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Raw data files
Genotype samples

passing basic QC

Remove genotypes

with low confidence

score

Identify unusual or

poor quality samples

Excessive missing data

ancestry

Duplicated sample

Closely related

individuals

High inbreeding

coefficient

Not genetically male

Remove poor

quality SNPs

Strong deviaition

from HWE

Uninformative High missingness

Association analysis Remove a sample (row)

Remove a SNP (column)

Remove a genotype (single cell)

Action

V

αFWER = P (V ≥ 1) = 1 − P (V = 0)
n P (V = 0) = (1 − αsingletest)n

αFWER = 1 − (1 − αsingletest)n

αFWER ≤ n∗αsingletest



αFDR = E[V
R ], R = V + S S
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Raw copy number intensity

Allele heritability pattern hypothesis

Cases Controls

Extract genes neighboring 
significant markers

Rank genes by protein-interaction
and gene-phenotype information
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•1 algorithm

•CNV confidence (LOD < 2)

•CNV length (< 5 markers, < 4kb, > 1Mb)

•Sample burden (n CNVs > 110, total length > 7.5Mb)

•Sample quality 

 (LRR SD (PennCNV) > 0.4, CN variance (Birdsuite) > 2)

•SegDup region

Burden

•CNV count

•Gene count

•CNV size

•Global CNV length

Gene association

•DGV verification

Pathway association

•Non-European

•Consanguinity

•Inbreeding

•QC contrast < 0.4

Loci association

•CNVtools verification

•DGV verification

•Boundary truncation artifacts

212 TGCT cases, 437 controls
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 Populus trichocarpa 20%

Vitis vinifera 28%

Other species 17%
 Ricinus communis 19%

Arabidopsis thaliana 8%
 Solanum tuberosum 2%

Medicago truncatula 1%

 Nicotiana tabacum 2%

Oryza sativa 3%

−4





cluster I, N=159 cluster III, N=88

cluster V, N=35 cluster VI, N=18

a       b       c       d 
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cluster II, N=112
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(P22238)
(Q9ZPC6)
(Q9XFX7)
(O23764)
(P23283)
(Q42671)
(P22242)
(P22239)
(Q8VXQ2)
(Q01931)
(P22241)
(Q9XEG6)
(Q9AT09)
(Q42676)
(Q42677)
(Q9XQB5)
(Q9FXF8)
(O23771)
(O23772)
(Q42675)

Control  Dehydrated      Desiccated Rehydrated  

Sucrose synthase
Desiccation-related protein PCC27-04

Phospholipase D2
CDet11-24 protein
Desiccation-related protein PCC3-06
Glyceraldehyde-3-phophatase dehydrogenase
Desiccation related protein PCC13-62
Desiccation related protein PCC6-19
Aldehyde dehydrogenase
Desiccation stress related protein DSP-22
Desiccation related protein PCC2745
Histone H3
PTP-1
Transketolase 3
Transketolase 7
Ribulose biphospatase carboxylase
Phospholipase D1
Major intrinsic protein PIPB
Major intrinsic protein PIPC
Transketolase 10

http://www.genome.jp/kegg
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d) Geranylgeranyldiphosphate biosynthesis c) Methane metabolism

b) One carbon pool by folatea) Ubiquinone and other terpenoid biosynthesis
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Brassinosteroid biosynthesis  

BIOSYNTHESIS OF PLANT HORMONES Mevalonic acid pathway
MEP/DOXP pathway

Auxin
Indole-3-acetate

Tryptophan pathway 

IAA  pathway

Tryptophan

Glycolysis

Pentose phosphate 
pathway

D-Glucose

Glucose-6P

Fructose-6P

Isochorismate

Anthranilate

Chorismate

PRPP

IMP

Glyceraldehyde-3PErythrose-4P

Salicylic acid
trans- 
Cinnamic acid

Shikimate

AMP/ADP/ATP

1-Deoxy-D-xylulose 5P

2-C-Methyl-D-erythriol-4P

MEP/DOXP pathway

Glycerate-3P

Biosynthesis of 
siderophore group 

nonribosomal 

Phenylalanine, tyrosine 
and tryptophan 

byosynthesis

Phenylalanine 
metabolism

L-Phenylalanine

PEPDAHP

SAM

ACC

L-Mehionine

L-Aspartate

Pyruvate

Acetyl-CoAEthylene
H2C=CH2

Aspartate
pathway

Homoserine
pathway

Methionine
pathway

Citrate
cycle

Malonyl-CoA

Mevalonic acid pathway

Saturated fatty acids

Hexadecanoyl-CoA (C16:0)

Stearoyl-CoA (C18:0)
Biosynthesis of unsaturated 

fatty acids

MevalonateHMG-CoA

Unsaturated fatty 

α-Linoleic acid OPC-8

Brassinosteroid

Biosynthesis of steroids

α-Linoleic acid metabolism

Jasmonic acid
β-Oxidation

Campesterol Cycloartenol

Squalene-2,3-oxideSqualene

Farnesyl-PPGeranyl-PP

Geranylgeranyl-PP

Phytoene

Lycopene

Carotene

Isopentenyl-PP

Dimethylallyl-PP

Zeaxanthin

Carotenoid biosynthesis

Abscisic acid
Abscisate

Cytokinin
trans-Zeatin cis-Zeatin

Terpenoid biosynthesis

Zeatin pathway

tRNA

Giberellin
Giberellic acid

GA12 aldehyde

ent-Kaurene

ent-CDP

Diterpenoid biosynthesis

Fatty acids biosynthesis

Brassinolide

Jasmonate

Oxaloacetate Citrate

(S)-Malate

Fumarate

Succinate

cis-Aconitate

Isocitrate

2-Oxoglutarate

Succinyl-CoA

 0                 0.4                      0.9                      1.3                     1.7   
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Supplementary Table 1

