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LAY SUMMARY
The research project seeks to gain insights into what genetic changes are responsible for inherited disorders and why the mutation(s) identified cause disease. For some of these disorders, each parent carries a mutation (but is unaware and unaffected by it) and only when two mutations come together by chance in one child are there any adverse consequences. A wide range of disorders are inherited in this manner and together they represent a major cause of death and disease, particularly in childhood. The risk of having a child with a recessively-inherited disorder is increased if the parents are blood relatives (consanguineous). For other disorders, only one copy of the mutation is required to cause disease and this may either be inherited from a parent who also has the disease or the mutation may have occurred in the affected individual by chance, due to a mistake in the DNA copying process. The identification of the genetic basis for a disorder provides two major benefits. Firstly, accurate genetic testing becomes possible, with improvements in diagnosis and genetic counselling. Secondly, important and often unexpected scientific insights are made into the disease mechanism of the disorder and into the normal function of the disease gene, which can lead to new treatments. In order to understand these rare disorders, we are working with families and their clinicians to take part in gene identification and to research the function of the encoded protein using model cell lines or patient cells.
SUMMARY OF PROPOSED RESEARCH INCLUDING KEY GOALS
Rare genetic disorders are an important cause of morbidity and mortality. The identification of disease genes allows reliable molecular diagnostic and carrier testing to be offered to at-risk families, and often provides novel insights into the function of proteins and their role in fundamental biological processes. We have a proven international track record in disease gene identification. However, recent advances in genetic technology mean that patient ascertainment and funding procurement are now the rate-limiting steps for gene identification projects. To take advantage of these recent technical advances, we wish to use our high-throughput sequencing infrastructure to identify mutations in patients, and to combine this with cell-based functional assays, in order to gain insights into the pathomechanisms of rare genetic disorders.

There is a pressing clinical need to improve the management of genetic disease in local West Yorkshire communities: We will achieve this by: (i) continuing the ascertainment and storage of DNA/tissue from families with rare genetic disorders; (ii) identifying novel disease genes by next-generation sequencing; (iii) developing molecular diagnostic tests, permitting both carrier identification and prenatal testing; (iv) performing functional assays to determine the consequence of the mutations on the encoded protein and the cell; and (v) disseminate research findings to allow immediate uptake for the benefit of patients and the scientific community.

WHY IS THE RESEARCH IMPORTANT?

Three of the five local authorities with the highest national infant mortality rates (IMR) are in West Yorkshire. The 2006 report of the Chief Medical Officer highlighted the role of autosomal recessive disease in these high rates. Much of this disease burden is suffered by children of Pakistani origin; babies born to women from this community are almost twice as likely to die in the first year of life compared to the rest of the population. Recessive inherited disease is also a major cause of long term morbidity; thus, 8.5% of children with progressive intellectual and neurodegenerative disease in the UK are reported from Bradford, almost all with a known or presumed recessive condition. Similar levels of childhood morbidity and mortality are seen in Pakistani communities in other areas. A bewildering range of different genetic diseases is seen in these populations, as well as other populations living throughout the UK, for which correct classification and accurate diagnosis are clinically essential. It is estimated that at least 80% of rare diseases are genetic in origin, with half of new cases found in children. The important role played by genetics in medicine was further highlighted in 2012 when the UK government established the 100,000 Genomes Project, of which 50,000 will focus on patients with a rare disease and their families. The identification of the pathogenic mutation in an individual, or family, can have an immediate effect for the family as accurate genetic testing then becomes possible, affording families the options of carrier testing and prenatal diagnosis. A greater understanding of disease pathogenesis is also required in order to develop rational interventions that modify disease progression or long-term outlook. The identification of novel disease genes offers unambiguous insights into gene function, with further research into the function of the encoded proteins offering opportunities to elucidate the disease mechanism and the potential to develop therapeutic interventions that modify disease progression.

Our previous successes in this field have provided many fundamental insights into areas as diverse as RNA splicing, imprinting mechanisms in the developing embryo, the role of mismatch repair genes in childhood brain tumours, the identification of regulators of ciliogenesis and ciliopathy genes in human disease, the role of autophagy regulation in retinal disease and the role of mitochondrial calcium signaling in neuro-muscular disorders.

