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CHAPTER 1 — General Introduction and Recommendations

The Scottish Science Advisory Council (SSAC) was asked by the Scottish Government’s Chief Scientist
Office to review the development of Genomic Medicine in Scotland in order to support long-term
planning and investment in this fast-evolving area of healthcare.

This report, “Informing the Future of Genomic Medicine in Scotland” focuses on implementation of
genomic technology in the clinic, beginning with rare diseases and cancer, and then extending to
other commoner diseases affecting our society which will guide medicine prescribing
(pharmacogenomics). The platform for Genomic Medicine requires investment to maximise these
opportunities and benefits.

In summary, this report:

e provides an overview of the current Genomic Medicine capabilities in Scotland;

e compares developments elsewhere in the UK and internationally;

e summarises opportunities and benefits for the NHS, research and life sciences sectors in
Scotland; and

e recommends where action and investment are needed to realise this potential.

The report has been developed alongside the broader Science & Innovation Audit: Precision
Medicine Innovation in Scotland: Accelerating Productivity Growth for Scotland and the UK, due to be
published in 2019 by the UK Department for Business, Energy and Industrial Strategy. The two
documents are complementary in recognising the many strengths and capabilities of Scotland in
supporting rapid advances in healthcare, improved patient outcomes and driving sustainable
economic growth. With many of the foundations now in place, additional investment in the areas
highlighted in this report will enable scientists and clinicians in Scotland to play a bold and innovative
role in the vanguard of Genomic Medicine, realising its full potential for the health of the Scottish
people as an integral part of Precision Medicine, and making the most of future innovation and
economic growth opportunities.

The Recommendations have been drawn from across the report and focus on six core areas of
Leadership, Clinical Implementation, Workforce, Digital Health, Research and Innovation, and
Industry-Facing activity; together they provide suggested next steps to shape the future direction of
Genomic Medicine in Scotland. Proposed actions in support of the Recommendations are provided in
Annex 1. An international perspective on genome projects and government investments in other
countries in Europe, Asia and North America is given in Annex 2.

The content and recommendations for this report have been developed by a group of experts from
across Scotland spanning NHS clinics, NHS laboratories, NHS commissioning, academic research and
industry representatives. All contributors are listed in Annex 3 and we thank them all for their expert
knowledge and the significant time they have given to the writing group.



Recommendations

1. Leadership
The Scottish Government should convene a Scotland-wide Leadership Group to advise how
best to support the development of Genomic Medicine in Scotland; challenge barriers to
progress; maximise impact for the benefit of healthcare, research and life sciences in Scotland;
engage and involve the public; and increase Scotland’s influence at UK and international levels,
positioning Scotland as a world leader in genomics in the wider context of Precision Medicine.

2. Clinical Implementation
With Scottish Government support, NHS Scotland should expedite the evaluation and adoption
of genomic testing strategies into clinical pathways where there is good evidence that these
lead to improved patient outcomes. Clinical applications are evolving rapidly with
incorporation of genomics into routine care closest for rare disease diagnosis, followed by
patient stratification for targeted cancer therapy, followed by safer and more effective
prescribing. The Scottish Government should also enable NHS Scotland to remain agile
regarding latest genomic tool developments; to test, validate and contribute to the creation
and implementation of international best practice in clinical governance of medical genomics;
engaging with appropriate regulatory bodies at UK and international level. Failure to support
best practice genomic capabilities in NHS Scotland will deprive Scottish patients of the benefits
this cutting edge technology can provide and lead to Scotland lagging behind the rest of the UK
and other high income countries.

3. Workforce
NHS Scotland, working with NHS Education for Scotland, ScotGEN, Skills Development Scotland
and academic institutions should lead in co-ordinating the development and delivery of the
training courses and educational resources required to develop essential expertise to support
and drive world-class Genomic Medicine capabilities in NHS Scotland. Investment will be
required in training, recruitment and retention of laboratory, clinical and clinical academic staff,
in different specialisms and at a range of levels.

4. Digital Health
When delivering on its Digital Health and Social Care Strategy, the Scottish Government should
take full account of the digital infrastructure needed to enable genomics within clinical
pathways and to support the use of genomic data for research and innovation. This
infrastructure includes: digital skills, supercomputing hardware, high capacity connected
networks, and systems for data management and security.

5. Research and Innovation
The Scottish Government, working with research funders, industry, enterprise agencies and
higher education providers, should consider how best to support genomic research and
innovation in Scotland, including patient and public involvement and engagement, and
maximise the opportunities for inward investment, building on Scotland’s current position of
excellence.

6. Industry-Facing Activity
The Scottish Government, working with enterprise agencies, should build on the strengths of
Scotland's “triple helix partnership” between academia, the NHS and industry and consider
how best to position assets across Scotland to maximise future engagement and partnership
opportunities which will accelerate genomics development as an integral part of Precision
Medicine.



CHAPTER 2 - Introduction to Genomic Medicine

Chapter 2 Summary

This chapter provides background information on genomics, the technologies being used in
genomic research and how these are already making a significant impact on healthcare. The
decision by many Governments globally to invest in Genomic Medicine is due to the prospects for
more precise, individually targeted healthcare strategies. Scotland has begun to invest through the
Scottish Genomes Partnership, leading to opportunities to improve diagnosis and management of
rare diseases and transform models of cancer care. Data innovation and integration must be
integral to efforts going forward. Scotland has an exceptional opportunity to take advantage of its
strengths in genome technology alongside excellent electronic health records, to ensure that its
state-of-the-art genome sequencing facilities are put to best use and integrated with strengths in
data innovation to underpin the development of Genomic Medicine in Scotland and beyond. This
will require Government support, significant investment and effective long-term planning to keep
pace with developments elsewhere in the UK and to take advantage of global opportunities for
healthcare, research and the life sciences sectors.

Genomics is the study of the complete genetic material, or instruction book, of an individual.
Genomic Medicine can be defined as the use of genome technology and information in healthcare
and related research and innovation. It seeks to understand genes, their interactions and the
consequences of genetic variations to provide new methods for disease diagnosis and targeted
treatment. It is a vital component of the broader aspirations of Precision Medicine (providing the
right treatment for the right person at the right time by tailoring to individual characteristics).

The first two decades of the 21°" century have seen a revolution in genome technology and
information. A project to decode the first human genome, which was completed in 2001, was a
worldwide 15-year project costing more than £2 billion. We can now decode — or sequence —an
entire human genome in a few days. The core cost of sequencing is around £800 per genome and
expected to fall in the next 2-3 years. Analysis of genome data, clinical interpretation and data
storage are an additional cost, with leading edge work still happening mainly in a research setting,
but translation into clinical practice is an important driver for this. The one million-fold reduction in
sequencing costs and one thousand-fold increase in the speed of genome sequencing, epitomised by
the term "Next-Generation Sequencing" (NGS) (Box 1) is already revolutionising healthcare.
Genome-based technology is used across all healthcare specialties, across most fields of health-
related research, and is key to industry-led research and innovation in biomedicine and
biotechnology. It therefore has enormous reach for effective delivery of healthcare, research,
innovation and economic development.

