A joint study of whole exome sequencing and structural MRI analysis in major depressive disorder
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Supplementary materials and methods

Inclusion and exclusion criteria

Inclusion criteria for cases: 1. Fulfilled the diagnostic criteria for Major Depressive Disorder (MDD) as specified in the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) Patient Edition (SCID-P); 2. Score of 17-item Hamilton Depression Rating Scale (HAMD-17) ≥ 18; 3. Full Scale Intelligence Quotient (IQ) ≥ 70. 

Exclusion criteria: 1. Other SCID-P diagnosis at recruitment; 2. Severe physical illness; 3. Antidepressant treatment in the past 3 months; 4. Electrotherapy in the past 6 months; 5. Continuous psychotherapy for more than 6 month and at least twice per week; 6. Pregnancy during the past year. 7. History of consciousness disturbance following traumatic brain injury. 

Inclusion criteria for controls: 1, Absence of psychiatric illness over the lifetime according to the SCID Non-patient Edition (SCID-NP); 2. No familial history of any psychiatric disorder in third-degree relatives. (Exclusion criteria are the same as those for cases.)

Intelligence quotient calculation

The intelligence quotient (IQ) scores were calculated as follows: the Verbal IQ was obtained by 2×(Information + Similarities) + Arithmetic + Digit Span; the Performance IQ was calculated by 2×(Picture Completion + Block Design) + Digit Symbol; the estimated sums of scaled scores were then converted to IQ scores using the standard procedure and age-corrected conversion tables in the WAIS-RC manual(Ryan et al., 1999); Full IQ was estimated based on the Verbal IQ + Performance IQ.

GATK Best Practices

GATK Best Practices were adopted to perform variants calling. First, we aligned the sequence reads to the Human Reference Genome Build hg19 using BWA version 0.7.12 (http://bio-bwa.sourceforge.net/). Next, sorting and indexing aligned files were completed with SAMtools version 1.3.1 (http://samtools.sourceforge.net/). After that, Picard version 2.5.0 (https://broadinstitute.github.io/picard/) was used to identify and remove sequence duplicates. Finally, with GATK version 3.6 (https://software.broadinstitute.org/gatk/), we recalibrated the base quality and called variants using HaplotypeCaller. Since different exome capture kits were used when sequencing controls (Illumina TruSeq and Agilent SureSelect), only overlapping regions of both kits with 47, 668, 093 base pairs were considered for downstream analysis in order to minimize technical artifacts. 
Quality control of sequencing data

QC at the read level:

Raw sequencing reads (fastq files) were subject to quality control (QC) by the FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the per base sequence quality, sequence duplication levels, GC bias and primer sequencing reads were evaluated. 
QC at the genotype/variant level:

GATK and KGGSeq version 1.0 (http://grass.cgs.hku.hk/limx/kggseq/download.php) were used to filter high-quality variants. Variants with VQSLOD scores (assigned by VQSR in GATK) >99.6 were excluded. We chose 99.6 as the cutoff because the genotype consistency of two biological replicates captured by two kits was relatively high. Variants with sequencing quality Phred score < 30, mapping quality Phred score < 20 were discarded. Minimal observed number of non-missing genotypes in cases and controls were set to be 90% of the total samples which means that each variant had a minimum sample size of 70 cases and 220 controls. After that, variants failed Hardy-Weinberg Equilibrium test (p < 1.0E-5) in controls were removed from the downstream analysis. Furthermore, we excluded genotypes with genotyping quality score < 20, read depth < 8X, or second most possible Phred-scaled likelihood for genotype < 20.
QC at the sample level:

VerifyBamID version 1.1.2 (https://github.com/statgen/verifyBamID/releases) was used to dectect contaminated reads for each sample. Principal component analysis (PCA) was performed in PLINK1.9 (http://zzz.bwh.harvard.edu/plink/plink2.shtml) to detect population stratification and batch effects based on the pruned common variants (i.e. MAF ≥ 5%). Plots of the first two principal components (PCs) and the scree plot were drawn. We also performed two sample t test to check the correlation between MDD and the first 10 PCs and no correlation was found. Relatedness testing was implemented in PLINK1.9 and any two samples with genome identity (pi-hat) > 0.2 were regarded as closely related. Only one sample from the group of related samples was retained. Phenotype sex and genotype sex consistency were also checked. Samples that were outliers in PCA or having conflicting phenotype and genotype sex, were excluded. 

