Untranslated Gene Regions and Other
Non-coding Elements

Regulation of Eukaryotic Gene Expression

Abstract There is now compelling evidence that the complexity of higher
organisms correlates with the relative amount of non-coding RNA rather than the
number of protein-coding genes. Previously dismissed as “junk DNA”, it is the
non-coding regions of the genome that are responsible for regulation, facilitating
complex temporal and spatial gene expression through the combinatorial effect of
numerous mechanisms and interactions, working together to fine-tune gene
expression. The major regions involved in regulation of a particular gene are the 5’
and 3’ untranslated regions and introns. In addition, pervasive transcription of
complex genomes produces a variety of non-coding transcripts that interact with
these regions and contribute to gene regulation. This review discusses recent
insights into the regulatory roles of the untranslated gene regions and non-coding
RNAs in the control of complex gene expression, as well as the implications of this
in terms of organism complexity and evolution.
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1 Introduction

Over the last decade it has become increasingly apparent that regulation of gene
expression in higher eukaryotes is a complex and tightly regulated process
involving many different factors and levels of control. For a given gene, the
untranslated gene regions, including the 5’ and 3’ untranslated regions (UTRs), and
introns are the major regions involved in the regulation of expression (Fig. 1).
Despite being dismissed as “junk” DNA for many years, intergenic regions have
also been found to contribute to control of gene expression, and evidence of
pervasive transcription throughout the genome (Carninci et al. 2005; Cheng et al.
2005; Birney et al. 2007), both sense and antisense (He et al. 2008), implicates a
role for all regions of the genome, which makes sense in terms of evolution, as it is
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Fig. 1 Regulatory elements within the noncoding gene regions. The centre image shows a
typical gene, with exons indicated in grey. The orange rectangles indicate intronic enhancer
elements. The black bars indicate (i) regions included in the full-length transcript following
splicing, and (ii) alternatively spliced transcript a Promoter region regulatory elements (adapted
from Smale and Kadonaga 2003). Upstream and downstream promoter elements situated outside
of the core promoter region are indicated by the arrows. b Regulatory elements in the 5'UTR.
¢ Regulatory elements in the 3'UTR

expected that non-functional regions would be removed over time via natural
selection. Accumulated evidence indicates that the complexity of higher organ-
isms, which correlates with an increase in the size of non-coding regions, arises
from an increase in the number and complexity of regulatory pathways (Levine
and Tjian 2003), and that it is variation within these non-coding sequences that
produces phenotypic variation between both individuals and species (Mattick
2001). This review will collate current knowledge concerning the role of
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untranslated gene regions, non-coding RNAs and other non-coding elements in the
control of complex gene expression, with the aim of emphasising the complex
mechanisms and interactions involved in precise gene control.

2 Promoter

The eukaryotic promoter is a regulatory region of DNA located upstream of a gene
that binds Transcription factor II D (TFIID) and allows the subsequent coordi-
nation of components of the transcription initiation complex, facilitating recruit-
ment of RNA polymerase II and initiation of transcription (Smale and Kadonaga
2003; Juven-Gershon et al. 2008). The core promoter generally spans ~ 80 bp
around the transcription start site (TSS), and in mammals, can be separated into
two distinct classes: conserved TATA-box enriched promoters that initiate at a
single TSS (focused promoters), and variable CpG-rich promoters containing
multiple TSS (dispersed promoters) (Carninci et al. 2006). The latter class is
enriched in vertebrates, and expression from these promoters involves the com-
binatorial effects from a multitude of binding motifs within the promoter region.
Some of the major elements involved in regulation by these complex promoters
are enhancers, including upstream and downstream promoter elements (UPE and
DPEs) that contain transcription factor binding sites and may act independently or
synergistically with the core promoter to facilitate transcription initiation. Also
commonly found in complex promoters are B-recognition elements (BRE), which
are TFIIB recognition elements seven nucleotides in length that aid RNA poly-
merase II binding, and Initiator elements (INR), motifs that encompass the TSS
and can act independently of, and synergistically with, TATA-box promoters via
binding of TFIID (for a comprehensive review and details of each element refer to
(Juven-Gershon et al. 2008; Smale and Kadonaga 2003). Other elements include
insulators, activators, repressors, and some rarer, more recently discovered ele-
ments such as the motif ten element (MTE), downstream core element (DCE) and
the X-core promoter element 1 (XCPE1), all of which act selectively with other
elements to contribute to promoter activity (Fig. 1a) (Juven-Gershon et al. 2008).
Notably, none of the core promoter elements identified thus far is ubiquitous or
universally required for transcription (Yang et al. 2007), which is indicative of the
complex and variable nature of promoters in eukaryotic genomes. The combina-
tion of multiple elements increases the potential for differential expression, and is
influenced by the relative concentrations of interacting factors. In addition to core
elements within the ~ 80 bp promoter region, identification of general functional
regions using deletion analyses in multiple genes implicated the sequence lying
—300 to —50 nucleotides upstream of the TSS as generally having a positive effect
on promoter activity, while elements that negatively affected promoter activity
were located —1000 to —500 nucleotides upstream of the TSS for 55 % of the
genes tested (Cooper et al. 2006). Evidently it is not just the sequence in the
immediate vicinity of the TSS that can influence promoter activity.
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2.1 Types of Promoter

2.1.1 Focused Promoters

The TATA box is a well-characterised promoter motif with the consensus
sequence TATAA. It is ancient, has been highly conserved throughout the evo-
lution of eukaryotes, and was the first eukaryotic promoter element to be identified
(Lifton et al. 1978). Located ~ 30 bases upstream of the TSS, the TATA box is
bound by the TATA-box binding protein (TPB) (Burley and Roeder 1996) that
induces a bend in the DNA, facilitating assembly of RNA polymerase II (Polll)
and the general transcription factors TFIIB and TFIIA to initiate transcription
(Patikoglou et al. 1999). The INR, located at +1 in all mammalian species, with the
consensus YYANWYY also plays an important role in transcriptional control from
TATA box promoters, through the binding of TFIID at the TSS (Yang et al. 2007).
In addition to promoters controlled synergistically by both a TATA box and an
INR, some lack an INR, and other promoters lack a TATA-box but are
INR-dependent (Martinez et al. 1994, 1995).

TATA-box type promoters are less common in vertebrates (Cooper et al. 2006;
Carninci et al. 2006), and more than three-quarters of human core promoters lack a
TATA box or TATA-like sequence (Yang et al. 2007). Of these TATA-
independent promoters, 30 % are estimated to contain an INR sequence,
but ~46 % of human promoters lack both motifs. In addition, some promoters
containing INR motifs are of the dispersed type, so the percentage of dispersed
promoters is likely to be higher than this estimation. Evolution has clearly
favoured dispersed promoters that produce greater variation of expression due to a
larger number of interacting factors and possibilities. Dispersed promoters are also
more malleable than focused promoters, as new elements can be incorporated
easily without disturbing the general functions of the promoter.

The low prevalence of TATA-box containing genes in higher eukaryotes
indicates that CpG promoters have been evolutionarily selected for to facilitate
large-scale complex gene expression. However, what about the TATA-box
promoters that remain? Promoters containing a TATA box and INR are over-
represented in genes involved in nucleosome assembly and cell adhesion, while
those containing a TATA-box only are over-represented in genes involved in
cellular responses and organogenesis (Yang et al. 2007). This selectivity suggests
that the TATA-box containing promoters are often associated with cell-type
specific genes, and in correlation with this, housekeeping genes usually contain
the more complex CpG promoters (Yang et al. 2007). This can be explained by the
need for housekeeping genes to be ubiquitously expressed in all cell types.
Different cell types have varying populations of transcription factors, microRNAs,
protein factors and other regulatory elements that interact with DNA and mRNA to
alter gene expression. If a housekeeping gene is to be constitutively expressed, it is
important that variations in regulatory elements do not result in insufficient or
over-expression of these genes. Therefore it makes sense that housekeeping gene
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promoters would be of the dispersed kind, where multiple factors work together to
maintain the correct balance. For cell-type specific genes, where the factor pop-
ulation is expected to remain largely the same, a focused promoter could ensure
swift and consistent gene expression within the specific cell type. Interestingly,
TATA-box containing promoters generally have significantly lower GC content
(45-50 % GC) than those without a TATA-box (60 % GC), and the base com-
position is similar to the AT-rich promoters found in Drosophila. AT-rich
sequences are expected to unwind more easily due to stronger base-stacking
interactions in GC-rich sequences, but it is not known whether this is the reason for
the higher AT concentration seen in TATA-box containing promoters. The
sequence composition of focused promoters and the similarity with drosophila
promoters provides further evidence that TATA-boxes are ancient conserved
motifs and that focused and dispersed promoters fulfil different requirements of the
regulatory network.

2.1.2 Dispersed Promoters

Although the mechanism of TATA-box and INR initiated transcription are well
characterised, the more common type of promoter in humans are dispersed pro-
moters that are more complex and consequently less well characterised. Dispersed
promoters are generally GC-rich, and often contain multiple Spl transcription
factor binding sites (GC boxes with the consensus GGGCGG, aka M6) (Smale and
Kadonaga 2003). The presence of multiple binding sites is important and is a good
example of the way dispersed promoters function in a complex manner. Multiple
Spl proteins can bind in various places within the promoter at the same time.
Three different isoforms of Spl have been identified, and post-translational
modifications such as phosphorylation can have a significant impact on Spl
activity, which can act to enhance or repress transcription. Other potential motifs
involved in transcription initiation identified are M3 (ELK-1) and M22, although
little is known about these sites and the elements that bind to them (Yang et al.
2007).

Due to the characteristics of Sp1 and its importance in transcription initiation, it
is not surprising that GC-rich promoters are the more prevalent type in humans.
In silico analysis of the average GC content of 15,685 human promoter regions in
the UCSC GoldenPath database found that the region —250 to +250 ranged from
55 to 60 % GC (Yang et al. 2007). A significant contribution to the GC content is
from CpG islands. CpG sites occur when a G follows a C on the same strand of
DNA or RNA, joined by a phosphodiester bond. CpG islands consist of multiple
CpG sites and range in size from 200 to 3,000 nucleotides (reviewed in Deaton and
Bird 2011). CpG sites not contained within CpG islands are normally sites for
DNA methylation. Catalysed by DNA methyltransferase, methylation generally
represses transcriptional activity. However, it seems that methylation does not
usually occur at CpG sites located within islands.
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While CpG islands are a well-characterised feature of dispersed promoters,
about 50 % of the CpG islands in the genome are not associated with an annotated
promoter (termed “orphan” CpG islands) (Illingworth et al. 2010). However, there
is evidence of transcription initiation at many orphan islands, so they are likely to
represent either uncharacterised promoters of genes or promoters driving tran-
scription of noncoding RNA. Importantly, methylation often does occur at these
orphan CpG islands, causing repression of transcription. This could mean that
these are real promoters but encode genes in a cell-type or developmentally spe-
cific manner, such that in many contexts the gene is not expressed (Illingworth
et al. 2010). It appears the scope of promoters is less well characterised than
previously thought, and more research is required to elucidate the function of these
orphan CpG islands.

2.2 Complex Factor Interactions

Genes with complex promoters are likely to selectively make use of regulatory
elements, such as enhancers and silencers, allowing varying levels of expression as
required. The IFN-beta enhancer element has been demonstrated to “loop out” the
intervening DNA to access the promoter (Nolis et al. 2009). This allows specific
control of gene activation (i.e. via a gene specific enhancer) using general factors.
The conformation of the TFIID complex also appears to differ when it is bound to
different core promoters, allowing interaction with a large range of subsets of
transcriptional activators (Smale and Kadonaga 2003). A recent study of non-
prototypical core promoter recognition factors identified a number of cell-type-
specific factors that act in potentiating developmental gene regulation and cellular
differentiation (Goodrich and Tjian 2010). In addition, promoter-selective homo-
logues of basal transcription factors and considerable diversity in the sequence
structure and composition of core promoter elements allows complex programs of
tissue-specific and promoter-selective transcription, potentially producing a num-
ber of specifically expressed gene isoforms (Davuluri et al. 2008). These studies
show that promoters in higher organisms are complex regulatory regions consisting
of multiple binding elements that can recruit a variety of cis-acting regulatory
factors as required by the cell. This also has implications for interactions between
unrelated genes that are regulated by the same factors, as factor binding to one gene
could restrict the availability to other genes. It is clear that eukaryotic gene
expression exists in a fluid system in which balance between factors is important.

2.3 Alternative Promoters

Promoter usage can have a major impact on gene expression and many mammalian
genes contain multiple promoters (Cooper et al. 2006). Alternative promoter use is
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a widespread phenomenon in humans (Cooper et al. 2006) that can alter expression
of the associated gene at both the mRNA and protein level. It is also an important
mechanism involved in the cell-specific or developmental-specific expression of
many genes (Levine and Tjian 2003). For example, TATA-box-deficient and
TATA-box-containing alternative promoters of the hemoglobin y A gene (HBGI)
are used during and after embryonic development, respectively (Duan et al. 2002),
showing that the basal transcription apparatus can be recruited to different types of
core promoters in a developmental stage-specific manner (Davuluri et al. 2008).
Another more recent example demonstrates the complexity and variation that can
arise through the use of alternative promoters for regulation of the MITF tran-
scription factor during vertebrate eye development. Each of the nine alternative
promoters associated with expression of this gene produce isoforms containing
different first exons and protein binding sites, allowing variable spatial and tem-
poral expression of different protein isoforms during the complex process of eye
development (Bharti et al. 2008). A recent global analysis of mammalian promoters
concluded that alternative promoters are over-represented among genes involved in
transcriptional regulation and development, which makes sense because alternative
promoters are likely to be utilised to alter the expression of a gene in different
contexts, while single-promoter genes are active in a broad range of tissues and are
more likely to be involved in general cellular processes, such as RNA processing,
DNA repair, and protein biosynthesis (Baek et al. 2007).

