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We absolutely must leave room for doubt 

or there is no progress and there is no learning. 

There is no learning without having to pose a question. 

And a question requires doubt. 

- 

Richard Feynman 
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2 Abstract 

Sequencing technologies enabled us to decode sequence of bases that shape the genome and to 
identify sequence stretches with biological functions, such as genes. Such technologies also enable us 
to study the expression and regulation base sequences. Intriguingly, transposable elements (TEs) can 
occupy a substantial proportion of a genome. TEs provide a comprehensive repertoire of (non)-coding 
sequences with biological functions that can potentially impact gene expression. However, 
quantification of TE expression remains challenging due to their high sequence similarity and the 
limited lengths of base sequences decoded by state-of-the-art sequencing technologies. 

In my thesis, I evaluated five TE quantification software applications with respect to their 
performance in quantifying the expression of individual TEs. Originally, three of the five tools were 
unable to quantify the expression of individual TEs. I slightly modified these tools to enable the 
output of locus-specific quantification data. My tool evaluation was based on simulated datasets for 
model and non model organisms created using publicly available as well as self-implemented 
simulation software. Notably, we found that SalmonTE, a tool originally designed to asses TE 
expression at the family-level, could recover simulated TE expression fairly accurately upon 
modification. Thus, I showed that modified SalmonTE can be applied for reliable differential 
expression analyses in model and non-model organisms. 

In the second part of my thesis, I applied modified SalmonTE to study (differentially) TE 
expression in blood, brain, and skin of mice of different ages (6 and 24 months). While previous family-
level studies of TE expression identified up-regulation of TEs as a characteristic of aging, my results 
indicate that individual TEs are also commonly down-regulated during aging. Integration of 
transcription start site sequencing data identified TE regions, i.e., stretches of expressed TEs that 
share common transcription start sites, to be nested in genes with highly tissue-specific functions. Co-
regulation of TEs and host genes indicates potential biological functions of independently expressed 
TEs concerning the transcriptional regulation of genes involved in highly tissue-specific pathways. 
Analyses of the putative promoter regions of independently expressed TEs identified transcription 
factors of the Sox family as candidates controlling their regulation. Together, this study revealed the 
expression dynamics of individual TEs during aging and provides a comprehensive resource of 
independently expressed TEs. These data can be a promising starting point to intensify research into 
locus-specific TE expression to gain a better understanding of the biological functions, interactions, 
and regulation of TEs. 
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In the last part of my thesis, I developed an expression database on p53 and cell cycle-dependent 
gene regulation with an intuitive web interface. This database serves as a blueprint to make the 
expression data of TEs and their associated genes easily accessible to the scientific community. 
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3 Zusammenfassung 

Sequenzierungstechnologien haben es uns ermöglicht, die Abfolge der Basen zu entschlüsseln, 
die das Genom formen, sowie Sequenzabschnitte mit biologischen Funktionen, wie z. B. Gene, zu 
identifizieren. Diese Technologien ermöglichen es uns auch, die Expression und Regulierung von 
Basensequenzen zu untersuchen. Interessanterweise können transponierbare Elemente (TEs) einen 
erheblichen Teil eines Genoms einnehmen. TEs bieten ein umfassendes Repertoire an (nicht)-
kodierenden Sequenzen mit biologischen Funktionen, die möglicherweise die Genexpression 
beeinflussen können. Die Quantifizierung der TE-Expression bleibt jedoch aufgrund ihrer hohen 
Sequenzähnlichkeit und der begrenzten Länge der Basensequenzen, die mit modernen 
Sequenzierungstechnologien entschlüsselt werden können, eine Herausforderung. 

In meiner Dissertation habe ich fünf TE-Quantifizierungssoftwareanwendungen im Hinblick auf 
ihre Leistung bei der Quantifizierung der Expression individueller TEs bewertet. Ursprünglich waren 
drei der fünf Tools nicht in der Lage, die Expression einzelner TEs zu quantifizieren. Ich habe diese 
Tools leicht modifiziert, um die Ausgabe von lokusspezifischen Quantifizierungsdaten zu ermöglichen. 
Meine Bewertung der Tools basierte auf simulierten Datensätzen für Modell- und Nicht-
Modellorganismen, die mit öffentlich zugänglicher und selbst implementierter Simulationssoftware 
erstellt wurden. Insbesondere haben wir festgestellt, dass SalmonTE, ein Tool, das ursprünglich für 
die Bewertung der TE-Expression auf Familienebene entwickelt wurde, die simulierte TE-Expression 
nach einer Modifizierung ziemlich genau messen konnte. So konnte ich zeigen, dass das adaptierte 
SalmonTE für zuverlässige differentielle Expressionsanalysen in Modell- und Nicht-Modellorganismen 
eingesetzt werden kann. 

Im zweiten Teil meiner Arbeit habe ich das adaptierte SalmonTE eingesetzt, um die TE-
Expression in Blut, Gehirn und Haut von Mäusen unterschiedlichen Alters (6 und 24 Monate) zu 
untersuchen. Während frühere Studien zur TE-Expression auf Familienebene eine Hochregulierung 
von TEs als Merkmal des Alterns identifiziert haben, deuten meine Ergebnisse darauf hin, dass 
einzelne TEs während des Alterns auch häufig herunterreguliert werden. Durch die Integration von 
Daten zur Sequenzierung von Transkriptionsstartstellen wurden TE-Regionen identifiziert, d. h. 
Abschnitte exprimierter TEs, die gemeinsame Transkriptionsstartstellen aufweisen und in Genen mit 
sehr gewebespezifischen Funktionen eingebettet sind. Die Ko-Regulation von TEs und Wirtsgenen 
deutet auf mögliche biologische Funktionen unabhängig exprimierter TEs hin, die die 
Transkriptionsregulation von Genen betreffen, die an hochgradig gewebespezifischen Funktionen 
beteiligt sind. Analysen der potentiellen Promotorregionen unabhängig exprimierter TEs 
identifizierten Transkriptionsfaktoren der Sox-Familie als Kandidaten, die deren Regulierung 
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kontrollieren. Insgesamt hat diese Studie die Expressionsdynamik einzelner TEs während des Alterns 
aufgezeigt und bietet eine umfassende Ressource unabhängig exprimierter TEs. Diese Daten können 
ein vielversprechender Ausgangspunkt sein, um die Erforschung der lokusspezifischen TE-Expression 
zu intensivieren und ein besseres Verständnis der biologischen Funktionen, Interaktionen und der 
Regulierung von TEs zu erlangen. 

Im letzten Teil meiner Dissertation habe ich eine Expressionsdatenbank für p53 und 
zellzyklusabhängige Genregulation mit einer intuitiven Webschnittstelle entwickelt. Diese Datenbank 
dient als Blaupause, um die Expressionsdaten von TEs und den mit ihnen verbundenen Genen der 
wissenschaftlichen Gemeinschaft leicht zugänglich zu machen. 
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1 Introduction 

1.1. Prolog 

The blueprint of all living matter is encoded in the genome. The genome is full of components 
that orchestrate the process of live. Since the description of the deoxyribonucleic acid (DNA) structure 
by James Watson and Francis Crick [1], enormous efforts have been made to decipher the 
composition of the DNA code and its function. Thus, the development of a method for determining the 
base sequence of DNA by Frederick Sanger [2] and others was an important milestone in the history of 
genetics. Decades later, the development of next generation high-throughput sequencing methods 
advanced genome analysis to a new era by drastically increasing availability and reducing costs. 
Complementary sequencing protocols, e.g., to study ribonucleic acid (RNA) expression (RNA-Seq) or 
DNA-associated factors via chromatin immunoprecipitation DNA sequencing, opened the door to get 
unprecedented insights into the dynamics of gene expression and their regulation. 

The initial publication of the human genome reported that only 2% of the genome are protein 
coding genes [3], reinvigorating controversial debates about the functional role of the other 98%. 
Notably, the Human Genome Project estimated that ~45% of the human genome consists of 
transposable elements (TEs) [3]. Initially described by Barbara McClintock and termed “controlling 
elements” during the 1950s [4], TEs are genomic sequences that can change their location (DNA-
transposons) or create copies of themselves (retrotransposons) within their host genomes. In fact, the 
accumulation of TEs can be observed across eukaryotes, e.g., mouse (~39%, [5]), zebrafish (~50%, [6]), 
and maize (between ~64% and ~85%, [7, 8]). McClintock received the Nobel Prize for her 
groundbreaking discovery in 1983. 

The activity of TEs is often associated with diseases like cancer [9-11], neurological impairments 
[12], or aging [13]. One of the mechanisms by which TEs can contribute to pathological or 
deteriorating processes is the recognition of TE products by cell defense mechanisms leading to the 
inflammatory processes [14, 15]. Furthermore, the de novo integration of TEs into the genome has the 
potential to negatively affect coding genes and impact the genome’s integrity [16, 17]. On the other 
hand, TEs may also have constructive roles in the genome’s architecture and provide regulatory 
components for genes in close proximity [18, 19]. For example, TEs provide landing platforms for 
proteins such as transcription factors (TF) [18, 20, 21] or provide molecules regulating the activity of 
closely located genes [22, 23]. 
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Consequently, the biological role of TEs appears complex, and their repetitive occurrence in 
genomes complicates their analysis. Most of the current knowledge is based on analysis of either 
specific TE loci or entire groups of TE elements sharing sequence similarities. The latter approach, 
however, impedes the resolution of the precise genomic location of active TEs. In my thesis, I focus on 
the analysis of locus-specific TE activity on a genome-wide scale. In the following, I am providing a 
brief introduction concerning the categorization and regulation of TEs, before moving on to their 
biological implication and the quantification of TE expression. 

1.2. Transposable elements 

1.2.1. Classification of transposable elements 

Briefly, transposable elements are components of the genome that have inserted themselves 
into new genomic loci. Barbara McClintock was the first scientist to discover such “jumping genes” in 
maize several decades ago [4]. Since then, with few exceptions, TEs have been discovered in almost 
all higher eukaryotes that have been sequenced [24, 25]. The whole set of TEs in a genome are 
referred to as the transposome. In general, TEs are separated into two classes based on their 
transposition mechanism (Figure 1). Elements of Class I (retrotransposons) use a copy-and-paste 
mechanism. These elements are transcribed into RNA, reverse-transcribed into DNA and ultimately 
integrated at a new locus of the host genome [26]. Therefore, each successful transposition event of a 
retrotransposon leads to a novel copy. On the other hand, Class II elements (DNA transposons) use a 
cut-and-paste mechanism, which means that the element is excised from the genome and integrated 
into a new genomic locus [27, 28].  

 

Figure 1 Classification of transposons. Transposons are categorized into two classes by their used transposition 
mechanism. Class I elements (retrotransposons) use a copy-paste mechanism to propagate within their host genome. 
Retrotransposons are further classified into LINE, SINE and LTR-retrotransposons. Class II elements (DNA-transposons) use a 
cut-paste mechanism to change the loci within the host genome. Abbreviations: ERV – endogenous retrovirus; ERVK – 
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endogenous retrovirus K; LINE – long interspersed nuclear element; LTR – long terminal repeats; SINE – short interspersed 
nuclear element 

Retrotransposons are further subdivided into Long Terminal Repeat (LTR) retrotransposons and 
non-LTR-retrotransposons while the latter are further comprised Long Interspersed Nuclear Elements 
(LINE) and Short Interspersed Nuclear Elements (SINE). Copies with a common ancestor are further 
grouped into families, e.g., LINE1 (L1) or primate-specific Alu elements, based on common structural 
features. Individual TE elements exhibiting high sequence similarity and sufficient differences to other 
instances within the same family are grouped into subfamilies. 

Characteristically, LTR-retrotransposons have a body of protein-coding open reading frames 
(ORFs) enclosed by LTRs at their 5’- and 3’-ends [24, 29]. As this enclosure is reminiscent of the 
structure of endogenous retroviruses (ERV) [30, 31] it is assumed that LTRs are descendants of ERVs, 
which have lost the capability for extracellular replication [32, 33]. ORFs of LTR-retrotransposons 
encode the genes gag, pol, and env, while the coding region for the env gene is usually deleted [32] 
and is not essential for transposition [34]. The gag gene encodes a capsid and a nucleocapsid protein, 
while pol provides the blueprints for a protease, the reverse transcriptase (RT), and the integrase (IN) 
[24, 35]. Notably, LTR-regions contain promoter sequences facilitating binding of RNA polymerase 
(Pol) II [36, 37], and other transcription factor binding sites (TFBSs) [37]. Prototypically, the RNA of LTR 
elements is reverse transcribed into DNA in the cytosol of a cell, transferred to the nucleus, and 
integrated into the DNA by the IN [31]. Intact LTR-retrotransposons encode for all proteins necessary 
for their transposition, hence, they are classified as autonomous TEs.  

In contrast, LINEs and SINEs lack LTRs at their 5’ and 3’-ends (non-LTR-retrotransposons). Full 
length LINE elements do have a length of 6-7 kb [38] and contain a Pol II binding site within their 5’-
end as well as two ORFs: ORF1 and ORF2. The ORF2 encodes for an endonuclease (EN) and the RT. 
Once translated, ORF1 and ORF2 build a ribonucleoprotein complex (RNP) that binds the LINE 
messenger RNA (mRNA) and transfers it to the nucleus. The EN nicks the DNA and the RT uses the free 
3’OH as primer for the mRNA template in the RNP to reverse transcribe the RNA into the DNA 
beginning at the 3’-end [39-41]. Since intact LINEs encode for all proteins that are needed for the 
transposition they are also part of autonomous TEs. In comparison, SINEs do not have any ORF that 
code for proteins, which they can use for transposition (non-autonomous TEs) and rely on the 
transposition apparatus of LINEs [42-45]. While the origin of LINEs are uncertain [46], SINEs may 
derive from tRNA, 7SL RNA, and 5S RNA, contain a Pol III promoter [24], and have a length of 80-500 
base pairs (bp) [38]. 

The majority of DNA transposons code for a transposase that is flanked by terminal inverted 
repeats (TIRs) of variable length. The TIR sequences are used to categorize these elements into nine 
super families [24]. The self-encoded transposase recognizes the TIRs, cuts out the DNA transposon 
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sequence, and integrates it at another locus of the host genome. Copies of DNA transposons can be 
created during chromosome replication when they are reinserted in front of the replication fork [47]. 

1.2.2. TEs as integral part of the genome 

The proliferation of TEs can have a fundamental impact on the size of host genomes. It has been 
reported that the genome size positively correlates with the amount of TEs contained in a genome 
[48, 49]. Retrotransposons usually dominate the TE content of the majority of eukaryotic genomes [3, 
46, 50] due to their copy-and-paste mechanism. Notably, the integration process is not always 
perfect. For example, the integration of LINEs begins at the 3’end and an interruption during the 
reverse transcription process leads to 5’-end-truncated TE sequences [41, 51, 52]. Such 5’-end 
truncated elements may lack essential binding sites, so that further transpositions are impaired [53]. 
Interestingly, truncated ORF1 proteins of L1 elements provide for a suppression of full length L1 
elements [54]. Indeed, the majority of TEs within human and mouse are immobilized [55] while only a 
small fraction of TEs are actually mobile in mammalian genomes [41, 47]. Besides, TEs have 
accumulated mutations over millions of years additionally impacting the transposition capability [56]. 
Mutations in TEs are useful to estimate the age of individual TEs. The Kimura distance [57] is a 
frequently used measure that serves as a proxy for the age of TEs. To calculate the Kimura distance of 
a TE, first a multiple sequence alignments of all members of the TE’s family is carried out and the 
most abundant base at each position in the alignment is stored in a consensus sequence. 
Subsequently, the distance of each individual TE to its family consensus sequence can be calculated. 
The Distance serves to approximate the time that has passed since the individual transposition event. 
It is assumed that, the more recent a transposition took place, the fewer mutations are accumulated 
in an individual TE locus, e.g., the smaller the Kimura distance. Ancient TEs spent a long time in the 
genome, so they accumulated more mutations, resulting in greater Kimura distances. According to 
this rationale, the distance can also be an indicator for the probability a TE is still mobile in the 
genome and was not inactivated by sequence alterations over time. 