Magnetic resonance imaging (MRI) data acquisition and processing

When scanning the participants, foam padding and earplugs were used to minimize head movement and scanner noise. High-resolution T1 images were acquired by 3-D magnetization-prepared rapid gradient-echo sequence as follows: repetition time 8.37 ms, echo time 3.88 ms, ﬂip angle 7°, in-plane matrix resolution 256×256, feld of view 24×24 cm2, and number of slices 188. The quality of the brain images was examined immediately after each scan, and scans were repeated if gross distortions were found.

The details of MRI data processing are as follows: Firstly, T1-weighted images were realigned manually according to the anterior commissure-posterior commissure line and midsagittal plane. Secondly, all the T1-weighted images were segmented into probability maps of gray matter (GM), white matter (WM) and cerebrospinal ﬂuid in SPM8. The resulting GM and WM probability maps were automatically rigidly aligned (3 rotations and 3 translations) to MNI space and resampled into 1 mm isotropic voxels. Thirdly, Flow fields and a series of template images were produced by running the ‘DARTEL (create templates)’ routine using imported versions of the GM and WM generated in the previous step. Fourthly, the flow fields as well as the final template images were used to generate smoothed (6 mm full-width at halfmaximum isotropic Gaussian kernel), modulated and spatially normalized GM in Montreal Neurological Institute (MNI) space. Finally, gray matter volume (GMV) was retained for subsequent statistical analysis.

Statistical analyses of rare variants

In CMC test, we collapsed rare variants into both genes and pathway. In other words, we performed gene-based and pathway-based analysis. For gene-based analysis, four set of analyses with different MAF cutoff and functional characteristics were performed. Because WES focuses on rare variants and does not provide good coverage of common variants, we excluded variants with MAF > 1% from the analysis. Furthermore, evolutionary theory predicts that disease alleles should be rare and empirical population genetic data shows that deleterious variants are also rare (G Gibson, 2012). We further performed gene-based analysis only including variants with MAF ≤0.1%. In addition, given the limited sample size, MAF derived from three public databases was applied to all analysis.
For pathway-based analysis, a similar unbiased method was used. We firstly downloaded 4762 pathways in curated gene sets (C2) from Molecular Signatures Database (MSigDB) (http://software.broadinstitute.org/gsea/downloads.jsp). Then we filter the variants and only disruptive variants, i.e. variants tagged as Frameshift, Startloss, Stoploss, Stopgain and Splicing by KGGSeq were adopted.

Basic demographic variables (age and sex) and the first several PCs were controlled. The number of PCs adjusted for depending on the PCA results. We believe it is prudent to be over-inclusive in terms of PCA adjustment and it would be better to adjust for at least the first two PCs regardless of whether there is population stratification. 

Parallel Independent Component Analysis (pICA)

The algorithm for pICA
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Equations (1) and (2) describe the model of infomax. Equation (3) illustrates the objective function of entropy and correlations computed between columns of loadings matrices A​1 and A2. X1 and X2 represents the genetic and imaging modalities; S1 and S2 represents the underlying independent components, while A1 and A2 represent the mixing matrix/loadings for genetic and imaging modalities; W denotes the un-mixing matrix, which is the (pseudo) inverse of A; H is the entropy function; W0 is the bias vector. A full description of the algorithm can be found in the original paper (J Liu et al., 2009).
Estimation of number of genetic independent components (ICs)