Alternative promoter usage has also been implicated in the production of
biologically distinct protein isoforms (Davuluri et al. 2008). Lymphoid enhancer
factor (LEF1) is transcribed from two alternative promoters; promoter 1 produces
a full length isoform that activates target genes Wnt/f-catenin, while promoter 2,
situated in the first intron, produces a shorter isoform that represses target genes
(Arce et al. 2006). The use of alternative promoters will also affect the 5'UTR,
which can alter the stability or translation efficiency of the mRNA variants while
encoding identical proteins. Short stature homeobox (SHOX), a cell-type specific
transcription factor involved in cell cycle and growth regulation uses two alter-
native promoters producing two distinct 5UTRs (one is longer and highly struc-
tured), resulting in identical proteins that are regulated differently by a
combination of transcriptional and translational control mechanisms (Blaschke
et al. 2003). The regulatory effect of the 5’UTR will be discussed in more detail in
the next section. These examples confirm that alternative promoter usage can play
a major role in the spatial and temporal control of gene expression and that use of
alternative promoters is an effective way of increasing the complexity of gene
expression pathways.

2.4 Bidirectional Promoters

How promoter selection is determined is not fully understood, but possible
mechanisms of promoter switching include diverse core-promoter structure at
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alternative promoters, variable concentration of cis-regulatory elements in the
upstream promoter region and regional epigenetic modifications, such as DNA
methylation, histone modifications and chromatin remodelling (Davuluri et al.
2008). In addition to multiple promoters and promoter-like elements, it is now
clear that bidirectionality is a common feature of promoters, with extensive
analyses performed in yeast (Lin et al. 2007; Xu et al. 2009) and human (Lin et al.
2007), with an estimated ~ 11 % of human genes expressed via bidirectional
promoters. To date, the impact of this is not known, but it is suggested that
bidirectional transcription has a role in maintaining an open chromatin structure at
promoters, and may also provide a mechanism to spread the transcriptional reg-
ulatory signals locally in the genome or play a role in the coordinated expression
of gene networks (Xu et al. 2009). This relatively new finding has implications for
the complexity of the transcriptional network, and future research is likely to
uncover more evidence of bidirectionality or interacting promoter regions.

Co-regulation is a consequence of bidirectional promoters, and how these
promoters act to ensure both genes are efficiently and stably transcribed is only
now being discovered. In mammals, two genes encoding mitoribosomal protein
S12 (Mrps12) and the mitochondrially localized isoform of seryl-tRNA ligase
(Sarsm or Sars2) share a conserved bidirectional promoter region of <500 bp
(Yokogawa et al. 2000; Shah et al. 2001). A study by Zanotto et al. (2007)
identified four adjacent CCAAT box elements within this promoter region that
interact with the transcription factor NF-Y, which is capable of recognizing the
core binding sequence in either orientation, and will thus also recognize ATTGG
on the opposite strand (Mantovani 1998). ChIP analysis, in vivo footprinting,
electrophoretic mobility shift assay and reporter analysis revealed that NF-Y
binding at all four CCAAT sites confers varying transcriptional selectivity
(Zanotto et al. 2007). CCAAT box 1 (closest to Mrps12) and box 4 (closest to
Sarsm) show a good match for NF-Y consensus binding and each confers tran-
scriptional bias for the adjacent gene. CCAAT boxes 2 and 3 have weaker binding
capacities and are likely to function as accessory elements (Zanotto et al. 2007).
Reporter assays using contructs lacking the coding region and 3'UTR indicated a
transcriptional bias in the Mrps12 direction resulting in fourfold higher expression.
However, steady state mRINA levels in cultured 3T3 cells were similar for Sarsm
and Mrps12. This is indicative of post-transcriptional regulation, and demonstrates
the limitations of reporter assays in studying gene expression. Although reporter
assays are useful for studying promoter activity, there are numerous other factors
regulating gene expression, and this assay only gives an insight into part of the
process. Nevertheless, this study has confirmed the bidirectional capabilities of
NF-Y, and it is likely that varying levels of binding to each CCAAT site allows
directional bias according to the requirements of the cell. Other promoter elements
were identified, NRF-2 and AP-1, that enhance transcription but do not confer
directional bias.

Bidirectional promoters may also be employed to allow coregulation of genes
that have similar functions. The sirtuin 2 gene family (SIR2) are important genes
involved in metabolism and aging. In humans, a homologue of SIR2, SIRT3, sits
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adjacent, but in the opposite orientation, to the proteasome 26S subunit non-ATPase
13 gene (PSMD13) that encodes the p40.5 regulator subunit of the 26S proteasome
(Bellizzi et al. 2007). The proteasome functions to degrade abnormal proteins, and
thus also plays a role in aging. Investigation into the promoters revealed that both
genes are regulated by a bi-directional promoter, consisting of common core Spl
sites (Bellizzi et al. 2007). Linkage disequilibrium studies revealed that variability in
the expression of PSMD13-SIRT3 was different in very old people compared to
younger people. Interestingly, the distance between the two genes, and thus the
length of the promoter region, was found to have increased throughout evolution,
(e.g. from 86 bp in mouse to 788 bp in humans), which is indicative of an increase in
the complexity of the human promoter (Bellizzi et al. 2007).

2.5 Conclusion

It is evident that eukaryotic promoters have evolved from the relatively simple
‘switches’ found in bacteria, to the complex multi-factor regulatory regions found
in mammals today. Complex promoters induce a range of responses to varying
environmental conditions and cellular signals, facilitating controlled expression of
the required gene variant according to developmental stage and cell type. Control
of this kind is the basic requirement for producing the complex expression patterns
necessary for cellular differentiation, and thus for the development of complex
organisms.

3 5 Untranslated Region

The 5 untranslated region (Anastasi et al. 2008) is a regulatory region of DNA
situated at the 5’ end of all protein-coding genes that is transcribed into mRNA but
not translated into protein. 5UTRs contain various regulatory elements (Fig. 1b)
and play a major role in the control of translation initiation. Here, we discuss the
regulatory roles of the 5'UTR, highlighting how the number and nature of regu-
latory elements present, as well as the secondary structure of the mRNA and factor
accessibility, impact upon the expression of the downstream open reading frame
(Bradnam and Korf 2008).

3.1 Structure

3.1.1 5’ Cap Structure

The 5’ cap is a modification added to the 5" end of precursor mRNA that consists of
7-methylguanosine attached through a 5'-5'-triphosphate linkage, reviewed in
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(Banerjee 1980). This structure is essential for efficient translation of the mRNA,
serving as a binding site for various eukaryotic initiation factors (elFs) and pro-
moting binding of 40S ribosomal subunits and other proteins that together make up
the 43S pre-initiation complex (PIC) (Jackson et al. 2010). In addition to pro-
moting translation, a recent study showed that the triphosphate linkage of the
5" cap inhibits mRNA recruitment to the PIC in the absence of the full set of eIF
factors (Mitchell et al. 2010). The authors suggest that this mechanism allows
inhibition of non-productive recruitment pathways, preventing the assembly of
aberrant PICs that lack the factors required for efficient scanning and translation
initiation (Mitchell et al. 2010). The 5’ cap structure also functions in stabilisation
of the mRNA, with the initiation of mRNA decay reliant on the removal of the cap
by various de-capping enzymes (Meyer et al. 2004). Although the major role of the
5’ cap seems to be the facilitation of mRNA translation, recent investigations of
non-coding RNAs revealed that some types of non-coding RNAs, such as pro-
moter-associated-RNAs (PASRs) are also capped (Fejes-Toth et al. 2009). The
role of the cap in the regulation of these transcripts is currently unknown, and
further studies are likely to reveal additional regulatory roles for this structure.

3.1.2 Secondary Structure

The structure and nucleotide content of the 5UTR appears to play an important
role in regulating gene expression, with genome-wide studies revealing marked
differences in structure and nucleotide content between housekeeping and devel-
opmental genes (Ganapathi et al. 2005). In general, 5UTRs that enable efficient
translation are short, have a low GC content, are relatively unstructured and do not
contain upstream AUG codons (uAUGS), as revealed by in silico comparisons of
genes with low and high levels of protein output (Kochetov et al. 1998). In
comparison, 5UTRs of genes with low protein output are, on average, longer,
more GC rich, and possess a higher degree of predicted secondary structure
(Pickering and Willis 2005). These highly structured 5'UTRs are often associated
with genes involved in developmental processes, and the corresponding mRNAs
are usually expressed in a developmental or tissue-specific manner. This variation
in expression is likely to be mediated by interactions with different RNA binding
proteins and structural motifs within the 5’UTR region. For example, the peroxi-
some proliferator-activated receptor y (PPAR-y) gene expresses a number of splice
variants that differ in the 5"UTR rather than the protein-coding domain. Analysis of
the translational activity of the various 5'UTRs found three that enhanced trans-
lation and two that had a repressive effect (McClelland et al. 2009). MFOLD
modelling of mRNA folding in the 5UTR revealed the presence of compact
structures around the start codon in the repressive 5UTRs. Although the exact
mechanism of repression is unknown, it is likely that the differences in the
structure and nucleotide content of the 5'UTRs facilitate binding of different
proteins that act to either enhance or repress translation.
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Although there are some general trends regarding 5'UTR, it is important to
remember that assumptions cannot be made purely by looking at the sequence
characteristics. While longer 5UTRs are often associated with genes of low or
selective expression, the huge number of parameters influencing transcription and
translation requires experimental validation before any conclusions can be made.

3.1.3 G-Quadruplexes

A well-characterised secondary structure that has a major impact on translation is
the G-quadruplex structure (G4). These structures are guanine-rich nucleic acid
sequences that can fold into a non-canonical tetrahelical structure that is very
stable and has the ability to strongly repress translation (Beaudoin and Perreault
2010). Bioinformatic studies have shown that these structures are often highly
conserved, can be found in regulatory elements other than the 5UTR, such as
promoters, telomeres and 3'UTRs, and are enriched in mRNAs encoding proteins
involved in translational regulation and developmental processes, indicating that
they are an integral part of various important biological processes (Beaudoin and
Perreault 2010). Many G4 structures have also been found in oncogenes. The
TRF2 gene, which is involved in control of telomere function, has a G-rich
sequence within its 5’UTR that can fold into a G4 structure and repress translation
of a reporter gene by 2.8-fold (Gomez et al. 2010). This gene is overexpressed in a
number of cancers, indicating that the G4 is in place to tightly regulate the
expression of this gene. Gomez and colleagues also demonstrated that a number of
ligands that bind to G4 structures were able to modulate the translation efficiency
of TRF2 in vitro (Gomez et al. 2010). In conclusion, G4 s appear to have a major
impact on the translational regulation of the genes in which they reside (Beaudoin
and Perreault 2010) and may repress translation by secondary structure alone or by
modulating interactions with proteins and other factors.

The expression of the NRAS proto-oncogene is another example of a gene
controlled by a G4 element, which is an 18nt element situated close to the 5'cap
within the 5'UTR (Kumari et al. 2007). A reporter plasmid was used to investigate
the effect of the G4 and its position in the 5UTR on translation (Kumari et al.
2008). The study found that when the G4 was situated close to the 5'UTR
(positions +2, +14 and +47), the translation efficiency was reduced by more than
50 %. However, insertion of the G4 at positions +120 and +233 seemed to have no
effect on translation (Kumari et al. 2008). The NRAS G4 contains three G-tetrad
structures. Constructs were designed containing either 2 or 4 tetrads to compare
the effect on translation. In vitro experiments demonstrated that reducing the
number of tetrads to 2 increased the translation efficiency twofold. The construct
containing 4 tetrads did not have a significant impact on translation, but
UV-melting analysis indicated this structure was not significantly more stable than
the 3-tetrad G4. This data shows that the stability of the G4 can have a modulating
effect on translation (Kumari et al. 2008). The position of this G4 in the KRAS
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5'UTR is a good example of a G4 acting to tightly control gene expression of an
important regulatory gene.

The scanning model of translation initiation proposes that upon binding to the
5" cap, the 43S ribosome complex scans the 5'UTR until it locates the optimal
AUG codon and initiates translation (Kozak 1989). This model led to an
assumption that all mRNAs with highly structured 5'UTRs have low translation
rates due to inability of the ribosome to scan through tight secondary structures
such as stem-loops. However, some recent studies have shown that this is not the
case. Firstly, a report (Dmitriev et al. 2009) highlighted the limitations of the
previously preferred analysis method used by many groups, the rabbit reticulocyte
lysate (RRL) system (Pelham and Jackson 1976). In a comparison of methods for
studying translation, they found the RRL system possessed a number of flaws, the
most important of which was that capping did not seem to significantly affect
translation when using this cell-free system. As it is well established that the 5’ cap
is essential for efficient translation and that the effect of the 5’ cap is much more
pronounced for some mRNAs compared to others, the RRL system seems not to
reflect in vivo conditions (Shatsky et al. 2010). In addition, correlating evidence
from experiments using a different cell-free system (wheat germ S30 system) and
cultured cells demonstrated that capping increased the translational efficiency for
most RNAs by several orders of magnitude (Dmitriev et al. 2009). Importantly,
using these two systems, Dmitriev and colleagues found no dramatic difference in
the translational efficiency between several short, unstructured and longer, highly
structured 5'UTRs that they examined in their study. This data indicates that the
natural stem-loop structures in these 5UTRs do not seem to inhibit initiation.
Despite this, large-scale in silico studies have shown there is a significant corre-
lation between 5'UTR folding free energy and protein abundance (Ringner and
Krogh 2005). This does not mean that the structure itself is the inhibitory factor,
although it does suggest that 5UTR secondary structure is involved in post-
transcriptional regulation.

