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Abstract 

Objectives Epidemiological studies have confirmed that low birth weight (BW) is related to neuroticism and they 
may have a common genetic mechanism based on phenotypic correlation research. We conducted our study 
on a European population with 159,208 neuroticism and 289,142 birth weight samples. In this study, we aimed 
to identify new neuroticism single nucleotide polymorphisms (SNPs) and pleiotropic SNPs associated with neuroti‑
cism and BW and to provide more theoretical basis for the pathogenesis of the disease.

Methods We estimated the pleiotropic enrichment between neuroticism and BW in two independent Genome‑
wide association studies (GWAS) when the statistical thresholds were Conditional False Discovery Rate (cFDR) < 0.01 
and Conjunctional Conditional False Discovery Rate (ccFDR) < 0.05. We performed gene annotation and gene 
functional analysis on the selected significant SNPs to determine the biological role of gene function and patho‑
genesis. Two‑sample Mendelian Randomization (TSMR) analysis was performed to explore the causal relationship 
between the neuroticism and BW.

Results The conditional quantile–quantile plots (Q‑Q plot) indicated that neuroticism and BW have strong genetic 
pleiotropy enrichment trends. With the threshold of cFDR < 0.001, we identified 126 SNPs related to neuroticism 
and 172 SNPs related to BW. With the threshold of ccFDR < 0.05, we identified 62 SNPs related to both neuroticism 
and BW. Among these SNPs, rs8039305 and rs35755513 have eQTL (expressed quantitative trait loci) and meQTL 
(methylation quantitative trait loci) effects simultaneously. Through GO enrichment analysis we also found 
that the two pathways of positive regulation of “mesenchymal cell proliferation” and “DNA‑binding transcription 
factor activity” were significantly enriched in neuroticism and BW. Mendelian randomization analysis results indicate 
that there is no obvious causal relationship between neuroticism and birth weight.

Conclusion We found 126 SNPs related to neuroticism, 172 SNPs related to BW and 62 SNPs associated 
with both neuroticism and BW, which provided a theoretical basis for their genetic mechanism and novel potential 
targets for treatment/intervention development.
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Introduction
Neuroticism is defined as a personality trait linked to 
emotional instability, which is characterized by emotion 
dysregulation and negative affect [1]. Neuroticism is one 
of the major risk factors leading to psychological disorder 
such as major depressive disorder (MDD), and neuroti-
cism is also related to some physical diseases, including 
type 1 diabetes and cardiovascular disease [2, 3]. In previ-
ous studies, neuroticism has been proven to be a herita-
ble personality trait [4], and exploring the genetic factors 
of neuroticism may contribute to our understanding of 
genetic variation in psychiatric disorders.

Birth weight (BW) is a clinical indicator of predicted 
future growth and developmental problems [5, 6], and 
infants born with weight lower than 2500 g are consid-
ered low birth weight (LBW) infants [7]. According to 
World Health Organization (WHO) research data, the 
incidence of LBW is 17% worldwide, which is a vital 
public problem worthy of attention. Moreover, stud-
ies have shown that the occurrence of LBW increases 
the risk of neuroticism, and the risk of neuroticism 
increased with decreasing birth weight [7, 8]. Both 
neuroticism and BW are highly influenced by genetic 
factors, so we could explore whether there are com-
mon notable SNPs between neuroticism and BW with 
genome-wide association [9, 10].

Through GWAS, several single nucleotide polymor-
phisms (SNPs) of neuroticism or BW have been identified 
[10–12]. However only a small portion of genes and SNPs 
were found in neuroticism or BW due to insufficient sta-
tistical power or other reasons [13]. The conditional false 
discovery rate (cFDR) is an effective approach for iden-
tifying novel polygenic effects, and its strong statistical 
power can notably enhance the detection of shared SNPs 
in two independent complex phenotypes [14]. Further-
more, Mendelian randomization (MR) was used to deter-
mine whether exposure factors (such as gene expression) 
play a decisive role in outcome variables (such as com-
plex traits or diseases) [15].

The aim of this study is to identify the potential func-
tionally shared SNPs between neuroticism and BW by 
applying ccFDR analysis and new SNPs significantly asso-
ciated with neuroticism and BW and to provide a theo-
retical basis for the genetic mechanism of the disease.

Material and method
Data sources
The GWAS summary data of neuroticism in this study 
were obtained from the CNCR/CTGlab (Center for Neu-
rogenomics and Cognitive Research Complex Trait Genet-
ics lab) released in 2017, including 14,978,477 SNPs from 
449,484 European participants aged 39–73  years (https:// 

ctg. cncr. nl/ docum ents/ p1651/ sumst ats_ neuro ticism_ 
ctg_ format. txt. gz) [16]. The GWAS summary data of birth 
weight were obtained using data from the Early Growth 
Genetics Consortium (EGG (Early Growth Genetics) Con-
sortium (egg-consortium.org)) and UK Biobank released 
in 2017. The GWAS data include 13,891,969 SNPs from 
298,142 European participants [12].

We conducted a validation study to increase the per-
suasiveness of this study. We selected data independent 
from the main study for validation analysis, which con-
tains 143,699 European participants of birth weight [11] 
and 449,484 European participants of neuroticism [16].

We used data from the GWAS database to conduct 
MR analysis, in which the neuroticism dataset contains 
374,323 samples (Trait: Neuroticism score—IEU OpenG-
WAS project (mrcieu.ac.uk)) and the birth weight data-
set contains 261,932 samples (Trait: Birth weight—IEU 
OpenGWAS project (mrcieu.ac.uk).

Data processing
GWAS data of neuroticism and BW were downloaded 
from the database, and we used the statistical software 
R (version 3.60) to cope with these data. We deleted 
the unnecessary variables and only retained the varia-
bles required for this study: SNP (RSID), Chr (chromo-
some), POS (NCBI build 37) and P (P value). First, we 
used the merge function to retain the common SNPs 
in both datasets and delete the SNPs only existing in 
a single trait data set. Second, given that there is an 
association between two alleles in the case of linkage 
disequilibrium, the frequency of simultaneous inherit-
ance of the two genes is significantly higher than the 
original random frequency. Therefore, we used PLINK 
software to eliminate strongly associated SNPs with 
the HapMap 3 genotype as a reference. We performed 
LD-based pruning (r2 ≤ 0.2) and finally obtained 
9,045,591 SNPs.

