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Abstract

Neurological disorders present considerable challenges in diagnosis and treatment due to their complex and diverse
etiology. Retrotransposons are a type of mobile genetic element that are increasingly revealed to play a role in these
diseases. This review provides a detailed overview of recent developments in the study of retrotransposons in neu-
rodevelopment, neuroaging, and neurological diseases. Retrotransposons, including long interspersed nuclear ele-
ments-1, Alu, SINE-VNTR-Alu, and endogenous retrovirus, play important regulatory roles in the development and aging
of the nervous system. They have also been implicated in the pathological processes of several neurological diseases,
including Alzheimer’s disease, X-linked dystonia-parkinsonism, amyotrophic lateral sclerosis, autism spectrum disorder,
and schizophrenia. Retrotransposons provide a new perspective for understanding the molecular mechanisms underly-
ing neurological diseases and provide insights into diagnostic and therapeutic strategies of these diseases.
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Introduction
Neurological disorders are a broad spectrum of condi-
tions affecting the nervous system, ranging from devel-
opmental abnormalities to age-related degenerative
diseases. Neurodevelopment encompasses the pro-
cesses by which the nervous system forms, matures, and
evolves, while brain aging refers to the gradual decline
and structural changes associated with this process. Both
neurodevelopmental abnormalities and age-related neu-
rodegeneration contribute significantly to the onset and
progression of neurological disorders [1, 2].
Transposons, also known as mobile genetic elements,
have garnered increasing attention in the field of neu-
roscience research. Initially considered "junk DNA"
transposons were historically viewed as genomic para-
sites with no functional significance. However, recent
advances in genomic technologies have unveiled their
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key roles in shaping genome architecture and regulating
gene expression. Of particular interest are retrotrans-
posons, which are a subtype of transposons capable of
moving within the genome via an RNA intermediate [3].
Accumulating evidence indicates that retrotransposons,
including long interspersed nuclear elements-1 (L1), Alu
elements, SINE-VNTR-Alu (SVA) elements, and endog-
enous retroviruses (ERV), play a role in neurodevelop-
ment, neuroaging, and the pathogenesis of neurological
disorders.

This review aims to emphasize the impacts of retro-
transposons on neurodevelopment and neuroaging, and
explore how they contribute to neurological disorders.

Overview of retrotransposons

Concept and classification of retrotransposons
Transposons are mobile genetic elements that account
for over 50% of the human genome [4]. They are broadly
divided into two categories: retrotransposons (class I
transposons) and DNA transposons (class II transpo-
sons) (Fig. 1a). Retrotransposons move via a ‘copy-and-
paste’ process through reverse transcription of RNA,
while DNA transposons move through a ‘cut-and-paste’
mechanism [5]. Although DNA transposons are active
in bacteria, archaea, and many eukaryotes, they remain
inactive in most mammals, unlike retrotransposons [6].

Retrotransposons are classified into long-terminal
repeat (LTR) and non-LTR subclasses based on evo-
lutionary lineage, structural feature, and mechanism
of reintegration within the host genome (Fig. 1la). LTR
elements, which encompass endogenous retroviruses
(ERVs), reinsert through an integration-dependent
(IN) pathway [7] and comprise approximately 8% of the
human genome (Fig. 1b). Although ERVs are largely inac-
tive in terms of retrotransposition, certain subfamilies,
such as HERV-K, remain transcriptionally active and
have been implicated in various diseases, as we will dis-
cuss later in this review.

In contrast, non-LTR retrotransposons employ a tar-
get-primed reverse transcription (TRPT) strategy [8].
These non-LTR elements include both long and short
interspersed nuclear elements (LINEs and SINEs), which
collectively constitute about 30% of the human genome
sequence [9], as well as SVA elements. Subfamilies of
these retrotransposons are further categorized based on
their sequence conservation and evolutionary age. Nota-
bly, the human-specific LINE subfamily L1HS is the only
autonomously active and transposable element in the
human genome. Although most LINE copies are ancient
and inactive due to mutations [9, 10], each genome con-
tains an estimated 80-100 full-length L1HS copies that
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retain retrotransposition capability [11-13]. Transcrip-
tion of these elements generates an approximately 6-Kb
bicistronic RNA, encoding all the components necessary
for successful reintegration into the genome. Other retro-
transposons, such as Alu and SVA, are classified as "non-
autonomous” because they depend on L1 machinery to
facilitate their RNA integration into the genome [10, 14].

In addition to retrotransposition, both young and
ancient retrotransposon elements can affect genome
structure and function in various ways. For example, they
can provide enhancers [15, 16], transcription factor-bind-
ing motifs [17-20] and epigenetically dynamic sequences
[21-24] that can have an impact on the transcriptional
activity of the host locus.

In the following sections, we will provide a detailed
examination of the structure (Fig. 1c) and function of
major retrotransposon families in the human genome,

highlighting their roles in health and disease.

Effects of retrotransposon activity on the structure
and function of the human genome
Retrotransposon activity significantly impacts the struc-
ture and function of the human genome. Alu insertions,
occurring in approximately 1 of 20 births, as well as L1
and SVA insertions, found in 1 of 100-200 births, con-
tribute to significant genomic polymorphism [25-27].
These insertion events can induce mutations. Somatic
transpositions especially during early development may
lead to pathological outcomes [28-30]. Beyond inser-
tional mutagenesis, retrotransposon transcription can
also result in negative consequences. Transposable ele-
ment (TE)-derived nucleic acids can trigger innate
immune responses [31], and their transcripts can gener-
ate non-coding RNAs that affect gene regulation [32—34].
Additionally, TE-derived peptides may exhibit cytotoxic-
ity, further contributing to disease development [35].
Retrotransposons are primarily regulated by epige-
netic mechanisms, including DNA methylation and
histone modifications. These mechanisms ensure ret-
rotransposon silencing, thereby preventing genomic
instability. DNA methylation is maintained by DNA
methyltransferases (DNMTs), particularly DNMTI.
DNMT1 is expressed in adult neurons and plays a role in
maintaining retrotransposon repression in non-dividing
cells [36—38]. During early development, DNA methyla-
tion patterns are reprogrammed, and retrotransposons
are initially silenced by H3K9me3-mediated histone
modifications, which are later replaced by stable DNA
methylation [39—41]. In pluripotent stem cells, TRIM28
and KRAB-ZFPs form a key complex that ensures the
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Fig. 1 aTransposon family classification. Human transposons can be divided into two main groups: retrotransposons (class 1) and DNA
transposons (class Il). Retrotransposons include non-LTR retrotransposons (LINEs, SINEs and SVAs) and LTR retrotransposons. The classification

of SVAs is controversial, as they can also be classified as a subfamily of SINEs. b The landscape of the human genome and the percentage of each
subfamily of retrotransposons. The human genome consists of sequences derived from transposable elements (TE) (47.0%), coding sequences
(2.0%), and ‘other’sequences (promoters, enhancers, introns, non-coding RNAs, telomeres, centromeres, and pseudogenes; 51.0%). TEs are
composed of LINEs (44.7%), SINEs (31.9%), LTRs (17.0%) and DNA transposons (6.4%) [46]. The outer circle shows the approximate percentage

of subfamilies in each family. To make the graph easier to read, we treat SVAs as a subfamily of SINEs. ¢ Structure of retrotransposons. RC-L1s
(retrotransposition-capable L1s) contain a 5-UTR, two internal RNA polymerase Il promoters, and three open-reading frames (ORFO, ORF1,

ORF2). ORFO peptide enhances L1 mobility, while ORF1 and ORF2 encode functional proteins for retrotransposition (ORF1p and ORF2p). ORF2p
has endonucleases (EN) and reverse transcriptase (RT) activities. The RC-L1s are autonomous because they produce the functional proteins ORF1p
and ORF2p required for reverse transcription [10]. The Alu sequence consists of left and right monomers, followed by an adenosine-rich sequence,
and transcribes via RNA polymerase Il [47]. Sine-VNTR-Alu (SVA) includes a CCCTCT repeat, an Alu-like domain, a VNTR complex, and a poly-A

tail. HERV-K (HML-2) contains viral genes (gag, pro, pol, env) flanked by two LTRs. Gag is cleaved into structural proteins, while Pol is cleaved

into polymerase-active enzymes (RT, RNaseH, IN). Env is spliced into peptides, surface, and transmembrane units [48]

repression of retrotransposons [40, 42]. In neural pro-
genitor cells, retrotransposon silencing involves more
complex mechanisms, with certain TEs being regulated
by both DNA methylation and histone modifications
[43-45].

Retrotransposons and neurogenesis

Overview of neurogenesis

Neurogenesis refers to the process by which neural stem
cells (NSCs) or neural precursor cells/neural progenitor
cells (NPCs) proliferate and differentiate to generate new
neurons [49]. In mammals, neurogenesis occurs both dur-
ing embryonic/perinatal stages (embryonic neurogenesis)
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and in the adult central nervous system (adult neurogen-
esis) in two specific regions: the subventricular zone of
the lateral ventricles and the subgranular zone of the hip-
pocampal dentate gyrus [50, 51]. While adult neurogenesis
shares similarities with embryonic neurogenesis, there are
significant differences in proliferation rate, differentiation
pattern, and changes within the cellular microenvironment
[52]. The intrinsic mechanisms that regulate neurogen-
esis in these two phases remain incompletely understood.
However, studies have shown that retrotransposon activity
is likely common to both processes of neurogenesis. Here
we will address both aspects in detail.

Effects of L1 on adult neurogenesis

Pluripotent NSCs reside in neurogenic regions of the
brain, characterized by three fundamental traits. First,
NSCs retain pluripotency and continuously replicate
within neurogenic niches. Second, they differentiate into
glial progenitors, which mature into astrocytes or oli-
godendrocytes. Third, these cells can differentiate into
NPCs, which can subsequently develop further into neu-
rons [53]. Research has shown notable retrotransposon
activity, predominantly L1 activity, during the differentia-
tion phases from NSCs to NPCs, NPCs to neurons, and
throughout neuron maturation (Fig. 2a).

Several studies have shown that L1 is expressed dynami-
cally during neural differentiation. Della Valle et al
observed activated L1 during the transdifferentiation of
mouse embryonic fibroblasts into dopaminergic neurons
[54]. This implies a potential link between L1 activity and
neural differentiation. Muotri and Prak et al. demonstrated
that L1 retrotransposition occurs at a low but detect-
able frequency in NSCs, but the frequency is significantly
increased during the 48-h period following onset of neu-
ronal differentiation [55, 56]. These studies indicate that L1
is suppressed during NSC self-renewal and activated dur-
ing their differentiation into NPCs. Furthermore, Jonsson
et al. discovered that L1 activation leads to up-regulation
of most of the genes involved in neuronal differentiation
of human neural progenitor cells (hNPCs). Gene Ontol-
ogy analysis confirmed that these genes are enriched for
synaptic transmission and cellular communication [43].
These findings suggest that L1 plays a regulatory role in
the differentiation of NPCs into neurons. L1 can also ret-
rotranspose in mature neurons [30, 57-59]. In conclusion,
L1 plays a significant role in adult neurogenesis.

