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Preface

Cytogenetics is the study of chromosome structure and function in relation to
phenotypic expression. Chromosomal defects underlie the development of a broad
assortment of diseases and conditions ranging from Down syndrome to cancer and
are of common concern in both fundamental and clinic research. Chromosomal
defects are one of the most common causes of genetic disorders and are responsible
for a large proportion of miscarriages. As a result, increasing numbers of parents
are becoming interested in genetic counseling in order to learn about the risks of
reproductive failure or to understand why they had a child with a particular defect,
whether it will happen again, and what might have been done to prevent it. This
book discusses the basic biological theory underlying chromosomal abnormalites
and provides detalied information on the reproductive risks of chromosomally
abnormal individuals and of normal parents.

Chromosome Abnormalities is a web-based resource that contains a series of chapters
highlighting several aspects related to the generation of chromosomal abnormalities
in genetic material. It is an essential resource for cytogeneticists, laboratory person-
nel, clinicians, research scientists, and students in the field. The book focuses on
known or theorized issues directly related to chromosomal abnormalities observed
in humans and plants in light of current scientific information in three separate

parts: “Introduction”, “Chromosomal Abnomalities Observed in Humans” and
“Chromosomal Abnomalities Observed in Plants.”

In the introductory chapter, Dr. Tiilay Agkin Celik from Aydin, Turkey, defines,
classifies, and provides general information about chromosomal anomalies and
how they occur. In addition, the chapter examines the effects of structural and
numerical changes in chromosomes, especially on human health. Finally, it
emphasizes the importance of classical and molecular cytogenetic techniques
in important potential applications, especially in clinical trials and biomedical
diagnosis, comparing them against other molecular and genomic methods.

Chapter 2, “The risk a chromosomal abnormalities in cases of minor and major

fetal anomalies in the second trimester,” by Drs. Beke and Simonyi from Budapest,
Hungary, describes the major and minor abnormalities that may occur in normal
pregnancy, but that also increase the risk of certain chromosome aberrations. One
of the most important techniques for diagnosing chromosomal abnormalities is the
fetal ultrasound. In this chapter, researchers emphasize the importance of screening
minor and major ultrasound abnormalities in detecting chromosomal abnormalities
in the second trimester of pregnancy.

Chapter 3, “Impact of biological factors related to maternal aging: risk of childbirth
with Down Syndrome,” by Dr. Kumar Dey et al., from West Bengal, India, discusses
how maternal aging and multiple biological factors, such as hormones, play a key
role in Down syndrome. Hormonal dysfunction also affects the meiotic process

and spindle structure integrity and contributes to chromosome nondisjunction.
This chapter also discusses the association between maternal age, ovarian aging,
environmental factors, and telomere shortening at older reproductive age and the
birth of infants with trisomy 21 Down syndrome.



Chapter 4, Dr. Ghosh and Dr. Ghosh summarizes “Gene polymorphisms that
predispose a women for Down syndrome childbirth,” by Dr. Ghosh and Dr. Ghosh
from West Bengal, India, summarizes the connection between Down syndrome
childbirth and polymorphisms of the genes involved in chromosome division as
well as recombination and folic acid metabolisms. They discuss and summarize
studies conducted on different population samples from different parts of

world to determine the common polymorphisms that can server as markers for
preconceptional screening of Down syndrome risk among the women.

Chapter 5, “Current cytogenetic abnormalities in Acute Myeloid Leukemia (AML),”
by Dr. Bendari et al. from Casablanca, Morocco, describes typical chromosomal
abnormalities in AML. The authors use World Health Organization classifications
of AML to adress gene mutations found in normal karyotype AML via cutting-edge,
next-generation sequencing technologies such as FLT3-IT, NPM1, CEBPA, and
other additional mutations.

Chapter 6, “First-tier array CGH in clinically variable entities diagnosis: 22q13.3
deletion syndrome,” by Dr. Budisteanu et al. from Romania, summarizes Phelan-
McDermid (PMS) or deletion 22q13 syndrome (OMIM 606232), which is a rare
genetic disorder with a highly complex clinical type. PMS genetic defects consist
of 22q11.13 deletions or chromosomal structural rearrangements affecting the
SHANK3 gene; lack of SHANK3 gene function mutations has been reported

in a minority of instances. Often there is underdiagnosis of PMS. There are no
established clinical diagnostic criteria for PMS and it does not have scientifically
defined diagnosis requirements. In this chapter, the researchers identify three cases
of PMS and review the clinical and genetic diagnostic methods of this disease,
highlighting the function of chromosomal microarray technology in diagnosis of
unusual but significant DNA copy number abnormalities

Chapter 7 by Dr. Herrera from the Human Photosynthesis Research Centre in
México, describes the unsuspected intrinsic property of melanin to dissociate water
molecules, such as chlorophyll in plants, and its implications in the context of
chromosomal abnormalities. Chromosome defects, down to the level of the nucleo-
tide, can shed light on the essence of the processes by which normal anatomy forms
and abnormal anatomy occurs. It is a daunting challenge to associate genotype with
phenotype. Dr. Herrera addresses the energy that guides the development, proper
processing, and multiplication of chromosome codes, known as sunlight radiation,
through examining melanin.

Chapter 8 “Polyploidy in the ginger family from Thailand,” by Dr. Anamthawat-
Jénsson from Iceland and Dr. from Umpunjun from Thailand, discusses in detail the
taxonomic classification of the ginger family (Zingiberaceae). The ginger family
comprises about 50 genera and more than 1300 species worldwide. Approximately
21 genera with about 200 species have been described in Thailand. In this chapter,
the researchers include an introduction to Zingiberaceae, which includes the two
most cultivated genera, the ginger genus Zingiber and the turmeric genus Curcuma,
and identify their own cytotaxonomic and molecular cytogenetic work on
Thailand’s Curcuma species.

In the final chapter, “Maize chromosome abnormalities and breakage-fusion-bridge

cycles in callus cultures,” Dr. Aguiar-Perecin et al. from Brazil summarize the maize
karyotype, which was first described by the detection of pachytene chromosomes.

XIvV



The somatic chromosomes with repeated DNA sequences were detected by
C-banding and FISH C-banding, which has helped to classify chromosome abnor-
malities in callus cultures. In this chapter, the authors focus on heterochromatic
knobs implicated in the occurrence of chromosome abnormalities in callus cultures.
They found anaphase bridges arising from delayed chromatid separation at knob
regions and standard bridges in culture originating from dicentric chromatids, and
the phenomenon of uneven crossing over in a knob region was observed in callus
culture. These results are of interest for studies on the mechanisms of chromosome
alterations during evolution.
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Chapter1

Introductory Chapter:
Chromosomal Abnormalities

Tiilay Askin Celik

1. Introduction

DNA molecules are tightly wrapped around proteins called histones, non-histone
proteins that make structures called chromosomes, and are present in the cell
nucleus as unconcentrated during the cell cycle. Chromosomes are structures inside
cells that contain an individual’s genes. The human genomes have 46 chromosomes,
composed of 22 pairs of autosomes and a pair of sex chromosomes (X and/orY). All
of the somatic cells in females carry two X chromosomes, and all of the somatic cells
in males carry one X and one Y chromosome. One half of each pair of chromosomes
comes from through the egg cells; one half of each pair comes from through the
sperm cells. As a result, females carry two copies of each X-linked gene, while males
carry only one copy of X-linked and Y-linked genes. They vary in size and appear-
ance, the X being much somewhat bigger than the Y and contain entirely separate
genes, but they do have small areas of resemblance. Both individuals of a species
contain the same number of chromosomes specific for that species. Nonetheless,
there are individuals that exhibit differences in this standard complement. Such
differences may be changes in number of chromosomes or structural changes inside
and within chromosomes, collectively such changes are called chromosomal aberra-
tions or chromosomal anomalies.

Over the past few decades, genetic and genomic advancements have changed
our understanding about health. Genetic anomalies are also related to pregnancy
and birth defects. Any disease is partly caused by the individual’s genetic charac-
teristics. These genetic abnormalities cause genetic defects that arise as a result of
changes (mutations) in a person’s DNA. Such variations in DNA occur on nucleotide
sequences called genes. In this case, the function of the affected gene(s) may be
impaired. The disturbance in the structure of the gene will disturb the normal
structure and function of proteins. Mutations change the protein coding sequence
of the genome in some way. Nonetheless, there are potentially several different
pathways that can impair natural gene expression which can lead to genetic defects.
Many genes are dominantly transmitted down the family, in which, the individual
bears a regular copy and a modified copy of the gene. The altered gene is therefore
prevalent or superior to the regular gene. This occurrence triggers a genetic disorder
effect to the child. This case is a spontaneous phenomenon. In all boys and girls,
this possibility is the same throughout each birth, and the altered gene cannot be
reversed and remain constant in one’s life. Many dominant or recessive genetic
disorders affect the child from birth, while others have an adult effect on the person
only. An organism’s genetic component regulates its development and its interplay
with its environment. Consequently, any change in this genetic material results in
variation in phenotypic characters. These effects can vary, depending on the extent
of the aberrations, from being lethal to being harmless. Normally, the cell divisions
in daughter cells should have an equal number of chromosomes. The duplicated
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chromosomes must be specifically separated into daughter cells during the cell divi-
sion. However, too few or too many copies of a chromosome will transfer through
daughter cells as a result of cell division errors.

Chromosome abnormalities are mostly the result of a cell division malfunction.
A chromosomal abnormality happens when fetus has wrong amount of DNA in a
cell; the chromosomes are structurally deficient, or the number of chromosomes is
wrong. Additionally, errors can occur in the cell cycle when coping chromosomes.
During meiosis division and fertilization, a wide range of chromosomal abnormali-
ties exist; they can be classified into two classes, namely numerical and structural
abnormalities. For the gain or loss of a whole chromosome, numerical variations
or aneuploidies arise. The resulting phenotypes in a single chromosome or chro-
mosomal fragment are triggered by the mismatch in one or more dosage-sensitive
genes. These imbalances in the number of chromosomes also interact with the dose-
sensitive and developmentally essential genes and ultimately induce the emergence
of unique and complex phenotypes [1, 2]. As a consequence, numerical chromo-
somal aberrations may be symptomatic of tension on DNA replication without
actual chromosome segregation defects. Although most human chromosomal DNA
dose not encode proteins, even rather small pieces of chromosomes that contain
hundreds of genes [3, 4].

A mutation in a chromosome is an unpredictable change. Quite commonly
such modifications are caused by complications that arise during meiosis, or by
mutagens such as toxins, radiation, viruses, etc. Chromosome mutations may result
in changes in cell count or changes in chromosome structure. Mutations in the
composition of chromosomes are variations that affect whole chromosomes and
whole genomes rather than just individual nucleotides. Chromosome mutations can
cause a large variety of genetic disorders. Chromosome abnormalities are also the
cause of early pregnancy loss, fetal malformations, stillbirth, and male infertility
associated with it. Addition or deletion of entire chromosomes (aneuploidy) will
also have fatal consequences. Aneuploid cells exhibits particular defects in the cell
cycle kinetics, growth rate, metabolism, and response to specific stresses [3, 5].
Chromosomal disorders may lead to mental retardation or other developmental
problems. For more than one system, phenotypic results of a certain gene typi-
cally provide details on the biological roles of the particular gene. Furthermore, a
deletion or replication of a single gene that may cause other genes affecting several
phenotypes are considered pleiotropic genes [2, 6]. Pleiotropy indicates that certain
proteins have more than one role in various types of cells, and any genetic alteration
that change the gene expression or function of different tissues will theoretically
have far-reaching consequences [6, 7].

Contrary to numeric abnormalities, structural chromosomal abnormali-
ties result from a break or breaks that disrupt the continuity of a chromosome.
Sometimes a spontaneous break or breaks occur in a chromosome or chromosomes
in a different cell which may lead to deletion, inversion, translocation, isochromo-
some, and ring chromosome [8]. During the cell division, a part of chromosome
content is destroyed; the intrinsic rearrangement becomes unbalanced [9]. A
disease may arise as a result of a balanced rearrangement if the breaks in the
chromosomes occur in a gene, resulting in a missing or nonfunctional protein, or
if the fusion of chromosomal segments results in a two gene combination, creating
a new protein product whose work damages the cell. Some of the developmental
abnormalities found in embryos are closely linked to chromosomal defects that
occur, such as mosaism, haploidy, and polyploidy [10-13].

The classical and molecular cytogenetic techniques provide significant potential
applications, especially in clinical trials and biomedical diagnosis, rendering them
a strong to other molecular and genomic methods and chromosomal abnormalities.
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Genetic knowledge can influence not just the entire populations, but the genera-
tions come too. Medical genetics’ primary aim is to help individuals with a genetic
disorder, their families to lead a life as normal as possible, and to provide adequate
care or social support systems.

Biochemical genetics and cytogenetics work in numerous research fields, such
as induce genes defects, chromosome-specific zone recognition, and molecular
mechanism of chromosomal abnormalities. The advances in genetic testing using
molecular biotechnology and mass screening systems for newborn infants help
to understand the role of genes, their behavior, the interaction between genetic
diseases and environment, the causes of their appearance, and the development of
successful therapies and technologies.
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Chapter2

The Risk of Chromosomal
Abnormalities in Cases of Minor
and Major Fetal Anomalies in the
Second Trimester

Artir Beke and Aténé Simonyi

Abstract

Currently, noninvasive intrauterine screening for most chromosome abnormalities
is available, but ultrasound examinations also play an important role during preg-
nancy, by drawing the attention to the suspect of a possible abnormality. Fetal ultra-
sound disorders can be classified into two major groups: (1) Major abnormalities are
actually diagnosed malformations that are often associated with certain chromosome
abnormalities but may be associated with other disorders (multiplex malformation)
and may occur as isolated disorders (e.g., cardiac disorders, duodenal atresia, ompha-
locele, cystic hygroma (CH)). (2) Minor anomalies (“soft markers”) are not abnormal
in themselves but are mild abnormalities that may occur in normal pregnancy but
also increase the risk of certain chromosome aberrations. The minor anomalies in
the second trimester include thickened nuchal fold (NF), mild ventriculomegaly,
pyelectasis, hyperechogenic bowels, hyperechogenic papillary muscle, and shorter
long bones. Plexus choroid cyst which is classified as a minor marker does not increase
the risk of Down syndrome but increases the risk of trisomy 18 (Edwards syndrome).
We want to emphasize the importance of screening of minor and major ultrasound
abnormalities in detecting chromosomal abnormalities in the second trimester.

Keywords: obstetric genetics, prenatal diagnosis, chromosomal abnormalities,
prenatal ultrasound, fetal anomalies

1. Introduction

The chromosomal abnormalities account for a considerable part of the anoma-
lies of the intrauterine fetus. Chromosomal abnormalities are the numerical (aneu-
ploidies) and structural anomalies, which can be demonstrated by special methods
of examination. The numerical and structural anomalies can be duplications/triso-
mies, deletions/monosomies, and other rearrangements on the chromosomes.

The autosomal trisomies and unbalanced rearrangements might cause severe
multiple malformation syndromes and mental retardation. The rate of the intra-
uterine deaths is high. They cause mainly severe diseases; in some cases they are
associated with anomalies which are incompatible with the postnatal life.

Besides the age, a history of aneuploidy, and noninvasive tests, positive ultra-
sound findings—which could be major structural abnormalities or minor ultra-
sound markers—can be an indicator for chromosome analysis [1].

9 IntechOpen
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2. Abnormalities with subcutaneous edema

As the first-trimester nuchal edemas (nuchal translucency, NT), the second-tri-
mester nuchal edemas (nuchal thickening, nuchal fold, NF) also elevate the risk of
chromosome abnormalities. It is important to distinguish nuchal edema and cystic
hygroma (CH), and in the case of nonimmune hydrops (NH)), it is also important to
discuss cases with or without cystic hygroma separately.

Abnormalities with subcutaneous edema (nonimmune hydrops (NH), cystic
hygroma, nuchal edema) increase the risk of chromosome abnormalities. They may
warn of a possible intrauterine infection; in the case of nonimmune hydrops, for
example, parvovirus B19 infection may occur. They may also be indicative of other
pathologies accompanied with fetal anemia, including thalassemia, twin-to-twin
transfusion, and disorders of fetal circulation and abnormal anatomy of the fetal
heart.

2.1 Nuchal fold (nuchal thickening) in the second trimester

In the second trimester, we examine the thickened nuchal fold (nuchal thicken-
ing, NF) in the horizontal section, level with the cerebellum and also containing
the cavum septum pellucidum and the cisterna magna. This method, in contrast
to the one used in the first trimester, measures the thickness of the soft tissue
from the external aspect of the skin to the external aspect of the bone. Authors
suggest 5 mm as a cutoff value [2, 3]. A large nuchal translucency detected in the
first trimester is a non-specific malformation, and in most cases it resolves during
the second trimester of the pregnancy, although it might persist in certain cases
to show a picture of nuchal thickening. It indicates an increased risk of trisomy 21
(Down syndrome) [4].

Benacerraf et al. were the first in drawing the attention to the fact that the
nuchal fold or nuchal thickening (>6 mm) observed during the ultrasound exami-
nation in the second trimester increases the risk of Down syndrome [4].

Numerous authors carried out similar examinations, subsequently demonstrat-
ing different results. Gray and Crane [3] tried to determine the proper cutoff
values of nuchal thickening. They formulated two groups according to the size of
the pregnancy, putting the values measured in weeks 14-18 to the first group and
the data of weeks 19-24 to the second group. Considering the examinations, the
suggested cutoff value in the first group (weeks 14-18) is >5 mm, and in the second
group (weeks 19-24), it is >6 mm [5]. In their investigations, Gray and Crane [3]
detected pathological karyotypes in 12 out of 47 cases (25.53%). Analyzing 23 cases,
DeVore and Alfi found pathological karyotypes in 9 cases (39.13%) [6].

Other authors detected pathological karyotypes in 10% of second-trimester
nuchal edema. Grandjean and Sarramon [7] processed the data of 3308 ultrasound
examinations, with the help of 12 centers, and they found nuchal thickening in 38%
of the cases of trisomy 21. According to the records of 12 centers, they performed
karyotyping of 295 pregnancies in the second trimester with nuchal thickening.
They found abnormal chromosomes in 22 cases (7.46%), 17 of these were trisomy 21
(5.76%) [7]. Gonen et al. [8] carried out karyotyping in 573 cases because of posi-
tive ultrasound findings during ultrasound examinations in the second trimester.
There were 38 chromosome analyses carried out due to nuchal thickenings; in one
case they found an abnormal karyotype (2.63%) [8]. Zimmer et al. discussed their
cases of early second-trimester nuchal edema in 43 out of 1254 cases (3.43%); they
detected pathological karyotypes, trisomy 21 being the chief cause in 27 cases, while
other pathological karyotypes were blamed in 16 cases [9].
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Beke et al. [10] showed a value within 10% in the case of nuchal fold (thick-
ening) measured in the second trimester. A total of 254 cases of chromosomal
examination was performed for second-trimester nuchal edema, and in 14 cases,
an abnormal karyotype was detected (5.51%). With the highest frequency, mono-
somy X occurred (nine cases, 3.54%), while in three cases trisomy 21, in 1-1 cases
trisomy 18 (Edwards syndrome), and another chromosome abnormality were
detected [10].

2.2 Cystic hygroma

Cystic hygroma is observable in the first and second trimesters. It can be dif-
ferentiated from nuchal translucency and nuchal thickening by the clearly isolated
fluid space and the typical medial line septation shown on ultrasound examination
[11, 12]. Cystic hygroma often persists and is often associated with aneuploidy
(mainly monosomy X), other abnormalities, and fetal loss [12].

In the case of cystic hygroma, the risk of the chromosome abnormality is even
higher than in cases of nuchal thickening. Bronshtein et al. found chromosome
anomalies in 6 of 106 nonseptated cases (5.66%), whereas the risk of the chromo-
some abnormality in the 25 septated cases was 72% [12].

Nadel et al. [13] examined in separate groups those cases where the cystic
hygroma occurred by itself (isolated) and those where it was a part of the hydrops
phenomenon. In cases of individually occurring 26 hygromas, there were chromo-
some abnormalities in 12 cases (46.15%), while in hydrops-associated cases (37
cases), they found 31 chromosome anomalies (83.78%) [13]. Due to cystic hygroma,
Gonen et al. detected 15 cases of pathological (abnormal) karyotype in 182 cases
(8.24%) [8]. Sohn and Gast [14] found 20 cases of abnormal karyotype of the
57 cystic hygroma cases (35.09%). There were 11 cases of monosomy X (Turner
syndrome), 5 cases of trisomy 21, and 4 cases of trisomy 18 [14]. Taipale et al.
carried out karyotyping in 76 cases of cystic hygroma, and they found chromosome
abnormalities in 18 cases (23.68%), monosomy X in 5 cases, trisomy 21 in 7 cases,
and trisomy 13 (Patau syndrome) and trisomy 18 in 6 cases [15].

Beke et al. [10] had a similar result. In terms of isolated cystic hygroma, fetal
chromosome examinations were performed in 27 cases, and in 13 cases abnormal
karyotypes were detected (48.15%). When cystic hygroma was associated with
hydrops, a total of 13 cases was investigated, and 7 cases of chromosomal abnor-
malities (53.85%) were detected [10].

In the first and early second trimesters, Rosati and Guariglia [16] examined
the volume of cystic hygromas by volumetric calculations. They also analyzed
the proportion of associated chromosomal abnormalities, and in 8 of 14 septated
cases, they detected pathological karyotypes (57.14%), whereas four pathologi-
cal karyotypes (21.05%) were seen in the 19 nonseptated cases. In summary, the
12 patients with chromosomal abnormalities (36.36%) were divided as follows:
trisomy 21 in 6 patients, monosomy X in 4 cases, and trisomy 18 and 13 in 1 case
each [16]. Examining the septated and nonseptated cases together, Tanriverdi et al.
found 13 pathological karyotypes (56.52%) among the 23 karyotyped patients [17].
Donnenfeld et al. applied karyotyping and fluorescent in situ hybridization (FISH)
in the chromosomal investigation of the cells in the sample obtained from the fluid
of the cystic hygroma and could justify monosomy X in 86% [18].

Examining a total of 218 fetuses with subcutaneous edema, Gezer et al. [19]
found that nuchal fold, cystic hygroma, and nonimmune hydrops could be
significant markers for abnormal chromosome numbers. Of these 218 cases, 71
(32.57%) were diagnosed with abnormal karyotype. The percentage breakdown
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in 71 cases was as follows: 37% monosomy X, 44% trisomy 21, 15% trisomy 18,
and 4% trisomy 13 [19].

2.3 Nonimmune hydrops

Similarly to cystic hygroma, nonimmune hydrops can be observed both in the
first and second trimesters and is often associated with aneuploidy (monosomy X
or trisomy 21) and fetal loss [13].

Nicolaides et al. studied 37 cases in 1986 and demonstrated 12 cases of chromo-
some anomalies (32.43%) [20]. Gembruch et al. found 17 abnormal karyotypes
examining 45 hydrops cases (37.78%), 10 cases of monosomy X (1 mosaic form), 6
cases of trisomy 21, and 1 case of trisomy 18 [21].

Boyd and Keeling [22] and Anandakumar et al. [23] found X-monosomies in
50% of the demonstrated chromosome abnormalities. Boyd and Keeling [22] found
11 X-monosomies of the 22 cases of chromosome anomalies of the 72 nonimmune
hydrops cases (30.56%), while Anandakumar et al. [23] carried out karyotyping in
cases of 100 hydrops-affected fetuses and demonstrated 5 cases of X-monosomies
of 10 abnormal cases (10%).

Schwanitz et al. examined in separate groups the nonimmune hydrops cases
associated with cystic hygroma and the individually occurring ones. When it
was associated with cystic hygroma, abnormal karyotypes were demonstrated in
54.39%; without cystic hygroma this rate was 27.69% [24].

Has carried out investigations into nonimmune hydrops in the first trimester
and found 9 pathological karyotypes (47.37%) out of 19 cases [25].

In the case of nonimmune hydrops, Beke et al. found chromosomal abnormali-
ties in 4 out of 20 cases (20%), in each case monosomy X [10].

3. Cerebral and cranial anomalies

In the case of ventriculomegaly, a greater than normal amount of liquor expands
the ventricular system. Cerebrospinal fluid may be overproduced, impaired, or
obstructed. Increased pressure leads to thinning of the brain, creating hydrocepha-
lus internus. Hydrocephalus externus is referred to as the proliferation of liquor in
the subarachnoid space. Ultrasound first shows the expansion of the posterior horn
of the side chamber. In cases of choroid plexus cyst and other cranial malforma-
tions, the risk of chromosomal abnormalities is also elevated.

3.1 Ventriculomegaly

In cases of cerebral anomalies, we define ventricular dilatation (ventriculomeg-
aly) as a lateral ventricle with a diameter > 10 mm. The ventricle of normal male
fetuses is mildly wider (average 6.4 mm) than of the ventricle of normal female
fetuses (average 5.8 mm) [26]. Ventriculomegaly increases the incidence rate of
aneuploidy (trisomy 21 and other aneuploidies) [27, 28].

Several authors were examining ventriculomegaly as one possible marker of the
fetal chromosome abnormalities in the second trimester. Nicolaides et al. carried
out karyotyping in 9 cases because of fetal ventriculomegaly, examining this among
other anomalies, and they found chromosome abnormalities in 2 cases (22.22%)
[20]. Following this, Mahony et al. [28] found 1 case of 20 ventriculomegalies
(5%); Bromley et al. [27] observed 5 cases of chromosome anomalies examining
44 cases of ventriculomegaly (11.36%). The study of Gonen et al. [8] also extended
to more anomalies; as a part of it, they carried out karyotyping in 25 cases of
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ventriculomegalies and found no abnormal karyotypes. Terry et al. [29] detected
abnormal chromosomes in 3 cases of the 25 examined fetuses (12%).

Beke et al. [30] found different karyotypes in 26 (6.25%) out of the 416 exam-
ined fetuses. If ventriculomegaly was isolated (191 cases), the rate of the chromo-
some abnormality was 3.7% (7 cases). In four cases, trisomy 21 was detected, in two
cases monosomy X, and in one case trisomy 18. Lateral ventricular dilation (ven-
triculomegaly) was associated with other ultrasound findings in 225 cases, and in 19
of these, there were chromosome abnormalities detected (8.4%). The distribution
of pathological (abnormal) karyotypes was as follows: 4-4 cases of monosomy X
and 47, XXY karyotype (Klinefelter syndrome), 3-3 cases of trisomy 21 and trisomy
18, and 1-1 case of trisomy 13, 47, XXX, 47, XYY, 49,XXXY karyotypes and triploidy
were detected. We found a higher rate in cases of bilateral anomaly (ventriculo-
megaly) (8.6%) than in unilateral cases (4.6%) [30].

3.2 Choroid plexus cysts

According to the data of more authors, the choroid plexus cysts (CPC) mainly
increase the risk for trisomy 18 [31, 32]. According to certain studies, the risk level
does not depend on whether the anomaly is unilateral or bilateral, but other studies
show that the larger the anomaly (>10 mm), the higher the risk [33, 34]. Certain
authors suggest the 2-2.5 mm cutoff value [35], while others determined the 5 mm
limiting value [33]. The cysts resolve practically every time, so the absence of the
anomaly on a repeated ultrasound examination does not indicate a decrease in the
risk [36].

Chudleigh et al. were the first who described cysts in the fetal choroid plexus
[37]. Nicolaides et al. were the first who drew attention to the connection between
the positive ultrasound finding of choroid plexus cysts and chromosome abnor-
malities, through a study including a small number of cases [20]. Thereafter, more
authors demonstrated that fetal choroid plexus cysts mainly increase the risk of
trisomy 18 and, to a lesser degree, the risk of trisomy 21.

Achiron et al. demonstrated 2 trisomy 18 cases from chromosome analysis of 30
CPC cases (6.67%); in 1 case the CPC was associated with other ultrasound anoma-
lies [38]. Platt et al. found 4 cases of chromosome abnormalities from 62 cases
(6.45%), in 3 cases it was trisomy 18, and in 1 case it was trisomy 21 [39]. Nadel et al.
demonstrated 12 cases (5.13%) of abnormal chromosomes from a larger number of
cases (234 cases), 11 of which were trisomy 18 (4.7%) and 1 case of triploidy, but
from 234 cases there were 220 cases of isolated CPC, and in these cases they did not
detect any chromosome abnormalities [40].

Walkinshaw et al. demonstrated 4 cases (2.63%) of chromosome anomalies out
of 152 isolated CPC cases, 3 cases trisomy 18 (1.97%) and 1 case trisomy 21 [33].
Nava et al. found eight chromosome abnormalities in 176 cases (4.55%), 4 cases of
trisomy 18 (2.27%), 2 cases of trisomy 21 (1.14%), 1 case of 47, XXY karyotype, and
1 case of another chromosome anomaly [41]. From the trisomy 18 cases, there was
one case of isolated choroid plexus cyst, while in three cases the abnormality was
associated with other ultrasound findings. Gonen et al. in 1995 demonstrated no
abnormalities in the course of intrauterine karyotyping of 108 CPC cases [8].

Gray et al. performed karyotyping in 208 cases, and they detected abnormal
karyotypes in 7 cases; each case was trisomy 18 (3.37%) [34]. Bakos et al. found 3
abnormal karyotypes out of 108 examined cases (2.78), 1 case was trisomy 18, and 1
case was trisomy 13 and one inversion of chromosome 9 [42].

Chitty et al. [43] with a larger number of cases found chromosome abnormali-
ties in 14 cases (2.13%). They examined separately the isolated cases and the cases
associated with other ultrasound anomalies. In 603 cases, the choroid plexus cyst
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was not associated with other ultrasound abnormalities, and in 3 cases (0.5%), they
found abnormal karyotypes (each was trisomy 18); in 55 cases the abnormality was
associated with other ultrasound findings, and in 11 cases (20%), they detected
abnormal karyotypes (in 9 cases trisomy 18, in one case trisomy 21, and in 1 case
47,XXX karyotype) [43]. With a similarly large number of cases, Ghidini et al.
examined the incidence of chromosome abnormalities in cases of choroid plexus
cysts, they only examined the isolated cases (765 cases), and they found abnormal
karyotypes (trisomy 18) in 13 cases (1.7%) [44].

Coco et al. [45] in 2004 examined separately the isolated cases and those associ-
ated with other abnormalities, the cases associated with minor and major ultra-
sound anomalies. The rate of abnormal karyotypes was 0.55% in total. In isolated
cases (311 cases) and in associated cases with minor anomalies (43 cases), they
did not find any abnormal karyotypes. In the two detected cases of trisomy 18, the
choroid plexus cyst was associated with major anomalies (16.67% from 12 cases)
[45]. Sahinoglu et al. [46] performed karyotyping in 109 cases due to choroid plexus
cyst, 3.67% of the patients had an abnormal karyotype, in 102 cases, it was isolated
anomaly, and in 3 cases they found chromosome abnormalities (2.94%). In seven
cases, the choroid plexus cysts were associated with other ultrasound anomalies,
and they found chromosome abnormality in one case (14.29%); in all the detected
four cases, the abnormal karyotype was trisomy 18.

