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ABSTRACT

It has been widely acknowledged that non-coding

RNAs are master-regulators of genomic functions.

However, the significance of the presence of ncRNA

within introns has not received proper attention.

ncRNA within introns are commonly produced

through the post-splicing process and are specific

signals of gene transcription events, impacting

many other genes and modulating their expression.

This study, along with the following discussion,

details the association of thousands of ncRNAs—

snoRNA, miRNA, siRNA, piRNA and long ncRNA—

within human introns. We propose that such an

association between human introns and ncRNAs

has a pronounced synergistic effect with important

implications for fine-tuning gene expression pat-

terns across the entire genome.

INTRODUCTION

Spliceosomal introns are ubiquitous elements of nuclear
genomes. Their evolutionary rise is associated with the
origin of eukaryotes (1,2). Recently, a new conception of
the co-evolution of introns and nucleus-cytosol compart-
mentalization has been detailed (3). The existence of
introns allows for the alternative splicing of pre-mRNA
molecules, thus serving to increase both protein diversity
and specialization within the proteome (4,5). Additional
intron functions have been reviewed (6). However, the use
of introns is a double-edged sword for organisms enriched
with these elements, since they require complex processing
that can lead to serious problems when splicing goes awry.
Particularly, large intron sizes in vertebrate and other
complex organisms incur several drawbacks including
waste of energy, delay in protein production and increased
vulnerability to splicing errors (7). Having acknowledged
intron roles, we will focus solely on the non-random

presence of non-protein-coding RNAs (ncRNAs) inside
these gene elements. At the dawn of small ncRNA discov-
ery, John Mattick first proposed the hypothesis that
introns contain information valuable to gene regulation
and called it ‘informational RNA’ (8). Since that time a
whole new field of RNomics has emerged for the investi-
gation of ncRNAs in genetic regulation. A positive correl-
ation between the number of ncRNAs and the complexity
of an organism is evident, while the number of protein-
coding genes is relatively constant from worms to humans
(9). Non-coding RNAs consist of a diverse group of short
molecules including miRNAs, siRNAs, snoRNAs and
piRNAs as well as various long ncRNAs. They are
involved in a spectrum of regulatory processes within
the nucleus and cytoplasm indispensable for the proper
organization and functioning of every eukaryotic cell
[see reviews (10,11)]. The present study demonstrates
how intimately ncRNAs are associated with introns.

MATERIALS AND METHODS

Databases

For the localization of small RNAs within the human
genome we used our human Exon–Intron Database
(EID), release 36.1 (12) and the NCBI human genome
sequence, build 36.1.
Statistics on snoRNA were obtained from snoRNA-

LBME-db database, version 3 (13). This is a manually
curated database with stringent requirements for experi-
mental verification of each deposited sequence.
A comprehensive set of 462 pre-miRNA was obtained

from miRBase(14). Pre-miRNA sequences contained
within this database all represent miRNA sequences that
have been published in peer reviewed journals. ‘Each
sequence represents a predicted hairpin portion of the
transcript (14)’.
A comprehensive set of 33 051 human piRNA sequences

was obtained from RNAdb (15). This set of human
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piRNA were obtained from one laboratory using a
pyro-sequencing technique (16). The authors provided ex-
perimental validation that their sequences are significantly
enriched with PIWI-associated small RNA molecules
(piRNA).
Complete sets of functional non-coding RNAs for

human (124 591 entries) and mouse (110 495 entries)
were obtained from functional ncRNA database
(fRNAdb) (17).

Sequence processing

Sequences of small ncRNA were matched with the human
genome using PERL regular expressions. piRNAs that
had perfect matches to multiple locations within the
genome were called ‘multi-match’ and were not counted
in the distributions for exons, introns, or intergenic
regions. The remaining ‘single-match’ ncRNA sequences
that had only one perfect match to an exon or intron
(transcribed strand) in the human EID were considered
to be either exonic or intronic. Those single-match
ncRNA sequences that were perfectly matched to comple-
mentary sequences of exons or introns from EID were
designated as being ‘complementary to’ exons or introns,
respectively. All other small ncRNA locations (i.e. outside
of exons and introns as well as their complementary
strands) were considered to be ‘intergenic’.

miRNA

Distances between miRNA sequences were determined
using the chromosomal positions given in the miRNA an-
notations (14).

siRNA

In order to computationally assess the ability of human
introns to produce endogenous siRNA the siRNA.pl

Perl program—a modified version of the snoTARGET

program (http://bpg.utoledo.edu/�dbs/snotarget/)—was
used. The siRNA.pl program scans the entire set of
human introns, searching for stem–loop hairpin structures
with perfect stems spanning at least 21 nt and with short
(0–80 nt) loops. In order to understand the association of
these hairpin structures with repetitive elements, we
scanned the introns using siRNA.pl after masking
them by Repeatmasker (18) followed by the trf

