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Abstract 

Of the ~1.7 million SINE elements in the human genome, only a tiny number are 

estimated to be active in transcription by RNA polymerase (Pol) III. Tracing the 

individual loci from which SINE transcripts originate is complicated by their highly 

repetitive nature. By exploiting RNA-Seq datasets and unique SINE DNA 

sequences, we devised a bioinformatic pipeline allowing us to identify Pol III-

dependent transcripts of individual SINE elements. When applied to ENCODE 

transcriptomes of seven human cell lines, this search strategy identified ~1300 Alu 

loci and ~1100 MIR loci corresponding to detectable transcripts, with ~120 and ~60 

respectively Alu and MIR loci expressed in at least three cell lines. In vitro 

transcription of selected SINEs did not reflect their in vivo expression properties, 

and required the native 5’-flanking region in addition to internal promoter. We also 

identified a cluster of expressed AluYa5-derived transcription units, juxtaposed to 

snaR genes on chromosome 19, formed by a promoter-containing left monomer 

fused to an Alu-unrelated downstream moiety. Autonomous Pol III transcription 

was also revealed for SINEs nested within Pol II-transcribed genes raising the 

possibility of an underlying mechanism for Pol II gene regulation by SINE 

transcriptional units. Moreover the application of our bioinformatic pipeline to both 

RNA-seq data of cells subjected to an in vitro pro-oncogenic stimulus and of in vivo 

matched tumor and non-tumor samples allowed us to detect increased Alu RNA 

expression as well as the source loci of such deregulation. The ability to investigate 

SINE transcriptomes at single-locus resolution will facilitate both the identification 

of novel biologically relevant SINE RNAs and the assessment of SINE expression 

alteration under pathological conditions.  
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1. Introduction 

1.1. History of Transposable Elements (TEs) 

Transposable elements (TEs), also known as "jumping genes" or transposons, are 
sequences of DNA that can move (or jump) within genomes. They were discovered 
in the 1940s by maize geneticist Barbara McClintock (1) who also suggested that 
these mysterious elements could have played a role in gene regulation determining 
which genes (and when) were ‘turned on’. Later on, during the 1960s, Roy Britten 
and colleagues proposed that TEs played a role not only in gene regulation, but also 
in cell differentiation. They hypothesized that genome complexity involves the 
coordination and regulation of unrelated genes via a regulatory element, which 
could target specific unlinked genes, and they suggested the regulatory sequences 
were the previously described interspersed repeat elements (2). 
These early speculations were largely dismissed by the scientific community, and for 
decades TEs were considered useless and referred to as ‘Junk DNA’. Only recently 
have biologists begun to entertain the possibility that this so-called "junk" DNA 
might not be junk after all. 
Ideed, following the sequencing of the human genome in 2001 (3), TEs have been 
discovered to make up to ~45% of it (being likely an underestimate, as many 
ancient TEs in the human genome have probably diverged beyond recognition) 
(Figure 1) and thanks to worldwide collaborative efforts such as ENCODE 
(Encyclopedia of DNA Elements), our understanding of these elements has greatly 
expanded. The study of TEs is an emerging field of research and it is now widely 
accepted that they played a crucial role in genome evolution and are involved in a 
variety of human diseases and regulatory processes many of which still have to be 
elucidated.  

1.2. Classification of TEs 

TEs are grouped into two classes: Class II elements or DNA transposons and Class I 
elements or retrotransposons. 
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DNA transposons, which are currently inactive in mammals, comprise about 3% of 
the human genome. Most of them move by a “cut-and-paste” non-replicative 
mechanism in! which the transposon is excised from one location and reintegrated 
elsewhere and are therefore considered the least successful among TEs. 
Class I elements comprise Long Terminal Repeat (LTR) retrotransposons and non-
LTR retrotransposons and move by a “copy-and-paste” mechanism involving the 
reverse transcription of an RNA intermediate and insertion of its cDNA copy at a 
new site in the genome. 
While LTR retrotransposons, such Endogenous Retrovirus (ERV), undergo a 
reverse transcription in virus-like particles by a complex multistep process and their 
cDNA is subsequently integrated in the genome, the RNA copies of non-LTR 
retrotransposons are directly carried back to the nucleus where they are integrated 
and reverse transcribed in a single step (4, 5). 
Two classes compose non-LTR retrotransposons: Long Interspersed Nuclear 
Elements (LINEs) and Short Interspersed Nuclear Elements (SINEs). 
While LTR retrotransposons and LINEs have the ability to direct their own 
amplification and are therefore called ‘autonomous’, SINEs are non-autonomous and 
rely on the retrotransposition machinery encoded by LINEs for their amplification. 
 
 
 

Figure 1. The principal components of the human genome. Almost 26% of the total 
human genome is composed of intronic sequence whereas only 1.2% encodes for protein. TEs 
comprise ~45% of the total genome sequence, with the most abundant elements being the 
LINE and SINE repeats which comprise 21.1% and 13.1% of the genome, respectively. 
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1.3. Long Interspersed Nuclear Elements (LINEs) 

Long Interspersed Nuclear Elements are the most ancient and successful class of 
retrotransposons in eukaryotic genomes. They build up roughly 20% of the human 
genome, and are grouped in three distantly related families: LINE1 (L1), LINE2 
(L2) and LINE3 (L3). 
LINE1s are the youngest and most abundant LINEs in the human genome with 
over 500000 copies (~17% of the total genome sequence) and the only currently 
active with the L1Hs element (3). 
LINEs are about 6-7 kb long, harbor an internal RNA Polymerase II (Pol II) 
promoter in their 5’ UTR which is preserved following retrotransposition, and 
contain two open reading frames (ORFs) necessary for their amplification, thus 
making them autonomous retrotransposons (Figure 2). ORF1, ~1 kb in length, 
encodes a protein with nucleic acid binding ability that is hypothesized to bind the 
LINE RNA during retrotransposition (6, 7). ORF2 is ~4 kb long and encodes a 
protein which has both endonuclease and reverse transcriptase activity (8, 9). These 
proteins can also mobilize non-autonomous retrotransposons (especially SINEs), 
other noncoding RNA and mRNA leading to the generation of processed 
pseudogenes (10). 
During the retrotransposition process, termed target-primed reverse transcription 
(TPRT) (11), reverse transcription frequently fails to proceed up to the 5’ end, thus 
resulting in truncated, 3’ enriched non-functional insertions. For this reason most of 
the L1 elements in the human genome are short with an average length of 900 bp 
for all copies. Moreover, in addition to 5’ truncations, inversions and/or point 
mutations within the two encoded ORFs, have rendered 99.9% of human L1s 
inactive (12). As a result, it has been estimated that the human genome contains 
only ~80-100 L1Hs active elements (13). Depending upon the method used in the 
analysis, estimations of L1 insertions range from 1 out of 20 births in humans based 
on disease-causing de novo insertions, but approximately 1 out of 200 births based 
on genome comparisons (14). 
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Figure 2. LINE-1 (L1) element structure. The canonical L1 element harbour an 
internal Polymerase II promoter in its 5’ UTR (blue shadow) and a polyadenilation signal 
(pA) preceding the oligo(dA)-rich tail (AAA). Adapted from (12) 

 

1.4. Short Interspersed Nuclear Elements (SINEs) 

SINEs are short retroelements, transcribed by RNA Polymerase III (Pol III), of size 
ranging between 70 and 500 bp that invaded eukaryotic genomes and with more 
than 1.7 x 106 copies build up roughly 13% of the human genome.  
Because they rely on enzymatic machinery encoded by L1 to direct their 
retrotransposition (15), SINEs are considered non-autonomous retrotransposons. 
The 5’ terminal parts (“heads”) of all SINEs demonstrate a clear similarity with one 
of three types of cellular RNAs synthesized by Pol III: tRNA, 7SL RNA, or 5S 
rRNA, with the tRNA-derived ones being particularly abundant, except in human 
where 7SL-derived Alus are by far the most numerous (16).  
Two different families belong to this class in the human genome: Alu and MIR 
(Mammalian-wide Interspersed Repeat), although there is another family of 
retrotransposons, SVA (SINE/VNTR/Alu) transcribed by Pol II, which is usually 
considered to be a third class of retroelements, but is sometimes classified as SINE 
(17). Among these families, only MIRs are currently inactive in their non-
autonomous retrotranspositions process. 
 
The RNA Polymerase III transcription machinery is devoted to the production of 
non-protein coding (nc) RNAs of small size, being assisted in this task by complex 
sets of basal and regulatory transcription factors (TFs) which vary depending on 
the type of promoter involved (Figure 3). SINE elements, like tRNA genes, posses a 
type 2 promoter which consists of two internal control regions known as A- and B- 
boxes forming a bipartite binding site for the multisubunit, basal transcription 
factor (TF) TFIIIC on the DNA. Once bound to the DNA TFIIIC recruits, on DNA 
upstream the transcription start site (TSS), the TFIIIB initiation complex 
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composed of TBP, BDP and BRF1 proteins which in turns recruits Pol III to 
initiate transcription. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Pol III promoter types and associated TFs. Adapted from (18) 

 
 
Recent studies however revealed that the binding of TFIIIC and TFIIIB it is not 
sufficient to recruit Pol III and initiate transcription at SINE loci (19). Indeed has 
been discovered that SINEs transcription by Pol III is selectively repressed through 
histone H3 trimethylation of lysine 9 (H3K9me3) by SUV39 methyltransferase 
which impedes Pol III recruitment whilst having much less effect on TFIIIC. 
SUV39 and H3K9me3 together provide binding sites for HP1, a heterochromatin-
associated protein that mediates transcriptional repression and was found at the 
same SINEs as SUV39H1 (Figure 4) 
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Figure 4. Model of SINE repression by SUV39H1. The blue line indicates SINE DNA 
while black one indicate flanking DNA. Red dots represent trimethylated H3K9. Adapted 
from (19) 
 

1.4.1.  Alus 

Among SINE retrotransposons Alus, which are primate-specific, represent one of the 
most successful families, contributing almost 11% of the human genome. 
Alu elements originated and began their amplification ~65 million years ago, during 
the radiation of primates (Figure 5). Because there is no specific mechanism for Alu 
insertion removal, new Alu inserts have accumulated sequence variations over time 
giving raise to different Alu subfamilies during different periods of evolutionary 
history. The earliest Alu elements where those of the J family, followed by the very 
active S family in which the Alu amplification rate reached a peak, while most of 
the recent Alu amplifications belong to the youngest Y family with Ya5 and Yb8 
subfamilies being the most active in humans (20). Their current rate of 
retrotransposition is estimated in 1 over 20 births, which is based both on the 
frequency of disease-causing de novo insertions compared with nucleotide 
substitutions and on comparisons between the human and chimpanzee genomes and 
between multiple human genome sequences (14). 
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Figure 5. Evolutionary impact of Alu elements in primates. An approximate 
evolutionary tree is shown for various primate species. The approximate density of Alu 
elements is reported as the number of Alu elements per megabase (MB). The number of 
lineage-specific Alu insertions (Lsi) and data of Alu/Alu recombination causing deletions 
(Dels) between the human and chimp genomes are also shown. Adapted from (21).  

 
 
The body of a typical Alu element is about 300 bases in length, and is formed from 
two diverged, 7SL-related monomers separated by a short A-rich region and is 
flanked by direct repeats of variable length due to the duplication of the sequences 
at the insertion site (21). A longer poly(A) region is located at the 3’ end of the 
element and plays a crucial role in the retrotransposition process (22, 23). An 
internal, bipartite RNA polymerase (Pol) III promoter element, composed of an A 
and a B box both located within the left monomer, make Alus potential targets for 
the Pol III transcription machinery, which can initiate transcription at the 
beginning of the Alu and terminate at the closest poly(dT) termination sequence 
encountered downstream of the Alu body (24-26) (Fig 6). 
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In particular, Alu transcription by Pol III requires the recognition, within the Alu 
left monomer, of the internal promoter by the assembly factor TFIIIC, which in 
turn recruits the Pol III-interacting initiation factor TFIIIB on the ~50-bp upstream 
of the transcription start site (TSS) (27). Even though TFIIIB-DNA association is 
generally sequence-independent, an influence of the 5’-flanking region on Alu 
transcription was put in light in early studies and later confirmed in vitro and in 
transfected cell lines (28, 29).  
 

 
Figure 6. Architecture of Alu elements considered as RNA polymerase III 
transcription units. Schematic representation of a typical Alu element, approximately 300 
bp in length (indicated by graduated bar). Alu transcription by RNA polymerase III requires 
A box and B box internal promoter elements (orange bars) (30), which form together the 
binding site for TFIIIC. The consensus sequences for Alu A and B boxes are reported above 
the scheme. While the Alu B box sequence perfectly matches the canonical B box sequence 
found in tRNA genes, the sequence of Alu A box slightly diverges from canonical A box 
sequence (TRGYnnAnnnG; (27)). Transcription is thought to start at the first Alu 
nucleotide (G) (25, 26). The A box starts at position +13, the B box 53 bp downstream, at 
position +77. The left and right arms of the Alu, each being ancestrally derived from 7SL 
RNA, are separated from each other by an intermediate A-rich region, starting 35 bp 
downstream of the B box, whose consensus sequence is A5TACA6. Another A-rich tract is 
located 3’ to the right arm, at the end of the Alu body, starting at approximately 150 bp 
downstream of the middle A-rich region. Transcription termination by RNA polymerase III 
is expected to mainly occur at the first encountered termination signal (Tn) downstream of 
the 3’ terminal A-rich tract. Such a signal, either a run of at least four Ts or a T-rich non-
canonical terminator (31), may be located at varying distances from the end of the Alu body, 
thus allowing for the generation of Alu primary transcripts carrying 3’ trailers of different 
lengths and sequences. 

 
 
Although Alus are repeated elements, their Pol III-synthesized transcripts are 
mostly unique due to accumulation of mutations in their source element, the length 
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and heterogeneity of the poly(A) tail and, more importantly, because of the unique 
3’ end transcribed from the genomic region between the poly(A) tail and the Pol III 
terminator. These RNAs are thought to assemble in ribonucleoprotein particles with 
SRP9/14 heterodimer and with poly(A) binding protein (PABP) (32, 33). These 
proteins are thought to help Alu RNAs to associate with ribosomes, likely in the 
nucleolus (34), with which they are exported in the cytoplasm where they compete 
for ORF2 protein, translated from L1 RNA, with the result of favouring its own 
retrotransposition to a new genomic location through the process of Target-Primed 
Reverse Transcription (11). While L1 depends on both its encoded proteins ORF1p 
and ORF2p for its mobilization, Alu RNA needs only ORF2p even though the 
presence of ORF1p enhances, either directly or indirectly, the interaction between 
Alu RNA and the factors needed for its retrotransposition (35). 
 

1.4.2. Mammalian-wide Interspersed Repeat (MIR) 

Mammalian-wide Interspersed Repeats (MIRs) represent an ancient family of 
tRNA-derived SINEs, found in all mammalian genomes, whose amplification seems 
to have ceased in the ancestors of placental mammals (36, 37). 
It is thought that the MIR may have arisen following the fusion of a tRNA molecule 
with the 3’-end of an existing LINE (38). The complete MIR element is about 260 
bp in length and possesses a tRNA-related 5’ head, a 70-bp conserved central 
domain containing a 15-bp core sequence, two downstream segments previously 
described as separate interspersed repeats (MER24 and DBR (37)) and a LINE-
related sequence located at the 3’-end (38) (Figure 7). 
MIR elements were actively propagating prior to the radiation of mammals and 
before placental mammals separated. For this reason their age was originally 
estimated in ~130 million years (myr) even if it has been suggested that the core-
SINE may have originated ~550 myr ago due to the remarkable similarity between 
Ter-1 (the MIR consensus in placental mammals which coincides with that revealed 
earlier in humans) and the OR2 SINE of octopuses (39). 
Intriguingly there are observations suggesting that the core region may serve some 
general function in mammalian genomes, since the level of sequence conservation is 
higher compared to flanking 3’ and 5’ sequences (40).  
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Figure 7. Representation of the structure of a mammalian-wide interspersed repeat (MIR). 
A tRNA-related region contains A- and B-box promoter elements driving Pol III 
transcription by being recognized by TFIIIC. Core-SINE indicates a highly conserved central 
sequence, followed by a LINE-related region. Pol III is expected to terminate at the first 
encountered termination signal (Tn) which may be located at varying distances from the end 
of the MIR body 
 
 
In the human genome there are more than 500,000 annotated MIRs (41) and have 
been grouped in 4 subfamilies, based on their sequence similarity, named MIR, 
MIRb, MIRc and MIR3. Like all SINEs, MIRs are thought to be transcribed by the 
RNA polymerase III machinery, with the assembly factor TFIIIC recognizing the A- 
and B-box internal control regions within the tRNA-derived portion of the element 
(37). The first experimental verifications of MIRs as Pol III targets in the human 
genome have come from the results of genome-wide location analysis of the Pol III 
machinery in human cells (18, 42) and in mouse (43, 44). 
In particular, these studies revealed that, in immortalized fibroblasts, the Pol III 
machinery is consistently associated (with POLR3D and BRF1 TFs) with a MIR 
located in the first intron of the POLR3E gene, coding for a specific subunit of Pol 
III, and to a lesser extent (i.e. only with POLR3D) with other four MIRs (42). 
Being MIRs non autonomous in retrotransposition, they could in principle exploit 
the LINE-encoded machinery to amplify in the genome. However, probably due to 
mutations in the 3’ A-rich tail which prevent the binding of the 
endonuclease/retrotranscriptase ORF2p, they became retropositionally inactive 
~130 myr ago. We can nevertheless speculate that, since part of these elements are 
still transcriptionally active, at least in the human and mouse genome (42) 
(Carnevali et al, in preparation), changes in the 3’ tail due to sequence mutations 
could potentially rescue the retrotransposition potential of some of them. 
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1.5. Retrotransposition process and Target-primed Reverse 
Transcription (TPRT) mechanism 

The mechanism through which transposons amplify in the hosting genome varies 
between classes. 
Non-LTR retrotransposons, such as L1, Alus, SVA and, potentially, MIRs 
propagate using a mechanism analogous to target-primed reverse transcription 
mechanism (TPRT) established for the Bombyx mori R2 element (45) which 
involves the two proteins ORF1p and ORF2p encoded by L1 elements. 
During the initial step of the TPRT process (Figure 8), a functional L1 element is 
transcribed by Pol II from its internal promoter and its bicistronic mRNA is 
brought into the cytoplasm where the two aforementioned ORFs (ORF1 and ORF2) 
are translated. The two L1 encoded proteins, which show a cis preference for the 
RNA encoding them (8, 46), bind the L1 RNA molecule forming a ribonucleoprotein 
(RNP) complex, which subsequently travels to the nucleus where the insertion 
occurs. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 8. Target-primed reverse transcription mechanism. Adapted from (47) 
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This cis preference may decrease the ability of other mRNA to access ORF1p and 
ORF2p explaining the lower retropseudogene copy numbers in the genome. However 
Alu RNAs that bind to ribosomes thanks to SRP9/14, can compete more efficiently 
with L1 for ORF2p and thus can easily retrotranspose, also given their lack of 
ORF1 requirement (48). 
It is possible that ORF1p, which is present in higher numbers than ORF2p, helps 
displacing L1 RNA from the ribosome and preventing it from entering the RNA 
degradation pathways thus promoting entrance in the nucleus through a mechanism 
still to be elucidated (49). 
On the other hand another study discovered that in the cytoplasm of mammalian 
cells, ORF1p and non-LTR retrotransposons RNPs are localized to stress granules, 
cytoplasmic bodies closely associated with P-bodies, suggesting a mechanism by 
which the cell may mitigate the mutagenic effects of L1 retrotransposition by 
sequestering L1 RNPs and possibly targeting them for degradation (50). 
 
Once the RNP arrives in the nucleus, ORF2p with its endonuclease activity cuts the 
genomic DNA (gDNA) leaving a 3’-OH terminus. The cut occurs with low sequence 
specificity, but (dTn-dAn) sites are preferentially recognized. The 3’ end of the RNA 
retrotransposon, which contains the poly(A) tract, anneals to the dTn nicked gDNA 
where the 3’ exposed hydroxyl is then used as a primer for first strand synthesis by 
ORF2-encoded reverse transcriptase (8). A nick, staggered to the first one, occurs 
on the second strand by unknown mechanism and second-strand synthesis is 
primed. The target site is now filled with the cDNA copy of the original 
retroelement and the single-strand DNA (ssDNA) remaining at the target sites is 
filled producing target site duplications (TSDs) (Figure 8). 
 

1.6. Retrotransposons and human genome evolution 

TEs are probably the most powerful genetic force that drove evolution in higher 
species. Among these, non-LTR retrotransposons (LINEs, Alus, SVA) contributed 
most to human genome evolution due to their continuous activity over tens of 
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millions of years that led to an accumulation of these elements concurrently with 
increased genome size (14). 
The processes mediated by TEs are known to be sources of local genomic instability, 
structural variations and genomic rearrangements as well as genetic innovation and 
gene expression regulation events. 

 
The most straightforward way a retrotransposon can alter genome function is by 
inserting into a protein coding gene or regulatory regions having either deleterious 
or beneficial effects on his host. Thus retrotransposons can perturb gene expression 
by disrupting exons, introducing alternative splicing signals (a process termed 
exonization), as well as polyadenilation signals. Moreover, being the retroelement 
sequence a ‘sink’ of transcription factor binding sites, retrotransposon insertions has 
also been exapted by the nearby genes thus starting to act as enhancers, insulators 
or promoters (reviewed in (51)). In recent studies indeed Alus and MIRs (which are 
currently inactive in their retrotransposition process) have been found to be 
enriched in chromatin regions presenting marks typical of enhancers (41, 52) 
although nothing is known about the possible involvement of Alu and MIR 
expression in enhancer function. 
Another study found that numerous MIR sequences serve as insulator across the 
human genome, serving as both chromatin barrier activity and enhancer-blocking 
activity. The first role appears to be cell-type specific while the second appears to 
be conserved across cell types and between species (53).  
 
In addition to insertions, retrotransposons can lead to structural variations and 
genomic rearrangements through the mechanism of non-allelic homologous 
recombination that can cause deletions, segmental duplications and inversion of the 
involved genomic regions (reviewed in (14)). 
To date 96 retrotransposition events (25 L1, 60 Alu, 7 SVA, or 4 poly(A)) are 
known resulting in single-gene disease (reviewed in (54)). Among them, one of the 
very first to be discovered was the insertion of an L1 element in the FVIII gene 
causing Hemophilia A (55).  
 
Alus are often located into or nearby genes (either coding or non-coding) and their 
sequence can be target of other regulators that affect the expression of the hosting 
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gene, both at transcriptional and post-transcriptional level. Thus they are capable of 
epigenetic perturbation, being their genomic sequence target of noncoding RNA 
which induce the deposition of repressive epigenetic modifications (56), are 
implicated in mRNA decay mediated by Staufen1 (57) and mediate gene silencing 
through the ADAR editing process (58). 
 
Retrotransposons are also capable of releasing regulatory RNAs such as micro RNAs 
(miRNAs), small interfering RNAs (siRNAs) and piwi-interacting RNAs (piRNA) 
(59-62), which interestingly can also act as an additional host mechanism through 
which it controls their activity.  
 

1.6.1. Host mechanisms controlling retrotransposons 

 
Even if it is now accepted the beneficial role that TEs played in human genome 
evolution, an ‘out-of-control’ spread of these elements would rapidly lead to 
lethality. Thus higher species have evolved different mechanism to tame their 
amplification achieving a fine balance between potentially deleterious events and 
adaptive benefits of genetic diversity (Figure 9). Host control mechanisms have been 
reported for all types of transposable element. In this paragraph, discussion will be 
limited to retrotransposons. 
 