Statistical analysis
We used conditional quantile–quantile plot (Q-Q plot) 
to visually verify whether two datasets come from the 
same distribution and to estimate whether the random 
variable obeys a known distribution. In the conditional 
Q-Q plot, the X-axis is the -log10[CDF(P)] value of the 
correlated SNPs of neuroticism on conditional phe-
notype BW, and the Y-axis is the -log10(P) value of the 
SNPs of the main function phenotype neuroticism. We 
stratified the P value from the function of significance 
associated with conditional traits p ≤ 1, p ≤ 0.1, p ≤ 0.01, 
p ≤ 0.001, p ≤ 0.0001. The greater the difference in the 
degree of deviation from different lines, the stronger the 
genetic pleiotropic enrichment between the two disease 
phenotypes.

https://ctg.cncr.nl/documents/p1651/sumstats_neuroticism_ctg_format.txt.gz
https://ctg.cncr.nl/documents/p1651/sumstats_neuroticism_ctg_format.txt.gz
https://ctg.cncr.nl/documents/p1651/sumstats_neuroticism_ctg_format.txt.gz
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Conditional false discovery rate (cFDR) has been 
widely used to identify novel genetic loci based on 
GWAS [17]. For the definition of false discovery rate 
(FDR), it can be understood as the probability that the 
SNP is not associated with the disease in the real sit-
uation when the P value of the hypothesis test of the 
association strength with disease is less than the pre-
defined cut-off value. The purpose of FDR is to control 
the expected value of the proportion of "misidentified 
differential SNPs" to "identified differential SNPs" in 
multiple hypothesis testing, so as to identify as many 
true differential SNPs as possible. cFDR is to extend the 
FDR approach to be able to involve two phenotypes or 
diseases simultaneously. The specific formula for calcu-
lating the cFDR value of the association between the ith 
SNP and the main phenotype is:

If the P value of the hypothesis test was less than a 
pre-specified significance threshold, we considered 
this SNP is significantly associated with the main phe-
notype. In this study, when neuroticism is the princi-
pal phenotype and BW is the conditional phenotype, 
the cFDR is defined as cFDR (NE|BW), and vice versa 
cFDR (BW|NE).

We used the conjunctional conditional false discovery 
rate (ccFDR) to discover the genetic pleiotropic SNP both 
associated with neuroticism and BW. It is known that the 
ccFDR p-value is the larger cFDR p-value after the pleiot-
ropy of the two traits is emerged. So if ccFDR is less than 
pre-specified significance threshold, it will be considered 
that this SNP is significantly correlated with neuroticism 
and BW, which is a genetic pleiotropic SNPs.

Conditional Manhattan plots usually used in GWAS to 
show the genetic SNPs which is notably associated the 
trait phenotype in the plot. In our study, Y axis was—
log10 (P) of cFDR or ccFDR of SNPs, and a scatter repre-
sents a SNP site. So if the height of loci on Y axis is higher, 
the association with the trait phenotype is stronger.

Quantitative trait locus (QTL) refer to the position of 
SNPs controlling quantitative traits in the genome, and 
the DNA variation loci related to mRNA expression are 
called eQTL [18]. The meQTL may assist in identifying 
novel genes associated with disease and providing the 
connection between DNA sequence variation and phe-
notype [19]. We used BIOS QTL (https:// www. genen 
etwork. nl/) [20, 21] to identify the expressed quantita-
tive trait and eQTL analysis was performed to analyze 
the correlation between gene expression and genotype, 
in which genotype usually is transcribed RNA expres-
sion abundance.
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Pleiotropic SNPs function analysis
For gene annotation, we used functional analysis tools 
such as bioDBnet (bioDBnet—Biological Database Net-
work (ncifcrf.gov) to annotate the significant functional 
SNPs [22]. Enrichment analysis was used to explore the 
function of the annotated SNPs based on the known gene 
database, including the specific pathway in which the 
SNPs were enriched in. Functional analysis plays a role 
in exploring the SNPs effects of on disease pathogenesis 
and we used GO (gene ontology terms database, KOBAS 
(bioinfo.org)) to conduct functional analysis [23]. To 
investigate the relationship between neuroticism and BW, 
we also conducted protein–protein interaction analysis 
using the STRING database (STRING: functional protein 
association networks (string-db.org)) [24]. We performed 
gene annotation of the SNPs associated with neuroticism 
and birth weight (cFDR < 0.001) and entered the anno-
tated genes to get protein–protein interaction plots.

Two‑sample Mendelian Randomization (TSMR)
Mendelian randomization is used to assess the causal 
inference between modifiable exposure and clinically 
relevant outcome. There are three important prerequi-
sites for MR analysis. First, the selected SNPs are highly 
associated with intermediate phenotypes or exposure 
factors. Second, the selected genes are not associated 
with confounders. Third, there is conditional independ-
ence between the selected genes and disease outcomes. 
When satisfying the above three conditions, we could 
explain that the gene is mediated by the intermediate 
phenotype and acts on the disease, and the intermediate 
phenotype or exposure can be inferred to be the cause.

In this study, we used SNPs as exposures to explore the 
causal relationship between neuroticism and BW. Five 
methods were used to evaluate the results. However, the 
data we used have removed the linkage disequilibrium 
and the heterogeneity and pleiotropy are negligible, so the 
Inverse Variance Weighted method is preferred to evaluate 
the result. Meanwhile we conducted forest plots and scatter 
plots to visualize the outcome. In the forest plot each hori-
zontal black line reflects the results estimated by a single 
SNP using the Wald ratio method, so reasonable results can 
only be obtained by combining the results of all individual 
SNPs and the combined result is the bottom red line. In the 
scatter plot, the X axis is the SNPs on the exposure factor 
(BW), the Y axis is the SNPs on the outcome factor (neu-
roticism), and the color line shows the result of MR fitting.

Result of cFDR and ccFDR analysis
Assessment of pleiotropic enrichment
We found that the curve deviates from the left as the 
corresponding P-value decreases in the Q-Q plot when 

https://www.genenetwork.nl/
https://www.genenetwork.nl/
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neuroticism with BW as conditional phenotype (Fig. 1-
A) and BW with neuroticism as conditional pheno-
type (Fig. 1-B). It indicates that a strong enrichment of 
genetic pleiotropy between the neuroticism and BW 
based on SNPs.

Neuroticism or BW Loci Identified with cFDR
While the threshold of cFDR < 0.01, we identified 377 
SNPs significantly related to neuroticism when BW as 
conditional trait. Even if used the more conservative 
threshold of cFDR < 0.001, we also identify 126 SNPs, 
which 2 SNPs among them have been identified in other 
studies [25, 26], and it means that most of the SNPs in 
neuroticism is first discovered in this study (ST1).

As for birth weight (BW), we identified 337 signifi-
cantly related SNPs with the threshold of cFDR < 0.01. 
With the threshold of cFDR < 0.001, 172 SNPs of BW also 
have been identified, and 148 SNPs are novel loci firstly 
discovered in this study which others have been identi-
fied in previous GWAS study [27] (ST2).

We used manhattan plot to intuitively show the neurot-
icism related SNPs (Fig. 2) and BW related SNPs (Fig. 2). 
As shown in the figure, the y-axis represents the -log10 
cFDR value of SNPs related to neuroticism or BW, and 
the x-axis represents the chromosome. The red horizon-
tal line paralleled to the x-axis is the y-axis value when 
the cFDR value is 0.01 which the 377 significant SNPs of 
neuroticism and 337 significant SNPs of BW identified in 
this study are located above the red line, and the figure 
shows the chromosome which these SNPs mainly distrib-
uted in.

The identification of quantitative trait locus (QTL) 
plays an important role in discovering the regulatory 
functions of SNPs on phenotype. In these SNPs related 
to neuroticism we identify 99 SNPs have expression QTL 
(eQTL) effects, which two of them have 3’-UTR and 
splice acceptor function (ST1), and these SNPs may con-
tribute to regulate gene expression. While in the SNPs 
related to BW, 152 SNPs have been identified as eQTL, 
and gene with 3’-UTR, 5’-UTR, synonymous and mis-
sense function may be relevant to regulate gene expres-
sion (ST2).