According to a 2008 study, of the 435 cases identified by CPC, 390 undertook
karyotyping. Of these, anomalies were found in 14 fetuses (3.59%), with the
highest frequency being trisomy 18 (6 cases, 1.54%); in 1 case trisomy 21 (1,
0.26%) and 1 case trisomy 9 (0.26%) were detected. The incidence of monosomy
X was 0.77% (3 cases). In one case, 47, XXY karyotype (0.26%) and in two
cases other chromosomal abnormalities (0.51%) were confirmed (46,XX/46,XY
and 46,XY/47,XXY/47,XYY mosaicism). Of the cases studied, other ultrasound
abnormalities associated with the plexus cyst were found in 178 pregnancies, and
7 abnormal karyotypes were found (3.93%), 5 cases of trisomy 18, and 2 cases of
monosomy X. Choroid plexus cyst occurred as an isolated anomaly in 212 pregnan-
cies (it was not associated with any other fetal ultrasound findings (anomalies) and/
or poly/oligohydramnios), and 7 chromosome abnormalities (3.3%) were found,
one of which was trisomy 18, 1 case trisomy 21, 1 case trisomy 9, 1 case monosomy
X, and 1 case 47,XXY karyotype. The incidence of chromosome abnormalities was
also similar in the case of unilateral and bilateral CPC; chromosome abnormalities
were detected in the case of unilateral (3.3%) and in the case of bilateral anomalies

(3.9%) [47].
3.3 Other cranial and cerebral anomalies

Other cranial and cerebral anomalies (holoprosencephaly, agenesis or dysgen-
esis of the corpus callosum, Dandy-Walker malformation, and cleft lip or palate)
according to observations increase the risk of chromosome abnormalities, but
they do not increase the risk of trisomy 21 [48]. A strawberry-shaped head mainly
increases the risk of trisomy 18 [49].

Benacerraf et al. reported five cases already in 1984, where they found intrauter-
ine cleft lip and palate and holoprosencephaly during the ultrasound examinations,
and the chromosome analysis verified trisomy 13 in two cases (33.33%) [50].

Both Parant et al. [51] and later Tongsong et al. [52] reported 12 cases where they
diagnosed intrauterine holoprosencephaly. The karyotyping in Parant et al. [51]’s
study verified trisomy 13 in four cases (33.33%); in Tongsong et al. [52] s study,
there were three cases of trisomies found (25%); in two cases it was trisomy 13
(16.67%), and in one case it was trisomy 18 (8.33%). Bullen et al. reported in their
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study (2001) 68 cases of holoprosencephaly, they made karyotyping in 52 cases,
where they found an abnormal karyotype in 38% (from 20 cases in 15 cases it was
trisomy 13, in 2 cases trisomy 18, and in 3 cases other chromosome anomalies, from
which in 2 cases they recognized the deletion of the long arm of chromosome 13)
[53]. Studying the etiology of the holoprosencephaly, besides the maternal diabetes
and trisomy 13, there are also monogenic types [54].

In cases of cleft lip and/or palate, Perrotin et al. [55] demonstrated in their study
that in those cases they examined, there were no chromosome anomalies provided
the abnormality was isolated (14 cases), and when they detected it together with
other positive ultrasound findings, the incidence rate of the chromosome abnor-
malities was high. In 26 cases, there were 15 chromosome anomalies (57.69%), in 8
cases trisomy 13, and in 5 cases trisomy 18 [55].

Aletebi and Fung [56] studied the abnormalities of the fossa posterior region,
including the enlarged cisterna magna, the Dandy-Walker malformation, and the
fossa posterior cyst. They found chromosome abnormalities (trisomy 18) in 1 of 15
cases (6.67%) [56].

Similarly, Beke et al. found in their study that the frequency of chromosome
abnormalities was similar to other cranial abnormalities; with 44 fetuses being
examined, they detected chromosome abnormalities in 7 cases (15.91%) [30].

The aim of Nazer Herrera et al. [57] was to estimate the prevalence of holo-
prosencephaly in relation to births. It turned out that this disorder occurred with
low frequency in Chile, but it was associated with a high proportion of trisomy 13:
occurring in 10.91% of the cases examined (6 out of 55 cases) [57].

In another study, this anatomical disorder and chromosome abnormalities were
associated with a high proportion. According to a study in Japan, five out of seven
holoprosencephaly cases (71.43%) showed the following differences: two children
with trisomy 18, two children with trisomy 13, and one with 45,X karyotype [58].

4, Cardiac and thoracic abnormalities

The use of fetal echocardiography may further increase the importance of
second-trimester ultrasound examinations for screening for chromosomal anoma-
lies. This is particularly true in those cases where screening tests were not available
in the first trimester or the pregnancy was only recognized later.

4.1 Echogenic intracardiac focus

In the fetal heart, the echogenic intracardiac focus is observable in 3-4% of nor-
mal pregnancies [59]; according to some studies, this rate might reach 10% in the
Asian population [60]. Its incidence, by some authors, increases the risk of trisomy
21 [61-65] and, according to some studies, trisomy 13 [66]. According to some
literature data, the risk is higher if the anomaly is observable in both ventricles [61].

Bromley et al. [61, 62] examined in their studies (reported in 1995 and 1998)
the correlation between the chromosome anomalies and the echogenic intracar-
diac focus detected during the ultrasound examinations. In 1995 they studied 66
cases and found trisomy 21 in 4 cases (6.06%) [61]. Chromosome abnormalities
were found in 14 cases (4.83%) with a higher number of cases (290). In 1998, they
examined 290 pregnancies in two groups and detected chromosome abnormalities
(mainly trisomy 21) in 6.4% (125 cases) in that group where the maternal age was
>35 years, and in the age group under 35 years (165 cases), this rate was 3.64%

[62]. Winter et al. demonstrated in their similar report 16 cases of trisomy 21 of the
studied 163 cases (9.28%) [65].
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In a 2005 publication, the echogenic papillary muscle showed abnormal karyo-
type only when it was associated with other anomalies (4.69%), not in isolated
cases [30].

4.2 Ventricular septal defect and atrioventricular septal defect

Many authors investigated the correlation among the chromosome abnormali-
ties and the ventricular septal defect (VSD) and the atrioventricular septal defect
(AVSD). In some cases, the authors managed the cases discovered in the second
trimester or later in pregnancy (third trimester) and the cases diagnosed after birth
as aggregated data. Hajdu et al. studied 21 cases of AVSD and found chromosome
anomalies in 9 cases (42.86%); 7 of these were trisomy 21, 1 case trisomy 18, and 1
case trisomy 22 [67].

Tennstedt et al. [68] analyzed all those cases where the fetopathological exami-
nation verified cardiac malformation, and there were ultrasound examinations and
karyotyping during the pregnancy (altogether 129 cases). A total of 36 fetuses had
VSD, and 21 fetuses had AVSD. In cases of VSD, there were 15 fetuses (41.67%) with
detected chromosome anomalies (8 cases of trisomy 21, 4 cases of trisomy 18, 1 case
of trisomy 13, 2 cases of other abnormalities). If AVSD occurred, the incidence rate
of the chromosome anomalies was 61.9% (from 13 cases, 9 trisomy 21 and 3 trisomy
18, and in 1 case other anomaly) [68]. Delisle et al. [69] studied the incidence of the
chromosome abnormalities in cases of AVSD detected by ultrasound examinations
during pregnancy, and from the 38 cases, they found 22 (57.89%) with chromo-
some anomalies (19 cases of trisomy 21, 1 case of trisomy 18, 1 case of trisomy 13,
and 1 case of other positive finding). Paladini et al. [70] reported a study about
the risk of chromosome abnormalities in cases of all cardiac (heart and large blood
vessels) anomalies. In case of ventricular septal defect, the incidence rate of the
chromosome anomalies was 45.33% (34 of 75 cases), and in case of atrioventricular
septal defect, this rate was 80% (32 of 40 cases) [70]. From the 34 VSD cases, there
were 14 cases of trisomy 21 (18.67%), 16 cases of trisomy 18 (21.33%), 2 cases of
monosomy X (2.67%), and 2 other anomalies detectable. The distribution of the
32 abnormal karyotypes in case of AVSD was the following: 26 cases of trisomy 21
(65%), 3 cases of trisomy 18 (7.5%), and 3 other anomalies.

In their work, Beke et al. found abnormalities in 4 out of 18 fetuses with VSD
(22.22%), including 2 cases of trisomy 18 (11.11%) and 1 case of trisomy 13 (5.56%)
as well as 1 case of another anomaly [30].

Hajdu et al. [71] later, in 2005 in the case of AVSD, the frequency of the abnor-
mal karyotypes was 66.67%. They studied 39 cases of AVSD and found chromo-
some anomalies in 19 cases (66.67%); 19 of these were trisomy 21, 6 cases trisomy
18, and 1 case trisomy 22 [71].

A 2006 study dealt with the VSD-related clinical characteristics of the Moroccan
pediatric population, among others. The 44 patients involved in the research were
between 2 and 3 years old. Six of them (13.64%) had Down syndrome. VSD patients
who were later subjected to surgical correction were more likely to be able to avoid
irreversible pulmonary artery hypertension [72].

According to another, Chinese publication, the association of trisomy 21 is also
high in the case of complete AVSD (CAVSD). In a group of 35 patients with this type
of anatomical deviation, Zhong et al. performed chromosome tests in 15 cases. A
total of 13 chromosome abnormalities (86.67%) have been reported, of which 11
patients with Down syndrome have been identified [73].

Relatively few studies deal with long-term follow-up of Fallot tetralogy cases.
According to Shuhaiber et al., the prospects can be positive for those who are being
treated surgically in the case of the disease. In their study, however, they also refer
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to the related VSD and the high proportion of trisomy 21 (80.33%, according to
their calculations) in their combined occurrence [74].

4.3 Other cardiac and large blood vessel abnormalities

In cases of other cardiac abnormalities and anomalies of the large blood vessels,
the risk of chromosome abnormality is increased [75]. Paladini et al. [70] studied
the incidence of the chromosome anomalies in cases of other cardiac and large
blood vessel malformations. In the case of coarctation of the aorta, the incidence
rate of abnormal chromosomes was 48.28%; in the case of double outlet right ven-
tricle, it was 26.32%; in the case of hypoplastic left heart syndrome, it was 13.51%;
in the case of truncus arteriosus, it was 33.33%; in the case of Fallot tetralogy, it
was 45%; and in the case of atrial septal defect, there were no abnormal karyotypes
found [70].

Other researchers also produced statistics for other heart disorders.
Chromosome abnormalities were detected in six cases when investigating 33
fetuses [30].

4.4 Isolated hydrothorax

Only a few authors studied the isolated hydrothorax. Nicolaides carried out
karyotyping in three cases because of isolated hydrothorax, in connection with an
invasive intervention (blood gained by fetoscopy) performed due to other positive
ultrasound findings, and found abnormal karyotype in one case [20]. Estoff et al.
carried out karyotyping in 11 cases because of isolated hydrothorax, and in 1 case
they found an abnormal karyotype (trisomy 21, 9.09%) [76]. In other studies, in
two out of six (33.33%) cases, one case of trisomy 18 (16.67%) and one case of
monosomy X (16.67%) associations were observed [30].

5. Abnormalities of the abdominal wall and abdomen

In the case of diaphragmatic hernia, abdominal organs appear in the chest due
to a discontinuity in the compartment. About 90% of the lesion is on the left. The
aperture of the compartment is not traceable; the abdominal organs of the fetus
(liver, stomach, and intestines) appear in the chest, which dislocate the mediasti-
num and the heart. Chest space narrowing may lead to severe lung hypoplasia.

In cases of an omphalocele, organs (typically the intestines, stomach, and liver)
protrude through the opening into the umbilical cord; the opening is in the center
(median) of the abdominal wall, where the umbilical cord meets the abdomen.

Among the abdominal wall malformations, gastroschisis is a full-thickness
defect of the abdominal wall, typically to the right of the umbilical cord, not includ-
ing it. Through the open abdominal cavity, the small and large intestines protrude;
there is no amnioperitoneal membrane covering the exposed organs.

During the ultrasound screening, the “double bubble” is a characteristic sign of
duodenal atresia. The two “bubbles” are the distended stomach and dilated proxi-
mal duodenum.

Regarding anomalies of the abdominal wall and abdomen, the structural
malformations associated with chromosome abnormalities are omphalocele and
duodenal atresia. In cases with echogenic bowel—which is a marker and not neces-
sarily abnormal in itself—the risk of trisomy 21 is higher [77-80]. The etiology
of echogenic bowel could be other rare abnormalities (cystic fibrosis, atresia) in
addition to the more frequent intrauterine infections [81].
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5.1 Diaphragmatic hernia

Blancato et al. [82] demonstrated earlier (1992) by in situ hybridization the
occurrence of tissue-specific mosaicism in some cases of diaphragmatic hernia.
While during lymphocyte culturing there are no detectable anomalies (blood
samples via cordocentesis or blood testing of the newborn), in cases of fibroblast
samples (genetic amniocentesis and dermal biopsy), 12p isochromosome can
be found. Donnenfeld et al. [83] carried out chromosome analysis in 15 cases of
diaphragmatic hernia. In all cases they performed lymphocyte culturing (in 14
cases of fetal cordocentesis) in addition to the fibroblast tests. They found chro-
mosome anomalies in seven cases (46.67%), of which there were three cases of
trisomy 18, three cases of 12p mosaicism, and one case of other abnormality [83].
From the seven cases of anomalies, there were two with different results of the
cells of different origins due to the mosaicism, and the 12p isochromosome was
only detectable from the fibroblasts (amniocentesis and dermal biopsy) and not
from the lymphocytes gained from the blood. In five cases, the examinations of the
lymphocytes and the fibroblasts gave the same results (three cases of trisomy 18,
one case of unbalanced translocation, and one case of 12p isochromosome). Huddy
et al. studied 35 cases of diaphragmatic hernia, they examined the outcome of the
pregnancy and the related abnormalities, and they found chromosome anomalies in
4 cases altogether (11.43%), of which 2 were trisomy 18 [84].

5.2 Omphalocele (exomphalos)

Many authors studied the abdominal malformations and the other anomalies
associated with them. According to all data of the literature, the omphalocele (or
exomphalos) is associated with chromosome abnormalities in high rates, mainly
with trisomy 18, and in smaller proportion with trisomy 13.

Mann et al. in their study of obstetrical events associated with abdominal
malformations reported 7 cases of chromosome abnormalities of 19 cases of
omphalocele (36.84%) [85]. Rabe et al. processed the results of similar number of
ultrasonographic screening during pregnancy, and in 17 omphalocele cases, they
have found 6 chromosome anomalies (35.29%) [86]. Nicolaides et al. in 1986 with
a smaller number of cases (8 chromosome abnormalities of 12 cases) [20] and later
Gilbert and Nicolaides in 1987 with 19 chromosome anomalies of 35 cases demon-
strated [87] that the omphalocele detected by ultrasonographic screening increases
the risk of chromosome abnormalities.

Many other scientists verified the results of these studies. Nyberg et al. [88]
demonstrated chromosome abnormalities in 10 of 26 cases (38.46%), Holzgreve
etal. [89] in 5 of 10 cases (50%), Rizzo et al. [90] in 7 of 12 cases (58.33%), and
Fogel et al. [91] in 5 of 37 cases. In their recent study with a higher number of cases,
Nicolaides et al. detected abnormal karyotypes in 42 of 116 omphalocele cases
(36.21%); 32 cases of these were trisomy 18 (27.59%) and in 7 cases trisomy 13
(6.03%) [92]. Snijders et al. [93] found in higher rate abnormal karyotype, mainly
trisomy 18, in 12 of 18 cases (66.67%). The following studies demonstrated almost
the same results, Dillon and Renwick [94] in 12 of 43 cases (27.91%), Axt et al. [95]
in 7 of 26 cases (26.92%), and Rankin et al. [96] in 30 of 98 cases (30.61%), while
Stoll et al. [97] have found abnormal karyotypes in 17 cases out of 58 cases (29.31%).
The majority of the abnormal karyotypes were trisomy 18. Axt et al. found the risk
of chromosome abnormalities four times higher when the liver was placed intracor-
poreally than when in the extracorporal placement [95]. Barisic et al. [98] processed
the data of 19 European centers and described 34 abnormal karyotypes in total for
137 omphalocele cases (24.82%). Most of the chromosomal abnormalities were
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trisomy 18 (21 cases, 15.33%); they described a lower rate of trisomy 13 (5 cases,
3.65%), one case of trisomy 21 and monosomy X, two cases of triploidy, and four
cases of other chromosomal abnormalities. Salihu et al. [99] processed 29 cases, and
3 abnormal karyotypes were detected (10.34%); in all cases the liver was located
intracorporeally.

In the study of Beke et al., out of 21 fetuses diagnosed with omphalocele, two
cases (9.52%) were associated with different karyotypes, 1 case trisomy 18, and 1
case trisomy 13 [30].

5.3 Gastroschisis

Many investigators studied the gastroschisis cases in parallel with the ompha-
locele screenings, even though some of the studies were carried out with a smaller
number of cases, so the results are not consistent. Rankin et al. found 1 case of chro-
mosome abnormality in 133 gastroschisis cases (trisomy 13, 0.75%) [96]. Barisic
et al. [98] also found abnormal karyotypes in 1.89% at a higher number of cases;
they described chromosomal abnormalities in 2 out of the total 106 cases, of which
1 was trisomy 21 and the other was trisomy 13.

Other studies with a smaller number of cases did not indicate chromosome
abnormalities; Mann et al. [85] studied 10 cases, Nicolaides et al. [20, 92] 3 and 26
cases, Dillon et al. [94] 56 cases, and Axt et al. [95] 18 cases, and they could not
detect any abnormal karyotype. Stoll et al. [97] studied 47 cases of gastroschisis,
while Salihu et al. [99] described 15 cases; in these cases there were no abnormal
karyotypes detected.

Gastroschisis is often associated with other anomalies. Along with polyhy-
dramnios, special attention should be paid to the ultrasound examination of the
fetus. This was observed by Ozawa et al. [100] in a study involving the analysis of
52 fetuses. A quarter of them had trisomy (13 cases, 25%), particularly high rates
of Edwards syndrome detected in 10 cases, while Patau syndrome in 2 cases and
trisomy 21 in 1 case [100].

In contrast, Stoll et al. [101] diagnosed only one fetus with chromosome abnor-
mality in the case of gastroschisis (trisomy 21) representing 1.16% of the patients
studied. They also stated that the etiology of omphalocele and gastroschisis is
unclear and their pathogenesis is controversial [101].

5.4 Duodenal atresia (duodenal obstruction)

The ultrasonographic mark of the duodenal obstruction is the “double bubble.”
The disease is not always detected intrauterine; therefore some investigators
involved the subsequently proven, postnatal cases to their study. Studies dem-
onstrated that it mainly increases the risk of trisomy 21. Nicolaides et al. studied
23 cases and found chromosome abnormalities in 10 cases (43.48%) [92]. Bailey
et al. detected 15 cases of chromosome anomalies of the 138 cases (trisomy 21)
(10.87%) [102]. This rate at Heydanus et al. was 7 abnormal karyotypes out of 29
cases (24.14%), 6 of which were trisomy 21 [103]. Lawrence et al. found 11 cases of
chromosome anomalies of also 29 cases (37.93%), in 8 cases trisomy 21 [104]. Beke
et al. found abnormalities in 2 out of 17 studied cases (11.76%), including a trisomy
21 [30].

5.5 Echogenic bowel

It is controversial in international literature whether the karyotyping is justified
in cases of echogenic bowel. Nyberg et al. was the first to draw the attention to
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the echogenic bowel increasing mainly the risk of trisomy 21 [105]. Subsequently
Scioscia et al. reported 6 cases of chromosome abnormalities of 22 chromosome
analyses associated with echogenic bowel (27.27%); in 5 cases trisomy 21 and in 1
case trisomy 18 were found [79]. Bromley et al. carried out 50 karyotyping associ-
ated with echogenic bowel and detected abnormal chromosomes in eight cases
(16%), six cases of trisomy 21, one case of trisomy 13, and one case of monosomy
X [77]. Sipes et al. studied seven cases and detected one case (14.3%) of trisomy 18
[81].

There were two greater studies fully investigating the expectable risk in associa-
tion with echogenic bowel.

Slotnick and Abuhamad [106] separately screened the different measures of
echogenity in their study published in Lancet, classifying them this way: gradel,
mild increase of echogenity; grade2, moderate increase; and grade3, pronounced
increase. They carried out altogether 145 karyotyping because of echogenic bowel
and found abnormal karyotypes (all trisomy 21) in eight cases (5.5%). There were
6 cases of trisomy 21 of the 24 grade3 cases (25%), 2 positive cases of the 81 grade2
cases (2.47%), and no chromosome abnormalities of the 40 cases of gradel. They
also studied the incidence of cystic fibrosis, they found 5 cases at grade3 and 2 cases
at grade2, and they did not detect any cystic fibrosis at gradel [106].

Strocker et al. [80] studied those cases separately, where the increasing bowel
echogenity was associated with other malformations. They detected abnormal
karyotypes in 15 cases of altogether 131 cases (11.45%). In 62 cases, the echo-
genic bowel was not associated with other positive ultrasonographic findings;
in this group, there were 5 chromosome anomalies found, in 4 cases trisomy
21 (6.45%) and 47, XXY karyotype in 1 case. In the other group, there were 69
cases associated with other ultrasonographic findings; 10 of these cases carried
chromosome abnormalities, 8 cases trisomy 21 (11.59), 1 case triploidy, and 1
case deletion X [80].

According to the observation of Beke et al., chromosome abnormalities were
detected in only 3 out of 53 cases (5.66%), when the ultrasound image of the echo-
genic bowel was not isolated but associated with other defects [30].

5.6 Other abdominal malformations

Nicolaides et al. [92] also examined other abdominal malformations. In his study
there were 24 cases of karyotyping due to lack of a visible stomach, and he found an
abnormal karyotype in 18 cases (75%). In other 24 cases of chromosome analyses
due to intestinal dilatation, there was 1 with abnormality (4.17%) [92].

6. Pyelectasis

Pyelectasis is the dilatation of only the renal pelvis and the calyces, in milder
cases, while when the parenchyma is also affected by the longer lasting compression
(becoming thinner), hydronephrosis develops. Obstructions of the urinary tract
usually result in the dilatation of the proximal sections. Obstruction of the uretero-
pelvic junction is the main cause of hydronephrosis in the neonates.

According to some authors, an increase in the size of the renal pelvis elevates
the risk of aneuploidies (mainly trisomy 21) [107-110]. We measure the renal
pelvis in a horizontal section in the anteroposterior (AP) direction. We define
renal pelvis dilatation (pyelectasis) as a pelvis with an AP dimension >5 mm.
Hydronephrosis (a renal pelvis >10 mm) and enlarged, echogenic kidneys increase
the risk of trisomy 13.
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Benacerraf et al. [107] studied 210 cases of fetuses with pyelectasis. They found
trisomy 21 in 7 of the 210 cases (3.33%). The suggested criteria for pyelectasis were
the following cutoff values, >4 mm until week 20 and >5 mm in weeks 21-30, and
after week 30 the limit should be >7 mm [107]. Corteville et al. studied 127 cases
and detected chromosome abnormalities in 7 cases (5.51%), 4 of these were trisomy
21 (3.15%) [109]. They suggested that until week 33 the cutoff value should be
>4 mm; after week 33 this limit would be >7 mm. Under comparable conditions
(121 cases, similar cutoff values), Wickstrom et al. found chromosome anomalies in
three cases (2.48%), two of which were trisomy 21 (1.65%) [111].

Nicolaides et al. reported in their study 35 abnormal karyotypes that are found
in cases of 258 fetuses with pyelectasis (13.57%) [92]. Their recommended cutoff
value was >5 mm as a criteria for pyelectasis. Chudleigh et al. carried out chromo-
some analysis using 5 mm cutoff value in 737 cases of fetal pyelectasis. Studying the
results of the karyotyping, they found abnormal chromosomes in 12 cases (1.63%),
and 6 of these were trisomy 21 (0.81%) [108]. Besides less number of cases, other
scientists did not verify the higher rate of chromosome anomalies. Gonen et al.
found no abnormal karyotypes in 58 cases of fetal pyelectasis [8].

Beke et al. [30] processed 302 cases, of which 7 (2.32%) were found to have
abnormalities. Of these, 1-1 cases of trisomy 21 and trisomy 18, two cases of mono-
somy X, and three cases of other chromosome abnormalities were found [30].

According to the findings of a 2006 study, contrary to previous opinions that
male fetuses had a higher rate of chromosome abnormalities associated with pyelec-
tasis, they refuted this. According to this new article by Bronstein et al. [112], there
is no significant difference between the sexes in the karyotype associated with the
anatomical disorder. When investigating 672 cases, 35 (5.21%) cases of abnormal
karyotype occurred [112].

Based on Coco’s and Jeanty [113] s findings, pyelectasis alone does not justify an
amniocentesis if it is not associated with anatomical and other abnormalities. However,
3.01% of their cases were associated with chromosome abnormalities as well [113].

7. Abnormalities of the extremities

Measuring the length of fetal femur and more recently the humerus is part of
the biometric test. Following the limbs of the fetus, the joints, the hands, and the
feet and their deviations can be brought into the field of vision. Limb disorders
may appear independently or as part of syndromes, causing extensive ossification
anomalies. Most disorders can be rarely recognized prenatally.

7.1 Short femur and humerus

On the basis of several studies of cases with shortened long bones (femur and
humerus), the incidence rate for the abnormal karyotypes is elevated. According to
the literature, a shortened humerus is a more sensitive indicator. Mainly the risk of
trisomy 21 increases [114-117].

Studying the long bones, the main ambition of the investigators was to deter-
mine the proper method to estimate the measure of the retardation in growth,
which increases the risk of chromosome abnormalities. The two main methods are
fundamentally different. Some investigators calculate with the observed/expected
ratio (O/E ratio) and determine the proper cutoff value by expressing the quotient
in percentile (<0.91) [8, 115]. Other scientists calculate on the basis of the quotient
of biparietal diameter (BPD) and femur length (FL) (BPD/FL) and consider
abnormal the measure of >1.5 SD [114]. Calculating with both methods, most
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investigators found significant differences between the fetal groups of normal chro-
mosomes and those with chromosome abnormalities. According to some authors,
the difference was not significant [118, 119].

Nyberg et al. [115] examined separately the parameters (O/E ratio) in the case of
the humerus and femur and suggested the following cutoff values: humerus <0.89
and femur <0.91. If both the femur and the humerus are shortened according to the
given cutoff values, the risk of trisomy 21 increased 11-fold [115].

Recent studies include both methods. In their report Snijders et al. draw the
attention to the fact that although they found significant differences using both
methods (O/E ratio, BPD/FL) between fetal groups of normal karyotype and
trisomy 21, the screenings before week 18 of gestation are less suitable to predict
trisomy 21 [116]. Vergani et al. [117] did not find a significant difference between
measuring the O/E ratio and using the BPD/FL method; the difference reached the
significance limit (p = 0.04). According to their report, the measurement of femur
length is connected with the population, and each center should determine the
cutoff values dependent on the population on their own [117].

According to a study, chromosome abnormalities occurred in 16% in cases of
shortened tubular (long) bones, including 8% of trisomy 18 and 4-4% of mono-
somy X and trisomy 21 [30].

A Danish publication processed the data of 2718 fetuses detected with shortened
femur between the gestational weeks of 17-22, of which 2.5% had chromosome
abnormalities. In 11 cases, trisomy 21, in 3 cases trisomy 13, and in 8 cases trisomy 18
were found. Chromosome abnormalities were associated with a higher proportion of
these anatomical disorders in the second trimester than the first trimester [120].

7.2 Other abnormalities of the extremities

Other malformations of the extremities increase the risk of trisomy 21 (clino-
dactyly, widened pelvic angle, sandal gap), trisomy 13 (postaxial polydactyly,
clubbed or rocker-bottom feet), and trisomy 18 (clenched hands, overlapping
digits, radial aplasia, limb shortening, clubbed feet) [48].

8. Conclusions

Ultrasound examinations play an important role during pregnancy, by drawing
the attention to the suspect of a possible abnormality. The prenatal screening of
minor ultrasound signs and major ultrasound anomalies and diagnostics is a very
important part of the health service. The intrauterine screening and diagnostic
methods, the ultrasound screening during the pregnancy, and the cytogenetic and
molecular genetic examinations in the genetic centers made the early, intrauterine
diagnosis of the chromosomal abnormalities possible.
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Abstract

Maternal aging and different biological factors play an important role in the
birth of Down syndrome baby. Hormones play a crucial role for the maintenance
of female sex cycle and oocyte maturation. Disparity in the level of these hor-
mones during menstrual cycle has profound effect on female reproductive system.
Hormonal imbalance also affects meiotic process and integrity of spindle structure
and leads to nondisjunction of chromosome. Follicle-stimulating hormone (FSH),
anti-Miillerian hormone (AMH) and luteinizing hormone (LH) play a crucial role
in ovarian aging and nondisjunction of chromosomes. FSH stands as a hormonal
indicator for ovarian aging, and its high level is responsible for aneuploid birth.
Advanced chronological age of mother, ovarian aging, environmental factors and
accelerated telomere shortening at older reproductive age are found to be risk fac-
tors for the birth of trisomy 21 Down syndrome.

Keywords: hormones, ovarian aging, nondisjunction, Down syndrome, trisomy 21,
oocyte, telomere

1. Introduction

Down syndrome (DS), the most frequent live born aneuploidy in human, is
predominantly caused by trisomy of chromosome 21 (Ch21), and its etiologic fac-
tors are under continuous scrutiny since its discovery by Lejeune et al. [1]. Several
groups of workers have tried to explore the factors associated with nondisjunction
(NDJ) of Ch21 and have identified that advanced maternal age [2, 3] and altered
pattern of recombination are two strong correlates that affect proper segregation
of chromosomes at oogenesis, particularly at first meiotic division (MI) [2, 4]. In
elucidating the important causes of these sex bias risk factors, two hypotheses have
been suggested. According to one school of thought [4], the extended phase of
MI arrest in women that lasts for several years makes the oocyte more vulnerable
to NDJ than spermatozoa. On the other hand, other investigators emphasized the
meiotic drive of chromosomes and subsequent natural selection in asymmetric
meiosis in females as the probable reasons of sex biasness of NDJ [5]. The associa-
tion of advanced maternal age with DS birth is still an enigma. Although advanced
maternal age is not the cause of NDJ, it is an obvious risk of DS birth. The overall
maternal risk for DS birth is suggested to be multifactorial and includes both
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genetic and environmental factors [2, 4, 6, 7] that impart adverse effects in either
an age-dependent manner or a stochastic age-unrelated fashion [8]. In addition

to genetic correlates, the genotoxic effects of smoking, chewing tobacco and oral
contraceptive pills on reproductive health and fertility have also been investigated
[9]. All these risk factors exacerbate age-related maternal risk for the birth of DS
babies [10-12]. Telomere length is a powerful biomarker for aging. Telomere erosion
at advanced reproductive age might affect the chromosomal segregation during
oogenesis, and there is a strong relation between maternal aging and telomere
length attrition [7, 13].

1.1 Hormonal imbalance with aging

A complex orchestrated hormonal cascade plays a very crucial role for the
maintenance of female sex cycle and oocyte maturation. The brain hypothalamus
releases luteinizing hormone-releasing hormone (LHRH) that triggers the anterior
pituitary gland to release follicle-stimulating hormone (FSH) and luteinizing
hormone (LH). FSH and LH in turn stimulate ovary to produce estrogen (mainly
estradiol) and progesterone using an complicated feedback loop. Disparities in the
level of these hormones during menstrual cycle have a profound effect on female
reproductive system. They are responsible for the recommencement of meiosis I
in the oocyte [14], change in the follicular micro-environment around oocytes and
prepare the endometrial layer of uterus for implantation of fertilized ovum [15, 16].
Maturity of oocyte, rate of meiosis and integrity of spindle are disturbed by imbal-
anced level of hormones and eventually lead to nondisjunction [17-19]. However,
there are two major hormones FSH and anti-Miillerian hormone serve as powerful
biomarkers of ovarian aging.