Supplementary Table 1

Specification of investigated families and samples

Family Individual Germ cell 

tumor

244K 

chip

185K 

chip

RLN1-qPCR

validation study

1 brother 1 yes x x x

brother 2 yes x x x

brother 3 yes x x x

mother no x x x

father no x x x

sister no x - x

2 brother 1 yes - x x

brother 2 yes - x -

mother no - x -

son of brother 1 no - x -

3 son yes x - x

father yes x - x

4 brother 1 yes x - x

brother 2 yes x - x

mother no x - -

uncle 1 (maternal) no x - x

uncle 2 (maternal) no - - x

cousin no - - x

5 brother 1 yes - - x

brother 2 no - - -

father yes - - -

6 son yes - - x

father yes - - x

cousin (paternal) yes - - -



Supplementary Table 2

Supplementary Table 2

Family

CNVs recurring in all 

three GCT afflicted brothers Type Gene relation DGV Mother Father

Brother 

1

Brother 

2

Brother 

3 Sister

1 chr6:32567382..32600962 Loss HLA-DRB5 exon Common 1 1 1 1 1 1

chr7:142159154..142171618 Loss 25kb upstream PRSS2, exon of ESTs Common 0 1 1 1 1 1

chr9:5298149..5325065 Loss Exon of RLN1

Rare (Shaikh 2009: 

1.0%, McCarrol 

2008: 1.5%) 1 0 1 1 1 0

chr14:19268776..19490630 Loss Olfactory receptors Common 0 1 1 1 1 0

chr15:19786655..20079935 Loss Olfactory receptors Common 1 0 1 1 1 0

chr16:33205648..33539023 Loss 300kb downsteram of TP53TG3 Common 0 1 1 1 1 1

chr16:62882631..63119309 Gain CDH11 500kb downstream
Rare (one sample in 

DGV) 0 1 1 1 1 1

chr8:7100835..7885555 Loss DEFB genes and SPAG11B Common 1 1 1 1 1 N

CNVs recurring in 

both GCT afflicted brothers Type Gene relation DGV

Brother 

1

Brother 

2 Mother

Son of 

Brother 

1

2
chr1:149369523..149391633 Loss SEMA6C, exons

Rare (no CNV in 

DGV) 1 1 0 0

chr6:32539864..32654018 Loss HLA-DRB5 exon Common 1 1 1 0

chr8:39356595..39499752 Loss ADAMP5P, tMDC Common 1 1 1 1

chr8:7233982..7885555 Loss DEFB genes and SPAG11B Common 1 1 1 0

chr14:18642252..19490630 Loss Olfactory receptors Common 1 1 1 1

chr16:32105104..33536799 Loss 300kb downsteram of TP53TG3 Common 1 1 0 1

chr22:37683612..37709939 Loss Between APOBEC3A and APOBEC3B Common 1 1 1 0

chr11:55124799..55206590 Gain Olfactory receptors Common 1 1 0 0

CNVs in both father and son Type Gene relation DGV Father Son

3 chr3:163997228..164101776 Loss EST BC073807, 2Mb from B3GALNT1 Common 1 1

chr6:211079..320890 Gain DUSP22 Common 1 1

chr8:39356595..39505256 Gain ADAMP5P, tMDC Common 1 1

chr10:46404919..46568496 Gain GPRIN2, PPYR1 exons Common 1 1

chrY:22505342..24754207 Gain DAZ1, DAZ2, DAZ4 region Common 1 1

Recurrent CNVs occurring in all GCT afflicted individuals within a family, and CNVs found in at least five 

individuals from at least two different families. All GCT cases are marked in red. The four CNVs marked in 

yellow indicate loci that are not common in the Database of Genomic Variants.



Supplementary Table 2

Loss in at least 5 samples and 

from at least two families

n     

loss Gene relation DGV

Fam.1: 

Mother

Fam.1:  

Father

Fam.1:  

Brother 

1

Fam.1: 

Brother 

2

Fam.1: 

Brother 

3

Fam.1 

Sister

Fam.2: 

Brother 

1

Fam.2: 

Brother 

2

Fam.2: 

Mother

Fam.2: 

Son of 

case 1

chr6:32567382..32600962 12 HLA-DRB5 exon Common -1 -1 -1 -1 -1 -1 -1 -1 -1 0

chr14:19446048..19490630 9 Olfactory receptors Common 0 -1 -1 -1 -1 0 -1 -1 -1 -1

chr16:33280759..33536799 8 300kb downsteram of TP53TG3 Common 0 -1 -1 -1 -1 -1 -1 -1 0 -1

chr8:7729311..7789937 7 DEFB genes and SPAG11B Common -1 -1 -1 0 0 -1 -1 -1 -1 0

chr15:19886840...20060061 7 Olfactory receptors Common -1 0 -1 -1 -1 0 -1 1 1 0

chr3:3.163997228..164101776 6 EST BC073807, 2Mb from B3GALNT1 Common -1 -1 1 0 0 -1 1 0 1 0

chr14:105966378..105994646 5 antibody region Common 0 -1 -1 0 -1 -1 0 0 0 -1

chr17:41578267..41706870 5 KIAA1267 Common -1 0 0 0 0 -1 -1 0 0 0

Gain in at least 5 samples and 

from at least two families

n    

gain Gene relation DGV

chr11:55124799..55194990 8 Olfactory receptors Common 1 -1 0 1 1 1 1 1 0 -1

chr8:39356595..39505256 7 ADAMP5P, tMDC Common 1 0 1 0 0 1 -1 -1 -1 -1

chr6:252939..320890 6 DUSP22 Common 1 -1 0 0 0 0 -1 0 -1 -1

chr4:69069563..69165814 6 UGT2B17 Common -1 1 1 -1 0 -1 0 0 1 1

chr9:138516970..138534059 5 NOTCH1 exons Rare (2-2.5%) 1 0 0 1 0 1 0 0 0 0

Loss in at least 5 samples and 

from at least two families

n     

loss Gene relation DGV

Fam.3: 

Father

Fam.3: 

Son

Fam.4:

 Brother 

1

Fam.4: 

Brother 

2

Fam.4: 

Uncle

Fam.4: 

