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Abstract

Frontotemporal dementia (FTD) develops in proteinopathies involving TDP-43 (transactive response DNA-binding protein 43 kDa), tau,
and FUS (fused in sarcoma) proteins, which possess antiviral properties and exert inhibitory effects on human transposable elements.
Viruses and aging have been suggested to trigger FTD by activating specific retroelements. FTD is associated with multiple single nu-
cleotide polymorphisms (SNPs), most located in intergenic and regulatory regions where many transposable element genes are found.
Therefore, genetic predisposition to FTD may influence the interaction between retroelements and the TDP-43, tau, and FUS proteins,
causing pathological conformation changes and aggregate formation. Subsequently, these aggregates lose their ability to inhibit retroele-
ments, leading to the activation of transposable elements. This creates a harmful negative feedback loop in which TDP-43, tau, and
FUS protein expressions are further enhanced by retroelement transcripts and proteins, resulting in protein aggregate accumulation and
pathological disease progression. Hence, epigenetic inhibition of pathologically activated retroelements using micro-ribonucleic acids
(microRNAs) derived from transposable elements has been proposed as a potential treatment for FTD. Finally, a review of the current
scientific literature identified 13 appropriate microRNAs (miR-1246, -181c, -330, -345-5p, -361, -548a-3p, -548b-5p, -548c-5p, -571,

-588, -659-3p, -708-3p, -887).
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1. Introduction

Frontotemporal dementia (FTD) presents as behav-
ioral or language disorders, characterized by significant
changes in social and personal behavior, blunted emotions,
apathy, deficits in both receptive and expressive language,
and atrophy of the frontal and temporal lobes of the brain
[1]. FTD is the second most common presenile demen-
tia after Alzheimer’s disease [2]. The incidence of FTD in
Europe averages 2.36 per 100,000, with a marked increase
with age, peaking at age 71 (13.09 per 100,000 for men and
7.88 per 100,000 for women) [3]. In 60% of cases, FTD is a
multifactorial disease, while in 40%, it is autosomal domi-
nant due to mutations in the MAPT (microtubule associated
protein tau), GRN (progranulin), C90rf72 (chromosome 9
open reading frame) genes [4].

The pathogenesis of FTD, in both familial and spo-
radic forms, involves the accumulation and misfolding of
three primary proteins: TDP-43 (transactive response DNA
binding Protein 43 kDa), FUS (fused in sarcoma protein)
and microtubule-associated protein Tau, leading to the for-
mation of pathological intracellular aggregates [1]. In
50% of FTD patients, TDP-43 pathology is detected, while
40% show frontotemporal lobar degeneration (FTLD) with
tau pathology, and the remaining 10% display FUS and
UPS (ubiguitin/p62) proteinopathies. Sporadic cases of
FTD have been linked, through numerous genetic stud-
ies, to single nucleotide polymorphisms (SNPs) in various
gene loci, such as BTNL2, HLA-DRA, HLA-DRB5, RAB3S8,

TMEM106B [5], MOBP, SORTI, PGRN [6], DPP6, HLA-
DQA?2 [7], UNCI34, TBK1, VIPRI, RBPJL, L3MBTLI,
and others [8], including genes associated with Alzheimer’s
and Parkinson’s diseases (APOE, HLA, MAPT). Most FTD-
associated polymorphisms are found in introns, untrans-
lated regions (UTRs), or intergenic regions [9], which is
typical for multifactorial diseases [10].

Thus, FTD is one of the common neurodegenerative
diseases [2] associated with aging [3] and in most cases
is a multifactorial disease [4]. According to the latest re-
search results in the current area of research, many poly-
morphisms have been identified in the human genome [5—
9], the identified association of which with frontotemporal
dementia cannot be explained, since there are very many of
these SNPs and since most of these SNPs are located in in-
tronic and intergenic regions. Therefore, this article aims
to explain the mechanisms of influence of multiple SNPs
on the development of frontotemporal dementia in terms of
changes in the activity of retroelements (REs) located in in-
tergenic and intronic regions (where FTD-associated poly-
morphisms are located). Moreover, the potential academic
value of the mechanisms of REs influence on the develop-
ment of FTD described in this article is due to the fact that
the “vicious circle” of interactions between REs and antivi-
ral proteins under the influence of aging, viruses and SNPs
located inside retroelements, identified in the pathogenesis
of FTD, may be a universal mechanism for the develop-
ment of other neurodegenerative diseases. Therefore, cur-
rently used treatment methods for other neurodegenerative
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diseases aimed at suppressing pathological activity of REs
can be proposed as promising methods for FTD therapy.
The mechanisms of influence of retroelements on the devel-
opment of FTD described in the article explain the mecha-
nism of influence of disease-associated polymorphisms on
the progressive accumulation of tau, TDP-43 and FUS pro-
teins in the brain of patients.

Approximately 15% of FTD patients also exhibit
symptoms of amyotrophic lateral sclerosis (ALS), and a
subset of ALS patients develop FTD symptoms [11]. This
overlap may be explained by shared pathogenetic mecha-
nisms involving proteinopathies, particularly of the TDP-
43 protein [2,12]. Familial forms of ALS and FTD can
be caused by mutations in the same genes: CY9ORF72,
TARDBP, FUS, TIAl, and SOSTM1/p62 [13]. 1t is plausi-
ble that similar epigenetic mechanisms underlie both FTD
and ALS. One potential driver of epigenetic regulation is
REs - genomic regions capable of relocating to new loci
through a copy-and-paste mechanism. REs include human
endogenous retroviruses (HERVs) with long terminal re-
peats (LTR) and non-LTR REs such as long interspersed nu-
clear elements (LINEs), short interspersed nuclear elements
(SINEs), SVAs (SINE-VNTR-Alu) [14]. Abnormal activa-
tion of REs has been proposed as a cause of epigenetic ab-
normalities in FTD. Elevated levels of HERV-K have been
detected in the serum and affected brain tissues of FTD pa-
tients [15]. Additionally, ERV activation has been observed
in CHMP2BIntron5 models of FTD in Drosophila, where
the gypsy endogenous retroviruses (ERVs) had a toxic ef-
fect on the central nervous system. Genetic blocking of
gypsy and inhibition of reverse transcriptase in REs were
found to prevent neurodegeneration [2].

Pathological activation of REs in FTD could be linked
to individual polymorphisms within RE-associated genes,
as REs are primarily located in intergenic, regulatory, and
intronic regions of the human genome [16] - regions where
most FTD-associated polymorphisms are found [5-9]. The
influence of FTD-associated SNPs localized in REs re-
gions can be illustrated by the ORF 1p (open reading frame)
translation product of LINE1, which forms cytoplasmic
aggregates and shares similarity with RNA-binding pro-
teins implicated in neurodegeneration. Changes in specific
amino acids of ORF1p affect retrotransposition efficiency
and protein aggregation dynamics. Key FTD proteins co-
localize with ORFp-LINE1 RNP particles in cytoplasmic
RNA granules, suggesting that FTD-associated polymor-
phisms in RE regions similarly enhance the ability of RE
expression products to form TDP-43 aggregates [17]. An
additional factor is the age-related activation of REs [18], as
the incidence of FTD rises significantly with age [3]. This
activation leads to aseptic inflammation in the brain, with
the interferon response and other antiviral systems being
triggered by RE expression products [19]. This can explain
the neurodegenerative processes observed during physio-
logical aging, resembling those at FTD, but not leading to

such serious consequences as in this disease. Indeed, the
high frequency of TDP-43 proteinopathy was determined
in the elderly with normal intellect [20], as well as the ac-
cumulation of tau in the brain during normal aging of people
[21]. In this case, mutual potentiation of REs and proteins
involved in the pathogenesis of the disease can be observed.
Accumulated TDP-43 [22], FUS [23] and tau aggregates
contribute to the derepression of REs [24-26]. It is possible
that the proteins TDP-43, FUS, and tau, whose pathological
conformations form aggregates, are components of an an-
tiviral system that responds to transcripts and proteins from
REs. To better understand the role of REs in FTD pathogen-
esis, it is necessary to examine more closely the interactions
between REs and the proteins TDP-43, FUS and tau.

Despite the pathogenic role of the REs in the devel-
opment of the FTD, due to the influence of the aging [18]
that cause inflammation [19], it should be noted that in the
normal brain REs play an important regulatory role. This
role is primarily associated with the regulation of genes ex-
pression during differentiation of neuronal stem cells, since
REs are drivers of epigenetic regulation [14]. The results of
programmed activation of retroelements in specific neurons
that cause activation of genes involved in these processes
[27,28] are somatic mosaicism detected in nerve cells by
REs integrations into their genomes [29]. Compared with
the liver and heart, a significantly higher number of retro-
transpositions of LINE1 [30], SVA and Alu (Arthrobacter
luteus) retroelements are found in the brain of healthy peo-
ple [31]. As a result of new integrations, unique transcrip-
tomes of individual neurons are created in various areas of
the brain, which affects their functioning features [32]. The
largest number of REs insertions is determined in the neuro-
genesis zone — in the dentate gyrus of the hippocampus [33].
At the same time, programmed retrotranspositions affect
the expression of precisely those genes that are involved
in the differentiation of neurons and their specific function-
ing [34]. A study of the features of L1 retrotranspositions in
more than 30 brain regions revealed many cell lines specific
for insertions of various L1 [35]. In experiments on mice,
specific LINE1 expression was also shown depending on
the central nervous system region and the age of the ani-
mal [36]. Although changes in gene activity in these pro-
cesses may occur not only due to direct integrations into
specific regions of the genome (Fig. 1), but also in con-
nection with the role of REs in epigenetic regulation, since
REs transcripts can function as long non-coding ribonucleic
acids (ncRNA) molecules [37,38], and also as competitive
endogenous RNAs, binding as “sponges” with complemen-
tary micro-ribonucleic acids (microRNAs) [39]. This is due
to the origin of many microRNAs in evolution from REs,
which exert epigenetic control over the functioning of var-
ious genes, including in the brain [40]. Therefore, it can
be assumed that in the evolution of the brain, a control sys-
tem was formed for strictly defined REs in the brain, the
expression of which does not cause an immune response
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Fig. 1. The scheme of the influence of REs on brain functioning. TDP-43, transactive response DNA binding protein 43 kDa; FUS,

fused in sarcoma protein; REs, retroelements; SNPs, single nucleotide polymorphisms; miRNA/microRNA, micro-ribonucleic acids;

mRNA, messenger RNA.

and the production of antiviral proteins. However, with the
pathological activation of unplanned REs, transcripts and
proteins of such retroelements can cause immune reactions,
inflammation [19], as well as interact with TDP-43 [12],
FUS [23] and tau proteins [24-26].

2. Relationship of Proteins Involved in FTD
Pathogenesis with Retroelements

Aggregated forms of TDP-43 specific to FTD signifi-
cantly increase the accumulation of HERV-K viral proteins
[41]. In contrast, normal TDP-43 protein plays a crucial
role in limiting LINEI retrotranspositions [17]. TDP-43
protein is involved in the epigenetic regulation of RE ex-
pression, as its loss in FTD is associated with chromatin de-
condensation at LINE loci, leading to their activation [42].
The dysfunction of aggregated TDP-43 may contribute to
the observed reduction in methylation of retrotransposition-
capable LINE1 in the motor cortex of ALS patients [43].
The study of cerebral cortex of patients who died from ALS
has demonstrated that the loss of TDP-43 leads to the over-
expression of LINE1 and other REs, as TDP-43 directly
binds retrotransposon mRNA [44]. The role of TDP-43 in
inhibiting LINE1 has been confirmed in mouse embryonic
stem cells and preimplantation embryos, where functional
analysis shows that TDP-43 interacts with the ORF1p pro-
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tein of LINE1, protecting the genome from insertions [45].
In brain samples from FTD patients, TDP-43 aggregates
were found to colocalize with the HERV-K pol protein, indi-
cating a pathological interaction in the development of FTD
[15].

