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ABSTRACT

Endogenous retroviruses (ERVs), remnants of ancient viral invasions,
make up a significant part of the mammalian genomes. ERVs are
typically held in check by complex epigenetic mechanisms, which
serve to limit their expansion and potential adverse effects on the
genome. However, ERVs can become aberrantly activated in response
to stressful challenges, contributing to progression in pathological
conditions, including cancer, inflammation, auto-immune disorders,
and aging, through various mechanisms. Notably, ERV activation
is also detected in the brain and is increasingly recognized as an
important factor in neuropsychiatric disorders. In this review, we
encapsulate the general understanding of ERVs in both physiological
and pathological states and compiled evidence for ERV activation
across a spectrum of neuropsychiatric disorders, along with
current studies exploring the underlying mechanisms. Despite
the accumulating body of evidence, research in this field remains
in its infancy and faces substantial challenges. Further studies
are warranted to enhance our understanding of ERV activation
mechanisms and their roles in neuropsychological conditions,
potentially contributing to the development of innovative therapeutic

interventions.

1 Introduction

Retrotransposons use a “copy-and-paste”
mechanism, transcribing into RNA and then

Transposable elements (TEs), also known as
“transposons,” are genetic sequences capable
of changing their position within the genome.
They are found in all species and constitute
nearly 40% of the mammalian genome [1]. TEs
are primarily categorized into the following two
types: Class I transposons or retrotransposons,
and class II transposons or DNA transposons.
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reverse-transcribing back into DNA, which is then
integrated back into the genome. This mechanism
allows retrotransposons to amplify their own
copy number, making them the predominant TEs
in the genome. Meanwhile, DNA transposons
utilize a “cut-and-paste” method, accounting
for only 1%-2% of the mammalian genome.
Despite their different mechanisms, all TEs



can potentially create mutations, rearrange the
genome, and influence the genome size. Apart
from these potentially harmful effects, TEs can
also have beneficial impacts on fostering genetic
diversity and have remarkably shaped genome
evolution [2].

Retrotransposons can be further categorized
into the following two main types: long terminal
repeat (LTR) and non-LTR retrotransposons.
Although a detailed classification of these elements
is beyond the scope of this review and has been
covered elsewhere [3], in this paper, we will focus
our discussion on endogenous retroviruses (ERVs),
which represent a subset of LTR retrotransposons.
ERVs are pervasive across species, not only
appearing in all vertebrates but also spanning
in the entire animal kingdom. They co-evolve
with their hosts and exhibit relatively lower
evolutionary rates; hence, they are considered
“molecular fossils” and serve as phylogenetic
markers for linkage analysis [4, 5]. ERVs can
be further categorized into different classes and
families, distinguished by more specific sequence
characteristics. For instance, based on the similarity
with exogenous viruses, ERVs can be classified
as classes I, II, and II I. Besides, the specificity
of their primer binding sites (PBSs) for certain
tRNAs, a crucial element in initiating reverse
transcription during retroviral infection, is a
defining feature [6]. As an example, the human
ERV families HERV-W and HERV-K belong to
the ERV1 and ERV2 classes, respectively. The
“W” in HERV-W stands for tryptophan and
the “K” in HERV-K stands for lysine, reflecting
the tRNA specificity of their PBSs. However,
classifying ERVs can be complex and sometimes
inconsistent owing to their diversity, the
complexity of these elements, and the varying
criteria used by different studies or databases.
For instance, HERV-K, also known as Human
MMTV-like 2 (HML-2), is named as such because
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of the sequence homology it shares with the
Mouse Mammary Tumor Virus (MMTV), a type
of beta-retrovirus [7]. This naming convention
illustrates the intricate relationships and
evolutionary history that ERVs share with
exogenous retroviruses.

ERVs originated from ancient retroviral
infections occurring in germline cells. These
retroviral sequences were integrated into the
host species’” genome and have been passed
down through generations. ERVs structurally
resemble exogenous retroviruses, containing
cassettes that encode typically viral components.
In full-length ERVs, besides the LTRs located
at both ends, there are three primary retroviral
genes, which are as follows: GAG, PRO/POL,
and ENV [3]. The GAG gene encodes the virus’s
capsid proteins, whereas the PRO/POL genes
encode proteases that are essential for the virus’s
replication, integration, and cleavage during
host infection. The ENV gene encodes envelope
glycoproteins that dictate viral infection specificity.
The LTRs control retroviral gene transcription
and are crucial for integrating the retroviral
DNA into the host genome. Nevertheless, similar
to other TEs, most ERVs are defective due to
the accumulation of mutations, frameshifts, and
deletions, with some ERVs retaining only solo
LTRs. Meanwhile, the host organism actively
suppresses the ERVs’ activity in the genome
through various epigenetic regulatory mechanisms,
as the invasion and recombination process of
ERVs can increase the host genome’s instability.
However, some ERVs have retained some activities
through selection during the evolutionary
process and play an important regulatory role
in mammals [3]. Their aberrant activation is
also closely linked to a range of pathological
conditions, including tumors, immune diseases,
aging, and neuropsychological disorders [3, 8].

Studies on ERVs have garnered increasing
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attention in recent years, with many focusing
on cancer and immune diseases. However, a
comprehensive understanding of ERVs in the
field of neuroscience, particularly their involvement
in brain disorders, has only begun to emerge. In
this review, in addition to providing a general
introduction of ERVs and their activity under
both physiological and pathological conditions,
we particularly discuss their role in the brain and
potential implications for various neuropsychiatric
disorders. We begin by describing the primary
epigenetic mechanisms involved in silencing
ERVs, with a specific focus on histone H3K9
trimethylation (H3K9me3) and DNA methylation.
Then, role of ERVs in
transcriptional regulation under physiological

we discuss the

conditions. We then explore the de-repression
of ERVs when subjected to various stressors,
and its consequences, including the induction of
cancer, inflammation, auto-immune responses,
and aging. To conclude our review, we highlight
recent studies that present evidence of the
involvement of ERVs in neuropsychological
disorders, including Alzheimer’s disease (AD),
amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS), autism spectrum disorder (ASD),
schizophrenia (SCZ), bipolar disorder (BD), and
others.

2 Epigenetic mechanisms in ERV

regulation

As previously mentioned, active ERVs, while
driving host genome diversity and evolution,
also introduce instability into the host genome.
To minimize these risks, hosts have developed
various strategies employing epigenetic
modifications to counteract ERVs’ activity.
Among these strategies, SETDB1-mediated
H3K9me3 and DNA methylation are the two most
commonly used epigenetic mechanisms. These

two mechanisms often operate synergistically
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to silence ERVs. Additionally, other epigenetic
mechanisms reportedly play important roles in
ERV regulation.