1.2.3. TEs as architects of genome structure and instructors of gene regulation 

From an evolutionary perspective, TEs may be an important resource contributing to transcript 
diversity [58-60]. TEs can donate coding sequences they acquired and these can be used by their host 
(i.e., domestication) [61, 62]. For example, the envelope gene of human endogenous retrovirus (HERV) 
subfamily W has been adopted and evolved into the gene Syncytin involved in the human placental 
morphogenesis [63]. Likewise, it has been demonstrated that the knockout of the TE-derived gene 
Peg10 leads to early embryonic lethality in mice [64]. TEs can take parts of the genome along on their 
journey, resulting in exon shuffling that can allow genes to acquire new functions [65, 66]. 
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Additionally, TEs can transduce host mRNA or facilitate chromosomal rearrangements leading to 
gene duplications [60, 67, 68]. Intriguingly, also somatic transposition events of TEs have been 
reported, which lead to the genomic mosaicism in neuronal cells [69-73]. It is proposed that between 
0.6 [69] and 13.7 [72] new L1 insertions exist per neuron in human. Indeed, it has been reported that 
early-life experiences drive the expression of TEs in the brains of mice, for example, the lack of 
maternal care was shown to lead to an increased L1 activity in pubs [74]. Importantly, the TE activity 
experienced during development appears to be a determining factor for the TE activity in adult brains 
as well [75]. 

Moreover, TEs are loaded with TFBS [37] and thus potentially influence their genomic 
environment in cis by recruiting TFs or acting as alternative promoters for nearby genes [76, 77]. 
Domestication of TE-derived regulatory sequences at appropriate loci allows rewiring of gene 
regulatory pathways, which may be advantageous for species adaptation to environmental changes 
[78]. For example, CTCF is an important protein shaping the 3D genomic landscape, which is essential 
for gene regulation [79]. TEs are important resource that helped distributing CTCF binding sites 
throughout the mammalian genome [80]. 

A tight regulation of gene expression is essential for cell homeostasis and cell identity. In recent 
years, it became apparent that non-coding RNAs (ncRNAs) also contribute to this regulatory orchestra 
[81-84]. In this context, TEs contribute to the repertoire of ncRNAs [85, 86] and thus provide regulatory 
units that can impact gene expression in trans [87, 88]. The identification of species-specific TE-
derived regulatory transcripts indicates a high regulatory innovation by TEs [18]. For example, 
transcripts from the B2 family in mice keep stress response genes (SRGs) in a poised state [22]. The 
induction of stress signals leads to a degradation of these transcripts that turns on the SRGs and 
enables a quick reaction of the cell. Enhancer RNAs represent another regulatory entity that acts on 
the 3D structure of the chromatin and intensifies the expression of the enhancer-associated genes. 
Indeed, multiple TE families show an enrichment of signals that are typical for enhancers [89]. For 
example, the HERV-H is a long noncoding RNA with an enhancer functionality that is essential for 
human embryonic cell identity [85, 90]. 

In summary, recent literature has demonstrated the capability of TEs to affect the genome and 
its regulation, e.g., by rewiring gene regulation networks [91]. Theoretically, shuttling (copies of) 
coding or regulatory sequences thru the genome would have the advantage that functional entities 
do not need to evolve at multiple positions in the genome independently. Thus, it is supposed that 
TEs are an important resource to quickly adapt on environmental changes [47, 60], so that TEs could 
have been responsible for an accelerated genome evolution [21, 92, 93]. 
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1.2.4. TEs expression during aging 

While not entirely straightforward, aging may be defined as a progressive loss of molecular 
functions combined with decreased fertility and increased mortality [94]. The global improvement of 
life expectancy [95, 96] entails an uptick of age-associated diseases like cancer or neurological 
disorders [97]. Thus, our understanding of the molecular foundation of aging processes is critical for 
the prevention and treatment of age-related diseases. One of these mechanisms is the age-associated 
activation of TEs.  

So far, multiple safeguards have been described that protect the cell against the activation of 
TEs. In addition to the epigenetic repression of TE regions via heterochromatinization or DNA 
methylation [98, 99], also post-transcriptional mechanisms involving short interfering RNAs and PIWI 
(P-element induced wimpy testis)-interacting RNA contribute to TE silencing by initiating their 
degradation [13]. Indeed, compromised small RNA and RNA interference pathways have been shown 
to substantially increase the TE content in the fruit fly Drosophila melanogaster [100].  

It is believed that a gradual loss of repression during aging leads to the expression of TEs [101]. 
Once exported to the cytoplasm, cellular sensing mechanisms recognizing TE-RNA (e.g., the retinoic 
acid-inducible gene I and the melanoma differentiation-associated gene 5) or the reverse-transcribed 
TE-DNA (e.g., cyclic GMP-AMP synthase [cGAS] and absent in melanoma 2) trigger a sterile 
inflammation [13]. Thus, the expression itself, without reverse transcription, may already contribute 
to age-associated inflammation, also known as, “inflammaging” [102]. Indeed, the de-repression of 
LINEs in aging mice has been shown to result in an accumulation of TE cDNA copies in the cytosol, 
which triggers the cGAS DNA sensing pathway and leads to inflammation [103]. 

Although the overwhelming majority of TEs is affected by truncations [104, 105] and mutations 
[56, 106] leading to their inactivity, even the human genome still contains some fully functional 
mobile TEs [11, 106-108]. In principle, the activation of such elements could be detrimental for 
genome integrity [109, 110] and could afflict damages to the coding sequences of genes [11] or their 
regulation [10]. However, while L1 elements, for instance, are strongly expressed in many cancer 
types, there is little evidence that insertions of these elements actually contribute to this disease [40].  

In summary, the transcription and genomic insertion of TEs has been described to be a 
characteristic hallmark of aging and age-related diseases. Given the large number of TEs and the 
wealth of proposed control mechanisms [111], however, it is unclear which TE is controlled by which 
molecular safeguards. Thus, to obtain a comprehensive picture on TE (dys-)regulation during aging as 
well as under healthy or diseased conditions it is essential to develop locus-specific analysis 
strategies that integrate many levels of genomic, transcriptomic, and epigenomic data. 
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1.2.5. Quantification of Transposable element expression 

The first step towards a detailed understanding of TE regulation and expression is the 
development of suitable tools to assess the (differential) expression of TEs, e.g., during aging or 
comparing healthy and diseased samples. 

Transcription, i.e., the production of RNA molecules based on a given DNA template, refers to a 
complex process involving many proteins generating both coding mRNA as well as ncRNA. LTR-
retrotransposons, ERVs, and LINEs are typically transcribed by Pol II and frequently polyadenylated 
while SINEs are often transcribed by Pol III [87] and thus lack a 5’ m7G-cap structure [112]. Thus, the 
TE-derived RNA molecules are detectable – in principle – by several transcriptome sequencing 
technologies. For this, the RNA is isolated, broken down into small pieces (i.e., fragments), and 
reversely transcribed into cDNA. These fragments are amplified and read by the sequencing machine. 
These reads can then be mapped back to the reference genome for quantification. Nevertheless, the 
quantification of transcripts from TEs is still a challenging task for bioinformatics.  

The repeated presence of TE copies in a genome can lead to reads that map to multiple loci in 
the reference genome with equal scores (multi-mapped reads) [50]. Inappropriate handling of multi-
mapping reads can lead to wrong biological conclusions [113, 114]. Increasing the read length is one 
possibility to decrease the number of multi-mapping reads [115], as the likelihood of a read being 
unique grows with its length. To partially remedy this problem, current short-read sequencing 
technologies like Illumina enable the sequencing of paired-end reads. Here, a fragment of several 
hundred base pairs is sequenced from both ends in parallel. Aligning both paired-end reads under the 
constraint that the sequences are mapping in close vicinity to each other helps to reduce the multi-
mapping problem [115]. It has been shown that longer reads as well as paired-end reads improve the 
assignability of reads that originate from TEs [116]. However, the analysis of evolutionarily young TEs, 
i.e., elements exhibiting high sequence similarities (i.e., small Kimura distance), may still be 
substantially obfuscated by multi-mapping reads. Analyses that simply discard multi-mapping reads 
bear the risk to underestimate TE expression and therefore miss the expression signal for entire 
families. Thus, TE quantification analyses based on unique reads are not recommended [117, 118]. In 
recent years, sophisticated algorithms to assign multi-mapping reads were developed and 
implemented in different computer programs, e.g., TEtranscripts [118], TEtools [119], SalmonTE [120], 
SQuIRE [121], and Telescope [122] (Figure 2). In the following I will briefly explain the assignment 
concepts used by these tools. 
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Figure 2 Assignment concepts of RNA-Seq derived reads. Reads derived from TEs can be analyzed to quantify TE 
expression in different ways. In grouped analysis, reads are either assigned to individual TEs (light blue) and subsequently all 
reads belonging to TEs of the same family (dark blue) are aggregated (TEtools, TEtranscripts), or a consensus sequence per 
TE family (dark blue) is first calculated and the reads are mapped to consensus sequence representing a TE family 
(SalmonTE). Individual analysis avoids aggregation steps and provides read counts for individual TE instance (light blue; 
Telescope, SQuIRE). The individual analysis has the advantage of obtaining coordinates of expressed individual TEs, which is 
lost in grouped analysis. Abbreviations: RNA – ribonucleic acid; TE – transposable element. 

TEtranscripts has the advantage to quantify gene and TE expression in one run and is equipped 
with two modes. The first mode considers only unique reads while the second also handles multi-
mapped reads. TEtranscripts quantifies the TE expression at the family level by estimating a 
combined abundance per TE family. In the “multi-mode”, all multi-mapped reads are weighted by the 
number of loci they were mapped to and subsequently assigned by an expectation-maximization (EM) 
algorithm. The EM-algorithm alternates between two steps, e.g., the E- and M-step. The E-step 
calculates the fractional distribution of multi-mapped reads, which means the likelihood that the read 
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comes from a certain TE instance. Different parameters can be considered for the likelihood 
calculation such as relative length of the TE, strand orientation, and the starting point of a read [120]. 
This relative abundance of reads is used in the M-step to update the relative abundance of each TE. 
These two steps are repeated for a certain number of iterations or until the program converges [118]. 
SalmonTE is based on salmon [123], an alignment-free mapper, which works with TE consensus 
sequences, hence, it produces family based counts. This tool does also use an EM algorithm for the 
assignment of multi mapped reads.  

In contrast, TEtools considers the genomic sequences of individual TE loci and randomly assigns 
multi-mapping reads during the mapping procedure. Afterwards, read counts of all TE loci belonging 
to the same TE family are aggregated. However, TEtools exclusively uses TE sequences in their default 
reference, so that reads originating from genes for example can be miss assigned to TEs, which leads 
to an overestimation of the TE expression [117]. 

These three tools (TEtranscripts, TEtools, and SalmonTE) share a common drawback, namely the 
TE quantification at the family level. Consequently, the loci where transcripts originated from cannot 
be resolved and, thus, expression dynamics of individual TE loci remain in the dark. To bridge this 
gap, two additional tools, SQuIRE and Telescope, became available. Both tools aim to provide a TE 
locus-specific resolution and use an EM-algorithm for the assignment of multi-mapping reads. Other 
tools and strategies based on similar concepts are reviewed in [124]. 

1.3. Databases providing comprehensive expression profiles 

In the past two decades, high-throughput sequencing technologies led to an accumulation of 
gene expression profiling data sets that cover thousands of genes simultaneously. Differential 
expression profiling data sets provide information on gene expression changes under certain 
conditions, e.g., aging, disease, or treatment. Following increasingly improved guidelines of good 
scientific practice, the raw sequencing data of such studies is available through databases, such as 
Gene Expression Omnibus data base maintained at the National Center for Biotechnological 
Information (NCBI) [125], which enables researches to re-use the data. 

Usually, sequencing data sets are created for specific scientific questions in a particular context 
where specific subsets of genes are studied in depth, which has the consequence that there is a large 
number of genes usually remains out of focus. However, such data sets provide an important resource 
to verify and compare expression profiles of genes of interest various conditions. This is a powerful 
method that offers the opportunity to derive new hypothesis or conclusions that are supported by 
multiple data sets, which is also known as meta-analysis [126-128]. However, leveraging large 
numbers of publicly available data sets can still be a huge effort for individual scientists to dig 
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through tables from individual studies to obtain expression data on their genes of interest. In 
addition, data from different studies may have been analyzed differently, so that direct comparisons 
are limited. To accelerate discovery in the scientific communities, databases are generated through 
the collection and re-analysis of raw data. Such databases, for instance, can provide web interfaces 
for scientists to easily and quickly browse gene expression information across multiple data sets. For 
example, the expression atlas from the European Bioinformatics Institute provides comprehensive 
information about gene expression from thousands of studies [129]. Another example is the database 
from Mouse Genome Informatics [130], which provides mouse-specific expression data. 

Given that TEs have been considered “junk” DNA for long, their study was often neglected [131]. 
In addition, the tardy development of appropriate methods to investigate TE expression likely 
contributed to the lack of standardized TE quantification pipelines and databases for TE expression. 
Since the burgeoning recognition that TEs have biological relevant functions, attempts have been 
made to combine the quantification of genes and TEs [118], which remains an ongoing development. 
Most of RNA-Seq data sets that are publicly available have not been investigated with respect to TE 
expression and provide a promising treasure for TE expression profiling on a large scale. 

Given that databases on TE expression in different species, tissues, and specific conditions are 
still missing, it is difficult to obtain a comprehensive overview of TE expression. The emerging trend 
towards locus-specific expression analysis provides an opportunity to provide a powerful resource to 
the research community through the generation of a database that contains information about the 
expression of individual TE instances and their associated genes across species, tissues, and 
conditions. 
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1.4. Thesis focus and aim 

TEs are ubiquitous in essentially all eukaryotic genomes, and their expression can be quantified 
with modern sequencing technologies. However, the technical limitation of read length and sequence 
similarities of TE copies poses a major challenge to assigning reads derived from TEs. Thus, most of 
our current knowledge about TE regulation comes from family-based analyses that lack information 
on the individual TE loci that express TE transcripts. Certainly, the biological functions of TEs in 
various contexts, e.g., aging, cancer, or brain development, require a deeper understanding of their 
(dys)-regulation. Therefore, the localization of actively transcribed TEs is an important step to obtain 
insights into their regulation and biological roles. The aim of this thesis was to perform a genome-
wide, locus-specific quantification of TE expression in an age-dependent setting. The specific points 
addressed in this thesis were on the following: 

I. Evaluation of currently available TE quantification tools according to their performance 
with respect to the locus-specific quantification of TE expression. 

II. Realization of a locus-specific TE quantification in different tissues (blood, brain, skin) of 
mice of different ages (6 and 24 months). 