Neuroticism and BW Common Loci Identified with ccFDR
We used the conjunction cFDR (ccFDR) method to 
identify pleiotropic genetic loci of neuroticism and BW. 
Finally, we identified 62 SNPs when ccFDR < 0.05, which 
16 SNPs of them are relevant to neuroticism and 12 SNPs 
of them are relevant to BW (Table 1). The ccFDR man-
hattan plot was conducted to show SNPs distribution in 
chromosomes (Fig.  2). We identified these pleiotropic 
loci and found 51 SNPs have eQTL effects, and among 
these SNPs rs8039305 and rs35755513 had both eQTL 

and meQTL effects simultaneously, which rs5039305 
have been identified associated with several mental ill-
nesses including major depressive, bipolar disorder and 
schizophrenia [28].

Pleiotropic SNPs functional analysis
To explore the biological function of the related anno-
tation genes in the occurrence of the neuroticism, we 
conducted gene functional analysis (GO enrichment 
analysis) for the identified SNPs. For the SNPs related 
to neuroticism, the result showed that the SNPs mainly 
enrich in the pathways related to “glucose homeosta-
sis” (P = 1.0*10–4), “type B pancreatic cell differentia-
tion” (P = 1.1*10–4) and “neural crest cell differentiation” 
(P = 1.4*10- 4). As for the BW related SNPs, the GO 
result indicates that SNPs mainly enrich in “chromatin 
remodeling” (P = 1.0*10–4), “transcription factor bind-
ing” (P = 1.1*10–4) and “positive regulation of glucose 
import” (P = 1.1*10–4). Meanwhile these pathways are 
also related to RNA polymerase II such as negative regu-
lation of transcription of RNA polymerase II and RNA 
polymerase II cis-regulatory region sequence-specific 
transcription, and hormone regulation such as insulin 
binding. The results showed that the two pathways of 
positive regulation of “mesenchymal cell proliferation” 
and “DNA-binding transcription factor activity” were 
significantly enriched in neuroticism and BW (Table 2).

We conducted protein–protein interaction (PPI) analy-
sis by STRING 11.0. We entered the SNPs related to neu-
roticism and BW into the online STRING database and 
then come to a visual network plot, which may predict 
associations for a particular group of proteins (Fig.  3). 
Each solid circle in the PPI plot represents a kind of pro-
tein and the connection between them indicates that 
there is a certain connection or interaction, which dif-
ferent colors of the connection means different types 
of interaction. The association of neuroticism genetic 
expressed protein is weak, but DRD2, TTC12, ANKK1, 
NCAM1 and RBFOX1 play a key role in it. There is a 
strong connection between the annotation SNPs of BW 
in their biological function, especially SMARCA4, SKP2, 
RB1, MAPK14 and NOTCH1.

Results of the validation study
The conditional Q-Q plot (Fig.  4A/B) showed a signifi-
cant deviation from the curves and it indicated that the 
two phenotypes has strong genetic pleiotropy. For neu-
roticism in condition of BW, we identified 317 SNPs, of 
which 117 SNPs are consistent with the main study anal-
ysis. Among the 70 SNPs significantly related to BW on 
condition of neuroticism, of which 52 SNPs are consist-
ent with the result of the main study. As for the common 
SNPs of neuroticism and BW, we obtained 21 pleiotropic 
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Fig. 1 Stratified Q‑Q plots. Neuroticism as function of the significance when BW as condition trait (A) and BW as function of the significance 
when neuroticism as condition trait (B)
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Fig. 2 Manhattan plot. Conditional ‑log10(FDR) values for neuroticism given BW (NE|BW) (A), BW given neuroticism (BW|NE) (B), neuroticism 
and BW (NE&BW) (C)
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Table 1 Conjunction cFDR value of 62 common SNPs in BW and neurotcism (ccFDR < 0.05)

