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Introduction

Human Genetic and Genomics: A Practical Guide provides an introductory
source for the ever-evolving fields of human genetics and genomics. Chapters
presented in this book will enable the students to learn and understand the basic
concepts in human genetics and genomics. In addition, contemporary research,
technology, and developments shaping these fields are introduced. The chapters
are specifically designed to pique the students’ interest in the ever-evolving fields
of human genetics and genomics, and are supplemented with exercises.

The book is structured as a practical guide, with a general framework, and could
be used as an individual source or could be supplementary to any standard human
genetics textbook used for any introductory human genetics course for university
students, as well as advanced high school students.

Each chapter begins with a list of learning outcomes. This section introduces
the reader to the learning objectives of the chapter. Learning outcomes are fol-
lowed by introductory background text, which provides the reader with theoret-
ical background information about the topic. Depending on the chapter content,
this section could include basic scientific concepts, disease information, research
results, and necessary visual aids. Background sections cover literature infor-
mation, as well as contemporary developments and relevant improvements in
the field. As each chapter is self-contained, the reader does not need to refer to
another source or other chapters within the book.

Background information is followed by Exercise Questions, typically designed
to be completed in short sessions. These sessions facilitate easy grasp of human
heredity knowledge and contemporary genomics topics, as well as stimulating
critical thinking on the subjects. Exercise questions form an active learning part
of the Human Genetics and Genomics: A Practical Guide. The final part of each
chapter includes Additional Exercise Questions. These questions are designed to
facilitate independent study about the information provided in the chapter and
about further related topics.

The chapters are arranged such that there is a well-rounded introduction to
human genetics and genomics and a challenging approach to develop critical and
scientific thinking about the topics in the field.

In Chapter 1, Exploring Online Genetics Sources, readers are introduced to
widely used online genetics sources. Through interactive exercises, they learn to
utilize various genetics tools available on the World Wide Web. These include
directed navigation through National Center for Biotechnology Information
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(NCBI)’s databases. Custom-designed exercises allow readers to familiarize
themselves with commonly used sources such as PubMed and GeneDB.
Exercises lead the readers to learn how to search and gather information on
genes and diseases. Additionally, this chapter includes a list of popular online
genetics sources and their associated URLs.

In Chapter 2, Observation of Human Inheritance, readers are introduced to
genotype and phenotype concepts. By studying monogenic Mendelian traits, they
observe inheritance of a number of physical human traits. They study phenotypes
including but not limited to, shape of ear lobe, shape of hairline, ability to roll
tongue, shape of little finger. All exercises are guided by visual aids of these phe-
notypes. Further, readers are guided to gather data from the general population
and try to assess allelic variation and allele frequencies.

In Chapter 3, Reading, Understanding, and Constructing Human Pedigrees,
readers are introduced to inheritance of certain genetic diseases of humans.
They first learn the up-to-date symbols of pedigrees and learn how to read
pedigrees. Later on they learn about modes of inheritance and study autosomal
recessive, autosomal dominant, X-linked recessive, X-linked dominant, and
Y-linked inheritance. The chapter goes beyond single-gene inheritance and the
readers are introduced to polygenic diseases as well as mitochondrial diseases.
Readers are given certain pedigrees and are requested to decipher the mode of
inheritance through interactive exercises.

In Chapter 4, Cytogenetics, readers are introduced to cytogenetics and learn
how to analyze human chromosomes. They learn about karyotyping, standard
staining, and banding patterns. In addition, they are introduced to contemporary
techniques including FISH. Online exercises of shuffling and arranging chromo-
somes enable readers to understand in detail the structures of chromosomes and
identify mutations. They learn about terminology including, but not limited to,
monosomy, trisomy, and translocation. A list of chromosomal aberrations and
definitions is included.

In Chapter 5, Exploring DNA, RNA, Protein Sequence Databases, and Genome
Browsers, readers are introduced to molecular sequences. This chapter covers
DNA, RNA, and protein sequences. Readers are introduced to bioinformatics
and they learn about computational tools used for analysis and interpretation of
molecular sequence data. As high-throughput sequence data analysis is now a
big part of genetics, readers are introduced to fields such as genomics, transcrip-
tomics, and proteomics.

In Chapter 6, Exploring Online Bioinformatics Tools, readers are introduced
to certain bioinformatics and computational tools used for comparing multiple
DNA, RNA, or protein sequences to decipher the mutations underlying human
diseases and evolutionary relationships between organisms. The effects of various
mutations on protein structures and functions are covered with exercises.

In Chapter 7, Multifactorial Inheritance and Common Complex Diseases,
readers are introduced to common complex diseases. They learn about
human polygenic diseases and the environmental influence on human health.
Gene–environment interactions (GxE), epigenetics/epigenomics, and their
influence on human development and health are covered. Exercises include
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work on obesity, diabetes, and cardiovascular diseases, each of which has a very
high public health burden worldwide.

In Chapter 8, Neurogenetics and Behavioral Genetics, readers are introduced
to a subgroup of common complex diseases, which are of significant public
health burden. These diseases include neurological conditions with genetic
components, such as Alzheimer’s disease. They learn about human behavioral
conditions such as depression and schizophrenia, which have a significant
genetic component. Through exercises students learn about environmental
factors, which together with genetic predisposition cause disease onset.

In Chapter 9, Cancer Genetics, readers are introduced to the genetics of one
of the most significant human diseases, cancer. They learn about cell cycle and
how it is disrupted in cancer. They learn about familial cancers, specific genes,
inheritance, and genetic predisposition. Through exercises, they are able to do
risk assessment. They use tools such as breast cancer risk assessment tool. Tumor
profiling through sequencing and targeted molecular treatments are discussed.

In Chapter 10, Genetic Counseling, readers are introduced to the field of genetic
counseling. Family history taking and constructing pedigrees are covered in
detail. Internationally accepted standard protocols used in genetic counseling are
studied. Readers could actually practice genetic counseling through simulated
sessions and they address diverse cases including Huntington’s disease in a
family and pre-implantation genetic diagnosis.

In Chapter 11, Evolving Tools in Genome Editing: CRISPR-Cas, readers
are introduced to the contemporary genome editing tools. Specifically, the
CRISPR-Cas methodology is covered in detail. Applications of this recent
technology are discussed. Through exercise questions, readers critically analyze
the advantages and disadvantages of genome editing technologies.

In short, through 11 different chapters, Human Genetic and Genomics: A Prac-
tical Guide provides an easy to grasp, handy source for the ever-evolving fields
of human genetics and genomics. Further, this guide facilitates active learning
via its exercise questions content, through which critical and scientific thinking
about the topics are stimulated.
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Exploring Online Genetics Sources

Learning Outcomes

Upon completing this practical the student will be able to

• easily search for, find, and utilize online genetics sources;
• easily navigate through the National Center for Biotechnology Information

(NCBI)’s web page;
• start answering biological questions through online sources.

Background

Internet has become a fundamental tool in human genetics and genomics edu-
cation and research. It provides access to numerous online sources that facilitate
data storage, access, and analysis by end users including scientists, students, clin-
icians, patients, and public readers [1].

Development of online sources for human genetics and genomics began in the
1980s. Since then, online sources providing information and data on genetics
and genomics research have been rapidly growing. Internet has become the most
popular source for accommodating the most up-to-date research outcomes and
innovations in the field [2].

A broad range of genetic and genomic data is available online for access
and analysis. Examples include online databases for gene mapping, mapping
of chromosomal regions, epigenome mapping, sequence data on DNA, RNA,
and protein, species-specific sequence data and comparisons among species,
disease-specific data, gene expression data from normal and diseased tissues,
genome browsers, and literature information. Utilization of these sources could
be tailored to address specific research questions by end users.

One of the most important advances in genetics has been the generation of
whole genome sequence data. The availability of whole genome sequences offers
a vast array of genetic data on coding regions, noncoding regions, chromosomal
structure and gene organization, genes, gene locations on chromosomes, num-
ber of genes, number of base pairs, nucleotide sequences, and DNA variants. [3]

Human Genetics and Genomics: A Practical Guide, First Edition.
Bahar Taneri, Esra Asilmaz, Türem Delikurt, Pembe Savas, Seniye Targen, and Yagmur Esemen.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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So far, diverse organisms including species from bacteria, eukarya, and archaea
domains have been sequenced. Some of the earlier examples are Haemophilus
influenzae (1995), Saccharomyces cerevisiae (1996), and Caenorhabditis elegans
(1998) [4–6].

For the purposes of this book, only the human genome project will be detailed.

Human Genome Project

Human genome project, launched in 1990, is an internationally renowned
research project. It was constructed to define the genetic, physical, and sequence
maps of the human genome by deciphering the entire nucleotide sequence.
Revelation of the entire genomic sequence enabled identification of genes
dispersed throughout the genome [7, 8].

Access to the complete genome sequence has revealed information on genes,
regulatory elements, and chromosomal organization and structure and this has
facilitated the start of a new era in the field of human genetics [8].

In the recent years, advancement of next generation sequencing technologies
has enabled time-efficient and cost-effective sequencing of whole genomes.
These high-throughput sequencing technologies define a milestone in human
genetics and genomics research. Such technologies enable investigating genome
integrity and genetic variations across the human genome and hold great
promise for easing the diagnosis of Mendelian conditions as well as multifacto-
rial disorders. Moreover, these technologies aid in translation of human genetic
variants into clinics by targeting prediction, prevention, and variant-specific
drug discovery [8].

Rapid accumulation of large volumes of sequencing data has made manual
functional analysis impossible. Hence, computational tools and databases have
been employed for data analysis of high-throughput sequencing. It should be
noted that in most cases computational sequence analysis should be supple-
mented with further functional studies in the investigation of inherited human
traits and disorders [8].

As an outcome of high-throughput sequence analysis large amounts of
genomic and epigenomic data have become available in databases such as the
National Center for Biotechnology (NCBI), University of California Santa Cruz
(UCSC) Genome Browser, the encyclopedia of DNA elements (ENCODE), and
the roadmap epigenomics project. These databases are detailed below.

National Center for Biotechnology Information (NCBI)

NCBI is part of the United States National Library of Medicine (NLM), a branch
of the National Institutes of Health, legally established in 1988. Its initial aim was
to develop computer-based systems for collection, interpretation, and presenta-
tion of accumulating data in human molecular biology, genetics, and biochem-
istry. It has since evolved to act as an international platform for data sharing and
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computer-based data analysis, comprehensively covering information from all
organisms [9].

NCBI’s homepage contains a wide range of biological information that can
be accessed and downloaded. NCBI’s Entrez interface provides the links for
a vast array of databases, including Gene, a database with a specific focus on
gene-specific data providing information on gene locus, gene product, nucleic
acid sequence, annotated sequence variants, gene maps, and gene homologs
with additional links to external databases. NCBI provides access to OMIM
(online Mendelian inheritance in man) a well-established database providing
information on heritable disorders and the disease-causing genes, their chro-
mosomal locations and maps, phenotype–genotype relationships, and clinical
features (molecular genetics and cytogenetic aspects are also involved). Another
fundamental constituent of NCBI is the PubMed database, which provides
access to the online archive of biomedical literature abstracts and articles
through MEDLINE and scientific journals. The organization of NCBI allows
interconnection among these various databases.

Several other databases are embedded within the NCBI, which are listed in
NCBI’s homepage and use of these databases is demonstrated through NCBI’s
training and tutorials. Table 1.1 lists some of these databases.

UCSC Genome Browser

Upon completion of the first working draft of the human genome project in
2000s, the assembled genome has been accessible at the UCSC genome browser
[10]. Today, the genome browser broadly serves to visualize and analyze genome
assembly data that is gathered from UCSC or from other sources (user-supplied
data). UCSC harbors the genome assembly of more than 93 organisms including
humans, chimpanzees, mice, and zebra fish [10]. UCSC Genome Browser enables
access to the following data: mapping and sequencing (i.e. base positions, GC
contents, contigs, and scaffolds), genes and gene predictions (i.e. consensus
CDS, noncoding RNA), phenotype and literature, mRNA and ESTs, expression,
regulation (i.e. integrated regulation from ENCODE, CpG islands), comparative
genomics, variation (i.e. single nucleotide polymorphisms [SNPs]), and repeats
(i.e. microsatellite) [10, 11].

In addition, there are also various analysis tools available in the UCSC Genome
Browser including the genome browser, which enables visualization of genomic
data; BLAT, which is used for sequence alignment; in-silico PCR, which aligns
primer sequences to genomes; and Gene Sorter, which enables search for similar
genes by expression metrics.

The Encyclopedia of DNA Elements (ENCODE)

ENCODE, a collaborative project of different nations funded by the National
Human Genome Institute, serves as a follow-up of the human genome project.
It aims to investigate the functional DNA sequences of the human genome.
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Table 1.1 List of selected databases accessible through NCBI’s homepage.

Database Description URL

ClinVar Designates genomic variation and
depicts how they relate to human health

http://www.ncbi.nlm.nih.gov/clinvar/

dbVar Annotates genomic structural variations
including deletions, duplications,
insertions, inversions, translocations,
and other complex rearrangements

http://www.ncbi.nlm.nih.gov/dbvar/

Gene Provides descriptive and physical
information about the gene of interest

http://www.ncbi.nlm.nih.gov/gene/

Genome Organizes the genomic data of any
species and provides access to genome
resources of humans, microbe genome,
organelles, viruses, and prokaryotic
reference genomes

http://www.ncbi.nlm.nih.gov/genome/

MedGen Provides information on the medical
aspects of the human genetics

http://www.ncbi.nlm.nih.gov/medgen/

Nucleotide Provides nucleotide sequences adopted
from several resources. Genome, gene,
and transcript sequences are available
through NCBI nucleotide database

http://www.ncbi.nlm.nih.gov/nuccore/

OMIM
(online
Mendelian
inheritance
in man)

Provides descriptive information on
inherited disorders and their genetic
architecture

http://www.ncbi.nlm.nih.gov/omim/

Protein Provides protein sequences from
numerous sources

http://www.ncbi.nlm.nih.gov/protein/

PMC Provides free access to biomedical and
life science journals at the U.S. National
Institutes of Health (NIH) and National
Library of Medicine (NLM)

http://www.ncbi.nlm.nih.gov/pmc/

PubMed Harbors comprehensive citations of
biomedical research and literature from
MEDLINE, life science journals, and
online books

http://www.ncbi.nlm.nih.gov/pubmed/

SNP Harbors single nucleotide
polymorphisms (SNPs) and small-scale
variations of other types

http://www.ncbi.nlm.nih.gov/snp/

ENCODE provides information on the reference human genome including
coding and noncoding regions, i.e. protein-coding genes, noncoding transcripts,
long noncoding RNAs, pseudogenes; subcellular localization of transcripts
in humans by RNA sequencing; DNA methylation; chromatin accessibil-
ity indicator of DNA regulatory regions; transcription factor binding sites,
three-dimensional space interaction; and integration of SNPs achieved from
genome-wide association studies (GWAS) [12–14].

http://www.ncbi.nlm.nih.gov/clinvar/
http://www.ncbi.nlm.nih.gov/dbvar/
http://www.ncbi.nlm.nih.gov/gene/
http://www.ncbi.nlm.nih.gov/genome/
http://www.ncbi.nlm.nih.gov/medgen/
http://www.ncbi.nlm.nih.gov/nuccore/
http://www.ncbi.nlm.nih.gov/omim/
http://www.ncbi.nlm.nih.gov/protein/
http://www.ncbi.nlm.nih.gov/pmc/
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/snp/
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Roadmap Epigenomic Project

The information gathered from the genome sequence alone is not sufficient to
explain the physiological and pathological processes of the human body. When
thinking about gene expression and its regulation throughout the genome, epige-
netics must also be considered. Epigenetics studies the alteration of gene function
through gene expression without changing the actual nucleotide sequence.
Epigenome Project has been launched to reveal the epigenomic architecture of
the human genome. This project studies epigenetic mechanisms including DNA
methylation and histone modification. Understanding these mechanisms can
provide better insight into gene expression and human diseases [15, 16].

It should be noted that this chapter does not exclusively cover all relevant online
genetic sources.
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Exercise Questions

1 In this exercise, you will be using online genetics sources in order to gain a
broader understanding of genetics databases, which are commonly used in
education and scientific research as bioinformatics tools. For this task, you
have been provided with the screenshots of NCBI. In order to familiarize
yourself with this tool, you are guided through the basic processes of using
NCBI in a stepwise manner.
Step 1: Enter the following link to your browser: http://www.ncbi.nlm.nih

.gov. You will see the NCBI homepage appear on your screen as shown in
Figure 1.1.

Step 2: Click on the arrow next to the box labeled All Databases. Here, you
will find a list of different databases, each of which is tailored to the pur-
pose of your search (Figure 1.2).

Step 3: Scroll the mouse down to find and select PubMed. PubMed is an
electronic database that catalogs biomedical journals and articles of your
interest (Figure 1.3).

Step 4: In this task, you are asked to search the PubMed for articles including
information on the BRCA genes. Figure 1.4 illustrates the search for the
BRCA 1 gene. As you type the name of the gene into the browser, PubMed
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http://www.nature.com/nature/journal/v409/n6822/pdf/409860a0.pdf
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Exercise Questions 7

Figure 1.1 NCBI Homepage (Image on Internet; accessed 12 November 2018). Source:
Available from: https://www.ncbi.nlm.nih.gov. Courtesy of the U.S. National Library of
Medicine.

Figure 1.2 NCBI homepage (All Databases; accessed 12 November 2018). Source: Available
from: https://www.ncbi.nlm.nih.gov. Courtesy of the U.S. National Library of Medicine.

will show additional keywords that might aid you further in your search.
Refer to the image below and try and perform this search.

Step 5: Now go back to NCBI homepage and choose the database Gene as
shown previously in Step 2. Using this database, perform a new search for
the BRCA1 gene. With this search, you will find gene-specific information

https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
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Figure 1.3 NCBI homepage (PubMed; accessed 12 November 2018). Source: Available from:
https://www.ncbi.nlm.nih.gov. Courtesy of the U.S. National Library of Medicine.

Figure 1.4 NCBI-PubMed database searching the BRCA1 gene (Image on internet; accessed 11
August 2017). Source: Available from: http://www.ncbi.nlm.nih.gov/pubmed/?term=BRCA1+
gene. Courtesy of the U.S. National Library of Medicine.

including the gene name, gene symbol, gene location, associated path-
ways, variations, links to related phenotypes, and locus-specific resources
(Figure 1.5).

Step 6: In this step, you are asked to perform a search for BRCA2 gene in
Homo sapiens (human) and its homologs in Mus musculus (mouse) and

https://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov/pubmed/?term=BRCA1+gene
http://www.ncbi.nlm.nih.gov/pubmed/?term=BRCA1+gene
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Figure 1.5 NCBI-gene database searching for BRCA1 gene (Image on Internet; accessed 17
July 2016). Source: Available from: http://www.ncbi.nlm.nih.gov/gene/?term=BRCA1. Courtesy
of the U.S. National Library of Medicine.

Figure 1.6 NCBI-gene database searching for BRCA2 gene (Image on Internet; accessed 11
August 2017). Source: Available from: http://www.ncbi.nlm.nih.gov/gene/?term=BRCA2.
Courtesy of the U.S. National Library of Medicine.

Rattus norvegicus (rat) (Figures 1.6 and 1.7). Explore the Results by taxon
shown on upper right corner of Figure 1.6.

Step 7: Now, you are asked to perform a search using OMIM (online
Mendelian inheritance in man). Select OMIM from the All Databases
box through the NCBI homepage (Figure 1.8).

http://www.ncbi.nlm.nih.gov/gene/?term=BRCA1
http://www.ncbi.nlm.nih.gov/gene/?term=BRCA2
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Figure 1.7 NCBI-gene database searching for BRCA2 gene mouse homolog (Image on
Internet; accessed 11 August 2017). Source: Available from: http://www.ncbi.nlm.nih.gov/
gene/12190. Courtesy of the U.S. National Library of Medicine.

Figure 1.8 NCBI-OMIM database homepage (Image on Internet; accessed 11 August 2017).
Source: Available from: http://www.ncbi.nlm.nih.gov/omim/. Courtesy of the U.S. National
Library of Medicine.

Step 8: In this step, you will search for a neurodegenerative disorder, muscu-
lar dystrophy. Type in muscular dystrophy in the search window and begin
your search. Record the first two entries and explore their associated links
titled “Gene summaries” and “Genetic tests”.

http://www.ncbi.nlm.nih.gov/gene/12190
http://www.ncbi.nlm.nih.gov/gene/12190
http://www.ncbi.nlm.nih.gov/omim/
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Figure 1.9 NCBI-OMIM database searching for muscular dystrophy (Image on Internet;
accessed 11 August 2017). Source: Available from: https://www.ncbi.nlm.nih.gov/omim/?
term=muscular+dystrophy. Courtesy of the U.S. National Library of Medicine.

Additional Exercise Questions

1 Search online and provide the names for each of the following:
a. Two conferences in the field of human genetics.
b. Two societies or associations about human genetics.
c. Two scientific journals in the field of human genetics.
d. Two books in the field of human genomics.

2 Using NCBI, answer the following questions:
a. When you search for the BRCA1 gene in PubMed, what is the name of

the first article that appears in the list of results?
b. State the name of the scientific journal.
c. List the date of publication.
d. State the name of the first author in the article.
e. List the PubMed ID of this publication.

3 Using NCBI gene database, search for the CFTR gene in humans (Homo
sapiens).
a. What is the full name of this gene?
b. What is the function of this gene?
c. On which chromosome is this gene located?
d. Is this gene also known by other aliases or designations? If so, provide

an example.
e. Is this gene found in other organisms? If so, provide the name of one

such organism.

4 In the Exercise Questions section, you have searched for muscular dystro-
phy (MD) through OMIM. As shown in Figure 1.9, several types of muscular
dystrophy exist. Select a specific type of MD from the search results and

https://www.ncbi.nlm.nih.gov/omim/?term=muscular+dystrophy
https://www.ncbi.nlm.nih.gov/omim/?term=muscular+dystrophy
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click on the link provided to answer the following questions accordingly.
a. What is the OMIM number for this disease?
b. Provide the full name of the disease.
c. What is the cytogenetic location of the mutation causing the disease?
d. Write down two clinical features of the disease.

5 Now, you are asked to repeat the same steps in Question 4 for color blind-
ness. When you search OMIM, you will see that there are several types of
color blindness. Select a specific type of color blindness from the search
results and click on the link provided to answer the following questions
accordingly.
a. What is the OMIM number for this disease?
b. Provide the full name of the disease.
c. What is the cytogenetic location of the mutation causing the disease?
d. Write down two clinical features of the disease.

6 You are given a list of gene symbols below. By using the online tools you
explored earlier, find the full gene name, gene function, and one of the asso-
ciated disorders for each of the genes listed below.

Gene Symbol Gene name Gene function Associated disease

P53

RB1

HTT

APC

PTEN

7 You are given a list of genetic disorders. By using the online tools you
explored earlier, find the gene locations and known mutations for each of
the syndromes and diseases listed below.

Genetic disorder
Associated genes/
genomic locations

Type of mutations causing
the disease

Cri-du-chat syndrome

Prader–Willi
syndrome
Angelman syndrome

Beckwith–Wiedemann
syndrome
Huntington’s disease

Sickle cell anemia
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Observation of Human Inheritance

Learning Outcomes

Upon completing this practical the student will be able to

• understand the basic concepts of genetics such as genes, chromosomes, alleles,
homozygosity, and heterozygosity;

• understand Mendel’s principles of genetics and perform different types of
genetics crosses;

• describe different modes of inheritance.

Background

Some of the widely used genetics concepts are provided in the Table 2.1. These
basic genetics concepts originated from Mendel’s experiments, as described
below.

Mendelian Genetics

Gregor Mendel (1822–1884), a well-respected scientist of his time and a monk
at the St. Thomas Monastry located in Brno, Czech Republic, was known for his
garden pea (Pisum sativum) breeding experiments that pioneered a new field of
science, i.e. genetics [1].

Mendel’s research shed light on the transmission of traits from parents to off-
spring, and hence the inheritance of distinct hereditary determinants, for the first
time. The concepts of transmission of genes from one generation to the next, and
also the distribution of genotypes and phenotypes among the offspring were first
established by Mendel [1, 2].

Prior to the era of molecular genetics, morphological traits such as color, shape,
and characteristics solely visible to the eye were widely studied. Mendel studied
seven distinct morphological traits of garden peas: seed shape, seed color, flower

Human Genetics and Genomics: A Practical Guide, First Edition.
Bahar Taneri, Esra Asilmaz, Türem Delikurt, Pembe Savas, Seniye Targen, and Yagmur Esemen.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.



14 2 Observation of Human Inheritance

Table 2.1 Descriptions of the basics concepts in human genetics.

Allele Alternate form of a gene (denoted as, for example, D allele or d
allele)

Chromosome Chromosome is the microscopic thread-like structure that carries
hereditary information in the form of genes

Co-dominancy Expression of both alleles in the heterozygous state
Dominant allele Allele associated with the phenotype that is expressed when the

allele is either in homozygous (DD or dd) or in heterozygous (Dd)
state

Gene The smallest hereditary unit of life
Genotype The denoted genetic constitution for a character, trait
Germline cell Cells produced by gametogenesis, sperm and egg cells, respectively
Hemizygosity The state of having unpaired genes in an otherwise diploid cell; men

are normally hemizygous for the genes on the X-chromosome
Heterozygosity The state of possessing different alleles for a particular genetic locus
Homozygosity The state of possessing two identical forms of a particular gene, one

inherited from each parent
Locus The specific location of a gene or DNA sequence on a chromosome
Mutation A change that occurs in the DNA sequence, either due to mistakes

when the DNA is copied or as the result of environmental factors
Penetrance The proportion of individuals carrying a particular genetic variant

(a specific genotype), who also express the associated trait (the
associated phenotype)

Phenotype The presence of any particular character, trait
Recessive allele Allele associated with the phenotype that is expressed, only when

the allele is in homozygous (dd) state
Somatic cell Any kind of cell type other than egg and sperm cells

color, pod shape, pod color, flower and pod position, and stem length, as shown
in Figure 2.1 [1, 2].

Mendel investigated pure-breeding lines (lines possessing homozygous
genotype for the trait) of garden peas, with contrasting phenotype traits as
shown in Figure 2.1. For example, the seed color trait included two different
phenotypes, green vs. yellow colored seeds. Crosses between green color seeded
and yellow color seeded pure-bred parental lines, gave progeny to a generation
of hybrids, with heterozygous gametes, all possessing yellow colored seeds
(Figure 2.2a). When the yellow color seeded progeny of the F1 generation were
then self-pollinated, the seeds of the F2 generation turned out to be 3/4 yellow
and 1/4 green (Figures 2.2b and 2.2c).

The most profound statement Mendel claimed was that the different colored
seeds were observed due to discrete hereditary determinants, which he denoted
as the “factors.” Today, these factors are known as genes. He also stressed that the
factors were occurring in pairs and each pair was responsible for a distinct trait.
Observing the seed-color trait, he also claimed that yellowness was dominant
over greenness, expressing the presence of dominant and recessive traits [1, 2].
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Green or yellow pea

Green or yellow pod

Inflated or constricted pod

Axial (along stem) or terminal (at top of) stem

Long or short stem

Round or wrinkled pea White or purple flower

Figure 2.1 Seven different morphological traits studied by Mendel: seed shape, seed color,
flower color, pod shape, pod color, flower and pod position, and stem length.