III. Development of a database structure with a web interface that can host expression data 
for an easy access by any scientists. 
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2 Manuscripts 

2.1. Overview of Manuscripts 

No. Manuscript Status; IF* 

M1 

 

Locus-specific expression analysis of transposable elements 
Schwarz R., Koch P., Wilbrandt J., Hoffmann S. 
Briefings in Bioinformatics, Volume 23, Issue 1, January 2022 
 
This manuscript provides a comprehensive evaluation of TE quantification software in 
terms of their performance in quantifying locus-specific TE expression. For this, I 
manipulated TE family quantification tools to provide locus-specific expression 
information and evaluate their performances along with tools that already address the 
challenge of multi-mapping reads in a locus-specific manner. That manuscript 
concludes that the locus-specific expression analysis is sufficiently possible with 
currently available sequencing technologies and quantification tools. 
 

published; 
13.99 

M2 

 

Expression differences of transposable elements during aging affect major tissue-
specific pathways 
Schwarz R., Koch P., Förste S., Groth M., Wilbrandt J., Fischer M., Hoffmann S. 
 
In this study I performed a comprehensive locus-specific TE quantification analysis in 
different tissues (brain, blood, and skin) of six and 24 months old mice. Beyond pervious 
studies, I indicate that TEs can be also down-regulated during aging and identify a set of 
TEs that are regulated by their own promoter. In addition, a co-regulation between TEs 
and their host genes was indicated that show highly tissue-specific expression patterns. 
Furthermore, a TFBS analysis suggests the involvement of Sox TFs in the regulation of 
independently expressed TEs. Overall, that study provides an interesting set of TEs that 
represents a striking starting point du investigate the relevance of TEs during aging. 
 

submitted; 
- 

M3 

 

TargetGeneReg 2.0: a comprehensive web-atlas for p53, p63, and cell cycle-
dependent gene regulation 
Fischer M., Schwarz R., Riege K., Decaprio J., Hoffmann S.  
NAR Cancer. 2022 Mar; 4(1): zcac009. 
 

This study provides a comprehensive web-atlas for p53, p63 and cell cycle dependent 
gene regulation created by analyzing datasets from multiple studies. In this project, I 
built a suitable data structure that allows both storage of the complex data and 
convenient accessibility. In addition, I designed and developed a website to make the 
data available to the public. 
 

published; 
- 

* IF - Impact factor 
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2.2. Manuscript 1 (M1) – Locus-specific expression analysis of transposable 
elements 

 

Summary: 

The transcripts of TEs are part of the transcriptome, which can theoretically be measured with 
modern sequence technology, but is hampered by their repeated occurrence in the genome. This 
manuscript provides a comprehensive evaluation of TE quantification software in terms of their 
performance in quantifying locus-specific TE expression. For this, I manipulated TE family 
quantification tools to provide locus-specific expression information and evaluate their performances 
along with tools that already address the challenge of multi-mapping reads in a locus-specific 
manner. That manuscript concludes that the locus-specific expression analysis is sufficiently possible 
with currently available sequencing technologies and quantification tools. 
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2.3. Manuscript 2 (M2) – Expression differences of transposable elements 
during aging affect major tissue-specific pathways 

 

Summary:  

Transposable elements (TEs) are arguably the largest class of genetic material with an unclear 
biological role. In this study I performed a comprehensive locus-specific TE quantification analysis in 
different tissues (brain, blood, and skin) of six and 24 months old mice. Beyond pervious studies, I 
indicate that TEs can be also down-regulated during aging and identify a set of TEs that are regulated 
by their own promoter. In addition, a co-regulation between TEs and their host genes was indicated 
that show highly tissue-specific expression patterns. Furthermore, a TFBS analysis suggests the 
involvement of Sox TFs in the regulation of independently expressed TEs. Overall, that study provides 
an interesting set of TEs that represents a striking starting point du investigate the relevance of TEs 
during aging. 
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Abstract 

Transposable elements (TEs) are arguably the largest class of 
genetic material with an unclear biological role. At the same time, it 
is increasingly appreciated that TEs play critical roles in various 
pathophysiological processes. Recent research suggests that the up-
regulation of TEs is a characteristic of aging and could be a critical 
factor in the aging process. To investigate the aging dynamics of TE 
expression, we generated a transcription data set of mice (M. 
musculus) from three tissues (brain, blood, skin) using RNA-Seq and 
CAGE-Seq. This combination enabled the identification of independently 
expressed TEs with proper transcription start sites and putative TE 
promoters. Using a locus-specific analysis, we unexpectedly find that 
TEs are up- and down-regulated during aging to the same extent, 
challenging the narrative of an entirely detrimental role of TE 
expression. Strikingly, independently expressed TEs are substantially 
enriched in genes with highly tissue-specific functions such as 
synapse regulation in brain and cell-substrate junctions in skin. In 
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the mouse brain, we identify highly tissue-specific genes such as the 
protocadherin-beta cluster to be affected by differential TE 
expression. Moreover, our data strongly suggest the involvement of Sox 
transcription factors in the regulation of TE expression. Our findings 
demonstrate the tissue-specific and age-dependent expression of 
individual TEs in mice that may be regulated by Sox transcription 
factors. These TEs are enriched in tissue-specific genes and show 
independent but strong co-regulation with their host genes. Thus, we 
provide a striking and consequential starting point to elucidate the 
full relevance of TEs during aging. 

Introduction 

Three-quarters of a century after Barbara McClintock's [1] 
groundbreaking discovery, our understanding of the biological roles of 
transposable elements (TEs) remains limited. TEs, colloquially called 
"jumping genes", either jump to a new position (DNA-transposons) or 
spread within their host genome via copy-paste mechanisms 
(retrotransposons) [2]. Such transposition events can have a critical 
impact on genome integrity and impair its functionality. Importantly, 
successful transposition events may also have substantial effects on 
genome regulation, as TEs harbor transcription factor binding sites 
potentially affecting gene expression in cis and trans [3, 4]. Given 
the high abundance of TE's in many genomes, it is quintessential to 
investigate the impact of TE accessibility and expression on cellular 
function [5, 6]. 

In the scientific literature, the expression of TEs is typically 
reflected in the context of deteriorating processes. For instance, the 
up-regulation of TEs has been associated with diseases like cancer [7–
10], neurological disorders [11, 12], or aging [13, 14]. L1, a TE-
superfamily within the TE class of long interspersed nuclear elements 
(LINEs) amounting to more than 20% of the human genome [2], have been 
of special interest because several of their members are still able to 
transpose in humans and mice. In this context, it has been shown that 
the escape of an L1 element from repression may result in a 
transposition event impairing the APC gene ultimately paving the way 
for colorectal cancer development [10].  

Importantly, a successful transposition event is not required for 
having substantial effects on a cell [15]. For instance, TE-derived 
RNAs and DNAs alone can trigger the immune system via double-stranded 
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RNA and DNA detection mechanisms within the cytoplasm [16, 17]. Such 
immune responses to TE up-regulation have been reported for different 
malignomas [7] as well as in senescent cells [18]. In cancer, TE-
triggered inflammation may even be a defense mechanism to suppress 
carcinogenesis and it has been suggested that down-regulation of TEs 
could protect some cancer tissues against the immune response [19].  

Despite this disease-centric view of TEs, it is important to note 
that also healthy tissues show TE expression and transposition [7, 
20]. For instance, the activity of TEs is regularly observed during 
brain development and is considered to be a major contributing factor 
to the mosaicism of the neuronal genome [12, 21–25]. Recently, a study 
on the effects of maternal care on the mouse brain established a link 
between the activity of TEs and psychosocial conditions [20]. 
Furthermore, it has been proposed that the expression of TEs during 
development also impacts TE expression in adult brains and may thus 
have long-term effects [26]. On the molecular level, gene regulatory 
functions of TEs have been suggested for B2 elements in brain, a TE 
superfamily that is part of the short interspersed nuclear element 
(SINE) TE class [3, 27]. Specifically, B2 elements might act in trans 
to keep the transcription machinery of stress response genes in a 
poised state [28]. Finally, TE activity triggered by environmental 
changes could enable somatic cells to overcome hurdles during lifetime 
[12]. The associations of TE activity in brain indicate tissue 
specificity and a tissue-specific accessibility to TEs has been 
demonstrated [29, 30]. Thus, it appears necessary to analyze data on 
multiple tissue types to obtain a comprehensive picture on the causes 
and effects of TE expression.  

The repetitive nature of TEs renders systematic investigations of 
expression patterns, regulatory mechanisms, or potential functions 
challenging [31]. Much of our current understanding about TEs and 
their transcription is based on approaches that aggregate expression 
data on the level of TE superfamilies [7, 9, 13, 20] or are focused on 
specific TE elements [10, 32]. Aggregation approaches, however, easily 
miss the effects of individual elements (locus-specific) or subsets of 
elements. Here, we provide a locus-specific expression analysis to 
enable a more detailed characterization of TE expression and its 
biological consequences using a SalmonTE-based [33] analysis strategy 
that we described recently [34]. 
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Results 

Age- and tissue-specific TE expression based on RNA-Seq data 

We performed 150 bp paired-end sequencing of rRNA-depleted RNA from 
blood, brain, and skin tissue samples of young (6 months) and old (24 
months) male mice (Mus musculus; see Methods). Comparing the age-
associated RNA-Seq expression data of TEs at the superfamily level, we 
observe comparably small mean log2 fold changes (L2FC) between the ages 

for individual tissues (Figure 1A; 𝐿𝐿2𝐹𝐹𝐹𝐹�������𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0.001, 𝐿𝐿2𝐹𝐹𝐹𝐹�������𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = -0.007, 
𝐿𝐿2𝐹𝐹𝐹𝐹�������𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 0.014). Notably, at this resolution, we already see a 
tendency for the majority of TE superfamilies in skin to be down-
regulated during aging. In contrast, the majority of TE superfamilies 
in blood show a tendency towards up-regulation. In brain, we observe a 
more balanced picture.  

The superfamily-based analysis, however, largely prohibits the 
investigation of the expression dynamics within a single superfamily. 
Using our previously described and evaluated strategy [34], we 
identified differentially expressed TEs (DETEs) at the level of 
individual loci during aging (24 vs. 6 months) in three different 
tissues (blood, brain, skin; see Methods). In total, we detected 
between ~50,000 and 100,000 expressed TEs (brain = 46,834, skin = 
96,457, blood = 97,960; Supplemental Table 1). Of this rather large 
number of TEs with expression signals, only a minority of elements 
(~50-1,000) were found to be significantly differentially expressed 
during aging (Figure 1B; Supplemental Table 1). Assignment of the 
detected TEs to their TE classes revealed a tissue-specific 
composition of expressed TEs and DETEs (Figure 1C). Interestingly, 
only 4 % (n=7,441) of the total 241,251 detected TEs (across all 
tissues) were detected in all three tissues (Supplemental Figure 1), 
indicating a pronounced tissue specificity of TE expression. This 
observation could be explained by the tissue-specific accessibility of 
DNA, e.g., during development [30]. In brain, the majority of detected 
TEs belong to the LINE class (39%), almost twice as many compared with 
blood and skin (20.29% and 23.68%, respectively).  

Beyond previous findings of TE superfamily-based reports [13, 18, 
35–37], we discovered down-regulated TEs during aging (brain = 42, 
skin = 580, blood = 23; false discovery rate [FDR] ≤ 0.05; Benjamini 
and Hochberg) at the same order of magnitude as up-regulated ones (see 
Figure 1B; brain = 93, skin = 466, blood = 32; FDR ≤ 0.05; Benjamini 
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and Hochberg). Additionally, the locus-specific expression analysis 
(see Methods) shows stronger regulatory TE dynamics during aging. In 
several cases, we observe L2FCs that are orders of magnitude larger 
than the mean L2FC of their respective superfamily, e.g., an 
L1Lx_II_orf2 element in brain (chr18:37378135-37382301; L2FC = 1.99 

vs. 𝐿𝐿2𝐹𝐹𝐹𝐹�������𝐿𝐿1 = 0.00036), an ERVK/IAPEz-int element in skin 

(chr3:51240387-51241612; L2FC = -7.13 vs. 𝐿𝐿2𝐹𝐹𝐹𝐹�������𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 0.012), and 
B4/RSINE1 element in blood (chr4:32516261-3251637; L2FC = -1.52 vs. 

𝐿𝐿2𝐹𝐹𝐹𝐹�������𝐵𝐵4 = 0.015). Again, the different counts of DETEs in the analyzed 
tissues indicate a more tissue-specific regulation of TEs during 
aging. 

Standardized expression scores for the top 50 DETEs (sorted by FDR, 
see Methods) reveal distinct expression patterns between young and old 
mice within TE classes (Figure 1D). Importantly, individual TEs within 
the same superfamily were frequently regulated in opposite directions. 
Such patterns likely contribute to the comparably small L2FC at the 
superfamily level (Figure 1A) since the opposite effects can cancel 
out each other. In addition, the data indicate a tissue-specific 
regulation of individual TEs within superfamilies. For example, we 
observe that the majority of differentially expressed endogenous 
retrovirus-K (ERVK) elements in the top 50 DETEs were up-regulated in 
brain, whereas the majority was down-regulated in aged skin. 
Furthermore, the top 50 DETEs from skin, blood, and brain underscore a 
high tissue specificity of differential TE expression (Figure 1D). On 
the global level (see Figure 1C) as well as among the top 50 DETEs, L1 
elements were more frequently differentially expressed in brain 
compared to blood and skin. In brain, we typically observe the up-
regulation of L1Md elements, i.e., members of a large and active L1 
superfamily in mice [38, 39]. Of note, among differentially expressed 
L1Mds we predominantly observe ORF2 loci that contain sequence 
information for the multifunctional ORF2p protein, which carries the 
endonuclease and reverse transcriptase activities of L1. 

https://paperpile.com/c/r86Cec/c6sL+vBzL


Manuscripts  Page | 32 

 



Manuscripts  Page | 33 

Figure 1 - Locus-specific quantification of TE expression. (A) Mean L2FC of TE superfamilies 
(rows) in brain (green), skin (orange), and blood (purple) compared between 24 months and 6 
months old mice. (B) Volcano plots of individual TE expression in brain (green), skin (orange), 
and blood (purple) (L2FC of expressed TEs [x-axis] and their significance [y-axis]). Colored dots 
indicate differentially expressed TE loci (FDR ≤ 0.05; blue: down-regulated TE loci; red: up-
regulated TE loci). (C) Proportion of TE classes among expressed or differentially expressed 
individual TE loci. `background` represents the proportion of TE classes among all TEs in the 
mouse genome. `expressed` (gray) denotes TEs with an expression signal, while `up` (red) and 
`down` (blue) denote differentially expressed TEs. (D) Heatmap of standardized expression scores 
(i.e., z-scores) derived from TPM of differentially expressed individual TEs (top 50, sorted by 
FDR; rows) in brain (green), skin (orange), and blood (purple) grouped by TE class and 
superfamily and clustered by up- and down-regulated individual TEs. The TE element annotation is 
based on the mm10 RepeatMasker annotation (version: open-4.0.5 - Repeat Library 20140131). 
Abbreviations: FDR – False discovery rate; L2FC – log2(fold change); TE – transposable element; 
TPM - transcripts per million. 

In contrast, only few SINEs were (differentially) expressed in 
brain tissue. Instead, SINEs were strongly up-regulated in the blood 
of aging mice. This expression was predominantly sustained by B1, B2 
and B4 elements. Concerning LTR elements, the picture is dominated by 
differentially expressed endogenous retroviruses (ERVs) typically up-
regulated in aged brain tissue and down-regulated in aged skin. Among 
the down-regulated LTRs in brain are ERVL-MaLR elements of type 
ORR1A2, ORR1B1, and ORR1B2. Previous research has suggested that these 
elements harbor binding sites for the developmentally decisive 
transcription factor Tbx6 [40] and, in the case of ORR1A2, for the 
differentiation factor Klf4 [41]. The latter has been associated with 
aging and neurodegeneration [42, 43]. Moreover, the down-regulated 
ORR1A2 element itself is located at the opposite strand of an intron 
of Pde10a. Pde10a is a gene mainly expressed in brain and a target for 
psychiatric and neurodegenerative drug discovery [44]. These examples 
highlight that TEs with differential expression during aging are 
associated with tissue-specific hallmarks of aging, such as 
neurodegenerative processes. 

