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There is a well-recognized need to include diverse populations in genetic studies, but several obstacles continue to be prohibitive, including (but are not limited to) the difficulty of recruiting individuals from diverse populations in large numbers and the lack of representation in available genomic references. These obstacles notwithstanding, studying multiple diverse populations would provide informative, population-specific insights. Using Native Hawaiians as an example of an understudied population with a unique evolutionary history, I will argue that by developing key genomic resources and integrating evolutionary thinking into genetic epidemiology, we will have the opportunity to efficiently advance our knowledge of the genetic risk factors, ameliorate health disparity, and improve healthcare in this underserved population.
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INTRODUCTION

Genome-wide association studies (GWASs) have revealed the polygenic nature of human complex traits and diseases (Hirschhorn and Daly, 2005; McCarthy et al., 2008; Visscher et al., 2017), but these successes are heavily biased toward European-ancestry populations (Need and Goldstein, 2009; Popejoy and Fullerton, 2016; Spratt et al., 2016). To truly personalize medicine for everyone, we need to better understand both environmental/lifestyle risk factors and the genetic etiology of complex diseases, particularly in geographically diverse, often underserved, populations. It remains a challenge to attain sample sizes from diverse populations comparable to existing European-ancestry cohorts (>1 million individuals). Even when genetic data from understudied populations are included, they often comprise a small contributing part of a larger consortium, thereby masking any population-specific effects. There is thus a need to broadly include diverse populations in genomic studies through focused efforts. Whereas consortium-scale sample sizes are required to detect individual variants with ever-decreasing effect sizes associated with a complex trait, the genetic contributions to phenotypic differences among populations result from the distinct population history and unique interactions with the environment of the past or the present, which can be learned from moderately sized studies. For understudied populations, the focus is therefore both to transfer knowledge gained from large-scale Euro-centric studies and to supplement our understanding with insights specific to the population at hand.

Genetic and phenotypic differences between populations can arise through two broad categories of evolutionary mechanisms: demographic events and natural selection. An example of demographic events is a population bottleneck. In a bottlenecked population, alleles with functional, deleterious, consequences can, by chance, overcome the impact of negative selection (Ohta, 1973) to reach higher frequencies and, in turn, explain a greater proportion of the heritability of a complex trait compared to alleles in a non-bottlenecked population (Lim et al., 2014; Lohmueller, 2014; Locke et al., 2019). An example of natural selection is local adaptation to selective pressures such as climate, diet, UV exposures, or pathogens (Fan et al., 2016; Mathieson, 2020; Rees et al., 2020). Alleles underlying adaptive traits will increase in frequency in the local population. But as the environment changed in modern societies, these adaptations could manifest as diseases and contribute to differences in genetic risk between populations (Greaves, 2007; Stearns et al., 2010; Fay, 2013). Leveraging these evolutionary events in practice has already identified population-enriched alleles disproportionately contributing to human complex traits in multiple populations around the globe (Zhernakova et al., 2010; Moltke et al., 2014; Sidore et al., 2015; Zoledziewska et al., 2015; Minster et al., 2016; Steri et al., 2017; Grarup et al., 2018a, b; Locke et al., 2019; Asgari et al., 2020; Lin et al., 2020). These discovered alleles are oftentimes rare and difficult to map in large continental populations, but were found using only a moderately sized (by GWAS standards) cohort. Therefore, a better understanding of our evolutionary past will enable better designs and interpretations of genetic epidemiology studies, provide an opportunity to better understand the biology of human traits and diseases, help explain the disparity in risks among populations today, and allow the incorporation of evolutionary insights into our clinical practice (Stearns et al., 2010). However, these questions have not been systematically investigated in geographically diverse populations around the globe.

