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ABSTRACT

The transposition of mobile DNA elements has
contributed to nearly half of the human genome
and influenced human evolution. Members of the
retrotransposable elements are still altering the
human genome through their active retrotransposition
and a number of these insertions have led directly
to disease. They can also impact on genomic
function by introducing regulatory domains
potentially altering the epigenetic landscape and
transcriptome. SINE-VNTR-Alus (SVASs) are the
youngest of the retrotransposons and are unique to
the hominids with many of the SVAs human
specific. We might envisage that such human
specific domains could be involved in altering
expression patterns that would underpin human
traits associated with, for example, higher order
cognitive function. SVAs are a composite element
consisting of a hexamer CCCTCT repeat, Alu-like
sequence, a guanine-cytosine (GC) rich variable
number tandem repeat (VNTR), a short interspersed
element and poly A-tail. The structure and sequence
of an SVA indicate its potential regulatory properties
which include splice sites, multiple cytosine-
guanine dinucleotides for methylation and runs of
guanines with potential for G-quadruplex DNA
formation. The differential regulation of gene
expression, the response of an individual to
his/her environment and predisposition to disease
can all be affected by the genotype of an
individual at a specific locus. SVAs have generated
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genetic differences between individuals whether
through their presence or absence or the
difference in the repeat copy number of their
VNTRs, which could be a source of genetic
variation that is important in modulating human
behaviour and mental health. It is the ability of
SVA insertions, both in the germline and in
somatic cells, to affect gene expression and their
contribution to genetic variation of an individual
that is the focus of this review. Amongst the genes
highlighted in this review are those involved in
Parkinson’s disease containing SVAs within their
genomic locus.
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INTRODUCTION

Nearly half of the human genome consists of
mobile DNA termed transposable elements (TEs).
TEs, despite having long been thought of as ‘junk’
DNA, have influenced the human genome during
its evolution through mechanisms such as
insertional mutagenesis, recombination events,
exonisation and modulation of gene expression,
contributing to the potential adaptability of the
species and may be instrumental in some of the



58

Abigail L. Savage et al.

mechanisms that make us human [1-5]. However
these domains have not been analysed to the same
extent as proximal promoters and exons for their
functional significance. Whereas exons and proximal
promoters represent approximately 2% of the
genome, the large number of transposable elements
has represented a practical barrier to their analysis.
However with a better appreciation of structural
and epigenetic parameters in genome regulation
we are beginning to appreciate the vast potential
for these domains as key to genomic regulation.
To allow for a more practical and functional analysis
of the role of retrotransposons we will focus on a
primate specific subset termed SINE-VNTR-Alu
(SVA), many of which are human specific, and
constitute only 0.13% of the human genome.

There are two classes of TEs: class | or
retrotransposable elements that move within the
genome through a ‘copy and paste’ mechanism
and class Il elements or DNA transposons that
move through a ‘cut and paste’ mechanism. DNA
transposons encode a transposase that removes or
‘cuts’ the transposon from its locus in the host
genome and inserts it at a different site and are
thought to be no longer active within the human
genome [3]. Retrotransposable elements are
mobilised through a RNA intermediate that is
reverse transcribed and it is this cDNA “copy’ that
is inserted back into the host genome at a different
locus than the source element. The retrotransposable
elements can be further subdivided into two main
groups: long terminal repeats (LTR) retrotransposons
and non-L TR retrotransposons.

The non-LTR retrotransposons contain the only
known currently active TEs in the human genome
and include long interspersed elements (LINES),
short interspersed elements (SINEs) and SINE-
VNTR-Alus (SVAs). The active retrotransposition
of these elements have the potential to create
human specific traits within our genome and even
between human individuals, whether harmful or
beneficial, these differences can impact on our
phenotype. The cell type in which new insertions
of retrotransposons occur will determine if they
are passed onto the next generation [1]. New
insertions into primordial germ cells or very early
in development in germ cell progenitors will be
passed onto following generations. Insertions into
other cell types during development will not be

heritable but will contribute to somatic mosaicism
of the individual. This process of somatic mosaicism
through retrotransposition could introduce genetic
variability between individual cells [4]. Depending
on the site of insertion the effect of this process
could be 1) neutral, 2) positive, as may provide
novel and distinct variation in regulatory control
for the cell, or 3) detrimental through mutation
and leading to diseases such as cancer. Somatic
insertions may be affecting genomic function of
individuals and even contributing to disease
without being readily detectable through genetic
analysis of the individuals’ genomic DNA from a
single source.

