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Abstract Serotonin (5-HT) is a neurotransmitter that regu-
lates fundamental aspects of brain development, physiology
and behaviour. The serotonin transporter (5-HTT) is deputized
to the reuptake of 5-HT from the intersynaptic space in the
presynaptic neurons. S-HTT governs duration and magnitude
of 5-HT biological actions, acting as a master regulator of the
fine-tuning of 5-HT signalling. Genetic variation at SLC6A4
gene locus, encoding 5-HTT, contributes to alteration in 5-HT
reuptake. The S-HTTLPR/rs25531/rs25532 polymorphisms
located in the promoter region of SLC6A4 gene have been
associated with stress-related psychopathology and functional
brain phenotypes. Besides, further DNA variations in func-
tional regulative elements located at 5’ and 3’ termini of the
SLC6A4 gene influence transcriptional and post-
transcriptional steps. Recently, epigenetic processes including
SLC6A4 promoter methylation and transcript silencing by
microRNA were shown to be involved in the aetiology of
affective disorders. Furthermore, gene-environment interac-
tions such as early life stress often encompass epigenetic
changes, which can stably mark the genome in response to
environmental stimuli potentially altering gene expression
across lifespan. Therefore, it seems well established that func-
tional variations in the SLC6A4 gene expression can no longer
be ascribed to the modulating 5-HTTLPR promoter
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polymorphism but need to be integrated with the contribution
arising from other interactive elements and epigenetic mech-
anisms. In this review, we discuss genetic and epigenetic
layers of regulation affecting SLC6A4 gene expression. An
overview of human and cellular studies investigating the im-
pact of these regulatory processes on SLC6A4 gene expression
is provided.

Keywords Promoter DNA methylation - MicroRNA -
Epigeneticregulation - STin2 polymorphism - 3'-UTR - Mood
disorders

Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter
synthesized in the serotonergic neurons in the raphe nuclei of
the brainstem and hypothalamus of the central nervous system
(CNS) [1, 2], in the enterochromaffin cells (ECs) of the gut
[3], in serotonergic neurons of the myenteric plexus and in
lymphocytes [4]. Through portal circulation, gut-derived 5-
HT (approximately 90% of the total 5-HT produced in the
body) enters liver and lungs and a fraction gets actively
transported to blood platelets, the major site of storage of 5-
HT [5].

5-HT is involved in the regulation of fundamental aspects
of brain development, physiology and behaviour including
mood, emotions, sleep, food intake, platelet coagulation and
gastrointestinal function. Serotonergic neurons descending
down the spinal cord control muscle activity, and the effects
of serotonin in the periphery are perceived in the cardiovas-
cular system, with additional effects in the respiratory system
[6]. The functions of serotonin in energy homeostasis range
from anoretic effect in the brain to regulation of adipose tissue
activity in the periphery [7]. In the CNS, 5-HT is among the
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many neurotransmitters that contribute to regulate the
hypothalamic-pituitary-adrenal axis stress response [8] and
has a deep effect on psychological well-being and mood dis-
orders such as depression, schizophrenia and anxiety [9-11].

In the neuroimmune network, through which information
is relayed between CNS and immune system by various
routes, 5-HT functions as an immunoregulator, modulating
immune responses such as T- and B-cell proliferation, inflam-
matory responses and autoimmune responses [12].

After release from serotonergic neurons, 5-HT binds to
post-synaptic 5S-HT receptor subtypes to mediate signal trans-
duction. Furthermore, release of 5-HT into synaptic cleft is
controlled by presynaptic autoreceptors. The 5-HT transporter
(5-HTT) on presynaptic neurons regulates 5-HT neurotrans-
mission by selective reuptake of 5-HT from the synapse, en-
suring its recycling into new vesicles [13, 14]. Thus, the 5-
HTT in brain and in many peripheral tissues is responsible for
the active transport of serotonin into neurons, EC cells, plate-
lets and other cells. The 5-HTT regulates 5-HT level in lym-
phoid tissues to ensure its proper functioning in innate and
adaptive response.

It plays a crucial role in the 5-HT homeostasis through
regulation of duration, magnitude and spatial distribution of
signals reaching 5-HT receptors, thus acting as a master reg-
ulator of the fine-tuning of 5-HT signalling. Dysfunction in
this signal pathway has been implicated in a host of neurolog-
ical diseases [6, 15] and in irritable bowel syndrome (IBS)
[16]. Accordingly, 5-HTT is the main target of the class of
antidepressant drugs known as selective serotonin reuptake
inhibitors (SSRIs) [17].

A large number of studies have been conducted to deter-
mine whether genetic variation at solute carrier family 6 (neu-
rotransmitter transporter), member 4 (SLC6A4) gene locus,
encoding 5-HTT, contributes to variation in 5-HT reuptake
and, thus, to mood and behavioural disease traits. To a large
extent, a crucial role for non-coding variants in altering 5-HTT
messenger RNA (mRNA) levels has been demonstrated. In
particular, a common polymorphic variant located in the pro-
moter region of the SLC6A4 gene, the 5S-HTT gene-linked
polymorphic region (5-HTTLPR) (rs4795541), has been
widely studied and associated to complex neuropsychiatric
conditions and traits [15]. An overview of common and un-
common 5-HTTLPR allelic variants that details the genetic
architecture and arrangement of repeat elements for the known
5-HTTLPR alleles was recently published [18].

The SLC6A4 gene expression shows greater variation than
that expected by the mere influence of the S-HTTLPR.
Notably, at the SLC6A4 locus, DNA variations in functional
regulative elements located at the 5’ end of the gene, such as
the variable number of tandem repeats (VNTR) in intron 2 and
polymorphisms in the 3'-untranslated regions (UTRs), influ-
ence transcriptional and post-transcriptional steps.
Furthermore, additional layers of regulation might play an

even more important regulatory role in SLC6A4 gene expres-
sion (Fig. 1). There is actually growing knowledge that vari-
ability in the functional features of the human genome at the
level above the DNA sequence likely contributes to individual
differences in brain function. Among non-sequence-based
sources of variability in the genome, epigenetic modifications
may play a major role through regulation of molecular ma-
chinery involved in the spatio-temporal modulation of gene
expression. Epigenetic programming represents a long- and
short-term dynamic process counterposed to the static model
of DNA variations.

