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Simple Summary: Transposable elements (TEs) are repetitive sequences comprising more than one
third of the human genome with the original ability to change their location within the genome. Owing
to their repetitive nature, the quantification of TEs results often challenging. RNA-seq is a useful tool
for genome-wide TEs quantification, nevertheless it also presents technical issues, including low reads
mappability and erroneous quantification derived from the transcription of TEs fragments embedded
in canonical transcripts. Fragments derived from TEs are found within the introns of most genes,
which led to the hypothesis that intron retention (IR) can affect the unbiased quantification of TEs
expression. Performing meta-analysis of public RNA-seq datasets, here we observe that IR can indeed
impact the quantification of TEs by increasing the number of reads mapped on intronic TE copies. Our
work highlights a correlation between IR and TEs expression measurement by RNA-seq that should
be taken into account to achieve reliable TEs quantification, especially in samples characterized by
extensive IR, because differential IR might be confused with differential TEs expression.

Abstract: Transposable elements (TEs), also known as “jumping genes”, are repetitive sequences with
the capability of changing their location within the genome. They are key players in many different
biological processes in health and disease. Therefore, a reliable quantification of their expression as
transcriptional units is crucial to distinguish between their independent expression and the transcription
of their sequences as part of canonical transcripts. TEs quantification faces difficulties of different
types, the most important one being low reads mappability due to their repetitive nature preventing
an unambiguous mapping of reads originating from their sequences. A large fraction of TEs fragments
localizes within introns, which led to the hypothesis that intron retention (IR) can be an additional source
of bias, potentially affecting accurate TEs quantification. IR occurs when introns, normally removed from
the mature transcript by the splicing machinery, are maintained in mature transcripts. IR is a widespread
mechanism affecting many different genes with cell type-specific patterns. We hypothesized that, in
an RNA-seq experiment, reads derived from retained introns can introduce a bias in the detection of
overlapping, independent TEs RNA expression. In this study we performed meta-analysis using public
RNA-seq data from lymphoblastoid cell lines and show that IR can impact TEs quantification using
established tools with default parameters. Reads mapped on intronic TEs were indeed associated to the
expression of TEs and influence their correct quantification as independent transcriptional units. We
confirmed these results using additional independent datasets, demonstrating that this bias does not
appear in samples where IR is not present and that differential TEs expression does not impact on IR
quantification. We concluded that IR causes the over-quantification of intronic TEs and differential IR
might be confused with differential TEs expression. Our results should be taken into account for a correct
quantification of TEs expression from RNA-seq data, especially in samples in which IR is abundant.

Keywords: transposable elements expression quantification; intron retention; technical bias; RNA-seq;
transcriptomic; bioinformatics
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1. Introduction

Transposable elements (TEs) are repetitive sequences that comprise nearly half of the
human genome [1,2]. Their main characteristic is the ability to change their location within
the genome and they are found in virtually all eukaryotes [3,4]. TEs are key players in
many different biological processes in health and disease [5-7]. Their ability to replicate
and insert themselves into the genome has been recognized as causing both useful and
deleterious effects, and, therefore, cells have evolved different ways to deal with TEs ac-
tivity [8]. An uncontrolled TEs activation has been related to the onset and progression of
different neurological and autoimmune disorders [5]. They can be involved in the gener-
ation of new insertions, increasing the number of genomic variations and leading to the
onset of disease [9]. They can also impact gene expression by supplying transcriptional
regulatory elements such as promoters [10]. An aberrant TEs expression has been found in
several neurological and immune diseases such as Alzheimer, Aicardi-Goutiéres Syndrome,
Autism Spectrum Disorders and Multiple Sclerosis as well as in different cancers [11-15].
This evidence suggests the importance of a reliable TEs expression quantification. Con-
sequently, many tools have been so far developed to address this task using data from
RNA-seq experiments [16]. In this scenario a reliable quantification of TEs RNA should
distinguish their expression as independent transcriptional units from transcription of their
sequences as part of canonical transcripts [16]. TEs fragments are indeed embedded within
most genes and in particular within intronic sequences. The magnitude of this genomic
organization relation is so large that about 90% of all human RefSeq genes contain TEs in
their introns [17,18].

Intron retention (IR) is one of the five different alternative splicing (AS) mechanisms.
IR occurs when introns, normally removed by the splicing machinery, are maintained in
the mature RNA [19]. IR is one of the most abundant AS events in unicellular eukaryotes
and plants, in which it accounts for about 60% of all splicing events [20,21]. Despite
originally overlooked in animals, IR has recently gained great interest due to its recognized
role in gene expression regulation and its association with complex diseases [22,23]. IR
is thus currently recognized as a widespread and evolutionary conserved mechanism
present in both health and disease [19], affecting many different genes with cell type-
specific patterns [24]. IR is a tightly regulated process controlled by many different factors,
including splice site strength, intron length, GC content, splicing factor expression, and
changes in chromatin conformation [24,25]. This accurate regulation has paved the way to
the discovery that IR plays fundamental roles in controlling gene expression by inducing
non-sense mediated decay leading to the downregulation of intron-retaining transcripts [26]
or by protecting RNAs from degradation by preventing their cytoplasmic export [27].
Recently, it has been reported that IR affects about the 17.4% of expressed genes in human
granulocytes, demonstrating its widespread contribution to cell biology [28]. In 2004,
Braunschweig and colleagues, using high-coverage polyA RNA-seq data, observed that IR
is surprisingly frequent in mammals, affecting transcripts from as many as three-quarters
of multi-exonic genes [24]. IR is particularly frequent in blood cells, in which it regulates
differentiation and proliferative activity during development and maturation [29-33]. The
evidence collected so far confirms that IR is a widespread phenomenon that has relevant
outcomes on the transcriptome dynamics in many different cell types.

Interestingly, more than 60% of TEs-derived sequences reside in introns [34]. This
relation poses challenges in the quantification of intronic TEs expression as reads coming
from retained introns (RI) can bias the detection of overlapping, independent TEs expres-
sion [16]. The final outcome might be an incorrect TEs quantification potentially leading to
incorrect interpretation of results. This possibility suggests the need of an accurate analysis
on the quantitative and qualitative relation between IR and TEs expression quantification.
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2. Materials and Methods
2.1. Data Collection and Pre-Processing

To study the relation between IR and TEs quantification we took advantage of the
large cohort of the Geuvadis dataset [35]. Geuvadis project sequenced polyA mRNA from
lymphoblastoid cell lines derived from 464 healthy individuals from the 1000 Genomes
Project, generating a dataset of uniformly processed RNA-seq data from multiple human
populations with high-quality sequences. The NA18861 sample has been removed from the
analysis because it represents an extreme outlier concerning the number of retained introns.
In addition to the Geuvadis dataset, we used two additional datasets to test and report
practical examples of the influences of IR on TEs quantification. The former is composed by
polyA RNA-seq data from human neural progenitor cells (hNPCs) harboring a homozygous
deletion of the DNMT1 gene, leading to a global loss of DNA CpG-methylation and causing
a significant increase in autonomous TEs expression [36]. This dataset represents a model
to test whether the validated dysregulation of TEs can be correctly identified in RNA-seq
data where differential IR is not abundant. The latter is composed by RNA-seq data from
SDE2 knock-down HelLa cells [37]. Data are declared as polyA RNA; however, the kit used
to generate the sequencing library suggests that the RNA has to be considered as total
RNA with ribosomal depletion. SDE2 is a human RNA binding protein and a trans-acting,
splicing-associated factor required for efficient RNA processing. The silencing of SDE2
in human cell lines has been associated with widespread changes in alternative splicing,
with increased IR being the most frequent event [37]. This dataset represents an ideal
model to explore TEs measurements in presence of differential IR. To simulate the scenario
of differential IR between two analyzed groups we also performed a comparison of four
samples with a high number of retained introns (H-IR) and four samples with a lower
number of retained introns (L-IR) extracted from the Geuvadis project. Groups were defined
by retrieving the four samples with the highest number of RIs and the four samples with
the lowest number of Rls, after excluding samples from the 2% tails of the distribution to
avoid extreme outliers. The Supplementary Table S1 summarizes the information about the
different datasets used in this study. Raw fastq files were downloaded from the ENA-EBI
database (accession codes: PRJEB3366, PRINA420729, and PRJNA599420) and the quality
of the reads was assessed using FastQC [38,39].

