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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is one of the most prevalent complex psychiatric disorders in
children as well as adults. ADHD impacts not only the affected individuals but also their families and social and
professional networks. The clinical and diagnostic criteria for ADHD remain imprecise, in part, due to lack of
robust biomarkers. ADHD comprises multiple subsets of diseases that present a shared set of downstream
clinical findings, while displaying extensive molecular heterogeneity. This calls for innovation in diagnostic
strategies that can help establish an ADHD diagnosis unequivocally as well as guiding precision medicine in
this common mental health disorder. No study has examined, to the best of our knowledge, the upstream
regulation of miRNAs that impact the downstream final ADHD phenotype. The latter focus on putative genetic
biomarkers that regulate the regulators and can be tested empirically, for example, through genetic association
analyses of the biogenesis pathways for miRNAs that impact the ADHD phenotype. Hence, we report here
polymorphic variation in 10 miRNA biogenesis pathway candidate genes, including RNASEN, DGCR8, XPO5,
RAN, DICER1, TARBP2, AGO1, AGO2, GEMIN3, and GEMIN4, in a large sample from the Eastern Medi-
terranean region (N = 355; 191 cases and 164 controls). We found that AGO1 rs595961 was significantly
associated with ADHD susceptibility ( p < 0.05). While polymorphic variation in other miRNA biogenesis
pathway genes did not display a significant association in the present sample, the observations reported herein
on miRNA biogenesis variation offer a new avenue of research for innovation in biomarker discovery con-
cerning ADHD and other complex psychiatric diseases with major global health burden.
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Introduction

Attention deficit hyperactivity disorder (adhd)

(ICD-10 F90.0) is a major and complex psychiatric
disorder and highly prevalent in children as well as adults.
ADHD impacts not only the affected individuals but also their
families and social and professional networks. The clinical and
diagnostic criteria for ADHD remain imprecise, in part, due to
lack of robust biomarkers or sophisticated diagnostics (Akgün
et al., 2011; Wender et al., 2001). Innovation in complex
disease diagnostics and systems biology approaches examin-
ing multiple putative genes and pathways are thus timely and

much needed (Bonvicini et al., 2016; Mhandire et al., 2016;
Palmieri et al., 2016; Yılmaz et al., 2016).

The prevalence rates for ADHD in childhood are estimated
around 3% and generally fall within the 3% to 5% range cited
in the Diagnostic and Statistical Manual of Mental Dis-
orders, fifth edition (DSM-5), when strict diagnostic guide-
lines are followed, with similar prevalence rates found for
adults. Persistence rates for ADHD into adulthood for the
diagnosed children range from 40% to upward of 75% de-
pending on the definition of persistence used. That is, the
rates for full persistence range from 36% to 40% using strict
DSM criteria, whereas the rates for symptomatic persistence

1Department of Medical Biology, Medical Faculty, Mersin University, Mersin, Turkey.
2School of Medical and Health Sciences, Edith Cowan University, Perth, Australia.
3Beijing Key Laboratory of Clinical Epidemiology, School of Public Health, Capital Medical University, Beijing, P.R. China.
4Department of Biostatistics and Medical Informatics, Medical Faculty, Duzce University, Duzce, Turkey.

OMICS A Journal of Integrative Biology
Volume 21, Number 6, 2017
ª Mary Ann Liebert, Inc.
DOI: 10.1089/omi.2017.0048

1



with functional impairment are higher at upward of 75%
(Ramsay, 2017).

The clinical and diagnostic criteria for ADHD remain
imprecise, on the other hand, due to lack of robust biomarkers
or sophisticated diagnostics. ADHD comprises multiple
subsets of diseases that present a shared set of downstream
clinical findings while displaying extensive molecular and
biological heterogeneity. This calls for innovation in diag-
nostics that can help establish an ADHD diagnosis un-
equivocally as well as guiding precision medicine in this
common mental health disorder.

