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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.  1a). 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 

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 DNMT1. 
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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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) 

Fig. 1  a Transposon family classification. Human transposons can be divided into two main groups: retrotransposons (class I) and DNA 
transposons (class II). 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. c Structure of retrotransposons. RC-L1s 
(retrotransposition-capable L1s) contain a 5’-UTR, two internal RNA polymerase II promoters, and three open-reading frames (ORF0, ORF1, 
ORF2). ORF0 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 III [47]. Sine-VNTR-Alu (SVA) includes a CCC​TCT​ 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]
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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, Jönsson 
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 

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. 
Jönsson 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 HDAC1 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 
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Fig. 2  a The roles of retrotransposons in adult neurogenesis. L1 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-β-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 m6A-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 lncRNA 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 Neurod1 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 Neurod1 promoter and repress it. 
During NSC differentiation, β-catenin is activated and 
accumulates in the nucleus in response to astrocyte-
derived Wnt proteins [70]. β-catenin forms an activation 
complex with TCF/LEF, promoting transcription of the 
Neurod1 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-
rod1 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-β–catenin signaling pathway can activate L1 during 
the differentiation of NSCs into NPCs. Notably, Okamoto 
et  al. discovered a reduction in Wnt3 secretion during 

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 

that the NAT1/TUT7/HERV-H axis is crucial in the 
neural differentiation of pluripotent stem cells: NAT1 
enhances TUT7 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/LTR7 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 LINC01876 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, L1MdA_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 

developmental abnormalities, remain key areas for future 
research [83, 85].

Specific retrotransposon subfamilies, such as 
L1MdA_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 



Page 9 of 28Zhang et al. Translational Neurodegeneration           (2025) 14:14 	

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, SIRT6, 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]. 

Table 1  Seven aging hallmarks related to retrotransposition and evidence supporting the correlation

Hallmark category Retrotransposition-
related hallmarks

Evidence References

Molecules and organelles Genomic instability In senescent cells, unstable genomes segregate SIRT6 from L1 loci, reducing 
L1 inhibition by SIRT6
Loss of B-type lamin revives ERVs, initiating the neuronal aging cascade

[88, 105–107]

Epigenetic alterations Loss of H3K9me3 in aged neurons, with cell-type specific heterochromatin 
loss and L1 activation
Aging primate hippocampus shows age-related heterochromatin decon-
densation and L1 derepression

[108, 109]

Loss of proteostasis Tau aggregation in AD brains triggers derepression of L1, SINE, and ERV1, 
leading to senescence and degeneration
TDP-43 aggregation in ALS neurons triggers HERV-K derepression, leading 
to senescence

[110–112]

Disabled autophagy In AD and ALS, impaired autophagy prevents clearance of pathologically 
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

[110–113]

Cells and supracellular units Cellular 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 
to impaired neurogenesis and insufficient neuronal replenishment

[77]

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

[106, 109, 114–116]
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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 H2O2-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 

Fig. 3  a The 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]
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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 B1 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.

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 F1, F2, and F3 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 
TRIM28, SETDB1, 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 
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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 C1orf27 
[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  uCmC is significantly 
increased in ASD subgroup M (mild), while the percent-
age of the partially methylated pattern  mCuC 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 

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 (DISC1) 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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pathway and affects nerve growth cone induction by 
BDNF [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 Ca2+-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 

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/
JNK/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 Ca2+ 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]
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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 β-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 

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 
β-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, TREM2, 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 

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 ASRGL1 gene harbors a copy of HML-2. 
HML-2 RNA induces antisense silencing of ASRGL1, 
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 

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-κB, 
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-γ 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-κB. Under inflammatory conditions, NF-κB 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 HERV, 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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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 (TAF1) 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 TAF1 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 (CCC​TCT​)n of SVA sequences negatively 
correlate with the age at onset [237–239] and age at 

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]
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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 TAF1 transcription, as previous 
studies have demonstrated abnormal TAF1 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 TAF1 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 TAF1 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 TAF1 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, Lüth 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 TAF1 tran-
scriptional abnormalities in the pathophysiology of XDP 

remains to be studied. To investigate the impact of TAF1 
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 (AGA​GGG​)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.

Abbreviations
AD	� Alzheimer’s disease
AGS	� Aicardi-Goutières syndrome
ALS	� Amyotrophic lateral sclerosis
ASD	� Autism spectrum disorder
AT	� Ataxia telangiectasia
BDNF	� Brain-derived neurotrophic factor
bHLH	� Basic helix-loop-helix
cGAS-STING	� Cyclic GMP–AMP synthase (cGAS)–stimulator of interferon 

genes (STING)
CJD	� Creutzfeldt-Jakob disease
CREB	� CAMP-response element binding protein
CTXLP	� Conotoxin-like protein
DNMT1	� DNA methyltransferase 1
DRD3	� Dopamine receptor D3
dUTPase	� Uracil deoxyribonucleoside triphosphatase
EN	� Endonucleases
ERV	� Endogenous retroviruses
HERV	� Human endogenous retroviruses
hESCs	� Human embryonic stem cells

hNPCs	� Human neural progenitor cells
IN	� Integration-dependent
iPSC	� Induced pluripotent stem cell
JNK	� C-Jun N-terminal kinases
L1	� Long interspersed nuclear elements-1
LOAD	� Late-onset Alzheimer’s disease
LTR	� Long terminal repeat
MeCP2	� Methylated CpG-binding protein 2
MS	� Multiple sclerosis
NPCs	� Neural progenitor cells
NSCs	� Neural stem cells
PBMCs	� Peripheral blood mononuclear cells
PRC2	� Polycomb repression complex 2
RAN	� Repeat-associated non-AUG​
RC-L1s	� Retrotransposition-capable L1s
RPE	� Retinal pigment epithelial
RT	� Reverse transcriptase
RTE	� Retrotransposable element
RVLPs	� Retroviral-like particles
SCZ	� Schizophrenia
SINE	� Short interspersed nuclear elements
SK2	� Small conductance Ca2+-activated type 2 K+ channels
SOX-11	� Sex-determining region Y frameshift protein 11
SVA	� SINE-VNTR-Alu
TAF1	� TATA-Box binding associated factor 1
TDP-43	� Trans-activation response DNA-binding protein 43 kDa
TE	� Transposable element
TLR	� Toll-like receptor
TPRT	� Target-primed reverse transcription
TRPC3	� Transient receptor potential cation channel subfamily C mem-

ber 3
XDP	� X-linked dystonia-parkinsonism

Acknowledgements
Not applicable.

Author contributions
WZ made substantial contributions to drafting the manuscript and creating 
the figures. CH contributed by drafting an initial version of the manuscript. 
HY provided assistance in revising the draft. SY assisted in the preparation of 
the figures. ZJ and JS offered critical guidance and revisions to improve the 
manuscript. XW supervised the entire project. All authors have reviewed and 
approved the final version of the manuscript and agreed to be personally 
accountable for their own contributions.

Funding
This review was supported by the Tianshan Talent Training Program 
(2023TSYCCX0051).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Received: 23 May 2024   Accepted: 21 January 2025



Page 23 of 28Zhang et al. Translational Neurodegeneration           (2025) 14:14 	

References
	 1.	 Kritsilis M, Rizou SV, Koutsoudaki PN, Evangelou K, Gorgoulis VG, 

Papadopoulos D. Ageing, cellular senescence and neurodegenerative 
disease. Int J Mol Sci. 2018;19(10):2937.

	 2.	 Morris-Rosendahl DJ, Crocq MA. Neurodevelopmental disorders-the 
history and future of a diagnostic concept. Dialogues Clin Neurosci. 
2020;22(1):65–72.

	 3.	 Druker R, Whitelaw E. Retrotransposon-derived elements in the mam-
malian genome: a potential source of disease. J Inherit Metab Dis. 
2004;27(3):319–30.

	 4.	 Jern P, Coffin JM. Effects of retroviruses on host genome function. Annu 
Rev Genet. 2008;42:709–32.

	 5.	 Boeke JD, Garfinkel DJ, Styles CA, Fink GR. Ty elements transpose 
through an RNA intermediate. Cell. 1985;40(3):491–500.

	 6.	 Huang CR, Burns KH, Boeke JD. Active transposition in genomes. Annu 
Rev Genet. 2012;46:651–75.

	 7.	 Brown PO, Bowerman B, Varmus HE, Bishop JM. Correct integration of 
retroviral DNA in vitro. Cell. 1987;49(3):347–56.

	 8.	 Luan DD, Korman MH, Jakubczak JL, Eickbush TH. Reverse transcription 
of R2Bm RNA is primed by a nick at the chromosomal target site: a 
mechanism for non-LTR retrotransposition. Cell. 1993;72(4):595–605.

	 9.	 Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, 
et al. Initial sequencing and analysis of the human genome. Nature. 
2001;409(6822):860–921.

