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Abstract

In this thesis we have developed a user-friendly tool, SeqBuster, for
the analysis of small RNA (sRNA) data generated by next generation
sequencing strategies, with special emphasis on deep characterization
of miRNA variants (isomiRs). We tested the tool using public datasets,
revealing an unexpected amount of isomiRs in the total miRNA profile
in different species. In addition, we detected all known classes of non-
miRNA sRNAs and new sRNAs with a still unassigned function. Fur-
thermore, we studied the implication of miRNAs and isomiRs in human
brain development and aging and in Huntington disease, concluding
that miRNAs/isomiRs may contribute to central nervous system physio-
logical and pathological conditions. Overall, our results have uncovered
a new layer of complexity in miRNAs, with probable consequences
in mRNA mediated gene expression regulation underlying different
biological functions. Furthermore SeqBuster may be extremely useful
to identify sRNA sequences with a putative regulation role in selective
biological processes.

Resumen

En esta tesis hemos desarrollado una herramienta, SeqBuster, para el
análisis de datos de RNA (sRNA) de pequeño tamaño generados por
las nuevas tecnologías de secuenciación, con especial énfasis en la
caracterización de variantes de los miRNAs. Aplicamos la herramienta
a datos públicos de secuenciación, lo que reveló una inesperada abun-
dancia de isomiRs en diferentes especies. Ademas, detectamos todas
las clases conocidas de otros sRNAs y de nuevos sRNAs con funciones
desconocidas. También estudiamos la implicación de los miRNAs e
isomiRs en el desarrollo y envejecimiento del cerebro humano, y
en la enfermedad de Huntington. Nuestros resultados resaltan una
posible importancia de la plasticidad de secuencia de los miRNAs,
con probables consecuencias en la regulación de la expresión génica,
subyacente a varias funciones biológicas. Por último, SeqBuster, podría
ser extremadamente útil para identificar nuevos sRNAs con una posible
función en determinados procesos biológicos.





Preface

Gene regulation is the process used by cells to control how the
information on the genes is turned into proteins. From the beginning of
the gene regulation characterization, the level of complexity, affecting
the overall process, has increased enormously due to the discovery of
novel mechanisms. One of the latest layers described to be involved
in gene regulation is gene silencing by small non-coding RNAs (sRNA).
sRNAs are RNA molecules 18-36 nucleotides long that target genes
by sequence complementary, regulating the gene product formation.
One of the best-known classes of sRNAs is the microRNA (miRNA)
family (22 nt long). Lee et al, in 1993, discovered the first miRNA
during a study in C. elegans development. Nowadays, this family has
been found in all eukaryotic cells, except fungi, algae, and marine
plants. Beside this class, other sRNAs has been described in recent
years: small interfering RNAs (siRNAs) and (piRNAs). siRNAs come from
double-strand RNA molecules and are involved in the RNA interference
pathway originally discovered in plants. piRNAs (26-31 nt long) form
RNA-protein complexes through interactions with piwi proteins that
have been linked to transcriptional gene silencing of retrotransposons,
particularly those in spermatogenesis. Recently, novel classes of
sRNAs have emerged as a consequence of the advent of large scale
sequencing technology that offers a full coverage detection of RNA and
DNA molecules in cells. In addition to these novel sRNAs, these powerful
strategies lead to the discovery of miRNA sequence variants, therefore
increasing the complexity of non-coding transcriptome. However, very
specialized tools are required for the processing and analysis of the data
coming from high-throughput sequencing. As a consequence, in this
thesis, we developed a complete set of tools for the characterization
of the sRNA transcriptome, from miRNAs to the discovery of novel
classes, in individual samples and case/control studies. By using these
novel computational methods, we aimed to further study the miRNA
variability and their functional implications in different species and
tissues.
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1 Introduction





INTRODUCTION

1.1. Small RNAs

It is widely recognized that eukaryote organisms utilize a wide range

of regulation steps in the control of gene expression, at the epige-

netic, transcriptional and post-transcriptional levels. These include

DNA methylation, chromatin structure, transcription factors, mRNA

splicing, and mechanisms of proteins localization, modification and

degradation, among others. In this context, it is worth to mention

that the majority of the genome is transcribed and that the biological

complexity generally emerges from non-protein-coding region [187,

34]. This unanticipated level of complexity, detected thanks to the

resolution of high-throughput sequencing technology has been named

as ’pervasive’ transcription. This term refers to the fact that the

transcripts are not restricted to well-defined functional genes [125], but

intergenic regions. Furthermore, these transcripts have been described

as important regulators of gene expression, creating a complex network

between elements in the same layer of the biology dogma: the RNA

molecules [65, 140, 125]. The different types of RNAs are classified

according to size and function (reviewd by Jacquier et al, see box

1). Small non-coding RNAs are functional RNA molecules smaller than

200 bases that are not translated into protein. Most of the ncRNAs

identified in genomic transcriptome studies have not been studied and

have yet to be ascribed any function. This category has been divided

in different types according to size and function: involved in protein

synthesis (tRNA,rRNA), involved in post-transcriptional modifications(

small nuclear RNAs, small nucleolar RNAs) and regulatory RNAs (small

interfering RNAs of 16-33 nt long) [188]. From here, the term small RNA

(sRNA) will refer as RNAs of 16-33 nucleotides long. Inside the small

interfering RNAs, microRNAs (miRNAs) have been well characterized.

Piwi-RNAs (piRNAs) and endo-small interference RNAs(siRNAs) have

been recently described, and other families remain still unclassified

nowadays. During the next sections the different classes will be further

addressed.
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INTRODUCTION

Box 1. Non-coding RNA classes adapted from Jacquier et al, 2009

TUFs A generic name for transcripts of unknown function.

Small RNAs (sRNAs) sRNAs are defined as any ncRNAs <200 nucleotides.

Small interfering RNA (miRNA, siRNA and piRNA) sRNAs are defined as
any ncRNAs 18-36 nt long involved in a regulatory function.

Long RNAs (lncRNAs) lncRNAs are defined as any ncRNAs >200
nucleotides.

Long interspersed ncRNAs (lincRNAs) They derive from non-coding
genomic regions that have transcription-dependent chromatin modifications
over a distance of at least 5 kb.

Promoter-associated sRNAs (PASRs), promoter-associated lncRNAs
(PALRs) and terminator-associated sRNAs (TASRs) PASRs are <200
nucleotides long; PALRs are >200 nucleotides long.

Transcription start site-associated RNAs (TSSa-RNAs) Small RNAs
described in several mouse and human cell types. 20-90 nucleotides long.

Global run-on sequencing (GRO-seq) tags RNA tags generated from
the human IMR90 cell line by GRO-seq, a methodology that reveals nascent
transcripts. This methodology does not provide direct indications on the size
of the RNA being transcribed.

Transcription-initiation RNAs (tiRNAs) Tiny RNAs (modal size of 18
nucleotides) that were identified from human cells, chicken embryos and
several Drosophila melanogaster tissues by RNA-seq of gel-purified sRNA
fractions.

Promoter upstream transcripts (PROMPTs) These unstable human
transcripts are stabilized by the depletion of exosome factors in human HeLa
cells. They are found on both strands, upstream of promoters.

Cryptic unstable transcripts (CUTs) Budding yeast unstable transcripts
that are defined as RNAs that can be identified when nuclear exosome factors
are mutated. They are principally found associated with promoters on both
strands. 200-600 long.

1.1.1. MiRNAs

MiRNAs are regulatory sRNAs 22 nts in length that are bound by the

miRNP protein complex [162, 107]. MiRNAs guide the complex to target

4



INTRODUCTION

sites in the 3’-UTRs or, rarely, the coding sequence of mRNAs, causing

mRNA degradation or translation inhibition [276, 201, 278, 19, 27, 94].

Thus, miRNAs reduce and/or buffer the expression of protein coding

genes. All metazoan animals investigated have miRNA genes, ranging

in number from 40 (sea anemone) to 700 (humans) [98, 97]. MiRNA

genes appear to be constantly gained throughout evolution, thus some

are deeply conserved and some are species-specific [207, 161, 153,

157]. Many miRNAs target hundreds of mRNAs, and it is estimated

that between 30% and 60% of all metazoan protein coding genes are

regulated by miRNAs in one or more cellular contexts [151, 88]. While

miRNAs have been shown to be involved in most biological pathways

or processes that are studied, they appear to be especially important in

differentiation and in defining cell identity [172, 146, 46]. Consistent

with this, many miRNAs appear to be expressed in distinct patterns

in tissues in the metazoan body [155]. There are many examples

of individual miRNAs that have strong impacts on development and

phenotype, including the role of lin-4 in nematode embryogenesis [52],

the implication of miR-430 in purging maternal transcripts from the

zebrafish embryo [94] and even an example where a point mutation

generates a miR-1 target site in the 3’-UTR of the myostatin mRNA,

causing muscular hypertrophy of Texel sheep[92].

Biogenesis

Approximately 50% of mammalian miRNA loci are found in close

proximity to other miRNAs. These clustered miRNAs are transcribed

from a single polycistronic transcription unit (TU) [163], which can be

generated from non-coding or portein-coding regions. Over 40% are

located in the intronic region of non-coding transcripts, whereas 10%

in the exonic region. Other 40% of miRNA loci are in protein-coding

region, specifically in introns, and some ’mixed’ miRNA genes can

be assigned to intronic or exonic group depending on the alternative

splicing pattern. The transcription of most miRNA genes is mediated by

RNA polymerase II [164, 48], although a minor group associated to Alu
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elements can be transcribed by PolII [38].

Drosha cleavage and nuclear export

Most miRNAs are transcribed by RNA polymerase II as long primary

transcripts (pri-miRNAs) that are capped and polyadenylated and may

be several kilobases in length [164, 48]. Each pri-miRNA contains

one or more hairpin structures forming clusters that are recognized

and cleaved by the Microprocessor complex while the transcript is

still in the nucleus [163] (see figure 1.1). This complex consists

of the Drosha endonuclease and the DGCR8 dsRNA binding protein

(or Pasha), which is necessary for recognizing the hairpin structure

[69, 83]. The usual hairpin structure consists in a stem of 33 bp, a

terminal loop and flanking ssRNA segments. DGCR8 interacts with pri-

miRNAs through the ssRNA segments and the stem, assisting Drosha

to cleave the substrate 11 bp away from the ssRNA-dsRNA junction

[108, 288]. This cleavage will determine one of the extremes of the

miRNA. After the hairpin (also called the precursor miRNA or pre-miRNA)

has been released from the pri-miRNA, it is exported to the cytosol by

the Exportin-5 nuclear export protein [180, 36], previously assigned to

the tRNA transport [36, 49].

Dicer cleavage

In the cytosol, the miRNA precursor hairpin is further recognized and

cleaved by the endonuclease Dicer in complex with the TRBP dsRNA

binding protein [33, 99, 122, 137, 148]. Before Dicer cleavage, the pre-

miRNA hairpin is 70 nucleotides (nts) long and consists in a terminal

loop flanked by two arms that form a stem. The stem does not

contain bifurcations, but typically 20% of the nucleotides in the stem

are not base paired and form bulges. The entire hairpin is energetically

stable compared with other non-coding RNAs of comparable length, like

rRNAs and tRNAs [37]. After the Dicer cleavage, three products are

released: The loop and the two strands of the stem [228]. The loop is

typically of length 10-40 nts long and is presumably rapidly degraded
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by exonuclease action. The two strands of the stem, both 22 nts in

length, remain bound to each other. Due to the endonuclease action,

the two strands are offset thus that the duplex has 3’-overhangs two

nucleotides in length in both ends of the duplex.

Figure 1.1: MiRNA biogenesis (Kim et al, 2009). a) Canonical microRNA (miRNA)
genes are transcribed by RNA polymerase II to generate the primary transcripts (pri-
miRNAs), which will be cropped by the Drosha generating 65 nucleotide (nt) pre-
miRNAs, then recognized by the nuclear export factor exportin 5. RNase III Dicer
catalyses the second processing (dicing) step to produce miRNA duplexes. Dicer, TRBP,
and Argonaute mediate the processing of pre-miRNA and the assembly of the RISC
in humans. b) Canonical intronic miRNAs are processed co-transcriptionally before
splicing. The pre-miRNA enters the miRNA pathway. c ) Non-canonical intronic sRNAs
are produced from spliced introns and debranching, bypassing the Drosha-processing
step.
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IsomiRs generation

The advent of sequencing has permitted to elucidate a huge landscape

of new miRNAs, to increase the knowledge of the biogenesis and

to discover putative post-transcriptional editing processes in miRNAs

ignored until now. These processes generate mainly, variation of the

current miRNAs annotated in miRBase in the 3’ and 5’ terminus and in

minor frequencies, nucleotide substitution along the miRNA length [77,

124, 205, 185]. The variations are mainly generated by a shift of Drosha

and Dicer in the cleavage site, but also by nucleotide additions at the

3’-end [177], resulting new sequences different from the annotated

miRNA and named isomiRs by Morin et al, 2008. IsomiRs have been

well established along different species in metazoa [219, 179, 30, 102]

and deeply described for first time in human stem cells and human

brain samples [205, 185]. Moreover, isomiRs have been probed not

to be caused by RNA degradation during sample preparation for next

generation sequencing [160]. Some studies have tried to explain the

miRNA diversity by structural bases of precursors but with not clear

results [252]. The functionality of adenylation or uridynilation at the

3’end (3’addition isomiRs) has been related with alterations in the

miRNA-3’-UTR stability [44]. Furthermore, isomiRs have been detected

deregulated in D. melanogaster development elucidating a putative

function in important process [85].

Incorporation into the miRNP effector complex

The duplex in then unwound, and typically one of the strands is

selectively bound to the Argonaute protein in the miRNP (miRNA-

containing ribonucleo-protein particles) effector complex while the

other strand is degraded by the activity of an RNA helicase. The strand

that is less tightly base paired in the 5’-end is more often incorporated

into the effector complex [139, 238]. By definition, the strand that is

more often incorporated is referred to as the ’mature’ miRNA, while

the strand that is more often degraded is the ’star’ miRNA (sometimes

these are referred to as the guide and passenger strands,respectively).
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In practice, the distinction between the mature and star strands is

blurry. For instance, the ratios of incorporated mature versus star

strands can change during development in a given organism [199], and

the ratios can change over evolutionary time, causing a reversal of the

dominant strand [230]. Further, there is strong evidence that many

miRNAs have mature and star sequences that are incorporated into the

effector complex in comparable abundances and are both functional

[199, 283].

Alternative routes into the miRNA biogenesis

Many miRNAs are derived from the introns of protein coding genes and

may be co-transcribed with host genes [225]. However, the expression

of these miRNAs do not always correlate with the expression of the

host genes [230], suggesting that the miRNAs are themselves post-

transcriptionally regulated. Recent studies show that some short ( 70

nts) introns can undergo Dicer processing and enter the miRNA pathway

without previous Drosha processing by resolving the splicing process

and releasing the introns which serve as miRNA precursors (mirtrons)

[229, 200, 29]. Usually, these precursors need to be trimmed by

exonucleases to remove extended tails at either the 5’ and 3’-end in

order to become a substrate for nuclear export. Dicer-independent

miRNA biogenesis that require AGO catalysis has been identified in

mouse, wherein miR-451 is processed by Drosha, but its maturation

does not require Dicer. Instead, the precursor becomes loaded into AGO

and is cleaved to generate an intermediate 3’-end, which is then further

trimmed and uridylated [55, 284, 59].

Target specificity

The miRNA-mRNA duplex structure

Once the miRNA is incorporated into the miRNP effector complex, it can

direct the complex to target sites in the 3’-UTRs of mRNAs to degrade

the mRNA or inhibit its translation.However, the target sequences
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inserted into either coding or 5’-UTR sequences are also functional

[147]. Unlike plant miRNAs, which are thought to bind to mRNA target

sites with almost full complementarity [223], animal miRNAs have only

partial complementarity to their target sites. It was noticed early that

especially the 5’-end of miRNAs is important for the binding [154], in

particular nucleotides 2-7 or 2-8 from the 5’-end, sometimes referred

to as the ’seed’ or the ’nucleus’ region [11]. Other structures of the

3’-end of miRNAs are also involved in the duplex stability, giving a

supplementary site in the case the seed is fully paired or giving a

compensatory site when the 5’-end has mismatches or bulges [22] (see

figure 1.2). It is true that the latter contributions to target recognition

only have been proposed to affect the thermostability of the duplex

rather than sensitivity.

Figure 1.2: Type of miRNA target sites from Bartel et al, 2009. (A-C) canonical,
7-9 nt seed matched seed. (D-E) Marginal, 6 nt sites matching seed region. (F-G)
Sites with productive 3’ pairing. (H) Number of preferentially conserved mammalian
sites matching a typical conserved miRNA. The orange-hatched subsectiors indicate
the fraction of conserved sites with preferentially conserved 3’ supplementari pairing.
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The fate of the target mRNA is decided by the extent of base-pairing

to the miRNA. It was believed that a miRNA directs destruction of

the target mRNA if it has perfect or near-perfect complementarity to

the target [123]. However, multiple evidences of mRNA repression

instead of full degradation, with perfect target interaction indicate that

the previous assumption is not correct. In these cases, an additional

role has been proposed for the mRNA slicing process, related with

the generation of sRNAs as it happens in the piRNAs biogenesis [42].

Nevertheless, it has been well described that central mismatches

prevent slicing, which is consistent with the structural model [251].

Other factors that might influence in the way mRNA will be treated, are

the type of RISC/AGO proteins, and even the protein composition of the

target mRNA-protein particle [190]. Moreover, a recent study in human

cells showed that transcript promoter determines the mechanism to be

used for its silencing mechanism [149]. Finally, it seems clear that the

presence of multiple, partially complementary sites in the target mRNA

will predominately direct the inhibition of protein accumulation without

strongly affecting mRNA levels [21].

Mechanisms of miRNA-mediated silincing

It is well know that miRNAs are involved in mRNA destabilization by two

mechanisms: mRNA degradation and translational repression [120].

Translation repression

A fact that is relevant is that mRNAs are competent for translation

if they posses a 5’-cap structure and a 3’-poly(A) tail, interacting

with the factor 4G (eIF4G) which gives rise to circular mRNA that is

efficiently translated and protected from degradation [70]. Another

important protein in this process is the Cytoplasmic poly(A)-binding

protein (PABPC), associated to the poly(A) tail of mRNAs. There is

increasing evidence to suggest that animal miRNAs interfere with the

function of the eIF4F complex and PABPC during mRNA stabilization.

What remains unclear is how and when the interaction of miRNA-
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mRNA occurs. Current studies support two main mechanisms: post-

initiation repression or repression at the initiation stage. Supporting

the post-initiation repression, experiments with C. elegans showed that

lin-14 and lin-28 mRNA where detected in polysomes, suggesting that

repression occurred after translation had been initiated [201, 240, 184,

196, 209]. Nottrott et al [196] proposed that the nascent polypeptide

chain might be degraded co-translationally, while Petersen et al. [209]

proposed that miRNAs cause ribosomes to dissociate prematurely.

In contrast with this theory, other results suggested that miRNAs

inhibit cap-dependent translation since mRNAs translated through cap-

independent mechanism (IRES) were unsusceptible to repression by

miRNAs [213]. These results argued that the silencing machinery tar-

gets the cap structure or interferes with the eIF4F complex, becoming

the predominant mechanism when repression occurs.

Target degradation

Evidences of this process come from transcriptome studies showing

that the abundance of miRNA targets inversely correlates with the level

of miRNA [241, 102, 172, 84]. Although miRNAs can direct endonu-

cleolytic cleavage of fully complementary targets [286], they rarely do

so in animal cells, in which the vast majority of targets are partially

complementary. In those cases the miRNA-mRNA duplex goes to the

mRNA decay pathway, being the mRNA first deadenylated and then

decapped by the enzyme DCP2 [278, 94]. In vivo, decapped mRNAs

are ultimately degraded by the major cytoplasmatic 5-3 exonuclease

XRN1 (see figure 1.3). Recent studies have reported that deadenylated

mRNAs are not further degraded providing an alternative route for

silencing by repression, where the mRNAs remain in cells after this step

and not before [212]. However, this a debate that still exists nowadays

regarding the order of events and it would need further investigation to

elucidate the correct pathways of both functional roles, repression and

degradation.
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Figure 1.3: Mechanisms of miRNA-mediated gene silencing in animals
(Huntzinger et al, 2011). a) A closed loop conformation between PABPC (poly-A
binding protein) and 3’ poly(A) tail and translational initiation factor (eIF4G) and cap-
binding protein. b) The miRNAs loaded into AGO and coupled to GW182, a trinucleotide-
repeat-containing protein, bound to the mRNA. c) Two binding site of GW182 interact
with PABPC and this complex directs the deadenylation. d) Depending on the specific
target, or cell type, the process goes to translational repression. e,f) In cell culture,
deadenylated mRNA are decapped and rapidly degraded.
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Functions

A description of miRNA biogenesis and mechanism of regulation does

not confer what functions miRNAs have at the level of the cell, organism

or evolution. Given that metazoans typically have hundreds of miRNA

genes that together regulate 30-60% of all protein coding genes, and

given the range of regulatory mechanisms available, it is difficult to

make generalizations. However, a number of themes emerge from the

literature, which are next summarized.

miRNAs as switches

There are some examples where miRNAs work to clear cells of tran-

scripts from earlier development programs, enforcing a clean switch

from one developmental stage to the next. In C. elegans the hete-

rochronic gene lin-14 encodes a protein that is needed for the comple-

tion of the first larval stage (L1). However, unless the LIN-14 protein

is depleted when the larva enters the second larval stage (L2), the

first stage will be re-iterated [232]. The first miRNA described in any

worm, lin-4, begins getting transcribed in the L1 to L2 transition and

inhibits translation of the lin-14 mRNA by binding to seven target sites

in the 3’-UTR [276, 162]. The switch function is clear: before the

transition, lin-4 miRNA is absent and the LIN-14 protein is present; after

the transition the reverse scenario occurs. In zebrafish, miR-430 begins

getting transcribed as the zygote transits from maternal to zygotic

transcription. The miRNA accelerates the degradation of hundreds

of maternal transcripts [94]. This can be considered as a switch

function, since the effect of miR-430 is to reduce target expression to

zero. Zebrafish Dicer mutants have several defects during gastrulation

and brain morphogenesis. Interestingly, injection of mature miR-430

rescues these brain defects [94]. In mice, microRNA-203 appears to

signal the switch from proliferation to differentiation as skin develops

in embryonic mice, rapidly upregulated to become the most abundant

miRNA in the suprabasal layers of the epidermis [287].
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miRNAs as expression regulatory tuners

That miRNA targets are only slightly downregulated have been sup-

ported by recent high-throughput proteomic studies [241, 18].This also

holds for many target sites that are conserved, and therefore likely

under positive selection. A possible explanation for this observation

is that miRNAs may work as an extra layer of post-transcriptional

regulation, fine-tuning the output from the transcriptional machinery.

Mouse immunology can serve as a proof that fine-tuning of protein

output can have a strong phenotypic effect. In mouse lymphocytes,

miR-150 modulates the expression of c-Myb, which promotes B cell

survival [280]. Ectopic expression of miR-150 has subtle effects on

the levels of c-Myb protein (30% reduction). This modest reduction,

however, has a dramatic impact on the number of B cells in the mouse

(more than four-fold reduction). Overall, miRNAs may also impact the

transcriptome through numerous ’soft’ effects.

miRNAs as buffers

The buffering function refers to miRNAs that reduce the variance rather

than the mean of gene expression. This function could theoretically

help to make the expression of protein coding genes more robust and

stable against stochastic fluctuations in transcription and translation

efficiency and also against environmental influences. Such buffering

could increase the connection between genotype and phenotype, and

therefore increase heritability [116, 279, 211]. The miRNA buffering

function finds theoretical support from network models, in which many

miRNAs are predicted to interact with transcription factors and target

genes in regulatory networks that would stabilize gene expression

[116]. However, there is yet little solid evidence to support that miRNAs

act as buffers [279]. One problem is that laboratory experiments are

designed to minimize environmental influences that miRNAs should

stabilize. Thus, experiments that simulate the stressful environment
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of nature may reveal more differences between wild-type animals and

Dicer knockout animals.

1.1.2. piRNAs

Piwi-interacting RNA (piRNA) is the largest class of sRNA molecules that

is expressed in animal cells [242]. piRNA forms RNA-protein complexes

through interactions with Piwi proteins which was shown to be essential

for self-renewal of germeline stem cells [63, 64, 256]. These piRNA

complexes have been linked to transcriptional gene silencing of retro-

transposons and other genetic elements in germ line cells, particularly

those in spermatogenesis. They are distinct from miRNA in size (26-31

nt rather than 21-24 nt), lack of sequence conservation, and increased

complexity. It remains unclear how piRNAs are generated, but potential

biogenesis pathways have been suggested, that clearly differ from

those generating miRNAs and siRNAs (see below), although rasiRNAs

(repeat associated siRNA) are a piRNA subspecies [145].

Proposed piRNA structure

piRNAs have been identified in both vertebrates and invertebrates,

and although biogenesis and function mechanisms do vary somewhat

between species, piRNAs have no clear secondary structure motifs. The

length of a piRNA is, by definition, between 26 and 31 nucleotides, and

the presence of a 5’ uridine is common to piRNAs in both vertebrates

and invertebrates. piRNAs in C. elegans have a 5’ monophosphate and

a 3’-modification that acts to block either the 2’ or 3’ oxygen by HEN1

methyltransferase [228], and this has also been confirmed to exist in

fly [264], zebrafish [117], mice [142] and rats [117]. It is thought that

there are many hundreds of thousands of different piRNA species found

in mammals [68]. Thus far, over 50,000 unique piRNA sequences have

been discovered in mice and more than 13,000 in D. melanogaster

[173].
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Location

piRNAs are found in clusters throughout the genome; these clusters

may contain as few as ten or up to many thousands of piRNAs and can

vary in size from one to one hundred kb [198]. While the clustering

of piRNAs is highly conserved across species, the sequences are not

[183]. D. melanogaster and vertebrate piRNAs have been located in

areas lacking any protein coding genes [40], while in C. elegans have

been identified amid protein coding genes [228]. In mammals, piRNAs

are found only within the testes [117], with an estimated one million

copies per cell in spermatocytes and spermatids [13]. In invertebrates,

piRNAs have been detected in both the male and female germlines,

but in no other cell types [117, 68]. At the cellular level, piRNAs have

been found within both nuclei and cytoplasm, suggesting that piRNA

pathways may function in both of these areas [145] and, therefore, may

have multiple effects [231].

Biogenesis

The biogenesis of piRNAs is not yet fully understood, although possible

mechanisms have been proposed. piRNAs show a significant strand

bias, that is, they are derived from one strand of DNA only, and this

may indicate that they are the product of long single stranded precursor

molecules [242]. Two possible pathways have been proposed to be

the mechanisms of biogenesis: First, a primary processing pathway

is suggested to be the only pathway used to produce piRNAs in the

pachytene stage in mice which are only associated to MILI and MIWI

proteins, and related also with piRNAs derived from ’flamenco’ repeat

family in fly. In this mechanism, piRNA precursors are transcribed

resulting in piRNAs with marked strand asymmetry, as if they are

processed from one or a few huge transcripts [14, 39]. And secondly,

also a ’Ping Pong’ mechanism is proposed wherein primary piRNAs

recognize their complementary targets and cause the recruitment of

Piwi proteins. This results in the cleavage of the transcript at a

point ten nucleotides from the 5’-end of the primary piRNA, producing
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the secondary piRNA [39] (see figure 1.4). These secondary piRNAs

are targeted toward sequences that possess an adenine at the tenth

position [14]. Since the piRNA involved in the ping pong cycle directs

its attack on transposon transcripts, the ping pong cycle acts only at

the level of transcription [183]. One or both of these mechanisms

may be acting in different species, C. elegans, for instance does have

piRNAs, but does not appear to use the ping pong mechanism at all

[68]. A significant number of piRNAs identified in zebrafish and D.

melanogaster contain adenine at their tenth position [145], and this

has been interpreted as possible evidence of a conserved biosynthetic

mechanism across species [81]. piRNAs are expressed through unique

pathways, which are dissimilar to the expression pathways utilized

by other sRNAs [117, 68]. However, evidence suggests that PIWI

proteins must be present to stabilize piRNAs and, thus, facilitate their

accumulation [68].

Function

The wide variation in piRNA sequences and PIWI function over species

contributes to the difficulty in establishing the functionality of piR-

NAs [269]. However, like other sRNAs, piRNAs are thought to be

involved in gene silencing, specifically the silencing of transposons.

The majority of piRNAs are antisense to transposon sequences [183],

suggesting that transposons are the piRNA target. In mammals it

appears that the activity of piRNAs in transposon silencing is most

important during the development of the embryo [14], and in both

C. elegans and humans, piRNAs are necessary for spermatogenesis

[269]. A recent work reported a widespread expression of a limited

set of piRNAs in the hippocampus with a suggested role in spine

morphogenesis [159]. piRNA has a role in RNA silencing via the

formation of an RNA-induced silencing complex (RISC). piRNAs interact

with Piwi proteins that are part of a family of Argonautes proteins.

These are active in the testes of mammals and are required for

germ-cell and stem-cell development in invertebrates. Three Piwi
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Figure 1.4: Amplification loop consisting of Piwi/Aub complexes, Ago3
complexes, piRNA cluster transcripts, and transcripts of active transposons
(Brennecked et al, 2007). Nucleotide cleavage events are shown as scissors.
Potential sources of primary piRNAs are piRNA cluster transcripts and maternally
inherited piRNA complexes with a nt bias at position 1 of Uracil. The complex of
Piwi/Aub and piRNA targets the transcript of active transposon and cleavages it at a
point ten nucleotides from the 5’-end of the primary piRNA, producing the secondary
piRNA, which is loaded into Ago3. This secondary piRNA pairs to a piRNA cluster
transcript and cleavage at the Adenine nucleotide, generating a primary piRNA which
will be load into Piwi/Aub proteins closing the cycle.
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subfamily proteins - MIWI, MIWI2 and MILI - have been found to be

essential for spermatogenesis in mice. piRNAs direct the Piwi proteins

to their transposon targets. A decrease or absence of PIWI protein

expression is correlated with an increased expression of transposons

[14]. Transposons have a high potential to cause deleterious effect

on their host, and, in fact, mutations in piRNA pathways are found

to reduce fertility in D. melanogaster [40]. However, piRNA pathway

mutations in mice do not demonstrate reduced fertility; this may

indicate redundancies to the piRNA system [145]. Furthermore, it is

thought that piRNA and endogenous small interfering RNA (endo-siRNA)

may have comparable and even redundant functionality in transposon

control in mammalian oocytes [183]. piRNAs appear to have an

impact on particular methyltransferases that perform the methylations

which are required to recognize and silence transposons [14], but

this relationship is not well understood. piRNAs can be transmitted

maternally [117], and based on research in D. melanogaster, piRNAs

may be involved in maternally derived epigenetic effects. The activity

of specific piRNAs in the epigenetic process also requires interactions

between Piwi proteins and heterochromatin formation proteins, as well

as other factors [173].

1.1.3. siRNAs

Small interfering RNA (siRNA), is a class of double-stranded RNA

moleucles, 21 nucleotides in length, involved in the RNA interference

pathway originally discovered in plants [106]. These RNAs are derived

from transposon transcripts, sense-antisene pairs and long stem-loop

structures [140], first described in plants and worms with a transposon

silencing function. However, it is now well described how this type of

sRNA is also generated in flies and mammals, and are involved in a wide

range of pathways, such us, defense against viruses infection or gene

regulation.
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Structure

siRNAs have a well-defined structure: a short (usually 21-nt) double

strand RNA (dsRNA) with 2-nt 3’-overhangs on each end being the result

of processing by dicer. Each strand has a 5’ phosphate group and a 3’

hydroxyl (-OH) group.

Biogenesis

The biogenesis of siRNAs can be separated in two groups: RNA

dependent RNA polymerases (RdRPs) pathways in worms and plants,

and dsRNA derived siRNA in flies and mammals due to the lack of these

proteins:

RdBP-dependent siRNAs

Worms and plants generate a huge landscape of endo-siRNAs with the

help of RdRPs triggering dsRNAs from single-stranded RNAs. While

plants require Dicer activity for the biogenesis of siRNAs, in worm,

the processing is totally independent of Dicer. [65]. In both cases,

the biogenesis process is considerably complex including several steps

and factors. In C. elegans, primary siRNAs are products of long

dsRNAs through the action of DCR-1 [99, 137, 255]. Then, siRNAs

associate to RDE-1 (worm Argonaute protein) to guide it to the target

transcripts recruiting an RdRP, which uses the target as a template

for the synthesis of the secondary siRNAs, possesing a triphospate at

the 5’-end [204, 117]. In plants, RdRPs convert ssRNAs precursors to

dsRNA, which will be processed into siRNAs, classified in three major

subclasses according to the Dicer family and AGO complex involved

in their pathways: trans-acting siRNAs (ta-siRNAs), natural antisense

transcript-derived siRNAs (nat-siRNAs), heterochromatic siRNAs (hc-

siRNAs) (see Box 2) [65].
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Box 2. Type of endo-siRNAs in plants

ta-siRNAs The process begins with miRNA-mediated cleavage of TAS1-3 non-
coding RNA by miR390-AGO or miR1730-AGO1. After that, a RNA-dependent
RNA polymerase (RDR6) synthesizes dsRNA using the cleavage site as entry
point. Finally, 21-nt siRNA duplex are processed by Dicer-Like (DCL4) protein.

nat-siRNAs Generated using dsRNA transcripts from bidirectional transcrip-
tion under biotic/abioteic stress. The proteins involved are DCL2 and DCL1,
producing 24-nt or 21-nt siRNAs, respectively.

hc-siRNAs The precursors, in this case, are transposons and repeat elements
processed by DCL3 and RDR2 proteins, triggering to 24-nt siRNAs.

siRNAs derived from dsRNAs

The generation of siRNAs from exogenous dsRNA is currently best

understood in D. melanogaster, wherein the RNase III protein Dicer

2, with the help of the dsRBD co-factor and R2D2 [109, 291], cleaves

exo-dsRNA sequently producing siRNA duplexes [164, 175]. However,

siRNAs are also originated from endogenous dsRNA (endo-siRNA) [93,

199, 135, 58], involving a double-stranded RNA binding protein (R2D2,

dsRBD) in their biogenesis [291, 93, 135, 58, 66]. This source can

be sense-antisense transcripts pairs derived from transposons with

natural mismatches and bulges. One example is endo-siRNAs targeting

transposons, which originate from hybridization of transposon mRNAs

with piRNAs cluster transcripts. Furthermore, single-stranded, but self-

hybridizing, transcripts with long stem-loop structure also serve as

precursors. In the same way, endo-siRNAs have been described in

mammals, concretely in mouse oocytes and embryonic stem cells [262,

273, 16] using dsRNA as sources. Depending on the type of precursors,

siRNAs can be trans-endo-siRNA, when the sense-antisense pair comes

from different loci, and cis-endo-siRNA if the dsRNA is transcribed by

convergent transcription of the same locus. An example of trasn-

endo-siRNA are pseudogenes that anneal to their cognate functional

transcripts generating siRNA with a role in the gene regulation [273,

262].
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Function

siRNAs were first discovered as part of the post-transcriptional gene

silencing in plants [106]. Since that, many studies are trying to

elucidate the mechanism of action of siRNAs, enumerating a wide

range of functional roles. In Arabidopsis, it was described a siRNA

transposon silencing mechanism with the aim to control the mutagenic

processes that are very high in this genome due to the high amount of

repetitive elements [54, 105, 176, 218]. This mechanism has been also

reported in C. elegans [138, 245, 257], fly [58] and hypothesized in

mouse oocytes [140], and even with further consequence, in ciliates,

where the transposons are completely removed from the genome

[74]. In addition, Flies use siRNAs mechanism to defend against

viruses that produce dsRNA during infection [265, 270]. The activity

of siRNAs goes further, and affects the chromatin structure, modifying

heterochromatin structure in pericentromeric regions of S. pombe yeast

[222, 268]. This type of function has been also supported in the

organization of centromeres of C. elegans [60, 101, 266]. Recently,

plant siRNAs from introns has been associated to DNA methylation

on their host genes [56]. Finally, siRNAs can also be exogenously

(artificially) introduced into cells by various transfection methods to

drive specific knockdown of a gene of interest. Essentially, any gene

for which the sequence is known can be targeted based on sequence

complementarity with an appropriately tailored siRNA. This has made

siRNAs an important tool for discovering gene function and drug target

validation studies in the post-genomic era [91].