Derepression and activation of L1
(a) Epigenetic regulation of L1

DNA methylation is the primary form of epigenetic reg-
ulation of L1. DNA methylation leads to repression of L1
transcription, whereas demethylated L1 typically exhib-
its elevated transcriptional activity [43]. The 5’UTR of L1
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harbors an internal RNA polymerase II promoter respon-
sible for directing L1 transcription [60]. Methylation in
the 5’UTR and adjacent CpG islands mediates repression
of this promoter, thus regulating L1 transcription [61-63].
Studies have demonstrated that the Transcribed-Active
(Ta) subfamily of L1, which is the youngest and most
active human-specific L1 subfamily, undergoes extensive
hypomethylation in pluripotent cells [64, 65] and subse-
quent methylation during neurodifferentiation [57, 66].
Additionally, Salvador-Palomeque et al. observed highly
dynamic L1 promoter methylation during differentiation
of human induced pluripotent stem cell (iPSC) into neu-
rons, and the methylation levels increase as the neurons
mature. The L1-Ta subfamily and individual L1 promot-
ers exhibit the highest levels of methylation in differenti-
ated neurons, and the lowest levels in hiPSCs and at early
stages of neural differentiation [67]. These findings sug-
gest that DNA methylation plays a role in the regulation
of L1 during adult neurogenesis. Furthermore, demethyl-
ated or hypomethylated sections of evolutionarily young
L1 may acquire the histone mark H3K27ac, and then acts
as an alternative promoter for numerous nearby protein-
coding genes that were previously believed to be associ-
ated with neuronal function and psychiatric disorders
[43].

DNA methylation is regulated by proteins such as
methyl-CpG-binding protein 2 (MeCP2) and DNMT1.
Jonsson et al. employed CRISPR-Cas9 to knock down
DNMT1, a key gene for maintaining DNA methylation,
in hNPCs. They discovered a surge in L1 activation upon
DNA demethylation in these cells [43]. Moreover, Cou-
fal et al. and Muotri et al. found that MeCP2 modulates
L1 retrotransposition during neurodevelopment [66].
MeCP2 binds to methylated DNA in the L1 promoter
and suppresses L1 transcription in hNPCs [68].

(b) Regulation of L1 by transcription factors

SOX2 belongs to the SOX-B protein family, which is
part of the SOX region Y-associated high mobility group
family. SOX2 regulates mammalian embryonic develop-
ment. It is primarily expressed in early embryonic neu-
ronal cells, and subsequently inhibits the differentiation
of NSCs [69]. Muotri et al. discovered that SOX2 binds
to HDACI to form a repressive complex that interacts
with the L1 promoter, suppressing L1 expression in
mouse NSCs. As NSCs differentiate into NPCs, SOX2
expression decreases, leading to L1 transcription activa-
tion [55]. Kuwabara et al. also observed this phenomenon
and identified the overlapping Sox2 and T-cell factor/
lymphoid enhancer factor (TCF/LEF)-binding sites (Sox/
LEF) in the L1 promoter [70]. Furthermore, bioinformat-
ics analysis has identified numerous L1 elements with
identical Sox/LEF double binding sites, including 79 in
the human genome, 84 in rats, and 25 in mice [70]. The



Zhang et al. Translational Neurodegeneration

(2025) 14:14

Page 5 of 28

a
el as e direct activation
L1 mRNA i _ direct inhibition
\ = = = = indirect activation
Wit 3A L e
SR Ooo @ Wn SOX m = indirect inhibition
= differentiation astrotyte ? not determined
l DMNT
TCF/LEF
L1
L1 1 ? TDITDIDIVL
H
! : PRCmRNA [
1 i complex | !
' RT 1 @ 0 1 RT
' [ H [
] ] ] H
v ) - :
v A B
self renewal differentiation differentiation maturation
NSC NSC )
NPC neuron mature
neuron
b HML-2 mRNA
L1
DD DIDDT
m HML-2 env
NTRK3 | (cD98HC l
]
! Inc RNA
-L i
LT
. A )
. . |
4 . ]
. ‘/ a1
’ L]
—— > —> B »
self renewal differentiation differentiation .
. AN maturation v
.
hESC », hESC . NSC - )
H |
H ]
H ' L1
HERV-H mRNA
T DODIDIVIT

e mature
neuron

Tdegradation

G

translation +

bindingl]transcription +

N
regulating factors |
in adult
neurogenesis !
conserve or not
!

i

TUT7 mRNA

HERV-H DNA

Fig. 2 aThe roles of retrotransposons in adult neurogenesis. LT mRNA levels are low during NSC self-renewal and gradually increase as NSCs
differentiate into neurons [78]. L1 is inhibited by the Sox2/HDAC1 complex formed during NSC self-renewal, and the inhibitory complex is reduced
when NSCs differentiate into NPCs [55]. At this time, astrocytes secrete Wnt proteins, which trigger the Wnt-B-catenin signaling pathway in NSCs,
in which the downstream signaling molecule TCF/LEF binds to and activates L1, which has been hypothesized to potentially facilitate NSC to NPC
differentiation in this process [70-72]. During NPC differentiation into neurons, Sox11 binds to and activates L1 and L1 mRNA is thought to bind

to the PRC2 protein, which regulates gene expression in NPCs and inhibits NPC differentiation [75, 76, 79]. Finally, the maturation of neuronal
morphology during neuronal maturation is inhibited by L1 retrotransposition [78]. b The role of retrotransposons in embryonic neurogenesis.
HERV-K (HML-2) expresses Env protein, which interacts with NTRK3 and CD98HC, respectively, and promotes hESC self-renewal and inhibits hESC
differentiation [84, 85]. HERV-H RNA also plays a role in promoting hESC self-renewal and inhibiting hESC differentiation. HERV-H RNA is regulated
in two ways: (1) NAT1 promotes translation of TUT7 mRNA, and TUT7 promotes degradation of HERV-H RNA [86]; and (2) HERV-H RNA is extensively
modified by m6A in hESCs, and YTHDC2 specifically occupies the mé6A-modified HERV-H RNA by interacting with the LTR7/HERV-H genomic locus.
Subsequently, YTHDC2 recruits TET1 to prevent epigenetic silencing of HERV-H [87]. During NSC differentiation, L1 interacts with IncRNA to inhibit
NSC differentiation [88]. It remains to be determined whether the mechanism of adult versus embryonic neurogenesis is conserved during NSC
differentiation. RT, retrotranspose
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SOX/LEF site in the L1 promoter is an important inspi-
ration for the subsequent discovery of the Wnt signaling
pathway regulating L1 activity.

Besides SOX2, the Wnt signaling pathway also regu-
lates L1 activity. Wnt proteins initiate neurogenesis by
acting on a bimolecular switch that includes the SOX/
LEF sites within the NeurodI promoter [70]. NeuroD1, a
basic helix-loop-helix (bHLH) transcription factor in the
forebrain, is essential for central nervous system develop-
ment [71]. During NSC proliferation, SOX2 and HDAC1
are associated on the Neurodl promoter and repress it.
During NSC differentiation, B-catenin is activated and
accumulates in the nucleus in response to astrocyte-
derived Wnt proteins [70]. B-catenin forms an activation
complex with TCF/LEF, promoting transcription of the
Neurodl gene [70]. It is worth noting that the SOX/LEF
sites have also been identified in the L1 promoter [70,
72], underscoring their crucial role in the differentiation
of NSCs into NPCs. It is hypothesized that L1 and Neu-
rodl are regulated similarly: during NSC proliferation,
the SOX2 and HDAC1 complex suppress the SOX/LEF
sites within the L1 promoter. However, during NSC dif-
ferentiation, Wnt signaling activation increases L1 activ-
ity, along with the upregulation of Neurod1.

Further research has identified sex-determining region
Y-box 11 (Sox11) as an additional key regulator of L1 activ-
ity during neuronal differentiation. Sox11, which belongs
to the group C of Sox transcription factors, is involved in
neurogenesis and tissue remodeling during embryonic
development [73]. Sox11 expression is necessary for neu-
ronal protrusion growth and neuronal survival [74]. Pre-
vious studies have identified two Sox11-binding sites in
the L1 promoter, and overexpression of exogenous Sox11
increases L1 promoter activity [75]. Orqueda et al. found
that L1 activity increases during differentiation of induced
human SH-SY5Y neuroblastoma cells to neurons, accom-
panied by increased Sox11 protein binding to the L1 pro-
moter, while Sox11 knockdown inhibits L1 transcription
[76]. These findings indicate that Sox11 has increased
expression during neuronal differentiation, and binds to
the 5-UTR of L1 and stimulates its transcription. Given the
similarity in stemness between human neuroblastoma cells
and NPCs, it is hypothesized that Sox11 plays a similar role
in NPC differentiation into neurons. However, experimen-
tal validation is required to confirm this hypothesis.

Roles of L1 in adult neurogenesis
(a) L1 regulates the differentiation of NSCs and NPCs

As previously mentioned, downstream molecules in the
Wnt-B—catenin signaling pathway can activate L1 during
the differentiation of NSCs into NPCs. Notably, Okamoto
et al. discovered a reduction in Wnt3 secretion during
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aging, which affects the regulation of L1 and results in
impaired adult neurogenesis [77]. This suggests that L1
may promote NSC differentiation. It was believed that
L1 promotes both NSC and NPC differentiation, as L1
is repressed during NSC division but remains activated
post-differentiation. However, recent studies have pro-
vided new insights into the regulatory role of activated
L1 in NPCs. Toda et al. found that L1 downregulation
in mouse NPCs induces precocious neural differentia-
tion, indicating that L1 helps maintain NPCs and slow
their differentiation [78]. This suggests that L1 expression
plays a critical role in regulating normal neural differen-
tiation, ensuring the formation of unique human brain
features [78].

Nevertheless, the molecular mechanisms by which
L1 regulates NPC differentiation remain poorly under-
stood. Although effective L1 retrotransposition has been
observed in mouse and rat NPCs [55, 58] and abundant
L1 transcripts are found in differentiating NPCs, most
of these RNAs are not retrotransposed, suggesting that
retrotransposition is dispensable in the differentiation of
NPCs [78]. It is more likely that L1 plays a role at multiple
levels, such as cDNA, RNA, and local transcription. For
example, L1 RNAs may regulate NPC differentiation by
interacting with Polycomb repression complex 2 (PRC2)
[79]. However, the physiological roles of L1 retrotranspo-
sition remain largely unknown.

