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Summary
Identifying population-specific genetic variants associated with disease and disease-predisposing traits is important to provide insights

into the genetic determinants of health and disease between populations, as well as furthering genomic justice. Various common pan-

population polymorphisms at CETP associate with serum lipid profiles and cardiovascular disease. Here, sequencing of CETP identified a

missense variant rs1597000001 (p.Pro177Leu) specific to M�aori and Pacific people that associates with higher HDL-C and lower LDL-C

levels. Each copy of the minor allele associated with higher HDL-C by 0.236 mmol/L and lower LDL-C by 0.133 mmol/L. The

rs1597000001 effect on HDL-C is comparable with CETP Mendelian loss-of-function mutations that result in CETP deficiency, consis-

tent with our data, which shows that rs1597000001 lowers CETP activity by 27.9%. This study highlights the potential of population-

specific genetic analyses for improving equity in genomics and health outcomes for population groups underrepresented in genomic

studies.
Introduction

Dyslipidemia, defined as elevated total or low-density lipo-

protein cholesterol (LDL-C) levels, elevated triglycerides,

and/or lower high-density lipoprotein cholesterol

(HDL-C) levels, is an established risk factor for metabolic

diseases such as cardiovascular disease, type 2 diabetes,1

and gout.2 High total cholesterol to HDL-C ratios are prev-

alent in 40%–44% of M�aori and Pacific peoples3 and a

higher proportion of Pacific nation ancestry has been asso-

ciated with lower HDL-C,4,5 consistent with heritability es-

timates of HDL-C levels (40%–60%).6,7

One locus with genetic variation that consistently asso-

ciates with lipid levels in multiple population groups,

including Pacific peoples, is at the gene that encodes cho-

lesteryl ester transfer protein: CETP.8–11 CETP modifies

lipid levels by mediating the bidirectional transfer of

cholesterol esters from atheroprotective HDL-C to athero-

genic very-low-density cholesterol in exchange for

triglycerides.
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In a GWAS for lipids in Samoan people (using samples

analyzed in greater depth here), the CETP locus was iden-

tified as the most significantly associated locus for HDL-C

levels (rs289708, p ¼ 1.19 3 10�11).10 Given this previ-

ously reported association with lipid level at CETP in Pa-

cific peoples,10,12 we used a discovery and replication study

design13 to investigate whether population-specific ge-

netic variation in CETP could contribute to HDL-C and

CETP activity in M�aori and Pacific populations.

Here, we describe the identification of a missense variant

(reference SNP (rs) cluster ID: rs1597000001 (p.Pro177-

Leu)) in CETP by sequencing that is specific to M�aori and

Pacific people. Subsequent association analyses with lipid

measures and CETP activity assays show that this variant

has very strong effects on HDL levels that are comparable

with Mendelian CETP deficiency and drug inhibition of

CETP. Genetically lower levels of CETP14,15 have been

shown to associate with decreased cardiovascular disease

risk and, although CETP inhibitors have not been shown

to reduce cardiovascular risk in clinical trials, recent
partment of Human Genetics, Graduate School of Public Health, University

munology, University of Alabama at Birmingham, Birmingham, AL, USA;

Pittsburgh, Pittsburgh, PA, USA; 5Department of Environmental and Public

H, USA; 6Ministry of Health, Apia, Samoa; 7International Health Institute,

vidence, RI, USA; 8Lutia i Puava‘ae Mapu i Fagalele, Apia, Samoa; 9School

lic Health, Lyndon B. Johnson Tropical Medical Center, Faga’alu, American

blic Health, New Haven, CT, USA; 12Department of Medicine, University of

ago, Christchurch, New Zealand; 14Department of Psychology, University of

ealand; 16Department of Mathematics and Statistics, University of Otago,

, New Zealand

(M.L.)

man Genetics and Genomics Advances 4, 100204, July 13, 2023 1

icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:trmerriman@uabmc.edu
mailto:megan.leask@otago.ac.nz
https://doi.org/10.1016/j.xhgg.2023.100204
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xhgg.2023.100204&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


analyses indicate that there might be some cardiovascu-

lar16 and metabolic benefits17 to long-term CETP inhibitor

use.

While socio-economic inequities contribute to the

development and increased impact of metabolic dis-

eases,18,19 research on population-specific genetic variants

associated with metabolic traits is important to provide in-

sights into the genetic determinants of phenotypic differ-

ences between populations. Ultimately population-specific

analyses like the one presented here will address the critical

issue of inequity of minority participation in genetic

research, furthering genomic justice20 and equity in geno-

mics research for all population groups.
Material and methods

Study cohorts
Demographic and anthropometric characteristics of theparticipants

are summarized in Table 1. A total of 2,272participants ofM�aori and

Pacific ethnicity were recruited in Aotearoa NZ and served as the dis-

covery cohort in this study. A total 4,309 participants of Samoan

ethnicity were recruited in the Independent State of Samoa and

the US territory of American Samoa into the Samoan I (n ¼ 2,851),

II (n¼ 908), and III (n¼ 550) cohortswhich served as the replication

cohorts. Finally, an additional 255 young people (aged 14–25 years)

identifying with at least one Pacific Island ethnicity within Oceania

(i.e., Melanesia, Micronesia, or Polynesia) residing in Dunedin, New

Zealand,were recruitedby thePacificTrustOtago (PTO) into thePTO

Cohort (see supplemental information for additional data). All par-

ticipants provided written informed consent for the collection of

samples and subsequent analysis.