It has been emphasised that interactions with RNA-binding proteins prior to
scanning and initiation are likely to affect the mechanism of searching for the
initiator codon (Dmitriev et al. 2009). For example, the eIF4F complex assembles
on the 5’ cap prior to translation and unwinds secondary structures in the 5UTR in
order to promote loading of the 43S ribosomal complex onto the mRNA (Kapp and
Lorsch 2004). This correlates with the results obtained by Dmitriev and also helps
explain why direct inhibition via secondary structures is observed in the RRL
system, as this system has a highly reduced content of mRNA-binding proteins
(Svitkin et al. 1996). The human L1 bi-cistronic mRNA contains a 900-nt long
5'UTR with high GC content (~60 %) and two short upstream open reading
frames (uORFs). Predicted folding reveals a number of potential stem-loop
structures, however the L1 mRNA is still translated very efficiently via
cap-dependent initiation (Dmitriev et al. 2007). The above examples provide
strong evidence that the unwinding of stem-loops occurs sequentially and indicates
that the current practice of using in silico predictions of folding energies of 5’'UTRs
to forecast translatability is likely to result in incorrect assumptions. Stem-loop



3 5’ Untranslated Region 13

structures may have the ability to inhibit translation but this is more likely to occur
via protein binding, rather than inhibition by the mRNA structure itself, except in
the case of very stable structures such as G4 s. The collagen o1(I) mRNA contains
a 5’ stem-loop structure that inhibits translation in vitro (Stefanovic and Brenner
2003). This study demonstrated that when the stem-loop structure is mutated
in vivo, the collagen that is translated is pepsin sensitive, compared to wild type
translation that results in the production of pepsin resistant collagen. In addition,
the wild-type transcript produces disulfide bonded high molecular weight collagen,
production of which is almost abolished following mutation of the stem-loop.
These data indicate that the 5’ stem-loop in collagen a1(I) is required for stabi-
lisation of the collagen triple helix structure, a process most likely mediated by
stem-loop interacting proteins (Stefanovic and Brenner 2003).

3.1.4 Alternative 5UTRs

In addition to those UTRs generated via the use of alternative promoters, alter-
native 5UTRs may be produced by alternative splicing or through usage of
alternative transcription start sites from a single promoter (Smith 2008). Diversity
within the 5’UTR of a gene enables variation in expression, depending upon the
nature of the regulatory elements contained within each alternative 5'UTR. Slight
changes in the arrangement of translational control elements between isoforms can
lead to major changes in the regulatory effects on translation (Resch et al. 2009).
A large-scale analysis of the mammalian transcriptome indicates that expression of
alternative 5'UTRs is a widespread phenomenon, with most genes having the
potential for differential expression (Hughes 2006). Genes that are known to
consistently express multiple 5’UTRs are typically involved in core functional
activities such as transcription and signalling pathways (Resch et al. 2009). The
oestrogen receptor f§ gene (ERf) plays an important role in oestrogen function and
the expression of the multiple isoforms is frequently mis-regulated in cancers.
Smith and colleagues have recently identified three alternative 5’'UTRs (termed
UTR a, c and E1) that contribute to the expression of the different isoforms (Smith
et al. 2010a, b). They found that UTRs a and c inhibited translation, with UTRa
having a very potent inhibitory effect, while E1 had a less pronounced, but still
inhibitory effect, despite being only 90nt long and having low predicted secondary
structure.

The growth hormone (GH) receptor is produced by a gene that also generates a
GH-binding protein by proteolytic cleavage of the GHR (Sotiropoulos et al. 1993).
The gene is encoded by exons 2—10. Exon 1 has nine alternative exons, coding for
alternative 5'UTRs (Goodyer et al. 2001b) that regulate the expression of GHR,
facilitating differential expression among tissues and throughout development, to
modulate the response to GH (Southard et al. 1995). Interestingly, two primate-
specific first exons were identified that contain Alu-elements (Goodyer et al.
2001a). The alternative first exons of the GHR gene have been mapped to two
main clusters, (38 kb and 18 kb upstream of exon 2), although one has been
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identified between the two clusters and another close to exon 2. This means that
the GHR gene is also under the control of multiple promoters. This highly complex
transcriptional unit and its evolution from rodents to primates is a fine example
illustrating the nature of regulatory systems often required for expression of
essential genes in higher eukaryotes. The expression of alternative 5UTRs rep-
resents an evolutionary gain of transcriptional and translational control pathways,
allowing tissue-specific expression patterns and expanding the repertoire of
expression from a single gene locus.

3.2 Regulatory Motifs

The lack of correlation between the rate of translation and the length or structure of
the 5'UTR in both capped and uncapped mRNAs, as well as the ability of certain
genes to be expressed under conditions of stress indicates that there must be other
elements within eukaryotic mRNAs that contribute to translation initiation and
control of gene expression via the 5UTR.

3.2.1 IRES and Cap-Independent Translation Initiation

Internal ribosome entry sites (Birney et al. 2007) are mRNA regulatory motifs that
facilitate a cap-independent mechanism of translation initiation, in which the
ribosome binds to an internal site close to the translation initiation site (Meijer and
Thomas 2002). IRES allow recruitment of ribosomes to capped or uncapped
mRNAs under conditions when cap-dependent translation is inhibited by stress,
cell-cycle stage or apoptosis, ensuring the continued expression of essential pro-
teins required for cell function. A number of IRES-containing genes such as c-Myc,
Apaf-1, and Bcl-2 are required at low levels during normal cellular growth, but are
induced via the IRES pathway under conditions of stress (Komar and Hatzoglou
2005). It is thought the IRES pathway may also contribute to maintaining the low
expression levels required under normal cellular conditions by sequestering ribo-
somes and reducing their binding at the main translation initiation site. The
mechanism of internal initiation is still poorly understood, although it is clear that
efficiency of IRES is heavily reliant upon trans-acting protein factors, allowing
cell-specific IRES-mediated translation of mRNAs (Pickering and Willis 2005).
Structures in the 5'UTR have been shown to influence IRES activity, which
may occur via interactions with various trans-acting factors, or by direct interac-
tions with ribosomes. An example of genes in which IRES activity is regulated by
trans-acting factors is the Myc family of proto-oncogenes that are involved in cell
proliferation. Recruitment of ribosomes to the IRES is dependent upon at least four
proteins that bind and alter the conformation of the mRNAs to allow interaction
with the 40S subunit (Cobbold et al. 2008). Another example is the Hepatitis C
virus (HCV), containing a highly structured IRES that initiates cap-independent
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translation via two major structural domains, consisting of conserved stem-loop
structures that interact with the 40S ribosomal subunit to form a complex and
recruit elF3 (Lukavsky 2009). The structures of eukaryotic IRES are very diverse
and no universally conserved sequences or structural motifs have yet been iden-
tified. For some genes, specific and stable RNA structures are required for efficient
IRES activity, while in other genes, stable structure is inhibitory to IRES-mediated
translation (Filbin and Kieft 2009). It has been suggested that IRES are not rigid
structures but can undergo transitions that substantially influence their activity
(Komar and Hatzoglou 2005). IRES elements may also result in the production of
different protein isoforms, thus further expanding the repertoire of expression from
a single gene (Komar and Hatzoglou 2005).

The presence of IRES between different AUG and non-AUG initiation codons
suggests a role for IRES in promoting translation initiation from weak alternative
start codons (Touriol et al. 2003). IRES may also interact with uORFs, another
class of regulatory elements discussed in the next section. Gilbert (2010) discusses
recent findings on IRES and draws attention to flaws in the methods for defining
IRES (bicistronic test) that may result in false positive predictions (Gilbert 2010).
Although IRES are an important mechanism for some genes, Gilbert suggests that
it is wrong to assume the presence or activity of an IRES by prediction alone,
emphasizing the importance of experimental validation. IRES are a poorly
understood but important regulatory mechanism, and further investigation will be
needed to discern the mechanisms and context of initiation via IRES.

The X chromosome-linked inhibitor of apoptosis (XIAP) is an important regu-
lator of apoptosis and therefore its expression must be tightly controlled. The XIAP
5'UTR is 1.7 kb in length and contains an IRES that facilitates synthesis of XIAP
protein under conditions of cellular stress (Holcik et al. 1999). In conjunction with
IRES-mediated regulation, a recent study revealed the presence of an XIJAP mRNA
species with a smaller 5’UTR generated by alternative splicing (Riley et al. 2010).
This 323nt 5'UTR does not contain the IRES and was found to be present at a much
higher level (10x) than the longer 5’UTR. Vector studies indicate that the majority
of expression from the longer 5UTR is mediated by the IRES. In addition, trans-
lational studies demonstrated that the shorter 5UTR has a much lower translation
efficiency compared to the longer 5’UTR (Riley et al. 2010). The shorter 3'UTR is
responsible for high expression of XIAP under normal growth conditions, in a
cap-dependent manner. On the other hand, the longer 3’UTR contains an IRES that
allows cap-independent translation under conditions of stress, as demonstrated by
serum starvation (Riley et al. 2010). The combination of alternative 5UTRs and
IRES-mediated translation ensures protein expression at all times.

Another example of control of gene expression via a complex 5'UTR region is
the human fibroblast growth factor 2 gene (FGF-2). FGF-2 is expressed as five
different isoforms resulting from alternative initiation codons within the 5'UTR,
and translation can also occur from an IRES (Bonnal et al. 2003). Interestingly,
translation from four of the five initiation codons is mediated by the IRES. The
authors suggest that the IRES facilitates translation at each of the four codons via
modulation of the RNA structure by trans-acting factors (Bonnal et al. 2003).
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3.2.2 uORFs

Upstream open reading frames occur in 5UTRs when an in-frame stop codon
follows an upstream AUG (uAUG) codon, prior to the main start codon (reviewed
in Mignone et al. 2002; Morris and Geballe 2000; Wethmar et al. 2010). uORFs
are present in approximately 50 % of human 5'UTRs and their presence correlates
with reduced protein expression and with mutation studies indicating that on
average, UORFs reduce mRNA levels by 30 % and reduce protein expression by
30-80 % (Calvo et al. 2009). Ribosomes binding to the uAUG may translate an
uORF, which can impact on downstream expression by altering the efficiency of
translation or initiation at the main ORF. If efficient ribosome binding does not
occur, the result will be a reduction of protein expression from the gene. Alter-
natively, synthesis may continue from the uORF and produce an extended protein
that may be detrimental. Decreased translational efficiency is a well characterised
effect of uORFs within a 5UTR (Morris and Geballe 2000), illustrated by the
Poly(A)polymerase-o (PAPOLA) gene that contains two highly conserved uORFs
in the 5UTR. Mutation of the 5’ proximal uAUG codon resulted in increased
translation efficiency, indicating that the uORF has a significant inhibitory effect
on the expression of this gene (Rapti et al. 2010). Another example is the thyroid
hormone receptor that represses and activates transcription of a number of target
genes, in the absence or presence of thryoid hormone, and is strongly repressed by
a 15nt uORF in its own 5'UTR (Okada et al. 2012). It is commonly thought that
uORFs decrease translational efficiency by rendering the ribosome unable to
reinitiate translation following termination from the uORF (Meijer and Thomas
2002). However, a recent study of over 500 uORF-containing gene loci found no
significant correlation between the impact of the uORF on the expression of the
downstream gene and the distance between the uORF and the coding sequence
(CDS) (Calvo et al. 2009). The authors suggest it is likely that in genes containing
a single uORF, CDS translation occurs from ribosomes that scan through the
uORF, rather than via re-initiation. This is in contrast to the work of Kozak (1987),
and the general consensus on uORFs. To further complicate matters, experiments
using cells depleted of Rentl, a factor involved in nonsense mediated decay
(NMD), revealed that in the absence of NMD, transcripts containing uORFs were
generally upregulated (Mendell et al. 2004). This implies that NMD also plays an
important role in the regulation of these transcripts. It seems that uORFs present a
number of options for the ribosome, and whether translation occurs, scanning
continues or reinitiation at the main ORF occurs, depends on a number of factors.
The yeast GCN4 transcriptional activator contains four uORFs in the 5'UTR, only
one of which allows reinitiation of the ribosome at the main ORF. Cis-enhancers
on either side of the uORF allow efficient reinitiation. Investigation showed that
the 5’ cis-acting sequences interact with the N-terminal domain of the eIF3a/TIF32
subunit of the initiation factor eIF3 to stabilize post-termination 40S subunits on
uORF1 so the ribosome remains attached to the transcript and contrinues scanning
downstream (Munzarova et al. 2011). A combination of in silico and experimental
data suggest that reinitiation is facilitated by specific mRNA folding during
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ribosome scanning that allows a sequence of interactions to occur (Munzarova
et al. 2011). This is just one example but it is clear that the mechanism of uORF
gene knockdown is more complex than the scanning model proposes. Further
experimentation will be required to elucidate this mechanism or mechanisms.

