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Abstract

Polymorphisms in latrophilin 3 (LPHN3) were recently reported to be associated with attention-deficit/hyperactivity disorder
(ADHD), and subsequently other researchers tried to replicate the findings in different populations. This study was aimed
to confirm the role of the LPHN3 in ADHD and explore the potential interactions with environmental risk factors in Chi-
nese Han population. We examined the association of LPHN3 with ADHD in a population of 473 ADHD children and 585
controls. As a supplement of ADHD diagnosis, Conners Parent Symptom Questionnaire (PSQ) was used to evaluate ADHD
symptoms. Blood lead levels (BLLs) were measured by atomic absorption spectrophotometry and other potential environ-
mental risk factors were determined via a questionnaire filled out by the parents. Finally, after validation in an independent
sample (284 cases and 390 controls), we observed significant associations between LPHN3 variants rs1868790 and ADHD
risk in combined stage within codominant model [TA/AA: OR (95% CI)=1.636 (1.325-2.021)], dominant model [OR (95%
CI)=1.573 (1.288-1.922)], and additive model [OR (95% CI)=1.535 (1.266-1.862)]. Furthermore, rs1868790 significantly
interacted with BLLs and maternal stress to modify ADHD susceptibility (P <0.05), and rs1868790 was found to be related
with ADHD symptoms (P <0.05). Expression quantitative trait loci analysis further indicated that rs1868790 took part in
the regulation of LPHN3 gene expression. As the first study to comprehensively explore the role of LPHN3 in ADHD in
Chinese children, our research suggests that LPHN3 gene has a significant effect on the ADHD in a Chinese population.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is the most
common psychiatric disorder in children of school age,
occurring in 3—10% of the population in China [1]. ADHD
is characterized by elevated levels of inattention and/or
hyperactive or impulsive behaviors that cause significant
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Recently, several studies have shown an association
between G protein-coupled receptor L3 gene (ADGRL3,
also known as latrophilin 3 or LPHN3) and ADHD [5], and
replication studies have been conducted in different popula-
tions, but not in Chinese [5—-11]. LPHN3 is a member of
latrophilins (LPHNS, receptors of a-latrotoxin), and the
endogenous functions of LPHNS s are linked to cell adhesion
and synapse formation or maintenance. LPHN3 is primarily
localized in the amygdala, caudate nucleus, cerebral cortex,
and cerebellum, which are the key brain regions associated
with ADHD [5].

Arcos-Burgos et al. firstly reported the association
between LPHN3 and ADHD, and except for susceptibility,
the rs6551665 SNP was also associated with MPH treat-
ment response efficacy [5]. Hwang and Choudhry et al. con-
firmed the association between rs6551665 and ADHD risk
in an independent population [6, 12]. LPHN3 rs2305339
was implicated in ADHD and combined subtype in a cohort
of Spanish children (P=0.0153 and 0.0124, respectively),
and significant association with ADHD was also found in
the male sample (P =0.0001) [7]. This variant was also
related to a refined phenotype of ADHD in the Multi-
modal Treatment Study [OR (95% CI)=2.25 (1.28-3.97),
P=0.004] [10]. Single- and multiple-marker analyses
showed additional evidence of association between LPHN3
and combined ADHD in adulthood [P=0.0019, OR=1.82
(1.25-2.70) and P=5.1E-05, OR=2.25 (1.52-3.34),
respectively] [8]. Besides, Bruxel et al. reported that CGC
haplotype derived from rs6813183, rs1355368 and rs734644
was an ADHD risk haplotype (P=0.02, OR=1.46) [9] and
family-based genetic analyses identified ADHD-associ-
ated SNPs harbored in evolutionarily conserved elements
functioning as transcriptional enhancers [11]. Four SNPs
(rs1947274, rs2345039, rs6551655, and rs6858066) in
LPHN3 were found to have a significant effect in discrimi-
nating good responders from non-responders and five tag
SNPs (rs1868790, rs6551665, rs1947274, rs6858066, and
r52345039) were associated with behavioral assessment by
parents [13]. LPHN3 gene even impacts behavioral and neu-
rophysiological measures of cognitive response control [14].

Furthermore, Jain et al. found a cooperative interac-
tion between LPHN3 and 11q doubled the risk for ADHD
[15], and this interaction also explained differences in brain
metabolism and pharmacogenetic response to stimulant
medication, and predicted ADHD severity and long-term
outcome [16]. In later research, highly significant interac-
tion between four LPHN3 tag SNPs (rs1947274, rs2345039,
rs6858066, rs6551665) and maternal stress during preg-
nancy was noted [12]. If confirmed in independent large
studies, they may present a step forward in unraveling the
complex etiology of ADHD.