NGS can contribute to healthcare in many ways. In rare diseases caused by a glitch in a single gene,
genome sequencing can pinpoint the exact molecular change underlying the disease. In common
diseases usually caused by an interplay of genetic variation and the environment, genome
sequencing can identify the instances where the disease is caused by an abnormality in a single gene.
When a precise molecular diagnosis is made in this way, it means that further investigations into the
cause of the disease are unnecessary, that closely related family members can be easily screened for
the same genetic abnormality, and that accurate advice can be given about the risk of recurrence in
other family members or future pregnancies. One of the major diagnostic impacts of genomics is the
identification of de novo variants which are by definition those caused by an error in the DNA
replication process rather than inherited from the parents. A diagnosis also means that the prognosis

! World Innovation Summit for Health (WISH) (2016) Precision Medicine, A Global Action Plan for Impact — Report of the
WISH Precision Medicine Forum



of affected individuals can be clearer and a more effective management plan can be put in place.
Additionally, in a small but growing proportion of cases, specific therapies can be initiated to relieve
symptoms or prevent disease progression. Pilot programmes in partnership with the NHS, such as
that undertaken by the Scottish Genomes Partnership (see below) are delivering genomic sequences
for patients, enabling them to access innovative clinical trials.

Box 1. Next-Generation Sequencing (NGS)

Next-generation sequencing permits the reading of single genes, panels of genes, component
parts of the genome, or the whole genome, in large numbers of patients or healthy subjects,
in hours or days, at affordable cost.

e Single genes or gene panels. Useful in patients where clinicians believe their disease is
caused by a single gene or a panel of small or large numbers (2-250) of genes. Cost:
£100-£500

e  Whole exome sequencing (WES). The protein-coding part of the genome - the exome - is
the commonest component part of the genome to be sequenced and makes up around
2% of the entire genome. Cost: £200-£800

e  Whole genome sequencing (WGS). This is the most comprehensive method of screening
large numbers of genes for all types of abnormalities. These include changes in single
“letters” of the genome; insertions and deletions; and structural variations including
changes in the number of copies of a gene or a re-arrangement of chromosomes. Cost:
£750-£1500

e C(linically actionable genomes. A targeted genomic assay which screens for complex
genomic changes known to be prognostic, predictive or diagnostic in cancer, where
alterations to the genome are several orders of magnitude more complex. It is more
specific and faster than WGS, and data can be stored more cost-effectively, making it
ideal in a cancer diagnostic setting. Cost: £200-300

NGS is seen as one of the major opportunities for advances in healthcare and wealth
generation in Scotland’s Ecosystem for Precision Medicine. The quoted costs vary by
provider and by additional services provided with the core sequence.

Genome sequencing has also had a major impact on cancer diagnosis and management, and is
playing an increasingly central role in cancer prevention and treatment. Inherited genetic variation
can be detected by sequencing the "constitutional" or germline genome - the genes that we inherit
from our parents. But cancer develops through changes or "mutations” that occur in the genomes of
the cells and tissues of our body - somatic mutations. These alterations determine, to a large extent,
how the cancer grows and behaves, including its response to treatment. By sequencing the cancer
genome — the genome of the tumour — scientists can identify the genetic changes that have led to
the development of that person's tumour. Our recent understanding of the molecular diversity that
underlies tumours that look the same but behave differently is challenging traditional models of
cancer care. This complexity provides explanations for why systemic therapies provide effective
treatment for only a small proportion of patients with disseminated cancer. Predicting which
patients will benefit ahead of time, using information from an individual's cancer genome to improve
overall outcomes and minimise toxicity and cost, is the clear path forward. To achieve these goals,
health systems need to evolve from their current state, to a more personalised model of cancer care
with targeted therapies, driven by more precise and genome-driven research and diagnostics. This is
a central tenet of Precision Medicine.

Medical genomics programmes are underway in several countries, with more than 20 countries
having programmes that plan to sequence the genomes of 100,000 subjects (Ginsburg, Keystone
Million Genomes meeting, Hannover, June 2018; see also summaries of international activities at



Annex 3). Genomics England was established in 2013 with the 100,000 Genomes Project to sequence
and analyse 100,000 whole genomes for rare diseases and cancer patients within NHS England.

By December 2018, following an investment of more than £550m, the project had reached its
100,000 target with all sequencing expected to be complete early in 2019. Genomics England is now
working to embed genome technology into the English NHS: the 2016 Annual report of the Chief
Medical Officer in England “Generation Genome” made clear recommendations for modern state-of-
the-art healthcare delivery and a new Genomic Medicine service was launched for NHS England in
2019. Thirteen EU member states, including the UK, recently signed a declaration of cooperation
towards shared access to at least a million genomes by 2022, to facilitate advances in research and
healthcare?. Support for Genomic Medicine enables Precision Medicine in the NHS as genomic
analyses can begin to happen synergistically with other technologies such as proteomics (the large-
scale study of sets of proteins) and digitisation of data and imaging.

Genomic Medicine in Scotland

Scottish physicians and scientists have made world-leading research contributions in rare disease
and cancer genomics in the past three decades and there is a well-established network of clinicians
and clinical scientists working with NHS Scotland (NHSS) who have been delivering Genomic
Medicine since at least 2013.

In 2015/16, the Scottish Genomes Partnership was established, from a £15 million investment by the
Universities of Edinburgh and Glasgow, and a £6 million joint investment by the Scottish Government
Health Directorate and UK Medical Research Council. This generated infrastructure for establishing
Genomic Medicine in Scotland, has permitted the sequencing of over 12,000 whole genomes for a
range of health-related and scientific cohorts at two centres of excellence for genomic sequencing
(Edinburgh Genomics and the Glasgow Precision Oncology Laboratory), has attracted more than £20
million of additional funds from industry and other sources, and enabled the integration of genomic
testing in cancer clinical trials and some aspects of cancer care. A primary aim of the Scottish
Genomes Partnership is the improvement of national health, through disease prevention, precise
diagnosis and rational targeted therapies, focussing predominantly, at the present time, on rare
diseases and cancer. The University investment in sequencing technology was highlighted at the JP
Morgan Investors Conference in January 2015 as putting Scotland amongst the first 20 research
centres worldwide to install world-leading whole genome sequencing (WGS) equipment.

Scottish researchers have also played a pre-eminent role in "big data" curation and analysis through
the Farr and Usher institutes. Alongside this we have enviable informatics facilities and research
skills which are being further developed through investment in data innovation by UK and Scottish
Governments as part of the Edinburgh and South East city region deal. Scotland’s world class
electronic health records are recognised as a unique resource for health research, presenting
significant opportunities for research and clinical care if integrated effectively with genomic data.
These records are defined by the Community Health Index (CHI) number which unifies health events
and records for Scottish patients back to the 1970s (including all primary and secondary healthcare
visits, drug prescriptions, International Classification of Diseases (ICD) codes, digitised radiology, and
birth, death and cancer registrations).