(‘tandem repeats finder’) program for masking tandem
repeats (19). In order to evaluate the statistical association
of hairpins with introns, a search for hairpin structures
was undertaken within three control sets. The control
sets were generated using our web application
‘SRI-generator’ (20) and consisted of randomized nucleo-
tide sequences that maintained the oligonucleotide fre-
quency composition and length of the natural set of
introns. Statistical significance for the comparison of
hairpin distribution between introns and control sets was
established using the Fisher exact test. Similar analysis
was performed within exons and intergenic regions, and
the frequencies of occurrence of perfect stems were
compared to those found in introns, using the chi-square
test. Evolutionary conservation of the hairpins was

examined by performing a BLAST search against cow,
mouse and rat orthologous introns (21).

piRNA

A comprehensive set of 33 051 human piRNA sequences
was processed by first removing sequences with ambigu-
ous nucleotides (e.g. ‘n’), yielding 32 439 remaining se-
quences. From this set, 5274 sequences had zero matches
to the human genome and were removed from consider-
ation; 22 835 sequences had exactly one match and were
named ‘single-match’; while each of the remaining 4330
sequences had multiple exact matches to different
genomic locations and were named ‘multi-match.’
Furthermore, we showed that among the 22 835
single-match piRNAs, 3138 sequences were redundant,
i.e. were mapped exactly within the same site of the
human genome as at least one other piRNA from this
group. We removed all redundant sequencing creating
the final set of 19 697 single-match piRNAs, which was
used for the calculation of distributions within exons,
introns and intergenic regions.

The combined 19 697 single-match and the 4330
multi-match sets were analyzed for their association with
repetitive elements from Repbase (22) using the BLAST

program without filters. Of the 24 027 piRNA sequences,
1249 demonstrated significant similarity (e< 10�4) to
known repeats (5.2%). The corresponding random set
was analyzed under identical conditions, yielding 1776 se-
quences demonstrating significant similarity (e< 10�4) to
human repeats (13.2%). Due to the short length of these
sequences, a substantial number of false negatives are
expected. These results were also confirmed by using
RepeatMasker to mask piRNA and random sequences
under sensitive conditions using the slow search option.

Among the final set of 19 697 single-match sequences,
15 047 were characterized as intergenic piRNAs and 4650
piRNAs were mapped within the exons and/or introns of
protein-coding genes or their complementary strands.
From the latter group, 300 piRNA corresponded to loci
containing both exons and introns (i.e. overlapping
splicing junctions, overlapping genes on opposite strands
or alternate transcripts) and were excluded from the cal-
culations regarding the exon/intron distributions.

In order to determine if there were positional prefer-
ences for piRNAs within introns, we divided each intron
into quintiles (20% portions) based on the entire length of
the given intron. Each piRNA sequence was assigned to a
quintile based on its position within an intron. The total
number of occurrences was calculated for each quintile.
The positional preference of piRNAs within mRNAs was
determined in a similar manner. The calculation of the
standard error of means was determined using the
Binominal distribution.

Analyzing the distribution of ‘random’ ncRNAs within
genomic regions. We created a PERL program for the se-
lection of 13 500 random positions along the entire human
genome. From these positions, 30-bp long sequences were
collected and listed as a set of 13 500 ‘random’ ncRNAs.
Each of these random sequences was aligned to the entire
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human genome using the same protocol as for real piRNA
(see previous paragraph). Among them, 2068 random se-
quences matched to several genomic locations and were
grouped as ‘multi-match’. Each of the remaining 11 432
sequences had a single match to the genome. Alignment
with BLAST demonstrated that 1776 random sequences
out of 13 500 [13.2±0.3% standard error (SE)] had a
significant similarity to repetitive elements (e< 10�4).
The same proportion among the real set of piRNA
comprised 5.2±0.14% SE (1249/24027).

SE for each percentage was calculated using the formula
SEp=sqrt[p(1 – p) / n], where p is the sample proportion
and n is the sample size, using the Binomial distribution. A
chi-square test was used to compare the distribution of
piRNA sequences classified as exonic, intronic and
intergenic to the distribution of 11 432 randomly placed
sequences within these genomic regions.

Long intronic ncRNA

A total of 63 077 groups of orthologous introns for five
mammalian species (human, mouse, rat, dog, cow) was
obtained from the latest release (July 2010) of our
Mammalian Orthologous Intron Database (21), available
on our website (www.bioinfo.utoledo.edu/domino5). We
defined ‘orthologous introns’ as introns from orthologous
genes that have the same position and phase relative to the
coding sequence.

