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Abstract

Transposable elements (TEs) are major components of eukaryotic genomes, contributing about 50% to the size of mammalian genomes. TEs
serve as recombination hot spots and may acquire specific cellular functions, such as controlling protein translation and gene transcription. The
latter is the subject of the analysis presented. We scanned TE sequences located in promoter regions of all annotated genes in the human genome
for their content in potential transcription regulating signals. All investigated signals are likely to be over-represented in at least one TE class,
which shows that TEs have an important potential to contribute to pre-transcriptional gene regulation, especially by moving transcriptional signals
within the genome and thus potentially leading to new gene expression patterns. We also found that some TE classes are more likely than others to
carry transcription regulating signals, which can explain why they have different retention rates in regions neighboring genes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

More than four years after the publication of the first draft of
the human genome (Lander et al., 2001), scientists continue to
face unsolved mysteries related to its structure. Among these,
the abundance of transposable elements (TEs), which contrib-
uted to about half of the human genome (Makalowski, 2001;
Lander et al., 2001), has no immediate rational explanation.
There are many successful organisms with compact genomes,
e.g. all prokaryotes, Takifugu rubripes among vertebrates, or
Arabidopsis thaliana among flowering plants, and as a conse-
quence, many scientists regarded these elements as “junk”
(Ohno, 1972), unnecessary ballast, genomic burden, selfish
DNA or parasites (Doolittle and Sapienza, 1980; Orgel and
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Crick, 1980; Hickey, 1982; Schmid, 2003). It was through the
progress of the human genome project that knowledge about
function of different genomic components increased significant-
ly, including knowledge about origin and role of non-coding
sequences (Hardison, 2000). More and more biologists started
to regard repetitive elements as a genomic treasure (Brosius,
1991; Makalowski, 1995; Britten, 1996b; Brosius, 1999; Maka-
lowski, 2003), as objects worthy of biological studies. Recent
years witnessed accelerated progress in understanding genomic
dynamics, and it appears that different mobile elements play a
significant role in this process (Makalowski, 1995; Britten,
1996a; Lorenc and Makalowski, 2003; Brosius, 2005).

One of the most direct influences of transposable elements on
the host genome is their role in modulating the structure and
expression of “resident” genes. After discovery that long termi-
nal repeats (integral parts of some retroelements) carry promoter
and enhancer motifs it became clear that integration of such
elements in proximity of a host gene must have an influence on
this gene expression (Sverdlov, 1998). Many TEs have been
described in the last decade that can add a variety of functions to
their targeted genes. These include polyadenylation sites, pro-
moters, enhancers, and silencers (Makalowski, 1995). It seems



Table 1
Representative position weight matrices (PWM) from TRANSFAC database
used for identifying transcription factor binding sites in human promoter
regions

Class Factor
name

Matrix ID Quality Matrix
similarity
cutoff a

Superclass: basic domains
Leucine zippers XBP-1 V$AP1_C High 0.98

CRE-BP1 V$CREBP1_Q2 High 0.96
C/EBPα V$CEBP_C High 0.93

Helix–loop–helix E12 V$E12_Q6 High 0.97
MyoD V$MYOD_01 High 0.94

Helix–loop–helix/
leucine zipper

USF V$USF_Q6 High 0.95
c-Myc V$MYCMAX_01 High 0.97

RF-X RF-X2 V$RF-X1_01 High 0.94
Helix–span–helix AP-2γ V$AP2_Q6_01 Low 0.92

Superclass: zinc-coordinating domains
Zinc finger–nuclear
receptor

GR V$GRE_C High 0.92
ER V$ER_Q6 High 0.94
HNF-4α1 V$HNF4_01 High 0.86

Cys4 zinc fingers GATA-1 V$GATA1_02 High 0.97
GATA-3 V$GATA_C High 0.96

Cys2His2 zinc fingers YY1 V$YY1_02 High 0.92
Egr-1 V$EGR1_01 High 0.96

Superclass: helix–turn–helix
Homeo domain HNF-1A V$HNF1_01 High 0.90

Oct-2B V$OCT_C High 0.93
Paired box Pax-6 V$PAX6_01 High 0.88

Pax-5 V$PAX_Q6 High 0.86
Fork head/winged
helix

HNF3-α V$HNF3B_01 High 0.94
E2F-1 V$E2F_Q6 High 0.91

Tryptophan clusters c-ETS-1
p54

V$ETS1_B High 0.94

IRF-1 V$IRF1_01 High 0.97

Superclass: beta-scaffold factors
Rel homology region p50 V

$NFKAPPAB_01
High 0.96

p65 V$NFKB_Q6_01 High 0.91
STAT p91 V$STAT_01 High 0.97
MADS box MEF-2A V$MEF2_02 High 0.93