One of the most documented mechanism through which the cell domesticated 
retrotransposons is by depositing locus-specific repressive chromatin marks, which 
are enriched at TE loci, mostly through DNA methylation which has been proposed 
to be evolved as defense mechanism against transposable elements. In addition to 
DNA methylation, the host represses retrotransposons activity by the methylation 
of histone H3 lysine 9 at their loci (reviewed in (5, 63)) (64). H3K9 methylation 
(and not DNA methylation) has recently been proposed to be the primary 
mechanism for SINE transcription repression (65). 
 
As mentioned above, cells control the amplification of retrotransposons also through 
the RNA-induced silencing mechanism. Intriguingly small noncoding RNAs  (in 
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particular piRNAs and siRNAs) that are key players in this mechanism can 
originate from the retrotransposons transcripts themselves (61, 66, 67). 
 
Another ‘weapon’ of the cell’s arsenal to control retrotransposons activity is nucleic 
acid editing process. APOBEC3A/B proteins, which are members of the APOBEC3 
family of human innate antiretroviral resistance factors, can enter the nucleus, 
where LINE-1 and Alu reverse transcription occurs, and specifically inhibit both 
LINE-1 and Alu retrotransposition. Although the factors involved are cytidine 
deaminase, the mechanism through which they inhibit L1 and Alu 
retrotransposition still has to be elucidated (68).  

 
As a further element of connection between retrotransposon control and RNA-
mediated silencing, Microprocessor (Drosha-DGCR8), a nuclear protein complex 
involved in miRNA biogenesis, has been shown recently to control the activity of 
retrotransposons by binding L1, Alu, and SVA-derived RNAs in human cells (60). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. How the cell affects retrotransposons. Shown are the various mechanisms 
used by the cell to domesticate TEs. See text for description, Adapted from (5).  
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1.7. Alu and MIR expression in different cell types and conditions 

Despite the abundance of SINE elements in the human genome, and the generally 
high efficiency with which Pol III transcribes its target genes (69), the cellular levels 
of Pol III-synthesized transcripts of Alus and MIRs are usually very low in normal 
conditions and, accordingly, most of them are not occupied by the Pol III 
transcription machinery in human cells (70). Alu and MIR transcription by Pol III 
is thought to be limited by epigenetic silencing mainly involving histone 
methylation (65), but a satisfactory picture of their expression regulation at the 
transcriptional level is still lacking (71). In particular, early and recent studies have 
shown that Alu transcription by Pol  III may be deregulated in response to different 
types of signal but the involved molecular mechanisms are still largely unknown. To 
date no studies on MIR expression regulation have been carried on probably due to 
the fact that these elements lost their retrotransposition activity ~130 million years 
ago. 
 
One of the most documented signals that strongly stimulate transcription of 
endogenous Alu elements transcribed by Pol III in humans is viral infection by 
herpes simplex virus type 1 (HSV-1) and Adenovirus 5 (Ad5) (72, 73). In these 
studies, it was suggested that virus-dependent induction of Alu expression may be 
mediated through Alu internal regulatory sequences. According to a proposed 
mechanistic hypothesis, viral components can modulate the activity of factors 
interacting with the core intragenic type II promoter present in the majority of Alu 
elements.  
 
The abundance of Pol III transcribed Alu RNAs is also known to be transiently 
increased during heat shock and cycloheximide stress stimuli indicating that 
induction of Alu expression is a general cell response to stress (74). In response to 
heat shock indeed Alu RNAs have been shown to bind RNA polymerase II (Pol II) 
and repress transcription of a subset of genes. Alu RNA prevent Pol II from 
properly engaging the DNA during closed complex formation, resulting in complexes 
with an altered conformation that are transcriptionally inert (75). 
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Interestingly, the effects on Alu transcriptome of adenovirus infection, heat shock 
and cycloheximide, seem to be both cell-type and condition-dependent. Indeed 
researchers found that in K562 cells (immortalized cell line produced from a female 
patient with chronic myelogenous leukemia (CML)), which are unusually 
hypomethylated and in which Alu repeats are far more actively transcribed than 
those in other human cell lines and somatic tissues, the level of Alu RNAs were 
relatively insensitive to these stress stimuli. In the same study it was also found 
that transcription of transiently transfected Alu templates was repressed by 
methylation in all cell lines tested but cell stresses were not able to relieve this 
repression suggesting that they activated Alu transcription through another, still 
unexplored pathway (76). 
 
Alu RNAs have also been found to be involved in the regulation of stem-cell 
proliferation (62). Recent bioinformatics analyses discovered one subset of Alu 
repeats that harbors the characteristic 6-bp core retinoic acid receptor (RAR) 
binding site (direct repeat) spaced by two nucleotides called the DR2 element (77). 
The ~2-3% of the ~100,000-200,000 DR2 element-containing Alu repeats located 
close to activated Pol II genes are activated by RAR in human embryonic stem cells 
to generate Pol III-dependent RNAs. These transcripts are further processed into 
small RNAs (~28-65 nt) that target a subset of crucial stem-cell mRNAs causing 
their degradation and modulating exit from the proliferative stem-cell state. This 
phenomenon has been discovered in Ntera2 cells but not in other cell types such as 
HeLa cells or human lung fibroblasts, suggesting a cell type/condition-dependent 
mechanism 
 
The Alu transcriptome has also been found to be deregulated in response to growth 
factors. CGGBP1 is a repeat-binding transcription regulatory protein that regulates, 
among others, cell proliferation and growth as well as stress response. It has been 
discovered that it binds Alu elements impeding RNA Pol III binding and 
suppressing Alu transcription in cis. CGGBP1 depletion, following serum 
stimulation, increases Alu RNA levels and also negatively impact, in a way that 
mimics heat shock in terms of gene expression changes, the amount of protein-
coding mRNA through Alu-mediated inhibition of RNA Pol II activity. Thus 
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CGGBP1 affects global gene expression through regulation in cis of Alu RNA levels, 
which in turn affects RNA Pol II in trans (78). 
 

1.8. SINE expression profiling 

Studies on Alu and MIR elements expression profiling has never been carried on in 
depth, because the identification of genuine Pol III-transcribed Alu and MIR RNAs 
is hampered by two main problems: (i) the extremely high copy number and 
sequence similarity of Alu and MIR elements within the human genome, and (ii) 
their frequent location inside introns or untranslated regions of primary or mature 
Pol II transcripts. 
 
To date, while no studies have been conducted on MIR expression regulation, those 
aimed at identifying Pol III-derived Alu RNAs have been performed using low 
throughput techniques such as Northern hybridization, allowing to distinguish them 
from Alu RNA passenger of longer Pol II transcripts, and C-RACE followed by 
sequencing of the unique 3’ ends to identify source loci of transcription. Even if 
Northern hybridization is effective in global Alu RNA quantification, it fails in 
assessing the expression level of individual Alu loci, while techniques used to 
identify transcriptionally active Alu elements are unfeasible on a genomic high 
throughput scale.  
Recently the development of Next-generation Sequencing (NGS) techniques has 
been exploited, through the use of Chromatin Immuno-Precipitation followed by 
massive parallel sequencing (ChIP-seq), to identify transcriptionally active Alu loci, 
whose association with components of the Pol III machinery has been used as an 
evidence of transcription. However, even if this high-throughput technique has the 
advantage to be carried out on a genomic scale, the association of Pol III 
transcription factors (TFs) to an Alu element does not necessarily indicate its 
transcription. Quantification of expression levels is also not feasible through this 
approach. Therefore, none of the above mentioned approaches could be used for a 
comprehensive and quantitative expression profiling of SINEs. 
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A recent NGS application, called RNA-seq, has been developed for transcriptome 
profiling. This approach provides a far more precise measurement of transcripts 
levels and their isoforms than other methods (e.g. Microarray) and is able to 
identify new splice variant as well as new non-coding transcripts (reviewed in (79, 
80)). 
However when RNA-seq, as well as other NGS techniques, has to face with 
repetitive elements, an important problem arises related to read mapping at these 
genomic loci.  Indeed NGS technology producing high data volume of relatively 
short sequencing reads (~50-150 bp in length) have made this challenge more 
difficult. Repeats, from a computational perspective, create ambiguities in their 
alignment and assembly, leading to biased results. Nevertheless solutions have been 
proposed to solve this issue with NGS technology, while other methods such as 
Microarrays cannot deal with it being impossible for them to map transcripts 
arising from repeat elements. 
To address this problem three strategies for read mapping have been proposed: i) 
“unique”, which reports only reads mapping uniquely on the genome; ii) “best 
match”, which reports the best possible alignment for each read, determined by the 
scoring function, and, in case of equally mapping scores, it reports one randomly; iii) 
“all matches”, which reports all possible alignment, including the low-scoring ones 
(81). 
The choice of one strategy versus the other depends on the goals of the experiment 
and on the type of sequencing reads available. Indeed NGS technologies are evolving 
producing longer and paired-end reads (i.e. reads coming from the sequencing of 
both ends of the same cDNA fragment, which in turns consists in a virtual longer 
sequencing coverage) as well as reads maintaining the strand information of the 
transcript from which they arise. 
 
Thus, given an RNA-seq dataset of sufficiently long reads (e.g. 75 nt-long paired-
end reads), the “unique” strategy seems to be the most appropriate for SINE 
expression profiling. Indeed most of the Alu and MIR elements contain at least very 
few sequence variations throughout their entire length that make them almost 
unique. Thus these small differences in sequence could be exploited by sufficiently 
long RNA-seq reads such as those discarded due to multi-mapping would be few 
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and would not affect their identification while affecting only partially their 
quantification.!
However a combined strategy of “unique” and “best match” alignment strategy could 
be used to search for rare identically in sequence transcriptionally active SINE 
elements. 
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2. Goals of this study 

To overcome the limitations of previous strategies for the study of SINE expression, 
we developed a bioinformatic pipeline that exploits RNA-seq data to reveal genuine 
Pol III-transcribed SINE loci. 
Our studies were thus aimed at profiling for the first time Alu and MIR expression 
in different human cell types and conditions, in order to reveal changes in SINE 
expression profiles correlating with different cellular states. Such profiles in turns 
could be used, along with data from other types of epigenomic profiling, such as 
ChIP-seq against TFs and histone modifications as well as Pol II gene expression 
profiling, to leverage our understanding of the mechanisms behind their regulation 
as well as their role in cell specificity and pathological conditions. 
 
In particular we tried to exploit our bioinformatics pipeline for the study of: 

• Alus and MIRs expression profiling in seven ENCODE cell lines 
• Alus expression dysregulation in a model of viral oncogenesis (IMR90 dl1500 

Ad5 infected cells) 
• Alus expression dysregulation in human cancer (gastric adenocarcinoma 

from The Cancer Genome Atlas) 
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3. Materials and Methods 

3.1. Datasets 

The annotated Alu and MIR elements considered in our studies where downloaded 
from the Repeatmasker track in the UCSC Table browser for the human genome 
version GRCh37/hg19. Listed below are the main NGS datasets used in our studies 
for expressed SINE loci identification. 
 

3.1.1. ENCODE 

The Cold Spring Harbor Lab (CSHL) long RNA-seq data within ENCODE (whole-
cell polyA+ and polyA- RNAs, two replicates for each sample) relative to the 
following cell lines: Gm12878, H1-hESC, HeLa-S3, HepG2, HUVEC, K562, NHEK, 
for a total of 28 datasets, were used for Alu and MIR RNAs identification, 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeCshlLong
RnaSeq). These datasets contain stranded paired-end reads (2x76 nucleotides long). 
We also made use of ChIP-seq peak data for some Pol III TFs from 
ENCODE/Stanford/Yale/USC/Harvard 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs
/) as well as ChIP-seq peak data for a plethora of other TFs from 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeRegTfbs
Clustered/ wgEncodeRegTfbsClusteredWithCellsV3.bed.gz) 
 

3.1.2. dl1500 Ad5 infected IMR90 cells 

For the identification of genuine Pol III Alu RNAs we made use of 100 nt-long 
paired-end stranded reads generated by Illumina HiSeq 2000 sequencing of total 
RNA extracted from infected fetal lung fibroblasts. Contact-inhibited G1-arrested 
fetal lung fibroblast primary cells (IMR90, not immortalized) were harvested at 6 
and 24 hours post infection with dl1500, a modified version of Adenovirus 5 (Ad5) 
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expressing only the small e1a protein with little or no expression of other viral genes 
(82). Control cells were only grown in media. 
We also used data from ChIP-seq performed against POLIII (RPC39), BDP1 and 
TFIIIC-110 factors in IMR90 cells 24 hours post-infection (unpublished data 
collected in collaboration with Arnold J. Berk laboratory, Department of 
Microbiology, Immunology, and Molecular Genetics, Jonsson Comprehensive Cancer 
Center, UCLA) as well as ChIP-seq against various histone modifications including 
acetylation of histone H3 lysine 27 (H3K27ac) (83), lysine 9 (H3K9ac) and lysine 18 
(H3K18ac) from previous studies on the effects of Adenovirus small e1a oncoprotein 
on the reorganization of the host epigenome (84), and P300 (lysine acetylase) and 
RB1 (retinoblastoma) proteins (83). 
 

3.1.3. TCGA (The Cancer Genome Atlas) 

We used polyA+ Illumina HiSeq 2000 RNA-Seq raw data (fastq) consisting in 2x75 
nucleotides long unstranded paired-end reads, of 72 samples belonging to 36 
different patients, each with 1 tumor and 1 non tumor sample, affected by Stomach 
adenocarcinoma (STAD) (85). Raw data were downloaded from the Cancer 
Genomics Hub (https://cghub.ucsc.edu/). 
 

3.2. Bioinformatic pipelines for individually expressed SINE 
identification 

During our research studies we designed a first version of a bioinformatic pipeline, 
to identify individually expressed SINE transcripts consisting in a shell script aimed 
at automating the informatics data flow across several publicly available (open 
source) tools. 
Afterwards we improved the pipeline developing a Python script that let us more 
control on data manipulation and filtering (from here on called “SINEsFind”). 
The first bioinformatic pipeline was used to identify genuine Pol III-derived Alu 
transcripts in ENCODE datasets while the improved one was used for MIR 
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expression profiling in the ENCODE datasets as well as Alu expression profiling in 
the dl1500 Ad5 IMR90 infected cells and TCGA datasets (see below). 
An outline of these two pipelines is provided in this section. A more detailed 
description of computational methods can be found in Supplementary Materials. 
 

3.2.1. First developed bioinformatic pipeline 

Reads from each dataset were aligned to the reference genome (GRCh37/hg19) 
using TopHat aligner (86) with default settings (allowing to retain reads with up to 
20 equally scoring hits in the genome). Uniquely aligned paired-end reads (identified 
by NH:i:1 in the alignment file) were recognized and counted, for each annotated 
Alu, through the htseq-count tool of the HTSeq Python package (87). Only Alus 
with a number of mapped reads over the calculated background noise were retained 
(see Supplementary Materials). To check for the performance of the aligner and its 
reliability in unique alignment, we replaced TopHat by the independently developed 
STAR aligner (88) for the analysis of two datasets (NHEK polyA+, replicates 1 and 
2), and found largely (~96%) overlapping sets of Alus with more than 10 uniquely 
mapped paired-end reads. 
The coordinates of retained Alus were supplied to sitepro script of the Cis-
regulatory Element Annotation System (CEAS suite; 
http://liulab.dfci.harvard.edu/CEAS/) along with the corresponding RNA-seq 
stranded signal profiles. We used sitepro (developed mainly for ChIP-seq data) 
because it allowed us to calculate the signal profile in a range of +/- 500 nt from 
the center of the Alu body with a resolution of 50 nt. In this way we could address 
the problem of ‘passenger’ Alu RNAs by devising a filter aimed at excluding false 
positives on the basis of the level of upstream and downstream spurious RNA 
signals (see Supplementary Materials for details). Figure 10 shows a schematic 
representation of the pipeline. 
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Figure 10. Alu RNA identification pipeline. Shown is a flow-diagram of the first 
developed bioinformatic pipeline for the identification of autonomously expressed Alu loci 
from RNA-seq data sets. See Results and Materials and Methods for details. 

 

3.2.2. Improved bioinformatic pipeline: SINEsFind 

The bam files from each dataset containing RNA-Seq reads aligned to the reference 
genome (GRCh37/hg19) using TopHat aligner, along with the annotated SINEs of 
interest, are submitted to the ‘in house’ developed SINEsFind Python script to 
perform the identification of individual SINE transcripts. 
The Python script first builds stranded coverage vectors for the whole genome, 
using the bam file supplied using uniquely mapped reads (tag NH:i:1 in the bam 
file). Then, for each annotated SINE having an expression coverage value over a 
calculated background noise threshold, the script calculates the coordinates of the 
corresponding expected full-length consensus element (see Supplementary 
Materials), to take into account the fact that many of the annotated SINE elements 
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are truncated,. Finally a filter (flanking region filter) is applied to the identified 
expected full-length element, as described in Supplementary Materials, in order to 
exclude false positive arising from SINE elements embedded in Pol II transcripts. 
Basically the filter aims to do this by imposing a significant lower expression 
coverage value to the flanking regions immediately upstream and downstream of the 
expected full-length SINE, thus discriminating between genuine SINE RNAs and 
those ‘passenger’ of longer Pol II transcripts or part of their trailers extending 
downstream their annotated 3’UTRs. Figure 11 shows a schematic representation of 
this improved pipeline. 
 

Figure 11. SINEsFind bioinformatic pipeline flowchart. Shown is a flow-diagram of 
the improved bioinformatic pipeline for the identification of autonomously expressed SINE 
loci from RNA-seq data sets.See Results and Materials and Methods for details. 
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3.3. ENCODE Alus: methodological add-ons 

To identify genuine Alu transcripts in the ENCODE dataset the first developed 
bioinformatic pipeline (par. 3.2.1) was used along with all the annotated Alus 
(Figure 10). Only Alus with more than 10 mapped reads that passed the final filter 
of the pipeline in both ENCODE RNA-seq replicates were considered to represent 
autonomously expressed Alu loci (as such, they will be often referred to in the text 
as “expression-positive”). Complete lists of these Alus are reported in Supplementary 
Table S1. The bam files containing the alignments with uniquely mapped (NH:i:1) 
paired-end reads, generated through TopHat for all the 28 ENCODE datasets, and 
through STAR for a subset of them (NHEK polyA+ replicates 1 and 2; HeLa-S3 
polyA+ replicate 1; K562 polyA- replicate 1), are deposited at the following link: 
http://bioinfo.cce.unipr.it/NAR-02564-Z-2014/. Also available at the same link is 
the above described pipeline in the form of a collection of shell scripts designed to 
automate the execution of the different publicly available software (such as TopHat 
and htseq-count, as detailed in the Supplementary Materials along with their 
specific options). 
As a number of Alu transcripts were found both in the polyA+ and polyA- datasets, 
Supplementary Table S1 also contains a non-redundant list of all expressed Alus 
obtained by merging expression-positive Alus found in the polyA+ and polyA- 
fractions of all cell lines (“All non-redundant” sheet in Supplementary Table S1). 
All analyses were carried out using GRCh37/hg19 genome assembly. Even though 
the contribution of novel sequence in GRCh38 assembly, that is absent from 
GRCh37/hg19, to Alu expression profiles was expected to be limited (the total 
number of bases in GRCh37 being increased by ~2% only with respect to 
GRCh37/hg19), we nevertheless screened a pair of ENCODE RNA seq dataset 
replicates (NHEK polyA+, r1 and r2) with our pipeline using GRCh37 assembly as 
a reference for read mapping, and compared the results with those obtained with 
hg19 genome assembly. We found that the vast majority (92-95 %) of Alus detected 
as expression-positive in either genome assembly was shared with the other one. 
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3.3.1. Additional ChIP-Seq data analyses 

To further support the identification of unique Alu transcripts found in Hela-S3 and 
K562 cells, we intersected the ChIP-seq peaks of the Pol III machinery components 
TFIIIC-110, POLIII (RPC155 subunit), BRF1, BRF2, BDP1, derived from 
ENCODE/Stanford/Yale/USC/Harvard ChIP-seq data  
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs
/) with the expression-positive Alu coordinates, extended to 200 bp upstream, of 
these two cell lines. P-values for the association of each Pol III component to 
expression-positive intergenic Alus were calculated using the Fisher’s exact test 
against total (intergenic) Alus. The lists of Pol III-associated, expression-positive 
Alus are reported in Supplementary Table S2. 
To identify other transcription factors (TF) associated to expression-positive Alu 
elements, we intersected, for each cell line, the 500 bp upstream of the Alus with the 
coordinates of the TF binding sites from ENCODE  ChIP-seq 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeRegTfbs
Clustered/wgEncodeRegTfbsClusteredWithCellsV3.bed.gz). P-values for the 
association of TFs to expression-positive Alus were calculated using the Fisher’s 
exact test against total Alus. Lists of TF-Alu interactions are reported in 
Supplementary Table S3. 
 

3.4. ENCODE MIRs: methodologically add-ons 

For MIR RNAs identification in the ENCODE dataset we used the improved 
version of the bioinformatic pipeline SINEsFind (par. 3.2.2). We decided to merge 
PolyA+ and PolyA- datasets (bam files) to streamline the analyses since we were 
not interested in the differences between these two features because MIR RNAs 
usually do not have a poly(A) tail. 
Only MIRs with a coverage peak value greater than 10 where considered and among 
these, only those which passed the final filter of the SINEsFind Python script in 
both ENCODE RNA-seq replicates where considered to represent autonomously 
expressed MIR loci. Complete list of expression-positive MIRs are reported in 
Supplementary Table S5. 
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To further support the identification of unique MIR transcripts found in Hela-S3 
and K562 cells and to identify other transcription factors (TFs) associated to 
expression-positive MIR elements, we followed the same procedures as for ENCODE 
Alus (par. 3.3.1). However, due to the use of improved bioinformatic pipeline, the 
new coordinates used for intersection with Pol III TFs and other coordinates, where 
calculated with respect to the expected full-length MIR elements (see 
Supplementary Materials).  
The lists of Pol III-associated expression-positive MIRs and those associated to 
other TFs are reported in Supplementary Table S6 and S7. 
 
Following the recent observation that MIRs are highly concentrated in enhancer of 
K562 and HeLa human cell types (41) we investigated if expression positive MIRs 
were more or less enriched in this state than all the other annotated MIRs. 
We intersected our expression positive MIRs in K562 and HeLa-S3 cell lines with 
the coordinates of the reported MIR-enhancers (lifted over to GRCh37/hg19) and 
we did not find any overlap. 
We also tested for enrichment in enhancer states (weak and strong enhancers) 
versus other states of the chromatin of the annotated MIR used in the 
bioinformatics pipeline, using Chromatin State Segmentation by Hidden Markov 
Model (HMM) from ENCODE for each cell line (excluding HeLa-S3 for which data 
are not available) but we found no enrichment in enhancers states of the chromatin 
(see Supplementary Materials). 
 
Again we tested for the enrichment of the expression-positive MIRs in the enhancer 
states of the chromatin performing a Fisher’s exact test against all the other 
annotated MIRs used in the pipeline. We found enrichment only for Gm12878 and 
HepG2 cells in ‘strong enhancer’ state (Pval 1.876e-05 and Pval 2.133e-05 
respectively) (Supplementary Table S8) (see Supplementary Materials). 
 
