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Abstract
Great progress has been made in identifying risk loci for insomnia by genome-wide association studies
(GWAS) analysis, but its association with human brain proteome is unclear. Two insomnia GWAS
summary datasets were derived from deCODE (n = 113,006) and 23andMe (n = 1,331,010). Two human
brain proteomic datasets were obtained from ROS/MAP and Banner, and two reference datasets were
obtained from brain RNA-seq (CBR) and RNA-seq splicing (CBRS). Proteome-wide association study
(PWAS) was first used to detect brain proteins associated with insomnia at the translation level.
Transcriptome-wide association study (TWAS) was then used to verify the results at the DNA level.
Finally, brain imaging GWAS was used to explore the brain functional areas related to the identified brain
proteins and genes in insomnia. PWAS identified 4 and 1 common proteins shared by two human brain
proteomic datasets in insomnia GWAS dataset 1 and 2, such as ME1 (PDataset1−Banner−full=1.08×10−2,

PDataset1−ROS/MAP−full=8.21×10−3). Further TWAS identified 5 and 1 candidate genes shared by the two

reference expression profiles in dataset 1 and 2, like ICA1L (PDataset2−CBR=3.01×10−2,

PDataset2−CBRS=3.24×10−2). CAMLG was observed to associate with insomnia in both PWAS

(PDataset2−ROS/MAP=2.94×10−2) and TWAS (PDataset2−CBR=1.11×10−2). Comparing the results of PWAS and
TWAS, there are 9 common proteins and genes shared by both two datasets, such as INPP4A. Brain
imaging analysis found that insomnia associated proteins and genes were functionally related to cortex.
Our results may reinforce the understanding of the etiology and pathophysiology of insomnia and
provide promising brain protein targets for further therapeutic and mechanistic studies.

Introduction
As the second-most prevalent mental disorder, insomnia is defined as difficulty initiating or maintaining
sleep, accompanied by impaired daytime functioning, and occurs at least three times a week for at least
three months (1). In the general population, the prevalence of insomnia is estimated at 8%-40%, and 4%
of patients regularly using prescription sleep aids (2). Although insomnia often occurs as a chronic and
primary disease, it can often be comorbid with other physical or mental disorder (3), such as depression
(4) and hypertension (5). Insomnia can lead to frequent sick leave, incapacity and poor work performance
(6), as well as a twofold increased risk of suicidal ideation and behavior (7). The serious long-term health
consequences of insomnia place a huge burden on society and health care systems, directly or indirectly.

Family and twin studies showed a familial aggregation of insomnia, with an estimated heritability
between 31% and 58% (8). While these findings suggest that insomnia is partly attributed to genetic
factors, and a multiple genes are reported to involved in the pathogenesis of insomnia related to arousal
regulation, sleep-wake processes, and brain functioning (9), these genotypes have rarely been replicated.
Epigenetic mechanisms have been reported to be associated with the development and maintenance of
insomnia (10), and exposure or re-exposure to some stressors may induce long-term changes in brain
structures, such as hippocampus, which is a vulnerability factor in the development of insomnia (9).
Brain proteome plays a critical role in sleep process and sleep problems. Current studies mainly



Page 4/25

investigate and characterize the functional relevance between brain proteome and sleep deprivation (11).
However, there is limited research in determining the association between insomnia and brain proteome.

Gene-determined protein sequence or abundance variability can provide a direct link between biochemical
mechanisms and phenotypes, inferring that protein-level variation is more closely associated with
phenotypic variation than with genome-level variation (12). Proteome Wide Association Study (PWAS) is
a novel method to detect gene-phenotypic associations mediated by protein function alterations. PWAS
applies machine learning and probabilistic models to aggregate the signal of all variants jointly that
affect protein-coding genes and evaluate their overall impact on the protein function. These genes were
then examined for functional variants related to individual target phenotypes (13). PWAS could capture
complicated modes of heritability, showing outstanding capability in recovering causal protein-coding
genes and seeking new correlations. PWAS has been widely used in the field of mental disorders. For
example, Wingo et al. identified 19 and 11 genes that were consistent with the etiology of depression and
Alzheimer's disease (AD) by performing PWAS (14). In addition, as an effective approach to identify
significant expression-trait associations, transcriptome-wide association study (TWAS) could detect risk
genes whose genetically regulated expression may be related to diseases by integrating GWAS
associations with expression quantitative loci (eQTL) results (15).