LINEs are the only autonomous non-LTR
retrotransposons in the human genome. The
majority of these are LINE-1 (L1) elements with
approximately 500,000 copies constituting 18% of
the human genome [2]. A full length L1 element
is 6 kb in size with two open reading frames
(ORF) [6] and both ORF encoded proteins are
required for retrotransposition [7]. ORF1 encodes
for a 40 kDa protein (ORF1p) that binds to single
stranded RNA [8] and ORF2 encodes for a 150
kDa protein (ORF2p) with reverse transcriptase
and endonuclease functions [9, 10]. The L1 encoded
proteins demonstrate a cis preference for their
encoding RNA to ensure functioning L1 RNA is
more likely to be inserted into the host genome
[11]. Retrotransposition of the L1 elements occurs
through a process called target primed reverse
transcription (TPRT) [12]. More than 99.9% of
the L1s in the human genome are no longer active
due to mutations in their ORFs or rearrangements
in their structure such as inversions and
truncations [3]. There are a predicted 80-100 L1
elements that are retrotransposition competent in a
given human genome with a smaller number of
highly active elements that are responsible for the
majority of retrotransposition in the human
population [13]. L1 elements have not only
expanded the human genome through their own
proliferation but also mobilised non-autonomous
retrotransposons including SINEs and SVAs. The
most successful SINE to populate the human
genome is the primate specific Alu element with
more than 1 million copies [3] and many different
subfamilies that have been actively expanding our
genome for the past 65 million years [14]. Alus are
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300 bp long and their sequence originates from a
processed 7SL RNA gene and contain an internal
RNA polymerase 11l promoter to regulate their
transcription [14, 15].

SVAs are the youngest of the retrotransposable
elements in the human genome and are hominid
specific with 2676 SVAs identified in the Hgl19
using the UCSC genome browser. SVAs are a
composite element with a canonical SVA consisting
of a hexamer repeat (CCCTCT), an Alu-like
sequence, a GC-rich variable number tandem repeat
(VNTR), a SINE derived from part of the env
gene and a 3’LTR from the HERV-K10 endogenous
retrovirus and a poly A-tail [16-18] (Figure 1).
SVAs vary in length from 700-4000 bp with 63%
of SVA insertions in the human genome full
length, containing all five domains within the
canonical element [19]. A precursor of the VNTR
domain found within the SVAs is present within
the rhesus macaque genome. Many of these
precursor elements are also present in the human
genome suggesting they were retrotransposing prior
to the divergence of the old world monkeys and
the hominoids [20]. The precursor sequence was
termed SVA2 and contains a GC-rich VNTR, a
unique 3’ sequence and a poly A tail with 40 copies
identified in the rhesus macaque genome [21].

The SINE region of the SVAs has been used to
divide them into subtypes (A-F) with the estimated
age of the subtypes ranging from the oldest at
13.56 million years (A) to 3.18 million years for
the youngest subtype (F) [19]. In addition to the
six subtypes defined by Wang et al. a seventh has
been identified that contains a 5’ transduction of
the sequence from the first exon of the MAST?2
gene and the associated CpG island, and has been
referred to as either CpG-SVA, MAST2 SVA or
SVA F1 [22-24] contributing to the success of the
subtype in its retrotransposition [25]. Over 40% of
SVAs belong to the subtype D with the fewest

belonging to subtypes E and F1. Subtypes E, F
and F1 are human specific as are some members
of SVA subtype D with a total of 864 SVA
insertions within the human genome since the
human-chimpanzee divergence ~6 million years
ago [26]. An analysis of the human and chimpanzee
genomes revealed that 46537 bp had been deleted
from the human genome through the processes
of SVA insertion mediated deletions and SVA
recombination associated deletions [27]. The
retrotransposition of SVA elements has altered our
genome, creating regions of DNA unique to humans.