SRF V$SRF_C High 0.93
TATA binding proteins TBP V$TATA_C High 0.95
HMG Sox-9 V$SOX9_B1 High 0.95

SSRP1 V$TCF4_Q5 High 0.98
Heteromeric CCAAT
factors

CP1B V$NFY_Q6 High 0.96

Grainyhead CP2 V$CP2_02 High 0.93
Runt AML-3 V$AML_Q6 High 0.97

a The matrix similarity cutoff corresponds to a false negative rate of 50%
(FN50).
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that a sizable fraction of eukaryotic, gene-associated regulatory
elements arose in this modular fashion by insertion of TEs, and
not only by point mutations of static neighboring sequences.
When a TE is inserted upstream from a gene, a few short motifs
can be conserved if they were subjected to selective pressure as
promoters or enhancers of transcription. Even though the rest of
the TE sequence might evolve beyond recognition due to ab-
sence of functional constraints, TEs are hence exapted into a
novel function (Brosius and Gould, 1992). A recent survey that
analyzed 846 functionally characterized cis-regulatory elements
from 288 genes, showed that 21 of those elements (∼2.5%) from
13 genes (∼4.5%) reside in TE-derived sequences (Jordan et al.,
2003). The same study showed that TE-derived sequences are
present in many more (∼24%) promoter regions, defined as
∼500 bp located 5’ of functionally characterized transcription
initiation site. Similarly, van de Lagemaat et al. showed that the
5′ UTRs of a large proportion of mammalian mRNAs contain
TE fragments, suggesting that they play a role in regulation of
gene expression (van de Lagemaat et al., 2003). One should note
that the TE influence on gene regulation upon insertion in
promoter regions is only due to chance similarity of TE se-
quence to various cis-regulatory elements, or to the presence
of regulatory elements that were active in regulating the tran-
scription of the TE itself. To evaluate their content in such
elements, we scanned TE sequences located in promoter regions
of all annotated human genes for their content in putative
transcription regulating signals. We found that not all regulatory
signal classes are over-represented in TE-derived sequences as
compared to randomly generated sequences of similar length
and GC content, and that different TE classes greatly differ in
their potential to fortuitously deliver regulatory signals upon
insertion in gene promoter regions. Nevertheless, it is clear
that all TEs have a potential to alter gene regulation given
their mobility, with possible significant long term evolution-
ary consequences.

2. Materials and methods

2.1. Finding TEs in promoter sequences

For the purpose of this study we used the July 2003 assem-
bly of the human genome available from the Golden Path at the
University of California Santa Cruz (http://genome.ucsc.edu/
goldenPath/hg16/), and corresponding gene annotation (we
used the refFlat files which contain annotation for RefSeq and
predicted genes). For every gene, we extracted 2000 nucleo-
tides upstream from the annotated transcription start coordinate.
The 20,193 excised promoter sequences were then scanned for
occurrence of TEs using the May 15, 2002 version of Repeat-
Masker (http://www.repeatmasker.org) with default options, but
ignoring simple repeats and low complexity regions (“-nolow”
parameter).