In this study, PWAS were performed using the two large-scale GWAS datasets of insomnia and the
human brain proteome aggregation dataset. PWAS results from two insomnia datasets were compared
to identify insomnia associated genes in translation level. TWAS was then performed using the same two
GWAS datasets for insomnia. The significant proteins and genes in PWAS and TWAS results were finally
used for brain imaging analysis, respectively.

Results

PWAS results of Dataset 1 and 2
In Dataset 1, there are 16, 12, and 7 significant proteins associated with insomnia for full, female and
male samples, respectively. For example, ME1 (PDataset1−Banner−full=1.08×10−2,

PDataset1−ROS/MAP−full=8.21×10−3), and HINT1 (PDataset1-Banner−female=1.39×10−60,

PDataset1−ROS/MAP−female=9.72×10−3). In Dataset 2, 18 candidate proteins were detected in Banner stage

and ROS/MAP stage, such as PPP1R14C (PDataset2-Banner=3.30×10−3, PDataset2-ROS/MAP=1.20×10−3).
Detailed information for all significant proteins identified in Dataset 1 and 2 are available in Table 1 and
Figure 1.

Table1. Significant proteins identified by PWAS analysis in Insomnia dataset 1 and 2
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  ID Chromosome P-Value

Dataset 1       

Full sample      

Banner dataset ENSG00000112659.CUL9 6 3.57E-05

  ENSG00000198729.PPP1R14C 6 1.06E-04

  ENSG00000040933.INPP4A 2 1.12E-04

  ENSG00000115073.ACTR1B 2 8.66E-04

  ENSG00000091640.SPAG7 17 7.16E-03

  ENSG00000065833.ME1 6 1.08E-02

  ENSG00000080819.CPOX 3 1.34E-02

  ENSG00000157379.DHRS1 14 1.41E-02

ROS/MAP dataset ENSG00000162104.ADCY9 16 3.43E-04

  ENSG00000116005.PCYOX1 2 5.89E-04

  ENSG00000102931.ARL2BP 16 4.71E-03

  ENSG00000130748.TMEM160 19 4.93E-03

  ENSG00000065833.ME1 6 8.21E-03

  ENSG00000169567.HINT1 5 1.07E-02

  ENSG00000091640.SPAG7 17 1.14E-02

  ENSG00000084073.ZMPSTE24 1 1.84E-02

Female sample      

Banner dataset ENSG00000169567.HINT1 5 1.39E-60

  ENSG00000112659.CUL9 6 6.95E-03

  ENSG00000091640.SPAG7 17 3.11E-02

ROS/MAP dataset ENSG00000072042.RDH11 14 5.78E-04

  ENSG00000102931.ARL2BP 16 2.24E-03

  ENSG00000162104.ADCY9 16 3.12E-03

  ENSG00000198931.APRT 16 4.76E-03

  ENSG00000169567.HINT1 5 9.72E-03

  ENSG00000091640.SPAG7 17 2.45E-02
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  ENSG00000160803.UBQLN4 1 4.47E-02

  ENSG00000172375.C2CD2L 11 4.68E-02

  ENSG00000130748.TMEM160 19 4.70E-02

Male sample      

Banner dataset ENSG00000104763.ASAH1 8 1.72E-04

  ENSG00000040933.INPP4A 2 2.43E-04

  ENSG00000198729.PPP1R14C 6 6.94E-04

  ENSG00000102781.KATNAL1 13 1.05E-03

  ENSG00000162390.ACOT11 1 1.44E-02

ROS/MAP dataset ENSG00000179163.FUCA1 1 4.25E-08

  ENSG00000103061.SLC7A6OS 16 2.43E-02

       

Dataset 2      

Banner dataset ENSG00000242028.HYPK 15 1.23E-11

  ENSG00000040933.INPP4A 2 1.50E-04

  ENSG00000080819.CPOX 3 2.40E-03

  ENSG00000198729.PPP1R14C 6 3.30E-03

  ENSG00000100580.TMED8 14 3.76E-03

  ENSG00000100445.SDR39U1 14 1.40E-02

  ENSG00000105255.FSD1 19 1.47E-02

ROS/MAP dataset ENSG00000179295.PTPN11 12 8.10E-42

  ENSG00000103356.EARS2 16 5.40E-05

  ENSG00000198729.PPP1R14C 6 1.20E-03

  ENSG00000162104.ADCY9 16 1.82E-03

  ENSG00000198931.APRT 16 5.29E-03

  ENSG00000175183.CSRP2 12 5.32E-03

  ENSG00000116005.PCYOX1 2 9.12E-03

  ENSG00000164615.CAMLG* 5 2.94E-02

  ENSG00000130748.TMEM160 19 4.22E-02
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  ENSG00000137133.HINT2 9 4.48E-02