(b) L1 inhibits neuronal morphological maturation

In the study by Toda et al., L1-deficient neurons exhib-
ited significantly increased total dendritic length and
higher dendritic complexity [78], suggesting that L1 may
inhibit neuronal morphological maturation. Multiple
studies have identified L1 retrotransposition in mature
neurons. Engineered L1 retrotransposition assay showed
that L1 can retrotranspose efficiently in mature neuronal
cells [57], indicating that the non-dividing neuronal cells
can support extensive L1 mobilization. In addition, most
of the somatic L1 insertion occurs at a later stage of neu-
rogenesis [30, 59]. These studies suggest a potential link
between L1 retrotransposition in neurons and inhibition
of neuronal morphological maturation.

Effects of retrotransposons on embryonic
neurodevelopment and neurogenesis

The process of neurogenesis is basically consistent
between embryonic and adult stages [80], although there
are subtle differences in the molecular regulation of
these stages. For instance, adult NPCs differ significantly
from embryonic NPCs in that they remain quiescent
for longer periods within the neurogenic niche, while
embryonic NPCs are more proliferative [81]. Currently,
research on the role of retrotransposons in embryonic
neurogenesis remains limited. There are challenges of
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studying embryonic neurogenesis, including difficulties
in acquiring study subjects due to ethical and technical
constraints, challenging conditions such as maintaining
embryonic neural cells in vitro without losing their physi-
ological relevance, and a lack of direct research meth-
ods for tracking retrotransposon activity during specific
stages of embryonic neural development. Some studies
have been conducted in vitro by inducing embryonic-
derived stem cells or indirectly by genealogical tracing
to investigate the activity of retrotransposons during
embryonic neurodevelopment. Recent development
of brain organoid technology has facilitated studies of
embryonic neurogenesis. ERVs have been demonstrated
to influence embryonic development. Downregulation of
ERVs during specific stages of embryogenesis is crucial
for ensuring proper developmental progression [82, 83].
The primate-specific ERV isoforms, HERV-H and HERV-
K, have been shown to regulate pluripotency and neural
differentiation of human embryonic stem cells (hESCs),
with evidence suggesting their crucial role in maintaining
the transcriptional network required for neural commit-
ment (Fig. 2b).

HERVs are activated during stem cell self-renewal
and inhibited during neural differentiation
(a) HERV-K

The Env protein of HERV-K (HML-2) preserves the
pluripotency of ESCs and impedes neural differentiation.
Wang et al. reported that the HML-2 envelope protein is
expressed on the cell membrane of stem cells and main-
tains the stemness through interactions with CD98HC.
Conversely, downregulation or epigenetic silencing of
HML-2 env expression leads to dissociation of stem cell
colonies and enhanced neuronal differentiation [85]. Vin-
cendeau et al. demonstrated that prolonged activation
of HML-2 in hESCs triggers the classical developmental
factor NTRK3, which negatively affects cortical neuronal
development [89]. This provides further evidence that
the activation of HML-2 inhibits the differentiation of
pluripotent stem cells into neurons. Notably, continuous
activation of HML-2 in hESCs did not increase stemness,
which contrasted with the findings from Wang et al. This
discrepancy may be due to the differences in the experi-
mental approaches (activating HML-2 expression using
CRISPR engineering [89] versus down-regulating HML-2
expression using siRNAs [85]). In fact, even a mild two-
fold overexpression of HERV-K (HML-2) Env in neurons
can induce ALS neurotoxicity [35]. Therefore, precise
regulation of HML-2 is crucial for maintaining a healthy
physiological state.

(b) HERV-H

HERV-H RNA promotes self-renewal of ESCs and
inhibits neural differentiation. Takahashi et al. discovered
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that the NAT1/TUT7/HERV-H axis is crucial in the
neural differentiation of pluripotent stem cells: NAT1
enhances TUT?7 translation, which in turn promotes the
degradation of HERV-H RNA [86]. Additionally, Sun
et al. found that HERV-H RNA in hESCs is extensively
modified by m6A and that YTHDC2 specifically occupies
the LTR7/HERV-H genomic locus. YTHDC2 recruits the
DNA 5-methylcytosine (5mC)-demethylase TET1 to pre-
vent HERV-H epigenetic silencing [87]. Functionally, the
YTHDC2/LTR?7 axis promotes self-renewal of hESCs and
inhibits their neural differentiation.

As previously discussed, HERVs undergo tight regula-
tion through various epigenetic modifications during
NSC proliferation and differentiation. Aberrant HERV
expression may lead to the development of neurode-
velopmental tumors, including malignant peripheral
nerve sheath tumors (MPNST) [90, 91], Merlin-nega-
tive schwannomas [92], meningiomas [92], and atypical
teratoid/rhabdoid tumors (AT/RT) [93]. Although these
tumors may not directly result from abnormal neuro-
genesis during embryonic development, they provide a
direction for further understanding the epigenetic dys-
regulation of HERVs and their role in embryonic neuro-
genesis. Notably, Shah et al. discovered elevated levels of
HERV-K transcripts HML-2 and HML-6 in glioblastoma
cells. The increased expression of HML-6 is associated
with poor patient prognosis [94], while the high level of
HML-2 fundamentally supports the glioblastoma stem
cell niche. HML-2 maintains glioblastoma stemness and
tumorigenesis, transcriptionally activates ESC programs
in NPC-derived astrocytes, and alters their 3D cellular
morphology by activating the nuclear transcription fac-
tor OCT4 [95]. This suggests the potential involvement
of HERVs in embryonic neurogenesis.

Active L1 inhibits premature NPC differentiation in embryonic
neurogenesis

Several L1-fusion transcripts have been detected in
various regions of the human brain at different ages,
including the cortex, spinal cord, ventral midbrain, mes-
encephalon, and hindbrain [43]. Evrony et al. detected
two somatic L1 insertions in 16 neurons assayed by
whole-genome sequencing [28]. Genealogical tracing
revealed that one of the events occurred in the devel-
oping cortex, while the others may have occurred early
in central nervous system development or even ear-
lier [28]. The latter scenario aligns with the embryonic
events described in mice [96, 97]. Garza et al. demon-
strated the dynamic activity of the L1 promoter in the
developing human brain through a multi-omics analy-
sis. LINC01876, a long-stranded noncoding RNA of L1
origin, is a human-specific transcript expressed only
during brain development. Silencing LINCO01876 by
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CRISPR interference results in reduced brain organoid
volume and premature differentiation of neural progeni-
tor cells [98]. Of note, inhibiting L1 expression in human
forebrain organoid results in premature differentiation
of NPCs [78]. Similarly, some studies have also found
a regulatory role of L1 in NPC differentiation. SIRT6, a
deacetylase involved in the regulation of genomic stabil-
ity, has been shown to suppress L1 activity in the mouse
brain [88]. SIRT6 deficiency in NPCs in the embryonic
developmental stage of the mouse brain leads to overpro-
liferation of NPCs and delays NPC differentiation [99].
Therefore, embryonic SIRT6 deficiency in the brain dur-
ing developmental stages may lead to L1 de-repression,
resulting in delayed NPC differentiation. Collectively,
these findings suggest a physiological role of L1 in pro-
tecting NPCs from premature differentiation. There is a
growing body of evidence supporting the hypothesis that
human-specific traits arise from neoteny, i.e., the finding
of slower human neurodevelopment compared to other
nonhuman primates [100, 101]. As the expression of L1s
in NPCs contributes to the temporal regulation of brain
development, it is possible that L1 expression is involved
in the emergence of neotenic traits in brain evolution,
such as decreased gray-matter volume [102] and slower
postsynaptic density maturation [103].

Currently, our understanding of the role of retrotrans-
posons in neurodevelopment is limited. Many questions
remain to be answered, such as the physiological signifi-
cance of the L1 retrotransposon, the specific mechanisms
by which L1 influences cell regeneration and differen-
tiation, and whether adult and embryonic neurogenesis
share similar molecular regulatory mechanisms. The
L1 subfamily has significant research implications. The
expression kinetics and regulation vary among L1 sub-
family units. For instance, LIMdA_1 and L1MdTf 1
transcripts are highly expressed in NPCs, but the former
is downregulated while the latter is further increased in
neurons [78]. When using shRNAs to silence L1 uni-
versally, it is crucial to consider whether the targeted
sequence is conserved across the L1 subfamily. Addition-
ally, HERV-K is expressed during early human develop-
ment and regulates pluripotency and differentiation of
hESCs. However, HERVs play dual roles in neurodevelop-
ment: while their expression is crucial for normal devel-
opmental processes, they must be tightly regulated and
downregulated at specific stages to ensure proper cel-
lular differentiation. This delicate balance complicates
experimental manipulation and makes it challenging to
explore their roles in neurodevelopment and disease. The
exact physiological impact of HERV-K expression during
neurogenesis, and how its dysregulation contributes to
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developmental abnormalities, remain key areas for future
research [83, 85].

Specific  retrotransposon  subfamilies, such as
L1IMdA_1, should be a focus in future studies. The repet-
itive nature of retrotransposons makes it difficult to iden-
tify which loci are being transcribed. This problem has
been partly resolved with the development of long-read
sequencing technologies, which provide higher accuracy
in distinguishing repetitive sequences. These advanced
sequencing methods, along with models such as orga-
noids, offer new opportunities to investigate the specific
roles of retrotransposons in neural development.

Retrotransposons and aging

Aging is a degenerative process with 12 hallmarks
recently identified, including genomic instability, tel-
omere attrition, epigenetic alterations, loss of pro-
teostasis, disabled macroautophagy, dysregulated
nutrient-sensing, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion, altered intercellular
communication, chronic inflammation, and dysbiosis
[104]. Aging is a major risk factor for neurodegenerative
diseases. Previous studies have found specific changes
in the activity of retrotransposons, particularly L1 and
HERV-K, during aging.

Retrotransposon activity within the nervous system is
relevant to seven out of the 12 hallmarks of senescence
(Table 1). These hallmarks can be divided into two cat-
egorie. The first category includes genomic instability,
epigenetic alterations, loss of proteostasis, and disabled
macroautophagy at the molecular and organelle levels.
The second category includes cellular senescence, stem
cell exhaustion, and chronic inflammation at the cel-
lular level. Genomic instability, loss of proteostasis, and
disabled macroautophagy contribute to epigenetic altera-
tions, which can trigger retrotransposon derepression.
This process activates cellular senescence and stem cell
exhaustion, leading to increased senescent neurons and
a deficiency in neuronal replenishment due to reduced
neurogenesis, which in turn contributes to aging. More-
over, the increased retrotransposon activity can cause
neuroinflammation, which also contributes to senes-
cence (Fig. 3a). This creates a vicious cycle: senescence
de-represses certain retrotransposons, and the activation
of retrotransposons reinforces cellular senescence within
the nervous system.

