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Abstract
Background: Short interspersed elements (SINEs) represent the most abundant group of non-long-terminal repeat
transposable elements in mammalian genomes. In primates, Alu elements are the most prominent and
homogenous representatives of SINEs. Due to their frequent insertion within or close to coding regions, SINEs have
been suggested to play a crucial role during genome evolution. Moreover, Alu elements within mRNAs have also
been reported to control gene expression at different levels.
Results: Here, we undertake a genome-wide analysis of insertion patterns of human Alus within transcribed
portions of the genome. Multiple, nearby insertions of SINEs within one transcript are more abundant in tandem
orientation than in inverted orientation. Indeed, analysis of transcriptome-wide expression levels of 15 ENCODE cell
lines suggests a cis-repressive effect of inverted Alu elements on gene expression. Using reporter assays, we show
that the negative effect of inverted SINEs on gene expression is independent of known sensors of double-stranded
RNAs. Instead, transcriptional elongation seems impaired, leading to reduced mRNA levels.
Conclusions: Our study suggests that there is a bias against multiple SINE insertions that can promote
intramolecular base pairing within a transcript. Moreover, at a genome-wide level, mRNAs harboring inverted
SINEs are less expressed than mRNAs harboring single or tandemly arranged SINEs. Finally, we demonstrate a
novel mechanism by which inverted SINEs can impact on gene expression by interfering with RNA
polymerase II.
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Background
The non-long-terminal repeat (non-LTR) family of short
interspersed elements (SINEs) comprises the numerically
largest family of repetitive elements in the mammalian
genome. SINEs are unusual in that they are found
enriched in gene-rich regions and are often located in
transcribed regions of genes [1]. Within genes, SINEs
are mostly located in introns and untranslated regions
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(UTRs). In rare cases, however, SINEs can reside within
coding regions of genes, where they contribute to the
formation of novel gene- or splicing variants [2].
SINEs depend on long interspersed elements (LINEs)
for their transposition [3]. Transcription, and thus transposition, of SINEs is epigenetically repressed. Still, recent
reports have shown that SINEs can transpose at a
surprisingly high rate and thereby contribute significantly to genome variation between individuals as well
as to somatic variation within individuals [4]. Moreover,
exogenous factors such as heat-shock stress can boost
transcription of SINEs [5].
SINEs can be of different origin and are rapidly evolving.
Hence, SINEs of different species exhibit considerable
heterogeneity [6]. In primates, however, a very abundant
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and surprisingly homogeneous population of SINEs has
evolved, known as the Alu family of SINEs. Alu elements
originate from a duplication of the 7SL RNA of the signal
recognition particle and, consequently, are about 300 nucleotides in length. Rodent B1 elements, in contrast, are
derived from a single 7SL RNA and are only about 150
nucleotides in length [7, 8]. Primate Alus are divided into
several closely related subfamilies that apparently evolved
in three timely distinct expansion waves while rodent B1
elements are more heterogeneous in sequence [9]. Besides
changing the genomic landscape [1], SINEs can have a
dramatic impact on the transcriptome by several means:
first, SINE transcripts can impair polymerase II activity,
thus repressing transcription at a global scale [5]. Second,
primate Alu elements are very abundant and can be found
in long noncoding RNAs and mRNAs. Thus, Alu
elements containing long noncoding RNAs potentially
base pair with Alus of inverted orientation located in
mRNAs. Some, but not all, of these base-paired RNAs can
be bound by the double-stranded RNA-binding protein
STAUFEN. Binding of STAUFEN, in turn, may affect the
stability of the bound RNAs [10]. Third, antisense SINEs
have also been shown to be able to stimulate translation
of mRNAs in a stress-dependent manner [11]. Lastly, insertion of SINEs can alter epigenetic marks and thereby
influence the expression of nearby RNAs [12].
Multiple SINEs present in 3′ UTRs base pair with
each other if organized in inverted orientation. Frequently, such inverted SINEs (iSINEs) are substrates of
RNA editing by adenosine deaminases that act on RNA
(ADARs). ADARs bind double-stranded RNAs and,
hence, the base-paired regions formed by iSINEs serve
as substrates for these enzymes [13–16]. RNAs harboring double-stranded iSINEs were first reported to repress gene expression via nuclear retention [17, 18].
However, whether inosines, the product of adenosine deamination, trigger nuclear retention has been a matter of
debate [19]. Moreover, inverted intramolecular base-paired
Alu elements are bound by the protein STAUFEN, which
has been proposed to regulate their translation [20, 21].
Studies in Caenorhabditis elegans and human cells
have shown that mRNAs with double-stranded structures in their 3′ UTRs are edited and repressed in their
expression. However, these mRNAs are exported from
the nucleus and are associated with ribosomes but are
translationally repressed [19, 22, 23]. Thus, doublestranded structures formed by inverted SINEs may have
different effects on individual RNAs based on cellular
context or unknown factors.
Since it has been shown that iSINEs modulate gene expression through different pathways, we were interested
to determine their impact on gene expression at a
genome-wide level. Using available transcriptomic data we
show that the presence of SINEs in 3′ UTRs correlates
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with reduced gene expression. This effect is strongest
when SINEs are found in inverted orientation. In agreement with this finding, inverted SINEs are found at lower
rates than tandemly arranged pairs of SINEs in the human
genome, suggesting inverted insertions of SINEs are disfavored. To gain insight into the possible mechanism of
iSINE-mediated mRNA repression, we used mouse embryonic fibroblasts (MEFs) of different genetic background and
tested for their ability to repress reporter genes harboring
iSINEs. These assays show that neither RNA editing nor
binding by STAUFEN1 are underlying causes for the observed reduced gene expression of iSINE-containing reporters. Importantly, we show that inverted repeats impair
gene expression at the RNA level, apparently by repressing
transcriptional elongation. Thus, we present a novel mechanism for iSINE-triggered repression of gene expression.