Improving Rare Disease Diagnostics

Scotland has played a leading role in UK and international programmes for diagnosing rare disease,
such as the pioneering work of the UK10K and Deciphering Developmental Disorders (DDD) studies.
The UK10K project began in 2010 and studied the genetic code of 10,000 people to explore rare

? https://ec.europa.eu/digital-single-market/en/news/eu-countries-will-cooperate-linking-genomic-databases-across-
borders



variants in different types of disease. The DDD study began in 2011 collecting DNA and clinical
information from more than 4,000 families in the UK —including more than 1,000 from Scotland.

These families have at least one child affected by a severe developmental disorder that was
undiagnosed using existing diagnostic testing. The DDD study has identified more than 30 new genes
for developmental disorders and has now studied more than 13,000 families with these conditions.

In a collaboration with Genomics England, the Scottish Genomes Partnership had sequenced 1,000
genomes of Scottish NHS patients with a rare disease and their relatives by December 2018..
Genomics England anticipates that a disease-causing genomic change will be identified in 35-40% of
patients. A better patient experience, improved care for patients and their families, and potential
cost savings are anticipated through increased availability of precise, rapid molecular diagnoses,
reducing the often prolonged need for invasive and expensive clinical investigations, and providing
accurate reproductive counselling and pre-symptomatic diagnosis to reduce the risk of familial
disease recurrence.

Transforming Models of Cancer Care

Scottish physicians and scientists have made world-leading research contributions in leadership of
international cancer programmes such as the International Cancer Genomes Consortium and in
clinical trials with industry that stand to benefit patients as well as growing the Scottish economy.
The ICGC Secretariat was based at the Ontario Institute of Cancer Research in Toronto from its
inception until May 2018, when its base of operations moved to the University of Glasgow under the
leadership of its new Executive Director and Chairman, Professor Andrew Biankin. Today Scotland is
ideally positioned to use Genomic Medicine to improve the specificity of cancer care through
national efforts such as Scotland’s Ecosystem for Precision Medicine, of which the Scottish Genomes
Partnership is a key pillar; these provide the research excellence required to enable this new model
of healthcare. The SGP studies have developed some of the most advanced cancer assays and
associated analysis platforms in the world. The clinically actionable genomes developed through new
targeted analysis pipelines will be used for future cancer clinical trials and can facilitate rapid
turnaround genomic screening for cancer. This is different to the whole genome approach trialled by
Genomics England, but increasing numbers of scientists and oncologists both in the UK and
internationally are reaching the conclusion that targeted sequencing panels are a better choice for
the foreseeable future, for both the patient and the NHS. Scotland has the opportunity to move to
Real World Therapeutic Testing, where treatment response and other important data for the >95%
of patients that are not in clinical trials will inform and improve healthcare strategies.

Opportunities Provided by Digital Health in Scotland

As highlighted by the External Expert Panel on Digital Health and Care in Scotland?, the opportunities
for research and care improvement through better use of data are huge. Efforts include the NHSS
“Safe Havens” for secure and approved data usage. The availability of innovative medicines will build
value for the health system, attract significant industry investment and drive the health service to
the ultimate goal of a “Self-learning Health System”, where robust data acquired through routine
care and use of innovative medicines inform future treatment decisions. Due to the modest size of
Scotland, it should be possible to combine routine healthcare information as well as genetic and
genomic data to obtain relatively complete data for the entire Scottish population, to take forward a
data driven approach to public health that is unlikely to have been attempted at a national scale
elsewhere internationally.

3 Digital Health & Care Scotland, Report of the External Expert Panel, Scottish Government, April 2018.
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CHAPTER 3 - Structure and organisation of Genomic Medicine in Scotland

Chapter 3 Summary

This chapter summarises the structure of Genomic Medicine in NHS Scotland, how the different
elements operate within NHSS and how NHSS benefits from working closely with world-leading
Scottish research programmes and industry to translate cutting-edge developments into clinical
care. Scotland has excellent academic-NHSS partnerships and the Scottish Genomes Partnership
has supported further collaboration between healthcare and biomedical research. Genomic
Medicine is evolving rapidly with an extraordinary increase in NHSS testing in recent years
alongside modest budgetary increases. This pattern is not sustainable and a clear forward strategy
with appropriate significant investment is now required to ensure that Scottish Genomic Medicine
can continue to play a significant role in the rapidly evolving landscape in the UK and elsewhere.
Health economics data will be vital to help guide investment decisions.

Within the NHS, the two areas using Genomic Medicine most intensively are Clinical Genetics and
Cancer services including wider Pathology and Oncology. However, other mainstream specialties,
including Neonatology, Paediatrics, Neurology, Cardiology, Ophthalmology and Nephrology, rely
increasingly on genome-based testing to identify single-gene causes of common diseases such as
epilepsy, immunodeficiency, neurodegenerative disease, cardiomyopathy, aortopathy, retinal
dystrophy and cystic kidney disease.

Clinical Genetics and Molecular Pathology NHSS Services

NHSS genetics services are delivered through 4 regional genetics centres in Aberdeen, Dundee,
Edinburgh and Glasgow. Each offers a closely integrated laboratory and clinical service. Clinical
services are funded by host health boards and the 4 centres work closely together through the
Scottish Clinical Genetics Forum.

National Services Division (NSD), a division within NHS National Services Scotland (NSS), commissions
Genetics and Molecular Pathology laboratory services nationally through a consortium arrangement.
National commissioning is reserved for those very specialist services where local or even regional
commissioning is not appropriate. It ensures equity of access, the best possible clinical outcomes and
avoids unnecessary duplication of services. The Molecular Genetics Consortium is concerned with
the diagnosis of inherited and rare diseases, while the Molecular Pathology Consortium investigates
molecular markers or their surrogates for malignant tumours (cancer). These consortia provide a
forum for clinicians, scientists and commissioners to identify, evaluate and implement the most
clinically- and cost-effective approaches to genetic testing consistently across Scotland, taking
advantage of national expertise and developing clinical management pathways that serve across
specialties.

Genetics and Molecular Pathology services are evolving rapidly, with workload increasing each year
alongside significant advances in the range of possible tests. Common core tests are delivered in
each laboratory while specialised testing is distributed across Scotland or requested from recognised
specialist centres in England, Wales and Northern Ireland. Scottish laboratories specialising in
specific tests also receive test requests from centres across the UK. Testing of main cancer types is
provided by all 4 molecular pathology laboratories. Molecular Pathology growth is being driven by
approvals of companion diagnostics — biomarkers that guide decision-making for prescription of
appropriate drug therapies.



Governance Structure of the Consortia

A 2016 review of the Nationally Designated Genetic Laboratory Testing Services recommended a
revised governance structure including the establishment of a National Genetics Laboratory
Management Committee (GLMC) and the appointment of 3 national leads for Clinical Genetics,
Laboratory Science and Molecular Pathology to drive forward strategic development of genetic
services within NHSS Board priorities. The GLMC ensures coherent development and delivery of high
guality genetic and genomic diagnostic services based on proven clinical utility. It leads strategic
planning and decision-making across the 4 regional centres within the strategic direction of the
Health and Social Care Delivery Plan and the National Clinical Strategy.

