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Introduction Davidson (1971) expanded on this idea,
suggesting that repetitive DNA sequences could
spread regulatory elements throughout the

often referred to as "mobile elements" or genome, influencing gene expression and

“jumping genes” (Wells and Feschotte, 2020). evo_lutlon. TEs are broadly cla§S|f|ed lnto_tyvo
They constitute a significant portion of main classes based on their transposition

cukiryoic genames; pproimaely 45 of e TESNTIST: Clse | lements (ototanposon)
human genome comprises TEs (Lander et al.,

2001). Initially dismissed as "junk DNA," TEs gzgzcgsgnosr)]’ mvgtge dig?tsis tlr:roeL:errPezanE'scu(tz’?ml(ﬁ
are now recognized as key regulators of gene p . y g

: . : : paste™ mechanism (Wells and Feschotte, 2020).
expression and key drivers of genomic evolution Each class is further divided into subclasses and
(Chung and Feschotte, 2017).

McClintock's pioneering discovery of TEs in superfamilies based on structural and functional

: . characteristics.
maize (Zea mays) in the 1940s and 1950s set the
stage for our current understanding of their roles Modern research has revealed that TEs can act as

; : . . enhancers, promoters, and silencers, shapin
in gene regulation, adaptation, and disease » P ’ ’ pIng

(McClintock, 1956). McClintock proposed that complex gene regulatory networks across species
these "controlling elements” could regulate (Chung and Feschotte, 2017). They influence

neighboring genes, a hypothesis that was gene (_expression through_ various mephani_sms,
revolutionary at the time. Later, Britten and including epigenetic modifications,

Transposable elements (TES) are repetitive DNA
sequences capable of moving within the genome,

This work is licensed under the Creative Commons Attribution 4.0 International License


https://creativecommons.org/licenses/by/4.0/deed.en
http://sc.journals.umz.ac.ir/
https://doi.org/10.22080/jgr.2025.28114.1411
https://doi.org/10.22080/jgr.2025.28114.1411

Ebuara et al., J Genet Resour, 2025; 11(1): 50-59

transcriptional ~ activation ~ or  repression,
alternative splicing, and the formation of
chimeric transcripts (Slotkin and Martienssen,
2007). Moreover, TEs contribute to genomic
innovation and diversity by creating new
regulatory elements and exons, a process known
as exaptation or domestication (Cosby et al.,
2021). While exaptation refers to the co-option
of TEs into novel functions beneficial to the
host, domestication involves adapting a TE's
original function for essential roles within the
host organism. However, the mobility and
mutagenic potential of TEs also pose risks to
genomic integrity. Dysregulation of TEs has
been implicated in various diseases, including
cancer, neurological disorders, and autoimmune
conditions (Burns, 2017). In cancer, TEs can
activate oncogenes or disrupt tumor suppressor
genes through insertional mutagenesis or by
providing cryptic promoters leading to
oncogenesis (Jang et al., 2019). An example is
the activation of the LIN28B oncogene by an
Alulb insertion, which creates a new promoter
region and enhances tumor growth (Jang et al.,
2019). The reactivation of LINE-1 (L1)
retrotransposons has also been frequently
observed in various cancers, contributing to
genomic instability and mutations (Babaian and
Mager, 2016a, 2016b). Advancements in high-
throughput  sequencing technologies and
bioinformatics have facilitated the study of TEs
and their impact on genomes. Technigues such
as cap analysis gene expression (CAGE) and
RNA annotation and mapping of promoters for
the analysis of gene expression (RAMPAGE)
have enabled precise mapping of TE-driven
transcription start sites (Batut and Gingeras,
2013).

This review aims to provide a comprehensive
overview of the multifaceted roles of TEs in
gene regulation, evolution, and disease and
answer whether TEs are always disruptive. This
study will explore specific examples from maize,
Drosophila, mice, and other organisms to
illustrate how TEs shape genomes and influence
biological systems. These organisms are model
species, and their limited size and genome make
it possible to easily understand TE manipulation
through insertional mutagenesis. Additionally,
the research will discuss experimental
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approaches for analyzing TE-fusion transcripts
and consider future directions in TE research.