Mother

chr6:32567382..32600962 12 HLA-DRB5 exon Common 1 -1 -1 0 -1 1

chr14:19446048..19490630 9 Olfactory receptors Common 0 -1 1 -1 1 0

chr16:33280759..33536799 8 300kb downsteram of TP53TG3 Common 0 1 0 1 0 0

chr8:7729311..7789937 7 DEFB genes and SPAG11B Common 0 0 0 1 1 1

chr15:19886840...20060061 7 Olfactory receptors Common 0 -1 1 0 0 -1

chr3:3.163997228..164101776 6 EST BC073807, 2Mb from B3GALNT1 Common -1 -1 -1 1 0 0

chr14:105966378..105994646 5 antibody region Common 0 0 0 0 0 0

chr17:41578267..41706870 5 KIAA1267 Common 0 0 0 -1 0 -1

Gain in at least 5 samples and 

from at least two families

n    

gain Gene relation DGV

chr11:55124799..55194990 8 Olfactory receptors Common 0 0 -1 1 0 1

chr8:39356595..39505256 7 ADAMP5P, tMDC Common 1 1 0 1 1 0

chr6:252939..320890 6 DUSP22 Common 1 1 1 0 1 1

chr4:69069563..69165814 6 UGT2B17 Common 0 0 0 1 0 1

chr9:138516970..138534059 5 NOTCH1 exons Rare (2-2.5%) 0 0 1 1 0 0

Joint 

analysis of 

all four 

families

Joint 

analysis of 

all four 

families 

(cont.)
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Study cohort 

The discovery cohort was of Danish ancestry and included TDS cases and military 
conscripts. All patients participated in a survey on semen quality among Danish men 
during the years from 1995 to 2009. Patients were recruited at the department of Growth 
and Reproduction at Rigshospitalet, providing informed consent. The group of infertile men 
had a mean age of 34 (21-49) and an average sperm concentration of 3.51 (0-14) 
million/mL, TGCC cases had a mean age of 31 (16-51). Cryptorchidism was either based 
on self-reporting or patient files. All hypospadias patients received surgery. The 439 
controls had a mean age of 19 (17-28) and an average sperm concentration of 103 (50-
451). 
 
For the replication cohort, samples were obtained from Nordic countries and consisted of 
436 cases and 235 controls, including 86 cases with TGCC, 69 with cryptorchidism and 
184 controls from Denmark had a mean age of 19 (18-26) and an average sperm 
concentration of 112 (61-392). The 247 TGCC patients from Sweden were collected in 
Malmö and Stockholm (112 and 135, respectively) with an average age of 33 years (18-
51). Cases with cryptorchidism (n=34) and controls (n=51) from Finland were recruited in 
the Turku area, all examined for cryptorchidism at birth.  
 
 
Supplementary Table 1. Tumor type distribution among TGCC cases of the discovery cohort.  

 
 
 

Discovery cohort Replication cohort 

Controls 439 235 

Infertile  107 0 

TGCC 212 333 

Tumor type   

 - Seminoma 107 128 

 - Non-seminoma 85 153 

 - CIS 13 4 

 - No information  7 48 

Hypospadias 31 0 

Cryptorchidism 138 103 

 



  

 

 
Supplementary Figure 1. Venn diagram showing the overlap of TDS phenotypes in discovery 
cohort: 31 patients were affected by both cryptorchidism and TGCC; 3 patients showed a shared 
incidence of cryptorchidism and hypospadias; and 2 patients were diagnosed with TGCC and 
hypospadias. 3 patients were affected by all three phenotypes.!



 
Supplementary Table 2. Overview of all markers selected for replication from various approaches. We tabulate P-values (P), odds ratios (OR), 
and corresponding confidence intervals (OR CI) for the genome-wide association study on the testicular dysgenesis syndrome as a whole 
(TDS), and for all sub-phenotypes, testicular germ cell cancer (TGCC), cryptorchidism (Crypt.), infertile patients (Infer.), and hypospadias 
(Hypo.) separately. In addition we show the risk allele (RA) and the risk allele frequency (RAF), and which optimal genetic model (OMG) was 
used to test for association.  

 

 

Gene Marker Phase 

OG

M RA RAF 

adj. 

P 

TDS 

P 

TDS 

OR 

TDS 

OR CI 

TGCC 

P 

TGCC 

OR 

TGCC 

OR CI 

Crypto 

P 

Cryp

to 

OR 

Crypto. 

OR CI 

Infer. 

P 

Infer. 

OR 

Infer. 

OR CI 

Hypo. 

P 

Hyp

o. 

OR 

Hypo. 

OR CI 

BMP4 rs17126540 Discovery dom G 0.082 1.0E+00 3.3E-03 1.69 (1.19-2.39) 9.7E-03 1.76 (1.14-2.71) 6.5E-03 1.93 (1.19-3.08) 3.4E-01 1.31 (0.74-2.23) 3.4E-01 1.59 (0.56-3.90) 

BMP4 rs17126540 Replication dom G 0.126 1.0E+00 7.3E-01 0.93 (0.63-1.39) 9.9E-01 1.00 (0.66-1.52) 3.6E-01 0.75 (0.39-1.37) - - - - - - 

BMP6 rs6913143 Discovery rec T 0.880 1.0E+00 5.4E-04 1.87 (1.31-2.68) 4.6E-03 2.05 (1.27-3.44) 9.9E-02 1.55 (0.94-2.68) 5.3E-02 1.80 (1.02-3.37) 8.9E-02 3.56 (1.03-22.42) 

BMP6 rs6913143 Replication rec T 0.892 1.0E+00 8.1E-01 1.05 (0.69-1.59) 8.9E-01 1.03 (0.66-1.60) 7.3E-01 1.12 (0.61-2.15) - - - - - - 

BMP7 rs388286 Discovery add C 0.468 1.0E+00 2.3E-03 1.36 (1.11-1.67) 1.6E-02 1.38 (1.06-1.79) 7.9E-03 1.49 (1.11-2.01) 2.3E-01 1.21 (0.89-1.66) 4.7E-01 1.24 (0.70-2.22) 

BMP7 rs388286 Replication add C 0.472 9.9E-01 4.1E-02 1.28 (1.01-1.62) 1.7E-02 1.37 (1.06-1.78) 6.3E-01 1.09 (0.78-1.52) - - - - - - 