1.1.4. Other small RNAs

Although the previous classes are the best characterized, there are a

set of novel sRNAs that are being investigated nowadays, and have

appeared as a consequence of the high resolution and capacity of new

sequencing technologies (see high-throughput sequencing section for

technical details). DeepBase is a database storing this information

using 185 public datasets of different species and cell types [284]. As

23



INTRODUCTION

the functional role remains unclear, these novel sRNAs are classified

according their position in the genome and putative functions. We

mention here according to the knowledge about them, in descending

order: non-coding RNA (nasRNA), tiRNAs, splicing site derived sRNAs

(spli-RNA), (gene termini associated human sRNA) tasiRNAs, tRNA

derived sRNAs [9].

nasRNA or ncRNA-associated small RNAs

Small nucleolar RNAs (snoRNA) of 60-300 nucleotides long serve as

guide for modification of selected ribosomal RNA nucelotides [144, 17].

Two main classes of snoRNAs have been described: C/D snoRNAs,

which bind C/D snoRNP protein fribillarin, involved in methylation, and

H/ACA snoRNAs, binding to RNP with pseudouridylation activities. Some

of the features shared with miRNAs are: a) the high conservation

through evolution [195], although the existence of species- and lineage

specific snoRNAs and miRNAs have been also probed, and b) the

procendence of snoRNAs from transposable elements [181, 274]. This

has been also described for some miRNAs families [247], suggesting

a widespread generation of these sRNAs by retroposition of existing

RNAs, using long interspersed nuclear elements. In the last years,

several studies have detected the biogenesis of sRNAs using these

snoRNAs [239, 134, 259, 80] as precursors, with miRNA like functions.

Indeed, a few miRNAs families are inside some of these snoRNAs, like

let-7, mir-28, mir-16, mir-31 and mir-27b, supporting the hypothesis of

a common functional role and evolution [239, 202]. An non-miRNA

example is a sRNAs derived from snoRNA MBII-52 are involved in the

regulation of serotonin alternative splicing [143].

tiRNA or transcription initiation derive sRNA

After a genome-wide profiling study in human embryonic stem cells, a

population of sRNAs proceeding from almost all 5’ terminus of genes

were reported. This analysis revealed that the majority of genes start

their transcription, but after 70 nucleotide the process is stopped or
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paused [130]. In a posterior study, to further investigate the previous

results, sRNAs from human, chicken and drosophila were sequenced

with Illumina and Roche FLX platform [258], detecting a peak of sRNAs,

18 nt in length, clustered downstream of transcription start sites

and highly correlated to expressed genes and G+C-rich sequences.

Experiments with Dicer-2 knockout indicated that their biogenesis is

related to miRNA pathway. It was suggested that tiRNAs may be a

product of backtracking given by RNA Pol II, which arrests +20 to +32

from TSS of certain promoters and then backtracks after encountering

a nucleosome. However, a more important role may be assigned in

gene regulation, wherein tiRNAs may act as a constitutive switch to

counteract and silence possible anti-sense non-coding RNAs to turn on

a gene [260]. As a final function, tiRNAs have been related to epigenetic

marks since they have been localized in the nucleus, and strongly

correlated to chromatin modification and gene transcription [261].

spli-RNA or splice site derived sRNA

A novel set of sRNAs were discovered in the nucleus of very distant

metazoans, from worm to human, but not in yeast or plants [261]

mapping precisely to the splice donor site of exon/intron boundaries. No

evidence was found to connect the biogenesis with miRNAs or siRNAs

pathways. Usually, spli-RNAs are correlated to constitutive splice sites,

but a subset has been detected at alternative first exons.

tasi-RNAs or gene termini associated human RNAs

Kapranov et al [130] improved the methodology to prepare libraries

for deep sequencing, avoiding biases introduced in the ligation and

amplification steps. As a result, a novel sRNA family was discovered

localized within 50 bp and antisense to the 3’-untranslated regions

(UTRs) of annotated transcripts. It is suggested that these RNAs could

potentially be produced by copying of polyadenylated mRNAs using

an endogenous enzymatic activity similar to an RNA-dependent RNA

polymerase starting from the poly(A) tail, supporting a novel RNA
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copying mechanism and in concordance with non-expected antisense

transcripts found in the CAGE analysis (cap-analysis of gene expression)

[51].

tRNA derived sRNA

The fact that tRNAs lead to the generation of sRNAs arose in 2001,

finding this class highly expressed in mouse [121]. Then they were

detected in G. lamblia [170], and tripanosoma [89] as consequence

of nutritional stress. Finally in human, two types were described, one

localized in nucleus due to the action of RNaseZ and RNaseP, and the

second localized in the cytoplasm with Dicer intervention [282, 110].

These sRNAs have preference for AGO3-4, and functional assays have

shown a correlation to siRNA and miRNA silencing activities.
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1.2. DNA sequencing

DNA sequencing refers to the methodology applied to determine the

order of the nucleotides bases in a DNA molecule. The knowledge of

DNA sequences has become indispensable for basic biological research,

and numerous applied fields such as diagnosis, biotechnology, forensic

biology and biological systematics. The advent of DNA sequencing has

significantly accelerated biological research and discovery. With the

huge evolution in this technology over history, the past years have

witnessed of the deciphering of thousands of genomes from different

species, including hundreds of human genomes.

As a result of a competition running in the 70s, after being recognized

for the scientific community that sequencing would be the best way

to investigate the life code, english and american teams developed in

parallel two technologies [236, 189]. The english team, lead by Sanger

F, developed the technology that was chosen for sequencing. A little

more than 20 years later, a bioluminescent sequencing-by-synthesis

approach was invented, called pyrosequencing [226]. Nowadays, the

sequencing technology has done a huge jump to a wide genome

vision generating millions of sequences in a single experiment. Well-

known examples of such DNA sequencing methods include 454 pyrose-

quencing (introduced in 2005 and generating millions of 200-400bp

reads in 2009), the Solexa system (introduced in 2006, generating

hundreds of millions of 50-100bp reads in 2009) and the SOLiD system

(introduced in 2007, generating billions of 50bp reads in 2009) (see

table 1.1). These methods have reduced the cost from $0.01/base in

2004 to nearly $0.0001/base in 2006 and increased the sequencing

capacity from 1,000,000 bases/machine/day in 2004 to more than

5,000,000,000 bases/run/day in 2010 [211]. The platforms differ in the

technology used as well as in the statistics performance, and are briefly

described in the following sections.
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Table 1.1: Technology benchmarking

Platform NGS chemistry
single
reads
(pb)

pair
reads
(pb)

Output
(Gb)

Illumina HiSeq2 RTs 35 100 30-200

Illumina HiSeq1 RTs 35 100 13-100

Illumina GAII RTs 35 150 25-95

Roche 454 PS 400 400 0.4

Roche junior PS 400 400 0.04

ABI SOLiD 5500xl SBL 75 60 20-30

ABI SOLiD 5500 PS 75 60 10-15

The benchmarking shows the difference between technologies in term of: chemistry
(RT:reversible terminator; PS:pyrosequencing; SBL:sequencing by ligation), single
reads length (pb), pair reads length (pb) and data produced (Gb).

28



INTRODUCTION

1.2.1. Sanger method

Sanger method is based on the use of dideoxynucleotides in addition

of the normal nucleotides, which substitute a OH group by an hydrogen

in the 3’ carbon [236]. With this modification the addition of further

nucleotide in the reaction is backed due to the impossibility to form

the phosphodiester bond with the next nucleotide. After the primer

addition, which is labeled to be detected later in a gel, the sample is

divided in four tubes, containing one of the four dideoxynucleotides

(ddG, ddT, ddA, ddC) and the normal nucleotides. As the DNA is

synthesized, nucleotides are added on to the growing chain by the

DNA polymerase. However, on occasions a dideoxynucleotide is

incorporated into the chain in place of a normal nucleotide, which

results in a chain-terminating event. As a result, in each tube, a

mixture of products is found with different sizes corresponding with

the termination of the replication due to the addition of the ddNTP.

For instance, in the tube with the ddGTP, all the products will end

with ddGTP, indicating that at that position (the product size), in the

source DNA there is a G nucleotide. With the information of all

tubes, the source DNA sequence can be detected. With the advance

of the technology, this method was automatized and improved with

the labeling of the ddNTP with different fluorochromes, allowing the

simplification and increasing the efficiency. In this content, Aplied

Biosystem was the first company to develop the automatic machine

in 1988 with a cost of $0.75/base.

1.2.2. Massively Parallel Signature Sequencing (MPSS)

The first of the ’next-generation’ sequencing technologies, MPSS was

developed in 1990s at Lynx Therapeutics, a company founded in 1992.

MPSS was a bead-based method that used a complex approach of

adapter ligation followed by adapter decoding, reading the sequence

in increments of four nucleotides giving up to 1million of sequences per

experiment [220]. Because the technology was so complex, MPSS was

only performed in-house by Lynx Therapeutics and no machines were
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sold. Later, they merged with Solexa which lead to the development

of sequencing-by-synthesis, a more simple approach with numerous

advantages, MPSS became obsolete.

1.2.3. Polony sequencing

It was developed in George Church’s lab at Harvard, and was among

the first next-generation sequencing systems used to sequence a

full genome in 2005. It combined an in vitro paired-tag library

with emulsion PCR, an automated microscope, and a ligation-based

sequencing chemistry. It sequenced an E. coli genome at an accuracy

of > 99.9999% and a cost of approximately 1/10th with respect that of

Sanger sequencing. The Polony sequencing strategy was incorporated

into the Applied Biosystems SOLiD platform [243].

1.2.4. 454 / Life Sciences: Pyrosequencing method

454 Life Sciences was founded originally as 454 Corporation and late

in March 2007 was purchased by Roche Diagnostic 2007 [2, 28]. This

technique, called pyrosequencing, is based on sequencing-by-synthesis

[141]. The system relies on fragmentation of genomic DNA (300-

800 base pairs) to be, later, ligated to short adaptors (see figure 1.5-

A). These adapter-ligated fragments are captured by beads which are

emulsified in a water-in-oil mixture with the amplification reagents,

being each bead covered by millions of identical copies of the captured

ligation product. Then, DNA-bound beads are placed into a fiber optic

chip with a mix of enzymes such as DNA polymerase, ATP sulfurylase,

and luciferase. Every time a given nucleotide is incorporated, light of

a given wave length is emitted being the signal strength proportional

to the number of the same nucleotides added. The light emissions

are detected and translated into nucleotide sequences. This service

is offered by the Genome Sequencer FLX System producing up to 1M

reads of 400 bases length. A scaled version for individual labs, GS

Junior, was released in 2010 generating up to 100K reads per run.
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Figure 1.5: Next-generation sequencing technologies (Shendure et al,2005).
(a) The 454 and the Polonator platforms rely on emulsion PCR to amplify clonal
sequencing features. An in vitro-constructed adaptor-flanked shotgun library (shown
as gold and turquoise adaptors flanking unique inserts) is PCR amplified in a water-in-
oil emulsion. One of the PCR primers is tethered to the surface (5’-attached) of micron-
scale beads. Bead compartments have 0/1 molecule. PCR amplicons are captured to
the surface of the bead. (b) The Solexa technology relies on bridge PCR to amplify
the template library. An in vitro-constructed adaptor-flanked shotgun library is PCR
amplified, but both primers densely coat the surface of a solid substrate, attached
at their 5’-ends. Amplification products originating from the template library remain
locally tethered near the point of origin.
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1.2.5. Solexa / Illumina: Reverse termination method

The first Solexa sequencer, the Genome Analyzer, was launched in

2006 and gave scientists the power to sequence 1G of bases in a

single run. Solexa was acquired by Illumina in 2007 [73, 5]. In the

Illumina’s sequencing by synthesis (SBS) technology, first adapters are

ligated to the fragmented DNA or cDNA, or to sRNAs (see figure 1.5-

B). The ligation products are attached to the surface of a flow cell, to

which PCR enzymes and nucleotides are added. Aside from the ligation

products the flow cell is also covered by a dense lawn of primers that

are complementary in sequence to the adapters. The adapters will

bind to these, making each ligation product form a bridge over which

amplification occurs. After numerous rounds of bridge amplification,

the flow cell will be covered by millions of clusters, each containing,

thousands of copies of one ligation product. Finally, enzymes and

fluorescent labeled nucleotides are added and sequencing by synthesis

takes place in each cluster on the flow cell. A laser excites the

nucleotides that are incorporated in each cycle in each cluster, and

the light emissions are translated into nucleotide sequences. Through

refinements and optimization, the last generation of Illumina SBS

technology based instruments generates 200G of bases per run, up

to 25 Gb per day and reads with length of 75 nt. Nowadays, Illumina

offers four different service according to the data production: MiSeq

(up to 6.8M reads), Genome Analyzer (640G reads). HiSeq1000 (500G

reads) and HiSeq2000 (2 billion reads).

1.2.6. ABI SOLiD: Sequencing by ligation method

SOLiD (Sequencing by Oligonucleotide Ligation and Detection) is a next-

generation sequencing technology developed by Life Technologies and

has been commercially available since 2008 [3, 217]. Adapters are

ligated to the fragmented DNA or cDNA, or to sRNAs. Similar to the

454 platform, the ligation products are bound to beads and emulsion

PCR reaction takes place in microreactors, resulting in beads covered

by millions of copies of the same ligation product. The resulting
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copies are then covalently bound to a glass slide, such that identical

copies from one bead locate to one cluster on the slide. Then primers

complementary to the adapter sequence are added and extended with

di-base probes that compete for ligation to the primer. The di-base(two

base at the same time) probes are fluorescently labeled and indicate

the sequence of di-nucleotides of each cluster of identical ligation

products on the glass slide. Accuracy is improved by implementing

a two-base encoding system that leads to interrogation of each base

twice. A sequencing run takes 6-10 days and the output is high,

approximately 3-6 Gbp per run given a read length of 25-35 bases per

clonally amplified bead. Further, the di-base color encoding makes it

necessary to have dedicated computational tools for most downstream

analysis (see figure 1.6).

1.2.7. Helicos: sequency-by-synthesis

The technology used was named True Single Molecule Sequencing

(tSMS) [4], which enables the simultaneous sequencing of large num-

bers of strands of single DNA or RNA molecules by using a propri-

etary form of sequencing-by-synthesis in which labeled DNA bases

are sequentially added to the nucleic acid templates captured on a

flow cell. The most important characteristic of this technology is

that the amplification step is removed from the workflow, decreasing

the number of artifacts generated by this procedure. Billions of

single DNA molecules are captured in two flow cells and serve as

template for the sequencing-by-synthesis process. Addition of one of

the labeled nucleotides create the nascent complementary DNA on

all the templates. After a washing step, all the free nucleotides are

removed, and by imaging, the positions with the nucleotide addition

are recorded. In a further step, the fluorescent group is removed by

cleavage, blocking the incorporation of new nucleotides. This step is

then repeated with the other three bases. This results in multiple four-

base cycles, generating complementary strands greater than 25 bases

in length.

33



INTRODUCTION

Figure 1.6: AB SOLiD sequencing technology (Mardis et al, 2008). (a) AB SOLiD
sequencing by ligation first anneals a universal sequencing primer then goes through
subsequent ligation of the appropriate labeled 8mer, followed by detection at each
cycle. (b) Two base encoding of the AB SOLiD data greatly facilitates the discrimination
of base calling errors from true polymorphisms or indel events.
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1.2.8. Future perspective

Although sequencing progress in the last few years has resulted in

a significant reduction of sequencing costs, it is still too early and

too expensive to use these platforms to routinely sequence human

genomes at a larger scale. In October 2006, the X Prize Foundation

established an initiative to promote the development of full genome

sequencing technologies, called the Archon X Prize, intending to award

$10 million to the first team that can build a device and use it to

sequence 100 human genomes within 10 days or less, with an accuracy

of no more than one error in every 100,000 bases sequenced, with

sequences accurately covering at least 98% of the genome, and at

a recurring cost of no more than $10,000 (US) per genome . The

competition is still running [6].

Pacific Biosciences

The technology behind Pacific Biosciences is called single molecule

real time sequencing (SMRT) [8]. A proof-of-concept study showed

read lengths of single DNA fragments over 1500 bases in 3000 par-

allel reactions. The heart of the technology is so called zero-mode

waveguides (ZMW) [79] which essentially consists in nanometer scale

wells with a diameter of 70 nm where a single DNA polymerase is

immobilized (see figure 1.7). Nucleotides, fluorescently labeled at the

terminal phosphate, are incorporated by the polymerase, exposing its

base-specific fluorophore for a few milliseconds which is enough for

detection. Benefits are long read lengths of thousands of bases in one

stretch and high speed (10 bases per second and molecule), and the

lack of amplification step. It is still at the proof-of-concept stage and no

commercial instrument is ready.

Visigen Biotechnology

The platform consists of an engineered polymerase and modified nu-

cleotides for single-molecule detection [7]. An immobilized polymerase
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Figure 1.7: Pacific Biosciences’ four-colour real-time sequencing method
(Metzker et al, 2010). (a) The zero-mode waveguide (ZMW) design reduces the
observation volume, therefore reducing the number of stray fluorescently labelled
molecules that enter in the detection layer for a given period. (b) The residence time
of phospholinked nucleotides in the active site is governed by the rate of catalysis
(millisecond scale). This corresponds to a recorded fluorescence pulse, because
only the bound, dye-labelled nucleotide occupies the ZMW detection zone. The
released, dye-labelled pentaphosphate by-product quickly diffuses away, dropping the
fluorescence signal to background levels. Translocation of the template marks the
interphase period before binding and incorporation of the next incoming phospholinked
nucleotide.
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on a surface, modified with a fluorescence resonance energy transfer

(FRET) donor incorporates nucleotides modified with different accep-

tors, allowing base-specific and real time detection of incorporation

events. A theoretical throughput of 1 million bases per instrument

second has been given, although no proof-of-concept study has been

presented.

In advance

The future sequencing approaches are based on the physical recogni-

tion of nucleic bases. One alternative is nano pores, where the aim

is to sequence a DNA strand that is pulled electrophoretically through

a synthetic or natural pore, only 1.5 nm wide, measuring changes in

conductivity [211], or microscopy-based techniques, such as AFM or

electron microscopy that are used to identify the positions of individual

nucleotides within long DNA fragments (>5,000 bp) by nucleotide

labeling with heavier elements (e.g. halogens) for visual detection and

recording [281].
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1.3. Application of sequencing

Deep sequencing has numerous applications, not restricted to de novo

genome sequencing, but also directed to solve different layers of

compexity such as structural variations, SNP and transcriptome among

others (see figure 1.8). When the analysis is designed to compare the

data with a known genome (’re-sequencing’), the technology more used

for this kind of strategies is the Illumina platform, due to the low cost

and the amount of data produced by this technology, much better than

its competitors. The unique handicap it would be the read size, however

most possible ’words’ of length >25 or 30 (illumina read size) only occur

at most once even in relatively large genomes.

’de novo genome sequencing’. Novel genomes can be deeply

sequenced, but given that the sequencing reads produced by deep

sequencing are shorter than those produced by Sanger sequencing,

assembly remains a challenge. The strategy to generate a de novo

genome is the 454 technology, and even Sanger, to avoid problems

generated by repeats region in the assembly process. When the

genome is high complexity (no repeats), Solexa is also used.

’genome re-sequencing’. This is a term for the re-sequencing of

genomes that have previously been sequenced and assembled. The

Life Sciences/Roche company recently sequenced the genome of Dr.

James Watson for less than 1.5 million dollars using only the 454

deep sequencing platform [275]. For small and low complex genomes,

like microbes, Solexa technology is the chosen by the community for

the low-cost and amount data produced. A deeper characterization

could be extracted from DNA sequencing data, as SNP discovery,

InDels (small insertions or deletions) or structural variants (insertions,

deletions, copy number variants, inversions or translocations) when

comparing to the reference genome.
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’PEM’ (paired-end mapping), refers to the sequencing of short se-

quences at the 5’- and 3’-ends of a DNA fragment of different size,

which will determine the sensitivity of the analysis and also the library

preparation. The first time, the method was used to sequence 5’/3’-

ends of 3 kb fragment of two hapmap project individuals, detecting

an unexpected high number of variation in the genome [150] by

comparing the real distance between the 5’/3’ tags mapped to a

reference genome and the expected, in this case 3kb. A wide range

of structural variants can be detected, from insertions (smaller than

the fragment size), and deletions, to inversions and translocations. The

method has evolved to sequence the 5’/3’-end of fragments of 200-

400 pb, increasing the resolution and power of the structural variants

detection. Nowadays, we can differentiate between mate-pairs or pair-

ends strategies, depending of the origin of the 5’/3’-ends. Mate-pair

protocol involves fragmentation, circularization, pull down the ends

junction and sequencing, usually with a fragment size from 3kb and

40 kbs. In paired-end, the protocol is only based on fragmentation

generating reads of 100-400 nucleotides, and directly sequencing the

extremes.

Figure 1.8: Different types of sequencing experiments. The majority of the
datasets corresponds to chip-seq and RNA-seq. Source: GEO database.
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’BS-Seq’ (bisulfite sequencing). This is a method to selectively

sequence the parts of the genome that are DNA methylated. Using

a chemical reaction of sodium bisulfite, all unmethylated Cytosine

nucleotides are substituted by Uraciles generating Tymine nucleotides

when sequencing. In this way, comparing DNA treated and no-treated,

the pattern of C methylated nucleotide are obtained. It is one way in

which deep sequencing can survey epigenetic information [214].

’RE-Seq’ is used in different ways for the detection of chromatin ac-

cessibility and DNA methylation using DNase I or methylated restriction

enzymes, respectively. The digested DNA is then sequenced in order

to generate tags of their target sequences for posterior annotation by

deep sequencing and mapping. This will lead to the production of a

genome map of the corresponding target enzyme.

’CHIP-seq’. This method uses immunoprecipitation to pull-down tran-

scription factors or any enzyme and subsequent sequencing of the DNA

that they bind to (reviewed in [206]). This strategy generates a huge

map of possibilities in the study of motif-TF association. Furthermore,

this technology is becoming the gold standard platform in epigenomics

to detect DNA methylation (MeDIP-Seq) or chromatin modification by

the use of different anti-bodies with high affinity to methylation or

modified histones at different residues [32].

’RNA-seq’. Deep sequencing of mRNAs generates several levels of

information [234]. First, the number of times a mRNA is sequenced

correlates well with transcript abundances as estimated from qPCR

[193]. Compared with arrays, this ’digital gene expression’ is unbiased

since it does not depend on pre-spotted probes on an array. Second,

when exon-exon junctions are sequenced, information on splice vari-

ants and even gene fusion events is also yielded [131, 182]. Third,

sequence information such as SNPs or RNA editing can also be obtained

(reviewed in [271]). Frequently, in mRNA analysis the 3’ polyadenylated

(poly(A)) tail is targeted in order to ensure that coding RNA is separated
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from noncoding RNA. This can be accomplished simply with poly (T)

oligos covalently attached to a given substrate. Also, since ribosomal

RNA represents over 90% of the RNA within a given cell, studies have

shown that its removal via probe hybridization increases the capacity

to retrieve data from the remaining portion of the transcriptome.

Another key consideration concerning library construction is whether

or not to prepare strand-specific libraries, as has been done in some

studies [61]. These libraries have the advantage of yielding information

about the orientation of transcripts, which is valuable for transcriptome

annotation, especially for regions with overlapping transcription from

opposite directions. In addition this strategy permits non-coding RNA

gene discovery, which would have gone unnoticed unless the library

preparation includes other steps to avoid it.

’CLIP-seq’. Similar to CHIP-seq, and also called RIP-Seq or HITS-

CLIP, but the method uses pull-down of RNA binding proteins cross-

linked to RNA [277] allowing advent in miRNA-mRNA duplex in AGO [57,

293], studying new components in splicing events [235] or describing

alternative RNA processing [171]. A modified method, only directed to

identifie the binding sites of cellular RNA-binding proteins (RBPs) was

developed in 2010, and defined as PAR-CLIP [104].

’GRO-seq’, generates cDNA tags extended from nascent transcripts

synthesized in vitro from isolated human nuclei allowing the mapping

of elongating RNA polymerase II [62].

’SAGE’, developed in 1995, was the first technique used to analyze

transcriptome in an unbiased way. With a tipe II restriction enzyme,

small cDNA tags are generated to be sequenced posteriorly [267].

Currently the method has evolved to SuperSAGE, wherein tags are

longer, increasing specificity, and the transcriptome coverage is high

due to the advance in sequencing [186].
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’CAGE’ is a technique used to produce a snapshot of the 5’-end of

the messenger RNA population. The small fragments (usually 20-21

nucleotides long) from the very beginning of mRNAs (5’-ends of capped

transcripts) are extracted, reverse-transcribed to DNA, PCR amplified

and sequenced [244].

’sRNA-seq’. Deep sequencing allows the sequencing of millions of

sRNAs in a sample [191]. The library construction only requires simple

steps, like RNA extraction, sRNA selection and sequencing after adapter

ligation. This has enabled the discovery of sRNAs that were previously

below the detection limits, such us, siRNAs or sRNA populations that

have a high degree of sequence diversity, like the piRNAs.

1.4. Analysis tools

The introduction of next-generation sequencing technologies has pro-

duced a huge impact upon genomics and functional genomics. Indeed

these methods are rapidly supplanting the conventional Sanger strat-

egy [236] that has been the principal method of sequencing DNA since

its inception in the late 1970s. Currently available next-generation

sequencers rely on a variety of different chemistries to generate data

and produce reads of differing lengths, but all are massively parallel in

nature and present new challenges in terms of bioinformatics support

required to maximize their experimental potential.

Given the rate of development in this field that follows the Moore’s law

distribution (exponential growing with time) only the most used tools

will be highlighted for each sequencing application. In general, two

major groups can be named: reference genome-dependent analysis

and ab initio analysis (from scratch).
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Figure 1.9: Number of tools developed to accept files from each technology.
Source: http://seqswers.com/wiki:Special:BrowseData.

1.4.1. Analysis dependent on reference genome

The availability of reference sequences or genomes and transcriptomes

are the base to approach importnt biological questions using high-

throughput sequencing data. These include structural variation or

novel alternative splicing events, and the characterization of sRNA

transcriptome, among others. In this contest, 90% of the cases are

using the Illumina platform due to the low cost offered and the high

amount of data produced. At the beginning of this revolution, the

need of a tool for mapping billions of reads in a memory and in time

efficient way was the first challenge to abroad. In addition, mapping

information (reads location within the reference genome) is required

for the subsequent analysis. These steps are very dependent on

the analysis goal. Excepting de novo sequencing, the rest of the

applications mentioned in previous sections, require this information to

begin with the data inspection (see figure 1.10 for a view of the number
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of tools developed for each analysis).

Mapping reads is a distinct demonstration of sequence alignment, the

oldest bioinformatics problem. Classical methods, like Smith-Waterman

dynamic [249], indexing of longer k-mers (sequences of 7-24 nt) as

BLAT [136], or combinations of the two (BLAST) [10] are not appropriate

to the alignment of very large set of short sequences to a reference

genome [263]. As a result, many methods are based on the similar

principles and algorithms, but differ in the ’programming tricks’ or

the heuristics used to increase speed at the price of minimal loss of

accuracy. Research in this field is growing weekly with new, or modified

mapping current tools [23, 1]. Thus, I will concentrate only on a

description of the general principles underlying the most successful

algorithms, and very brief descriptions of a few of them.

Figure 1.10: Visualization of the number of tools developed for each analysis.
Source: http://seqswers.com/wiki:Special:BrowseData.

The majority of short read mapping tools underlie the principle of

creating index of positions for all distinct k-mers (fragments of k

nucleotides long) either the sequence reads, or the reference se-

quences, reviewed in [115]. The choice of which dataset is indexed

can have significant implication in efficiency, meaning more memory

requirements, and more amount of data. In small reference sequences,
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the more efficient process is the indexation of the genome, and

subsequent matching of the reads. The reason why most of the tools

are choosing indexing the data reads, and matching in the reference

sequences, is the easy scalability of the process: if the available

memory is not enough, then the reads can be split into subsets

and each subset to be indexed separately or in parallel in several

computers. While the computation time is increased, tools with this

strategy can be run in personal computers, or in a Bioinfromatics group

limited to the standard hardware capacity. The most fundamental

differences between available algorithms are whether the reference

or the reads are indexed, and the method applied for that purpose.

Another critical point to take into consideration for tool selection is the

reporting of only unique best matches or of all matches. As mentioned

before, other heuristic approaches have been implemented to speed up

the analysis, such as the quality score information. For instance, reads

with low quality can be removed, or only mismatches in less reliable

nucleotides are allowed. Furthermore, due to the quality decrease to

the 3’-end of the reads, some tools permit more mismatches at the

end, or permit the trimming of the end of the sequences to find a better

alignment. Also, specific strategies are needed for mapping spliced

transcript sequences to genome sequences in case of working with

RNA data. The performance of the different methods can be measured

according to different parameters: time required, memory occupation,

disk space and in the case of heuristic tools, the actual number of

reads that have been assigned correctly to their original position on

the genome. The choice of a given method depends on how many

tags need to be mapped, the sensitivity of the alignment, and the

specifications of the computing equipment available.

The first program developed to map massively sequences was ELAND, a

commercial aligner for the Illumina platform, provided free for research

groups that acquire the sequencer. The algorithm is based on the k-

mers strategy allowing mismatches and still nowadays, is the fastest

45



INTRODUCTION

Figure 1.11: Algorithm for mapping (Trapnell and Salzberg, 2009). (a)
Algorithms based on spaced-seed index the reads as follows: each position in the
reference is cut into equal-sized pieces, called ’seeds’ and these seeds are paired and
stored in a lookup table. Each read is also cut up according to this scheme, and pairs of
seeds are used as keys to look up matching positions in the reference. (b) Algorithms
based on the Burrows-Wheeler transform store a memory-efficient representation of
the reference genome. Reads are aligned character by character from right to left
against the transformed string. With each new character, the algorithm updates an
interval (indicated by blue ’beams’) in the transformed string. When all characters in
the read have been processed, alignments are represented by any positions within the
interval.
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and less memory-greedy tool, however it is not the more sensitive and

specific. After that, research started to develop better algorithms to

improve the deficiencies of ELAND. Some examples are SeqMap [127]

which allows insertions and deletions; ZOOM [173], that introduced

the term spaced seed for the indexing and is faster than ELAND;

and finally, SOAP [168] converting reads and genome to numbers

using 2-bits-per-base encoding (see figure 1.11). Other programs

added quality information to the alignment algorithm, like MAQ [166]

which is very fast but not always guarantees the best match for a

read, and RMAP [248], wherein low-quality reads are removed, and

nucleotides below a quality threshold induce always match. In the

posterior years, this research area is suffering a boom of new tools

with modifications to improve the time consuming of the process or

the performance. PASS [50] or MOM [75], although the quality is

better, it sacrifices the memory requirement, being up to 10 GB for

the human genome. Novel algorithms are being integrated to decrease

this barrier, like SOAP2 [169] or Bowtie [156] which employ a Burrows-

Wheeler [45] index, reporting a memory requirement of only 1.3 GB

for the human genome (see figure 1.11), but still not covering the best

quality scenario since, if the best match is inexact, may be not called.

Nevertheless, the differences observed between algorithms illustrate

that, particularly when errors are introduced, a substantial number of

artifactual placements are generated (mostly due to the presence of

sequencing errors) and that the different heuristics used by diverse

algorithms can find different imperfectly matching map positions [115].

1.4.2. ab initio analysis

The reconstruction of a genome only using information offered by the

data produce by the sequencer is defined, mathematically, as a class

of problem (’NP-hard’) for which no efficient computational solution

is known [90]. Scenically, the overlaping step is the most compu-

tational time-intensive component in a de novo assembly pipeline.