The SLC6A4 locus is of particular interest in the context of
epigenetic modifications. Recent research progress on the epi-
genetic regulation of SLC6A4 has revealed an important role
of DNA methylation, long non-coding RNA (IncRNA) and
small-non coding RNA such as microRNAs (miRNAs) in
various brain disorders [22-24]. Several studies also suggest
that both gene x gene (G % G) and gene x environment (G % E)
interactions (e.g. the interaction of genes involved in the me-
tabolism and catabolism of 5-HT with neuroreceptor genes or
with environmental factors) need to be considered for
explaining the effects of SLC6A4 genetic variants on brain
circuitry in health and disease [25-27]. Accordingly, G x E
interactions, such as those occurring when exposed to early
life stress (ELS), encompass epigenetic changes that collec-
tively can stably mark the genome in response to environment,
potentially altering gene expression across lifespan and across
generations [28-34].

The aim of this study is to take into account genetic and
epigenetic layers of regulation affecting the SLC6A4 gene ex-
pression. We will provide an overview of human and cellular
studies investigating the impact of these regulatory processes
on SLC6A4 gene expression that may contribute to the inter-
individual variability in brain function and that may confer
individual differences in psychopathologies susceptibility or
resilience. In particular, the review will focus on the serotonin
transporter intron 2 (STin2) polymorphism, the 3'-untranslat-
ed region (3'-UTR) and the epigenetic processes. While
SLC6A4 DNA methylation is the best-understood epigenetic
modification, researches devoted to miRNAs and serotonergic
transmission are all very recent, so the present article will
focus on findings of the past few years.

Method

Identification of Relevant Studies for Inclusion

We searched the PubMed, the National Library of Medicine
journal literature search system, for biomedical articles from

MEDLINE and life science journals using MeSH and
PubMed search tools up to May 2016.
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Fig. 1 Schematic representation of multiple levels of control acting on
transcriptional and post-transcriptional machinery involved in the regula-
tion of the human SLC6A4 gene expression. The 5-HTTLPR depicted
here belongs to the L allele (16 repeats) of the SLC6A4 gene promoter. 5-
HTTLPR and two SNPs, rs25531 and rs25532, are functional untranslat-
ed elements of the promoter repetitive region giving rise to several genetic
variants. Individual elements of the 5S-HTTLPR are designated by Greek
letters according to Nakamura et al.’s nomenclature [19]. Other genetic

The following keywords were used for the search:
“serotonin transporter OR SHTT OR SLC6A4 OR serotonin
promoter transporter AND epigenetic AND miRNA OR
microRNA OR miR AND methylation AND non coding
RNA OR long non coding RNA OR Inc RNA AND histone
AND 3°’UTR AND epigenetic process AND STin2
polymorphism”.

Articles were also identified using the “related articles”
function in PubMed. Furthermore, we found additional papers
by performing a manual search of the reference lists of rele-
vant retrieved articles.

Genetic Mechanisms
VNTR Intron STin2

The STin2 polymorphism is a VNTR containing nine
(STin2.9), ten (STin2.10) or twelve (STin2.12) copies of a 16-
or 17-bp repeat [35]. Sequences of the repeats are showed in
Table 1, and structures of the VNTR are reported in Table 2.
STin2 alleles affecting SLC6A4 gene expression are summa-
rized in Table 3. In transgenic mice, alleles STin2.10 or
STin2.12 function as transcriptional regulatory elements in

@ Springer

variants include an intron 2 polymorphism denoted as STin2 VNTR as
well as multiple polyadenylation site signals in combination with SNPs in
the 3-UTR. Alternative splicing involving exons 1A, 1B and 1C in spe-
cific tissues [20, 21] may also contribute to the regulation of SLC6A4
expression. Overall, hierarchical epigenetic control occurs through the
action of miRNAs, methylation and acetylation/deacetylation mecha-
nisms. HDAC histone deacetylase, DNMT DNA methyltransferase,
HMT histone methyltransferase

specific areas of the developing CNS, particularly in the mid-
brain, hindbrain and neural tube floor plate [38]. These alleles
were also found to differ in the strength of their enhancer-like
abilities within the developing rostral hindbrain, an area asso-
ciated with the native SLC6A4 mRNA expression and the mat-
uration of rostral serotoninergic cell clusters at the stage of
embryonic development [38]. These findings are corroborated
by in vitro data showing that STin2.10 and STin2.12 supported
differential levels of reporter gene expression when transformed
into embryonic stem (ES) cells [39]. Therefore, the VNTR
polymorphism within the intron 2 of SLC6A4 acts as a tran-
scriptional regulator, a characteristic potentially correlated with
a susceptibility to affective disorders. Individual repeat ele-
ments within the intronic VNTR domain were later shown to
differ in their enhancer activity in the ES cell model (c/d and f/d
elements supported increased enhancer activity), indicating that
not only the number of repeats (STin2.9 showed extremely high
level of enhancer activity relative to STin2. 10 and STin2.12
alleles in the JAR cell line) but also the primary DNA sequence
of repeat units could affect the transcription of the gene [37].
Several works have demonstrated differential effects of the
STin2 and 5-HTTLPR on the expression of reporter genes in
clonal cell lines both under normal and addictive (i.e. expo-
sure to cocaine) growth conditions [44—46]. These authors
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Table 1  Nucleotide sequence of the human serotonin transporter intron 2 (STin2) variable number of tandem repeats (VNTR)
Variant ID Length Nucleotide sequence

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
A 17 G G C T G T G A C C C A G G G T G
B 17 G G C T G T G A C C C G G A G T G
C 17 G G C T G T G A C C C G G G G T G
D 16 G G C T G T G A C C C - G G G T G
E 17 G G C T G (o} G A C C T G G G G T G
F 17 G G C T G T G A C C T G G G A T G
G 17 G G C T G T G A C C T G G G G T G