2.1 SETDBl-mediated H3K9me3 and its
co-regulators

SET Domain, Bifurcate 1 (SETDB1) operates as a
histone methyltransferase, with its in vivo activity
specifically toward the repressive histone mark,
H3K9me3. In this section, we primarily focused
on presenting evidence for SETDB1’s role in
silencing ERVs across various systems, including
the brain. Beyond ERVs, SETDBI1 also exerts a
significant regulatory influence on other genes
crucial for the functioning of the central nervous
system (CNS), a topic which has been extensively
reviewed by our team and others [9, 10]. A
landmark study by Matsui and colleagues [11]
highlighted the critical function of SETDBI, also
referred to as ESET, in silencing both endogenous
and exogenous retroviral elements within the
embryonic stem cells (ESCs). Their findings
showed that a reduction in SETDBI1 led to a
considerable reactivation of ERVs, specifically
impacting classes I and II, but not class III or
non-LTR retrotransposons. Notably, only H3K9me3,
not H3K9me2, was affected on ERVs that were
targeted by SETDBI, thereby underscoring the
importance of H3K9me3 [11].

Although SETDBI contains a methylated CpG
binding-domain, it has not been directly shown
to bind to ERVs or any other genomic DNA
sequences. Instead, it functions as an integral
component of a well-characterized transcriptional
repressive complex, known as SETDB1/KAP1/
KRAB-ZFPs. The Kriippel-associated box zinc-
finger proteins (KRAB-ZFPs) represent the largest
transcription factor family in higher vertebrates.
They recognize and bind to specific DNA
sequences through their zinc-finger structures,
enabling them to identify the PBSs of various
ERV families [12]. A notable example is ZFP809
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in mice, which suppresses the Moloney murine
leukemia virus by recognizing PBS-Pro [13, 14].
The evolution of the host ZFP family is believed
to have been driven by the integration of
new ERVs [15]. Each integration of new ERVs
coincides with the emergence of a corresponding
new ZFP family. This diversification of ZFPs
allows them to target and inhibit the activity of
the newly integrated ERVs [16, 17]. To enable
their silencing effect, KRAB-ZFPs recruit the
transcriptional co-repressor KAP1 (KRAB-associated
protein 1) and SETDB1 [18]. Along with the
heterochromatin protein HP1, they establish an
H3K9me3-mediated heterochromatic environment
and impose the inhibitory effect on the ERV
sites [18]. This mechanism is observed in the
early embryos, pre/pro B cells, neural progenitor
cells (NPCs), and neurons, and the deletion of
this complex results in H3K9me3 loss and ERV
activation [18-22]. Interestingly, despite HP1
being recognized as an H3K9me3 reader, its
deletion alone does not cause considerable ERV
activation [11, 18], suggesting the existence of
other H3K9me3 readers. For instance, a most
recent study identified the trinucleotide-repeat-
containing 18 (TNRC18), which is a new
H3K9me3 reader that selectively mediates class I
ERV silencing [23].

Beyond loss-of-function studies, unbiased
screening studies have further highlighted the
pivotal role of SETDBI1 in ERV silencing, while
also unveiling new associating partners. Yang
et al. utilized a siRNA screening system to
systematically identify factors that influence ERV
silencing in embryonic cells [24]. They identified
several SUMOylation factors, including SUMO?2,
UBE21, SAEL, UBA2, and SENPS, in addition to
the well-studied SETDB1/KAP1/ATE7IP complex.
Interestingly, SUMO2, a central player in the
SUMOylation process, impacts the same range
of ERVs as SETDBI1 or KAP1, and these ERVs were
remarkably enriched for H3K9me3. Furthermore,
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SUMO?2 directly binds to and mediates the
SUMOylation of SETDB1 and KAP1, promoting
their recruitment to ERVs [25, 26]. Subsequently,
Fukuda and colleagues conducted a CRISPR/Cas9
screening to identify genes involved in MLV
silencing in mouse ESCs [27]. Their findings
revealed that the top 100 genes were highly
enriched for chromatin modification and
remodeling complexes. Notably, SETDB1 and
its binding partner ATF7IP topped the list.
Moreover, most of the other genes, including
those in the BAF family and HUSH complex,
either directly interact with SETDB1 or are
involved in SETDB1-associated protein complexes.
The involvement of the HUSH complex was also
reported in an independent study that utilized a
non-lethal forward genetic screening in near-
haploid KBM7 cells [28]. Interestingly, a minimal
overlap was noted between Fukuda’s and Yang's
lists, with only eight genes appearing in both
studies among the top 100. These genes could
be grouped into the following three protein
complexes: SETDB1/KAP1/ATF7IP, SWI/SNF
complex (SMARCA4, SMARCBI, and SMARCC1),
and SUMOylation factors (SUMO2/SAE1). This
further emphasizes the indispensable role of
SETDBI in regulating ERVs, while also highlighting
the specificity of more refined regulatory
pathways tailored to the ERV-type and host
species.

2.2 DNA methylation

DNA methylation, typically occurring at 5-cytosine
of CpG in mammals, is a well-studied repressive
mediates TE
silencing [29]. DNA methylation participates in

epigenetic mechanism that
ERV silencing in multiple cell types and systems,
including the brain [21, 30, 31]. The finely-
orchestrated establishment and deletion of DNA
methylation signal on ERVs involve a series of
methyltransferases (DNMT1, DNMT3A/3B/3C/3L)
[31-34] and demethylases (TET1/2/3, TDG) [35, 36].
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Additionally, other epigenetic regulators also
assist in the DNA methylation-mediated silencing
of ERVs, particularly those that catalyze the
repressive histone mark, H3K9 methylation,
including SETDB1 [37] and G9A/GLP [38].

The pattern of DNA methylation on ERV
repression is highly dynamic during early
embryonic development. From fertilization to
the morula stage, ERVs undergo active DNA
demethylation, mediated by TET1/2/3 and
TDG [35, 36]. An exception is the intracisternal
A-particle (IAP), a subgroup of rodent ERVs
that are partially shielded from demethylation
[39]. DNMT1, including its oocyte (DNMT1o)
and somatic (DNMTT1s) forms, has been implicated
in the maintenance of IAPs methylation
throughout preimplantation, achieved via binding
to the 5LTR of IAPs [39, 40]. DNMT1 plays a
crucial role in maintaining the methylation
patterns following DNA replication [32, 39]. It is
recruited to the replication fork by the PCNA/
NP95/G9A complex [41], where it maintains IAP
methylation in cleavage embryos by methylating
the symmetrical CpG on the newly synthesized
DNA strand [42]. As development progresses,
ERVs undergo de novo DNA methylation from
the blastocyst to the post-implantation period by
DNMT3A/B [43], which form a complex with
DNMT3L [44]. DNMT3A/B also form a protein
complex with NP95 and GY9A to initiate ERV
body silencing [41]. During the peri- and post-
implantation stages, zygotic DNMT1s is highly
expressed and continues to maintain IAP
methylation [40], with the aid of histone H3K9
methyltransferase G9A and SETDBI1 [38, 45].
Interestingly, early studies highlighted the
dispensable role of DNA methylation on ERV
repression in ESCs, as most ERV remained
silenced in Dnmt1/Dnmt3a/Dnmt3b triple-knockout
ESCs [11]. However, subsequent research revealed
the crucial interplay between DNA methylation
and H3K9me3 in ERV silencing in ESCs.
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Specifically, ectopic NP95 binding after Dnmt1
knockout caused an expansion of hemimethylated
DNA, inhibiting SETDB1-dependent repression
and leading to transient IAP expression [46].
However, after gradual dilution of hemimethylated
DNA, SETDB1-mediated repression machinery
was recovered and IAP was silenced again [46].