  ENSG00000156052.GNAQ 9 5.04E-02

TWAS results for Dataset 1 and 2
In Dataset 1, 31, 23, and 45 candidate genes were identified to associate with insomnia in full, female and
male samples, such as ZNF302 (P Dataset1−CBR−full=1.33×10−3, PDataset1−CBRS−full=5.06×10−3),

FRG1(PDataset1−CBR−female=1.27×10−2, PDataset1−CBRS−female=1.25×10−2), and CCDC57(P

Dataset1−CBR−male=3.23×10−3, PDataset1-CBRS−male=5.57×10−3). TWAS analysis detected 17 significant genes
in the CBR reference dataset and 31 genes in the CBRS for dataset 2,such as ICA1L
(PDataset2−CBR=3.01×10−2, PDataset2−CBRS=3.24×10−2). Interestingly, CAMLG was found to be significant in

both PWAS-Banner (PDataset2−ROS/MAP=2.94×10−2) and TWAS-CBR (PDataset2−CBR=1.11×10−2) analysis.
Significant genes detected by PWAS and TWAS analysis in Dataset 1 and 2 are shown in Table 2 and
Figure 2.

Table2. Significant mRNAs identified by TWAS analysis in Insomnia dataset 1 and 2
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  ID Chromosome P-Value

Dataset 1      

Full sample      

Brain RNA-seq (CBR) dataset CEP250

RABGAP1L

KHDRBS3

SGCE

C8orf47

PRCC

ZNF302

HSD17B13

SSR1

MB21D1

MAP2K1

TP53INP1

ECI2

FRG1

PACRGL

20

1

8

7

8

1

19

4

6

6

15

8

6

4

4

9.54E-30

1.62E-20

1.50E-04

9.54E-04

9.62E-04

1.00E-03

1.33E-03

1.64E-03

2.05E-03

2.70E-03

4.06E-03

6.25E-03

6.58E-03

1.17E-02

1.73E-02

Brain RNA-seq splicing (CBRS) dataset GAS5

CAMK2G

UNC50

ATP5H

MRPL3

DECR1

TTC28-AS1

GRM3

HSD17B11

ZNF559

ZNF302

GRIN2A

1

10

2

17

3

8

22

7

4

19

19

16

8.29E-21

7.29E-06

2.49E-04

6.19E-04

1.16E-03

1.17E-03

1.48E-03

2.28E-03

2.53E-03

3.34E-03

5.06E-03

5.94E-03
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CCDC58

ALKBH8

FRG1

USP16

3

11

4

21

6.48E-03

8.59E-03

1.29E-02

1.82E-02

Female sample      

Brain RNA-seq (CBR) dataset CEP250 20 7.10E-18

  COL11A2 6 4.00E-04

  SSR1 6 4.88E-04

  MFN1 3 1.29E-03

  ANKH 5 1.82E-03

  GLDC 9 2.47E-03

  SLC19A3 2 7.45E-03

  FRG1 4 1.27E-02

  ARHGAP1 11 1.31E-02

  ZNF502 3 2.13E-02

Brain RNA-seq splicing (CBRS) dataset CCAR1 10 3.63E-04

  ATP13A4 3 6.73E-04

  NUP50 22 1.01E-03

  NUDT6 4 3.06E-03

  MTERFD1 8 3.27E-03

  ALKBH8 11 3.95E-03

  GRIN2A 16 4.32E-03

  URGCP 7 4.63E-03

  COG6 13 6.37E-03

  UGT8 4 8.45E-03

  FRG1 4 1.25E-02

  FAM63A 1 2.62E-02

  PTP4A2 1 3.16E-02

Male sample      
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Brain RNA-seq (CBR) dataset SPRNP1 10 1.08E-07