Relationship between L1 and cellular senescence

in the nervous system

L1 expression is increased with age in various organisms,
including Drosophila [117], S. cerevisiae [118], C. elegans
[119], and rodents [105, 107, 120]. Recent studies have
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Table 1 Seven aging hallmarks related to retrotransposition and evidence supporting the correlation
Hallmark category Retrotransposition- Evidence References
related hallmarks
Molecules and organelles  Genomic instability In senescent cells, unstable genomes segregate SIRT6 from L1 loci, reducing  [88, 105-107]
L1 inhibition by SIRT6
Loss of B-type lamin revives ERVs, initiating the neuronal aging cascade
Epigenetic alterations  Loss of H3K9me3 in aged neurons, with cell-type specific heterochromatin ~ [108, 109]
loss and L1 activation
Aging primate hippocampus shows age-related heterochromatin decon-
densation and L1 derepression
Loss of proteostasis Tau aggregation in AD brains triggers derepression of L1, SINE, and ERV1, [110-112]
leading to senescence and degeneration
TDP-43 aggregation in ALS neurons triggers HERV-K derepression, leading
to senescence
Disabled autophagy  In AD and ALS, impaired autophagy prevents clearance of pathologically [110-113]

Cells and supracellular units

Cellular senescence

aggregated proteins, leading to derepression of L1, SINE, and ERV1, and neu-

rodegeneration

Impaired macroautophagy in senescent dopaminergic neurons induces oxi-

dative stress, leading to L1 activation and promoting neuronal senescence

L1 activation in senescent cells causes genomic damage, further aggravat-
ing cellular senescence

[113]

Stem cell exhaustion

Reduction of Wnt3 during aging lowers L1 activity in NSCs, leading

[77]

to impaired neurogenesis and insufficient neuronal replenishment

Chronic inflammation

HERV-K activation in neurons of senescent individuals, AD patients,

[106, 109, 114-116]

and ALS patients increases cytoplasmic nucleic acids, triggering inflamma-
tion through the cGAS-STING pathway. This leads to neuroinflammation

and neuronal senescence

Single-nucleus transcriptome mapping of primate hippocampal senescence
shows age-dependent genomic and epigenomic changes, one of which

is the increased cytoplasmic dsDNA release in the nucleus

linked increased L1 expression and mobility to older age
in the mouse brain, particularly in hippocampal neurons
[121]. Moreover, Sur et al. used immunohistochemistry
to demonstrate that L1 ORF1P expression is elevated in
various regions of the post-mortem human brain com-
pared to peripheral tissues such as the kidney, heart,
liver, and lung. Notably, their findings also revealed sub-
stantial age-related variability in L1 ORF1P expression,
particularly in the frontal cortex, suggesting a potential
link between L1 activity and aging in the central nervous
system [122]. In addition, L1 ORF2P accumulation in the
aged primate hippocampal region also suggests a correla-
tion of retrotransposon activation with aging [109]. How-
ever, the mechanisms underlying this relationship remain
unclear and need further investigation. As extensively
demonstrated in cancer research, L1 expression itself can
directly lead to cell death through its protein expression
[123-125]. Accordingly, a positive feedback is proposed
in which cellular senescence triggers L1 activity, poten-
tially exacerbating cellular senescence particularly in
neurons, leading to neurodegeneration (Fig. 3b). How-
ever, the exact role of L1 in neurodegeneration remains
to be fully elucidated, and further research is needed to
explore these connections.

Neural senescence derepresses L1

In senescent cells, SIRTS6, a protein associated with chro-
matin and involved in DNA repair, is relocated from the
L1 locus to DNA damage loci. This results in a reduced
inhibition of SIRT6 by L1 [105, 107]. Simon et al. con-
firmed a similar effect of SIRT6 on L1 in the brain [88].
Moreover, the loss of H3K9me3 in senescent neurons
leads to the loss of heterochromatin and subsequent L1
de-repression [108, 113]. Altered expression of factors
such as FOXA1, TREX1, and RB1, which epigenetically
regulate L1 activity, results in L1 de-repression in senes-
cent cells [105]. Of note, Zhang et al. recently revealed
that L1 is activated in senescent neurons of non-human
primates. They established the first single-nucleus tran-
scriptomic atlas to demonstrate age-dependent genomic
and epigenomic modifications in the non-human pri-
mate hippocampus. The alterations are characterized
by increased DNA damage, augmented nucleic dsDNA
release into the cytoplasm, heterochromatin decondensa-
tion, and the resulting L1 de-repression [109].

L1 activation induces cellular senescence in the nervous
system

Previous studies have shown that L1 expression can
induce the cellular senescence phenotype [126].
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Fig. 3 aThe relationship among retrotransposition activation-associated hallmarks of aging. In the nervous system, some of the hallmarks of aging
are associated with the activation of the retrotransposons. Genomic instability and epigenetic alterations are mutually reinforcing, and loss

of proteostasis and disabled macroautophagy can also contribute to epigenetic alterations [104]. Epigenetic alterations cause the activation

of retrotransposons, leading to cellular senescence and stem cell exhaustion, resulting in increased apoptosis and reduced cellular replenishment,
ultimately leading to aging [104]. Additionally, any of the above hallmarks can cause chronic inflammation, which also contributes to aging

[104]. b The link between retrotransposon activation and neural senescence. Neural senescence leads to the disorganization of heterochromatin
and subsequent activation of retrotransposons (L1, HERV) [106, 108, 113, 114]. The activated L1 or HERV forms single- or double-stranded DNA

by reverse transcription, which triggers an innate immune response through the cGAS-STING signaling pathway, leading to neuroinflammation
and senescence [106, 114]. A senescent neuron can affect adjacent neurons through the senescence-associated secretory phenotype (SASP),
leading to further neuronal senescence. Impaired DNA repair in senescent neurons increases DNA damage, leading to SIRT6 displacing
heterochromatin to bind at damage sites, exacerbating L1 derepression [88, 105, 107]. Activated L1 integrates into the genome, increasing DNA
damage and activating immune pathways. In MERV, senescence is marked by the loss of lamin B1/2, causing chromatin instability and MERV
activation, further releasing double-stranded DNA, which triggers the cGAS-STING pathway and ultimately aggravate cellular senescence [106]

Recently, Blaudin de Thé et al. reported that acute oxi-
dative stress can induce DNA damage and apoptosis
in cultured embryonic midbrain neurons and in adult
midbrain dopaminergic neurons in vivo. This often
coincides with increased L1 expression. Moreover,
enhanced L1 transcription is involved in the damage
of H,O,-induced DNA strand breaks [113]. This sug-
gests that neuronal oxidative stress may increase DNA
damage by enhancing L1 transcription, leading to cel-
lular senescence. Additionally, activation of L1 during
aging and neurodegeneration may cause DNA damage,
resulting in accumulation of neurons with senescence-
like traits in different brain regions. The senescence-like
state of these cells may propagate to adjacent neurons
through SASP (senescence-associated secretory phe-
notype), leading to chronic neuroinflammation seen in
neurodegenerative disorders [127].

Interestingly, Nozawa et al. previously identified that
certain types of human cancer cells do not generate tel-
omerase and instead employ the L1 ORF2P protein as an
alternate telomere-lengthening mechanism. Inhibiting

the activity of L1 ORF2P protein using reverse tran-
scriptase inhibitors results in significant telomere short-
ening, leading to cessation at the G2 phase of cell cycle
and, ultimately, senescence and demise of these cancer
cells [128]. This sheds light on the potential telomerase-
like functions of L1 ORF2P protein in certain scenarios.
Although the role of L1 in telomere elongation in non-
cancerous cells has not been proven, these findings
suggest that L1 activation may not always lead to cell
senescence and provide new insights into its involvement
in cellular senescence.

Neural senescence activates HERV-K, and HERV-K
promotes senescence

Elevated expression of ERVs, specifically HERV-K, may
be associated with senescence in different species, such
as yeast, Drosophila, and rodents [129-131]. Similarly,
in humans, slightly higher expression of HERV-K (HML-
2) on chromosome 1q22 is observed in the peripheral
blood mononuclear cells (PBMCs) of older individu-
als compared to younger individuals [132-134]. Several
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studies conducted by Zhang et al. and Liu et al. have
noted increased expression of HERV-K in senescent neu-
rons of primates, particularly humans [106, 114]. This
suggests a correlation between human neuronal senes-
cence and ERV transcriptional upregulation.

The process of HERV-K transcription upregulation in
senescent cells has been partly deciphered. Liu et al. dis-
covered increased expression of HERV-K in senescent
human cells and various primate tissues [106, 114]. Extra-
cellular HERV-K retroviral-like particles (RVLPs), which
are the translation products of HERV-K RNA, induce
senescence of young receptor cells through a paracrine
effect [106]. The reverse transcription product of HERV-
K RNA also stimulates neuroinflammation and neuronal
senescence via the cGAS-STING pathway [106, 114]. The
study also revealed a relationship between aging-asso-
ciated neuron-specific nuclear lamina erosion and ERV
activation in neurons. Loss of Lamin Bl and Lamin B2,
two major structural proteins of the nuclear lamina, leads
to epigenetic instability that resurrects ERVs, causing ini-
tiation of postmitotic neuronal aging [106]. These studies
provide compelling evidence that de-repression of ERVs
is closely associated with aging and plays an important
role in the mediation of cellular and tissue aging.

Further studies are needed to advance understanding
of remaining questions, such as the connection between
(epi)genomic instability and increased neuroinflamma-
tion in primate hippocampal aging, and the contributions
of various modulators of the aging process to pathology.

Retrotransposons and neurological disorders
Neurological disorders are a significant challenge to the
medical field due to their diverse and complex etiology.
Extensive research has been conducted to explore the
activity of retrotransposons in these diseases. In the fol-
lowing, we will discuss the roles of retrotransposons in
neurodevelopment-related diseases including autism
spectrum disorder (ASD) and schizophrenia (SCZ), as
well as neurodegenerative diseases including Alzheimer’s
disease (AD), amyotrophic lateral sclerosis (ALS), and
X-linked dystonia-parkinsonism (XDP).

Neurodevelopment-related diseases
Neurodevelopment-related diseases typically involve dis-
ruptions in brain development, including rare genetic
syndromes, cerebral palsy, congenital neural anomalies,
schizophrenia, ASD, attention deficit hyperactivity dis-
order, and epilepsy [170] (Table 2). Retrotransposons
exhibit specific activity in patients with neurodevelop-
mental disorders, and some retrotransposons play a sig-
nificant role in the pathogenesis of these disorders.
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ASD

ASD refers to a range of neurodevelopmental disorders
characterized by persistent difficulties in social interac-
tion as well as verbal and non-verbal communication, and
restricted or repetitive behaviors. The severity of these
symptoms varies among individuals [171]. At present,
ASD diagnosis is based solely on clinical indications due
to the lack of reliable biomarkers [171, 172]. Although the
exact causes remain to be fully understood, it is believed
that ASD is caused by a combination of genetic predis-
position and environmental factors. Immune altera-
tions, particularly maternal immune activation, may be
involved in the pathophysiology of ASD [173, 174]. Bioin-
formatics analyses of disease-related samples suggest that
the activity of certain retrotransposons, such as ERV, L1,
and Alu, is linked to ASD pathogenesis. Studies of these
retrotransposons could potentially reveal novel biomark-
ers for ASD, thereby improving the diagnostic efficiency.

