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Summary
In this perspective we discuss the current lack of genetic and environmental diversity in functional genomics datasets. There is a well-

described Eurocentric bias in genetic and functional genomic research that has a clear impact on the benefit this research can bring to

underrepresented populations. Current research focused on genetic variant-to-function experiments aims to identify molecular QTLs,

but the lack of data from genetically diverse individuals has limited analyses to mostly populations of European ancestry. Although

some efforts have been established to increase diversity in functional genomic studies, much remains to be done to consistently generate

data for underrepresented populations from now on. We discuss the major barriers for this continuity and suggest actionable insights,

aiming to empower research and researchers from underserved populations.
Background

After decades of human genetics research focusing largely

on populations of European ancestry, the field has recently

begun emphasizing and investing in research that encom-

passes a broader spectrum of environmental and human

ancestral diversity, with the twin aims of diversifying exist-

ing human genetics resources and developing a global

workforce. Projects such as H3Africa1 and major biobank

studies in several Asian countries2–4 have already provided

crucial insights into genetic diversity and its links to hu-

man traits and diseases via genome-wide association

studies (GWASs) carried out in cohorts more representative

of global genetic diversity. However, much work remains

to be done, as the Eurocentric bias in genetic research

still prevails according to the GWAS Diversity Monitor:

95.2% European, 3.1% Asian, 0.2% African, 0.5% Afro-

Caribbean/African American, 0.3% Hispanic/Latine, 0.7%

other/mixed.5 Moreover, with research moving forward

from GWASs to population functional genomic studies,

representation bias remains a challenge. Addressing this

issue is on the agenda of major research programs, funders,

and many research groups.

While the lack of diversity in genetic and clinical studies

has been widely discussed, there is an even more profound

lack of genetic and environmental diversity in functional

genomics datasets (Figure 1), which is the focus of this

perspective and an issue only slowly starting to receive

attention.6 Functional genomics data are used to under-

stand the molecular processes that underlie human traits
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and bridge the gap between genotype and trait. Indeed,

functional interpretation of GWASs has recently emerged

as perhaps the biggest contemporary challenge in human

genetics, as identifying molecular mediators of GWAS ef-

fects is necessary to translate GWAS discoveries into bio-

logical insights and medical benefits.

In contrast to well-established practices for metadata cu-

ration in GWAS repositories, functional genomic studies

do not systematically identify ethnicity, ancestry, or envi-

ronmental metadata of samples, hampering further anal-

ysis aiming to integrate this information. Despite efforts

such as TOPMed and All of Us investing in more balanced

multi-omic studies of minority populations in the United

States as well as multiple national population biobanks,

this alone will not fix gaps in global diversity in functional

genomics research.11,12 While some of the underlying rea-

sons are partially shared with those limiting the diversity

of GWASs, such as the long legacy of research funding

and capacity building in high-income countries (HICs),13

functional studies have additional unique challenges that

we discuss in this perspective.

We argue for decisive efforts to address these bottlenecks

to diversify functional genomics studies and realize the

benefits of human genetics both for basic biological dis-

covery and for human health worldwide. The imperative

for remedying this bias is not simply moral. A focus on in-

dividuals leading predominantly sedentary lives in urban-

ized settings in HICs provides only a narrow representation

of both extant human genetic diversity and the range of

social, cultural, and physical environments occupied by
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Figure 1. Donor diversity in different functional genomics datasets and resources
(A and B) Genetic ancestry in a set of commonly used cancer cell lines,7 the eQTL Catalog,8 and TCGA9 are shown in (A), with
(B) showing self-identified ethnicity across a variety of epigenome-wide association studies (EWASs).10 In addition to overrepresentation
of samples of European ancestry and ethnicity, these data highlight the complexity of capturing the multiple dimensions of genetic an-
cestries, self-identities, and donor origins—information that is typically not collected and/or poorly reported in functional genomics
data.
humans. This significantly limits our collective ability to

move beyond fundamental discovery to equitable clinical

outcomes, as discussed further below.5,14
Importance of diversity in molecular studies