For all participants, information obtained at recruitment

included age, sex, height, and weight, as measured by trained as-

sessors. Blood biochemical measurements including lipid mea-

surements were performed at Southern Community Laboratories

(Dunedin, NZ) for the Aotearoa NZ and PTO participants, at

Northwest Lipid Labs (Seattle, WA, USA) for the Samoan I cohort,

and at the Lipids Research Clinic at Miriam Hospital, Brown Uni-

versity for the Samoan II and III cohorts.

The Aotearoa NZ cohort is the amalgamation of three separate

groups. A total of 2,002 participants aged R16 years, located pri-

marily in Auckland and Christchurch, were recruited to the Ge-

netics of Gout, Diabetes and Kidney Disease in Aotearoa NZ

Study.21 The participants from this study were separated into sub-

groups based on the self-reported Pacific nation ethnicity of their

grandparents. Those participants who also reported non-Pacific

grandparent ethnicity were grouped according to their Pacific

nation ethnicity. This resulted in six Aotearoa NZ sample sets:

NZ M�aori (n ¼ 814), Cook Island M�aori (n ¼ 172), Aotearoa NZ

Samoan (n ¼ 322), Tongan (n ¼ 155), Niu�ean (n ¼ 37), and an

‘‘Other/Mixed’’ Pacific group (n ¼ 232), which included individ-

uals of Tahitian (n ¼ 1) and Tuvaluan (n ¼ 5) ethnicity, along

with individuals who self-reported grandparental ethnicity from

more than one Pacific nation (n ¼ 230). An additional 270 partic-

ipants from Te Tair�awhiti (east coast of the North Island, NZ) were

recruited in collaboration with the Ng�ati Porou Hauora (Health

Service) Charitable Trust. At the request of Ng�ati Porou Hauora

these participants were analyzed separately to the participants in

the six Aotearoa NZ Pacific nation subgroups. Seventy-two partic-

ipants of Pukapukan ethnicity were recruited in collaborationwith
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the Pukapukan Community of New Zealand in Mangere, South

Auckland, NZ.

The Samoan I cohort consists of 2,851 Samoan adults aged 22–

65 years residing in the Independent State of Samoa. The Samoan

II cohort is a family study consisting of 908 Samoan adults aged

18–88 years residing in the Independent State of Samoa or the

US territory of American Samoa. The Samoan III cohort consists

of 550 Samoan adults aged 29–88 years residing in the Indepen-

dent State of Samoa or the US territory of American Samoa.

With the exception of participants in the Samoan II cohort, partic-

ipants were also asked about the ethnicity of each of their grand-

parents. Participants from the Samoan I and III cohorts all re-

ported four Samoan grandparents. Although participants from

the Samoan II cohort did not report the ethnicity of their grand-

parents, in principal-component analysis of ancestry (see below)

the participants of this cohort cluster together with participants

from the Samoan III cohort.

Ethical approval for the Aotearoa NZ cohort study was given by

the NZ Multi-Region Ethics Committee (MEC/05/10/130; MEC/

10/09/092; MEC/11/04/036), the Northern Y Region Health

Research Ethics Committee (Ng�ati Porou Hauora Charitable Trust

study; NTY07/07/074), the University of Otago Human Ethics

Committee (PTO; 12/349), and the University of Otago Human

Health Ethics Committee (PTO; H17/092). Ethical approval for

the Samoan I cohort study was given by the Health Research Com-

mittee of the Samoa Ministry of Health and the institutional re-

view board of Brown University. Ethical approvals for the Samoan

II and III cohort studies were given by the Health Research Com-

mittee of the Samoa Ministry of Health and the institutional re-

view boards of the Department of Health in American Samoan;

of The Miriam Hospital, Providence, RI; and of Brown University.

The consent forms for Samoan I, II, and III cohorts were available

to participants in both Samoan and English. Participants recruited

in Aotearoa New Zealand were asked if they would like a karakia

(M�aori prayer) carried out upon disposal of their blood samples,

if indicated this was carried out by the University of Otago

ecumenical chaplain. The PTO project was guided by the Univer-

sity of Otago Pacific Research Protocol.
Sequencing of the CETP gene for discovery of M�aori and

Pacific-specific variants
For genomic sequencing, 2 mg of total genomic DNA from 55

M�aori and Pacific individuals were submitted to Kinghorn Center

for Clinical Genomics at Garvan Institute of Medical Research in

NSW, Australia, for library preparation and next-generation

sequencing 30x WGS (TruSeq Nano v.2.5). The CETP gene region

(based on reference transcripts from Ensembl) was extracted from

whole genome sequence data in FASTQ format aligned to the hu-

man genome (GRCh37/hg19) following implementation of the

Genome Analysis ToolKit (GATK) best practices using the

Burrows-Wheeler Aligner22 (Picardtools) and GATK v.3.6.023

(NeSI pipeline for GATK). Variants in CETP were annotated with

allele frequencies from the Genome Aggregation Database24 to

identify population-specific variants, and annotated using the

Variant Effect Predictor 25 to determine exonic/intronic and syn-

onymous/non-synonymous status. These analyses identified one

missense coding variant rs1597000001 (p.Pro177Leu)) in CETP.