AUG codon recognition is influenced by a number of factors, including prox-
imity of the AUG to the 5’ cap, the flanking sequence and secondary structure
(Krummbheuer et al. 2007). uORFs appear to exist as regulatory elements that act to
control the translation of the downstream ORF. Protein kinase C (PKC) represents
a family of serine/threonine kinases that play a major role in the regulation of cell
growth and differentiation (Raveh-Amit et al. 2009). The novel PKCy isoform has
a specific tissue distribution and is primarily expressed in cells undergoing high
turnover, such as epithelial cells. Recent studies found that this isoform has a
special role in the response to stress and its expression has been found to correlate
with drug resistance in various cancer types (Rotem-Dai et al. 2009). The 5UTR
of human PKCx is long (659nt), GC rich, and contains two small conserved
uORFs (Raveh-Amit et al. 2009). Mutations introduced into each of the uORFs
resulted in modest increases in expression (1.5- and 2.2-fold increases) and a
double mutation resulted in a threefold increase in gene expression from the main
AUG. This mechanism of translational repression is likely to be in place to control
the expression of PKCy under normal cellular conditions (Raveh-Amit et al.
2009). Under conditions of stress (e.g. Glucose deprivation or hypoxia), the two
uOREFs also play a role in expression, as they facilitate leaky scanning to enhance
the translation of the main ORF. Varying levels of ribosome binding and trans-
lation of each of the uORFs may also contribute to cell-specific ‘tweaking’ of gene
expression.

In addition to the AUG consensus, studies have shown that all codons differing
from AUG by a single nucleotide can be utilised for translation initiation (Peabody
1989), the efficiency of which depends on the sequence context. Orthinine
decarboxylase (ODC) is involved in the biosynthesis of polyamines and its
expression is modulated through an uORF with an AUU codon (Ivanov et al.
2008). Initiation at the AUU uORF varies, depending on the cellular concentration
of polyamines, with initiation at the AUU significantly reduced in polyamine-
depleted cells, where initiation is only 18 % as efficient as at the main ORF,
compared to 54 % in polyamine-supplemented cells. This is consistent with
reduced expression of ODC when polyamines are present, and is a very logical
way of controlling gene expression: modulating expression relative to the con-
centration of interacting or environmental factors. This example demonstrates that
there are likely to be greater numbers of uORFs than previously predicted.

Despite the majority of uORFs having a negative impact on gene expression,
there are some cases in which the presence of a uORF actually enhances trans-
lation. Bicistronic vpu-env mRNAs are involved in HIV-1 virus expression and
they contain a conserved minimal uORF (Krummbheuer et al. 2007). This uORF is
only 5nt upstream of the vpu AUG and is immediately followed by a termination
codon that overlaps the main AUG. Krummheuer and colleagues showed that this
uORF has a significant positive impact on the translation of Env, while not
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interfering with translation of Vpu (Krummbheuer et al. 2007). Mutants in which the
distance between the uORF and the main AUG was increased by 5 codons indi-
cated that the uORF is not involved in the initiation of Vpu, and the authors
suggested that the minimal uORF may act as a site for ribosome pausing, allowing
it to interact with an RNA structure that supports a ribosome shunt, a process
during which the ribosome physically bypasses part of the 5UTR to reach the
initiation codon.

The role of uORFs as regulatory elements acting on the process of ribosome
binding and translation is well studied, but the function or fate of the encoded
peptides is often unknown, perhaps due to the difficulty in analysing the expression
levels and localisation of the peptides. Evidence that peptides translated from
uORFs are present in cells was first shown by Oyama and colleagues (2004), who
identified 54 proteins of <100 amino acids expressed in human chronic myelog-
enous leukemic cells that were all mapped back to uORFs (Oyama et al. 2004).
Although proteins were identified, thousands of uORFs did not seem to produce a
detectable protein product in these cells, which indicates that either (i) proteins
derived from uORFs may be selectively proteolyzed in the cells, (ii) some of the
uORFs are expressed but not in this cell type, or (iii) many do not produce
proteins. Despite this, it is clear that some uORFs do produce peptides that are
retained in the cell and thus are likely to be functional, although to date there are
no comprehensive studies on the function of proteins translated from an uORF.

The past decade has revealed that regulation via uORFs is a complex process
that acts to tightly regulate the expression of the genes they control. A good
example of complex control of gene expression via uUORFs was outlined recently
by Suzuki et al. (2010). RNase H1 is present in the nuclei and mitochondria of
mammalian cells and is differentially expressed among cell types. Two different
in-frame AUGs control the expression of these isoforms and an uORF is also
present in the 5'UTR of this gene. Translation of the mitochondrial RNAse H1 was
found to be initiated at the first AUG, which is restricted by an uORF, resulting in
the mitochondrial isoform being about 10 % of the abundance of the nuclear form
(Suzuki et al. 2010). Translation of the nuclear isoform proceeds from the second
AUG and is unaffected by the presence of the uORF, as the ribosome either
efficiently reinitiates or skips both the first AUG and the uORF. This regulation
allows control of RNase H1 expression in mitochondria, where its excess or
absence can lead to cell death, without affecting the normal expression levels of
the nuclear isoform. Suzuki and colleagues also found that altering the context of
the AUG altered transcript accumulation, meaning there must be other factors
involved. This example illustrates the combinatorial use of multiple uORFs and
other factors to produce a highly specific system of translational regulation. In
addition, alternative promoters or splicing, as well as the finding that out-of-frame
and sub-optimal initiation codons can, in certain contexts be available to ribo-
somes, and are all factors that can affect uORF expression, further increasing the
diversity of regulation and translation emerging from these regions (Oyama et al.
2007). A recent study that treated a human monocytic cell line with puromycin, to
prematurely stop translation, before utilising ribosomal footprinting to identify
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translation initiation sites indicated that uORFs are more prevalent than predicted
by in silico data (Fritsch et al. 2012). Their experiments predicted 2,994 novel
uORFs in 5'UTRs alone, with more predicted overlapping the coding regions and
3'UTRs. This emphasizes the importance of using in vifro and in vivo techniques to
investigate the presence of active uORFs.

Mutations involving uORFs are likely to be detrimental, as they can disrupt the
control of gene expression, resulting in aberrant gene expression levels that may
subsequently lead to disease (Chatterjee and Pal 2009). Mutations disrupting the
uORF in the 5UTR of the gene encoding the human hairless homolog (HR) and
resulting in increased translation of the gene, have been associated with Marie
Unna hereditary hypotrichosis, an autosomal dominant form of genetic hair loss
(Wen et al. 2009). Mutations that create novel uORFs may also have a detrimental
effect by interfering with normal expression. It has been speculated that a mutation
in a tumour suppressor gene may result in decreased production of protective
proteins and contribute to the onset of cancer (Wethmar et al. 2010). Mutations in
CDKN2A that encodes a kinase inhibitor have been associated with predisposition
to inherited melanoma. A G > T in the 5UTR gives rise to an uORF that
decreases translation from the main initiation codon was associated with inherited
melanoma cases (Liu et al. 1999). These examples illustrate the importance of
uORFs in the control of specific gene expression and in maintaining homeostasis,
and variability within uORFs is thought to contribute to individual phenotype and
disease susceptibility (Wethmar et al. 2010).

3.3 Conclusion

Disease-causing mutations situated within 5UTRs confirm the importance of
motifs in these domains in gene expression and regulation. The ferritin 5UTR
contains a stem-loop structure termed the iron response element, and mutations in
this region have been associated with hereditary hyperferritinemia cataract syn-
drome. It is likely that mutations within the stem-loop alter the structure, resulting
in abnormal processing of iron and manifestation of disease (Chatterjee and Pal
2009). Regulation mediated by 5'UTRs involves the combinatorial effects of a
multitude of factors and relies heavily on the secondary structure and accessibility
of protein binding sites. In addition to the regulatory elements outlined above, it is
likely that future investigation will reveal novel factors that interact with the
5'"UTR, prior to translation, and influence gene expression.

4 Intronic Regions

Introns are regions of DNA that are transcribed into pre-messenger RNA but are
removed during splicing to generate a mature mRNA. Spliceosomal introns are
present in all studied eukaryotic organisms. The exact origin of introns is debated,
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but it is widely accepted that introns evolved soon after the divergence of
prokaryotic and eukaryotic organisms and that the current intron content of any
particular genome is the result of both intron loss and gain over time (for thoughts
and reviews on the topic of intron evolution see (Mattick 1994; Rodriguez-Trelles
et al. 2006). Regardless of when and how introns arose, it is clear that the
appearance of introns was an important catalyst for evolution, facilitating rapid
evolution at the protein level through increased rates of meiotic crossing over
within coding regions, as well as rapid evolution of regulatory elements, due to
relaxed sequence constraints within non-coding introns (Fedorova and Fedorov
2003). Introns would also have allowed evolution of RNA regulatory pathways
without interfering with protein expression, an important distinction that was only
made possible by the separation of transcription and translation (Mattick 1994).

4.1 Organization and Length

Intron organization, position and length may influence the ability of the intron to
affect gene expression. Intron content varies between different species and some
eukaryotic lineages maintain numerous large introns while others seem to have
undergone intron loss throughout evolution (Rodriguez-Trelles et al. 2006). The
average human gene contains 5-6 introns with an average length of 2,100
nucleotides (Fedorova and Fedorov 2003), although extremes at either end of the
spectrum exist. In humans and other animals, intron length is, in general, inversely
correlated with transcript levels. A cross-species comparison between yeast, ara-
bidopsis and mouse found that genes involved in stress-response, cell proliferation,
differentiation or development generally showed significantly lower intron den-
sities than genes with other functions (Jeffares et al. 2008). Genes in these cate-
gories require rapid regulation in response to changing conditions, suggesting that
introns may be detrimental to this process. Organisms with short generation times
were also found to have a significantly lower genome-wide intron density.
Through comparison between the three model organisms, Jeffares and colleagues
observed that mouse genes seem to be comparatively less optimised for rapid
regulation (i.e. they have higher intron densities), which is logical as mammals are
less exposed to rapid environmental changes than plants and microorganisms
(Jeffares et al. 2008).

Introns of very different lengths are often found within a gene, although to date,
there is no data indicating a global trend concerning length and position, except for
the first intron. A large-scale comparison of intron lengths relative to their position
in the gene found that the first intron of the CDS tends to be ~40 % longer than
later introns (Bradnam and Korf 2008). Significantly longer first introns were
found in species from diverse phylogenetic groups, including vertebrates, insects,
plants and fungi, suggesting that this increased length is a common feature of
genes in all eukaryotic species. This study also revealed that the first intron was
longer again in genes that did not contain an intron within the 5'UTR. In addition
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to the length of the first intron, a large-scale bioinformatic study that examined
18,217 human ref-sequence genes found these introns, particularly in the first
100 bp, to be enriched for G-rich regions that have the potential to form G4 s
(Eddy and Maizels 2008). G4 structures have significant negative effects on
translation when located within the 5'UTR of a gene. G-rich elements in the first
intron may provide structural targets for regulatory proteins and have an effect on
transcription or RNA processing. The position of the first intron relative to the
promoter and translation start site means it is a region in which regulatory ele-
ments are likely to evolve, as elements within this region are more likely to have a
significant effect on promoter activity than elements situated further downstream.
In addition, evolution of regulatory elements can occur without disrupting the
coding sequence. It is thus likely that the increased relative length of the first
intron in many genes is the result of the evolution of regulatory elements
(including G4 s) within this region.

4.2 Introns in the UTRs

A genome-wide functional analysis of the 5UTRs of human genes found that
approximately 35 % of human genes contain introns in the 5UTR (Cenik et al.
2010). 5'UTR introns were found to differ from introns within coding regions with
respect to nucleotide composition, length and density, with 5’UTR introns found to
be on average twice as long as those in coding regions and generally lower in
density. Interestingly, the results from this comprehensive study indicated that the
most highly expressed genes tended to have short rather than long 5'UTR introns
or lacked them entirely (Cenik et al. 2010). Genes with regulatory roles were also
enriched for 5’UTR introns, providing further evidence that the presence of at least
one intron within the 5UTR enhances gene expression either by enhancing tran-
scription or stabilising the mature mRNAs. An intron in the 5UTR may enhance
gene expression through the presence of transcriptional regulatory elements, or
through structural modulation and splicing. For example, expression of the ubiqg-
uitin C (UbC) gene is dependent on the presence of an intron in the 5'UTR.
Deletion analyses showed that promoter activity is significantly reduced when the
intron is removed, and electrophoretic mobility shift and supershift assays dem-
onstrated that both Spl and Sp3 transcription factors bind this region at multiple
sites (Bianchi et al. 2009). These experiments indicate that elements within the
intron play a major role in the transcriptional regulation of this gene.

In contrast to 5’UTRs, 3’'UTRs were found to have relatively few introns (5 %)
(Cenik et al. 2010). A study looking at rare cases of intron acquisition in retro-
posed mammalian genes found that the presence of an intron in the 3'UTR of these
genes resulted in down-regulation of gene expression by nonsense-mediated decay
(Fablet et al. 2009). This negative effect on expression offers an explanation for the
low prevalence of 3’UTR introns. In addition, an in silico study analysing the
effect of retained 3'UTR introns upon miRNA target sites indicated that some
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transcripts only contain miRNA binding sites if the intron in the 3’UTR is retained
(Tan et al. 2007). This suggests that variations in intronic splicing in the 3’'UTR
could result in isoform-specific regulation via miRNAs that may be utilised in a
tissue-specific manner.

4.3 Intron Function

Introns could have deleterious effects on gene expression, such as a delay in
mature transcript production due to splicing or increased pre-mRNA length, and
the energy required to produce a transcript containing introns is also substantially
higher. However, the high prevalence of introns in eukaryotic genomes indicates
that the benefit must outweigh the potential negative effects. Introns function in a
number of different ways and are

sources of non-coding RNA;

carriers of transcriptional regulatory elements;

contributors to alternative splicing;

enhancers of meiotic crossing over within coding sequences and thus drivers of
evolution;

e signals for mRNA export from the nucleus and nonsense-mediated decay
(Fedorova and Fedorov 2003).

