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The vast majority of the human genome has
been historically ignored from the point of
view of molecular mechanisms of disease,
diagnostics and potential therapeutic targets.
The predominant focus of disease research

has traditionally been placed on the protein-
coding regions of the human genome, which
account for only ~4-5% of its total sequence
complexity. This bias has an obvious underlying
reason: protein-coding regions encode a crucial
class of molecules in a cell, whose function and
importance are well established. Furthermore,
proteins are the predominant class of cellular
molecules against which effective therapeutics
can be designed. This bias pervades the design
of analytical tools made to measure DNA, DNA-protein interactions, as well as procedures
used to measure and annotate transcriptome expression. Microarrays for example, are
often biased to the regions of genome known to encode exons or promoters of protein-
coding mRNAs. Other aspects of our approach towards measuring expression of RNAs such
as the typical choice of polyA+ RNA selection, enriched in mRNAs, for next generation
sequencing also reinforces this bias. In summary, the 2-3% of the genome and RNAs made
from it has dominated the conceptual thinking of academic and medical communities as
well as industries that make devices that measure nucleic acids for research or diagnostic
purposes and the pharmaceutical industry.
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However, during the last decade a tide of data has gained sufficient momentum to suggest
that the cell actually uses the remaining 97-98% of the genome to produce stable RNAs —

the so-called “dark matter” RNA. The first reports to suggest this were based on tiling array
technology and sequencing of ESTs, which while powerful, had their limitations: tiling arrays
could not estimate the relative mass of the RNAs produced from the non-protein coding
regions in a cell and the EST sequencing methods were not deep enough. The advent of next-
generation sequencing, in particular, single-molecule sequencing has allowed us not only
confirm the previous observations but also for the first time to estimate not only from where,
but also how much non-exonic RNA is produced. Its fraction of the total transcriptome is
quite significant, up to 2/3 of all RNA made in a human cell (http://www.biomedcentral.
com/1741-7007/8/149 ). Moreover, the non-exonic RNAs are differentially expressed in
disease: for example, between the primary tumors and metastatic derivatives. We believe

that the logical next step from these observations is to ask three questions, perhaps some of
the most important questions of our time in biomedical science: (1) do “dark matter” RNAs
underlie mechanisms of human disease?; (2) Can they be used for diagnostics?; and (3) Can
they be used as targets for therapeutics?.

We thus would like to propose a Research Topic in the Frontiers in Genetics/Frontiers in Non-
Coding RNAs that is specifically dedicated to publishing manuscripts addressing these three
questions.
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WHAT IS GENOMIC “DARK MATTER?"

The realization that protein-coding genes use only a tiny frac-
tion of the three billion base pairs that make up the human
genome has given birth to perhaps the largest and most per-
sistent question in modern genetics: of what use, if any, is the
vast non-coding sequences that we all carry in each of our cells.
Is it really non-functional “junk” DNA as referred to by some,
or does it provide the basis for the blueprint for organismal
complexity and cellular information processing, as argued by
others? The massive expanse of the non-coding portion of the
genome, combined with the current technological and analytical
limitations inherent to its functional analysis, has resulted in a
mass of conflicting ideas and conclusions. Collectively this has
created an aura of mystery and doubt surrounding it, leading
to the label of genomic “dark matter.” In a manner analogous
to the “dark matter” of the universe, it is something that we can
neither easily detect nor understand, but that nonetheless exists
and is open to careful experimental queries.

DOES IT HAVE FUNCTION?

Classical approaches, such as sequence conservation and mutagen-
esis, have been unable to address the question of the functional-
ity in the non-coding realm. The simplest explanation for these
observations is that the non-coding portion of the genome lacks
function, but is instead a neutral passenger on the evolutionary
journey. However, this leaves us with the intellectually unsatisfying
conclusion that most of our genome exists for no reason. Function
resonates well with an important aspect of the mysteries surround-
ing genomic “dark matter” — most of it is used to produce RNA.
Moreover, this “dark matter” RNA is not just a minor fraction of
the cell’s RNA, but rather makes up a majority of it (not counting
the ribosomal or mitochondrial RNAs). RNA production is a sign
of a functional DNA sequence and even more so if such RNA is
abundant. While encouraging, our knowledge of the “dark mat-
ter” RNA is still rather limited in large measure due to the fact
that most RNA analysis endeavors so far have focused on polyA
+ RNA, while detection of “dark matter” transcripts requires total
RNA presumably because they either tend to be polyA — or some-
how lost during polyA-selection process. Thus, this realm is ripe
for discoveries, with brain and embryonic tissues likely (based on
analysis of protein-coding mRNAs) harboring some of the richest
reservoirs of novel “dark matter” transcripts. It is also worth noting
that exons of well-characterized protein-coding transcripts can be
found in unusual arrangements linking for example very distant
genes, potentially due to trans-splicing, adding to the repertoire
of un-annotated transcripts whose function we only now begin
to understand.

HOW COULD IT FUNCTION?

It is generally assumed that “dark matter” RNAs do not code for
proteins and function via regulation of expression of other loci.
Two very general themes of non-coding RNA-mediated regulation
became prominent in the recent decade: modulation of chromatin
state via association with chromatin modulator complexes and,
the production of small RNAs from longer non-coding RNAs to
regulate various layers of transcript expression. Discovery of RNA-
mediated non-Mendelian inheritance of an epigenetic change in
mammals uncovered a new tantalizing possibility for RNA func-
tion. It is worth noting that the basic assumption has been chal-
lenged recently by evidence suggesting existence of plethora of short
peptides produced by the “dark matter” RNAs, even though they
could conceivably be products of non-functional translation of
bona fide non-coding RNAs. However, if the last decade has taught
us anything, its that a given locus can produce a variety of different
RNAs, that can be thought of as a “transcriptional forest” as coined
by the FANTOM consortium researchers, and such RNAs could
well have different functions in a cell.

DOES IT BOOST HUMAN NERVOUS SYSTEM COMPLEXITY?
The genomes of humans and flies have approximately the same
information complexity — on the order of ~20K protein-coding
genes, just a couple fold higher than that of yeast. Some addi-
tional reservoir of complexity should exist. The human nervous
system contains widespread expression of “dark mater” RNAs,
distributed in highly articulated intracellular and cell specific
patterns. Over this decade, investigations have revealed a stream
of more and more striking functions in the nervous system,
including the recent demonstration that LINEI transposons
result in somatic diversity within the neurons of individual
humans.

COULD IT HAVE IMPLICATIONS FOR HUMAN HEALTH?

Even if one were to assume the worst-case scenario where most
of the “dark matter” RNA is not functional at all, we now know
that it is highly cell-type specific and this opens a wide area of
additional diagnostic biomarkers based on these RNAs. Indeed,
first reports showing that profiling “dark matter” RNAs offers
superior diagnostic and prognostic information compared to
protein-coding genes are now starting to appear, particularly in
the cancer field which is leading others in development of these
RNAs as biomarkers. However, if some or all, of the “dark matter”
RNA is indeed functional then we can only imagine the plethora
of secrets that are locked within that can shed light on basic
mechanisms of development, homeostasis, and disease that still
await exploration. For example, its very curious that a (very) long
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Implications of genomic “dark matter”

non-coding RNA could be highly restricted to a particular type of
cancer and begs a question of why that would be the case if it had
no functional role in the disease. [lluminating these mechanisms
may help approach the contemporary challenge of understanding
molecular and cellular biology from a new, holistic perspective,
potentially revealing novel key aspects of cellular systems inte-
gration pathways. And, this is not necessarily limited to human
cells, as other organisms, including those medically important
to our health also likely possess their “dark matter” RNAs and its
mysteries. However, one cannot over-emphasize the fact that we
are the very beginning of the process of understanding what kind
of RNAs are produced by a cell and what functionality they may

have. Still, the possibility that almost entirely unexplored treasure-
trove of biological information is buried within our reach is too
tantalizing to ignore.
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Historically, genetic approaches have very successfully determined
the function of a variety of biologically important regions of a
genome (usually called “genes”), based on necessary and sufficient
linkage between relatively obvious alterations in a phenotype(s)
and specific changes in nucleotide sequence. The vast majority
of sequences identified in the genetic screens do correspond to
protein-coding portions of the genome. For example, most of the
changes associated with simple Mendelian genetic diseases harbor
mutations in exons of protein-coding genes or in the sequences
that prevent their proper assembly into mature transcripts (near
splice junctions; Cooper etal., 1995). Thus, at face value at least, the
non-coding portions of the genome do not really seem to represent
a reservoir of biologically or medically relevant sequences.
However, this interpretation lacks intellectual closure, primar-
ily because of its counter-intuitive conclusion that almost all
of the DNA in every cell of our body has no function. Upon
closer examination, a number of reasons exist to explain why
the traditional genetics methods did not uncover the genotype—
phenotype relationships in the non-coding portions of the genome
(Mattick, 2009). For example, in addition to the simple fact that
protein-coding regions have traditionally been the primary focus
of forward genetic screens, alteration of non-coding, presum-
ably regulatory regions, may impart more subtle phenotypes than
coding regions, which cause catastrophic component damage.
Non-coding regions could have a higher tolerance to sequence
changes compared to protein-coding regions, or a higher redun-
dancy within cellular machineries, functioning as a major substrate
for evolutionary innovation and phenotypic radiation.
Answering the basic question of the functionality of the non-
coding portion of the genome has shifted more toward molecular
methods, specifically toward measuring the primary output of the
genome, the RNA. At its core, the central premise behind these
endeavors relies on the following concept: the only functional
“products” of a DNA sequence that we can identify are copies

The mysteries surrounding the ~97-98% of the human genome that does not encode pro-
teins have long captivated imagination of scientists. Does the protein-coding, 2-3% of the
genome carry the 97-98% as a mere passenger and neutra
path, or does the latter have biological function? On one side of the debate, many commen-
taries have referred to the non-coding portion of the genome as “selfish” or “junk” DNA
(Orgel and Crick, 1980), while on the other side, authors have argued that it contains the
real blueprint for organismal development (Penman, 1995; Mattick, 2003), and the mecha-
nisms of developmental complexity. Thus, this question could be referred to without much
exaggeration as the most important issue in genetics today.

|u

cargo” on the evolutionary

Keywords: dark matter RNA, genomics, transcriptome, non-coding, intronic RNA, vlinc, linc, gene

of itself, either in the form of an RNA molecule or a DNA mole-
cule. Copying of DNA into DNA ensures replication, cell division,
and DNA repair, while copying of DNA into RNA transmits infor-
mation into cellular actions. Even if a regulatory DNA sequence
does not directly encode RNA — its function is still measured by the
eventual production of RNA from somewhere in the genome. And,
while cellular processes could affect the function of a sequence of
DNA in many different ways, by either covalent modification of its
bases or non-covalent interaction with a plethora of DNA binding
proteins, RNA output remains the only known way for a cell to
use DNA-encoded information. The central posit of this concept
implies that if a sequence of DNA participates in the production
of some RNA or affects the quantity or type of the RNA produced,
then this sequence can be functional if the RNA product has a
function.

This basic hypothesis has led to several whole-genome RNA
mapping experiments done during the past decade — in effect, the
first attempts at genome-wide “RNA Bookkeeping.” These unbi-
ased surveys of RNA relied on high-throughput technologies such
as tiling arrays and various sequencing methods (Rinn et al., 2003;
Bertone et al., 2004; Carninci et al., 2005, 2008; Kapranov et al.,
2005, 2007a,b; Birney et al., 2007). In essence, the goal of all these
experiments was to identify as many molecules of RNA or sites
of transcription as possible in a given tissue, and catalog them
into those whose localization to protein-coding regions of the
genome could explain their function, and those whose localiza-
tion could not. Surprisingly, the latter class grew into a pervasive
and highly numerous collection (see below for more details) and
became broadly dubbed as “dark matter” RNA (Johnson et al.,
2005).

Originally, “dark matter” RNA referred simply to RNA pro-
duced from the regions of genome without known function, yet
stable enough for detection (Johnson et al., 2005). Tiling arrays
(Kapranov et al., 2003) can identify regions of genome that give
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Dark matter RNA

rise to RNA by virtue of hybridization to probes evenly spaced
throughout the non-repetitive portions of the genome. The result-
ing map of transcription specifies a series of RNA producing
regions that could then be compared to the map of other genomic
features, such as exons of protein-coding genes. The fraction of
genomic sequence covered by such fragments located outside of
the exons estimated the complexity of the “dark matter” RNA
(Kapranov et al., 2002).

Typically, about 75% of all bases represented by all transcribed
fragments detected by tiling arrays in any given human cell-
line or tissue originated outside of exons of cytosolic polyA+
mRNAs, suggesting that “dark matter” transcription was prevalent
in human cells (Kapranov et al., 2007a). As might be expected,
this fraction was much higher for human nuclear RNA (Cheng
etal.,2005). The FANTOM consortium has shown that the mouse
genome could be pervasively transcribed, producing a very com-
plex transcript architecture (Carninci et al., 2005). After combin-
ing all available microarray and sequence-based data from all bio-
logical sources, the ENCODE consortium estimated that ~20% of
all human genomic sequence might function to produce RNA (Bir-
ney et al., 2007). As a consequence of hybridization-based decon-
volution of complex mixtures of nucleic acids, the signal thresh-
olds of detection had to be set relatively high to prevent detection
of spurious cross-hybridization. This resulted in one of the dis-
advantages of these experiments: a significant undercounting of
transcribed elements. For example, using rapid amplification of
c¢DNA ends (RACE), a more sensitive method for measurement
of RNA output form specific loci, evidence of RNA production
was found at 75% of randomly chosen human genomic sequences
where RNA had not been detected by ENCODE consortium tiling
arrays: see Supplementary Table 2 of Birney et al. (2007). This
data suggested that the fraction of genome that gives to rise to
RNA could far exceed the 20% figure. Indeed, when combining
the regions of transcription detected by any method with the total
length of all introns (always transcribed to give rise to the mature
RNAs), ENCODE estimated that 93% of the human genome is
transcribed (Birney et al., 2007). Thus, the matter of detecting the
transcribed portion of the genome in stable RNA could depend
largely on the sensitivity of the technology used.

However, these experiments have always suffered from criticism
that the abundance of the “dark matter” RNAs in mammalian cells
could be trivial, in part because of the sensitivity of the techniques
used to detect and validate the “dark matter” transcription (van
Bakel et al., 2010, 2011). Indeed, these studies were mostly aimed
at giving an estimate of the fraction of genomic sequences rep-
resented in the “dark matter” RNA and thus tell us something
about its complexity, but not about its relative mass (Clark et al.,
2011). Perhaps “dark matter” had a very complex population of
RNA, and yet represented nothing more than a trivial fraction of
cellular RNA mass. Such a scenario might suggest that “dark mat-
ter” RNA resulted from non-consequential by-products of cellular
processes, consistent with the overall “junk DNA” label given to
the non-coding portions of the genome in general (Brosius, 2005;
Struhl, 2007; van Bakel and Hughes, 2009; van Bakel et al., 2010).
An opposite scenario, where the “dark matter” RNA population
was indeed complex and constituted a significant mass of cellular
RNA, would on the other hand, suggest that this RNA could indeed

be an important and previously hidden component of the regu-
latory architecture controlling differentiation and development
(Mattick, 2003, 2004, 2011; Kapranov et al., 2007b; St Laurent and
Wahlestedt, 2007).

The advent of next generation sequencing technologies has
allowed for a digital output based count of reads representing
short (typically on the order of 25-100 bases) stretches of RNAs
from which they were derived (Cloonan and Grimmond, 2008;
Wang et al., 2009). By calculating the relative fraction of such
reads, one can estimate the relative mass of “dark matter” RNA
as a whole, or any specific RNA or transcribed region in the total
mass of the assayed RNA population. Despite the apparent sim-
plicity of this approach, the original estimates of the fraction of
non-exonic reads in human or mouse RNAseq experiments varied
significantly, from aslittle as 7% (Mortazavi et al., 2008) to as much
as 40-50% (Cloonan et al., 2008; Morin et al., 2008). A subsequent
report by van Bakel et al. (2010) attempted to directly estimate the
relative mass of the “dark matter” RNA and came to the conclusion
that it accounts for only 12% of the polyadenylated RNA mass in
human or mouse cells. In addition, this report also stated that the
same conclusions could be reached by the analysis of total RNA
(depleted for rRNA). One common feature of all these reports was
the usage of PCR amplification as a part of the RNA preparation
for sequencing, which has the potential to alter the original pro-
file of the population (Mamanova et al., 2010; Raz et al., 2011;
Sam et al., 2011). Thus, unequivocal estimation of the relative
mass of the “dark matter” RNA would require RNA profiling
using a sequencing approach that does not rely on amplifica-
tion. Such profiling performed using single-molecule sequencing
of total rRNA-depleted RNA and polyA+ RNA (Kapranov et al.,
2010) found that “dark matter” RNA represents a majority of the
total non-ribosomal non-mitochondrial RNA most of the human
cell-lines and tissues tested (Kapranov et al., 2010). In addition,
total human RNA contained a much higher complexity than the
polyA+ RNA, especially in terms of “dark matter” RNAs (Kapra-
novetal., 2010; Raz et al., 2011). This could also explain at least in
part the failure of some of the earlier reports to detect a significant
fraction of the “dark matter” RNA: not only did those reports rely
on PCR amplification, but also they used an RNA fraction highly
enriched for polyadenylated RNAs.

Interestingly, very long (100s of kbs) stretches of intergenic
space in the human genome, previously considered as “gene desert”
regions produced significant levels of RNA (Kapranov et al., 2010).
Hundreds of such regions (named vlincs for very long inter-
genic non-coding regions) spanning ~4% of intergenic space were
detected in just nine different biological sources of RNA (seven
tumors and two normal tissues) used in that report. This com-
bined with the observation that most of the vlincs tend to be
highly specific to a given biological source (Kapranov et al., 2010),
suggests that profiling of the pool of total cellular RNA with hun-
dreds or thousands of different biological samples would result in
detection of RNA from a large fraction of intergenic space. This
assertion is supported by in-depth analysis of selected genomic
regions using methods to select and enrich for all transcripts
derived from such regions followed by either tiling array analysis
or deep sequencing (Kapranov et al., 2005; Mercer et al., 2011a).
Such studies reveal that what appears to be a low signal from
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either a tiling array or RNAseq experiment obtained on a complex
RNA population from a single cell, can in fact represent a complex
population of low abundant transcripts (Kapranov et al., 2005;
Mercer et al., 2011a). Low abundance could also imply expres-
sion restricted to a sub-set of cells in a given population (from
a cell-culture or especially, a tissue sample), and thus should not
immediately be relegated into the realm of biological noise. These
observations are important to keep in mind when interpreting the
results of RNAseq or microarray experiments, especially consid-
ering that most current RNAseq experiments produce far fewer
reads than the estimated minimum of ~70 million reads required
to completely cover the transcriptome from an average human cell
(Kapranov et al., 2010).

These results are consistent with those of the ENCODE consor-
tium as far as pervasive transcription is concerned. However, they
differ in the estimate of how much stable RNA would remain from
that pervasive transcription. The ENCODE consortium suggests
that only on the order of ~20% of human genomic sequence ever
exists as stable RNA based on compilation of all available exper-
imental data from a large number of biological sources (Birney
et al., 2007). However the logical extrapolation from Kapranov
et al. (2010) would suggest that most of the genomic sequence
likely exists in the RNA pool when profiling a significant number
of tissues using total rRNA-depleted RNA, instead of the polyA+
fraction. The discrepancy may result from the fact the ENCODE,
like other similar endeavors before and after, focused on the
polyadenylated fraction of RNA, that is estimated to capture only
5-25% of the total mass of the non-ribosomal non-mitochondrial
RNA in a human (Kapranov et al., 2010; Raz et al., 2011). Clearly,
the dominance of polyA+ RNA as the source of RNA for RNAseq
experiments has significantly undercounted the complexity of
RNA present in a human cell. In fact, an oligo-dT column may
also not necessarily capture all the polyadenylated RNAs in a sam-
ple. For example, one can imagine that, long polyadenylated RNA
molecules may not bind efficiently due to structural interference,
resulting in depletion from the polyA+-selected RNA pool. In fact,
depletion of longer mRNAs in polyA+ RNA pool occurs (Raz et al.,
2011).

Still, the wider question of functionality of non-polyadenylated
RNA as a class has received very little attention, and still remains
un-answered. The absence of a polyA-tail does not mean absence
of function — clearly, most short non-coding RNA species are
non-polyadenylated and functional, for example tRNAs, miRNAs,
snRNAs, and other classes of short RNAs. Furthermore, the pres-
ence of complex non-adenylated RNA populations in mammalian
cells has been established back in 1970s (Salditt-Georgieff et al.,
1981) and this type RNA occurred even in the polysomal frac-
tion and was shown to be used for protein production (van Ness
etal., 1979; Katinakis et al., 1980). More recently, a reporter mRNA
engineered to contain a miRNA in its 3’ UTR served as a target for
cleavage by Drosha into a polyA— RNA, and then traveled to the
cytosol to function as a template for protein production (Cai et al.,
2004). Thus, absence of the polyA-tail does not preclude RNAs
from having a function in the cell. However, we are still at the very
beginning of the exploration of the functional properties of the
vast complexity of novel and apparently non-polyadenylated RNA
recently discovered.

Perhaps one of the greatest hurdles in accepting the biologi-
cal relevance of “dark matter” transcription is the fact that a large
proportion of it comes from intronic regions of already annotated
genes. Based on single-molecule RNAseq data, it is estimated that
the intronic “dark matter” RNA constitutes 70-80% of all mass
of the human “dark matter” RNA (Kapranov et al., 2010). The
report van Bakel et al. (2010) obtained a similarly high estimate
of the fraction of the intronic RNA, but proposed that it simply
represents un-processed pre-mRNA. This conclusion was further
supported by the data presented in that report where the fraction of
intronic RNA amounted only 5.8% of the mass of the human cell’s
total RNA not including the ribosomal and mitochondrial RNA
(van Bakel et al., 2010). However, as mentioned above, this esti-
mate could result from the choice of polyadenylated RNA used in
that study, combined with the effect of PCR amplification. Single-
molecule sequencing of total RNA revealed a much higher fraction
of intronic RNAs in a human cell, on the order of 30-50% of non-
ribosomal, non-mitochondrial RNA (Kapranov et al., 2010). The
latter estimate should at least cause us to pause before any unam-
biguous acceptance of the trivial explanation above — as much as
half of nuclear-encoded non-ribosomal RNA in the cell is probably
not something one should dismiss outright as noise. In addition,
different genes vary in terms of how much intronic RNA they pro-
duce, as do different introns of the same gene, and even different
regions of the same intron (Kapranov et al., 2010). These obser-
vations are not consistent with noise expected from pre-mRNA
en-route to splicing or excised introns en-route to degradation.
Furthermore, intronic signal does not necessarily mean that it
arises from excised introns or pre-mRNA. Since RNAseq does
not provide information on the complete structure of an RNA
molecule, we do not know what kind of transcripts make up the
intronic signal observed in RNAseq experiments. In fact, it could
represent different types of elements: alternative exons, exon iso-
forms of known transcripts, independent stand-alone transcripts,
or excised introns (Figure 1). Moreover, one can imagine that any
given gene could have a collection of such different types of novel
transcripts buried in its introns (Mattick, 1994; Kapranov et al,,
2005). Overall, it is fair to say that we are at the beginning of our
understanding of role of intronic RNAs in a cell and we should
maintain an open mind as to its functional importance (Clark
etal.,2011).

Another class of sequences deserves special mention in the
context of the transcriptional activity of genomic “dark matter” —
the repetitive regions of a genome, which until very recently had
been largely avoided by genome-wide RNA profiling studies for
technical reasons. For example, tiling microarray designs typi-
cally exclude these regions (Kapranov et al., 2007a) because the
signal from the probes cannot resolve into an attribute for a spe-
cific repeat element. However, the nucleotide-level precision of
the next generation sequencing technologies allows mapping of
reads with a relatively high specificity, even to repeat regions of the
genome. This in turn allows for interrogation of RNAs produced
from repeats. For example, one such study relied on mapping
of CAGE tags that mark the 5" ends of capped RNAs (Kodzius
et al., 2006) to profile expression of different types of repeats in
mammalian cells (Faulkner et al., 2009). Interestingly, a signifi-
cant fraction of transcription in that study coincided with repeats.
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FIGURE 1 | Types of RNA molecules derived from annotated and unannotated loci that constitute “dark matter” RNAs.

Long intergenic non-coding RNA

Stable small non-coding RNAs
generated by cleavage of non-coding RNA

(T

Addition of 5° CAP to cleaved RNAs

Different tissues express different levels and types of repetitive ele-
ments, with embryonic tissues having the highest levels of CAGE
tags (Faulkner et al., 2009). Interestingly, that study also found
that a certain class of repetitive elements, retrotransposons, might
provide alternative or tissue-specific promoters for protein-coding
genes (Faulkner et al., 2009), and a recent paper has shown that
these sequences mobilize to effect somatic transposition events in
the human brain (Baillie et al., 2011).

However, the last decade of transcriptome exploration also
revealed additional dimensions of its complexity. The first added
level of complexity arises from the fact that any given locus can
be criss-crossed by different transcripts on both strands, described
as “transcriptional forests” by the RIKEN researchers after a large
scale effort aimed at sequencing full-length cDNAs from mam-
malian samples (Carninci et al., 2005). The transcriptional forests
are common in the protein-coding loci, where the transcripts
that form the complex lattices of overlapping transcription often
borrow sequences from known exons and non-exonic regions;
however, the function of most of the additional RNA isoforms,
which are presumably context-specific, is not understood. For
example, based on EST evidence, the GENCODE consortium has
shown that a human protein-coding locus specifies on average 5.4
isoforms (Harrow et al., 2006). However, only 2.4 of those could
encode a protein, while the function of the rest remains an enigma
(Harrow et al., 2006).

Other studies have reached similar conclusions using RACE
in combination with tiling arrays to profile the complexity of
transcripts sharing exons of ~400 human protein-coding genes
(Birney et al., 2007; Denoeud et al., 2007). More than 80% of all
transcripts had alternative 5" ends or novel exons (Denoeud et al.,
2007). In-depth analysis of one human locus encoding the MeCP2
proteins using the RACE/array method revealed 15 new isoforms
that have exons derived from intronic and intergenic sequences
with often perfectly correct splice sites (Djebali et al., 2008). In
most cases, however, additional isoforms identified either do not
appear to change the open reading frame or do not encode pro-
teins (Denoeud et al., 2007; Djebali et al., 2008), consistent with
previous GENCODE results (Harrow et al., 2006).

The recent realization that RNA could be cleaved and capped at
the newly formed 5’ end to produce a separate stable RNA species
provides an additional conceptual dimension of the complex-
ity of the mammalian cell’s RNA population (Affymetrix/CSHL
ENCODE Project, 2009; Otsuka et al., 2009; Mercer et al., 2010,
2011b). This opens a whole new realm of possibilities where the
final, apparently mature and spliced RNA species may not rep-
resent the final and/or the only functional product. Conversely,
shorter RNAs that would otherwise be considered as simple degra-
dation products, may have function. One tantalizing possibility
suggests that they might function in a manner similar to that
observed in RNA-mediated inheritance, carried out by apparent
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RNA degradation products loaded into germ line cells to medi-
ate regulation of gene expression in the subsequent generation of
mice (Rassoulzadegan et al., 2006).

Taken together, all of these added complexities suggest a com-
plete reconsideration of the definition of RNA “dark matter.” We
would like to posit that it includes not just the RNAs that are
made from the “dark matter” regions of the genome, but any RNA
molecule whose function we do not understand (Figure 1). For
example, an RNA molecule consisting solely of exons of an oth-
erwise protein-coding transcript, but spliced into an RNA with
no open reading frame, can be considered as an RNA mole-
cule whose function we do not understand, even though it is
assembled from individual sequences with known function. Like-
wise, an RNA molecule processed from a protein-coding gene
or pseudogene and having lost its protein-coding capacity can
be considered a “dark matter” transcript as long as we do not
understand its function. The “dark matter” RNAs can therefore
comprise both coding and non-coding RNAs, as long as their
function currently remains unclear. While, for the most part,
“dark matter” RNAs have features of non-coding RNAs (Carn-
inci et al, 2005; Cheng et al., 2005; Djebali et al., 2008), it
remains possible that some of the RNAs previously considered
as non-coding do encode short peptides (Kondo et al., 2010). In

fact, recent results based on profiling of sites in RNA molecules
bound by ribosomes suggest that many mouse “dark matter” RNAs
indeed encode short peptides (Ingolia et al., 2011). Undoubt-
edly, the prevalence and biological relevance of these peptides
will remain a very interesting and important question for years
to come.

If the entire genome is transcribed and represented as stable
RNAs at least in some biological samples, then we should re-
evaluate as a community our strategies in terms of annotating the
“dark matter” RNAs. Despite the ongoing efforts to annotate the
IncRNAs (Amaral et al., 2011; Cabili et al., 2011; Chen et al., 2011;
Wang and Chang, 2011), the lists obtained from different exper-
iments do not overlap significantly. For example, only ~19% of
base pairs covered by the human vlinc regions in the intergenic
space overlap those found by IncRNAs (Kapranov et al., 2010; also
see Figure 2A). This suggests that current databases only scratch
the surface of the immense complexity of the RNA population of
human cells.

In retrospect, this is not surprising when one considers that cur-
rent genomic annotations, such as the human GenBank mRNA
track on the UCSC browser (Kent et al., 2002), depend primar-
ily on sequenced full-length cDNAs, each one representing only a
single-molecule of RNA. GenBank currently contains ~300K such
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FIGURE 2 | Coverage of the genome by “dark matter” RNAs. (A)
Information currently available about the regions of dark matter transcription
and the actual RNA molecules made from these region comes from various
types of experiments and databases. There is relatively little overlap between
these different databases suggesting that the actual extend of dark matter
transcription is far greater than any one database suggests. (B) A theoretical

Number of tissues

L

curve showing expected results of the fraction of the genome that is
transcribed as a function of the number of biological sources whose RNA is
profiled. The coverage of transcribed genome by protein coding genes
including their introns is 42% and lincRNAs bring it up to 58%. However, the
full extent of the transcribed genome is expected to be much greater than
that.
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entries, which closely approximates estimates of the total num-
ber of polyadenylated RNA molecules contained in a single cell
(~300K; Hastie and Bishop, 1976). Thus, based on these numbers,
it is fair to say that all we know in terms of the complete sequences
of RNAs from the human transcriptome represents just one cell’s
worth of polyadenylated RNA! Of the 300K human GenBank
mRNA entries, ~88% are represented by unique cDNAs, pointing
to the fact that many of the current gene models and annotations
are based on a single (!!!) fully sequenced RNA molecule. This is
reinforced by the recent application of targeted RNA sequencing,
which revealed a plethora of new coding and non-coding tran-
scripts, even from intensively studied human loci such as p53,
HOX, and sonic hedgehog (SHH) that are either only expressed in
a very limited number of cells in what was previously considered
a homogenous culture, or where otherwise missed in the cDNA
libraries (Kapranov et al., 2005; Mercer et al., 2011a). In addition,
most of the annotated cDNAs have been characterized from the
polyadenylated transcriptome, thus the non-polyadenylated frac-
tion remains virtually un-uncharted from the point of view of
full-length cDNA sequencing. Considering how many molecules
of RNA a given human locus must make during the lifetime of an
individual, evidently, this depth of knowledge only scratches the
surface of RNA complexity.

Finally, we believe that understanding of the true extent and
function of human transcription remains one of the most impor-
tant philosophical and scientific questions of our time. Consid-
ering this, we suggest that the community should undertake a
directed approach aimed at answering this question. We envision
the profiling of a reasonably large number of carefully chosen sam-
ples based on total RNA depleted of rRNA, rather than polyA+,
using amplification free RNAseq approaches. Given the high-tissue
specificity of dark matter RNAs, samples would include at least
100-200 key tissues or cell-lines, rich in intergenic RNAs, such
as Ewing Sarcomas. We expect the curve of detected dark matter
transcripts to reach a plateau steeply — the big un-answered ques-
tion so far is where this plateau will be and how much further the
curve will rise as more samples are added (Figure 2B). RNAseq
will yield regions of transcription, while additional methods will
unravel the complexities of individual transcripts in each region
of transcription. This could be accomplished by a site-directed
methods similar to the one described by Djebali et al. (2008).

As our understanding of the function of the novel RNA
expands, the domain of “dark matter” transcripts will shrink.
Unfortunately, for the most part we cannot yet predict in silico
which of these “non-canonical” RNA molecules are functional and
what function they might fulfill, like we usually can for protein-
coding mRNAs. This is probably the greatest challenge to our
understanding and acceptance of this type of RNA — our general
inability to predict what an RNA species might do when it does
not have an obvious open reading frame. However, this should not
stop us from exploring the function of these RNAs in biological
or medical context. Even if a function of a given RNA molecule
or transcribed region in a genome may not be known, its associa-
tion with a disease should provide novel mechanistic insights, and
novel diagnostic tools for the disease. The fact that “dark matter”
RNAs tend to be highly specific to their biological source empha-
sizes the promise of this approach (Cheng et al., 2005; Kapranov

et al., 2010). Surprisingly perhaps, it seems remarkably easy to
detect phenotypes associated with siRNA-mediated knockdown
or over-expression of non-coding RNAs, even in cell-culture, and
to correlate these phenotypes with aberrant expression of the
non-coding RNAs in disease states like cancer and neurological
diseases (see, e.g., Mattick, 2009; Gupta et al., 2010; Askarian-
Amiri et al., 2011; Gibb et al., 2011; Khaitan et al., 2011; Ulitsky
et al., 2011). Moreover, one of the first examples of association
of “dark matter” transcripts emanating from a family of repetitive
regions with a particular type of cancer has been recently pro-
vided by Ting et al., 2011. Overall, it would not be surprising if
“dark matter” transcripts would eventually occupy a central place
in our conceptual understanding of the molecular events underly-
ing human development and disease, and thereby enter the arsenal
of therapeutic targets as prominently as those gene products whose
function we currently understand.

GLOSSARY

CAGE: cap analysis of gene expression, a method based on selec-
tion of RNAs containing the 5" CAP modification and obtaining
short sequences or tags near the 5" end of these RNAs. Typically,
millions of tags are obtained in each experiment.

ENCODE: encyclopedia of DNA elements, an NHGRI-
sponsored project aimed at empirically identifying functionally
important element in the human genome sequence, http://www.
genome.gov/10005107.

Genomic dark matter: usually refers to the portion of a genome
that does not correspond to exons (coding or non-coding) of
annotated mRNAs.

RACE: rapid amplification of cDNA Ends, a PCR-approach
with “outward” positioned primers to amplify toward the 5" and
3’ end of an RNA molecule from a point inside the molecule.

RNAseq: a method to quantify and profile RNA population in
a cell based on massive sequencing of short (typically less than
100 bases) regions of a large number of RNA molecules. Typi-
cally, sequencing is conducted on ¢cDNA, rather than RNA, thus
cDNAseq would have been more appropriate. However, RNAseq
is used for historical reasons. A note, since direct RNA sequencing
is now possible, a bona fide RNAseq analysis should somehow be
distinguished from cDNAseq.

Single-molecule sequencing: a method where a single-molecule
of a nucleic acid is sequenced directly as opposed methods that
obtain sequence signal from a population of molecules.

Tiling array: a microarray platform designed to interrogate
genomic sequence with a certain resolution set by the distance
between the probes. Opposite in concept to exon arrays where
probes are designed only to the annotated regions of interest.

Vlinc: very long intergenic non-coding RNA region, identified
based on continuous RNAseq signal that spans genomic regions of
50kb or longer (often much longer) in the area of genome where
no annotated gene has been found.
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INTRODUCTION

The high-throughput next-generation sequencing technologies provide an excellent oppor
tunity for the detection of less-abundance transcripts that may not be identifiable by previ-
ously available techniques. Here, we report a discovery of thousands of novel transcripts
(mostly non-coding RNAs) that are expressed in mouse cerebrum, testis, and embryonic
stem (ES) cells, through an in-depth analysis of rmRNA-seq data. These transcripts show
significant associations with transcriptional start and elongation signals. At the upstream of
these transcripts we observed significant enrichment of histone marks (histone H3 lysine
4 trimethylation, H3K4me3), RNAPII binding sites, and cap analysis of gene expression
tags that mark transcriptional start sites. Along the length of these transcripts, we also
observed enrichment of histone H3 lysine 36 trimethylation (H3K36me3). Moreover, these
transcripts show strong purifying selection in their genomic loci, exonic sequences, and
promoter regions, implying functional constraints on the evolution of these transcripts.
These results define a collection of novel transcripts in the mouse genome and indicate
their potential functions in the mouse tissues and cells.