To investigate whether expression of MIR elements located inside Pol II genes in 
antisense orientation was correlated with the expression of the hosting gene, we 
calculated normalized reads count for each of these MIRs and the corresponding 
hosting genes using htseq-count and DESeq2. We then calculated expression 
correlation using Pearson coefficient (see Supplementary Materials). 
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3.5. dl1500 Ad5 infected IMR90 cells 

To identify genuine Alu transcripts in dl1500-infected IMR90 cells, we applied to 
each dataset the SINEsFind bioinformatic pipeline (par. 3.2.2) limiting the analysis 
to Alus annotated in intergenic regions and inside Pol II genes but in antisense 
orientation (from here on named “intergenic/antisense”). Only Alu elements with a 
peak value of expression coverage greater than 5 (see Supplementary Materials) 
were further processed in the script with the Flanking Region Filter and only those 
which passed the filter where retained and considered as Alus likely to be expressed 
as autonomous transcription units. The complete list of these Alus is reported in 
Supplementary Table S9. 
To support their genuine Pol III transcription, the coordinates of the corresponding 
full-length Alus calculated using SINEsFind (see Supplementary Materials) were 
extended to 200 bp upstream and intersected with the coordinates of ChIP-seq 
peaks of the Pol III machinery component RPC39, TFIIIC-110 and BDP1. The list 
of Pol III-associated expression-positive Alus is reported in Supplementary Table 
S10. 
Moreover we tested for enrichment in H3k9ac, H3k18ac and H3k27ac of the 
expression-positive Alu elements again intersecting the coordinates of the 
corresponding expected full-length Alus with those of the histone modifications 
ChIP-seq peaks. To test the enrichment of expression-positive Alus in P300 and 
RB1 proteins we intersected the coordinates of the 500 bp upstream the expected 
full-length Alus with those of protein peaks. 
All the P-values for the association of each of these factors to expression-positive 
Alus were calculated performing Fisher’s exact test against the whole dataset of 
annotated Alus used. 
 

3.6. TCGA 

Expression-positive Alus, with an expression coverage peak value greater than 10 
(the calculated average background noise value, see Suplementary Materials), 
resulting from the application of the improved SINEsFind bioinformatic pipeline 
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(par. 3.2.2.) to all the 72 datasets (referred to in par. 3.1.3) are listed in 
Supplementary Table S11. 
For each patient all the tumor and non-tumor Alus were also merged in a single 
non-redundant list and the expression coverage area of each corresponding expected 
full-length Alu was calculated both for the tumor and non tumor samples and 
normalized by Total Count method (see Supplementary Materials). The calculated 
coverage areas of each Alu were summed to roughly quantify the genuine (i.e. not 
due to longer host transcripts) Alu expression in tumor and non-tumor samples. 
 

3.7. DNA constructs and in vitro transcription 

3.7.1. Alu plasmid construction 

Using oligonucleotides listed in Supplementary Table S4, nine human Alu loci 
(whose chromosome coordinates are reported in Table 1), together with 5’- and 3’–
flanking regions, were PCR-amplified from buccal cell genomic DNA with GoTaq® 
DNA polymerase (Promega) and cloned into pGEM®-T Easy vector (Promega). 
Constructs containing targeted mutation of the B box internal control element were 
obtained by recombinant PCR through the fusion of sub-fragments overlapping in 
the mutated region, as previously described (89), followed by cloning into pGEM®-
T Easy. Upstream deletion constructs employed forward PCR primers generating 
amplicons truncated to position -12 (or -15, in the case of AluSx_chr10) with 
respect to Alu 5’ end. Truncated amplicons were inserted into pGEM®-T Easy; the 
constructs selected for in vitro transcription contained the 5’-truncated insert with 
the same orientation as its wild type Alu counterpart, to minimize the influence of 
vector sequence on transcription efficiency. 
 

3.7.2. MIRs plasmid construction 

Four human MIR loci (whose chromosome coordinates are reported in Table 2), 
together with 5’- and 3’-flanking regions, were PCR-amplified and cloned into 
pGEM®-T Easy vector (Promega) using oligonucleotides listed in Supplementary 
Table S13, as described above for Alus. Constructs containing targeted mutation of 
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the B box internal control elementwere also obtained as described above for Alus. 
Upstream deletion constructs employed forward PCR primers generating amplicons 
truncated to position -25 with respect to MIR A box at the 5’-end. Truncated 
amplicons were inserted into pGEM®-T Easy and the constructs selected for in 
vitro transcription, contained the 5’-truncated insert, had the same orientation as 
its wild-type MIR counterpart, to minimize the influence of vector sequence on 
transcription efficiency. 
 

3.7.3. Alu and MIR in vitro transcription 

All recombinant plasmids for in vitro transcription reactions were purified with the 
Qiagen Plasmid Mini kit (Qiagen). Reaction mixtures (final volume: 25 µl) 
contained 500 ng of template DNA, 70 mM KCl, 5 mM MgCl2, 1 mM DTT, 2.5% 
glycerol, 20 mM Tris–HCl pH 8, 5 mM phosphocreatine, 2 µg/ml alpha-amanitin, 
0.4 U/µl SUPERase-In (Ambion), 40 µg of HeLa cell nuclear extract(90), 0.5 mM 
ATP, CTP and GTP, 0.025 mM UTP and 5µCi of [α-32P]UTP (Perkin- Elmer). 
Reactions were allowed to proceed for 60 min at 30°C before being stopped by 
addition of 75 µl of nuclease free water and 100 µl of phenol:chloroform pH 5.5 
(1:1). Purified labeled RNA products were resolved on a 6% polyacrylamide, 7 M 
urea gel and visualized and quantified with the Cyclone Phosphor Imager 
(PerkinElmer) and the Quantity One software (Bio-Rad). 
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Table 1. Alus subjected to in vitro transcription analysis 
Alu Expression in cell 

lines1 
Predicted length of primary 
transcript(s)2 

AluSq2_chr1 
(chr1:61523296-61523586) 

H1-hESC, HeLa-S3, 
Hep G2, K562, NHEK 

355 (T4); 361 (T10).  

AluSx_chr1 
(chr1:235531222-235531520) 

none 328 (TAT3); 338 (TAT3); 431 
(T4) 

AluSx1_chr3 
(chr3:139109300-139109588) 

H1-hESC, GM12878 
(sporadical) 

304 (T3GT); 311 (TCT3); 437  
(TAT3); 443 (T17) 

AluY_chr7 
(chr7:73761603-73761897) 

 K562 (sporadical) 322 (T5) 

AluY_chr10-a  
(chr10:103929441-103929803) 

H1-hESC (sporadical) 370 (TCT3); 376 (T4); 397 (T6); 
406 (T3GT2)  

AluY_chr10-b 
(chr10:69524852-69525156) 

NHEK 397 (T5) 

AluSx_chr10  
(chr10:12236879-12237173) 

none 320 (T4); 456 (T6) 

AluSp_chr17 
(chr17:4295121-4295437) 

K562 387 (T3CT); 424 (TAT3); 430 
(T6) 

AluY_chr22 
(chr22:41932115-41932411) 

none 378 (TGT3); 409 (T4); 590 
(T3CT) 

1 This column lists, for each Alu element, the cell lines in which it was found to be expressed 
by RNA-seq data analysis.  
2 The reported transcript lengths were calculated by assuming as TSS the G at the first Alu 
position, located 12 bp upstream of the T with which the A box starts (TRGY…). This 
assumption is based on early in vitro transcription analyses showing that most Alu 
transcripts initiate in close proximity to the 5’ end of the consensus Alu sequence. To 
estimate the 3’ end of the transcript, both canonical (Tn with n≥4) and non-canonical T-rich 
Pol III terminators were considered downstream of Alu body sequence (indicated in 
parentheses after the transcript length); for canonical terminators, the 4 Us corresponding to 
the first 4 Ts of the termination signal were considered as part of the transcripts; for non-
canonical terminators, all the nucleotides of the terminator were considered as incorporated 
into the RNA. The underlined values are those for which a closely corresponding transcript 
was detected in transcription gels. 
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Table 2. MIRs subjected to in vitro transcription analysis 
MIR Expression in cell 

lines1 
Predicted length of primary 
transcript(s)2 

MIR_dup2285 
(chr16:22309780-22309939 

GM12878, H1-hESC, 
HeLa-S3, HepG2, 
HUVEC, K562, NHEK 

124 /131 (T4), 223/230 
(T3GT2), 243/250 (T4), 354/361 
(T3CT, downstream of annotated 
MIR but within the cloned 
sequence). 

MIR_dup3493 
(chr1:34943459-34943727) 

GM12878, H1-hESC, 
K562, NHEK 

177 (TAT3), 213 (TAT3), 277 
(T2AT2). Expected transcripts 
originating from terminators more 
downstream of the annotated MIR 
but within the cloned sequence: 
305 (T2AT2), 365 (T2AT3), 393 
(T4).  

MIRB_dup5848 
(chr:71762977-71763215) 

H1-hESC, HepG2, 
NHEK 

119 (TCT3), 256 (T3CT), 358 
(T5) 

MIRC_dup2189 
(chr14:89445565-89445634) 

 H1-hESC, K562, NHEK 137 (T3AT) and 140 (T4), 209 
(T3GT) l, 250 (T5)  

1The column lists, for each MIR element, the cell lines in which it was found to be expressed 
by ENCODE RNA-seq data analysis. 
2The reported transcript lengths were calculated by assuming as TSS the A or G residue 
closest to the position 12 bp upstream of the A box, by analogy with Alus (see Table 1). To 
estimate the 3’ end of the transcript, both canonical (Tn with n≥4) and non-canonical T-rich 
Pol III terminators were considered both within and downstream of MIR body sequence 
(indicated in parentheses after the transcript length); for canonical terminators, the 4 Us 
corresponding to the first 4 Ts of the termination signal were considered as part of the 
transcripts; for non-canonical terminators, all the nucleotides of the terminator were 
considered as incorporated into the RNA. The underlined values are those for which one or 
more closely corresponding transcripts were detected in transcription gels. In the case of 
MIR_dup2285, for which two possible A boxes could drive transcription, the expected 
lengths of both putative alternative transcripts are indicated. 
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4. Results 

4.1. ENCODE: Alus 

4.1.1. A bioinformatic pipeline for the identification of transcriptionally 
active Alu loci from RNA-Seq datasets 

The availability of RNA-Seq datasets for several human cell lines and tissues offers 
an unprecedented opportunity to identify individual, transcriptionally active Alu 
loci from the analysis of raw sequence reads. To this end, it is important to take 
into account the computational challenges posed by transcripts arising from 
repetitive elements, in particular the possible occurrence of multireads (i.e. reads 
aligning to multiple positions on the reference genome) (81). The RNA-Seq datasets 
we selected for our search are part of those established for the most recent 
ENCODE project attempt to define the landscape of transcription in human cells, 
and are all comprised of 76 nt-long paired end RNA-seq reads (91). In particular, we 
analyzed whole cell long RNA-seq data (polyA+ and polyA-) from ENCODE/Cold 
Spring Harbor Lab  
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeCshlLong
RnaSeq) for the following cell lines: GM12878 (lymphoblastoid cells), H1-hESC 
(human embryonic stem cells), K562 (chronic myelogenous leukemia cells), HeLa-S3 
(cervical carcinoma), HepG2 (hepatocellular carcinoma), HUVEC (umbilical vein 
endothelial cells), NHEK (epidermal keratinocytes). We considered in our analysis 
Alu elements differing in their location and possible mode of expression, in 
particular: (i) intergenic/antisense Alus, comprising both Alus that are not hosted 
in any annotated protein-coding or lincRNA gene and Alus that map to introns or 
exons of annotated genes, but do so in an antisense orientation (intergenic and 
antisense Alus were grouped together as they are both expected to be transcribed by 
Pol III as independent transcription units); (ii) Alus fully contained within introns 
of protein-coding or lincRNA genes in a sense orientation; (iii) Alus located within 
5’UTR or 3’UTR of annotated protein-coding genes in a sense orientation; iv) all 
other cases, including Alu RNAs fully or partially mapping to exons in a sense 
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orientation. For groups (ii)-(iv), Alu RNA synthesis should in principle occur mostly 
as part of Pol II-dependent transcription of the host transcription unit, producing 
primary or mature mRNA/lincRNA transcripts carrying embedded Alu RNA. These 
different possibilities for Alu location with respect to other transcription units are 
illustrated in Figure12. 
Figure 10 provides a schematic representation of the pipeline we devised to map 
ENCODE sequence reads to human Alu collections. Our search strategy displays 
two main features introduced to ensure as much as possible the identification of 
genuine Alu transcripts (i.e. transcripts whose start, end and sequence closely match 
those expected from Pol III-dependent transcription of a particular annotated Alu 
element). The first such feature, aimed at avoiding ambiguous mapping due to Alu 
repetitive nature, is the reconstruction of base-resolution expression profiles of 
individual Alus based exclusively on sequence reads that do not map to any other 
genomic location. This task was accomplished through the TopHat aligner, and was 
facilitated by the paired-end nature of ENCODE RNA-seq data, allowing unique 
mapping not simply on the basis of the sequence of individual reads, but also of the 
combination of sequence and colocalization of the two 76-nt mates in the same read 
pair (see Materials and Methods and Supplementary Materials for details). Such a 
‘unique’ alignment strategy (81) might lead to underestimate the number of 
expressed Alus (as well as general Alu expression levels); in particular, expressed 
Alus present in multiple identical copies would be overlooked. To take this possible 
limitation into account, a parallel and more permissive analysis was also conducted 
in which each individual read mapping to more than one site was not discarded, but 
randomly attributed to one of the matching genomic sites [‘best match’ alignment 
strategy in ref. (81)]. Most of the data presented in this study were based on unique 
alignment, as the unambiguous identification of expression-positive Alu loci was our 
main task. The less stringent, ‘best match’ alignment was only employed for some 
analyses, which would have been compromised by the exclusion of reads that were 
not uniquely mappable (see below). 
The second key feature of the search pipeline is a filter step which, by imposing a 
requirement for significantly lower read densities to the flanking regions 
immediately upstream and downstream of each Alu element, systematically excludes 
Alu RNA sequences that are part of longer, Pol II-synthesized transcripts. This 
filter is also aimed at excluding Alu RNAs that are part of Pol II transcript trailers 
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extending downstream of annotated 3’UTRs. A shortcut for the elimination of 
embedded Alu RNA could have been the a priori exclusion, from the reference Alu 
dataset, of any Alu mapping in a RefSeq gene in a sense orientation. In this case, 
however, a number of potentially interesting cases might have been overlooked. 
Indeed, the Pol III machinery might in principle also act on Alus embedded in Pol 
II gene introns or UTRs, to produce free (not embedded) Alu RNAs. As a further 
possibility, intron-located Alu RNAs might be released from the host intron RNA 
through intron processing, as it occurs for intron-derived microRNAs or snoRNAs 
(92, 93). Both nested Pol III transcription units and Alu RNA maturation from 
introns would generate Alu RNAs passing the final filter step for independently 
expressed Alu transcripts in our search pipeline. For each dataset our search thus 
considered, as potential transcript sources, all Alus (either complete or incomplete), 
while maintaining a distinction among: (i) intergenic/antisense Alus; (ii) intronic 
sense-oriented Alus; (iii) 5’/3’ UTR-embedded, sense-oriented Alus; (iv) partially or 
fully exonic sense-oriented Alus. We chose to consider as expressed those Alus with 
10 or more uniquely mapped read pairs (see the Materials and methods section for 
the rationale for this choice). 
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Figure 12. Possible localizations of Alu elements with respect to other transcription units: i) 
intergenic/antisense, comprising purely intergenic Alus as well as Alus which are not 
included in longer transcription units on the same strand, but overlap in antisense 
orientation to transcription units located on the opposite strand; ii-iii) gene-hosted, 
comprising Alus fully contained within introns or UTRs of protein-coding or lincRNA genes 
in a sense orientation; (iv) all other cases, including Alu RNAs fully or partially mapping to 
exons, or partially mapping to UTRs, in a sense orientation. 

 
4.1.2. General features of Alu transcriptomes emerging from ENCODE 

RNA-seq data analysis 

The full list of Alus identified as expressed by our search algorithm is provided in 
Supplementary Table S1. We observed that more Alu RNAs are recovered in the 
polyA- than in the polyA+ fraction of cellular RNA. In detail, 394 and 968 
individual Alu RNAs were collectively identified in polyA+ and polyA- fractions, 
respectively; among these, Alu RNAs originating from 67 Alu loci were found in 
both polyA+ and polyA- fractions. Therefore, even though Alu RNAs contain an 
intermediate A-rich spacer and a 3’-terminal poly(A) or A-rich tract which might 
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facilitate their inclusion into poly(A)-containing cellular RNA fractions (94), the A 
tracts of the majority of them are not sufficiently long for inclusion in polyA+ RNA 
A preliminary survey of base-resolution expression profiles of individual Alus 
characterized by different locations suggested that the search pipeline was very 
effective in identifying intergenic Alus autonomously expressed from their Pol III 
promoter. Several cases of gene-hosted, sense-oriented Alus, whose transcripts 
appear to accumulate independently from host gene expression, could also be 
identified. Among Alu RNAs mapping to gene-hosted elements, however, the final 
filter step did not appear to be completely effective in excluding spurious Alu RNA 
sequences that are probably part of longer intronic or messenger RNA molecules. 
Such ambiguous signals were frequently observed in correspondence of incomplete 
Alu elements, whose base-resolution profiles, allowing them to pass the filter test, 
could be explained by the presence of transcribed non-Alu sequences flanking the 
incomplete Alu upstream and/or downstream, but likely deriving from Pol II 
transcription of the host gene. For these reasons, we decided to mainly focus on the 
expression of intergenic/antisense Alus, while a few examples of gene-hosted Alus 
will be addressed later in the Results section. 
As summarized in Table 3, each of the cell lines expressed a limited number of Alu 
elements (ranging from 149 in the case of Gm12878 cells to 425 in the case of 
HepG2 cells). Of the whole set of 1295 expression-positive Alu loci, about 30% 
displayed an intergenic/antisense location (including both purely intergenic Alus 
and Alus overlapping with annotated genes in an antisense orientation). Among 
expression-positive intergenic/antisense Alus, a significant percentage (~22%) 
actually mapped in antisense orientation to introns of annotated, Pol II-transcribed 
genes (including 10 lincRNA genes). A consistent fraction (20%) of the expression-
positive intergenic/antisense Alus were found to be expressed in more than one cell 
line. On average, ~40% of intergenic/antisense Alus expressed in a cell line were also 
expressed in at least one other cell line. Given the extremely high number of 
genomic Alus which could in principle be expressed, on the order of hundreds of 
thousands, such a marked sharing of actually expressed Alus among different cell 
lines, each of which expresses no more than 0.1% of total Alus, points to the 
existence of a tiny subset of “transcription-prone” Alu elements, within which cell 
type-specific differences in Alu expression profiles can be established. Alus have been 
classified into three main subfamilies, called AluJ, Alus and AluY, and it has been 
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proposed that AluY elements, being the youngest evolutionarily, and thus the less 
degenerated in sequence, might represent the most transcriptionally active 
subfamily, in agreement with the observation that the only known Alu elements 
currently active in retrotransposition in the human genome belong to the AluY 
subfamily (95). We thus asked whether a higher tendency to be expressed could be 
put in light for AluY with respect to AluJ and Alus subfamilies. As summarized in 
Table 4, no significant over-representation of any particular Alu subfamily within 
the set of expressed Alus was observed when intergenic Alus only were considered, 
while AluY, somehow unexpectedly, appeared to be slightly under-represented when 
the full set of expression-positive Alus was considered. Since the above data are 
based on uniquely mapped reads, the younger AluY subfamily, whose individual 
members tend to be more homogeneous in sequence, could be under-represented 
among expression-positive Alus simply because of a wider exclusion of the 
corresponding reads as non-uniquely mapped. To avoid such a possible bias, we 
interrogated for Alu subfamily representation an Alu expression dataset generated 
through a variant of our search pipeline in which the TopHat aligner, through the “-
g1” setting, distributes multireads randomly across equally good loci (see 
Supplementary Materials). We reasoned that, in this way, most AluY multireads, 
discarded in the unique alignment, would be attributed to members of the same 
subfamily. As shown in Table 4, the AluY under-representation was less marked in 
this case, thus leading to conclude that no differential expression of specific Alu 
subfamilies is put in evidence by our analysis. 
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Table 3. Statistics of expression-positive Alu elements in selected cell lines 

Cell line Total 
Alus1 

Intergenic/antisense Intergenic/antisense 
shared2 

Antisense 
to introns3 

GM12878 149 48 21 13 
H1-hESC 257 92 28 12 
HeLa S3 276 44 32 7 
HepG2 425 88 31 19 
HUVEC 326 36 18 4 
K562 154 71 33 20 
NHEK 231 130 38 34 
     
ALL4 1295 386 78 87 
1 For each cell line, the column reports the number of Alus considered as autonomously 
expressed in both ENCODE RNA-seq replicates.  
2 For each cell line, the column reports the number of intergenic Alus that are also expressed 
in one or more different cell lines. 
3 Reported in this column are the numbers of intergenic Alus mapping with an antisense 
orientation to introns of both protein-coding and lncRNA genes. 
4 The numbers in this raw refer to individual Alus expressed in one or more cell lines. 
 

Table 4. Subfamily distribution of expression-positive Alus 

Alu 
subfamily 

Total 
genomic1 

Expressed 
genomic1 

Total 
intergenic/ 
antisense1 

Expressed 
intergenic/ 
antisense1  
(copy 
number) 

Expressed 
intergenic/ 
antisense2 
(read count) 

S 675428 
(60%) 

735 (57%) 513048 
(60%) 

219 (57%) 62% 

J 307612 
(27%) 

479 (37%) 225907 
(27%) 

112 (29%) 27% 

Y 140707 
(13%) 

81 (6%) 107922 
(13%) 

55 (14%) 11% 

TOTAL 1123747 1295 846877 386 100% 
1 Reported are the absolute copy numbers and (in parentheses) the percentages of Alus of 
each sub- family considered relative to (from left to right): the total set of genomic Alus 
(“Total genomic”); the set of Alus found to be expression-positive in one or more cell line 
(“Expressed genomic”); the total set of intergenic/antisense Alus; the set of 
intergenic/antisense Alus found to be expression-positive in one or more cell lines;  
2 This column refers to the dataset of expressed intergenic/antisense Alus generated through 
a variant of the search pipeline in which the TopHat aligner, through the “-g1” setting, 
distributes multireads randomly across equally good loci. 
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Of the 1295 unique putative Alu transcripts discovered by our bioinformatic 
pipeline, approximately 9% are expressed in at least 3 cell lines, while ~75% of them 
turned out to be cell type-specific (see Supplementary Table S1). Thus, despite the 
tiny fraction (0,01%) of Alu loci found to be expressed among the ~1.1 million Alus 
in the human genome, these results suggest that Pol III-transcribed Alu RNAs 
derive from a small subset (~100) of ubiquitously expressed Alu elements, and from 
a larger subset (~1000) that tends to vary by cell type, state, growth conditions. 
This observation is in agreement with the results of recent human transcriptome 
analyses, showing a marked cell line specificity as the main feature of RNAs 
transcribed from repeated regions, including LINEs and SINEs [30]. A heatmap 
visualization of cell lineage-specific Alu expression is reported in Figure 13. 
 

Figure 13. Cell lineage-specificity of Alu expression. Shown is the heatmap of 
expression-positive Alus from the indicated cell lines, sorted on the basis of cell-line specific 
expression, displaying ubiquitously expressed/non-specific Alus (left), and tissue-specific Alus 
(right). 

