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Summary

The global landscape of health genomics is expanding rapidly, with an increasing number of national and international initiatives,
many of which are targeted toward accelerating the clinical implementation of genomic technologies and services in the context of local
health systems. This includes a range of entities with different levels of maturity, funding sources, and strategies that focus on research
and clinical priorities to varying degrees. While there is no “one-size-fits-all” approach, analysis of national genomics programs helps to
identify common priority areas, barriers, and enablers. Here, we synthesize the converging priorities of several national genomics pro-

grams to highlight the importance of progressing genomics research and clinical implementation on a national scale.

Introduction

Advances in genomic technologies are enabling unprece-
dented opportunities to transform the diagnosis, treat-
ment, and management of many genetic conditions. The
past two decades have seen the cost of DNA sequencing
reduce by more than a million-fold, along with significant
investments made toward integrating genomics into
healthcare.”” A growing number of national genomics
programs are providing evidence to guide the system-
wide changes required for the clinical implementation of
genomics research.”®

More than 96 major genomics programs have been
launched to address barriers to genomic medicine imple-
mentation across many different countries.” Several
large-scale national and international initiatives, including
the All of Us Research Program in the United States, the Eu-
ropean “1+4 Million Genomes” Initiative, and China'’s Pre-
cision Medicine Initiative, are each aiming to sequence the
genomes of 1,000,000 individuals to guide evidence-based
precision medicine approaches (see web resources).'"!

National genomics initiatives often seek to leverage ca-
pabilities and address issues that are unique to their local
healthcare system; hence, there is no “one-size-fits-all”
approach when it comes to the implementation of
genomic medicine. Published reviews and frameworks
have identified a range of complex issues, such as work-
force capability and capacity, the integration and interpre-
tation of data, public acceptability, inconsistent reimburse-

ment, and the development of data infrastructure with
robust ethical and legal frameworks.”*®'# These reviews
have also highlighted the critical role of national-level ini-
tiatives in driving the integration of genomics into health-
care. As the field matures, national genomics programs are
shifting focus from the diagnostic utility of genomics in
rare diseases and cancer to sustainable and equitable clin-
ical implementation.

In this perspective, we synthesize information related to
seven active national human genomics programs: Geno-
mics England; Genome Canada; the National Human
Genome Research Institute (NHGRI); Precision Health
Research, Singapore (PRECISE); the Danish National
Genome Center (DNGC); the Qatar Genome Program
(QGP); and Australian Genomics. We have identified six
priority areas shared by these programs: (1) participant
involvement and public engagement; (2) embedding
ethical, legal, and social implications (ELSI) considerations
into human genomics and genomic medicine research; (3)
increasing diversity across studies and programs; (4)
virtuous cycles for implementing genomic medicine; (5)
innovative data infrastructure; and (6) nimble prioritiza-
tion of funding and new technologies. We highlight exam-
ples of how these priorities are being addressed to compare
approaches and inform the design of new genomics pro-
grams (Table 1).*7''3 Continued investment in each of
these inter-related priority areas is required to drive prog-
ress toward the broad implementation of genomic medi-
cine globally.
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Table 1.

Funding for national genomics programs with key priority areas and examples

Precision Health

National Human Research, Danish National
Genomics Genome Research Singapore Genome Qatar Genome
England Genome Canada Institute (NHGRI) (PRECISE) Center (DNGC) Program (QGP) Australian Genomics
Funding (average £58.4 M CAD $68.6 M (USD $47.7 M) USD $607.9 M unavailable DKK 162.5 M unavailable Australian Genomics:

per annum)*

Priorities for
human
genomics
research

Participant
involvement
and public
engagement

Clinical
partnerships

Priority
populations

(USD $71.5 M)

genomic
healthcare
research and
partnerships
patients and
participants

participant
panel

patient and
participant
involvement
representatives
ethics and
engagement
embedded

in programs

National Health
Service (NHS)
England
Genomic
Medicine
Service (GMS)

minority and
underrepresented
groups

research and innovation
genomics in society
inclusive genomics
capacity building, skills
development, and training

stakeholder roundtables
All for One

symposia and citizen
science programs

provincial genome centers
Canadian COVID-19
Genomics Network
(CanCOGeN) All for One