  ZKSCAN4 6 2.56E-05

  VSIG10 12 1.12E-03

  PRCC 1 1.67E-03

  PMS2P4 7 2.40E-03

  MAP2K1 15 2.52E-03

  EPPK1 8 3.06E-03

  CCDC57 17 3.23E-03

  ZNF135 19 5.44E-03

  AACSP1 5 5.78E-03

  BCO2 11 9.28E-03

  PLA2G15 16 1.63E-02

Brain RNA-seq splicing (CBRS) dataset SNTG1 8 7.52E-20

  CCNDBP1 15 1.84E-07

  CCNDBP1 15 8.82E-06

  IQCA1 2 2.15E-04

  ADCK3 1 3.71E-04

  GOLGA8B 15 4.53E-04

  GAS8 16 9.55E-04

  MRPL3 3 1.34E-03

  SDCCAG8 1 1.76E-03

  ME1 6 2.04E-03

  DCAF5 14 2.49E-03

  ZFAND1 8 2.78E-03

  MRPL3 3 2.99E-03

  ZFAND1 8 3.44E-03

  PPA2 4 4.65E-03

  UBE2Q2P1 15 5.23E-03

  DECR1 8 5.57E-03
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  CCDC57 17 5.57E-03

  ATP5H 17 5.70E-03

  UBE2Q2P1 15 6.02E-03

  UBE2Q2P1 15 6.71E-03

  CCDC57 17 7.64E-03

  CCDC57 17 8.83E-03

  TTC28-AS1 22 9.81E-03

  RAB23 6 1.36E-02

  ZNF493 19 1.44E-02

  USP16 21 1.48E-02

  ZNF493 19 1.52E-02

  DNM1 9 1.57E-02

  FLOT1 6 3.09E-02

  FLOT1 6 3.22E-02

  FLOT1 6 3.26E-02

  FLOT1 6 3.30E-02

 

Dataset 2

     

Brain RNA-seq (CBR) dataset ATG14 14 1.92E-18

  RILPL1 12 2.22E-08

  SCAP 3 4.81E-07

  SIL1 5 8.12E-07

  KLF12 13 3.15E-05

  HEXA 15 9.31E-05

  ECE2 3 5.06E-04

  DEF8 16 7.88E-04

  DMXL2 15 9.36E-04

  SLIT2 4 1.48E-03

  ADPRHL1 13 1.66E-03
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  KIF27 9 1.70E-03

  SRPK1 6 3.58E-03

  TSPAN14 10 4.50E-03

  CGGBP1 3 9.61E-03

  CAMLG* 5 1.11E-02

  ICA1L 2 3.01E-02

Brain RNA-seq splicing (CBRS) dataset GAS5 1 3.83E-18

  TCF12 15 2.53E-15

  ABI2 2 1.55E-13

  ZFP30 19 1.89E-08

  AKAP9 7 1.61E-05

  GON4L 1 3.30E-05

  LRP11 6 2.84E-04

  GUSBP11 22 5.00E-04

  PPA2 4 9.93E-04

  FCGR2A 1 1.31E-03

  GGA3 17 1.33E-03

  NUP50 22 1.84E-03

  C16orf13 16 1.94E-03

  GGA3 17 2.20E-03

  CSPP1 8 2.40E-03

  ST3GAL5 2 4.33E-03

  TMEM25 11 4.34E-03

  PPP6R2 22 4.52E-03

  NDUFV1 11 4.52E-03

  ALKBH8 11 7.16E-03

  GMCL1 2 9.02E-03

  DNAJC12 10 9.64E-03

  SPATS2L 2 9.83E-03
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  ZNRD1-AS1 6 1.40E-02

  PPIP5K2 5 2.18E-02

  PPIP5K2 5 2.26E-02

  PPIP5K2 5 2.46E-02

  ZNRD1-AS1 6 3.24E-02

  ICA1L 2 3.24E-02

  ICA1L 2 3.31E-02

  ICA1L 2 3.63E-02

The common significant genes in Dataset 1 and 2
Comparing the PWAS results, there are 6 common significant proteins shared by the three samples of
Dataset 1 and Dataset 2, INPP4A (PDataset1-Banner−full=1.12×10−4, PDataset1−Banner−male=2.43×10−4,

PDataset2−Banner=1.50×10−4), CPOX (PDataset1−Banner−full=1.34×10−2, PDataset2−Banner=2.40×10−3), PPP1R14C

(PDataset 1−Banner−full=1.06×10−4, PDataset1−Banner−male =6.94×10−4, PDataset2−Banner=3.30×10−3, PDataset2-

ROS/MAP=1.20×10−3), ADCY9 (PDataset1−ROS/MAP−full=3.43×10−4, PDataset 1−ROS/MAP −female=3.12×10−3,

PDataset2−ROS/MAP=1.82×10−3), PCYOX1 (PDataset1−ROS/MAP−full =5.89×10−4, PDataset2−ROS/MAP=9.12×10−3),

TMEM160 (PDataset1−ROS/MAP−full=4.93×10−3, PDataset1−ROS/MAP−female=4.70×10−2,

PDataset2−ROS/MAP=4.22×10−2),APRT (PDataset1−ROS/MAP−female =4.76×10−3, PDataset2−ROS/MAP=5.29×10−3).

