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Intestinal flora of FAP patients containing APC-like sequences
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Colorectal cancer mortality is one of the most common cause of cancer-related mortality. A multiple risk factors are 
associated with colorectal cancer, including hereditary, enviromental and inflammatory syndromes affecting the gas-
trointestinal tract. Familial adenomatous polyposis (FAP) is characterized by the emergence of hundreds to thousands of 
colorectal adenomatous polyps and FAP syndrome is caused by mutations within the adenomatous polyposis coli (APC) 
tumor suppressor gene. We analyzed 21 rectal bacterial subclones isolated from FAP patient 41-1 with confirmed 5bp
ACAAA deletion within codons 1060-1063 for the presence of APC-like sequences in longest exon 15. The studied section
was defined by primers 15Efor-15Erev, what correlates with mutation cluster region (MCR) in which the 75% of all APC
germline mutations were detected. More than 90% homology was showed by sequencing and subsequent software com-
parison. The expression of APC-like sequences was demostrated by Western blot analysis using monoclonal and polyclonal
antibodies against APC protein. To study missing link between the DNA analysis (PCR, DNA sequencing) and protein 
expresion experiments (Western blotting) we analyzed bacterial transcripts containing the 15Efor-15Erev sequence of APC 
gene by reverse transcription-PCR, what indicated that an APC gene derived fragment may be produced. We observed 
97-100 % homology after computer comparison of cDNA PCR products. Our results suggest that presence of APC-like
sequences in intestinal/rectal bacteria is enrichment of bacterial genetic information in which horizontal gene transfer 
between humans and microflora play an important role.
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Colorectal cancer is the second most frequent cause of 
cancer death in developing countries and the incidence of 
CRC is rapidly increasing especially in populations that are 
adopting Western-style diets [1,2,3]. The development of
cancer is a complex multistage process of successive changes 
and there is increasing evidence that bacteria can contribute 
to specific stages in the cancerogenous process [4,5,6,7]. The
idea that certain bacteria are capable of causing cancer is 
further supported by studies of animal-specific pathogens
that promote tumor formation in rodents. An example is 
Helicobacter hepaticus – a cause of chronic active hepatitis 
that progressed to hepatocellular carcinoma in A/JCr mice 
[8]. H. hepaticus also promotes formation of colon cancer in 
genetically altered mice, either on its own [8,9, 10] or in con-
juction with Helicobacter bilis [11]. Salmonella typhimurium 
can also be a potential etiological agent of cancer [12]. The
obligate intracellular bacterial pathogen Lawsonia intracel-
lularis in many animal species [13] have been associated with 

intestinal epithelial hyperproliferation, a known biomarker 
for cancer risk [14]. 

Citrobacter rodentium causes a self-limiting condition 
of epithelial hyperproliferation without an appreciable in-
flammatory infiltrate and is sufficient to cause colon tumor
development. C. rodentium-induced transmissible murine 
colonic hyperplasia model provides an excellent template 
to study how alterations in intestinal stem cells promote 
trans-differentiation and colon carcinogenesis following
bacterial infection [15,16]. Although C. rodentium is not 
a human pathogen, the bacterial genes (35 kbp pathogenicity 
island) required for infection and presumably for the induc-
tion of epithelial cell hyperplasia are genetically similar to 
enteropathogenic and enterohemorrhagic Escherichia coli 
[14]. Furthermore, C. rodentium infection causes increased 
cellular cytosolic and nuclear ß-catenin levels in colon 
epithelial cells in vivo and mutations in the APC pathway 
lead to promotion of colon cancer, implying that the signals 



284 K. HAINOVA, Z. ADAMCIKOVA, S. CIERNIKOVA, V. STEVURKOVA, S. TYCIAKOVA, V. ZAJAC

delivered to the epithelium from infecting bacteria might 
exacerbate defects in developmental or oncogenic pathways 
in the tissue [14,17] . 

