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a b s t r a c t

The information encoded in genomes supports the differentiation and function of the more than
200 unique cell types, which exist in various mammalian species. The major mechanism driving
cellular differentiation and specification is differential gene expression regulation. Cis-acting
enhancers and silencers appear to have key roles in regulating the expression of mammalian genes.
However, these cis-acting elements are often located very far away from the regulated gene.
Therefore, it is hard to find all of them and link them to the regulated gene. An intriguing and unre-
solved issue of the field is to identify all of the enhancers of a particular gene and link these short
regulatory sequences to the genes they regulate and thus, reliably identify gene regulatory enhancer
networks. Recent advances in molecular biological methods coupled with Next-Generation
Sequencing (NGS) technologies have opened up new possibilities in this area of genomics. In this
review we summarize the technological advances, bioinformatics challenges and the potential
molecular mechanisms allowing the construction of enhancer networks operating in specific cell
types and/or activated by various signals.
� 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Why mammalian gene regulation is so hard to study?

Gene expression is the result of a very complex process
achieved by the coordinated action of multiple layers of regulators.
In prokaryotes, genes are organized into operons, and using a sin-
gle promoter, the entire stretch of DNA is transcribed into RNA
(Fig. 1A). These so-called ‘‘polycistronic’’ RNAs often encode func-
tionally related members of an enzyme cascade regulating a partic-
ular metabolic process. Thus, in most of the cases prokaryotes
utilize one promoter-proximal, restricted cis-element to initiate
transcription. However, eukaryotic organisms have evolved to uti-
lize much more complex mechanisms to regulate gene expression.
In fact, one of the driving forces of eukaryotic evolution is believed
to be the introduction of elaborate gene regulatory circuits. This is,
in part, manifested in the concept of C value enigma, which is the
observation that genome size does not correlate with organismal
complexity [1]. The number of protein coding genes also does
not show correlation with complexity.

Unlike prokaryotic genes, eukaryotic genes are ‘‘monocistronic’’
and their regulation is usually much more complex. The fact that
genes can have multiple promoters with unique promoter ele-
ments makes the picture even more crowded and complicated. In
addition, probably most if not all eukaryotic genes possess inter-
genic, as well as intragenic cis-regulatory elements (enhancers/
silencers) to fine-tune their expression in a cell type and/or biolog-
ical context dependent manner (Figs. 1B and 2B). To clearly under-
stand the detailed molecular mechanisms controlling gene
expression, one needs to identify the factors responsible for gene
regulation and their precise action on one or multiple well-defined
cis-regulatory element(s). Before the genomic era, investigations
were limited methodologically and gene regulation was studied
with methods restricted to the analysis of the expression of a
few genes and/or biased/restricted to the immediate vicinity of a
given gene. The classical way of studying gene expression used
a set of so-called ‘‘promoter bashing approaches’’ evaluating the
genomic regions in the close proximity of the transcription start
site (TSS) to identify the core sequence driving the expression of
the given gene [2]. These approaches were based on transient
transfections and deletion and insertion mutagenesis, which are
still used. The discovery of enhancers predicted the complex
regulation of a gene, because these cis-regulatory elements can
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be located, at least in principle, far away and either upstream 50 or
downstream 30 of the regulated gene [3]. The inherent pitfalls of
the first studies were recognized soon, but without the technical
advances no one could easily go beyond the technical limitations
to dissect the regulation of gene networks, not even just a particu-
lar gene. Therefore, most studies identified promoter proximal ele-
ments usually restricted to 10–20 kb upstream of the designated

promoter. Using these typical ‘‘promoter bashing’’ technologies
researchers were not able to consider and/or evaluate the contribu-
tion of multiple and/or far way enhancers or intra- or interchromo-
somal interactions. This represented bias and created a roadblock
in understanding complex gene regulation.

An additional important aspect of gene expression regulation
research is that one would need methods to assess the expression

Fig. 1. Transcription regulation in prokaryotes and eukaryotes and the complexity of gene regulation in eukaryotic cells. (A) Prokaryotic gene expression is based on operons
in which a gene cluster is under the control of two genomic (promoter) regions. The first promoter located at the 50 end is responsible for the expression of the regulator
protein, which in turn silences the whole operon via binding to the operator region. In the presence of an activating stimulus the regulator cannot bind to the operator region,
thus the second promoter will be active and leads to the efficient expression of the enzyme coding genes producing polycistronic RNA molecules encoding more protein
products. (B) Eukaryotic genes are typically regulated by cis-acting elements located in the non-coding part of the genome. These elements can be located far away from their
target genes, might be even in another chromosome, thus it is challenging to pair them with their genes. RNA synthesized from a eukaryotic gene is monocistromic and
undergoes the process called splicing, in which the intronic regions are excluded from the nascent transcript before translation. (C) Eukaryotic transcription might be
coordinately regulated in the so-called transcription factories. These subnuclear compartments might be, in part, stabilized by the CTCF/cohesin protein complexes and
permit the expression of genes in a well-coordinated manner, mechanically connecting genes regulated by the same signal, but residing on distinct chromosomes. A
hypothetical scenario is depicted in which several genomic regions on distinct chromosomes are linked by CTCF/cohesin interactions and co-localize in the nucleus forming a
transcription factory. Interchromosomal interactions are marked by asterisks.
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