It is interesting to note that no study has examined, to the
best of our knowledge, the upstream regulation of miRNAs
that impact the downstream final ADHD phenotype. The
latter focus on putative biomarkers that regulate the regula-
tors and can be tested empirically, for example, through ge-
netic association analyses of the biogenesis pathways for
miRNAs that impact downstream, on the ADHD phenotype.

Figure 1 displays a conceptual depiction of our proposed
diagnostics innovation strategy and the ways in which up-
stream miRNA biogenesis pathways’ genetic variation might
impact the downstream candidate genes and interactomes
pertaining to ADHD complex phenotype. Hence, miRNA
biogenesis pathways can be underscored as upstream regu-
lators that regulate downstream pathways such as miRNA
genetic variation. miRNAs are among noncoding RNAs and
play a pivotal role on translational regulation of eukaryotic
gene expression. miRNAs that control the protein coding
genes are key molecules in gene regulatory pathways. There
are multiple processing steps to produce the mature miRNA.
Each step of mature miRNA biogenesis is under control and
disruption of these control mechanisms is associated with
various human diseases (Finnegan and Pasquinelli, 2013).

We report here polymorphic variation in ten miRNA bio-
genesis pathway genes, including RNASEN, DGCR8, XPO5,
RAN, DICER1, TARBP2, AGO1, AGO2, GEMIN3, and GE-
MIN4, in a large sample of 355 subjects from the Eastern
Mediterranean region. Moreover, we underscore the study of

miRNA biogenesis pathway molecular genetic variation as a
new strategy for biomarker discovery and diagnostic inno-
vation strategy in ADHD specifically and psychiatric genet-
ics more broadly.

Materials and Methods

Subjects

All subjects provided written and informed consent. We
obtained Research Ethics Committee approval from the Turkish
Ministry of Health General Directorate for Healthcare Services
before peripheral blood samples were collected from patients
and controls for DNA analyses. Subjects with a diagnosis of
neurologic/chronic disease, psychotic disorders, psychiatric
disorders due to an organic cause, and mental retardation were
excluded. We recruited 191 unrelated persons between the ages
of 18 and 60, having an ADHD history in childhood, receiv-
ing 36 and more points from the Wender Utah Rating
Scale (WURS), and diagnosed as having ADHD according
to Diagnostic and Statistical Manual of Mental Disorders,
fourth edition (DSM-IV) diagnostic criteria, as the case study
group. Control group consisted of 164 unrelated persons aged
between 18 and 60 years.

Case and control subjects were selected from the same
geographical catchment area in the Mersin province in Tur-
key in the Eastern Mediterranean region.

Genetic polymorphism analyses

The salting-out method was used for DNA isolation from
peripheral blood (Miller et al., 1988). For genotyping,
polymorphic sequence-specific probes were used for real-
time polymerase chain reaction and real-time PCR (Gedik
et al., 2015). While selecting polymorphisms, those whose
minor allele frequency is higher than 0.01 were included.
Primarily, the polymorphisms in the regions (3¢-UTR and
promoter region) that may impact gene expression were se-
lected (Table 1).

Allele frequencies of genes from relevant populations in
Europe were obtained from the database of single-nucleotide
polymorphisms (dbSNP) from the HapMap-CEU population.

Primary and probe oligonucleotide sequences defined
by Gedik et al. (2015) were synthesized by Metabion Inter-
national AG, D-82152 Martinsried/Deutschland. Real-time
PCR genotyping experiments were conducted on the Applied
Biosystems (ABI) Prism 7500 Real-Time PCR equipment.

Statistical analyses

The relationships between disease and genotypes or allele
were examined by chi-square or likelihood ratio tests. The
Hardy–Weinberg equilibrium was tested in case and control
groups. Univariate or multivariate logistic regression analyses
with all genes were used to obtain the odds ratios. Independent
sample t-test was used to compare groups in terms of age.
Descriptive statistics for continuous variables are given as
mean – standard deviation and as frequency and percentage for
categorical variables. A p value <0.05 was accepted as being
statistically significant.

