
New bioinformatic tool for quick identification
of functionally relevant endogenous retroviral

inserts in human genome
Andrew Garazha1,2,3,5, Alena Ivanova1,3, Maria Suntsova1,2,3, Galina Malakhova1, Sergey Roumiantsev2,4,5,

Alex Zhavoronkov2,3,5, and Anton Buzdin1,2,3,*

1Group for Genomic Regulation of Cell Signaling Systems; Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry; Moscow, Russia; 2Laboratory of Bioinformatics; D. Rogachyov

Federal Research Center of Pediatric Hematology; Oncology and Immunology; Moscow, Russia; 3Pathway Pharmaceuticals; Wan Chai; Hong Kong, Hong Kong SAR; 4Pirogov

Russian National Research Medical University; Department of Oncology; Hematology and Radiotherapy; Moscow, Russia; 5Moscow Institute of Physics and Technology; Depart-

ment of Translational and Regenerative Medicine; Dolgoprudny, Moscow, Russia

Keywords: Database, endogenous retrovirus, genome browser, human genome, LTR retrotransposon, transcription factor
binding site

Endogenous retroviruses (ERVs) and LTR retrotransposons (LRs) occupy »8% of human genome. Deep sequencing
technologies provide clues to understanding of functional relevance of individual ERVs/LRs by enabling direct
identification of transcription factor binding sites (TFBS) and other landmarks of functional genomic elements. Here, we
performed the genome-wide identification of human ERVs/LRs containing TFBS according to the ENCODE project. We
created the first interactive ERV/LRs database that groups the individual inserts according to their familial
nomenclature, number of mapped TFBS and divergence from their consensus sequence. Information on any particular
element can be easily extracted by the user. We also created a genome browser tool, which enables quick mapping of
any ERV/LR insert according to genomic coordinates, known human genes and TFBS. These tools can be used to easily
explore functionally relevant individual ERV/LRs, and for studying their impact on the regulation of human genes.
Overall, we identified »110,000 ERV/LR genomic elements having TFBS. We propose a hypothesis of “domestication” of
ERV/LR TFBS by the genome milieu including subsequent stages of initial epigenetic repression, partial functional
release, and further mutation-driven reshaping of TFBS in tight coevolution with the enclosing genomic loci.

Introduction

Human endogenous retroviruses (ERVs) and LTR retrotrans-
posons (LRs) are remnants of retroviral infections from millions
of years ago.1,2 These elements fixed in the genome and became
inheritable because their insertions occurred in the germ cell
lineage.3-6 Genomic ERVs and LRs are of particular interest
because they harbor DNA regions functioning as promoters,7-9

enhancers,10,11 polyadenylation signals12,13 insulators14,15 and
binding sites for various nuclear proteins.8,16-19 Many families
of ERV/LRs exhibit high transcriptional activity in human
tissues.7,20-23

Over the last decade there has been an exponential accumula-
tion of experimental data in molecular biology.24-28 Investigation
of the DNA variations itself cannot explain most of the aspects of
functional genetics and phenotypes, and additional large-scale
studies are needed to investigate the activities of the genomic

regulatory regions.29-30 DNaseI hypersensitivity sites (DHS) and
transcription factor binding sites (TFBS) are probably the most
important genomic landmarks for regions of open (functionally
active) chromatin and those regions of DNA with nuclear protein
binding properties, respectively.31,32

In order to accomplish analysis on a genomic scale, we devised
a bioinformatic algorithm that can map relevant TFBS identified
by annotating all the inserts of ERV/LRs in the human DNA
(504 families and »720,000 copies). We used the ENCODE
project repository http://genome.ucsc.edu/ENCODE/ as the
source database for human TFBS. The ENCODE data were the
sets of deep-sequenced chromatin immunoprecipitated DNA.
The results of our studies are freely available online through our
Web-based service http://herv.pparser.net. Individual human
genomic ERV/LRs and their whole families may be ranged by
the user according to their structural nomenclature, representa-
tion in the genome, and according to the numbers and densities
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of the TFBS. We identified »110.000 individual ERV/LR
inserts having TFBS, some of them were highly saturated by the
TFBS having 50 TFBS or more. Our study provides new clues
for identification and functional validation of tens of thousands
of previously unknown regulatory sequences of the human
genome.