Cost of Service/Funding

The Genetics and Molecular Pathology consortia have delivered an extraordinary increase in testing
volume and complexity in the last 5 years with only small increases in staffing budgets. The total
NHSS expenditure on genetic laboratory testing (molecular, cytogenetic and molecular pathology)
including testing obtained from outside Scotland was £16.6 million in 2017/18, an increase of 7% on
the previous year (Figure 1). In addition a rolling capital budget of £300,000 has been provided to the
consortia to allow replacement equipment to ensure sustainability of the service. A more detailed
appraisal of costs and testing rates is provided in the NHSS National Services Division Review of
Genetic Laboratory Testing Services (February 2017).

Figure 1. Total costs by Board
(Includes staff, overhead costs, consumables and capital charges)
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Joint NHSS working across clinical disciplines

A key strength in NHSS has been the development of joint approaches to patient care for
downstream follow-up of patients after a genetic test result. The NHS Greater Glasgow & Clyde
Ophthalmology Genetics pathway is an excellent example of joint working practices. This shared
“holistic” management approach between Genetics and Ophthalmology has improved access to
treatments and clinical trials (Figure 2).

NHSS collaboration with academia and industry

Alongside NHSS services, experts in universities and industry are playing a vital role in developing
and delivering Genomic Medicine in Scotland. Figure 3 provides a summary of key contributors who
have been integral to this, and shows the importance of joint working to bring new research
developments into the clinical care setting. It is this close collaborative approach which has
underpinned the excellent progress made in Scottish Genomic Medicine over the last decade.



World-leading research

The Medical Research Council Human Genetics Unit (HGU) at the University of Edinburgh. This is
the major current MRC UK investment in human genetics and genomics (£53M) with Principal
Investigators who have been developing genomic approaches to diagnose and understand ultra-rare
disease in a clinical setting.

The Deciphering Developmental Disorders (DDD) study. The DDD study established a network of
skilled clinicians, bioinformaticians and research scientists throughout Scotland focussed on the
diagnosis and molecular understanding of severe and extreme developmental disorders. Innovative
analytical approaches to trio-based whole exome sequencing in this study were derived from a
bioinformatics research pipeline developed in Scotland (FitzPatrick; MRC Human Genetics Unit),
leading to a definitive diagnosis in >40% of families, including the identification of 14 previously
unreported developmental disorders.

The Scottish Genomes Partnership (SGP). This flagship Scotland-wide programme developed with
government support” is a close working partnership between Universities of Edinburgh, Glasgow,
Dundee, Aberdeen and the NHSS genetics services and laboratories. A recognised strength has been
the emergence of a strong interdisciplinary genomics team across research and NHSS, bringing
together NHSS genetics with University genome sequencing facilities, experts in data
storage/supercomputing, bioinformatics, genome interpretation and health economics. A key
benefit of joint working is that quality assurance is seamless across the entire pathway from clinic
through NHSS laboratories and onwards to academic sequencing centres; this is evidenced in recent
quality feedback from Genomics England and UK NEQAS (National External Quality Assessment
Services) where there were no queries, sample swaps or data entry errors. SGP has spawned an
important collaboration between NHSS and the Genomics England 100,000 Genomes Project. The
partnership also includes vital academic research to find new genes in rare and common diseases,
alongside pioneering sequencing and analysis for clinically important and recalcitrant cancers.

The Stratified Medicine Scotland Innovation Centre (SMS-IC). Established in 2013, this national
collaboration is developing Scotland’s Ecosystem for Precision Medicine, bringing together NHS

Scotland, the Universities of Glasgow, Edinburgh, Dundee and Aberdeen with industrial partners
such as ThermoFisher and Aridhia.

* https://news.gov.scot/news/investing-in-cutting-edge-medical-research
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Figure 2 — Ophthalmology Genetics Clinic Patient Pathway
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Significant exemplar projects include NSS / Public Health Intelligence which aims to enable
longitudinal ‘deep phenotyping’ from electronic patient records, including Scotland-wide prescribing,
imaging and hospitalisation data; the UK Precision Panc project which aims to speed up scientific
discovery in order to improve the survival rates of patients with pancreatic cancer; and the Scottish
Molecular Ovarian cancer collaboration with AstraZeneca and SGP to determine the clinical
consequences of ovarian cancer molecular subgroups.
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Figure 3 — Current contributions to Genomic Medicine in Scotland
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Hehta Institute of Wellbeing (UoG)
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Pathology
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Genetics and Molecular diagnostics
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in bioinformatics, data science and novel analytics

MRC/EPSRC Mol Path Nodes: PGCert and MSc courses

MSc Stratified Medicine & Pharmacological Innovation

(See text in Chapter 8 for full details)

Scottish Genomes Partnership capacity building (informal skills transfer)
Translational Genomics Initiatives between University medical schools and their local NHS centres

Aridhia Informatics
Fios Genomics

AstraZeneca  Canon Medical
llumina REPROCELL Europe  Sophia

Celgene  Clovis Oncology ~ Congenica
Thermo Fisher Scientific

NHSGr: NHS Grampian NHS Ta: NHS Tayside

Key:
UoA: University of Aberdeen
EPCC: Edinburgh Parallel Computing Centre

UoD: University of Dundee

UoE: University of Edinburgh
NHS Lo: NHS Lothian
SMS-IC: Stratified Medicine Scotland Innovation Centre

UoG: University of Glasgow
NHS GG&C: NHS Greater Glasgow & Clyde

UoStA: University of St Andrews

Future Challenges

The NHSS NSS-NSD review of the Nationally Designated Genetic Laboratory Testing Services (Feb
2017) highlighted the following strategic development requirements:

Continued development of NGS panels.

Development of targeted sequencing using the clinical exome.
Introduction of trio-based whole exome sequencing for diagnosis of developmental delay.
Evaluation of WGS in patient care.
Implementation of NGS techniques for molecular pathology of acquired disease and primarily

the areas of cancer diagnosis, predictive and prognostic testing.

Workforce development

The continued evolution of genetic and genome-based testing, including increased mainstreaming,
has highlighted the need for specific workforce and infrastructure development both within NHSS
and academic career pathways. These are discussed in detail in Chapter 8.
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Wider UK NHS service changes

NHSS should offer NGS tests in line with best practice and agreed clinical priorities. Provision of tests
should be guided by the rapidly evolving research landscape, NHS genetics and genomics services
across the UK and recent service reviews in Scotland. Forward-planning activities are exploring how
to adapt Scotland’s services within this landscape. One example is the current reconfiguration of NHS
England laboratory testing services and the dissolution of the UK Genetics Testing Network (UKGTN)
following the publication of the ‘Generation Genome’ report in 2016. Scotland has a single national
commissioner for Genomic Medicine through NSD, which is a clear advantage when responding to
these types of change. A Devolved Nations Working Group has been established with representation
from NSD and the Scottish Molecular Genetics and Molecular Pathology consortia, to support
dialogue and forward planning.