1.2 Follicle-stimulating hormone (FSH), aging and aneuploid birth

FSH plays a crucial role in nondisjunction. It has been documented that FSH
level rises with ovarian aging [20, 21]. Moreover, women giving birth to Down
syndrome (DS) child are reported to have elevated FSH level [22, 23], indicating
the effect of aging on the oocyte pool. Demonstrated that higher concentration
of FSH evokes chromosomal aneuploidy in murine model. They showed that the
elevated FSH hampers chromosomal alignment in prometaphase and metaphase
stages of meiosis I and gives rise to aneuploid oocyte. Granulosa cells of maturing
follicles exclusively possess FSH receptors that are linked directly to oocyte with
gap junctions [24, 25]. Thus, the effect of FSH on cumulus cells directly conducted
to oocytes via secondary messenger cAMP and downstream kinase cascade [26,
27]. The spindle formation, its assembly and number of centromere in oocyte are
perturbed by adverse effect of FSH both in vivo and in vitro [28]. It is also apparent
that age-related reproductive failure is accelerated in transgenic FSH mice [29].
Researchers hypothesized that FSH alters the intra follicular environment that
either facilitates the recruitment of an error-prone oocyte or affects cohesins and
in turn reduce the pairing ability of chromosomes. Thus, chronic exposure to high
FSH promotes rapid depletion of oocyte pool and accounts for trisomic pregnancies
[30]. These evidences suggest that FSH stands as a hormonal indicator of ovarian
aging, and its high level is responsible for aneuploid birth.

1.3 Anti-Miillerian hormone (AMH), ovarian reserve and aneuploid birth

Anti-Miillerian hormone (AMH) or Miillerian inhibiting substance (MIS) is a
homodimeric glycoprotein and belongs to transforming growth factor-p (TGF-p)
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superfamily. Synthesis of AMH occurs in ovarian granulosa cells. Several studies
exhibit its prime role as a useful biomarker for ovarian reserve [31-34]. Gradual
aging affirms a decline in the level of serum AMH. This hormone is proved to be

a superior predictor of ovarian reserve than chronological age [35, 36]. The qual-
ity of an embryo depends upon both the quantity and quality of ovarian reserve
which diminished with age. AMH, however, is essential for the maintenance of
both the number and functional quality of oocyte pool. Moreover, AMH is a stable
marker and not influenced by pregnancy, oral contraceptives and antagonist of
gonadotropin-releasing hormone [37-41]. The undetectable level of AMH after
3-5 days of bilateral ovariectomy suggests that the origin of the circulating AMH
is chiefly ovarian [39, 40]. AMH is an exclusive endocrine parameter to presume
the ovarian function as it is evident from several studies that AMH level remains
mostly unchanged throughout menstrual cycle unlike other gonadotropins and
steroids [38, 42-44]. The association between serum AMH and fetal aneuploidy

is a topic of debate. Seifer and Maclaughlin found lack of association of maternal
AMH and Down syndrome conceptions [34]. This finding was again supported by
Plante et al. who suggested that AMH decreases with age, and the dose level did
not vary in cases of aneuploid and euploid pregnancies [45]; whereas Shim et al.
demonstrated a significant association of circulating AMH with fetal aneuploidy in
early pregnancies [46].

2. Alteration of sister chromatid cohesion: aging effect

A growing body of evidence suggests that aneuploid fetus formation speeds up
as maternal age crosses 35 years. Moreover, a 10-fold increase in aneuploid concep-
tion is apparent after 38 years and involves aneuploidy of multiple chromosomes
[47-49]. In older women, the probability of erroneous separation of sister centro-
mere increases in anaphase-II [47, 48, 50]. Extensive loss of centromeric cohesion
and subsequent instability of spindle are reported in oocytes arrested in MII from
aged women [51-53]. Cohesin protein between two sister chromatids depletes with
aging and gives rise to nondisjunction error [54]. Studies reveal that in MII oocytes
of older mice [55, 56] and women [57], sister chromatids having incompletely
separated distantly placed centromeres face problem in biorientation and result in
spindle instability.

3. Telomere theory of ovarian aging

The telomeres are the nucleotide repeat sequence TTAGGG insulating the
terminal ends of eukaryotic chromosomes, protecting them from getting fused
with adjacent chromosomes [58]. In each cell division, telomere corrodes and
restored by a unique reverse transcriptase called telomerase [59]. Gradual deple-
tion of telomere length with age marked it as an impressive biomarker of aging
[60]. Ovarian aging confirms a positive correlation between shorter telomere
length and decreased reproductive lifespan [61]. The role of telomere biology in
reproduction is supported by numerous opinions. Telomere theory of reproduc-
tive senescence states that prolonged exposure to reactive oxygen species (ROS)
hastens the erosion of telomere in older women [62]. Telomerase is imperative for
oocyte development and parthenogenesis. Telomerase is found in early antral fol-
licle, preovulatory follicle and ovulated oocyte, but its expression diminishes at the
time of oocyte maturation [63, 64]. After fertilization, telomerase activity ensures
remodeling of telomere length (TL) essential for faithful embryonic development.
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A conversed correlation exists amid the activity of telomerase and ovarian aging
[65]. In occult ovarian insufficiency, telomerase inactivation and erosion of
telomere are evident [66]. Researchers showed that telomere-deficient mice are
infertile [67, 68]. Ovarian and uterine malformation and inadequacy of steroid
hormone are apparent in mice lacking telomerase [68]. Oocytes having shorter
telomere undergo aberrant fertilization and bizarre pattern of embryonic cleav-
age [69]. Age-related abrasion of telomere may in turn responsible for age-related
aneuploidy. Mania et al. [70] exhibited that the aneuploid cells derived from
disorganized cleavage-stage embryos have shorter telomeres than euploid cells

in mother with older reproductive age or with recurrent history of miscarriage.
Telomere shortening is also associated with aneuploidy in malignant cells [71].
Dorland et al. did not find any significant difference in telomere length between
mothers of Down syndrome babies and euploid children [72]. However, Ghosh

et al. and Bhaumik et al. demonstrated that the older mothers of Down syndrome
child have shorter telomere than control [7, 13]. The author suggested that there
is a perceptive connection between the constituents of telomere maintenance
machinery and chromosome segregation system at molecular level. Moreover,
this speculation is supported by several studies stating that disturbed telomere
protection is responsible for chromosomal missegregation [73, 74]. Again, in yeast
Saccharomyces cevevisiae, the improper chromosome separation was noticed due to
mutant telomere sequence [75]. Thus, telomere biology has a great impact on the
reproductive success particularly in nondisjunction.

3.1 Ovarian aging: genetic background

There is an enigma about the factors influencing the age at menopause in
women. Certain lifestyle factors like parity, use of oral contraceptive pills and
smoking habits are reported to be pertinent with the age of natural menopause
[76]. However, discrepancy in menopausal age cannot be fully interpreted by these
factors [77]. Growing body of research indicate that “menopausal age” is a complex
genetic trait regulated by genetic factors. This notion is supported by the associa-
tions between menopausal age of mother-daughter pairs and sister pairs [78-80].
Premature ovarian failure (POF) is considered as a study model of ovarian aging.
Researches revealed that several genetic variations are associated with POF [81,
82]. Variations in genes encoding sex hormones (FSH, FSHR, LH, LHR), enzymes
(CYP17, CYP19) and those responsible for follicular recruitment (BMP15, GDF9,
and GPR3) regulate the durability of oocyte pool and in turn adjust the span of
reproductive life [83]. POF patients are also reported to carry mutations in genes
(NANOS, GDF9, NOBOX, LDX8, etc.) expressed in the course of oogenesis [84].
Gene copy number variations (CN'Vs) are also linked to POF manifestation [85-88].
Gene involved in maturation of primary follicles, apoptosis of follicles, fetal ovarian
development or vascularization in ovary are the suitable candidates for studying
genetic background of POF [89-92]. Menopausal age is also associated with the
presence of mutant allele factor V Leiden or E2 allele of apolipoprotein E [93-95].
Gene-driven compromised microcirculation around oocyte pool is considered as
a prime cause of early menopause [96]. Studies pointed out that polymorphisms
in genes playing role in steroidogenic pathways like 5-a-reductase type 2 [97] and
CYP1B1 [98] also regulate menopausal age. However, polymorphism in folate
pathway genes like MTHFR or MTRR is also associated with POF phenotype [99,
100] as well as with trisomy 21 conception [101-104]. Genome-wide association
studies identified powerful association between menopausal age and variations in
chromosome numbers 20, 19, 5, 6 and 13 [105, 106].
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4. Molecular factors associated with maternal age

Advanced chronological age of mother is probably the oldest known factor
associated with Down syndrome birth. Risk of having a trisomy 21 baby significantly
increases as mother ages. This advanced chronological aging was first postulated in
the year of 1933 [107]. Advanced maternal age-specific Down syndrome birth has
been studied in almost all the population. One interesting point that came up from
these studies is that maternal age varies with the type of nondisjunction. Ages of MII
error mother are on the right side to that of MI mothers. Therefore, chronological
aging has a direct impact on not only the origin of the disease as well as disease sub-
groups. Some studies proposed halting of meiosis during oogenesis exert a negative
impact on the oocytes. Female oocytes unlike male sperm undergo several check-
points halting during maturation as meiosis I occur only during puberty and meiosis
II after fertilization. This prolonged inertness of oocyte might make it vulnerable to
aging-related deterioration. Accumulation of stress factors over time may disrupt
the proper chromosomal segregation machinery inducing nondisjunction. Cohesion
proteins were expressed during intrauterine condition and must remain active till
the completion of meiosis. During this period (~50 years), any disruption in cohesin
machinery will result in nondisjunction [108]. Separase cleaves cohesin to release the
bound chromatids. Shugoshin-mediated cohesin protection therefore plays a major
role in premature separation of sister chromatids (PSSC) [109, 110]. In mice model,
age-specific loosening of SMC1beta is observed resulting in abnormal chromosomal
segregation [111]. Percentage of premature sister chromatid separation increases
in a six-month SMC1b—/— old mother compared to a 1-month-old mother. Age-
specific cohesion loosening is also present in Drosophila [112]. However, whether
age-dependent deterioration or replacement of cohesin is affected by progressive
maternal age is still up for debate [113]. Not only cohesin proteins, mitotic proteins
associated with spindle assembly are also affected by aging process. Oocytes from
older mice have significantly lower expression of MCAK mRNA with altered AURKB
[114]. MAD, BUB and TTK are also proposed to decline with progressive aging
[115-119]. However, there are alternate studies where it has been proposed that SAC
components have similar effect on both old and young oocytes [120]. Therefore,
initial cohesion loosening may not recruit MCAK to centromere, properly disrupting
normal microtubule depolymerization process [121].

Putting aside chronological aging effect on meiotic machinery, separate model
proposes genetic aging as the origin of aneuploidy. Using telomere length as marker,
older Down syndrome bearing mother showed rapid telomere attrition than their
younger counterpart. Therefore, only older mother experiences this genetic aging.
However, we need to keep in mind that peripheral telomere length might not be an
actual interpreter of oocytes telomere length. This hypothesis proposes a separate the-
ory about the origin of aneuploidy which was proposed in the year of 1989. Ovarian
follicles are formed during intrauterine period in female fetuses. Once puberty is
reached, usually one follicle becomes antral follicle and after maturation, ovulates.
Total number of follicles and selectable follicles go down as females’ age. There may
be couple of thousands of follicles present at the age around 40, only two to three
selectable follicles present in both the ovaries [122, 123]. Therefore, as women age, the
chance of suboptimal follicle ovulation increases [19, 124].

4.1 Recombination pattern and frequency of association with maternal age

Maternal nondisjunction is a multifactorial phenomenon. One major factor
that contributes to ND]J is altered recombination pattern during meiosis [125].
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Chiasmata is the physical connection where two non-sister chromatids exchange
genetic materials in first meiotic division. They stabilize sister chromatids,
ensure proper chromosomal spindle attachments and segregation [126].
However, absence of chiasma leads to a situation where chromosomes freely
move around, increasing the possibility of aneuploidy. Not only is the absence of
chiasma, placement of chiasma is equally important. Achismate condition gives
rise to MI meiotic errors. Single telomeric chiasma is an important risk factor
for MI type meiotic error as well. Pericentromeric chiasma formation, on the
other hand, increases MII meiotic error risk. A broad array of studies conducted
with several model organisms such as Drosophila [127-129], yeast [130, 131] and
Caenorhabditis elegans [132] support this fact. In the light of chromosome 21
specific nondisjunction, absence of chiasma formation is a major cause of recom-
bination frequency reduction [133]. Low percentage of detectable crossovers in
Ch21 NDJ has been observed across different population [4, 134]. About 57%
reductions in linkage map length were reported in Indian population [30.8 cM
compared to 72.1 cM CEPH] [6]. Association between advanced chronological
age and recombination frequency reduction is well known [135]. 21q-specific
recombination analysis showed lower percentage of recombination in older
mothers (aged 35 or higher) compared to younger mother [135]. Therefore,
absence of recombination could be an age-dependent factor. Studies conducted
on Indian population revealed 80% of younger mothers are achismate and had
MI NDJ [134]. STR analysis of trisomy 21 families showed high number of single
telomeric exchanges in MI NDJ mothers and higher number of single centromeric
exchange in MII NDJ mothers. A hypothesis proposed by Ghosh et al. stated that
telomeric chiasma as maternal age-independent risk, whereas pericentromeric
chiasma is age dependent. How pericentromeric chiasma is affected by maternal
age is debatable. Two possible models have been proposed. In the first model,
pericentromeric chromosomal exchange may trigger different configurations
which increase susceptibility to age-related risk. In the second model, pericen-
tromeric exchange may allow proper segregation in MI but not in MII [8]. As
previously mentioned, age-related degradation of cohesion machinery may be a
reason behind abnormal chiasma formation. Unlike pericentromeric exchanges,
telomeric exchanges give rise to MI type NDJ. The proper reason behind it is

not clear. One reason might be the lower amount of cohesion complex in distal
region. In Indian cohort, the single chiasma formation was scored at near telo-
meric 5.1 Mb region [134]. Therefore, single telomeric chiasma can up the risk
of NDJ of Ch21 irrespective of maternal age. Lack of biorientation of homologs
due to low cohesion protein can give rise to single telomeric chiasma error [127].
Number of studies conducted on different chromosomes showed linear relation-
ship between maternal age and chiasma frequency [136-138]. Multiple chiasmas
may increase bivalent stability during MI; therefore, NDJ might not occur.

5. Conclusion

Down syndrome birth is attributable to multiple maternal risk factors that
include both genetic and environmental challenges, but there is limited understand-
ing of the complicated interactions among these factors. Along with aging-induced
hormonal imbalance, environmental factors such as cigarette smoking, oral con-
traceptive pills, consumption of alcohol, and use of smokeless chewing tobacco
interact with molecular components of the oocyte which ultimately increase the
risk of chromosome 21 nondisjunction and subsequently of giving birth to a child
with Down syndrome. Age-related abrasion of telomere may in turn be responsible
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for age-related meiotic abnormalities, subsequent aneuploidy and birth of DS

babies in genetically older mother. This “genetic aging” is probably the background
cause of all age-related degenerative changes and malfunctions in the ovary.
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Chapter 4

Gene Polymorphisms That
Predispose Women for Down
Syndrome Child Birth

Sujay Ghosh and Papiya Ghosh

Abstract

Down syndrome caused by presence of extra chromosome 21 originates from
nondisjunction during parental gametogenesis. For overwhelming cases, the error
occurs in oocyte and all the nondisjunction events are not stochastic. With increas-
ing number of research efforts, it has come to know that maternal genetic archi-
tecture may be considered as risk factors for chromosomal errors. Polymorphisms
of the genes involved in chromosome segregation, recombination and folic acid
metabolisms have been investigated for their association with Down syndrome
child birth. But the results are conflicting owing to ethnic and sociocultural dif-
ferences. Here, we have discussed and summarized the outcome of the studies
conducted on different population sample from different parts of world and tried to
figure out the common polymorphisms, which could be used as makers for precon-
ceptional screening of Down syndrome child birth risk among the women.

Keywords: down syndrome, maternal genotype, polymorphism, meiotic
nondisjunction

1. Introduction

Down syndrome (DS), the most common form of live born intellectual dis-
ability in human is caused by trisomy condition of chromosome 21 (Ch21). The
trisomy 21 condition arise from nonseparation or nondisjunction (NDJ) of Ch21 in
germinal cells that leads to production of disomic gamete which upon fertilization
with gamete with correct chromosome count from opposite sex produces trisomic
zygote. For overwhelming majority of cases, the error arises in oocyte and this
may be due to protracted phase of oocyte development. The lengthy process of
oocyte maturation that includes two halts, one at meiotic I diplotene and another
before the entry in second meiotic division, provides opportunity to environmental
insults to accumulate in ovarian microenvironment that may perturb the process of
chromosome segregation.

The first identified risk factor for Down syndrome birth is advanced maternal
age of conception. It was identified that [1], women of age 32 years and above
have higher risk of having Down syndrome baby. Subsequently, with the help of
polymorphic variants of short tandem repeat (STR) makers on Ch21 scientists
have characterized that recombination error may be the molecular risk factors for
Ch21 ND]J. With elaborate analyses, considering both the maternal age and pattern
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of recombination, the US researcher group [2] and Indian researcher group [3]
have characterized the interaction between maternal age and erroneous pattern

of recombination on non-disjoined chromosome. No chiasma formation or single
telomeric chiasma have been proved as risk of Ch21ND]J at MI among the younger
mothers (age < 29 years). On contrary, single centromeric chiasma has been identi-
fied as risk factors for MII errors among the older women (age > 34 years).

With subsequent analyses of maternal molecular age, it has been proved that
mothers of Down syndrome baby have shorter average telomere length than do
the mothers of same chronological age and have euploid healthy baby [4, 5]. The
authors proposed that a group of women may suffer from advanced molecular and
genetic aging and intuitively carry predisposition for ND]. It is really difficult to
interpret whether NDJ is the result of rapid shortening of telomere or telomere
shortening and ND]J are linked by some common risk factors, instead it can be
said pleiotrophic effects of some genes may relate maternal aging with risk of
ND]J. Moreover, frequent occurrence Ch21 NDJ among younger women reinforces
the intuitive idea of genetic predisposition for Ch21 NDJ where advancing maternal
age is not an issue.

As far as published literatures are concerned studies for identifying the genetic
predisposition for DS child birth among the women are not sufficient. Very few
initiatives in this regard have been recorded. Of them the recombination regulator
genes and folate metabolism regulator genes are major. So, this chapter presents
recent updates on finding of the gene polymorphisms that exhibited significant
association with Down syndrome birth.

2. PR/SET domain 9 (PRDMY9)

The gene is located on chromosome 5 (5p14.2). The protein coded by this gene is
a zinc finger protein with histone methyltransferase activity that catalyzes trimeth-
ylation of histone H3 lysine 4 (H3K4me3) during meiotic prophase. This protein
contains multiple domains, including a Kruppel-associated box (KRAB) domain, an
SSX repression domain (SSXRD), a PRD1-BF1 and RIZ homologous region, a sub-
class of SET (PR/SET) domain, and a tandem array of C2H2 zinc fingers. The zinc
finger array recognizes a short sequence motif of histone, leading to local H3K4me3,
and meiotic recombination hotspot activity.

Experimental deletion of the gene in mice leads to the production of gametes
blocked at pachytene of meiosis I that show a reduced number of Dmc1 loci, a
protein that indicates the sites of meiotic crossovers [6]. The major allele A of
PRDM9 binds a 13 bp DNA motif enriched at recombination hot spot, namely,
CNCCNTNNCCNC [7]. Further, allelic variation in the zinc finger motif of
PRDM9 exhibited association with differential hotspot usage in human recom-
bination [8]. Carriers of PRDM9 minor alleles display reduced recombination at
meiotic hotspots [8]. All these preceding observation led to the study [9] to inquire
whether PRDM9 variants exhibit association with the recombination variation that
underlies the NDJ events.

In this study [9] by US researcher group included 235 mothers having DS
child and 85 controls having euploid baby. For characterizing the recombination
profile along the 21q, the authors used genotyping with 1536 SNP loci on 21q by
the Illumina Golden Gate Assay. The authors scored for 17% of cases of MI error
without any recombination events carry homozygosity of minor alleles in contrast
to only 2% of MI with single exchange category. The logistic regression analyses
revealed women from MI without any exchange category are 2.45 times more likely
to have risk of NDJ and Down syndrome birth than do the controls when carry at
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least one minor allele in heterozygous condition. The authors found less affinity of
minor allele of ZF motif of PRDM9 and they tried to justify this reduced binding
of PRDM9 to the recombination hotspot may cause lack of recombination events
on 21q and NDJ of Ch21. This notion needs further confirmation by other stud-
ies on different DS populations of ethnic variations for considering as acceptable
hypothesis.

3. Apolipoprotein E (APOE)

This gene is located on chromosome 19 (19q13.32) and encodes a protein which
is essential for normal catabolism of triglyceride-rich lipoprotein. It binds to spe-
cific receptor on hepatocytes and peripheral cell receptors. Mutations in this gene
leads to familial dysbetalipoproteinemia, or type III hyperlipoproteinemia (HLP
III), which is characterized by increased plasma cholesterol and triglycerides due
of impaired clearance of chylomicron and VLDL remnants. The gene is expressed
specifically in liver, kidney, adipose, adrenal, spleen and neuronal tissues along with
some other organs at low level.

Initial study that addressed the maternal APOE genotypes as risk factors of DS
birth [10] reported presence of APOE4 allele among women may predispose them
for MII NDJ at the younger age, but not at older age. The authors observed in young
mothers with a meiosis II error, epsilon4 frequency was 30.0%, which was signifi-
cantly higher than in older mothers with a meiosis II error (13.0%, P = 0.03).

But the study [11] conducted on Spanish population reported some opposite
trend. The authors have observed an increased frequency of APOE4 allele among
MI mother of age < 28 years as compared to MI mothers of age > 28 years. But this
study did not confirm any association of maternal APOE4 genotype with MII error.
The study on Colombian population [12] has revealed preferential occurrence of
APOE4 allele in DS and their parents (11%) than among the controls (9%) though
the difference was found insignificant statistically. More studies are needed to
confirm the association between APOE4 allele in maternal genome and Ch21 ND].

4, Presenilin I (PSEN1)

This gene is located at the position 14q24.2 and known for its pleiotrophic
effects. It has many isoforms that perform variety of functions. The polymorphisms
of this gene were first reported for its association with Alzheimer disease. Later, it
was tested for risk assessment in women having DS child.

As far as published literatures are concerned, only two studies have been
conducted on PSEN 1 polymorphisms as a maternal risk factor for DS birth. The
initial study was done on US population [13] where the authors find an associa-
tion between a polymorphism in intron 8 of maternal genotype with DS birth.
This study included168 probands with free trisomy 21 and recorded an increased
frequency of allele 1 in mothers with a meiosis II error (70.8%) than among the
mothers of meiosis I error (52.7%, P < 0.01), with an excess of the 11 genotype
in the meiosis I mothers. Moreover, the author tested polymorphic variants of
APOE gene and found the frequency of allele 1 in mothers carrying APOE4 allele
(68.0%) was higher than in mothers without APOE4 (52.2%, P < 0.01). The
author hypothesizes that the PSEN-1 intronic polymorphism might be involved in
chromosomal nondisjunction through an influence on the expression level of PS-1
or due to linkage disequilibrium with biologically relevant polymorphisms in or
outside the PS-1 gene.
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Similar study was conducted on a population samples from India [14]. In this
study, 170 Down syndrome patients, grouped according to maternal meiotic stage
of NDJ and maternal age at conception, and their parents were genotyped for
PSEN-1 intron-8 and APOE polymorphisms. The estimated frequencies of the
PSEN-1T allele and TT genotype, in the presence of the APOE4 allele, were signifi-
cantly higher among young mothers (< 35 years) with meiosis Il NDJ than in young
control mothers (96.43 vs. 65.91% P = 0.0002 and 92.86 vs. 45.45% P < 0.0001,
respectively) but not among mothers with meiosis I NDJ. The author hypothesized
that the co-occurrence of the PSEN-1 T allele and the APOE 4 allele synergistically
increases the risk of meiotic segregation error I among young.

5. Methylenetetrahydrofolate reductase (MTHFR)

This gene is located at 1p36.22 and the 12 exon long reading frame encodes
an enzyme that catalyzes the reduction of 5,10-methylene tetra hydro folate to
5-methyl tetra hydro folate, which is required for the remethylation of homocys-
tein to methionine. A common MTHFR 677C > T polymorphism (rs1801133) that
results in Ala222Val amino acid substitution, is responsible for reduced enzyme
activity. The homozygous TT genotype causes dimer destabilization under condi-
tions of reduced folate availability [15, 16]. It was reported initially [17] in the year
1999, that increased plasma hcy level and an increased frequency of both MTHFR
677CT and TT genotypes among the mothers of DS individuals are strongly linked
and since then this polymorphism has been tested in more than 30 case-control
studies across the globe and confirmed this association with very few exceptions.
As far as published literatures are concerned five large meta-analyses have been
done till date between the year 2013 and 2014 to address this issue [18-22], with
the latest one that includes data from 34 case-control studies for a total of 3.098
women having DS child and 4.852 control mothers [21]. The outcome of all these
meta-analyses suggest that the overall risk as represented by odds ratio (OR), for
the birth of a child with Trisomy21 to the women who are carriers of the 677 T
allele ranges from 1.2 to 1.5 according to the various genetic models under inves-
tigation, i.e., allele contrast, dominant, recessive, co-dominant, etc. Subsequent
data stratification into ethnic groups revealed that the risk is higher in Asians
(OR = 1.5), and lower in Caucasians and/or other groups (OR usually ranging
between 1.0 and 1.4) [19, 20, 22]. The meta-analyses performed by Wu et al. [19];
Yang et al. [20]; Rai et al. [21]; Victorino et al. [22] revealed that the frequency of
the MTHFR 677 T allele is higher in Caucasian mother of DS child (ranging from
35.6 to 41.5%), followed by Brazilians (ranging from 33.5 to 33.9%), and lower
in Asian populations (ranging from 20.0 to 32.3%). When epidemiological data
were stratified according to the geographic origin of the mothers and found that
the higher risk in Asians (OR = 1.53; 95% CI = 1.29-1.82), followed by Americans
(OR =1.23; 95% CI = 1.07-1.39), and the association remain insignificant for
Europeans (OR = 1.04; 95% CI = 0.93-1.16) [21]. When the data was stratified
according to latitude, exhibited a significant association of the MTHFR 677C > T
polymorphism with DS birth insub-tropical populations (both TT vs. CC and CT
vs. CC carriers), followed by tropical regions (only CT vs. CC carriers), but no
significant effect was evident in the population from northern temperate region
of the globe. These observations suggest complex gene—environment interac-
tions, which might be a product of differences in allele frequencies among dif-
ferent populations in association with different nutritional status and exposure
to environmental factors, such as solar radiation, that could interfere with folate
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bioavailability [16, 18, 22, 23]. Interestingly, scientists have observed association of
the MTHFR 677C > T polymorphism with both chromosome 13 and 21 malsegre-
gation events in lymphocytes from the mothers of DS child [23, 24].

Another common MTHEFR polymorphism, the MTHFR 1298A > C one
(rs1801131), causes Glu429Ala aminoacidic change. Meta-analysis revealed that the
frequency of the MTHFR minor 1298C allele is higher in Asians (~40.0%), with
little less frequency among Caucasians (~35.0%) and Brazilians (upto 25.0%) [22].
Interestingly, no studies have demonstrated MTHFR 1298A > C polymorphism is an
independent maternal risk factor for the birth of a child with DS. Instead, However,
case-control studies demonstrated that genotypes that carry both the MTHFR
677C > T and 1298A > C polymorphisms increase the maternal risk synergistically
for a birth of a child with trisomy 21 more than the presence of the single polymor-
phic site MTHFR 677C > T one alone. These observations suggest intuitive func-
tional interaction of both polymorphisms on protein stability and activity [25-29].
The maternal double homozygous 677TT-1298CC genotype leads to MTHFR
protein instability and inactivity, often resulting in prenatal death [16].

6. Methionine synthase and methionine synthase reductase
(MTR and MTRR)

The gene named as 5-methyltetrahydrofolate-homocysteine methyltransferase
(MTR) or methionine synthase in short is located at 1q43 and carries 33 exons. It is
a cobalamin-dependent enzyme that catalyzes the transmethylation of homocystein
to methionine and MTRR, which is a NADPH-dependent diflavin enzyme, needed
for activation of MTR. On the other hand the gene5-methyltetrahydrofolate-
homocysteine methyltransferase reductase of MTRR is located at 5p15.31 in human
genome. This protein functions in the synthesis of methionine by regenerating
methionine synthase (MTR) to a functional state.

The second polymorphism of the gene MTRR that exhibited association with DS
birth among North American women is 1s1801394; 66A > G substitution which causes
Ile22Met amino acid change [30]. Subsequent studies on different population samples
provide conflicting results. Nevertheless, the meta-analysis conducted in 2009 on
623 DS bearing and 936 control mothers [31], confirmed association of this polymor-
phism in maternal genome with the elevated risk of having DS baby. Further analyses
with stratified data, performed in recent time [32, 33], suggest a significant effect in
Caucasians under both dominant and recessive genetic models. The estimated score
for minor Allele “G” among Caucasian women was 35.8-54.3%, among Brazilian
women was from 40.0 to 48.0% and among Asian mothers was from 41.5 to 62.5%
[32-34]. Furthermore, when Caucasian samples were stratified by geographic and
demographic criteria the estimates revealed that the risk is higher in those of non-
residential European descent (OR = 1.47; 95% CI = 1.02-2.11; dominant model) than
in residential European Caucasians (OR = 1.31; 95% CI = 1.01-1.70; dominant model).
On contrary, when the study was conducted on the Caucasian from Mediterranean
regions no significant association was observed (OR = 1.19; 95% CI = 0.91-1.55; domi-
nant model), which suggests that the manifestation of the effect of MTRR rs1801394
66A > G is also dependent on geographic and dietary factors [33].

Recently, another MTRR polymorphism, namely MTRR 524C > T (rs1532268)
that causes Ser175Leu replacement in peptide chain, has been identified as related to
the maternal risk of birth of a child with DS [35] among Chinese women. This study
reported decreased maternal risk for carriers of the 524 T allele that was associated
with reduced hcy levels in Chinese women. But the study did not address the issue
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of but did not analyze the linkage or interaction of MTRR 524C > T (rs1532268)
with the MTRR 66A > G sites [35].

As far as published literatures on the MTR gene polymorphisms are concerned,
the MTR 2756A > G polymorphism (rs1805087) in maternal genome, leading to the
Asp919Gly substitution, was the third variant of the folate pathway to be associated
with DS birth [36]. However, subsequent case-control studies failed to confirm this
association, and recent meta-analyses confirmed that the MTR 2756A > G polymor-
phism is not an independent maternal risk factor for DS birth [20, 32, 37],
rather a strong relation with MTRR 66A > G has been evident. The estimated
frequency of minor allele ‘G’ of this polymorphic site in the European and mixed
Brazilian populations of women having DS child is 18-21% [37], while the estimate
is less than 10% in the Asian women [38]. A large cohort study on Italian popula-
tion samples [33, 37], revealed the MTRR 66A > G polymorphism, but not the MTR
2756A > G one, was associated with increased serum folate levels among the GG
carriers women. On the other hand study on Brazilian population has [29] reported
association of MTRR AG and GG genotypes with high methylmalonic acid (MMA)
concentrations, an indicator of the vitamin B12 status. However, when both the
polymorphisms MTR 2756AA/MTRR 66GG were present in women having DS child
exhibited association with increased serum folate levels, while the carriers of the
MTR 2756GG/MTRR 66AA genotype exhibited reduced folate and hcy levels [33].
Such combined presence of MTHFR/MTRR or MTRR/MTR genotypes among the
mother of DS, has been many reported by many authors who worked on different
ethnic population samples [23, 33, 34, 36, 38, 39].

