






 

 

 

 

 

 



 

 

 

 





لروح أبي حسين التركي ، أعظم إنسان عرفته ، يا أنقى قلب و يا أصدق الخلق. أعرف أنك لو كنت على قيد 
الحياة لازددت فخرا بي..  إليك اهدي هذا الجهد. نلقاك عند المولى الكريم الرحيم.�

�
لأمي الحبيبه موزة  الدايل، لم تدرسي في مدرسة ولكنك علمتيني كيف اكتب، فشكراً لكل الحروف المَُنقطة  في 

دفتري الصغير والتي ساعدتني لأن اكتب هذا الدفتر الكبير ..  شكرا لحبك وعطائك الخرافي.�
�

لزوجتي الغالية هند، يدي اليمنى وسندي في الغربة. لقد تكفلتي بكل شيء هنا ولولاك لما استطعت اكمال هذه 
المرحله في حياتي. اعدك بان اعوضك.�

�
لمهجة قلبي ابنائى لمى ولين وسلطان، لكل اللحظات المرحه معكم التي انتزعتني من ضيق الحياة وصخبها إلى 

عالم البراءة والطفولة  .. آسف عن كل يوم لم اقبلكم قبل النوم وعن كل الساعات التي قضيتها بعيدا عنكم .  
احبكم  جدا.. جدا.�

�
لإخواني ياسر وعبدالعزيز وعبداللطيف وأخواتي أمل ومنيرة ونورة .. شكرا لدعمكم ودعواتكم وحبكم. على 

الود نلتقي قريبا إن شاء الله�
�

السبت ٢٨ سبتمبر ٢٠١٣م�
سعيد بن حسين التركي�
كامبردج – المملكة المتحدة�
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Figure 1-2 
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Model Gene group/class Gene / Locus Cardiac phenotypes 

(a) Presumed high-
penetrance autosomal 
dominant mutations 

Ligand-receptor 

NOTCH1 BAV, AS 
CFC1 Heterotaxy, TGA, TOF, TA, AVSD 

LEFTY2 Heterotaxy 
ACVR2B Heterotaxy 

GDF1 TOF 
ALK2 ASD, TGA, DORV, AVSD 

NODAL Heterotaxy 
TDGF1 TOF 
JAG1 PS, TOF 

Transcription factor 

GATA4 ASD, TOF, VSD, HRV, PAPVR 
GATA6 PTA, PS 

NKX2.5 ASD-AV block, TOF, HLHS, CoA, IAA, 
Heterotaxy, TGA, DORV, VSD, Ebstein 

NKX2.6 PTA 

TBX20 ASD, CoA, VSD, PDA, DCM, MS, HLV, 
ASD 

CITED2 VSD, ASD 
FOXH1 TOF, CHM 

ZIC3 Heterotaxy, TGA, ASD, PS 
TBX5 ASD, VSD, AVSD 
TBX1 VSD, IAA 

ANKRD1 TAPVR 

Contractile proteins  

MYH11 PDS, AA 
ACTC1 ASD, VSD 
MYH6 ASD 
MYH7 ASD, Ebstein 

MYBPC3 ASD, VSD 

Miscellaneous 

FLNA XMVD 
ELN SVAS 
TLL1 ASD 

THRAP2 TGA 

(b) Common variants 
with low penetrance  

Methylation cycle 

MTHFD1 TOF, AS 
MTRR Various 

SLC19A1 Various 
NNMT Various 
TCN2 Various 

Vasoactive proteins NPPA Conotruncal defects 
NOS3 Conotruncal defects 

Polypeptide mitogen VEGF VSD, PTA, IAA, TOF 

Transcription factor NFATC1 VSD 
MSX1  ASD  [112] 

(c) Somatic mutations 

Gap junction protein GJA1 HLHS 

Transcription factors 

NKX2.5 VSD, ASD, AVSD 
GATA4 VSD, AVSD 
TBX5 ASD, AVSD 
HEY2 AVSD 

HAND1 HLV, HRV 

(d) Copy Number 
Variations (CNVs)  

De novo and / or 
inherited gain or loss 

1q21.1 TOF, AS, CoA, PA, VSD 
3p25.1 AVSD 
4q22.1 TOF 

5q14.1-q14.3 TOF 
9q34.3 TOF, CoA, HLHS 

19p13.3 TOF 
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NGS applications 
in human