Environmental factors, such as maternal smoking, drink-
ing, low birth weight, socioeconomic status, and preterm
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birth, are thought to contribute to the emergence and severity
of the disorder, especially the antenatal factors [17-21]. In
particular, environment exposures during pregnancy (mater-
nal smoking, drinking, and stress) always influence the early
fetal brain through the blood system and lead to adverse
pregnancy outcome [22-24]. Besides, childhood blood lead
levels (BLLs) were identified as an important risk factor for
ADHD in different populations [25, 26] and it has been pro-
posed that gene—environment interaction (G X E) may play
a pivotal role in the disorder [12, 17, 27].

So far, no one has systematically investigated the genetic
relation between the LPHN3 gene and ADHD in the Chi-
nese Han population. As a supplement to ADHD etiological
research, the current study is aimed to confirm the involve-
ment of the LPHN3 gene in the susceptibility to ADHD and
to explore the potential G X E model.

Materials and methods
Participants

The discovery sample (stage one) included 473 children
and adolescents with ADHD consecutively recruited from
Wuhan Medical and Health Center for Women and Chil-
dren between October 2013 and December 2014, who were
diagnosed with ADHD by psychiatrists using the Diagnos-
tic and Statistical Manual of Mental Disorders IV (DSM-
IV) [28]. The controls were healthy children for physical
examination in the same hospital during the same period
and were diagnosed with no ADHD by psychiatrists using
the DSM-IV. All subjects were required to meet the follow-
ing criteria: (1) were Chinese Han population between the
ages of 6-18 years, (2) had scored 70 and above tested by
China-Wechsler Intelligence Scale for Children [29], and
(3) individuals with major neurological handicaps, schizo-
phrenia, pervasive development disorder, epilepsy, mental
retardation, and other brain disorders were excluded. Finally,
473 cases and 585 controls were enrolled in stage one, and
subjects were unrelated ethnic Han Chinese. The valida-
tion sample (stage two) included 284 ADHD cases and 390
healthy controls enrolled from the Children’s Hospital of
Hunan province (Changsha) from January 2014 to December
2015 according to the criteria mentioned above.

According to DSM-1V, the subtypes of ADHD cases were
determined as follows: combined (ADHD-C), predomi-
nantly inattentive (ADHD-I), and predominantly hyperac-
tive/impulsive (ADHD-HI). In our study, ADHD-C was the
most prevalent at stage one (53.1%) and stage two (54.6%)
followed by ADHD-I (36.3% and 31.6%, respectively) and
ADHD-HI (10.6% and 13.8%).

At recruitment, peripheral venous blood samples and
demographic information were collected from each subject
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after written informed consent was obtained. This study was
approved by the Ethics Committee of Tongji Medical Col-
lege of Huazhong University of Science and Technology,
Wuhan Medical and Health Center for Women and Children,
and Children’s Hospital of Hunan province.

Measurement of environmental factors

Information about potential environmental risk factors for
ADHD was obtained from the questionnaire, including
maternal stress, smoking, and drinking (if the mother ever
drank at any time during the pregnancy, the maternal drink-
ing was coded yes, otherwise, no [30, 31]).

Maternal smoking during pregnancy was measured on a
three-point scale: no smoking =0, moderate smoking = 1-9,
or heavy smoking =10 or more cigarettes per day [32-34].
In later analysis, maternal smoking was coded as a binary
variable, and the last two scales—"moderate smoking” and
“heavy smoking”—were both identified as “maternal smok-
ing”, which means maternal smoking was defined as smok-
ing no less than one cigarette per day.

To measure maternal stress during pregnancy, the
30-item Chinese version of Pregnancy Stress Rating Scale
(PSRS) was used [35]. The total score is the mean of all
items summed, with higher scores indicating higher mater-
nal stress: 0 means that mother experiences no stress;
0.001-1.000, a mild level of stress; 1.001-2.000, a moder-
ate level of stress; and 2.001-3.000, a severe level of stress.
During analysis, the variable was dichotomized (no=mild
or minimal stress; yes =moderate or severe stress).

BLLs were determined by atomic absorption spectropho-
tometry (AA-670/GV-5, Shimadzu, Japan) at a commercial
laboratory, and a median served as a cutoff point for differ-
entiating BLLs in our study; thus, the median or more was
defined as indicative of a high lead level and less than the
median denoted a low lead level.

Conners Parent Symptom Questionnaire (PSQ)
investigation

As a supplement of ADHD diagnosis, PSQ was applied
to measure ADHD symptoms by child psychiatrists blind
to genotype [36, 37]. The PSQ contains 48 items and, in
addition to a total score, there are six subscale scores: Con-
duct problem (12 items), Learning problem (4 items), Psy-
chosomatic disorders (5 items), Hyperactivity/Impulsivity
(4 items), Anxiety (4 items), and Hyperactivity index (10
items). The parents answered questions concerning their
child’s behavior over the past month using a four-point scale,
from O (not true at all) to 3 (very much true). The three
subscales that focus on ADHD symptoms—Hyperactivity/
Impulsivity score, Hyperactivity index, and Total score—
served as primary outcome measures.