2.2. Identification of transcription signals

TRANSFAC database of transcription factor binding sites,
maintained by Biobase (http://www.biobase.de), was used as
a source of verified transcription signals. We relied upon the
MATCH program (Kel et al., 2003) from the same software
suite for finding such putative signals in human promoter
regions. MATCH uses predefined positional weight matrices
(PWM), which we chose based on the TRANSFAC classi-
fication of transcription factor binding sites (http://www.
gene-regulation.com/pub/databases/transfac/cl.html). Repre-
sentative high-quality matrices were chosen for each class

http://genome.ucsc.edu/goldenPath/hg16/
http://genome.ucsc.edu/goldenPath/hg16/
http://www.repeatmasker.org
http://www.biobase.de
http://www.gene%1Eregulation.com/pub/databases/transfac/cl.html
http://www.gene%1Eregulation.com/pub/databases/transfac/cl.html
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of transcription factors (Table 1). If high-quality matrices
were not available, low-quality matrices were chosen only
if they were based on more than ten experimentally charac-
terized binding sites, in order to reduce the false positive
identification rate (Qiu et al., 2002). The MATCH profile
was created using matrix similarity cutoff values corresponding
to a false negative rate of 50% (FN50 values). While this
setting potentially excludes half of the biologically significant
transcription factor binding sites, it drastically reduces the
number of false positive matches. Only binding sites com-
pletely overlapping with TE sequences were kept for further
analysis.

2.3. Analysis of binding site over-representation on TE
sequences

Because transcription factor binding sites are short, they
can be found by chance on any DNA sequence, including
TEs. We wanted to learn whether certain binding sites are
over-represented on TE sequences as compared to other DNA
sequences. For this purpose, we created sets of randomly
generated sequences mimicking the number, length, and GC
content of individual elements found by RepeatMasker for
every TE class (Table 2). Even though controversial, the
choice of randomly generated sequences offers a non-biased
dataset for the means of comparing the content of different TE
classes in regulatory elements. Non-repetitive intergenic
sequences have the big disadvantage of unknown origin. It
is widely accepted that much more than 50% of the human
genome originated in TEs, thus a data set of randomly select-
ed non-repetitive intergenic sequences can be in fact an un-
controllable mix of TE-derived sequences. Moreover, the
annotation of regulatory elements is incomplete, making im-
possibly to avoid selecting already functional regulatory
sequences. Putative binding sites were identified using
MATCH with the same settings used for the set of real
sequences. Normal distributions of binding site occurrences
per element were generated using 1000 samples of size 100
for every combination of binding site–TE class. The sample
unit was the number of binding sites found by MATCH on
real TEs or randomly generated sequences, and therefore the
size of datasets was different for every TE class (see Table 2
for number of TEs found for every TE class). The signifi-
cance of difference was assessed with Student’s t-test, assum-
ing equal variances. A stringent significance threshold of
0.0001 was set in order to reduce the number of false positive
findings.
Table 2
Summary of RepeatMasker findings on human promoter sequences

TE class Number of
TEs detected

Number of promoter regions
containing each TE class

% of total
sequence

SINE 30,271 13,759 15.72
LINE 11,356 7165 6.18
LTR 5534 3633 3.79
DNA 4311 3137 1.79
3. Results and discussion

3.1. Representation of different TE classes in promoter regions

Among the 20,193 gene promoter regions analyzed, we
found that 16,665 (∼83%) contain TE-derived sequences. This
represents a much higher percentage than the ∼24% previously
reported (Jordan et al., 2003), and it is probably due to the longer
5′ upstream region analyzed (2000 bp instead of 500 bp). It
should be noted, however, that about half of these TE-derived
sequences do not carry putative regulatory elements (Fig. 1),
and consequently, transcriptional regulation of an additional
3377 genes (∼17%) would remain unaffected after the insertion
of TE fragments in their regulatory regions (Fig. 2). The remain-
ing 13,288 (∼64%) is still a significant number of genes whose
transcriptional regulation could be fortuitously influenced by
TEs. In reality, the number is probably much smaller because
many of these putative signals would likely be non-functional.
Nonetheless, the evolutionary implications are considerable. A
summary of RepeatMasker findings in the 20,193 promoter
sequences is presented in Table 2. Miscellaneous repetitive
elements, such as SVA and SVA2 SINE-like elements, were
not included because they are unlikely to influence gene
regulation at genomic scale due to their very low frequency
within promoter regions (only 35 occurrences were detected).