Results

In this study, we performed a genome-wide mapping of all the
available sequenced TFBS regions for all the human ERV/LR ele-
ments. In addition we created a Web-based interface for user-
friendly interpretation of this information.

Our database allows individual human genomic ERV/LRs
and their whole families to be ranged by the user according to
their structural nomenclature, representation in the genome, and
according to the numbers and densities of the TFBS. The data-
base is supplemented by our novel human genome browser that
may be used to visualize ERV/LR inserts and their genomic loca-
tion specific to functional genes and TFBS. The database and
genome browser enable downloading datasets in the form of raw
FASTA DNA sequences or as a table including genomic coordi-
nates of the individual insert, its divergence from the respective
consensus sequence, the number of mapped TFBS, and the
links to our ERV/LR genome browser http://herv.pparser.net/
GenomeBrowser.php or UCSC genome browser https://genome.
ucsc.edu/.

Genome-wide identification of the human
ERV/LR elements

To extract genomic sequences of the human ERV/LR ele-
ments, we used the RepeatMasker algorithm33 and the database of
genomic repeat consensus sequences RepBase Update.34 We iden-
tified in the human genome a total of 717,612 inserts of the dif-
ferent ERV/LR elements, which cover approximately 8% of the
human DNA, in agreement with the previous reports for
ERV/LRs.35,36 These inserts represented 504 different ERV/LR
families.

Genome-wide mapping of TFBS and DHS
We used the ENCODE project database http://genome.ucsc.

edu/ENCODE/ to extract the full list of TFBS and DNase I
hypersensitivity sites (DHS) of the human genome. Using our
original PostParser algorithm, these entries were further mapped
to human ERV/LR sequences. We found that for the entire set of
ERV/LR elements, »140,000 inserts (»19%) include at least
one mapped DHS and »110,000 inserts (»15%) have at least
one mapped TFBS. The total numbers of all DHS and TFBS in
all ERV/LR elements were »155,000 and »320,000, respec-
tively. We next characterized specific ERV/LR families with
regard to their TFBS content. We introduced the following char-
acteristic values: (i) RTC, Ratio of the TFBS-containing elements
among all the family members, which is calculated according to
the formula NTFBSC / Ntotal, where NTFBSC is the number of the
ERV/LR family members with TFBS, and Ntotal is the total

number of the particular ERV/LR family members; (ii) NDT,
Normalized density of TFBS, evaluated according to the formulaP

TFBS/ Ntotal, where
P

TFBS is the sum of TFBS in all the
particular ERV/LR family members; (iii) TDC, TFBS density
among the TFBS-positive members of the ERV/LR family,
expressed by the formula

P
TFBS/ NTFBSC.

RTC indicates the measure of abundances of functionally rele-
vant (TFBS-positive) family members, NDT indicates the mean
density of TFBS among the family members, and TDC denotes
the density of TFBS among the functionally relevant family
members. These factors were used to rate all the 504 ERV/LR
families, results available at http://herv.pparser.net/TotalStatistic.
php an option is enabled to sort the families list according to
each of the above characteristic indexes. Of note is that the indi-
vidual ERV/LR families differ dramatically in their copy number,
ranging from just few copies as for the HERV-F family, to more
than 22,000 members as for the THE1B family. The total num-
ber of TFBS was also strikingly different for the different families
– from 0 (families LTR5, LTR7A) to»13,000 (MLT1K family).
The maximum absolute number of the TFBS-positive members
was also seen for the MLT1K family (»4,000).

RTC values varied from 0 (families LTR5, LTR7A) to 0.72
(family LTR12), which indicates that the impact of the individ-
ual ERV/LR families in the genome regulatory interplay is
markedly different. This finding was confirmed by the assessment
of the NDT index, which also varied greatly from 0 (LTR5,
LTR7A) till »8 (LTR13). Finally, TDC indicator varied from 0
(LTR5, LTR7A) to »12 (LTR13), which means that for some
families like LTR13, the TFBSC members are highly involved in
functional activities.

