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Abstract In view of the need for easily accessible bio-
markers, we evaluated in ADHD children the epigenetic
status of the 5'-untranslated region (UTR) in the SLC6A3
gene, coding for human dopamine transporter (DAT). We
analysed buccal swabs and sera from 30 children who met
DSM-IV-TR criteria for ADHD, assigned to treatment
according to severity. Methylation levels at six-selected
CpG sites (among which, a CGGCGGCGG and a CGCG
motif), alone or in combination with serum titers in auto-
antibodies against dopamine transporter (DAT aAbs), were
analysed for correlation with CGAS scores (by clinicians)
and Conners’ scales (by parents), collected at recruitment
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and after 6 weeks. In addition, we characterized the DAT
genotype, i.e., the variable number tandem repeat (VNTR)
polymorphisms at the 3'-UTR of the gene. DAT methylation
levels were greatly reduced in ADHD patients compared to
control, healthy children. Within patients carrying at least
one DAT 9 allele (DAT 9/x), methylation at positions CpG2
and/or CpG6 correlated with recovery, as evident from delta-
CGAS scores as well as delta Conners’ scales (‘inattentive’
and ‘hyperactive’ subscales). Moreover, hypermethylation
at CpGl1 position denoted severity, specifically for those
patients carrying a DAT 10/10 genotype. Intriguingly, high
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serum DAT-aAbs titers appeared to corroborate indications
from high CpG1 versus high CpG2/CpG6 levels, likewise
denoting severity versus recovery in DAT 10/10 versus
9/x patients, respectively. These profiles suggest that DAT
5'UTR epigenetics plus serum aAbs can serve as suitable
biomarkers, to confirm ADHD diagnosis and/or to predict
the efficacy of treatment.

Keywords Auto-antibodies (aAbs) to neuro-receptors -
Epigenetics in neuro-psychiatry - Conners’ scales - CGAS
scale - Dopamine transporter (DAT) - 10-Repeat allele -
9-Repeat allele - OCD - Tourette’s

Introduction

Attention deficit/hyperactivity disorder (ADHD) has been
internationally recognized as a serious neuro-developmen-
tal alteration [18, 20, 68]. The prevalent ADHD symptoms
include problems in maintaining attention, excessive motor
activity, and impulsivity, which often lead to poor academic
performance and impaired social interactions. These symp-
toms develop quite early in up to 5% of children [67], and
often persist into adolescence and adulthood [8]. Other con-
ditions, frequently comorbid with ADHD, include: external-
izing disorders, such as oppositional defiant disorder and
conduct disorder; compulsive conditions, such as obses-
sive—compulsive disorder and Tourette’s syndrome [69, 70];
and addictive disorders, such as pathological gambling as
well as substance abuse & drug dependence problems [43,
44].

The developmental psychopathology theoretical frame-
work [14, 21] underlined the role of family characteristics
in buffering, or even aggravating, ADHD symptomatology.
Moreover, among the etiopathogenetic factors for the onset
of ADHD, the quality of parent—infant interactions has been
proposed to affect the actual phenomenological expression,
resulting in a more or less severe constellation of symp-
toms. As such, in the present work, we took in due account
the maternal judgement about their ADHD children, both at
recruitment and after 6 weeks of therapy. We are explicitly
assuming that Conners’ scales compiled by mothers could
reflect a combined index, reflecting the quality of interac-
tion between maternal skills and individual ADHD tem-
perament. As such, severe ADHD at recruitment may well
reflect a contribution by poor coping ability of the mother;
conversely, recovery after 6 weeks may incorporate a relief
perceived by the mother, in turn facilitating the recovery
itself. However, this notion shall not be seen as a caveat but
rather as a more complete account of the dynamic expression
of ADHD in real-life situations.

Although the aetiology of ADHD is multi-factorial
and still unclear, this syndrome is viewed by some as a

@ Springer

motivational dysfunction, due to an altered cross-talk
between fronto-striatal circuits [12, 3, 75]. Some evidence
exists of imbalanced prefrontal and/or striatal levels of
neurotransmitters, especially dopamine [61, 71]. Part of
preclinical ADHD research has hence focused on the dopa-
mine transporter (DAT), because modification of expres-
sion and/or function of its gene may well lead to specific
ADHD symptoms [6, 7, 48]. Unsurprisingly, knockout
DAT mice have been extensively used to reproduce behav-
ioral symptoms of ADHD (see [33]). In the same line,
knockout DAT rats have been recently generated (Leo and
colleagues, manuscript submitted; Cinque and colleagues,
manuscript in preparation), although their behavior has
still to be fully phenotyped.