SNP CHR POS cFDR.BW cFDR.NE ccfdr Gene Symbol eQLT meQTL func annot

rs507288 1 37,203,702 0.001716 7.49E‑09 0.001716 ‑ 2 0 ‑

rs4660550 1 39,688,459 0.003108 0.025014 0.025014 MACF1 2 0 intronic

rs7534143 1 66,470,379 0.023308 0.034705 0.034705 PDE4B 3 0 intronic

rs6673081 1 1.55E + 08 4.87E‑11 0.015693 0.015693 DCST2;ZBTB7B 34 0 3’‑UTR 

rs3737657 1 2.04E + 08 0.012323 0.006953 0.012323 ERLNC1;ETNK2 12 0 missense

rs7520276 1 2.06E + 08 0.04334 0.02542 0.04334 ‑ 15 0 ‑

rs2339940 2 24,251,787 1.56E‑07 0.044778 0.044778 WDCP 14 0 ‑

rs343969 2 44,956,905 0.034901 0.005843 0.034901 CAMKMT 2 0 intronic

rs848293 2 58,382,490 0.01665 0.000111 0.01665 VRK2 4 0 intronic

rs2863300 2 59,188,638 0.023732 0.002119 0.023732 LINC01122 0 0 intronic

rs4419186 2 1.49E + 08 0.012493 1.02E‑06 0.012493 ‑ 7 0 ‑

rs6430291 2 1.49E + 08 0.02889 4.89E‑09 0.02889 MBD5 3 0 intronic

rs3771300 2 1.92E + 08 0.000926 0.040151 0.040151 STAT1 11 0 intronic

rs985463 3 34,110,517 0.040085 0.002747 0.040085 ‑ 0 0 ‑

rs6795735 3 64,705,365 0.010544 0.032618 0.032618 ADAMTS9‑AS2 2 0 intronic

rs1861044 4 15,539,498 0.009337 0.01138 0.01138 CC2D2A 3 0 intronic

rs4975032 4 39,687,955 0.042232 0.033192 0.042232 ‑ 3 0 ‑

rs33419 5 71,846,721 0.017516 0.023526 0.023526 ‑ 4 0 ‑

rs2523676 6 31,435,991 0.01705 0.00036 0.01705 DENND4B; MEN1 17 0 ‑

rs9267673 6 31,883,679 0.018701 0.024511 0.024511 C2 26 0 intronic

rs2734335 6 31,893,944 0.041245 9.59E‑05 0.041245 C2 34 0 intronic

rs396090 6 32,977,535 0.043793 0.002408 0.043793 HLA‑DOA 12 0 ‑

rs455567 6 33,252,115 0.030658 0.0029 0.030658 WDR46 26 0 intronic

rs6910233 6 33,534,726 0.026849 0.003178 0.026849 GGNBP1 7 0 ‑

rs13219530 6 33,657,493 0.00663 0.009883 0.009883 ITPR3 0 0 intronic

rs1262557 6 1.27E + 08 2.67E‑05 0.003099 0.003099 ‑ 0 0 ‑

rs9492432 6 1.3E + 08 0.002543 0.00084 0.002543 ‑ 4 0 ‑

rs9376653 6 1.42E + 08 0.028039 0.010677 0.028039 ‑ 0 0 ‑

rs1361024 6 1.52E + 08 0.002018 0.00958 0.00958 ESR1 2 0 intronic

rs13225695 7 86,702,298 0.049035 0.006419 0.049035 ‑ 4 0 intronic

rs1868757 7 1.14E + 08 0.024787 0.029903 0.029903 FOXP2 0 0 intronic

rs10259338 7 1.27E + 08 0.023325 0.002149 0.023325 ‑ 4 0 ‑

rs1057454 7 1.27E + 08 0.001957 0.004818 0.004818 ZNF800 4 0 5’‑UTR 

rs10258162 7 1.27E + 08 0.0189 0.001356 0.0189 LOC105375490 10 0 ‑

rs972088 7 1.27E + 08 3.57E‑05 0.018052 0.018052 SND1 10 0 intronic

rs6969880 7 1.27E + 08 4.58E‑05 0.013199 0.013199 SND1 2 0 intronic

rs10957133 8 61,300,510 0.018174 0.022692 0.022692 PDCL3P1;LINC01301 4 0 ‑

rs2737205 8 1.17E + 08 0.047282 0.000279 0.047282 TRPS1 2 0 intronic

rs1147322 9 1.26E + 08 5.52E‑11 0.021735 0.021735 ZBTB6 12 0 5’‑UTR 

rs2540074 9 1.26E + 08 1.28E‑10 0.044136 0.044136 STRBP 5 0 intronic

rs2078778 9 1.37E + 08 0.021297 0.00786 0.021297 ‑ 7 0 ‑

rs12344192 9 1.37E + 08 0.019154 0.030832 0.030832 ‑ 4 0 ‑

rs10786706 10 1.05E + 08 0.003589 0.002367 0.003589 WBP1L 22 0 ‑

rs4290163 10 1.05E + 08 0.015052 0.01028 0.015052 PCYT2; RPS8; ABCC8; TMEM53; SLC25A3 21 0 ‑

rs7092200 10 1.05E + 08 0.00207 0.001262 0.00207 CNNM2 7 0 ‑

rs10840346 11 10,062,999 2.44E‑10 0.000621 0.000621 SBF2 3 0 intronic

rs4430500 11 10,254,371 3.92E‑09 0.000508 0.000508 SBF2 5 0 intronic

rs3740699 11 47,504,075 0.046411 0.000109 0.046411 CELF1 0 0 intronic

rs7939420 11 47,723,938 0.035053 0.000197 0.035053 AGBL2 12 0 intronic
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SNPs and 15 SNPs are consistent with the analysis results 
of the main study, so the association between neuroticism 
and BW is further confirmed in the validation analysis.

Result of MR analysis
In the above study showed that there is genetic pleiot-
ropy between neuroticism and BW, so we conducted 
MR analysis to explore the causal relationship between 
them. While BW as exposure factor and neuroticism as 
outcome factor, among 5 calculation methods including 
Mg Egger, Weighted median, Inverse variance weighted, 
Simple mode and weighted mode, all of their P-value are 
larger than 0.05 (Table 3).

In the forest plot (Fig. 5), the red line in the bottom is 
the combined result, it reflects that the increase in BW 
does not increase the risk of neuroticism. Meanwhile, 
in the scatter plot (Fig.  6) it is not difficult to see from 
the plot that the risk of neuroticism has not obviously 
increased from the increase in BW. This result indicates 
that there is no obviously causal relationship.

Discussion
This study analyzed the two independent datasets of neu-
roticism and BW based on GWAS by cFDR method to 
discover the potential SNPs related to neuroticism and 
BW. We identified 377 SNPs (cFDR < 0.01) significantly 
related to neuroticism, and 117 of them first discovered 
in our study. We also identified 337 SNPs (cFDR < 0.01) 
associated significantly with BW, which 52 of them are 
first discover in our study. Meanwhile, we have identified 
62 SNPs with genetic pleiotropy common in neuroticism 
and BW. To eliminate the interference in confound-
ing factors, we used data independent from the main 
study for validation analysis. The result of the validation 
analysis also shows the genetic pleiotropy, which further 

validated that there is a common genetic mechanism 
between neuroticism and BW.

Neuroticism is defined as a personality trait linked to 
emotional instability, which characterized by emotion 
dysregulation and negative affect. However, the patho-
genesis of neuroticism is still unclear, in which genetic 
factors play an important role, and the current studies 
show that heritability of neuroticism ranged from 13 to 
58% [13, 29]. Based on GWAS to search for susceptible 
genetic SNPs provides a new method for further reveal-
ing the genetic basis of the occurrence and development 
of neuroticism.

Notably, we identified 2 SNPs associated with neu-
roticism and BW (rs35755513 located on CSNK1G1/
rs8039305 located on FURIN), which have both of eQTL 
and meQTL effect, and these SNPs might have signifi-
cant effect on the pathogenesis of neuroticism and BW. 
CSNK1G1 located on chromosome 15, which is the 
member of the casein kinase I gene family. It encodes 
serine/ehreonine-protein kinase and mainly express 
in nervous system such as hippocampus, cerebellum 
and amygdala. Nina B. Gold’s case report showed that 
CSNK1G1 associated syndromic developmental delay 
which all individuals have delayed growth, and possibly 
associated with autism spectrum disorder, facial features 
and seizure [30]. This case report enhanced the candi-
dacy of CSNK1G1 as a cause of a neurodevelopmental 
disorder. Its related pathways are Wnt Signaling Pathway 
Netpath and Wnt Signaling Pathway, which Wnt signal-
ing could glutamate-mediated rapid synaptic transmis-
sion [31–33]. Impairments of WNT signaling are known 
to underlie prenatal neuronal migration, thereby leading 
to developmental delay, abnormal behavioral and neuro-
logical symptoms [34].

Table 1 (continued)

SNP CHR POS cFDR.BW cFDR.NE ccfdr Gene Symbol eQLT meQTL func annot

rs7117020 11 57,499,655 0.034854 0.006471 0.034854 TMX2‑CTNND1; TMX2 4 0 intronic

rs4938893 11 58,095,004 9.41E‑05 0.018753 0.018753 ‑ 10 0 ‑

rs1988657 12 62,838,595 0.031134 0.049253 0.049253 ‑ 2 0 3’‑UTR 

rs1042725 12 66,358,347 1.27E‑54 0.014324 0.014324 HMGA2 2 0 3’‑UTR 

rs10161126 12 1.1E + 08 0.048314 1.13E‑05 0.048314 ‑ 13 0 ‑

rs11630273 15 40,878,978 0.039488 0.029126 0.039488 ‑ 38 0 ‑

rs41434449 15 64,448,460 0.012405 0.039885 0.039885 PPIB; SNX22 0 0 3’‑UTR 

rs35755513 15 64,648,186 0.006669 7.05E‑05 0.006669 CSNK1G1 2 Cis‑meQTLs splice acceptor

rs8039305 15 91,422,543 9.69E‑10 0.001754 0.001754 FURIN 2 Cis‑meQTLs intronic

rs4075483 17 79,074,817 0.016128 0.000251 0.016128 BAIAP2 0 0 intronic

rs1017102 19 56,892,632 0.021051 0.023505 0.023505 ZNF582;ZNF542P 4 0 ‑

rs5753037 22 30,581,722 0.006136 0.009624 0.009624 HORMAD2; LOC105372988 9 0 ‑

rs4821981 22 41,415,644 0.044702 8.01E‑05 0.044702 AC002378.1 18 0 ‑
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Table 2 Gene ontology (GO) terms enriched for SNP‑annotated genes with P ≤ 0.010 and common SNP gene with P < 0.016

