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In recent years, retrotransposons have gained increasing attention as a source of binding motifs for transcription
factors (TFs). Despite the substantial roles of these mobile genetic elements in the regulation of gene expression,
a comprehensive resource enabling the investigation of retrotransposon species that are bound by TFs is still
lacking. Herein, I introduce for the first time a novel database called RTFAdb, which allows exploring compu-
tationally predicted associations between retrotransposons and TFs in diverse cell lines and tissues of human and
mouse. My database, using over 3.000 TF ChIP-seq binding profiles collected from human and mouse samples,
makes possible searching more than 1.500 retrotransposon species in the binding sites of a total of 596 TFs.
RTFAdD is freely available at http://tools.ibg.deu.edu.tr/rtfa/ and has the potential to offer novel insights into
mammalian transcriptional networks by providing an additional layer of information regarding the regulatory

roles of retrotransposons.

1. Introduction

Retrotransposons (also called class I elements) are a class of trans-
posable element (TE) that retain the ability to mobilize and insert
themselves into novel regions of the host genome through RNA inter-
mediate [1]. Retrotransposon mobilization begins with transcription of
an RNA intermediate from a genomic copy, followed by its reverse
transcription into DNA by the retrotransposon-encoded reverse tran-
scriptase [2]. In this way, they accumulate in DNA and contribute to
genome size expansion [3] and genome evolution [4]. Previous studies
indicate their crucial roles in a wide range of biological events, in-
cluding disease [5], development [6,7], and differentiation [8].

In recent years, retrotransposons have been gaining increasing at-
tention due to their regulatory roles in gene expression (for review see
[9]). They can act as novel promoters that introduce new transcription
start sites for nearby genes, and thus contribute to remodeling of gene
structures and generation of novel transcript variants [10,11]. For ex-
ample, Peaston et al. reported that certain mouse-specific MT retro-
transposons provide novel promoters and first exons for a group of
genes and regulate their expression levels in mouse oocytes and zygotes
[12]. In a more recent study, it has been shown that the insertion of MT-
C retrotransposon into the intronic region of the mouse Dicer gene,
essential for microRNA biogenesis, leads to the gain of a retro-
transposon-derived novel promoter for the host gene and the generation
of an oocyte-specific Dicer isoform [13].
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In addition to providing novel promoters to their host genes, ret-
rotransposons can harbor cis-regulatory sequences, and therefore act as
enhancers. In this way, they influence transcriptional activity of nearby
genes by providing binding sites for transcription factors (TFs). One
early example of a retrotransposon-derived transcription factor binding
site (TFBS) is associated with the well-characterized oncogene human
tumor suppressor protein p53 (TP53) [14]. Wang et al. reported that
five members of LTR10 and MER61 retrotransposon families are over-
represented in the binding sites of TP53, and they show TP53-depen-
dent enhancer activity [14]. Another chromatin immunoprecipitation
followed by sequencing (ChIP-seq) based study exhibited the sig-
nificance of retrotransposons in the evolution of gene regulatory net-
works in human and mouse embryonic stem cells [15]. The study
clearly presented that ~25% of OCT4 and NANOG binding sites were
contributed by TEs, in particular by the endogenous retrovirus (ERV) 1
retrotransposon family, in mammalian species. In addition, a systematic
computational analysis of publicly available DNase I hypersensitivity
data sets demonstrated that ERV retrotransposons are the source of a
majority of regulatory elements in human [16]. Recent studies have
also provided novel evidence for the regulatory roles of ERVs in
mammalian immune defense [17] and embryogenesis [18].

To date, a few computational tools and methodologies have been
developed to facilitate exploring the regulatory roles of TEs in gene
expression. Among these, a simple analysis pipeline proposed by Conley
and Jordan is utilized for the identification of potential TE-derived
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TFBSs from ChIP-seq data sets [19]. Similarly, Ramsay and Bourque
suggested a practical pipeline that allows testing whether a certain
repeat element is significantly overrepresented in a given set of ChIP-
seq peaks [20]. Another study, using z-score based statistics, introduced
a solid computational methodology for the enrichment analysis of TEs
observed in the binding sites of TFs [21]. The GSuite Hyperbrowser
[22] also provides users with a set of tools to perform statistical ana-
lyses of genomic features, including transcription factor binding sites
derived from Encyclopedia of DNA Elements (ENCODE) [23] and repeat
element annotations from RepeatMasker. However, it currently allows
the acquisition and investigation only of human data sets from the
ENCODE database. Most recently, the PlanTEnrichment tool has been
established to predict TEs that potentially influence the expression of
nearby genes in plants [30]. Despite the key roles of retrotransposons
that harbor regulatory sequences for TFs, to date, a comprehensive
database offering convenient access to the associations between TEs
and TFs is still lacking.