PROPOSED PLAN OF INVESTIGATION

(i). continue ascertaining, storing DNA/tissue and documenting phenotypes from families:

To date, recruitment has been successfully performed under REC number 11/H1310/1, which specifically focused on families with an autosomal recessive disorder. We would like to continue working on DNA samples ascertained under that study as well as continue patient ascertainment. However, due to significant advances in sequencing technologies, and reduced costs, we would like to expand ascertainment to any family with a rare genetic disorder. As under the previous research project, recruitment will be performed in the context of the broad provision of paediatric and adult health care, by clinicians with particular skills in the diagnosis of relatively uncommon disorders. Suitable research subjects, affected with an inherited condition, and their families will be ascertained through the involvement of various specialities within the Leeds Teaching Hospitals NHS Trust (e.g. Yorkshire Regional Clinical Genetics Service, Departments of Clinical Genetics, Fetal Medicine, Paediatric Neurology). This will ensure that detailed consent for participation in both stages of this study will be obtained, long-term confidentiality for the outcome of research is maintained, and a mechanism exists to convey clinically relevant findings back to participating families in a supervised and structured environment. For some studies, we will also request access to DNA and clinical material from other UKCLRN research projects with portfolio.
Prospective recruitment will involve a face-to-face discussion about the study with the consultant (usually a Clinical Geneticist) involved in the family’s care at a clinic appointment. The clinician will give the family appropriate information sheets containing a contact telephone number for the study co-ordinator for a further opportunity to ask questions about the research. Individuals will be given time to decide whether or not they wish to participate. It will be clearly explained that the family are under no obligation to participate, that the family or any individual family member may withdraw from the study at any stage and that non-participation will not affect any future health care to the individual or their family. The clinician will then obtain written, informed consent from families who wish to participate which will: a) allow collection of blood samples, surgical biopsy, unwanted tissue from a surgical procedure on affected individuals, b) allow collection of blood from unaffected siblings and parents and c) allow for the use of samples in medical research. The involvement of clinicians at these Departments enables them to ascertain suitable families for study, to explain the study and possible benefits from this research to families, and particularly to parents, and to then obtain informed consent from volunteers.
For this study, we have written two separate consent and information sheets. The first will cover consent for taking blood or saliva for DNA analysis, while the second will cover consent for taking cells and/or tissue. We believe this system will simplify the consent process as in most cases a patient will only be providing a sample for DNA or for cells and not both. It is expected that initial recruitment to the study will be for DNA analysis, with only a small fraction of these then going on to further studies requiring cells once a variant of interest has been identified.
Families will also be required to give consent for personal information to be stored on a computerized database system. Confidentiality of personal information on the database system is guaranteed by the Data Protection Act 1998. An anonymised and modified version of this database will be collated and this will be available from a secure, password-protected file server for the use of research staff working on this study. We will anonymise all samples that will be used in our molecular genetics studies, so that personal data are replaced by a unique identifying number. Individuals that correspond to this number could therefore only be identified by the database manager or controller. Subjects may be asked for information about their family’s medical and family history that may be additional to their normal care. In some cases, limited genetic and phenotypic information may be added to a registered access database, such as Decipher, in order to identify other cases with a similar genetic disorder who contain variants in the same gene. In such cases, all information will remain anonymised and the submitting researcher will have to be contacted if further information is requested from other database members.
Biological samples for molecular genetics studies will be either blood or saliva samples from affected individuals, and blood or saliva samples from unaffected siblings and parents. In infrequent instances, DNA from cells or tissues may be used for molecular genetics studies if blood/saliva is unavailable or if sequencing or further analysis of the cells/tissue is more relevant to the study. We will seek consent to obtain cells or tissue if there is compelling diagnostic or scientific necessity for these samples. All study subjects, or parents as appropriate, will be asked for informed consent for one venous blood sample using invasive techniques (20 ml in adults, 5 ml in children). There are minor risks and discomforts associated with venepuncture that include a brief amount of pain and possibly bruising at the needle site. Blood will be taken under aseptic conditions, and local anaesthesia (EMLA cream) will be applied if requested. A dressing will be applied afterwards. Risks to the study subjects include fainting, infection at the needle site and damage to the radial and median nerves of the arm. 
Blood will be collected by a clinician or clinical research nurse, as appropriate. One sample will be sufficient for the amounts of DNA required in the proposed research study. In some cases, a 5ml saliva (or mouthwash) sample may be sufficient, although DNA is often of poorer quality than that obtained from blood samples. These procedures will be additional to normal care. Training in phlebotomy procedures in both adults and children will be required (as a minimum, attendance and successful pass in the National Vocational Qualification (NVQ) accreditation course for obtaining venous blood samples using invasive techniques.) 

