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Abstract

Mitotic crossover is a natural mechanism that is a main
source of the genetic variability of primitive organisms.
In complex organisms such as mammals, it represents
an evolutionary rudiment which persisted as one of the
numerous DNA repair mechanisms, and results in the
production of homozygous allele combinations in all
heterozygous genes located on the chromosome arm
distal to the crossover. This event is familiar as loss of
heterozygosity, which is one of the key mechanisms
responsible for the development and progression of
almost all cancers. We propose the hypothesis in which
mitotic crossover is a principal source of the increased
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loss of heterozygosity that leads to the initiation and
progression of colorectal carcinoma. The hypothesis
could be tested by /n vitro inhibition of Rad51 protein,
orthotopic grafting of human colon cancer tissue into
the gut of mice, and treatment with potential inhibi-
tors. After these procedures, the frequency of mitotic
crossover would be estimated. The development of
selective inhibitors of mitotic crossover could stop fur-
ther carcinogenesis of colorectal carcinoma, as well as
many other neoplastic events. Loss of heterozygosity is
an event responsible for carcinogenesis, its reduction
by selective inhibitors of mitotic crossover could have a
positive effect on cancer chemoprevention, as well as
on growth reduction and a cessation in the progression
of earlier developed tumors.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: We propose the hypothesis in which mitotic
crossover is a principal source of the increased loss of
heterozygosity that leads to the initiation and progres-
sion of colorectal carcinoma. The development of selec-
tive inhibitors of mitotic crossover could stop further
carcinogenesis of colorectal carcinoma, as well as many
other neoplastic events. Loss of heterozygosity is an
event responsible for carcinogenesis, and its reduction
by selective inhibitors of mitotic crossover could have a
positive effect on cancer chemoprevention, as well as
on growth reduction and a cessation in the progression
of earlier developed tumors.
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INTRODUCTION

Approximately 3.5 billion years have passed since biotic
evolution began. Life forms started to change dramati-

cally from the time of the last common ancestor. After
the development of multicellular organisms, a need ap-
peared for cellular specialization for different functions.
This need initiated a time dependent sequence where
cells pass through proliferation, differentiation, and
maturation. Specificity of different function comes from
a biodiversity that exists in the hierarchical level of the
whole biosphere, as well as in each individual organism.
This biodiversity is a result of the long-term struggle
with various mechanisms that initiate the creation of dif-
ferentiation among cells. This difference comes as a re-
sult of mutational events and numerous recombination
events. When we say numerous, we refer to recombina-
tion mechanisms among bacteria (transformation, conju-
gation, and transduction), as well as meiotic and mitotic

1,2 .. .
12 Meiotic crossover is

crossover among cukaryotes
the most important mechanism of genetic recombina-
tion which affects homologous chromosomes during
prophase [ of meiosis, and creates the great variety of
genetic information that leads to increased biodiversity".
However, meiotic crossover is the privilege of a very
low number of species compared to the total number of
species living on Earth. Although asexual organisms do
not have a great quantum of genetic alterations during
reproduction, they have developed mitotic crossover, a
mechanism that is responsible for most of their genetic
variations. Presumably it must take place when homolo-
gous chromosomal segments are accidentally paired in
asexual cells such as body cells™. 1t could potentially
have a great influence on the evolution of diploid
asexual organisms, as well as having an important role as
a mechanism for repairing double stranded breaks and
other DNA replication errors via homologous recom-
bination. Since there are other DNA repair mechanisms
that can correct the same errots, mitotic crossover is not
the exclusive mechanism responsible for reparation of
these errors. Instead, it is one of the numerous factors
that develop slight genetic differences between mono-
zygotic twins'”
zygous allele combinations in all heterozygous genes