Bold and Underlined indicates nucleotides that differ from the consensus sequence, GGCTGYGACCY(R)GRRTG, where Y = T/C and R = G/A, with

loss of the 12th base pair in one (repeat D) of the repeating elements

also reported that the transcription CCCTC-binding factor
(CTCEF) binds and differentially regulates STin2 in vitro [44,
45]. In rat primary cortical cultures, the S-HTTLPR and STin2
VNTRs could support differential gene expression based on
copy number of both VNTRs, when analysed in concert using
constructs designed to mimic their endogenous positions in
the gene. Hence, the S-HTTLPR and STin2 VNTRs are likely
to be on the same signalling pathway regulated by CTCF [47].
These data on combinatorial potential of VNTRs are consis-
tent with analysis of SLC6A4 expression in lymphoblastoid
cell lines, which found evidence of concerted action of the
STin2 VNTRs and 5S-HTTLPR [40]. Other cellular and human
studies investigated functional impact of the STin2 polymor-
phism in unaffected German and Swedish sample population
[41, 48]. No significant effect of the 17-bp VNTR genotype
on maximum rate (Vmax) of 5-HT uptake in platelets of 50
male subjects was observed [41]. The result was replicated in
cerebrospinal fluid in healthy volunteers where the level of 5-
hydroxyindoleacetic acid, the major 5-HT metabolite, was
found to be invariant [48]. However, individual STin2.12/
STin2.12 homozygous appeared to have lower uptake affinity
than individual STin2.10/STin2.9 heterozygous [41]. These
authors reported the same result for the combined analysis of
STin2.12 and 5-HTTLPR where no association between the
different genotypes of the S-HTTLPR polymorphism and

Table 2 Alleles of the STin2 polymorphism

Allele ID  VNTR structure®

1 2 3 4 5 6 7 8 9 10 11 12

STin2.9 A B C D E D G D F
STin2.10 A C D F D G D F
STm212 A B C D E F D G D G D F

v}
es]

# Structure arrangement of the repetitive elements

STin2.12 and the maximum rate of 5-HT uptake into platelets
was observed [41].

Hranilovic et al. analysed the effect of STin2 VNTR poly-
morphism on SLC6A4 mRNA levels in native-expressing
cells from schizophrenic patients [40]. Allelic influence of
SLC6A4 intron 2 polymorphism was very similar to that of
the promoter polymorphism reported by Lesch et al. [49], with
low-expressing allele 10 apparently acting as dominant. Test
for linear trend showed statistically significant dose effect of
the “low-expressing” genotypes on the SLC6A4 mRNA
levels, suggesting potential combined influence of the two
polymorphic regions on SLC6A4 gene expression [40]. By
contrast, Lim and coworkers observed only a weak associa-
tion for STin2 VNTR in combination with promoter VNTR
without statistical significance [50].

In some reports, STin2 polymorphisms and its combined
effect with 5-HTTLPR variants has been associated with bi-
polar affective disorder [51] and lithium response [52] or cog-
nitive dysfunction in major depressive disorder (MDD) [42].
A meta-analysis based on all association studies between
schizophrenia and the S-HTTLPR and STin2 polymorphisms
published before April 2004 suggested that the STin2.12 allele
is likely a risk factor for schizophrenia susceptibility [53].
Thus, a comprehensive set of markers that fully characterize
the linkage disequilibrium relationships at the SLC6A4 gene
locus will need to be tested in large well-characterized clinical
samples in order to understand the relevance of the SLC6A4
gene polymorphisms in schizophrenia susceptibility [53]. Any
changes in the linkage disequilibrium (LD) at this gene locus
(Fig. 2) may be associated to different pathologies linked to
serotonin transporter. Recent studies have also explored the
association between STin2 polymorphism and tobacco use
disorder (TUD) or nicotine dependence susceptibility [36,
43, 54]. High expression of SLC6A4, probably due to the
presence of the allele STin2.9, led to low 5-HT concentration
in the central nervous system and may confer more suscepti-
bility to nicotine dependence [36]. Pizzo de Castro et al. found

@ Springer
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Fig.2 /* linkage disequilibrium (LD) coefficient at the SLC6A4 gene locus in healthy Caucasians of the 1000 Genomes Project available at http:/www.

ensembl.org/

a remarkable association between the STin2 genetic polymor-
phism, mood disorders and TUD. The significant comorbidity
between mood disorders and TUD, which may be related to
both genetic and environmental factors, suggests that biolog-
ical endophenotypes, i.e. disorders in 5-HT metabolism, may
in part underpin the pathophysiology of mood disorders and
STin2-related TUD [43]. A recent study showed that comor-
bid mood disorders and TUD were both associated with spe-
cific biomarkers related to oxidative stress (i.e. glutathione S-
transferases and paraoxonase 1) and 5-HT pathways [55].

3'-Untranslated Region

SLC6A4 3'-UTR variants play an important role in messenger
RNA (mRNA) translation and stability. Mutations in the 3'-
UTR of'the SLC6A4 mRNA can thus alter the termination site,
the polyadenylation (polyA) site signals, the ratio of multiple
polyA sites usage and the secondary structure of the 3’ termi-
nus of the mRNA, underlining the multiple ways by which 3'-
UTR polymorphisms may cause a deregulated translational
control and thereby a disease [56, 57]. The 3'-UTR of the
SLC6A4 mRNA contains multiple functional polyadenylation
site signals, located at 567 and 690 bp downstream of the stop
codon, actually resulting in two mRNA forms that differ by
the presence or absence of a 123-bp element [58, 59]. 3'-UTR
variants regulating SLC6A4 gene expression are summarized

in Table 4. A common SNP T/G (rs3813034) is located in the
distal polyA site signal [58] as well as other polymorphic
variations in the 3’-UTR (rs34500314, rs13306796,
rs1042173 and rs11080121) were reported [61, 62]. Allelic
variation at the rs3813034 site did not influence
polyadenylation site usage [58]. Recently, Gyawali et al. de-
termined that the rs3813034 alleles lead to different usage of
the distal polyadenylation site signal [56]. This is consistent
with in vitro polyadenylation studies showing that a T in the
position of rs3813034 within the canonical polyA signal
(AAUAAA) leads to more efficient polyadenylation than a
G [60]. The functional polymorphism rs3813034 hence af-
fects the balance of SLC6A4 polyadenylation forms, suggest-
ing that the distal sequence stabilizes SLC6A4 mRNA either
directly through effects on the secondary structure of the mes-
senger or through interactions with RNA-binding proteins or
miRNAs [56]. On the other hand, functional studies of the
rs1042173 found conflicting effects of this polymorphism on
SLC6A4 gene expression [50, 61, 63].