	 10.	 Beck CR, Garcia-Perez JL, Badge RM, Moran JV. LINE-1 elements in 
structural variation and disease. Annu Rev Genomics Hum Genet. 
2011;12:187–215.

	 11.	 Philippe C, Vargas-Landin DB, Doucet AJ, van Essen D, Vera-Otarola J, 
Kuciak M, et al. Activation of individual L1 retrotransposon instances is 
restricted to cell-type dependent permissive loci. Elife. 2016;5:e13926.

	 12.	 Brouha B, Schustak J, Badge RM, Lutz-Prigge S, Farley AH, Moran JV, 
et al. Hot L1s account for the bulk of retrotransposition in the human 
population. Proc Natl Acad Sci U S A. 2003;100(9):5280–5.

	 13.	 Tubio JMC, Li Y, Ju YS, Martincorena I, Cooke SL, Tojo M, et al. Mobile 
DNA in cancer. Extensive transduction of nonrepetitive DNA 
mediated by L1 retrotransposition in cancer genomes. Science. 
2014;345(6196):1251343.

	 14.	 Burns KH, Boeke JD. Human transposon tectonics. Cell. 
2012;149(4):740–52.

	 15.	 Li X, Bie L, Wang Y, Hong Y, Zhou Z, Fan Y, et al. LINE-1 transcription 
activates long-range gene expression. Nat Genet. 2024;56(7):1494–502.

	 16.	 Meng S, Liu X, Zhu S, Xie P, Fang H, Pan Q, et al. Young LINE-1 transpo-
son 5’ UTRs marked by elongation factor ELL3 function as enhancers 
to regulate naive pluripotency in embryonic stem cells. Nat Cell Biol. 
2023;25(9):1319–31.

	 17.	 Bourque G, Leong B, Vega VB, Chen X, Lee YL, Srinivasan KG, et al. 
Evolution of the mammalian transcription factor binding repertoire via 
transposable elements. Genome Res. 2008;18(11):1752–62.

	 18.	 Wang T, Zeng J, Lowe CB, Sellers RG, Salama SR, Yang M, et al. Species-
specific endogenous retroviruses shape the transcriptional network 
of the human tumor suppressor protein p53. Proc Natl Acad Sci U S A. 
2007;104(47):18613–8.

	 19.	 Sun X, Wang X, Tang Z, Grivainis M, Kahler D, Yun C, et al. Transcription 
factor profiling reveals molecular choreography and key regula-
tors of human retrotransposon expression. Proc Natl Acad Sci U S A. 
2018;115(24):E5526–35.

	 20.	 Sundaram V, Cheng Y, Ma Z, Li D, Xing X, Edge P, et al. Widespread 
contribution of transposable elements to the innovation of gene regu-
latory networks. Genome Res. 2014;24(12):1963–76.

	 21.	 Yu H, Chen M, Hu Y, Ou S, Yu X, Liang S, et al. Dynamic reprogramming 
of H3K9me3 at hominoid-specific retrotransposons during human 
preimplantation development. Cell Stem Cell. 2022;29(7):1031-50 e12.

	 22.	 Agostinho-de-Sousa J, Wong CW, Dunkel I, Owens T, Voigt P, Hodgson 
A, et al. Epigenetic dynamics during capacitation of naive human 
pluripotent stem cells. Sci Adv. 2023;9(39):eadg1936.

	 23.	 Chuong EB, Elde NC, Feschotte C. Regulatory activities of transposable 
elements: from conflicts to benefits. Nat Rev Genet. 2017;18(2):71–86.

	 24.	 Bourque G, Burns KH, Gehring M, Gorbunova V, Seluanov A, Hammell 
M, et al. Ten things you should know about transposable elements. 
Genome Biol. 2018;19(1):199.

	 25.	 Ewing AD, Kazazian HH Jr. High-throughput sequencing reveals 
extensive variation in human-specific L1 content in individual human 
genomes. Genome Res. 2010;20(9):1262–70.

	 26.	 Xing J, Zhang Y, Han K, Salem AH, Sen SK, Huff CD, et al. Mobile 
elements create structural variation: analysis of a complete human 
genome. Genome Res. 2009;19(9):1516–26.

	 27.	 Huang CR, Schneider AM, Lu Y, Niranjan T, Shen P, Robinson MA, et al. 
Mobile interspersed repeats are major structural variants in the human 
genome. Cell. 2010;141(7):1171–82.

	 28.	 Evrony GD, Lee E, Mehta BK, Benjamini Y, Johnson RM, Cai X, et al. Cell 
lineage analysis in human brain using endogenous retroelements. 
Neuron. 2015;85(1):49–59.

	 29.	 Bedrosian TA, Quayle C, Novaresi N, Gage FH. Early life experience 
drives structural variation of neural genomes in mice. Science. 
2018;359(6382):1395–9.

	 30.	 Erwin JA, Paquola AC, Singer T, Gallina I, Novotny M, Quayle C, et al. 
L1-associated genomic regions are deleted in somatic cells of the 
healthy human brain. Nat Neurosci. 2016;19(12):1583–91.

	 31.	 Roulois D, Loo Yau H, Singhania R, Wang Y, Danesh A, Shen SY, et al. 
DNA-demethylating agents target colorectal cancer cells by inducing 
viral mimicry by endogenous transcripts. Cell. 2015;162(5):961–73.

	 32.	 Spengler RM, Oakley CK, Davidson BL. Functional microRNAs and target 
sites are created by lineage-specific transposition. Hum Mol Genet. 
2014;23(7):1783–93.

	 33.	 Petri R, Brattas PL, Sharma Y, Jonsson ME, Pircs K, Bengzon J, et al. LINE-2 
transposable elements are a source of functional human microRNAs 
and target sites. PLoS Genet. 2019;15(3): e1008036.

	 34.	 Lu X, Sachs F, Ramsay L, Jacques PE, Goke J, Bourque G, et al. The retro-
virus HERVH is a long noncoding RNA required for human embryonic 
stem cell identity. Nat Struct Mol Biol. 2014;21(4):423–5.

	 35.	 Li W, Lee MH, Henderson L, Tyagi R, Bachani M, Steiner J, et al. Human 
endogenous retrovirus-K contributes to motor neuron disease. Sci 
Transl Med. 2015;7(307):307ra153.

	 36.	 Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a 
and Dnmt3b are essential for de novo methylation and mammalian 
development. Cell. 1999;99(3):247–57.

	 37.	 Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt JD, et al. Dnmt1 and 
Dnmt3a maintain DNA methylation and regulate synaptic function in 
adult forebrain neurons. Nat Neurosci. 2010;13(4):423–30.

	 38.	 Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA methyltrans-
ferase gene results in embryonic lethality. Cell. 1992;69(6):915–26.

	 39.	 Feng S, Jacobsen SE, Reik W. Epigenetic reprogramming in plant and 
animal development. Science. 2010;330(6004):622–7.

	 40.	 Wiznerowicz M, Jakobsson J, Szulc J, Liao S, Quazzola A, Beermann F, 
et al. The Kruppel-associated box repressor domain can trigger de novo 
promoter methylation during mouse early embryogenesis. J Biol Chem. 
2007;282(47):34535–41.

	 41.	 Matsui T, Leung D, Miyashita H, Maksakova IA, Miyachi H, Kimura H, et al. 
Proviral silencing in embryonic stem cells requires the histone methyl-
transferase ESET. Nature. 2010;464(7290):927–31.

	 42.	 Thomas JH, Schneider S. Coevolution of retroelements and tandem 
zinc finger genes. Genome Res. 2011;21(11):1800–12.

	 43.	 Jonsson ME, Ludvik Brattas P, Gustafsson C, Petri R, Yudovich D, Pircs 
K, et al. Activation of neuronal genes via LINE-1 elements upon global 
DNA demethylation in human neural progenitors. Nat Commun. 
2019;10(1):3182.

	 44.	 Brattas PL, Jonsson ME, Fasching L, Nelander Wahlestedt J, Shahsavani 
M, Falk R, et al. TRIM28 controls a gene regulatory network based on 
endogenous retroviruses in human neural progenitor cells. Cell Rep. 
2017;18(1):1–11.

	 45.	 Fasching L, Kapopoulou A, Sachdeva R, Petri R, Jonsson ME, Manne 
C, et al. TRIM28 represses transcription of endogenous retroviruses in 
neural progenitor cells. Cell Rep. 2015;10(1):20–8.

	 46.	 Jonsson ME, Garza R, Johansson PA, Jakobsson J. Transposable ele-
ments: a common feature of neurodevelopmental and neurodegen-
erative disorders. Trends Genet. 2020;36(8):610–23.

	 47.	 Zhang L, Chen JG, Zhao Q. Regulatory roles of Alu transcript on gene 
expression. Exp Cell Res. 2015;338(1):113–8.

	 48.	 Garcia-Montojo M, Doucet-O’Hare T, Henderson L, Nath A. Human 
endogenous retrovirus-K (HML-2): a comprehensive review. Crit Rev 
Microbiol. 2018;44(6):715–38.