As an illustrative and motivating example, I will describe the challenges and benefits to combine evolutionary insights and genetic studies with the Native Hawaiian population. Though they are one of the smallest ethnic minorities in the United States, consisting of 1.2 million individuals and 0.4% of the United States census in 2010, Native Hawaiians and other Pacific Islanders (alone or in combination with other races) showed the second fastest rate of growth at 40% between 2000 and 2010. Compared to European- or Asian-Americans, Native Hawaiians display alarming rates of obesity, diabetes, cardiovascular diseases, cancers, and other related chronic health conditions (Grandinetti et al., 2002; Pike et al., 2002; Maskarinec et al., 2009; Mau et al., 2009; Madan et al., 2012; Singh and Lin, 2013; Tung and Barnes, 2014; Braden and Nigg, 2016). Environmental and/or social factors undoubtedly play an important role for these disparity, but in some cases, the risks for diseases are elevated even after adjusting for BMI and other socioeconomic and lifestyle factors (Pike et al., 2002; Maskarinec et al., 2009; Madan et al., 2012; Singh and Lin, 2013). This suggests that systematic differences in the number, frequencies, or effects of genetic risk alleles could partly explain the differences in risk among populations. The history of Native Hawaiians exemplifies all major evolutionary mechanisms influencing the pattern of variations in humans – population size changes, adaptation, and recent admixture. I will describe the opportunities to leverage extensively characterized genetic history for understanding the Hawaiian-specific disease architecture, current challenges that inhibit large-scale and systematic genetic studies, and important considerations of partnering with Native Hawaiians to perform genetic research. While I focus on leveraging evolutionary insight to improve the design and interpretation of genomic studies in understudied populations, there are important ethical considerations of studies with indigenous communities. I describe briefly my own experience and approach, and note that a large body of literature exists (e.g., Claw et al., 2018; Merriman and Wilcox, 2018; Garrison et al., 2019; Fox, 2020; Hudson et al., 2020, among others) that could not be covered in detail here. Finally, the opportunities and challenges described here are not limited to Native Hawaiians and are generally applicable to other understudied populations around the globe.



DEMOGRAPHIC AND ADMIXTURE HISTORY OF NATIVE HAWAIIANS

There is no detailed characterization of the demographic history of Native Hawaiians using genetic data, though there are suggested models for Eastern Polynesians based on archeological findings, ancient and modern DNA studies, and oral history. Because of the shared genetic ancestry with aboriginal people in Island Southeast Asia, it has been hypothesized that Austronesian-speaking people from locations such as Taiwan or the Philippines migrated to the remote reaches of Oceania and Western Polynesia about 2,000–3,000 years ago (Bellwood, 2011; Skoglund et al., 2016; Gosling and Matisoo-Smith, 2018; Hudjashov et al., 2018; Lipson et al., 2018; Posth et al., 2018). These Austronesians settled in islands like Vanuatu, Tonga, and Samoa for nearly 1,000–2,000 years (Nordyke, 1989; Gosling et al., 2015), where they coinhabited with the Papuan-speaking natives of Northern Melanesia. Today, Polynesian populations [including the Native Hawaiians (Kim et al., 2012)] have varying levels of an ancestry found predominantly in present-day Papuans (Skoglund et al., 2016; Lipson et al., 2018; Posth et al., 2018). The ancient Polynesians began long-range seafaring to the vast stretches of the Pacific around 200 B.C. to 700 A.D., arriving at Hawai‘i between 900 A.D. and 1300 A.D. (Kirch, 1985; Bellwood, 1987; Nordyke, 1989). Inter-island interactions were initially frequent but ceased by the 1400s perhaps due to the development of more complex sociopolitical structures. Native Hawaiians then became relatively isolated until the European settlers arrived (Nordyke, 1989; Gosling et al., 2015). Records of Native Hawaiian population sizes pre-European contact are unreliable, but the effective population sizes (Ne) for Native Hawaiians are likely small throughout history since a genetically estimated Ne as recent as 1,000 years ago was reported to be ∼1,000 for Melanesians and Samoans (Bergström et al., 2020; Harris et al., 2020). Thus, the demographic history of the Native Hawaiians is likely characterized by multiple founding events and persistent small sizes, which would permit rare alleles to drift to higher frequencies and contribute uniquely to the genetic architecture. Like previous examples from Sardinia, Peru, and Samoa (Sidore et al., 2015; Zoledziewska et al., 2015; Minster et al., 2016; Asgari et al., 2020), a moderate-sized cohort of Native Hawaiians and other Polynesians could provide power to detect these population-specific associations.