Two of the National Human Genome Research Institute’s

ten ‘‘bold predictions’’ for 2030 for improving human

health at the forefront of genomics are centered on diver-

sity (genomic and workforce). The bold predictions also

have a goal to go beyond historic social constructs such

as race.15 However, lack of ancestral and environmental di-

versity in studies of molecular variation creates multiple

roadblocks and challenges for GWAS discovery, interpreta-

tion, follow-up, and applications in precision medicine

and predictive health (Figure 2). Firstly, most studies of

molecular variation are performed in individuals living in

urban or suburban environments that represent a narrow

range of the environmental conditions in which humans

live. Consequently, these studies maymiss disease-relevant

physiological variation and its molecular underpinnings,

including host-pathogen interactions, gene-environment

interactions in more extreme environments, societal

stressors, and other factors.16–19 These molecular processes

can include those also involved in disease processes,

including chronic diseases that are not directly and imme-

diately linked to environmental exposure, such as the role

of infections in later autoimmune disease. With increas-

ingly compelling evidence of the importance of such

environmental exposures to human disease and their in-

teractions with genetic risk,20–22 this represents a major

gap in molecular studies and a missed opportunity in un-

derstanding diverse molecular triggers and risk factors of

disease. This is not in disagreement with recent research

on large cohorts in HICs suggesting that GWAS effect sizes

are typically robust across ancestries,23 as environmental

effects may be quite specific.
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Secondly, one of the primary tools for characterizing po-

tential molecular effects of noncoding GWAS loci is map-

ping their associations to molecular phenotypes (molecu-

lar quantitative trait locus [molQTL] mapping).24 While

major molQTL resources have been assembled especially

for expression and splicing QTLs (eQTLs and sQTLs,

respectively), these are dominated by European ancestries

and largely lack variants and haplotype patterns that are

specific to other ancestries8 Thus, a simple in silicomolQTL

query is less fruitful for non-European GWAS loci, and the

variant-to-function gap is thus wider for non-European

GWAS loci due to the lack of data. This hampers our ability

to use the growing GWAS datasets to learn about disease

biology and to identify potential targets for drugs and

other interventions. Furthermore, increased diversity of

molQTL studies helps to break down linkage disequilib-

rium blocks, leading to better fine-mapping of likely causal

regulatory variants.25,26 This is key to experimental follow-

up, as discussed below, andmay also help to increase trans-

ancestry portability of polygenic risk scores.27

Studies of severe disease caused by rare variants—often

with immediate clinical genomics applications—rely on

large genetic databases of variant frequencies, and biases

caused by lack of diversity are well recognized.28

Emerging multi-omic approaches for clinical genomics

aim to use not only genomic data but also transcriptome,

epigenome, and other data to support identification of

disease-causing rare variants.29 These approaches are typi-

cally based on identifying population outliers in molecu-

lar profiles, such as situations where an individual has an

aberrant splicing pattern in a gene where they carry a rare

intronic variant. Lack of genetic variation data andmolec-

ular patterns that are an appropriate reference for individ-

uals can give rise to false-positive diagnoses in individuals

of non-European ancestries that may erroneously appear

as being outside the general population spectrum. How-

ever, effects of population ancestry on molecular states

and functions of cells should not be overstated: most of
nal of Human Genetics 110, 1996–2002, December 7, 2023 1997



Figure 2. Illustration of some of the ad-
vantages of diversity in functional geno-
mics studies
(A) Capturing molecular traits and pro-
cesses in tissues and cells (colored dots)
that are associated to specific environ-
mental exposures.
(B) Detecting gene-environment or gene-
gene interactions.
(C) Enabling molecular QTL-GWAS coloc-
alization including in loci that are present
in only specific ancestries or environ-
mental contexts.
(D) Improving fine-mapping by leveraging
different linkage disequilibrium (LD) pat-
terns in different ancestries, with the lower
population having less LD in this locus
and thus a smaller set of putative causal
variants.
the biology at the molecular, cellular, tissue, and physio-