Giannakis et al. [18] examined the expression profile from
epithelial progenitors in the stomach and small intestine and 
reported that Wnt/ß-catenin and TGFß signaling pathways 
may play a significant role in stem-cell homeostasis in gastric
epithelial progenitors. Helicobacter pylori infection was found 
to be associated with an increase of ß-catenin transcriptional 
activity in a CagA-dependent manner in a gastric epithelial 
cancer cell line [19]. Coexpression of CagA with a loss-of-
function allele encoding the β-catenin destruction complex 
protein Axin1 resulted in a further increase in intestinal pro-
liferation. Coexpression of CagA with a null allele of the key 
β-catenin transcriptional cofactor TCF4 restored intestinal 
proliferation to wild-type levels. These results provide in vivo
evidence of Wnt pathway activation by CagA downstream 
of or in parallel to the β-catenin destruction complex and 
upstream of TCF4 [20]. 

APC (Adenomatous Polyposis Coli) gene is a part of the 
destruction complex that negatively regulates ß-catenin as 
the central signaling molecule of the classical Wnt pathway. 
Mutations within the APC protein result in stabilization of 
ß-catenin and consequently lead to enhanced proliferation 
of the intestinal epithelium [21]. Data from gene expres-
sion analyses indicate that both parallel and cooperative 
mechanisms of Wnt and Ras signaling are responsible for 
the initiation and progression of intestinal tumorigenesis 
after APC loss [22]. Mutations in the APC tumor suppres-
sor gene result in the Familial Adenomatous Polyposis 
(FAP) syndrome. FAP is an autosomal inherited disorder 
characterized by the emergence of hundreds to thousands 
of colorectal adenomatous polyps in the gut, with an almost 
100% probability of degeneration into a malignant process 
by the age of 40 [23,24,25]. A mutational hot spot has been 
identified within the 5´ region of the last coding exon of the
APC gene, also known as MCR (Mutation Cluster Region), 
between codons 1286-1513. Patients with a mutation in MCR 
domain develop adenomas at very young age and the risk of 
finding more than 1000 colorectal adenomas is significantly
higher. In MCR are two specific critical spots induced by
a polymerase slippage error. First hotspot is 5bp deletion 
AAAAG or AAAGA between codons 1307-1311 and the 
second mutations hotspot is 5bp deletion ACAAA within 
codons 1060-1063[26]. Most disease-causing mutations lead 
to premature stop codons or frame shifts, resulting in syn-
thesis of truncated APC proteins [27,28,29]. The induction
mechanism of the other APC gene mutations remains still 
unanswered. This work was undertaken to study the scarcely
recognized interactions between human hosts and bacterial 
organisms, provoked by recently published reports suggesting 
that bacteria are often not sufficient to induce cancer on their
own, that the process is accompanied by chronic inflamma-
tion, and that tumor formation might require independent 
mutations in oncogenic signaling pathways.

Patients and methods

Patient´s samples. In our previous work we have de-
tected APC-like sequences mainly in MCR region of the 
APC exon 15 in rectal swabs bacteria from 15 various FAP 
patients [30]. According to these results we have analyzed 
21 bacterial subclones isolated from rectal swabs of FAP 
patient 41-1 with determined 5-bp deletion ACAAA within 
codons 1060-1063, diagnosed with aggresive form of FAP 
characterized by thousands of polyps in age of 19. Based 
on molecular diagnostic patients having 41-1 underwent 
successful colectomy.

DNA extraction. Bacterial subclones were cultivated in 
LB medium overnight at 37°C. Individual bacterial clones 
were prepared after dilution 10-9-10-11 on LB agar plates and 
incubated overnight at 37°C. Bacterial chromosomal DNA 
was extracted from amplified bacteria by use of the QIAamp
DNA Kit (Qiagen). Plasmid DNA was isolated with protocol 
QIAprep Spin Miniprep Kit (Qiagen).

PCR amplification. Polymerase chain reaction was car-
ried out using primers 15Efor-15Erev located in exon 15, 
which determined 332 bp PCR products as described by 
Groden et al. [31]. PCRs were performed from 150-200 ng 
of genomic/plasmid DNA, 80 mM dNTP, 1mM 10x PCR 
buffer (Qiagen), 0.5 U of Taq polymerase (Qiagen), 10 pmol
of each primer, to total volume of PCR mixture of 25 μl. 
DNA samples were amplified under standard conditions: 5
min at 94°C, once; 1 min at 94°C; 1 min at annealing tem-
perature from 58° to 63°C; 1 min at 72°C, 30 times; and 7 
min at 72°C, once. To avoid false positive results, we used 
genomic DNA isolated from commercial strain DH5α and 
genomic DNA isolated from bacteria of healthy persons. 
As a positive control, genomic DNA isolated from blood of 
healthy persons was used. 