In silico predictions for deleteriousness of rs1597000001 and con-

servation at rs1597000001 were obtained using the UCSC browser

(GRCh37/hg19) track collection for Combined Annotation

Dependent Depletion (CADD) scores and Genomic Evolutionary



Table 1. Baseline characteristics of the cohorts

Aotearoa NZ discovery cohort Samoan replication cohorts
Pacific Trust
cohort

NZ M�aori CI M�aori Samoan Tongan Niu�ean Pukapukan Other/Mixed
Ng�ati Porou
Hauora Samoan I Samoan II Samoan III All

Participants (n) 814 172 322 155 37 72 232 270 2851 908 550 255

Sex (male) n (%) 459 (56.39) 105 (61.05) 235 (72.98) 117 (75.48) 28 (75.68) 32 (44.44) 143 (61.64) 186 (68.89) 1146 (40.2) 406 (44.7) 252 (45.8) 126 (49.41)

Age range 17–85 18–88 18–81 18–79 19–75 18–84 17–88 18–94 22–65 18–88 29–88 14–25

Age distribution 50.92 5 15.36 50.97 5 15.22 44.78 5 14.18 42.17 5
14.53

48.78 5
13.62

44.93 5 17.2 41.34 5 15.69 56.15 5 13.61 45.09 5 11.18 43.26 5
16.23

43.46 5 8.74 18.49 5 2.54

Height (cm) 170.31 5 9.9 169.44 5 10.43 173.57 5 9.05 174.48 5
8.65

172.13 5
8.18

165.44 5 9.57 171.74 5 8.21 169.38 5 8.68 165.2 5 7.8 166.6 5 8.1 165.4 5 7.9 172.11 5 8.95

Weight (kg) 95.58 5 23.27 100.26 5 24.53 106.04 5 23.74 107.43 5
20.92

98.49 5
18.59

95.6 5 20.4 104.07 5
28.05

100.17 5 24.81 91.3 5 18.9 93.1 5 22.7 87.6 5 18.3 87.98 5 20.28

LDLa (mmol/L) 2.74 5 0.96 2.89 5 0.96 2.91 5 1.03 2.85 5 1.05 2.89 5 0.94 2.75 5 1.1 2.78 5 0.95 2.95 5 1.06 3.4 5 0.86) 3.2 5 0.90 3.6 5 0.85 2.36 5 0.64

HDLa (mmol/L) 1.18 5 0.4 1.18 5 0.38 1.12 5 0.34 1.11 5 0.37 1.1 5 0.32 1.21 5 0.23 1.15 5 0.37 1.15 5 0.3 1.2 5 0.29) 1.1 5 0.26 1.0 5 0.28 1.33 5 0.32

Gout, n (%) 356 (43.95) 91 (52.91) 178 (55.97) 79 (50.97) 24 (64.86) 15 (20.83) 102 (43.97) 170 (62.96) – – – 0 (0.0)

Type 2 diabetes,
n (%)

200 (27.47) 53 (33.97) 61 (21.79) 35 (27.13) 7 (24.14) 19 (27.14) 48 (22.64) 62 (23.66) 508 (17.8) 87 (10.1) – 0 (0.0)

The proportions with type 2 diabetes and gout are calculated from individuals without missing data.
Data are mean 5 standard deviation or n (%), unless otherwise stated.
NZ, New Zealand; CI, Cook Islands.
aData were unavailable for lipid-lowering medications.
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Rate Profiling (GERP) scores for Mammalian Alignments. The

CETP protein structure26 was obtained from The Protein Data-

bank27 and visualized using the PyMOLmolecular graphics system

(v.2.3.2 (Shrodinger, LLC)).
Genotyping
For participants in the Aotearoa NZ, Ng�ati Porou Hauora and PTO

cohorts, rs1597000001 was genotyped using a custom-designed

TaqMan probe-set (Applied Biosystems, Foster City, CA, USA). A

custom Python script (snp_design) was used to annotate the hu-

man genome build 37 reference sequence with rs1597000001

and any surrounding SNPs (obtained from the NCBI dbSNP build

147 common SNP list) before primer and probe design. Forward

primer: CGGTGCCTGGTACACACTAG; reverse primer: TGTGAAC

AGCTGCTTGATCCA; probe 1 (VIC): CTGCCTTCAGGCCTG;

probe 2 (FAM): CTGCCTTCAGGCTTG. Genotyping was carried

out using the LightCycler 480 Real-Time PCR System (Roche

Applied Science, Indianapolis, IN, USA) in 384-well plates. For

the locus-wide conditional analyses, additional genotypes sur-

rounding rs159700001 at the CETP locus for the Aotearoa NZ par-

ticipants were obtained from the Illumina Infinium CoreExome

v.24 bead chip platformwhole-genome genotyping data generated

as described previously.21

In the Samoan II and III cohorts, participants were genotyped

using the Infinium Global Screening Array-24 v.3.0 BeadChip (Il-

lumina, CA, USA) with custom content that included

rs1597000001. A subset of Samoan I cohort participants

(n ¼ 1,294) were whole-genome sequenced as part of the Trans-

Omics for Precision Medicine (TOPMed) program.28 From this, a

Samoan-specific haplotype reference panel was generated from

the sequences using Eagle2 (v.2.3.5).29 Using the genotype scaffold

and this reference panel rs1597000001 was imputed

(R2¼ 0.98339) and the additional genotypes for the locus-wide an-

alyses were also imputed in the remaining 1,557 participants in

the Samoan I cohort using Minimac4.30

Quality control and quality assurance checks for the Samoan II

and III cohorts were conducted using GWASTools.31 The confi-

dence intervals for the minor allele frequency (MAF) of

rs1597000001 in the Aotearoa subsets, Samoan cohorts I to III,

and Polynesian and non-Polynesian participants of the PTO

cohort were computed using the Wilson method and the

Agresti-Coull method.32
Generation of principal components and relatedness

matrices for use in the association analyses
Whole-genome principal component (PC) vectors were calculated

for the Aotearoa NZ cohort using 2,858 ancestry informative

markers (as identified by Illumina) extracted from the Infinium

CoreExome v.24 whole-genome genotypes. Ten PCs were gener-

ated from the SmartPCA (EIGENSOFT v.6.0.1)33 program and

used as covariates in the association analyses to account for popu-

lation stratification and cryptic relatedness. Relatedness coeffi-

cients were calculated in the Aotearoa NZ dataset using the soft-

ware GEMMA (v.0.98.4)34 from 257,069 independent SNPs from

the CoreExome whole-genome genotyping data.