Trait #Term Database ID Input 
number

Background 
number

Corrected P‑Value Input

nueroticism glucose 
homeostasis

Gene Ontol‑
ogy

GO:0042593 4 115 0.00542848729402 MBD5|TCF4|PAX6|NCOA5

type B 
pancreatic cell 
differentiation

Gene Ontol‑
ogy

GO:0003309 2 6 0.00564631175158 PAX6|MEN1

neural crest cell 
differentiation

Gene Ontol‑
ogy

GO:0014033 2 7 0.00626592050451 MEF2C|FBXL17

adenylate 
cyclase‑inhibit‑
ing G protein‑
coupled gluta‑
mate receptor 
signaling 
pathway

Gene Ontol‑
ogy

GO:0007196 2 7 0.00626592050451 GRM8|GRM3

actin cytoskel‑
eton

Gene Ontol‑
ogy

GO:0015629 5 245 0.00626592050451 NCOA5|BAIAP2|SNCA|C2|MSRA

regulation 
of synaptic 
plasticity

Gene Ontol‑
ogy

GO:0048167 3 50 0.00626592050451 MEF2C|BAIAP2|MAPT

postsynaptic 
density

Gene Ontol‑
ogy

GO:0014069 5 251 0.00626592050451 DLGAP2|PCLO|DRD2|NSF|GRM3

astrocyte dif‑
ferentiation

Gene Ontol‑
ogy

GO:0048708 2 8 0.00626592050451 PAX6|SOX6

minor groove 
of adenine–
thymine‑rich 
DNA binding

Gene Ontol‑
ogy

GO:0003680 2 8 0.00626592050451 MEF2C|MAPT

neuron‑neuron 
synaptic trans‑
mission

Gene Ontol‑
ogy

GO:0007270 2 8 0.00626592050451 DLGAP2|DRD2

postsynaptic 
modulation 
of chemical 
synaptic trans‑
mission

Gene Ontol‑
ogy

GO:0099170 2 9 0.00736508829015 DRD2|DCC

cytoplasm Gene Ontol‑
ogy

GO:0005737 21 4624 0.00794392457863 SBF2|BAG6|MAPT|RBFOX1|VRK2|R
SRC1|PLCL2|CELF2|CELF1|MSRA|M
EF2C|CSNK1G1|PAX6|ANKK1|SGC
Z|FBXL17|SNCA|BAIAP2|MEN1|CK
AP5|TAOK3

RNA transport Gene Ontol‑
ogy

GO:0050658 2 10 0.00794392457863 RBFOX1|CKAP5

negative 
regulation 
of voltage‑
gated calcium 
channel 
activity

Gene Ontol‑
ogy

GO:1,901,386 2 10 0.00794392457863 DRD2|CRHR1

negative 
regulation 
of transcrip‑
tion by RNA 
polymerase II

Gene Ontol‑
ogy

GO:0000122 8 832 0.00851319301933 TCF4|TRPS1|BBX|MEN1|MEF2C|PA
X6|SNCA|SOX6

SNARE binding Gene Ontol‑
ogy

GO:0000149 3 64 0.00963922132356 SYT13|NSF|SNCA

dynactin 
binding

Gene Ontol‑
ogy

GO:0034452 2 12 0.00963922132356 PAFAH1B1|MAPT

protein 
localization 
to synapse

Gene Ontol‑
ogy

GO:0035418 2 12 0.00963922132356 BAIAP2|PCLO



Page 10 of 16Zhou et al. BMC Medical Genomics          (2023) 16:167 

FURIN also located on chromosome 15 and this gene 
encodes a member of the subtilisin-like proprotein con-
vertases family. It encodes a type 1 membrane bound 
protease and mainly express in neuroendocrine. Among 
its related pathways are HIV Life Cycle and Lipoprotein 
metabolism, and the most associated diseases include 
Cerebral Amyloid Angiopathy, Itm2b-Related and Avian 
Influenza [35–37]. Furin is involved in the process of cleav-
ing multiple protein precursors into mature proteins, such 
as brain-derived neurotrophic factor (BDNF). BDNF is a 
member of the neurotrophin family, and it plays an impor-
tant role in neural differentiation, neural cell survival 
and synaptic plasticity [38]. A close relationship is found 
between neuroticism and increased BDNF gene methyla-
tion, which the higher the neuroticism score is related to 
higher level of BDNF gene methylation [39]. Therefore, 

abnormal process of protease FURIN cleaves proBDNF to 
generate mature BDNF (mbdnf) participate in neuropsy-
chiatric disorders including neuroticism [40, 41].

In the functional exploration of pleiotropic gene, we 
also conducted GO enrichment analysis, finally we 
found “mesenchymal cell proliferation” and “DNA-
binding transcription factor activity” are the most 
significant related pathways to neuroticism and BW. 
Mesenchymal stems cells may promote the prolifera-
tion and anti-apoptosis of human melanocytes through 
the PTEN pathway and DNA-binding transcription 
factor activity transcriptional regulatory activity that 
regulates genome transcription by selectively and non-
covalently binding to specific double stranded genomic 
DNA sequences in cis regulatory regions, and it may 
relevant to chronic neurodegenerative diseases [42, 43]. 

Table 2 (continued)