 
4.1.3. Survey of expressed intergenic Alus according to location and 

base-resolution expression profiles 

The inspection of individual expression profiles reconstructed through our analysis 
for intergenic Alus revealed different types of profile that deserve circumstantial 
examination. In particular, profiles were observed which can be roughly summarized 
as: whole Alu, left-monomer, right-monomer coverage. 
Figure 14 shows examples of the occurrence of these expression profiles for both 
purely intergenic and intron-antisense Alus. For the AluSg reported in Figure 14A, 
found to be expressed in three different cell lines (H1hESC, K562 and NHEK), a 
complete and precise coverage of the Alu by uniquely mapping sequence reads was 
observed. An inspection of its sequence revealed that this Alu possesses canonical A- 
and B-boxes, as well as a Pol III termination signal located ~20 bp downstream of 
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the 3’ poly(dA) tail, thus suggesting that Pol III transcription of this intergenic 
transcription unit generates a specific, ~300 nt-long Alu RNA. Figures 14B and 14C 
show typical examples of expression profiles corresponding to truncated Alu 
transcripts. Frequently, sequence reads tended to cover either the left or the right 
monomer of a complete Alu element. For the AluY of Figure 14B, sequence reads 
precisely covered the left monomer sequence, up to the short A-rich region 
(A5TACA6) separating the two Alu monomers. Given the absence of Pol III 
termination signals within the body of this Alu, the short transcript likely belongs 
to the previously reported family of small cytoplasmic (sc) Alu RNAs (96), being 
generated by processing of a full-length primary Alu transcript (97). Truncated Alu 
transcripts like the one reported for the AluSc in Figure 14C are more difficult to 
interpret based on our current understanding. In this case the transcript appears to 
start just downstream of the internal A-rich region, suggesting that right monomer 
Alu RNA fragments might also be generated through processing of full-length 
precursors. Incomplete coverage of some Alus might in principle be due to the fact 
that these Alus possess sequence tracts (corresponding to the uncovered regions) 
that are identically repeated at other genomic locations, such that mapping reads 
would be non-unique and thus discarded. To explore this possibility, we looked at 
the coverage profiles obtained for some of these Alus (those in Figures 14B and 
14C) using the TopHat bam file generated with default settings, and thus reporting 
up to 20 alignments for multi-mapped reads. We still observed the same incomplete 
coverage for all of these Alus (Supplementary Figure S1). Incomplete expression 
profiles are thus unlikely to be due to multimapping issues, as they are not 
appreciably changed by multiread-permissive alignment. Furthermore, the fact that 
the same partial coverage profiles were also observed with STAR alignment (also 
shown in Supplementary Figure S1) argues against partial coverage being an aligner 
artefact. In Figure 14D, the whole AluY element (mapping with antisense 
orientation to the second intron of the COL4A1 gene) is covered by sequence reads 
all along its extension, but with a double-humped profile in which two peaks are 
approximately centred on the left and right monomer of the Alu element. This type 
of profile was much more frequently observed in our analyses than the more 
continuous type of profile such as the one shown in Figure 14A. As a tentative 
explanation, we reasoned that, since a full-length Alu transcript is on average 300-nt 
long, the post-fragmentation selection of 200 bp fragments during RNA-seq library 
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preparation (91) should produce a relative enrichment in fragments containing 
either the 5' or the 3' end of the Alu cDNA. Sequencing of the 3' and 5' ends of 
such cDNA fragments would lead to an under-representation of the central part of 
the transcript, and thus to the generation of two-humped base-resolution profiles. 
We also identified cases of incomplete Alu elements (Alu monomers) whose 
corresponding RNAs extend upstream or downstream of the annotated Alu 
monomer. Figure 14E shows the case of a 150-bp long, right AluSx monomer 
(mapping with an antisense orientation to the first intron of HRH1, just upstream 
of the next-to-last exon), whose sequence read coverage extend ~60 bp upstream, 
delineating a transcription unit starting upstream of the Alu monomer, within an 
Alu-unrelated region, and including the Alu right monomer as the downstream 
moiety of the transcript. A complementary example of an Alu left monomer being 
part of a longer transcription unit extending downstream is reported in Figure 14F, 
showing the expression profile of a purely intergenic AluSg7. Here a ~120-bp left 
monomer containing A- and B-boxes appears to direct the synthesis of a transcript 
ending approximately 180 bp downstream, at a position which is only ~400 bp 
upstream of the TSS of the SEC61G gene. Through parallel analysis of ENCODE 
ChIP-seq data of Pol III components, we noted the existence of Pol III and TFIIIC 
association peaks precisely mapping to this Alu, an observation supporting the 
conclusion that it constitutes a bona fide Pol III transcription unit. (A more 
exhaustive account of parallel analysis of ENCODE ChIP-seq data will be provided 
below). Through the “-g1” variant of our search algorithm, attributing multireads 
randomly to one of the hits, we observed another interesting case of an Alu left 
monomer directing the transcription of a longer transcription unit (see below 
“Identification of a novel AluYa5-derived Pol III transcript”). Expression of Alu 
monomers is thus likely to be more frequent than commonly thought, in agreement 
with the observation of recent Alu monomer insertions, some of which generated 
through retroposition (98). Interestingly we observed, as a general trend for 
expression-positive Alu monomers, that transcripts mapping to left and right Alu 
monomers extend downstream and upstream of the monomer, respectively, in 
agreement with the fact that Alu left monomers generally contain a functional Pol 
III promoter, able to direct transcription of the monomer itself followed by 
downstream sequences until a Pol III terminator is encountered, while Alu right 
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monomers do not contain a Pol III promoter and thus their expression requires 
incorporation into an upstream initiated transcript. 
 

Figure 14. Base-resolution expression profiles for six representative Alus of 
the intergenic/antisense type. Panels A-C and F refer to purely intergenic Alus, 
panels D and E to two antisense Alus. Shown are the Integrative Genomics Viewer 
(IGV; http://www.broadinstitute.org/igv/home) visualizations of RNA-seq stranded 
expression profiles (in bigwig format) around Alu loci in the cell lines indicated either on 
the left (A-E) or on the right (F) of each panel. r1 and r2 indicate the two independent 
replicates found in ENCODE data. The orientation and chromosomal coordinates of 
each Alu, as well as the overlapping (antisense) or nearby RefSeq genes, are indicated in 
each panel. The dark red bars in panel F indicate regions associated to either TFIIIC 
(Tf3c1 track) or Pol III (Rpc155 track) in HeLa cells as derived from ENCODE ChIP-
seq data. 
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4.1.4. Evidence for independent expression of gene-hosted, sense-
oriented Alus 

Even though Alus located within intron or exons (including UTRs) of Pol II-
transcribed genes are expected to be mostly transcribed as part of longer Pol II 
transcripts, we addressed the possibility that a few of them might be transcribed as 
autonomous Pol III transcription units or, more generally, that the corresponding 
Alu RNAs might accumulate to a detectable extent independently from host gene 
expression. The final filter step of our search algorithm is devised to produce an 
enrichment of such Alu RNA species, as it imposes a strong reduction in the number 
of sequence reads mapping to regions flanking the gene-hosted Alus, thus favouring 
isolated expression signals centred on Alu elements. By inspecting the profiles of 
many gene-hosted (especially intron-hosted) Alus that had been identified as 
expression-positive in our search, we confirmed the presence of Alu-centred 
expression signals as expected on the basis of our filter step; the Alu peaks, 
however, were frequently preceded and/or followed by expression peaks mapping to 
Alu-less surrounding regions, thus suggesting the possibility that Alu signals, as well 
as the surrounding signals, might represent fragments of longer intron RNAs. In a 
limited number of cases, however, Alu expression profiles were suggestive of the 
presence of autonomous Alu transcription units. One such case is illustrated in 
Figure 15A, showing the base-resolution expression profile of an AluSx1 located, in 
a sense orientation, within the first intron of SRGAP2, a gene involved in human 
brain development and evolution (99). The AluSx1 is followed immediately 
downstream by an AluSp with the same orientation, to which a few sequence reads 
also map. The left monomer of the AluSx1 has canonical A- and B-boxes, but the 
first potential Pol III terminator is located downstream of the AluSp, thus 
suggesting that these two Alus might be transcribed into a dimeric Alu primary 
transcript. A similar situation is illustrated by the example in Figure 15B, reporting 
the profile of an intronic sense-oriented AluY located between exons 9 and 10 of 
ZC3H3 gene. This Alu Y is endowed with A- and B-boxes, and even if there is no 
recognizable Pol III termination signal separating the AluY from the AluSq located 
immediately downstream with the same orientation, transcription appears to 
terminate just downstream of the first Alu, given the absence of sequence read 
coverage of the second Alu. However, through parallel analysis of ENCODE ChIP-
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seq data of Pol III factors, we noted that Pol III (and TFIIIC) appear to be 
associated with a region encompassing both AluY and the downstream AluSq, as if 
both were part of the same transcription unit. An intriguing example of 
independent accumulation of intronic Alu RNA is provided by the AluJb located 
within the intron separating exons 35 and 36 of USP34 (Figure 15C). The 
expression levels of this left Alu monomer (whose transcripts extend downstream by 
~70 bases) appear to be inversely correlated with the levels of exon 37 expression in 
the different cell lines, suggesting mutual expression interference. A few cases of 
independently expressed Alus located within lincRNA gene introns were also 
observed. One of them is illustrated in Figure 15D, showing the base-resolution 
profiles of an AluY hosted in a sense orientation between exons 4 and 5 of lincRNA 
gene TCONS_I2_00015350 on chromosome 2. ChIP-detected association of Pol III 
and TFIIIC with this Alu locus further argues that it is a genuine Pol III 
transcription unit. Finally, as exemplified in Figure 15E, 3’ UTRs can also host 
sense-oriented Alus whose transcripts accumulate independently from the 
corresponding mRNA. 
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Figure 15. Base-resolution expression profiles for five representative gene-hosted, 
sense-oriented Alus. Panels A-C refer to Alus hosted within introns of RefSeq genes, panel 
D to a 3’UTR-hosted Alu, panel E to an Alu hosted within a a lincRNA gene intron. Shown 
are the IGV visualizations of RNA-seq stranded expression profiles (in bigwig format)  
around Alu loci in the cell lines indicated either on the left (A-D) or on the right (E) of each 
panel. r1 and r2 tracks refer to the two independent replicates found in ENCODE data. The 
orientation and chromosomal coordinates of each Alu, as well as the host RefSeq or lincRNA 
genes, are indicated in each panel. The dark red bars in panels B and F identify regions 
associated to the indicated Pol III transcription component (Bdp1, Tf3c1 or Rpc155) in 
either K562 or HeLa cells as derived from ENCODE ChIP-seq data. 
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4.1.5. Association of the Pol III machinery to expression-positive Alus 

Several genome-wide association studies based on ChIP-seq approaches have been 
conducted in the last few years with the aim of producing complete inventories of 
Pol III-transcribed genes (reviewed in (24)). Each of these studies identified a 
variable (generally small) number of Alus associated to the Pol III machinery. In a 
recent study, an integrated, comparative evaluation of Pol III-associated Alus was 
carried out through a synopsis of several ChIP-seq studies (70). We asked whether 
there is any significant overlap between the set of Alus identified as expressed in our 
analysis and the Pol III-associated Alus in ChIP-seq studies. To address this point 
we took advantage of the availability, within the ENCODE data, of ChIP-seq 
datasets, relative to both K562 and HeLa-S3 cell lines, for key components of the 
Pol III transcription machinery: Bdp1 and Brf1 (components of TFIIIB), Rpc155 
and TFIIIC110 (subunits of RNA polymerase III and TFIIIC, respectively). 
Supplementary Table S2 lists the expression-positive Alus that are also associated 
to Pol III components in HeLa and K562 cells. In HeLa cells, 15 out of 276 
expression-positive Alus (~6%) were found among those associated to one or more 
components of the Pol III machinery in the ENCODE datasets. When the 
comparison was restricted to the 44 intergenic Alus detected as expressed in HeLa 
cells, a much higher fraction of them (29%, 13 Alus) were also associated with the 
Pol III machinery, with 11 Alus being associated with at least two transcription 
components and 8 with three components representing the whole machinery 
(TFIIIB, TFIIIC, Pol III). P-values for association of Bdp1, TFIIIC110 and Rpc155 
with intergenic expressed Alus (vs. the whole set of intergenic Alus) were all < 10-14. 
Similarly, when K562 cells were considered, a significant percentage of expression-
positive Alus was Pol III-associated and most strikingly, of the 71 intergenic 
expression-positive Alus in these cells, 31 (corresponding to 44%) were found 
associated with at least one component of the Pol III machinery. P-values for 
association of Bdp1, TFIIIC110 and Rpc155 with intergenic expressed Alus (vs. the 
whole set of intergenic Alus) in K562 cells were < 10-15 (Supplementary Table S2). 
Specifically, of the intergenic Alus whose expression profiles were shown in Figure 
14, three were found to be associated to either Pol III (chr13:110874838-110875148, 
panel D) or Pol III and TFIIIC (chr6:28865885-28866188, panel A; chr7:54827531-
54827649, panel F). Interestingly, a few intronic sense-oriented Alus identified as 
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autonomously expressed were also found to be associated with components of the 
Pol III machinery; among them were those whose profiles are shown in Figure 15B 
(chr8:144536573-880) and 15D (chr2:65794641-929). Altogether these findings 
confirm the effectiveness of our Alu RNA detection procedure, especially in the case 
of intergenic Alus but also for intron-hosted elements, and suggest the existence, in 
each cell type, of a very small and specific subset of individually trackable, 
transcription-prone Alus. We noted that only four Alu elements were found to be 
expressed and Pol III-associated in both K562 and HeLa cell lines (chr1:61523296-
61523586; chr10:5895538-5895651; chr1:28672563-28672802; chr8:144536572-
144536880), suggesting a high plasticity of the Alu transcriptome. 
 

4.1.6. Identification of a novel AluYa5-derived Pol III transcript 

In parallel with a stringent search procedure based on a ‘unique alignment’ strategy, 
we also applied to ENCODE RNA-seq datasets a ‘best match’ alignment strategy 
(81), in which multireads are attributed randomly to one of the hits, with the aim 
of detecting expressed Alus whose presence in multiple identical copies in the 
genome would prevent their identification as expression-positive in the unique 
alignment strategy. In this case, the analysis was restricted to intergenic/antisense 
Alus. As expected, a significantly higher number of intergenic/antisense Alu 
elements were identified with respect to ‘unique alignment’ search (705 versus 386). 
Through systematic inspection of Alus found as expression-positive in at least three 
cell lines, we discovered multiple (~20) almost identical copies of an AluYa5 left 
monomer, encompassed within the recently described snaR A/C and snaR A/B/D 
clusters on the q-arm of chromosome 19 (100). Base-resolution expression profiles of 
these AluYa5 elements suggest that transcription initiates at the Alu monomer and 
continues downstream of it, in a 3’-flanking region whose sequence is Alu-unrelated. 
In this respect these transcription units, hereafter referred to as Ya5-lm (for left 
monomer of Alu Ya5), resemble the BC200 RNA gene, which can also be described 
as a transcriptionally active Alu element consisting of an upstream monomeric Alu 
repeat followed by a non-repetitive domain (101). The base-resolution expression 
profile of three clustered Ya5-lm elements is shown in Figure 16A, in which their 
expression can be directly compared with the Pol III-dependent expression of 
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interposed SNAR-A3 elements. Reported in Figure 16B are the sequence and the 
general organization of Ya5-lm. The upstream AluYa5 monomer contains typical 
Alu A- and B-boxes (with the A-box differing from canonical tRNA A-box for a C 
instead of G at the last position; (27)), and ends with an A-rich motif. Downstream 
of this motif the sequence of the Ya5-lm transcription unit diverges from consensus 
Alu sequence (Figure 16C). The first potential Pol III termination signal (TTTT) 
starts at position +260, almost exactly corresponding to the end of sequence read 
coverage. The snaR genes on chromosome 19 are arrayed in two large inverted 
regions of tandem repeats, with the two clusters (A/C and A/B/D) separated by a 
2-Mb region (100, 102). We found that these two clusters contain 11 and 10 copies 
of Ya5-lm, respectively. In both clusters, all Ya5-lm, separated from each other by 
~5300 bp, have the same orientation as snaR genes, and each of them is separated 
by ~1800 bp and ~3300 bp from the upstream and downstream snaR gene, 
respectively. As the Ya5-lm copies on chromosome 19 are almost identical, it is 
difficult to specifically attribute to one or more of them the mapping sequence 
reads. Nevertheless, since the non-repetitive sequence domain downstream of 
AluYa5 monomer is not found at any other locus in the genome, there is no doubt 
that one or more of these genes are transcribed to produce a novel type of Alu-
derived Pol III transcript. In support to this conclusion are ChIP-seq data from Pol 
III genome-wide location studies available at ENCODE. In one of them, Pol III-
associated loci in K562 cells were identified through ChIP-seq using an antiserum 
against the Pol III largest subunit Rpc155 (103). Analysis of Rpc155 ChIP signals 
revealed a peak precisely overlapping with the AluYa5 identified by the coordinates 
chr19:50640453-50640584, and by transcript coverage, in both HeLa and K562 cells 
(Figure 16D). It is thus likely that only one (or a small subset) of the Ya5-lm 
elements on chromosome 19 are transcriptionally active. The attribution of 
multireads randomly to one of the hits in the ‘best match’ alignment strategy 
explains why all Ya5-lm copies are covered by sequence reads (as exemplified in 
Figure 16A). 
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Figure 16. Novel AluYa5-derived transcription units associated to snaR clusters. 
(A) Genome browser visualization of RNA-seq stranded expression profiles of three AluYa5-
derived transcription units (Ya5-lm, indicated by red arrows) within the snaR A/C/D cluster 
on chromosome 19 (100). (B) Transcription unit architecture and sequence of a Ya5-lm 
repeat (coordinates in parentheses). (C) Sequence alignment of Ya5-lm with Repbase 
reference sequences for AluYa5 and AluYb8. (D) Genome browser visualizations of RNA-seq 
stranded expression profiles around the Ya5-lm element represented in panel B, in the cell 
lines indicated on the left. The dark red bars identify regions associated to Pol III (Rpc155 
subunit) in either K562 or HeLa cells as derived from ENCODE ChIP-seq data. 
 

4.1.7. In vitro transcription analysis of expressed and silent Alu 
elements 

The ability to detect in vivo expression of individual Alu elements prompted us to 
verify whether Alus with different expression levels can also be differentiated for 
their in vitro transcription behaviour. To this end, we focused on a small subset of 
Alu loci, representative of different types of expression profiles based on the 
analyzed RNA-seq datasets. These loci are listed in Table 1. One of them, 
AluSq2_chr1:61523296-61523586, appears to be expressed in five different cell lines 
(H1-hESC, HeLa-S3, Hep G2, K562, NHEK), and was also found associated to the 
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Pol III machinery in both HeLa and K562 cells (see Supplementary Table S2).  This 
Alu was thus chosen as representative of ubiquitously expressed Alus. Moreover, 
this Alu is peculiar in sequence as it lacks the internal A-rich motif A5TACA6, 
which is replaced by A3G. Two other loci, AluY_chr10:69524852-69525156 and 
AluSp_chr17:4295121-4295437, are expressed above our chosen threshold in only 
one out of seven cell lines [NHEK and K562 cells, respectively; but lower levels of 
expression were detectable in other cell types; interestingly, AluY_chr10 is among 
the few Alus identified as expressed in this study that were also among the 
candidate source Alus in a recent analysis (70)]. Three loci 
(AluSx1_chr3:139109300-139109588, Alu Y_chr7:73761603-73761897, AluY-
_chr10:103929453-103929749) were found to be expressed in a somewhat sporadical 
manner (i.e. in no more than two cell lines and in one replicate only); however, 
based on ENCODE ChIP-seq data, each of them is associated to one or more 
components of the Pol III machinery. The remaining three loci 
(AluSx_chr1:235531222-235531520, AluSx_chr10:12236879-12237173, AluY-
_chr22:41932115-41932411) were not found to be detectably expressed by our 
analysis, even though the AluSx on chromosome 10 was Pol III-associated based on 
ENCODE ChIP-seq data. Five of these Alus have a purely intergenic location (i.e. 
they do not overlap with any other transcription unit in either antisense or sense 
orientation), while four of them are antisense with respect to introns of protein-
coding genes. Interestingly one of them, AluY_chr22:41932115-41932411, maps in 
antisense orientation to intron 2 of POLR3H, coding for the 22.9-KDa subunit of 
RNA polymerase III (RPC8/RPC22.9), thus suggesting a possible role of this 
element in POLR3H gene regulation, as already proposed for a MIR elements 
located on the minus strand within the first intron of both human and mouse genes 
coding for the RPC5 subunit of Pol III (42, 44). The other selected antisense Alus 
map to: the first intron of TBCE (Tubulin Folding Cofactor E) gene 
(AluSx_chr1:235531222-235531520); the third intron of CLIP2 gene 
(AluY_chr7:73761603-73761897); the first intron of NUDT5 gene 
(AluSx_chr10:12236879-12237173). The 9 selected Alu elements were PCR-amplified 
from human genomic DNA, cloned into pGEM-T-easy vector, and tested for their 
ability to support efficient in vitro transcription using a HeLa cell nuclear extract. 
To verify that the observed transcripts were produced by the Pol III machinery, 
reactions were conducted in the presence of α-amanitin at a concentration (2 μg/ml) 
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known to completely inhibit RNA polymerase II activity, and transcription 
reactions were also programmed in parallel with a mutant version of each Alu 
element, in which the B box internal promoter element was mutationally 
inactivated. The results of in vitro transcription analysis are shown in Figure 17. 
Control transcription reactions were programmed with empty pGEM-T-easy 
plasmid (lanes 1, 11, 21) and the same vector carrying either (lane 2, 12, 22) a 
previously characterized, transcriptionally active Alu (AluSx1_chrX:24096144-
24096441, producing  a 372-nt transcript; Orioli, A. and Dieci, G., unpublished 
data) or (lane 3, 13, 23) a tRNAVal(AAC) gene (TRNAV18, chr6) whose 
transcription produces three different primary transcripts (of 87, 112 and 142 nt) 
because of heterogeneous termination at one of three consecutive termination signals 
(31). Each of the tested Alu elements produced a well-defined pattern of 
transcription, in which the sizes of the longest and most abundant transcripts 
matched those predicted on the basis of sequence inspection of the Pol III 
termination signals, either canonical (a run of at least four Ts) or non-canonical 
(31), in the 3’-flanking region. The observed transcription efficiencies of all Alus 
were comparable (with the exception of AluSx_chr1 (lane 7) producing low levels of 
transcription products heterogeneous in size), indicating that their different 
tendency to be transcribed in cultured cells is not due to differences in cis-acting 
elements recognized by the basal Pol III transcription machinery. When the Alu B 
box was mutationally inactivated (by substituting CG for the invariant TC 
dinucleotide of the B box consensus sequence GWTCRAnnC), a dramatic reduction 
in Alu transcription efficiency was observed, thus confirming the essential character 
of this element for Alu transcription (30). 
Upstream flanking sequences have previously been shown to influence transcription 
efficiency of Alu and other SINEs both in vitro and in transfected cells. In 
particular, upstream deletion mutants of an individual Alu element displayed 
reduced transcription efficiency, possibly due to the loss of interactions with 
sequence-specific  transcription factor(s) (28). In another study, upstream sequences 
already known to stimulate transcription of Pol III-transcribed genes (such as vault 
or U6 RNA genes) were shown to stimulate SINE transcription in chimeric 
constructs (29). To explore more extensively the role of upstream regions in Alu 
transcription, we constructed 5’ deletion mutants of the 9 isolated Alus and 
compared their in vitro transcriptional activity with the one of wild type constructs. 
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In each case, the natural upstream sequence up to position -12 (or -15 for 
AluSx_chr10)  was replaced by vector sequence, and care was taken to have each 
wt-deleted Alu pair inserted into plasmid vector with the same orientation, to 
minimize differences in transcription due do different vector sequence contexts. As 
shown in Figure 18, as a general trend, upstream sequence deletion negatively 
affected transcription; however, the extent of transcription inactivation varied 
markedly among the different Alus. Transcription of upstream deleted Alus was 
reduced by 4 to 5 fold in the case of AluSx_chr1 and AluSx_chr10 and 
AluSp_chr17 (cf. lanes 7, 25 and 27 with lanes 8, 26 and 28, respectively), while it 
was not appreciably affected in AluY_chr10-a (lanes 19 and 20) and only 
moderately reduced (~1.5 fold) in the case of AluSq2_chr1 and AluSx1_chr3 (cf. 
lanes 5 and 9 with 6 and 10, respectively). Overall the data consolidate the notion 
that the nature of the upstream region may strongly influence Alu transcription; 
however, they do not reveal any obvious correlation between upstream sequence 
dependency and in vivo expression profiles. 
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Figure 17. In vitro transcription analysis of wild type and B box-mutated Alu 
loci. In vitro transcription reactions were performed in HeLa nuclear extract using 0.5 mg of 
the indicated Alu templates (lanes 5–10, 15-20, 25-30). A previously characterized Alu 
producing a 372-nt RNA (lanes 2, 12, 22) and a human tRNAVal gene producing a known 
transcript pattern due to heterogeneous transcription termination (lanes 3, 13, 23) (31) were 
used as positive controls for in vitro transcription and, at the same time, as a source of RNA 
size markers. Negative control reactions contained either empty pGEM®-T Easy vector 
(lanes 1, 11, 21) or no template DNA (no-template control (NTC), lanes 4, 14, 24). For each 
Alu, both the wild type and a B box-mutated (Bmut) version were tested. 
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Figure 18. In vitro transcription analysis of upstream deleted Alu loci. In vitro 
transcription reactions were performed in HeLa nuclear extract using 0.5 mg of the indicated 
Alu templates (lanes 5–10, 15-20, 25-30). A previously characterized Alu producing a 372-nt 
RNA (lanes 2, 12, 22) and a human tRNAVal gene producing a known transcript pattern due 
to heterogeneous transcription termination (lanes 3, 13, 23) (31) were used as positive 
controls for in vitro transcription and, at the same time, as a source of RNA size markers. 
Negative control reactions contained either empty pGEM®-T Easy vector (lanes 1, 11, 21) 
or no template DNA (no-template control (NTC), lanes 4, 14, 24). For each Alu, both the 
wild type and a mutant version lacking most of the native 5’-flanking region (5’del) were 
tested. For each of the nine Alus subjected to 5’-flank deletion, the extent of reduction of 
transcription activity, observed with respect to the corresponding wild type Alu, is reported 
below the lanes corresponding to each wt-mutant pair. The values represent the average of 
two independent transcription experiments that differed by no more than 20% of the mean. 
 