Results
SINEs in inverted orientation are underrepresented in
annotated genes

Several reports have indicated that multiple SINEs
located in inverted orientation in individual mRNAs can
negatively affect gene expression; however, several molecular mechanisms were proposed as the underlying
cause [17, 21, 23]. Nonetheless, if iSINEs repress gene
expression, we wondered whether they would be found
at the same frequencies as tandemly arranged, duplicated SINEs (dSINEs) throughout the genome. We
therefore analyzed the abundance and orientation of
SINE insertions in the genome (Fig. 1a). For this analysis
we used the ENCODE description of genic (transcribed)
and intergenic partitions of the genome [24]. On average, Alus are found to be slightly more abundant in
genic than intergenic regions. Within genic regions, Alus
are less abundant in exons but accumulate in 3′ UTRs
and non-coding RNAs (Fig. 1a). The median distance
between Alus is 748 nucleotides in the human genome
and 68.5 % of all Alus fall within this range, indicating a
tendency of Alus to cluster close to each other. Even
more strikingly, 50 % of all Alus form clusters with their
partner Alus within 300 nucleotides (Fig. 1b). Also, such
clusters are slightly more abundant in genic than in
intergenic regions. To clearly determine the relative position of Alus relative to each other and therefore to allow
for a distinction between iSINEs and direct dSINEs, we
determined the fraction of Alus with only a single second Alu within 300 nucleotides. About 21 % of Alus
were arranged in such pairs and, again, the fraction of
pairs was similar in genic and intergenic regions (Fig. 1b).
When the relative arrangement of Alus in pairs was analyzed, however, 13 % were found arranged in dSINEs
while only 7 % were found in an iSINEs configuration
(Fig. 1b). Within iSINEs the head-to-head (hiSINE) and
tail-to-tail (tiSINE) configuration was essentially the
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Fig. 1 iSINEs are less abundant than dSINEs in the human genome. a The proportional distribution of genome and “Aluome” to genic, intergenic,
exonic and intronic partitions and different types of exons are shown. Alu elements are almost equally distributed to genic and intergenic regions. Within
genic regions, however, a strong accumulation in non-coding regions, such as introns, 3′ UTRs, or non-coding RNAs, can be observed. b Comparison of
the number of Alus in the genome in genic and intergenic regions. A large fraction of Alus accumulates in clusters, which are defined as a set of
neighboring Alus that are at most 300 nucleotides apart from one another. Single SINEs (sSINE) thus have no other Alu in their vicinity. Pairs are clusters
of size 2 and are further divided into dSINEs (direct tandem SINEs) and iSINEs (inverted SINEs). Based on their relative orientation to one another, iSINEs
are grouped into tiSINEs (tail-to-tail) and hiSINEs (head-to-head). Clearly, iSINEs are less abundant than dSINEs

same (Fig. 1b). This suggests that either inverted iSINEs
may lie under negative selective pressure or, alternatively, that tandemly arranged SINEs might be favored.
In fact, both negative selection against inverted insertions of iSINEs and positive selection for tandemly arranged dSINES have been discussed and were explained

by recombination and deletion of iSINEs [25, 26] and favored tandem insertion mechanisms [27]. However, the
fact that the ratio of iSINEs to dSINEs is roughly identical in genic and intergenic fractions of the genome indicates that iSINEs may not be selected against via a
transcription-related process.
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iSINE-containing transcripts are less expressed in ENCODE
datasets

We next asked whether the presence of a single or multiple SINEs in transcripts can affect RNA levels. To
comprehensively address this question, we analyzed ENCODE RNA-seq data from 15 different human cell lines
and compared expression levels by counting fragments
per kilobase of transcript per million mapped reads
(FPKM) values. Of these, only those covered by at least
3 FPKM in each cell line were further considered. The
resulting dataset was divided into transcripts not harboring any Alu elements (noSINE), harboring a single Alu
(1SINE), exclusively tandemly duplicated Alus (dSINE),
multiple Alus of which at least one adjacent pair was in
the inverted orientation (iSINE), pairs of Alus in exclusively inverted head-to-head configuration (head_head)
or tail-to-tail configuration (tail_tail) (Fig. 2a). The strongest difference in FPKM levels was observed when comparing transcripts with no Alu (noSINE) or any Alu,
indicating that the presence of Alu elements, per se,
negatively affects gene expression or is only tolerated in
genes with low expression. Of interest to our study,
however, was the comparison of tandem (dSINEs) and
inverted insertions of Alu elements (iSINEs, iAlu). As
expected, a clear and highly significant reduction in FPKM
was observed when iSINE-containing transcripts were
compared with those containing dSINEs (Fig. 2b). Although
it had been shown that iSINEs can reduce gene expression,
our data, for the first time, show a transcriptome-wide
reduction of iSINE-containing transcripts.
Inverted SINEs in 3′ UTRs modulate the RNA expression of
reporter genes

To determine the impact of inverted SINEs on gene expression experimentally, we tested two different 3′ UTRs
each harboring two Alu elements in inverted orientation.
Here, we picked the 3′ UTR of the Nicolin (Nicn1) gene,
which had already been proven to interfere with gene
expression when fused to a green fluorescent protein
(GFP)-expressing reporter [17]. As a second 3′ UTR
harboring two inverted SINEs we picked the 3′ UTR of
the InaD-like gene (Inadl). The 3′ UTR of Nicn1 contains an AluSp1 and an AluSp2 element in a tail-to-tail
configuration spaced only 70 bp apart (the first Alu is
oriented in sense “+” while the second Alu is oriented in
antisense or complementary “c” orientation). The two
Alu Sp elements in Nicn1 are 81 % identical. The 3′
UTR of Inadl contains an AluSx and an AluSg element
in a head-to-head configuration; these are 79 % identical
and spaced about 1000 nucleotides apart. As a control,
one of the two SINEs was removed, leaving a single
SINE in the construct (1SINE). As an additional control,
one of the two SINEs was inverted, giving rise to a duplicated SINE (dSINE) (Fig. 3a, b). The Alu element-

