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Transposable elements (TEs) are highly repetitive DNA sequences in the human genome
that are the relics of previous retrotransposition events. Although the majority of TEs are
transcriptionally inactive due to acquired mutations or epigenetic processes, around 8%
of TEs exert transcriptional activity. It has been found that TEs contribute to somatic
mosaicism that accounts for functional specification of various brain cells. Indeed,
autonomous retrotransposition of long interspersed element-1 (LINE-1) sequences has
been reported in the neural rat progenitor cells from the hippocampus, the human fetal
brain and the human embryonic stem cells. Moreover, expression of TEs has been found
to regulate immune-inflammatory responses, conditioning immunity against exogenous
infections. Therefore, aberrant epigenetic regulation and expression of TEs emerged as a
potential mechanism underlying the development of various mental disorders, including
autism spectrum disorders (ASD), schizophrenia, bipolar disorder, major depression,
and Alzheimer’s disease (AD). Consequently, some studies revealed that expression of
some sequences of human endogenous retroviruses (HERVs) appears only in a certain
group of patients with mental disorders (especially those with schizophrenia, bipolar
disorder, and ASD) but not in healthy controls. In addition, it has been found that
expression of HERVs might be related to subclinical inflammation observed in mental
disorders. In this article, we provide an overview of detrimental effects of transposition
on the brain development and immune mechanisms with relevance to mental disorders.
We show that transposition is not the only mechanism, explaining the way TEs might
shape the phenotype of mental disorders. Other mechanisms include the regulation of
gene expression and the impact on genomic stability. Next, we review current evidence
from studies investigating expression and epigenetic regulation of specific TEs in various
mental disorders. Most consistently, these studies indicate altered expression of HERVs
and methylation of LINE-1 sequences in patients with ASD, schizophrenia, and mood
disorders. However, the contribution of TEs to the etiology of AD is poorly documented.
Future studies should further investigate the mechanisms linking epigenetic processes,
specific TEs and the phenotype of mental disorders to disentangle causal associations.
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INTRODUCTION

Mental disorders represent complex phenotypes and are the
leading causes of global disease burden (Vigo et al, 2016).
The phenotype complexity of mental disorders manifests in
symptomatic and biological overlap, impeding a diagnostic
process that is based on a clinical consensus without a crucial role
of biological markers. Heritability rates of mental disorders are
high, exceeding 80% in twin studies of schizophrenia and bipolar
disorder (Cardno and Gottesman, 2000; McGuffin et al., 2003;
Misiak et al., 2016). However, monogenic determinants with high
penetrance rates have not been identified so far, and the concept
of major mental disorders as the polygenic phenotypes prevails
in the research approaches. Consequently, a paradigm shift
toward investigating polygenic signatures, gene X environment
(G x E) interactions and epigenetic mechanisms has been widely
observed in the recent years.

The term ‘epigenetics’ refers to a number of reversible
mechanisms that impacts gene expression without altering
DNA sequence, and include DNA methylation and
hydroxymethylation at the CpG islands, histone modifications as
well as the regulation by microRNA species. It is now increasingly
being recognized that the brain development is a complex process
during which there is an increased sensitivity to the regulatory
effects of epigenetic mechanisms (Nagy and Turecki, 2012). In
light of existing evidence, major mental disorders, especially
schizophrenia and autism spectrum disorders (ASD), are
perceived as the neurodevelopmental disorders, occurring due
to the effects of various genetic and environmental factors that
affect critical periods of the brain development (Meredith, 2015).

Transposable elements (TEs) are the highly repetitive DNA
sequences that constitute more than 50% of the human genome
and contain about 52% of all CpG dinucleotides (Cordaux and
Batzer, 2009; Su et al., 2012). Therefore, methylation at TEs is
believed to serve as a proxy measure of global DNA methylation.
Some TEs share similarity to exogenous viral agents and thus they
are called endogenous retroviruses (Griffiths, 2001). Only about
7% of TEs are transcriptionally active (Oja et al., 2008). It has been
estimated that approximately 0.27% of human genetic diseases
are caused by retrotransposition (Callinan and Batzer, 2006).

Less is known about the contribution of TEs to the etiology of
mental disorders. However, there is accumulating evidence that
retrotransposition plays an important role in shaping somatic
mosaicism that accounts for functional specification of brain
cells (Baillie et al.,, 2011; Poduri et al., 2013). For instance, it
has been reported that the transposition of long interspersed
element (LINE)-1 sequences may play a role in differentiation
of neurons during the brain development (Muotri et al., 2010).
Moreover, this sequence exerts autonomous retrotransposition
activity in the neural rat progenitor cells from the hippocampus,
the human fetal brain and the human embryonic stem cells
(Muotri et al., 2005; Coufal et al., 2009). Therefore, aberrant
epigenetic regulation of TEs has been hypothesized to play an
important role in the development of mental disorders. In this
article, we provide an overview of transposition processes with
relevance to major psychiatric disorders. Next, we review human
and animal model studies investigating expression and epigenetic

regulation of TEs in various mental disorders. Finally, we provide
a summary of evidence with future directions and potential
translation of findings to personalized precision medicine.

BRIEF OVERVIEW OF TEs IN THE
HUMAN GENOME - CLASSIFICATION
AND NOMENCLATURE

Classification of TEs in the human genome was shown in
Figure 1. A detailed description of the structure and function
of various TEs can be found elsewhere (Darby and Sabunciyan,
2014). All TEs can be divided into two subgroups - type I
TEs (retrotransposons) and type II TEs (DNA transposons).
Type I TEs can be divided into two subgroups - long
terminal repeat (LTR) elements, represented by the human
endogenous retroviruses (HERVs) and non-LTR sequences
that include LINEs, short interspersed elements (SINEs) and
processed pseudogenes (Dewannieux and Heidmann, 2005).
Retrotransposons act via RNA intermediates that are converted
to DNA sequences before transposition (reverse transcription)
(Munoz-Lopez and Garcia-Perez, 2010). Type II TEs encode
enzymes required for insertion and excision, enabling direct
transposition processes without the use of RNA intermediates
(Pray, 2008b). Some TEs are autonomous and encode all enzymes
that are necessary for transposition, while the rest of them require
a transcriptional activity of other transposons. Type II TEs have
lost a transposition activity (Darby and Sabunciyan, 2014).

