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Summary
[bookmark: _GoBack]The catalogue of human genetic variation is being progressively expanded by the vast amount of data resulting from developments in sequencing technology and its application to whole-exome and whole-genome sequencing projects.  We have determined to apply these techniques to patients with bleeding disorders and combine the results with the data from hundreds of thousands of human genomes in order to identify genetic variants putatively responsible for the disorders.  In order to facilitate the analysis by accurately matching clinical and genetic data, we first extended the Human Phenotype Ontology to accommodate 80 new relevant terms and then developed a cluster analysis to group patients with similar phenotypes. The application of these techniques to known genetic platelet disorders provided validation of the approach and further analyses have resulted in identification of a number of genes responsible for normal and pathogenic platelet physiology. 
The genome and sequence variation
The sequencing of hundreds of thousands of human exomes and hundreds of thousands of whole genomes is providing a progressively accurate and complete catalogue of human genetic variation.   Most common amongst these changes are single nucleotide variants (SNVs) and to date roughly 63 million SNVs have been identified, the majority of which are rare.  The two principal other forms of variation are copy number variants (CNV) and structural variants (SV).  CNV are much less frequent and comprise about one CNV for each 10 SNVs.  The continuing reduction in sequencing costs has enabled initiatives like the 1000 Genomes project (1), the UK10K project (http://www.uk10k.org/) (2) and the NHS 100,000 whole genome sequencing (WGS) project.  The NHS 100,000  genomes project aims to achieve WGS analysis of 100,000 NHS patients by 2008 (http://www.genomicsengland.co.uk/) (3) .  The key objective of this project is to establish WGS as a part of standard care within the NHS.  The resulting increase in the accumulated number of genome sequences will be enormous and will greatly increase the accuracy of minor allele frequencies (MAFs) for each of the types of variants. Initially the DNA samples and sequences will derive predominantly from Northern-European populations, but in time equivalent data from populations of different ethnicities will be obtained.  
Genome wide association studies and platelet formation 
The initial studies to use genome wide data to help understand platelet disorders performed genome wide association studies to identify loci linked to variations in blood cell parameters. In 2009 two such studies, using DNA samples from a relatively small number of healthy individuals, identified four SNVs linked to the volume and number of platelets.  Three of these SNVs were located in or in close proximity to the ARHGEF3, TAOK1 and WDR66 genes which were therefore to be considered possible regulators of platelet formation (4, 5). The remaining SNV rs342293 at 7q22.3, which also exerted an effect on platelet function, lay between the hypothetical gene FLJ36031 and PIK3CG.  Of the four genes identified, only PIK3CG encoded a protein previously studied in myeloid biology. Thus the application of techniques taking advantage of our expanding knowledge of the human genome has enabled identification of novel and important genes. These studies used normal variation to find corresponding genetic variation. We next wished to investigate the genetic basis of bleeding disorders which may also provide a key to novel genes regulating platelet and haemostatic functions. 
Some major platelet disorders such as Glanzmann’s thrombasthenia and Bernard Soulier syndrome are examples of well characterised disorders arising from mutations in single genes giving rise to a distinct and easily recognised phenotype. The same is largely true of disorders of coagulation such as haemophilia A and B and although von Willebrand disease (VWD) is more complex, the tools for characterisation of the laboratory phenotype are well enough developed to allow systematic classification. Nonetheless, approximately one third of patients diagnosed with VWD were found to have no linkage of their bleeding phenotype to the VWF gene. 
The remaining platelet and bleeding disorders are heterogeneous, arising from abnormalities of plasma factors, platelets and disorders of the vessel wall. The usual progression from clinical assessment to laboratory testing enables diagnosis at the level of a specific haemostatic component in only 50% of cases (6, 7). Furthermore the genetic basis is identified in an even smaller fraction; even in the more prevalent groups such as those with platelet granule secretion defects where the full extent of the physiological mechanisms are not known. Some progress has been made in subgroups such as the MYH9-Rare Disease disorders and Hermansky-Pudlak syndrome (HPS), but here the wide variety of phenotypes and in the case of HPS the large number of complementation groups, are both barriers to accurate diagnosis. 
To some extent the problems of diagnosis in this group are inevitable given firstly the relatively crude nature of platelet function tests routinely available (aggregation and nucleotide pool analyses) and secondly that some haemostatic components (notably the vessel wall) cannot readily be sampled for analysis. Finally it has proved extremely difficult to reproduce the physiological circumstances of haemostasis in the laboratory to develop properly functional tests of individual patient samples.  We therefore proposed as part of the BRIDGE project to use new techniques and large scale collaboration to overcome these problems and to identify novel genes responsible for haemostatic defects in patients with undefined bleeding and platelet disorders (BPD).
The BRIDGE project
The BRIDGE consortium (www.bridgestudy.org) is funded by the NIHR and brings together 13 rare disease gene discovery projects.  The aim of these projects is to investigate as yet undiagnosed rare inherited diseases and identify the underlying mutational basis. Originally this also included the additional intention of evaluating the sensitivity and specificity of whole exome sequencing (WES), but with decreasing costs of the techniques involved this has advanced to an evaluation of WGS. An important principle of the studies is the sharing of data between participating centres and between different BRIDGE groups, which is recognised as essential for accelerating gene discovery.  Participating centres in the UK and beyond have enrolled patients with bleeding and platelet disorders (BPD) identified using standard clinical methods (Table 1). A number of known syndromic platelet defect patients have also been included and provide a measure of sensitivity and validation. To date approximately 800 patients from 700 kindreds have been enrolled and over 600 have been sequenced. 
Thus the central component of the BRIDGE study is the use WGS analysis by next generation sequencing (NGS) to give a complete genetic profile of all patients.  This approach immediately extends analysis beyond known platelet components and beyond the candidate gene approach to diagnosis. The downside of this is the identification of very large numbers of variants, but the increasing availability of genetic information including the NHS 100,000 genomes project, the UK10 and ExAC Databases and WGS results from patients in different projects of the BRIDGE Consortium make it relatively easy to identify mutations that are likely to be causally linked to the abnormal phenotypes. 