2.2. IR Quantification and Differential IR Analysis

Reads were mapped to the reference genome (version hgl9, Ensembl) using STAR
(v 2.7.0) with default parameters [40,41]. For the Geuvadis dataset, different fastq files from
the same samples were merged at the mapping step to increase the sensitivity of IR detection
as the number of detectable Rls is influenced by the number of mapped reads. IR was
quantified using IRFinder [42] with default parameters. The IRFinder main metrics are
represented by the IRratio that quantifies the portion of transcriptional activity traversing a
given intron not removed by the splicing mechanismes. It is therefore a measure representing,
for a given gene, the percentage of transcripts retaining the introns with respect to the
total number of transcripts. The number of Rls per sample was defined as the number
of introns with an IRratio >= 0.1 and without any overlap with annotated features (the
“clean” annotation in the IRFinder output), such as exons, which can confound the correct
IRratio quantification. The set of commonly used Rls for the randomization analysis of the
Geuvadis dataset is composed of 2789 introns, defined as introns retained in at least the 65%
of samples (Supplementary Table S2). This approach is justified by the fact that IR is a highly
conserved and regulated mechanism with a cell type-specific pattern [24]. The genomic
coordinates of the quantified introns were extracted from the BED file generated by IRFinder.
Differential IR analysis was carried out using DESeq2, according to the IRFinder manual
for datasets with more than 3 biological replicates. Significant results were considered as
having an FDR adjusted p-value < 0.05 and a |log2(fold change) | >log2(1.5).
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2.3. Transposable Elements Expression Quantification and Differential Expression Analysis

Locus-specific TEs expression was quantified using SQuIRE [43] with default pa-
rameters and raw counts were normalized using the DESeq2 default median of ratios
approach [44] (using the counts function with the normalized = TRUE parameter) to
account for both TEs dispersion and different sequencing depth across samples. The
set of transcribed TEs was defined in the Geuvadis dataset as TEs showing an expres-
sion level of at least 5 normalized counts in at least the 65% of samples, comprising
36,383 TEs, and was further divided into intronic and intergenic using BEDtools utilities
(Supplementary Table S3) [45]. Intronic TEs were defined as TEs overlapping at least one
intron, while intergenic TEs were defined as TEs without overlap with any annotated
gene. The gene annotations were retrieved from Ensembl Biomart by selecting all coding
and non-coding genes [46]. Differential TEs expression analysis was performed using
DESeq2. Significant results were considered as having an FDR adjusted p-value < 0.05 and
a |log2(fold change) | >log2(2).

2.4. Statistical and Genomic Analysis

Statistical analysis was conducted in R and Python. In particular, Pearson’s correlation
(scipy Python module) between normalized TEs expression and the hosting intron IRratio
was performed for every intronic TE (Supplementary Table S4). TEs and intron pairs were
defined using BEDtools intersect. p-values were then corrected for multiple tests using the
FDR method. Significant correlations were defined as correlation with an FDR adjusted
p-value < 0.05. To test the relation between TEs quantification and IR that showed even
low but reproducible evidence of retention, only introns with an IRratio > 0 in at least 50%
of samples were used in this test. The genomic location of upregulated TEs was assessed
using the annotatr R package and the hg19_basicgenes and hgl9_genes_intergenic regions.
These annotations contain regions for 1to5kb, promoters, 5UTRs, exonintronboundaries,
intronexonboundaries, exons, introns, 3UTRs, and intergenic. In particular, the 1-5 Kb is
the region located from 1 to 5 Kb upstream of the transcription start site (TSS); the promoter
region is defined as the region from 0 to 1 Kb upstream the TSS; the intergenic region does
not contain all the previous annotations. If an element overlaps more than one annotation,
the results were prioritized maintaining only the first overlap with respect to the reported
order. The enrichment in different genomic regions was tested by comparing the real
number of elements overlapping a certain region with the mean of 1000 randomizations of
the same number of elements taken from an unbiased background of transcribed TEs and
by computing the Z-score. Randomizations were performed using the resampleRegions
function from the regioneR package [47]. Common reads between TEs in Rls and intergenic
TEs were counted based on read names. Briefly, TEs located in RIs were identified by
intersecting the BED file containing the TEs genomic location with the BED file of Rls. Read
names of reads mapped in those regions were then extracted using samtools. The same
procedures were repeated to identify the read names of reads mapped in intergenic TEs
by retrieving the genomic location of intergenic TEs as TEs that do not overlap any gene
annotation (BEDtools intersect -v), then read names were extracted using Samtools. The
common reads were identified using the comm Bash command that can be used to identify
the common names between the 2 lists of read names (files were previously sorted by name).
The correlation between the number of Rls and the number of transcribed intronic TEs was
performed using the cor.test function in R. The number of RIs was assessed as previously
described and normalized on the total number of mapped reads to allow inter-sample
comparisons while the number of transcribed TEs per sample was defined as the TEs with
counts >= 5 after DESeq2 normalization.