In summary, the locus-specific analysis of TE expression reveals 
tissue-specific differences on the level of TE classes, superfamilies, 
subfamilies, and individual TEs. At the same time, the data indicate 
that the direction of regulation during aging is not the same for all 
members of a superfamily. In all three tissues, the count of up- and 
down-regulated TEs are of the same order of magnitude. 

Independent expression of TEs 

Many TEs are located in introns (n = 793,002 of ~4.2 million 

[18.75%]) or in close proximity of a gene (n = 2,627,938 [62%] within 
100 kb up or downstream). Thus, we checked whether the observed TE 

https://paperpile.com/c/r86Cec/NeaT
https://paperpile.com/c/r86Cec/aWvG
https://paperpile.com/c/r86Cec/GeZI+wdhw
https://paperpile.com/c/r86Cec/AUv6
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expression is a mere consequence of the transcription of its host. 
Clearly, TEs located within an intron or downstream of a gene may be 
co-transcribed as a consequence of intron retention [45] or separate 
splicing processes [46]. Such host-initiated TE expression could 
entail a lack of transcription start sites (TSS) within or nearby the 
TE. On the other hand, host-independent TE expression would require a 
separate TSS at the TE. To distinguish between these cases, we applied 
Cap-analysis gene expression sequencing (CAGE-Seq) [47], an 
established method to identify TSS on a genome-wide scale [29], to the 
same samples used for the RNA-Seq. This enabled us to create a map of 
TSSs associated with TEs for all three tissues (see Methods; 
Supplemental Table 1). The enrichment patterns of TSSs in TE 
superfamilies (against the genomic TE background) underscore the 
observed highly tissue-specific TE expression (Figure 2A): the B1 
superfamily is the only set of TEs that consistently accumulates TSSs 
in all three tissues. 

 

Figure 2 – Identification of independently expressed TEs. The intersection of CAGE-Seq peaks with 
TEs allows to predict TE-specific TSSs. (A) Significance (-log10(FDR), point size) of depleted 
(left) and enriched (right) TE superfamilies based on individual TEs with a TSS. Normalized by 
the number of TEs in the respective superfamily as given by the genomic annotation. The x-axis 
displays the log(odds ratio) in-set vs. in-genome (by count; see Methods). (B-D) CAGE- (green) 
and RNA-Seq (black) coverage tracks of genomic regions with putatively independently expressed 
TEs in brain (green), skin (orange), and blood (purple) for 6 (middle row of each panel) and 24 
months old mice (last row). The first row shows the annotation of TEs, genes and enhancers in the 

https://paperpile.com/c/r86Cec/rUtu
https://paperpile.com/c/r86Cec/pOoF
https://paperpile.com/c/r86Cec/l5iH
https://paperpile.com/c/r86Cec/MPNW


Manuscripts  Page | 35 

respective region. (B) Example of a region with multiple TEs that is jointly up-regulated during 
aging in brain. The TSSs indicates that the transcript starts in an ERV1 element (coverage track 
of CAGE). (C) Example of a region with individual TEs that is down-regulated during aging in 
skin. Transcription starts from an ERVK? element. (D) Example of an independently expressed TE 
(ERVL-MaLR) in blood that intersects with an enhancer (light blue) associated with the gene 
Fam126a. The independently expressed TE itself is located in the last intron of the gene Fam126a. 
(E) RT-qPCR analysis shows the tissue-specific expression and co-regulation of ERVL_MALR and 

Fam126a. Data are shown as mean ± s.e.m. and p-values are from a two-sided unpaired t-test (*** – 
p-value <0.001). Abbreviations: CAGE – Cap-analysis gene expression sequencing; FDR – False 

discovery rate; L2FC – log2(fold change); RT-qPCR – real-time quantitative polymerase chain 
reaction; TE – transposable element; TSS - transcription start site. 

The overall strongest enrichment of TSSs is observed for LINE/RTE-
BovB elements in skin (log(odds ratio) = 0.97, FDR = 2.8e-04; standard 
binomial test, corrected with Benjamini and Hochberg). In brain, we 
observe a reduction of putatively independently expressed TEs in the 
majority of TE superfamilies. In particular, we observe a depletion of 
TSS-carrying TEs in ERVL, ERVK and ERV1 superfamilies. In turn, 
independently expressed ERVs appear to be enriched in blood and skin. 
A particularly strong enrichment is observed for ERV1 superfamily 
members in skin. Just recently, it has been suggested that the 
expression of ERVs are critical means for controlling the inflammatory 
response to exogenous skin microbiota [48]. In brain, a notable 
exception is the TSS enrichment in the L1 superfamily (log(odds ratio) 
= 0.16, FDR = 1e-06; standard binomial test, corrected with Benjamini 
and Hochberg). Its elements are repeatedly associated with neuronal 
(dys-)functions in the literature [12, 21, 22, 24, 25]. 

To illustrate that the complexity of TE expression and associated 
TSSs is not reflected by the above summary statistics, we provide 
examples of age-dependently expressed TEs (Figure 2B-C). Here, 
neighboring TEs are either up- (Figure 2B) or down-regulated (Figure 
2C) during aging according to RNA- and CAGE-Seq data. The example in 
brain shows that multiple TEs from the SINE and ERV classes appear to 
be expressed in a single transcript jointly up-regulated during aging 
(Figure 2B). A single down-regulated TSS indicates that an ERV1-
associated promoter drives the expression of this TE structure.  

Intriguingly, TEs have been found to be frequently associated with 
enhancers [30, 49–51]. Thus, we explored potential co-regulations of 
TEs and their coding host genes. One example for a potential co-
regulation of independently expressed TEs and a host gene is found in 
the intron of Fam126a (chr5:23915277-24030312; Figure 2D). Here, an 
element of the ERVL-MaLR superfamily expressed in blood overlaps with 
an annotated enhancer. Our RNA-Seq data indicate that the host gene is 

https://paperpile.com/c/r86Cec/fFR9
https://paperpile.com/c/r86Cec/M6Jh+iMiB+xv9J+BP6d+sz04
https://paperpile.com/c/r86Cec/kU2I+h6NV+2yI1+IyQL
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down-regulated (L2FC = -0.80, FDR = 1.6e-04), while the TE shows a 
borderline down-regulation (L2FC = -0.01, p-value = 0.12). The CAGE-
Seq signal intersecting with the ERVL-MaLR element also shows a 
tendency for down-regulation (L2FC = -0.093, p-value = 0.16). Indeed, 
we were able to confirm the differential expression of the TE, the 
3'UTR of Fam126a as well as the entire host gene by RT-qPCR (see 
Methods, Figure 2E). These findings suggest that the ERVL-MaLR element 
may affect the overlapping Fam126a enhancer to elicit a co-regulation 
of the TSSs that give rise to Fam126a upstream and ERVL-MaLR itself. 

Together, the CAGE-Seq data enable the distinction between TEs that 
possess their own TSS and TEs that most likely require co-
transcription from a TSS belonging to a host gene or another TE. Our 
data corroborate tissue specificity also for independently expressed 
TEs, which include the specific enrichment of L1 expression in brain 
and the skin-specific expression of ERV1s. 

Expression of independent TE regions 

As illustrated in Figure 2B-D, the arrangement of TEs in the genome 
as well as their expression is complex. TEs of different subfamilies 
may occur in clusters or even overlap with each other in the genome. 
Therefore, we grouped closely spaced TEs (distance ≤ 500 bp) into TE 
regions. Analogously to our analysis for single TEs, TE regions 
overlapping with a CAGE-Seq-determined TSS were deemed to be 
independently expressed (Figure 3A). In total, we identified between 
3,332 and 11,610 independently expressed TE regions (blood = 3,332, 
brain = 11,610, skin = 4,234) and categorized them into single-, 
double-, and multi-TE regions, i.e., regions that contain one, two, or 
more TEs (Supplemental Figure 2A). In agreement with our previous 
results, elements of the L1 superfamily made up the majority of all 
three TE region types in brain. In skin and blood, the strongest 
contribution came from B4 and B1 elements (Supplemental Figure 2B). 
Based on this categorization, we asked whether specific TE families 
are more frequently present in the body or at the 5’- or 3’-ends of 
multi-TE regions (Figure 3B). While we observed a clear 
overrepresentation of L1 elements (brain) and B1 elements (skin, 
blood), it was not restricted to or overrepresented at any location 
within the regions. 

Next, we analyzed the distribution of TSSs within independent TE 
regions. In skin and blood, we observed a pronounced TSS frequency 
peak just at the beginning of TE regions steadily decreasing towards 
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the end of the region (Figure 3C). Interestingly, these data provide 
evidence that the 5’-element of a chain of closely spaced TEs is more 
likely to carry a TSS than any other downstream element (Supplementary 
Figure 2E). Thus, downstream elements may frequently be co-regulated 
by regulatory regions located near the regions 5’-end and within the 
first element. In brain, the distribution was markedly different. In 
contrast to the two other tissues, TSSs were more frequently located 
at the 3'-end of the regions. Of note, previous work reported that L1 
elements are frequently truncated at the 5’-end [52, 53] and 
transcription initiated at their 3’-end [29]. Thus, the 
overrepresentation of L1 elements in brain-expressed TEs offers an 
explanation for the unexpected enrichment of TSSs at the 3’-end of TE 
regions in brain. 

We performed a DNA motif analysis upstream of TSSs of the TE 
regions to identify transcription factors that may be involved in the 
TE expression (see Methods). In all three tissues, a motif was 
enriched that was most similar to a binding site of Sox transcription 
factors, with brain showing the most significant enrichment (Figure 
3D). Intriguingly, Sox motifs are most strongly enriched within the L1 
superfamily (Supplemental Figure 3E), and, thus, we checked whether 
Sox motif-carrying L1 elements may explain the frequent occurrence of 
TSSs at the 3’-end of brain-expressed TE regions. To investigate the 
spatial relationship between TSS and the Sox-motif, we calculated a 
Sox/TSS ratio along the TE regions (Figure 3E; Supplemental Figure 3A-
B). In brain, the Sox/TSS ratio strongly increases towards the 3’-end, 
indicating that initiation of TE transcription is linked to the Sox 
motif (Figure 3E). Moreover, we found that there is a rather large 
population of Sox-motif-carrying TEs with a length of 1,000 ± 50 bp 
(n=667, Figure 3F). Strikingly, all elements in this set are annotated 
by RepeatMasker [54] as 3'-ends of L1 subfamilies (Figure 3F, inset). 
In summary, our data indicate that a substantial amount of L1 
expression in brain, but not in skin or blood (Supplemental Figure 3C-
D), can be attributed to a specific type of L1 3’-ends which harbors 
binding sites for the Sox transcription factor family. 

https://paperpile.com/c/r86Cec/a06M+8nLp
https://paperpile.com/c/r86Cec/MPNW
https://paperpile.com/c/r86Cec/yXcd
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Figure 3 – Characterization of TE regions. Adjacent TEs can be co-expressed, therefore, 
individual TEs in close proximity were combined to TE regions and characterized. (A) Scheme of 
the definition of TE regions and its division into independently and dependently expressed TEs. 
(B) Proportion of TE superfamilies (rows) at respective positions (first, body, last; in columns) 
in TE regions with more than two members in brain (green), skin (orange), and blood (purple). (C) 
CAGE-Seq peak frequency across all TE regions in brain (green), skin (orange), and blood (purple) 
and their adjacent areas (≤ 1Kb). The frequencies result from the peak count (greyscale) across 
the TE regions as depicted below frequency plots. (D) Enriched Sox motifs in putative promoter 
regions (starting at TSS and ending 500 bp up-stream) of independently expressed TE regions in 
brain (green), skin (orange), and blood (purple) with the respective FDR. (E) Counts (left y-
axis) of TSSs (gray) and Sox motifs (blue) and their ratio (red, right y-axis) across TE regions 
and their adjacent areas (up- and down-stream; ≤ 500 bp) in brain. (F) Length histogram of Sox-
motif-carrying TEs in brain. Highlighted bars (blue) indicate individual TEs with a length of 950 
to 1050 bp. The inset displays the member counts of subfamilies (rows) within the highlighted 
length interval. The motif logo shows the frequency of respective base-pair occurrence within the 
Sox-motif of those TEs. Abbreviations: bp – base-pair; CAGE – Cap-analysis gene expression 

sequencing; FDR – False discovery rate; Kb - kilo-base; L2FC – log2(fold change); TE – 
transposable element; TSS - transcription start site. 

The expression of intronic TEs or TEs proximal to important 
regulatory elements may elicit effects on host genes or associated 
genes [26, 55–57]. To analyze this relation, we compared the RNA-Seq 
data between 24 and 6 months old mice for independently expressed TE 
regions and their hosts (Figure 4, see Methods). Overall, we detected 
between ~2,600 and 10,200 independent TE regions (brain = 10,195, skin 
= 3,244, blood = 2,604) that intersect with a gene. Accounting for 
multiple overlaps, between ~1,500 and 2,000 genes are potentially 
affected by independent TE region expression (brain = 1,788, skin = 
2,047, blood=1,478) (Figure 4A).  

In all three tissues, we observed a positive correlation between 
the L2FC of pairs of independent TE regions and their host genes 
(Figure 4B). In skin, a pronounced common up-regulation of multiple 
TSS-carrying TE regions was observed with the neighboring genes Skint5 
and Skint11 (Figure 4B), located on opposite strands in an 800 kb 
region on chromosome 4. The genes are located at the 3’-end of an even 
longer cluster comprising all members of the paralogous Skint family 
(Skint1-11). Recent studies demonstrated that the Skint family 
regulates Vγ5Vδ1+ dendritic epidermal T-cells (DETC), the dominant T 
cell compartment in the epidermis [58, 59]. DETCs are of special 
relevance in keratinocyte proliferation, survival, and antimicrobial 
protection [60] and may thus play a critical role in the development 
of skin aging hallmarks and affect skin barrier function [61]. 
Interestingly, a second prominent cluster of differentially expressed 
TSS-carrying TE regions is located within the type I keratin family 
genes Krt27, Krt28, and Krt35 (Figure 4B). Keratin genes are the 
largest subset of intermediate filament genes that arose from 

https://paperpile.com/c/r86Cec/7N2D+4UTX+aKsK+amTl
https://paperpile.com/c/r86Cec/TF88+IhZZ
https://paperpile.com/c/r86Cec/i8KS
https://paperpile.com/c/r86Cec/ckUQ
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extensive evolutionary gene duplication events creating a diverse set 
of paralogs [62]. All three mentioned keratin genes appear to play a 
role in the hair follicle and its inner root sheath. Although highly 
variable, hair loss is commonly observed in aging mice [63]. In brain, 
one functionally interesting co-regulated pair is found at the locus 
of the Ras guanine nucleotide releasing factor 1 (Rasgrf1). The TE 
region as well as the host gene was up-regulated during aging (Figure 
4B). Early studies have shown that RasGRF1’s downstream signaling 
pathway is critical for the consolidation of long-term memory [64]. 
Additional evidence for a neuronal function of RasGRF1 has been 
provided through recent studies that found RasGRF1 to be important for 
axonal growth of cortical neurons from rats [65] and for regulating 
dendritic density in human stem cell-derived neurons [66]. However, 
Rasgrf1-deficient mice have been shown to age significantly slower 
than their wild-type counterparts and display strongly improved 
neuromuscular coordination [67]. Together, these data indicate that 
the co-regulation of TSS-carrying TE regions and proximal protein-
coding genes may contribute to their tissue-specific and age-dependent 
expression dynamics. 