Results

We performed genetic analyses in 191 (mean age: 27.23
years –9.01) individuals from the case group and 164

FIG. 1. Illustration shows the upstream miRNA biogene-
sis pathways’ genetic variation impacting the downstream
ADHD mechanisms such as miRNA genes and, by extension,
other candidate genes and interactomes pertaining to ADHD
complex phenotype. Hence, miRNA biogenesis pathways are
underscored as upstream regulators that in effect regulate the
downstream disease mechanisms such as miRNA genetic
variation. ADHD, attention-deficit/hyperactivity disorder.
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(mean age: 27.84 years –9.19) from the control group. There
was no significant difference between case and control
groups in age. Associations with ADHD are presented using
genotype data (Table 2) and allelic data and distribu-
tions (Tables 3 and 4). While the Hardy-Weinberg equi-
librium (HWE) was achieved in most candidate genes in
cases and controls, the exceptions when HWE was not in
equilibrium are noted in the table footnotes if applicable.
We found that the GEMIN4 variation in the present study
resembled Asian populations more using data obtained
from dbSNP.

Importantly, statistical association was observed in the
AGO1 rs595961 gene (odds ratio: 1.508; 95% confidence
interval 1.006–2.261, p = 0.047). We found that DICER1
rs3742330 and AGO1 rs595961 genotypes were significantly
associated with an increased risk of disease in univariate
analyses. In multivariate analyses incorporating genetic
variation from all candidate genes, the AGO1 genotype re-
mained significantly associated with an increased risk of
disease (Table 5).

Discussion

ADHD is an important neurodevelopmental disorder be-
cause of high prevalence, continuation in adult life, and
negative impacts on the future of individuals and their fam-
ilies. As is the case with many complex disorders, it is not
possible to explain ADHD using monogenic models or a
singular genetic and environmental risk factor. The present
study had a unique focus on the upstream miRNA biogenesis
pathways that can impact the downstream development of the
ADHD phenotype.

We found that AGO1 rs595961 was significantly associ-
ated with ADHD susceptibility ( p < 0.05). In addition to the
allele frequencies, relevant allele percentages were obtained
from the dbSNP. Our results are consistent with the data
from European populations except GEMIN4. The GEMIN4
was more akin to Asian populations rather than European
populations.

Insofar as the genotype distributions are concerned, we
found that AGO1 was statistically notable. As with the allelic

Table 1. Candidate Genes in miRNA Processing Pathway and Their Polymorphisms Examined

in Attention-Deficit/Hyperactivity Disorder Case and Control Groups

Gene Gene ID Chr location SNP Position Variant (M>m)

RNASEN (DROSHA) 29102 chr5:31401447 rs10719 3¢-UTR C > T
DGCR8 54487 chr22:20098359 rs1640299 3¢-UTR G > T
XPO5 57510 chr6:43490947 rs11077 3¢-UTR A > C
RAN 5901 chr12:131361241 rs14035 3¢-UTR C > T
DICER1 23405 chr14:95553362 rs3742330 3¢-UTR A > G
DICER1 23405 chr14:95556747 rs13078 3¢-UTR A > T
TARBP2 6895 chr12:53894465 rs784567 5¢-UTR C > T
AGO1 (EIF2C1) 26523 chr1:36367780 rs595961 Intron 10 A > G
AGO2 (EIF2C2) 27161 chr8:141647414 rs4961280 Promoter A > C
GEMIN3 (DDX20) 11218 chr1:112297482 rs197388 Promoter A > T
GEMIN4 50628 chr17:655920 rs910924 Promoter C > T

Chr, chromosome; dbSNP, SNP location on reference genome in SNP data bank; M, major allele; m, minor allele; SNPs, single-
nucleotide polymorphisms; UTR, untranslated region.