3. Results
3.1. Introns Contain a Large Fraction of TEs That Can Be Measured as Transcribed in RNA-Seq Experiments

To explore the phenomenon of IR at a whole transcriptome level on a comprehensive
dataset for the human species we took advantage of the Geuvadis project data, composed
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of RNA-seq from 463 samples. We identified Rls by using IRFinder [35,42]. The tool
was able to measure the IRratio of 188,138 introns that do not overlap any exon annota-
tion, with a mean of 6322 Rls per sample (3.36% of all measurable introns, Figure 1A),
which is in agreement with numbers reported in the literature [28]. Progresses in human
genome annotation and TEs sequences identification have revealed that TEs fragments
are embedded within most genes and, in particular, inside intronic sequences [48]. The
magnitude of this general genomic organization is so important that about 90% of all
human RefSeq genes contain TEs in their introns [17,18]. This led us to hypothesize that
IR can have an impact on intronic TEs quantification by increasing the number of reads
mapped on intronic TEs. In fact, the high degree of genomic overlap among introns and
embedded TEs poses challenges in correctly measuring TEs expression using RNA-seq
data because reads, coming from Rls, might represent a confounding factor (Figure 1C) [16].
In order to determine the genomic localization of TEs that are reproducibly identified in
the analyzed RNAseq reads, we selected the TEs showing expression in at least the 65% of
analyzed samples and considered them as transcribed TEs (36,383 elements). These might
be both autonomously transcribed TEs as well as TEs fragments transcribed as part of other
transcriptional units. We compared the genomic distribution of the selected transcribed
TEs to 1000 randomizations of their locations and observed a significant enrichment of
transcribed TEs in gene bodies, beginning at the core promoter (1 kb upstream of the TSS).
This also results in intronic regions being slightly, but significantly, enriched, with respect
to randomizations and introns themselves containing the highest fraction of transcribed
TEs. Conversely, intergenic regions are strongly and significantly depleted of the identified
transcribed TEs (Figure 1B). The significant enrichment of transcribed TEs inside all regions
of the gene body (UTRs, introns, and exons) is expected because exonized TE fragments rep-
resent an important fraction of the human transcriptome [49,50]. The transcription of genes
containing these TE sequences might therefore produce reads mapping on these exonized
TE fragments. However, introns should be removed from mature transcripts and reads
mapping on intronic TEs should not be expected in mature transcripts unless the mapped
TEs are autonomously transcribed or in cases of intron retention. The presence of intronic
reads in polyA RNA-seq data has been proposed to be a random bias produced during
library preparation. However, they should not be reproducible among different samples,
which rules out the presence of this bias in our selection of reproducibly transcribed TEs.
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Figure 1. Exploration of IR and TEs in RNA-seq data from Geuvadis. (A) Distribution of the number
of retained introns per samples in the Geuvadis dataset. (B) Genomic distribution of transcribed TEs
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(light grey) compared to the mean of 1000 randomization (dark grey). Z-scores are reported as
numbers on the top of the plot. Error bars represent the standard deviation. (C) Integrative Genomics
Viewer (IGV) screenshot of an intron characterized by increase retention in three samples colored
in dark grey with respect to the light grey samples. This intron contains two annotated repeated
elements, which could result in being differentially expressed if analyzed without checking the
retention of their hosting intron.

3.2. Intron Retention Can Introduce a Bias in Intronic TEs Quantification

To identify a possible relationship between intronic TEs transcription and IR, the
per-sample mean expression of TEs located in RIs was compared with the mean expression
of the same number of TEs located in randomly selected introns (1000 randomization).
The result reported in Figure 2A shows that TEs located in RIs result in being expressed
at a significantly higher level with respect to TEs located in randomly selected introns,
suggesting that IR can result in the increased quantification of intronic TEs from RNA-seq
data. Then, to investigate the existence of a quantitative relation between IR and intronic
TEs quantification at a genome-wide level, correlation analysis between the expression
levels of intronic TEs and the IRratio of the hosting introns was performed. Our results show
that there are 1,209,243 measurable intronic TEs fragments located in 65,147 measurable
introns (Supplementary Table S4). Correlations analysis show that the level of expression of
the majority (74.1%) of intronic TEs significantly and positively correlates with the IRratio
of the hosting intron (Figure 2B,C). On the other hand, there is a low percentage (0.4%)
of intronic TEs showing a negative and significant correlation with IRratio of the host
intron (Figure 2B). The high percentage of significantly positive correlations between TEs
measurements and the hosting intron IRratio supports the idea that IR has an impact on
intronic TEs quantification and that an increased IR is associated with an increased measure
of the expression of hosted TEs. Moreover, we have also observed that the set of commonly
RIs is significantly enriched for containing transcribed TEs with respect to randomly
selected introns (Figure 2D) (Z-score = 65). The presence of TEs sequences inside introns
might impact the efficiency of intron splicing influencing the IR level [22]. Considering
this possibility, we have investigated whether the set of common RIs is enriched to contain
TEs sequences with respect to randomly chosen introns. By answering this question, we
can rule out a possible association between TEs sequences and IR in the analyzed dataset
The number of common Rls overlapping at least one TE, regardless of its expression, were
counted and compared with the mean of 1000 randomizations of randomly chosen introns.
As shown in Figure 2E, the set of common Rls is depleted (Z-score = —12) of TE sequences
with respect to randomly chosen introns. This result indicates that the presence of TEs
inside introns is not associated with an increase in the level of IR in the analyzed samples.

In order to confirm that a global increase in IR might induce a consequent increase in
the number of transcribed intronic TEs, the number of RIs was correlated with the number
of transcribed intronic TEs in each sample analyzed. The Figure 3A shows a significant
correlation (R = 0.71 and p-value = 1.24 x 10~73) between the number of Rls and the number
of transcribed intronic TEs in each sample. This result again suggests that an increase in IR
might cause an increased number of transcribed intronic TEs.

TEs are characterized by a high sequence similarity, at least among members of
the same family, so we should consider that an increase in IR can also influence the
measurements of other non-intronic TEs [51]. In this scenario, reads coming from Rls can
map on both intronic and intergenic TEs, therefore possibly impacting the quantification
of intergenic TEs [16]. To further investigate this matter, the number of multi-mapping
reads mapped on TEs located in both RI and intergenic TEs in each sample was measured.
These were not significantly correlated with the number of transcribed intergenic TEs in
each sample (R = 0.03 p-value = 0.5) (Figure 3B). The absence of a significant correlation
suggests that IR has had not a major impact on intergenic TEs quantification. We also
observed that only a small fraction of reads is shared by both TEs in RI and intergenic TEs
(Figure 3C). These results suggest that IR does not have a strong impact on the quantification
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of intergenic TEs and therefore the quantification of intergenic TEs might be considered
more reliable even in samples with a high level of IR.
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Figure 2. Intron retention might increase intronic TE measurements. (A) Distribution of the mean
expression of TEs located in retained introns (light grey) compared to the mean expression of TEs
located in randomly chosen introns (dark grey). p-value is reported on the top of the plot. (B) Pie chart
reporting the percentage of positive, negative, and non-significant correlations between TE expression
and the hosting intron’s IRratio. (C) Distribution of significant (adjusted p-value < 0.05) coefficients of
correlation between TE expression and hosting intron’s IRratio. (D) Comparison between the number
of commonly retained introns containing at least one transcribed TE (red dashed line) in the Geuvadis
dataset with the mean of 1000 randomizations of randomly chosen introns (light grey distribution).
Z-score is reported on the top of the plot. E Comparison between the number of commonly retained
introns containing at least one TE fragment (red dashed line) in the Geuvadis dataset compared to
the mean of 1000 randomizations of randomly chosen introns (light grey distribution). Z-score is
reported on the top of the plot.
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Figure 3. Increased intron retention correlates with an increased number of expressed intronic TEs.
(A) Correlation between normalized retained introns counts and the number of transcribed intronic
TEs per sample. On the top of the plot the coefficients of correlation (R) and the p-value are reported.
(B) Correlation between normalized number of reads in common between TEs in RI and intergenic
TEs and the number of transcribed intergenic TEs per samples are reported. On the top of the plot the
coefficients of correlation R and the p-value are shown. (C) Distribution of the number of common multi-
mapping reads among TEs located in retained introns and intergenic TEs per sample. The number is
reported as a fraction with respect to the total number of reads mapped in TEs located in retained introns.
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3.3. IR and TEs Quantification: Validations Using Alternative Datasets
3.3.1. TEs Quantification Is Biased by IR in Dataset Characterized by Differential IR
between Two Groups