BMPER rs318576 Discovery dom G 0.656 1.0E+00 2.0E-04 2.38 (1.52-3.80) 7.8E-03 2.34 (1.29-4.58) 9.8E-02 1.74 (0.93-3.50) 7.5E-03 3.60 (1.54-10.52) 1.5E-01 4.46 (0.92-80.36) 

BMPER rs318576 Replication dom G 0.700 1.0E+00 1.6E-01 0.68 (0.38-1.15) 2.1E-01 0.69 (0.39-1.22) 2.2E-01 0.62 (0.30-1.36) - - - - - - 

BMPR1B rs17345417 Discovery add A 0.885 1.0E+00 4.4E-03 1.66 (1.18-2.35) 7.0E-02 1.52 (0.98-2.41) 6.9E-02 1.62 (0.98-2.79) 5.4E-02 1.78 (1.02-3.31) 9.3E-02 3.47 (1.02-21.70) 

BMPR1B rs17345417 Replication add A 0.892 1.0E+00 8.9E-01 1.03 (0.70-1.50) 6.0E-01 1.12 (0.73-1.71) 5.0E-01 0.83 (1.44-0.49) - - - - - - 

CCDC59 rs11115212 Discovery rec C 0.225 4.2E-01 1.5E-06 5.26 (2.58-12.18) 6.8E-04 4.51 (1.94-11.31) 1.1E-05 6.97 (3.02-17.48) 9.0E-03 3.82 (1.37-10.62) 1.0E-03 8.50 (2.14-29.29) 

CCDC59 rs11115212 Replication rec C 0.249 1.0E+00 2.1E-01 0.67 (0.35-1.27) 2.6E-01 0.68 (0.34-1.33) 3.9E-01 0.64 (0.21-1.64) - - - - - - 

CCDC59 rs11115213 Discovery rec T 0.222 4.5E-01 1.1E-06 5.26 (2.58-12.20) 1.1E-03 4.29 (1.83-10.84) 2.1E-05 6.67 (2.86-16.82) 2.6E-03 4.50 (1.68-12.28) 9.2E-04 8.64 (2.17-29.75) 

CCDC59 rs11115213 Replication rec T 0.258 1.0E+00 1.5E-01 0.63 (0.33-1.18) 1.8E-01 0.63 (0.32-1.23) 3.6E-01 0.62 (0.20-1.59) - - - - - - 

EPHA3 rs11720651 Discovery add A 0.150 1.0E+00 4.3E-03 1.46 (1.12-1.90) 5.4E-02 1.40 (0.99-1.98) 1.4E-01 1.34 (0.90-1.96) 1.7E-03 1.87 (1.26-2.75) 6.3E-01 1.22 (0.52-2.64) 

EPHA3 rs11720651 Replication add A 0.147 1.0E+00 2.2E-01 1.24 (0.88-1.75) 3.1E-01 1.21 (0.84-1.76) 2.7E-01 1.31 (0.80-2.11) - - - - - - 

EPHB2 rs12723359 Discovery dom A 0.674 1.0E+00 5.7E-05 2.71 (1.61-4.72) 3.3E-02 2.10 (1.10-4.37) 2.2E-02 2.79 (1.25-7.42) 1.2E-02 4.59 (1.64-19.18) 2.4E-01 3.34 (0.68-60.41) 

EPHB2 rs12723359 Replication dom A 0.680 1.0E+00 2.3E-01 0.72 (0.41-1.23) 4.1E-01 0.78 (0.43-1.40) 1.4E-01 0.57 (0.28-1.22) - - - - - - 

FOXG1 rs2180892 Discovery dom G 0.740 1.0E+00 7.1E-05 4.35 (2.14-9.80) 9.7E-03 4.02 (1.57-13.66) 2.9E-02 3.81 (1.34-16.06) 3.7E-02 4.65 (1.38-28.98) 9.9E-01 NA (0.00-NA) 

FOXG1 rs2180892 Replication dom G 0.770 1.0E+00 7.1E-01 0.87 (0.42-1.74) 7.7E-01 0.90 (0.42-1.88) 6.8E-01 0.81 (0.31-2.36) - - - - - - 

GJA5/NBPF14 rs1495956 Discovery dom A 0.228 1.0E+00 8.8E-05 1.74 (1.32-2.29) 7.7E-03 1.62 (1.14-2.31) 8.5E-03 1.71 (1.15-2.55) 3.2E-04 2.23 (1.45-3.47) 7.2E-01 1.16 (0.51-2.58) 

GJA5/NBPF14 rs1495956 Replication dom A 0.253 1.0E+00 2.8E-01 0.83 (0.60-1.16) 3.9E-01 0.86 (0.60-1.22) 2.9E-01 0.76 (0.46-1.25) - - - - - - 

HOXD13 rs1522830 Discovery dom C 0.086 1.8E-01 4.9E-07 2.34 (1.68-3.29) 3.1E-06 2.64 (1.75-3.97) 5.8E-05 2.54 (1.61-3.99) 4.8E-02 1.69 (0.99-2.81) 6.1E-02 2.31 (0.91-5.38) 

HOXD13 rs1522830 Replication dom C 0.116 1.0E+00 8.3E-01 0.96 (0.63-1.45) 8.1E-01 0.95 (0.61-1.48) 9.5E-01 0.98 (0.52-1.78) - - - - - - 

HOXD13 rs16863266 Discovery dom A 0.086 2.4E-01 5.8E-07 2.33 (1.67-3.27) 4.8E-06 2.60 (1.72-3.91) 5.8E-05 2.54 (1.61-3.99) 4.8E-02 1.69 (0.99-2.81) 6.1E-02 2.31 (0.91-5.38) 

HOXD13 rs16863266 Replication dom A 0.121 1.0E+00 4.4E-01 0.85 (0.56-1.29) 3.9E-01 0.82 (0.52-1.29) 7.8E-01 0.92 (0.49-1.66) - - - - - - 

HOXD13 rs17198418 Discovery dom G 0.077 2.7E-01 6.3E-07 2.36 (1.67-3.38) 2.0E-05 2.53 (1.65-3.88) 3.8E-05 2.68 (1.67-4.27) 5.9E-02 1.69 (0.97-2.88) 2.7E-02 2.71 (1.07-6.35) 