It is interesting to note that the number, as well as the fraction
of total sequence, of SINE elements found in promoter regions,
is almost three fold larger than that of LINE elements. This is in
agreement with previous reports based on smaller datasets (Jor-
dan et al., 2003), but in contrast to the proportion of SINE/LINE
elements within the human genome. While LINE elements
account for the largest fraction of the human genome among
TEs (20.42% vs. only 13.14% for SINE elements), they are only
twice less frequent (∼0.8 million vs. ∼1.5 million copies) as
compared to SINE elements (Lander et al., 2001). Our observa-
tion is not surprising because a genome wide survey already
showed that SINE elements are more frequent in GC-rich
regions, while LINE elements are more frequent in AT-rich
regions (Korenberg and Rykowski, 1988). SINE density in
AT-rich regions tends to be higher near genes (Smit, 1999).
The reason for this appears not to be due to insertion site
preference, because both SINE and LINE elements seem to
insert randomly in the genome (Arcot et al., 1998; Ovchinnikov
et al., 2001). One hypothesis that may explain this pattern
proposes that SINE elements are subjected to differential reten-
tion rates influenced by their ability to regulate protein transla-
tion if readily transcribed from open chromatin such as is found
Minimum TE
length (bp)

Average TE
length (bp)

Maximum TE
length (bp)

GC content
(%)

11 210.7 427 51.29
11 220.8 2000 39.59
11 277.8 2000 45.42
11 168.5 1880 39.62



Fig. 1. Size distribution of TE fragments found in gene promoter regions and distribution of transcription factor binding site occurrence on each TE size subclass.
Note that the last four bins are 500-bp bins, which, for clarity, are presented in higher-resolution scale as well. Open boxes indicate no occurrence of putative
regulatory signals in TE fragments, hashed boxes indicate one occurrence, and solid boxes indicate two or more such occurrences. The maximum number of putative
regulatory signals we found in different TE classes was 11 for SINE elements (on a 306-bp AluJO element), 17 for LINE elements (on a 1471-bp L1 element), 18 for
LTR elements (on a 2000-bp HERVE element), and 16 for DNA elements (on a 1880-bp Tigger1 element).
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near genes (Liu et al., 1995; Chu et al., 1998; Schmid, 1998).
Our findings suggest that differential retention of different TE
classes might be also determined by their content in transcrip-
tion factor binding sites (see Section 3.2).

One can also note that the number and proportion of LTR
and DNATEs in promoter regions is the lowest among the four
classes (Table 2, Fig. 1). This is probably due to their higher
divergence and fragmentation, which makes their detection
harder, or even impossible, with current similarity searching
techniques. It is known that LTR elements are remnants of more
ancient retroviruses, and many of the DNA elements, such as
MER75 or Charlie8, are labeled as “fossils”. Additionally, the
insertion of still active, younger, and more abundant SINE and
Fig. 2. Distribution of promoter regions based on their content in transcription regula
contain TE-derived sequences are not included in this distribution. The maximum num
region is 32.
LINE elements such as Alu and LINE1, respectively, may have
gradually replaced older elements from the 2000 nucleotide
promoter regions analyzed by us. Consequently, we also ob-
serve fewer cases in which LTR and DNA elements occupy the
entire or most of the promoter region than we observe for LINE
elements (Fig. 1).

3.2. TE content in transcription regulating signals

The number of potential transcription factor binding sites
found in promoter-residing TEs using MATCH is shown in
Table 3. Using the sampling technique described above, we
inferred whether TEs contain significantly more binding sites
ting signals contributed by TE-derived sequences. Promoter regions that do not
ber of TE-contributed putative regulating signals we found in a single promoter



Table 3
Comparison of number of putative transcription factor binding sites identified by MATCH on real TE and randomly generated sequences
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than random sequences. While statistical significance does not
imply biological function, it shows that TEs, when inserted into
promoter regions, have an increased potential to alter gene
expression in a manner specific to the signals they contain as
compared to random sequences.