This step generates bigger fragments called contigs by partial-shifted
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overlapping between reads. This means that, the prefix of one read

overlaps with the suffix of another , see figure 1.12. Because of

this, short reads have a significant impact in the complexity of this

step, leading into efficiency issues. The complexity worsens if there

is no mate-pairs information and repeat regions are abundant and

large in the genome [215]. Due to these challenges, short-read

sequencing technologies (Solexa, SOLiD) have primarily been used in

re-sequencing applications. De novo assembly of these data has largely

been restricted to bacterial genomes, though an assembly of an entire

human genome from Solexa reads was recently reported [246]. This

approach is, therefore, better suited for long reads produced by Sanger

method or 454 technology [15, 210, 221] or even for combinations of

data from multiple sequencing technologies.

Greedy

Greedy algorithms represent the simplest, most intuitive, solution to

the assembly problem. Individual reads are joined together into contigs

in an iterative fashion, starting with the reads that overlap best, and

ending once no more reads or contigs can be joined. The parameters

in this case are the length and the quality of the overlapping, which

limit the accuracy of the algorithm. For instance, processing always

the best quality first, may generate misassemble repeats. Software,

such as, phrap, TIGR, ATLAS, PCAP, CAP3 and Phusion [111, 119, 192]

have implemented this type of algorithm to assembly Sanger data.

However recent software (SSAKE, VCAKE and SHARCGS) [272, 126, 71],

use a different strategy, wherein a read is chosen to start a contig,

being extended by overlapping on its 3’-end until no more extensions

are found. The process is repeated in the 5’-end using the reverse

complement of the contig. With this strategy, more quality or high

coverage reads are first considered.
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Overlap-layout-consensus or OLC

This strategy breaks down the assembly into three distinct steps in

order to enable a global analysis of the relationships between the reads

and is arguably the most successful assembly strategy. The first step

is the same as for the greedy approach: the reads are compared to

each other to construct a list of pair-wise overlaps. In a second step,

this information is used to construct an overlap graph containing each

contig as a node, and an edge connecting two nodes (if an overlap is

identified between the corresponding reads). The last step is to build a

single path that traverses each node in the overlap graph exactly once,

corresponding to a reconstruction of the genome in the layout step. This

module enables several analyses that are not possible with the previous

algorithms. For instance, a common conflict is to resolve the boundary

between a repeat and the genomic regions adjacent to the copies of this

repeat throughout the genome (see figure 1.12). Also, this process can

be constructed with the information of mate-pairs (paired reads that are

separated by a certain distance), used by Arachne [25]. For the new

data generated by the massively parallel sequencers, OLC approach

has been adapted in different tools, as newbler for 454 sequencing

data, Edena [113] with high performance and quality.

Eulerian path

This Eulerian path approach starts by breaking up the set of reads into

their k-mer spectrum and uses the coverage information to resolving

repeat events. The resulting k-mer spectrum is then used to construct

a ’de Bruijn graph’. This graph contains as nodes the k-1 length prefixes

and suffixes of the original k-mers, and two nodes being linked by an

edge if there is an overlap of k-2 mers. The path generated is called

Eulerian path, giving the name to the algorithm. Intuitively, the Eulerian

approach offers several advantages over the OLC strategy. First of

all, pairwise overlaps between reads are never explicitly computed,

hence the overlap step, which is a time-consuming process, is avoided.

Furthermore, efficient algorithms exist for finding a Eulerian path in
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a graph in contrast to the OCL approach. Ultimately, the task of an

assembler is to find just one of the possible paths, corresponding to

the correct reconstruction of the genome. The Eulerian strategy has

been proposed as an alternative to OLC for the assembly of Sanger

data and was implemented in the Euler series of assemblers, Velvet

and ALLPATHS [289, 47]. However, it was not widely adopted, in

part because of the high sensitivity to sequencing errors and the loss

of information due to chopping up the reads into a set of k-mers,

increasing the problem of solving the assembly in case of short repeats.

(a) Impact in science

Figure 1.12: Assembly concepts, adapted from Myers et al, 2000. a) Consider
the hypothetical genome consisting of three unique stretches A, B, and C with two
nearly identical, interspersed copies, X? and X", of a repeat element X. This results
in the four contig and overlaps shown. The contig X? +X" is overcollapsed, and the
U-contig for regions A, B, and C have repeat boundaries indicating the tail portions
that project into X. b) A scaffold is a collection of ordered contigs with approximately
known distances between them. Our contigs are built from U-contig that form a scaffold
via bundles and then have a series of rocks, stones, and pebbles filled into the gaps
between them.

Scaffolding

None of the assembly strategies described above can completely

reconstruct a genome from read data alone. The output of most

assemblers consist of an often large collection of independent contigs
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(see figure 1.12). Other sources of information can be used to

determine the relative placement of these contigs along a genome in a

process called scaffolding. Most commonly, scaffolding relies on mate-

pair information. Two contigs can be inferred to be adjacent in the

genome if one end of a mate-pair is assembled within the first contig,

and the other end is assembled within the second contig. Scaffolding

information can also be obtained from whole-genome mapping data.

In brief, optical mapping can determine the approximate location

of restriction enzyme cuts along a genome, thereby generating an

ordered list of restriction fragment lengths along the genome. Such

information can be used to identify the location of assembled contigs

within the genome (integrated in SOMA tool), resulting in an assembly

with a 80-90% of coverage of a entire bacterial genome [194]. All

modern assemblers, irrespective of the underlying assembly paradigm,

contain a scaffolding module, although, stand-alone scaffolders are

also available, such as Bambus [216] allowing mate-pair information

to be added to virtually any assembler. Note that both mate-pair

and mapping-based scaffolding approaches have difficulties scaffolding

short contigs and may, therefore, be difficult to apply to fragmented

assemblies generated from short-read sequencing data.

1.4.3. Deep sequencing impact in science

The previously unimaginable scale and economy of these methods,

coupled with their enthusiastic uptake by the scientific community and

the potential for further improvements in accuracy and read length,

suggest that these technologies are destined to make a huge and

ongoing impact upon genomic and post-genomic biology (see figure

1.13). As an example of what this advent has influenced, the word

’sequencing’ has increased its ratio of occurrence from 22.3 times/year

(before 2008) to 198.48 times/year (after 2008) in one of the most

relevant journals: ’Science’. International consortiums are choosing

deep sequencing as the main strategy to investigate different aspects

of biology. Focusing on humans, 3 relevant projects have been
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started from the advent of sequencing: the first one was launched

in 2008 with the aim to fully sequence 1000 individuals. Coming 2

years later the ICGC project, focused on 25000 cancer genomes, and

coupled with the UK10K human genomes project directed by Wellcome

Trust Institute. All of them are the very beginning of a new era of

’personal genomics’ services whereby complete genome sequences

of individuals will contribute to improve diagnostics and therapeutic

development while requiring novel tools for data management and to

ensure data privacy.

Figure 1.13: Visualization of the sequencing relevance in the popular
seqanswer forum (http://seqswers.com/wiki/Special:BrowseData). The graphic
has been created with the online resource wordle (http://www.wordle.net/). Words
such as ’sequencing’, ’sequence’ and ’reads’ are well represented among the tools
developed until now. The concepts more visible are directly related to the development
of tools meant to solve the more difficult aspects of sequencing data analysis:
’alignment’, ’assembly’, ’mapping’ ,’resequencing’, ’data’, ’RNA-seq’ and so on.

Furthermore, the management and analysis of next-generation se-

quencing data requires (and indeed has already driven) the devel-

opment of informatic tools able to assemble, map, store, share and

interpret huge quantities of nucleotide sequence data. However, all

of the current tools are directed by command-line interaction and
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are inaccessible for wet-bench researchers. There is undoubtedly

a need for a more intuitive, graphic user interface instruments to

render the power of these new technologies available to a wider

audience within the scientific community. All of these considerations

will further enhance the symbiotic relationship between modern biology

and computational sciences, and ensure long and productive careers for

talented and committed bioinformaticians.

1.5. Analyzing sRNA with sequencing

From the beginning, sequencing has been the method of choice for

miRNA discovery, wherein researchers have used conventional cloning

and Sanger sequencing. The methodology to identify new sRNAs does

not vary, in general terms, either using Sanger or deep sequencing plat-

forms. The main steps in which a typical analysis of deep sequencing

data is performed are the following (see figure 1.14):

1. Retrieve the sRNA sequences from the product generated by the

sequencer. Depending on the procedure, adaptor at 5’ and/or 3’-

ends should be removed by matching the adaptor sequence to

the data allowing in some cases a custom number of mismatches

assigned to error sequencing.

2. The resulting sequences are then mapped back to the reference

genome to identify the loci they are transcribed from.

3. In the majority of the analyses, all sequences annotated as rRNA,

tRNA, TE and so on are systematically removed of posterior

analysis. In the recent years, and parallel to our work, some

tools have been developed for the identification of this kind of

sequences, and usually, home-made pipelines are used to detect

other sRNAs that are no miRNAs.

4. If miRNAs are the focus of the analysis, the strategy stops here,

however if the final objective are other sRNAs, and extra step
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is included to exclude all the sequences product of degradation.

Typically, a window of 60-70 nt around each sequence is examined

to determine whether the sequence is the representation of a

unique spot on the loci, or a continuos and overlapping sequences

are detected as a consequence of degradation.

5. At the end, for non-miRNA sRNAs, a further analysis is performed

to characterize some common features of the population de-

tected. This step has been applied to identify all other sRNAs and

piRNAs described in the previous sections.

Figure 1.14: Flowchart of typical data-handling steps for small RNA (sRNA)
libraries among others (McCormick et al., 2010). Flowchart depicting the steps
involved in creating, processing and normalizing next-generation sequencing libraries.
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1.5.1. MiRNA data evolution

The first systematic studies to identify sRNAs were directed to the

discovery of novel miRNAs [161, 153, 157]. To identify the putative

miRNAs, a biogenesis process is expected where the sequence has

been cleaved out of either arms of a putative miRNA precursor hairpin.

Therefore, the flanking genomic sequence of a miRNA candidate should

be able to form a hairpin when folded with an RNA structure prediction

algorithm. If the candidate miRNA star sequence is also detected, it is

seen as confounding evidence. This strategy enabled to the collection

of enough data to create species-specific database, promoting a new

branch in the miRNAs study: comparative analysis. In this analysis, the

purpose is more the detection of a known miRNAs than the discovery

of novel forms. In this context, miRBase the first public database, was

released in 2004 [97], wherein all sequences detected as miRNA were

uploaded and maintained by recollecting new publications in the field.

Until the last year, the database recorded information such as, miRNA

and precursor sequences, position on the genome, and validated and

predicted targets. As a direct consequence of the database creation,

microarray were designed to determine profiles of miRNAs expression in

high-throughput approaches in different species and tissues. However,

after the deep sequencing emergence, this method has been the gold

standard technology for the miRNA detection. To this end, Illumina

platform has been the most widely used, since the amount of data

produced is bigger and cheaper (900e/20 mill reads) than the rest of

the current technologies. The main advantage of over arrays is the

detection of known and unknown sRNAs in an un-biased procedure.

Over to 350 data series have been uploaded to GEO database [78]

from 2008 until now, a 95% of the data generated by arrays in 10

years. In addition, 10 additional species have been analyzed with the

new technology thanks to de novo analysis offered by sequencing. As

a collateral effect of this data boom, miRBase has integrated a novel

module in its database, consisting in, the visualization of all sequences

mapped on a miRNA gene and detected by this technology. The main
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reason to do that, is because this new and unexpected information

disconcerts, in some way, the well-build concept of miRNAs and their

biogenesis, assuming that only one sequence was generated from the

precursor with functional relevance.

1.5.2. Other sRNAs data evolution

Before sequencing advent, only two databases were developed with

a similar aim than miRBase: siRNAdb and piRNABank storing siRNAs

and piRNAs small classes, with data obtained by cloning and Sanger

sequencing [53, 233]. This information has been grown very fast in the

last 3 years, usually, loading the raw data to GEO database [78], more

than merging everything in a unique source. Only one big database

has tried to group and to classify sRNAs outside miRNA family, offering

for the first time a very complete overview of this type of information:

DeepBase [284]. Currently this database has collected over 200

different libraries from plant to mammalian species, and has classified

in different types according to their location and published discoveries:

nasRNA,pasRNA,easRNA and rasRNA when the sRNAs derive from non-

coding RNA, protein coding RNA, exon RNA and repeats respectively.

In addition, and international web portal: www.ncRNA.org is collecting

bioinformatics tools and databases specialized for functional RNAs. This

site was funded by New Energy and Industrial Technology Development

Organization (NEDO) from Japan, and includes a genome browser with

all public databases and individual experiments related to non-coding

RNA.

1.5.3. Tools for sRNA analysis

MiRNA detection tools

At the beginning of this thesis no tools had been developed for miRNAs

analysis using deep sequencing data. Parallel to this work, some other

tools have been emerged enumerate next (see table 1.2):
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miRanalyzer, a web server tool for the analysis of deep-sequencing

experiments for sRNAs. The web server tool requires a simple input

file containing a list of unique reads and its copy numbers (expression

levels). Using these data, miRanalyzer 1) detects all known microRNA

sequences annotated in miRBase, 2) finds all perfect matches against

other libraries of transcribed sequences and 3) predicts new microRNAs

[103].

MiRNAkey is a software package designed to be used as a base-

station for the analysis of miRNA deep sequencing data. The package

implements common steps taken in the analysis of such data, as well

as adds data statistics and multiple mapping levels, generating a novel

platform for the analysis of miRNA expression. Through the use of a

simple graphical interface, the user can determine the analysis steps.

The tabular and graphical output contains detailed reports on the

sequence reads and provides an accurate picture of the differentially

expressed miRNAs in paired samples [227].

MirTools is a web server developed to allow researchers to perform

Table 1.2: miRNA tools

Name type isomira predictionb others sRNAsc expressiond

miRkey comand-line - + - miRNA

miRAnalyzer web server - + discart -

mirTools web server - + discart miRNA

mirExpress comand-line - - - miRNA

DSAP web server + - discart miRNA

miR-E comand-line - - simple -

a:isomiRs detection(+); b:miRNA prediction(+); c: others sRNAs detection (yes=’+’,
no=’-’, detected to be removed=’discart’); d: expression analysis (no=’-’, only for
miRNAs=’miRNA’).
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a comprehensive characterization of the sRNA transcriptome. It can: 1)

Align the large-scale short reads to the reference genome and exhibit

the length distribution; 2) Classify of the large-scale short reads into

known categories, such as known miRNAs, non-coding RNA, genomic

repeats or coding sequences; 3) Provide detailed annotation informa-

tion of known miRNAs, such as miRNA/miRNA*, absolute/relative reads

count and the most abundant tag; 4) Discovery of the novel miRNAs

that have not been characterized before from the large-scale short

reads; 5) Identify the differentially expressed miRNAs between samples

according to different count strategies, such as total read tag counts

and the most abundant tag of specific miRNA [292].

DSAP uses a tab-delimited file as an input format, which holds the

unique sequence reads (tags) and their corresponding number of copies

generated by the Solexa sequencing platform. The input data will go

through four analysis steps in DSAP: 1) cleanup: removal of adaptors

and poly-A/T/C/G/N nucleotides; 2) clustering: grouping of cleaned

sequence tags into unique sequence clusters; 3) non-coding RNA

(ncRNA) matching: sequence homology mapping against a transcribed

sequence library from the ncRNA database Rfam; and 4) known miRNA

matching: detection of known miRNAs in miRBase based on sequence

homology. The expression levels corresponding to matched ncRNAs

and miRNAs are summarized in multi-color clickable bar charts linked

to external databases [82].

miRExpress for extracting miRNA expression profiles from sequenc-

ing reads obtained by second-generation sequencing technology. A

stand-alone software package is implemented for generating miRNA

expression profiles from high-throughput sequencing of RNA without

the need for sequenced genomes. The software is also a database-

supported, efficient and flexible tool for investigating miRNA regulation

[271].
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Mir-E, a group of perl scripts to generate an expression matrix for all

know non-coding RNAs detected in the input data, to report transcripts

per million (correct for sequence depth) and square root transformed

expression levels (variance stabilization) and to create Bed and Wig files

for data visualization in the UCSC browser [43].

1.5.4. MiRNA analysis in diseases

After the discovery of the functional role of miRNAs in cells, it was

a wide-spread reaction the analysis of these molecules in patients

suffering some diseases [56, 26, 208]. The advent of the next gen-

eration sequencing facilitated these studies, generating a excellent

miRNA profile in a shot. Since then, the more common study was

the identification of miRNA families deregulation in different cancer

types [253, 224, 290, 197]. Several studies have demonstrated that

miRNAs are highly expressed in central nervous system (CNS), being

a modulators of both CNS development and plasticity [174]. Complete

loss of miRNA expression in the brain leads to neurodegeneration in

several animal models [112]. A link between miRNA pathways and

neurological diseases, including neurodegenerative disorders such as

Alzheimer’s disease, Huntington’s disease and Parkinson’s disease is

becoming increasingly evident [158]. However, there is a lack of

sequencing data in neurological diseases, maybe due to the difficulty

in obtaining affected tissue from patients.
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Small silencing RNA is a family of non-coding RNAs (ncRNAs) 18-30

nt long, involved in gene silencing by association with the Argonaute

family of proteins [93, 140, 65]. The advent in sequencing has

permitted to detect novel miRNAs, to increase the knowledge of

miRNA biogenesis, and to discover previously unknown putative post-

transcriptional editing processes. These post-transcriptional mecha-

nisms remain largely uncharacterized. These editing processes would

generate variations of the current annotated miRNAs sequence in the

miRBase repository at the 3’ and 5’ terminus and, in minor frequencies,

nucleotide substitution along the miRNA length [77, 124, 205, 185,

191].

The progress in high-throughput sequencing technologies has also

largely contributed to reveal other non-miRNA sRNAs including novel

non-canonical sRNAs (derived from long non-coding RNA), repeat el-

ements and coding regions. Since the functional role remains unclear,

these novel sRNAs are classified according to their position and putative

functions. Nowadays, five major groups have been detected: a) tiRNA

located at the transcription initiation site [130, 258, 260], b)spli-RNA

detected at splicing site of transcripts [258], c) tasi-RNA associated to

gene termini [51], sRNA derived from tRNA [170, 89, 282, 110] and d)

sRNA from non-coding RNA regions first described in [144, 17].

When the thesis started, no tools existed offering a user-friendly and

customizable analysis of sRNA data generated from next generation

sequencing technologies. The first released tools were web server

dependent, providing a limited set of sRNA species for the analysis

[103, 82]. Additionally, isomiRs are not well characterized in any of

them, hampering a deep analysis in this kind of study. This problem

remains in posterior published pipelines [271, 43, 292, 227]. Moreover,

other sequences that are neither miRNA nor predicted as such, are

ignored and treated as RNA degradation products, mainly because they

are mapping to transcriptome datasets or repeat elements.
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Based on all this, and with the aim to gain insight into the miRNA

biogenesis, post-transcriptional edition mechanism, miRNA variability

function and non-miRNA sRNA characterization, the following objectives

were defined:

1. Development of a bioinformatics pipeline to analyze high-

throughput sequencing data from the sRNA fraction. The

main goal was to build a user-friendly tool capable to

deeply characterize, in an unbiased way, the small sRNA

content of any sample. The following characteristics were

pursued for the deepest characterization purposes:

1.1 To detect all miRNAs and reveal the characteristics of the

different types of miRNA sequence variations.

1.2 To integrate specific analyses such as isomiR quantitative

relevance and sRNA differential expression data.

1.3 To detect sRNAs that are unknown or non-predicted as miRNAs.

This module will deal with cross-mapping events due to

ambiguous reads and may distinguish sequences derived

from degradation products.

2. Study of the importance of miRNA variability in biological

processes:

2.1 To characterize miRNA variability in different species, there-

fore approaching the possible relevance of isomiRs across

evolution.

2.2 To profile miRNAs and IsomiRs in normal brain development

and aging and to inspect the putative impact of isomiRs as

regulators of age-related genes. Specifically, evaluating the

impact of isomiRs in the structural stability of the miRNA-

mRNA duplexes.

3. To profile miRNAs and isomiRs in Huntington’s disease and

decipher the putative relevance of miRNAs and isomiRs in

gene deregulation linked to neurodegenerative processes.
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RESULTS

The results section of this thesis is divided in four parts, two of them

are currently published in international indexed scientific journals, and

the remaining is under review/in preparation. The two first studies are

focused on the development of bioinformatics tools for the analysis

of sRNA data coming from next generation sequencing, separating

miRNAs analysis from that of other sRNAs. The third work is centered

on investigating the role of miRNA families in Huntington disease, and

finally the last part addresses isomiRs behavior and characterization

in different species during evolution and try to elucidate their putative

functional role.

2.1. SeqBuster, a bioinformatic tool for the

processing and analysis of small RNAs

datasets, reveals ubiquitous miRNA mod-

ifications in human embryonic cells.

This work is focused on the development of a user-friendly tool of-

fering a complete analysis and characterization of miRNAs from data

generated by next generation high-thouhput sequencing of the sRNA

fraction. The tool was integrated inside the Java platform allowing an

easy development of a point- and-click interface. External resources

for the data structure are MySQL platform and R language for the

statistical methods and visual representation. SeqBuster is the first

tool designed to inspect isomiR population in order to elucidate their

putative functional role. To facilitate the latter, differential expression

analysis were implemented to highlight relevant sequences with a pre-

sumed function to be experimentally verified in subsequent functional

analyses. The complete set of analyses in SeqBuster were tested using

public data generated from the study of human stem cells before and

after differentiation [191].

The results of this study led to the publication of the following article:
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SeqBuster, a bioinformatic tool for the processing and analysis

of small RNAs datasets, reveals ubiquitous miRNA modifica-

tions in human embryonic cells.

Pantano L, Estivill X, Marti E.

Nucleic Acids Res. 2010 Mar;38(5):e34. Epub 2009 Dec 11.
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Figure S1: SeqBuster identifies different types of isomiRs. Histogram 

displaying the proportion of miRNAs with different types of isomiRs in hESC 

(left bars) and EB (right bars) small RNA libraries. The types of miRNA 

variability include trimming 5’-trimming and 3’-trimming variants, 3’-addition 

variants and nt-substitution variants. For every type of variability, the upper 

part of the graph shows the proportion of miRNAs presenting one (white), two 

(grey) or more than two (black) isomiRs. The abundance of the isomiR with 

respect to the corresponding reference miRNA is mirrored in the lower graph. 

The 5 brown color intensities from dark to light indicate the frequency of the 

isomiR with respect to the reference miRNA: >80%; 60%-80%; 40%-60%; 

20%-40% and <20%. 

 

Figure S2: Percentage of miRNAs with 5’-trimming variants (A) and the 3’-

trimming variants (B) in hESC (left bars) and EB (right bars) samples, 

according to the nucleotide position involved in the trimming variant. Pre-

miRNA slicing occurring at different positions upstream or downstream of the 

reference miRNA extremes (5’- and 3’-) is indicated by -3 to -1 and +1 to +3, 

respectively. In the upper bars the color pattern indicates the nucleotides 

involved in the trimming variants at every position: A (red), U (blue), C (green) 

and orange (G). Significant bias toward a nucleotide involved in the trimming 

variant is shown with a white asterisk. In every histogram the lower bars show 

the proportion of the isomiR with respect the reference miRNA at different 

positions as described in Figure 1.  

 

Figure S3: Nucleotide substitution histogram showing the percentage of 

miRNAs with nucleotide modifications in hESC (left bars) and EB (right bars), 

at several positions of the miRNA (A). The upper bars show the type of 

nucleotide in the reference miRNA that presents a modification. The type of 

nucleotides present in the isomiRs is mirrored in the lower bars. Significant 

bias towards a specific nucleotide in the reference miRNA sequence is 

labeled with a white asterisk. The overall nucleotide substitution pattern is 

represented in (B). Nucleotides in the rows are those corresponding to the 



reference miRNA and nucleotides in the columns are those found in the 

isomiR. Notice that the majority of miRNAs, 84 in hESC and 89 in EB, present 

a G to U substitution. 

 

Figure S4: Analysis of the sequencing capacity with SeqBuster. In each 

sample, the total number of reads is ordered according to decreasing 

frequency. The logarithm of the counts is represented for hESC (black), and 

for EB (grey) samples.  

 

Figure S5: Biological functions affected by hESC- or EB-enriched isomiRs in 

comparison with the corresponding reference miRNAs. The number of 

miRNAs and isomiRs enriched in each sample is indicated in bold. The total 

number of genes considered in the identification of affected biological 

functions is shown in a square. The isomiRs targets highlight some new top 

biological functions (bold).  

 

Table S1: Detection of isomiRs and new miRNAs detected by SeqBuster. 

Examples of some isomiRs (highlighted in grey) with a high frequency 

presenting the adapter (highlighted in bold) and that were not detected in the 

original analysis Examples of sequences that were detected in the original 

analysis (highlighted in cursive), but were not annotated as miRNAs  

 

Table S2: Invariable miRNAs. Some miRNAs appear only in hESC, and the 

number of counts is not displayed in EB, meaning that in EB these miRNAs 

present variants. A similar observation is detected for invariant miRNAs 

present only in EB. Notice that some miRNA lack isomiRs in both libraries 

(highlighted in a grey box). 

 

Table S3: Examples of hESC and EB IsomiRs presenting a similar pattern of 

nt-substitution. 

 

Table S4: Differently expressed miRNAs between libraries. A ratio ≥ 1.5 and ≤ 

0.5 was considered for up- and down-regulated miRNAs, respectively. 

Corrected p-values are obtained applying the Hochberg and Benajmini 



method on the p-value assigned by the Z-test. miRNAs with a total frequency 

(hESC + EB) > 50 are highlighted in bold. 

 

Table S5: Correlation between the expression pattern of isomiRs differently 

expressed in hESC and EB libraries and the expression pattern of the 

corresponding reference miRNAs. Nt-substitution and 5’-trimming- variants 

affecting the seed region are tagged as 5’-variants. Addition variants and 

trimming variants affecting the 3’-terminus are tagged as 3’-variants.  

 

Table S6: Seed region IsomiRs differently expressed in hESC and EB 

detected by SeqBuster. The seed region (2-8 nt) is shown for the IsomiRs, 

and the corresponding miRNAs. The modified nucleotide in the nt-substitution 

variants is highlighted in bold. A ratio ≥ 1.5 and ≤ 0.5 was considered for up- 

and down-regulated isomiRs, respectively. Corrected p-values are obtained 

applying the Hochberg and Benajmini method on the p-value assigned by the 

Z-test. 

 

 

 

 
 











miRNA Sequence hESC counts
hsa-miR-21 TAGCTTATCAGACTGATGTTGACATCGTATGCCGTC 6779
hsa-miR-103 AGCAGCATTGTACAGGGCTATGATTCGTATGCCGTC 829
hsa-miR-1208 CCGAGTTCTACCTTCCGCCTGTCTCGTATGCCGTCT 422
hsa-miR-92a TATTGCACTTGTCCCGGCCTGTATCGTATGCCGTCT 1206
hsa-miR-25 CATTGCACTTGTCTCGGTCTTATCGTATGCCGTCTT 629

hsa-miR-422a ACTGGACTTAGAGTCAGAAGGC 9
hsa-miR-513c TTCTCAAGGAGGTGTCGTTTAT 4
hsa-miR-585 TGGACGTATCTGTATGCTAGGG 24
hsa-miR-621 CTGCTCTGATGAAAT 226
hsa-miR-557 GCGGGTGGGCCTTTT 76

Table S1: Detection of isomiRs and new miRNAs detected by SeqBuste



hESC EB
hsa-miR-876-5p 6 13

hsa-miR-495 10
hsa-miR-1912 9
hsa-miR-517c 9
hsa-miR-376c 8
hsa-miR-433 13 7

hsa-miR-1284 3 6
hsa-miR-324-5p 3 6

hsa-miR-383 6
hsa-miR-655 6

hsa-miR-590-5p 5 5
hsa-miR-1197 5
hsa-miR-1252 4 4
hsa-miR-346 2 4

hsa-let-7d 4
hsa-miR-299-3p 4
hsa-miR-376a 4
hsa-miR-489 4
hsa-miR-513c 4

hsa-miR-628-5p 7 3
hsa-miR-328 6 3

hsa-miR-1255b 5 3
hsa-miR-33b 2 3
hsa-miR-548i 2 3
hsa-miR-1263 3
hsa-miR-154 3

hsa-miR-548p 3
hsa-miR-548o 7 2

hsa-miR-491-3p 6 2
hsa-miR-521 6 2

hsa-miR-1253 4 2
hsa-miR-1288 3 2
hsa-miR-1256 2 2
hsa-miR-1267 2 2
hsa-miR-1258 2
hsa-miR-1265 2
hsa-miR-1292 2

hsa-miR-486-3p 2
hsa-miR-493 2
hsa-miR-561 2

hsa-miR-582-5p 2
hsa-miR-592 2

hsa-miR-1277 33
hsa-miR-429 13

hsa-miR-532-3p 13
hsa-miR-1294 11
hsa-miR-618 9

hsa-miR-509-3-5p 8
hsa-miR-1295 4
hsa-miR-944 4

hsa-miR-34c-3p 3
hsa-miR-548b-3p 3

hsa-miR-597 3
hsa-miR-1289 2
hsa-miR-1299 2
hsa-miR-1304 2
hsa-miR-150 2

hsa-miR-219-1-3p 2
hsa-miR-409-5p 2
hsa-miR-548m 2

hsa-miR-885-5p 2
hsa-miR-889 2

miRNA Counts
Table S2: Invariable miRNAs.



miRNA nt-substitution hESC EB
G->A

pos 12
G->A

pos 12
G->A

pos 12
G->A

pos 12
G->A

pos 12
G->A

pos 12
T->G
pos 3
T->G
pos 3
T->G
pos 3
A->C
pos 7
A->C
pos 7hsa-miR-30e 2 4

73 29hsa-miR-1246

hsa-miR-30e 6 9

hsa-miR-30d 18 33

12 26hsa-miR-30a

hsa-miR-455-5p 2 4

hsa-miR-452 3 3

21 26hsa-miR-448

hsa-miR-222 139 25

hsa-miR-1274b 21 23

711 426

Table S3: Examples of hESC and EB IsomiRs presenting a 
similar pattern of nt-substitution.

hsa-miR-1246



miRNA hESC EB ratio p p-corrected
hsa-miR-25 28299 17858 UP 0 0
hsa-let-7a 16988 3998 UP 0 0

hsa-miR-221 16617 8658 UP 0 0
hsa-miR-302b 14971 7649 UP 0 0

hsa-miR-423-5p 13876 7795 UP 0 0
hsa-miR-1 10436 5618 UP 0 0

hsa-miR-302d 9814 5579 UP 0 0
hsa-miR-302a 7479 4275 UP 0 0
hsa-miR-1323 5970 2813 UP 0 0
hsa-miR-320a 5120 2485 UP 0 0
hsa-miR-191 4075 2448 UP 0 0
hsa-miR-744 3630 1065 UP 0 0
hsa-miR-1298 1380 623 UP 0 0

hsa-miR-423-3p 1240 537 UP 0 0
hsa-miR-331-3p 912 272 UP 0 0
hsa-miR-302c 793 319 UP 0 0

hsa-let-7c 501 42 UP 0 0
hsa-miR-22 490 268 UP 0 0
hsa-miR-205 486 189 UP 0 0
hsa-miR-9 438 253 UP 0 0
hsa-let-7g 427 143 UP 0 0

hsa-miR-330-3p 390 256 UP 0 0
hsa-miR-184 390 41 UP 0 0

hsa-miR-151-3p 358 202 UP 0 0
hsa-miR-193b 338 152 UP 0 0
hsa-miR-518b 267 123 UP 0 0

hsa-miR-532-5p 262 160 UP 0 0
hsa-miR-28-3p 240 114 UP 0 0
hsa-miR-222 233 114 UP 0 0
hsa-miR-1308 233 23 UP 0 0
hsa-miR-1278 218 144 UP 0 0

hsa-miR-486-5p 208 55 UP 0 0
hsa-miR-504 189 76 UP 0 0

hsa-miR-129-5p 186 61 UP 0 0
hsa-miR-197 173 73 UP 0 0
hsa-miR-664 141 70 UP 0 0

hsa-miR-1255a 136 90 UP 0.02 0.01
hsa-let-7i 130 23 UP 0 0

hsa-miR-941 129 45 UP 0 0
hsa-miR-1307 121 22 UP 0 0
hsa-miR-1270 120 47 UP 0 0

hsa-let-7b 116 11 UP 0 0
hsa-miR-187 110 32 UP 0 0
hsa-miR-520g 100 25 UP 0 0
hsa-miR-548j 97 64 UP 0.06 0.03

hsa-let-7d 93 5 UP 0 0
hsa-miR-498 85 51 UP 0.03 0.01
hsa-miR-95 77 47 UP 0.04 0.02

hsa-miR-574-3p 77 18 UP 0 0
hsa-miR-484 74 21 UP 0 0
hsa-miR-720 72 30 UP 0 0
hsa-miR-100 71 38 UP 0.01 0.01
hsa-miR-1266 67 10 UP 0 0
hsa-miR-31 62 19 UP 0 0

hsa-miR-518e 58 25 UP 0 0
hsa-miR-515-5p 52 30 UP 0.07 0.04

hsa-miR-424 46 17 UP 0 0
hsa-miR-526b 45 21 UP 0.02 0.01
hsa-miR-155 41 12 UP 0 0
hsa-miR-652 40 22 UP 0.09 0.05
hsa-miR-1301 32 7 UP 0 0
hsa-miR-548h 30 15 UP 0.1 0.05

Table S4: Differently expressed miRNAs between libraries.



