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ABSTRACT

Approximately 75% of the human genome is transcribed and many of these spliced transcripts contain primate-specific Alu
elements, the most abundant mobile element in the human genome. The majority of exonized Alu elements are located in long
noncoding RNAs (IncRNAs) and the untranslated regions of mRNA, with some performing molecular functions. To further
assess the potential for Alu elements to be repurposed as functional RNA domains, we investigated the distribution and
evolution of Alu elements in spliced transcripts. Our analysis revealed that Alu elements are underrepresented in mRNAs and
IncRNAs, suggesting that most exonized Alu elements arising in the population are rare or deleterious to RNA function. When
mRNAs and IncRNAs retain exonized Alu elements, they have a clear preference for Alu dimers, left monomers, and right
monomers. mRNAs often acquire Alu elements when their genes are duplicated within Alu-rich regions. In IncRNAs, reverse-
oriented Alu elements are significantly enriched and are not restricted to the 3’ and 5 ends. Both IncRNAs and mRNAs
primarily contain the Alu J and S subfamilies that were amplified relatively early in primate evolution. Alu ) subfamilies are
typically overrepresented in IncRNAs, whereas the Alu S dimer is overrepresented in mRNAs. The sequences of Alu dimers
tend to be constrained in both IncRNAs and mRNAs, whereas the left and right monomers are constrained within particular
Alu subfamilies and classes of RNA. Collectively, these findings suggest that Alu-containing RNAs are capable of forming stable
structures and that some of these Alu domains might have novel biological functions.
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INTRODUCTION ments do not contain ORFs, their amplification in the ge-
nome is dependent on trans-acting factors encoded by
LINE-1 mobile elements. These insertion events can disrupt
a coding region or a splice signal and cause disease (Deininger
2011). Alu elements are ~280 bases long and typically con-
sist of monomeric left and right arms joined by an A-rich
linker. The two monomers are related to the 7SL RNA gene
and the complete Alu element is often described as a dimeric
structure. Through mutation, splice sites can evolve in dif-
ferent parts of an Alu element (Makatowski et al. 1994).
Many of these exonized Alu elements are part of alternatively
spliced transcripts (Sorek et al. 2002). Left Alu monomers
can be expressed as stable small cytoplasmic (scAlu) RNA
and right monomers are thought to be less stable than left
monomers (Chang et al. 1996; Sarrowa et al. 1997; Li and
Schmid 2004).

Although Alu elements have already been studied in
IncRNAs (Gong and Maquat 2011), the functions of many
IncRNAs are only beginning to emerge (Amaral et al.
2011). IncRNAs account for some of the pervasive low-level

Approximately 75% of the human genome is transcribed
(Djebali et al. 2012) and many of these transcripts contain re-
petitive elements. Repetitive elements are located in the 5
and 3’ UTRs of many mRNAs (Yulug et al. 1995; Lin et al.
2009) and are also a major component of long noncoding
RNAs (IncRNAs) (Kelley and Rinn 2012; Kapusta et al.
2013). In particular, the Alu elements are known to perform
molecular functions in mRNAs and some IncRNAs. For ex-
ample, exonized Alu RNAs (defined here as Alu elements
contained within exons) interact with proteins that regulate
RNA editing, staufen-mediated RNA decay, translation, and
transcription (Ricci et al. 2000; Berger and Strub 2010;
Gong and Maquat 2011; Yang et al. 2013).

Alu elements are the most abundant mobile element in the
human genome and are unique to primates (for review, see
Batzer and Deininger 2002; Berger and Strub 2010; Deininger
2011 and summarized below). Within the major Alu subfam-
ilies, the AluJ and AluS subfamilies were primarily amplified
35-55 million years ago, whereas the active AluY subfamily

was primarily amplified 5-10 million years ago. As these ele-
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Domain structure of Alu elements in IncRNAs

transcription in the human genome (Guttman et al. 2009;
Djebali et al. 2012) and are arbitrarily defined as noncoding
transcripts that are larger than 200 nt. They appear to be tran-
scribed by RNA polymerase II and can be both capped and
polyadenylated (Guttman et al. 2009; Khalil et al. 2009). As
IncRNAs tend to have fewer exons than protein-coding genes,
their spliced transcripts are usually shorter than most
mRNAs (Derrien et al. 2012). Individual IncRNAs are only
expressed in a small fraction of cell types (Derrien et al.
2012) or subcellular locations (Mercer et al. 2008) and are
therefore likely to be involved in controlling very specific
tasks. IncRNAs are involved in various biological processes
such as embryonic development, differentiation of skin cells,
metastasis, and regulation of cell cycle (Rinn and Chang
2012). Some IncRNAs have already been implicated in the
pathogenesis of disease (e.g., breast cancer, prostate cancer,
cardiac disease) and it is conceivable that they will emerge
as another cause of disease. Along these lines, numerous ge-
netic studies have associated hundreds of noncoding regions
in the genome with a broad spectrum of diseases (Ward and
Kellis 2012), and IncRNA c¢is-eQTL SNPs have been associat-
ed with disease (Kumar et al. 2013).