The role of tau in the epigenetic regulation of REs has
been determined - chromatin tags associated with tau have
been found at the loci of the HERV-Fcl location. The con-
ducted profiling of REs in drosophila throughout the brain
showed heterogeneous response profiles, including those
depending on the age and genotype of REs activation un-
der the influence of tau [24]. In the brain of mice, taupathy
leads to activation of endogenous retroviruses (ERVs) [25].
In experiments on SH-SYSY cells, overexpression of vari-
ous tau isoforms and their interaction with beta-amyloid led
to locus-specific patterns of REs dysregulation (which indi-
cates the participation of strictly defined REs in the patho-
genesis of the disease, rather than random or total changes)
[26]. The accumulation of tau protein in human postmi-
totic neurons [46], as well as the derepression of REs [47]
was caused by knockout of the same BM/I (B cell-specific
Moloney murine leukemia virus integration site 1) gene
[47]. Interferon I activated by retroelements [19] also con-
tributes to the accumulation of FUS by increasing the stabil-
ity of its mRNA. FUS-expressing cells become hypersensi-
tive to the toxicity of double-stranded RNAs [23].
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REs also influence the aggregation of TDP-43, a crit-
ical factor in FTD pathology. HERV activation has been
shown to dramatically increase prion-like protein propa-
gation in ALS-model cell cultures [48]. Research [22]
of RNA-protein interaction and gene expression profiling
have revealed extensive binding of RE transcripts to TDP-
43. In mouse models of TDP-43 pathology, most REs were
derepressed, highlighting the importance of TDP-43 as a
protective protein against RE activity [22]. This is further
supported by the observation that TDP-43 regulates the ac-
cumulation of immunostimulatory double-stranded RNAs
formed from REs, preventing them from triggering a lethal
RIG-I (retinoic acid-inducible gene)-dependent interferon
response [49]. Experiments in Drosophila have shown that
TDP-43 proteinopathy and ERV expression mutually rein-
force each other [12]. In Drosophila with a null mutation
in the TBPH gene (the homolog of TDP-43), increased RE
expression was detected in the brain. This increase was at-
tributed to TBPH (TAR DNA-binding protein-43 homolog)
proteins normal interaction with Dicer-2 mRNA, promot-
ing the suppression of REs through small non-coding RNAs
[50].

A common genetic cause of familial FTD is the ex-
pansion of hexanucleotide repeats in the C90rf72 gene,
which results in global derepression of transposable ele-
ments [51]. This suggests that, like TDP-43, C9orf72 func-
tions as an antiviral protein and an inhibitor of RE expres-
sion in the brain [52]. Toxic forms of tau protein also cause
heterochromatin decondensation leading to RE activation
and subsequent neuroinflammation [53]. This suggests that
tau, under normal conditions, inhibits RE expression, and
its loss contributes to RE activation in FTD pathogenesis.
Additionally, the antiviral response can trigger FUS pro-
teinopathy. FUS becomes incorporated into stress granules,
and the resulting aggregates sequester the autophagy re-
ceptor optineurin and nucleocytoplasmic transport factors.
Virus-activated interferon I further promotes FUS accumu-
lation by stabilizing its mRNA, making FUS-expressing
cells hypersensitive to double-stranded RNAs [23]. Over-
all, the pathogenesis of FTD is associated with the antivi-
ral properties of TDP-43, tau, and FUS, as viruses share an
evolutionary relationship with REs [54].

In addition to the relationship with the proteins TDP-
43, tau and FUS, REs influence the pathogenesis of FTD
in other ways associated with inflammation and degenera-
tion in the brain. For example, the RNA of the HERV-K
envelope gene has been shown to bind to human Toll-like
receptor 8 (TLR®) and activate it in neurons and microglia,
promoting neurodegeneration [55]. Since ALS and FTD are
characterized by identical developmental mechanisms [11—
14], studies [56] of the mechanisms of REs influence on
ALS development indicate the same mechanisms in FTD.
Thus, the role of REs as inflammatory stimulators in the
brain has been determined in the etiopathogenesis of ALS
[56]. The stimulators of the interferon response and subse-

quent inflammation in the brain in neurodegenerative dis-
eases are the most common in the genome LINE1 [57] and
Alu [58]. At the same time, signal inflammation molecules
NF-xB (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) and IRF1 (interferon regulatory factor 1) are
stimulus for REs expression such as ERV-K [41]. The tran-
script of the Env ERV-K gene encodes a conotoxin-like pro-
tein (CTXLP) that affects the expression of innate immunity
genes and the activity of p56 NF-xB. CTXLP was detected
in ALS patients in degenerating tissues of the motor cortex
and spinal cord, accompanying inflammatory processes in
them [59].

Since neuronal death or degeneration is the funda-
mental cause of FTD, it is important to characterize the
evidence of recent scientific research on the role of REs
in these processes. In an ALS-modeled fruit fly, it was
shown that activated REs cause neurodegeneration and ac-
tivation of DNA damage-mediated programmed cell death
[60]. In drosophila, the initiation of toxic expression of hu-
man TDP-43 in small groups of glial cells contributed to the
death of neighboring neurons caused by endogenous retro-
viruses in glia. Activated HERVs caused DNA damage and
neuron death [12]. HERV-W env has been shown to am-
plify the expression and activity of human inducible nitric
oxide synthase, which contributes to demyelination, oligo-
dendrocyte damage, and disruption of the blood—brain bar-
rier, promoting neuronal apoptosis, axon damage, and neu-
rodegeneration [61].

3. Effect of Viruses on Proteinopathy in FTD
Pathogenesis

Past viral infections can act as triggers in the develop-
ment of FTD. For instance, COVID-19 infection has been
implicated in the onset of FTD [1]. Similarly, the role of
SARS-CoV-2 [62] and enteroviruses [63] has been reported
for ALS, a disease with overlapping etiopathogenesis to
FTD. Enterovirus D68, in particular, has been shown to pro-
mote TDP-43 aggregation and neurotoxicity [64]. The an-
tiviral function of TDP-43 has been demonstrated through
its interactions with Drosha [65] and Dicer [50], as well as
through its direct modulation by viral protein during infec-
tions caused by enteroviruses [66], HIV (human immun-
odeficiency virus) [67], and influenza A virus [68]. In FTD
patients, aberrant TDP-43 accumulation in hippocampal as-
trocytes contributes to progressive memory loss and local-
ized changes in antiviral gene expression, correlating with
impaired astrocytic defense against viral infections [69].

In experiments on primary hippocampal neurons in-
fected with HSV-1 (herpes simlex virus 1), it was re-
vealed that tau protein acts as an acute antiviral response
[70]. Herpesviruses interacting with tau are also REs ac-
tivators [71], contributing to the development of autoim-
mune processes in the brain [72]. The FUS protein lim-
its the lytic reactivation of herpes viruses, and depletion
of FUS significantly enhances the expression of viral mR-
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NAs and proteins, which leads to the formation of infec-
tious virions [73]. EBV (Epstein-Barr virus), HHV6 (hu-
man herpesvirus 6), HSV-1, VZV (varicella zoster virus)
viruses transactivate HERV-W promoters, thus acting as in-
ducers of neurodegeneration progression due to immune-
inflammatory processes in the brain [74]. The correlation
between the autoantites against Peptide EBV (EBNA1386-
405) and HERV-W486-504 [75], and infections caused by
the Caposhi sarcoma and EBV can cause HRV transactional
surfacing [76]. Neuroinflammation and tau hyperphospho-
rylation have also been observed in HSV-1-infected brains
[77,78], and antiviral treatments such as acyclovir and pen-
ciclovir have been shown to reduce tau accumulation [79].
Additionally, the FUS protein, normally involved in the an-
tiviral response, directly inhibits viral replication by phys-
ically interacting with viral genomes and its removal leads
to increased viral RNA transcription [80].

The hypothesis that viral infections act as FTD trig-
gers via their effects on REs is supported by evidence that
the same viruses inhibited by TDP-43 also activate REs.
For example, a comparative analysis of colon biopsies and
peripheral mononuclear cells from HIV-infected patients
revealed the activation of 47 out of 59 REs compared to
healthy controls [81]. Increased HERV expression has also
been documented in the presence of influenza A [82] and
enterovirus infections [83]. Mechanisms involving SARS-
CoV-2 in RE activation have been proposed to explain the
neurological complications of COVID-19 [84]. HSV-1,
which promotes tau proteinopathy [77,78], is also known to
activate RE expression [71,85]. Given this, it can be sug-
gested that FTD develops through a combination of genetic
predisposition, such as SNPs in RE loci, and environmental
factors like aging and viral infections. These factors likely
promote RE activation, leading to the formation of aggre-
gates as REs interact with TDP-43, tau, and FUS. Since
these proteins normally suppress the expression of viruses
and REs, their dysfunction - triggered by pathologically ac-
tivated REs - creates a “vicious circle”. This dysfunction
eliminates the inhibitory effects of TDP-43, tau, and FUS
on RE expression, further accelerating the progression of
FTD.

4. Relationship of Retroelements with
Epigenetic Factors in FTD Development

REs play a key role in the epigenetic regulation of
the human genome [14], and their hyperactivation in FTD
pathogenesis can influence the expression of specific mi-
croRNAs, many of which evolved from transposable ele-
ments [86]. These RE-derived microRNAs, like the pro-
teins that arise from REs, are implicated in disease pro-
cesses. For example, the REs-derived proteins CXX1B
(RTL8A retrotransposon Gag like 8A) and PEG10 (pa-
ternally expressed 10) are implicated in the pathogenesis
of familial FTD linked to UBQLN2 gene mutations. The
UBQLN? gene product prevents the degradation of CXX1B
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and PEG10 through ubiquitination [87]. This suggests that
RE-derived microRNAs may also contribute to both spo-
radic or familial forms of FTD, as evidenced by changes
in their expression during the disease. An analysis of sci-
entific literature identified 13 microRNAs linked to FTD
(Table 1, Ref. [88-96]), five of which originated from
LINE elements, two from SINE, one from LTR-RE, and
five from DNA transposons. The INT (integrase) domain
of LTR-REs belongs to the DDE family of transposases,
which are involved in the transposition of DNA trans-
posons [97]. It has been proposed that LTR-REs may have
evolved through recombination between non-LTR-REs and
DNA transposons [98], suggesting that altered expression
of DNA transposon-derived microRNAs may also be a con-
sequence of REs involvement in FTD pathogenesis. The
involvement of miRNAs derived from retroelements in the
mechanisms of FTD development suggests their influence
on other epigenetic factors, including DNA methylation, hi-
stone modifications and changes in IncRNAs expression.
This is due to the fact that REs are drivers of epigenetic
regulation [14], and are also key sources of IncRNAs nu-
cleotide sequences [86]. This is reflected in changes in the
methylation of promoter regions of genes involved in FTD
pathogenesis, such as the GRN gene [99], C90f72 [100]. A
significant increase in the expression of IncRNAs NEATI
and NORAD was determined in patients with FTD com-
pared with healthy controls [101].