Table 2. Genotypic Distributions among Attention-Deficit/Hyperactivity

Disorder Case and Control Groups

GENE/rs No
Major > minor

allele Genotype

ADHD
case

group (n)

Total case
sample

number (n)a
Control

group (n)

Total control
sample

number (n)a

ADHD
association

p-value

RNASEN rs10719 C > T CC/CT/TT 85/85/18 188 65/65/22 152 0.378
DGCR8 rs1640299 G > T GG/GT/TT 75/86/29 190 55/66/41 162 0.062b

XPO5 rs11077 A > C AA/AC/CC 63/85/42 190 62/67/26 155 0.305
RAN rs14035 C > T CC/CT/TT 99/71/10 180 69/55/9 133 0.822
DICER1rs3742330 A > G AA/AG/GG 131/55/4 190 127/32/4 163 0.126
DICER1 rs13078 A > T TT/TA/AA 139/38/3 180 96/22/3 121 0.744
TARBP2 rs784567 C > T CC/CT/TT 64/85/42 191 58/55/44 157 0.175b

AGO1 rs595961 A > G AA/AG/GG 114/74/0 188 116/45/0 161 0.025
AGO2 rs4961280 C > A CC/CA/AA 138/47/4 189 106/40/7 153 0.405
GEMIN3 rs197388 A > T TT/TA/AA 137/33/6 176 84/21/6 111 0.708
GEMIN4 rs910924 C > T CC/CT/TT 121/59/6 186 99/40/8 147 0.452

aSample sizes reflect the genotype data experimentally generated.
bThe control group is not in Hardy–Weinberg equilibrium at this locus.
ADHD, attention-deficit/hyperactivity disorder.
p-Values <0.05 are indicated in bold.
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variation data in that gene, the AG genotype appears to in-
crease the risk of developing ADHD compared with the AA
genotype. Our analyses did not find any individual with GG
genotype in the case or in the control group. Based on the
dbSNP data, GG genotype is observed under 1% in European
populations. It has been argued previously that the miRNA
genes are evolutionarily well-protected small ncRNAs (An-
tshel et al., 2011). Thus, it can be assumed that low frequency
of the GG genotype is associated with Argonaute (AGO)
proteins being well protected due to importance of their
functional role in mature miRNA biogenesis (Kanellopoulou
and Monticelli, 2008).

AGO proteins are the major molecules for noncoding
RNA-mediated gene silencing in many organisms. In recent

years, new discoveries have been made about the function of
AGO proteins in various model organisms. AGO proteins
have been reported to play an important role in the repair and
division of germ cells, transcriptional and translational reg-
ulation, alternative binding, and heterochromatin formation
(Azlan et al., 2016).

AGO loading largely depends on DICER and its accessory
proteins. Dicer/AGO/miRNA complex is related to GEMIN3,
GEMIN4, and other gene products. The structure that AGO
and the guide strand form together is named mi-RISC.
miRNA acts as an adaptor for mi-RISC to regulate and rec-
ognize certain mRNAs. The level of miRNA-mRNA com-
plementarity is a key factor in regulation mechanisms.
Perfect matching causes the destruction of Ago-catalyzed

Table 3. Allelic Distributions in Attention-Deficit/Hyperactivity Disorder Case and Control Groups

Gene-allele SNP Reference No. Case group (%) Control group (%) European frequencya (%)

RNASEN-G(C) rs10719 67.60 64.10 76.75
RNASEN-A(T) 32.20 35.90 23.25
DGCR8-G rs1640299 62.10 54.30 48.75
DGCR8-T 37.90 45.70 51.25
XPO5-T(A) rs11077 55.50 61.60 58.30
XPO5-G(C) 44.50 38.40 41.70
RAN-G(C) rs14035 74.70 72.60 70.40
RAN-A(T) 25.30 27.40 29.60
DICER1-A rs3742330 83.40 87.70 92.50
DICER1-G 16.60 12.30 7.50
DICER1-T rs13078 87.80 88.40 84.20
DICER1-A 12.20 11.60 15.80
TARBP2-G(C) rs784567 55.80 54.50 51.30
TARBP2-A(T) 44.20 45.50 48.70
AGO1-T(A) rs595961 80.30 86.00 84.10
AGO1-G(C) 19.70 14.00 15.90
AGO2-C rs4961280 85.40 82.40 87.50
AGO2-A 14.60 17.60 12.50
GEMIN3-T rs197388 87.20 85.10 70.80
GEMIN3-A 12.80 14.90 29.20
GEMIN4-C rs910924 80.90 81.00 66.30
GEMIN4-T 19.10 19.00 33.70

adbSNP was used for the European frequencies.