The effect of introns on genome evolution has already been discussed, but
introns also have an important role in the regulation of gene expression, as
demonstrated by experiments in which introns are removed or in which introns
were inserted into transgenes, resulting in enhanced expression (for an example
see Chatterjee et al. 2010). Indeed, many genes with an intact promoter are
essentially not expressed at all in the absence of an intron, demonstrating the
relative importance of the intronic and promoter regions in some genes (Rose
2008). Introns can enhance gene expression through the presence of transcriptional
enhancers or alternative promoters, or by a less well-understood mechanism
termed intron-mediated enhancement that arises from introns and increases the
processivity of the transcription machinery at the elongation stage. By this
mechanism, introns ensure efficient completion of transcription of the gene and
could also reduce transcription from sequences that are not genuine promoters
(Rose 2008). As well as containing regulatory elements, introns are characterised
by a significantly lower nucleosome density in comparison to exons (Nahkuri et al.
2009), and different histone modifications define exons, alternatively spliced
exons, and introns (Dhami et al. 2010).

Premature stop codons generally induce degradation of the mRNA via the
NMD pathway. Introns seem to act as a signal to differentiate between real and
premature stop codons. A study found that splicing of an intron was required to
trigger the NMD pathway in PTC-containing T cell receptor-beta mRNA; deletion
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of the intron abolished NMD (Carter et al. 1996). Further research demonstrated
that a large protein complex called the exon-junction complex is deposited just
upstream of the junction following splicing, acting as a signal for NMD (reviewed
in Chang et al. 2007).

RNA arising from intronic regions may have the ability to regulate the
expression of other genes. Polycomb proteins are a group of proteins that act
antagonistically to facilitate changes in epigenetic regulation via chromatin
remodelling, so coordinated gene expression is required. A recent study demon-
strated that an intronic RNA originating from the H3K4 methyltransferase gene,
SMYD3, binds to EZH2, the core component of the repressive polycomb complex
PRC2, and regulates transcription of the corresponding gene. However, overex-
pression resulted in a decrease in EZH2 transcription and protein levels (Guil et al.
2012). This example shows that an intronic RNA can contribute to complex and
coordinated gene expression at the transcriptional level, and importantly can
regulate the expression of genes other than the ‘parent’ transcript. Current thinking
is that intronic RNA results from transcription events that are independent from the
transcription of the full gene, but it is possible that some may be remnants from
mRNA splicing and requiring further investigation.. Antisense non-coding RNA
originating from intronic regions has also been reported and is thought to play a
role in regulating isoform expression and alternative splicing (Nakaya et al. 2007).

4.4 Regulatory Elements: Enhancers

Enhancers are segments of DNA that enhance transcription of genes by interac-
tions with trans-acting factors. Enhancers generally interact in a specific manner
with the corresponding promoter through chromatin looping of the intervening
DNA, to associate enhancer-bound transcription factors with the promoter (Nolis
et al. 2009), and recent data have indicated that enhancers may also affect
downstream processes, such as decompaction of the chromatin fibre and the
release of RNAPII (Ong and Corces 2011). Although these elements interact
specifically with the promoter, enhancers are variable, and upstream, downstream
and distal elements have been identified that can activate transcription, indepen-
dent of their location or orientation with respect to the promoter (Ong and Corces
2011). Enhancers are now recognised as the main regulatory elements involved in
transcription and many enhancer elements are critical in defining the expression
patterns of genes. An enhancer element situated within an AT-rich regulatory
region in the first intron of Imp2 is critical for the expression of this gene. This
enhancer serves as a binding site for HMGA?2 that acts to recruit and stabilise a
complex of transcription factors, resulting in Imp2 transcription (Cleynen et al.
2007). Mutations that disrupt enhancer activity may also have a profound effect on
the expression of the downstream gene. Enhancer activity in the OCA2 gene is
strongly associated with variation in human eye colour (Duffy et al. 2007). SNPs
disrupting a conserved enhancer that binds helicase-like transcription factor
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(HLTF) upstream of this gene reduce the expression and result in blue eye colour,
with a frequency of 78 % (Sturm et al. 2008). This emphasizes the importance of
many enhancers in regulating gene expression and provides evidence that varia-
tions within enhancers are likely to contribute to individual phenotype and disease
susceptibility.

Recent studies using genome-wide tools have indicated that many enhancers are
associated with specific histone modifications, that allow them to be recognised and
utilised in a specific manner (Ong and Corces 2011). Promoters can generally be
influenced by distinct enhancer elements under varying conditions (Maston et al.
2006), while binding of factors that do not associate strongly with the promoter may
“switch off” the enhancer as required. An enhancer region that is critical for
specific gene expression during development is the human-accelerated conserved
non-coding sequence 1 (HACNSI). This element is the most rapidly evolving
human non-coding element identified to date and experiments using a transgenic
mouse model showed that this element drove strong and specific reporter gene
expression in the anterior limb bud, pharyngeal arches, and developing ear and eye,
indicating that HACNS] acts as a robust enhancer during development (Prabhakar
et al. 2008). In contrast, the chimpanzee orthologue failed to drive reproducible
reporter gene expression in a similar manner, suggesting that this region is vital for
development of human-specific digit and limb patterning that distinguishes humans
from other primates, specifically bipedialism and dexterity of the human hand.

The complexity arising from enhancers is increased by the fact that often
multiple enhancers and other elements interact and have a combinatorial effect on
gene expression. The cystic fibrosis transmembrane conductance regulator (CFTR)
gene is activated by coordinated regulation from several intronic enhancers that
bind both tissue-specific and general transcription factors (Ott et al. 2009). Dif-
ferential interactions between the various enhancers and the promoter were found to
result in variable expression levels in epithelial cells of intestinal lineage (high
expression) and of the respiratory system (lower expression) and chromatin con-
formation capture was used to identify distal regulatory sites that also contributed to
gene expression. This illustrates how complex interactions between enhancers and
distal elements can contribute to the tissue-specific expression of a gene. In addition
to controlling the differential expression of a single gene, conserved enhancers
contribute to the regulation of whole gene pathways. Transcription factor Ronin and
the transcriptional coregulator Hcf-1 are essential factors involved in the self-
renewal of embryonic stem (ES) cells. They bind to a highly conserved enhancer
element in a subset of genes that function in transcription initiation, mRNA splicing
and cell metabolism (Dejosez et al. 2010). The enhancers that bind Ronin/Hcf-1 are
thus key elements required for ES cell pluripotency.

In vivo analyses of evolutionarily conserved non-coding sequences revealed an
enrichment of developmentally specific cis-regulatory transcriptional enhancers
(Prabhakar et al. 2008). Indeed, the high proportion of non-coding to coding
regions in the human genome compared to other species provides strong evidence
that the complexity of humans arises from evolution of these non-coding regions,
with enhancers likely to play a major role in this process.
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5 3/ Untranslated Region

The 3’ untranslated region (3'UTR), situated downstream of the protein coding
sequence, is involved in numerous regulatory processes, including transcript
cleavage, stability and polyadenylation, translation and mRNA localisation. They
are thus critical in determining the fate of an mRNA. In comparison to the 5'UTR,
which contains sequences responsible for translation initiation, sequence con-
straints within the 3'UTR are more relaxed resulting in a greater potential for
evolution of regulatory elements. Despite this, regions of high conservation are
also prevalent, with 3’UTRs containing some of the most conserved elements
within the mammalian genome (Siepel et al. 2005). A genome-wide in silico
analysis revealed that contrary to the promoter region, motifs in the 3'UTR are
primarily conserved on one strand, which is consistent with the 3'UTR acting to
regulate gene expression at the post-transcriptional level (Xie et al. 2005). The
3'UTR serves as a binding site for numerous regulatory proteins as well as
microRNAs (Fig. 1c) and in order to understand the properties of this region it is
necessary to first discuss the research history of these interactions.

5.1 MicroRNAs and the 3’ UTR

MicroRNAs (miRNAs) are endogenous, single-stranded non-coding RNA mole-
cules of approximately 22nt in length that interact with mRNA targets post-
transcriptionally to regulate expression. In animals, miRNAs generally exert an
effect by partial base pairing to a miRNA response element (MRE) on a target
mRNA via a ‘seed sequence’ at the 5’ end of the miRNA, which then recruits
Argonaut and inhibits translation of the mRNA (see Song et al. 2008; Paik et al.
2011; Gerin et al. 2010). Another mechanism by which miRNAs can down-reg-
ulate genes is through perfect base pairing with a target sequence, promoting RNA
cleavage as a result of incorporation into the RNA-induced silencing complex
(MacDonald et al. 1993), although only a few examples of this have been
described (Yekta et al. 2004). In addition to down-regulating gene expression,
some miRNAs have been found to induce translational up-regulation; validated
targets of this type of regulation include the tumour necrosis factor-alpha and the
cytoplasmic beta-actin gene (Vasudevan et al. 2007; Ghosh et al. 2008). Data
indicates that miRNA repression occurs in proliferating cells, while activation is
mediated by some miRNAs during cell cycle arrest (Mortensen et al. 2011;
Vasudevan et al. 2007). miRNAs are the most extensively studied group of non-
coding RNAs and interested readers are referred to current reviews on miRNA
functions and mechanisms (Huang et al. 2011; Jeffries et al. 2009; Fabian et al.
2010), miRNA response element prediction (Saito and Saetrom 2010), miRNA-
mediated regulation of developmental processes (Williams et al. 2009; Zhao and
Srivastava 2007), regulation of miRNA expression (Krol et al. 2010) and the
impact of miRNAs on evolution of 3'UTRs (Zhang and Su 2009).
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A wealth of information regarding miRNA expression and function is now
available and it is evident that miRNAs are a vital component of gene control.
miRNAs have been found to be involved in most important biological events,
including cell proliferation and differentiation, development, nervous system
regulation and tumourigenesis (reviewed in Huang et al. 2011), and common
miRNA targets include transcription factors and signalling proteins (Zhang and Su
2009). An individual miRNA has the ability to regulate a large number of target
genes because complementarity is only required in the seed region, and miRNAs
may be involved in the regulation of a process or system. For example, muscle
growth and differentiation is modulated by a set of miRNAs that are themselves
controlled by myogenic transcription factors (Williams et al. 2009). The cardio-
vascular system is also controlled by a specific set of miRNAs, which influence
processes such as cell cycle progression, cardiomyocyte differentiation, and vessel
formation (Cordes and Srivastava 2009). In accordance with this, dysregulation of
miRNAs can have major impacts on these processes and has been associated with
cardiac rhythm abnormalities and hyperplasia (Zhao et al. 2007), coronary artery
disease (Fichtlscherer et al. 2010), myocardial infarction (Fichtlscherer et al. 2010;
Bostjancic et al. 2010), and numerous muscular diseases including Huntington’s
disease and muscular dystrophy (Eisenberg et al. 2009). These are just two
examples of systems in which a group of miRNAs act as a regulatory layer to fine-
tune gene expression, enabling the system to operate efficiently through the
coordinated expression of the associated genes.

An mRNA may be regulated by multiple different miRNAs, expanding the
repertoire of expression of an mRNA at a given time, in a particular cell type.
Studies on MRE prediction and validation have shown that the presence of mul-
tiple seed sequences within an mRNA is common (~ 50 % of targets) and targets
are frequently expressed in a mutually exclusive manner to the miRNA, further
indicating a role for miRNAs in fine-tuning of gene expression and developmental
processes (Stark et al. 2005). As miRNAs often have a subtle effect on gene
expression (e.g. twofold down-regulation), the combination of multiple miRNAs
acting at once could invoke a much stronger repression. The chain of events
following miRNA interaction with a target can influence additional miRNA
binding, so the presence of multiple seed sequences could also be a safeguard to
ensure expression of the target is tightly controlled, even if levels of the various
miRNAs fluctuate. miRNAs may also interact with various RNA binding proteins.
The dead end 1 RBP binds a target sequence and counteracts the function of a
number of miRNAs (Kedde et al. 2007). These types of interactions, whereby gene
expression is modulated according to the concentrations of various RNAs and
factors through a cascade of interacting events, seems to be the overriding theme
of the eukaryotic regulatory system. It is no surprise then that mutations that
change the expression of miRNAs can have dire effects in the organism. Trisomy
21, the cause of Down syndrome, has a severe and complex phenotype. In silico
analysis has shown that five miRNA genes are duplicated in this event, and
overexpression of these genes has been proposed to reduce the expression of target
genes, contributing to the severe phenotype of this syndrome (Elton et al. 2010).
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Many miRNAs are evolutionarily conserved (Zhao and Srivastava 2007; Bartel
2004) and the lack of requirement for long regions of complementarity means that
novel miRNAs and MREs can easily arise, implicating them as powerful tools for
evolution (Stark et al. 2005). miRNAs bind preferentially in the 3'UTRs of protein-
coding genes, although some target sites have been identified in the 5UTR and
intronic gene regions. An inter-species genome-wide comparison found that motifs
in the 3’'UTR are an average of 8 bp in length and that around half of all the motifs
identified are likely to be related to miRNAs (Xie et al. 2005). miRNAs are often
expressed in a tissue-specific or developmental stage-specific manner and genes
involved in processes common to all cells have evolved to selectively avoid
sequences complementary to miRNA seed regions (Stark et al. 2005). This
mechanism of selective avoidance has a significant impact on the evolution of the
3'UTR. A recent study found that modification of the stop codon to extend the
coding region of a transgene reporter changed the mechanism from miRNA-
induced translational repression to RISC-mediated degradation by small interfer-
ing RNAs (Gu et al. 2009). These results indicate that active translation impedes
miRNA-RISC interaction with target mRNAs and provides an explanation as to
why MREs are contained in the non-coding regions. Data obtained in vitro and
in vivo supported the conclusion that while siRNA can work efficiently in non-
coding and coding regions, miRNA activity is significantly inhibited when
targeting the coding region, indicating that miRNA-programmed RISC is required
to remain attached to the target mRNA to effectively silence translation in cis
(Gu et al. 2009). Data also provided a possible explanation for the low prevalence
of MREs situated in the 5UTR, as scanning of the 5UTR by the translation
initiation complex may impair formation of miRNA-RISC complexes.