(a)

Parents

Yellow

Yellow

Yellow

Yellow

(Y) (Y)

(YY)

(Yy)

(Yy) (Yy) (yy)(YY)

(yy)

F1 Progeny

F1 progeny

Parental line ×

F2 progeny

(Y) (y)

(y)

(y)

Yellow

Yellow

Yellow

Green

(Y)

(y)

(b) (c)

Figure 2.2 Crosses between (a) two pure-breeding parental lines and (b) hybrid progeny.
Crossing of the parents homozygous for seed color, i.e. yellow (YY) and green (yy) with the
respective genotypes, results in all yellow (Yy), F1 progeny. (c) Further crossing of F1 progeny
then results in F2 progeny, which has 3 : 1 yellow:green ratio (phenotype), while possessing 1
YY:2 Yy:1 yy ratio in terms of genotypes.
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Mendel, therefore, had introduced us to the principles of inheritance, which
are known to apply to virtually all eukaryotic organisms. In short, the principle
of segregation and independent assortment form the foundations of our under-
standing of Mendelian genetics. The principle of segregation states that for any
given trait, during gamete formation of both parents, the parental genes segre-
gate and the offspring inherits one copy of a gene from both parents. Therefore,
for any trait, each parent’s pairing of genes (alleles) splits and one gene passes
from each parent to the offspring [1, 2].

For instance, considering a cross between parental lines, round pea (genotype:
WW, homozygous dominant) and wrinkled pea (genotype: ww, homozygous
recessive), all the progeny (F1) will possess round phenotype (genotype: Ww,
heterozygous dominant), whereas recessive traits will be masked. Further
crossing among the F1 progeny will yield 3 : 1 round:wrinkled progeny ratio
with 1 WW:2 Ww:1 ww genotype ratio. This example portrays the principle of
segregation; each gene is represented by two alleles, the alleles may be present
in homozygous or heterozygous forms, and one allele is inherited from each
parent.

The principle of independent assortment, on the other hand, states the
independent transmission of different pairs of alleles to an offspring. Therefore,
inheritance of genes at one location in a genome does not influence the inheri-
tance of genes at another location. Mendel observed that when peas with more
than one trait were crossed, the progeny did not always match the parents. This is
because different traits are inherited independently [1, 2]. An example for this is
shown in Figure 2.3a, crossing peas with round, yellow seeds with peas that have
wrinkled, green seeds. Only the dominant traits (yellow and round) appeared in
the F1 progeny, but all combinations of traits were seen in the F2 progeny. The
traits were present in a 9 : 3 : 3 : 1 ratio (round, yellow:round, green:wrinkled,
yellow:wrinkled, green). A Punnett square depicting the cross between the
F1 progeny is used for better understanding the independent assortment rule
(Figure 2.3b).

The Transmission of Hereditary Characteristics

In humans, genetic information is preserved in the form of DNA and is trans-
mitted from generation to generation. Chromosomes, which are made of the
thread-like DNA and associated proteins, carry genes, which are the essential
hereditary units of life.

Somatic cells in humans have 23 pairs of chromosomes, 22 of which are auto-
somes and the remaining 1 pair is the sex chromosomes, XY and XX, representing
male and female, respectively. In the human genome, there are about 20 500 pro-
tein coding genes [3].

The genes may be present in alternate forms, called alleles. Alleles of a given
gene may encode for different forms of a particular trait. In general, for each
hereditary trait, one allele is paternally derived and the other is maternally
derived. There are a number of inheritance patterns of single-gene traits that are
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Parents

Gametes of parents

Gametes of F1 progeny

Gametes of 
F1 progeny

Round,
yellow

(WW GG)

Round,
yellow

(Ww Gg)

(W G)

WG

WG

WW GG Ww GG

Ww Gg

GG ww

ww Gg

Ww Gg

Ww gg

Gg ww

ww gg

WW Gg

WW gg

Ww Gg

Ww gg

Ww Gg

Ww GG

Ww Gg
Gw

Gw

Wg

Wg

gw

gw

WG

Gw

Wg

gw

(ww gg)

(wg)

(WG)

(Ww Gg)

(wg)

F1 progeny

F1 progeny

Parental line

F2 progeny

(b)

(a)

Wrinkled,
green

Gametes

(WW GG) (ww gg)

(WW GG)

(Ww Gg)
(WW Gg)
(Ww GG)

(ww GG)

(ww Gg) (Ww gg)

(WW gg) (ww gg)

×

Figure 2.3 (a) Cross between parental lines, pure-breeding, homozygous for round, yellow
and wrinkled, green traits. (b) Punnett square for F1 progeny. Crossing of the parents
homozygous for seed color and shape, i.e. round, yellow (WW GG) and wrinkled, green (ww gg)
will yield F1 progeny of round, yellow seeds (Ww Gg). Cross among F1 progeny will then yield
F2 progeny in a 9 : 3 : 3 : 1 ratio (round, yellow:round, green:wrinkled, yellow:wrinkled, green).

predictable. Traits coded by single genes are usually inherited in a simple pattern,
depending on the location of the gene and whether one or two wild-type copies
of the gene are needed. In such cases, depending on the homozygosity or the
heterozygosity of the inherited alleles, one may show the dominant phenotype or
the recessive phenotype. Several such single gene traits with simple inheritance
patterns are provided in Figure 2.4, an example of which is the earlobe shape,



18 2 Observation of Human Inheritance

Straight

Widow’s pick:
(a)

(b)

(d)(c)

(e)

Hitchhiker’s thumb:

Attached Free

Bent
××

×
×

Attaached

Figure 2.4 Phenotypic expressions of five different traits that demonstrate single-gene
inheritance in humans. (a) Shape of hairline; (b) shape of little finger; (c) ability to bend thumb;
(d) ability to roll tongue; and (e) shape of earlobe.

with two possible phenotypes, free (dominant trait) and attached (recessive
trait).

However, single-gene traits as well as single-gene disorders are not very
common. The majority of human traits are the results of combined effects of
multiple genes (described as polygenic) and multiple environmental factors
and of gene/environment interactions. Such disorders usually do not follow the
patterns of single-gene inheritance described below, showing more complex
inheritance patterns. Such traits are also known as complex traits. Height, for
example, is majorly determined by genetic factors; however, individuals’ dietary
intake and social-life activities also have a major impact on their height [4]. Gene
and environment interaction also plays an important role in the development
of common complex disorders. Examples of conditions caused by multiple
genes or gene/environment interactions include heart disease, type 2 diabetes,
schizophrenia, and certain types of cancers.

In addition, epigenetic inheritance also exists, which goes against the idea that
inheritance happens only through the DNA code that passes from parent to off-
spring. In this pattern of inheritance, some epigenetic tags remain in place as
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genetic information passes from generation to generation and this means that a
parent’s experiences, in the form of epigenetic tags, can be passed down to future
generations and thus affect the phenotypes [5].

The rest of this chapter focuses on single-gene inheritance.

Mendelian Disorders

Genetic disorders exhibiting Mendelian inheritance patterns are called
single-gene disorders. In general terms, single-gene disorders may be classified
based on two factors: the first based on the loci of the disease-causing alleles,
i.e. autosomal or X-linked disorders, and the second based on the phenotypic
expression of the traits, i.e. dominant and recessive traits. In the case of dominant
phenotype, expression of one disease allele is sufficient regardless of the other
allele on the other chromosome, whereas in the case of recessive phenotype both
disease-causing alleles need to be expressed [1, 2].

Below, different Mendelian inheritance patterns are explored.
In autosomal dominant inheritance, harboring one disease allele is sufficient

for exhibiting the disease phenotype. Both sexes are affected equally if they
harbor the mutation. Each affected person usually has an affected parent. This
type of inheritance pattern occurs in every generation. Huntington’s disease is a
well-known example of autosomal dominant disorder. It arises due to CAG trinu-
cleotide repeat expansions in Huntingtin (HTT) gene located on chromosome 4.
Number of repeats equal to or more than 36 is considered to be disease causing;
36–39 repeats could exhibit reduced penetrance, no disease-associated charac-
teristics, whereas 40 or more repeats are often associated with full penetrance,
disease phenotype [6, 7].

In autosomal recessive inheritance both of the disease-causing alleles,
which are homozygous alleles, are expressed to yield disease phenotype. Parents
of an individual with an autosomal recessive condition each carry one copy
of the mutated gene, but they typically do not show signs and symptoms of
the condition. Autosomal recessive disorders are typically not seen in every
generation of an affected family. This type of inheritance can skip generations.
Cystic fibrosis (CF) is a well-known example of autosomal recessive disorder. CF
arises due to mutations in CFTR (cystic fibrosis transmembrane conductance
regulator) gene, located on chromosome 7. CFTR is an ion channel that is
located on mucus membranes such as airway epithelia and sweat glands and is in
charge of controlling chloride ion transport into and out of the mucus-producing
cells [6, 7].

In X-linked dominant inheritance, disorders are caused by mutations in
genes on the X chromosome. In females (who have two X chromosomes), a
mutation in one of the two copies of the gene in each cell is sufficient to cause
the disorder. In males (who have only one X chromosome), a mutation in the
only copy of the gene in each cell causes the disorder. In most cases, males
experience more severe symptoms of the disorder than females. A characteristic
of X-linked inheritance is that fathers cannot pass X-linked traits to their sons
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(no male-to-male transmission). Fragile X syndrome is a well-known example
of X-linked dominant disorder. This causes a range of developmental problems
including learning disabilities and cognitive impairment. Usually, males are more
severely affected by this disorder than females. Affected individuals usually have
delayed development of speech and language by age 2 [6, 7].

In X-linked recessive inheritance, disorders are also caused by mutations in
genes on the X chromosome. In males (who have only one X chromosome), one
altered copy of the gene in each cell is sufficient to cause the condition. In females
(who have two X chromosomes), a mutation would have to occur in both copies
of the gene to cause the disorder. Males are much more frequently affected by
X-linked recessive disorders than females. A characteristic of X-linked inheri-
tance is that fathers cannot pass X-linked traits to their sons (no male-to-male
transmission). Hemophilia A is a well-known example of X-linked recessive dis-
order. It is a disorder of impaired blood clotting, and arises due to the deficiency
in the activity of coagulation factor VIII [6, 7].

In Y-linked inheritance, the mutated gene that causes the disorder is located
on the Y chromosome, one of the two sex chromosomes in each of a male’s cells.
Because only males have a Y chromosome, in Y-linked inheritance, a mutation
can only be passed from father to son. Y chromosome infertility could be an
example for a disorder with Y-linked inheritance. This is a condition that affects
the production of sperm, making it difficult or impossible for affected men to
father children. An affected man’s body may produce no sperm cells (azoosper-
mia), a smaller than usual number of sperm cells (oligospermia), or sperm cells
that are abnormally shaped or that do not move properly [6, 7]. Since this disor-
der affects reproduction, only in the case of a father who is able to have children
either naturally or with means of assisted reproduction, the condition could be
passed down to his sons. It should thus be noted that most cases of this condition
is not inherited but rather arise from de novo mutations on the Y chromosome.

Online Mendelian inheritance in man (OMIM) provides detailed information
about disease-causing genes, modes of inheritance, and characteristics of the
diseases and also provides links for gene-related information, i.e. genomic and
mRNA sequences [8].

It is important to note that not all genetic conditions follow the inheritance
patterns discussed above. Other rare forms of inheritance such as mitochondrial
inheritance exist. Mitochondria, which are structures in each cell that convert
molecules into energy, contain a small amount of DNA relative to the nuclear
DNA. Conditions resulting from mutations in mitochondrial DNA can appear
in every generation of a family and can affect both males and females. Leber
hereditary optic neuropathy (LHON) is a well-known example of mitochondrial
inheritance disorder. LHON is an inherited form of vision loss [6, 7].
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Exercise Questions

1 Step 1: In this exercise, you will be focusing on and practicing Mendelian
inheritance in garden peas.
Let us assume you crossed yellow, wrinkled and green, round pea seeds;
what will the genotype and phenotype ratios of the progeny be? You can
use Punnett square to better demonstrate and solve your task.
(Hint: For genotyping a letter is assigned for each trait; yellow: Y, green:
y, round: R, wrinkled: r. Capital letters indicate dominant and lowercase
letters indicate recessive traits.)

Step 2: Now, you cross purple, axial and white, terminal flowers. Upon cross-
ing what will the genotype and phenotype ratios be?
(Hint: For genotyping a letter is assigned for each trait; purple: P, white: p,
axial: A, terminal: a. Capital letters indicate dominant and lowercase let-
ters indicate recessive alleles. You can again use Punnett square to better
demonstrate and define the progeny.)

2 In this exercise, you will explore the simple dominant-recessive relationship
of various observable human traits. When we inherit chromosomes, we
inherit pairs of alleles, alternate forms of genes. Widely speaking, the
letters representing the alleles are derived from phenotypic description. A
dominant allele is assigned a capital letter, whereas a recessive allele is given
the same letter in lowercase.
Step 1: Study the human traits shown in Table 2.2.
Step 2: For each trait, work with your partner or a member from your team

to determine his/her phenotype and then fill in Table 2.2 accordingly, by
listing his/her possible genotype(s) for each trait.
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Table 2.2 List of Mendelian traits and their associated phenotypes and genotypes.

Traits and symbols for
genes/alleles Phenotype Genotype Phenotype

Possible
genotype

Shape of earlobe L, l free LL, Ll
attached ll

Shape of hairline W, w widow’s peak
present

WW, Ww

widow’ peak
absent

ww

Ability to roll tongue R, r present RR, Rr
absent rr

Ability to fold tongue T, t present TT, Tt
absent tt

Shape of little finger F, f bent FF, Ff
straight ff

Hair on middle joint fingers H, h present HH, Ha
absent hh

Hair color N, n non-red NN, Nn
red nn

Hair curliness C, c curly CC, Cc
straight cc

Eyelash length S, s long SS, Ss
short ss

Fill out the table based on information about your partner or team member.

Remember, if you show a dominant trait, you may be homozygous or het-
erozygous for that trait. However, do not forget that if one of your parents
shows the recessive trait, they would pass on the allele for the recessive
trait and you will then be heterozygous for that specific trait. If neither of
your parents shows the recessive trait, then you may not know whether
you are heterozygous or homozygous. In that case, put a blank (_) for the
unknown allele. If you show the recessive trait, record the phenotype as
well as the genotype, with two recessive alleles.

Step 3: Calculate the class/group statistics using the data provided by the
instructors and fill in Table 2.3 accordingly.

Additional Exercise Questions

1 Are all human traits expressed by a single gene, i.e. with two alleles? Explain
your answer, providing some examples.
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Table 2.3 List of Mendelian traits and their associated phenotypes and genotypes.

Traits and symbols
for genes/alleles Phenotype Genotype

Phenotype total
number in class

Percentage of trait in
class population

Shape of earlobe L, l free LL, Ll
attached ll

Shape of hairline W, w widow’s peak
present

WW, Ww

widow’ peak
absent

ww

Ability to roll tongue R, r present RR, Rr
absent rr

Ability to fold tongue T, t present TT, Tt
absent tt

Shape of little finger F, f bent FF, Ff
straight ff

Hair on middle joint
fingers H, h

present HH, Hh

absent hh

Hair color N, n non-red NN, Nn
red nn

Hair curliness C, c curly CC, Cc
straight cc

Eyelash length S, s long SS, Ss
short ss

Fill out the table based on the data provided in the classroom.

2 What are the sources of genetic variation across human populations? Explain
your answer.

3 How would you explain the genetic variations amongst siblings? Explain your
answer.

4 How would you explain the phenotypic variations amongst identical twins?
Explain your answer.

5 What is the role of epigenetics in human inheritance? Discuss epigenetic
inheritance in general.

6 Describe de novo mutations. These mutations can either be hereditary or
somatic. Explain how.





25

3

Reading, Understanding, and Constructing Human
Pedigrees

Learning Outcomes

Upon completing this practical the student will be able to

• understand the purpose and the use of human pedigrees;
• read and interpret a human pedigree;
• draw pedigrees.

Background

A pedigree is a diagram that shows the ancestral relationships and the transmis-
sion of a trait through several generations. Pedigrees are used to analyze families
and assess the association between genotypes (the genetic makeup of an individ-
ual) and phenotypes (the observable characteristics or traits of an individual) of
family members. In clinical genetics services and human genetics research, the
construction and correct interpretation of family pedigrees play pivotal roles.
Family pedigrees serve as an informational framework and help the clinicians in
many ways by revealing the pattern of inheritance. In a clinical setting, pedigrees
are used as a reference to identify social and biological relationships within
a family and record important information such as dates of births, age, and
cause of death, as well as pregnancy history, including miscarriage or selective
terminations, pregnancies achieved by assisted reproductive techniques (ART),
and other relevant information. Pedigrees may also include molecular data,
test results, haplotype analysis, and even genome-wide association study infor-
mation. Health professionals and researchers also utilize pedigrees to identify
disorders with unusual genetic mechanisms, such as certain rare disorders.
Genetic counselors use pedigrees to provide families with information including
who may be at risk of various genetic conditions. They generally use computer
programs and record test results that indicate genotypes [1, 2].
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© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Basic Pedigree Nomenclature

Pedigrees depict family relationships and the transmission of inherited traits.
A pedigree consists of lines that connect specific shapes. Vertical lines rep-
resent generations. Horizontal lines that connect two shapes at their centers
link partners. Shapes connected by vertical lines that are joined horizontally
represent siblings. Squares indicate males; circles, females; and diamonds, indi-
viduals of unspecified sex. Roman numerals designate generations. Generation
I represents grandparents, generation II represents children, and generation III
represents their grandchildren, and so on. Arabic numerals or names indicate
individuals. Colored or shaded shapes indicate individuals who express a trait
(or are affected), and half-filled shapes are known carriers. Figure 3.1 shows
a basic pedigree diagram. It is important to note that pedigree nomenclature
goes beyond what is summarized above. Further details on common pedigree
symbols, definitions, and abbreviations could be accessed via the Pedigree Stan-
dardization Task Force (PSTF) of the National Society of Genetic Counselors
(NSGC) [3].

1 2

1

I

II

III

2

1 2

3 4

Figure 3.1 Basic pedigree
diagram.

Modes of Inheritance

In most cases, pedigrees are used to visualize relationships within families, par-
ticularly large extended families, and to determine the mode of inheritance for
specific conditions. It is important to establish how a trait is inherited for sev-
eral different reasons. If the pattern of inheritance can be established, it can be
used to predict genetic risk in several situations, including pregnancy outcomes,
adult-onset disorders, and recurrence risks in future offspring.

There are five basic Mendelian patterns of inheritance for traits controlled by
single genes, which can be identified by pedigree analysis. These are autosomal
dominant inheritance, autosomal recessive inheritance, X-linked dominant
inheritance, X-linked recessive inheritance, and Y-linked inheritance [1, 2].
Tables 3.1–3.5 show the criteria for these modes of inheritance.
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Table 3.1 Criteria for autosomal recessive inheritance.

• Affects both sexes equally
• Mutated alleles are on non-sex chromosomes
• Can skip generations
• There must be two inherited mutated alleles (one from each parent) for the individual to be

affected
• Usually passed on by two carriers
• For carriers who have one mutated allele (recessive allele) and one wild-type allele

(dominant allele), health is rarely affected
• Two carrier parents have 25% chance of having an unaffected child, 50% chance of having

an unaffected child who is also a carrier, and 25% chance of having an affected child

Table 3.2 Criteria for autosomal dominant inheritance.

• Affects both sexes equally
• Mutated allele (dominant allele) is located on one of the non-sex chromosomes
• Only one mutated allele is sufficient for the individual to be affected
• Males and females can equally transmit the trait
• A person with an autosomal dominant disorder has 50% chance of having an affected child

with one mutated allele, and 50% chance of having an unaffected child with two wild-type
alleles

Table 3.3 Criteria for X-linked recessive inheritance.

• Two mutated alleles are necessary for females to be affected, where one mutated allele is
sufficient for males to be affected

• Always expressed in males
• Expressed in a female homozygote, but very rarely in a female heterozygote
• The mutated allele could be passed on from a heterozygote or a homozygote mother to the

offspring
• The mutated allele is passed only on to daughters of affected fathers

Table 3.4 Criteria for X-linked dominant inheritance.

• When the mother is unaffected, sons of the father with an X-linked dominant disorder will
all be unaffected, and his daughters will all inherit the condition

• A mother who has an X-linked dominant trait has a 50% chance of passing it on to her
offspring, whether male or female

• Males are generally more severely affected than females

Table 3.5 Criteria for Y-linked inheritance.

• Traits encoded by genes on the Y chromosome are passed directly from father to son
• All Y-linked traits should be expressed because males are hemizygous for all genes on the Y

chromosome
• Mutated alleles on the Y chromosome are always passed on from the father to the son, and

the son is always affected
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Autosomal Recessive Inheritance

This is the mode of inheritance where two autosomal mutated alleles are required
to express the phenotype. An autosomal recessive trait can appear in either sex
and can skip generations. An affected individual has a homozygous recessive
genotype. In heterozygous state, the wild-type allele masks the expression of the
mutated allele [1, 2]. Autosomal recessive diseases include sickle cell anemia,
which is a group of inherited red blood cell disorders, and cystic fibrosis, which
is one of the most common chronic lung diseases in children and young adults
causing thick, sticky mucus to build up in the lungs, digestive tract, and other
areas of the body. Tay–Sachs disease is another example that is a rare inher-
ited disorder that progressively destroys nerve cells in the brain and the spinal
cord [4, 5].

Pedigrees Representing Autosomal Recessive Inheritance

Figure 3.2 shows a Tay–Sachs disease pedigree. Tay–Sachs is an autosomal
recessive disorder caused by mutations in the HEXA gene. Affected individuals
lose motor skills such as turning over, sitting, and crawling and they suffer from
seizures, vision and hearing loss, intellectual disability, and paralysis [6].

Figure 3.3 shows a phenylketonuria pedigree. Phenylketonuria is an autoso-
mal recessive disorder caused by a mutation in the gene for the hepatic enzyme
PAH, which leads to the accumulation of unmetabolized phenylalanine. Affected
individuals suffer from intellectual disability, seizures, and neurocognitive, psy-
chosocial, and medical problems [7]. In this case, the disease skips three gener-
ations and appears in the fourth generation. The pedigree reveals that there are
unknown carriers in the previous generations.

Figure 3.4 shows a cystic fibrosis pedigree. Cystic fibrosis is an autosomal
recessive disorder caused by a point mutation in the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene. Individuals with cystic fibrosis have
symptoms including very salty-tasting skin, persistent coughing, frequent lung
infections, shortness of breath, and difficulty in bowel movements [8].

1 2

1

I

II

III

2 3 4 5 6 7

1 2 3 4 5 6 7

Figure 3.2 Tay–Sachs disease pedigree example. In this pedigree, the disease does not appear
in generations I and II. In all generations, carriers are present and the disease appears in the
third generation, in individuals III-4 and III-7.
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1 2

1

I

II

III

IV

2 3 4

1 2 3

1 2 3

4 5 6

Figure 3.3 Phenylketonuria pedigree example. Parental consanguinity (shown by the double
line) suggests autosomal recessive inheritance. The disease skipped the generations I, II, and
III, but there are unknown carriers in these generations. The affected phenotype of IV-1
indicated that III-3 and III-4 are carriers.

1 2

1

I

II

III

2 3 4 5

1 2 3 4 5 6 7

Figure 3.4 Cystic fibrosis pedigree example. The grandparents (I-1, I-2) are both carriers. The
parents (II-4 and II-5) are both carriers. They have two affected children (III-4 and III-7) and two
unaffected children (III-5 and III-6).

Autosomal Dominant Inheritance

This is the mode of inheritance where one autosomal allele is sufficient for the
phenotype to be expressed. Such a trait can equally affect males and females
and does not skip generations. The trait can appear in either sex, because an
autosomal chromosome carries the mutated allele. If a child has the trait, at least
one parent also has it. If none of the offspring inherit the trait in one generation,
its transmission stops [1, 2].

Autosomal dominant disorders include Huntington’s disease, which is a neu-
rodegenerative disorder that affects muscle coordination and leads to cognitive
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decline and psychiatric problems, and Marfan syndrome, which is a disorder
caused by the misfolding of the fibrillin-1 protein. This syndrome causes people to
be unusually tall, with long limbs and long, thin fingers and more seriously causes
defects of the heart valves and aorta. Another example is hereditary nonpolyposis
colorectal cancer, also known as the Lynch syndrome, which is a condition that
has a high risk of colon cancer, as well as other cancers including endometrium,
ovary, stomach, small intestine, and skin due to inherited mutations that impair
DNA mismatch repair [4, 5].

Pedigrees Representing Autosomal Dominant
Inheritance

Figure 3.5 shows a Huntington’s disease pedigree. Huntington’s disease is an
autosomal dominant neurodegenerative disorder caused by mutations in the
huntingtin (HTT) gene. An affected individual has a 50% chance of having an
unaffected child and a 50% chance of having an affected child [9].

Figure 3.6 shows a Marfan syndrome pedigree. Marfan syndrome is an auto-
somal dominant disorder caused by mutations in the fibrillin-1 gene. Individu-
als with Marfan syndrome are tall and slender, have elongated fingers and toes
(arachnodactyly), loose joints, and have an arm span that exceeds their body
height. Other common features include a long and narrow face, crowded teeth,
and an abnormal curvature of the spine [10].

X-Linked Recessive Inheritance

This is the mode of inheritance where a mutation in a gene on the X chromosome
causes the phenotype to be expressed in males who are necessarily hemizygous
for the gene mutation because they have only one X chromosome, and in females
who are homozygous for the gene mutation (i.e. they have a copy of the gene

1 2
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2 3 4 5 6 7

1 2 3 4 5 6 7

Figure 3.5 Huntington’s disease pedigree example. This pedigree shows that the trait does
not skip generations. Each affected individual has an affected parent. Unaffected siblings (II-2)
of affected individuals have all unaffected offspring.
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Figure 3.6 Marfan syndrome pedigree example, showing that the trait is expressed in both
sexes. In this pedigree, transmission stops in the fourth generation.

mutation on each of their two X chromosomes) [1, 2]. X-linked recessive disor-
ders include red–green color blindness, which is the inability or decreased ability
to see color or perceive color differences, and hemophilia A, which is the most
common type of hemophilia caused by reduced levels or absence of the proteins
needed to form blood clots, which lead to longer bleeding. Duchenne muscular
dystrophy is another example of X-linked recessive disorder caused by a mutation
in the dystrophin gene, which results in muscle degeneration. Another example
is Becker’s muscular dystrophy, which is caused by mutations in the dystrophin
gene, characterized by progressive muscle weakness of the legs and pelvis, as well
as skeletal and muscle deformities [4, 5].

Pedigrees Representing X-Linked Recessive Inheritance

Figure 3.7 shows a Duchenne muscular dystrophy pedigree. Duchenne muscular
dystrophy is an X-linked recessive disorder caused by a mutation in the dys-
trophin gene. Individuals with Duchenne muscular dystrophy have symptoms
including muscle weakness, first affecting the muscles of the hips, pelvic area,
thighs, and shoulders, and later the skeletal (voluntary) muscles in the arms, legs,
and trunk. By early teens, the heart and respiratory muscles also are affected
[11]. The trait is fully evident in males, because they only have one copy of the
X-chromosome. Females are affected when they have two copies of the mutant
allele. There is no father-to-son transmission (the gene is on the X chromosome).
If a man is affected with an X-linked recessive condition, all his daughters will
inherit one copy of the mutant allele from him.