Expression of DAT may be determined by the genetic
VNTR polymorphism of the 3’ untranslated region (UTR)
of its gene SLC6A3, and it can be finely tuned by epige-
netic mechanisms. The latter are mitotically heritable, but
reversible, changes in transcription and/or translation of a
gene without modification of genomic DNA sequence [40,
65, 66]. Accumulated evidence supports the pivotal role of
epigenetics in neuronal development, differentiation and
communication, as well as in synaptic plasticity [51]. In
the last decade, a role for epigenetics in psychiatric dis-
eases has been recognized [77]. Among epigenetic mecha-
nisms, DNA methylation is the best characterized, and has
been consistently implicated in the development of mental
disorders [1, 26, 35]. DNA methylation has been the focus
of most recent studies concerning addictive psychiatric
disorders (see [41, 46]). For instance, selective changes in
DNA methylation of BDNF promoter have been observed
in peripheral blood mononuclear cells (PBMCs) of sub-
jects with bipolar disorder type II [23] and major depres-
sion [22, 27] as well as in schizophrenic patients [24].

Recently, we proposed that an excessive production
of DAT protein, possibly accompanied by altered turno-
ver/degradation, could make DAT or its fragments spill
into the blood and generate an auto-immune reaction
[34]. Indeed, the presence of detectable auto-antibodies
against DAT (DAT aAbs) was confirmed in serum samples
from ADHD patients [34]. Notably, observed behavioral
changes were nicely segregated between the genotypes. On
the one hand, for carriers of two 10-repeat (termed 10/10)
VNTR alleles, elevated DAT-aAbs titers were likely asso-
ciated with most severe ADHD symptoms. On the other
hand, for patients carrying at least one 9-repeat allele
(termed DAT 9/x), the DAT aAbs were rather predicting
efficacy of therapy: elevated titers at recruitment were
found in subjects showing a considerable behavioral ame-
lioration after 6 weeks of methylphenidate [34]. These
data left unanswered the question on how could DAT aAbs
serve two apparently opposite functions in either genotype.
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Today, diagnoses of ADHD still rely on structured inter-
views and/or psychometric scales, and there is the need of
more objective, possibly biological markers for this condi-
tion (see [32, 78]). Purpose of the present study was (1) to
ascertain whether DNA methylation at DAT gene 5'-UTR
could serve as a biomarker for ADHD and (2) to correlate
possible changes in methylation at specific CpG sites with
previous data on DAT-aAbs titers [34], as well as with clini-
cal scores of severity (i.e., ADHD symptoms observed at
recruitment) and of recovery (i.e., delta-score changes, as
observed in ADHD symptoms after 6 weeks of therapy). Our
aim was to provide new possible directions to the search of
biomarkers, helping clinicians with ADHD diagnosis.

Materials and methods
Recruitment of patients

Participants included 30 children (5 females aged 612 years
and 25 males aged 6-14 years), with a formal diagnosis of
ADHD formulated by the Child Psychiatry Unit of Tor Ver-
gata University (from April 2010 to March 2012). Fifteen
children with typical development were used as healthy con-
trols. All subjects had a full Scale IQ over 84, as assessed
by the Wechsler Intelligence Scale—III edition. They were
evaluated by child neuro-psychiatrists (G. Giana; M. Troi-
aniello; M.C. Porfirio) who determined the diagnosis of
ADHD, according to DSM-IV-TR criteria; a medical work-
up excluded any auto-immune disorder. Exclusions were
made in case of psychiatric comorbidity (conduct disorder,
obsessive—compulsive disorder, bipolar disorder, depression,
and psychosis), as assessed by a specific Schedule (K-SADS/
PL).

Around two-thirds of children with milder symptoms,
judged as not in need of pharmacological treatment, under-
went cognitive-behavioral therapy and/or periodic follow-
up; one-third of children, with a significant impairment of
their adaptive functioning in different areas of life, were
assigned to pharmacological treatment with methylpheni-
date (MPH). In the present paper, as we deal with samples
collected at recruitment, these two categories based on the
therapeutic intervention decided after enrollment were not
taken into consideration.

This study was approved by the Ethical Committee of ISS
(Prot. CE-ISS 09/270 of 15 July 2009). Informed consent
procedures included searching for consent from the child
(using age-adequate approaches) and illustrating to parents
the standard consent form; the parents gave their signature
(i.e., written informed consent) for the child to participate
in this study. We confirm that all potential participants who
decided not to participate in the study were not disadvan-
taged in any way by not participating. In addition, we declare

that collected biological materials were used solely to the
purpose of previous [34] and of this study. The rules set by
the Code of Ethics of the World Medical Association (Dec-
laration of Helsinki), which has been printed in the British
Medical Journal (18 July 1964), were fully respected.

Clinical assessment

Each patient was evaluated by trained child neuro-psychi-
atrists at our unit, according to the DSM-IV and ICD-10
criteria for ADHD. Information was gathered from the clini-
cal interviews and questionnaires with the parents, and from
direct observations of the patients.