In this study, I report for the first time a living database called
RTFAdb, which functions as an exploration tool for computationally
predicted associations of retrotransposons and TFs in the human and
mouse genomes. Complementing the current TE databases, RTFAdb
allows researchers, by using publicly available TF ChIP-seq binding
profiles, to investigate (i) retrotransposon species which are over-
represented in the binding sites of a given TF, (ii) TFs significantly
associated with the retrotransposon of interest, and (iii) all putative
retrotransposon—TF associations within the available tissue or cell

types.

2. Materials and methods
2.1. Data collection and processing

Fig. 1 shows the steps of data processing and database development.
I downloaded all available human and mouse TF ChIP-seq data in BED
file format and their respective experiment metadata from the ENCODE
web site (https://www.encodeproject.org/). To achieve high con-
fidence binding site coordinates of the human and mouse TFs, I con-
sidered only the replicated TF ChIP-seq experiments with optimal and
conservative irreproducible discovery rate (IDR) thresholded peaks for
further downstream analysis. The genomic locations of the human and
mouse repeat elements (RepeatMasker annotation) in text file format
were downloaded from the UCSC genome annotation database [24]. To
determine the retrotransposon species that intersect with TFBSs, I made
use of the intersectBed command (intersectBed -f 0.1 -u -a Re-
peatMasker.bed -b TF-ChIP-seq.bed) of bedtools [25]. Additionally, the
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genome.chrom.sizes) was utilized to randomly permute the genomic
locations of each TF ChIP-seq BED file. I utilize these randomly per-
muted regions as null basis while testing statistical significance of each
retrotransposon observed in the binding sites of TFs. To increase the
confidence of my statistical analysis, I iterated the shuffleBed command
100 times for each BED file. Afterwards, I identified all retrotransposon
species, which were overlapping randomly permuted regions in the BED
files generated by shuffleBed. The total number of each retrotransposon
in the respective genome, and the frequencies of each retrotransposon
overlapping TFBSs and randomly permuted regions, were calculated
with cut, sort, and uniqg command line utilities of the Linux environment.

2.2. Identification of statistically overrepresented retrotransposons in the
binding sites of transcription factors

To calculate the significance level of each retrotransposon—TF as-
sociation observed in the ChIP-seq experiments, I utilized previously
introduced methodology based on binomial test statistics [20]: let R
denote a specific retrotransposon in the respective genome and let T a
certain transcription factor of the species of interest. Then the prob-
ability value of the R—T association in a ChIP-seq experiment is de-
scribed as follows:

o _’;!()!X! @)X - py~

The p — value of the R—T association =
e where X is the total number of R that intersect with the binding sites
of T in the ChIP-seq experiment
e n is the total count of R in the respective genome
® p is the ratio of the total number of R that intersect with the ran-
domly permuted genomics intervals and the frequency of R in the
respective genome ().

I made use of the binom.test (binom.test (X, n, p, alter-
native = “greater”, conf.level = 0.95)) function of R (https://www.r-
project.org/; v3.3.2) [26] statistical computing environment for the
calculation of the p-value of each retrotransposon—TF pair and its
confidence interval. Thereby, I identified all statistically over-
represented retrotransposons in a set of TF ChIP-seq peaks.

2.3. Implementation of database and user interfaces

The database and user interfaces of RTFAdb were written in the
LAMP (Linux, Apache, MySQL, PHP) development environment.
RTFAdD is a living database that comprises distinct data sets, such as
retrotransposon annotations in EMBL format collected from Repbase