For the Samoan I, II, and III cohorts, PCs and empirical kinship

coefficients were calculated using genotypes from the Genome-

Wide Human SNP 6.0 array (Samoan I) and the Infinium Global

Screening Array-24 v.3.0 BeadChip (Samoan II and III). In the

Samoan I cohort, PCs were calculated as described in Minster

et al.35 and the empirical kinship matrix was calculated from
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10,000 independent autosomal markers using OpenMendel.35–37

In the Samoan II and III cohorts, 55,640 autosomal markers

were used to calculate PCs and empirical kinship matrices with

PC-AiR and PC-Relate, respectively,38 as per the recommended

procedure in the GENESIS R/Bioconductor package.39
Association analyses of rs1597000001 and the CETP

locus in M�aori and Pacific people with lipid levels
All association analyses described belowwere carried out using the R

v.4.0.2 software.40 For the association analyses in the Aotearoa NZ

cohort, a generalized linear mixed model-based Wald test was car-

ried out using GMMAT software (v.1.3.1)41 to test for associations

between rs1597000001 and the continuous variables HDL-C and

LDL-C. Analyses were adjusted by sex, age, 10 PCs, and relatedness.

A linear model was used to test for associations in the PTO cohort

between rs1597000001 and the continuous variables HDL-C and

LDL-C using the lm() function in R. The PTO analyses were adjusted

by sex, age, and self-reported ethnicity group for each grandparent

owing to absence of whole-genome ancestry informativemarkers in

this cohort. For the association analyses in the Samoan I cohort,

linear mixed-model regression of the phenotypes on

rs1597000001 was performed using the lmekin() function of the

coxme R package,42 with sex, age, and four PCs as fixed-effect vari-

ables and relatedness as a genetic random-effect variable. In the

Samoan II and III cohorts, a mixed model association test was car-

ried out using lmekin()to test for associations between

rs1597000001 and HDL-C or LDL-C phenotypes with sex, age, first

four PCs, and polity (Samoa or American Samoa) as fixed-effect vari-

ables and relatedness as a genetic random-effect variable.

Each Pacific population sample set (Aotearoa NZ cohort: Aotearoa

NZM�aori, AotearoaNZCook IslandM�aori,AotearoaNZSamoan,Ao-

tearoaNZNiu�ean, AotearoaNZPukapukan, andAotearoaNZOther/

Mixed Pacific nations subgroups; Ng�ati Porou Hauora group;

SamoanCohort I, SamoanCohort II, and SamoanCohort III; andPa-

cific Trust Otago) was analyzed separately, and the effects combined

for the Aotearoa NZ cohort and all cohorts (excluding the PTO

cohort) in an inverse variance-weighted fixed-effect meta-analysis

using the R packagemeta (v.3.0-2).43 Heterogeneity between sample

setswasassessedusingCochran’sheterogeneity (Q) statistic.Thepro-

portion of variance explained by rs1597000001 and the CETP pro-

moter common variant rs1800775 for HDL-C was calculated using

the rsq.partial() function in the rsq R package (v.2.2).44 The rsq.par-

tial() function calculates the partial R2 value for each predictor sepa-

rately including the variants and the covariates sex, age, and PCs, or

grandparental ethnicity from the linearmodel generated by the lm()

function in R. The b coefficient in all analyses represents the esti-

mated effect on HDL-C and LDL-C units (mmol/L) per copy of the

rs1597000001 T-allele.

To contextualize the effect of rs1597000001 among the other

variations in CETP, variants on the Illumina Infinium

CoreExome v.24 bead chip platform and present in the Aotearoa

NZ cohort (MAF > 0.01) were extracted from the CETP region

(rs15970000015 500 kb). A linear model was used to test variants

for association with HDL-C using PLINK (v.1.90b6.10)45 adjusted

by age, sex, and 10 PCs. Linkage disequilibrium and conditional

analyses for rs1597000001 andCETP promoter common polymor-

phism rs1800775 in the Aotearoa NZ cohort were carried out in

PLINK (v.1.90b6.10), adjusting by age, sex, and 10 PCs calculated

from the AotearoaNZ dataset. Conditional analysis was conducted

in Samoan cohort I across the CETP region with rs1597000001

modeled as an additional fixed-effect covariate. Regional



association plots were created using a custom R package

(LocusZoom-like Plots) for the Aotearoa NZ cohort and using

LocusZoom46 for the Samoan I cohort.
CETP activity
For the CETP activity assays, individuals of the PTO cohort were