ERVs have been identified as potential biomarkers for
ASD. Specific expression of the HERV family has been
detected in the PBMCs of ASD patients [175]. Similarly,
two mouse models of ASD have shown significantly
increased transcription of the MERV family [176, 177].
Balestrieri et al. found abnormal RNA levels of HEMO
(Human endogenous MER34 [medium reiteration-fre-
quency-family-34] ORF), a HERV-encoded protein, in
autistic children and their mothers. The study suggests
that HERV-H and HEMO could potentially serve as ASD
biomarkers due to their high diagnostic performance, as
determined through multivariate regression modeling
[178]. Notably, the significantly increased expression of
the HERV family in mice with VPA challenge on gesta-
tional day (GD) 10.5 persisted across F;, F,, and F; gen-
erations in brain and blood. However, the role of HERV
in the brains of ASD patients still requires further inves-
tigation [176].

The exact role of ERVs in the pathogenesis of ASD
may be linked to immunity and epigenetic alterations.
ERV overexpression is linked to increased proinflamma-
tory cytokines and Toll-like receptor (TLR) expression,
indicating a possible correlation between ERV activity
and immune response in ASD [177]. Infection-induced
maternal immune activation during pregnancy is a sig-
nificant risk factor for ASD. Cipriani et al. found dysreg-
ulation of ERV and ERV-related gene expression in the
prefrontal cortex and hippocampus of mice with prena-
tal exposure to polyinosinic: polycytidylic acid (Poly I:C)
that mimics viral maternal infection [179]. In addition,
Tovo et al. found significantly higher expression levels of
TRIM?28, SETDBI, and most HERV genes tested in ASD
subjects compared to healthy controls, indicating their
potential role in ASD pathogenesis [137]. Importantly,
POGZ, a gene frequently mutated in ASD and other



Page 12 of 28

(2025) 14:14

Zhang et al. Translational Neurodegeneration

swoydwiAs |y buimoys
92IU U] UOISSIAXDIDA0 |7 JB[|2ga19D)
‘syuaned U uoissaldxa

wS1-z51] |7 Je||9G2192 pa1eAd|a Ajpuedyiubis SHLT [ wn(|2gaJa)  35easip paie|ai-3uswdolaAapoInaN 1
sjuaned Jo sulelq ay3 ul
SUOSOdsuUeI101131 | ] SAIIDE pue
[1s1] SUO[ISUI |7 JO JaquUnu paseasny| 17 7d9N UOINAU WSISAS SNOAJSU [B1JUSD)  3SEIS|P Pale|2I-lUsUIdO|aASPOINSN  SWOIPUAS 119Y
ul2104d AUF M
-AY3H 10} aAI1EDAU 9501 O} pasedulod
9535IP JO 13SUO J3ljJea ue aAey uieyoid 212 DDA
AUJ M-AYTH 104 9A11sod s1usiied M-AYTIH SINY sndwedoddiy ‘ejepbAuie 'snikb
[051-8%1] syuaned ul uoneAyrawodAy | 17 DIYNOYD 21e|nbuId ‘el|buUeD |eseq ‘9gO| [PIUCI4  35e3SIP pPateja-luswdolaAspoinaN  Japlosip Jejodig
SuUoINaU UIyIm skemyied sjdiinwi Ul
paAjoAUl SJe sutR10id AUT M-AYTH
‘ejua1ydoziyds yum syusned ul
79 INIS 40 uolssaidxe pareinbaiskg
‘10| paiejal
-e1ua1ydoziyds 0jul UonISsUl Ny 10SIa
‘syuaiied eluaiyd NdIH £QYa ‘zaya
-0ZIY2S JO SUOIN3U Ul uonejAylawl pue niy DIYIN X910D [e1uol) 95835Ip Paejal
/¥t 1] SUOI1ISU] D11RWIOS |7 paseasdu| 17 4NGg 'X91102 |euolaid -JuswdoaAspoinan 705
saseas|p [ed1bojol
-N3U Ym paiedosse sauab Agleau jo
uonenbal-dn pue spY3 JO 195gNS
[[EWS e JO uoleAnde Ul Buninsal ‘21e1s
U11eWOIYD0I313Y Y3 JO Juswiedul] 03
pes)| suolrINW 7H0d SAH] 92U3|Is pue
91B1S UIIBWOIYD0II2Y UlRUIRW O}
19dL3S/8CNIYL O3 spulq 790d
‘asy pliw yum syusied u
SNJY JO uonejAy1aw dyidads
‘syuaned gSy wioly Add 18013
SDWEd Ul uoniqiyul dnausbids niy SCNIHL
[epl-/E1]  padNpaJ pue UOISSaIdXD |7 pasealdu| 17 790d X3110 [RIUOIDI 19pIosip [eruswWdojPAdpPOINSN asy
sjuaned
AQHAVY WOl SOINGd Ul PaAISSAO AU H 210 '5qyd
[9€1 'SEL]  -AYTH 243 Jo uoIssaidxa YNY Juenaqy H-AY3H »aya WIN1BLIS [E1UOI) 'X9110D [PIUOLDId 19pJ0sIp [eIUSWIAORASPOININ aHav
swisjueyddw  suosodsuesy
J1uaboyjed s|qissod pue Ayande -0139Yy
SadUIDYY Juoissaidxa uosodsueyonay paiejay P3AJOAUL SBUID JUSWSA|OAUL JO eIy aseasip jo adAL aseasiqg

SUOSOdSULI03 YIIM P31RIDOSSE SISPIOSIP [e2160j0INaU 3WOS T djqeL



Page 13 of 28

(2025) 14:14

Zhang et al. Translational Neurodegeneration

sui104d parejal-wsijogelaw

VNY Bunabiey Ag saxajdnipenb-o jo
AVAIIDR JUBLISGER SY) S21BCISIEXD pue
SNSW ddX U! Iz€-4V] JO UoIssaidxa

[991 '591] 1Ue.I3qe O} SPes| UoIUasUl YAS

syualjed S|\ dipeiods wol SHNGJ Ul
P35524dX2U9A0 SII|IWR) AYTH 81
‘syuaiied Sy Wolj SONG Ul

AUJ M-AYTH JO UOISsaIdxa paseaidu|
‘syuaned Jo piny [euidsoigaiad pue

[#91 ‘€91] Sulelg Ul UoISsaIdxa AYIH paseaidu)

syuaned gm
oipeJods Jo piny [euldsoigaiad sy Ul
[291'191] uond=19p AYIH Jo Aousnbaiy paseaidu|

sisoydode |euol

-N3U 3SNBD PUB 'SUIX0}0IN3U J5e3|3l
‘sleubis A1o3ewLIeUl JIUISURIY pUP
9A19231 5|12 [e1|b ay3 pue ‘skemyied
Kiorewudeyyul 126611 spioe d1ePNU
POALRP-Y-AYIH Y1 H-AHFH S91eAnde
uope|nwine djwse|dolfd ey-ddl
“YNQ L7 paseaidul pue

‘|7 punoue uoies|uebIoSIp UeWoIyd
'SUOINBU Ul S| T-DY JO S[9A3] UonelA

[091-8S1 ‘9L 1] -Ylaw paonpal moys siuaed gy

sisordode |euol

-Nau 0} pe3| 1y} suIxoioinau buises|al
‘sjeubis Alojeudwejjul Jwisuesl pue
SAI9231 §||92 [el|b pue ‘skemyied
Alorewweyul 126611 spioe d19pnu
POALSP-AYIH D1Wse|dOIAD SAYTH JO
uolssaidal-ap sadnpul uonebaibbe ne|
'souab paleai-Qy Jo uon

-eJyIpoW D11auUbIda Syl S1034e YAS
‘skemyied

Alojewweyul buieanse Ag sisoydode
[RUOINSU 3DNPUI AeWl YNY N|Y
‘suoinau

@V Ul uoissaidxa ausb yim 19}

-19}U] pUB UOIIB[NWNDIIE $5) 3dNpul |7
[/S1-GG1 ‘7L 1l] SAIIDE PUB UOIIEXE|3 UIBUWOIYD0IIDH

VAS

SAd3IH

SAd3H

A-Ad3H
L1

Ad3IH
VAS
niy
L1

(=148

umouyun

Umouxun

Er-ddl

no}

(NSWN) suoinau Auids wnipaw [e1etis

suoinau
Pa1eUI[AWSP WR1SAS SNOAIDU [RIIUDD)

X2110D |eIg2I9D ‘WN|[9g43D

s|192 [e1]B 'suoinau JO10

s|192 [e1] 'suoinau [e21140D)

J2PIOSIP 2AIRISUSHIPOINN

J2PIOSIP 2AIRISUSHIPOININ

19pIOSIP dAlRISUSHIPOININ

J2pIOSIp dAlRISUSHIPOININ

J2pIOSIp dAIRISUSHIPOINSN

ddx

S

amn

S

av

swisjueydsaw
s1uaboyjed s|qissod pue AyAnde

IESITEYEIEN] Juoissaidxa uosodsues0139y

suosodsueu}
-o19y
paiejay

PaAjOAUL SBUD

JUSWIBA|OAUL JO BaY

aseasip Jo adAL

aseasiq

(panunuod) g ajqey



Page 14 of 28

(2025) 14:14

Zhang et al. Translational Neurodegeneration

SWOIPUAS S2IRIINOD-IPJEDIY SOV ‘Wisiuosulyied-eluoISAp paxuIl-X Jax ‘sIso1a[ds jdiynw

S/ ‘953SIP qOXB(-1P[JZIN3ID D ‘SIS0IPIs [el3e] d1ydosjoAwe ST ‘asessip s /awisyz|y gy ‘elserdalfue|s) eixele J ‘eluaiydoziyds 7Js 49piosip wnidads wisine gsy 49piosip AuAideIadAy pue 3dysp uonuane gHay

sasuodsal A1orew
-WelUl-aunwwi 31eA1E SPIDe JI9)oNU
1wse|doiAd ay3 pue spioe dPNnu

paAUSp-NlY pue -7 Ul seseaidul 01 NI (SYAW) LHIH LAHWYS ‘X341 sa1/001n58
[691-/91] pea| sauab paieal Ul SUOHBINIA 17 yvay 'SUOINBU WISAS SNOAISU [IIUSD) aseasip paiejal-buiby SOV
swsjueyddw  suosodsues
s1uaboyed s|qissod pue AyAnde RIIEN]
EERIVEYETEN| Juoissaidxa uosodsuesyollay paiejay PaAjOAUL SBUID JUDWIDA|OAUI JO BAIY aseas|p Jo adA| aseasiq

(panunuod)  sjqeyr



Zhang et al. Translational Neurodegeneration (2025) 14:14

neurodevelopmental disorders [142], plays a key role in
maintaining the heterochromatin state by silencing ERVs
in ESCs through binding with TRIM28/SETDB1 [180].
POGZ deficiency results in the activation of these ERVs
which, in turn, leads to the upregulation of nearby genes
associated with neurological diseases [143]. These find-
ings provide potential avenues for exploring the patho-
genesis of ASD.