Page 24 of 28Zhang et al. Translational Neurodegeneration           (2025) 14:14 

	 49.	 Bond AM, Ming GL, Song H. Adult mammalian neural stem cells and 
neurogenesis: five decades later. Cell Stem Cell. 2015;17(4):385–95.

	 50.	 Ming GL, Song H. Adult neurogenesis in the mammalian brain: signif-
icant answers and significant questions. Neuron. 2011;70(4):687–702.

	 51.	 Yao B, Christian KM, He C, Jin P, Ming GL, Song H. Epigenetic mecha-
nisms in neurogenesis. Nat Rev Neurosci. 2016;17(9):537–49.

	 52.	 Wang Y, Guo Y, Tang C, Han X, Xu M, Sun J, et al. Developmental 
cytoplasmic-to-nuclear translocation of RNA-binding protein HuR is 
required for adult neurogenesis. Cell Rep. 2019;29(10):3101-17 e7.

	 53.	 Thomas CA, Paquola AC, Muotri AR. LINE-1 retrotransposition in the 
nervous system. Annu Rev Cell Dev Biol. 2012;28:555–73.

	 54.	 Della Valle F, Thimma MP, Caiazzo M, Pulcrano S, Celii M, Adroub 
SA, et al. Transdifferentiation of mouse embryonic fibroblasts into 
dopaminergic neurons reactivates LINE-1 repetitive elements. Stem 
Cell Reports. 2020;14(1):60–74.

	 55.	 Muotri AR, Chu VT, Marchetto MC, Deng W, Moran JV, Gage FH. 
Somatic mosaicism in neuronal precursor cells mediated by L1 retro-
transposition. Nature. 2005;435(7044):903–10.

	 56.	 Prak ET, Dodson AW, Farkash EA, Kazazian HH Jr. Tracking an 
embryonic L1 retrotransposition event. Proc Natl Acad Sci U S A. 
2003;100(4):1832–7.

	 57.	 Macia A, Widmann TJ, Heras SR, Ayllon V, Sanchez L, Benkaddour-
Boumzaouad M, et al. Engineered LINE-1 retrotransposition in 
nondividing human neurons. Genome Res. 2017;27(3):335–48.

	 58.	 Muotri AR, Zhao C, Marchetto MC, Gage FH. Environmental influence 
on L1 retrotransposons in the adult hippocampus. Hippocampus. 
2009;19(10):1002–7.

	 59.	 Upton KR, Gerhardt DJ, Jesuadian JS, Richardson SR, Sanchez-Luque 
FJ, Bodea GO, et al. Ubiquitous L1 mosaicism in hippocampal neu-
rons. Cell. 2015;161(2):228–39.

	 60.	 Swergold GD. Identification, characterization, and cell specificity of a 
human LINE-1 promoter. Mol Cell Biol. 1990;10(12):6718–29.

	 61.	 de la Rica L, Deniz O, Cheng KC, Todd CD, Cruz C, Houseley J, et al. 
TET-dependent regulation of retrotransposable elements in mouse 
embryonic stem cells. Genome Biol. 2016;17(1):234.

	 62.	 Hata K, Sakaki Y. Identification of critical CpG sites for repression of L1 
transcription by DNA methylation. Gene. 1997;189(2):227–34.

	 63.	 Walter M, Teissandier A, Perez-Palacios R, Bourc’his D. An epigenetic 
switch ensures transposon repression upon dynamic loss of DNA 
methylation in embryonic stem cells. Elife. 2016;5.

	 64.	 Klawitter S, Fuchs NV, Upton KR, Munoz-Lopez M, Shukla R, Wang J, 
et al. Reprogramming triggers endogenous L1 and Alu retrotrans-
position in human induced pluripotent stem cells. Nat Commun. 
2016;7:10286.

	 65.	 Wissing S, Munoz-Lopez M, Macia A, Yang Z, Montano M, Collins W, 
et al. Reprogramming somatic cells into iPS cells activates LINE-1 
retroelement mobility. Hum Mol Genet. 2012;21(1):208–18.

	 66.	 Coufal NG, Garcia-Perez JL, Peng GE, Yeo GW, Mu Y, Lovci MT, et al. 
L1 retrotransposition in human neural progenitor cells. Nature. 
2009;460(7259):1127–31.

	 67.	 Salvador-Palomeque C, Sanchez-Luque FJ, Fortuna PRJ, Ewing AD, 
Wolvetang EJ, Richardson SR, et al. Dynamic methylation of an L1 
transduction family during reprogramming and neurodifferentiation. 
Mol Cell Biol. 2019;39(7):100499.

	 68.	 Muotri AR, Marchetto MC, Coufal NG, Oefner R, Yeo G, Nakashima 
K, et al. L1 retrotransposition in neurons is modulated by MeCP2. 
Nature. 2010;468(7322):443–6.

	 69.	 Bylund M, Andersson E, Novitch BG, Muhr J. Vertebrate neurogenesis 
is counteracted by Sox1-3 activity. Nat Neurosci. 2003;6(11):1162–8.

	 70.	 Kuwabara T, Hsieh J, Muotri A, Yeo G, Warashina M, Lie DC, et al. Wnt-
mediated activation of NeuroD1 and retro-elements during adult 
neurogenesis. Nat Neurosci. 2009;12(9):1097–105.

	 71.	 Gao Z, Ure K, Ables JL, Lagace DC, Nave KA, Goebbels S, et al. Neurod1 
is essential for the survival and maturation of adult-born neurons. Nat 
Neurosci. 2009;12(9):1090–2.

	 72.	 Vanderhaeghen P. Wnts blow on NeuroD1 to promote adult neuron 
production and diversity. Nat Neurosci. 2009;12(9):1079–81.

	 73.	 Penzo-Mendez AI. Critical roles for SoxC transcription factors in devel-
opment and cancer. Int J Biochem Cell Biol. 2010;42(3):425–8.

	 74.	 Jankowski MP, Cornuet PK, McIlwrath S, Koerber HR, Albers KM. SRY-box 
containing gene 11 (Sox11) transcription factor is required for neuron 
survival and neurite growth. Neuroscience. 2006;143(2):501–14.

	 75.	 Tchenio T, Casella JF, Heidmann T. Members of the SRY family regulate 
the human LINE retrotransposons. Nucleic Acids Res. 2000;28(2):411–5.

	 76.	 Orqueda AJ, Gatti CR, Ogara MF, Falzone TL. SOX-11 regulates LINE-1 
retrotransposon activity during neuronal differentiation. FEBS Lett. 
2018;592(22):3708–19.

	 77.	 Okamoto M, Inoue K, Iwamura H, Terashima K, Soya H, Asashima M, 
et al. Reduction in paracrine Wnt3 factors during aging causes impaired 
adult neurogenesis. FASEB J. 2011;25(10):3570–82.

	 78.	 Toda T, Bedrosian TA, Schafer ST, Cuoco MS, Linker SB, Ghassemzadeh S, 
et al. Long interspersed nuclear elements safeguard neural progenitors 
from precocious differentiation. Cell Rep. 2024;43(2): 113774.

	 79.	 Mangoni D, Simi A, Lau P, Armaos A, Ansaloni F, Codino A, et al. LINE-1 
regulates cortical development by acting as long non-coding RNAs. 
Nat Commun. 2023;14(1):4974.

	 80.	 Ma DK, Marchetto MC, Guo JU, Ming GL, Gage FH, Song H. Epigenetic 
choreographers of neurogenesis in the adult mammalian brain. Nat 
Neurosci. 2010;13(11):1338–44.

	 81.	 Urban N, Guillemot F. Neurogenesis in the embryonic and adult brain: 
same regulators, different roles. Front Cell Neurosci. 2014;8:396.

	 82.	 Gao L, Wu K, Liu Z, Yao X, Yuan S, Tao W, et al. Chromatin accessibility 
landscape in human early embryos and its association with evolution. 
Cell. 2018;173(1):248-591 e5.

	 83.	 Grow EJ, Flynn RA, Chavez SL, Bayless NL, Wossidlo M, Wesche DJ, et al. 
Intrinsic retroviral reactivation in human preimplantation embryos and 
pluripotent cells. Nature. 2015;522(7555):221–5.

	 84.	 Padmanabhan Nair V, Liu H, Ciceri G, Jungverdorben J, Frishman G, 
Tchieu J, et al. Activation of HERV-K(HML-2) disrupts cortical pattern-
ing and neuronal differentiation by increasing NTRK3. Cell Stem Cell. 
2021;28(9):1566-81 e8.

	 85.	 Wang T, Medynets M, Johnson KR, Doucet-O’Hare TT, DiSanza B, 
Li W, et al. Regulation of stem cell function and neuronal differ-
entiation by HERV-K via mTOR pathway. Proc Natl Acad Sci U S A. 
2020;117(30):17842–53.