1. Mechanisms of TE-mediated

regulation

gene

TEs influence gene expression through several
mechanisms, including epigenetic regulation,
transcriptional control, and post-transcriptional
modifications. These mechanisms allow TEs to
either promote or repress gene expression,
depending on their genomic context and
interaction with other regulatory elements.

1.1. Epigenetic regulation

TEs play a crucial role in shaping the epigenetic
landscape of genomes. Epigenetic modifications
such as DNA methylation and histone
modifications can silence or activate TEs,
depending on the needs of the host organism.
DNA methylation often works alongside histone
modifications, such as H3K9 and H3K27
methylation, to maintain TE silencing. These
modifications can persist even when DNA
methylation is lost, indicating a complex
interplay between different epigenetic marks
(Guo et al., 2021; Liu et al., 2020). DNA
methylation is essential for TE silencing, often in
conjunction with other pathways. For instance,
MBD2 acts as a methyl reader that silences TEs
during male gametogenesis in Arabidopsis,
functioning downstream of DNA methylation
and in redundancy with other silencing
mechanisms (Wang et al., 2924). In many
species, TEs are heavily methylated to prevent
their transposition and maintain genomic
stability (Slotkin and Martienssen, 2007).
However, when these silencing mechanisms fail,
TEs can escape repression and become active
(Fig. 1), influencing the expression of nearby
genes (Lisch, 2013).

In maize (Zea mays), McClintock's discovery of
"controlling elements" showed how TEs can
influence plant development by modifying
chromatin  structure and gene expression
(McClintock, 1956). TEs tend to cluster in
heterochromatic regions, where epigenetic marks
often silence them, but stress or environmental
factors can cause their reactivation, leading to
dynamic changes in gene  expression
(Makarevitch et al., 2015).
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Fig. 1. Chromatin states of nucleosomes: A)
Nucleosomes associated with TEs are epigenetically
modified by the methylation of associated histones.
This  modification signals a transcriptionally
repressive chromatin, thereby shutting down gene
expression; B) TE-free nucleosomes and/or TE-
associated demethylated histones have
transcriptionally active chromatin, allowing for gene
expression.

In mice, repressive marks such as histone H3K9
methylation prevent TE activation in germline
cells, but during early embryonic development,
many TEs are demethylated, allowing their
expression (Flemr et al., 2013). This transient
expression of TEs during development can result
in epigenetic reprogramming that influences
gene regulatory networks.

1.2. Transcriptional control

Some researchers reported that TEs can act as
enhancers, promoters, or silencers, directly
regulating gene transcription. These elements
contribute to genome plasticity by providing
transcription factor binding sites that modulate
the transcriptional activity of nearby genes
(Chung et al., 2007). For example, in maize, a
TE called "Hopscotch™ inserted near the teosinte
branched 1 (tbl) gene enhances its expression,
which is associated with changes in plant
architecture and maize domestication (Studer et
al., 2011).

In Drosophila, the insertion of an Accord
retrotransposon into the promoter region of the
insecticide resistance gene Cyp6gl enhances its
expression, leading to resistance against
Dichlorodiphenyltrichloroethane (Chung and
Feschotte, 2017). This demonstrates how TEs
can provide regulatory elements that contribute
to the adaptation of organisms in response to
environmental pressures (Fig. 2).
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Fig. 2. Transcriptional control: TEs can be inhibited
by piRNAs, the collateral effect of which can cause
the silencing of an adjacent gene (Gene A). On the
other hand, TEs can be co-opted as enhancers or
promoters of an adjacent gene (Gene B) by providing
transcription factor binding sites (TFBS).

TEs can also act as transcriptional silencers,
inhibiting the expression of nearby genes. For
instance, in mice, TES can repress gene
expression through mechanisms such as
chromatin remodeling or the recruitment of
transcriptional repressors (Bai and Brutnell,
2011).  Although  TEs  drive  impact
transcriptionally, it has been reported to cause
deleterious effect, genome instability, or diseases
(Slotkim and Martienssen, 2007; Colonna and
Fanti, 2022).