7. Reduced folate carrier (RFC1 or SLC19A1)

The gene is actually named solute carrier family 19 member 1, located at 21q22.3
and carries 17 exons. The protein expresses ubiquitously and is the major trans-
port system in mammalian tissues for folate cofactors and regulates intracellular
concentration of folate [40]. Though not universal, some workers have reported
risk association with polymorphic allele in maternal genome with DS birth. The
polymorphic variation RFC1 80G > A polymorphism (rs1051266), causes Arg27His
replacement in protein chain. This polymorphic sites exhibited association with
increased plasma hcy levels in homozygous GG genotype when present together
with MTHFR 677TT [41] homozygous variants. Similarly study on Italian popula-
tion [42] observed a borderline significant association of maternal genotype RFC1
80GG/MTHFR 677TT and DS birth and protective negative association with RFC1
80(AA or AG)/MTHEFR 1298AA genotypes. Two recent meta-analyses [20, 33]
suggest that the polymorphism RFC1 80G > A is independent maternal risk fac-
tor for DS birth with ORs ranging from 1.1 to 1.3. When stratified analyses has
been conducted, theRFCI 80G allele exhibited higher frequency in Caucasian and
Brazilian women having DS child (ranging between 49.0 and 54.0%) than in Asian
ones (36.0-36.5%) [33]. Further population based studies are needed to confirm the
implication of this polymorphism as a maternal risk factor for DS birth.

8. Cystathionine f-synthase (CBS)

The gene is located on chromsome?21 at 21q22.3 and encodes a hemoprotein
that catalyzes the condensation of hcy and serine to form cystathionine in the
transsulfuration pathway. This enzyme is activated by adenosyl methionine and
pyridoxal phosphate acts as co-factor in this reaction. So far published literatures
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are concerned two common polymorphisms have been studied as maternal risk
factors for DS birth. One of them is an insertion of 68-bp within exon 8 that results
in the duplication of a splice site at the intron7/exon 8 junction of the gene [43].
Very recent meta-analyses, performed with 825 mothers of DS child and 1.034
control did not find association of the CBS 844ins68 allele and maternal risk of
having a DS child [20, 32]. The second polymorphic variants is an 833 T > C sub-
stitution (rs5742905) that causes missense mutationlle278Thr associated with mild
hyperhomocysteinemia [44]. Results of association studies related to this site are
contradictory and non-conclusive [29, 35], so further study is warrant to reveal its
implication in DS birth.

9. Methylenetetrahydrofolate dehydrogenase (M THFD1)

The genetic position of this gene is 14q23.3 and three distinct enzymatic activi-
ties, 5,10-methylenetetrahydrofolate-dehydrogenase,-5,10-methenyltetrahydro-
folate-cyclohydrolase and 10-formyltetrahydrofolate synthetase. Each of these
activities catalyzes one of the three sequential reactions in the interconversion
of 1-carbon derivatives of tetrahydrofolate. The MTHFD1 1958G > A polymor-
phism (rs2236225), that causes missense change Arg653Gln which in turn reduces
enzyme stability and activity and was first identified maternal genetic risk factor
for trisomy 21 in Southern Italian women, exhibited association with DS risk in
combination-with-the RFC1 80G > A-polymorphism-(the combined MTHFD1
1958AA/RFC180GG genotype) [27]. The results of subsequent studies on other
population were contradictory [29, 38, 45, 46]. Very recent meta-analysis [32] that
included 497 mothers of Ds child and 930 controls, revealed a weak association with
maternal heterozygous GA genotype than GG homozygous carriers (OR = 1.33;
95% CI = 1.01-1.75). The result of this single study may not sufficient to draw any
inference and more study on other populations is warrant.

10. Transcobalamin (TCN2)

The gene is located on chromosome 22 at 22q12.2. This protein can bind cobala-
min and helps in its cellular uptake by specific membrane receptors (TCR). The
study of this gene for its association with DS birth is limited. A common variant
TCN2776C > G (rs1801198), that results in Arg232Pro replacement and impairs
cobalamin metabolism [47] exhibited association with maternal risk of DS birth
either alone [29], or in combination with MTR or MTHFR variants. The genotype
TCN2 776CC/MTR 2756AG-[48]-or TCN2 776CG/MTHEFR 677TT [38] have shown
association with DS birth. But recent meta-analysis [32] did not confirm this asso-
ciation. The second polymorphism of that gene namely TCN2 67A > G (rs9606756)
that causes Ile23Val substitution has been studied only in Brazilian population and
did not find any association with maternal risk for a DS birth [29].

11. DNA methyltransferase 3B (DNMT3B)

This gene is located on chromosome 20 at 20q11.21 and encodes a de novo DNA
methyl transferase. The enzyme is located primarily in nucleus and developmen-
tally regulated. Two recent independent studies one on Italian and another on
Indian population suggested the polymorphisms of DNMT3B might be associated
with DS birth as maternal risk factors. In the study on Italian population [37] the
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authors genotyped 172 mothers with DS and 157 control mothers and found a
decreased risk of birth of a child with DS among the mother who are carrier of
DNMT?3B 579G > T (rs1569686) minor allele T. Further, the author suggested that
the combined DNMT3B-579GT/-149CC genotype was associated with an even more
reduced maternal risk of birth of DS. That means the said genotypes have some
protective implication on chromosome 21 NDJ. In Indian study [49] the author
tested 150 mothers with Down syndrome and 172 control and found no significant
difference in allelic and genotype frequency for individual loci between cases and
controls, but found a significant difference in the frequency of haplotype rs1569686
-579G: 152424913 -149 T which exhibited preferential occurrence among the DS
child bearing mothers. Further study is needed to validate this association.

12. Serine-hydroxymethyltransferase (SHMT), thymidylate synthase
(TYMS), and dihydrofolate reductase (DHFR)

The gene SHMTTYMS and DHFR are located at 17p11.2, 18p11.32 and 5q14.1
respectively. SHMT coverts tetrahydrofolate (THF) into 5,10-methyleneTHF using
serine as the one-carbon donor. This THF is then used for thymidylate synthesis in
the reaction catalyzed by TYMS that produces dTMP and dihydrofolate (DHF). DHF
is then reduced back to THF by DHFR. As far published literatures are concerned the
polymorphisms of SHMT, TYMS, and DHFR have been analyzed as maternal risk
factors for DS birth only in one case-control study each [50-52]. The SHMT1420C > T
polymorphism (rs1979277), which causes Leu474Phe replacement and defects in
nuclear transport of SHMT, was investigated [53] in 105 DS bearing and 185 control
mothers from Brazil, and both the homozygous and 1420CT heterozygous genotypes
exhibited decreased maternal risk of birth of a child with DS in comparison to the
1420TT genotype [52]. A team of Italian researchers [50] investigated two common
TYMS polymorphisms in 94 DS bearing and 113 control mothers from the popula-
tion of Italy. These polymorphisms were rs34743033, which is a 28-bp short tandem
repeats in the 5'-untranslated region (5'-UTR) that is linked to gene expression levels
[54], andrs34489327, which is a 6-bp deletion (1494 ins/del) polymorphism in the
3’-UTR that causes mRNA instability into the cytoplasm [55, 56]. But the result sug-
gested no independent association of these two polymorphic sites with DS birth, but
synergistic effect of the combined MTHFR 1298 AC/TYMS 28-bp 2R/2R genotype
resulted in decreased maternal risk. Regarding DHFR gene polymorphism, only
known study [51], was conducted including 105 DS bearing and 185 control mothers
from Brazilian population for rs70991108 which is the presence of a 19-bp ins/del
polymorphism, but no association with maternal risk of a DS birth was detected. But
the confirmation of these results has not possible due to lack of replication of study in
other populations.

13. Discussion and conclusion

Risk factors associated with Down syndrome birth the enigmatic. Both the
genetic and environmental and habitual implications are known to be associated
with DS birth. Regarding maternal genotypes that may impose risk of chromosome
21 nondisjunction in oocyte is extremely complicated owing to multifactorial nature
of chromosome segregation system. It includes genes that are involved directly in
chromosome segregation and also, cell cycle regulators, replication and recombina-
tion regulators, and metabolism regulators that maintain the optimum nutrient
level affecting the genetic and epigenetic environment. In respect to recombination
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regulators, only gene that has been investigated in maternal genome is PRDMO. This
study [9] is only known analyses on that gene and is needed to be replicated in other
populations. Another gene is APOE that exhibited association with DS birth when
APOEH4 allele is present. Again very limited study has been conducted in this regard.
Rest of the genes that have analyses so far in maternal genome for association with
DS child are from folate metabolism regulators. Since the initial publication [17] on
relation between DS birth risk and folate metabolism regulator polymorphisms in
the year1999, several studies on different ethnic populations have been carried and
the results are conflicting. But considering the gene X environment concept, it can
be justified. The defects in folate metabolism pathways can only be manifested in
term of chromosome segregation errors when genetic background interacts with
nutritional status of the women. As the genetic background is different for different
ethnic populations and as the nutritional level vary according to social architecture
of given population, the association study gives different and contradictory results.
Moreover, level of folic acid in grand maternal genome is of scientific concern as the
oocytes starts growing in the fetal ovary.

In summary, it can be said that genetic architecture of maternal genome is
needed to be explored in relation to prevention of DS child birth. Population spe-
cific genetic markers are needed to be developed in order to screen the women prior
to their conception to test the genetic susceptibility for DS fetal conception. The
biggest break through will come with highest level of application of basic research
in biomedical field.
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Abstract

Cytogenetic abnormalities are frequently reported in the literature describing the
presence of chromosomal rearrangements in important cases of acute myeloid leuke-
mia (AML); the rate can reach 50-60% of cases of AML. Cytogenetic abnormalities
represent an important prognosis factor, their analysis is crucial for AML; cytogenetic
study permits to classify prognostic groups and indicate the treatment strategy and
helps to improve the outcome of these patients and to increase their chances of cure.
Hundreds of uncommon chromosomal aberrations from AML exist. This chapter sum-
marizes chromosomal abnormalities that are common and classifies AML according
to the World Health Organization (WHO) classifications from 2008 to 2016; we will
discuss briefly gene mutations detected in normal karyotype (NK) AML by cutting-
edge next-generation sequencing technology, like FLT3-ITD, nucleophosmin (NPM1),
CCAAT/enhancer-binding protein alpha (CEBPA), and other additional mutations.

Keywords: cytogenetic abnormalities, acute myeloid leukemia, karyotype

1. Introduction

Acute myeloid leukemia (AML) is characterized by clonal expansion of undif-
ferentiated myeloid precursors, resulting in impaired hematopoiesis and bone
marrow failure [1].

The discovery of specific chromosomal abnormalities has proved that leukemia
is a genetic disease on the cellular level and has also guided the way to mapping and
cloning of genes involved in the leukemic process.

The frequency of cytogenetic abnormalities is reported in the literature describ-
ing the presence of chromosomal rearrangements in important cases of AML; they
are recognized in approximately 56% of de novo AML in adults [2, 3], and the rate
can reach 70-80% of the cases of AML in children [4, 5]. At present, cytogenetic
aberrations detected at the time of AML diagnosis constitute the most common
basis for predicting clinical outcome [6].

Karyotype analysis must be performed as part of the standard diagnostic
procedure of AML and have to be reported according to the International System
for Nomenclature in Human Cytogenetic (ISCN) 3.
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AML appears as a complex and evaluative disease [7, 8]. There are many leu-
kemia genes, most of which are infrequently mutated, and patients typically have
more than one driver mutation. The AML evolved over time, with multiple compet-
ing clones coexisting at any time [7, 8].

The analysis of cytogenetic abnormalities is indispensable for AML; it represents
the most important prognosis factor for patients with AML. In fact, cytogenetic
study helps to classify prognosis groups and guide the treatment strategy and per-
mits to improve the outcome of these patients and to increase their chances of cure.

Many uncommon chromosomal aberrations from AML exist. This chapter
resumes chromosomal abnormalities that are common in structural and numeri-
cal aberrations. Cytogenetic and mutational data are used to divide patients into
subgroups defined according to prognostic factors and factors that dictate whether
allogeneic hematopoietic stem cell transplantation should be performed during an
initial remission.

2. Recurrent cytogenetic abnormalities
2.1The t(8;21) (q22;q22.1); RUNX1-RUNXIT1

The t(8;21) (q22;q22.1); RUNX1-RUNXIT1 abnormality is considered as a
subset with particular clinical and biological specificities. This translocation is
defined by fusion between the AML1 gene (RUNX1) on chromosome 21 and the
ETO gene (this translocation can be referred to as the RUNX1T1 gene that encodes
the CBFA2T1 protein) on chromosome 8. The t(8;21) abnormality is found in
approximately 5-10% of all AML cases and 10-22% of AML cases with matura-
tion corresponding to the previous FAB class M2. The t(8;21) generates two fusion
genes, AML1-ETO and ETO-AMLL, but only the AML1-ETO transcript transcribed
from the derivative chromosome 8 is detectable by reverse transcriptase polymerase
chain reaction (RT-PCR). Patients with t(8,21) are included in the favorable group;
the prognosis after intensive chemotherapy is better for these patients than for the
majority of AML patients. The incidence of t(8;21) decreases with age; it is most
common in children/younger patients and uncommon in patients above 60 years of
age. Approximately 10-20% of children with AML have this translocation [9].

2.2 The inv(16) (p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11

Approximately 5-7% of acute myeloid leukemia patients have an inv(16)
(p13;q22) or t(16;16) (p13;q22). Molecularly, inv(16)/t(16;16) is the result of the
juxtaposition of the myosin, heavy chain 11, smooth muscle gene (MYH11) at 16p13
and the core-binding factor, p subunit gene (CBFB) at 16q22; this juxtaposition cre-
ates the CBFB-MYHI11 fusion gene. The genomic breakpoints can be variable within
CBFB and MYH11; this variability explains why in the literature many differently
sized CBFB-MYH11 fusion transcript variants have been reported. Type A is the
more frequent type of fusion reported; it represents more than 85% of fusions,
and 5-10% of each are type D and type E fusions. This cytogenetic group is char-
acterized by its usually association with high complete remission (CR) ratesand a
relatively favorable outcome [10].

2.3 Acute promyelocytic leukemia with PML-RARA

The of reciprocal translocations (15;17) are usually present on acute promyelo-
cytic leukemia (APL); this translocation involves the PML gene on 15q24 and RARA
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gene on 1721 in more than 90% of cases. PML-RARA fusion gene results on the
derivative chromosome 15.

PML-RARA fusion can also be a result of cases of complex translocations involv-
ing 15, 17, and other partner chromosomes or insertions of 15 into 17 and vice versa.
Rare variant translocations involving RARA and other partner genes have been
reported like PLZF, NPM, NuMA, STAT5b, PRKAR1A, FIP1L1, and BCOR [11].

2.4 The t(9;11) (p22;q23)

Acute myeloid leukemia with t(9;11) occurs in 3-5% of cases of AML. The trans-
location t(9;11) (p22;q23) [subsequently referred to as t(9;11)] in acute myeloid
leukemia resulting in the MLL-MLLT3-fusion protein represents the most common
translocation involving MLL. MLL gene at 11923 (HRX) encodes a DNA-binding
protein that positively regulates expression of target genes, including multiple HOX
genes, by methylation of histone H3 lys4/chromatin remodeling [12].

2.5 The t(6;9) (p23;q34)

The translocation t(6;9) is a rare recurring cytogenetic aberration and occurs
in 0.7-1.8% of cases of AML. This translocation is the result of the formation of a
chimeric fusion gene, DEK-NUP214 (previously known as DEK-CAN). It is associ-
ated with a poor prognosis; the remission is achieved in less than 50% of cases after
chemotherapy [13].

2.6 The inv(3) (q21q26.2) or t(3;3)(q21;q26.2)

The inv(3) (q21926.2) or t(3;3) (q21;926.2) occurring at the long arm of chro-
mosome 3 involves the oncogene EVI1 at 3q26.2 (or its longer form MDS1-EVI1)
and RPN1 at 3q21, leading to the RPN1-EVI1 fusion transcript. These abnormali-
ties are considered as a separate entity, characterized by an aggressive clinical
behavior. RPN1 can amplify EVI1 expression resulting in increased cell prolifera-
tion and may impair cell differentiation and be responsible of hematopoietic cell
transformation [14].

2.7 The t(1;22) (p13;q13)

Acute megakaryoblastic leukemia (AMKL) with t(1;22) (p13;q13) is an
extremely rare subtype of acute myeloid leukemia that is almost always described
in infants. The nonrandom association between t(1;22) (p13;q13) and infant AMKL
was reported by Baruchel et al. [15]. Just after that, the fusion gene OTT-MAL was
identified in patients with t(1;22).

3. WHO classification for myeloid neoplasm regroups

The World Health Organization (WHO) new classification for myeloid neo-
plasm regroups clinical cytogenetic and molecular criteria, which were associated
with the morphological and immunophenotypic characteristics used in the clas-
sification recommended by the French-American-British (FAB) cooperative group
[16]. The current update of the WHO classification provides few changes to the
existing disease categories. The remaining subcategory AML, not otherwise speci-
fied (NOS), pure erythroid leukemia, requires more than 80% immature erythroid
precursors with more than 30% proerythroblasts. The most important modification
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concerned a new category “myeloid neoplasms with germ line predisposition”
which has been added.

Table 1 summarizes the update of WHO classification of 2016, and Table 2
gives more details about the new category “myeloid neoplasms with germ line
predisposition” [17].

3.1 AML with recurrent genetic abnormalities

The revisit interested in the molecular basis of the LMA with inv(3) (q21.3;
q26.2) ort (3; 3) (q21.3; q26.2) has demonstrated that the repositioning of a GATA2
enhancer element which is the cause of overexpression of the MECOM gene (EVI1)
and haploinsufficiency of GATA?2 [18, 19].

The revisit added another provisional entity; it is about “AML with BCR-ABL1”
Treatment with a tyrosine kinase inhibitor for patients with this abnormality is
essential. In some cases, distinguishing from blast phase of chronic myeloid leu-
kemia can be difficult; preliminary data suggest that deletion of antigen receptor
genes (immunoglobulin heavy chain and T-cell receptor), IKZF1, and/or CDKN2A
would be in favor of the diagnosis of AML rather than chronic myeloid leukemia
blast phase [20].

When AML is associated with mutated nucleophosmin (NPM1) or biallelic
mutations of CCAAT/enhancer-binding protein alpha (CEBPA), it is recognized as
full entities. AML associated with biallelic mutations of CEBPA is the only reported
as purveyor for the favorable prognosis [21, 22].

Finally, a new provisional entity “AML with mutated RUNX1” (excluding cases
with changes associated with myelodysplasia) has been introduced. It has been
associated with distinct clinico-pharmacological features and a poor prognosis
[23, 24].

3.2 AML with myelodysplasia-related changes

Many criteria were introduced for this category, like the presence of multilineage
dysplasia, preexisting myeloid disorder, and/or myelodysplasia-related cytogenetic
changes. The deletion 9q was also removed from the list of myelodysplasia-related
cytogenetic changes, this modification was done because del9q is usually associated
with t(8;21), and it also frequently occurs in AML with NPM1 and biallelic CEBPA
mutations [25, 26].

3.3 AML, not otherwise specified

The subgroup with acute erythroid leukemia and erythroid/myeloid type was
defined, in the past, by the presence of more than 50% bone marrow erythroid
precursors and more than 20% myeloblasts among nonerythroid cells; actually
myeloblasts are always counted as percentage of total marrow cells. The remaining
subcategory AML, not otherwise specified, pure erythroid leukemia, is defined by
the presence of 80% immature erythroid precursors with more than 30% proeryth-
roblasts. On AML NOS, FAB classification does not give any prognosis information
if NMP1 and CEBPA documentation are done [27].

3.4 Myeloid neoplasms with germ line predisposition (synonyms: familial
myeloid neoplasms; familial myelodysplastic syndromes/acute leukemias)

This new category was recently included; this category needs special inves-
tigations from physicians. He must reconstitute the patient and family history.
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Myeloid neoplasms with germ line predisposition (see Table 2)

AML and related neoplasms

AML and related neoplasms (cont'd)

AML with recurrent genetic abnormalities

Acute myelomonocytic leukemia

AML with t(8;21) (q22;q22.1); RUNX1-RUNXIT1

Acute monoblastic/monocytic leukemia

AML with inv(16) (p13.1q22) or t(16;16) (p13.1;q22);
CBFB-MYHI11

Pure erythroid leukemia®

Acute promyelocytic leukemia with PML-RARA

Acute megakaryoblastic leukemia

AML with t(9;11) (p21.3;q23.3); MLLT3-KMT2A"

Acute basophilic leukemia

AML with t(6;9) (p23;q34.1); DEK-NUP214

Acute panmyelosis with myelofibrosis

AML with inv(3) (q21.3¢26.2) or t(3;3)(q21.3;q26.2);
GATA2,MECOM(EVI1)

Myeloid sarcoma

AML (megakaryoblastic) with t(1;22) (p13.3;q13.3);
RBM15-MKLT*

Myeloid proliferations related to Down
syndrome

Provisional entity: AML with BCR-ABL1

Transient abnormal myelopoiesis

AML with mutated NPM15

Myeloid leukemia associated with Down
syndrome

AML with biallelic mutations of CEBPAS

Blastic plasmacytoid dendritic cell neoplasm

Provisional entity: AML with mutated RUNX1

Acute leukemias of ambiguous lineage

AML with myelodysplasia-related changes'

Acute undifferentiated leukemia

Therapy-related myeloid neoplasms?

MPAL with t(9;22) (q34.1;q11.2); BCR-ABL1"

AML, NOS

MPAL with t(v;11q23.3); KMT2A rearranged

AML with minimal differentiation

MPAL, B/myeloid, NOS

AML without maturation

MPAL, T/myeloid, NOS

AML with maturation

For a diagnosis of AML, a marrow blast count of 220% is required, except for AML with the recurrent genetic
abnormalities t(15;17), t(8;21), inv(16), or t(16;16).

MPAL, mixed phenotype acute leukemia; NK, natural killer.

"Other recurring translocations involving RARA should be reported accordingly: for example, AML with t(11;17)
(423:q12); ZBTB16-RARA; AML with t(11;17) (q13:q12); NUMAI-RARA; AML with t(517) (q35:q12); NPM1-
RARA; or AML with STAT5B-RARA (the latter having a normal chromosome 17 on conventional cytogenetic analysis).
"Other translocations involving KMT2A (MLL) should be reported accordingly: for example, AML with t(6;11)
(427;923.3); MLLT4-KMT2A; AML with t(11;19) (423.3;p13.3); KMT2A-MLLT1; AML with t(11;19)
(423.3;p13.1); KMT2A-ELL; and AML with t(10;11) (p12:423.3); MLLT10-KMT2A.

*Rave leukemia most commonly occurring in infants.
SDiagnosis is made irrespective of the presence or absence of multilineage dysplasia.

'At least 20% (220%) blood or marrow blasts and any of the following: previous history of MDS or MDS/MPN;
myelodysplasia-velated cytogenetic abnormality (see list below); multilineage dysplasia; and the absence of both
prior cytotoxic therapy for unrelated disease and aforementioned recurving genetic abnormalities. Cytogenetic
abnormalities sufficient to diagnose AML with myelodysplasia-velated changes are complex karyotype (defined as
three or more chromosomal abnormalities in the absence of one of the WHO-designated recurring translocations
or inversions, that is, t(8;21), inv(16) or t(16;16), t(9;11), t(v;11) (v;423.3), t(6;9), inv(3) or t(3;3); AML with

BCR-ABL1); unbalanced abnormalities: —7 or del(7q); =5 or del(5q); i(17q) or t(17p); —13 or del(13q); del(11q);
del(12p) or t(12p); idic(X) (q13); and balanced abnormalities: t(11;16) (423.3;p13.3); t(3;21) (426.2;422.1); t(1;3)
(p36.3;421.2); (2;11) (p21;923.3); t(5:12) (q32;p13.2); t(5:7) (432;q11.2); t(5:17) (q32;p13.2); t(5;10) (q32;921.2);
t(3;5) (q25.3;435.1).
ICases should be classified with the related genetic abnormality given in the diagnosis.
#The former subgroup of acute erythroid leukemia and erythroid/myeloid type (>50% bone marrow evythroid
precursors and > 20% myeloblasts among nonerythroid cells) was removed; myeloblasts are now always counted
as percentage of total marvow cells. The remaining subcategory AML, NOS, pure erythroid leukemia, requires the
presence of >80% immature erythroid precursors with 230% proerythroblasts.

BCR-ABL1+ leukemia may present as MPAL; treatment should include a tyrosine kinase inhibitor.

Table 1.
Myeloid neoplasms with germ line predisposition, AML and related precursor neoplasms, and acute leukemias
of ambiguous lineage (WHO 2016).
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WHO classification

Classification

Myeloid neoplasms with germ line predisposition without a preexisting disorder or organ dysfunction

AML with germ line CEBPA mutation

Myeloid neoplasms with germ line DDX41 mutation’

Myeloid neoplasms with germ line predisposition and preexisting platelet disorders

Myeloid neoplasms with germ line RUNX1 mutation’

Myeloid neoplasms with germ line ANKRD26 mutation’

Myeloid neoplasms with germ line ETV6 mutation’

Myeloid neoplasms with germ line predisposition and other organ dysfunction

Myeloid neoplasms with germ line GATA2 mutation

Myeloid neoplasms associated with bone marrow failure syndromes

Juvenile myelomonocytic leukemia associated with neurofibromatosis, Noonan syndrome, or Noonan
syndrome-like disorders

Myeloid neoplasms associated with Noonan syndrome

Myeloid neoplasms associated with Down syndrome’

Guide for molecular genetic diagnosticsi

Myelodysplastic predisposition/acute leukemia predisposition syndromes

CEBPA, DDX41, RUNX1, ANKRD26, ETV6, GATA2, SRP72, 14q32.2 genomic duplication (ATG2B/GSKIP)

Cancer predisposition syndromes’

Li-Fraumeni syndrome (TP53)

Germ line BRCA1/BRCA2 mutations

Bone marrow failure syndromes

Dyskeratosis congenita (TERC, TERT)

Fanconi anemia

"Recognition of familial myeloid neoplasms requires that physicians take a thorough patient and family history to
assess for typical signs and symptoms of known syndromes, including data on malignancies and previous bleeding
episodes.

"Lymphoid neoplasms are also reported.

*Molecular genetic diagnostics are guided by a detailed patient and family history; diagnostics should be performed
in close collaboration with a genetic counselor; patients with a suspected hevitable myeloid neoplasm, who test
negative for known predisposition genes, should ideally be entered on a research study to facilitate new syndrome
discovery.

SMutations in genes associated with cancer predisposition genes such as TP53 and BRCA1/2 appear to be frequent in
therapy-related myeloid neoplasms.

Table 2.
WHO classification of myeloid neoplasms with germ line predisposition and guide for molecular genetic
diagnostics.

Affected patients, including their families, should benefit from genetic counseling
with a counselor familiar with these disorders.
4. European leukemia net 2017 recommendations

The WHO 2008 and 2016 classifications incorporated modifications that

allowed for a greater number of patients to be classified into the category of AML
[28]. However, in 2010, an international expert panel, on behalf of the European
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Leukemia Net (ELN), established recommendations for diagnosis and manage-
ment of acute myeloid leukemia. These recommendations have been widely used in
practice, within clinical trials, and by regulatory agencies. Recently, a big progress
has been made in understanding disease pathogenesis and in the development of
diagnostic assays and novel therapies. The ELN recommendations were updated,
and new recommendations were published.

The goal of ELN is to subdivide genetic categories on prognostic groups to make
easier correlations between genetic abnormalities and clinical characteristics and
outcomes.

Although a subsequent study elicited a longer overall survival (OS) in the inter-
mediate I group than in the intermediate II group, both groups were prognostically
indistinguishable in the more aged patients, who represent the majority of AML
cases [25].

The new recommendation of ELN identifies three groups (favorable, intermedi-
ate, adverse) with some changes. It was proved that in AML with NPM1 or biallelic
CEBPA mutations, the presence of coexisting chromosomal abnormalities does not
appear to modify the prognostic [29].

The latest published research has confirmed that the relapse rate and outcomes
associated with FLT3-ITD are related to the ITD allele ratio. Studies showed that
patients with NPM1 and FLT3-ITD mutation with a low allelic ratio (<0.5) (FLT3-
ITDlow) have the same response rate as patients with NPM1 mutation but no
FLT3-ITD; they are classified in the favorable group.

The latest findings from recent research suggest that the presence of the FLT3
mutation alone is not sufficient to classify patients into unfavorable prognostic
groups and that patients with a NPM1 and FLT3-ITD mutation with a low allelic
ratio (<0.5) (FLT3-ITDlow) have the same result as patients with a NPM1 mutation
without FLT3-ITD; they are included in a favorable group [30, 31].

Patients with a high ratio are classified in the unfavorable group when they have
wild-type NPM1 and FLT3-ITD with a high (>0.5) allelic ratio (FLT3-ITD"¢");
those patients have a poor outcome, but recently the use of FLT3 inhibitors can
improve prognosis [32].

Other abnormalities were introduced to adverse-risk group like RUNX1, ASXL1,
and TP53 mutations and monosomal karyotype [33, 34].

5. Medical Research Council (MRC) cytogenetic classification

In the past Medical Research Council (MRC) cytogenetic classification was
developed, by analyzing a cohort of 1612 children and younger adults (55 years)
treated in the MRC AMLI1O0 trial; this work was realized more than a decade ago and
distinguishes three cytogenetic risk groups [35]. The first group includes patients
with t(15;17), t(8;21), and inv(16), irrespective of the presence of additional
cytogenetic changes; these categories were assigned to the “favorable-risk” group.
The 2sd group concerns patients who have none of these aberrations and who have
abn(3q), del (5q), 5/7, or complex karyotype (five or more unbound cytogenetic
abnormalities). This group was considered as an “adverse risk.” Other patients,
those with normal karyotype (NK) and other structural or numerical abnormali-
ties, were in the “intermediate-risk” group. In the original MRC study, patients
having infrequent or rare abnormalities were not considered individually and were
assigned to the intermediate-risk group [36].

Advances in molecular biology have provided important insights into molecular
abnormalities that previously were poorly understood.
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Significant advances in technology, including chromosome banding, with
fluorescence/chromosome in situ hybridization, or other analyses like array com-
parative network genomic hybridization, genome breakpoints cloning and Sanger
sequencing of candidate genes and profiling of single nucleotide polymorphism,
and even whole-genome sequencing (WGS), whole-exome sequencing (WES), and
RNA sequencing have all contributed to incremental improvements in understand-
ing the genetic basis of the AML.

The whole-genome sequencing for AML confirmed that it is a complex and
instable disease. There are many leukemia genes, most of which are infrequently
mutated, and patients typically have many driver mutations. The evolution is
characterized by emergence of many competing clones which can coexist at any
time.

Figure 1 illustrates different genes and clones coexisting in the same patient [17].

The Cancer Genome Atlas (TCGA) consortium analyzed 200 AML patients by
whole-genome or whole-exome sequencing and identified 23 genes as “significantly
mutated” at a higher-than-expected frequency [37].

Recently research confirmed that normal karyotype AML is a very heteroge-
neous group; many gene mutations were detected in normal karyotype AML by
cutting-edge next-generation sequencing NGS technology, like FLT3-ITD, NPM1,
CEBPA, and other additional mutations.

DNMT3A and RUNX1 mutations represent the most important predictors of
shorter overall survival in AML patients aged less than 60 years and particularly in
those with intermediate-risk cytogenetic. NPM1 mutations in the absence of FLT3-ITD,
mutated TP53, and biallelic CEBPA mutations were identified as important molecular
prognosticators of OS irrespective of patient age. Researching these gene mutations is
important. It can be helpful on diagnosis and it can be a molecular marker of prognosis,
predictive for response of treatment, and used also for disease monitoring.

RUNX1~20% | MLL-PTD ~30% Other 10% t(15;17)(q22;q21)/PML-RARA | FLT3-ITD ~35% e
o - 13% -TKD ~;
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NRAS ~40%
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Figure 1.