(http://www.girinst.org/repbase/) [27], metadata of TF ChIP-seq
Experiment
metadata
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Fig. 1. Summary of the workflow of the study. RTFAdb uses diverse public data sets from ENCODE, UCSC Genome Browser, and Repbase. After the identification of retrotransposons
species that intersect with the binding sites of TFs, I calculated statistically overrepresented retrotransposons in the TFBSs. RTFAdb was developed in the LAMP environment, and all
putative retrotransposon—TF associations were stored in a local MySQL relational database management system. The user interfaces of RTFAdb were built using HTML5 markup and PHP

scripting languages, and were enhanced with JQuery and AJAX technologies.
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experiments, and binomial test statistics of each retrotransposon—TF
pairs. I stored all data sets in my local MySQL (https://www.mysql.
com/; v5.5.52) relational database tables. RTFAdb was located on a
Linux (https://www.centos.org/; CentOS Linux release 7.3(1611))
machine with Apache hypertext transfer protocol server (https://www.
apache.org/; v2.4.6). The user interfaces of RTFAdb were developed
with Hyper Text Markup Language 5 (HTML5) with responsive Pure
CSS modules (https://purecss.io/; v0.6.2). Database queries of RTFAdb
were developed with structured query language, and the communica-
tion between the user interfaces of RTFAdb and the MySQL database
was implemented in PHP (http://www.php.net/; v5.4.16). The user
interfaces of RTFAdb were also improved with JQuery (https://jquery.
com/) and Asynchronous JavaScript and XML methods to provide users
with a responsive and practical search experience. In addition, the on-
the-fly dot plot graphs produced by RTFAdb in each database query are
performed with the ggplot2 package [28] of the R environment.

3. Results
3.1. The content of RTFAdb database

RTFAdb was built based on public ChIP-seq profiles, and retro-
transposon annotations from RepeatMasker and Repbase. I downloaded
over 3.000 (as of May 2017) TF binding profiles for both human and
mouse from the ENCODE project web site. The basic statistics regarding
the content of RTFAdb are shown in Table 1. The database currently
allows for exploring putative associations of approximately 1500 ret-
rotransposon species in the binding sites of a total of 596 human and
mouse TFs. Per the RepeatMasker annotation of hgl9 genome as-
sembly, I found that MIRb was the richest retrotransposon species ob-
served in the human genome. However, B3 is the most abundant for the
mouse reference genome (mm10). Total number of the 10 most abun-
dant retrotransposons in the human and mouse genomes are shown in
Fig. 2. When I performed the binomial test statistics among as many as
1.600.000 retrotransposon—TF associations, I identified approximately
734.000 statistically significant retrotransposon—TF pairs (p-value <

0.05), suggesting the potential role of retrotransposons in the regula-
tion of gene expression.

3.2. Search by transcription factor

RTFAdb has been developed in a user-friendly manner and com-
prises three distinct search modules, which allow the user to explore
computationally predicted retrotransposon—TF associations in the or-
ganism of interest (Fig. 3a). Using the “Search by Transcription Factor”
module, accessible on the home page of RTFAdb, the user can retrieve
all statistically overrepresented retrotransposons in the binding sites of
the selected TF. Once the target TF, appropriate ChIP-seq peak type,
and p-value parameters are chosen from the pull-down menu, it lists all
retrotransposon—TF associations below the given p-value threshold in
the Results page (Fig. 3b). The interactive results table appearing in the
results page permits searching of any keyword within the table and
sorting by column headers. RTFAdb also provides sequence information

Table 1
The basic statistics regarding the content of RTFAdb.

Entity Total number

Human Mouse
ChIP-seq binding profiles 2.778 457
Transcription factors (TF) 548 48
Retrotransposons 702 880
Cell/tissue type 79 29
Significant* retrotransposon — TF associations 702.597 31.659

* p-value < 0.05
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Fig. 2. The 10 most abundant retrotransposons in human and mouse genomes. Per the
RepeatMasker annotation of UCSC Genome Browser, the most abundant retrotransposons
in the human and mouse genomes are MIRb and B3, respectively. While Alu repeat ele-
ments dominate a large proportion of the human genome, short-interspersed nuclear
elements are rich in the mouse genome.

(if available; Fig. 3c) of the retrotransposon of interest, and ChIP-seq
experiment details when the user clicks on retrotransposon names and
experiment IDs. Moreover, the confidence interval of the selected p-
value and the parameters used in the binomial test statistics are shown
as a bar plot and in table format in a new window upon clicking the
corresponding p-value hyperlink (Fig. 3d).

To visualize up to 50 most statistically significant retrotransposons,
observed in the TFBSs, in portable network graphics (PNG) format, the
“see dot plot graph” link located above the results table can be utilized.
Additionally, RTFAdDb allows the download of genomic coordinates of
retrotransposons in the selected organism and putative associations as
separate tab delimited files. The detailed metadata of ChIP-seq ex-
periment(s) associated with the selected TF are exhibited in the “TF
ChIP-seq File Annotations” table. By clicking the experiment and ChIP-
seq profile hyperlinks, users are directed to the corresponding ENCODE
project page so that they can review the summary of the ChIP-seq ex-
periment and download the respective ChIP-seq peaks file in BED file
format. The genomic intervals of the retrotransposons species that
overlap with the binding sites of the user-defined TF are provided as a
separate hyperlink and can be downloaded in BED format.