Tangsuwansri et al. analyzed blood samples and found
that in ASD patients with severe language disorders, L1
methylation levels are reduced and inversely correlated
with the levels of L1 transcript and L1-inserted Clorf27
[140]. Interestingly, Shpyleva et al. and Spirito et al
reported divergent findings regarding L1 expression, spe-
cifically in the anterior cingulate cortex of ASD patients.
This discrepancy may stem from limited sample size and
an absence of replication in postmortem brain samples.
Future research should take into account the region-spe-
cific expression patterns of L1 in the brain, as different
brain regions may exhibit distinct levels or regulation of
L1 activity. Validating these findings in larger cohorts and
across various brain regions will improve the reliability
and provide a more comprehensive understanding of L1
expression in ASD.

Current research on Alu has primarily focused on Alu
expression profiles and epigenetic modifications, spe-
cifically Alu methylation. Blood-based gene expression
profiling has revealed differential AluS methylation lev-
els and patterns in specific ASD subgroups but not all
ASD individuals, compared to controls. The percentage
of the partially methylated pattern "C™C is significantly
increased in ASD subgroup M (mild), while the percent-
age of the partially methylated pattern ™C"C is signifi-
cantly decreased in ASD subgroup S (savant), compared
to controls. Specifically, in the ASD subgroup M, AluS
expression is correlated with the methylation status [139].
RNA-sequencing data of the prefrontal cortex tissues of
individuals with ASD and normal individuals demon-
strated that most of the differentially expressed transpos-
able elements belong to the AluS and AluY subfamilies.
Alu elements, though not encoding an open reading
frame (ORF), rely on the reverse transcription machinery
of L1 for mobilization. Furthermore, the expression levels
of Alu elements are correlated with 133 host genes asso-
ciated with ASD, as well as with cell survival and death
of neurons [181]. Although research on Alu is currently
limited, these data suggest that Alu elements can provide
insights into the etiology and diagnosis of ASD.

Schizophrenia

Schizophrenia usually occurs in early adulthood and
affects approximately 1% of the population [182]. Specific
retrotransposons, HERV and L1, are distinctly modified
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in individuals with schizophrenia, which may offer diag-
nostic value.

A growing body of evidence suggests changes in the
expression of HERV sequences in schizophrenia patients.
Studies have found higher levels of HERV-W-associated
gag and pol transcripts in the peripheral blood of patients
with schizophrenia compared to healthy individuals
[183-185]. Of note, Karlsson et al. discovered nucleo-
tide sequences similar to the HERV-W gag gene in the
cerebrospinal fluid of some schizophrenic patients, but
not in healthy controls [184]. Furthermore, Tamouza
et al. observed HERV-W Env antigenemia in a subtype
of schizophrenia, indicating its potential as a marker
for subtype classification [186]. These findings suggest a
potential association between HERV-W-related proteins,
particularly the Env proteins, and schizophrenia.

Recent research has revealed a complex relationship
between HERV-W Env proteins and various signal-
ing pathways in neurons (Fig. 4), impacting on neuronal
activity and cell fate determination. Huang et al. observed
up-regulation of a set of genes related to schizophrenia
in human U251 glioma cells, including brain-derived
neurotrophic factor (BDNF), NTRK2 (neurotrophic
receptor kinase 2), and dopamine receptor D3 (DRD3),
due to over-expression of HERV-W env. This up-regu-
lation is associated with increased phosphorylation of
the cAMP-response element binding protein (CREB)
[146]. In addition, increased expression of HERV-W env
in human neuroblastoma cells leads to activation of sev-
eral signaling pathways, resulting in neuronal apoptosis,
ferroptosis, morphological alterations, and changes in
other physiological functions. In terms of neural apop-
tosis, HERV-W env triggers aberrant dopaminergic
neuronal processes via DRD2/PP2A/AKT1/GSK3 for
schizophrenia risk [144] and promotes antiviral immune
response in schizophrenia through the linc01930/cGAS/
STING pathway [187], resulting in neuronal apoptosis.
Similarly, HERV-W Env induces ferroptosis by degrading
GPX4 and SLC3A2 in schizophrenia [188]. In addition,
HERV-W Env inhibits the Wnt/c-Jun N-terminal kinases
(JNK) non-classical pathway via miR-141-3p, resulting
in reduced neuronal density and morphological altera-
tions of dendritic spines [189]. HERV-W env expression
can also cause other functional alterations. For example,
expression of HERV-W env leads to an influx of calcium
by directly increasing the expression of transient receptor
potential cation channel subfamily C member 3 (TRPC3)
and decreasing the expression of disrupted-in schizo-
phrenia 1 (DISCI) gene, which can also result in activa-
tion of TRPC3 [190]. Calcium influx through TRPC3
can activate Erk (extracellular signal-regulated kinase)
and CaMKIV (calcium/calmodulin-dependent protein
kinase IV). This in turn activates the CREB signaling
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Fig. 4 The role of HERV in schizophrenia. Overexpression of HERV-W env is widespread in the neurons of patients with schizophrenia. This triggers
a series of intracellular signaling pathways that ultimately lead to neuronal apoptosis, ferroptosis, impaired morphology, and other functional
changes that cause schizophrenia. The HERV-W Env protein interacts with and activates DRD2, leading to neuronal apoptosis through the DRD2/
PP2A/Akt1/GSK3 pathway [144]. In addition, HERV-W Env reduces inhibition of the cGAS-STING pathway by inhibiting linc01930, which induces

an immune response and ultimately leads to neuronal apoptosis [187]. HERV-W represses genes involved in ferroptosis repression, leading

to an increase in ferroptosis [188]. HERV-W also recruits YY1, which promotes the transcription of miR-141-3p, leading to activation of the Wnt5A/
INK/Arp2 signaling pathway, resulting in neuronal morphological defects [189]. In addition, HERV-W Env inhibits 5HT4R and activates the SK2 gene
[194]. HERV-W Env upregulates the expression of TRPC3, leading to an increase in intracellular Ca?* concentration and activation of CREB [190].

This leads to the upregulation of schizophrenia-related genes such as SK3, DRD3, and BDNF, causing functional changes in neurons and ultimately

leading to schizophrenia [146, 195, 196]

pathway and affects nerve growth cone induction by
BDNEF [191-193]. Additionally, Wu et al. discovered that
in patients with recent-onset schizophrenia, HERV-W
Env is elevated, and the overexpression of HERV-W Env
decreases 5-HT4 receptor levels and increases expression
of small conductance Ca®*-activated type 2 K* channels
(SK2) [194]. Overexpression of HERV-W env also leads
to increased levels of SK3 channels in human neuroblas-
toma cells [195, 196]. SK2 and SK3 channels are known
to regulate neuronal excitability, synaptic transmission,
and plasticity. Changes in these channels are associ-
ated with the risk of schizophrenia. However, cautions
should be paid when interpreting these findings. Most

studies have analyzed the overall expression of HERV-W
sequences without investigating specific HERV-W loci.
Furthermore, the relationship between HERV-W expres-
sion and other human diseases remains inconclusive. In
addition, little is known about other lineages of HERVs in
schizophrenic patients.

Studies of the methylation status and expression lev-
els of L1 in patients with schizophrenia have revealed
altered expression of some non-LTR sequences. Bundo
et al. discovered increased L1 in neurons from the pre-
frontal cortex of schizophrenia patients, and L1 inser-
tions in synapse- and schizophrenia-related genes [147].
In addition, over-representation of L1 insertions within
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the gene ontologies ‘cell projection’ and ‘postsynaptic
membrane’ has been identified in the postmortem dor-
solateral prefrontal cortex of schizophrenia patients but
not of controls [197]. L1 methylation has been detected
in peripheral blood leukocytes of individuals with schizo-
phrenia [149, 198, 199]. However, it is important to note
that there are significant individual variations in L1 meth-
ylation levels. Li et al. reported lower L1 methylation lev-
els in individuals with schizophrenia [149], while another
study discovered significantly lower L1 methylation level
in patients with first-episode psychosis, paranoid schizo-
phrenia, and methamphetamine-induced paranoia [200].

The SINE family is also associated with schizophrenia.
Maternal immune activation, which is a contributing fac-
tor to schizophrenia, affects the expression of SINE B2
(a crucial transposable element in the rodent genome)
in the stress-sensitive brain regions of rodent offspring
[201]. SINE B2 is evolutionarily related to the Alu ele-
ment in the human genome. An Alu insertion polymor-
phism (rs71389983) in complete linkage disequilibrium
with the schizophrenia GWAS risk variant rs7914558 has
been reported, which strongly represses transcriptional
activities [145].

At present, there are still many unresolved issues
regarding neurodevelopmental diseases, such as the dif-
ficulty of early diagnosis and lack of precise treatment. It
is important to note that one of the causes of these dis-
eases, including ASD and SCZ, is the malfunctioning of
connections between mature neurons and other morpho-
logical impairment, resulting in abnormal physiological
activities. So, can we turn our attention to neural stem
cells, i.e,, to find an entry point from the "NSC-NPC-neu-
ron" neurogenesis process, and intervene in the neuronal
precursor process, so as to ameliorate the abnormality of
neuronal connections? This is the outcome we are striv-
ing to achieve.

Neurodegenerative diseases

Neurodegenerative diseases are conditions characterized
by loss of neurons in the brain and spinal cord. Aging is
a significant risk factor for these diseases. Of note, retro-
transposons play important roles in neuroinflammation
and several neurodegenerative diseases.

AD

AD is a neurodegenerative disorder characterized by
intracellular neurofibrillary tangles of tau proteins and
extracellular B-amyloid plaques. Clinical manifestations
include progressive cognitive decline, memory loss and
language impairment [202]. AD progression is influenced
by age, sex, genetic predisposition, and environmental
factors, with neuroinflammation being a significant con-
tributor [203]. Retrotransposon activation is involved
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in the development of AD and may contribute to its
progression.

Studies on human postmortem brain tissues and Dros-
ophila models revealed that abnormal accumulation of
tau protein promotes chromatin relaxation and induces
retrotransposon transcription [111]. In line with this,
activation of various retrotransposons has been detected
by RNA sequencing in human postmortem brain tissues,
including L1, Alu, SVA, ERV, and others [111, 155, 156,
204, 205]. Moreover, lamivudine, a reverse transcriptase
inhibitor, reduces tau phosphorylation, inflammation,
neuronal death, and hippocampal atrophy in transgenic
P301S mice [206], further supporting the neuropatho-
logical role of retrotransposon activity. Toxic forms
of tau protein negatively affect nuclear and genomic
architecture in human brain tissue and in various tau
protein model systems [207]. The pathogenic tau protein-
induced heterochromatin disorganization and subse-
quent retrotransposon activation are a cause of neuronal
degeneration.