To date, IncRNAs have been shown to regulate a variety of
molecular processes that include gene transcription, mRNA
decay, alternative splicing, and translation (for review, see
Rinn and Chang 2012). IncRNAs typically regulate transcrip-
tion by forming complexes with various proteins that interact
with regulatory regions of DNA. The two major types of
proteins that are known to be involved in IncRNA-mediated
transcription are heterogeneous nuclear ribonucleoproteins
(hnRNPs) and chromatin-modifying complexes. hnRNPs
are a family of RNA-binding proteins that perform a diverse
set of molecular functions that include regulation of mRNA
stability, mRNA turnover, pre-mRNA processing, mRNA
trafficking, alternative splicing, translational regulation, and
packaging of nascent transcripts (Han et al. 2010). More re-
cently, hnRNPs have been shown to regulate gene transcrip-
tion through their interactions with IncRNAs. For example,
hnRNP-K interacts with lincRNA-p21 and binds to promot-
er regions that regulate genes involved in p53-dependent
regulation of cell cycle (Huarte et al. 2010). hnRNP A/B
and hnRNP A2/B1 repress transcription of immune genes
through their interactions with lincRNA-Cox2 (Carpenter
et al. 2013).

Chromatin-modifying complexes remodel chromatin
structure by altering the chemical structure of histones.
Common modifications to histones include methylation of
specific lysines and arginines, acetylation, deacetylation,
phosphorylation, and ubiquitination. These modifications
affect several biological processes that include gene transcrip-
tion, chromosome condensation, DNA repair, and DNA rep-
lication (Kouzarides 2007). For example, the PRC2 complex
that methylates lysine-27 of histone 3 interacts with the
IncRNAs Xist, HOTAIR, ANRIL, COLDAIR, Gtl2, and
Kenglotl. Each PRC2-IncRNA complex typically represses

gene expression in the surrounding chromatin (for review,
see Rinn and Chang 2012). The functionally related PRC1 ex-
ists in multiple forms and it has been suggested that PRCI re-
lies on noncoding RNA to methylate lysine-27 on histone 3
(Bracken and Helin 2009). Additional chromatin-modify-
ing proteins that interact with IncRNAs include DNMT3B,
G9a, LSD1-CoREST, MLL-WDRS5, Setl and Hdal/2/3 (for
review, see Rinn and Chang 2012). IncRNAs employ a variety
of molecular mechanisms to post-transcriptionally regulate
mRNAs. MALAT1 is an IncRNA that interacts with serine/ar-
ginine splicing factors and influences their distribution in nu-
clear speckle domains (nonmembranous compartments in
the nucleus that are believed to store and assemble the pre-
mRNA splicing machinery) (Tripathi et al. 2010). MALAT1
is believed to change alternative splicing of pre-mRNAs by
modulating the levels and phosphorylation states of splicing
factors. AS-Uchll is a natural antisense IncRNA that is on the
complementary strand that encodes ubiquitin carboxy-ter-
minal hydrolase LI mRNA (Carrieri et al. 2012). The 5
end of AS-Uchll is complementary to exons 1-2 of Uchll
and its 3’ end contains the SINEB2 repetitive element. Both
of these regions are required for AS-Uchll to enhance trans-
lation of Uchll in a rapamycin-dependent manner. The
IncRNAs termed 1/2-sbsRNAs contain an Alu element that
is believed to hybridize with partially complementary Alu
repeats in the 3" UTRs of target genes to form a staufenl
binding site (SBS) (Gong and Maquat 2011). The SBS re-
cruits staufenl and UPF1, which trigger staufenl-mediated
mRNA decay.

The above-mentioned study (Gong and Maquat 2011)
suggests that Alu elements may exist as functional domains
within some IncRNAs. However, the evolution and domain
structure of Alu elements has not been extensively studied
in IncRNAs or compared with mRNAs. As Alu elements
are primate-specific, it is conceivable that they perform im-
portant functions in primate-specific IncRNAs. In this study,
we investigate the distribution and domain structure of exon-
ized Alu elements in IncRNAs and mRNAs. We show that
the domain structure, orientation, and distribution of Alu
subfamilies vary considerably across the different transcript
types. Indeed, the preference for particular Alu domains
and their restricted evolution suggest that a subset of exon-
ized Alu elements can indeed be repurposed as functional do-
mains in IncRNAs and mRNAs.