The families with the greatest densities of TFBS may be
regarded as the most functionally active ones among the
ERV/LR. However, it is also important to take into account the
absolute numbers of TFBS contributed by each family. For
example, the family LTR12 has the highest proportion of TFBS-
positive members, which is reflected by an RT C value of 0.72,
and contributed a total of »1,300 TFBS to the human genome,
whereas the family MLT1K contributed the greatest number of
TFBS (»13,000), but has a rather small density of TFBS-positive
members (RTC D 0.22).

For every ERV/LR family, we also plotted the distribution of
family members having different numbers of TFBS. Using these
graphs allows zooming into the zones of interest and obtaining
detailed information about the individual family members by
clicking on the data points. Complete data is available at http://
herv.pparser.net/FamilyInfo.php. This option enables quick and
easy navigation of all ERV/LR family members having the
desired number of TFBS. Each record is cross-linked with both
our original and the UCSC genome browsers, which facilitates
direct mapping of each ERV/LR on the human genome.

Further analysis shows a clear positive correlation between the
ratio of TFBS-containing elements (RTC) and the normalized
densities of TFBS (NDT) in the ERV/LR families (Fig. 1; http://
herv.pparser.net/TNTandTFBS.php) This shows that although
different ERV/LR families have very different proportions of the
TFBS-positive members, there is a correlation between
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prevalence and density of TFBS that is
common for both relatively TFBS-
enriched and TFBS-poor families.

Correlation between the TFBS and
DHS data

We next compared the TFBS map-
ping results with information on the
DNase hypersensivity sites (DHS) within
the
ERV/LR elements. DHS are landmarks
for the active fraction of eukaryotic
genomes.37-39 We identified a definite
trend.
The probability that an individual ERV/
LR element has DHS increases propor-
tionate to the increase in mapped TFBS
(Fig. 2). More than 80% of the elements
containing 4 TFBS also contained DHS. This proportion was
increased as the number of TFBS per element increased, with
>90% of the elements having 5 TFBS also containing DHS, etc.
(Fig. 2). The correlation is validated by previous findings that
DHS are most often located in promoter regions, which ensure
the gene is accessible for transcription factor binding. Our find-
ings reveal a practical application for quantification of the num-
ber of TFBS as a measure of functional activity of ERV/LR
elements.

Experimental analysis of the enhancer activity for the
elements having different density of TFBS

We next attempted to investigate if the enrichment in TFBS
number correlates with increased functional activity of ERV/LR
elements. Since ERV/LR elements may have diverse functional
activities like promoters, enhancers, silencers and insul-
ators14,40-43 a number of various func-
tional essays may be used to study their
activity. In this study, we used a specific
family of ERV/LR, the LTR5Hs family,
which represents the LTRs of the HERV-
K(HML-2) family of human endogenous
retroviruses. The LTR5Hs elements are
the most recently inserted ERV/LR ele-
ments of the human genome,44 »150
individual LTR5Hs family members
inserted into the human DNA after the
human-chimpanzee ancestor radiation
and represent human specific ele-
ments,2,45 many of which are polymor-
phic in the human population.46 The
ERV family is largely uniform in length
(»1 kb per element) and has relatively
low heterogeneity in nucleotide
sequence.2,47 The LTR5Hs family is also
reported to be one of the most function-
ally active groups of human ERV/LR ele-
ments.48-50 Most of the literature deals

with the enhancer activity of the LTR5Hs members.10,11,18,51 In
this study, we investigated the enhancer activities of the individ-
ual family members with different densities of TFBS, using the
luciferase reporter assay.