To estimate the number of ICs for genetic data, independent component analysis (ICA) was performed with the orders of ICs ranging from 2 to 100. For the kth component with order n (2 ≤ n ≤ 100), we identified the most similar component extracted in the following ICA run with order n+1 , and then recorded the absolute value of their correlation as an element in the component consistency map, as shown in the Fig S5. The overall consistency remains stable when the number of ICs is small and starts to decrease quickly when the number increasing. The turning point of overall consistency was therefore selected as the number of ICs of genetic data.
Ten-fold cross-validation

To examine the consistency and stability of the components, we partitioned the original sample randomly into 10 almost equally sized subsets. In each run of pICA, 9 subsets with the same case to control ratio as the total sample, including 90% of the cases and controls respectively, were included. After repeating the process 10 times, we then investigated if the VAR-GMV association identified in the full dataset was replicated. We checked the similarities between imaging/genetic components derived from subsets of participants and those from the full dataset by calculating the correlation coefficient.

Mediation analysis

The mediation model can be represented by the two regression models given below.
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The same analysis was performed for Full IQ, Verbal IQ and Performance IQ respectively. Formula for the calculation of Odds Ratio is available in the original paper (SM Gaynor et al., 2018).  
TMEM190

TMEM190 also called MDAC1, has a mouse ortholog gene Tmem190. Human and mouse TMEM190 proteins (68% identity to each other) are both single-pass transmembrane proteins with a single trefoil domain in the extracellular region. The trefoil domain is contained in a variety of proteins that participate in protein–protein and/or protein–carbohydrate interactions, such as sucrase-isomaltase (N Spodsberg et al., 2001), and enzyme involved in ATP generation. Small single-pass transmembrane proteins have been known to play roles in regulation of Na/K-ATPase (CJ Rivard et al., 2005).

In mouse, GO annotations related to TMEM190 include immune system process. It is also reported that TMEM190 plays an indirect role(s) in sperm-oocyte fusion, but Tmem190-null mice are fertile (H Nishimura et al., 2011). In human, GO annotations related to TMEM190 include protein self-association, referring to the self-assembly of proteins to larger units. Other transmembrane protein genes, including TMEM161B (Hyde et al., 2016), TMEM106B (Wray et al., 2018) are associated with MDD. But no interaction among TMWM161B, TMEM160b and TMEM190 has been found.
Supplementary tables

Table S1. Information of variants in CSMD1and CNTNAP5
	Position_hg19 (Chr:pos)
	Ref/Alt
	GeneFeature
	CaseRefHomNum
	CaseHetNum
	CtrlRefHomNum
	CtrlHetNum
	maf@exac
	maf@1kgsas
	maf@1kgeas
	CADD_phred

	CSMD1
	
	
	
	
	
	
	
	
	
	

	8:2857552
	G/A
	missense
	76
	1
	245
	0
	6.53E-05
	N
	0.002012
	31.0

	8:2857629
	G/A
	missense
	76
	1
	245
	0
	1.80E-04
	N
	0.001006
	23.7

	8:2954422
	C/A
	missense
	77
	0
	237
	1
	8.63E-06
	N
	N
	24.4

	8:2954536
	G/A
	missense
	77
	0
	244
	1
	8.89E-06
	N
	N
	34.0

	8:2999992
	T/A
	missense
	75
	1
	237
	0
	1.39E-04
	N
	N
	27.7

	8:3000135
	T/G
	missense
	76
	1
	245
	0
	8.17E-06
	N
	N
	21.1

	8:3046439
	C/G
	missense
	76
	0
	244
	1
	N
	N
	N
	22.8

	8:3165341
	C/T
	missense
	76
	1
	245
	0
	4.08E-05
	N
	N
	34.0

	8:3200945
	G/A
	missense
	76
	1
	243
	0
	8.17E-06
	N
	0.001006
	28.1

	8:3253767
	A/C
	missense
	70
	1
	243
	0
	N
	N
	N
	25.4

	8:3263702
	T/G
	missense
	76
	1
	244
	0
	N
	N
	N
	22.7

	8:3326309
	T/G
	missense
	76
	1
	245
	0
	N
	N
	N
	21.2

	8:3474292
	G/A
	missense
	77
	0
	244
	1
	N
	N
	N
	23.7

	8:3889496
	C/T
	missense
	75
	1
	243
	0
	4.89E-05
	N
	0.001006
	22.0

	8:3889519
	G/T
	missense
	76
	1
	245
	0
	8.15E-06
	N
	N
	24.4

	8:4495056
	T/C
	missense
	76
	1
	244
	0
	2.04E-04
	N
	0.001006
	22.9

	8:4851859
	G/T
	missense
	76
	1
	242
	2
	4.89E-05
	N
	N
	23.3

	CNTNAP5
	
	
	