To date eight diseases in humans have been caused
by the insertion of an SVA element:. Fukuyama-
type congenital muscular dystrophy, X-linked
dystonia-parkinsonism, autosomal recessive hyper-
cholesterolemia, X-linked agammaglobulinemia,
hereditary eliptocytosis and pyropoikiolcytosis,
neutral lipid storage disease with subclinical
myopathy, Lynch Syndrome and leukaemia
(Table 1) [28-41]. These are human specific
insertions with seven located within an exon or
intron highlighting some of the mechanisms, such
as alternative splicing and a reduction of mRNA
expression, through which SVAs may affect the
human genome.

SVA retrotransposition

SVAs are mobilised by the L1 encoded protein
machinery demonstrated by two separate studies
[42, 43] and their retrotransposition rate is
estimated at 1 in every 916 births [44]. SVA
insertions show the hallmarks of LINE-1
mediated retrotransposition such as insertion at a
consensus L1 endonuclease recognition motif
(5’TTTTAA 3’), poly A-tails, inversions and
rearrangements, target site duplications, truncations
and transductions [21]. In the studies by Hancks
et al. and Raiz et al., SVAs from subtypes D, E
and F1 were shown to be retrotransposition competent

SVA ~2kb in length

Hexamer
Repeat

Poly A tail

Alu-like
&

GC-rich VNTR
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Figure 1. A schematic illustrating the structure of a canonical SVA. The diagram shows the components of an SVA
which include a CCCTCT hexamer repeat, Alu-like sequence, GC-rich VNTR, SINE and a poly A-tail.
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Table 1. This table summarises the SVA insertions that have been linked to disease. The information shown in
this table summarises data regarding SVA insertions and their link to disease from the publications listed and
the following reviews [36, 41]. Diseases: FCMD - Fukuyama-type congenital muscular dystrophy, XDP - X-linked
dystonia-parkinsonism, ARH - Autosomal Recessive Hypercholesterolemia, XLA — X-linked agammaglobulinemia,
HE — hereditary eliptocytosis, HPP — hereditary pyropoikiolcytosis, NLSDM — neutral lipid storage disease with

subclinical myopathy.

Disease Gene SVA Size L ocl O.f Effect of insertion Reference
subtype (kb) insertion
. . Kobayashi et al. 1998 [28]
Alternative splicing
FCMD FKTN E 3 | 3UTR | withexonisation of | Watanabeetal. 2005 [37]
the SVA Taniguchi-lkeda et al.
2011 [39]
Leukaemia | HLA-A F1 2 - 14 kb deletion Takasu et al. 2007 [35]
Tissue specific .
XDP TAF-1 F 2.6 Intron MRNA reduction Makino et al. 2007 [29]
Alternative splicing | Wilund et al. 2002 [30]
ARH LDRAP1 F 2.6 Intron with exonisation of Taniguchi-lkeda et al.
the SVA 2011[39]
) - Rohrer et al. 1999 [31]
XLA BTK 0.25 Exon Exon skipping Conley et al. 2005 [40]
- Hassoun et al. 1994 [32]
HE and HPP | SPTAl E 0.63 Exon Exon skipping Ostertag et al. 2003 [38]
Alternative splicing | Akman et al. 2010 [33]
NLSDM PNPLA2 F 18 Exon with exonisation of Taniguchi-lkeda et al.
the SVA 2011 [39]
Lvnch Alternative splicing
Sy PMS2 F 2.2 Intron with exonisation of van der Klift et al. 2012 [34]
yndrome the SVA

in multiple cell lines but at differing frequencies
with the ORF2p essential for retrotransposition.
L1 retrotransposition requires both of its ORF
encoded proteins but Alus, like SVAs mobilised
in trans by the L1 machinery, do not require the
ORFp1 [45]. The L1 encoded proteins show a cis
preference for their encoded RNA,; therefore some
of the non-autonomous elements may have evolved
to require only ORFp2 in an attempt to increase
their success. The regulation of transcription
of the SVA mRNA is yet to be fully defined
unlike the regulation of L1 and Alu elements. A
recent study to determine the nature of SVA
retrotransposition revealed that no individual
domain of an SVA is fundamental for this to
occur, but each domain differentially affected the
rate at which retrotransposition can take place in
the human osteosarcoma cell line (U20S) [46].