In AD patients, retrotransposons such as L1, SVA, and
ERV become activated, each performing slightly different
roles. Somatic recombination of Alu and L1 elements is
widespread in the human genome in normal physiologi-
cal conditions, with non-allelic homologous recombina-
tion being a common feature during double-stranded
DNA break repair. However, the somatic recombination
profiles are altered in AD [205], which suggests a link
between somatic recombination and genomic instabil-
ity in AD. In addition, accumulation of G-quadruplex
structures is observed in AD neurons with relaxed het-
erochromatin, as well as in normal neurons influenced by
chromatin-opening drugs [155]. Of note, the G4 struc-
tures found in human neurons are primarily generated
by active L1 sequences, which could subsequently disrupt
gene expression in AD neurons. Collectively, these stud-
ies indicate the involvement of L1 in the pathogenesis of
AD. Moreover, knockout of SVA elements at AD-associ-
ated risk loci alters the epigenome and the expression of
nearby genes. Structurally variable SVAs have the poten-
tial to affect the surrounding epigenome and/or tran-
scriptome [156].

Several studies have reported detection of large num-
bers of ERV transcripts in AD patients or animal mod-
els of AD [111, 204, 208]. Ochoa et al. hypothesized that
ERV may drive neuroinflammation through toxic inter-
mediates such as double-stranded RNA (dsRNA) based
on the similarity of ERV to retroviruses [207]. The levels
of dsRNA and dsRNA-sensing machinery are elevated in
astrocytes from AD patients, as well as in the brains of tau
transgenic mice. This has also been verified in a Drosoph-
ila model [207]. Moreover, Dembny et al. reported that
HERV-K RNA binds to and activates human TLR8 and
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mouse Tlr7 expressed in neurons and microglia, leading
to neurodegeneration [204]. This lays the foundation for
understanding the mechanism by which dsRNAs induce
immune responses and lead to neurodegeneration.
Notably, Evering et al. proposed a putative mechanism
for HERV dysregulation in AD: tau protein aggregation
induces de-repression of HERVs. The cytoplasmic nucleic
acids derived from HERVs activate innate immune sen-
sors, leading to the production of type I interferon and
other inflammatory signals. Microglia respond to these
signals by releasing cytokines that act on astrocytes.
Reactive astrocytes may then release neurotoxins that
impair neuronal synapses, ultimately leading to neuronal
apoptosis or neurodegeneration. (reviewed in [112]).

The involvement and roles of the SINE family in the
pathogenesis of AD are currently a topic of debate. RNA
sequencing of postmortem human brains suggests an
increase in SINE transcriptional activation [111], leading
to the hypothesis that SINEs contribute to AD pathogen-
esis. Functionally, SINE RNAs have been implicated in
B-amyloid pathology in mouse models, where their dys-
regulation may contribute to disease progression [209].
Although there are no human studies investigating the
functions of SINE elements in the brain, Alu RNAs have
been shown to trigger inflammatory pathways and apop-
tosis in non-neural human cells, particularly in retinal
pigment epithelial (RPE) cells [157]. Given the shared
developmental origin between the retina and neurons,
Alu RNAs could potentially play similar roles in neu-
ronal degeneration. Interestingly, sequencing of periph-
eral blood samples collected from late-onset Alzheimer’s
disease (LOAD) patients before phenotypic conversion
to LOAD, revealed a significant decrease in SINE tran-
scripts, compared to samples collected after pheno-
conversion [210]. This discovery highlights the intricate
regulation of SINEs in AD and calls for further research
to clarify their role.

In summary, retrotransposons may be involved in the
pathogenesis of AD, with various elements such as L1,
Alu, SVA, and ERV potentially playing important roles.
However, most existing research has focused on retro-
transposon expression in the cortex, with fewer stud-
ies exploring other brain regions associated with AD.
There are still questions regarding the mechanisms by
which retrotransposons cause inflammation in neuro-
degeneration, and how inflammation leads to differen-
tial expression of retrotransposons. Additionally, while
over 75 genes have been associated with AD, including
risk genes such as APOE, SORL1, PICALM, TREM?2, and
CR1, as well as causal genes like APP, PSEN1, and PSEN2,
the complete genetic landscape of AD remains not fully
defined [211, 212]. Therefore, it is crucial to develop new
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tools and methods to fully characterize the action sites,
preferred sites, and modes of action of retrotransposons.

ALS

ALS is a neurodegenerative disease that causes the pro-
gressive loss of motor neurons. Patients initially expe-
rience muscle weakness, and speech and swallowing
disorders, which worsen over time and ultimately lead to
fatal paralysis [213]. A hallmark of ALS pathology is the
abnormal localization of the trans-activation response
(TAR) DNA-binding protein 43 kDa (TDP-43). TDP-43
is typically located in the nuclei of neurons and glial cells
and plays a role in RNA regulation. Individuals with ALS
demonstrate a loss of TDP-43 in the nucleus and patho-
logical aggregation of TDP-43 in the cytoplasm of motor
neurons [214].

ERVs may be involved in the development of ALS,
particularly in relation to TDP-43. Several studies have
identified increased expression of HERV-K env in the
postmortem ALS brains [35, 215]. Additionally, there is a
significant correlation between the antibody for a specific
HERV-K peptide fragment and clinical indicators of dis-
ease severity in the serum and cerebrospinal fluid of ALS
patients [216]. Moreover, Simula et al. observed a corre-
lation between HERV-K and TDP-43 antibody levels in
the serum of ALS patients, and this correlation strength-
ens with disease progression [217]. Li et al. also observed
increased HERV-K transcripts and HERV-K Env protein
in ReNcell CX cell-differentiated neurons transfected
with TDP-43 [218]. Collectively, these studies suggest a
significant association between ALS severity, TDP-43,
and HERV-K throughout the onset and progression of
ALS.

Furthermore, TDP-43 and HERV-K RNA have been
found to co-localize within neurons of ALS patients
[215]. TDP-43 directly binds with TE-derived transcripts
containing L1, Alu, and ERV sequences. TDP-43 dys-
function leads to reduced association between TDP-43
and TE-derived transcripts, leading to de-repression of
the TEs [219]. Importantly, Tam et al. highlighted high
levels of retrotransposon expression and TARDBP/TDP-
43 malfunction as key ALS characteristics using machine
learning techniques. Through RNA knockdown and
sequencing technology, they demonstrated that TDP-43
binds to a transpositional segment of the transcript and
facilitates in vitro silencing, while pathological TDP-43
aggregation correlates with in vivo transposon de-silenc-
ing [110], as confirmed in a Drosophila model deficient
in TBPH, the TDP-43 homolog [220]. In addition, reac-
tivation of gypsy retrotransposons/ERV is involved in
TDP-43 proteinopathy in a Drosophila model. Further-
more, the propagation of ERVs can cause DNA damage
in nearby neurons, ultimately leading to neuronal death
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[221]. A recent study further explored the relationship
between HERV activation and TDP-43 accumulation.
Asparaginase-like-1 protein (ASRGL1) inhibits patho-
logical TDP-43 accumulation by cleaving isoaspartates
residues. The ASRGLI gene harbors a copy of HML-2.
HML-2 RNA induces antisense silencing of ASRGLI,
interfering with its splicing, translation, and/or activa-
tion of the RNA-induced silencing complex, ultimately
leading to accumulation of TDP-43 [222]. These findings
suggest a mutual reinforcement between ERV expression
and TDP-43 proteinopathy, providing insights into the
mechanisms of ALS neurodegeneration.

AD and ALS seem to share a similar pathologi-
cal mechanism: activation of the cGAS-STING path-
way by cytoplasmic nucleic acid molecules can trigger
an autoimmune response, leading to the initiation of
inflammation-associated factors and resulting in neuro-
inflammation [115, 116]. The cytoplasmic nucleic acids
can be from various sources, including TDP-43-mediated
mtDNA entry into the cytoplasm [116], dsDNA from
reverse transcription of HERV-K, as well as DNA frag-
mentation caused by inflicted DNA damage in neurons
[221]. Subsequently, the activation of the cGAS-STING
pathway stimulates TBK1, which in turn activates down-
stream transcription factors and promotes the expres-
sion of related genes [116, 223]. In addition, Romano
et al. demonstrated that defects in the siRNA pathway,
resulting from dysregulated Dicer-2 activity in TBPH-
deficient Drosophila neurons, lead to the upregulation of
retrotransposable elements (RTE) and subsequent motor
neuron degeneration [220], indicating the existence of
additional regulatory mechanisms that activate HERV-
K in neurons of ALS patients. However, this hypothesis
requires further investigation in human neurons.

Previous studies have shown that neurotoxins pro-
duced by activated glial cells can cause neuronal death,
in addition to the dysregulation of intra-neuronal path-
ways that leads to neuroinflammation and neuronal
demise. Tam et al. identified oxidative and proteotoxic
stress, along with glial activation, as key markers of
ALS [110], providing a basis for this opinion. In a Dros-
ophila model with restricted over-expression of human
TDP-43 in glia in subperineurial glia (SPG), Chang and
Dubnau found that ERV expression in SPG is required
to trigger pTDP-43 signal in neighboring neurons,
causing neighboring neuron death, and that silencing
ERV in the glial cells can effectively rescue the sur-
rounding neurons [224]. These findings suggest that
glial cells may have a more potent capability to induce
neuronal death than neuronal dysregulation. However,
there is no consensus regarding the neurotoxic media-
tors of this mechanism. Presently, the HERV-K (HML-
2) Env protein is believed to play a key role. Further
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studies have identified alternative proteins such as the
ERVK conotoxin-like protein (CTXLP) [225]. CTXLP,
a protein variant produced by a frameshift in the tran-
scription of the HERV-K env gene, has demonstrated
neurotoxicity primarily in astrocytes of ALS patients.

In ALS, inflammation is a significant factor in the dis-
ease process. Transcription factors including NF-«kB,
IRF-1, and IRF-3, play major roles in production of
inflammatory mediators [226, 227]. These transcription
factors have binding sites on the TDP-43 promoter, indi-
cating their role in increasing the expression of TDP-43
and the potential for TDP-43 proteinopathy. Moreo-
ver, the LTR regions of HERV-K contain conserved
sequences, including two interferon-stimulated response
elements. These elements can be activated by type I IFN
signaling, leading to the activation of HERV-K expres-
sion [228, 229]. Furthermore, experimental evidence has
shown that IFN-y increases the transcription of HERV-K
gag and pol, and enhances activity of reverse transcriptase
in astrocyte cell lines [230]. Importantly, CTXLP, which
is present in astrocyte cell lines, binds to the interferon-
responsive stimulatory element of HERV-K and interacts
with NF-kB. Under inflammatory conditions, NF-kB may
increase CTXLP expression, induce its migration from
the nucleus and aggregation in the cytoplasm, and trigger
apoptosis in adjacent neurons [225]. In summary, neu-
roinflammatory mediators increase TDP-43 expression
along with HERV-K. The increased TDP-43 expression
can further enhance HERV-K expression, subsequently
triggering neuroinflammation, neuron spreading, and
ultimately, motor neuron apoptosis (Fig. 5).