SNP selection

We searched for all the SNPs with minor allele frequencies
(MAF) >0.15 in exon 4 through 19 of the LPHN3 gene in
the 1000 Genomes CHB (Han Chinese in Bejing, China)
database according to the fine-mapping in another study [5].
Then, MAF > 0.15 and 72 > 0.8 were used as the criteria for
tag SNP selection. We placed the selected tag SNPs into an
integrated bioinformatics tool “F-SNP” (http://compbio.cs.
queensu.ca/F-SNP/) [38] and HaploReg 4.2 (http://archi
ve.broadinstitute.org/mammals/haploreg/haploreg.php) [39]
and retrieved a set of functionally predicted SNPs with the
possible functions of splicing, transcription, translation, and
post-translation processes. Additionally, the variants referred
in previous association studies [5—10] were also included in
our study, and finally 11 SNPs were identified as the candi-
date SNPs (Fig. 1) and the functional annotation of the 11
SNPs is shown in Table S1 of Online Resource 1.

DNA extraction and genotyping

With the acknowledgement and consent of every subject
and their parents, we collected 2 mL of peripheral blood
from each participant with vacuum anticoagulant tubes and
stored the blood at —20 °C (immediately). Genomic DNA
was extracted from the peripheral blood samples in accord-
ance with the approved guideline of the Relax Gene Blood
DNA System DP319-02 (Tiangen, Beijing China) following
the manufacturer’s instructions. Genotyping was performed
in a 384-well plate format on the Sequenom MassARRAY
platform (Sequenom, Inc., San Diego, CA, USA) according
to the manufacturer’s iPLEX Application Guide. The prim-
ers were designed using the Assay Design 3.0 software of
Sequenom.

Bioinformatics analysis

The prediction of the biological functions for significant
SNP was achieved through appropriate bioinformatics
resources. Specifically, we annotate the functional ele-
ments containing significant SNP and its proxies (©>=1 in
the 1000 Genomes, CHB population) using HaploReg 4.2
(http://archive.broadinstitute.org/mammals/haploreg/haplo
reg.php) [39], and expression quantitative trait loci (eQTL)
analysis was achieved through the BRAINEAC database
(http://caprica.genetics.kcl.ac.uk/BRAINEACY/) [40]. Data
of BRAINEAC comprise gene expression data from ten
brain areas (hippocampus, frontal cortex, temporal cortex,
occipital cortex, substantia nigra, frontal white matter, thala-
mus, putamen, medulla, and cerebellum) from 134 neuro-
pathologically normal donors (16—102 years of age) from
the MRC Sudden Death Brain Bank in Edinburgh, UK, and
the Sun Health Research Institute.
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Fig.1 Human LPHN3 gene structure and location of LPHN3 polymorphisms

Statistical analysis

The Hardy—Weinberg equilibrium (HWE) for genotypes was
assessed by a goodness-of-fit 5 test. In the baseline analysis,
the distributions of demographic characteristics between the
patients and controls were analyzed with Pearson 4 test,
t test, or Mann—Whitney U nonparametric test. Bivariate
logistic regression analysis was performed to calculate the
odds ratios (ORs) and 95% confidence intervals (CIs) for the
effects of the SNPs within codominant, dominant, recessive,
and additive models, respectively. The associations of PSQ
scores with SNPs were explored by ANOVA analysis with
post hoc comparisons using the Dunnett # method. All sta-
tistical analyses were conducted using IBM SPSS software
(version 22.0; SPSS Inc., Chicago, IL, USA).

Two-factor and high-order gene—environment interactions
were analyzed in the combined samples (stage one + stage
two). The two-factor interactions were measured by logistic
regression under multiplicative interaction models [41] in
the IBM SPSS software (version 22.0; SPSS Inc., Chicago,
IL, USA). To assess the high-order G X E, multifactor dimen-
sionality reduction (MDR) analysis was carried out in the
MDR 3.0.2 software (UPenn, Philadelphia, PA, USA) [42].
MDR is a model-free and nonparametric statistical method.
At the heart of the MDR approach is a feature or attrib-
ute construction algorithm that creates a new variable or
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attribute by pooling. The best factor models for predicting
ADHD risk were found with the maximal balance accuracy
cross-validation (CV) testing and CV consistency. The per-
mutation test was carried out to repeat the MDR analysis
1000 times, which was determined using MDR Permutation
Testing Software 1.0 beta 2 (UPenn, Philadelphia, PA, USA)
and strongly reduced the false positive rate.

Statistical power calculations were carried out in Power
version 3.0 [43]. In the Chinese CHB population, the mini-
mal MAF of the ten SNPs is 0.23. Therefore, we found (via
calculations) that with our sample size, the power to detect
an OR of 1.50 is as follows: stage one power =0.823; stage
two power =0.630; power of combined stages =0.957).

