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Summary

The book contains the substance of the lectures and partly of the practices of the subject
of ‘Genetics and Genomics’ held in Semmelweis University for medical, pharmacological
and dental students. The book does not contain basic genetics and molecular biology,
but rather topics from human genetics mainly from medical point of views. Some of the
15 chapters deal with medical genetics, but the chapters also introduce to the basic
knowledge of cell division, cytogenetics, epigenetics, developmental genetics, stem cell
biology, oncogenetics, immunogenetics, population genetics, evolution genetics,
nutrigenetics, and to a relative new subject, the human genomics and its applications for
the study of the genomic background of complex diseases, pharmacogenomics and for
the investigation of the genome environmental interactions. As genomics belongs to
sytems biology, a chapter introduces to basic terms of systems biology, and
concentrating on diseases, some examples of the application and utilization of this
scientific field are also be shown. The modern human genetics can also be associated
with several ethical, social and legal issues. The last chapter of this book deals with these
issues. At the end of each chapter there are questions, with which the readers can
ascertain whether they understood and/or learned the chapter. Because it is an e-book,
some terms and definitions has a hyperlink for more detailed explanations in the World
Wide Web. Besides university students, the book is also recommended to all those who
are interested in modern medical genetics and genomics and want to be up-to date in
these subjects.
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1. Transmission of genetic information

1.1. Cell cycle and regulation of cell cycle

In a given organism the genetic information (DNA) is transferred from cell to cell during
the cell cycle. In the cell cycle, the cellular content is duplicated then it is halved.
However, a distinction must be drawn between the nuclear and cytoplasmic events. DNA
duplication (in chromatin form of DNA) and halving (in chromosome form of DNA) are
very precisely regulated processes, resulting two genetically identical cells. At the
same time the growing of the cytoplasm followed by division in two are less strictly
regulated events of cell cycle.

The duplication of cellular ingredients occurs in interphase, that is divided into G1
(preduplication or preceding DNA duplication), S (DNA synthesis) and G2
(postduplication) phases. In M-phase the previously duplicated cellular content is
separated, in mitosis the chromosomes, followed by cytokinesis, the division of
cytoplasm.

Cell proliferation rate in an adult multicellular organism is variable. Moreover most
of the cells are in so-called Go phase, where there is no cell division, sometimes not
even growth. The cells need extracellular stimuli, e.g. growth factors and / or adhesion
to other cells or extracellular matrix in order to reenter Gi phase.

In the cell cycle a very sophisticated control system (cell cycle control system)
functions, whose essential components are the cyclin-dependent protein kinases, the
Cdk-s. Cdk-s are activated by another protein family, by cyclins, the amount of which
cyclically varies during the cell cycle. Beside cyclins, the activity of cyclin-dependent
kinases is regulated by other factors, too. These factors include activating and inhibiting
Cdk kinases which phosphorylate Cdk-s, resulting Cdk activation and inhibition
respectively. Phosphate residues are removed by phosphatases, modifying Cdk activity.
According to their names, cyclin-dependent kinase inhibitors inhibit Cdk activity. The
amount of all the proteins mentioned before may be regulated via transcriptional and
translational level and by proteasomal degradation, followed by ubiquitination. All these
together allow a highly organized, complex but gentle control of the cell cycle. The
cyclin-dependent kinases, the main actors of cell cycle control system, operate the cell
cycle through phosphorylation of many different target proteins. Recently in addition to
cyclin-dependent kinases the role of some other kinases (e.g. Polo, Aurora etc.) was
found.

The phases of cell cycle are not interchangeable, they have to follow each other in a
strict order. Operation of checkpoints in the cell cycle ensures to give rise to genetically
identical cells by cell cycle (Figure 1.1).
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M phase

mlltnai 5 cytokinesis
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Figure 1.1. Phases (G, S, Gz, M) and checkpoints (G, G2, M) of cell cycle. Cell cycle control
system allows to overstep checkpoints if the conditions are suitable for the cell to proceed
to the next phase.