HOXD13 rs17198418 Replication dom G 0.105 1.0E+00 7.0E-01 0.92 (0.60-1.41) 6.8E-01 0.91 (0.58-1.43) 8.9E-01 0.95 (0.50-1.77) - - - - - - 

HOXD13 rs17198432 Discovery dom A 0.073 2.2E-02 4.7E-08 2.58 (1.82-3.70) 1.4E-06 2.85 (1.86-4.38) 8.9E-06 2.90 (1.81-4.63) 4.2E-02 1.76 (1.01-3.01) 2.1E-02 2.83 (1.11-6.64) 

HOXD13 rs17198432 Replication dom A 0.107 1.0E+00 8.8E-01 0.97 (0.64-1.48) 8.5E-01 0.96 (0.61-1.50) 1.0E+00 1.00 (0.52-1.83) - - - - - - 

HOXD13 rs2437901 Discovery dom G 0.096 9.1E-01 5.2E-06 2.14 (1.54-2.98) 3.3E-05 2.35 (1.57-3.52) 1.3E-04 2.39 (1.53-3.74) 1.0E-01 1.54 (0.91-2.55) 9.5E-02 2.10 (0.83-4.89) 

HOXD13 rs2437901 Replication dom G 0.122 1.0E+00 6.2E-01 0.91 (0.61-1.35) 7.6E-01 0.94 (0.61-1.43) 5.1E-01 0.81 (0.43-1.47) - - - - - - 



HOXD13 rs7574075 Discovery dom G 0.085 2.2E-01 5.8E-07 2.34 (1.67-3.29) 4.0E-06 2.62 (1.74-3.96) 4.2E-05 2.59 (1.64-4.07) 6.7E-02 1.63 (0.95-2.73) 5.6E-02 2.35 (0.93-5.49) 

HOXD13 rs7574075 Replication dom G 0.109 1.0E+00 7.1E-01 0.92 (0.61-1.41) 6.2E-01 0.89 (0.57-1.40) 9.4E-01 1.02 (0.54-1.86) - - - - - - 

HOXD13 rs7586946 Discovery dom G 0.077 5.4E-01 1.9E-06 2.34 (1.65-3.35) 2.0E-05 2.53 (1.65-3.88) 3.8E-05 2.68 (1.67-4.27) 9.6E-02 1.60 (0.91-2.73) 2.7E-02 2.71 (1.07-6.35) 

HOXD13 rs7586946 Replication dom G 0.106 1.0E+00 9.6E-01 1.01 (0.66-1.55) 8.5E-01 1.04 (0.66-1.65) 7.9E-01 0.92 (0.48-1.70) - - - - - - 

ITPR1 rs2259801 Discovery rec A 0.590 1.0E+00 8.6E-05 1.71 (1.30-2.27) 1.7E-03 1.77 (1.24-2.54) 2.6E-02 1.58 (1.05-2.38) 1.5E-02 1.72 (1.11-2.65) 9.3E-02 2.01 (0.89-4.58) 

ITPR1 rs2259801 Replication rec A 0.615 1.0E+00 1.1E-01 1.32 (0.94-1.87) 9.2E-02 1.37 (0.95-1.99) 4.7E-01 1.20 (0.73-1.98) - - - - - - 

KITLG rs11104952 Discovery add G 0.788 1.0E+00 3.3E-03 1.48 (1.16-1.90) 1.2E-05 2.33 (1.62-3.45) 4.9E-01 1.13 (0.81-1.59) 2.7E-01 1.23 (0.86-1.81) 7.5E-01 1.12 (0.59-2.34) 

KITLG rs11104952 Replication add G 0.807 1.4E-03 6.0E-05 1.95 (1.41-2.71) 5.7E-06 2.39 (1.65-3.52) 3.5E-01 1.24 (0.80-1.97) - - - - - - 

KITLG rs1352947 Discovery add T 0.808 1.0E+00 3.1E-03 1.52 (1.18-1.97) 3.1E-06 2.74 (1.82-4.26) 6.5E-01 1.08 (0.77-1.55) 2.5E-01 1.26 (0.86-1.90) 1.0E+00 1.00 (0.52-2.11) 

KITLG rs1352947 Replication add T 0.819 2.0E-03 8.5E-05 1.93 (1.39-2.69) 2.6E-05 2.23 (1.55-3.28) 1.7E-01 1.38 (0.89-2.24) - - - - - - 

KITLG rs3782181 Discovery add A 0.788 1.0E+00 2.2E-03 1.49 (1.17-1.90) 1.1E-05 2.35 (1.63-3.49) 4.9E-01 1.13 (0.81-1.60) 2.7E-01 1.24 (0.86-1.82) 7.5E-01 1.12 (0.59-2.35) 

KITLG rs3782181 Replication add A 0.801 1.2E-03 4.9E-05 1.94 (1.41-2.69) 4.0E-06 2.40 (1.67-3.52) 3.5E-01 1.23 (0.81-1.93) - - - - - - 

KITLG rs4474514 Discovery add A 0.790 1.0E+00 4.2E-03 1.48 (1.16-1.89) 1.3E-05 2.33 (1.61-3.46) 5.2E-01 1.12 (0.80-1.58) 2.8E-01 1.23 (0.85-1.80) 7.7E-01 1.11 (0.58-2.33) 

KITLG rs4474514 Replication add A 0.805 6.8E-03 2.8E-04 1.81 (1.32-2.50) 4.3E-05 2.14 (1.49-3.10) 3.6E-01 1.23 (0.80-1.94) - - - - - - 

MEIS1 rs12470855 Discovery dom C 0.706 1.0E+00 1.5E-03 2.48 (1.44-4.40) 9.2E-02 1.81 (0.94-3.79) 8.3E-03 4.98 (1.77-20.82) 1.4E-01 1.94 (0.86-5.22) 9.9E-01 NA (0.00-NA) 

MEIS1 rs12470855 Replication dom C 0.716 1.0E+00 4.7E-01 1.26 (0.66-2.34) 9.3E-01 1.03 (0.54-1.95) 8.0E-02 3.75 (1.06-23.84) - - - - - - 