Keywords: novel transcripts, non-coding RNA, ribo-minus RNA-seq, next-generation sequencing

presented an integrative approach and defined >8,000 human lin-

The mammalian transcriptomes are much more complex than
what we have been anticipated according to the related research
activities over the past decade. Recently, novel transcripts have
been continuously identified in mammalian genomes. Bertone
et al. (2004) found 10,595 novel transcribed sequences in human
liver tissue. Carninci et al. (2005) demonstrated that the major-
ity of the mammalian genome is transcribed and reported 16,247
new mouse protein-coding transcripts. The ENCODE pilot project
reported that the human genome is pervasively transcribed and
discovered the relationship between transcripts and chromatin
accessibility features (Birney et al., 2007). According to the
chromatin-state maps, about 1,600 large multi-exonic RNAs were
identified by Guttman et al. (2009) in mouse. Cabili et al. (2011)

cRNAs. Trapnell et al. (2010) got 3,724 previously un-annotated
transcripts in mouse and 62% of them were supported by indepen-
dent expression data or homologous genes in other species. These
novel transcripts are called the “dark matter” RNAs, which include
any RNAs whose functions are still unknown (Kapranov et al,,
2010). Kapranov et al. (2010) concluded that the “dark matter”
RNA can be greater than protein-encoding transcripts and a large
number of long non-coding RNA reside in intergenic regions.
However, controversial opinions still exist. It has been sug-
gested that most novel transcribed regions are associated with
known neighboring gene models. For example, by mapping and
quantifying mouse transcriptome using poly(A) selected RNA-
seq data, 92% of novel transcription regions can be assigned to
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their neighboring genes in a recent study (Mortazavi et al., 2008).
van Bakel et al. (2010) also concluded that most non-exonic tran-
scribed sequence fragments (seqfrags) probably are indeed partial
fragments of pre-mRNA with introns, new exons of known genes
in intergenic sequences, or promoter- and terminator-associated
transcripts. Clark et al. (2011) and van Bakel et al. (2011) have dis-
cussed possible mechanisms of the pervasive transcription and
some of the arguments are focused on universality and func-
tionality of these novel transcripts (Jarvis and Robertson, 2011).
In addition, studies have suggested that non-coding RNAs are
important in transcriptional and post-transcriptional regulations,
chromatin-modification, development and diseases, such as can-
cers (Gupta et al., 2010; Mattick et al., 2010; Glass et al., 2011;
Kogo etal.,2011) and indeed fundamental to eukaryotic evolution
(Mattick, 2010).

Recently, RNA-seq methods, mRNA-based, or ribo-minus (rm)
based on the next-generation sequencing technologies, are con-
sidered to be more accurate and comprehensive for transcriptome
profiling (Wang et al., 2009). They are supreme over other tran-
scriptomic methods, including expressed sequence tag (EST), ser-
ial analysis of gene expression (SAGE), and microarray, in dynamic
range, sampling depth, and material processing. The methods
allow researchers to acquire adequate amount of data to char-
acterize novel transcripts, and moreover, when combined with
other complementary data, such as those from cap analysis of gene
expression (CAGE), histone modification, and RNAPI], as well as
sequence conservation analysis, they provide stronger evidence for
identifying novel transcription.

In this study, we used publicly available rmRNA-seq data from
the mouse cerebrum, testis, and embryonic stem (ES) cells to
excavate new transcripts and verify their existence in the mouse
genome, with an anticipation that rmRNA-seq data are expected
to contribute more coding and non-coding transcripts, which
lack polyA tails (Cui et al., 2010). We built a pipeline to iden-
tify expressed regions and candidate exons in the entire genome
to define novel transcripts through comparison to known tran-
scripts and carried out a combined analysis on relevant public
data, including CAGE (Kawaji et al., 2006), histone modifications
(H3K4me3, H3K27me3,and H3K36me3) and RNAPII (Mikkelsen
etal.,2007), and sequence conservation values (Fujita et al., 2011).
We also examined potential functions of these novel transcripts
according to their sequence structures and characteristics. We
expect to provide useful insights into the “dark matter” of the
mouse genome.

MATERIALS AND METHODS

DATASETS

The transcriptome profiling of mouse cerebrum, testis, and ES
cells, as well as data for histone modifications (H3K4me3 and
H3K27me3) of mouse cerebrum and testis were from NCBI SRA
database, SRA039962 and SRX005943, which were produced by
our group previously. We also retrieved ChIP-seq data of RNAPII,
H3K4me3, H3K27me3, and H3K36me3 from mouse ES cells!
(Mikkelsen et al., 2007) and 5" CAGE tags from multiple mouse

Lftp://ftp.broad.mit.edu/pub/papers/chipseq/

tissues published by the Fantom3 project? (Kawaji et al., 2006).
In addition, we obtained conservation scores from the UCSC
database® (Fujita et al., 2011).

EXON OR TRANSCRIPTION UNIT (TU) IDENTIFICATION BASED ON
rmRNA-seq DATA

We built an efficient pipeline for TU identification (Figure Al
in Appendix; File S3 in Supplementary Material). First, RNA
sequencing reads were mapped to the mouse genome assembly
(mm?9) by using TopHat (Langmead et al., 2009; Trapnell et al.,
2009) and the coverage files were created based on mapping results
by using a custom-designed perl script. Second, according to the
coverage files, we obtained average coverage of all Refgene introns
and set a cutoff value of the coverage to exclude 95% of introns
(3, 4, and 7 for cerebrum, ES cells, and testis, respectively). To
define the expressed regions, we limited each region to have at least
55-bp consecutive length and all these positions must be equal or
above the cutoff value. If the distance of adjacent expressed regions
(exons) is equal or smaller than the length of 95bp (95% intron
lengths are larger than 95 bp), we combined the adjacent expressed
regions into one. We also revised the boundaries of exons using the
split read feature from TopHat. Third, we evaluated the accuracy
of exon identification, calculated the average coverage for exons
defined in Refgene introns and removed exons whose coverage
below the cutoff value. Fourth, we annotated and removed cer-
tain exons by comparing our putative exons with several databases
(UCSC, ENSEMBL, NONCODE, RNAdb, fRNAdb, Rfam, miR-
Base, tRNAdb, and ncRNAdb). Fifth, we constructed TUs for exons
found in intergenic regions according to the distance between
exons, RNAPII signals, and H3K36me3 signals. Sixth, to assess
the accuracy of this method, we compared our TUs (by using all
exons in intergenic regions) with the Fantom3 RNAs.

IDENTIFICATION OF ENRICHED INTERVALS OF ChIP-seq DATA

We defined H3K4me3- and H3K27me3-enriched intervals by
using SICER program (v1.03; Zang et al., 2009). The parame-
ters were set as follows: (1) 200-bp window, 200-bp gap, and 0.001
for False Discovery Rate of H3K4me3; (2) 200-bp window, 600-
bp gap, and 0.001 for False Discovery Rate of H3K27me3. The
sequencing reads from a pan-H3 experiment was used as a back-
ground control for H3K4me3 and H3K27me3. The H3K36me3
and RNAPII enrichment intervals were downloaded from the web-
site at the Broad Institute (see text footnote 1; Mikkelsen et al.,
2007). Chromatin states of exons or TUs were determined based
on overlapping regions where H3K4me3, H3K27me3, H3K36me3,
and RNAPII are all enriched.

CONSERVATION OF EXONS, TUs, AND THEIR PROMOTERS

To estimate sequence conservation of exons, TUs, and their pro-
moters, we used conservation scores derived from an alignment of
29-vertebrate-to-mouse genomes from the UCSC database (Fujita
etal., 2011). We calculated the conservation score in a 12-bp slid-
ing window with a step length of 1bp and selected the maximal
value as the conservation score. The sequences that have higher
conservation scores are more conservative than other sequences.

Zhttp://fantom3.gsc.riken.jp/db/
3http://genome.ucsc.edu/
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CORRELATION BETWEEN SENSE AND ANTISENSE GENE EXPRESSION
We extracted the information for sense—antisense gene pairs and
calculated the RPKM value for the sense and antisense genes based
on mapping results. We subsequently divided the sense—antisense
gene pairs into two portions according to their expression ratios
between two samples for the sense and antisense expression. The
expression ratio is equal to the sample 2 expression divided by the
sample 1 expression. We classified them as positive if the logl0
value of both sense and antisense expression ratios are greater or
less than zero. Otherwise, we classified them as negative. We corre-
lated the positive and negative types of sense—antisense gene pairs
using the expression ratio.

RESULTS

IDENTIFICATION OF ACTIVELY TRANSCRIBED REGIONS (EXONS)

We obtained rmRNA-seq data from the mouse cerebrum, testis,
and ES cells which were generated based on the SOLiD sequencing
platforms using a strand-specific rmRNA-seq method (Cui et al.,
2010), and mapped rmRNA-seq reads onto the mouse genome
assembly (mm?9) using TopHat software (Table A1 in Appendix).
Based on the mapped reads, we assessed sequencing saturation
according to the increase of read start-points with increasing
mapped read (Figure 1). To define actively transcribed regions,
we calculated the coverage per nucleotide position and used those
positions whose coverage values are equal or larger than the cutoff
values (3, 4, and 7 for cerebrum, ES cells, and testis, respectively;
also see Materials and Methods for details; Figure 2A). Moreover,
due to sequencing bias, we required that each region to have at least
55 bp consecutive sequence above the cutoff value of coverage and
the distance of adjacent regions is larger than 95bp (Figures 2C,B).
Consequently, we obtained 395,546, 465,149, and 194,996 puta-
tive exons in the total in the three libraries, respectively (Table 1;
File S1 in Supplementary Material). For assessing the accuracy of
exon identification, we compared the defined actively transcribed
regions to Refgene exons (Karolchik et al., 2004), and found that
most Refgene exons (~94.12%) have been identified and that the
aligned length is up to ~88.71%. Furthermore, ~93.81% RefSeq-
defined exons are shown to be one-to-one matches (Table A2 in
Appendix). These statistics proved the viability of our pipeline
for this analysis. Moreover, we found that different samples have
different percentages of reads assembled into exons (Table A3 in
Appendix). We believe that such variability is related to read length,
read coverage, and the cutoff value of the read coverage.

ANNOTATION OF NOVEL EXONS

To annotate novel transcripts, we first removed known exons
according to the Refgene collection. We then removed all other
known exons that have matches to other databases, such as the
NCBI nr database (Johnson et al., 2008) based on sequence align-
ment using the BLAST software packages. The repeat regions of the
mouse genome were avoided according to the repeat annotation at
UCSC (Fujitaetal.,2011). We also built a custom-designed ncRNA
database through integrating several databases that include mouse
ncRNA data in ENSEMBL (Flicek et al., 2011), UCSC (Fujita et al.,
2011), NONCODE (He et al., 2008), RNAdb (Pang et al., 2007),
fRNAdD (Kin et al., 2007), ncRNAdb (Szymanski et al., 2007),
Rfam (Griffiths-Jones et al., 2005), miRBase (Griffiths-Jones et al.,
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FIGURE 1 | The saturation curve for the number of start-points of

mapped reads. x-Axis shows the number of the mapped reads and y-axis
displays the start-points number (million) of mapped reads.

2006), and tRNAdb (Juhling et al., 2009; Table A4 in Appendix).
Moreover, we filtered the newly identified exons of known genes
using the split reads from the TopHat result. We also predicted
the function of novel exons (unannotated) by comparing them to
the Rfam database. Most Rfam-predicted exons are snoRNAs, but
some are miRNAs, tRNAs, and snRNAs. Finally, we obtained three
sets of putative novel exons (Table 2).

BUILDING NOVEL TRANSCRIPTION UNITS (TU) IN INTERGENIC REGION
Since well-defined actively transcribed regions exhibit obvious
gene structure features, we tried to connect the neighboring active
regions into the same transcription units (TUs). When we cal-
culated the distance of adjacent actively transcribed regions, we
found that there are two main peaks in the density plots and this
feature can be used for building novel TUs (Figure 3). In addition,
there is a small peak appeared around 100 bp in length, which is a
characteristic of the minimal intron (~100 bp in length) described
in our previous publications (such as Zhu et al., 2010). The first
major peak represents the distance of adjacent exons inside TUs
and the second major peak is related to the distance of exons
between adjacent TUs. Moreover, we downloaded the RNAPII
and H3K36me3 data of ES cell, which were used to define the
transcription start and the elongation of the transcripts, respec-
tively. We finally constructed TUs for novel exons in intergenic
regions according to the information from the distance between
exons, RNAPII signals, and H3K36me3 signals, producing 17,931,
18,512, and 6,966 annotated TUs in cerebrum, testis, and ES cells,
respectively (File S2 in Supplementary Material).

To evaluate our processing algorithm, we compared our TUs
with the intergenic RNAs annotated by the Fantom3 project. As
expected, the one-to-one matching rate is about 95.62%, but the
aligned length is a little bit lower, ~70.99% (Table A5 in Appen-
dix). The reason why the aligned length is not as high as the
matching rate is that we may lose some exonic sequences due
to their low coverage in the real data. It can be improved when
more rmRNA-seq data are added. Nevertheless, the matching rate
encouraged us to proceed.
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Table 1 | Summary of novel exons identified in our analysis.

Sample Cerebrum

Testis ES cell

395,546 (105,657,702, 100%)3
106,218 (25,924,734, 24.54%)
233,775 (33,864,388, 32.95%)
69,971 (45,868,580, 43.41%)
33,053 (27401,823, 25.93%)

Identified exons’

Refgene exons

Refgene introns
Intergenic regions
Refgene introns (filtered)?

465,149 (109,695,106, 100%)
98,065 (38,325,083, 34.94%)
243,879 (32,067,720, 29.23%)
135,644 (39,302,303, 35.83%)
28,931 (15,245,705, 13.9%)

194,996 (28,838,854, 100%)
84,792 (18,396,077, 63.79%)
75,426 (7308,663, 25.34%)
43798 (3,134,114, 10.87%)
10,011 (3,107,050, 10.77 %)

"Because there are some overlaps among Refgene exons, Refgene introns, and intergenic regions due to gene alternatively spliced isoforms, the identified exons is
less than the sum of Refgene exons, Refgene introns, and intergenic regions. ?We removed the exons whose average coverage is below the cutoff value to reduce
the errors of exon identification. °The numbers of identified regions are listed, and the numbers of reads and percentages of the region-specific reads over all reads

are in the parentheses.

We subsequently compared our intergenic TUs with the
intergenic vlinc regions identified by Kapranov et al. (2007)
in human. The coordinates of the 580 vlinc RNA domains
were transformed from the hgl8 to the mm9 version of the
mouse genome, and we converted 486 vlinc RNAs success-
fully. The total matched vlinc RNAs and the total one-to-one
matched vlinc RNA are 316 and 278, respectively (Table A6

in Appendix). This result implicated that many intergenic TUs
are conserved among mammalian genomes. The one-to-one
matching rate between intergenic TUs and vlinc RNAs is lower
than what between intergenic TUs and the Fantom3 RNAs,
and it may be resulted from expression regulation of inter-
genic TUs and the evolution of intergenic TUs among different
species.
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Table 2 | The exon annotation based on Refgene intron (filtered) and intergenic regions.

Sample Cerebrum Testis ES cell

Total exons’ 103,024 (73,270,403, 100%)?2 164,575 (54,548,008, 100%) 53,809 (6,241,164, 100%)
nr 14,333 (7,613,882, 10.39%) 24,343 (19,326,301, 35.43%) 13,556 (1,803,672, 28.90%)
ncRNA 3,933 (2,372,724, 3.24%) 7,862 (4,096,291, 7.50%) 4,547 (97,395, 1.56%)
Repeat 19,116 (15,226,166, 20.78%) 34,015 (11,659,836, 21.38%) 13,109 (971,411, 15.56%)
New exons of known genes 1,073 (46,792, 0.06%) 1,404 (64,663, 0.12%) 1,101 (8,593, 0.14%)

Rfam prediction 207 (4,306,737, 5.90%) 219 (617575, 1.13%) 104 (15,076, 0.24%)
Remaining 64,357 (43,704,102, 59.63%) 96,607 (18,783,342, 34.44%) 19,790 (3,345,017, 563.60%)

"Total number of exons equals to the sum of exons in Refgene intron (filtered) and intergenic regions. Because there are overlaps among Refgene introns and
intergenic regions due to alternative spliced isoforms, the total number of exons found in Refgene introns and intergenic regions is more than the total number
of annotated exons. ?The numbers of identified regions are listed, and the numbers of reads and percentages of the region-specific reads over all reads are in the
parentheses.
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FIGURE 3 | Density distribution for distances between adjacent exons in length and this peak implies the minimal introns. In addition, the first main
intergenic regions. x-Axis shows the distance between adjacent exons and peak represents the distance of general adjacent exons inside TUs and the
y-axis displays the density. There is a small peak appeared around 100 bp second main peak is related to the distance of exons between adjacent TUs.
THE EVIDENCE OF NOVEL TUs IN INTERGENIC REGION Materials and Methods) by calculating their conservation scores

To define the function of novel TUs, we examined the distribu-  of the exonic sequences in comparison with Refgene protein exons
tion of 5 CAGE tags (Kawaji et al., 2006) and RNAPII (Mikkelsen  and random sequences as controls. The conservation scores of the
et al., 2007), histone modifications (H3K4me3, H3K27me3, and novel TU exons are highly similar to those of the Fantom3 RNA-
H3K36me3; Mikkelsen et al., 2007) around the TUs, and evalu- defined exons (Figure 5B) and similar results were observed in
ated their sequence conservation value (Fujita et al., 2011). First, the promoter conservation scores (Figure 5C). Results from both
we found that there is a significant enrichment of 5 CAGE tags analyses suggest possible functionality of the novel TUs.

at the TU start in all three samples (Figure 4A), suggesting that To illustrate the related characteristics of the novel TUs, we
these TUs have 5’ 7-methylguanosine caps and possess transcrip-  showed an intronic TU and an intergenic TU in Figure A2 in
tional start sites. Moreover, we investigated the binding of RNAPII  Appendix. Both TUs are significantly expressed in the tissues and
within upstream of these TUs using RNAPII data from mouse cell. Moreover, the exons of both TUs have homologous sequences
ES cells and observed an obvious enrichment of RNAPII around according to their conservation scores (0 means no conservation
their TSS (Figure 5A), suggesting that the TUs have their own and 1 means highly conserved).

promoters for regulating transcriptional initiation. Second, based

on ChIP-seq data for the three mouse samples, we examined CLASSIFICATION AND FUNCTION ANALYSIS OF NOVEL TUs AND EXONS
H3K4me3, H3K27me3, and H3K36me3 statuses around the TUs In order to explore the functionality of the novel TUs, we pre-
(Figures 4B-D) and observed that H3K4me3 and H3K27me3 are  dicted their protein-coding capability based on PhyloCSF result
enrichment at the upstream of the TUs and their densities are cor-  (Table 3; Lin et al., 2011). We obtained their amino acid sequences
related well with gene expression. Moreover, H3K36me3 are also  (for single exon TUs) according to ORF prediction and aligned
enriched across the TUs and marked the transcriptional elonga- the amino acid sequences to the NCBI nr database. We found
tion sites. These lines of evidence suggested that these novel TUs  that most of these protein-coding TUs are similar to either known
may be indeed independently transcribed in the samples. Finally, (such as ribosomal proteins and dehydrogenase) or hypotheti-
we investigated the sequence conservation of the novel TUs (see cal proteins (such as hypothetical and unnamed proteins). For
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exploring whether these protein-coding TUs are pseudogenes, we  and predicted their secondary structures. One of them is similar
compared them to the Vega pseudogene annotations, and only to mouse mCG1041001 protein and is predicted to be extracellu-
about 8.85% of them are likely to be pseudogenes (Table A7 in  larly located. The other is similar to mouse EG382421 protein and
Appendix). Moreover, we selected two protein-coding transcripts  possesses nuclear localization sequence.
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We looked into the antisense regulation of the novel TUs.
According to the PhyloCSF prediction, 65.93% of the novel TUs
can be defined as non-coding RNAs due to lacking protein-
coding characteristics (Table 4). To further examine them,
we extracted the antisense RNAs by comparing the location
of the TUs to known genes as putative cis-antisense RNAs

(Mecerebrum = 2,614, festis = 2,756, and ngs =732) and their tar-
get genes (Meerebrum = 2,324, Hrestis = 2,356, and ngs = 689). Since
previous studies have suggested that sense—antisense gene pairs
may play potential regulatory roles (Okada et al., 2008), we clus-
tered the sense—antisense regulated genes using DAVID website
(Huang da et al., 2009; Huang et al., 2009) and found that most
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Table 3 | Summary of coding and non-coding exons and TUs.

Sample Cerebrum Testis ES cell

New exons’ 64,357 96,607 19,790

Intron exons 19,986 16,263 3,703

Coding exons? 3,911 (3,625,424)° 3,308 (579,368) 1,716 (73,420)
Non-coding exons? 15,973 (2,865,243) 12,866 (1,583,086) 1,952 (108,833)
Unknown exons? 102 (3,526,680) 89 (14,187) 35 (215)
Intergenic exons 44,525 80,489 16,153

Coding exons® 7440 (4,073,104) 8,717 (535,205) 2,703 (28,257)
Non-coding exons® 36,363 (15,469,822) 69,193 (4,068,501) 12,690 (238,595)
Unknown exons? 722 (150,523) 2,579 (214,720) 760 (2,599)
Intergenic TUs 17931 18,512 6,966

Coding TUs® 5,441 (4,100,203) 4,794 (1,144,421) 2,005 (54,654)
Non-coding TUs3 11,735 (11,077,673) 12,230 (2,212,637) 4,618 (193,861)
Unknown TUs3 426 (1,286,476) 698 (559,251) 281 (8,639)
Inconsistent TUs34 329 (174,288) 790 (814,202) 62 (8,232)

Modified non-coding TUs®

12,445 (11,077,673)

13,199 (2,212,637)

4,963 (193,861)

"Because there are overlaps among Refgene intronic and intergenic regions due to alternative spliced isoforms, the number of novel exons is more than the total

of intronic exons and intergenic exons. “These exons are in known introns. *These exons reside in intergenic regions. *Inconsistent TUs means those have abnormal

exon-patterns, such as non-coding-coding-non-coding-coding. ®* Because sometimes two adjacent TUs are combined into one in intergenic regions, we correct them

manually to yield modified non-coding TUs. °The number of identified regions and their reads are outside and inside the parentheses, respectively.

Table 4 | The classification of ncRNAs in intronic and intergenic regions.

Sample Cerebrum Testis ES cell

Intron RNAs 15,973 (2865243, 100%)° 12,866 (1,583,086, 100%) 1,952 (108,833, 100%)
Antisense RNAs' 141 (4,347, 0.15%) 156 (12,829, 0.81%) 19 (626, 0.58%)

Small ncRNAs' 14,196 (1,781,616, 62.18%) 10,483 (764,884, 48.32%) 1,467 (30,496, 28.02%)
Long ncRNAs' 1,636 (1,079,280, 37.67%) 2,227 (80,5373, 50.87 %) 466 (77711, 71.40%)
Intergenic RNAs 12,445 (11,077,673, 100%) 13,199 (2,212,637 100%) 4,963 (193,861, 100%)
Antisense RNAs? 2,614 (792,653, 7.16%) 2,756 (440,655, 19.92%) 732 (27289, 14.08%)
Small ncRNAs? 6,502 (9,716,663, 87.71%) 5,072 (624,312, 28.22%) 2,271 (27232, 14.05%)
Long ncRNAs? 3,329 (568,357 5.13%) 5,371 (1,147,670, 51.86%) 1,960 (139,340, 71.87%)

"These ncRNAs are intronic. ’These ncRNAs are intergenic. °The numbers are those of the identified regions. The numbers in the parentheses are the read number

of a region and its rate over all reads in the regions.

of these antisense regulated genes are associated with synapse, ion
binding/transport, cell junction, cytoskeletal, membrane, and sig-
nal transduction in the three samples (S1-S3 in Supplementary
Material). Moreover, we found that the genes in cerebrum and
testis are related to cardiomyopathy, cancer, endocytosis, cell junc-
tion, and signal pathway (S4 and S5 in Supplementary Material).
The expression levels of the sense—antisense transcripts are either
positively or negatively correlated among different tissues and cell
lines (Katayama et al., 2005; Okada et al., 2008). We also com-
pared the sense—antisense expression in a pairwise fashion among
the three samples (see Materials and Methods) and found that
the antisense expression is either positively or negatively associ-
ated with the sense expression (Figure 6). This characteristic is
in agreement with previous studies (Katayama et al., 2005; Okada
et al., 2008).

We examined the novel TUs to see if some of them are actually
non-coding RNAs. We divided the remaining (non-exonic) novel
ncRNAs into long or small ncRNAs according to their sizes. About
43.87% of the remaining ncRNAs are larger than 200 bp in size,
which were defined as long ncRNAs. There are 3,329, 5,371, and
1,960 novel long ncRNAs identified in the cerebrum, testis, and
ES cells, respectively (Table 4). Comparing our long ncRNAs to
lincRNAs identified by Guttman et al. (2009), we found 724 lin-
cRNAs in our three samples, which are accounted for 43.48% of
all lincRNAs. There are about 21% of lincRNAs found in each of
our samples (Mcerebrum = 359, Mestis = 391, and ngs = 304).

We defined the rest of the ncRNAs as small ncRNAs, ranging
from 55 to 200bp in length; the majority of these small ncR-
NAs (~24.04%) are from 55 to 65bp in size (Figure 7A). This
size range of small ncRNAs is related to the insert size of the
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libraries and data processing parameters. First, we selected RNA
fragments in a length range of 50-150bp for analysis. Second,
we filtered the small RNAs whose lengths are less than 55 bp and
have overlapping sequences so that some of the smaller RNAs
were eliminated in data processing procedures. For these small
ncRNAs, we predicted their motifs using MEME software (Bai-
ley and Elkan, 1994) and some conserved motifs were identified
(Figures 7B—D), which were accounted for ~20% of all small ncR-
NAs. To explore the relationship between conserved motifs and
RNA structures, we calculated two distances: one is what between
the RNA 5" end and the motif start and the other is what between
the motif end and RNA 3’ end; we did not observe any obvious
patterns in the motif distribution (Figure A3 in Appendix). We
also compared the novel ncRNAs among the three samples and
found that the ratios of the tissue- or cell-specific novel ncR-
NAs are larger than the ratio of known genes (Figure A4 in
Appendix). The biased distribution of the novel ncRNAs indi-
cates their possible functional roles in different tissues or cell
types. More ncRNA expression data from a broader tissue spec-
trum are certainly needed to decipher the functionality of the
ncRNAs.

ACTIVELY TRANSCRIBED INTRONIC REGIONS

Based on the PhyloCSF prediction (Table 3), we identified about
79.52% ncRNA exons in the intronic regions of the cerebrum and
testis, whereas only 52.71% ncRNA exons in the intronic regions
of ES cells. Whether most of the predicted protein-coding exons
are actually parts of known genes remains to be elucidated. For the
analysis of ncRNAs in the intronic regions, we also divided them
into three portions: antisense RNAs, small ncRNAs, and long ncR-
NAs (Table 4). Unlike ncRNAs in intergenic regions, most intronic
ncRNAs are small ncRNAs: 88.88, 81.48, and 75.15% in the mouse
cerebrum, testis, and ES cell, respectively. Since the intronic expres-
sions are mostly weak and interfered by background expression,
more efforts are to be devoted in the future for exploring their
functions.

DISCUSSION

In this study, we attempted to identify novel transcripts using
rmRNA-seq data from two mouse transcript-rich tissues, the cere-
brum and testis, and ES cells. Compared to what generated from
polyA-based mRNA-seq method, rmRNA-seq data are expected to

harbor more novel transcripts that do not have the polyA tails typi-
cal for eukaryotic mRNA (Cui et al., 2010). In addition, we took the
advantage of a strand-specific nature of the method, which is read-
ily done using the SOLID platform and allows us to define sense
and antisense transcript pairs of the antisense regulated genes.

Using a custom-designed data processing pipeline, we carefully
identified several to twenty thousands of novel TUs from different
mouse tissues and cells and analyzed their distributions in both
intronic and intergenic regions. We also used other supporting evi-
dence from transcriptional initiation and epigenetic signals as well
as one of the common evolutionary strategies — sequence conser-
vation. These features helped us to argue for their functional roles
in the tissues and cells. Our pipeline is able to recover ~94.12%
Refgene exons (average coverage is equal or larger than the cutoff
value) from the dataset and the method is capable of driving mam-
malian transcriptome annotation to a completion if coupled with
a protocol for characterizing even smaller RNAs, such as miRNAs.

The annotation of these novel UTs remains challenging. First,
when aligning these TUs that are characteristic of amino acid
sequences, such as single exons, to sequences in the NCBI nr
database, we can readily annotate about 24% of the novel protein-
coding TUs. Although some of them are annotated to be structural
proteins, such as those similar to ribosomal proteins and house-
keeping enzymes, most of them are actually matching to unknown
proteins. Second, we identified a large number of ncRNAs, includ-
ing antisense RNAs, small ncRNAs, and long ncRNAs. According
to the analysis on the targeted genes of antisense RNAs, we found
that they are associated with synapse, ion binding-transport, cell
junction, cytoskeletal, membrane, and signal transduction. Sur-
prisingly, these genes are enriched in disease related pathways, such
as cardiomyopathy and cancer. We believe that such enrichment is
largely an artifact due to the fields of intensive research activities.
In addition, we found that antisense expression is either positively
or negatively associated with sense expression of sense—antisense
gene pairs. Furthermore, numerous long ncRNAs are identified in
intergenic regions, providing a basis for future functional stud-
ies. Moreover, we found that the majority of small ncRNAs are
in a length range of 55-65Dbp in intergenic regions, which may
represent a novel class of ncRNAs since conserved motifs were
found among the sequences. In addition, most novel exons we
found in intronic regions are small ncRNAs of the same size
range.
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CONCLUSION

In this study, we identified a large number of novel exons and
TUs using three strand-specific rmRNA-seq datasets. We also
evaluated the universality and functionality of these novel TUs
to demonstrate their features as actively transcribed genes based
on an analysis that combines data from transcription start site,
histone modification, RNAPII binding site, and sequence conser-
vation. Our efforts in annotating these novel TUs revealed their
possible functional features, resembling sequences of protein-
coding and sense—antisense regulated genes as well as long and

small ncRNAs. This study also provides a practical approach
for the identification of most, if not all, genes of mammalian
genomes.
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APPENDIX

Table A1 | The sequence mapping summary of rmRNA-seq data.

Tissue/cell  Total reads Multiple mapping reads  Unique mapping reads  Average coverage Average coverage Mapping percent
(whole genome) (identified exons)

Cerebrum 428,434,624 124,991,301 120,041,080 2.19 69.46 29.17

Testis 497,996,641 144,583,797 136,348,798 2.37 55.97 29.03

ES cell 126,791,595 52,476,546 35,829,866 0.67 31.15 41.38

Table A2 | The evaluation of exon identification.

Sample RefGene exons’ Aligned exons (percent) Percent of aligned length One-to-one percent
Cerebrum 93,947 87501(93.14%) 86.13% 93.57
Testis 99,332 93,834(94.47 %) 88.66% 95.82
ES cell 82,942 78,580(94.74%) 91.34% 96.80

"The number of RefGene exons whose coverage is equal or greater than the cutoff value of coverage.

Table A3 | The percentage of exon reads in all mapped reads.

Tissue/cell Total reads Identified exon reads Exon reads percent
Cerebrum 124,991,301 105,657,702 84.53
Testis 144,583,797 109,695,106 75.87
ES cell 524,76,546 28,838,854 54.96

Table A4 | The summary of ncRNA database records.

Sub-database Records
ENSEMBL 8,269
UCsC 1,432
NONCODE 107,090
RNAdb 38,227
fRNAdb 510,055
Rfam 4,253
miRBase 579
tRNAdb 433
ncRNAdb 31,136

Table A5 | The evaluation of TU building based on the Fantom3 RNAs with multiple exons.

Sample Fantom3 RNA' Percent of aligned length One-to-one percent
Cerebrum 443 71.96 95.49
Testis 605 75.51 94.88
ES cell 143 65.51 96.50

"The number of intergenic Fantom3 RNAs aligned with our TUs and their RPKM value of expression is larger than cutoff value (RPKM eepum = 0.4242, RPKM es4s = 0.8199,

and RPKMgs = 0.7360).

Table A6 | The evaluation of TU building based on the vlinc RNA.

Sample Vlinc RNA Matching number Matching percent One-to-one number One-to-one percent
Cerebrum 486 236 48.56 156 32.10
Testis 486 215 44.24 157 32.30
ES cell 486 95 19.65 62 12.76
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Table A7 | The pseudogenes in novel intergenic TUs.

Sample Protein-coding TUs in intergenic region Matched pseudogenes Matched percent
Cerebrum 5,441 329 6.05
Testis 4,794 278 5.80
ES cell 2,005 295 14.71

Ribo-minus Coverage >= Merging small exons || The min. exon

RNA-seqdata Cutoff value (distance <= 95 bp) length (55bp)

1
l \—{ Identification exon condition IJ

!

_ | Put

Assessed exon
S—
accuracy

Coverage for
every position

Mapped reads
(TopHat) -

Assessed TU I?xons RNAPII H3K36me3 Removed low
accuracy distance coverage exon
1 1 1
| Identification TU condition |
*
Filtered known exon
NCBI nr Gene’s new :
database ncRNA database exon (split read) Repeat region

FIGURE A1 | A flowchart of gene identification process. \We mapped the
ribo-minus RNA-seq data using TopHat and created the coverage file for
genome and identified exons according to the coverage of each position
(>= cutoff value). Since 95% intron lengths are > or =95 bp, we merged
small exons (distance < or =95 bp). Moreover, since 95% exon lengths are
> or =55, we only keep the exons whose length is equal or larger than

55 bp to reduce false positives. We remove low coverage exons to reduce
errors. We also filter known exons and build novel TUs on the basis of
H3K36me3, RNAPII, and the different distance of adjacent exons between
internal of TUs and adjacent TUs. We evaluate the accuracy of TU building
by comparing our TUs with Fantom3 RNAs of intergenic regions.
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FIGURE A2 | A snapshot for TUs in Refgene intron and
intergenic region. The upper panel is a TU in an intron of the
transmembrane protein gene, Tmem180, and lower panel is aTU
adjacent to Sap130 gene. SAP130 is a subunit of the histone

deacetylase-dependent SIN3A co-repressor complex which acts as a

transcriptional repressor. The TU in plus and minus strands is shown

as red and blue horizontal bars, respectively. For each TU, we

show RNA expression level (vertical bars in red and blue), identified TU,
Refgene, RNAPII signal (green), H3K36me3 signal (purple), and conservation
score (yellow).
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FIGURE A4 | Venn diagram of newly identified non-coding TUs among
mouse the cerebrum, testis, and ES cells.
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The transcriptome of a cell is represented by a myriad of different RNA molecules with and
without protein-coding capacities. In recent years, advances in sequencing technologies
have allowed researchers to more fully appreciate the complexity of whole transcriptomes,
showing that the vast majority of the genome is transcribed, producing a diverse population
of non-protein coding RNAs (ncRNAs). Thus, the biological significance of non-coding RNAs
(ncRNAs) have been largely underestimated. Amongst these multiple classes of ncRNAs,
the long non-coding RNAs (IncRNAs) are apparently the most numerous and functionally
diverse. A small but growing number of IncRNAs have been experimentally studied, and
a view is emerging that these are key regulators of epigenetic gene regulation in mam-
malian cells. LncRNAs have already been implicated in human diseases such as cancer and
neurodegeneration, highlighting the importance of this emergent field. In this article, we
review the catalogs of annotated IncRNAs and the latest advances in our understanding

e-mail: toma.derrien@gmail.com

of IncRNAs.
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THE CELL, AN RNA-DEPENDENT MACHINERY

Some of the most fundamental cellular processes rely on
anciently conserved non-coding RNAs (ncRNAs). These include,
for instance, the ribosomal RNAs which are assembled together
to constitute ribosomes, the factories for translation of messen-
ger RNAs (mRNAs) into proteins. Other ancient roles of ncRNAs
include the transport of amino acids through ribosomes via the
transfer RNAs (tRNAs) or the splicing of introns of pre-mRNA
which is mediated in part by the snRNAs (small nuclear RNAs).
More recently, the crucial role of ncRNA in post-transcriptional
gene regulation has been highlighted by the discovery of microR-
NAs (miRNAs), which repress gene expression by targeting semi-
complementary motifs in target mRNAs (Lee et al., 1993). Many
additional classes of ncRNAs have been discovered in the last
decade reinforcing the view that they are of central importance
in the functioning of cells from all the branches of life (Amaral
et al., 2008).

Amongst the various ncRNA classes, we know probably least
about the long non-coding RNAs (IncRNAs). In particular, what
is the total number of IncRNAs in mammalian genomes? Where
are they localized? What is their significance in the context of evo-
lution, and particularly in the evolution of complex processing in
primate brains? Now that good catalogs of IncRNAs have become
available, the most critical question is to address the functional-
ity of these transcripts. This question is particularly acute given
that we have no a priori methods for the prediction of IncRNA
function based on sequence alone, in contrast to proteins where
confident inferences on protein function can be made by simply
analysis of the amino acid sequence. Given the sheer number of
new unexplored IncRNA transcripts (~15,000 at last count; Der-
rien et al., submitted), the field must move forward to address this

question of function by using large-scale functional screens. Such
moves are already underway, with groups such as Eric Lander’s
carrying out siRNA screens (Guttman et al., 2011). Large-scale
analysis of protein-binding partners will also add another layer
of valuable information to such annotation of IncRNA catalogs.
Hopefully, advances in bioinformatic annotation of RNA struc-
tures (Torarinsson et al., 20065 Parker et al., 2011), and methods
to predict functions based on this, will be developed. In this way,
we might build up a richly annotated catalog of IncRNAs with
functional predictions, that will enable us to integrate them into
existing knowledge of the cell, and infer possible roles in human
diseases.