Our data on blood was less conclusive as compared to the other 
tissues. However, we observed a strong down-regulation of one TE 
region located in the first intron of Kcnq5, a member of the KCNQ 
potassium channel family that did not coincide with a differential 
regulation of the host. Importantly, only one pair at the Pla2g4e 
locus displayed a clearly divergent regulation. While the Pla2g4e gene 
was up-regulated in brains of old mice (L2FC = 0.4, FDR = 6e-03), the TE 
region showed a trend towards down-regulation (L2FC=-0.4, p-value = 7e-
04, n.s. after correction). Previously, the gene has been suggested to 
play a role in the development of Alzheimer's disease [68]. The 
overexpression of Pla2g4e in brain tissue of mice expressing amyloid 
precursor proteins (APP) led to the amelioration of disease associated 
impairments, e.g., an improvement of memory [68]. Thus, there may be 
an antagonistic regulatory association between the TE_region_876806 
(chr2:120217502-120225936) and Pla2g4e through which TE down-
regulation could promote neuroprotective processes during aging. 

https://paperpile.com/c/r86Cec/ywFC
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https://paperpile.com/c/r86Cec/vaW0
https://paperpile.com/c/r86Cec/jVpo
https://paperpile.com/c/r86Cec/JAdA
https://paperpile.com/c/r86Cec/umNJ
https://paperpile.com/c/r86Cec/umNJ


Manuscripts  Page | 41 

 

Figure 4 – Association of independent TE regions and host genes. (A) Volcano plots of expressed 
TE regions in brain (green), skin (orange), and blood (purple) showing the log2(fold change) (24- 
vs. 6-months old mice) and their significance (log10(FDR), y-axis). Each point indicates one 
independently expressed TE region (dark blue: TE region intersects with gene = intragenic; gray: 
TE region between genes = intergenic). Data points above the dashed line (FDR = 0.05) represent 
differentially expressed TE regions and the asterisk symbol indicates differential expression of 
their host gene (FDR ≤ 0.05). The most highly expressed TE regions in brain overlap with gene 
Gm37013, which spans a cluster of protocadherin genes. Protocadherin genes in close proximity to 
the respective TE regions are indicated in parentheses (* - differentially expressed). (B) 
Scatter plots showing the positive correlation between L2FCs of independently expressed TE 
regions (x-axis) and their host genes (y-axis) in brain (green), skin (orange), and blood 
(purple). Each data point indicates an independently expressed TE region that overlaps with a 
gene. The green line shows the best fit to the linear model. In the brain panel (green), the 
underlined protocadherin genes represent the expression of the respective protocadherin gene (y-
axis) and the closest independently expressed TE region. Abbreviations: FDR – False discovery 
rate; L2FC – log2(fold change); TE – transposable element. 

A marked up-regulation of multiple TE regions overlapping with 
Gm37013, the protocadherin alpha 4-gamma precursor gene, was observed 
in aged brains (Figure 4A and B). The gene spans an entire region of 
different protocadherins, subdivided in three separate gene clusters 
(α, β, and γ; chr18:36930184-37841870). Mechanistically, 
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protocadherins are present in the synaptic membrane and thought to 
play a critical role in the neuronal signal transduction [69]. The 
neuron-specific combination of expressed protocadherins equips each 
neuron with a unique combination of cell-surface homophilic 
recognition molecules that result in self-avoidance [70]. This 
neuronal self-avoidance prevents dendrites and axons to connect to 
their own soma [71]. We find that the protocadherin cluster is loaded 
with independently expressed TE regions. The ones strongly up-
regulated during aging are specifically found in the β-cluster (Figure 
5A). The increased expression of TE regions is accompanied by the up-
regulation of all β-cluster genes indicating potential co-regulation 
(Figure 5B). Two TE regions mainly composed of L1 elements 
(TE_region_728239, TE_region_728242) are located directly upstream of 
Pcdhb15 (chr18:37473540-37476340). Their up-regulation is supported by 
the RNA- and CAGE-Seq data. Additionally, TE_region_728239 shows a 
Sox-motif close to the TSS (Figure 5C). Intriguingly, the 
transcription start site of Pcdhb15 is down-regulated (Figure 5D blue 
arrow), while the transcript itself is up-regulated. Thus, our data 
suggest that the TE regions provide alternative transcription 
initiation sites for Pcdhb15 enabling its up-regulation during aging 
despite a down-regulation of its own TSS. The transcription of the 
protocadherin cluster is highly complex and the promoter usage of the 
α-cluster was recently found to be driven by stochastic processes 
guided by an antisense long non-coding RNA (lncRNA) [72]. Our data 
suggest the hypothesis that TSSs provided through TEs have a role in 
the stochastic promoter selection. 

https://paperpile.com/c/r86Cec/wTkk
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Figure 5 – Differentially expressed TE regions in protocadherin cluster in brain. (A) Genome-
Browser-like overview of the protocadherin cluster with tracks for TE regions, CAGE-peaks, Sox-
Motifs, expressed TE regions in brain, and gene annotations. (B) Heatmap of standardized 

expression scores derived from TPM of protocadherins and TE regions in the protocadherin beta 
cluster in young (6 months, left) and old (24 months, right) mice sorted by their genomic start 
position (5’ → 3’) in brain. L2FC and FDR values are displayed for each gene/TE region. (C) 
Genome-Browser-like view of the TE regions 728239 and 728242. The top track shows differentially 
expressed TE regions (black arrows indicate TSS and transcription direction) located up-stream of 
Pcdhb15 in brain. The CAGE and RNA coverage tracks for young and old mice are shown below. In the 
CAGE row, red arrows indicate the up-regulation in aged mice (positive L2FC) of TSSs that overlap 
with the TE regions. The last two tracks show the location of individual TEs (superfamily level) 
and a predicted Sox-motif in the first L1 element. (D) Genome-Browser-like view of the Pcdhb15 
gene. At the top, the annotation of the gene Pcdhb15 is shown (black arrow indicates TSS and 
transcription direction). The CAGE and RNA coverage tracks for young and old mice are shown 
below. In the CAGE row, the blue arrow indicates the down-regulation in aged mice (negative L2FC) 
of the TSS that overlaps with Pcdhb15, while the RNA-Seq track below indicates an up-regulation 
of Pcdhb15 during aging. Abbreviations: CAGE – Cap-analysis gene expression sequencing; FDR - 
false discovery rate; L2FC - log2 fold change; TPM - transcripts per million; TE - Transposable 
element; TSS - transcription start site. 
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The co-regulation of independent TE regions and their host genes 
may point to a coupled functional role for common pathways. Such 
relations have already been shown for ncRNAs and their host genes 
[46]. Therefore, we investigated the biological role of genes that 
were affected by independently expressed TE regions. Against the 
background of all brain-expressed genes, a gene ontology (GO) analysis 
(see Methods) revealed a strong enrichment of genes with functions in 
neuronal synapses and signaling (Figure 6A). Surprisingly, the 
enrichment is substantially stronger for genes associated with 
independently expressed TE regions than for differentially expressed 
genes (DEGs) during aging (Supplemental Figure 4A). To analyze the 
influence of the genomic TE distribution on this result, we checked 
whether genes with neuronal functions harbor TEs as frequently as 
other brain-expressed genes. To this end, we counted the number of TEs 
in genes from the previously identified GO terms and compared them 
with the number of TEs in other randomly drawn expressed genes. 
Strikingly, our data show a strong and consistent accumulation of TEs 
in tissue-specific genes with neuronal functions (Figure 6B), while TE 
free genes are depleted in similar GO terms, e.g., neuron to neuron 
synapse (Supplemental Figure 5). Analogous analyses in skin and blood 
corroborated that TEs appear to be enriched for localization in genes 
that belong to key tissue-specific pathways (Supplemental Figure 4B-
C). In skin, for instance, the strongest enrichments are observed for 
regulation of Wnt signaling pathways and cell-substrate junctions. In 
contrast, we find the strongest enrichments for B cell activation and 
immune signaling pathways for blood.  

https://paperpile.com/c/r86Cec/pOoF
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Figure 6 – GO term analyses of expressed genes intersecting independently expressed TE regions in 
brain. (A) Top 10 GO terms (sorted by FDR) of Biological Process, Cellular Component, and 

Molecular Function where genes overlapping with independently expressed TE regions in brain are 
enriched (background all detected genes in brain). The x-axis shows the significance (log10(FDR); 
Benjamini-Hochberg corrected) for each GO term (y-axis), while the numbers in each bar represent 
the count of genes overlapped by independent TE regions and the count of genes within each GO 
term. (B) Ratio of counts of intronic TEs in gene set of interest (red = GO term genes; gray = 
randomly sampled set with same size of GO term gene set) and a randomly selected gene for the 
gene set of expressed genes in brain. For each GO term, one gene was drawn from each set and the 
ratio was calculated, which was repeated 1,000 times (content of one box). The box plot center 
line represents the median, the upper and lower bounds correspond to the first and third 
quartiles, and the whiskers reach to 1.5 times the interquartile range. Abbreviations: FDR – 
false discovery rate; GO – Gene Ontology; TE – transposable elements. 

In summary, we observe a strong enrichment of multiple tissue-
specific functions in genes overlapping independent TE regions and the 
genes display a strong co-regulation with these TSS-carrying TE 
regions. 

Discussion 

Despite the potentially beneficial roles of TEs on an evolutionary 
scale, TE activity in somatic cells is mainly associated with the 
erosion of genome integrity and regulation promoting diseases [73–75]. 
In aging cells, it has been shown that the loss of (epigenomic) 
control over TEs leads to chronic sterile inflammation typically 
referred to as “inflammaging” [76]. To better assess the dynamics, 
causes, and potential effects of TE expression during aging on a 
genome-wide scale, we applied a locus-specific approach to 

https://paperpile.com/c/r86Cec/ioWX+QIoj+lfVo
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characterize the expression of TEs [34] in three tissues of young and 
old mice. Thus, our study closes a gap between superfamily-level-based 
analyses and studies that focused on individual elements. 
Specifically, it demonstrates that the expression dynamics of multiple 
TE loci differ substantially from their superfamily-based averages 
(Figure 1). Hence, future research should intensify efforts to provide 
locus-specific data rather than aggregates at the TE class, 
superfamily, or subfamily level. Nevertheless, aggregation of 
transcribed TEs on the superfamily level clearly shows distinct 
expression patterns for the three analyzed tissues. Previous research 
reported that members of the L1 superfamily are active in the mouse 
brain and key drivers of genomic mosaicism in neurons [21, 77, 78]. 
Well in line, we observe a characteristic enrichment of expressed L1 
superfamily members in that tissue. 

In the context of aging, it was proposed that the relaxation of 
heterochromatin in gene-poor regions during aging makes TEs accessible 
and leads to increased TE activity [13, 35]. Our study clearly shows 
that TEs are about as often down-regulated as up-regulated (Figure 
1B). While not too surprising at a first glance, this finding thwarts 
the notion of a categorically detrimental role of TE expression. In 
analogy to the reported TE down-regulation potentially helping cancer 
cells to hide from the immune system [19], one may surmise that TEs 
are sentinels for the (epi-)genomic integrity of a cell. The question 
arises to which extent age-related TE down-regulation could facilitate 
the emergence of diseases by diminishing the clearance of deregulated 
cells.  

In addition to these potential global functions, our RNA-Seq 
analysis established that expressed TEs are frequently located 
intragenic of coding genes (Supplemental Table 1). To clearly 
distinguish TEs piggybacking on their host’s transcription, e.g., 
through intron retention, from TEs with their own TSS, we performed a 
CAGE-Seq analysis. In addition to TSSs, CAGE-Seq enabled us to 
identify the putative promoters of expressed TEs. In all three 
tissues, the putative promoter regions significantly enriched DNA 
recognition motifs of the Sox transcription factor family (Figure 3D). 
The distribution of TSSs across regions with one or more closely 
spaced TEs in skin and blood indicated that it is the first element of 
a region that frequently serves as a starting point for transcription 
(Figure 3C). The marked difference of the TSS distribution in brain, 
i.e., a more frequent occurrence of TSS at the regions’ 3’-ends, was 

https://paperpile.com/c/r86Cec/ZCrp
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associated with an increased presence of Sox motifs and L1 3’-end 
subfamilies of a characteristic length (Figure 3E). Thus, our data 
suggest that Sox transcription factors could be involved in the 
control of these regions. The strongest motif similarity was seen for 
Sox5, a transcription factor of the SoxD group. Sox5 was reported to 
be involved in controlling critical fate decisions for subtype-
specific neuronal differentiation [79]. Further, it was shown that 
Sox5 (together with its sibling Sox6) is required for the activation 
of reversibly quiescent neural stem cells [80]. Moreover, the gene has 
been suggested to be involved in the development of autism spectrum 
disorders [81]. The strong and spatially correlated enrichment of 
these motifs near TSSs of TE’s begs the question whether the 
expression of TEs affects the function of this essential neuronal 
transcription factor. 

We observed a strong positive correlation of age-related expression 
changes of TEs and their overlapping genes (Figure 4B). Our results 
indicate that TEs - despite having their own TSSs - are co-regulated 
with their host genes. It remains to be established whether TE and 
host gene expression might reinforce each other and which mechanisms 
are critical for this correlation, e.g., by keeping the DNA in 
accessible configurations or by co-opting distal enhancers. Analyzing 
significantly differentially regulated pairs of TEs and host genes 
during aging, we identified tissue-specific loci with fundamental 
roles in synaptic signal transduction or critical immunological 
functions (Figure 6A). Notably, the recurrently affected 
Protocadherin, Keratin, and Skint genes are all organized in clusters. 
Moreover, Protocadherin and Keratin clusters exhibit remarkable 
evolutionary conservation [62, 82, 83]. The accumulation of co-
regulated TEs in these regions poses the exciting question to which 
extent TEs facilitated their generation and still affect their 
regulation. One could speculate that a cluster of highly conserved 
genes is indeed an optimal pen to domesticate TEs and use their 
regulatory potential to orchestrate its expression. If so, the 
transposon would need to be reinstated as a controlling element. 

Conclusion 

In summary, our study demonstrates that the tissue-specific and 
independent expression of individual TEs in mice is strongly co-
regulated with host genes. TEs with age-dependent expression dynamics 
are located in the neighborhood of genes with critical importance for 
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the tissue function and marked relevance for aging phenotypes. We 
provide evidence that the Sox transcription factor family is a 
critical driver of TE expression – especially in brain tissue. 

 

 

Methods 

Mice 

All mice were kept solely for aging until 24 months in a controlled 
environment and health status. Organs (brain, blood, skin) from 6- and 
24-month-old C57BL/6JRj male mice were obtained from Janvier Labs. 

Sequencing 

Total RNA was extracted using the innuPREP RNA Mini Kit (Analytik 
Jena, Jena, Germany). Sequencing of RNA samples was performed using 
Illumina’s next-generation sequencing methodology [84]. In detail, 
total RNA was quantified and quality checked using Tapestation 4200 
Instrument in combination with RNA ScreenTape (both Agilent 
Technologies).  

RNA-Seq libraries were prepared from 300 ng of input material 

(total RNA) using NEBNext Ultra II Directional RNA Library Preparation 
Kit in combination with NEBNext rRNA Depletion Kit (Human/Mouse/Rat) 
and NEBNext Multiplex Oligos for Illumina (Unique Dual Index UMI 
Adaptors RNA) following the manufacturer's instructions (New England 
Biolabs). Quantification and quality checked of libraries was done 
using an Agilent 4200 Tapestation Instrument and a DNA 1000 ScreenTape 
(Agilent Technologies). Libraries were pooled and sequenced on a 
NovaSeq 6000 using S1 300 cycle v1.5 reagents. System runs in 151 
cycle/paired-end/standard loading workflow mode.  