Native Hawaiians are also recently admixed. The largest wave of migrants occurred following Captain James Cook’s arrival in Hawai‘i in 1778. Immigrants and missionaries from Europe and Americas as well as laborers from China and East Asia arrived throughout the 19th and 20th centuries. African-ancestry individuals began arriving on the island in the 20th century, mostly as part of the military force (Nordyke, 1989). Today, Native Hawaiians are the group most likely to report having two or more components of ancestry in the United States census (Humes et al., 2011), deriving major continental ancestry from the Polynesians, Europeans, and East Asians (Sun et al., 2021). Variations of these continental ancestries would also partly explain risks of diseases in Native Hawaiians. For example, an individual’s proportion of Polynesian ancestry is associated with the risk of obesity, while both Polynesian and East Asian ancestries contribute to the risk of type 2 diabetes (T2D) (Sun et al., 2021; Figure 1). Note that Polynesian ancestry here is better considered as the component that spread across Polynesia from the initial settlements in remote Oceania. This component itself may be a mixture of the ancient Austronesians that showed close affinity to the East Asian ancestry, as well as the component ancestry native to Melanesia and found predominantly in Papuans today (Gosling et al., 2015; Skoglund et al., 2016). Moreover, while the associations of disease risks with Polynesian ancestry suggest the presence of Polynesian-specific genetic risk factors, the associations are also likely to reflect any cultural or environmental non-genetic factors correlated with Polynesian ancestry (e.g., diet). Nevertheless, past admixture events suggest that approaches such as admixture mapping (Winkler et al., 2010; Shriner, 2017) could identify regions of the genome disproportionately impacting the health of Native Hawaiians.
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FIGURE 1. Impact of ancestry components on complex traits and disease risks in Native Hawaiians. The distribution of estimated disease risk are shown as a function of a three-component ancestry model. The linear models used were described in Sun et al. (2021), where for each trait examined as the dependent variable, the effect sizes of the relevant independent variables (e.g., age, BMI, and estimated genetic ancestry as scalar variables, or education level as the categorical variable) were estimated from a Native Hawaiian cohort. Quantitative (BMI and HDL) traits were modeled using linear regression, which predicts the estimated trait value in units of standard deviations given the genetic ancestries. Binary [obesity, type 2 diabetes (T2D), heart failure, hyperlipidemia, and hypertension] traits were modeled using logistic regression, which predicts the probability of disease given genetic ancestries and other covariates. An adult male with age = 50 years, BMI = 30 units (excluded from the obesity model), and education level = college graduate was assumed for calculating probability of disease or estimated trait value. For simplicity, a three-component ancestry model with contributions only from European (EUR), East Asian (EAS), and Polynesian (PNS) ancestors was assumed for Native Hawaiians. The predicted values were interpolated across all possible combinations of ancestries and shown with contour lines. For example, a hypothetical individual with 80% PNS ancestry, 10% EAS, and 10% EUR ancestry aged 50 years, with BMI 30 and college degree, is predicted to have 35–36% chance of being affected with T2D. Similarly, someone with 10% PNS ancestry, 80% EAS, and 10% EUR ancestry of the same age, BMI, and education level is predicted to have ∼42% chance of being affected with T2D. Risk for T2D in Native Hawaiians increases with both PNS and EAS components of ancestry. Note that genetic ancestry captures both genetic and correlated environmental/cultural effects.