Figure 3.8 shows a hemophilia A disorder pedigree. Hemophilia A is an
X-linked recessive disorder caused by missing or defective factor VIII, a clotting
protein. Individuals with hemophilia A have symptoms including a longer
bleeding time than other people. Bleeds can occur internally, into the joints and
muscles, or externally, from minor cuts, dental procedures, or trauma [12].



32 3 Reading, Understanding, and Constructing Human Pedigrees
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Figure 3.7 Duchenne muscular dystrophy pedigree example. Individual III-2 is an affected
female with two mutated alleles on both X chromosomes. Individual III-5 is an affected male,
who is hemizygous for the gene.
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Figure 3.8 Hemophilia A disorder pedigree example. If a son (II-5) inherits an X chromosome
carrying the mutated allele from his mother, he will have hemophilia. It also means that
fathers cannot pass hemophilia onto their sons. A daughter who inherits an X chromosome
that has the mutated allele for hemophilia is called a carrier (II-4). She can pass the mutated
allele onto her children.

X-Linked Dominant Inheritance

This is the mode of inheritance where a dominant mutated allele is carried on the
X chromosome. As an inheritance pattern, it is less common than the X-linked
recessive inheritance. Only one copy of the allele is sufficient to cause the dis-
order when inherited from a parent who has the disorder. X-linked dominant
disorders include X-linked hypophosphatemic rickets, which is a disorder caused
by a mutation in the PHEX gene and subsequent inactivity of the PHEX pro-
tein, which leads to bone deformity. Another example is retinitis pigmentosa,
which is a group of related eye disorders that cause progressive vision loss. Frag-
ile X syndrome is another X-linked dominant disorder, which is a condition that
causes a range of developmental problems including learning disabilities and cog-
nitive impairment. Usually, males are more severely affected by this disorder than
females [4, 5].

Pedigrees Representing X-Linked Dominant Inheritance

Figure 3.9 shows a retinitis pigmentosa pedigree. Retinitis pigmentosa is a group
of inherited disorders, which are caused by mutations in more than 50 different
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Figure 3.9 Retinitis pigmentosa pedigree example. Children of an affected woman have a 50% chance of inheriting the X-chromosome with the mutant allele.
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genes. Mutations in the RHO gene are the most common cause of autosomal
dominant retinitis pigmentosa, accounting for 20–30% of all cases. Individuals
with retinitis pigmentosa have symptoms most often limited to vision loss
[13]. There is no transmission from father to son as the gene is located on the
X-chromosome. Children of an affected woman have a 50% chance of inheriting
the X-chromosome with the mutant allele.

Figure 3.10 shows a fragile X syndrome pedigree. Fragile X syndrome is an
X-linked dominant disorder that is caused by mutations in the fragile X men-
tal retardation 1 gene (FMR1), which provides instructions for making a protein
called fragile X mental retardation protein (FMRP). Individuals with fragile X
syndrome have signs and symptoms including delayed development of speech
and language and characteristic physical features, including a long and narrow
face, large ears, a prominent jaw and forehead, unusually flexible fingers, and flat
feet [14].
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Figure 3.10 Fragile X syndrome pedigree example. There is no transmission from father to son
as the gene is located on the X-chromosome. All daughters of affected males would be
affected.

Y-Linked Inheritance

This is the mode of inheritance where a mutated gene that causes the disorder
is located on the Y chromosome, one of the two sex chromosomes in each of a
male’s cells. Because only males have a Y chromosome, in Y-linked inheritance,
a mutation can only be passed from father to son. Y-linked inheritance disorders
include Y chromosome infertility, which is a condition that affects the production
of sperm, making it difficult or impossible for affected men to father children, and
some cases of Swyer syndrome, which is a condition that affects sexual develop-
ment [4, 5]. It is only when the father is able to have children either naturally or by
assisted reproductive techniques, the condition can be passed down to the males
in the next generation.

Pedigrees Representing Y-Linked Inheritance

Figure 3.11 shows the Y chromosome infertility pedigree. Y chromosome infer-
tility is a Y-linked inheritance condition, usually caused by deletions of genetic



Non-Mendelian Patterns of Inheritance 35

material in regions of the Y chromosome called azoospermia factor (AZF) A,
B, or C. Genes in these regions are involved in providing instructions for making
proteins associated with sperm cell development. Men with Y chromosome infer-
tility may produce no sperm cells (azoospermia), a smaller than usual number of
sperm cells (oligospermia), or sperm cells that are abnormally shaped or that do
not move properly. Men with Y chromosome infertility usually do not have any
other signs or symptoms [15].
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Figure 3.11 Y chromosome infertility pedigree example. Only males are affected.

Non-Mendelian Patterns of Inheritance

In addition to the modes of inheritance discussed above, there is a distinctive
non-Mendelian pattern of inheritance observed in traits controlled by single
genes encoded by mitochondrial DNA. Mitochondria are structures in each
cell that convert molecules into energy, each containing a small amount of
DNA. Genetic disorders associated with mitochondrial inheritance include
Leber hereditary optic neuropathy (LHON), which is an inherited form of vision
loss, and Leigh syndrome, which is a severe neurological disorder that usually
becomes apparent in the first year of life. This condition is characterized by
progressive loss of mental and movement abilities (psychomotor regression) and
typically results in death within two to three years, usually due to respiratory
failure [4, 5]. It should be noted that although previously mitochondrial inheri-
tance was thought to be restricted to maternal inheritance, in the recent years,
rare events of paternal mitochondrial inheritance have been reported. Therefore,
mitochondrial inheritance patterns could be more complicated than previously
thought, as biparental transmission of mitochondrial DNA has been shown in
humans [16].

Figure 3.12 shows a Leigh syndrome pedigree. Most genes associated with
Leigh syndrome are involved in the process of energy production in mitochon-
dria. Individuals with Leigh syndrome have signs and symptoms including
weak muscle tone (hypotonia), involuntary muscle contractions (dystonia),
and problems with movement and balance (ataxia) and loss of sensation and
weakness in the limbs [17].
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Figure 3.12 Leigh syndrome pedigree example. Both males and females are affected.

Confounding Factors in Pedigree Generation and
Interpretation

It is important to note that pedigrees may be difficult to construct or interpret
for several different reasons. People may hesitate to supply information. Family
relationships can be complicated by adoption, children born out of wedlock,
serial relationships, blended families, and assisted reproductive technologies.
Many people cannot trace their families back far enough to reveal a mode of
inheritance. Pedigrees sometimes may also be inconclusive; for example, either
autosomal recessive or autosomal dominant inheritance can explain the pattern
of filled-in symbols. Those pedigrees tend to arise when families are small and
the trait is not severe enough to impair fertility [1, 2].

Furthermore, there are several molecular factors that can affect phenotypic
expression, including epistatic interactions of multiple genes with each other, and
epigenetic interactions between genes and environmental factors. Penetrance is
another confounding phenomenon that represents the probability that a disease
phenotype will appear when the disease-producing genotype is present. In some
cases, incomplete penetrance exists, which complicates the inheritance pattern.
In addition, expressivity, which is the range of phenotypic variation associated
with a given genotype, could be variable and could also cause complications
in assessing the inheritance patterns. These and other variations in phenotypic
expression can affect pedigree analysis and the assignment of genotypes to
members of the pedigree [1, 2].
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Exercise Questions

1 For this exercise, you will begin by drawing a simple pedigree to depict the
following family.
Step 1: Start with the first generation.
Step 2: Add three offspring to the second generation, a son and two identical
daughters, the son being the first-born child.
Step 3: The son from this couple is then married to the daughter of another
couple. Include both families on the same pedigree.
Step 4: The couple in the second generation had a termination of pregnancy
to their first baby due to an abnormality. Note this on your pedigree.
Step 5: The couple is now pregnant with fraternal twins, 12 weeks of gesta-
tion.

2 Draw a pedigree of your own family talking to your relatives, trying to include
at least three generations.

3 Draw a pedigree to depict the following family. First couple in the first gener-
ation has a son and a daughter with normal skin pigmentation. Second couple
in the first generation has one son and two daughters, who are fraternal twins
with normal skin pigmentation. The daughter from the first couple has three
children with the son of the second couple. Their son and one daughter have
albinism; their other daughter has normal skin pigmentation. Discuss the
possible mode of inheritance.

4 Pedigrees can reveal modes of inheritance. For each of the following human
pedigrees, initially record the generation and individual numbers. Then, indi-
cate the possible modes of inheritance.

I

II

III

a. Possible mode(s) of inheritance: ___________________________________
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b. Possible mode(s) of inheritance: ___________________________________

c. Possible mode(s) of inheritance: __________________________________

Additional Exercise Questions

1 Draw a pedigree based on the information provided for the following fam-
ily. In the first generation, first couple, the father is heterozygous for tha-
lassemia IVSI-110 mutation located on the 𝛽-globin gene, and is married
to a heterozygous woman with the same mutation. They have a son, who
is homozygous for that mutation. In the first generation, second couple, the
father is heterozygous for the mutation and mother is unaffected. They have
a heterozygous daughter. In the second generation, the son from the first
couple of the first generation gets married to the daughter of the second
couple from the first generation and they have three children.
Draw the pedigree below, and estimate the possible genotypes of the third
generation.
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2 Cystic fibrosis (CF) is an as autosomal recessive genetic disorder. The most
common signs and symptoms of CF include progressive damage to the
respiratory system and chronic digestive system problems. The condition
affects the sweat glands, where too much salt is lost through sweat, and
the balance of minerals in the body is disrupted. Individuals with CF can
have poor growth and poor weight gain despite a normal food intake, and
have complications associated with accumulation of thick, sticky mucus
including frequent chest infections, coughing, and/or shortness of breath.
In the following pedigree, you have a visual representation of a family with
relatives affected with CF. On the pedigree, shade in the individuals that
should be carriers.

3 How is mitochondrial DNA transmitted? Explain mitochondrial hetero-
plasmy as a factor complicating mitochondrial inheritance.

4 Predict the mode of inheritance represented by the pedigrees below and
try to assign a genotype for each individual on the pedigree. You may use
any letter for your genotype denotations. Use uppercase letters to denote
dominant alleles and lowercase letters to denote recessive alleles. Make sure
to note generation and individual numbers.
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a. Possible mode(s) of inheritance: _________________________________

b. Possible mode(s) of inheritance: __________________________________
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c. Possible mode(s) of inheritance: _________________________________

d. Possible mode(s) of inheritance: _________________________________
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4

Cytogenetics

Learning Outcomes

Upon completing this practical the student will be able to

• understand the basic structure and function of human chromosomes;
• recognize and categorize main chromosomal abnormalities;
• detail the techniques used in chromosomal analyses.

Background

Cytogenetics studies the architecture of chromosomes in cells and their role in
heredity. It is the study of chromosomes – their structure, composition, and aber-
rations in a species, the roles that chromosomes play in sex determination, and
their change through evolution. Cytogenetics also covers the methods that sci-
entists use to analyze chromosomes [1].

In the nucleus of each cell, the DNA molecule is packed into thread-like struc-
tures called chromosomes. Chromosomes have two fundamental roles: faithful
transmission and appropriate expression of genetic expression. Knowledge of the
detailed structure of chromosomes is crucial to understanding these vital pro-
cesses. Each chromosome is made up of DNA, tightly coiled many times around
proteins called histones, which form a structure that resembles beads on a string.
A DNA “bead” is called a nucleosome, which specifically is composed of eight
histone proteins (Figure 4.1).

Chromosome structure has three main types of structural elements: a
centromere, multiple replication of origins, and telomeres. The centromere,
which is the largest constriction of the chromosome, is most evident at the
metaphase, where the spindle fibers attach. Replication origins are certain DNA
sequences along each chromosome at which DNA replication can be initiated.
Telomeres are the tips of the linear chromosomes that are composed of many
repeats of TTAGGG that have a specialized structure to prevent internal DNA
from being degraded by nucleases. Telomeres shorten with each cell division.

Human Genetics and Genomics: A Practical Guide, First Edition.
Bahar Taneri, Esra Asilmaz, Türem Delikurt, Pembe Savas, Seniye Targen, and Yagmur Esemen.
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DNA
double helix

Nucleosomes

Chromatin loops

p arm

q arm

Centromere

Telomere

Chromosome

Figure 4.1 DNA packed into chromosomes. Tightly wound, highly repetitive heterochromatin
forms the centromere (the largest constriction) and the telomeres (the tips) of chromosomes.
The centromere divides the chromosome into a short arm (p) and a long arm (q).

Chromosomes have two segments, called “arms,” separated by a constriction
point known as the centromere. The shorter arm is called the “p” arm and the
longer arm is called the “q” arm (Figure 4.1). On the chromosome, there are
darkly staining regions that consist mostly of repetitive DNA, called heterochro-
matin and lighter staining regions that contain most of the protein-encoding
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Chromatids

Metacentric Submetacentric Acrocentric Telocentric

Centromere

Telomere

Short arms
(p)

Long arms
(q)

Figure 4.2 Centromere position distinguishes chromosomes. Metacentric chromosome’s
centromere establishes more equal-sized arms. Submetacentric chromosome’s centromere
creates a long arm (q) and a short arm (p). Acrocentric chromosome has the centromere near
an end. Telocentric chromosome has the centromere at one end, although telomere DNA
sequences are at the tip.

genes, called euchromatin. The location of the centromere on each chromosome
gives the chromosome its characteristic shape, and can be used to help describe
the location of specific genes (Figure 4.2) [1, 2].

Nowadays, chromosomes can be stained or labeled with fluorescent probes
for visualizing them for diagnostic and research purposes. These methods are
useful for studying the whole chromosomal constitution of a species, called its
karyotype. Karyotypes, also known as chromosome charts, are the major clin-
ical tools that describe the chromosome count of an organism and what these
chromosomes look like under a light microscope, according to their length, the
position of the centromeres, banding pattern, any differences between the sex
chromosomes, and any other physical characteristics. Karyotypes are useful at
several levels, which can confirm a clinical diagnosis, reveal effects of environ-
mental toxins, and clarify evolutionary relationships. For instance, Homo sapiens,
i.e. humans, have 46 chromosomes (2n = 46, diploid genome), which come in
23 pairs in almost all cells of the body (n = 23, haploid genome). Twenty-two
pairs of these chromosomes, also named autosomes, are found both in females
and in males, and the remaining one pair is known as the sex chromosome pair.
In humans, 46, XX and 46, XY represent the normal female karyotype and the
normal male karyotype, respectively [3].

Human chromosomes have been analyzed for research and diagnostic pur-
poses for many decades. Below are several techniques used in chromosome
analyses.

Generation of Karyograms/Chromosome Banding

Bands are parts of chromosomes, clearly distinguishable from its adjacent seg-
ments by appearing darker with banding techniques. The banding patterns of the
chromosomes are the basic tools for generating karyograms. A unique banding
pattern is used to identify each chromosome and to diagnose chromosomal
aberrations including chromosome breakage, loss, duplication, or inverted
segments. Here is a brief overview of how chromosome banding is performed.
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Preferentially, peripheral blood is drawn from the veins for generating karyo-
grams. However, skin, bone marrow, saliva, chronic villi cells, and amniocytes
can also be used for karyogram preparation. First of all, peripheral blood is
obtained from the veins, from which the circulating T cells can be collected for
chromosomal analysis purposes. Once the T lymphocytes are collected, they
are incubated in the culture medium stimulating T-cell lymphocyte growth at
37 ∘C approximately for three days, and subsequently, a spindle fiber formation
inhibitor is added to induce cell cycle arrest and bear condensed chromosome
formation, the so-called metaphase arrest. The cells are then fixed and mounted
on a glass slide. Further, the chromosomes are trypsinized to denature the chro-
mosomal proteins and stained by a dye such as Giemsa. Employing microscopy,
the banding pattern can be easily visualized. The dark bands are known as the
G bands, these regions are more condensed in terms of chromatin and they
replicate late in the S phase of the cell cycle. The lighter bands are known as
the R bands, which replicate early in the S phase, and are less condensed in
terms of chromatin. Genes are profoundly located in R bands, which are more
transcriptionally active when compared to the G bands [3, 4].

Depending on the purpose of the karyotype studies, several chromosome-
banding techniques are available [2–4]. A summary of chromosome banding
methods is provided in Table 4.1.

Classical cytogenetics methods mentioned above have limited resolution, as
they can only detail around 400–500 bands per haploid genome and only permit
identification of chromosomal abnormalities stemming from 5 to 10 Mb in size.

Today, highly sophisticated technologies overcome the limitations of classical
cytogenetics methods, and are employed in visualizing chromosomal regions in
detail. The most common techniques are explained in detail below.

Table 4.1 Methods of chromosome banding.

Chromosome banding techniques

G-banding Procedure includes digestion with trypsin, and following Giemsa staining,
dark, G positive and light, G negative bands are detected at metaphase

Q-banding Uses flourochromes such as Quinacrine, DAPI, and Hoechst 33258a that bind
to AT-rich DNA regions. Fluorescence is detected using UV light and yields
light- and dark-stained bands at metaphase as in G-banding

C-banding Involves treatment with alkaline and then acid conditions in order to reveal
bands of constitutive heterochromatin close to the centromeres, before
Giemsa staining

R-banding Also known as Reverse-Giemsa, involves heat treatment for denaturing
metaphase chromosomes and subsequent Giemsa staining; and detects
deletions and translocations located at telomeres

T-banding Is a subtype of R banding and employs severe heat denaturation and is used
for visualizing telomeric regions

Source: Available from: Refs. [2–4].
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FISH, Fluorescent In Situ Hybridization

With the advent of novel molecular cytogenetic techniques/approaches, draw-
backs of current banding methodology have been overcome and more sensitive
and high-resolution karyograms have been generated. Therefore, identification of
submicroscopic chromosomal abnormalities and visualization of detailed chro-
mosome banding patterns have become accessible [5–7].

One such technique is the in situ hybridization technique and it uses labeled
DNA probes (a labeled piece of DNA that binds to its complement) to hybridize
denatured DNA arrested in the metaphase stage. First, probes to be used are
radioactively labeled and then this is further developed into fluorescently labeled
DNA probes. This technique is named as the fluorescent in situ hybridization,
FISH. Alternatively, a nucleotide containing a reporter molecule (such as biotin
or digoxigenin) is incorporated into the DNA, after which it can be specifically
bound by a fluorescently labeled affinity molecule that binds strongly and specif-
ically to the reporter molecule. As FISH offers high-resolution visualization of
the human chromosomes, it is applicable for clinical diagnosis and scientific
research.

In conventional FISH, homogeneous DNA probes are hybridized to fixed
metaphase or prometaphase chromosomes spread on a glass slide. Several
DNA probes can be hybridized simultaneously so that the location of specific
sequences can be identified in relation to each other. Fluorescent microscopy
with available commercial application systems enables analysis of the captured
results.

Purpose-specific probes can be designed and the region of interest can
be captured easily for several applications enabling the detection of con-
stitutional or acquired chromosomal aberrations. Some of these probes
include whole-chromosome painting probes, chromosome-arm painting
probes, and repetitive centromeric, subtelomeric, and locus-specific probes.
Metaphase-FISH only permits resolution up to several megabases. Using fiber
FISH, which is based on artificial stretching of DNA and chromatin, much higher
resolutions can be obtained to kilobase levels. Interphase-FISH is another useful
technique for detecting chromosomal numerical abnormalities in interphase
cells. This relies on the fact that chromosomes are naturally in highly condensed
form and this will generate a better resolution of the chromosomes. In this
technique, the probes hybridize to target chromosomal DNA within cellular or
nuclear preparations that are treated with digestive enzymes to permit probe
access [5–7].

FISH is widely used in cytogenetics for several applications, including screen-
ing of chromosomal regions of interest and whole genome analyses. Further, this
technique is applied in preimplantation, prenatal, and postnatal diagnoses as well
as in cancer cytogenetics.
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Comparative Genomic Hybridization (CGH)
and Array-Based CGH Technology

Comparative genomic hybridization (CGH) is a widely used technique for
revealing any existing chromosomal number changes that are suspected to differ,
through gain or loss of either subchromosomal regions or whole chromosomes,
such as duplications across the entire genome. This technique was initially
utilized in the early 1990s, for identifying chromosomal aberrations that were
occurring in solid tumors and malignancies.

CGH employs fluorescent labeling of control and test genomic DNA samples
using fluorescent dyes. Following fluorescent labeling, DNA samples are sub-
jected to denaturation and the denatured DNA is co-precipitated with blocking
DNA. This enables the suppression of repetitive DNA sequences, which are
then hybridized to normal metaphase chromosomes. Following hybridization,
samples are washed and visualized under fluorescent microscope. The obtained
images are analyzed using specialized software. The ratio of the two color
signals is then compared to identify differences between the test and the control
samples [2].

More recently, high-resolution analysis has been performed by array-CGH,
in which the two genomic DNAs to be compared are hybridized to large
collections of purified DNA fragments, representing uniformly spaced regions
of the genome. Comprehensive sets of large purified DNA fragments have been
sequenced and ordered into linear maps, corresponding to each chromosome.
Two DNA samples, which are labeled with different fluorescent dyes, are then
simultaneously hybridized to the microarray. This technique has provided
a better indicator of copy number variations occurring across the whole
genome. Furthermore, single-nucleotide polymorphism arrays (SNP-arrays)
detect changes at single nucleotide level, with the highest resolution of all
available array-based platforms. This technology only requires the test DNA
that will directly hybridize to SNP arrays. In addition to copy number vari-
ation analysis, SNP analysis also provides information about the presence
of any recessive disease allele, mosaic aneuploidy, and uniparental disomy
(UPD) [8].

Although there are many advantages to using array-CGH technology, one
major limitation is the failure to detect structural chromosomal aberrations
without copy number changes, such as mosaicism, balanced chromosomal
translocations, and inversions.

Chromosomal Abnormalities

A human karyotype is atypical (abnormal) if the number of chromosomes in a
somatic cell is not 46, or if individual chromosomes have extra, missing, or rear-
ranged genetic material. There are many types of chromosome abnormalities.
However, they can be organized into two basic groups: numerical abnormalities
and structural abnormalities (Tables 4.2–4.4).
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Table 4.2 Name and description of numerical chromosomal abnormalities annotated in
humans.

Definition Karyotype denotation Description

Polyploidies Extra chromosome sets
Euploidy 46, XX

46, XY
Condition in which there is a complete
set of chromosomes, 2n

Triploidy 69, XXX
69, XXY
69, XYY

Condition in which there is an extra
chromosome set, 3n

Tetraploidy 92, XXXX
92, XXXY
92, XXYY
92, XYYY

Condition in which there are two extra
sets of chromosomes, 4n

Aneuploidies
Trisomy 47, XX+13

47, XY+13
Condition in which there is an extra
chromosome (chromosome 13 trisomy
is provided as an example)

Monosomy 45, X Condition in which there is one
chromosome missing (one of the sex
chromosomes is missing)

Numerical Chromosomal Abnormalities

Ploidy refers to the number of chromosome sets present in a cell or an organ-
ism. For instance, Homo sapiens possesses two chromosome sets (2n), a diploid
genome, inheriting one chromosome set (n) from the mother and the other from
the father. In the case of polyploidy, multiples of the haploid chromosome sets
are being inherited. Most common examples of polyploidy are triploidy (3n) pos-
sessing three sets of chromosomes (69), and tetraploidy (4n) possessing four sets
of chromosomes (92) (Table 4.2). Both forms of polyploidy can be observed in
the fetus, although only triploidy infants can be born; however, they die shortly
after birth. Triploidy incidences account for about 1–3% of recognized concep-
tions. Fertilization of an egg by two sperms (dispermy) and fusion of haploid and
diploid gametes are the known causes of triploidy. Although it is not tolerable in
humans, in nature polyploidy exists in certain plants.

Normal chromosomal number is euploid. Cells with extra or missing
chromosomes are aneuploid. Aneuploidy is the most commonly occurring
chromosome disorder, accounting for 5% or more of clinically recognized
pregnancies. Aneuploidy is further divided into two subtypes: monosomy and
trisomy. Monosomy refers to the condition when one of the chromosomes
from a pair is missing. Trisomy refers to possession of an extra chromosome
(Table 4.2). One of the common examples of a condition caused by numerical
abnormalities (trisomy) is Down syndrome. An individual with Down syndrome
has three copies of chromosome 21 rather than two; for that reason, the condition
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is also known as trisomy 21. Down syndrome patient karyotypes are denoted as,
47,XX+21 for females and 47,XY+21 for males [9]. An example of monosomy,
in which an individual lacks a chromosome, is Turner syndrome. In Turner
syndrome, a female is born with only one sex chromosome, an X, and is usually
shorter than average and is unable to have children, among other symptoms
[10]. The meiotic error that causes aneuploidy is called nondisjunction, which
results in gametes receiving only one member of each chromosome pair. In
nondisjunction, a chromosome pair fails to separate at the anaphase of either the
first or second meiotic division. This produces a sperm or oocyte that has two
copies of a particular chromosome, or none, rather than the normal single copy
[1, 2].

Furthermore, mixoploidy is another type of ploidy in which two or
more genetically distinct lineages can be observed within one individ-
ual. In general, mixoploidy is the case where two cell lines, one diploid
and one polyploid, coexist within the same organism. Two most common
types of mixoploidy are diploid–triploid mixoploidy and diploid–tetraploid
mixoploidy (Table 4.3). Genetically different cell populations usually arise
from the same zygote (mosaicism) or they originate from different zygotes
(chimerism).

Table 4.3 Examples of mixoploidy.

Diploid–triploid mixoploidy Some cells have 46 chromosomes and some have 69
chromosomes

Diploid–tetraploid mixoploidy Some cells have 46 chromosomes and some have 92
chromosomes

Structural Chromosomal Abnormalities

Structural abnormalities arise from chromosome breakage and fusion/
reconstitution of chromosomes in an aberrant manner. Such chromosomal
rearrangements can be balanced or unbalanced, depending on how they arise.
For instance, in balanced rearrangements, the individuals possess the complete
chromosome set, whereas in unbalanced rearrangements, the individuals may
be missing chromosome material or may have gained additional chromosomal
material [1, 2]. Table 4.4 details the most common structural chromosomal
abnormalities.

In summary, chromosome abnormalities can be inherited from a parent (such
as a translocation) or can be de novo (new to the individual). Chromosomal
abnormalities could arise as a result of an abnormality produced by specific
chromosomal mechanisms, such as misrepair of broken chromosomes or
improper recombination events, or by incorrect segregation of chromosomes
during mitosis or meiosis. There are certain other factors that can increase the
risk of chromosomal abnormalities, such as maternal age.

It should be noted that this chapter is intended as a summary of cytoge-
netics and karyotypes. There are further detailed cases of abnormalities and
further information on detailed chromosomal analyses as well as causes of
abnormalities.
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Table 4.4 Name and description of structural chromosomal abnormalities.