Indigenous peoples

structure and biology
of the human
genome and biology
of disease

genomic medicine
ethical, legal, and
social implications
(ELSI) research

data science

training and workforce
development

small business
innovation

strategy development and
virtual roundtables
multiple working

groups tied to

established advisory
committees

outreach partnerships

US academic medical
centers and other
healthcare organizations
National Institutes

of Health (NIH),
including NTH

Clinical Center and
NIH Common

Fund initiatives

Indigenous peoples
LGBTQI+

low- and middle-
income countries

research and precision
medicine

innovation and clinical
implementation

pilots (CIPs)

enterprise and
collaboration

data access

citizens’ jury and public
consultations for

data collection and
storage methods

public consultations

for engagement

with industry

PRECISE-SG100K
public healthcare
institutions (CIPs)
regional genomics
initiatives

Singaporean population
(Chinese, Indian, Malay)

(USD $22.4 M)

patients and citizens
infrastructure with
equal patient

access nationally
ethical principles
and data security

integrate personalized

medicine research
into healthcare

citizens’ surveys
advisory board

for patients,
citizens, and ethics
public debates

working group for
clinical use

of whole-genome
sequencing (WGS)
specialist networks
for selected
patient groups
sequence 60,000
genomes in
healthcare by 2026

Danish population

research and precision health
integration of genome data
with electronic health record
predictive genomics for disease
prevention

genetic testing and reporting
(wellness and lifestyle)

return of actionable genetic
findings following American
College of Medical Genetics
and Genomics (ACMG)
recommendations
development of screening
strategies and tools education
and genomic literacy
capacity building and

skills development

public surveys
educational courses
and resources
gamification — Genome
Heroes app

partnerships with national
stakeholders under the
Qatar Precision Health
Institute (QPHI):
Hamad Medical
Corporation (HMC)
Primary Health Care
Corporation (PHCC)
Sidra Medicine
Ministry of Public
Health (MOPH)

Qatari population and
long-term residents

(who have lived in

Qatar for at least 15 years)

AUD $4.9 M
(USD $3.0 M)

nationally coordinated
support for government-
funded genomics research
and data sharing

research collaboration
and building networks
consolidation,
communication,
implementation,

and informing

policy

community representatives
and advisory group
Involve Australia

networks and seminars

Australian Functional
Genomics Network
clinical flagships
partnerships with state
and territory clinical
genetics services and
genomics alliances

Indigenous peoples
culturally and
linguistically diverse
(CALD) communities
marginalized groups

(Continued on next page)



National Approach to
Genomic Information
Management (NAGIM)

digital platforms,
variant interpretations

Australian Genomics
including dynamic
consent platform
(CTRL) and platform
for sharing genomic
(Shariant)

Qatar Genome
Program (QGP)
interpretation platform
genome and
multi-omics database

research portal
bioinformatics group

cloud infrastructure

Danish National
data sharing and linkage clinical sequencing

Genome
technical working

National Genome
groups

Center (DNGC)
National High
Performance
Database

Utilization and Sharing Computing Center
interpretation

centers
platform

Precision Health
Research,
Singapore
(PRECISE)

Trusted Research and
Real World-Data
Tech (TRUST):

National Human
Genome Research
Institute (NHGRI)
openly available
and analysis tools
data resources

software

disruptive innovation
Pan-Canadian Genome
Library and Health
Data Ecosystem

and technologies
resources, including

Genome Canada
data platforms and

Genomics
England
bioinformatic
platform,
knowledge
bases, and
products
Research
Environment:
providing
access to
genomic,
clinical,
other omic,
and image
data

Continued

“Average funding figures are estimates based on publicly available financial information for each program (see web resources), noting that the granularity of financial information and definition of a financial year varied

Data infrastructure national
between programs.

Table 1.