Results
Characteristics of the subjects

The baseline characteristics of ADHD patients and con-
trols are shown in Table 1. The cases and controls were
matched well on the distributions of age, BMI, 1IQ score,
and gender at two stages (P >0.05). Significant differences
between cases and controls were found in the distribution of
maternal stress, and the patients were demonstrated to have
higher BLLs compared to the healthy controls at both stages
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Table 1 Demographic and clinical characteristics of the sample
Characteristics Stage one Stage two
Case (n=473) Control (n=585) P Case (n=284) Control (n=390) P
Age (years) 8.23+1.49 8.15+1.42 0375 8.22+1.19 8.17+1.59 0.660
BMI 16.87+3.09 16.79+9.14 0.850 16.86+3.16 16.79+9.14 0.898
1Q score 96.45+11.95 97.47+12.38 0.174  96.14+11.87 97.47+12.38 0.161
Gender
Male 383 471 0.878 230 314 0.851
Female 90 114 54 76
PSQ score
Impulsive/hyperactive score  1.26+0.48 1.18+0.45 0.002 1.28+0.46 1.20+0.44 0.019
Hyperactive index 1.28+0.39 1.21+£0.32 0.002 1.28+0.38 1.20+0.33 0.004
Total score 36.40+11.62 35.05+9.27 0.041 37.23+11.40 36.01+9.27 0.140
Blood lead levels (pg/L) 61.81 (50.11-71.04)  56.90 (45.95-67.50) <0.001 60.80 (49.75-71.05) 57.11 (46.04-67.67) 0.012
Maternal stress
No 325 447 0.005 197 301 0.023
Yes 148 138 87 89
Maternal smoking
No 442 560 0.100 269 379 0.101
Yes 31 25 15 11
Maternal drinking
No 422 542 0.051 256 366 0.075
Yes 51 43 28 24

Data are presented as mean + SD for parametrically distributed data or median (interquartile range) for nonparametrically distributed data

The significant results are in bold

(P <0.05). For PSQ scores, significant differences have been
found at two stages in the Hyperactivity/Impulsivity score
and Hyperactivity index (P <0.05), but the Total score was
significant only at stage one (P =0.041). However, no sig-
nificant differences between cases and controls were found
in the distribution of maternal smoking and drinking.

Association between candidate SNPs and the risk
of ADHD

The call rates of the remaining candidate SNPs were all
above 95%, except for rs1947274 (call rate < 80%) which
was excluded from further analyses. The genotype distribu-
tion of the markers did not depart from the HWE (P> 0.05)
at both stages, and the estimated genotype frequencies for
the ten SNPs investigated herein are shown in Table S2 of
Online Resource 1.

Associations of the candidate SNPs with ADHD under
different models (codominant, dominant, recessive, and
additive models) are partly summarized in Table 2. In the
discovery sample, we found that rs1868790, rs4860106,
rs2305339, rs6551665, and rs2345039 were involved in
ADHD susceptibility. However, after multiple-comparison
correction, only rs1868790 and rs4860106 remained sta-
tistically significant. Compared with the wild genotype,

rs1868790 TA and rs4860106 GA genotypes had increased
ADHD risk with OR (95% CI)=1.612 (1.231-2.110) and
1.584 (1.212-2.070), respectively.

The two SNPs were further genotyped in a validation
sample of 284 ADHD children and 390 controls, and we
successfully validated the significant association between
LPHN3 rs1868790 and ADHD risk [TA/AA: OR (95%
CI)=1.676 (1.194-2.353); dominant model: OR (95%
Cl)=1.634 (1.186-2.253); additive model: OR (95%
CI)=1.609 (1.181-2.193), as shown in Table 2]. However,
rs4860106 did not pass the multiple-comparison correction.
In combined sample (stage one + stage two), the association
was further confirmed within the codominant model [TA/
AA: OR (95% CI)=1.636 (1.325-2.021)], dominant model
[OR (95% CI)=1.573 (1.288-1.922)], and additive model
[OR (95% CI)=1.535 (1.266-1.862)].