In order to simulate the scenario of differential IR between two analyzed groups, we
decided to compare four samples with a high number of RIs (H-IR) and four samples
with a low number of RIs (L-IR) extracted from the Geuvadis project. As expected, the
differentially Rls analysis revealed 323 introns with increased IR in the H-IR group and no
introns with increased IR in the L-IR group (Figure 4A). This experimental setup provided a
good model to explore the analysis of differential TE expression. A global TEs deregulation
was observed, with 1175 upregulated TEs and 1642 downregulated TEs in the H-IR group
with respect to the L-IR (Figure 4B). To further investigate the differential TEs expression
analysis in a context characterized by increased IR between the 2 groups, we studied
the distribution of the upregulated TEs with respect to the gene structure. As shown in
Figure 4C, the majority of upregulated TEs are located in introns. Moreover, randomizations
analysis indicates that the number of upregulated intronic TEs is higher than expected by
chance suggesting that the increased IR have introduced a bias in the correct measurement
of intronic TEs expression (Z-score = 27.5) (Figure 4C). Interestingly, we also observed a
significant depletion of upregulated TEs in intergenic regions confirming that IR has not a
major impact on intergenic TEs quantification (Z-score = —11.4) (Figure 4C).
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Figure 4. Differential intron retention between groups biases a correct TEs differential expression
analysis. (A) Volcano plot reporting the number of deregulated introns in IR-High vs. IR-Low samples
from Geuvadis dataset. Significant results are reported in dark grey (B) Volcano plot reporting the
number of deregulated TEs in IR-High vs. IR-Low samples from Geuvadis dataset. Significant results are
reported in dark grey. (C) Genomic distribution of upregulated TEs (light grey) in IR-High with respect
to IR-Low samples compared to the mean of 1000 randomizations (dark grey). Z-score are reported as
numbers on the top of the plot. Error bars represent the standard deviation. (D) Volcano plot reporting
the number of deregulated introns in DNMT-/~ samples vs. WT control. Significant results are reported
in dark grey. (E) Volcano plot reporting the number of deregulated TEs in DNMT~/- samples vs. WT
control. Significant results are reported in dark grey. (F) Genomic distribution of upregulated TEs (light
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grey) in DNMT~/~ samples, with respect to WT controls, compared to the mean of 1000 randomizations
(dark grey). Z-scores are reported as numbers on the top of the plot. Error bars represent the standard
deviation. (G) Volcano plot reporting the number of deregulated introns in SDE2 knock-down cells
with respect to control cells. Significant results are reported in dark grey. (H) Volcano plot reporting
the number of deregulated TEs in SDE2 knock-down cells with respect to controls samples. Significant
results are reported in dark grey. (I) Genomic distribution of upregulated TEs (light grey) in SDE2
knock-down cells compared to the mean of 1000 randomizations (dark grey). Z-scores are reported
as numbers on the top of the plot. Error bars represent the standard deviation.

3.3.2. Global TEs and IR Quantification Are Not Biased in a Dataset Characterized by True
Autonomous TEs Expression

In order to understand whether TEs quantification is biased by IR in any type of
biological context and to rule out the possibility that IR can be biased in case of TEs up-
regulation, the genomic distribution of upregulated TEs was investigated in an RNA-seq
dataset characterized by strong and validated TEs upregulation [36]. The chosen dataset
is composed by RNA-seq data from human neural progenitor cells (hNPCs) harboring a
homozygous deletion of the DNMT1 gene. DNMT1 encodes for the DNA methyltrans-
ferase that play a key role in DNA methylation maintenance. In this cellular model the
authors have observed a global loss of DNA CpG-methylation leading to autonomous TEs
upregulation [36]. This dataset represents a good model to understand the reliability of
TEs measurements in presence of experimentally validated, autonomous upregulation of
TEs and its impact on IR measurements. The differential TEs expression analysis identified
2804 upregulated and 118 downregulated TEs in DNMT1 7 cells with respect to WT con-
trols (Figure 4E). In particular, the majority of them are intergenic while ~750 upregulated
TEs are intronic (Figure 4F). To explore the genomic distribution of the upregulated TEs
and to quantify their relations with introns, a randomization analysis was performed. In
contrast to what previously observed in the Geuvadis dataset (Figure 4C), these results
show that upregulated TEs are significantly enriched within intergenic regions with respect
to the mean of 1000 randomizations (Z-score = 58.5) (Figure 4F). Accordingly, we also
observe a concomitant depletion of upregulated TEs in intronic regions (Z-score = —18.1)
(Figure 4F). This result highlights that, in this dataset, upregulated TEs are composed by a
significantly higher proportion of intergenic TEs while the number of upregulated intronic
TEs is significantly lower than expected by chance. Moreover, analysis aimed at detecting
differentially retained introns between DNMT1”/~ and control cells revealed that there
are no introns characterized by differential retention between the two groups of samples
(Figure 4D). The absence of differentially retained introns between the two groups and
the depletion of upregulated TEs in intronic regions, confirm the absence of a systematic
bias introduced by TEs expression on IR. We conclude that in datasets characterized by
autonomous TEs upregulation and absence of differential IR, the TEs quantification is less
subjected to biases and that TEs expression has no impact on IR quantification.

3.3.3. TEs Quantification Is Biased by IR in a Datasets Characterized by Strong Differential IR

To provide an example of how differential IR can bias a correct differential expression
analysis of TEs, the genomic distribution of upregulated TEs was investigated in an alter-
native dataset characterized by a strong differential IR between two groups of samples [37].
The dataset is composed by RNA-seq data from HeLa cells treated with siRNA targeting
the SDE2 gene. SDE2 encodes for an RNA-binding protein involved, among others, in AS
process. SDE2 silencing has previously resulted in global changes in AS with an increase
in IR [37]. Differential IR analysis of this dataset revealed 9148 introns with increased
IR in SDE2 knock-down samples (Figure 4G). This confirms that the dataset is charac-
terized by an extensive deregulation of IR. Differential TEs expression analysis resulted
in more than 7000 upregulated TEs in SDE2 knock-down cells with respect to controls
compatible with a global upregulation of TEs expression (Figure 4H). However, the vast
majority of them are located in introns with only few upregulated intergenic TEs (Figure 4I).
Upregulated TEs result significantly enriched within intronic regions with respect to the
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mean of 1000 randomizations (Z-score = 67.1) (Figure 4I). Accordingly, our analysis also
shows a concomitant depletion of upregulated TEs in intergenic regions (Z-score = —29.5)
(Figure 41). This result highlights that, in this experiment, upregulated TEs are composed
by a significantly higher proportion of intronic TEs while the number of upregulated inter-
genic TEs is significantly lower than expected. The presence of differentially RIs combined
with the enrichment of upregulated TEs in intronic regions confirms that an increased IR
can induce an over-estimation of the number of upregulated intronic TEs.