Fig. 2 iSINE-containing transcripts are less expressed in ENCODE
datasets. a, b RNA-seq data for 15 different human cell lines available
from the ENCODE project were analyzed and the expression level
(FPKM fragments per kilobase of transcript per million mapped reads)
was determined. Subsequently, the transcripts were sorted according
to the presence or absence of Alu elements in exonic regions or the
orientation of Alu elements. Shown is a pool of transcripts from all 15
cell lines grouped into seven categories: all = all transcripts, single =
exactly one Alu element per transcript, iAlu = Alu elements in inverted
orientation, head-head/tail-tail = Alu elements in sense/antisense or
antisense/sense orientation, tandem = Alu elements in tandem orientation, no Alu = transcripts not containing any Alu. Horizontal numbers in
the individual bars indicate the average FPKM for each class of transcript
whereas the vertical numbers indicate the total number of transcripts
found for each category in all 15 cell lines. b The statistical significance of
differences in expression between gene sets was tested using the
nonparametric Wilcoxon rank-sum test (two-sided and one-sided)

containing UTRs were cloned downstream of the open
reading frame (ORF) of firefly luciferase in pmirGLO.
This vector simultaneously expresses renilla and firefly
luciferase to allow easy quantification of changes in gene
expression using a dual luciferase assay.
To check the impact of iSINEs on reporter gene expression, the SINE-containing vectors were transfected
into U2OS cells and RNA and protein levels were
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Fig. 3 iSINEs can repress reporter gene expression and RNA levels experimentally. The iSINE-containing 3′ UTRs of a the Nicn1 and b Inadl genes
were inserted downstream of the firefly luciferase ORF. As controls, one of the Alu elements was flipped to make a duplicated SINE (dSINE) and as
a second control one of the ALUs was removed (1SINE). Arrows show SINE orientation and absolute distances are indicated. Reporter genes
harboring different SINEs derived from c the Nicn1 or d the Inadl 3′ UTRs were transfected into U2OS cells and gene expression was determined
using a dual luciferase assay (DLA). Total RNA was extracted from transfected cells with e the Nicn1 or f the Inadl constructs and mRNA levels
were measured using reverse transcription followed by quantitative PCR of total cDNA. Standard deviation is indicated by error bars. Asterisks
indicate p values calculated with Student’s t-test: *p < 0.05, **p < 0.005, ***p < 0.0005
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measured using a dual luciferase assay. Nicn1 and Inadl
iSINEs showed a strong reduction in protein levels when
compared to 1SINE controls (Fig. 3c, d). We also observed a reduction in protein levels of dSINE-containing
reporter genes. However, the reduction was not as
strong as for the respective iSINE constructs (Fig. 3c, d).
Next, using quantitative PCR (qPCR), we quantified the
mRNA levels of all SINE-harboring constructs. We
observed that Nicn1 and Inadl iSINEs led to a 35–45 %
reduction in mRNA levels. Interestingly, dSINEs in 3′
UTRs did not significantly reduce the mRNA levels
compared to 1SINE controls (Fig. 3e, f ). These data
indicate that the presence of iSINEs in 3′ UTRs led to a
significant reduction in expressed RNA and protein levels.
The quality of double-stranded structures affects gene
repression

The iSINEs in all 3′ UTRs are able to undergo basepairing interactions as they had been reported to be
heavily edited by ADARs [13, 14, 28]. To determine
whether the cloned iSINEs could form double-stranded
structures in the context of the used reporter constructs
and in cell lines, reporter constructs were transfected
into mouse embryonic fibroblasts (MEFs) and the editing status was determined by sequencing of cDNAs. Indeed, iSINEs did become edited in MEFs, suggesting
that the predicted double-stranded structures are also
formed by the RNAs expressed from the reporter constructs (Additional file 1: Figure S1). Moreover, editing
was more pronounced in the Nicn1 sequencing traces,
where 20 sites were found edited well above 50 %. Editing rates in the Inadl 3′ UTR, in contrast, only reached
a maximum of 30 % (Additional file 1: Figures S1a, b).
This finding is consistent with the idea that the two
more closely spaced SINEs in Nicn1 are more likely to
form a double-stranded structure than the more distantly spaced SINEs in Inadl, thereby affecting the extent
of editing.
It has been noticed that not all iSINE-containing 3′
UTRs lead to an equal reduction of gene expression
[23]. Since iSINEs are able to form double-stranded
structures, we reasoned that the reduction in gene repression might be related to the extent and stability of
the formed double-stranded structures. To test this hypothesis we created new construct sets with identical,
perfectly matching SINEs in inverted orientation. To do
so, we picked part of the 3′ UTR of the Znf708 gene,
which harbors an Alu Sc and an Alu Sg element spaced
180 bp apart in a head-to-head configuration. The two
Alu elements are 77 % identical to each other. We
replaced the Alu Sg element with an identical copy of
the first Alu Sc element to create a 3′ UTR with a perfect inverted SINE (piSINE; Fig. 4a). Thus, these constructs should form a fully base-paired double-stranded
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structure. Indeed, the piSINEs in the 3′ UTR of Znf708
led to stronger repression in gene expression compared
to the natural Znf708 iSINE (Alu Sc–Alu Sg), supporting
the idea that the quality of the formed double-stranded
structure affects the strength of gene repression
(Fig. 4b).
The observed iSINE-dependent repression of gene
expression is sequence-dependent

Next, we asked whether the observed phenomenon depends on the Alu sequence or whether a stable secondary structure alone would be sufficient to repress gene
expression. Therefore, we designed constructs that mimicked the secondary structure of an iSINE but did not
share the same homologous sequence. All sequence designs were based on the Znf708 UTR. Both Alu elements
were replaced by artificial repeats while the remaining
parts of the UTR were maintained. Using RNAfold, similar folding was predicted for all artificial UTRs and the
Znf708 UTR (Additional file 1: Figure S2). To confirm
the folding state we also transfected all constructs into
an editing-competent cell line. All constructs exhibited
similar editing levels (Additional file 1: Figure S3), suggesting that the Znf708 UTR as well as the artificial constructs form stable double-stranded structures.
While the original shortened Znf708 UTR exhibited
the expected repression, gene expression was not
reduced for any of the artificial iSINE constructs compared to the respective 1SINE control (Fig. 4b–f ). We
conclude that, besides the structure, the sequence of Alu
elements plays a role in the observed effect and constructs only mimicking the secondary structure cannot
reproduce the gene repression. Therefore, the observed
phenomenon appears to be specific for SINEs.
iSINE-mediated gene repression is species-independent