Gene duplication is an important mechanism in
the evolution of a species and the generation of
new genes, allowing the genome to evolve with
less risk as the function of genes already present
can be maintained. Transduction events (both 3’
and 5’) during retrotransposition can result in
flanking sequence of an SVA being transcribed
and retrotransposed along with the SVA
duplicating sections of the genome and integration
at a different locus; 10% of SVA insertions have
transduced sequence at their 3’ end [19]. These
processes provide mechanisms for creation of new
exons or even duplication of genes. Approximately
53 kb of genomic sequence has been duplicated
by 143 different SVA mediated 3’ transduction
events including the duplication of the entire acyl-
malonyl condensing enzyme (AMAC) gene three
times with at least two of the SVA transduced
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genes expressed in humans and all four have
retained their open reading frames [47].

Analysis of the genomic distribution of SVAs has
shown that SVA density is positively correlated
with gene density and GC content [19] and that
they are found more frequently in genic regions as
opposed to gene deserts [48]. This distribution of
SVA insertions has placed them in the regions of
the genome where they have the potential to
influence the regulation of gene expression. The
complex process of controlling gene expression is
important for maintaining normal physiological
processes and genetic variation in the regulatory
domains play a role in phenotypic differences
not only between species but also among the
individuals of the same species.

Contribution of SVAs to genetic variation

Actively retrotransposing elements cause inter-
individual variation among humans with elements
being polymorphic for their absence or presence,
SVAs included. This has been analysed for a
group of human specific SVAs which estimated
that 37.5% of SVA Es and 27.6% of SVA Fs were
polymorphic for their presence in the genome [19]
and the average human is estimated to have 56
SVA absence/presence polymorphisms [49]. The
frequency of SVA retrotransposition is estimated
at 1 in 916 births [44] which would result in
approximately 7 x 10° private SVA insertions
worldwide [4]. The exact locus or impact of these
SVA insertions may only come to light if they
result in disease; however these unique insertions,
depending on their site of insertion, may be playing
a more subtle role modulating the levels of gene
expression and responding to environmental cues.

SVAs not only provide genetic variation through
their presence or absence but also by the repetitive
nature of their sequence within the VNTR domain
of their structure. The central GC-rich VNTR was
known to be polymorphic in terms of the copy
number of the repeats and it has also more recently
been identified that the hexamer repeat located at
the 5’ end of an SVA can be classed as a VNTR
[17, 48]. Analysis of the structure and sequence of
an SVA located upstream of the Parkinson’s
disease associated gene, PARKY7, revealed four
alleles in a CEU (Utah Residents with Northern and

Western European Ancestry from the CEPH
collection) HapMap cohort with variation in copy
number of repeats located in the central GC-rich
VNTR and in the 5’ hexamer CCCTCT repeat
[48]. This analysis also demonstrated that the
central VNTR consisted of a tandem repeat (TR)
and a VNTR with similar yet distinct sequences.
The polymorphic nature of SVAs was assessed
further in an SVA upstream of the fused in
sarcoma (FUS) gene. This SVA, like the PARKY
element, was found to contain a central TR and
VNTR with two alleles identified; however this
particular SVA is lacking a hexamer CCCTCT
repeat at its 5’ end (personal observations). Genetic
variation is an important factor in modulating the
response of an individual to his or her environment
and the genetic variation located within VNTRS
has been shown to regulate gene expression in a
stimulus inducible and tissue specific manner
[50-52]. Several VNTRs have been linked to a
genetic predisposition to a specific disease, including
those of the serotonin and dopamine transporter
genes that have demonstrated ‘risk’ alleles for a
variety of disorders including depression, addiction
and Parkinson’s disease [reviewed in 53, 54]. The
VNTRs of the SVA could show similar functional
properties regulating gene expression in an allele
dependent manner and in response to the
environment contributing to a genetic predisposition
of disease or impacting on human behaviour.

