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Abstract

The intrinsic features of retroelements, like their repetitive nature and disseminated presence in their host
genomes, demand the use of advanced methodologies for their bioinformatic and functional study. The
short length of SINE (short interspersed elements) retrotransposons makes such analyses even more com-
plex. Next-generation sequencing (NGS) technologies are currently one of the most widely used tools to
characterize the whole repertoire of gene expression in a specific tissue. In this chapter, we will review the
molecular and computational methods needed to perform NGS analyses on SINE elements. We will also
describe new methods of potential interest for researchers studying repetitive elements. We intend to out-
line the general ideas behind the computational analyses of NGS data obtained from SINE elements, and
to stimulate other scientists to expand our current knowledge on SINE biology using RNA-seq and other
NGS tools.
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1 Introduction

Roughly 40 % of the human genome is composed of retrotranspo-
sons, including SINE (short interspersed elements), LINE (long
interspersed elements), and LTR (long terminal repeats) elements [1].
These elements can increase their copy number in the host genome by
a transposition mechanism that requires its own transcription to gen-
erate an intermediary RNA molecule that will be ultimately integrated
into a different genomic location [ 2 ]. This amplification process might
provoke important changes in the stability and function of the genome
due to structural alterations and increased recombination and to the
addition of genetic variability. Moreover, recent studies have shown
that the expression of the genes in which those elements are located
can be affected by several means including the activation of transcrip-
tional enhancers or silencers [ 3,4 ] and /or the generation of small non-
coding RNAs (ncRNAs) involved in pre-mRNA processing [5, 6].
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From an evolutionary perspective, it is generally accepted that the ret-
roelements have contributed to the remodeling of the human tran-
scriptional landscape by adding thousands of novel regulatory
elements in the Primate lineage [7, 8].

SINEs are a group of retroelements between 100 and 500 base
pairs (bp) in size [9]. An important subgroup within SINEs has
been originated by the amplification of the 7SL RNA (signal rec-
ognition particle RNA) [10] and includes human Alus [11, 12]
and murine Bl and B2 elements [13]. The RNA Pol III complex
[14], which recognizes specific DNA sequences known as A- and
B-boxes by the transcription factors III-C (TFIIIC) and III-B
(TFIIIB) and the catalytic subunit RPC32, normally transcribes
these SINEs. Transcription starts upstream the A-box and contin-
ues along the SINE sequence until the presence of a stop signal
composed by a repetition of at least four thymine residues [15]. As
opposed to LINEs, SINEs do not code for any protein, and so
their mobilization relies on the LINE machinery. For instance, it is
known that SINE insertion sites are directed by LINE endonucle-
ases [16], and that human Alus end in a poly-A sequence recog-
nized by the LINE-1 reverse transcriptase [17].

Most copies of SINEs in the genome have been genetically
inactivated by mutations that neutralize their promoter function,
and only a small subgroup of those elements maintains its transcrip-
tional capacity. For that, SINE-derived transcripts are generally
hardly detected or even undetected in somatic tissues. An exception
takes place during the maturation of spermatogonia and oocytes
and in early stage embryo development, in which SINE transcrip-
tion is allowed. Actually, germ cells can be depicted as a battlefield
between retrotransposons and the host genome, in which novel
DNA insertions, potentially deleterious, might be transmitted to a
new generation. Other important players repressing unscheduled
SINE transcription and amplification are histone and chromatin
modifiers acting through reorganization of the local chromatin [18,
19]. Finally, small RNAs like siRNAs and piRNAs, also actively
expressed by mammalian germ cells, are important regulators of the
retrotransposon silencing process that occurs during gametogenesis
[20]. Interestingly, many of these siRNAs and piRNAs seem to be
originated from repetitive sequences. SINE transcription may pro-
duce double-stranded RNA molecules (dsRNAs) with a secondary
structure resulting from intramolecular folding. These dsRNAs
might be detected and processed by endonucleases using a mecha-
nism similar to that employed by DICER to generate siRNAs [21].
Supporting this hypothesis, a decrease in DICER expression leads
to an increase in Alu transcript levels in retinal pigmented epithelial
cells and DICER can degrade Alu-derived dsRNAs in vitro [22].

In summary, the regulation and control of SINE transcription
is likely a key process to preserve the physiology and homeostasis
of specific tissues and organs (Fig. 1). This implies that the analysis
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Fig. 1 Schematic representation of the importance of transcription of SINE elements to biological processes

of SINE expression is relevant to understand the mechanisms by
which these elements affect cell functioning. SINE transcription
can be measured by several available methods.