Next, we went on to test if we can detect iSINE-mediated gene repression in other species as well. Mice harbor B1 or B2 elements in their genomes, which belong
to a SINE family similar to the Alu elements. B1 elements are half the length of Alu elements and are much
less conserved than their primate counterparts. Consequently, the double-stranded regions formed between
two antiparallel B1 elements are shorter and less extensive [29]. To test the ability of B1 elements to interfere
with gene expression, the human Alu elements of the
Znf708 3′ UTR were replaced by two B1 elements of the
mouse Car5b gene (Fig. 4g). The inverted B1 elements of
Car5b affected luciferase expression but only to a minor
extent, showing less than 20 % repression (Fig. 4h). Since
our data show that the extent of the double-stranded
structure can influence gene expression, we again stabilized the secondary structure by replacing the second naturally occurring B1 element by an inverted duplication of
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Fig. 4 Repression by iSINEs is dependent on secondary structures and sequence in a species-independent manner. a The iSINE-containing 3′ UTR
of the Znf708 gene was inserted downstream of the firefly luciferase ORF. To generate perfect complementarity, one Alu Sg was replaced by a
duplication of the Alu Sc, giving rise to a perfect inverted SINE (piSINE). A perfect tandem SINE (pdSINE) and 1SINE were used as controls and
made by flipping or deleting the second SINE, respectively. b Dual luciferase assays of different SINE configurations derived from the Znf708 3′
UTR demonstrate that the reduction of gene expression correlates with the extent of double-strandedness. c–f To evaluate whether the observed
reduction in gene expression is specific for iSINEs or dependent on RNA structure alone, UTRs that resemble the secondary structure of the
Znf708 UTR but with different sequence context were designed. The Znf708 analogues and respective controls were transfected into U2OS cells
and gene expression was quantified using a dual luciferase assay. See Additional file 1: Figure S2 for minimum free energy structures of the Znf708 UTR
and the designed Znf708 analogues. g To generate reporter constructs harboring mouse SINEs, B1 elements of the mouse car5b gene were used to
replace the Alu elements in Znf708. h The B1-harboring reporter genes were transfected into U2OS cells and a dual luciferase assay was performed
after 24 h. Standard deviations are indicated. Asterisks indicate p values calculated with Student’s t-test: *p < 0.05, **p < 0.005, ***p < 0.0005

the first B1 element, thereby generating a construct with
100 % complementarity (piSINE) (Fig. 4g). The resulting
formation of a short but perfect double-stranded structure
led to a reduction in gene expression of more than 30 %,
while the corresponding pdSINE had almost no influence
on luciferase expression (Fig. 4h). This again demonstrates
that the extent of complementarity and thus base pairing
influences the strength of reporter gene repression. Taken
together, our data indicate that regulation of gene expression by iSINEs is species-independent and is a common
phenomenon, conserved at least between rodents and
primates.

iSINEs repress gene expression independent of editing or
other double-stranded RNA-binding proteins

The fact that RNAs expressed from iSINE-containing reporter plasmids are edited by ADARs strongly supports
the idea that these RNAs form double-stranded structures. Recently, several studies have shown that different
double-stranded RNA-binding proteins can repress gene
expression by binding to RNA stem-loops [10, 17]. It
was also suggested that the presence of inosines in
RNAs would lead to nuclear retention, therefore repressing translation of such RNAs [17, 30]. We therefore
tested whether proteins that bind double-stranded RNA,
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such as ADARs and STAUFEN1, would be required for
iSINE-mediated gene repression.
The most straightforward way to test for the involvement of genes or proteins is the use of cells derived from
adequate genetic knock-out mice. Therefore, to test
whether the presence of inosines would lead to nuclear
retention of iSINEs, we performed experiments in
mouse embryonic fibroblasts (MEFs) derived from mice
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lacking ADAR1 and ADAR2. In MEFs lacking both active editing enzymes we still observed a significant reduction in protein and RNA levels, indicating that lack
of editing does not interfere with iSINE-mediated gene
repression (Fig. 5a–d). To test more directly for the suggested nuclear retention of iSINEs [17] we performed
RNA-FISH using a firefly antisense probe to detect the
RNA transcribed from 1SINE, dSINE, and iSINE

Fig. 5 iSINE-mediated gene repression is independent of ADARs and STAUFEN1. a To test whether human iSINEs lead to gene repression in mouse
cells, Nicn1 constructs were transfected in wild-type MEFs and luciferase activity was detected after 24 h. b mRNA levels of SINE-containing reporter
genes were detected using RT-qPCR. c, d Nicn1-containing constructs were transfected in Adar1−/−/Adar2−/− mouse cells and after 24 h c protein and
d RNA levels were measured. e, f Stau1−/− MEF cells were also transfected and the e protein expression and f RNA levels were measured. Standard
deviation is indicated. Asterisks indicate p values calculated with Student’s t-test: *p < 0.05, **p < 0.005, ***p < 0.0005
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constructs. At the same time, the encoded protein was
detected using an antibody directed against the firefly
luciferase protein (Additional file 1: Figure S4). This experiment showed clearly that firefly protein can be detected for all three constructs and that the RNA is
readily exported to the cytoplasm. Thus, our data are in
agreement with previous experiments that had reported
efficient export of edited iSINE-containing RNAs from
the nucleus to the cytoplasm [22].
In the next step we checked whether STAUFEN1 is involved in this phenomenon. As mentioned, Alu elements
had been shown to interfere with gene expression by triggering STAUFEN-mediated RNA decay [10, 31]. We therefore
tested the effect of iSINEs also in cells lacking STAUFEN1
protein. Again, even in the absence of STAUFEN1, a solid
reduction in gene expression was triggered by the presence
of iSINEs in 3′ UTRs (Fig. 5e, f).
RNA transcribed from iSINE-containing constructs
might get cleaved by DICER1 or DROSHA and lead to the
observed reduction in mRNA levels. We therefore tested
the effect of iSINEs in Dicer1−/− MEFs. Interestingly, even
in the absence of DICER, iSINEs led to reduced gene
expression (Additional file 1: Figure S5b). Similarly, in
cells with stable shRNA-mediated knockdown of
DROSHA where Drosha mRNA levels are reduced by
50 %, iSINE-harboring constructs showed reduced expression (Additional file 1: Figure S5c). Lastly, doublestranded RNA can activate the double-stranded RNAdependent kinase PKR, which phosphorylates eIF2-alpha
leading to repression of translation [32]. However, the
presence of iSINEs led to reduced gene expression also in
MEFs lacking PKR activity [33] (Additional file 1: Figure
S5d). Taken together, this indicates that the iSINE-mediated reduction in gene expression occurs independent of
RNA editing and the double-stranded RNA binding or
cleaving proteins STAUFEN, PKR, DICER, or DROSHA.
RNA polymerase II density decreases towards 3′ UTR ends

