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Over the past decade, various studies have indicated that most of the eukaryotic genome is transcribed at some
level. The pervasiveness of transcription might seem surprising when one considers that only a quarter of the
human genome comprises genes (including exons and introns) and less than 2% codes for protein. This conundrum
is partially explained by the unique evolutionary pressures that are imposed on species with small population
sizes, such as eukaryotes. These conditions promote the expansion of introns and non-functional intergenic DNA,
and the accumulation of cryptic transcriptional start sites. As a result, the eukaryotic gene expression machinery

i;e]}{,;:lv Aorgibort must effectively evaluate whether or not a transcript has all the hallmarks of a protein-coding mRNA. If a transcript
mRNA identity contains these features, then positive feedback loops are activated to further stimulate its transcription, processing,
Coupling nuclear export and ultimately, translation. However if a transcript lacks features associated with “mRNA identity”,
TREX then the RNA is degraded and/or used to inhibit further transcription and translation of the gene. Here we discuss
f\i?{ix how mRNA identity is assessed by the nuclear export machinery in order to extract meaningful information from

the eukaryotic genome. In the process, we provide an explanation of why certain sequences that are enriched in
protein-coding genes, such as the signal sequence coding region, promote mRNA nuclear export in vertebrates.

This article is part of a Special Issue entitled: Nuclear Transport and RNA Processing.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

1.1. The nucleus and the expansion of non-coding sequences: two
features that distinguish eukaryotes from prokaryotes

The nucleus is the defining feature of the eukaryotic cell. It compart-
mentalizes the cellular space into two distinct regions: the nucleoplasm,
where RNA is synthesized, processed and packaged, and the cytoplasm,
where mature mRNA is translated into proteins. This is in striking con-
trast to prokaryotes, in which transcription and translation occur con-
currently in the same compartment. Another important difference
between these two groups is the percentage of their genomes that en-
code protein. In multicellular eukaryotes, protein-coding sequences ac-
count for a small fraction of the genome, varying from 1.5 to 36% [1-3],
while in prokaryotes, the majority of the genome encodes protein [4].
Although these two properties seem to be only marginally related, we
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will explore how the compartmentalization of the cell becomes vital
when only a small proportion of the genome encodes proteins.

1.2. Transcriptional expansion: an adaptive feature of eukaryotes or a
byproduct of small population size?

Why are eukaryotic genomes so much larger than those of pro-
karyotes? One reason for the difference is that a substantial propor-
tion of the eukaryotic genome is made up of transposons and other
self-replicating entities which are not likely to have a functional role
[1]. A second factor is the presence of introns, which in humans ac-
counts for almost a quarter of the genome [1]. However, it is clear
that even if these entities are omitted, eukaryotes have experienced
a vast expansion in genomic sequence that does not code for protein.
It has been assumed by many that this increase was a consequence of
natural selection acting to expand the amount of functional informa-
tion and organismal complexity [5,6], which could have taken the
form of an amplification in 1) functional non-coding transcriptional
products, 2) DNA regulatory sequences that direct RNA transcription
and chromosome architecture and/or 3) RNA regulatory sequences
that impact alternative splicing and other RNA processing events.

In support of the expansion of functional non-coding transcripts,
several large-scale analyses have indicated that most of the eukaryotic
genome is transcribed, albeit at some low level [7,8]. However, evidence
has been mounting that many of these non-coding transcripts do not
have any specific purpose, but are simply the result of widespread
non-specific RNA polymerase activity. First, most of the non-coding
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transcribed regions are poorly conserved [8-10]. Second, it is likely that
the transcriptional products from these regions are rapidly degraded
[11-18]. Third, although initial reports indicated that these RNAs are
quite abundant [8], it now appears that the steady state level of these
transcripts is very low [19,20]. Of course, many examples have been
found that contradict these general features. Non-coding RNAs have
been found to regulate transcription [21], mRNA translation and stabil-
ity [22], histone modification [23], DNA methylation [24], DNA recombi-
nation [25], and even cross-regulate other non-coding RNAs [26].
However, even if the number of functional non-coding RNAs has dra-
matically increased, as exemplified by recent studies (for example
[27,28]), it appears that all of these novel functional transcripts are de-
rived from only a small percentage of the total genome [10,29].