In vitro techniques, such as in vitro transcription or retrotrans-
position colony formation assays, are useful for the dissection of
general regulatory pathways involving a specific family of SINEs
[17]. However, these methods do not give enough mechanistic
insight if we are interested in studying the transcription of specific
SINE instances along the genome or in detecting novel SINE
amplification events during development. Quantitative real-time
PCR protocols can be designed to perform these specific analyses;
however, NGS tools need to be applied for whole genome analysis
of SINEs-derived transcription, where information involving mil-
lions of sequence reads need to be processed. Although a great
effort has been invested in recent years to develop these techniques,
there are still important limitations that make difficult the applica-
tion of NGS to the study of retrotransposon expression. Particularly
relevant are the reduced length and the repetitive nature of SINE
elements, two properties that jeopardize the identification and
functional validation of single SINE instances regulating cell func-
tions. In this chapter, we propose and discuss several methods to
overcome these constraints using an RNA-seq analytic protocol
specifically designed for SINE detection.

2 Materials

The main equipment for RNA-seq analysis of SINE expression con-
sists in one of the commercially available pyrosequencers for NGS.
Illumina sequencers ranging in sequencing power from the MiSeq to
the more potent HiSeq 2500 allow the reading of millions of
sequences with maximum read lengths of 2 x 300 bp. Other technical
alternatives like the Applied Biosystems SOLiD system, IonTorrent



110 Angel Carlos Roman et al.

PGM, or the Roche-454 sequencers offer similar capabilities with
differences in efficiency and /or price.

Additional equipment necessary for the sequencing of SINE-
derived small RNA transcripts includes both a DNA electropho-
retic system and a NanoDrop spectrophotometer, which are used
for size fractionation and for quality assessment of SINE RNA
transcripts. In addition, to isolate and to purify small RNAs from
tissues and cell cultures, several commercial products can be used
such as the QIAGEN miRNeasy kit. A real-time thermocycler can
be also used for the validation of the results generated by the RNA-
seq analysis.

Finally, very important items needed for this protocol are the
hardware and software to analyze the raw data obtained from the
sequencer. Our recommendation is to use a dedicated computer
with at least 8 GB RAM, 1 TB of hard disk and running a distribu-
tion of Linux as Operating System. Software utilized in this proto-
col comprises Perl, MATLAB, SamTools, BWA, and Blast. Other
tools like Python or R can be alternatives to some of the latter.

3 Methods

3.1 Preparation
of RNA Extracts
from Cell Cultures

3.2 Sequencing
SINE RNAs

1. 5x 106 cells cultured in 100 mm plates are used as input mate-
rial. See Note 1 for additional comments about the use of fresh
or frozen tissues as input as well as other commentaries regard-
ing RNA extraction.

2. RNA extraction is performed with the QIAGEN miRNeasy
kit. This method allows the isolation of total RNA molecules
with a size above 18 nucleotides.

3. The quality of purified RNA is assessed by spectrophotometric
(NanoDrop, 260,280 ratio of ~2) and electrophoretic (RNA
Integrity Number, RIN > 8, using Agilent RIN software [23])
methods.

1. The following steps are normally done in a next-generation
sequencing service. See Note 2 for additional comments on
the process.

2. RNA is converted into cDNA using random hexamers, and the
second strand is synthesized using Illumina TruSeq protocols.

3. Proprietary Illumina adaptors (120 nucleotides in length) are
ligated to the RNA sequences. This process prepares the RNA
fragments to be sequenced in an Illumina machine. It also
allows the multiplexing capability of the RNA-seq to share a
single Illumina run for several distinct samples.

4. The samples are separated electrophoretically in agarose gels
and the fragments of interest are recovered and purified using
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commercially available products like the QIAGEN Gel
Extraction kit, taking into account that the fragments are 120
nucleotide longer due to the addition of the Illumina adaptors.
As an example, fragments from 180 to 400 nucleotides can be
excised and purified for Alu-derived RNA transcripts.

. After the libraries have been prepared, RNA-seq can be per-

formed using different approaches like the 1x75 runs in a
Next-Generation Sequencer [llumina MiSeq.

The raw data from a NGS service usually consist into separated
FASTQ files for each sample used in the experiment. These
sequence files lack adaptor sequences and usually contain sev-
eral million reads. For that, files are big in size and the standard
procedure to download them to our personal computer or
server is through the File Transferring Protocol (FIP) from
the sequencing service. See Note 3 for additional comments
about pre-processing of data.