hsa-miR-525-5p 28 8 UP 0.01 0
hsa-miR-211 28 2 UP 0 0

hsa-miR-181d 27 12 UP 0.07 0.03
hsa-miR-877 26 0 UP 0 0
hsa-miR-1254 22 4 UP 0 0
hsa-miR-1303 21 5 UP 0.01 0
hsa-miR-522 19 5 UP 0.02 0.01
hsa-miR-1305 16 0 UP 0 0
hsa-miR-1296 15 5 UP 0.08 0.04

hsa-miR-524-5p 14 0 UP 0 0
hsa-miR-671-3p 10 2 UP 0.07 0.03
hsa-miR-1265 10 2 UP 0.07 0.03
hsa-miR-1258 10 2 UP 0.07 0.03
hsa-miR-874 9 0 UP 0.01 0
hsa-miR-1261 7 0 UP 0.03 0.01
hsa-miR-18b 6 0 UP 0.05 0.02
hsa-miR-133a 6 0 UP 0.05 0.02
hsa-miR-1291 6 0 UP 0.05 0.02
hsa-miR-1260 6 0 UP 0.05 0.02
hsa-miR-98 5 0 UP 0.07 0.04
hsa-miR-940 5 0 UP 0.07 0.04

hsa-miR-524-3p 5 0 UP 0.07 0.04
hsa-miR-1293 5 0 UP 0.07 0.04
hsa-miR-363 3852 10160 DOWN 0 0
hsa-miR-130a 2908 5834 DOWN 0 0
hsa-miR-340 2805 8711 DOWN 0 0
hsa-miR-372 1618 15679 DOWN 0 0
hsa-miR-204 799 1693 DOWN 0 0

hsa-let-7e 704 1822 DOWN 0 0
hsa-miR-421 614 1362 DOWN 0 0
hsa-miR-122 536 2751 DOWN 0 0
hsa-miR-10a 481 1190 DOWN 0 0
hsa-miR-708 403 903 DOWN 0 0
hsa-miR-20b 387 1065 DOWN 0 0
hsa-miR-152 380 1725 DOWN 0 0
hsa-miR-143 304 628 DOWN 0 0
hsa-miR-106a 247 637 DOWN 0 0
hsa-miR-27b 179 396 DOWN 0 0

hsa-miR-371-5p 179 387 DOWN 0 0
hsa-miR-30d 92 238 DOWN 0 0
hsa-miR-145 74 177 DOWN 0 0
hsa-miR-29c 68 141 DOWN 0 0
hsa-miR-96 66 146 DOWN 0 0
hsa-miR-660 63 210 DOWN 0 0
hsa-miR-1246 52 131 DOWN 0 0
hsa-miR-373 46 605 DOWN 0 0
hsa-miR-210 43 285 DOWN 0 0
hsa-miR-1277 41 84 DOWN 0 0 mirar cutoff
hsa-miR-1269 38 117 DOWN 0 0
hsa-miR-26b 36 97 DOWN 0 0

hsa-miR-518a-3p 33 68 DOWN 0 0
hsa-miR-454 27 101 DOWN 0 0

hsa-miR-127-3p 25 223 DOWN 0 0
hsa-miR-146b-5p 25 56 DOWN 0 0

hsa-miR-889 2 232 DOWN 0 0
hsa-miR-1287 19 44 DOWN 0 0

hsa-miR-362-5p 15 67 DOWN 0 0
hsa-miR-371-3p 12 151 DOWN 0 0

hsa-miR-134 10 67 DOWN 0 0
hsa-miR-219-2-3p 12 50 DOWN 0 0

hsa-miR-452 16 33 DOWN 0.03 0.01
hsa-miR-618 11 33 DOWN 0 0
hsa-miR-1259 10 24 DOWN 0.03 0.01
hsa-miR-1262 7 52 DOWN 0 0



hsa-miR-641 6 15 DOWN 0.09 0.05
hsa-miR-523 6 15 DOWN 0.09 0.05
hsa-miR-1285 6 15 DOWN 0.09 0.05
hsa-miR-126 5 15 DOWN 0.05 0.02

hsa-miR-499-5p 4 30 DOWN 0 0
hsa-miR-518f 14 35 DOWN 0.01 0

hsa-miR-219-1-3p 2 40 DOWN 0 0
hsa-miR-1247 2 38 DOWN 0 0
hsa-miR-99a 2 27 DOWN 0 0
hsa-miR-23b 2 17 DOWN 0 0
hsa-miR-1276 2 11 DOWN 0.03 0.01
hsa-miR-329 0 47 DOWN 0 0
hsa-miR-487b 0 39 DOWN 0 0
hsa-miR-379 0 29 DOWN 0 0

hsa-miR-199b-5p 0 29 DOWN 0 0
hsa-miR-369-3p 0 28 DOWN 0 0

hsa-miR-218 0 25 DOWN 0 0
hsa-miR-410 0 24 DOWN 0 0
hsa-miR-543 0 23 DOWN 0 0
hsa-miR-382 0 23 DOWN 0 0
hsa-miR-217 0 21 DOWN 0 0

hsa-miR-323-3p 0 19 DOWN 0 0
hsa-miR-485-3p 0 17 DOWN 0 0
hsa-miR-196b 0 15 DOWN 0 0
hsa-miR-432 0 13 DOWN 0 0
hsa-miR-495 0 12 DOWN 0 0

hsa-miR-199a-5p 0 11 DOWN 0 0
hsa-miR-409-3p 0 10 DOWN 0 0
hsa-miR-376c 0 10 DOWN 0 0
hsa-miR-655 0 7 DOWN 0.02 0.01
hsa-miR-518c 0 7 DOWN 0.02 0.01
hsa-miR-383 0 7 DOWN 0.02 0.01
hsa-miR-196a 0 7 DOWN 0.02 0.01
hsa-miR-1251 0 7 DOWN 0.02 0.01
hsa-miR-1245 0 7 DOWN 0.02 0.01
hsa-miR-301b 0 6 DOWN 0.03 0.02
hsa-miR-301a 0 6 DOWN 0.03 0.02
hsa-miR-1197 0 6 DOWN 0.03 0.02

hsa-miR-548b-5p 0 5 DOWN 0.06 0.03
hsa-miR-513c 0 5 DOWN 0.06 0.03
hsa-miR-489 0 5 DOWN 0.06 0.03
hsa-miR-376a 0 5 DOWN 0.06 0.03

hsa-miR-299-3p 0 5 DOWN 0.06 0.03
hsa-miR-194 0 5 DOWN 0.06 0.03
hsa-miR-154 0 4 DOWN 0.1 0.05
hsa-miR-132 0 4 DOWN 0.1 0.05

hsa-miR-125a-3p 0 4 DOWN 0.1 0.05
hsa-miR-10b 0 4 DOWN 0.1 0.05



UP DOWN

3’ 108 11
5’ 29 6

Type of 5’ + 3’ 44 19

isomiR 3’ 24 98

5’ 2 20

5’ + 3’ 98 70

number of isomiRs 
differently expressed

UP Pattern of 
differential 

expression in the 
correspondent 

reference miRNADOWN

Table S5: Correlation between the expression pattern of isomiRs differently expressed in 
hESC and EB libraries and the expression pattern of the corresponding reference miRNAs.



miRNA isomiR hESC EB hESC/EB p p-corrected
isomiR -AAUGGAUU

Ref AAUGGAUU
isomiR -CUGGACU

Ref ACUGGACU
isomiR AUGAGGGGC

Ref -UGAGGGGC
isomiR -UGGAUAA

Ref AUGGAUAA
isomiR - - CCACAG

Ref UACCACAG
isomiR -CCCUGUU

Ref UCCCUGUU
isomiR - GCUACAU

Ref AGCUACAU
isomiR - CAAAGCA

Ref GCAAAGCA
isomiR - GGAUUUU

Ref UGGAUUUU
isomiR - AGGGUUG

Ref GAGGGUUG
isomiR UGCUACAU

Ref AGCUACAU
isomiR CAAGUGCUU

Ref -AAGUGCUU
isomiR - CAAAGUG

Ref ACAAAGUG
isomiR AAUGGGUU

Ref AAUGGAUU
isomiR - CUCGGCG

Ref ACUCGGCG
isomiR AAUGGCUU

Ref AAUGGAUU
isomiR UUGGAUUUU

Ref -UGGAUUUU
isomiR - AUGGGUUU

Ref AAUGGAUU
isomiR - AUUGCAC

Ref AAUUGCAC
isomiR - AAGUGCU

Ref AAAGUGCU
isomiR -UGACCUA

Ref CUGACCUA
isomiR - - UGGAUU

Ref AAUGGAUU
isomiR - GUAAACA

Ref UGUAAACA
isomiR - AAAGCGCU

Ref GAAAGCGCU
isomiR - AUGCACC

Ref AAUGCACC
isomiR UGGACGUA

Ref UGGGCGUA
isomiR - GUAAACA

Ref UGUAAACA
isomiR - AGUGCCG

Ref AAGUGCCG
isomiR - - GUGCCG

Ref AAGUGCCG

hsa-miR-371-3p 14

hsa-miR-371-3p 12 153 DOWN 0 0

83 DOWN

0.01 0

0 0

0 0

hsa-miR-585 22 44 DOWN

hsa-miR-30d 21 53 DOWN

hsa-miR-502-3p 29 58 DOWN 0 0

0 0

0 0

0 0

hsa-miR-30e 37 78 DOWN

85 DOWNhsa-miR-518f 33

hsa-miR-372 1068

hsa-miR-1246 77 449 DOWN

hsa-miR-192 376 745 DOWN 0 0

11044 DOWN

0 0

0 0

0 0

hsa-miR-1246 48 15 UP

hsa-miR-363 1248 3938 DOWN

hsa-miR-1290 61 12 UP 0 0

0 0

0 0

0.04 0.02

hsa-miR-1307 63 10 UP

35 UPhsa-miR-1246 62

hsa-miR-520f 68

hsa-miR-1246 66 0 UP

hsa-miR-520g 66 22 UP 0 0

32 UP

0 0

0 0

0 0

hsa-miR-296-3p 102 6 UP

hsa-miR-222 90 34 UP

hsa-miR-1290 108 70 UP 0.04 0.02

0 0

0 0

0 0

hsa-miR-222 184 87 UP

0 UPhsa-miR-330-3p 131

hsa-miR-1261 407

hsa-miR-1274b 262 0 UP

hsa-miR-140-3p 286 159 UP 0 0

83 UP

0 0

0 0

0 0

hsa-miR-378 530 0 UP

hsa-miR-423-3p 450 193 UP

Table S6: Seed region IsomiRs differently expressed in hESC and EB detected by SeqBuster.

hsa-miR-1246 6407 2511 UP 0 0





RESULTS

2.2. A non-biased framework for the annota-

tion and classification of the non-miRNA

small RNA transcriptome

We developed an extension for SeqBuster to integrate the analysis of

other sRNAs that are not miRNAs. In the last two years, novel classes

of sRNAs have emerged due to the advent of sequencing technology.

Nowadays, the published tools are only focused on the detection and

prediction of miRNA families ignoring the rest of the data that constitute

more than 30% of the total sRNAs in some cases. For that, we extended

the previous bioinformatic analysis tool with the goal of offering a

deep characterization of the non-miRNA classes of sRNAs, therefore

highlighting putative novel types.

The results of this study are under review on the international journal of

Bioinformatics:
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ABSTRACT
Motivation: Recent progress in high-throughput sequencing
technologies has largely contributed to reveal a highly complex
landscape of small non-coding RNAs (sRNAs), including novel
non-canonical sRNAs derived from long non-coding RNA, repeated
elements, transcription start sites and splicing site regions among
others. The published frameworks for sRNA data analysis are focused
on miRNA detection and prediction, ignoring further information in
the data set. As a consequence, tools for the identification and
classification of the sRNAs not belonging to miRNA family are
currently lacking.
Results: Here, we present, SeqCluster, an extension of the current
available SeqBuster tool to identify and analyze at different levels
the sRNAs not annotated or predicted as miRNAs. This new module
deals with sequences mapping onto multiple locations and permits a
highly versatile and user-friendly interaction with the data in order to
easily classify sRNA sequences with a putative functional importance.
We were able to detect all known classes of sRNAs described to date
using SeqCluster with different sRNA datasets.
Availability: tool and video-tutorial are available at
http://estivill lab.crg.es/seqbuster.
Contact: eulalia.marti@crg.es,xavier.estivill@crg.es

1 INTRODUCTION
Small silencing RNAs are the best-known class of non-coding
RNAs (ncRNAs) of 1830 nt in length, involved in gene silencing
by association to the Argonaute family of proteins (Czech and
Hannon, 2011). Recent progress in high-throughput sequencing
technologies has largely contributed to elucidate the remarkable
landscape of sRNAs, revealing new species of sRNAs with unknown
functions. These novel sRNAs are classified according to their
position in the genome and putative functions. Nowadays, five
major groups of sRNAs have been detected: a) tiRNAs, located at
the transcription initiation site of coding genes (Taft et al., 2010);
b) spli-RNAs, detected at splicing site of transcripts (Taft et al.,
2010); c) tasi-RNAs, associated to gene termini; d) sRNAs derived
from tRNA (Haussecker et al., 2010) and e) sRNAs from non-
coding RNA regions (Ono et al., 2011). No tools are prepared to
cover a complete analysis of data coming from sRNA sequencing,

∗to whom correspondence should be addressed

and the existing ones are only for miRNA characterization and
prediction. A major challenging problem using high-throughput
sequencing data is annotation when the sequences map onto
multiple locations. The current frameworks resolve this situation
with heuristic assumptions, including non-consistent data removal
or providing random annotations. This produces biased results
that hamper the discovery and classification of novel sRNAs.
Here, we present SeqCluster, a tool for the characterization of
the non-miRNA sRNA transcriptome. SeqCluster is presented as
an extension of SeqBuster, a pipeline for the characterization of
miRNAs (Pantano et al., 2010) and constitutes the first framework
giving a complete unbiased classification of non-miRNAs data of
any specie. SeqCluster permits a user a friendly interaction with the
data at any level in order to easily classify and annotate small RNA
sequences with a putative functional importance.

2 METHODS
SeqCluster, an extension of the miRNA-analysis tool SeqBuster, has been
developed to analyze any kind of sRNA detected by large-scale sequencing
technologies (see implementation in supplementary methods). The new
framework integrates three specific processes: 1) raw data processing and
miRNA detection, 2) clustering, and 3) classification (Figure 1). In the first
process the adapter is trimmed from the raw sequences, and subsequently
sequences are mapped onto miRNA and miRNA precursor databases. To
avoid the dependency on an external tool for mapping against miRBase
dataset (Griffiths-Jones, 2004), a custom algorithm based on seed (fragments
of 8 nt) indexation has been integrated in java (see miRNA detection in
supplementary methods). Predicted miRNAs using an external tool may be
loaded to SeqCluster to avoid the incorporation of these sequences to the
study of the non-miRNA sRNA transcriptome. The second step defines unit-
sRNAs (usRNAs) taking into account two filters: 1) sequence similarity and,
2) genome location. In the first filter, all sequences with 100% identity (no
mismatches allowed) and more than 80% of overlapping are considered as
putative unit small RNA (pre-usRNA). In the second filter, all pre-usRNAs
are mapped onto a custom genome using megablast (Altschul et al., 1990).
Otherwise, annotated data from any other mapping tool may be directly
uploaded onto SeqCluster. This filter only affects ambiguously overlapped
pre-usRNA and are used to make the decision on whether or not the two
overlapping pre-usRNAs should be considered a single cluster of sequences
(usRNA). In the rest of the cases (unique sequences or unambiguously
mapped clustered sequences), pre-usRNAs are directly called as usRNAs.
The premise to merge ambiguous overlapped pre-usRNA into ambiguous
usRNA is that all overlapped pre-usRNAs have to share all same regions.

c© Oxford University Press 2011. 1
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When the latter does not occur due to more complex situations, pre-
usRNAs enter into an extra module integrating a recursive algorithm (see
decision algorithm in supplementary methods). Once usRNAs are defined
and located on the genome, all of them are classified according to the genome
context that will cover as many classes as the users define, being the more
common types: non-coding RNAs, transposable elements (TE), and genes
(see usRNA classification in supplementary methods) .

3 OUTPUT
The framework generates a main MySQL table for each sample where rows
are usRNAs and columns show the following information: unique identifier,
number of sequences, number of locations, coordinates and finally one
column for each class, according to the annotation step -repeat, ncRNA- (see
output scheme in supplementary methods). For a user-friendly view, BED
files are generated to be uploaded to UCSC (Kent et al., 2002). Furthermore,
SeqCluster permits differential expression analysis between two samples or
two groups of samples in different biological contexts. Datasets involving
time series experiments may be also analyzed .

4 RESULTS
We have applied SeqCluster extension to analyze small RNA
datasets of human brain samples sequenced by illumina 1G in
our previous work (Martı́ et al., 2010) and other public dataset
from different species (see SeqCluster application to real datasets
in supplementary methods). First we detected miRNA sequences
using SeqBuster with default parameters and the miRBase resource
(Release 15, (Griffiths-Jones, 2004)). We applied SeqCluster
extension to the rest of the data, resulting, in a total of 8335, 12366,
15614, 44265 y 82985 sequences annotated as usRNAs in human
brain, human stem cells, mouse, fly and worm, respectively.

5 CONCLUSIONS
Differing from the current sRNA analysis tools, the main advantages
of SeqCluster framework are: 1) the classification and annotation
of the data are not restricted to specific databases, offering the
possibility to perform this analysis with any custom database; 2)
the implementation of filters integrated to solve, in a non-biased
way, the problem of ambiguous sRNAs mapping; 3) the opportunity
to distinguish presumed RNA degradation products from putative
functional sRNAs and; 4) the possibility to inspect highly expressed
sequences that have not been successfully classified allowing the
extraction of complex sRNAs for further analysis. Our results
validate SeqCluster as a tool to detect and classify all types of
sRNAs in different species, including the most recently discovered
classes of still unknown function (Taft et al., 2010).
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Fig. 1. SeqCluster extension framework scheme,The framework integrates
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Implementation

All the steps in the pipeline are automatized and implemented in

SeqBuster 2.0 developed in JAVA platform. The new SeqBuster 2.0

has a main panel showing 5 different sections aimed at: 1) create

new projects or load an existent one; 2) upload raw data or trimmed

sequences; 3) run miRNA analyses; 4) run non-miRNA analyses and

5) to manage data to reset, remove or browse your processed data.

Moreover, a real-time guide has been integrated offering help for each

option and step. Help options display a short guide on how to perform

a simple analysis of your data (Supplementary figure 1A). Specifically

the SeqCluster extension panel that appears after clicking on the ’non-

miRNA detection’ button, is divided in 3 sections (Supplementary figure

1B): 1) load new genomes and annotation files; 2) set parameters for

the analysis, such as the sample to be selected or the genome to

use; and 3) select which steps to do for sRNA detection (or repeat

in case of re-analysis). Fasta files containing the custom genome

may be loaded to the tool. Moreover, any track (genes, repeats,

mRNA,etc.) corresponding with a loaded genome can be integrated

into the extension, permitting a complete custom analysis of the

non-miRNAs sRNA transcriptome. In the case of UCSC gene tracks

the extension extracts different types of information, including the

transcription start site, splicing sites, exons, introns and promoters

External sources are needed to have a complete functionality: blast

repository is required for the mapping step, MySQL for the storage

information and R statistical packages (standard, RmySQL and RXML)

for posterior analysis. The time consumed is directly related to the

second process in the framework where sequences are mapped onto

a genome. The size of the genome and the number of cores used

here are determinant for the total time that one sample requires to be

completely analyzed. Each sample was processed in 4 hours, using

a workstation (hp xw9300) with 8Gb of RAM memory and 4 cores,

consuming 3 hours the mapping step.
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Figure 2.1: SeqBuster and SeqCluster integration. SeqBuster 2.0 and SeqCluster
extension interface is developed using JAVA platform (1.6 version). A) SeqBuster panel
shows 5 different sections for: 1) creating new projects (black up box); 2) uploading
raw data or trimmed sequences (blue box), 3) miRNA analysis (red box), 4) non-miRNA
analysis (green box); and 5) managing data to reset, remove or browse your processed
data (black down box). Moreover, a real-time guide has been integrated offering help
for each option and step of each analysis. B) SeqCluster extension panel is divided
in 3 sections for: 1) loading new genomes and annotation files (left box); 2) setting
parameters for the analysis, such as sample to be selected, genome to use ... (middle
box); and 3) selection of steps to do for the non-miRNA detection (or to repeat in case
of re-analysis) showed in the right box.

miRNA detection

Each fragment of 8 nt in length (seed) that appears on read sequences

will be saved in a hash table structure to speed up the searching

process. Then, the miRNA precursor sequences are read using windows

of 8 nucleotides in order to find the previous stored seeds. When

a seed is spotted at a precursor sequence, the read sequence that

contains such seed and the current precursor region are fully compared

to decide whether this position can be recorded as a hit of the given
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Table 2.1: Comparison of mapping tools

Program Num sequences Time Annotated Pre-indexation

Blast 250000 65 min 17550 YES

ZOOM 250000 6 seg 16351 NO

SeqBuster 250000 15 seg 21350 NO

Comparison of mapping tools. Blast was used with the following parameters: word
size = 7 and threshold identity= 85%. Zoom was run allowing 3 mismatches. The
last column refers to the needed of database index creation previously to the mapping
step.

read sequence. A hit will be considered if the read sequence is found

on the precursor allowing 0/1 mismatch and up to 3 nt trimmed at

the 3’-end of the sequence without matching the precursor sequence.

The output stores the best hits for each read sequence with additional

information about variation of the sequence when compared to the

annotated miRNA. The algorithm takes 1 minute to map 200.000

sequences onto miRBase database, retrieving 99% of concordance with

the blast tool (Supplementary table 1). A command-line version of

this module has been released for users only interested in this step.

This module needs a fasta file with the sequences to be mapped, the

precursor sequences in fasta format and the position of the miRNAs on

the precursors (files named hairpin.fa and miRNA.str in the miRBase

repository, respectively). After that and as an optional step, the user

may load data from any custom miRNA prediction pipeline to remove

these sequences from the analysis. The unique information needed is

the sequences predicted as putative miRNAs.

Decision algorithm

When two pre-usRNAs map on two different locations and these pre-
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usRNAs only share one of the two loci, they go through a recursive

algorithm to try to solve the inconsistency. The algorithm uses the

percentage of overlap between pre-usRNAs as the main parameter to

solve the inconsistency and select the more realistic scenario. This

module will retrieve the minimal number of usRNAs made of the

maximum number of pre-usRNAs with a consistent genome location

using as the main parameter the percentage of overlap between pre-

usRNAs. A score will be assigned indicating the reliability of the usRNA

according to the number of cycles needed to solve inconsistency,

giving 1 to the best score and increasing the value proportionally to

the complexity of solving the cross-mapping event. For instance, in

the latter case, where two pre-usRNAs have two genome locations

and only one shared by both, the algorithm will assign the common

location as the unique genome hit removing the remaining locations

(see Supplementary figure 2). When pre-usRNAs are not solved by the

previous modules, they are ignored for downstream analyses due to an

inconsistent common origin.

usRNA Classification

The challenge in this step of the analysis is to avoid the exclusion

of us-RNAs showing multiple locations onto the genome. This is,

for instance, an important problem in miRNAs detection since many

currently known miRNAs (45 human miRNAs) share genome location

with TEs. This produces multiple locations in the annotation step and

consequently they are not detected using a normal framework. For

this reason, SeqCluster extension has integrated a final step to classify

those usRNAs having multiple genome locations. In this step the

consistency context is studied, meaning that if all the locations share

the same context, that usRNA is directly classified. For instance, if all

the locations of an usRNA map onto a ncRNA, that usRNA is labeled

as ncRNA-usRNA. On the contrary, if the consistency is not observed

and the usRNAs map onto several types of databases, usRNAs remain
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Figure 2.2: usRNA definition. Pre-usRNAs are represented by horizontal lines of
different colors indicating different pre-usRNAs. Loci are indicated by the label ÒLÓ
+ÓNumberÓ. 1) One pre-usRNA mapping into one location will be defined as one
consistent unambiguous usRNA. 2) Two pre-usRNAs mapping in two locations, and
sharing these two locations will be merged and defined as one consistent, ambiguous
usRNA. 3) Two pre-usRNAs mapping in two locations, and sharing one location will be
solved recursively until achieve the more realistic situation. In this case, the two pre-
usRNAs will be merged into one consistent unambiguous usRNA. 4) A more complex
case of the previous situation showing inconsistency. In a consistent scenario the three
pre-usRNAs should map on the same locations, however, the short sequences provoke
wrong mapping that may be corrected using nearest sequences information. To solve
this, the overlap between pre-usRNAs on the same region is taken into account. Here,
green group merges with the red group due to a higher overlap with red sequence than
with purples sequence. As a consequence, one of the locations (L2) will be removed
from the green pre-usRNA information since the more realistic scenario is that red and
green pre-usRNAs go together. At the end, this group of pre-usRNAs will be defined as
two consistent usRNAs, one mapping on L3 and the other on L1 and L2.
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unclassified but not removed from the database, thus permitting the

visualization and analysis of these specific cases. Furthermore, each

class of genome context may be divided in several groups to extend

the classification to more specific subtypes and etc provide a complete

view of the genome context for each usRNAs. For instance, transposon

elements may be divided into: LINE (long interspersed repetitive DNA),

SINE (short intersperded repetitive DNA) or LTR (long terminal repeat).

Output scheme

The framework generates a MySQL table showing, for each usRNA, a

unique identifier, number of reads, number of locations, coordinates

and the identification according to the annotation step (Supplementary

figure 3). SeqCluster performs a general analysis, offering standard out-

puts using the previous table with the following graphic and plain-text

files: distribution of the different types of usRNAs, length distribution

for each type of usRNAs, position in the putative precursors of each

usRNAs type, and fasta files divided by types of usRNAs. Additionally,

a BED file compatible with genome browsers will be generated with all

the information to allow a user-friendly visualization and better com-

prehension. Furthermore, SeqCluster permits differential expression

analysis between two samples or two groups of samples in different

biological contexts to highlight those sRNAs with possible relevant

functions. When the number of samples in each are higher than 10,

a t-test and one-way-ANOVA (analysis of variance) are integrated to

calculate the expression difference. Otherwise, a custom analysis is

applied, considering only usRNAs that are not differentially expressed

between intra-group samples. All samples of each group are compared

between them, in pairs, calculated for each usRNA a ratio and p-value. If

a 75% of the comparisons of a given usRNA do not indicate a significant

differential expression, that usRNA is kept for the comparison with the

other group. UsRNAs have to pass those filters in both groups to be

included in the analysis. Datasets involving time series can be also

analyzed using specific statistical methods to determine which sRNAs
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correlate with a selective time point according to (Somel et al., 2010).

Figure 2.3: Output scheme. All files generated by SeqBuster will be stored in
a folder that the user configured the first time the program is launched. For each
project one folder will be created and for each sample added to the project another
folder inside the project folder will appear. All the results will be stored in the sample
folder, in the result section. For the non-miRNA sRNA analysis the following files will
appear containing: proportion of usRNAs classified in each class/ sub-class with the
suffix ’DistType.txt’, length distribution of the usRNAs for each class/sub-class with the
suffix ’DistLen.txt’, usRNAs sequences for each class/sub-class with the suffix ’seq.fa’,
and finally the location of each usRNAs in their corresponding source molecule when
they are classified to some group with the suffix ’location.txt’.

SeqCluster application to real datasets

We have applied SeqCluster extension to human brain samples se-

quenced by illumina 1G in our previous work (Marti et al.,2010). These

corresponded to the frontal cortex (FC) and the striatum (ST). Further-

more, we also used published data from different species sequenced

through the same technology to avoid methodology biases. The data
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selected were human stem cells (SC) (Morin et al.,2008), mouse cell

lines (MB) (Tam et al.,2008), D. melanogaster embryos (DM) (Chung

et al., 2008) and C. elegans cells (CE) (Batista et al., 2008). The

usRNAs were classified according to genome content: nasRNAs when

mapping to non-coding, rasRNAs when mapping on repeat elements,

gasRNAs when mapping on genes, iasRNAs when mapping on inter-

genic regions and nusRNAs if they were not classified (Supplementary

figure 4). In mammals, nasRNAs were highly represented with a 30%

of the total data, followed by rasRNAs in human samples but not in

mouse, where the proportion of this type is lower. In mouse, the

second most abundant class was represented by gasRNAs (40%). In

D. melanogaster and C. elegans, nasRNAs were poorly represented

(6%), being the more important class rasRNAs for D. melanogaster

(75%) and iasRNAs for C. elegans (50%). Deeper analyses were run by

SeqCluster, retreiving the more abundant classes in nasRNAs. In this

case, tRNAs (78 uRNAs) and SNORD (45 uRNAs) mapping on the sense

transcript were the more abundant, suggesting that those molecules

could generate sRNAs, as previously described described (Kiss, 2002;

Bachellerie et al., 2002; Niwa and Slack, 2007; Luo and Li, 2007;

Weber, 2006; Smalheiser and Torvik, 2005; Scott et al., 2009; Kawaji

et al., 2008; Taft et al., 2009a; Ender et al., 2008; Ono et al., 2011).

The LINE class was the more represented type (53 uRNAs) among the

rasRNAs, being 36 complementary to this TE sequences and 17 lying on

sense transcripts. Other minor classes of usRNAs have been found with

particular features. Among them, we highlight usRNAs that lay onto

exon/exon gene junctions as reported previously (Affymetrix ENCODE

Transcriptome Project ,2009). Other types of usRNAs were annotated

at the splicing site region of the genes, also described in previous work

(Taft et al., 2010).
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Figure 2.4: General results of SeqCluster extension. The proportion of each
usRNA classes in each sample is represented. The classes used where gasRNA
(genomic region), nasRNA (non-coding RNA), rasRNA (repeat elemetns), iasRNAs (inter-
genic regions) and nusRNAs (unclassified). The samples showed are 1) frontal cortex
from human, 2) undifferentiated stem cells from human, 3) cell lines NIH3T3 from
mouse, 4) adult female head from D. melanogaster and 5) larves from C. elegans.
(See methods fro further information). Striatum from human brain showed a equal
distribution than the frontal cortex sample.
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2.3. A myriad of miRNA variants in control

and Huntington’s disease brain regions

detected by massively parallel sequenc-

ing.

We have applied the potentiality of SeqBuster analysis to real data

generated in our group belonging to patients with Huntington Disease

and unaffected control individuals. HuntingtonÕs disease (HD) is a

neurodegenerative genetic disorder that affects muscle coordination

and leads to cognitive decline and dementia. In this study, we

characterized the miRNA population in two affected brain regions: the

frontal cortex and the striatum,by sequencing and microarray technolo-

gies, allowing a complete analysis of miRNA fraction. SeqBuster was

used for the characterization of miRNAs genes in these samples, and

miRNA expression deregulation obtained through SeqBuster analysis

was validated in additional samples by microarray analysis. Our results

corroborated the power of SeqBuster when used for deciphering the

causes and/or consequences of deregulation of the sRNA population in

relevant neurodegenerative diseases.

The results of this study led to the publication of the following article:

A myriad of miRNA variants in control and Huntington’s disease

brain regions detected by massively parallel sequencing.

Marti E, Pantano L, Banez-Coronel M, Llorens F, Minones-Moyano E,

Porta S, Sumoy L, Ferrer I, Estivill X.

Nucleic Acids Res. 2010 Nov 1;38(20):7219-35. Epub 2010 Jun 30.
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LEGENDS OF SUPPLEMENTARY FIGURES 

Figure S1. miRNA size distribution in C-FC, HD-FC, C-ST and HD-ST brain 
samples. 

Figure S2. miRNA distribution in C-FC, HD-FC, C-ST and HD-ST brain 
samples, according to abundance range 

Figure S3. (A) Histogram displaying the percentage of miRNAs with different 
types of isomiRs in human cells (left panel) and mouse brain (right panel), 
small RNA libraries obtained from immunoprecipitated Ago-1 and/or Ago-2 
(GEO public database http://www.ncbi.nlm.nih.gov/geo/ based on the papers 
by Ender et al., Mol Cell 2008; 32(4):519-28 and Schwamborn et al., Cell 

2009; 136 (5):913-25). (B) Examples of isomiRs commonly found in Ago-IPs 

and in the sequenced brain samples; (+) and (-) indicate the presence and 

absence of the indicated isomiR in the samples. 

Figure S4. Sequencing performance in every sample. In each sample, the 
total number of reads was ordered according to decreasing frequency. The 
logarithm of the count number is represented for C-FC, HD-FC, C-ST and HD-
ST brain samples. The p-values below are obtained using the non-parametric 
Willcoxon test for paired frequency distributions,  

Figure S5. Huntington disease canonical pathway as described in the 
Ingenuity Pathway Analysis. The molecules identified as putative targets of 
the downregulated miRNAs/isomiRs are highlighted in grey. 
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Table S1. Characteristics of the human brain samples analyzed in the 
different approaches. 

Table S2. Abundance of the human specific or evolutionary conserved 
miRNas with respect to the total miRNA reads. 

Table S3. Novel predicted miRNAs using the microPred algorithm. Only 
sequences commonly found in all the samples are included.  
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corresponding reference miRNA. 
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Table S10. Expression pattern of miRNAs whose expression has been shown 
to be altered in HD samples and/or HD mouse models. 

Table S11. miRNAs deregulated in different neurodegenerative disorders. 

Table S12. Correlation between the expression pattern of the isomiRs and the 
corresponding reference miRNAs. Only differently expressed sequences 
reaching statistical significance were considered (p<0,05, Hochberg and 
Benjamini correction). 3'-IsomiRs include 3'-trimming and 3'-addition variants; 
5'-IsomiRs include 5'-trimming variants and nucleotide-substitution variants 
affecting the seed region. The isomiRs that present a discordant expression 
pattern with respect to the reference miRNA are highlighted in red. 

Table S13. Top transcription factors with a possible role in miRNA expression 
deregulation. 

Table S14. Predicted targets of the HD-downregulated miRNAs and seed 



region IsomiRs involved in HD canonical pathway (p = 5,83E-03) as described 
in the IPA in comparison with the HD gene expression deregulation reported 
by Hodges et al. (2006). 

Table S15A. Number of overlapping genes in HD deregulated transcriptome 
(Hodges et al., 2006) and the experimentally validated targets for the HD-
deregulated miRNAs.  

Table S15B. Identification of the overlapping genes in HD deregulated 

transcriptome (Hodges et al., 2006) and the experimentally validated targets 

for the HD-deregulated miRNAs ID of overlapping genes. 

Table S16. Top biological functions and canonical pathways for predicted 
targets of HD-deregulated seed-region isomiRs using the IPA tool.  