POTENTIAL ROLE OF ADAPTATION IN SHAPING THE GENETIC ARCHITECTURE

Adaptive events likely shaped the genetic architecture of complex traits in Native Hawaiians. The successful settlement of previously uninhabited Hawaiian archipelago likely involved adopting new subsistence strategies and overcoming famines, nutritional deficiencies, and higher tropical load of infections (Gosling et al., 2015). The encounter in the 18th century with Europeans and their pathogens deeply impacted the Native Hawaiians: historians have suggested that pathogens such as syphilis, gonorrhea, measles, whooping cough, mumps, cholera, or smallpox, among others, contributed to up to an 80% decrease in census size in Hawai‘i between 1780 and 1850 (Nordyke, 1989). Diets and pathogens are well-known evolutionary forces that shaped the human genome and contributed to phenotypic differences between populations today (Fan et al., 2016; Mathieson, 2020; Rees et al., 2020). As such, adaptation, whether due to forces of nature or actions of the people, could also leave a lasting imprint on the health of Native Hawaiians. However, this hypothesis has not been systematically tested in Native Hawaiians or any Polynesian populations.

Native Hawaiians, and Polynesian populations at large, are more susceptible to metabolic diseases such as obesity and type 2 diabetes (Maskarinec et al., 2009, 2016; Madan et al., 2012; Gosling et al., 2015; Minster et al., 2016; Sun et al., 2021). One contested explanation for this elevated susceptibility is the “Thrifty Gene Hypothesis,” which stipulates that efficient energy storage during times of famine in the past provided an evolutionary advantage that is no longer consistent with the present-day diets. This hypothesis could explain the higher burden of metabolic diseases observed in Polynesian populations today, but there are questions of whether the diversity of environments and genetic ancestries across the Pacific populations would all converge on the same manifestation of risk for metabolic syndromes (Gosling et al., 2015). Genetic support for the Thrifty Gene Hypothesis in other populations has been inconclusive (Ayub et al., 2014; Koh et al., 2014). Results from recent genomic data from Polynesian populations have also been inconsistent, though generally based on single or a few loci (Cadzow et al., 2016; Minster et al., 2016; Lin et al., 2020). Therefore, it is difficult to ascribe the hypothesized selective pressure to the genetic evidence of adaptation. Ultimately, the Thrifty Gene Hypothesis is just one possible reason for adaptation. The focus is not testing the Thrifty Gene Hypothesis, per se, but to understand the link between past adaptation and present-day health. Given the advancement in population genetic methods to detect selection across different time scales (Field et al., 2016; Palamara et al., 2018; Edge and Coop, 2019; Speidel et al., 2019), and the emerging genomic data from large epidemiological cohorts from Polynesian populations (Minster et al., 2016; Sun et al., 2021), there is now an opportunity to systematically survey the genome for signature of adaptation and assess their modern-day health consequences.



CHALLENGES IN GENOMIC STUDIES WITH NATIVE HAWAIIANS

One deterrent to including Native Hawaiians in genomic studies is the underdevelopment of genomic resources. For other continental populations, these resources have been abundant and publicly available, enabling large-scale collaborations and investigations. Development of these resources in Native Hawaiians or other Polynesian populations will similarly accelerate genetic research in these populations.

One sorely needed resource is a catalog of genetic variation, akin to gnomAD, which contains variation discovered from sequencing data of up to ∼141,000 individuals (Karczewski et al., 2020). This catalog has substantially improved clinicians’ ability to interpret clinical sequencing data of severe and rare genetic diseases and to reach a genetic diagnosis. Though still dominated by genomic data from European individuals, gnomAD does include data from ∼20,000 individuals of African ancestry, and similar catalogs are emerging from Asians as well (Chiang et al., 2018; Liu et al., 2018; GenomeAsia100K Consortium, 2019)1. However, Native Hawaiians, or Polynesians in general, are not yet represented in these catalogs. The publicly available sequencing data of Native Hawaiians are limited to data from a single individual in the Simons Genome Diversity Project (Mallick et al., 2016). [There are also ∼28 individuals across Oceania in the Human Genome Diversity Panel (Bergström et al., 2020).] Going forward, the sample size need not be large – even a few hundred individuals will allow one to detect nearly all common variations (with frequency >1%) in the population. Since many of these variants will be Polynesian-specific and have not been observed elsewhere in the world, such a catalog will further improve physicians’ ability to interpret variants of unknown significance in the clinical setting to directly benefit the Polynesian community (Easteal et al., 2020).