Cis AND trans FUNCTIONS FOR IncRNAs

Until recently, only a handful of IncRNAs have been described in
the literature. One of the earliest examples was XIST, a 19 kb non-
protein-coding transcript which is responsible for the inactivation
of one of the two X chromosome in placental females through
DNA methylation (Brockdorff et al., 1992). Others examples of
IncRNAs located in imprinted regions, such as Airn (Sleutels et al.,
2002; Nagano et al., 2008), H19 (Gabory et al., 2009), NESPAS
(Wroe et al., 2000), or Kenqlotl (Mancini-Dinardo et al., 2006;
Mohammad et al., 2010) are involved in the inactivation of gene
expression via specific associations with chromatin-modifying
complexes. More recently, the HOTAIR IncRNA was shown to
epigenetically repress the HOXD locus via the recruitment of the
PRC2 complex (Rinn et al., 2007). Strikingly, this study described
a trans mechanism of action of a IncRNA located on human
Chromosome 5 which modulates expression of multiple genes
clustered on human Chromosome 4 (HOXD locus; Rinn et al.,
2007). Supporting this hypothesis, two recent papers (Cabili et al.,
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2011; Guttman et al., 2011) showed that IncRNAs primarily affect
gene expression in trans. The latter work used loss-of-function
protocols to demonstrate that large intergenic ncRNAs (lincR-
NAs) both up- and down-regulate hundreds of genes expression
in trans which support a primary role of lincRNAs in the circuitry
controlling embryonic stem (ES) cell states (Guttman et al., 2011).
On the other hand, previous studies showed that some IncR-
NAs could also activate expression of protein-coding genes in their
immediate genomic neighborhood. This cis-mechanism of action
was demonstrated by @rom and colleagues who used interference
RNAs (siRNAs) to knock down candidate IncRNAs annotated as
part of the GENCODE project (Harrow et al., 2006). The inactiva-
tion of some of these IncRNAs further triggers a down-regulation
of protein-coding genes transcription located either in the same
or opposite strand within 1 Mb from the IncRNA (Orom et al,,
2010) suggesting the latter functions as a transcriptional activator.
Further supporting the cis-mechanism, a lincRNA called HOTTIP
transcribed from the HOX A locus coordinates the transcription
of several genes localized in cis at the 5 of the HOXA locus
(Wang et al., 2008). HOTTIP was shown to activate gene expres-
sion by recruiting the WDR5/MLL complex and thus depositing
the activating histone modification H3K4me3. Finally, the distinc-
tion between activating IncRNAs and enhancers remains unclear.
For instance, about 12,000 actively regulated enhancer were iden-
tified based on their bindings to the transcriptional co-activator
p300/CBP in mouse neurons (Kim et al., 2010). Using ChipSeq
analysis to define RNA polymerase II binding sites, the authors
also reported that 25% of the enhancers co-localize with RNAPII
sites suggesting that some enhancers are transcribed; they termed
these transcripts eRNAs for enhancer RNAs (Kim et al., 2010). It
will be important to functionally define whether such eRNAs are
all required for enhancer function, or are simply a by-product of
some non-functional transcription of enhancers by RNA Polll.
Similarly it will be important to define whether the activating
IncRNAs (Orom et al., 2010) are in fact a subset of eRNAs, or not.
While it is more likely that an IncRNA regulates the co-
expression of nearby protein coding genes (as for tandemly dupli-
cated genes, imprinted genes, or ubiquitously expressed genes), an
interesting study demonstrate that modulating the expression of a
particular locus will also trigger the modification of the expression
of nearby transcripts by a mechanism known as «ripple of tran-
scription»(Ebisuya et al., 2008). Taken together and similar to the
behavior of protein-coding genes, IncRNAs seem to act both in cis
and trans and are a key player of the regulation of gene expression.

LncRNAs IN HUMAN DISEASE

There is growing evidence that IncRNAs are involved in dis-
ease progression and especially cancers. For instance, recent work
implies a non-coding RNA, lincRNA-p21, in the p53 response
though the modulation of multiple p53 dependent gene expres-
sion in trans (Huarte et al., 2010). Another example is MEG3,
which is thought to directly activate the tumor suppressor gene
p53, although the mechanism has yet to be elucidated (Zhou
etal.,2007). Finally, another long non-coding RNA, called ANRIL,
located in the p15/CDKN2B-p16/CDKN2A—p14/ARF is geneti-
cally associated with diverse diseases such as diabetes, gliomas,
coronary diseases, and basal cell carcinomas via genome-wide

association studies (GWAS; Pasmant et al., 2010; Wapinski and
Chang, 2011). More generally, given the lack of annotation of
human IncRNAs, one could speculate on the impact of non-coding
regions of the human genome in an answer to the “missing her-
itability” in GWAS studies (Manolio et al., 2009). Indeed, given
that at least a half of the human genome is transcribed into RNA
molecules (Carninci et al., 2005; ENCODE Project Consortium
et al., 2007), it is now exciting to further characterize the 80%
of disease-associated variants that are located outside of protein-
coding genes (Manolio et al., 2009). Thus IncRNA represent a new
frontier in human disease genomics. Presently no drugs against
IncRNAs are available. It will be fascinating to observe whether
it will be possible to specifically drug IncRNA pathways, perhaps
through the use of specific modified small oligonucleotides. It is
also worth mentioning that ncRNAs can be detected in human
bodily fluids and hold great promise as biomarkers (Gaughwin
etal., 2011).

RESOURCES FOR THE ANNOTATION OF LncRNAs

Similar to that of protein coding genes, resources for the global
annotation of IncRNAs are needed in order to identify, classify and
elucidate the roles of these transcripts within the cell machinery.

Particularly relevant is the effort from John Mattick’s group
to compile and centralize biologically meaningful information
dedicated to IncRNA (Amaral et al., 2011). The IncRNA database
(IncRNAdb) provides sequence, structural, and conservation evi-
dence for mutli-species IncRNAs together with a list of IncRNAs
that are experimentally known to interact with coding mRNAs.

In mouse in the early 2000s, the FANTOM consortium pio-
neered the genome-wide discovery of IncRNAs publishing a set of
34,030 IncRNAs based on cDNA sequencing (Maeda et al., 2006).
More recently, Guttman and colleagues used chromatin signatures
via ChIPSeq (Chromatin Immuno-Precipitation followed by high
throughput Sequencing) to reveal ~1,600 lincRNAs (Guttman
et al., 2009). They further showed that some of these lincRNAs
are functional and transcriptionally regulated by key transcrip-
tion factors such Oct4 (Guttman et al., 2009). While expressed in
a wide range of tissue, lincRNAs tend to be modestly conserved
(Marques and Ponting, 2009) as shown by using a neutral indel
model which exploits the patterns of substitutions and insertions
or deletions (Lunter et al., 2006). The methodology employed by
Guttman and colleagues has been applied to human thus leading
to the identification of about ~3,300 lincRNAs whose functional
roles may include guidance of chromatin-modifying complexes to
specific regions of the genome (Khalil et al., 2009). Very recently,
the growing interest in lincRNAs led to the annotation of more
than 8,000 lincRNA genes in human using a combination of com-
putational methods and RNASeq experiments especially from the
Human Body Map (HBM) project (Cabili et al., 2011; Table 1).

It is worth mentioning that many of the current RNASeq
data (including HBM) mainly select RNA transcripts harboring
a polyA tail at their 3’end (polyA+) and therefore offer little
information on transcripts lacking polyA (polyA—). To tackle this
issue, sequencing technologies such as single-molecule sequenc-
ing (SMS; Pushkarev et al., 2009) was used to estimate the
abundance of ncRNAs by avoiding amplification and minimiz-
ing sample preparation (Kapranov et al., 2010). Interestingly, this
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Table 1 | Description of human IncRNAs published catalogs.

References Number of LncRNAs classes Type of annotation PolyA type Experimental evidence
IncRNA elements  considered
Khalil et al. (2009) ~3,300 Intergenic Bioinformatic predictions PolyA+ (ChiPSeq) + expression array
Jia et al. (2010). 6,736 Genic +intergenic  Bioinformatic predictions + PolyA+ Full-length cDNAs
manual curation
Kapranov et al. (2010) 580 Intergenic Bioinformatic predictions PolyA+ PolyA—  Single-molecule  sequencing
(SMS) Helicos
@rom et al. (2010) 3,019 Intergenic Manual curation Mainly polyA+  cDNA/ESTs + RNAseq
Cabili et al. (2011) 8,263 Intergenic Bioinformatic predictions + PolyA+ (ChiPSeq) + RNAseq
manual curation
Derrien et al. (submitted) 9,277 Genic +intergenic  Manual curation PolyA+ PolyA—  (ChiPSeq) + cDNA/ESTs +
RNAseq + CAGE/dITAG
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FIGURE 1 | Proportion of GENCODE polyA+ LncRNAs and protein coding at the gene (n=9,277 and 18,063; respectively) and transcript levels with
increasing thresholds of expression values (RPKM) in ENCODE RNASeq experiments.

studies revealed that “dark matter” transcription may represent
the majority of the total (non-ribosomal and non-mitochondrial)
RNA of a cell. In addition, it shed light on a new class of very
long ncRNAs (min size ~50 kb), abundantly expressed and local-
ized in intergenic regions of the genome, the so-called vlincRNAs
(very long intergenic ncRNAs). Focusing on the total RNA of a
cell rather than the highly selected polyA+ transcripts seems to

complement the latest catalog of lincRNAs (Cabili et al., 2011)
since only 40% of these vlincRNAs overlap the lincRNA genes.
We also recently showed that the GENCODE IncRNA set tends to
have higher PolyA— representation compared to protein-coding
mRNAs (Derrien et al., submitted). Although many studies have
concentrated on the intergenic IncRNAs (the lincRNAs), this seri-
ously underestimates the true number of IncRNA transcripts in
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the genome. Approximately one third (Derrien et al., submitted)
to one half (Jia et al., 2010) of IncRNAs overlap protein-coding
loci in some way — “genic” IncRNAs. It seems therefore essential to
annotate IncRNAs both in intergenic and coding regions since (i)
the exact boundaries of protein-coding genes is frequently subject
to variations and reannotations (Denoeud et al., 2007; Gingeras,
2007) and thus could lead to the revision of a lincRNAs into a
bona-fide IncRNAs, (ii) thousands of protein-coding genes har-
bor natural antisense transcripts belonging to the IncRNAs class
(He et al., 2008; iii) numerous functional genic IncRNAs over-
lapping protein-coding genes have been experimentally validated,
especially in disease states (Faghihi et al., 2008; Pasmant et al.,
2011; Wapinski and Chang, 2011). A recent catalog of both genic
and intergenic IncRNAs has been released based on genome-wide
computational approach combined with intensive manual anno-
tation. This led to the identification oh 6,736 IncRNA genes in
human (Jia et al., 2010) among which 63% are localized within or
in a close proximity (<10kb) of known protein coding genes (Jia
etal., 2010).

THE GENCODE CATALOG OF HUMAN IncRNAs

Most recently, the GENCODE annotation group has produced
the most comprehensive, high-quality human IncRNA annota-
tion to date. In order to identify all evidence-based functional
gene features in the human genome, the GENCODE group (Har-
row et al., 2006) within the ENCODE framework (ENCyclopedia
Of DNA Elements; ENCODE Project Consortium et al., 2007)
provides a high-quality collection of IncRNAs. GENCODE anno-
tation involves manual curation, multiple computational analysis,
and targeted experimental approaches, all together representing
complementary methodologies for the complete identification of
all human functional elements (coding and non-coding genes). At
present, the GENCODE collection (Version 7) comprises 14,880
IncRNA transcripts arising from 9,277 distinct gene loci (Derrien
et al., submitted).

In a recent study, we investigated whether these IncRNAs are
under negative evolutionary selection, indicative of functionality
(Derrien et al., submitted). Evolutionary scores were computed
based both on the phastCons program (Siepel et al., 2005) and
custom BLAST alignments within mammals in order to mea-
sure the conservation profiles of GENCODE IncRNAs in com-
parison with protein-coding transcripts and ancestral repeats
(ARs), the latter representing a good proxy for measuring neu-
trally evolving sequences (Ponjavic et al., 2007). Overall, IncR-
NAs show moderate sequence conservation compared to cod-
ing transcripts. This lower sequence conservation may reflect
the fact that functional RNA structures are more robust in the
face of sequence mutations and insertions—deletions (indels),
compared to the higher constraints inherent of protein-coding
open reading frames. Nevertheless, IncRNAs and more especially,
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their promoters, showed statistically significant, non-random
conservation, strongly suggesting a functional role for these ncR-
NAs. Interestingly, about one third of the 15,000 IncRNAs dis-
play a primate-specific pattern of conservation (Derrien et al.,
submitted).

Using whole transcriptome sequencing (RNAseq) of 16 human
cell lines produced in the framework of the ENCODE consortium
(ENCODE Project Consortium et al., 2007) and 16 tissues from
the Human Body Map project (www.illumina.com), we showed
that 94% of the GENCODE IncRNAs transcripts are expressed
in at least one of these tissue/cell line studied. Strikingly, the
level of expression of polyA+ IncRNAs is ~10-20 times lower
than protein-coding transcripts reinforcing the need to use deep
sequencing based technologies to identify these low expressed non-
coding loci (Figure 1.). We also demonstrated that IncRNAs tend
to be enriched in nucleus in comparison with mRNAs; this latter
observation being consistent with the idea that many IncRNAs may
be devoted to gene regulation in the nucleus. Finally, the question
is raised as to whether lincRNAs could encode very small peptides
as shown by Ingolia et al. (2011). However, there is still conflicting
evidence about this hypothesis since a recent study which used
comprehensive mass spectrometry data (MS) produced as part
of the ENCODE project only found about a hundred of GEN-
CODE IncRNA to be matched by small peptides (Banfai et al,,
submitted).

CONCLUSION

Over the past decade, the estimation of the proportion of “func-
tional DNA” in the human genome has been constantly revised
upward (Ponting and Hardison, 2011).

We now know that the human genome contains thousands of
IncRNAs, both genic and intergenic. This new class of non-protein
coding RNAs (ncRNAs) lack functional ORFs, are modestly con-
served and seem to negatively and positively regulate protein cod-
ing gene expression, in cis and trans. Diverse mechanisms of action
have been observed (see for reviews Ponting et al., 2009; Nagano
and Fraser, 2011) suggesting that IncRNAs are a fundamental regu-
lators of transcription. The classification of IncRNAs remains diffi-
cult,and we presently have only a vague idea of what sub-categories
exist, and how we might use experimental or sequence informa-
tion to distinguish between such categories. With the ongoing and
increasing number of RNAseq experiments characterizing tran-
scriptomes of multiples cell lines and human tissues (in particular
within the ENCODE consortium), it is likely that the number of
annotated IncRNAs will increase dramatically in the near future.
Future studies will likely focus on identifying functional IncRNAs,
and those involved in human disease processes.
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DEFINITION OF TERMS
Splicing: the joining of exons from primary RNAs.
Cis-splicing: the joining of exons from a primary RNA in a 5’
to 3’ order.
Exon scrambling: the joining of exons from a primary RNA in
an order where 3’ exons are positioned upstream of 5’ exons.
Trans-splicing: the joining of exons from more than one
primary RNA.
Exon repetition: the presence of repeats of exon(s) in an RNA.
Exon: a sequence that is retained in a processed RNA, after
removal of the intervening sequences. Exons are flanked by
the major GT/AG (CG) or the minor AT/AC dinucleotides
(internal exon) or a single dinucleotide and the start/end of
the processed RNA (terminal exon).
Spliced leader (SL) RNA: a short RNA sequence that is trans-
spliced to many gene transcripts in certain lower organisms,
including trypanosomes and nematodes.

JOINING OF EXONS FROM DISTINCT

PRE-mRNAs — EVOLUTION OF THE CONCEPT OF
TRANS-SPLICING

The earliest reports on splicing reactions between two different
RNA substrates date from 1985 (Konarska et al., 1985; Solnick,
1985). In these pioneering in vitro experiments the efficiency of
trans-splicing was found to be enhanced by sequence comple-
mentarity in the intronic regions of the two mRNA precursor
molecules. This was followed by evidence that in the trypanosome
Trypanosoma brucei, and the nematode Caenorhabditis elegans a
single RNA sequence, the SL, is trans-spliced to many RNAs (Mur-
phy et al., 1986; Sutton and Boothroyd, 1986; Krause and Hirsh,
1987). A few years later, the possibility that mammalian cells may
actually be involved in RNA processes that include trans-splicing
was elegantly demonstrated by Bruzik and Maniatis (1992), when
the SL RNA of C. elegans was shown to be capable to trans-splice to
the adenovirus exon 2 in COS cells in vivo. However, this proposal

Trans-splicing, the possibility of exons from distinct pre-mRNAs to join together, is still a
concept in gene expression that is generally regarded of limited significance. However,
recent work has provided evidence that in human tumors trans-splicing events may pre-
cede chromosomal rearrangements. In fact, it has been suggested that the trans-spliced
molecules could act as “guides” that facilitate the genomic translocation. This perspective
highlights the development of the ideas of trans-splicing in higher eukaryotes during the
last 25 years, from a bizarre phenomenon to a biological event that is attaining stronger

Keywords: RNA, exon, evolution, gene, recombination

was met with a lot of skepticism. In fact, it has been suggested
that even if mammalian cells have this capacity, such phenomena
are not really occurring (Blumenthal, 1993). Certainly, the SL type
of trans-splicing is not apparently taking place in higher eukary-
otes. On the other hand, reports that eukaryotic exons may be
joined in an order that deviates from their linear arrangement in
the genome have started to accumulate since the early nineties,
challenging the universality of cis-splicing. One early observation
was that the order of exons in spliced RNAs could be reversed
compared to that present in genomic DNA (Nigro et al., 1991;
Cocquerelle et al., 1992). These “scrambled” RNAs were found at
levels significantly lower compared to the corresponding “canon-
ical” mRNAs, were mostly cytoplasmic and appeared to lack a
polyA+ tail.

Moreover, additional reports highlighted the presence of abun-
dant polyA+ mRNAs containing repetitions of certain exons, a
phenomenon that can be rationalized by a trans-splicing process
of independent pre-mRNA molecules (Caudevilla et al., 1998;
Frantzetal., 1999). Furthermore, polyA4+ mRNAs generated from
gene loci present on opposite strands of a chromosome have also
been reported, although in some cases, the expression level of such
trans-spliced mRNAs was found to be quite low (Dorn et al., 2001;
Labrador et al., 2001; Finta and Zaphiropoulos, 2002). Addition-
ally, trans-splicing was suggested to have a role in the process of
interallelic complementation in Drosophila, as this type of splicing
was shown to also occur between different alleles (Horiuchi et al.,
2003).

An elegant computational strategy was employed to detect
trans-splicing events using non-linear exon splice junction probes
on expressed sequences from the GenBank. This approach revealed
178 human genes that engage in splicing processes resulting in a
change of the canonical 5-3’ exon order (Dixon et al., 2005). Fur-
ther analysis suggested that complementarity of intronic sequences
hasarole in promoting this non-linear splicing (Dixon etal.,2007).
More recently, trans-splicing events that are mediated through
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sequence complementarity of independent transcripts have also
been observed in C. elegans and the unicellular eukaryote Giardia
intestinalis, which has only few cis-spliced introns (Fischer et al.,
2008; Kamikawa et al., 2011).

A WORD OF CAUTION

As with any novel concept the suggestion that a directional cis-
splicing process may not account for all spliced RNAs observed in
higher eukaryotic species should be subjected to rigorous quality
controls. This is especially important since the methods used to
detect trans-splicing do so in an indirect way. In a typical assay,
the RNA is subjected to reverse transcription, followed by PCR
amplification. However, both polymerases can engage into tem-
plate switching, resulting in an artifactual generation of hybrid
molecules, with this event enhanced, but not fully dependent, by
repeat sequences (Zaphiropoulos, 1998; Houseley and Tollervey,
2010). This may explain a number of reports, which claimed the
widespread abundance of trans-splicing processes, with the canon-
ical splice signals, GT and AG not being retained (Li et al., 2009).
Even RNA protection analysis, which has been used to confirm the
presence of trans-spliced RNAs, as an independent method that
avoids the involvement of reverse transcription and PCR amplifi-
cation, is not full proof, unless appropriate controls are employed
(Kralovicova and Vorechovsky, 2005).

One way to strengthen the argument for the finding of bona
fide trans-spliced RNAs and not in vitro recombinants gener-
ated during reverse transcription/PCR, apart from the presence
of canonical splice signals, is to look for premature termination
codons (PTCs). Absence of PTCs in the putative trans-spliced
molecule, and consequently maintenance of a long open read-
ing frame, would be in line with the quality control mechanism of
nonsense mediated decay (Durand and Lykke-Andersen, 2011)
that trans-spliced mRNAs, similarly to cis-spliced mRNAs, are
subjected to.

TRANS-SPLICING AS A TEMPLATE FOR GENE

TRANSLOCATION IN ENDOMETRIAL CANCER

An unanticipated proposal on the role of trans-splicing in cancer
biology was put forward in 2008. Namely, normal endometrial
stromal cells were shown to produce a trans-spliced RNA, which
joins the first three exons of the JAZFI gene on chromosome 7
to the last 15 exons of the JJAZI gene on chromosome 17, that is
identical to the hybrid RNA produced by the (7;17; p15;q21) chro-
mosomal rearrangement found in endometrial stromal tumors
(Li et al., 2008). This unprecedented finding raised the possibility
that endometrial stromal cells capable of this trans-splicing may
be predisposed for the genomic translocation that characterizes
endometrial stromal tumors. Additionally, a possible mechanism
for this translocation could be that the trans-spliced RNA acts
as a template that facilitates the genomic fusion (Figure 1), a
process that is in line with the RNA mediated genome rearrange-
ment events described in ciliates (Nowacki et al., 2008). One may
hypothesize that the trans-spliced RNA intercalates through the
“breathing” DNA duplexes of the two chromosomes bringing them
in proximity, and this RNA-DNA base pairing promotes strand
breaks and chromosome translocation. Alternatively, the capacity
of transcripts from different chromosomes to trans-splice may be

A
Pre-mRNA A

—Em—&8—_

ez

S O

t Pre-mRNA B

|

Trans spliced mRNA

Chromosome A Chromosome B

Rearranged chromosomes

FIGURE 1 | Hypothetical scheme on the role of trans-splicing in
promoting genomic rearrangement. (A) Two independent primary RNA
transcripts are brought in proximity, possibly through base pair
complementarity, allowing splicing events in trans to take place. Exons are
shown by green and yellow boxes. The putative base pairing is highlighted
by red lines. (B) The trans-spliced RNA may serve as a scaffold to facilitate
genomic interactions that could lead to gene translocation. Exons are
shown by green and yellow boxes. The position of genomic recombination
in the rearranged chromosomes is highlighted by red lines.

the result of chromosomal interactions that could be mediated, at
least in part, through sequence complementarity, and this prox-
imity of the gene loci may also enhance genomic rearrangements.
As a way to discriminate between these alternatives, determin-
ing the impact of exogenously added, hybrid RNA in promoting
chromosomal translocations would be helpful.

Frontiers in Genetics | Non-Coding RNA

December 2011 | Volume 2 | Article 92 | 40


http://www.frontiersin.org/Genetics
http://www.frontiersin.org/Non-Coding_RNA
http://www.frontiersin.org/Non-Coding_RNA/archive

Zaphiropoulos

Trans-splicing

In an additional reported case, a fusion transcript composed
of the SLC45A3 exon 1 joined to the ELK4 exon 2 was found
to be expressed in both benign prostate tissue and prostate can-
cer. Moreover, the levels of the fusion transcript did not correlate
with alterations at the chromosomal level, raising the possibility
that a mechanism for generation of the fusion transcript may be
trans-splicing (Rickman et al., 2009). However, as both SLC45A3
and the ELK4 genes are positioned within 30 kb and in the same
orientation on chromosome 1, an alternative interpretation is the
presence of an extended bicistronic primary RNA out of which the
“fusion” transcript is processed. Interestingly, more than a decade
ago exon scrambling events on the AML (MLL) gene, which is fre-
quently rearranged in human leukemias, that could only be partly
interpreted as the result of genome duplications, were reported
(Caligiuri et al., 1996; Caldas et al., 1998). Thus, the possibility of
non-linear splicing processes that mimic genomic alterations had
already been raised.

TRANS-SPLICING VERSUS ALTERNATIVE

SPLICING - PARALLEL PATHS

Apart from certain well-documented cases of abundant trans-
splicing events with functional implications (Gingeras, 2009),
most reports on trans-splicing or exon scrambling are indica-
tive of an infrequent process, with its biological significance being
questioned. It is therefore possible that the majority of these non-
cis-splicing events are products of an error prone RNA processing
machinery, with limited functional consequences. However, such
arguments are reminiscent of the evolution of the concept of
alternative cis-splicing. Since its identification in the late seven-
ties, alternative cis-splicing was thought for years to represent an
oddity in gene expression. It is not until the last decade that it
has clearly been demonstrated that this phenomenon character-
izes almost all human genes (Pan et al., 2008; Wang et al., 2008).
The deeper the extent of the transcriptome analysis, the higher
the diversity of the identified alternative transcripts. It is there-
fore envisioned that with the advent of global deep sequencing
technologies, which could directly sequence long RNAs at a sin-
gle molecule level (Ozsolak et al., 2009), it may be possible to
get convincing evidence on the pervasiveness of trans-splicing or
exon scrambling, and their possible biological significance. Thus,
the approximate 1% of human genes that engage in non-linear
exon splicing, deduced from GenBank entries a few years ago
(Dixon et al.,, 2005), is anticipated to increase. In line with this
goal has been the effort to use pair end sequencing in Drosophila
mRNAs, which identified 80 novel cases of trans-splicing between
homologous alleles (McManus et al., 2010).

EVOLUTIONARY “TINKERING"

The concept of “bricoleur” by Jacob (2001) may be quite rele-
vant in envisioning the biological implications of frans-splicing.
An organism is likely to take advantage of all available “tools” in
order to adapt to a constantly changing environment. As processed
RNAs are composed of joined exons, more complex “tools” may
be produced by a combinatorial use of exons that originate from
two or more gene loci, providing a new means for expanding the
diversity of the transcriptome and the proteome. Thus, similarly
to alternative cis-splicing, which has been demonstrated to be
more pronounced in higher than lower eukaryotes (Kim et al.,
2007), trans-splicing may be a way for eukaryotic cells to take
advantage of novel exon combinations that are not limited by
a linear cis arrangement in the genome. Considering that more
complex organisms do not differ so much from simpler ones, as
far as the numbers of protein coding genes are concerned, it may
be that significance attention should focus on the regulation of
gene expression. Consequently, trans-splicing is to be regarded as
a regulatory process that diversifies the output of exon containing
genes.

FINAL NOTE

An elegant hypothesis on the evolutionary role of frans-splicing
has recently been put forward by Blumenthal (2011). In the uni-
cellular parasite Giardia, three convincing cases of trans-splicing
mediated by base pair interactions of independent transcripts
were reported (Kamikawa et al., 2011; Nageshan et al., 2011),
resulting in the formation of mature mRNAs for heat shock
protein 90 and dynein molecular motor protein B, which, in
other organisms, are produced from single, cis-spliced gene loci.
Thus, it is proposed that during evolution trans-spliced mole-
cules, such as the ones described in Giardia, may have guided
genomic rearrangements resulting in the formation of contigu-
ous genes. This possibility is in line with the RNA mediated
genomic rearrangement that occurs in the ciliate Oxytricha and
the one suggested for the JAZFI-JJAZI trans-spliced RNA in
endometrial cancer (Li et al., 2008; Nowacki et al., 2008). Fur-
ther analysis of the genome/transcriptome of other diplomonads
and related organisms is anticipated to provide additional clues in
this direction.
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INTRODUCTION

Non-coding RNAs (ncRNAs) are regarded as regulators of cell
cycle progression, proliferation, and fate. There are numerous
classes of ncRNAs, including very long ncRNAs, PIWI-associated
ncRNAs, and small interfering RNAs. However few have been
described with respect to hematopoiesis. Here we review the cur-
rent understanding of the role of microRNAs (miRNA) and long
non-coding RNAs (IncRNAs) in the pathogenesis of acute myeloid
leukemia (AML), acute lymphoblastic leukemia (ALL), chronic
lymphocytic leukemia (CLL), and chronic myeloid leukemia
(CML).

REGULATORY microRNAs IN LEUKEMIA

MicroRNAs, negative regulators of gene expression, are initially
transcribed as long primary miRNAs by RNA polymerase II, and
subsequently processed by the nuclear ribonuclease Drosha and
the cytoplasmic dsRNA-specific endonuclease Dicer. Mature miR-
NAs, averaging 22 nucleotides, associate with the RNA induced
silencing complex (RISC) that aids in generating their repres-
sive functions. The most efficient miRNA targeting is achieved
by mature miRNAs binding to the 3'-untranslated regions (UTR)
of target messenger RNAs (mRNA) leading to translational inhi-
bition or mRNA cleavage (Zhang et al., 2007). miRNAs also
bind within coding regions and 5'UTRs, through which addi-
tional regulation of mRNA translation can be mediated (Figure 1;
Orom et al, 2008; Tay et al, 2008). miRNAs have garnered
much interest due to their role as post-transcriptional regulators
of genes involved in numerous physiologic and developmental
processes including cellular proliferation, cell cycle progression,

The field of non-coding RNAs (ncRNAs) encompasses a wide array of RNA classes that
are indispensible for the regulation of cellular activities. However, de-regulation of these
ncRNAs can also play key roles in malignant transformation and cancer cell behavior. In this
article we survey a select group of microRNAs and long ncRNAs that appear to contribute
in keys ways to the development of acute and chronic leukemias, as well as contribute to
their diagnosis, prognosis, and potentially, their treatment.

Keywords: non-coding RNA, AML, ALL, CLL, CML

and apoptosis (reviewed in Lee and Ambros, 2001; Cheng et al.,
2005; Hayashita et al., 2005; Ivanovska et al., 2008). Altered miRNA
expression has been implicated in the pathology of leukemia,
where some miRNAs are proposed to function either as tumor
suppressor genes (TS) or oncogenes (Table 1; Esquela-Kerscher
and Slack, 2006).

miRNAs IN AML

Acute myeloid leukemia is characterized by the abnormal prolif-
eration and accumulation of immature myeloblasts in the bone
marrow and blood. Diagnosis is based on the presence of malig-
nant blasts in the bone marrow as well as distinctive translo-
cations and gene mutations. AML represents a group of het-
erogeneous disorders with striking differences in survival based
on cytogenetics, prognostic gene mutations, and age and has an
average long-term overall survival (OS) rate of approximately 25—
60% depending on the above characteristics in patients over age
55 (Heerema-McKenney and Arber, 2009; http://seer.cancer.gov,
accessed September 24, 2011).

Golub etal. (1999) first demonstrated that expression profiling
of protein-encoding genes could distinguish AML from ALL, pio-
neering the way for expression-based diagnostic approaches. The
advent of miRNA expression profiling further distinguished AML
from ALL and has been used to explore possible associations of
miRNAs with regard to diagnosis, prognosis, and response to treat-
ment (Calin and Croce, 2006; Mi et al., 2007). Garzon et al. (2008b)
reported that the expression of miR-29 family member miR-29b is
often down-regulated in primary AML with respect to bone mar-
row CD34+ progenitors. miR-29b directly targets the 3'UTR of
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FIGURE 1 | (A) Regulatory microRNA mechanisms in leukemia. (A1)
Perfect base complementarity between miRNA and target mRNA can lead
to target mMRNA degradation. (A2) Imperfect base complementarity
between miRNA and target mRNA can lead to mRNA translational
repression. (B) Currently hypothesized mechanisms of IncRNA regulation
in leukemia. (B1) Recruitment of PcGs leads to stable repression, although

p53 binding domain

the mechanism of IncRNA association with the target sequence is
unknown. (B2) IncRNAs can influence miRNA cluster transcriptional
activity, and can be post-transcriptionally regulated by miRNAs. (B3)
Activator IncRNAs enhance transcriptional or binding affinity of transcription
factors, although the mechanism of IncRNA association with the target
sequence is unknown.

DNA methyltransferases DNMT3a and DNMT3b and indirectly
targets DNMT1 via negative regulation of SPI, a transactivator
of DNMT]1. Down-regulation of the methyltransferases caused by
forced expression of miR-29b leads to altered DNA methylation
and subsequent repression of TS genes such as p15"™NX#® and ESR1
often observed in myeloid leukemogenesis (Garzon et al., 2009b).
Restoration of miR-29b increases sensitivity to the hypomethy-
lating agent, decitabine, in patients with AML over age 60 (Blum

et al., 2010). Forced expression of miR-29b in AML cell lines and
primary AML samples reduces cell growth and induces apoptosis,
indicative of its TS activity in acute leukemia. Additional support
was provided by the dramatic reduction of tumors in a xenograft
leukemia model in response to miR-29b over-expression. Follow-
ing miR-29b expression, gene expression analysis of the AML cell
line K562 showed that miR-29b, along with miR-29a, target path-
ways involved with cell cycle, proliferation, and apoptosis (Garzon
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Table 1 | Characteristics of discussed ncRNAs?.

ncRNA(s) ncRNA class Target Disease association Clinical relevance Citation
miR-29b miRNA DNMT3a and DNMT3b, AML Predictive  response  Garzon et al. (2009b)
DNMT1 (indirect) to therapy; potentially
therapeutic
miR-126/126* miRNA N/A AML Diagnostic: CBF Li et al. (2008)
miR-224, -368, -382 miRNA N/A AML Diagnostic: t(15; 17) Li et al. (2008)
miR-126, -126%, -224, -368, -382, miRNA N/A AML Diagnostic: Li et al. (2008)
-17-bp, -20a MLL-rearrangement
miR-21 miRNA PTEN AML Diagnostic: t(6; 11) vs.  Garzon et al. (2008a)
t(9; 11), prognostic
miR-29b miRNA TCL1 AML Diagnostic: balanced  Garzon et al. (2008a)
11923 translocations;
potentially therapeutic
miR-155 miRNA Unknown in AML AML Diagnostic: FLT3-ITD  Garzon et al. (2008a)
mutations
miR-199a, -191 miRNA N/A AML Prognostic Garzon et al. (2008a)
miR-181 miRNA TLR and IL1-8 AML Prognostic Marcucci et al. (2008)
(miR-128a, -128b) vs. (MiR-223, mMiRNA N/A AML vs. ALL Diagnostic Mi et al. (2007)
let-7b]
miR-18a, -5632, -218, -625, 193a, mMIRNA N/A ALL Prognostic Zhang et al. (2009a)
-638, -550, -663
miR-143 miRNA MLL-AF4 ALL Prognostic, potentially Dou et al. (2011)
therapeutic
miR-15a, -16-1 miRNA Bcl2 CLL Potentially therapeutic ~ Bandi et al. (2009b)
miR-29, -181 miRNA TCL1 CLL Prognostic, potentially Pekarsky et al. (2006)
therapeutic
miR-15a, -195, -221, -23b, -155, mMIRNA N/A CLL Diagnostic: expressed San Jose-Eneriz et al.
-223, -29a, -24, -29b, -146, -16, ZAP-70 and unmutated  (2009)
-16-2, -29¢ IgVH vs. no ZAP-70
and mutated IgVH
miR-7 -23a, -26a, -29a, -29¢c, - miRNA N/A CML Predictive response to  San Jose-Eneriz et al.
30D, -30c, -100, -126, -134, -141, therapy (2009)
-183, -196b, -199a, -224, -362,
-422b, 520a, -191
ANRIL, p15AS Antisense p15 AML/ALL Diagnostic, potentially Yu et al. (2008);
prognostic lacobucci et al. (2011)
lincRNA-p21 lincRNA BCR-ABL Potentially CML Potentially therapeutic ~ Notari et al. (2006);
Du et al. (2010)
MEG3 lincRNA p53, GDF15 MDS/AML Prognostic Benetatos et  al.
(2009)
Combined FUCR and miR profile  UCR N/A CLL/AML Diagnostic: tumor  Calin et al. (2007)
type; prognostic
Dleu2 lincRNA miR-15a/16 CLL Diagnostic, potentially Migliazza et al. (2001);
therapeutic Lerner et al. (2009)
HOTAIRM1 Antisense HOXA1, HOXA4, CD11b, Hematopoietic regulator  Potentially therapeutic ~ Zhang et al. (2009b)
CD18
EGO Antisense MBPE EDN Hematopoietic regulator  Potentially therapeutic ~ \Wagner et al. (2007)
lincRNA-a7 IncRNA SCL/TAL1 Hematopoietic regulator  Potentially therapeutic ~ @rom et al. (2010)

“Non-coding RNAs having different diagnostic or therapeutic roles in different leukemia subtypes are listed separately.

et al., 2009a). Together these data suggest that synthetic miR-29b
oligonucleotides could potentially serve as a therapeutic approach  distinguishing AML subclasses, several groups have associated
miRNA signatures with cytogenetic abnormalities and predictors

in AML.

Just as numerous groups have identified mRNA signatures
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of outcome in AML (Bullinger et al., 2004; Valk et al., 2004).
Li et al. reported that miRNA expression signatures accurately
discriminate between AMLs with the common translocations
t(15; 17), t(8; 21), and inv(16), all of which represent favor-
able prognosis rearrangements that result in the disruption of
core-binding factors (CBF). Expression of two (miR-126/126%),
three (miR-224, -368, and -382), and seven (miR-126, -126*, -
224, -368, -382, -17-5p, and -20a) miRNAs distinguishes CBF
t(8; 21) and inv16, t(15; 17) and MLL-rearrangement AMLs,
respectively, from one another (Li et al., 2008). Up-regulation of
miR-21 distinguishes AMLs with #(6; 11) from those with #(9; 11),
while down-modulation of miR-29 correlates with balanced 1123
translocations. miR-155 shows increased expression in patients
with AML characterized by FLT3-ITD mutations (Garzon et al.,
2008a).