Participant involvement and public engagement

In 2019, a systematic review of 96 human genomics pro-
grams found that only a third (33%) reported some form
of public involvement.” However, participant involvement
and public engagement are now regarded as essential com-
ponents of genomic medicine initiatives to maximize util-
ity and equity and ensure that genomics research is shaped
by those who experience its impacts.”'*'> Community
engagement also aligns genomics programs with societal
preferences regarding research participation, data sharing,
and the investment of public funds into these programs.'®
The lived experience of participants from diverse commu-
nities is required to address unmet needs and guide the
equitable implementation of research outcomes (see web
resources). Standardized frameworks increasingly facilitate
the evaluation of community involvement strategies and
inform best practices.”' '’

Each of the national genomics programs reviewed here
reports participant involvement and/or public engage-
ment. Activities range from information provision via so-
cial media campaigns to community-led programs with
involvement in policy decision-making, governance struc-
tures, and priority setting. Social media offers the widest
reach for raising genomics awareness but does not always
provide meaningful bi-directional communication or
direct policy impacts and thus is often used to complement
deliberative methods of engagement,'® and this is reflected
in the approaches that are being utilized by national geno-
mics programs.

Examples of public engagement strategies include Ge-
nomics England’s “Behind the Genes” podcast, Australian
Genomics’ “DNA Dialogue” seminars, and virtual round-
tables hosted by the NHGRI (USA) to facilitate public dis-
cussions about genomics and associated ELSI topics (see
web resources). Embedding ethics and engagement is
exemplified by Genomics England’s public dialogue on
the implications of whole-genome sequencing (WGS) for
newborn screening.'® Outcomes from this dialogue and
other public engagement activities informed the design
of the Newborn Genomes Programme, which is delivering
the National Health Service (NHS)-embedded Generation
Study (see web resources). The QGP (Qatar) and DNGC
(Denmark) have both conducted surveys to assess public
attitudes toward their respective programs. The QGP has
developed educational courses and resources to enhance
genomic literacy across different age groups, including
their “Genome Heroes” mobile application for children
to learn about genomics in Arabic and/or English
(see web resources).'?

Examples of ongoing participant partnerships include
the National Advisory Board for Patients, Citizens and
Ethics, which advises the DNGC on the involvement of
patients and citizens and ethical considerations in person-
alized medicine (see web resources). Genomics England’s
participant panel has shaped decision-making since
2016, with members sitting on the access review, ethics
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advisory, and research network committees.'” The partici-
pant panel published recommendations for the meaning-
ful involvement of participants in genomics research and
developed a language and terminology guide for profes-
sionals in genomics (see web resources).'” Similarly, pro-
jects coordinated by Australian Genomics have informed
the development of principles and guidelines, including
for community involvement in genomics research and
the management of genomic findings beyond the initial
test indication (see web resources).?’

Patient engagement in Genome Canada’s All for One
initiative is helping to align genomic solutions with unmet
needs in the rare disease community, with a strategy and
pilot program that are guided by an advisory committee
of rare disease patient advocates, clinicians, researchers,
and policy experts (see web resources).

Deliberative approaches, like citizens’ juries, can
empower members of the public to develop recommenda-
tions for complex ELSI that arise in genomics research
while also helping to promote transparency and maintain
public trust.”'** A citizens’ jury and a workshop with reli-
gious authorities were convened during phase 1 of Singa-
pore’s National Precision Medicine (NPM) program to
explore the sharing of precision medicine data with private
industry in Singapore.”*** The published outcomes high-
light the need for transparent decision-making and a
robust governance framework to ensure data privacy. The
data processes for PRECISE (Singapore) have been shaped
by the outcomes of these public engagements, along
with feedback from focus groups and online surveys
(see web resources).

In summary, these national genomics programs are
applying a variety of participant engagement and public
involvement strategies to explore and address complex is-
sues arising in human genomics research and genomic
medicine implementation. Investment in a range of ap-
proaches is required to raise broad awareness of genomic
advances and ensure that these advances occur in a socially
acceptable manner.

Embedding ELSI considerations into human
genomics and genomic medicine research

The Human Genome Project was the first large-scale
biomedical research effort with an associated ELSI
component to guide responsible research conduct and
outcomes.?® ELSI research in genomics has since grown
into its own field, now regularly informing policy devel-
opment and decision-making, particularly in relation
to data sharing,”’*° privacy,’**’ genetic discrimina-
tion,*** additional (incidental) findings,*® and re-anal-
ysis practices.?’ %’