The Children’s Global Assessment Scale (CGAS) was
used by clinicians to measure the overall severity of social
and psychiatric functioning: for children aged 4—16 years,
CGAS scores range between 1 and 100, with higher scores
indicating better functioning. ADHD symptoms were also
determined using Conners’ Parent Rating Scale; each item
was scored from O (not true at all) to 3 (Very much true),
giving information about ADHD subtypes (inattentive,
hyperactive—impulsive, and combined type).

Parents completed SNAP-IV that elicits DSM-IV-TR
criteria for ADHD on a four—point scale of frequency.
The semi-structured Schedule for Affective Disorders and
Schizophrenia—Present and Lifetime version (K-SADS/PL)
and the Child Behavior Checklist/4—18 (CBCL) were used
separately, to elicit parents’ and patients’ reports of signs
and symptoms that might indicate possible co-morbidities.

Biochemical and genetic assessment

In these children, we were able to collect blood samplings
(time TO: basal withdrawal, at recruitment); in addition, we
were able to collect buccal swabs using a Catch-all sample
collection Swab (Epicentre). As already reported [34], DNA
isolated from buccal swabs allowed to determine the DAT
genotype, specifically the DAT VNTR polymorphism, well
known to be present in the 3’ untranslated region (3'-UTR),
rs28363170. Notably, 15 out of 30 patients were homozy-
gous for the 10-repeat allele (DAT 10/10), while 15 of them
were carrying at least one 9-repeat allele (DAT 9/x, i.e., 9/9
or 9/10). In addition, the same DNAs were used to meas-
ure the methylation status of six CpG sites, selected among
those present in the 5’ untranslated region (5'-UTR) of the
same gene.

Analysis of DNA methylation
Genomic DNA was prepared from buccal swab samples
using the BuccalAmp™ DNA Extraction Kit, following

the manufacturer instructions (Epicentre, USA). Briefly,
after collecting buccal cells, the swab end was placed into a
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tube containing QuickExtract DNA extraction solution and
rotated a minimum of five times. The tube was vortex mixed
for 10 s and incubated at 65 °C for 1 min. After vortex mix
for 15 s, the tube was transferred to 98 °C and incubated for
2 min. After vortex mix for 15 s, the DNA was stored until
further processing at —20 °C. The yield of DNA is usually
between 2 and 14 ng/pl.

The 3'-UTR repeated sequence of the DAT gene was
amplified by the polymerase chain reaction (PCR) as it
has been described previously [34]. DNAs from the buc-
cal swabs were further processed for assessing amount of
methylation in the DAT 5’-UTR sequence (notably, not the
transcription promoter region). Amount of methylation was
determined in six specific CpG residues (termed M1, M2,
M3, M5, M6, and M7, see Fig. 1). Notably, M1-M3 rep-
resent a CGGCGGCGG motif, while M5/M6 represents a
CGCG motif. The following primers (5'-3") were used to
amplify the gene for DAT: Fwd = AGCTACCATGCCCTA
TGTGG; Rev = ATCAGCACTCCAAACCCAAC.

Bisulfite-treated DNA was amplified by PyroMark PCR
Kit (Qiagen, Hilden, Germany) in accordance with the
manufacturer’s protocol. PCR conditions were as follows:

95 °C for 15 min, followed by 45 cycles of 94 °C for 30 s,
56 °C for 30 s, 72 °C for 30 s, and, finally, 72 °C for 10 min.
PCR products were verified by agarose electrophoresis.
Pyrosequencing methylation analysis was conducted using
the PyroMark Q24 (Qiagen, Hilden, Germany). The level of
methylation was analysed using the PyroMark Q24 Software
(Qiagen, Hilden, Germany), which calculates the methyla-
tion percentage [mC/(mC + C)] for each CpG site, allowing
quantitative comparisons (mC is methylated cytosine and C
is unmethylated cytosine).

ELISA methods

As described previously [34], the DAT-EIA-kit (patent
details, see below; holder: ISS 100%) was used for the
DAT-aAbs detection. Briefly, it is a microtiter immuno-
plate for ELISA-based determination of natural antibodies
(nAbs) to peptide fragments of human dopamine trans-
porter (hDAT) in the serum. Synthetic peptides corre-
sponding to a fragment of DAT serve as the antigen, and
have been proven to detect DAT aAbs in the serum of
mice as well [2]. This was a kit designed and custom