	 86.	 Takahashi K, Jeong D, Wang S, Narita M, Jin X, Iwasaki M, et al. Critical 
roles of translation initiation and RNA uridylation in endogenous retro-
viral expression and neural differentiation in pluripotent stem cells. Cell 
Rep. 2020;31(9): 107715.

	 87.	 Sun T, Xu Y, Xiang Y, Ou J, Soderblom EJ, Diao Y. Crosstalk between RNA 
m(6)A and DNA methylation regulates transposable element chromatin 
activation and cell fate in human pluripotent stem cells. Nat Genet. 
2023;55(8):1324–35.

	 88.	 Simon M, Van Meter M, Ablaeva J, Ke Z, Gonzalez RS, Taguchi T, et al. 
LINE1 derepression in aged wild-type and SIRT6-deficient mice drives 
inflammation. Cell Metab. 2019;29(4):871-85 e5.

	 89.	 Nair VP, Liu H, Ciceri G, Jungverdorben J, Frishman G, Tchieu J, et al. 
Activation of HERV-K(HML-2) disrupts cortical patterning and neuronal 
differentiation by increasing NTRK3. Cell Stem Cell. 2021;28(9):1671–3.

	 90.	 Pemov A, Hansen NF, Sindiri S, Patidar R, Higham CS, Dombi E, et al. Low 
mutation burden and frequent loss of CDKN2A/B and SMARCA2, but 
not PRC2, define premalignant neurofibromatosis type 1-associated 
atypical neurofibromas. Neuro Oncol. 2019;21(8):981–92.

	 91.	 Lee W, Teckie S, Wiesner T, Ran L, Prieto Granada CN, Lin M, et al. PRC2 is 
recurrently inactivated through EED or SUZ12 loss in malignant periph-
eral nerve sheath tumors. Nat Genet. 2014;46(11):1227–32.

	 92.	 Maze EA, Agit B, Reeves S, Hilton DA, Parkinson DB, Laraba L, et al. 
Human endogenous retrovirus type K promotes proliferation and con-
fers sensitivity to antiretroviral drugs in merlin-negative schwannoma 
and meningioma. Cancer Res. 2022;82(2):235–47.

	 93.	 Doucet-O’Hare TT, DiSanza BL, DeMarino C, Atkinson AL, Rosenblum 
JS, Henderson LJ, et al. SMARCB1 deletion in atypical teratoid rhabdoid 
tumors results in human endogenous retrovirus K (HML-2) expression. 
Sci Rep. 2021;11(1):12893.

	 94.	 Shah AH, Govindarajan V, Doucet-O’Hare TT, Rivas S, Ampie L, DeMarino 
C, et al. Differential expression of an endogenous retroviral element 
[HERV-K(HML-6)] is associated with reduced survival in glioblastoma 
patients. Sci Rep. 2022;12(1):6902.



Page 25 of 28Zhang et al. Translational Neurodegeneration           (2025) 14:14 	

	 95.	 Shah AH, Rivas SR, Doucet-O’Hare TT, Govindarajan V, DeMarino C, 
Wang T, et al. Human endogenous retrovirus K contributes to a stem 
cell niche in glioblastoma. J Clin Invest. 2023;133(13).

	 96.	 Richardson SR, Gerdes P, Gerhardt DJ, Sanchez-Luque FJ, Bodea GO, 
Munoz-Lopez M, et al. Heritable L1 retrotransposition in the mouse pri-
mordial germline and early embryo. Genome Res. 2017;27(8):1395–405.

	 97.	 Kano H, Godoy I, Courtney C, Vetter MR, Gerton GL, Ostertag EM, et al. 
L1 retrotransposition occurs mainly in embryogenesis and creates 
somatic mosaicism. Genes Dev. 2009;23(11):1303–12.

	 98.	 Garza R, Atacho DAM, Adami A, Gerdes P, Vinod M, Hsieh P, et al. LINE-1 
retrotransposons drive human neuronal transcriptome complexity and 
functional diversification. Sci Adv. 2023;9(44):eadh9543.

	 99.	 Wei Y, Wang X, Ma Z, Xiang P, Liu G, Yin B, et al. Sirt6 regulates the 
proliferation of neural precursor cells and cortical neurogenesis in mice. 
iScience. 2024;27(2):108706.

	100.	 Carroll SB. Genetics and the making of Homo sapiens. Nature. 
2003;422(6934):849–57.

	101.	 Linker SB, Narvaiza I, Hsu JY, Wang M, Qiu F, Mendes APD, et al. Human-
specific regulation of neural maturation identified by cross-primate 
transcriptomics. Curr Biol. 2022;32(22):4797-807 e5.

	102.	 Somel M, Franz H, Yan Z, Lorenc A, Guo S, Giger T, et al. Transcrip-
tional neoteny in the human brain. Proc Natl Acad Sci U S A. 
2009;106(14):5743–8.

	103.	 Wang L, Pang K, Zhou L, Cebrian-Silla A, Gonzalez-Granero S, Wang 
S, et al. A cross-species proteomic map reveals neoteny of human 
synapse development. Nature. 2023;622(7981):112–9.

	104.	 Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks 
of aging: An expanding universe. Cell. 2023;186(2):243–78.

	105.	 De Cecco M, Ito T, Petrashen AP, Elias AE, Skvir NJ, Criscione SW, et al. L1 
drives IFN in senescent cells and promotes age-associated inflamma-
tion. Nature. 2019;566(7742):73–8.

	106.	 Zhang H, Li J, Yu Y, Ren J, Liu Q, Bao Z, et al. Nuclear lamina erosion-
induced resurrection of endogenous retroviruses underlies neuronal 
aging. Cell Rep. 2023;42(6): 112593.

	107.	 Van Meter M, Kashyap M, Rezazadeh S, Geneva AJ, Morello TD, Seluanov 
A, et al. SIRT6 represses LINE1 retrotransposons by ribosylating KAP1 
but this repression fails with stress and age. Nat Commun. 2014;5:5011.

	108.	 Zhang Y, Amaral ML, Zhu C, Grieco SF, Hou X, Lin L, et al. Single-cell 
epigenome analysis reveals age-associated decay of heterochro-
matin domains in excitatory neurons in the mouse brain. Cell Res. 
2022;32(11):1008–21.

	109.	 Zhang H, Li J, Ren J, Sun S, Ma S, Zhang W, et al. Single-nucleus 
transcriptomic landscape of primate hippocampal aging. Protein Cell. 
2021;12(9):695–716.

	110.	 Tam OH, Rozhkov NV, Shaw R, Kim D, Hubbard I, Fennessey S, et al. 
Postmortem cortex samples identify distinct molecular subtypes of 
ALS: retrotransposon activation, oxidative stress, and activated Glia. Cell 
Rep. 2019;29(5):1164-77 e5.

	111.	 Guo C, Jeong HH, Hsieh YC, Klein HU, Bennett DA, De Jager PL, et al. 
Tau activates transposable elements in Alzheimer’s disease. Cell Rep. 
2018;23(10):2874–80.

	112.	 Evering TH, Marston JL, Gan L, Nixon DF. Transposable elements and 
Alzheimer’s disease pathogenesis. Trends Neurosci. 2023;46(3):170–2.

	113.	 Blaudin de The FX, Rekaik H, Peze-Heidsieck E, Massiani-Beaudoin O, 
Joshi RL, Fuchs J, et al. Engrailed homeoprotein blocks degeneration 
in adult dopaminergic neurons through LINE-1 repression. EMBO J. 
2018;37(15).

	114.	 Liu X, Liu Z, Wu Z, Ren J, Fan Y, Sun L, et al. Resurrection of endogenous 
retroviruses during aging reinforces senescence. Cell. 2023;186(2):287-
304 e26.

	115.	 Lee JD, Woodruff TM. TDP-43 Puts the STING in ALS. Trends Neurosci. 
2021;44(2):81–2.

	116.	 Yu CH, Davidson S, Harapas CR, Hilton JB, Mlodzianoski MJ, Laohamon-
thonkul P et al. TDP-43 triggers mitochondrial DNA release via mPTP to 
activate cGAS/STING in ALS. Cell. 2020;183(3):636–49 e18.

	117.	 Li W, Prazak L, Chatterjee N, Gruninger S, Krug L, Theodorou D, et al. 
Activation of transposable elements during aging and neuronal decline 
in Drosophila. Nat Neurosci. 2013;16(5):529–31.

	118.	 Maxwell PH, Burhans WC, Curcio MJ. Retrotransposition is associated 
with genome instability during chronological aging. Proc Natl Acad Sci 
U S A. 2011;108(51):20376–81.

	119.	 Dennis S, Sheth U, Feldman JL, English KA, Priess JRC. elegans germ 
cells show temperature and age-dependent expression of Cer1, a 
Gypsy/Ty3-related retrotransposon. PLoS Pathog. 2012;8(3): e1002591.