miRNAs, like most other regulatory molecules, are part of a larger system in
which numerous factors impact on the ultimate expression of the target gene.
miRNA expression can also be altered by environmental factors, in a study on
miRNA expression in primary murine macrophages, following inflammatory
response, one miRNA (miR-155) that was significantly upregulated was identified
(O’Connell et al. 2007). The inflammatory response involves the upregulation of a
large number of genes, and miR-155 is a common target that acts to control the
expression of many of the genes during the process, preventing overexpression and
reducing the risk of cancer. Other environmental factors including diet, alcohol
intake, stress and exposure to infectious agents and carcinogens also impact
miRNA expression (as well as other epigenetic modifications) (Mathers et al.
2010). It is likely that miRNAs and other regulatory mechanisms that involve the
coordinated expression of many genes and interacting factors are responsible for
the phenotypic variations we see within eukaryotic species.
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5.2 Stabilisation and AU-Rich Elements

Modification of transcript stability allows expression to be rapidly controlled without
altering translation rates. This mechanism has been found to be critically involved in
vital processes such as cell growth and differentiation, as well as adaptation to external
stimuli (Eberhardt et al. 2007; Elkon et al. 2010). The most well characterised sta-
bilisation elements are the AU-rich elements (Jeffares et al. 2008) situated in the
3'UTR of some genes. These elements range in size from 50 to 150 bp and generally
contain multiple copies of the pentanucleotide AUUUA (Chen and Shyu 1995). AREs
play a critical role in the stability of particular genes. Early studies indicated that AREs
are variable in sequence and three main classes have been defined that differ in the
number and arrangement of motifs. Class I AREs contain one to three scattered
AUUUA motifs within a U-rich region, while class II AREs are characterized by
multiple overlapping AUUUA motifs. The third class of AREs lack the AUUUA
motif but contain U-rich stretches (Chen and Shyu 1995). AREs bind proteins
(ARE-BPs) that generally promote the decay of the mRNA in response to a variety of
intra- and extra-cellular signals (for some recent examples see (Chamboredon et al.
2011; Knapinska et al. 2011; LaJevic et al. 2010), although binding proteins that act to
regulate translation have also been described (Lopez De Silanes et al. 2007). Genes
regulated by AREs include cytokines, growth factors, tumour suppressors and proto-
oncogenes, as well as genes involved in the regulation of the cell cycle, such as cyclins,
enzymes, transcription factors, receptors and membrane proteins (Eberhardt et al.
2007). This plethora of vital gene families carrying these elements affirms the sig-
nificance of transcript stability in the process of gene regulation.

Many ARE-BPs are expressed in a tissue- or cell-type specific manner (Reznik
and Lykke-Andersen 2010), with ARE secondary structure being an important
factor in ARE-BP activity (Meisner et al. 2004). Different ARE-BPs can compete
for the same binding site and depending on the cellular localisation, environment
and timing, regulation from an ARE can result in different outcomes for a tran-
script. A class III ARE in the c-jun 3’'UTR has been shown to decrease steady-state
mRNA levels but also be involved in increasing protein production (Barreau et al.
2006). This seems counterintuitive, but it is likely that each mechanism is used at
different times for different needs, such as in developmentally or tissue-specific
circumstances. Environmental factors can also impact ARE protein binding, with
stability playing a major role in response to stresses such as heat shock and
nutrient deprivation. These stimuli trigger a signalling cascade that alters the
abundance of various ARE binding proteins, while simultaneously manipulating
RNA binding properties (reviewed in Eberhardt et al. 2007). Expression of the
anti-apoptotic protein Bcl-X| is increased by stabilisation following UVA irradi-
ation, a process implicated in skin and other cancers. Examination of the ARE-BPs
associated with an ARE in the Bcl-X; 3'UTR identified nucleolin as a key sta-
bilising protein and the authors suggest that UVA irradiation increases the binding
capacity of nucleolin to the ARE and facilitates protection of the Bcl-X; mRNA
from degradation (Zhang et al. 2008).
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In addition to affecting stability, AREs have also been found to activate
translation, although this pathway is less common and is poorly understood. The
3'UTR of cytokine tumour necrosis factor o (TNFz) mRNA contains a highly
conserved 34nt ARE (Vasudevan and Steitz 2007). This gene is expressed in
stimulated lymphocytes and is critical for inflammatory response so must be
rapidly regulated when required. During inflammation, cell growth is arrested and
up-regulation of TNFa occurs at the protein level. Studies found that Argonaut 2
(AGO2) and fragile-X mental retardation syndrome-related protein 1 (FXR1)
associate with the ARE of TNFo and function to activate translation in response to
serum starvation (Vasudevan and Steitz 2007). It was also found that human
miR369-3 binds through the seed sequence to the ARE and directs association of
these factors with the ARE to activate translation, providing evidence for a sec-
ondary role of miRNAs in translation, alongside their well-studied destabilising
roles (Vasudevan et al. 2007). An earlier study examining the structure of the
TNFo ARE showed that hairpin folding modulates binding of proteins to that motif
and mediates different outcomes for the mRNA (Fialcowitz et al. 2005). These
experiments demonstrate the versatility of AREs, RNA-binding proteins and
miRNAs in modulating gene expression in a positive or negative manner, as
required. The ability of AREs to influence both mRNA stability and translation is
likely to result from different signals. The GU-rich element (GRE) is another
recently discovered stability element that interacts with CUGBP1, an RNA binding
protein that promotes decay of the associated mRNA (Lee et al. 2010; Vlasova
et al. 2008). Alongside microRNAs, AREs and GREs have impacted upon the
evolution of the 3'UTR, and thus shaped the regulation of gene expression from
this region.

5.3 Structure

5.3.1 Poly(A) Tail

The poly(A) tail results from the addition of a series of adenosine bases to the 3’
end of an RNA transcript. This provides the mRNA with a binding site for a class
of regulatory factors called the poly(A) binding proteins (PABP) that have roles in
the regulation of gene expression, including mRNA export, stability and decay,
and translation (reviewed in Mangus et al. 2003; Gorgoni and Gray 2004; Goss and
Kleiman 2013), playing vital roles during vertebrate development (Gorgoni et al.
2011). Five different PABPs have been identified in humans, one nuclear and four
cytoplasmic, all of which have distinct functional roles (Gorgoni et al. 2011).
Further research will undoubtedly characterize each PABP but it seems that while
there are some common functions for all the PABPs, subtle differences exist and
are evident through interactions with proteins and RNA (reviewed in Goss and
Kleiman 2013). PABPs seem to function as scaffolds for the binding of numerous
other factors, thus they indirectly regulate gene expression. Aside from their global
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effects on translation, PABPs can also regulate the translation of individual
mRNAs, although this is less well documented (e.g. Cyclin B, Cao and Richter
2002). A recent study demonstrated that PABPC1 binding in the 3'UTR of the
YB-1 mRNA stimulates translation in a specific manner (Lyabin et al. 2011).
However, YB-1 also binds in the same region and inhibits translation, so com-
petitive binding with PABPC1 determines whether expression is up- or down-
regulated. PABP mRNAs can also bind poly(A) tracts in their own 5'UTRs,
repressing their own translation and maintaining balance and controlled regulation.
The poly(A) tail is synthesised at a defined length (~ 250 bp in mammalian cells),
which may then be shortened in the cytoplasm to promote translational repression
as required (Kuhn et al. 2009).

5.3.2 5'-3' Interactions

Early experiments investigating the roles of the 5’cap structure and the poly-A tail
found that they function synergistically to control mRNA translation (Gallie 1991).
The addition of a poly(A) tail to a luciferase reporter gene increased protein
expression 97-fold when the length of the 3'UTR was 19 bases (Tanguay and
Gallie 1996), demonstrating the essential role of the poly(A) tail in efficient
translation. The association of PABPs with the poly (A) tail facilitates an inter-
action with eIF4F bound to the 5'cap structure, resulting in circularisation of the
mRNA that promotes translation initiation and ensures ribosome recycling and
efficient translation (For reviews on translation initiation and the 5'-3’ interaction
pathway see (Jackson et al. 2010; Chen and Kastan 2010; Mazumder et al. 2003).
This interaction also allows inhibition of translation by inhibitor proteins bound to
the 3'UTR, which is important because the relative lack of constraint in RNA
secondary structure in the 3'UTR compared to the 5’UTR indicates that response to
changing conditions can occur with fewer consequences while feeding back
information to the initiation site (Mazumder et al. 2003). In addition to binding
through protein interactions at the 5'cap structure, sequence specific interactions
between the 5’ and 3’ ends of an mRNA have also been observed. The human p53
gene contains a region of complementarity between the 5’ and 3'UTRs that have
been shown to interact and bind translation factor RPL26 that mediates transla-
tional up-regulation as a response to DNA damage (Chen and Kastan 2010).
Because of the importance of the 5’3 interaction pathway, mutations affecting the
termination codon, poly-adenylation signal and secondary structure of a 3'UTR
can cause translation de-regulation and disease (Chatterjee and Pal 2009).

A genome-wide analysis of UTRs identified numerous motifs within human
5'UTRs that were specific to the 3’ ends of miRNAs, with many of these found to
simultaneously contain 5’ end interaction sites in the 3'UTRs (Lee et al. 2009).
Further investigation demonstrated that interactions between the 5’ and 3’ ends of
many genes are facilitated by an interaction with a single miRNA, and that genes
highly influenced by miRNA overexpression or deletion contained predicted
binding sites in both UTRs. The authors termed this class of miRNA targets
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miBridge, and reporter gene assays revealed that deletion of either binding site
reduced repression from the miRNAs, indicating that the interaction is essential for
potent down-regulation of the transcript (Lee et al. 2009). It is clear that inter-
actions between the 5" and 3'UTR contribute to the precise control of expression
pathways and responses, and mRNA circularisation provides an explanation as to
how translation can be so efficiently repressed via protein or miRNA binding in the
3'UTR.

5.3.3 Length

The requirement of 5'-3’ interactions for efficient translation has implications for
both the length and secondary structure of the 3'UTR, with studies demonstrating
the significant impact of some longer 3’'UTRs on expression. Using a luciferase
reporter gene, Tanguay and Gallie (1996) observed that increasing the length of
the 3'UTR from 19nt to 156 nt decreased expression ~ 45-fold, independently of
the orientation, gene or sequence (Tanguay and Gallie 1996). This early example
indicates 3'UTR length is a major determinant in mRNA expression. Aside from
the importance of interaction with the 5'UTR, the prevalence of miRNA binding
sites also has an impact on the length, as longer 3'UTRs are more likely to possess
miRNA binding sites that have the potential to inhibit translation. A study com-
paring the length and miRNA-binding site content of ribosomal and neurogenesis
genes found that ribosomal genes had shorter 3’'UTRs and specifically devoid of
miRNA-binding sites, when compared to random controls (Stark et al. 2005). In
contrast, 3’UTRs of genes involved in neurogenesis were longer and specifically
enriched for potential binding sites. The Hip2 gene uses alternative 3’'UTRs to
control expression as required. The longer 3'UTR of this gene contains conserved
seed matches to two miRNAs that are expressed in activated T-cells (Sandberg
et al. 2008). Upon activation, relative expression of the transcript with the longer
3’UTR decreased and protein expression significantly increased. This is consistent
with a model in which use of alternative 3’'UTRs prevents down-regulation by
miRNAs, allowing up-regulation of protein production.

In general, longer 3'UTRs correlate with a relatively lower expression level, as
indicated by experiments comparing the expression of isoforms differing only in
their 3’UTR (Sandberg et al. 2008). The SLC7A1 gene is expressed with two
variant 3'UTRs, the longer of which contains an additional potential miRNA
binding site. A functional polymorphism in this gene has been associated with
endothelial dysfunction and genetic predisposition to essential hypertension.
However, this allele was found to be preferentially associated with the longer
3'UTR, resulting in decreased expression compared to the wild-type allele (Yang
and Kaye 2009). Notably, the average length of the 3'UTR in humans is more than
twice that of other mammals (Pesole et al. 2001), which is indicative of an increase
in regulatory elements in human genes. Although it is clear that miRNAs impact
on 3'UTR length, other factors are also likely to contribute, potentially in a
developmentally or tissue-specific manner. The relative position of motifs such as
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AREs within the 3'UTR can affect protein binding and regulation. The
fr-adrenergic receptor (f,-AR) 3'UTR contains a number of AREs, although
translational suppression seems to be primarily mediated by a 20nt ARE and a
poly(U) region situated at the distal end of the 3’'UTR. These motifs have been
shown to bind T-cell-restricted intercellular antigen-related protein (TIAR) that
acts to repress translation, and HuR, an ARE-BP that can stabilise transcripts
(Kandasamy et al. 2005). Recent experiments using reporter constructs demon-
strated that the length of the 3'UTR is critical for these interactions, as TIAR
binding was reduced in constructs with a shorter 3’'UTR (~ 100nt) in comparison
to constructs with longer 3'UTRs (300 and 500nt) (Subramaniam et al. 2011). HuR
binding was not affected, indicating the two factors bind at non-overlapping sites
and exert different controls on expression, increasing the complexity of regulation
of this gene.