Differentiation brings about more complex
regulatory mechanisms of ERVs. DNA methylation,
which is canonically stable and fixed, was
considered essential for creating large silent
domains that suppress ERV in differentiated
cells [29, 47]. However, recent studies have shed
light on the cooperative interaction between
DNA methylation and H3K9me3 in maintaining
ERV silencing. In the embryonic endoderm, DNA
methylation inhibits IAP activity in both visceral
endoderm (VE) and definitive endoderm, whereas
SETDBI1-mediated H3K9me3 only controls IAP
in VE [48]. In the differentiated human cell lines,
DNA methylation represses young ERVs enriched
in CpG, whereas H3K9me3 primarily regulates
the intermediate-aged ERVs [49]. In the developing
brain, DNMT1 loss in telencephalic NPCs resulted
in considerable DNA hypomethylation and
induced the production of IAP protein in the
dorsal cortex, contributing to cortical degeneration
and defects in neuronal maturation [50].
Additionally, the depletion of H3K9me3
methyltransferase SETDBI triggered an abnormal
IAP expression, accompanied with CpG
demethylation in the LTR of IAPs [21]. This
underscores the intricate interplay between
DNA methylation and H3K9me3 in regulating
the ERV activity during cellular differentiation
and brain development.

2.3 Others

In addition to SETDBI, other proteins, including
SUV39H, also mediate H3K9me3 modification
in mammals. However, the role of SUV39H in
ERV silencing remains a topic of debate. SUV39H



is well recognized for its role in constitutive
heterochromatin formation, and SUV39H-mediated
H3K9me3 is involved in suppressing class II
ERVs in ESCs. However, ERVs maintain silence in
ESCs and NPCs even in the absence of SUV39H
[61]. Apart from H3K9me3, G9A-mediated
H3K9me2 has also been implicated in ERV
regulation, specifically targeting MERVL, a
class III ERV [52]. Notably, Yang’s screening
identified another complex, CHAF1A/B, which
primarily targets Class III ERVs. Interestingly,
CHAF1A/B targets exhibit low signals for
H3K9me3 but are enriched for active histone
modifications, including H3K4me2, H3K9%ac, and
H3K27ac [24]. Further pull-down experiments
identified KDM1A and HDAC1/2 as binding
components within the CHAF1A/B complex [24].
CHAF1A/B are core components of the chromatin-
assembling factor complex CAF1, which is also
a binding partner of SETDB1 [53]. H3K27me3,
another important repressive histone mark, is
also involved in ERYV silencing, although its role
appears to be limited to class I ERVs [54]. The
histone variant H3.3 also plays a role in ERV
regulation [55]. Collectively, these studies suggest
a complex interplay of multiple epigenetic
mechanisms in the control of ERVs.

3 ERV activation and
implications

its biological

Although the majority of ERVs within the
mammalian genome are typically silenced due
to genetic mechanisms, it is essential to appreciate
the remarkable roles that certain ERVs play in
host physiological functions.

3.1 Encode functional proteins

ERV-derived proteins play important functions
in the placenta, early embryo, and brain. Two
proteins derived from ERV-env, Syncytin-1
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(originating from HERV-W) and Syncytin-2
(originating from HERV-FRD), are responsible
for facilitating cell fusion and syncytiotrophoblast
formation, which are essential for placental
development. [56, 57]. Additionally, proteins
derived from ERV-ENV can restrict retroviral
infection across various mammalian species,
including humans. A prime example is the gene
suppressyn (SUPYN), derived from the ENV
of HERV-F, which is highly expressed in the
placental trophoblast and can inhibit mammalian
D-type retroviral infection [58, 59]. ERV-encoded
protein also enhance resistance to viral invasions
during embryonic development. HERV-K, for
example, encodes the accessory protein REC,
which can bind to host cell RNA, regulate its
nucleosome occupancy, and inhibit viral infection
by amplifying the cell surface expression of the
IFEN-induced viral restriction factor IFITM1 [60].
Methyltransferase 6 (Prmt6) generates a chimeric
transcript with Mt2b2, a member of MERVL, in
mouse preimplantation embryos. This transcript
giving
PRMT6MT2B2 chimeric protein upon zygotic
genome activation. PRMT6MT2B2 exhibits distinct
functionality characterized by a more substrate-

undergoes translation, rise to the

specific behavior and reduced histone arginine
methylation activity as compared to the
conventional PRMT6. This unique protein
variant plays a pivotal role in orchestrating cell
differentiation during the blastocyst stage [61].
There are also instances from the brain. Arc,
a post-synaptic protein originating from the
Ty3/Gypsy retrotransposon family, plays a crucial
role in excitatory synapses and is essential for
learning and memory [62]. The arc protein can
assemble into virus-like capsids, demonstrating
biochemical properties reminiscent of retroviral
GAG proteins. These capsids play a role in
facilitating the intercellular transfer of Arc mRNA
among neurons [63, 64].
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3.2 Serve as regulatory elements

ERVs can function as regulatory elements for gene
expression. During the developmental phase
that precedes embryo implantation, a unique
DNA hypomethylated environment allows ERVs
to temporarily escape repression. In this context,
MERVL/HERVL serves as an alternative promoter,
driving the expression of chimeric transcripts
and playing a pivotal role in regulating cell state
transitions [65, 66]. MERVL transcripts are essential
for accurately regulating the host transcriptome
and chromatin state during preimplantation
development [67]. ERVs also participate in
gene regulation in placental development. This
is substantiated by studies conducted on rodent
(TSCs) that found
considerable enrichment of ERVs in TSC-specific

trophoblast stem cells
enhancers [68]. One example is the mouse-specific
ERV, RLTR13D5, which functions as an enhancer,
associates with the core factors of the TSC
regulatory network, and influences the expression
of adjacent genes [68]. Furthermore, ERVs act as
evolving enhancers, orchestrating immune gene
regulation, and coordinating transcriptional
responses to interferons in both humans and
mice. A case in point is the primate-specific
MER41, which acts as an IFN-inducible enhancer,
interacts with STATI, and activates proximal
IFN-stimulated genes in CD14 macrophages
upon IFN exposure [69].

3.3 Participate in 3D genome organization

ERVs also play an instrumental role in organizing
the three-dimensional (3D) genome structure,
facilitating distant chromatin interactions and
gene regulation. For instance, HERV-H establishes
the boundaries of topologically associating
domains (TADs) in human pluripotent stem
cells (hPSCs) and is involved in TAD remodeling
during cardiomyocyte differentiation [70]. When
HERV-H is removed, the corresponding TAD
boundaries disappear, leading to a decrease in
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the transcription of genes located upstream of
these boundaries. Importantly, species without
these HERV-H elements do not have these TAD
boundaries, suggesting HERV-H's role in shaping
cell-type- and species-specific chromatin structures.
Further evidence on the role of ERVs in 3D
genome organization comes from a study focusing
on cell type-specific 3D epigenomics during
human cortical development. It identified super-
interactive promoter groups (SIPGs), which are
areas that demonstrated enhanced interaction
between promoters and their distal interacting
regions. ERVL-MaLR elements are significantly
enriched in SIPGs, contributing to gene expression
regulation and lineage specification during
development [71].