	120.	 Della Valle F, Reddy P, Yamamoto M, Liu P, Saera-Vila A, Bensaddek D, 
et al. LINE-1 RNA causes heterochromatin erosion and is a target for 
amelioration of senescent phenotypes in progeroid syndromes. Sci 
Transl Med. 2022;14(657):eabl6057.

	121.	 McKerrow W, Kagermazova L, Doudican N, Frazzette N, Kaparos EI, 
Evans SA, et al. LINE-1 retrotransposon expression in cancerous, epithe-
lial and neuronal cells revealed by 5’ single-cell RNA-Seq. Nucleic Acids 
Res. 2023;51(5):2033–45.

	122.	 Sur D, Kustwar RK, Budania S, Mahadevan A, Hancks DC, Yadav V, et al. 
Detection of the LINE-1 retrotransposon RNA-binding protein ORF1p in 
different anatomical regions of the human brain. Mob DNA. 2017;8:17.

	123.	 Belgnaoui SM, Gosden RG, Semmes OJ, Haoudi A. Human LINE-1 retro-
transposon induces DNA damage and apoptosis in cancer cells. Cancer 
Cell Int. 2006;6:13.

	124.	 Sun Z, Zhang R, Zhang X, Sun Y, Liu P, Francoeur N, et al. LINE-1 
promotes tumorigenicity and exacerbates tumor progression via 
stimulating metabolism reprogramming in non-small cell lung cancer. 
Mol Cancer. 2022;21(1):147.

	125.	 Pereira GC, Sanchez L, Schaughency PM, Rubio-Roldan A, Choi JA, 
Planet E, et al. Properties of LINE-1 proteins and repeat element 
expression in the context of amyotrophic lateral sclerosis. Mob DNA. 
2018;9:35.

	126.	 Sciamanna I, Landriscina M, Pittoggi C, Quirino M, Mearelli C, Beraldi 
R, et al. Inhibition of endogenous reverse transcriptase antagonizes 
human tumor growth. Oncogene. 2005;24(24):3923–31.

	127.	 Peze-Heidsieck E, Bonnifet T, Znaidi R, Ravel-Godreuil C, Massiani-Beau-
doin O, Joshi RL, et al. Retrotransposons as a source of DNA damage in 
neurodegeneration. Front Aging Neurosci. 2021;13: 786897.

	128.	 Nozawa K, Suzuki M, Takemura M, Yoshida S. In vitro expansion of mam-
malian telomere repeats by DNA polymerase alpha-primase. Nucleic 
Acids Res. 2000;28(16):3117–24.

	129.	 Cai Y, Song W, Li J, Jing Y, Liang C, Zhang L, et al. The landscape of aging. 
Sci China Life Sci. 2022;65(12):2354–454.

	130.	 Patterson MN, Scannapieco AE, Au PH, Dorsey S, Royer CA, Maxwell PH. 
Preferential retrotransposition in aging yeast mother cells is correlated 
with increased genome instability. DNA Repair (Amst). 2015;34:18–27.

	131.	 De Cecco M, Criscione SW, Peterson AL, Neretti N, Sedivy JM, Kreil-
ing JA. Transposable elements become active and mobile in the 
genomes of aging mammalian somatic tissues. Aging (Albany NY). 
2013;5(12):867–83.

	132.	 Nevalainen T, Autio A, Mishra BH, Marttila S, Jylha M, Hurme M. Aging-
associated patterns in the expression of human endogenous retrovi-
ruses. PLoS ONE. 2018;13(12): e0207407.

	133.	 Autio A, Nevalainen T, Mishra BH, Jylha M, Flinck H, Hurme M. Effect of 
aging on the transcriptomic changes associated with the expression of 
the HERV-K (HML-2) provirus at 1q22. Immun Ageing. 2020;17:11.

	134.	 Balestrieri E, Pica F, Matteucci C, Zenobi R, Sorrentino R, Argaw-Den-
boba A, et al. Transcriptional activity of human endogenous retrovi-
ruses in human peripheral blood mononuclear cells. Biomed Res Int. 
2015;2015: 164529.

	135.	 Hinshaw SP. Attention deficit hyperactivity disorder (ADHD): contro-
versy, developmental mechanisms, and multiple levels of analysis. 
Annu Rev Clin Psychol. 2018;14:291–316.

	136.	 Balestrieri E, Matteucci C, Cipriani C, Grelli S, Ricceri L, Calamandrei 
G, et al. Endogenous retroviruses activity as a molecular signature of 
neurodevelopmental disorders. Int J Mol Sci. 2019;20(23):6050.

	137.	 Tovo PA, Davico C, Marcotulli D, Vitiello B, Dapra V, Calvi C, et al. 
Enhanced expression of human endogenous retroviruses, TRIM28 and 
SETDB1 in autism spectrum disorder. Int J Mol Sci. 2022;23(11):5964.

	138.	 Spirito G, Filosi M, Domenici E, Mangoni D, Gustincich S, Sanges R. 
Exploratory analysis of L1 retrotransposons expression in autism. Mol 
Autism. 2023;14(1):22.

	139.	 Saeliw T, Tangsuwansri C, Thongkorn S, Chonchaiya W, Suphapeeti-
porn K, Mutirangura A, et al. Integrated genome-wide Alu methyla-
tion and transcriptome profiling analyses reveal novel epigenetic 
regulatory networks associated with autism spectrum disorder. Mol 
Autism. 2018;9:27.



Page 26 of 28Zhang et al. Translational Neurodegeneration           (2025) 14:14 

	140.	 Tangsuwansri C, Saeliw T, Thongkorn S, Chonchaiya W, Suphapeeti-
porn K, Mutirangura A, et al. Investigation of epigenetic regula-
tory networks associated with autism spectrum disorder (ASD) by 
integrated global LINE-1 methylation and gene expression profiling 
analyses. PLoS ONE. 2018;13(7): e0201071.

	141.	 Shpyleva S, Melnyk S, Pavliv O, Pogribny I, Jill JS. Overexpres-
sion of LINE-1 retrotransposons in Autism brain. Mol Neurobiol. 
2018;55(2):1740–9.

	142.	 Matsumura K, Seiriki K, Okada S, Nagase M, Ayabe S, Yamada I, et al. 
Pathogenic POGZ mutation causes impaired cortical development 
and reversible autism-like phenotypes. Nat Commun. 2020;11(1):859.

	143.	 Sun X, Zhang T, Tong B, Cheng L, Jiang W, Sun Y. POGZ suppresses 2C 
transcriptional program and retrotransposable elements. Cell Rep. 
2023;42(8): 112867.

	144.	 Yan Q, Wu X, Zhou P, Zhou Y, Li X, Liu Z, et al. HERV-W envelope trig-
gers abnormal dopaminergic neuron process through DRD2/PP2A/
AKT1/GSK3 for schizophrenia risk. Viruses. 2022;14(1):145.

	145.	 Yang ZH, Cai X, Qu N, Zhao LJ, Zhong BL, Zhang SF, et al. Identifica-
tion of a functional 339 bp Alu insertion polymorphism in the schizo-
phrenia-associated locus at 10q24.32. Zool Res. 2020;41(1):84–9.

	146.	 Huang W, Li S, Hu Y, Yu H, Luo F, Zhang Q, et al. Implication of the 
env gene of the human endogenous retrovirus W family in the 
expression of BDNF and DRD3 and development of recent-onset 
schizophrenia. Schizophr Bull. 2011;37(5):988–1000.

	147.	 Bundo M, Toyoshima M, Okada Y, Akamatsu W, Ueda J, Nemoto-
Miyauchi T, et al. Increased l1 retrotransposition in the neuronal 
genome in schizophrenia. Neuron. 2014;81(2):306–13.

	148.	 Harrison PJ, Geddes JR, Tunbridge EM. The emerging neurobiology of 
bipolar disorder. Trends Neurosci. 2018;41(1):18–30.

	149.	 Li S, Yang Q, Hou Y, Jiang T, Zong L, Wang Z, et al. Hypomethylation 
of LINE-1 elements in schizophrenia and bipolar disorder. J Psychiatr 
Res. 2018;107:68–72.

	150.	 Tamouza R, Meyer U, Foiselle M, Richard JR, Wu CL, Boukouaci W, et al. 
Identification of inflammatory subgroups of schizophrenia and bipo-
lar disorder patients with HERV-W ENV antigenemia by unsupervised 
cluster analysis. Transl Psychiatry. 2021;11(1):377.

	151.	 Zhao B, Wu Q, Ye AY, Guo J, Zheng X, Yang X, et al. Somatic LINE-1 
retrotransposition in cortical neurons and non-brain tissues of Rett 
patients and healthy individuals. PLoS Genet. 2019;15(4): e1008043.

	152.	 Coufal NG, Garcia-Perez JL, Peng GE, Marchetto MC, Muotri AR, 
Mu Y, et al. Ataxia telangiectasia mutated (ATM) modulates long 
interspersed element-1 (L1) retrotransposition in human neural stem 
cells. Proc Natl Acad Sci U S A. 2011;108(51):20382–7.