Basing on the distribution of TFBS, we selected 12 elements,
each having 5–23 TFBS per element (Table 1). For the assay, we
took 5 human cell lines of different tissue origins: Tera-1 (embry-
onal non-differentiated testicular carcinoma), NT2/D1 (testicu-
lar carcinoma partly differentiated into neural cells), A549 (lung
adenocarcinoma), NGP127 (neuroblastoma) and HepG2 (hepa-
tocarcinoma). Notably, in the previous reports the Tera-1 cell
line was shown to exhibit the strongest enhancer activity for most
of the LTR5Hs elements tested. The individual genomic
sequence for each LTR5Hs element was cloned into a luciferase-
reporter construct for each of the 12 elements under investigation
(Fig. 3A, Table 1) and used in a luciferase assay (Fig. 3B). For

Figure 1. Correlation between NDT and RTC for all ERV/LR families. Each data point represents a
separate ERV/LR family. NDT is the normalized density of TFBS, and RTC is the proportion of TFBS-
containing elements in a family. “TFBSC/all”means RTC, and “TNT/all”means NDT.

Figure 2. Distribution of the individual TFBS and DHS-containing ERV/LR elements is dependent on
the number of TFBS per single element. “TFBS consisted HERV” means individual ERV/LR elements
containing TFBS, shown in red; “TFBS & DNase I consisted HERV” means individual ERV/LR elements
containing both TFBS and DNase I hypersensitivity site(s), shown in blue.
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better accuracy, we employed a Dual-Luciferase Reporter Assay
(Promega). The LTR5Hs inserts were cloned upstream of the
standard SV40 promoter for the luciferase gene, and their
enhancer activities were compared with the control vector lacking
any inserts upstream of the SV40 promoter (Fig. 3A). Following
transfections, normalized luciferase activity was measured and
the LTR5Hs-containing/control ratios were calculated for each
type of insert. With a fold2- cut-off factor, we detected statisti-
cally-significant enhancer activities for 10 individual elements
(Fig. 3B) (except Elements 9 and 12). The extent of this ratio
varied from »2 till 27.2 fold for the different elements and the
different cell lines. For the Tera-1, NT2/D1, A549, NGP127
and HepG2 cell lines there were 7, 2, 7, 1 and 3 enhancer-active
elements, respectively. These results are in agreement with previous
findings that the enhancer activity of LTR5Hs is largely tissue-

specific.10,52,53 The 2 elements for which the enhancer activity was
not detected in this assay may be active in other cell types.

Interestingly, the LTR5Hs elements that did not show any
enhancer activity (elements 9 and 12) have relatively low abun-
dance of TFBS compared to the other elements tested (Table 1).
Taken together, our data suggest that the density of TFBS may
be an overall measure of the functional activity of ERV/LR ele-
ments. Our web-based database, therefore, may be used to effi-
ciently capture the new functional regulatory elements of the
human genome created by the ERV/LR elements.

Correlation of TFBS density relatively to the divergence
of the ERV/LR families

We next analyzed the distribution of the TFBS-containing
elements in all ERV/LR families relative to the average diver-

gence of the particular family members
from their consensus sequence (divergence
from a consensus sequence positively
reflects evolutionary age of the inserted
ERV/LR element).54,55

We found a significant difference
between the proportions of TFBS-positive
family members in the evolutionally
“young” families, e.g. those with an aver-
age divergence from their consensus
sequence less than 10% (Fig. 4; each point
represents an individual ERV/LR family).
However, the dispersion of the TFBSC
family members drops as the divergence
increases (>15%) and further tends to lay
within an interval of 0,12–0,18. This
clearly demonstrates that the low-diver-
gence (evolutionally recent) ERV/LR fam-
ilies are characterized by a significantly
lower likelihood of functional activity in
human DNA compared to the evolution-
ally “older” groups. This may suggest that
genomic “domestication” of the newly
integrated ERV/LR sequences involves
reshaping of their active TFBS profiles and
their final “standardization” upon

Table 1. List of the LTR5Hs elements selected for the experimental luciferase assay

Name Chromosome Start End Number of DHS Number of TFBS

Element 1 17 57367467 57368278 3 23
Element 2 2 171119813 171120760 2 20
Element 3 17 7959654 7959869 1 13
Element 4 19 35411081 35412022 1 13
Element 5 1 145501710 145502679 2 11
Element 6 2 128300149 128301124 1 11
Element 7 6 52626627 52627596 2 8
Element 8 7 150724100 150725056 3 8
Element 9 19 55455103 55456032 1 7
Element 10 1 160621928 160622885 2 6
Element 11 12 123235406 123236378 2 6
Element 12 18 77720165 77721063 2 5