CAGE-Seq libraries were prepared from 1,700 - 5,000 ng of input 
material (total RNA) using CAGE Preparation Kit 
(Kabushiki Kaisha DNAFORM) following the manufacturer's instructions. 
For RNA derived from blood, pools of two or three samples were built 
up in order to achieve the quantity of 5,000 ng per library 
preparation reaction. Quantification and quality checked of libraries 
was done using an Agilent 2100 Bioanalyzer Instrument and a High 
Sensitivity DNA kit (Agilent Technologies). Libraries were pooled and 
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sequenced on a NextSeq 500 using 75 cycle, high-output, v2.5 reagents. 
System runs in 81 cycle/single-end mode with spiking-in around 5 % of 
PhiX library (Illumina).  

Sequence information was converted to FASTQ format using bcl2fastq 
(v2.20.0.422; default).  

Quantification of gene and TE expression by RNA-Seq 

Generation of SalmonTE reference index 

TE sequences were extracted from the reference genome based on the 
RepeatMasker annotation of Mus musculus (mm10, based on Repeat Library 
20140131, downloaded in January 2020, 
https://www.repeatmasker.org/genomes/mm10/RepeatMasker-rm405-
db20140131/mm10.fa.align.gz) as described in [34] and combined with 
the gene annotation of M. musculus mm10 (v102 from 
http://ftp.ensembl.org/pub/release-
102/fasta/mus_musculus/cdna/Mus_musculus.GRCm38.cdna.all.fa.gz). The 
Alu superfamily was relabeled to B1, as the Alu superfamily is the 
primate specific counterpart of the mouse specific B1. The generated 
sequence file served as input for the SalmonTE index generation with 
salmon (parameter: --type quasi -k 31) [85]. 

Alignment and expression quantification 

Raw data was deduplicated for over-amplified PCR fragments based on 
uniqueness of read pair and UMI sequence. Reads were then mapped to 
the generated index using SalmonTE (v0.4) [33], with the expression 
measurement type was set to count (parameter: --exprtype=count). The 
expression matrix generated by SalmonTE was split-up; one for the 
genes and the other for TEs. The counts of the individual isoforms of 
a gene were summed-up to calculate the respective gene count. Features 
with less than or equal to ten reads in total across all samples were 
removed from the count matrices. DESeq2 (v1.34.0) [86] was separately 
applied to each count matrix to determine differentially expressed 
genes (DEGs) and differentially expressed TEs (DETEs). L2FC values 
were shrunken using the apeglm function [87] built into DESeq2. All TE 
instances which got an adjusted p-value assigned by DESeq2 were 
considered expressed in all downstream analyses. Aside from that, the 
raw counts were converted into transcripts per million (TPM; Equation 
1-1) and subsequently scaled and centered for each gene to obtain z-
scores (Equation 1-2). 

https://www.repeatmasker.org/genomes/mm10/RepeatMasker-rm405-db20140131/mm10.fa.align.gz
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𝑇𝑇𝑇𝑇𝑇𝑇 =  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡 𝑎𝑎 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 103

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ 𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏
∗  106

𝛴𝛴(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑒𝑒𝑟𝑟 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡 𝑎𝑎 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 103
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ 𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏 )

 Equation 1-1 

 

𝑧𝑧 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = (𝑇𝑇𝑇𝑇𝑇𝑇 − 𝜇𝜇)
𝜎𝜎

   Equation 1-2 

 

Peak-calling and expression quantification by CAGE-Seq data  

CAGE-seq captures transcripts with 5’-caps which are characterized 
by a methylated guanine. This guanine is appended to the mRNA right 
after its transcription and hence, it is not represented in the 
genomic sequence. Therefore, the raw reads were G-clipped with an in-
house script. Then, we utilized Trimmomatic (v0.39) [88] (5nt sliding 
window approach, mean quality cutoff 20) for read quality trimming 
according to manual inspections of FastQC (v0.11.9) [89] reports. 
Cutadapt (v3.3) [90] was used to clip Illumina TruSeq adapter sequence 
from reads of young samples or Nextera adapter sequences from reads of 
old samples, respectively, as well as to clip mono- and di-nucleotide 
content. Subsequently, possible sequencing errors were detected and 
corrected using Rcorrector (v1.0.4) [91]. Further, ribosomal RNA 
(rRNA) transcripts were artificially depleted by read alignment 
against rRNA databases as performed by SortMeRNA (v2.1) [92]. The 
remaining high-quality reads were then aligned to the reference genome 
of M. musculus mm10 (v102 downloaded in January 2021 from 
ftp://ftp.ensembl.org/pub/release-102/fasta/mus_musculus/dna/). For 
this purpose, we used the splice-aware mapping software segemehl 
(v0.3.4) [93,94] with adjusted accuracy (95%). The resulting mappings 
of the young samples were filtered by samtools (v1.12) [95] for 
uniquely mapped reads. Brain samples were sequenced with a higher 
coverage than those of blood and skin, thus we performed downsampling 
of the brain samples to the level of skin using samtools (v.1.12). 
Finally, all sample-specific alignments were merged in a tissue-
specific manner and then separated into forward and reverse aligned 
reads. PEAKachu (https://github.com/tbischler/PEAKachu, v0.2.0, 
default setting) was used to call strand-specific peaks in brain, 
blood, and skin. Called peaks with a distance ≤ 50 bp were merged with 
bedtools (v2.30.0-20-g484c0d4f-dirty) [96]. The genomic position at 
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which most reads of a CAGE-peak start is defined as the TSS 
(transcription start site). 

Start and end coordinates of peaks were used to extract read counts 
from the alignment files using featureCounts (v2.0.3) [97]. DESeq2 was 
applied to determine differential CAGE-peak expression. Intersection 
of peak coordinates with either gene or TE coordinates provides the 
gene or TE specific CAGE-peaks, respectively.  

Enrichment analysis of TSSs in TEs 

For each superfamily, the proportion of TSS-containing TEs 
belonging to this superfamily among all TSS-containing TEs (=target 
set) is calculated. The same was done for the genomic background of 
the TEs (background set). The ratio between the proportion of the 
superfamilies in the target and background set was calculated (odds 
ratio), and the standard binomial test was used to estimate the 
significance of the enrichment (corrected with Benjamini and 
Hochberg). 

Analysis of TE regions 

TE-regions and their characterization 

TEs with a distance of 500 bp or less were merged to TE regions 
utilizing bedtools. The TE regions were 500 bp prolonged towards the 
5’-end with bedtools. TE regions containing at least one expressed TE 
were defined as expressed TE regions. Such regions are further 
categorized into independently or dependently expressed TE region in 
case they either harbor a TSS or not, respectively. Independently 
expressed TE regions were categorized into single-, double-, and 
multi-TE regions according to the number of TEs that form the TE 
region. Only for multi-TE regions, the proportion of TE superfamilies 
at three positions of the regions was calculated, separately for each 
tissue. For the flanking positions (first/last), the single flanking 
TE was considered while the central position (i.e., body) was averaged 
over all remaining TEs of that TE region. The density of CAGE-peaks 
along the TE regions was calculated with deeptools (v.3.5.0) [98] 
(computeMatrix scale-regions; parameter: --missingDataAsZero, --
afterRegionStartLength 1000, --regionBodyLength 2000, --
beforeRegionStartLength 1000), whereas the score of each CAGE-peak was 
set to one. 
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Motif analysis of independently expressed TE regions 

The sequence starting at the TSSs and extending to 500 bp up-stream 
of the TSSs is defined as the promoter region, thus TE regions with 
multiple TSSs contain multiple promoter sequences. HOMER [99] 
(findMotifsGenome.pl) was utilized to predict regulatory motifs within 
the promoter regions, using promoter coordinates and the reference 
genome (mm10 v102) as input. All genomic coordinates of Sox-motifs 
were extracted using scanMotifGenomeWide.pl from the HOMER suite. The 
intersection of Sox coordinates and TEs provided all individual TEs 
that contain at least one Sox motif. The relative positions of TSSs 
and Sox motifs within independent TE regions and their adjacent 
regions were determined using bedtools. In addition, the ratio of the 
amount of TSS and Sox-motifs at each relative position was calculated. 

Overrepresentation analysis of GO terms 

For expressed genes with at least one independently expressed TE 
region within their introns in sense direction and for all genes that 
do not have TEs in their introns (sense), separate GO term enrichment 
analyses were done with an in-house script (Fisher’s exact test, 
corrected with Benjamini and Hochberg, significance cut-off at FDR ≤ 
0.05). Only GO terms with 10 to 500 genes were considered in this 
analysis. Expressed genes were used as background in the first 
analysis, while all genes served as background for the second 
analysis.  

TE enrichment in introns of genes 

To test for enrichment of TEs within introns of genes, 
bootstrapping was performed as follows. The gene set of the GO term of 
interest represents the target set, while randomly selected expressed 
genes (of the same size as target set) represents the background. 
Then, one gene was drawn from each set, the numbers of TEs within 
introns were counted (restricted to the same strand) and the ratio was 
calculated (ratio = target_gene+0.1/background_gene+0.1). This 
procedure was repeated 1,000 times for each GO term. 

RNA extraction and reverse transcription semi-quantitative real-time 
PCR (RT-qPCR) 

Total cellular RNA was extracted using the innuPREP RNA Mini Kit 
(Analytik Jena, Jena, Germany) following the manufacturer’s protocol. 
One-step reverse transcription and real-time PCR was performed with a 
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Quantstudio 5 using Power SYBR Green RNA-to-CT 1-Step Kit (Thermo 
Fisher Scientific, Waltham, USA) according to the manufacturer’s 
protocol. The following RT-qPCR primer sequences were used: Fam126a 
(forward: AGAGGTGTGAGCAGCAGGAT, reverse: TGCATTAGCAACCAGCAGAG), 
Fam126a-3’UTR (forward: GGGCTGCCTTCTGTACTTTG, reverse: 
ATGGCCAGTTCCAACAAGAC), MaLR_MTC (forward: CACCATGACCACAAGCTACG, 
reverse: GAACAAACCAGTGAGCAGCA). 

Data Availability 

Raw and processed data of RNA- and CAGE-Seq have been deposited 
in the Gene Expression Omnibus repository [100] and are accessible 
through GEO Series accession number GSE220773 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE220773). Full 
quantification results and positional data are stored at 
https://zenodo.org/ and are accessible via doi 10.5281/zenodo.7426786 
(see Supplementary table 2). 

Code Availability 

All in-house scripts that were used in to analyze the data will 
be made available upon publication in a suited repository. All applied 
publicly available software is mentioned in the methods. 
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Supplemental Tables 

Supplemental Table 1 – Counts of detected (differentially) expressed TEs comparing 24 months and 
6 months old male mice in different tissues (brain, skin, blood; rows) and counts of TEs that 
intersect with a CAGE transcription start site (CTSS). The total counts are further separated 
into TE counts for specific positions (columns). Abbreviations: TE – transposable element; TSS – 
transcription start site. 

   
Count at specific position (proportion of total count in 

%) 

 

tissue 

total 
(proportion 
of genomic 
TEs in %) 

promoter 
(500 bp) 

exon intron 
down-stream 

located 
(500 bp) 

intergenic 

expressed 
(RNA-Seq) 

brain 

46,834 
(1.11) 

249 
(0.53) 457 (0.98) 

17,031 
(36.36) 342 (0.73) 

28,755 
(61.40) 

skin 

96,457 
(2.30) 

563 
(0.58) 

1125 
(1.17) 

34,582 
(35.85) 975 (1.01) 

59,212 
(61.30) 

blood 

97,960 
(2.33) 

504 
(0.51) 799 (0.82) 

37,122 
(37.90) 852 (0.87) 

58,683 
(59.91) 

differentia
lly 

expressed 
(RNA-Seq) 

brain 135 (0.003) 1 (0.74) 4 (2.96) 43 (31.85) 2 (1.48) 85 (62.96) 

skin 1,048 (0.02) 7 (0.67) 39 (3.72) 325 (31.01) 24 (2.20) 653 (62.31) 

blood 55 (0.001) 1 (1.82) 1 (1.82) 15 (27.27) 1 (1.82) 37 (67.27) 

CTSS 
intersected 
TEs (CAGE-

Seq) 

brain 

61,476 
(1.46) 

726 
(1.18) 

2,681 
(4.36) 

50,374 
(81.94) 672 (1.09) 

7,023 
(11.42) 

skin 8,572 (0.20) 
455 
(5.31) 

1,281 
(14.94) 

3,766 
(43.93) 166 (1.94) 

2,904 
(33.88) 

blood 3,774 (0.09) 
182 
(4.82) 247 (6.54) 

2,410 
(63.86) 81 (2.15) 854 (22.63) 
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Supplemental Table 2 – Overview of additional files stored at https://zenodo.org/ (doi: 

10.5281/zenodo.7426786) 

File Description 

01_quantification_TEs.csv 
DESeq2 results for individual TEs based on 

RNA-Seq 

02_quantification_TE_region.csv 
DESeq2 results for individual TE regions 

based on RNA-Seq 

03_CAGE_quantification_TEs.csv 
DESeq2 results for individual TEs based on 

CAGE-Seq 

04_CAGE_quantification_TEs_region.csv 
DESeq2 results for individual TE regions 

based on CAGE-Seq 

TE_regions.bed Annotation of TE regions in .bed format. 