Some national genomics programs allocate a proportion
of their budget to ELSI and prioritize this research through
specific initiatives and by embedding it across programs.
The NHGRI (USA) has a formal ELSI Research Program

that began as part of the institute’s involvement in the Hu-
man Genome Project; more recently, the US Congress
made it a requirement that the NHGRI spends at least
5% of the institute’s research budget on ELSI research.'*"
The NHGRI's ELSI Research Program funds investigator-
initiated (i.e., standalone) ELSI genomics research projects,
training in ELSI research, centers of excellence in ELSI
research, and one center for ELSI resources and analysis
(see web resources). Genome Canada has a history of fund-
ing standalone research for genomics and its ethical, envi-
ronmental, economic, legal, and social aspects (GE3LS),
and each large-scale applied research project (LSARP)
must include an integrated GE*LS component with a dedi-
cated GE3LS lead (see web resources). Genomics England
similarly embeds ethics into its programs. For example, im-
pacts of the ethics workstream for the Newborn Genomes
Programme include the development of a comprehensive
consent model and changes to the language used to
describe the generation study (see web resources).

The regulation and ethics workgroup from phase 1 of
Singapore’s NPM provides another example of an advisory
group established to identify and address ethical and regu-
latory barriers to the implementation of precision medi-
cine.*! This workgroup developed a code of practice to
regulate the provision of clinical laboratory genetic testing
(see web resources).*! It also collaborated with the Life In-
surance Association and Ministry of Health to address the
need for legal frameworks that prevent genetic discrimina-
tion by issuing a moratorium on genetic testing and insur-
ance (see web resources).*!

In Denmark, written consent is required for comprehen-
sive genetic analysis, and participants must specify their
preferences for receiving additional (incidental) health-
related findings with or without options for treatment or
prevention (see web resources). Legislation was imple-
mented to ensure that all data from genetic analysis per-
formed after July 1, 2019, are reported to the National
Genome Database hosted by the DNGC,"* and the
DNGC Act includes a statutory purpose limitation that
protects data stored by the DNGC against use in insurance
or pension cases (see web resources). Information security
and data protection are key focuses for the DNGC infra-
structure, which became ISO certified in 2022.

ELSI considerations are inherent to the sensitive nature
of genetic and genomic data and the familial implications
of genomic determinants of health.” National genomics
programs are recognizing this and prioritizing ELSI
research through standalone funding and by increasingly
embedding this research within and across initiatives.

Increasing diversity across studies and programs

The underrepresentation of diverse ancestries, minorities,
and marginalized populations remains a significant barrier
to achieving equitable outcomes in genomics research and
genomic medicine.'®** This is reflected by the pervasive
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bias toward European ancestry among the individuals
whose genomic data reside in databases and participants
studied in genome-wide association studies (GWASs).*?
For example, European ancestry represents nearly 95% of
participants in the NHGRI-European Bioinformatics Insti-
tute (NHGRI-EBI) GWAS Catalog.**** Health inequalities
are further exacerbated due to the decreased effectiveness
of interpreting genomic variants in the absence of diverse
databases, with individuals of non-European ancestry
more likely to receive inconclusive genetic test results
(such as reported variants of uncertain significance
[VUSs]) and false positive and false negative diagnoses.*®*’
This underrepresentation needs to be addressed by con-
ducting genomics research in partnership with diverse
populations and Indigenous communities.*®

The national genomics programs included in our review
are funding efforts to build more representative genomic
datasets and promote the inclusion of research participants
from diverse populations. For example, Genome Canada is
prioritizing Indigenous genomics research through the Si-
lent Genomes initiative. This 4-year project was launched
in 2018 with CAD $2.2 M (USD $1.5 M) from Genome
Canada and contributions from Genome British Columbia
and the Canadian Institutes of Health Research (CIHR) for
a collective investment of CAD $10.4 M (USD $§7.2 M),
with additional funding from Illumina (see web resources).
The project is establishing new processes and protocols for
effective governance of biological samples and data—all
through an Indigenous lens. This initiative is developing
the first Indigenous background variant library for First Na-
tions, Inuit, and Métis peoples by studying a diverse group
of 1,500 First Nations people and has adopted the Indige-
nous ethical framework of “DNA on Loan” (see web
resources).*?>¢

Australian Genomics supports Indigenous priorities in
genomics, including through a partnership with the
Australian Alliance for Indigenous Genomics (ALIGN).
This national consortium has received AUD $5.0 M (USD
$3.1 M) funding from the Australian Government, and
with support from The Kids Research Institute, the Austra-
lian National University, and other partners, it has estab-
lished a national Indigenous governance council and juris-
dictional Indigenous governance committees, with six
nodes across Australia to coordinate flagship programs
(see web resources).