For the TWAS results of the three samples of Dataset 1 and Dataset 2, we detected 4 candidate common
genes, including GAS5(PDataset1−CBRS−full =8.29×10−21, PDataset2−CBRS=3.83×10−18),

ALKBH8(PDataset1−CBRS−full=8.59×10−3, PDataset1−CBRS−female =3.95×10−3, PDataset2−CBRS=7.16×10−3),

PPA2(PDataset1-CBRS−male=4.65×10−3, PDataset2-CBRS=9.93×10−4), and

NUP50(PDataset1−CBRS−female=1.01×10−3, PDataset2-CBRS =1.84×10−3).

The results of brain imaging analysis of significant genes in
PWAS and TWAS
Brain imaging analysis found that insomnia associated proteins and genes were functionally related to
cortex. For example, CUL9 was found to be belonged to the categories of cortical thickness and cortical
area, with the phenotype of aparc-a2009s lh thickness S-precentral-inf-part and aparc-Desikan rh area
paracentral; ACTR1B also belongs to the categories of cortical thickness with the phenotype of aparc-
a2009s lh thickness S-precentral-sup-part. The detailed information about brain imaging analysis of
significant proteins and genes in PWAS and TWAS has been listed in Table 3.

Table 3. The results of brain imaging analysis of significant proteins and genes in PWAS and TWAS
analysis
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Proteins
and Genes

Category Phenotype Loci
<
10−6

Top variant Top
p-
value

CUL9 cortical
thickness

aparc-a2009s lh
thickness S-precentral-
inf-part

12 6:43,156,160 T / A
(rs10498754)

3.4e-
10

  cortical area aparc-Desikan rh area
paracentral

31 6:43,156,160 T / A
(rs10498754)

9.5e-
10

PPP1R14C rfMRI
connectivity

rfMRI connectivity
ICA100 edge 312

1 6:150,526,573 C / A
(rs55749434)

3.8e-
7

ACTR1B cortical
thickness

aparc-a2009s lh
thickness S-precentral-
sup-part

19 2:98,275,354 G / A
(rs11692435)

1.9e-
10

KATNAL1 rfMRI
connectivity

rfMRI connectivity
ICA100 edge 1089

4 13:30,818,071 T / C
(rs9578160)

1.9e-
7

FSD1 rfMRI
connectivity

rfMRI connectivity
ICA100 edge 287

2 9:97,171,109 G / T
(rs2993957)

1.1e-
7

KHDRBS3 rfMRI
connectivity

rfMRI connectivity
ICA100 edge 1285

4 8:136,314,418 C /
CTTTTTTTTTTTTTTTT
(rs550710091)

1.9e-
7

MRPL3 rfMRI
connectivity

rfMRI connectivity
ICA25 edge 16

2 17:73,901,143 G / A
(rs55805916)

2.4e-
8

  tfMRI
activation

IDP tfMRI 90th-
percentile zstat shapes

2 21:26,811,769 C / T
(rs145024673)

1.5e-
7

  tfMRI
activation

IDP tfMRI median
zstat shapes

3 21:26,811,769 C / T
(rs145024673)

2.1e-
7

GRM3 rfMRI
connectivity

rfMRI connectivity
ICA100 edge 1435

3 7:86,394,223 T / C
(rs17160953)

2.2e-
9

  rfMRI
connectivity

rfMRI connectivity
ICA100 edge 848

2 7:86,291,446 T / A
(rs802421)

3.8e-
7

  rfMRI
connectivity

rfMRI connectivity
ICA25 edge 172

4 7:85,650,184 G / A
(rs35134543)

4.9e-
7

GRIN2A rfMRI
connectivity

rfMRI connectivity
ICA100 edge 1308

4 16:10,024,957 C / A
(rs35056140)

2.5e-
7

ZKSCAN4 regional
and tissue
volume

ThalamNuclei lh
volume AV

27 6:28,221,264 G / A
(rs1679732)

2.5e-
13

MRPL3 rfMRI
connectivity

rfMRI connectivity
ICA25 edge 16

2 17:73,901,143 G / A
(rs55805916)