Trait #Term Database ID Input 
number

Background 
number

Corrected P‑Value Input

BW chromatin 
remodeling

Gene Ontol‑
ogy

GO:0006338 4 102 0.00521082186848 SMARCA4|RB1|TOP1|ESR1

transcription 
factor binding

Gene Ontol‑
ogy

GO:0008134 6 325 0.00528915446255 ESR1|ENPP2|HMGA2|RB1|PIK3R1|
SMARCA4

positive regula‑
tion of glucose 
import

Gene Ontol‑
ogy

GO:0046326 3 38 0.00528915446255 MAPK14|PTPN11|PIK3R1

negative 
regulation 
of transcrip‑
tion by RNA 
polymerase II

Gene Ontol‑
ogy

GO:0000122 9 832 0.00561702384388 STAT1|ESR1|CHD8|HMGA2|NOTCH
1|RB1|NRIP1|RIPPLY3|SMARCA4

RNA polymer‑
ase II cis‑reg‑
ulatory region 
sequence‑
specific DNA 
binding

Gene Ontol‑
ogy

GO:0000978 8 656 0.00588521152667 ZBTB6|STAT1|ESR1|HMGA2|NOTC
H1|TOP1|NRIP1|SMARCA4

insulin binding Gene Ontol‑
ogy

GO:0043559 2 6 0.00593985997835 IGF1R|PIK3R1

epithelial 
to mesenchy‑
mal transition

Gene Ontol‑
ogy

GO:0001837 3 43 0.00647443243419 LIMS1|HMGA2|NOTCH1

positive regu‑
lation of metal‑
lopeptidase 
activity

Gene Ontol‑
ogy

GO:1,905,050 2 7 0.00713373065123 MAPK14|ANTXR1

negative regu‑
lation of cold‑
induced 
thermogenesis

Gene Ontol‑
ogy

GO:0120163 3 47 0.00778605532871 NOTCH1|RB1|ADAM17

neurotcism&BW positive regu‑
lation of mes‑
enchymal cell 
proliferation

Gene Ontol‑
ogy

GO:0002053 2 23 0.0152210880734 FOXP2|STAT1

DNA‑binding 
transcription 
factor activity

Gene Ontol‑
ogy

GO:0003700 5 607 0.0152210880734 FOXP2|ZNF582|TRPS1|STAT1|ESR1
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Fig. 3 PPI plot. Protein‑protein interactions between protein products of the corresponding gene in neuroticism (A) and BW (B)
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Fig. 4 Stratified Q‑Q plots. Result of the validation study that neuroticism as function of the significance when BW as condition trait (A) and BW 
as function of the significance when neuroticism as condition trait (B)
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DNA-binding transcription factor activity transcrip-
tional regulatory activity that regulates genome tran-
scription by selectively and non-covalently binding to 
specific double stranded genomic DNA sequences in 
cis regulatory regions. The SNPs related to neuroticism 
are mainly enrich in “glucose homeostasis pathway” and 
“type B pancreatic cell differentiation”, which has been 
researched in relation to insulin secretion, transport, 

gluconeogenesis, pathogenesis [44, 45], and several 
studies indicated that abnormal glucose homeostasis 
may contribute to serious mental illness [46]. Neural 
crests cell differentiation may relevant to mesenchymal 
structures of the brain, melanocytes and the peripheral 
nervous system [47]. As for the BW related SNPs, the 
GO result indicates that SNPs mainly enrich in “chro-
matin remodeling” and “transcription factor binding”.

Table 3 The result of neuroticism as exposure factor and bieth weight as outcome factor based on 5 MR methods

Exposure Outcome Method b se p‑value

birth weight|| id:ukb‑b‑13378 neuroticism|| id:ukb‑b‑4630 Mg Egger 0.0544336 0.14054115 0.6992039

birth weight|| id:ukb‑b‑13378 neuroticism|| id:ukb‑b‑4630 Weighted median 0.05579724 0.0576245 0.3328995

birth weight|| id:ukb‑b‑13378 neuroticism|| id:ukb‑b‑4630 Inverse variance weighted ‑0.01830785 0.05320783 0.7307848

birth weight|| id:ukb‑b‑13378 neuroticism|| id:ukb‑b‑4630 Simple mode 0.06046687 0.14964102 0.6868617

birth weight|| id:ukb‑b‑13378 neuroticism|| id:ukb‑b‑4630 Weighted mode 0.10131709 0.10546998 0.3386408

Fig. 5 Forest plot. MR effect size for BW on neuroticism
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MR analysis is more practical and effective than ran-
domized controlled trials (RCT), which will not be eas-
ily affected by confounding factors and unclear causal 
timing [48, 49]. In these studies, we mainly used IVW 
methods to assess outcomes. It is not difficult to see that 
the effect size (b) of IVW is negative, indicating that an 
increase in BMI cannot lead to an increase in the risk of 
neuroticism. Combined with the results of the forest plot 
and scatter plot, we consider that they are less likely to be 
causal. It is not excluded that the result becomes negative 
due to the low statistical power caused by the removal of 
some SNPs in linkage disequilibrium or other residual 
confounders.

Our study has the following advantages. First, we used 
the cFDR and ccFDR method to analyze the functional 
SNPs associated with neuroticism and BW based on the 
latest large phenotype genetic dataset, and for the rea-
son that cFDR has strong statistical power, we can real-
ize more complex research design. Second, the common 

SNPs related to neuroticism and BW were discussed 
in our study, and the enrichment pathway and protein 
expression of related SNPs were also analyzed. In addi-
tion, we also performed eQTL and meQTL effect analysis 
on functional SNPs, which is conducive to identify can-
didate functional SNPs associated with neuroticism and 
BW and subsequent cellular and molecular biological 
functional studies. Third, we assessed the causal relation-
ship between neuroticism and BW through MR analysis. 
Although the result suggests that the two traits have no 
causality, it does not mean that BW may not affect the 
occurrence of neuroticism through multiple intermediate 
variables. MR analysis was used to explore causal rela-
tionship. It refers to whether there is a causal relationship 
on the final outcome variable generated by the variant 
genetic locus. However, confounding factors such as the 
complex environment have no effect on genetic variation, 
which may lead to the difference between the results of 
RCT and MR.

Fig. 6 Scatter plot. SNP effect on BW
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Certainly, our study also has some limitation. First, due to 
the lack of individuals clinical data, we are unable to assess 
the impact of pleiotropic SNPs on traits, which limits the 
guidance on clinical practice. Second, in this study, our 
method of SNPs deletion is to delete the one with smaller 
MAF in a pair of SNPs with strong linkage, but such an 
approach may weaken the ability to identify rare key outli-
ers. In addition, in the absence of further basic experimen-
tal verification, we intend to further verify the results of this 
study through molecular biological experiments.

In conclusion, we used the cFDR method to detect 
more potentially functional and significant pleiotropic 
SNPs of neuroticism and BW. We also estimated the 
causal relationship between neuroticism and BW 
through cFDR and MR analyses. Our finding provides a 
new idea for further understanding of potential shared 
genetic mechanism of neuroticism and BW and pro-
vides a reference basis for the diagnosis of neuroticism.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12920‑ 023‑ 01591‑y.

Additional file 1: Supplementary Table 1. Conditional FDR value of 126 
SNPs for neurotcism given the BW. Supplementary Table 2. Conditional 
FDR value of 148 SNPs for BW given the neuroticism. Supplementary 
Table 3. Results of the Validation Study: Conditional FDR value of 317 
SNPs for neurotcism given the BW. Supplementary Table 4. Results of 
the Validation Study: Conditional FDR value of 70 SNPs for BW given the 
neuroticism. Supplementary Table 5. Results of the Validation Study: 
Conjunction cFDR value of 21 common SNPs in BW and neurotcism.

Additional file 2. 

Additional file 3. 

Additional file 4. 

Acknowledgements
I would like to thank my supervisor, Chun‑Ping Zeng, for his guidance through 
each stage of the process. Thanks for professor Xiang‑he Meng, Yong‑Liu, 
Xu Lin, Chuan Qiu help to solve the problem. Thanks for Zi‑feng Yang help 
to perform data analysis. Thanks for Tao Long and Hui‑Min You checked the 
manuscript. Thanks for Xiang‑zhu Wang and Shao‑feng Huang performed 
data presentation.

Authors’ contributions
Chun‑Ping Zeng is responsible for the general development and design of 
the study and contributed to critical revisions. Rui‑Ke Liu gave constructive 
suggestions of the manuscript during the whole process. Xiao‑ying Zhou is 
the first author who performed data analysis and drafted the manuscript. All 
authors agree to be accountable for the work and ensure that any ques‑
tions relating to the accuracy and integrity of the paper are investigated and 
properly resolved.

Disclosure summary
The authors have nothing to disclose.

Statement
The data used in the study is publicly available and allows unlimited reuse 
through an open license. And no ethical approval nor informed consent was 
required in this study.