Economic evidence base

The focus to date has been on biomedical and clinical advances in Genomic Medicine, with almost
none on economics. Health economics is important in guiding decisions about adoption of new tests
and clinical pathways into the NHS and therefore there is a pressing need to establish the evidence
base around costs and benefits for Genomic Medicine. While there is potential for genomics to lower
overall costs to the health system by providing faster diagnosis and avoiding unnecessary or
ineffective treatments, this is not proven.

Standard and value-based health economic models should be used to compare efficacy, cost-
effectiveness and patient perspectives. The Health Economics Research Centre at the University of
Oxford has concluded that there has been limited work to date in this area”. A very recent systematic
literature review of health economic evidence for WES and WGS® suggests that full costs of WGS
(including sequencing, analysis, clinical interpretation and clinical reporting) may be anything from
£1,312 to £17,243. However, the quality of the costing exercises varied considerably with small
sample sizes, modelling (rather than real-world costs), variation across clinical areas, and a lack of
clarity about the costs included. It is clear that the methodology to conduct suitable health economic
evaluations is underdeveloped and research is needed to develop this. The Scottish Government
core-funded Health Economics Research Unit (HERU) at the University of Aberdeen and The Health
Economics and Health Technology Assessment (HEHTA) Research Group at the University of Glasgow
are both working on research which will directly contribute to the economics evidence base.

HERU has pioneered the development and application of valuation methods beyond clinical
outcomes which are necessary to assess the full range of benefits from Genomic Medicine and
relevant to the Scottish Chief Medical Officer’'s commitment to Realistic Medicine. Examples of
benefits beyond clinical outcomes include:

e the value of a diagnosis even without treatment options;
e avoidance of ineffective treatments; and

e removal of uncertainty about genetic risk factors and clarity for future family planning.

Costing is also required for other genetic conditions such as cancer treatment. For example, rolling
out a cancer genomic profiling platform and analysis pipeline for all cancer patients could help avoid
unnecessary treatments. Given the side effects of many cancer treatments there is potential to
reduce costs further, for both NHSS and social care, through reduction of morbidity due to
ineffective but aggressive treatments.

> https://www.herc.ox.ac.uk/downloads/herc-database-of-health-economics-and-genomics-studies
6 https://www.nature.com/articles/gim2017247

13



Financial

A major barrier to implementing the positive outcomes from genomics research into routine clinical
care is the investment required alongside the growing costs of maintaining the current service
provision. The NHSS genetics service has not seen significant investment for development since the
Calman review in 2008. In contrast, as highlighted in Chapter 2 and Annex 3, the Department of
Health and NHS England invested >£350 million in the Genomics England 100,000 Genomes Project
and further undisclosed investment will underpin the development of a new Genomic Medicine
Service in England from 2019. In 2017, NHS Wales committed investment of £6.8 million for a
Precision Medicine Strategy, with Genomic Medicine forming a key part.

So far the increases in service costs in Scotland have been managed through service redesign,
maximising use of automation and the implementation of NGS for gene panel testing, but this is not
sustainable. Realising the longer term benefits of Genomic Medicine for Scottish patients requires
strategic investment now in both research and NHSS genetics / genomics services. The immediate
challenges include NHSS IT infrastructure, data storage, data sharing, workforce development and
succession planning as highlighted in subsequent chapters of this report. An announcement from the
Scottish Government in September 2018 of £4.2m over 2 years has been welcomed as a starting
point to address these challenges, but a longer term strategic vision with the necessary financial
commitment to deliver it is now required urgently. Only through strategic development with parallel
underpinning investment will NHSS be able to ensure that its future standards of care for inherited
diseases and cancer are equitable when compared with the rest of the UK, as well healthcare
systems across Europe and internationally. Links between the NHSS Genetics services, the SMS-IC
and the SGP genome sequencing laboratories should be strengthened as part of this, to provide
economies of scale, for example for exome and genome sequencing, and increase the speed and
frequency of genetic diagnosis for patients in Scotland.
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CHAPTER 4 - Rare Genetic Diseases, Congenital Abnormalities and Prenatal Testing

Chapter 4 Summary

This chapter covers the impact of Rare Diseases and Congenital Abnormalities in the Scottish
population and sets priorities for improving diagnosis. NGS is already having a significant diagnostic
impact in NHSS with greater clinical effectiveness than traditional gene tests. NHSE is now
establishing a Genomic Medicine Service to offer a range of genetic tests to patients including the
analysis of WGS as part of routine care. More evidence is still required to inform the most
appropriate use of different genetic tests (panels, exomes, genomes) in NHSS services. NHSS
Boards should be supported to adopt best practice from Genomics and Precision Medicine
research, and encouraged to push the boundaries and increase diagnostic yield from NGS tests.

The Impact of Rare Diseases in Scotland

The Scottish Government’s Implementation Plan for
Rare Diseases in Scotland, “It’s Not Rare to Have a Rare
Disease”’ highlights that up to 300,000 people in

A rare disease is defined as one that
affects less than 5 in 10,000 of the
general population.

Scotland may be affected by a rare disease at some 7% of the population (1 in 17) will be
point in their lives. The recognition that a baby or young affected by a rare disease at some
child has severe intellectual disability and / or other point in their lives.

disorders of development has life changing and life-long
impact for a family. Parents typically ask health
professionals:

“Why did this happen?”

80% of rare diseases have a genetic
component.

75% of rare diseases affect children.

“Will it happen again if | have another child?” Often rare diseases are chronic and
“How will the condition affect my child through their life-threatening.

life?” They include rare cancers such as

“Is there any treatment?” childhood cancers and some other

well-known conditions, such as cystic

An accurate answer to these questions requires a i ) _ |
fibrosis and Huntington’s disease.

precise genetic diagnosis. Without this, families face a
long and traumatic sequence of investigations and Source: Rare Disease UK website

referrals over many years — the so-called ‘diagnostic
odyssey’ — with multi-disciplinary clinical teams making iterative suggestions of new possible
diagnoses which require further tests and which may or may not lead to answers about their
condition.

Congenital Abnormalities in Scotland

Congenital anomalies can be defined as structural or functional anomalies, or conditions which can
affect metabolism, which occur during the pregnancy and can be identified either during the
pregnancy, at birth or later in life. They are also known as birth defects, congenital disorders or
congenital malformations. Of the 3% of pregnancies in which a congenital anomaly is identified, the
cause is unknown in 50%. 25% are secondary to a chromosomal change, 20% are due to a genetic
change and 5% are due to environmental factors. Of the approximately 55,000 babies born in
Scotland in 2016, approximately 1,650 would have had a congenital anomaly. Congenital anomalies
can contribute to long-term disability, which may have significant impact on individuals, families,
health-care systems, and societies.