5.3.4 Secondary Structure

Secondary structures within the 3’'UTR are emerging as more important than
previously envisioned. While the length of the 3'UTR is important, the secondary
structure folding is also a vital determinant of translation efficiency and mutations
that change the secondary structure may result in disruption of expression. A study
by Chen et al. (2006) on 83 disease-associated variants in the 3’UTR of various
human mRNAs found a correlation between the functionality of the variants and
changes in the predicted secondary structure (Chen et al. 2006). NMD is a quality
control mechanism to remove mutated non-functional transcripts. Most com-
monly, the location of the nonsense mutation relative to the exon—exon junction
complex determines the efficiency of NMD (Chang et al. 2007), but the 3'UTR
may also play a role. The mechanisms of translation termination at premature
termination codons (PTCs) has been shown to rely on the physical distance
between the termination codon and the poly-A binding protein, PABPC1 (Eberle
et al. 2008). This study found that extending the region between the normal
termination codon and the poly-A tail resulted in NMD and that spatial rear-
rangements of the 3'UTR can modulate the NMD pathway (Eberle et al. 2008).
Secondary structure of the 3'UTR is difficult to predict because of the multitude
of factors binding the region, many of which are likely to induce structural
changes. Factors can changes the spatial configuration of the region by disrupting
mRNA folding, or by interacting with other factors resulting in the looping out of
the mRNA in between (Eberle et al. 2008). The stem-loop RNA structure is the
most common example of a secondary structure that can modify gene expression,
and in the 3'UTR this generally occurs through RNA-binding proteins. Brain-
derived neurotrophic factor transcript (BDNF) contains an extended stem-loop
structure that is responsible for the stability of the mRNA in neurons in response to
Ca™ signals (Fukuchi and Tsuda 2010). The authors suggest that the stem-loop
structure provides a scaffold for the interaction of a number of RNA binding
proteins, non-coding RNAs and poly-adenylation factors in response to Ca*>.
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In TNFo, an ARE in the 3'UTR adopts a stem-loop structure that has been shown
to modulate its affinity for various ARE-BPs (Fialcowitz et al. 2005). These
examples demonstrate that modulation of 3'UTR secondary structure by protein
binding or other means can modulate trans-factor binding specificity and thus
contributes to gene regulation at the post-transcriptional level.

5.3.5 Alternative 3'UTRs

Alternative poly-adenylation (APA) and alternative splicing are two mechanisms
that can result in the production of mRNA isoforms differing in their 3'UTR. APA
can occur because of the presence of multiple poly-adenylation sites, or by mutually
exclusive terminal exons, and it is estimated that APA is utilised by ~50 % of
human genes (Dickson and Wilusz 2010). These mechanisms are very useful for
complex organisms, as they provide a way in which transcripts can express the
same protein but with varying expression levels and/or spatial localisation arising
from variation in regulation from the 3'UTR (Sandberg et al. 2008). Alternative
3'UTR use is an important aspect of developmental- and tissue-specific gene
expression (Ji et al. 2009; Wang et al. 2008; Hughes 2006; Ji and Tian 2009) (for an
example see (Winter et al. 2007) and large-scale changes in APA patterns have been
associated with a number of different cancers (Mayr and Bartel 2009; Fu et al.
2011). APA also plays an important role in isoform localisation (Andreassi and
Riccio 2009). The HuR gene is an ARE-BP that is involved in the stabilisation of
many ARE-containing mRNAs. APA produces a number of HuR variants that differ
in expression levels, and while the predominant transcript lacks AREs, a rare
variant has been identified that contains functional AREs in the 3’'UTR (Al-Ahmadi
et al. 2009). These AREs were found to bind HuR, thus inducing a self-upregulation
loop. Use of alternative 3'UTRs allows versatility of expression from a single gene.

5.4 Conclusions

The 3'UTR is a versatile region that is enriched for regulatory elements and is vital
for correct spatial and temporal gene expression. The 3'UTR is also emerging as a
major hotspot for interactions with non-coding RNAs, with recent studies showing
that a large number of 3’'UTRs are also expressed independently from the primary
gene transcript and are likely to function in trans as non-coding RNAs of various
lengths (Mercer et al. 2010). Further investigation into the regulatory functions of
3'UTRs has the potential to reveal even more complex pathways and interactions.
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6 Non-Coding RNAs

Over the past decade, a wealth of evidence has revealed the pervasiveness and
complexity of transcription throughout the human genome, with the majority of
bases associated with at least one primary transcript (Birney et al. 2007). As less
than 1.5 % of the human genome codes for protein, this process results in wide-
spread production of non-coding RNAs, of which there are many different types
(interested readers are referred to reviews for each category), including miRNAs
(Saito and Saetrom 2010; Jeffries et al. 2009; Zhang and Su 2009; Williams et al.
2009), promoter-associated RNAs (Preker et al. 2008; Fejes-Toth et al. 2009),
short interfering RNAs (Okamura and Lai 2008; Watanabe et al. 2008), piwi-
interacting RNAs (Klattenhoff and Theurkauf 2008; Lin 2007), small nuclear
RNAs (Dieci et al. 2009), natural antisense transcripts (Su et al. 2010; Faghihi and
Wabhlestedt 2009) and long non-coding RNAs (Ponting et al. 2009; Clark and
Mattick 2011; Mercer et al. 2009; Wilusz et al. 2009), long intronic non-coding
RNAs (Louro et al. 2009), and RNAs as extracellular signalling molecules (Dinger
et al. 2008). Non-coding RNAs can be sense or antisense in orientation, transcribed
in either direction and can originate from intergenic and intronic regions. Although
there are some examples of non-coding RNAs conserved between distant species
(Wahlestedt 2006), the majority of non-coding RNAs seem to be species-specific,
at least at the sequence level (Hawkins and Morris 2008). However, recent studies
have shown that thousands of sequences within the mammalian genome possess
conserved RNA secondary structures, while lacking any significant sequence
conservation (Torarinsson et al. 2006, 2008). Some non-coding RNAs are likely to
function primarily through their secondary structures, which would result in
relaxed sequence constraints and an underestimation of conservation between
species. In any case, it is apparent that contrary to previous assumptions, a lack of
conservation is not necessarily indicative of a non-functional sequence and gen-
ome-wide evidence indicates that a significant proportion of non-coding RNAs
perform functional roles (Mercer et al. 2009).

Non-coding RNAs are key regulators of gene expression, acting at the indi-
vidual gene level, regulating cis and trans interactions and contributing to control
of transcription and translation, and on a genome wide-scale, regulating accessi-
bility of chromatin and controlling gene pathways. Non-coding RNAs associate
with each of the untranslated gene regions discussed in this review, contributing to
the fine control of gene expression and increasing the complexity of the regulatory
system. Transcribed regions including the 5’ and 3'UTRs and intronic regions are
also likely origins of non-coding RNA, following splicing and translation of the
associated gene (Mercer et al. 2010). The use of RNA as a regulatory element has
advantages because it can rapidly be synthesised and degraded (Djupedal and
Ekwall 2009), has structural plasticity and can modulate gene expression in
response to external factors (Ansari 2009) and can act combinatorially to control
complex interactions and regulatory pathways (Mattick 2004). The discovery of
non-coding RNAs, which were largely unnoticed previously, has come about due
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Fig. 2 Pervasive expression of non-coding RNAs in the eukaryotic genome. a Non-coding RNA
expression relative to a typical gene. Exons are represented by the grey boxes, the light-grey
boxes represent the untranslated regions. Non-coding RNAs are expressed from all regions of the
genome, in varying sizes and transcribed in either direction (see Table). Long non-coding RNAs
and natural antisense transcripts can target DNA, pre-mRNA or b mRNA. Non-coding RNAs
may themselves be spliced; this is the case for many natural antisense transcripts that are
complementary to their target gene. Smaller regulatory RNAs such as miRNAs and siRNAs
target mRNA to regulate gene expression post-transcriptionally. Long ncRNAs are the most
widespread category, as the other types are defined by a specific origin, localisation, or direction

to advances in detection methods and technologies. Non-coding RNAs have now
been identified to originate from all regions of the genome, although they are more
frequently derived from regions surrounding gene promoters, enhancers and
3'UTRs (He et al. 2008). This is indicative of a key role in the control of trans-
lation and stability. An in vitro study examining five different human cell types
showed that the distribution of non-coding RNAs was non-random across the
genome, differed among cell types, and that the distribution of sense and antisense
transcripts were distinct (He et al. 2008). In particular, antisense transcripts were
concentrated around gene promoters and 3'UTRs, while sense transcripts were
more prevalent around exons. Non-coding RNAs have now been found to control
all aspects of gene expression. The following discussion will explore each type of
non-coding RNA and illustrate the versatile nature of non-coding RNA control of
gene expression, with the exception of miRNAs that have already been covered.
See Fig. 2 for a visual summary of the different types of non-coding RNA.

6.1 Promoter Associated RNAs (PROMPTs)

PROMPTs (Promoter upstream transcripts) are non-coding RNAs originating from
500 to 2,500nt upstream of active gene promoters. It is thought that most actively
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transcribed RNAPII genes have associated PROMPTs and that they are especially
prevalent at dispersed CpG promoters (Preker et al. 2008). PROMTSs possess a
5'cap as well as a poly-A tail, but are rapidly degraded in the nucleus following
transcription (Preker et al. 2011), a characteristic that is indicative of a regulatory
role. 5 RACE analysis and evidence that PROMPTSs are transcribed in both
directions suggests that they rely on the promoter of the associated gene for
transcription rather than a promoter of their own. The function of PROMPTSs
currently remains unknown, although it has been suggested that they may act as
transcription enhancers, because the occupation of RNAPII upstream of the pro-
moter may alter the chromatin landscape to ensure transcription of the downstream
gene (Preker et al. 2011). These transcripts are also likely to play a regulatory role,
especially considering they are generally hundreds of bases in length and are
capped and polyadenylated. It will be interesting to see what transpires in this
field, as the role(s) of these articular non-coding are further elucidated.

6.2 Short Interfering RNA (siRNA)

siRNAs are short, double stranded non-coding RNAs of 20—25 bp that were first
discovered in plants (Hamilton and Baulcombe 1999). siRNAs bind complemen-
tary sequences in mRNAs and induce degradation by the RNA interference
pathway, in which the targeting strand is incorporated into RISC and results in
cleavage by Argonaute and post-transcriptional gene silencing. Gene regulation by
siRNA seemed to only occur in organisms with RNA-dependent RNA polymerase
(RdRP), a polymerase not found in mammals, but more recent studies have shown
siRNAs are present in mammals, albeit in low abundance (Watanabe et al. 2008).
This study showed that siRNAs are present in mouse oocytes and that they regulate
complementary genes via the RNAi pathway. When present, it seems that siRNAs
play a small role in the non-coding regulatory system of higher eukaryotes
(although with the advent of deep sequencing this could change). However, soon
after their discovery it was demonstrated that synthetic siRNAs could be used to
selectively knockdown gene expression in mammalian cells (Elbashir et al. 2001),
and they have since been widely used to investigate gene function and are being
exploited to develop disease therapeutics.

6.3 Piwi-Interacting RNAs (piRNAs)

piRNAs are a class of non-coding RNAs, 29-30nt in length, that specifically
interact with Piwi proteins (Girard et al. 2006). Piwi proteins are a class of Arg-
onaute proteins expressed in germline cells and are involved in cell division and
stem cell maintenance, but their exact biological mechanism remains to be elu-
cidated (Carmell et al. 2002). Because of this, the function of piRNAs also remains



6 Non-Coding RNAs 37

to be determined, but the abundance of piRNAs in germline cells and the dem-
onstration of male sterility in mice with targeted mutations to the Piwi proteins
suggests they play a role in gametogenesis (Girard et al. 2006).

6.4 Small Nuclear RNA (snRNA)

This class of noncoding RNAs are found in the nucleus of eukaryotic cells and are
around 150nt in length. These were one of the first types of non-coding RNA to be
identified, and the reason for this is because they are involved in splicing. snRNAs
are a component of the small nuclear ribonuclear protein complexes (snRNPs) that
make up the spliceosome, binding to complementary regions in precursor RNA
and facilitating assembly of the spliceosome (Wassarman and Steitz 1992). Five
different snRNPs are invovled in splicing, U1, U2, U4, U5 and U6. During splicing
they interact with different parts of the pre-mRNA; Ul binds the conserved
5’ splice site, U2 binds the conserved branch point consensus sequence, and U4-6
bind together to form a complex before completing the spliceosome through
interaction with the other snRNAs (Wassarman and Steitz 1992). snRNAs evi-
dently play a vital role in the eukaryotic genome, acting in a very specific manner
to control the global processing of RNA. Some other examples of “housekeeping”
non-coding RNAs are ribosomal RNA, which is the RNA component of the
ribosome, and transfer RNAs, which mediate peptide synthesis. Housekeeping
non-coding RNAs play an essential role in gene processing by actively interacting
with proteins and enabling correct localisation and function.

6.5 Cis-Natural Antisense Transcripts

These are transcripts that are complementary to expressed genes and function to
regulate their expression (Faghihi and Wahlestedt 2009). In general, NATs appear
to have a repressive effect on the expression of the corresponding gene, acting to
ensure expression is maintained at the required level. For example, BDNF
expression is repressed by a conserved NAT that overlaps with 225nt of BDNF at
the 3’end (Modarresi et al. 2012). This NAT initiates ~200 kb downstream of the
BDNF promoter and undergoes splicing. Knockout of this transcript resulted in a
two to sevenfold up-regulation of BDNF protein over RNA (Modarresi et al.
2012). There are a number of proposed mechanisms for NAT-directed regulation
of sense mRNA (Faghihi and Wahlestedt 2009). One suggestion involves “tran-
scriptional collision”, in which the transcriptional machinery collides during
transcription of each strand, due to the opposing orientation of the mRNA and
NAT transcription. However, transcription can occur at different times and this
unlikely to be the major mechanism of regulation. The observation that NATSs are
often associated with imprinted genes also suggests some NATs may interact with
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DNA and induce epigenetic changes to completely repress transcription. In
addition, the formation of an RNA-RNA duplex, either in the nucleus or cyto-
plasm, can affect the sense transcript by altering localisation, stability, or trans-
lational efficiency. NATs are apparently common non-coding RNAs associated
with genes, and future research is likely to reveal additional details on the function
of such transcripts.