Genomics England’s Diverse Data initiative, with
£22.0 M (USD $26.9 M) funding, aims to reduce health in-
equities by improving outcomes for minority communities
in genomic medicine (see web resources). The major pro-
grams for 2022-2025 focus on equity in genomic medicine
and research, maternal health, emerging technologies and
methods, and research for sickle cell disease. A live version
of the Diverse Data strategy is available on the Genomics
England website to enable public input (see web resources).

In Qatar, the QGP is diversifying data by scaling up data
generation. This program is the largest of its kind in the
Middle East and the first WGS program in the region to

study Qatari and Arab genomes, which remain underrepre-
sented in genomic datasets (see web resources). The pro-
gram has three phases, and analysis of the 6,000 genomes
sequenced in the first phase revealed five non-admixed
subgroups in the Qatari population and hereditary genetic
marker associations for 45 clinical traits.'*'>? The second
phase involved sequencing over 25,000 genomes, and the
third phase aims to scale up the sequencing efforts to reach
up to 100,000 genome sequences at the population level.'?

A diverse genomics workforce is required to lead geno-
mics research that involves diverse communities with
equitable research and clinical outcomes. The NHGRI has
highlighted the development of a diverse workforce as
“an urgent priority”>” and released a 10-year roadmap in
2021 to increase genomics workforce diversity (see web re-
sources). The NHGRI has established a training, diversity,
and health equity (TiDHE) office within the institute and
genomic research centers at minority-serving institutions
(see web resources). Genome Canada and Australian Geno-
mics have prioritized Indigenous genomics workforce
development through support for the summer internship
for Indigenous peoples in Genomics Canada (SING Can-
ada) and SING Australia (see web resources).”® These
annual programs engage individuals from diverse Indige-
nous communities to enhance genomics knowledge with
an Indigenous and decolonial lens. Genome Canada is ex-
panding support for SING Canada through a new partner-
ship that extends to at least 2029 and aims to bolster Indig-
enous genomics leadership in Canada (see web resources).

Sustained investment in fostering diversity in genomics
research and workforce development, including Indige-
nous career opportunities, will be required to make geno-
mics research accessible and ensure that it respects the
values and practices of diverse communities.>®

Virtuous cycles for implementing genomic
medicine

The typical implementation of an innovation into health-
care takes an average of 17 years.’® The implementation of
genomic medicine continues to face many challenges,
none of which can be readily addressed in isolation.® Im-
plementation research and clinical partnerships are critical
drivers of the systematic change required for effective im-
plementation and adoption and must be tailored for the
unique geographical or organizational context, including
health system priorities, funding models, and workforce
capacity.*>’

The national genomics programs reviewed here are
prioritizing investments to build learning healthcare sys-
tems that support a virtuous cycle between genomic med-
icine implementation and secondary research. This is
exemplified by the “infinity loop” that NHS England and
Genomics England have created through a digital infra-
structure and partnership model to deliver and link clinical
care and research.”® This intertwined process relies upon
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data sharing between the clinical and research environ-
ments to maximize potential public health benefits and
enable secondary research with a feedback loop to clinical
services.” The NHS Genomic Medicine Service (GMS)
Research Collaborative—which is a partnership between
the NHS GMS, Genomics England, and the National Insti-
tute of Health Research (NIHR)—provides an example of a
collaborative effort that is embedding genomics research
in healthcare while also supporting further research and
development on a national scale (see web resources). The
DNGC (Denmark) has also been establishing foundations
for a learning healthcare system, with the implementation
of nationally coordinated infrastructure for personalized
medicine in 2020 and the selection of 17 patient groups
for WGS with the expectation of sequencing 60,000 ge-
nomes by January 2026.