Numerous studies indicate that the epigenetic changes
in FTD and other neurodegenerative diseases can be both
similar and distinct [102,103]. These differences are most
clearly reflected in the altered expression of microRNAs,
which serve as guides for DNA methylation (RADM —
RNA-dependent DNA methylation) at specific loci [104—
106]. For example, miR-26a, miR-326, miR-484, miR-
361 are associated with both FTD and Alzheimer’s dis-
ease [92]. MiR-320a and miR-328-3p are downregulated in
FTD and Alzheimer’s disease compared to controls [107],
while decreased expression of miR-127-3p has been specif-
ically observed in FTD [108]. Other differences in mi-
croRNA expression have been noted between FTD and
Alzheimer’s disease, such as miR-125b/29a, miR-125b/-
874, miR-107/-335-5p; and between FTD and ALS, such
as miR-129-3p/miR-206, miR-338-3p/let-7e [109]. Several
microRNAs, including mir-124, miR-125, miR-132, miR-
141, miR-143, miR-200a, miR-218, miR-659, are associ-
ated with both FTD and ALS [110]. These distinctions in
RE activation between FTD and ALS may underlie epige-
netic differences between the diseases, which are reflected
in the expression changes of transposable element-derived
microRNAs and the clinical manifestations of each disor-
der. Indeed, an analysis of scientific literature has shown
that in ALS, which, like FTD, also involves TDP-43 pro-
teinopathy, leading to neurodegeneration [2,11,12,22,25].
The microRNAs shown in the table are related to REs be-
cause they evolved from these REs. This feature allows
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Table 1. Derived from retroelements of microRNAs, which expression is altered in FTD.

Transposon-source microRNA Changes in microRNA expression [Author] (function)

ERVL-MaLR miR-1246 decreased [88] (inhibits FAMS53C (family with sequence similarity 53 member C), CI/20rf71 (chro-
mosome 12 open reading frame 71), LENEP (lens epithelial protein), GLRB (glycine receptor beta)
genes)

decreased [89] (inhibits NHEJI (non-homologous end joining factor 1), G3BP2 (G3BP stress granule
assembly factor 2), /RS1 (insulin receptor substrate 1), STK24 (serine/threonine kinase 24) genes)
increased [90] (directly interacts with 3’UTR of mRNA of TARDBP I (encodes TDP-43 protein) gene)
increased [91] (inhibits EPN3 (epsin 3), CTTNBP2NL (CTTNBP2 N-terminal like), YEATS2 (YEATS
domain containing 2), RFC! (replication factor C subunit 1) genes)

increased [92] (inhibits FBXL19 (F-box and leucine rich repeat protein 19), CAMK2B (cal-
cium/calmodulin dependent protein kinase II beta), ALDH3B2 (aldehyde dehydrogenase 3 family
member B2), EFNAS5 (ephrin AS), TRAF3 (TNF receptor associated factor 3) genes)

decreased [93] (inhibits ZFHX3 (zinc finger homeobox 3), CDC14A (cell division cycle 14A), ATRNL1
(attractin like 1), SKIL (SKI like proto-oncogene), CTTNBP2 (cortactin binding protein 2), CDK13
(cyclin dependent kinase 13) genes)

increased [94] (inhibits BAI3 (brain-specific angiogenesis inhibitor 3), GK (glycerol kinase), SLC2342
9 (solute carrier family 23 (nucleobase transporters), member 2), CNR/ (cannabinoid recep-
tor), FAM134B (family with sequence similarity 134, member B), HS2ST! (heparin sulfate 2-O-
sulfotransferase 1), MYT1L (myelin transcription factor 1-like), NCAM1 (neural cell adhesion molecule

LINE-RTE-BovB miR-181c

SINE/MIR
SINE/MIR

miR-330
miR-345-5p

DNA-hAT-Charlie miR-361

DNA-TcMar-Mariner miR-548a-3p

DNA-TcMar-Mariner miR-548b-5p

1) genes)

increased [94] (directly interacts with 3’UTR of mRNA of BA/3 (brain-specific angiogenesis inhibitor
3), GK (glycerol kinase), SLC23429 (solute carrier family 23 (nucleobase transporters), member 2),
CNR] (cannabinoid receptor), FAM134B (family with sequence similarity 134, member B), HS2ST1
(heparin sulfate 2-O-sulfotransferase 1), MYTIL (myelin transcription factor 1-like), NCAMI (neural
cell adhesion molecule 1) genes)

increased [94] (directly interacts with 3’UTR of mRNA of GK (glycerol kinase) and GTDC!
(glycosyltransferase-like domain containing 1) genes)

decreased [95] (directly interacts with 3’UTR of mRNA of PGRN gene)

decreased [96] (directly interacts with 3’UTR of mRNA of PGRN gene)

increased [93] (inhibits SCAMP1 (secretory carrier membrane protein 1), JARID2 (jumonji and AT-
rich interaction domain containing 2), TRAF3 (TNF receptor associated factor 3), VIM (vimentin),

DNA-TcMar-Mariner miR-548c-5p

LINE1 miR-571
LINE1
DNA-hAT-Tip100
LINE2

miR-588
miR-659-3p
miR-708-3p

BAZI1B (bromodomain adjacent to zinc finger domain 1B) genes)
decreased [94] (inhibits CASK (calcium/calmodulin dependent serine protein kinase), CCPGI (cell
cycle progression 1), PLD2 (phospholipase D2), TCTN3 (tectonic family member 3) genes)

LINE2 miR-887

FTD, frontotemporal dementia; ERVL-MaLR, Endogenous Retrovirus-Like Mammalian Apparent LTR Retrotransposon; LINE-RTE-BovB,
long interspersed nuclear elements — retrotransposable element - Bovine-B; SINE, short interspersed nuclear elements; MIR, mammalian wide-
interspersed repeat; DNA-hAT, DNA-transposon hobo-Ac-Tam3.

to suggest the mutually regulatory effect of these REs and
microRNAs: transcripts of these REs function as concrete-
ness endogenous RNAs, binding like “sponges” to these
microRNAs and leveling their effect on the expression of
target genes [39]. In addition, the microRNAs themselves,
due to the complete complementarity of the REs sequences,
are able to influence the transcription of these REs due to
the RNA-directed DNA methylation (RdDM) mechanism,
acting as “guides” for DNA methyltransferases [104—106].

A literature review reveals that, similar to FTD,
ALS — another disease involving TDP-43 proteinopathy
and neurodegeneration — is associated with decreased ex-
pression of LTR-REs-derived miR-1246 [111] and DNA
transposon-derived miR-548a [112]. However, most trans-
posable element-derived miRNAs associated with ALS are

not implicated in FTD. These include LINE-derived miR-
NAs such as miR-1249 [113], miR-130a-3p, miR-151a,
miR-151b, miR-28-3p, miR-342-3p[114], miR-191c[115],
miR-1825 [116], miR-374b-5p [117], miR-4455 [118],
miR-582, miR-606 [112], as well as SINE-derived miRNAs
such as miR-1268a [119], miR-378a-5p [120], and miR-
6801-3p [121]. LTR-REs-derived miRNAs such as miR-
3927-3p [121], miR-4286 [122], miR-4454 [123], miR-
7977 [119], also show diseased expression in ALS. The
distinct effects of these microRNAs on target genes may
explain significant clinical differences between ALS and
FTD. Nevertheless, the shared mechanisms of RE influence
on TDP-43 in both diseases suggest that similar treatment
approached could be effective. For instance, reverse tran-
scriptase inhibitors have shown promise in treating ALS
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[124], and future therapies targeting the HERV envelope
gene with antisense oligonucleotides, antibodies and non-
coding RNAs[125], as well as chromatin remodeling drugs,
are under investigation [126].

The neurotoxicity of the Env HERV-K protein in pa-
tients with ALS in the cerebrospinal fluid is eliminated with
the help of antibodies against Env [127], which can be pro-
posed for the treatment of FTD. The creation of monoclonal
antibodies aimed at pathologically activated RES in FTD
is promising. An example is the method of therapy for
multiple sclerosis, which also leads to neurodegeneration
due to an autoimmune response, in which the role of her-
pesviruses and REs activation has been proven [128]. In
a phase II clinical trial, a randomized, placebo-controlled
study demonstrated the efficacy of the monoclonal antibody
GNDACI (Temelimab) against the HERV-W Env envelope
protein in reducing central nervous system (CNS) damage
and atrophy without significant side effects [129]. It can
be assumed that similar methods can be used in the treat-
ment of FTD. Currently, there are no REs-based drugs and
therapeutic approaches for the treatment of FTD. However,
the similarity of the pathogenesis of this disease with ALS
suggests the possibility of using approaches used to treat
ALS as a prospect for the development of FTD treatment
methods. In addition, monoclonal antibodies successfully
used against the HERV expression product in the treatment
of multiple sclerosis, in the pathogenesis of which the role
of REs and herpes viruses has been proven [128], similar to
the mechanisms of FTD development. Taking into account
the role of REs in the physiological processes of the brain,
including neuron differentiation [130] and memory forma-
tion [131], a differentiated approach with targeted effects
only on REs involved in the pathogenesis of the disease is
most promising. For this purpose, it is possible to use spe-
cific microRNAs derived from REs in evolution and their
completely complementary sequences [86]. Development
in this direction can also become the basis for improving
cognitive processes during physiological aging of the brain
in connection with the reactive oxygen species (ROS) role
as a key link of the progressive aggregation of antiviral pro-
teins TDP-43 [20] and Tau [21]. The transposable element-
derived miRNAs identified in this paper may serve as po-
tential targets for epigenetic therapies aimed at inhibiting
miRNAs involved in FTD pathogenesis.

5. Discussion

FTD is the second most common presenile demen-
tia after Alzheimer’s disease [2] and associated with ag-
ing [3], and with multiple polymorphisms located in in-
tergenic regions, introns and UTRs [5-9]. To explain the
association of FTD with multiple SNPs located in inter-
genic, intronic and regulatory regions of the human genome
[5-9], a new hypothesis about the role of retroelements
in the pathogenesis of the disease has been proposed. In-
deed, most REs genes are located in intronic, intergenic
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and regulatory regions [16]. Therefore, FTD-associated
polymorphisms in these regions may cause abnormal ac-
tivation and dysfunction of REs expression products. As a
result, activated REs cause increased expression and aggre-
gation of tau, TDP-43, and FUS proteins, similar to viruses,
since REs expression products activate the interferon re-
sponse [19,23,41,49,57,58]. These proteins are character-
ized by antiviral properties [64—80] and the ability to in-
hibit the expression of retroelements [17,24-26,41,43,45].
Therefore, transcription and aggregation of these antiviral
proteins is activated by viruses [64—80] and retroelements
(which is due to their evolutionary origin from viruses [54])
[19,23,41,49,57,58]. The aggregates of tau, TDP-43, and
FUS proteins formed under the influence of REs become
unable to inhibit the expression of retroelements, resulting
in derepression of REs [24-26,41]. A “vicious circle” is
created in which aggregates of antiviral proteins promote
derepression of REs, which in turn enhance the expression
and aggregation of tau, TDP-43, and FUS proteins. As a
result, neurodegeneration progresses.

The following numerous facts support the described
mechanisms of FTD pathogenesis. Elevated levels of
HERV-K have been detected in the serum and affected brain
tissues of FTD patients [15]. Additionally, ERV activa-
tion has been observed in CHMP2BIntron5 models of FTD
in Drosophila, where the gypsy ERVs had a toxic effect
on the central nervous system. Genetic blocking of gypsy
and inhibition of reverse transcriptase in REs were found
to prevent neurodegeneration [2]. The influence of FTD-
associated SNPs localized in REs regions can be illustrated
by the ORF1p translation product of LINE1, which forms
cytoplasmic aggregates and shares similarity with RNA-
binding proteins implicated in neurodegeneration [17]. An
additional factor is the age-related activation of REs [18]
as the incidence of FTD rises significantly with age [3].
This activation leads to aseptic inflammation in the brain,
with the interferon response and other antiviral systems be-
ing triggered by RE expression products [19]. Direct inter-
action of retroelements with TDP-43 protein is described
[44]. In brain samples from FTD patients, TDP-43 aggre-
gates were found to colocalize with the HERV-K pol pro-
tein, indicating a pathological interaction in the develop-
ment of FTD [15]. There is evidence of the role of tau
protein in the epigenetic regulation of retroelements [24]
and the influence of tauopathy on their derepression [25].
Toxic forms of tau protein also cause heterochromatin de-
condensation leading to RE activation and subsequent neu-
roinflammation [53]. Virus-activated interferon I further
promotes FUS accumulation by stabilizing its mRNA, mak-
ing FUS-expressing cells hypersensitive to double-stranded
RNAs [23].

