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Recent advances in human genomics have transformed the field, leading to
increased integration of genomics into mainstream clinical care, broadening the
potential of personalized medicine, and expanding data generation and sharing.
From the outset, genetics and genomics have given rise to a broad array of ethical
concerns, including issues related to discrimination and stigmatization, informed
consent, and reporting requirements of secondary findings. Ethics considerations
and trends have evolved in parallel with the rapid technological progress in
genomics. Like other transformative technologies, genomic innovations are
governed by a combination of laws and ethics guidelines to ensure their
responsible implementation. In this manuscript, we propose three key values
that are crucial and timely to address now: equity, collective responsibility in the
mainstreaming of genomics, and, sustainability. Equity warrants renewed
attention due to its critical role in ensuring fair access to genomic innovations
and promoting equality within society at large. Collective responsibility in the
mainstreaming of genomics is equally important, especially as genomics
becomes more broadly available in healthcare and to the broader public,
thereby emphasizing shared accountability in its ethical application. Finally, in
a context of scarcity of financial, personnel and environmental resources,
sustainability needs to be considered to ensure the future of responsible
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governance in research and healthcare. The goal is to ensure equal access to
genomic innovations, promote the ethically responsible use of genomic
technologies, and support the long-term sustainability of the field.

KEYWORDS

genetics, genomics, ethics, ELSI, equity, collective responsibility, sustainability

Introduction

Over the past 3 decades, the field of human genomics has
advanced exponentially. The growing availability and long-term
storage of large genomic datasets, alongside significant
improvements in sequencing technology and computational
genomics, have enabled researchers and clinicians to uncover
previously unknown parts of the human genome, gain a deeper
understanding of causes of disease, and identify factors influencing
gene expression (All of Us Research Program Genomics, 2024).
These developments have also expanded the availability of genetic
testing possibilities and tools, facilitated more detailed data analyses,
and increased the potential for the use of genomics in diagnosis and
prevention of disease (Wang et al., 2022). Additionally, genomics is
becoming increasingly integrated into healthcare and population
screening (Foss et al., 2022; Tozzo et al., 2023).

Advances in genomics have not only improved diagnostic tools
in clinical settings but also expanded other fields, such as
pharmacogenomics. This includes novel treatments, such as cell
and gene therapies, which address the underlying genetic causes of
some rare and severe diseases rather than merely managing
symptoms (Adashi et al., 2024). Currently, there are more than
fifteen such therapies approved by the European Medicines Agency,
targeting conditions ranging from rare eye conditions to Spinal
Muscular Atrophy (SMA) (Paul-Ehrlich-Institut, 2024). This
growth in gene therapies as well as other innovative clinical
genomic applications has significantly advanced the field of
personalized medicine. Personalized medicine entails using an
individual’s genome to personalize therapeutic strategies, disease
prevention and identification of predisposition or conditions to their
specific needs in a timely and targeted matter. For instance, a better
understanding of patients’ drug-genome interactions could
potentially help patients avoid adverse drug reactions and
contribute to more effective prescription, though drug-gene
interactions are very complex and adverse reactions cannot be
fully eliminated (Pirmohamed, 2023). However, as we will
highlight, significant scientific and ethical challenges remain.

Ethical considerations and trends have evolved in parallel with
the rapid technological progress in genomics. Like other
transformative technologies, genomic innovations are governed
by a combination of laws and ethics guidelines to ensure their
responsible use (Johnson et al., 2020). One of the first ethics
frameworks for genomics was outlined in 1994 by Knoppers and
Chadwick after analyzing and synthesizing broad international
opinions on the Human Genome Project and the broader
genomics field. Their work established five core ethical values
relevant to genomics: autonomy, privacy, justice, equity, and
quality (out of respect for human dignity). These values were
intended to establish areas of international ethical consensus that
could provide future direction for guidance and regulation of

genomics (Knoppers and Chadwick, 1994). By 2005, new trends
in ethics of genomics were elucidated, based on greater
understanding of the complexity of genomics, its potential
psychological and socio-economic impact, and the increasing
emphasis on public involvement in policy and ethics: reciprocity,
mutuality, solidarity, citizenry, and universality (Knoppers and
Chadwick, 2005). A decade later, as genomics was becoming
increasingly globalized, Knoppers and Chadwick identified six
additional ethics and policy considerations: governance, security,
empowerment, transparency, the right not to know, and
globalization (Knoppers and Chadwick, 2015).