For lymphoblasts, blood will be collected by a clinician or clinical research nurse, as appropriate. One sample will be sufficient for the cells required for the proposed research study. These procedures will be additional to normal care. Training in phlebotomy procedures in both adults and children will be required (as a minimum, attendance and successful pass in the National Vocational Qualification (NVQ) accreditation course for obtaining venous blood samples using invasive techniques.) Induced pluripotent stem cell lines may also be derived from blood samples and differentiated into a cell type of interest.

For dermal fibroblasts, a skin biopsy will be collected by an appropriately qualified clinician. After consent has been obtained, the participant will be required to donate a single small skin biopsy taken from their forearm. The area will be cleaned, injected with local anaesthetic and a punch biopsy will be used to remove one or more 5mm diameter skin biopsies. The biopsy will penetrate the dermal skin layer (which contains the fibroblasts and a vascular network) and will result in temporary bleeding and sometimes a small scar. The sample will be placed in a sterile tube and sent to the Clinical Cytogenetics Laboratory, St James University Hospital, where fibroblasts will be segregated, cultured and stored by routine tissue culture techniques. An aliquot of cells will be passed to the research team who will expand the cultures and, if required, arrange for them to be immortalised, prior to performing functional studies as detailed below. Dermal fibroblast samples may be differentiated into another cell type of interest such as induced pluripotent stem cells or induced neural stem cells.

In rare cases, individuals may be asked to provide a urine sample which contains epithelial cells that have shed from the lining of the bladder or kidney. These cells will be added to culture medium to allow them to grow and divide and assays performed by a member of the research team. The quality and quantity of the cells obtained using this technique is expected to be low therefore only experiments that are not possible by any other method would be performed in this way. 