4. Discussion

Because of the increasingly recognized role of TEs in health and disease [5-7], accurate
measurements of TEs expression represent a crucial part of transcriptomics studies [16].
Being in its infancy and because of the intrinsic repetitive nature of these elements, this
type of analysis faces several difficulties, one of the most important is the low reads
mappability of RNAseq data that prevents the unambiguous assignment of a large fraction
of reads derived from transcribed TEs [16]. This problem is worsened by random mutations
and other forms of TE sequence alterations that can prevent a correct mapping of TE-
derived reads onto the reference genome [16]. Our study demonstrates that, among the
aforementioned confounding factors, IR can contribute to TEs over-quantification. First,
we showed that IR is a widespread mechanism affecting about 6000 introns in a given
lymphoblastoid cell line. In this scenario, we demonstrated evidence suggesting that IR
is able to affect the correct and independent TEs quantification by increasing the number
of reads assigned to intronic TEs. As a consequence, we reported that TEs located in RI
are characterized by a systematic higher expression level with respect to TEs located in
randomly selected introns. Using correlation analysis, we showed that more than 74% of
intronic TEs quantification positively correlates with the level of IR of the hosting intron,
while only the 0.4% has a negative correlation, thus adding further support to the idea
that IR affects a correct measurement of intronic TEs. Moreover, the number of transcribed
intronic TEs correlates with the number of Rls. Following randomization analysis, using
a set of common RIs and transcribed TEs shared by at least the 65% of samples, it was
proven that Rls are enriched by transcribed TEs, while a matched-size set of non-RlIs does
not show such enrichment. These results again suggest that IR affects TEs measurements,
whereas the presence of intronic TEs sequences does not impact IR, at least in the analyzed
dataset. The repetitive nature of TEs have led us to hypothesize that IR can also impact the
quantification of intergenic TEs that share a high sequence similarity with TEs located in Rls.
However, our results showed that, on average, only the 5% of reads mapped on TEs that are
located in Rls are also mapped on intergenic TEs. These results suggest that the expression
levels of intergenic TEs might be considered more reliable and not generally affected by
IR, although further analyses are needed to assess its potential impact at a locus-specific
level. Finally, we reported on three practical examples used to explore how IR can affect TE
measurements and differential expression analysis in publicly available datasets. Between
the analyzed groups, we observed that datasets characterized by a differential IR had a
significant enrichment of upregulated TEs in intronic regions and a concomitant depletion
from intergenic regions in the samples affected by IR. Our explanation is that the increased
number of reads derived from RIs systematically increases the quantification of intronic
TEs, resulting in their over-quantification. We also reported that in datasets characterized
by true autonomous TEs upregulation and the absence of strong IR, the differential TEs
expression analysis does not result in bias and it does not affect correct IR quantification.

Our study suggests that results from the differential expression analysis of TEs should
be taken with care in biological contexts where differential IR happens. Nowadays, the
perfect tool for TEs quantification probably does not exist because of the repetitive nature
of TEs and because portions of their sequences have frequently been exapted during evolu-
tion [3,10,52]. When analyzing TEs, it is hard to develop methods characterized by high
sensitivity while maintaining high specificity. Therefore, it has been suggested that an en-
semble approach, combining different methods, may be the solution to increase sensitivity
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when analyzing TEs using short reads [53]. Many excellent and sophisticated approaches
have nevertheless been developed to assess a relatively reliable quantification of TEs expres-
sion [16]. Many of them are focused on limiting low mappability issues and to find a way to
reliably assign multi-mapping reads. SQuiRE uses an expectation-maximization algorithm
to redistribute multi-mapping read fractions to quantify TE expression [43]. ERVmap and
TeXP represent two alternative tools, based on the construction of curated database of
autonomously transcribed elements or the building of mappability signatures to identify
autonomous LINE-1 activity, respectively [54,55]. Other approaches have instead tried to re-
move noise from gene transcription by removing reads mapped on both TEs and genes [56].
These approaches have greatly improved TEs quantifications but, to our knowledge, none
of these have been specifically designed to tackle the bias introduced by IR. A simple
strategy would be to remove reads mapped on intronic regions during the quantification.
This would eliminate the potential bias introduced by IR but would lead to the discarding
of many reads and in turn lower the power of the approach and the significance of the
analysis. Another solution would be to remove only reads derived from Rls before the
quantification step of TEs. With this strategy, one would remove the over-quantification
coming only from Rls and avoid discarding other TEs-specific reads mapped in non-Rls.
An interesting solution proposed by Chung et al. consists in reducing the read count of
intronic TEs proportionally to the intronic flanking regions [57]. The spread and acquisition
of third generation sequencing strategies characterized by the production of long reads
will probably constitute the greatest advantage that will solve, or at least strongly mitigate,
the problems highlighted herein. While second-generation sequencing technologies have
brought advantages in transcriptome analysis, one of their main limits is the short read
length, which, for non-unique sequences, can prevent an unambiguous mapping determin-
ing a consequent confounding effect on downstream analyses, such as the identification of
AS isoforms and TEs autonomous expression. Third-generation sequencing technologies
represent an exciting perspective for the identification and validation of both AS events and
TEs quantification. Among third-generation technologies, PacBio and Oxford Nanopore
have gained popularity because of their capability to produce very long reads. Increased
read length represents one of the most promising features of these technologies. Because of
the much longer read lengths these can indeed help to reconstruct the precise structure of
a single transcript isoform using a single read without the need to assemble short reads.
This can facilitate the identification and quantification of splicing isoforms and help to dis-
tinguish between passive and autonomous TEs transcription. In 2021, Lee and colleagues
used Oxford Nanopore sequencing to characterize AS in Apicomplexan Parasites. They
identified widespread AS with IR being one of the most abundant events [58]. This confirms
that long reads are indeed useful for the identification of IR. Even if these technologies
are of great interest, it is important to keep into account that they are characterized by
lower throughput, higher error rate, and higher cost per base, with respect to short reads
sequencing technologies and therefore their use is still limited at the moment.

In general, we advise the careful evaluation of the existence of differential IR every
time the differential expression analysis of TEs is of interest. This is particularly important
in comparing diseased and healthy samples because differential IR has started to be re-
ported in many diseases [59-62] and could lead to the wrong measurements of differential
expression of TEs, misleading the interpretation of results. This work highlights the need
for careful and appropriate quantification and differential expression analysis of TEs and
suggests giving significant attention to the extent of IR in samples under consideration.
Our study is based exclusively on the meta-analysis of public data from published research
and adds strong support to the idea that IR can prevent an accurate and independent TE
quantification introducing a bias towards intronic TEs. We have selected several studies in
which the expression of TEs and/or IR had been carefully validated. However, specific wet-
lab experiments performed on specific introns/TEs pairs with alternative techniques, such
as quantitative and/or digital PCRs, will ultimately confirm the results herein presented
beyond any reasonable doubt.
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5. Conclusions

TEs have started to be recognized as important players in health and disease; thus,
an accurate quantification of their expression has become fundamental in many research
projects. Accurate TE quantification faces a variety of confounding factors, among which
low reads mappability is one of the most impactful. In this study, we added support to the
idea that IR has an influence on accurate TEs quantification. Indeed, reads deriving from
RIs might confound the quantification of intronic TEs by increasing the number of reads
mapped on TEs, leading to their over-quantification. IR was considered a consequence of
aberrant splicing, but it has recently gained attention due to the discovery of biological
processes in which this phenomenon plays a fundamental role. Moreover, IR seems to be
more frequent than expected, especially in cells from blood or the nervous system. The
possibility that IR can bias an accurate and independent quantification of TEs suggests the
need to inspect the extent of IR before interpreting any data on TEs expression in samples
characterized by high IR.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Author Contributions: Conceptualization, R.S.; Formal analysis, N.G.; Methodology, N.G., C.I. and
M.E,; Supervision, FA. and R.S,; Visualization, N.G.; Writing—original draft, N.G. and R.S.; Writing—
review and editing, C.I, M.E., FA.,, S.G. and R.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: RNA-seq data from Geuvadis project used in this study are available
in the ENA-EBI repository (project name: PRJEB3366) https://www.ebi.ac.uk/ena/browser/view /
PRJEB3366 (accessed on 5 December 2019). RNA-seq data from DNMT1 knock out project used
in this study are available in the ENA-EBI repository (project name: PRJNA420729) https:/ /www.
ebi.ac.uk/ena/browser/view/PRJNA420729 (accessed on 19 November 2020). RNA-seq data from
SDE2 knock down cells used in this study are available in the ENA-EBI repository (project name:
PRJNA599420) https:/ /www.ebi.ac.uk/ena/browser/view /PRJNA599420?show=reads accessed on
(22 January 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lander, E.S; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; FitzHugh, W.; et al.
Initial Sequencing and Analysis of the Human Genome. Nature 2001, 409, 860-921. [CrossRef]