RESULTS

Overview of data

To investigate the evolution of Alu elements in different clas-
ses of RNA, we retrieved representative transcripts from ver-
sion 73 of Ensembl (Flicek et al. 2011), which corresponds to
version 18 of GENCODE (Harrow et al. 2012). GENCODE
contains the largest manually curated set of IncRNAs. The
data set consisted of six major transcript types that included
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TABLE 1. Summary of IncRNA and mRNA data set

Number of

mRNA/ Number of intergenic
RNA type IncRNA transcripts sequences
mRNA mRNA 20,165 37,421(2)
lincRNA IncRNA 6889 26,818(4)
Processed IncRNA 11,509 22,364(2)
Antisense IncRNA 5158 25,349(5)
Sense overlapping IncRNA 197 20,987(110)
Sense intronic IncRNA 715 22,755(32)
UTRs mRNA NA 36,086(2)
5" UTR mRNA 18,916 37,521(2)
cd mRNA 20,165 37,857
3" UTR mRNA 19,307 38,580(2)

The typical number of controls for each individual RNA transcript
is in parentheses. (NA) Not applicable.

mRNAs (N =20,165) and five types of IncRNA (N = 24,468)
(Table 1). For comparison, the data set also included se-
quences from different mRNA regions (5" UTRs, CDs, and
3’ UTRs). As the number of splice variants encoded by a
gene varies considerably and can introduce biased sampling,
a representative transcript was retrieved for each transcript
class encoded by a gene. The representative transcript was de-
fined as the longest transcript in each case.

The five types of IncRNA transcripts are lincRNAs (N =
6889), antisense RNAs (N =5158), sense overlapping RNAs
(N=197), sense intronic RNAs (N=715), and processed
RNAs (N=11,509) (Derrien et al. 2012). lincRNAs are
long intergenic noncoding RNAs that do not intersect with
the boundaries of a protein-coding gene (5-kb upstream
of the start codon and 30-kb downstream from the stop
codon). An antisense RNA gene intersects with any exon of
a protein-coding gene or has published evidence for antisense
regulation of a protein-coding gene. Sense overlapping RNAs
contain a protein-coding gene within one of their introns
on the same strand. Sense intronic RNAs are located within
the intron of a protein-coding gene on the same strand
and do not overlap any exons. All IncRNA that do not
belong to any of the above-mentioned types are classified
as processed RNA. As detailed in the figure legends, sense
intronic RNAs and sense overlapping RNAs were occasional-
ly omitted from figures as there were not enough sequences
to perform a robust analysis or the results were simply not
informative.

To assess the significance of Alu-related features in differ-
ent classes of RNA, we retrieved random intergenic sequence
controls for each class of RNA (Table 1). A total of N random
sequences were retrieved for each individual RNA transcript
to ensure that at least 20,000 controls were retrieved for each
class of RNA. Each random sequence was “spliced” using the
internal intron/exon coordinates of the corresponding RNA
transcript that it was size-matched to. Each sequence was
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sampled from a chromosome with a probability equal to
the relative size of the chromosome. The chromosome loca-
tions were sampled uniformly at random and the sequences
were included in the data set whenever they did not overlap
with known transcripts. Because of these stringent criteria,
occasionally an intergenic control sequence could not be lo-
cated for a particular RNA transcript. Therefore, the number
of control sequences was not an exact multiple of N and the
total number of RNAs in a class. For example, there were
5518 antisense RNAs and we successfully retrieved five con-
trol sequences for most of them (25,349/25,790). Finally,
as coding regions and UTRs are under different evolutionary
constraints, we also retrieved intergenic control sequences
that were “spliced” using the exon coordinates of UTRs in
the corresponding mRNA transcript.

Depletion of Alu elements in IncRNAs and mRNAs

The percentage of transcripts with Alu elements varied con-
siderably among the different transcript types (18%—41%;
Fig. 1A). mRNAs, lincRNAs, processed RNAs, and antisense
RNAs had significantly fewer Alu-containing sequences than
their corresponding intergenic controls (Fisher’s exact test,
P=0/55x107%", P=69x10"", P=25x107°%, P=
1.8 X 10_19). In contrast, sense intronic RNAs and sense
overlapping RNAs did not differ significantly from their con-
trols. As expected, longer intergenic controls were more likely
to contain Alu elements (Fig. 1B) and confirmed the need
for “spliced” intergenic controls that are the same lengths
as their corresponding RNA types. We also confirmed that
mRNAs, lincRNAs, and processed RNAs had significantly
fewer Alu-containing sequences than their corresponding
intergenic controls at each chromosome. More than 50%
of Alu-containing transcripts had a single Alu element and
more than 80% of them had less than three Alu elements.
As expected, Alu elements were primarily located in 3
UTRs of mRNA, and were rarely located in 5 UTRs and cod-
ing regions (Fig. 1A).