In addition to the described “vicious circle” in which
REs enhance the expression and aggregation of antiviral
proteins, pathological activation of REs influences the de-
velopment of FTD in other ways. RNAs of the HERV-
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K envelope genes has been shown to bind to human Toll-
like receptor 8 (TLRS) and activate it in neurons and mi-
croglia, promoting neurodegeneration [55]. Pathologically
activated REs stimulate inflammatory processes in the brain
[56-58]. At the same time, inflammatory processes are
stimulators of REs expression [41]. The transcript of the
Env gene of HERVK encodes a conotoxin-like CTXLP pro-
tein that affects the expression of innate immunity genes
and the activity of p56 NF-xB. CTXLP was detected in
ALS patients in degenerating tissues of the motor cortex and
spinal cord, accompanying inflammatory processes in them
[59]. REs also cause neurodegeneration and activation of
DNA damage-mediated programmed cell death [60]. Acti-
vated HERVs caused DNA damage and neuron death [12].
HERV-W env has been shown to amplify the expression and
activity of human inducible nitric oxide synthase, which
contributes to demyelination, oligodendrocyte damage, and
disruption of the blood—brain barrier, promoting neuronal
apoptosis, axon damage, and neurodegeneration [61]. REs-
derived proteins CXX1B and PEG10 are implicated in the
pathogenesis of familial FTD linked to UBQLN2 gene mu-
tations. The UBQLN2 gene product prevents the degrada-

tion of CXX1B and PEG10 through ubiquitination [§7]. An
analysis of the scientific literature allowed us to describe 13
retroelement-derived microRNAs involved in the develop-
ment of FTD [88-96].

The mechanisms of involvement of activated REs in
the pathogenesis of FTD described in the article allow us
to propose new ways of treating this disease aimed at sup-
pressing the activity of REs. The “vicious circle” of REs
interactions with antiviral proteins described for FTD in
this article may also be characteristic of other neurodegen-
erative diseases, since pathology of TDP-43 and FUS pro-
teins is characteristic of ALS [11], and tau aggregation is
determined in Alzheimer’s disease [9]. This is evidenced
by the facts of detectable activation of REs in ALS [127],
Alzheimer’s disease [ 132] and multiple sclerosis [128,129].
Therefore, the methods used in the treatment of these dis-
eases, directed against retroelements and their expression
products, can be proposed in the therapy of FTD [127-131].
The most promising targeted therapy is using REs-derived
microRNASs as tools, the association of which with FTD is
described in this article [88—96].
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Fig. 2. Mechanisms of influence of retroelements on the development of FTD (formation of a “vicious circle”) with the partic-

ipation of hereditary predisposition, aging, viruses and antiviral proteins tau, TDP-43 and FUS. The figure shows that under the

influence of frontotemporal dementia (FTD)-associated SNPs, aging, retroelement distribution patterns and viruses, retroelement acti-

vation occurs. The arrows (1) in the figure indicate the stimulatory effect. As a result, retroelements stimulate the expression of tau,

FUS and TDP-43 proteins. Normally, these proteins suppress the activity of retroelements and viruses (the - signs indicate inhibition).

However, pathological aggregates of tau, FUS and TDP-43 proteins under the influence of aging, viruses and activated retroelements

become unable to suppress retroelements, which causes derepression of retroelements (indicated by arrows labeled “derepression”).
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6. Conclusion

A hypothesis has been proposed suggesting that
retroelements (REs) play a central role in the pathogenesis
of FTD, primarily through their interactions with antiviral
proteins such as TDP-43, tau, and FUS. Throughout evo-
lution, REs have been closely linked with viruses, and the
expression products of pathologically activated REs in the
brain stimulate the production of TDP-43, tau, and FUS,
which in turn normally inhibit RE activity. However, in
FTD patients, a “vicious circle” emerges, driven by both
hereditary factors (such as polymorphisms in RE-related
genes) and mutations in antiviral protein genes (in mono-
genic forms of FTD). In sporadic FTD, polymorphisms in
retroelements cause conformational changes in TDP43, tau,
and FUS, leading to their aggregation. The aggregates lose
their ability to inhibit REs, resulting in further upregulation
of RE expression. In response, increased levels of TDP43,
tau, and FUS are produced to counteract the activated Res,
but it only accelerates the accumulation of protein aggre-
gates, thereby worsening the disease. In monogenic forms
of FTD, mutations in tau and C9orf72 proteins directly im-
pair their ability to inhibit REs, allowing excessive REs to
interact with the defective proteins and promote their ag-
gregation.

The primary triggers of these pathological mecha-
nisms in FTD are aging, which enhances the activation of
REs, and viral infections (Fig. 2). Both aging and viruses,
particularly those that interact with TDP43, tau, and FUS,
can stimulate RE activity, contributing to FTD develop-
ment. The clinical differences between FTD and ALS, de-
spite their shared pathogenic mechanisms, may be due to
distinct patterns of RE activation, reflected in the differ-
ential expression of microRNAs derived from transposable
elements. An analysis of the scientific literature reveals
that FTD and ALS share only two such microRNAs, while
FTD shows altered expression of 11 RE-derived not found
in ALS. Conversely, ALS is associated with the decreased
expression of 19 transposable element-derived microRNAs
that are not altered in FTD. These microRNAs could po-
tentially serve as targets for therapeutic strategies aimed at
inhibiting pathologically activated REs in both diseases.

Author Contributions

RNM made substantial contributions to conception
and design, or acquisition of references, or analysis and in-
terpretation of references; and been involved in drafting the
manuscript or reviewing it critically for important intellec-
tual content; and given final approval of the version to be
published; and agreed to be accountable for all aspects of
the work in ensuring that questions related to the accuracy
or integrity of any part of the work are appropriately inves-
tigated and resolved.

&% IMR Press

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding

This research received no external funding.

Conflict of Interest

The author declares no conflict of interest.

References

[1] Rahmani B, Ghashghayi E, Zendehdel M, Baghbanzadeh A,
Khodadadi M. Molecular mechanisms highlighting the poten-
tial role of COVID-19 in the development of neurodegenera-
tive diseases. Physiology International. 2022; 109: 135-162.
https://doi.org/10.1556/2060.2022.00019.

[2] Fort-Aznar L, Ugbode C, Sweeney ST. Retrovirus reactivation
in CHMP2BIntron5 models of frontotemporal dementia. Human
Molecular Genetics. 2020; 29: 2637-2646. https://doi.org/10.
1093/hmg/ddaal42.

[3] Logroscino G, Piccininni M, Graff C, Hardiman O, Ludolph AC,
Moreno F, et al. Incidence of Syndromes Associated With Fron-
totemporal Lobar Degeneration in 9 European Countries. JAMA
Neurology. 2023; 80: 279-286. https://doi.org/10.1001/jamane
urol.2022.5128.

[4] Buccellato FR, D’ Anca M, Tartaglia GM, Del Fabbro M, Galim-
berti D. Frontotemporal dementia: from genetics to therapeutic
approaches. Expert Opinion on Investigational Drugs. 2024; 33:
561-573. https://doi.org/10.1080/13543784.2024.2349286.

[5] Ferrari R, Hernandez DG, Nalls MA, Rohrer JD, Ramasamy A,
Kwok JBJ, et al. Frontotemporal dementia and its subtypes: a
genome-wide association study. The Lancet. Neurology. 2014;
13: 686—699. https://doi.org/10.1016/S1474-4422(14)70065-1.

[6] McMillan CT, Toledo JB, Avants BB, Cook PA, Wood EM,
Suh E, et al. Genetic and neuroanatomic associations in spo-
radic frontotemporal lobar degeneration. Neurobiology of Ag-
ing. 2014; 35: 1473-1482. https://doi.org/10.1016/j.neurobiola
ging.2013.11.029.

[7] Pottier C, RenY, Perkerson RB, 3rd, Baker M, Jenkins GD, van
Blitterswijk M, et al. Genome-wide analyses as part of the in-
ternational FTLD-TDP whole-genome sequencing consortium
reveals novel disease risk factors and increases support for im-
mune dysfunction in FTLD. Acta Neuropathologica. 2019; 137:
879-899. https://doi.org/10.1007/s00401-019-01962-9.

[8] Pottier C, Kiigiikali F, Baker M, Batzler A, Jenkins GD, van
Blitterswijk M, et al. Deciphering Distinct Genetic Risk Fac-
tors for FTLD-TDP Pathological Subtypes via Whole-Genome
Sequencing. medRxiv. 2024. (preprint)

[9] Ferrari R, Wang Y, Vandrovcova J, Guelfi S, Witeolar A, Karch
CM, et al. Genetic architecture of sporadic frontotemporal de-
mentia and overlap with Alzheimer’s and Parkinson’s diseases.
Journal of Neurology, Neurosurgery, and Psychiatry. 2017; 88:
152-164. https://doi.org/10.1136/jnnp-2016-314411.

[10] Yong SY, Raben TG, Lello L, Hsu SDH. Genetic architecture
of complex traits and disease risk predictors. Scientific Reports.
2020; 10: 12055. https://doi.org/10.1038/s41598-020-68881-8.

[11] Couratier P, Corcia P, Lautrette G, Nicol M, Marin B. ALS and
frontotemporal dementia belong to a common disease spectrum.
Revue Neurologique. 2017; 173: 273-279. https://doi.org/10.
1016/j.neurol.2017.04.001.


https://doi.org/10.1556/2060.2022.00019
https://doi.org/10.1093/hmg/ddaa142
https://doi.org/10.1093/hmg/ddaa142
https://doi.org/10.1001/jamaneurol.2022.5128
https://doi.org/10.1001/jamaneurol.2022.5128
https://doi.org/10.1080/13543784.2024.2349286
https://doi.org/10.1016/S1474-4422(14)70065-1
https://doi.org/10.1016/j.neurobiolaging.2013.11.029
https://doi.org/10.1016/j.neurobiolaging.2013.11.029
https://doi.org/10.1007/s00401-019-01962-9
https://doi.org/10.1136/jnnp-2016-314411
https://doi.org/10.1038/s41598-020-68881-8
https://doi.org/10.1016/j.neurol.2017.04.001
https://doi.org/10.1016/j.neurol.2017.04.001
https://www.imrpress.com

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

10

Chang YH, Dubnau J. Endogenous retroviruses and TDP-
43 proteinopathy form a sustaining feedback driving in-
tercellular spread of Drosophila neurodegeneration. Nature
Communications. 2023; 14: 966. https://doi.org/10.1038/
s41467-023-36649-z.

Gao FB, Almeida S, Lopez-Gonzalez R. Dysregulated molecu-
lar pathways in amyotrophic lateral sclerosis-frontotemporal de-
mentia spectrum disorder. The EMBO Journal. 2017; 36: 2931—
2950. https://doi.org/10.15252/embj.201797568.

Mustafin RN, Khusnutdinova EK. Non-coding parts of genomes
as the basis of epigenetic heredity. Vavilov Journal of Genetics
and Breeding. 2017; 21: 742—749. https://doi.org/10.18699/10.
18699/VJ17.30-o0.