4.1.8. Association with transcription factors of expression-positive Alus 

The influence of upstream region on Alu transcription might be mediated by 
transcription factors (TF) specifically interacting with this region. The availability 
of ChIP-seq datasets for several transcription factors (TF) within ENCODE 
prompted us to assess whether the Alus identified as expressed through RNA-seq 
data analysis tend to be associated with one or more Pol II TF, in addition to the 
known components of the Pol III machinery. The results of this analysis are 
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reported in detail in Supplementary Table S3. Since the different cell lines selected 
for our study have been subjected to ChIP-seq analyses for a highly variable 
number of TFs 
(https://genome.ucsc.edu/ENCODE/dataMatrix/encodeChipMatrixHuman.html), a 
high variability of TF association was observed among them, both in terms of total 
number of TF-bound Alus (ranging from 17 to 79) and in terms of the number of 
TFs associated to each Alu. As a general trend, intergenic/antisense Alus tend to be 
strongly enriched for the presence of TFs associated with their upstream region, 
with respect to gene-hosted Alus. Apart from the components of the Pol III 
transcription machinery (including TBP), the transcription proteins most frequently 
associated to expressed Alus in most cell lines were the transcription regulator and 
genome organizer CCCTC-binding factor (CTCF), RNA polymerase II (detected 
through its largest subunit Rpb1) and the Pol II transcription factor JunD. All of 
these proteins have previously been shown to colocalize with active Pol III-
transcribed loci (especially tRNA genes), where CTCF might contribute to the 
increasingly recognized function of these loci in nuclear organization and insulation 
(104-107). Their association to expression-positive Alus thus strengthens the notion 
that the expression-positive Alu loci identified in this study resemble the other Pol 
III-transcribed genes not only for their transcription properties but also for their 
extra-transcriptional function in genome organization. Furthermore, our analysis 
revealed a clear cell line-specific association of expression-positive Alus with 
CCAAT/Enhancer Binding Protein β (CEBPB), which was one of the two most 
frequently matching TFs in HeLa, HepG2 and K562 cells (see Supplementary Table 
S3; P-values for enrichment of CEBPB at expression-positive Alu loci with respect 
to total Alus were lower  than 10-5, 10-10 and 10-6 for HeLa, HepG2 and K562 cells, 
respectively). This protein was not previously reported to be enriched at other Pol 
III-transcribed genes; it might thus represent a novel, Alu-specific TF facilitating 
Alu transcription. 
ChIP-seq analyses have provided recently a considerable wealth of information on 
histone modification marks at Pol III-transcribed genes, revealing a broad similarity 
between epigenetic marks typical of active Pol II- and Pol III-transcribed genes, 
together with a few possibly significant differences (104). The search for histone 
modification profiles typical of expressed Alu loci on the basis of ENCODE ChIP-
seq data, that we performed by focusing on purely intergenic expressed Alus, did 
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not produce easily interpretable results, possibly because of the too low number of 
analysed loci (data not shown). From the data in Supplementary Table S3, 
however, we noticed that in HepG2, HeLa and K562 cells the P300 acetyltransferase 
(EP300) is among the top ten TFs associated to expression-positive Alus (with a P-
value < 10-12 for enrichment at expression-positive Alu loci with respect to total 
Alus in both HeLa and K562 cells) thus suggesting that these Alus might be 
characterized by high levels of histone acetylation, in agreement with the results of 
a recent study showing an enrichment of H3K27ac and P300 at enhancer-like Alu 
elements (52). 
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4.2. ENCODE: MIRs 

4.2.1. A bioinformatic pipeline for the identification of transcriptionally 
active MIR loci from RNA-Seq datasets 

To leverage the potential of the search algorithm employed above for Alu 
transcriptome profiling, we developed a Python script in order to improve the 
identification of genuine Pol III SINE transcripts (see Methods and Supplementary 
Materials). Here we focused on the identification of MIR transcripts by applying the 
SINEsFind bioinformatic pipeline (par. 3.2.2), summarized in Figure 11, to the 
previously aligned Long RNA-Seq reads from ENCODE. 
We considered in our analysis a subset of the whole annotated MIR elements from 
hg19 UCSC Table browser Repeatmasker track classified according to their genomic 
location: 1) MIR mapped in intergenic region or within RefSeq, Ensembl and 
lincRNA genes but in antisense orientation (from here on named 
“intergenic/antisense”) and 2) MIR fully contained within introns of  RefSeq, 
Ensembl and lincRNA genes in sense orientation and not overlapping with any 
exon. 
All the presented results arise from uniquely aligning RNA-seq reads, being the 
unambiguous identification of expressed MIR elements our main goal. 
 

4.2.2. General features of MIR transcriptomes emerging from ENCODE 
RNA-seq data analysis 

A preliminary survey of the expression coverage of the MIR loci identified as 
expression-positive showed us both convincing MIR transcription profiles and less 
clearcut profiles with noise background signals upstream and downstream the MIR 
element probably deriving from the sequencing of introns or unknown Pol II 
transcripts. Even the latter cases nevertheless showed expression coverage 
enrichment in the region of the annotated MIR element opening the possibility of its 
Pol III transcription, concomitant to Pol II transcription of the hosting gene, or 
even its intron retention as part of longer Pol II transcripts. Since the noise 
background signal is more frequently observed in MIR element mapping within 
introns of Pol II genes in sense orientation, which constitute the 83% of the 
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expression-positive MIRs found (see Supplementary Table S5), we decided to 
mainly focus on the expression of intergenic/antisense MIRs, while a few examples 
of gene-hosted MIRs will be addressed later in the Results section. 
For all the expression-positive intergenic/antisense MIRs found we performed a 
bioinformatic analyses using the Pol3scan program (108) (see Supplementary 
Materials) on the corresponding expected full-length MIR aimed at evaluating the 
presence and conservation of the Pol III functional promoters A- and B- boxes (see 
Supplementary Materials). 
 
The full list of MIRs identified as expressed by our search strategy is reported in 
Supplementary Table S5. As summarized in Table 5 each of the cell lines expressed 
a limited number of MIR elements (ranging from 135 in the case of HeLa cells to 
310 in the case of HUVEC cells). Of the whole set of 1097 expression-positive MIR 
loci a small percentage (17%) were intergenic/antisense, which is in contrast with 
the global distribution of all the annotated MIRs used in the pipeline where the 
percentage of the intergenic/antisense MIRs is much higher (66%) (see 
Supplementary Table S5).  Of these a significant percentage (~38%) actually 
mapped in antisense orientation to annotated Pol II-transcribed genes, in agreement 
with the distribution of the whole dataset used (42%). However it is worth noting 
that the fraction of intergenic/antisense expression-positive Alus mapping in 
antisense orientation to the hosting genes is only 22%, thus suggesting intronic 
MIRs could have a more specific role correlated with Pol II genes regulation. A 
small fraction (~17%) of all the expression-positive MIRs were found to be 
expressed in more than one cell line (see Supplementary table S5), while this 
percentage raise down to 11% considering only the intergenic/antisense ones (Table 
5). This suggests a marked cell line specificity in MIR expression (even though few 
MIRs seem to be ubiquitously expressed and will be further analyzed later on) 
greater than the one showed in Alu expression where the fraction of expression-
positive Alus found to be expressed in more than one cell line was greater (~24%). 
As summarized in Table 6, no significant under or overrepresentation of any 
particular MIR subfamily within the set of expressed MIR was observed, except for 
MIR3 that appeared to be slightly underrepresented when considering both the total 
genomic (intergenic/antisense and intronic sense) and the intergenic/antisense sets 
of expression-positive MIR (see Supplementary Table S5). 
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Table 5. Statistic of expression-positive MIR elements in selected cell lines 
 
Cell line Total 

MIRs1 
Intergenic/a

ntisense 
Intergenic/antisense 

shared2 
Antisense 
to introns3 

GM12878 168 32 5 20 
H1-hESC 228 39 10 14 
HeLa-S3 135 25 7 5 
HepG2 247 42 6 14 
HUVEC 310 35 3 4 
K562 146 37 10 14 
NHEK 147 33 12 16 
     
ALL4 1097 188 20 71 
1 For each cell line, the column reports the number of MIRs considered as autonomously 
expressed in both ENCODE RNA-seq replicates.  
2 For each cell line, the column reports the number of intergenic MIRs that are also expressed 
in one or more different cell lines. 
3 Reported in this column are the numbers of intergenic MIRs mapping with an antisense 
orientation to introns of both protein-coding and lncRNA genes. 
4 The numbers in this raw refer to individual MIRs expressed in one or more cell lines. 
 
Table 6. Subfamily distribution of expression-positive MIRs 
 
MIR 
subfamily 

Total 
genomic1 

Expressed 
genomic1 

Total intergenic/ 
antisense1 

Expressed 
intergenic/ 
antisense1 

MIR 174175 (30%) 352 (32%) 116136 (30%) 71 (38%) 
MIRb 223577 (38%) 481 (44%) 148950 (38%) 84 (45%) 
MIRc 102688 (17%) 162 (15%) 68069 (17%) 23 (12%) 
MIR3 90185 (15%) 102 (9%) 59209 (15%) 10 (5%) 
1 Reported are the absolute copy numbers and (in parentheses) the percentages of MIRs of 
each sub-family considered relative to (from left to right): the total set of genomic MIRs 
(“Total genomic”); the set of MIRs found to be expression-positive in one or more cell line 
(“Expressed genomic”); the total set of intergenic/antisense MIRs; the set of 
intergenic/antisense MIRs found to be expression-positive in one or more cell lines; 
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4.2.3. Survey of expressed MIRs according to location and base-
resolution expression profile 

The ~ 6x105 annotated MIRs are not all complete in sequence, implying that many 
of them represent only a portion of the canonical full-length MIR element. Among 
expression-positive MIRs, we found both complete and incomplete elements and, 
correspondingly, four main types of base-resolution expression profiles: 1) full-length 
or almost full-length MIRs (Figure 19A-B), covered by sequence reads along all 
their extension; 2-3) incomplete MIRs representing either the left or the right 
portion of the canonical full-length MIR but whose transcript coverage tends to 
correspond to the one of a fully transcribed canonical MIR More precisely, 
transcript coverage tends to extend into the downstream MIR-unrelated region for 
incomplete MIRs lacking the 3’ moiety (Figure 19C), while it tends to start in an 
upstream MIR-unrelated region, possessing functional A and B-boxes, for 
incomplete MIRs lacking the 5’ moiety (Fig 19E). 4) In a fourth type of profile, an 
incomplete MIR lacking the 3’ moiety (thus containing A and B boxes) produces 
transcripts that do not extend outside of the MIR sequence (Figure 19D). 
 
The MIR reported in figure 19A (chr14:34206132-34206363 MIR_dup717) was 
scored as expression-positive in Gm12878 and K562 cells. It was also expressed at 
very low levels, below the threshold for a positive scoring, in H1-hESC, HeLa-S3, 
HepG2 and NHEK. This representative MIR is full-length and located within intron 
6/7 (depending on which transcript isoform is considered) of NPAS3 gene, in 
antisense orientation. Paradigmatically, it shows an expression profile that 
completely covers the annotated element with uniquely mapped sequence reads. A- 
and B-boxes are conserved at 13 and 50 bp downstream of the TSS, respectively. 
Unexpectedly the annotated MIR contains a strong termination signal (T4) in its 
sequence 104 nt from the beginning of the element, which is clearly skipped by the 
Pol III machinery. We investigated the possibility that the genome sequences of the 
cell lines from which RNA-Seq reads arise were mutated in correspondence of these 
strong terminator sequences. To this end, we reconstructed the corresponding 
consensus genome sequences from RNA sequence reads (see Supplementary 
Materials). We did not find any sequence variant, therefore indicating that Pol III 
machinery truly skip these terminator signals. Another strong terminator of 4Ts is 
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present in the downstream moiety of the MIR, leading to a transcript of ~220 nt. A 
strong support for the authenticity of this Pol III-derived MIR RNA comes from the 
binding at this locus of RPC155 in K562 cells. 
Reported in Figure 19C is the transcript coverage profile of an incomplete MIR of 
159 bp (chr16:22309780-22309939 MIR_dup2285), which turned out to be expressed 
in all 7 cell lines. This element aligns to the left portion of the canonical MIR 
sequence, reported in green in the figure panel. Transcription of this element 
appears to continue downstream in a MIR-unrelated region for ~200 nt before 
encountering a non-canonical termination signal (T3CT). This previously 
characterized MIR (42) is located in antisense orientation in the first intron of the 
POLR3E  gene, encoding a subunit (POLR3E/RPC5) of human RNA polymerase 
III. Its nature of Pol III transcription unit is supported by the presence of canonical 
A- and B-boxes as well as by association with components of the Pol III machinery 
in HeLa-S3 and K562 cell lines (see Figure 19C). Here, again, the annotated MIR 
contains a strong termination signal (T4) in its sequence, 121 nt downstream the 5’ 
end of the annotated element, and another one 80 nt downstream the 3’ end of the 
annotated element at which, however, expression coverage signal tend to decrease 
temporarily but slightly increase again after it until the non canonical terminator 
signal is encountered. The skipping of the first strong terminator by Pol III is 
supported by the expression coverage levels before and after it which are almost the 
same strongly suggesting that they arise from the same transcript. Indeed the 
expression coverage decrease, which accidentally abuts precisely the strong 
terminator, is due to RNA sequencing specifications and cDNA size selection during 
library preparation, as previously explained. Investigating the possibility of a 
mutation in the these strong terminators sequences in the DNA of these cells (see 
above), we did not find any sequence variant, thus confirming the ability of Pol III 
to skip strong terminator signals within certain sequence contexts (31). This finding 
is partially confirmed by in vitro transcription analysis performed using HeLa 
nuclear extract (see below). Indeed the size of the most abundant transcript 
correspond to the one ending at the first strong Pol III terminator sequence while 
weaker signals correspond to transcripts ending at the other terminators found in 
the cloned sequence. Thus while the strong Pol III terminator seems to be clearly 
skipped in vivo, it is only partially skipped in vitro maybe due to the absence of 
unspecified chromatin features. 



4. Results 

! 65 

Intriguingly an antisense-oriented MIR with the same location and similar sequence 
is also present in the mouse genome, where it has also shown to be transcriptionally 
active (44). To determine whether Pol III transcription of this MIR affected in some 
way Pol II transcription of the host gene, the previous study examined Pol II 
occupancy over the POLR3E gene, as well as H3K4me3 and H3K36me3 histone 
marks on this region, and found an increased accumulation of H3K36me3 in a 3’ 
direction within the body of the gene and an unusual second point accumulation of 
RNA Pol II, in addition to the expected one on POLR3E promoter, which abuts 
precisely on RNA Pol III occupancy peak which reflect MIR transcription on the 
opposite strand. Thus, active antisense Pol III transcription of the MIR apparently 
creates a barrier for Pol II, which, as a result, slows down and accumulates just at 
the downstream border of the MIR. 
These observations, along with the fact that this MIR is conserved in human and 
mouse, led the authors to hypothesize a functional role of the MIR in POLR3E gene 
regulation. We therefore asked if this second RNA Pol II accumulation point also 
occurs in the ENCODE cell lines, and we found Pol II peaks for all the 7 cell types 
(see Supplementary Table S7) thus strengthening the hypothesis that this 
transcriptionally active MIR plays a regulatory role in Pol II transcription of 
POLR3E. Figure 20 shows this second accumulation of Pol II for three of the seven 
cell lines for which are also available (and shown) signals of Pol III. 
 
Figure 19C shows a MIR, found as expression-positive in H1-hESC, K562 and 
NHEK cell lines, whose transcription initiates in an upstream MIR-unrelated region 
(chr14:89445565-89445634 MIRc_dup2189) and ends ~45 nt downstream of the 
annotated element in correspondence of a strong termination signal (T5). Inspecting 
the MIR-unrelated upstream region we could find canonical A- and B- boxes 
supporting the possibility that this MIR element lacking Pol III promoters in its 
sequence is transcribed from an upstream unrelated MIR region providing functional 
control elements. Here again we noted a potentially strong termination signal 
(T3AT4) at the beginning of the annotated element, but the binding of Pol III 
throughout this region in K562 cells, together with the transcript coverage profile, 
strongly support the existence and Pol III-dependence of this MIR transcript. That 
Pol III can at least partially read through the internal T3AT4 element is also 
supported by in vitro transcription data (see below). 
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In Figure 19D we report a MIR transcript (chr17:17863550-17863651 
MIRb_dup1281), found to be expressed at low levels in in H1-hESC cell line, 
originating from an incomplete MIR element antisense to TOM1L2. Inspecting the 
coverage profile in other cell lines, we could found signals of much lower expression 
in at least one replicate of each of the analyzed cell lines. The source element of this 
transcript corresponds to a MIRb left fragment carrying in its sequence functional 
A- and B- boxes. The transcript coverage precisely spans the whole length of the 
element until a strong terminator (T10) right at the end of it, leading to a transcript 
of ~100 nt. 
As mentioned above, inspecting coverage profiles of the expression-positive MIRs we 
found that some of them were also present in other cell lines but with coverage 
levels under the background signal in one of the two replicates, while the other 
expressed it even with over 2 order of magnitude, not due to the different 
sequencing depth. For this reason they did not pass the filter of our bioinformatic 
pipeline which required the presence of the MIR transcripts in both replicates. This 
could mean that MIR expression is not only cell specific but also dependent on 
other various factor (e.g. growth conditions). 
 
Finally we asked if there was a correlation between the expression of MIRs hosted 
in Pol II genes in antisense orientation and the expression of host genes themselves. 
To this end, we compared normalized read counts of the MIRs in each replicate 
with those of the hosting Pol II genes (Se Supplementary Materials). We found a 
direct correlation (using Pearson coefficient) between MIR and host gene expression 
in the case of NRXN1 (0.998), HSPG2 (0.98), C9orf91 (0.93), KCNJ6 (0.86), 
HIVEP3 (0.8), while RAPH1 (-0.74) was inversely correlated (data not shown)  
 



4. Results 

! 67 

 

 
Figure 19. See below for description 
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Figure 19. Base-resolution expression profiles for five representative MIRs. See 
text for descriptions. Bars in light blue and magenta represent component of the Pol III 
transcription machinery bound at the corresponding loci; orange arrowed bars represent the 
annotated MIR elements while the green arrowed bars represent the corresponding expected 
full-length MIR elements which do not correspond to annotated elements and are reported 
merely to locate the alignment position of the annotated MIRs (orange) inside the 
corresponding consensus sequence. Red and blue arrows show respectively the positions of 
the strong and non-canonical Pol III terminators. A) MIR_dup717 chr14:34206132-34206363; 
B) MIR_dup2691 chr11:35548054-35548257 which reside inside an intron of the PAMR1 
gene in sense orientation; C) MIR_dup2285 chr16:22309780-22309939; D) MIRb_dup1281 
chr17:17863550-17863651; E) MIRc_dup2189 chr14:89445565-89445634 
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Figure 20. Pol II accumulation signals. Shown are the signals of Pol II (POLR2A) and 
Pol III (POLR3G) in GM12878 (red) and K562 (blue). The .cyan profiles represent signal of 
Pol II (POLR2A) and Pol III (RPC155) in HeLa cells. The red arrow points to the expression-
positive MIR inside the first intron of POLR3E gene in antisense orientation. (Figure 19C) 

 

4.2.4. Association of the Pol III machinery to expression-positive MIRs 

Before the use of RNA-Seq data to help identify expression-positive SINEs, genome-
wide studies based on ChIP-Seq approaches were used with the aim of producing 
inventories of loci inferred to be transcribed by Pol III from their association with 
one or more component of the Pol III machinery (42, 44). Such studies revealed a 
limited number  of Pol III-associated SINE elements, and almost the totality of 
them were Alus. The availability of genome-wide ChIP-Seq data from 
ENCODE/Stanford/Yale/USC/Harvard (SYDH) for key components of Pol III 
transcription machinery (Bdp1, Brf1/2, Rpc155 and TFIIIC110) allowed us to re-
address this issue, by investigating whether a significant enrichment of these TFs 
could be found in the expression-positive intergenic/antisense MIRs of HeLa and 
K562 cells. Supplementary Table S6 lists the expression positive MIRs found to be 
associated to Pol III components in Hela and K562 cells. In HeLa cells only 3 
intergenic/antisense expression-positive MIRs, together with 1 MIR hosted in the 
PAMR1 gene in sense orientation, were found associated to 1 or more Pol III TFs of 
the 15 intergenic/antisense and of the 120 intron-hosted expression-positive MIRs. 
The only association found to be statistically significant, with a P-value of 1.5x10-6 

(calculated using Fisher’s exact test), was the Bdp1 component when considering 
the fraction of the intergenic/antisense expressed MIRs against the total 
intergenic/antisense annotated ones. When K562 cells were considered, a higher 
percentage (27%) of intergenic/antisense expression-positive MIRs where found 
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bound by one or more Pol III TFs, while the percentage drop down to 3% when 
considering those fully contained inside introns of Pol II genes in sense orientation 
(data not shown). In K562 cells we found significant enrichment for Bdp1, 
TFIIIC110 and RPC155 (P-values 5.4x10-10, 2.4x10-6 and <2.2x10-16 respectively) in 
intergenic/antisense expression-positive MIRs. It is interesting to compare these 
results with those obtained in the case of Alus for which even the K562 cells show 
increased significativity and number of Alu loci bound to components of the Pol III 
machinery complex versus HeLa cells, thus suggesting a more permissive 
environment for Pol III factor association. 
Interestingly the MIR antisense to POLR3E, expressed in all the 7 cell lines, is the 
one bound by the highest number of Pol III TFs in both HeLa and K562 cells (4 
and 3 respectively) thus further confirming its genuine character of Pol III 
transcription unit. 
 

