Carsten Carlberg . Ferdinand Molnér

Mechanisms
of Gene
Requlation

& Springer



Carsten Carlberg ¢ Ferdinand Molnar

Mechanisms of Gene
Regulation

@ Springer



Carsten Carlberg Ferdinand Molnar

Institute of Biomedicine Institute of Biopharmacy
School of Medicine School of Pharmacy
University of Eastern Finland University of Eastern Finland
Kuopio Kuopio

Finland Finland

ISBN 978-94-007-7904-4
DOI 10.1007/978-94-007-7905-1
Springer Dordrecht Heidelberg New York London

ISBN 978-94-007-7905-1 (eBook)

Library of Congress Control Number: 2013953581

© Springer Science+Business Media Dordrecht 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recita-
tion, broadcasting, reproduction on microfilms or in any other physical way, and transmission or infor-
mation storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar meth-
odology now known or hereafter developed. Exempted from this legal reservation are brief excerpts in
connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplica-
tion of this publication or parts thereof is permitted only under the provisions of the Copyright Law of
the Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publica-
tion does not imply , even in the absence of a specific statement, that such names are exempt from the
relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of publica-
tion, neither the authors nor the editors nor the publisher can accept any legal responsibility for any errors
or omissions that may be made. The publisher makes no warranty, express or implied, with respect to
the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Mechanisms of Gene Regulation



Preface

This textbook describes the fascinating area of eukaryotic gene regulation. Gene
expression is shaping the phenotype of cells and tissues; its regulation therefore
is the essential fundamental aspect of nearly all processes in physiology, both in
health and in disease. For this reason not only biologists and biochemists should
be aware of the concepts of gene regulation, but all students of biomedical areas
would benefit from being introduced into this topic, in order to have a good basis
for their specialized disciplines. A complete understanding of transcription factors
and the processes that alter their activity is a fundamental goal of modern life sci-
ence research.

The availability of the whole human genome sequence (and that of other eu-
karyotic genomes) and the consequent development of next-generation sequencing
technologies have significantly changed nearly all areas of bioscience. For example,
the genome-wide location of histone modifications and transcription factor binding
sites, such as provided by the ENCODE consortium, has largely improved our un-
derstanding of gene regulation. Therefore, the focus of this book is the description
of the post-genome understanding of gene regulation.

The purpose of this book is to provide in a condensed form an overview on the
present understanding of the mechanisms of gene regulation. We are not aiming to
compete with more comprehensive books, such as the legendary “Genes” of Ben
Lewin, but rather will focus on the essentials. In order to facilitate the latter, we fa-
vor a high figure-to-text ratio following the rule “a picture tells more than thousand
words”.

The content of the book is based on the lecture course “Mechanism of Gene Reg-
ulation”, which is given by one of us (C. Carlberg) continuously since 2001 at the
University of Eastern Finland in Kuopio. The book is subdivided into four sections
and 13 chapters. Following the Introduction there are three sections, which take a
view on gene regulation from the perspective of transcription factors, chromatin and
non-coding RNA, respectively.

This course is primarily designed for Master level students of Biosciences, but
is also frequented by students of other biomedical disciplines and by PhD students.
The course and hence this textbook has four major learning objectives. Students
should:
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1. have detailed understanding of the structure of genes, chromatin organization,
transcription factors and their regulatory mechanisms.

2. recognize the key components, mechanisms and processes in gene expression
and the multiple layers of its regulatory complexity

3. show the ability to analyze transcription factors, their co-regulators and non-
coding RNA concerning there expression and genome-wide effects, i.e. to judge
their impact on the complex regulation of eukaryotic genes.

4. apply knowledge in gene regulation in designing, performing and analyzing
respective experiments, such as quantitative PCR, microarrays and ChIP-seq.

We hope the readers will enjoy this rather visual book and get as enthusiastic about
the topic of gene regulation as the authors are.

Kuopio, August 2013 Carsten Carlberg and Ferdinand Molnar
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Chapter 1
Overview: What Is Gene Expression?

Abstract The human genome (see Box 1.1) is composed of some 20,000 protein-
coding genes and approximately the same number of genes for non-coding RNAs
(ncRNAs), being used as a structural backbone of ribosomes (ribosomal RNA
(rRNAs)), adaptor molecules in protein translation (transfer RNA (tRNAs)) and
regulators of mRNA stability, protein translation and chromatin density (long non-
coding (nc) RNAs and micro RNAs (miRNAs), for more details see Sect. 13.2). A
gene is considered as “expressed”, when it is transcribed into RNA. In a given tis-
sue or cell type only approximately half of all genes are transcribed. Moreover, the
phenotype of every tissue is defined by its own characteristic pattern of transcribed
genes, which changes, when the cells are exposed to a signal, such as a dietary or a
stress molecule.

Tissue- and signal-specific gene expression is the central mechanism to control
the general properties of a cell and its response to environmental perturbations. The
latter applies both to healthy and disease conditions. A detailed insight into gene
expression therefore bears the potential not only for an understanding of the dys-
regulation in disease states but also for their therapeutic treatment.

In this chapter, we will provide an overview of the central features of gene ex-
pression. We will describe that gene expression is tightly controlled, in particular on
the level of gene transcription. There are at least three levels of control, which are
the DNA code, the epigenetic code and the transcription factor program.

Keywords Protein-coding genes - Transcriptome - Genome - RNA polymerases -
gPCR - Microarray - Chromatin - Nucleosomes - Enhancer - Promoter - Locus
control region + Epigenetics - Transcription start site - Gene expression

1.1 The Central Dogma of Molecular Biology

The so-called “central dogma of molecular biology™ indicates a clear direction in
the flow of information from DNA to RNA to protein (Fig. 1.1). This means that
besides a few exceptions, such as reverse transcription of the RNA genome of ret-
roviruses, genomic DNA stores the building plan of all pro- and eukaryotic organ-
isms. Accordingly, genes are defined as those regions of genomic DNA that can
be transcribed into RNA. In this traditional view the RNA meant is mRNA, i.e.
the template used for protein translation. However, nowadays many other forms of
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