Several national genomics programs are funding demon-
stration projects to develop evidence-based implementa-
tion strategies and assess the feasibility of scalable genomic
medicine approaches within the unique context of their
local healthcare system. PRECISE awarded up to SGD
$1.5M (USD $1.1 M) each to five 2-year clinical implemen-
tation pilots (CIPs) for applying clinical genomic tests to
improve patient outcomes for breast cancer, familial hy-
percholesterolemia, hereditary and familial cancers, pri-
mary glomerular disease, and pharmacogenomic testing
(see web resources). The CIPs are also helping to stan-
dardize clinical workflows, identify strengths and weak-
nesses, and develop workforce capabilities. Additional
funding of up to SGD $3.0 M (USD $2.2 M) was awarded
in a “competition-collaboration” model, in which short-
listed applicants worked together to identify opportunities
for shared infrastructure and services across CIPs, enabling
cost-effective and standardized approaches across different
settings.*!

Clinical implementation studies are also being used to
establish standardized procedures for future implementa-
tion. In Qatar, the QGP has a clinical implementation proj-
ect where BRCA1/2 gene screening results are returned to
participants in the population study with appropriate con-
sent to help establish referral mechanisms between the
QGP and the National Center for Cancer Care and
Research (NCCCR) under Hamad Medical Corporation
(HMC) and develop future implementation strategies for
the return of secondary genetic findings as recommended
by the American College of Medical Genetics and Geno-
mics (ACMG).

Coordination between regional and national efforts is
another common focus to ensure that genomic medicine
implementation aligns with unmet needs on different
scales. This is especially important in countries where
healthcare delivery is a sub-national responsibility.
Genome Canada coordinates national programs with pro-
vincial healthcare delivery mandates by working closely
with a network of regional Genome Centers funded by
the provinces. Genome Canada supports the Regional Pri-
orities Partnership Program (RP3), which funds initiatives

that aim to advance genomics research and translation
capacity by pursuing regional priorities, with coordinated
efforts from the Genome Centers and local partners. This
CAD $20.4 M (USD $14.2 M) initiative (including co-fund-
ing) has approved funding for at least 21 projects,
including an initiative that is characterizing genomic vari-
ation in the Quebec population (see web resources).

These examples highlight investments from national
genomics programs to enable synergistic partnerships
between genomics researchers and the clinical environ-
ment. Stepwise approaches are being applied with demon-
stration projects to tailor implementation strategies toward
unique health system contexts and strengthen the coordi-
nation of efforts on local and national scales.

Innovative data infrastructure

Investments in data management infrastructure and ef-
forts to scale up genomic data sharing are key to support-
ing the integration of genomics into healthcare and maxi-
mizing the value of datasets in clinical and research
settings.'”*? The integration of genomic data with
routinely collected clinical data holds great promise for
advancing research and clinical care yet also brings tech-
nical and ethical considerations.””"°” Investment in digital
infrastructure must recognize the importance of adopting
approaches that are standardized, interoperable, secure,
and extensible, and generate data that are available for
research and comparable within and between health sys-
tems.®' Adherence to standards is necessary but not suffi-
cient. For example, infrastructure that supports national
bioinformatics pipelines and knowledge bases has been
critical for standardization in the NHS GMS and Genomics
England to maximize the reusability of data and clinical
and research impact.

The integration of genomic data into electronic health
records (EHRs) is critical to enabling the shift toward
personalized models of care.®” The QGP is addressing the
challenge of integrating pharmacogenetic data into EHRs
through the Qatar Pharmacogenetics Clinical Applications
and Research Enhancement Strategies (QPGx-CARES)
initiative.>®* The framework for this initiative includes
the development of a protocol to ensure interoperability
between genetic databases and clinical decision support
systems.

The reviewed national genomics programs are dedi-
cating an increasing proportion of funds toward support-
ing data infrastructure, including trusted research environ-
ments (TREs), to facilitate the secure sharing and linkage of
data and enable secondary research. For example, the Ge-
nomics England Research Environment was launched in
2017 as a secure cloud workspace to provide approved re-
searchers (through the Genomics England Research
Network) and pharmaceutical or biotechnology partners
(through the Discovery Forum) access to deidentified
participant data from the 100,000 Genomes Project and
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research-consented patients from the NHS GMS as well as
other Genomics England research studies (see web re-
sources). At present, the Research Environment contains
more than 140,000 genome sequences associated with
clinical data, other omics data, and cancer image data
(see web resources).