. In some cases, FASTQ files must be converted into FASTA for-

mat. FASTA is an standard in bioinformatic studies, and it is neces-
sary for subsequent analyses using Blast or other additional tools.
There are several methods to convert FASTQ in FASTA; one
command in a Perl/Linux environment is: cat /path/to/file.
fastg | perl -e '$i=0;while(<>){if (/"\Q@/ && $i==0)
{s/"\@/\>/;print; }elsif ($i==1) {print;$i=-3}Si++;}'>
path/to/new/

file.fasta

. For certain analyses, FASTQ reads will have to be placed into

the positions of a particular genome. Some tools that will be of
help for the process are the BWA and SamTools. To do that,
we first index a reference genome or a transcriptome:

bwa index -c /path/to/genome.fasta
We then align our reads to the genome:

bwa aln -c /path/to/genome.fasta path/to/file.fastqg >
/path/to/align.sai

Transform the binary into a more readable SAM file:

bwa samse -c path/to/genome.fasta path/to/file.fastqg
/path/to/align.sai /path/to/file.fastqg > /path/to/
file.sam

This SAM file will be sorted and indexed:

samtools -sU /path/to/file.sam -o /path/to/file.bam
samtools -sort /path/to/file.bam

samtools -index /path/to/file.sorted.bam

To generate a final file that will be file.sorted.bam.bai, small

enough to be copied and transferred using regular methods
such as e-mail.
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3.4 Analysis

of the Processed

Data

1. Now that the files of our sequenced samples have been pro-

cessed, we can use them to infer novel data from such results
(Fig. 2). We will briefly explain two different protocols intended
to obtain the expression profiles of specific SINE families, but
there are other potentially new methods that can benefit from
variations of these protocols. In Note 4, we underline some of
the updates and comment tips for the computational analysis
of SINE RNA-seq.

. Quantification of SINE RNAs families using aligned reads and

RSEM or eXpress. The amount of SINE RNA can be mea-
sured with a program like RSEM [24]. In this case, a crucial
step is the selection of the reference transcriptome FASTA file
(see step 4 in Subheading 3.3). A general transcriptome FASTA
dataset obtained from a database like Ensembl can be used, or
you can prepare a custom-made file. This is an important issue
because if a FASTA file is created with, for example, a general
representation of SINE families, a quantification of the expres-
sion of these elements can be performed. In addition, the
aligning process in the BWA align command can be adjusted to
permit sequence mismatches (with -M and -» parameters).
Finally, the parameter (-0 0) should be used in the same com-
mand to avoid gaps in the alignment, as RSEM do not allow
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Fig. 2 Flowchart of the protocol for RNA-seq analysis of SINE expression
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for gaps in the sequences. In this way, two different approaches
can be used: (1) few SINE families in the reference transcrip-
tome with flexibility in read alignment, or (2) more detailed
SINE subfamilies in the reference transcriptome with addi-
tional post-processing to summarize the values in the families.

An example command is:

rsem-calculate-expression -bam --no-bam-output /
path/to/file.sorted.bamnm.

bai /path/to/transcriptome.fa name of sample

Important resulting files from the analysis are “name_of_
sample.genes.results” and “name_of_sample.isoforms.results”.
These are tab-separated files easy to use for post-processing
and for their analysis in programs like R or MATLAB. These
programs have several parameters to indicate the expression
level of each gene/isoform, among them, FPKM (Fragments
per Kilobase of gene /isoform per Million Reads). If the expres-
sion of SINE families between different samples are to be com-
pared, ad hoc standard post tests for genome-wide studies can
be used if the number of elements in the transcriptome is high
enough. In addition, the usage of permutation approaches for
the generation of a p-value quantifying the probability of a
significant difference in SINE expression is also recommended.
In brief, that method consists in permuting the result values in
such a way that each value is assigned to a sample. As a result,
data for differences in expression are again obtained. If this
process is repeated N times (e.g. 10,000 times), the number of
instances in which the difference in expression in permutations
is equal or higher than the experimental results can be deter-
mined, and P will be calculated dividing this number by N.
There are many other approaches to quantify the expression of
RNA-seq data such as the eXpress software [25]. This is similar
to RSEM, and thus produces a FPKM expression measure for
genes and isoforms. A common advantage of these software
tools is that they can be run under not only Linux but also
Windows and Mac operating systems.