Although we observed a depletion of Alu-containing RNA
at each chromosome, the previously reported distribution
of Alu elements across chromosomes (Lander et al. 2001)
prompted us to examine the percentage of Alu-containing
transcripts encoded at each chromosome (Fig. 1C,D). We
omitted sense intronic and sense overlapping transcripts as
their sample sizes were too small at each chromosome. In ge-
neral, the percentages across each chromosome were corre-
lated between the different transcript types (Fig. 1C,D). In
particular, the percentages for processed RNA and mRNA
were highly correlated across chromosomes. A relatively
high percentage of the Alu-containing transcripts mapped
to the smaller chromosomes (16, 17, and 19). On chromo-
some 17, there was a high percentage of antisense and
lincRNA transcripts with Alu elements. On chromosome
19, every class of transcript had a relatively high percentage
of Alu-containing transcripts (Fig. 1C,D).
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FIGURE 1. Depletion of Alu elements in mRNAs and IncRNAs. (A)
The percentage of each RNA type with one or more Alu elements.
The P-values indicate that Alu elements are significantly depleted in
the RNA relative to its corresponding control. For mRNAs, the second
P-value was generated using the UTR-like control sequences. (B) The
percentage of intergenic controls with one or more Alu elements is
greater in longer sequences. (C) The percentage of transcripts with an
Alu element at each chromosome. The percentages at each chromosome
sum up to the percentages in A. Sense intronic RNAs and sense overlap-
ping RNAs were omitted because of the small number of sequences at
each chromosome. (D) Percentages from C are divided by the length
of each chromosome.

Alu-containing mRNAs on chromosome 19 are
associated with intrachromosomal gene duplication

As chromosome 19 is Alu-rich (Lander et al. 2001) and con-
tains many duplicated genes (Lander et al. 2001; Grimwood

et al. 2004), we investigated whether the propensity for
chromosome 19 genes to contain Alu elements (Fig. 1C,D)
was associated with intrachromosomal gene duplications.
Although this hypothesis could not be tested for IncRNAs
(current methods cannot reliably determine nearest paralogs
for IncRNAs), our analysis of protein-coding genes provided
valuable insight.

Using EnsemblCompara gene trees (Vilella et al. 2009), we
determined the nearest paralog (see Materials and Methods)
for each protein-coding gene and whether the paralog was
on the same chromosome or a different chromosome. In
general, the majority of protein-coding genes had its nearest
paralog on a different chromosome (Fig. 2). However, 42%
of Alu-containing mRNA encoded by chromosome 19 had
its nearest paralog on the same chromosome. In contrast,
only 22% of mRNA encoded by chromosome 19 that lack-
ed an Alu element had its nearest paralog on the same chro-
mosome. The distance between nearest intrachromosomal
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FIGURE 2. Alu-containing mRNAs on chromosome 19 are associated
with intrachromosomal gene duplication. (A) Type of gene duplication
associated with mRNAs that contain Alu elements. (B) Type of gene
duplication associated with mRNAs that lack Alu elements. (C)
Number of intrachromosomal paralog pairs that have one or more of
the same Alu subfamilies.
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paralogs on chromosome 19 varied considerably (mean =
2191 kb, SD =5602 kb). Most pairs of intrachromosomal
paralogs did not possess the same Alu subfamilies (Fig.
2C). Therefore, the duplication of genes within chromosome
19 is probably associated with a subsequent exonization of
Alu elements in this Alu-rich region.

Orientation and position of Alu elements
in IncRNAs and mRNAs

As forward-oriented Alu elements can sometimes contain
poly(A) signals (Lee et al. 2008; Chen et al. 2009), we exam-
ined the orientation and relative position of Alu elements in
each class of RNA. lincRNAs, processed RNAs, and antisense
RNAs had a significantly greater proportion of reverse-ori-
ented Alu elements than their corresponding intergenic con-
trols (Fisher’s exact test, P=1.0x 1077, P=8.6 x 107!, P=
5.0 X 107", Fig. 3A). Only sense intronic RNAs and mRNAs
had similar proportions of forward- and reverse-oriented
Alu elements. Among the small number of Alu elements lo-
cated within 5" UTRs and coding regions, there was a clear
preference for the reverse orientations (P=6.0 x 107>® and
P=93x1071).
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FIGURE 3. Orientation and position of Alu elements in IncRNAs and
mRNAs. (A) Orientation of Alu elements in each RNA type. P-values in-
dicate a significant enrichment of reverse-oriented Alu elements in the
class of RNA relative to its corresponding control. (B,C) The relative po-
sition of forward-oriented and reverse-oriented Alu elements in mRNA,
the five types of IncRNA, and six transcripts combined. There are 100
bins for each RNA molecule. Each bin spans 1% of an RNA molecule.
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To determine whether there was a positional bias for re-
verse-oriented and forward-oriented Alu elements, each
RNA sequence was divided into 100 bins of equal size (to ac-
count for differences in transcript length) and the number of
transcripts with an Alu element at each bin location was
counted. For example, a transcript with 700 nt would be as-
signed 100 bins that each spanned 7 nt. In mRNAs, the ma-
jority of forward- and reverse-oriented Alu elements were
positioned near the 3" end (Fig. 3B,C). However, there were
proportionally fewer forward-oriented Alu elements in the
5" end than reverse-oriented Alu elements, and the relative
positions of forward-oriented Alu elements had a greater 3’
bias than reverse-oriented Alu elements in mRNA (Mann—
Whitney test, P=0). The distance between Alu elements
and coding regions was generally correlated with the length
of the UTR that contained the Alu element (data not shown).