The HERV sequences have likely existed as exogenous
infectious factors; however, they have lost this activity due
to acquired mutations (Bannert and Kurth, 2006). These TEs
constitute 8% of the human genome and contain genes that
are conservative for all retroviruses, including the gag, pro, pol,
and env genes (Lander et al, 2001; Vargiu et al, 2016). The
gag gene encodes proteins that build up matrix, capsid and
nucleocapsid. Pro and pol encode protease, reverse transcriptase
and integrase. In turn, the env gene is expressed to surface and
transmembrane proteins. The HERV sequences in the human
genome represent three classes of retroviruses: class I (e.g.,
HERV-E, HERV-W, HERV-FRD, and HERV-H), class II (e.g.,
HERV-K), and class III (e.g., HERV-L). This classification is
based on the similarity to exogenous retroviruses. The HERV-K
sequences are the youngest and exert the highest transcriptional
activity. The HERV sequences can provide promoters, enhancers,
repressors, poly-A signals and alternative splicing sites for human
transcripts (Vargiu et al., 2016).

The LINEs that represent non-LTR elements, possess an
autonomous retrotransposition activity and include LINE-1 and
LINE-2 sequences. These sequences make up approximately 21%
of the human genome (Lander et al., 2001; Schumann et al,
2010). The LINE-1 sequences contain their own promoters and
encode two open reading frame proteins — ORF1 that is an
RNA-binding protein and ORF2 with endonuclease and reverse
transcriptase activities. They are the most abundant sequences
from the LINE family, making up 18% of the human genome
(Lander et al, 2001). The majority of LINE-1 sequences are
transcriptionally inactive. The LINE-2 sequences in the human
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Transposable elements in the human genome

Type 1 (retrotransposons)

Type 2 (DNA transposons):
hAT
MuDR

LTR elements

non-LTR elements

piggyBac
Tcl/mariner

HERVs:
HERV-E
HERV-W
HERV-FRD
HERV-H
HERV-K
HERV-L

LINEs:

LINE-2

FIGURE 1 | Classification of transposable elements in the human genome.

SINEs:
LINE-1 Alu
MIR

L

SVA Processed
pseudogenes

genome are highly defective and can encode either one or two
OREF proteins (Darby and Sabunciyan, 2014).

The SINEs are active and non-autonomous TEs, represented
by the Alu and the Mammalian wide Interspersed Repeat (MIR)
elements (11 and 3% of the human genome, respectively). The
Alu sequences were named based on sharing a common cleavage
site for the Alul restriction enzyme (Houck et al., 1979). The
Alu sequences are active but require the reverse transcriptase
that is encoded by LINE-1 sequences (Pray, 2008a). In turn,
the MIR elements are inactive. It has recently been shown that
SINEs may form more complex sequences that are classified as
the SVA retrotransposons. The SVA sequences have been formed
by coupling the SINEs, a variable number of tandem repeats
and the Alu retrotransposons. The SVAs also require the LINE-1
expression for mobilization. These sequences contribute to about
0.1% of the human genome and are the most active group of
retrotransposons (Ostertag et al., 2003; Wang et al., 2005).

In turn, pseudogenes are DNA sequences that are related
to real genes but they have lost at least some protein-coding
abilities. It has been found that mRNA of pseudogenes can
be reverse transcribed by the proteins encoded by LINE-1
sequences and transferred into other regions of the genome,
creating processed pseudogenes. It has been estimated that the
human genome consists of over 7,800 pseudogenes (Zhang
et al.,, 2003). In case of integration close to active promoters,
processed pseudogenes can be further transcribed. As listed by
Kazazian (2014), they share the following characteristics: (1) their
sequences are similar to the transcribed part of the parent gene;
(2) they lack all or most introns; (3) they contain a poly-A tail
attached to the 3’-most transcribed nucleotide; and (4) they are
flanked at their 5" and 3’ terminals by target site duplications of
5-20 nucleotides.

Finally, little is known about type II TEs (DNA transposons)
that have never been active in the human genome. Type II TEs
include the hAT, MuDR, piggyBac, and Tcl/mariner sequences
(Munoz-Lopez and Garcia-Perez, 2010). These transposons
do not act via RNA intermediates and encode enzymes
that enable their mobilization. Due to their inactivity their
causal role in the etiology of human diseases is less likely
(Darby and Sabunciyan, 2014).

INSIGHTS INTO POTENTIAL
MECHANISMS UNDERLYING THE ROLE
OF TEs IN MENTAL DISORDERS

A recent review of human monogenic diseases that occur due to
retrotransposition suggests that only the transposition of LINE-
1, Alu, and SVA sequences might be deleterious, underlying the
development of monogenic diseases (Kaer and Speek, 2013).
Retrotransposition might affect various gene regions via altering
their sequence or influencing expression activity. For instance,
the Alu sequences contain several stop codons that may result in a
truncated protein (Mighell et al., 1997). This mechanism has been
discovered in patients with hemophilia B caused by transferring
the Alu-Ya5 element into a protein coding region of the factor IX
gene (Vidaud et al,, 1993). In case of transposition into promoter
regions, these sequences might impact gene expression. Another
scenario originates from sequence homology that can promote
homologous recombination, leading to insertions and deletions.
Finally, the SVA tandems can mobilize exons, contributing to
complex rearrangements.