Epigenetic Mechanisms
Epigenetic processes take place through DNA methylation,

modifications in the methylation or acetylation status of
chromatin-associated histones and gene regulation by non-
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Table 4  3’-UTR variants regulating SLC6A4 gene expression
SNP ID Nucleotide ~ Position Note Organism/sample Reference
substitution
13813034 A—C 3-UTR distal ~ No influence on polyadenylation site usage Blood samples of control subjects [58]
polyA signal  and no significant differences in the and patients with major affective
amount of the two polymorphic forms disorders
of mRNA
The A allele leads to more efficient usage Post-mortem human brain tissue, [56]
of the distal polyadenylation signal than lymphoblast cultures and
the G allele heterologous expression
experiments in human
embryonic kidney HEK293 cells
The A allele leads to more efficient In vitro polyadenylation studies [60]
polyadenylation than the C allele
Affects the balance of SLC6A4 polyadenylation Post-mortem human brain tissue, [56]
forms, suggesting that the distal sequence lymphoblast cultures and
stabilizes heterologous expression
SLC6A4 mRNA either directly through experiments in human
effects on the secondary structure of the embryonic kidney HEK293 cells
messenger or through interactions with
RNA-binding proteins or miRNAs
134500314 C—-T 3’-UTR - - [61, 62]
1513306769 C—T 3-UTR - - [61, 62]
rs1042173  G-T 3-UTR Conflicting effects on SLC6A4 gene expression - [50, 61,
63]
rs11080121 C—-T 3'-UTR - - [61, 62]

coding RNAs. DNA methylation and histone modifications
encompass conformational changes in DNA and/or chromatin
that do not alter the underlying nucleotide sequence, but reg-
ulate the molecular machinery involved in the spatio-temporal
modulation of gene expression. Non-coding regulatory RNA
is emerging as the major architect of neural cell differentiation
and nervous system development as well in fine-tuning neu-
ronal plasticity [23]. Unlike the basic DNA sequence, epige-
netic marks are often part of the mechanism that drives cell
and tissue differentiation. The SLC6A4 gene locus is of par-
ticular interest in the context of epigenetic modifications.
Epigenetic SLC6A4 gene regulation occurs mainly through
direct DNA methylation at CpG islands or presupposes mod-
ifications in the acetylation or methylation status of
chromatin-associated histones. A post-transcriptional regula-
tion by miRNAs was also recently reported in the literature
that has emerged to play important roles in the control of
serotonergic transmission.

DNA Methylation

In most cases, methylation at gene promoters leads to silenc-
ing of the gene itself. Indeed, methylation occurring within
CpG-rich regions near the transcription start-site of a gene
tends to have a repressive effect on transcription initiation,
and thus correlates with reduced gene expression [64].
Studies investigating effects of methylation on the SLC6A4
gene expression are summarized in Table 5.

@ Springer

Effects of Environment on SLC6A4 Gene DNA Methylation

Epigenetic marks are partially heritable [83] even though they
can change in response to environmental stimuli. G x E stud-
ies have begun to reveal relationship between SLC6A4 gene
DNA methylation, 5S-HTTLPR, stressful life events and influ-
ence on gene expression as well on susceptibility for psycho-
pathology [26, 27, 74, 84—89]. The impact of early adversity
on the susceptibility to psychiatric disorders in later life is
influenced by environmental factors (nature of stressors, time
of exposure in development and severity and cumulative ex-
posure effects) as well as by biological factors (gender, age,
predisposing genetic polymorphisms in genes associated with
mood regulation and stress response). Accordingly, several
studies in human and non-human primates showed that meth-
ylation patterns within and near the SLC6A4 gene differ as a
function of early or recent life stress or trauma. The SLC6A4
promoter region susceptible of methylation is illustrated in
Fig. 3.

In a non-human primate model, Kinnally et al. reported an
association between animal’s stress response and SLC6A4
methylation in LL individuals who had experienced an ELS.
Therefore, greater DNA methylation conferred a genomic
background of “risk” in the context of early stress [65].
Wang and coworkers clearly showed a tight correlation be-
tween peripheral SLC6A4 promoter DNA methylation states
and brain 5-HT synthesis in healthy adult males with different
levels of ELS. Significantly higher level of methylation was
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Fig. 3 Localization of CpG island and AluJB element in the SLC6A4
transcriptional control region on chromosome 17q11. a Schematic picture
of the SLC6A4 transcriptional control region with the functional 5-
HTTLPR and the embedded rs25531/rs25532 polymorphisms, the
AluJb element and the CpG island overlapping the first exon (exon
1A). The exon lA and the alternative exon 1B placed approximately 14-
kb downstream [20, 90] are also shown. b The sequence of AluJb and
position of eight CpG sites (boxed and in bold) according to Dannlowski

measured at specific CpG sites in both T cells and monocytes
isolated from higher-level childhood physical aggression [66].

Effects of 5-HTTLPR on SLC6A4 DNA Promoter Methylation

In vitro studies using 49 human lymphoblasts cell lines report-
ed that methylation status of a 799-bp CpG island surrounding
untranslated exon 1A (Fig. 3) negatively affects mRNA tran-
scription. The magnitude of this effect was dependent on the
5-HTTLPR genotype (increased methylation in S carriers), so
that the S allele was associated with lower amount of mRNA
transcription [67]. In a further study, which used a much more
precise method of quantitating methylation and four times the
number of cells, the genotypic effect was not found, suggest-
ing that effect is small or that the previous findings were a
false positive [68]. Nevertheless, this study nicely demonstrat-
ed that greater amount of the CpG island methylation was
associated with decreased mRNA transcription. Into human
placental choriocarcinoma JAR cells, methylation of SLC6A4
promoter suppressed reporter transcriptional activity,
supporting a functional role of DNA methylation in SLC6A4
promoter regulation [66]. Both complete and partial (as little
as 10%) methylation of SLC6A4 promoter resulted in reduced
reporter gene expression in the same recipient cell line [69].