Definition
Karyotype
denotation Description

Unbalanced rearrangements
Deletion del Loss of a chromosome segment from a chromosome
Dicentric
chromosome

dic Chromosomes possessing two centromeres

Duplication dup Presence of an extra genetic segment on a chromosome
Isochromosome i Chromosome lacking one arm of the chromosome and

possessing the other one in a mirror-image fashion
instead

Marker
chromosome

mar Presence of small, unidentified chromosome

Ring
chromosome

r Marker chromosomes lacking telomere ends going
through telomere-end fusion to constitute ring
chromosomes

Balanced rearrangements
Insertions ins A chromosome segment being removed from one

chromosome and being inserted into another, either in
the same or in the inverted direction

Inversions inv Chromosome segment being broken at two points and
being inverted

Paracentric
inversions

The inverted segment not flanking the centromere,
inversion occurring in only one arm of the chromosome

Pericentric
inversions

The inverted segment flanking the centromere,
inversion involving two arms of the chromosome

Translocations t Chromosome segment exchange occurring between
two chromosomes, often between nonhomologous
chromosomes

Reciprocal
translocations

t Two nonhomologous chromosomes exchanging parts

Robertsonian
translocations

Two nonhomologous acrocentric chromosomes
breaking at their centromeres and having their long
arms fuse
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Exercise Questions

1 A karyotype is an organized profile of a person’s chromosomes. Two
chromosomes specify sex, XX for female and XY for male. The rest are
arranged in pairs, numbered 1 through 22. Use the following link for
the Genetic Science Learning Center at University of Utah: https://learn
.genetics.utah.edu/content/basics/karyotype/. Investigate the chromosome
structures and match up chromosomes to create a karyotype.

2 Study the information given in Table 4.5 and state the karyotype for the
genetic syndromes listed in Table 4.6.

3 State the clear explanation for each of the karyotypes listed below.
a. 46,X, r (X)

b. 46,XX, t(9;22)(q34.1;q11.2)

c. 48,XX,+7,+9

d. 45,XX,-15, del (17) (q11.1)

e. 45,X/47,XX,+13

f. 46,XY,del(2)(q31q33)

g. 46,XX/47,XXY

h. 45,XX, t(9;22)(p23;q11.2)

i. 46,XY,der(18)t(1;18)(q32.1;q21.3)
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Table 4.5 Terminology and definitions of certain chromosomal
structures and some aberrations.

Terminology Definition

p Petite arm of a chromosome
q Long arm of a chromosome
cen Centromere
del Deletion
dup Duplication
der Derivative chromosome
i Isochromosome
inv Inversion
r Ring chromosome
t Translocation
ter Terminal end of a chromosome
/ Mosaicism
+ or − Gain or loss in a chromosomal region

Table 4.6 Syndromes and associated karyotypes.

Name of the syndrome Karyotype

Down syndrome 47,XX +21 or 47,XY +21

Patau syndrome

Edward syndrome

Turner syndrome

Klinefelter syndrome

Super male syndrome

Triple X syndrome

Cri-du-chat syndrome

Wolf–Hirschhorn syndrome

DiGeorge syndrome

MECP2 duplication syndrome

4 Distinguish between mosaicism and chimerism as components of
intraorganismal genetic heterogeneity. Discuss the potential causes for
each.
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Additional Exercise Questions

1 Distinguish among Down syndrome caused by aneuploidy, mosaicism, and
translocation.

2 What is uniparental disomy? What are the two ways that uniparental disomy
can arise and can cause disease?

3 What are the difficulties in applying the research technique to silence the
extra chromosome 21 that causes trisomy 21 Down syndrome for potential
treatment?

4 Discuss the general association between Down syndrome and Alzheimer’s
disease on a molecular level.

5 What are some of the preimplantation and prenatal screening options for
chromosomal abnormalities?
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5

Exploring DNA, RNA, and Protein Sequence Databases and
Genome Browsers

Learning Outcomes

Upon completing this practical the student will be able to

• understand the utility of computational database analysis and storage;
• access online DNA, RNA, and protein databases;
• answer biological questions using online DNA, RNA, protein databases, and

genome browsers.

Background

The field of bioinformatics deals with organizing, storing, and analyzing DNA,
RNA, and protein sequences. One of the major bioinformatics applications is to
compare sequences. This simple act of comparing allows scientists to identify rare
mutations in the DNA, discover evolutionary relationships between DNA, RNA,
and protein sequences, and also identify specific functional sequences such as
genes and regulatory regions within genomes. This chapter aims to familiarize
students with some of the tools used to perform these investigations.

Bioinformatics tools allow genome assembly and annotation. Genome assem-
bly is a process of putting together a large number of short DNA sequences
to generate a representation of a whole chromosome from which the short
sequences are created. In the process of genome assembly, DNA is cut into mil-
lions of small pieces (called reads) and read by automated sequencing machines.
Assembly algorithms detect all places where these sequences overlap. The system
assigns each overlapping read a score. If the score is above a predetermined
threshold, reads are merged and genomes are assembled.

Assembling sequences is the initial task. The genome alone, without further
analysis and interpretation, is of little use. It is important to understand locations
and relationships of genes and their regulatory elements. Therefore, DNA
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sequences are annotated. Genome annotation is a process of attaching biological
meaning to the assembled sequences. It is accomplished by identifying coding
and noncoding DNA regions, mainly by matching protein patterns to DNA.
Obtaining DNA sequences and assembling genomes of organisms have very
significant medical and scientific applications.

The Human Genome Project allowed scientists to put together the complete
DNA sequence of humans. This project revealed interesting aspects of the human
genome. One of the main outcomes is annotation of known protein-coding
genes, which are currently listed to be about 20 500 [1]. Bioinformatics analysis
of the human genome made it possible to identify more than 1.4 million single
nucleotide polymorphisms (SNPs) that contribute to the diversity within human
population [2]. Possibly most interestingly, it is now understood that about 98%
of the human genome does not code for genes. In the recent years, regulatory
functions of this noncoding part of the genome, previously referred as the “junk
DNA,” are being heavily investigated.

In 2003, a project called Encyclopedia of DNA Elements (ENCODE) has been
launched by the US National Human Genome Research Institute in order to
identify the role of this “junk DNA” [3]. Research groups worldwide have been
involved in this project, which has been intended as a follow-up to the Human
Genome Project. Human Genome Project sequenced the human genome, and
ENCODE’s aim has been to interpret this sequence. The noncoding component
of the genome is revealed to have an important role in regulating gene expression.

Another major contribution of bioinformatics is the development of DNA,
RNA, and protein sequence databases. Such databases enable storage, access,
and analysis of large amounts of biological data. There are many different
databases that can be used to store or analyze biological data. Having freely
accessible databases enables scientists from around the world to easily access
biological information relevant to their research. There are many comprehensive
databases that cover various types of biological data and related information.

Biological data can be examined from various perspectives to be further clas-
sified during the storage phase. Data can be categorized to be organism specific.
There are many databases dedicated to data from a single species such as worm-
base of Caenorhabditis elegans [4]. This database contains worm-related biolog-
ical information such as known genes, proteins, and gene expression analysis.
There are also databases that categorize biological data according to cellular pro-
cesses. An example is the KEGG pathway database [5]. This database has pathway
maps outlining the molecular interactions for processes including but not lim-
ited to metabolism, human diseases, and drug development. Similarly, there are
also disease-specific databases. An example of these can be the Alzgene database
of the Alzheimer Research Forum [6], which contains information about poly-
morphisms and research related to Alzheimer’s disease. Many databases have
been designed to contain additional tools that can be used for comparison. An
example could be National Center for Biotechnology Information (NCBI)’s basic
local alignment search tool (BLAST) tool [7]. BLAST is a software that com-
pares and reports sequence similarities of nucleotide sequences and of protein
sequences.
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In this chapter, databases are divided into three general subgroups, i.e. DNA,
RNA, and protein databases. Although there are many online databases available
to upload and download biological data from, this chapter focuses only on some
of the widely used ones.

General Biological Databases

ENTREZ [8]: Entrez Molecular Sequence Database System, contains more than
20 databases, which include information on scientific literature, DNA, RNA,
and protein sequence databases, three-dimensional (3-D) protein structure
data, population study data sets, and assemblies of complete genomes.
ENTREZ is a utility available through NCBI. Figure 5.1 shows the Entrez
homepage hosted by NCBI.

GenBank: GenBank database can be accessed through NCBI. It contains an anno-
tated collection of all publicly available nucleotide sequences, as well as their
protein translations. Figure 5.2a shows the GenBank homepage and Figure 5.2b

Figure 5.1 Entrez homepage (Image on Internet; https://www.ncbi.nlm.nih.gov/search/,
accessed 23 October 2019). Courtesy of the U.S. National Library of Medicine.

https://www.ncbi.nlm.nih.gov/search/


58 5 Exploring DNA, RNA, and Protein Sequence Databases and Genome Browsers

(a)

(b)

Figure 5.2 (a) GenBank homepage (https://www.ncbi.nlm.nih.gov/genbank/). (b) Sample
GenBank output (Image on Internet; https://www.ncbi.nlm.nih.gov/nuccore/AF036760.1,
accessed 23 October 2019). Courtesy of the U.S. National Library of Medicine.

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/nuccore/AF036760.1
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shows a sample GenBank output for BRCA1 nucleotide search with a specific
accession number.

RNA-Specific Databases

Transcriptome, the set of all RNA molecules expressed in a cell, varies across dif-
ferent tissues, developmental stages, and under different physiological conditions
and disease states. It is important to study the transcriptome, since it reflects gene
expression and it can provide insights about genetic disorders.

RNA molecules can simply be categorized as coding or noncoding. All RNA
molecules are created by the process of transcribing DNA. Coding RNAs
are formed when DNA is transcribed into messenger RNA (mRNA). mRNA
molecules are subsequently translated into proteins by the work of transfer
RNA (tRNA) and ribosomal RNA (rRNA) in addition to other proteins. RNAs
do not function only as intermediates between DNA and proteins. Noncoding
RNAs such as tRNAs, small interfering RNAs (siRNAs), microRNAs (miRNAs),
or rRNAs function in various cellular processes, without being translated into
proteins. Similar to DNA databases, there are many RNA databases available
online.

Rfam [9]: Rfam contains information on RNA families. It is possible to view and
download multiple sequence alignments and investigate distribution of species
in different RNA families. It allows to view and download many kinds of infor-
mation such as secondary structure and evolutionary tree information through
Rfam. Figure 5.3 shows the homepage for Rfam, while Figure 5.4 shows a sam-
ple search output for a specific RNA molecule (XIST).

Figure 5.3 Rfam homepage (Image on Internet; https://rfam.xfam.org, accessed 23 October
2019).

https://rfam.xfam.org
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Figure 5.4 Sample Rfam output (Image on Internet; https://rfam.xfam.org/search?q=XIST,
accessed 23 October 2019).

Figure 5.5 miRBase homepage (Image on Internet; http://www.mirbase.org/index.shtml,
accessed 23 October 2019).

miRBase [10]: miRBase contains published miRNA sequences and their anno-
tations. This database also contains information about the sequence of the
predicted hairpin portion of the miRNA transcripts searched for. It is possible
to search a miRNA by its name, its genomic location, its sequence, and tis-
sue expression. Figure 5.5 shows the homepage for miRBase, while Figure 5.6
shows a sample search output for miRNA molecules found on human chro-
mosome 21.

https://rfam.xfam.org/search?q=XIST
http://www.mirbase.org/index.shtml
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Figure 5.6 Results table for list of miRNAs identified in human chromosome 21 (Image on
Internet; http://www.mirbase.org/search.shtml, accessed 16 July 2016).

Protein-Specific Databases

mRNA molecules code for amino acid sequences, the primary structure of pro-
teins. Amino acid sequences determine the identity of the proteins and give infor-
mation about their function. Using the primary protein structure, it is possible
to compare the evolutionary relationships between organisms, and also see the
functional effects of any DNA mutations. There are many protein databases such
as Universal Protein Resource (UniProt) [11], which includes protein sequences
and their functional information, and Pfam [12], which organizes the protein
sequences into a library of protein families. It is helpful in classifying protein
sequences and investigating their functions together with their evolution.

Amino acid sequences also determine the three-dimensional shape of proteins.
Secondary protein structure consists of 𝛼 helix and/or 𝛽 sheet formations accord-
ing to the hydrogen bonding between amino acids and it gives the protein its
three-dimensional shape. Depending on the attractions between these secondary
structures, the protein can adopt a more complex three-dimensional formation,
which is called its tertiary structure. It is also possible to combine multiple amino
acid chains to create a protein with a quaternary structure. These levels of struc-
tures create a diverse population of proteins. They determine the protein’s solu-
bility, function, and its placement in a cell.

http://www.mirbase.org/search.shtml
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Protein Data Bank (PDB) [13]: The Protein Data Bank (PDB) contains
three-dimensional structural data of many proteins, in visual format.
PDB includes three-dimensional structural data of large biological molecules
such as proteins and nucleic acids. Figure 5.7 shows the PDB homepage.

Figure 5.7 PDB homepage (Image on Internet; https://www.rcsb.org, accessed 23 October
2019).

Protein regions composed of distinctly folded sequences joined by loops of
amino acids are called domains. These domains are coded by short amino acid
sequences and have been linked with specific functions. Thus, certain domains
have been associated with certain protein families. Therefore, identifying
these domains in newly discovered open reading frames can help assign them
into protein families or understand their function. Domains can help make
evolutionary connections between species and understand the homology
between proteins.

SMART [14]: SMART, a protein domain database, enables the search for many
domains and their functions. This database allows visualization of protein
domains. An amino acid sequence can be entered to search for any domains.
The database also provides functional and structural information about each
domain. Figure 5.8a shows the SMART homepage and Figure 5.8b shows a
specific domain search in SMART.

Regulatory DNA Database

Encyclopedia of DNA elements (ENCODE) [3]: ENCODE includes a list of
functional elements in the human genome. These elements are involved in
regulating gene expression by acting at the transcription and/or translation

https://www.rcsb.org
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(a)

(b)

Figure 5.8 (a) SMART homepage (http://smart.embl-heidelberg.de). (b) SMART domain
search (Image on Internet; http://smart.embl-heidelberg.de/smart/do_annotation.pl?
BLAST=DUMMY&DOMAIN=Zpr1, accessed 23 October 2019).

levels. Figure 5.9 shows the ENCODE homepage. ENCODE is an ongoing
international project funded by the National Human Genome Research
Institute (NHGRI) [15]. Identification of functional genomics elements
require employment of several techniques including various bioinformatics
tools.

http://smart.embl-heidelberg.de
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=Zpr1
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=Zpr1
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Figure 5.9 ENCODE homepage (Image on Internet; https://www.encodeproject.org, accessed
23 October 2019).

Figure 5.10 UCSC genome browser homepage (Image on Internet; https://genome.ucsc.edu/
index.html, accessed 23 October 2019).

https://www.encodeproject.org
https://genome.ucsc.edu/index.html
https://genome.ucsc.edu/index.html
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Genome Browsers

In addition to DNA, RNA, and protein-specific databases, there are databases
that can be used as genome browsers. Examples of these include University of
California, Santa Cruz (UCSC) Genome Browser and Ensembl Genome Browser.

UCSC Genome Browser [16]: This is a genome browser where the latest human
genome assembly is freely available to view. This database includes informa-
tion about the chromosomal location of functional DNA and RNA sequences.
It also includes the assembled genomes of various species other than humans.
It is possible to search a chromosomal location to identify all the annotated
genes, or their regulatory regions. Figure 5.10 shows the UCSC homepage. The

(a)

(b)

Figure 5.11 (a) UCSC table browser (https://genome.ucsc.edu/cgi-bin/hgTables). (b) UCSC
statistics for known genes on chromosome 18 (https://genome.ucsc.edu/cgi-bin/hgTables).
(c) UCSC known gene output for chromosome 18 (partial data) (Image on Internet; https://
genome.ucsc.edu/cgi-bin/hgTables, accessed 23 October 2019).

https://genome.ucsc.edu/cgi-bin/hgTables
https://genome.ucsc.edu/cgi-bin/hgTables
https://genome.ucsc.edu/cgi-bin/hgTables
https://genome.ucsc.edu/cgi-bin/hgTables
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(c)

Figure 5.11 (Continued)

UCSC Table Browser tool, shown in Figure 5.11a, allows easy data retrieval
from this source. For example, a quick search for known genes in human chro-
mosome 18 reveals the statistics shown in Figure 5.11b. A partial output of
these genes are shown in Figure 5.11c.

ENSEMBL genome browser:[1] ENSEMBL is a gene annotation system that cre-
ates and stores predicted gene locations. Using ENSEMBL, it is possible to
search splice variants, sequence, expression, regulation, and history of a gene. It
also gives comparative genomics information about genes from many different
species. Figure 5.12 shows a screenshot of its homepage.

Figure 5.12 Ensemble homepage (Image on Internet; http://www.ensembl.org/index.html,
accessed 23 October 2019).

http://www.ensembl.org/index.html
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Exercise Questions

1 Step 1: Go to ENTREZ, NCBI Databases, http://www.ncbi.nlm.nih.gov/
Entrez/

Step 2: Search for the accession code NM_007294.4
Step 3: Examine its GenBank entry to answer the following questions:

• What does this sequence code for?
• Which organism does this sequence belong to?

http://www.ensembl.org/index.html
http://www.ensembl.org/index.html
https://www.encodeproject.org
https://www.wormbase.org/search/gene/c%20elegans
https://www.wormbase.org/search/gene/c%20elegans
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html
http://www.alzgene.org
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ncbi.nlm.nih.gov/Web/Search/entrezfs.html
https://www.ncbi.nlm.nih.gov/Web/Search/entrezfs.html
http://rfam.xfam.org
http://www.mirbase.org
https://www.uniprot.org
http://pfam.xfam.org
https://www.rcsb.org
http://smart.embl-heidelberg.de
https://www.genome.gov/Funded-Programs-Projects/ENCODE-Project-ENCyclopedia-Of-DNA-Elements
https://www.genome.gov/Funded-Programs-Projects/ENCODE-Project-ENCyclopedia-Of-DNA-Elements
https://www.genome.gov/Funded-Programs-Projects/ENCODE-Project-ENCyclopedia-Of-DNA-Elements
https://genome.ucsc.edu
https://genome.ucsc.edu
http://www.ncbi.nlm.nih.gov/Entrez/
http://www.ncbi.nlm.nih.gov/Entrez/
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Step 4: In the features section of its GenBank entry, find the CDS section.
This specifies the part of the nucleotide sequence that actually codes for a
protein. In this section, find and copy the translated sequence in one letter
amino acid shorthand, above the full nucleotide sequence. Copy this amino
acid sequence.

Step 5: Open another window and go to SMART, webpage at http://smart
.embl-heidelberg.de/

Step 6: Paste the amino acid sequence into the search box to search for the
known domains.

Step 7: When the results come up, click the mouse over the domain on the
figure to bring up the domain name and information.

Step 8: Answer the following questions about the domain:
• What is the position of this domain on this specific protein?
• What is the amino acid sequence of this domain?
• What are the characteristics that define this domain?
• What are the functions of this domain?

Step 9: Open another webpage and go to PDB, http://www.rcsb.org/pdb/
home/home.do

Step 10: Search the domain name in PDB to find its 3-D structure. Many
entries submitted by different research teams come up. Go to the bottom
of the page to see the results in a list. It does not matter which one you
choose to observe, just make sure to note its accession code and its name.

Step 11: Examine the structure of this particular domain that you chose and
submit a picture of its three-dimensional structure.

2 Use ENSEBML to answer the following questions about BRCA1 gene. The
accession code you will use is ENSG00000012048.
• How many splice variants are there for this gene?
• List five different tissue types this gene is expressed in.
• What are the phenotypes associated with the variations of this gene?

3 Using miRBase, find the list of all microRNAs identified in Homo sapiens,
chromosome 21. From this list pick one and investigate its properties further.
• Record the mature microRNA sequence for your pick.
• Record the predicted targets of this microRNA.

Additional Exercise Questions

1 Discuss two examples for how the development of bioinformatics helped us
in molecular research and in clinical settings treating patients.

2 Explain how it might be useful to study the effects of a mutation at the protein
and specifically at the domain level.

3 Discuss the latest findings on regulatory functions of the non-coding regions
of the human genome. Use PubMed and cite three recent articles in your
explanation.

http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do
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4 The complexity of the human phenotype is not explained by the small percent-
age of the coding capacity of the human genome. Discuss the possible cellular
mechanisms, contributing to the complexity of the human transcriptome and
thus the human proteome.

5 Gene expression regulation of the human genome is key in generating the
human transcriptome. Discuss how gene expression could be altered via epi-
genetic mechanisms.
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6

Exploring Online Bioinformatics Tools

Learning Outcomes

Upon completing this practical the student will be able to

• investigate DNA, RNA and protein sequences using different bioinformatics
tools;

• utilize appropriate bioinformatics and computational tools for comparing mul-
tiple DNA, RNA, or protein sequences and understanding evolutionary relation-
ships between organisms;

• use various bioinformatics and computational tools for identifying the effects of
mutations on protein sequence and structure.

Background

The increasing importance of bioinformatics in the fields of genetics and
genomics requires that students in these fields familiarize themselves with the
widely used bioinformatics and computational tools. These tools allow compar-
ison between sequences to decipher various mutations and study evolutionary
relationships. They also allow investigating the effects of various mutations at
the protein level. Bioinformatics tools allow tackling various other biological and
biomedical questions depending on research settings.

BLAST

Basic local alignment search tool (BLAST) [1]: BLAST is an algorithm that
allows researchers to compare a query sequence with a library of sequences.
There are different BLAST tools such as blastn, blastp, and tblastx. Among
other questions, BLAST programs could help answer questions relevant to
understanding the functional relationships among sequences, identification
of species, and establishing phylogeny by allowing comparative analyses of
nucleotide and protein sequences and by assessing the statistical significance
of sequence matches.
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BLAST is one of the most efficient sequence alignment programs, that is pop-
ularly used in the fields of human genetics and genomics. Thus, it is crucial
to understand how it works. It is a sequence similarity search tool that can be
used to analyze nucleotide and protein sequences. It performs local alignment,
which unlike global alignment, attempts to align only short sequences of the
query sequence. Global alignment tools, which attempt to align two sequences
over their entire lengths, function much slower and are less efficient when com-
pared to BLAST.

When the query is submitted to BLAST, it first identifies common three letter
sets (called words and neighbor words). Then, the database is scanned for these
three-letter words and the hits are matched with the query sequence. If these
matches have a score above a pre-identified threshold value, they are retrieved.
BLAST uses the maximum segment pair alignment method to extend the pos-
sible match as an ungapped alignment in both directions of the words. BLAST
tools are discussed below:
• Nucleotide–nucleotide BLAST (blastn): BLASTN program searches

nucleotide databases using a nucleotide query.
• Protein–protein BLAST (blastp): BLASTP program searches protein

databases using a protein query.
• Nucleotide six-frame translation–protein (blastx): BLASTX searches pro-

tein databases using a translated nucleotide query.
• Protein–nucleotide six-frame translation (tblastn): TBLASTN searches

translated nucleotide databases using a protein query.
• Nucleotide six-frame translation–nucleotide six-frame translation (tblastx):

TBLASTX searches translated nucleotide databases using a translated
nucleotide query.

Biologists use bioinformatics tools to analyze various sequence data and vari-
ous cellular processes. Although the analysis is performed by computational
tools, it is of little use if one cannot interpret its output in the context of a
specific biological problem. In BLAST, the quality of query alignments with a
predicted sequence from the database is calculated as an e-value. The Expect
(E) value (e-value) represents the number of hits expected to be seen by chance.
The smaller the e-value the more likely the specific identification is not simply
due to chance. Figure 6.1 shows the alignment output of a blastn search for
an unknown sequence. An e-value of 0.0 indicates a significant match. In this
case, the query and subject sequence identity is 100%. On the other hand, there
are other subject sequences found matching for this specific query sequence as
shown in Figure 6.2.

ExPASy

ExPASy translate tool [2]: ExPASy allows translating DNA or RNA sequences to
protein sequences. When a DNA sequence is studied by itself, the start of the
open reading frame is usually hard to determine. Starting translation at the wrong
nucleotide could lead to a frameshift mutation and thus cause detrimental differ-
ences in the identity of the protein produced. In order to take that into account,
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Figure 6.1 BLASTN search result for an unknown DNA sequence presented as an alignment.
Query is aligned to a subject sequence retrieved from the database based on sequence
similarities. The software identifies the query sequence as ACHR-m3 and provides statistical
information about the characteristics of this match. This includes an e-value, percent identity
number, and gaps present between two sequences (Image on Internet; https://blast.ncbi.nlm
.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&BLAST_SPEC=&LINK_
LOC=blasttab&LAST_PAGE=blastn, accessed 01 July 2017).

Figure 6.2 BLASTN results for an unknown DNA sequence presented in the description
section. Possible subject sequences that the query matches to are presented in a list. Each
possible match is given a score depending on its similarity with the subject sequence (Image
on Internet; https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_
TYPE=BlastSearch&BLAST_SPEC=&LINK_LOC=blasttab&LAST_PAGE=blastn, accessed 01 July
2016).

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&BLAST_SPEC=&LINK_LOC=blasttab&LAST_PAGE=blastn
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&BLAST_SPEC=&LINK_LOC=blasttab&LAST_PAGE=blastn
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&BLAST_SPEC=&LINK_LOC=blasttab&LAST_PAGE=blastn
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&BLAST_SPEC=&LINK_LOC=blasttab&LAST_PAGE=blastn
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&BLAST_SPEC=&LINK_LOC=blasttab&LAST_PAGE=blastn


74 6 Exploring Online Bioinformatics Tools

the software translates each sequence in all six possible frames. These frames
assume that nucleotide one, two, or three could be the start of translation. In
addition to this, it also takes into account that the sequence provided could be a
noncoding strand and thus would need to be examined from the reverse. Hence, a
total of six possible reading frames are translated for each DNA sequence entered
to ExPASy. Figure 6.3 shows an example ExPASy output.

Figure 6.3 Six reading frame results of mAchR DNA sequence translated with ExPASy translate
tool. Met represents the start of an open reading frame that ends with a Stop codon. Open
reading frame reads are shown in pink for each frame (Image on Internet; https://web.expasy
.org/translate/, accessed 01 July 2016).

Clustal Omega

Clustal Omega [3]: Clustal Omega is a multiple sequence alignment tool. Multiple
DNA, RNA, or protein sequences can be aligned using this tool to identify areas
of similarities. These similarities may be associated with specific features that are
highly conserved, which in turn can aid in classifying sequences. Figure 6.4 shows
the Clustal Omega homepage, where sequences can be submitted for alignment.
Figure 6.5 shows an example amino acid sequence alignment output. Figure 6.6
shows Jalview display of an example alignment of three sequences. Jalview display
provides a more visual representation of the alignments.

Sequence alignments make it possible to compare similarities between multiple
sequences and determine evolutionary relationships amongst them. It is possible
to use Clustal Omega to create phylogenetic trees, using percent identity amongst
the sequences to calculate average distances.

A phylogenetic tree is constructed mathematically using the sequence similar-
ities and differences between multiple sequences. Multiple sequence alignment
makes it possible to calculate these similarities and differences. In Clustal Omega,
a simple algorithm is used to guess which organisms are more closely related to

https://web.expasy.org/translate/
https://web.expasy.org/translate/
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Figure 6.4 Clustal Omega search page (Image on Internet; https://www.ebi.ac.uk/Tools/msa/
clustalo/, accessed 31 October 2019).