Clearly, our data demonstrate that iSINEs in 3′ UTRs
lead to a reduction in mRNA levels. Moreover, the observed effect is independent of several known doublestranded RNA-binding proteins. Thus, we reasoned that
reduced RNA levels may be the result of reduced RNA
stability or a consequence of iSINEs interfering with
transcription.
To test whether iSINE-containing RNAs have reduced
stability, we compared the mRNA half-life of the Nicn1
3′ UTR harboring an iSINE with control RNA (1SINE).
For this purpose, mRNA transcription was blocked using
Actinomycin D treatment, RNAs were collected at regular time intervals and, subsequently, mRNA levels were
determined by real-time qPCR of cDNAs [34]. Our data
show that Nicn1 iSINE mRNA was degraded as rapidly
as 1SINE mRNA (Fig. 6a). This observation suggests that
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the reduction of mRNA levels is not caused by low
mRNA stability.
All iSINEs investigated here are located in the 3′
UTRs and might therefore affect polyadenylation of
mRNAs and therefore maturation, translation, and turnover. To test this, we increased the distance between the
stop codon and the first Alu by 950 nucleotides and the
distance between the last Alu and the polyadenylation
signal by 270 nucleotides in the Znf708 constructs
(Additional file 1: Figure S6a). Still we observed a similar
decrease in protein levels as seen with shorter Znf708
constructs (Additional file 1: Figure S6b). Lastly, we
tested the length of the poly(A) tail in 1SINE, iSINE,
and dSINE constructs. All constructs showed the same
poly(A) tail length (Additional file 1: Figure S6c). Taken
together this suggests that there is no crosstalk between
the polyadenylation signal and iSINEs.
Free Alu elements have been reported to interfere with
the activity of RNA polymerase II (Pol II) [5]. We therefore wondered whether iSINES might interfere with Pol
II function and thus performed RNA Pol II chromatin
immunoprecipitation (ChIP) assays to determine the Pol
II density along DNA in iSINE and control constructs
[35]. iSINE-, 1SINE-, and dSINE-harboring constructs
were transfected and the density of Pol II was determined by ChIP. The DNA co-precipitated with a Pol II
antibody was quantified by qPCR using amplicons for
separate regions of the reporter genes (Fig. 6b). Our results show that Pol II density decreased downstream of
the Nicn1 iSINE compared to the corresponding 1SINE.
However, no significant reduction in Pol II density was
observed downstream of dSINEs (Fig. 6c). We also
checked Pol II density in the construct forming perfect
double-stranded regions, the Znf708 piSINE. Here we
also observed a significant reduction of Pol II density
near the poly(A) site, corresponding well with the strong
reduction of gene expression observed for the Znf708
piSINE (Fig. 6d). Again, no reduction in Pol II density
was seen downstream of the dSINE construct.
To test whether this phenomenon could also be observed in a genomic context, we selected several endogenous genes containing either a single Alu in the 3′
UTR or two Alus in inverted orientation (Fig. 7). As for
the reporter constructs, we amplified different regions of
the genes by qPCR after Pol II ChIP (Fig. 7a). Here a decrease in Pol II occupancy was also observed towards
the 3′ end for most of the genes containing inverted Alu
elements, whereas the 1SINE-containing control genes
showed no particular trend (Fig. 7b–d). Taken together,
our results demonstrate that the presence of iSINEs interferes with transcription and that the strength of interference seemingly correlates with the stability of the
double-stranded structure formed. Therefore, reduced
RNA levels, and the subsequently reduced protein levels,
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Fig. 6 iSINEs do not destabilize mRNA but interfere with RNA
polymerase II (polII). a mRNA transcription was blocked using
Actinomycin D. Subsequently, mRNAs were collected 0, 1, and 2 h
after transcriptional inhibition and mRNA levels were determined by
RT-qPCR. b The Pol II-immunoprecipitated DNA was analyzed by real
time PCR. Three different regions of the reporter gene—the 5′ coding
region (A), stop codon (B), and near poly(A) signal (C)—were amplified.
The amplicons are shown as grey boxes. Reporters harboring the c
Nicn1 1SINE, iSINE, and dSINE or the d Znf708 1SINE, piSINE, and pdSINE
were transfected in U2OS cells and the Pol II density along the genes
was measured. Clearly, Pol II density decreases downstream of stable
iSINEs. Error bars indicate standard deviation. Asterisks indicate p values
calculated with Student’s t-test: *p < 0.05, **p < 0.005, ***p < 0.0005

may be the result of cumulative reduced RNA production of iSINE-containing genes. These data are also in
agreement with our transcriptome-wide analysis that
demonstrated reduced RNA levels for iSINE-containing
transcripts.