We speculated that due to the primary sequence
homology within distinct classes of SVAs that
these elements might be able to respond to similar
cellular signalling pathways. We therefore
extrapolated our analysis of the PARK7 gene to
other genes associated with Parkinson’s disease
using a recent review by Corti et al. 2011 [55] as
a basis; of the 13 genes in that review demonstrating
a genetic association with Parkinson’s disease, we
found that 5 genes contained an SVA at their
genomic locus (Table 2). This over representation
of genes in this disease gene pathway might
suggest that in part the cellular dysregulation
could be directed by a concerted change in the
genomic locus of genes involved in this pathway.
A better understanding of genomic regulation in
the future may allow us to mechanistically
understand the combinatorial effect of changes by
SVAs (and indeed other retrotransposons) in specific
pathways rather than solely in a specific gene.
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Table 2. Five of these Parkinson’s disease associated genes contain an SVA. This table lists the genes that are
known to be associated with Parkinson’s Dissease taken from table 1 of Corti et al. 2011 [55]. The UCSC
genome browser (Hg19) was used to identify the presence of an SVA within the gene or within 10kb. N= no
SVA present (+) — on sense strand, (-) — on antisense strand. SNCA — alpha synuclien, UCHL1 — ubiquitin
COOH-terminal hydrolase 1, PINK 1 — PTEN-induced kinase 1, LRRK2 — leucine rich repeat kinase 2,
ATP13A2 — ATPase type 13A2, GIGYF2 — GRB10-interacting GYF protein 2, HTRA2 - HtrA serine
peptidase 2, PLA2GB - group VI phopholipase A2, FBXO7 — F-box protein 7, ATXN2/SCA2 — Ataxin 2,

GBA - beta glucocerebrosidase.

SVA
PARK Gene Chr_ . Involvement in PD SVA Chr Loci of SVA | locus to
Loci position
gene
PARK1/4 | SNCA 421 Early onset, dominant N - -
. Juvenile and early onset, Chr6:162759277-
PARKZ | Parkin (-) 6425-027 | ecessive and sporadic SVAF() | 162761189 Intron
PARK5 | UCHL 1 4p14 Late onset, dominant N - -
PARK6 | PINK 1 1p35-p36 | Early onset, recessive N - -
PARKY . Chr1:8012111- 8kb
-1 (+ +
DJ-1(+) 1p36 Early onset, recessive SVAD (+) 8013640 upstream
Late onset, dominant and Chr12:40746271-
+ T -
PARK8 | LRRK2 (+) | 12q12 sporadic SVAC (-) 20747834 Intron
PARK9 | ATP13A2 1p36 Early onset recessive N - -
PARK1l | GIGYF2 2036-g37 | Late onset, dominant N - -
PARK13 | Omi/HTRAZ2 | 2p13 Unclear N - -
. . Fragment of | Chr22:38549308-
PARK14 | PLA2G6 22q12-q13 | Atypical PD, recessive SVAE 38549389 Intron
PARK15 | FBXO7 22q12-q13 | Atypical PD, recessive N - -
ATXN2/ Chr12:111944423
- SCA2 (-) 12g24.1 Unclear SVAD (+) 111945974 Intron
- GBA 1921 Unclear N - -

Impact of SVAs on transcriptional regulation

Retrotransposons are a source of regulatory
elements providing promoters (sense and
antisense), binding sites for transcription factors,
donor and acceptor splice sites and polyadenylation
signals that could affect gene expression [56].
Retrotransposons play an important role in the
transcriptome of mammalian cells. Retrotransposons
located 5” of protein coding regions can function
as alternative promoters and retrotransposon derived
transcriptional start sites are generally tissue
specific and associate with gene dense regions
[57]. 433 SVAs were identified within 10 kb upstream
of the transcriptional start site of a gene within the
UCSC genome browser (personal observations).