Unlike the other three TE classes, LTR elements are likely to
carry almost all of the binding site classes (Table 3). This might
be a consequence of their original function of providing regu-
latory elements for retrovirus protein coding genes (Sverdlov,
1998). The fork-head/winged helix binding site is the only one
being under-represented in LTR elements, the RF-X binding
site is significantly over-represented only at 0.01 error level, but
the remaining 18 classes are over-represented in LTR elements.
LINE elements, and particularly LINE1 elements, are known to
contain YY1 pol II (Athanikar et al., 2004) and antisense
promoters that have been shown to influence the transcription
of adjacent genes (Speek, 2001). We found that LINE elements
are likely to carry 14 over-represented classes of binding sites,
double the number of transcriptional signals over-represented
in SINE elements, which do not contain pol II promoters.
Active SINE elements carry, however, pol III A and B boxes
(Schmid and Rubin, 1995), which, on the other hand, do not
influence the transcription of protein coding genes. The differ-
ence in over-represented signals might offer an alternative
hypothesis for different retention rates near genes observed
for different TE classes. Carrying more transcription regulating
signals can cause in more case alteration of gene expression,
thus with more possible deleterious effects. Consequently, ele-
ments with more regulatory signals are subjected to negative
selection, and elements with fewer gene regulatory signals are
more likely to be tolerated and fixed as they are less likely to
disrupt the regulation of genes upstream of which they are
inserted. The comparison is particularly interesting between
SINE and LINE elements, the former being the most abundant
TE class in promoter regions, as discussed in Section 3.1. The
fact that Alu elements are primate specific, and not present in
rodents, for example, might indicate that they are indeed, at
least for the most part, tolerated rather than positively selected.
While it seems reasonable to have fewer promoter–residing
LTR elements, other factors, such as the age and genomic
abundance, might explain why DNA transposons are the least
present in promoter regions.

Another interesting observation is that all 20 binding site
classes are likely to be over-represented in at least one TE class,
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but only three (helix–loop–helix, TATA binding proteins, runt)
are over-represented in all four TE classes. These are all tran-
scription factor binding sites that control the expression of
many genes (Beltran et al., 2005; Kitayner et al., 2005; Zukunft
et al., 2005), while binding sites over-represented in only one of
the TE classes (Table 3), RF-X (Hasegawa et al., 1991), zinc
finger/GATA (Pikkarainen et al., 2004; Liew et al., 2005), and
heteromeric CCAAT factors/histone folds (Linhoff et al., 1997),
appear to have more specific functions. We should reemphasize
that our findings do not necessarily imply biological signifi-
cance, in spite of statistical significance. Two reasons might be
invoked here. One is the fact that 2000-nucleotide long 5′
flanking regions are admittedly not perfect substitutes for ver-
ified promoter sequences. Our approach is supported by the fact
that 5′ flanking regions were shown to be enriched in promoter
sequences (Suzuki et al., 2002), and several studies have suc-
cessfully used the same 5′ flanking region to study influence of
promoter sequences (Wang et al., 2001; Zukunft et al., 2005).
Secondly, further studies are necessary to show what proportion
of TE-residing transcription factor binding sites are in fact
functional. MATCH findings should be taken as “potential”
until experimental evidence can be provided, in spite of strin-
gent criteria being used for defining over-representation (FN50
values in finding potential binding sites, 0.0001 statistical sig-
nificance cutoff). Specific examples of such regulatory ele-
ments are known to reside in Alu elements (Hamdi et al.,
2000; Clarimon et al., 2004; Oei et al., 2004), for example,
but we would like to know what is the gene regulation influ-
ence of TEs at genomic scale. What our study emphasizes,
however, is the potential of these TE-residing signals to act as
currently unknown regulatory elements or to gain function
when carried into new genomic locations by their host TEs.

3.3. Conclusions

1. SINE elements are the most abundant TEs in promoter
regions, in agreement with conclusions based on smaller
datasets. They are three times more numerous and volumi-
nous than LINE elements, in spite of different genomic scale
proportion for SINE/LINE occurrence.

2. LTR elements are likely to carry binding sites from all
classes. LINE, DNA, and SINE elements carry respectively
fewer over-represented binding sites. In addition to previous
hypotheses, this might explain why different TE classes
have different retention rates in promoter regions.

3. Occupying half of the human genomes, TEs have a big
potential to influence gene regulation at genomic scale by
carrying potential transcription regulating signals. When
inserted in promoter regions, they can alter gene expression
patterns by contributing transcription factor binding sites
previously not present in promoters of specific genes.
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