The second component is the coding of patients using the Human Phenotype Ontology (HPO). This allows the grouping of patients according to their phenotypic characteristics and importantly includes all clinical characteristics and not only the laboratory platelet and coagulation phenotypes.  It is important to note that other coding systems such as the World Health Organisation International Classification of Diseases (ICD)(8)  (which is based on organ systems); the International Health Terminology Standards Development Organisation Systematized Nomenclature of Medicine Clinical Terminology (SNOMED-CT)(9) ( which is disease based and is not designed for laboratory measures such as  coagulation parameters, platelet function and morphology) or the Online Mendelian Inheritance in Man (OMIM)(10) and Orphanet (11) systems (which are restricted to  known genetic disorders not phenotypes) are not suitable for this purpose. Clustering of patients with common phenotypic characteristics helps validate the significance of genetic variants and reduces the need for large kindreds.  However we note that segregation of putative promising variants in informative pedigrees using Sanger sequencing remains an important and valuable test of imputed pathogenicity. 
The Human phenotype ontology (HPO) 
The HPO is an open source project established to develop a system of phenotypic annotation for genetic disorders. The more than 10000 terms in the HPO are connected via a hierarchy of is-a relationships. A specific example would be: thrombocytopenia is-a abnormal platelet count is-a abnormality of thrombocytes. Development of this system for application to the BRIDGE-BPD project has required the addition of 80 more terms to the HPO tree, the vast majority of which provided further definitions within the abnormality of blood and blood forming tissue category and dependent terms. 
Full details of the HPO programme will be published elsewhere. However a key development was the use of HPO terms to perform a clustering analysis of the enrolled patients. This was done by defining the information content of the terms according to their rareness within the cohort such that the rarer the term the higher the information content. The closeness of any two individuals could then be defined using an algorithm to assess the information available from their most informative shared terms. Individuals who share relatively rare terms thus tend to cluster as a group whose closeness to each other and distance from other groups can be defined. We hypothesised that this would aid the discovery of genes on the grounds that clusters of patients with shared phenotypic traits are likely to also share defects in the same gene (or interacting genes). 
Recruitment and enrolment of patients 
Entrants were identified primarily from lists of patients registered at haemophilia centres in the UK, but also from specialist centres abroad. A specific ethical approval and consent form permitting follow up and recall as well as extended laboratory investigation was developed for the study. At entry, demographic, clinical and laboratory data were recorded as well as a standardised bleeding score. Pseudonymised data were then entered using the standardised vocabulary onto the BRIDGE-BPD study database, including the HPO terms. 
Sequencing
For WES analysis DNA library capture was performed using ROCHE NimbleGen SeqCap EZ 64Mb Human Exome Library version 3.0 (ROCHE NimbleGen, Inc. Madison, WI, USA). The libraries were sequenced on an Illumina Hiseq 2000 instrument. Preliminary analysis comprised removal of: variants with an allele frequency of >0.1% in any of the reference cohorts, variants unlikely to alter the protein by snpEff 3.4, variants not present in other BRIDGE recruits, <3 reads supporting the variant allele; variants present in any of the 2,000 in house controls and allele count >10. Further assessment comprised review of likely mutation effect, case similarities, gene function and transcription data from the Blueprint epigenome study(12, 13). Candidate genes and variants therein were then chosen for segregation studies. 
Overview of preliminary results
The large number of patients enrolled provides an overview of the BPD population. Approximately 75% of index cases have an abnormal bleeding phenotype, 25% an isolated platelet abnormality with no associated bleeding, 32% a platelet count <100x10^9/l and 54% have defective aggregation by light transmission technique. The number of encoded HPO terms varied from 1 to 22 with a median of 7 per case. Notably, many cases had entries in terms outside the blood forming tissues and dependent terms. Preliminary validation was provided by demonstrating the ability of HPO to cluster patients who were members of a kindred and by the clustering of patients with known bleeding related syndromes (Fig 1).
Analysis of cases with Grey Platelet Syndrome (GPS) and Thrombocytopenia with Absent Radii (TAR) identified NBEAL2 (14-16)and RBM8A(17, 18)as the causative genes for these two syndromes.  The GPS discovery is a classic example of an autosomal recessive platelet bleeding disorder.  Loss-of-function mutations on both NBEAL2 haplotypes leads to the formation of platelets which are devoid of -granules and myelofibrosis develops in nearly all GPS cases at later age.  Studies in Nbeal2 knockout mice have recapitulated the phenotype observed in humans, although further molecular studies are required to define the function of the NBEAL2 protein in granule formation and retention(19-21)  The study of TAR cases revealed an entirely novel genetic mechanism where a submicroscopic deletion of 1q21.1 on one parental haplotype is compounded by the minor allele of a SNV present in 1 in 30 healthy controls, on the other haplotype.  This SNV is localised in a megakaryocyte-specific enhancer element in the 5’ UTR of the RBM8A gene and the minor allele introduces a binding site for the transcription factor EVI1.  The binding of EVI1 at this position is associated with less effective transcription from the apparently intact RBM8A gene causing an insufficiency of Y14, the protein encoded by RBM8A.  Gene ablation in mice and knockdown in zebrafish of Rbm8a are not compatible with life.  The relative insufficiency of Y14 in the megakaryocyte lineage, caused by the coming together of a deletion and the repressive 5’UTR-SNV, leads to a selective maturation block with a paucity of megakaryocytes, which is a classic hallmark of TAR.  Because the effect of the minor allele is in haematopoietic cells only present in the megakaryocyte lineage, the differentiation of the other myeloid lineages can proceed normally. 
The challenges of analysis of the results obtained by WES/WGS of the remaining 500 BRIDGE BPD cases are substantial.  First, the BRIDGE collection of BPD cases is clinically more heterogeneous than GPS and TAR.  Second power of gene discovery is eroded by this phenotype heterogeneity, but it is hoped that this can be recovered by clustering of patients using the structured and detailed phenotypic information entered into HPO. Third three of the inherited conditions at the ANKRD26, RBM8A and SMIM1 (22) loci could not have been revealed by WES analysis only as variants in regulatory elements are part of the observed genetic mechanisms. 
Discussion
Gene discovery and functional genomics have revolutionised our understanding of the genetic architecture of megakaryopoiesis and platelet formation.  A large number of important novel regulators of both processes have been revealed.  The discovery of novel genes implicated in rare BPDs supports an international effort to bring to the clinic an affordable and comprehensive NGS platform containing the accepted BPD genes for their affordable sequencing by NGS in patient samples thus leading to a far more rapid diagnosis.  This will not only remedy the considerable diagnostic delay for index cases but also provide information for family planning purpose if required.   