Funding
This work was supported by Dongguan Social Science and Technology Devel‑
opment Key Programme (grant 20221800906212) funded by Dongguan Sci‑
ence Technology Bureau and Major Research Project cultivation programme 
(grant GZR004) funded by SSL central hospital of Dongguan city.

Availability of data and materials
The datasets analysed during the current study are available in the biobank 
repository.https:// ctg. cncr. nl/ docum ents/ p1651/ sumst ats_ neuro ticism_ ctg_ 
format. txt. gz
EGG (Early Growth Genetics) Consortium (egg‑consortium.org).
Trait: Neuroticism score—IEU OpenGWAS project (mrcieu.ac.uk).
Trait: Birth weight—IEU OpenGWAS project (mrcieu.ac.uk).

Declarations

Ethics approval and consent to participate
No ethical approval nor informed consent was required in this study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 September 2022   Accepted: 26 June 2023

References
 1. An L, Chen Z, Zhang N, Ren D, Yuan F, Yuan R, et al. Genetic association 

between CELF4 rs1557341 polymorphism and neuroticism in Chinese 
Han population. Psychiatry Res. 2019;279:138–9.

 2. Widiger TA, McCabe GA. The Five‑Factor Model Is a Competing Theory of 
Borderline Personality Disorder: Commentary on Gunderson et al. J Pers 
Disord. 2018;32(2):181‑4.

 3. Goulart AC, Arap AM, Bufarah HB, Bismarchi D, Rienzo M, Syllos DH, et al. 
Anxiety, Depression, and Anger in Bruxism: A Cross‑sectional Study 
among Adult Attendees of a Preventive Center. Psychiatry Res. 2021;299: 
113844.

 4. Vukasovic T, Bratko D. Heritability of personality: A meta‑analysis of 
behavior genetic studies. Psychol Bull. 2015;141(4):769–85.

 5. Kindblom JM, Bygdell M, Hjelmgren O, Martikainen J, Rosengren A, Berg‑
strom G, et al. Pubertal Body Mass Index Change Is Associated With Adult 
Coronary Atherosclerosis and Acute Coronary Events in Men. Arterioscler 
Thromb Vasc Biol. 2021;41(8):2318–27.

 6. Uechi L, Jalali M, Wilbur JD, French JL, Jumbe NL, Meaney MJ, et al. Com‑
plex genetic dependencies among growth and neurological phenotypes 
in healthy children: Towards deciphering developmental mechanisms. 
PLoS ONE. 2020;15(12): e0242684.

 7. Pesonen AK, Raikkonen K, Heinonen K, Andersson S, Hovi P, Jarvenpaa 
AL, et al. Personality of young adults born prematurely: the Helsinki 
study of very low birth weight adults. J Child Psychol Psychiatry. 
2008;49(6):609–17.

 8. Lyall DM, Inskip HM, Mackay D, Deary IJ, McIntosh AM, Hotopf M, et al. 
Low birth weight and features of neuroticism and mood disorder 
in 83 545 participants of the UK Biobank cohort. BJPsych Open. 
2016;2(1):38–44.

 9. Clausson B, Lichtenstein P, Cnattingius S. Genetic influence on birth‑
weight and gestational length determined by studies in offspring of 
twins. BJOG. 2000;107(3):375–81.

 10. Werme J, van der Sluis S, Posthuma D, de Leeuw CA. Genome‑wide gene‑
environment interactions in neuroticism: an exploratory study across 25 
environments. Transl Psychiatry. 2021;11(1):180.

 11. Horikoshi M, Beaumont RN, Day FR, Warrington NM, Kooijman MN, 
Fernandez‑Tajes J, et al. Genome‑wide associations for birth weight and 
correlations with adult disease. Nature. 2016;538(7624):248–52.

https://doi.org/10.1186/s12920-023-01591-y
https://doi.org/10.1186/s12920-023-01591-y
https://ctg.cncr.nl/documents/p1651/sumstats_neuroticism_ctg_format.txt.gz
https://ctg.cncr.nl/documents/p1651/sumstats_neuroticism_ctg_format.txt.gz


Page 16 of 16Zhou et al. BMC Medical Genomics          (2023) 16:167 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 12. Warrington NM, Beaumont RN, Horikoshi M, Day FR, Helgeland O, Laurin 
C, et al. Maternal and fetal genetic effects on birth weight and their 
relevance to cardio‑metabolic risk factors. Nat Genet. 2019;51(5):804–14.

 13. Vinkhuyzen AA, Pedersen NL, Yang J, Lee SH, Magnusson PK, Iacono WG, 
et al. Common SNPs explain some of the variation in the personality dimen‑
sions of neuroticism and extraversion. Transl Psychiatry. 2012;2(4): e102.

 14. Andreassen OA, Thompson WK, Schork AJ, Ripke S, Mattingsdal M, Kelsoe 
JR, et al. Improved detection of common variants associated with schizo‑
phrenia and bipolar disorder using pleiotropy‑informed conditional false 
discovery rate. PLoS Genet. 2013;9(4): e1003455.

 15. Zhu Z, Zhang F, Hu H, Bakshi A, Robinson MR, Powell JE, et al. Integration 
of summary data from GWAS and eQTL studies predicts complex trait 
gene targets. Nat Genet. 2016;48(5):481–7.

 16. Nagel M, Jansen PR, Stringer S, Watanabe K, de Leeuw CA, Bryois J, et al. 
Meta‑analysis of genome‑wide association studies for neuroticism in 
449,484 individuals identifies novel genetic loci and pathways. Nat Genet. 
2018;50(7):920–7.

 17. Zeng CP, Chen YC, Lin X, Greenbaum J, Chen YP, Peng C, et al. Increased 
identification of novel variants in type 2 diabetes, birth weight and their 
pleiotropic loci. J Diabetes. 2017;9(10):898–907.

 18. Westra HJ, Peters MJ, Esko T, Yaghootkar H, Schurmann C, Kettunen J, 
et al. Systematic identification of trans eQTLs as putative drivers of known 
disease associations. Nat Genet. 2013;45(10):1238–43.

 19. Jaffe AE, Gao Y, Deep‑Soboslay A, Tao R, Hyde TM, Weinberger DR, et al. 
Mapping DNA methylation across development, genotype and schizo‑
phrenia in the human frontal cortex. Nat Neurosci. 2016;19(1):40–7.

 20. Zhernakova DV, Deelen P, Vermaat M, van Iterson M, van Galen M, Arin‑
drarto W, et al. Identification of context‑dependent expression quantita‑
tive trait loci in whole blood. Nat Genet. 2017;49(1):139–45.

 21. Bonder MJ, Luijk R, Zhernakova DV, Moed M, Deelen P, Vermaat M, et al. 
Disease variants alter transcription factor levels and methylation of their 
binding sites. Nat Genet. 2017;49(1):131–8.

 22. Mudunuri U, Che A, Yi M, Stephens RM. bioDBnet: the biological database 
network. Bioinformatics. 2009;25(4):555–6.

 23. Bu D, Luo H, Huo P, Wang Z, Zhang S, He Z, et al. KOBAS‑i: intelligent prior‑
itization and exploratory visualization of biological functions for gene 
enrichment analysis. Nucleic Acids Res. 2021;49(W1):W317–25.