Each group of orthologous intron sequences from the
five species was aligned using MAFFT, a stand-alone
program which can align a set of sequences flanking
around alignable domains (23) (using the L-INS-I param-
eters: mafft –localpair –maxiterate

1000input_file>output_file). A Perl program
was developed to process the obtained alignments and in-
vestigate the degree of conservation among the different
species. The program required that each conserved
intronic region (CIR) spanned at least 400 nt in length,
so as to exclude small ncRNAs from our results
(Explanations in MOID web page). Additionally, CIRs
qualified as evolutionarily conserved only if they had at
least 50% sequence identity among the five species. This
threshold was chosen to be high enough so that regions of
identity occurring by chance would be eliminated, and yet
low enough to take into consideration the wide degree of
divergence among the five species. Various filters were
applied to reduce the possibility of the conserved
segment being a part of an alternatively spliced exon, as
explained in (24).

The corresponding human and mouse sequences of the
CIRs with masked repeats (RepeatMasker, version-3.2.8)
were compared to the respective Functional non-coding
RNA database, fRNAdb, (17) using the stand-alone
BLAST program. The results were parsed to enumerate
the overlap with ncRNA, in instances where the BLAST
score was more than 80 bits (e-value< 2*10�16).

Statistics

Statistical analysis with the chi-square test and Fisher
exact test was performed using the R package (v2.7.1).

Programs

The new release of our snoRNA.r3.pl mentioned in the
results section is available on our website (http://www
.utoledo.edu/med/depts/bioinfo/database.html). All
programs used to perform calculations were written in
Perl and are available upon request.

RESULTS

snoRNAs, a byproduct of intron splicing in animals

All known snoRNAs in vertebrates (and possibly in
Drosophila) are a byproduct of splicing because they are
created by the exonucleolytic processing of debranched
introns after their excision from the pre-mRNA (25).
The vast majority of animal snoRNAs have been found
inside the introns of protein-coding genes, while only a few
of them have been reported to be inside the introns of
ncRNAs transcribed by RNA polymerase II (26,27). The
current release of the snoRNA-LBME-db database,
version 3, contains 402 experimentally confirmed human
snoRNAs (13). The majority of them are involved in the
chemical modification of 184 bases of ribosomal 28S, 18S
and 5.8S rRNAs and 33 bases of spliceosomal U1, U2,
U4, U5, U6 and U12 snRNAs. Moreover, 136 snoRNAs
in this database belong to so-called orphan molecules that
do not display antisense elements compatible with a modi-
fication for rRNA or snRNA. In addition to the described
sample of natural snoRNAs, there are many computation-
ally predicted snoRNA-like sequences within human
introns whose existence have not been confirmed experi-
mentally and therefore, are not featured in snoRNA-
LBME-db. These snoRNA-like sequences have been
identified inside genomes using several computational
approaches (21,28–31). The computationally predicted se-
quences possess all the major characteristics of natural
snoRNAs such as conserved sequence motifs (boxes)
and secondary structures; hence, a portion of them
could represent uncharacterized natural snoRNAs.
Supplementary Table S1 contains a list of 324 novel C/
D-box snoRNA-like sequences within human introns
produced by our snoRNA.r3.pl, program (21). We
project that the total number of snoRNA-like sequences
in the human genome may exceed 1000. The facts testify
that the presence of introns in animals is crucial for the
biosynthesis of snoRNAs.

miRNAs are significantly enriched in the transcribed
strands of human introns

Table 1 illustrates the distribution of all known human
pre-miRNAs from miRBase within the introns and
exons of protein-coding genes as well as the regions
between these genes, which we refer to as intergenic
regions. The data demonstrates a preference of
pre-miRNA to exist inside introns and exons over
intergenic regions. The bias of pre-miRNA to favor
genic regions while avoiding intergenic regions is statistic-
ally significant (X2

1df=117.6; P< 2.2� 10�16). Among
the 19 pre-miRNAs found inside exons, 5 occur within
the complementary strand of the Retrotransposon-like
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(RTL1) gene. Their function is associated with the
chromosomal methylation and regulation involved in im-
printing of the RTL1 locus (32). Only two other exonic
pre-miRNAs correspond to coding regions
(Supplementary Table S2), while the rest correspond to
50- or 30-UTRs. Ten of these are found on the transcribed
strand and four are found on the complementary strand.
The distribution of pre-miRNAs inside introns is shown

in Table 2. The data demonstrates a strong preference of
pre-miRNAs to associate with the transcribed strand of
introns (87%) while 13% are associated with the comple-
mentary strand. Twenty-four percent of intronic
pre-miRNAs are found in clusters (two or more
pre-miRNAs inside the same intron) while the majority
(76%) of these pre-miRNAs are sparsely populated (one
pre-miRNA per intron). In intergenic regions, there is a
stronger tendency for several pre-miRNAs to be located in
close proximity to each other (64% of intergenic
pre-miRNAs are separated from each other by <5 kb).
The largest cluster of the pre-miRNAs exists in human
chromosome 19, where 42 different pre-miRNAs were
found within a 150-kb region (Supplementary Table S2).
Tables 1 and 2 demonstrate that 39% of all human
pre-miRNAs originate from the transcribed strand of
introns, while a random distribution would put 12% on
the transcribed strand as well as 12% on the complemen-
tary strand of introns. A chi-square test confirms that this
association of pre-miRNA with the transcribed strand of
introns is statistically significant (X2