These trends reflect the developments at specific moments in
time. While many of these remain relevant to different degrees, new
developments in genomics and society, marked by increased sharing
of genomic information and its integration into healthcare at large,
ask for careful attention to topical ethics issues. We therefore
propose three key values that are especially crucial and timely to
address now: equity, collective responsibility in the mainstreaming
of genomics, and sustainability. Equity is a value that warrants
renewed attention due to its critical role in ensuring fair access to
genomic innovations and promoting equality within society at large.
Collective responsibility in themainstreaming of genomics is equally
important, especially as genomics becomes more broadly available
in healthcare and to the broader public, emphasizing shared
accountability in its ethical application. Finally, in a context of
scarcity of financial, personnel and environmental resources,
sustainability needs to be considered to ensure the future of
responsible governance in research and healthcare. The selection
of these values is based on synthesis and workshop discussion of key
issues related to genomics in the current age as suggested by the
experts involved in this paper. Analysis of recent literature also
demonstrates the importance of these values for agenda-setting for a
responsible future of genomics. As the values of the past remain
relevant and have been crucial in influencing the current ecosystem
for genomics, we emphasize the connections between our three key
values and the values outlined earlier by Knoppers and Chadwick
throughout this article. Through the values proposed in this paper,
we aim to help diverse stakeholders, including clinicians,
researchers, regulators, healthcare administrators, ethics bodies
(such as research ethics committees and ethicists) and industry
members, shape an ethical, inclusive, and innovative future for
genomics. Each section will therefore conclude with a series of
practical steps for the possible future translation of the three
emerging values.

Equity

Equity, one of the original five values outlined by Knoppers and
Chadwick in 1994, remains a cornerstone in the evolving field of
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genomics and health to this day. Despite significant changes in the
genomics landscape over the past 3 decades, the importance of
equity continues. Equity in genomics includes the fair representation
of diverse populations in research and the equitable distribution of
benefits from scientific advances. This means ensuring that diverse
groups are not only included in genomic studies but also that their
needs are considered and their rights are respected, particularly their
right to both contribute to and benefit from scientific discoveries
(Yotova and Knoppers, 2020). In that way it also links to the value of
reciprocity and exchange within research, as proposed by Knoppers
and Chadwick (2005). At present, most genomic data sets are
dominated by data from populations of European ancestry,
which creates gaps in the representation of individuals from
other parts of the world. As a result, the validity of healthcare
solutions may be compromised for individuals from these
underrepresented groups, potentially harming the universality as
well as the quality of genomics research and care (Knoppers and
Chadwick, 2005; Knoppers and Chadwick, 1994).

This underrepresentation of certain groups in genomic data sets
limits the effectiveness and accessibility of genomic healthcare,
including genetic screening and testing, pharmacogenomics and
precision medicine interventions (National Academies of Sciences
Engineering and Medicine, 2018; Shaaban and Ji, 2023). While
progress is being made to include more diverse populations in
research and ensure equitable benefit-sharing, unequal
representation persists in genomic research. To prevent
exacerbating health disparities, genomic databases should be
further improved through diversification (Bentley et al., 2017;
Madden et al., 2024). Additionally, it is essential to collaborate
with communities and to pay attention to the broader socio-political
and historical contexts, which ensures that research and healthcare
technologies are tailored to meet the needs and values of the diverse
groups they should be serving (Hardcastle et al., 2024), thereby
addressing citizenry and justice concerns (Knoppers and Chadwick,
2005; Knoppers and Chadwick, 1994).

It is also important to consider the potential of genomic data to
(consciously or unconsciously) advance narratives that hinder
equity. Geographic genomic ancestry categories can be mistaken
with race or ethnicity categories, leading to the false assumptions
that there are inherent biological differences between race or
ethnicity categories (Fuentes et al., 2019; Duello et al., 2021).
Some researchers search for racial differences, referred to as “race
science,” which is historically linked to eugenic practices (Newman
and Georgiou, 2024; BSGM and ESHG, 2024). Although it is well-
documented and widely recognized in academic fields that race is a
social construct and not rooted in biological differences, this
distinction may not be fully understood by the general public
(Braveman and Parker Dominguez, 2021). The (mis)use of such
ancestry categories in this way can lead to the misrepresentation of
human diversity and unjustly provide “scientific justification” for
discriminatory beliefs (Blell and Hunter, 2019).

Addressing equity, furthermore, includes ensuring that genomic
healthcare is accessible to all individuals and groups, regardless of
financial or geographic barriers. To date, genomic testing and
counselling services are not equally accessible, both within and
between countries, due to factors such as cost, geographic
location, and differing levels of knowledge (Best et al., 2022;
Khoury et al., 2022). While developments in personalized

medicine have the potential to reduce inequities by tailoring care
to an individual’s specific health needs and (genomic) information
(Madden et al., 2024; Ory et al., 2023), it could also widen equity
gaps due to its high costs and resource demands (Green et al., 2023).
Thus, it is crucial that personalized care is not reserved only for those
who can afford it.