	
	
	
	
	
	
	

	2:125262047
	C/G
	missense
	76
	1
	242
	0
	N
	N
	N
	31

	2:125281943
	C/T
	missense
	76
	1
	245
	0
	1.63E-05
	N
	N
	24.8

	2:125367413
	C/G
	missense
	76
	1
	245
	0
	8.17E-06
	N
	N
	9.458

	2:125405397
	A/C
	missense
	76
	1
	245
	0
	1.63E-05
	N
	N
	0.357

	2:125555708
	A/G
	missense
	76
	1
	245
	0
	1.63E-05
	N
	N
	19.75

	2:125671775
	G/T
	missense
	76
	1
	245
	0
	N
	N
	N
	22.8


No non-ref homozygote was found in cases or controls

Chr:pos-chromosome:position;
Ref/Altreference allele/alternative allele;
CaseRefHomNum-number of cases with reference homozygote at this variant;

CaseHetNum-number of cases with heterozygote at this variant;

CtrlRefHomNum-number of controls with reference homozygote at this variant;

CtrlHetNum-number of controls with heterozygote at this variant;

maf@exac/1kgsas/1kgeas: minor allele frequency of this variant in the database of Exome Aggregation Consortium/South Asian panel of 1000 Genomes Project/East Asian panel of 1000 Genomes Project;
N-not observed;

CADD_phred-PHRED-scaled Combined Annotation Dependent Depletion (CADD) raw score

Table S2. Details of nine disruptive variants in Neuroactive Ligand Receptor Interactive pathway
	Position

(Chr:pos)
	Ref/Alt
	Gene
	Feature
	MDD/HC
	maf@

exac
	maf@

1kgsas
	maf@

1kgeas
	Pred

	5:40691884
	C/T
	PTGER4
	stopgain
	MDD
	N
	N
	N
	Y

	5:76129516
	C/T
	F2RL1
	stopgain
	MDD
	0.000008
	N
	N
	Y

	2:75276618
	G/A
	TACR1
	stopgain
	MDD
	0.000008
	N
	N
	Y

	20:62737761
	G/A
	NPBWR2
	stopgain
	MDD
	0.000032
	N
	N
	Y

	21:30925905
	G/A
	GRIK1
	stopgain
	HC
	0.000016
	N
	N
	Y

	7:30721649
	G/C
	CRHR2
	stopgain
	MDD
	N
	N
	N
	Y

	7:93125241
	C/T
	CALCR
	startloss
	MDD
	N
	N
	N
	Y

	4:68619738
	G/A
	GNRHR
	stopgain
	MDD
	N
	N
	N
	Y

	22:21377295
	G/A
	P2RX6
	stopgain
	MDD
	N
	N
	N
	Y


MDD/HC: whether the variant is found in patients with MDD or healthy controls; 
Pred: the result of function prediction, Y=damaging, N=neutral.