Expression patterns of miRNAs are also associated with prog-
nosis. Marcucci et al. (2008) have associated a worse prog-
nosis in patients with #(6; 11) who display increased expres-
sion of miR-21, an inhibitor of the TS PTEN. This group
has also shown that patients with AML that express ele-
vated miR-199a and -191 have a significantly lower OS and
event-free survival (Garzon et al., 2008a). The miR-181 fam-
ily has been shown to contribute to an aggressive AML phe-
notype through mechanisms associated with the activation of
pathways controlled by toll-like receptors and interleukin-1f
(Marcucci et al., 2008).

miRNAs IN ALL

Acute lymphoblastic leukemia represents a heterogeneous group
of disorders that result in the malignant transformation of lym-
phoblasts at various stages of differentiation. Although more
common in children, ALL also occurs in adults, with a shift from
childhood-prevalent to adulthood-prevalent subtypes during ado-
lescence. A diagnosis of ALL occurs when blood and bone marrow
samples show a large number of abnormal lymphocyte blasts.
Treatment options are based on ALL subtype and prognostic
factors such as age.

Mi et al. (2007) have shown that expression signatures of as
few as two miRNAs can discriminate ALL from AML; miR-128a
and -128b were significantly higher in ALL, whereas miR-223
and let-7b were expressed at significantly higher levels in AML.
This study also demonstrated that lineage discriminating miRNAs
could differentiate ALL samples from AML samples even when
both leukemias displayed the same translocation/fusion events
such as #(11; 19)(q23; p13.3)/MLL-ENL (Mi et al., 2007). Zhang
et al. identified an 8-miRNA-expression profile (miR-18a, -532,
-218, -625, -193a, -638, -550, and -663) that differentiates good
from poor steroid response in pediatric ALL. miRNA expression
signatures were also able to identify relapse and non-relapse pedi-
atric cases (Zhang et al., 2009a). miR-143 has been shown to
negatively regulate the MLL-AF4 fusion protein, a product of the
translocation #(4; 11)(q21; q23), which confers poorer prognosis
compared to other MLL arrangements. Restoration of miR-143 in
MLL-AF4-positive cells induced apoptosis by reducing MLL-AF4
fusion protein levels, suggesting that forced expression of miR-128
could serve as a therapeutic agent in MLL-AF4 ALL (Dou et al,,
2011).

miRNAs IN CLL

Chroniclymphocyticleukemia, the most common leukemia found
in adults, results from immature, malignant resting B cell lym-
phocytes overexpressing the anti-apoptotic B cell lymphoma 2
(Bcl2) protein and accumulating in the bone marrow and the
blood (Cimmino et al., 2005). Of those diagnosed with CLL,
most are over the age of 50. CLL exhibits clinical heterogeneity
as marked by the observation that some patients present with
aggressive leukemia requiring immediate treatment while others
require no intervention for many years (Li et al., 2011).

The first demonstration of miRNA association with pathogen-
esis was discovered in CLL (Calin et al., 2002). The Croce group
showed that miR-15a and -16 reside in the fragile chromosomal
band 13q14, which is deleted in more than half of CLL cases, as
well as some prostate tumor and retinoblastoma samples (Chen
etal.,2001; Kiveld et al., 2003). They went on to show that miR-15a
and -16 negatively regulate cell growth and cell cycle progression
(Calin etal., 2002). Additionally, over-expression of these miRNAs
has been shown to repress Bcl2 expression and induce apoptosis
in a leukemic cell line model, indicating a potential therapeutic
role for miR-15a and -16 in the treatment of Bcl2-overexpressing
tumors (Bandi et al., 2009a).

Two markers of aggressive CLL include up-regulated 70-kDa
zeta-associated protein (ZAP-70) and unmutated immunoglobu-
lin variable genes (IgVH). When these factors are expressed at high
levels they are associated with high levels of TCL1, an oncogene
that co-activates the anti-apoptotic oncoprotein AKT and aids in
regulatory pathways involved in cell survival and death. miR-29
and -181 have been shown to negatively regulate TCLI. Clini-
cal CLL samples show miR-29 and -181 expression is inversely
related to TCL1 expression, suggesting that these miRNAs could
potentially serve as prognostic markers of CLL progression and
as therapeutic agents in aggressive forms of TCL1-overexpressing
CLL (Pekarsky et al., 2006). Calin et al. (2005) demonstrated that
13 miRNAs (miR-15a, -195, -221, -23b, -155, -223, -29a, -24, -29b,
-146, -16, -16-2, and -29¢) could discriminate between patients
expressing ZAP-70 and unmutated IgVH and those not express-
ing ZAP-70 and mutated IgVH, thereby distinguishing aggressive
from indolent CLL.

miRNAs IN CML

Chronic myeloid leukemia is a malignant clonal stem cell dis-
order characterized by an increase of mature granulocytes in the
bone marrow and blood. It often expresses the constitutively active
BCR-ABL tyrosine kinase formed by a translocation that links
Abll on chromosomal band 9q34 to a portion of BCR on chro-
mosomal band 22ql1. CML is often suspected on the basis an
extremely elevated white blood cell count with maturation of
white blood cells and few or no leukemic blasts. Treatment and
prognosis depend primarily on the phase of CML, i.e., whether
in chronic, accelerated, or blast crisis. The development of the
BCR-ABLI1 kinase inhibitor, imatinib mesylate, as well as other
Bcr—Abl inhibitors, has significantly improved treatment and out-
come of patients with CML (Kantarjian et al., 2002). Jose-Eneriz
etal. (2009) identified 19 miRNAs (18 up-regulated: miR-7, -23a,
-26a, -29a, -29¢, -30b, -30c, -100, -126, -134, -141, -183, -196b,
-199a, -224, -362, -422b, -520a, and 1 down-regulated: miR-191)
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that are differentially expressed between imatinib resistant and
responder samples.

LONG NON-CODING RNAs IN LEUKEMIA

Long non-coding RNAs are ncRNAs greater than 200 nucleotides
long, transcribed by RNA polymerase II or III, and can account
for nearly 60% of all non-ribosomal and non-mitochondrial RNA
in human cells (Kapranov et al., 2010). LncRNAs are involved in
transcriptional silencing, chromatin remodeling, and gene acti-
vation (reviewed in Huarte and Rinn, 2010; Gibb et al., 2011)
and originate from many chromosomal environments, includ-
ing antisense to protein-coding genes, intergenic DNA (termed
“lincRNAs” for long intergenic non-coding RNAs’), and from
ultraconserved regions (Carninci et al., 2005). Excluding the latter,
only a few IncRNA primary sequences are evolutionarily conserved
(Guttman et al., 2009; Baker, 2011). In contrast to miRNAs, sev-
eral cases have shown that conservation of secondary structure is
more important to preserving ncRNA function than nucleotide
sequence (Yap et al., 2010). Although IncRNAs in leukemia are not
as extensively characterized as they are in some other tumor types,
recent progress has identified several high profile targets that could
alter how IncRNAs are viewed in terms of leukemia development,
classification, and therapeutic targeting.

SUPPRESSORS OF TUMOR SUPPRESSORS ARE ONCOGENES
The INK4A-ARF-INK4B locus is deregulated in up to 40% of
human cancers (Sherr, 1998; Kim and Sharpless, 2006). In addi-
tion to p15INK4b | p14ARF and p16™NK42 TS genes interact closely
with p53 and Rb to regulate cell cycle progression (Bandi et al.,
2009a). Pasmant et al. identified a polyadenylated IncRNA that
was transcribed antisense to p15"™N¥4_ The full-length transcript,
ANRIL (antisense ncRNAs in the INK4 locus) has several iso-
forms (Pasmant et al., 2007). The p15AS variant, isolated from
two AML cell lines, was significantly up-regulated in 11 of 16
AML and ALL primary samples (Yu et al., 2008). The authors
demonstrated that p15AS was responsible for Dicer-independent
silencing of p15™K#® by altering H3K9me2 and H3K4me?2 levels
at both endogenous and exogenous p15™N¥4 promoters. EZH2
and SUZ12 were required for stable silencing of p15™K40 | even
after p15AS repression, indicating the likely recruitment of the
polycomb repressive complex 2 (PRC2). Other reports demon-
strated ANRIL-CBX?7 interacts with either di- or tri-methylated
H3K27, implying that ANRIL-mediated silencing works through
both PRC1 and PRC2 complexes (Figure 1; Group et al., 2005;
Kotake et al., 2011; Margueron and Reinberg, 2011). A study
by ITacobucci et al. (2011) involving acute leukemia and normal
peripheral blood cells showed a statistically significant association
between an ANRIL nucleotide polymorphism and ALL phenotype,
demonstrating the importance of regulated ANRIL expression in
primary leukemia.

Acting downstream of ANRIL, lincRNA-p21 is a 3.1-kb tran-
script induced by p53 expression that represses cellular pro-
liferation by both p53-dependent and independent mecha-
nisms (Huarte et al., 2010). LincRNA-p21 contains two canon-
ical p53 binding sites in a promoter distinct from its clos-
est neighbor, CDNKIA. Independent knock-down of either
p53 or lincRNA-p21 produces significantly overlapping gene set

enrichments (p < 1072%), implying at least a partial overlap of
apoptosis-induction mechanisms. Interestingly, in p53~/~ cell
lines, lincRNA-p21 cannot direct proper localization and function
of the pre-mRNA binding protein hnRNP-K (Huarte et al., 2010).
Although these functional studies were done in mouse embry-
onic fibroblasts and human lung carcinoma cell lines, two reports
demonstrate that BCR-ABL stimulates hnRNP-K expression and
stability, subsequently promoting tumor progression (Notari et al.,
2006; Du et al., 2010). Although the activity of lincRNA-p21 in
acute or chronic leukemia is currently unknown, these data suggest
that further work in CML is warranted.

p53-INTERACTING TUMOR SUPPRESSOR IncRNAs

A second p53-regulating lincRNA, MEG3, was highlighted in
human malignancies when investigators reported high expression
levels in normal gonadotrophs and severely reduced expression in
tumor-derived gonadotroph cells (Zhang et al., 2003). Forcing re-
expression of MEG3 in HCT-116 cells leads to p53 accumulation
and inhibition of cellular proliferation, indicative of a high-level
regulator of p53-dependent TS activities (Zhang et al., 2003; Zhou
et al.,, 2007). Although MEG3 isoforms can contain several small
open reading frames, they are not required for p53-mediated cellu-
lar activities (Zhou et al., 2007; Zhang et al., 2010a). Instead, MEG3
secondary structure is critical to maintaining function, including
down-regulation of MDM2 expression and enhanced p53 binding
to a specific subset of gene promoters, including GDF15 (Figure 1;
Zhang et al.,2010a). Of interest, MEG3 can suppress cell growth in
p53™ll cells, indicating p53-independent activities as well (Zhou
et al., 2007).

Expression of the MEG3-DLK1 locus is tightly regulated by two
differentially methylated regions (DMRs), which are hypermethy-
lated in a subset of solid tumors and suppress MEG3 expression
(Kagami et al., 2010; Astuti et al., 2005). Benetatos et al. (2009)
examined a cohort of 85 patients with either myelodysplastic syn-
drome (MDS) or AML. They found that 48% (20/42) of patients
with AML displayed aberrant hypermethylation of the MEG3 pro-
moter, which significantly correlated with decreased OS (HR 1.98,
p=0.04). In MDS, 35% (15/43) of patients displayed aberrant
hypermethylation, a result that trended toward decreased survival
but was not quite significant (HR 2.15, p = 0.072; Benetatos et al.,
2009). An independent assessment of 40 AML samples by a second
group confirmed aberrant methylation in the MEG3-associated
DMRs in AML samples, but not in normal controls (Khoury
et al., 2010). Importantly, neither study showed MEG3 hyper-
methylation to be associated with karyotype or disease subtype
(Benetatos et al., 2009). Although additional studies will be needed
to determine the functional role of MEG3 in leukemia, the impor-
tance of its interactions with MDM2, p53, and GDF15, as well
as p16 in pituitary carcinomas, will likely demonstrate a role for
MEGS3 in leukemia (Zhang et al., 2010b).

ncRNA-ncRNA REGULATION: TRANSCRIBED
ULTRACONSERVED REGIONS AND HOST GENES

Within the human genome, 481 transcribed genomic segments
have been identified that are 100% conserved between ortholo-
gous regions in the human, mouse, and rat (Bejerano et al., 2004;
Calin et al., 2007). Of these “transcribed ultraconserved regions”
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(T-UCRs), 39% are contained within intergenic sequences and
43% are intronic; the remainder are exonic or exon-overlapping
(Mestdagh etal., 2010). Like miRNAs, T-UCR locations are closely
associated with genomic fragile sites and ubiquitously expressed
T-UCRs are frequently associated with cancer-associated genomic
regions (CAGRs; Calin et al., 2004, 2007). Microarray analysis has
shown that T-UCRs differentially expressed in human malignan-
cies are highly likely to be associated with CAGRs of that tumor
type (Calin et al., 2007).

Transcribed ultraconserved regions expression has been used
to predict disease outcome in both CLL and neuroblastoma sam-
ples (Calin et al., 2007). In a survey of 133 cancers and 22 normal
tissues, a profile of 19 T-UCRs (8 up- and 11 down-regulated)
could differentiate between normal, CLL, colorectal, and hepato-
carcinoma samples (Calin et al., 2007). This study also showed that
the expression of five T-UCRs (three intronic and two intergenic)
could divide a CLL cohort into two prognostic groups, previ-
ously defined by low (favorable) vs. high (poor) ZAP-70 expres-
sion (Calin et al., 2007). Expression of these diagnostic T-UCRs
negatively correlated with the previously defined CLL miRNA sig-
nature, suggesting a mechanism for miRNA regulation of these
T-UCRs (Calin et al., 2005). Of the diagnostic T-UCR profile,
three (uc.160, uc.346A, and uc.348) contain miRNAs recognition
sites, including targeting by miR-155:: miR-24:: and miR-29 (Calin
et al., 2005). Repressive activity of miR-155 was confirmed in
an in vitro assay, while the negative correlations were observed
between miR-155?uc.346A and miR-24?uc pairings; 160 were vali-
dated in the aforementioned diagnostic cohort (Calin et al., 2007).
miR-155 over-expression was identified in CLL, while in AML its
up-regulation was associated with expanded bone marrow gran-
ulocyte and monocyte proliferation (reviewed in Faraoni et al,,
2009) and miR-24 loss-of-function has been linked to methotrex-
ate resistance in HCT-116 cells (Mishra et al., 2009). Interestingly,
miR-29a has also been shown to regulate MEG3 expression in
hepatocarcinoma cell lines (Braconi et al., 2011). Although it is
currently unknown whether miRNAs repress T-UCRs, or whether
the altered expression of the T-UCRs affects the primary target of
the leukemia-associated miRNAs, it is clear that careful regulation
of these two ncRNA species is critical to understanding the dis-
ease state and for developing ncRNA-associated classification or
ncRNA-directed targeted therapy. In addition to miRNA regula-
tion, differential methylation of T-UCR-associated CpG islands
(CGI) may also control expression. In a study of 15 leukemia
cell lines and 64 primary leukemia samples, differential methy-
lation was seen at three of these CGI (~60% in cell lines and
approximately 18% in primary samples), although the relevance
of CGI-mediated hypermethylation to leukemia etiology remains
unclear (Lujambio et al., 2010). A much larger cohort will need to
be investigated before diagnostic implications can be verified.
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Prostate cancer is the most diagnosed cancer among men in the United States. While the
majority of patients who undergo surgery (prostatectomy) will essentially be cured, about
30-40% men remain at risk for disease progression and recurrence. Currently, patients
are deemed at risk by evaluation of clinical factors, but these do not resolve whether adju-
vant therapy will significantly attenuate or delay disease progression for a patient at risk.
Numerous efforts using mRNA-based biomarkers have been described for this purpose,
but none have successfully reached widespread clinical practice in helping to make an adju-
vant therapy decision. Here, we assess the utility of non-coding RNAs as biomarkers for
prostate cancer recurrence based on high-resolution oligonucleotide microarray analysis
of surgical tissue specimens from normal adjacent prostate, primary tumors, and metas-
tases. We identify differentially expressed non-coding RNAs that distinguish between the
different prostate tissue types and show that these non-coding RNAs can predict clinical
outcomes in primary tumors. Together, these results suggest that non-coding RNAs are
emerging from the “dark matter” of the genome as a new source of biomarkers for charac-
terizing disease recurrence and progression. While this study shows that non-coding RNA
biomarkers can be highly informative, future studies will be needed to further characterize
the specific roles of these non-coding RNA biomarkers in the development of aggressive

disease.

Keywords: prostate cancer, prognosis, microarrays, clinical progression, non-coding RNA

INTRODUCTION

Prostate cancer is a major public health concern, with over 240,000
newly diagnosed men in the United States alone (Siegel et al.,
2011). This clinically heterogeneous disease ranges from indolent
forms of cancer with good long term prognosis to life-threatening
disease associated with only a couple of months of survival (Rubin
et al., 2011). After initial diagnosis, one of the most successful
treatments with curative intent is radical prostatectomy, i.e., the
complete removal of the prostate gland. It is, however, known that
patients who present with aggressive clinical features after surgery,
such as positive surgical margins (SM), extracapsular extension
(ECE), and seminal vesicle invasion (SVI) likely will require further
therapy in order to delay the onset of life-threatening metastasis
(Bolla et al., 2005; Thompson et al., 2009; Wiegel et al., 2009). The
efficient delivery of such therapies after prostatectomy is currently
hampered by a lack of predictive tools to assess the risk of clinically
significant recurrence and progression.

Biochemical recurrence (BCR), defined as a detectable prostate
specific antigen (PSA) level above a certain threshold or as a ris-
ing PSA level after surgery, is a widely used surrogate for disease
progression and prostate cancer specific mortality (PCSM). Still,
BCR has been deemed an unreliable surrogate since, even though
BCR always precedes metastatic progression and PCSM, not every
patient with BCR will experience metastatic disease (Simmons

etal.,2007). Given this, numerous efforts using mRNA-based bio-
markers as a tool to assess the risk of recurrence and progression
have been described, but none have successfully reached wide-
spread clinical practice (Sorensen and Orntoft, 2010). Recently, the
clinical utility of micro RNAs (or miRNAs) as potential biomark-
ers for disease diagnosis and prognosis has been assessed (Schaefer
et al., 2010; Sevli et al., 2010; Catto et al., 2011; Martens-Uzunova
et al., 2011). miRNAs have shown altered expression in prostate
cancer and were found to be involved in the regulation of key path-
ways such as androgen signaling and apoptosis (Catto et al., 2011).
In general, recent evidence showing that a much larger fraction of
normal and cancer transcriptomes are composed of non-coding
RNAs (or ncRNAs) than previously anticipated (Kapranov et al.,
2010) has driven researchers towards exploring the utility of not
only short ncRNAs but also long ncRNAs as biomarkers. For
example, Chung et al. (2011) identified PRNCRI (prostate cancer
non-coding RNA 1) as along intergenic ncRNA (or lincRNA) tran-
scribed in the gene desert of the prostate cancer susceptibility locus
8q24. The same genomic region was found to be transcribed into
PCAT-1,alincRNA highly expressed in metastatic tissue specimens
from prostate cancer patients (Prensner et al., 2011).

While there is increasing knowledge of the importance of
ncRNAs in cancer, their clinical usefulness for diagnosis and prog-
nosis is limited. To date, only one ncRNA is routinely used in
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the clinical setting in prostate cancer: prostate cancer antigen 3
(PCA3), a non-coding antisense transcript that is highly overex-
pressed in prostate cancer compared to benign tissue (Bussemakers
et al., 1999). PCA3 is used in a urinary-based diagnostic test for
patient screening in conjunction with PSA serum testing and other
clinical information (Day et al., 2011).

In this study, we perform high-resolution oligonucleotide
microarray analysis of a publicly available dataset (Taylor et al.,
2010) from different types of normal and cancerous prostate tissue.
We find, by analysis of the entire set of exonic and non-exonic fea-
tures, differentially expressed ncRNAs that accurately discriminate
clinical outcomes such as BCR and metastatic disease.

MATERIALS AND METHODS

MICROARRAY AND CLINICAL DATA

The publically available genomic and clinical data was gener-
ated as part of the Memorial Sloan—Kettering Cancer Center
(MSKCC) Prostate Oncogenome Project, previously reported
by (Taylor et al., 2010). The Human Exon arrays for 131 pri-
mary prostate cancer, 29 normal adjacent, and 19 metasta-
tic tissue specimens were downloaded from GEO Omnibus
at http://www.ncbi.nlm.nih.gov/geoseries GSE21034. The patient
and specimen details for the primary and metastases tissues used
in this study are summarized in Table 1. For the analysis of the
clinical data, the following ECE statuses were summarized to be
concordant with the pathological tumor stage: inv-capsule: ECE—,
focal: ECE+, established: ECE+.

MICROARRAY PRE-PROCESSING

Normalization and summarization

The normalization and summarization of the 179 microarray
samples (cell line samples were removed) were done with the
frozen Robust Multiarray Average (fRMA) algorithm using custom
frozen vectors (McCall et al., 2010). These custom vectors were

Table 1 | Summary of the clinical characteristics of the dataset used in
this study.

Primary tumor Metastasis
N 131 19
Median age at Dx (years) 58 58
PRE-OP PSA (ng/ml)
<10 108 7
>10<20 16 1
>20 6 9
NA 1 2
PATHOLOGICAL GLEASON SCORE
<6 41
7 74 2
>8 15 7
NA 1 10
PATHOLOGICAL STAGE
T2 85 1
T3 40 7
T4 6 2
NA 0 9

created using the vector creation methods described in (McCall
and Irizarry, 2011) including all MSKCC samples. Quantile nor-
malization and robust weighted average methods were used for
normalization and summarization, respectively, as implemented
in fRMA.

Sample subsets

The normalized and summarized data was partitioned into three
groups. The first group contains the matched samples from pri-
mary localized prostate cancer tumors and normal adjacent tis-
sues (n=58; used for the normal vs. primary comparison). The
second group contains all the samples from metastatic tumors
(n=19) and all the localized prostate cancer tumors that were
not matched with normal adjacent tissues (n=102; used for the
primary tumor vs. metastasis comparison). The third group corre-
sponds to all samples from metastatic tumors (n=19) and all the
normal adjacent tissues (n = 29; used for the normal vs. metastasis
comparison).

Feature selection

Probe sets (or PSRs) annotated as “unreliable” by the xmapcore
package (Yates, 2010; defined as one or more probes that do not
align uniquely to the genome) as well as those defined as class 2 and
class 3 cross-hybridizing by Affymetrix annotation were excluded
from further analysis. The remaining PSRs were subjected to uni-
variate analysis to identify those associated to features differentially
expressed between the labeled groups (primary tumor vs. metasta-
tic, normal adjacent vs. primary tumor, and normal vs. metastatic).
For this analysis, features were selected as differentially expressed if
their Holm-Bonferroni adjusted (Holm, 1979) t-test p-value was
significant (<0.05). The ¢-test was applied as implemented in the
rowttests function of the genefilter package.!

The multiple testing correction was applied using the p.adjust
function of the stats package in R.

This multiple testing correction was performed for the exonic
(353k PSRs) and non-exonic (931k PSRs) sets independently due
to differences in cardinality of the PSR sets. Data Al in Appen-
dix provides the detailed steps for the generation of differentially
expressed features.

Feature evaluation and model building

Classical multidimensional scaling (MDS, Pearson’s distance) was
used to evaluate the ability of the selected features to segregate
primary tumor samples into clinically relevant clusters based on
metastatic events and Gleason scores. MDS was applied as imple-
mented in the cmdscale function of the stats package in R. The
significance of the segregation in these two-dimensional MDS
plots was assessed using permutational ANOVA as implemented
within the vegan package in R2.

A custom implementation of the k-nearest-neighbor (KNN)
model (k =1, Pearson’s correlation distance metric) was trained
on the normal and metastatic samples (n=48) using only the
features found to be differentially expressed between these two
groups. Unmatched primary tumors were used as an independent
set for validation.

Uhttp://www.bioconductor.org/packages/2.3/bioc/html/genefilter.html
Zhttp://cran.r-project.org/web/packages/vegan/index.html
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Re-annotation of the human exon microarray probe sets
Affymetrix Human Exon 1.0 ST Arrays® have about 1.4 million
probe sets, with most probe sets containing four probes each. In
order to properly assess the nature of the probe sets found differ-
entially expressed in this study, we re-annotated them using the
xmapcore R package4 (Yates, 2010) as follows: (i) exonic, if the
probe set overlaps with the coding portion of a protein-coding
exon or an untranslated region (UTR), and (ii) non-exonic if
the probe set overlaps with an intron, an intergenic region, or
a non-protein-coding transcript.

Annotation of non-coding transcripts was pursued using
Ensembl Biomart available at http://www.ensembl.org

STATISTICAL ANALYSIS

Biochemical recurrence and metastatic disease progression end
points are used as defined by the “BCR Event” and “Mets Event”
columns of the supplementary material provided by (Taylor et al.,
2010), respectively. Survival analysis for BCR was performed using
the survfit function of the survival package’. Logistic regression
for metastatic disease progression was performed using the lrm
function of the rms package®.

RESULTS
RE-ANNOTATION AND CATEGORIZATION OF CODING AND
NON-CODING DIFFERENTIALLY EXPRESSED FEATURES
Previous transcriptome-wide assessments of differential expres-
sion using prostate tissues in the post-prostatectomy setting have
been focused on protein-coding features (see Nakagawa et al., 2008
for a comparison of protein-coding gene-based panels). Recent
evidence based on the characterization of transcriptomes from
normal and cancerous tissues has shown that most of it is of
non-coding nature (Kapranov et al., 2010). Human Exon Arrays
provide a unique opportunity to explore the differential expres-
sion of non-coding parts of the genome, as 75% of their probe
sets cover regions other than protein-coding sequences. In this
study, we use the publicly available Human Exon Array data set
from normal adjacent, localized primary tumors, and metastatic
tissues generated as part of the MSKCC Prostate Oncogenome
Project to explore the potential of non-coding regions in prostate
cancer prognosis. Previous attempts on this dataset focused only
on mRNA and gene-level analysis and concluded that expression
analysis was inadequate for discrimination of outcome groups in
primary tumors (Taylor et al., 2010). In order to assess the con-
tribution of ncRNA probe sets in differential expression analysis
between sample types, we re-assessed the annotation of all probe
sets found to be differentially expressed according to their genomic
location and categorized them into exonic and non-exonic (see
Materials and Methods). Briefly, a probe set is classified as exonic
if it falls in a region that encodes for a protein-coding transcript
or an UTR; otherwise, it is annotated as non-exonic.

Based on the above categorization, we assessed the exonic and
non-exonic sets for the presence of differentially expressed features
for each possible pairwise comparison (i.e., primary vs. normal,

Swww.affymetrix.com/

4http://www.bioconductor.org/packages/2.6/bioc/html/xmapcore.html
Shttp://cran.r-project.org/web/packages/survival/index.html
Shttp://biostat.mc.vanderbilt.edu/twiki/bin/view/Main/RmS

normal vs. metastatic, and primary vs. metastatic). The majority of
the differentially expressed features are labeled as exonic for a given
pairwise comparison (81%, 81%, and 75% for normal-primary,
primary-metastatic, and normal-metastatic comparisons, respec-
tively; see Table S1 in Supplementary Material for the top 100
differentially expressed features for each pairwise comparison).
For each category, the number of differentially expressed features
is highest in normal vs. metastatic tissues, which is expected since
the metastatic samples are a heterogeneous group that has likely
undergone major genomic alterations through disease progression
and through effects of therapy on the genome (Figure 1). Addi-
tional variation in expression may be due to contamination with
metastatic site tissue as well as host cell-metastatic cell interactions
for metastases that include distant lymph nodes (seven sam-
ples), bone (five samples), and brain (three samples). As expected,
assessment of all gene loci with features found to be differen-
tially expressed between normal and metastatic samples shows
that those up-regulated in metastatic tissue compared to normal
are enriched in cellular processes such as cell division, spindle
check point, and cytokinesis, whereas those down-regulated are
enriched in terms like cell adhesion, muscle contraction, neuron
development, and urogenital system development (Table S2 in
Supplementary Material).

For each category of exonic and non-exonic features there is a
significant number that are specific to each pairwise comparison.
For example, 21% of the exonic features are specific to the differ-
entiation between normal tissue and primary tumors and 10% are
specific to the primary tumor vs. metastatic comparison. The same
proportions are observed for the non-exonic category, suggesting
that different genomic regions may play a role in the progression
from normal tissue to primary tumor and from primary tumor to
metastatic tumor.

Within the non-exonic category, the majority of the features are
“intronic” for all pairwise comparisons (see Figures 2A—C). Also, a
large proportion of features correspond to intergenic regions. Still,
hundreds of features lie within non-coding transcripts, as reflected
by the “NC Transcript” segment in Figure 2. These non-coding
transcripts found to be differentially expressed in each pairwise
comparison were categorized using the “Transcript Biotype” anno-
tation of Ensembl. For all pairwise comparisons the “processed
transcript’, “lincRNA”, “retained intron”, and “antisense” are the
most prevalent (Figures 2D—F; see Table 2 for a definition of each
transcript type). Even though “processed transcript” and “retained
intron” categories are among the most frequent ones, they have a
very broad definition.

Previous studies have reported several long non-coding RNAs
to play a role in prostate adenocarcinoma (Srikantan et al., 2000;
Berteaux et al., 2004; Petrovics et al., 2004; Lin et al., 2007;
Poliseno et al., 2010; Yap et al., 2010; Chung et al., 2011; Day
et al.,, 2011). Close inspection of our data reveals that four of
them (PCGEM]1, PCA3, MALAT1, and PTENPI) have associated
differentially expressed features in at least one pairwise compar-
ison based on a 1.5 Median Fold Difference (MFD) threshold
(Table 3). After adjusting the p-value for multiple testing how-
ever, only two ncRNA transcripts, PCA3 and MALAT]I, remain
significant (Table 3). In addition, we found three differentially
expressed microRNA-encoding transcripts in primary tumor vs.
metastatic (MIR143, MIR145, and MIR22]) and two in normal
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FIGURE 1 | Venn diagram of exonic (A) and non-exonic (B) features found differentially expressed in the following comparisons: normal vs. primary
tumor tissue (N vs. P), primary tumor vs. metastatic tissue (P vs. M), and normal vs. metastatic tissue (N vs. M).

Non-exonic

Pvs M
(1,295)

Nvs M
(2,944)
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FIGURE 2 | Distribution of non-exonic features (left) and overlapping
annotated non-coding transcripts (right) found to be differentially
expressed between normal and primary tumor (A,D), primary tumor
and metastatic tissue (B,E), and normal vs. metastatic tissue (C,F).

Features in the NC TRANSCRIPT slice of each pie chart (left) are assessed
for their overlap with non-coding transcripts to generate the distribution of
transcripts (shown at the right for each pairwise comparison). AS,
antisense. UTR, untranslated region; lincRNA, long intergenic ncRNA.
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Table 2 | Definitions of Ensembl “Transcript Biotype” annotations for non-coding transcripts found differentially expressed.

Name Definition

Processed transcript
Retained intron
LincRNA

such as histone modification sites
Antisense
Sense overlapping
Processed pseudogene

Non-coding transcript that does not contain an ORF
Non-coding transcript containing intronic sequence
Large intergenic non-coding RNA, or long non-coding RNA, usually associated with open chromatin signatures

Non-coding transcript believed to be an antisense product used in the regulation of the gene to which it belongs
Has a long non-coding transcript that contains a coding gene in its intron on the same strand
Non-coding pseudogene produced by integration of a reverse transcribed mRNA into the genome

Table 3 | Long non-coding RNAs previously reported as differentially expressed in prostate cancer.

Gene type Gene Probe set ID Comparison t-Test p-value MFD ratio Reference
LncRNA ANRIL 3165014 Primary vs. normal <0.01 -1.17 Yap et al. (2010)
3165015 Metastatic vs. normal <0.01 1.49
3165015 Metastatic vs. primary <0.02 1.33
H19 3359101 Primary vs. normal <0.01 1.32 Berteaux et al. (2004)
3359097 Metastatic vs. normal <0.01 1.43
3359095 Metastatic vs. primary <0.01 —-1.12
PCA3 3175541 Primary vs. normal _ 14.3 Bussemakers et al. (1999)
3175545 Metastatic vs. normal <0.01 4.46
3175541 Metastatic vs. primary <0.01 —3.44
MALAT1 3335195 Primary vs. normal <0.01 —1.64 Lin et al. (2007)
3335195 Metastatic vs. normal _ —3.33
3335195 Metastatic vs. primary _ —2.63
PCGEM1 2520747 Primary vs. normal <0.01 1.75 Srikantan et al. (2000)
2520749 Metastatic vs. normal <0.2 —1.58
2520749 Metastatic vs. primary <0.01 —4.00
PTENP1 3203669 Primary vs. normal <0.01 —-1.34 Poliseno et al. (2010)
3203666 Metastatic vs. normal <0.6 —1.09
3203669 Metastatic vs. primary <0.04 1.50
miRNA MIR143 2835118 Metastatic vs. primary -1.78 Clape et al. (2009)
MIR145 2835126 Metastatic vs. primary —-4.77 Zaman et al. (2010)
2835126 Metastatic vs. normal —798
MIR221 4006597 Metastatic vs. primary —1.52 Porkka et al. (2007)
4006597 Metastatic vs. normal -2.1

MFD: median fold difference in this dataset in various comparisons. The MFD value is computed as the ratio of the median between the first tissue type and the
second tissue type in the “Comparison” column. Gray cells indicate statistical significance after multiple testing correction. Genes PCAT-1 (Prensner et al., 2011) and

PRNCR1 (Chung et al., 2011) are not included as there is no gene model associated.

vs. metastatic (MIR145 and MIR221) that have been previously
reported as differentially expressed in prostate cancer (Porkka
et al., 2007; Clape et al., 2009; Zaman et al., 2010).

Therefore, in addition to the handful of known ncRNAs, our
analysis detected many other ncRNAs in regions that have yet to
be explored in prostate cancer and that may play a role in the
progression of the disease from normal glandular epithelium to
distant metastases.

ASSESSMENT OF CLINICALLY SIGNIFICANT PROSTATE CANCER

RISK GROUPS

Using MDS we observed that both exonic and non-exonic sub-
sets of features present a statistically significant segregation of

primary tumors from patients that progressed to metastatic disease
(Figure Al in Appendix), in contrast to the findings of Taylor et al.
(2010). Similarly, we found the exonic and non-exonic subsets to
discriminate high and low Gleason score samples (Figure A2 in
Appendix). In order to assess the prognostic significance of dif-
ferentially expressed exonic and non-exonic features, we trained
a KNN cdlassifier for each group using features from the com-
parison of normal and metastatic tissue samples (see Materials
and Methods). Next, we used unmatched primary tumors (i.e.,
removing those tumors that had a matched normal in the training
subset) as an independent validation set for the KNN classifiers.
Each primary tumor in the validation set was classified by KNN
as either more similar to normal or metastatic tissue. Subsequent

www.frontiersin.org

February 2012 | Volume 3 | Article 23 | 56


http://www.frontiersin.org
http://www.frontiersin.org/Non-Coding_RNA/archive

Vergara et al.

Non-exonic RNA in prostate cancer

Kaplan—Meier analysis of the classified primary tumor samples
using BCR as end point showed that, as expected, primary tumors
classified as belonging to the metastatic group had a higher rate of
BCR (Figure 3). However, the KNN classifier trained on the exonic
subset of features showed no statistically significant difference in
BCR-free survival using a log-rank test (p < 0.08) whereas the dif-
ference was highly significant for the non-exonic KNN classifier
(p < 0.00003).

Next, we used logistic regression analysis to determine the
odds ratio of metastatic disease progression (i.e., castrate or
non-castrate resistant clinical metastatic patients) for the exonic
and non-exonic KNN classifiers. The univariable analysis shows
that, while the exonic set is significant (OR=8.57, p <0.04),
the non-exonic set had more than double the odds ratio
(OR=18.13, p <0.0003). Multivariable logistic regression fur-
ther revealed that, after adjusting for clinicopathological vari-
ables using the Kattan nomogram (Kattan et al, 1999), the
non-exonic KNN classifier retains a significant odds ratio for
predicting metastatic disease progression (OR=11.7, p < 0.003)
whereas the exonic KNN classifier does not (OR=9.8, p < 0.07;
Table 4). These results suggest that additional prognostic infor-
mation can be obtained from analysis of non-exonic RNAs
and that these may have the potential to be used as biomark-
ers along with individual clinical variables and nomograms to

enhance the prediction of metastatic disease progression post-
prostatectomy.

DISCUSSION

One of the key challenges in prostate cancer is clinical and mole-
cular heterogeneity (Rubin et al., 2011); therefore this common
disease provides an appealing opportunity for genomic-based per-
sonalized medicine to identify diagnostic, prognostic, or predictive
biomarkers to assist in clinical decision making. There have been
extensive efforts to identify biomarkers based on high-throughput
molecular profiling such as protein-coding mRNA expression
microarrays (Sorensen and Orntoft, 2010). While many differ-
ent biomarkers signatures have been identified, none of them are
actively being used in clinical practice. The major reason that no
new biomarker signatures have widespread use in the clinic is
because they fail to show meaningful improvement for prognosti-
cation over PSA testing or established pathological variables (e.g.,
Gleason).