2.4e-
8

  tfMRI
activation

IDP tfMRI 90th-
percentile zstat shapes

2 21:26,811,769 C / T
(rs145024673)

1.5e-
7
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Proteins
and Genes

Category Phenotype Loci
<
10−6

Top variant Top
p-
value

  tfMRI
activation

IDP tfMRI median
zstat shapes

3 21:26,811,769 C / T
(rs145024673)

2.1e-
7

FLOT1 cortical
thickness

aparc-DKTatlas lh
thickness insula

15 6:30,699,022 G / A
(rs3095327)

6.4e-
13

  WM tract
diffusivity

IDP dMRI TBSS L1
Fornix cres Stria
terminalis R

20 6:30,704,982 C / CTGTA
(rs746908817)

7.2e-
11

  cortical
thickness

aparc-Desikan lh
thickness insula

14 6:30,699,022 G / A
(rs3095327)

5.1e-
10

  rfMRI
connectivity

rfMRI connectivity
ICA100 edge 28

2 5:14,910,099 A / AAG
(rs76909499, rs397757597)

8.5e-
7

UGT8 rfMRI
connectivity

rfMRI connectivity
ICA100 edge 56

2 4:115,352,162 T / A
(rs11733369)

8.1e-
7

SCAP rfMRI
connectivity

ANKH 2 15:76,871,034 T / C
(rs72738853)

5.4e-
7

SLIT2 cortical area aparc-DKTatlas lh area
parahippocampal

16 4:20,121,121 G / A
(rs13150272)

1.2e-
12

  cortical area aparc-Desikan lh area
parahippocampal

19 4:20,121,121 G / A
(rs13150272)

1.4e-
11

  cortical area aparc-pial lh area
parahippocampal

21 4:20,121,121 G / A
(rs13150272)

1.0e-
9

  cortical area aparc-pial lh area
isthmuscingulate

17 4:20,547,578 G / C
(rs12501870)

1.0e-
8

Discussion
In recent years, great progress has been made in the study of the etiology and pathophysiology of
insomnia, and several candidate genetic variants of insomnia have been identified by GWAS analysis. In
this study, we performed PWAS analysis on two GWAS datasets of insomnia and human brain proteome
respectively, and found the characteristics of insomnia at the translation level. TWAS was then used to
verify the proteomic results of PWAS at the transcriptional level. Our results provide important
information for pathogenic and therapic studies of insomnia.

Several candidate proteins identified by PWAS analysis are strongly associated with brain development
and mental disorder, such as ME1, HINT1 and EARS2. ME1, also known as Tcf12 or HEB, encodes the
bHLH E-protein ME1 in the complex orchestration of neural tube formation and brain development (16). It
is expressed in the cerebellar primordium, but not sustained in aged cerebellum, and maintains a pattern
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of decreased expression in the aging hippocampus (17). Histidine triad nucleotide-binding protein 1
(HINT1), a member of the histidine triad (HIT) protein nucleotide transferase and hydrolase superfamily,
is widely expressed in several tissues including the central nervous system, and is involved in the
transcriptional regulation of multiple proteins. Studies have demonstrated that HINT1 is associated with
many neuropsychiatric diseases, such as schizophrenia, anxiety, drug addiction, and pain (18). EARS2 is
important to protein translation in mitochondria, which encodes mitochondrial glutamyl t-RNA synthetase
and attach glutamate to its homologous mitochondrial t-RNA. Mutations in the EARS2 lead to a
neurological disorder defined as leukoencephalopathy with thalamus and brainstem involvement and
high lactate(19). These studies suggest that ME1, HINT1, and EARS2 may play an important role in the
occurrence and development of the population.

Some significant genes related to neurodegeneration and neurodevelopmental disorder were detected by
TWAS analysis. For example, RABGAP1L, a GTPase activated protein (GAP) related to regulation of
intracellular membrane trafficking, plays a critical role in is important in brain development(20), and
involved in the development of Huntington's disease which is characterized by selective
neurodegeneration of the striatum(21). Hexosaminidase-A (HEXA) could produce the HexA enzyme, loss
or inactivation in this enzyme are necessary for massive accumulation of GM2 ganglioside in neurons
which is the underlying cause of neurodegenerative disorders including Tay–Sachs disease(22). Notably,
calcium modulating cyclophilin ligand (CAMLG) has been identified to be involved in regulating
locomotor activity and wakefulness in mice through interaction with Tmub1, and this modulation may be
an interesting avenue for sleep research (23). The impact of CAMLG shRNA is to target the GABAA
receptors, which has been widely accepted in sleep physiology.

