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Abstract

Genomic  data  from millions  of  individuals  have  been  generated  worldwide  to  drive

discovery and clinical impact in precision medicine. Lowering the barriers to using these

data collectively is needed to equitably realize the benefits of population data diversity

and scale.  We examine the current landscape of global genomic data sharing, including

the evolution of data sharing models from data aggregation, through to data visiting, and

for certain use cases, cross-cohort analysis using federated approaches across multiple

environments. We highlight emerging examples of best practice relating to participant,

patient  and  public  engagement;  evolution  of  technical  standards,  tools  and

infrastructure; and impact of research and healthcare policy. We outline twelve actions

we can all take together to scale up efforts to enable safe global data sharing and move

beyond  projects  demonstrating  feasibility  to  routinely  cross-analysing  research  and

clinical datasets, optimizing benefit.
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[H1] Introduction

The promise of precision medicine and targeted therapeutics coupled with advances in

sequencing  technologies  and  analytics  have  driven  declining  costs  and  increasing

investments in genomics over the past decade, resulting in large and growing volumes

of  data1.  Sequencing  large  population  cohorts  has  improved  our  understanding  of

genetic  variation2,  while  analysis  of  data  from  well-characterized  individuals  has

revealed the underlying molecular basis of thousands of rare and common diseases,

including multiple cancer types3-5. In turn, this has led to unprecedented acceleration in

the development of precision treatments6,7.

Genomic testing in rare and inherited disease and cancer has been shown to

increase the rate, speed and accuracy of diagnosis8-11. Genomic data are increasingly

generated as part of clinical care, enabling personalized and stratified risk assessments,

treatments and interventions. Considerable efforts are currently underway to diversify

genomic data and improve equitable outcomes by focusing on historically, culturally and

geographically  under-represented  populations12-14.  With  sequencing  and  analytical

capabilities  continuously  improving,  population-level  genomic  screening  is  being

explored in healthy adults15,16 and in newborns17 in a move towards pre-emptive and

preventative health care.

As  a  result,  linked genomic,  phenotypic  and  other  metadata  from millions  of

individuals are being generated worldwide, offering new opportunities to drive research,

with feedback to patients, participants and health system planners, providing evidence-

based insights to improve clinical care. We now need to lower the barriers to using

these data collectively so that individuals and whole populations can benefit equitably

from data diversity and scale.

In this Roadmap, we examine the current landscape of genomic data sharing and

the actions we can all take together to move forward. While the practical, ethical and

legal  challenges  have  been  discussed  extensively  elsewhere18-30,  we  provide  a

summary of recent successes and examples of best practices, together with a 12-point

call to action.

[H1] Genomic data sharing approaches and models 
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Global data sharing has been integral to advance genomic medicine in the past two

decades.  Data  sharing  models  vary  from  pooled  approaches  that  aggregate  and

harmonize data from disparate sources, to federated approaches where individual data

owners retain control but allow remote analysis of data, to siloed approaches that have

not yet considered access beyond their initial audience (Figure 1). These models aim to

honour the expectations of participants and patients — that donated data will have a

positive  impact  but  will  only  be  used  as  intended.  Achieving  this  delicate  balance

between data accessibility and utility on one hand and data governance and security on

the other has been recognized by the World Health Organization (WHO) in a recent

consultation on human genome data access, use and security31, which highlights the

need for collaboration, transparency and accountability.

[H2] Aggregated databases

International efforts to aggregate data into single, harmonized, open databases have

been central to achieving accurate genomic variant interpretation at scale. The latest

release of  gnomAD (Genome Aggregation Database)2,  already an essential  tool  for

understanding  and  interpreting  normal  variation,  contains  reference  population  data

from  807,162  individuals,  totalling  over  a  billion  variants.  Over  4  million  clinical

interpretations of variants have already been deposited by more than 2,600 submitters

in  the  openly  accessible  ClinVar  database32,33,  facilitating  accurate  and  consistent

assessment of disease-associated variation. More focused variant aggregation efforts

for specific genes, such as the BRCA Exchange34,  within individual countries35 or by

expert  groups36 are improving clinical  care  by driving  efforts  to  identify  and resolve

discordant  interpretations.  Similar  data  aggregation  and  harmonization  efforts  have

resulted in more rigorous assessments of the validity of gene–disease relationships, for

example, through the Clinical Genome Resource37, PanelApp platforms38 and the Gene

Curation Coalition39.