1df=63.2,
P=1.9� 10�15). The calculated association of
pre-miRNAs with introns is likely to be underestimated
due to the dearth of information on introns located
between 50- or 30-untranslated exons. For example, the

IC-SNURF-SNRPN gene has 137 introns within the
30-untranslated portion of the gene, which includes 94
orphan snoRNAs (33). Moreover, the introns in the un-
translated part of this gene have not been annotated
properly (GenBank NG_002690.1) and thus are not clas-
sified as intronic elements. Due to such inaccuracies, we
reason that �50% of all human miRNA correspond to the
transcribed strand of introns and are byproducts of
splicing, as is also the case of snoRNAs.

piRNAs are twice as abundant in the transcribed strand
of introns as the complementary strand

piRNA sequences were mapped to the human genome and
classified as multi-match or single-match. Single-match se-
quences were further filtered and classified as intronic,
exonic or intergenic. Table 3 shows these results along
with the distribution of 11 432 randomly placed 30-nt
long sequences within the human genome (‘Materials
and Methods’ section). A comparison of the estimated
percentage of piRNA that is repetitive (5.2±0.14% SE)
with the estimated percentage of randomly located se-
quences mapping to repetitive regions (13.2±0.3% SE)
suggests that piRNA do not preferentially associate with
repetitive elements, in contrast to prior observations (34).
The estimated percentage of piRNA that is intergenic
(76.4±0.3% SE) does not differ significantly with the
estimated percentage of the human genome that is
intergenic (74.2±0.4% SE). We observed that 82.1%
(16 176/19 697) of human piRNA are produced from
intergenic regions (15 047 piRNAs) or from the comple-
mentary strands of exons and introns (1129 piRNAs). The
rest of the piRNAs are almost equally produced from the

Table 1. Distribution of human pre-miRNAs within exons, introns and intergenic regions

Genomic region Number of pre-miRNA Percentage of pre-miRNA Number of random sequences Percentage of random sequences

Intergenic 237 51.3±2.3 8480 74.2±0.4
Intron 206 44.6±2.3 2779 24.3±0.4
Exon 19 4.1±0.9 173 1.5±0.1
Total 462 100 11,432 100

The distribution of pre-miRNA within specific genomic regions is compared to the estimated probability of localization within these regions,
calculated by classifying 11 432 sequences from randomly chosen locations within the human genome. Both transcribed and complementary
strands are represented for exons and introns. Percentages are shown±(SE).

Table 3. Distribution of human piRNAs within human genome

Classification Number of
piRNA (%)

Number of random
sequences (%)

Intergenic 15 047 (76.4±0.3) 8480 (74.0±0.4)
Intron 2349 (11.9±0.2) 2779 (24.3±0.4)
Exon 2001 (10.2±0.2) 173 (1.5±0.1)
Intron/Exon 300 (1.5±0.1) 0 (0.0)
Total 19 697 (100) 11 432 (100)

The distribution of piRNA within specific genomic regions is compared
to the estimated probability of localization within these regions,
calculated by classifying 11 432 sequences from randomly chose loca-
tions within the human genome. Both transcribed and complementary
strands are represented for exons and introns. Percentages are
shown±SE.

Table 2. The distribution of pre-miRNAs inside introns

Orientation and grouping Number of pre-miRNAs (%)

DNA strand
Transcribed 179 (86.9±2.4)
Complementary 27 (13.1±2.4)

Pre-miRNA clustering
One per intron 157 (76.2±3.0)
In clusters (�2) 49 (23.8±3.0)

The data represents intronic pre-miRNA among transcribed and com-
plementary strands as well as the tendency for pre-miRNA to form
clusters within introns. A cluster is defined as any intron containing
more than one pre-miRNA, irrespective of strand orientation.
Percentages are shown±SE.