Human SLC6A3
Chromosome 5: 1,392,790 — 1,445,430
<«——  Reverse strand 52.64 kb
ATG TSS
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...accggcttaggggacgcgtgggtgtctatggctgtgactcgggggtcctggtttcttctcgt

ggaacttaaccctactaggggtgcggcgcatcccagatccgatcggagtgggttttgtacace
gccgcetccatctcgegggggcetttgtctgtgttgggagtagtggegggegegggetgegege
tggtgctctgggcagggcggggaggecgggcgaggactcgecaggceagegecgcttcttg
ttctgggcgcggtgaggaaggacgctttctaacgggccacattttgctgtgtagacccaaaac

tcgcctctgaggecccgegttcaggageggggtcaggtggecccagggeggeageagett
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Fig. 1 Sequence of the 5-UTR in the DAT gene, with localization
of six-chosen CpG residues. Our experimental work discovered three
out of six residues which are relevant and useful, for the purpose
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of ADHD severity (diagnosis) and for prediction or verification of
recovery after response to therapy (prognosis)
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synthesized by one of authors (0.G.), by selecting on the
DAT protein an antigenic sequence (namely, a 19-ami-
noacid most immuno-reactive portion, residing on the
best exposed-portion of the wider extra-cellular loop; U.S.
Patent and Trademark Office: EFS ID 13464574; Appli-
cation No: 61681638; Granstrem et al. 10-AUG-2012
provisional turned into Full Patent No. PN810701WO;
Int.1 Application No. PCT/EP2013/066845; Publication
number WO/2014/023852, 10-AUGUST-2013).

Statistical analysis

The following variables, already used for publication
[34], were presently re-evaluated:

1. scores obtained in CGAS and in subscales of Conners’
scales, both at recruitment and after 6 weeks of therapy;
delta scores (value after 6 weeks of therapy minus value
at recruitment); and their possible correlation with:

2. semi-quantitative DAT-aAbs titers, obtained through the
DAT-EIA-kit assay, in recruited ADHD children.

In detail, we fully investigated the potential correlation
between amount of methylation in the six specific CpG
residues (see Fig. 1) and the scores obtained in the clini-
cal questionnaires. We also verified the potential correla-
tion between said amounts of methylation and the DAT-
aAbs titers found in the serum. These correlations were
run for each genotype separately (i.e., DAT 10/10 on one
side and DAT 9/x on the other hand; n = 15 each) by the
Pearson’s R value (threshold for significance with n = 15
is 0.4973 at p < 0.05 and 0.4259 at 0.10 < p < 0.05).

Fig. 2 Methylation level at six
specific CpG sites in the 5'-UTR
of DAT gene. A gross reduction
of overall methylation status

is evident in ADHD patients

(n = 30) compared to healthy
controls (CT; n = 15)

- »
o o
1 ]

%DNA meth
DAT promoter
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Results
Gross methylation decrease in ADHD

A very first and impressive result (see Fig. 2) shows reduced
(nearly halved) levels of methylation, in all six-selected posi-
tions, for all of the ADHD patients (see red line, ADHD)
compared to healthy controls (see black line, CT). This is a
new and unexpected piece of data, since no obvious link is
known in the literature, for DAT gene, between a biomarker
of epigenetic control (namely, amount of methylation in gen-
eral) and ADHD.

Statistical correlation between DAT aAbs and clinical
scores

We found a correlation between DAT-aAbs titer and CGAS
score of —0.186 for 9/x patients and —0.395 for 10/10
patients, confirming a weak tendency towards a link between
DAT-aAbs titer and ADHD severity, but only within 10/10
patients. These data extend previous findings [34] that, in
patients showing the worst severity of ADHD profile, a very
high titer could be found in 10/10 carriers only.

We also found a correlation between DAT-aAbs titer and
delta-CGAS (i.e., score after 6 weeks minus score at enrol-
ment) of +0.5216 for 9/x patients and of +0.2689 for 10/10
patients. These data confirm a strong and significant link
between DAT-aAbs titer and likelihood of recovery, but only
for 9/x patients. Consistently, previous findings [34] showed
that, in 9/x patients only, a high titer at enrolment was cor-
related with likelihood of recovery after 6 weeks of therapy.

Therefore, two apparently contradictory pictures seg-
regated along genotypes. It could be asked how can it be
that the elevated DAT-aAbs titers are possibly serving as an
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M2 M3 M5 M6 M7 MEAN

CpG sites for methylation
A

\
2 3 5 6 7

gfé@gcggcggcttgccggagactcg’ég\/\agctccgc

@ Springer



246

Eur Child Adolesc Psychiatry (2018) 27:241-252

index of severity (in 10/10 patients), while seemingly are
an index of recovery in 9/x patients. At this point, we can
only speculate that these titers might mirror specific (but yet
unknown) molecular features of DAT that in turn depend on
the presence or not of the 9-repeat allele.

Statistical correlation between DAT aAbs
and methylation

When DAT-aAbs titers were subjected to formal correlations
with methylation data, it was clearly evident that the titer
correlated with different CpG sites depending on genotype.
Specifically, DAT-aAbs titers correlated with methylation
of CpG site at position M1 for patients with DAT 10/10
genotype, and conversely with methylation of CpG sites at
positions M2 and M6 for patients with a 9/x genotype.

Therefore, we could hypothesize that methylation at dif-
ferent sites could well serve a biomarker role similar to DAT
aAbs. Specifically, the elevated methylation at CpG M1,
alone or jointly with DAT-aAbs titers, may possibly serve
as an index of severity (in 10/10 patients), while it serves as
an index of recovery in 9/x patients when it occurs at CpG
M2 or M6, alone or together with titers (see Table 1).