Phan K, He Y, Fu Y, Dzamko N, Bhatia S, Gold J, et al. Patho-
logical manifestation of human endogenous retrovirus K in fron-
totemporal dementia. Communications Medicine. 2021; 1: 60.
https://doi.org/10.1038/s43856-021-00060-w.

Nurk S, Koren S, Rhie A, Rautiainen M, Bzikadze AV,
Mikheenko A, et al. The complete sequence of a human genome.
Science (New York, N.Y.). 2022; 376: 44-53. https://doi.org/10.
1126/science.abj6987.

Pereira GC, Sanchez L, Schaughency PM, Rubio-Roldan A,
Choi JA, Planet E, et al. Properties of LINE-1 proteins and re-
peat element expression in the context of amyotrophic lateral
sclerosis. Mobile DNA. 2018; 9: 35. https://doi.org/10.1186/
s13100-018-0138-z.

Gorbunova V, Seluanov A, Mita P, McKerrow W, Feny6 D,
Boeke JD, et al. The role of retrotransposable elements in age-
ing and age-associated diseases. Nature. 2021; 596: 43-53.
https://doi.org/10.1038/s41586-021-03542-y.

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 inflammation. Nature. 2019; 566: 73-78. https://doi.
org/10.1038/s41586-018-0784-9.

Nascimento C, Suemoto CK, Rodriguez RD, Alho ATDL, Leite
RP, Farfel JM, et al. Higher Prevalence of TDP-43 Proteinopathy
in Cognitively Normal Asians: A Clinicopathological Study on
a Multiethnic Sample. Brain Pathology (Zurich, Switzerland).
2016; 26: 177-185. https://doi.org/10.1111/bpa.12296.

Zhang K, Mizuma H, Zhang X, Takahashi K, Jin C, Song F,
et al. PET imaging of neural activity, -amyloid, and tau in
normal brain aging. European Journal of Nuclear Medicine and
Molecular Imaging. 2021; 48: 3859-3871. https://doi.org/10.
1007/s00259-021-05230-5.

Li W, Jin Y, Prazak L, Hammell M, Dubnau J. Transpos-
able elements in TDP-43-mediated neurodegenerative disorders.
PloS One. 2012; 7: e44099. https://doi.org/10.1371/journal.po
ne.0044099.

Shelkovnikova TA, An H, Skelt L, Tregoning JS, Humphreys IR,
Buchman VL. Antiviral Immune Response as a Trigger of FUS
Proteinopathy in Amyotrophic Lateral Sclerosis. Cell Reports.
2019; 29: 4496-4508.e4. https://doi.org/10.1016/j.celrep.2019.
11.094.

Guo C, Jeong HH, Hsieh YC, Klein HU, Bennett DA, De Jager
PL, et al. Tau Activates Transposable Elements in Alzheimer’s
Disease. Cell Reports. 2018; 23: 2874-2880. https://doi.org/10.
1016/j.celrep.2018.05.004.

Ramirez P, Zuniga G, Sun W, Beckmann A, Ochoa E, DeVos
SL, et al. Pathogenic tau accelerates aging-associated activation
of transposable elements in the mouse central nervous system.
Progress in Neurobiology. 2022; 208: 102181. https://doi.org/
10.1016/j.pneurobio.2021.102181.

Grundman J, Spencer B, Sarsoza F, Rissman RA. Transcriptome
analyses reveal tau isoform-driven changes in transposable el-
ement and gene expression. PloS One. 2021; 16: e0251611.
https://doi.org/10.1371/journal.pone.0251611.

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Paquola ACM, Erwin JA, Gage FH. Insights into the role of so-
matic mosaicism in the brain. Current Opinion in Systems Bi-
ology. 2017; 1: 90-94. https://doi.org/10.1016/j.coisb.2016.12.
004.

Rohrback S, Siddoway B, Liu CS, Chun J. Genomic mosaicism
in the developing and adult brain. Developmental Neurobiology.
2018; 78: 1026-1048. https://doi.org/10.1002/dneu.22626.
Bachiller S, Del-Pozo-Martin Y, Carrion AM. L1 retrotranspo-
sition alters the hippocampal genomic landscape enabling mem-
ory formation. Brain, Behavior, and Immunity. 2017; 64: 65-70.
https://doi.org/10.1016/j.bbi.2016.12.018.

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: 1127-1131. https://doi.org/10.1038/nature
08248.

Baillie JK, Barnett MW, Upton KR, Gerhardt DJ, Richmond TA,
De Sapio F, et al. Somatic retrotransposition alters the genetic
landscape of the human brain. Nature. 2011; 479: 534-537. http
s://doi.org/10.1038/nature10531.

Muotri AR. L1 Retrotransposition in Neural Progenitor Cells.
Methods in Molecular Biology (Clifton, N.J.). 2016; 1400: 157—
163. https://doi.org/10.1007/978-1-4939-3372-3 11.
Kurnosov AA, Ustyugova SV, Nazarov VI, Minervina AA,
Komkov AY, Shugay M, et al. The evidence for increased L1
activity in the site of human adult brain neurogenesis. PloS
One. 2015; 10: e0117854. https://doi.org/10.1371/journal.pone
.0117854.

Erwin JA, Paquola ACM, Singer T, Gallina I, Novotny M,
Quayle C, et al. L1-associated genomic regions are deleted in
somatic cells of the healthy human brain. Nature Neuroscience.
2016; 19: 1583—-1591. https://doi.org/10.1038/nn.4388.
Evrony GD, Lee E, Mehta BK, Benjamini Y, Johnson RM, Cai
X, et al. Cell lineage analysis in human brain using endoge-
nous retroelements. Neuron. 2015; 85: 49-59. https://doi.org/
10.1016/j.neuron.2014.12.028.

Cappucci U, Torromino G, Casale AM, Camon J, Capitano F,
Berloco M, et al. Stress-induced strain and brain region-specific
activation of LINE-1 transposons in adult mice. Stress (Amster-
dam, Netherlands). 2018; 21: 575-579. https://doi.org/10.1080/
10253890.2018.1485647.

Lu X, Sachs F, Ramsay L, Jacques PE, Goke J, Bourque G, et
al. The retrovirus HERVH is a long noncoding RNA required for
human embryonic stem cell identity. Nature Structural & Molec-
ular Biology. 2014; 21: 423-425. https://doi.org/10.1038/nsmb
.2799.

Honson DD, Macfarlan TS. A IncRNA-like Role for LINE1s in
Development. Developmental Cell. 2018; 46: 132-134. https:
//doi.org/10.1016/j.devcel.2018.06.022.

Esposito M, Gualandi N, Spirito G, Ansaloni F, Gustincich
S, Sanges R. Transposons Acting as Competitive Endogenous
RNAs: In-Silico Evidence from Datasets Characterised by L1
Overexpression. Biomedicines. 2022; 10: 3279. https://doi.org/
10.3390/biomedicines10123279.

Mustafin RN, Khusnutdinova E. Perspective for Studying the
Relationship of miRNAs with Transposable Elements. Current
Issues in Molecular Biology. 2023; 45: 3122-3145. https://doi.
org/10.3390/cimb45040204.

Manghera M, Ferguson-Parry J, Douville RN. TDP-43 regulates
endogenous retrovirus-K viral protein accumulation. Neurobiol-
ogy of Disease. 2016; 94: 226-236. https://doi.org/10.1016/j.nb
d.2016.06.017.

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 Reports. 2019; 27: 1409—1421.¢6. https:
//doi.org/10.1016/j.celrep.2019.04.003.

Savage AL, lacoangeli A, Schumann GG, Rubio-Roldan A,

&% IMR Press


https://doi.org/10.1038/s41467-023-36649-z
https://doi.org/10.1038/s41467-023-36649-z
https://doi.org/10.15252/embj.201797568
https://doi.org/10.18699/10.18699/VJ17.30-o
https://doi.org/10.18699/10.18699/VJ17.30-o
https://doi.org/10.1038/s43856-021-00060-w
https://doi.org/10.1126/science.abj6987
https://doi.org/10.1126/science.abj6987
https://doi.org/10.1186/s13100-018-0138-z
https://doi.org/10.1186/s13100-018-0138-z
https://doi.org/10.1038/s41586-021-03542-y
https://doi.org/10.1038/s41586-018-0784-9
https://doi.org/10.1038/s41586-018-0784-9
https://doi.org/10.1111/bpa.12296
https://doi.org/10.1007/s00259-021-05230-5
https://doi.org/10.1007/s00259-021-05230-5
https://doi.org/10.1371/journal.pone.0044099
https://doi.org/10.1371/journal.pone.0044099
https://doi.org/10.1016/j.celrep.2019.11.094
https://doi.org/10.1016/j.celrep.2019.11.094
https://doi.org/10.1016/j.celrep.2018.05.004
https://doi.org/10.1016/j.celrep.2018.05.004
https://doi.org/10.1016/j.pneurobio.2021.102181
https://doi.org/10.1016/j.pneurobio.2021.102181
https://doi.org/10.1371/journal.pone.0251611
https://doi.org/10.1016/j.coisb.2016.12.004
https://doi.org/10.1016/j.coisb.2016.12.004
https://doi.org/10.1002/dneu.22626
https://doi.org/10.1016/j.bbi.2016.12.018
https://doi.org/10.1038/nature08248
https://doi.org/10.1038/nature08248
https://doi.org/10.1038/nature10531
https://doi.org/10.1038/nature10531
https://doi.org/10.1007/978-1-4939-3372-3_11
https://doi.org/10.1371/journal.pone.0117854
https://doi.org/10.1371/journal.pone.0117854
https://doi.org/10.1038/nn.4388
https://doi.org/10.1016/j.neuron.2014.12.028
https://doi.org/10.1016/j.neuron.2014.12.028
https://doi.org/10.1080/10253890.2018.1485647
https://doi.org/10.1080/10253890.2018.1485647
https://doi.org/10.1038/nsmb.2799
https://doi.org/10.1038/nsmb.2799
https://doi.org/10.1016/j.devcel.2018.06.022
https://doi.org/10.1016/j.devcel.2018.06.022
https://doi.org/10.3390/biomedicines10123279
https://doi.org/10.3390/biomedicines10123279
https://doi.org/10.3390/cimb45040204
https://doi.org/10.3390/cimb45040204
https://doi.org/10.1016/j.nbd.2016.06.017
https://doi.org/10.1016/j.nbd.2016.06.017
https://doi.org/10.1016/j.celrep.2019.04.003
https://doi.org/10.1016/j.celrep.2019.04.003
https://www.imrpress.com

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Garcia-Perez JL, Al Khleifat A, et al. Characterisation of retro-
transposon insertion polymorphisms in whole genome sequenc-
ing data from individuals with amyotrophic lateral sclerosis.
Gene. 2022; 843: 146799. https://doi.org/10.1016/j.gene.2022.
146799.

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 Reports. 2019; 29: 1164-1177.e5. http
s://doi.org/10.1016/j.celrep.2019.09.066.

Li TD, Murano K, Kitano T, Guo Y, Negishi L, Siomi H. TDP-
43 safeguards the embryo genome from L1 retrotransposition.
Science Advances. 2022; 8: eabq3806. https://doi.org/10.1126/
sciadv.abq3806.

Flamier A, El Hajjar J, Adjaye J, Fernandes KJ, Abdouh M,
Bernier G. Modeling Late-Onset Sporadic Alzheimer’s Disease
through BMI1 Deficiency. Cell Reports. 2018; 23: 2653-2666.
https://doi.org/10.1016/j.celrep.2018.04.097.

