 3450, 4901) and urologic cancer (ND5 12477,
12714) (Jakupciak et al., 2008). The potential role of ND1
in the progression of CRC requires further investigation.

Our preliminary study suggests that Egyptian patients
with CRC have a large number of mtDNA mutations which
have not been previously reported and that mutations in the
mtDNA of precancerous lesions (AP or UC) may contribute
to the transformation events leading to CRC. Due to the
limitations of the SSCP and our small sample size, we need
to perform a larger scale study examining the entire D-loop
region.

Disclosure Statement

No competing financial interests exist.

FIG. 1. Representative gels of single-strand conformational
polymorphism with band shift. This figure shows the single-
strand conformational polymorphism results of the normal
(N) and tumor biopsy (T) samples of cases 10 adenomatous
polyps (AP), 12 ulcerative colitis (UC), and 25 colorectal
cancer (CRC).
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