Figure 3. Profiling of LTR enhancer activity in luciferase reporter experiments. (A) Schematic repre-
sentation of the luciferase reporter constructs. Filled arrow – individual LTR elements tested in this
assay; empty arrow – SV40 promoter; black bar – luciferase gene; (B) relative enhancer activities for
LTR elements 1–12, established in a dual-luciferase assay. Data show means § standard deviations
of 4 independent experiments. Data is shown for the cell lines Tera-1, NT2/D1, A549, NGP127 and
HepG2.
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accumulation of the significant propor-
tion of mutations.

Another aspect of this concept was
uncovered when we compared the distri-
butions of TFBS for 2 developmentally
important transcription factors, NF-YA
and Rad21. We found very different
TFBS accumulation profiles for the dif-
ferent transcription factors (Fig. 5). For
example, for the protein NF-YA there
were highly abundant TFBS in the evolu-
tionarily young, low-diverged ERV/LR
elements (divergence 5–8% from the con-
sensus sequence). Whereas for the evolu-
tionarily older elements, the TFBS ratio
was significantly lower. In contrast, for
the protein Rad21 there was a relatively
low ratio of TFBS for the evolutionarily
“young” elements followed by a subsequent increase for the evo-
lutionarily older elements, reaching a maximum value at »22%
divergence. This example shows, that for the NF-YA protein, the
recently inserted ERV/LR elements are enriched in TFBS,
whereas further genomic domestication and mutation pressure
significantly decreased the TFBS proportion for the evolution-
arily older elements. In contrast, for the Rad21 protein, the evo-
lutionarily older families showed increased ratio of TFBS-
positive elements.

Interestingly, many transcriptional factors for which the TFBS
distribution was profiled in ERV/LRs, had one common feature
in their TFBS evolutionary dynamics: a decrease in the propor-
tion of TFBS in the divergence interval around 8–15%. This
indicates that functional adaptation and modification of an
ERV/LR insert includes strong initial silencing of the TFBS
which originally came from this element and further accumula-
tion of the new functional TFBS in tight
co-evolution with the host genome. The
full set of TFBS distribution profiles is
accessible online at http://herv.pparser.
net.

Support for our hypothesis comes
from studies showing that the newly inte-
grated inserts are initially under strong
DNA methylation repression.56,57 This
preserves the human genome from the
deleterious influence of these elements on
the gene regulatory networks. Upon de-
methylation, a number of the ERV/LR
copies release their regulatory potential
and provide functional TFBS to the
human genome. However, de-methyla-
tion is followed by mutation of the ERV/
LR sequence, which is reflected by a fur-
ther decrease in the TFBS density. We
propose that this stage corresponds to a
sharp reduction in TFBS coming directly
from the ERV/LR inserts which were

active in the initial intact elements. However, mutations do not
only cause removal of these sites, but they also create new TFBS
in the ERV/LR inserts that fall under selection pressure according
to their implication in the overall genomic context. Finally, the
highly diverged ERV/LR elements become equilibrated with the
genomic location and show little difference compared to the aver-
age genomic sequence. This theoretical model is supported by
our findings from this study, but needs further experimental and
bioinformatic validation.

The Web-based interface and genome browser for the
presentation of ERV/LR data

For easy navigation through the results of ERV/LR mapping
on the human genome and quantification of the related func-
tional features, we created a Web-based interface termed
“PostParser HERV Browser," available through the link http://

Figure 4. Proportion of TFBS-containing elements in correlation with the divergence of each ERV/LR
family from their consensus sequences. Each data point represents a separate ERV/LR family.
“TFBSC/all” means RTC. The divergence is shown as a millidiv score, with each unit equal to one
substitution per 1000 nucleotides.