7 https://www.gov.scot/publications/rare-rare-disease/
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The need to transform models of care in Rare Diseases

Improved and more rapid diagnosis of rare diseases is a cornerstone of the Scottish Government’s
2014 Rare Disease Implementation Plan’, which sets out priorities such as identifying and preventing
rare diseases; diagnosis and early intervention; and the role of research. Current clinical challenges
include:

e Recognising rare disease and identifying patients who would benefit from genetic testing;

e Supporting patients with a rare disease, establishing effective diagnostic pathways and
ensuring appropriate follow up;

e Using genomics and clinical genetic services to guide management of rare disease patients;
and

e Establishing national rare disease registers to identify patients for clinical studies.

Genomic subtypes of Common Diseases: an opportunity for Precision Medicine

Improved diagnosis and management of rare diseases is an important driver for NHS practice, but
some families exhibit multiple cases of more common diseases (e.g. diabetes, Alzheimer’s disease,
cardiomyopathy and several types of cancer) due to a pathogenic variation in a single gene. To date,
around 4,000 Mendelian disease genes (those where a characteristic is under the control of a single
genetic locus) have been identified of a total of 7,000 Mendelian diseases, mostly by NGS. Identifying
the subtypes of common diseases where the cause is a variation in a single gene is increasingly
important because the treatment is often different from the large majority of cases where multiple
genes and the environment are the cause of the disease. This Precision Medicine-based
management will benefit the patient in such cases, as well as reducing the number of unnecessary
interventions for the NHS.

Optimising diagnosis with Genomic testing

Over 1,500 gene variants are already known to cause rare diseases and further new disease-causing
gene variants are being identified at pace through research. Current NHSS diagnostic practices for
rare diseases use gene panels and, in some circumstances, clinical exomes (partial genome
sequencing). Whilst screening single genes or defined parts of the genome can be helpful, it is widely
agreed that WGS, alongside effective clinical-laboratory and clinical-academic coordinated working
practices, gives more complete answers. Current research is focused on understanding when WGS
would be a more appropriate test than exome sequencing.

The House of Commons Science and Technology Committee’s inquiry into Genomics and Genome
Editing in the NHS, which included written and oral evidence from SGP, concluded in April 2018 that
“there is great potential for WGS to improve patient care, particularly for diagnosing rare diseases
and for more personalised targeting of medicines and treatments” 2. However, the inquiry also noted
a lack of available evidence to inform a full assessment of clinical- and cost-effectiveness of routine
WGS in the NHS, saying that “research and evidence-gathering will need to be continuing
processes.”

New developments in Genomic Medicine are improving identification of genetic causes of congenital
anomalies, giving couples more information about the condition affecting their child and what this
may mean for future pregnancies. Invasive testing, such as amniocentesis and chorionic villus
sampling have been in place for 30+ years, but a prenatal microarray is more sensitive, picking up
small chromosome changes and increasing the diagnostic rate from approximately 40% to 60%. A UK
guideline for the use of microarray in pregnancy has been accepted as best practice by the
Association of Clinical Genetics Science (ACGS) and has led to new NHSS patient pathways. Advances
in non-invasive prenatal testing (NIPT) allow identification of chromosomal and genetic disorders
during a pregnancy by using a maternal blood sample containing foetal DNA. NIPT can identify

® https://publications.parliament.uk/pa/cm201719/cmselect/cmsctech/349/349.pdf
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common chromosomal trisomies such as Down syndrome and some single gene disorders, allowing
more accurate screening with fewer false positives. NIPT to screen for Down Syndrome is
increasingly taken up through private clinics and is available in other countries such as the
Netherlands as part of routine pregnancy screening. Its introduction in NHSS is currently under

discussion.

Pre-implantation genetic diagnosis (PGD), a procedure which involves the removal of a tissue sample
from embryos followed by genetic analysis of the tissue sample to detect chromosomal
abnormalities, allows couples to choose to have a child without the chromosomal or genetic
condition which has occurred in the family, without testing during pregnancy. The Human
Fertilisation and Embryo Authority (HFEA) regulates when PGD is available in the UK. Introduction of
NGS into PGD is likely to improve this service further and pilots are underway in NHSS Molecular

Genetic Laboratories.

An opportunity for NHSS to deploy resources better
Although further evidence-gathering continues to be
required through research, it is widely agreed that
the traditional NHSS diagnostic pathway without NGS
lacks clinical effectiveness. It leads to a diagnosis in
<10% of rare disease patients, while ongoing research
(DDD, SGP and Genomics England) indicates a
diagnostic rate of 35-40% for most diseases with NGS.
Furthermore for the patient, a single NGS genomic
test would provide a one-stop-shop that avoids the
need for other sequential and lengthy diagnostic
tests, and is thought likely to save money through
more rapid diagnoses and safer, more effective
management plans.

Plans to commission and embed Genomic Medicine
into routine care pathways in England began in 2016.
Work is underway in NHS England to establish a new
Genomic Medicine Service, which will offer a range of
genetic tests including the analysis of WGS as part of
routine NHS care alongside single genes, gene panels
and exome sequencing. A newly commissioned
network of Genomic Laboratory hubs is delivering a
standard set of genomic tests. A central data
repository will be connected to the wider NHS digital
infrastructure. NGS testing for genetic disorders
identified in pregnancy is also being evaluated. The
interim analysis of 620 trios in the UK study of
Prenatal Exomes and Genomes (PAGE) in different
types of foetal abnormalities has been accepted for
publication in The Lancet and NHSE is aiming to roll
out prenatal and new born exome tests as a
diagnostic service in 2019.
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A child born with paralysed malformed
legs and severe developmental delay was
first seen in the genetic clinic at the age of
2 years. Over the following six years they
underwent a large number of
investigations to identify the underlying
cause of the problems. These included
MRI scans and electrophysiological
testing of muscle and nerves. These
required general anaesthetics as well
many targeted genetic blood tests.

With all standard avenues exhausted and
no explanation, the child’s parents
decided to enrol them in the DDD
research study for trio-based whole
exome analysis. This identified a mutation
in a gene not present in either parent and
which indicated a very rare genetic
condition.

The diagnosis from this research study
gave the family an answer to the cause of
the child’s problems, reassured them that
they — and other family members — were
unlikely to have another child with the
same condition, and allowed them and
their doctors to learn from children
worldwide with similar problems in terms
of clinical outlook and appropriate care.



The proposed way forward for Scotland

Links between the Scottish Universities and NHSS created by DDD and SGP have put in place world-
class infrastructure and expertise in genomics and bioinformatics that provide a potential framework
for future genetic and genome-based diagnostics for Scottish patients. In 2017 Scotland’s Genetics
Consortium quinquennial review set out the aim of developing targeted panel and exome testing as
a short-term priority, working towards WGS in due course if cost-effective. With the announcement
of the new 2-year £4.2m funding package for Genomic Medicine by Scottish Government in
September 2018, there is support to begin to deliver these objectives, with results from the DDD and
SGP research informing the mix of genomic testing and enabling further evaluation of which patients
are likely to benefit from which tests:

e |t will be possible to offer whole exome sequencing in NHSS clinics routinely for patients
presenting with severe developmental disorders, using evidence-based systems developed for
the DDD study; and

e There will be continued WGS research in NHSS using the SGP mechanisms with Genomics
England.