Other examples include the federated TRE announced by
the DNGC in 2022 to be established within the National
High Performance Computing Center in Denmark in part-
nership with biotechnology company Lifebit (see web re-
sources). Infrastructure has been a major priority for the
DNGC from the beginning, with a DKK 990.0 M (USD
$136.8 M) framework grant from the Novo Nordisk Foun-
dation that included DKK 102.0 M (USD $14.1 M) upfront
to invest in high-performance computing capacity. Simi-
larly, PRECISE (Singapore) is partnering with the Trusted
Research and Real World-Data Utilization and Sharing
Tech (TRUST) national data exchange platform to integrate
genomic data from participants in the PRECISE-SG100K
study with EHRs and other real-world data with appropriate
consent, facilitating secondary research and longitudinal
assessment of participant outcomes.*!

Some countries, such as Canada and Australia, face chal-
lenges related to fragmented datasets, with genomic data
spread across jurisdictions. Genome Canada, alongside
CIHR and other key partners, is supporting federated ap-
proaches to data sharing. This includes support for the
Pan-Canadian Genome Library—a CAD $15.0 M (USD
$10.4 M) initiative to share federated data through a com-
mon national library (see web resources). This initiative is
partnering with the Silent Genomes initiative to include
Indigenous-controlled data and is supported by other dis-
ease-specific genomic data projects, including those
focusing on cancer and rare diseases (see web resources).

Australian Genomics similarly supports a federated data
approach and has developed recommendations for the im-
plementation of a National Approach to Genomic Infor-
mation Management (NAGIM) and the adoption of stan-
dardized approaches for the collection, storage, and use
of genomic data in Australia (see web resources). Australian
Genomics is building on these recommendations by pro-
gressing toward the implementation of NAGIM in clinical
and research settings, in alignment with national and juris-
dictional priorities.

As the use of genomic technologies in clinical settings ex-
pands, substantial funding for data storage capacity, infra-
structure, and sharing capabilities will be essential to facili-
tate the wider implementation of genomic medicine®” and,
in parallel, genomics research at an increasing scale.

Nimble prioritization of funding and new
technologies

Horizon scanning and evaluation are essential to address
gaps in the workforce, build evidence for emerging
genomic technologies, inform genomic policy, and ulti-

mately maximize the potential public health benefits of
genomics.>’/%>5°

The need for nimble responses to local and global health
issues was exemplified by the near-immediate pivot of pro-
grams, such as the NHGRI (USA), Genome Canada, and
Genomics England, to invest in urgent COVID-19 studies
at the start of the pandemic. For example, the Canadian
COVID-19 Genomics Network (CanCOGeN) was estab-
lished in 2020 by Genome Canada as a pan-Canadian
collaboration for large-scale viral and human host genome
sequencing to inform critical decision-making across Can-
ada during the pandemic (see web resources). Funded by
CAD $40.0 M (USD $27.8 M) from the federal government
over 3 years, CanCOGeN developed the Canadian
VirusSeq Data Portal, which sequenced 500,000 SARS-
CoV-2 isolates, and the HostSeq Databank, which
sequenced the genomes of 11,300 individuals who had
been exposed to or affected by SARS-CoV-2 infection (see
web resources). The QGP (Qatar) and Genomics England
were part of the COVID-19 Host Genetics Initiative
(COVID-19 HGI)—an international collaboration that
characterized the role of host genetic determinants in
SARS-CoV-2 infection and COVID-19 severity.®”°®

National genomics programs are exploring applications of
new and emerging genomic technologies. The NHGRI (USA)
announced a funding opportunity to support the establish-
ment of the Machine Learning/Artificial Intelligence (ML/
Al) Tools to Advance Genomic Translational Research (MA-
Gen) Consortium to explore the feasibility of developing
ML and Al tools to enhance predictions of disease manifesta-
tions in individuals with pathogenic genomic variants (one
coordinating center award with a budget of up to USD
$0.8 M for 5 years and 2-4 development site awards of up
to USD $1.6 M per year for 5 years; see web resources).
PRECISE (Singapore) also released an opportunity for aca-
demic researchers in Singapore to access long-read DNA
sequencing technologies and has a 12-month collaboration
with Oxford Nanopore to sequence 10,000 genomes
using PromethION 48 sequencing devices as part of the
PRECISE-SG100K study (see web resources).