4 ERV activation under
conditions

pathological

Although ERV expression is usually minimal in
healthy tissues, accumulating evidence suggests
that various pathological conditions, including
cancer, infections, immunoinflammation, and
aging, can trigger the transcription of proviral
elements and subsequent protein production.

4.1 Cancer

The activation of ERVs is a phenomenon
extensively observed in various cancer models
and patients, with some studies even reporting
the presence of viral-like particles [72, 73]. A
notable increase in HERV-K expression has been
identified in malignant tissues, which includes
germ cell tumors, melanoma, ovarian cancer,
leukemia, and prostate cancers, in contrast to its
minimal expression in healthy tissues [74-78].
For melanomas, ERV activation resulted in the
expression of various viral proteins, including
GAG, ENV, REC, NP9, and RT, which are absent
in melanocytes or normal lymph nodes [79, 80].
Furthermore, ERV activation appears to play a



role in promoting tumor progression. Activated
ERVs can trigger an IFN response and stimulate
the expression of chemokines, including CXCL10.
This subsequently results in the infiltration of
specific T cells, including Th2 and Treg cells,
which contribute to the establishment of an
immunosuppressive microenvironment within
the tumor. This environment can potentially
facilitate tumor initiation and progression [81].

4.2 Infection

Previous studies have highlighted that HERVs
can be activated in response to viral and microbial
infections. For example, the presence of HERV-K
RNA, protein, and virus-like particles has been
identified in the plasma of HIV-1 patients [82].
In addition to HERV-K, HIV-1 infection activates
several other types of HERVs, including HERV-E,
HERV-T, and ERV9 [83, 84]. Interestingly, the
interplay between HIV-1 and HERV viral
production appears to counteract each other.
HIV-1 infections stimulate the ERV9 member
LTR12C, which subsequently triggers the
expression of IFN-inducing genes GBP2 and GBP.
This action limits the production of HERV-K
virus particles [85]. Conversely, the envelope
protein of HERV-K108 potentially inhibits the
production of HIV-1 virus particles [86].
Additionally, in individuals infected with HIV-1,
HERV-K-specific viral T cells can be detected.
These specific CD8+ T cells are capable of
recognizing and eliminating cells that present
homologous peptides, a consequence of HIV-
induced HERV protein expression [87]. This
mechanism plays a pivotal role in the natural
immune response to HIV [88].

4.3 The infections beyond HIV can also
influence ERV activation

For instance, in mice infected with the herpes
family virus EBV, an increase in ERV transcription
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was observed in mouse lymphocytes, leading to
an auto-immune response [89]. Additionally, an
increase in the mRNA levels of the HERV-env
was detected in peripheral white blood cells
infected by the Coxsackie B virus in vitro [90].
Apart from the viruses, bacterial infections can
also prompt ERV activation [91]. For example,
initiate ERV

transcription, resulting in T-cell accumulation in

the microbiota in mice can
the skin. This process promotes an antibacterial
inflammatory response and assists in tissue

repair [91].
4.4 Immunoinflammation

Long-term studies have established a reciprocal
relationship between ERV expression and
inflammation. It is well understood that
inflammatory triggers can stimulate ERV
expression. The promoters of ERVK, for instance,
contain interferon-stimulated response elements
and binding sites for pro-inflammatory
transcription factors, such as NF-xB [92]. When
exposed to bacterial endotoxins or specific
pro-inflammatory cytokines, ERV expression
increases in both mouse and human cells and
tissues [92-94]. Early exposure to inflammatory
factors can induce lasting changes in ERV
expression, which, in turn, can influence disease
susceptibility among individuals. For example,
maternal exposure to virus-like acute phase
reactions elevates the mRNA levels of IL-6 and
several ERVs in the placenta and fetal brain
[95]. Moreover, ERV activation itself have pro-
inflammatory effects [95]. HERV expression
has also been closely associated with many
auto-immune diseases [96]. An early study has
established a strong link between HERVs and
the incidence of rheumatoid arthritis (RA) [97].
This study compared the sera obtained from RA
patients and those from healthy controls, revealing

a high proportion of RA patients with antibodies
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specific to envelope proteins from HERV-K10
and IDDMKI1. Further analysis using RT-qPCR
showed an elevated expression of HERV-K10
GAG in peripheral blood mononuclear cells
(PBMCs) from RA patients as compared to
healthy controls [98, 99]. In patients with
inflammatory bowel disease (IBD), SETDBI
expression is significantly reduced in the intestinal
stem cells. This reduction leads to diminished
H3K9me3 levels on ERVs, which, in turn,
triggers ERV activation [100]. In summary,
the interplay between inflammation and ERV
expression is complex and bidirectional, with
potential long-term implications for disease
susceptibility and progression.

4.5 Aging

ERYV activation is reportedly connected to cellular
senescence and tissue aging [101]. Various cellular
senescence models have demonstrated ERV
activation due to factors such as the loss of
epigenetic transcriptional silencing, shifting
in heterochromatin/euchromatin compartments,
profound epigenetic resetting, and aberrant
activation of enhancers associated with the
senescence-related gene [102-104]. ERV expression
is expected to maintain the establishment of a
senescence-associated secretory phenotype, which,
in turn, reinforces the aging response [102, 105].
This correlation has been observed across
multiple species, including yeast, flies, and
rodent [106-108]. In the human hippocampus, a
trend toward an increase in microbial burden
with age was observed. This overall infectious
burden is directly related to the abundance of
retroelements, primarily HERVs [109]. Furthermore,
an increased expression of HERV-K and HERV-W
was noted in the PBMCs and skeletal muscle of
aging individuals, as well as in the frontal lobe
of aging primates [110, 111]. This change has
been associated with DNA hypomethylation at
the HERV loci [112-114]. Additionally, HERV-K
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upregulation in human cells and primate tissues
has been linked to programmed aging, providing
another layer of evidence for the role of ERVs in
the aging process [101, 111, 115].

5 Biological consequence of ERV activation

Three primary mechanisms have been proposed
to explain how ERV activation can disrupt host
homeostasis, leading to pathological responses
(Figure 1). Firstly, ERVs can serve as alternative
promoters or enhancers. Upon activation, they
can either influence adjacent gene expression or
establish long-range chromatin interactions for
distal gene regulation. Secondly, the activated
ERVs can generate a large volume of transcripts
that form double-stranded RNAs (dsRNAs),
which can induce inflammatory responses by
activating the nucleic acid sensors. Lastly, some
ERVs retain intact coding sequences, enabling
them to produce functional viral proteins, such
as GAG and ENV. These proteins hold the
potential to assemble into viral-like particles,
particularly in loci that still harbor full-length
ERVs. The presence of these functional viral
proteins or particles can initiate immune responses,
mimicking the process of exogenous retroviral
infection. In certain scenarios, they might even
be secreted extracellularly, thereby impacting the
surrounding healthy cells.