Table 1 Correlation values
(Pearson’s R) between DAT-
aAbs titers and methylation

DAT 10/10 DAT 9/x

e ey ui Mean  0.212 0.359
athe 3UTR of DAT gene.in  CPG1 0469 0285
DAT 10/10 (n = 15), and DAT CpG2 -0.082 0.524
9/x (n = 15) patients CpG3 0.022 0.289
CpG5 0177 0.248
CpG6 0394 0.455
CpG7  0.065 0.117

Bold values trespass the thresh-
old for statistical significance

Statistical correlation between clinical scores
and methylation

For DAT 10/10 patients, we confirmed indeed that hyper-
methylation at CpG M1, as linked to the titer, would have a
role in predicting severity. We found indeed that only CpG
at position M1 correlated negatively (Pearson’s R = —0.480)
with CGAS value, and slightly with some of the Conners’
subscales (see Table 2). Therefore, hypermethylation at
CpG M1—much alike high DAT-aAbs titers—denotes a
low CGAS score, indexing severity of ADHD symptoms.

For DAT 9/x patients, correlations between the six-
selected CpG methylation sites and scores from clini-
cal scales (at enrolment) were never significant (data not
shown). Therefore, methylation does not appear to serve as
a diagnostic index for this genotype.

For DAT 9/x patients, we confirmed indeed that hyper-
methylation at CpG M2 and/or M6, as linked to the titer,
would have a role in predicting recovery. We found indeed
that the CpG at positions M2 and M6 correlated positively
with delta-CGAS value (Pearson’s R = +0.537 and +0.648,
respectively), as well as slightly negatively with some of
the Conners’ subscales (see Table 3). In particular, elevated
M2 and/or M6 methylation is associated with positive and
larger delta values, suggestive of the amelioration of CGAS
scores after a 6-week therapy. In addition, both CpG M2
and (to a lesser extent) M6 were linked to greatly negative
delta values, suggestive of amelioration in the scores for the
‘inattentive’ subscale as well as to less ‘hyperactivity’ after a
6-week therapy. Overall, hypermethylation at CpG M2 and/
or M6, much alike high DAT-aAbs titers, denotes (already at
enrolment) the likelihood of a quite quick recovery.

For DAT 10/10 patients, correlations between the six-
selected CpG methylation sites and delta scores from clinical
scales were never significant (data not shown). Therefore,
methylation does not appear to serve a prognostic index for
this genotype.

Table 2 Correlations between

. ' DAT 10/10 CGAS Conners’ mother

the methylation levels at six-

selected CpG sites, on one side Defiant opponent Inattentive Hyperactive ADHD index

(see rows), and Conners’ and

CGAS scores at enrollment, on Mean -0.325 0.266 0.237 —0.099 0.331

the other side (see COlUf{lnS), in CpG 1 —-0.480 0.368 0.361 0.186 0.348

DAT 10/10 (n = 15) patients CpG 2 ~0.090 0.160 0.296 ~0.131 0.415
CpG 3 —-0.090 0.180 0.001 -0.212 0.147
CpG 5 -0.132 0.114 0.086 -0.226 0.174
CpG 6 -0.207 0.248 0.462 -0.234 0.245
CpG7 -0.356 0.294 0.129 0.105 0.363

Bold and italic values denote statistical significance, but italic value denotes non-reliable significance: Con-
ner’s scales were only considered reliable if also CGAS scale was significant. Thus, higher methylation at

M1 mirrors low CGAS
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Table 3 Correlations between

X ' DAT 9/x CGAS, delta  Conners’ mother, delta Subscale with
the methylation levels at six- best change
selected CpG sites, on one Defiant opponent  Inattentive Hyperactive =~ ADHD index )
side (see rows), and “delta”

(score following 6 weeks of Mean 0.431 —-0.373 —0.560 —-0.659 —0.434 -0.6136

therapeutic approach minus CpG1l  0.143 -0.359 —-0.530 —0.490 —-0.358 —0.5645

score at enrolment) for Conners’ 59 g.537 ~0.466 0637  —0758 ~0.490 ~0.7198

and CGAS, on the other side

(see columns), in DAT 9/x CpG 3 0.374 —-0.283 —0.283 -0.372 —-0.318 -0.3718

(n = 15) patients CpG 5 0.379 —-0.178 —0.434 -0.593 —0.309 —0.5069
CpG 6 0.648 —-0.248 —0.458 —0.488 —0.487 —0.4195
CpG7 0.198 -0.392 —-0.401 -0.452 -0.210 —0.3680

Bold and italic values denote statistical significance, but italic values denote non-reliable significance: Con-
ner’s scales were only considered reliable if also CGAS scale was significant. Thus, higher methylation at
M2 or M6 denotes a likelihood of recovery following 6 weeks of therapeutic approach