2360 Nucleic Acids Research, 2011, Vol. 39, No. 6

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/3
9
/6

/2
3
5
7
/2

4
1
1
2
9
0
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



transcribed strand of exons (1598/19 697; 8.1±0.2% SE)
and introns (1623/19 697; 8.2±0.2% SE). Finally, 300
piRNAs (1.5±0.1% SE) overlap both exons and
introns (‘Materials and Methods’ section). Examining
the data for intronic and exonic DNA from the human
genome, piRNAs are significantly more likely than
expected (X2

1df=1353.2; P< 2.2� 10�16) to reside in
exons rather than introns, given that introns are on
average, approximately 15 times larger than exons. The
piRNAs classified as intronic predominantly mapped
within the transcribed strand (Table 4). This non-random
association (X2

1df=177.0, P< 2.2� 10�16) of piRNAs
with the transcribed strand is slightly higher for exons
(79.9±1% SE) than for introns (69.1±1% SE). Only
90 piRNAs overlap with the exon–intron splice sites
and, intriguingly, are not preferentially associated with
the transcribed strand (63 of them are associated with
the complementary strand, Supplementary Table S3).
Among the entire set of 32 439 human piRNA, we found
36 sequences with a perfect match to regions overlapping
the exon–exon splice junctions of mRNA, suggesting that
these piRNA are produced from mature mRNA. All 36
piRNAs were found on the transcribed strand
(Supplementary Table S3). The observed dearth of
piRNAs overlapping exon–exon splice junctions might
be explained by the tight binding of splicing proteins at
splice sites with mRNA in accordance with the NMD
theory (35). This possible protection of mRNA and
pre-mRNA by splicing proteins from endonucleolytic
cleavage might explain the deficiency of piRNAs corres-
ponding to exon–intron splice sites. Finally, exonic
piRNAs tend to be in the internal mRNA regions and
notably avoid the 30-end (Figure 1A), while intronic
piRNAs avoid both the 50- and 30-termini and prefer to
localize within the central regions of introns (Figure 1B).

In summary, we saw a 2.2-fold prevalence of piRNA on
the transcribed strand of introns over the complementary
strand. A significant enrichment of piRNA within the
central regions of introns (Figure 1B) was observed, sug-
gesting that a fraction of piRNAs are likely to be
produced from post-spliced introns.

Putative endogenous siRNAs within introns

The number of endogenous siRNA molecules identified so
far is quite small (36), therefore any analysis to map their

positions within introns and exons at this stage would be
uninformative. We instead performed a computational
approach in order to assess the ability of human introns
to produce endogenous siRNAs. Since hairpin siRNAs
are derived from perfect double-stranded segments of
RNA, we examined the occurrences of such hairpins
within the entire set of human introns which could hypo-
thetically produce siRNAs. This computation resulted in
the characterization of 8053 intronic hairpin structures
within 6163 introns. These hairpins had perfect stems
spanning at least 21 nt in length and a short interlude of
0- to 80-nt long loops. A vast majority of these hairpins
are associated with inverted DNA repeats, while only
507 represent unique genomic hairpin sequences unrelated
to repetitive DNA (Supplementary Table S4 and
Supplementary Figure S1). Similar searches within the
three control randomized nucleotide sequence sets
derived from naturally occurring introns, yielded no
hairpin structures within them. Therefore we infer that
there is a statistically significant enrichment of hairpins
among natural introns (Fisher exact test, P< 2� 10�16).
No evolutionary conservation of the non-repeat-
associated set of hairpins with rodent, dog or cow
genomes was found. A similar search for perfect stems

Figure 1. Distribution of piRNA along mRNA and introns.
(A) piRNA location along each mRNA was determined by dividing
mRNA into five equal segments. The total number of piRNAs within
each quintile was determined. (B) The location of piRNA along introns
was determined by dividing each intron into quintiles and calculated as
in (A). Vertical bars show the standard error of the means.

Table 4. The distribution of piRNAs inside introns

Orientation and grouping Number of piRNAs (%)

DNA strand
Transcribed 1623 (69.1±1.0)
Complementary 726 (30.9±1.0)

piRNA clustering
One per intron 1043 (44.4±1.0)
In clusters (�2) 1306 (55.6±1.0)

The data represents the distribution of intronic piRNA among
transcribed and complementary strands as well as the tendency for
piRNA to form clusters within introns. A cluster is defined as any
intron containing more than one piRNA, irrespective of strand orien-
tation. Percentages are shown±SE.
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within exons (total length: 58 366 965 nt) yielded zero oc-
currences of perfect stems not associated with DNA
repeats. Comparison of hairpin occurrence with introns
and exons suggests a significant enrichment of stems
within introns compared to exons (X2

1df=26.5, P=2.6
�10�07). In a representative sample of intergenic regions
(total length: 35 374 166 nt) there were 23 stems, which
were unassociated with DNA repetitive elements, suggest-
ing that the frequency of perfect stems in intergenic
regions is similar to that within introns (X2

1df=1.9,
P=0.17). It is unlikely that evolutionarily conserved en-
dogenous stem–loop (cis–trans) siRNAs are produced
from introns. Nonetheless, introns might still be a source
for endogenous siRNA that are derived from repetitive
genomic elements, perhaps inhibiting their propagation.