Moglecular classes of AML and concurvent gene mutations in adult patients up to the age of ~65 years. For each
AML class denoted in the pie chart, frequent co-occurring mutations ave shown in the vespective boxes. Data
on the frequency of genetic lesions are compiled from the databases of the British Medical Research Council
(MRC) and the German-Austrian AML study group (AMLSG) and from selected studies. It indicates cohesin
genes including RAD21 (10%), SMC1A (5%), and SMC3 (5%); inv(16) (p13.1922) or t(16;16) (p13.1;422);
CBFB-MYHzi1; and inv(3) (q21.3926.2) or t(3;3) (q21.3;926.2); GATA2, MECOM (EVI1), and TP53 mutations
are found in 45% and complex karyotypes in 70% of this class.
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It has been proven in previous studies that patients with cytogenetically normal
AML or intermediate-risk abnormalities have more additional gene mutations than
patients with favorable or unfavorable abnormal cytogenetic and especially those
with balanced translocations [38].

Elderly patients have more driver gene mutations than younger patients. Older
patients are characterized by having more alterations in specific genes including
TET2, RUNX1, ASXL1, and SRSF2. All this genes have recently been implicated
in age-related clonal hematopoiesis. These data contribute to highlight our under-
standing of differences in AML biology between younger and older patients [39].

5.1 Mutations in the fms-related tyrosine kinase 3 gene (FLT3)

Mutations in the fms-related tyrosine kinase 3 gene (FLT3) are present in 30%
of patients having AML [40]. In approximately three quarters of these patients, the
mutation found concerns FLT3 internal tandem duplication mutation (ITD sub-
type). This mutation is the result of the duplication between 3 and more than 100
amino acids located in the juxtamembrane region. Studies confirmed that patients
with AML having ITD mutations had a poor outcome with high risk to relapse. The
rate of response is related to the ratio of mutant. In fact, the prognosis is poorer
when there is a high ratio of mutant to wild-type FLT3 alleles. This permits the
development of specific treatment of such FLT3 inhibitors.

In fact, recent studies showed that the use of several specific tyrosine kinase
inhibitors improves outcome and clinical trials that are underway [41, 42]. The
inclusion of such inhibitors in therapeutic strategy with alloHCT might further
improve future outcome of patients with FLT3-ITD AML [43].

5.2 Nucleophosmin protein mutation

NPM1 mutation is detected approximately in 30% of cases of AML with normal
karyotype NPM; it is an aberrant cytoplasmic localization of the nucleoplasmin protein.
Nuclephosmin protein mutation also named as B23 or numatrin, is a nucleocytoplasmic
shuttling protein that constantly exchanges between the nucleus and cytoplasm [44].

5.3 CCAAT/enhancer-binding protein alpha mutations

CCAAT/enhancer-binding protein alpha mutations in AML are associated with
favorable prognosis and are divided into N- and C-terminal mutations (double-
mutated). CEBPA mutation occurs in 5-10% of cases of acute myeloid leukemia. Recent
studies have shown that CEBPA-double-mutated (CEBPA-dm) cases, rather than single
mutants, are associated with a common gene expression signature and a relatively
favorable outcome. Based on these features, CEBPA-dm AML has been recognized as a
separate entity in the revised World Health Organization 2016 classification [45].

5.4 Recurrent mutations in isocitrate dehydrogenase 1/2 (IDH1/IDH2)

Recurrent mutations in isocitrate dehydrogenase 1/2 (IDH1/IDH2) occur in
~12% of patients with acute myeloid leukemia with normal karyotype. Mutated
IDH2 proteins neomorphically synthesize 2-hydroxyglutarate resulting in DNA
and histone hypermethylation, which leads to blocked cellular differentiation.
The incidence of this gene mutation increases with age [46]. Enasidenib (AG-221/
CC-90007) and ivosidenib (AG-120) are first-in-class, oral, selective, small-mole-
cule inhibitors of IDH2- and IDH1-mutant enzymes, respectively.
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5.5 DNMT3A mutation

DNA methyltransferase (DNMT) 3A catalyzes the addition of methyl groups to
the cytosine residue of CpG dinucleotides in DNA; the role of DNMT3A is to encode
the DNMT. DNMT?3A is constituted by three main structure domains: an ATRX,
DNMT3, and DNMT3L-type zinc finger domain, a proline-tryptophan-tryptophan-
proline domain, and the methyltransferase (MTase) domain.

The proline-tryptophan-tryptophan-proline domain targets the enzyme to
nucleic acid, whereas the zinc finger domain is responsible of mediating protein-
protein and interacting with the transcription factors Myc and RP58, the hetero-
chromatin protein HP1, histone deacetylases, and the histone methyltransferase
Suv39hi1 [47].

DNMT3A mutation confers a specific clinical and biological feature, it is associ-
ated with poor prognostic, and it represents an unfavorable risk factor in AML
patients independent of others risk factors like age, WBC counts, karyotype, and
other genetic markers.

6. Conclusion

The update of WHO classification and ELN recommendations is useful for
physicians; it can help to better subdivide risk groups and propose adequate treat-
ment for each group [28]. On the other hand, an increasing understanding of
molecular aberrations that triggers the development of AML and growing use of
next-generation sequencing are advancing the development of investigational drugs
against potential driver mutations in AML.
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First-Tier Array CGH in Clinically
Variable Entity Diagnosis: 22q13.3
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Abstract

Phelan-McDermid (PMS) or 22q13 deletion syndrome (OMIM 606232) is a rare
genetic disorder with highly variable clinical presentation. The phenotype includes
generalized neonatal hypotonia, developmental delay with intellectual disability
and delayed speech, mild dysmorphic features, and autistic behavior. The genetic
defects of PMS consist of 22q13.3 deletions or chromosomal structural rearrange-
ments involving SHANK3 gene; the loss of function mutations of SHANK3 gene
was reported in a minority of cases. The 22q13.3 deletions vary in size, from 0.2
to over 9 Mb, and, although larger deletions are generally associated with more
severe phenotypes, the genotype-phenotype correlations are not clear-cut for all
patients. SHANK3 is considered the main candidate gene for the neurologic features
of PMS. PMS is a rare disorder, often underdiagnosed. There are no established
clinical diagnostic criteria for PMS. The genetic tests typically used are chromo-
somal microarray and multiplex ligation-dependent probe amplification (MLPA) or
fluorescent in situ hybridization (FISH) for copy number analysis of SHANK3 gene;
next-generation sequencing (NGS) or Sanger sequencing is used for pathogenic
mutation screening of SHANKS3. In this chapter, we report three cases with PMS
and summarize the clinical and genetic diagnostic approaches of this condition,
highlighting the role of chromosomal microarray technology in the identification of
rare, but significantly impacting patient’s life, DNA copy number abnormalities.

Keywords: chromosomal microarray, deletions, intellectual disability, speech delay,
autistic features

1. Introduction

Phelan-McDermid or 22q13 deletion syndrome (OMIM 606232, PMS) isa
genetic disorder characterized by a wide phenotypic spectrum that includes
neonatal hypotonia, global developmental delay with cognitive deficits, absent to
severely delayed speech (usually, more advanced perceptive language than expres-
sive language), dysmorphic features (dolichocephaly, large or malformed ears, full
brows, full cheeks, bulbous nose, pointed chin), behavioral abnormalities with
autistic features (poor eye contact, stereotypic movements, impaired social interac-
tions, aggressive behavior), and various neurological problems (reduced perception
of pain, seizures, abnormal patterns of movements, habitual chewing or mouthing,
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inability to regulate sweating) [1-3]. Patients with PMS are highly unlikely to ever
function independently. Less often, congenital kidney anomalies [3], arachnoid
cysts [1], and higher frequency of other pathological conditions (gastrointestinal
disease, upper respiratory tract infections, ventriculomegaly, dysmyelination, mor-
phological changes of the corpus callosum [4]) are described. No life-threatening
malformations are associated with this disorder; however, as the number of patients
reaching older ages is small, there may be yet a not identified potential for develop-
ing life-threatening conditions. Its incidence is not known, but the PMS Foundation
estimates approximately 1949 patients worldwide, as of September 2018 on http://
www.22q13.0rg; the prevalence of subjects with PMS in patients with neurodevel-
opmental delay was estimated at 0.27% [5]; it is present with equal frequency in
both sexes.

The genetic anomalies associated with PMS involve 22q13.3 region, leading to
SHANK3 gene haploinsufficiency, in the vast majority of cases. Simple deletions
were described in ~79% of patients; deletions generated by unbalanced transloca-
tions, ring chromosomes, or complex chromosomal rearrangements were reported
in ~18% of patients. In addition, mutations involving SHANK3 gene were detected
in a minority of patients (~3%) with PMS phenotype [6].

Chromosome 22q13.3 deletions range from 0.2 to over 9 Mb [5, 7]. A critical
region for PMS was refined in 2002 by Anderlid et al. [8], to 100 kb containing
SHANK3, ACR, and RABL2B, with SHANK3 being the candidate gene for the
clinical features of PMS. In 2001, Bonaglia et al. [9] reported a patient with a
phenotype consistent with PMS, bearing a translocation t(12;22) which disrupted
SHANK3 gene only. Subsequent studies, reporting small chromosomal deletions
and mutations, brought further evidence supporting the role of SHANK3 gene
in PMS neuropsychiatric phenotype [10, 11]. Both contiguous gene deletion at
22q13.3, including SHANK3, and pathogenic variants of SHANK3 were reported in
PMS. Rarely, interstitial deletions with intact SHANK3 and PMS-like phenotypes
have been described, indicating that haploinsufficiency of other genes or a posi-
tional effect influencing SHANK3 expression may cause the same phenotype in
some patients [12-14].

SHANK3 encodes for a scaffold protein that connects ion channels and receptors
in the postsynaptic density of glutamatergic synaptic membrane to the cytoskel-
eton, thus participating in a signal transduction pathway highly relevant to various
forms of autism spectrum disorder (ASD) [1, 4, 15, 16]. Neurons differentiated
from induced pluripotent stem cells from patients with PMS have reduced SHANK3
expression and major defects in excitatory, but not inhibitory synaptic transmis-
sion [17]. Yi et al. [18] demonstrated, in 2016, that SHANK3 haploinsufficiency
decreases I, channel function, leading to altered synaptic function.

The deletions in PMS patients span a large genomic region and encompass
numerous protein coding genes; many of these genes are highly expressed in the
brain [19]. Genotype-phenotype correlations connected larger deletion sizes with
the severity of the developmental profile, hypotonia, increased number of medical
comorbidities, dysmorphic features, and absence of an ASD diagnosis [12]; on the
contrary, other studies suggested more severe autistic phenotype in patients with
larger deletions, or even no association at all [4]. Additionally, it has been hypoth-
esized that the increase in the deletion size may attenuate the effects of SHANK3
deficiency, i.e., autistic features, due to additional genes concomitant deletions;
also, the severe developmental and language impairments observed in patients with
larger deletions make the evaluation of autistic features more difficult [12].

The genetic anomalies in PMS are de novo (80% of cases) or inherited from par-
ents with balanced translocations, inversions, or mosaics (20% of cases); Sarasua
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et al. [12] reported a 75% inheritance of the abnormal chromosome from the father,
but no association with parental age at conception. PMS has been described both in
mosaic and non-mosaic forms.

PMS is a rare disorder, with a broad phenotypic spectrum, that often goes
underdiagnosed. As there are no specific clinical features suggestive for PMS, the
diagnosis is genetic. Chromosomal microarray is the method most commonly used,
as a first-tier approach; various techniques can be used for confirmation of copy
number imbalance (fluorescent in situ hybridization (FISH), multiplex ligation-
dependent probe amplification (MLPA), or qPCR. We report three cases with PMS
and summarize the clinical and genetic diagnostic approaches of this condition,
highlighting the role of array-based comparative genomic hybridization (array
CGH) technology in identification of rare, but significantly impacting patient life,
DNA copy number abnormalities.

2. Materials and methods

Our patients have been referred to clinical and genetic evaluation for develop-
mental delay and behavior problems. The patients have been clinically evaluated by
a multidisciplinary team including child psychiatry and child neurology special-
ists, as well as a psychologist. Array-based comparative genomic hybridization
(array CGH) using two oligonucleotide platforms (180 and 60 K) was performed
on genomic DNA (gDNA) isolated from peripheral blood, as recommended by
manufacturer (Agilent Technologies, Agilent Oligonucleotide Array-Based CGH for
Genomic DNA Analysis Enzymatic Labeling for Blood, Cells, or Tissues Protocol,
Version 7.3, March 2014). FISH using bacterial artificial chromosome (BAC) probes
RP11-316110 (22q11.21), CTA799F10, and cosmide n85a3 (22q13.33) was carried out
according to standard protocol, in probands and parents.

All three patients were born to healthy, non-consanguineous parents, follow-
ing uncomplicated pregnancies and with no perinatal events. Patients 1 and 2 are
siblings; patient 3 is the second child, having a healthy sibling. Table 1 summarizes
the clinical characteristics of our patients.

The first patient, a 4-year-old boy, with a height of 91 cm (Pc 5), weight of 16 kg
(Pc 25), and occipitofrontal circumference (OCP) of 49 cm (Pc 25), presented
delayed psychomotor development (walked alone at 18 months, says no syllables);
minor dysmorphic features: hypoplastic helix, bilateral epicanthus, long eyelashes,
and thin upper lip; bilateral 2nd—3rd toes partial cutaneous syndactyly; and sacral
dermal sinus. Neurological evaluation revealed gross and fine motor inabilities and
absent speech. Psychiatric and psychologic evaluation showed severe intellectual
disability, autistic features (absent psychical and visual contact, stereotypic play,
no social interactions), and hyperkinesia with aggressive behavior. He had a history
of repeated respiratory infections. Electroencephalography (EEG) and abdominal
ultrasound investigations were normal. Brain MRI revealed minimal dysmyelin-
ation and corpus callosum hypotrophy. Metabolic screening tests for Pompe disease,
neurolipidosis, mucopolysaccharidosis, glycoproteinosis, mucolipidosis type I, and
serum amino acids were normal.

The second patient, a 2-year-old sister of patient 1, with a height of 81 cm (Pc 10),
weight of 11.2 kg (Pc 25), and occipitofrontal circumference (OCP) of 47 cm (Pc
25-50), presented moderately delayed psychomotor development (walked alone
at 1.5 year old; had first syllables at 6 months without any progression afterward),
micrognathia, and bilateral 2nd-3rd toes partial cutaneous syndactyly. Neurological
examination showed gait disorders (an instable gait, with left lower limb rotated
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Features Patient 1 Patient 2 Patient 3
Neonatal hypotonia + + +
Normal to accelerated growth + + +
Absent to severely delayed speech + + +
Global developmental delay + + +
Minor dysmorphic facial features + + +

Behavior characteristics

e Autistic-like affect and behavior + + +

* Mouthing or chewing nonfood items — — _

* Decreased perception of pain NA NA NA

Relatively large and fleshy hands + + _

Dysplastic toenails — — _

sacral dimple + — _
Decreased perspiration NA NA NA
Feeding difficulties — — _
Strabismus — — —

Renal problems — — —

Seizures — — —

NA, not assessed; +, present; —, absent.

Table 1.
Clinical characteristics of our patients.

outside) and speech delay (she says only few syllables). Psychiatric and psychologic
evaluation revealed moderate developmental delay and autistic features (did not
respond to commands; was not sociable, playing alone, and imitating only few
actions). Her history included prolonged neonatal icterus (Crigler-Najjar syndrome
type II). Her EEG was normal.

The third patient, an 11-year-old girl, presented delayed psychomotor develop-
ment; she walked alone at 2 years and said first syllables after 5 years. The neuro-
logical evaluation at 11 years and 7 months showed severe intellectual disability and
severe speech delay (she said only few mono- and disyllabic words, understood few
simple orders). Brain MRI showed cerebellar subarachnoid cyst.

All three patients were investigated with genome-wide array CGH platforms.
Array CGH experiments were performed using SurePrint G3 Human CGH
Microarray Kits 180 K containing 170,334 distinct oligonucleotide probes (patients
1and 2) and 60 k containing 55,077 distinct oligonucleotide probes (patient 3).
The median probe spacing in RefSeq genes was 11 kb for 180 K platform and 33 kb
for 60 K platform, respectively. The genomic gDNA was extracted using PureLink
Genomic DNA Mini Kit (Invitrogen, Thermo Fisher Scientific); the concentration
and quality of gDNA were assessed using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). Normal human gDNAs (Agilent Human Reference
DNA Male or Female, according to the sex of the patient) were used as reference
DNA. The experimental procedures were conducted using 1000 ng gDNA for
180 K microarray kit and 500 ng for 60 K microarray kit, for each sample (test
and reference). After the enzymatic digestion of gDNA with Alul and Rsal, the
reference DNA samples were labeled with cyanine 5-deoxyuridine triphosphate
(Cy5-dUTP) and the patients DNA samples with Cy3-dUTP, respectively, using the
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SureTag DNA Labeling Kit (Agilent Technologies). The labeled test and reference
samples were pooled and purified together using Agilent Purification Columns. The
DNA mixture was combined with Cot-1 DNA (Agilent Technologies), 10x aCGH
blocking agent, and 2x HI-RPM hybridization buffer (Agilent Technologies); the
mixture was dispensed to a microarray slide, assembled with an Agilent hybridiza-
tion chamber, and incubated at 67°C for 24 h at 20 rpm. The hybridization was
followed by a two-step washing procedure using Wash Buffer 1 and Wash Buffer 2
(Agilent Technologies). The microarray slides were scanned with Agilent SureScan
Microarray Scanner system, and the data were extracted and analyzed using Agilent
Cytogenomics software (Agilent Technologies). Copy number variations (CNVs)
were called if they encompassed at least three consecutive probes with a log2 ratio
value over 0.25 or below —0.25. For CNV clinical interpretation, public databases
were used: UCSC (http://genome.ucsc.edu, accessed July 15, 2019); DGV (http://
dgvtcag.ca/dgv/app/), OMIM (http://www.omim.org/); DECIPHER (http://deci-
pher.sanger.ac.uk/), and PubMed (https://www.ncbi.nlm.nih.gov/pubmed/).

3. Results and discussion

PMS has been under continuous investigation since its description [20, 21] that
benefited, in many cases, by the strong cooperation of the PMS Foundation. Most
of the patients were recruited in the USA [7, 12, 20-23] and Western Europe
[9, 24-29]; there are also reports from Korea [30] and China [31]. PMS seems to be
underdiagnosed in many parts of the world. However, the wide use of chromosomal
microarray as a first-tier test for patients with neurodevelopmental disorders,
autism, and congenital malformations [32] has greatly improved both diagnostic
sensitivity and yield.

The array CGH results of our patients revealed deletions of 22q13 includ-
ing SHANK3 gene. The genomic profiling of the two siblings (patients 1
and 2) revealed an identical 1.38 Mb interstitial duplication and a 1.565 Mb
distal deletion: arr[GRCh37] 22q13.31q13.33(48202588_49585589)x3 and
22q13.33(49628598_51193680)x1 (Figure 1a). The deletion was confirmed by
FISH. The duplication contained 2 miRNAs and FAM19A5, a gene coding a protein
expressed mainly in the brain, considered a putative immunomodulator in nervous
cells [5], while the 1.56 Mb deleted region included 37 genes, among which are
ALG12, MLC1, SBF1, SCO2, TYMP, MAPKS8IP2, ARSA, SHANK3, ACR, TUBGCP6,
and CHKB (Figure 1b). Karyotype analysis and FISH testing of both parents
(CTA799F10 probe, 22q13.33) showed no visible anomalies.

Patient 3 had a 3.514 Mb deletion, arr[GRCh37] 22q13.31q13.33
(47664025_51178264)x1, containing 41 genes, among which are ALG12, MLC1,
SBF1,SCO2, TYMP, MAPKS8IP2, SHANK3, ARSA, TUBGCP6, and CHKB
(Figure 2a and b). The result was confirmed by FISH, using RP11-316I10 probe
(22q11.21) and cosmide n85a3 (22q13.33).

The cytogenetic findings in PMS may be variable. In a study gathering 201 PMS
patients analyzed by array CGH, the vast majority had 22q13 terminal deletions.
Duplications, varying in size from 0.02 to 6.84 Mb, localized centromeric to the
deleted region were detected in 9% of patients [7]. Two of our patients (patients 1
and 2, siblings) have a similar pattern and a proximal duplication that accompanies
a terminal deletion. This type of duplication-deletion cytogenetic changes have
been reported for many chromosomes, and it is most likely mediated by a U-type
exchange between sister chromatids [33]. Patient 3 had a simple terminal deletion.

22q13 region in the vicinity of SHANKS3 gene is rich in genes with a high expres-
sion in the brain and also a high probability of loss of function intolerance [19, 34].
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(a) The genomic profiling of the two siblings (patients 1 and 2) vevealing an identical 1.38 Mb interstitial
duplication and a 1.565 Mb distal deletion and (b) UCSC Genome Browser window showing the genomic
coovdinates of the detected variants.
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(a) The genomic profiling of the patient 3 showing a 3.514 Mb deletion and (b) UCSC Genome Browser
window showing the genomic coordinates of the detected variant.

The haploinsufficiency of these genes is considered to contribute not only to the
variability of the phenotype but also to the neuropsychiatric features of PMS.
Among the genes located on 22q, PARVB and SULT4A1 genes (telomeric to
SHANK3) have been associated with increased severity of PMS [29]. Mitogen-
activated protein kinase 8-interacting protein 2 (MAPKS8IP2) localized centromeric to
SHANK3 codes a protein with high expressivity in the brain (postsynaptic density);
experimental animal studies showed that mice lacking MAPK8IP2 had motor and
cognitive deficits [35]. MLC1 gene variants have been reported as causal for megalen-
cephalic leukoencephalopathy characterized by regression of development. Taking
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into account the prevalence of regression symptoms in PMS, the relation between
deletion of MLC1 gene and regression might bring new insights [35].

Other genes in this region have been involved in particular aspects of PMS (e.g.,
NUP50, CERK, KIAA1644, PHF21B, c220rf9, FBLN1, CELSR1, or miRNA molecules
located at 22q) [7]. Frye et al. [36] brought evidence that haploinsufficiency of
genes related to mitochondrial functioning, located at or close to 22q13.3 (e.g.,
TRMU, SCO2, TYMP, CPT1B), may explain a part of the phenotypic variation in
PMS patients.

PARVB and WNT7B gene loss as well as larger or more proximal deletions of
22q have been associated with absent speech [5, 7]. In addition, Soorya et al. [10]
reported in 2013 that expressive and receptive language skills were not significantly
associated with deletion size. Our patients 1 and 3 had absent speech; patient 2,
evaluated at 2 years of age, also presented speech delay. The regions deleted in our
patients did not correlate with the abovementioned genetic regions nor include
PARVB and WNT7B genes. However, both of our patients exhibited ASD, which
has been associated with smaller deleted segments [5]. Aggressive behavior, pres-
ent in patient 1, has been assumed to be inversely correlated with the deletion size
[7]. Brain structural anomalies, among which is corpus callosum hypoplasia, are
reported in the literature to be present in 25-66% of patients [5]; this anomaly was
present also in the first patient. Patient 3 has a cerebellar subarachnoid cyst, also
reported in PMS patients [4]. Patient 2 did not undergo brain MRI.

4, Conclusion

PMS is a rare disorder, with a broad phenotypic spectrum, which often goes
underdiagnosed. Although the phenotype is clinically heterogeneous, PMS should
be considered in any patient with global developmental delay, absent or severely
delayed speech, and autistic behavior, in association with some minor dysmorphic
features (dolichocephaly, ear anomalies, periorbital fullness, epicanthal folds,
hypertelorism, long eyelashes, bulbous nose, pointed chin, large fleshy hands) and
hypotonia. The most common medical complications include seizures, gastrointes-
tinal problems, renal anomalies, and respiratory infections [4]. Brain MRI images
showed a high prevalence of arachnoid cysts, ventriculomegaly, dysmyelination,
and morphological changes of the corpus callosum [4]. Clinical practice param-
eters reviewed by Kolevzon et al. [4] aimed to provide guidelines for evaluation
and monitoring. The clinical evaluation and regular monitoring of patients with
PMS should include psychiatric, psychological, neurologic, endocrinological,
cardiologic, gastroenterological, nephrological, and pediatric examinations. After
areview of all case series reported previously, the authors concluded that there
are no specific features for the syndrome and the diagnosis of PMS is genetic [4].
Recommended genetic tests are chromosomal microarray (as a first-tier test),
MLPA, and FISH; if these tests are not informative in a patient, mutations should be
searched by NGS or Sanger sequencing.

Regarding the therapeutic strategy, patients can benefit from early intervention
targeted to improve their muscle strength and communication abilities, including
physical, speech, occupational, and behavioral therapies [1]. There are very few
studies on different medications in patients with PMS [37]. One study investigated
the effect of intranasal insulin—six individuals with PMS received 0.5-1.5 [U/day
three times daily for 12 months, with good effects both on motor development and
cognitive functions [38]. In another study on 25 children with PMS, intranasal
insulin improved intellectual and behavioral development, especially in children
older than 3 years, but most results were not statistically significant (Netherlands
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Trial Registry ID: NTR3758). Studies on mice and human neuronal models brought
evidence that insulin-like growth factor-1 (IGF-1) reverts synaptic deficits in PMS
[4, 27], as well as in Rett syndrome [4, 27], most probably due to its positive effects
on synaptic development, neurogenesis, and brain vessel growth [27]. Clinical
studies with IGF-1 and related compounds in autism spectrum disorders, including
PMS, are ongoing.

PMS is a rare disorder with a wide phenotypic spectrum and a large genomic
landscape. SHANK3 gene is considered the main culprit for the neuropsychiatric
phenotype; however, its role must be investigated in the broader genetic landscape.
Insights into the contribution of other genes at 22q13 are gained from genomic pro-
filing, leading to refined genotype-phenotype correlations. PMS clinical diagnosis
is challenging, as no pathognomonic features are described. Intellectual disability/
global developmental delay, severe speech impairment, autistic features, motor
impairments, and mild dysmorphic traits stand as the main clinical characteristics.

Genetic diagnosis of PMS has greatly benefited from the introduction of chro-
mosomal microarray. As no characteristic clinical features are described, genomic
profiling by microarray as a first-tier approach drives the diagnosis. Furthermore,
the detailed molecular characterization has advanced the understanding of differ-
ent gene contributions to PMS pathogenesis, thus paving the way for identification
of therapeutic targets.
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Chapter 7

The Energy as a Determinant
Factor in the Ethiopathogeny of
Chromosomal Abnormalities.

The Unsuspected Bioenergetic
Role of Melanin

Arturo Solis Herreva

Abstract

In the study of chromosomal abnormalities, in genetics, and in medicine in
general, attention is rarely paid to the role of energy in the healthy subject and in the
sick patient. The research on the chromosomal anomalies that are constantly
published, does not mention the energy necessary for the biochemical processes
involved in the function, replication and formation of genes, to be carried out in an
adequate way. It seems that it is assumed that energy levels are always fine or at
least did not have a significant role in the conditions associated with what we call
chromosomal anomalies. A characteristic of the cell nucleus that has gone unnoticed
is that it contains neither mitochondria nor ATP, much less glucose. Perhaps
because of this, some researchers and clinicians come to think that the nucleus of
cells does not require energy. The purpose of this work is to draw attention to the
importance of energy levels in all the metabolic processes of the cell; and to make
known that glucose is not an energy source, as it is only a source of carbon chains;
and finally remark that our body, through melanin, can take energy directly
from light.

Keywords: melanin, water dissociation, energy, hydrogen, aneuploidy

1. Background

Diseases attributed to chromosomal abnormalities are currently perceived as a
defect occurring at the deepest level of mutations in the complex sequence of
nucleic acids and causing biochemical, clinical or physical manifestations. The so-
called genetic diseases do not have yet a specific treatment, at most only symptom-
atic; because the problem has proved more complex than anticipated, as gene
therapy in its diverse form has not yielded the expected results; therefore alter-
ations in the bases, or in genes, or in chromosomes, or inclusive in histones have
been more extensive and complicated than expected.

The chromosome is called the highly organized structures, made up of DNA and
proteins, which contains most of the genetic information of a living being. The DNA
double helix is bound to proteins called histones. The histones have positively
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charged (basic) amino acids to bind the negatively charged (acidic) DNA. The DNA
is wrapped around the histone core of eight protein subunits, forming the nucleo-
some. The nucleosome is clamped by histone H1. About 200 base pairs (bp) of DNA
coil around one histone [1].

Methylation of histone or of DNA usually turns a gene off. Acetylation of histone
usually turns a gene on. Phosphorylation is not known what that does. The only
thing they have in common is that for them to happen properly, they require
energy, and in various ways, not just activation energy.

Prokaryotic cells (bacteria) contain their chromosome as circular DNA. Usually,
the entire genome is a single circle, but often there are extra circles called plasmids.
The DNA is packaged by DNA-binding proteins.

The bacterial DNA is packaged in loops back and forth. The bundled DNA is
called the nucleoid. It concentrates the DNA in part of the cell, but it is not sepa-
rated by a nuclear membrane (as in eukaryotes). The DNA does form loops back
and forth to a protein core, attached to the cell wall [2]. By the way, melanin, in
prokaryotics, is in the cell wall mainly.

Chromosomes are fundamental part of genetic information, comprising molec-
ular DNA wrapped in a highly complex form by histones that surround the double
helix. Damage or even minute changes to the structure of the chromosomes, genes,
nucleotides or histones can lead to diverse health problems and health defects.
Having too many or too few chromosomes in a cell can be considered as chromo-
somal abnormality.

Chromosome abnormalities, even to the nucleotide level, may cast light on the
nature of mechanisms whereby normal anatomy evolves, and abnormal anatomy
arises. Correlating genotype to phenotype is a formidable challenge exercise [3].

The number of chromosomes, as well as every one of the structures that make up
them is astonishingly accurate and is repeated every day from the beginning of
time. Then, why are the alterations to whether is in genes or chromosomes? And
even more, why are chromosomal alterations not isolated or unique? If the energy
source is ATP and therefore mitochondria, why does the cell nucleus have none?

2. Introduction

The chromosome is the heart of a central paradox in evolution. How do species
in the three kingdoms remain the same over long periods of geological time and
generate enough variability to produce new species, sometimes relatively rapid? [4].
Stability versus change is a crucial dichotomy in molecular biology. The events that
bring about stability and change in DNA structure involve processes of replication,
transcription and recombination; and since beginning of time, similar mechanisms
operate in the three living kingdoms.

Free living bacteria need genetic information and energy to synthesize proteins
that means energy expenditure for executing vital functions. Most bacteria have a
single chromosome with DNA that is about 2 Mbp (mega base pairs) long (1 Mbp =
1,000,000 base pairs), being the DNA content of different species variable from
0.58 to greater than 9 Mbp of DNA, and some bacteria have multiple chromosomes.

3. Energy and chromosomes
Eukaryotic organisms generally have larger chromosomes than bacteria. In

humans, the 5000 Mbp of haploid DNA is distributed among 22 autosomes and 2
sex-specific chromosomes. Larger chromosomes mean more energy expenditure in
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many ways. Eukaryotic DNA is in a compartment, the nucleus, which is separated by
a phospholipid-containing membrane from cytoplasmic ribosomes and protein trans-
lation activity. Cell uses energy in many ways, even to keep the shape, the organiza-
tion, function, compartmentalization, etc. During cell division, the eukaryotic nuclear
membrane breaks down once per cell cycle to distribute the 46 diploid chromosomes
equally between 2 daughter cells. We must keep in mind, that any change requires
energy, so, every step during cell division need energy to happen, and the amount and
type of energy must be same as has been since the beginning of time.