Figure 6.5 Alignment of two human zinc finger proteins by ClustalW. Single letters: amino
acids. Red: small, hydrophobic, aromatic, not Y; Blue: acidic; Magenta: basic; Green: hydroxyl,
amine, amide, basic; Gray: others; “*”: identical; “:”: conserved substitutions (same color group);
“.”: semi-conserved substitution (similar shapes) (Image on Internet; https://www.ebi.ac.uk/
Tools/msa/clustalo/, accessed 01 July 2016).

Figure 6.6 Jalview display of an alignment of three glucokinase DNA sequences that belong
to three different species. Jalview display can be accessed under the results summary section.
The sequences aligned are NM_013120.2, NM_031284.4, and NM_028121.2 (Image on
Internet; https://www.ebi.ac.uk/seqdb/confluence/display/JDSAT/Jalview, accessed 01 July
2016).

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/seqdb/confluence/display/JDSAT/Jalview


76 6 Exploring Online Bioinformatics Tools

each other. An example phylogenetic tree constructed using Clustal Omega is
shown in Figure 6.7. The node where two branches connect, represents a com-
mon ancestor.

gi|187829799|ref|NM_031284.4|

gi|70780371|ref|NM_028121.2|

gi|52138600|ref|NM_013120.2|

(b)

(a)

Figure 6.7 (a) The steps performed to create a phylogenetic tree using the multiple sequence
alignment. (b) An example phylogenetic tree constructed using Clustal Omega (Image on
Internet; https://www.ebi.ac.uk/seqdb/confluence/display/JDSAT/Jalview, accessed 01 July
2016).

Reactome

Reactome [4]: Reactome is a free, open-access, curated, and peer reviewed path-
way database. It contains pathways for complex topics such as gene expression,
nervous system, and DNA repair. This tool allows searching pathways in different
species. Pathways and reactions are listed under the “events hierarchy” section.
For each topic, the tool provides a general description and detailed information
about the molecules involved. Pathways are viewed in a diagram form, making it
easy to follow the sequences of reactions. Figure 6.8 shows the Reactome home-
page.

It should be noted that the usage of software described in this chapter, as well as
updates, are covered in detail on tutorial videos available on the software home-
pages.

https://www.ebi.ac.uk/seqdb/confluence/display/JDSAT/Jalview
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Figure 6.8 Reactome Homepage (Image on Internet; https://reactome.org accessed 31
October 2019).
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Exercise Questions

1 You are a scientist working on identifying mutations related to breast can-
cer. You collect DNA from patients and sequence them in search for novel
mutations. You perform DNA sequencing for the BRCA1 gene in your sam-
ples. Your primers are close to the possible singe-nucleotide polymorphism
(SNP) region and amplify only the partial read for the whole gene (Sequence
1 below). You are very curious to see if any SNP you find changes the protein
sequence, structure, and thus function.
Sequence 1:
>gnl|dbSNP|rs1799966|allelePos=501|totalLen=1001|taxid=9606|
snpclass=1|alleles=’G’|mol=Genomic|build=138
TCGTAATTTAATCTCCTATTATTGGACAACTACATTGTTTCTAAAAT
TATACTATTCCTATGACTAAACCTTTGCATATATCTTTTATCTCCCTA
GGATATATTTCTAAAACTAGCATTGTTGACTGAAAGTGTAAATACG
TGTTAAGGTGTTTGCTACATAATGCCATATTTCCTTTTTAGGAAACT

https://reactome.org
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://web.expasy.org/translate/
https://web.expasy.org/translate/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://reactome.org
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AAGCTACTTTGGATTTCCACCAACACTGTATTCATGTACCCATTTT
TCTCTTAACCTAACTTTATTGGTCTTTTTAATTCTTAACAGAGACC
AGAACTTTGTAATTCAACAT
TCATCGTTGTGTAAATTAAACTTCTCCCATTCCTTTCAGAGGGAAC
CCCTTACCTGGAATCTGGAATCAGCCTCTTCTCTGATGACCCTGAA
TCTGATCCTTCTGAAGACAGAGCCCCAGAGTCAGCTCGTGTTGGC
AACATACCATCTTCAACCTCTGCATTGAAAGTTCCCCAATTGAAAG
TTGCAGAATCTGCCCAGGGTCCAGCTGCTGCTCATACTACTGATAC
TGCTGGGTATAATGCAATGGAAGAAAGTGTGAGCAGGGAGAAGCC
AGAATTGACAGCTTCAACAGAAAGGGTCAACAAAAGAATGTCCAT
GGTGGTGTCTGGCCTGACCCCAGAAGAATTTGTGAGTGTATCCAT
ATGTATCTCCCTAATGACTAAGACTTAACAACATTCTGGAAAGAGT
TTTATGTAGGTATTGTCAATTAATAACCTAGAGGAAGAAATCTAGA
AAACAATCACAGTTCTGTGTAATTTAATTTCGATTACTAATTTCTG
AAAATTTAGATCTAGATAAAGCTATAGTGTGGATTATTTTATGTATA
TTTACTTGAGAAAATAATTATTAAATATTAGTGGAAAAGCTATACT
TTGGGTATGATATAGGACTTTCGAATTGGAATTTTCCTTTCTATCT
GTAAAAGCAAGTAGGTATAGTTTTATTCCCCAGAAGGCATCTTTTT
CTCCCCCTTGTCTC

Step 1: You are looking for identification of SNPs in your sequence by com-
paring it to a reference sequence. Use the sequence with accession number
NM_007294.3 as your reference sequence. Find your reference sequence’s
FASTA file from ENTREZ, using the accession number provided to you.

Step 2: Copy and paste (make sure to include “>gi...”) your reference DNA
sequence. Appropriately name the sequence.

Step 3: Align and identify your reference sequence and Sequence 1 using
Clustal Omega. Make sure to include the names (starting with >) for both
sequences and leave a space between each sequence.

Step 4: View your alignment in Jalview. Note that, it is not important whether
the start and end portions of the Sequence 1 matches with the reference
sequence. You need to identify a SNP, which will be approximately in the
middle of Sequence 1.

Step 5: Screenshot the SNP region and identify the SNP. Note the SNP
(example G898T).

Step 6: Go back to the reference sequence you pasted in your word docu-
ment. Make another copy of the whole sequence. This time label this new
sequence as “>mutant name you provided at Step 5.”

Step 7: Find your SNP region in this new sequence (you can use the find com-
mand). Highlight this region with red. Change this one nucleotide to create
your SNP in this sequence.

Step 8: Translate both sequences separately using ExPASy translate tool.
Copy and paste the longest ones for each starting with “Met,” to the word
document. Label appropriately:
• “>Ref sequence amino acid”
• “>Mutant amino acid sequence”
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Step 9: Compare the amino acid sequences to each other using Clustal
Omega. Make sure you enter both sequences with their names (starting
with >). Identify if your SNP causes a change in amino acid sequence
using Jalview tool.
• Is there any change in the amino acid sequence?
• If yes, is the new amino acid conserved or significantly different than

the reference sequence? Explain.
• Do you expect this change to cause any changes in the protein structure?

Why? Why not?
Step 10: Using the amino acid sequences, check if your mutation causes any

changes in the domains of this protein. Use the SMART protein domain
analysis tool, separately for both of your amino acid sequences.

2 Find the identity of the unknown sequence provided below (Sequence 2). Use
BLAST to find three possible matches for this sequence. Use the percent iden-
tity, query cover, and e-value scores to discuss which match is the best one.
Sequence 2:
CATGCAGACGCCGAGATGACTGGCTACGTGGTGACCCGCTGGTAC
CGAGCCCCCGAGGTGATCCTCAGCTGGATGCACTACAACCAGACA
GTGGATATCTGGTCTGTGGGCTGTATCATGGCAGAGATGCTGACAG
GGAAAACTCTGTTCAGGGGGAAAGATTACCTGGACCAGCTGACCC
AGATCCTGAAAGTGAC

3 Use Reactome pathway browser to understand the steps by which the HIV
virus enters the host cell. List the steps and mention the molecular interac-
tions at each step.
(Hint: Find HIV infection under the “infectious disease” part of the “diseases”
section in the “event hierarchy.”)

Additional Exercise Questions

1 Discuss why it might be useful to compare genomes of different organisms.
What may be the aim of such practice?

2 Explain why the ExPASy translate tool translates a given sequence in six
frames. Why is it important?

3 List and discuss some of the biomedical uses of sequence alignments.

4 What is a global sequence alignment?

5 List and discuss some of the non-biomedical uses of phylogenetic tree
analysis.

6 What does an outgroup mean in a phylogenetic tree?
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7

Multifactorial Inheritance and Common Complex Diseases

Learning Outcomes

Upon completing this practical the student will be able to

• understand the relationship of genes and environment in the development of
common complex diseases;

• discuss how understanding the mechanisms behind complex diseases can help
improve healthcare;

• discuss obesity, diabetes mellitus type 2, and cardiovascular diseases as
examples of common complex diseases.

Background

Environmental factors are as important as an individual’s genetic makeup in the
development of certain traits, behavioral tendencies, and also various diseases.
These types of traits and illnesses are determined by multiple genes (polygenic)
and also by multiple environmental factors and hence are termed as multifac-
torial or complex diseases. Various genes associated with the same trait have
additive effects; each may have different levels of input/influence. Exposure to
certain environmental factors can affect the susceptibility to developing a certain
trait or a certain condition, by altering gene expression through epigenetic mech-
anisms. Epigenetics regulates gene expression via environmental factors, without
changing DNA sequences. Collective epigenetic marks on a genome are termed
as the epigenome.

Some examples of these types of traits include height, body weight, and
skin color. Height is an example polygenic trait. In polygenic traits, each gene
contributes to the variation of the phenotype. Certain alleles may have different
impacts on the phenotype. More than 50 genes have been linked with height.
Some alleles have been identified to cause periods of rapid height increase. It is
easy to appreciate the importance of environmental factors on an individual’s
height. One of these factors is nutrition. Children growing up with access to
healthy nutrition would be able to reach a greater height than children who are
malnourished.

Human Genetics and Genomics: A Practical Guide, First Edition.
Bahar Taneri, Esra Asilmaz, Türem Delikurt, Pembe Savas, Seniye Targen, and Yagmur Esemen.
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Polygenic Complex Diseases

Diseases that are influenced by a combination of various genes and environ-
mental factors are often referred to as common complex diseases (CCDs). Some
examples of CCDs include diabetes, coronary artery diseases, cancer, hyperten-
sion, and obesity [1]. These diseases, which tend to run in families, are affected
by lifestyle and environmental influences as well as a person’s genetic makeup.
Environmental factors include modifiable behavioral factors such as eating
habits, activity level, and smoking, which can influence a person’s health. These
modifiable behavioral factors have been found to be associated with diseases,
such as with 80% of cardiovascular disease cases and 90% of adult-onset diabetes
cases [2]. Although CCDs may run in families, their specific inheritance pattern
is often variable and very different than single-gene disorders. Therefore, it is
difficult to predict a person’s risk of inheriting or passing on these conditions.
Moreover, because of their complex pathophysiology, it is often difficult to treat
these diseases [3]. They tend to become chronic, placing significant burden on
individuals, families, and also the healthcare systems.

Investigating Complex Traits

Predicting the probability of inheriting a polygenic trait is more challenging than
predicting single-gene trait inheritance. One of the traditional ways of studying
multifactorial traits is studying twins. Monozygotic/identical twins carry almost
identical genomes (although they do differ in the copy number variant regions)
and dizygotic twins share a similar genetic makeup. Concordance of a trait refers
to the twin pairs, where both of them express the same trait. High concordance of
a certain trait suggests that the trait is largely determined by genes. On the other
hand, discordance of a trait, where the twin pairs have different phenotypes,
i.e. one expresses the trait and the other one does not, indicates the potential
significant influence of environmental factors on the expression of that particular
trait. Variations in complex traits or existence of complex diseases amongst twins
could be attributed to environmental factors. Although twin studies have pro-
vided important insight for understanding the role of nature vs. nurture in onset
of CCDs, it has been hard to control many confounding factors in these studies.

More recently, genome-wide association studies (GWAS) have been per-
formed to identify common genetic variations that underline CCDs. These
studies aim to identify single nucleotide polymorphisms (SNPs) that are shared
amongst individuals affected by the same condition. SNPs reflect a single
nucleotide variation in the genome sequence and may be found within coding,
noncoding, or regulatory regions. These studies focus on finding SNPs that
are more frequent in affected individuals, compared to the general population.
Linking SNPs with a particular condition would bring benefit at an individual
level as well. For example, it would be possible to predict a person’s likelihood
of developing a CCD by studying their genome. Linking SNPs to CCDs can also
help identify the inheritance pattern of these conditions. These advancements
could in turn potentially help reduce the incidence of the condition.
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Identifying genetic components of CCDs is a complex issue. Firstly, complex
diseases share certain symptoms with other diseases. In other words, their symp-
toms may not be specific enough. Thus, trying to find common genetic variations
for everyone with a specific symptom may turn out to be of little benefit. Secondly,
the difficulty in identifying the genetic bases of CCDs lies in the fact that they are
often polygenic. Lastly, possessing a certain genetic variation linked with a com-
plex disease does indicate susceptibility to the disease; however, does not indicate
that the person will for sure develop the disease. This is because complex diseases
are multifactorial and in addition to genetic susceptibility, environmental factors
play a significant role in disease onset [4].

Environmental factors have a tremendous effect on the development and/or
progression of CCDs. For example, Qi et al. [5] showed that fried foods may inter-
act with obesity-related genes and increase the risk of developing obesity. Other
important factors include smoking, lack of exercise, and poor diet. It has been
shown that these factors have epigenetic influences and may alter DNA or his-
tone proteins in chromosomes, and therefore change gene expression patterns. It
is important to note that these alterations, which do not directly affect the DNA
sequence, can still be passed on to the future generations [6].

Obesity as a Complex Disease

Twin studies and large population studies suggest that there is a genetic com-
ponent to obesity. Monozygotic twins showed a 0.74 mean correlation for body
mass index (BMI), which can be used as an indication for obesity. The correla-
tion was 0.32 for dizygotic twins, 0.25 for siblings, and 0.06 for adoptive relatives
[7]. This genetic predisposition is thought to be polygenic and some genes have
been well studied. More than 30 plausible genes have been identified to be associ-
ated with BMI. GWAS identified a gene on chromosome 16, named fat mass and
obesity associated gene (FTO) in 2007 [8]. A specific variation in FTO generates
20–30% increased risk of obesity, when compared to people without that specific
variation.

It is important to understand that in CCDs such as obesity, heredity is not des-
tiny. Over the past 40 years, there has been a significant increase in the prevalence
of obesity. Polymorphisms take much longer than 40 years to spread enough to
cause the observed increase in prevalence. Since genetic spread could not be
enough to explain this fast increase in obesity rates, there must be other sig-
nificant factors associated with it. These factors come from the environment.
Changes in people’s eating habits and working conditions could help explain the
increase in obesity rates. People carrying the associated genetic variations may
be more susceptible to developing obesity over the general population. However,
genetic predisposition is not destiny, since many people with the same genetic
makeup never develop the condition. For example, a study in 2008 found that
inactive people with a specific FTO variant had higher BMI compared to people
without the variant. However, when the carriers were active persons, their BMIs
were not different than those of noncarriers [9]. This suggests that physical activ-
ity may override the susceptibility due to that specific FTO variant. In addition



84 7 Multifactorial Inheritance and Common Complex Diseases

to FTO, there are various other candidate genes that have been associated with
obesity. Table 7.1 shows some of these genes together with their risk allele fre-
quencies. This table was created by using information from Speliotes et al.’s article
titled “Association analyses of 249,796 individuals reveal 18 new loci associated
with body mass index” [10]. A more comprehensive list is available from Hofker
and Wijmenga’s article titled “A supersized list of obesity genes” [11].

Table 7.1 Some genes identified to be associated with BMI based on
genome wide analysesa)

Nearest Gene Loci Associated SNP Chromosome

PTBP2 rs1555543 1
TNNI3K rs1514175 1
FANCL rs887912 2
LRP1B rs2890652 2
RBJ rs713586 2
CADM2 rs13078807 3
SLC39A8 rs13107325 4
FLJ35779 rs2112347 5
ZNF608 rs4836133 5
NUDT3 rs206936 6
LRRN6C rs10968576 9
RPL27A rs4929949 11
MTIF3 rs4771122 13
PRKD1 rs11847697 14
MAP2K5 rs2241423 15
GPRC5B rs12444979 16
TMEM160 rs3810291 19
QPCTL rs2287019 19

a) Data based on Speliotes et al. [10] and ordered by chromosome number.

Diabetes Mellitus Type 2 as a Complex Disease

Type 2 diabetes is a very common disease caused by the body’s resistance to
insulin. The human body initially tries to compensate for this defect by increasing
its insulin production. The clinical features appear once this compensatory mech-
anism fails and the body can no longer produce enough insulin to compensate.
The condition usually appears later in life and is often associated with obesity.
Recently, it has been shown that there is a significant genetic susceptibility to type
2 diabetes. Although many candidate genes are suggested, TCF7L2 gene has been
shown to increase susceptibility to developing this condition. Inheriting a specific
TCF7L2 variant increases the risk of developing type 2 diabetes by 80% compared
to people without the variant [12]. However, Diabetes Prevention Program (DPP),
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a major clinical trial carried out with people at high risk of developing this condi-
tion, showed that physical activity and good diet can delay diabetes development.

Thrifty gene theory suggests that the genes associated with type 2 diabetes were
advantageous as a survival mechanism for populations with scarce food supply.
These genes increase the efficiency of metabolism to extract energy from foods
and store for future use when the food is not available. This mechanism was bene-
ficial for survival when food supplies were unpredictable. However, nowadays, in
populations with plenty of high-calorie foods, these genes promote obesity and
type 2 diabetes.

Although genetic make-up seems to be important in developing type 2 dia-
betes, modifying environmental factors has been shown to significantly reduce
the risk. DPP of National Institutes of Health found that regular physical activity
and a low fat and low calorie diet can significantly lower the risk of diabetes in pre-
diabetic individuals. Some of the other genetic variations associated with type 2
diabetes risk were identified in loci including NOTCH2, IRS1, THADA, IGF2BP2,
PPARG, WFS1, CDKN2A/B, HHEX, KCNQ1, CENTD2, FTO and DUSP9 among
others [13].

Coronary Artery Diseases as Complex Diseases

Coronary artery disease (CAD) is associated with plaque formation in the inner
walls of the coronary arteries that supply oxygen to the heart muscles. These
plaques, made up of waxy substances, narrow the lumen of the arteries and
reduce the blood flow to the heart. CAD occurs when there is ischemia to the
muscles and causes pain, especially with activity. If the plaques persist or enlarge,
this can lead to heart attacks (myocardial infarction).

There are various risk factors that have been linked with CAD. These include
stress, unhealthy diet, lack of physical activity, smoking, and obesity. Other med-
ical conditions such as diabetes, hypertension, and high cholesterol levels in the
blood have also been shown to increase the risk of developing CAD. It has also
been shown that adjusting lifestyle and modifiable factors such as diet, weight,
and physical activity can reduce the risk of CAD. One of the non-modifiable risk
factors for CAD, however, is a positive family history of the disease [14].

It is evident from population-based and twin studies that there is a genetic sus-
ceptibility factor to CAD. Framingham study showed that family history of CAD
is associated with a 2.2 to 2.4-fold increase in developing CAD [15]. There are
currently several different genetic risk variants identified for CAD. Majority of
these variants are in the noncoding sequences, although they possess the ability
to affect protein-coding genes on other chromosomes. Seven variants (related to
lipoprotein a and b, and low density lipoprotein (LDL) receptor) were found to
increase CAD risk via LDL cholesterol mechanism. Another variant at the ABO
blood group locus at 9q34.2 has a strong association with CAD, especially in the
context of heart attack [16]. This variant increases the risk of heart attack by 20%.
Additionally, people with blood group A or B were found to have a 10% increase
in the frequency of heart attacks, compared to people with blood group O [17].
There are currently 604 genes, listed as candidate genes for CAD on the Coronary
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Table 7.2 Some genetic variations identified to be associated with CAD
based on GWASa)

Nearest Gene Loci Associated SNP Chromosome

IL6R rs4845625 1
PPAP2B rs17114036 1
SORT1 rs602633 1
WDR12 rs67258870 2
MRAS rs9818870 3
EDNRA rs1878406 4
GUCY1A3 rs7692387 4
PHACTR1 rs9369640 6
HDAC9 rs2023938 7
LPL rs264 8
CDKN2BAS1 rs1333049 9
CXCL12 rs501120 10
FLT1 rs9319428 13
HHIPL1 rs2895811 14

a) Data based on Sayols-Baixeras et al. [19] and ordered by chromosome
number.

Artery Disease Gene Database [18], and some of these are shown in Table 7.2,
which was compiled by using the candidate genes provided by Sayols-Baixeras
et al. [19].

There are risk assessment tools developed using information from the Fram-
ingham heart study that enable individuals to estimate their risk of having a heart
attack in 10 years [20]. The main parameters used include age, gender, cholesterol
levels, smoking status, and blood pressure. These kinds of tools allow medical
intervention and appropriate management of patients with high risk of CAD. In
the future, inclusion of specific genetic risk factors may allow development of
better predictive tools and more efficient management of CAD risks.
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Exercise Questions

1 Consider the case of the following family. Alex was born as a healthy baby
weighing 3.2 kg. He was the younger of two children in the house. His mother,
an unemployed housewife, weighed 90 kg and was 1.63 m tall. His father was
a doctor and had a BMI of 25. Alex’s mother was a heavy smoker before
she became pregnant, but quit smoking when she learned she was expecting
a baby.
a. Identify possible modifiable risk factors for obesity in this family.
b. Assume that Alex carries a specific genetic variant that makes him sus-

ceptible to developing obesity. Does this mean Alex will definitely develop
obesity? Using what you have learnt about obesity as a CCD, discuss how
Alex can decrease his risk of disease development.

2 American Diabetes Association provides an online test that can be used to
assess the risk of developing type 2 diabetes. Access the test by going to
https://www.diabetes.org/diabetes-risk/tools-know-your-risk. Fill the test
separately using two different patient characteristics given below. Compare
the outcomes in their risks and discuss which factors are modifiable and
which are not. Discuss how each can reduce her risk.
Patient 1: 55-year-old African American female with a history of high blood

pressure. She has never been diagnosed with any type of diabetes but has
a father who has been living with type 2 diabetes since the age of 60. She is
160 cm and weighs 77 kg. She is physically active.

Patient 2: 68-year-old Asian American female who had experienced gesta-
tional diabetes when she was pregnant with her second child. Her sister
was diagnosed with type 1 diabetes. She is not physically active but she
has never been diagnosed with high blood pressure. She weighs 90 kg and
her height is 160 cm.

Additional Exercise Questions

1 Discuss how identifying genetic factors underlying CCDs helps improve
medical care.
a. Could it help prevent the development of these conditions?
b. Could it help create more efficient therapies? Explain.

2 Do you think CCDs create a burden on the healthcare systems? Give
examples. Discuss what type of measures can be taken by the government
at the population level that can be used to reduce the prevalence of CCDs.

https://www.nhlbi.nih.gov/health-topics/assessing-cardiovascular-risk
https://www.nhlbi.nih.gov/health-topics/assessing-cardiovascular-risk
https://www.diabetes.org/diabetes-risk/tools-know-your-risk
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3 Use stroke as another CCD example.
a. Identify five genes associated with developing stroke. What is the risk

associated with each genotype.
b. Identify five environmental risk factors linked with increased risk of

developing stroke.

4 You are asked to identify SNPs for Alzheimer’s disease.
a. Design a genome-wide study to manage this task. Briefly discuss the

methodology.
b. Assume you found a particular SNP that is associated with the dis-

ease. How would you explain the implications of having this SNP to a
non-symptomatic carrier?

5 In addition to GWAS, Epigenome-Wide Association Studies (EWAS) are
recently being employed in investigating CCDs.
a. Define EWAS and briefly discuss its methodology.
b. Use PubMed and find a recent article on EWAS of obesity and discuss its

findings.
c. Use PubMed and find a recent article on EWAS of diabetes and discuss

its findings.
d. Use PubMed and find a recent article on EWAS of cardiovascular disease

and discuss its findings.
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Neurogenetics and Behavioral Genetics

Learning Outcomes

Upon completing this practical the student will be able to

• understand the normal development and function of the nervous system;
• understand possible mechanisms through which genetic variations could lead

to neurological conditions and behavioral disorders;
• discuss some of the research challenges and ethical issues in the fields of neu-

rogenetics and behavioral genetics.

Background

The human nervous system is very complex. Its development and proper
functioning are highly determined and regulated by genetic factors. The field of
neurogenetics aims to understand the role of genetics in the development and
function of the nervous system. It integrates the fields of genetics, neuroscience,
psychology, and psychiatry in order to understand the molecular mechanisms
underlying neurological conditions. Studying the role of genetics in the function
of the nervous system also allows studying the nature and variations in human
behavior, a field known as behavioral genetics.

This chapter provides an overview for the normal development and function
of the nervous system and focuses on some of the common neurogenetic abnor-
malities, as well as genetic influences on human behavior.

Genetic Regulation of Neural Development

Development of the nervous system starts during the third week of the embry-
ological life and is highly regulated by various genes that are temporally and
spatially expressed. One of those genes, sonic hedgehog (SHH) is provided here
as an example. The neural tube, which gives rise to the central nervous system,
develops through a process called neurulation. In this process, the neural folds

Human Genetics and Genomics: A Practical Guide, First Edition.
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that are part of the embryological tissue elevate and converge to form a tube. Neu-
rulation is initiated by SHH, which is secreted from the underlying embryonic
structure called the notochord. SHH acts as a morphogen in such a way that at
high concentrations it induces ventral neuron growth, and at low concentrations
it induces dorsal neuron growth [1].

There are certain clinical conditions associated with incomplete neurulation
called neural tube defects (NTDs). One example of NTD is called spina bifida,
in which the spinal cord stays open to the body surface. Depending on its sever-
ity, this could have detrimental effects. The causes of NTDs are multifactorial,
combining multiple genetic and environmental factors. Studies show that having
one child with NTD significantly increases the risks for the subsequent pregnan-
cies. This suggests that there is a genetic predisposition for these conditions [2].
However, the mechanism does not seem to be solely genetically determined.

Structure and Function of the Nervous System

The nervous system is made up of neurons, which communicate with each other
mainly via chemical signals at the synaptic junctions. Human brain contains
networks of neurons working together. The neuron is an important cell of
the nervous system because it processes and transmits information. There
are various types of neurons classified according to their functions. Neurons
responsible for detecting environmental or internal stimuli are called sensory
neurons. Motor neurons control muscle contractions or gland secretions,
whereas interneurons are responsible for information relay between other
neurons. It is possible to divide most neurons in four different structural parts:
cell body/soma, dendrites, axon, and terminal buttons (Figure 8.1). The soma
of the neuron contains the nucleus and thus the genetic material necessary for
RNA and protein production. Dendrites are extending branches located on
the surface of the soma and they receive information from other cells. If the
signal received by the dendrites activates/excites the neuron, it produces an
electrical signal called the action potential, which travels down the axon to the

Dendrites Axon

Soma

Nucleus

Myelin sheath

Terminal buttons

Figure 8.1 A schematic representation of a neuron.
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terminal buttons. Most vertebrate axons are covered with an insulating layer
called myelin sheath, which helps in transmission of the action potential. At
the terminal buttons, the neuron communicates with the dendrites of another
neuron by secreting chemicals called neurotransmitters. This gap junction
between the terminal button of an axon and the dendritic membrane of another
neuron is called the synapse (Figure 8.2). Neuron carries neurotransmitters in
vesicles and releases them through the membranes of the terminal buttons. For
neurotransmitters to be effective, there must be appropriate receptors present
on the postsynaptic membrane of the dendrites. Postsynaptic receptors have
specific binding sites that recognize specific neurotransmitters. These receptors
can either be inhibited or activated depending on their interactions with
specific neurotransmitters. After neurotransmitters complete their appropriate
action on the receptors, they must be removed from the synaptic cleft, the space
between terminal button and the dendrite, by various enzymes or via presynaptic
reuptake to prevent over-activation/inhibition of the postsynaptic neuron [3].