1.3. Post-transcriptional control

However, TEs influence post-transcriptional
regulation by affecting RNA splicing, stability,
and decay. TEs can introduce alternative splicing
sites or act as polyadenylation signals, producing
novel mRNA isoforms (Rebollo et al., 2011).
This phenomenon is known as exonization,
where TEs are incorporated into protein-coding
regions, creating new exons that diversify the
transcriptome (Ma et al., 2022). In mice, a TE-
derived long terminal repeat (LTR) serves as an
oocyte-specific promoter to produce the DicerO
isoform, essential for RNA interference during
oogenesis Flemr et al., 2013). Deleting this LTR
results in the loss of DicerO expression and
leads to female sterility, highlighting the critical
role of TE-derived promoters in gene regulation

(Fig. 3).
2. TEs as evolutionary innovators

Additionally, TEs are not only regulators of gene
expression but also powerful drivers of genomic
evolution by providing new transcription factor
binding sites and influencing gene expression.
Through processes such as exaptation and
chimeric transcript formation, TEs contribute to
the development of new gene functions and
regulatory networks.
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Fig. 3. Post-transcriptional control: TE insertion in
intron 1 results in alternative splicing or exonization.
This can in turn result in a protein isoform or
nonsense-mediated decay (NMD).

TEs enhance regulatory genomes by supplying
cis-regulatory sequences that function as
enhancers, promoters, and silencers. These
elements can swiftly facilitate changes in gene
regulatory networks, resulting in species- and
cell-type-specific regulatory innovations.

2.1. Chimeric
innovation

transcripts and genome

Chimeric transcripts arise when TEs integrate
into gene regions, fusing their sequences with
those of host genes (Fig. 4).
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Fig. 4. Regulatory role of TE-derived INcRNAs: TE-
derived long non-coding RNAs (IncRNAS) serve as a
scaffold for a transcription factor that controls the
expression of another gene in trans (could also occur
in cis).

This fusion can result in the creation of novel
regulatory elements, protein isoforms, or non-
coding RNAs (Cordaux et al., 2006). TEs play
an essential role in genomic innovation by
introducing new gene regulatory features and
contributing to phenotypic variation. For
example, TEs affect traits like flowering time in
Capsella rubella and phenotypic diversity in
rice. In C. rubella, TE insertions have been
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shown to affect flowering time by altering gene
regulatory networks (Niu et al., 2019). Similarly,
in rice, TEs contribute to phenotypic diversity by
providing epigenetic regulation through DNA
methylation  and histone  modifications,
impacting gene expression in response to
environmental stimuli (Song and Cao, 2017). In

Drosophila, it has Dbeen shown that
approximately 1.6% of the developmental
transcriptome  originates  from  TE-driven

transcription initiation (Batut and Gingeras,
2013). These chimeric transcripts shape the
developmental gene expression profile and
contribute to the evolution of new traits. Another
example is in mice, where the insertion of an
LTR retrotransposon within the Cdk2pl gene
creates a chimeric transcript that produces an N-
terminally truncated protein essential for
preimplantation embryo development
(Modzelewski et al., 2021). The formation of
these chimeric transcripts demonstrates the role
of TEs in generating new protein isoforms that
contribute to species-specific traits. TES can
benefit  hosts  through  exaptation and
domestication.

2.2. Exaptation and TE domestication

Exaptation refers to the co-option of TEs for
novel functions that benefit the host organism,
while domestication involves adapting a TE's
original function for essential roles within the
host (Cosby et al., 2021). TEs have been
domesticated across various species to serve in
critical biological processes, such as DNA
repair, gene regulation, and immune responses.
One of the most well-known examples of
exaptation is the evolution of the SETMAR gene
in primates. This gene is a fusion between a SET
histone methyltransferase and the transposase
domain of the Hsmarl transposon. The
transposase component of SETMAR retains its
DNA-binding ability, allowing the gene to play a
role in DNA repair (Cordaux et al., 2006).
Furthermore, in maize, TEs have contributed to
plant evolution by introducing regulatory
elements that control stress responses and
developmental processes. For example, the
insertion of TEs into the non-coding regions of
the maize genome has been shown to regulate
flowering time and other agronomically
important traits (Salvi et al., 2007).
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3. TEs and disease development

While TEs play essential roles in gene regulation
and  evolution, their reactivation and
uncontrolled transposition can contribute to
various diseases. TE dysregulation has been
implicated in cancer, neurological disorders,
autoimmune  diseases, and  age-related
pathologies.  This section explores the
mechanisms through which TEs contribute to
disease development.