MIPEP rs4769283 Discovery dom G 0.641 1.0E+00 3.5E-04 2.41 (1.55-3.83) 8.8E-03 2.26 (1.26-4.31) 1.3E-02 2.52 (1.27-5.58) 3.6E-02 2.28 (1.11-5.30) 1.4E-01 4.65 (0.96-83.82) 

MIPEP rs4769283 Replication dom G 0.681 1.0E+00 7.3E-01 0.91 (0.51-1.58) 6.3E-01 0.87 (0.47-1.56) 9.1E-01 1.05 (0.46-2.59) - - - - - - 

NRP2 rs849515 Discovery add G 0.530 1.0E+00 3.9E-04 1.42 (1.16-1.73) 2.8E-02 1.33 (1.03-1.73) 4.0E-04 1.71 (1.28-2.31) 2.3E-01 1.21 (0.89-1.64) 4.6E-02 1.85 (1.03-3.47) 

NRP2 rs849515 Replication add G 0.569 1.0E+00 4.7E-01 1.09 (0.86-1.39) 1.9E-01 1.19 (0.92-1.54) 4.4E-01 0.87 (1.23-0.62) - - - - - - 

PLXNC1 rs2291333 Discovery dom C 0.086 7.3E-01 2.9E-06 2.24 (1.60-3.16) 2.7E-06 2.67 (1.77-4.04) 5.1E-03 1.97 (1.22-3.15) 1.1E-02 1.94 (1.15-3.21) 1.4E-01 1.99 (0.75-4.74) 

PLXNC1 rs2291333 Replication dom C 0.118 1.0E+00 7.9E-01 0.95 (0.63-1.43) 7.3E-01 0.93 (0.60-1.43) 9.7E-01 1.01 (0.55-1.82) - - - - - - 

PTGFR rs12742293 Discovery rec T 0.258 1.0E+00 2.5E-05 3.14 (1.81-5.77) 3.7E-04 3.34 (1.73-6.60) 1.5E-02 2.58 (1.18-5.50) 3.6E-04 3.85 (1.82-8.12) 3.9E-01 1.95 (0.30-7.40) 

PTGFR rs12742293 Replication rec T 0.286 1.0E+00 4.4E-01 1.26 (0.71-2.29) 2.7E-01 1.41 (0.77-2.61) 6.8E-01 0.82 (0.29-2.01) - - - - - - 

RTN4R rs1640351 Discovery rec C 0.142 1.0E+00 4.2E-04 7.89 (2.24-49.99) 2.7E-03 10.64 (2.71-70.31) 1.4E-02 7.90 (1.68-55.65) 6.3E-02 5.53 (0.90-42.40) 9.9E-01 0.00 (NA-NA) 

RTN4R rs1640351 Replication rec C 0.120 1.0E+00 1.0E+00 1.00 (0.28-3.94) 8.9E-01 1.10 (0.29-4.49) 7.3E-01 0.68 (0.03-4.68) - - - - - - 

SEMA3A rs7808864 Discovery rec G 0.744 1.0E+00 1.7E-04 1.77 (1.33-2.34) 1.4E-02 1.57 (1.10-2.27) 6.8E-03 1.78 (1.18-2.72) 1.5E-03 2.13 (1.35-3.43) 1.5E-01 1.89 (0.83-4.70) 

SEMA3A rs7808864 Replication rec G 0.781 1.0E+00 5.8E-01 0.91 (0.65-1.27) 4.9E-01 0.88 (0.62-1.26) 9.8E-01 1.01 (0.61-1.67) - - - - - - 

SEMA3C rs11768393 Discovery add G 0.928 1.0E+00 3.6E-03 1.41 (0.96-2.09) 6.2E-02 1.69 (1.00-3.05) 9.0E-01 1.03 (0.63-1.77) 3.4E-01 1.35 (0.76-2.66) 2.2E-01 3.31 (0.80-56.69) 

SEMA3C rs11768393 Replication add A 0.056 1.0E+00 5.4E-01 1.16 (0.73-1.90) 9.7E-01 1.01 (0.60-1.70) 1.2E-01 1.65 (0.86-3.07) - - - - - - 

TGFB2 rs12042727 Discovery dom G 0.047 1.0E+00 3.3E-03 1.96 (1.29-3.04) 8.7E-04 2.36 (1.42-3.93) 2.0E-01 1.50 (0.79-2.74) 4.0E-02 1.92 (1.01-3.54) 2.9E-01 1.83 (0.51-5.11) 

TGFB2 rs12042727 Replication dom G 0.082 1.0E+00 1.3E-01 0.69 (0.43-1.12) 1.5E-01 0.68 (0.41-1.14) 3.8E-01 0.73 (0.34-1.45) - - - - - - 

TGFBR3 rs12082710 Discovery rec T 0.580 1.0E+00 2.4E-04 1.77 (1.33-2.36) 2.0E-02 1.55 (1.07-2.23) 2.2E-02 1.62 (1.07-2.44) 1.0E-04 2.38 (1.54-3.70) 8.1E-02 2.04 (0.90-4.56) 

TGFBR3 rs12082710 Replication rec T 0.587 3.8E-01 1.6E-02 1.52 (1.08-2.15) 3.1E-02 1.49 (1.04-2.14) 5.4E-02 1.64 (0.99-2.71) - - - - - - 

WNT5A rs1380119 Discovery rec A 0.247 1.0E+00 1.2E-03 2.72 (1.55-5.03) 1.5E-03 2.98 (1.52-5.94) 1.4E-03 3.25 (1.56-6.74) 7.7E-02 2.15 (0.88-4.91) 9.4E-01 0.93 (0.05-4.83) 

WNT5A rs1380119 Replication rec A 0.180 1.0E+00 3.8E-01 1.47 (0.65-3.63) 2.8E-01 1.62 (0.69-4.10) 9.9E-01 0.99 (0.21-3.52) - - - - - - 



 
Supplementary Table 3. Integration of complementary data types used to select markers for 
validation. The table shows 14 genes that were selected based on the ISB: Integrative Systems 
Biology, Pathway: pathway analysis, MGI.PPI: layer based on data from the Mouse Genome 
Informatics database (MGI) and protein-protein interaction data, Devel.expr: layer based on 
developmental expression data, GWAS: layer based on univariate association from genome-wide 
association study. 
 