@ Springer

et al. [78] are shown. The sequence of CpG island is displayed with CpG
sites (boxed), the putative TATA box (in bold) and exon 1A (shadowed in
grey). The CpG 1-9 sites are numbered according to the study of
Domschke et al. [76] and comprise the 1-5 CpGs analysed in the study
by Alasaari et al. [71], the 1-9 CpGs analysed by Devlin et al. [91] and all
CpGs (1-5 and 7-8) analysed by Kang et al. and Kim et al., respectively
[75, 92]. Modified from Fig. 1 Domschke et al. [76] with permission of
Oxford University Press

An experimental Rhesus macaques model was used by
Kinnally and coworkers to investigate epigenetic regulation
of SLC6A4 gene. Carriers of the Rhesus macaques low-
expressing S-HTTLPR alleles (S allele) exhibited higher mean
SLC6A4 CpG methylation, which was associated with lower
peripheral blood mononuclear cells (PBMCs) SLC6A4 ex-
pression [70].

Interaction Between Environment and 5-HTTLPR: Effects
on SLC6A4 DNA Promoter Methylation

Alasaari and coworkers reported that DNA methylation levels
in the promoter region of SLC6A4 varied between high and
low work stress environments among female nurses. Blood
leucocytes from individuals working in a high work stress
environment showed 21-65% lower levels of methylation
compared to individuals in a low work stress environment.
Decreased methylation may lead to increased transcriptional
activity of the gene, increased reuptake of 5S-HT from synaptic
clefts and termination of the activity of 5-HT. Authors hypoth-
esized that hypomethylation could represent an adaptation
mechanism for stress [71]. A pilot investigation of a peripheral
cell marker of epigenetic risk for depression also showed ele-
vated buccal cell SLC6A4 methylation in individuals who
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carried S-HTTLPR S allele [69]. Even though no association
between depressive symptoms and SLC6A4 methylation was
revealed, depressive symptoms were more common among
individuals with S allele. These results are in agreement with
a study showing higher SLC6A4 methylation in blood cells of
S allele carriers, but only in the case of less unresolved trauma
[72]. In summary, 5S-HTTLPR genotype appears to further
differentiate SLC6A4 methylation as some studies reported
increased methylation in S carriers [67, 68, 70-72, 74]. This
suggests that methylation of S allele may exacerbate the im-
pact of ELS [93], although some reported the reverse pattern
in relation to unresolved trauma [72]. On the other hand, re-
cent findings showing the S allele and prenatal/early adversity
associated with decreased peripheral SLC6A4 mRNA levels in
an additive manner further indicated that these effects ap-
peared to be largely independent of methylation profiles with-
in the SLC6A4 promoter-associated CpG island [73]. A very
recent study combined all of the putative elements of a mo-
lecular G x E interaction, i.e. SLC6A4 promoter methylation,
5-HTTLPR genotype, stressful life events and cortisol re-
sponse [74]. In vivo blood-based evaluation of SLC6A4 or
glucocorticoid receptor NR3C1 mRNA expression at baseline
as a function of either 5S-HTTLPR genotype or life stress was
performed. In contrast to Wankerl et al.’s study, [73], neither
significant differential SLC6A4 gene expression nor additive
effect between these two variables were demonstrated [74].
On the one hand, this study showed increased mRNA level
in the LL allele carriers whereas the S group individual’s ex-
pression level remain unchanged indicating a dynamic “5-
HTTLPR-based” regulation of SLC6A4 expression following
exposure to stressor [74]. Overall, both early and recent life
stress correlated positively with site-specific SLC6A4 methyl-
ation as a function of 5S-HTTLPR genotype, as higher meth-
ylation level was measured in S group but not in LL partici-
pants. Considering that the 5S-HTTLPR S allele negatively
moderates the effect of life events on depression [85], these
findings are in line with previous studies that associated higher
SLC6A4 methylation with depression [68, 75, 94]. However,
studies by Wankerl et al. [73] and by Duman and Canli [74]
have one limitation since they enrolled homogeneous sample
of healthy Caucasian males and may not generalize to other
ethnic group or women or individuals with psychopathology.

Pharmacoepigenetic Studies

Two pharmacoepigenetic studies investigated the impact of
DNA methylation patterns in the SLC6A4 promoter region
in mediating antidepressant treatment response in an Asian
population sample [75] and Caucasian patients [76] with
MDD. Higher SLC6A4 promoter methylation status signifi-
cantly associated with a range of childhood adversity and
correlated with family history of depression and higher per-
ceived stress, but it did not predict antidepressant treatment

outcome [75]. In this respect, the analysis of Domschke et al.
[76] was somewhat in contrast to Kang et al.’s study [75]
showing that DNA hypomethylation of the SLC6A4 transcrip-
tional control region might impair antidepressant treatment
response possibly via increased 5-HTT expression and conse-
quently decreased 5-HT availability [76]. In a very recent
study, Iga et al. examined the association of SLC6A4 gene
promoter methylation and 5-HTTLPR genotype before anti-
depressant treatment and expression before and after treatment
in a sample of Japanese patients with MDD [77]. SLC6A4
mRNA expression was significantly higher in unmedicated
MDD patients compared with healthy controls and was sig-
nificantly decreased after 8§ weeks of antidepressant treatment.
The mean methylation level was significantly higher in pa-
tients compared with controls, consistent with previous stud-
ies examining the same methylation sites [68]. They also
found no association between the mean SLC6A4 expression
level and the 5-HTTLPR genotype in patients or controls.
Notably, decreased methylation levels at two CpG sites
(CpG3 and CpGS5, see Fig. 3) were related to increased de-
pressive symptoms.