Discussion
SINEs are the numerically most abundant class of transposable elements in the genomes of higher metazoa and
thus have a profound impact on the genomic landscape in
these organisms. Most importantly, SINEs are frequently
found within genes and are therefore transcribed as part
of intronic sequences, UTRs, or even exons [36–38].
Recent research has demonstrated that the presence of
SINEs in inverted orientation (iSINEs) in transcribed regions of genes can have a significant influence on gene
expression through different proposed molecular mechanisms, including translational inhibition and nuclear retention [17, 21, 23].
We therefore studied whether iSINE-containing genes
were found with equal frequency as dSINEs. Indeed, our
data show that iSINE insertions into annotated transcripts are less abundant than dSINE insertions. Thus,
either insertion of SINEs in inverted orientation is selected against as suggested by some [26] or, alternatively,
duplicated dSINE insertions may be selected for, as suggested by others [27]. Clearly, although iSINEs have a
negative impact on gene expression, they can be found
in a considerable number of genes. This suggests that
some iSINEs may have acquired regulatory functions
that may have beneficial effects. Recently, it was shown
that site-selective editing events are significantly increased in the vicinity of iSINEs [39]. Since ADAR enzymes bind to secondary structures, it has been
suggested that iSINEs can act as a bait for ADAR enzymes and induce editing at sites located several hundred nucleotides from the Alu elements in the
surrounding transcript [40]. Moreover, Ricci and colleagues [20] showed that iSINEs represent a major group
of binding targets for STAUFEN1 and overexpression of
STAUFEN1 mildly increases nucleocytoplasmic export
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Fig. 7 Pol II occupancy decreases downstream of endogenous iSINEs. a To test for Pol II occupancy we performed ChIP assays for three
endogenous genes carrying a single 1SINE in their 3′ UTR and five endogenous genes carrying a paired iSINE in their last UTR exon. Pol II ChIP
was performed and the co-precipitated DNA was quantified by qPCR. We amplified three different regions: region A, about 10 kb upstream of the
single or inverted SINE; region B, upstream of the iSINE or 1SINE in close proximity; and region C, downstream of the iSINE or 1SINE. Whereas for
the 1SINEs (b) we observed both a decrease and increase in Pol II occupancy, the Pol II occupancy clearly drops for four out of five genes carrying
an iSINE (c). The average and the standard error of the mean (SEM) calculated from six biological replicates are plotted. d The average and SEM
of the three 1SINE- and five iSINE-containing genes. Asterisks indicate p values (region A to region C) calculated with Student’s t-test: *p < 0.05,
**p < 0.005, ***p < 0.0005; n.s. not significant

of the respective mRNA. In general, different RNA
binding proteins, including ADAR1, p54nrb, STAUFEN1, and PKR, have been shown to interact with
iSINEs and subsequently affect mRNA modification, nuclear retention, mRNA transport, and translational repression, respectively [15, 21, 39, 41]. It seems that
iSINEs may act as regulatory elements in the mRNA by
providing a double-stranded RNA structure, which
serves as a platform for double-stranded RNA-binding
proteins. Based on the availability of double-stranded
RNA-binding proteins in the cell, iSINEs might recruit
them and trigger different cellular processes.
Capshew and colleagues [23] have suggested that the
relative position of iSINEs in the 3′ UTR can influence
the impact of SINEs on gene expression. A minimal
distance of 65 nucleotides from the iSINE to the stop
codon would be required to repress gene expression
[23]. However, the Znf708 iSINE is located close to the
stop codon (50 bp) and still leads to a significant

reduction in gene expression. Thus, at least in the context of the constructs used by us, we do not observe a
position-dependent effect, suggesting that there may be
other factors modulating the effects of iSINEs on gene
expression.
Our data also indicate that the extent of doublestranded structures formed by iSINEs influences the
strength of gene repression. This fact may explain why
not all iSINEs in mRNA repress gene expression. Interestingly, artificial 3′ UTRs that mimick the secondary
structure of an iSINE but contain sequences that were
not Alu-like did not reduce gene expression. This finding strongly suggests that, besides the formation of a
double-stranded structure, the sequence would also be
important.
While the impact of iSINEs on gene expression has
been shown in other studies, our study shows a
STAUFEN1-independent effect of iSINEs on RNA levels
[17, 21, 23]. Similarly, our study also shows that other
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RNA-binding proteins that recognize double-stranded
RNAs are not responsible for the observed reduction in
gene expression of iSINE-containing genes. It should be
noted, however, that our reporter constructs did show
different levels of expression in cell lines deleted for
Staufen, ADAR, PKR, or Dicer. This may indicate that
these factors do have some effect on gene expression but
may also reflect the fact that these cell lines show different degrees of differentiation and also originate from different mouse strains. Importantly, however, irrespective
of the genetic background, iSINE-containing constructs
consistently showed a reduced level of expression, suggesting a more general mechanism of gene repression
conserved in all cell lines tested. Indeed, our Pol II ChIP
experiments showed that the presence of iSINEs leads to
a reduction in Pol II density distal to iSINEs in the 3′
UTR. We conclude that iSINEs interfere with Pol II activity and thus have a negative impact on mRNA transcription. Interestingly, in bacteria, double-stranded
structures in RNAs have also been shown to interact
with the bacterial RNA polymerase exit channel, prolong
RNA polymerase pausing, and consequently reduce the
transcriptional elongation rate [42]. Importantly, the
crystal structures of bacterial RNA polymerase and
eukaryotic Pol II are similar in the regions that interact
with the transcriptional bubble [43]. Therefore, the long
double-stranded structures formed by inverted SINEs
used in our study might act in a comparable manner
leading to an increase in Pol II pausing [44].

Conclusions
We analyzed the transcriptome-wide distribution and
expression of SINEs. We found that SINEs in inverted
orientation are underrepresented. Moreover, their expression is significantly reduced. Using reporter constructs we demonstrated that inverted SINEs lead to
reduced RNA levels. iSINEs interfere with transcription
most likely because they are subject to intramolecular
base pairing. We therefore conclude that SINEs are not
randomly inserted into the human transcriptome. In
contrast, presumably due to their repressive effect on
transcription, there is negative selection against multiple
SINE insertions in inverted orientation.
Methods
Genomic distribution of Alu elements