	153.	 Takahashi T, Stoiljkovic M, Song E, Gao XB, Yasumoto Y, Kudo E, 
et al. LINE-1 activation in the cerebellum drives ataxia. Neuron. 
2022;110(20):3278-87 e8.

	154.	 Jacob-Hirsch J, Eyal E, Knisbacher BA, Roth J, Cesarkas K, Dor C, et al. 
Whole-genome sequencing reveals principles of brain retrotranspo-
sition in neurodevelopmental disorders. Cell Res. 2018;28(2):187–203.

	155.	 Hanna R, Flamier A, Barabino A, Bernier G. G-quadruplexes origi-
nating from evolutionary conserved L1 elements interfere with 
neuronal gene expression in Alzheimer’s disease. Nat Commun. 
2021;12(1):1828.

	156.	 van Bree EJ, Guimaraes R, Lundberg M, Blujdea ER, Rosenkrantz JL, 
White FTG, et al. A hidden layer of structural variation in transposable 
elements reveals potential genetic modifiers in human disease-risk loci. 
Genome Res. 2022;32(4):656–70.

	157.	 Polesskaya O, Kananykhina E, Roy-Engel AM, Nazarenko O, Kulemzina I, 
Baranova A, et al. The role of Alu-derived RNAs in Alzheimer’s and other 
neurodegenerative conditions. Med Hypotheses. 2018;115:29–34.

	158.	 Savage AL, Lopez AI, Iacoangeli A, Bubb VJ, Smith B, Troakes C, et al. 
Frequency and methylation status of selected retrotransposition com-
petent L1 loci in amyotrophic lateral sclerosis. Mol Brain. 2020;13(1):154.

	159.	 Steiner JP, Bachani M, Malik N, DeMarino C, Li W, Sampson K, et al. 
Human endogenous retrovirus K envelope in spinal fluid of amyo-
trophic lateral sclerosis is toxic. Ann Neurol. 2022;92(4):545–61.

	160.	 Liu EY, Russ J, Cali CP, Phan JM, Amlie-Wolf A, Lee EB. Loss of Nuclear 
TDP-43 is associated with decondensation of LINE retrotransposons. 
Cell Rep. 2019;27(5):1409-21 e6.

	161.	 Akowitz A, Sklaviadis T, Manuelidis L. Endogenous viral complexes with 
long RNA cosediment with the agent of Creutzfeldt-Jakob disease. 
Nucleic Acids Res. 1994;22(6):1101–7.

	162.	 Jeong BH, Lee YJ, Carp RI, Kim YS. The prevalence of human endog-
enous retroviruses in cerebrospinal fluids from patients with sporadic 
Creutzfeldt-Jakob disease. J Clin Virol. 2010;47(2):136–42.

	163.	 Nali LH, Olival GS, Montenegro H, da Silva IT, Dias-Neto E, Naya H, et al. 
Human endogenous retrovirus and multiple sclerosis: a review and 
transcriptome findings. Mult Scler Relat Disord. 2022;57: 103383.

	164.	 Fierz W. Multiple sclerosis: an example of pathogenic viral interaction? 
Virol J. 2017;14(1):42.

	165.	 Tshilenge KT, Bons J, Aguirre CG, Geronimo-Olvera C, Shah S, Rose J, 
et al. Proteomic analysis of X-linked dystonia parkinsonism disease 
striatal neurons reveals altered RNA metabolism and splicing. Neurobiol 
Dis. 2024;190:106367.

	166.	 Petrozziello T, Dios AM, Mueller KA, Vaine CA, Hendriks WT, Glajch 
KE, et al. SVA insertion in X-linked Dystonia Parkinsonism alters 
histone H3 acetylation associated with TAF1 gene. PLoS ONE. 
2020;15(12):e0243655.

	167.	 Ahmad S, Mu X, Yang F, Greenwald E, Park JW, Jacob E, et al. Breaching 
self-tolerance to alu duplex RNA underlies MDA5-mediated inflamma-
tion. Cell. 2018;172(4):797-810 e13.

	168.	 Chung H, Calis JJA, Wu X, Sun T, Yu Y, Sarbanes SL, et al. Human ADAR1 
prevents endogenous RNA from triggering translational shutdown. 
Cell. 2018;172(4):811-24 e14.

	169.	 Rice GI, Kasher PR, Forte GM, Mannion NM, Greenwood SM, Szynkiewicz 
M, et al. Mutations in ADAR1 cause Aicardi-Goutieres syndrome associ-
ated with a type I interferon signature. Nat Genet. 2012;44(11):1243–8.

	170.	 Thapar A, Cooper M, Rutter M. Neurodevelopmental disorders. Lancet 
Psychiatry. 2017;4(4):339–46.

	171.	 Hughes HK, Moreno RJ, Ashwood P. Innate immune dysfunction and 
neuroinflammation in autism spectrum disorder (ASD). Brain Behav 
Immun. 2023;108:245–54.

	172.	 Sharma SR, Gonda X, Tarazi FI. Autism spectrum disorder: classification, 
diagnosis and therapy. Pharmacol Ther. 2018;190:91–104.

	173.	 Goines P, Van de Water J. The immune system’s role in the biology of 
autism. Curr Opin Neurol. 2010;23(2):111–7.

	174.	 Choi GB, Yim YS, Wong H, Kim S, Kim H, Kim SV, et al. The maternal 
interleukin-17a pathway in mice promotes autism-like phenotypes in 
offspring. Science. 2016;351(6276):933–9.

	175.	 Balestrieri E, Arpino C, Matteucci C, Sorrentino R, Pica F, Alessandrelli 
R, et al. HERVs expression in Autism Spectrum Disorders. PLoS ONE. 
2012;7(11): e48831.

	176.	 Tartaglione AM, Cipriani C, Chiarotti F, Perrone B, Balestrieri E, Matteucci 
C, et al. Early behavioral alterations and increased expression of endog-
enous retroviruses are inherited across generations in mice prenatally 
exposed to valproic acid. Mol Neurobiol. 2019;56(5):3736–50.

	177.	 Cipriani C, Ricceri L, Matteucci C, De Felice A, Tartaglione AM, Argaw-
Denboba A, et al. High expression of Endogenous Retroviruses from 
intrauterine life to adulthood in two mouse models of Autism Spec-
trum Disorders. Sci Rep. 2018;8(1):629.

	178.	 Balestrieri E, Cipriani C, Matteucci C, Benvenuto A, Coniglio A, Argaw-
Denboba A, et al. Children with autism spectrum disorder and their 
mothers share abnormal expression of selected endogenous retrovi-
ruses families and cytokines. Front Immunol. 2019;10:2244.

	179.	 Cipriani C, Tartaglione AM, Giudice M, D’Avorio E, Petrone V, Toschi N, 
et al. Differential expression of endogenous retroviruses and inflam-
matory mediators in female and male offspring in a mouse model of 
maternal immune activation. Int J Mol Sci. 2022;23(22).

	180.	 Sun X, Cheng L, Sun Y. Autism-associated protein POGZ controls ESCs 
and ESC neural induction by association with esBAF. Mol Autism. 
2022;13(1):24.

	181.	 Saeliw T, Kanlayaprasit S, Thongkorn S, Songsritaya K, Sanannam B, Sae-
Lee C, et al. Epigenetic gene-regulatory loci in Alu elements associated 
with autism susceptibility in the prefrontal cortex of ASD. Int J Mol Sci. 
2023;24(8):7518.

	182.	 Notaras M, Lodhi A, Dundar F, Collier P, Sayles NM, Tilgner H, et al. 
Schizophrenia is defined by cell-specific neuropathology and multiple 
neurodevelopmental mechanisms in patient-derived cerebral orga-
noids. Mol Psychiatry. 2022;27(3):1416–34.



Page 27 of 28Zhang et al. Translational Neurodegeneration           (2025) 14:14 	

	183.	 Perron H, Mekaoui L, Bernard C, Veas F, Stefas I, Leboyer M. Endogenous 
retrovirus type W GAG and envelope protein antigenemia in serum of 
schizophrenic patients. Biol Psychiatry. 2008;64(12):1019–23.

	184.	 Karlsson H, Schroder J, Bachmann S, Bottmer C, Yolken RH. HERV-
W-related RNA detected in plasma from individuals with recent-
onset schizophrenia or schizoaffective disorder. Mol Psychiatry. 
2004;9(1):12–3.

	185.	 Huang WJ, Liu ZC, Wei W, Wang GH, Wu JG, Zhu F. Human endogenous 
retroviral pol RNA and protein detected and identified in the blood of 
individuals with schizophrenia. Schizophr Res. 2006;83(2–3):193–9.

	186.	 Tamouza R, Meyer U, Lucas A, Richard JR, Nkam I, Pinot A, et al. Patients 
with psychosis spectrum disorders hospitalized during the COVID-19 
pandemic unravel overlooked SARS-CoV-2 past infection clustering 
with HERV-W ENV expression and chronic inflammation. Transl Psychia-
try. 2023;13(1):272.