Additionally, some conditions receive more attention than
others regarding therapy developments, highlighting inequities in
the research agenda itself. Furthermore, new genomic technologies,
such as gene editing interventions, are becoming increasingly
inaccessible due to their cost and limited availability and are
often restricted to high-income countries. For instance,
Casgevy™, the first CRISPR-based gene therapy approved by the
FDA and EMA for treating sickle-cell disease, costs millions of US
dollars per dose, whichmakes it inaccessible tomost individuals who
could benefit from it. Furthermore, it is not available in many of the
countries where sickle-cell disease is most prevalent (Sheridan,
2024). This high price tag also applies to other gene therapies,
such as for hemophilia and SMA (Wong et al., 2023). It is thus
important to determine whether structural measures can be taken to
improve equity within genomics, emphasizing the need for
governance of such developments (Knoppers and Chadwick,
2015). For instance, licensing or sharing patents for these
technologies with low- and middle-income countries, or fostering
public-private partnerships between hospitals, pharmaceutical
manufacturers and regulators to negotiate the prices of otherwise
costly patented innovations, could increase global access to their
health benefits (National Academies of Sciences Engineering and
Medicine, 2018; Moreno et al., 2019). However, it is essential to
implement these strategies with safeguards to prevent conflicts of
interest and ensure fairness in their execution.

Practical steps to consider: equity
• Addressing equity and diversity when establishing and using
genomic databases.

• Prioritizing inclusion of underrepresented populations in
funding for genomic research.

• Paying careful attention to the correct use of ancestry
categories.

• Condemning practices of ‘race science’ and calling out its
flawed nature and discriminatory consequences.

• Considering equity in the development of genomic healthcare
programs and paying attention to how to reach those who are
harder to include for geographical, knowledge and/or
financial reasons.

Collective responsibility in the
mainstreaming of genomics

Genomic screening and genome-wide analysis are unlocking
unprecedented amounts of health information. This shift toward
data-driven approaches has facilitated the integration of genomics
into healthcare and public health screening efforts, positioning
genomic data as a key component of modern healthcare
(McNeill, 2022; Mighton et al., 2022). This mainstreaming also
means that a broader range of stakeholders (including various
healthcare professionals, patients, ethics bodies, regulators, and
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industry professionals) will be involved in genomic screening and
testing, which raises important questions about how to responsibly
integrate genomic testing into healthcare systems (Rahman and
Barwell, 2024; White et al., 2020). Rigorous assessment of the
validity and utility of genomic applications prior to their
introduction and widespread adoption is vital in that regard
(Milko and Khoury, 2022), linking back to the value of scientific
quality in order to respect human dignity (Knoppers and
Chadwick, 1994).

As genomics is increasingly becoming an aspect of clinical care
and public health screening (Alarcon Garavito et al., 2023), the
importance of genomic literacy and informed consent becomes
increasingly relevant for the responsible development and clinical
integration of new tools and technologies (Bunnik et al., 2021;
Cormack et al., 2024). While the COVID-19 pandemic may have
contributed to a broader public understanding of genomics, recent
years have also brought a rise in misinformation and conspiracy
theories surrounding science (van der Linden, 2022). Adequate
understanding is necessary for obtaining valid informed consent.
The increasing amount and complexity of genetic information one
can obtain (especially probabilistic information, such as polygenic
risk scores) could potentially complicate ensuring fully informed
consent by leading to confusion or information overload for both
patients and healthcare professionals (Siermann et al., 2024b;
Andreoli et al., 2024; Bunnik et al., 2021). It also bears
consideration that more diverse stakeholders (including non-
specialist healthcare professionals, policymakers, manufacturers,
citizens, ethics bodies) will be involved in genomics in the future
due to its mainstreaming. While it should not be assumed that
some individuals will lack understanding based on their
background, it is crucial that all stakeholders involved in
genomics develop an adequate understanding of genomics,
encompassing its scientific, policy and ethical dimensions
(Siermann et al., 2024a; Vos et al., 2017). This collective
responsibility for improving genomic literacy, such as via
training, education and awareness raising in society at large, is
necessary for the accountable ordering, reporting, and decision-
making of matters of genomic testing and screening. If a
stakeholder lacks adequate knowledge, they should be able to
easily access relevant information from an expert. Supporting
interdisciplinarity within genomics is therefore important.