Table 4. Allelic Frequency Distributions Among Attention-Deficit/Hyperactivity

Disorder Case and Control Groups

Gene

SNP
Reference

No.
Ancestral

allele
Major>minor

allele

ADHD case
group
alleles

Number
of cases (n)a

Control
group
alleles

Number
of controls

(n)a

ADHD
association

p-value

RNASEN (DROSHA) rs10719 T C > T 255/121 188 195/109 152 0.314
DGCR8 rs1640299 G G > T 236/144 190 176/148 162 0.037b

XPO5 rs11077 C A > C 211/169 190 191/119 155 0.107
RAN rs14035 T C > T 269/91 180 193/73 133 0.542
DICER1 rs3742330 A A > G 317/63 190 286/40 163 0.106
DICER1 rs13078 T T > A 316/44 180 214/28 121 0.809
TARBP2 rs784567 C C > T 213/169 191 171/143 157 0.731
AGO1 rs595961 G A > G 302/74 188 277/45 161 0.046
AGO2 rs4961280 A C > A 323/55 189 252/54 153 0.271
GEMIN3 rs197388 A T > A 307/45 176 189/33 111 0.479
GEMIN4 rs910924 C C > T 301/71 186 238/56 147 0.990

aSample sizes reflect the genotype data experimentally generated.
bThe control group is not in Hardy–Weinberg equilibrium in this locus.
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mRNA chain and imperfect matching leads to regulation of
mRNA translation (Carthew and Sontheimer, 2009; Peters
and Meister, 2007).

AGO1 maps to 1p34.3; an association between ADHD and
an AGO1 SNP has not yet been reported to the best of our
knowledge. However, the CSMD2 gene (CUB and Sushi
multiple domains 2) located very close to AGO1 can have an
impact on ADHD based on dbGaP (Database of Genotype
and Phenotype). CSMD2 is a protein that regulates gene
expression in the brain, cerebral cortex, substantia nigra, and
cerebellum and has a potential role in neurogenesis and cell
adhesion. The loci in the neighborhood of the significant SNP
we have uncovered here might putatively have the same
haplotype in relation to conferring a change in ADHD risk
(Lesch et al., 2008).

DGCR8 is necessary for the first steps in primary tran-
scriptions in the mature miRNA biogenesis pathway. Rao
et al. (2009) have reported that DGCR8 deletion causes car-
diomyopathy and premature death and that this gene plays an
important role in cardiovascular function as noted in other
analysis as well (Wilker et al., 2010).

DGCR maps to chromosome 22. Increase in the incidence
of schizophrenia and other neuropsychiatric disorders was
noted when the individuals with 22q11 deletion were ex-
amined. One of the deleted genes is DGCR8 gene, coding an
important component of the microprocessor complex in most
individuals with 22q11 deletion syndrome (22q11DS), and it
has a role in microRNA (miRNA, miR) biogenesis for gene
regulation. Haploinsufficiency of DGCR8 may thus cause
change in miRNA expression and it may lead to an extensive
range of clinical phenotype, including cognitive, neu-

ropsychological, psychiatric disorders, and heart disease, in
people with 22q11DS (Sellier et al., 2014). These data and the
results from animal studies in mice suggest that DGCR is an
important mediator in neuropsychiatric diseases (Kimber
et al., 1999). Yet, putative linkages between DGCR8 and
DEHB remain elusive at present.