Eukaryotic genomes must be condensed by several orders of magnitude to fit in
the largest cell organelle: the nucleus. Compaction of genomes is achieved by coiling
the DNA around histone proteins to form a chromatin fiber, which is subsequently
folded into complex higher order structures such as loops, domains and compart-
ments [5]. The coiling of DNA and subsequent folding requires energy.

Despite the ubiquitous presence of all major architectural features of genomes,
there is considerable variability and heterogeneity in genome organization at the
single-cell level [6]. Although the position of chromosomes and genes are non-
random in the cell population, their patterns of location are variable among indi-
vidual cells [7]. This variable location probably has relationship with the concept
that every melanosome is unique.

The fundamental variability of genome organization is mirrored by stochasticity
in the transcription process itself [8]. Active transcription generally occurs in short
bursts at irregular intervals [9], requiring energy in several ways. This pattern of
punctuated gene transcription is common to all organisms, particularly widespread
in mammals [10]. There is a dynamic binding of transcription factors and chroma-
tin motion [11], requiring both energy expenditure.

The stochastic nature of transcription points to structural heterogeneity of the
chromatin fiber and of the genome as a whole, thereby energy requirements must
be conceptualized with the same characteristics, as a whole (Figure 1).

Melanosome
Cell Membrane

Growing bubbles of

Cytoplasm Molecular Hydrogen

Figure 1.

Dlgzmm to show the organization of melanosomes located in the perinuclear space, forming full envelopment
around the cell nucleus. Melanin veleases molecular hydrogen (H,) and molecular oxygen (O,) symmetrically,
in all divections, following the laws of simple diffusion; like growing spheres of energy. These energy bubbles
coalescing forming high energy areas inside and outside cell nucleus. These facts explain the energy for the cell
nucleus, a zone of high energy expenditure, in absence of ATP and mitochondria.

93



Chromosomal Abnormalities

The large-scale genome structures, such as chromatin compartments, are con-
sistently present in individual cells, but smaller organizational units, such as chro-
matin domains, are variable between cells [12]. This is congruous with the concept
that any melanosome is unique.

The stochasticity observed in gene expression is indeed paralleled by high vari-
ability in genome organization [13]. Therefore, although chromatin domains can be
observed in individual cells, their boundaries are highly variable. The relative posi-
tion of individual chromatin domains within compartments varies considerably,
and modeling suggest dynamic movement within individual chromatin domains
[14], this dynamic movement requires energy.

Looping events are highly variable between cells and are likely to be dynamic
(energy expenditure), forming and reforming many times during a single inter-
phase [15]. The cell uses energy in many ways and at the same time, for instance,
regulate chromatin loop stability and loop formation, this is a different processes
with apparently distinct dynamics that are regulated and impelled when it is neces-
sary with the same energy.

Interestingly, the behavior of the two alleles in the same nucleus is not corre-
lated, which suggests that the variability present is largely intrinsic and not depen-
dent on cell-level variables such as cycle stage [16]. However, energy was not
considered as a variable by the authors.

The observations are consistent with a single-cell mapping data showing
that individual interactions underlying the formation of chromatin domains
and loops are highly variable [17]. By the way, any interaction requires
available energy.

Thereby, several observations demonstrate a high degree of heterogeneity in
genome organization, suggesting that in individual cells in a population, genomes
can assume distinct, albeit related; spatial conformations mediated by short-lived
chromatin-chromatin interactions rather than by persistent or pervasive associa-
tions. This complex variability does not imply that structural features of chromatin
organization are not relevant for gene functions, but rather it suggests that struc-
tural heterogeneity may be another layer modulating the stochasticity of gene
expression [18]. We must keep in mind that any change requires energy, therefore
chromatin organization and gene expression need energy in several, accurate and
distinct ways.

Genome organization is a highly complex issue but at the same time is intrinsi-
cally flexible and is so strict in terms of energy requirements; furthermore, the two
alleles in a cell may be differentially organized which means energy expenditure
with a highly accuracy. Genes such as the permanently inactive immunoglobulin
loci, as well as the entire inactive X chromosome are located at the nuclear periph-
ery, which are zones of low energy; whereas their active counterparts are found
nearer the center of the nucleus [19] that is a high energy zone due to confluence of
growing bubbles of molecular hydrogen (H,) coming from the melanosomes
(Figure 2) that completely surround the nucleus located mainly in the perinuclear
space.

In olfactory neurons, thousands of olfactory receptor (OR) loci that are not
expressed are sequestered into a single heterochromatin focus [20]. Thereby, the
genome organization and its stochastic nature may be a universal mechanism in
establishing differences in the cellular properties of alleles [21], that in turn requires
universal energy.

There is little correlation between interactions of the two alleles of the same cell.
The allele-specific mapping data demonstrate that the two alleles in a cell generally
contact different sets of partners [22]. This contact and relative processes undoubt-
edly require energy.
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Figure 2.
The main location of melanosomes is in the perinuclear space, covering the entive cell nucleus surface.

The range of distance by most locus pair is roughly 1-pm radius of constraint
typically observed for DNA movement in live cells, and long-range events are
rare [23], but as small as they are, such movements require energy.

The interaction of chromatin proteins with their substrate is dynamic, even for
the architectural proteins that forms “stable” loops, such as CTCF and cohesin [24].
It takes energy both for chromatin proteins to interact with their substrate, as well
as to preserve form.

In transgenic systems in Drosophilia, colocalization between promoter and their
cognate enhancers is necessary for proper expression in cis and trans [25], which
also requires the use of adequate energy. It appears that the movement of enhancer
elements, as well as their position relative to promoters, is functionally relevant.
Again, any movement, any change; requires energy with no exception.

Cancer-relevant translocations occur more frequently among chromosomes that
are in spatial proximity, which suggests that variability in spatial organization
strongly determines the repertoire of translocations in a given cell type or tissue
[26], which means that normal spatial organization requires normal generation and
distribution of energy (from melanin).

In some cases, active loci move less than silenced ones [27], whereas, for other
genes, actively transcribing alleles show increased mobility [28]. Energy is involved
in both cases, indeed.

Furthermore, haploinsufficiency, mutation and down regulation of the archi-
tectural protein CTCF, all of which lead to destabilization of chromatin loops and
cause more variability in genome organization, have tumor-promoting effects
including deregulation of cancer-relevant gene expression programs, disruption of
cell polarity and a decrease in patient survival [29]. Cell polarity and all above-cited
processes require energy.

It is a long-lasting observation that a cancer cell has a low voltage, which is
congruous with low levels of energy that is also consistent with the observation of
extensive heterogeneity in tumors [30].

The generation of a stable output from variable inputs is a complex challenge.
The extensive structural heterogeneity in genome organization on the one hand,
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and on the other hand, the requirement for establishment and maintenance of
stable cells states means that the energy from melanin is a major driver in gene
expression and genome function, acting as intrinsic noise present in individual cells.

The purpose of the description of some of the processes that happen at the
nucleus was to highlight the very accurate and constant energy they require to
happen in a timely manner. The generation and distribution of energy, from mela-
nin, is an exact, that when we alter its anatomy, for example, by sectioning the cell
membrane, the process is noticeably disturbed and stopped. Hence, the impossibil-
ity of properly studying the vital processes happens constantly in the living cell.

Cell nucleus activity is constant, as it happens incessantly both day and night,
and cannot be explained based on the dogma of glucose and ATP as energy sources;
because the cell nucleus normally does not contain either.

4. Enzymes require energy (from melanin) to carry out its function

The complexity of chromosomes biology can be represented by the enzymes that
explain the untangling enigma are topoisomerases, which break and rejoin DNA
molecules; allowing individual strands to pass one through another. These enzymes
have, at least; two important roles: they provide a swivel to allow processes such as
replication and transcription to proceed unimpeded, and they untangle knots and
inter-chromosome links between DNA molecules [31].

The phosphodiester bonds that are broken and reformed per reaction cycles [32]
require the presence of available energy, however, cell nucleus has neither ATP nor
mitochondria. Furthermore, chromatin (DNA + proteins attached to a chromo-
some) must be folded many times to fit within a cell nucleus; and the highly
accurate processes of folding and unfolding also requires energy.

In all organisms, DNA becomes organized in turns of the double strand over the
interwound twists of the Watson-Crick helix, named supercoils or ¢ which repre-
sents the number of super-helical turns divided by the Watson-Crick turns of a
double helix. The formation and maintenance of this highly complex organized
structure requires energy. Supercoiling influences the Watson-Crick structure and,
like the spring, the mechanical energy of super negative coils or opposite to the
handedness of the Watson-Crick turns; increases exponentially with quantity [33].
However, this kind of energy (mechanical) does not have the properties of accu-
racy, direction and force that could explain the extraordinary characteristics and
dynamics of folded DNA structures.

In the average eukaryotic nucleus, nuclear DNA is several times more concen-
trated than bacterial DNA. Eukaryotic DNA is wrapped tightly around nucleo-
somes, generating solenoidal supercoils that condense DNA 8-fold [34], which
means significant energy expenditure.

DNA is a plectonemic helix [31], this is two helical strands entwine around each
other (Figure 3). Two antiparallel strands of DNA are interwound once for every 10
base pairs. Because of this wound configuration, biochemical transactions that
involve strand separation require chromosome movement (spin) about DNA’s long
axis. The processes of DNA replication, recombination and transcription all require
DNA rotation, and during DNA synthesis the rotation speed approaches 6000 rpm.
This amazing rotation speed indeed requires energy, as any one of the biochemical
transactions involved. The question remains: Where come from the energy for the
cell nucleus? There is neither mitochondria nor ATP.

Supercoiled branches are dynamic so that opposing DNA in one supercoiling
domain interact more than 100 times more frequently with other proteins in the
same domain than it does with other proteins bound to a different domain. These
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biochemical processes are astonishing accurate, they do not happen by chance, and
those rates of domain interactions requires energy in many ways [35].

In the eukaryotic nucleus, enzymes such as RNA polymerase gain access to
DNA, which remains histone bound throughout most biochemical transactions.
There are complex interactions that require energy in continuous an adequate form.
The way in which multiple proteins interact with coated DNA nucleosomes is not
completely understood but it is for sure that requires energy.

When DNA is liberated from cells by breaking the peptidoglycan coat,
chromosomes form bundled loops that represent domains. Such preparations
(called nucleoids) behave as discrete bodies [36]. Every step above described
requires energy, which must be in a very precise location, amount,
availability and quality. By the way, energy is defined as everything that
produces a change.

Many reactions of the chromosome require the formation of intricate DNA-
protein machines to replicate, transcribe or recombine DNA at specific sequences.
Thereby, many reactions mean substantive energy expenditure. Chromosome-
associated proteins assist in the formation of complexes by shaping DNA that
include HU, H-NS, integration host factor (IHF) and factor for inversion stimula-
tion (FIS) [37]. These highly complex and accurate processes need energy in many
ways. For instance, proteins tend to dissolve in aqueous media thereby energy is
required to keep the shape, not only to carry out their function.

In addition to the histones, eukaryotic chromosomes contain regulatory proteins
that are much less abundant. One class of proteins, the high mobility group (HMG)
family of DNA-binding proteins, bends DNA much like bacterial proteins IHF and
FIS [38].

Any chemical process requires activation energy to happen, but the amount and
type of energy must be accurate in location, quantity and quality, otherwise it does
not happen, or at least will occurs differently, or perhaps happens in excess, and
there would be significant variations in quantity and nature of the reaction
products, which is non-compatible with the highly accuracy of life’s biochemical
processes.

Plectonemic

Figure 3.
DNA is plectonemic [31] and keeping chromosomes untangled requires a special class of enzymes called
topoisomerases, however, both chromosomes and enzymes vequires energy to function properly.
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5. Genetic therapies failures

Those who are engaged in the understanding and therapy of genetic disorders
are aware that common single-nucleotide polymorphisms may be strongly associ-
ated with an outcome (based on highly significant P values) and yet have very
modest effect sizes (based on the odds ratios) thereby, it have been recognized that
if there are differences in the genetic characteristics associated with the initiation of
a disease versus its progression (presumably representing the outcomes of different
biological pathways), we may have to tailor therapies (and their timing) to address
these different stages of disease, for instance, antisense oligonucleotides [39].

Thus, pharmacologic targets based on abnormal genes may have clinical rele-
vance for treating the progression of these conditions as well. However, the failure
of clinical trials based on this kind of therapy apparently rational is the rule. Per-
haps, measuring the effectiveness of this therapeutic approach by measuring the
rates of progression of genetic diseases may not only fail but also mislead us from
recognizing potential benefits at early stages of the disease [40].

It is possible to use the genetic endophenotypes [41], of these individuals con-
duct clinical trials that can address the inhibition of disease initiation and/or slow
the disease progression prior to the development of overt systemic symptoms and
advanced somatic findings.

Since 1949, Linus Pauling published about molecular diseases [42] and chromo-
somes are constituted by molecules. However, in biology, nothing has sense except
at light of evolution, and chromosomes cannot explain the origin of life, thereby
what's behind the chromosomes? What gave rise to genes? What causes atoms to
sort in a certain way and conform to complex organic molecules? We think the
mysterious force behind these questions all is energy.

But it is not any kind of energy, it is a very special energy that is precise,
adequate, constant and which is constantly available. Such an astonishingly accurate
type of energy, as nature wastes nothing, it cannot come from the oxidation of
glucose or from the hydrolysis of ATP in ADP.

We believe that the energy that directs the formation of the molecules that make
up the chromosomes, as well as their proper functioning and even their replication
is the energy that comes from sunlight, but must be transformed into chemical
energy by dissociating water molecule to make it wearable, such as chlorophyll in
plants. Our discovery of melanin's unsuspected intrinsic ability to transform sun-
light into chemical energy, by dissociating the molecule from water, such as chlo-
rophyll in plants, will mark a before and after in biology, and even more so in the
biology of chromosomes.

6. Chromosomal abnormalities in the oocytes

The oocyte is a relatively simple example that allows us to observe important
chromosomal anomalies, such as aneuploidy. The oocyte has been and is highly
studied because female fertility declines dramatically depending on age [43].
Arrested human embryos are more likely to have abnormal chromosomes than
developing embryos from women of advanced maternal age [44]. Most arrested
embryos have multiple chromosome anomalies, indicating that the factors causing
aneuploidy may also affect embryo development. The detailed relationship between
embryo development and aneuploidy is not known.

Chromosomal anomalies could occur in any chromosome, and the proportion of
anomalies in the most common 5 chromosomes (13, 18, 21, X and Y) accounted for
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only 25% of total abnormal chromosomes [45]. High aneuploid rates in human
blastocysts were also reported in a recent study with 15,169 samples, overall in
patients of 42-45 years old [46].

More euploid embryos can develop to blastocysts than aneuploid embryos.
Arrested embryos are more likely to have abnormal chromosomes than developing
embryos. High proportions of human embryos were aneuploid and the aneuploid
rate increased with advanced maternal age. Interestingly, no significant difference
was found in the developmental potential of embryos between younger patients and
older patients.

In terms of monosomy and trisomy, no significant differences were found in the
chromosomal distribution between blastocysts and arrested embryos. More arrested
embryos had multiple chromosomal abnormalities than blastocysts. Errors occurred
randomly in chromosomes, and there was no obvious difference between blasto-
cysts and arrested embryos.

Aneuploidy could lead to reduced implantation and high miscarriage rates, but
little is known about its mechanisms. Embryos usually arrest at various develop-
mental stages for diverse reasons, such as culture conditions, patients’ age and
ovarian stimulation protocols. It is not known whether aneuploidy can directly
influence embryo development. More euploid embryos developed to blastocyst
than aneuploid embryos. These observations suggest that aneuploidy can affect
embryo development in an unknown way or that the poorly understood factors that
spoil euploidy also affects embryo development, for instance, energy impairment.

It was also observed that not only more arrested embryos were aneuploid, but
also more chromosomes had errors in the arrested embryos than in blastocysts.

It seems as a generalized failure. Many studies have been conducted to reveal the
mechanisms of aneuploid origination in embryos from patients of advanced mater-
nal age. It has been reported that maternal aging can dramatically influence the
meiotic spindle assembly process in mammals [47] leading to spindle disorganiza-
tion and chromosome segregation errors, which in turn cause aneuploid formation.
Furthermore, the deterioration of sister chromatid cohesion and failure of the
spindle assembly checkpoint in the oocytes are also crucial reasons for aneuploid
formation [48], which mean a generalized failure. An aneuploid formation involves
failure in many steps, which strongly suggest energy impairment.

The central problem in chromosome replication is generating two high-fidelity
DNA copies and distributing them precisely to compartments that become the
daughter cells. As cells grow, the mass of protein and membrane increases to a critical
point that triggers the initiation of replication. Two replisomes are associated in a
‘factory’ that moves to the cell centre during chromosomal elongation. As DNA
strands are pulled to the centre, replicated sister chromosomes migrate toward oppo-
site cell poles. Completion of DNA synthesis occurs as the DNA that is pulled into the
factory reaches the terminus. At this point, chromosomes are tangled together (cate-
nated), and all physical connections must be removed to allow final separation. When
physical separation is complete, cell wall synthesis forms two daughter cells.

In eukaryotic replication, initiation steps are not as fully understood as they are
in E. coli. Initiation occurs at ars sites, so-called because they are autonomously
replicating sequences. Initiation is controlled by a group of proteins called ORC
(origin replication complex). Typically, a chromosome has many ORC-binding
sites, and bidirectional semi-discontinuous forks move out from several ars sites on
each chromosome until they converge with other forks. Eukaryotic replication also
occurs in ‘factories’, and most of the chromosome is replicated in a semiconserva-
tive and semi-discontinuous mode, as in E. coli. The eukaryotic replication fork
behaves very similarly to that found in E. coli.
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Because replication is semi-discontinuous, the sister chromosomes are replica-
tion isomers. As replication proceeds, positive supercoils build up in front of the
fork, and the daughter chromosomes become entangled behind the fork. One seg-
ment of a eukaryotic chromosome that is different from prokaryotic chromosomes
is the tip of the chromosome, the telomere, which is replicated by a special DNA-
polymerase called telomerase, which is related to the reverse transcriptase of retro-
viruses [49]. Telomerase synthesizes a simple repeat sequence that is added on to
every chromosome using an RNA template that is part of the enzyme. In most
organisms, telomerase is not expressed after cell differentiation, and consequently
the telomere sequences shorten with age, eventually causing cell senescence and
death. Following DNA replication in eukaryotes, which occurs in a part of the
growth cycle called the S phase, cells move through a mechanical cycle called
mitosis to distribute the replicated chromosomes to each daughter cell [50].

Mitosis proceeds through four stages. The first is the prophase in which, after
replication, each chromosome becomes condensed. Stage 2 is metaphase, where two
changes occur: each pair of replicated chromosomes moves to the cell centre and
then the nuclear membrane begins to dissolve. In stage 3, anaphase, one centromere
of each pair of chromosomes is attached to a set of fibers called the spindle, and
molecular motors pull one of each chromosome pair to opposite cell poles. In stage
4, telophase, the nuclear membrane is reformed, and daughter cells are separated by
the synthesis of a new septum [51].

The above brief description of a highly complex and accurate but at the same
time poorly understood processes that lack a description about the role of energy
generation and distribution, as it is usual in textbooks and research articles.

The organisms can adapt to widely varying growth states, from aerobic growth
on rich nutrients to anaerobic growth in minimal salts and a single carbon and
nitrogen source. One key to efficient growth is control of gene expression at the
level of RNA transcription. The process of making of an RNA complement to a DNA
gene is called transcription. The replication and transcription processes are not
exempt from the use of energy in every one of its stages.

Because transcription and replication occur simultaneously, two situations arise
where transcription machinery and replication machinery collide.

In eukaryotic chromosomes, the RNA polymerase responsible for transcribing
most genes is remarkably similar at the structural level to the E. coli RNA polymer-
ase. However, regulatory mechanisms are different. Eukaryotic genes have a region
called the promoter which is where RNA polymerase binds and starts transcription.
However, polymerase binding and its ability to initiate transcription is influenced
by sites called transcription enhancers that can be upstream or downstream of the
promoter (relative to the direction of transcription). Enhancers act over very large
distances, and so DNA looping is required to bring enhancers into contact with RNA
polymerase at promoters. In addition to enhancers, there are proteins called co-
activators that must bind to RNA polymerase to stimulate transcription.

It is fascinating how mechanisms related to transcription and replication are
described, but as usual, the role of energy is not mentioned at all.

Recombination is a critical repair pathway in mammalian chromosomes as well.
Proteins that carry out biochemical reactions like the E. coli RecABC system have
been identified. A protein called p53 coordinates the activity of many DNA repair
proteins. Repair enzymes are stored at chromosome telomeres, and after a signal
from p53, these proteins migrate to sites of DNA damage to restore chromosome
function. Mutations in DNA repair genes have discovered to be responsible for
several human genetic syndromes that result in premature ageing and high sponta-
neous rates of cancer. It is interesting how this highly complex machinery has been
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studied and patiently arranged; however, the role of generation and distribution of
energy is fully relegated.

In eukaryotes, transposons (usually called retrotransposons because of their
similarity to retroviruses and their dependence on reverse transcriptase for replica-
tion) make up a large fraction of total chromosomal DNA. In human cells,
sequences called short interspersed nuclear elements (SINEs), which are about 300
bp long are present in about 106 copies and represent 5% of the mass of DNA in a
haploid genome. One SINE, called Alul, is present on average once every 5000 bp in
every human chromosome. There are also long interspersed nuclear elements
(LINEs) of about 6 kb that are present in about 105 copies and represent 15% of the
haploid chromosomal mass. What function, if any, these sequences provide for the
host organism is questionable, but many genetic mutations have been attributed to
gene disruption caused by recent transposon insertion. Cell uses energy in many
ways, for instance in the careful arrangement of 6 kb, 5000 or 300 bp; besides to
keep the form and to carry on their astonishing accurate function.

The published studies on this subject, despite how detailed they are, do not
analyze two variables: energy levels and the presence of toxic molecules such as
pesticides, herbicides, fertilizers, metals, plastics, solvents, industrial waste, anes-
thetic agents, etc.

Since embryological development to adulthood, melanin is so important, that it
is present in every stage from the oocyte [52] to the mature adult organism.

7. Creatine kinase and ATP

Creatine kinase (CK), also known as creatine phosphokinase (COK) or phos-
phocreatine kinase, is an enzyme expressed by various tissues and cell types. CK
catalyzes the conversion of creatine and uses adenosine triphosphate (ATP) to
generate phosphocreatine (PCr) and adenosine diphosphate (ADP). This CK
enzyme reaction is reversible and thus ATP can be generated from PCr and ADP.

Creatine kinase in the blood may be high in health and disease, for instance,
exercise increases the outflow of creatine kinase to the blood stream for up to a
week. Serum creatine kinase (CK) levels are reported to be around 70% higher in
healthy black people, as compared with white people (median value 88 IU/L in
white versus 149 IU/L in black people). Serum CK in healthy people is thought to
occur from a proportional leak from normal tissues [53]. Creatine kinase (CK)
activity in serum is widely used to diagnose tissue damage including myocardial
infarction and skeletal muscle myopathy, but it is unknown why serum CK activity
is higher in apparently healthy black people of sub-Saharan African descent [54],
perhaps because more melanin means more available energy to impel both synthesis
and function of creatine kinase.

There is no evidence of muscle damage in black people as cause for the high
serum CK activity, and the BB, MB and MM isoenzymes in serum are proportionally
higher, but have a normal distribution [55]. Serum CK in healthy subjects is sup-
posedly to be derived from normal tissue “leaking” CK to lympbhatic vessels and into
the blood stream, proportionate to the intracellular CK concentration. Therefore, it
was proposed that the black population subgroup has a generalized high CK activity
in tissues, which means more energy expenditure.

CK activity in different types of tissues with high and fluctuating energy
demands is higher in black people than in white people, independent of age. Normal
tissue loses a small fraction of cytosolic CK into the interstitial space, as was shown in
1P nuclear magnetic resonance spectroscopy studies [56]. In physiological and
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pathological states, release from tissue is proportional to tissue CK activity. Interstitial
CK is subsequently transported through lymphatic vessels into the blood stream.

The unexplained high serum CK in healthy black people, with a normal isoen-
zyme distribution might be associated with a generalized high CK activity in tissues
of this population subgroup. CK is the central regulatory enzyme of energy metab-
olism. The enzyme catalyzes the reversible transfer of the phosphoryl group (P)
between creatine and ADP. CK supposedly fuels highly energy demanding pro-
cesses such as cardiovascular contractility, sodium pumping and trophic responses,
at a faster rate than glycolysis and oxidative phosphorylation together [57], how-
ever, the source of energy to CK system is poorly understood.

8. Glucose and ATP are not source of energy

The current dogma is that glucose is the universal precursor of any organic
matter in plants and animals, human included. Glucose only provides highly spe-
cific carbon chains with which our body can synthesize and thereby replenishes
organic molecules that wear out over the course of the day. The shape of carbon
chains, of what we call glucose, seems to be very specific to the astonishing accurate
metabolic processes of the human body and in general of all living beings, as they all
contain glucose in their body. Glucose is arguably the ideal substrate or at least main
substrate that fits appropriately into the sequence of highly complex and very
specific metabolic processes of living beings. Thereby glucose is the universal pro-
vider of biomass, but no energy. If glucose were source of energy, diabetic patients
should fly.

On the other hand, the ATP considered (wrongly) as the universal currency of
energy exchange; it is a theory with significant contradictions. Although the theory
was proposed more than 60 years ago, by Mitchell [58], who never worked on
mitochondria, only on bacteria; in his chemiosmotic theory tried to establish the
metabolic pathways about bioenergetics, which describes (theoretically) how living
organisms acquire and transform energy in order to perform biological work. ATP is
supposedly formed from adenosine diphosphate and inorganic phosphate. The
overall reaction is catalyzed by ATP synthase, an enzyme that creates the energy
storage molecule adenosine triphosphate (ATP), which is opposed to the law of
thermodynamic that said that energy cannot be stored.

Mechanisms responsible for communication between spatially separated intra-
cellular ATP consumption and ATP production process, and their precise coupling
over a broad range of cellular functional activity has remained a longstanding
enigma [59]. Optimal operation of the cellular bioenergetic system requires that
energy-rich phosphoryl are produced and delivered to energy-consuming sites at
the rate corresponding to the ATPase velocity, and that products of ATP hydrolysis,
namely ADP, Pi and H", are removed in order to avoid kinetic and thermodynamic
hindrances [60].

Cytoplasmic streaming, positioning of mitochondria and their movement in
response to changes in energy utilization, along with formation of enzymatic com-
plexes, have all been shown to contribute towards facilitating intracellular energetic
communication [61]. However, such topological arrangements apparently are
insufficient on their own to fulfill all cellular energetic needs [62]. Thereafter, a new
theory of spatially arranged intracellular enzymatic networks, catalyzed by creatine
kinase, adenylate kinase, carbonic anhydrase and glycolytic enzymes, in supporting
high-energy phosphoryl transfer and signal communication between ATP-
generating and ATP-consuming/ATP-sensing processes has implemented [63].
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Fritz Lipman, the author of the energy concept through adenylate wire concept,
was among the first to notice the analogy between the energy-carrying adenine
nucleotide system and the electrical circuit. Indeed, basic principles of energy
transfer, in terms of the rate and efficiency, apply equally to both industrial and
metabolic networks [64]. In nature, the amount of energy tends to be constant in
any system.

The localization of mitochondria in close proximity to cellular energy-utilizing
processes, and their movement in response to activation of ATP-utilizing reactions
[65], suggest that the distance of energy transfer is critical for adequate energy
supply. It is hard to accept that mitochondria are in close proximity to cellular
energy-utilizing processes, for instance, cell nucleus has neither mitochondria nor
ATP, in spite to be the largest organelle with a high energy consumption; further-
more, energy transfer by diffusional exchange of adenine nucleotides is kinetically
and thermodynamically inefficient since it requires a significant concentration gra-
dient [66] and would result in ATPase inhibition by end products (Pi, ADP and H*),
inability to sustain the high free energy of ATP hydrolysis (AGATP) at sites of ATP
utilization, and ultimately energy dissipation (~AH) during transmission [67]. The
difference between AG1(ATP) and AG2(ATP), signifying energy loss (-AH), would
increase at higher rates of ATP turnover, and the drop of AG2(ATP) below a
threshold would impair cellular functions [68].

Part of intracellular energy transfer proceeds in the narrow mitochondrial inner
membrane infoldings, known as cristae. The cristae arrangement increases, by
several folds, the capacity of mitochondrial ATP production without occupying
additional intracellular space. However, it creates difficulties in ATP export from
the mitochondrial intra-cristae space, as diffusional flux requires a significant con-
centration gradient. Accordingly, ATP accumulation in the mitochondrial intra-
cristae space would inhibit export of ATP from the mitochondrial matrix by locking
the adenine nucleotide translocator [69].

The disruption of the adenylate kinase gene impedes ATP export from mito-
chondria [70]. Taken together, this would indicate that in the absence of facilitating
mechanisms, cell architecture and diffusional hindrances would obstruct free
movement of molecules, impeding efficient intracellular communication.

In searching how cells overcome diffusional limitations for substrate develop-
ment [71] several theories have been implemented. However, is difficult to explain
the displacement of the local ATP/ADP equilibrium to other cellular sites to main-
tain energetic homeostasis [72]. Understanding of creatine kinase function was
specially limited when the cell is considered as a homogenous system where
enzymes are in equilibrium, and metabolites have uniform distributions and con-
centrations [73], without forgetting the energy, which also remains constant.

Past observations following deletion of brain B-CK indicate that this isoform is
fundamental to processes that involve habituation, spatial learning and seizure
susceptibility [74]; however, these effects can be explained by the effect on ther-
moregulation of mitochondria and CK, more than an energy source effect. The
reduction in cellular B-CK activity by dominant negative gene expression abrogates
thrombin-mediated, energy-dependent signal transduction during cytoskeletal
reorganization [75]; which are varied effects that are difficult to explain from a
purely biochemical point of view, except if we take into account the fundamental
role of energy.

The muscle exercise performance correlates with adenylate kinase activity,
suggesting that this enzyme is an integral part of cellular energetic homeostasis
[76], but explainable by its effect on thermic regulation that is astonishingly accu-
rate; more than some effect on generation and distribution of energy from melanin.
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It is possible that the main function of mitochondria and ATP is temperature
control, as intracellular chemical reactions require (constantly) not only the exact
reactants, the exact energy, but also the exact temperature (Figure 4).

ATP is thermodynamically unstable and electrochemically stable. When ATP is
hydrolyzed to ADP energy is absorbed, and when the ADP is scaled to ATP the
energy is released. The characteristics of these reactions are compatible with tem-
perature regulation, as they happen quickly and constantly, as each ATP molecule
in the body requires reconstitution every 20 s.

It is pertinent to emphasize that ATP hydrolysis and reconstitution also requires,
like any other chemical process of the body or cell, energy at each and every stage of
the reaction. The unsuspected intrinsic property of melanin to transform sunlight
into chemical energy by dissociating the molecule from water, such as chlorophyll
in plants; allows to rethink cell biology in a new way completely different, and
chromosomes are not exception.

Thereby, the precise coupling of spatially separated intracellular ATP-produ-
cing and ATP-consuming processes is a formidable challenge, and even more so in an
organelle that lacks mitochondria and ATP as is the nucleus of the eukaryotic cell.

The role of adenine nucleotides as a supposedly key link between spatially
separated energy transducing processes, still it is a theory after almost 80 years that
was proposed by Lipmann in 1941. The adenylate wire theory has many contradic-
tions, such as the distance of energy transfer is critical for adequate energy supply,
it requires a significant concentration gradient, could be ATPase inhibition by end
products; the AGarp is difficult to maintain in the adequate levels at sites of ATP
utilization; and finally energy dissipation (—AH) during transmission.