Imaging Epigenetics

Studies combining neuroimaging and epigenetics (i.e. imag-
ing epigenetics) have provided novel insights into the contri-
butions of DNA sequence variation to individual differences
in brain function, behaviour and risk for psychopathology
[88]. Regarding SLC6A4 gene, in particular, a brain imaging
study indicates that SLC6A4 methylation status in the T cells
and monocytes is associated with in vivo measures of 5-HT
synthesis in the orbitofrontal cortex [66]. This study strongly
suggests that peripheral SLC6A4 DNA methylation could be a
marker of central 5-HT function and the feasibility of using
methylation at specific CpG sites of SLC6A4 as non-invasive
biomarkers of 5-HT synthesis and behaviours associated with
altered 5-HT function such as aggression. Higher methylation
of particular CpG sites was associated with lower in vivo
measures of brain 5-HT in the orbitofrontal cortex [66].
Increased SLC6A4 promoter methylation was associated with
greater threat-related amygdala reactivity, possibly reflecting
decreased SLC6A4 gene expression and, consequently, re-
duced regional 5-HT reuptake. In addition, methylation of
CpG sites that most strongly associated with amygdala activ-
ity was negatively correlated with SLC6A4 mRNA concentra-
tions in post-mortem amygdala tissue [79], consistent with
recent works demonstrating a substantial correlation between
the blood and brain methylomes [66, 95]. Very recent findings
suggest that relative methylation status of the SLC6A4 proxi-
mal promoter region is a reliable predictor of amygdala reac-
tivity across time. Using prospective longitudinal epigenetic,
neuroimaging and behavioural data from adolescents, Swartzl
and coworkers demonstrated that changes in gene methylation

@ Springer
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associated with lower socioeconomic status (SES) to predict
changes in risk-related brain function. Specifically, lower SES
predicted change in SLC6A4 proximal promoter methylation,
which in turn predicted change in threat-related reactivity of
the centromedial amygdala [81]. Frodl and coworkers report-
ed an interactive effect between the SLC6A4 promoter poly-
morphism and childhood adversity on brain structure specifi-
cally in patients with depression, suggesting diagnosis-
specific epigenetic regulatory effects [96]. They hypothesized
that higher peripheral SLC6A4 DNA methylation was associ-
ated with lower brain reactivity. Further investigations ex-
plored whether effects of methylation on SLC6A4 gene affect
brain function to a larger extent in patients than controls, based
on the fact that methylation of SLC6A4 might be more pro-
nounced in patients with MDD [32]. In a study involving 25
patients with MDD, SLC6A4 methylation was associated with
differential modulation of activity in the brain insula, opercu-
lum, hippocampus and amygdala during emotional attention
processing [80]. This study provided further validation for
particular SLC6A4 DNA methylation states as peripheral
markers of brain functional states [80]. A following study in
depressed patients reported that greater DNA methylation in
specific CpG sites at the SLC6A4 promoter in peripheral cells
was independently associated with childhood trauma, depres-
sion, and smaller hippocampal volume. The relatively strong
association between peripheral methylation of SLC6A4 regu-
latory region and hippocampal volumes thus suggested that
SLC6A4 methylation might be an underlying physiological
mechanism of how gene and environment interact to affect
hippocampal development [82]. Recently, an Alu element of
subtype AluJb was identified in the promoter region between
5-HTTLPR and the CpG island, which was shown to be rel-
evant for methylation [78]. The AluJb element belongs to the
family of short interspersed nuclear elements (SINE) and con-
tains several CpG sites (Fig. 3). Lower AluJb methylation was
associated with lower hippocampal grey matter volumes.
Such lower Alu methylation might influence SLC6A4 expres-
sion via different mechanisms that might involve exonization
(alternative exons provisioning) [97] or transcription factor
binding such as Paired box protein Pax-6 (PAX6), which is
of particular importance in brain and CNS development [98].

Histone Modification

Histone acetylation/deacetylation is an essential epigenetic
mechanism that controls chromatin structure, DNA accessibil-
ity to transcription factors and modulation of gene expression
[99, 100]. Potential of the 5-HTTLPR genotype to modulate
epigenetic remodelling, such as regulation of chromatin struc-
ture and DNA-binding activity of transcription factors, was
assessed in serotonergic JAR cell line [46]. CTCF bound to
both L and S alleles under normal growth conditions, whereas
after exposure to cocaine, CTCF bound only to the L allele.

@ Springer

The lack of CTCF binding to the S allele correlated to methyl-
binding protein, MeCP2 binding, which in turn recruited the
histone deacetylase (HDAC) suggesting that MeCP2 acts as a
negative transcriptional regulator. Association of the MeCP2
and the corepressor HDAC to the S allele may block the reg-
ulatory effect of the S allele on the expression of the SLC6A4
gene. Additionally to the binding of CTCF and MeCP2, ef-
fects of cocaine were associated with increased association of
positive H3K4m?2 histone mark and the SLC6A4 proximal
promoter region encompassing the 5S'-HTTLPR. This suggests
that cocaine stimulus may determine an epigenetic remodel-
ling, thus enhancing transcriptional rate, which in turn in-
crease of RNA II polymerase binding to the promoter region.
Histone modifications were also detected within the SLC6A4
gene after cocaine exposure. In particular, the H3K36m3 his-
tone marker showed increased association with the SLC6A4
exon2/intron2 region. However, acetylation status of H3 at
lysine 9 was increased, reflecting a positive effect of cocaine
on histone modifications. The authors hypothesized that
H3K36 methylation and subsequent involvement in
deacetylation activity may be indicative of repression of spu-
rious intragenic transcription in the SLC6A4 exon2/intron2
region or that the presence of heterozygous STin2 alleles in
JAR cells could lead to different histone modifications after
cocaine treatment [46]. A model representing the working
hypothesis for these epigenetic modifications over the
SLC6A4 proximal promoter and intron 2 under basal condi-
tions and following cocaine treatment was presented [46]. In
line with these findings, human intestinal Caco-2 cell line
showed reduced SLC6A4 expression following treatment with
HDAC inhibitors [101]. Caco-2 cells represent an excellent
in vitro model system to study SLC6A4 regulation as they
display anatomic and functional similarities to ileal
enterocytes and also show a serotonergic phenotype.
Interestingly, HDAC inhibition by butyrate or trichostatin A
(TSA) decreased the SLC6A4 gene promoter 1 activity
(hSLC6A4 p1, upstream of exon 1A). The decrease in the 5-
HTT expression by HDAC inhibition was also recapitulated in
an in vivo model. Similar to the in vitro model, in an in vivo
model of mice, pectin feeding (which results in high colonic
butyrate levels by anaerobic fermentation) decreased SLC6A4
mRNA expression in the ileum and distal colon. These data
indicate a novel mechanism of down-regulation of intestinal
SLC6A4 by epigenetic mechanisms involving HDAC?2 inhibi-
tion and increased association of histone H3 or H4 acetylation
with human SLC6A4 promoter 1 [101]. A schematic represen-
tation of this mechanism is shown in Fig. 4.