Interestingly, there were several common proteins and genes involved in brain development and function
in the two GWAS datasets, such as INPP4A, ADCY9 and GAS5. Inositol polyphosphate phosphatase 4A
(INPP4A) is a suppressor of glutamate excite-toxicity in the central nervous system and the first signaling
protein that suppress excite-toxic cell death in neurons. It is implicated in motor and cognitive behaviors
and neuronal subset survival in mice (24). Adenylate cyclase (AC) type 9 gene (ADCY9) is a widely
distributed adenylyl cyclase that plays a critical role in neuronal signaling, and has been reported to be
involved in mood disorder (25). Additionally, ACs catalyze the conversion of intracellular ATP to cyclic
AMP (cAMP), and changes in cAMP signaling have been associated with major depression, bipolar
disorder, and suicide. The fundamental roles and observed dysregulation of long non-coding RNAs
(lncRNAs) in the brain development, functional diversification, and neurodegenerative diseases has been
recognized by independent studies (26). Growth arrest-specific5 (GAS5) is a lncRNA that hosts a number
of small nucleolar RNAs, which can promote the recovery of learning and memory in rats with cholinergic
nerve injury (27). It has been reported that GAS5 silencing can protect hippocampal neurons from
hypoxic/ischemic-induced brain injury (28). Our results suggest that these common genes may affect
brain function and cause insomnia through modifications of AC and lncRNA.

Much progress has been made in recent years to determine the roles of brain proteins in brain and
associated diseases, such as autism spectrum disorder and schizophrenia (29). Several significant genes
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in this study have been found to be associated with brain-related disorders. For instances, there is a close
relationship between ALKBH8 and neurodevelopmental disorder including autosomal recessive non-
syndromic intellectual disability, and non-syndromic x-linked intellectual disability (30). Besides, INPP4A
has a strong expression in the central nervous system and plays a vital role in the pathogenesis of
intellectual disability, mental retardation syndrome and mental disorder (31).

State-of-the-art brain imaging techniques have accelerated progress in the study and understanding of
insomnia in humans(32). In our brain imaging analysis, an interesting observation was that some
significant common proteins and genes identified in PWAS and TWAS were associated with cortical
function. In exploring the neurobiological underpinnings for sleep, increasing researchers are paying more
attention to the role of cortex. Evidence from Fernandez-Mendoza and colleagues supports the idea that
functional cortical alteration may manifest in insomnia symptoms in adolescents (33). Disrupted cortical
networks has been proved to be related to high sleep reactivity, which is often manifested as a severe
insomnia phenotypes (34). Neuroanatomical alterations in primary insomnia mostly involve the
hippocampus, anterior cingulate cortex and orbitofrontal cortex (35). More research is needed to confirm
the link between insomnia and cortical function.

However, the limitations of this study should not be ignored. First, since the two GWAS data applied in
this study were driven from previous studies, the accuracy of our results may be affected by previous
studies. Second, all subjects recruited in our study were European ancestry, and caution should be
exercised when applying our results to other ethnic group.

In conclusion, we systematically explored candidate proteins and genes that may be involved in the
development of insomnia by integrating GWAS data and human brain proteome and conducting PWAS
and TWAS analysis. We then compared the results and observed several common protein and genes
shared in difference datasets. Our results may provide a novel insight for pathology of insomnia and
reveal the roles of brain proteins in development of insomnia.

Methods

The GWAS dataset of insomnia in deCODE (Dataset 1)
A recent large-scale summary of GWAS data was recruited here, including 12,444,916 SNPs in the total
population, 12,428,592 SNPs in males and 12,432,937 SNPs in females (36). Briefly, this dataset of
insomnia was obtained from 113,006 individuals in UK Biobank and 7,565 participants in deCODE. For
UK Biobank sample, genotyping was conducted on the UK BiLEVE custom array and the UK Biobank
Axiom array. Imputation was performed with the UK10K haplotype panel and the 1000 Genomes Project
Phase 3 reference panel. Association tests were performed in SNPTEST using logistic regression model.
SNPs with imputation quality of total sample < 0.8 and minor allele frequency (MAF) < 0.001 were
excluded. For deCODE sample, the Icelandic GWAS dataset was generated from whole genome
sequencing, chip genotyping and long range phasing of Icelandic population samples. Logistic
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regression was applied to association tests using software developed by deCODE genetics. The detailed
information of GWAS, meta-analysis, imputation, standard quality-control procedures, and analytic
procedure were described in the previous study (36).