Medical 

Diagnostic

Pre-natal 

Post-natal 

Screening 

Prognosis Cancer 

Personal genomics  
Diseases risk estimation 

Pharmacogenomic

Public health Early detection of new viral / bacterial strains 

Research 

Genetic causes 

Mendelian 

Complex 
Type II Diabetes

Cancer

Functional (ENCODE)

Population genetics 

Forensic
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GAPI pipeline 

 Merging 

Sequence data 
[FASTAQ files  > BWA  (mapping) > Realignment > BAM files]

GATK
(SNVs)

Samtools
(SNVs + 
INDELs)

Dindel
(INDELs)

VCF VCF VCF

Merged 
VCF

DNA samples

[Sample-based QC] DNA quantity and quality, iPLEX genotyping

De novo
pipeline

[Data QC] Sequence depth, coverage, etc. 

[Variant-based QC] Number of variants, transition / transversion ratio, etc

  Family-based 
  Exome Variant 
  Analysis (FEVA)

Singleton + linkage analysis

Affected sib-pairs Trios

Affected parent-child

   Additional
   Annotation Minor allele frequency 

UK10K pipeline

 Merging 

GATK
(SNVs + 
INDELs)

Samtools
(SNVs + 
INDELs)

VCF VCF

Merged 
VCF





 

 



 

 



 

 

 







 Merging 

GAPI II workflow
(simulating UK10K pipeline 
using samples from GAPI) 

GATK
(SNVs)

Samtools
(SNVs + 
INDELs)

Dindel
(INDELs)

VCF VCF VCF

Merged 
VCF

X

[Variant-based QC] Number of variants, 
transition / transversion ratio, etc

 UK10K filters 
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Variant calling pipeline (GAPI)

Sequence data 
[FASTAQ files  > BWA  (mapping) > Realignment > BAM files]

Merged 
VCF

Primary cohort
(30 parent-offspring trios of isolated ToF)

[Sample-based QC]  
 All sample passed

Mendelian
Recessive 

(FEVA)

Digenic 
inheritance
analysis *

Pathway 
burden 

analysis*

Rare CNV 
overlapping known 

CHD genes
Coding de novo

De novo pipeline CNV pipeline 

Custom designed baits to sequence  
96 candidate genes using Illumina HiSeq platform 

Sequence data 
[FASTAQ files  > BWA  (mapping) > Realignment > BAM files]

[Sample-based QC]  
 excluded 41 trios for low DNA quality in at least one member of the trio 

[Data QC]  
 All sample passed

[Variant-based QC] 
One child was excluded (and his parents) for 

high hom/het ratio

Replication cohort
(250 parent-offspring trios of isolated ToF)

Variant calling pipeline (GAPI)

Merged 
VCF

Mendelian
Recessive 

(FEVA)

Digenic 
inheritance

analysis
Coding de novo

De novo pipeline 

Modified 
Transmission 
disequilibrium 

test

Pathway 
burden 
analysis

[Data QC]  
 All sample passed

[Variant-based QC] 
7 child with shared fewer variants with parents than expected 

(relatedness test)
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Table 3-7)





 



 



Get all mammalian phenotypes (MP) 
that are children of abnormal 

cardiovascular system morphology 
term (MP:0002127)

(total 618 phenotypes) 
Note: Not all of these 618 MP terms are related 

directory to heart (e.g. vascular) but this is to 
insure completeness.

NOTCH
84 genes

WNT
121 genes

Step (1) Get genes from netpath.org
Step (2) Download Mammalian 
Phenotype from MGI database

Step (3) Annotate all genes in WNT/NOTCH pathways with MP from MGI database. 
Then manually assign the level of the CHD  phenotype  for each gene

level (3) Strong phenotype in the KO model (ex 
VSD, AVSD, cardia bifida, failure of heart looping 
etc.)

level (2) Unspecific or vague cardiac phenotypes 
(pericardial edema, decreased heart 
weight, increased atrioventricular cushion 
size etc )
level (1) Phenotypes related to vasculature but no 
heart phenotype (e.g. abnormal lung 
vasculature morphology ) 

level (0) The gene has no KO model in MGI

level (-1) The gene has a KO model in MGI but no 
cardiovascular phenotypes.
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AVSD Types Phenotype Components 

Complete 

Balanced subtype 
Complete failure of fusion between the superior and inferior endocardial cushions. Consists of  
*Primum ASD 
* Posterior (inlet) VSD 
* Common AV valve  
Unbalanced subtype 
In addition to balanced type defects in the balanced type. This type has hypoplasia in either the 
right or left ventricular. 