3.1. TEs in Cancer

One of the most well-documented roles of TEs
in disease is their involvement in cancer. TES
can drive oncogenesis by acting as cryptic
promoters for oncogenes or by disrupting tumor
suppressor genes through insertional
mutagenesis (Burns, 2017). This phenomenon,
known as onco-exaptation, involves repurposing
TE-derived sequences to promote tumor growth.
A study by Jang et al. (2019) identified over 100
TE-mediated cryptic promoter activation
instances in various cancer types. In particular,
the activation of the LIN28B oncogene by an
Aludb insertion highlights the role of TEs in
driving oncogenic expression. The insertion of
this TE creates a new promoter region, leading to
the overexpression of LIN28B, which is known
to enhance cell proliferation and tumorigenesis.
Moreover, retrotransposons such as LINE-1 (L1)
have been implicated in cancer progression. L1
reactivation is often observed in various cancers,
contributing to genomic instability by inserting
into critical genes, leading to mutations (Babaian
and Mager, 2016a and b). In some cases, L1
insertions disrupt DNA repair pathways. This
disruption essentially leads to genomic
instability that further promotes cancer
development and progression.

3.2 TEs in Neurological Disorders

TEs are also implicated in neurological
disorders, where their reactivation can lead to
neuroinflammation, genomic instability, and
neuronal death. Neuroinflammatory diseases are
explained by the reactivation of L1 elements,
which triggers neuroinflammation by causing
DNA damage and activating innate immune
responses (Saleh et al., 2019). Furthermore,
studies have shown that stress and chronic
alcohol exposure can activate retrotransposons in
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the brain, contributing to conditions such as
post-traumatic  stress disorder (PTSD) and
alcoholism (Reilly et al., 2013). In addition, TEs
have been linked to neurodegenerative diseases
such as Alzheimer's and Huntington's disease.
The reactivation of L1 in neuronal cells has been
observed in aging brains and neurodegenerative
diseases, contributing to neuronal death and
cognitive decline (Saleh et al., 2019). In
Alzheimer's disease, L1 activation has been
associated with increased DNA damage and
neuroinflammation, further exacerbating disease
progression.

3.3. TEs in autoimmune diseases

TEs can trigger autoimmune diseases by
activating the innate immune response. The
immune system can recognize TE-derived
sequences as foreign, producing inflammatory
cytokines and autoantibodies (Crow and
Rehwinkel, 2009). This immune activation can
contribute to autoimmune conditions such as
lupus, where L1 reactivation accumulates
retroelement-derived nucleic acids that trigger
inflammation. In some cases, impaired
degradation of TE-derived RNA can result in
chronic immune activation. For instance, patients
with systemic lupus erythematosus (SLE) exhibit
elevated levels of TE-derived RNA in their cells,
which may contribute to the development of
autoimmunity (Payer and Burns, 2019).

3.4. TEs in aging and cellular senescence

TEs are also involved in cellular senescence and
aging-related disorders. As cells age, the
mechanisms that repress TEs, such as DNA
methylation and histone modifications, become
less effective, leading to the derepression of TEs.
This derepression results in genomic instability,
DNA damage, and activation of inflammatory
pathways (De Cecco et al., 2019). A study by De
Cecco et al. (2019) revealed that the
derepression of L1 in senescent cells triggers a
type-1 interferon response, contributing to the
senescence-associated  secretory  phenotype
(SASP). The SASP is characterized by the
secretion of pro-inflammatory cytokines, growth
factors, and proteases, which promote chronic
inflammation and tissue damage, contributing to
age-related diseases (Fig. 5). Key therapeutics
strategies targeted at TEs for disease
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management and prevention include cancer
immunotherapy, where the SB transposon
system has been utilized to engineer T cells with
tumor-specific T-cell receptors, offering a
personalized approach to cancer treatment by
targeting unique tumor neoantigens (Deniger et
al., 2016). Transposons are also used to generate
iPSCs by delivering reprogramming factors,
which can be applied in regenerative medicine
(Vanden Drissche et al., 2009).
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Fig. 5. Summary of the dual role of TEs as
contributors to disease development and drivers of
genomic evolution.
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4. Experimental approaches for TE-fusion
transcript analysis