recalled specifically for the purpose of providing fresh plasma sam-

ples for the CETP activity assays. Fresh plasma (1 mL) was used for

the assays, which were carried out in technical triplicate. CETP ac-

tivity in 11 participants, of whom four were heterozygous for

rs1597000001 and seven were homozygous for the

rs1597000001 C-allele, was assessed using the CETP activity assay

kit II (F) from BioVision (K595-100) according to the manufac-

turer’s instructions. Fluorescence was measured using a BMG

LabTech CLARIOstar plate reader and CLARIOstar software

(v.5.01 R2, Firmware 1.10). Statistical analyses were conducted in

R v.4.0.2 software with all data reported as means5 standard error

of the mean. We used the stat.desc() function of the pastecs R

package,47 we tested whether data within each genotypic group

were normally distributed. We found that both genotypic groups

had skewness/2SE and kurtosis/2SE values between�1 and 1, indi-

cating normality of the data. The Shapiro-Wilks tests for skewness

were also non-significant. A two-sample t test withWelch’s correc-

tion was conducted to test for a difference in mean CETP activity

between the two genotypic groups. One technical replicate was

removed after it was identified as an outlier based on a significant

Grubbs test for one outlier (p ¼ 0.00065) using the grubbs.test()

function from the outliers R package.48
Results

We extracted the coding region of CETP (�22 kb) from

whole-genome sequence data for 55 individuals of M�aori

and Pacific ethnicity. In our search,we looked for codingvar-

iants that have a MAF >1% in the 55 M�aori and Pacific dis-

covery genomes but rare (MAF <0.01%) in GnomAD.24 We

identified one missense variant in exon 6 of the CETP gene

(rs1597000001, CETP:c.530C>T, p.Pro177Leu). The MAF

of rs1597000001 was 3.4% (4 heterozygous carriers) in the

55 discovery genomes. The rs1597000001 T-allele was only

observed at 0.0036% in the Latino/Admixed American pop-

ulation group in GnomAD,24 which is likely reflects the in-

clusion of people with Polynesian ancestry in this popula-

tion group. Our data indicate that rs1597000001 is specific

to people of Pacific ethnicity (Figure S1).

rs1597000001 was genotyped in a discovery cohort of

2,270 M�aori and Pacific individuals (Table S1) living in Ao-

tearoa New Zealand (NZ). The MAF in the discovery cohort

was similar to the 55 M�aori and Pacific genomes (3.4%)

ranging from 3.2% to 5.4% in the six Aotearoa NZ Pacific

nation subgroups (NZ M�aori, Cook Island M�aori, Aotearoa

NZ Samoan, Tongan, Niu�ean, and Other/Mixed Pacific)

and 2.4% in the Ng�ati Porou Hauora group (Table 2).

rs1597000001 was monomorphic for the C-allele in the

Aotearoa NZ Pukapukan subgroup (MAF ¼ 0.00%, 95%

CI; 0.00, 3.12) (Table 2; Figure S1).

rs1597000001 associated with higher HDL-C levels in

those with the rs1597000001 T-allele in all of the surveyed
Hu
Pacific nation subgroups from Aotearoa NZ (NZ M�aori: bb

[95% CI] ¼ 0.390 mmol/L [0.291, 0.488] p ¼ 1.06 3

10�14; Cook Island M�aori: bb ¼ 0.411 mmol/L [0.200,

0.622] p ¼ 1.36 3 10�4; Aotearoa NZ Samoan:

bb ¼ 0.192 mmol/L [0.065; 0.319] p ¼ 3.0 3 10�3; Tongan:

bb ¼ 0.340 mmol/L [0.154; 0.526] p ¼ 3.32 3 10�4; Other/

Mixed Pacific: bb ¼ 0.261 mmol/L [0.108; 0.414] p ¼ 8.083

10�4; and the Ng�ati Porou Hauora group: bb ¼ 0.260 mmol/

L [0.100; 0.421] p¼ 1.453 10�3), with the exception of the

Niu�ean subgroup (bb ¼ 0.178 mmol/L [�0.138; 0.494] p ¼
2.69 3 10�1) (Figure 1A). A fixed-effect meta-analysis in

the Aotearoa NZ cohort showed a significant overall associ-

ation of rs1597000001 T-allele (bb ¼ 0.305 mmol/L [0.248;

0.361]) p ¼ 1.06 3 10�25; and TT genotype (bb ¼ 0.91,

[0.61–1.21] p ¼ 5.8 3 10�9) with higher HDL-C, with no

evidence of heterogeneity between the Pacific nation sub-

groups (p ¼ 0.22) (Figure 1A). The proportion of variance

in HDL-C levels explained by rs1597000001 in the Ao-

tearoa NZ cohort was 4.5%, similar to proportion of vari-

ance explained by sex (5.0%). There was no association

of the rs1597000001 with LDL-C (Figure S3) in any of

the Pacific nation subgroups, Ng�ati Porou Hauora group,

or in a fixed-effect meta-analysis of the Aotearoa NZ cohort

(bb ¼ �0.046 mmol/L [–0.212; 0.120] p ¼ 0.60).