In all five types of IncRNA, there was a striking difference in
the locations of reverse- and forward-oriented Alu elements
(Fig. 3B,C). Reverse-oriented Alu elements were tolerated
throughout the sequence, whereas forward-oriented Alu ele-
ments were primarily located in the 3’ end. Consistent with
this, the locations of forward-oriented Alu elements were
significantly greater than reverse-oriented Alu elements in an-
tisense RNAs, lincRNAs, processed RNAs, sense intronic
RNAs, and sense overlapping RNAs (Mann—Whitney test,
P=0,P=0,P=0,P=1.4x10""" P=37x107").

Putative poly(A) signals (AAUAAA) were less common in
reverse-oriented Alu elements than in forward-oriented Alu
elements in both IncRNAs and mRNAs. However, only a
small portion of Alu’s in IncRNAs (7%) and mRNAs
(10%) contained canonical poly(A) signals, which only par-
tially explains the different locations of reverse- and forward-
oriented Alu elements in IncRNA. Consistent with this, only a
small percentage of Alu elements contained the reverse com-
plement of the canonical poly(A) signal in mRNAs (8%) and
IncRNAs (6%). Collectively, these results are consistent with
Alu elements primarily occurring in the 3" UTRs of mRNA
(Yulug et al. 1995) and demonstrate that reverse-oriented
Alu elements are tolerated in a variety of positions within
IncRNAs.

Exonization of Alu domains

The dimeric (full-length) Alu element, the left Alu monomer,
and the right Alu monomer are known to form RNA struc-
tural domains, whereas random regions of an Alu element
are less likely to be structured (Sinnett et al. 1991). We
therefore determined the regions of each Alu element that
was exonized and whether it spanned a structured region
(see Materials and Methods). There were three categories
that corresponded to structured regions (dimeric, left
monomer, right monomer), and one category (other) that
is likely to consist of unstructured RNAs. Structured Alu el-
ements were enriched in mRNAs, lincRNAs, processed
RNAs, antisense, and sense intronic RNAs relative to their
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corresponding controls (Fig. 4A; Fisher’s exact test, P = 2.5 X
1072° / 4.4x 107", P=1.2x 107", P=2.5x107%, P=
6.0x1072, p= 0.0008). Dimeric Alu elements were the pre-
dominant Alu domain in mRNAs, whereas all three of the
structured domains were quite common in the different
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FIGURE 4. Alu domains are enriched in IncRNAs and mRNAs. (A)
The fraction of Alu domains (dimeric, left monomer, right monomer)
and non-domains (other) in mRNAs and the five types of IncRNA.
(B) The exon location of forward- and reverse-oriented Alu domains
in mRNAs. (C) The exon location of forward- and reverse-oriented
Alu domains in the three major types of IncRNA (lincRNAs, processed
RNAs, and antisense RNAs). Sense intronic and sense overlapping
RNAs were not included as the distribution of their exon locations
were slightly different than in the other classes of IncRNA.

classes of IncRNA. Within mRNAs, 3" UTRs primarily con-
tained dimeric Alu domains, 5 UTRs contained similar pro-
portions of each domain, and coding regions primarily
contained left and right monomers.

Next, we examined the propensity of these different do-
mains to occur in different exon locations. In mRNAs,
both forward- and reverse-oriented dimeric Alu’s were pri-
marily located in the terminal exon of mRNAs (Fig. 4B).
Although the majority of dimeric Alu’s also occurred in the
terminal exon of IncRNAs (lincRNAs, processed RNAs,
and antisense RNAs), there was also a relatively large propor-
tion of dimeric Alu’s in the initial exon of IncRNAs (Fig. 4C).
The exon locations were slightly different in sense intronic
and sense overlapping RNAs (data not shown). Consistent
with Figure 3, reverse-oriented Alu elements were more fre-
quent than forward-oriented Alu elements in initial and in-
ternal exons of IncRNAs. In particular, the right monomer
of reverse-oriented Alu elements was primarily incorporated
into the internal exons of IncRNAs. Collectively, the above
results demonstrate that mRNAs and IncRNAs have a clear
preference for structured Alu domains that reside within par-
ticular exon locations.