Exportin-5 (XPO5) protein is the specific carrier of pre-
miRNA. It seems plausible that XPO5 SNPs located in the
3¢ UTR region affect the expression level of proteins. In a
study conducted by Boni et al. (2011) in patients with met-
astatic colon cancer, they determined that SNPs of XPO5
change the disease control ratio and stated that disease con-
trol ratios increase relative to the CC genotype in individuals
with AA and AC genotypes. Yet, in another study, while the
XPO5 is expressed less in lung cancer (bronchiole alveolar
carcinoma) stage 1 disease, its expression is increased in
prostate cancer (Chiosea et al., 2006, 2007). The change in
ancestral allele alters the binding site for miR-575 according
to PolymiRTS (polymorphism in microRNA target region),
with polymorphism occurring in RAN, rs14035. This change
forms a binding site for miR-182 instead of miR-575 (Ryan
et al., 2010).

Another cancer study suggested that polymorphisms oc-
curring in pre-miR631 increase the esophageal cancer risk
considerably (Cummins et al., 2006). It was also proposed
that XPO5 and RAN genes play a role in miRNA biogenesis
and increase the esophageal cancer risk substantively (Lund
et al., 2004). Silencing XPO5 expression by using RNA in-
terference causes a decrease in miRNA level (Ye et al.,
2008). Although we did not find a significant association with
XPO5 and RAN genotypes and ADHD, the importance of

Table 5. Univariate and Multivariate Logistic Regression Analyses for Association

of Genotypes with Attention-Deficit/Hyperactivity Disorder

Gene Genotype

Univariate analysis Multivariate analysis

OR (95% CI)

ADHD
association

p-value OR (95% CI)

ADHD
association

p-value

RNASEN CT 1.000 (0.633–1.579) 1.000 0.741 (0.415–1.324) 0.311
rs10719 TT 0.626 (0.310–1.262) 0.190 0.511 (0.203–1.286) 0.154
DGCR8 GT 0.956 (0.595–1.534) 0.851 0.663 (0.360–1.220) 0.187
rs1640299 TT 0.519 (0.288–0.935) 0.029 0.516 (0.240–1.109) 0.090
XPO5 AC 1.249 (0.777–2.007) 0.360 1.081 (0.598–1.953) 0.796
rs11077 CC 1.590 (0.871–2.902) 0.131 1.622 (0.746–3.526) 0.222
RAN CT 0.900 (0.564–1.436) 0.658 0.844 (0.484–1.472) 0.549
rs14035 TT 0.774 (0.299–2.006) 0.598 0.455 (0.150–1.385) 0.166
DICER1 AG 1.666 (1.011–2.746) 0.045 1.144 (0.620–2.110) 0.668
rs3742330 GG 0.969 (0.237–3.960) 0.966 1.795 (0.277–11.620) 0.539
DICER1 TA 1.193 (0.664–2.143) 0.555 1.031 (0.524–2.028) 0.929
rs13078 AA 0.691 (0.137–3.494) 0.655 0.479 (0.065–3.506) 0.468
TARBP2 CT 1.401 (0.857–2.289) 0.179 1.352 (0.729–2.510) 0.339
rs784567 TT 0.865 (0.498–1.503) 0.607 0.925 (0.436–1.964) 0.839
AGO1 (EIF2C1) AG 1.673 (1.065–2.629) 0.026 2.316 (1.274–4.209) 0.006
rs595961 GG — — — —
AGO2 (EIF2C2) CA 0.903 (0.552–1.476) 0.683 0.834 (0.444–1.564) 0.571
rs4961280 AA 0.439 (0.125–1.539) 0.198 0.277 (0.055–1.395) 0.120
GEMIN3 TA 0.964 (0.523–1.775) 0.905 0.861 (0.438–1.689) 0.663
rs197388 AA 0.613 (0.191–1.963) 0.410 0.877 (0.216–3.565) 0.854
GEMIN4 CT 1.207 (0.746–1.953) 0.444 0.776 (0.431–1.399) 0.399
rs910924 TT 0.614 (0.206–1.828) 0.380 0.752 (0.187–3.022) 0.688

CI, confidence interval; OR, odds ratio.

MIRNA BIOGENESIS PATHWAYS AND ADHD RISK 5



their function in mature miRNA formation calls for further
studies in independent samples.