The main checkpoints are the following: G1 checkpoint (in higher eukaryotes it is
referred to as restriction point), where first of all the integrity of DNA is checked,
operates at the end of the G1 phase. The second checkpoint is at the end of G2 phase, it is
the G2 checkpoint, where the accuracy and integrity of DNA is monitored. Finally, the
function of M checkpoint, in the metaphase of mitosis is to ensure the appropriate
attachment of all chromosomes to the microtubules of the mitotic spindle before the
duplicated chromosomes are separated. And now let us see a brief summary of
multicellular (mammalian) cell cycle and the regulation.

1.1.1. Go - G1 transition

In an adult multicellular organism most cells do not divide, they are found in a special
phase, Go phase. Go phase cells lack functional cyclins and cyclin-dependent kinases, the
main cell cycle regulators. If proliferation is necessary, these Go phase cells have to
return into the cell cycle, essentially have to pass G1 checkpoint or restriction point. It is
induced by growth factors or extracellular matrix components initiating transcription
and translation of D cyclin and reduction of Cdk inhibitors by stimulating their
proteasomal degradation. These Cdk inhibitors: p16, p15, p18 and p19 specifically
inhibit Cdk4 and Cdké6 by preventing the binding of activating D cyclin, and also the
activity of Cdk-cyclin complex. The main target of active Cdk4/6-D cyclin complex is
pRb (Rb stands for retinoblastoma, a malignant disease of the retina caused by the
mutation of pRb encoding gene), p107 and p130 proteins. The phosphorylation of these
proteins causes conformational changes and they release E2F transcription factors. And
it is the turning point in Go-G1 transition, because E2F transcription factors induce the
transcription of several S-phase specific genes, such as E cyclin, A cyclin, thymidine
kinase, DNA polymerase etc. E cyclin activates Cdk2 whose main target, similarly to the
Cdk4/6-D-cyclin is Rb protein, the phosphorylation of which is enhanced (positive
feedback). Cdk2 has another activator, A cyclin, their complex is essential in S phase
initiation (Figure 1.2).

Disadvantageous environmental effects, e.g. hypoxia (excessive proliferation of cells
may result not sufficient blood flow) or DNA damages activate G1 checkpoint machinery

www.tankonyvtar.hu © Valéria Laszl6



http://www.tankonyvtar.hu/

1. Cell cycle, divisions, gametogenesis 11

and it will stop the cell cycle. The amount and activity of p53 is increased which in turn
induces the transcription of a Cdk inhibitor protein, p21. p21 is a general Cdk inhibitor,
hence it inhibits all Cdk-cyclin complexes: Cdk4 / 6 - D cyclin, Cdk2- E cyclin and Cdk2- A
cyclin, so the cell cycle is halted and the cell may not enter S phase. This general Cdk
inhibitor family has two other members, p27 and p57. These proteins prevent the
duplication of damaged DNA, suspend the cell cycle, allowing error correction. Briefly,
their activity prevents the cell cycle resulting genetically different cells (Figure 1.2).
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Figure 1.2. Summary of Go- G transition

The Cdk inhibitor encoding genes are tumor suppressor genes whose mutations in
homozygote form (recessive) are the main contributors of tumor development. The
most well-known tumor suppressor gene species are p53 and pRb encoding genes.
About half of the tumors lack functional p53. The genes encoding cell cycle stimulating
proteins (Cdk-s, cyclins, growth factors and many others) are protooncogenes. Their
mutation in heterozygote form (dominant) is also involved in tumor development.