5.1 Serve as alternative promoters or enhancers

Emerging from cancer research is the pioneering
concept that ERVs can serve as regulatory
elements for gene expression. During tumo-
rigenesis, aberrant TE activation can stimulate
the expression of certain proto-oncogenes. Thus,
in this context, activated ERVs or LTRs can
function as alternative promoters, initiating the
expression of genes in their proximity [116]. For
example, in Hodgkin’s lymphoma, an aberrantly
activated LTR from the MALR family acts as
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Fig.1 Stimuli that activate ERVs and their biological consequence. ERVs can be activated under pathological conditions, including

cancers, infections, immunoinflammatory disorders, and aging. Upon activation, ERVs can 1) function as alternative promotors or

enhancers influencing gene expression. In addition, the transcripts from ERVs can 2) form dsRNAs or 3) translate into functional viral

proteins, which may further 4) assemble into virus-like particles. HIV, human immunodeficiency virus; EBV, Epstein-Barr virus; MIA,

maternal immune activation; RA, rheumatoid arthritis; IBD, inflammatory bowel disease; HDF, human diploid fibroblasts; PBMCs,

peripheral blood mononuclear cells; S-HSPCs, senescent human stem and progenitors; GAG, group-specific antigen gene; ENV, envelope.

a promoter, triggering proto-oncogene CSFIR
expression [117]. Further evidence of this
regulatory role comes from studies on acute
myeloid leukemia, where at least six classes
of ERV family members were identified as
enhancers. These ERVs regulate the expression
of nearby leukemia-associated genes. A notable
instance is APOC1 regulation by LTR2, a process
crucial for cancer cell proliferation [116]. Such
regulatory mechanisms have also been studied
in the context of neural development. In NPCs,
the genetic ablation of SETDBI1 or its binding
partner KAP1 triggers a massive ERV activation,
leads to long noncoding RNA production, and
coincides with the upregulation of adjacent gene
expression [20, 21, 118]. The causal effect and

biological consequences of this mechanism,
focusing on interneuron development, were
further established in a recent study [20]. The
researchers identified a class I ERV locus,
RMER21B, located downstream of the Htr3a
gene, which encodes the important type 3
serotonin receptor subunit A. They provided
evidence of chromatin interaction between the
RMER21B and Htr3a promoter, demonstrating
activity of RMER21B that
contributes to the regulationof the Htr3a gene,

the enhancer

which is an important marker gene for cortical
interneurons. The study showed that RMER21B
activation disrupts the development of Htr3a+
interneurons in mouse cortex, contributing to
mood dysregulation [20].
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5.2 Activation of nucleic acid sensors

Certain effector molecules, classified into four
groups, are tasked with monitoring aberrant
nucleic acids within the cells. First, Toll-like
receptors (TLR3/7/8/9) in the endosomal membrane
recognize viral nucleic acids. Second, the
cytoplasmic DNA sensor, cyclic GMP-AMP
synthetase (cGAS), identifies pathogenic and
excess host DNA. Third, retinoic acid-inducible
gene I (RIG-I)-like receptors (RLRs) serve as
cytoplasmic RNA sensors [119]. Lastly, Z-DNA
Binding Protein 1 (ZBP1), a nuclear RNA sensor,
detects abnormal dsRINAs exhibiting a left-handed
conformation [100]. Upon activation, ERVs can
trigger the immune responses primarily through
the aforementioned pathways. For instance,
dsRNA produced by the activated ERVs initiates
the TLR3-mediated antiviral signaling pathway,
a process observed in breast cancer and melanoma.
This activation subsequently activates the type I
IFN response via the MyD88 and TRIF pathways
[120]. There are also alternative mechanisms
where cytoplasmic dsRNA activates RIG-1/MDA-5
and dsDNA initiates the cGAS-STING pathway.
These activations, found in various cancer cell
lines, typically stimulate the classical antiviral
IFN pathways [121]. In addition to triggering an
inflammatory response, ERV activation can also
induce cell death. In intestinal epithelial cells,
genetic ablation of SETDBI activates the ERVs
and generates conformationally aberrant Z-RNAs,
leading to necroptosis in a ZBP1l-dependent
manner [100]. A similar mechanism was observed
in Schwann cells, a type of glial cell found in the
peripheral nervous system [122]. The expression
of nucleoporin Sehl, a component of the nuclear
pore complex, decreases with aging. In Schwann
cells, the loss of Sehl results in immune
activation and ZBP1-mediated cell necroptosis.
This process is SETDB1/KAP1 dependent and
can be alleviated by a reverse transcriptase
inhibitor [122].
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5.3 Generation of viral proteins or particles

ERV activation not only involves dsRNA
formation but also leads to functional viral protein
generation, which, in turn, can directly stimulate
an immune response. An earlier study has
shown that the viral ENV protein derived from
the HERV-W stimulates innate immunity via the
CD14/TLR4 pathway, thereby promoting Th1-like
responses [123]. Additionally, in a recent study,
the Major Histocompatibility Complex class I
(MHC-I) presentation pathway was identified
to mediate T-cell activation induced by MuLV-
derived peptides [124]. Further, ERVs can
influence other cells through exosomes. As an
illustration, MuLV aids in the intercellular
transmission of misfolded proteins, a phenomenon
also observed in astrocytes from AD patients
[125]. Besides the envelope proteins, GAG
proteins from ERVs also play a pivotal role in
immune response. In a diabetic mouse model,
these proteins serve as antigens for T-cell
activation and auto-immune response [126]. In
neurons, GAG proteins produced due to ERV
activation following the loss of KAP1, aggregate
within the cells, triggering a substantial microglial
activation [22]. Moreover, electron microscopy
has revealed the production of virus-like particles
in mouse neurons exhibiting massive ERV
activation due to Setdb1 depletion, a process also
accompanied by reactive gliosis [127]. Aging is
an important factor that induces ERV activation,
which has been validated in both in vitro and
in vivo studies [101] [111]. Activated ERVs in
senescent fibroblasts can form virus-like particles,
which are then secreted extracellularly and induce
senescence in proximate young cells [101]. In a
recent multi-omics profiling study of the frontal
lobe in aged primates, a specific deterioration of
the nuclear lamina was identified in neurons.
This degeneration coincided with ERV activation
and virus-like particle formation, which instigated
inflammation via the cGAS signaling pathway
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[111]. Notably, this previous study highlighted
that abacavir, a nucleoside reverse transcriptase
inhibitor, could alleviate aging-related changes
in human IPS-induced neurons and aged
mice [111].