, and results in the production of homo-

located on the chromosome arm distal to the crossovet.
This event is denoted as a loss of heterozygosity (LOH).
LOH can also occur after the deletion of a normal allele,
chromosome arm, or the entire chromosome contain-
ing the normal allele. In females, inactivation of the X
chromosome carrying the normal allele can result in
LOH as well as the non-balanced chromosomal abet-
ration known as isochromosome. Thus, when a mitotic
crossover occurs, genes that were previously recessive
are expressed in the form of homozygotes, thereby
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creating a new phenotype. By increasing homozygosity,
mitotic crossover acts to improve the efficiency of selec-
tion in asexual populations which are subjected to di-
rectional selection”. Many genes need to be maintained
in the heterozygous genotype state in order to obtain
the proper function of their products™. If some genes
become homozygous, then many important mechanisms
such as cell proliferation and its control can become
compromised and spiral out of control”. A LOH event
1s especially important in the promotion of cancer gen-
esis. Tumor suppressor genes, which code for proteins
that inhibit uncontrolled cell proliferation, are recessive
genes which are required in the dominant homozygous
or heterozygous states' . The exception is the X-linked
tumor suppressor gene WIX (Wilms’ tumor gene on the
X chromosome). Since males only have one X chromo-
some, a damaging point-mutation in WTX or its dele-
tion is all that is needed to eliminate tumor-suppression.
Females are also at risk if the mutation or deletion oc-
curs on the X chromosome that is not inactivated''".
However, excluding the WTIX gene, heterozygous cells
will not undergo aberrant cell proliferation leading to
tumor formation. If the normal copy of the gene is lost,
the cell becomes predisposed to abnormal growth, and
if enough mutations accumulate, a tumor may form!"?,
However, LOH at a heterozygous locus also can lead to
a homozygous dominant genotype if the recessive al-
lele is lost, although this outcome is usually undetectable
because it produces no obvious change in phenotype.
Thus, in terms of species survival, the benefits of ho-
mozygosity at some points in ontogeny and phylogeny
may outweigh the risks of LOH in adults.

GENETIC EVOLUTION OF THE
MALIGNANT TRANSFORMATION OF
COLORECTAL CARCINOMA

Colorectal carcinogenesis is a multistep process in which
a series of genetic and epigenetic events lead to the
transition from normal mucosa polyps to carcinoma.
Colorectal carcinoma (CRC) develops through a multi-
step process of tumor suppressor inactivation and proto-
oncogene activation by mutations and/or allelic loss. The
sequence includes the mutation of several genes: loss
of adenomatous polyposis coli gene located on the long
arm of chromosome 5 (5q), activation of K-Ras-2 proto-
oncogene located on the short arm of chromosome 12
(12p), loss of colorectal cancer (DCC) gene on the long
arm of chromosome 18 (18q), and loss of p53 gene
located on the short arm of chromosome 17 (1 7p)“3j.
Since the spontaneous somatic mutation frequency is not
sufficient to account for such a number of mutations, it
has been presumed that other mechanisms are respon-
sible for colorectal carcinogenesis, among which are the
loss of genes that maintain genome stability and mediate
damage repair"”.
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HYPOTHESIS

What is the principal mechanism that drives precancet-
ous lesions and benign tumors through the sequence of
events that result in malignancy and dissemination? We
propose the hypothesis that mitotic crossover is an evolu-
tionary rudiment which was important for the reproduc-
tion of asexual organisms, but has a negative impact on
genome integrity that could lead to disease. Accordingly,
we propose that mitotic crossovet is a principal source of
increased LOH that leads to the initiation and progres-
sion of CRC.