DNA sequencing. Amplicons were purified by Auto-Seq
G-50 columns (Amersham Biosciences) and bidirectionally 
sequenced using fluorescent dyes of ABI Prism Big Dye Ter-
minator sequencing kit (Applied Biosystems). Sequencing 
extensive products were analyzed on a PE Applied Biosystems 
ABI-PRISM 310 sequencer.

Bioinformatic analysis. The APC gene sequences were 
analyzed for DNA homology by Vector NTI Advance 11.5, 
Vector NTI Suite 8 (Invitrogen) software. The sequence data
were compared against all known microbial genes using the 
NIH National Center for Biotechnology Information GenBank 
Blast Program [28]. 

Analysis of APC gene expression. Bacterial subclones 
isolated from the FAP patient 41-1 were used for prepara-
tion of protein extracts from 15 ml overnight cultures in LB 
medium incubated at 37°C. As a negative bacterial control, 
DH5α bacteria protein extracts were used. As a positive 
control, protein extract from CaCo2 human cell line was 
used. Protein extracts were prepared by centrifugation of 
overnight cultures at 3 000 rpm for 15 min. Pellets were 
sonicated and 10 μl of 100 mM PMSF was added and cen-
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trifuged at 13 000 rpm for 15 min. The prepared cell extracts
were subjected to electrophoresis in 10% SDS-PAGE at 45 
mA. The extracted proteins were overnight transferred from
acrylamide gel to nitrocellulose membrane (NC Hybon 
membrane). The membrane was incubated in TBS-T buffer
and blocked using 5% milk for 1 hour at room temperature. 
The blocking buffer was removed and the membrane was
washed with TBS-T buffer. Appropriately diluted mouse
monoclonal APC antibody (ALi 12–28, Abcam) and rabbit 
polyclonal antibody to APC (ab15270) (ALi 12–28, Abcam) 
in TBS-T buffer with 5% milk was added to the membrane
and incubated overnight at 4°C on a shaker with a rocking 
motion. The membrane was washed with TBS-T buffer and
incubated for 1 hour at room temperature in appropriately 
diluted goat anti-mouse antibody (sc-2005) (Santa Cruz 
Biotech) or goat anti-rabbit IgG-HRP: sc-2030 (Santa Cruz 
Biotech) in buffer containing 5% milk. Consequently, the
membrane was washed with TBS-T buffer and visualization
was performed by ECL solutions.

Total RNA preparation from up to 109 bacterial cells. To 
homogenize samples, we resuspended the bacterial cell pellet 
in 100 μl TE buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8)
containing 1mg/ml lysozyme by vigorous vortexing, followed 
by incubation at 37 °C for 10 min. Total RNA was prepared 
according to protocol NucleoSpin RNA II (Mancherey & 
Nagel).

Reverse transciption reaction. Reverse transcription reac-
tion was carried out with oligo-dT primers and was performed 
using Omniscript Reverse Transcription Kit (Qiagen).

Results

We analyzed 21 bacterial subclones from rectal swabs of the 
FAP patients having 41-1. About 90% of the bacteria tested 
were identified as Escherichia coli. Bacterial subclones were 
amplified in LB medium overnight at 37 °C and each subclone
was analyzed for the presence of APC-like sequences using 

PCR. The section from exon 15 of the APC gene defined by
primers 15Efor-15Erev was analyzed. Human DNA blood sam-
ple from a healthy person 156-1 was used as positive control 
for appropriate PCR amplification. Chromosomal DNA of
the laboratory strain DH5α and rectal bacteria isolated from 
a healthy person (K17-2-5) were used as negative controls in 
all reactions. 

PCR products of the section 15Efor-15Erev were identified
by all samples except for bacterial subclone 41-1-1 of the FAP 
patient studied (Figure 1, line 24). 

PCR products from rectal bacteria, or from their subclones, 
as well as the patient´s DNA sample and healthy control DNA 
blood sample (156-1) were sequenced in section defined by
primers 15Efor-15Erev and subsequently compared using 
the computer program Vector NTI Suite 8 (Invitrogen). The
sequence of human APC gene (NM_001127511) was included 
in bioinformatic homology comparing. We observed more 
than 90% of the rate of homology in this section (Figure 
2). 