Figure 5. Distribution of TFBS for the particular transcription factor proteins among all the ERV/LR
elements, in correlation with the divergence of the respective ERV/LR elements from their consensus
sequence. The distribution is shown for NF-YA (red) and Rad21 (blue) transcription factor proteins.
The divergence is shown as a millidiv score, with each unit equal to one substitution per 1000
nucleotides. The Y-axis is arbitrary and is customized for each transcription factor.
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herv.pparser.net. It has the options for performing detailed analy-
sis of the individual ERV/LR families, mapping its individual
members on the human genome, or ranging of the individual
family members depending on the TFBS density and divergence
from the consensus sequence. This information can be obtained
and downloaded for whole ERV/LR families and for the individ-
ual members as well. It is also possible to analyze TFBS distribu-
tions for transcription factors of interest in several ways,
including TFBS density with relation to ERV/LR divergence
from consensus sequence. Using the PostParser HERV Browser
(available at http://herv.pparser.net/GenomeBrowser.php), it is
possible to select a family of interest, to identify the individual
elements having TFBS and to map them onto the human
genome, relative to known human genes and other functional ele-
ments. It is also possible to directly extract the DNA sequence(s)
for the element(s) of interest, or switch to the navigation mode
through the UCSC Human Genome Browser (Fig. 6). Our
HERV browser supports multiple regimes of scaling, from full-
chromosome to 250-bp screen view. Enabling the “refGene”
option shows mapped human genes. Furthermore, clicking on
every individual ERV/LR element produces an output in table
format, providing detailed information on this individual ele-
ment including chromosome coordinates, divergence from the
consensus sequence, number of TFBS, and links to the element
views in our HERV browser and in the UCSC Genome Browser.

Discussion

In this study, we used a number of bioinformatic approaches
including mapping of »720,000 individual ERV/LR elements
representing 504 families on the human genome. Using pub-
lished ENCODE project data, we identified the TFBS that can
be unambiguously mapped on the above ERV/LR elements. For
the family LTR5Hs, we showed that the densities of TFBS

roughly correlate with the enhancer activities of the respective ele-
ments. Among the 12 tested elements, each with 5–23 mapped
TFBS, 10 showed considerable enhancer activity. None of these
individual elements has been previously reported as an active
enhancer. These results show that our database may be used as a
reliable source to identify new potential regulatory elements of
the human genome. In parallel with our data, analogous data-
bases created for the SINE, LINE and other repetitive elements
of the human DNA will make it possible to create a comprehen-
sive map of the human functional regulatory elements created by
the genomic repeats, which will cover >50% of human genome
http://herv.pparser.net/GenomeBrowser.php.

The approach of mapping TFBS on the ERV/LRs has limita-
tions. Due to the repetitive nature of these elements, it is impossi-
ble in many cases to directly map TFBS to any particular
element, especially to unrevealed sequences. Those TFBS that
were successfully mapped, were mapped mostly for the ERV/LR
5’- or 3’-terminal regions, relatively close to the border with the
unique flanking genomic sequence. Our results, therefore, are
likely an underestimation of the TFBS pool that ideally could be
attributed to the particular ERV/LR elements. The TFBS that
can be mapped using the available ChIP-seq NGS data, like those
released by the ENCODE project team,58 are typically located no
further than »200 bp from the border of a ERV/LR element.
This feature minimizes the impact of a particular element’s
length on a TFBS count. It is also the reason why we did not nor-
malize the number of TFBS found for a particular element, to its
length, especially considering almost all ERV/LR elements are
longer than 400 bp. Further studies are required to fully validate
our data, using economically-viable sequencing platforms that
generate longer sequence reads.59

In this study, we performed the first targeted genome-wide
identification of all human ERV/LRs that contain TFBS revealed
by the ENCODE project. We demonstrate that the active TFBS
pattern in ERV/LR elements greatly depends on the divergence

of these elements from their consensus
sequence, i.e. on the evolutionary age of
these genomic inserts. Also, we provide
evidence that the modification of the
newly integrated TFBS containing
ERV/LR inserts includes a stage of a
sharp decrease of initial TFBS activity.
We provide a novel interactive ERVs/
LRs database that groups the individual
inserts according to their familial
nomenclature, number of mapped
TFBS and divergence from their consen-
sus sequence. Information on any partic-
ular ERV/LR element can be easily
extracted by the user. To facilitate navi-
gation through the data, we also created
a genome browser tool enabling quick
mapping of any ERV/LR inserts accord-
ing to genomic coordinates, known
human genes and TFBS. This browser is
cross-linked with the UCSC Genome