4.2.5. Association with TFs of expression-positive MIRs 

In order to assess whether the upstream region of MIR elements could influence 
their transcription by TFs specifically interacting with it, we took advantage of the 
availability of ChIP-Seq data for several TFs within ENCODE. We asked if 
intergenic/antisense MIRs identified as expressed through RNA-Seq data analysis 
tend to be associated with one or more Pol II TFs, in addition to the known 
components of the Pol III machinery. The results of this analysis are reported in 
detail in Supplementary Table S7. A high variability of TFs association was 
observed among the 7 cell lines, both in terms of total number of TF-bound MIRs 
(ranging from 3 to 22) and in terms of the number of TFs associated to each MIR.  
Among the transcription proteins most significantly associated with expression-
positive intergenic/antisense MIRs we found RNA polymerase II (POLR2A), TBP, 
MAZ, YY1 and PML. Intriguingly the YY1-binding site is known to function as a 
component of the LINE-1 core promoter to direct accurate transcription initiation 
(109) and since MIR are thought to have arisen from the fusion of a tRNA with the 
3’ end of a LINE, the enrichment of the YY1 TF on expression-positive MIR 
suggests a possible role in MIR transcription initiation that should be further 
investigated. 
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HeLa, HUVEC and NHEK cell lines are those with the lowest number of TFs being 
subjected to ChIP-seq and therefore have very few number of intergenic/antisense 
expression-positive MIRs bound by TFs and with no significant enrichment. 
 

4.2.6. Expression-positive MIRs and chromatin states 

Stimulated by the results of a recent study that revealed MIR elements to be highly 
concentrated in enhancers of K562 and HeLa cell lines (41), we investigated whether 
our intergenic/antisense expression-positive MIRs found in the same cell lines were 
among those found by this study. We intersected the coordinates of our (K562 and 
HeLa) expression positive MIRs with those of the MIR elements found to be 
enriched in enhancer state of the chromatin (lifted over to GRCh37/hg19), but we 
did not find any overlap. Because of this result, we decided to check if, 
independently from expression, the annotated intergenic/antisense MIRs used in our 
bioinformatics pipeline where overrepresented in enhancer states of the chromatin 
(weak and strong) versus other states using ENCODE Chromatin State 
Segmentation by Hidden Markov Model (HMM) (110) for each of the seven cell 
lines (excluding HeLa-S3 for which data are not available). Again, we could not find 
any enrichment (Supplementary Materials). Though we tested for enrichment in the 
enhancer states of our intergenic/antisense expression positive MIRs performing a 
Fisher’s exact test against all the other annotated intergenic/antisense MIRs used in 
the pipeline. We found statistical enrichment only in Gm12878 and HepG2 cell lines 
in strong enhancer state (P-values 1.876e-05 and 2.133e-05 respectively) 
(Supplementary Table S8). 
 

4.2.7. In vitro transcription analysis of expressed MIR elements 

Our bioinformatic pipeline permitted us to detect in vivo expression of individual 
MIR elements that could be transcribed by the Pol III machinery. To confirm Pol 
III transcription and make a precise promoter characterization of these 
transcriptional units, we conducted their in vitro transcription in HeLa nuclear 
extract. We focused our attention on a small subset of MIR loci, which are 
expressed in at least three cell types. These loci are listed in Table 2. One of them, 
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MIR_dup2285 (chr16:22309780-22309939), appeared to be expressed in all the seven 
investigated ENCODE cell lines, and was also found to be associated with at least 3 
components of the Pol III machinery in both HeLa-S3 and K562 cells (see 
Supplementary Table S6). This transcription unit possesses a non-canonical 
terminator (T3CT) ~200 bp after the annotated element and has also a 2 strong 
early terminators, along with other 1 non canonical terminator signals, that seems 
to be skipped by the Pol III machinery. The first strong terminator (T4) is located 
inside the annotated element at 121 nt from the start coordinate, while the other 
one (T4), located at 240 nt downstream the 5’ end, is outside the annotated element 
but inside the corresponding expected full-length MIR. As shown in Figure 21, all 
the 4 transcripts, corresponding to the 4 termination signals, are identified during in 
vitro transcription, supporting the hypothesis of strong and non-canonical 
terminator skipping by Pol III. However, as discussed above, it is worth noting that 
the most abundant signal arise from the transcript ending at the first strong Pol III 
terminator, thus suggesting a limited ability of the Pol III machinery complex to 
skip its terminators in vitro. A fifth transcript is also identified corresponding to a 
transcript ending to the first strong terminator but using an alternative A-box (see 
Table 2). 
Another locus subjected to in vitro transcription analysis, MIR_dup3493 (chr1: 
34943459-34943727), was found to be expressed in four cells lines (GM12878, H1-
hESC, K562 and NHEK) and has perfect A- and B- boxes, according to the 
consensus ones (27). The remaining two in vitro tested loci (MIRb_dup5848 
chr2:71762977-71763215 and MIRc_dup2189 chr14:89445565-89445634) were found 
to be expressed in three cell types (H1-hESC, HepG2, NHEK and H1-hESC, K562, 
NHEK respectively) and, based on ENCODE ChIP-seq data, only MIRc_dup2189 
is associated with two components of the Pol III machinery (RPC155 and BDP1). 
 
For each of the four expression-positive MIRs, the corresponding expected full-
length sequences were PCR-amplified from human genomic DNA, cloned into 
pGEM-T-Easy vector and their ability to support efficient in vitro transcription was 
tested using HeLa cell nuclear extract. To be sure that the observed transcripts 
were produced by Pol III transcriptional machinery, reactions were conducted in the 
presence of α-amanitin at a concentration (2 µg/ml) known to completely inhibit 
RNA polymerase II activity. Transcription reactions were also planned in parallel 
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with two mutant versions of each MIR element: one in which the B-box internal 
promoter element was inactivated by site-specific mutagenesis, and the other one in 
which the upstream flanking region was deleted. The results of in vitro transcription 
analysis are shown in Figure 21. 
Control transcription reactions were set with empty pGEM-T-Easy plasmid (lanes 1 
and 10) and the same vector carrying either a previously characterized Alu (AluSq2 
chr1:61523296–61523586, see Figure 17, lane 5) (lane 2 and 11) and a tRNAVal 
(AAC) gene (TRNAV18, chr6) (lane 3 and 12) whose transcription produces three 
different primary transcripts (of 87, 112 and 142 nt) because of heterogeneous 
termination at one of three consecutive termination signals (31). Each of the tested 
MIR elements produced a distinct pattern of transcription, in which the sizes of the 
most abundant transcripts agreed with those predicted on the basis of sequence 
inspection of the Pol III termination signals, either canonical (a run of at least four 
Ts) or non-canonical, both internal and in the 3’-flanking region (see Table 2)  
Interestingly, transcription efficiencies of all MIRs were roughly comparable, 
indicating that their different tendency to be transcribed in cultured cells is not due 
to differences in cis-acting elements recognized by the basal Pol III transcription 
machinery. Indeed, when the MIR B-box was mutationally inactivated (by 
substituting CG for the invariant TC dinucleotide of the B box consensus sequence 
GWTCRAnnC), a dramatic reduction in MIR transcription efficiency was observed 
in each case, thus confirming the importance of this element for MIR transcription, 
as previously detected for Alu transcription (see above) 
Transcription of B-box mutants was reduced by 4.4 to 5.2-fold in the case of 
MIR_dup3493 and MIRb_dup5848 (cf. lanes 7 and 13 with lanes 9 and 15, 
respectively), and reduced by 2.4- to 3.8-fold in the case of MIR_dup2285 and 
MIRc_dup2189 (cf. lanes  4 and 16 with 6 and 18 respectively).  
These data demonstrate that MIRs are efficiently transcribed by the Pol III 
transcription machinery and confirm a key role for B box recognition by TFIIIC, 
even though the appreciable levels of residual transcription observed with B box-
mutated MIRs suggest the possibility that MIR promoter strength does not rely 
entirely on this element.  . 
The transcription efficiency of Alus and other SINEs was also shown to be 
influenced by 5’-upstream region in both in vitro and in transfected cells, and in 
particular, upstream deletion mutants of an individual Alu element displayed 
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reduced transcription efficiency, possibly due to the loss of interactions with 
sequence-specific TFs (28). According to these findings, the above reported in vitro 
transcription analysis of Alus data consolidate the notion that the nature of the 
upstream region may strongly influence Alu transcription and To understand if 
upstream regions could also have an effect on MIR transcription, we compared the 
in vitro transcriptional activity of the four isolated MIRs with that of the 
corresponding 5’-deletion mutants. As shown in Figure 21, upstream sequence 
deletion negatively affected transcription to different extents for the different MIRs. 
Transcription of upstream deleted MIRs was reduced by 1.8- to 2.5-fold in the case 
of MIR_dup2285, MIR_dup3493 and MIRb_dup5848 (cf. lanes 4, 7 and 13 with 
lanes 6, 9 and 15, respectively), and only moderately reduced (�1.35-fold) in the 
case of MIRc_dup2189 (cf. lanes 16 with 18) These data reveal that MIR 
transcription might be influenced by the upstream region as observed for Alu 
transcription.  
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Figure 21. In vitro transcription for selected expression-positive MIRs. In vitro 
transcription reactions were performed in HeLa nuclear extract using 0.5 mg of the indicated 
MIR templates (lanes 4–9, 13-18,). A previously characterized Alu producing a 355-nt RNA 
(lanes 2, 11) and a human tRNAVal gene producing a known transcript pattern due to 
heterogeneous transcription termination (lanes 3, 12) (31) were cloned into pGEM®-T Easy 
vector used as positive controls for in vitro transcription and, at the same time, as a source 
of RNA size markers. Negative control reactions contained empty pGEM®-T Easy vector 
(lanes 1, 10). For each MIR, both the wild type, B box-mutated (Bmut) and 5’-flanking 
region (5’del) version were tested. 
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4.3. Alu expression profiling in dl1500 Ad5-infected IMR90 cells  

4.3.1. General features of Alu transcriptomes 

The availability of RNA-seq and ChIP-seq data of an oncogenic in vitro model (see 
Material and Methods), along with the proven effectiveness of our bioinformatics 
pipeline in identifying expression-positive SINE loci, prompted us to investigate Pol 
III-derived Alu RNAs deregulation. 
By applying the improved SINEsFind bioinformatics pipeline, we analyzed RNA-seq 
data representing the transcriptome of IMR90 primary fibroblasts that had been 
either infected with dl1500 Ad5, or mock-infected, for 6 or 24 hours. As a general 
mark, it is worth noting that since we did not have any biological replicates for 
RNA-seq, data reported for Alus and differential gene expression (see below) 
couldn’t be tested for significativity. However, the availability of samples infected 
whose infection has been performed at different time, allowed us to consider them as 
a sort of biological replicates. In mock-infected cells, 150-200 Alu elements were 
identified as significant sources of transcripts (Supplementary Table S9). These Alus 
were classified as expressed because each of them had a peak coverage expression 
value over 5 (reads) (see Supplementary Materials for details). As mock-infected 
cells were subjected to RNA-seq analysis at two different growth stages (6 hr and 24 
hr after the mock treatment) we made sure to verify the degree of overlapping of 
the subset of expressed Alus in the two samples. The number of expression-positive 
Alus in 6-hr mock-infected cells was ~20% greater than in 24-hr mock-infected cells. 
We found that almost half of Alu elements detected as expressed after a 6-hr growth 
post-infection (p.i.), according to the above criteria, were also found to be expressed 
after 24 hours of post-infection growth (Supplementary Table S9). It is interesting 
to note that the novel AluYa5-derived chimeric transcript found within the 
ENCODE dataset is also clearly detected in this study even using the “unique” 
alignment strategy because of the longer RNA-seq reads which confirm the 
previously identified genic locus as the source of the transcript, among all the nearly 
identical loci in the clusters of snaR genes. 
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4.3.2. Small e1a-dependent activation of Alu loci 

Small e1a has previously been shown to induce a complex response in IMR90 cells 
in terms of time-dependent alteration of the protein-coding transcriptome (111). 
Upon dl1500 Ad5 infection, a remarkable time-dependent increase in the global level 
of expression of intergenic/antisense Alu loci was observed. At 6 and 24 hours p.i., 
the numbers of read counts mapping to Alus were increased by 2.5-fold and 7.5-fold, 
respectively, with respect to the corresponding mock treatments (Supplementary 
Table S9). 
Supplementary Table S9 analytically reports the expression data for the expression-
positive Alus (peak expression coverage >5) in each sample and also grouped in 
three datasets (“unique”: 1055 Alus expressed in at least one of the four samples; 
“induced”: 665 Alus whose expression level is higher in dl1500 24 hr sample than in 
any other sample; “shared”: 72 Alus expressed in each of the four samples). 
Interestingly, of the 665 Alus whose expression is induced in dl1500 24h, 195 (~29%) 
have no expression in the other three samples and represent newly activated 
transcriptional units, while of the 1055 unique expression-positive Alus found, 86 
show a decreased expression in dl1500 24h, among which 54 show no expression at 
all thus being silenced 24h p.i.  
The e1a-dependent increase in Alu RNA levels can be better appreciated through 
the graphs reported in Figure 22A, showing the average expression profiles across 
the body of the expression-positive Alus listed in Supplementary Table S9 (“unique” 
dataset) in the four different samples, plus and minus strand. As expected, the 
coverage by Alu transcript reads spans a region of 300-400 bp; here, a strong and 
time-dependent induction of expression is observed upon Ad5 e1a expression. The 
coverage signal upstream of the average expression profile on the plus strand is due 
to few Alus located immediately downstream highly expressed 3’UTRs of protein 
coding genes in sense orientation and that we decided not to filter out. When 
analogous profiles were generated using the “induced” dataset in Supplementary 
Table S4, the increase in expression turned out to be even stronger (Figure 22B). 
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Figure 22. Average expression profiles of A) “unique” and B) “induced” Alus datasets across 
all the samples on plus and minus strands 

 
 
To start to understand the mechanisms of Alu transcriptional activation by e1a, the 
association of Pol III transcription components with expression-positive Alus was 
investigated through a ChIP-seq approach (see Methods and Supplementary 
Materials). We found that 138 out of the 774 expression-positive Alus in dl1500 cells 
24h p.i. were  associated to one or more Pol III transcription components (15 to 
BDP1, 3 to POLIII/RPC39 and 133 to TFIIIC-110), while 30 out of the 158 Alus 
found to be expressed in mock cells 24h p.i. where associated only to TFIIIC-110 
among which  26 were still bound to it in dl1500 24 hr infected cells but did not 
show stronger association (See Supplementary Table S10). A previous study 
reported that e1a activates TFIIIC complex by selective induction of TFIIIC-110 
subunit (112) even though a more recent one argues against the model that Pol III 
transcription can be effectively modulated through the specific induction of 
TFIIIC110 (113). However, as discussed below, we did not find increased expression 
for any TFIIIC subunit gene and the number of annotated intergenic/antisense Alu 
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loci bound by TFIIIC-110 remains almost the same following dl1500 infection (984 
in mock vs 1044 in dl1500, of wich 753 are shared) thus arguing against e1a 
induction of TFIIIC-110, while a slightly increase in BDP1 and POLIII (RPC39) 
subunits is observed which associate with expression-positive Alus only in dl1500 
sample. Moreover TFIIIC is known to play role in genome organization as insulator 
through its binding to A- and B- boxes (114, 115) and it is thus not surprising its 
higher association to Alu elements than other Pol III factors. Nevertheless, as shown 
in Supplementary Table S10, there is a highly significant enrichment of TFIIIC-110 
to expression-positive Alus (P-val <2.2e-16) both in mock and dl1500 infected cells. 
P-values for all the Pol III TFs have been calculated using Fisher’s exact test 
against the whole dataset of annotated Alus used (see Supplementary Materials). 
 
!

4.3.3. Epigenetic context of e1a-dependent Alu activation 

E1a has been shown to induce extensive epigenome reorganization in IMR90 cells 
(84, 111, 116). We thus asked whether specific changes in histone modification 
profiles accompany Alu activation at e1a-responsive Alu loci investigating whether 
our responsive Alu loci were enriched in of H3K9ac, H3K27ac and H3K18ac histone 
marks in infected and control cells, by interrogating the corresponding ChIP-seq 
datasets (see Materials and Methods). We intersected the coordinates of our 
expected full-length expression-positive Alus found in mock and dl1500 cells 24 hr 
p.i. with the corresponding peaks of each histone modification and performed 
Fisher’s exact test against the intersection of the same peaks with the coordinates of 
the expected full-length Alus in the whole dataset used. P-values are reported in 
Supplementary Table S11. 
In mock infected cells we found significant enrichment for all the histone 
modifications, being H3K18ac the one with the lowest P-value. In dl1500 Ad5 
infected cells we still found significant enrichment for H3K18ac and H3K9ac but not 
for H3K27ac. 
We though compared these histone modification in both samples by plotting their 
average ChIP-seq profiles for all the expression-positive Alus found in mock and 
dl1500 cells 24 hr p.i. counted only once (843 “unique” Alus) (see Supplementary 
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Materials). As shown in Figure 23, no differences were observed between mock and 
dl1500 samples except for histone H3 lysine 27 acetylation which showed a ~6 fold 
increase in mock sample. This is in contrast with the accepted notion that this 
histone modification facilitates transcription due to more permissive chromatin 
accessibility. However this result is concordant with the finding that Adenovirus 
Small e1a! decreased H3K27ac at most other promoters than ac1 genes, including 
promoters of the other e1a-activated clusters, intergenic regions, and introns, 
resulting in extensive global H3K27 deacetylation (83). 
 

Figure 23. Average histone modifications profiles in mock and dl1500 cells 24 hr 
p.i. 
 

 
The analysis of ChIP-seq data for the P300 and RB1 (83), respectively a lysine 
acetylase and a retinoblastoma protein, revealed a significant enrichment of these 
proteins to expression-positive Alus found by our pipeline in mock and dl1500 cells 
24 hr p.i. with the exception of P300 in mock sample (Supplementary Table S11). 
However no variation is detected between mock and dl1500 samples when 
comparing average signal profiles using dataset of “unique” expression-positive Alus 
in 24 hr p.i. samples (data not shown). Interestingly we found colocalization of all 
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TFIIIC-110 subunits with P300 whose direct interaction with TFIIIC is known to 
stabilizes binding of TFIIIC to core promoter elements and to be recruited to the 
promoters of actively transcribed tRNA and U6 snRNA genes in vivo (117) 
 

4.3.4. Distinctive features of responsive Alu elements. 

The majority of Alu elements in the human genome belong to the older Alu 
subfamilies (S+J), while only the young (Y) subfamilies are thought to be 
retropositionally active (118). Although this observation might lead to consider Alu 
Y as more active transcriptionally, previous studies aiming at identifying expressed 
Alu loci could not evidence any significantly higher expression of younger Alus (see 
par. 4.1.2 and Table 4). We evaluated this point by calculating the Alu subfamily 
distributions of expressed and “responsive” Alus,,that is Alus whose expression is 
increased in dl1500 cells 24 hr p.i. with respect to all other samples (“induced” 
dataset, Supplementary Table S9), and comparing them with the subfamily 
distribution of a collective dataset of 787333 intergenic/antisense Alus (this set also 
included incomplete Alu elements, as a few of them were found to be transcribed). 
As reported in Table 7, a significant variation with respect to the distribution of all 
the annotated Alus used in our pipeline was observed for the AluJ and Alus 
subfamilies. In particular, AluJ appeared significantly depleted from the induced 
Alu set, while Alus (that are largely predominant in both datasets, as expected) are 
more represented among the induced Alus (85%) than among total Alus (61%). 
These results are in contrast with our previous findings and the notion related to 
the activity of the retroposition process of the different Alu subfamilies does not 
correlate with their transcription/expression levels, which are clearly inverted in this 
study.  
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Table 7. Subfamily distribution of “induced” Alus 

Family Total intergenic/antisense1 Induced1 P-val2 

S 477144 (61%) 566 (85%) <2.2e-16 

J 209701 (27%) 50 (8%) <2.2e-16 

Y 100488 (13%) 49 (7%) 1.176e-05 

TOTAL 787333 665  
1 Reported are the absolute copy numbers and (in parentheses) the percentages of Alus of 
each sub-family considered relative to the total set of intergenic/antisense Alus and the set of 
intergenic/antisense Alus whose expressions are induced in dl1500 sample 24 hr p.i.;  
2 P-values has been calculated using Fisher’s exact test 

 
 

4.3.5. E1a-dependent deregulation of other Pol III-transcribed genes and 
of genes coding for components of the Pol III machinery 

Early studies reported an e1a-dependent increase in Pol III transcription of tRNA, 
5S rRNA and VA-RNA genes in nuclear extracts of adenovirus-infected HeLa cells 
(119, 120). Such e1a-dependent activation of gene transcription could also be 
observed in cultured cells for transfected class III genes, but only marginally for 
major endogenous cellular class III genes (120). We sought to evaluate the effect of 
e1a-dependent overexpression on non-Alu Pol III-transcribed genes from RNA-seq 
data. However, since the employed RNA-seq procedure tended to exclude small-
sized RNAs such as the 75-80 nt-long tRNAs, and the 5S rRNA also tends to be lost 
in the rRNA depletion treatment, we could only estimate reliably transcription 
levels for longer major Pol III transcripts, such as 7SL, 7SK, RNase P and RNase 
MRP RNAs (Supplementary Materials). In each case we did not observe any e1a-
dependent increase in expression but, instead, a slight decrease (data not shown).  
It has previously been reported that increased Pol III transcription by e1a correlates 
with an increase in the expression (amount) of the 110 kDa subunit of TFIIIC (121, 
122), yet the actual ability of induced TFIIIC110 expression to modulate Pol III 
transcription could not be confirmed by a subsequent study (113). Analysis of the 
RNA-seq data in this study revealed: no significant variation of any TFIIIC subunit 
gene expression; a 2-fold increase for BRF1 expression; a significant increase in the 
expression of several Pol III subunit genes, in particular POLR3K/RPC11 (4.8-fold) 
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and POLR3G/RPC32a (3.7-fold); a down-regulation (0.49-fold) of the Pol III 
subunit gene POLR3GL/RPC32b. These variations were calculated only considering 
the 24-hr mock and dl1500 samples. 
Remarkably, POLR3G/RPC32a has been shown to be normally expressed at low 
levels in differentiated tissues, and to be increased at both mRNA and protein levels 
during IMR90 cell transformation (123). 
Since a recent study (124) showed that POLR3G promoter contains a Myc-binding 
site, like all Pol III subunit genes except POLR3GL, we asked if e1a induces Myc 
expression. However looking at the data, it seems that MYC is instead 3.3-fold 
downregulated. 
As mentioned above, it is worth noting that since we did not have any biological 
replicates, data reported for differential gene expression couldn’t be subjected to any 
statistical test (see Supplementary Materials). We though tried to calculate 
differential genes expression using the mock and dl1500  samples 6 hr p.i. as a 
biological replicates of the 24 hr p.i. samples obtaining similar results. 
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4.4. Alu expression profiling in cancer cells 

The ability to profile Alu expression at single-locus resolution opens novel 
interesting possibilities. As reminded above, a remarkable feature of Alu RNA 
profiles is that they most likely reflects the operation of epigenetic switches at the 
corresponding genomic loci. Alu expression profiles at single-locus resolution might 
lead to identify regions of particularly permissive chromatin whose resident genes 
might be deregulated in concomitance with Alu deregulation. More generally, Alu 
RNA profiles might represent a novel type of highly specific molecular signature for 
cancer and other diseases.  
Of particular interest for this kind of approach are the RNA-seq data in The Cancer 
Genome Atlas (TCGA) (125), from which it will be possible to generate and 
comparatively analyze Alu expression profiles of thousands of human tumor 
samples. 
TCGA is a comprehensive and coordinated effort to accelerate our understanding of 
the molecular basis of cancer through the application of genome analysis 
technologies, including large-scale genome sequencing. 
Recently, TCGA RNA-seq datasets have been successfully exploited to investigate 
cancer-related alterations in pseudogene expression, alternative polyadenylation and 
promoter-associated small RNAs (126-128). With respect to these RNA profiling 
targets, Alu expression profiles, being subjected to strong epigenetic influence, have 
the potential to more directly and precisely reveal altered epigenomic states that 
might accompany malignancies. As an example of this possibility, demethylation 
(and thus likely derepression) at an Alu locus has been shown to activate an 
associated miRNA locus producing a miRNA acting as an oncogene endogenous 
silencer (129).  
 