However, these can only be seen as a “bridge funding” mechanism to meet immediate needs.
Genomic Medicine continues to evolve rapidly and a longer term funded strategy must be developed
as a matter of priority by Government to assure NHSS as a world-class comprehensive genetics
service, ensuring that Scottish patients will continue to have equitable treatment options alongside
the rest of the UK and other developed countries throughout this 2-year period and beyond.
Implementation of Genomic Medicine will also require a national informatics/data structure with
clinical, audit and research functionality to facilitate eventual mainstream delivery of analysis and
interpretation of WGS for a wide range of disorders with suspected genetic causes.

In relation to congenital abnormalities and prenatal testing:

e NIPT for routine screening should be made available nationally in NHSS in line with NHSE.

e Plans should be developed by NHSS for NIPD for genetic diagnosis in at-risk pregnancies.

e Chromosomal microarray testing and NGS technologies should be added to the diagnostic
tests available in NHSS for pre-implantation genetic diagnosis (PGD).

At a time of significant budgetary challenge for the NHS, any decision for funding of NGS testing
needs to be based on clinical outcomes and cost-effectiveness. As seen in England, such
evidence-gathering is still at an early stage, but with economies of scale and increased efficiency
of the patient diagnostic journey, it is expected that costs can be saved through fewer expensive/
invasive diagnostic tests and earlier interventions.
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CHAPTER 5 - Cancer

Chapter 5 Summary

This chapter covers the impact of Cancer in the Scottish population and why current models of
cancer care are outdated and do not work in most patients. A more personalised model of cancer
care is needed in NHSS to tailor treatments to specific genomic markers. High-quality clinical
outcome data linked to genomic profiles would greatly inform cancer research and improve future
treatment strategies, building the foundations for a self-learning healthcare system which could
rapidly identify which patients are most likely to benefit from a particular treatment and support

delivery of appropriate care pathways.

The impact of cancer on Scotland

There are over thirty thousand new cases of cancer diagnosed each year in Scotland. 40% of the
Scottish population will be diagnosed with cancer at some point in their lives and cancer is the
registered cause of death for 25-30% of people in Scotland. Approximately £140 million per year is
spent on cancer medicine in Scotland and one third of Scottish genetics laboratory funds are now

spent on cancer testing.

The need to transform models of cancer care

Our recent understanding of the molecular diversity that underlies tumours that look the same but
behave differently is challenging current models of cancer care. This new understanding of the

complexity present within and between different cancers
provides explanations for why systemic therapies provide
effective treatment for only a small proportion of patients
with disseminated cancer. Predicting which patients will
benefit ahead of time, and as a consequence improving
overall outcomes and minimising both the toxicity and
cost of ineffective treatment is the clear path forward.

To make the necessary transformation, health systems
need to evolve from their current state to a more
personalised model of cancer care. Scotland is ideally
positioned to do this, with national efforts such Scotland’s
Ecosystem for Precision Medicine providing the
excellence required to enable this new model of
healthcare. However, beyond such platforms, Scotland
needs to position itself to move to the ultimate goal of
Real World Therapeutic Testing. This would allow
important treatment response and outcome data for the
>95% of patients that do not get onto clinical trials to
inform improved healthcare strategies. The availability of
innovative medicines in this environment will build value
for the health system, attract significant industry
investment and drive the health service to the ultimate
goal of a “Self-learning Health System”, where robust
data acquired through routine care and use of innovative
medicines informs future treatment decisions. Having
defined the challenges and the strategic direction, what is
the path to achieving this goal?
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KYT is a US program for pancreatic
cancer patients. Pancreatic cancer
has a median survival of 6 months
and only 10% patients survive for a
year after diagnosis. In KYT,
patients have their tumour profiled
using genomic and other molecular
technologies. Half of patients
profiled to date have had an
“actionable change” identified in
their cancer, meaning that a
specific treatment is available.
Patients who had a treatment that
was matched to their actionable
change survived more than twice
as long as patients who had
unmatched treatment.



Optimising cancer therapy with Genomic testing

NGS techniques should be implemented for molecular pathology of acquired disease and primarily
the areas of cancer diagnosis, predictive and prognostic testing. The range of therapies available to
patients with cancer has expanded considerably in recent years. Alongside traditional chemotherapy
drugs there are now a wide range of targeted agents and therapies designed to enhance the anti-
tumour immune response. The mechanisms of action of tailored therapies are much better
understood than those of traditional chemotherapy. As a result, patients who are more likely to
respond to tailored therapies can often be identified by genomic profiling of their cancers. For
example, genomic alterations affecting individual genes or collections of genes may predict a higher
likelihood of response to a specific therapy.

Whilst this new generation of tailored therapies brings great opportunities for cancer patients,
meaningful clinical responses are limited to a subset of patients receiving any given drug. As such,
many patients receive therapy that is ineffective but can have severe side effects. An increasing
proportion of the health budget is therefore spent on ineffective therapies, and then managing the
resulting toxicity and complications. Whilst Precision Medicine promises to identify the optimal
therapy for a patient, almost more importantly, it has the potential to identify which intervention
strategies will not work. This improves quality of life and creates opportunities for patients to access
clinical trials of novel therapeutic strategies, which in turn attracts external investment into the NHS.

An opportunity exists for public healthcare providers to deploy resources better

Despite an increase in the number of tailored anti-cancer therapies being brought to market,
pharmaceutical companies have largely failed to incorporate response prediction into their routine
drug development processes. This is despite pressure from both the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA). A significant amount of information already exists
that could inform matching cancer patients with therapies that are more likely to benefit them;
however, use of this information is yet to be integrated into clinical practice. There is, therefore, an
opportunity for healthcare systems to leverage existing knowledge in order to deploy resources
more effectively. This approach would provide benefits to patients by providing the most effective
therapy, whilst delivering financial benefits to healthcare providers through the avoidance of
ineffective therapy.

The current companion diagnostic model is out-dated

Underpinning a better utilisation of cancer therapy is the ability to perform complex genomic
analysis of the patient’s tumour. At present, only a limited number of tailored therapies are covered
by a specific biomarker with regulatory approval. In such cases, the model in the EU and the US is for
regulatory bodies to mandate testing for the presence of the biomarker using a specific approved
assay. These assays, referred to as companion diagnostics, generally provide only very limited
information relating to the specific marker of interest. Given the wide array of emerging
therapeutics, there are benefits in moving away from the current model of iterative testing using
scope-limited assays towards the deployment of a single broad genomic assay, available for all at
diagnosis, that informs on the entirety of the clinically actionable genome. An additional advantage
would be the potential to include identification of inherited mutations in single genes causing
significantly increased cancer risk. Such inherited cancer-predisposition mutations have implications
for the patient and their relatives, and enable cancer prevention strategies by directing surveillance
and intervention to those most likely to benefit. The expected outcomes of this approach include
improvements in patient outcomes and a more parsimonious and efficient use of healthcare
resources.