Figure 6. Screen shot of the representative HERV/LR browser output page. The user settings were
“LTR5Hs” as the repeat family, “chr1” as the chromosome number. The Browser displays all the LTR5Hs
inserts on the 1st chromosome, featuring TFBS – positive elements. An option is shown “show list of
browser HERVs” that enables listing all the elements of a selected category on the browser screen, as
a table supplemented by hyperlinks to the structure of particular each element. The zooming tool is
enabled to facilitate navigation.
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Browser to enable mapping of other genetic features on the ERV/
LR element(s) of interest. The database and our genome browser
may be widely used by researchers for quickly locating function-
ally relevant individual ERVs/LRs, and for studying their impact
on the regulation of human genes. Finally, we propose a hypothe-
sis of modification of the ERV/LR – derived TFBS, which
includes the stages of initial epigenetic repression of functional
TFBS, their further functional release, and subsequent mutation-
driven termination of their activity. This is followed by the
appearance of tightly regulated new TFBS, which results in a
“genome-equilibrated” TFBS profile for the highly-diverged
ERV/LR elements. Which in turn results in a tightly controlled
regulation of gene expression.

Methods

Source databases
As the source database for downloading DNA consensus

sequences of ERV/LR elements, we took RepBase Update data-
base60 created by the US Genetic Information Research Institute
and available online at http://www.girinst.org/repbase/. For
TFBS and DNaseI hypersensitivity sites, we used the ENCODE
(the ENCyclopediaOf DNA Elements) project database (TFBS
andDNAse I Clusters),58 available at http://encodeproject.org/
ENCODE/downloads.html. Approximately 3.700.000 signa-
tures were further analyzed. To extract sequences of known
human genes and transcripts including their exon-intron struc-
ture signatures, we used the GenBank at NCBI Reference
Sequence Genes database available at http://www.ncbi.nlm.nih.
gov/RefSeq/ and the Expressed Sequence Tags database available
at http://www.ncbi.nlm.nih.gov/dbEST/index.html.

Computational facilities and software use and development
We used 4 processors (total performance 0,05 teraflops) and 10

Gb random access memory. The operation system used was Linux
Ubuntu 10.04 64-bit (ApacheCPHP5CMySQLCphpmyadmin).
For alignment of RNA or DNA sequences, we used downloadable
versions of Megablast, Dmegablast and Blastn software, available
through http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMDDWeb&
PAGE_TYPEDBlastDocs&DOC_TYPEDDownload. For

mapping of the TFBS and DHS – related sequence reads on the
human genome, we used the algorithm BLAT (The BLAST-Like
Alignment Tool) available through the UCSC server at http://
genome.ucsc.edu/FAQ/FAQblat.html#blat3. For identification of
the ERV/LR elements in thew human DNA, the RepeatMasker
software was used, available at http://www.repeatmasker.org/. For
creating the ERV/LR genome browser, we used our original Post-
Parser software,50 http://www.postparser.net. The codes were
written using CCC, PHP, bash supplemented with JavaScript,
AJAX on the platform ApacheCMySQL.

Cell lines
The cell lines Tera-1 (testicular embryonal germ cell tumor),

NT2/D1 (partly-differentiated testicular germ cells with CNS-
precursor cell characteristics), NGP127 (neuroblastoma),
HepG2 (hepatocarcinoma) and A549 (lung carcinoma) were
used in this study. Cells were grown on DMEM/F12 medium
containing 10% fetal calf serum (Invitrogen) at 37�C and 5%
CO2.