The association between promising SNPs and ADHD
symptom

We then analyzed the relation between LPHN3 rs1868790
and PSQ scores, and found that rs1868790 was associ-
ated with ADHD symptoms (Table 3). Compared with
the AA group, the rs1868790 TT group showed a higher
impulsive-hyperactive score in stage one (P=0.018), and
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Table 2 Association between
candidate SNPs and risk

of ADHD in discovery and
validation samples
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Polymorphism Genotype Case Control OR (95% CI) P' value
Stage one
rs1868790 AA 155 252 1.0
TA 235 237 1.612 (1.231,2.110) <0.001
TT 61 75 1.312 (0.883,1.948) 0.179
Dominant model 1.536 (1.189,1.983) 0.001
Recessive model 1.012 (0.703,1.457) 0.948
Additive model 1.489 (1.164,1.906) 0.002
rs4860106 GG 254 369 1.0
GA 176 161 1.584 (1.212,2.070) <0.001
AA 24 28 1.234 (0.697,2.182) 0.471
Dominant model 1.530 (1.184,1.976) 0.001
Recessive model 1.036 (0.591,1.816) 0.902
Additive model 1.492 (1.166,1.909) 0.001
rs2305339 AA 205 205 1.0
GA 202 252 0.798 (0.610,1.044) 0.099
GG 60 108 0.567 (0.390,0.824) 0.003
Dominant model 0.729 (0.567,0.937) 0.014
Recessive model 0.632 (0.447,0.892) 0.009
Additive model 0.692 (0.544,0.881) 0.003
rs6551665 AA 193 288 1.0
GA 215 225 1.415 (1.089,1.838) 0.009
GG 47 57 1.197 (0.779,1.840) 0.411
Dominant model 1.376 (1.073,1.765) 0.012
Recessive model 1.027 (0.683,1.546) 0.898
Additive model 1.350 (1.063,1.716) 0.014
1rs2345039 GG 181 257 1.0
GC 202 226 1.239 (0.944,1.625) 0.122
CcC 73 67 1.490 (1.011,2.196) 0.044
Dominant model 1.306 (1.013,1.684) 0.039
Recessive model 1.354 (0.945,1.941) 0.099
Additive model 1.345 (1.055,1.715) 0.017
Stage two
rs1868790 AA 93 172 1.0
TA 143 158 1.676 (1.194,2.353) 0.003
TT 41 50 1.515 (0.932,2.462) 0.094
Dominant model 1.634 (1.186,2.253) 0.003
Recessive model 1.139 (0.728,1.780) 0.569
Additive model 1.609 (1.181,2.193) 0.002
rs4860106 GG 153 240 1.0
GA 108 118 1.431 (1.028,1.993) 0.034
AA 17 22 1.192 (0.610,2.328) 0.607
Dominant model 1.394 (1.017,1.911) 0.039
Recessive model 1.045 (0.543,2.013) 0.895
Additive model 1.368 (1.009,1.853) 0.043
Combined stage
rs1868790 AA 248 424 1.0
TA 378 395 1.636 (1.325,2.021) <0.001
TT 102 125 1.388 (1.022,1.886) 0.036
Dominant model 1.573 (1.288,1.922) <0.001
Recessive model 1.060 (0.799,1.406) 0.687
Additive model 1.535 (1.266,1.862) <0.001

TAll the statistics were adjusted for age and gender

After Benferroni correction, the significant results are in bold (stage one: a'=0.05/10/5=0.001; stage two:
a'=0.05/2/5=0.005; combined stage: a'=0.05/5=0.01)
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Table 3 Association between promising rs1868790 and PSQ scores

SNP Genotype Impulsive-hyperactive score Hyperactive index score Total score

Mean+SD  F Pt Mean+SD  F P Mean + SD F Pt

Stage one 4.334 0.013 0.620 0.538 0.597 0.550
AA 1.17+£0.46 Ref 1.22+0.37 Ref 35.14+9.76 Ref
TA 1.24+0.47 0.051 1.24+0.35 0.629 35.55+10.52 0.791
TT 1.29+0.46 0.018 1.26£0.37 0.523 36.24+11.14 0.471

Stage two 3.575 0.029 0.993 0.371 0.757 0.469
AA 1.18+£0.42 Ref 1.22+0.35 Ref 36.41+£9.70 Ref
TA 1.25+0.47 0.180 1.22+0.35 0.980 36.03+10.16 0.873
TT 1.32+£0.45 0.021 1.28+£0.35 0.304 37.52+11.04 0.584

Combined stage 7.821 <0.001 1.341 0.262 1.061 0.346
AA 1.17+£0.44 Ref 1.22+0.36 Ref 35.64+9.75 Ref
TA 1.24+£0.47 0.011 1.24+0.35 0.676 35.74+10.38 0.997
TT 1.30+£0.47 0.001 1.26+0.36 0.189 36.75+11.09 0.450

fCompared with ANOVA analysis, post hoc comparisons with Dunnett # method (significant results are in bold)

this trend was verified in stage two and combined stage
(P=0.021 and 0.001, respectively).

Gene-environment interactions

BLLs and maternal stress were found to differ significantly
between cases and controls. Therefore, we further analyzed
the interactions between rs1868790 and the two environmen-
tal factors in the combined sample (stage one + stage two). In
two-factor interaction analysis (Table 4), rs1868790 signifi-
cantly interacted with maternal stress [OR (95% CI)=1.800
(1.126-2.878), P=0.014], and the GXE of rs1868790
and BLLs increased OR to 2.012 (95% CI=1.126-2.878,
P=0.001). In the MDR analysis, the three-factor model
including LPHN3 rs1868790, BLLs, and maternal stress
was selected as the best predictor for ADHD risk because
it had the maximal CVC and balance accuracy of 60.59%,
which was significant at the P <0.001 level after 1000

iterations empirically calculated via permutation testing,
with OR=2.450, 95% CI=2.002-2.999 (for details, see
Table 5).