Genomics England launched three new initiatives in
2021, including the £26.0 M (USD $31.8 M) Cancer 2.0
initiative that is being led in partnership with the NHS
(see web resources). This initiative is exploring the clinical
use of long-read WGS and building a cloud-based research
platform using data from participants in the Research Envi-
ronment, specifically genomic and clinical data combined
with digital pathology and radiology images that can be
analyzed with bioinformatic and ML/AI analytical tools
(see web resources).

National genomics programs are pursuing new applica-
tions that build upon previous genomics programs focused
on rare diseases and cancer, notably to explore population
genomic screening in healthy newborns®® and in
adults.*"**79~72 Agile approaches for genomics research,
implementation, health technology assessment (HTA),
and policy decision-making are also required to keep
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pace with the rapidly evolving field of genomics and
ensure that national genomics programs can address future
local and global needs.

Looking ahead

Many genomics programs operate at the translational
interface between research and clinical care. The over-
arching aim is often to establish an evidence base for
embedding genomic medicine in healthcare with sus-
tained funding. However, research and clinical implemen-
tation both require ongoing investment to support all as-
pects of genomic medicine. The outcomes of these
investments need to continuously inform policy decisions
to help realize potential benefits for patients within local
healthcare systems in a timely manner.

Funding for national genomics programs is often tran-
sient and can come from multiple sources, including gov-
ernment, the private sector, outside of the country, or a
combination of these.” Fostering industry partnerships in
genomics is key to driving economic growth and facili-
tating genomic medicine implementation, particularly by
focusing on agility and innovation.*” However, sometimes
perceived commercial interests challenge public trust,
particularly in relation to concerns about data sharing
with the private sector. Hence, when funding comes
from multiple sources, the dual interests of participants
and the economy must be carefully balanced.

Funding uncertainty hinders the ability to maintain mo-
mentum, particularly if there is a lack of certainty about
long-term resource allocation to sustain implementation or
infrastructure into the future.” Nimble prioritization and ag-
ile strategies can be critical in this sense to ensure that geno-
mics programs continue to progress toward realizing
their organizational mission amid funding uncertainties
(see web resources). Organizational structures and gover-
nance also need to evolve over time, particularly as priorities
shift from research to implementation. Genomics England
has expanded its programs and priorities to build upon the
data, infrastructure, and impacts from the 100,000 Genomes
Project (see web resources). Australia provides an example of
a national genomics landscape that is actively changing,
with the forthcoming establishment of Genomics Australia
within the Australian Government in 2025 and commit-
ment to ongoing funding (see web resources).

As national genomics programs mature, they increas-
ingly look beyond their own national context to nurture
collaborations and build expertise, with the aim of sup-
porting equitable access to the benefits of genomic medi-
cine internationally and ensuring that low- to middle-in-
come countries and underrepresented populations are
not left behind.”® Organizations such as the Global Alli-
ance for Genomics and Health (GA4GH) and the Global
Genomic Medicine Collaborative (G2MC) are important
in building collaborative networks to advance the imple-
mentation of genomic medicine on a global scale.”*”®

Prioritizing opportunities to share expertise and lessons
learned, such as through the “Tanawwo” network (which
means “diversity” in Arabic) formed by the QGP under
the Qatar Precision Health Institute (QPHI) with represen-
tation from 17 low- and middle-income countries (see web
resources), is important to facilitate ongoing knowledge
exchange and inform the design of genomics initiatives.

Conclusion

While genomic medicine promises to transform health
systems worldwide, genomics programs inevitably vary
across and within different geographical, political, and cul-
tural contexts. Here, we have highlighted that despite
these variations, several national genomics programs are
converging on common key priorities of participant
involvement and public engagement, embedding ELSI
considerations into human genomics and genomic medi-
cine research, increasing diversity across studies and pro-
grams, virtuous cycles for implementing genomic medi-
cine, innovative data infrastructure, and nimble
prioritization of funding and new technologies.

Data and code availability

The information sourced for the preparation of this manuscript is
available on publicly accessible websites (listed in the web re-
sources section). The review methodology and summary datasets
are available from the corresponding author upon request.
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