To replicate the HDL-C association observed in the dis-

covery cohort, we carried out genotyping and association

analyses in three independent Samoan cohorts (Samoan I

to III) and a fourth cohort consisting of young Pacific peo-

ple without metabolic disease (PTO cohort). The MAF was

4.4% in Samoan I, 4.7% in Samoan II, and 4.8% in Samoan

III (compared with 4.0% in the Aotearoa NZ Samoan

cohort) and did not deviate from Hardy-Weinberg equilib-

rium (HWE) (p > 0.05, Samoan I to III) (Table 2). Associa-

tion analyses confirmed the association between HDL-C

and rs1597000001 (Samoan cohort I: bb ¼ 0.225 mmol/L

[0.190; 0.260] p ¼ 7.47 3 10�36; Samoan cohort II:

bb ¼ 0.193 mmol/L [0.138; 0.248] p ¼ 5.47 3 10�12; and

Samoan cohort III: bb ¼ 0.242 mmol/L [0.171; 0.313] p ¼
1.793 10�11) (Figure 1A), with no evidence of heterogene-

ity between the sample sets (p ¼ 0.502). The proportion of

variance in HDL-C explained by rs1597000001 in the

Samoan I, Samoan II, and Samoan III cohorts was 5.1%,

6.4%, and 7.8% respectively. Unlike the Aotearoa NZ

cohort, there was an association of the rs1597000001

T-allele with lower LDL-C in Samoan cohorts I and II

(Samoan cohort I: bb ¼ �0.134 mmol/L [�0.238; �0.030]

p ¼ 1.15 3 10�2; Samoan cohort II: bb ¼ �0.276 mmol/L

[�0.462; �0.090] p ¼ 3.67 3 10�3), but not Samoan III

(Samoan cohort III: bb ¼ �0.077 mmol/L [�0.312; 0.158]

p ¼ 5.21 3 10�1) (Figure S3). In the PTO cohort,

rs1597000001 was monomorphic for the major C-allele

in Pacific participants without Polynesian ethnicity (i.e.,

of Melanesian and/or Micronesian ethnicity); however, it

is difficult to draw conclusions on this result given the con-

fidence intervals overlap all the other sample sets (MAF ¼
0.00 [0.00, 6.23]) (Table 2; Figure S1). In PTO participants
man Genetics and Genomics Advances 4, 100204, July 13, 2023 5
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with Polynesian ethnicity the MAF was 4.5% and did not

deviate fromHWE (p> 0.05) (Table 2). Association analysis

(adjusted by age, sex, and grandparental ethnicity) in PTO

participants of Polynesian ethnicity indicated that the

rs1597000001 T-allele associates with higher HDL-C levels

(bb ¼ 0.366 mmol/L [0.221; 0.511] p ¼ 7.77 3 10�7)

(Figure 1A) and lower LDL-C levels (bb ¼ �0.340 mmol/L

[�0.663;�0.016] p¼ 3.973 10�2) (Figure S3). The propor-

tion of variance of HDL-C explained by rs1597000001 in

the PTO cohort was 11.8%.

Themean concentration of HDL-C and LDL-C was signif-

icantly different in the PTO cohort comparedwith all Pacific

nation subgroups and the Ng�ati Porou Hauora group in the

Aotearoa NZ cohort (Table S1; Figure S2) (post-hoc Tukey

test p < 0.05; all datasets). This likely reflects the different

health status of this younger cohort and on this basis the

PTO cohort was excluded from subsequent meta-analyses.

The meta-analyses of the Aotearoa NZ Pacific nation sub-

groups, Ng�ati Porou Hauora group, and Samoan I to III co-

horts demonstrated a strong association of the

rs1597000001 T-allele with HDL-C levels (bb HDLmeta ¼
0.236mmol/L [0.211; 0.260] p¼ 3.333 10�78) with no het-

erogeneity between the cohorts (p¼ 0.054) (Figure 1A). The

rs1597000001 T-allele associated with lower LDL-C levels in

the fixed-effect meta-analysis of the Aotearoa NZ and

Samoan cohorts I to III (bb LDLmeta ¼ �0.133 mmol/L

[�0.209; �0.058] p ¼ 5.90 3 10�4) (Figure S3) with no het-

erogeneity between the cohorts (p ¼ 0.534).

Using locus-wide genotypes obtained from the Illumina

Infinium CoreExome v.24 bead chip platform in the Ao-

tearoa NZ cohort, and from whole-genome sequencing in

the Samoan I cohort we re-examined10 the entire CETP lo-

cus for association with HDL-C levels in M�aori and Pacific

peoples (Figures 1B, S4, and S5). rs1597000001, the maxi-

mally associated variant at the CETP locus, is in weak link-

age disequilibrium with other genetic variants (Aotearoa

NZ cohort R2 < 0.2, Figure 1C; and Samoan I cohort

R2 < 0.8, Figure S5). The next most significantly associated

variant is the CETP promoter polymorphism ‘‘�629 C/A’’

rs1800775 (Figure 1B) in the Aotearoa NZ cohort. The

rs1800775 C-allele was present in the Aotearoa NZ cohort

(46.0%) at a frequency similar to Europeans (48.0% in gno-

mAD). The effect size for rs1800775 C-allele (bb ¼
�0.090mmol/L [0.112;�0.069] p¼ 1.93 10�15) was small

in comparison with the effect of rs1597000001 (bb ¼
0.301 mmol/L) and the proportion of variance of HDL-C