SVAs provide mechanisms to regulate transcription
such as the introduction of splices sites, the
formation of secondary DNA structures and multiple
sites for methylation and transcription factor
binding. SVAs can cause alternative splicing and
exon skipping resulting in the production of
differential transcripts of a gene, as illustrated by
disease causing SVA insertions (see Table 1). Six
out of the seven SVA disease causing insertions
that are located within exons or introns have
inserted into the same strand as the gene introducing
additional splice sites [36, 41]. 47% of SVAs have
inserted in the same orientation to the gene when
located within the gene’s 10 kb flank whereas
only 26% of SVAs insert on the same strand as
the gene when inserted within an intron or exon
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(personal observations). This suggests that the
insertion of an SVA in the same orientation of a
gene into one of its exon or introns is more
detrimental than if it had inserted into the opposite
strand, perhaps due to the splice splices located in
the sense strand of the SVA’s sequence. The
polyadenylation signal present at the 3’ end of a
canonical SVA insertion, if located on the same
strand as a gene could also affect the transcriptional
machinery causing pausing or termination of
transcription. The SINE region of the SVA contains
LTR sequences from the HERV-K10 which are
known to contain regulatory domains and have been
hypothesised to be involved in the expression of the
human specific processed pseudogene NANOGP8
and the duplicated AMAC genes [47, 58].

SVAs contain large domains of repetitive DNA
(VNTRs) similar in copy number and size of
individual repeats, that have been found to direct
differential tissue specific and stimulus inducible
gene expression in many genes and the copy
number of those repeats have been correlated to
disease predisposition [50, 51, 59-63]. Due to the
young age of the SVAs they still share many
similarities even across subtypes; therefore they
could respond to similar stimuli throughout the
genome to give a concerted response to the
environment. Two SVAs have demonstrated the
ability to modulate gene expression in a reporter
gene model, the PARK7 SVA in vitro and the
FUS SVA both in vitro and in vivo containing
multiple regulatory domains within their structure
[48] (Savage et al. in press).

SVAs are highly GC rich, approximately 60%,
with the central VNTR having a GC content of
above 70% and are hypothesised to act as mobile
CpG islands [19]. CpG islands are located
generally at the 5* and 3’ ends of genes and are
associated with promoters, in particular with those
of genes that are widely expressed [64, 65]. CpG
islands are involved in gene regulation, genomic
imprinting and X-chromosome inactivation, with
hypermethylation of CpG islands associated with
stable repression of transcription [66, 67].
Retrotransposons, including SVAs, are targeted
for methylation to prevent their retrotransposition
and potential detrimental effects associated with
their insertions. SVAs could therefore potentially

act as CpG islands at the site of their insertion,
influencing the neighbouring genomic locus
repressing the expression of the nearby genes.
This is exemplified by the disease causing SVA
insertion into the TAF1 gene. The insertion of an
SVA into intron 32 of the TAF1 gene has been
associated with the disease X-linked dystonia-
parkinsonism (XDP) in males of a Philippine
population [29]. XDP was associated with a
neuron-specific reduction of mRNA of the TAF1
gene which may interfere with the transcription of
neuronal genes such as the dopamine receptor D2.
The authors suggested this tissue specific reduction
in mMRNA of the TAF1 gene was linked to the
hypermethylation of the SVA insertion. This
demonstrates the potential of SVAs to influence
gene expression through their methylation state
within the brain and in a tissue specific manner.

The nature of the sequence contained within
SVAs also shows the potential for formation of
secondary structures such as cruciforms and
G-quadruplexes [21]. Cruciform formation requires
perfect or imperfect inverted repeats of 6 or more
bases, like those seen in the central VNTR of the
SVAs, and are involved in processes such as DNA
replication and gene regulation [68]. G4 DNA is
a secondary structure formed in guanine-rich
sequences and is abundant in promoter regions
[69, 70]. G4 structures are hypothesised to interfere
with replication of DNA and a host of regulatory
functions including gene expression, genome
stability and telomerase activity [71-74]. Sequences
with potential to form G4 are located in the
promoters of several genes such as the KRAS,
HRAS and c-MYC genes, and their ability to
decrease transcription has been demonstrated [75-
77]. The nature of the sequence of SVAs provides
the potential for the formation of G4 DNA which
could be involved in the regulation of nearby
genes in a similar process. The potential of SVAs
to form G4 DNA is located within the 5° hexamer
repeat and the central VNTR. The amount of G4
potential within each SVA subtype increased as
the age of the subtype decreased [48]. The human
specific SVAs show the greatest potential for G4
formation and therefore the regulatory properties
of this type of secondary structure could play a
more predominant role in these elements over the
subtypes that are found within other primates.
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The modulation of retrotransposons by the
environment