 

Supplemental Figures 

 

Supplemental Figure 1 – Tissue-specific expression of TEs. The Venn diagram shows the 

intersection of expressed TEs detected by RNA-Seq in brain (blue), skin (orange), and blood 
(purple) as counts and percentages. While the minority is expressed in multiple tissues, the 
absolute majority is expressed exclusively in one tissue. Abbreviations: TE – transposable 

element.

https://zenodo.org/
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Supplemental Figure 2 - Characterizing the TE regions. TEs in close proximity (distance ≤ 500 bp) 
are merged to TE regions. TE regions are classified by the number of individual TEs that form the 
TE region (region type; single, double, and multi). (A) Region type (single, double, multi) count 
of independently expressed TE regions for blood, brain, and skin. (B-D) Counts of individual TEs 
(superfamily level) that are contained in single (B), double (C) and multiple-TE regions (D). (E) 
CAGE-Seq peak frequency across all multiple TE regions in brain (green), skin (orange), and blood 
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(purple) and their adjacent areas (≤ 1Kb). The frequencies result from the peak count (greyscale) 
across the multiple TE regions as depicted below the frequency plots. Abbreviations: bp – base-
pair; CAGE – Cap-analysis gene expression sequencing; FDR – False discovery rate; Kb - kilo-base; 
L2FC – log2(fold change); TE – transposable element; TSS - transcription start site. 
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Supplemental Figure 3 - Sox-Motif intersection with individual TE elements. (A-B) Counts of TSSs 
(gray) and Sox motifs (blue) and their ratio (red) across TE regions and their adjacent areas 
(up- and down-stream; ≤ 500 bp) in skin (A) and blood (B). The red line indicates the ratio 
between counts of Sox-motif and TSSs at each relative position in TE regions (right y-axis). The 
blue vertical lines under the y-axis indicate the relative position of the Sox motif within 
independent TE regions and their adjacent areas. (C-D) Counts of individual TE instances at the 
superfamily level within TE regions that intersect with a Sox motif in skin (C) and blood (D). 
(E) Counts of individual TE instances (superfamily level) that intersect with a predicted Sox 
motif in a genome wide view in brain. Abbreviations: bp – base-pair; TE – transposable element; 
TSS - transcription start site. 
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Supplemental Figure 4 - GO term analyses of differentially expressed genes and genes containing 
independently expressed TEs. (A) Top 10 GO terms (sorted by FDR) of Biological Process, Cellular 
Component, and Molecular Function of differentially expressed genes (background all expressed 
genes) in brain, skin and blood. The x-axis shows the significance (log10(FDR); Benjamini-Hochberg 
corrected) for each GO term (y-axis), while the numbers in each bar represent the count of DEGs. 
(B) On the left side, top 10 GO terms (sorted by FDR) of Biological Process, Cellular Component, 
and Molecular Function where genes overlapping with independently expressed TE regions in skin 
are enriched (background all detected genes in skin). The x-axis shows the significance 
(log10(FDR); Benjamini-Hochberg corrected) for each GO term (y-axis), while the numbers in each 
bar represent the count of genes overlapped by independent TE regions and the count of genes 
within each GO term. On the right side, ratio of counts of intronic TEs in gene set of interest 
(red = GO term genes; gray = randomly sampled set with same size of GO term gene set) and a 
randomly selected gene for the gene set of expressed gene in skin. For each GO term, one gene was 
drawn from each set and the ratio was calculated, which was repeated 1000 times (content of one 
box). The box plot center line represents the median, the upper and lower bounds correspond to 
the first and third quartiles, and the whiskers reach to 1.5 times the interquartile range. (C) 
on the left side, top 10 GO terms (sorted by FDR) of Biological Process, Cellular Component, and 
Molecular Function where genes overlapping with independently expressed TE regions in blood are 
enriched (background all detected genes in blood). The x-axis shows the significance (log10(FDR); 
Benjamini-Hochberg corrected) for each GO term (y-axis), while the numbers in each bar represent 
the count of genes overlapped by independent TE regions and the count of genes within each GO 
term. On the right side, ratio of counts of intronic TEs in gene set of interest (red = GO term 
genes; gray = randomly sampled set with same size of GO term gene set) and a randomly selected 
gene for the gene set of expressed gene in blood. For each GO term, one gene was drawn from each 
set and the ratio was calculated, which was repeated 1000 times (content of one box). The box 
plot center line represents the median, the upper and lower bounds correspond to the first and 
third quartiles, and the whiskers reach to 1.5 times the interquartile range. Abbreviations: FDR 
– false discovery rate; GO – Gene Ontology; TE – transposable elements. 
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Supplemental Figure 5 - GO term enrichment analysis of TE-free genes. Top 10 GO terms (sorted by 
FDR) of enriched and depleted TE-free genes in GO terms of the ontologies Biological Process, 
Cellular Component, and Molecular Function. The x-axis shows the significance (log10(FDR); 
Benjamini-Hochberg corrected) for each GO term (y-axis), while the numbers in each bar represent 
the count of TE-free genes and the count of genes within each GO term. Abbreviations: FDR – false 
discovery rate; GO – Gene Ontology; TE – transposable elements. 
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2.4. Manuscript 3 (M3) – TargetGeneReg 2.0: a comprehensive web-atlas for 
p53, p63, and cell cycle-dependent gene regulation 

 

Summary:  

The combined analysis of multiple datasets provides a valuable resource that fully realizes its 
power through public accessibility. This study provides a comprehensive web-atlas for p53, p63 and 
cell cycle dependent gene regulation created by analyzing datasets from multiple studies. In this 
project, I built a suitable data structure that allows both storage of the complex data and convenient 
accessibility. In addition, I designed and developed a website to make the data available to the public. 
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Overview: 

Manuscript No. 3 

Manuscript title: TargetGeneReg 2.0: a comprehensive web-atlas for p53, p63, and cell cycle-
dependent gene regulation 
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3 Discussion 

TEs are present in virtually all eukaryotic genomes. Although the transposome varies in 
composition and magnitude along the tree of life, it has become evident that “jumping genes” are 
longtime companions of evolution that account for a substantial part of the known genomic code. 
Along with other non-coding but transcribed components of the genome, TEs were frequently 
considered as “junk” DNA. Recent research, however, gradually debunks this narrative. For instance, 
the Encyclopedia of DNA Elements project claimed that more than 80% of the human genome is 
functional, particularly outside of protein-coding genes [132]. While this assertion has sparked vicious 
criticism and raised questions about proper definitions of “function” [133], there is little doubt that 
non-coding transcripts have the potential to take over regulatory functions [82-84, 86]. Seven decades 
after the Nobel Prize-winning discovery of “controlling elements” by Barbara McClintock [4], TEs are 
still central to the genomes’ “dark matter”. Recent research suggests that McClintock’s original 
characterization of the Ac-Ds family as a gene control system might well be true for other TEs as well. 
Given the vast repertoire of TFBSs nested within genomic TEs, they might well be essential drivers of 
evolution that help rewire gene regulatory networks. Furthermore, TEs may have been domesticated 
by their hosts in response to evolutionary pressures, e.g., exposure to pathogens. 

Since TEs compromise more than the half of the human genome [3], it is not surprising that at 
least a fraction of them is involved in regulatory processes of the host. In fact, a mounting number of 
studies reveal novel biological functions of TEs [22, 23, 37, 89, 134, 135]. In this light, the term “junk” 
DNA appears to be outdated and begs the question to which extent the line between the once 
invading elements and the host organism has already been crossed. Family level-based analyses of TE 
expression yielded important insights into the biological role of TEs [14, 74, 90, 136]. Naturally, the 
detection of differentially regulated TE expression in health, disease, or during aging is not sufficient 
to determine whether the TE transcription is cause or consequence. Additionally, it is necessary to 
investigate individual and hence locus-specific regulatory actions. By design, the analysis of 
(differential) TE expression using family-based approaches does not deliver the required level of 
resolution and renders functional follow-up experiments difficult to impossible. Moreover, expression 
data aggregated at the family-level may obfuscate important expression dynamics within TE families 
when family members are not coordinately up- or down-regulated. 

In brief, accumulating reports of TE dysregulation in diseases such as cancer, neurodegenerative 
disorders, and aging in somatic cells reinforce the need of appropriate tools for locus-specific TE 
quantification. The aim of the first publication (M1) was a quantitative evaluation of different TE 
quantification strategies. Our benchmarks have indicated that a slight modification of an existing tool 



Discussion  Page | 86 

is sufficient to achieve surprisingly good benchmarks. Apparently, the diversity of related TE 
sequences is generally high enough that, in combination with EM methods, the number assigned 
reads allows an accurate estimation of the expression level. From this perspective, the study should 
encourage researchers to include TEs in their differential expression analyses. 

3.1. Evaluation of tools with respect to locus-specific expression 
quantification of TEs 

Ambiguously mapping reads are challenging for the quantification of expression. Hence, TE 
expression modules are generally not incorporated into standard transcript quantification pipelines. 
The tool evaluation in M1 was motivated by the lack of appropriate tools for locus-specific TE 
quantification at the beginning of the project. Therefore, we tried to answer the question whether 
software designed for the family based quantification is a sufficient basis for locus-specific TE 
expression analysis. While the project was ongoing, SQuIRE and Telescope became available claiming 
to have solved the locus-specific quantification problem. However, still no study was available 
evaluating the different tools with respect to locus specificity. 

A high sequence similarity of particular TEs can be an indication for elements that are actively 
transposing within their host genome. Such TEs are especially prone to produce multi-mapping reads 
when short read sequencing technologies are used. Thus, active TEs are especially challenging for the 
alignment tools. Consistently, in contrast to the whole set of simulated TEs, the performances of the 
evaluated tools are decreased for elements with a small Kimura distance (≤ 5). However, the majority 
of TEs in the human genome are ancient [121] and accumulated a sufficient amount of sequence 
variations, e.g., mutations, so that the majority of the tools accurately quantify their expression.  

TEtools, originally developed for family-based analyses, is an example for a tool that addresses 
the multi-mapping read problem by randomly assigning multi-mapped reads to one of the identified 
loci. When used in locus-specific analyses, this strategy leads to a substantial overestimation of TE 
expression and thus a high number of false positive detected TEs. In comparison, tools that employ an 
EM strategy to solve the multi-mapping read problem perform much better. Also, EM-based tools 
consistently show an improved correlation between expected and detected read counts. In 
agreement with earlier reports, our simulation confirmed that the TE quantification performance is 
improved when paired-end data is used instead of single-end data [116]. Overall, SalmonTE 
outperforms all other tools in locus-specific expression analysis, which was surprising for us as it was 
also originally developed for family based quantification analysis. 

Although we obtained similar results based on RNA-Seq data sets simulated with two distinct 
strategies, it must be noted that simulated data is a critical limitation of our study. While our 
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simulations were based on specific models reflecting certain biases and errors of an RNA-Seq 
experiment, the simulated data must not be confused with real data. However, the similarity of our 
benchmark results across two distinct simulation strategies indicates that our results are sufficiently 
robust to make recommendations for the analysis of real RNA-Seq data. 

The annotation of TEs is an ongoing endeavor. Thus, virtually all reference genomes have to be 
considered to be incomplete in terms of TE annotations [17, 107]. This fact leads to a further obstacle 
of our simulation, as we were able to simulate only annotated elements. Importantly, the human and 
mouse genomes also still contain actively transposing TEs [99, 106, 107, 137, 138], resulting in 
individual TE insertions that are unlikely to be reflected in the reference genomes and their 
annotations [107].Taking L1 elements into account, two individual human genomes differ on average 
at 285 sites [139]. The frequency of transpositions is assumed to be even higher in mice [140, 141]. In 
addition to the inter-individual variations, TEs are also active in somatic cells, e.g., L1 elements are a 
driver of the genomic mosaicisms in brain-specific cells [69, 72, 142]. Obviously, these actively 
transposing elements are of special interest in the TE expression analysis. Unfortunately, they are also 
particularly hard to analyze and their exact measurements depends on multiple factors, e.g., their 
length or the site of insertion, which cannot be simulated in a meaningful way. 

As stated above, the quantification of TE expression works surprisingly well with minor 
adaptations of SalmonTE. However, our benchmarks also indicate that there is room for 
improvement, especially of the investigation of young elements. We assume that the observed 
shortcomings are best to be addressed by novel experimental strategies. Critically, the technical read 
length limitation of the Illumina sequencing platform is a main reason for the decreased performance 
quantifying young elements. For TEs with highly identical copies, reads are simply not long enough to 
span a sufficient number of polymorphisms. Third generation sequencing technologies, e.g., PacBio 
SMRT seq [143, 144] and Oxford Nanopore [145], produce considerably longer reads that can help to 
overcome that problem. However, these technologies still suffer from higher error rates and lower 
throughput, compared to the short-read sequencing technologies, which is particularly challenging 
for the mapping process. Nevertheless, improvements of base calling algorithms and chemistries 
presumably provide a more accurate quantification in the future. Alternatively, a combination of 
short- and long-read sequencing technologies could obtain long reads that are subsequently 
corrected using the accurate short-read information [146].  

In summary, M1 shows that locus-specific quantification of TEs is possible already with the 
sequencing technologies and bioinformatics tools that are currently available. Our proposed 
approach outlines a comparably convenient way to quantify TE expression under many different 
conditions. Notably, it encourages researchers to study TE expression by re-analyzing existing high-
throughput sequencing data. 
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3.2. Locus-specific TE expression quantification during the process of aging 

Age is a risk factor for many diseases [101, 147] and their effective prevention and treatment 
requires a detailed molecular understanding of the aging process at the molecular level. The 
investigation of the genome and its regulation is a major component of this complex endeavor. 
Recent studies have demonstrated that TEs play a more important role in aging than previously 
anticipated. The expression of certain TEs during aging can lead to sterile inflammation [14, 103] and 
the potential involvement of TEs in malignancies [9, 10] or neurological conditions [12, 40, 148] are 
evidence for a more fundamental role of the so-called “jumping genes”. Despite such observations, it 
is not clear whether the dysregulation of TEs is a primary driver of the aging process [13]. In the 
genome, TEs are usually heavily methylated [149, 150] and silenced due to heterochromatin 
formation in somatic cells [151]. Since the chromatin architecture is dynamically changing during 
aging [152], silenced TEs can become accessible and reactivated. In line with this, the up-regulation of 
TE families has been reported during aging [14, 100, 137, 153] and in age-dependent diseases [9, 10, 
148, 154]. However, family-based TE expression studies lack information on the expression dynamics 
of individual TEs and to not provide insight to their potential function as transcriptional regulators, 
e.g., through the establishment of promoters or enhancers. 

As stated in the introduction, the complexity of TEs and their potential biological functions is 
enormous. This underscores the need for locus-specific analyses to shed light on the expression 
profiles of individual TEs gain insights on the regulation of individual TEs. Our tool evaluation in M1 
provided us the unique opportunity to apply the best performing tool that is currently available, i.e., 
adjusted SalmonTE, to a data set of three different tissues (brain, skin, and blood) from aged mice to 
study TE expression at locus resolution. In particular, we compared six versus 24 month old male 
mice. 

Intriguingly, our locus-specific expression analysis reveals complex TE expression patterns during 
aging. Beyond previous studies that detected an age dependent up-regulation of specific TE families 
in somatic cells [14, 137, 153], our data reveal a substantial number of TEs that are down-regulated in 
24 compared to six month old mice. Importantly, individual TEs from the same family show divergent 
regulatory patterns during aging, which differ substantially from their family-based averages. The 
down-regulation of TEs evokes the question whether their suppression could have an aging-relevant 
role. Recently, it has been suggested that actively transcribed TEs, i.e., members of LTR, LINEs, and 
SINEs, function as tumor suppressors in blind mole rats to compensate for a mutated p53 gene [136]. 
In brief, the authors provided evidence that TEs could act as an alarm system sensing cellular 
proliferation and triggering cell death via the cGAS-Sting pathway. The finding is reminiscent of other 
studies suggesting that cancer cells may down-regulate TEs to be invisible and protected against the 
host immune system [155, 156]. In blind mole rats, the leading cause for the activation of silenced TEs 
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was attributed to a pervasive loss of DNA methylation in highly proliferating cells due to weakly 
functioning DNA methyltransferase (DNMT) 1 [136]. Interestingly, overexpression of DNMTs correlates 
with tumors aggressiveness [157, 158], which may lead to the silencing of TEs to avoid immune 
responses. 

The epigenome is an important regulator of cell type-specific gene expression, and hence a 
quintessential maintainer of cell identity [159-161]. The cell type-specific configuration of chromatin 
necessarily also affects the accessibility of TEs. For example, TE-derived promoters have been shown 
to be used in a highly tissue-specific way in mouse development [134]. TE instances of specific TE 
families have been shown to overlap with enhancer-associated chromatin marks, e.g., H3K4me1 in 
CD8+ T-cells, and promote the expression of immune-related genes [89], also demonstrating the cell 
type specificity. Concordantly, we find that the majority of expressed TEs are exclusively expressed in 
one tissue. Just about 4% are expressed in all three tissues. Regarding the association of TEs and 
enhancers, we identified an expressed TE that overlaps with an enhancer which is associated with the 
Fam126a gene in blood. The expression of the TE and the gene was confirmed by reverse transcriptase 
semi-quantitative polymerase chain reaction and both, the TE and Fam126a displayed a trend of 
down-regulation during aging. The striking tissue specificity raised the question whether TEs merely 
piggyback on tissue-specific accessible regions or instead contribute to the regulation in the first 
place.  