HYPOTHESIS EVALUATION

It has been proven that mitotic crossover occutrs motre

frequently in tumor cells. Several studies have confirmed
an increased mitotic crossover index in colorectal car-
cinoma cells"”". LOH of tumor suppressor genes is
believed to be one of the key steps to the carcinogenesis
of colorectal cancer. LOH, the loss of one allele at a spe-
cific locus, is caused by a deletion mutation or the loss of
one chromosome of a pair. When this occurs in a tumor
suppressor gene locus where one of the alleles is already
abnormal, it can result in neoplastic transformation*>".
Loss of heterozygosity can be identified in cancers by
noting the presence of heterozygosity at a genetic locus
in an organism’ germline DNA and the absence of
heterozygosity at that locus in the cancer cells”'. Loss
of heterozygosity in colorectal cancer was first reported
by Vogelstein ez al® | with it also being demonstrated
that small and large allelic deletions are associated with a
worse disease prognosis. Ozaslan and Aytekin showed the
interrelationship between LOH, loss of tumor suppressor
gene initiation, and progression of CRC. They observed
LOH at various loci on different chromosomes, namely
1p, 1q, 4q, 5q, 8p, 9q, 11q, 12p, 14q, 15q, 17p, 17q, 18p,
18q, and 22q in CRCs™. Mao e# o/ reported that LOH
frequencies among CRC patients were: 5q (25%), 18q
(25%), and 17p (28%). Wan ef al™” reported an increased
frequency of allelic losses in chromosome region 12p,
where the K-Ras-2 gene is located. These studies showed
that frequent LOH events include those chromosome re-
gions which include tumor suppressor genes whose loss
is necessary for colorectal carcinogenesis. Some studies
have reported that increased mitotic crossover frequency
in tumor cells is a result of a mismatch repait mechanism
defect™™. There are no literature data about neoplasms
which originate from terminally differentiated cells such
as Purkinje neurons, Betz neurons, and alpha motoneu-
rons. This indicates that carcinogenesis cannot occur in
tissues which do not have mitotic potential, including the
presence of mitotic crossover.

HYPOTHESIS TESTING

A possible application of the aforementioned findings
could be the development of mitotic crossover inhibitors
which could stop further carcinogenesis of CRC. The ar-
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rangement of the mitotic crossover processing machinery
is followed by the assembly of several protein compo-
nents. This signaling cascade includes the association and
mutual cooperative binding of RAD 50, RAD 51, RAD
52, RPA, PALB 2, BRCA 1, BRCA 2, and many other re-
lated proteins[zgl. The cascade of events which enable the
association and activation of the aforementioned proteins
is supposed to be compromised in order to inhibit the
course of mitotic crossover. The most adequate hotspots
for mitotic crossover inhibition would be membets of
the RAD protein family, especially RAD 51, which is the
most important and highly conserved effector protein for
mitotic crossover” .

If these inhibitors could be designed, there would
be several ways to test this hypothesis. The first includes
the usage of commercial human colon cancer cell lines
(HT-29) that could serve for the evaluation of mitotic
crossover frequencym. Since mitotic chiasmata can be
visualized under a microscope, it could be possible to
investigate how the application of specific mitotic cross-
over inhibitors in cell cultures has an effect on the mitotic
crossover frequency.

A second option for the testing of this hypothesis
could be an 7n vive orthotopic graft of human colon
cancer into the gut of mice using 020588 human colon
cancer cell lines™". One group of mice would be admin-
istered with mitotic crossover inhibitors, while the other
would not. This model would have to show how the ap-
plication of mitotic crossover inhibitors affects tumor
growth and leads to its withdrawal.

CONCLUSION

In this study, we propose a hypothesis in which mitotic
crossover is an evolutionary rudiment in vertebrates

whose effects on the genome lead to LOH and cancer
genesis. Therefore, it is a principal mechanism for the
promotion colon cancer genesis and tumor progression.
Mitotic crossover is supposed to be the main source of
increased LOH in the tumor cells of patients with CRC.
If this hypothesis appears correct and if mitotic cross-
over inhibitors could be developed, their application
could significantly slow down the progression of CRC
among affected patients. Mitotic crossover inhibitors
could be a protective therapy for patients with familiar
colon polyposis. Since LOH is a common event that is
intertwined in the carcinogenesis of all tumors, its reduc-
tion by selective inhibitors of mitotic crossover could
have a positive effect on cancer chemoprevention, as well
as on growth reduction and a cessation in the progression
of earlier developed tumors.
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