 

 













Table S1: Characteristics of the  brain samples analyzed in the different approaches
AGE SEX GENOTYPE (1) DISEASE STAGE (2) FRONTAL CORTEX CAUDATE 

CONTROLS 
A07-42 53 M - - qPCR
A07-44 39 M - - Arrays Arrays & qPCR
A05-5 58 M - - Arrays Arrays & qPCR
A05-18 85 F - - Seq & Arrays Seq & Arrays & qPCR
A-05-38 79 F - - Seq & Arrays Seq & Arrays & qPCR
HD PATIENTS
BK387 28 F 62 4 Arrays Arrays & qPCR
BK413 71 M 41 4 Arrays Arrays & qPCR
BK518: 65 F 42 4 Seq & Arrays Seq & Arrays & qPCR
BK 801 59 M 44 4 Seq & Arrays Seq & Arrays & qPCR
BK 909 60 M 43 4 qPCR

(1) Includes the largest allelic CAG repeat in the HTT gene for each HD patient. (2) Disease stage according to the Vonsattel
classification (J. Neuropathol Exp. Neurol., (1985) 44(6): 559-77; J. Neuropathol Exp. Neurol., (1998) 57(5): 369-84). The samples
used in the sequencing study (Seq), the Agilent miRNa arrays (Array) and/or qPCR using TaqMan assays (qPCR) are indicated in the last
two columns.



Human specific miRNAs Freq. C-FC Freq. HD-FC Freq. C-ST Freq. HD-ST
Total miRNA freq. 5035324 4019202 4558525 4374587
hsa-miR-1180 258 284 195 277
hsa-miR-1228 - - 3 -
hsa-miR-1229 - 4 3 5
hsa-miR-1231 10 8 3 4
hsa-miR-1252 - 4 - -
hsa-miR-1260 163 121 410 219
hsa-miR-1261 56 36 23 53
hsa-miR-1268 25 6 4 -
hsa-miR-1270 23 6 19 7
hsa-miR-1277 75 87 59 115
hsa-miR-1304 - - 3 -
hsa-miR-1308 425 1207 1272 2058
hsa-miR-1826 3 6 - -
hsa-miR-1908 39 21 23 26
hsa-miR-1911 - - 3 -
hsa-miR-1912 - - 32 21
hsa-miR-1974 846 1673 998 1567
hsa-miR-1975 147 77 180 168
hsa-miR-1976 - - - 3
hsa-miR-1977 - - 3 3
hsa-miR-1978 80 131 50 87
hsa-miR-1979 349 318 395 526
hsa-miR-2110 492 283 312 221
hsa-miR-585 - 4 - -
hsa-miR-629 40 24 46 49
hsa-miR-941 203 140 165 149
% (total miRNA reads) 0.06 0.11 0.09 0.13
Conserved miRNAs (37 different species*)
hsa-let-7a 931597 562218 926233 755056
hsa-let-7b 410192 301072 506537 573261
hsa-let-7c 304352 120969 248063 160923
hsa-let-7d 54915 37267 46820 34688
hsa-let-7e 89217 34680 59914 35208
hsa-let-7f 884390 738614 718224 620114
hsa-let-7g 174895 195883 129265 166726
hsa-let-7i 109527 92375 79719 114616
hsa-miR-124 91155 63366 45211 17791
hsa-miR-133a 163 217 68 112
hsa-miR-133b 20 3 - -
hsa-miR-92a 18138 24310 24622 34132
hsa-miR-92b 19644 14331 36319 27337
% (total miRNA reads) 61.3 54.4 61.9 58.1
miRNAs showing a frequency ≥3 are listed
*Species shearing conserved miRNAs
Anopheles gambiae
Apis mellifera
Bombyx mori
Bos taurus
Branchiostoma floridae
Canis familiaris
Ciona intestinalis
Ciona savignyi
Danio rerio
Drosophila ananassae
Drosophila erecta
Drosophila grimshawi
Drosophila melanogaster
Drosophila mojavensis
Drosophila persimilis
Drosophila pseudoobscura
Drosophila sechellia
Drosophila simulans
Drosophila virilis
Drosophila willistoni
Drosophila yakuba
Fugu rubripes
Gallus gallus
Homo sapiens
Lottia gigantea
Macaca mulatta
Monodelphis domestica
Mus musculus
Ornithorhynchus anatinus
Pan troglodytes
Rattus norvegicus
Saccoglossus kowalevskii
Schmidtea mediterranea
Strongylocentrotus purpuratus
Tetraodon nigroviridis
Tribolium castaneum
Xenopus tropicalis

 Table S2. Abundance of the human specific or evolutionary conserved miRNas with respect to the total miRNA reads. 
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miRNA Freq. C-FC Freq. HD-FC Freq. C-ST Freq. HD-ST
hsa-miR-1197 21 27 22 -
hsa-miR-656 16 - - -
hsa-miR-592 10 - - -
hsa-miR-1256 8 - - -
hsa-miR-1270 7 - - 3
hsa-miR-1231 4 - 6 7
hsa-miR-1276 4 - - -
hsa-miR-1323 4 6 3 3
hsa-miR-548o 4 - - -
hsa-miR-96 4 - 6 -
hsa-miR-1251 3 - - -
hsa-miR-196b 3 - - -
hsa-miR-372 3 - - -
hsa-miR-517a 3 - - -
hsa-miR-654-5p 3 - - -
hsa-miR-1255b - - - 3
hsa-miR-1258 - - 3 5
hsa-miR-1268 - 4 - 6
hsa-miR-508-3p - - 3 -
hsa-miR-516a-5p - - 4 -
hsa-miR-618 - - 4 -
hsa-miR-758 - - - 17
hsa-miR-1229 - 3 - -
hsa-miR-1266 - - - 6
hsa-miR-1267 - - - 4
hsa-miR-1269 - - - 5
hsa-miR-1283 - 6 3 -
hsa-miR-1284 - - - 17
hsa-miR-1295 - - - 7
hsa-miR-182 - - 7 -
hsa-miR-188-3p - - 3 -
hsa-miR-296-5p - 28 12 -
hsa-miR-299-3p - 12 - -
hsa-miR-431 - 4 3 3
hsa-miR-449a - - - 5
hsa-miR-450a - - - 3
hsa-miR-489 - - 8 -
hsa-miR-491-3p - - - 5
hsa-miR-509-3-5p - 7 3 -
hsa-miR-516b - 3 - 3
hsa-miR-521 - - 11 28
hsa-miR-548e - - - 3
hsa-miR-551a - - 3 -
hsa-miR-570 - - - 4
hsa-miR-642 - - 27 -
hsa-miR-643 - - 5 -
hsa-miR-651 - 3 - -
hsa-miR-671-3p - - 12 -
hsa-miR-886-3p - - 3 -
Invariable miRNAs  in bold are commonly found in at least three different samples. Green and orange colours 
highlight invariable miRNAs in FC or ST samples, respectively. MiRNAs showing a frequency !3 are listed.

Table S4. List of miRNAs that do not present isomiRs. 
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Hsa-miR-215 1 A-->C 20 26 23 9
Hsa-miR-338-5p 1 A-->C 5 5 9 3
Hsa-miR-338-5p 3 C-->A 9 5 13 5
Hsa-miR-130a 4 U-->G 14 5 5 3
Hsa-miR-1827 4 G-->A 6 11 7 7
Hsa-miR-379 5 A-->G 140 133 20 47
Hsa-miR-411 5 A-->G 400 315 202 204
Hsa-miR-193a-5p 5 U-->G 6 5 8 8
Hsa-miR-1827 5 G-->A 8 4 3 3
Hsa-miR-1308 5 G-->U 325 1016 117 1774
Hsa-miR-584 5 G-->U 9 17 17 11
Hsa-miR-376a 6 A-->G 130 138 111 82
Hsa-miR-376b 6 A-->G 66 71 62 72
Hsa-miR-376c 6 A-->G 304 297 229 176
Hsa-miR-1827 6 C-->A 14 27 8 11
Hsa-miR-320c 6 C-->A 28 12 10 10
Hsa-miR-1827 6 C-->U 14 21 16 10
Hsa-miR-320c 6 C-->U 19 12 13 20
Hsa-miR-320c 6 C-->G 136 75 43 155
Hsa-miR-320d 6 C-->G 19 11 9 11
Hsa-miR-584 7 U-->G 13 13 10 11
Hsa-miR-195 7 C-->A 6 6 9 8
Hsa-miR-328 7 C-->A 6 6 3 4
Hsa-miR-499-5p 7 C-->A 9 9 12 6
Hsa-miR-124 8 C-->A 248 315 325 121
Hsa-miR-369-3p 8 C-->A 6 3 6 5
Hsa-miR-874 8 G-->U 14 11 10 7
Hsa-miR-1827 9 U-->C 6 5 28 3
Hsa-miR-1260 9 U-->G 165 129 415 227
Hsa-miR-1827 9 U-->G 8 8 16 3
Hsa-miR-338-5p 9 C-->A 3 14 32 21
Hsa-miR-340 9 C-->A 144 187 241 150
Hsa-miR-935 9 C-->A 16 22 7 6
Hsa-miR-338-5p 9 C-->U 7 6 12 7
Hsa-miR-1827 10 A-->G 69 20 21 24
Hsa-miR-377 10 A-->G 21 8 9 5
Hsa-miR-422a 10 A-->G 7 5 5 7
Hsa-miR-124 10 C-->A 968 460 376 129
Hsa-miR-338-5p 10 C-->A 18 16 33 30
Hsa-miR-410 10 C-->A 6 4 6 6
Hsa-miR-338-5p 10 C-->U 9 11 7 16
Hsa-miR-584 10 G-->U 8 19 15 12
Hsa-miR-98 11 A-->G 168 155 163 220
Hsa-miR-107 11 U-->G 236 96 90 42
Hsa-miR-129-5p 11 U-->G 63 20 29 17
Hsa-miR-320a 11 U-->G 432 261 430 312
Hsa-miR-320b 11 U-->G 20 4 59 12
Hsa-miR-320c 11 U-->G 94 55 50 70
Hsa-miR-320d 11 U-->G 26 19 36 16
Hsa-miR-584 11 C-->A 11 41 44 32
Hsa-miR-584 11 C-->G 12 20 33 20
Hsa-miR-1827 12 A-->G 23 8 21 14
Hsa-miR-1261 12 U-->A 52 28 29 57
Hsa-miR-223 12 C-->A 5 11 7 5
Hsa-miR-374a 12 C-->A 8 6 8 6
Hsa-miR-374b 12 C-->A 4 5 14 7
Hsa-miR-485-3p 12 C-->A 32 9 27 10
Hsa-miR-584 12 C-->A 24 44 34 25
Hsa-miR-584 12 C-->U 10 13 20 13

Table S6. List of nucleotide substitution variants present in all the samples.

miRNA nt-subtitution pattern Freq C-FC Freq HD-FC Freq C-ST Freq HD-ST



Hsa-miR-584 12 C-->G 13 12 15 10
Hsa-miR-941 12 G-->A 8 4 7 4
Hsa-miR-1290 13 U-->G 33 104 127 497
Hsa-miR-210 13 C-->A 5 10 9 8
Hsa-miR-338-5p 13 G-->U 2 4 7 6
Hsa-miR-449b 14 U-->C 7 3 24 5
Hsa-miR-338-5p 14 U-->G 5 3 6 10
Hsa-miR-532-5p 15 A-->G 10 4 9 4
Hsa-miR-584 17 A-->C 15 38 23 13
Hsa-miR-628-3p 18 U-->G 14 17 3 9
Hsa-miR-584 18 C-->U 6 4 9 5
Hsa-miR-124 19 C-->U 287 168 108 42
Hsa-miR-628-3P 19 C-->U 18 24 28 24
Hsa-miR-1 20 U-->G 207 100 64 41
Hsa-miR-361-5p 20 U-->G 10 10 10 15
Hsa-miR-320b 20 C-->A 8 15 14 20
Hsa-miR-33a 20 C-->A 48 114 67 116
Hsa-miR-129-3p 20 C-->U 757 1117 210 189
Hsa-miR-584 20 G-->A 11 18 7 28
Hsa-miR-584 20 G-->U 18 42 30 34
Hsa-miR-320b 21 A-->U 7 10 51 10
Hsa-miR-130b 21 A-->G 35 31 24 14
Hsa-miR-329 21 U-->A 17 13 7 10
Hsa-miR-654-3p 21 U-->A 16 14 11 9
Hsa-miR-329 21 U-->C 12 8 3 4
Hsa-miR-126 21 C-->A 11 13 8 9
Hsa-miR-382 21 C-->A 20 9 11 7
Hsa-miR-503 21 C-->A 14 9 7 14
Hsa-miR-598 21 C-->A 710 544 834 263
Hsa-miR-935 21 C-->A 15 23 7 3
Hsa-miR-95 21 C-->A 14 19 28 18
Hsa-miR-138 22 C-->A 124 100 159 55
Hsa-miR-339-3P 22 C-->A 11 4 11 6
 IsomiRs showing a frequency !3 in all samples are listed.
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miRNA locus
norm freq 

HD-FC
norm freq 

C-FC
Fold change 

HD-FC vs C-FC
norm freq  

HD-ST
norm freq  

C-ST
Fold change 

HD-ST vs C-ST

hsa-let-7g 40302 30033 1.34 30910 22933 1.35
hsa-miR-100 1262 716 1.76 1491 953 1.56
hsa-miR-101 8526 4964 1.72 7524 3786 1.99
hsa-miR-106b 181 106 1.71 214 161 1.33
hsa-miR-1250 67 42 1.6 74 41 1.8
hsa-miR-126 258 205 1.26 291 137 2.12
hsa-miR-126* 315 161 1.96 186 89 2.09
hsa-miR-1308 273 83 3.29 404 265 1.52
hsa-miR-143 2800 1215 2.3 1609 918 1.75
hsa-miR-145 562 130 4.32 581 172 3.38
hsa-miR-146a 173 28 6.18 88 45 1.96
hsa-miR-148b 185 115 1.61 191 94 2.03
hsa-miR-151-3p 571 333 1.71 506 422 1.2
hsa-miR-151-5p 811 512 1.58 900 567 1.59
hsa-miR-15a 400 172 2.33 418 317 1.32
hsa-miR-15b 262 73 3.59 269 139 1.94
hsa-miR-16 1665 764 2.18 1659 1186 1.4
hsa-miR-17 174 61 2.85 289 162 1.78
hsa-miR-181a 50540 33516 1.51 90549 50595 1.79
hsa-miR-181a* 435 45 9.67 495 63 7.86
hsa-miR-193b 85 37 2.3 109 63 1.73
hsa-miR-197 135 69 1.96 143 105 1.36
hsa-miR-1974 377 171 2.2 309 223 1.39
hsa-miR-199b-3p 959 308 3.11 292 110 2.65
hsa-miR-19b 72 29 2.48 96 60 1.6
hsa-miR-204 209 90 2.32 350 78 4.49
hsa-miR-20a 128 45 2.84 175 135 1.3
hsa-miR-219-2-3p 6795 2963 2.29 6319 4730 1.34
hsa-miR-219-5p 14821 5355 2.77 19752 8505 2.32
hsa-miR-22 1308 861 1.52 1302 1071 1.22
hsa-miR-23a 825 498 1.66 929 692 1.34
hsa-miR-27b 3294 1992 1.65 3914 2145 1.82
hsa-miR-29c* 104 58 1.79 102 12 8.5
hsa-miR-30a 6463 5397 1.2 7410 5246 1.41
hsa-miR-30b 243 125 1.94 344 231 1.49
hsa-miR-30c 851 545 1.56 1037 807 1.29
hsa-miR-30e 1759 1448 1.21 2007 1557 1.29
hsa-miR-338-3p 2294 991 2.31 2904 1860 1.56
hsa-miR-33a 1472 835 1.76 1260 671 1.88
hsa-miR-33b 314 114 2.75 478 204 2.34
hsa-miR-363 368 278 1.32 424 282 1.5
hsa-miR-374a* 163 94 1.73 121 9 13.44
hsa-miR-451 668 169 3.95 579 132 4.39
hsa-miR-484 69 39 1.77 78 52 1.5
hsa-miR-486-5p 129 38 3.39 109 28 3.89
hsa-miR-574-3p 257 76 3.38 309 221 1.4
hsa-miR-664 78 33 2.36 67 38 1.76
hsa-miR-887 49 26 1.88 66 40 1.65
hsa-miR-92a 4313 2692 1.6 5174 3856 1.34
hsa-miR-93 521 254 2.05 551 408 1.35
hsa-miR-99b 875 611 1.43 1114 575 1.94

hsa-let-7b* 71 20 3.55
hsa-miR-129-3p 926 603 1.54
hsa-miR-130b 57 31 1.84
hsa-miR-132 262 208 1.26
hsa-miR-132* 65 1 65
hsa-miR-136* 69 2 34.5
hsa-miR-139-5p 1221 834 1.46
hsa-miR-140-3p 13937 11120 1.25
hsa-miR-142-5p 84 47 1.79
hsa-miR-143* 169 102 1.66
hsa-miR-152 832 687 1.21
hsa-miR-17* 51 26 1.96
hsa-miR-181a-2* 54 3 18

miRNAs exclusivelly up-regulated in HD-FC >1,2 p<0,05 (Z-test, Benjamini and Hochberg
correction)  

Table S8. miRNAs up-regulated in HD-FC and/or HD-ST
miRNAs commonly up-regulated in HD-FC and HD-ST >1,2, p<0,05 (Z-test, Benjamini and
Hochberg correction)  



hsa-miR-186 626 510 1.23
hsa-miR-193a-5p 106 68 1.56
hsa-miR-195 217 168 1.29
hsa-miR-21 6698 4116 1.63
hsa-miR-210 134 80 1.68
hsa-miR-212 78 49 1.59
hsa-miR-218 59 34 1.74
hsa-miR-223 174 123 1.41
hsa-miR-23b 1888 847 2.23
hsa-miR-24 4316 3047 1.42
hsa-miR-25 2336 1720 1.36
hsa-miR-26a 21489 11980 1.79
hsa-miR-26b 2752 1470 1.87
hsa-miR-299-5p 43 23 1.87
hsa-miR-29c 3579 2701 1.33
hsa-miR-324-3p 56 30 1.87
hsa-miR-328 139 81 1.72
hsa-miR-331-3p 52 31 1.68
hsa-miR-338-5p 361 179 2.02
hsa-miR-339-5p 43 19 2.26
hsa-miR-340 5356 3663 1.46
hsa-miR-342-3p 850 706 1.2
hsa-miR-345 134 94 1.43
hsa-miR-34c-5p 749 617 1.21
hsa-miR-361-5p 267 159 1.68
hsa-miR-374a 182 96 1.9
hsa-miR-374b 193 119 1.62
hsa-miR-424 36 16 2.25
hsa-miR-425 154 74 2.08
hsa-miR-425* 132 92 1.43
hsa-miR-499-5p 362 215 1.68
hsa-miR-577 97 39 2.49
hsa-miR-584 1433 748 1.92
hsa-miR-625* 58 20 2.9
hsa-miR-652 61 34 1.79
hsa-miR-144* 47 11 4.27
hsa-miR-935 386 315 1.23

hsa-let-7i 20400 14112 1.45
hsa-miR-1290 97 25 3.88
hsa-miR-181b 20180 14365 1.4
hsa-miR-181c* 39 24 1.62
hsa-miR-193a-3p 50 25 2
hsa-miR-211 44 11 4
hsa-miR-22* 93 5 18.6
hsa-miR-29b 1575 1156 1.36
hsa-miR-30a* 515 358 1.44
hsa-miR-30e* 532 276 1.93
hsa-miR-34b* 50 5 10
hsa-miR-365 39 19 2.05
hsa-miR-378 649 491 1.32
hsa-miR-7 166 114 1.46
hsa-miR-9 20419 13793 1.48
hsa-miR-9* 813 102 7.97
hsa-miR-98 814 630 1.29
hsa-miR-99a 1590 1122 1.42

miRNAs exclusivelly up-regulated in HD-ST >1,2 p<0,05 (Z-test, Benjamini and Hochberg
correction)  

The reference miRNA and all the variants mapping on the same miRNA locus are considered in this
differenctial expression analysis. Only miRNAs showing a norm freq (norm freq C-FC + norm freq HD-FC) and
norm freq (C-ST + freq HD-ST) above 50 are considered.



locus
norm freq 

HD-FC
norm freq C-

FC
Fold change 

HD-FC vs C-FC
norm freq 

HD-ST
norm freq 

C-ST
Fold change 

HD-ST vs C-ST

hsa-let-7a 111880 158214 0.71 129630 167392 0.77
hsa-let-7c 23569 50689 0.46 27067 43121 0.63
hsa-let-7d 7348 9070 0.81 5824 8042 0.72
hsa-let-7e 5875 13144 0.45 5125 9391 0.55
hsa-miR-103 36651 45207 0.81 21613 30021 0.72
hsa-miR-107 2283 3940 0.58 663 1661 0.4
hsa-miR-1224-5p 73 140 0.52 18 44 0.41
hsa-miR-124 13534 16021 0.84 3430 8883 0.39
hsa-miR-127-3p 2008 2688 0.75 1239 1529 0.81
hsa-miR-128 6241 17293 0.36 2700 4493 0.6
hsa-miR-1301 154 281 0.55 115 230 0.5
hsa-miR-1307 363 477 0.76 300 369 0.81
hsa-miR-139-3p 236 686 0.34 57 375 0.15
hsa-miR-181d 1295 2677 0.48 823 1104 0.75
hsa-miR-193b* 35 60 0.58 36 53 0.68
hsa-miR-199a-3p 102 510 0.2 159 469 0.34
hsa-miR-221 3956 5206 0.76 2191 3095 0.71
hsa-miR-222 1133 1897 0.6 759 1714 0.44
hsa-miR-323-3p 210 458 0.46 151 285 0.53
hsa-miR-330-3p 2352 2807 0.84 1794 2466 0.73
hsa-miR-369-5p 50 88 0.57 29 52 0.56
hsa-miR-382 218 337 0.65 128 190 0.67
hsa-miR-383 250 414 0.6 116 273 0.42
hsa-miR-409-5p 46 102 0.45 22 44 0.5
hsa-miR-423-5p 1321 1926 0.69 1568 2005 0.78
hsa-miR-432 461 977 0.47 323 641 0.5
hsa-miR-433 561 1196 0.47 281 622 0.45
hsa-miR-485-3p 213 484 0.44 124 288 0.43
hsa-miR-485-5p 352 798 0.44 86 284 0.3
hsa-miR-92b* 41 64 0.64 62 107 0.58
hsa-miR-495 401 834 0.48 263 486 0.54
hsa-miR-543 150 468 0.32 95 250 0.38
hsa-miR-598 1969 2575 0.76 1138 2043 0.56
hsa-miR-708 277 369 0.75 231 292 0.79
hsa-miR-760 68 120 0.56 52 119 0.44
hsa-miR-95 307 418 0.73 205 291 0.7

hsa-miR-1185 39 76 0.51
hsa-miR-122 11 45 0.24
hsa-miR-124* 59 98 0.6
hsa-miR-129-5p 579 1173 0.49
hsa-miR-134 208 292 0.71
hsa-miR-181c* 72 119 0.61
hsa-miR-221* 110 164 0.67
hsa-miR-27a 544 687 0.79
hsa-miR-30a* 613 809 0.76
hsa-miR-323-5p 19 38 0.5
hsa-miR-369-3p 63 113 0.56
hsa-miR-409-3p 32 58 0.55
hsa-miR-431* 23 49 0.47
hsa-miR-664* 55 93 0.59
hsa-miR-7 385 718 0.54
hsa-miR-744 1194 2255 0.53
hsa-miR-873 95 155 0.61
hsa-miR-885-3p 42 78 0.54
hsa-miR-98 683 875 0.78
hsa-miR-885-3p 42 78 0.54

Table S9. miRNAs down-regulated in HD-FC and/or HD-ST.

miRNAs exclusivelly down-regulated in  HD-FC <-1,2;  p<0,05 (Z-test, Benjamini and Hochberg 
correction)  

miRNAs commonly down-regulated in HD-FC and HD-ST <-1,2; p<0,05 (Z-test, Benjamini and
Hochberg correction)  



hsa-miR-488* 39 60 0.65
hsa-miR-154* 29 43 0.67

hsa-miR-1 1040 1403 0.74
hsa-miR-125a-5p 1124 1337 0.84
hsa-miR-1260 44 85 0.52
hsa-miR-1298 17 46 0.37
hsa-miR-132 139 188 0.74
hsa-miR-137 38 82 0.46
hsa-miR-138 756 1755 0.43
hsa-miR-139-5p 701 1021 0.69
hsa-miR-140-3p 9796 11643 0.84
hsa-miR-152 675 825 0.82
hsa-miR-184 23 52 0.44
hsa-miR-185 2565 3478 0.74
hsa-miR-191 1584 2123 0.75
hsa-miR-218 16 37 0.43
hsa-miR-29c 2344 2784 0.84
hsa-miR-320a 3824 5392 0.71
hsa-miR-320b 34 71 0.48
hsa-miR-320d 21 75 0.28
hsa-miR-342-5p 18 41 0.44
hsa-miR-34c-5p 2758 4361 0.63
hsa-miR-374b 174 236 0.74
hsa-miR-375 39 71 0.55
hsa-miR-448 58 215 0.27
hsa-miR-628-3p 38 64 0.59
hsa-miR-628-5p 19 40 0.48
hsa-miR-935 105 183 0.57

miRNAs exclusivelly down-regulated in  HD-ST <-1,2;  p<0,05 (Z-test, (Z-test, Benjamini and 
Hochberg correction)  

The reference miRNA and all the variants mapping on the same miRNA locus are considered in this differenctial
expression analysis. Only miRNAs showing a norm freq (norm freq C-FC + norm freq HD-FC) and norm freq
(norm freq C-ST + norm freq HD-ST) above 50 are considered.
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Table-S11. miRNAs deregulated in different neurdegenerative diseases

microRNA
Neurodegenerative 

disease
Expression pattern Reference HD-FC (p<0,05) HD-ST (p<0,05)

miR-93 AD DOWN 1 UP UP

miR-92 AD UP 5 UP UP

miR-9 AD UP;DOWN 4; 1 and 5 - UP

miR-511 AD UP 1 - -

miR-425 AD DOWN 5 UP

miR-423 AD UP 5 DOWN DOWN

miR-422a AD UP 5 - -

miR-381 AD UP 5 - -

miR-370 PrD UP 8 - -

miR-363 AD DOWN 1 UP UP

miR-34a AD UP 5 - -

miR-342-3p PrD UP 8 UP -

miR-342-3p PrD UP 9 UP -

miR-339-5p PrD UP 8 UP -

miR-338-3p PrD DOWN 8 UP UP

miR-337-3p PrD DOWN 8 - -

miR-328 AD DOWN 2 UP -

miR-320 AD UP 1 - DOWN

miR-320 PrD UP 8 - DOWN

miR-30e-5p AD UP 5 UP UP

miR-30c AD UP/DOWN (area dependent) 5 UP UP

miR-29a/b-1 AD DOWN 1 - UP

miR-298 AD DOWN 1, 2 - -

miR-27b AD UP 5 UP UP

miR-27a AD UP 5 DOWN -

miR-26b AD DOWN 1 UP -

miR-26a AD UP/DOWN (area dependent) 5 UP -

miR-22 AD DOWN 1 UP UP

miR-212 AD DOWN 5 UP -

miR-210 AD DOWN 1 UP -

miR-203 PrD UP 8 - -

miR-200c AD UP/DOWN (area dependent) 5 - -

miR-19b AD DOWN 1 UP UP

miR-197 AD UP 1 UP UP

miR-191 PrD UP - UP

miR-19 SA- 1 DOWN 7 UP UP

miR-181c AD DOWN 1 - -

miR-181a-1* PrD UP 8 - -

miR-15a AD DOWN 1 UP UP

miR-148a AD UP 5 - -

miR-146a AD UP 3 UP UP

miR-146a PrD UP 8 UP UP

miR-145 AD UP 5 UP UP

miR-139-5p PrD UP 8 UP DOWN

miR-133b PD DOWN 6 - -

miR-132 AD DOWN 5 UP DOWN

miR-130 SA- 2 DOWN 7 UP

miR-128a AD UP 4 DOWN DOWN

miR-128 PrD UP 8 DOWN DOWN

miR-125b AD UP 5 - -

miR-107 AD DOWN DOWN DOWN

miR-106b AD DOWN 1 UP UP

miR-101 AD DOWN 1 UP UP

miR-101 SA- 3 DOWN 7 UP UP

miR-100 AD UP 5 UP UP

let-7i AD DOWN 1 - UP

let-7b PrD UP 8 - -
AD; Alzheimer disease; SA-1 spinocerebellar ataxia 1; PD, PArkinson's disease; PrD, Prion disease. (1) Hébert et al., Proc Natl Acad
Sci U S A. 2008 Apr 29;105(17):6415-20; (2) Boissonneault et al., J Biol Chem. 2009;284(4):1971-81; (3) Lukiw et al., J Biol
Chem. 2008; 283(46):31315-22; (4) Lukiw Neuroreport, 2007 18(3):297-300 (4) Cogswell Journal of Alzheimer's Disease.
2008;14(1):27–41; (6) Kim et al., Science. 2007;317(5842):1220-4; (7) Lee et al., Nature Neuroscience.
2008;11(10):1137–1139; (8) Saba et al. PLoS One. 2008; 3(11):e3652; (9) Montag et al.,Mol Neurodegener. 2009;4:36; (-) Not
altered in the HD sequenced samples. miRNas highlighted in orange show a similar expression deregulation pattern in HD and in
the indicated neurodegenerative disease  
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HD-FC  DOWN REST RE1-silencing transcription factor 0.027972028

TP53 p53 tumor supressor 0.053946054

NFYA nuclear transcription factor Y, alpha 0.097902098

NR1H2-RXRA nuclear receptor subfamily 1, group H, member 2-retinoid X receptor, alpha 0.128871129

Foxa2 forkhead box A2 0.134865135

HD-ST  DOWN id1 inhibitor of DNA binding 1 0.066933067

REST RE1-silencing transcription factor 0.092907093

TLX1-NFIC T-cell leukemia homeobox 1-nuclear factor I/C (CCAAT-binding transcription factor)0.106893107

NFYA nuclear transcription factor Y, alpha 0.138861139

Pax6 paired box 6 0.17982018

HD-FC UP Myf myogenic factor 0.052947053

TAL1-TCF3 T-cell acute lymphocytic leukemia 1-transcription factor 30.088911089

Cebpa CCAAT/enhancer binding protein (C/EBP), alpha 0.128871129

SRY sex determining region Y 0.14985015

TEAD1 TEA domain family member 1 0.151848152

HD-ST UP RORA_2 RAR-related orphan receptor A 0.026973027

Myf myogenic factor 0.112887113

PPARG peroxisome proliferator-activated receptor gamma0.127872128

TAL1-TCF3 T-cell acute lymphocytic leukemia 1-transcription factor 30.131868132

SRF serum response factor (c-fos serum response element-binding transcription factor)0.152847153

HD-DOWN (FC and ST) REST RE1-silencing transcription factor 0.005994006

NR1H2-RXRA nuclear receptor subfamily 1, group H, member 2-retinoid X receptor, alpha 0.093906094

Pax6 paired box 6 0.138861139

RELA transcription factor p65 0.140859141

NFYA nuclear transcription factor Y, alpha 0.163836164

HD-UP (FC and ST) Cebpa CCAAT/enhancer binding protein (C/EBP), alpha 0.072927073

SRF serum response factor (c-fos serum response element-binding transcription factor)0.097902098

EMBP1 DNA-binding protein EMBP-1 0.126873127

Myf myogenic factor 0.13986014

FOXI1 forkhead box I1 0.15984016

Table S13. Top transcription factors with a possible role in miRNA expression deregulation

Co-regulated miRNAs
Transcription factor 

(ID)
p value Boostrapping (1000 

permutations)
Transcription factor (Name)

The identification of the transcription factors with a possible role in HD expression deregulation is performed by comparing and
characterizing the promoter regions of miRNAs with similar expression patterns, using the algorithm described by Blanco et al. (Blano et
al. (2006) PLoS Computational Biology. 2 (5): e49). The package requires a list with the co-regulated miRNAs and a list with the total
number of miRNAs expressed (we consider miRNAs with more than 10 counts per sample). To identify a possible significant enrichment
of cis-regulatory elements in co-regulated miRNAs the algorithm assigns a p-value using the permutation-based simulation.
Transcription factors highlighted in red have been shown to participate in HD gene expression deregulation. 
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mRNAs UP 
(1743)

mRNAs DOWN 
(1798)

V-mRNAs for miRNAs UP (150) 28 20

V-mRNAs for miRNAs DOWN (171) 62 7

Number of overlapping genes

mRNA UP: signifficantly upregulated mRNAs (Hodges et al.,(2006), Hum Mol
Genet. 15 (6): 965-77; Table S1, p<0,001, 1,2 fold, Table S1); mRNAs DOWN: 
signifficantly downregulated mRNAs (Hodges et al., Table S1, P<0.001; -1,2 fold);
V-mRNAs for miRNAs UP: expermentally validated mRNAs for the HD-
upregulated miRNAs (TarBase, http://diana.cslab.ece.ntua.gr/tarbase/); V-mRNAs 
for miRNAs DOWN: expermentally validated mRNAs for the HD-downregulated
miRNAs (TarBase). In each dataset, the total number of genes appears in brackets.  