Long ncRNAs inside introns

Current estimates suggest that 95% of the human genome
is transcribed and produces a vast number of ncRNAs
involved in different biological processes (11).
Traditionally, ncRNAs are divided into short (<200 nt)
and long (>200 nt) categories according to their length
(37,38). According to Qureshi, Mattick and Mehler, ‘a
major function of long ncRNAs (lncRNAs) appears to
modulate the epigenetic status of proximal and distal
protein-coding genes through cis- and trans-acting mech-
anisms’ (39). A considerable proportion of lncRNA
exhibit low sequence conservation during evolution
(37,39,40). However, in 2009, it was shown that a particu-
lar type of lncRNA, known as lincRNA (long intergenic
ncRNA, large intervening ncRNA) is highly conserved in
mammals (40). Intriguingly, there are also numerous evo-
lutionarily conserved regions in mammalian introns that
match the size range of lncRNAs. Recently Louro and
co-authors described evolutionary conserved intronic
lncRNA sequences from mouse and human (41).
Figure 2 demonstrates 13 long conserved regions within
one of the largest mammalian introns, intron 3 of
Heparanase-2 gene. The average size of these 13 conserved

regions is 600 nt, although the size depends on the choice
and number of species analyzed. For an example,
Supplementary Figure S2 illustrates the alignment of one
such conserved region from intron 3 of Heparanase-2.
When the introns of a larger selection of vertebrates
were aligned, the length of the conserved region became
only 100 bp (Supplementary Figure S2A), while in the
alignment of a smaller group of closely related species
(human–mouse–cow–dog) the evolutionary conservation
of the region extended to as much as 750 bp
(Supplementary Figure S2B).

Using the latest release (July 2010) of our Mammalian
Orthologous Intron Database (21), we performed a
large-scale bioinformatic investigation of the distribution
of long evolutionarily conserved regions within the entire
set of 63 077 introns from 8161 human genes that have
orthologs in each of the four mammalian species: mouse,
rat, cow and dog. Only aligned segments >400 nt with at
least 50% identity within five mammalian species were
taken into account. Furthermore, computational filters
removed alignments that could be associated with alterna-
tive splicing (‘Materials and Methods’ section). This com-
putation revealed 9833 CIRs with lengths exceeding
400 bp. Since there are several stringent criteria defining
orthologous introns, their entire set comprises approxi-
mately one-third of the total number of human introns
(approximately 180 000). Therefore, the entire number of
large CIRs in the human genome may be as large as
30 000. When the threshold for the alignment length was
increased to 600 nt, 4848 CIRs were registered. Previous
work in our lab showed that distribution of conserved
regions within introns is uneven and, in particular,
depends on the gene function (24). Such an abundant
and uneven distribution of CIRs is in complete accordance
with the previously published results by Sironi et al. (42).

Here we present computations in order to check our
hypothesis that some CIRs might represent lncRNAs.
This hypothesis is strengthened by the resent experimental
findings that a fraction of lncRNA is found inside introns

Figure 2. Evolutionarily conserved regions within the third intron of the Heparanase 2 (HPSE2) gene. The intron–exon structure of HPSE2 is shown
at the top, with vertical lines depicting exons. In the bottom diagram, the cylinders depict 13 highly conserved regions with the coordinates specified
below.
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(39,41,43–45). BLAST analysis of our 9883 large CIRs
(>400 bp and >50% identity) cross-referenced with all
known human and mouse ncRNAs from Functional
RNA Database (fRNAdb) (17) revealed hundreds of
matches between them. Particularly, we found that 415
mouse large non-coding RNA sequences experimentally
obtained under the FANTOM3 project and five additional
mouse ncRNAs from other sources overlap with the CIRs
(Supplementary Table S5). Seventy-seven percent of these
420 mice non-coding RNAs correspond to the transcribed
strand of introns, while the remaining 23% correspond to
the intronic complementary strand. However, in control
calculations with ‘random CIRs’ sequences having the
same length and number as natural CIR set, yet placed
randomly along the orthologous introns, 438 mouse
ncRNA from FANTOM3 dataset matched random
CIRs. Moreover, in 86% cases they occur in the
transcribed strand of the introns. These results are in
accord with the claim of Guttman et al. (40) that
‘current [lincRNA] catalogues may consist largely of tran-
scriptional noise, with a minority of bona fide functional
lincRNAs hidden amid this background’.