Advancements in high-throughput sequencing
technologies and bioinformatics have enabled
researchers to more precisely study TEs and their
impact on gene expression. This section
highlights the key experimental techniques for
analyzing TE-fusion transcripts and TE-driven
gene regulation.

4.1. Expressed sequence tag sequencing

Expressed sequence tag (EST) sequencing was
one of the earliest techniques used to study gene
expression by identifying transcribed regions of
the genome. While next-generation sequencing
methods have largely replaced EST sequencing,
it remains a valuable tool for identifying
chimeric transcripts involving TEs.

In a study by De Cecco et al. (2019), EST
sequencing was used to examine the prevalence
of chimeric gene-TE transcripts in Drosophila
melanogaster. The authors found that 33.5
percent of genes harbored chimeric transcripts
derived from TE insertions, highlighting the role
of TEs in shaping the transcriptome.
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4.2. Cap analysis gene expression

Cap analysis gene expression (CAGE) is a
technique that focuses on mapping transcription
start sites (TSSs), making it ideal for studying
TE-derived promoters and enhancers (Faulkner
et al., 2009). By capturing the 5' ends of mMRNA
molecules, CAGE allows researchers to identify
both abundant and rare transcripts, including
those driven by TEs.

CAGE has been instrumental in studying the role
of TEs in gene regulation. For instance, a study
by Faulkner et al. (2009) used CAGE to
demonstrate that TEs contribute significantly to
transcription initiation in the human genome.
The authors found that many TSSs are located
within TE sequences, indicating that TEs serve
as regulatory elements that shape the
transcriptome.

4.3. RNA annotation and mapping of
promoters for the analysis of gene expression

RNA annotation and mapping of promoters for
the analysis of gene expression (RAMPAGE)
builds upon CAGE by not only identifying TSSs
but also quantifying gene expression levels
(Batut and Gingeras, 2013). Comparatively,
CAGE identifies TSSs, captures both abundant
and rare transcripts, and provides a broad view
of TE-driven transcription, while RAMPAGE
offers a higher sensitivity and base-resolution
accuracy of TSSs through an in vitro elongation
step. Fundamentally, CAGE provides an initial
landscape of TSSs, while RAMPAGE refines
this view by accurately quantifying expression
levels from specific promoters. In a study by
Batut and Gingeras (2013), RAMPAGE was
used to map TSSs in Drosophila embryos,
revealing a direct causal relationship that TEs
play a significant role in shaping the
developmental  transcriptome  (Batut and
Gingeras, 2013).

The technique's high sensitivity makes it
particularly useful for studying the dynamic
transcriptional landscape driven by TEs in
various biological systems.

4.4, Bioinformatics pipelines for analysis of
TE-associated transcripts

The analysis of TEs requires sophisticated
bioinformatics pipelines to accurately identify
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TE-derived sequences and their
effects.

Tools such as RepeatModeler2, RepeatMasker,
and TEtoolkit are commonly used to annotate
TEs in genomic sequences, while programs like
Homer and FIMO are wused to identify
transcription factor binding sites within TE
sequences. Several pipelines have been
developed to detect TE-driven transcriptional
activity from RNA-seq data to analyze chimeric
transcripts. Some of these tools are briefly
discussed below. Fundamentally, these tools
provide insights into the regulatory roles of TEs
and their contributions to gene expression in
various contexts, including development,
disease, and evolution.