	187.	 Li X, Wu X, Li W, Yan Q, Zhou P, Xia Y, et al. HERV-W ENV induces innate 
immune activation and neuronal apoptosis via linc01930/cGAS axis in 
recent-onset schizophrenia. Int J Mol Sci. 2023;24(3):300.

	188.	 Zhang D, Wu X, Xue X, Li W, Zhou P, Lv Z, et al. Ancient dormant virus 
remnant ERVW-1 drives ferroptosis via degradation of GPX4 and 
SLC3A2 in schizophrenia. Virol Sin. 2024;39(1):31–43.

	189.	 Yao W, Zhou P, Yan Q, Wu X, Xia Y, Li W, et al. ERVWE1 reduces hip-
pocampal neuron density and impairs dendritic spine morphology 
through inhibiting Wnt/JNK Non-Canonical pathway via miR-141–3p in 
schizophrenia. Viruses. 2023;15(1):168.

	190.	 Chen Y, Yan Q, Zhou P, Li S, Zhu F. HERV-W env regulates calcium influx 
via activating TRPC3 channel together with depressing DISC1 in human 
neuroblastoma cells. J Neurovirol. 2019;25(1):101–13.

	191.	 Li Y, Jia YC, Cui K, Li N, Zheng ZY, Wang YZ, et al. Essential role of TRPC 
channels in the guidance of nerve growth cones by brain-derived 
neurotrophic factor. Nature. 2005;434(7035):894–8.

	192.	 Sossin WS, Barker PA. Something old, something new: BDNF-induced 
neuron survival requires TRPC channel function. Nat Neurosci. 
2007;10(5):537–8.

	193.	 Jia Y, Zhou J, Tai Y, Wang Y. TRPC channels promote cerebellar granule 
neuron survival. Nat Neurosci. 2007;10(5):559–67.

	194.	 Wu X, Yan Q, Liu L, Xue X, Yao W, Li X, et al. Domesticated HERV-W env 
contributes to the activation of the small conductance Ca(2+)-acti-
vated K(+) type 2 channels via decreased 5-HT4 receptor in recent-
onset schizophrenia. Virol Sin. 2023;38(1):9–22.

	195.	 Grube S, Gerchen MF, Adamcio B, Pardo LA, Martin S, Malzahn D, et al. 
A CAG repeat polymorphism of KCNN3 predicts SK3 channel func-
tion and cognitive performance in schizophrenia. EMBO Mol Med. 
2011;3(6):309–19.

	196.	 Li S, Liu ZC, Yin SJ, Chen YT, Yu HL, Zeng J, et al. Human endogenous 
retrovirus W family envelope gene activates the small conductance 
Ca2+-activated K+ channel in human neuroblastoma cells through 
CREB. Neuroscience. 2013;247:164–74.

	197.	 Doyle GA, Crist RC, Karatas ET, Hammond MJ, Ewing AD, Ferraro TN, 
et al. Analysis of LINE-1 elements in DNA from postmortem brains 
of individuals with schizophrenia. Neuropsychopharmacology. 
2017;42(13):2602–11.

	198.	 Fachim HA, Loureiro CM, Corsi-Zuelli F, Shuhama R, Louzada-Junior P, 
Menezes PR, et al. GRIN2B promoter methylation deficits in early-onset 
schizophrenia and its association with cognitive function. Epigenomics. 
2019;11(4):401–10.

	199.	 Misiak B, Szmida E, Karpinski P, Loska O, Sasiadek MM, Frydecka D. Lower 
LINE-1 methylation in first-episode schizophrenia patients with the 
history of childhood trauma. Epigenomics. 2015;7(8):1275–85.

	200.	 Kalayasiri R, Kraijak K, Mutirangura A, Maes M. Paranoid schizophrenia 
and methamphetamine-induced paranoia are both characterized by a 
similar LINE-1 partial methylation profile, which is more pronounced in 
paranoid schizophrenia. Schizophr Res. 2019;208:221–7.

	201.	 Richter TA, Aiken AA, Puracchio MJ, Maganga-Bakita I, Hunter RG. Mater-
nal immune activation and enriched environments impact B2 SINE 
expression in stress sensitive brain regions of rodent offspring. Genes 
(Basel). 2023;14(4):858.

	202.	 DeTure MA, Dickson DW. The neuropathological diagnosis of Alzhei-
mer’s disease. Mol Neurodegener. 2019;14(1):32.

	203.	 Hou Y, Wei Y, Lautrup S, Yang B, Wang Y, Cordonnier S, et al. NAD(+) 
supplementation reduces neuroinflammation and cell senescence in a 

transgenic mouse model of Alzheimer’s disease via cGAS-STING. Proc 
Natl Acad Sci U S A. 2021;118(37).

	204.	 Dembny P, Newman AG, Singh M, Hinz M, Szczepek M, Kruger C, et al. 
Human endogenous retrovirus HERV-K(HML-2) RNA causes neurode-
generation through Toll-like receptors. JCI Insight. 2020;5(7).

	205.	 Pascarella G, Hon CC, Hashimoto K, Busch A, Luginbuhl J, Parr C, et al. 
Recombination of repeat elements generates somatic complexity in 
human genomes. Cell. 2022;185(16):3025-40 e6.

	206.	 Valles-Saiz L, Avila J, Hernandez F. Lamivudine (3TC), a nucleoside 
reverse transcriptase inhibitor, prevents the neuropathological 
alterations present in mutant tau transgenic mice. Int J Mol Sci. 
2023;24(13):11144.

	207.	 Ochoa E, Ramirez P, Gonzalez E, De Mange J, Ray WJ, Bieniek KF, et al. 
Pathogenic tau-induced transposable element-derived dsRNA drives 
neuroinflammation. Sci Adv. 2023;9(1):eabq5423.

	208.	 Ramirez P, Zuniga G, Sun W, Beckmann A, Ochoa E, DeVos SL, et al. 
Pathogenic tau accelerates aging-associated activation of transpos-
able elements in the mouse central nervous system. Prog Neurobiol. 
2022;208: 102181.

	209.	 Cheng Y, Saville L, Gollen B, Isaac C, Belay A, Mehla J, et al. Increased 
processing of SINE B2 ncRNAs unveils a novel type of transcriptome 
deregulation in amyloid beta neuropathology. Elife. 2020;9.

	210.	 Macciardi F, Giulia Bacalini M, Miramontes R, Boattini A, Taccioli C, Mod-
enini G, et al. A retrotransposon storm marks clinical phenoconversion 
to late-onset Alzheimer’s disease. Geroscience. 2022;44(3):1525–50.

	211.	 Raulin AC, Doss SV, Trottier ZA, Ikezu TC, Bu G, Liu CC. ApoE in Alz-
heimer’s disease: pathophysiology and therapeutic strategies. Mol 
Neurodegener. 2022;17(1):72.

	212.	 Andrews SJ, Renton AE, Fulton-Howard B, Podlesny-Drabiniok A, 
Marcora E, Goate AM. The complex genetic architecture of Alzheimer’s 
disease: novel insights and future directions. EBioMedicine. 2023;90: 
104511.

	213.	 Hardiman O, Al-Chalabi A, Chio A, Corr EM, Logroscino G, Robberecht 
W, et al. Amyotrophic lateral sclerosis. Nat Rev Dis Primers. 2017;3:17071.

	214.	 Hayes LR, Kalab P. Emerging therapies and novel targets for TDP-43 
proteinopathy in ALS/FTD. Neurotherapeutics. 2022;19(4):1061–84.

	215.	 Douville R, Liu J, Rothstein J, Nath A. Identification of active loci of a 
human endogenous retrovirus in neurons of patients with amyotrophic 
lateral sclerosis. Ann Neurol. 2011;69(1):141–51.

	216.	 Arru G, Mameli G, Deiana GA, Rassu AL, Piredda R, Sechi E, et al. 
Humoral immunity response to human endogenous retroviruses K/W 
differentiates between amyotrophic lateral sclerosis and other neuro-
logical diseases. Eur J Neurol. 2018;25(8):1076-e84.

	217.	 Simula ER, Arru G, Zarbo IR, Solla P, Sechi LA. TDP-43 and HERV-K enve-
lope-specific immunogenic epitopes are recognized in ALS patients. 
Viruses. 2021;13(11).

	218.	 Manghera M, Ferguson-Parry J, Douville RN. TDP-43 regulates 
endogenous retrovirus-K viral protein accumulation. Neurobiol Dis. 
2016;94:226–36.

	219.	 Li W, Jin Y, Prazak L, Hammell M, Dubnau J. Transposable elements in 
TDP-43-mediated neurodegenerative disorders. PLoS ONE. 2012;7(9): 
e44099.