2. Ayarpadikannan, S.; Kim, H.-S. The Impact of Transposable Elements in Genome Evolution and Genetic Instability and Their
Implications in Various Diseases. Genomics Inform. 2014, 12, 98-104. [CrossRef]

3.  Kidwell, M.G. Transposable Elements and the Evolution of Genome Size in Eukaryotes. Genetica 2002, 115, 49-63. [CrossRef]

4.  Transposable Elements and the Evolution of Eukaryotic Genomes | PNAS. Available online: https://www.pnas.org/doi/10.1073/
pnas.0607612103 (accessed on 15 March 2022).

5. Payer, LM,; Burns, K.H. Transposable Elements in Human Genetic Disease. Nat. Rev. Genet. 2019, 20, 760-772. [CrossRef]

6.  Reilly, M.T,; Faulkner, G.J.; Dubnau, J.; Ponomarev, I.; Gage, FH. The Role of Transposable Elements in Health and Diseases of the
Central Nervous System. J. Neurosci. Off. ]. Soc. Neurosci. 2013, 33, 17577-17586. [CrossRef]

7.  Saleh, A.; Macia, A.; Muotri, A.R. Transposable Elements, Inflammation, and Neurological Disease. Front. Neurol. 2019, 10, 894.
[CrossRef] [PubMed]

8. Cosby, R.L.; Chang, N.-C.; Feschotte, C. Host-Transposon Interactions: Conflict, Cooperation, and Cooption. Genes Dev. 2019, 33,
1098-1116. [CrossRef] [PubMed]

9. O’Donnell, K.A.; Burns, K.H. Mobilizing Diversity: Transposable Element Insertions in Genetic Variation and Disease. Mob. DNA

2010, 1, 21. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/biology11060826/s1
https://www.mdpi.com/article/10.3390/biology11060826/s1
https://www.ebi.ac.uk/ena/browser/view/PRJEB3366
https://www.ebi.ac.uk/ena/browser/view/PRJEB3366
https://www.ebi.ac.uk/ena/browser/view/PRJNA420729
https://www.ebi.ac.uk/ena/browser/view/PRJNA420729
https://www.ebi.ac.uk/ena/browser/view/PRJNA599420?show=reads
http://doi.org/10.1038/35057062
http://doi.org/10.5808/GI.2014.12.3.98
http://doi.org/10.1023/A:1016072014259
https://www.pnas.org/doi/10.1073/pnas.0607612103
https://www.pnas.org/doi/10.1073/pnas.0607612103
http://doi.org/10.1038/s41576-019-0165-8
http://doi.org/10.1523/JNEUROSCI.3369-13.2013
http://doi.org/10.3389/fneur.2019.00894
http://www.ncbi.nlm.nih.gov/pubmed/31481926
http://doi.org/10.1101/gad.327312.119
http://www.ncbi.nlm.nih.gov/pubmed/31481535
http://doi.org/10.1186/1759-8753-1-21
http://www.ncbi.nlm.nih.gov/pubmed/20813032

Biology 2022, 11, 826 13 of 14

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Chuong, E.B.; Elde, N.C.; Feschotte, C. Regulatory Activities of Transposable Elements: From Conflicts to Benefits. Nat. Rev.
Genet. 2017, 18, 71-86. [CrossRef]

Guo, C,; Jeong, H.-H.; Hsieh, Y.-C.; Klein, H.-U.; Bennett, D.A ; De Jager, P.L.; Liu, Z.; Shulman, ].M. Tau Activates Transposable
Elements in Alzheimer’s Disease. Cell Rep. 2018, 23, 2874-2880. [CrossRef]

Thomas, C.A.; Tejwani, L.; Trujillo, C.A.; Negraes, P.D.; Herai, R H.; Mesci, P.; Macia, A.; Crow, Y.J.; Muotri, A.R. Modeling of
TREX1-Dependent Autoimmune Disease Using Human Stem Cells Highlights L1 Accumulation as a Source of Neuroinflammation.
Cell Stem Cell 2017, 21, 319-331. [CrossRef]

Shpyleva, S.; Melnyk, S.; Pavliv, O.; Pogribny, L; Jill James, S. Overexpression of LINE-1 Retrotransposons in Autism Brain. Mol.
Neurobiol. 2018, 55, 1740-1749. [CrossRef]

Perron, H.; Bernard, C.; Bertrand, J.-B.; Lang, A.B.; Popa, I.; Sanhadji, K.; Portoukalian, J. Endogenous Retroviral Genes,
Herpesviruses and Gender in Multiple Sclerosis. J. Neurol. Sci. 2009, 286, 65-72. [CrossRef]

Burns, K.H. Transposable Elements in Cancer. Nat. Rev. Cancer 2017, 17, 415-424. [CrossRef]

Lanciano, S.; Cristofari, G. Measuring and Interpreting Transposable Element Expression. Nat. Rev. Genet. 2020, 21, 721-736.
[CrossRef]

Distributions of Transposable Elements Reveal Hazardous Zones in Mammalian Introns. Available online: https://journals.plos.
org/ploscompbiol/article?id=10.1371/journal.pcbi.1002046 (accessed on 15 March 2022).

O’Leary, N.A.; Wright, M.W.; Brister, J.R.; Ciufo, S.; Haddad, D.; McVeigh, R.; Rajput, B.; Robbertse, B.; Smith-White, B.;
Ako-Adjei, D.; et al. Reference Sequence (RefSeq) Database at NCBI: Current Status, Taxonomic Expansion, and Functional
Annotation. Nucleic Acids Res. 2016, 44, D733-D745. [CrossRef]

Zheng, J.-T,; Lin, C.-X,; Fang, Z.-Y; Li, H.-D. Intron Retention as a Mode for RNA-Seq Data Analysis. Front. Genet. 2020, 11, 586.
[CrossRef]

Kim, E.; Magen, A.; Ast, G. Different Levels of Alternative Splicing among Eukaryotes. Nucleic Acids Res. 2007, 35, 125-131.
[CrossRef]

Chaudhary, S.; Khokhar, W.; Jabre, I.; Reddy, A.S.N.; Byrne, L.J.; Wilson, C.M.; Syed, N.H. Alternative Splicing and Protein
Diversity: Plants Versus Animals. Front. Plant Sci. 2019, 10, 708. [CrossRef]

Monteuuis, G.; Wong, J.J.L.; Bailey, C.G.; Schmitz, U.; Rasko, ].E.]. The Changing Paradigm of Intron Retention: Regulation,
Ramifications and Recipes. Nucleic Acids Res. 2019, 47, 11497-11513. [CrossRef]

Jacob, A.G.; Smith, C.W.J. Intron Retention as a Component of Regulated Gene Expression Programs. Hum. Genet. 2017, 136,
1043-1057. [CrossRef]