As for DNA samples, individuals providing cells will be required to give consent for personal information to be stored on a computerised database system. Confidentiality of personal information on the database system is guaranteed by the Data Protection Act (1998). An anonymised and modified version of this database will be collated and this will be available from a secure, password-protected file server for the use of research staff working on this study. We will anonymise all cell samples, so that personal data are replaced by a unique identifying number. Individuals that correspond to this number could therefore only be identified by the database manager or controller. Subjects may be asked for information about their family’s medical and family history that may be additional to their normal care. Anonymised biological material from all research subjects will be stored securely in a designated cryostore room at the Wellcome Trust Brenner Building, Leeds Institute of Molecular Medicine.
Individuals wishing to participate will be asked to sign a consent form and an appointment will be arranged at a mutually convenient time and place to obtain additional medical or family history information as necessary, and to take the relevant biological samples. In the majority of cases, this will occur as part of a consultation with a Clinical Geneticist. Samples could be taken at the same clinical appointment, or, in some instances, the family may need a longer period of time to decide if they would like to participate. A Clinical Geneticist or researcher could then arrange to visit the family at home, with their consent. In the latter case, additional family members (such as unaffected siblings) could also be bled by the clinician, or asked to give saliva samples by the researcher. As an alternative, the family may wish to defer the collection of samples until the next routine clinical appointment. In the case where the participants’ first language is not English, the local NHS Trust interpretation service will be utilised to explain the study and its implications, so as not to exclude any participants on the basis of language.
Further prospective ascertainment will be from patients referred to Yorkshire Regional Clinical Genetics Service (YRCGS). A Clinical Research Nurse will ascertain such families through YRCGS and by contacting key clinicians (e.g. paediatric neurologists and ophthalmologists) within West Yorkshire and elsewhere. Ascertainment will not be restricted to a predetermined set of clinical disorders, since this will maximize the possibilities of serendipitous and opportunistic research studies. Bradford district referrals include about 800 Caucasian and 500 south Asian (mostly Pakistani), cases per annum although only ~25% of the population is of Asian origin. Over 90% of the clinical referrals from the ethnic Pakistani community are in consanguineous marriages, and most (95%) of these families originate from the Mirpuri region of Pakistan. Over 75% of affected families have requested prenatal diagnosis for severe genetic disease. On current referral rates, this equates to over 250 cases per annum, and there is evidence to suggest that this rate would be higher if Pakistani families accessed the NHS as readily as the rest of the population. Families will be prioritised for investigation according to the prospects for identifying novel disease genes, but their suitability for genetic testing in terms of family structure and clinical benefit will also be considered. This approach has proven to be a highly effective strategy for maximising the opportunities for gene identification studies. After informed consent, detailed clinical information and blood for DNA will be collected from all relevant family members (including unaffected siblings and grandparents, if available). Acceptance guidelines of patient samples by the YRCGS DNA diagnostic lab will follow strict labelling criteria to minimise the risk of misidentification. Each sample will be given a unique identifier and patient details entered onto the laboratory patient database. Standardized procedures for DNA extraction are used to ensure consistent sample quality and minimise failure rate. An aliquot of DNA would subsequently be forwarded to the research laboratory for gene identification.
In some cases, unwanted tissue may be available from patients after they have undergone a surgical procedure. Any available tissue will be transported by a member of the research team from the hospital theatre in a designated specimen container, or sent by courier if from a non-local source, to the Wellcome Trust Brenner Building on the St. James’ University Hospital campus. If not already done so, on arrival the tissue will either be formalin-fixed and paraffin embedded or snap frozen in liquid nitrogen before being stored in a lockable, designated area (fridge or -80oC freezer, as appropriate) until required. This material may be stained using antibodies against proteins of interest or used in genetic, transcriptomic or proteomic studies. All tissue specimens will be anonymised and stored in accordance with the Human Tissue Act (2004). The University of Leeds is currently licensed with the Human Tissue Authority for the use of tissue for the purposes of research.
Recruitment to this study exceeded original estimates with 1089 participants recruited (500 proposed in original application). We envisage prospective ascertainment of a further 50 families per annum for genetic and functional studies. Based on previous studies, it is expected that most of the recruited families will be of Mirpuri origin from the local West Yorkshire population which will allow pooling of molecular data to enhance the chances of successful gene identification studies. However, recruitment will now include any individual with a suspected rare genetic disorder. We envisage recruiting no more than 1000 individuals over the 10-year lifetime of this project. Where any individual withdraws his/her consent to the project, at any stage of the project, the DNA sample and/or tissue pertaining to that person will be removed from the study and destroyed. Subjects are free to withdraw from participation in the study at any time upon request, without reason and without their clinical care being affected.
 (ii). identifying novel disease genes using whole exome or whole genome sequencing:
Due to the fast pace at which sequencing technologies have developed, it is now cheaper and more efficient to sequence patient DNA by whole exome sequencing without any prior analysis. In the first instance, whole exome sequencing will be used to screen for variants within the coding regions of genes. This alone may provide sufficient data in order to identify the underlying mutation, either in a known or novel disease gene. Putative mutations will be evaluated by: (a) determining the predicted effect on the protein (e.g. putative missense mutations are inspected to determine whether they give rise to non-conservative substitutions in amino acids that are conserved in mammalian and other species and evaluated using a range of bioinformatic prediction software); (b) demonstrating appropriate segregation within families and absence in ethnically-matched control individuals and large control databases such as ExAC and gnomAD; and (c) where possible, experimentally determining the effect on protein function in cells. If no variants deemed to be of clinical significance are identified after a thorough analysis, then whole genome sequencing may be performed which can identify mutations that are not detectible by whole exome sequencing. This will involve the sequencing of all the genome and allow any variation in coding and non-coding regions of the genome to be identified. Further analyses such as those that identify copy number variation or structural rearrangements (by break-point mapping) can also be performed.
We have developed a well-established infrastructure and successful workflow to process genomic DNA samples for whole exome sequencing using standard methodologies. In brief, for our current workflow, about 50ng of genomic DNA is fragmented and adapters added using the SureSelect QXT sequencing Kit (Agilent Inc.) and hybridised to the SureSelect XT Human All Exon V6 cRNA baits. A post-hybridization amplification step will be performed and samples will subsequently be cleaned up with Ampure SPRI beads (Beckman Inc.). Libraries will then be denatured and diluted before hybridization to a paired-end read flow cell and sequenced on an Illumina HiSeq3000 instrument using a paired-end read protocol for 150 cycles. Each lane on the flow cell will contain post-capture pooled DNA from eight to twelve different indexed samples depending on the expected coverage of whole exome sequencing. Currently, we achieve an average read depth of 80-fold per exome, with 99.8% of bases covered at least 5-fold, which in our hands has been more than sufficient to perform a range of analyses including variant calling, homozygosity mapping and exonic copy number variation detection.
Subsequent analysis of sequencing data is a continuously evolving process, and we will assess and update our pipelines as new versions of key software become available. At the present time, our workflow comprises the whole genome alignment of fastq files to the February 2009 human reference sequence (GRCh37/hg19 assembly) using BWA. Alignments are processed in the SAM/BAM format using SAMtools, Picard and The Genome Analysis Toolkit (GATK) java programs in order to correct alignments around indel sites and mark potential PCR duplicates. Variants are called in the .gVCF or .VCF format using the HaplotypeCaller function of GATK. Variants are filtered using GATK on the basis of mapping quality, strand bias and genotype quality, and known common SNPs (>1% frequency) represented in dbSNP148, 1000 Genomes Project and gnomAD are removed using in-house perl scripts (vcfhacks, https://github.com/gantzgraf/vcfhacks). To visualize the data, we generally use the Integrative Genomics Viewer (IGV, http://www.broadinstitute.org/igv/) because it is an efficient and intuitive visualization tool able to scale our own datasets alongside publicly-available data and genomic annotations. Exonic copy number variations will be assessed by ExomeDepth software.
(iii). Development of molecular diagnostic tests and translation of research findings into NHS clinical service:

Once a pathogenic mutation is found in a family on a research basis, these findings will be confirmed in the YRGS DNA diagnostic lab using validated procedures on stored DNA. The diagnostic lab would work closely with the researchers to define the clinical significance of mutations, and the diagnostic report would be issued to the referring clinician. Diagnostic, carrier or prenatal testing would be offered to other family members where appropriate. If national or international demand was demonstrated to exist for other families the genetic test could be offered through genetic testing websites, such as UKGTN (www.ukgtn.nhs.uk), GeneTests (www.genetests.org) and Orphanet (www.orpha.net). The diagnostic work would be funded by charging external referrers according to local tariffs.

Once a novel disease gene has been identified, population screening will also identify if any common mutations occur in particular ethnic groups. We have found that for UK-Pakistani families, most of whom originated from Mirpur, there is often a common mutation supported by a conserved haplotype. A common mutation(s) will facilitate rapid and inexpensive testing as a “first level” of clinical service for this population. A “second level” of service, which would comprise the testing of all of the exons and exon-intron boundaries that are likely to have point mutations, would be performed using a clonal sequencing approach. This would take the form of either sequencing of the clinical exome (capturing of DNA from known disease genes only) or whole exome sequencing (capturing of DNA from all genes) and filtering for variants in the candidate disease genes. Laboratory data for the specific test being used, or the methodology for a test to be used in the future, would give estimates for the analytical sensitivity and specificity. In most cases, sensitivity will be 95-99%, since any potentially pathogenic variants identified or any key regions missed by clonal sequencing, will be checked by bidirectional Sanger sequencing. Clinical sensitivity will be dependent on the mutation screening strategy used and the racial and ethnic makeup of the target population, but it is likely to be much higher for specific ethnic groups such as Mirpuri Pakistani. For autosomal recessive disorders, clinically unaffected siblings will not carry two pathogenic mutations and therefore clinical specificity will also be high. When a familial mutation is known, two normal alleles or heterozygosity for a single mutation are highly likely to predict an unaffected phenotype, so the negative prediction value of any test (the probability of not getting the disorder given a negative test) is likely to be 100%. For autosomal dominant and X-linked disorders, the negative prediction value may be less, depending upon the penetrance and family history of the disorder. The positive predictive value (the probability of getting the disease given a positive test) will also decrease, irrespective of the mode of inheritance, if some of the mutations in an allelic series are missense and have an unknown pathogenic potential. The extensive analysis of the pathogenic potential of missense changes is an issue that would be addressed by performing functional assays in order to assess the protein’s function with and without the mutation. We have a successful track record for such hypothesis-driven research using a variety of biochemical, cell biology and imaging techniques in order to elucidate the pathogenicity of specific variants.
(iv) Performing functional assays to determine the consequence of the mutations on the function of the protein and cells:
Identification of the underlying pathogenic mutation is an important first step in understanding the mechanism of a genetic disease. However, more substantial insight can be gained by examining the function of the encoded protein and how this is affected by the mutation identified. The precise assays that will be performed will vary, being dependent upon the protein being studied and what has already been published about it in the literature. Some basic experiments may take the form of localisation of the protein in cells and/or tissues, assaying cell function, morphology or behaviour in culture and looking at the activity of a given pathway (if known). It may also be appropriate to obtain or create animal models in order to obtain more detailed pathology and to test potential therapies. The cells in which the assays will be performed may either be standard cell-lines available in the laboratory, cell lines which have undergone genetic modification in order to mimic the mutation being investigated (e.g. using CRISPR/Cas9 genome editing) or cells obtained from patient material, such as dermal fibroblasts or lymphoblasts.
(v). Dissemination of research findings:
Genetic disease, particularly autosomal recessive disease, is a major source of disease burden in the UK, particularly for our local Pakistani community in West Yorkshire. This community has traditionally found it difficult to benefit fully from research projects, which often fail to address the unique medical needs of the Pakistani population. The Cooksey Report, reviewing UK health research funding in 2006, emphasised the need to afford disadvantaged groups access to research studies.