3.3. Search by retrotransposon name

This module enables researchers to investigate whether the retro-
transposon of interest is significantly overrepresented in the binding
sites of any TF. After the appropriate parameters are selected, and
search operation is performed, all putative retrotransposon—TF asso-
ciations along with their pre-calculated significance levels and the
summary of ChIP-seq experiments can be investigated. Since I use a
similar layout for the results pages in the user interface design, all
search modules provide data in the same type and format. The details
regarding modules and how to interpret the results are provided on the
tutorial page of RTFAdb.

3.4. Search by cell or tissue type

One of the unique features of the RTFAdb database is the ability to
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Fig. 3. Screenshots of the RTFAdb home and results pages. (a) RTFAdb home page includes three search modules, which enable searching by TF, retrotransposon name, and tissue/cell
type. (b) A searchable results table in the results page lists all putative retrotransposon—TF associations, along with their statistical significance and experiment metadata. (c)
Retrotransposon sequences can be shown in EMBL format. (d) The parameters utilized in probability calculation of retrotransposon—TF associations can be visualized in a separate

window when clicking the respective p-value hyperlink in the results table.

provide all significant putative associations between retrotransposons retrotran
and TF in the selected cell or tissue type. This module is helpful for

those wishing to conduct a single query using all available

260

sposon species against existing TF binding profiles in a parti-

cular cell or tissue. Currently, the RTFAdb tool offers two options for
peak type selection: (i) optimal and (ii) conservative peak sets. I
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Fig. 4. Dot plot graphs from sample searches of RTFAdb. (a) The graph shows retrotransposons that are statistically overrepresented in the binding sites of human POU5F1. The color
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recommend conservative peak sets with a p-value < 0.0001 threshold
for more stringent analysis results.

3.5. Case studies

To examine whether RTFAdb yields reliable results that are in
agreement with the current literature, I tested my tool with two well-
known retrotransposon—TF associations. For example, when the
“Search by Transcription Factor” module of RTFAdD is utilized with the
following criteria: (i) organism: Human, (ii) TF: POU5F1 (also known as
OCT4), (iii) peak type: Conservative IDR thresholded peaks, and (iv) p-
value threshold: 0.0001, the tool retrieves 42 statistically significant
associations (p-value < 0.0001) within human-induced pluripotent
stem cell, of which the majority are members of the ERV superfamily.
My tool detected LTR9B as one of the most significant retrotransposons
that is found to be significantly enriched in the TFBSs (Fig. 4a). This
result concurs with the previous findings from Kunarso et al. [15],
which experimentally revealed the association of LTR9B with POUSF1.
A 2013 study [29] also indicates that particular specific retro-
transposons, such as LTR41 and LTR50, are bound by CTCF. RTFAdb
successfully recognized these associations when I performed a search
using the “Search by Retrotransposon” module within the conservative
IDR thresholded peaks of human ChIP-seq profiles. My search results,
consistent with previous findings [29], propose that CTCF is one of the
most notable candidates for LTR41 and LTR50 (Fig. 4b and c).

4. Conclusions and future works

In this study, I introduced a unique and pivotal resource called
RTFAdD for not only the mobile DNA research community but also for
those exploring retrotransposon species putatively providing binding
sites for TFs in a specific cell or tissue type. My regularly updated tool,
integrating publicly available TF ChIP-seq profiles, is designed to have a
user-friendly interface, and I believe that it will support future studies
on the regulatory roles of retrotransposon species in human and mouse
species. RTFAdb currently includes over 3.000 TF ChIP-seq binding
profiles. However, its expandable architecture and my automated
analysis pipeline allow the addition of new data sets as they become
available. My future work will involve TF ChIP-seq profiles collected
from diverse model organisms, and I plan to integrate a new module
into RTFAdD that allows the calculation of statistical significance of
retrotransposons within a given TF ChIP-seq peak set profile. In con-
clusion, RTFAdb has the potential to offer novel insights into mam-
malian transcriptional networks by providing an additional layer of
information regarding the regulatory roles of retrotransposons. RTFAdb
can be searched online at http://tools.ibg.deu.edu.tr/rtfa/.
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