	220.	 Romano G, Klima R, Feiguin F. TDP-43 prevents retrotransposon activa-
tion in the Drosophila motor system through regulation of Dicer-2 
activity. BMC Biol. 2020;18(1):82.

	221.	 Chang YH, Dubnau J. The gypsy endogenous retrovirus drives non-cell-
autonomous propagation in a drosophila TDP-43 model of neurode-
generation. Curr Biol. 2019;29(19):3135-52 e4.

	222.	 Garcia-Montojo M, Fathi S, Rastegar C, Simula ER, Doucet-O’Hare T, 
Cheng YHH, et al. TDP-43 proteinopathy in ALS is triggered by loss 
of ASRGL1 and associated with HML-2 expression. Nat Commun. 
2024;15(1):4163.

	223.	 Manghera M, Ferguson-Parry J, Lin R, Douville RN. NF-kappaB and 
IRF1 induce endogenous retrovirus K expression via interferon-
stimulated response elements in its 5’ long terminal repeat. J Virol. 
2016;90(20):9338–49.

	224.	 Chang YH, Dubnau J. Endogenous retroviruses and TDP-43 pro-
teinopathy form a sustaining feedback driving intercellular spread of 
Drosophila neurodegeneration. Nat Commun. 2023;14(1):966.

	225.	 Curzio DD, Gurm M, Turnbull M, Nadeau MJ, Meek B, Rempel JD, et al. 
Pro-inflammatory signaling upregulates a neurotoxic conotoxin-like 



Page 28 of 28Zhang et al. Translational Neurodegeneration           (2025) 14:14 

protein encrypted within human endogenous retrovirus-K. Cells. 
2020;9(7).

	226.	 Appel SH, Beers DR, Zhao W. Amyotrophic lateral sclerosis is a systemic 
disease: peripheral contributions to inflammation-mediated neurode-
generation. Curr Opin Neurol. 2021;34(5):765–72.

	227.	 Taylor JP, Brown RH Jr, Cleveland DW. Decoding ALS: from genes to 
mechanism. Nature. 2016;539(7628):197–206.

	228.	 Wang Y, Liu M, Guo X, Zhang B, Li H, Liu Y, et al. Endogenous retrovirus 
elements are co-expressed with IFN stimulation genes in the JAK-STAT 
pathway. Viruses. 2022;15(1).

	229.	 Manghera M, Douville RN. Endogenous retrovirus-K promoter: a 
landing strip for inflammatory transcription factors? Retrovirology. 
2013;10:16.

	230.	 Manghera M, Ferguson J, Douville R. ERVK polyprotein processing and 
reverse transcriptase expression in human cell line models of neuro-
logical disease. Viruses. 2015;7(1):320–32.

	231.	 Savage AL, Iacoangeli A, Schumann GG, Rubio-Roldan A, Garcia-Perez 
JL, Al Khleifat A, et al. Characterisation of retrotransposon insertion 
polymorphisms in whole genome sequencing data from individuals 
with amyotrophic lateral sclerosis. Gene. 2022;843: 146799.

	232.	 Pfaff AL, Bubb VJ, Quinn JP, Koks S. A Genome-Wide Screen for the 
Exonisation of Reference SINE-VNTR-Alus and Their Expression in CNS 
Tissues of Individuals with Amyotrophic Lateral Sclerosis. Int J Mol Sci. 
2023;24(14).

	233.	 Waters CH, Faust PL, Powers J, Vinters H, Moskowitz C, Nygaard T, et al. 
Neuropathology of lubag (x-linked dystonia parkinsonism). Mov Disord. 
1993;8(3):387–90.

	234.	 Rosales RL. X-linked dystonia parkinsonism: clinical phenotype, genetics 
and therapeutics. J Mov Disord. 2010;3(2):32–8.

	235.	 Makino S, Kaji R, Ando S, Tomizawa M, Yasuno K, Goto S, et al. Reduced 
neuron-specific expression of the TAF1 gene is associated with X-linked 
dystonia-parkinsonism. Am J Hum Genet. 2007;80(3):393–406.

	236.	 Aneichyk T, Hendriks WT, Yadav R, Shin D, Gao D, Vaine CA, et al. Dis-
secting the causal mechanism of X-linked dystonia-parkinsonism by 
integrating genome and transcriptome assembly. Cell. 2018;172(5):897-
909 e21.

	237.	 Bragg DC, Mangkalaphiban K, Vaine CA, Kulkarni NJ, Shin D, Yadav R, 
et al. Disease onset in X-linked dystonia-parkinsonism correlates with 
expansion of a hexameric repeat within an SVA retrotransposon in 
TAF1. Proc Natl Acad Sci U S A. 2017;114(51):E11020–8.

	238.	 Westenberger A, Reyes CJ, Saranza G, Dobricic V, Hanssen H, Domingo 
A, et al. A hexanucleotide repeat modifies expressivity of X-linked 
dystonia parkinsonism. Ann Neurol. 2019;85(6):812–22.

	239.	 Campion LN, Mejia Maza A, Yadav R, Penney EB, Murcar MG, Correia K, 
et al. Tissue-specific and repeat length-dependent somatic instability 
of the X-linked dystonia parkinsonism-associated CCC​TCT​ repeat. Acta 
Neuropathol Commun. 2022;10(1):49.

	240.	 Ito N, Hendriks WT, Dhakal J, Vaine CA, Liu C, Shin D, et al. Decreased 
N-TAF1 expression in X-linked dystonia-parkinsonism patient-specific 
neural stem cells. Dis Model Mech. 2016;9(4):451–62.

	241.	 Domingo A, Amar D, Grutz K, Lee LV, Rosales R, Bruggemann N, 
et al. Evidence of TAF1 dysfunction in peripheral models of X-linked 
dystonia-parkinsonism. Cell Mol Life Sci. 2016;73(16):3205–15.

	242.	 Al Ali J, Vaine CA, Shah S, Campion L, Hakoum A, Supnet ML, et al. TAF1 
transcripts and neurofilament light chain as biomarkers for x-linked 
dystonia-parkinsonism. Mov Disord. 2021;36(1):206–15.

	243.	 Luth T, Labeta J, Schaake S, Wohlers I, Pozojevic J, Jamora RDG, et al. Elu-
cidating Hexanucleotide Repeat Number and Methylation within the 
X-Linked Dystonia-Parkinsonism (XDP)-Related SVA Retrotransposon in 
TAF1 with Nanopore Sequencing. Genes (Basel). 2022;13(1).

	244.	 Pozojevic J, Algodon SM, Cruz JN, Trinh J, Bruggemann N, Lass J, et al. 
Transcriptional alterations in x-linked Dystonia-Parkinsonism caused by 
the SVA retrotransposon. Int J Mol Sci. 2022;23(4).

	245.	 Reyes CJ, Asano K, Todd PK, Klein C, Rakovic A. Repeat-associated 
non-AUG translation of AGA​GGG​ repeats that cause x-linked Dystonia-
Parkinsonism. Mov Disord. 2022;37(11):2284–9.

	246.	 Zhu X, Zhou B, Pattni R, Gleason K, Tan C, Kalinowski A, et al. Machine 
learning reveals bilateral distribution of somatic L1 insertions in human 
neurons and glia. Nat Neurosci. 2021;24(2):186–96.

	247.	 Douville C, Lahouel K, Kuo A, Grant H, Avigdor BE, Curtis SD, et al. 
Machine learning to detect the SINEs of cancer. Sci Transl Med. 
2024;16(731):eadi3883.

	248.	 Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, 
et al. Cerebral organoids model human brain development and micro-
cephaly. Nature. 2013;501(7467):373–9.

	249.	 Drouin-Ouellet J, Lau S, Brattas PL, Rylander Ottosson D, Pircs K, Grassi 
DA, et al. REST suppression mediates neural conversion of adult human 
fibroblasts via microRNA-dependent and -independent pathways. 
EMBO Mol Med. 2017;9(8):1117–31.


	Retrotransposon: an insight into neurological disorders from perspectives of neurodevelopment and aging
	Abstract 
	Introduction
	Overview of retrotransposons
	Concept and classification of retrotransposons
	Effects of retrotransposon activity on the structure and function of the human genome

	Retrotransposons and neurogenesis
	Overview of neurogenesis
	Effects of L1 on adult neurogenesis
	Derepression and activation of L1
	Roles of L1 in adult neurogenesis

	Effects of retrotransposons on embryonic neurodevelopment and neurogenesis
	HERVs are activated during stem cell self-renewal and inhibited during neural differentiation
	Active L1 inhibits premature NPC differentiation in embryonic neurogenesis


	Retrotransposons and aging
	Relationship between L1 and cellular senescence in the nervous system
	Neural senescence derepresses L1
	L1 activation induces cellular senescence in the nervous system

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

	Retrotransposons and neurological disorders
	Neurodevelopment-related diseases
	ASD
	Schizophrenia

	Neurodegenerative diseases
	AD
	ALS
	XDP


	Concluding remarks
	Acknowledgements
	References