In this study, we assessed the utility of ncRNAs, and particu-
larly non-exonic ncRNAs as potential biomarkers to be used for
patients who have undergone prostatectomy but are at risk for
recurrent disease and hence further treatment would be consid-
ered. We identified thousands of exonic and non-exonic RNAs
differentially expressed between different tissue specimens from
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FIGURE 3 | Kaplan-Meier plots of the two groups of primary tumor samples classified by KNN (“normal-like” vs. “metastatic-like”) using the BCR end
point for exonic (A) and non-exonic (B) features.

Table 4 | Multivariable logistic regression analysis for prediction of the probability of metastatic disease progression.

Classifier Exonic Non-exonic

Predictor OR OR CI (95%) P-value OR OR ClI (95%) P-value
KNN-positive * 9.76 0.9-109.8 <0.07 "7 1.7-80.8 <0.02
Nomogram?® 14.8 2.4-92 <0.004 9.12 1.4-61.1 <0.03

Gray cells indicate statistical significance at the 5% significance level.
*KNN-positive: metastatic-like.

$Greater than 50% probability of BCR was used as cut-off.

OR, odds ratio; Cl, confidence interval.
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the MSKCC Oncogenome Project. Of the non-exonic features,
the majority fall within intronic regions. This further confirms
the potential utility of intronic transcripts as biomarkers, given
that previous studies have shown differential expression of these
ncRNAs to correlate with Gleason score (Reis et al., 2004) and
with tumor vs. benign prostate tissue types (Romanuik et al.,
2009). In a more focused analysis of these feature subset groups
(derived from comparison of normal adjacent to primary tumor
and metastatic prostate cancer) three lines of evidence showed
that the non-exonic feature subset contained substantial prog-
nostic information as measured by its ability to discriminate two
clinically relevant end points. First, we observed clustering of those
primary tumor samples from patients that progressed to metasta-
tic disease with true metastatic disease samples when using the
non-exonic features. Second, Kaplan—Meier analysis showed that
only the KNN classifier trained on the non-exonic feature set pre-
dicts risk groups (i.e., “normal-like” and “metastatic-like”) with
statistically significant differences in BCR-free survival. Finally,
multivariable analysis showed that only the non-exonic KNN clas-
sifier had a statistically significant odds ratio of 11.7 for predicting
metastatic disease progression in primary tumors after adjustment
for Kattan nomogram.

Based on these three main results, we conclude that non-exonic
RNAs contain previously unrecognized prognostic information
that may be relevant in the clinic for the prediction of cancer pro-
gression post-prostatectomy. This goes in hand with the increasing
evidence of ncRNAs being involved in metastasis, their key role in
the regulation of protein-coding genes (Gibb et al., 2011) and
their significantly higher tissue-specific expression compared to
protein-coding genes (Cabili et al., 2011).

Perhaps the reason that previous efforts to develop new
biomarker-based predictors of outcome in prostate cancer have
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data sets of the prostate cancer transcriptome become available
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validated, the results presented here can be further tested. While
the clinical utility of these results require further validation on
larger numbers of patients, they do show the potential of prog-
nostic information encoded within ncRNAs, a part of the genome
largely ignored in the immediate post-human genome project era.

These results add to the growing body of literature showing
that the “dark matter” of the genome has potential to shed light on
tumor biology, characterize aggressive cancer and improve in the
prognosis and prediction of disease progression.
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APPENDIX
STEPS FOR THE DETECTION OF DIFFERENTIALLY EXPRESSED FEATURES

1) Download raw CEL files from http://www.ncbi.nlm.nih.gov/geo

2)

/query/acc.cgitacc = GSE21034
Pre-process all exon arrays using the fRMA algorithm (McCall
et al., 2010; McCall and Irizarry, 2011) with custom fRMA
vectors created from the files obtained in step 1.fRMA can be
obtained from http://www.bioconductor.org/packages/release/
bioc/html/frma.html
Exclude all probe selection regions (PSRs) annotated as “unreli-
able” by the xmapcore package (Yates, 2010; one or more probes
do not align uniquely to the genome) as well as those not
defined as class 1 cross-hybridizing by Affymetrix annotation
(http://www.affymetrix.com).
Classify each PSR as “exonic” if they overlap with protein-
coding regions or UTRs according to the xmapcore package
annotation, and as “non-exonic” if they do not (this can be
achieved with the “coding.probe sets” and “utr.probe sets”
functions).

Then, the following steps need to be pursued separately for
each pairwise comparison: (i) normal vs. primary, (ii) primary

vs. metastatic, and (iii) normal vs. metastatic. For the normal
vs. primary comparison, only matched samples were used and
for the primary vs. metastatic comparison the matched samples
were excluded.

Calculate the background expression level by taking the
median of the Affymetrix defined anti-genomic PSRs (http://
www.affymetrix.com/Auth/support/downloads/library_files/
HuEx-1_0-st-v2.r2.zip; file HuEx-1_0-st-v2.r2.antigenomic.
bgp). For each PSR, calculate the median expression level for
each group. Filter PSRs where the median expression levels for
both groups are below the background expression level.
Apply the rowttests function of the genefilter R package
available at http://www.bioconductor.org/packages/2.3/bioc/
html/genefilter.html in order to perform a t-test on each
PSR.

Adjust the obtained p-values using the p.adjust function of
the stats package in R for each group of PSRs (exonic and
non-exonic) separately. Select the Holm—Bonferroni method
for this purpose (Holm, 1979).

Filter out those PSRs that have an adjusted p-value higher than
0.05.
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Long non-coding RNAs (IncRNAs) transcribed from intergenic and intronic regions of the
human genome constitute a broad class of cellular transcripts that are under intensive
investigation. While only a handful of IncRNAs have been characterized, their involvementin
fundamental cellular processes that control gene expression highlights a central role in cell
homeostasis. Not surprisingly, aberrant expression of regulatory IncRNAs has been increas-
ingly documented in different types of cancer, where they can mediate both oncogenic or
tumor suppressor effects. Interaction with chromatin remodeling complexes that promote
silencing of specific genes or modulation of splicing factor proteins seem to be two general
modes of IncRNA regulation, but it is conceivable that additional mechanisms of action are
yet to be unveiled. LncRNAs show greater tissue specificity compared to protein-coding
mRNAs making them attractive in the search of novel diagnostics/prognostics cancer bio-
markers in body fluid samples. In fact, INcRNA prostate cancer antigen 3 can be detected
in urine samples and has been shown to improve diagnosis of prostate cancer. We suggest
that an unbiased screening of the presence of RNAs in easily accessible body fluids such
as serum and urine might reveal novel circulating INcRNAs as potential biomarkers in many
types of cancer. Annotation and functional characterization of the IncRNA complement
of the cancer transcriptome will conceivably provide new venues for early diagnosis and
treatment of the disease.

Keywords: long non-coding RNA, cancer, diagnostics, expression signature

Over the last decade, advances in genome-wide analyses of the
eukaryotic transcriptome have revealed that most of the human
genome is transcribed, generating a large repertoire of (>200 nt)
long non-coding RNAs (IncRNAs) that map to intronic and inter-
genic regions (Birney et al., 2007; Dinger et al., 2009; Ponting
et al.,, 2009; Kapranov et al., 2010). These include subsets of
polyadenylated and non-polyadenylated transcripts that accumu-
late differently in the nucleus and cytoplasm of cells (Kapranov
et al., 2007, 2010). The catalog of human IncRNAs has expanded
dramatically just in the last several years; in fact, recently pub-
lished deep RNA sequencing reveals that the range, depth, and
complexity of the human transcriptome is far from fully charac-
terized (Mercer et al., 2012) and expectations are that very soon
the human IncRNA genes will outnumber protein-coding genes.
The definition and naming of IncRNAs are currently evolving
in the literature and different classes or categories of IncRNA
have been described (Prensner and Chinnaiyan, 2011; Wright
and Bruford, 2011). The categorization recently proposed by the
HUGO Gene Nomenclature Committee (HGNC) is an ongo-
ing project (Wright and Bruford, 2011), where IncRNAs were
described as spliced, capped, and polyadenylated RNAs (Wright
and Bruford, 2011); this clearly does not encompass all different
IncRNAs that may be also unspliced and/or non-polyadenylated
(Nakaya et al., 2007; Kapranov et al., 2010; Yang et al., 2011a).
The rapid increase in the number of described IncRNAs along
with the lack of uniform and systematic annotation nomenclature

for the diverse and extensive amount of IncRNAs expressed in
human tissues imposes a considerable limitation regarding the
completeness of any database related to IncRNAs (Paschoal et al.,
2012).

It is apparent that IncRNAs may act through diverse molecular
mechanisms and play regulatory and structural roles in important
biological processes (see Mattick, 2009 for a review). Presently,
the mechanisms of action of only a few IncRNAs have been char-
acterized in detail (Wang and Chang, 2011), and many of these
IncRNAs have an altered expression in different types of human
cancer (Huarte and Rinn, 2010; Gibb et al., 2011; Prensner and
Chinnaiyan, 2011).

Cancers are the result of a process where somatic cells mutate
and escape the controlled balance exerted by gene expression pro-
grams and cellular networks that maintain cellular homeostasis
and normally prevent their unwanted expansion. Cancer cells
differ from normal cells in many important characteristics, includ-
ing loss of differentiation, increased invasiveness, and decreased
drug sensitivity. Genes that affect these processes can be classified
into two major groups: tumor suppressor genes and oncogenes.
Tumor suppressor genes protect cells against mutations that ini-
tiate transformation. Conversely, oncogenes initiate the cellular
transformation process when inappropriately activated. LncRNAs
have been recently implicated as having tumor suppressor and
oncogenic roles (Huarte and Rinn, 2010; Gibb et al.,2011; Prensner
and Chinnaiyan, 2011).
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GENERAL MECHANISMS OF IncRNA FUNCTION IMPLICATED
IN CANCER

Long non-coding RNAs can activate cellular pathways that lead
to tumorigenesis, in analogy to protein-coding oncogenes. The
molecular mechanisms by which IncRNAs exert their biological
functions has been extensively reviewed by (Wang and Chang,
2011). Here we highlight some examples of IncRNAs implicated
in oncogenic functions.

One example of such an oncogenic IncRNA is metastasis-
associated in lung adenocarcinoma transcript 1 (MALATI1), a
nuclear-retained non-coding RNA that has been recently shown
to regulate alternative splicing by modulating serine/arginine (SR)
splicing factor phosphorylation (Tripathi et al., 2010). Increased
expression of the IncRNA MALAT1 has been first observed in
metastatic non-small cell lung cancer (Ji et al., 2003; see details in
the next section), followed by endometrial stromal sarcoma of the
uterus (Yamada et al., 2006), and more recently in six other types
of cancer, including hepatocellular carcinoma, breast, pancreas,
lung, colon, and prostate cancers (Lin et al., 2007). Recently, short
hairpin RNA inhibition of MALAT1 in human cervical cancer cells
was shown to suppress cell proliferation and invasion (Guo et al.,
2010), whereas RNA interference-mediated silencing of MALAT1
reduced the in vitro migration of lung adenocarcinoma cells by
influencing the expression of motility-related genes (Tano et al,,
2010). Altogether, these findings reinforce the role of MALAT1 as
an oncogenic IncRNA, and point to one of the possible modes
of action of IncRNAs, namely through their interaction with and
modulation of splicing factor proteins.

The mode of action of IncRNAs through the interaction with
chromatin remodeling complexes may be a more general one, as
it has been documented for two IncRNAs. One example is ANRIL
(antisense non-coding RNA in the INK4 locus) that is altered in an
estimated 30-40% of human tumors (Kim and Sharpless, 2006).
Tumor suppressor p15™NK4B is silenced by its antisense ANRIL
transcript (Yu et al., 2008); IncRNA ANRIL is required for the
recruitment of polycomb PRC1 and PRC2 complexes to the INK4B
locus and for silencing of p15™K*B tumor suppressor gene (Yap
et al., 2010; Kotake et al., 2011).

Another example is HOTAIR (HOX Antisense Intergenic RNA),
a metastasis-associated gene located in the mammalian HOXC
locus that reprograms chromatin state to promote cancer metasta-
sis (Gupta et al., 2010). HOTAIR IncRNA interacts with Polycomb
Repressor Complex PRC2, determining PRC2 localization and
repression of the HOXD locus (Rinn et al., 2007). Recently it was
found that HOTAIR serves as a scaffold for at least two distinct his-
tone modification complexes. HOTAIR binds the PRC2 complex
responsible for H3K27 methylation and also LSD1, a histone lysine
demethylase that mediates enzymatic demethylation of H3K4Me2
(Tsai et al., 2010). Although the precise mechanism of HOTAIR
activities remains to be elucidated, it is clear that HOTAIR partic-
ipates in silencing of metastasis suppressor genes thus promoting
metastasis, as discussed below.

LARGE-SCALE EXPRESSION PROFILING OF IncRNAs IN
PATIENTS

Cancer gene profiling studies have had an enormous impact on
understanding of the biology of cancers, pointing to the biological

heterogeneity of specific cancer types, providing identification
of novel oncogenes and tumor suppressors, and defining path-
ways that interact to drive the growth of individual cancers
(Cowin et al.,, 2010). Large-scale genomic studies are under-
way, such as The Cancer Genome Atlas project that aims to
catalog in each cancer type the changes in DNA copy num-
ber and methylation, as well as in small (19-25nt) non-coding
microRNA (miRNA) and protein-coding mRNA expression (Can-
cer_Genome_Atlas_Research_Network, 2008, 2011). Noteworthy,
changes in expression of IncRNAs have not been analyzed in these
large cohort studies.

Identification of IncRNAs correlated to cancer has benefited
in the past decade from the development of a number of effec-
tive high-throughput expression analyses technologies as well as
from the increasing realization that IncRNAs may play important
roles in physiological and pathological processes in the cell (see
Table 1). Early efforts to identify molecular cancer markers based
on the screening of ¢cDNA libraries enriched in tumor-specific
transcripts have identified IncRNAs whose expression levels cor-
relate to cancer. Using a differential display approach, the IncRNA
DD3, later named prostate cancer antigen 3 (PCA3), was initially
identified as overexpressed in prostate tumors relative to benign
prostate hyperplasia and normal epithelium (Bussemakers et al.,
1999). Further studies later indicated that PCA3 is a very spe-
cific prostate cancer gene whose mechanism of action is still not
identified (Marks and Bostwick, 2008; Shappell, 2008).

Another report that used large-scale transcriptome analysis to
look for differential gene expression in cancer and gave attention
to a differentially expressed IncRNA, namely MALAT1, employed
a subtractive hybridization approach to determine differences
in gene expression between primary non-small cell lung cancer
tumors of five patients that were cured by surgery and tumors of
four patients that subsequently metastasized (Ji et al., 2003). In all,
26 transcripts were found more than once, and among them the
novel IncRNA named MALAT1. Subsequently, 31 samples from
stage I patients suffering from adenocarcinoma or squamous cell
carcinoma were analyzed by qPCR, and the expression levels of
MALAT1 were significantly higher in metastasizing adenocarcino-
mas compared to non-metastasizing ones (p = 0.03); interestingly,
no significant differences in gene expression were found for squa-
mous cell carcinomas (1= 34; Ji et al., 2003). These data provided
evidence that the association of IncRNA MALAT 1 with metastasis
depended on the lung tumor’s histology.

A large-scale gene expression approach specifically designed to
look for IncRNAs correlated to cancer has employed hybridization
of RNA derived from normal human breast epithelia, primary
breast carcinomas, and distant metastases to ultra-dense tiling
arrays covering the entire HOX gene loci (Gupta et al., 2010).
The authors found that 233 transcribed regions in the HOX loci,
comprising 170 IncRNAs and 63 HOX exons, were differentially
expressed (Gupta et al., 2010), with a systematic variation in
the expression of HOX IncRNAs among normal breast epithe-
lia, primary tumor, and metastases. Dozens of HOX IncRNAs
were expressed in normal breast but showed reduced expression
in all cancer samples; conversely, a set of HOX IncRNAs was fre-
quently expressed in primary tumors but not in metastases (Gupta
etal., 2010). Notably, one such metastasis-associated IncRNA was

Frontiers in Genetics | Non-Coding RNA

March 2012 | Volume 3 | Article 32 | 63


http://www.frontiersin.org/Genetics
http://www.frontiersin.org/Non-Coding_RNA
http://www.frontiersin.org/Non-Coding_RNA/archive

LncRNAs in cancer diagnostics

Reis and Verjovski-Almeida

"9100S UOSBB|D JoWN] ‘SO,

‘sesayus.ed Ul UMOYS 8.e S|dLUES JO J8qUINN .

(0z=u) senssn

1adued

J9oued a1elsoud ul
pessaidxa Ajjelruaiayip ale 1eyl (6007

(81v2d)
s1diosuel} YNYoU

(1102) a1e1s0.d 1uaoelpe ubluaq ‘sa a1e1soud oljeiselawl "“|e 18 UBWIIND) SYNYOUI| O} Jejiuis po3eID0SSe-1a0ued
‘le 18  Jausuald bas-yNY m oL (L7 =u) 1ooued a1e1soud pazijeao) pue pazi|eoo] s1duosuely olusbisiul (dg oGz <) BuoT ale1sold
(£ =u) sainyna ||80 Alewud Aleno UOIBAIBSUOD 8oUBNbas
dOd-LY swu el 6 [BULIOU "SA (0Z = U) Jown} uelleAQ 10 9a160p ybiy e paAe|dsip yoiym (S1ON) siduosuesy
|eal pue ‘sAelie (7 =u) sainyno |80 Alewid 1seaiq S18oued pue ‘Buo| 1 QO < 8Je 1eyl siduosuesy Buipoo-uou
(8007) ‘| 18 Zdu1ad 061]0 Jow-GZ Al L Gl |BWLIOU "SA (/| =U) Jown] 1sealg UBLIEAO pUE 1SEd1g Buipoo-uou passaldxs Ajpuepunqy Buo| paalasuo)
(9=u)
4 66 siseiselsw ‘sA (§1 =u) Jvdd
(LL=u)sanssi  (Dv¥dd) pwouldiedouspe
(1L10Z) ‘|8 1@ eliye| L ford JOWN}-UOU "SA (Gl =U) Dvad [B10Np Ol1B8IOURY
(9=u) senssn (004)
(8007) "|e 18 0119 L 9 Jowin}-uou jusdelpe ‘sA DY BLUOUIDIED ||8D |eusy
SAelle
0101 YNQO
papuess-a|gnop d (G=u) (Dd) ewouloiedouspe sauab Buipoo-uigloid jo suoibal SYNY Buipoo-uou
(¥002) ‘e 1o sley paubisep-woisn) e 1z SO YBIY "SA (9=U) SD MOTq 91815014 dluodiul 0} Buiddew ju QoG < siduosuel| oluoJul BuoT
(DDH) ewiouloled
l ¥ (P=U) JoAI| [BWIOU ‘SA (6 =U) DDH Jejn||eo0ledaH
(Lz=u) esoonw (0Y42) sawlousb asnowl (s4oN-L)
12 L UO|0D |BWIOU "SA (8/ =U) DY) BUWIOUIDIED [B}0810|0D) pue el ‘uewiny syl Jo syuswibes SuoIB81 PEAISSUOD
sAeuse obijo 9=u (17D) 1w Ns| SNOBO|OYHIO USBMISJ PBAISSUOD el}n paquosuel}
(£002) "|e 3@ ulen WwI01sNd JaW-Qf e} ¥ ‘lewlou) +GQD SA (0G=Uu) 11D onAooydwA| oluoiy) %001 suolbal wolf u oz < siduosuel| Buipoo-uoN
dnmojjo} umouy yum sajdwes 100]
Jowny Asewd Zg| |euonippe aueb XOH 411U 8y} Bulienod sAelse
HOd-14b ul paleplien | IV IVIA (9=u) Bul|y Buisn 19duUed 1Sealq ul passaldxe
‘'sheule obijo $9SP1Se1aW "SA (8 =U) Siown} Allernualayip Se paljiiuapl alam
(0L0Z) "|e 1o exdno Buljir esusp-esyn - - Azewnd (psjood ‘G = u) Jown}-uoN J90oueo 1sealg SyYNYOU| Joyio 0/ snid YIVLOH 91 €2 HIVLOH
Buluss10s suleS BY} Ul paljiiusp! 81om
uonezipugAy swened DISN (G=U) (D1DSN) 182ued SYYNYOU Jay10 |elonag 1a9dued bun|
(£002) ‘|83 I BAI10RIgNS - —  JUBMINJBI-UOU "SA ({=U) JUdLINDdBY pun| ||92 ||lews-uoN Ul passaldxa Ajjuellage YNYOU| O3 G'8 LIVIVIA
(9G=u) enssi} spinj Apoq ui Jedued e1eisoud
(6661) onelsold jusoelpe onsejdosu-uou Jo sisouBelp 104 pasn ‘siown} aieisoud
‘le 1o sieyewsassng  Aeidsip [erualayiq - - "SA siowny onesoud 180Ued 81R1S0.d Ul passaldxaiano \YNYOU| O3 £°€ (£aQ) £vod
siowny siown}
aoualajey wJiope|d urdn  urumoq uosuedwo), adAy sownp uonduosaq SYNYou]

199ued uewny uj passaidxa Ajjennuaiayip syNy Buipos-uou buoT | | ajqer

March 2012 | Volume 3 | Article 32 | 64

lersin.org

www.fronti


http://www.frontiersin.org
http://www.frontiersin.org/Non-Coding_RNA/archive

Reis and Verjovski-Almeida

LncRNAs in cancer diagnostics

HOTAIR, which had a unique association with patient prognosis
(Gupta et al., 2010).

Oligoarrays were used to interrogate 481 ultra conserved
regions (UCRs) in the human genome (Calin et al., 2007); UCRs
are a subset of conserved sequences that are located in both
intra- and intergenic regions and are absolutely conserved (100%)
between orthologous regions of the human, rat, and mouse
genomes (Bejerano et al., 2004). A total of 256 UCRs (53%) were
identified as non-coding genomic regions (Bejerano et al., 2004).
The authors investigated the expression of UCRs in a panel of 173
samples, including 133 human cancers [e.g., chronic lymphocytic
leukemias (CLL), colorectal (CRC), and hepatocellular carcino-
mas (HCC)] and 40 corresponding normal tissues (Calin et al.,
2007). Specific sets of UCRs were differentially expressed in dis-
tinct tumor types, and among them, 42 were non-coding UCRs
(48% of the differentially expressed UCRs). This work demon-
strated that the transcribed UCR expression profiles can be used
to differentiate human cancers (Calin et al., 2007).

Custom-designed ¢cDNA microarrays interrogating selected
sets of protein-coding genes and IncRNAs from intronic/intergenic
genomic regions were used for obtaining expression profiles from
clinical samples of a number of cancer types (Reis et al., 2004; Brito
et al., 2008; Tahira et al., 2011). In prostate cancer, RNA from 27
patient tumor samples with Gleason scores ranging from 5 to 10
were hybridized to these custom-designed microarrays (Reis et al.,
2004). Among the 56 transcripts that were found to be significantly
correlated to the degree of prostate tumor differentiation (Gleason
score), 23 were IncRNAs mapping to intronic regions (Reis et al.,
2004). Among the top twelve transcripts most significantly corre-
lated to tumor differentiation, six were antisense intronic IncRNAs
as shown by orientation-specific RT-PCR or northern blot analysis
with strand-specific riboprobe (Reis et al., 2004).

Aberrant expression of intronic IncRNAs was studied in clear
cell renal cell carcinoma (RCC) using matched samples of tumor
and adjacent non-neoplastic tissue obtained from six patients
(Brito et al., 2008). A set of 55 transcripts was significantly
down-regulated in clear cell RCC relative to the matched non-
tumor tissue; among the down-regulated transcripts, 49 mapped
to untranslated or coding exons of protein-coding genes and 6
were IncRNAs mapped to intronic regions in genomic loci of
protein-coding genes (Brito et al., 2008).

More recently, pancreatic ductal adenocarcinoma (PDAC) was
studied, aiming at identifying gene expression profiles of protein-
coding and IncRNAs correlated to pancreatic cancer and metastasis
in 38 clinical samples of tumor and non-tumor pancreatic tissues
(Tahira et al., 2011). Statistically significant expression signatures
comprising protein-coding mRNAs and intronic/intergenic IncR-
NAs that correlate to PDAC or to pancreatic cancer metastasis
were identified; interestingly, loci harboring intronic IncRNAs dif-
ferentially expressed in PDAC metastases were enriched in genes
associated to the MAPK pathway (Tahira et al., 2011).

Whole-genome tiling arrays were utilized to identify the expres-
sion of novel IncRNAs across the entire human genome (Perez
et al., 2008). The authors hybridized RNA from normal lung cell
cultures to the tiling arrays and found 495 transcriptionally active
regions originated from non-protein-coding sequence (intergenic
or intronic regions) and chose 15 candidate RNAs for subsequent

real-time RT-PCR, northern blot, and sequencing experiments of
which three were intronic IncRNAs (Perez et al., 2008). Altered
expression of these IncRNAs was found in patient samples in both
breast and ovarian cancers (Perez et al., 2008).

The first high-throughput sequencing of polyA+ RNA (RNA-
seq) from a large cohort of 102 prostate tissues and cells lines
has been recently reported (Prensner et al., 2011). The work has
identified 121 unannotated prostate cancer-associated IncRNA
transcripts (PCATs) and has characterized one IncRNA, PCAT-1,
as a prostate-specific regulator of cell proliferation, showing that it
is a target of PRC2 (Prensner et al., 2011). Patterns of PCAT-1 and
PRC2 expression stratified patient tissues into molecular subtypes
distinguished by expression signatures of PCAT-1-repressed target
genes. These findings establish the utility of RNA-seq to identify
disease-associated IncRNAs that may improve the stratification of
cancer subtypes (Prensner et al., 2011).

Although the functional consequences of the deregulation of
IncRNAs in cancer development are currently unknown, the stud-
ies discussed above indicate that this class of transcripts may play
important functions in both normal and malignant tissues.

IncRNAs AS A DIAGNOSTIC TEST TOOL

Molecular markers of malignancy are important diagnostic and
prognostic tools that help patient management in the oncology
clinics. Cancer is a multi-factorial disease and for most types of
malignancies an increase in the number of available assessment
and management tools is desirable. Expression of the IncRNA
MALATT1 has been identified by Kaplan—Meier analyses as a prog-
nostic parameter for patient survival in stage I non-small cell lung
cancer (Jietal.,2003). MALAT1 has been subsequently validated as
a marker for endometrial stromal sarcoma of the uterus (Yamada
et al., 2006) and for HCC and a spectrum of five other human
carcinomas (Lin et al., 2007). In addition, increased expression
of MALAT1 has been recently shown to be an independent prog-
nostic factor for HCC following liver transplantation (Lai et al.,
2011).

Increased expression of IncRNA HOTAIR was shown to be asso-
ciated with metastasis in breast cancer patients, having a unique
association with patient prognosis (Gupta et al., 2010). Subse-
quently, HOTAIR expression levels was found to correlate with
metastasis in colorectal carcinoma (Kogo et al., 2011), and to pre-
dict tumor recurrence in hepatocellular carcinoma (Yang et al,,
2011b).

At present, few IncRNAs have been characterized as potential
biomarkers in human fluids. Measurement of IncRNA PCA3 in
patient urine samples has been shown to allow more sensitive and
specific diagnosis of prostate cancer than the widely used PSA
(prostate-specific antigen) serum levels (Fradet et al., 2004; Tinzl
et al., 2004; Shappell, 2008). The potential of PCA3 urine assay
to aid prostate cancer diagnosis and minimize unnecessary biop-
sies has been extensively documented, highlighting its advantages
over PSA and pointing to future challenges for this new diagnostic
biomarker (Lee et al., 2011).

The IncRNA HULC (highly upregulated in liver cancer) is
highly expressed in HCC patients and can be detected in the
blood by conventional PCR methods (Panzitt et al., 2007). It has
been later shown that HULC IncRNA expression is not confined
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to HCC, but is also expressed in colorectal carcinomas that
metastasize to the liver (Matouk et al., 2009).

Diagnosis and treatment follow up of complex multi-factorial
diseases such as cancer could conceivably be improved by screen-
ing of a larger number of molecular biomarkers in easily accessible
sample specimens. In fact, highly stable cell-free circulating nucleic
acids (cfCNA), both RNA and DNA species, have been discov-
ered in the blood, plasma, and urine of humans (Tong and Lo,
2006). At present, there is evidence of a good correlation between
tumor-associated changes in genomic, epigenetic, or transcrip-
tional patterns and alterations in cfCNA levels (Schwarzenbach
etal.,2011), strongly pointing to the utility of this blood biomarker
class as promising clinical tools.

The release of nucleic acids into the blood is thought to be
related to the apoptosis and necrosis of cancer cells in the tumor
microenvironment and is also the result of secretion. Circulating
RNAs are detectable in the serum and plasma of cancer patients,
being surprisingly stable in spite of the fact that high amounts of
RNases circulate in the blood of cancer patients. This implies that
RNA may be protected from degradation by its packaging into
microparticles, which include exosomes, microvesicles, apoptotic
bodies, and apoptotic microparticles (Orozco and Lewis, 2010).
Microparticles are small, membranous vesicles that can contain
DNA, RNA, miRNA, intracellular proteins, and extracellular sur-
face markers from the parental cells; they can be secreted from
intracellular multivesicular bodies or released from the surface
of blebbing membranes (Cocucci et al., 2009; Orozco and Lewis,
2010). The detection and identification of RNA in serum and
plasma can be carried out using microarray technologies or reverse
transcription quantitative real-time PCR (O’Driscoll et al., 2008).
The reported RNA content of microvesicles and exosomes thus far
includes primarily small miRNAs and long protein-coding mRNAs
(Record et al., 2011).

Recent advances in small non-coding miRNA expression pro-
filing in human cancer and their potential as therapeutic targets
and novel biomarkers have been reviewed (Farazi et al., 2011;
Munker and Calin, 2011). The presence of small non-coding
miRNAs in serum of cancer patients was first described for dif-
fuse large B-cell lymphoma patients (Lawrie et al., 2008). Cir-
culating miRNAs were subsequently used in assessing patients
with prostate cancer (Mitchell et al., 2008) and at present cir-
culating miRNAs have been characterized as potential biomark-
ers in over ten different cancers (Kosaka et al., 2010). Despite
being promising biomarkers for cancer diagnosis and prog-
nosis, there have been conflicting findings about circulating
miRNAs from the same tumor reported from different stud-
ies (Kosaka et al., 2010). These discrepancies might be due
to the lack of an established endogenous miRNA control to

normalize for circulating miRNA levels, and also to the dif-
ferent extraction and quantification methods used among the
studies (Kosaka et al., 2010). An effort to standardize results is
warranted by putting forward recommendations for controlling
pre-analytical variables, including the reduction of contaminant
cellular miRNAs of hematopoietic origin in the isolation and
quantization of cell-free circulating RNAs (Duttagupta et al,
2011).

We speculate that in addition to miRNAs and mRNAs the
human serum might contain a considerable amount of IncR-
NAs that will eventually be detected by the use of unbiased
high-throughput technologies such as genome tiling expression
microarrays or RNA-seq deep-sequencing of serum samples. Such
approaches should be subjected to the same controls regarding
pre-analytical variables (Duttagupta et al., 2011), including the
reduction of contaminant hematopoietic cells in the isolation and
quantization of cell-free circulating IncRNAs.

Comparative studies of IncRNAs in serum from cancer patient
large cohorts and from normal subjects will possibly reveal novel
circulating IncRNAs as potential biomarkers in many types of
cancers.

CONCLUSION AND PERSPECTIVES

Long non-coding RNA expression profiles in human cancers
have highlighted the potential value of this class of non-coding
RNAs as tumor markers in patient diagnosis and prognosis.
The rapidly expanding catalog of IncRNAs holds promises that
in the near future IncRNAs will become ever more important
in cancer patient management. An analogy can be made with
the impact of small miRNA profiling in many types of cancer
(Braconi et al., 2011; Ferracin et al., 2011; Schetter and Harris,
2011; Wang and Sen, 2011), which has provided different experi-
mental lines of evidence that deregulation of miRNAs not only
results as consequence of cancer progression but also directly
affects gene networks that promote tumor initiation and pro-
gression in a cause-effect manner (Lovat et al., 2011). As the
catalog of IncRNAs grows, it will become important to elucidate
the genetic networks and pathways regulated by the abnormally
expressing IncRNAs in cancer cells as a means to understand-
ing the role of these IncRNAs in the induction of malignant
transformation.
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Long non-coding RNAs (ncRNAs) have been shown to regulate important biological
processes that support normal cellular functions. Aberrant regulation of these essential

functions can promote tumor development. In this review, we underscore the importance
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malignancies.

INTRODUCTION

Common knowledge until recently would suggest that only about
1% of the genome produces biologically meaningful RNA tran-
scripts, specifically those that encode for proteins (Guttman
et al., 2009). In the past decade, however, numerous papers have
appeared that clearly document widespread transcription across
most of the genome. However, the biological relevance of this
transcription has been a matter of much debate, as witnessed by
numerous original peer-reviewed articles, reviews, letters to the
editor, and rebuttals. In particular, van Bakel and Hughes believe
this pervasive transcription is simply transcriptional “noise,” while
Mattick and Kapranov, among others, are of the strong belief these
transcripts are functionally relevant (Kapranov, 2009; Mercer et al.,
2009; van Bakel and Hughes, 2009). An in-depth review of pub-
lished data in combination with unpublished observations from
our work in this field has led to support the latter interpreta-
tion, based on a strong association of patterns of non-coding RNA
(ncRNA) transcription with diagnosis and prognosis in cancer. We
believe these data can only be interpreted as non-random, biolog-
ically meaningful patterns that point to a general functional role
for ncRNA over much of the genome. Further, the character and
pattern of transcription is itself of considerable interest, as there
is no parallel among annotated, protein-encoding genes for many
of the transcripts we have identified in several different types of
cancer.

The findings reported here are consonant with several histori-
cal observations. First, as early as 1980, in a landmark publication,
“The RNA World,” Watson, Crick, and others present compelling
evidence that RNA was the first nucleic acid associated with life
on this planet (Atkins et al., 2011). Several lines of evidence con-
verge on the idea that DNA, and subsequently protein-encoding
RNA, only appeared eons later. Prior to that time, RNA subserved
the functions necessary for life currently associated with DNA
(organismal memory) and protein (enzymatic cleavage, regulation
of transcription, and many others). This “RNA First” hypothesis

of the regulatory role played by this distinct class of ncRNAs in cancer-associated pathways
that govern mechanisms such as cell growth, invasion, and metastasis. We also highlight
the possibility of using these unique RNAs as diagnostic and prognostic biomarkers in

Keywords: non-coding RNA, tumor, diagnosis, prognosis, development

is widely accepted now, but the implications for genome-wide
pervasive RNA transcription have only recently garnered atten-
tion. Most students today are still taught the central dogma of
molecular biology, namely that DNA encodes RNA transcripts
that are transcribed from the genome and translated into protein
after cleavage and migration from the nucleus to the cytoplasm,
where the ribosome utilizes the messenger RNA (mRNA) strand
as a specific template to produce protein. With the vast amounts
and variety of ncRNA transcripts found in every cell at all stages of
development, this central dogma does not fully capture the role of
RNA as a regulatory molecule independent of protein (Pauli et al.,
2011; Suh and Blelloch, 2011).

This review provides evidence that these non-coding tran-
scripts as a group are not only functional, but may well be some
of the most basic and ancient functional RNAs of all. Certainly
they are strikingly different than mRNA, in both structure and
function, yet certain features are shared with mRNA, including, in
some cases, “exons” and “introns,” poly-adenylation, and alternate
splice variants. Conversely, unlike coding genes, ncRNAs occur in
poorly conserved regions of the genome, in stark contrast to the
highly conserved regions associated with coding genes.

Beyond these easily documented features, relatively little is
known about the general structure, function, and transcriptional
control of ncRNAs, and even less about their potential functions
as a group or singly. Unlike coding genes, there is no easily docu-
mented protein product linked to the RNA sequence (Clamp et al.,
2007). However, numerous individual examples have been docu-
mented, with very different structure and function. On the one
hand, H19, a long recognized ncRNA, shows significant sequence
conservation and is known to control IGF2 on the opposite pater-
nal chromosome by epigenetic control mechanisms (Feil et al.,
1994; Juan et al., 2000). On the other hand, XIST shows almost no
sequence conservation between species yet consistently silences
one X chromosome in females (Hendrich et al., 1993; Panning
et al.,, 1997). In yet another well documented example, a ncRNA
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transcribed from the HOX locus, HOTAIR, has been shown to
bind to the polycomb repressor complex 2 (PRC2) and affect
expression of over 300 coding gene targets as part of a general
reprogramming of breast cancer cells from a locally aggressive
epithelial phenotype to an invasive and metastatic “mesenchymal”
phenotype (Gupta et al., 2010). Clearly there are specific examples
of functional ncRNA. There remains the larger question though
of whether ncRNAs are predominantly functional, and if so, how
this might be determined. In the following examples, we present
evidence that ncRNAs are in fact strongly associated with cancer
diagnosis and prognosis, functions that can hardly be ascribed to
genome-wide random transcription.