However, the effects of alterations in DNA sequence triggered
by retrotransposition have not been found to underlie the
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development of common mental disorders. In the majority
of studies of patients with mental disorders (reviewed in
detail below), altered expression and/or epigenetic regulation
of retrotransposons have been reported. There are several
epigenetic processes that act as defense mechanism against
retrotransposition, including DNA methylation, histone
modifications, small RNA-mediated regulation and post-
transcriptional silencing by DICER and siRNA (Lapp and
Hunter, 2016). Indeed, the majority of TEs in the human
genome are hypermethylated (Pray, 2008b). Although DNA
methylation acts as a defense mechanism, it cannot be excluded
that hypermethylation of newly inserted TEs can lead to
further changes in chromatin conformation, triggering changes
in the expression of adjacent genes. It is most likely that
retrotransposition occurs during early development when
epigenetic marks are removed (Darby and Sabunciyan, 2014).
There are also some well characterized histone modifications,
including trimethylation of lysine 9 and lysine 27 at histone
H3 (H3K9me3 and H3K27me3, respectively), which lead to
heterochromatin formation and transcriptional silencing of TEs
(Day et al., 2010; Baker et al., 2012).

It should be noted that only a small subset of TEs has
been reported to be involved in retrotransposition. For instance,
only 30-60 LINE-1 sequences in diploid cells are capable of
retrotransposition (Sassaman et al., 1997). In addition, the
majority of LINE-1 sequences are methylated to a certain
degree. It has been found that LINE-1 methylation might
impact gene expression via specific mechanisms [for review
see (Kitkumthorn and Mutirangura, 2011)]. Firstly, LINE-1
sequences may produce unique RNA transcripts that act beyond
the LINE-1 location. Alternatively, the reverse LINE-1 promoter
can transcribe unique DNA sequences beyond the 5 end of
LINE-1. The second scenario is that intragenic LINE-1 RNAs
decrease the expression of host gene via the nuclear RNA-
induced silencing complexes. Indeed, it has been found that
the Argonaute-2 (AGO2) protein targets intronic LINE-1 pre-
mRNA complexes leading to down-regulation of gene expression
in cancer cells (Aporntewan et al., 2011).

Global DNA hypomethylation that progresses with aging
has been associated with genomic instability (Jung and
Pfeifer, 2015). Hypomethylated genome regions are prone
to accumulate various types of DNA lesions that include
oxidative damage, depurination, depyrimidation and pathologic
endogenous double-strand breaks (Mutirangura, 2019). The
latter ones are now believed to act as intermediate products that
drive genomic instability (Mutirangura, 2019). Accumulating
evidence indicates that methylation of TEs might protect
against genomic instability processes. For instance, it has been
demonstrated that Alu siRNA increases Alu methylation levels,
lowers endogenous DNA damage and increases DNA resistance
to DNA damaging agents (Patchsung et al, 2018). Similarly,
LINE-1 hypomethylation may contribute to genomic instability
via interactions with the ATM gene expression (Kitkumthorn
and Mutirangura, 2011). However, the contribution of a
reduction in the Alu methylation to genomic instability
might be greater than that of LINE-1 or HERV sequences
(Jintaridth and Mutirangura, 2010).

It remains largely unknown how changes in the expression of
TEs might contribute to the development of mental disorders. It
has been hypothesized that the presence of TEs in the human
genome provides immunity against several infectious agents.
Indeed, the mechanisms that contributed to HERV insertions are
analogous to those used for replication by exogenous retroviruses
(Grandi and Tramontano, 2018). Therefore, changes in the
expression of TEs, e.g., via epigenetic processes, might impact
immune responses and make the host more liable to exogenous
infections. There is evidence that HERV-derived peptides may
interact with innate immunity via various mechanisms. For
instance, HERV proteins are able to interact with pattern
recognition receptors (PRRs) that play a pivotal role in antiviral
responses (Hurst and Magiorkinis, 2015). Emerging evidence
indicates that exogenous viruses, including herpesviruses and
influenza virus, might modulate the expression of HERV
sequences. This mechanism might play a protective role and
has been reviewed in detail by Grandi and Tramontano (2018).
In brief, HERV transcripts might interact with homologous
RNA from exogenous retroviruses, leading to the formation of
molecules that are recognized by PRRs, acting as innate immunity
sensors. The similarity of HERV proteins to those exogenous
retroviruses allow them to compete with cellular receptors. This
similarity might also trigger complementation events that impair
formation of viral particles after cellular infection. On the other
site, HERV proteins may suppress innate immunity. It has been
reported that HERV-K proteins inhibit the activation of T cells
(Morozov et al., 2013) as well as reduce the levels of interleukin-6
and Toll-like Receptor 7 (Laska et al., 2017).

TRANSPOSABLE ELEMENTS AND THEIR
EPIGENETIC REGULATION IN MENTAL
DISORDERS

As mentioned above, expression of TEs might play an important
role in shaping immune responses against exogenous infections.
Aberrant immune-inflammatory responses have been reported in
several mental disorders. Also, a number of exogenous infections
have been found to impact a risk of mental disorders. Below, we
review studies investigating TEs and their epigenetic regulation
in specific mental disorders, starting from the rationale of
these studies that is based on the contribution of immune-
inflammatory processes. A summary of human studies was
provided in Table 1.

Autism Spectrum Disorders (ASD)

Overexpression of HERV-H has been observed in peripheral
blood mononuclear cells (PBMC) of children with ASD
(Balestrieri et al., 2012, 2016). Similar findings have also been
observed in two different ASD mouse models - inbred BTBR
T+tf/] mice and CD-1 outbred mice prenatally exposed to
valproic acid. In both of these mouse models, the expression of
several endogenous retrovirus (ERV) families (ETnI, ETnlII-a,
ETnlII-, ETnll-y, MusD, and IAP) was significantly higher in
comparison with corresponding controls (Cipriani et al., 2018).
Interestingly, the studies in mouse models provide additional
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TABLE 1 | Overview of human studies investigating the role of TEs in mental disorders.