Discussion

The present study provides new insights into possible strat-
egies for diagnosing ADHD and/or for predicting (and/or
monitoring) treatment efficacy. In particular, we provide pre-
liminary evidence that particular CpG sites are hypomethyl-
ated, in the 5"-UTR (transcribed but untranslated region) of
the SLC6A3 gene for human DAT. Our data report for the
first time an unexpected link between methylation of specific
CpG sites and titers of circulating DAT aAbs, which were
previously shown to be detectable and linked to ADHD [34].
However, this was not true for all patients but occurred only
in association with their genotype, namely, the VNTR poly-
morphism at 3'-UTR. Specifically, we already demonstrated
that the amounts of DAT aAbs, which are detectable in the
bloodstream, do correlate with ADHD symptoms’ severity
in the case of a 10/10 genotype and/or with likelihood to
respond positively after treatment in the case of patients car-
rying at least one 9-repeat allele [34]. In the present study,
we were able to extend this observation, further discover-
ing that the amounts of methylation are also correlated with
DAT-aAbs titers, depending on genotype, and hence with
ADHD symptoms’ severity or with likelihood to respond
positively to treatment.

There is extensive literature with discordant results on
the involvement of 3'-UTR VNTR polymorphism of DAT
in ADHD [17, 31, 79] as far as severity is concerned but
also for likelihood to respond after treatment [47, 64]. These
studies indicate that the 3" VNTR might not be the func-
tional site itself, but it could act as a tagging marker for
an alternative functional site that contributes to the ADHD
phenotype [79]. It is, however, quite new to find a role for the
5'-UTR in general and for specific CpG methylation sites in
particular, especially as it is clearly a function of VNTR at
3'-UTR; therefore, we deal with factors residing thousands
of base pairs apart. It is also quite new to find a link between
5'-UTR methylation, a factor residing on DNA well before
it is transcribed, and DAT aAbs, which may well be due to

a sort of auto-immune response against a self protein, and
anyway implies the translation and cell-surface expression
of DAT protein to act as an (auto)-antigen. Such a link is not
obvious, since it is not easy to figure out what happened to
transcribed mRNA and then to translation into DAT protein
(where these steps enhanced or lowered?).

Our data leave also unanswered the question about what
levels of promoter methylation as well as DAT protein are
expressed in different brain regions of ADHD patients as
well as in lymphocytes. With regard to this aspect, there
are no consistent data in the literature about VNTR poly-
morphism and density of DAT protein in the brain and in
lymphocytes of ADHD subjects [13, 39, 55, 58]. It could be
proposed that DAT aAbs in the bloodstream may somehow
mirror the quantity of DAT present on lymphocytes’ sur-
face, though this link should be demonstrated. Even more
difficult issue is to demonstrate, in humans, that peripheral
markers may somewhat mirror central levels of the same
markers. Use of animal models is therefore warranted as
they permit to compare central and peripheral parameters
related to a given behavioral phenotype (see [82]). Overall,
our data obtained on epithelial cells support a correlation
between DAT-aAbs levels and amount of methylation, in
few particular 5'-UTR CpG sites.

A working hypothesis

Consistently with our data, it has been already observed
that DNA methylation downstream of the transcription
starting site (TSS) more tightly correlates with repression
of gene transcription than methylation upstream of the
TSS, i.e., in the promoter region [9]. DNA methylation
at 5'-UTR should imply less transcription of DNA into
mRNA, yet the various CpG sites are related to high DAT-
aAbs titers. If indeed titers mirror DAT protein levels in
the bloodstream, these may indicate a large extent of trans-
lation, at least in the periphery. It is, therefore, unclear
how less transcription may result in more translation! It
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is tempting to speculate that either the 9- or the 10-repeat
VNTR (alleles of polymorphism at 3'-UTR) makes it more
likely that a few mRNAs generate a lot of DAT protein,
for instance, by enhancing mRNA stability. As an alterna-
tive explanation, we shall posit that one (or more) of the
CpG (when methylated) may act as a binding site for a
putative molecule that stimulates transcription (instead of
repressing it). Normally, in such a case, we would have
more mRNAs (though with a normal stability), thus jus-
tifying the 5’-UTR (rather than the 3’-UTR) as promoting
expression of DAT protein and hence of DAT aAbs. In
this context, it has been shown that methylation at specific
sites of a genomic sequence can either reduce [29, 30, 45]
or enhance [52] transcription factors attachment to DNA
regulatory regions.