The genome-wide profiling of TSSs with CAGE-Seq allows identifying TEs that are independently 
expressed and regulated through their own promoter. Our enrichment analysis of independently 
expressed TEs corroborated the heterogeneous expression pattern across different tissues we 
observed in the RNA-Seq data. In skin, for example, we identified a tissue-specific enrichment of TSSs 
within several ERV families. Recently, a study suggested a “communication” between the skin and 
exogenous skin microbiota through ERV elements of host regulating inflammatory processes [162]. 
Moreover, our data indicates an exclusive enrichment of TSS within L1 (a LINE) elements in brain. 
LINEs are known to be mainly expressed in brain and have been implicated to have regulatory effects 
there [19, 163, 164]. Only the B1 family (a SINE) consistently enriched TSSs in all three tissues. This is 
an unexpected finding because TEs transcribed by RNA Pol III, like SINEs, do not contain the 5’ m7G-
cap structure [112], and thus should be hidden from the CAGE-Seq approach. However, Alu elements, 
the primate-specific counterpart of B1, contain regulatory sequences which can be accessible for Pol 
II by mutations [165] and which offers an explanation for the TSSs we identified in the B1 family. 

It is of note that PEAKachu [166], the tool we used for calling CAGE-Seq peaks, requires alignment 
files, which cannot be provided by SalmonTE, so that an allocation of multi-mapping reads did not 
take place. The exclusive use of uniquely aligned reads limits the identification of TSSs in TEs with 
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high sequence similarity at their transcription initiation site. Consequently, the number of 
independently expressed TE regions is rather underestimated in our analysis. 

Given that neighboring TEs in the genome often showed a continuous RNA-Seq expression signal, 
we grouped closely spaced TEs (distance ≤ 500bp) into TE regions. Analogously to individual TE loci, 
TE regions that intersected with a CAGE-Seq-derived TSS and showed sufficiently strong expression 
signals were considered to be independently expressed TE regions. Analyzing the distribution of the 
TSSs along the TE regions in skin and blood indicated that TE transcription is frequently initiated at 
the regions’ 5’-end. This suggests, that the TE located 5’ in a TE region frequently donates a TSS. In 
brain, however, this was not the case. Here, TSSs were most frequently located at the 3’-end of 
independent TE regions. The accurate localization of TSS within TEs facilitates the systematic 
inspection of putative TE promoter sequences. 

Looking for common regulatory factors involved in the expression of TEs, we searched for TFBS 
motifs. TEs from all tissues showed a substantial enrichment of potential TFBS of the Sox family near 
their TSSs. The Sox family TFs share a high mobility group box domain that typically mediates DNA 
binding. Sox TFs are known to regulate neuronal differentiation and to be involved in adult 
neurogenesis [167]. Importantly, they may also have a role in the regulation of TEs. For instance, the 
expression and transposition of human L1 elements containing two Sox-binding sites within their 5’ 
UTR were found to be negatively correlated with the expression of Sox2 [71]. Another Sox family 
member contributing to neuronal development is Sox5, which is involved in controlling subtype-
specific neuronal differentiation [168]. It has been reported that Sox5 haploinsufficiency leads to the 
neurodevelopmental disorder Lamb-Shaffer syndrome [169] and Sox5 may contribute to the 
development of autism spectrum disorders [170]. The enrichment of Sox TFBS in TE-derived brain-
specific transcripts raised the question whether their expression mechanistically contribute to the 
regulatory roles of Sox TFs. Intriguingly, Sox motifs that are co-localized with TSSs in brain are likely 
caused by an L1 3’-end subfamily with a characteristic length between 950 and 1050 bp. In agreement 
with our finding, truncated L1 elements are known to enrich TSSs near their 3’-end [55]. In addition, 
L1 elements contain a weak polyadenylation site that leads to 3’ read-through events [65, 171]. Thus, 
the independently expressed L1 3’-ends we identified may indicate a set of regulatory loci at which 
the L1 instance functions as a regulator for down-stream genes. 

Our expression analysis indicates a surprising co-regulation of independently expressed TEs and 
their host genes, and, some of those pairs of TEs and host genes are located in gene clusters known to 
have fundamental roles in synaptic signal transduction or critical immunological functions. In brain, 
we identified the protocadherin cluster to be recurrently affected by differentially expressed TEs and 
genes. The expression of genes in the protocadherin cluster is highly randomized and depends on the 
expression of anti-sense RNAs [172]. The cluster equips each neuron with a unique set of cell surface 
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proteins. This mechanism is critical for avoiding the connection of dendrites to their own soma [173]. 
Furthermore, TSS-carrying TEs are localized in the skint- and keratin clusters in skin. Genes of the 
skint family have an important role in the development of the dominant T cell compartment in the 
epidermis - Vγ5Vδ1dendritic epidermal T-cells, which are a subset of γδT cells that thwart against 
infections and tumor development [174-176]. The keratin cluster emerged from gene duplications and 
builds the largest subset of intermediate filament genes [177]. Keratin genes are responsible for 
keratin intermediate filaments that form important barriers, and mice lacking keratin genes exhibit 
severe epidermal barrier damage leading to death [178]. Our finding poses the exciting question 
about the role of TEs in stochastic expression of genes from these clusters. We hypothesize that TEs 
provide regulatory platforms that enable distinct expression patterns from these gene clusters in 
individual cells. In particular, the protocadherin and keratin clusters exhibit remarkable evolutionary 
conservation [177, 179, 180], with TEs providing on of the few possibilities to alter their regulation. 

The co-regulation of TEs and their host genes suggests a common function in certain biological 
pathways. It is noticeable that genes associated with independent TEs are enriched in GO terms for 
highly tissue-specific function. Genes involved in neuronal synapse plasticity and connectivity were 
particularly enriched for independent TEs in brain. We found that those genes were particularly prone 
to the host TEs within their introns. Notably, neuronal activity was shown to trigger DNA double 
strand breaks (DSBs) that induce the expression of genes crucial for experience-driven changes to 
synapses, learning, and memory [181]. Since proteins encoded by TEs can induce DSBs, TEs may be 
involved in this process. In contrast to genes with tissue-specific functions, genes with general cell 
functions tasks, e.g., genes encoding for RISC complex, immunoglobulin complex, and nucleosome, 
harbor less TEs within their introns. Thus we hypothesize that the accumulation of TEs may be 
evolutionarily beneficial in cell type-specific genes but less so in genes with general roles. 

Taken together, the locus-specific characterization of TEs resolved the expression dynamics 
within TE families and revealed that TEs are as frequently down- as up-regulated during aging. The 
integration of CAGE-Seq and RNA-Seq data provides a catalogue of independently expressed TE 
regions and their associated genes, which are largely involved in tissue-specific processes. In addition, 
our analysis strongly suggests the involvement of Sox TFs in the regulation of TEs. Overall, our study 
challenges the narrative of an entirely detrimental role of TE expression during aging and suggests 
important roles for TEs in shaping the distinct transcriptional landscapes in tissues and individual 
cells. 

3.3. Blueprint of a data base for differential expression data  

Our locus-specific TE expression data sets from aged mice cover differential expression data on 
thousands of individual TEs. To make the data swiftly available and reusable by the research 
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communities, I envision to create a web-based atlas. In M3, I implemented a data structure and web 
interface for a web atlas that allows easy access to the differential expression information for genes of 
interest. The web atlas created in M3, TargetGeneReg 2.0 (http://www.targetgenereg.org), provides 
information on p53 and cell cycle-dependent gene regulation and serves as a blueprint for web 
atlases that enable easy access to differential expression data. The web interface contains a search 
bar that allows the user to enter their gene of interest and get access to differential expression profiles 
and transcription factor binding data from multiple data sets. 

The backbone of TargetGeneReg2.0 is based on shiny [182], an R package that allows to build 
interactive web applications within R. Through the R universe, packages, thousands of which have 
been made available by the R user community, can be integrated. One class of such packages 
integrates read-to-use data handling methods that simplify parts oft the website, e.g., a highly-
efficient search function. The ready-to-use data processing methods of TargetGeneReg2.0 are 
concerted to a specific data structure. Therefore, it is critical that each data set is structured 
identically. A ready-to-use supporter script structurers and merges data to ensure proper processing. 
The backend data structure allows for a seamless integration of new data without website shut-
downs. In addition, the modular structure of the website and its backend provides a blueprint that 
can be adapted to provide any differential expression data of interest. Therefore, an extension of the 
data structure generated for M3 will enable the simultaneous accessibility of expression data on host 
genes and their associated TEs. 

The modular design of the search engine in principle enables the integration of search requests 
considering individual TEs. However, fast changing identifiers of individual TEs constitute challenges 
to provide an intuitive search for specific TEs. The current data structure already deposits genomic 
coordinates of each gene, which would allow the integration of a search engine that is based on 
genomic coordinates rather than names or other identifiers. Thus, genomic coordinates may provide 
a convenient way to search for individual TEs of interest. 

The web atlas could be extended to include results of publicly available RNA-Seq data sets, which 
would provide a solid basis for comprehensive analyses, e.g., meta-analyses. The latter are powerful 
tools to gain deeper insights into molecular biological processes and mechanisms, with the 
advantage of increased statistical power compared to single-case studies [183]. Overall, the easy 
accessibility of TE expression data via a web-atlas would enable scientists to validate results and to 
develop new hypothesis regarding biological functions of TEs. 

http://www.targetgenereg.org/
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4 Conclusion & Outlook 

As first part of this thesis, I evaluated TE quantification tools according to their performances 
with respect to locus-specific quantification of TEs based on comprehensive simulations. Within the 
limits of the simulation, a tool originally designed for family-level quantification of TEs, SalmonTE, 
outperformed all other tools following minor adaptations of the reference library. The results indicate 
that many individual TE instances can be quantified with sufficient confidence using currently 
available algorithms. In addition, the accurate quantification of individual TEs provides an 
opportunity for integration into standard expression quantification pipelines. 

When I employed SalmonTE to assess the differential expression of individual TEs in young and 
old mice, I found that TEs are commonly down- and up-regulated during aging, challenging the 
narrative of TEs escaping repression during aging at large. The down-regulation of TEs in aged mice 
raises questions concerning their biological consequences. The question of the biological functions is 
reinforced by the integration of CAGE-Seq data. We uncovered stretches of expressed TEs (TE regions) 
sharing common TSSs, providing transcripts with unknown functions. Therefore, in the future, it 
would be of great interest to verify and extend the catalogue of independently expressed TE regions 
using long-read sequencing technologies, e.g., PacBio SMRT seq or Oxford Nanopore. Additionally, a 
genome-wide assessment of TE-induced transcription termination sites (TTSs) could provide 
additional insights into the regulatory roles of TEs as they may provide alternative TTS for genes. 
Moreover, such analyses can help to annotate TE-induced transcripts and may contribute to a more 
comprehensive TE transcript catalogue. 

In addition to down-regulated TEs, independently expressed TE regions are associated with 
highly tissue-specific genes, of which those associated with neuronal functions in brain are 
particularly interesting. The brain has an outstanding role during the evolution of humans. Its 
comparably fast evolution is difficult to explain with random base mutations model, especially in a 
species with such a small population size and long life span. TEs provide templates with potential 
functions that can be distributed throughout the genome and affect the expression of multiple genes. 
A quick distribution of TE-derived regulatory elements provides the evolutionary advantage that 
regulation mechanisms with similar functions do not need to evolve independently at multiple loci. 
TEs are already known as important contributors to genomic mosaicism in brain. Consequently, the 
TE composition can be highly variable in individual cells from the same brain. Therefore, it is likely 
that also the expression pattern is even more complex than shown in this study and requires locus-
specific TE quantification in single-cell studies. Altogether, the independently expressed TE regions 
we identified will be a promising starting point to study their biological roles. Disruption of selected 
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TE regions, e.g., using CRISPR-Cas technology, could help elucidate the effect on their host genes. 
Moreover, over-expression or silencing of Sox proteins could reveal their regulatory impact on 
individual TEs. 

Notably, genome-wide analyses such as in the case of M2 combine data from thousands of loci 
and it can be difficult to assess the regulation of individual loci, such as a gene or TE of interest. 
Therefore, I envision to make the differential TE expression data easily accessible based on the 
blueprint web-atlas I generated in M3. In addition to data obtained from M2, I envision to feed that 
web-atlas with differential expression information on individual TEs across many more cell types and 
conditions through systematic re-analysis of publicly available RNA-Seq data sets using the modified 
SalmonTE I identified in M1. Such an extended database would provide a strong basis for meta-
analyses of TE expression across multiple experimental setups. An easy availability through a web-
atlas can enable scientists to validate results and develop new hypotheses on the regulation and 
function of TEs. 

Overall, this thesis demonstrates the feasibility of locus-specific TE expression analyses and 
increases our understanding of the complexity of TE expression during aging. My locus-specific TE 
expression analysis challenges models that ascribe largely detrimental roles to TE expression during 
aging. Moreover, the tissue-specific co-regulation of TEs and their host genes highlights a potential 
influence of TE and host gene on each other. Therefore, the results encourage intensifying research 
into locus-specific TE expression analysis, to gain a better understanding of the biological functions, 
interactions, and regulation of TEs. This thesis shall motivate to reconsider the roles of TEs in 
development and disease. 
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6 Abbreviation 

cGAS cyclic GMP-AMP synthase 
DNMT deoxyribonucleic acid methyltransferase 
DNA deoxyribonucleic acid 
DSB double strand breaks 
e.g. exempli gratia (for example) 
EM expectation maximization 
EN endonuclease 
ERV endogenous retrovirus 
HERV human endogenous retrovirus 
i.e. id est (that is) 
IN integrase 
LINE long interspersed nuclear element 
LTR long terminal repeat 
mRNA messenger ribonucleic acid 
ncRNA non-coding ribonucleic acid 
ORF open reading frame 
PIWI P-element induced wimpy testis 
Pol polymerase 
RNA ribonucleic acid 
RNA-Seq ribonucleic acid sequencing 
RNP ribonucleoprotein complex 
RT reverse transcriptase 
SINE short interspersed nuclear element 
SRG stress response genes 
TE transposable element 
TF transcription factor 
TFBS transcription factor binding site 
TIR terminal inverted repeats 
TSS transcription start site 
TTS transcription termination site 
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7 Appendix 

7.1. Manuscript 1 – Form 2 

Manuskript Nr. 1 

Kurzreferenz Schwarz et al. (2022), Briefings in Bioinformatics 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden zu Abbildungen, die experimentelle Daten wiedergeben: 

Abbildung(en) # Alle   100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 
vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

   0 % (die in dieser Abbildung wiedergegebenen Daten basieren 
ausschließlich auf Arbeiten anderer Koautoren) 
 

   Etwaiger Beitrag des Doktoranden / der Doktorandin zur Abbildung:   
_____% 

   

7.2. Manuscript 2 – Form 2 

Manuskript Nr. 2 

Kurzreferenz Schwarz et al., eingereicht 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden zu Abbildungen, die experimentelle Daten wiedergeben: 

Abbildung(en) # Alle   100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 
vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

   0 % (die in dieser Abbildung wiedergegebenen Daten basieren 
ausschließlich auf Arbeiten anderer Koautoren) 
 

   Etwaiger Beitrag des Doktoranden / der Doktorandin zur Abbildung:   
_____% 
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7.3. Manuscript 3 – Form 2  

Manuskript Nr. 3 

Kurzreferenz Fischer et al. (2022), NAR Cancer 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden zu Abbildungen, die experimentelle Daten wiedergeben: 

Abbildung(en) # Alle   100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 
vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

   0 % (die in dieser Abbildung wiedergegebenen Daten basieren 
ausschließlich auf Arbeiten anderer Koautoren) 
 

   Etwaiger Beitrag des Doktoranden / der Doktorandin zur Abbildung:   
_____% 
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