Diagnosis Study N Methods Main findings
ASD Balestrieri et al., 28 ASD children 28 Expression of The percentage of HERV-H and HERV-W positive samples was significantly
2012 HCs HERV sequences higher in ASD patients compared to HCs. HERV-H was more abundantly
(E, H, K, and W) in expressed and HERV-W had lower abundance in ASD patients than in HCs.
PBMCs - RT-PCR PBMCs from ASD patients had an increased potential to up-regulate the
HERV-H expression upon stimulation.
Balestrieri et al., 30 ASD children 30 Expression of There were significantly higher expression levels of HERV-H in PBMCs from
2016 HCs HERV sequences ASD children compared to HCs. In turn, expression levels of HERV-K and
(H, K, and W) in HERV-W were significantly higher in PBMCs from healthy controls compared to
PBMCs - RT-PCR ASD children.
Saeliw et al., 2018 36 ASD patients 20 Methylation A total of 320 Alu-inserted genes were differentially expressed. These genes are
HCs Publicly (COBRA) and known to be associated with neurodevelopmental and neurological disorders.
available datasets expression of Alu Pathway analysis revealed that these genes are involved in inflammation,
of DNA expression sequences estrogen receptor and androgen signaling.
profiling (465 ASD (RT-PCR) in
patients and 276 lymphoblastoid cell
HCs) lines
Shpyleva et al., 13 ASD patients 13 LINE-1 methylation LINE-1 expression was significantly higher in the cerebellum but not in the BA9,
2018 HCs (the BA22, and BA24 brain regions from ASD patients. The binding of repressive
5-methylcytosine MeCP2 protein and histone H3K9me3 to LINE-1 was significantly lower in the
MeDIP assay) and cerebellum of ASD patients. Higher LINE-1 expression was associated with
expression elevated levels of oxidative stress. Overall, no significant differences in
(RT-PCR) as well as methylation levels between ASD patients and HCs were found. However,
H3K9me3 (ChIP) in significantly altered Alu methylation patterns were observed in ASD cases
post-mortem brain sub-grouped based on clinical manifestation compared with HCs.
samples
SCz Bundo et al., 2014 48 SCZ patients 13 The number of The LINE-1 retrotransposition in neurons from the prefrontal cortex of patients

Doyle et al., 2017

Fachim et al., 2019

Frank et al., 2005

Huang et al., 2006

Kalayasiri et al.,
2019

Karlsson et al.,
2002

BD patients 12
MDD patients 47
HCs

36 SCZ patients 26
HCs

35 FES patients 21
siblings of SCZ
patients 35 HCs

39 SCZ patients 39
HCs

58 recent-onset
SCZ patients 38
HCs

31 paranoid SCZ
patients 94 MIP
patients 163 HCs

35 FES and FESaff
patients 20 SCZ
and SCZaff patients
22 patients with
non-inflammatory
neurological
disorders 30 HCs

LINE-1 copies in
brain samples and
induced pluripotent
cells (RT-PCR)
LINE-1 insertions in
the dorsolateral
prefrontal cortex
samples (QPCR)

LINE-1 methylation
(pyrosequencing) in
peripheral blood
leukocytes

Expression of
HERV sequences in
brain samples
(HERV chip and
RT-PCR)
Expression of the
HERV pol gene in
peripheral blood
leukocytes
(RT-PCR)

LINE-1 methylation
in PBMCs (COBRA)

Detection of HERV
sequences in CSF
(cDNA synthesis,
pan-retroviral PCR,
cloning and
sequencing)

with schizophrenia was increased, especially in the genes involved in synaptic
functions. These findings were confirmed in induced pluripotent cells from
patients with 22g11 deletion syndrome as well as in a mouse model of
schizophrenia (maternal immune activation paradigm).

A significant increase in the number of intragenic LINE-1 insertions has been
observed in the dorsolateral prefrontal cortex of patients with schizophrenia
compared to healthy controls.

LINE-1 methylation was significantly higher in FES patients and siblings of
schizophrenia patients compared to HCs.

Overrepresentation of the HERV-K(HML2) group in the brain samples of SCZ
patients was found.

The HERV pol gene expression was detected in 34.5% of SCZ patients but not
in HCs.

Methylation levels of LINE-1 sequences were significantly higher in paranoid
SCZ patients and MIP patients compared to HCs.

Nucleotide sequences homologous to those of the HERV-W pol gene were
found in CSF of 28.6% of FES patients and in 5% of patients with SCZ and
SCZaff. These sequences were not detected in the CSF of individuals with
non-inflammatory neurological diseases and healthy controls.

(Continued)
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TABLE 1 | Continued