20



Clinically actionable genomes in cancer care: towards a self-learning healthcare system

The routine collection of high-quality outcome data, linked to cancer genomic profiles, would enable
real-time hypothesis testing in the NHS to rapidly identify novel biomarkers of treatment response
and refine treatment strategies. This is a particularly pressing problem for immunotherapy, a
relatively new approach that can induce long-term remission in previously untreatable tumours.
However, immunotherapy agents are expensive (c.£50,000 per annum), response rates are low, and
they carry a material incidence of serious complications. The integration of genomic profiling,
possibly alongside immune function assays, into a self-learning healthcare system would allow for
the rapid identification of patterns that identify patients most likely to benefit.

Current strengths and assets in Scotland

e Scotland already has sufficient sequencing capacity to sequence the cancer genomes of all cancer
patients, through its centres of excellence for genomic sequencing with associated research
bioinformatics capabilities (see Chapter 2). Both facilities are moving towards quality
management systems and regulatory standards that would allow them to support clinical trials
and clinical practice.

e Astrong commitment to Precision Medicine initiatives, such as the flagship Precision Panc clinical
trials platform. This incorporates comprehensive genomic screening of a patient’s tumour into
their care pathway, allowing rapid recruitment to any clinical trial being opened under the
Precision Panc umbrella.

e NHSS'’s Scottish Genetic Laboratory Consortium co-ordination of an efficient and comprehensive
genetic testing for a wide range of conditions, including some cancer biomarkers. As highlighted
in Chapter 3, this is a rapidly evolving field and the Scottish laboratories are at the forefront of
deploying state-of-the-art assays in routine clinical diagnostics, already offering several NGS-
based assays to patients.

e Exceptional electronic health records with national datasets including: the Scottish Cancer
Registry; the Picture Archiving and Communication System (PACS) for all cross-sectional imaging
(CT scans and MRIs); a unified cancer treatment prescribing system (Chemocare) and Scottish
Care Information (SCI) Store. Such data is essential for linking genomic profiles to cancer
phenotype, therapeutic response and outcome in a self-learning healthcare system. It also adds
value to Scottish health cohorts from a commercial perspective.

Scotland is poised to become a world leader in clinical cancer genomics

The combination of sequencing capacity, Precision Medicine expertise, engaged and committed NHS
laboratories and a wealth of recorded treatment and outcome data for patients, places Scotland in
an ideal position to offer world-class genomic profiling of all cancer patients, in a timely manner, for
the improvement of patient care. The biggest opportunity is the potential to attract clinical trials to
Scotland, which would maximise patient benefit in the shortest timeframe whilst bringing
investment in to Scotland.

A key outcome of the cancer workstrand of SGP is a cancer genomic profiling platform and analysis
pipeline that could be deployed in the NHS for c.£140-£600 per cancer patient. Pharmaceutical
companies currently pay commercial providers in the region of £3700-£6000 per patient for a
standard whole genome profile as part of a clinical trial. If NHSS rolled out genomic profiling across
the cancer patient population it would match NHSE’s commitment to Genomic Medicine but using a
much more cost-efficient testing strategy, which would also provide a powerful incentive for
companies to run clinical trials in Scotland. The benefits of this SGP-developed clinically actionable
genomic assay for newly-diagnosed cancer patients in Scotland should be validated by NHSS and
adopted where appropriate.
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Although the cost of a genomic test may seem high compared to current diagnostic tests, there is a
significant difference between the cost of tailored anti-cancer therapies (£30,000- £50,000 per
annum) and the cost of clinically actionable genome analysis. Saving just one unnecessary year of
treatment would pay for the profiling of more than 60 other patients, yet current data suggests that
up to 85% (fifty-one out of every sixty) patients would be eligible for treatment tailored to their
genomic profile. There is also potential to reduce costs, for both the NHS and social care, through
reduction of morbidity due to ineffective but aggressive treatments.

The future of genomic profiling technology for cancer applications

International research efforts have demonstrated the importance of a wide range of complex
genomic features in cancer outcomes and therapeutic responsiveness. This, combined with the
nature of cancer samples and the way they are processed in routine pathology workflows, means
that the most appropriate assay is a technique called sequence capture, for which there are a
number of competitors in the market place. However, for the required downstream genome
sequencing, the market place is dominated by a single company, with limited competition that would
otherwise drive down costs. The need for genomic results to be returned and acted upon relatively
quickly (the cancer waiting time target is 62 days from urgent referral to starting treatment) and the
difficultly in data transfer given the data sizes involved (see Chapter 8) mean that the capability for
running genomic assays would be best placed within Scotland rather than being commissioned as a
remote service.
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CHAPTER 6 - Pharmacogenetics
Chapter 6 Summary

This chapter looks at the potential for genome-based testing to improve prescribing, with more
targeted drug therapies (increased benefit) and a reduction in side effects (reduced harm). Existing
research strengths in Scotland, and the potential to use patient data, including whole genome
sequence data, to explore pharmacogenetic variation, should generate new opportunities for
academic and industrial research partnerships with the NHS in this emerging area.

Pharmacogenetics and adverse drug outcomes

Pharmacogenetics is the study of how individual genetic variation impacts on individual drug
responses. Drug treatment regimens usually treat the ‘average’ patient based on studies of benefit
versus harm in drug trials during licensing. Individual genetic variation means that some patients are
inadequately dosed despite being at low risk of harm, others are at such high risk of harm from a
particular drug that they could never expect to benefit, and others can expect no benefit at all. By
December 2017 the FDA had included pharmacogenetic information in the drug label for 330 drugs,
including 144 oncology drugs, with this information highlighting genes involved in drug metabolism
or immune-related adverse drug reactions. The Clinical Pharmacogenetic Implementation
Consortium (CPIC)° and the Dutch Pharmacogenetics Working Group (DPWG)™° provide guidelines
on how drug-gene interactions should be used to guide clinical care in patients known to carry a
particular gene variant. The evidence base for these guidelines varies but although much of the
clinical evidence is very robust with clear, clinically important implications, there are limited
examples that establish the cost-effectiveness of genetic testing prior to prescribing.

Pharmacogenetic testing in Scotland

Despite the robust evidence for the clinical impact of pharmacogenetics on harm or benefit for many
drugs, pharmacogenetic testing is rarely offered in Scotland. It is mandatory or strongly
recommended for Abacavir (anti-HIV) and Azathioprine (immunosuppressant) prescribing, but in
practice testing is sparse and when carried out it is outsourced to a private company.

Genomics England Short-Life Working Group: “Implementing pharmacogenetics in the NHS”

Given the increasing use of genome sequencing and genotyping in healthcare and the increasing
evidence for effectiveness in pharmacogenetics testing, NHS England/Genomics England established
a short-life working group to evaluate what drug-gene pairs should be offered for genetic testing in
NHSE. The focus was on drugs that are relevant to the NHS, where efficacy can be clearly
established. The Scottish research community should continu