1.1.2. G1 - S transition, S-phase

The main S phase event is the DNA duplication, the replication. Since eukaryotic cell
DNA is much higher than prokaryotic, the replication starts simultaneously at several
sites, called origos, and occurs in both directions. Initiation proteins associate with
origos where DNA unwinds, followed by the attachment of further components of
replication complex. As throughout the whole cell cycle cyclin-dependent kinases play
major role in Gi-S transition, too. Cdk2-E cyclin complex activation requires the
degradation of the Cdk inhibitor p27, which step is initiated by an ubiquitin ligase, SCF
(Skp-Cullin-F-box protein). Finally the activated Cdk2 (and another protein kinase,
Cdc7) phosphorylates some, not exactly known members of the replication complex.
This effect fulfills another role, too, namely it prevents the formation or the binding of
new initiation complexes, hence the DNA is replicated only once.
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In DNA replication both strands of DNA serve as template, and appropriate
nucleotides built in according to the complementarity of the nucleotide chain. As it was
demonstrated by the experiments applying radioactive isotope labelled monomers, DNA
synthesis is semi-conservative, since after the replication both DNA molecules have
one old and a newly synthesised strand. Since the sequence of DNA strand
unambiguously determines the sequence of complementer DNA strand, the arising two
DNA molecules are equal.

1.1.3. G2 - M transition

The regulation of Gz - M transition is better known than that of G - S transition. The M-
phase is triggered by MPF (M-phase or Mitosis Promoting Factor), that is a complex of
B cyclin and Cdk1. After the binding of these proteins post-translational modifications
are required for the final activation. Cdk1 component of the complex is the substrate of
two kinases, one is an activating kinase which adds a phosphate group to a tyrosine, the
other is an inactivating kinase which phosphorylates a threonine residue of the protein.
The latter is removed by a phosphatase (product of a gene belonging to Cdc25 gene
family), and this is the last step in MPF activation (Figure 1.3). But all these events will
only happen if G2 checkpoint machinery finds DNA undamaged and correctly replicated.

mactive inactive aclive
MPF ECLivating e MIPFF phosghatase MAPF

kinase
Cabe25

||1h|!:-||-::-| y kimase

Figure 1.3. MPF activation. B cyclin binds to Cdk1 which is phosphorylated by an
activating and an inactivating kinase. Inactivating phosphate group is cleaved by a
phosphatase resulting an active MPF. Source:
http://www.ncbi.nlm.nih.gov/books/NBK28366/figure/A4636/?report=objectonly;
29/07/2013.

MPF has numerous substrates, first of all it activates Cdc25 protein, thus by a
positive feedback control more and more MPF is activated. In mammalian cells there are
three phosphatases: Cdc25A, B and C, at this point of cell cycle regulation, the C type
operates.

Then, MPF triggers M-phase through the phosphorylation of further target proteins,
like lamin A, B and C, components of nuclear lamina, a structure attached to the inner
nuclear membrane. It results disintegration of nuclear membrane.

MPF indirectly inhibits actomyosin ATP-ase activity causing rearrangement of
microfilaments and consequently rounding of the cell and also inhibiting premature
cytokinesis.

One of the major events, the chromosome condensation is also triggered by MPF,
through the phosphorylation of condensins, H1 and H3 histones.

Phosphorylation of MAP-s (microtubules associated proteins) changes the
arrangement of microtubule system and induces mitotic spindle formation needed for
chromosome separation.
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In G2-M phase transition the APC (Anaphase Promoting Complex) having role later in
metaphase-anaphase transition is indirectly activated by MPF.

1.1.4. M-phase

The M-phase is a complex process of successive steps, a series of events, used to be
divided into mitosis and cytokinesis. In the first half of the M-phase, in mitosis the
doubled DNA divides in two, followed by the separation of cytoplasm, by the phase of
cytokinesis.

In mitosis the following phases are distinguished:

Prophase. In the nucleus the nuclear chromatin gradually changes to chromosomes
by the maximal condensation of DNA. Since before the M-phase the DNA has been
replicated, each chromosome comprises two chromatids (sister chromatids). In the
cytoplasm the centrosome, which also has been doubled in interphase, splits into two
and move to opposite poles of the cell, and organize the mitotic spindle composed of
microtubules.

Prometaphase. Nucleolus disappears, the chromosome development continues. The
nuclear membrane disintegrates, too. Kinetochore microtubules binding kinetochore
protein complex associate to the centromere region of each chromatid.