Diagnosis Study N Methods Main findings
Karlsson et al., 54 FES and FESaff The presence of HERV-W The HERV-W gag sequences were detected in 16.7% of patients and
2004 patients 46 HCs sequences in plasma 4.3% of HCs.
samples (RT-PCR)
Lietal, 2019 32 SCZ patients 51 Analysis of post-mortem Increased transcription of HERV, especially HERV-W and HERV-H
HCs brain samples (RNAseq elements, was found in the anterior cingulate cortex, hippocampus, and
data) orbitofrontal cortex of patients with SCZ.
Mak et al., 2019 100 MES patients Methylation of HERV-K There were no significant differences in the level of HERV-K methylation
49 FES patients 97 sequences in peripheral between MES patients and HCs. In turn, FES patients had significantly
HCs blood leukocytes (COBRA) lower HERV-K methylation than HCs. There was a significant positive
correlation between a cumulative dosage of antipsychotic and the
HERV-K methylation level in MES patients.
Melbourne et al., 17 SCZ patients 16 Expression of HERV-W env There were no significant differences in the level of expression. In all
2018 HCs and gag in PBMCs participants, higher expression of HERV-W env and gag was related to
(RT-PCR) higher levels of interleukin-6. There was a negative correlation between
the dosage of atypical antipsychotic and the level of HERV-W env and
gag expression.
Misiak et al., 2015 48 FES patients 48 Methylation of LINE-1 There were no significant differences in the level of LINE-1 methylation
HCs sequences in peripheral between FES patients and HCs. However, FES patients with a positive
blood leukocytes (COBRA) history of childhood trauma had significantly lower LINE-1 methylation
than HCs. More specifically, a higher level of emotional abuse was
related to lower LINE-1 methylation in FES patients.
Perron et al., 2012 45 SCZ patients 91 Expression of HERV-W env There were significantly elevated transcription levels of the HERV-W env
BD patients 73HCs  gene in PBMCs (RT-PCR) sequence in SCZ patients compared to HCs. However, the levels of
HERV-W env expression were significantly lower compared to BD
patients.
Weis et al., 2007 15 SCZ patients 15 Expression of HERV-W gag Expression level of the HERV-W gag protein has been found to be
HCs protein in brain samples decreased in the cingulate gyrus and the hippocampus of patients with
(immunohistochemistry) SCZ.
Mood Frank et al., 2005 38 BD patients 39 Expression of HERV Overrepresentation of the HERV-K(HML2) group in the brain samples of
disorders HCs sequences in brain samples BD patients was found.
(HERV chip and RT-PCR)
Lietal, 2018 24 BD patients 51 Analysis of post-mortem Increased transcription of HERV, especially HERV-W and HERV-H
HCs brain samples (RNAseq elements, was found in the anterior cingulate cortex, hippocampus, and
data) orbitofrontal cortex of patients with BD.
Perron et al., 2012 91 BD patients 45 Expression of HERV-W env There were elevated transcription levels of the HERV-W env sequence
SCZ patients 73 gene in PBMCs (RT-PCR) in SCZ patients compared to SCZ and HCs.
HCs
Weis et al., 2007 15 BD patients 15 Expression of HERV-W gag Expression level of the HERV-W gag protein has been found to be
MDD patients 15 protein in brain samples decreased in the cingulate gyrus and the hippocampus of patients with
HCs (immunohistochemistry) BD and SCZ.
AD Bollati et al., 2011 43 AD patients 38 Methylation of LINE-1 Increased LINE-1 methylation level was found in AD patients, especially

Hernandez et al.,
2014

Protasova et al.,
2017

HCs

28 AD patients 30
HCs

18 AD patients 20
HCs

sequences in peripheral
blood leukocytes
(pyrosequencing)
Methylation of LINE-*
sequences in peripheral
blood leukocytes
(MS-HRM)

LINE-1 - the number of
copies and expression level
in post-mortem samples of
frontal cortex (RT-PCR)

those with better cognitive performance.

No significant differences in LINE-1 methylation levels between AD
patients and HCs were found.

No significant differences in LINE-1 expression or the number of LINE-1
copies between AD patients and HCs were found.

AD, Alzheimer’s disease; ASD, autism-spectrum disorder; BD, bipolar disorder; COBRA, combined bisulfite restriction analysis; CSF, cerebrospinal fluid; FES, first-
episode schizophrenia; FESaff, first-episode schizoaffective disorder; H3K9me3, histone H3 lysine 9 trimethylation; HCs, healthy controls; MeCP2, methyl CpG binding
protein 2; MDD, major depressive disorder; MIF, methamphetamine-induced psychosis; MS-HRM, methylation-sensitive high-resolution melting; PBMCs, peripheral blood
mononuclear cells; RT-PCR, real-time polymerase chain reaction; SCZ, schizophrenia; SCZaff, schizoaffective disorder; gqPCR, quantitative polymerase chain reaction.

information on the potential use of ERV sequences as biomarkers:
(i) a higher expression of ERV was observed both in the
peripheral blood mononuclear cells and the brain, suggesting
that altered profile of peripheral ERV sequences may reflect

similar alterations at the brain level; (ii) ERV overexpression
in ASD mouse models is detectable from prenatal stage till the
adulthood and (iii) ERV overexpression in ASD mouse models is
also accompanied by increased expression of pro-inflammatory
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cytokines and Toll-like receptors. Furthermore, a subsequent
study in one of the models (mice prenatally exposed to valproic
acid) provided evidence that higher levels of ERVs are also
detectable in the offspring (second and third generations) of those
mice exposed prenatally to valproic acid (Tartaglione et al., 2018).

Also LINE-1 retrotransposons have been associated with ASD
(Shpyleva et al., 2018; Suarez et al., 2018). The levels of LINE-
1 ORF1 and ORF2 transcripts have been investigated in four
brain regions of patients with idiopathic autism (the frontal
cortex, anterior cingulate, auditory cortex, and cerebellum).
Elevated LINE-1 expression together with lower binding affinity
of repressive MeCP2 protein and histone H3K9me3 to LINE-
1 sequences was observed only in the cerebellum, suggesting a
lessening of epigenetic repression and consequently an increase
in chromatin accessibility. Interestingly, the increase in LINE-1
expression was also inversely correlated with glutathione redox
status, consistent with reports indicating that LINE-1 expression
is increased under pro-oxidant conditions (Shpyleva et al., 2018).
The overexpression of LINE-1 within a single brain region is
suggestive of a mosaicism-like impact of retrotransposons and
definitively needs further investigation. In partial agreement
with the findings of increased LINE-1 expression in ASD,
data concerning LINE-1 methylation status in lymphoblastoid
peripheral cells have provided evidence of reduced methylation
in a subgroup of patients with severe language impairment
(Tangsuwansri et al., 2018).