Additionally, alongside their toxic impacts, ERV
proteins can also confer protective effects. HERV-K
particles, released from human teratocarcinoma
cells, demonstrate immunosuppressive capabilities
through the HERV-K-enveloped TM proteins.
These proteins inhibit immune cell proliferation
and promote the release of the anti-inflammatory
cytokine IL-10 [128]. Furthermore, activated ERVs
exert neuroprotective effects by upregulating
NGF and BDNF in the cultured neuronal cells
during an HIV infection [129]. Additionally, in
an immunodeficient mouse model, transfection
of HERV-K-ENV into the neural stem cells led
to suppression of TNF-a expression and
microglia activation, accompanied by improved
neurobehavioral outcomes [129].

6 Recent insights on ERVs in brain diseases

It is essential to recognize that ERVs play active
roles in brain functioning, in both healthy and
pathological conditions. One study utilizing
the GTEx RNA-seq dataset obtained from 948
individuals reported that HERV-K transcripts
are most abundant in the brain, particularly in
the cerebellum, pituitary, and cortex, among 54
different tissues [130]. Moreover, polymorphic
HERV-K insertions were identified in over 2,000
human whole genomes, exhibiting considerable
enrichment for tissue-specific gene expression
and complex phenotypes, notably associated with
neurological and immunological diseases [131].
In line with this, a growing body of evidence
from clinical and preclinical investigations has
recently emerged, highlighting the correlation
between ERV activation and various brain
disorders (Table 1), including neurodegenerative
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diseases and neurodevelopmental and psychiatric
disorders. These studies have illuminated potential
pathogenic mechanisms, paving the way for future
investigations and offering valuable insights into
novel targets for disease treatment.

6.1 Neurodegenerative diseases

AD, the most common cause of dementia, is a
progressive neurodegenerative disorder. It is
characterized by the accumulation of amyloid-
beta plaques and hyperphosphorylated Tau
tangles within the brain [132]. AD models in
Drosophila and mice with Tau pathology have
shown a remarkable upregulation of TE expression,
especially ERVs [133, 134]. A clinical research
study involving 103 AD patients and 45 healthy
controls reported that differentially expressed
HERVs were dispersed throughout the entire
genome and associated with the dysregulated
gene expression in AD [135]. Recent studies have
made progress in understanding how ERVs
trigger AD [136-139]. For instance, HML-2 can
specifically activate human TLR8 or mouse
TLR7 through the sequence 5-GUUGUGU-3'
within its ENV gene, trigger neuroinflammation
through the NF-«xB pathway, and ultimately
activate caspase-3, leading to neuronal apoptosis.
Coculture of neurons with microglia will
accelerate this process in vitro [136]. One research
group using Drosophila models has shown that
mutations in the flamenco gene, which encodes
piwi-interacting RNA (piRNA), or piRNA inhibition,
can lead to a considerable upregulation of certain
ERVs, which can result in neuronal death and
symptoms similar to those seen in AD. Conversely,
piRNA overexpression or ERV transposition
activity inhibition can alleviate some of these
symptoms [139]. Moreover, an increase in
dsRNA and the activation of corresponding
immune sensing mechanisms were observed
in the astrocytes in both Drosophila and mouse
AD models, as well as in postmortem brain
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Table1 Neuropsychological disorders with detectable alternations of HERV expressions.

Type Disorders Alternation of ERVs Reference
Neurodegenerative AD Upregulated ERVs including HERV-K [135, 138]
diseases ALS Upregulated HERV-K at RNA (POL) and protein level (ENV) [141-143]
Upregulated antibody level to specific epitope of HERV-H [148]
MS Upregulated HERV-W in RNA and protein level (syncitin-1/ [141, 155-157,161]
HERV-W ENV)
Psychiatric SCZ Upregulated HERV-W in RNA (POL, GAG, ENV) and protein [163-167, 185-186]
disorders level (ENV) [168]
Downregulated HERV-W GAG [178-179]
Upregulated HERV-K10 transcripts with reduction of [180, 185]
methylation
Upregulated ERV9 POL
BD Upregulated HERV-W ENV transcripts [166,186]
Downregulated HERV-W GAG [168]
Upregulated HERV-K10 transcripts [178]
Upregulated ERV9 POL [180]
MDD Downregulated HERV-W GAG [168]
SAD Upregulated HERV-W [164]
Neurodevelopmental ADHD Upregulated HERV-H transcripts [191]
disorders ASD  Upregulated HERV-H ENV transcripts [194]
Upregulated HERV-W ENV transcripts [195]
Others CIDP Upregulated HERV-W transcripts (ENV, POL) [201]
MOG-IgG  Upregulated HERV-W ENV [202]
SBMA Upregulated ERV-K proteins (GAG, integrase) [204]
CFS Upregulated HERV-K ENV transcripts [207]

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; MS, multiple sclerosis; SCZ, schizophrenia; BD, bipolar disorder; MDD, major

depressive disorder; SAD, schizoaffective disorder; ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder;

CIDP, chronic inflammatory demyelinating polyradiculoneuropathy; MOG-IgG, MOG-IgG-associated demyelinating disorders; SBMA,

spinal and bulbar muscular atrophy; CFS, chronic fatigue syndrome.

samples from AD patients [137]. In Drosophila,
the increased expression of ERVs corresponded
to dsRNA formation, along with the disrupted
heterochromatin formation, which is believed
to cause neuroinflammation [137]. In another
line of research, scientists used pluripotent stem
cells (iPSCs) and cerebral organoids derived
from the hippocampal tissue of AD patients.
They observed abnormal neuronal proliferation
and differentiation, accompanied by increased
expression of HERV-K and DNA-RNA hybrids.
This led to further activation of the cGAS-STING
pathway and its downstream effector caspase-3,
causing neuronal apoptosis. Remarkably, the
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degradation of c-JUN, an upstream factor of this
signaling pathway, significantly alleviated the
AD phenotype [138].

ALS is a debilitating disease characterized
by motor neuron degeneration, leading to
progressive muscle weakness and ultimately
resulting in respiratory failure [140]. The activation
of HERV-K reportedly is linked to ALS, with
numerous studies reporting higher levels of
HERV-K antibodies and transcripts in the serum
and cerebrospinal fluid (CSF) of ALS patients
than in healthy controls [141-143]. However,
some studies report no significant difference in
the HERV-K transcripts between ALS patients
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and healthy controls, suggesting potential
heterogeneity in the disease [144, 145]. The
pathogenesis of ALS is often associated with the
TAR-DNA-Binding protein (TDP-43), which plays
a critical role in maintaining the physiological
function of motor neurons [146]. In Drosophila,
both TDP-43 function loss and gain can trigger
an ALS-like phenotype, highlighting its critical
role and dosage sensitivity in disease progression
[146]. A higher expression of HERV-K and
TDP-43 was detected in the postmortem brain
tissue of patients with HIV infection than in the
control group with chronic systemic illness [147].
The amount of HERV-H and TDP-43 antibodies
binding to different epitope fragments in the
plasma of ALS patients increased significantly
as compared to that of the healthy controls, and
as the disease progressed, the two antibodies
showed a positive correlation [148]. It The
interaction between TDP-43 and Dicer-2 is key
in repressing ERVs in the Drosophila motor
system [146]. Interestingly, the neurotoxic effect
of TDP-43 overexpression is stronger in glial
cells than in neurons [149, 150]. In cases of ALS
progression, ERV and TDP-43 can stimulate each
other, exacerbating disease progression [151].
Moreover, researchers have shown that full-length
ERV, along with excessive TDP-43, can spread
from one lesion to other locations in vitro. This
migration can initiate the onset of disease in cells
that were previously healthy [151], potentially
contributing to disease progression.