One commonly studied epigenetic mark is the histone 3
protein that is trimethylated at lysine 4 (modified histone,
H3K4me3). This is a histone that marks “active” promoters
and would therefore be expected to facilitate or promote gene
expression. Lindell et al. examined the effects of early stress
on H3K4me3 binding at the SLC6A4 promoter and the
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Fig. 4 Schematic representation of effects of histone modification on
SLC6A4 gene expression. a In human intestinal Caco-2 cell line and in
a mouse model, HDAC inhibitors butyrate and TSA decrease SLC6A4
expression by increasing association of acetylated histone H3 or H4 with
hSLC6A4 pl (upstream of exon 1A), resulting in decrease in promoter
activity. Specific inhibition of HDAC2 mimicked the effects of butyrate
or TSA in decreasing SLC6A4 expression [101]. b Effects of early stress

interactions of stress with 5-HTTLPR genotype in tissue de-
rived from stress-sensitive brain regions (hippocampus) of
Rhesus macaques that had been reared in the presence or
absence of stress [102]. They found a decline in H3K4me3
from preadolescence to post-adolescence and lower levels in
peer-reared monkeys when compared to their mother-reared
counterparts, as well effects of genotype on H3K4me3 bind-
ing. These findings are depicted in Fig. 4.

RNA-Level Regulation: miRNAs

miRNAs are small non-coding RNAs, particularly abundant
in the nervous system, that play pivotal roles as post-
transcriptional regulators in neurogenesis, synapse develop-
ment and plasticity in the brain. They also operate a spatio-
temporal translational control of target mRNA during dendrit-
ic morphogenesis, regulating the expression of hundreds of
genes that govern critical aspects of neuroplasticity and syn-
apse function [24]. Recent works demonstrated that miRNAs
participate to post-transcriptional mechanisms that regulate
SLC6A4 mRNA translation, as illustrated in Fig. 5. Studies
investigating effects of miRNAs regulation on SLC6A4 gene
expression are described below and are summarized in
Table 6. In silico computational target prediction and in vitro
luciferase reporter assay identified miR-16 as miRNA with
complementarity to the 3’-UTR of the SLC6A4 mRNA
[104]. Consistent with a putative role of miR-16 as a negative
regulator of SLC6A4 translation, Baudry et al. demonstrated
that the miR-16 regulated the expression of SLC6A4 gene in

Reduced 5-HTT protein levels
Reduced 5-HIAA levels

and age on methylated histone 3 (H3K4me3) binding levels to DNA
extracted from hippocampi of Rhesus macaques. Peer-reared monkeys
exhibited lower levels of binding when compared to their mother-reared
counterparts. Among S-HTTLPR short allele carriers, cerebrospinal fluid
5-hydroxyindoleacetic acid (5-HIAA) levels were lower in stress-exposed
subjects [102]

the murine 1C11 neuroectodermal cell line, which can differ-
entiate into either serotonergic or noradrenergic neuronal cells.
IC11 cells expressed a low level of miR-16, which increased
along the noradrenergic pathway, whereas the level did not
change along the serotonergic program. Similarly, lower basal
levels of miR-16 were found in mouse serotonergic raphe
nuclei vs noradrenergic locus coeruleus at physiological con-
ditions. In mice, chronic SSRI fluoxetine treatment augments
the level of miR-16 in serotonergic raphe nuclei by antagoniz-
ing Wnt signalling, as inferred from increase in glycogen syn-
thase kinase-33 (GSK3[3) and thereby negatively regulates
SLC6A4 gene expression. This increase in miR-16 levels
was accompanied by a decrease in levels of pri/pre-
miRNA16, suggesting an influence on maturation rather than
transcription. When infused into the locus coeruleus, fluoxe-
tine failed to induce any change in miR-16 expression, which
is in agreement with the lack of SLC6A4 expression in norad-
renergic neurons under basal conditions. In contrast, raphe
responds to fluoxetine treatment by releasing the neurotrophic
protein S1003, which in turn acts on the noradrenergic neu-
rons of the locus coeruleus, lowering miR-16 levels accompa-
nied by the induction of 5-HTT protein expressions. Hence,
the locus coeruleus responds to fluoxetine injection in raphe
by switching on serotonergic functions. Thus, up-regulation of
miR-16 plays a role in silencing SLC6A4 transcripts during
noradrenergic differentiation and miR-16 may contribute to
the therapeutic action of SSRI antidepressants in monoamin-
ergic neurons [104]. The observation that chronic administra-
tion of the SSRI fluoxetine induces miR-16, which
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Fig. 5 Schematic representation of miRNA regulation on SLC6A4 gene expression. miRNAs listed in the picture participate to post-transcriptional

mechanisms that regulate SLC6A4 mRNA translation

translationally represses maturation of mRNA encoding 5-
HTT, is an effect probably related to the delayed onset of its
antidepressant properties. Recently, Moya and coworkers
showed that miR-15 as well as miR-16 regulated SLC6A4
expression both in human and rat tissues [103]. This post-
transcriptional control was characterized in reporter assays in
human JAR and rat RN46A cell lines, which endogenously
express these two miRNA species. In addition, using lentiviral
particles to obtain sustained miRNA overexpression, endoge-
nous 5-HTT protein levels were effectively reduced in JAR
cells 4 days post-transduction [103]. Interestingly, reporter
constructs made with two SLC6A4 3'-UTR molecular haplo-
type (i.e. the SNPs rs1042173 and rs3813034) resulted in no

significant differences with regard to miR-15a or miR-16
translational repression. This result confirmed a previous re-
port showing that the reduced expression of the reporter
mRNA carrying SLC6A4 3'-UTR was not affected by poly-
morphism rs1042173, which lies in the putative binding site
of miR-545, another negative regulator of SLC6A4 translation
[107]. The SNP rs11080121, a minor allele of rs1042173, in
the 3’ untranslated region of SLC6A4 seems to disrupt a con-
served binding site for miR-590-3p. When Montasser and
colleagues tested the association between hot flashes (HFs)
in both European-American and African-American premeno-
pausal and perimenopausal women and genetic variants in
SLC6A4 gene, they found that disruption of the miR-590-3p