 

[H2] Federated discovery and analysis

In federated approaches to data sharing, individual data custodians maintain their own

databases  but  facilitate  access  by  adopting  enabling  policies  and  interoperable
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standards.  Analysis  across  federated  datasets  can  be done  independently  on  each

dataset, with merging of results,  or, if  allowed, by temporarily  merging relevant data

subsets into a common analysis environment. At the simplest level, this approach can

allow remote data interrogation to answer specific queries. For example, Matchmaker

Exchange has enabled international connections between 11 clinical and genomic data

platforms to accelerate over 1,000 novel rare-disease-gene discoveries within just a few

years by matching candidate gene names40. Other relatively simple federated queries,

such as the presence or absence of a specific variant in datasets, have been enabled

by the Beacon application programming interface standard,  developed by Discovery

workstream members of the Global Alliance for Genomics and Health (GA4GH) 41. The

second iteration of Beacon42 allows more complex queries that incorporate phenotypic

and variant information, including queries on variant type (for example, predicted loss of

function) within a specified gene43.

 

[H2] Cloud-based environments

Cloud-based environments, such as trusted research environments (TREs), secure data

environments (SDEs) and data commons, combine and harmonize data and provide

computing infrastructure and software tools.  With restrictions applied to data export,

these environments create a governed resource for sharing and managing data that

allows  analyses  to  be  brought  to  the  data,  a  concept  known  as  ‘data  visiting’.  An

increasing number of programmes, including Genomics England, UK Biobank and the

All of Us Research Program, now require use of a cloud-based environment to access

their data. Combined, these three programmes alone currently have data from close to

one million individuals.  This is set to double by the end of 2024, with data from the

recently  launched  ‘Our  Future  Health’ programme  in  the  UK  which  aims  to enable

research, discovery and testing of more effective approaches to the prevention, earlier

detection,  and treatment of  common chronic diseases.   To achieve that,  Our Future

Health will recruit a diverse cohort of 5 million adult volunteers by 2027 with 1.7 million

people  having  already  joined  the  programme.   Cloud-based  environments  such  as

TREs and SDEs are an important element of the data sharing landscape — they bring

new benefits, including democratizing data access by lowering the technical barriers to
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working  with  large-scale  data;  however,  they  also  introduce  new  challenges,  since

cross-analysis  must  respect  the  policies  and  technology  of  multiple  environments.

Expansion  of  the  cloud-based  environment  concept  into  access  arrangements  with

health systems data will add another level of complexity.

Data commons are a related type of cloud-based data and analysis environment.

Multiple  data  commons can  interoperate  under  hybrid  governance  models,  creating

larger data meshes or ecosystems. Examples of established data commons include the

NHGRI  Genomic  Data  Science  Analysis,  Visualization  and  Informatics  Lab-space

(AnVIL)44 and  ELIXIR45.  Infrastructures  such  as  these  make  petabytes  of  curated,

harmonized data available to a broad range of researchers who would otherwise lack

the  resources  and  expertise  to  analyse  data  at  this  scale.  For  example,  the  NCI

Genomic Data Commons contains over 2.9 petabytes of curated, harmonized cancer

data from more than 80 projects, is accessed by over 50,000 unique researchers a

month,  and has resulted  in  over  100 high  impact  publications46.  In  Europe,  ELIXIR

coordinates  the  Genomic  Data  Infrastructure  (GDI)  to  support  the  Beyond 1  Million

Genomes (B1MG)  Project  and  enable  transnational  federated  access  to  controlled-

access genomic data that has been consented for secondary use across participating

countries47.

 

[H1] Accelerating discovery through cross-cohort analysis

Parallel analysis of data from multiple large cohorts held in separate environments is a

powerful way to accelerate discovery without incurring the considerable costs of data

copying  or  risks  of  data  breach  associated  with  moving  large  datasets.  However,

effective  cross-cohort  analysis  requires  the  development  and  adoption  of  multiple

policies, standards and tools, to generate reproducible results while preserving privacy

and trust48.