logical levels is shared among all humans (and often

also among many species). Furthermore, similarly to the

partitioning of genetic variation,30,31 the majority of in-

ter-individual variation in molecular traits is not ex-

plained by population or continental groupings.32 Thus,

the lack of diversity and/or representativeness does not

invalidate basic molecular biology discoveries, and the

reasonable default assumption for most molecular pro-

cesses is that they are broadly shared. Yet, in studies

that aim to characterize basic molecular biology and typi-

cally analyze up to a handful of individuals as biological

replicates, diverse sampling not only prevents biased as-

signments of what constitutes an ‘‘archetype’’ of humans

but can also lead to more robust discoveries. When our

attention is focused on variation between individuals,

sample selection that includes genetic and environmental

variation is key for the reasons described above, and the

study of diverse populations can provide valuable insights

into population-specific genetic risk factors. While the

extent of variation in GWAS effect sizes due to the indi-

vidual’s genetic and environmental background, and

driven by epistatic and gene-environment interactions,

is debated,23,33,34 it appears that effect-size heterogeneity

is the exception rather than the rule. This offers promise

for integration and portability of results across popula-

tions with careful statistical methods and empirical data

from diverse populations, in a manner that does not

necessarily require extremely large datasets from all pop-

ulations, which would be a daunting challenge. Neverthe-

less, this recommendation should not be taken as justifi-

cation to limit resources to increase sample sizes in

studies focused on underrepresented populations, as sam-

ples from HICs do continue to be extensively analyzed.
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Barriers and ways to fix them

Unlike DNA samples, which can be

readily collected from blood or saliva

and withstand substantial processing
delays before nucleic acid isolation without impacting

data quality, generation of high-quality functional geno-

mics data is not just costly but also requires sample collec-

tion in a controlled environment, rapid initial processing,

and special sample shipping conditions.35 This presents

significant logistical challenges when working in low-

and middle-income countries (LMICs), both in urban

and non-urban environments, where facilities can be

limited or under-resourced.36–38 Establishing local capacity

for cost-effective functional genomic research and devel-

oping cohort studies and biobanks that actively engage

local research communities, with the support of govern-

ment, is critical in this regard.

Obtaining informed donor consent for biospecimen sam-

pling without prior community engagement and buy-in is

challenging and can be further complicated by a lack of

trust in scientists. Varying cultural attitudes surrounding

the handling of bodies after death, and toward invasive or

postmortem biospecimen sampling introduce additional

layers of complexity.39–41 It is important to have meaning-

ful community involvement and engagement with ethical,

legal, and social issues (ELSI) facilitators, which are funda-

mental to success in the long term (https://www.inegi.

org.mx/programas/enpecyt/2017/). Ideally, this should be

viewed not as an imposition, but as an opportunity for sus-

tained inclusion and participation of community members

at all stages of the project, including collaborationwith local

researchers and capacity building. Further opportunities for

inclusion can be gained from innovation in less invasive

biospecimen collection and study designs that accommo-

date different cultural contexts.42

Once consent has been secured and samples collected,

the labile nature of RNA and other biomolecules of interest

and their large dynamic range introduces additional
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difficulties. Small differences in sample processing across

sites or handlers can introduce unwanted variability in da-

tasets, making downstream integration and harmoniza-

tion complex and time intensive. However, it is often

impossible to process all samples in a central location.

Beyond logistics, some countries have strict export bans

on human biological samples because of past bio-colo-

nialist, extractive research carried out by scientists based

in HICs. Rather than a reason for exclusion of participants

from LMICs, this should be seen as an opportunity to in-

crease equity not only in sample collections but in the sci-

entific teams generating them. In the short term, some

consortia are making use of cross-site controls to aid in

correcting batch effects, although even with these in place

the analytical challenges are not to be underestimated.

Complexity increases even more when the aim is to

generate multiple modalities of molecular data, such as

simultaneous assaying of gene expression and chromatin

structure, or to integrate molecular data with other orthog-

onal types such as health records, which are not always

interoperable across countries or health systems and, in

any case, are much less likely to be digitized outside of

HICs. Some groups have developed standards and then

harmonized survey instruments across diverse LMICs and

HICs to allow further metadata integration.43

Data generation and infrastructure building in LMICs is

also hindered by higher costs for sequencing services and

reagents, which due to lower demand are sometimes artifi-

cially inflated, a vicious cycle that hinders global scientific

advancement.44,45 While international collaboration can

be key for overcoming these challenges, these collabora-

tions can be easily unbalanced in power. It is not uncom-

mon for scientists in HICs to establish collaborations to ac-

cess samples in LMICs without including as equal partners

the scientists that collect the samples and that have been

working with the local communities, excluding LMIC sci-

entists from data analysis and discovery research stages.