IncRNAs and mRNAs primarily contain Alu
J and S subfamilies

As many human IncRNAs appears to have evolved during
primate evolution (Derrien et al. 2012; Necsulea et al. 2014;
Washietl et al. 2014), we investigated the composition of
exonized Alu subfamilies that were amplified at different pe-
riods. Both IncRNAs and mRNAs were primarily composed
of Alu J and Alu S subfamilies that were amplified 35-55
million years ago (Fig. 5; Batzer and Deininger 2002). The
dimeric Alu J subfamily was enriched in antisense RNAs,
and sense intronic RNAs relative to their respective controls
(P=9.3%x10"", P=0.0398). In the other types of exonized
Alu elements (left monomer, right monomer, other), the
Alu J subfamily was typically overrepresented (see P-values
in Fig. 5). Interestingly, the dimeric Alu S subfamily was
only overrepresented in mRNAs (Fisher’s exact test, P=
8.8 x1071%/6.7 x 10™"%), with 3’ UTRs having a preference
for this subfamily. Collectively, these results indicate that
IncRNAs and mRNAs primarily contain Alu elements that
were amplified relatively early in primate evolution, provid-
ing sufficient time for exon formation.

Evolutionary constraints in the Alu elements
of IncRNAs and mRNAs

To investigate whether the sequences of exonized Alu ele-
ments might be under evolutionary constraints, we examined
percentage identities between each Alu element and its corre-
sponding consensus sequence in Repbase (Jurka et al. 2005).
We used this measure of evolutionary constraint as relia-
ble multiple sequence alignments cannot be generated for
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FIGURE 5. Alu subfamilies in mRNAs and IncRNAs. The fraction of each Alu subfamily is shown for each Alu domain. P-values indicate significant
enrichment of an Alu subfamily (red = Alu J, blue = Alu S) relative to the corresponding control. For mRNAs, the second P-value was generated using

the UTR-like control sequences.

homologous IncRNAs (very few IncRNAs sequences are de-
fined in other primates). Alu elements that are similar to
consensus sequences are likely to be subject to evolutionary
constraints (potential purifying/negative selection). In con-
trast, Alu elements that are dissimilar to consensus sequences
could be subject to either neutral drift or positive selection.
Thus, we focused our attention on Alu elements that shared
a high percentage identity with consensus sequences relative
to their controls.

Within the Alu J subfamily, sequences were constrained in
mRNAs, processed RNAs, and antisense RNAs (Fig. 6A-C).
The most significant sequence constraints were in the
dimeric (Mann—Whitney test, P=5.3 X 107%, P=2.4x
107, P=2.4x10""") and left (P=2.3 x 10~%, P=10.0579,
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P=0.0242) domains. Within the Alu S subfamily (Fig. 6D—
F), the most significant sequence constraints were in the
dimeric domains of mRNAs, lincRNAs, processed RNAs,
and antisense RNAs (P=5.3x10"%°, P=0.0046, P=2.7 x
107%, P=0.0034). Within the Alu Y subfamily (data not
shown), dimeric sequences were constrained in mRNAs (P
=0.001) and the left monomers were constrained in pro-
cessed RNAs (P=0.0014). We did not observe any relation-
ship between the position of Alu elements within different
RNA types and their evolutionary constraints. Overall, the re-
sults indicate that dimeric Alu elements are significantly con-
strained in IncRNAs and mRNAs, whereas the left and right
monomers are constrained within particular Alu subfamilies
and classes of RNA.
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DISCUSSION

In general, the majority of repetitive elements in the genome
are expected to be harmless nonfunctional junk DNA. To a
lesser extent, some repetitive elements are expected to be del-
eterious garbage DNA that has not been removed from the
population yet. Functional repetitive elements are expected
to be at even lower frequencies. To date, a small number of
repetitive elements have emerged as potential regulators of
various biological processes (de Souza et al. 2013). They are
believed to regulate gene transcription, polyadenylation of
mRNA, alternative splicing, RNA editing, and RNA transla-
tion (Berger and Strub 2010; Deininger 2011). IncRNAs
have been reported to contain Alu and SINEB2 elements
that function in staufen-mediated decay (Gong and Maquat
2011) and RNA translation (Carrieri et al. 2012), respectively.
Alu elements are of particular interest as they are primate-
specific and have the potential to alter the domain structure
of IncRNAs and mRNAs. To further assess the potential for
Alu elements to be exapted in mRNAs and IncRNAs, we exam-
ined and compared the evolution of Alu elements in mRNA
and five types of IncRNA (lincRNA, antisense RNA, sense
overlapping RNA, sense intronic RNA, processed RNA).