3. Quantification of SINE expression using raw FASTA reads.
Another possibility for the analysis of SINE RNA expression
consists in the direct use of the raw reads in FASTA format to
infer new data of SINE expression levels. In this case, a simple
shell script can be prepared to run BLAST under Linux.
BLAST [26] is a classic bioinformatic tool which detects data-
base sequences similar to the query. Its main advantages with
respect to other more recent programs are its simplicity and
flexibility. Although initially designed for evolutionary pur-
poses, BLAST can be customized far enough to be adapted for
other needs. For example, some useful commands could be the
following:

makeblastdb -in /path/to/file.fasta -dbtype nucl
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makeblastdb -in /path/to/query.fasta -dbtype nucl

blastn -db ./path/to/file.fasta -query /path/to/query.
fasta -outfmt "7 gacc gstart gend evalue" -out /path/
to/results.txt
The first two commands index both the sequence and the query
databases. That is necessary for BLAST, and it is done only once.
The second command searches the database of our raw reads with
a list of query sequences (also in FASTA format). The results
obtained will be a tabulated list of BLAST outputs (one for each
query sequence) concatenated, with the Query accession, the
Query Start, the Query End, and the E-value for each positively
identified target. Again, as in Subheading 2 above, prediction can
be modulated using gap and mismatch penalties, in order to main-
tain sensitivity without decreasing specificity. These tabulated files
are fitted for statistical post-processing with programs like R and
MATLAB. In addition to assessing expression differences between
samples or SINEs, interesting data about the relative position of
transcripts within a SINE can be obtained with this analysis. For
instance, we can study if a SINE is expressed producing similar
levels of different transcripts along the element, or if there are tran-
scriptional peaks originated from specific regions of the element.
Those possible outcomes might point to the existence of different
isoforms of SINE transcripts, like in the case of human Alus that
can produce small cytoplasmic and full Alu-derived sequences
[27]. As in the prior protocol, standard or custom statistical tests
are required to evaluate the significance of the results.

4 Notes

1. Fresh or frozen tissues can be also processed for RNA extrac-
tion; commercial RNA purification kits fit specific require-
ments for RNA isolation. We recommend the use of
homogenizers such as motor-driven grinders for soft tissues
and an IKA Ultra-Turrax apparatus for harder or more difficult
tissues. Life Technologies” RNA later or similar alternatives for
RNA stabilization are highly recommended for the analysis of
frozen tissues.

2. The steps indicated in Subheading 3.2 are normally performed
in a next-generation sequencing facility. Nevertheless, it is very
useful to know and to compare the technical specifications of
several sequencing platforms to understand which one is the
best for our specific experiments. The analysis of small RNAs
from SINE elements is currently not very common in most of
these facilities. For those experiments, it is particularly impor-
tant to establish a constant flow of information between tech-
nical assistants and scientists in order to select the best steps to
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be followed regarding library generation, adapters, and
sequencing protocol.

. There are additional computational tools to pre-process the

data. We select the set formed by Perl /BWA /Samtools because
of their wide implementation. New users of the Linux environ-
ment will normally experience some difficulties and, in that
context, previous information from other users deposited in
Internet could be of great help. We therefore strongly recom-
mend the use of a general Linux distribution, like Fedora or
Ubuntu, for similar reasons. Finally, we also advise to learn the
basics of shell scripting to be able to save, comment, and finally
reuse the commands that were previously run. These will also
warrantee the standardization of the protocols (similar to
molecular ones), a rapid error detection capability and the
potential to modify methods, altogether saving much time.

. The quantification of SINE expression needs to be carefully

assessed for the presence of errors. The nature of SINE ele-
ments (small, repetitive) makes them prone to errors. We sug-
gest a few controls for the proposed analyses to avoid the
misdetection of SINEs. The more precise is the detection, the
higher is the probability of errors. In this context, to quantify
the expression of a single SINE instance in the genome, con-
trol sequences with little modifications should be analyzed in
parallel. For example, another instance of the same subfamily
or the general sequence of its subfamily could be used. Then,
the results obtained can be compared with the previous ones
got with your original query to assess if there were due to a
subfamily effect. Even when we suggest two different methods
tor RNA-seq analysis of SINE expression, there are other
approaches that can be used for similar targeted studies.
Modified versions of these protocols can be adapted to the
analysis of, for example, the detection of SINE amplification in
specific cellular conditions. Aligning our reads to a reference
genome could allow us to find novel neighboring regions to
SINE retrotransposons.
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