Molecular diagnosis of a genetic disease, particularly progressive disorders, has many direct benefits for the affected person and their carers. It allows accurate genetic counselling and antenatal screening, and enables the clinical impact of the disease and its natural history to be discussed with carers. This, in turn, enables informed lifestyle decisions and proactive medical and educational management to reduce the burden of the disease. Genetic findings, where the patient has indicated a wish to know, will be carried out through local clinical genetics services. Genetic counselling is already provided to patients as part of routine clinical care in clinical genetics. If there is a change in the assessment of inheritance pattern, if additional family members request counselling, or if secondary findings arise either in patients, relatives or control individuals, this information will be provided either by the referring clinician or through the local regional genetics service, so that genetic counselling can be performed. This includes putting in place measures to confirm results at scale with quality assured tests in a service laboratory and providing extra clinical consultations to explain findings (and in some cases referral for genetic counselling). 

As well as communicating results to relevant community groups, results may also be published in peer reviewed scientific journals and presented at conferences. Lay versions of important findings will also be posted on the web pages of the University of Leeds and other sites linked to the projects such as the charities who have funded the research. 

 (f). The role and commitments of the investigators:
This project is the major research commitments of the chief investigator (Sheridan) and co-investigator 10 (Johnson). Prof. Sheridan will have overall line-management responsibilities for appointees, supported by Prof. Johnson and Dr. Poulter. All three investigators will participate in: trouble-shooting of the planned bench work and “hands-on” training of researchers; performing additional work for patient or family ascertainment (Sheridan), and molecular genetics labwork (Johnson, Poulter) if bottlenecks occur; covering holidays and illness to ensure that work continues without interruption; and aiding in the resolution of any problems that arise. All investigators will assist in: making strategic decisions about the work throughout the duration of the funding; prioritisation of particular families and/or conditions on the criteria described elsewhere; providing clinical oversight of patient ascertainment and phenotype (Sheridan, Bonthron, Hartill, Livingston); dissemination of research findings at conferences or the writing of manuscripts for peer-reviewed publication; and liaising with researchers and the steering group. Co-applicant 5 (Charlton) will ensure that DNA samples from study participants are managed correctly to an accredited diagnostic standard (this would involve the overview of sample extraction QC, correct sample labelling and database entry, and sample storage). Charlton will also work with co-applicant 6 (Berry) to ensure that research findings are translated into diagnostic service in a timely manner (for example, by management of a Scientific Officer trainee project to work-up research findings into diagnostic tests, and the subsequent submission of a Gene Dossier to UKGTN).
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