CLASSES OF ncRNA TRANSCRIPTION

Non-coding RNAs are an integral part of the mammalian tran-
scriptome. Once described as “dark matter,” these underestimated
molecules can play important functional and structural roles in
the cell (Kapranov et al., 2010; Qureshi and Mehler, 2011). Based
on size, these RNA can be grouped into three major classes: small
ncRNAs, which include microRNA (miRNA), PIWI-interacting
RNA (piRNA), endogenous short interfering RNA (siRNA), and
other non-coding transcripts of less than 200 nucleotides (nt);
long ncRNAs (IncRNA) that are greater than 200 nt and arise from
intergenic regions or are organized around protein-coding regions;
and very long ncRNA (vIncRNA) that can stretch through hun-
dreds of kilobases, often across intergenic regions. While miRNAs
post-transcriptionally regulate mRNA through the RNA-induced
silencing complex, piRNA and siRNA are implicated in maintain-
ing genomic integrity by silencing of transposable elements in cells.
IncRNAs are involved in various levels of genomic regulation and
related fundamental epigenetic processes: genomic imprinting,
dosage compensation, and chromatin modifications. These can
assist in subcellular transport, recruitment of transcription factors,
and RNA processing and editing by forming ribonucleoprotein
complexes.

CHARACTERISTICS OF ncRNA

POLY-ADENYLATED RNA VERSUS TOTAL RNA TRANSCRIPTION
Non-coding genomic DNA, some of which is genetically func-
tional, has increased proportionally with genomic size and com-
plexity (Taft et al., 2007). The human genome has more “dark
matter” when compared to that of Drosophila. RNA polymerase
I transcribes both protein-coding and non-coding transcripts.
While transcription terminates at a poly-adenylation site for most
protein-coding genes, there is substantial evidence that a frac-
tion of ncRNAs do not necessarily end with a poly-A signal.
This alternate termination of transcripts is sometimes associated
with RNA-binding proteins Nrd1, Nab3, and Senl1 as is seen with
non-poly-adenylated end of small nucleolar RNAs (snoRNAs) in
S. cerevisiae (Creamer et al., 2011). Antisense asOct4-pg5 or the
brain-associated BC200 are examples of functional IncRNA that
are not poly-adenylated (Chen et al., 1997; Hawkins and Morris,
2010). ncRNA comprise approximately 30% of the total poly-A
fraction, while they account for approximately 50-60% of total
RNA with or devoid of ribosomal RNA, thus suggesting that
a significant amount of these ncRNAs are non-poly-adenylated
(Kapranov et al., 2010). The lack of poly-A tails has caused these

transcripts to be underrepresented in cDNA libraries, SAGE, dif-
ferential display, and microarrays which typically employ a 3’
poly-A labeling method.

CONSERVED VERSUS NOT CONSERVED

While protein-coding genes are under high constraint, this is not
the case with all ncRNAs. Recent studies have shown the emerging
importance of IncRNAs as regulators of essential cellular functions
that involve a great number of protein interactions (Guttman et al.,
2009). Increased system complexity that enables highly skilled
functions increases evolutionary pressure on regulators of this
dynamic signaling network (Mattick, 2003). These RNAs are pre-
dicted to undergo more rapid evolution than pre-existing proteins
or the de novo evolution of a unique set of signaling molecules
(Ponjavic et al., 2007). Guttman et al. (2010) compared ortholo-
gous sequences of IncRNAs among 29 mammals and showed that
their conservation is far greater than random genomic sequences
or introns. On the other hand, Babak et al. (2005) found poor con-
servation between intergenic genomic transcripts and proposed
that they may thus be non-functional. However, one of the non-
coding elements of the genome, referred to as ultra-conserved
elements (UCEs), is highly conserved. These regions span at least
200 base pairs in length and maintain 100% identity with no
insertions or deletions between human, mouse, and rat genomes
(Bejerano et al., 2004). Other than the exonic components, there
are about 38.7% UCEs that are intergenic while another 42.6% are
intronic (Mestdagh et al., 2010). The average distances observed
among them (approximately 10 Mb) suggest that they are unlikely
to function as exons of a gene. Some of these non-coding UCEs
are transcribed (T-UCEs) and maintain evolutionary constraints.

FUNCTIONAL VERSUS NON-FUNCTIONAL

Less than 1% of IncRNAs have been associated with a function.
Their cell- and tissue-specific expression that changes in response
to external factors such as stress and other environmental signals
implies that their presence is dependent on the need of the cell.
Many of these IncRNAs have binding sites for transcription fac-
tors Spl, c-Myc, p53, and Creb, thus suggesting different levels
of regulation (Cawley et al., 2004; Euskirchen et al., 2004). Their
involvement varies from transcriptional to post-transcriptional
regulation to translational control. There is evidence that some of
these are essential for development (Rosenbluh et al., 2011; Han
etal, 2012). For example, Mirg, a maternal ncRNA from the Dlk—
Dio3 imprinted cluster, is expressed in different tissues at different
time during murine embryonic development (Han et al., 2012).

GENERAL PATTERNS OF ncRNA EXPRESSION IN NORMAL
TISSUES AND CANCER

The concept of a functional genome is being rewritten with the
discovery of ncRNA. The abundance of these transcripts in cancer
suggests their role in tumor pathogenesis. ncRNAs are abundant
during embryogenesis (van Leeuwen and Mikkers, 2010; Pauli
etal., 2011) and reactivation or non-suppression of some of these
fetal IncRNAs may critically regulate pluripotency and uninhib-
ited cellular growth, thus giving rise to adult or developmental
cancers. For example, the H19 IncRNA is expressed during ver-
tebrate embryogenesis but is downregulated after birth in most
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tissues except for cartilage and skeletal muscle (Lustig et al., 1994).
However, loss of imprinting and overexpression of H19 in many
cancers such as those of esophagus, liver, colon, and bladder cause
it to function as an oncogene and promote tumor development
(Hibi et al., 1996; Barsyte-Lovejoy et al., 2006; Matouk et al., 2007).
Similarly, normal adult tissues express IncRNAs at various levels
with lymph nodes and gall bladder reportedly having the most dis-
tinct IncRNAs (Gibb et al., 2011). Comparisons between normal
and cancerous tissues revealed differential expression of at least
200 IncRNAs. The chromosome distribution of IncRNAs did not
correlate with either protein-coding genes or miRNAs. Kapranov
etal. (2010) also showed that in Ewing sarcoma, a childhood can-
cer, 43-63% of all non-ribosomal, non-mitochondrial RNAs by
mass were non-exonic RNAs, and 24-37% of these were detected
in intergenic regions. This study also suggested the presence of
a vIncRNA of approximately 650 kb on chromosome 7 that was
exclusively present in Ewing sarcoma and not in the leukemia cell
line K562, normal brain, or liver. Similarly, another 300 kb inter-
genic region on chromosome 21 in the K562 cell line was not
detected in Ewing sarcoma, suggesting that certain ncRNAs may
be present in specific cancers.

ROLE OF ncRNAs IN TUMOR PATHOGENESIS: ONCOGENES
OR TUMOR SUPPRESSORS

ncRNAs have been detected in cancer by various techniques
including expression microarrays, tiling arrays, next generation
sequencing, and methylation analysis (Cheung et al., 2010; Gupta
et al., 2010; Sang et al., 2010; Trapnell et al., 2010). These
approaches have led to the identification of several IncRNAs whose
expression and epigenetic state are significantly associated with
cancerous tissues.

Like protein-coding genes, ncRNAs may function as tumor
oncogenes or tumor suppressors. Some T-UCEs are frequently
located at fragile sites and cancer-associated genomic regions
(CAGRs) such as minimal regions of amplification and of loss of
heterozygosity, while others are known to act as oncogenes in can-
cer cells (Rossi et al., 2008). Functional analysis involving siRNAs
identified uc.73A as a promoter of cell survival by evading cellu-
lar apoptosis in colorectal cancer (Calin et al., 2007). Enrichment
analyses confirmed that UCEs are contained in genes involved in
RNA processing and RNA binding (Licastro et al., 2010). They
bear resemblance to enhancer-like sequences and are involved in
transcription.

Protein-coding genes are known to be associated with antisense
transcripts, and perturbation of these can alter protein expression
that promotes cancer development (He et al., 2008). Antisense
transcripts ANRIL and p21/ CDKN1A-associated transcript repress
tumor suppressor loci and promote cancer (Morris et al., 2008).
Aberrant gene expression causes changes in chromatin structure
leading to genomic instability that can give rise to uncontrollable
growth and an invasive cellular phenotype. Therefore, proteins
that control chromatin organization including polycomb repres-
sor complexes, PRC1 and PRC2, and members of the trithorax
family constitute key players in the molecular pathogenesis of
cancer. Selective binding of IncRNAs, HOTAIR and ANRIL, with
PRCI and PRC2 to execute histone modifications at specific loci
thus strongly supports the idea that IncRNAs may function as

ideal regulators for epigenetic transcriptional repression (Gupta
et al., 2010; Kotake et al., 2011). ANRIL and associated fac-
tors play critical roles in repression of the INK4b—ARF-INK4a
locus that encodes for three critical tumor suppressors, p15NK4b,
p14°RF (p19ARF in mice), and p16™K42 which play central roles
in cell-cycle inhibition, senescence, and stress-induced apoptosis
(Pasmant et al., 2007; Yap et al., 2010; Kotake et al., 2011).

Long ncRNAs may also act as tumor suppressors. They may
inhibit cell-cycle progression in response to DNA damage due to
stress and environmental factors. IncRNA ncRNA ccnp; is induced
during DNA damage from the CCNDI promoter (Wang et al.,
2008). This IncRNA recruits the TLS protein to the CCNDI pro-
moter where it binds to histone acetyltransferases CBP/p300 and
in turn inhibits CCND] transcription thus affecting cell-cycle pro-
gression. Some IncRNAs may inhibit growth in cancer cells. MEG3,
a IncRNA that is expressed in many normal tissues but not in
human cancer cell lines, may function as a tumor suppressor as its
ectopic expression in cancer cells suppressed their growth (Zhang
et al., 2003).

ASSOCIATIONS OF IncRNAs WITH CANCER

Genome-wide association studies of cancer susceptibility have
identified single nucleotide polymorphisms (SNPs) in some of
the transcribed regions of the non-coding portions of the human
genome (Manolio et al., 2008). T-UCEs differentially expressed in
human cancers are located in CAGRs that are specifically asso-
ciated with that type of cancer (Calin et al., 2007). These could
be candidate players for cancer susceptibility. For example, dif-
ferential expressions of uc.349A and uc.352 between normal and
leukemic CD5-positive cells have been linked to susceptibility to
familial chroniclymphocyticleukemia (Ngetal.,2007). Consistent
with these findings, Yang et al. (2008) have reported that two SNPs
in UCEs (rs9572903 and rs2056116) are associated with famil-
ial breast cancer risk. Recently, Pasmant et al. (2011) have also
shown that modulation of ANRIL levels in patients with neurofi-
bromatosis mediates susceptibility to plexiform neurofibromas.
SNP 152151280 located in ANRIL locus was statistically signif-
icantly associated with number of plexiform neurofibromas in
these patients.

ncRNAs AND CANCER DIAGNOSIS

The differences in IncRNA profiling between normal and cancer
cells may or may not be a mere secondary effect of cancer-
ous transformations. Several IncRNAs can control transcriptional
alteration, as seen with ANRIL and its interaction with PRC pro-
teins that leads to repression of INK4b locus, a change observed in
most cancers (Kotake et al., 2011). In other cases, altered expres-
sion of these RNAs may show a strong association with tumor
progression, and thus can be used as classification markers for
these malignancies. Most IncRNAs are expressed in various types
of cancers; however, some have been associated with specific tumor
types. A striking example is that of three IncRNAs in prostate
cancer: PCGEM1, DD3, and PCNCRI (Bussemakers et al., 1999;
Petrovics et al., 2004; Chung et al., 2011). These IncRNAs either
promote tumorigenicity or are associated with susceptibility to
prostate adenocarcinoma. These unique IncRNAs could therefore
potentially be used for prostate cancer diagnosis. The malignant
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cells have a unique spectrum of expressed UCEs when compared
with the corresponding normal cells, suggesting that variations in
T-UCE expression are involved in the malignant process. More-
over, distinct T-UCE signatures were differentially expressed in
leukemias and carcinomas, and thus may offer a novel strategy for
cancer diagnosis and prognosis (Calin et al., 2007).

Our experience with childhood tumors have led us to believe
that ncRNAs play key roles in defining tumor subtypes (Bajaj
et al., 2011). We have performed several exploratory analyses in
pediatric tumors that provide evidence of unique non-coding
intergenic regions that are characteristic of tumor types. One
such preliminary analysis depicted in Figure 1 involved 40 unique
primary tumors from patients with PAX—FKHR fusion-positive
rhabdomyosarcoma (n=10), fusion-negative rhabdomyosar-
coma (n = 10), Ewing family of tumors (EFT, n = 5), osteosarcoma
(n=1>5), neuroblastoma (n=>5), and Wilms’ tumors (n=5). An
unsupervised nearest shrunken centroid model, a class predic-
tion procedure that identifies transcripts that best characterize
tumor subtypes, was used to analyze whole-transcriptome expres-
sion profiling data obtained from these tumors using Affymetrix
Human Exon 1.0 ST microarrays. This procedure eliminates clas-
sifier transcripts from the prediction signature as the shrinkage
parameter (A) increases, thereby creating highly class-specific pro-
files (Tibshirani et al., 2002). This revealed the presence of several
classifier coding and non-coding transcripts, represented as probe
set regions (PSRs) on the top histogram of Figure 1A, that were
able to categorize tumors in the training (aqua line) and test (gold
line) sets with 100 and 95% accuracy at A =5.6, respectively.
Examination of features contained in the centroid classes revealed
the presence of a 250-kb stretch of non-coding transcript (locus
marked by dashed black box in Figure 1C), a putative vIncRNA,
which was unique to EFTs (tumor class 3 in Figure 1C). This
tumor subgroup uniquely showed marked overexpression of this
genomic stretch that does not code for any known proteins (aqua
trace in Figure 1D); none of the other childhood tumors examined
in this cohort appeared to express this vIncRNA at levels compara-
ble to EFT. This demonstrates that the presence of such transcripts,
if found on a larger scale with similar discriminatory power, may
be extremely helpful in diagnosing such tumor types. In addition,
it also suggests that such non-coding transcripts may play a role
in the genesis and maintenance of these malignancies.

ncRNAs AND CANCER PROGNOSIS

Differential expressions of protein-coding genes and small ncR-
NAs between cancers have been used as a valuable tool to generate
signatures that can reliably predict disease outcomes (Martens-
Uzunova et al.,, 2012). A panel of 10 biomarkers that included
8 protein-coding genes and 2 miRNAs, miR-519d and miR-647,
could significantly predict clinical recurrence in prostate cancer
following radical prostatectomy (Long et al., 2011).

With recent growing evidence of similar expression patterns of
IncRNAs in cancers, these transcripts may be profiled as prognostic
candidates. A similar strategy may be adopted to develop IncRNA-
dependent gene signatures that may predict disease outcomes
and response to treatments. The IncRNA MALAT1 is upregulated
in many solid tumors and is associated with cancer metasta-
sis and recurrence. In hepatocellular carcinoma, MALAT1 levels

corresponded to advanced disease stage and were inversely related
to disease-free survival after liver transplantation (Lai et al., 2012).
Similarly, an expression profile based on 28 T-UCEs in 14 patients
with neuroblastoma was able to significantly distinguish between
short-term and long-term survivors (Scaruffi et al., 2009).

Our group’s efforts in identifying non-coding transcripts
that are associated with outcome have focused on childhood
tumors. In one such analysis shown in Figure 2, we initially
analyzed Affymetrix Human Exon 1.0 ST array-derived whole-
transcriptome expression profiling data on primary EFT samples
from 40 patients at surgical resection with long subsequent follow-
up. Thirteen (32.5%) patients eventually metastasized (depicted in
red in Figures 2A-D). An unsupervised nearest shrunken centroid
model was used to identify coding and non-coding features that
could categorize these tumors based on their probability of even-
tually metastasizing. At A =1.2, several features were identified
that could categorize the tumors into two groups based on risk of
metastasis with 92.5 and 70% accuracies in the training and test
sets, respectively (Figure 2A).

To further investigate the biological implications of ncRNA
features that could predict tumor metastasis, expression profiles
on two EFT cell lines, CHLA-9 and CHLA-10, were analyzed
using a similar nearest shrunken centroid model. At A =6.0,
the selected features were able to classify samples in the train-
ing and test sets with 100% accuracy (Figure 2C). When this
set of classifier features was compared to those obtained from
the analysis of the above EFT samples, a unique 26 kb intergenic
non-coding transcript was identified on chromosome 2 (dashed
black box in Figures 2B,D). The expression of this transcript was
seemingly protective in nature — its expression was highest in pri-
mary tumors that did not metastasize, and lower in those primary
tumors that eventually metastasized (Figure 2E). Following this
trend, its expression was comparably lower in CHLA-9, a cell line
generated from the primary tumor of an EFT patient, and lowest
in CHLA-10, a cell line generated from a subsequent metastatic
tumor in the same patient (Batra et al., 2004). Such observations
provide credence to the argument that non-coding transcripts play
crucial roles in the modulation of tumor behavior and can be used
as markers in the primary malignancy to determine long-term
prognosis.

ncRNAs: BRIDGING NORMAL TISSUE DEVELOPMENT AND
ONCOGENESIS

The data and studies presented here offer compelling evidence that
transcription of ncRNAs in cancer is tightly linked to key biologi-
cal processes, from differentiation to metastasis. The parallel with
normal tissue differentiation during fetal development is strik-
ing and reminiscent of another well documented phenomenon in
cancer: to reprise the expression of fetal antigens during oncogen-
esis. Given the documented higher levels of ncRNA transcription
during normal tissue development, it should be no surprise that
ncRNA levels in cancer are elevated compared to normal tissue
development. Many parallels between oncogenesis and develop-
ment are well known, such that oncogenesis is often viewed as a
poorly executed mimicry of normal tissue development. Environ-
mental influences may allow embryonic expression of IncRNAs in
adult tissues that alter gene expression, thereby increasing cancer
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FIGURE 1 | Nearest shrunken centroid analysis to identify a putative
EFT-specific vincRNA. (A) Nearest shrunken centroid modeling was
performed on 40 unique primary childhood tumors. Shrinkage parameter
(X-axis) A =5.6 was selected as the threshold where the fewest number of
PSRs (Y-axis, top panel) were required to categorize tumors in the training
(aqua line) and test (gold line) sets with 0 and 5% error, respectively (Y-axis,
bottom panel). (B) Classification performance of training set samples is
shown, where probability of samples belonging to each color-coded tumor
class (1, PAX—FKHR fusion-positive rhabdomyosarcoma; 2, fusion-negative
rhabdomyosarcoma; 3, EFT, 4, osteosarcoma; 5, neuroblastoma; 6, Wilms'
tumors) was predicted with 100% accuracy at A =5.6. Note that only squares

of the like color are found at the 100% probability level in each true class. (C)
Whole-genome plot of positions of the diagnostic PSRs (X-axis) that
characterize the respective tumor groups versus their expression levels
(Y-axis). A 250-kb stretch corresponding to a putative vincRNA region (dashed
black box) was observed as being uniquely overexpressed in EFT. (D) When
zoomed in at this genomic segment (blue arrow points to the RefSeq
annotation; red arrow indicates positions of PSRs across the region),
evidence of significant overexpression of this transcript in EFTs (aqua trace)
was clear compared to other childhood tumor types. Height of the Y-axis
corresponds to the logarithm of PSR expression levels, and samples are
aggregated into their respective tumor groups.
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FIGURE 2 | Identification of a non-coding transcript showing differential
expression in EFTs with respect to metastasis. (A) Classification
performance of a nearest shrunken centroid model is shown, where 40
primary EFTs were categorized based on their eventual metastatic fate
(green, did not metastasize; red, eventually metastasized) in the training set
with 92.5% accuracy at A =1.2. (B) PSRs identified by this analysis that
distinguish between non-metastasized versus metastasized groups are
plotted over a whole-genome sequence, where height of the Y-axis over and
under the baseline corresponds to their log fold change. (C) A similar nearest
shrunken centroid analysis on CHLA-9 and CHLA-10 achieved 100%

Primary tumors that did not metastasize
Primary tumors that metastasized

classification accuracy at A =6.0. (D) Comparing the PSR profiles between
both nearest shrunken centroid models resulted in the identification of a
common 26 kb intergenic non-coding transcript [dashed black box in (B) and
(D)]. (E) A zoomed in inspection of this genomic segment (blue arrow points
to the RefSeq annotation; red arrow indicates positions of PSRs across the
region) showed that the transcript was highly expressed in tumors that never
metastasized, moderately expressed in tumors that eventually metastasized
and CHLA-9, and showed low expression in CHLA-10. Height of the Y-axis
corresponds to the logarithm of PSR expression levels, and samples are
aggregated into their respective tumor groups.
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susceptibility. The chromatin-interacting ncRNA KCNQIOT]I
causes imprinting of CDKNIC gene in embryonic tissues (Lewis
et al.,, 2004). CDKNIC gene expression is suppressed in breast
cancers by estrogen through epigenetic mechanisms involving the
highly expressed KCNQI1OT1I gene (Rodriguez et al., 2011). It is
therefore not unreasonable to deduce that ncRNA expression is
of fundamental importance, to the extent that ncRNA expres-
sion may well control coding RNA expression, using the latter
to execute complex and fundamental programs responsible for
organismal development. From a combined viewpoint, therefore,
ncRNA is primary and coding RNA is secondary. The fact that a
ncRNA gene like HOTAIR can orchestrate the expression of over
300 coding genes via complex formation with PRC2 and epigenetic
regulation, leading to altered tumor cell differentiation and behav-
ior, is entirely consistent with this concept. It will not be surprising,
therefore, if a general pattern of ncRNA control of coding gene
expression emerges from the many current studies on ncRNAs.
Beyond simple primary—secondary control mechanisms, it also
appears that ncRNA itself is likely tightly regulated in an interac-
tive network (Sumazin et al., 2011). This model of self-regulating

RNA networks is intuitively attractive, as it allows for a degree of
subtle control via multiple interacting regulatory networks that
is essential to account for the development of higher organisms
such as humans. The observation that ncRNA expression levels
are highest in developing brain is consonant with this concept.
The challenge going forward will be to unravel and understand
these complex interactions. The reward will almost certainly be a
far more sophisticated understanding of how biology works, and
by extension, how it is perturbed in cancer.

CONCLUSION

This review provides some evidence of the multifaceted roles of
IncRNAs in cancer. It underscores the importance of the func-
tional existence of these transcripts that are proving to be much
more than “transcriptional noise.” Understanding their biological
relevance in normal development may provide an insight into their
perturbed functions in cancer. This will allow use of these enig-
matic molecules as diagnostic or predictive biomarkers. They may
be further developed into cancer-specific RNA targets to improve
treatment sensitivity for various malignancies.
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ncRNAs are key genes in many human diseases including cancer and viral infection, as
well as providing critical functions in pathogenic organisms such as fungi, bacteria, viruses,
and protists. Until now the identification and characterization of ncRNAs associated with
disease has been slow or inaccurate requiring many years of testing to understand com-
plicated RNA and protein gene relationships. High-throughput sequencing now offers the
opportunity to characterize miRNAs, siRNAs, small nucleolar RNAs (snoRNAs), and long
ncRNAs on a genomic scale, making it faster and easier to clarify how these ncRNAs con-
tribute to the disease state. However, this technology is still relatively new, and ncRNA
discovery is not an application of high priority for streamlined bioinformatics. Here we
summarize background concepts and practical approaches for ncRNA analysis using high-
throughput sequencing, and how it relates to understanding human disease. As a case
study, we focus on the parasitic protists Giardia lamblia and Trichomonas vaginalis, where
large evolutionary distance has meant difficulties in comparing ncRNAs with those from
model eukaryotes. A combination of biological, computational, and sequencing approaches
has enabled easier classification of ncRNA classes such as snoRNAs, but has also aided
the identification of novel classes. It is hoped that a higher level of understanding of
ncRNA expression and interaction may aid in the development of less harsh treatment

for protist-based diseases.

Keywords: ncRNA, high-throughput sequencing, miRNA, siRNA, snoRNA, Giardia, Tichomonas

INTRODUCTION

The discovery and analysis of ncRNAs has become an important
step in the understanding of the genomics behind human disease.
Genomics in humans has in the past tended to concentrate on
the small percentage (1-2%) of genomic space coding for pro-
teins. Since the vast majority of human ncRNAs lie in non-coding
regions including introns and intergenic spaces, there is a need
for fast and flexible methods of ncRNA identification. ncRNA
classes in general, and in particular microRNAs (miRNAs) and
short interfering RNAs (siRNAs) are of great interest in disease
studies. In some cases miRNAs have been implicated in various
cancers with altered expression levels appearing to be associated
with the genetic alterations seen in malignancies (Ryther et al.,
2003). miRNAs and siRNAs to be important effectors in host—
pathogen interaction networks between humans and their viruses
(Aurrecoechea et al., 2009), most of which use RNA interference
processes. RNA interference (RNAi) has also been raised as an
option for medical treatment of human diseases including cancer
(Garlapati et al., 2011), viruses (Khaliq et al., 2010; Haasnoot and
Berkhout, 2011), and transplantation (Zhang et al., 2011b).

RNA interference in general, is a process where small RNAs
(e.g., miRNAs and siRNAs) are used by a protein macromolecule,
to target and then to cleave transcribed mRNAs, hence “interfer-
ing” with the expression of a targeted gene. There are a number
of different pathways for this interference (Collins and Penny,
2009; Batista and Marques, 2011; Ketting, 2011), with three main

proteins or their like, being typically required. These proteins are
Dicer, Argonaute, and RNA-dependent RNA polymerase (RdRp).
Finding homologs to these proteins in protist species is usually the
first step in determining that RNAI exists in that species. However,
as can be seen in species such as Giardia lamblia and Entamoeba
histolytica, some of these proteins may not contain all the domains
we expect to find (Macrae et al., 2006; Carlton et al., 2007; Batista
and Marques, 2011). It is thus, very likely that protist RNAi path-
ways will differ from their well-studied multicellular counterparts,
and that understanding these differences will enable a far more
efficient use of RNA as a molecular tool.

RNA interference has been used to understand gene expression
levels and the changes that occur at different stages of disease,
different stages of life cycle or development, and differences in
environmental conditions (typically with miRNA studies). Genes
can also be specifically “knocked-out” using gene silencing studies
to investigate the effects of particular parts of metabolic pathways.
This has been done in some protists, in particular Kinetoplasts
where RNAI has been used as a tool in genomic studies for Try-
panosoma brucei (reviewed in Kolev et al., 2011), and to a lesser
extent in Leishmania braziliensis subgenus Viannia (Lye et al,
2011). The difficulty in protist RNAi research is that the small
RNAs that are used in RNAi (i.e., miRNAs and siRNAs), are not
easily isolated and characterized.

Genomic-wide sequencing is also furthering studies on how
a host species reacts to pathogens in immune and preventative
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responses. One non-protist example is where high-throughput
sequencing was used to characterize miRNA levels and identify
novel miRNAs involved in avian influenza virus (AIV) infection
of chicken (Aurrecoechea et al., 2009). In this study, sequences
were matched not only to genomic sequences but to mature
miRNA sequences previously lodged in miRbase (Finn et al,
2006), allowing for insertions and deletions of 1-4 nt. Profiling
analysis compared infected and non-infected tissue to identify
miRNAs that changed expression upon infection. Mapping of
the sequences also revealed that many miRNAs are grouped in
clusters on the chicken chromosomes and up- or down-regulated
together. Results from this study suggest that different miRNA
regulation mechanisms may exist on host response to virus infec-
tion with some genes up regulated to aid host immune response
and down regulation of targets to aid inhibition of virus repli-
cation. Different tissues may express different levels of miRNAs.
For example in the Wang et al. study 377 miRNAs were identified
from chicken lung tissue but only 149 miRNAs were identified
from tracheae. Clearly this type of study will soon extend to
the host response to protists. The techniques for analysis will
be similar but will require a greater understanding of the typ-
ical features of the different miRNA classes in the protist of
study.

There are many different classes of ncRNAs found in protists
(Table 1), and only some of these such as miRNAs and siRNAs
and sometimes small nucleolar RNAs (snoRNAs) are involved in
RNAI. Other ncRNAs such as tRNAs and rRNAs are relatively easy
to characterize because they look familiar to those already stud-
ied, but there are classes such as snoRNAs, that are harder to find
and classify because either their sequence or their action, is novel.
Previously, there were two main approaches to ncRNA identifi-
cation (Figure 1). The first, the “traditional” approach, involved

the isolation of expressed RNA in a designated size range, cloning,
sequencing then finally, Northern blotting to confirm size and con-
formational isotopes from RNA modifications. This approach was
costly both in laboratory expenditure and time, and was not very
practical on a genomic scale. The other approach took a sequenced
genome and computationally screened it for candidate ncRNAs,
using mathematical models based on the sequence and struc-
tural characteristics of a class of ncRNA. This second approach,
although it could be applied on a genomic scale, often produced
masses of candidates that would then have to be experimentally
tested by the first approach. Another issue with the computational
approach is that only a single class could be searched at a time,
and one had to know what that class looked like both in sequence
and secondary structure in order to find it. Permitting more flexi-
bility however, results in more false positives, a circumstance that
can quickly overload the computer and its user. High-throughput
sequencing permits the genome-wide sequencing of ncRNAs from
expressed RNA (the power of the first approach), and for rapid
comparison to known classes (the power of the second approach),
as well as the characterization of novel ncRNAs (Figure 1). The
disadvantage of this type of sequencing is that it demands a dif-
ferent type of computational analysis than previously used with
ncRNAs (see later).

Short interfering or silencing RNAs (siRNAs) are similar to
miRNAs but are produced from double stranded precursors
instead of folded single-stranded precursors. What makes this
mechanism of great interest is that the gene silencing is highly
specific, and also highly potent in where only a few copies of an
small RNA (22-25 nt long) can demonstrate wide ranging affects.
In plants, they have been highly investigated for their role in virus
response (Ridanpaa et al., 2003; Pantaleo, 2011), but in humans
and mice they are under intense study for therapeutic medicine

Table 1 | Summary of ncRNA discovery in human pathogenic protists.

Protist Lineage Disease ncRNAs+ RNAi proteins Functional RNAi
Giardia lamblia Diplomonad Giardiasis miRNA, siRNA Dicerlike, Argonaute, RdRp Not proven natively with
(Macrae et al., 2006) miRNA but long dsRNA
shown to control specific
gene down regulation
(Rivero et al., 2010)
Trichomonas vaginalis Parabasalid Trichomoniasis miRNA, siRNA Dicer-like, Argonaute, RdRp Yes (Lin et al., 2009)
(Carlton et al., 2007)
Plasmodium falciparum  Apicomplexa Malaria - Absence of proteins with No (Baum et al., 2009)
a PAZ or piwi domain (Baum dsRNA triggering down
et al., 2009) regulation (see review in
Kolev et al., 2011)
Entamoeba histolytica Amebozoa Amoebic dysentery siRNA Argonaute, Dicerlike*, RdRp Yes (Reviewed in Zhang
etal., 2011a)
Trypanosoma spp. Kinetoplastid T brucei (sleeping siRNA, miRNA Argonaute, Dicerlike (not Yes in T brucei but not in
sickness), T cruzi (T gondii) in T cruzi) T cruzi (reviewed in Lye
(Chagas disease) etal., 2011)
Leishmania spp. Kinetoplastid Leishmaniasis siRNA Argonaute, Dicerlike Some species (reviewed

in Lye et al., 2011)

+These protists all contain RNase P RNA, RNase MRP RNA, tRNAs, rRNAs, snRNAs, and snoRNAs, xatypical protein structure.
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FIGURE 1 | Genomic approaches to ncRNA identification. Both the
traditional laboratory approach and the more recent high-throughput
sequencing approach begin with the isolation of total RNA from culture,
followed by size selection of the RNA by excising a given band from a
polyacrylamide gel. Under the traditional approach the excised RNA is
cloned then sequenced by Sanger Sequencing to obtain candidate miRNA
sequences. With High-throughput sequencing the RNA is sequenced
directly without cloning and bioinformatics is used to select the best
candidates. Computational approaches do not begin with biological
samples but instead use mathematical models based on known ncRNAs to
search an already sequenced genome. Both the traditional and
computational approaches require that candidate gene expression be
confirmed by additional laboratory work. Key: Molecular biology stages are
represented by the flask icon. All other stages use RNA genomic and
bioinformatics procedures.

ncRNA gene
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downstream
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(recently reviewed in Burnette et al., 2005; Khaliq et al., 2010;
Vaishnaw et al., 2011). In an example, a combination of host and
viral genes has been used as a siRNA-based treatment for hepati-
tis C virus (HCV; Ashfaq et al,, 2011). Developing RNAi based
treatments for HCV are an important are of research, since there
is currently no vaccine available for HCV due to a high degree of
strain variation. Another factor is that the current drug treatment
(with a pegylated interferon a/ribavirin combination) is costly,
has significant side effects and is not always effective (Ashfaq et al.,
2011). RNAIi offers new and less harsher types of treatment espe-
cially for viral diseases, but there are still challenges in this area in
systematic siRNA delivery and distribution to appropriate tissue
(Vaishnaw et al., 2011).

Small nucleolar RNAs typically have roles in the modification
of other ncRNAs such as rRNA, small nuclear RNAs (snRNAs),

and possibly even mRNAs (Ridanpaa et al., 2003; Bompfunew-
erer et al., 2005; Gardner et al., 2010; Khanna and Stamm, 2010).
snoRNAs are between 60 and 150 nt long and fall into two main
classes based on conserved sequence motifs, H/ACA (sometimes
called SNORAs), and C/D (sometimes called SNORDs). snoRNAs
may have a high potential for use as markers for diseases either by
having mutated sequences or differential expression. In one exam-
ple some snoRNAs were discovered to have a higher expression in
some lung cancer cells than in non-cancerous cells, and thus have
a potential as markers for the early detection of this cancer (Liao
etal., 2010).

The examples above focus on how ncRNAs from the host can
be used to study gene expression from healthy, diseased, and some-
times treated tissue. A second type of study looks at the ncRNAs
from the pathogen itself to understand where the pathogen could
be vulnerable and hence open to new treatment options. This
is where there is less work published since until now the dis-
covery and characterization of ncRNAs in most pathogens was
slow and laborious. Until very recently ncRNAs in prokaryotes
(often called “small RNAs”) were not commonly thought of as
being important in pathogenic studies. The characterization of
the CRISPR system and small RNA pathways (e.g., Hfq-binding
sRNAs) has made us more aware that an RNA-based backbone
exists just as much in prokaryotes as in eukaryotes (for review
see Biggs and Collins, 2011; Collins and Biggs, 2011). Eukaryotic
pathogens (e.g., nematodes, yeast, and protists) have received a lit-
tle more attention but lag behind our understanding of host (typ-
ically human and mice) ncRNAs (review by Batista and Marques,
2011).

RNA interference in the protist T. brucei (causative agent of
sleeping sickness) was characterized early on as functional (Ngo
et al., 1998), only months after it was demonstrated in the nema-
tode Caenorhabditis elegans (Fire et al., 1998; reviewed in Kolev
et al., 2011). However, RNAi mechanisms can be lost from a lin-
eage, as demonstrated in some yeast (Drinnenberg et al., 2009,
2011) and some trypanosomatids (Lye et al., 2011). Thus, even
though RNAi is considered to be an ancient system that was
likely to be present in the last common ancestor of eukaryotes
(Collins and Chen, 2009), it does not follow that it will be still
be present. Further studies (reviewed in Kolev et al., 2011) have
revealed that RNAi in trypanosomatids loss in multiple lineages are
in most cases correlated with the lack of mobile elements (Kolev
et al., 2011; Lye et al., 2011). The lack of RNAi but presence of
mobile element-like sequences in one lineage of trypanosomatids
T. cruzi falls against that trend (Kolev et al., 2011) indicating that
there is much more to be learned about the evolution of RNAi
mechanisms.