Functional annotation of LPHN3 rs1868790
and eQTL analysis

To explore the potential function of promising SNPs, we
first used the HaploReg v.4.1 to annotate the functional ele-
ments containing rs1868790 or its proxies. As shown in
Table 6, rs1868790 is located in the region containing the
enhancer histone marks of embryonic stem cell (ESC) and
induced pluripotent stem cell (IPSC), and possible motifs to
alter transcription factor binding (AP-1, Foxj1, Gfil, Ik-2,
Nanog, and STAT), which is still a conserved site identified
by SiPhy and the accessible region of DNase in gastrointes-
tinal cell (GI). These findings suggested that rs1868790 may
affect transcription regulation via these regulatory elements.

Table 4 Two-factor GXE

j Genotype Environment exposure Case/control OR (95% CI)" P' o
analysis between rs1868790 and
environmental factors rs1868790 Maternal stress pregnancy 1.800 (1.126,2.878) 0.014
AA No 195/329 1.0
TA+TT No 309/392 1.295 (1.026,1.634)
AA Yes 53/95 0.942 (0.644,1.379)
TA+TT Yes 171/128 1.937 (1.503,2.479)
rs1868790 Blood lead levels® 2.012 (1.340,3.021) 0.001
AA Low 116/208 1.0
TA+TT Low 201/315 1.087 (0.811,1.457)
AA High 132/216 1.066 (0.774,1.468)
TA+TT High 2797205 2.249 (1.812,2.792)

TAll the statistics were adjusted for age and gender, and the significant results are in bold
#Blood lead level was divided into low and high by median (58.86 pg/L)
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Table 5 MDR analyses of the

. . SNP Model Bal. Acc. CcvC OR (95% CI) P for permutation®

mteractl.ons between rs1 868790 CV testing

and environmental factors in

ADHD risk in the total sample rs1868790  Lead 0.5513 9/10  1.623(1.335,1.973)  0.002-0.003
Lead, rs1868790 0.5687 6/10 2.219(1.788,2.753)  0.000-0.001
Lead, maternal stress  0.6059 10/10  2.450 (2.002,2.999)  0.000-0.001

pregnancy, rs1868790

Bal. Acc. CV testing balance accuracy cross-validation testing, CV consistency cross-validation consistency

#The best factor models for predicting ADHD risk were found with the maximal Bal. Acc. CV Testing, and
CV consistency (in bold). The permutation test was carried out to repeat the MDR analyses 1000 times and

reduce the false positive rate

Table 6 Functional annotation of rs1868790 and its proxies

SiPhy  Enhancer histone Motifs GRASP GENCODE dbSNP func
variant DNAse

cons marks changed QTL hits genes annot
rs11734607 - ESC, ESDR, IPSC GLILZic 1 hit LPHN3 intronic
rs1868790 - ESC, IPSC GI 6 altered motifs LPHN3 intronic
1s9790538 7 altered motifs LPHN3 intronic
rs1901222 Myc,Pax-5 LPHN3 intronic
1534637663 RFX5 LPHN3 intronic
156845019 ESC, ESDR, IPSC Cdc5,HNF1,Zfp6 LPHN3 intronic
rs10712983 ESC Hand1,Pax-4,STA LPHN3 intronic
1s6551658 ESC, IPSC Evi-1 LPHN3 intronic
rs35946366 ESC, IPSC 6 altered motifs LPHN3 intronic

SiPhy cons conserved site identified by SiPhy, Enhancer histone marks cell types where SNPs are in histone marks of enhancer, DNase cell

types where SNPs are in the accessible region of DNase

SNPs associated with complex diseases are likely to
function as eQTL, and the tissues of unaffected individu-
als can be used for gene expression association analysis.
Subsequently, using the eQTL data from the BRAINEAC
database, we have found that rs1868790 affected LPHN3
expression in intralobular white matter (P =0.0012), with
the T allele indicating lower mRNA levels compared to A
allele (Fig. 2).

Discussion

Our study is the first trial to comprehensively investigate
the relation between the LPHN3 gene variants and ADHD
susceptibility in the Chinese Han population, and we also
identified their possible interactions with BLLs and maternal
stress during pregnancy. The main results suggest that vari-
ants of rs1868790 are associated with ADHD susceptibil-
ity, and G X E analysis consistently revealed the potential
interactions of LPHN3 rs1868790 collaborating with BLLs
and maternal stress during pregnancy to modify ADHD risk.
Furthermore, rs1868790 was found to be related with ADHD

@ Springer

symptoms measured by PSQ and still took part in the regula-
tion of LPHN3 gene expression.