One allele only was associated with likelihood of recov-
ery, and it appeared to be the 9-repeat one [34]; in our hands,
the 10-repeat allele confers resistance to treatment instead.
It is know from our previous paper [34] that 9/x patients are
showing decreased DAT-aAbs titers combined with a posi-
tive outcome of treatment. This notion implies that either the
transcription or the translation should perhaps be modulated;
namely, we assume that either transcription of mRNAs or
their translation may be somewhat reduced or blocked after
few weeks of therapeutic, environmental stimulation. We
speculate, therefore, of any between either possibility: first, a
CpG-favoured (5'-UTR-based) mRNA, whose transcription
may be blocked, or second, an over-stable (3'-UTR-based)
mRNA which translation can be turned off, by means of
appropriate therapeutic interventions. In the case of meth-
ylphenidate, where the drug acts by increasing extra-cellular
dopamine, a feedback can be proposed, so that the produc-
tion of further DAT protein is dampened. However, by
means of environmental stimulation, also the cognitive and
behavioral therapies may turn out to produce quite easily
the same effect.

To explain how genotypes interact with mRNAs, it would
be enough to elucidate which mechanism, between the
3'-UTR and the 5'-UTR-based ones (just described above),
is likely prone to environmental modulation. If environment
can switch off translation, when a 3'-UTR VNTR allele con-
fers excessive stability to its mRNAs, the 9-repeat allele is
candidate for this role and the 10-repeat allele is then linked
to 5'-UTR CpG-based inflexible transcription. If environ-
ment can switch off transcription, when a 5-UTR CpG allele
confers allowance to produce its mRNAs, the 9-repeat allele
is candidate for this role and the 10-repeat allele is linked to
3'-UTR VNTR-based inflexible translation. By deduction,
the second possibility appears much more likely, since an
eventual switch off of transcription on one allele (via the
5'-UTR) would leave unaltered translation of over-stable
mRNA by the other allele; conversely, the eventual switch
off of translation would act on mRNAs from both alleles.

@ Springer

Others already suggested that DNA methylation can be
influenced by cis-acting DNA sequence variation located
on the same chromosome [5, 28, 57, 59, 81] and our results
might thus be seen of relevance in the attempt to integrate
genetic variants and DNA methylation. A possible concern
might be the distance between the CpG sites under study
and the VNTR. These CpG sites are located ~1000 of bp
away from the VNTR; however, it has been demonstrated
that regulation in cis arrangement can actually occur at great
distances [5].

It is tempting to speculate that 10-repeat VNTR allele
confers a great stability to mRNAs, enhancing the likelihood
that few mRNAs give still rise to a lot of protein, which
production in turn may be out of control. Indeed, as this is
an hypothesis based on environmental effects on transcrip-
tion through the 5’-UTR, there is no way for environment to
act on over-stable mRNA produced by 10-repeat 3'-UTR.
We shall posit, conversely, that M2 and M6 are sites for
binding of a molecule that allows transcription. Normally,
when these sites are methylated, many more of normally
stable mRNAs are translated; however, it is relatively easy
to get them blocked, as environment is able to remove the
molecule allowing mRNAs to be translated (after few weeks
of therapeutic stimuli).

Specifically, as far as CpG M1 (1,444,716; chromosome
5) methylation is concerned, these levels are closely asso-
ciated with DAT-aAbs titers in 10/10 patients, as both are
indicative of ADHD severity in these patients. To discuss the
role of M1, we underline that expansion of a CGG repeat,
in the 5'-UTR of the FMR1 gene, is a genetic anomaly that,
when accompanied by epigenetic modifications (mainly
DNA methylation), results in the inactivation of the FMR1
gene and X-fragile symptoms (see [26, 74]). The importance
of DNA 5’-UTR methylation is confirmed by the rare males
who are unaffected by X-fragile, since they carry unmethyl-
ated full mutations, hence not repressing FMR1 transcrip-
tion. By applying a similar reasoning to our data, we suppose
DAT levels to be very high within the DAT 10/10 patients;
as such, hypermethylation at M1 as well as high DAT-aAbs
may be two attempts of trying to reduce DAT transcription
or function, respectively. This interpretation implies that
translation is elevated, as the 3'-UTR confers over-stability
to 10-repeat mRNAs.

Conversely, CpG M2 or M6 (1,444,713 or 1,444,685 on
chromosome 5) are closely associated with DAT-aAbs titers
in DAT 9/x patients, as both are indicative of likelihood to
respond positively after treatment in these patients. We may
suppose DAT levels to be high as well, therefore promoting
ADHD, but to possess room for being then diminished. Such
interpretation implies that an elevated translation can still be
reduced, as the stability of 3'-UTR 9-repeats mRNAs may be
modulated. In addition, the CGCG motif (M6) is a putative
target for members of a novel family of calmodulin-binding
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transcription activators (CAMTAs), reported in various
species: CAMTASs regulate transcription through binding to
a specific CGCG element [73] and have intriguingly been
recognized as integrators of stress responses [60]. As for the
present data, the M6 methylation may modulate CAMTAs
binding after few weeks of therapy indeed, and hence some-
what reduce or block the excessive mRNA transcription, at
least on carriers of that DAT 9-repeat allele (in one copy at
least). In support of this notion, we already reported [34]
that recovery of ADHD symptoms was also yielding to a
decrease of DAT aAbs, which in turn may mirror a reduced
expression of DAT protein, at least on lymphocytes.