The feasibility of such approaches has recently been demonstrated by All of Us and UK

Biobank  programmes  through  a  pilot  genome-wide  association  study  (GWAS)  on

circulating lipid levels, which conducted of a cross-cohort meta-analysis and compared

it to pooled analysis49. The results of both analytical approaches correlated strongly with

each other and with results obtained in external validation sets.  However, the study

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173



revealed important differences in the number and ancestry frequency distributions of

variants significantly associated with the phenotype of interest.  In addition, cost and

complexity increased with the number of datasets used in the meta-analysis approach. 

In rare disease, cross-cohort analysis is poised to accelerate the discovery of

novel  gene–disease associations. Unlike the predominant,  two-sided model  currently

enabled by platforms such as the Matchmaker Exchange, which relies on the same

candidate  gene  being  independently  identified  by  multiple  researchers,  a  one-sided

model enables the direct search for additional cases across multiple large datasets. The

power of this approach was recently demonstrated by the discovery of variants in the

gene RNU4-2, which encodes the spliceosome component U4 small nuclear RNA, as a

major  cause  of  intellectual  disability50.  Originally  identified  as  a  candidate  in  the

Genomics England research dataset, over a hundred affected individuals were rapidly

found by extending the search to US, Australian and European rare disease datasets,

with  absence  of  variation  in  All  of  Us and  the  UK  Biobank  serving  as  supporting

evidence of disease association.

 

[H1] Current barriers and enablers to scaling up 

Although  the  benefits  of  genomic  data  sharing  are  well  recognized,  systematically

scaling up efforts beyond projects demonstrating feasibility to routinely cross-analysing

research and clinical datasets is subject to a complex and evolving interplay between

multiple factors.

[H2] Consent, engagement and trust

Healthcare data and genomic data are sensitive, and data use and sharing must occur

in  accordance  with  patient,  participant  and  community  expectations.  Careful

consideration  is  rightly  given  to  the  risk  of  privacy  breach  and  re-identification  of

individuals51. Hence, ongoing dialogue with patients and participants and the broader

public remain central to data sharing efforts. Directly involving participant communities

in decisions about how their data are used and by whom is a further demonstration of

commitment to their interests52,53. Importantly, participant consent and expectations will

differ according to the setting and cohort, especially where data are shared for research
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use as part of clinical care, as is the case through the partnership between the NHS

Genomic Medicine Service and Genomics England. Some consent types specify that

data will  remain  within  national  boundaries  or  be  held  only  within  a  specified  TRE.

Consent may also specify the type of analysis that will be performed and by whom (for

example,  healthcare-related  research)  and  what  information  will  be  returned  to  the

participant or patient (for example, additional health-related findings) or to laboratories

for accredited validation before clinical  use. The GA4GH Data Use Ontology (DUO)

provides a machine-readable representation of these different data use terms54.  The

standard  can be integrated prospectively  into  consent  processes and used to  align

existing data55, facilitating data sharing at scale, including through increased automation

of the oversight process56.

[H2] Technical tools and standards

From a technical perspective, the increasing maturity of cloud infrastructure, and the

benefits this brings in terms of capability and cybersecurity, has increased the feasibility

of more complex, large-scale analyses. However, many other technical barriers remain.

Genomic, phenotypic and associated metadata, both legacy and prospective, can exist

in  a  variety  of  incompatible  formats,  effectively  precluding  meaningful  data  sharing.

GA4GH has developed a suite of standards and tools to facilitate these processes, from

capturing  participant  consent54,  to  representation  of  clinical57 and  genomic  data58,

through to standardization of data queries and analytical approaches48. Widespread and

consistent implementation of these standards and tools is critical for data harmonization

and sharing efforts. However, data standards alone are insufficient; for example, many

use cases such as rare variant burden analysis,  where subtle differences in variant

calling matter, require the generation of genomic data through the same analytical tool

chain. Moreover, interoperability issues can arise due to differences in how standards

are  implemented.  For  example,  the  Observational  Medical  Outcomes  Partnership