Metaphase. The chromosomes are arranged in the equatorial plane of the cell by the
help of kinetochore microtubules. Kinetochore regions face the two poles of the cell and
the kinetochore microtubules bind to sister chromatids of a chromosome from opposite
direction.

Anaphase. Sister chromatids of chromosomes split and move toward the poles of
the cell. In the first half of anaphase (anaphase A) the kinetochore, later in the second
half of anaphase (anaphase B) the polar microtubules operate. It is the shortest phase of
mitosis.

Telophase. Kinetochore microtubules disappear, nuclear membrane is reorganized
around the chromatids at the cell poles. Chromosomes decondense, they become
chromatin. Nucleoli are reformed. Polar microtubules lengthen further the cell.

The mitosis, the division of nuclear content is followed by

Cytokinesis. The separation of the cytoplasm begins in the late anaphase and is
completed after the telophase. In the middle of the cell, perpendicular to the axis of the
mitotic spindle cleavage furrow appears, which gradually deepens and thus the
connection between the two half cells narrows. The overlapping region of polar
microtubules makes so-called midbody. Finally, the cytoplasm completely splits.

Let us see in more detail the processes listed above.

1.1.4.1. Chromosome structure

In M-phase the long eukaryotic DNA molecules have to be packed in small chromosomes
to be able to accurately halve without breaks. Meanwhile, the original length of the DNA
(several cm) is reduced by ten thousands fold (few pm). The molecular mechanism of
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this packaging is still not known in detail. The major points of a widely accepted model
are described below (Figure 1.4).
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Figure 1.4. From DNA to chromosome
Source: http://www.nature.com/scitable/topicpage/eukaryotic-genome-complexity-437;
20/02/2013.

Two nm wide DNA double helix wraps the octamers of histones (2 of each H2A, H2B,
H3 and H4 histone molecules) forming nucleosomes, disc-like structures connected by
the continuous DNA molecule. It is called nucleosomal structure having a diameter of
11 nm. H1 histone folds six nucleosomes in one plane to give a diameter of 30 nm fiber
called chromatin or solenoid. The chromatin fiber is attached to a protein scaffold and
forms loops. These loops are the basic unit of replication and transcription, and this
structure is 300 nm wide. Finally, it is further compressed and folded to produce the
chromatids of 1400 nm wide metaphase chromosome (Figure 1.4). The final step of
chromosome condensation is induced by the MPF activated condensins. There are two
protein complexes of similar structure influencing different DNA functions: the
condensins and the cohesins. They are composed of different SMC (structural
maintenance of chromosomes) proteins having ATPase activity and regulatory
functions, all associate in a ring-like structure (Figure 1.5).
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Figure 1.5. Structure of cohesin and condensin
Source: http://www.nature.com/nrg/journal/v4/n7/box/nrg1110 BX3.html; 19/02/2013.

Metaphase chromosome has very characteristic morphological structure. As the DNA
is doubled in the S phase, chromosome comprises two sister chromatids. After DNA
synthesis, the DNA molecules are held together by the ring-like cohesin complexes.
Much of this cohesins detaches during the prophase, and at the end of metaphase it is
found only at the primary constriction of chromosomes specified as centromere region.
This peri-centromeric cohesin is cleaved in early anaphase allowing the separation of
chromatids. Chromosomes are usually classified according to the location of the
centromere region (see Chapter 3, Cytogenetics). During prophase and prometaphase a
special three-layer plate of protein structure called kinetochore associates to the
centromeres of chromosomes. Beside many other proteins kinetochore contains both
dynein and kinesin-type motor proteins, and the role of it is to bind kinetochore
microtubules (about 30-40/sister chromatids). In scleroderma which is an autoimmune
disease, patients produce antibodies against some of the kinetochore proteins.