This is noticeable in the authorship positions of the articles

resulting from these collaborations.46 Not including the

perspective of LMIC scientists along the research process

also hampers scientific development, as these perspectives

could open new avenues for discovery. In this context, it is

also important to highlight the tension between current

discipline expectations for fully open and unrestricted

data access and the growing recognition of Indigenous

and national data sovereignty, e.g., as exemplified by the

CARE principles.47,48 Here, the possibility of federating

both data storage and analyses49 such that participants

retain ongoing ownership of their data emerges as a solu-

tion worth exploring further. Additionally, peer review

bias toward research developed in HICs50–53 slows down

publication of work produced in LMICs and affects the

availability of novel genomic data generated in these

studies. Some journals, such as eLife and F1000, have pro-

posed changes in the peer review process to increase

accountability on the reviewers’ side to reduce uncon-

scious bias and improve scientific input, but analyses
The American Jour
remain to be done to probe if this strategy is yielding the

desired results.

Governments and funders, too, have significant roles to

play in bringing about change. Science spending in LMICs

is generally low (https://www.oecd-ilibrary.org/science-

and-technology/main-science-and-technology-indicators_

2304277x), which hampers national capability to generate

functional genomicdata as grantbudgets are limited. Funda-

mental science is not always a funding priority, especially

considering more urgent medical needs.54–56 Few interna-

tional funding agencies offer funding for research groups

based in LMICs, especially for discovery-based research,

and too often there is limited support for the preliminary

outreach, community engagement, and logistic pilot studies

that by necessity precede full-scale studies, because their

small sample sizes are seen as uninformative. As exceptions

to these trends, we highlight the Chan Zuckerberg Initia-

tive’s Ancestry Networks for the Human Cell Atlas, which

is supporting the generation of large single-cell-resolution

datasets from countries across Africa, Asia, the Caribbean,

and LatinAmerica to incorporate into theHumanCell Atlas,

aswell as local outreachandcommunityengagement, along-

side the Wellcome Trust’s long-standing record of directly

supporting fundamental research in LMICs. Nevertheless,

these exceptional examples are not enough to shift the cur-

rent tendency, and systematic funding opportunities in

HIC funding agencies (private and governmental) should

be made open to LMIC scientists. It is understandable that

HIC funding agencies prioritize studies focused on their

own populations; however, resource limitations in LMICs

are, inmany cases, a consequence of a colonial history.Mak-

ing funding opportunities available could be a way of restor-

ative justice to support research development.

We need funders in HICs to recognize the colonial debt

with LMICs and allocate funds to support research develop-

ment. Because this work can take many years to lead to re-

sults, it is also worth taking advantage of complementary

approaches that can bear more immediate fruit. Amongst

these we highlight the nascent potential of high-

throughput multiplex assays of variant effect (MAVEs) or

CRISPR-based perturbation screens to test the functional po-

tential of tens of thousands of variants simultaneously.57,58

Adopting such approaches can aid in fine-mapping

molQTLs or GWAS loci and in dissecting their molecular

mechanisms regardless of the populationwhere the variants

and/or associations were originally detected. It is also

possible to expose multiple cell lines to a defined set of

external stimuli (e.g., pathogens, chemicals) and identify

molQTLs associated with inter-individual response differ-

ences.59 However, except for lymphoblastoid cell lines

from the 1000 Genomes Project,60 most public cell line col-

lections are also highly biased toward European ancestries,

perpetuating systematic exclusions of other populations.

Conclusions

Global challenges require global support. To increase our

ability to improve and map genetic variation to health
nal of Human Genetics 110, 1996–2002, December 7, 2023 1999
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and disease, it is essential that we diversify across multiple

variables, including genuine inclusion of LMICs. Beyond

genomic ancestry, variables such as age, sex, environment,

lifestyle, ethnicity, and country of origin, and the interac-

tions between them, are important factors to incorporate

into study designs to understand the influence of and

interplay between sociology, geography, and biology. In-

clusion of participants and scientists from diverse commu-

nities and the Global South will increase feasibility and

improve studies targeting these populations to prevent he-

licopter science.61 In women, racial and ethnic minorities,

and other underrepresented groups, we can disentangle

and measure the influence of societal factors like social sta-

tus (environment) on disease etiology and pathogenesis.

The contribution of genomic ancestry is a modifier of the

experiential, cultural factors that increase risk to disease

and likely influence health. While there is much to be

done to genuinely have an impact in diversifying func-

tional genomics data generation, there is a major opportu-

nity on multiple fronts to advance scientific discovery and

global equity.
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