When APC-like sequences determined by primers 
15Efor-15Erev were compared against all known microbial 
genes using GenBank Blast Program, no homology was 
recorded. 

To determine the possible expression of APC-like se-
quences, we used Western blot analysis with combination 
of monoclonal mouse APC antibody and polyclonal rabbit 
antibody to APC (ab15270) protein. As negative control, 
bacterial extract of DH5α laboratory bacterial strain was 
used. CaCo2 cell lysate served for positive protein expres-
sion (Figure 3). 

Reverse transcription of selected bacterial RNA yielded 
cDNA (Figure 4), which was subsequently analyzed for the 
presence of APC-like sequences defined by primers 15Efor-
15Erev (Figure 5). Positive PCR products were sequenced 
and subsequently compared with sequence of human APC 
gene (NM_001127511), using computer program Vector NTI 
Advance 11.5 (Invitrogen) (Figure 6).

Figure 1. PCR analysis of bacterial DNA isolated from bacterial subclones of the FAP patient determined by primers 15Efor-15Erev. Lines 1: 41-1-2, 
41-1-3, 41-1-4, 41-1-5, 41-1-6, 41-1-8, 41-1-9, 41-1-10, 41-1-12, 41-1-13, 41-1-15, 41-1-16, 41-1-17, 41-1-19, 41-1-20, 41-1-24, 41-1-26, 41-1-28, 41-1-29, 
41-1-30, 41-1-31, line 22: empty line, line 23: K17-2-5 (bacterial DNA of healthy person), line 24: 41-1-1, line 25: laboratory bacterial strain DH5α, line 
26: 156-1 (positive control for APC gene amplification), line 27: empty line, line 28: phiX174 DNA/BsuRI (HaeIII) Marker .
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Discussion

It is well established that the human body is outnumbered 
by its own microbiome and it is very interesting to study the 
role of microorganisms in beneficial and detrimental effects
on host physiology, contributing to health or disease suscep-
tibility. In this context, there are several reports pointing to 
the fact that gut microbial communities may influence the
development of colorectal carcinoma. 

 According to the results of Holec et al. [30], we analyzed 
21 rectal bacterial subclones isolated from the FAP patients 
having 41-1 for the presence of APC-like sequences from 
exon 15 of the APC gene. The section studied of about 332

bp was defined by primers 15Efor-15Erev, correlating with
the MCR area. More than 90% homology was achieved by 
sequencing and subsequent software comparison. The ex-
pression of APC-like sequences was demostrated by Western 
blot analysis using monoclonal and polyclonal antibodies 
against APC protein. To study the missing link between the 
DNA analysis (PCR, DNA sequencing) and protein expres-
sion experiments (Western blotting), we analyzed bacterial 
transcripts containing the 15Efor-15Erev sequence of the 
APC gene by reverse transcription-PCR. The result indicated
that an APC gene derived fragment may be produced. We 
observed 97-100 % homology after computer comparison of
cDNA PCR products. 

Figure 2. Comparison of sequences 15Efor-15Erev areas from individual bacterial clones isolated from rectal swabs of the FAP patients having 41-1 
and controls.

Figure 3. Western blot analysis of APC-like protein expression in 41-1 
bacterial subclones from rectal swabs. Line 1-10: 41-1-19, 41-1-3, 41-1-6, 
41-1-15, 41-1-16, 41-1-17, 41-1-28, 41-1-29, 41-1-30, 41-1-31, line 11: bacte-
rial extract of laboratory bacterial strain DH5α, line 12: CaCo2 cell lysate. 
Protein ladder: SpectraTM Multicolor High Range Protein Ladder. 