Besides HERYV, other retrotransposons may also con-
tribute to the development of ALS. The accumulation
of TDP-43 is linked to the derepression of retrotranspo-
sons such as LINE, SINE, and ERV families [110]. How-
ever, their roles seem to be more intricate than initially
expected. Some studies suggest that SVA may indirectly
contribute to the development of ALS [231, 232], but
further research is needed. Regarding L1 elements, stud-
ies have shown that some proteins associated with ALS
bind to and co-localize with L1 ORF1p ribonucleoprotein
particles in cytoplasmic RNA granules [125]. Further-
more, there is a reduction in neuron-specific methylation
levels of RC-L1s in ALS patients, along with chromatin
disorganization around L1 and an increase in L1 DNA
levels [158, 160]. However, there is insufficient evidence
to strongly support these findings, and the specific role
of L1 in the development of ALS still requires further
investigation.

While much progress has been made, the precise
mechanisms linking HERV-K to ALS neurodegeneration,
as well as its relationship with TDP-43 and neuroinflam-
mation, remain to be fully elucidated. Further studies are
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Fig. 5 The role of HERV in the pathogenesis of ALS. HERV-K activity is inhibited by nuclear TDP-43.In ALS patients, TDP-43 is deposited

in the cytoplasm of neurons and glial cells, including astrocytes and microglia, and HERV-K is derepressed in neurons and glial cells. The

cytoplasmic accumulation of TDP-43 can be resolved by ASRGL1; however, HML-2 RNA induces antisense silencing of ASRGL1, thereby leading
to the cytoplasmic accumulation of TDP-43 [222]. HERV-K forms dsDNA by reverse transcription, and the dsDNA enters the cytoplasm, activates
the cGAS-STING pathway, triggers an immune response, and releases inflammatory factors and other substances that act on neighboring
neurons or glial cells, ultimately leading to neuronal apoptosis [115, 220, 221]. TDP-43 deposition in neurons leads to the release of mitochondrial
DNA [116], while the toxic effects of glial cells can also lead to the release of DNA fragments from DNA damage [110, 224]. Both events activate
the cGAS-STING signaling pathway through cytoplasmic DNA receptors, triggering an innate immune response. In addition, TDP-43 may inhibit
the formation of RISC by inhibiting Dicer-2 activity in neurons, thereby reducing the inhibitory effect of RISC on HERV-K [220]. In astrocytes, HERV-K
can translate into CTXLP, which has neurotoxic effects [225]

needed to advance our understanding of the functional

relationship between HERV-K, neuroinflammation, and

TDP-43, which may provide insight into therapeutics to
slow or halt ALS disease progression.

XDP

XDP is an X-linked recessive disorder that typically pre-
sents with torsional dystonia, followed by Parkinson’s
syndrome. The disorder is characterized by neuronal loss
and striatal gliosis [233, 234]. Makino et al. identified a
disease-specific SVA insertion in an intron of the TATA-
Box Binding Associated Factor 1 (TAFI) gene. TAF1 is a
crucial component of the TFIID pre-initiation complex,

which plays a significant role in eukaryotic transcrip-
tion [235]. Subsequent research, using various genome
and transcriptome assembly methods, confirmed the
disease-causing mutation to be located at the TAFI locus
and validated that SVA insertion into the 32nd intron of
the gene mediates aberrant transcription associated with
XDP [236].

Clinical studies have shown a significant correla-
tion between sequence variants in XDP-specific SVA
sequences and phenotypic variations of XDP. Specifi-
cally, polymorphic variants within the hexanucleotide
repeat region (CCCTCT), of SVA sequences negatively
correlate with the age at onset [237-239] and age at
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death [239], while positively correlating with disease
severity and cognitive impairment [238].

The functional implications of SVA insertion in
pathogenesis are uncertain. It is hypothesized that the
insertion of SVA affects TAFI transcription, as previous
studies have demonstrated abnormal TAFI exon tran-
scription in the caudate nucleus of XDP patients [235],
in cultured XDP fibroblasts [240, 241], and in iPSC-
derived NSCs [240]. However, the connection between
these transcriptional deficiencies and disease-specific
SVA insertions remains unclear. The earlier-mentioned
transcription abnormality is characterized by down-
regulation of the intact TAF1 transcript, which includes
the SVA insertion site [240]. However, patient-derived
neural progenitor cells and their extracellular vesicles
exhibit higher expression of a TAF1 isoform, TAF1-32i,
compared to controls [242]. Similar phenomenon has
been noted in iPSCs, NSCs, fibroblasts, and neurons
[236]. The generation of this TAF1 isoform, TAF1-32i,
is directly linked to the presence of the SVA insertion
within intron 32 of the TAFI gene. Notably, the level of
TAF1-32 is normalized after selective removal of SVA
in intron 32 by CRISPR/Cas9 in patient cell lines [236].
These findings support the involvement of SVA inser-
tion in TAFI transcription defects.

Furthermore, the mechanism by which the SVA
insertion impairs TAF1 transcription is not fully under-
stood. Bragg et al. conducted a bioinformatics analysis
of this SVA sequence and found that multiple motifs,
particularly the hexameric repeat structure domain, are
predicted to form G-quadruplexes [237]. These G-quad-
ruplexes may cause a delay in TAFI transcription by
RNA polymerase II. In addition, acetylated histone H3
(AcH3) binding to the exon immediately adjacent to the
intronic SVA was decreased in fibroblasts and NSCs
derived from XDP, which could be rectified by CRISPR/
Cas excision of SVA [166], indicating that SVA inser-
tion contributes to the dysregulation of TAF1 expres-
sion by altering histone status of the insertion region.
In another study, Liith et al. identified a high frequency
of CpG methylation in the SVA insertion and surround-
ing regions using nanopore sequencing. Slight varia-
tions in predicted enhancer sites adjacent to the SVA
locus were observed between XDP patients and con-
trols [243]. Pozojevic et al. suggested that the XDP-
specific SVA reverse transcriptional transposon could
act as a transcriptional repressor, inhibiting TAF1 pro-
moter activity [244]. However, Bragg et al. concluded
that XDP-specific SVA functions as a promoter [237].
Further research is necessary to clarify the role of SVA
in the transcription process.

In conclusion, the role of SVA activity and TAFI tran-
scriptional abnormalities in the pathophysiology of XDP
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remains to be studied. To investigate the impact of TAFI
mutations on medium spiny neuron (MSN) susceptibil-
ity, Tshilenge et al. conducted proteomic examinations
on NSCs and induced pluripotent stem cell-derived
MSNs obtained from human XDP patients. Functional
enrichment analysis revealed a significant representa-
tion of pathways related to neurodegenerative diseases,
including HD, spinocerebellar ataxia, cellular senescence,
mitochondrial function, and RNA-binding metabolism
[165]. TAF1, YY1, ATF2, USF1, and MYC, are identified
as among the most enriched transcription factors [165].
Notably, an association was found between YY1 and the
inherited form of dystonia. Specifically, the SVA insertion
causes aberrant expression of TAF-32i in XDP MSNs and
amplifies G-tetrasomy dysfunction by targeting RNA
metabolism-related proteins, namely SRSF2, POLDIP3,
TRA2B, and TIA1. Furthermore, as a repeat expansion
disease, XDP exhibits repeat-associated non-AUG (RAN)
translation of the (AGAGGG)n-repeat sequences [245],
suggesting new avenues for investigating the pathogenic
mechanism of XDP.

Future investigations should focus on applying robust
computational methods for histological analysis, specifi-
cally on the impact of TAF1 transcriptional abnormality
on neurons. Additionally, it is important to confirm the
potential regulatory entities such as YY1 and SRSF2.

Currently, studies have identified similarities between
functions of the retrotransposons in the natural aging
process and those in neurodegenerative diseases. Retro-
transposon activation occurs through heterochromatin
disorganization and loss of proteostasis during aging.
Similarly, retrotransposon activation in a subset of neu-
rodegenerative disorders is caused by aberrant protein
aggregation. Additionally, activation of the cGAS-STING
pathway after retrotransposon activation is a common
feature of both natural aging and some neurodegenera-
tive diseases. Therefore, whether targeting retrotranspo-
sons could delay aging in the natural aging process and
potentially prevent the onset of neurodegenerative dis-
eases is a promising area for future research.

Concluding remarks

Retrotransposons are increasingly recognized to play
significant roles in neurodevelopment, neuroaging, and
neurological diseases. The impact of retrotransposons
extends beyond genome insertion. The resulting RNA,
DNA, or translation products, particularly those in the
ERV family, have pivotal functions. Inserted retrotrans-
posons can potentially modify gene expression or acti-
vate functional pathways. These retrotransposons and
their derivatives interact with various genes and signaling
pathways at different stages, facilitating specific physi-
ological processes such as neural development and aging.
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Dysregulation of certain molecules in this process could
trigger diseases, including neurodevelopmental and neu-
rodegenerative disorders.

However, studies of retrotransposons face several chal-
lenges. One significant issue is the repetitive nature of
retrotransposons, which complicates accurate mapping
and transcript assignment. Studies using human samples
are often limited by statistical power, imprecise sequenc-
ing methods, and a lack of single-cell resolution, hinder-
ing detailed understanding of retrotransposon behavior
at the cellular level. In particular, HERVs pose unique
difficulties: while their expression is necessary for nor-
mal development, they must be tightly regulated and
downregulated at specific stages to allow proper cellular
differentiation. This dual role complicates experimental
manipulation and poses a challenge for understanding
their contribution to neurodevelopment and disease [83,
85].

Recent advances in technology provide promising
opportunities to address these challenges. Long-read
sequencing technologies enable more accurate mapping
of retrotransposon insertions, while CRISPR-based gene
editing allows precise control of retrotransposon activity
in experimental settings. Spatial sequencing techniques
are also expected to play a key role in identifying the spe-
cific cell types in diseased tissues where retrotransposons
are active, helping to clarify their contribution to disease
phenotypes. Furthermore, advanced bioinformatics tools
and machine learning algorithms can enhance single-
cell analysis and provide a deeper understanding of ret-
rotransposon regulation [246, 247]. These approaches,
combined with human-based models such as organoids
and senescence-induced neurons, will improve the accu-
racy and relevance of research findings [248, 249]. By uti-
lizing these technological advancements, future studies
may identify novel diagnostic and therapeutic targets for
neurodevelopmental and neurodegenerative disorders.
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