One of the issues contributing to the slow progress in under-
standing protist RNAi is that many of these pathogens (and
especially the protists) do not yet have well annotated genomes.
Others may have genomes sequenced (some fungi and nema-
todes) but genes are annotated based on sequence similarity
to the few very well known genomes. ncRNA genes change
rapidly and mis-annotation is common. Very small genes such
as those for miRNAs and siRNAs can be extremely hard to
characterize based on sequence similarity. Hence, the arrival
of high-throughput sequencing has enabled these ncRNAs to

www.frontiersin.org

December 2011 | Volume 2 | Article 96 |81


http://www.frontiersin.org
http://www.frontiersin.org/Non-Coding_RNA/archive

Collins

High-throughput sequencing of protist ncRNAs

be tackled in a slightly easier manner, but it has meant the
incorporation of more bioinformatics into these projects. High-
throughput sequencing of pathogens and especially protists in
practice uses the power of computational biology combined
with the expression from real RNA. With this technology we
can look at miRNAs, siRNAs, snoRNA, and even longer ncR-
NAs from a pathogenic protist and potentially link some of
them to host responses. However, first we have to characterize
the ncRNA classes from our species of choice. Here we will use
the two pathogenic protists, G. lamblia and Trichomonas vagi-
nalis as examples to highlight the issues and possible solutions
with high-throughput small RNA sequencing. It should be noted
however, that these issues and solutions are not confined to pro-
tist genomics, but are also generally applicable to other species
including prokaryotes.

ncRNAs FROM PATHOGENIC PARASITIC PROTISTS
Pathogenic protists are responsible for a host of human dis-
eases that affect millions worldwide, but not surprisingly ncRNA
research in these pathogens has lagged behind protein-based
research. Over the last decade, there are two protist species, G.
lamblia and T. vaginalis that are of interest in the characterization
of their RNAs because of their evolutionary distance from other
eukaryotes (Collins and Penny, 2005, 2009; Collins and Chen,
2009; Chen et al., 2011). G. lamblia is a Diplomonad anaerobic
protist that infects humans and other mammals. When ingested,
the cysts hatch into trophozoites in the small intestine causing
diarrhea and growth hindrance in children. It is a significant
pathogen for the immune-compromised and those in developing
countries affected by malnutrition. The most common treatment
for giardiasis is Metronidazole (Flagyl), which unfortunately has
unpleasant side effects including nausea and dizziness, but more
importantly has potential carcinogenic properties. Metronidazole
is not approved by the FDA in the USA for treatment in human
medicine for this reason.

Trichomonas vaginalis is an anaerobic Parabasalid protist that
causes the sexually transmitted disease trichomoniasis in humans.
Despite its name, infections are common in men but are typi-
cally asymptomatic. In women trichomoniasis is symptomatic as
an STD, but it can also lead to adverse pregnancy outcomes and
be associated with an increased risk of human immunodeficiency
virus (HIV) transmission (Cudmore et al., 2004). Trichomonas dif-
fers from Giardia in that it does not have a cyst stage, so infection
is directly by the trophozoites being transferred from patient to
patient. Treatment of trichomoniasis also includes Metronidazole,
but studies have shown at least 5% of cases are resistant to this
drug (Cudmore et al., 2004).

Other pathogenic protists include Plasmodium falciparum
(malaria), E. histolytica (amebic dysentery) and T. brucei (sleeping
sickness) and T. cruzi (Chagas disease). Although drug treatments
for all these diseases are available there is still a need for further
development, especially for Giardia and Trichomonas where prob-
lems with treatment persist. Thus, the use of ncRNAs and RNAI is
especially applicable to eukaryotic pathogens such as Giardia and
Trichomonas as both a tool and a potential treatment option.

High-throughput sequencing has been used to assemble protist
genomes. Giardia and Trichomonas were “completed” before this

technology appeared meaning that their assembly was slow and
most is still in the form of large pieces (supercontigs). This should
not put any researcher off using such genomes since genomes
like this are very usable for high-throughput small RNA studies.
From a number of studies, all using these annotated genomes,
we can see that Giardia and Trichomonas like their distant mul-
ticellular human host contain a rich collection of ncRNAs (Chen
et al., 2007, 2008, 2009). These include RNase P (Piccinelli et al.,
2005), RNase MRP (Chen et al., 2011) snoRNAs (Yang et al., 2005;
Chen etal., 2007, 2011), splicecosomal snRNAs (Chen et al., 2008),
miRNAs (Saraiya and Wang, 2008; Chen et al., 2009; Zhang et al.,
2009), and antisense transcripts (Teodorovic et al., 2007). Studies
on Trichomonas ncRNAs show that the currently known ncRNAs
also exhibit typical features of eukaryotes (Piccinelli et al., 2005;
Simoes-Barbosa et al., 2008; Lin et al., 2009; Smith and John-
son, 2011) including RNase P (Piccinelli et al., 2005), RNase MRP
(Piccinelli et al., 2005), snRNAs (Simoes-Barbosa et al., 2008),
and some snoRNAs (Chen et al., 2007, 2009, 2011). However,
some classes of ncRNAs (especially the snoRNAs) contain some
features that are not typical. It is high-throughput sequencing
that offers the opportunity to investigate these novel classes of
ncRNA.

HIGH-THROUGHPUT SEQUENCING AND ANALYSIS
High-throughput sequencing of small RNAs requires an RNA
sample of high quality and reasonably high concentration. An
issue with many protists is that they are not culturable so RNA is
sometimes extracted from patient samples. Therefore, obtaining
enough clean and uncontaminated RNA for genomic sequencing
is sometimes not easy or possible unless from a culturable strain.
Additionally, lab strains carry the risk that they may contain genetic
differences from their clinical relatives. Advances in sequenc-
ing protocols have meant that the amount of RNA required for
sequencing (genomic, transcriptomic, and to some extent small
RNA) is reduced, and it is hoped that with further improvements
in protocols, more protists will be sequenced. Once a sample of
RNA is obtained, then the next stage is to decide which ncRNAs are
going to be sequenced. A sample of total RNA contains some RNAs
that can drown out any underrepresented ncRNAs in samples so
mRNAs, rRNAs, and tRNAs must be removed as much as possi-
ble. A typical procedure is to run the sample on a polyacrylamide
gel, then excise a band corresponding to the size for sequenc-
ing (e.g., miRNAs, siRNAs:19-30 nt, snoRNAs:50-200 nt; Chen
etal., 2009). Gel isolation, although contributing to the reduction
in the amount of RNA available for sequencing, offers flexibility
and selectivity in the class of ncRNA being examined. Overall,
small RNA sequencing experiments are individualistic with all the
advantages and disadvantages that come with the use of developing
technology.

The actual sequencing of small RNA samples is typically per-
formed by the operator of the technology, whether at a ser-
vice provider or in-house facility. There are currently choices of
sequencing platforms for high-throughput sequencing, and highly
likely that there will be even more choice in the near future. For
small RNA sequencing the platform selected will depend on the
length of the ncRNA to be sequenced. Some platforms such as
the Roche 454! produce long sequences (400-1000 nt) which is
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really only suitable if trying to sequence very long ncRNAs. Small
RNAs can be done on this platform but it is not optimized for
this type of work. Presently available platforms that generate short
sequences are the Illumina systems (HiSeq, MiSeq, and Genome
Analyzer?) and the SOLID system?.Because they enable sequences
of short length to be obtained (36-50 nt) these systems are ideal
for sequencing small ncRNAs such as miRNAs and siRNAs and as
you will see later, can also be used to sequence ncRNAs of longer
lengths. For a review of these platforms and their use in small RNA
studies in general please see McCormick et al. (2011). There are
also different RNA-based protocols available, including those that
combine mRNA and ncRNA sequencing (i.e., without need for the
mRNA to have polyA tails; Yang et al., 2011). This is very useful
for prokaryotic sequencing and also for combining mRNA and
ncRNA data in a single run. However, “small RNA sequencing” is
the typical protocol used for human ncRNA analysis. The field of
high-throughput sequencing is very dynamic with platforms and
protocols constantly being added and upgraded. It is therefore best
to consult with the platform operator on what is available, prior
to submitting samples.

If the idea is to compare miRNAs and their expression lev-
els across different conditions (i.e., ncRNA gene expression) then
there is one further consideration. There can be affects in run-
ning samples in different partitions of the sequencing apparatus
(e.g., in different lanes or partitions on a “flowcell”). To avoid an
excess of statistical analysis to take “lane-effect” into account, it
is suggested that both samples are run in the same partition or
partitions and barcoded to aid sorting after the sequencing. This
is now common practice for digital gene expression analysis with
mRNAs.

The analysis of data from high-throughput sequencing is quite
unlike other genomic analysis and can be daunting to the new-
comer. Unfortunately the analysis of ncRNA data is one of the
lesser-described protocols in high-throughput sequencing mean-
ing that there are fewer automated pipelines, and the software is
primarily at a command-line level. Only now are guidelines to
small RNA analysis being published (e.g., McCormick et al., 2011)
and this is primarily for mammalian and plant research. What fol-
lows in this section is a general approach to the analysis of short
(<25 nt) and medium/long (>50 nt) ncRNA sequencing data
from high-throughput sequencing (Figure 2).

The output from high-throughput sequencing is typically a file
of short sequences (often termed short-reads or reads) accom-
panied by a quality score for each nucleotide in each sequence.
This is termed FASTQ format with four lines for each sequence
(Cock et al., 2010). However, because of the high sensitivity of
this type of sequencing, the “raw” data will also contain sequences,
including sequencing primers and contaminants, which occur in
all high-sequencing datasets. Data filtering is therefore the first
step to analysis and for small RNA sequencing it can permit the
separation of reads into those likely to be from small ncRNAs
(miRNAs and siRNAs) and those from medium ncRNAs. Sequenc-
ing adaptors and sequencing primers will occur in small RNA
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FIGURE 2 | A general approach for using high-throughput sequencing
data to search for small and larger ncRNAs. Total RNA can contain
ncRNA sequences of different sizes. Small ncRNAs such as miRNAs and
siRNAs will produce data containing the ncRNA sequence plus adaptor
sequence. Once the adaptor is trimmed off, the sequence is ready for
mapping and further genomics. When longer ncRNAs are sequenced, they
are fragmented to a predetermined size by the sequencing process. After
sequencing they can be assembled by mapping (see text) into their longer
sequences. This approach was successfully used for the analysis of
ncRNAs from Giardia lamblia (see text for details).

sequencing datasets. Adaptors are the short sequences that are
added to the ends of the RNA fragment during the sequencing
process. Additionally, during RNA work (due to the fragments
being very short) we can also get adaptor dimers forming and
these will show up in the results. Adaptor sequence information
is available from the sequencing vendors and can be removed
from the data using text-mining or sequence manipulation soft-
ware. One example is the FASTX-toolkit* that contains scripts not
only to remove adaptor sequences, but can also remove sequences
containing too many N’s and those sequences of lower quality.
Other quality assessment tools include many commercial software

“4hannonlab.cshl.edu/fastx_toolkit/index.html
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packages, and freeware such as FastQC?, which can help guide
data-filtering requirements.

Biologically ncRNAs may be of different lengths in the cell, and
this can cause numerous issues for downstream analysis where
computer programs prefer the data length to be consistent. It is
therefore particularly recommended that sequences are trimmed
to a common nucleotide length before mapping. For work with
protist small RNA data such as that from Giardia and Trichomonas
(used in studies by Chen et al., 2007, 2008, 2009, 2011), this basic
approach of filtering sequences prior to further analysis was used.
It was found that by filtering those sequences with adaptors, and
those without, into different datasets, ncRNAs of different length
ranges (small and medium) could be characterized (Figure 3).

Mapping (or matching) of the short-read sequences to a ref-
erence genome is the easiest approach for finding ncRNAs from
protists. One approach is to map sequences to ncRNAs already
characterized. Since there are still only a relatively few classes of
ncRNAs characterized for many protists this approach can yield
limited results but is worth doing to characterize medium length
ncRNAs such as snoRNAs, snRNAs, RNase P, and RNase MRP.
Smaller ncRNA classes such as miRNAs and siRNAs may have
too many sequence differences over their short length to permit
accurate mapping directly to known sequences, but mapping of
miRNAs is possible to their longer pre-miRNA precursors, and
siRNAs to potential target sequences. Mapping tools such as BWA

Swww.bioinformatics.bbsrc.ac.uk/projects/fastqc

(Liand Durbin, 2009), Bowtie (Langmead et al., 2009), and SOAP2
(Aurrecoecheaetal.,2009), as well as commercial options are avail-
able for mapping small RNA short-read sequences. However, all of
this software was designed for dealing with sequences longer than
22 nt, so software parameters must be changed for mapping short
ncRNAs such as miRNAs and siRNAs. One of the key parameters
to adjust is the “seed length” for the alignments, which is where
the initial contact between the read and the reference genome is
made. This should be set to about 17-18. Allowing more mis-
matches, e.g., up to n =3 mismatches per seed (the standard is
n=2) may only be beneficial if the species being sequenced is
different from the reference genome. However, this can cause spu-
rious “false” mappings and typically n = 2 should suffice. Another
useful parameter is in the reporting of the results. Often when
a short-read maps to multiple places, only one place is reported
and this is typically assigned by random. Since we commonly have
miRNAs and siRNAs match both at their place in the genome and
at their target position in the genome, multiple matches are nor-
mal, thus reporting settings should be adjusted for the reporting
of all hits.

In practice, miRNAs have been characterized from pro-
tists using a mixture of traditional, computational, and high-
throughput sequencing approaches. Some miRNAs from Giardia
have been shown to be derived from snoRNAs (Saraiya and Wang,
2008; Kolev and Ullu, 2009), with two of these, miR2 and miR4
consequently shown to regulate the expression of variant surface
proteins (VSPs), involved in resistance to host intestinal proteases
(Prucca et al., 2008; Garlapati et al., 2011). A computational study
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FIGURE 3 | ncRNAs processes characterized in Giardia lamblia

and their likely cellular locations in the trophozoite stage, and in
relation to the major RNA processes of Transcription and

Translation. Giardia has two nuclei which appear identical and replicate at the
same time and all of the processes within Transcription, RNP Biogenesis,
Transcriptional regulation, and Core RNA processing could be expected to be
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found in both nuclei. RNAi may also be important in viral defense since some
siRNAs found in high-throughput sequencing do map to the stable
Giardiavirus (unpublished results). It is not known yet whether Giardia has
RNA storage granules but their presence in Trypanosoma does not preclude
them here. A similar diagram can be visualized for Trichomonas except that it
only has one nucleus.

Frontiers in Genetics | Non-Coding RNA

December 2011 | Volume 2 | Article 96 | 84


http://www.frontiersin.org/Genetics
http://www.frontiersin.org/Non-Coding_RNA
http://www.frontiersin.org/Non-Coding_RNA/archive

Collins

High-throughput sequencing of protist ncRNAs

of miRNAs from Giardia (Zhang et al., 2009) identified 50 mature
miRNA candidates, some of which also targeted VSP genes. Using
high-throughput sequencing these VSP targeting miRNA candi-
dates were also found (Chen et al., 2007, 2009) as well as many
other miRNAs conforming to the expected size range of 25-27 nt
(Macrae et al., 2006; Chen et al., 2007).

In Trichomonas, miRNAs have been characterized using tra-
ditional (Lin et al, 2009), and high-throughput sequencing
approaches (Chenetal.,2009). Here, the use of miRNA-based soft-
ware such as miRanda®, aided in the selection of strong miRNA
candidates. In practice, although high-throughput sequencing is
sequencing biologically expressed RNAs (unlike computational
analysis), there may also be some mRNA degradation products and
contaminants that may slip through filtering. Studies in Giardia
and Trichomonas have highlighted that confirmation procedures
from another source (including miRNA-based software), is still
required. Expression levels of some Trichomonas miRNAs have
also been examined showing that one miRNA tva-miR-001 has a
significantly lower expression level in the ameboid stage (Lin et al.,
2009).

Most of the small RNA work to date in Giardia and Trichomonas
has focused on miRNAs but siRNAs are also present (Chen et al.,
2009). Some siRNAs appear to map in Giardia to a long-tandem
repeat RNAs (Girep-1-5) which show a high degree of sequence
similarity with a number of VSP genes (Chen et al., 2009) indicat-
ing yet another connection between RNAi and VSP gene selection.
In addition, both Giardia and Trichomonas contain stable RNA
viruses and high-throughput sequencing has resulted in some
reads mapping to these viruses (unpublished results).

Small RNAs from other protists have also been characterized
using traditional or computational methods. In T. cruzi, where
there standard RNAi proteins have not been found, small RNAs
derived from tRNAs have been characterized which are usually
recruited to specific cytoplasmic granules (Garcia-Silva et al,
2010). T. brucei does contain standard RNAi pathways and com-
putational studies have uncovered miRNAs that target another
type of antigenic variation variant surface glycoproteins (VSGs;
Rudra et al., 2007). Some miRNA candidates have also been char-
acterized in E. histolytica using a computational study (De et al,,
2006), but research here has focused on using dsRNA for gene
silencing (reviewed by Kolev et al., 2011; Zhang et al., 2011a).
Studies of protist miRNAs to date are showing that RNAi has an
important role in antigenic variation and hence the parasite’s sur-
vival in its host. Learning more about this system could enable
more effective strategies to prevent and treat a range of protist
diseases.

To characterize medium length ncRNAs, such as snoRNAs,
RNase P, and RNase MRP RNAs, it can be useful to generate “con-
tigs” (overlapping consensus fragments) from the mapping data.
De novo assembly tools such as Velvet (Zerbino and Birney, 2008)
and Abyss (Simpson et al., 2009) which assemble fragments with-
out any prior alignment to a reference genome, are again primarily
designed for working with longer sequences, and in practice did
not perform well with data from Giardia and Trichomonas data

Swww.microrna.org

(Chen et al., 2007, 2008, 2009, 2011). However, with careful para-
meter choice and a bit of experimentation, it is not inconceivable
that these tools could be useful in the assembly of long (>200 nt
long) ncRNAs, such as those discovered to be crucial for human
and mouse epigenetics. An easier way to generate consensus con-
tigs can be to use the results from mapping and convert them to
contig sequences using software such as the mpileup function of
SAMtools (Li et al., 2009), or the now depreciated tools in Maq (Li
et al., 2008). The use of a reference genome to guide the assembly
of contigs means that areas separated by low coverage of reads
can be joined for further analysis. This technique was used to find
medium length ncRNAs such as RNase P and RNase MRP RNAs
from Giardia (Chen et al., 2011). Although the RNase P RNA has
been previously identified from Giardia, the closely related RNase
MRP RNA was found by forming larger contigs from short-reads
then using the INFERNAL RNA comparison software (Nawrocki
etal.,2009) to compare these contigs to ncRNAs from Rfam. Using
this method RNase P and MRP RNAs were either characterized,
confirmed for had ambiguous genomic positions clarified (Chen
et al., 2011). Comparative genomes has been used to character-
ize snoRNAs from trypanosomatids including Leishmania (Liang
et al., 2007) and T. brucei (Uliel et al., 2004; Barth et al., 2008;
Gupta et al., 2010).

Specialist software such as snoScan (Schattner et al., 2005) can
be used to characterize snoRNAs from both classes C/D box and
H/ACA. Often it can be necessary to change parameters within
this software to permit changes in expected secondary structure.
C/D box snoRNAs direct 2’-O methylation, and are relatively easy
to identify based on conserved sequence elements (stem-loop fea-
tures) and complementary binding to the target RNAs. H/ACA
box snoRNAs direct pseudouridylation, and often exhibit more
variable features due to their shorter length of conserved ele-
ments and discontinuous complementary target binding regions.
A combined experimental and computation approach using high-
throughput sequencing enabled both of these snoRNAs classes to
be characterized in G. lamblia (Chen et al., 2007). Here, snoScan
was modified to search for snoRNAs in the Giardia WB genome
but these adjustments caused a loosening of parameters, and
hence, an increase in false positives being reported. Positive hits
were compared to high-throughput sequencing results to filter
through the large number of false positives. When the sequencing
results were combined with information from potential ribosomal
pseudouridylation sites, other snoRNAs were characterized from
both Giardia and Trichomonas (Chen et al., 2011).

There are many snoRNAs even from well characterized species
(i.e., humans) that do not have identified targets. These are termed
orphan snoRNAs (Bazeley et al., 2008) and it is likely that such
snoRNAs will be found in protists, but perhaps not as closely asso-
ciated with splicing (Giardia and Trichomonas have few introns).
However, without potential binding sites to check results against,
much more laboratory work will be required to characterize
these orphan snoRNAs, even those potential candidates found by
high-throughput sequencing.

CONCLUDING REMARKS
High-throughput sequencing has opened the door on more
research into the use of ncRNAs either as tools for investigating
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protist biology, markers for disease detection or progression, or as
potential avenues for treatment. Although there is a long way to go
to catch up with ncRNA analysis from host species (e.g., human
and mouse), the genomic sequencing of many pathogenic protists
is already permitting genome-wide screens of ncRNAs such as
miRNAs and siRNAs. Studies of protist miRNAs to date are show-
ing that RNAi has an important role in antigenic variation and
hence the parasite’s survival in its host. Learning more about these
systems could enable more effective strategies to prevent and treat
a range of protist diseases. Other areas of active research are now
looking at the integration of regulatory RNA (miRNA and siRNA)
data with protein gene expression sequencing data (i.e., RNA-seq,
or mRNAseq), to characterize how miRNAs control their targets,
and are themselves controlled, in different environments. In effect,
this is a combination of miRNA expression and target expression,
all coming from the same sample.

The use of high-throughput sequencing to uncover and char-
acterize ncRNAs has both the biological relevance of tradi-
tional laboratory approaches and the genome-wide scale of the
computational approaches. However, it does require the under-
standing of both the biological and computational aspects of

RNA analysis. Although software both for mapping, assembly
and sequence manipulation was written for longer mRNAs and
genomic sequencing, it can be applied to short ncRNAs such
as miRNAs and siRNAs with careful parameter adjustment. It
is likely that in the next few years we will see further develop-
ment of the small RNA sequencing protocols that are available
especially as they rise in importance in the medical research
world. What is needed to meet this rise is a general upskilling
of molecular researchers to deal with the increased bioinformat-
ics that this new technology brings, and further development of
software pipelines to make it easier to adapt RNA software to
non-mammalian and non-plant species. Protist biology is very dif-
ferent and their ncRNA systems are delivering us many surprises
(Collins and Penny, 2009). It is clear that genome biology of host
and pathogens can no longer exclude the analysis of non-coding
sequences.
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Part of the heterodimeric P-TEFb element of the Pol Il transcription machinery, the cyclin-
dependent kinase 9 plays a critical role in gene expression. Phosphorylation of several
residues in the polymerase is required for elongation of transcript. It determines the rates
of transcription and thus, plays a critical role in several differentiation pathways, best docu-
mented in heart development. The synthesis and activity of the protein are tightly regulated
in a coordinated manner by at least three non-coding RNAs. First, its kinase activity is
reversibly inhibited by formation of a complex with the 334 nt 7SK RNA, from which it is
released under conditions of stress. Then, heart development requires a maximal rate of
synthesis during cardiomyocyte differentiation, followed by a decrease in the differenti-
ated state. The latter is insured by microRNA-mediated translational inhibition. In a third
mode of RNA control, increased levels of transcription are induced by small non-coding
RNA molecules with sequences homologous to the transcript. Designated paramutation,
this epigenetic variation, stable during development, and hereditarily transmitted in a non-
Mendelian manner over several generations, is thought to be a response to the inactivation
of one of the two alleles by an abnormal recombination event such as insertion of a
transposon.
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INTRODUCTION

Understanding the controls of gene expression by non-coding
RNAs, the major part of the “dark matter” of the genome (Kapra-
nov et al., 2010; Mattick et al., 2010), is becoming a major goal in
developmental biology, physiology, and pathology. Several mech-
anisms of such control have been uncovered — and the list is
certainly not complete. Our current work is focused on a net-
work involving at least three distinct small non-coding (snc)
RNAs, which work synergistically to adjust the levels of synthe-
sis and activity of a pleiotropic protein, the cyclin-dependent
kinase 9 (Cdk9), part of the heterodimeric complex designated
P-TEFb. Its serine—threonine kinase activity plays an essential role
in RNA polymerase II transcription and is currently recognized
as a critical actor in a number of physiological and pathologi-
cal processes. It is therefore understandable that both synthesis
and activity of Cdk9 are tightly regulated. The control of its
translation, critical in heart differentiation, is exerted by several
microRNAs, primarily miR-1 and miR-133. Its enzymatic activ-
ity is independently regulated by formation of a complex with
a 332 nt non-coding RNA, 7SK, which promotes the reversible
integration of protein inhibitors in P-TEFb. A third avenue of
regulation is via activation of transcription by sequence-related
oligoribonucleotides that we reported for Cdk9 and two other
genes (Rassoulzadegan et al., 2006; Wagner et al., 2008; Grandjean
etal., 2009).

Cdk9, A PROTEIN AT A NODAL POINT IN DEVELOPMENT AND
DIFFERENTIATION

The Cdk9 protein is associated with a cyclin from either the T
or the K families in the heterodimer P-TEFb, which plays a key
role in the Polymerase II transcription machinery (Kohoutek,
2009). The Cdk9 component functions as the catalytic domain,
while the cyclin constitutes the regulatory subunit (Malumbres
and Barbacid, 2005). P-TEFb is required after binding of the
initiation complex to a promoter — the phosphorylation of a C-
terminal domain of the polymerase by P-TEFb allows elongation
of the nascent transcript. Levels of transcription are therefore
determined by the recruitment of P-TEFb to promoters, in turn
dependent on its interactions with other proteins such as the bro-
modomain protein Brd4 (Yang et al., 2005). Cdk9 is also part of the
P300/GATA4 complex required for the expression of cardiac spe-
cific genes such as Nkx2.5, Anf, and -Myh (Kaichi et al.,, 2011
and references therein). P-TEFb interacts with Myosin skeletal
muscle differentiation (Simone et al., 2002) and interactions were
documented with a plethora of transcription factors (Kohoutek,
2009). Phosphorylation of substrates other than RNA Pol II are
also likely to be important, for instance that of several sites in p53
(Radhakrishnan and Gartel, 2006). A role in the activation of qui-
escent B cells was reported (De Falco et al., 2008), and a general
function has been proposed in transcription coupled alternative
splicing (Barboric et al., 2009). While the P-TEFb complex as a
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whole is a functional kinase unit, its activity appears to be essen-
tially modulated by variations of the synthesis and/or activity of
the Cdk9 moiety. Several RNA-mediated regulatory circuits have
been identified. Our knowledge is still, however, incomplete, as
illustrated by the paucity of data on the differential expression of
the two isoforms encoded at the Cdk9 locus and on their respective
functions. In addition to the ubiquitous 42 kDa protein, a 55-kDa
species transcribed from a distinct upstream promoter includes
an additional N-terminal sequence of 117 aminoacids (Giacinti
et al., 2008). Differential expression of the two proteins has been
reported in various cell types and conditions (reviewed in Romano
and Giordano, 2008). We observed that the longer isoform, initially
not expressed in ES cells, is transcribed in the course of their dif-
ferentiation into beating cardiac cells (Hossein Ghanbarian et al.,
unpublished).

Variations in Cdk9 expression, hence on P-TEFb activity, are
associated with various diseases. Among them, cardiac hypertro-
phy was the most extensively documented. Cardiomyocyte differ-
entiation normally involves an increase in cell size that requires a
general activation of transcription together with that of the heart-
specific genes. The kinase is required in normal differentiation and
its overexpression results in cardiac hypertrophy (Sano et al., 2002;
Wagner et al., 2008). Additional pathological developments are
associated with abnormal Cdk9 expression (Kohoutek, 2009). One
well-documented instance is viral immunodeficiency. A complex
of Cdk9 with the Tat proteins of HIV1 and HIV2 viruses enhances
their interaction with Tar RNA and thus, the transcription of the
viral genome (Wei et al., 1998). In human gastric tumors (He et al.,
2008), high levels of P-TEFb activity are generated by a mutation
deleting part of LARP7, a protein that participates in inhibition
of Cdk9 in the complex with 7SK RNA (see below). In addition
to the immunodeficiency family, other viruses of clinical interest
are dependent on the Cdk9 kinase, which therefore appears as a
likely target for the development of new pharmacological strate-
gies (reviewed by Romano and Giordano, 2008; Wang and Fischer,
2008).

MULTIPLE REGULATIONS BY SMALL NON-CODING RNAs
Given its essential functions, it is not unexpected that both the
synthesis and activity of the protein are under tight regulatory
controls. Three distinct circuits enacted by sncRNAs illustrate
their power and versatility. We will briefly review the first one,
translation control by microRNAs for which excellent reviews are
available (Kohoutek, 2009; Sayed and Abdellatif, 2011), and then
the reversible inhibition of enzymatic activity in the 7SK complex.
We will discuss in more detail the properties and possible function
of the inherited epigenetic increase in Cdk9 transcription in the
“Cdk9* paramutants” (Wagner et al., 2008).

DOWN REGULATION BY microRNA: THE CASE OF miR-1

Two of the microRNAs detected in heart (Callis and Wang, 2008)
have been the subject of intensive studies, miR-1 and miR-133.
miR-1, most important in heart development, targets the 3’
untranslated region of the Cdk9 transcript. In undifferentiated
ES cells, miR-1 is either absent or barely detectable. When car-
diac differentiation is induced by culture in suspension (Boheler
etal.,2002), expression progressively increases. Ectopic expression

in the initial ES cultures inhibits differentiation while reducing
expression of Cdk9 (Takaya et al., 2009). Forced expression of
miR-1 in embryonic cardiomyocytes inhibits their proliferation
and increases differentiation (Zhao et al., 2005). Down regulation
of Cdk9 is clearly critical to keep cardiac growth within the physio-
logical limits, and the microRNA also targets Hand2 mRNA, which
encodes a transcription factor required for ventricular myocyte
expansion. miR-1 and miR-133 play opposite roles in cardiomy-
ocyte growth and apoptosis. Unlike miR-1, which is apoptotic and
targets the anti-apoptotic heat shock proteins HSP60 and HSP70,
miR-133 is anti-apoptotic and represses caspase-9, a regulator of
mitochondria-mediated apoptosis (Xu et al., 2007). It is expected
that more miRNAs will be added to the growing list of cardiac
regulators (Callis and Wang, 2008).

REGULATION OF P-TEFb ENZYMATIC ACTIVITY: THE 7SK COMPLEX

A fraction of the Cdk9 protein is stored in a reversibly inactivated
form. Inhibition is achieved in a complex with the evolutionary
conserved 7SK sncRNA (Nguyen et al., 2001; Yang et al., 2001).
7SK bridges the protein to either one of two proteins, Hexim1 and
Hexim?2, which inhibit the kinase activity (Yik et al., 2003; Byers
et al., 2005). In addition, two other proteins, MePCE and LARP7
are required for the stabilization of the complex by inhibiting
degradation of the 7SK RNA (Krueger et al., 2008). Complex for-
mation is fully reversible: its dissociation results in a burst of Cdk9
activity under conditions of stress, UV irradiation, mechanical
load, and pharmacological treatments by “hypertrophic agonists”
such as endothelin-1, phenylephrine, calcineurin (Nguyen et al.,
2001; Sano et al., 2002; Espinoza-Derout et al., 2009). As one
additional enzyme was found associated with 7SK complexes (He
et al., 2006), one may consider a more general type of regulation
by the means of readily reversible inhibition of enzyme activity
in complexes with inhibitory proteins mediated by non-coding
RNAs.

LONG TERM TRANSCRIPTIONAL ACTIVATION BY HOMOLOGOUS
OLIGORIBONUCLEOTIDES AND MICRORNAs
A third mode of regulation of Cdk9 expression directed by sncR-
NAs is epigenetic transcriptional activation during heart devel-
opment. It results in a dramatic heart hypertrophy syndrome
stably inherited over several generations (Wagner et al., 2008),
designated “paramutation” by analogy with the phenomenon of
plant hereditary epigenetic variations (Chandler, 2007). We pre-
viously reported a heritable epigenetic modification of the Kit
gene induced by microinjecting mouse fertilized eggs with olig-
oribonucleotides with two types of sequences: (1) corresponding
to short stretches of the Kif transcript and (2) corresponding to
certain endogenous microRNAs (Rassoulzadegan et al., 2006). In
a quest for other examples, we practiced a series of injections of
other microRNAs and transcript fragments, among them oligori-
bonucleotides with a sequence from Cdk9 mRNA and the miR-1
microRNA. Their injection into one-cell embryos followed by
reimplantation in foster mothers resulted in increased expression
of Cdk9 in cardiomyocyte precursors at the E18.5 embryonic stage
(Wagner et al., 2008).

All the treated embryos developed into newborns and adults
showed increased heart size: 1.5- to 2-fold that of the controls, with
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a disrupted organization of the wall ultrastructure and TUNEL-
positive cells. All these features are characteristic of the human
hypertrophic cardiomyopathy, a severe condition with a poor
prognosis and, remarkably, a frequent familial distribution. In
the mouse, the cardiac phenotype was efficiently transmitted to
the offspring in three generations of crosses with normal part-
ners. Increased P-TEFb activity evidenced by Pol II phosphoryla-
tion resulted from elevated levels of Cdk9 mRNA resulting from
increased transcriptional activity. Levels of the Cyclin T1 and 7SK
RNAs remained unchanged.

Two remarkable features of the epigenetic variation are worth
noting. First, the Cdk9 gene remains subject to the same develop-
mental regulations as in the wild type controls. Overexpression, as
seen in the cardiomyocyte precursors (E18.5) and normal develop-
ment, affects only the level of the short isoform exclusively made
in the wild type. The other remarkable feature, common to the
different instances of paramutation so far analyzed, is the mode of
inheritance described for other epigenetic variations as “rheostat
transmission” (Beaudet and Jiang, 2002). The quantitative pheno-
typic modulation, in this case heart size, appears to be set separately
for every individual at some early time in development. In other
words, mice with large hearts will generate in the same litter ani-
mals with very large, large, more than average, and nearly normal
heart sizes. Conversely, mice with nearly normal or normal hearts
will generate the same assortment of phenotypes, including the
very large ones (Wagner et al., 2008). This pattern of phenotypic
distribution is more evocative of a continuous modulation such
as that of a rheostat than of the on—off “switch” of most genetic
controls.

LONG TERM ACTIVATION OF Cdk9 IN EMBRYONIC STEM
CELLS

With the aim to limit the complexity of the experimental approach,
we tested whether the same oligoribonucleotides would activate
transcription of Cdk9 in embryonic stem cells in culture (ES lines)
and affect their differentiation into cardiac precursors (Hossein
Ghanbarian and Minoo Rassoulzadegan, manuscript in prepara-
tion). In order to be able to compare the cell culture and in vivo
results, we made use of a mouse ES cell line that we have previously
tested for being able to successfully incorporate in the embryo
and give rise to whole spectrum of differentiated cell types. The
first question was whether transcription of the genes paramutated
in the mouse would be increased to the same extent upon RNA
transfer by electroporation in ES cells and this turned out to be
the case. We were then able to compare these results with the
other instance of transcriptional activation by homologous RNAs,
recently reported in human cell lines in culture (Place et al., 2008;
Morris, 2009; Huang et al., 2010). A critical question was the sta-
bility of the activated state. Unlike the long term effects generated
in the mouse, the activated state in human cells was maintained
for only a limited number of cell doublings. Results in the ES
cells show a 1.5- to 2-fold activation of Cdk9 transcription within
the first days in the transfected culture. Cotransfer of a selectable
marker allowed us to isolate clones maintaining elevated (1.5- to
3-fold) transcription rates, eventually reverting to the wild type
level, but only after their propagation in culture for 15-20 cell
generations. The field of RNA paramutation will thus now benefit

from the availability of a cell culture system to hopefully reach
a mechanistic explanation of RNA induction, an objective that
was obviously more difficult to attain with the limited amounts of
material offered by early mouse embryos. Several lines of research
are now started on the cell culture system. One of them is a point by
point comparison with the short term induction of transcription
described in human cells. The two studies involved different genes
and the possible induction of Kit in human cells, for instance,
or paramutation of Cdhl (E-cadherin), inducible in the mouse
(Huang et al., 2010), would allow more significant comparisons.
An important mechanistic aspect is that in human cells, induction
requires the Argonaute system and mouse cells can now be tested
in this respect. One most intriguing aspect is the fact that, in ES
cells as in the mouse, oligoribonucleotides with fragments of the
sense sequence start the efficient and highly specific paramutation
process. Recognition by base pairing would be the most obvious
explanation, leading to the assumption that natural antisense tran-
scripts are present in the cell. This class of non-coding RNAs has
been identified for various loci and their regulatory roles is cur-
rently a matter of attention in several laboratories (reviewed by
Werner and Swan, 2010).

The modified ES clones showed another property of interest
(Hossein Ghanbarian and Minoo Rassoulzadegan, manuscript in
preparation). The cells do not appear as even partially differen-
tiated. They express characteristic ES cell markers such as Nanog
(Silva et al., 2009) and none of the genes characteristic of car-
diomyocytes. Still, the epigenetic variation had conferred on the
cells the capacity to differentiate faster and more efficiently into the
cardiac lineage. This was clearly ascertained when cardiac differ-
entiation was induced in the cultures (Boheler et al., 2002). Briefly,
cells are first grown in suspended aggregates, designated embryoid
bodies (“EB”), then EBs separately replated as individual small cul-
tures. Over the next days, cardiac marker genes are expressed with
a defined time course, until eventually the appearance of rhythmi-
cally beating cardiac cells. They appeared at a much earlier time
and at higher frequencies in cultures of the Cdk9 paramutant
cells than in the control and the same was true of the expression
of cardiac markers such as the cardiac myosin genes. Interest-
ingly expression of Cdk9 in the differentiated cardiomyocytes had
returned to the value of the controls, as in the adult heart of the
paramutant mice (Wagner et al., 2008). Directing differentiation
of pluripotent stem cells to a differentiated state will be critical
for their intended use in therapeutic and regenerative medicine.
If generalized to other differentiation states, paramutation might
offer one possible approach to this goal. A similar result, based
on a different RNA-based technology, has been recently reported
(Warren et al., 2010).