MS is an auto-immune demyelinating disease
characterized by chronic neuroinflammation
[152]. A research using a mouse model revealed
that HERV-W ENV overexpression negatively
impacts the demyelination and regeneration
process [153]. Further studies have shown that
HERV-W ENV can activate the microglia,
increase the inflammatory factors, reduce the
levels of neuroprotective factors, and impair
the ability of microglia to clear myelin debris,
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suggesting a potential pathological link between
HERV-W and MS [154]. Clinical studies have
shown that HERV-W specific RNAs were
significantly higher in autopsied brain tissues
from MS patients than in the healthy controls
[155]. The antigenic peptides of HERV-W were
elevated in the serum of MS patients, and the
syncytin-1 levels were also increased in the
PBMCs of MS patients [156, 157]. Moreover,
numerous studies have suggested that exogenous
viral infections participate in the onset of MS,
and also interact with ERV activation [158-161].
For instance, a clinical study has shown that MS
patients had elevated HERV-W ENV levels in
immune cells as compared to healthy donors.
Additionally, this study found a significant
correlation between the titers of human
herpesvirus 6 (HHV-6) antibodies and HERV-W
ENVs in the immune cells of these MS patients
[161], suggesting a potential interaction between
exogenous viral infections and ERV activation in
MS pathogenesis.

6.2 Schizophrenia and other

disorders

psychiatric

A hypothetic model proposed that psychiatric
symptoms could result from ERV activation
triggered by traumatic experiences or viral
infections [162]. Recent research has made
promising progress in unveiling the association
between ERVs and psychiatric disorders, with
SCZ providing the most compelling evidence.
HERV-W, distinct from other HERVs, is implicated
in SCZ pathogenesis, as detectable HERV-W
expression has been reported in the CSF and
plasma of SCZ patients. This included transcripts
with coding potentials such as POL [163], GAG
[164], and ENV [165]. Besides body fluids,
researches on the postmortem brain of SCZ
patients have identified an elevated transcription
level of HERV-W in the frontal cortex [163],
anterior cingulate cortex (ACC), hippocampus,
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and orbitofrontal cortex [166]. In addition to
the changes in the transcriptional level, the
expression of both the GAG and envelope
proteins of HERV-W was detected in the serum
in some cases [167]. However, contrasting reports
exist, with one study indicating a reduction in
HERV-W GAG protein expression in the neurons
and astrocytes of the ACC and hippocampus in
SCZ patients [168]. These conflicting findings
underscore the complex role of HERV-W in
psychiatric disorders and highlight the need for
further investigation.

As previously discussed, the de-repression
of ERVs is tightly linked to inflammation and
immune responses. This association is also
evident in the context of psychiatric disorders.
In SCZ, patients can be categorized into
inflammatory subgroups based on the presence
of HERV-W ENV antigenemia, which is associated
with a distinct disease onset and symptom
profiles [169]. Another study has reported a
correlation between HERV-W GAG and ENV
antigenemia levels, C-reactive protein levels,
and cognitive impairment among SCZ patients
[167]. From a mechanistic perspective, recent
research in neuronal cells has unveiled the role
of the linc01930/cGAS/STING pathway in the
immune activation triggered by HERV-W ENV
in recent-onset SCZ [170]. Furthermore, HERV-W
induces a calcium ion influx in vitro by elevating
the expression of small conductance Ca?*-activated
K* type 2 channels (SK2) [171], small conductance
Ca?-activated K* channel protein 3 (SK3) [172],
and transient receptor potential cation channel
subfamily C member 3 (TRPC3) [173], which are
factors closely linked to SCZ [174, 175]. Beyond
these impacts on the ion channels, ERVWEI has
been demonstrated to modify the density and
morphology of dendritic spines through the
inhibition of Wnt/JNK non-canonical pathway
in SCZ [176]. A recent study also revealed
that ERVWE1 may be implicated in the
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pathophysiology by inducing ferroptosis [177].
These findings provide a deeper understanding
of the complex molecular mechanisms underlying
the role of ERVs in SCZ.

Besides HERV-W, several other ERVs have
been implicated in SCZ, either through their
own expression or by influencing adjacent genes.
For instance, HERV-K10, a subgroup of the
HML-2 family, v is considerably overexpressed
in the brains SCZ patients [178]. This observation
aligns with the findings of an independent study
that reported lower DNA methylation levels of
HERV-K in the blood cells of SCZ patients [179].
Moreover, the ERV9 POL gene expression has
been detected in patients with recent-onset SCZ
[180]. Apart from the expression aspect, genetic
evidences were reported on the relationship
between HERV and SCZ, which implicate the
potential mechanisms. For example, HSERV was
identified as an enhancer that regulates the
expression of the PRODH gene [181], a candidate
gene for SCZ [182], which encodes proline
dehydrogenase. HERV-K102, known for its
transcriptional activity in the brain, overlaps
with loci susceptible to SCZ [183]. Furthermore,
an earlier onset of SCZ is associated with a higher
frequency of HERV-K115 insertions [184].

Notably, some of the results including the
expression difference and mechanisms, have also
been established in patients with BD [166, 168,
178, 185, 186], major depression disorder [168],
and schizoaffective disorder [164] suggesting
a more general effect of ERVs in the mental
homeostasis. These findings collectively highlight
the multifaceted roles of ERVs in the pathogenesis
of psychiatric disorders. The role of antipsychotics
in regulating HERV expression provides
further evidence of their involvement in SCZ.
Chlorpromazine is a typical medication for SCZ,
and it has been shown to increase the DNA
methylation levels in HERV-K in a dose-dependent
manner in patients with multi-episode SCZ [179].
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Additionally, as the antiviral activity has been
validated on both chlorpromazine [187] and
VPA [188], it would be interesting to consider
whether their therapeutic effects include influences
on ERV activity. It is interesting to note that
evidence suggests RNA deaminases, such as
APOBECs, play protective roles against ERV
activation in both human and mouse cells [189]
[190], indicating a potential for future therapeutic
development.