This study revealed several key findings that require careful
interpretation: (1) There is a significant depletion of Alu el-
ements in mRNAs and IncRNAs across the genome and
most chromosomes. (2) The percentage of IncRNAs and
mRNAs with Alu elements tends to be correlated across
chromosomes. (3) The frequent duplication/genesis of coding
genes within chromosome 19 is often associated with a subse-
quent exonization of Alu elements in this Alu-rich chromo-
some. (4) Unlike 3’ UTRs in mRNAs, reverse-oriented Alu
elements are overrepresented in IncRNAs and are located
in a variety of positions within IncRNAs. (5) mRNAs and
IncRNAs have a clear preference for structured Alu domains
that reside within particular exon locations. (6) IncRNAs
and mRNAs primarily contain Alu subfamilies that were am-
plified during early primate evolution. (7) Many Alu elements
appear to be subject to evolutionary constraints in IncRNAs
and mRNAs.

The depletion of Alu elements in IncRNAs and mRNAs
suggests that most exonized Alu elements arising in the pop-
ulation are deleterious to RNA function or stability. Although
Alu-containing RNAs are commonly encoded by Alu-rich
chromosomes (e.g., chromosome 17 and 19), they are deplet-
ed relative to the amount of Alu-containing controls detected
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on these chromosomes. While mRNAs encoded by chromo-
some 19 appear to exonize Alu elements after gene duplica-
tion, the mechanism of IncRNA genesis in Alu-rich regions
may be less reliant on gene duplication. Nevertheless, we still
suspect that Alu exonization primarily occurs in IncRNAs af-
ter their initial genesis. We also note that the extent of Alu
depletion may be greater than our results suggest, as the tran-
scripts in our data set may not accurately represent the pre-
dominant splice variants in a cell. Also, it is conceivable
that the inclusion or exclusion of an Alu element in different
splice variants may have a specific regulatory effect that is as-
sociated with particular conditions. Despite the general
depletion of Alu elements, many mRNAs and IncRNAs ap-
pear to tolerate exonized Alu elements, suggesting that they
are at least harmless junk and perhaps functional in some
instances.

Although most Alu elements are located in the 3' UTRs
of mRNAs and are equally likely to occur in either orien-
tation, IncRNAs contain a significant enrichment of re-
verse-oriented Alu elements that are not restricted to the 3’
end. In rare instances when Alu elements are located in the
5" UTR or coding region they are primarily in the reverse
orientation. Although reverse-oriented Alu elements have
less canonical poly(A) signals than forward-oriented Alu ele-
ments, it should be noted that canonical poly(A) signals are
relatively rare in all Alu elements and only partially explains
this observation.

The preferences for structured RNA domains (corre-
sponding to the left monomer, the right monomer, and a
full-length dimeric element) are striking. There is a clear
preference for dimeric Alu elements in mRNAs and these
are primarily encoded by the Alu S subfamily. In IncRNAs,
the three domain structures tend to be similarly enriched,
and the Alu J subfamily tends to be overrepresented. The ex-
tent that these preferences might relate to required functions
(e.g., essential biochemical processes that are protected from
deleterious mutations) versus other activities that may not be
functionally required (e.g., the propensity for nonessential
Alu elements to be spliced) (Makatowski et al. 1994; Sorek
et al. 2002) will need to be experimentally determined.

Because of the lack of well-defined RNA sequences in pri-
mates, it is difficult to assess whether their exonized Alu
elements are under selection. However, by comparing exon-
ized Alu elements to consensus sequences, we were able to
determine whether the evolution of these sequences was
constrained (a potential indicator of negative/purifying selec-
tion). Dimeric Alu S and Alu J elements appear to be under
evolutionary constraint in mRNAs and IncRNAs. The left
and right Alu arms also appear to be subject to evolutionary
constraints within particular Alu subfamilies and classes of
RNA. We believe that those Alu RNAs with the greatest se-
quence constraints are prime candidates for experimental
characterization.

Similar to protein domains, it is conceivable that Alu
domains have been exapted as modular functional domains
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in different RNA types (Gong and Maquat 2011; Johnson
and Guigo 2014). The extent that Alu domains perform
modular functions should become apparent soon as several
research groups are investigating the function of Alu-con-
taining RNA.

MATERIALS AND METHODS

IncRNA and mRNA sequences

Using the Ensembl API, human IncRNA and mRNA sequences were
retrieved from version 73 of Ensembl (Flicek et al. 2011), which was
based on assembly GRCh37 and is identical to version 18 of
GENCODE (Harrow et al. 2012).