Figure 4. cDNA obtained by reverse transcription of bacterial RNA isolated 
from bacteria subclones of FAP patients having 41-1. Line 1:41-1-3, line 
2: 41-1-6, line 3: 41-1-19, line 4: 41-1-29.
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The long list of cancer risk factors has expanded to include
infectious agents. The role of viruses (expecially small DNA
viruses) in human cancer, including Merkel cell carcinoma, 
cervical cancer, Burkitt´s lymphoma, Hodgkin´s lymphoma, 
nasopharyngeal carcinoma, is well recognized. Evidence has 
been accumulating in the literature concering the link between 
bacterial infection and cancer. Data derived from clinical and 
laboratory trials substantiate the fact that several bacteria have 
been identified and implicated in the development of colorectal
cancer, e.g.: Streptococcus bovis, Helicobacter pylori, Escherichia 
coli, Klebsiella pneumoniae and Fusobacterium sp. There are
some studies reporting that bacteria can cause colorectal 
cancer through direct mutagenesis, secretion of mutagenic 
products and/or prolonged infection, as well as through in-
flammation, leading to increased epithelial cell proliferation,
which is associated with the potential to preferentially select 
cancerogenic clones [7,12,32].

Familial adenomatous polyposis is a disease associated 
with germ-line mutations at the APC gene. It was reported 
that colon cancer cells retain truncated APC fragments 
which may lead to the stabilization of β-catenin and to the 
constitutive activation of Wnt signaling, essential for cell pro-
liferation. Activation of the growth-promoting Wnt pathway 
compensates the negative effect on cell growth caused by the
reduced APC gene dosage [20,33]. APC also mediates several 

other normal cell functions independently of Wnt/β-catenin 
signaling such as: apical-basal polarity, microtubule networks, 
cell cycle, DNA replication and repair, apoptosis, and cell 
migration. Given the vast cellular processes involving APC, 
the loss of these „normal“ functions due to mutation can 
contribute to chemotherapeutic resistance. The APC fragment
may have a function indispensable for cell proliferation and 
cell survival. This function would be lost upon a full APC 
deletion and thus contribute actively to tumorigenesis. Some 
reports showed that truncated fragments of APC enhanced 
the migratory capacity of colon cancer [34,35]. Mutations 
of the FAP syndrome as well as somatic mutations in the 
APC gene are clustered in the MCR and are associated with 
synthesis of the truncated APC fragment lacking roughly the 
C-terminal half. Truncation in the MCR removes the tumor 
suppressor activity of APC [33]. Based on positive PCRs 
in the samples analyzed in the section defined by primers
15Efor-15Erev, we may assume that the produced APC-like 
protein may hypothetically contain β-catenin binding site 
and bind to β-catenin, and so it may control the ability to 
activate transcription.

There are some hypothetical explanations of the presence of
APC-like sequences in bacterial subclones isolated from rectal 
swabs of the FAP patient. A potential scenario of the presence 
of APC-like sequences in intestinal/rectal bacteria is enrich-
ment of bacterial genetic information in which horizontal gene 
transfer between humans and microflora play an important
role [36]. Because the bacteria are very reluctant to accept any 
genetic information, it is not excluded that in some bacteria 
may be present sequences of other eukaryotic genes. This proc-
ess could occur after an apoptic or necrotic event in which the
host DNA is fragmented or disrupted within the dying cells, 
or alternatively there is active secretion of neutrophil extra-
cellular traps [37]. Examples of bacterial integration of host 
genetic information are exceedingly rare, despite the countless 
interactions between commensal or pathogenic bacteria and 
their cognate host organisms. Incorporation and acquisition 
of genetic material between nonmating species, or horizontal 
gene transfer, was frequently described for phylogenetically 
related organisms, but far less evidence exists for horizontal 
gene transfer between highly divergent organisms. Anderson 
et al. described horizontally transferred fragment of the human 
long interspersed nuclear element L1 to the genome of the 

Figure 5. PCR analysis of cDNA transcripted from bacterial RNA de-
termined by primers 15Efor-15Erev. Line 1: cDNA 41-1-3, line 2: cDNA 
41-1-6, line 3: cDNA 41-1-19, line 4: cDNA 41-1-29, line 5: empty line, 
line 6: cDNA of healthy bacterial control K17-2-5, line 7: empty line, line 
8: PCR amplification control 156-1, line 9: phiX174 DNA/BsuRI (HaeIII)
Marker.

Figure 6. Comparison of sequences 15Efor-15Erev areas from cDNA of transcripted bacterial RNA. Healthy control 156-1 and the sequence of human 
APC gene (NM_001127511) were used for bioinformatic homology analysis. 
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strictly human pathogen Neisseria gonorhoeae. N. gonorhoeae 
transcripts contained L1 sequence, so L1-derived gene prod-
ucts may be produced [36, 38].