Communication between neurons is essential to keep the nervous system
functioning effectively. This includes an appropriate balance of excitation and
inhibition of the brain regions. Genetic mutations causing structural/functional
changes of certain neurotransmitters, their receptors, or the enzymes important
for their removal from the synaptic cleft could result in neurological and/or
behavioral conditions. There could be mutations in other genes, which could
result in disease related phenotypes. For example, death of neurons due to
some protein aggregation as in the case of Huntington’s disease, has detrimental
effects in the overall neuron functioning.

Direction of
action
potential

Presynaptic Neuron

Neurotransmitter
vesicles

Neurotransmitter

Neurotransmitter
receptor

Postsynaptic neuron

Figure 8.2 A schematic representation of a synapse showing the terminal button of a
presynaptic neuron and the dendritic membrane of a post-synaptic neuron.
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Understanding the Genetics of Neurological Disease

Neurogenetic research aims to identify observable and stable mechanisms
through which genetic variations lead to biological phenotypes/disease.
Although there are polymorphisms associated with certain conditions, or
behavior, the genetic relation is not always very straightforward. Usually, the
observable neurological phenotypes are due to many different genes (poly-
genic). Additionally, other factors such as epigenetic modifications through
environmental factors and/or inherited epigenetic marks could modify the
expression of genes and could yield different phenotypes. Therefore, individual
differences in brain chemistry, behavior, and related psychopathology are not
only influenced by genetic variations but also by epigenetics and gene and
environment relationships (G×E) (Figure 8.3).

Genetic variations

Individual differences in:

•   Brain chemistry

•   Brain function

•   Behavior

•   Related psychopathology

Effects of environmental experience on
gene expression (G × E) in forms of:

•   inherited epigenetic tags
•   de novo epigenetic marks

Figure 8.3 A schematic representation of how the genetic variations, which are also modified
by environmental factors, could lead to individual differences in the brain.

Examples of Neurogenetic Disorders

Defects in one or more genes can cause faulty differentiation or function of the
nervous system and lead to neurological disorders. These disorders could affect
both young and elderly people and are often debilitating. Some of the disorders
such as Huntington’s disease and Rett syndrome are caused by mutations in a
single gene (monogenic). On the other hand, some neurological diseases such
as Parkinson’s disease are caused both by mutations in multiple genes and by
complex gene–environment interactions. These disorders are discussed below in
further detail.

Huntington’s Disease

In Huntington’s disease, degeneration of GABAergic neurons in certain regions
of the brain leads to uncontrollable jerking movements, writhing movements, and
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dementia. These specific neurons normally secrete an inhibitory neurotransmit-
ter called GABA. Damage to these neurons makes them unable to secrete GABA,
which removes their inhibitory effect on the motor areas of the brain. Since the
amount of inhibition is decreased, involuntary movements are initiated. This
decreased inhibition leads to neuronal degeneration as the disease progresses [3].

This hereditary disease is caused by a mutation in a gene located on chromo-
some 4, which codes for the huntingtin (htt) protein. In the case of this specific
mutation, a certain region of this gene is repeated, creating defective trinucleotide
repeats (expanded CAG trinucleotide repeats). These repetitions cause the final
protein product to contain an elongated chain of glutamine amino acids. This
change in the primary structure of the htt protein, causes it to misfold and aggre-
gate in the neuron. This abnormal htt is toxic and leads to apoptosis of these
cells [3].

Parkinson’s Disease

Degeneration of the dopamine-secreting neurons in a specific pathway, asso-
ciated with controlling movement, leads to Parkinson’s disease. Dopamine is a
neurotransmitter important for regulating movement. This condition is asso-
ciated with resting tremor, muscular rigidity, postural instability, and slowness
of motion. Although most Parkinson’s cases do not appear to be genetic in ori-
gin, researchers have identified multiple genes associated with some Parkinson’s
cases.

Along with several others, one possible genetic explanation of Parkinson’s
disease is thought to be a toxic gain-of-function mutation of the 𝛼-synuclein
gene, located on the chromosome 4. The 𝛼-synuclein gene is normally expressed
in the presynaptic terminals and is thought to be involved in the transmission of
dopamine [4]. Similar to Huntington’s disease, in the case of Parkinson’s disease,
a particular mutation in 𝛼-synuclein gene causes the production of a misfolded
protein that aggregates inside the dopaminergic neurons. These aggregates,
which present as abnormal circular structures, are classified as Lewy bodies and
are toxic to the neurons [5]. Apoptosis of these neurons is associated with the
disease symptoms. It should be noted that, in the recent years, several other
candidate disease risk loci have been identified for Parkinson’s disease through
genome-wide association studies (GWAS) [6].

Rett Syndrome

Rett syndrome, a neurodevelopmental disorder, is characterized by normal devel-
opment that arrests between 6 and 18 months followed by rapid deterioration of
learning skills, speech and motor abilities. Symptoms include seizures and mental
retardation. The disorder was first described by Dr. Andreas Rett in 1966. Chil-
dren with Rett syndrome appear to grow normally until the symptoms start. The
onset of developmental regression can be sudden and may first appear as com-
pulsive non-purposeful hand movements and problems with crawling. Possibly
the most disabling symptom of the disease is associated with the inability to per-
form purposeful motor functions (apraxia). Apraxia causes problems with every
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body movement including speech and eye gaze, leading to autistic-like behaviors.
The onset and severity of symptoms can vary between individuals [7].

Rett syndrome occurs almost exclusively in females due to mutations in
the gene encoding methyl-CpG-binding protein-2 (MECP2) located on the
X-chromosome. MECP2 gene is important in regulating the function of many
other genes. MECP2 acts as a biochemical switch that controls the expression of
other genes. Thus, when the MECP2 gene is mutated, the individual loses this
ability and exhibits abnormal expression of other downstream genes. Although
females have two X chromosomes, only one is active in a given cell. Thus, in a
heterozygous female, the diseased X chromosome will be randomly inactivated
in some cells. The percentage of the cells expressing normal MECP2 protein
can alter the severity of the disease symptoms. On the other hand, when a boy
(only one X chromosome) inherits a defective MECP2 gene, he lacks this backup
mechanism. Therefore, all his cells lose the functional MECP2 protein. These
individuals experience severe problems and die shortly after birth [8].

Interestingly, although genetically determined, most cases of Rett syndrome
appear to be due to sporadic mutations that are rarely passed down to the next
generation (only about 1%). There seem to be many different de novo mutations
in this gene that can lead to this syndrome. Amir et al. identified a missense
mutation in two half-sisters with Rett syndrome [9]. However, this mutation
was absent in their mother. They hypothesized that the mother was a germline
mosaic for the mutation and carried gametes with different sets of genetic
information.

Behavioral Genetics

Behavior can be defined as the way a person acts or behaves in response to a par-
ticular situation or stimulus, and toward others. There are observable differences
in individual human behaviors. It is a complex multifactorial entity and is related
to many factors. Both genetic and environmental factors play a role in determin-
ing behavior. The field of behavioral genetics aims to understand the effects of
genes on individuals’ behaviors.

Human behavior is influenced both by genetics and environment. Large-scale
twin studies have shown that when the behavior patterns are concerned, in gen-
eral, monozygotic twins are more similar to each other when compared to same
sex fraternal twins [10]. Additionally, adoption studies demonstrated that, in gen-
eral, adoptees grow up to be more similar to their biological relatives than their
adoptive ones. These finding suggest that to a large extent, behavioral traits are
influenced by genes. On the other hand, identical twins are not always concordant
for behavioral traits or psychiatric disorders [11]. Therefore, environment must
also have an effect on shaping human behaviors. However, determining the link
between genetic and environmental factors with behavioral disorders presents
challenges.

Some genes related to behavioral disorders have small observable effects.
These particular polymorphisms have weak penetrance, which makes it hard
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to observe the same phenotype across a population carrying that particular
polymorphism. Bogdan et al. discusses this small effect phenomenon as being
one of the challenges in behavioral genetics research [12]. This is because these
gene–phenotype associations are hard to replicate between studies. This concept
can best be explained with some disease examples as follows.

Genetics of Depression

Threat related activity in a certain brain region involved in emotion regulation
(amygdala) has been linked to a certain serotonin transporter polymorphism.
Serotonin transporter linked polymorphic region (5-HTTLPR) has one short and
one long allele. The short 5-HTTLPR allele is associated with heightened threat
related amygdala reactivity. Since high amygdala reactivity has been associated
with depression, this allele may increase vulnerability to depression. However,
the effect of this polymorphism has very low penetrance and thus, this relation-
ship is not easily replicable. This small effect can partially be explained by gene
and environment interaction (G×E).

Bogdan et al. suggests that integrating environmental experience in neuroge-
netics research improves the power in detecting phenotypic effects of genetic
variations, as well as in understanding the underlying mechanisms [12]. For
example, Caspi et al. showed that short 5-HTTLPR polymorphism is strongly
linked to depression, when the carrier has been exposed to life stress in child-
hood. When the life stress is taken into consideration, the short 5-HTTLPR allele
shows a larger and more replicable association with vulnerability to depression
[13]. It should be noted that, in the recent years along with GWAS of depression,
several epigenome-wide association studies (EWAS) have been carried out to
underpin the epigenetic influences on this disease and their interactions with
genetic susceptibility loci [14].

Genetics of Drug Addiction

Drug addiction involves compulsive drug seeking behavior and use despite know-
ing it is harmful. Biologically, addiction involves tolerance, a need to increase the
dose for the same effect, and dependence, experiencing withdrawal symptoms,
and craving when ceasing use. Addiction is related to structural changes in the
brain and has a heritable component. Adopted individuals, who have an affected
biological parent, have a two to threefold increased risk of developing addiction
[15]. Genome-wide studies discovered that certain genes are overexpressed in
people with addictions. Genes coding for dopamine D2 receptor are likely can-
didates for addictive behavior [16]. However, these inherited elements need to
be paired with environmental factors in order for the addiction to develop. Drug
addiction is a complex phenomenon with phenotypic heterogeneity, which makes
identification of genetic susceptibility loci difficult. In the recent years, GWAS has
been employed in tackling this problem and in trying to identify novel suscepti-
bility loci [17].
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Genetics of Schizophrenia

Schizophrenia is a mood disorder characterized by positive, negative, and cog-
nitive symptoms. Positive symptoms can be simply explained as the presence
of abnormal behaviors that cause distortion of normal cognition and function-
ing. They are the psychotic behaviors, mainly associated with the condition that
makes the individual unable to differentiate what is real from what is imagined.
Some examples of positive symptoms are hallucinations (mainly auditory) and
delusions. On the other hand, negative symptoms of schizophrenia can be defined
as the absence of the normal behaviors that leads to difficulty showing emotions
or normal functioning. These are similar to symptoms of depression and include
lack of facial expression, trouble planning and following up with an activity, and
lack of social behavior. Lastly, cognitive symptoms though may be subtle can
lead to patient’s inability to lead a normal life. These include decline in execu-
tive functioning, which can be defined as the ability to interpret information and
make decisions based on that information. Cognitive symptoms can also include
inability to sustain attention and decline in working memory [18].

Dopamine hypothesis is the most accepted, pharmacologically supported
hypothesis, explaining the underlying neurological mechanisms of schizophre-
nia. According to the dopamine hypothesis, the symptoms of schizophrenia can
be explained by the disturbances of the dopamine balance in different brain
regions [3].

Positive symptoms are associated with the over-activation of the dopaminergic
synapses in the mesolimbic pathway and amygdala. These two brain regions,
which are associated with brain reward pathway and emotions, respectively,
are overly active in individuals with schizophrenia. This over-activation of the
dopaminergic synapses could be due to various reasons, including too much
dopamine release by the presynaptic neuron or increased number of dopamine
receptors on the postsynaptic neurons [3].

Negative symptoms of schizophrenia can be explained by the observed
under-activation of the dopaminergic synapses in the prefrontal cortex. Pre-
frontal cortex is associated with higher brain functions such as problem solving
skills. Dopamine is a key player in normal functioning of this brain region and
when its transmission is disturbed, it can cause cognitive dysfunctions. This
hypothesis is further supported by observations that using pharmacological
agents to inhibit dopamine function in this brain region mimics negative
symptoms of schizophrenia. New generation of atypical antipsychotic drugs
are used in treating both positive and negative symptoms of schizophrenia by
selectively decreasing dopamine functions in over-active brain regions, while
increasing dopamine function in under-active regions [3].

For the general population, the lifetime risk of developing schizophrenia is
about 1%. Twin studies and adoption studies identified that this risk is increased
to 10% for the first degree relatives, including those reared together or adopted
apart. Furthermore, the risk is identified to be 17% for fraternal twins and
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48% for identical twins. These findings suggest that, although there may be
environmental factors influencing disease onset, there is also a substantial
genetic component. More than hundreds of genes with small effects have been
identified to contribute to the risk of developing schizophrenia [19]. It is very
important to understand that variations in the schizophrenia related genes do
not directly cause schizophrenia but increase the risk of developing the disorder,
and absence of these genetic variations does not guarantee that an individual
would not develop the condition. In the recent years, schizophrenia has vastly
been investigated from genomic and epigenomic points of view. Using GWAS,
scientists are trying to identify novel genetic variations associated with the
disease [20]. On the other hand, EWAS is being employed trying to illuminate
the epigenetic regulation of disease onset and the relation of epigenetic tags with
genetic susceptibility loci [21].
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Exercise Questions

1 Using PubMed, find and explain one other genetic variation associated with
Parkinson’s disease.

2 Using OMIM, identify two other mutations that have been linked with Rett
syndrome.

3 Various environmental factors such as ethnicity and substance abuse have
been associated with schizophrenia. The mechanisms underlying these
relationships are complex. Search online the relationship between using
cannabis and developing schizophrenia. What is the known molecular and
genetic mechanism behind this association?

4 As discussed in the chapter, risk of developing depression is multifactorial.
Discuss the potential role of epigenetics in this disorder. Use PubMed to
search for recent EWAS studies on depression.

http://www.nimh.nih.gov/health/topics/schizophrenia/index.shtml
http://www.nimh.nih.gov/health/topics/schizophrenia/index.shtml
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Additional Exercise Questions

1 Explain why having a small phenotypic effect associated with a genetic varia-
tion is a problem in behavioral genetics research.

2 What is meant by the term germline mosaicism? Discuss how it might make
DNA sequence analysis problematic.

3 Discuss some of the ethical and social challenges in studying genetics of
behavioral disorders, such as schizophrenia.
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9

Cancer Genetics

Learning Outcomes

Upon completing this practical the student will be able to

• describe normal cell cycle events and their regulation;
• understand the importance of oncogenes and mutations in tumor suppressor

genes in the development of cancer;
• discuss possible mechanisms through which genetic variations and environ-

ment could influence the development of cancer.

Background

Cancer can simply be defined as abnormal cell growth that leads to uncontrolled
proliferation. These abnormal cells can spread and invade other tissues through-
out the body. Normally, each cell’s growth and replication is highly regulated. If a
problem is detected at any point in the cell cycle, the cell is forced to fix the prob-
lem before it proceeds with its replication. If the cell cannot resolve the problem,
it is forced to undergo apoptosis and die. These regulatory mechanisms are in
place to protect the organism against cancer [1].

Sometimes, defective cells manage to escape all these protective regulations.
Some mutations can cause rapid growth by causing the cell to proliferate con-
tinuously. Similarly, there are other mutations that target the regulatory proteins
and lead to inability to halt the defective cell division and/or go through apop-
tosis. These cells clump together to form a mass of tissue called a tumor. These
tumors can be cancerous and spread to other parts of the body [1].

There are more than a 100 different and distinctive cancer types [1]. Since each
type of cancer has variations in its pathophysiology, etiology, and genetics, it
becomes very hard to study cancer. However, the mechanisms by which various
factors affect the cell cycle and lead to cancer are similar in all types. Thus, it is
necessary to understand the cell cycle and its regulation in order to understand
how its disturbance can lead to cancer.
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Cell Cycle and Its Regulation

Human cells go through a number of coordinated processes in their life cycle.
These processes include cell growth, DNA replication, and cell division. Cells
duplicate their genetic material by DNA synthesis in the S phase (synthesis phase)
of the cell cycle. An integral part of the cell cycle is the cell division, in which
two identical daughter cells are produced from one cell through mitosis in the M
phase (mitosis phase). Each daughter cell receives an exact copy of the genetic
material. In the mitosis phase, a 4N cell (double the number of diploid chromo-
somes) goes through prophase, metaphase, anaphase, telophase, and cytokinesis.
There are also gap phases of the cell cycle titled as G1, G2 and G0. In the G1 (gap 1)
and G2 (gap 2) phases, the cell grows and prepares for cell division. G0, also called
the quiescent phase, is a resting phase in which the non-dividing cells rest and
differentiate to their terminal cell type [2] (Figure 9.1).

The cell cycle is highly regulated to ensure normal cell growth and differentia-
tion. There are specific checkpoints throughout the cycle that act as the quality
control points. G1 checkpoint controls the transition from the G1 phase to the
S phase, and G2 checkpoint controls the transition from the G2 phase to the M
phase. M checkpoint ensures that the transitions through mitotic phases such as
chromosomal alignment are accurate [2] (Figure 9.1).

Checkpoint regulations are accomplished by proteins such as cyclins, and
cyclin-dependent kinases (CDKs). Expression of these proteins is essential to
proceed to the later stages of the cell cycle. At the G1 checkpoint, CDKs (inactive
by themselves) are activated by the expression of certain cyclins. Active CDKs
(CDK–cyclin complexes) become capable of phosphorylating other proteins.

M

S

G2

G1

G1 Checkpoint

G0

G2 Checkpoint M Checkpoint

Figure 9.1 Phases and the checkpoints of the cell cycle. Green vertical arrows represent the
respective checkpoints at which the correct progression of cell cycle is regulated. Red arrows
indicate the cell going in and out of the G0 phase, where the cell is not actively dividing.
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This process can activate/deactivate those proteins that bind as a substrate to
these CDK–cyclin complexes. An example substrate to these complexes is the
retinoblastoma protein (RB). RB, when unphosphorylated, is bound to E2F. E2F
is a transcription factor that stimulates the expression of proteins important
for progressing into the S phase. When unphosphorylated, RB inhibits the
action of E2F and thus inhibits progression to the S phase. However, when
the CDK–cyclin complexes are formed, they phosphorylate RB and cause it to
release E2F. Therefore, E2F can stimulate the expressions of S phase proteins
such as DNA polymerase, and the cell cycle resumes [2] (Figure 9.2).

There are also proteins that regulate the actions of CDKs called cyclin-
dependent kinase inhibitors (CKIs). These CKIs inhibit the formation of
CDK–cyclin complexes and thus lead to changes in the expression of down-
stream genes. Without phosphorylation by CDK–cyclin complexes, the cell is
not able to progress to the next phase of the cell cycle. However, this halt may not
necessarily be a troublesome event. CKI production is stimulated in the cases
of DNA damage, mainly by a protein called P53. When the cell acquires DNA
damage at the end of the M phase, this pathway is activated at the G1 checkpoint
as a protective mechanism. Thus, a cell with defective DNA does not mature to
multiply and cause cancer [2].
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Figure 9.2 Molecular regulation of the G1 checkpoint by CDK and cyclin proteins. (a) CDKs are
activated by the binding of cyclin proteins. (b) Active CDK proteins (CDK–cyclin complexes)
phosphorylate RB causing it to release the E2F protein. When E2F protein is released, it
activates transcription of the genes necessary for progression to the S phase. P: phosphoryl
group.

Oncogenes and Tumor Suppressor Genes

Two kinds of gene groups are very important in cancer development: onco-
genes and tumor suppressor genes. Oncogenes are the mutated versions of
proto-oncogenes. Proto-oncogenes control healthy cell cycle by carefully
inhibiting or activating cell growth at particular time points. However, if they
have a gain of function mutation so that they are “on” all the time, they are called
oncogenes. Oncogenes drive uncontrolled cell division, which promotes cancer
development (Figure 9.3a).
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Tumor suppressor genes, on the other hand, code for proteins that prevent
uncontrolled cell division. These tumor suppressor proteins inhibit cell division
(Figure 9.3b). Two very important tumor suppressor genes are RB and p53, whose
actions were discussed above in relation to cell cycle regulation. p53 activates
CDK inhibitors to halt the cell cycle in case of a problem; RB is bound to E2F to
prevent transcription of S phase proteins [2].

Oncogene

Mutation
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(a)
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Active
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TSMutation

Cancer

Figure 9.3 (a) Mutations of proto-oncogenes to oncogenes lead to uncontrollable cell
proliferation and tumor formation. (b) Tumor suppressors (TS), which normally stop the
uncontrollable cell proliferation, can be defective due to a mutation.

Healthy cells are able to control their growth and undergo apoptosis if they
accumulate serious mutations. If during DNA replication, a healthy cell gains any
mutations, tumor suppressor genes are activated. At the cell cycle checkpoints,
the mutation is detected and progression of the cell cycle is halted by the help of
these tumor suppressor proteins. This can lead to apoptosis to prevent replication
of the defective cell [2]. On the other hand, if the acquired mutation makes the cell
unable to control their growth or induce apoptosis, the cell becomes cancerous.
If a cell gains a mutation in the tumor suppressor genes, it cannot produce the
proteins essential for regulating its own growth. If the mutation gained in these
genes makes the cell unable to undergo apoptosis, then the cell will survive to
reproduce [2].

There are many different mutations associated with cancers. As the technol-
ogy develops, specific mutations are discovered and linked to particular cancers.
These mutations may occur in oncogenes or in tumor suppressor genes. Some
of these mutations and their associated cancers have been listed in Tables 9.1
and 9.2.
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Table 9.1 Some oncogenes associated with certain cancers.

Oncogene Some of the associated cancers

HER2/neu Breast and cervical carcinomas
int-2 Breast and squamous cell carcinomas
Mos Lung cancer
Myb Colon carcinoma and leukemia
N-myc Neuroblastomas, retinoblastomas, and lung carcinomas
Kras Lung, ovarian, and bladder carcinoma
Trk Colon and thyroid carcinomas

This list does not include all identified genes; for a more comprehensive list,
CancerQuest can be accessed [3].

Table 9.2 Some tumor suppressor genes associated with certain cancers.

Tumor suppressor gene Some of the associated cancers

APC Familial adenomatous and non-inherited colorectal
carcinomas

BRCA1, BRCA2 Inherited breast cancers; ovarian cancers
CDKN2A Brain tumors
MEN1 Multiple endocrine neoplasia type 1
MTS1 Melanomas
Rb Retinoblastoma, sarcomas; bladder, breast,

esophageal, prostate, and lung carcinomas
VHL Renal cell carcinomas
WT1 Wilms tumors (pediatric kidney cancer)

This list does not include all identified genes; for a more comprehensive list, CancerQuest can
be accessed [3].

Carcinogens/Environmental Factors in Cancer

Majority of cancers are believed to be sporadic cancers – cancers that are not due
to inherited gene changes and that do not run in families. Sporadic cancers are
thought to arise from gene damage acquired due to environmental agents such as
toxins, hormones and dietary factors. Such cancers develop due to genetic dam-
age accumulated over a lifetime. The agents directly involved in causing cancer
are called carcinogens. These agents damage the DNA and lead to uncontrolled
cell proliferation and therefore tumor formation.

Environmental carcinogens can be chemical, physical or viral (Table 9.3).
Chemicals such as coal tar or cigarette smoke are well-known cancer-causing
agents. UV radiation is a good example of physical carcinogens. UV radiation
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Table 9.3 List of some of the identified carcinogens.

Carcinogenic Agent Associated type of cancer

Asbestos Respiratory tract, pleural and peritoneal
mesothelioma

Dietary fat Breast
Estrogen Endometrial, breast, and ovarian
Hepatitis B and C Liver
Herpes viruses Kaposi’s sarcoma
HPV Cervical, oral, pharyngeal, vaginal, vulvar,

head/neck, scrotal, anal
In utero diethylstilbestrol Childhood cancer
Tobacco Lung
Wood dust Nasal

A more comprehensive list can be obtained from CancerQuest [3].

causes DNA breaks that lead to translocation mutations. Some viruses can
also cause cancer, either by inserting their oncogenes to the host genome or
by disrupting the host DNA in such a way that leads to the activation of host
oncogenes. For example, human papilloma virus is associated with cervical
carcinoma in women [3].

Although environmental factors play a big role in cancer development, pre-
disposition to cancer can be inherited through generations. For example, only
one mutated allele of a tumor suppressor gene would not directly cause cancer,
but it would increase the risk of developing cancer. For instance, Li–Fraumeni
syndrome (LFS) is associated with having a mutation in the TP53 gene (coding
P53 protein). Families with LFS develop many different types of cancers such
as breast cancer, brain cancer, and bone cancer. LFS is a hereditary cancer
predisposition syndrome [4].

The rest of this chapter focuses on breast cancer to exemplify the role of molec-
ular profiling and targeted treatment in cancers.

Breast Cancer

Breast cancer is the most common type of cancer in women. Although it can also
occur in men, it is far less common [5]. Although there are some genetic asso-
ciations, most breast cancers are caused by environmental carcinogens. There
are risk and protective factors associated with breast cancer. Some of the risk
factors include having a family history of the disease, starting menstrual cycles
(menarche) at an early age, late menopause, using exogenous hormones such as
hormone replacement therapy, and consuming alcohol. Some of the protective
factors include breastfeeding and pregnancy at an early age [6].

There are two main genes associated with breast cancer called BRCA1 and
BRCA2. BRCA1 or BRCA2 mutation carriers are more than twice as likely to
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develop breast cancer compared to the general population. There is also a higher
risk of developing ovarian, prostate and pancreas cancers for BRCA mutation
carries, compared to non-carriers. BRCA1 is located on the chromosome 17 and
BRCA2 is located on the chromosome 13. BRCA genes are important in DNA
repair. Therefore, mutations associated with these genes decrease the cell’s ability
to repair any DNA damage and thus increase the risk of developing cancer. Usu-
ally one copy of functional BRCA gene is enough for the cell to function normally.
However, this heterozygous state decreases the cell’s defense against other car-
cinogens. Therefore, compared to a healthy BRCA genotype, heterozygous BRCA
mutation carriers are more likely to develop cancer due to their vulnerability to
the effects of carcinogens [7] (Figure 9.4).
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Figure 9.4 Mutations in the BRCA genes increase the risk of breast cancer. At a cell level, one
copy of normal BRCA allele is sufficient to maintain healthy DNA replication. However, carrying
one defective allele causes a predisposition to cancer which increase the risk of developing
cancer when exposed to environmental mutagens. Each square represents a BRCA allele.
Green squares represent non-mutated alleles whereas red squares represent mutated alleles.
Stick figures with green heads do not show any sign of cancer whereas stick figures with a red
heads show cancer phenotypes. (a) Multiple mutations need to occur in order to increase the
risk of developing cancer, for the homozygous wild-type genotype. (b) Environmental
mutagens are more likely to lead to cancer when there is a genetic predisposition present, as
in the case of heterozygous genotype with one mutated allele.