DNA extraction, PCR amplification and cloning
The overall design of this study was approved by the local eth-

ical committee and follows the EU ethical guidelines. Genomic
DNA was isolated using the Wizard Genomic DNA Purification
Kit (Promega, USA) using a blood sample taken from a healthy
adult male donor with his written consent. PCR amplification
was conducted with the Encyclo PCR Kit (Evrogen, Russia).
Sequences (Element 1–12) were PCR-amplified using 40 ng of
human genomic DNA. Primer sequences are listedon Table 2.
PCR conditions for amplifications were as follows: 95�C –
1.5 min; 95�C – 30 s, 60�C – 30 s, 72�C – 1.5 min; 35 cycles.
PCR products (lengths 935, 1230, 381, 1444, 1390, 1210,
1209, 1200, 1221, 1282, 1277 and 1235 bp for Elements 1–12,
respectively) were cloned into pGL3 basic vector (Promega)
upstream the reporter gene for Luciferase using KpnI and MluI
restriction sites.

Cell transfections and luciferase assays
Transfections were carried out in 24-well plates using Unifec-

tin-56 transfection reagent according to the manufacturer recom-
mendations (Rusbiolink). Dual luciferase system (Promega) was

Table 2. Sequences of oligonucleotides used in this study

LTR name Forward oligonucleotide Reverse oligonucleotide

Element 1 TAGGTACCAGTGAGCCAAGATTGAGCC AACGCGGCCAAGACCTCTGAGTTCCC
Element 2 TAGGTACCGAAATCCAACACCCTGAGACCA AACGCGTCAAACAACCCTAACACTTAGCA
Element 3 TAGGTACCTACAACAATAAGAGAATCAGGCGG AACGCGTGGCTAATAGAACAGAACAGGAC
Element 4 TAGGTACCAGGAAGTAAACAGGAT TGGG AACGCGTAGGAAAGGAAACAGGAGGAG
Element 5 TAGGTACCATCACTCAGTCTCGGCTCAC AACGCGTACACTCCTGTTTCTCCTTTCTC
Element 6 TAGGTACCGCTCCTTTCTGTCCTGTCTG AACGCGTCGCCACTTTCAGCTCTTCCT
Element 7 TAGGTACCTATTCACTAATCAGCCCACC AACGCGTCCCACTCTAGGATATTTCTAAGCA
Element 8 TAGGTACCCTCCATACCAATAGTTCTC AACGCGTATCTCTAGATGTCCCGTCGT
Element 9 TAGGTACCGTGGACAGCTTTACCCTTGGA AACGCGTGGCAACTATATGAAGCAGTGGA
Element 10 TAGGTACCTCTATCCATTCACCATACCAC AACGCGTGACCCATTGAAGAGTTTAAGAGG
Element 11 TAGGTACCGAATCTCCCTATGCTGTCCA AACGCGTAACTCCCATGTGTTTACCCA
Element 12 TAGGTACCGGAGACCACTTTGAAGACCC AACGCGTCTCACTGTAGCCTTGAACTG
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used for the luciferase activity screens. For each transfection, 0.5
mcg of 10:1 mixture of the analytical plasmid (including firefly
luciferase under control of the regulatory sequence of interest)
and normalization plasmid was used. We used pRL-TK normali-
zation vector (Promega) including another reporter gene - Renil-
lareniformis luciferase, under control of a herpes simplex virus
thymidine kinase promoter to provide uniform levels of Renilla
luciferase expression in co-transfected cells. Prior transfections
with analytical plasmids, we have tested thymidine kinase pro-
moter - driven Renilla luciferase expression in normalization vec-
tor on 5 human cell cultures. Renilla luciferase activity was
measured in the cell cultures Tera-1, NT2/D1, NGP127,
HepG2 and A549 transfected with pRL-TK normalization vec-
tor. Analytical plasmids based on pGL3 vector (Promega) had
the following regulatory sequences: cloned Element 1–12 or
SV40 early promoter. Twenty-four-Hours after transfection, cells
were lysed and the activities of Renilla and firefly luciferases were
measured using Dual-Luciferase Reporter Assay System (Prom-
ega) using luminometer «GENios Pro» (Tecan). Plasmid pRL-
TK was used in all experiments as the internal control to mini-
mize errors caused by the differences in transfection efficiencies

in independant replicates. The obtained values for the fire-fly
luciferase were normalized to the values for the Renilla luciferase.
Each transfection experiment was done at least in quadruplicate.
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