(OMOP) common data model59, which is widely used to structure health data, comprises

data  schemas  and  data  vocabularies.  Implementing  the  same  data  schemas  but

populating them with different vocabularies may still render data incompatible.
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[H3] Research and healthcare policy

Lastly,  from  a  policy  perspective,  institutional  and  national  interests  and  the  data

policies of governments and health systems often inhibit  genomic data sharing. The

reasons can vary, ranging from protection of potential intellectual property to concerns

regarding national security. Establishing the infrastructure and capabilities required to

support genomic data sharing has considerable financial and opportunity costs. Hence,

mandating data sharing at the policy level60 or having explicit agreements through other

non-mandated  routes,  such  as  those  proposed  by  the  WHO31,  provides  global

incentives  to  share  data  and  invest  in  specialized  data  management  infrastructure.

These mandates have profound effects on maximizing the return on public investment

in research and in clinical sequencing and delivering on the expectations of research

participants  and  patients.  The  NHS  Genomic  Medicine  Service  in  England  is  an

example of how health system genomics policy and strategy has committed to sharing

clinical data for research, enabling consistent, consented genomic and other data from

routine clinical care to flow into the National Genomics Research Library managed by

Genomics England. This approach has made data from participant groups with rare

conditions, common disease (for example, COVID infection) and cancer available for

research with a feedback loop to the healthcare system, improving outcomes.

The B1MG Project has developed a framework for assessing the maturity of genomic

medicine practices  using  49 indicators  across  eight  domains (Maturity  Level  Model,

MLM).  Many  of  the  indicators  directly  related  to  facilitating  genomic  data  sharing

nationally and internationally with appropriate governance and consent61. Frameworks

such  as  these  are  important  tools  for  self-assessment,  benchmarking  and  service

planning at the policy level, including to guide the design and delivery of supporting

infrastructure such as the European GDI61.

[H4] Equity, diversity and inclusion

Advancing genomic data sharing needs to be part of wider efforts to promote diversity

and  inclusion  so  that  we  achieve  equitable  outcomes  from  the  implementation  of

precision  medicine,  rather  than  risk  exacerbating  inequities62-65.  The  clear  moral,

scientific  and  practical  imperatives  to  diversify  genomic  datasets  have  shaped  the
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fundamental priorities of efforts such as the All of Us Research Program in the USA12,66,

the Our Future Health study and the  Genomics England Diverse Data Initiative in the

UK,  and  the  OurDNA  study in  Australia.  While  making  these  datasets  globally

accessible  to  researchers  and  clinicians  serves  to  democratise  access,  it  is  not  a

substitute  for  building  local  infrastructure  and capacity  or  for  directly  engaging with

global communities. Initiatives such as Human Heredity and Health in Africa (H3Africa)

have played a pivotal role in this respect67,68, and an increasing number of large-scale

sequencing projects are underway in Asia, the Middle East, Africa and South America.69-

73 It is important to recognise the issues of trust that arise in many communities, notably

Indigenous  communities.  These  are  based  on  experiences  of  marginalisation,

exploitation  and  discrimination  and  have  significant  implications  for  data  sharing.

Empowering  Indigenous  leadership,  recognising  genomic  data  sovereignty,  and

supporting capacity building are imperative74,75 and models to achieve this are starting to

emerge from Canada, Australia and New Zealand13,14,76,77.

[H1] Conclusions

We can and must  do  more  to  enable  genomic  data  sharing.  Research participants

choose  to  donate  their  data  to  benefit  science.  Given  the  choice,  most  individuals

undergoing clinical genomic testing do the same78. It is our responsibility to honour this

choice while protecting their data. All of us, as funders, policymakers, health system

leaders and members of the genomic data community and global genomics ecosystem,

have a responsibility to act (Box 1).

Genomic data and data sharing infrastructure are critical in driving discovery and

generating  the  evidence  to  support  the  adoption  of  evidence-based  innovations  in

precision medicine, thus optimising clinical impact. The global genomics community has

made great strides over the last decade in the transition to a data-rich world. Genomic

data generation is no longer the bottleneck, rather it is our ability to harmonise, share

and derive full benefit from the data we have, both in the research and clinical settings.