The association between LPHN3 and ADHD was first
observed from fine-mapping of Paisa population in Colom-
bia [5], and replication studies had been performed in other
populations, but not in Chinese [5—11]. SNPs within the
LPHN3 gene interact with SNPs spanning the 11q region
that contains DRD2 and NCAM 1 not only to double the risk
of developing ADHD, but also to increase ADHD sever-
ity [15, 16], which in turn may predict long-term ADHD
outcome. Moreover, common variants of the LPHN3 gene
predict the effectiveness of stimulant medication [5, 9, 13]
and affect behavioral and neurophysiological measures of
cognitive response control [14].

In our two-stage association study, we found that
rs1868790, rs6551665, rs2345039, rs2305339, and
rs4860106 were involved in ADHD susceptibility, but after
multiple-comparison correction and validation in another
independent sample, only rs1868790 was still statistically
significant. In a Spanish sample, rs1868790 were nominally
associated with combined ADHD under different models
and haplotype-based analysis showed over-representation
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Fig.2 Association of rs1868790 with LPHN3 expression in human
brain tissues in the BRAINEAC database CRBL cerebella cortex,
FCTX frontal cortex, HIPP hippocampus, MEDU medulla (specifi-
cally, inferior olivary nucleus), OCTX occipital cortex (specifically,

of the T-C-A haplotype (rs1868790/rs6813183/rs12503398)
in ADHD and combined subtype [P=1.9e—04, OR=1.80
(1.31-2.48); P="7.5e—05, OR=2.06 (1.46-2.90), respec-
tively] [8]. The role of rs1868790 in ADHD risk was fur-
ther validated by Martinez et al. (P=0.00988) [11], but not
Gomez-Sanchez or Sanchez-Mora et al. [7, 44]. As for the
treatment, rs1868790 did not have a significant effect in
discriminating good responders from non-responders [13].
Although the remaining four SNPs (rs6551665, rs2345039,
rs2305339, and rs4860106) were associated with ADHD
risk in previous studies, we did not replicate the associa-
tion. The contradiction between the previous studies and
our research may result from ethnic differences and limited
sample size in our study.

LPHNS3 is a brain-specific receptor, and is located in the
cerebral cortex, cerebellum, caudate nucleus, and amygdala,
which are the areas of important lesions in ADHD (see Fig
S1 of Online Resource 1) [5, 45]. The endogenous function
of LPHN3 is linked to cell adhesion and synapse formation
or maintenance. Animal experiments validated the func-
tion of the LPHN3 gene in the brain and linked LPHN3 and
dopamine (DA) system together. Loss of I[phn3.1 (ortholog
of LPHN?3) function caused a reduction and misplacement
of DA-positive neurons in the ventral diencephalon and a
hyperactive/impulsive motor phenotype, and the behavioral
phenotype could be rescued by the ADHD drugs methylphe-
nidate and atomoxetine [46]. The hyperactivity of Iphn3.1
morphants was recently confirmed in an independent study
[47]. Pharmacological analysis suggests that saturated dopa-
minergic signaling could underlie the ADHD-like locomo-
tor hyperactivity in zebrafish [phn3.1 morphant larvae, and
compared with the controls, [phn3.1 morphants have an
overall hyposensitivity to dopamine agonists and antagonists
[48]. Moreover, Lphn3 null mice display increased reward

AA AT TT AA AT TT AA AT TT AA AT TT

MEDU HIPP OCTX CRBL
0.48 0.13 0.43 0.52

Allele frequency: A=28%; T=72%

AA AT TT

WHMT
0.0012

primary visual cortex), PUTM putamen, SNIG substantia nigra,
TCTX temporal cortex, THAL thalamus, WHMT intralobular white
matter

motivation and activity levels [49, 50], and gene expression
changes in those mice, including DA and serotonin receptors
and transporters, and neurotransmitter metabolism genes,
as well as neural developmental genes [50]. Seeing that
dopaminergic neurotransmission system is one of the most
important components in the etiology of ADHD [51, 52]
and studies on physiological function of LPHN3 are very
limited, further research is still needed to further explore the
physiological function of LPHN3 and the relation between
the LPHN3 gene and dopaminergic system in the etiology
of ADHD.

Considering the importance of G X E in the pathogenesis
of ADHD, we investigated the roles of the potential envi-
ronmental risk factors in ADHD, including maternal stress,
maternal smoking, maternal drinking, and BLLs. However,
only maternal stress and BLLs were found to differ sig-
nificantly between cases and controls. Therefore, only the
two environmental factors were included in the later GXE
analysis, and significant interactions were found to modify
the ADHD risk in two- and three-factor models (P <0.05).
In another study, highly significant interaction between four
LPHN?3 tag SNPs (rs6551665, rs1947274, rs6858066, and
rs2345039) and maternal stress during pregnancy was noted
[12]. It has been proposed that in the G X E, the genotype of
the individual modulates the sensitivity or response to the
environmental risk factor [53].