El Hajjar J, Chatoo W, Hanna R, Nkanza P, Tétreault N, Tse YC,
et al. Heterochromatic genome instability and neurodegenera-
tion sharing similarities with Alzheimer’s disease in old Bmil+/-
mice. Scientific Reports. 2019; 9: 594. https://doi.org/10.1038/
s41598-018-37444-3.

Liu S, Heumiiller SE, Hossinger A, Miiller SA, Buravlova O,
Lichtenthaler SF, et al. Reactivated endogenous retroviruses
promote protein aggregate spreading. Nature Communications.
2023; 14: 5034. https://doi.org/10.1038/s41467-023-40632-z.
Dunker W, Ye X, Zhao Y, Liu L, Richardson A, Karijolich J.
TDP-43 prevents endogenous RNAs from triggering a lethal
RIG-I-dependent interferon response. Cell Reports. 2021; 35:
108976. https://doi.org/10.1016/j.celrep.2021.108976.

Romano G, Klima R, Feiguin F. TDP-43 prevents retrotrans-
poson activation in the Drosophila motor system through regu-
lation of Dicer-2 activity. BMC Biology. 2020; 18: 82. https:
//doi.org/10.1186/s12915-020-00816- 1.

Bonham LW, Geier EG, Sirkis DW, Leong JK, Ramos EM,
Wang Q, et al. Radiogenomics of C9orf72 Expansion Carriers
Reveals Global Transposable Element Derepression and Enables
Prediction of Thalamic Atrophy and Clinical Impairment. The
Journal of Neuroscience: the Official Journal of the Society for
Neuroscience. 2023; 43: 333-345. https://doi.org/10.1523/JN
EUROSCI.1448-22.2022.

Prudencio M, Gonzales PK, Cook CN, Gendron TF, Daughrity
LM, Song Y, et al. Repetitive element transcripts are elevated
in the brain of C9orf72 ALS/FTLD patients. Human Molecular
Genetics. 2017; 26: 3421-3431. https://doi.org/10.1093/hmg/dd
x233.

Ochoa E, Ramirez P, Gonzalez E, De Mange J, Ray WJ, Bieniek
KEF, et al. Pathogenic tau-induced transposable element-derived
dsRNA drives neuroinflammation. Science Advances. 2023; 9:
eabq5423. https://doi.org/10.1126/sciadv.abq5423.

Mustafin RN. The hypothesis of the origin of viruses from trans-
posons. Molecular Genetics, Microbiolgy and Virology. 2018;
33: 223-232. https://doi.org/10.3103/S0891416818040067.
Dembny P, Newman AG, Singh M, Hinz M, Szczepek M,
Kriiger C, et al. Human endogenous retrovirus HERV-K(HML-
2) RNA causes neurodegeneration through Toll-like receptors.
JCI Insight. 2020; 5: e131093. https://doi.org/10.1172/jci.insi
ght.131093.

Gruchot J, Herrero F, Weber-Stadlbauer U, Meyer U, Kiiry P.
Interplay between activation of endogenous retroviruses and in-
flammation as common pathogenic mechanism in neurological
and psychiatric disorders. Brain, Behavior, and Immunity. 2023;
107: 242-252. https://doi.org/10.1016/j.bbi.2022.10.007.
Gazquez-Gutierrez A, Witteveldt J, R Heras S, Macias S. Sens-
ing of transposable elements by the antiviral innate immune

&% IMR Press

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

system. RNA (New York, N.Y.). 2021; 27: 735-752. https:
//doi.org/10.1261/rna.078721.121.

Elbarbary RA, Maquat LE. Distinct mechanisms obviate the po-
tentially toxic effects of inverted-repeat Alu elements on cellu-
lar RNA metabolism. Nature Structural & Molecular Biology.
2017; 24: 496-498. https://doi.org/10.1038/nsmb.3416.

Curzio DD, Gurm M, Turnbull M, Nadeau MJ, Meek B, Rempel
ID, et al. Pro-Inflammatory Signaling Upregulates a Neurotoxic
Conotoxin-Like Protein Encrypted Within Human Endogenous
Retrovirus-K. Cells. 2020; 9: 1584. https://doi.org/10.3390/cell
s9071584.

Krug L, Chatterjee N, Borges-Monroy R, Hearn S, Liao WW,
Morrill K, ef al. Retrotransposon activation contributes to neu-
rodegeneration in a Drosophila TDP-43 model of ALS. PLoS
Genetics. 2017; 13: €1006635. https://doi.org/10.1371/journal.
pgen.1006635.

Adler GL, Le K, Fu Y, Kim WS. Human Endogenous Retro-
viruses in Neurodegenerative Diseases. Genes. 2024; 15: 745.
https://doi.org/10.3390/genes15060745.

Yang J, Li Y, Wang S, Li H, Zhang L, Zhang H, et al. The SARS-
CoV-2 main protease induces neurotoxic TDP-43 cleavage and
aggregates. Signal Transduction and Targeted Therapy. 2023; 8:
109. https://doi.org/10.1038/s41392-023-01386-8.

Berger MM, Kopp N, Vital C, Redl B, Aymard M, Lina B. De-
tection and cellular localization of enterovirus RNA sequences
in spinal cord of patients with ALS. Neurology. 2000; 54: 20—
25. https://doi.org/10.1212/wnl.54.1.20.

Zhang L, Yang J, Li H, Zhang Z, Ji Z, Zhao L, et al. Enterovirus
D68 Infection Induces TDP-43 Cleavage, Aggregation, and
Neurotoxicity. Journal of Virology. 2023; 97: €0042523. https:
//doi.org/10.1128/jvi.00425-23.

Rahic Z, Buratti E, Cappelli S. Reviewing the Potential Links
between Viral Infections and TDP-43 Proteinopathies. Interna-
tional Journal of Molecular Sciences. 2023; 24: 1581. https:
//doi.org/10.3390/ijms24021581.

Fung G, Shi J, Deng H, Hou J, Wang C, Hong A, et al. Cytoplas-
mic translocation, aggregation, and cleavage of TDP-43 by en-
teroviral proteases modulate viral pathogenesis. Cell Death and
Differentiation. 2015; 22: 2087-2097. https://doi.org/10.1038/
cdd.2015.58.

Cabrera-Rodriguez R, Pérez-Yanes S, Lorenzo-Sanchez I,
Estévez-Herrera J, Garcia-Luis J, Trujillo-Gonzalez R, et al.
TDP-43 Controls HIV-1 Viral Production and Virus Infective-
ness. International Journal of Molecular Sciences. 2023; 24:
7658. https://doi.org/10.3390/ijms24087658.

Dupont M, Krischuns T, Gianetto QG, Paisant S, Bonazza S,
Brault JB, et al. The RBPome of influenza A virus NP-mRNA
reveals a role for TDP-43 in viral replication. Nucleic Acids Re-
search. 2024; 52: 7188-7210. https://doi.org/10.1093/nar/gkae
291.

Licht-Murava A, Meadows SM, Palaguachi F, Song SC, Jack-
vony S, Bram Y, et al. Astrocytic TDP-43 dysregulation im-
pairs memory by modulating antiviral pathways and interferon-
inducible chemokines. Science Advances. 2023; 9: eadel282.
https://doi.org/10.1126/sciadv.ade1282.

Powell-Doherty RD, Abbott ARN, Nelson LA, Bertke AS.
Amyloid-$ and p-Tau Anti-Threat Response to Herpes Simplex
Virus 1 Infection in Primary Adult Murine Hippocampal Neu-
rons. Journal of Virology. 2020; 94: e01874-19. https://doi.org/
10.1128/JV1.01874-19.

Bello-Morales R, Andreu S, Ripa I, Lopez-Guerrero JA. HSV-1
and Endogenous Retroviruses as Risk Factors in Demyelination.
International Journal of Molecular Sciences. 2021; 22: 5738.
https://doi.org/10.3390/ijms22115738.

Mameli G, Poddighe L, Mei A, Uleri E, Sotgiu S, Serra C,
et al. Expression and activation by Epstein Barr virus of hu-

11


https://doi.org/10.1016/j.gene.2022.146799
https://doi.org/10.1016/j.gene.2022.146799
https://doi.org/10.1016/j.celrep.2019.09.066
https://doi.org/10.1016/j.celrep.2019.09.066
https://doi.org/10.1126/sciadv.abq3806
https://doi.org/10.1126/sciadv.abq3806
https://doi.org/10.1016/j.celrep.2018.04.097
https://doi.org/10.1038/s41598-018-37444-3
https://doi.org/10.1038/s41598-018-37444-3
https://doi.org/10.1038/s41467-023-40632-z
https://doi.org/10.1016/j.celrep.2021.108976
https://doi.org/10.1186/s12915-020-00816-1
https://doi.org/10.1186/s12915-020-00816-1
https://doi.org/10.1523/JNEUROSCI.1448-22.2022
https://doi.org/10.1523/JNEUROSCI.1448-22.2022
https://doi.org/10.1093/hmg/ddx233
https://doi.org/10.1093/hmg/ddx233
https://doi.org/10.1126/sciadv.abq5423
https://doi.org/10.3103/S0891416818040067
https://doi.org/10.1172/jci.insight.131093
https://doi.org/10.1172/jci.insight.131093
https://doi.org/10.1016/j.bbi.2022.10.007
https://doi.org/10.1261/rna.078721.121
https://doi.org/10.1261/rna.078721.121
https://doi.org/10.1038/nsmb.3416
https://doi.org/10.3390/cells9071584
https://doi.org/10.3390/cells9071584
https://doi.org/10.1371/journal.pgen.1006635
https://doi.org/10.1371/journal.pgen.1006635
https://doi.org/10.3390/genes15060745
https://doi.org/10.1038/s41392-023-01386-8
https://doi.org/10.1212/wnl.54.1.20
https://doi.org/10.1128/jvi.00425-23
https://doi.org/10.1128/jvi.00425-23
https://doi.org/10.3390/ijms24021581
https://doi.org/10.3390/ijms24021581
https://doi.org/10.1038/cdd.2015.58
https://doi.org/10.1038/cdd.2015.58
https://doi.org/10.3390/ijms24087658
https://doi.org/10.1093/nar/gkae291
https://doi.org/10.1093/nar/gkae291
https://doi.org/10.1126/sciadv.ade1282
https://doi.org/10.1128/JVI.01874-19
https://doi.org/10.1128/JVI.01874-19
https://doi.org/10.3390/ijms22115738
https://www.imrpress.com

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

12

man endogenous retroviruses-W in blood cells and astrocytes:
inference for multiple sclerosis. PloS One. 2012; 7: e44991.
https://doi.org/10.1371/journal.pone.0044991.

Dunker W, Song Y, Zhao Y, Karijolich J. FUS Negatively
Regulates Kaposi’s Sarcoma-Associated Herpesvirus Gene Ex-
pression. Viruses. 2018; 10: 359. https://doi.org/10.3390/
v10070359.

Perron H, Lang A. The human endogenous retrovirus link be-
tween genes and environment in multiple sclerosis and in mul-
tifactorial diseases associating neuroinflammation. Clinical Re-
views in Allergy & Immunology. 2010; 39: 51-61. https://doi.
org/10.1007/s12016-009-8170-x.

Cossu D, Tomizawa Y, Sechi LA, Hattori N. Epstein-Barr Virus
and Human Endogenous Retrovirus in Japanese Patients with
Autoimmune Demyelinating Disorders. International Journal of
Molecular Sciences. 2023; 24: 17151. https://doi.org/10.3390/ij
ms242417151.

Chen J, Foroozesh M, Qin Z. Transactivation of human en-
dogenous retroviruses by tumor viruses and their functions in
virus-associated malignancies. Oncogenesis. 2019; 8: 6. https:
//doi.org/10.1038/s41389-018-0114-y.