Table S3. Validation results
	Order
	Component pairs
	r
	VAR_r
	GMV_r

	1
	VAR5 - GMV8
	0.3494
	0.9299
	0.9031

	2
	VAR6 - GMV7
	0.4318
	0.8746
	0.9314

	3
	VAR10 - GMV7
	0.4006
	0.9058
	0.9590

	4
	VAR8 - GMV8
	0.3000
	0.8171
	0.3671

	5
	VAR7- GMV3
	0.4001
	0.8266
	0.8687

	6
	VAR8 - GMV8
	0.2800
	0.8805
	0.8647

	7
	VAR6 - GMV6
	0.4313
	0.9244
	0.9202

	8
	VAR8 - GMV8
	0.3452
	0.9193
	0.7578

	9
	VAR10 - GMV4
	0.3188
	0.9023
	0.7681

	10
	VAR4 - GMV8
	0.3994
	0.9090
	0.8341

	Mean
	
	0.3657
	0.8890
	0.8714


The component pairs are the top correlated pairs in each run; r: correlation coefficient of the top-ranked correlated VAR-GMV pair; VAR_r: correlation coefficient of the genetic component from the top correlated pair in the each run and VAR9 derived from the full-data set; GMV_r: correlation coefficient of the imaging component from the top correlated pair in the each run with GMV4 generated in the full-data set.

Table S4. Talairach table of dominant regions in imaging component GMV4
	Brain region
	Brodmann area
	L/R Volume (cm3)

	Precuneus
	7, 31
	1.7/2.9

	Posterior Cingulate
	30, 31
	1.3/1.0

	Middle Temporal Gyrus
	20, 21, 22, 37, 38
	7.7/8.6

	Inferior Temporal Gyrus
	19, 20, 21, 37
	2.5/2.4

	Superior Temporal Gyrus
	13, 22, 42
	1.5/1.3

	Inferior Parietal Lobule
	40
	2.9/2.9

	Postcentral Gyrus
	1, 2, 40, 43
	1.5/1.2

	Middle Frontal Gyrus
	6
	0.2/1.2

	Supramarginal Gyrus
	40
	0.3/1.0

	Insula
	13, 41
	0.3/1.0


L/R: left/right

Table S5. Genes containing variants with top 5% Z score in genetic component VAR9
	Gene
	Chr
	Num of variants
	Average Z score
	Gene
	Chr
	Num of variants
	Average Z score