The human database of experimentally verified large
ncRNA is many times smaller than the corresponding
mouse set, yet the human ncRNA database contains thou-
sands of putative computer-predicted sequences that have
not been predicted for mouse. BLAST analysis of the
human ncRNA sequences revealed that 1268 putative
ncRNA obtained by RNAz program; 485 putative
ncRNA obtained by EvoFold program; and 18 experi-
mentally verified large ncRNA overlap with our entire
set of 9833 CIRs (Supplementary Table S6). Not surpris-
ingly, our long intronic conserved regions correspond to
1753 putative ncRNA predicted by RNAz and EvoFold,
since the latter algorithms are heavily based on evolution
conservation. The EvoFold program considers the evolu-
tionary conservation of RNA secondary structures and,
therefore, is capable of predicting the DNA strand
which gives rise to the putative ncRNA, since conserva-
tion of secondary structure may be strand-specific.
However, in many cases it is problematic to infer the
orientation of ncRNA when both strands have conserved
secondary structures. Among the 485 predicted ncRNA
(EvoFold) that overlap with our CIR set, 60.0±2.2%
SE correspond to the transcribed intronic strand, while
40.0±2.2% SE to the complementary strand. In control
calculations with ‘random CIRs’ they matched only eight
EvoFold-predicted sequences and 76 RNAz-predicted se-
quences from the entire human fRNA database.

The strong preference of ncRNA from intronic regions
to be associated with the transcribed strand is in accord-
ance to Nakaya et al. (46), who examined 5678 wholly
intronic human ‘mRNA clusters’ computed from
GenBank entries. They found that 74% of these
non-coding ‘mRNA clusters’ correspond to transcribed
strand of introns while 26% correspond to the comple-
mentary strand.

We conjecture that among large CIRs there may be
found thousands of long functional ncRNAs originated
through the post-splicing processing.

DISCUSSION

Our calculations demonstrate that human introns may
potentially contain thousands of ncRNAs—snoRNAs,
miRNAs, piRNAs and, presumably, lincRNA-like mol-
ecules. Specifically, introns are enriched with ncRNAs,
which mildly regulate gene expression (miRNA and
orphan snoRNA). According to Selbach et al. (47) and
Baek et al. (48), an individual miRNA modulates (pre-
dominantly down-regulates) the expression of hundreds
of genes, although modestly (1.5- to 2-fold). Gene array
experiments with knockout mice lacking orphan
snoRNAs from the IC-SNURF-SNRPN locus revealed
that such snoRNAs do not abruptly shut down or turn
on genes, but rather, mildly change the expression of
dozens of them (49). Lastly, the most abundant group of
small ncRNAs in humans (piRNAs), whose functions are
restricted to a very specific tissue (spermatocytes), do not
show a preference to be either within or outside introns.
Recent articles speculate that the role of piRNAs is to
defend the genome against transposable elements (50);
however, the high percentage of piRNAs not associated
with repetitive elements suggests other undefined roles.
This idea is supported by a new study demonstrating
that piRNAs are also expressed in somatic tissues (51).
Non-coding RNAs regulate gene expression through

two major pathways: (i) through transcriptional gene
silencing (TGS) occurring within the nucleus, when
ncRNAs, after their transcription and processing, are
involved in chromatin changes and (ii) through
post-transcriptional gene silencing (PTGS) occurring
within the cytoplasm, when ncRNAs direct the RISC
complex to target mRNAs for either cleavage or transla-
tional arrest (52). The TGS pathway is very actively
employed in plants and therefore is the most studied
pathway in this taxon. Mi et al. (53) characterized more
than 300 000 Arabidopsis siRNAs, which are associated
with nucleus-localized AGO4 protein and are specifically
involved in chromatin changes and methylation. In
mammals, the majority of siRNA and miRNA are
associated with PTGS, which is the most studied
pathway in this group. However, some mammalian
miRNA are also involved in chromatin methylation and
remodeling. For example, five RTL1-associated miRNAs
control imprinting of the RTL1 gene (54). In addition,
numerous mammalian piRNA and lincRNA also work
through the TGS pathway (55). We see, therefore, that
both TGS and PTGS are actively engaged in higher eu-
karyotes. When intronic ncRNAs (such as miRNA) work
via PTGS, they regulate the production of hundreds of
different proteins (47,48) some of which could include
transcription factors. These transcription factors will in
turn modulate the expression of other genes, (although
not necessarily the parent gene that initiated this regula-
tion event). However, auto-regulatory feedback loops
within the PTGS pathway are not uncommon and have
been known since the discovery of miRNAs. One of the
first described miRNAs in Caenorhabditis elegans was
let-7. Let-7 is regulated by a double-negative feedback
loop where the miRNA inhibits the expression of lin-28
and lin-41, while the expression of these target genes
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inhibits let-7 (56). Another well-known example is an
intron of the Arabidopsis Dicer gene containing miRNAs
that regulate the expression of its own gene (57). Under
the TGS pathway, an intronic ncRNA usually regulates
the expression of its host and, potentially, neighboring
genes. The regulation of multiple genes via the TGS
pathway has not yet been well studied and therefore
cannot be ruled out.
How precise should the regulation of genes be in healthy