Table S15A. Number of overlapping genes in HD deregulated transcriptome
(Hodges et al., 2006) and the experimentally validated targets for the HD-
deregulated miRNAs 



mRNAs UP &  V-mRNAs 
for miRNAs UP 

mRNAs UP &  V-mRNAs 
for miRNAs DOWN 

mRNAs DOWN &  V-
mRNAs for miRNAs UP 

mRNAs DOWN &  V-mRNAs 
for miRNAs DOWN 

ZNF294 SMC1L1 UBE2V1 FBXW1B
TLOC1 NFIA TPM3 TLN1

SQSTM1 ITGB1 TOMM34 F11R
SLC7A11 CD164 STRN PLDN
PSAT1 ATP6V0E SLC25A22 RBMS1
PPIF LASS2 SEC23A OSBPL8
PGM1 DNAJC1 RTN4 CDC14B
P4HA2 CAV1 RBMS1

NOTCH2 TJP2 RAB27B
NOTCH1 AK2 PPP3R1
MYO10 TEAD1 PPP3CA
MBNL1 IQGAP1 PISD
MAT2A SWAP70 PEX11B

JUN TLN1 PANX1
IGF2R SYPL HARS
IFRD1 PHF19 GPD2

HSPA1B PP1201 CA12
HSPA1A THG-1 ATP2A2

FGF2 GNAI3 ARHGDIA
EGFR F11R AP2A1

DOCK7 FLJ10420
CYP1B1 HIC
CXCL12 KIS
CHD1 SLC16A1

CGI-38 SP1
CBFB CTNND1
BCL2 PLP2

FLJ21924

PTBP1

SERPINB6

HEBP2

GSN

PAPSS2

SSFA2

ALDH9A1

C9orf88

PARG1

KIAA1102

LOC339924

SLC22A5

KATNA1

RELA

MAN2A1

CHSY1

RYK

NFIC

SMAD5

CYP1B1

PGM1

PTTG1IP

VAMP3

SPC18

STOM

CDCA7

C14orf32

CPNE3

UHRF1

G3BP

PTPN12

ARPC1B

CDC14B

CDKN1C

Table S15B. Identification of the overlapping genes in HD deregulated transcriptome (Hodges et al., 2006) and the
experimentally validated targets for the HD-deregulated miRNAs ID of overlapping genes



Top biological functions for predicted targets of HD-upreguated miRNAs and isomiRs 

Disease and Disorders p-value # molecules
Genetic Disorder 1,63E-03 - 1,53E-02 40

Neurological Disease 1,63E-03 - 4,47E-02 42

Psychological Disorders 1,63E-03 - 1,63E-03 18

Hematological Disease 3,60E-03 - 3,10E-02 3

Developmental Disorder 1,94E-02 - 2,26E-02 5

Molecular and Cellular Functions p-value # molecules
Cellular Compromise 3,99E-04 - 1,94E-02 5

Cellular Assembly and Organization 7,88E-04 - 4,47E-02 7

Cell Morphology 1,20E-03 - 4,47E-02 10

Cell-to-Cell Signalling and Interaction 3,50E-03 - 4,47E-02 4

Cellular Development 5,65E-03 - 3,10E-02 4

Physiological System Development and function p-value # molecules
Nervous System Development and Function 7,88E-04 - 4,47E-02 38

Organ Development 7,34E-03 - 3,10E-02 13

Tissue Morphology 1,38E-02 - 3,10E-02 12

Embryonic Development 2,38E-02 - 3,10E-02 5

Behavior 4,47E-02 - 4,47E-02 2

Top canonical pathways for predicted targets of HD-upreguated miRNAs and isomiRs 
Wnt/!-catenin Signaling 1.64E-05 23/147

ERK/MAPK Signaling 4.38E-04 21/159

HGF Signaling 5.43E-04 14/87

Factors Promoting Cardiogenesis in Vertebrates 8.51E-04 /12/71

Growth Hormone Signaling 1.10E-03 /10/54

Top biological functions for predicted targets of HD-downreguated miRNAs and isomiRs 

Disease and Disorders p-value # molecules
Genetic Disorder 1,61E-02 - 1,61E-02 19

Neurological Disease 1,61E-02 - 2,93E-02 22

Psychological Disorders 1,61E-02 - 1,61E-02 19

Molecular and Cellular Functions p-value # molecules
Cellular Movement 1,47E-04 - 1,80E-02 14

Cell-To-Cell Signaling and Interaction 6,65E-04 - 3,95E-02 9

Cellular Growth and Proliferation 1,56E-03 - 3,30E-02 10

Cellular Assembly and Organization 1,89E-03 - 6,33E-03 7

Cell Morphology 4,44E-03 - 2,93E-02 8

Physiological System Development and function p-value # molecules
Nervous system Development and Function 4,90E-06 - 3,95E-02 58

Organ Development 1,56E-03 - 1,38E-02 8

Tissue Development 2,00E-03 - 2,84E-02 14

Embryonic Development 6,33E-03 - 3,41E-02 4

Tissue Morphology 1,80E-02 - 3,95E-02 5

Top canonical pathways for predicted targets of HD-downregulated miRNAs and isomiRs 
PTEN Signaling 1.11E-06 21/82

PPARa/RXRa Activation 2.17E-05 67/136

Wnt/!-catenin Signaling 3.20E-05 27/147

B Cell Receptor Signaling 6.12E-05 31/120

RAN Signaling 7.18E-05 7/015

Table S16. Top biological functions and canonical pathways for predicted targets of HD-deregulated seed region-isomiRs. IPA
analysis.
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2.4. miRNA variants (IsomiRS) are functionally

linked to biological processes in distinct

species

The advent in sequencing has permitted to elucidate novel miRNAs,

increase the knowledge of miRNA biogenesis, and discover putative

post-transcriptional editing processes in miRNAs, ignored until now.

Mature miRNA biogenesis is subjected to post-transcriptional modifica-

tions that are largely uncharacterized, resulting in variants (IsomiRs)

of the reference miRNAs annotated in the miRbase. The majority

of these variants are modifications of the 3’- and 5’-terminus of the

reference miRNA and to a minor extent changes in selective nucleotides

along the sequence. [77, 124, 205, 185, 191]. Moreover, it has been

proved that isomiRs are naturally occurring, not been caused by RNA

degradation during sample preparation for next generation sequencing

[160]. In line with this, isomiRs deregulation has been detected

in D. melanogaster development, elucidating a putative function in

important biological processes [85]. To unravel the putative role of

isomiRs in evolution we have performed a complete characterization

of isomiRs in different species, using publicly available sRNA datasets

obtained by high-throughput sequencing strategies. In addition, we

analyzed the dynamic changes in the expression of isomiRs in brain

samples, at different points during human life using published sRNA

sequencing datasets [250].

2.4.1. IsomiRs in evolution

In order to study the significance of isomiRs through evolution, 24

samples of different species have been analyzed using Seqbuster [205]

with standard parameters (see methods). The species included in

the study were: C. elegans development states [24], D. melanogaster

development states [58], 2 pulldown of AGO in mouse [262], chicken

embryonic stage [95], macaque and human [250]. IsomiRs were

detected in all species (see 2.5), presenting the majority of miRNAs (80-
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90%) presented isomiRs that affected the 3’-terminus were detected for

most miRNAs (80%-90%) in each specie, isomiRs of 5’ terminus were

less abundant, affecting only a 40-60% of the total miRNA genes. When

determining the presence of the annotated miRNA sequences stored in

miR- Base database, only 50% of the miRNA genes were represented

by those sequences, from now on called ’reference sequence’. An

exception is the worm, wherein the 80% of the miRNAs contained the

annotated miRNA sequences.

Figure 2.5: Percentage of miRNAs with isomiRs and reference sequence in
different species. It is shown isomiRs affecting 5’ and 3 ends separately, dark and
medium light grey respectively. The light grey shows the miRNA genes containing the
reference sequence. In the case species is contains more than one sample the mean is
represented and the standard deviations is shown by dark lines.

2.4.2. IsomiR biogenesis and expression

The formation of 3’- and 5’-trimming isomiRs may be the result of

variations in Dicer/Drosha cleavage sites onto the miRNA precursor,

during miRNA biogenesis. To test this, we evaluated whether isomiRs

were formed in mouse oocytes depleted Dicer and Drosha [237].

Drosha or Dicer knocking-down resulted in a decreased expression

of the reference miRNA and the different trimming isomiRs by 80%,
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suggesting that these proteins are essential for isomiR biogenesis.

Our results have shown that the majority of these 5’- and 3’-trimming

variants involve two-three nucleotides upstream or downstream of the

mature miRNA (see figure 2.6), being some positions of the precursor

preferentially implicated.

Figure 2.6: Positions affected by isomiRs. Position at the 5’-end (dark grey) and
at the 3’-end (light grey) where isomiRs start and end with respect to the reference
sequence miRNA annotated in miRBase.

If the abundance of trimming isomiRs is only the direct consequence of

Drosha and Dicer activities, highly frequent reference-miRNAs should

present a higher proportion of 5’- and 3-trimming isomiRs. However, a

poor correlation was found between the expressions (count number)

of the reference miRNA and the corresponding trimming isomiRs,

especially those affecting the 5’-end (figure 2.7). We observed an

heterogeneous landscape were highly expressed reference miRNAs

did not present 5-trimming variants and, on the contrary, poorly

expressed reference miRNAs showed highly represented 5’-isomiRs.

This suggests that other mechanisms, in addition to Drosha/Dicer

activities, modulate the extent of 5’-isomiRs expression. It is worth
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to mention, that the lack of correlation between the expressions of

the reference miRNAs and isomiRs affecting the 3’-ends was lower

compared with that of the 5’-trimming variants (q = 0.03 for 5’-isomiRs

and q = 0,6 for 3’-isomiRs). These data suggest that, compared with

the 5’-trimming variants, a larger proportion of 3’-trimming variants

depend on Drosha/Dicer activities. In order to investigate whether

specific primary and secondary structures were the reason why some

miRNAs present a high proportion of isomiRs, several parameters were

analyzed, in the human brain sRNA sequencing dataset. First, the

nucleotide population at the 5’- and 3’-ends of the sequences was

studied in order to find a possible predominant nucleotide at both

sides of the cleavage sites. However, no enrichment was found,

either taking into account one or two consecutive terminal nucleotides.

We then extended our analysis to motif representations within the

mature miRNA and miRNA precursors (data no shown). Nevertheless

no differences were found between the population of miRNAs that

presented isomiRs (254 in 3’-end, 125 in 5’-end) and that lacking

isomiRs (50 in 3’-end,179 in 5’-end). Other structural features were

studied that did not present any specific correlation with the group

of miRNAs presenting isomiRs or those lacking them, including free

energy linked to the secondary structure, secondary structure forms

and CG content (see supplementary table S1). Finally, conservation

of the miRNA families through evolution was taken into account. Yet

the highly conserved miRNA families presented members with a high

proportion of isomiRs and others deficient for isomiRs. Together these

results suggest that the isomiR expression levels are not related with

each miRNA inherent properties, but additional mechanisms, such as

cell type or biological status may influence their levels.

2.4.3. Expression pattern of the different sequences in

each miRNA gene

In a deeper study, a regression analysis was performed for miRNA

sequencing data of human brains at different ages [250] to deciphering
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whether isomiRs have the same expression pattern as that of the

corresponding reference sequences.

In this analysis we considered the isomiRs contributing in more than a

10% to the total of variants annotating to each specific miRNA locus.

In a total of 148 miRNA sequences out of the 463 detected in the

brain samples, the expressions of the reference sequence and the

corresponding isomiRs along aging, showed a positive correlation (p-

value<=0.01, F-test). However, in the remaining miRNAs the aging

expression pattern of the isomiRs and the reference miRNA was dis-

similar. These results suggest that specific biological states selectively

modulate the expression levels of miRNA sequence variants, at least

for some miRNAs. (figure 2.8). To investigate whether the biogenesis

pathways are the same for isomiRs and reference miRNAs, mouse

oocytes with Dicer and Drosha knockdown were analyzed following the

same methodology. A background production of miRNAs was found in

the cells although Dicer or Drosha were dropped off, in accordance with

the original work. The same background of isomiRs were detected,

accounting for a reduction of 80% of the reference miRNA and isomiRs

when sequestrating Dicer/Drosa. In summary, isomiRs and reference

miRNAs share similar complexity in the pathways for their biogenesis.

2.4.4. General characterization

For each miRNA, we studied the contribution of each variant to the

total of isomiRs detected. A high percentage of miRNAs presented

isomiRs, however the relative abundance of the different variants was

not equivalent. In fact, for each miRNA the two more expressed isomiR

represented more than 80% of the total isomiRs expression. Therefore,

despite of the high diversity of isomiRs, only one or two 5’- or 3’-

variants (approximately a 25% of the different isomiRs) were highly

expressed when compared to the rest (see figure 2.9). Moreover, con-

sidering variation at the 3’-end, the more expressed sequences were

represented in a 90% by trimming events, displacing the nucleotide

addition variants to those sequences with low expression. Furthermore,

168



RESULTS

(a) 5 isomiRs

(b) 3 isomiRs

Figure 2.7: Expression correlation between isomiRs and reference miRNAs.
Expression is represented by the logarithm transformation of the RPM value assigned
to each sequence (isomiR and reference miRNA). The predicted correlation is shown by
the grey line and the confidence intervals of the prediction by a shadow grey area.
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(a) miR-101 (b) miR-140-3p

(c) miR-29a (d) miR-124

Figure 2.8: Expression pattern of isomiRs/reference miRNAs in human brain
aging and development. The x axis represents the different ages and the y
axis the expression in logarithm transformation of the RPM value assigned to each
sequence (isomiR and reference miRNA). Light grey line represents the reference
miRNA sequence and the dark grey line represents the isomiR sequence.
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(a) 5 isomiRs

(b) 3 isomiRs

Figure 2.9: Relative expression of each isomiRs in each miRNA gene. IsomiRs
contribution to their miRNA locus ranked by their frequencies. The isomiRs of each
locus were ranked according to their frequencies where rank 1 is the isomiR more
expressed of each miRNA, rank 2 for the second more expressed and so on. (a) The
graphic shows the distribution considering 5’ isomiRs. (b) Showing contribution of 3’
isomiRs.
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considering all the sequences mapping onto a specific miRNA locus, the

more expressed one was the reference miRNA or a variant in the 3’-

end, in a 80% of the cases, (see figure 2.10). From here on, only these

more represented sequences were taken into account for subsequent

analyses. Taking into account the 3 more expressed sequences in each

miRNA, in the 30% of cases, a variation at the 3’-end of the sequence

was quantitatively more relevant than the reference sequence. On the

contrary, in the majority of cases the abundance of 5’-trimming variants

was lower compared with the reference miRNA (see figure 2.10).

We then investigated whether a relationship exists in the expression

extent of the of variants affecting the 5’- and those affecting the 3’-

terminus (figure 2.11). Variants showing an upstream trimming at the

5’-end presented in the majority of cases an upstream trimming in 3’-

end, or no variation. Similarly, in isomiRs with a downstream trimming

at 5’-end, the more represented variation at 3’-end was a downstream

trimming or no variation. Therefore, those variations maintaining the

mature miRNA size were preferentially expressed.

2.4.5. Conservation across tissues in human

However, 34 miRNA genes had an isomiR as the more expressed

sequence. To avoid experimental noise in the comparison, we looked

for the relative expression of the sequences in each miRNA gene

that showed different sequences as the more expressed form among

samples. In the case two samples (A and B) showing different top-

expressed sequences for a miRNA gene (sequence SEQ-C and SEQ-

D, respectively), we considered a significant difference when the

expression of SEQ-C in sample A presented an expression fold change

of 1.5 or 0.5 with respect to the expression of the SEQ-D in sample A.

After the analysis, 5 miRNAs (showing 100-10,000 counts) presented

a differential pattern. Four out of these 5 miRNAs (miR-181a, miR-

199a-3p, miR-24, miR-146b-5p and miR-30a-5p) differed in the more

expressed sequence at different ages (see supplementary table S2-

A), suggesting that selective sequences were preferentially expressed,
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(a) Type of isomiR in each position

(b) 5’ isomiR relevance

Figure 2.10: IsomiRs relevance in each miRNA gene. (a) Top 3 sequences more
expressed in each miRNA gene. The 3 more expressed sequences of each miRNA genes
were classified according to their variation: reference (no variation), variation at 3’-end,
and variation at 5’-end. Each column represents the first more expressed sequence,
the second more expressed sequence and the third more expressed sequence. (b)
The expression of the 5’-isomiRs is represented in the y axis (log2 scale). The ratio
between the 5’-isomiRs expression and the total amount of miRNA gene expression is
represented in the x axis.
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Figure 2.11: Correlation between 5’- and 3’-end variations in isomiRs. The
absolute number of sequences that present each type of variation is represented. The
5’-end modifications have been divided in three types: annotated 5’-end, downstream
dicing of 5’-end and upstream dicing of the 5’-end. Analogous, the 3’-end have been
divided in four different types: addition, annotated 3’-end, downstream dicing of the
3’-end and upstream dicing of the 3’-end.

depending on age. In accordance, the top expressed sequence for all

miRNAs in brain samples of old individuals from our experiments, was

the same as the one identified in the oldest brains (55, 66 and 88 years

old) in the Somel study (see supplementary table S2-B). Furthermore,

considering the macaque frontal cortex brain samples at different ages,

the vast majority of the miRNAs presented the same type of isomiR as

the more represented sequence. Three miRNAs (miR-181a, miR-199a-

3p and miR-24) presented a similar differential pattern in the type of

more abundant isomiR as that observed in the human brain samples

(see supplementary table S5). This suggests that sequence plasticity

for these miRNAs is important in brain, at different ages. The study

of the top- expressed sequence in all miRNA genes was also studied

in human undifferentiated stem cells and embryonic bodies [191]. In

both samples, for 10 out of 172 miRNAs commonly expressed in both

samples, the more expressed sequences differed (see supplementary

table S3). We also compared the human brain samples to human stem
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cells, resulting in a difference in the diversity pattern of 13 miRNA

genes (out of 100 commonly expressed) (see supplementary table

S4). Together these results suggest that the relative abundance of the

different sequences annotating to selective miRNA genes has a role in

specific biological states.

2.4.6. Analyzing the functional role of isomiRs

Our data indicate that isomiRs are not randomly expressed in the

different samples, which suggests a functional role for selective miRNA-

variants in the human brain, at different ages. To approach this

possibility, three different groups of miRNAs sequences were selected

in each sample: reference miRNAs, 5’-isomiRs, and 3’-isomiRs. The

expression (count number) of these three classes was used as the input

data of a principal component analysis, to separate as much as possible

the 7 groups corresponding to brain samples at different ages (figure

2.12). The group of sequences corresponding to the reference miRNAs

or the 3-isomiRs produced an intuitive aging map, grouping younger

and older in two distant clusters. In these PC analyses, the youngest

individual presents a distinctive behavior, being specially separated

from the rest. The 5’-isomiR map did not show a so clear age-related

clustering, except for the two oldest individuals.

To further explore the possibility of a functional role of the isomiRs

in brain aging, we studied the correlation between mRNA and isomiR

or reference-miRNAs expressions. To this end we used the publicly

available gene expression array data performed on the same sRNA

sequenced brain samples [250]. We performed a multiple regression

analysis of the gene profile using age as predicted variable, and

generated a list of candidate age-related candidate genes (1278 out

of 8535 genes expressed). The possibility that these candidate genes

are miRNA/isomiR target sequences was then evaluated, using the

Targetscan 5.0 prediction algorithm [165]. We obtained 468 (36%)

age related genes regulated by miRNA sequences (reference miRNAs

and isomiRs), in concordance with the idea that approximately 33% of
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(a) reference miRNAs

(b) 3’ isomiRs (c) 5’ isomiRs

Figure 2.12: MiRNA expression changes during life span. (a-c) The first two
principal component analysis of miRNA expression in human brains taking into account
reference miRNA, miRNA with 3’ variants, and miRNA with 5’ variants. The analysis
was performed by singular value decomposition, using prcmop function in the R stat
package, with each sequence scaled to RPM. The number represents each individual’s
age in year.
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genes are regulated by miRNAs [151, 88]. After that, we analyzed if

the expression of the predicted target genes along aging presented a

negative correlation with that of the miRNAs or isomiRs. Considering

the 468 predicted mRNAs, the expression of a total of 207 showed

a negative correlation with that of the reference miRNAs, 391 with

3’-isomiRs and 166 with 5’-isomiRs. Only 66 genes (14%) were

common between the three groups, suggesting that miRNA function

(indicated by miR-mRNA expression anticorrelation) was specific for

some variants. In agreement with this idea if the anti-correlation criteria

was ignored, the number of genes commonly targeted by the reference

miRNAs, 3’-isomiRs and 5’-isomiRs was significantly increased (30-80%

p < 0,01) (figure 2.13).

Figure 2.13: Overlapped genes between isomiR and reference miRNA
targets. Each point is an 5’ isomiR, and the red line indicated the expected overlap
assuming a random model (bootstrapping, 1000 permutations).

To identify the miRNAs possibly related to age, we considered the

proportion of age-related genes and those not related with age that

were predicted to be regulated by each miRNA sequence, 468 out

of 1278 and (2631 out of 8535, respectively. A total of 87 miRNAs

sequences, corresponding to 40 miRNAs genes, were identified as

age-related miRNAs (bootstrapping method, p < 0,01). Interestingly,

taking into account all the expressed miRNAs, in the majority of cases
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(95%), both the reference miRNA and the corresponding 5’-isomiR

were similarly predicted as putative age-related miRNA sequences

(see supplementary table S6). In addition, we studied the common

miRNAs that were differently expressed between the newborn and

oldest age, in human brain and in macaque brain. We found that 29

miRNA genes (57 sequences) showed the same expression pattern,

suggesting a putative functional role of isomiRs conserved among

species (see supplementary table S7). The three different sets of

genes were used as input for the ’DAVID’ web-server [118] in order

to determine any functional enrichment distinction. Interestingly, the

genes targeted by isomiR sequences were statistically enriched in the

brain area, suggesting that the regulation of specialized genes were

due to isomiRs more than due to the annotated sequences. This

agrees with results reported by Somel et al [250], describing a group

of genes that were down-regulated at old-ages, and expressed mainly

in brain. In other hand, the reference sequences pointed to genes

that were enriched in energy metabolism-related pathways, specifically

to electron transport chain genes. These genes were also described

by Somel et al [250], as one of the main groups that at old-ages

their expressions subside. In addition, DAVID web server revealed the

transcription factors associated to the 3’-isomiRs and the 5’-isomiRs

group of genes were similar. However, the genes targeted by the

reference sequences showed to be related to different transcription

factors. This agrees with the idea that gene expression modulation

along age in these different genes may be related with specific isomiR

pos-transcriptional regulation, rather than a transcriptional mediated

effect.

2.4.7. Studying the miRNA-mRNA duplex structure

The previous results suggest that sequences in the same miRNA gene

targets a set of different genes. We compared the free energy of the

reference miRNA-mRNA duplex and that of the isomiR-mRNA duplex

with the same gene. For this analysis we considered isomiRs for which
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their expression was not correlated with that of the corresponding

reference miRNAs and mRNA targets that were not common for the

isomiR and the corresponding reference sequence. For a 92% of the

isomiRs (115 out of 125), the duplex energy improved in (at least) one

of their target genes that was not predicted for the reference miRNA. If

only the most expressed gene (among all targets) was considered for

each isomiR, we found that 404 duplex had a better structure stability

and 210 duplex had a lower stability. This results were compared to the

same study but using the commonly predicted genes between isomiR

and reference sequences and isomiRs whose expression correlated to

the reference miRNA. In this case, 140 duplex improved the free energy,

and 178 decreased their structure stability. Our data showed a stability

improvement of the miRNA-mRNA duplex structure (p-value 2x10-6,

Fisher test) of those isomiRs that were not correlated to the reference

miRNA expression and targeted different genes. For instance, the let-

7b gene had a 3’ isomiR that differs from the reference miRNA in

an extra Uracil at the end of the sequence. DNA Ligase 1 has been

predicted for the isomiR form but not for the reference sequence since

only the variant is negatively correlated to the gene (see figure 2.14,a).

Interestingly, the free energy of the isomiR-mRNA duplex structure

was more stable than the reference-mRNA duplex structure (see figure

2.14,a).
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(a) hsa-let-7b

(b) hsa-miR-140-3p

Figure 2.14: Gene and miRNA sequences expression profile.(a) Expression
profile of the hsa-let-7b family and one of its targets during aging. (b) Expression profile
of the hsa-miR-140-3p family and one of its target genes during aging.
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2.4.8. Methods

Raw data acquisition: The following samples were downloaded from

GEO dataset [78]. Small RNA data were generated with Illumina

technology: worm (GSE11738), fly (GSE11624), mouse (GSM41661),

macaque (GSE18013) and human (GSE18012). Small RNA from human

stem cells and human brain regions were acquired from the ftp server

provided by the authors [250, 185]. The human gene expression data

came from the same samples than the sRNA data (GSE17757).

MiRNA detection: Last version of SeqBuster was installed to detect

miRNAs and their isomiRs for each sample [205] The parameters were

set up to detect isomiRs by: a) trimming at the 3’ and 5’-end (up to 3

nucleotides shifted from the reference dicing site), b) addition at the

3Õ-end (up to 3 nucleotides added) and c) nucleotide substitution (up

to 1 mismatch with respect to the reference miRNA sequence).

Prediction of age-related genes: We applied the same method than

the original work used to define age related gene [250]. We applied a

lower p-value threshold (0.01 instead of 0.05).

Prediction of age-related miRNA: We considered a gene to be

targeted by a miRNA sequences only if: 1) there is a pair complemen-

tary between the miRNA seed and the gene according to Targetscan

(version 5.1) prediction algorithm [165], and 2) there is a negative

expression correlation between the miRNA sequence and the gene.

We considered all different seeds of annotated miRNAs and isomiR

sequences to run the prediction. Only those genes that have been

detected in the gene expression profile of the brain samples, according

to the public data from the original work, were used as input for

Targetscan algorithm. For each miRNA sequence-gene pair predicted

by TargetScan Custom, a linear regression model was performed by the

standard R function (’lm’). To consider a gene regulated by a miRNA

sequence, the p-value of the model should be less than 0,01 (F-test)
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and negative coefficient. The values used for the model were the

normalized intensities of microarray data for gene, and logarithms of

counts for miRNA sequences. After that, the total number of genes

predicted as targets of each miRNA sequence were classified into age-

related genes and non age-related genes. A p-value was assigned to

each miRNA sequence. The bootstrapping method (1000 permutations)

was applied to the data in order to detect a random bias distribution of

the age-related genes for each miRNA sequence.

miRNA-gene duplex structure stability: Vienna package were

used for the generation of the duplex structure and the free energy

calculations [100].
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miRNA with isomiRs miRNAs without isomiRs p-value (fisher test)
Hairpin energy structure -40.27 -40.3 0.9

A | C | G | U A | C | G | U

 79|52|18 |108 10|  5 |  1| 25

A | C | G | U A | C | G | U

86| 37| 75| 59 16|  5 | 7 |13
UTR3 | UTR5 | exon |  interg | intron UTR3 | UTR5 | exon |  interg | intron
    0    |     1    |   11    |   116   | 130    2     |    0     |   0      |    20    | 19

CG content 19.7 19.15 0.3

Table S1: Secondary structure parameters of miRNAs with isomiRs and miRNAs without isomiRs.

Nucleotide enrichment: 
pos -1 0.2

Nucleotide enrichment: 
pos 1 0.3

Context information 0.7



miRNA Variation (1) FC2days FC-1year FC-13year FC-25year FC-55year FC-66year FC-88year
hsa-miR-34c-5p ref 148 235 217 298 2064 477 589
hsa-miR-34c-5p 0 tC0 77 127 215 384 1568 527 571
hsa-miR-34c-5p 0 tGC0 41 90 203 404 1543 595 534
hsa-miR-34c-5p 0 tC qT 26 32 57 96 534 107 123
hsa-miR-181a ref 3716 3655 1916 1703 2430 1726 1521
hsa-miR-181a 0  qT0 5706 3614 1912 1620 1398 734 492
hsa-miR-181a 0  qTT0 4764 3994 2769 1899 987 314 164
hsa-miR-181a 0 tAGT0 2126 1660 1654 1615 3632 2330 1822
hsa-miR-1974 ref 48 33 650 346 109 81 107
hsa-miR-1974  qG 0 28 18 439 298 98 27 34
hsa-miR-1974  qCG 0 13 6 339 212 56 6 6
hsa-miR-1974  qG tA0 68 15 113 63 49 24 29
hsa-miR-181d 0  qT0 2624 2498 1458 1072 853 484 459
hsa-miR-181d ref 1480 1653 831 721 530 638 696
hsa-miR-181d 0 tT qGT 392 563 349 122 140 122 141
hsa-miR-181d 0 tT0 439 269 267 205 148 140 133
hsa-miR-146b-5p 0  qGT0 233 1705 2175 2287 870 779 469
hsa-miR-146b-5p 0  qG0 136 982 1137 1107 490 1082 977
hsa-miR-146b-5p 0  qG qG 91 873 1367 842 387 495 327
hsa-miR-146b-5p ref 64 537 414 496 247 466 562
hsa-miR-99a ref 4893 3453 2719 3114 2614 3499 3498
hsa-miR-99a 0 tG0 5443 2971 2818 2843 2340 2602 2418
hsa-miR-99a 0 0 qA 3079 825 692 774 672 721 655
hsa-miR-99a 0 0 qT 2240 403 308 306 259 236 246
hsa-miR-99a  qA tG0 333 112 130 112 114 120 93
hsa-miR-143 ref 4461 5665 12391 10415 3698 7718 21706
hsa-miR-143 0 tC0 4324 5040 13131 10166 3402 707 14954
hsa-miR-143 0 0 qT 1330 1183 3206 2801 830 1520 4049
hsa-miR-143 0 tC qA 445 712 1937 1654 568 1215 2704
hsa-miR-378 0  qC qA 1055 2580 1908 1295 1028 1652 1354
hsa-miR-378 0  qC0 935 2741 1864 1107 851 1395 1078
hsa-miR-378 ref 460 2110 1856 1198 890 1086 103
hsa-miR-378 0  qC qAT 375 705 666 418 322 436 343
hsa-miR-378 tA  qC qA 76 234 173 121 89 143 107
hsa-miR-378 tA  qC0 55 209 128 73 72 108 79
hsa-miR-378 tA  qC qT 27 82 62 59 32 49 45
hsa-miR-1185 0  qC0 20 95 89 86 71 86 66
hsa-miR-1185 ref 0 66 88 88 77 90 79
hsa-miR-451 ref 43 778 594 254 357 101 290
hsa-miR-451 0  qT0 75 506 306 264 195 47 169
hsa-miR-451 0 tT0 18 213 248 65 121 24 48
hsa-miR-199a-3p 0 tA0 0 1304 2315 1886 1037 1215 3216
hsa-miR-199a-3p ref 0 1408 1982 1663 979 1218 3581
hsa-miR-199a-3p  qT tA0 1418 277 447 301 137 229 506
hsa-miR-199a-3p 0 0 qA 0 270 374 276 197 215 470
hsa-miR-199a-3p 0 tA qT 0 194 336 280 160 189 481
hsa-miR-199a-3p tA 0 379 85 116 110 47 52 142
hsa-miR-199a-3p  qT 0 375 71 115 75 29 51 121
hsa-miR-103 ref 19476 56737 39654 36655 28124 32880 28370
hsa-miR-103 0 tGA0 21680 40869 32565 27184 23938 23053 19040
hsa-miR-103 0 tA0 5265 10725 8559 7760 6242 6633 5777
hsa-miR-103 0 tA qT 3386 4779 3292 3040 2720 2178 2041
hsa-miR-24 0 0 qT 104 1620 2127 1348 1031 1194 1218
hsa-miR-24 ref 504 204 1957 1287 956 1325 1215
hsa-miR-24 0 tG0 165 542 710 520 394 416 334
hsa-miR-24 0 0 qTT 255 275 303 181 125 166 178
hsa-miR-10 ref 2594 783 1052 1129 1832 1324 1761
hsa-miR-10 0 tG0 2039 366 585 619 1323 709 875
hsa-miR-10 0 0 qA 2720 381 50 494 836 606 640
hsa-miR-10 0 0 qT 871 90 132 120 172 101 158
hsa-miR-99b* 0  qT0 97 124 84 81 0 51 0
hsa-miR-99b* ref 55 108 69 80 0 52 0

Table S2A: miRNA gene expression in the different ages
Somel et al, 2010



hsa-miR-181b 0  qT0 2183 2154 1314 1062 1386 380 308
hsa-miR-181b 0 tGGT0 442 439 904 777 2083 507 406
hsa-miR-181b 0 tT qGT 906 1541 101 392 683 315 213
hsa-miR-181b ref 390 650 377 325 709 330 333
hsa-miR-181b  qC tGGT0 58 52 59 57 159 44 32
hsa-miR-151-3p 0  qA0 357 331 362 358 872 503 442
hsa-miR-151-3p 0  qA qA 321 294 247 251 711 431 364
hsa-miR-151-3p ref 293 318 256 366 537 331 315
hsa-miR-151-3p 0 tG0 191 82 123 167 407 138 149
hsa-miR-708 ref 530 723 334 262 251 256 267
hsa-miR-708 0 tG0 576 379 310 293 236 188 184
hsa-miR-708 0 0 qA 80 119 78 59 55 19 17
hsa-miR-374a ref 139 183 135 133 104 155 150
hsa-miR-374a 0 tG0 190 122 131 106 117 110 106
hsa-miR-30a* ref 28 176 142 119 103 148 143
hsa-miR-30a* 0 tC qT 36 112 118 85 69 102 89
hsa-miR-30a* 0 tC0 27 79 82 63 55 67 60
hsa-miR-30a 0  qCT0 1170 2695 320 2233 1176 1782 1413
hsa-miR-30a 0  qC0 932 1832 2502 1703 885 1589 1371
hsa-miR-30a ref 475 1806 2201 1663 90 1647 1571
hsa-miR-30a 0 0 qA 484 1013 1743 1073 489 845 726
hsa-miR-140-3p tT  qA0 6675 6732 10747 0 13960 0 0
hsa-miR-140-3p tT  qAC0 3670 3885 4261 0 3869 0 0
hsa-miR-140-3p tT  qA qA 2695 2940 4187 0 5650 0 0
hsa-miR-140-3p 0  qAC0 0 0 0 0 2836 0 6240
hsa-miR-140-3p 0  qA0 0 0 0 0 2456 0 3786
hsa-miR-140-3p 0  qACA0 0 0 0 0 1673 0 3426
hsa-miR-140-3p ref 0 0 0 0 653 0 1089
hsa-miR-106b 0  qA0 849 207 199 141 136 162 117
hsa-miR-106b ref 734 264 234 107 142 145 143
hsa-miR-106b 0  qA qA 241 61 67 53 48 61 44
hsa-miR-15b ref 127 164 67 45 39 73 48
hsa-miR-15b 0 tCA0 107 85 68 34 26 26 31
hsa-miR-132 ref 30 746 490 226 133 220 136
hsa-miR-132 0 0 qT 34 271 169 124 47 54 51

(1) Label indicating the variation type. The first group refers to the 5' end and the second group refers to the 3' end. 'qTA' indicates 
that the nucleotides 'TA' are presented on the isomiR, but not on the annotated miRNA in miRBase. 'tTA' indicates that the 
nucleotides 'TA' are not presented on the isomiR, but they are on the annotated miRNA in miRBase. An addition is indicated on a 
third group  with a 'q'+'nucleotides' contiguously to the 3' end label. '0' means no modifications.