Maternal cortisol is the most widely proposed mechanism
by which maternal stress during pregnancy is associated
with negative outcomes in the offspring. Elevated mater-
nal cortisol in response to stress can exceed the placental
capacity to degrade it, cross the placental barrier, and influ-
ence the developing brain and/or ‘program’ the fetal hypo-
thalamic—pituitary—adrenal axis [54]. Though researches
involving LPHN3 function were very limited, current
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evidence suggested that LPHN3 belonged to the G protein-
coupled receptors (GPCRs) family. Dependent on G protein,
GPCRs regulate multiple intracellular signal transduction,
for example, activation of adenylate cyclase, phospholipase,
and Ca* channel activity [55]. Also, G qq Protein mediated
PLC-f activation, regulated IP3 and DAG, and subsequent
intracellular Ca* release. Intracellular calcium was impli-
cated in an array of physiological processes, including the
formation and maintenance of neuronal connections, neuro-
transmitter release, and hormone secretion [56]. Therefore,
we can hypothesize that decreased LPHN3 expression led to
elevated intracellular calcium level and subsequent cortisol
secretion.

Another explanation for these findings is that mood prob-
lems (such as anxiety and stress) and ADHD may share com-
mon genetic factors, which are passed from mothers to their
children. Besides, epigenetic modifications induced by stress
in the uterus may lead to perinatal reprogramming, resulting
in ADHD in the offspring [57]. These may partly explain
how LPHN3 work with maternal stress to modify ADHD
risk.

Lead is known to play an important role in the etiology
of ADHD [58, 59] and has been proved to be associated
with ADHD symptoms (inattention, hyperactivity, and
impulsivity) [60, 61]. Even low-level lead exposure (at con-
centrations much lower than the action limit of 100 pg/L)
has been associated with a clinical diagnosis of ADHD in
several recent studies [59, 62]. The presence of lead affects
mostly the prefrontal cortex, hippocampus, basal ganglia,
and cerebellum [63] and disrupts the dopaminergic, cholin-
ergic, and glutamatergic neurotransmission circuitry [64].
The mechanism of the G X E may be that lead displaces mul-
tivalent cations, such as calcium and zinc [65], and the olfac-
tomedin-like domain of LPHN3 is a five-bladed f propeller
with a Ca®* ion bound in the central pore. These changes
will directly negatively affect the normal physiological func-
tion of LPHN3. Nevertheless, LPHN3 is an adhesion class G
protein-coupled receptor and ligand binding will activate the
cAMP signal pathway; lead accumulation in the brain causes
the dysfunction of intracellular cAMP [66]. Moreover, Luo
et al. discovered the epigenetic mechanism bridging lead and
ADHD at the histone modification level [67], which might
partly explain the G X E we had identified in our study.

The results of the eQTL analysis indicated that intronic
variant rs1868790 was related with LPHN3 mRNA expres-
sion with the T allele indicating lower mRNA levels com-
pared to A allele, which could partly explain how rs1868790
played a role in the etiology of ADHD. The promising SNP
identified in other studies were largely located in the noncod-
ing region, and researchers found extensive functionally rele-
vant noncoding variants through the bioinformatics approach
[51]. Variations in the noncoding regions participate in a
disease through a range of regulatory mechanisms. Martinez
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et al. were the first to explore the functional mechanism of
LPHN3 intron sequences in ADHD, and they found that an
ultraconserved element, formed by rs17226398, rs56038622,
and rs2271338, functions as a transcriptional enhancer,
and the risk haplotype reduced enhancer activity by 40%
(P<0.0001) [11]. The rs2271338 risk allele disrupts binding
of YY1 transcription factor, and eQTL analysis revealed an
association between rs2271338 and reduced LPHN3 expres-
sion in the thalamus [11].

To our knowledge, this is the first two-stage case—control
study to comprehensively explore the role of the LPHN3
gene in ADHD and its interactions with environmental risk
factors in the Chinese Han population. Our results provide
clues to LPHN3’s involvement in ADHD. Nonetheless, our
study has several limitations. First, the association we found
in our study still needs to be verified in a larger sample.
Second, subsequent functional research should be conducted
on positive SNP to determine the potential mechanisms of
how LPHNS3 plays roles in ADHD. Third, the biological
mechanism of interactions between the LPHN3 gene and
risk environmental factors (BLLs and maternal stress) was
ambiguous and required further investigation. Besides,
future research is still needed to explore the role of other
environmental factors (for example, socioeconomic status,
preterm birth, and low birth weight), and the mechanism of
G X E model in the pathogenesis of ADHD.
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