Partial 
Incomplete fusion of superior and inferior endocardial cushion and consists of: 
* Premium ASD 
* A single AV valve annulus with two separate valve orifices  
* Usually the anterior leaflet of the mitral valve is a cleft. 

Intermediate 

This is a rare form of AVSD that is similar to the complete AVSD  
* Large Premium ASD 
* Posterior (inlet) VSD 
But it also has a bridging tongue of tissue divides he common AVS valve into two distinct 
orifices.  The intermediate and complete AVSD have the physiology and clinical features of an 
ASD and a VSD [434]. 

Transitional 

Anatomically, it is subtype of the complete AVSD as it consists of: 
* Large premium ASD 
* Posterior (inlet) VSD 
* Cleft mitral valve  
But physiologically it is similar to the partial AVSD because of a dense chordal attachment to the 
VS that lead to small insignificant ventricular shunting and delineation of distinct left and right AV 
valve orifices. Both transitional and partial AVSD clinical picture of a large ASD. 
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 Merging  Merging  Merging 

GAPI pipeline 

Sequence data 
[FASTAQ files  > BWA  (mapping) > Realignment > BAM files]

GATK
(SNVs)

Samtools
(SNVs + 
INDELs)

Dindel
(INDELs)

VCF VCF VCF

Merged 
VCF

DNA samples

[Sample-based QC] DNA quantity and quality, iPLEX genotyping

UK10K pipeline

GATK
(SNVs + 
INDELs)

Samtools
(SNVs + 
INDELs)

VCF VCF

Merged 
VCF

13 parent-
offspring trios (10 
from Leuven and 
3 from Toronto)

78 
unrelated 

cases
(Toronto)

Case/Control
 (burden of rare missense gene-based analysis)

34 unrelated cases
 (GO-CHD)

894 unrelated 
controls

(UK10K Neuro)

[Data QC] Sequence depth, coverage, etc. 

[Variant-based QC] Number of variants, transition / transversion ratio, etc

   Additional
   Annotation Minor allele frequency 

Coding 
de novo

De novo 
pipeline 
(trios only)

Rare 
CNVs 

CNV 
pipeline 

Mendelian
Recessive 

Capillary sequencing of NR2F2 
gene in 245 isolated AVSD 

unrelated samples

NR2F2

Lusiferase assay

894 unrelated 
controls 

(DDD parents)
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Population stratification  
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 Merging 

710 
SNPs

HapMap
(n=507)

UK10K Controls
(n=919) + UK10K 

AVSD (n=34)

69,415 
SNPs

45,460 
SNPs

12,753 
SNPs

1,957,378
SNVs

1,456,587
SNVs

Shared

68,705

removes

23,245

10,492
SNPs used for PCA analysis

Remove non-autosomal SNPs  

SNP pruning based on linkage 
disequaliprium  (0.2)

Removing monomorphic SNPs, < 
MAF 5%, or > missing rate > 5%

removes

removes
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(B) AVSD Cases (GAPI n=91) 
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(C) AVSD Cases (UK10K n=34) 
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(D) CHD Cases (UK10K n=124) 
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Merged QQ plots (using UK10K controls)
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(A) AVSD Cases (GAPI n=91 + UK10K n=34) 
 vs. Controls (GAPI n=894)
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(B) AVSD Cases (GAPI n=91) 
 vs. Controls (GAPI n=894)
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(C) AVSD Cases (UK10K n=34) 
 vs. Controls (GAPI n=894)
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(D) CHD Cases (GAPI n=263) 
 vs. Controls (GAPI n=894)
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Merged QQ plots (using GAPI controls)
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(A) Plausible DNMs in 13 AVSD trios
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(B) DNMs in 13 AVSD trios (verified by capillary sequencing)



 



 







40

80

120

0 100 200 300 400
NR2F2 protein positions

G
ra

nt
ha

m
 s

co
re



 



 



 

0

30000

60000

90000

120000

−2 0 2 4
Average GERP

G
en

e 
ex

on
ic

 le
ng

th

−2

0

2

4

0
Genes

A
ve

ra
ge

 G
E

R
P









 



 



 











 















 

















































































B 