To accelerate the discovery of genetic associations to diseases, we also need to improve Native Hawaiian representation in imputation reference panels. Genome-wide genotyping followed by imputation of the unobserved genetic variation is one of the most efficient approaches to conduct genetic association studies. Publicly available imputation reference panels are constantly growing in size, allowing investigators to query rarer variations that are usually absent on genotyping arrays. Because of the lack of representation in imputation reference panels, the quality of imputation in Native Hawaiians lags significantly behind that of other ethnic minorities (Figure 2). In a proof-of-principle study, it was shown that rs373863828 in CREBRF is associated with a large effect on BMI and T2D in Native Hawaiians, but could not be imputed or discovered using publicly available imputation resources at the time, despite the study having sufficient statistical power to do so (Lin et al., 2020). The lack of representation has thus contributed to the disparity in bringing genomic medicine to Native Hawaiians compared to other ethnic minorities in the United States.
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FIGURE 2. Relatively poor imputation quality for Native Hawaiians due to underrepresentation in imputation reference panels. We imputed 5,325 African Americans, 2,838 Latino Americans, and 3,940 Native Hawaiians from the Multiethnic Cohort (Kolonel et al., 2000) using freeze 8 of the TOPMED imputation server (Taliun et al., 2021) (imputed in July 2020). Each population was genotyped on the MEGA array and subjected to the same QC filters. As measured by the mean imputation quality, R2 (rsq), Native Hawaiian individuals are imputed more poorly than other United States ethnic minority populations, particularly for variants with minor allele frequency <5%. The disparity is even stronger when focusing on only the 178 Native Hawaiians with estimated Polynesian ancestry >90% (NH Polynesians) (Lin et al., 2020).


Ultimately, larger cohorts will boost statistical power and undoubtedly enhance the genomic insights we can garner, but large recruitments in indigenous communities such as the Native Hawaiians have been challenging. The population sizes of any indigenous population are already small, and past mistakes by researchers, such as the Havasupai diabetes study that misused genetic information from the indigenous community in unconsented studies (Garrison et al., 2019), have also caused community mistrust in scientists. In a recent assessment of Pacific Islanders, over 65% of participants shared some reservation or reluctance about providing biospecimens for research, citing concerns due to spirituality, lack of knowledge of research, or invasion of privacy, among others (Kwan et al., 2015). With increasing awareness of these past mistakes, genome scientists should open dialog with the community early and often, respect both community and individual consent, and partner with indigenous communities rather than just enrolling them as participants (Claw et al., 2018; Garrison et al., 2019; Hudson et al., 2020).



DISCUSSION

Population genetic theories predict the existence of unique genetic variants segregating in the Native Hawaiian population that disproportionately impact their health. Identifying these variants could significantly improve healthcare practices and directly benefit this community. Though several challenges currently exist, the outlook for genetic research in Native Hawaiians and other diverse populations in general can be promising while requiring only a moderate level of funding commitments. Whole genome sequencing of only 150–200 Native Hawaiian individuals would already allow better imputation of Native Hawaiian individuals in a genetic study and accelerate the discovery of population-specific alleles of large effects (Jewett et al., 2012; Lin et al., 2020). The generation and aggregation of WGS data from multiple Polynesian populations will also provide the catalog of genetic variation currently lacking in Polynesian populations, make an immediate impact in the clinical care of Polynesian populations, and accelerate future large-scale genomic research in these populations. Deploying low-coverage sequencing as an alternative first step could also efficiently identify population-specific alleles (Sidore et al., 2015; Chiang et al., 2018; Martin et al., 2021). Importantly, this roadmap is cost-efficient, achievable by pooling resources from a handful of research labs. These are realistic outlooks over the next 5 years.