explained by rs1800775 in the Aotearoa NZ cohort was

3.3% compared with 4.5% for rs1597000001. The

rs1800775 C-allele associates with the same direction of ef-

fect observed previously for Europeans (bb ¼�0.080 mmol/

L, p ¼ 3.7 3 10�93)8 and Pacific peoples (bb ¼
�0.055 mmol/L, p ¼ 1.7 3 10�4).12

Given the large effect of rs1597000001 onHDL-C and the

fact that rs1597000001 and rs1800775 exhibit some linkage

disequilibrium (r2 ¼ 0.032) we carried out conditional ana-

lyses to test whether the effects at rs1800775 and

rs1597000001 were independent of each other. In the



Figure 1. Association analyses of rs1597000001 T-allele with HDL-C
Forest plot of a fixed-effect meta-analysis for the association of rs1597000001 T-allele with HDL-C (mmol/L) (A). Associations were adjusted
by age, sex, 10 PCs, and relatedness in the Aotearoa NZ cohort and age, sex, first four PCs, and relatedness in the Samoan I-III cohorts, and
age, sex and number of Pacific and M�aori grandparents in the PTO cohort. Association of HDL-C at the CETP locus (þ/� 500 kb the lead
variant rs1597000001) (B) and after conditioning on rs1800775 (C) using variants on the Illumina Infinium CoreExome v24 bead chip
platform for genotyped participants from the Aotearoa NZ cohort. The strength of LD, as measured by the r2, between each variant and
rs1597000001, is represented by the color of each point according to the legend in the top right hand corner. The plot was generated using
a custom locus zoom-like R package. HDL-C, high-density lipoprotein cholesterol; NZ M�aori, New Zealand M�aori; CI M�aori, Cook Island
M�aori; PC, principal component; PTO, Pacific Trust Otago; CETP, cholesteryl ester transfer protein.
Aotearoa NZ cohort the effect on HDL-C persisted for the

rs1597000001 T-allele (bb ¼ 0.266 mmol/L [0.210; 0.323]

p ¼ 5.5 3 10�19) conditioned on the rs1800775 genotype

(Figure1C).Whenconditioningon rs1597000001, the effect

for rs1800775 was attenuated (b ¼ �0.072 mmol/L [–0.094;

�0.052] p ¼ 5.6 3 10�11) and rs183130 became the most

significantly associated variant at the CETP gene locus (bb ¼
0.087 mmol/L [0.062; 0.112] p ¼ 3.0 3 10�11, r2 with

rs1800775¼ 0.31) (Figure S4). In the Samoan cohort I condi-

tioning on rs1597000001 resulted in two additional signals

marked by rs11076175 (G-allele; bb ¼ �0.0623 mmol/L

[95% CI �0.0876; �0.0369] p ¼ 2.03 10�6) and rs4783961

(A-allele; bb ¼ 0.0480 mmol/L [95% CI 0.0279; 0.0681] p ¼
3.83 10�6) (Figure S5). rs4783961 exhibitedmodest linkage

disequilibrium with rs1800775 (r2 ¼ 0.227) and rs183130

(r2 ¼ 0.623). However, rs11076175 had only weak linkage

disequilibrium with rs1800775 (r2 ¼ 0.114) and rs183130

(r2 ¼ 0.014). These data indicate that there are at least two,

perhaps three, independent genetic effects at theCETP locus

that contribute to HDL-C levels inM�aori and Pacific people.

A CADD score of 24.4 places rs1597000001 in the top

1% of predicted deleteriousness, and a GERP score of 4.4

indicated that the variant disrupts an amino acid that is
Hu
conserved in mammals (Figure 2A). The p.Pro177Leu

amino acid substitution corresponds to amino acid posi-

tion 160 in the mature protein structure of CETP26 owing

to the first 17 amino acid residues of the CETP sequence

consisting of the signal peptide49 (Figure 2B). To test the

hypothesis that rs1597000001 is causal and alters CETP

function, we carried out CETP activity assays in serum

from participants of the Pacific Trust Otago cohort who

were heterozygous for rs1597000001 (n ¼ 4) and homozy-

gous for rs1597000001 C-allele (n ¼ 7). The rs1597000001

T-allele associated with 27.9% lower activity of CETP in

comparison with the homozygous carriers of the major

C-allele (unpaired t test with Welch’s correction p ¼
0.028) (Figure 2C) indicating that the rs1597000001

T-allele impacts the function of CETP.
Discussion

Using whole-genome sequence data from individuals of

M�aori and Pacific ethnicity, we have identified a popula-

tion-specific missense variant in CETP that strongly associ-

ates with altered lipid profile (higher HDL-C and lower
man Genetics and Genomics Advances 4, 100204, July 13, 2023 7



Figure 2. The population-specific rs1597000001 variant changes the amino acid sequence of CETP and reduces function
(A) The CADD, GERP, and Multiz UCSC track alignment at rs1597000001 for which the substitution creates a non-synonymous amino
acid residue change (p.Pro177Leu).
(B) 3D schematic of p.Pro177Leu (P160L) in the mature CETP protein structure in the N-terminal barrel domain (left) of CETP. The CETP
protein structure26 was obtained from The Protein Databank27 and illustrated using PyMOL.
(C) Plasma activity of CETP (pmol/h/mL) in 11 participants of the PTO cohort who had the heterozygous rs1597000001 genotype (CT)
versus the homozygous rs1597000001 genotype for the major allele (CC). CETP, cholesteryl ester transfer protein. Error bars represent
standard error of the mean. A two-sample t test with Welch’s correction was conducted to test for a statistically significant (p ¼ 0.028)
difference in mean CETP activity between the two genotypic groups. CETP, cholesteryl ester transfer protein; CADD, Combined Anno-
tation Dependent Depletion scores; GERP, Genomic Evolutionary Rate Profiling.
LDL-C) in a meta-analysis of four independent Pacific co-

horts. The positive effect on HDL-C levels of the

rs1597000001 T-allele was observed in every group

analyzed, with the exception of the Niu�ean Pacific nation

subgroup; however, the effect size estimate was positive,

which is consistent with all the other island nation sub-

groups in the Aotearoa NZ cohort. Given the likely, but un-

studied, nutritional and environmental variations across

these groups within Aotearoa NZ and between Aotearoa

NZ and the Samoan Islands, it is noteworthy that similar

effect sizes were detected.