Throughout the study we used GENCODE annotation
v19 (human genome assembly GRCh37/hg19; http://
www.gencodegenes.org/releases/19.html). Repeatmasker
tracks were downloaded from the UCSC Genome
Browser (http://genome.ucsc.edu/) for human genome
assembly hg19 and entries of repeat Family Alu were extracted. Alus were clustered based on their distance to
one another (maximum 300 nucleotides) and assigned to
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the following groups: 1SINE (single Alu), clusters
(number of Alus in cluster >1); dSINE (pair of Alus; direct repeats, both Alus on same strand); iSINE (pair of
Alus; inverted repeats, Alus are on different strands);
hiSINE (iSINES in a head-to-head orientation); tiSINE
(iSINES in a tail-to-tail orientation).
In order to remove multiple identities of genomic intervals in overlapping genes and transcript isoforms, genes
and elements of genes were projected onto the genome in
a hierarchical fashion on three levels: genomic (genic,
intergenic), genic (exonic, intronic), and exonic (coding,
5p UTR, 3p UTR, non-coding). We used Pol II
transcribed genes of the following gene types: protein coding, IG C gene, IG C pseudogene, IG D gene, IG J gene,
IG J pseudogene, IG V gene, IG V pseudogene, TR C gene,
TR D gene, TR J gene, TR J pseudogene, TR V gene, TR V
pseudogene, polymorphic pseudogene, pseudogene, processed transcript, lincRNA, sense intronic, sense overlapping, 3′ overlapping noncoding RNA, antisense.
For the enrichment analysis of Alus in genome partitions, we introduce the concept of the “Aluome”. Like
the genome, which is the set of nucleotides that make
up the chromosomes, the Aluome is the set of nucleotides annotated as Alus. If Alus were evenly distributed
in all genomic partitions, then the fraction of total nucleotides of all Alus in a given partition should be the
same as the fraction of nucleotides of the genome in this
partition. These proportional coverages are calculated
for all genome partitions (genomic, genic, exonic) by
intersecting Alu anotations with the respective genome
partitions (minimum of one-nucleotide overlap).
Comparisons of positions of Alus, genes, and partitions
were conducted using the intersect and closest tools of
the BEDtools2 program package v2.25.0 [45] and custom
Perl scripts. Statistical analysis were performed in R
(http://www.R-project.org/) and data were plotted using
ggplot2 [46].
Expression analysis of Alu-containing transcripts from
ENCODE data

To test expression levels of transcripts containing no
Alus, single Alu elements (1SINEs), tandemly repeated,
i.e., duplicated (dSINEs), or inverted (iSINEs in either
head-to-head [−,+] or tail-to-tail [+,−] orientation) Alu
elements, GENCODE data from 15 available cell lines
were analyzed (HepG2, HSMM, IMR90, MCF-7, NHEK,
NHLF, K562, GM12878, Huvec, Sknsh, A549, AG04450,
BJ, H1-hESC, HeLa-S3; see the “Availability of data and
materials” section for details) [47]. To identify transcripts
that contain Alus, we intersected Alu annotation and transcript annotation using intersect, a method of the BedTools
package v2.16.2. Here, we considered only transcripts of
genes that should be transcribed by Pol II, spliced and polyadenylated (e.g., like protein-coding mRNAs). Moreover,
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we only considered Alu elements in mature transcripts fully
contained in exonic regions.
Next, we formed pairs of neighboring Alus within a
transcript of (i) the same Alu family and (ii) different
families and annotated their relative orientation. Based
on these annotations, we extracted subsets of human
transcripts. Next, we plotted the distribution of expression values (FPKM cutoff of 3) for each data set, plotted
them as box plots, and performed a Wilcoxon rank-sum
nonparametric test for statistical significance of expression differences between groups of transcripts (e.g.,
iSINE versus dSINE).
Construction of renilla and firefly reporter constructs

The 3′ UTRs of Inadl, Nicn1, and Znf708 were cloned
downstream of the open reading frame of firefly luciferase in pmirGLO, which also expresses renilla luciferase
from the same plasmid as a reference (Promega, Madison,
WI, USA). Alternatively, the 3′ UTRs of interest were
cloned downstream of renilla luciferase into phRL-TK
(Promega, Madison, WI, USA). In those cases, the firefly
luciferase-expressing plasmid pGL3 was used as a reference plasmid that was cotransfected (Promega, Madison,
WI, USA).
Dual luciferase assay
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Differentiation of embryonic stem cells

Mouse embryonic stem cells were differentiated using
spontaneous differentiation of embryoid bodies (EBs)
and then trypsinized and resuspended in differentiation
media (DMEM supplemented with 20 % fetal bovine
serum, 0.1 mM β-mercaptoethanol, and appropriate
antibiotic) at 5 × 104 cells/ml. EBs were formed using the
hanging drop method. For this, 300 cells were placed in
a drop on the lid of a tissue culture dish. The dish was
filled with phosphate-buffered saline (PBS) and cells
were kept at 37 °C for 2 days. The newly formed EBs
were transferred to gelatin-coated dishes and left for
7 days for spontaneous differentiation. EBs were trypsinized and used for further experiments.
RNA extraction

To determine RNA levels, cell lysates prepared for the
dual luciferase assay were used immediately after lysis.
Lysates were purified using the Qiagen RNAeasy mini
kit (Qiagen, Hilden, Germany). After purification, an
extra round of DNAse I and DpnI digestion was included to avoid plasmid DNA contamination. DNAseI
and DpnI were heat inactivated and the RNA was precipitated with ethanol prior to RT-PCR or qPCR.
RT-PCR and qPCR

To determine luciferase reporter expression, cells were
transfected using Nanofectin (PAA, Pasching, Austria) or
jetPEI (Polyplus transfection) following the manufacturer’s
instructions. For transfecting mouse embryonic fibroblasts
(MEFs), Nanofectamin was used (PAA, Pasching, Austria).
Six hours after transfection, cells were washed and incubated for 24 h prior to lysis and luciferase measurements.
For luciferase (renilla and firefly) the dual luciferase assay
(Promega, Madison, WI, USA) was used. Readings for experimental luciferase were normalized to readings for the
reference construct. Experiments were done in at least
three biological replicates.

cDNA synthesis was done with random hexamers and
RevertAid (RNAseH minus) mMuLV reverse transcriptase following the manufacturer’s instructions (Thermo
Fisher Scientific). As a control, MOCK reactions without
RT enzyme were set up. For qPCR, a GoTaq qPCR master mix was used (Promega, Madison, WI, USA) on a
BioRad iQ5 cycler (BioRad, Hercules, CA, USA). At least
three biological and two technical replicates were done
for each qPCR assay. Relative differences in RNA levels
were determined by using the delta delta CT method
[23, 48]. The sequences of the primers used to determine RNA levels of firefly and renilla luciferase by qPCR
are listed in Additional file 2: Table S1.

MEF isolation and culture

Fluorescent in situ hybridization (FISH)

To obtain MEFs of different genetic background, mice heterozygous for Adar1+/−, Adar2+/−, or both Adar1+/−/2+/−
were intercrossed. Embryos were isolated from gravid
mothers at embryonic day 11.5 (for Adar1−/−/2−/−). Embryos were genotyped by PCR using X and Y chromosomespecific primers and sex matched for further experiments.
Homozygous and wild-type female embryos were homogenized with a syringe; cells were filtered through a cell
strainer and cultured in DMEM supplemented with 20 %
fetal calf serum, gentamycin, penicillin, and streptomycin.
Cells were cultured for up to eight passages and used for
transfection-based reporter assays.