4.4.1. Preliminary results 

As mentioned above the success of our bioinformatic pipeline to identify expression-
positive Alus depends mostly on the RNA-seq data type which should contain 
sufficiently long sequencing reads to avoid excessive multimapping bias, preferably 
paired end and with strand information. 
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After a preliminary survey, we found that one of the TCGA RNA-seq datasets that 
most closely matches these technical specifications is the one relative to Stomach 
Adenocarcinoma (STAD) or gastric adenocarcinoma, whose molecular 
characterization has been extensively performed in a recent TCGA study (85). 
Remarkably, in addition to providing data for a total of 416 STAD tumors, this 
dataset also contains matched tumor and non-tumor samples from 36 patients. We 
thus decided to focus on these samples, because they would have allowed us to test 
the feasibility of our approach by carrying out a focused comparative analysis of Alu 
expression profiles in matched cancer/normal tissues . 
 
The 75-nt long unstranded paired-end RNA-seq reads of each sample have been 
aligned to the human genome (GRCh39/hg19) using TopHat and each bam file has 
been submitted to our in house developed SINEsFind Python script for genuine Pol 
III transcribed Alu RNA identification among the intergenic annotated Alu elements 
(see Supplementary Materials). 
We found 5415 unique (i.e. counted once) expression-positive Alus among all the 
non-tumor samples of the 36 patients analyzed, while those in tumor samples were 
14906 among which 1338 were in common with the non-tumor ones as reported in 
Table 8. Besides the almost 3-fold increase in the number of transcriptionally active 
Alu elements in the tumor with respect to non-tumor samples we saw a great 
variability among patients and even between the 2 conditions in the same patient. 
The full list of expression-positive Alus, along with their normalized expression 
values, are reported in Supplementary Table S12. 
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Table 8. Summary of number of expression-positive Alus in STAD TCGA dataset with their 
expression values (see Supplementary Materials for details) 

 Alus Normalized expression coverage 
Patient non-tumor tumor non-tumor tumor 

1 327 382 1031011 897351 
2 304 65 715066 418389 
3 30 220 121518 424428 
4 412 300 633854 474865 
5 140 29 291064 203124 
6 25 254 249520 605025 
7 40 74 76468 173443 
8 772 522 823001 1007461 
9 633 737 1227017 699586 
10 22 56 122732 154818 
11 63 54 245919 92099 
12 361 5988 933076 8035206 
13 70 1569 380574 2580649 
14 46 152 110332 410113 
15 89 48 232409 171011 
16 361 473 706744 1500042 
17 91 82 269426 278196 
18 107 3320 579876 5447431 
19 46 79 92477 340972 
20 25 69 88151 198933 
21 91 38 195585 122633 
22 257 1143 648996 1899439 
23 42 147 104381 359408 
24 63 92 154896 180461 
25 114 107 112469 331475 
26 48 493 84330 845843 
27 1354 1322 3360956 2044449 
28 40 54 89714 180336 
29 56 35 87465 145327 
30 327 437 1045365 965454 
31 45 40 106417 122089 
32 165 514 411097 766608 
33 295 38 973487 279826 
34 93 52 289884 381025 
35 41 42 113541 124571 
36 122 164 259770 469144 

     Total unique 5415 14906 226248 444416 
     !
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 We thus asked if this variability in the number of expression-positive Alus also 
reflected a variability of their expression levels. For each patient, since an 
expression-positive Alu could have been filtered out in a sample by our 
bioinformatic pipeline due to an expression coverage value under a pre-set 
background value (see Supplementary Materials), we decided to calculate expression 
levels in the tumor and non-tumor sample for all the Alus (counted once) found 
expression-positive in either conditions (see Supplementary Materials). As shown in 
Table 8, when the expression levels for all expression-positive Alus in the 36 
patients are summed up, a roughly 2-fold increase in Alu expression levels is 
observed in the tumor with respect to non-tumor samples. We also asked whether 
this variability in the number of expressed Alus among patients and between 
conditions could have been arisen from the different sequencing depth of the 
samples but we concluded it was not the case. 
In summary, these preliminary results support the notion that gastric 
adenocarcinoma is characterized not only by a general increase in the expression of 
Alus already transcriptionally active in non-tumor sample, but also by induction of 
transcription of new Alu loci. These results are in agreement with those in dl1500 
AD5 infected IMR90 cells that show that e1a oncoprotein induce Pol III Alu 
transcription. 
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5. Discussion 

The studies reported in this thesis provide the first comprehensive account of 
transcriptionally active Alu and MIR loci in human cells, reveal the existence of 
novel Pol III-transcribed genes originated from monomeric Alu elements and MIR 
fragments, and support the notion that SINE expression in human cells occurs 
rarely, from small, largely cell-specific sets of transcriptionally active SINEs 
regulated by both internal and external cis-acting control elements. They also 
strengthen the notion that Alu expression increases during cell stress such as viral 
infection and in cancer cells. 
Historically, the tasks of detecting genuine Pol III-transcribed SINE RNAs and of 
attributing them to individual transcriptionally active SINE loci had to face two 
challenges: the extremely high copy number and sequence similarity of Alu and MIR 
elements within the human genome, and their frequent location within introns or 
untranslated regions of primary or mature Pol II transcripts. Previous studies of Alu 
expression exploited Northern hybridization, producing information on transcript 
size, as a useful tool in distinguishing genuine (~300-500 nt) Alu Pol III transcripts 
from Alu RNA incorporated into longer Pol II transcripts (even though probe cross-
hybridization with the closely related, ~300 nt-long 7SL RNA might frequently 
represent a problem) (21, 130). Distinguishing between the products of individual 
Alu elements, or even of different Alu subfamilies, however, is unfeasible through 
Northern blot. Alu RNA detection approaches based on RT-PCR are even less 
effective in distinguishing genuine Pol III Alu transcripts from Alu RNA sequences 
included into Pol II-synthesized hnRNA or mRNA (21). To date, the only low-
throughput approach that has permitted to identify genuine Alu Pol III transcripts, 
giving the possibility to trace the corresponding Alu loci, was based on a C-RACE 
technique (a modified version of a RACE which allow an unbiased isolation of 3’ 
ends) disclosing sequence information on individual Alu RNAs (97). The recent 
development of unbiased genome-wide location analyses exploiting next-generation 
sequencing (NGS) technologies has allowed the identification, through ChIP-seq 
approaches, of several SINE loci that are bound in vivo by the Pol III transcription 
machinery, a reasonable indication of a transcriptionally active state (42, 70). 
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Within this context, the original contribution of our work proceeds from the simple 
remark that appropriate analysis of RNA-seq data, containing full sequence 
information even on rare transcripts, should allow to successfully face difficulties in 
both sequence and length determination of Alu and MIR transcripts. Indeed, by 
applying to ENCODE RNA-seq datasets an ad hoc devised computational search 
strategy, mainly relying on unique alignment and size-selection of RNA-seq signal 
mapping, we were able to unveil to an unprecedented detail the Alu and MIR 
transcriptomes of several human cell lines under different conditions. Our search 
algorithm appeared to work well especially for the identification of expressed 
intergenic/antisense SINE transcription units whose RNA products, in contrast to 
the ones located within Pol II genes in a sense orientation, tend to be less obscured 
by flanking unrelated RNA-seq signals. In strong support to the genuine nature of 
expression-positive intergenic/antisense Alus as independent Pol III transcription 
units is the observation that, in HeLa and K562 cell lines, a remarkable percentage 
of them (29% and 44%, respectively) was independently found to be bound by one 
or more components of the Pol III transcription machinery in independent ChIP-seq 
analyses. On the contrary these percentage fall down to ~20% and 27% for MIR 
transcription units which showed significant enrichment only for BDP1 and few 
other Pol III transcription components only in K562 cell line. Such a poor 
association of Pol III factors to expression-positive MIRs could eventually arise from 
a bias in the filtering option values used in the bioinformatics pipeline which have 
been set to a lower stringency as to include as much as possible putative Pol III 
transcribed MIR loci but including the possibility of more false positives. A modest 
overlap was also observed between our set of expression-positive intergenic Alus and 
the list of putative Pol III-transcribed Alus reported by a previous integrated 
analysis of ChIP seq studies of human Pol III machinery (70). A possible reason for 
this discrepancy could be the fact that, in contrast to that study, we also included 
in our analysis incomplete Alu elements that turned out to be contributing to 
expression-positive Alu set. Another possibility is that the compilation in (70) was 
based on partial lists of potentially transcribed Alus that had already been pre-
selected by the authors of the different ChIP-seq studies according to very stringent 
criteria, which could have led to the exclusion of expression-positive Alus. 
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The most evident features of Alu and MIR expression profiles as revealed by our 
analysis are: i) the extremely low number of detectably expressed SINEs in each cell 
line, in the order of hundreds, corresponding to less than 0.1% of all annotated Alus 
and MIRs; ii) the existence, among intergenic/antisense expression-positive Alus, of 
an unexpectedly large set of elements expressed in more than one cell line,, 
suggesting that, in human cells, Alu transcript profiles result from the combined 
activities of very few transcription-prone Alu elements, that are thus reminiscent of 
the rare and elusive ‘source’ Alu elements possibly contributing to Alu expansion 
through retrotransposition (21); iii) even though different cell lines share a 
significant number of expression-positive Alus,, a marked cell-specificity of Alu and 
MIR transcriptomes is observed, thus suggesting that the Alu RNA expression 
profile in each cell line results from the expression of both commonly expressed and 
cell-specific Alu transcription units, while MIR RNA expression results mostly from 
cell specific expression units, possibly due to the above mentioned bias in the option 
values set in the bioinformatics pipeline; iv) Alu and MIR transcriptomes as 
revealed by ENCODE RNA-seq data analysis are composed of both full-length and 
incomplete SINE transcripts, some of which might be related to the previously 
described scAlu transcripts corresponding to the left Alu monomer (with the caveat 
that Alu RNA fragment detection in our case might also result from non-
physiological RNA degradation). 
An interesting outcome of our analysis is the identification of novel monomeric Alu 
elements whose RNA-seq signal profiles suggest a transcription unit organization 
similar to the one firstly reported for the BC200 RNA gene (101): a promoter-
containing Alu left monomer directing Pol III to synthesize a ncRNA containing the 
Alu sequence itself followed by an Alu-unrelated RNA moiety. The so-generated, 
Alu-derived ncRNAs have the potential to play novel regulatory roles deriving from 
the combination of an Alu left arm with unique RNA sequences. An Alu left 
monomer-derived gene that we find of particular interest, and that we have called 
Ya5-lm, is located in multiple copies on chromosome 19, with each copy located 
very close to one of the snaR gene copies belonging to either of two snaR clusters on 
chromosome 19 (102). Such a close spatial relationship between Ya5-lm and snaR 
genes (that also likely evolved from Alu left monomers) suggests that Ya5-lms have 
been included in the same segmental duplication through which snaR genes are 
thought to have spread. The snaR clusters on chromosome 19 might thus host a 
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chromatin environment favourable to Pol III transcription of different Alu-derived 
ncRNAs, possibly playing recently evolved functions in translation regulation (102, 
131). 
In a similar way we found that full-length ~280 nt long MIR transcripts may arise 
from incomplete MIR elements annotated onto the human genome and 
corresponding to either left or right fragment of canonical MIR sequence. In these 
cases, transcription appears either to initiate in an upstream MIR-unrelated region 
containing Pol III promoters or to continue in a downstream MIR-unrelated region, 
until the encounter of the Pol III terminator, producing chimeric transcripts similar 
to the Ya5-lm transcription unit. The regulation and possible function of these 
novel Pol III-transcribed genes awaits further characterization. 
Perhaps not surprisingly, given the relatively frequent occurrence of intronic nested 
genes in metazoan genomes (132), our data also suggest that a number of gene-
hosted (and particularly intron-hosted), sense-oriented Alus and MIRs are likely to 
represent autonomous transcription units that are recognized by the Pol III 
machinery and thus transcribed independently from Pol II transcription of the host 
gene. The possible interplay between Pol II and Pol III transcription of host and 
nested genes is an issue deserving further investigation, especially in light of recent 
evidence for the involvement of a Pol III-Pol II switch in the insulator activity of a 
mouse B1 SINE (133), and of the widespread association of Pol II factors with Pol 
III transcribed genes (104), including Alus and MIRs as clearly confirmed by our 
results (see Supplementary Table S3 and S7). Related to this issue is the 
observation that gene-hosted sense-oriented Alus and MIRs, revealed as expression-
positive by our analysis, have a lesser tendency than intergenic/antisense ones to be 
associated with the Pol III machinery. This leads to speculate that the synthesis of 
gene-hosted (mostly intron-hosted) SINEs might occur either via the release of 
SINE RNAs from annotated Pol II-synthesized host transcripts [similarly to intron-
derived microRNAs or snoRNAs (92, 93)], or through the still uncharacterized 
production and processing of unannotated Alu/MIR-containing noncoding Pol II 
transcripts possibly related to Alu-associated Pol II and TFs revealed by ChIP-seq 
analyses. This possibility also applies to intergenic/antisense Alus and MIRs found 
to be expression-positive but not Pol III-associated. 
With respect to mechanistic understanding of Alu and MIR transcription and their 
control, our studies, by comparing in vivo expression levels with in vitro 
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transcription rates of a number of Alu and MIR loci, confirm and extend previous 
knowledge about two peculiar features of Alu and MIR transcription by Pol III: i) 
the stimulatory role of 5’-flanking sequences on Alu/MIR transcription; ii) the 
strong epigenetic control on Alu and MIR expression in vivo. Of the 9 Alus and 4 
MIRs whose transcription properties were analyzed in vitro in the present study 6 
Alus and 3 MIRs exhibited a ~2-fold or higher reduction of transcription upon 
deletion of the 5’-flanking region, while only one Alu was unaffected and 1 MIR 
showed moderately reduced expression. 
That upstream sequences may influence transcription by Pol III of its target genes, 
even when they display internal promoters, is a well-documented possibility. For 
example tRNA genes, whose internal promoter organization closely resembles the 
one found in Alus, tend to display a certain degree of upstream sequence 
conservation in the genomes of different eukaryotic lineages and, correspondingly, 
their transcription appears to be influenced by upstream sequence context both in 
vitro and in vivo (134). In the case of Alus, the internal Pol III promoter has been 
suggested not to be sufficiently strong to warrant their efficient transcription 
independently from favourable upstream sequences (21). With this respect, Alus 
resemble their 7SL progenitor, whose sub-optimal internal promoter requires 
upstream sequence elements to direct efficient transcription (135). If the general 
consensus sequences for A- and B-boxes, mainly deduced from tRNA gene sequence 
analysis (TRGYnnAnnnG and GWTCRAnnC, respectively (27)) are compared with 
the highly conserved Alu A- and B-box sequences (TGGCTCACGCC and 
GWTCGAGAC (136)), a noticeable difference appears at the last position of the A 
box, which in Alu is C instead of G. Another difference is the distance between A 
and B boxes (50 and 35 bp in the case of Alu and of MIR and tRNA genes, 
respectively). Both of these peculiar features might contribute to the intrinsic 
weakness of Alu internal promoter, especially if one considers that A box acts as a 
fundamental core promoter element in Pol III transcription, frequently in synergy 
with upstream elements (27, 137). Interestingly, the A box (TGGCGCGTGCC) and 
B box (GTTCTGGGC) recognizable within the human 7SL genes differ from tRNA 
gene consensus even more than Alu internal control regions do, in line with the 
severe requirement of upstream control elements in 7SL gene transcription (135, 
138). 
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Moreover even if the expression level of MIRs with mutationally inactivated B-box 
dramatically decreased, an appreciable levels of residual transcription was observed. 
This observation suggests the possibility that Pol III transcription of MIRs does not 
rely entirely on this element but could be supported to similar extent by other 
factors (e.g. 5’-flanking sequence) such that only mutating both together would be 
abolished. 
 
The existence of a strong epigenetic control on SINE expression in vivo has 
previously been proposed and widely accepted to explain the discrepancy between 
the extremely high number of genomic Alus and MIR and the paucity of their 
overall expression level (reviewed in (49, 71)). In our study of ENCODE cell lines, 
in vivo epigenetic silencing can be easily deduced from the similar in vitro 
transcription rates of Alu and MIR elements which profoundly differ from each 
other for their expression properties in cell lines. DNA methylation is generally 
proposed as the main factor responsible for widespread SINE downregulation (49), 
which may also involve H3K9 methylation (139), even though more recent 
investigation on Alu histone modification patterns, based on ChIP-seq, revealed 
that, somehow unexpectedly, Alus tend to possess histone modifications (such as 
H3K4me1/2) generally associated with open chromatin and enhancers (52). Clearly, 
we are still missing important information on the mechanisms of general SINE 
silencing and local derepression and their relationship with DNA methylation and 
chromatin organization. An initial contribution to this issue is represented by our 
finding that the P300 histone acetyltransferase is enriched at expressed Alu loci, 
whose upstream regions also tend to be associated with JunD and C/EBP beta 
transcription factors in the investigated ENCODE cell lines. Similarly, expressed 
MIR loci where also found to be enriched, in 3 of the 7 ENCODE cell lines studied, 
in P300, along with TBP, MAZ, YY1 and PML transcription factors. In principle 
these Pol II TFs, that were found enriched in the 500 bp region upstream of 
expression-positive Alus and MIR, might be involved in the modulation of their Pol 
III transcription by 5’-flanking region, and they might also possibly favour 
hypothetical Pol II transcription at SINE loci which might contribute to Alu and 
MIR RNA biogenesis. 
The identification of SINE expression profiles within introns of either coding or non-
coding Pol II genes in both sense and antisense orientation confirms the ability of 
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the Pol III transcription machinery to access these loci. Moreover the observed 
SINE transcription antisense to the hosting gene, such as the well-documented MIR 
in the first intron of POLR3E, raises the possibility of an underlying mechanism for 
Pol II gene regulation by Alus and MIRs transcriptional units. 
 
The established role of cellular stress signals in the activation of Pol III Alus 
transcription has been confirmed by our study showing that viral infection both 
induces transcription of new Alu loci and increases the expression of those already 
transcriptionally active in a time dependent manner. The enrichment in histones 
acetylation at expressed Alu loci in both mock and dl1500 infected cells support 
further the hypothesis of epigenetic control on Alus transcription. Moreover the 
known role of e1a oncoprotein in the activation of the TFIIIC complex by the 
induction of the TFIIIC-110 subunits is not supported by our data, which however 
show significative enrichment of this factor at expression-positive Alu loci. 
 
Very little is known about the expression of Pol III-derived Alu RNAs in cancer 
cells and the majority of previous studies did not distinguish between them and Alu-
containing transcripts arising from Pol II transcription. Even when such an effort 
was carried on trying to quantify the expression of genuine Pol III RNAs in 
hepatocellular carcinoma tissues (140) no information were available related to the 
source loci of transcription making it impossible to make correlation with other 
genome-wide data such as differential genes expression and other epigenetic 
deregulations. Indeed most of the evidences pointing to an increased expression of 
Alu RNAs are only theoretical and mostly based on the evidence of an increased 
DNA hypomethylation at these loci, while a more recent study showed that SINE 
transcription by RNA polymerase III is suppressed by histone methylation but not 
by DNA methylation (65). 
Here we show how the observed increase in Alu expression following an in vitro pro-
oncogenic stimulus (i.e. e1a overexpression) finds a corresponding result in vivo 
where, for the first time, we performed a genuine Pol III Alu expression profiling 
through TCGA RNA-seq data of gastric adenocarcinoma cells allowing us to 
identify the source loci of Pol III transcription and showing that Alu RNAs are 
overexpressed in cancer cells, opening the intriguing possibility to use their 
expression profiling as a novel epigenetic marker for cancer biology. 
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6. Conclusion 

The ability to determine SINE expression profiles at single-locus resolution 
represents a key step towards a better understanding of Alu and MIR 
transcriptional control, a largely unexplored issue in spite of its high relevance for 
human genome stability. The possible cellular functions of SINE RNAs are just 
starting to be discerned (141); it is thus presently difficult to interpret SINE RNA 
profiles in terms of their significance in cell physiology. However, as suggested by 
the present works together with previous studies, SINE RNA profiles are likely 
determined by a tiny subset of loci particularly responsive to DNA methylation and 
chromatin status. SINE RNA profiling through RNA-seq might thus represent a 
novel, extremely subtle and sensitive way to monitor epigenome alterations 
accompanying physiological and pathological states. Our works open the possibility 
to easily profile the human transcriptome in any human cell line or tissue, under 
any condition compatible with RNAseq. We anticipate that our pipeline will be 
widely exploited to extract unprecedented information on SINE expression profiles 
from the plethora of available human RNA-seq datasets. Of particular interest with 
this respect will be SINE RNA profiling in relation to development, malignant 
transformation, cellular alteration in various diseases, and inter-individual 
differences in gene expression. 
 