Braunschweig, U.; Barbosa-Morais, N.L.; Pan, Q.; Nachman, E.N.; Alipanahi, B.; Gonatopoulos-Pournatzis, T.; Frey, B.; Irimia, M.;
Blencowe, B.]. Widespread Intron Retention in Mammals Functionally Tunes Transcriptomes. Genome Res. 2014, 24, 1774-1786.
[CrossRef]

Wong, J.J.-L.; Au, A.Y.M,; Ritchie, W.; Rasko, ].E.J. Intron Retention in MRNA: No Longer Nonsense. BioEssays 2016, 38, 41-49.
[CrossRef]

Boutz, P.L.; Bhutkar, A.; Sharp, P.A. Detained Introns Are a Novel, Widespread Class of Post-Transcriptionally Spliced Introns.
Genes Dev. 2015, 29, 63-80. [CrossRef]

Fu, X.-D. Exploiting the Hidden Treasure of Detained Introns. Cancer Cell 2017, 32, 393-395. [CrossRef]

Schmitz, U.; Pinello, N.; Jia, F.; Alasmari, S.; Ritchie, W.; Keightley, M.-C.; Shini, S.; Lieschke, G.J.; Wong, ].].-L.; Rasko, J.E.J. Intron
Retention Enhances Gene Regulatory Complexity in Vertebrates. Genome Biol. 2017, 18, 216. [CrossRef]

Wong, J.J.-L.; Ritchie, W.; Ebner, O.A.; Selbach, M.; Wong, ] W.H.; Huang, Y.; Gao, D.; Pinello, N.; Gonzalez, M.; Baidya, K ; et al.
Orchestrated Intron Retention Regulates Normal Granulocyte Differentiation. Cell 2013, 154, 583-595. [CrossRef]

Ullrich, S.; Guigd, R. Dynamic Changes in Intron Retention Are Tightly Associated with Regulation of Splicing Factors and
Proliferative Activity during B-Cell Development. Nucleic Acids Res. 2020, 48, 1327-1340. [CrossRef]

Edwards, C.R.; Ritchie, W.; Wong, J.J.-L.; Schmitz, U.; Middleton, R.; An, X.; Mohandas, N.; Rasko, ].E.].; Blobel, G.A. A Dynamic
Intron Retention Program in the Mammalian Megakaryocyte and Erythrocyte Lineages. Blood 2016, 127, e24—e34. [CrossRef]
[PubMed]

Pimentel, H.; Parra, M.; Gee, S.L.; Mohandas, N.; Pachter, L.; Conboy, ].G. A Dynamic Intron Retention Program Enriched in RNA
Processing Genes Regulates Gene Expression during Terminal Erythropoiesis. Nucleic Acids Res. 2016, 44, 838-851. [CrossRef]
Song, R.; Tikoo, S.; Jain, R.; Pinello, N.; Au, A.Y.M.; Nagarajah, R.; Porse, B.; Rasko, J.E.].; Wong, ].].-L. Dynamic Intron Retention
Modulates Gene Expression in the Monocytic Differentiation Pathway. Immunology 2022, 165, 274-286. [CrossRef] [PubMed]
Sela, N.; Mersch, B.; Gal-Mark, N.; Lev-Maor, G.; Hotz-Wagenblatt, A.; Ast, G. Comparative Analysis of Transposed Element
Insertion within Human and Mouse Genomes Reveals Alu’s Unique Role in Shaping the Human Transcriptome. Genome Biol.
2007, 8, R127. [CrossRef] [PubMed]

Lappalainen, T.; Sammeth, M.; Friedldnder, M.R.; ‘t Hoen, P.A.C.; Monlong, J.; Rivas, M.A.; Gonzalez-Porta, M.; Kurbatova, N.;
Griebel, T.; Ferreira, P.G.; et al. Transcriptome and Genome Sequencing Uncovers Functional Variation in Humans. Nature 2013,
501, 506-511. [CrossRef] [PubMed]

Jonsson, MLE.; Ludvik Brattas, P.; Gustafsson, C.; Petri, R.; Yudovich, D.; Pircs, K.; Verschuere, S.; Madsen, S.; Hansson, J.;
Larsson, J.; etal. Activation of Neuronal Genes via LINE-1 Elements upon Global DNA Demethylation in Human Neural
Progenitors. Nat. Commun. 2019, 10, 3182. [CrossRef]


http://doi.org/10.1038/nrg.2016.139
http://doi.org/10.1016/j.celrep.2018.05.004
http://doi.org/10.1016/j.stem.2017.07.009
http://doi.org/10.1007/s12035-017-0421-x
http://doi.org/10.1016/j.jns.2009.04.034
http://doi.org/10.1038/nrc.2017.35
http://doi.org/10.1038/s41576-020-0251-y
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1002046
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1002046
http://doi.org/10.1093/nar/gkv1189
http://doi.org/10.3389/fgene.2020.00586
http://doi.org/10.1093/nar/gkl924
http://doi.org/10.3389/fpls.2019.00708
http://doi.org/10.1093/nar/gkz1068
http://doi.org/10.1007/s00439-017-1791-x
http://doi.org/10.1101/gr.177790.114
http://doi.org/10.1002/bies.201500117
http://doi.org/10.1101/gad.247361.114
http://doi.org/10.1016/j.ccell.2017.09.005
http://doi.org/10.1186/s13059-017-1339-3
http://doi.org/10.1016/j.cell.2013.06.052
http://doi.org/10.1093/nar/gkz1180
http://doi.org/10.1182/blood-2016-01-692764
http://www.ncbi.nlm.nih.gov/pubmed/26962124
http://doi.org/10.1093/nar/gkv1168
http://doi.org/10.1111/imm.13435
http://www.ncbi.nlm.nih.gov/pubmed/34775600
http://doi.org/10.1186/gb-2007-8-6-r127
http://www.ncbi.nlm.nih.gov/pubmed/17594509
http://doi.org/10.1038/nature12531
http://www.ncbi.nlm.nih.gov/pubmed/24037378
http://doi.org/10.1038/s41467-019-11150-8

Biology 2022, 11, 826 14 of 14

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

Floro, J.; Dai, A.; Metzger, A.; Mora-Martin, A.; Ganem, N.J.; Cifuentes, D.; Wu, C.-S,; Dalal, ].; Lyons, S.M.; Labadorf, A.; et al.
SDE2 Is an Essential Gene Required for Ribosome Biogenesis and the Regulation of Alternative Splicing. Nucleic Acids Res. 2021,
49,9424-9443. [CrossRef]

Babraham Bioinformatics-FastQC A Quality Control Tool for High Throughput Sequence Data. Available online: https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 11 April 2022).

Leinonen, R.; Akhtar, R.; Birney, E.; Bower, L.; Cerdeno-Tarraga, A.; Cheng, Y.; Cleland, I; Faruque, N.; Goodgame, N.; Gibson, R; et al.
The European Nucleotide Archive. Nucleic Acids Res. 2011, 39, D28-D31. [CrossRef]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Hubbard, T.; Barker, D.; Birney, E.; Cameron, G.; Chen, Y,; Clark, L.; Cox, T.; Cuff, J.; Curwen, V.; Down, T.; et al. The Ensembl
Genome Database Project. Nucleic Acids Res. 2002, 30, 38—41. [CrossRef]

Middleton, R.; Gao, D.; Thomas, A.; Singh, B.; Au, A.; Wong, ].].-L.; Bomane, A.; Cosson, B.; Eyras, E.; Rasko, ].E.].; et al. IRFinder:
Assessing the Impact of Intron Retention on Mammalian Gene Expression. Genome Biol. 2017, 18, 51. [CrossRef]

SQUuIRE Reveals Locus-Specific Regulation of Interspersed Repeat Expression | Nucleic Acids Research | Oxford Academic.
Available online: https://academic.oup.com/nar/article/47/5/e27/5280934 (accessed on 15 March 2022).