 

a
 WNT5A was identified using a fourth data type in the integrative approach. The later was based on 

microarray expression data of microdissected testicular carcinoma in situ cells (CIS) and whole adult testis 
were used to identify genes differentially expressed in testicular CIS genes by a moderated t-test (empirical 
Bayes). 

Gene Marker Combined data types 
Combined 
rank Selection criteria 

TGFBR3 rs12082710 GWAS, MGI.PPI, Devel.expr 3 ISB 

ID2 rs2630720 GWAS, MGI.PPI, Devel.expr 4 ISB 

ITPR1 rs2259801 GWAS, MGI.PPI, Devel.expr 5 ISB 

MEIS1 rs12470855 GWAS, MGI.PPI, Devel.expr 6 ISB 

WNT5A!" rs1380119 GWAS, MGI.PPI, Devel.expr,* 7 ISB 

EPHB2 rs12723359 GWAS, MGI.PPI, Devel.expr 11 ISB 

BMP6 rs6913143 GWAS, MGI.PPI 3 Pathway 

BMP7 rs388286 GWAS, MGI.PPI, Devel.expr.human 3 Pathway 

NRP2 rs849515 GWAS, Devel.expr.human 6 Pathway 

BMP4 rs17126540 GWAS, MGI.PPI, Devel.expr 29 Pathway 

FOXG1 rs2180892 GWAS, Devel.expr.human 1 Shared interaction partner with ID2 

TGFB2 rs12042727 GWAS, MGI.PPI, Devel.expr.human 14 Ligand to TGFBR3 

BMPR1B rs17345417 GWAS, MGI.PPI, Devel.expr.human 17 Receptor of BMPs 

EPHA3 rs11720651 GWAS, MGI.PPI, Devel.expr.human 129 Share ligand with EPHB2 (EFNB2) 



 
Supplementary Table 4. Ranking of genes selected for validation according to different layers used in the study. The layers used to rank all human genes 
include a layer based on the genome-wide association data, a layer of genes prioritized using protein-protein interaction and mouse knock-out data, a layer 
based on meta-analysis of gene expression data from four independent studies: Small, McMahon, Houmard, and Sonne, an a layer based on expression in 
carcinoma in situ cells (CIS). P: P-value, T: targered knock-out, P (Bonf): P-value after Bonferroni multiple testing correction, P(BH): P-values after 
Benjamini-Hochberg correction for multiple testing to control false discovery rate. 
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  GWAS (SNP) MGI.PPI
11

 Small
22

 McMahon
33

 Houmard
44

 Sonne
55

   

  Marker Position 
Number 
Eff.tests 

P 
Sidak 

Rank 
Sidak P-value Rank T P(Bonf) Rank P(BH) Rank P(BH) Rank CV Rank 

Anova 
P (BH) 

Anova 
rank P (BH) Rank 

TGFBR3 rs12082710 91927925 28.9728 7.07E-03 238 2.45E-04 111 0 5.34E-02 42 8.97E-03 160 1.14E-03 4132 4.70E-02 1701 4.88E-01 14954 7.97E-01 8409 

ID2 rs2630720 8488928 53.6116 1.63E-02 569 3.06E-04 130 0 1.08E+01 218 1.22E-02 283 9.54E-04 3930 5.93E-02 764 3.87E-02 422 8.93E-01 13391 

ITPR1 rs2259801 4488543 48.3051 4.16E-03 141 8.63E-05 50 0 9.76E+02 1284 1.84E-02 577 4.39E-05 1248 4.71E-02 1682 3.29E-01 11002 2.67E-01 511 

MEIS1 rs12470855 66425677 38.1968 5.53E-02 1751 1.49E-03 601 0 2.63E+02 654 7.88E-03 131 6.80E-05 1512 6.22E-02 641 5.45E-02 798 2.53E-01 432 

WNT5A rs1380119 55128254 40.8407 4.70E-02 1521 1.18E-03 485 1 1.14E+03 1455 7.24E-02 3354 1.88E-04 2272 2.25E-02 11625 2.02E-02 139 2.03E-01 264 

EPHB2 rs12723359 23010348 30.6653 1.74E-03 58 5.67E-05 30 1 5.39E+01 355 6.55E-02 3021 4.62E-04 3162 4.05E-02 2769 1.14E-01 2915 6.93E-01 4694 

BMP6 rs6913143 7769235 32.322 1.74E-02 610 5.44E-04 251 0 1.92E-01 64 2.59E-02 985 1.27E-03 4260 1.64E-02 15853 5.19E-01 15541 7.24E-01 5332 

BMP7 rs388286 54898831 54.5674 1.16E-01 3285 2.26E-03 889 1 8.99E-01 105 5.97E-02 2780 2.42E-03 5051 1.05E-01 77 4.53E-02 596 4.41E-01 1447 

NRP2 rs849515 206220818 34.4264 1.33E-02 459 3.88E-04 166 0 NA NA 1.68E-01 7121 4.91E-05 1304 4.63E-02 1797 2.81E-02 240 8.43E-01 10992 

BMP4 rs17126540 52994319 39.4787 1.22E-01 3414 3.28E-03 1230 1 6.87E-01 97 2.88E-02 1116 5.09E-03 6053 2.41E-02 10442 1.27E-01 3440 9.25E-01 14827 

FOXG1 rs2180892 28000063 24.2286 1.72E-03 56 7.10E-05 37 0 8.82E+02 1241 2.73E-01 9955 4.23E-01 13435 9.73E-02 107 7.54E-02 1491 5.37E-01 2427 

TGFB2 rs12042727 216736203 15.1578 4.86E-02 1559 3.28E-03 1231 1 3.88E+02 779 1.58E-01 6823 4.86E-01 13690 4.39E-02 2151 3.34E-02 285 9.17E-01 14415 