Remarks on the role of DAT 5’-UTR and/or DAT aAbs

Little attention was given so far to the 5’ untranslated region
of SLC6A3 despite potential consequences on gene expres-
sion of sequence variation in this region [38, 53]. One
work identified many single nucleotide polymorphisms
(SNPs), covering exon 1 and intron 1 until the start of exon
2 (+2106). However, the role of the CpG methylation within
these sites is less well understood.

In this line, a striking link appears to exist to psycho-
immunological interactions [36, 42]. Recent literature
provides a clear indication that anti-neuronal antibodies
may target a wide range of CNS proteins, including neuro-
receptors [25, 37, 49, 50, 80, 83]. Nearly nothing is known
for DAT aAbs; yet, in the periphery (namely, in the blood-
stream), dopamine can mediate communication between
immune cells, and the cross-talk between the immune
and nervous systems [10, 72]. Dopamine can probably be
important for suppressing T-regulatory cells (Treg) which
are involved in auto-immunity [19, 54]. Altered activity of
Treg (due to abnormal dopamine) could lead to uncontrolled
function of effector T cells and to auto-immunity [62, 63].
Thus, DAT over-expression outside the brain, as in lym-
phocytes of ADHD children, could lead to dysregulation
of neuro-immune systems [4]. The issue of a role for neuro-
immune components in ADHD deserves, however, further
investigation.

The interactions between genetics, epigenetics, (auto)-
immunity on one side, and social as well as familiar envi-
ronment on the other hands, are at the basis of the concept
of multifinality: according to the Developmental Psycho-
pathology framework, a specific risk factor can produce
a multiplicity of outcomes depending on other causes or
developmental contexts [15, 16, 76]. Thus, the effect of
methylation or of a polymorphism, associated with a mala-
daptive developmental outcome, may well vary depending
on other environmental factors such as, e.g., the quality of
parent—infant interactions or parental caregiving capacity
[11, 56]. It is tempting to propose that methylation levels
in correlation with maternal Conners’ scores of the present

study may provide an index not only for children behav-
ior in itself but more in general for a deviant mother—infant
dynamics along the ADHD dimensions.

The importance of such environmental factors and of the
proposed biomarkers (genotype, methylation, and aAbs for
DAT as well other candidate genes) suggests the need, in
future studies, to evaluate them in both parents and chil-
dren. Moreover, a problematic issue to be addressed would
be whether biomarkers found in our clinical sample have a
certain degree of stability of if they vary over time during
development. Molecular epigenetics as well as auto-anti-
bodies, in fact, may well operate over quick and subtle or
slow and persistent processes. Very importantly, it will be
crucial to understand whether changes in these biomark-
ers are indicative of discrete, adverse environmental events
(e.g., early traumatic experiences), or more complex, per-
sistent factors (e.g., parental quality of caregiving, neglect,
or maltreatment).

Conclusion

Unfortunately, to date, clinical diagnosis of ADHD is solely
based on structured interviews or on questionnaires. Nev-
ertheless, reliability of these criteria for ADHD diagnos-
tics remains a matter of debate. This study provides a hint
towards a new and potentially very useful biomarker for
diagnosis and/or prognosis. Our clinical experimentation
demonstrates that determination of DNA methylation lev-
els at specific CpG residues within the 5’-UTR region of the
human DAT gene, alone or in combination with quantitation
in blood of auto-antibodies (aAbs) against specific peptide
fragments of DAT, is a robust and reliable marker of ADHD.

Our present data suggest that CpG methylation and/
or DAT aAbs can be used to diagnose ADHD at least in
the patients who are homozygous for the 10-repeat VNTR
alleles. Instead, in carriers of at least one 9-repeat allele,
our available biomarkers can only predict the efficacy of
therapeutic approaches, consisting of cognitive and behav-
ioral interventions with or without psycho-stimulant drugs.
The main limitation of this study is the relative small sample
size. Another limitation may be represented by tools used
to classify ADHD symptoms. First, CGAS scores are an
estimator of global functioning and thus provide an indi-
rect assay of ADHD severity, and second, Conners’ scores
by teachers are lacking, which would add an insight into
children functioning in a school context. Actually, in our
previous paper [34], we report Conners’ scales for both
teachers and fathers, along with their correlations to aAbs
titers. Presently, we decided to limit our investigations to
the two scores for which we had a first measure at recruit-
ment and a second measure 6 weeks after, namely, CGAS
and mothers’ Conners (as we could run formal correlations
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with delta-score changes). Further studies in larger series of
patient—together with their parents and perhaps also first-
degree relatives—and with an extensive psychometric panel
are warranted to monitor the effectiveness of the proposed
biomarkers, by ascertaining whether or not they show a con-
sistent change during the progress of symptoms’ recovery
upon various ADHD therapeutic treatments.
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