It has also been shown that the Alu sequence, the
most abundant of all TEs in the human genome, deserves
further research in ASD (Saeliw et al, 2018). Indeed, this
study investigated the Alu methylation and expression in
lymphoblastoid peripheral cells from ASD patients. Although
the global methylation of Alu subfamilies was not significantly
different between ASD and control group, when ASD samples
were divided according to phenotypic subgroups, methylation
patterns of the AluS subfamily were different from those in
relative controls in two of the ASD subgroups, and within
one of the subgroup (mild phenotype), the Alu expression
was correlated with methylation status. Despite the limited
sample size (particularly of subgroups), these data suggest that
classification of ASD patients in phenotypic subgroups may
represent a useful tool in investigating associations of TEs with
the highly heterogeneous ASD diagnostic construct.

Schizophrenia-Spectrum Disorders

It has been clearly demonstrated that winter-spring seasonality
of birth as well as prenatal and postnatal infections increase a
risk of developing schizophrenia (McGrath and Welham, 1999;
Davies et al., 2003; Khandaker et al, 2013). Moreover, the
largest genome-wide association study revealed that variation
within the HLA genes is strongly associated with schizophrenia
susceptibility (Ripke et al., 2014). Finally, schizophrenia patients
present with several indices of subclinical inflammation in
terms of pro-inflammatory cytokine profiles (Miller et al,
2011; Frydecka et al., 2018), alterations of lymphocyte counts
(Miller et al., 2013; Karpinski et al., 2016, 2018) and elevated
levels of C-reactive protein (CRP) (Fernandes et al., 2016).
On the basis of a meta-analysis, Arias et al. (2012) found a

higher prevalence of infections with several agents, including
Human Herpesvirus (HHV) 2, Borna Disease Virus, Chlamydia
pneumoniae, Chlamydia psittaci, and Toxoplasma gondii in
patients with schizophrenia compared to healthy controls.
Accumulating evidence indicates altered expression of HERV
sequences in patients with schizophrenia. Karlsson et al. (2002)
found nucleotide sequences homologous to those of the HERV-
W pol gene in the cerebrospinal fluid (CSF) of 28.6% of first-
episode schizophrenia patients and in 5% of patients with
chronic schizophrenia. These sequences were not detected in
the CSF of individuals with non-inflammatory neurological
diseases and healthy controls. Increased levels of HERV-W-
related gag and pol transcripts and a higher prevalence of the
gag and pol antigenemia in peripheral blood from patients with
schizophrenia compared to healthy controls have been reported
by several studies (Karlsson et al., 2004; Huang et al., 2006;
Perron et al., 2008; Yao et al., 2008). The study by Perron et al.
(2008) also revealed significantly higher rates of positive HERV-
W env antigenemia in patients with schizophrenia than in healthy
controls. The HERV-W gag and env antigenemia has been also
associated with subclinical inflammation in terms of elevated
levels of CRP and pro-inflammatory cytokines (Perron et al,
2008; Melbourne et al., 2018). Interestingly, Huang et al. (2011)
found that overexpression of the HERV-W env in the human
U251 glioma cells up-regulated a number of schizophrenia-
associated genes, including those that encode brain-derived
neurotrophic factor, neurotrophic tyrosine kinase receptor type
2 and the dopamine D3 receptor as well as increased the
phosphorylation of cyclic adenosine monophosphate response
element-binding protein. In this study, mRNA of the HERV-
W env gene was detected in plasma from 42 out of 118
recent-onset schizophrenia patients but not in healthy controls.
There is also evidence that the expression of HERV-W env
induces calcium influx and down-regulates the DISCI gene
expression in the human neuroblastoma cells (Chen et al., 2018).
Interestingly, expression level of the HERV-W gag protein has
been found to be decreased in the cingulate gyrus and the
hippocampus of patients with schizophrenia (Weis et al., 2007).
However, a recent analysis of RNA-seq data in the human
post mortem brain samples revealed increased transcription
of HERV, especially HERV-W and HERV-H elements, in the
anterior cingulate cortex, hippocampus and orbitofrontal cortex
of patients with schizophrenia and bipolar disorder (Li et al.,
2019). Interestingly, the HERV sequences within the ERVWEI
gene (7q21.2) exhibited the highest levels of transcription across
all brain regions examined in this analysis. The env gene
in this locus encodes syncytin-1, expressed at high levels in
the human placenta (Blond et al, 2000; Mi et al, 2000).
However, altered expression of this gene has been reported
in the areas of active demyelination in patients with multiple
sclerosis (Mameli et al., 2007). At this point, it should be noted
that myelin alterations are widely observed in patients with
schizophrenia (Mighdoll et al.,, 2015). Although initial results
regarding expression of the HERV-W sequences in schizophrenia
patients are promising, caution should be taken on the way these
results are being interpreted. Indeed, the majority of studies in
this field analyzed the overall expression of HERV-W sequences
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without investigating specific HERV-W loci. Moreover, no
conclusive association between the HERV-W expression and
other human pathologies has been documented so far [for review
see (Grandi and Tramontano, 2017)].

Less is known about other families of HERVs in patients
with schizophrenia. Frank et al. (2005) found overrepresentation
of the HERV-K(HML2) group in brain samples of patients
with schizophrenia and bipolar disorder. Our group also tested
peripheral blood methylation levels of HERV-K sequences in
first-episode and multi-episode schizophrenia patients (Mak
et al,, 2019). We found significantly lower levels of HERV-K
methylation in first-episode schizophrenia patients compared to
healthy controls. These alterations were not observed in multi-
episode schizophrenia patients. Moreover, we did not find an
association between HERV-K methylation levels and the deficit
schizophrenia subtype that refers to a subgroup of patients
with enduring and persistent negative symptoms. However, we
found a significant positive correlation between the dosage of
antipsychotics and HERV-K methylation levels in multi-episode
schizophrenia patients. These findings imply that the HERV-K
methylation might normalize in the course of schizophrenia. It
is also likely that antipsychotic drugs might impact methylation
and expression of HERV-K sequences. In contrast to our findings,
Diem et al. (2012) found no significant effects of valproic
acid, haloperidol, risperidone and clozapine on the HERV-K
expression levels in the human brain cell lines. However, valproic
acid was found to strongly up-regulate expression of HERV-W
and ERV9 elements.