Although there is a strong genetic association, only about 5% of breast cancer
cases are inherited. Most of the breast cancer cases seem to be due to environ-
mental factors and not related to BRCA mutations. In the clinic, there are vari-
ous features of a presenting breast cancer case that suggest an underlying BRCA
mutation. If the patient’s family history includes multiple early onset breast can-
cers and ovarian cancer, BRCA mutations are suspected. Similarly, in cases where
the same patient presents with both ovarian and breast cancers at the same time,
or has cancer on both breasts, underlying BRCA mutations are suspected [8].
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Role of Molecular Medicine in Breast Cancer Treatment

There are five types of standard treatments for breast cancer and these include
surgery, radiation, chemotherapy, hormone therapy, and targeted therapy.
Hormone therapies and targeted biological therapies are specific to the molec-
ular characteristics of the cancer cells. These treatments do not follow the
one-size-fits-all approach; they are personalized for every individual [9].

Advances in genetic testing and molecular biology made it possible to differen-
tiate amongst molecular characteristics of every breast tumor. Pathological anal-
yses of cancer biopsies identify specific receptors on the cells [10]. Some breast
cancer cells have receptors for certain hormones such as estrogen. Cells possess-
ing these estrogen receptors are called estrogen-receptor-positive (ER+) cells and
when they receive estrogen they tend to grow faster. Similarly, some breast cancer
cells are progesterone receptor positive (PR+). Two out of every three breast can-
cers tend to test positive for hormone receptors. This identification is important,
because these receptors can be targeted in cancer treatment by using agents to
stop their activation. Similarly, using drugs that decrease the natural production
of these hormones in the body is also useful. For example, in ER+ breast can-
cer, aromatase inhibitors such as arimidex or aromasin can be used to block the
enzyme aromatase and lead to decreased estrogen production in the body [11].

Targeted therapy in breast cancer uses drugs/chemicals that specifically
attack the cancer cells without harming healthy/normal cells in the body. Some
examples of these drugs include monoclonal antibodies, cyclin-dependent
kinase inhibitors or tyrosine kinase inhibitors. These drugs aim to stop the
cancer cells’ growth or spread. In order to choose which targeted therapy to use
on an individual, certain characteristics of their cancer’s genetic makeup need to
be investigated. For example, some cancer cells express too much of a gene called
human epidermal growth factor 2 (HER2), which makes a receptor protein called
HER2. HER2 receptor in healthy cells regulates healthy cell division and repair.
In 25% of breast cancers, this gene is overexpressed and thus causes uncontrolled
cell division that contributes to tumor formation. HER2 status of an individual’s
breast cancer can be identified by various techniques: immunohistochemistry,
FISH test (fluorescence in situ hybridization), Spot-Light HER2 CISH test
(subtraction probe technology chromogenic in situ hybridization), or Inform
HER2 Dual ISH test (inform dual in situ hybridization). HER2-positive cancers
benefit from targeted therapies such as herceptin, which attaches itself to HER2
receptors on the cancer cells and blocks them from receiving growth signals.
Herceptin has an additional benefit of stimulating the immune system to destroy
cancer cells once it attaches to the HER2 receptors [10].

Gene/genome sequencing allowed molecular classification systems to be devel-
oped for breast cancer. This classification system enables refinement of cancer
prognosis by identifying predictive markers for anticancer treatments [11].
ER-positive tumors are associated with better survival than estrogen-negative
tumors. Five-year survival for ER+ breast cancer is 10% higher than for ER−
breast cancer. Additionally, ER− breast cancer tends to recur earlier than ER+
cancers [12, 13]. MD Anderson Cancer Center (MDACC) clinical trials revealed



Recent Advances in Cancer Diagnosis and Treatment 111

that HER2 negative patients had a five-year survival rate of 93.7%, whereas
this number was 77.1% for HER2 positive patients. HER2 positive status has
also been associated with five times higher recurrence risk, when compared to
HER2 negative patients [14]. Therefore, identifying hormonal receptor status
and gene expression of breast cancer cells not only helps improve management
but also makes it possible to estimate the prognosis and outlook specific to each
individual.

Recent Advances in Cancer Diagnosis and Treatment

In the recent years, there have been several advances in the development of new
approaches for cancer diagnosis and treatment. Here, the application of next
generation sequencing for identification of driver mutations, immunotherapy
options, and liquid biopsy detections are briefly discussed.

The availability of fast and affordable next generation sequencing technologies
brings tumor profiling opportunities. Tumor profiling enables comparative
analyses of tumor genome and the genomes of noncancerous cells from the
same individual. Therefore, a personalized tumor profile, containing a list of
tumor specific mutations of that particular individual, could be obtained. Thus,
driver mutations, which are the mutations mainly responsible for development
and progression of cancer, can be identified. Identification of driver mutations
helps clinical decision making and brings out the opportunity for application of
targeted drugs, a treatment tailored to a specific mutation in the patient [15, 16].
Analyzing the genetic makeup of tumors and targeting the driver mutations
through personalized medicine hold promise in cancer therapy. However, this
approach is not without its challenges. Some of the main challenges are tumor
heterogeneity within the same individual and the evolving future of the tumors
throughout the different phases of the disease, which introduce difficulties in
disease management [17, 18]. Ongoing research, followed by clinical trials,
may provide more efficient and more affordable targeted treatment options for
various cancer types in the future [19, 20].

Cancer immunotherapy offers an alternative or, in many cases, a supplementary
option for targeted treatment of cancers. This is a form for biological treatment
where the immune system is targeted to fight the cancer cells [21]. There are
several types of cancer immunotherapy as summarized by the National Cancer
Institute [22]. One type of cancer immunotherapy involves the use of mono-
clonal antibodies. These are antibodies designed to bind to specific targets on
the cancer cells and these help turn the immune system against the cancer cells
[22]. Another type of cancer immunotherapy involves the use of immune check-
point inhibitors. These inhibitors block the immune checkpoints and thus enable
the immune cells to more strongly attack the cancer cells [22]. A list of immune
checkpoint inhibitors used to treat different cancer types is accessible from the
National Cancer Institute [22].

In addition to the novel treatment approaches discussed above, proper, effi-
cient and early diagnosis of cancers as well as follow-up of the tumor evolution
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remains key in disease management. One of the most recent advances in cancer
diagnosis is the development of liquid biopsies. As an alternative to primary
tumor biopsies, liquid biopsies offer the possibility of analyzing tumors through
blood samples. Tumor cells in blood, i.e. circulating tumor cells or the products
of these cells, such as cell-free nucleic acids in the blood, could be used for
genetic makeup analyses [23, 24]. Further development of this noninvasive
approach is bound to enable more efficient molecular diagnosis of cancers, via
identification of the changing tumor genetic landscapes throughout the disease,
and thus would significantly aid in disease management.
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Exercise Questions

1 Use the National Cancer Institute’s Breast Cancer Risk Assessment Tool avail-
able at https://bcrisktool.cancer.gov, in order to calculate the risk of develop-
ing cancer for a woman with the characteristics provided below.
Mrs. Miller is 60 years old. She is Caucasian. She has had her first menstrual
cycle at the age of 8 years. Mrs. Miller has a daughter to whom she gave birth
at the age of 29 years. She does not have a medical history of any kind of can-
cer herself. She has never received chemotherapy or radiation as a treatment.
Her BRCA1 or BRCA2 gene status has never been tested. She has never had
a breast biopsy performed. She has two older sisters, one of whom has had
breast cancer at the age of 50. Mrs. Miller’s aunt has also been diagnosed with
breast cancer.
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2 Perform a literature search to find out which syndrome is associated with a
mutation in the tumor suppressor gene RB1. Explain how this mutation could
lead to development of this condition.

3 We know that BRCA genes are also associated with ovarian cancer.
a. Research this relationship and find out the risk of developing ovarian can-

cer for a BRCA mutation carrier.
b. Are there any preventative or screening measures that carriers can take to

prevent developing breast or ovarian cancer?

4 Targeted EGFR treatment has been in use for lung cancer.
a. What is the main function of wild-type EGFR? Discuss its role within the

cellular pathway in which it is found.
b. Use literature search and find out about the specific mutations in this gene

that are being targeted. Discuss the overall success of such targeted treat-
ment.

c. Name two other genes that are currently being targeted for lung cancer
treatment. Briefly discuss their cellular roles and the mutations being tar-
geted in cancer state.

Additional Exercise Questions

1 Explain what is meant by DNA breaks, translocations, and mismatched bases
as examples of DNA damage.

2 What kinds of cells exit the cell cycle at G0, quiescent phase, and do not return
back to the G1 phase?

3 Research how smoking alters one’s risk for developing a type of cancer.
a. For which cancers does smoking cause an increased risk?
b. On the molecular and cellular level, how does smoking increase the risk of

developing lung cancer?

4 Research LFS as a hereditary cancer predisposition syndrome.
a. What are the mutations linked with this syndrome? What is the inheri-

tance pattern?
b. Which cancers are associated with this syndrome?
c. What type of screening do families with known LFS undergo?
d. Should people with LFS undergo prenatal screening if they want to con-

ceive? What are the ethical issues? Discuss.

5 Use literature search and find one recent immunotherapy approach used
in the treatment of colorectal cancer. Briefly discuss the immunotherapy
methodology used.

6 Liquid biopsies utilize the presence of circulating biomarkers in cancer assess-
ment. Discuss the current state of the use of cell-free DNA in blood. What are
the main challenges?
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Genetic Counseling

Learning Outcomes

Upon completing this practical the student will be able to

• understand what genetic counseling involves;
• describe what genetic counselors do and what happens during a genetic coun-

seling session;
• identify who should seek genetic counseling.

Background

The practice definition of genetic counseling has evolved through years and will
continue to evolve, especially now with the emerging era of genomic medicine.
The definition needs to be able to meet the demands of healthcare changing with
these advances. So far, there have been more than 20 published definitions of
genetic counseling. The first dates back to 1948 by Sheldon Reed, who in fact is
famous for coining the term “genetic counseling” [1]. Taking into account simpler
times of the field of genetics in the late 1940s, before the explosion of double helix
of DNA and subsequent advances, Sheldon Reed described genetic counseling
merely as a “kind of social work.” This definition definitely reflects the era of his
time; however, for today, this definition is simply too short and does not cover all
elements of genetic counseling.

In 2006, The National Society of Genetic Counselors (NSGC), based in the
United States, created a task force that aimed to introduce a new definition of
genetic counseling, which was reflective of the evolution of the profession of
genetic counseling along with the advances in genetics and genomics [2]. NSGC
described the profession of genetic counseling “as a process of helping people
understand and adapt to the medical, psychological, and familial implications of
genetic contributions to disease.” The longer version of this definition adds the
following to the sentence above: “This process integrates
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• interpretation of family and medical histories to assess the chances of disease
occurrence or recurrence;

• education about inheritance, testing, management, prevention, resources and
research;

• counseling to promote informed choices and adaptation to the risk or condi-
tion” [3].
They chose to use the term “genetic contributions to disease” in order to

reflect the advances in genetics and genomics, beyond monogenic conditions.
This wider term is inclusive of the complicated role of genetics in common
complex diseases such as cancers, cardiovascular disease, diabetes, obesity, and
psychiatric conditions.

Genetic counseling education combines specialized training in science, medi-
cal genetics, and counseling, with skills in risk assessment, education, and inter-
personal communications. Genetic counselors primarily work as part of a team
of healthcare professionals, including clinical geneticists. Typically, they work in
clinical or hospital settings, providing information and support to individuals and
families.

In general, genetic counselors identify individuals at risk, analyze family his-
tory information, provide information about the condition or concern, interpret
patterns of inheritance and risk of recurrence, review available testing and sup-
port options to the family, and help find referrals to medical specialists, advocacy,
and support networks and other resources. After assessing the patient/family’s
needs, the genetic counselor collects family medical history for risk assessment
of a possible genetic condition. Diagnostic processes, if necessary, may involve
clinical examinations and additional tests, including genetic testing. Molecular
confirmation of a genetic condition will then determine better follow-up, man-
agement, screening in order to prevent possible disease-related complications,
as well as providing information for other at-risk relatives for prediction and pre-
vention purposes and for reproductive risk assessment. These routinely occur in
any type of genetic counseling session; however, the process and importance of
each proportion varies from one individual case to another and is tailored to the
patient's or family’s needs.

Genetic counselors can take on many different roles, while offering tailored
genetic counseling. Self-awareness as a genetic counselor is fundamental to be
able to offer empathy, psychosocial support, and education to people. Genetic
counselors do not just explain genetics to people; the proportion of education
and psychosocial support will vary according to the needs of the patient/family.
It is important to point out that not all genetic counselors work directly with
patients. The profession is expanding where genetic counselors work in related
areas such as in research, education, and public health settings.

Genetic counselors are able to tailor the process of genetic counseling to
meet every individual’s or family’s differing needs [2, 3]. In a clinic or hospital
setting, firstly a genetic counselor receives a referral letter from a healthcare
practitioner. Referrals are assessed as a team and the necessary plan of action
is made (individual or family is contacted and an appointment is made). The
appointment is arranged according to the type of referral. The genetic counselor
may need to arrange an intake genetic counseling appointment for a patient,
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who has been referred for a clinical evaluation for possible diagnosis of a genetic
condition [2, 3].

Each genetic counseling session typically lasts an hour and is tailored to
address the patient’s specific concerns and answer specific questions. During
a genetic counseling appointment, a genetic counselor reviews personal and
family medical history, discusses inheritance patterns, reviews appropriate
testing options, discusses prevention strategies, screening tools, and disease
management (if applicable), provides genetics-related information and reliable
resources, and provides supportive counseling that may help with topics that
arise during the consultation. During any genetic counseling session, it is
important to note that the role of genetic counselors is never to tell individuals
what they should do. They respect their ability to make their own best decisions,
and they support all individuals in what they believe is best for them.

Genetic counseling is an evolving field and the future of this field seems to
move forward to genomic counseling. The growing availability of next genera-
tion sequencing technologies provide new large scale genetic and genomic anal-
yses options, including whole genome sequencing, whole exome sequencing and
disease-specific multi-gene panel analyses. These will require a more compre-
hensive team including genomic counselors and a wide range of experts including
molecular geneticists, physicians, evolutionary biologists, population geneticists,
statisticians, and/or bioinformaticians for analyses. The team would work toward
helping individuals’ whole genomic data to be interpreted, taking into account
their clinical pictures to assess their increased risk for complex and polygenic
disease conditions such as hypertension, coronary artery disease, diabetes, and
perhaps for interpretation of genetic data relevant to certain non-disease-related
traits.
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Exercise Questions

1 Debate the pros and cons of personal genetic testing with respect to late onset
chronic progressive diseases with no cure at the time. Examples could include
single-gene conditions such as Huntington’s disease (HD) and polyfactorial
conditions such as multiple sclerosis.

https://www.nsgc.org
https://www.cff.org/What-is-CF/Testing/Carrier-Testing-for-Cystic-Fibrosis/
https://www.cff.org/What-is-CF/Testing/Carrier-Testing-for-Cystic-Fibrosis/
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2 Discuss the medical use of and psychosocial aspects of direct-to-consumer
testing with relevance to common complex conditions such as diabetes and
cardiovascular diseases.

3 Below, you are provided with an example case of a genetic counseling sce-
nario. Follow the steps and answer the questions.
An example case:
Oncologist’s referral (referral letters are usually very brief ):
Mary, 33-year-old patient, diagnosed with breast cancer at age 33 years, with
a strong family history of breast cancer. Mary is contacted and an appoint-
ment is arranged at the Cancer Genetics Clinic.
Before the appointment, a genetic counselor needs to prepare for the patient
with information that is available.
Step 1: Before genetic counseling appointment.

Prepare for the possible concerns and questions Mary may have when she
comes to the appointment. Below are the possible concerns and questions
of Mary. Discuss them.

a. She was diagnosed at a very early age, so she may be wondering why this
has happened? Will this happen again? Discuss.

b. If she has children she might be worried for them. Are her children at
risk? Discuss.

Step 2: During the appointment.
As a genetic counselor, explain why Mary has been referred for genetic
counseling including cancer risk assessment.
Explain features that suggest hereditary cancer.

Step 3: Obtain a three generation pedigree to review family history.
Obtaining the family history will help answer her questions and concerns
for other family members who are at risk. Figure 10.1 provides such a pedi-
gree. Study this pedigree.
Mary is the youngest of four children and has an elder sister diagnosed
with breast cancer at age 47. Her mother gave birth to Mary at age 35, and

BC (1970s)

BC (50)BC (33)

BRCA1
c. 1949_1950delTA

BC (47)

Figure 10.1 Family history of Mary.
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soon after, she found out she was sick and died of breast cancer at age 36.
She has a maternal aunt and a cousin who both had breast cancer as well.
So having found out that her mother died so young and after giving birth
to her, new issues emerge. Discuss.

Step 4: Genetic testing.
During the appointment, based on personal and family history, Mary is
found suitable for BRCA genetic testing because of risk >10%.
a. Explain what are BRCA1 and BRCA2 genes, what is genetic testing,

what it entails.
b. What are the possible outcomes of a test result?
c. What are the pros of a positive result?

Step 5: A result appointment.
She decides to proceed with genetic testing; after signing informed con-
sent blood is collected. Mary’s result is ready. She is contacted and a result
appointment is arranged.
Mary is told that she has been found to carry a mutation in BRCA1 – result
is positive.
Mary is reminded that all first-degree relatives (including her children)
are at 50% risk of inheriting the same mutation. She is referred back to her
oncologist for her management and follow-up. She is worried and asks
about testing her children (four and two years old).

a. Explain her why genetic testing in children younger than 18 is not pre-
ferred. Discuss your own opinion.

Additional Exercise Questions

1 Investigate contemporary ethical issues with relevance to genetic counseling.
Example topics could include
• three-parent embryos
• gene-editing technologies
• designer babies
• direct-to-consumer genetic testing
• adopted individuals.

2 In this question, the process of genetic counseling will be demonstrated using
role play. Prepare a family history for a family with a specific genetic con-
dition. Choose a condition from Genetics Home Reference (http://ghr.nlm
.nih.gov). With two to three students as family members, and with one stu-
dent as a genetic counselor simulate a genetic counseling session. Explain
the genetic counseling process including introduction to family, interview of
family, review of family pedigree, etiology, associated health complications,
management, and screening/surveillance recommendations, available tech-
nology, ethical, legal and social aspects.

3 You are a genetic counselor. Susan and John have been referred to you
because they want to have their first child soon. A relative of John died of

http://ghr.nlm.nih.gov
http://ghr.nlm.nih.gov
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cystic fibrosis (CF), and he is concerned about the risk of having a child
with CF.
Step 1: Take a family history

You ask both John and Susan to list the relatives they know of, and whether
each of these relatives had CF or was determined to be a carrier through
genetic testing.

John’s family
John is Caucasian and he had a maternal aunt Jennifer who died of CF.
None of his other relatives have CF. His father Jack also has no family his-
tory of CF. His mother Jane does not have CF. John has two brothers Mike
and Alex and a sister. His sister Rhiannon was tested to see whether she
was a CF carrier. She does not carry the CF mutation. John has an uncle
Tim (mother’s brother) who is known to be a carrier.

Susan’s Family
Susan is Hispanic and there are no relatives in Susan’s family with CF.
CF mutation carriers in the United States, based on their ethnicity are as
shown below [4].
1 in 29 Caucasian-Americans
1 in 46 Hispanic-Americans
1 in 65 African-Americans
1 in 90 Asian-Americans

Step 2: Construct a pedigree
a. By using the information about John’s family, construct a pedigree

including all family members.
Step 3: Calculate the probability that different members of John’s family are

carriers. Explain your answers.
a. What is the probability that John’s father is a carrier?
b. What is the probability that John’s mother is a carrier?
c. If both of John’s parents are carriers, calculate the probability that John

himself is a carrier. Note that John himself does not have CF.
d. What is the probability that Susan is a carrier?

Step 4: Discuss the test with John and Susan
a. Will you recommend genetic testing for John? For Susan? Whom would

you test first and why?
b. Would you recommend they be tested for other genetically inherited

diseases such as sickle cell anemia or Tay–Sachs, at the same time?
c. What issues would you discuss with them in helping them decide

whether to be tested for CF or for additional diseases?
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11

Evolving Tools in Genome Editing: CRISPR-Cas

Learning Outcomes

Upon completing this practical the students will be able to

• understand the basic genome editing mechanisms;
• describe the CRISPR-Cas system;
• investigate the applications of CRISPR-Cas tool.

Background

Genome editing is a process that provides targeted modifications to the genome
through various ways, including but not limited to addition and/or deletion
in transcription factor binding sites, deletion in a promoter site, insertion of
an inducible or constitutive promoter, disruption of a gene by knockout, point
mutation in an exon, insertion of a new exon to make gene fusions, fusion of
a reporter gene, and addition and/or deletion of a microRNA control element
to 3′ untranslated region [1]. Recently, the clustered regularly interspaced short
palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) system has
been introduced as a genome editing tool, which is based on the adaptive
immunity response of bacteria and archaea [2]. In this chapter, the CRISPR-Cas
system is briefly over-viewed. It should be noted that there are various detailed,
cutting-edge reviews available on the topic.

Living organisms have to cope with biotic and abiotic stress factors in
nature. Several defense and regulatory mechanisms have evolved among living
organisms in order to survive under unfavorable conditions. One such example
is the defense system of the bacteria and archaea to cope with virus attacks.
Some viruses, such as the bacteriophages, insert their genetic materials into the
host genome. The virus fuses its genetic material into the host genome region,
which contains the CRISPR locus. Viral DNA is inserted into the spacer regions
flanked by the short palindromic repeat sequences, which produces herita-
ble adaptive immunity in the host. Upon another infection, these sequences
are transcribed and processed into small RNAs, a multifunctional protein
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complex (CRISPR-associated proteins [Cas] proteins) recognizes and cleaves
the incoming foreign genetic material [2].

Components that are involved in CRISPR-Cas system to ensure functional
activity are mainly the CRISPR locus/array and Cas genes. CRISPR-Cas
locus/array is the major part that contains the hypervariable spacers obtained
from virus or plasmid DNA. Cas genes have been noted as the second com-
ponents located in the vicinity of CRISPR locus and encode Cas proteins that
are necessary to provide multistep defense against invasive genetic elements
(Figure 11.1).

CRISPR-Cas Locus

Cas proteins

Expression

Acquisition

Bacteriophage

crRNAs

Interference

Plasmid DNA cleaved Virus DNA cleaved

Figure 11.1 Mechanism of CRISPR-Cas adaptive immune system. The three stages of the
CRISPR-Cas system, acquisition, expression, and interference, are shown. In acquisition stage,
recognition of viral DNA and its integration in the form of spacers take place. In expression
stage, a primary transcript of CRISPR RNA (pre-crRNA) is produced and then cleaved to form
small CRISPR RNAs (crRNAs). In interference stage, crRNAs base-pair with foreign DNA and
cleavage takes place via the function of Cas proteins.

The defense process of CRISPR-Cas system is generally divided into two
or three stages, named as acquisition, expression, and/or interference. Spacer
acquisition, termed also as adaptation or immunization, is the first stage of the
defense process, where recognition of viral DNA and its integration in the form
of spacers between two adjacent repeat units within the CRISPR locus take
place. Spacers are integrated at the leader end of the CRISPR locus; then the
protospacer is coined to indicate the sequence corresponding to the spacer on
the viral genome. In several cases, protospacer adjacent motifs (PAMs), short
conserved nucleotides, take the role as recognition motifs for acquisition of the
DNA fragment and are necessary for the initial DNA binding. The second stage



Applications of CRISPR-Cas9 System 123

is named as CRISPR expression, where a primary transcript or pre-CRISPR RNA
(pre-crRNA) is transcribed from the CRISPR locus by RNA polymerase, and
later on small CRISPR RNAs (crRNAs) are formed by cleavage of pre-crRNAs by
specific endoribonucleases [2]. Interference, noted also as immunity, is the last
stage of CRISPR-Cas defense process, where the crRNAs within a multiprotein
complex can recognize foreign DNA and/or RNA, which enables host immunity
against a new viral attack [2].

Mechanism of CRISPR-Cas9 System

According to the evolutionary relationship of CRISPR-Cas loci, conserved genes
and proteins, and the network of molecules involved, the CRISPR-Cas systems
are classified into several different Classes and into several different Types. For
the purposes of this chapter, only the CRISPR-Cas9 system is discussed, which
belongs to the Class 2, Type II CRISPR-Cas systems [3].

CRISPR-Cas9 mechanism belongs to the Type II systems, named after the Cas9
signature protein. Cas9 protein plays a role in target interference and cleavage
[4]. This is a multi-domain endonuclease protein, where its RuvC like nuclease
domain and its HNH nuclease domain cleave the target DNA. Cleavage of DNA
strand, complementary to the crRNA, is driven by the HNH domain of Cas9, and
the RuvC-like domain has a role in the cleavage of the opposite strand.

In order to base-pair and cleave the target DNA, Cas9 works with a guide
sequence within an RNA duplex, namely the tracrRNA-crRNA, formed by
the trans-encoded small CRISPR RNA (tracrRNA) and the crRNA [5]. For
genomic engineering applications, as discussed in the following sections,
tracrRNA-crRNA is engineered into a single guide RNA (sgRNA), which
together with Cas9 targets any DNA sequence of interest [5].

Applications of CRISPR-Cas9 System

Generation of Animal Models and Engineering Cells

Animal genome modification is one of the CRISPR-Cas9 applications. Through
introducing genomic modifications, developmental processes and disease
states are aimed to be better understood. Before the CRISPR-Cas9 technology,
time-consuming procedures had limitations for gene targeting applications in
some organisms. CRISPR-Cas9 system provides rapid modifications in germline
cells, as well as somatic cells. However, targeting specificity of Cas9 nucleases is
the main concern in applications of CRISPR-Cas9 system.

CRISPR-Cas9 system enables generation of various mutant models with
one-step generation. Zebrafish is one of the animal models used in CRISPR-Cas9
applications. Cas9-encoding mRNA and specific single guide RNA (sgRNA) are
transferred into the zebrafish embryo by microinjection, and it enables rapid
modifications of target genes in vivo [6]. Another broadly used animal model is
the mouse zygote, in which co-injection of Cas9 mRNA and sgRNAs targeting
different genes is applied to regenerate the mutant mice with biallelic mutations,
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eliminating the time-consuming problem with highly efficient simultaneous
disruption of multiple genes. sgRNAs targeting two different sites in the gene
also enable generation of mice with foreseen deletions [7]. In addition to those
two organisms, CRISPR-Cas9 technology has been used within a wide scope
scope, including Drosophila, Caenorhabditis elegans, Axolotl, Xenopus tropicalis,
rat, monkey, and pig.