	SYTL2
	11
	7
	129.65
	CREBZF
	11
	1
	-84.92

	OR10H3
	19
	1
	53.00
	PIH1D1
	19
	5
	-68.28

	OR10H1
	19
	1
	50.07
	ALDH16A1
	19
	2
	-58.77

	ADGRL3
	4
	1
	49.74
	OR10H5
	19
	1
	-56.1

	NDE1
	16
	1
	44.89
	OR10H5
	19
	1
	-56.1

	FLG2
	1
	3
	44.06
	CYP4F12
	19
	2
	-48.75

	LAMA5
	20
	1
	41.88
	OR10H3
	19
	1
	-47.56

	CEP70
	3
	1
	41.14
	OR10H2
	19
	1
	-46.12

	BEND3
	6
	1
	40.93
	PDE3A
	12
	1
	-42.16

	RAB3GAP1
	2
	1
	39.88
	RIC1
	9
	1
	-41.41

	CYHR1
	8
	3
	38.65
	MYH11
	16
	1
	-39.89

	CRNN
	1
	1
	38.34
	PGBD1
	6
	1
	-37.37

	ATP6V0E2
	7
	1
	38.27
	PSME4
	2
	1
	-36.33

	R3HDM1
	2
	1
	36.71
	INO80D
	2
	1
	-36.24

	MGAT5B
	17
	2
	36.47
	CSPG5
	3
	1
	-36.2

	PREX2
	8
	2
	34.16
	DIS3L
	15
	1
	-35.36

	IMMT
	2
	1
	33.64
	GPR61
	1
	1
	-34.51

	GNAT2
	1
	1
	33.42
	MTUS1
	8
	1
	-33.28

	LRRC14
	8
	1
	33.23
	ITPR2
	12
	2
	-33.13

	NDUFS1
	2
	2
	33.11
	MYBPH
	1
	1
	-33.05

	MAGEC1
	X
	1
	31.82
	SEMA4G
	10
	1
	-32.79

	DRD5
	4
	1
	31.82
	ARCN1
	11
	2
	-32.34

	IL1RAPL2
	X
	1
	31.78
	POLR1A
	2
	1
	-31.81

	ADD1
	4
	2
	31.03
	GRM1
	6
	4
	-30.47

	RCAN3
	1
	1
	30.45
	IFT74
	9
	1
	-30.29

	GPR1
	2
	2
	29.99
	ADGB
	6
	1
	-29.75

	FSCB
	14
	3
	29.70
	C7
	5
	1
	-29.72

	IQUB
	7
	4
	29.65
	GLI1
	12
	1
	-29.61

	ENTPD2
	9
	1
	29.36
	NFASC
	1
	1
	-29.52

	SLC38A9
	5
	3
	29.08
	FREM1
	9
	1
	-29.51

	PLXNA1
	3
	2
	29.06
	PLXND1
	3
	1
	-29.33

	CCR2
	3
	1
	28.49
	DCAF12L2
	X
	1
	-28.15

	DSP
	6
	1
	28.27
	FOSL1
	11
	1
	-27.88

	MS4A7
	11
	2
	28.12
	
	
	
	

	ITPRIPL1
	2
	1
	27.41
	
	
	
	

	SLC2A9
	4
	2
	3.38
	
	
	
	

	NDUFS2
	1
	2
	2.11
	
	
	
	


(Chr: chromosome)

Table S6. Significant over-represented gene sets in genetic component VAR9
	Database_Pathway 
[number of genes]
	Overlapping genes [number of genes]
	p value
	FDR q value

	Alzheimer Disease Up [1691]
	PDE3A, SEMA4G, MTUS1, PSME4, IFT74, TCF20, DSP, NDE1, CYHR1,NFASC, C7, RAB3GAP1, GPR1, R3HDM1, SLC2A9 [15]
	6.82E-08
	3.23E-04

	Singling by GPCRs [920]
	PDE3A, DRD5, OR10H2, OR10H1, CCR2, OR10H3, OR10H5, ITPR2, GRM1, GNAT2 [11]
	2.59E-07
	6.12E-04


GPCRs: G-protein coupled receptors. 
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Fig S1. Results of PCA. A. The first two principal components of PCA; B. Scree plot of the eigenvalues of PCA
No outlier was found in this plot, which indicates that no population stratification or batch effect was observed. (HC: healthy control, MDD: major depressive disorder)
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Fig S2. Locations and amino acid changes of variants in genes of interest. (A) damaging mutations with MAF ≤ 1% in CSMD1 (NM_033225); (B) nonsynonymous variants with MAF ≤ 0.1% in CNTNAP5 (NM_130773)

Amino acid changes derived from variants in cases are displayed in orange box and those derived from variants in controls are displayed in green box.
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Fig S3. Q-Q plot of gene set-based association 

(NLRI: Neuroactive Ligand Receptor Interactive pathway )
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Fig S4. The component consistency map
Order ten was finally selected as the number of components for genetic modality.
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Fig S5. Results of 1000-run permutation 

The histogram showed the null distribution of permutation, with the red line showing the observed result and its empirical p value.
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Fig S6. Scatter plots of Z-scores of 2460 variants in VAR9. 

Horizontal lines indicate the threshold to obtain the top 5% variants.
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Fig S7 Results of mediation analyses

(A) Confidence intervals of OR are displayed. The horizontal line gives the null effect odds ratio of 1; (B) Standardized regression coefficients are displayed. The indirect effect mediated through IQ is in parentheses. 

*: p<0.05; **: p<0.01; ***: p<0.001.OR: odds ratio; CI: confidence interval; IQ: intelligence quotient; GMV: grey matter volume; MDD: major depressive disorder.

A

[image: image23.png]



B

[image: image24.png]



C

[image: image25.png]



Fig S8. Expression data from GTEx. 

(A) the expression profile of CSMD1[1] ; (B) the expression profile of CNTNAP5 [2]; (C) the expression profile of TMEM190[3].
[1] https://www.proteinatlas.org/ENSG00000183117-CSMD1/tissue
[2] https://www.proteinatlas.org/ENSG00000155052-CNTNAP5/tissue

[3] https://www.proteinatlas.org/ENSG00000160472-TMEM190/tissue
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