Zebrafish and rat experiments show that extensive ex-
pression and intensive activity of miRNAs in the brain may
have a significant role in neurologic diseases. Deletion of
Dicer in dopamine neurons results in progressive loss of
dopamine neurons and decrease in mobility with Parkinson-
like behaviors. Dicer loss in dopamine-receptive neurons
may in the meantime cause behavior changes such as ataxia,
neuronal deficiencies such as reduced neuronal size, and as-
trogliosis (Miller and Wahlestedt, 2010). Dicer1 and trans-
activation response RNA-binding protein (TRBP) take part in
the pre-miRNA process. Dicer1 is alone haploinsufficient in
terms of the tumor suppressor effect. Indeed, it has been
noted that low level of Dicer1 mRNA is associated with
reduction in survival in cancer patients. Interestingly, it has
been observed that rs3742330 in the 3¢ UTR region of Dicer1
is associated with an increased risk of premalignant oral le-
sions in individuals with leukoplakia and/or erythroplakia
(Ryan et al., 2010).

Melo et al. (2009) have identified two frameshift mutations
in TRBP that introduce premature stop codons and noted that
it causes the decreasing of TRBP expression. As a result of
this mutation in TRBP, whose function is, in part, to regulate
the stability of Dicer1, it has been observed that it decreased
the Dicer expression, causing the low level of miRNA pro-
duction and an association with high cell proliferation (Ryan
et al., 2010). In our study sample, we did not find a statisti-
cally significant association in terms of Dicer and TRBP link
with ADHD.

Horikawa et al. (2008) have reported a relationship be-
tween renal cell carcinoma and miR SNP. They pointed out
that change in nonsynonymous SNPs in GEMIN 4 (rs7813
and rs2740348) and GEMIN 3 (rs197412) reduced the risk of
renal cell carcinoma significantly (Horikawa et al., 2008). We
did not, however, observe a significant association between
GEMIN and ADHD in our study sample.

Studies have examined the relationship between miRNA
biogenesis pathways and certain types of cancers ( Ji et al.,
2017; Takahashi et al., 2017). The effect of miRNAs in other
psychiatric disorders was noted as alterations in miRNA
biogenesis and/or expression in the brain and/or peripheral
blood cells of patients with schizophrenia, bipolar disorder,
major depression, and suicide risk (Sánchez-Mora et al.,
2013). miRNAs are required for synaptic plasticity, neuronal
differentiation, development, and repair. Unpacking their
effects on ADHD (Sánchez-Mora et al., 2013) might require
the tandem study of upstream candidate genes, that is, in
miRNA biogenesis pathways, and the present report makes
an original contribution.

Deviations from HWE in both case and control groups
were noted in some loci, as noted, for example, in Table 2. A
flip-flop phenomenon results from an interlocus correlation
with the variant at another locus through linkage disequilib-
rium and has been reported on putative genotypic associa-
tions (Zhang, et al., 2011; Zhao et al., 2016). In addition, the
HWE deviation among the controls might presumably be at-
tributable to the practice of consanguineous marriage, not
uncommon in Turkey and the Asia Minor region. Therefore,
such populations might be highly distinguishable from other
populations due to genetic isolation. Similar deviations from
HWE have been reported in the other population-based studies

in the endogamous Pakistani communities (Wang et al., 2000)
and Chinese Muslim populations in terms of possible ethnic
stratification (Black et al., 2006; Wang et al., 2003).

We caution the reader that larger sample size studies are
necessary in understanding the broader clinical applicability
and whether and to what extent our findings can be replicated
in other population samples. Furthermore, gene expression
and transcriptomic studies of the miRNA biogenesis path-
ways and knockout mouse experiments would bring about
further insights.

Taken together, miRNA biogenesis pathway genes warrant
further studies in larger samples from independent popula-
tions. These new observations pertaining to miRNA bio-
genesis offer new promise and avenue of research for
innovation in molecular biomarker discovery strategies
concerning ADHD and other common complex psychiatric
diseases with major public health burden.
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