The centromere divides the sister chromatids into two arms, the ends of the arms
are called telomeres. Loss of telomeres makes the chromosomes instable (Figure 1.6).

am arm

Kinetochore

telomeres

Sister chromatids Centromere

Figure 1.6. Eukaryotic chromosome
Source: http://www.emc.maricopa.edu/faculty/farabee/biobk/biobookmito.html;
20/02/2013.
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There are 5 pairs of human chromosomes having not only primary, but secondary
constriction or NOR (nucleolar organizer region) too, which contains a high number of
copies of the large (45S) rRNA gene.

1.1.4.2. Disappearance and re-formation of nuclear envelope

As it was mentioned before, the lamins of nuclear lamina attached to the inner surface of
nuclear envelope are phosphorylated by MPF causing the dissociation of nuclear
membrane into vesicles. Lamin B remains in the membrane of vesicles, but lamin A and
C are found in soluble form in the cytoplasm. The highly organized nuclear pores are
also decomposed. At the end of mitosis, in the telophase, the phosphatases are activated
and dephosphorylate the lamins. The reformation of nuclear envelope begins on the
surface of chromosomes. They move closer to each other, and the membranes fuse and
the pores are also reorganized. Finally the chromosomes decondense to chromatin.

1.1.4.3. Structure and role of mitotic spindle

The components of mitotic spindle are the centrosomes and the microtubules. In
human cells, the major microtubule organizer center (MTOC) is the centrosome; in
interphase cells it is located usually near to the nucleus. The structure of centrosome is
the following: in the center there are two perpendicular cylindrical bodies (the
centrioles), which are connected by proteins at their bases. The centrioles are made of
9x3 microtubules in windmill-like arrangement. Around them an amorphous,
unstructured material, the pericentriolar matrix is located, in which numerous
different proteins are found. The microtubules grow out from the pericentriolar matrix
in star-like manner, this region is called aster (Figure 1.7). Minus ends of microtubules
face the centrioles, their plus ends face outward. The microtubules are organized, the
tubulin heterodimer polymerization is induced by a special subtype of tubulin, found in
y-tubulin rings in the pericentriolar matrix.
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Figure 1.7. Schematic figure of centrosome
There are two centrioles in the center, surrounded by pericentriolar matrix (PCM) which is
the nucleation site of microtubules (yTuRC =y tubulin ring complex).
Source: http://www.irbbarcelona.org/index.php/es/research/programmes/cell-and-
developmental-biology/microtubule-organization; 19/02/2013.

To produce genetically identical cells through the cell cycle not only the accurate
replication and separation of DNA, but the precise duplication and division of

www.tankonyvtar.hu © Valéria Laszl6



http://www.tankonyvtar.hu/
http://www.irbbarcelona.org/index.php/es/research/programmes/cell-and-developmental-biology/microtubule-organization
http://www.irbbarcelona.org/index.php/es/research/programmes/cell-and-developmental-biology/microtubule-organization
http://www.irbbarcelona.org/index.php/es/research/programmes/cell-and-developmental-biology/microtubule-organization

1. Cell cycle, divisions, gametogenesis 17

centrosome are needed. If there is no centrosome duplication, there is no bipolar
mitotic spindle, no division and the chromosomes are not able to separate in two.
However, if centrosome is repeatedly duplicated, more poles are made in the cells and
the chromosomes are unevenly distributed between the daughter cells (see causes of
atypical divisions). In late G1 phase the centrioles slightly move away from each other,
and in the S-phase perpendicularly to the original one the development of new
centrioles begin. In late Gz and early mitosis the two pairs of centrioles are separated
from each other, migrate to the two poles of the cell by the help of microtubule system
and motor proteins. At the poles the new centrosomes nucleate the microtubules of
mitotic spindle (Figure 1.8).

Mature Reviews | Cancer

Figure 1.8. Duplication and separation of centrosome
Source: http://www.nature.com/nrc/journal/v2/n11/box/nrc924 BX3.html; 19/02/2013.