6.6 Long Non-coding RNAs

A large and varied class of transcripts, termed long non-coding RNAs, are defined
as transcripts greater than 200nt in length. As such, they have many different
functions and characteristics, many of which were discussed earlier in this review.
Long non-coding RNAs can originate in the coding and intergenic regions, and are
widely transcribed throughout the genome. An example of a long non-coding RNA
is HOTAIR, the expression of which increased in breast cancer (Gupta et al. 2010).
HOTAIR is localised at the HOX locus, which contains HOX genes that code for
transcription factors involved in segmental differentiation during embryo devel-
opment. Elevated expression of HOTAIR induced chromatin remodelling and other
changes in the epigenome with consequent increased metastasis and invasiveness
of the cancer (Gupta et al. 2010). The impact of HOTAIR on cancer development
illustrates the importance of the non-coding network and the implications of
dysregulation in disease, especially in cancer.

6.7 RNAs as Extracellular Signalling Molecules

Recent studies provide evidence for a role for RNAs in communication between
cells (reviewed in Dinger et al. 2008). RNA has been shown to increase the
permeability of endothelial cells in the blood—brain barrier through an interaction
with vascular endothelial growth factor (Fischer et al. 2007). The roles of RNA as
extracellular signaling molecules are less well understood than some of the other
functions of non-coding RNAs but additional research is expected to uncover new
pathways and mechanisms.

6.8 Pseudogenes and Non-coding RNA

A pseudogene is an imperfect copy of a functional gene, thought to arise during
evolution as a result of retrotransposition or duplication. Previously dismissed as
non-functional DNA, evidence shows that some pseudogenes are fully transcribed,
resulting in the production of natural antisense transcripts (NAT). NATs are
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involved in numerous vital cellular processes, including regulation of translation
and stability, RNA export, alternative splicing, genomic imprinting, X inactiva-
tion, DNA methylation and modification of histones, and have also been shown to
play roles in stress response and developmental processes (Su et al. 2010). NATs
transcribed from pseudogenes have the potential to regulate sense transcripts
arising from the functional parental gene through complementary binding, which
has been shown in some cases to induce cleavage of the sense transcript (Wilusz
et al. 2009). Studies have shown that pseudogenes can also regulate their parental
gene by interacting with enhancers, and that pseudogene transcripts can act as
decoys for miRNAs targeting the parental gene (Poliseno et al. 2010) (reviewed in
Muro et al. 2011). It is estimated that up to 20 % of human pseudogenes are fully
transcribed (Zheng et al. 2007). However, it is likely that pseudogenes also pro-
duce smaller non-coding RNAs that may regulate gene expression in cis or
in trans. Transcription of pseudogenes often occurs in a tissue-specific manner,
and the discovery that pseudogenes are capable of regulating tumour suppressors
and oncogenes and are often deregulated during cancer progression, indicates they
are important components of the non-coding RNA regulatory system (reviewed in
Pink et al. 2011). The discovery that pseudogenes may function in the form of non-
coding RNAs shows that previous assumptions about “non-functional” regions of
the human genome should be challenged.

6.9 Non-coding Capacity in Primates

Non-coding capacity is increased in primates in comparison to other animals. A
comparison of pseudogenes across 28 vertebrate genomes showed that ~80 % of
processed pseudogenes are primate-specific, indicating that the rate of retro-
transposition is increased in primates (Zheng et al. 2007). Non-coding capacity is
especially increased in the brain, with non-coding RNA a major contributor to
evolution of gene expression pathways (Babbitt et al. 2010; Qureshi and Mehler
2012). RNA editing, a process by which bases are modified post-transcriptionally,
is also predominantly active in the brain and is enriched in humans (Mattick and
Mehler 2008), increasing diversity of the transcriptome (Paz-Yaacov et al. 2010).
RNA editing is important as it allows adaptation to environmental stressors and
may provide the basis for long-term memory and evolution of cognition
throughout an individual’s lifetime (Mattick and Mehler 2008). RNA editing also
occurs extensively in non-coding RNAs, again highlighting the importance of
these transcripts in the brain. A comparative genomics study on differences in
humans that are highly conserved among other vertebrates, identified 202 elements
of significance, mostly in non-coding regions (Pollard et al. 20006). It is clear that
non-coding RNAs are key players in regulation and genome control and increasing
organism complexity.

In the past decade research on non-coding RNAs has rapidly progressed, with
hundreds of publications covering all known aspects of non-coding RNA function
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and regulation. For further information readers are referred to reviews on various
subtopics: intron evolution and function (Mattick 1994); the significance of non-
coding RNAs in organism complexity and evolution (Mattick 2001, 2003, 2011b;
Prasanth and Spector 2007); functions of non-coding RNAs (Amaral et al. 2008;
Mattick et al. 2009b), including regulation of transcription (Morris 2009; Hawkins
and Morris 2008), epigenetic processes (Mattick et al. 2009a; Morris 2009),
structural roles (Wilusz et al. 2009); and response to environmental stimuli (Varki
et al. 2008); small regulatory RNAs in mammals (Mattick and Makunin 2005);
non-coding RNAs in the human brain and development (Mattick 2011a; Mehler
and Mattick 2006) and in the nervous system (Mehler and Mattick 2006); and the
involvement of non-coding RNAs in disease (Taft et al. 2009).

6.10 Competing Endogenous RNAs

Competing endogenous RNA (ceRNA) is a newly discovered mechanism by
which RNA molecules can regulate expression of one another by competing for
miRNAs. As mentioned previously, transcripts originating from pseudogenes have
been found to regulate the expression of the corresponding gene (Poliseno et al.
2010). Salmena et al. (2011) proposed that this idea is not limited to pseudogene
transcripts, but that all types of RNA transcripts can communicate with one
another via matching miRNA response elements (MREs) (Salmena et al. 2011).
This mechanism of communication between mRNAs adds a new level of com-
plexity in which the expression of miRNAs is affected by the targets as well as
vice versa, creating elaborate regulatory networks. The more shared MREs
between mRNAs, the greater chance of communication and co-regulation
(Salmena et al. 2011). ceRNA activity is influenced by the relative concentrations
of the ceRNAs and their miRNAs in a given cell at a particular time, and also the
binding capacity of the MREs.

The most well studied example of ceRNA regulation involves the PTEN tumour
suppressor gene. The PTEN-associated pseudogene has been shown to act as a
ceRNA to regulate PTEN, with multiple conserved MREs allowing effective cross-
talk between the two transcripts (Poliseno et al. 2010). This was experimentally
demonstrated by overexpression of the pseudogene 3'UTR that resulted in a sig-
nificant increase in the levels of PTEN. Pseudogene transcripts are particularly
suited as competing RNAs with the associated gene, because the high-sequence
conservation implies that they contain the same MREs. In addition, a number of
other protein-coding transcripts that regulate PTEN in a miRNA-dependent
manner have been identified, such as SERINC1, VAPA, and CNOT6L (Tay et al.
2011). Studying ceRNA pathways is likely to be a useful tool for gaining insight
into the changes that come about during tumour growth. Research using an in vivo
mouse model of melanoma confirmed the ceRNA relationships discovered by Tay
et al. (2011) and validated the contribution of the ceRNAs in tumour growth and
development (Karreth et al. 2011).
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Although mRNAs from protein-coding genes can act as ceRNAs, it has been
suggested that non-coding RNAs are likely to be overrepresented as highly
effective regulators as they may be specifically synthesized for the purpose of
regulation and there is no interference from active translation (Salmena et al.
2011). A recent study identified a muscle-specific long non-coding RNA, linc-
MD], that plays an important role in muscle differentiation by acting as a ceRNA
in mouse and human myoblasts (Cesana et al. 2011). It was found that linc-MD1
functions as a decoy for a number of miRNAs prevalent in muscle that are known
to regulate the expression of multiple mRNAs. Targets of particular interest were
MAMLI and MEF2C that are muscle-specific transcription factors involved in
myogenesis. Data demonstrated that linc-MDI communicates with these tran-
scription factors as a ceRNA to regulate their expression (Cesana et al. 2011).
Interestingly, the levels of linc-MD1 were significantly reduced in Duchenne
muscular dystrophy cells, and the accumulation of muscle-specific markers
MYOG and MHC were delayed, and it is possible that the disruption of this
ceRNA pathway contributes to Duchenne muscular dystrophy pathology. The
study also found that the activation of the linc-MD1 promoter correlates with the
formation of a DNA loop at the beginning of myogenesis (Cesana et al. 2011).
This shows how a ceRNA pathway can be activated when required and provide
specific and sensitive control of mRNA levels in the cell.

ceRNA reveals a potential non-coding function of mRNAs that is separate to
the protein function, adding yet another layer of complexity to the genome. This
also has implications for research in which a specific transcript is targeted for
knockout or upregulation, as such an approach would disrupt any ceRNA path-
ways involving that mRNA.

6.11 Chimeric RNAs

It is clear that the discovery of the non-coding regulatory network blurs the def-
inition of a gene and suggests a more fluid concept in which a gene locus can
produce multiple transcripts that interact to produce different protein isoforms at
the required expression level. The discovery of chimeric RNAs, which are mRNAs
consisting of exons from 2 or more different annotated genes, further distorts the
concept of a gene and has the potential to exponentially increase the complexity of
the genome. Although some of these transcripts arise because of DNA rear-
rangements such as retrotransposition, there are numerous transcripts composed of
sequences originating from non-contiguous and non-linear parts of the genome,
meaning they must have arisen via RNA-mediated events (Gingeras 2009).
Characterisation of gene boundaries for 492 protein-coding genes on human
chromosomes 21 and 22 using 5" and 3' RACE found that 42 % of genes produced
detectable transcripts containing exons mapping to other annotated genes (Djebali
et al. 2012). This study also found that connections are non-random and that
connected genes had similar expression and close proximity in the nucleus.
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Chimeric RNAs are generally expressed in a tissue specific manner, and protein
expression from some chimeras has been detected, although it is unlikely that this
is the main function of these transcripts (Frenkel-Morgenstern et al. 2012). Chi-
meric RNAs have also been shown to be overexpressed in various tumours (Zhou
et al. 2012). These features indicate that chimeric RNAs are likely to be biolog-
ically significant, although their roles remain to be determined. The discovery and
potentially common occurrence of chimeric RNAs has implications for the com-
plexity of the genome, and further research into the function of these transcripts
and the types of genes that form them is essential.

7 Conclusion

The non-coding regions of the genome, including the 5" and 3'UTRs, introns and
intergenic regions, are vital for the precise regulation of gene expression and have
evidently expanded during the evolution of complex organisms. In addition, the
recently discovered ceRNA pathway also implicates a non-coding function for
protein coding mRNAs, and evidence of pervasive transcription throughout the
genome suggests that RNA is the most prevalent and versatile component of the
gene regulatory network. This aim of this review was to discuss all the different
mechanisms by which non-coding DNA and RNA contribute to the local and
global expression profiles, with the numerous mechanisms of control outlined here
demonstrating that this regulatory system is highly complex and sensitive. Adding
to this complexity, regulation often occurs in a tissue- and developmental-specific
manner, exponentially increasing the variation of expression from the genome. A
typical gene is mostly non-coding sequence, and accumulated evidence shows that
these regions facilitate specific expression of gene isoforms, in specific quantities,
and enable rapid response to changing conditions.

The clear correlation between the relative amount of non-coding sequence and
the complexity of an organism demonstrates that it is the control networks that are
the most important for evolution. This is logical when one considers the enormous
variation that can result from a single gene, mediated by layers of regulatory
components acting combinatorially to modulate gene expression. Complexity is
increased by alternative mechanisms of gene processing, rather than the addition
of more genes, as this allows an exponential rather than a linear increase in gene
products. Humans have over 400 different cell types, including 145 types of
neurons (Vickaryous and Hall 2006), all of which share the same DNA, with the
exception of mature red blood cells and gametes. The differentiation of cell types
has thus occurred through variation in the regulation of genes at all levels: from
turning genes on or off, to subtle regulation arising from variation in non-coding
RNA interactions. That the most significant changes in primates and humans in
comparison to other organisms are found in the non-coding regions (King and
Wilson 1975; Pollard et al. 2006) and the brain (Babbitt et al. 2010) is not sur-
prising. A study exploring the nature of deletions of sequences in humans, that are
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otherwise highly conserved between chimpanzee and other mammals, found that
the human-specific deletions fell almost exclusively in the non-coding regions, and
were enriched near genes involved in neural function and steroid hormone sig-
nalling (McLean et al. 2011).

Non-coding RNAs are emerging as the most important, under-researched area
of gene regulation and organism evolution. The ability of RNA to compactly store
information and efficiently transmit that information within and between cells
makes it an ideal medium of communication and regulation. Previously thought of
as just an intermediate step for getting to the more “important” layer of protein
expression, the RNA component of the genome is the largest and most versatile,
involved in every level of gene expression. In order to appreciate and understand
the complexity of regulation in the genome it will be essential to utilise new
technologies to detect and characterise non-coding RNAs, investigate how these
interact with other elements, and elucidate their function. An understanding of the
factors and elements involved in the regulation of a particular gene is of paramount
importance when designing molecular therapies or when attempting to modulate
the expression of a gene.
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