Some studies also investigated methylation status and
expression levels of non-LTR sequences in patients with
schizophrenia. Bundo et al. (2014) demonstrated increased LINE-
1 retrotransposition in neurons from the prefrontal cortex of
patients with schizophrenia, especially in the genes involved in
synaptic functions. These findings were confirmed in induced
pluripotent cells from patients with 22q11 deletion syndrome
as well as in a mouse model of schizophrenia (maternal
immune activation paradigm). In agreement with these results,
a significant increase in the number of intragenic LINE-1
insertions has been observed in the dorsolateral prefrontal cortex
of patients with schizophrenia compared to healthy controls
(Doyle et al., 2017). Over-representation of these insertions
appeared within the gene ontologies called “cell projection”
and “postsynaptic membrane,” suggesting their role in the brain
development. In some studies, LINE-1 methylation was tested
in peripheral blood leukocytes of patients with schizophrenia,
providing mixed findings (Misiak et al., 2015; Li et al., 2018;
Fachim et al., 2019; Kalayasiri et al., 2019). The study by our
group revealed lower LINE-1 methylation only in patients with
first-episode schizophrenia and a positive history of childhood
trauma. Among various childhood adversities, emotional trauma
was most strongly associated with the LINE-1 methylation
status. These results are in agreement with a previous study,
showing that the LINE-1 methylation might be involved in
resilience and susceptibility to develop post-traumatic stress
disorder (Rusiecki et al., 2012). Moreover, increased expression
of LINE-1 in response to stress has been reported in various
cell lines (Li and Schmid, 2001; Capomaccio et al., 2010).

Lower LINE-1 methylation levels in patients with schizophrenia
and bipolar disorder were also reported by Li et al. (2018).
Other studies revealed hypermethylation of LINE-1 sequences
in patients with first-episode psychosis, paranoid schizophrenia
and methamphetamine-induced paranoia (Fachim et al., 2019;
Kalayasiri et al., 2019).

Mood Disorders

A recent systematic review indicates that prenatal infections
might impact the risk of bipolar disorder (Marangoni et al.,
2016). However, this observation is based on a lower number
of studies compared to studies addressing the impact of prenatal
infections on schizophrenia risk. There is evidence that influenza
infection during pregnancy is associated with a fourfold increase
in the risk of bipolar disorder in the offspring (Parboosing et al.,
2013). Another study demonstrated that prenatal flu exposure
increases the risk of bipolar disorder with psychotic features
(Canetta et al., 2014). However, no association was found between
prenatal infections with HHV-1, HHV-2, Cytomegalovirus or
Toxoplasma gondii and bipolar disorder risk (Mortensen et al.,
2011). Maternal infections in the second trimester might also
contribute to the development of depressive symptoms in the
adolescent offspring (Murphy et al., 2017). However, the impact
of specific infectious agents has not been tested so far.

Although all major mental disorders are characterized
by co-existing subclinical inflammation, some differences,
regarding specific pro-inflammatory markers can be indicated
(Goldsmith et al, 2016; Misiak et al, 2019). Therefore,
it might be hypothesized that the mechanisms leading to
subclinical inflammation in bipolar disorder, major depression
and schizophrenia-spectrum disorders are different. However,
studies investigating expression of TEs do not support this
hypothesis. For instance, over-expression of HERV-K sequences
has been reported in brain samples of patients with bipolar
disorder and schizophrenia (Frank et al, 2005). Similarly,
decreased expression of the HERV-W gag protein has been
reported in the cingulate gyrus and hippocampus of patients
with schizophrenia, bipolar disorder, and major depression
(Weis et al., 2007). Finally, hypomethylation of LINE-1 elements
in peripheral blood has been observed in patients with
bipolar disorder and schizophrenia (Li et al, 2018). Some
differences have been detected with respect to the expression
of HERV-W sequences. Indeed, Perron et al. (2012) found
elevated transcription levels of the HERV-W env sequence in
the peripheral blood of patients with bipolar disorder and
schizophrenia compared to healthy controls. Expression levels
of the HERV-W env sequence were also significantly higher in
patients with bipolar disorder than in those with schizophrenia.

Alzheimer’s Disease

There is a general consensus that aging processes are associated
with progressive loss of global DNA methylation and site-specific
DNA hypermethylation (Jung and Pfeifer, 2015). Similarly, TEs
are subjected to profound epigenetic modifications during aging
that appear in the context of organismal and cellular senescence
(Cardelli, 2018). For instance, age-related loss of Alu and HERV-
K methylation has been well-documented (Bollati et al., 2009;
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Jintaridth and Mutirangura, 2010; Gentilini et al, 2013).
Moreover, it has been found that the expression of HERV-H,
HERV-K and HERV-W changes during the lifespan with distinct
patterns (Balestrieri et al, 2015). Importantly, the study by
Gentilini et al. (2013) demonstrated that age-related loss of Alu
methylation was less apparent in the offspring of centenarians,
suggesting the effects of genetic factors associated with longevity.
In turn, studies investigating changes of LINE-1 methylation have
provided mixed findings (Bollati et al., 2009; Talens et al., 2012;
Cho et al., 2015). Finally, there is evidence that chromatin of Alu,
SVA, and LINE-1 becomes relatively more open in senescent cells
(De Cecco et al., 2013).