The effects of the rs1597000001 T-allele on LDL-C are

less conclusive. In the Samoan I and II cohorts, an associa-

tion with lower LDL-C was observed. However, the Ao-

tearoa NZ, Samoan III, and PTO cohorts did not show an

association of rs1597000001 with LDL-C levels. The differ-

ences could be due to unmeasured heterogeneity in lipid-

lowering medication use and other genetic and environ-

mental factors. Our findings that rs1597000001 associates

with HDL-C consistently throughout Pacific nation groups

but not LDL-C, corroborating data from Mendelian

randomization studies of CETP, which indicate that CETP

activity is an important causal determinant of HDL-C50

levels but not LDL-C levels.

Variants in CETP that cause loss-of-function and conse-

quently have large effects on HDL-C levels are rare in the

general population and are enriched in study populations

that have high HDL-C levels.51–53 Conversely

rs1597000001 (MAF �2.4%–5.4%) is a low-frequency

variant of large effect in M�aori and Pacific peoples, and

the allele frequency was stable throughout the Pacific na-
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tions surveyed here. It is notable that the variant was not

detected in people of Pukapukan ethnicity and Pacific peo-

ples without Polynesian ethnicity. Absence of the

rs1597000001 T-allele from the Pukapukan subset could

reflect a lower minor allele frequency in people of Puka-

puka. Alternatively, rs1597000001 is truly absent from

the total Pukapukan population, reflecting a different pop-

ulation history for this group, consistent with the oral his-

tory of Pukapukan people. That we did not observe the

variant in non-Polynesian Pacific people suggests that

this is Polynesian specific.

The large effect on HDL-C level that we observe for the

rs1597000001 T-allele is reminiscent of that observed for

the low-frequency hyperalphalipoproteinemia 1 (elevated

HDL-C levels) loss-of-function variant rs2303790 (p.As-

p259Gly; bb HDL ¼ 0.44 mmol/L)54 located in exon 15 of

CETP. Functionally, rs2303790 reduces CETP activity,

likely emulating Anacetrapib inhibition of CETP.55 Anace-

trapib on average raises HDL-C levels by 1.12 mmol/L in

patients with atherosclerotic vascular disease.56 Given

that rs1597000001 is located in exon 6, it is likely that its

functional effect on CETP is disparate to rs2303790. How-

ever, it is notable that the effect of the homozygous TT ge-

notype of rs1597000001 is �80% of that observed for

Anacetrapib.

The p.Pro177Leu located in the N-terminal b-barrel

domain of CETP is predicted to penetrate the HDL-C sur-

face,57 and is a putative entry site for cholesterol ester.

p.Pro177Leu is contained in the U6 flap (Gln155 to

Trp162) which separates from the U5 flap upon HDL-C

penetration, opening the N-terminal distal end for uptake



of cholesterol ester.57 Binding of CETP to the HDL-C sub-

strate occurs via hydrophobic interactions,58 and thus

the p.Pro177Leu substitution from proline to the hydro-

phobic amino acid leucine could alter substrate binding

and therefore cholesterol ester transfer activity of CETP.

Alternatively, proline residues commonly form bends in

protein structures,59 and thus the substitution to leucine

could disrupt the conformation of the CETP N-terminal

domain. Here, we show that heterozygous carriers of

rs1597000001 have lower CETP activity, which supports

our hypothesis that the rs1597000001 T-allele results in

dysfunctional CETP and consequently increases HDL-C.

A limitation of our study here was that we were unable

to assess the level of CETP deficiency in homozygous car-

riers owing to their scarcity and inability to recall and

therefore we cannot draw conclusions on whether this

variant is a complete loss of function variant.

Our study has identified a functional population-specific

variant that strongly associates with an altered lipid profile

(higher HDL-C and lower LDL-C). This finding was unex-

pected given the prevalence of dyslipidaemia3 in Maori

and Pacific peoples; however, this contradictory result is

likely a reflection of the polygenicity of HDL levels and

here we do not explore environmental contribution to

HDL levels in these populations. There are conflicting re-

ports on whether CETP deficiency has cardioprotective ef-

fects. In the study presented here we were unable to report

on the effect this variant has on cardiovascular outcomes

since there were no reliable cardiovascular phenotype

data and therefore it remains to be seen whether this

variant also associates with lower cardiovascular event

risk. Exploring cardiovascular disease event data for these

cohorts in the future will be important for understanding

the genetic contribution of rs1597000001 to cardiovascu-

lar disease in M�aori and Pacific populations. In addition,

although the variant has a tangible biological mechanism

of effect resulting in CETP deficiency, understanding how

this variant (1) alters CETP activity in the homozygous ge-

notype and (2) is modified by other common, smaller-ef-

fect variants within the locus will be important informa-

tion for more effective targeted interventions with

pharmaceuticals.60

Importantly, this variant and the accumulating evidence

of the presence of other population-specific trait-associated

variants21,61–65 emphasizes the significance of population-

specific variation and its influence on disease traits.

Comprehensive evaluations of genome-wide genetic varia-

tion in M�aori and Pacific populations are long overdue,66

essential for improvement in health outcomes,19 and crit-

ical for equity in genomics and healthcare as we move to-

ward an era of personalizedmedicine grounded in genetics.
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