Part of this work has already been published in international journals (142, 143).
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Supplementary Materials 
 
 
Supplementary Methods 
 
Alu ENCODE: datasets 
For Alu RNA identification, we used the Cold Spring Harbor Lab (CSHL) long 
RNA-seq data within ENCODE (whole-cell PolyA+ and PolyA- RNAs, two 
replicates for each sample) relative to the following cell lines: Gm12878, H1-hESC, 
HeLa-S3, HepG2, HUVEC, K562, NHEK, for a total of 28 datasets 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeCshlLong
RnaSeq). 
The Alu dataset was downloaded from UCSC table browser Repeatmask track. It 
thus included, in addition to full-length, also 5’ and/or 3’-truncated Alu elements. 
Since the GTF file reports non-unique Alu ids, we modified it to also report the 
chromosome name in order to obtain unique ids. 
 
Alu ENCODE: Bioinfoinformatic pipeline for individually expressed Alu 
identification 
Reads from each dataset were aligned to the reference genome (hg19) using TopHat 
aligner version 2.0.11 (1): 
$ tophat -p 2 --b2-very-sensitive -o output_dir —library-type 

fr-firststrand genome pe1.fastq pe2.fastq 

For the more permissive ‘best match’ alignment strategy (see Results section; (2)) 
we supplied to TopHat the “–g 1” option. We then used the htseq-count script of 
the HTSeq Python package (3) to count, for each dataset, the number of paired-end 
reads (“units of evidence” of sequenced cDNA fragment, see http://www-
huber.embl.de/users/anders/HTSeq/doc/count.html) that mapped uniquely to each 
annotated Alu: 
$ htseq-count -i transcript_id -m intersection-nonempty -s reverse sam_file 

Alu.gtf > counts 

Each count table produced by htseq-count was then filtered in order to retain only 
Alu ids with more than 10 reads (“units of evidence”) mapped. This threshold was 
chosen on the basis of the following reasoning. We considered the purely 
hypothetical case in which all the uniquely mapped reads on hg19 (ranging from 
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83731494 to 181434481 in the different cell lines) are uniformly distributed onto 
both strands of the human genome. We then calculated what would be, in this case, 
the number of reads mapping to a 300 bp region (the Alu length). By dividing, for 
each dataset, the number of uniquely mapped reads by 6 billion (the stranded 
human genome size) and multiplying by 300, we obtained an average expression 
coverage ranging from 4.2 and 9 reads for a 300 nt region. 
The coordinates of retained Alus, in a BED file format, was supplied to sitepro 
script of the Cis-regulatory Element Annotation System (CEAS suite; 
http://liulab.dfci.harvard.edu/CEAS/) along with the corresponding RNA-seq 
stranded signal profiles (in wiggle format) computed as described below. 
First the BAM file containing uniquely mapped reads (NH:I:1) was split into two 
parts, based on the origin of the transcript from which the reads come from (using 
the TopHat XS tag) using samtools (4): 
$ samtools view -H uniquely_mapped_reads.bam > plus_uniquely_mapped_reads.sam 

$ samtools view -h uniquely_mapped_reads.bam|grep 'XS:A:+'>> 

plus_uniquely_mapped_reads.sam 

$ samtools view -Sb plus_uniquely_mapped_reads.sam > 

plus_uniquely_mapped_reads.bam 

$ samtools view -H uniquely_mapped_reads.bam > 

minus_uniquely_mapped_reads.sam 

$ samtools view -h uniquely_mapped_reads.bam|grep ‘XS:A:-'>> 

minus_uniquely_mapped_reads.sam 

$ samtools view -Sb minus_uniquely_mapped_reads.sam > 

minus_uniquely_mapped_reads.bam 

 
The coverage was then computed for each of these stranded BAM files, without 
strand information, using genomeCoverageBed from bedtools 
(http://bedtools.readthedocs.org/en/latest/index.html): 
 
$ genomeCoverageBed -split -bg -ibam plus_uniquely_mapped_reads.bam  

-g hg19 > plus_uniquely_mapped_reads.bedgraph 

 

$ genomeCoverageBed -split -bg -ibam minus_uniquely_mapped_reads.bam -g hg19 

> minus_uniquely_mapped_reads.bedgraph 
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Finally the bedgraph files of each dataset were converted to WIG format to be used 
with SitePro along with Alu dataset filtered by strand:  
$ sitepro --span=500 --dump --name=plus -b plus_Alu.bed -w 

plus_uniquely_mapped_reads.wig -l plus 

$ sitepro --span=500 --dump --name=minus -b minus_Alu.bed -w 

minus_uniquely_mapped_reads.wig -l minus 

 
We used sitepro (developed mainly for ChIP data) because it allowed us to 
calculate the signal profile in a range of +/- 500 nt from the center of the Alus body 
with a resolution of 50 nt. Using the dump files we divided the whole region of 1050 
nt calculated by sitepro (+/- 500 from the center of the Alu body, plus the 50-nt 
bin in the center) in three regions of 350 nt each, to which we will refer as 
5’segment, Alu body and 3’segment, and calculated for each of them the cumulative 
signal of the corresponding seven 50-nt bins. For each RNA-seq dataset we thus 
obtained two tables, one for each strand, reporting, for each of the retained Alus, 
three values corresponding to signals of the three regions mentioned above. 
Since Alus frequently lie close to, or within, Pol II genes, or they may be passengers 
of longer unknown transcripts, we devised a filter to be applied to these tables in 
order to mostly identify independently accumulated Alu transcripts (most likely 
synthesized by Pol III). 
Since the Alu transcription start site (TSS) is located ~12 nt upstream the A-box, 
to avoid background noise due to upstream flanking RNA, we imposed for the 
5’segment a very low value, i.e. less than 1/7 of the Alu body value (to include the 
possibility that in some cases transcription might start slightly upstream of the 
predicted TSS). Moreover since Alu transcription continues till the Pol III 
machinery encounters a termination signal, and could thus potentially extend up to 
position +500 with respect to TSS, we imposed that the 3’segment value is no more 
than half of the Alu body value, to exclude as much as possible noise RNA signal 
while including downstream extended, genuine Alu transcripts. Importantly, only 
Alu transcripts that passed this filter in both replicates were considered to represent 
autonomously expressed Alu loci (as such, they will be often referred to in the text 
as “expression-positive”). 
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Expression-positive Alus were categorized into the following categories based on 
their localization: intergenic (that are not hosted in any annotated protein-coding or 
lincRNA gene; this group also includes Alus that map to introns or exons of 
annotated genes, but do so in an antisense orientation); intronic Refseq (sense-
oriented Alus hosted within introns of RefSeq gene collection); intronic lincRNA 
(sense-oriented Alus hosted within introns of the lincRNA transcripts annotated in 
UCSC); 5’UTR and 3’UTR (sense-oriented Alus within UTRs of RefSeq genes). 
Alus that were not fully contained in any of these genomic locations (e.g. between 
an exon and an intron) were categorized as “other”. Complete lists of these Alus are 
reported in Supplementary Table S1. 
It is evident from this Table that Alu transcripts were found both in the Poly(A)+ 
and Poly(A)- datasets. The same Table also contains a non-redundant list of all 
expressed Alus obtained by merging expression-positive Alus found in the Poly(A)+ 
and Poly(A)- fractions of all cell lines (“All non-redundant” sheet in Supplementary 
Table S1). 
To support further the identification of  unique Alu transcripts found in Hela-S3 
and K562 cells, we intersected the ChIP-seq peaks of the Pol III machinery 
components TFIIIC-110, RPC155, BRF1, BRF2, BDP1, derived from 
ENCODE/Stanford/Yale/USC/Harvard ChIP-seq data 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs
/) with the expression-positive Alu coordinates, extended to 200 bp upstream, of 
these two cell lines. The lists of Pol III-associated, expression-positive Alus are 
reported in Supplementary Table S2. 
To identify other transcription factors associated to expression-positive Alu 
elements, we intersected, for each cell line, the 500 bp upstream of the Alus with 
the coordinates of the transcription factor binding sites from ENCODE  ChIP-seq 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeRegTfbs
Clustered/ wgEncodeRegTfbsClusteredWithCellsV3.bed.gz). Lists of TF-Alu 
interactions are reported in Supplementary Table S3. 
 
Improved bioinformatic pipeline: SINEsFind 
This new improved bioinformatic pipeline apply the same concepts seen for the 
previous one (i.e. filters aimed at excluding SINEs passenger of longer transcripts) 
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but using an in house developed Python script which allows more control on the 
data flow and filtering options.  
The script first calculates stranded coverage for the whole genome using uniquely 
mapped reads (NH:i:1) from bam files. Then, for each annotated SINE in the GTF 
file, it verifies if its maximum coverage peak is greater than the average background 
noise coverage value in the genome, defined with the –p (--peak) option. 
For each SINE element whose peak coverage value was greater than the 
background, the script first determinates the coordinates of the putative Pol III 
SINE transcript in order to subsequently define those of the flanking regions and 
apply the Flanking Region Filter (Supplementary Figure S2). 
Since the annotated SINE elements are not always full-length but often represent 
fragments  of the corresponding SINE type, the script perform, for each element, a 
global alignment using Needleman-Wunsch algorithm between the annotated 
element sequence and its corresponding full-length consensus sequence to identify 
the precise element position inside it (i.e. the start of the alignment). Given the 
alignment coordinates the script calculates the start-end coordinates onto the 
genome of the corresponding expected full-length SINE defining it as ‘central body’. 
Because known Pol III transcript maximum length is around 500 nt, and SINE 
elements length (Alus and MIRs) range from 221 to ~300 nt, we defined the ‘right 
arm’ starting at the end of the consensus sequence of the element and extending 
downstream for 200 nt, The ‘central body’ and ‘right arm’ regions together 
represent the maximum span size of a genuine Pol III SINE transcript. 
The script then defines as ‘left arm’ the region starting 100 nt upstream the start 
coordinate of the ‘central arm’ and ends 20 nt before it, to include the possibility 
that in some cases transcription might start slightly upstream of the predicted TSS, 
usually located ~12-15 nt upstream of the A-box. It also defines an ‘out region’ that 
extends 100 nt after the ‘right arm’. 
To identify SINE transcripts produced by autonomous (most likely Pol III-
dependent) transcription, we imposed that the maximum peak coverage value for 
the ‘left arm’ is less than the background one (defined with –p) and less than 1/5 of 
the maximum peak coverage value of the ‘central body’. Moreover, since 
transcription coverage tends to decrease by the end of the transcript we wanted the 
coverage area of the ‘right arm’ (as sum of the coverage of each nucleotide in the 
region) to be less than the ‘central body’ where most of the transcription should 
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occur. Finally we imposed the maximum peak coverage value for the ‘out’ region to 
be less than the background value to exclude as much as possible noise signal from 
Pol II transcripts. 
 
 
MIR ENCODE: Datasets 
For MIR RNA identification we used aligned reads (bam files) from datasets 
described in 7.1.1. To streamline the analyses, and since MIRs do not have A-rich 3’ 
tails, we merged the PolyA+ and PolyA- bam files in each cell line for each 
replicate thus obtaining 14 bam files (2 replicates for each cell line). 
The dataset of annotated MIR was downloaded from UCSC table browser 
Repeatmasker track of the human genome (GRCh37/hg19). We used MIR elements 
annotated in intergenic regions, MIR annotated within RefSeq, Ensembl and 
lincRNA genes and MIR fully contained in introns of these genes in sense 
orientation and not overlapping with any exon. 
 
Bioinfoinformatic pipeline for individually expressed MIR identification. 
We supplied the aligned reads (bam files) along with the annotated MIR in GTF 
format to the in-house developed Python script (par. 7.2). 
We set the -p threshold option in the script to 10 (background peak coverage 
value), based on the following reasoning. We considered the purely hypothetical 
case in which all the uniquely mapped reads on hg19 (ranging from 204861066 to 
302646644 in the different cell lines) were uniformly distributed onto both strands 
of the human genome. We then calculated what would be, in this case, the average 
number of reads for a MIR ~250 bp in length. By dividing the number of uniquely 
mapped by 6 billion (the stranded human genome size) and multiplying by 250 (the 
average MIR length) we obtained an average read count ranging from 8.5 and 12.6. 
We thus imposed to have at least 10 reads overlapping onto each other inside a 
MIR element. 
Importantly, only MIR transcripts that passed this filter in both replicates were 
considered to represent autonomously expressed MIR loci (as such, they will be 
often referred to in the text as “expression-positive”). 
To further support the nature of Pol III transcription units of these expression-
positive MIRs we made use of the Pol3Scan program (5), with less restrictive 
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parameters (-ca -30 -cb -15 -ct -34), to check for the presence of canonical A and B 
boxes. Scores closer to 0 represent more likely functional promoters. The program 
has been run on the genome sequences obtained from the coordinate of their 
corresponding full-length consensus MIR. Of the 188 expression-positive MIRs 39 
passed the test and coverage profile investigation confirmed their authenticity, 
along with many other which did not pass the Pol3Scan test. Results are reported 
in Supplementary Table S5. 
Expression-positive MIRs were categorized, based on their localization, in 
‘intergenic/antisense’ (that are either not hosted in any annotated RefSeq gene, 
Ensembl gene or lincRNA gene or mapped inside those genes but in antisense 
orientation) and “intronic sense” (that are fully contained within introns of 
aforementioned genes in sense orientation). Complete lists of these MIRs are 
reported in Supplementary Table S5. The same Table also contains a non-
redundant list of all expressed MIRs obtained by merging expression-positive MIRs 
found in all cell lines (“All unique” sheet in Supplementary Table S5). 
To support further the identification of intergenic/antisense unique MIR transcripts 
found in Hela-S3 and K562 cells, we intersected the ChIP-seq peaks of the Pol III 
machinery components TFIIIC-110, RPC155, BRF1, BRF2, BDP1, derived from 
ENCODE/Stanford/Yale/USC/Harvard ChIP-seq data 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeSydhTfbs
/) with the expression-positive MIR coordinates of the corresponding consensus 
sequence, extended to 200 bp upstream, of these two cell lines. The lists of Pol III-
associated, expression-positive MIRs are reported in Supplementary Table S6. 
To identify other transcription factors associated to intergenic/antisense expression-
positive MIR elements, we intersected, for each cell line, the 500 bp upstream of the 
corresponding MIRs consensus sequence with the coordinates of the transcription 
factor binding sites from ENCODE  ChIP-seq 
(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeRegTfbs
Clustered/ wgEncodeRegTfbsClusteredWithCellsV3.bed.gz). Lists and statistics of 
TF-MIR interactions are reported in Supplementary Table S7. 
To check if the annotated MIR used in our bioinformatic pipeline were 
overrepresented in enhancer states of the chromatin (weak and strong) using HMM 
from ENCODE/Broad for each cell line (excluding HeLa-S3 for which data are not 
available) we proceeded as follow. 
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For each chromatin state, we calculated (1) the number of bases (within the 
submitted intervals) which overlap with that state, and (2) the number of bases in 
the background (by default, the entire genome) which overlap with that state.  For 
(1) and (2), divide by the number of total bases (in the foreground and background, 
respectively) to get a "ratio" for each chromatin state (effectively, a fraction of the 
foreground or background which overlaps with each state).  For each chromatin 
state, divide the foreground ratio by the background ratio, and then take the log 
(base 10) of that ratio-of-ratios. Basically a log10(Enrichment Score) of 0 means 
that the chromatin state is in the same fraction in the foreground as the 
background.  A positive value means it was relatively more present in the 
foreground, and the opposite for a negative value (Supplementary Figure S3). 
Again we tested for the enrichment of the expression positive MIRs in the enhancer 
states performing a Fisher’s exact test against all the other annotated MIR used in 
the pipeline. We found statistical enrichment only in Gm12878 and HepG2 cell lines 
in strong enhancer state (P-values 1.876e-05 and 2.133e-05 respectively). 
(Supplementary Table S8) 
To investigate whether expression of MIR elements mapping to Pol II genes in 
antisense orientation was correlated with the expression of the hosting genes, we 
calculated normalized reads count for all RefSeq genes (Reflat table from UCSC 
Table Browser Refseq track of the GRCh37/hg19 assembly) and for our expression 
positive MIRs inside Pol II genes in antisense orientation using htseq-count tool 
from HTSeq Python package. We then normalized read counts by the SizeFactor 
calculated for the RefSeq genes using DESeq2 and calculated correlation using 
Pearson’s coefficient. 
 
To look for variation in the DNA sequence of the sample from which RNA-seq data 
come from, we made use of samtools to generate Variant Call Format file from 
aligned RNA-seq reads and bcftools (http://github.com/samtools/bcftools) to 
reconstruct the consensus DNA sequence with the generated VCF file. 
 
 
dl1500 Ad5 IMR90 infected cells: Bioinformatic pipeline. 
Raw RNA-seq reads were aligned to the human genome (GRCH37/hg19) using 
TopHat (ver. 2.0.11) (1) allowing up to 20 different alignment per read: 
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tophat -p 2 --b2-very-sensitive -o output_dir —library-type 

fr-firststrand genome pe1.fastq pe2.fastq 

 
For genuine Pol III Alu RNA identification we supplied the TopHat-mapped reads 
(bam files) to the in-house developed SINEsFind Python script (see above) along 
with the annotated Alu elements in GTF format. We use only Alu elements 
annotated in intergenic regions and inside RefSeq, Ensembl and lincRNA genes but 
in antisense orientations (here on referred to as “intergenic/antisense”). 
We set the -p threshold option in the script to 5 (background peak coverage value), 
on the basis of the following reasoning. We considered the purely hypothetical case 
in which all the uniquely mapped reads on hg19 (ranging from 57486640 to 
77356608 in the different cell lines) were uniformly distributed onto both strands of 
the human genome. We then calculated what would be, in this case, the average 
number of reads for an Alu ~300 nt in length. By dividing the number of uniquely 
mapped by 6 billion (the stranded human genome size) and multiply by 300 (the 
average Alu length) we obtained an average read count ranging from 2.8 and 3.9. 
We thus imposed to have at least 5 reads overlapping onto each other inside a MIR 
element. 
To further support the authenticity of the expression-positive Alus resulting from 
our bioinformatic pipeline we checked whether they were bound to Pol III TFs. For 
each expression-positive Alu in 24 hr p.i. samples we extended by 200 bp upstream 
the start coordinate of the corresponding expected full-length Alu and intersected 
its coordinates with the coordinates of the peaks for each ChIP-seq dataset used in 
the study (ChIP-seq has been performed and data analyzed as described in (6) with 
50 nt single end reads). P-values for the association of these TFs were calculated 
performing a Fisher’s exact test against the whole dataset of expected full-length 
annotated Alus used, extended by 200 bp upstream (the coordinates of the expected 
full-length Alus where calculated using the needle function in our Python script). 
A similar procedure, but performing only Fisher’s exact test, has been used to look 
for enrichment for histone modifications in our expression-positive Alus in 24 hr p.i. 
samples, except that we did not extended by 200 bp the expected full-length Alus 
coordinates. 
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The average H3K27ac profiles for mock and dl1500 24 hr p.i. on all Alus found to 
be expressed in the 2 samples, counted once, were plotted using the sitepro tools of 
the CEAS suite (http://liulab.dfci.harvard.edu/CEAS/). 
 
Also for P300 and RB proteins association to mock and dl1500 expressed Alus 24 hr 
p.i. we proceeded in the same way but we intersected the peak coordinates for these 
protein with the coordinate of the 500 bp region upstream the expected full-length 
Alus. 
 
For gene differential expression (DE) we used htseq-count, along with Gencode v.19 
annotated genes set, and DESeq Bioconductor package (7). Since we did not have 
any biological replicate, we first followed the corresponding procedure using the 
‘blind’ method, then we performed the DE analysis considering the 6 hr p.i. samples 
as biological replicates of the 24 hr p.i. ones to compare fold-change values. 
We also used the sizeFactors values calculated by DESeq to normalize expression 
coverage values of our expression-positive Alus. 
 
Alu expression profiling in cancer cells 
Annotated Alu elements have been retrieved from UCSC Table browser 
Repeatmasker track of the human genome assembly ver. GRChr38/hg19. We used 
only Alu elements annotated in intergenic regions (i.e. outside Refseq, Ensemble 
and lincRNA genes) since the RNA-seq data used were unstranded and therefore we 
could not distinguish those annotated inside genes in antisense orientation. 
Each RNA-seq dataset was aligned to the human reference genome (GRCh37/hg19) 
using TopHat ver. 2.0.11: 
$ tophat -p 2 --b2-very-sensitive -o output_dir —library-type 

fr-unstranded genome pe1.fastq pe2.fastq 

 
Each bam file was supplied, along with annotated Alus in GTF format, to our 
Python script (par. 7.2) using –p 10 as a background coverage value for all the 
samples. This value has been calculated considering the hypothetical case in which 
the mapped reads were uniformly distributed onto the “unstranded” human genome. 
Thus dividing the mapped reads in each sample by 3 billion (the unstranded 
genome size) and multiplying by 75 (the RNA-seq reads length) we obtained from 2 
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to 9 among all the 36 samples. We then set the background coverage threshold 
based on the highest value among the samples. 
 
To calculate Alu expression levels for a given patient in either condition (tumor and 
non-tumor), we considered all the Alus found in both tumor and non-tumor 
samples, counted once, and calculated the expression coverage of the central region 
for each expected full-length Alu in both samples using our SINEsFind Python 
script with –p 0 and without applying the flanking region filter (because the 
supplied Alu list was already filtered) We did this because of the possibility that an 
expression-positive Alu found in one condition could have been filtered out in the 
other by our script due to the lower coverage. 
To normalize expression values we used the Total Count method. For each sample, 
its normalization factor is given by the total number of mapped reads in the sample 
divided by the total number of reads mapped in all the samples (i.e. 72) divided by 
the number of samples. Thus each expression value in a sample is normalized 
dividing it by its normalization factor. 
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Supplementary Figures 
 
 

Supplementary Figure S1. (A) Comparison of base-resolution expression profiles 
observed for AluY(chr10:98533372-98533677) (see Figure 3B of the manuscript) in 
ENCODE HeLa-S3 polyA+ rep 1, using the following alignment strategies (from top to 
bottom): TopHat unique alignment (profile generated from bigwig file); TopHat with up to 
20 alignments; STAR unique alignment (the last two profiles were generated from bam 
files). 
(B) Comparison of base-resolution expression profiles observed for AluSc(chr14:24324875-
24325180) (see Figure 3C of the manuscript) in ENCODE K562 polyA- rep 1, using the 
following alignment strategies (from top to bottom): TopHat unique alignment (profile 
generated from bigwig file); TopHat with up to 20 alignments; STAR unique alignment 
(the last two profiles were generated from bam files). 
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Supplementary Figure S2. Flanking Region Filter. 
To be considered as expression-positive each SINE has to meet the following conditions: 

•  Peak coverage left < background signal AND < 1/5 peak coverage central 
•  Coverage right < coverage central 
•  Peak coverage out < background signal 

For each annotated element having a peak coverage over the background signal, a global 
alignment with its full-length consensus sequence is performed using Needleman-Wunsch 
algorithm. The start and end coordinates of the alignment are used to define the central, 
left, right and out regions (the latter 3 respectively of 80, 200 and 100 nt). If the peak 
coverage in the left region is under the background value and is < 1/5 of the peak coverage 
in the central region, the coverage of the right region is less than the coverage of the 
central region and the peak coverage of the out region is under the background value, then 
the annotated SINE is considered as expression-positive 
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Supplementary Figure S3. Chromatin state enrichment of annotated MIR used 
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Supplementary Tables and SINEsFind 
 
All the  Supplementary Tables and SINEsFind Python script can be found at: 
 
https://drive.google.com/folderview?id=0Bxojxm5rb6vScnJjY1QwSWpiRVk&usp=
sharing
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