 24. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The 
STRING database in 2021: customizable protein‑protein networks, and 
functional characterization of user‑uploaded gene/measurement sets. 
Nucleic Acids Res. 2021;49(D1):D605–12.

 25. Belonogova NM, Zorkoltseva IV, Tsepilov YA, Axenovich TI. Gene‑based 
association analysis identifies 190 genes affecting neuroticism. Sci Rep. 
2021;11(1):2484.

 26. Smith DJ, Escott‑Price V, Davies G, Bailey ME, Colodro‑Conde L, Ward 
J, et al. Genome‑wide analysis of over 106 000 individuals identifies 9 
neuroticism‑associated loci. Mol Psychiatry. 2016;21(11):1644.

 27. Liu RK, Lin X, Wang Z, Greenbaum J, Qiu C, Zeng CP, et al. Identification 
of novel functional CpG‑SNPs associated with Type 2 diabetes and birth 
weight. Aging (Albany NY). 2021;13(7):10619–58.

 28. Wang H, Yi Z, Shi T. Novel loci and potential mechanisms of major 
depressive disorder, bipolar disorder, and schizophrenia. Sci China Life Sci. 
2022;65(1):167–83. https:// doi. org/ 10. 1007/ s11427‑ 020‑ 1934‑x.

 29. Wray NR, Birley AJ, Sullivan PF, Visscher PM, Martin NG. Genetic and phe‑
notypic stability of measures of neuroticism over 22 years. Twin Res Hum 
Genet. 2007;10(5):695–702.

 30. Gold NB, Li D, Chassevent A, Kaiser FJ, Parenti I, Strom TM, et al. Het‑
erozygous de novo variants in CSNK1G1 are associated with syndro‑
mic developmental delay and autism spectrum disorder. Clin Genet. 
2020;98(6):571–6.

 31. Yu W, Ramakrishnan R, Wang Y, Chiang K, Sung TL, Rice AP. Cyclin 
T1‑dependent genes in activated CD4 T and macrophage cell lines 
appear enriched in HIV‑1 co‑factors. PLoS ONE. 2008;3(9): e3146.

 32. Meng Z, Capalbo L, Glover DM, Dunphy WG. Role for casein kinase 1 
in the phosphorylation of Claspin on critical residues necessary for the 
activation of Chk1. Mol Biol Cell. 2011;22(16):2834–47.

 33. Kusuda J, Hirai M, Tanuma R, Hashimoto K. Cloning, expression analysis 
and chromosome mapping of human casein kinase 1 gamma1 
(CSNK1G1): identification of two types of cDNA encoding the kinase 
protein associated with heterologous carboxy‑terminal sequences. 
Cytogenet Cell Genet. 2000;90(3–4):298–302.

 34. Bocchi R, Egervari K, Carol‑Perdiguer L, Viale B, Quairiaux C, De Roo M, 
et al. Perturbed Wnt signaling leads to neuronal migration delay, altered 
interhemispheric connections and impaired social behavior. Nat Com‑
mun. 2017;8(1):1158.

 35. Anderson ED, VanSlyke JK, Thulin CD, Jean F, Thomas G. Activation of the 
furin endoprotease is a multiple‑step process: requirements for acidifica‑
tion and internal propeptide cleavage. EMBO J. 1997;16(7):1508–18.

 36. Jones BG, Thomas L, Molloy SS, Thulin CD, Fry MD, Walsh KA, et al. Intra‑
cellular trafficking of furin is modulated by the phosphorylation state of a 
casein kinase II site in its cytoplasmic tail. EMBO J. 1995;14(23):5869–83.

 37. Anderson ED, Molloy SS, Jean F, Fei H, Shimamura S, Thomas G. The 
ordered and compartment‑specfific autoproteolytic removal of the furin 
intramolecular chaperone is required for enzyme activation. J Biol Chem. 
2002;277(15):12879–90.

 38. Seidah NG, Benjannet S, Pareek S, Chretien M, Murphy RA. Cellular 
processing of the neurotrophin precursors of NT3 and BDNF by the 
mammalian proprotein convertases. FEBS Lett. 1996;379(3):247–50.

 39. Shirata T, Suzuki A, Matsumoto Y, Takahashi N, Noto K, Goto K, et al. Rela‑
tion of high neuroticism with increased methylation of the BDNF gene. 
Neuropsychiatr Dis Treat. 2018;14:1787–93.

 40. Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu 
A, et al. Proteomics. Tissue‑based map of the human proteome. Science. 
2015;347(6220):1260419.

 41. Mohammadi A, Amooeian VG, Rashidi E. Dysfunction in Brain‑
Derived Neurotrophic Factor Signaling Pathway and Susceptibility to 
Schizophrenia, Parkinson’s and Alzheimer’s Diseases. Curr Gene Ther. 
2018;18(1):45–63.

 42. Lo Furno D, Mannino G, Giuffrida R. Functional role of mesenchymal 
stem cells in the treatment of chronic neurodegenerative diseases. J Cell 
Physiol. 2018;233(5):3982–99.

 43. Hou K, Li G, Zhao J, Xu B, Zhang Y, Yu J, et al. Bone mesenchymal stem 
cell‑derived exosomal microRNA‑29b‑3p prevents hypoxic‑ischemic 
injury in rat brain by activating the PTEN‑mediated Akt signaling path‑
way. J Neuroinflammation. 2020;17(1):46.

 44. Thorens B. GLUT2, glucose sensing and glucose homeostasis. Diabetolo‑
gia. 2015;58(2):221–32.

 45. Jeffery N, Harries LW. beta‑cell differentiation status in type 2 diabetes. 
Diabetes Obes Metab. 2016;18(12):1167–75.

 46. Garcia‑Rizo C, Kirkpatrick B, Fernandez‑Egea E, Oliveira C, Bernardo M. 
Abnormal glycemic homeostasis at the onset of serious mental illnesses: 
A common pathway. Psychoneuroendocrinology. 2016;67:70–5.

 47. Lefcort F, George L. Neural crest cell fate: to be or not to be prespecified. 
Cell Adh Migr. 2007;1(4):199–201.

 48. Davey Smith G, Hemani G. Mendelian randomization: genetic anchors 
for causal inference in epidemiological studies. Hum Mol Genet. 
2014;23(R1):R89–98.

 49. Sekula P, Del Greco MF, Pattaro C, Kottgen A. Mendelian Randomization 
as an Approach to Assess Causality Using Observational Data. J Am Soc 
Nephrol. 2016;27(11):3253–65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1007/s11427-020-1934-x

	Exploring the novel SNPs in neuroticism and birth weight based on GWAS datasets
	Abstract 
	Objectives 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and method
	Data sources
	Data processing
	Statistical analysis
	Pleiotropic SNPs function analysis
	Two-sample Mendelian Randomization (TSMR)

	Result of cFDR and ccFDR analysis
	Assessment of pleiotropic enrichment
	Neuroticism or BW Loci Identified with cFDR
	Neuroticism and BW Common Loci Identified with ccFDR
	Pleiotropic SNPs functional analysis

	Results of the validation study
	Result of MR analysis
	Discussion
	Anchor 22
	Acknowledgements
	References