miRNA Variation (1) FC2days FC-1year FC-13year FC-25year FC-55year FC-66year FC-88year FC ST

hsa-miR-101 0 0 qA 3628 2425 2316 2357 2112 3271 3069 1890 1368
hsa-miR-101 0 0 qT 0 0 0 0 0 0 0 0 0
hsa-miR-101 0  qG0 2065 1243 1304 1323 987 1418 1348 899 776
hsa-miR-101 0 tA0 9306 6241 6867 7470 6154 9969 8703 2970 1745
hsa-miR-101  qG 00 8796 6863 6673 6860 8766 9859 9374 3231 2786
hsa-miR-101  qG 0 qA 4476 3087 2409 2743 2788 3124 2963 1259 1035
hsa-miR-101  qG tA0 14172 10811 10453 13325 14248 14811 14215 4019 2784
hsa-miR-101 ref 6230 6186 5769 5051 5529 9373 8960 3803 2830
hsa-miR-122 0 0 qA 99 120 153 57 37 86 28 0 0
hsa-miR-122 0  qT0 88 74 89 45 20 38 13 0 0
hsa-miR-122 0 tG0 172 169 231 106 79 332 62 68 52
hsa-miR-122 ref 249 313 283 165 104 395 126 74 35
hsa-miR-122 tT 00 0 0 0 0 0 0 0 0 0
hsa-miR-191 0 0 qA 229 354 495 382 286 195 165 441 256
hsa-miR-191 0  qT0 1335 1945 1285 1035 659 428 332 693 482
hsa-miR-191 0 tG0 1580 4078 3453 2856 2556 2742 2752 3759 4283
hsa-miR-191 ref 1949 6405 5137 4338 3924 4910 4548 4205 3559
hsa-miR-191 tC 00 93 102 85 65 68 79 94 104 117
hsa-miR-191 tC  qT0 95 63 52 52 30 28 32 0 0
hsa-miR-323-3p 0 tT qA 22 42 62 118 76 81 72 119 56
hsa-miR-323-3p  qG 00 99 268 256 420 153 206 120 722 536
hsa-miR-323-3p ref 564 3014 1940 2839 1399 1813 1287 989 531
hsa-miR-124 0  qA0 18287 17489 17386 8955 3207 12734 7903 14763
hsa-miR-124 0  qAA0 15594 9854 10863 6471 2219 8804 5678 23912
hsa-miR-124 0  qA qT 7583 6115 5332 2904 814 2936 1754 5905
hsa-miR-124  qT  qA0 0 0 0 0 0 0 0 808
hsa-miR-124  qT  qAA0 1056 737 822 500 179 643 399 704
hsa-miR-124  qT tC0 902 680 766 498 160 514 311 738
hsa-miR-124 ref 674 873 796 343 134 617 339 1188
hsa-miR-124 tT  qA0 659 573 579 449 340 478 401 0
hsa-miR-136 0 0 qA 42 255 176 208 168 122 93 381
hsa-miR-136 ref 49 294 216 224 175 282 244 367
hsa-miR-221 0 0 qT 0 1149 0 0 0 308 187 0
hsa-miR-221 0 tC0 0 4346 0 0 0 4117 3252 10169
hsa-miR-221 0 tC qA 0 0 0 0 0 0 0 742
hsa-miR-221 0 tC qT 0 812 0 0 0 621 464 0
hsa-miR-221 0 tTC0 0 0 0 0 0 0 0 816
hsa-miR-221 ref 0 7935 0 0 0 4765 3805 8685
hsa-miR-31 0  qG0 0 53 85 53 83 96 93 204
hsa-miR-31 0  qG qA 0 0 0 0 0 0 0 0
hsa-miR-31 0  qGT0 0 57 78 52 81 81 58 120
hsa-miR-31 ref 0 95 167 113 146 159 184 166
hsa-miR-432 0 tG0 58 362 510 441 184 338 315 600
hsa-miR-432 0 tGG0 165 1123 1563 1451 644 1020 832 609
hsa-miR-432 0 tG qT 36 284 228 219 94 118 125 644
hsa-miR-432 ref 28 281 211 162 94 132 132 689
hsa-miR-7 0  qT0 2395 29094 37331 23022 6504 5372 2750 1228
hsa-miR-7 0 tGT qTTT 0 0 0 0 0 0 0 0
hsa-miR-7 0 tT0 61 949 757 519 186 288 169 98
hsa-miR-7 0 tTGT0 34 496 535 323 76 180 76 0
hsa-miR-7 ref 361 15708 11213 6981 2044 3778 2284 1654
hsa-miR-9* 0  qA0 2390 1606 1133 1200 1036 1076 821 691
hsa-miR-9* 0  qAA0 528 285 194 191 144 113 71 0
hsa-miR-9* 0 tT qA 162 128 116 100 102 102 84 0
hsa-miR-9* ref 3196 5422 3903 3555 3273 3696 2981 1747
hsa-miR-9* tA 00 1104 833 542 444 309 435 295 467
hsa-miR-9* tA  qA0 2841 2203 1469 1251 948 1276 968 1826
hsa-miR-9* tA  qAA0 2287 1299 745 691 489 653 504 541
(1) Label indicating the variation type. The first group refers to the 5' end and the second group refers to the 3' end. 'qTA' indicates that the 
nucleotides 'TA' are presented on the isomiR, but not on the annotated miRNA in miRBase. 'tTA' indicates that the nucleotides 'TA' are not 
presented on the isomiR, but they are on the annotated miRNA in miRBase. An addition is indicated on a third group  with a 'q'+'nucleotides' 
contiguously to the 3' end label. '0' means no modifications.

Table S2-B miRNA gene expression in different human brain samples
Somel et al, 2010 Marti et al,2010



miRNA gene Variation (1) hESC EB miRNA gene Variation (1) hESC EB

hsa-let-7i 0 0  qT 0 542 hsa-miR-30a* 0 tC  qT 817 979
hsa-let-7i 0 0  qA 0 222 hsa-miR-30a* 0 tC0 314 246
hsa-let-7i ref 50 233 hsa-miR-30a* ref 423 371
hsa-miR-100 ref 81 126 hsa-miR-30a* tC tC  qT 999 647
hsa-miR-100 0 0  qA 116 48 hsa-miR-30a* tC tC0 187 93

hsa-miR-107 0 tA  qT 1713 1212 hsa-miR-30a* 0 tAGC  
qCGC 97 53

hsa-miR-107 0 tA  qC 1089 712 hsa-miR-30a* tC 00 621 396
hsa-miR-107 0 tA0 7945 7255 hsa-miR-331-3p 0 0  qT 753 869
hsa-miR-107 ref 8887 7149 hsa-miR-331-3p 0 tA0 536 683
hsa-miR-127-3p 0 0  qT 187 0 hsa-miR-331-3p 0 0  qA 417 567
hsa-miR-127-3p 0 0  qA 243 0 hsa-miR-331-3p ref 592 1639
hsa-miR-127-3p 0 0  qAT 235 82 hsa-miR-372 tA 00 0 4272
hsa-miR-127-3p ref 486 44 hsa-miR-372 0 tT  qA 1433 0
hsa-miR-1287 ref 95 33 hsa-miR-372 ref 34155 2910
hsa-miR-1287 0 0  qA 145 0 hsa-miR-372 0 tT  qC 2880 82
hsa-miR-1298 0   qT0 1063 542 hsa-miR-372 0 0  qT 1616 113
hsa-miR-1298 ref 1356 2480 hsa-miR-454 0   qTT0 558 242
hsa-miR-1298 0 tA0 999 970 hsa-miR-454 0   qT0 880 231

hsa-miR-1298 0 0  qA 1970 1281 hsa-miR-454 0 tGGT  
qTGT 137 0

hsa-miR-135b ref 153 75 hsa-miR-454 0 0 0 219 48
hsa-miR-135b 0 tGA  qTA 195 0 hsa-miR-455-5p 0   qTG0 124 82
hsa-miR-143 0 tC0 1404 242 hsa-miR-455-5p ref 214 93
hsa-miR-143 0   qA0 153 0 hsa-miR-455-5p 0   qT0 201 122
hsa-miR-143 ref 1367 547 hsa-miR-455-5p   qG tCG0 103 48
hsa-miR-143 0 0  qT 489 206 hsa-miR-484 ref 44 133
hsa-miR-146a 0   qG0 391 133 hsa-miR-484 0 tAT  qCT 124 68
hsa-miR-146a 0 0  qA 116 57 hsa-miR-498 ref 111 153
hsa-miR-146a ref 296 287 hsa-miR-498 0 tC0 137 89
hsa-miR-146a 0 0  qT 124 0 hsa-miR-503 ref 174 157
hsa-miR-191 0   qT0 7506 6043 hsa-miR-503 0 tCAG  qA 0 186

hsa-miR-191 0 tG0 3195 3657 hsa-miR-503 0 tCAG  
qAAA 76 320

hsa-miR-191 tC 0  qA 502 300 hsa-miR-503 0 tCAG0 0 151
hsa-miR-191 tC 00 1097 1003 hsa-miR-548j ref 140 173
hsa-miR-191 0 0  qA 2425 1900 hsa-miR-548j   qC 00 187 117
hsa-miR-191 tC   qT0 648 538 hsa-miR-720   qA 00 0 162
hsa-miR-191 ref 5332 7327 hsa-miR-720 ref 66 129
hsa-miR-199a-3p tA 00 4433 211 hsa-miR-769-5p 0 tT0 201 82
hsa-miR-199a-3p 0 tA0 31928 1653 hsa-miR-769-5p 0 0  qAA 158 48
hsa-miR-199a-3p 0 tA  qT 2272 380 hsa-miR-769-5p ref 325 198
hsa-miR-199a-3p ref 23464 1684 hsa-miR-769-5p 0 0  qA 460 142
hsa-miR-199a-3p 0 0  qA 9344 458 hsa-miR-92b   qA 0  qT 166 287
hsa-miR-199a-3p   qT 00 3644 182 hsa-miR-92b 0 tC0 0 13223
hsa-miR-199a-3p   qT tA0 8493 522 hsa-miR-92b tT 00 439 340
hsa-miR-210 0 tA  qG 510 106 hsa-miR-92b ref 0 20403
hsa-miR-210 0 tA  qC 320 48 hsa-miR-92b 0 0  qT 0 5949
hsa-miR-210 0 tA  qT 195 53 hsa-miR-92b 0 tCC0 0 8855
hsa-miR-210 ref 621 77 hsa-miR-92b   qA 00 396 429
hsa-miR-221* ref 618 611 hsa-miR-302b tT tG  qT 0 413
hsa-miR-221*   qA   qC0 201 186 hsa-miR-302b 0 tG0 22051 0
hsa-miR-221* 0   qCT0 2383 2647 hsa-miR-302b 0 tAG0 11053 0
hsa-miR-221* 0   qCTG0 137 146 hsa-miR-302b 0 0  qT 9262 0
hsa-miR-221*   qA   qCT0 111 113 hsa-miR-302b ref 16663 0
hsa-miR-221* 0   qC0 2518 1904 hsa-miR-302b tT 0  qT 0 1706
hsa-miR-221*   qA 00 362 255 hsa-miR-302b tT 00 0 3924
hsa-miR-28-5p ref 95 122 hsa-miR-302d 0 tT0 1671 0
hsa-miR-28-5p 0 tG0 137 102 hsa-miR-302d tT 00 5972 5716
hsa-miR-302a 0 tA  qT 2264 0 hsa-miR-302d ref 12153 0
hsa-miR-302a 0 tGA  qTA 2875 0 hsa-miR-302d tT 0  qT 222 191

Table S3: miRNA gene expression in human stem cells



hsa-miR-302a 0 tA0 9331 0 hsa-miR-302d 0 tGT  qTT 1208 0
hsa-miR-302a ref 9313 0 hsa-miR-302d tTA 00 489 458
hsa-miR-302a tT tGA  qTA 158 133 hsa-miR-302d 0 tT  qA 1481 0
hsa-miR-302a tT 00 1306 1875 hsa-miR-18a 0 tAG0 195 113

hsa-miR-302a   qAG tTGA0 256 547 hsa-miR-18a ref 134 144

hsa-miR-18a 0 tG0 187 162
(1) Label indicating the variation type. The first group refers to the 5' end and the second group refers to the 3' end. 'qTA' 
indicates that the nucleotides 'TA' are presented on the isomiR, but not on the annotated miRNA in miRBase. 'tTA' indicates that 
the nucleotides 'TA' are not presented on the isomiR, but they are on the annotated miRNA in miRBase. An addition is indicated 
on a third group  with a 'q'+'nucleotides' contiguously to the 3' end label. '0' means no modifications.
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miRNA se quence Age related 
genes

Non-age related 
genes Total P-

value miRNA se quence Age related 
genes

Non-age related 
genes Total P-value

hsa-let-7a,0 0 qA 4 28 32 0.32 hsa-miR-191,0 tG0 0 3 3 1
hsa-let-7a,0  qT0 9 29 38 0.01 hsa-miR-191,ref 0 9 9 1
hsa-let-7a,0 tT0 1 18 19 0.7 hsa-miR-192,0  qA0 0 28 28 1
hsa-let-7a,ref 0 6 6 1 hsa-miR-192,ref 0 2 2 1
hsa-let-7b,0  qT0 7 0 7 0 hsa-miR-192,tC  qA0 1 8 9 0.32
hsa-let-7b,ref 0 1 1 1 hsa-miR-1974, qG 00 0 2 2 1
hsa-let-7c,0 0 qA 12 25 37 0 hsa-miR-1974,ref 0 2 2 1
hsa-let-7c,0  qT0 14 17 31 0 hsa-miR-199a-3p,0 tA0 1 76 77 1

hsa-let-7c,0 tT0 7 12 19 0 hsa-miR-199a-3p, qT tA0 2 9 11 0.12

hsa-let-7c, qT 00 14 19 33 0 hsa-miR-199a-3p,ref 0 70 70 1
hsa-let-7c, qT tT0 7 13 20 0 hsa-miR-206,ref 3 74 77 0.98
hsa-let-7c,ref 3 24 27 0.42 hsa-miR-21,0  qC0 0 2 2 1
hsa-let-7d,0 0 qA 1 0 1 0 hsa-miR-21,0 tA0 2 6 8 0.07
hsa-let-7d,0  qT0 5 1 6 0 hsa-miR-21,ref 0 1 1 1

hsa-let-7d,0 tT0 1 42 43 0.98 hsa-miR-219-2-3p,0 
tGT0 0 4 4 1

hsa-let-7d,ref 0 78 78 1 hsa-miR-219-2-3p,0 tT0 0 5 5 1
hsa-let-7e,0 0 qA 4 0 4 0 hsa-miR-219-2-3p,ref 0 1 1 1
hsa-let-7e,0 tT0 2 4 6 0.03 hsa-miR-219-5p,0  qT0 4 38 42 0.54
hsa-let-7e,ref 0 6 6 1 hsa-miR-219-5p,0  qTG0 4 39 43 0.58
hsa-let-7f,0 0 qA 5 8 13 0 hsa-miR-219-5p,ref 6 41 47 0.32
hsa-let-7f,0 tT0 0 0 0 1 hsa-miR-22,0 tGT0 0 68 68 1
hsa-let-7f, qA 00 11 28 39 0 hsa-miR-22,ref 0 55 55 1
hsa-let-7f,ref 0 0 0 1 hsa-miR-22*,ref 0 12 12 1
hsa-let-7f,tT 00 0 0 0 1 hsa-miR-221,0 tC0 0 2 2 1
hsa-let-7g,0 0 qA 8 3 11 0 hsa-miR-221,ref 0 2 2 1
hsa-let-7g,0 tT0 1 0 1 0 hsa-miR-221*,0  qC0 0 9 9 1
hsa-let-7g, qC 00 0 0 0 1 hsa-miR-221*,0  qCT0 3 1 4 0
hsa-let-7g,ref 0 2 2 1 hsa-miR-221*,0 tT0 1 20 21 0.7
hsa-let-7i,0 0 qT 22 19 41 0 hsa-miR-221*, qA 00 4 4 8 0
hsa-let-7i,ref 1 10 11 0.4 hsa-miR-221*,ref 0 49 49 1
hsa-miR-1,0 tAT0 0 0 0 1 hsa-miR-222,0  qCT0 0 81 81 1
hsa-miR-1,0 tT0 0 0 0 1 hsa-miR-222,ref 0 67 67 1
hsa-miR-1,0 tT qA 0 0 0 1 hsa-miR-23a,0  qA0 0 8 8 1
hsa-miR-1,ref 0 0 0 1 hsa-miR-23b,0  qA0 1 93 94 1
hsa-miR-100,0 0 qA 0 8 8 1 hsa-miR-23b*,ref 0 33 33 1
hsa-miR-100,0 tG0 0 3 3 1 hsa-miR-24,0 0 qT 0 2 2 1
hsa-miR-100,ref 0 3 3 1 hsa-miR-24,ref 0 19 19 1
hsa-miR-101,0 tA0 0 2 2 1 hsa-miR-25,ref 0 72 72 1
hsa-miR-101, qG 00 1 3 4 0.07 hsa-miR-26a,0 0 qA 0 0 0 1
hsa-miR-101, qG tA0 0 8 8 1 hsa-miR-26a,0 0 qAT 8 1 9 0
hsa-miR-101,ref 0 1 1 1 hsa-miR-26a,0 0 qT 11 8 19 0
hsa-miR-103,0 tGA0 2 3 5 0.01 hsa-miR-26a,0 0 qTT 12 6 18 0
hsa-miR-103,ref 0 13 13 1 hsa-miR-26a,0 tT0 0 0 0 1
hsa-miR-106b,0  qA0 34 146 180 0 hsa-miR-26a,0 tT qA 0 0 0 1
hsa-miR-106b,ref 26 116 142 0 hsa-miR-26a,ref 0 2 2 1
hsa-miR-107,0 tA0 8 7 15 0 hsa-miR-26b,0  qT0 0 0 0 1
hsa-miR-107,ref 0 10 10 1 hsa-miR-26b,ref 4 18 22 0.1
hsa-miR-122,0 tG0 0 0 0 1 hsa-miR-27b,0  qA0 0 107 107 1
hsa-miR-122,ref 0 0 0 1 hsa-miR-27b,0  qA qA 0 136 136 1
hsa-miR-124,0  qA0 5 9 14 0.01 hsa-miR-27b,0 tC0 4 160 164 1
hsa-miR-124,0  qAA0 7 10 17 0 hsa-miR-27b,0 tGC0 8 171 179 1
hsa-miR-124, qT 00 5 3 8 0 hsa-miR-27b,ref 0 88 88 1
hsa-miR-124, qT  qA0 4 6 10 0 hsa-miR-28-3p,ref 0 0 0 1
hsa-miR-124, qT  qAA0 8 10 18 0 hsa-miR-29a,0 tA0 2 164 166 1
hsa-miR-124, qT  qA qT 16 13 29 0 hsa-miR-29a, qC 00 4 82 86 0.98

hsa-miR-124, qT  qA qTT 14 9 23 0 hsa-miR-29a, qC tA0 10 86 96 0.58

hsa-miR-124, qT tC0 14 12 26 0 hsa-miR-29a,ref 4 166 170 1
hsa-miR-124, qT tCC0 8 9 17 0 hsa-miR-29b,0 tT0 4 164 168 1
hsa-miR-124,ref 1 3 4 0.05 hsa-miR-29b,ref 4 161 165 1
hsa-miR-124,tT  qA0 0 0 0 1 hsa-miR-29c,0 tA0 0 2 2 1
hsa-miR-124,tT  qAA0 0 0 0 1 hsa-miR-29c,ref 1 1 2 0.01
hsa-miR-125a-5p,0 tA0 6 6 12 0 hsa-miR-30a,0 0 qA 0 4 4 1

hsa-miR-125a-5p,0 tGA0 8 6 14 0 hsa-miR-30a,0  qC0 0 7 7 1

hsa-miR-125b,0 0 qA 16 47 63 0 hsa-miR-30a,0  qCT0 0 8 8 1
hsa-miR-125b,0 tA0 7 10 17 0 hsa-miR-30a,ref 0 58 58 1
hsa-miR-125b,0 tGA0 12 16 28 0 hsa-miR-30a*,ref 0 117 117 1
hsa-miR-125b,ref 10 12 22 0 hsa-miR-30d,0  qCT0 9 16 25 0
hsa-miR-126*,ref 0 149 149 1 hsa-miR-30d,ref 0 5 5 1
hsa-miR-127-3p,0 0 qA 0 0 0 1 hsa-miR-30e,0  qCT0 4 5 9 0
hsa-miR-127-3p,0 0 qAT 0 0 0 1 hsa-miR-30e*,0 tC qT 1 10 11 0.36
hsa-miR-127-3p,0 0 qT 0 0 0 1 hsa-miR-31,ref 1 96 97 1

hsa-miR-127-3p,0 tT qAT 0 1 1 1 hsa-miR-320a,0 0 qT 45 98 143 0

hsa-miR-127-3p,ref 0 0 0 1 hsa-miR-320a,0  qA0 28 36 64 0
hsa-miR-127-5p,0  qT0 0 22 22 1 hsa-miR-320a,0 tA0 1 2 3 0.04
hsa-miR-127-5p,0 tT0 0 26 26 1 hsa-miR-320a,0 tA qT 11 146 157 0.97
hsa-miR-127-5p,ref 0 47 47 1 hsa-miR-320a,ref 0 2 2 1

Table S6: miRNA sequences predicted as age-related miRNA



hsa-miR-127-5p,tCT  
qTC0 1 4 5 0.1 hsa-miR-320a,tA 00 10 58 68 0.17

hsa-miR-1271,ref 3 56 59 0.92 hsa-miR-323-3p, qG 00 0 15 15 1
hsa-miR-1277,ref 0 0 0 1 hsa-miR-323-3p,ref 0 53 53 1
hsa-miR-128,0  qT0 14 7 21 0 hsa-miR-330-3p,0 tA0 13 204 217 1
hsa-miR-128,ref 4 12 16 0.02 hsa-miR-330-3p,ref 11 200 211 1
hsa-miR-128,tTC 00 8 4 12 0 hsa-miR-330-3p,tG 00 17 149 166 0.73
hsa-miR-129-3p,0  
qTAT0 0 30 30 1 hsa-miR-330-3p,tG  qG0 11 172 183 0.99

hsa-miR-129-3p,0 tT0 5 100 105 0.99 hsa-miR-330-3p,tG  
qGG0 0 48 48 1

hsa-miR-129-3p,ref 2 79 81 1 hsa-miR-330-3p,tG tA0 14 162 176 0.93
hsa-miR-129-5p,0 tC0 0 101 101 1 hsa-miR-330-3p,tG tGA0 12 95 107 0.5
hsa-miR-129-5p,0 tC qT 0 33 33 1 hsa-miR-330-3p,tGC 00 0 0 0 1

hsa-miR-129-5p,ref 0 82 82 1 hsa-miR-330-3p,tGC  
qG0 0 0 0 1

hsa-miR-130a,0  qT0 30 101 131 0 hsa-miR-330-3p,tGC  
qGG0 0 0 0 1

hsa-miR-130a,ref 18 74 92 0.01 hsa-miR-335,0 tT0 0 3 3 1
hsa-miR-130b,ref 24 131 155 0.05 hsa-miR-335,ref 0 6 6 1
hsa-miR-132,0 0 qT 2 9 11 0.12 hsa-miR-33a,0 tA0 0 21 21 1
hsa-miR-132,ref 0 16 16 1 hsa-miR-33a,ref 1 0 1 0
hsa-miR-132*,ref 0 5 5 1 hsa-miR-340,0 tT0 2 27 29 0.7
hsa-miR-134,ref 0 4 4 1 hsa-miR-340,ref 8 19 27 0
hsa-miR-136,0 0 qA 0 31 31 1 hsa-miR-342-3p,0  qC0 7 12 19 0
hsa-miR-136,ref 0 55 55 1 hsa-miR-342-3p,ref 2 3 5 0

hsa-miR-136*,ref 0 7 7 1 hsa-miR-342-3p,tTC  
qCA0 19 11 30 0

hsa-miR-137,0 tG0 13 9 22 0 hsa-miR-34c-5p,0 tC0 35 33 68 0
hsa-miR-137,ref 10 4 14 0 hsa-miR-34c-5p,0 tGC0 38 43 81 0
hsa-miR-138,0  qT0 0 10 10 1 hsa-miR-34c-5p,ref 17 20 37 0
hsa-miR-138,0 tCCG0 0 9 9 1 hsa-miR-361-5p,ref 1 12 13 0.46
hsa-miR-138,0 tCG0 0 25 25 1 hsa-miR-363,0  qA0 0 0 0 1
hsa-miR-138,0 tCG qA 0 19 19 1 hsa-miR-363,ref 0 4 4 1
hsa-miR-138,0 tCG qAT 0 21 21 1 hsa-miR-374a,0 tG0 17 95 112 0.1
hsa-miR-138,0 tG0 0 23 23 1 hsa-miR-374a,ref 0 5 5 1
hsa-miR-138,ref 0 27 27 1 hsa-miR-374a*,0 tT0 1 24 25 0.76
hsa-miR-139-5p,0  qT0 0 18 18 1 hsa-miR-374a*,ref 0 5 5 1
hsa-miR-140-3p,0  qA0 0 0 0 1 hsa-miR-374b,ref 0 2 2 1
hsa-miR-140-3p,0  qAC0 0 0 0 1 hsa-miR-376c,ref 4 12 16 0.03
hsa-miR-140-3p,0  
qACA0 0 0 0 1 hsa-miR-378,0  qC0 0 1 1 1

hsa-miR-140-3p,0  qA qA 0 0 0 1 hsa-miR-378,0  qC qA 0 0 0 1

hsa-miR-140-3p,ref 0 0 0 1 hsa-miR-378,ref 0 13 13 1
hsa-miR-140-3p,tT  qA0 6 9 15 0 hsa-miR-378,tA  qC0 0 3 3 1
hsa-miR-143,0 tC0 0 0 0 1 hsa-miR-378,tA  qC qA 0 4 4 1
hsa-miR-143,ref 0 1 1 1 hsa-miR-379,0 0 qA 0 9 9 1
hsa-miR-146b-5p,0  qG0 0 67 67 1 hsa-miR-379,0 0 qAA 0 22 22 1
hsa-miR-146b-5p,0  qG 
qG 0 27 27 1 hsa-miR-379,0 tG0 0 19 19 1

hsa-miR-146b-5p,0  
qGT0 0 15 15 1 hsa-miR-379,ref 0 10 10 1

hsa-miR-146b-5p,ref 0 59 59 1 hsa-miR-382,ref 0 63 63 1
hsa-miR-148a,ref 18 13 31 0 hsa-miR-382,tG 00 1 89 90 1
hsa-miR-148b,ref 0 5 5 1 hsa-miR-383,0  qT0 0 10 10 1
hsa-miR-151-3p,0  qA0 0 0 0 1 hsa-miR-383,ref 0 11 11 1

hsa-miR-151-3p,0  qA qA 0 0 0 1 hsa-miR-409-3p, qC 00 0 46 46 1

hsa-miR-151-3p,ref 0 0 0 1 hsa-miR-409-3p,ref 0 64 64 1
hsa-miR-151-5p,ref 0 14 14 1 hsa-miR-409-5p,ref 0 11 11 1
hsa-miR-152,0 0 qT 2 1 3 0 hsa-miR-410,ref 0 94 94 1
hsa-miR-152,0  qG0 1 1 2 0.01 hsa-miR-411,0 tG0 0 9 9 1
hsa-miR-152,ref 0 0 0 1 hsa-miR-411, qA 00 1 49 50 0.98
hsa-miR-15a,0 tG0 22 34 56 0 hsa-miR-411, qA tG0 0 58 58 1
hsa-miR-15a,ref 11 9 20 0 hsa-miR-411,ref 0 8 8 1
hsa-miR-16,0  qT0 52 95 147 0 hsa-miR-423-3p,ref 0 0 0 1
hsa-miR-16,ref 2 5 7 0.03 hsa-miR-423-5p,0  qT0 3 2 5 0
hsa-miR-17,ref 22 187 209 0.69 hsa-miR-423-5p,ref 0 0 0 1
hsa-miR-17*,ref 10 146 156 0.97 hsa-miR-432,0 tGG0 0 49 49 1
hsa-miR-181a,0  qT0 22 14 36 0 hsa-miR-432,ref 0 28 28 1
hsa-miR-181a,0  qTT0 11 5 16 0 hsa-miR-433,0 tT0 1 134 135 1
hsa-miR-181a,0 tAGT0 0 3 3 1 hsa-miR-433,ref 1 108 109 1
hsa-miR-181a,0 tGT0 0 1 1 1 hsa-miR-451,0  qT0 0 0 0 1
hsa-miR-181a,0 tT0 2 4 6 0.03 hsa-miR-451,ref 0 2 2 1
hsa-miR-181a,ref 18 20 38 0 hsa-miR-485-3p,ref 0 114 114 1
hsa-miR-181b,0 0 qAT 9 2 11 0 hsa-miR-485-5p,0  qG0 0 82 82 1
hsa-miR-181b,0  qT0 12 3 15 0 hsa-miR-485-5p,ref 0 95 95 1
hsa-miR-181b,0  qTT0 7 2 9 0 hsa-miR-487b,ref 0 2 2 1
hsa-miR-181b,0 tGGT0 1 7 8 0.27 hsa-miR-488*,0 tA0 3 6 9 0.02
hsa-miR-181b,0 tGT0 0 4 4 1 hsa-miR-488*,ref 0 3 3 1
hsa-miR-181b,0 tT0 0 2 2 1 hsa-miR-495,0  qT0 0 19 19 1
hsa-miR-181b,0 tT qG 0 1 1 1 hsa-miR-495,ref 1 98 99 1
hsa-miR-181b,0 tT qGT 6 2 8 0 hsa-miR-497,ref 0 10 10 1



hsa-miR-181b,0 tT qGTT 6 2 8 0 hsa-miR-499-5p,0  qA0 1 53 54 0.99

hsa-miR-181b,ref 0 5 5 1 hsa-miR-499-5p,ref 1 30 31 0.91
hsa-miR-181d,0  qT0 21 10 31 0 hsa-miR-532-5p,ref 1 9 10 0.33
hsa-miR-181d,ref 23 22 45 0 hsa-miR-543,0  qT0 0 4 4 1
hsa-miR-185,0  qT0 1 10 11 0.36 hsa-miR-543,ref 0 36 36 1
hsa-miR-185,ref 2 122 124 1 hsa-miR-598,0  qT0 0 0 0 1
hsa-miR-186,0  qT0 18 31 49 0 hsa-miR-598,ref 0 0 0 1
hsa-miR-186,ref 0 2 2 1 hsa-miR-628-5p,ref 0 31 31 1
hsa-miR-92a,ref 5 56 61 0.7 hsa-miR-655,ref 0 33 33 1
hsa-miR-92b,0 tC0 1 7 8 0.23 hsa-miR-7,0  qT0 1 5 6 0.15
hsa-miR-92b,ref 0 2 2 1 hsa-miR-7,ref 0 24 24 1
hsa-miR-93,0 0 qA 35 38 73 0 hsa-miR-708,0 tG0 36 13 49 0
hsa-miR-93,ref 36 182 218 0.02 hsa-miR-708,ref 15 10 25 0
hsa-miR-95,ref 0 0 0 1 hsa-miR-769-5p,ref 0 8 8 1
hsa-miR-98,0 tT0 0 15 15 1 hsa-miR-873,0  qA0 1 12 13 0.46
hsa-miR-98,ref 0 9 9 1 hsa-miR-873,ref 0 18 18 1
hsa-miR-99a,0 tG0 0 7 7 1 hsa-miR-9,0 tA0 22 27 49 0
hsa-miR-99a, qA tG0 1 13 14 0.47 hsa-miR-9,0 tGA0 22 14 36 0
hsa-miR-99a,ref 0 2 2 1 hsa-miR-9,ref 19 21 40 0
hsa-miR-99b,0 tG0 0 1 1 1 hsa-miR-9,tT 00 25 15 40 0
hsa-miR-99b,ref 0 1 1 1 hsa-miR-9*,0  qA0 31 47 78 0
hsa-miR-744,0 0 qA 0 1 1 1 hsa-miR-9*,ref 0 6 6 1
hsa-miR-744,0 0 qT 4 1 5 0 hsa-miR-9*,tA 00 22 23 45 0
hsa-miR-744,0 tA0 0 1 1 1 hsa-miR-9*,tA  qA0 23 34 57 0
hsa-miR-744,ref 0 1 1 1 hsa-miR-9*,tA  qAA0 23 59 82 0
hsa-miR-885-3p,0 tA0 0 6 6 1 hsa-miR-9*,tA  qA qT 23 65 88 0
hsa-miR-889,ref 0 13 13 1

(1) Label indicating the variation type. The first group refers to the 5' end and the second group refers to the 3' end. 'qTA' indicates that the nucleotides 'TA' are presented 
on the isomiR, but not on the annotated miRNA in miRBase. 'tTA' indicates that the nucleotides 'TA' are not presented on the isomiR, but they are on the annotated 
miRNA in miRBase. An addition is indicated on a third group  with a 'q'+'nucleotides' contiguously to the 3' end label. '0' means no modifications.
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DISCUSSION

SeqBuster and SeqCluster bioinformatics tools to characterize

the small RNA transcriptome

miRNA analysis: SeqBuster

We have developed SeqBuster, a bioinformatics tool for the analysis

of deep sequencing data and, in particular for the analysis of miRNA

variants, or isomiRs. Other existing bioinformatics tools address

specific questions such as differential expression or miRNA prediction

[31, 82, 103, 271]; SeqBuster performs these as well as other types

of analyses in a single user-friendly platform. The main analyses that

SeqBuster provides are: a) adapter recognition and removal, b) miRNA

annotation and c) simultaneous miRNA analysis of multiple samples

simultaneously. Furthermore, SeqBuster is the first tool that provides

automated pre-analysis for sequence annotation. Several features

highlight SeqBuster as an exclusive tool for the characterization of

sRNA data generated by large-scale sequencing technologies. First,

SeqBuster, in addition to the web-server, includes a stand-alone version

that permits the annotation against any custom database installed in

the local machine independently of the web server. This means that

the analysis is not restricted to the databases stored in the web server,

which is a limitation of other web-based bioinformatics tools such as

[103, 292, 82]. Second, the R environment, in which the different

analysis packages have been developed, permits the incorporation

and/or modification of different types of analysis. Such R package

additions or modifications could be geared towards the analysis of

different types of RNA data generated by large-scale sequencing. This

provides a flexible platform that can be easily modified by adding

new analysis packages. This is a great bonus, since the field of high-

throughput sequencing is changing very fast. Third, SeqBuster is highly

versatile offering a wide range of options from raw data processing

and normalization to annotation and visualization, therefore offering

complete control of the analysis process. Finally, SeqBuester presents

a complete picture of the results of mapping a dataset of sRNAs in
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the output, including the variation of the different sequences with

respect to the annotated miRNAs, as highlighted in recent studies

[77, 191, 155, 152], and differential expression data.