Love, M.I; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

Quinlan, A.R.; Hall, LM. BEDTools: A Flexible Suite of Utilities for Comparing Genomic Features. Bioinforma. Oxf. Engl. 2010, 26,
841-842. [CrossRef]

Smedley, D.; Haider, S.; Ballester, B.; Holland, R.; London, D.; Thorisson, G.; Kasprzyk, A. BioMart-Biological Queries Made Easy.
BMC Genom. 2009, 10, 22. [CrossRef]

Gel, B.; Diez-Villanueva, A; Serra, E.; Buschbeck, M.; Peinado, M.A.; Malinverni, R. RegioneR: An R/Bioconductor Package for
the Association Analysis of Genomic Regions Based on Permutation Tests. Bioinforma. Oxf. Engl. 2016, 32, 289-291. [CrossRef]
Bergman, C.M.; Quesneville, H. Discovering and Detecting Transposable Elements in Genome Sequences. Brief. Bioinform. 2007,
8, 382-392. [CrossRef]

Kapusta, A.; Kronenberg, Z.; Lynch, V.J.; Zhuo, X.; Ramsay, L.; Bourque, G.; Yandell, M.; Feschotte, C. Transposable Elements
Are Major Contributors to the Origin, Diversification, and Regulation of Vertebrate Long Noncoding RNAs. PLoS Genet.
2013, 9, €1003470. [CrossRef]

Kelley, D.; Rinn, J. Transposable Elements Reveal a Stem Cell-Specific Class of Long Noncoding RNAs. Genome Biol. 2012, 13, R107.
[CrossRef]

Lerat, E. Identifying Repeats and Transposable Elements in Sequenced Genomes: How to Find Your Way through the Dense
Forest of Programs. Heredity 2010, 104, 520-533. [CrossRef]

Fueyo, R.; Judd, J.; Feschotte, C.; Wysocka, J. Roles of Transposable Elements in the Regulation of Mammalian Transcription. Nat.
Rev. Mol. Cell Biol. 2022, 1-17. [CrossRef]

Ewing, A.D. Transposable Element Detection from Whole Genome Sequence Data. Mob. DNA 2015, 6, 24. [CrossRef]
Tokuyama, M.; Kong, Y.; Song, E.; Jayewickreme, T.; Kang, I.; Iwasaki, A. ERVmap Analysis Reveals Genome-Wide Transcription
of Human Endogenous Retroviruses. Proc. Natl. Acad. Sci. USA 2018, 115, 12565-12572. [CrossRef]

Navarro, FEC.; Hoops, J.; Bellfy, L.; Cerveira, E.; Zhu, Q.; Zhang, C.; Lee, C.; Gerstein, M.B. TeXP: Deconvolving the Effects of
Pervasive and Autonomous Transcription of Transposable Elements. PLoS Comput. Biol. 2019, 15, €1007293. [CrossRef]
Ansaloni, F; Scarpato, M.; Di Schiavi, E.; Gustincich, S.; Sanges, R. Exploratory Analysis of Transposable Elements Expression in
the C. Elegans Early Embryo. BMC Bioinform. 2019, 20, 484. [CrossRef]

Chung, N.; Jonaid, G.M.; Quinton, S.; Ross, A.; Sexton, C.E.; Alberto, A.; Clymer, C.; Churchill, D.; Navarro Leija, O.; Han, M.V.
Transcriptome Analyses of Tumor-Adjacent Somatic Tissues Reveal Genes Co-Expressed with Transposable Elements. Mob. DNA
2019, 10, 39. [CrossRef]

Lee, V.V;; Judd, LM; Jex, A.R.; Holt, K.E.; Tonkin, C.J.; Ralph, S.A. Direct Nanopore Sequencing of MRNA Reveals Landscape of
Transcript Isoforms in Apicomplexan Parasites. mSystems 6 2021, 2, e€01081-20. [CrossRef]

Adusumalli, S.; Ngian, Z.-K,; Lin, W.-Q.; Benoukraf, T.; Ong, C.-T. Increased Intron Retention Is a Post-Transcriptional Signature
Associated with Progressive Aging and Alzheimer’s Disease. Aging Cell 2019, 18, €12928. [CrossRef]

Monteuuis, G.; Schmitz, U.; Petrova, V.; Kearney, P.S.; Rasko, J.E.]. Holding on to Junk Bonds: Intron Retention in Cancer and
Therapy. Cancer Res. 2021, 81, 779-789. [CrossRef]

Ong, C.-T.; Adusumalli, S. Increased Intron Retention Is Linked to Alzheimer’s Disease. Neural Regen. Res. 2019, 15, 259-260.
[CrossRef]

Smart, A.C.; Margolis, C.A.; Pimentel, H.; He, M.X.; Miao, D.; Adeegbe, D.; Fugmann, T.; Wong, K.-K.; van Allen, E.M. Intron
Retention Is a Source of Neoepitopes in Cancer. Nat. Biotechnol. 2018, 36, 1056-1058. [CrossRef]


http://doi.org/10.1093/nar/gkab647
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://doi.org/10.1093/nar/gkq967
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1093/nar/30.1.38
http://doi.org/10.1186/s13059-017-1184-4
https://academic.oup.com/nar/article/47/5/e27/5280934
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1093/bioinformatics/btq033
http://doi.org/10.1186/1471-2164-10-22
http://doi.org/10.1093/bioinformatics/btv562
http://doi.org/10.1093/bib/bbm048
http://doi.org/10.1371/journal.pgen.1003470
http://doi.org/10.1186/gb-2012-13-11-r107
http://doi.org/10.1038/hdy.2009.165
http://doi.org/10.1038/s41580-022-00457-y
http://doi.org/10.1186/s13100-015-0055-3
http://doi.org/10.1073/pnas.1814589115
http://doi.org/10.1371/journal.pcbi.1007293
http://doi.org/10.1186/s12859-019-3088-7
http://doi.org/10.1186/s13100-019-0180-5
http://doi.org/10.1128/mSystems.01081-20
http://doi.org/10.1111/acel.12928
http://doi.org/10.1158/0008-5472.CAN-20-1943
http://doi.org/10.4103/1673-5374.265549
http://doi.org/10.1038/nbt.4239

	Introduction 
	Materials and Methods 
	Data Collection and Pre-Processing 
	IR Quantification and Differential IR Analysis 
	Transposable Elements Expression Quantification and Differential Expression Analysis 
	Statistical and Genomic Analysis 

	Results 
	Introns Contain a Large Fraction of TEs That Can Be Measured as Transcribed in RNA-Seq Experiments 
	Intron Retention Can Introduce a Bias in Intronic TEs Quantification 
	IR and TEs Quantification: Validations Using Alternative Datasets 
	TEs Quantification Is Biased by IR in Dataset Characterized by Differential IR between Two Groups 
	Global TEs and IR Quantification Are Not Biased in a Dataset Characterized by True Autonomous TEs Expression 
	TEs Quantification Is Biased by IR in a Datasets Characterized by Strong Differential IR 


	Discussion 
	Conclusions 
	References