Table 6  Studies investigating effects of miRNA regulation on SLC6A4 gene expression
miRNA ID  Effect Notes Sample Reference
miR-15 Regulation of SLC6A4 gene expression  — Human and rat tissues [103]
Post-transcriptional control: translational — Reporter assays in human JAR and rat [103]
repression RN46A cell lines
miR-16 Complementarity to the 3'-UTR ofthe — — In silico computational target prediction [104]
SLC6A4 mRNA
Complementarity to the 3-UTR ofthe  — In vitro luciferase reporter assay [104]
SLC6A4 mRNA
Regulation of SLC6A4 gene expression  Can differentiate into either Murine 1C11 neuroectodermal [104]
serotonergic cell line
or noradrenergic neuronal cells
Lower basal levels - Mouse serotonergic raphe nuclei vs [104]
noradrenergic locus coeruleus at
physiological conditions
Augments the level of miR-16 in Chronic SSRI fluoxetine treatment ~ Mice [104]
serotonergic raphe nuclei
Negatively regulates SLC6A4 gene
expression
No change in miR-16 expression Fluoxetine infusion into the locus Mice [104]
coeruleus
Lower miR-16 levels accompanied Fluoxetine injection in raphe Noradrenergic neurons of the locus [104]
by the induction of 5-HTT protein ex- coeruleus
pressions and switching on serotoner-
gic functions
miR-24 Inhibition of SLC6A4 expression Worsening of IBS Human [105]
miR-135 Strong inhibition of SLC6A4 expression — In vitro luciferase assays and mutation [106]
studies
Decrease levels in miR-135a Depressed patients compared with ~ Human blood and brain [106]
matched controls
miR-590-3p Decreased SLC6A4 expression - [62]
Higher expression of SLC6A4 due to Consequent depletion of 5-HT in European-American and [62]

disruption of the miR-590-3p binding

hot flashes

synaptic clefts and production of
site 5-HT, which is protective against

African-American premenopausal
and perimenopausal women
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binding site leads to higher expression of SLC6A4.
Consequent depletion of 5-HT in synaptic clefts triggers the
presynaptic autoreceptor feedback mechanism to produce
more 5-HT, which is protective against HFs [62]. Other
emerging evidence on this layer of SLC6A4 gene post-
transcriptional control arise from a study that elucidated the
role of a specific miRNA in regulating the central 5-HT sys-
tem activity, under “baseline” and challenged conditions
[106]. In vitro luciferase assays and mutation studies revealed
a strong repressive effect for miR-135 on both SLC6A4 and 5-
hydroxytryptamine receptor-1A (HTRIA) gene transcripts. A
series of experiments in which the miR-135 levels were func-
tionally manipulated in vivo to assess the effects on animal
behaviour was performed. In humans, a significant decrease in
miR-135a levels in the blood and brain of depressed patients,
compared to match controls, was observed. Authors then pro-
posed miR-135 as an essential regulatory element responsible
for maintaining intact serotonergic tone under normal condi-
tions and essential for the brain response to antidepressants.
According to this theory, increased levels of miR-135 would
repress an array of 5-HT system-related transcripts, including
SLC6A4 and presynaptic HTRIA levels, causing an increase in
5-HT in the synaptic cleft, which is associated with decreases
in depressive symptoms [106].

Very recently, Xiu-Jun Liao and colleagues demonstrated
that microRNA-24 inhibits serotonin reuptake transporter ex-
pression and aggravates irritable bowel syndrome, indicating
that miR-24 plays a role in the pathogenesis of IBS via regu-
lation of 5-HTT expression [105].

Conclusions and Perspectives

It seems currently well established that variations in the levels
of 5-HTT may not strictly represent different transcriptional
activity of the SLC6A4 gene arising from the 5-HTTLPR L/S
genotype. Cellular and tissue contexts may result in differ-
ences in SLC6A4 gene expression and consequently in distinct
availability of 5-HTT protein. Careful consideration of epige-
netic mechanisms will be required to account for previously
unexplained variability in brain function than sequence-based
variation alone. DNA methylation patterns within the SLC6A4
gene promoter as well as the SLC6A4 mRNA translational
repression by miRNAs highlight different levels of regulation.
Furthermore, the newly emerged family of the IncRNAs may
provide an additional layer of regulation for fine-tuning of
miRNA function through affecting epigenetic processes, par-
ticularly in the brain [23].

Epigenetic modifications can change in response to envi-
ronmental stimuli too. Epigenetic modifications can moderate
the impact of the individual’s genotype on biological process-
es such as brain function. Therefore, environmentally induced
methylation appears to affect sensitivity to stress and

reactivity to life stressors [26], with effect on the individual
differences in psychopathology susceptibility or resilience
[74, 82].

Recent works have revealed considerable correlation
across peripheral and neural cells for both gene expression
and DNA methylation patterns, as well for miRNA levels
[66, 71, 80, 95, 106]. Consequently, results obtained from
peripheral blood cells can be translated to neural tissue
districts.

Genome-wide association studies currently evidence that
changes in gene expression, rather than protein-coding se-
quence variations, largely contribute to the risk for complex
genetic traits. In particular, with regard to psychiatric disor-
ders, genetic variations in non-coding regulatory regions may
result in differential transcriptional responses to developmen-
tal signals and environmental/psychosocial stressors [108]. A
deeper appreciation of the hierarchical interaction among the
multiple actors of gene expression, such as regulatory ele-
ments, transcription factors and epigenetic machinery will be
beneficial to better understand SLC6A4 gene regulation levels
that support neurological processes.
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