The flexibility of SeqBuster is illustrated by the pre-analysis approach

(applied to the hESC and EB raw data, see chapter 2.1). In addition

to many known miRNAs we discovered 109 novel miRNAs. Of these,

15% were already known at the time of the original analysis [191] and

were detected in our study as a consequence of the algorithm used

for the adapter recognition/removal and the alignment parameters (see

methods in chapter 2.1). For the recognition of adapter sequences, we

included a modified version of the Needleman-Wunsch algorithm that

allows the detection of more adapters when comparing with algorithms

that detect exact matches of the adapter sequence. In the latest

version of SeqBuster, to avoid depending on external mapping tools,

we have included a custom algorithm written in Java programming

language that generates and uses an index of the read sequences. The

module maps sequences of 16 to 36 nt long, allowing up to 1 mismatch,

up to 3 nt trimmed at the 3’-end matching the precursor sequence, and

up to 3 nt at the end of the sequence considered as nucleotide addition.

Moreover, a parse filter integrated in the aligner module shows only the

best hits (best alignment score) for each sequence. This allows skipping

any posterior parsing step for the removal of secondary alignments

with worse alignment scores. The parsing step is common when using

BLAST or BLAT tools, that were chosen in the first version of SeqBuster

due to the higher specificity for the detection of putative nucleotide

additions in the alignment than other tools. However, the new algorithm

proved to be as specific as BLAST in the detection of miRNAs. The

high efficiency of this algorithm is demonstrated by the reduced time

required to match 200,000 sequences against the miRBase database (1

min, compared with the 65 min required when using BLAST), achieving

99% of concordance with BLAST. In contrast to other tools, this module

does not require the indexing of the database and it can be used directly

with a FASTA input file containing the precursor sequences.
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The application of SeqBuster tool to several publicly available sRNA

datasets and to our own sequenced samples has proven its efficacy

in the detection and deep characterization of miRNA variability. In

addition, SeqBuster forms part of the tools offered by the European

consortium SIROCCO (Silencing RNAs: organisers and coordinators

of complexity in eukaryotic organisms) that aims a multidisciplinary

approach to study the biological relevance of small silencing RNAs.

Since its publication, several groups have used SeqBuster [43, 96, 185,

77, 292] indicating that this tool is useful for the scientific community.

Non-miRNAs sRNAs analysis: SeqCluster

The identification and functional characterization of new sRNAs species

is one of the hottest topics in the field of the epigenetic modulation of

gene expression. While a number of pipelines to analyze sRNA high-

throughput sequencing data are specifically focused in several aspects

of miRNA characterization, the unbiased exploration of the whole sRNA

transcriptome remains a challenge. We have developed SeqCluster,

an extension of the miRNA analysis tool SeqBuster, offering a highly

flexible custom analysis of deep sequencing data with emphasis on the

non-biased characterization of non-miRNA sRNAs. There are several

pipelines for dealing with different aspects of the annotation and

classification of sRNAs including DeepBase [284], MiRanalyzer [103],

DSAP [82] and mirTools [292]. DeepBase is a database for the

storage of the information (sRNA location in the genome) generated

by their custom pipeline not integrated for external users. DSAP,

miRanalyzer and MiRTools are automated multiple-task web servers for

the analysis of deep-sequencing sRNA datasets. However, in these

pipelines, the annotation of the non-miRNA sRNAs is limited, based

only in the mapping against Rfam and/or RepBase databases with

the aiming to remove putative RNA degradation products. A recent

tool developed by Buermans et al [43] matches sRNAs to genes in

the ENSEMBL database [87]. However, none of the current available
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sRNA pipelines includes a method to deal with cross-mapping events,

i.e. sRNAs that map to multiple locations, therefore ignoring up to

30% of the total mapped sRNAs. Differing from the current sRNA

analysis tools, the main advantages of the SeqCluster framework are:

1) the classification and annotation of the data is not restricted to

specific databases and can be customized by the user; 2) there is

the possibility to inspect sequences highly expressed sequences that

have not been successfully classified; 3) the distinction of potential

RNA degradation products from putative functional sRNAs, through

the visualization of the expression levels and their localization in the

genome; and 4) the solving of the problem of ambiguous sRNAs

mapping. Furthermore, SeqCluster permits differential expression

analysis between two samples or two groups of samples in different

biological contexts to highlight functionally important and relevant

sRNAs. Time series datasets can also be analyzed using specific

statistical methods (linear/multiple regression) to determine which

sRNAs correlate with a certain biological conditions. We have shown

that SeqCluster is able to detect and classify all types of sRNAs known

so far, in different species, including recently discovered classes sRNAs

of still unknown function (see below).

Characterization of miRNA variability

The first cloning- and sequencing-based high-throughput experiments

identified the majority of the miRNA reference sequences [155]. More

than 40 samples were used, and the majority were cell lines from differ-

ent diseases and seven human tissues. Although several sRNAs were

found to annotate in each miRNA gene, the authors of the study defined

the more expressed sequence as the reference miRNA, responsible for

repression of the target genes. The other highly expressed sequences,

not defined as the reference miRNA have largely been ignored until

recently. The advent of the new sequencing technologies contributed to

the detection of a huge amount of sequences showing slight differences

with respect to the reference miRNA. In 2008, the miRNA profiling using
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the second generation sequencing technologies, led to the definition

of these variants with the term ’IsomiRs.’ This new scenario prompted

specific research in miRNA/isomiR profiling in different biological states

and the possible functional role of these variants in gene expression

regulation.

Our studies have been focused on the isomiR characterization and

profiling in different paradigms involving human samples and different

distantly species related to unravel possible functional signatures asso-

ciated to miRNAs variants.

To evaluate the relevance of all isomiRs mapping onto a miRNA gene

we first studied their relative abundance in several tissues and species.

For each miRNA, the average number of variants found was 10; but,

only two or three sequences were expressed at considerable levels,

representing 80% of the total isomiR expression. Therefore, the

majority of variants have negligible expression. Furthermore, the weigh

of variations at the 3’-end was generally higher compared with that of

5’-end variants. In fact, we detected low sequence heterogeneity at

the 5’-end of the miRNAs, with the abundance of most of these variants

been negligible. This suggests that the 5’-terminus of the miRNAs is

protected from variations. This observation agrees with the known

crucial role of Watson/Crick base pairing of the 5’-seed region of the

miRNA with the 3’-UTR of the mRNA, for gene targeting. In line with

this, scarce miRNAs presented nucleotide substitutions at positions 1-

11 of the miRNA, containing the 5’-seed (nt 2-8) and the cleavage (nt

10-12) sites [76] that are typically base paired in the miR:mRNA duplex.

Interestingly, the more expressed variants have a tendency to conserve

the 22 nt miRNA length, meaning that a 3’-trimming event is strongly

correlated with a similar 5’-trimming event. This is in agreement with

the sRNA loading mechanism that requires specific sequence length to

be functional [65].
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The deep analysis of sRNA datasets from human stem cells [191],

and human brains [250] revealed numerous variation, suggesting that

the miRNA transcriptome is more complex than previously thought.

Our analysis indicates that miRNA genes express sequences with

three different types of modifications: different starting nucleotide

(trimming at 5’-end), different end nucleotides (variation at 3’-end,

trimming or addition), and different middle nucleotides (nucleotide

substitution). Most miRNAs displayed 3’-trimming and 3’-addition

events in agreement with previous reports [155, 179, 12, 152]. In

particular, the most common single nucleotides added to the 3’-end

where A or U. These modifications could influence mRNA expression

regulation, since 3’-end pairing has been suggested to contribute to

target recognition, particularly when sites have weaker miRNA seed

matches [41, 42]. In plants, it has been shown that addition of A

residues to the 3’-end plays a negative role in miRNA degradation [178]

. It has been also proposed that the combined effects of 5’-deletions and

3’-U extensions in Oryza sativa and Arabidopsis thaliana can alter the

specificity by which miRNAs associate with different Argonaute proteins

[77]. In addition, recent data show selective stability for different

miRNAs in human cells that depends on regions of the 3’-terminus [20].

Whether short nucleotide extensions in animal miRNAs influence their

stability or the silencing mechanism needs to be shown in functional

studies.

Another type of variability highlighted by SeqBuster is related with

significant nucleotide modifications along the mature miRNA. Sev-

eral lines of evidence argue against RT-PCR and sequencing errors

as the main sources of sequence discrepancies with respect to the

reference miRNA. First, Lee et al, rejected that experimental steps

in the common workflow of the next generation sequencing produce

artefact sequences [160]. Second, the frequencies of nucleotide

modifications were remarkably higher compared to the estimates of

Illumina sequencing errors [72]. Third, the positional non-randomness

of nucleotide changes along the length of the miRNA was observed
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in all the libraries analyzed, being some of them common among the

different samples. Finally, nucleotide changes, insertions and deletions

have also been reported in other studies using different sequencing

strategies. Furthermore, a recent work published in the ’Science’

journal on (June 2011), has reported a widespread RNA-DNA differences

in the human transcriptome discovering more than 10,000 exonic sites

where the RNA sequences do not match that of the DNA, which suggests

the existence of a new yet-unexplored layer in genome variation [167].

The nucleotide substitutions have been described in few miRNAs as pri-

miR precursor editing changes from A to G attributed in part to A to

I deaminations, which lead to a repression in the maturation of the

miRNA [35, 155, 77, 285, 133, 132]. Edited adenosines have been

also described in mature miRNAs [35, 133, 132]. These variants were

confirmed in the human brain libraries; indeed, we found that the A to

G change is one of the most common types of nucleotide substitution

events in the seed region. However, a considerable proportion of

brain miRNAs presented nucleotide changes that were distinct from

the classical A to I editing. Common nucleotide substitutions in brain

miRNAs included U to G, C to A, G to A and G to U changes. These

types of nucleotide substitutions have been also reported in a meta-

analysis of sRNA datasets in plants [77, 124] and in the let family

of miRNAs in different mouse cells lines [219]. These modifications

may result in alternative base pairing between the variant and the

target mRNA, possibly affecting the efficiency of gene regulation, as

previously described [67, 41] . This has been shown in the human

miR-376a that presents an A to G editing event in the seed region

that affects gene targeting [133]. Another example has been recently

reported in the mouse let-7 family of miRNAs, as several types of

nucleotide modifications at the ninth position of mmu-let7a result in an

increase of the stability of the predicted miRNA:mRNA duplexes [219].

The nucleotide substitution events are not randomly distributed along

the sequence. The less variable positions present key roles in gene tar-

get recognition and silencing. For instance, scarce miRNAs presented
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nucleotide substitutions at positions 2-4 of the miRNA within the 5’-seed

region (nt 2-8). A contiguous and perfect base pairing of the miRNA

nucleotides 2-8, representing the seed region, is the most stringent

requirement for efficient target recognition [86, 41]. In addition, low

variability was detected at positions 14-16, contained in an anchor site

(nt 13-16) that has been proposed to hold important determinants for

miRNA:mRNA association. However, positions 9-12 of the miRNA were

amongst the more variable, which could contribute to the imperfect

mRNA:miRNA pairing detected in the central region of the miRNA. For

gene expression repression, bugles or mismatches must be present in

the central region of the miRNA:mRNA duplex (nt 9-12 of the miRNA),

precluding the Argonaute-mediated endonucleolytic cleavage of mRNA

[86].

Overall, the present analysis strongly suggests a biological function for

the sequence plasticity in miRNAs, which may have broad implications

in mRNA targeting, stability and/or gene expression regulation. The

exhaustive description of the different types of miRNA variability will

be extremely useful to uncover tissue-specific isomiR distributions

relevant in development, physiology and disease conditions.

IsomiR expression in different species

Different publications report miRNA profiling in several species using

next generation sequencing, including C. elegans [24], D. melanogaster

[58], mouse [262], chicken [95], macaque and human [250, 191];

however these studies were focused on the reference miRNA, therefore

ignoring the isomiR landscape. To gain insight into the possible role of

isomiRs in evolution, we fully characterized miRNA variants in different

species. We found isomiRs in all the species we studied, from worm

to human. In all samples, every annotated miRNA gene presented

different types of isomiRs, suggesting the existence of conserved

mechanisms responsible for isomiR generation and/or maintenance.

However, for a given conserved miRNA, the more abundant type of
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isomiRs differed among species. For instance, the miR-124 family,

where the reference sequence is the more expressed in human, but not

in worm. This result suggests that for a given miRNA, specific isomiRs

contribute to selective species dependent processes.

To evaluate the isomiR expression pattern conservation across closely

related species, we analyzed data from frontal cortex brain samples of

macaques [250]. Only 3 miRNA genes out of 100 that presented the

same isomiR relative abundance pattern in the human frontal cortex

samples differed between these two species. These data suggest

that form the same brain area variability of the expression pattern for

many miRNA genes is largely conserved between human and macaque,

considering the same brain area. If we only consider the human data,

in 4 out of 126 miRNA genes expressed in all samples, the most

expressed representative showed differences between individuals. In

agreement with this concordance between close species, the isomiR

expression pattern of the oldest individuals in the Somel study and

that of two additional brain samples corresponding to individuals of

comparable ages [185], showed that for 100% of the miRNAs, the most

abundant variant was the same. In addition, considering human brain

samples and stem cells, 13 miRNAs differed in the type of isomiR that

was more represented. For instance, the most expressed sequence

for the miR-103 gene was different in brain samples and in stem

cells. While in brain, the reference miR-103 and the isomiR-103 were

equally expressed, in stem cells, the reference miR-103 sequence was

expressed 9 fold with respect to. Curiously, this miRNA was among

the top ten most expressed miRNAs in stem cells. Similarly, the ten

most expressed miRNAs in the brain samples, including the let-7 family,

showed that the most expressed sequence was the reference miRNA

with a at least 7 times higher expression than the other variants. These

data indicate that for a given condition, the most expressed miRNAs

are mainly represented by a unique sequence that may dominate gene

expression regulation. However, for other miRNAs the expression of the

isomiR and the reference miRNA is comparable and therefore, several

sequences may participate in gene expression regulation underlying
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specific processes.

In summary, these data suggest that isomiRs are not simply a sec-

ondary product of miRNA expression, and that specific biological condi-

tions may be associated with the preferential expression of a particular

isomiR.

IsomiRs profiling in physiological and pathological processes

We have demonstrated that isomiRs are common in different eukaryotic

species, from worn to human, across different states and with similar

expression than the reference miRNA sequences. However, the func-

tional role of isomiRs is still unknown. During the course of this thesis,

a study was published, correlating the expression of some isomiRs with

fly development. This constitutes the first evidence for a possible

functional role of miRNA variants in important biological processes

[85]. The authors demonstrated that: (1) non-template nucleotide

additions of adenosines to miRNA 3’-ends are highly abundant in

early development; (2) a subset of miRNAs with nontemplate 3’-U

are expressed in adult tissues; and (3) the ammount of at least eight

reference-miRNAs varies across tissues and during fly development.

To gain insights into the possible role of isomiRs in different biolog-

ical processes we studied their profile in different physiological and

pathological paradigms, in human samples. These included postnatal

brain development and aging, Huntington’s disease and stem cell

differentiation.

IsomiRs in human brain postnatal development and ageing

To study the possible relevance of isomiRs in brain development and

aging we studied sequence diversity for each miRNA using publicly

available sRNA datasets of seven samples corresponding to human

brains of different ages [250]. Unlike in Drosophila development, [85],
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we found that non-template nucleotide additions were not highly rep-

resented in the isomiR fraction of the human brain samples. Therefore

this type of variants may have a more relevant function in Drosophila,

as compared with the human brain.

We studied the differential expression in the newborn and adult brain,

and found that 29 miRNAs presented the same type of isomiRs with

differential relative abundance at two ages, both in the macaque and

in the human brains. These data strongly suggest a relevant role for

the differential expression of these isomiRs differential expression in

primate brain development.

Somel et al demonstrated that miRNA expression changes along life

span [250]. They showed a clear aging map when the expression of

miRNA sequences was used. This map was replicated in our analysis

when reference sequences were used. However, the ismoiRs ex-

pression did not show an intuitive map, although the ages still remained

well separated. Isomirs with variation at the 3’-end resulted in a map

with two groups separated by a huge distance (different expression

pattern): birth time and the rest of individuals. A possibility exists

that this kind of variation is more relevant during the developmental

processes that take place during infancy (normally the first 2 years

after birth) than in the process of aging. In the case of 5’ isomiRs, the

aging map showed that only the oldest individuals were clustered and

in general, every sample had a unique expression pattern, suggesting

that these sequences may not underlie gene regulation linked to the

development or aging of the human brain.

To study a direct influence of isomiRs in gene expression regulation,

we first predicted the isomiRs targets using the Targetscan algorithm.

Subsequently we considered the anti-correlation between isomiRs and

predicted mRNA targets expressions as a filter to identify putative

targets. In agreement with previous reports [151, 88], we found

that up to 36% of human genes are likely regulated by all miRNAs-
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sequences. Interestingly, if we only consider the reference miRNAs,

then the percentage of predicted target genes is 15% than it would be

lower than expected.

Our analysis showed that the predicted targets, deduced by seed

complementary for the different seeds in the same miRNA gene over-

lapped significantly (30%-80% of overlap). This suggests that there is

intrinsic plasticity in the different miRNA-variants for common target

recognition, therefore ensuring the regulation of the same set of

target genes. Taking into consideration the anti-correlation between

miRNA-variants and mRNA expressions, only 66 mRNAs were commonly

targeted by the reference miRNAs, 3’-isomiRs and 5’-ismiRs. This

suggests that the different types of variants have an intrinsic potential

to target a big set of genes. Therefore, other factors may narrow down

the number of targets, including, the stability of the miR:mRNA duplex

and/or the availability of a specific mRNA in a given condition.

Similarly to the study by Somel et al., [250], functional enrichment

analysis of the reference miRNAs targets that are involved in brain de-

velopment and ageing pointed to an enrichment in energy metabolism-

related pathways, specifically to electron transport chain genes. How-

ever, we showed that isomiRs targets involved in these processes were

more enriched in brain specific genes, suggesting that variants may be

more related to brain specific pathways. This agrees with the concept

that miRNA sequence plasticity may contribute to different aspects

underlying brain development and aging.

Considering the anti-correlation between the expressions of miRNA/

isomiR predicted targets and that of mRNAs to define miRNA/isomiR

targets, we found a number of possible targets for 3’-isomiRs that

were not shared by the corresponding reference miRNA. Since the seed

region in 3’-isomiRs and the corresponding reference miRNAs is shared,

other explanations may account for this discrepancy. Our results

show that considering the most abundant genes whose expression
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anti-correlated with that of the isomiR (and not with that of the

reference miRNA), in a significant number of cases (p<0.01) the

stability of the duplex isomiR/mRNA was increased, compared with

that of the reference-miRNA/mRNA. This suggests that modifications

of the duplex free energy by certain variations in the 3’-end of the

miRNA are important in determining the type of miRNA sequence

that dominates as a regulator of a specific target. A similar result

was found when analyzing mRNAs commonly targeted by 5’-isomiRs

and the corresponding reference miRNA. Therefore, stability of the

miRNA/mRNA or isomiR/mRNA may be a general important factor

to identify the type of sequence participating in gene expression

regulation.

Overall, these results support the hypothesis that miRNAs may act

as a buffer in gene regulation through a set of sequences for each

miRNA gene. The complexity in miRNA diversity make easier the gene

regulation network since the way to control gene expression may not

be dependent on a unique sequence, but on a set of sequences that

participate in gene regulation linked to a specific biological condition.

The mechanism involved in this phenotype-related sequence selection

will need further studies. We can conclude that isomiR expression is be-

coming an important aspect of the miRNA biology showing differential

expression between different stages in a development process or aging.

However many questions about the real relevance and mechanism are

still opened, and they will warrant specific functional studies.

miRNAs and IsomiRs profiling in Huntington Disease

A number of recent evidences have shown the importance of miRNAs in

the physiology of the central nervous system, including developmental

processes, neuron differentiation and specification, cell maintenance

and metabolism [56, 26, 208]. Our own analysis strongly suggests

that isomiRs may also underlie important aspects of the brain de-

velopment and aging. Besides, an increasing number of studies
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have highlighted the involvement of miRNAs in mechanisms that lead

to neurodegenerative processes [112, 158]. However, no specific

studies have addressed the possible relevance of miRNA variants in the

neuropathology associated to neurodegenerative diseases.

Huntington’s disease (HD) is an autosomal dominant neurodegenera-

tive disease caused by a CAG-repeat expansion in the HTT (huntingtin)

gene that encodes HTT. The disorder predominantly affects neurons of

the forebrain (frontal cortex -FC- and striatum -ST-). Gene expression

deregulation has largely been reported in HD. Such deregulation is

in part due to the aberrant nuclear localization of the transcriptional

repressor RE1-Silencing Transcription Factor (REST) [295, 294]. In

addition to protein-coding genes, recent reports have shown that

miRNA transcriptome is perturbed in HD [129, 203] affecting miR9/9*,

miR-124a, miR-132, miR-29b, miR-29a, miR-330, miR-17, miR-196a,

miR-222, miR-485 and miR-486. To deeply characterize the miRNA and

isomiR transcriptome linked to HD neurodegeneration, we sequenced

and analyzed the sRNA expression pattern in the FC and the ST

of patients with HD and control individuals without histopathological

lesions. The differential expression analysis of the sequenced samples

confirmed the expression pattern of 9 out of 11 miRNAs, whose

expression was altered in the FC of HD patients in two previous studies

[129, 203] The majority (55-80%) of the HD deregulated miRNAs were

common between the FC and the ST samples.

Interestingly, we noted that in some cases, miRNA members of the

same family exhibited similar expression trends, suggesting that they

are co-regulated in HD. For instance, let-7a, let-7c, let-7d and let-7e

were downregulated in HD-FC and HD-ST. In another example, miR-

30a, miR-30b, miR30c and miR-30e were all upregulated in HD-FC and

HD-ST. These results are in agreement with the idea of a relevant

role of certain miRNA families in HD pathology. An interesting opened

question is the understanding of the mechanisms accounting for the co-

regulation of non-clustered miRNAs of the same family in pathological
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processes.

In addition, the majority of the reported miRNAs deregulated in other

neurodegenerative disorders (Alzheimer’s disease, Parkinson’s disease,

Prion disease and spinocerebellar ataxia type 1) were altered in the

HD sequenced samples showing a similar deregulation pattern to that

reported in the other neurodegenerative diseases. This indicates

that they may participate in gene expression deregulation underlying

common processes in neurodegeneration.

There is strong evidence that the abnormal function of the tran-

scriptional repressor REST plays a major role in gene expression

deregulation in HD [129, 203]. Some neuronal miRNAs modulated by

REST (miR-124, miR-29a, miR-29b, miR9/9* miR-132 and miR-330-3p)

are abnormally expressed in the FC of HD patients [128, 203, 129].

Taking into account all brain-expressed miRNAs showing experimental

or predicted evidence for REST modulation (REST-miRNAs) our analysis

identified a number of deregulated REST-miRNAs. Furthermore, REST-

miRNAs were found to be enriched among those downregulated in HD

brain regions. Overall, these results agree with the concept that non-

physiological REST activity in HD may affect the expression of protein-

coding genes by repressing normally brain-expressed miRNAs.

In addition, we identified P53 tumour suppressor as a transcription

factor with a putative role in HD-miRNA deregulation. P53 is found

in polyglutamine aggregates both in vivo and in vitro, suggesting a

hypofunction of P53 in HD [254]. Therefore, P53 may contribute to

miRNA expression down-regulation in HD.

In studying sequence variability in control and HD-brain samples, we ob-

served that the proportion of the different types of variants was similar

in all brain samples suggesting that the molecular mechanisms involved

in the generation of these variants are not altered in HD. However, a few

sequences mapping on the same miRNA were discordant, presenting
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the reference miRNA and the isomiR an opposite expression pattern

in HD. The majority of these discordant IsomiRs were 3’-variants (3’-

trimming and 3’-addition variants). Whether selective forms of a miRNA

are relevant in HD and how these variants are selectively deregulated

in HD deserve further research.

To gain insights into the biological pathways possibly affected by ref-

erence miRNAs and isomiRs expression deregulation, we run functional

enrichment analyses using the ingenuity pathway analysis (IPA) tool, for

the predicted targets of the reference miRNA HD-deregulated miRNAs

and the seed-region-HD-deregulated IsomiRs (5’-trimming variants and

nucleotide substitution variants affecting the seed region). The most

enriched biological and disease-related processes and canonical path-

ways amongst the HD-enriched or HD-diminished miRNA/IsomiR targets

were analyzed in our study. Significantly enriched functional annota-

tions include Ôgenetic disorder’, ’neurological disease’, ’developmental

disorders’, ’cell-to-cell signaling and interaction’, ’cell growth and prolif-

eration’, ’nervous system development and function’ and organ devel-

opment’. Some of these terms were common between the two groups

(miRNAs and IsomiRs), in agreement with the significant overlap of the

predicted mRNA targets. HD was identified as one of the significant

canonical pathways (P = 6.6E-03) for the predicted HD-downregulated

miRNAs/IsomiRs. Interestingly, 16 out of the 30 predicted targets

involved HD-canonical pathway are significantly deregulated in an

exhaustive study of mRNA profiling in [114].

In addition, the analysis revealed that axonal guidance signaling and

actin and cytoskeleton signaling were among the highly significantly

enriched pathways for the predicted targets of the upregulated miRNAs,

being these pathways also identified in a functional enrichment analysis

in a previous study of HD deregulated genes [114].

The results revealed a significant enrichment in genes involved in

neurological diseases for both HD-enriched and HD-diminished seed-
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region isomiR targets. Furthermore, the HD canonical pathway was

significantly enriched for the HD-downregulated seed region isomiR

targets. These results underscore the possible contribution of the

IsomiRs in the modulation of HD related pathways.

IsomiRs in human stem cell differentiation

The variability in the expression pattern of isomiRs was evaluated

using human public data of hESC and EB [191]. Comparing these

two conditions we retrieved 32 miRNAs showing a dissimilar pattern of

isomiRs relative abundance. This suggests that different isomiRs may

participate in selective aspects of stem cell differentiation. As a proof

of concept, we evaluated the predicted targets of the reference miRNAs

and the 5’-trimming variants that were differentially expressed in hESC

and EB, since 5’-trimming phenomena result in changes in the seed

region that is essential for target recognition and silencing[165].

Profiling non-miRNA sRNAs from worm to human

The best-known class of small non-coding RNAs is the miRNAs. How-

ever, in the last years the high-throughput sequencing strategies have

revealed a complex non-coding sRNA transcriptome, with many novel

sequences of unknown function. We used SeqCluster to classify the

different types of non-miRNA sRNAs sequences in different species, as

a primary approach to identify sRNAs with a relevant role in biological

processes.

The samples used to test SeqCluster showed diverse sources of sRNAs.

In the human brain these clustered sRNAs (usRNAs) were highly repre-

sented by repeat and non-coding RNA classes, some of them published

by other groups [239, 134, 259, 80]. The proportion of each usRNA type

is highly similar between the two human tissues studied (brain and stem

cells), with an overlap of 60% of the same usRNAs. In both human and

mouse, we found similar results except for repeat-derived sRNAs which

217



DISCUSSION

are clearly less frequent in mouse. This is most likely due to the fact that

LINE repeats are a major source of sRNAs in the human genome, being

twice more abundant in the human genome as compared to the mouse

genome. The rest of the repeat derived sRNAs are equally represented

in the human and the mouse genomes.

The differences we found between D. melanogaster and C. elegans

are likely due to incomplete annotation of these genomes. In D.

melanogaster, there is no annotation for tRNA and SNOR families, which

comprise 90% of the non-coding derived sRNAs in the human and

mouse datasets, explaining the minimum percentage of this class here.

In addition, 60% of the genome was annotated as ’predicted genes’ in

C. elegans, hence it is expected that there is a high percentage of sRNAs

predicted to lie in apparently inter-genic regions. Some of these sRNA

may be classified as junk sRNAs generated as a by-product of cellular

activities or sequencing errors, because the sequences forming part

of the cluster are randomly distributed in large regions. To determine

whether these usRNA show evidence of important new functional roles,

it will be necessary to test their function using experimental methods.

Nevertheless, our work presented here as well as analyses of other

groups [261, 259, 239] show that the investigation of sRNAs can lead to

the discovery of novel sRNAs with a functional role in gene expression,

such as, tiny RNAs (located in the transcription start site of genes) or

spli-RNAs (located closed to splicing site events), published by [261].
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SeqBuster is extremely useful to evaluate tissue-specific isomiR

distributions relevant in different conditions, such as develop-

ment, physiology and disease conditions.

1. A seed-based algorithm integrated in Java for the miRNA detection

provides independence from external tools, and improves the

analytical time consuming process, conserving specificity.

2. A pre-analysis step is not restricted to the databases stored in the

web service, overcoming the limitations in the storage capacities

detected in other web-based bioinformatics tools.

3. The R environment, in which the different analysis packages have

been developed, allows the incorporation and/or modification of

different types of analyses.

4. The analysis packages are dedicated to generate a dynamic and

interactive interface containing a deep characterization of all

isomiRs and their relevance in the sample.

SeqCluster provides a novel framework integrating different

levels of processes to successfully classify non-miRNA small

RNA data from next generation sequencing technologies.

1. SeqCluster is highly flexible, allowing the incorporation of different

genomes and databases for mapping and annotation purposes,

providing the possibility to use different mapping tools.

2. SeqCluster detects and successfully classifies all types of known

sRNAs and keeps all unclassified sequences for manual inspec-

tion, therefore providing an unbiased analysis of non-miRNA

sRNAs.

MiRNA variability is a widespread phenomena in different

species and tissues.

1. The presence of isomiRs detected in different tissues and stages

from worm to human, suggest a relevant role of miRNA sequence

plasticity in evolution.
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2. In most cases only two isomiR sequences where highly repre-

sented in each miRNA gene, suggesting that a limited number of

variants have a functional role.

3. For some miRNA genes, the most represented sequence differed

depending on the specie and biological condition, indicating that

different isomiRs may influence selective processes.

4. The miRNA sequence length was strongly conserved when vari-

ation occurred, implying that length restriction is an important

functional feature.

5. No structural sequence features correlated with the different

types of isomiRs, suggesting that other biological processes un-

derlie isomiR expression.

6. The poor variability at the 5’-end of the miRNAs compared with

the 3’-end is in accordance with the importance of the 5’-region in

mRNA target recognition and silencing.

7. The non-random nucleotide changes along miRNA sequence sug-

gest a new layer of plasticity in mRNA targeting and silencing.

MiRNA variability is a ubiquitous phenomenon in the adult

human brain that may influence the mechanism of gene ex-

pression modulation underlying physiological and pathological

processes.

1. The expression patterns for most isomiRs correlated with that of

the corresponding reference miRNA in physiology (human brain

development and aging) and pathology (HuntingtonÕs disease),

indicating no major alterations of isomiR biogenesis in these

processes.

2. The differential expression pattern of some isomiRs, compared

with the reference miRNA, may imply a functional role for selec-

tive isomiR species in brain pathology and physiology.
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3. The isomiR-mRNA and reference miRNA-mRNA duplex stabilities

may have a relevant role in the definition of the target transcrip-

tome.

4. The different seeds of each miRNA were predicted to affect many

common functions underlying brain aging and neurodegenera-

tion. This agrees with the idea that the different types of isomiRs

may differently target the transcriptome (in terms of efficiency

and/or type of targets) but produce, in some cases, a similar

overall functional output.

5. The isomiRs, differently expressed in brain physiology and pathol-

ogy identified some targets enriched in specific functions different

from those of the reference miRNAs, supporting the idea of a

particular functionality of miRNA variants.
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Abbrevations





AGO Argonauta protein

AFM Atomic force microscopy

CAGE Cap analysis of gene expression

cDNA complementary DNA

CNS Central nervous system

CUT Cryptic unstable transcript

DCL Dicer like protein

DCP2 Decapping protein

DGCR8 DiGeorge syndrome critical region gene 8

Dicer Dicer 1, ribonuclease type III

DNA Deoxyribonucleic acid

Drosha double-stranded dsRNA-specific endoribonucleases

dsRNA Double-stranded RNA

FC Frontal cortex

FRET Fluorescence resonance energy transfer

GRO-seq Global run sequencing

hc-siRNA Heterochromatic siRNA

HD Huntington disease

ICGC International cancer genome consortium

IRES Internal ribosome entry site

lincRNA Long interspersed ncRNA

lncRNA Long non-coding RNA



miRNA MicroRNA

miRNP Micro-ribonucleoproteins

mRNA Messenger RNA

nat-siRNA Natural antisense transcript-derived siRNA

nasRNA Non-coding associated sRNA

ncRNA Non-coding RNA

nt Nucelotides

OCL Overlap-layout-consensus

PABPC Cytoplasmic poly(A)-binding protein

PALR Promoter-associated lncRNA

PASR Promoter-associated sRNA

PEM Pair-end mapping

piRNA PIWI-interacting RNA

PIWI CG6122 gene product from transcript CG6122-RA

Pol II-III RNA polymerase II-III

PROMPT Promoter upstream transcript

RdRP RNA-dependent RNA polymerase

REST RE1-silencing transcription factor

RISC RNA-induced silencing complex

RNA Ribonucleic acid

rRNA Ribosomal RNA

SAGE Serial analysis of gene expression
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siRNA Small interference RNA

SMRT Single real time sequencing

SNP Single nucleotide polymorphism

spli-RNA Splicing site derived sRNA

sRNA Small RNA

ssRNA Single-stranded RNA

ST Striatum

ta-siRNA Trans-acting siRNA

tasi-RNA Gene termini associated human RNA

TE Transposon element

tiRNA Transcription initiation RNA

TRBP TAR RNA binding protein

tRNA Transfer RNA

tSMS True single molecule sequencing

TSS Transcription start site

TUF Transcript of unknown function

ZMW Zero-mode waveguides
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