humans? It is well established that within the same cell
type and developmental stage there is extensive individual
variability in gene expression (58). In many cases the ex-
pression levels of genes are heritable and population-
specific (58). From the perspective of thermodynamics,
gene expression is a fundamentally stochastic process,
with randomness in transcription and translation leading
to cell-to-cell variations in mRNA and protein levels (59).
Raj and Oudenaarden emphasize that the stochastic
nature of gene expression has important consequences
for cellular function, being beneficial in some contexts
and harmful in others (59). In this respect, genetic
diseases provide invaluable insight into genomic oper-
ation. A majority (87% by our estimate) of the prevalent
human genetic autosomal diseases are recessive, which
means that one healthy copy of a gene can substitute for
two functional copies without much harm. In heterozy-
gous individuals; that is, having one mutant and one
normal gene, the expression level of the corresponding
protein is often reduced by up to one-half of the average
level. Considering the effect of gene overproduction, when
the expression level of a large group of genes is even mildly
up-regulated, the consequence is usually quite devastating
as observed in various cases of human trisomy. One of the
most common trisomies is Down syndrome where three
copies of chromosome 21 (or a portion of 21) occur in the
patient’s karyotype. The phenotype is characterized with
some impairment of cognitive ability and physical
growth as well as facial abnormalities. A partial trisomy
of chromosome 21 can be as small as 2–3Mb, representing
200 genes with expression levels being elevated 1.5 times
on average (60). Perturbed expression of genes on other
autosomes as a result of trisomies, such as chromosomes
8, 12, 13 and 18, cause more severe conditions such as
Warkany syndrome, chronic lymphocytic leukemia,
Patau syndrome and Edward’s syndrome respectively
(60). Partial trisomies of these chromosomes produce
milder symptoms. The two most frequent autosomal
trisomies in humans, 16 and 22, are the most common
chromosomal causes of spontaneous first trimester abor-
tions (61). Partial trisomies of the remaining chromosomes
are less common and often result in conditions ranging
from few phenotypic symptoms, as in the case of Cat
eye syndrome (22pter!q11), to lethal birth defects as in
the case of chromosome 14 (62). Therefore, even mild
up-regulation of a large group of genes is usually deleteri-
ous to an organism (60). In 2002 Yan et al. (63) showed
that mammals, similar to plants, have allele-specific ex-
pression (ASE) of genes also known as allelic imbalance.
This heritable allelic variation in gene expression was
shown to be a common phenomenon within the human
genome (64). De la Chapelle emphasizes the surprising

extent of genomic regulation resulting from ASE (65).
Many types of ASE dramatically influence susceptibility
to disorders such as cancer, autoimmune diseases and
diabetes (66,65). It is well documented that ASE is
governed by cis-regulatory elements, yet the particular
type and location of these elements is yet to be verified
and therefore is debatable. De la Chapelle argues that the
cis-elements responsible for ASE are likely to be miRNA
and lincRNAs (65). From this standpoint, intronic
ncRNA are outstanding candidates for the regulation of
allelic imbalance via the TGS pathway. The aforemen-
tioned example of the five miRNAs that shut down the
expression of the maternal RTL1 allele validates the
ability of ncRNAs to have allele-specific precision (54).

Despite the permissible variations in the expression of
many individual genes, the entire ensemble of genes must
be highly coordinated. Only minor fluctuations in the ex-
pression of a number of genes are allowed in healthy
humans. Such coordinated regulation of thousands of
genes in a cell is unimaginable without numerous
feedback loops engaged in the gene expression system.
Intronic ncRNAs are perfect elements for such a
feedback regulation system. Indeed, intronic ncRNAs
are co-produced with the mRNA of their host genes.
When a host gene is silent, its pool of ncRNAs is also
not produced. However, during transcription, the produc-
tion of intronic ncRNAs is strictly proportional to the
expression level of the host gene. It becomes clear that
the fundamental significance of many introns is to
provide regulatory ncRNAs for the fine control of genes
within complex higher organisms. This view of the subtle
yet inextricable value of introns in genomic functioning is
what we term the Symbiotic Intron Hypothesis. This hy-
pothesis proposes a ‘non-selfish’ harmony between genes,
introns and ncRNAs within higher eukaryotes. Genes
provide space for introns inside of them. In turn, introns
act as hosts for regulatory ncRNAs. Finally, ncRNAs
provide essential regulation for the expression of genes.
We conclude, therefore, that there is a natural symbiosis,
between genes, introns and ncRNAs—a symbiosis that is
only just beginning to be discovered and properly
appreciated.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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