Wozniak MA, Frost AL, Itzhaki RF. Alzheimer’s disease-
specific tau phosphorylation is induced by herpes simplex virus
type 1. Journal of Alzheimer’s Disease: JAD. 2009; 16: 341-
350. https://doi.org/10.3233/JAD-2009-0963.

Martin C, Aguila B, Araya P, Vio K, Valdivia S, Zambrano A, et
al. Inflammatory and neurodegeneration markers during asymp-
tomatic HSV-1 reactivation. Journal of Alzheimer’s Disease:
JAD. 2014; 39: 849-859. https://doi.org/10.3233/JAD-131706.
Gilbert SC. Suppressive therapy versus episodic therapy with
oral valacyclovir for recurrent herpes labialis: efficacy and tol-
erability in an open-label, crossover study. Journal of Drugs in
Dermatology: JDD. 2007; 6: 400—405.

Xue YC, Ng CS, Mohamud Y, Fung G, Liu H, Bahreyni A, et
al. FUS/TLS Suppresses Enterovirus Replication and Promotes
Antiviral Innate Immune Responses. Journal of Virology. 2021;
95: €00304-21. https://doi.org/10.1128/JVI1.00304-21.

Dopkins N, Fei T, Michael S, Liotta N, Guo K, Mickens KL,
et al. Endogenous retroelement expression in the gut microenvi-
ronment of people living with HIV-1. EBioMedicine. 2024; 103:
105133. https://doi.org/10.1016/j.ebiom.2024.105133.

Wang M, Wang L, Liu H, Chen J, Liu D. Transcriptome Anal-
yses Implicate Endogenous Retroviruses Involved in the Host
Antiviral Immune System through the Interferon Pathway. Vi-
rologica Sinica. 2021; 36: 1315-1326. https://doi.org/10.1007/
$12250-021-00370-2.

Dechaumes A, Bertin A, Sane F, Levet S, Varghese J, Charvet
B, et al. Coxsackievirus-B4 Infection Can Induce the Expres-
sion of Human Endogenous Retrovirus W in Primary Cells. Mi-
croorganisms. 2020; 8: 1335. https://doi.org/10.3390/microorg
anisms8091335.

Mustafin RN, Kazantseva AV, Kovas YuV, Khusnutdinova EK.
Role of retroelements in the development of COVID-19 neuro-
logical consequences. Russian Open Medical Journal. 2022; 11:
e0313.

Full F, Walter S, Neugebauer E, Tan J, Drayman N, Franke V, et
al. Herpesviruses mimic zygotic genome activation to promote
viral replication. Research Square. 2023. (preprint)

Park EG, Ha H, Lee DH, Kim WR, Lee YJ, Bae WH, et al.
Genomic Analyses of Non-Coding RNAs Overlapping Trans-
posable Elements and Its Implication to Human Diseases. Inter-
national Journal of Molecular Sciences. 2022; 23: 8950. https:
//doi.org/10.3390/ijms23168950.

Whiteley AM, Prado MA, de Poot SAH, Paulo JA, Ashton M,
Dominguez S, et al. Global proteomics of Ubqln2-based murine
models of ALS. The Journal of Biological Chemistry. 2021; 296:

(88]

[89]

[90]

[91]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

100153. https://doi.org/10.1074/jbc.RA120.015960.

Martinez B, Peplow PV. MicroRNA biomarkers in fron-
totemporal dementia and to distinguish from Alzheimer’s
disease and amyotrophic lateral sclerosis. Neural Regenera-
tion Research. 2022; 17: 1412-1422. https://doi.org/10.4103/
1673-5374.330591.

Pounders J, Hill EJ, Hooper D, Zhang X, Biesiada J, Kuh-
nell D, et al. MicroRNA expression within neuronal-derived
small extracellular vesicles in frontotemporal degeneration.
Medicine. 2022; 101: e30854. https:/doi.org/10.1097/MD
.0000000000030854.

Gitcho MA, Bigio EH, Mishra M, Johnson N, Weintraub
S, Mesulam M, et al. TARDBP 3’-UTR variant in autopsy-
confirmed frontotemporal lobar degeneration with TDP-43 pro-
teinopathy. Acta Neuropathologica. 2009; 118: 633—645. https:
//doi.org/10.1007/s00401-009-0571-7.

Kmetzsch V, Anquetil V, Saracino D, Rinaldi D, Camuzat A,
Gareau T, et al. Plasma microRNA signature in presymptomatic
and symptomatic subjects with C9orf72-associated frontotem-
poral dementia and amyotrophic lateral sclerosis. Journal of
Neurology, Neurosurgery, and Psychiatry. 2021; 92: 485-493.
https://doi.org/10.1136/jnnp-2020-324647.

Magen I, Yacovzada NS, Warren JD, Heller C, Swift I, Bobeva Y,
et al. microRNA-based predictor for diagnosis of frontotemporal
dementia. Neuropathology and Applied Neurobiology. 2023; 49:
€12916. https://doi.org/10.1111/nan.12916.

Schneider R, McKeever P, Kim T, Graff C, van Swieten JC,
Karydas A, et al. Downregulation of exosomal miR-204-5p and
miR-632 as a biomarker for FTD: a GENFI study. Journal of
Neurology, Neurosurgery, and Psychiatry. 2018; 89: 851-858.
https://doi.org/10.1136/jnnp-2017-317492.

Kocerha J, Kouri N, Baker M, Finch N, DelJesus-Hernandez
M, Gonzalez J, et al. Altered microRNA expression in fron-
totemporal lobar degeneration with TDP-43 pathology caused
by progranulin mutations. BMC Genomics. 2011; 12: 527. https:
//doi.org/10.1186/1471-2164-12-527.

Jiao J, Herl LD, Farese RV, Gao FB. MicroRNA-29b regulates
the expression level of human progranulin, a secreted glycopro-
tein implicated in frontotemporal dementia. PloS One. 2010; 5:
e10551. https://doi.org/10.1371/journal.pone.0010551.

Piscopo P, Grasso M, Fontana F, Crestini A, Puopolo M, Del
Vescovo V, et al. Reduced miR-659-3p Levels Correlate with
Progranulin Increase in Hypoxic Conditions: Implications for
Frontotemporal Dementia. Frontiers in Molecular Neuroscience.
2016; 9: 31. https://doi.org/10.3389/fhmol.2016.0003 1.
Nesmelova IV, Hackett PB. DDE transposases: Structural sim-
ilarity and diversity. Advanced Drug Delivery Reviews. 2010;
62: 1187-1195. https://doi.org/10.1016/j.addr.2010.06.006.
Koonin EV, Dolja VV, Krupovic M. Origins and evolution of
viruses of eukaryotes: The ultimate modularity. Virology. 2015;
479-480: 2-25. https://doi.org/10.1016/j.virol.2015.02.039.
Galimberti D, D’Addario C, Dell’osso B, Fenoglio C, Marcone
A, Cerami C, et al. Progranulin gene (GRN) promoter methy-
lation is increased in patients with sporadic frontotemporal lo-
bar degeneration. Neurological Sciences: Official Journal of the
Italian Neurological Society and of the Italian Society of Clinical
Neurophysiology. 2013; 34: 899-903. https://doi.org/10.1007/
s10072-012-1151-5.

[100] XiZ,Rainero I, Rubino E, Pinessi L, Bruni AC, Maletta RG, et

al. Hypermethylation of the CpG-island near the C9orf72 G4Ca-
repeat expansion in FTLD patients. Human Molecular Genetics.
2014; 23: 5630-5637. https://doi.org/10.1093/hmg/ddu279.

[101] Serpente M, Fenoglio C, Arcaro M, Carandini T, Sacchi L,

Pintus M, et al. Long Non-Coding RNA Profile in Genetic
Symptomatic and Presymptomatic Frontotemporal Dementia: A
GENFI Study. Journal of Alzheimer’s Disease: JAD. 2024; 100:

&% IMR Press


https://doi.org/10.1371/journal.pone.0044991
https://doi.org/10.3390/v10070359
https://doi.org/10.3390/v10070359
https://doi.org/10.1007/s12016-009-8170-x
https://doi.org/10.1007/s12016-009-8170-x
https://doi.org/10.3390/ijms242417151
https://doi.org/10.3390/ijms242417151
https://doi.org/10.1038/s41389-018-0114-y
https://doi.org/10.1038/s41389-018-0114-y
https://doi.org/10.3233/JAD-2009-0963
https://doi.org/10.3233/JAD-131706
https://doi.org/10.1128/JVI.00304-21
https://doi.org/10.1016/j.ebiom.2024.105133
https://doi.org/10.1007/s12250-021-00370-2
https://doi.org/10.1007/s12250-021-00370-2
https://doi.org/10.3390/microorganisms8091335
https://doi.org/10.3390/microorganisms8091335
https://doi.org/10.3390/ijms23168950
https://doi.org/10.3390/ijms23168950
https://doi.org/10.1074/jbc.RA120.015960
https://doi.org/10.4103/1673-5374.330591
https://doi.org/10.4103/1673-5374.330591
https://doi.org/10.1097/MD.0000000000030854
https://doi.org/10.1097/MD.0000000000030854
https://doi.org/10.1007/s00401-009-0571-7
https://doi.org/10.1007/s00401-009-0571-7
https://doi.org/10.1136/jnnp-2020-324647
https://doi.org/10.1111/nan.12916
https://doi.org/10.1136/jnnp-2017-317492
https://doi.org/10.1186/1471-2164-12-527
https://doi.org/10.1186/1471-2164-12-527
https://doi.org/10.1371/journal.pone.0010551
https://doi.org/10.3389/fnmol.2016.00031
https://doi.org/10.1016/j.addr.2010.06.006
https://doi.org/10.1016/j.virol.2015.02.039
https://doi.org/10.1007/s10072-012-1151-5
https://doi.org/10.1007/s10072-012-1151-5
https://doi.org/10.1093/hmg/ddu279
https://www.imrpress.com

S187-S196. https://doi.org/10.3233/JAD-240557.

[102] Sharma S, Sarathlal KC, Taliyan R. Epigenetics in Neurode-
generative Diseases: The Role of Histone Deacetylases. CNS &
Neurological Disorders Drug Targets. 2019; 18: 11-18. https:
//doi.org/10.2174/1871527317666181004155136.

[103] Zhang L, Liu Y, Lu Y, Wang G. Targeting epigenetics as a
promising therapeutic strategy for treatment of neurodegener-
ative diseases. Biochemical Pharmacology. 2022; 206: 115295.
https://doi.org/10.1016/j.bcp.2022.115295.

[104] Chalertpet K, Pin-On P, Aporntewan C, Patchsung M, Ingrun-
gruanglert P, Israsena N, et al. Argonaute 4 as an Effector Protein
in RNA-Directed DNA Methylation in Human Cells. Frontiers
in Genetics. 2019; 10: 645. https://doi.org/10.3389/fgene.2019.
00645.

[105] Erdmann RM, Picard CL. RNA-directed DNA Methylation.
PLoS Genetics. 2020; 16: €1009034. https://doi.org/10.1371/jo
urnal.pgen.1009034.

[106] Watcharanurak P, Mutirangura A. Human RNA-directed DNA
methylation methylates high-mobility group box 1 protein-
produced DNA gaps. Epigenomics. 2022; 14: 741-756. https:
//doi.org/10.2217/epi-2022-0022.

[107] Tan YJ, Wong BYX, Vaidyanathan R, Sreejith S, Chia SY,
Kandiah N, et al. Altered Cerebrospinal Fluid Exosomal mi-
croRNA Levels in Young-Onset Alzheimer’s Disease and Fron-
totemporal Dementia. Journal of Alzheimer’s Disease Reports.
2021; 5: 805-813. https://doi.org/10.3233/ADR-210311.