In parallel to these studies, the development of population genet-
ics has uncovered many of the evolutionary forces that shape geno-
mic content. One important principle derived from these analyses is
that the ability for natural selection to weed out mildly deleterious
mutations, such as the insertion of non-functional DNA sequences
(i.e., introns and intergenic sequences), increases with the number
of breeding individuals [2-4]. As a consequence, species that have a
low population size, as is the case with most eukaryotes, cannot effec-
tively select out these genetic alterations. Interestingly, the wide-
spread conservation of intronic positions within orthologous genes
across diverse branches of the eukaryotic tree strongly suggests that
all eukaryotes descended from a common ancestor that was intron-
rich [30-34]. Since the elimination of introns is promoted by a large
effective population size, it is also likely that this last common eu-
karyotic ancestor (and all intermediates between this organism and
metazoans) had a small number of breeding individuals [34] and a
fairly substantial amount of non-functional intergenic sequence in
its genome. Indeed, several studies have indicated that both introns
and intergenic regions are being eliminated from certain eukaryotic
lineages that have probably experienced a relatively recent increase
in their effective population number (one example being Saccharo-
myces cerevisiae, which has experienced a recent loss of introns
[30-33] and likely intergenic sequences [35,36]). However, it is likely
that these lineages are the exception rather than the rule, as the level
of intergenic sequence in most unicellular eukaryotic genomes is
about 50% [3].

Other mildly deleterious mutations that accumulate in organisms
with low population sizes are short DNA elements that promote some
cellular activity in non-functional genomic regions. These elements
include cryptic transcriptional start sites, whose sequence tends to be
highly degenerate [37-40]. This would explain why both the mouse
and human genomes contain about an order of magnitude more
promoter regions as compared to protein-coding genes [8,41]. It is also
worth noting that although RNA polymerase II (Pol II) does not
efficiently initiate transcription at non-promoter sites, the proliferation
of non-functional DNA may also increase the frequency of spurious tran-
scription initiation by increasing the amount of non-specific substrate.
Indeed, spurious initiation of Pol II-driven transcription has been ob-
served at nucleosome-free sites in vivo [42,43]. As a result of all these
forces, we can begin to understand why a large fraction of active Pol II
is associated with intergenic regions throughout the yeast and human
genomes [8,44]. In fact, it has been estimated that in S. cerevisiae, only
10% of DNA-associated Pol II is bound to protein-coding genes, while
the rest is associated with these intergenic regions [45].

1.3. Sorting transcripts that contain mRNA identity features from spuri-
ous transcription, a key role of the nucleus

From this vantage point the real question that we should be asking
is how functional information (i.e., conserved protein-coding tran-
scripts) is extracted from all the transcriptional noise found within
the eukaryotic genome. The answer appears to be that transcripts
bearing hallmarks of protein-coding genes are identified by an exten-
sive network of feedback and feed-forward loops between various
machineries present at different steps of the gene expression path-
way (for example, Fig. 1). Thus at each step, features associated
with mRNA identity are acted on by one set of factors, and these di-
rectly promote the activity of other machines responsible for subse-
quent and previous steps. This phenomenon, generally known as
“coupling” [46-49], was previously viewed as a method for either en-
hancing the efficiency of gene expression or distinguishing properly
processed from unprocessed mRNAs. However, through this exten-
sive coupling network, a system for identifying mRNAs from spurious
transcription also emerges. It should be noted that the concept of
“mRNA identity” was originally used to describe how protein-
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Fig. 1. Coupling between nuclear mRNA export and various steps of gene expression. Green arrows represent a positive feed-forward or feedback regulation while red lines rep-

resent a negative feedback relationship.
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