Mitotic spindle organization also needs the activation of MPF. At the beginning of
division, the MAP-s, microtubule associated proteins, are phosphorylated by MPF, which in
turn changes the characteristic interphase microtubule arrangement, and induces the
development of mitotic spindle. In interphase there are few, long and relatively stable
microtubules. Oppositely the mitotic spindle is characterized by many, short and highly
dynamic microtubules.

In prophase many, dynamic microtubules grow in all directions back away from the
centrosomes. The attachment to any structure by their + end stabilizes the microtubules.
The microtubules growing from different poles may bind to each other giving rise to the
partly overlapping polar microtubules. In the overlapping region + end motor proteins
are found, which stabilize the polar microtubules and are also needed to push apart the
two poles in anaphase B.
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In prometaphase after the disruption of nuclear envelope the microtubules randomly
may bind not only to each other, but also to the chromosomes. It has been demonstrated
that the chromosomes by their kinetochore region move on the microtubules. This
movement is a kind of sliding mediated by dynein motor protein.

Around the centrosome the effect of a special unidentified force, referred as polar
wind is noticed. It means that from the poles of the cell all bigger particles are excluded,
probably due to the mechanical effect of intensively growing microtubules. As they
grow, they may push any particles, e.g. chromosomes. At the same time the + ends of
microtubules randomly growing from the two opposite poles may bind to the two
different kinetochores of chromosomes. These microtubules are the kinetochore
microtubules.

In the metaphase the chromosomes are arranged in the equatorial plane by the help
of kinetochore microtubules. This arrangement is not static, the chromosomes are
oscillating according to the dynamism of microtubules. At the same time the length of
microtubules is constant, because the rate of polymerization on both ends is the same.

The third type of microtubules are the astral ones, they grow from the centrosome
toward the plasmamembrane. The role of them is not clear (Figure 1.9).
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Figure 1.9. Structure of mitotic spindle
Source: http://www.mun.ca/biology/desmid/brian/BIOL2060/BI0L2060-19/19 25.jpg;
19/02/2013.
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1.1.4.4. Metaphase - anaphase transition

In metaphase-anaphase transition the anaphase promoting complex (APC) has to be
activated. APC is a specific ubiquitin ligase, an enzyme which binds ubiquitin to its
substrate proteins, targeting them to proteasomal degradation. One of the main
substrates is the separase inhibitor, the securin. Destruction of securin activates
separase, which in turn cleaves the sister chromatid binding cohesin from the
chromosomes, allowing the pulling of sister chromatids to the poles by kinetochor
microtubules. The other substrate is the B cyclin and its degradation inactivates MPF.
Inactivation of MPF triggers the completion of M-phase; disappearance of mitotic
spindle, chromosome decondensation, reorganization of nuclear envelope and the
cytokinesis, too.
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In the metaphase M (spindle)-checkpoint machinery operates; its function will be
discussed below. Briefly its significance is to ensure the precise halving of chromosomes,
pulling one sister chromatid to one pole and the other one to the other pole.

In the following figure (Figure 1.10) the different microtubule-kinetochore
attachments are shown. The accurate segregation of sister chromatids is ensured by
amphitelic attachment. If the attachment is not correct, the kinetochore microtubules
are not bound to the sister chromatids of a chromosome from opposite poles, there are
free kinetochores, the APC remains inactive and the mitosis is stopped in metaphase
until the attachment is corrected. The colchicine causing disruption of microtubules
stops the division in this way. If the chromosomes are arranged correctly in the
metaphase, APC is activated and the cell may step the anaphase.
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Figure 1.10. Attachment of kinetochore microtubules and kinetochore
Source: http://en.wikipedia.org/wiki/File:MT attachment configuration-en.png;
03/07/2013.

In anaphase two subphases are distinguished according to the type of microtubules
operating. In anaphase A the kinetochore microtubules shorten by depolymerization on
both ends. The depolymerization is coupled to the movement of the chromosome, the
sister chromatids are pulled to the opposite poles of the cell. The poles are further
separated in anaphase B by the help of polar microtubules which are growing, but the
overlapping region remains constant. Cons