[108] Piscopo P, Grasso M, Puopolo M, D’Acunto E, Talarico
G, Crestini A, et al. Circulating miR-127-3p as a Potential
Biomarker for Differential Diagnosis in Frontotemporal Demen-
tia. Journal of Alzheimer’s Disease: JAD. 2018; 65: 455-464.
https://doi.org/10.3233/JAD-180364.

[109] Sheinerman KS, Toledo JB, Tsivinsky VG, Irwin D, Grossman
M, Weintraub D, et al. Circulating brain-enriched microRNAs
as novel biomarkers for detection and differentiation of neurode-
generative diseases. Alzheimer’s Research & Therapy. 2017; 9:
89. https://doi.org/10.1186/s13195-017-0316-0.

[110] Eitan C, Hornstein E. Vulnerability of microRNA biogenesis in
FTD-ALS. Brain Research. 2016; 1647: 105—-111. https://doi.or
¢/10.1016/j.brainres.2015.12.063.

[111] Saucier D, Wajnberg G, Roy J, Beauregard AP, Chacko S,
Crapoulet N, et al. Identification of a circulating miRNA sig-
nature in extracellular vesicles collected from amyotrophic lat-
eral sclerosis patients. Brain Research. 2019; 1708: 100-108.
https://doi.org/10.1016/j.brainres.2018.12.016.

[112] Campos-Melo D, Droppelmann CA, He Z, Volkening K, Strong
MJ. Altered microRNA expression profile in Amyotrophic Lat-
eral Sclerosis: a role in the regulation of NFL mRNA lev-
els. Molecular Brain. 2013; 6: 26. https://doi.org/10.1186/
1756-6606-6-26.

[113] Matamala JM, Arias-Carrasco R, Sanchez C, Uhrig M, Barg-
sted L, Matus S, et al. Genome-wide circulating microRNA ex-
pression profiling reveals potential biomarkers for amyotrophic
lateral sclerosis. Neurobiology of Aging. 2018; 64: 123-138.
https://doi.org/10.1016/j.neurobiolaging.2017.12.020.

[114] Liguori M, Nuzziello N, Introna A, Consiglio A, Licciulli F,
D’Errico E, et al. Dysregulation of MicroRNAs and Target
Genes Networks in Peripheral Blood of Patients With Sporadic
Amyotrophic Lateral Sclerosis. Frontiers in Molecular Neu-
roscience. 2018; 11: 288. https://doi.org/10.3389/fnmol.2018.
00288.

[115] Hawley ZCE, Campos-Melo D, Strong MJ. Evidence of A Neg-
ative Feedback Network Between TDP-43 and miRNAs Depen-
dent on TDP-43 Nuclear Localization. Journal of Molecular Bi-
ology. 2020; 432: 166695. https://doi.org/10.1016/j.jmb.2020.
10.029.

[116] Helferich AM, Brockmann SJ, Reinders J, Deshpande D, Holz-

&% IMR Press

mann K, Brenner D, et al. Dysregulation of a novel miR-
1825/TBCB/TUBA4A pathway in sporadic and familial ALS.
Cellular and Molecular Life Sciences: CMLS. 2018; 75: 4301—
4319. https://doi.org/10.1007/s00018-018-2873-1.

[117] Waller R, Goodall EF, Milo M, Cooper-Knock J, Da Costa M,
Hobson E, ef al. Serum miRNAs miR-206, 143-3p and 374b-5p
as potential biomarkers for amyotrophic lateral sclerosis (ALS).
Neurobiology of Aging. 2017; 55: 123—131. https://doi.org/10.
1016/j.neurobiolaging.2017.03.027.

[118] Patel RB, Bajpai AK, Thirumurugan K. Differential Expression
of MicroRNAs and Predicted Drug Target in Amyotrophic Lat-
eral Sclerosis. Journal of Molecular Neuroscience: MN. 2023;
73: 375-390. https://doi.org/10.1007/s12031-023-02124-z.

[119] Afonso GIM, Cavaleiro C, Valero J, Mota SI, Ferreiro E. Re-
cent Advances in Extracellular Vesicles in Amyotrophic Lateral
Sclerosis and Emergent Perspectives. Cells. 2023; 12: 1763.
https://doi.org/10.3390/cells12131763.

[120] Kim JA, Park C, Sung JJ, Seo DJ, Choi SJ, Hong YH.
Small RNA sequencing of circulating small extracellular vesi-
cles microRNAs in patients with amyotrophic lateral sclero-
sis. Scientific Reports. 2023; 13: 5528. https://doi.org/10.1038/
s41598-023-32717-y.

[121] Cheng J, Ho WK, Wu BT, Liu HP, Lin WY. miRNA profil-
ing as a complementary diagnostic tool for amyotrophic lateral
sclerosis. Scientific Reports. 2023; 13: 13805. https://doi.org/
10.1038/s41598-023-40879-y.

[122] Barbo M, Ravnik-Glavac M. Extracellular Vesicles as Potential
Biomarkers in Amyotrophic Lateral Sclerosis. Genes. 2023; 14:
325. https://doi.org/10.3390/genes14020325.

[123] Casado Gama H, Amoros MA, Andrade de Aratjo M, Sha CM,
Vieira MPS, Torres RGD, et al. Systematic review and meta-
analysis of dysregulated microRNAs derived from liquid biop-
sies as biomarkers for amyotrophic lateral sclerosis. Non-coding
RNA Research. 2024; 9: 523-535. https://doi.org/10.1016/j.nc
rna.2024.02.006.

[124] Gold J, Rowe DB, Kiernan MC, Vucic S, Mathers S, van Eijk
RPA, et al. Safety and tolerability of Triumeq in amyotrophic lat-
eral sclerosis: the Lighthouse trial. Amyotrophic Lateral Sclero-
sis & Frontotemporal Degeneration. 2019; 20: 595-604. https:
//doi.org/10.1080/21678421.2019.1632899.

[125] Li W, Pandya D, Pasternack N, Garcia-Montojo M, Hender-
son L, Kozak CA, et al. Retroviral Elements in Pathophysiol-
ogy and as Therapeutic Targets for Amyotrophic Lateral Scle-
rosis. Neurotherapeutics: the Journal of the American Soci-
ety for Experimental NeuroTherapeutics. 2022; 19: 1085-1101.
https://doi.org/10.1007/s13311-022-01233-8.

[126] Balmus G, Larrieu D, Barros AC, Collins C, Abrudan M,
Demir M, et al. Targeting of NAT10 enhances healthspan in
a mouse model of human accelerated aging syndrome. Na-
ture Communications. 2018; 9: 1700. https://doi.org/10.1038/
s41467-018-03770-3.

[127] Steiner JP, Bachani M, Malik N, DeMarino C, Li W, Sampson
K, et al. Human Endogenous Retrovirus K Envelope in Spinal
Fluid of Amyotrophic Lateral Sclerosis Is Toxic. Annals of Neu-
rology. 2022; 92: 545-561. https://doi.org/10.1002/ana.26452.

[128] Pérez-Pérez S, Dominguez-Mozo MI, Garcia-Martinez MA,
Ballester-Gonzélez R, Nieto-Gafian I, Arroyo R, et al. Epstein-
Barr Virus Load Correlates with Multiple Sclerosis-Associated
Retrovirus Envelope Expression. Biomedicines. 2022; 10: 387.
https://doi.org/10.3390/biomedicines10020387.

[129] Hartung HP, Derfuss T, Cree BA, Sormani MP, Selmaj K, Stut-
ters J, et al. Efficacy and safety of temelimab in multiple scle-
rosis: Results of a randomized phase 2b and extension study.
Multiple Sclerosis (Houndmills, Basingstoke, England). 2022;
28: 429-440. https://doi.org/10.1177/13524585211024997.

[130] Mustafin RN, Khusnutdinova EK. Involvement of transposable

13


https://doi.org/10.3233/JAD-240557
https://doi.org/10.2174/1871527317666181004155136
https://doi.org/10.2174/1871527317666181004155136
https://doi.org/10.1016/j.bcp.2022.115295
https://doi.org/10.3389/fgene.2019.00645
https://doi.org/10.3389/fgene.2019.00645
https://doi.org/10.1371/journal.pgen.1009034
https://doi.org/10.1371/journal.pgen.1009034
https://doi.org/10.2217/epi-2022-0022
https://doi.org/10.2217/epi-2022-0022
https://doi.org/10.3233/ADR-210311
https://doi.org/10.3233/JAD-180364
https://doi.org/10.1186/s13195-017-0316-0
https://doi.org/10.1016/j.brainres.2015.12.063
https://doi.org/10.1016/j.brainres.2015.12.063
https://doi.org/10.1016/j.brainres.2018.12.016
https://doi.org/10.1186/1756-6606-6-26
https://doi.org/10.1186/1756-6606-6-26
https://doi.org/10.1016/j.neurobiolaging.2017.12.020
https://doi.org/10.3389/fnmol.2018.00288
https://doi.org/10.3389/fnmol.2018.00288
https://doi.org/10.1016/j.jmb.2020.10.029
https://doi.org/10.1016/j.jmb.2020.10.029
https://doi.org/10.1007/s00018-018-2873-1
https://doi.org/10.1016/j.neurobiolaging.2017.03.027
https://doi.org/10.1016/j.neurobiolaging.2017.03.027
https://doi.org/10.1007/s12031-023-02124-z
https://doi.org/10.3390/cells12131763
https://doi.org/10.1038/s41598-023-32717-y
https://doi.org/10.1038/s41598-023-32717-y
https://doi.org/10.1038/s41598-023-40879-y
https://doi.org/10.1038/s41598-023-40879-y
https://doi.org/10.3390/genes14020325
https://doi.org/10.1016/j.ncrna.2024.02.006
https://doi.org/10.1016/j.ncrna.2024.02.006
https://doi.org/10.1080/21678421.2019.1632899
https://doi.org/10.1080/21678421.2019.1632899
https://doi.org/10.1007/s13311-022-01233-8
https://doi.org/10.1038/s41467-018-03770-3
https://doi.org/10.1038/s41467-018-03770-3
https://doi.org/10.1002/ana.26452
https://doi.org/10.3390/biomedicines10020387
https://doi.org/10.1177/13524585211024997
https://www.imrpress.com

elements in neurogenesis. Vavilovskii Zhurnal Genetiki i Selek- //doi.org/10.18699/vjgb-24-54.

tsii. 2020; 24: 209-218. https://doi.org/10.18699/VI20.613. [132] Mustafin RN, Khusnutdinova EK. Involvement of transposable

[131] Mustafin RN. A hypothesis about interrelations of epigenetic elements in Alzheimer’s disease pathogenesis. Vavilovskii Zhur-
factors and transposable elements in memory formation. Vav- nal Genetiki i Selektsii. 2024; 28: 228-238. https://doi.org/10.
ilovskii Zhurnal Genetiki i Selektsii. 2024; 28: 476—486. https: 18699/vjgb-24-27.

14 @IMR Press


https://doi.org/10.18699/VJ20.613
https://doi.org/10.18699/vjgb-24-54
https://doi.org/10.18699/vjgb-24-54
https://doi.org/10.18699/vjgb-24-27
https://doi.org/10.18699/vjgb-24-27
https://www.imrpress.com

	1. Introduction
	2. Relationship of Proteins Involved in FTD Pathogenesis with Retroelements
	3. Effect of Viruses on Proteinopathy in FTD Pathogenesis
	4. Relationship of Retroelements with Epigenetic Factors in FTD Development
	5. Discussion
	6. Conclusion
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