Collective responsibility in genomics not only requires
improving genomic literacy but also ensuring that individuals can
make informed and autonomous choices, in line with the values of
autonomy and empowerment (Knoppers and Chadwick, 1994;
Knoppers and Chadwick, 2015), especially in the context of
population screening. While participation in genomic screening
programs can be stimulated for health benefits, it is vital that
individuals do not experience undue and inordinate pressure to
participate by healthcare professionals, family members,
commercial offerings, or societal expectations. If screening
options, such as non-invasive prenatal screening, become more
routinized, it could lead users to feel obligated to participate,
driven by a perceived responsibility as citizens or (prospective)
parents (Schone-Seifert and Junker, 2021; Kater-Kuipers et al.,
2018; Garcia et al., 2022). Attention should thus always be paid
to counselling and informing individuals in ways that make actual
informed-decision making about genomics possible.

Individuals, healthcare professionals, and researchers must be
careful with the so-called “technological imperative,” where a tool is
used simply because it exists rather than because it is needed.
Instead, the focus should be on critical evaluation of screening
programs before adoption, and on facilitating informed decision-
making about technology utilization (Laberge and Burke, 2017). In
discussing informed consent, important considerations arise about
the type of information that should be reported in individual and
population genetic screenings, particularly regarding secondary
findings (Christenhusz et al., 2013; de Wert and Dondorp, 2019;
Saelaert et al., 2018; Vears and Amor, 2022; Bunnik et al., 2011). To
facilitate well-informed and autonomous choices about genetic
testing, it is important to understand what information people
wish to receive [respecting the individual’s right not to know
(Knoppers and Chadwick, 2015)], and how they prefer it to be
presented. Additionally, the value of mutuality and question of
sharing genomic information with family members needs to be
part of discussions in genomic mainstreaming, as genomic
information can have implications beyond the individual
(Knoppers and Chadwick, 2005). Finally, the treatment of
genomic information as inherently unique or distinct from other
medical data (i.e., genetic exceptionalism) is to be avoided to realize
responsible integration of genomics in healthcare at large (Mcnally
et al., 2004).

Practical steps to consider: collective responsibility
• Establishing regulations for continuous monitoring of new
genomic technologies and applications with comprehensive
assessment of the validity and utility of these tools before and
after widespread adoption.

• Improving genomic literacy via educational programs for
healthcare professionals, medical students, policymakers,
and members of the public.

• Developing guidelines for informed decision-making in
genomic testing and screening that consider and clarify the
complexities of genomics.

Sustainability

Sustainability should be a crucial consideration for the present
and future of genomics, particularly as globalization and big data
increasingly integrate genomics into society and healthcare systems.
Sustainability encompasses multiple dimensions: operational, social,
financial, and environmental. One key question for operational
sustainability is whether genomic data, research, and innovations
are being used in ways that can be maintained by existing
infrastructures. This highlights the value of governance
(Knoppers and Chadwick, 2015) and the importance of
integrating foresight and flexibility in the governance of genomics
to ensure health systems can adapt to growing and evolving
demands. This also relates to the globalization and universality of
genomics (Knoppers and Chadwick, 2005; Knoppers and Chadwick,
2015). For instance, infrastructure promoting harmonization, data
interoperability, and data visitation strategies are important because
they facilitate the exchange of knowledge and enable cross-cultural
learning across different countries and regions (Pang, 2002).
Furthermore, greater consideration needs to be given to including

Frontiers in Genetics frontiersin.org04

Siermann et al. 10.3389/fgene.2025.1566291

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1566291


low- and middle-income countries, which often have limited
financial and technological capacity, in the global sharing of
genomic knowledge and tools. Responsible use of the FAIR
(findability, accessibility, interoperability, reusability) principles, is
also relevant here (Boeckhout et al., 2018). Ensuring equitable global
access is vital for fostering a truly inclusive and sustainable
operational future for genomics, emphasizing the need for
solidarity (Knoppers and Chadwick, 2005).

The social sustainability of genomics must be accounted for as
well, particularly concerning data sharing. Though the sharing of
genomic data offers significant benefits for science and public health
(Hulsen et al., 2019), it is important to evaluate how and where that
data is used, to uphold the privacy and safety of genomic data in a
global context, adhering to the FAIR principles (Boeckhout et al.,
2018). It is critical that, alongside calls for open science and sharing
of data, individuals voluntarily consent to provide their data and are
fully informed of the implications. This new era of genomics calls for
updated governance frameworks that appropriately consider privacy
protection, security, confidentiality and consent (Mostert et al.,
2016). Ideally, stakeholder involvement or co-creation should be
included into policy development to ensure governance meets the
long-term needs of various actors (Okun et al., 2023; Lemke and
Harris-Wai, 2015; Nunn et al., 2019). For instance, building trust,
fostering social license, capacity building, fair benefit sharing, co-
creation, and implementing quality data management practices
could, in some contexts, support the development of socially
sustainable genomics (Muller et al., 2021). Social sustainability of
genomics thereby builds upon values such as privacy, security,
autonomy, governance, citizenry, quality and transparency
(Knoppers and Chadwick, 2005; Knoppers and Chadwick, 2015;
Knoppers and Chadwick, 1994).