We  now  have  the  standards,  tools  and  experience  to  move  beyond  projects

demonstrating feasibility. With health systems increasingly mainstreaming genomics in

clinical  care, our attention needs to focus on scaling up efforts  to enable safe data
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sharing globally to unlock the value of today’s and tomorrow’s datasets for the benefit of

future generations.
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Related links

Our Future Health https://ourfuturehealth.org.uk/

B1MG  Maturity  Level  Model:    https://www.b1mg-project.eu/resources/maturity-  

level-model

Genomics England Diverse Data Initiative:

https://www.genomicsengland.co.uk/initiatives/diverse-data

OurDNA  study:  https://populationgenomics.org.au/project/australian-genetic-diversity-

registry-agdr/

SING Canada: https://indigenousgenomics.com.au/ https://sing-canada.ca/

Australian Alliance for Indigenous Genomics: https://indigenousgenomics.com.au

Figure 1. Data sharing models.  These include a). independent databases that allow

data  download,  with  data  aggregation  and  analysis  undertaken  by  individual

researchers; b). cloud-based environments that allow data visiting, enable analysis and

download of results; and c). federated approaches that allow multiple data sources to be

accessed through different methods to enable cross-cohort analysis.

Box 1. A call to action: ten steps to systematically scale up genomic data sharing

If you’re a research participant:

 Engage  with  those  governing  your  cohort  and  researchers  to  ensure  your

expectations about data sharing are met.
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 Share your ‘why’ story about what motivates you to participate in research, how your

participation has affected you, and how you hope your contribution will help others.

 

If you’re a researcher working with genomic data:

 Speak up if access and cross-analysis of data from additional cohorts can support

your  research.  Provide  concrete  examples  to  funders,  policymakers  and  health

system leaders to help them understand how you could further their mission if they

lowered barriers to access.

 Expand your thinking to include the potential of cross-analysis. Rather than limiting

yourself  to hypotheses that can be explored with a single dataset,  ask what you

could  discover  by  exploring  multiple  datasets  –  and  then  advocate  to  make  it

possible.

 

If you lead a cohort programme:

 Incorporate the value of data sharing into your discussions with funders and ethics

boards, and your communication with participants. Design your consents and data

use agreements using standards that support data sharing54. Highlight discoveries

that were only possible because you and others chose to share.

 Grow your data sharing community. If your programme’s data are currently siloed at

the hospital level, move toward sharing within your region. If they are siloed at the

regional level, move towards sharing within your country. If they are siloed at the

national level, move towards global sharing.

 Start  a  pilot.  Choose  a  small  example  of  sharing  data  between  two  or  more

programmes, and work with your funders and policymakers to test it out. Use the

pilot to communicate the opportunity for expansion, and the tool and policy changes

needed.

 Share best practices. Document tools and practices to encourage sharing, and help

others adopt them. Adopt standards, tools and best practices shared by others. Join

a GA4GH workstream or community of interest (for example, cancer, rare disease)

and  contribute  to  expanding  global  data  sharing  (https://www.ga4gh.org/get-
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involved/). Review implementations of programs in your area to align on standards

and interoperability. 

 

If you fund cohort projects or influence research policy:

 Promote  common  infrastructure  and  policies  across  your  portfolio.  Invest  in

computational  and  data  infrastructure  that  supports  national  and  international

analysis and re-use of data.

 Create incentives for cohorts  that  enable data sharing, and for cross-cohort  and

cross-country analysis projects. Make data storage costs free for cohorts that are

shared. Lower barriers to access by simplifying processes.

 Encourage  funding  policies  that  create  value  for  local  and  global  communities.

Promote  diversity  and  inclusion  through  participant,  citizen  and  community

engagement and build bridges between research and healthcare.

 

If you lead and/or influence healthcare system policy or deliver clinical and diagnostic

genomics:

 Advocate for the benefits of data sharing to be extended to clinical genomic testing

as  standard,  to  improve  the  speed  and  accuracy  of  diagnosis  and  to  enable

precision  treatments.  Fund  and  develop  appropriate  clinical  consent  and  data

management infrastructure, and support integration with the healthcare system.
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