Table 1. Eligibility criteria for BRIDGE Bleeding and Platelet Disorders study

Inclusion criteria

Platelet count less than 100 x109/L or greater than 400 x109/L, or 
Mean platelet volume less than 6 fL or greater than 12 fL, or 
Reproducible abnormal platelet function test results, or 
Abnormal platelet morphology by light or electron microscopy, or 
Pathological bleeding of unknown aetiology, and

Considered by referring clinician to be of genetic aetiology


Exclusion criteria

Acquired bleeding or platelet disorders, including any of the following: 
Use of any medication known to affect platelet function or cause bleeding
Immune Thrombocytopenia

HIV infection

Malignancies, particularly those affecting haematopoiesis
Bone marrow aplasia

Thrombotic thrombocytopenic purpura/ Haemolytic-uremic syndrome
Acute viral infection

Splenomegaly

Uraemia or hepatic failure






Figure 1. Clustering of index cases according to HPO terms. 
A) Heat map showing pairwise phenotypic similarity amongst affected members of pedigrees,
cases with classical syndromes and cases with pertinent findings in the MYH9 gene.
The groups are ordered through complete-linkage hierarchical clustering within each
class and p-values of group association are shown in a scatterplot.
B) Subgraph of the HPO showing terms shared by at least 2 of the 9 cases (number shown in each
node) with pertinent findings in MYH9 and the frequency of these terms amongst all
cases in the BPD collection. Arrows indicate direct (solid) or indirect (dashed) is a
relations between terms in the ontology. PA, phenotypic abnormality; BBT, blood and
blood-forming tissues; BMT, bleeding with minor or no trauma; TCP,
thrombocytopenia; Subcut, subcutaneous.
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