DISTINCT REGULATIONS FOR DIFFERENT PHYSIOLOGICAL
SITUATIONS

An overall picture of Cdk9 regulation by sncRNAs, albeit still
incomplete and requiring further refinement, is emerging from
these results. Under different physiological conditions, expres-
sion levels are set by distinct RNA-mediated regulatory pathways
summarized in Figure 1. During cardiac differentiation, involving
both cell growth and cell division, a general activation of tran-
scription is achieved only for a limited period, with continuing
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cell division leading to overgrowth and eventually to hypertro-
phy. Co-induction of miR-1 and other cardiac markers promotes
a progressive decline in Cdk9 synthesis. This is clearly only part
of the story and future work will surely make this simple scheme
more complex. The additional angle of RNA-mediated regulation
is to make the storage of the protein in a reversibly inactivated state
respond to a distinct requirement of the system, namely to provide
an immediate burst of active enzyme under stress conditions.

Then, the possible “raison d’étre” of the long term, hereditary
form of regulation of gene expression induced by short RNAs
with fragments of the sense sequence can only be at this stage a
matter of speculation. Coming back to the initial description of
the paramutation of the Kit gene (Rassoulzadegan et al., 2006),
it is important to note that the modification was detected in the
progeny of heterozygotes carrying a gene disrupted by exogenous
sequences. Increased expression of the intact Kit™ allele in germ
cells was stably maintained during development and inherited in
serial crosses. Abnormal transcript fragments generated from the
disrupted allele appeared as the likely inducers of the epigenetic
change that led to the change in gene expression. Induction by the
cognate miRNAs (miR-221 and -222 for Kit, miR-1 for Cdk9, miR-
124 for Sox9) may result from the induction by the microRNAs of
degradation of the transcript into the inducing RNA fragments in
cells in which the miRNA is not normally present. Alternatively,
the ectopically expressed microRNAs may be acting as inducers by
themselves. Triggered by abnormal forms of the transcript, para-
mutation of the wild type locus may be, in teleonomic terms and
under natural circumstances, a way to compensate for the inac-
tivation of the other allele by a non-homologous recombination
event such as insertion of a transposon.

One important question is whether paramutation could be con-
sidered as a general property of a mouse gene — or its establishment
a general property of a miRNA. In addition to the consider-
ation that in this case, it should have been recognized a long
time ago, several observations clearly point to a negative answer.
No clear phenotype was generated in our hands by a series of
oligoribonucleotides tested in the microinjection assay and/or in
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INTRODUCTION

The emerging picture of the nucleus portrays a multifaceted
environment where RNA processing events occur with accuracy,
precision, and high resolution. Since diffusion cannot account
for the speed and coordination of the molecular events occurring
within its matrix, the nucleus must depend on precisely articulated
macromolecular architectures and active transport mechanisms
to achieve adequate throughput and signal to noise performance
(Lanctot etal., 2007; Misteli, 2007). In addition to the execution
of baseline processing of RNA, the extensive network of RNA
interaction machineries must respond to incoming physiological
signaling, such as stress and cues from the physical environment
(McKee and Silver, 2007; Sharma and Lou, 2011), by making rapid
but precise changes at decision points, while at the same time
maintaining robustness of the overall network. In effect, the entire
nuclear space is a finely tuned RNA processing machine, designed
to maintain accuracy in the dynamic and reversible regulation of
myriads of transcriptome processing events simultaneously. Since
the expansion of transcriptome processing increases the compu-
tational plasticity (Herbert and Rich, 1999) and the information
processing capacity of biological networks (Mattick, 2007; St. Lau-
rent and Wahlestedt, 2007), several authors argue that biological
complexity itself has RNA complexity at its core (Licatalosi and
Darnell, 2010).

Considering only current knowledge of these networks, and
without extrapolating to as yet undiscovered regulatory intrica-
cies, their performance already gracefully exceeds that of systems
biology models and mechanisms. Its diversity of specific func-
tions, and the finely tuned regulation of those functions in
response to physiological signals, suggests the existence undis-
covered mechanisms and network design principles at work to
maintain robustness of the RNA output of a cell. In fact, recent

drives the computational decisions inherent in regulatory events.

Keywords: dark matter RNA, non-coding RNA, vlinc RNA, RNA binding protein, biological signaling, RNA editing,

studies of disease mechanisms suggest that humans can toler-
ate little loss of signal to noise performance in the nucleus.
Healthy physiological function depends on the precision, relia-
bility, and accuracy of the nuclear RNA processing machine, as
processing errors in RNA molecules often lead to serious diseases
(Garcia-Blanco etal., 2004; Cooper etal., 2009; Venables etal.,
2009; Licatalosi and Darnell, 2010; Ward and Cooper, 2010; Jia
etal., 2012).

It is in this context that we would like to consider the genomic
“dark matter,” one of the major mysteries of the post-genome era.
Perhaps no other topic in contemporary genomics has inspired
such diverse viewpoints as the 954+% of the genome, previously
known as “junk DNA,” that does not code for proteins. Reports
of pervasive transcription of these vast “dark matter” regions,
combined with frequent identification of families of long or very
non-coding RNAs (IncRNAs) originating from them, have opened
new chapters of both discovery as well as controversy. The obser-
vation that the percentage of “dark matter” genomic sequence
correlates monotonically with organismal complexity, for every
species sequenced to date (Taft etal., 2007), has inspired theo-
ries proposing a central role for these regions in the information
processing of complex organisms (Mattick, 2007; St. Laurent and
Wahlestedt, 2007). Yet, while an increasing number of specific
interactions between IncRNAs and other biological molecules have
demonstrated functions for a number of dark matter transcripts
(Wang and Chang, 2011), a global concept of function has not yet
emerged. In effect, the original reports of pervasive transcription
(Kapranovetal.,2002,2007b; Carninci et al., 2005, 2008; Katayama
etal.,2005) of the mammalian genome have faded somewhat, with
focus instead on separately developed lists of IncRNAs detected in
specific experiments or filtered by certain properties that hint at
functionality (Willingham et al., 2005; Guttman et al., 2009; Khalil
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etal., 2009; Wai etal., 2010; Askarian-Amiri etal., 2011; Khaitan
etal.,2011). These lists of IncRNAs usually only cover a few percent
of the genome, representing only a small fraction of the origi-
nal pervasiveness of dark matter and typically, sample intergenic
space as introns of known genes are usually assumed to repre-
sent pre-mRNAs. For example, our recent work has shown the
presence of numerous very long transcribed regions of intergenic
genomic space not currently covered by the lincRNA annotations
(Kapranov etal., 2010) and has shown that introns of mouse
genes produce stable RNAs regulated separately from the mature
protein-coding RNAs (St. Laurent etal., submitted). Partly due
to this uncertainty, some authors have cast doubt on the impor-
tance of dark matter transcripts, labeling them transcriptional
noise (Brosius, 2005; Struhl, 2007; van Bakel and Hughes, 2009;
Robinson, 2010; van Bakel etal., 2010), or even arguing that they
largely represent “fragments of known pre-mRNAs” (van Bakel
etal., 2010). Even the existence of much of the dark matter RNA
implied by the early reports of pervasive transcription has stirred
recent controversy (van Bakel etal., 2010). On balance, a common
view in the field holds that while there is a collection of IncRNAs
with specific interactions and functions, they exist among a larger
collection of dark matter transcriptional noise.

As the controversy surrounding the function of “dark matter”
RNA continues, a number of recent studies provided more com-
prehensive datasets, through the implementation of improved
methodologies to confirm its existence and, more importantly,
to measure its relative mass. A recent investigation designed to
capture and measure non-exonic signals, revealed surprisingly
that dark matter RNAs actually comprise a majority of non-
ribosomal non-mitochondrial RNAs in human cells (Kapranov
etal., 2010). We also know that the nucleus is rich in dark matter
RNA (Cheng etal., 2005). Since the majority of protein-coding
RNAs reside in the cytoplasm, the fraction of dark matter RNA is
likely to be many folds higher in the nucleus than that of protein-
coding RNAs.

Considering the vital importance of maintaining the perfor-
mance of nuclear processing of all types, the nuclear molecular
machineries would not tolerate the accumulation of large amounts
of non-functional RNA molecules. Any significant population of
such molecules would at best represent a large input of noise into
the fine-tuned computational machinery of nuclear processing,
not likely to benefit the performance of the nucleus or the cell as
a unit. In practical terms, if dark matter had no biological func-
tion, the high performance and signal to noise ratios of the nuclear
RNA processing machineries would logically conflict with the high
levels of dark matter now documented in human cells (Kapranov
etal.,, 2010). In other words, the currently emerging picture of
the nucleus contains a paradox: a nuclear micro-environment
simultaneously populated by high concentrations of precision
RNA processing machineries, and by an astonishing level of noise
from dark matter RNA. How can the nucleus precisely regulate
such highly accurate processing events in tens of thousands of
transcripts simultaneously, while ignoring the massive amount
of inherent noise from dark matter RNA existing in the same
nuclear space?

To resolve this apparent paradox, and to provide a mecha-
nism for global function of dark matter RNA, in this article we

present a theory in which dark matter RNA plays a role in the
generation of a landscape of spatial micro-domains coupled to
the information signaling matrix of the nuclear landscape. Within
and between these micro-domains, dark matter RNAs addition-
ally function to tether RNA interacting proteins and complexes of
many different types, and by doing so, allow for a higher perfor-
mance of the various processes requiring them at ultra-fast rates.
This improves signal to noise characteristics of RNA processing,
trafficking, and epigenetic signaling, where competition and dif-
ferential RNA binding among proteins drives the computational
decisions inherent in regulatory events.

THE SYSTEM WIDE PERFORMANCE CHARACTERISTICS

OF NUCLEAR RNA PROCESSING MACHINERIES

It is estimated that an average human cells contains 300,000
mRNAs (Hastie and Bishop, 1976), each containing on average
10 exons, a start site, and a poly A+ tail. Thus, every such average
molecule had to go through at least 18 splicing reactions (selec-
tion of splice donor and acceptor sites) plus selections of the
start site and the polyadenylation site. In total, a minimum of
6M processing events had to occur to generate this diversity. This
does not take into account (i) all subsequent base modification
such as RNA editing, N6-methyladenosine, 5'-cap, (ii) subsequent
cleavage events, or (iii) transportation of these RNA molecules
to their sites of function or into well demarcated nuclear storage
for later use. Nor does it account for the polyA— RNA popu-
lation that exceeds that of the polyA+ by several folds. Also, if
one were to include the ribosomal RNA, that represents ~95%
of all cellular RNA (Raz etal., 2011), which is also processed
and modified, then the minimal order of the number of cellu-
lar processing events needed to accommodate the real complexity
of RNAs within a single nucleus is likely to be in the tens of
millions.

As a vital step in transcript processing, RNA editing offers fur-
ther insight into the high level of orchestration of nuclear RNA
processing machineries. Adenosine deaminase acting on RNA
(ADAR) mediates adenosine to inosine (A-to-I) RNA editing in
dsRNA molecules, which often results in distinct downstream
physiological outcomes for the edited RNAs. ADAR RNA edit-
ing frequently targets coding regions of mRNAs that encode ion
channels and other components of the synaptic release machin-
ery (Hoopengardner etal., 2003; Seeburg and Hartner, 2003).
Intronic non-coding sequences with extensive complementarity
to upstream or downstream exons containing the adenosine des-
tined to be edited can form simple exon—intron hairpin structures
(Higuchi etal., 1993; Burns etal., 1997; Hanrahan etal., 2000;
Wang etal., 2000) or more complex RNA secondary structures
such as a pseudoknot (Reenan, 2005). RNA editing in mRNAs
often generates protein products that are not encoded by the lit-
eral genomic information, since upon translation the ribosomal
machinery interprets inosines as guanosines (Basillo etal., 1962)
resulting in amino acid substitutions. Various studies in different
genetic model organisms suggest that RNA editing of mRNAs can
result in profound changes in protein function (Rosenthal and
Bezanilla, 2002; Bhalla et al., 2004; Ingleby et al., 2009).

Execution of this type of modification requires great deal
of precision from the RNA processing machinery in terms of
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identification of RNA molecules to be edited, sites of editing
within these molecules and also in the degree of editing at any
given site. Editing could be separated into “pinpoint” and “pro-
lific.” The former one results in editing at specific sites in specific
RNA molecules. In Drosophila for example, the nervous system
editing sites generally demonstrate a high level of conservation
across 12 fly genomes, representing 85 million years of evolu-
tionary divergence (Hoopengardner etal., 2003). This high level
of conservation includes sites that code for levels of transcript
editing in the adult fly as low as a few percent, demonstrating
physiological sensitivity for this form of transcript processing. In
addition, some RNAs that form extensive dsRNA structures, such
as non-coding transcripts, sense—antisense RNAs bound to each
other, and exogenous RNAs can serve as ADAR substrates des-
tined for prolific editing (Bass, 2002; Nishikura, 2006), resulting
in up to 50% A-to-I conversions (Nishikura etal., 1991; Polson
and Bass, 1994). Choice of such substrates is also controlled as
not every RNA molecule that can form dsRNA will be edited and
not every adenosine in molecules that are substrates for ADAR is
edited. The fate of such inosine-rich RNA molecules is different
from the ones subject to “pinpoint” editing. They can in fact have at
least two fates: retention within the nuclear compartment through
dependent localization by p54nrb/Vigilin (Zhang and Carmichael,
2001; Wang et al.,2005) and cytoplasmic degradation by Tudor-SN
(Scadden, 2005).

Furthermore, the ADAR information processing pathway is
sensitive to environmental stimuli in addition to stress responses.
Editing analysis of K+ channel mRNAs between Arctic and trop-
ical octopus species revealed substantial differences in editing
levels, which are mediated by temperature variations (Garrett and
Rosenthal, 2012). In humans, the three ADAR genes can undergo
alternative splicing to produce over a dozen isoforms with hetero-
geneous RNA target specificities. The inflammatory cascade results
in a dramatic induction of many of these ADAR isoforms, result-
ing in a widespread increase of edited RNAs during mammalian
inflammation (Yang et al., 2003a,b). Since intronic sequences form
dsRNAs with coding regions to serve as ADAR substrates, editing
must precede splicing. During these circumstances a regulatory
mechanism must exist to ensure an accurate coordination of an
extensive network of RNA processing machines to operate with
high fidelity to generate dynamic responses upon internal and
external stimuli.

In addition to the plethora of transcript variation discussed
above, the RNAs produced subsequently traffic into predeter-
mined subcellular localizations. Many transcripts interact with
sets of trafficking proteins to migrate to specific nuclear locations
such as interchromatin granules (ICGs) or speckles (Spector and
Lamond, 2011), for further processing in response to transient
physiological signals. Transcripts can also undergo complex cleav-
age events, followed by 5’ capping, in response to little understood
signals and circumstances (Affymetrix/CSHL ENCODE Project,
2009; Mercer etal., 2010). CTN RNA represents an intrigu-
ing example where both of these mechanisms are combined.
Within minutes of amino acid deprivation or similar cellular
stress, signals transduced into the nucleus result in cleavage of
the sequestered CTN RNA, and the release and transport to the
cytoplasmic translation machinery of the amino acid transporter

for which the cleaved RNA product codes (Prasanth etal., 2005).
In some cases, cleavage events themselves produce small RNAs,
whose activities feedback into splicing decisions, as in the exam-
ple of the HBII52 snoRNA, which is cleaved from intronic RNA
templates in the SNURF-SNRPN locus, and interacts with the
serotonin 2C mRNA to regulate its alternative splicing (Kishore
and Stamm, 2006).

Considering all of these regulatory layers together, millions of
RNA processing events have to happen with accuracy and precision
to generate the complexity of RNA present in a cell at any given
moment. Many of these events require computation-like decision
making as multiple alternative outcomes are available to a cell. In
some cases, a single locus can produce hundreds, or even thou-
sands of alternative products of RNA processing. The Drosophila
Dscam locus for example, can produce 37,000 distinct isoforms
from one “gene” (Wojtowicz et al., 2004). High throughput studies
using RNA-seq revealed that 94% of human genes undergo alter-
native splicing in some tissue (Wang etal., 2008). In light of this
output volume, such widespread reliance on alternative splicing
points to the magnitude of the regulatory challenge facing nuclear
splicing machineries. Since the RNA signals that code for splicing
events contain relatively low sequence complexity, and frequently
diverge from consensus sequences (Egecioglu and Chanfreau,
2011), they provide only modest energetic and informatic vectors
to support the accuracy and reliability of high volume splicing
output. As a result, achieving a correct splicing decision at a
given site usually depends on a precise sequence of combinato-
rial events, composed of multiple protein and RNA elements, and
even chromatin adaptor systems (Luco etal., 2011), acting both in
competition (Witten and Ule, 2011), and in cooperation (Hertel,
2008; Xiao and Lee, 2010).

Performance related challenges would face any system designed
to produce such a wide array of molecular outputs. Yet, even
with these challenges, the systems performance of nuclear RNA
processing appears to be surprisingly high. A recent investiga-
tion of cell-to-cell variability of alternative splicing determined
that non-transformed cells maintained very low splicing isoform
variability between individual cells, and concluded that mam-
malian cells minimize fluctuations in mRNA isoform ratios by
tightly regulating the splicing machinery (Waks etal., 2011). Evi-
dence increasingly supports precise and finely tuned regulation
of transcriptome processing events as a rule in the nucleus. For
example, a growing number of reports describe links between
perturbations in splicing (Cooper etal., 2009; Ward and Cooper,
2010), or transcript localization (Faghihi etal., 2008) and dis-
eases. This trend underlines the importance of high precision and
accuracy in RNA based machineries under healthy physiological
conditions.

Thus, using as yet little known organizational principles,
nuclear RNA processing machineries not only produce processed
and modified RNAs with high efficiency and accuracy, but imple-
ment a large scale integration of dynamic physiological signals,
which then drive precise regulatory control and plasticity in
response to a myriad of signaling events. From this perspec-
tive, the nuclear RNA processing machineries, and the dynamic
structural environment surrounding them, must orchestrate their
tasks with high accuracy and precision. They must recognize and
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distinguish processing motifs in RNA structural signals with high
sensitivity and yet reject sub-optimal motifs with a high selectiv-
ity. Furthermore, the catalytic processes involved in the processing
steps must occur with little or no errors. Once formed, the
products must enter downstream trafficking pathways, and RNA
whose presence is no longer required must be rapidly degraded
to avoid introducing noise into earlier steps in the processing
pathways due to RNA-waste accumulation. Finally, the entire
multilayer system must maintain sufficient plasticity to quickly
respond to thousands of potential information signals from out-
side the nucleus to generate appropriate alterations in processing
steps at determined loci in response to changing physiological
signals.

While the mystery of how all of this occurs within the space
of the nucleus remains unresolved, it depends on the chore-
ography of combinatorial interactions between transcripts and
hundreds of RNA binding proteins (RBPs). RBPs interact with
complex combinations of primary and secondary structure signals
in RNA, and function in both cooperative and competitive types
of architectures, as documented in splicing regulation (Darnell,
2006; Sharma and Black, 2006; Ule and Darnell, 2007; Licat-
alosi etal., 2008; Hallegger etal., 2010), and more recently in
chromatin signaling (Tsai etal., 2010; Zhao etal., 2010). The
first RBPs to interact with a given nascent transcript can influ-
ence the subsequent folding steps of that RNA, and thereby
change the downstream distribution of protein interactions for
that RNA. The process of differential recognition of nascent
RNA information signals by the correct RBP must occur at a
pace complementary to that of transcription as well as subse-
quent processing or chromatin signaling. To maintain plasticity
for the accurate transduction of environmental signals, the RNA-
protein interaction landscape must somehow achieve an extraor-
dinary coupling between computational, catalytic, and structural
elements.

EMERGING FEATURES UNDERLYING THE HIGH
PERFORMANCE OF NUCLEAR RNA PROCESSING
MACHINERIES

As investigations continue to reveal the depth and performance
of nuclear RNA processing functions, the challenge for systems
biologists grows more daunting. Current systems biology model-
ing cannot account for the precision, accuracy, or signal to noise
ratios achieved by RNA processing machineries. Nevertheless, the
transcriptome—proteome interface in the nucleus contains a vast
store of dynamical information. To consistently make effective
use of this information, the nuclear systems network architecture
must have a number of key design features, including maintenance
of reversibility, temporal coherence (the timing and velocity of
information processing between network layers), and the ability
to resolve logical conflicts over the spatial extent of the networks
that comprise the system. To help explain how nuclear RNA pro-
cessing networks harness the power of that information, a number
of concepts have emerged.

DYNAMIC SCAFFOLDING MAXIMIZES INFORMATION FLOW
Biological molecules in the nuclear space exist in a constrained
environment where diffusion occurs relatively slowly (Albert

etal., 2012). Thus, biochemical kinetics can represent hurdle for
adequate performance of complex multistep processing pathways,
as the entire interdependent system must minimize bottlenecks
and flow imbalances. In order to overcome these physical limita-
tions, RNA processing machineries must rely on highly articulated
spatial domains, where local environments transduce information
efficiently. The concept of global scaffolding can create these per-
formance enhancing interaction topologies. For example, an RNA
scaffold can increase the local concentration of an RBP, such as
Nova 1, and a corresponding increase in the signal to noise per-
formance of Nova’s influence on splice site selection within that
particular spatial domain (Figure 1A). Increasing the local concen-
tration of these factors also permits improved interaction kinetics
with less AG, making the interactions more reversible (Figure 1B
and also below).

Structural features in the nucleus that enhance transcriptional
control and RNA processing contain a large amount of spatially
and temporally coded information content. The nucleolus for
example appears to depend on RNA secondary structure signals
for its effective formation, as the absence of these RNA secondary
structures resulted in complete disarray of the nucleolus (Peng
and Karpen, 2007). The reversibility of such events in nuclear
architecture means that elements responsible for their formation
also encode sufficient information to detect external signals and
respond with disassembly and transport of components to other
spatial domains or downstream processing pathways (Spector and
Lamond, 2011).

COMPETITION AND COMPUTATION AT THE
TRANSCRIPTOME-PROTEOME INTERFACE
With their unique combination of primary, secondary, and ter-
tiary structure, RNA offers a multiplicity of ways to code for
biological information. At the core of this system is a language
of RNA—protein, and RNA-RNA/DNA recognition implemented
by RNA’s unique ability to couple analog and digital signals (St.
Laurent and Wahlestedt, 2007). The efficient transduction of that
information often depends on its timely recognition by the appro-
priate RBPs present in the immediate vicinity of an elongating
primary transcript. As the transcript emerges from Pol II, it begins
to fold. That folding is also influenced by the RBPs that are sup-
posed to interact with it. They influence which of many folding
paths that the RNA can take. If the correct RBPs are not right
there to quickly associate with the RNA, then the RNA could
take another folding path, which would in turn lead to a dif-
ferent set of downstream events, as in the case of Nova splicing
proteins and their influence on upstream or downstream splice
site choice. So the presence or absence of a given distribution of
RBPs in the vicinity of a nascent RNA chain will influence a series
of “memory states” that then modulate other processing events
downstream. With such a large space of potential RNA—protein
interactions, and the requirement for dynamic reversibility of
many of their associated signaling events, the system faces a major
challenge to achieve an adequate signal to noise ratio for effective
function.

Active competition for recognition site on nascent RNA signals
directly addresses these problems. Splicing regulation makes abun-
dant use of competing RBPs to enhance the sensitivity, specificity,
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FIGURE 1 | (A) Information currently available about the regions of

dark matter transcription and the actual RNA molecules made from
these region comes from various types of experiments and databases.
There is relatively little overlap between these different databases
suggesting that the actual extend of dark matter transcription is far
greater than any one database suggests. (B) A theoretical curve showing
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expected results of the fraction of the genome that is transcribed as a
function of the number of biological sources whose RNA is profiled.
The coverage of transcribed genome by protein coding genes including
their introns is 42% and lincRNAs bring it up to 58%. However, the full
extent of the transcribed genome is expected to be much greater
than that.

and regulatory control of splice site decision commitment (Ule and
Darnell, 2006; Chen and Manley, 2009). Examples include PTB
protein which antagonizes Nova (Polydorides et al., 2000) at over-
lapping recognition sites, establishing a sensitive switch between
two splicing choices. Interesting examples from spliceosome qual-
ity control also demonstrate the importance of reversibility, such
as involvement of ATPase Prpl6p in both forward and discard
splicing pathways (Koodathingal etal., 2010).

Competition may also drive accurate computation in the small
RNA regulatory pathways, with duplex regions competing for
recognition by ADAR vs Drosha/Dicer, with contrasting outcomes
depending on which protein prevails (Nishikura, 2006). Similarly,
many epigenetic signaling events may be mediated by competitive
interactions between IncRNAs and protein components of signal-
ing machineries (Lee, 2011). All of these regulatory mechanisms
require effective concentrations of interacting proteins to achieve
adequate signal to noise ratios. The Lin28-let7 miRNA interaction
provides an interesting example of specificity that would be diffi-
cult to achieve with low protein concentrations (Nam etal., 2011;
Piskounova etal., 2011).

REVERSIBILITY AND FEEDBACK LOOPS

Erasure of information presents a challenge for any complex
system (Lloyd, 2001). In biological systems, thermodynamic con-
straints make the cost of information innately high, and yet its
value can oscillate from vital to worthless or even harmful in sec-
onds once the message or a signal encoded in it is transduced.
The dynamics of this “volatile market” reality make erasure of bio-
logical information a high priority in any system, but especially
in the nucleus where many network pathways converge. While
DNA retains the permanent information, a large majority of the
dynamical information exists within the transcriptome, as com-
binatorial accumulations of RNA—protein and RNA-RNA/DNA
interactions.

Not surprisingly, reversibility is a key feature of information
coding at the transcriptome—proteome interface. The conforma-
tional flexibility of RNAs, especially ncRNAs whose secondary
structures are not constrained by coding regions, and the dynamic
changes in their structure that can occur in response to protein
binding and environmental signals provide not only increased
symbolic information density, but contribute to the reversibil-
ity of RNA—protein interactions. Proteins that bind RNA also
tend to contain natively unstructured regions. This could be
the basis for structural articulation (i.e., the incorporation of
information containing motifs and elements into nuclear scaf-
folding structures) that improves precise temporal and spatial
choreography of RNA processing machineries. For example, inter-
actions between RNA and their cognate proteins often involve
natively unstructured regions in the protein, and similarly flex-
ible structures in the RNA (Leulliot and Varani, 2001). These
regions of evolutionarily coded local disorder contribute use-
ful properties for information processing. Precisely orienting
them within an articulated regional structure increases their
sensitivity, specificity, and reversibility, thereby contributing
directly to the throughput and precision of nuclear machiner-
ies. When these regions form a stepwise interaction with their
RNA target, the entropy of the complex is decreased, thereby pro-
ducing an “entropic spring” effect, which enhances reversibility
when the interaction is no longer required (Tompa and Cser-
mely, 2004). Together with reversibility of individual interactions
within RNA—protein interaction networks, frequent feedback
loops support the reversibility of these networks. These fea-
tures operate cooperatively to facilitate the timely erasure of
information, and the finely tuned response of RNA processing
machineries to changes in signaling and various environmental
conditions.

Thus, a central part of our argument maintains that the perfor-
mance and throughput of nuclear RNA processing machineries
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requires the functional coupling of well-articulated spatial and
temporal landscapes in order to maximize the flow of biolog-
ical information through the components of RNA processing
networks.

THE DARK MATTER INTELLIGENT SCAFFOLD

IMPLICATIONS OF THE PREPONDERANCE OF CELLULAR DARK

MATTER RNA IN MAMMALIAN CELLS

Several years ago, John Mattick presented the concept of the
nucleus as an “RNA machine” (Amaral etal., 2008), arguing that
much of the information processing in the nucleus occurs through
RNA intermediates, and that ncRNA overcomes the prohibitive
regulatory overhead associated with saturated protein—protein
regulatory interactions in this environment (Gagen and Mattick,
2005). From the point of view of information theory, this implies
that the RNA content of the nucleus functions in a manner
roughly equivalent to an information channel, and that the “chan-
nel capacity” (information throughput) of this system depends
on the available degrees of freedom of the combined popula-
tion of RNA molecules contained in the system. Consequently,
RNA quality control and degradation machinery must actively
pursue the elimination of non-functional RNAs that would rep-
resent noise to the “RNA machine.” Yet, with the recent discovery
that dark matter RNA makes up the majority of cellular RNA by
mass (Kapranov etal., 2010; and an even greater majority in the
nucleus), it appears that this enigmatic class of RNA does not rep-
resent noise in the RNA based information channel of the nucleus,
and instead likely comprises an integral part of the information
channel itself.

The information containing structural features of dark mat-
ter RNAs and their ability to interact with the nuclear proteome
appear similar to their coding counterparts. If the primary
sequence patterns and secondary structure motifs that determine
protein interactions occur with similar densities in both classes
of RNAs, then they must both exist in the nucleus in complex
with proteins. If dark matter RNAs represented noise or spurious
transcription, their predominant mass would compromise signal
to noise ratio performance of RNA processing machineries in the
entire nucleus, as they depend on the information derived from
such interactions. Instead, its high concentration suggests that
dark matter RNA functions at the core of the multilayer nuclear
“RNA machine” (Amaral et al., 2008).

DARK MATTER RNA ESTABLISHES A DYNAMIC AND REVERSIBLE
MICRO-PARTITIONING OF NUCLEAR SPACE

The large amount of dark matter RNA in the nucleus, establishes
the basis for the “intelligent scaffold” concept. Each dark matter
RNA acts either in cis or in trans, depending on its own informa-
tion content (complex combinations of primary sequence motifs
and secondary structures), and the proteins with which it interacts.
Long dark matter RNAs can form several types of interactions with
DNA, and other RNAs, inside spatial domains of chromatin. These
can involve direct interactions between RNA and DNA, similar to
what occurs between pRNAs transcribed from regions in between
rRNA genes, and the T0 element in rRNA promoters (Mayer et al.,
20065 Schmitz etal., 2010). Proteins can also mediate the interac-
tions, as recently demonstrated for XIST and transcription factor

YY1 (Jeon and Lee, 2011). Alternatively, proteins or RNAs can
use co-transcriptional targeting where the transcript is tethered
during transcription by RNA polymerase, similar to the mech-
anism of the TAR RNA targeting by HIV TAT protein (Brady
and Kashanchi, 2005). Transcriptional targeting may also occur
with the short ncRNAs transcribed from the 5 ends of many
human genes (Wei etal., 1998; Kapranov etal., 2007a; Kanhere
and Jenner, 2012). Dark matter RNAs have all three of these
mechanisms available to mediate their interactions with DNA and
other RNAs, providing a large combinatorial basis for the forma-
tion of flexible complexes that drive spatial and computational
integration.

As these RNAs accumulate into spatial micro-domains sur-
rounding one or more genomic loci, they establish a region of
nuclear space under their influence, which in turn attracts a vari-
ety of molecules. The RNAs can interact with many proteins, and
other large and small RNAs, often with relatively low affinities,
which results in a temporally and spatially distributed macro-
molecular landscape around that locus (see Figure 2). Since these
molecules function primarily in transcriptome processing and
epigenetic regulation, the dark matter guided landscapes would
facilitate the structural and computational operations of both sys-
tems, as well as catalyze crosstalk between them. In this manner
dark matter RNAs can effectively establish finely tuned concen-
tration gradients of epigenetic signaling and RNA processing
proteins (and small RNAs) for efficient operation of these sys-
tems. An intriguing example of this has recently been described as
a “molecular cage” for PRC1 complexes. The “molecular cage”
apparently uses a combination of methylated H3K27 moieties
and low affinity binding sites on nascent IncRNAs to increase the
local concentration of PRCI for chromatin signaling (Beisel and
Paro, 2011).

The intelligent scaffold mechanism facilitates the accumulation
of higher concentrations of RBPs (and small RNAs) within chro-
matin regions, as well as the micro-partitioning of these regions
at an optional resolution for RNA processing, epigenetic signal-
ing, and transcript expression regulation. Macromolecules within
these micro-domains can disassociate from their low affinity bind-
ingsites in these dark matter rich micro-regions, as they find higher
affinity sites in nascent strands emerging from RNA Pol II tran-
scription. Abundant sites of alternative localization in dark matter
equates with more effective differential recognition of RNA motifs
by competing RBPs, and increased reversibility of signal trans-
duction in regulatory events. The key here is that signal to noise
ratio is not driven only by the size of AG, but by the ratio of AG
“protein A” to AG “protein B” or the ratio of AG sitel of protein
A on the “target” nascent strand RNA molecule to AG site2 of the
same protein A on the “repository” dark matter RNA molecule.
This is shown as “Biological Information Content” on Figure 2. If
both AGs are large compared to their difference, then the signal
is low and the noise is high. A recent experiment that used RNAi
knockdown to reduce the expression levels of splicing regulator
SRSF1 confirmed the importance of high concentrations of RNA
processing proteins to maintain adequate signal to noise ratios.
Lowered concentrations of SRSF1 markedly increased the vari-
ance of splicing isoform ratios of the target transcript, measured
in populations of single cells (Waks etal., 2011).
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FIGURE 2 | The information content of a hypothetical dark matter RNA.
Combinations of primary sequence and secondary structure form high affinity
interaction sites with high information content (left side). These specific
interactions have a large AG. At the other end of the spectrum, the same
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RNA can have a large number of relatively non-specific interaction sites that
nevertheless have biological information content and functional significance.
Their absence would result in subtle loss of signal to noise characteristics
across many affected pathways that could be unrelated to the RNA.

Adjacent micro-partitions could favor higher concentrations
of some proteins over others, due to the heterogeneous distribu-
tions of low affinity binding sites along the lengths of dark matter
RNA molecules in each micro-partition. The result, depicted in
Figure 3, shows varying levels of sequestration of RNA processing
components, depending on the systems performance require-
ments of each component. Overall, higher concentrations of
effector components equate with faster kinetics and more finely
tunable regulation, which in turn improve signal to noise ratios
and system performance.

The temporal and spatial dynamics of intelligent scaffolds
permit integration of signals from many levels of biological
information processing. Changes in the intelligent scaffolding
environment of a three-dimensional chromatin micro-region can
impact the dynamics of transcriptional folding, processing, local-
ization, and degradation of transcripts as well as chromatin
signaling (see Figure 4). For example, dark matter cleavage events
can quickly change the structure of the micro-domain by sweep-
ing away large numbers of proteins, RNAs, and scaffold, and at
the same time generate small RNAs, or expose regions of RNA
complementarity to small RNAs, as described in the recent theory
of competing endogenous RNAs (ceRNAs) by the Pandolfi group
(Salmena etal., 2012). Cleavage of very long dark matter RNAs,
for example those coming from the vlinc regions (Kapranov etal.,
2010), could occur even with their RBPs still attached. Cleaved
RNAs could then function as IncRNAs. Small RNAs could also
interact with sites in tethered vlincs, thereby acting as a sink, or by

blocking sites that would otherwise be occupied by other signal-
ing molecules. Under some circumstances, combinations of these
other events could serve as the signal to trigger cleavage of the
vlincs, which could then form a rapid feed-forward circuit as the
cascade of cleavage continues in the entire micro-domain.

CONCLUSION: THE FOREST ENRICHES THE FUNCTIONALITY
OF THE TREES

While specific interactions drive the bulk of molecular infor-
mation processing in biological systems, in the RNA based
regulatory networks of the nucleus the performance character-
istics of specific interactions are determined by the surrounding
micro-environment. The dark matter RNA plays a key role in
implementing the dynamic responsiveness of that surrounding
micro-environment. Considering its importance, the concept of
functions for dark matter RNAs should embrace a continuum,
from those that arise from highly specific interactions, to those at
the other end of the spectrum that involve lower affinity and less
specificity, but nevertheless contribute to the synergistic attributes
of the surrounding micro-environment. Those attributes per-
mit the specific interactions, and facilitate their coordination and
integration.

Evaluating dark matter RNAs in this fashion provides a con-
text and explanation for the relatively low level of conservation of
these RNAs, as many informational elements either do not require
conservation, or require only functional conservation. As demon-
strated for a growing list of ncRNAs, functionality does not require
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length of a hypothetical series of micro-domains each composed of
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different (very) long non-coding RNAs (X-axis). The heterogeneous
landscape of dark matter RNAs creates pockets of enrichment of these
different RBPs.
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FIGURE 4 | A nascent RNA strand being synthesized by RNA Pol Il
interacts with RBPs (balls of various colors), small RNAs and lincRNAs.
Interaction between all these molecules is made possible by close proximity
of these molecules in the nuclear micro-domains. RBPs and small RNAs

are bound to (v)lincRNAs with relatively low specificity and the latter
present them in exact architectural and temporal environment to the
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nascent strand that possess specific motifs for the former. Nuclease
action cleaves the non-coding RNA template and thus changes the
structure of the scaffold complex. This in turn can change the kinetics

of the interaction between the RBPs and the small RNAs bound to it
and the sequence of their presentation and interaction with the nascent
strand of RNA.

conservation, at least not in the same way that is known to occur for
protein-coding sequences (Pang etal., 2006). The theory predicts
increasing concentrations of dark matter complexed with RNA
interacting proteins in complex organisms, and helps explain the
direct correlation of organismal complexity with the genomic per-
centage of non-coding regions in all genomes sequenced to date
(Taft etal., 2007). It also suggests expansion of regions of RNA
interacting regions in proteomes of organisms as evolutionary
complexity increases.

The dark matter intelligent scaffold concept focuses on the level
of coupling between computation and spatial articulation. The
theory holds that large increases in biological complexity required

ever increasing levels of coupling between computation and struc-
ture, as a key driver of that complexity, and ultimately a measure
of organismal fitness. Dark matter RNA was recruited to perform
this function, to dynamically bridge these two ostensibly orthogo-
nal dimensions, because its flexible structural and computation
features endow it with special qualities to serve as a molecu-
lar intermediate in the coding, processing, and distribution of
information.
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