BMPR1B rs17345417 96167509 24.6353 1.02E-01 2966 4.36E-03 1541 0 9.47E-02 51 1.32E-01 5912 1.52E-03 4452 6.22E-02 636 1.13E-01 2845 8.96E-01 13571 

EPHA3 rs11720651 89343751 26.1186 1.06E-01 3051 4.27E-03 1522 0 5.61E+03 3357 9.03E-03 177 2.26E-02 8249 5.72E-02 880 5.48E-02 826 8.70E-01 12342 



Supplementary Table 5. Mammalian Phenotype terms were used to select genes that are relevant for 
TDS from the Mouse Genomics Informatics database. The table shows a set of 34 TDS related 
morphologies, which were curated manually according to developmental defects of the testis and 
relation to TDS. Since spermatogenesis is a complex process involving a plethora of genes, which 
is not directly related to TDS, we excluded all genes in the ’abnormal spermatogenesis’ branch of 
the MGI ontology. Another term, ‘male infertility’ includes many genes that are not specifically 
related to TDS, and was excluded as well. All descendant phenotype terms of this set of curated 
terms were then retrieved from the Mammalian Phenotype ontology, resulting in a total of 122 
terms. 

 
 

Phenotype ID Phenotype term 

MP:0003826 abnormal Mullerian duct morphology 

MP:0003827 abnormal Wolffian duct morphology 

MP:0004728 abnormal efferent ductules of testis 

MP:0002631 abnormal epididymis morphology 

MP:0009199 abnormal external male genitalia morphology 

MP:0005651 abnormal gonad rudiment morphology 

MP:0005149 abnormal gubernaculum morphology 

MP:0008016 abnormal male inguinal canal morphology 

MP:0003315 abnormal perineum morphology 

MP:0002982 abnormal primordial germ cell migration 

MP:0008391 abnormal primordial germ cell morphology 

MP:0008390 abnormal primordial germ cell proliferation 

MP:0006416 abnormal rete testis morphology 

MP:0002216 abnormal seminiferous tubule morphology 

MP:0003125 abnormal septation of the cloaca 

MP:0002685 abnormal spermatogonia proliferation 

MP:0003830 abnormal testis development 

MP:0002769 abnormal vas deferens morphology 

MP:0009206 absent internal male genitalia 

MP:0006415 absent testes 

MP:0002286 cryptorchism 

MP:0009207 internal male genitalia hypoplasia 

MP:0002789 male pseudohermaphroditism 

MP:0002996 Ovotestis 

MP:0003129 persistent cloaca 

MP:0002995 primary sex reversal 

MP:0001939 secondary sex reversal 

MP:0005652 sex reversal 

MP:0002214 streak gonad 

MP:0001940 testicular hypoplasia 

MP:0002213 true hermaphroditism 

 



 

Complex ranking 

The rationale behind analysis of a set of proteins that exerts its function as a protein 
complex is that genetic variations may perturb different components of the complex. While 
a single perturbation of one gene does not necessarily affect the  
protein complex as a whole, a concerted perturbation of several components is much more 
likely to interfere with proper functioning of the protein complex, and potentially disrupts its 
biological role within the cell. 
 
We compiled a list of all human protein complexes using protein-protein interaction data, 
and tested each complex for the joint effect of association signals from SNPs located at 
the genes of a complex. Ranked fourth, was a set of interacting proteins that are members 
of the TGF-! superfamily; BMPER, BMP2, BMP7, BMP6 and BMP4. 

 
 
Supplementary Table 6. Complexes and P-values for the most significant complexes 
from the analysis described above. The table shows the four most significant complexes, 
consisting of 4, 3, 3, and 5 proteins, respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Supplementary Table 7. Genotype proportions rs17198432, the marker at the HOXD 
gene for cases, controls and all TDS sub-phenotypes separately. 
 
Genotype Controls Cases Cryptorchidism Hypospadias Infertile Testiscancer 

AA 0.01 0.02 0.02 0.04 0.01 0.02 

AB 0.13 0.26 0.28 0.28 0.19 0.29 

BB 0.86 0.72 0.69 0.68 0.80 0.69 

 

Rank Gene SNP ID p-value 

 SEMA3B rs6776145 0.038540 

1 NPR2 rs849515 0.000388 

 NPR1 rs10827285 0.000020 

 SEMA3A rs7808864 0.000174 

 ITPR1 rs2259801 0.000086 

2 RTN4R rs1640351 0.000420 

 TNFRSF19 rs4769283 0.000347 

 SEMA3C rs11768393 0.003561 

3 NPR2 rs849515 0.000388 

 NPR1 rs10827285 0.000020 

BMP2 rs6038644 0.000993 

BMP4 rs17126540 0.003277 

BMP6 rs6913143 0.000544 

BMP7 rs388286 0.002264 

 
4 

BMPER rs318576 0.000198 



 
Supplementary Table 8. Comparison of allele frequencies for rs17198432, which was 
found in the HOXD/LNP region. The table shows that the minor allele frequency varies 
between different ethnic groups.  
 
Population A allele C allele 

Gujarati Indians in Houston. Texas (GIH) 0.847 0.153 

Utah residents with Northern and Western European ancestry (CEU) 0.872 0.128 

Danish population used in this study. Denmark 0.883 0.117 

Toscans in Italy (TSI) 0.886 0.114 

Mexican ancestry in Los Angeles. California (MEX) 0.890 0.110 

Maasai in Kinyawa. Kenya (MKK) 0.972 0.028 

Luhya in Webuye. Kenya (LWK) 0.989 0.011 

African ancestry in Southwest USA (ASW) 0.981 0.019 

Han Chinese in Beijing. China (CHB) 1.000 0.000 

Yoruba in Ibadan. Nigeria (YRI) 1.000 0.000 

Japanese in Tokyo. Japan (JPT) 1.000 0.000 

Chinese in Metropolitan Denver. Colorado (CHD) NA NA 
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Supplementary Figure 2. Quantile-quantile plot showing expected versus observed test 
statistics. The genomic inflation factor of 1.019 indicates very little confounding. 
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Supplementary Figure 3. Principal Components Analysis (PCA) of 11 HapMap phase III 
populations and the Danish discovery cohort used in this study. 
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