The difference between AGyatpy and AG;(atp), signifying energy loss (—AH),
would increase at higher rates of ATP turnover, and the drop of AG;arp) below a
threshold would impair cellular functions [68]. Therefore, energy management is very
complicated and difficult to explain and understand whether we start from glucose
and ATP as an energy source. But if we divide from now on the energy (light/melanin/
water) of the mass (glucose), things will change for the sake of the health of the sick.

Supposedly, part of intracellular energy transfer proceeds in the narrow mito-
chondrial inner membrane infoldings, known as cristae. The cristae arrangement
increases, by several folds, the capacity of mitochondrial ATP production without
occupying additional intracellular space. However, it creates difficulties in ATP
export from the mitochondrial intracristae space, as diffusional flux requires a
significant concentration gradient. Therefore, ATP accumulation in the mitochon-
drial intracristae space would inhibit export of ATP from the mitochondrial matrix
by locking the adenine nucleotide translocator [77]. It is very difficult just to explain

Figure 4.
The morphology of mitochondria (left) is similar to heat sinks (vight) used in electvonic devices and some light
sources.
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the generation and distribution of energy from glucose and ATP. And just as you
cannot take more energy than a molecule or system has, it is also not possible to
explain the inexplicable because it's simply not possible.

The normal cell architecture and the diffusional hindrances seems to be desig-
nated to obstruct free movement of molecules, impeding efficient intracellular
communication, the generation and distribution of energy from glucose and/or
ATP. On the one hand, if energy management were so difficult, life would be a
miracle and not an evolution, and on the other hand, if glucose were a source of
energy, diabetics would fly.

The field of how cells overcome diffusional limitations for substrate movement
in the highly structured intracellular milieu is full of theories. Concepts as displace-
ment of equilibrium, near-equilibrium network, sharp concentration waveform,
incoming flux wave, flux transfers chains, instantaneous transmission, vectorial
ligand conduction, chains of sequential rapid equilibrating reactions, facilitated
high-energy phosphoryl transfer are theories initially developed by Peter Mitchel
and have gradually been added by other researchers with biochemical “patches”
trying to make them believable [78]. But it is not possible to extract energy from
where there is none.

Interestingly, there is theory named “walking without moving” that means that
ligands do not move the entire length of the pathway, as molecules arriving at the
distal sites of this sequence represent the equivalent rather than the specific mole-
cule generated at the origination site [79]; explanation is not simple and more than
complex tangled mechanisms are being argued. For instance, it is said that flux
wave propagation along rapid equilibrating chemical and biological reaction can
proceed much faster than diffusion of reactants [80], but only gases move faster in
aqueous solution than the electrolytes contained in it.

And now that we know that melanin releases molecular hydrogen and molecular
oxygen continuously, we will have to include these gases in the schemes of intra-
cellular biochemical reactions.

The purpose of this work is not the exhaustive analysis of all the contradictions
of the intracellular biochemical pathways described to date in the literature, we only
explain some demonstrative examples of the excessive complexity that has been
reached trying to explain the prevailing theories and dogmas.

9. Light transduction by melanin and chlorophyll

Photosynthesis, a major bioenergetic process, is the metabolic pathway used by
plants in which solar energy is used to synthesize glucose from carbon dioxide and
water. This reaction takes place in the chloroplast. After glucose is synthesized, the
plant cell can undergo photophosphorylation to produce ATP [81]. To date, it was
not known that humans or mammals in general could carry out a transduction of
luminous energy to chemical energy from dissociation of water, such as plants
(Figure 5). However, the study of the minuscule vessels of the optic nerve in
humans (Figure 6) and their reaction to the presence of melanin came to reveal the
unsuspected intricate property of melanin to dissociate and reform the molecule of
water [82].

The task ahead is to integrate the unsuspected bioenergy role of melanin into
today's biochemical tangle. It is to be hoped that the requirement of philosophers
that science has to be simple will be fulfilled. To the definition of life as a self-
sustaining chemical system that eventually enters into Darwinian development,
we can now add: life is a self-sustaining physical-chemical system capable of
evolving.
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Chlorophyll:

2H, 0 ———» 2H, + 0O,

Melanin:

2H; 0 ———» 2H; + O; —» 2H,0 + 4e

Figure 5.
Water dissociation is ivreversible in chlovophyll; however, in melanin it is reversible.
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Figure 6.
The optic nerve (blue arrow) and melanin (yellow arrow) are always together with a very interesting crosstalk.

10. Conclusion

In biology, nothing makes sense except in the light of evolution. The origin of
life could not be explained from glucose, genes or chromosomes. Nor has it been
able to be explained from the ATP. But it is that ATP is not a source of energy, the
functions of ATP are different, and you will have to discern them, perhaps it is for
temperature control and control of inorganic phosphorus levels.

Therefore, the origin of life could not be explained from the energy of the ATP
either. But things change when we understand the unsuspected bioenergy role of
melanin in biology. Melanin is the most stable substance known, 160 million years
of age. A source of energy so stable and accurate at the same time, allows to order
the ideas as to the origin of life, because then we would have, at the beginning of
time: melanin, the energy emanating from melanin, then glucose, then more com-
plex molecules such as amino acids, lipids, nucleic acids, etc.

Then the order of the origin of life would look like this: melanin, melanin
energy, glucose, amino acids, lipids, proteins (histones), nucleic acids (genes) and
so on. Therefore, before the genes was melanin and the energy that comes from it.

Usually, when we talk about genetic alterations, we usually think that before the
genes there is nothing, evolutionarily speaking, but now we must be aware that,
before the genes is the origin of life, which is explained by the melanin and the
energy that emanates of her.

Therefore, chromosomal abnormalities at the chromosome level, at the gene
level, at the order level of nucleic acids or even histones can be explained by
alterations in the generation and distribution of energy that comes from melanin,
which does not glucose or ATP.

In any system, when failure is widespread, we must first think about energy.
And in the case of chromosomal abnormalities the alterations are diffuse, are not
punctual or limited to a single gene or even a single chromosome. And even
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alterations extended to anatomical malformations, which is consistent with wide-
spread failure; and now that we know that the main energy source of the cell,
tissues, organs, systems or the human body as a whole comes from melanin, then
the alterations observed at the various levels of organization, correspond to a gen-
eralized failure, typical alterations in energy generation and distribution.

Our discovery about the intrinsic property of melanin to dissociate the molecule
from water is a disruptive finding that breaks into a thousand pieces the sacrosanct
role of glucose as an energy source and at the same time opens new paths that will
allow us to advance in knowledge of the intricate mysteries of life.

We must rewrite cell biology completely, re-thinking organelle functions based
on the discovery that eukaryote cells are able to directly take energy from light. In
this chapter, we will give some examples of how the relevant role of energy in the
cell nucleus and in the dynamic of chromosomes has been systematically relegated
in the study of the biology of chromosomes.

Explaining something completely different from established dogmas is not sim-
ple, it is necessary to explain step by step the interpretation errors of glucose-based
metabolism as an energy source; there are concepts that the reader will have to
unlearn and implement other constructs not only with what he will read here, but in
other sources of information, so that he structures a totally different picture from
what is known. We aspire to be a first approach with a discovery that will mark a
before and after in the study, in the case of this chapter; of the chromosomal
abnormalities.
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Polyploidy in the Ginger Family
from Thailand

Kesara Anamthawat-Jonsson and Puangpaka Umpunjun

Abstract

Polyploidy is common in the ginger family Zingiberaceae. The aims of the
present paper are (1) to provide a general introduction on species diversity with
emphasis on conservation; (2) to highlight the human-use significance of this fam-
ily, focusing on the two major genera, Zingiber (ginger) and Curcuma (turmeric);
(3) to present chromosome number data from 45 natural and cultivated Curcuma
taxa from Thailand, of which polyploids are predominant; and (4) to describe
our own work on cytotaxonomy of selected Thai Curcuma species. We obtained
somatic chromosome numbers from root tips and analysed meiotic chromo-
some behaviour from flowers. We also used the molecular cytogenetic method of
ribosomal gene mapping on chromosomes to infer mechanism of polyploidization
and reveal genomic relationships among closely related species. The main results
of our cytogenetic studies include the following. The most sought-after medicinal
Curcuma cultivars growing on a large-scale basis are secondary triploids, so as
taxa in natural habitats that are harvested for local utilisation. These triploids are
sexually deficient, due to meiotic pairing abnormalities, but they are propagated
asexually via rhizomes. The ribosomal mapping results indicate natural triploidi-
zation process via hybridisation, either within populations or across the species
boundaries.

Keywords: Curcuma, cytogenetics, cytotaxonomy, ethnobotany, ginger,
medicinal plants, polyploidy, triploidy, turmeric, Zingiber

1. Introduction

Taxonomic classification of the ginger family (Zingiberaceae) is still under revi-
sion for many floras, as more than 3000 species names have been used worldwide,
but only half of these are accepted. These aromatic herbs grow in moist areas of the
tropics and subtropics, including some regions that are seasonably dry. The ginger
family comprises about 50 genera and more than 1300 species worldwide, and in
Thailand 21 genera with about 200 species have been described. Numerous species
are endemic to Thailand, but the majority has a wider distribution, especially over
Southeast and South Asia. A few species of this family are commercially cultivated,
such as ginger (Zingiber officinale Rosc.), turmeric (Curcuma longa L.) and aromatic
ginger (Kaempferia galanga L.). Interestingly, these widely cultivated species are
sexually deficient triploid or pentaploid plants—the elite cultivars are therefore
propagated by rhizomes. These polyploid species are superior to their diploid rela-
tives in terms of growth and yield, while the sought-after quality characters remain
unchanged.
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2. The ginger family (Zingiberaceae), with emphasis on Curcuma

The ginger family or Zingiberaceae comprises about 50 genera and more than
1300 species worldwide [1, 2]. The family distribution is pantropical, with centre of
species diversity in South and Southeast Asia. Some species are found in America
and subtropical and warm-temperate Asia. In China, 20 genera and 216 species (141
endemic, four introduced) have been recorded [1]. Geographically, Thailand is part
of the Indochinese region that harbours the highest ginger genetic resources [3, 4].
Several of these species are rare and endemic to Thailand [5]. A large number of
Thai taxa of Zingiberaceae are known as edible, ornamental or medicinal plants,
from which commercial products beneficial to human can be developed.

Two best known genera in the context of cultivation and human uses worldwide
are Zingiber Miller (ginger) and Curcuma Linnaeus (turmeric). The largest genus
Zingiber, which comprises 100-200 species, is native to Southeast Asia especially in
Thailand [6], China [7], the Indian subcontinent and New Guinea [8]. It contains
the true gingers, plants grown for their medicinal and culinary value. The best
known is Z. officinale, the garden ginger.

Curcuma is a genus of about 120 accepted species in the family Zingiberaceae
that contains such species as turmeric (C. longa) and Siam tulip (C. alismatifolia
Gagnep.). They are native to Southeast Asia, southern China, the Indian subconti-
nent, New Guinea and northern Australia [6, 8-11]. Tropical Asia and South Asia
are the diversity hotspots of the genus. Although the species diversity is very high
and new species are being discovered regularly, other species are disappearing.
Habitat loss, due to global warming, deforestation, agricultural expansion and
anthropogenic activities, is one of the main causes of biodiversity loss worldwide
[12-14]. In addition, overharvesting for use in traditional medicine has raised a
serious concern that wild plants will be disappearing from nature.

According to the IUCN Red List of Threatened Species, seven Curcuma species have
been declared endangered to extinction (EN) and six additionally critically endan-
gered (CR). The endemic EN species are C. caulina J. Graham, India [15]; C. colorata
Valeton, Indonesia [16]; C. coriacea Mangaly & M. Sabu, India [17]; C. corniculata
Skornick., Lao [18]; C. prasina Skornick., Thailand [19]; C. sahuynhensis Skornick.

& N.S. Ly, Vietnam [20]; and C. vitellina Skornick. & H.D.Tran, Vietnam [21]. The
endemic CR species are C. bhatii (R.M.Sm.) Skornick. & M. Sabu, India [22]; C. leoni-
dii Skornick. & Luu, Vietnam [23]; C. newmanii Skornick., Vietnam [24]; C. pygmaea
Skornick. & Sida f., Vietnam [25]; C. supranecana (WJ. Kress & K. Larsen) Skornick.,
Thailand [26]; and C. vamana M. Sabu and Mangaly, India [27]. There clearly is an
urgent need to protect these Curcuma species in their natural habitats while at the same
time encouraging ex situ conservation and supporting researches aiming to find viable
methods for sustainable cultivation of species of economic potential.

3. Recent publications on the ginger family

The survey of recent (2019) publications on Zingiberaceae in the Web-of-
Science database, using “ginger” as keyword in titles (Figure 1), shows that the
genus Zingiber (ginger) is by far the most investigated worldwide. The most
researched topics concern medicinal properties and health benefits of ginger (1);
pharmaceutical, biochemical and molecular characterisation (2); applications in
food science and chemistry (3); other technologies and industrial applications (4);
as well as some effort in improving cultivation (5). On the other hand, research on
Zingiber diversity, taxonomy, ecology and genetics (6) is limited.
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Figure 1.

Distribution of recent publications by research topics in 2019, obtained from web-of-science database
(webofkenowledge.com/WOS_), using the single keyword “ginger” in title. Research topics (x-axis): 1, medicinal
properties and health benefits; 2, pharmaceutical, biochemical and molecular research; 3, food science and
chemistry; 4, other technologies and industrial applications; 5, cultivation and agriculture; and 6, biodiversity,
taxonomy, ecology and genetics. Y-axis: Percentages of the number of publications in 166 totals. Blue columns
include papers on Zingiber, ginger, gingerols and ginger-related topics. Red columns include papers on Curcuma,
turmeric, curcumins and related topics. Grey columns include other species in the ginger family Zingiberaceae.

Ginger (Z. officinale) is a very popular spice used worldwide, whether it be used
to spice up meals, or as a medicine [28]. Ginger can be used for a variety of food or
medicine items, as vegetables, candy, soda, pickles and alcoholic beverages. It is one
of the most versatile, ancient, significant, medicinal, nutritional herbs with several
ethnomedical values. This plant is recognised due to its therapeutic properties,
including antibiotic, antimicrobial, antioxidant and anti-inflammatory effects [29].
Phenolic acids, diarylheptanoids, terpenoids and flavonoids are reported to exist in
ginger rhizomes [30]. A list of 72 gingerols and diarylheptanoids derivatives from
ginger rhizomes is presented in Asamenew et al. [31], and among these compounds,
gingerol- and shogaol-related derivatives are the principal medicinally active com-
ponents contributing to the characteristic pungent flavour of ginger together with
essential oil major component, zingerone. These bioactive compounds have been
shown in experiments to be effective for inflammatory diseases [32] and osteoar-
thritis [29], to help induce apoptosis in cancer cells [33] and to show anti-leukaemic
effect [34]. Ginger has a great pharmaceutical potential.

Our survey of recent (2019) publications on Zingiberaceae in the Web-of-
Science database, using “Curcuma” as keyword in titles (Figure 2), shows that C.
longa (turmeric, saffron turmeric) is the single most researched Curcuma spe-
cies. The results show that this species has received much attention in the area of
pharmaceutical research and medicinal applications. Turmeric is commonly used
as spice, dye, drug and cosmetics [35], but recent research efforts have further
characterised its medicinal properties and have identified its biochemical compo-
nents in high resolution and specificity. The genus Curcuma is rich in flavonoids,
tannins, anthocyanin, phenolic compounds, oil, organic acids and inorganic
compounds [36]. The biological activities of Curcuma have been attributed to the
non-volatile ingredients of the rhizome, cucurminoids (e.g. curcumin), as well as
to the volatile terpenoids [37]. Curcumin has been shown in experiments to have
strong anti-inflammatory and antioxidant effects [29, 36]. The European Union has
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Figure 2.

Di%tributian of recent publications by research topics in 2019, obtained from web-of-science database
(webofknowledge.com/WOS_), using the single keyword “Curcuma’ in title. Research topics (x-axis): 1,
medicinal properties and health benefits; 2, pharmaceutical, biochemical and molecular research; 3, food
science and chemistry; 4, other technologies and industrial applications; 5, cultivation and agriculture; and 6,
biodiversity, taxonomy, ecology and genetics. Y-axis: Percentages of the number of publications in 200 totals.
Red columns include papers on Curcuma longa (turmeric). Yellow columns include papers about all other
Curcuma species, e.g. C. zedoaria (white turmeric, 7%), C. caesia (black turmeric, 5%), C. xanthorrhiza
(Javanese ginger/turmeric, 5%), C. amada (mango ginger, 5%), C. aromatica (fragrant turmeric, 3%) and 17
other Curcuma species with less than 3% each.

recommended the use of numerous medicinal plants for the treatment of gastroin-
testinal disorders, and among them are ginger root (Z. officinale) and turmeric root
(C. longa) [38].

Some 23 other Curcuma species have recently been explored in search for
new medicinal applications (Figure 2). The top five Curcuma species inves-
tigated are C. zedoaria (Christm.) Rosc. (white turmeric, native to South
and Southeast Asia, cultivated in Thailand), C. caesia Roxb. (black turmeric,
native to Northeast India, natural species of Thailand), C. xanthorrhiza Roxb.
(Javanese ginger/turmeric, originated from Java island, cultivated in Thailand),
C. amada Roxb. (mango ginger, originated from East India, natural species
of Thailand) and C. aromatica Roxb. (fragrant turmeric, natural species of
South Asia, cultivated in Thailand). Bioactive ingredients, including terpenes
(more than 40 monoterpenes and sesquiterpenes), antioxidants flavonoids
and phenolic compounds are present in all these species [39, 40]. Curcumin
from C. zedoaria, as from C. longa, shows good anti-inflammatory effects
[36]. Zederone and zedoarondiol, from rhizomes of En-Lueang (Curcuma cf.
amada), show strong cytotoxicity in a leukaemic cell line and in peripheral
blood mononuclear cells, as well as having antioxidant and haemolysis proper-
ties [41]. Dry extracts from rhizomes of C. xanthorrhiza and C. zedoaria have
been shown to have anticancer and antiviral properties [42-44]. Furthermore,
volatile oils extracted from leaves of C. caesia have broad antioxidant, anti-
inflammatory and antimicrobial effects in vitro [45, 46]. In contrast to C. longa,
many of the medicinal Curcuma species are not in large-scale cultivation, and
this increases the risk of overharvesting of rhizomes from wild plants. The good
news is that researchers are beginning to improve local cultivars and finding
suitable methods of micropropagation of these Curcuma species, for example,
C. angustifolia Roxb. [47].
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4. The genus Curcuma in Thailand

Forty-five species are found in Thailand or almost 50% of the total species
diversity of Curcuma worldwide (Table1). At least 12 of these species are endemic
to Thailand. New species have recently been described. For example, C. sarabur-
iensis Boonma & Saensouk from Saraburi province, Central Thailand [48] and C.
putii Maknoi & Jenjitt [49]. Several species of Curcuma are cultivated throughout
Thailand for commercial purposes. The whole plant has economic values: the
above-ground part of the plant bears attractive flowers that have been exported
worldwide as cut flowers, such as Siam tulip (C. alismatifolia) and C. parviflora
Wall. [50], whereas the below-ground rhizomes are harvested and sold in local
markets for use as crude extracts in the traditional medicine or for the production
of certified pharmaceutical products. Medicinal species, such as C. comosa Roxb.,
has received much attention in recent years for being a phytoestrogen-producing
plant (e.g. [51, 52]). Products from rhizomes of C. comosa have been developed for
use as an anti-inflammation remedy and for treatment of uterine abnormalities and
ovarian hormone deficit [53, 54].

Species of Curcuma L. 2n chromosome Ploidy Natural Cultivated References
number

C. aeruginosa Roxb. 63 Triploid X 4,6,9

C. alismatifolia 32 X X 9

Gagnep.

C. amada Roxb. 42 Diploid X 1,2,4,9,10

C. angustifolia Roxb. 42 (64) Diploid X 4,6,9,10

C. aromatica Roxb. 42, 63, 86 Di-, tri-, X 1,2,3,4,6,
tetraploid 7,9,10

C. aurantiaca van Zijp 42 Diploid X X 4,6,9,10

C. bella Maknoi*,
K. Larsen & Sirirugsaa

C. bicolor ].Mood & X X

K. Larsen

C. caesia Roxb.*b 63 Triploid X 9,10

C. candida (Wall.) 42 Diploid X 12

Techapr.*c

C. cochinchinensis X

Gagnep.

C. comosa Roxb. 42,63 Di-, triploid X X 5911

C. ecomata Craib X

C. elata Roxb.*d 63 Triploid X 4,5,7,9,11

C. flaviflora S.QTong 42 Diploid X 7

C. glans K. Larsen & X

J. Mood

C. glacillima Gagnep. ca. 32 X

C. hermandii Gagnep. 20 X b4 9

C. latifolia Roxb. 63, 84 Tri-, X X 4,5,9,11
tetraploid

C. leucorhiza Roxb. Triploid X 6,
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Species of Curcuma L. 2n chromosome Ploidy Natural Cultivated References
number

C. longa L. 63 (32, 48, 62-64) Triploid b¢ 1,2,4,6,
9,10

C. maehongson X

C. Maknoi

C. mangga Val. 42 (63) Diploid b¢ 4,9

C. nakornsawan X

C. Maknoi

C. parviflora Wall. 28, 30, 32, 36, 42 X 9

C. petiolata Roxb. 42,64 Di-, triploid X X 9,10

C. pierveana Gagnep. X

C. putii Maknoi &

Jenjitt.*e

C. ranong C.Maknoi X

C. rhabdota Sirirugsa 24 X X 9
& M. Newman

C. roscoceana Wall. 42 Diploid X X 4,9
C. rubescens Roxb. 63 Triploid X 9
C. rubrobracteata 63 Triploid X 7

Skornickova, Sabu &
Prasanth k.

C. saraburi C.Maknoi X

C. saraburiensis X
Boonma & Saensouk*f

C. singularis Gagnep. 42 X 9

C. sparganiifolia X X

Gagnep.

C. stenochila Gagnep. X

C. tak C.Maknoi X

C. ubonratchani X

C.Maknoi

C. viridiflora Roxb. X

C. woodii N.H.Xia & 42 Diploid 8

J. Chen'g

C. xanthorrhiza Roxb. 63 Triploid X 3,6,7,9,10
C. zedoaria (Christm.) 63, 64, 84,105 Tri-, tetra- X 2,4,6,9,
Rosc. pentaploid 10, 11
C. cf. Zedoaroides 63 Triploid X 1
Chaveer. & Tanee*h

Total number of 33 19

taxa =45

*Species references: a, Maknoi et al. [55]; b, Puangpairote [56]; c, Jenjittikul and Larsen [57]; d, Larsen [6]; e,
Maknoi et al. [49]; f, Boonma and Saensouk [48]; g, Chen et al. [58]; and h, Puangpairote et al. [59].
Chromosome/ploidy references: 1. Ramachandran [60]; 2. Ramachandran [61]; 3. eFlora [9]; 4. Leong-Skornikova
et al. [10]; 5. Soontornchainaksaeng and Jenjitikul [51]; 6. Zaveska et al. [62]; 7. Chen et al. [63]; 8. Chen et al.
[58]; 9. Puangpairote [56]; 10. Rice et al. [64]; 11. Puangpairote et al. [59]; 12. Nopporncharoenkul et al. [65].

Table 1.
List of Curcuma species found in Thailand, based on Maknoi [11] (except *), with 2n somatic chromosome
number, ploidy level and distribution.
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Figure 3.

Ofr own research work on selected Curcuma species from Thailand. (a) Triploid Curcuma comosa plants,
showing the above-ground part of the plant with 60-150-cm-tall leafy shoots and 15-32-cm-long inflorescences
with short peduncle and dark pink flowers. (b) Rhizome of the triploid Curcuma sp. “elata-latifolia”. Typical
rhizome of this species is ovoid-ellipsoid in shape and about (7-15) x (6-10) cm in size, with 2—7 lateral
rhigomes, 2—12 cm long and up to 5 secondary lateral rhizomes. (c) Mitotic metaphase cell of C. candida
showing diploid chromosome number 2n = 42. (d) Mitotic metaphase cell of C. comosa showing diploid
chromosome number 2n = 42. (e) Male meiotic cell of the diploid C. candida showing normal chromosome
pairing with 21 bivalents at metaphase-1. () Male meiotic cell of the triploid cytotype of C. comosa showing
chromosome pairing at metaphase-I with 21 trivalents, indicating autotriploidy. (g) Male meiotic cell of

the triploid C. latifolia showing irregular synapsis at metaphase-I chromosome pairing with 21 trivalents,
indicating allotriploidy. (h) A mitotic interphase cell of the triploid cytotype of C. comosa showing three major
sites of the 45S ribosomal genes, confirming triploidy in this species. (i) A mitotic interphase cell of the triploid
cytotype of C. comosa showing three major sites of the 45S ribosomal genes, one large C. comosa marker

site Ce1 and two smaller sites. (j) A mitotic interphase cell of the triploid cytotype of C. elata showing three
major sites of the 45S ribosomal genes and three minor sites, confirming triploidy in this species. (k) A mitotic
interphase cell of the triploid cytotype of C. elata showing three major sites of the 45S ribosomal genes, again
confirming triploidy in this species. Scale bars represent 5 ym. Refevences: (a-b) [51]; (c, ) [65]; (d, f~g) [59];
(h, j-k) [66]; and (i) [56].
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We have studied C. comosa and its related species, collectively called wan-chak-
motluk in Thai language for its phytoestrogen properties. The plant produces bright
colourful flowers in the form of inflorescences (Figure 3a). Its rhizomes are ovoid
to ovate spheroidal in shape and about 8-15 cm in diameter (Figure 3b). Wan-chak-
motluk belongs to three Curcuma species: C. comosa, C. elata Roxb. and C. latifolia
Rosc. [51]. Curcuma comosa is recognised by its inflorescences with short peduncles
(Figure 3a), whereas the other two species have long peduncles more suitable for
flower arrangements. Curcuma elata and C. latifolia produce large and branchy
rhizomes (Figure 3b).

Our chromosome number investigations have shown that the three wan-chak-
motluk species can be further separated into five cultivars or cytotypes ([51]; see
also Table 1): C. comosa has two cytotypes, diploid with 2% = 2x = 42 (Figure 3d)
and triploid with 2z = 3x = 63 (Figure 3f); C. elata (and C. cf. “elata-latifolia”)
is triploid with 2z = 3x = 63; but C. latifolia has two cytotypes, triploid with
2n = 3x = 63 (Figure 3g) and tetraploid with 2z = 4x = 84. The group of wan-
chak-motluk has been extended to cover more Thai taxa [59], including triploid
C. caesia, triploid C. cf. zedoaroides Chaveer. & Tanee and tetraploid C. cf. zedoaria
(Christm.) Rosc.

We have also recently described cytotaxonomy of the white flowering C. candida
(Wall.) Techapr., to be diploid with 2z = 2x = 42 ([65]; Figure 3c, e). C. candida is a
conservation-vulnerable species, rare and endemic to the Tenasserim Range border-
ing Thailand and Myanmar. As this species has the potential to be developed as an
ornamental or medicinal plant [67], efforts are being made to promote cultivation
rather than harvesting it from the wild.

5. Polyploidy in Curcuma

Our studies and those of others have shown that while most Thai Curcuma
species are diploid (21 = 42), other species are polyploid (Table 1). This ploidy
level determination is based on the meiotic chromosome pairing in pollen mother
cells, i.e. a diploid plant shows 21 bivalents, resulting from a complete synapsis
of homologous chromosomes at metaphase-I of the meiotic cell division (e.g.
Figure 3e). Therefore, we have concluded that the base chromosome number
for Curcuma, at least the Thai species investigated, to be 21 (x = 21), but we have
also identified this as “secondary” base chromosome number, possibly deriving
from three times primary base number x = 7 [59, 66]. Leong-Skornickova et al.
[10] measured genome size of 51 Indian Curcuma taxa using flow cytometry and
obtained chromosome counts from about one-third of the plants. They established
that the base number was x = 7 for Indian Curcuma because all the 2z numbers in
their study were multiples of seven, from hexaploids (2 = 42) up to 15-ploids.
This x = 7 is most likely an ancestral base number of Curcuma. Most angiosperms,
woody and herbaceous, are considered being ancient polyploids with the origi-
nal base numbersx = 6 and x = 7 [68]. The major crop plants of the world are
polyploid, for example, wheat, maize, potatoes, banana, cotton, oilseed rape and
coffee beans, and most of these highly productive plants are ancient polyploids
[69]. Therefore, in this context, all Thai Curcuma species (Table 1) are basi-
cally (ancient) polyploids, ranging from 2z = 42 (primary hexaploid, secondary
diploid) to 2n = 63 (primary 9-ploid, secondary triploid) and 2» = 84 (primary
12-ploid, secondary tetraploid). However, for the matter of consistency among
our studies, we treat all Thai Curcuma taxa based on the secondary base number
x = 21. This is in line with most other chromosome studies, whereby the meiotic
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analysis is used to determine ploidy levels, for example, the most cultivated
turmeric species C. longa is triploid with 2z = 63 [60, 64].

The genus Curcuma contains chromosome numbers spanning the full range
of the family Zingiberaceae, from 2% = 20 to 105 [10, 51, 59, 61, 63, 64, 70], but is
characterised by chromosomes of particularly small sizes, usually less than 2 pm.

A large number of Curcuma species (at least 25 species) have the diploid chromo-
some number 2z = 42 (base number x = 21), several (ca. 12) species have 2z = 63,
and other numbers such as 20, 24, 32, 34, 84 and 105 have also been reported.
Polyploidy is indeed very common in the ginger family Zingiberaceae.

Fluorescent in situ hybridization (FISH) mapping of the tandemly repeated
45S (18S-25S) ribosomal DNA on chromosomes of wan-chak-motluk supports
the occurrence of triploidy among the species and cytotypes with 2z = 63 [66].
Sets of three ribosomal FISH signals (loci) are apparent in the triploid C. comosa
(Figure 3h, i) and the triploid C. elata (Figure 3j, k). In addition, the meiotic figure
obtained from the triploid cytotype of C. comosa comprises of 21 trivalents; eachisa
pairing of three homologous chromosomes (Figure 3f). Cytogenetic characteristics
of triploidy have been observed in other Curcuma species, such as C. longa [60] and
C. zedoaria [71].

This triploidization is likely to be the outcome of hybridization between unre-
duced (27) and normal (12) gametes within or between the diploid populations.
Such mechanism has been well documented [72, 73]. In Zingiberaceae, multiple
occurrences of triploid formation have been shown in the ornamental ginger
genus Globba L. from Southeast Asia, based on molecular phylogenetic analysis of
both chloroplast and nuclear genes [74]. The situation with Curcuma—wan-chak-
motluk—is similar to that of Globba in that tetraploids (2% = 84) are extremely rare
(Table 1) and the triploids are variable both morphologically and cytogeographi-
cally [51]. The molecular study by Zaveska et al. [75] has shown that in Curcuma,
the genus of palaeopolyploid origin, its evolution is most likely driven by hybridiza-
tion and polyploidization.