GENCODE contains the largest manually curated set of IncRNAs
and mRNAs. We retrieved sequences that were classified as
lincRNA, antisense RNA, sense overlapping RNA, sense intronic
RNA, processed RNA, or mRNA within GENCODE/Ensembl
(Table 1). As the number of splice variants encoded by a gene varies
considerably and can introduce biased sampling, a representative
transcript was retrieved for each transcript class encoded by a
gene. The representative transcript was defined as the longest tran-
script in each case. The Ensembl API was used to determine the
transcript coordinates for all exons, which were further classified
as initial, internal, or terminal. For comparison, 5 UTR, CD, and
3’ UTR sequences were extracted from mRNAs. There were slightly
fewer UTRs than CDs (Table 1), as some mRNAs do not have UTRs.

Random intergenic control sequences

Random intergenic sequence controls were retrieved for each class
of RNA (Table 1). A total of N random sequences were retrieved
for each individual RNA transcript to ensure that at least 20,000
controls were retrieved for each class of RNA. Each random se-
quence was “spliced” using the relative intron/exon coordinates of
the corresponding RNA transcript that it was size-matched to.
Each sequence was sampled from a chromosome with a probability
equal to the relative size of the chromosome. The locations within a
chromosome were sampled uniformly at random and the sequences
were included in the data set whenever they did not overlap with
known transcripts. Because of these stringent criteria, occasionally
an intergenic control sequence could not be located for a particu-
lar RNA transcript. Therefore, the number of control sequences
were not an exact multiple of N and the total number of RNAs
in a class. For example, there were 5518 antisense RNAs and we suc-
cessfully retrieved five control sequences for most of them (25,349/
25,790). As coding regions and UTRs are under different evolution-
ary constraints, we also retrieved intergenic control sequences that
were “spliced” using the exon coordinates of UTRs in the corre-
sponding mRNA transcript (coding regions were treated as introns).
Related to this, we retrieved intergenic controls that had the same
lengths and exon structures as 5 UTRs, coding regions, and 3’
UTRs.

Identification and analysis of Alu elements

We used RepeatMasker (Smit) and Repbase (Jurka et al. 2005) to
identify repetitive elements in IncRNA and mRNA transcripts.
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The NCBI/RMBLAST search engine was used with the following op-
tions: -norna -html -source -gff -nolow —species human. We did not
specify the —alu option, which only reports Alu elements, as we had a
casual interest in other repetitive elements. Key information for each
repetitive element was parsed from the RepeatMasker result files
(the repeat name, the length of the repeat in the transcript, the ori-
entation of the repeat, the start and end of the repeat relative to the
matching consensus sequence, the start and end of the repeat in the
transcript, the percent identity shared with matching consensus se-
quence, Alu subfamilies, etc.).

An exonized Alu element was defined as a complete dimer when it
aligned to position 50 (or less) and position 240 (or greater) in the
matching consensus sequence. An exonized Alu element was de-
fined as a right arm when its start and end positions aligned to po-
sition 120 (or greater) and position 241 (or greater), respectively, in
the matching consensus sequence. An exonized Alu element was
defined as a left arm when its start and end positions aligned to po-
sition 49 (or less) and position 179 (or less), respectively, in the
matching consensus sequence. An exonized Alu element was de-
fined as dimeric when its start and end positions aligned to position
49 (or less) and position 241 (or greater), respectively, in the match-
ing consensus sequence. An exonized Alu elements was defined as
“other” when it spanned other regions.

Identification of nearest paralogs

Ensembl gene trees (Vilella et al. 2009) were used to identify nearest
paralogs for each protein-coding gene. The ancestral nodes that con-
nected each within-species paralog to the gene of interest were re-
trieved. The ancestral node with the shortest distance to the gene
of interest was used to identify the nearest paralog. When the nearest
ancestor node was connected to multiple within-species paralogs,
the within-species paralog with the shortest distance to the gene
of interest was defined as the nearest paralog. The nearest paralog
was classified as intrachromosomal when it was located on the
same chromosome as the gene of interest and interchromosomal
when it was on a different chromosome.

Positional bias of Alu elements

To determine whether there was a bias in the position of reverse and
forward-oriented Alu elements within IncRNAs and mRNAs, each
RNA molecule was divided into 100 bins of equal size to account
for differences in transcript length. The number of IncRNAs and
mRNAs that contained an Alu element at each bin location was
counted and plotted.

Putative poly(A) signals

All Alu elements were scanned for the presence of the canonical poly
(A) signal (AAUAAA), its reverse complement (UUUAUU), as well
as 12 other less common signals (Chen et al. 2009).

Statistical analysis and plotting

Statistical analysis was performed using the R package (Thaka and
Gentleman 1996). The nonparametric Mann—Whitney test was
used to compare unpaired data. The Fisher’s exact test was used

to identify overrepresented and underrepresented categories within
contingency tables. All P-values were adjusted to control for false
discovery in multiple testing (Benjamini and Hochberg 1995). All
plots were generated using the R package.
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