4.4.1. Chimeric LIne finder

Chimeric line finder (CLIFinder) [2018] has
been developed to identify chimeric transcripts,
specifically RNA molecules that arise from
chromosomal rearrangements or TE insertions,
particularly those involving long interspersed
nuclear elements (LINES). The tool is optimized
for analyzing stranded paired-end RNA-seq data,
providing crucial insights into the read
orientation to accurately detect chimeric events.
While CLIFinder can also process non-stranded
data, this approach is prone to a higher rate of
false positives, particularly from L1 promoter
sequences. Despite its strength in detecting
chimeric transcripts, CLIFinder requires manual
validation by researchers to minimize false
positives, as noted by Pinson et al. (2018).
Additionally, the tool depends on a reference
genome, limiting its utility for non-model
organisms with incomplete genomic resources.

regulatory

4.4.2. Library of information for operon
analysis in NGS data sets

Library of Information for Operon Analysis in
NGS data sets (LIONS) [2019], introduced by
Babaian et al. (2019), offers a robust platform
for detecting and quantifying TE-associated
transcripts in RNA-seq data. It classifies TE-
exon pairs into categories such as TE-initiation,
TE-exonization, and TE-termination, providing a
comprehensive view of TE-driven transcription.
Known for its sensitivity in capturing low-
abundance TE-fusion transcripts, LIONS also
features a user-friendly interface streamlining the
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analysis process. However, it is limited by its
exclusive focus on TE-initiated transcripts,
potentially overlooking other TE contributions,
such as internal exonization or TE-mediated
terminations. Furthermore, like many TE-
focused tools, LIONS requires a well-annotated
reference genome, which may restrict its
application to species with comprehensive
genomic resources.

4.4.3. TEchim

TEchim [2020] is a specialized toolkit for
exploring TE-fusion transcripts, particularly
effective in analyzing transcripts linked to
polymorphic TEs absent from the reference
genome. Introduced by Treiber and Waddell
(2020), TEchim has proven useful in studies
such as investigating dynamic TE expression in
the Drosophila brain. Its ability to detect
chimeric transcripts independent of a complete
reference genome makes it an invaluable tool for
non-model organisms with incomplete genomic
data. However, TEchim's limitation lies in its
lack of full automation, requiring manual
customization for new datasets, which can hinder
its broader applicability.

4.4.4. ChimeraTE

ChimeraTE [2023], developed by Oliveira et al.
(2023), represents a significant advancement in
TE-fusion transcript analysis. This pipeline is
designed to operate both with and without a
reference genome, offering flexibility in
detecting chimeric transcripts. ChimeraTE excels
in identifying transcripts associated with
polymorphic TE insertions that are not present in
reference genomes. In one study, the tool was
used to analyze RNA-seq data from Drosophila
melanogaster ovaries, revealing that 1.12% of
genes harbor chimeric transcripts, with 88.97%
of them being TE-exonized. Furthermore,
ChimeraTE’s unique ability to detect previously
hidden polymorphic insertions underscores its
capacity to provide novel insights into TE
involvement in transcript structure. However, the
computational demands of this tool are
significant, and careful planning is necessary
when utilizing it in large-scale studies.

Conclusion
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Transposable elements are integral to the
regulation of gene expression, genomic
evolution, and disease development. While they
contribute to genetic diversity and innovation,
their dysregulation can lead to serious
pathologies such as cancer, neurological
disorders, and autoimmune diseases. Building on
this understanding, TE research holds immense
potential for novel therapeutic interventions
targeting diseases  associated with TE
dysregulation. For example, TE silencing
through CRISPR-based epigenome editing or
RNA interference may offer new avenues for
treating TE-driven cancers and
neurodegenerative disorders. Moreover, the roles
of TEs in genome dynamics and evolution are
complex, reflecting their dual nature as both
drivers of genetic innovation and agents of
genomic instability.

Advancements in sequencing technologies and
bioinformatics have greatly enhanced our ability
to study TEs, providing insights into their roles
in shaping gene regulatory networks across
diverse species. The benefits of using these
technologies and pipelines in the context of both
disease and evolutionary biology underscore the
importance of enhanced technological training
and the development of open-source
bioinformatics tools. We hope that future
research will continue to explore the therapeutic
potential of targeting TEs in disease treatment
and the evolutionary implications of their
activity in non-model organisms.
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