However, it is important to develop the partnership of the indigenous community in order for the research to proceed. Past exploitation of indigenous populations (Claw et al., 2018; Garrison et al., 2019; Hudson et al., 2020) and the lack of benefits sharing from lucrative pharmaceutical enterprises (Fox, 2020) have brooded mistrust between underprivileged communities and scientists. Research with the indigenous community must also have the community benefits in mind. Note that as health disparity between populations is also driven by non-genetic or social factors, the health benefits derived directly from genomic studies, if any, will likely be slow and not immediately apparent. Nevertheless, it is still important for genomic research to be inclusive if we want to achieve equity and representation; in fact, exclusion of a group of people from research may contribute to inequity in itself. In this context, it is often beneficial for research to be led by scientists of the indigenous community as they are more knowledgeable of the local cultural practices. Alas, there is a dearth of indigenous researchers in the specific research domain described here (see Popejoy and Fullerton, 2016; Merriman and Wilcox, 2018). Whereas pharmaceutical or biotech companies are positioned to directly benefit indigenous communities through proceeds distributions or profit sharing, individual researchers, including non-indigenous ones, are positioned to tailor their engagement to the unique circumstances of each community. By leveraging their long-term individualized interactions, individual researchers will be able to engage in outreach and develop improved and informed consent process, act in stewardship of indigenous data, and help build research capacity through training of the indigenous scientists.

Working within the framework of the Multiethnic Cohort (Kolonel et al., 2000) study, every one of my research projects with – and generally all research proposals utilizing biospecimen data from – the Native Hawaiian population is reviewed by the Native Hawaiian Community Advisory Board (NHCAB) composed of scholars and advocates from the community. A recent study from my group investigating the impact of genetic ancestry on risk of disease in Native Hawaiians (Sun et al., 2021) exemplifies how dialog with community representatives provided the appropriate cultural context. In this study, we observed that the Polynesian component of genetic ancestry (sometimes also with the East Asian component) is associated with risk to certain cardiometabolic diseases (Sun et al., 2021). Through constructive comments from the NHCAB on the early drafts of the manuscript, we came to appreciate that even though the quantification of components of genetic ancestries is a common first step to dissect population-specific genetic risk factors, it should not supplant current approaches (e.g., self-identification or genealogical records) to define community membership. As researchers, we are aware of the deficiency of research methods. We knew that estimated ancestry proportions can be sensitive to the choice of variants analyzed or reference panels used (Uren et al., 2020). We also understood the conceptual difference between genetic ancestry and genealogical ancestry. That is, an individual may not inherit any genetic material from a genealogical ancestor (Donnelly, 1983). But we did not necessarily appreciate how an estimated quantity for research use could detract from an individual’s cultural identity or heritage. It is through communication with the NHCAB that we stressed and repeatedly clarified this concept in our eventual manuscript, and the reviewers noticed.

This is but the first step of active community engagement. A step toward the right direction, but the efforts need to be broadened and made consistent. The Aotearoa New Zealand genomic variome project (Caron et al., 2020) is an example of an inclusive framework in Polynesian populations that others can borrow. The Multiethnic Cohort has been entrusted by >5,000 self-identified Native Hawaiians who donated their biospecimen for research. These individuals have continued to show their support for research by responding to follow-up questionnaires, suggesting that the community is clearly open to partake in research. Now it is up to individual researchers, indigenous or non-indigenous alike, to continue to earn the trust from the indigenous community and be an ally.
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FOOTNOTES

1 Genome Medical alliance Japan Project. A Comprehensive Japanese Genetic Variation Database. Available Online at: https://togovar.biosciencedbc.jp/
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