Once a triploid has arisen, it could easily survive because Curcuma, like other
genera in Zingiberaceae, reproduces predominantly by vegetative means, i.e. the
plants often propagate by rhizomes and numerous bulbils produced on the inflo-
rescence. In the context of cultivation and utilisation of wan-chak-motluk, triploid
cultivars (with 2n = 63) are indeed very popular among the growers, for example,
for having larger rhizomes. We have also found that triploid and tetraploid plants
do have proportionally larger genome sizes compared with the diploid plants [59].
Polyploidization in plants often increases cell size as well as growth rates, giving
rise to plant phenotypes having higher physiological capacity and productivity
[76]. Increasing the ploidy level is known to be positively correlated with plant
production, both biomass and yield [69]. Furthermore, polyploids are often said
to have a broader ecological tolerance than their diploid progenitors [77]. This is
thought to be due to the effects of increased heterozygosity providing metabolic
flexibility to cope with wider arrays of conditions [76]. In addition, the advantages
of having more copies of the genes should allow polyploids to thrive in environ-
ments that pose challenges to their diploid progenitors [78]. In Zingiberaceae,
triploids are highly successful in cultivation, mainly due to their productive
rhizomes. In natural environments, triploids may be superior as a likely result of
the plant’s fitness as described above. Curcuma triploids are indeed common and
widespread over a vast geographical range throughout Asia [9, 10, 62, 63, 70, 71].
Future studies combining cytogenomics, genetics, physiology and ecology should
shed light onto the underlying physiological mechanism and its genetic basis of
such gains in polyploidy.
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6. Conclusion

The most widely cultivated plants belong to the two largest genera of this
family, the ginger genus (Zingiber) and the turmeric genus (Curcuma). They are
also the best researched plants from this family, and the most researched topics
concern medicinal properties and health benefits, pharmaceutical, biochemical and
molecular characterisation, as well as applications in food science and technology.
The present study identifies numerous polyploid species in the turmeric genus
(Curcuma) from Thailand. In particular, triploid species and/or cultivars are popu-
lar for a large-scale cultivation. The plants are easily propagated via underground
rhizomes, which are also the part of the plant that contains bioactive compounds
with medicinal properties. Rhizomes of triploid cultivars are bigger than those of
the diploid, wild relatives and thus are more economically valuable. Triploids are
also the most adaptable plants in diverse environments. On the other hand, the
overharvesting of wild plants, in search for novel or better bioactive compounds,
poses a serious risk of species extinction. Cytogenetic research, such as that pre-
sented here, can provide useful information for both types of activities, i.e. in the
plant improvement for cultivation and in the conservation of natural biodiversity.
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Chapter 9

Maize Chromosome Abnormalities
and Breakage-Fusion-Bridge
Cycles in Callus Cultures

Mavgarida L.R. Aguiar-Pervecin, Janay A. Santos-Serejo,
José R. Gardingo and Mateus Mondin

Abstract

The maize karyotype was first characterized by the observation of pachytene
chromosomes. The somatic chromosomes were identified by C-banding and FISH
with repetitive DNA sequences. C-banding was useful for the identification of
chromosome abnormalities in callus cultures. In the present review, we focus on the
involvement of heterochromatic knobs on the occurrence of chromosome abnor-
malities in callus cultures. In a previous work we detected anaphase bridges result-
ing from delayed chromatid separation at knob regions and typical bridges derived
from dicentric chromatids in cultures. The analysis of altered chromosomes showed
they were derived from a chromatid-type breakage-fusion-bridge (BFB) cycle.
Fluorescent in situ hybridization (FISH) showed signals of telomere sequences in
the broken chromosome arm, thus giving evidence of de novo telomere formation
on the broken chromosome end. Further observations of long- and short-term cul-
tures have shown the presence of chromosome alterations derived from BFB cycles
followed by chromosome healing. Additionally, the occurrence of unequal crossing
over in a knob region was observed in callus culture. These results are of interest for
studies on the mechanisms of chromosome alterations during evolution.

Keywords: maize, heterochromatic knobs, chromosomal rearrangements,
callus culture, breakage-fusion-bridge cycle, unequal crossing over

1. Introduction

Maize is an important crop plant and model organism. The maize karyotype
was first characterized by the observation of pachytene chromosomes obtained
from pollen mother cells, since the pioneering work by McClintock [1]. The early
cytological maps were constructed based on the identification of chromosome
relative lengths, arm ratios, heterochromatin patterns, prominent chromomeres,
and nuclear organizer region [2-5]. Structures containing heterochromatin were
described: heterochromatic knobs, centromeric heterochromatin, B chromosomes,
abnormal chromosome 10, and nucleolus organizer region localized on chromo-
some 6 [6]. Chromosome abnormalities were detected in several investigations,
and collections were organized containing reciprocal translocations (A-A trans-
locations), B-A translocations (interchanges between B chromosome and arms of
the A set), inversions, and trisomics, available at the Maize Genetics Cooperation
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Stock Center [7] (www.maizegdb.org). These materials have been important tools
for gene mapping.

The somatic chromosomes were identified by the C-banding procedure which
was useful for the identification of chromosomal abnormalities in callus cultures
[8-10]. The unequivocal identification of the somatic chromosomes is difficult
due to their degree of condensation, and the use of the C-banding procedure was
supplemented by an analysis of pachytene chromosomes of the lines from which
callus cultures were derived. C-bands correspond to knobs visualized on meiotic
chromosomes [11].

The characterization of meiotic and somatic chromosomes was improved by
fluorescence in situ hybridization (FISH) using as probes repeated DNA sequences
and genes, thus allowing the study of the molecular structure of chromosome
components, such as centromere, neocentromere, B chromosome heterochromatic
knobs, and gene mapping [12-20].

The maize chromosome structure has been extensively reviewed [21-25]. In
the present review, we focus on the involvement of heterochromatic knobs on the
occurrence of chromosome abnormalities in maize callus cultures. The size and
number of knobs are variable, and they may be present in each of the 10 chro-
mosomes of the complement at fixed positions in modern maize and its relatives,
including species of Zea (teosintes) and Tripsacum [26, 27]. Knobs were mapped
on the meiotic chromosomes [2, 3, 5], and recently they were mapped relative to
the maize reference genome assembly [19]. Knobs are composed primarily of two
tandemly repeated sequences, the 180-bp knob repeat and the 350-bp TR-1 element
or a mixture of both [13, 17, 19]. Knobs also contain retrotransposons [28, 29].

One genetic effect attributed to knobs is their influence on recombination [6, 19],
and it was revealed that knobs in heterozygous condition can reduce local recombi-
nation [19]. Another interesting genetic effect of knobs is their activity as neocentro-
meres resulting in meiotic drive. This meiotic event is a mechanism by which regions
of the genome are preferentially transmitted to the progeny. In maize, meiotic drive
is due to an uncommon form of chromosome 10, the abnormal chromosome 10
(Ab 10). In the presence of this chromosome, the knobs of other chromosomes are
converted into motile neocentromeres. Thus the knobbed chromosomes preferen-
tially segregate during female meiosis [30, 31]. The origin of maize polymorphism,
including size and number, has been discussed in several reports, and it was pro-
posed that meiotic drive was responsible for the evolution of knobs [32]. Recently, a
cluster of eight genes on Abl10 was identified, called Kinesin driver (Kindr) complex,
which are required for both neocentromere motility and preferential transmission. It
was revealed that Kindr is a strong minus-end-directed motor that interacts specifi-
cally with neocentromeres containing 180-bp knob repeats [33].

The effect of knobs on chromosome break and origin of abnormalities in maize
callus culture is presented in this review.

2. Chromosome abnormalities in maize callus culture
2.1 Heterochromatin involvement in chromosome breakage

Callus culture is an important step for genetic transformation in plants. The
identification of maize genotypes showing high ability to form embryogenic callus
type II (friable) and regenerate plants has progressed since the report by Green and
Phillips [34]. The genotypes identified since then were adapted to temperate regions
[35], and maize genotypes of tropical and subtropical origin have also been shown
to produce friable type II calli capable to develop somatic embryogenesis [36-38].
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Various studies have shown the occurrence of cytogenetic and genetic variability
in plants regenerated from maize callus cultures [39, 40]. This so-called somaclonal
variation [41] is undesirable when genetic stability is required, but interesting for
the study of mechanisms that give rise to chromosome abnormalities. Chromosome
breakage associated with heterochromatin was shown in several plant callus
cultures [8-10, 42-48].

Breakpoints involved in chromosome abnormalities associated with heterochro-
matin were previously detected in maize regenerated plants. The analysis of pachy-
tene chromosomes of these plants revealed that most breakpoints were localized
in chromosomes bearing a knob. The authors hypothesized that late-replicating
heterochromatin would replicate later in tissue culture, giving origin to bridges in
anaphases and occurrence of breakage between the knob and centromere [47]. This
would explain the presence of knobs in chromosomes involved in abnormalities
observed in regenerated plants. The authors identified in meiotic cells alterations in
chromosome structure, such as translocations, intercalary deficiencies, and hetero-
morphic pairs in 91 of 189 plants regenerated from callus cultures originated from
an Oh43-A188 genetic background [47].

2.2 Breakage-fusion-bridge cycle in callus culture and de novo telomere
formation

The first reports on breakage-fusion-bridge (BFB) cycles were made by
McClintock [49, 50]. In investigations on the behavior in successive nuclear divi-
sions of a chromosome broken at meiosis, it was shown that the chromatid type of
BFB cycle initiated by broken chromosome ends occurs in gametophyte mitoses
and in the endosperm. In the zygote the broken chromosome ends heal. BFB cycles
have also been observed in other species including wheat (Triticum aestivum), in
which reverse tandem duplications were observed [51]. The chromatid-type BFB
cycle initiated in meiosis continued through pollen mitoses and in early endosperm
divisions, but did not continue in embryo mitoses.

Investigations of mitotic cells in maize callus cultures detected anaphase bridges
resulting in delayed separation at knob regions and typical bridges originated from
dicentric chromatids. The observation of C-banded anaphases showed that the
chromatids were held together at C-band sites (corresponding to knob) [8]. Typical
bridges with and without C-bands were observed. These events were interpreted
as derived from a chromatid type of BFB cycle initiated by chromatids that were
broken during the primary event.

The analysis of abnormalities in chromosomes 7 and 9 of maize callus cultures
gave evidence of their origin from BFB cycles [8-10]. As illustration, we show here
the mechanism that would have originated these abnormalities. The callus culture
was induced from a hybrid between two sister inbred lines derived from a tropical
maize variety (Jac Duro [JD]). These JD lines possessed the same knob composition:
K6 L2, K6 L3, K7S, K7L, K8 L1, K8 L2, and K9S [8, 20]. K refers to knob, the number
identifies the chromosome, and S refers to short arm and L to long arm. Numbers 1,
2, and 3 refers to knob positions, according to the literature [27]. Thus, chromosome
7 possessed large knobs on both arms, and chromosome 9 had a very large knob on
the short arm. Therefore, these chromosomes were more prone to suffer alterations.

An abnormal chromosome 7 carrying two knobs on the short arm was observed
in metaphases of a callus culture designed 3-57. This abnormality was interpreted as
being a deficiency-duplication (Df-Dp) derived from a BFB cycle and healing of the
broken arm, for it was observed in various cells of the culture [8]. Figure1 [9, 25]
shows the mechanism that would have originated this aberration. The two knobs on
the short arm would bear a deficiency in the terminal region (RTD). Therefore this
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abnormal chromosome 7 possessed reverse tandem duplications of these knobs and
of a segment designated “b.”

This chromosome 7 carrying a deficiency on K7S and duplications of the knob
and of a “b” segment (Df-Dp7) was stable in culture and was transmitted to regen-
erated plants. Thus, Ry plants regenerated from the 3-57 culture were heterozygous
for this chromosome alteration. R; and R, plants were recovered and analyzed.
Homozygotes for normal chromosome 7 and heterozygotes for the Df-Dp7 were
detected. Plants homozygous for the Df-Dp7 were not recovered. Presumably, seeds
carrying homozygotes were not viable. Figure 2A [9, 25] shows a metaphase of a
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Figure 1.

BEB cycle that would give rise to chromosome 7 bearing a deficiency and duplication (Df-Dp) showing normal
chromosome (A); anaphase with delayed separating chromatids and breakage at K7S (B); chromatid with a
deficient K7S (C), fused after replication (D); breakage at anaphase (E); chromatid with duplication of the
“b” segment (F), fused at broken ends (G); anaphase bridge and breakage (H); resulting chromatid with two
knobs and veverse tandem duplications (RTD) of the “b” segment. Arrows at anaphases indicate breakpoints
[9, 25].
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Figure 2.

Somatic chromosomes of R, plants derived from the 3-57 culture. C-banded mitotic metaphases homozygous for
normal chromosome 7 showing knobs (C-bands) on the long and short arms (A); heterozygote for the Df-Dp
chromosome 7 with two knobs; telomeric FISH signals on early and full metaphases (C, D); homologous pairs
of chromosome 7 [9, 25].

134



Maige Chromosome Abnormalities and Breakage-Fusion-Bridge Cycles in Callus Cultures
DOI: http://dx.doi.org/10.5772/intechopen.88876

regenerated plant homozygous for normal chromosome 7, and Figure 2B shows
a metaphase of a plant heterozygous for the aberration. The distal knob (K7S) is
subterminal, for there is a tiny terminal euchromatic segment on the short arm.

Fluorescent in situ hybridization (FISH) using the telomeric sequence
(TTTAGGG)¢ showed signals in all the somatic chromosomes of the regenerated
plants, including the Df-Dp7 chromosome (Figure 2C-E) [9, 25]. This result gives
evidence of telomere healing at the end of the broken short arm. In these DAPI-
stained metaphases, bands corresponding to the knobs could be clearly visualized.
In the less condensed metaphases, the telomeric signals could be detected at the end
of the euchromatic segment of the duplicated short arm.

The healing of chromosome ends, i.e., the addition of telomere sequences to the
broken chromosome ends, has been observed in diverse plant species. In wheat,
FISH telomeric signals were detected at the broken ends of deleted chromosomes
and at the centromeric regions of telocentric chromosomes [52, 53]. The expression
of telomerase has been reported for diverse plant tissues, such as the meristematic
tissue and suspension cell cultures [54]. In barley, there was a decrease in the
number of telomeric sequences in differentiated cells, and the number of telomeric
sequences increased in callus cultures [55]. High telomerase activity was observed
in calli derived from tobacco plants, while in leaves the activity was very low [56].
In wheat, during the divisions of the gametophyte, dicentric chromosomes undergo
BFB cycles. De novo addition of telomere sequences occurs gradually during the
early mitotic divisions in the sporophyte [57].

The present study showing the telomere healing of the broken short arm of
chromosome 7 gives evidence of telomerase expression in maize callus culture.

The addition of telomeric repeats occurred on a euchromatic region, which was
certainly non-telomeric.

The meiosis of the regenerated plants heterozygous for the Df-Dp chromosome
7 was normal. The terminal euchromatic segment was clearly observed at pachy-
tene stage on the duplicated short arm. In the diplotene and diakinesis stages, a
heteromorphic pair corresponding to chromosome 7 was observed, as expected for
heterozygotes bearing a duplication [9].

2.3 Chromosome 7 and 9 abnormalities in long-term subcultures

C-banded metaphases of subcultures prepared after 18 months of the initia-
tion of the 3-57 callus culture were analyzed during a cultivation period from the
18-month-old original culture to 42-month-old cell lines. The subcultures were
designated as cell lines 1-MS2, 2-MS-2, 1-MS1, 2-MS1, 1 N6, and 2 N6. Feulgen-
stained anaphases were also observed.

The investigation of mitotic instability by the analysis of Feulgen-stained ana-
phases showed abnormalities similar to those previously described [8] and shown in
Figure 3: (i) bridges resulting from delayed chromatids held together at knob sites
(Figure 3A), (ii) broken bridges (Figure 3B), (iii) typical bridges (Figure 3C, D),
and (iv) fragments (not shown) [9]. The analysis of the frequency of these abnormal-
ities showed a tendency of decreasing frequency with time in culture. Three samples
of each cell line were harvested in different periods of cultivation, except 1-MS1
from which seven samples were analyzed. The frequency of anaphase abnormalities
observed varied from 4 to 10% in the first sample and from 0.67 to 5.33% in the last
sample. This tendency of decreasing frequency was a consequence of the healing of
the broken chromosomes, therefore, avoiding an accumulation of BFB cycles [9], as
discussed below. Interestingly, the total frequency of abnormalities varied from 0.67
to 10%, and this result was quite similar to the ones observed in a previous study of
5-month-old cultures derived from related inbred lines [38].
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*

Figure 3.

Feulgen-stained anaphase cells of the cell lines derived from the culture 3—57, with a laggard chromosome
showing delayed separating chromatids (A), broken bridge (after the primary event) (B), typical bridge (C),
and double bridge (D). Scale bar = 10 pm [9].

The analysis of the cell line pedigree showing the types of chromosomes 7
and 9 observed in C-banded metaphases in different subcultures of the six cell
lines is displayed in Figure 4 [9, 25]. A karyotype diversity among cell lines was
detected in this analysis, but homogeneity within some of them was observed in
samples harvested at different age transfers. Then, new abnormal chromosomes
were stable in different subcultures. Gross aberrations were not observed in
chromosomes 6 and 8 that possess knobs smaller than those found in chromo-
somes 7 and 9.

Different types of abnormal chromosomes 7 and 9 were observed in the cell
lines. In the original 18-month-old callus culture 3-57, two types of chromosome
7 were detected. One of the chromosomes possessed two knobs on the short arm
(K7S) corresponding to the Df-Dp chromosome 7 described above, and the other
type possessed K7S on an interstitial position of a duplicated short arm (Figure 4).
This chromosome would have originated from a mechanism similar to that shown in
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Figure 4.
Cell line pedigree showing the types of chromosomes 7 and 9 observed in C-banded metaphases in different
subcultures of the six cell lines derived from culture 3—57 [9, 25].

Figure 1 [9, 25]. The following types of chromosome 7 were distinguished in the cell
lines (Figure 5A): 7A, normal type, with a terminal K7S and a subterminal K7L; 7B,
with a duplicated short arm and a subterminal K7S; 7C, with two knobs on the short
arm and a terminal euchromatic segment (similar to Figure 2B); 7D, similar to 7C,
but without the terminal euchromatic segment; 7E, similar to 7D, with a smaller
deficient and terminal K7S; 7F, with a larger short arm, a very large interstitial K7S
and without the K7L on the long arm. The 7A, 7B, and 7C types were found in the
original 18-month-old culture (Figure 4). Figure 5B, C illustrates the 7D and 7B
types, respectively, and the 7E type can be seen in Figure 5D. Figure 5E illustrates
the 7C chromosome. The 7F type can be seen in the pedigree of the 1-MS1 cell line
(42-month-old culture, Figure 6) [9].

Different types of altered chromosome 9 were also observed in the samples of
cell lines (Figure 5A) [9]: the normal type corresponds to 9A; a smaller terminal K9S
corresponds to 9B; a smaller subterminal K9S corresponds to 9C; 9D is a chromo-
some without the knob; and 9E is a minichromosome derived from chromosome 9.
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Types of chromosomes 7 and 9 observed in C-banded metaphase of the cell lines from culture 357 (A);
metaphase cells of the 1-MS1 cell line (B) and 1MS2 (C); chromosomes 7 and 9 of the N6 cell line(D, E). Scale
bar = 10 um [9, 25].

The 9A, 9C, and 9E types can be seen in Figure 5B, and the 9B type is shown in
Figure 5D, E. Figure 6 shows the 9D type, which appears in the 31-month-old
subculture of the 1-MS1 cell line. This figure illustrates the different types of
chromosomes 7 and 9 detected in 1-MS1 cell line [9, 25].

Therefore, the analysis of metaphases of the cell lines showed new abnormali-
ties in chromosomes 7 and 9. The occurrence of delayed chromatid separation
and bridges in anaphases provided evidence of BFB cycle events, and healing of
the broken chromosomes could be inferred by the stability of the same abnormal
chromosome in different subcultures of the same cell line [9, 25].

In most cell lines, the original abnormal chromosomes 7 (7B and 9C types) were
maintained. The 7E type (with a smaller distal K7S) was found in the 42-month-old
subculture of the 2-N6 cell line (see Figure 4) [9, 25]. The 7D type (chromosome 7
without the terminal euchromatic segment) was observed in the 1-MS1 and 2-MS1.
These data suggest that cells bearing the original Df-Dp chromosome 7 (7B or 7C
types) were highly adapted in culture and that the new types (7D and 7E) found in
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Figure 6.
Types of chromosomes 7 and 9 observed in C-banded metaphases of the 1-MS1 and 2-MS1 cell lines. Scale
bar = 10 ym [9].

some subcultures were derived from the original altered chromosome 7 (7C type)
through new events of delayed chromatid separation at the knob region and break-
age. The 7F type would be a new alteration of the normal chromosome and was
detected in the 42-month-old subculture of the 1-MS1 cell line (Figures 4, 6) [9,
25]. Its origin would be through a delay in sister chromatids on K7S at anaphase, and
an amplified subterminal knob would appear if the duplicate knob did not separate
and a breakage occurred at an adjacent euchromatic region. A delayed separation of
chromatids on K7L at anaphase, followed by breakage, would explain the absence of
this knob in the 7F type.

Chromosome 9 suffered alterations in most cell lines, except for the 1-MS2
and 1-N6 cell lines. The 9D type (K9S deleted) was detected in the 2-MS2 and
2-MS1 cell lines, and the 9B type (partial deletion of the knob) was observed in
the 2-N6 cell line (see Figure 4 [9, 25]). A total or partial deletion of K9S would
have occurred after a delay of separation of the chromatids on this knob region and
breakage totally or partially eliminating the knob or a segment of it. Interestingly,
in the cell line 1-MS1, two types of chromosome 9 appeared, the 9C displaying a
subterminal smaller K9S (9C type) and a chromosome without the knob (9D type).
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In addition, a minichromosome (9E type) appeared in the subcultures possessing
one of these abnormal types. These abnormalities could have resulted from the
mechanism suggested in Figure 7 [9, 25]. The primary event would be a delay in the
separation of chromatids at K9S region followed by breakage originating a deficient
knob. Then, two types of BFB cycles, the chromosome [58] and the chromatid
types, would have originated the 9C, 9D, and 9E chromosome types. The 9C

and 9E chromosome types were observed in several subcultures, thus providing
evidence of healing of the broken chromosome ends. In the cell lines analyzed,
abnormalities were detected only in chromosomes 7 and 9. These alterations were
derived from a primary event of chromatid delayed separation at knob sites in
anaphases, followed by breakage and BFB cycle. The presence of large knobs in
these chromosomes would lead to this kind of primary event. A case of elimination
of chromosome segments from knobbed chromosomes was reported by Rhoades
and Dempsey [59]. In the presence of B chromosomes, a bridge formation would
occur due to delayed replication of the knob at the second microspore division.
Chromosomes containing large knobs would be involved more frequently in this
kind of event.
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Figure?7.

Mechanism that would oviginate different types of chromosome 9 in the 1-MS1 cell line: Normal chromosome
(A); anaphase with delayed separating chromatids and breakage (B); the resulting chromatids, one normal
and the other with a deficient knob (C) fused after replication (D); nondisjunction of sister chromatids (E)
resulting in a dicentric chromosome (F, G); double bridge (H) giving rise to a chromatid with a deficiency
at K9S and another chromatid without knob (1), which after duplication and fusion(J) suffered breakage in
the next anaphases (K); resultant chromosomes: One with a deficient K9S, another without the knob, and a
minichromosome oviginated after deletions whose mechanism is unclear (L). Arvows at anaphases indicate
breakpoints [9, 25].
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2.4 Heterochromatic knob amplification resulting from unequal crossing over
and BFB cycle

The observation of mitotic and meiotic aspects of an amplification of the knob
localized on the long arm of chromosome 7 (K7L), in plants regenerated from a
long-term callus culture designated 12-F, was carried out aiming to investigate
the origin of this amplification. The 12-F original culture was 28 months old when
the R1 plants were obtained [10]. The original callus 12-F was heterozygous for the
amplified K7L. Therefore, segregation was expected in R; progenies derived by
selfing Ry plants. Plants homozygous for the normal and amplified K7L, and plants
heterozygous for the amplified K7L, were recovered (Figure 8) [10]. The frequency
of plants homozygous for the amplification was lower than expected according to
Mendelian segregation, while the frequency of plants homozygous for the normal
K7L was higher than expected. The frequency of heterozygotes was according to the
expected value.
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Figure 8.

Somatic chromosomes of regenerated plants (R,) derived from the 12-F culture: C-banded prometaphase of
the homogygote for normal chromosome 7 (A); homozgygote for the amplified K7L (B); heterozygote for the
amplified K7L (C). Scale bar = 10 ym [10].
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Some plants whose karyotype was investigated were selected for meiotic analysis.
The homologous chromosomes were completely synapsed on knobs and terminal
euchromatic segment on the long arm at pachytene in plants homologous for normal
and amplified K7L (Figure 9A, B) [10]. In plants heterozygous for the amplifica-
tion, the knobs and the terminal euchromatic segments were completely synapsed in
some cells (Figure 9C) [10], but synapsis failure was also detected in these regions
(Figure 9D) [10]. In chromosomes bearing the K7L amplification and in normal
chromosomes, the size of the distal euchromatic segment was similar, but the size of
the amplified knob was significantly larger than the normal knob. In a possible case
of delay of chromatid separation at this knob site followed by breakage and a BFB
cycle, the distal euchromatic segment would be lost as discussed below [10].

Other abnormalities such as translocations, inversions, duplications, and dele-
tions were not found in the chromosomes of these plants derived from a long-term
callus culture [10].

The analysis of microsporocytes at the diakinesis stage showed the presence of
two types of univalents: one larger with two C-bands, thus corresponding to chro-
mosome 7, and a small one. The frequency of univalents was low for both types. The
frequency of the large univalents in heterozygous plants was higher (2.88%) than
control plants (0.55%). Differences were not observed in the frequency of small
univalents in the heterozygotes (1.14%) in comparison with control plants (1.92%)
[10]. Therefore, the meiosis was normal in most microsporocytes, and R2 progenies
were also obtained.

The investigation of short-term cultures derived from inbred lines and hybrids
related to the inbred line donor of culture 12-F showed interesting alterations on the
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Figure 9.

Cr,;grmine—smined meiotic chromosomes of R, plants derived from the 12-F culture. Pachytene of a homozygote
for the normal K7L (A); homozygote for the amplified K7L (B); heterogygote for the amplified K7L,
showing completely synapsed chromosomes (C); pairing failure in the knob region of the heterozygote. Scale
bar = 10 um [10].
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long arm of chromosome 7 bearing K7L. The cytogenetic analysis of these cultures
detected abnormalities in chromosomes 7 and 9 and other chromosomes with and
without knobs. Here we focus only on alterations in the long arm of chromosome
7 to infer the origin of these abnormalities, aiming to understand the origin of the
K7L amplification observed in plants derived from culture 12-F. A total of 5223 cells
of the callus cultures from 6 genotypes were examined. In three cells from differ-
ent cultures, chromosome 7 bearing with asymmetric C-bands (corresponding to
K7L) was observed: one band was amplified, and the other was reduced in sister
chromatids (Figure 10A, B). These band alterations would have appeared due to the
occurrence of unequal sister chromatid recombination [10].

Unequal crossing over in regions containing duplicate genes or repetitive
DNA has been demonstrated in several organisms, such as yeast [60], apes [61],
and humans [62]. Two reciprocal products, a directly amplified tandem duplica-
tion and a deletion, can result from unequal crossing over between homologous
chromosomes. In patients with chromosome duplications involving some types of
Charcot-Marie-Tooth disease, the occurrence of unequal recombination between
homologous segments (interchromosomal) and sister chromatids (intrachromo-
somal) has been shown [62]. Thus, the generation of deletions and duplications by
unequal recombination can affect the copy number of repeated genes and noncod-
ing repeated DNA sequences.
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Figure 10.
Types of alterations in the long arm of chromosome 7 observed in C-banded metaphases of the short-term callus
cultures: K7L with different sizes in the sister chromatids (A, B); K7L duplication (C); K7L amplification (D);
K7L reduction (E); K7L in the telomeric position (F); absence of K7L (G); diagrammatic representation of

the abnormal chromosomes (H). Arrows point to the altered chromosomes. N, normal; Dp, duplication; amp,
amplification; Rd., reduction; T, terminal; Del, deletion. Scale bar = 10 ym [10].
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From this scenario, we can assume that the asymmetric chromosome 7
observed in callus cultures resulted from unequal chromatid recombination at
the K7L site. Therefore, the amplification of K7L detected in R1 plants derived
from the 12F culture would have originated from an unequal recombination at
K7L. This event would not alter the size of the distal euchromatic segment, as
observed here [10].

Other alterations were observed on the long arm of chromosome 7 in the
callus cultures analyzed: duplication of K7L (Figure 10C), amplification of K7L
(Figure 10D), reduction of K7L (Figure 10E), K7L localized on telomeric position
(Figure 10F), and the absence of K7L (Figure 10G). Figure 10H shows a diagram-
matic representation of these abnormalities. The frequency of these aberrations
varied from 0.98 to 4.82% in the six genotypes evaluated [10].

These abnormalities could have originated from a delay of sister chromatid
separation at the K7L region, followed by breakage and BFB cycles as suggested
in Figure 11 [10]. After the primary event of delayed chromatid separation,
breakage could occur in three different positions at the knob region, terminal (1),
proximal (2), and middle (3), giving rise to the different types of abnormalities
shown in Figure 10C-G. Note that in all possible events, the terminal euchromatic
“b” segment would be lost. Regenerated plants homozygous for these aberrations
probably would not survive with the deletion of the terminal segment. The recov-
ery of regenerated plants homozygous for the K7L amplification gives support to
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Figure 11.

Diagrammatic representation of the BFB cycles that would result in abnormalities in the long arm of
chromosome 7 observed in the shovt-term callus cultures. The normal chromosome (A) duplicates after DNA
replication (B) and delayed separation of the chromatids is observed (C). Breakage occurs at three possible
positions: Terminal (1), proximal (2), and middle (3). The resulting chromatids are the following: Breakage

at position 1 oviginates a chromatid with a terminal knob or an amplified knob after a new mitotic cycle (D);
breakage at position 2 results in chromatids with the absence of the knob (E); breakage at position 3 vesults in a
reduced terminal knob after the primary event, in a reduced knob and a terminal euchromatic segment after a
new mitotic cycle or a duplicated knob after a third mitotic cycle (F). “A” and “b” vepresent segments near the
knobs at a proximal and at a distal position, respectively. Note that in all events, the “b” segment is lost [10].
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the hypothesis that this amplification was originated from an unequal chromatid
amplification.

Therefore, the results show that knob amplification or reduction can appear as
aresult of BFB cycles or unequal crossing over, but if they are originated from BFB
cycles, they would not survive in homozygous regenerated plants.

3. Conclusions

The presence of some chromosome abnormalities in maize callus cultures can be
explained by the occurrence of delay of chromatid separation in mitotic anaphases.
This primary event gives origin to a bridge followed by a breakage-fusion-bridge
cycle and chromosome healing. FISH using telomere sequences as probes gave evi-
dence of de novo telomere formation at broken chromosome ends. Amplifications
and deficiencies in the knobs may also occur via unequal chromosome crossing over
evidenced in culture by the presence of chromosome 7 showing differences in the
size of K7L (C-band) in sister chromatids.

The data suggest interesting questions for further investigations such as the
mechanism underlying the delay in chromatid separation at knob sites and that
of de novo telomere formation at the broken chromosome ends in callus culture.
Changes in DNA methylation could be the cause of unusual later replication of
knobs (see [40]).

The observations on the chromosome healing of chromosomes 7 and 9 showed
that this event occurred in euchromatic and heterochromatic regions, certainly
non-telomeric sites. Mechanistic information on telomere formation is available
through studies on Saccharomyces cerevisiae. In this species, telomere sequences
were added to non-telomeric broken chromosome ends, but a strong preference
for telomerase action was observed at GT, TG, or GG nucleotides [63]. In wheat,
de novo telomere formation was initiated by 2-to-4 nucleotide target motifs in
an rDNA sequence localized in terminal position [53]. Homologous recombina-
tion, nonhomologous end joining, and de novo telomere formation are different
mechanisms that repair DNA double strand. De novo telomere formation would
be arare event [64]. In the present report, the healing of chromosomes 7 and 9
possibly occurred in the presence of internal sequences to which telomerase was
recruited.

In conclusion, mechanisms of chromosomal evolution like the related here might
occur in plants. It has been suggested that structural chromosomal rearrangements
frequently appear in euchromatin-heterochromatin borders [65].
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