6.3 Neurodevelopmental disorders

Neurodevelopmental disorders (NDDs) are
thought to emerge from the intricate interplay of
genetic susceptibility, maternal immune activation,
and environmental risk factors. The unique role
of ERVs in orchestrating these elements implies
their potential importance in the pathogenesis
of NDDs. Indeed, substantial evidence has
established a correlation between ERVs and
NDDs. For instance, in patients with attention
deficit hyperactivity disorder (ADHD), a common
NDD characterized by the executive dysfunction
and persistent inattention, the HERV-H expression
is elevated in the PBMCs of these patients [191].
Intriguingly, treatment with methylphenidate
results in reduced transcriptional activity of
HERV-H,

improvement in ADHD symptoms [192, 193].

coinciding with the observed

Similarly, differential expression of HERVs
has also been observed in ASD. ASD is a pervasive
developmental disorder with major symptoms
of deficits in social interaction and communication.
In ASD patients, the abnormality of ERVs activity
is manifested as an elevation of HERV-H
expression [194, 195] and a reduction in
HERV-W expression in PBMCs [195]. Moreover,
a high expression of HERV-H has been linked to
severe speech and motor deficits [195], whereas
an anti-HERV-W immune response negatively
correlates with social and adaptive competence
in individuals with ASD [196]. These findings
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have been preliminarily validated in two
commonly used ASD mouse models, BTBR
T+tf/] inbred mice and CD-1 outbred mice with
in-utero treatment of valproic acid (VPA). These
models exhibit a relatively high expression
of two murine ERVs, IAPs and Type II early
transposons (ETns), at the whole embryo level,
which persists in the brain and blood in
adulthood [197]. Notably, the study has shown
transgenerational inheritance via maternal lineage
in mice [198], aligning with the observation that
human ASD patients and their mothers share
abnormal ERV expression patterns [199]. Most
importantly, ERV and cytokine expression in
PBMCs from ASD patients and their parents can
be modulated upon drug exposure [200]. Given
the abovementioned evidence, ERVs hold promise
as both biomarker and therapeutic targets for
NDDs.

6.4 Others

Beyond the neuropsychiatric disorders mentioned
previously, ERV activation has also been
detected in a range of other brain disorders,
including progressive supranuclear palsy [139],
chronic inflammatory demyelinating polyradic-
[201], MOG-IgG-associated
demyelinating disorders [202], and sporadic
Creutzfeldt-Jakob disease [203], a rare and fatal
ERVs are also
associated with spinal and bulbar muscular

uloneuropathy

neurodegenerative disorder.

atrophy [204] and myalgic encephalomyelitis, also
known as chronic fatigue syndrome [205-207].
These findings highlight the extensive influence
of ERV activation across a wide spectrum of
disease processes associated with neuronal
dysfunction.

7 Conclusion and perspectives

ERVs are the remnants of ancient viral invasions
and constitute a significant portion of mammalian
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genomes. Throughout evolution, host organisms
have developed intricate epigenetic strategies,
notably the interplay between SETDBI1-mediated
H3K9me3 and DNA methylation, to suppress
the activity of ERVs. This suppression controls
their expansion and potential destabilization
of the genome. Simultaneously, certain ERVs
have evolved to serve beneficial roles for
the host, contributing to the development of
other physiological processes. However, under
challenging or pathological conditions, ERVs
can become aberrantly activated and contribute
to disease progression. Why are ERVs induced
by stress or infection? This question can be
approached from two perspectives. Firstly,
considering HERV integration into the human
genome as ancient viruses, it implies a certain
adaptability, especially among evolutionarily
young HERVs that may retain regulatory elements
responsive to environmental cues, particularly
those associated with infections or inflammation.
This aspect may help explain some of HERV’s
beneficial roles, such as their involvement in
immune defense mechanisms. Secondly, HERVs

are primarily silenced by epigenetic mechanisms.

Therefore, environmental stressors that can alter
or compromise these epigenetic restrictions may
contribute to HERV activation or de-repression.
This, in turn, may lead to pathological con-
sequences and contribute to the development of
neuropsychological disorders.

Another critical question revolves around
the molecular mechanisms underlying HERV
activation. According to the literature, inflammation
pathways play an important role in HERV
activation, but their involvement can be both
causal and consequential. One of the most
compelling pieces of evidence supporting the
potential causal role of the inflammatory pathway
in HERV activation comes from bioinformatic
analyses on the LTR regions of HERVs,
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particularly HERVKs. These analyses have

revealed the enrichment of inflammatory
transcription factor sites, and these LTRs can be
transcriptionally activated by inflammatory
factors, contributing to ERV activation under
pathological conditions. Nevertheless, there is
also evidence suggesting that ERV activation, in
turn, can induce an inflammatory response, thus
activating the related molecular pathways such
as Toll-like receptor signaling. Thus, a complex
interplay exists between the inflammatory
pathways and ERV activation. Identifying the
causal molecular pathway underlying ERV
activation in response to stress is imperative for
future studies in the field.

Upon activation, HERVSs can act as transcriptional
regulatory elements, generate dsRNAs/dsDNAs,
and form functional viral proteins or viral-like
particles. The outcomes of HERV activation vary
depending on the involved tissue and cell types.
Studies on intestinal stem cells [100] and
Schwann cells [122] have shown that cell death
following ERV activation through ZBP1-dependent
necroptosis. Additionally, the direct introduction
of HERV-K RNA into the CSF

neurodegeneration [136]. Although these studies

induces

provide evidence for cell death following ERV
activation, many other studies lack direct evidence
of cell death, but inflammation appears to be a
commonly observed event. The brain, an organ
with heightened ERV activity, often exhibits
neuroinflammation, a common feature in many
neuropsychiatric disorders. ERV activation is
increasingly recognized as a significant contributor
to the pathogenesis of several such conditions.
One intriguing contemplation is whether
HERV activation events would be considered
as an organismal defense system by eliminating
stressed or infected cells, or as a potential self-
escape mechanism from unfavorable conditions.

As mentioned previously, there is evidence
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indicating that ERV activation can lead to cell
death. However, whether this serves as a defense
mechanism or as a pathological consequence
remains an open question. In exogenous viruses,
such as the herpes virus, DNA damage can
stimulate or even create a conducive environment
for viral replication [208]. For HERVs, evidence
from an in vitro aging model indicates the
production of retrovirus-like particles (RVLPs)
and their transmission from senescent cells to
younger cells [101]. Thus, conducting further
studies first to ascertain whether such transmission
occur in vivo is essential. Only then can we
consider whether such activation represents an
“escape” mechanism or an “infection” event.

In this review, we have gathered evidence
for ERV activation across a broad spectrum of
neuropsychiatric disorders, including AD, ALS,
MS, ASD, SCZ, BD, and others. Beyond mere
correlation, recent studies have begun to unravel
the underlying mechanisms and seek intervention
targets for potential therapeutic exploration.
However, numerous challenges still persist in
this field. One such challenge is the species
specificity of ERVs during evolution. Rodents,
commonly used as animal models for mechanistic
studies, harbor abundant ERVs (IAPs, Muly,
and so on) not present in humans, thus limiting
the applicability of the findings from rodent
models to human diseases. Secondly, ERVs, like
other TEs, exist in multiple copies within the
genome. Even with advanced bioinformatic
analysis, accurately pinpointing the precise
location of a given ERV in the genome remains a
problem that warrants further attention and
improvement. Third-generation sequencing may
offer a future solution. Lastly, despite the advances
in genomic editing technology, manipulating the
activity of any specific type of ERVs, particularly
in the brain, remains a formidable task.

Stress and Brain

Deepening our understanding of the ERV
activation mechanisms and their roles in these
disorders could shed light on the developmental
and progression pathways of these conditions,
potentially paving the way for the development

of novel therapeutic interventions.
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