Age-related changes in epigenetic modifications of TEs
have provided basis for investigating alterations of these
processes in Alzheimer’s disease. In a single study of early-
onset Alzheimer’s disease family, it has been reported that large
genomic rearrangements might affect the presenilin-1 gene via
the mechanisms involving recombination stimulated by the
Alu sequence (Hiltunen et al, 2000). However, subsequent
studies have not provided compelling evidence regarding the
contribution of TEs to the etiology of Alzheimer’s disease. There
is only one study, showing increased LINE-1 methylation in
peripheral blood leukocytes of patients with Alzheimer’s disease,
especially those with better cognitive performance, compared to
healthy controls (Bollati et al., 2011). However, the authors did
not find significant between-group differences in the levels of
Alu and SAT-o methylation. Other studies did not confirm these
findings regarding LINE-1 methylation (Herndndez et al., 2014;
Protasova et al., 2017). Alterations of other TEs in patients with
Alzheimer’s disease have not been tested so far.

SUMMARY OF EVIDENCE AND FUTURE
DIRECTIONS

Although specific retrotransposition events that may account for
mental disorders in the manner observed in case of Mendelian
diseases have not been identified so far, accumulating evidence
indicates the involvement of altered expression and epigenetic
regulation of TEs in the pathophysiology of schizophrenia,
mood disorders and ASD. Most consistently, previous studies
indicate altered expression of HERVs and methylation of
LINE-1 sequences. However, specific findings are similar in
patients with various mental disorders and thus their use as
biomarkers is largely limited. Moreover, the direction of causality
is yet to be determined. For instance, it cannot be excluded
that altered expression of HERV appears as a consequence
of other epigenetic dysregulations that are widely observed
in mental disorders. Additionally, severe mental disorders,
including schizophrenia and mood disorders, are associated
with high prevalence rates of somatic comorbidities, including
autoimmune diseases, type 2 diabetes and cardiovascular diseases
that have also been associated with altered epigenetic regulation
of TEs (Cash et al,, 2011; De Hert et al., 2011; Misiak et al.,
2013; Nestler et al., 2016; Zhao et al., 2018). Interestingly, there
are studies showing that the expression of various HERV
sequences appears in a certain subgroup of patients with

schizophrenia but not in healthy controls. These findings
are consistent with previous studies, showing that immune
alterations can be observed only in a subgroup of patients
characterized by poor response to treatment and support the
concept of psychosis subtypes (Frydecka et al., 2015; Mondelli
et al., 2015; Fillman et al., 2016). Other clinical correlates of
subclinical inflammation in schizophrenia include, i.e., more
severe cognitive deficits (Misiak et al., 2017b), persistent negative
symptoms (Goldsmith et al., 2018) and certain neurostructural
abnormalities (Najjar and Pearlman, 2015). However, so far
studies investigating expression and epigenetic regulation of TEs
in schizophrenia have been based on relatively small samples
without comprehensive clinical assessment. Similarly, studies
investigating the expression of TEs in patients with bipolar
disorder did not control for mood status and a severity of
psychopathological symptoms.

Another important point is that causal inferences between TEs
and mental disorders cannot be established. Firstly, it remains
unknown what are the critical periods when alterations in
epigenetic regulation and expression of TEs appear. Therefore,
future studies should examine epigenetic processes that regulate
expression of TEs in patients at early stages of mental disorders
or individuals from clinical high risk groups. This is particularly
important since several lifestyle characteristics that are highly
prevalent among patients with mental disorders, e.g., cigarette
smoking and poor dietary habits, might impact TEs per se
(Miglino et al., 2014; Miousse et al., 2015). Secondly, the role
of HERVS in shaping innate immunity also remains problematic
with respect to understanding causal associations. On one side,
expression of HERVs might condition resistance to exogenous
infections; on the other, exogenous retroviruses have been found
to impact the expression of HERVs. Therefore, it remains
unknown whether altered expression profiles of HERVs in
mental disorders represent cause or consequence of exogenous
infections. Future studies should necessarily examine the
biological nature and the extent of associations between immune
alterations in mental disorders and expression of various TEs.

Finally, more global concordance patterns of different TEs
expression in mental disorders are yet to be examined: this could
provide further insight into specificity of methylation patterns
across different TEs and provide additional information of their
use as potential biomarkers. At this point, it is important to note
that similar DNA methylation patterns have been described in
brain samples and peripheral blood leukocytes of patients with
schizophrenia (Van Den Oord et al., 2016).

Another direction for the field is to disentangle the effects of
stressful life events on epigenetic regulation of TEs expression.
Early-life stress is a known risk factor for mood and psychotic
disorders as well as correlates with a number of biological
dysregulations in adults (Misiak et al., 2017a; Bielawski et al.,
2019; Jaworska-Andryszewska and Rybakowski, 2019). Acute
stress has been found to increase the levels of H3K9me3 as
well as decrease the levels of H3K9mel and H3K27me3 in
the dentate gyrus and the CAI layer of the hippocampus in
rats (Milne et al., 2009). In turn, chronic restraint stress for
21 days mildly increased the levels of H3Kme4 and reduced
the levels of H3K9me3 in the dentate gyrus. Treatment with
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fluoxetine reversed changes in the levels of H3K9me3 during
chronic restraint stress. More specifically, the same group found
that acute stress had increased H3K9me3 enrichment at SINEs
(Baker et al., 2012). In turn, our group found lower methylation
of LINE-1 sequences in peripheral blood leukocytes of patients
with first-episode schizophrenia reporting a positive history of
childhood trauma (Misiak et al., 2015). In light of these findings,
future studies should further examine the effects of stress on the
expression of TEs in patients from various clinical groups and
preclinical studies could contribute to this aim.
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