The GWAS dataset of insomnia from 23andMe (Dataset 2)
Independent significant SNPs in Dataset 2 were derived from UKB and 23andMe datasets, including a
large genetic association samples of 1,331,010 participants (37). Genotype was conducted in Illumina
HumanHap550+ BeadChip platform. HapMap CEU subset was applied to perform imputation. SNP
associations were tested with linear or logistic regression models based on the sleep phenotype. Detailed
description of meta-analysis, genotype, imputation, and quality control are available in the published
study (37).

Human brain proteomes of ROS/MAP and Banner datasets
The human brain proteomes of ROS/MAP and Banner datasets were derived from a published study (14).
376 donators of European ancestry from the ROS/MAP and 152 participants of European ancestry
recruited by the Banner Sun Health Research Institute were included in human brain proteomes studies
(38). Isobaric tandem mass tag (TMT) peptide labeling and liquid chromatography coupled to mass
spectrometry (MS) were applied to perform proteomic sequencing and peptides analysis. Proteome
Discoverer suite and tandem mass spectrometry spectra were then used to match the peptide profiles, so
that the combination probability FDR of the constituent peptides was less than 1%. Proteins without
reliable measurement were removed from further analysis. Genotyping was obtained by using Illumina
OmniQuad Express or Affymetrix GeneChip 6.0 platform for whole genome sequencing or complete
genotyping. Only the sites included in the link disequilibrium reference panel were used for confirmation
of PWAS.

Proteome-wide association study of Insomnia
FUSION was applied to estimate protein weights in the discovery and confirmation dataset. Following the
standard approach from previous study (14), we applied FUSION here for combine the genetic effect of
the two datasets of insomnia (insomnia GWAS z-score) with the protein weights by calculating the linear
sum of z-score × weight for the independent SNPs at the locus to perform the PWAS of the two datasets
of insomnia. 5,000 permutations were performed to obtain the empirical distributions of PWAS statistics
of each gene, from which the P value was calculated. The permutated empirical P value < 0.05 was
considered as statistically significant in PWAS analysis.

Transcriptome-wide association study of Insomnia
FUSION software was applied for TWAS analysis to validate the proteomic findings for both the two
datasets of insomnia (15). Brain RNA-seq (CBR) reference and brain RNA-seq splicing (CBRS) reference
are two expression reference datasets used for TWAS. In brief, all five models of FUSION were used to
estimate RNA weights and to select the most predictive model. Next, TWAS was performed for the two
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datasets of insomnia by combining the genetic effect (insomnia GWAS z-score) and the mRNA
expression weights. Genes with P-value<0.05 was regarded as statistically significant.

Brain imaging analysis of significant genes for PWAS and
TWAS analysis
PheWeb is an easy-to-use open-source web-based tool for visualization, navigation, and sharing GWAS
and PheWAS results (https://github.com/statgen/pheweb.). PheWeb has been used to explore
associations for large datasets, such as the UK Biobank, the Oxford Brain Imaging Genetics Project, and
the Michigan Genomics Initiative (39). In this study, we applied PheWeb to obtain brain imaging-derived
phenotypes of genes for PWAS and TWAS analysis based on expanded set of genome-wide association
studies of brain imaging phenotypes in UK Biobank(40)
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Figure 1

Manhattan Plots of significant human brain proteins identified in PWAS analysis for Insomnia dataset 1
and 2
Note: A refers to results for the full sample in Dataset 1, B refers to results for the female sample in
Dataset 1, C refers to results for the male sample in Dataset 1, and D refers to results for Dataset 2.
ROS/MAP and Banner means human brain proteomes for PWAS analysis. Each point represents a single
association test between a gene and phenotype, in order of genomic position on the x-axis and strength
of association −log10(P) on the y-axis. The horizontal line indicates significance (0.05).
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Figure 2

Manhattan Plots of significant mRNAs identified in TWAS analysis for Insomnia dataset 1 and 2
Note: A
refers to results for the full sample in Dataset 1, B refers to results for the female sample in Dataset 1, C
refers to results for the male sample in Dataset 1, and D refers to results for Dataset 2. CBR and CBRS
means two datasets of human brain gene expressions for TWAS analysis. Each point represents a single
association test between a gene and phenotype, in order of genomic position on the x-axis and strength
of association −log10(P) on the y-axis. The horizontal line indicates significance (0.05).