Coverslip-grown cells were washed three times in 1× PBS
and fixed in 2 % paraformaldehyde/PBS for 15 minutes at
room temperature. After washing again in 1× PBS, cells
were permeablized in 0.2–0.5 % Triton X-100, 2 mM
vanadyl-ribonucleoside complex, 1× PBS. After washing
slides in 2× SSC for 10 minutes at room temperature,
20 μl of hybridization mix was added and the slides were
sealed with a cover slip and incubated at 37 °C overnight.
Coverslips were washed in 2× SSC, 50 % formamide for
5 minutes at 42 °C. Fluorescent signals were detected with
an Alexa 488-labeled anti-FITC antibody. Cells were
mounted in antifade containing DAPI.
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Probe preparation

Pol II ChIP

Specific DNA (200 ng) was labeled with FITC-dUTP via
nick-translation (Roche). Labeled probe was precipitated
and resuspended in 10 μl of water. The probe (2 μl) and
yeast tRNA (20 μg) were lyophilized and dissolved in 10 μl
deionized formamide (Ambion). The probe was denatured
at 75 °C for 10 minutes and immediately chilled on ice.
Hybridization buffer (10 μl) was added to make a
hybridization cocktail of 20 μl per coverslip. Hybridization
buffer consisted of 2× SSC, 10 % dextran sulfate, and four
units of RNase inhibitor (Ribolock, Thermo Fisher
Scientific, Waltham, MA, USA) per microliter.

Chromatin immunoprecipitation was performed as previously described by Hauser et al. [50] with the following
changes: 3 × 10-cm dishes (9 × 105 U2OS cells) were
pooled for each immunoprecipitation. Cell lysates were
incubated overnight with 2 μg of Pol II antibody at 4 ° C
and Pol II antibody complexes were collected using
25 μl (1 × 107) of Dynabeads Pan Mouse IgG beads (Invitrogen, Carlsbad, CA, USA). The amount of immunoprecipitated DNA was analyzed using qPCR on a BioRad
iQ5 cycler (BioRad, Hercules, CA, USA) and the GoTaq
qPCR master mix (Promega, Madison, WI, USA). Three
different regions of the reporter gene (firefly), including
early coding region (A), stop codon (B), and near
poly(A) signal (C), were amplified with the primers listed
in Additional file 2: Table S1. ChIP signals from regions B and C were normalized to region A. Signals
in experimental constructs harboring iSINEs were
compared to control constructs harboring 1SINEs.
The statistical significance of observed changes was
determined using a Student’s t-test. A non-specific
rabbit IgG fraction was used as a control for the immunoprecipitation. For the endogenous targets region
A is located approximately 10 kb upstream of the single or inverted SINE in an intronic region. Regions B
and C are located either upstream or downstream of
the single or inverted SINEs in close proximity. The
primers are given in Additional file 2: Table S1.

Modeling of artificial Alu-like variants and editing
detection

For the design of artificial Alu-like structures that were
inserted in the Znf 3′ UTR, we distinguished between
spacer regions and Alu elements in the Znf708 reference
transcript. The spacer regions were kept constant during
sequence design, while Alu elements were replaced by initially random sequences and then optimized to meet selected thermodynamic properties of the original transcript.
In particular, we optimized sequences to have the same
minimum free energy (MFE) secondary structure, the
same minimum free energy, and the same free energy of
the secondary structure ensemble (EFE). Among all
candidates fulfilling these criteria, we selected for a sequence with similar GC content and base-pairing probabilities. Choosing from sequences with the same MFE
and EFE ensures that the probability of forming the
MFE secondary structure is exactly the same. A comparison of the target and designed sequence and the corresponding secondary structure ensembles can be seen
in Additional file 1: Figure S2.
To determine if the artificial constructs are edited,
they were transfected into a cell line stably expressing
rat ADAR2. RNA was extracted and cDNA was generated as described above. Subsequently, the first Alu (or
the modeled sequence analogous to the first Alu) was
amplified by PCR. Finally the PCR product was gel purified and submitted to Sanger sequencing.
RNA half-life determination

For detecting the rate of mRNA degradation, the
mRNA transcription was blocked by Actinomycin D
(10 μg/ul) and the mRNA was collected in the regular
time interval (0, 1, 2 h). The mRNA amount was
quantified by qPCR. RT-PCR and qPCR were done as
explained above.
Poly(A) tail determination

The length of the poly(A) tail was determined by PCR
following a splint-linker ligation as described [49].

Additional files
Additional file 1: Figure S1. Alu elements in iSINE containing
constructs are edited, indicating that iSINEs can form double-stranded
structures. Figure S2. Minimum free energy structures of the Znf708 UTR
and the designed UTRs. Figure S3. ZNF-analogs mimicking the folding of
the wildtype ZNF are edited, indicating that they form double-stranded
structures. Figure S4. iSINEs do not lead to nuclear retention of RNAs.
Figure S5. iSINE mediated gene repression is independent of dsRNAactivated kinase PKR and DICER or DROSHA activity. Figure S6. iSINEs do
not interfere with mRNA polyadenylation. (PDF 2738 kb)
Additional file 2: Table S1. describing all DNA primers used in this
study for regular and quantitative PCR analysis. (PDF 57 kb)
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Cell line

Localization

RNA extract

Read type

Data version

GEO sample accession

A549

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM758564

AG04450

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM758561

BJ

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM758562

GM12878

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM758559

H1-hESC

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM758566

HeLa-S3

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM765402

HepG2

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM758575

HSMM

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM758578

HUVEC

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM758563

IMR90

Cell

longPolyA

2x101D

ENCODE Mar 2012 Freeze

GSM981249

K562

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM765405

MCF-7

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM765388

NHEK

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM765401

NHLF

Cell

longPolyA

2x76D

ENCODE Jan 2011 Freeze

GSM765394

SK-N-SH

Cell

longPolyA

2x101D

ENCODE Mar 2012 Freeze

GSM981253
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