Phylogenetic analyses demonstrated that both lateral 
gene transfer from eukaryotic hosts and bacterial genes that 
became eukaryotic-like by gradual adaptation to the intracel-
lular milieu or gene fragment acquisition, contributed to the 
existing repertoire of eukaryotic-like proteins [39]. In the 
sudy Anderson and Seifert was described , that the active 
secretion of neutrophil extracellular traps provides a means 
by which host DNA could become accessible to extracellular 
N. gonorrhoeae. In the same study was reported that the re-
combined fragment is the result of a simple insertion with no 
loss or gain of flanking chromosomal information, what may
be one of the possible mechanism of horizontal gene transfer. 
The second possible mechanism of horiontal gene transfer is
non-homologous end joining (NHEJ) recombination which 
could occure between fragmented copy of human gene and 
the recipient region of the bacterial genome. Although some 
bacterial species lack NHEJ machinery, alternative pathways 
of low frequency NHEJ have the potential to mediate hori-
zontal gene transfer of exogenous sequences [38,40]. 

In general, horizontal gene transfer enables prokaryotes to 
rearrange their genomes dynamically, facilitating responses 
to changing environmental conditions and invasions of new 
ecological niches [41]. Genes of different evolutionary origin
have distinct patterns of selection, as reflected by their ratio
of a synonymous vs. synonymous mutations. One eukaryotic 
like protein is common to several strains of Legionella sp., 
but outside this genus has homologs in Acanthamoeba poly-
phaga mimivirus, indicating that gene exchange involving 
eukaryotic viruses and intracellular bacterial pathogens may 
also contribute to the evolution of virulence in either or both 
of these groups of organisms [39]. The certain physiological
function of APC-like sequences in bacteria is unknown. We 
may only assume the possible physiological function. APC-like 
sequences may play a role in molecular evolution and serve 
as a „pattern“ for creation of tumor suppresor genes in higher 
organisms, what is supported by detection of the conserved 
domain defined by primers 15Efor-15Erev in the sequences
of bacterial subclones 41-1. Conserved domains are defined
as recurring units in molecular evolution, indicating that this 
part of APC-like sequences may be an integral part of bacterial 
genetic information and may serve as „pattern“ for creation of 
tumor suppressor genes in higher organisms. Exon 15 of the 
APC gene, which contains a section defined by primer Efor-
Erev, may be from the evolutionary point of view the oldest 
part of the APC gene and the other exons may have joined 
accidentally during evolution. The other explanation of physi-
ological function of APC-like sequences in bacterial organisms 
is that the APC-like protein might lead to activation of Wnt 
signaling through stabilization of β-catenin. This explanation
is based on report Schneikert and Behrens where colon cancer 
cells retain truncated APC fragments [33]. In the sequences of 
bacterial subclones 41-1, defined by primers 15Efor-15Erev,

a conserved domain was found. Conserved domains are 
defined as recurring units in molecular evolution, indicating
that this part of APC-like sequences may be an integral part 
of bacterial genetic information and may serve as „pattern“ 
for creation of tumor suppressor genes in higher organisms. 
Exon 15 of the APC gene, which contains a section defined by
primer Efor-Erev, may be from the evolutionary point of view 
the oldest part of the APC gene and the other exons may have 
joined accidentally during evolution.

The high degree of identity (97-100 %) between the APC 
gene sequence determined by primers 15Efor-15Erev in bacte-
rial subclones may indicate that a gene transfer event can occur 
between a mammalian host and resident bacterium, which has 
important implications for the co-evolution of both humans 
and their associated microorganisms. According results of 
Spadafora and other research groups, hypothetically could also 
consider the possibility that bacterial APC-like sequences hav-
ing certain mutations may be incorporated in vivo into germ 
cells (e.g., sperm) and the mutation can then be transferred 
and integrated into oocytes ready for cutting process [42, 43]. 
This hypothesis could give an answer to the extremely high
number of mutations in the MCR.

The presented study is a pilot project. Our results are
considered only as hypotheses for generating more research, 
which is highly warranted.
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