Furthermore, this technology could be delivered in human cells. Cells stud-
ied include embryonic kidney cells and induced pluripotent stem cells, with the
distinct specificity of co-expression of Cas9 with custom-designed sgRNAs. This
technology enables insertion of new or corrected sequences into genomes.

Somatic Genome Editing

Somatic genome editing by CRISPR-Cas9 technology enables characterization
of putative disease genes. According to a study of CRISPR-Cas9 performed by
Xue et al. [8], this system helps develop new types of disease models by direct
mutations of tumor suppressor genes and oncogenes in somatic tissues. Mutated
target gene can be delivered to somatic cells by either hydrodynamic injection or
co-injection of Cas9 plasmid expressing sgRNAs, which target the intended gene
at the site of point mutations. CRISPR-Cas9 knockin mice has also been success-
fully shown to be used for somatic genome editing and in vivo disease modeling,
such as lung adenocarcenoma cancer modeling perfomed by Platt et al. [9].

Repair of Genetic Disorders

Genetic diseases are one of the major problems in human health. Muscular
dystrophy (MD) is one such disease related with the musculoskeletal system.
One of the multiple dystrophin gene mutations responsible for MD has been
corrected by the injection of Cas9, sgRNA, and homology-directed repair
template into mouse via single and dual adeno-associated viral vector deliv-
ery. Muscle-restricted Cas9 expression enables direct editing of the mutation,
multi-exon deletion, or complete gene correction via homologous recombination
in myogenic cells [10].

CRISPR-Cas9 system has also been applied to cystic fibrosis, another genetic
disorder caused by mutations in the gene coding for the cystic fibrosis trans-
membrane conductance regulator (CFTR) protein. CRISPR/Cas9 mediated
homologous recombination has been introduced to the intestinal stem cells
derived from patients with cystic fibrosis, and the corrected CFTR locus has
been observed [11]. Several studies related with genetic disorders are performed
with the CRISPR/Cas9 system that provides the correction of single-gene
hereditary defect. CRISPR-Cas9 systems are expected to be used in medicine
including in gene therapy [12].

Functional Genomic Screening

Identification of crucial genes for a specific cellular process is achieved by
functional genomic screening. Although the method of RNA interference



Applications of CRISPR-Cas9 System 125

(RNAi) has been widely used for genomic screening, the off-target effects
and restrictions for silencing nuclear RNA limit the efficiency of this method.
Genome-wide screening by CRISPR-Cas9 generates fundamental knowledge
about genes included in crucial processes. It has been possible to detect essential
genes for cell viability in cancer or genes associated with the resistance to drugs
by genome-scale CRISPR-Cas9 knockout library [13].

For functional genomic screening, CRISPR-mediated interference (CRISPRi)
and CRISPR-mediated activation (CRISPRa) are promising methods. Construc-
tion of CRISPRi and CRISPRa libraries with specific targets, would enable map-
ping complex pathways, such as those related with tumor suppression, cellular
growth and differentiation [14].

Treatment of Infectious Diseases

Infectious disease field is another area in which CRISPR-Cas9 system could be
applied to eliminate pathogen genomes. HIV infection is one of the most con-
cerning infectious diseases worldwide. An introduced sgRNA expression vector
targets the HIV-1 long-term repeats (LTRs) to infected cells in order to cleave and
mutate the LTR target sites and to provide inactivation of viral gene expression.
Moreover, CRISPR-Cas9 system provides the deletion of viral genes from the host
cell chromosome, and inactivation of replication in latently infected cells, such as
T cells, microglia, and promonocytic cells [15, 16].

Other Applications of CRISPR-Cas9 System

CRISPR-Cas9 system can be applied in various fields, including identification
of crucial genes in cellular pathways, screening of functional genes, identifica-
tion of developmental mechanisms, generation of model organisms, and somatic
genome editing. This technology can be applied to treatment of various other
diseases beyond infectious diseases, including cancers such as lung cancer [17],
hereditary conditions such as Huntington’s disease [18], neurological diseases
such as ALS [19], and hematological conditions such as 𝛽-thalassemia [20].

In summary, new genome engineering tools enable modification and editing
of DNA sequences in their endogenous context. CRISPR-Cas9, a recent genome
engineering technology, originated from type II CRISPR-Cas system, is noted
as an efficient, simple, cost-effective, and fast-to-design tool. Mechanism of
CRISPR-Cas9 system is based on the Watson–Crick base-pairing model. Thus,
the system is applicable to all organisms by alteration in the guide sequence
of the sgRNAs with regard to the desired target DNA sequence, and provides
a broad field for investigation of the linkage between genetic variations and
biological phenotypes.

It should also be noted that, as with any new technology, ethical, legal and social
issues of applications of CRISPR-Cas systems should be considered alongside sci-
entific developments [21].
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Exercise Questions

1 A key ingredient in the CRISPR-Cas9 system is the DNA-cutting enzyme
Cas9. Is there an alternative to Cas9? Search PubMed and discuss your find-
ings.

2 Can scientists be sure that CRISPR-Cas9 and other related procedures will
not target unintended sites in the DNA? How might the accidental misappli-
cation of these techniques have harmful medical or ecological outcomes?
(Use literature search for current scientific opinion on this topic and include
your own opinion in discussion.)

3 Search PubMed and find an article discussing applications of genome editing
technologies for correction of hemophilia B. Discuss the main outcome of this
research.

4 Through a PubMed search, find a recent publication discussing the use of
CRISPR-Cas technologies in diagnosis of infectious diseases. Discuss the
main methodology and outcome of this research.
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Additional Exercise Questions

1 What other scientific uses might CRISPR have beyond genome editing?

2 What are some of ethical concerns associated with the heritable germline
genome editing? Discuss pros and cons of such practice.

3 There are various biomedical applications of CRISPR, with intent to mutation
correction for specific diseases. Using PubMed, find recent examples for each
of the following and record the publication details:

a) CRISPR-Cas applications to cancers.
b) CRISPR-Cas applications to hereditary disorders.
c) CRISPR-Cas applications to neurological disorders.
d) CRISPR-Cas applications to hematological disorders.
e) CRISPR-Cas applications to retinal disorders.
f ) CRISPR-Cas applications to auto-immune disorders.
g) CRISPR-Cas applications to cardio-vascular disorders.
h) CRISPR-Cas applications to infectious diseases.
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Glossary

Additive genes Genes which contribute together to a final phenotype.
Allele A variant form of a given gene.
Amino acid An organic molecule that contains a basic amino group (−NH2),

an acidic carboxyl group (−COOH), and an organic R group, which is unique
to each amino acid.

Anaphase Stage of cell division where the duplicated genetic material carried
in the nucleus of a parent cell separates into two identical daughter cells.

Aneuploid An individual organism whose chromosome number differs from
the wild type.

Annotation Study of genomic sequences to identify their functions.
Apoptosis A form of programmed cell death that occurs in multicellular

organisms.
Archaea The unicellular organisms that make up the third domain of

organisms on earth, which do not have nuclei.
Array-CGH Microarray based comparative genomic hybridization. A

molecular cytogenetic technique. A method that uses slides arrayed with
small segments of DNA as the targets for analysis.

Autosomal dominant inheritance One mutated copy of the gene in each cell
is sufficient for a person to be affected.

Autosomal recessive inheritance Both copies of the gene in each cell have to
have mutations for a person to be affected.

Axon Nerve fiber. A long, slender projection of a nerve cell, or neuron, in
vertebrates that typically conducts electrical impulses, known as action
potentials, away from the nerve cell body.

Bacteria Microscopic, single-celled organisms that thrive in diverse
environments.

Bacteriophage A virus which infects bacterial cells.
Base pairs The unit that consists of two complementary nucleotides that are

connected by hydrogen bonds.
Behavioral genetics Field of study of genetic and environmental influences on

behaviors.
Bioinformatics Interdisciplinary field of science, which combines biology,

computer science, information engineering, mathematics, and statistics to
analyze and interpret biological data.
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Blast Basic Local Alignment Search Tool. A software that finds regions of
similarity between biological sequences and compares nucleotide or protein
sequences to sequence databases and calculates the statistical significance of
sequence alignments.

Cancer genetics Field of study of the cellular, genetic and molecular aspects of
cancer.

Carcinogen Agents that promote carcinogenesis, the formation of cancer.
CDKs Cyclin-dependent kinases. A family of protein kinases first discovered

for their role in regulating the cell cycle.
Cell cycle The cell cycle is a four-stage process in which the cell increases in

size (gap 1, or G1 stage), copies its DNA (synthesis, or S stage), prepares to
divide (gap 2, or G2 stage), and divides (mitosis, or M stage).

Cell cycle checkpoints The control mechanisms in eukaryotic cells, which
ensure proper cell division.

Centromere The region of a chromosome that holds the two chromatids
together.

Chimerism A rare condition where a person’s body contains two different sets
of genomes.

Chromatid A replicated chromosome having two daughter strands, joined by a
single centromere.

Chromatin The complex of DNA and proteins found in eukaryotic cells, which
functions in packaging very long DNA molecules into a more compact,
denser form.

Chromosome Thread-like structures in the nucleus of each eukaryotic cell, in
which DNA is tightly packed around protein molecules and is arranged in
linear form. In prokaryotes, the genomic DNA of the organism is contained
usually within a single chromosome.

Clustal Omega A multiple sequence alignment program that generates
alignments between three or more sequences.

Co-dominancy Expression of both alleles in heterozygous state.
Coding regions The portion of a gene sequence or an RNA sequence, which

codes for protein. Also referred to as coding sequences.
Coding sequences The portion of a gene sequence or an RNA sequence, which

codes for protein. Also referred to as coding regions.
Common complex diseases Conditions that are influenced by a combination

of multiple genes and environmental factors.
Consanguinity The property of being from the same kinship as another person.
Copy number variant A phenomenon in which sections of the genome are

repeated and the number of repeats in the genome varies between individuals
in the human population.

CRISPR-Cas A genome editing tool that enables researchers to edit parts of
the genome by removing, adding, or altering sections of the DNA sequence.

crRNA Crispr RNA, one part of the guide RNA (gRNA), which is a 17–20
nucleotide sequence complementary to the target DNA.

Cyclins A family of proteins that binds and activates cyclin dependent kinases
(CDKs), in order to control the progression of a cell through the cell cycle.
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Cytogenetics The branch of genetics that is concerned with chromosomal
structure and function.

Cytokinesis The part of the cell division process, during which the cytoplasm
of a single eukaryotic cell divides into two daughter cells.

De novo mutation A genetic alteration that arises for the first time in one
family member, as a result of a mutation in a germ cell (egg or sperm) of one
of the parents, or a mutation that arises in the fertilized egg itself during early
embryogenesis.

Deletion Loss of a chromosome segment from a chromosome.
Dendrites Membranous tree-like projections arising from the cell body of the

neuron that receive signals from other neurons.
Dicentric chromosome A chromosome possessing two centromeres.
Diploid cell A cell that contains two copies of each chromosome.
Diploid–tetraploid mixoploidy A condition where in an individual some of

the cells have 46 chromosomes and some have 92 chromosomes.
Diploid–triploid mixoploidy A condition where in an individual some of the

cells have 46 chromosomes and some have 69 chromosomes.
DNA Deoxyribonucleic acid. The hereditary material that carries genetic

instructions in humans, and almost in all other organisms.
DNA methylation The process by which methyl groups are added to the DNA

molecule, which can change the gene expression of a gene without changing
its sequence.

DNA mismatch repair A highly conserved biological pathway that plays a key
role in maintaining genomic stability.

DNA replication The process by which DNA makes a copy of itself during cell
division.

Dominant allele The allele associated with the phenotype that is expressed,
when the allele is either in homozygous or in heterozygous state.

Driver mutation A mutation that confers selective advantage to cells in their
microenvironment, through either increasing their survival or reproduction.

Duplication A chromosomal abnormality where a segment on the
chromosome is duplicated.

Epigenetics Study of changes in gene expression caused by epigenetic
alterations that do not involve alterations in the DNA sequence.

Epigenetic factors Factors that influence epigenetic changes, such as age,
environment/lifestyle.

Epigenetic inheritance Transmission of epigenetic marks (i.e. DNA
methylation, histone modifications) from one generation to the next.

Epigenome All the chemical modifications to DNA and histone proteins that
regulate the gene expression within the entire genome.

Epigenomics Study of the complete set of epigenetic modifications on the
entire genome of the cell.

Epistatic interactions Epistasis. Interaction of different genes at different loci,
in control of a phenotype.

Euchromatin Euchromatin is a form of chromatin that is lightly packed as
opposed to heterochromatin.
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Eukarya The organisms whose cells have a nucleus enclosed within
membranes.

Euploid The normal number of chromosomes for a species.
EWAS An epigenome-wide association study which identifies genome-wide

epigenetic marks.
Exon Any part of a gene that remains in the mature mRNA after introns are

removed, and codes for amino acid sequences.
ExPASy A bioinformatics portal, which provides access to various

computational tools.
Expressivity The range of phenotypic variation associated with a given

genotype.
Family history A record of information about a person and his or her close

relatives. A typical record includes information from three generations of
relatives.

FISH Flourescence in situ hybridization. A molecular cytogenetic technique
that uses fluorescent probes that bind to only those parts of a nucleic acid
sequence with a high degree of sequence complementarity, to visualize and
map the genetic material.

G0, quiescent phase The phase that describes a cellular state outside of the
replicative cell cycle.

G1 phase The first of four phases of the cell cycle that takes place in eukaryotic
cell division, which is often referred to as the growth phase.

G2 phase The stage of cell division that comes after the DNA synthesis S phase
and before the mitosis M phase.

Gain of function mutation A mutation that confers new or enhanced activity
on a protein.

Gametes An organism’s reproductive cells, also referred to as sex cells, which
are haploid cells and carry only one copy of each chromosome.

Gene Basic physical and functional unit of heredity, which is made up of DNA.
Gene expression The process by which information from a gene is used in the

synthesis of a functional gene product such as protein, transfer RNA (tRNA),
or small nuclear RNA (snRNA).

Gene–Environment Interaction Denoted as GxE. Interaction of
environmental factors with certain susceptibility genotypes, when
considering disease risk and disease onset.

Genetic counseling The process of advising individuals and families affected
by or at risk of genetic disorders in order to provide them with information
and support.

Genetic counselor A professional with specialized education in genetics and
counseling, who helps individuals and families to understand and adapt to the
medical, psychological, and familial implications of genetic contributions to
disease.

Genetic predisposition Also referred to as genetic susceptibility. A condition
that influences the possible phenotypic development of an individual
organism, with interaction of certain environmental conditions.

Genetics The field of biology that studies genes, genetic variation, and heredity
in organisms.
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Genome browsers A graphical interface for users to browse, search, retrieve,
and analyze genomic sequence and annotation data.

Genome editing A type of genetic engineering where the genetic material is
added, removed, or altered at particular locations in the genome.

Genome modification The direct manipulation of the genome using molecular
engineering techniques such as genome editing.

Genomic counseling The process by which a person gets informed about his
or her genome.

Genomics The field of biology that focuses on the structure, function,
evolution, mapping, and editing of genomes.

Genotype Particular combination of alleles for a specific gene locus.
Germline cell A cell produced by gametogenesis (sperm and egg cells).
GWAS Genome-wide Association Study. An approach used in molecular

genetics research to associate specific genetic variations with particular
diseases.

Haploid cell A cell that contains a single set of chromosomes.
Hemizygosity The state of having unpaired genes in an otherwise diploid cell.
Heredity Passing on traits from parents to their offspring.
Heritable genome editing Modification of DNA of an embryo, sperm, or egg

to alter its characteristics, which would affect the future generations.
Heterochromatin A tightly packed form of DNA or condensed DNA, which

plays a role in maintaining the structural and functional integrity of
chromosomal regions.

Heterozygosity The condition of having two different alleles at a specific
genetic locus.

High throughput The automation of experiments/methods such that large
scale repetition becomes feasible.

Histones A family of proteins that associate with DNA in the nucleus and help
condense it into the chromatin.

Homologous Having the same or similar relation.
Homozygosity The situation where an individual inherits the same allele for a

particular gene from both parents.
Human genome The complete set of nucleic acid sequences for humans in a

given cell, encoded as DNA, and found within the 23 pairs of chromosomes
as well as in form of mitochondrial DNA.

Human genome project The international scientific research project that
determined the complete nucleotide sequence that makes up the human
genome.

Incomplete penetrance The condition where some individuals will not express
the trait even though they carry the specific alleles associated with the
phenotype.

Independent assortment Mendelian principle, which describes how different
genes independently separate from one another when reproductive cells
develop.

Insertion A chromosome segment removed from one chromosome and
inserted into another, either in the same or in the inverted direction.
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Inversion Chromosome segment being broken at two breaks and being
inverted.

Isochromosome An abnormal chromosome formed by duplication of one arm
and deletion of the other arm; i.e. having two long arms, or two short arms.

Karyotype A chart of an individual’s chromosomes prepared from arrested
mitotic metaphase cells, which is used to determine the chromosome
complement of an individual, including the number of chromosomes and any
abnormalities.

Locus The specific location of a gene or DNA sequence.
Marker chromosome Presence of small, unidentified chromosome.
Meiosis A type of cell division that reduces the number of chromosomes by

half, producing four gamete cells, each of which is genetically distinct from
the parent cell.

Mendelian conditions Conditions that are controlled by a single locus.
Mendelian genetics The principles of Mendelian inheritance proposed by

Austrian-born botanist, teacher, and Augustinian prelate Gregor Mendel in
1865.

Messenger RNA (mRNA) A single-stranded RNA molecule that is
complementary to one of the DNA strands of a gene.

Metaphase A stage of cell division in the eukaryotic cell cycle in which
chromosomes are at their second-most condensed and coiled stage, and are
aligned on the metaphase plate in the middle of the cell.

Microarray A collection of microscopic spots that are created by the
deposition and immobilization of small amounts of DNA (known as probes)
on a solid support, such as a glass slide, in an ordered manner.

Missense mutation A point mutation in which a single nucleotide change
results in a codon that codes for a different amino acid.

Mitochondrial heteroplasmy The presence of more than one type of
mitochondrial genome within a cell or an individual.

Mitosis A type of cell division that produces two daughter cells with the same
genetic material as the parent cell.

Mitotic (M) phase The phase of the cell cycle in which the cell separates its
DNA into two sets and divides its cytoplasm, forming two new cells.

Mixoploidy A type of mosaicism where cells with different numbers of
chromosomes coexist within the same organism.

Modes of inheritance Inheritance patterns that show how traits are passed on
from one generation to the next.

Molecule The smallest identifiable unit made up of two or more atoms held
together by chemical bonds.

Monosomy A form of aneuploidy in which there is one chromosome missing.
Mosaic aneuploidy A condition in which some cells are aneuploid and others

have the normal number of chromosomes.
Mosaicism The presence of two or more populations of cells with different

genotypes in one individual who has developed from a single fertilized egg.
Multifactorial disorders Disorders that involve variations in multiple genes,

often coupled with environmental causes.
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Multifactorial inheritance The type of hereditary pattern seen when there is
more than one genetic factor involved in causation of a condition together
with environmental factors.

Mutation Alteration of the nucleotide sequence of the genome of an organism,
which results from errors during DNA replication (especially during meiosis)
or other types of damage to DNA.

NCBI The National Center for Biotechnology. An online source that provides
access to biomedical and genomic information.

Nervous system A complex network of neurons and other cells that carry
messages to and from the brain and spinal cord to various parts of the body.

Neurodegenerative conditions A range of conditions that are caused by
progressive degeneration and/or death of neurons in different parts of the
brain.

Neurogenetics The field of genetics that studies the role of genetics in the
development and function of the nervous system and its disorders.

Neurotransmitter A type of chemical messenger that transmits signals across
a chemical synapse.

Next generation sequencing A powerful high-throughput sequencing
platform that has enabled the sequencing of thousands to millions of DNA
molecules simultaneously.

Noncoding sequences Components of an organism’s DNA that do not encode
protein sequences.

Non-disjunction The failure of a pair of homologous chromosomes to separate
in meiosis I, failure of sister chromatids to separate during meiosis II, and
failure of sister chromatids to separate during mitosis, which results in
daughter cells with abnormal chromosome numbers (aneuploidy).

Nonsense mutation A point mutation in a sequence of DNA that results in a
premature stop codon, and in a truncated, incomplete, and usually
nonfunctional protein product.

Nuclease An enzyme capable of cleaving the phosphodiester bonds between
nucleotides of nucleic acids.

Nucleotide Organic compounds in which the molecular structure comprises a
nitrogen-containing unit (base) linked to a sugar and a phosphate group.

Oncogene A gene, usually a mutated version of a proto-oncogene, which has
the potential to induce cancer.

Open reading frame (ORF) A continuous stretch of codons that begins with a
start codon (usually AUG) and ends at a stop codon (usually UAA, UAG, or
UGA), and has the ability to be translated.

Paracentric inversion A chromosomal inversion where the inverted segment
does not include the centromere and occurs only in one arm of the
chromosome.

Pedigrees A diagram that shows the ancestral relationships between
individuals and the transmission of traits across generations.

Penetrance A measure of the proportion of individuals in a population who
carry a specific allele (genotype) and express the related trait (phenotype).
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Pericentric inversion A chromosomal inversion where the inverted segment
flanks the centromere and the inversion involves both arms of the
chromosome.

Phenotype An organism’s observable characteristics or traits that result from
its genotype.

Phylogenetic tree A diagram that represents evolutionary relationships among
molecules or organisms.

Point mutation A mutation that only affects a single nucleotide, which
commonly involves the substitution of one base for another.

Polygenic inheritance The mode of inheritance when one characteristic is
controlled by two or more genes.

Polygenic traits Traits whose phenotypes are controlled by more than one
gene.

Polymorphism The occurrence of two or more clearly different morphs or
multiple forms.

Polyploidy The state of a cell or an organism having more than two paired
(homologous) sets of chromosomes.

Proband An individual being studied or reported on, regarding a genetic
character in a family lineage.

Progeny A genetic descendant or offspring.
Prokaryotes Bacteria and Archaea, which have no membrane-bound

organelles.
Promoter site A region of DNA that leads to the initiation of transcription of a

particular gene.
Prophase The first stage of cell division.
Protein Large, complex molecules that are required for the structure, function,

and regulation of the body’s tissues and organs.
Proteome The complete set of proteins in a cell at a particular time.
Pseudogene A genomic DNA sequence, similar to a normal gene but is

noncoding.
Recessive allele The allele associated with the phenotype that is expressed only

in homozygous state.
Reciprocal translocation The condition where two nonhomologous

chromosomes exchange parts.
Regulatory regions Nucleotide sequences involved in controlling the

expression of one or more genes.
Replication of origins The origin of replication is a particular sequence in a

genome at which replication is initiated.
Ribosomal RNA (rRNA) A molecule in cells that forms part of the

protein-synthesizing organelle known as the ribosomes, and helps translate
the information in messenger RNA (mRNA) into protein.

Ring chromosome Marker chromosomes lacking telomere ends, going
through telomere-end fusion to constitute ring chromosomes.

RNA Ribonucleic acid. A polymeric molecule essential in various biological
roles including regulation and expression of genes.

Robertsonian translocation Two non-homologous acrocentric chromosomes
break at the centromere and their long arms fuse.
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S phase The phase of the cell cycle in which DNA is replicated, occurring
between the G1 phase and the G2 phase.

Sequence alignment Comparative analysis of the sequences of DNA, RNA, or
protein to identify regions of similarity that may be a consequence of
functional, structural, and evolutionary relationships between the sequences.

Sequence databases A type of biological database that is composed of a large
collection of computerized (digital) DNA, RNA, or protein sequences.

Sequence The order of nucleotides in DNA and in RNA molecules, and the
order of amino acids in protein molecules.

sgRNA Single guide RNA. A single RNA molecule in the CRISPR-Cas genome
editing system, that contains the crRNA sequence fused to the tracrRNA
sequence.

Small interfering RNA (siRNA) A class of double-stranded RNA molecules,
20–25 base pairs in length, which operate within the RNA interference
(RNAi) pathway.

Small nucleolar RNA derived microRNAs (sno/miRNA) A class of small
noncoding RNAs that play an important role in the posttranscriptional
regulation of gene expression.

SNP Single Nucleotide Polymorphism. Single base-pair differences in the
DNA sequence of individual members of a species.

Somatic cell Any kind of cell type that excludes egg and sperm cells.
Somatic genome editing A type of genome editing in somatic cells, i.e.

non-germline cells, in order to introduce non-heritable genomic changes.
Species Basic unit of taxonomic classification of organisms, which denotes an

interbreeding group of individuals, reproductively separated from other such
groups.

Splice variant Different mRNA molecules transcribed from the same DNA
molecule.

Sporadic mutation A mutation that is randomly acquired in an individual’s
lifetime.

Synapse A structure that permits a neuron to pass an electrochemical signal to
another neuron or to the target cell.

Telomeres A region of repetitive nucleotide sequences at each end of a
chromosome.

Telophase The final stage of cell division.
Terminal buttons The small knobs at the end of an axon that release chemicals

called neurotransmitters.
Tetraploidy A condition in which there are two extra sets of chromosomes, 4n.
Thrifty gene theory This theory suggests that there are certain genes and

genetic variations, enabling individuals to store fat during food abundance in
order for later use in food scarce.

tracrRNA Trans-activating crispr RNA. In the CRISPR-Cas genome editing
mechanism, tracrRNA is a part of the guide RNA (gRNA), which serves as a
binding scaffold for the Cas nuclease.

Transcription The first step in gene expression, which involves reading a gene's
DNA sequence and generating an RNA molecule.
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Transcription factor A protein that controls the rate of transcription of
genetic information from DNA to messenger RNA, by binding to a specific
DNA sequence.

Transcriptome The set of all RNA molecules in one cell or a population of cells
at a given time.

Transfer RNA (tRNA) A type of RNA molecule, typically 76–90 nucleotides in
length, which serves as the physical link between the mRNA and the amino
acid sequence of proteins.

Translation The process of translating the sequence of a messenger RNA
(mRNA) molecule into a sequence of amino acids.

Translocation Chromosome segment exchange occurring between two
chromosomes, often between non-homologous chromosomes.

Transmission of traits The inheritance of parental traits by their offspring,
which follows certain principles or laws.

Triploidy A condition in which there is an extra chromosome set, 3n.
Trisomy The presence of three chromosomes, rather than the usual matched

pair of chromosomes.
Tumor suppressor gene A gene that acts to inhibit cell proliferation and

tumor development.
UCSC genome browser An online, and downloadable, genome browser

hosted by the University of California, Santa Cruz (UCSC).
Uniparental disomy A situation when a person receives two copies of a

chromosome, or part of a chromosome, from one parent and no copies from
the other parent.

Variants Variations, the differences that make each individual’s genome unique.
Whole genome sequencing The process of determining the complete DNA

sequence of an organism’s genome.
Wild-type allele A version of a gene that functions normally.
X-linked dominant inheritance Inheritance pattern for a condition where a

single mutated copy of a gene on the X-chromosome is sufficient for a person
to be affected.

X-linked recessive inheritance Inheritance pattern for a condition where in
males a single mutated copy of a gene on the X-chromosome is sufficient for
the person to be affected, whereas in females both copies of the gene on both
X chromosomes should be mutated for the person to be affected.

Y-linked inheritance A condition is considered Y-linked if the mutated gene
that causes the disorder is located on the Y chromosome, one of the two sex
chromosomes in each of a male’s cells.
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