The financial sustainability of genomics is also important, as
genomics research and innovations, such as new tests and therapies,
often entail significant upfront costs. However, these genomic
technologies also have the potential to address challenges of
scarcity and inefficiencies in healthcare by personalizing clinical
care and by streamlining processes and delivering various public
health benefits (Molster et al., 2018; Roberts et al., 2014). To
maximize the public health potential of genomics, equity of
access must be prioritized and balanced with social and
operational sustainability considerations. Large-scale genetic and
data-sharing initiatives underscore the need to balance public and
individual interests, respecting the values of solidarity as well as
transparency (Knoppers and Chadwick, 2005; Knoppers and
Chadwick, 2015). For example, if hospitals collect data for
primary purposes, which is later used for secondary research,
efforts should be made to align (sometimes overlapping) public
and private interests (Prainsack et al., 2022). Developing a
sustainable and transparent approach in data ecosystems requires
reducing power asymmetries, defining clear conditions for
commercial involvement, and implementing fair benefit-sharing
mechanisms. These measures are essential to ensure equitable
and ethical secondary use of genomic data while fostering trust
and sustainability (Cervera de la Cruz and Shabani, 2023; Berkman
et al., 2016).

Finally, sustainability must be considered from an
environmental perspective. This builds upon values such as
globalization, solidarity and universality, acknowledging the

global nature and consequences of genomics developments
(Knoppers and Chadwick, 2005; Knoppers and Chadwick, 2015).
Innovations in genomics, such as the sequencing and analysis of
large genetic datasets, can have significant environmental impacts
due to the energy demands of bioinformatics processes sequencing
(Grealey et al., 2022). Steps should be taken to reduce the carbon
footprint of these energy-intensive activities. Furthermore, the
increasing integration of artificial intelligence, automation, and
digital healthcare into genomics could further exacerbate its
environmental impact, given the substantial energy requirements
of AI technologies (Tamburrini, 2022). To address these
environmental challenges, it is essential to incorporate
considerations of sustainability into decision-making,
policymaking, and further research (Gibney, 2022). Additionally,
understanding the interplay between environmental factors and
genomics could enhance our understanding of human genomics
and disease development while promoting a broader and more
environmentally conscious approach to genomics research and
applications.

Practical steps to consider: sustainability
• Considering the long-term operational, social, financial, and
environmental sustainability of genomics, for which inclusion
of low- and middle-income countries is crucial.

• Ensuring governance frameworks remain dynamic and
anticipatory considering the changing regulatory
environments surrounding consent, privacy, and security
requirements.

• Improving the transparency of data usage in private and public
settings and implementing benefit-sharing mechanisms for
diverse populations.

• Reducing the carbon footprints of energy-intensive genomics
procedures and investing in long-term environmental
strategies surrounding bioinformatics processing.

Conclusion

The field of human genomics has witnessed remarkable growth
over the past decade. While there is still much to achieve in genomic
research, genomics is becoming increasingly embedded in
healthcare systems and more easily accessible for patients.
Furthermore, technological developments have led to the
possibility of generating and sharing large amounts of genomic
data. These advances in genomics have been a fertile source of
legislative and regulatory reforms, including enhanced data-sharing
frameworks, and data privacy measures, and promoted the
development of initiatives aimed at incorporating genomics into
clinical care settings, preventive measures and public health
programs. As the field expands, we have emphasized three key
values that build upon previously recognized values: equity,
collective responsibility in the mainstreaming of genomics, and
sustainability. Equity is essential to ensure that all individuals can
have access to, benefit from, participate in and are represented
within genomic research and healthcare. Collective responsibility
emphasizes the need for all stakeholders–including citizens, patients,
healthcare professionals, industry experts, and policymakers–to
understand the implications of genomics and make informed
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decisions regarding the use of genomic testing and screening. Lastly,
sustainability requires that genomic research and infrastructures are
designed to endure, while keeping the flexibility to evolve, with
careful attention to their social and environmental impact. By
prioritizing these values, the future of human genomics can
promote both innovation and ethical progress, ensuring that its
benefits are shared widely, equitably, and responsibly.
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