The histone marks across retrotransposons and
their rate of retrotransposition has been shown to
be modulated by environmental factors such as
exercise, stress and cocaine in animal models [78-
80]. In a mouse model, a labelled L1 reporter
element showed a higher number of insertion
events in the brain of animals that were able to
undertake voluntary exercise over the sedentary
animals indicating L1 retrotransposition was
affected by exercise [80]. The repeated exposure
of mice to cocaine resulted in a decrease in the
heterochromatic histone H3K9me3 mark across
L1 elements in the nucleus accumbens, an
important area of the brain for reward, and an
increase in the expression of L1 elements in the
same region which may contribute to genomic
instability [79]. Another study demonstrated that
in response to acute stress in the rat there was an
enrichment of the repressive histone modification,
H3K9me3, over transposable elements [78].
Although the studies discussed were carried out in
animal models, they illustrate how retrotransposons
in the mammalian brain can be modulated by the
environment, suggesting mechanisms by which
the activity of retrotransposons of the human
genome may also be affected. There is evidence
for global changes across retrotransposons in
humans, for example a loss of epigenetic silencing
of these elements in the tumour and a change to a
relatively more open chromatin state in replicatively
senescent cells in vitro, which were more prominently
associated with the evolutionary young elements
[81, 82]. The SVAs may be subject to modulation
by their environment which may result in an
increase in their rate of retrotransposition or activating
regulatory domains within their structure that
were previously silenced, impacting on genomic
function.

Somatic retrotransposition modifying the
genetics of the human brain

Retrotransposons have demonstrated the ability to
generate somatic mosaicism, resulting in differences
at the genetic level between tissues or cells of the
same individual. L1 retrotransposition has been
shown to be possible in non-dividing human
somatic cells, neural progenitor cells and neuronal

cells in vitro and in vivo [83-85]. It was first
demonstrated that an engineered human L1
element within an indicator cassette retrotransposed
within adult rat neuronal progenitor cells (NPC)
in vitro altering the expression of neuronal genes
and within the brains of transgenic mice in vivo
[83]. Further studies showed that L1 retrotransposition
can occur within human NPCs and in the adult
human brain [85, 86]. A high-throughput analysis
of somatic retrotransposition identified 7743 L1,
13692 Alu and 1350 SVA putative somatic
insertions across the brains of three individuals,
with these insertions occurring at a higher frequency
in protein coding genes expressed in the brain,
providing evidence for somatic retrotransposition
of all active non-LTR elements in the human
brain [87]. It would be likely that the SVAs, like
the L1 elements discussed above could be regulated
by the environment and in part modify genomic
function. These new retrotransposon insertions
then have the ability to impact on gene regulation
within that particular cell, potentially affecting its
levels of expression or mRNA splicing. The
generation of genetic diversity and the potential
addition of new regulatory domains across the
cells of an individual’s brain could alter the
transcriptome of those cells and ultimately impact
on the phenotype produced.

CONCLUSIONS

The insertion of SVAs, the youngest of the
retrotransposons, into genes or regulatory domains
of the human genome could impact on gene
regulation and expression through alternative splicing,
methylation or the binding of transcription factors.
SVAs have contributed to the genetic differences
of humans from other primates and among human
individuals due to their polymorphic nature in terms
of their absence or presence, and the differences
in the copy number of their VNTR domains. These
genetic differences could contribute to phenotypic
and behavioural differences within humans due to
differential gene regulation and response to the
environment. Greater focus will be required to
expand on the functional consequences of the
insertion of the SVA elements, both in the germ
line and in somatic cells, to enable the extent of
their impact to be understood. However the relatively
small number of human specific SVAs in the genome



Role of retrotransposons in mental health and behaviour

65

allows us to more practicably determine how
these domains not only alter our evolution but

also if they in part generate human traits.
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