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Summary
Background The genetic disease architecture of Inuit includes a large number of common high-impact variants.
Identification of such variants contributes to our understanding of the genetic aetiology of diseases and improves
global equity in genomic personalised medicine. We aimed to identify and characterise novel variants in genes
associated with Maturity Onset Diabetes of the Young (MODY) in the Greenlandic population.

Methods Using combined data from Greenlandic population cohorts of 4497 individuals, including 448 whole
genome sequenced individuals, we screened 14 known MODY genes for previously identified and novel variants. We
functionally characterised an identified novel variant and assessed its association with diabetes prevalence and car-
diometabolic traits and population impact.

Findings We identified a novel variant in the known MODY gene HNF1A with an allele frequency of 1.9% in the
Greenlandic Inuit and absent elsewhere. Functional assays indicate that it prevents normal splicing of the gene.
The variant caused lower 30-min insulin (β = −232 pmol/L, βSD = −0.695, P = 4.43 × 10−4) and higher 30-min glucose
(β = 1.20 mmol/L, βSD = 0.441, P = 0.0271) during an oral glucose tolerance test. Furthermore, the variant was
associated with type 2 diabetes (OR 4.35, P = 7.24 × 10−6) and HbA1c (β = 0.113 HbA1c%, βSD = 0.205,
P = 7.84 × 10−3). The variant explained 2.5% of diabetes variance in Greenland.

Interpretation The reported variant has the largest population impact of any previously reported variant within a
MODY gene. Together with the recessive TBC1D4 variant, we show that close to 1 in 5 cases of diabetes (18%) in
Greenland are associated with high-impact genetic variants compared to 1–3% in large populations.
*Corresponding author. Blegdamsvej 3B, 07-8-26, DK-2200 København N, Denmark.
**Corresponding author. Ole Maaløes Vej 5, DK-2200 København N, Denmark.
***Corresponding author. Ole Maaløes Vej 5, DK-2200 København N, Denmark.
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Greenlandic Summary
Qulequtaq HNF1A-mi pinngoqqaammi allannguut suussusersineqarlaaq, pinngoqqaatinik allannguinermut sun-
niuteqartoq, Kalaallit Nunaanni diabetesimik nappaateqarnermut annertuumik sunniutilik.

Tunuliaqutaasoq Naggueqatigiit Inuit akornanni nappaatit pinngoqqaatikkut katitigaanerat, pinngoqqaatikkut
allannguutaagajuttunik amerlaqisunik nappaateqalersinnaanermut annertuumik sunniuteqartunik akoqarput.
Allannguutinik taamaattunik suussusersineq, pinngoqqaatinik nappaatinut patsisaasunik paasinnititseqataavoq,
nunarsuarmilu nakorsaanermut nappatinillu suussusersiniaanermut atatillugu pinngoqqaatinik kingornuttakkanik
misissuinermi naligiinnerulersitsilluni. Misissuinermi matumani, pinngoqqaatini allannguutinik, diabetesimik
pinngoqqaammi akornuteqarnermik patsiseqartumi Maturity Onset Diabetes of the Young (MODY), Kalaallit
Nunaanni innuttaasuni nalinginnaanerpaamit ilisimaneqartunik suussusersinissaq naliliinissarlu siunertaavoq.

Periuseq Innuttaasut katillugit 4497-it taakkunannga 448-it, pinngoqqaataat kingornuttakkat, pinngoqqaateqarfik
tamakkerlugu misissukkat, kalaallit peqqissusaannik misissuisitsinernit paasissutissanik ataqatigiissitanik atui-
nikkut, pinngoqqaatit MODY-it ilisimaneqartut 14-it, ilisimaneqartunik ilisimaneqanngitsunillu allannguute-
qarnersut misissorpagut. Allannguutip suussusersineqarlaap qanoq ittuuneranik nassuiaavugut, diabetisillu
atugaaneranut uummalluuteqarnermullu inooriaatsimik patsiseqartumut ilisarnaatit innuttaasunilu diabetesimut
atassutaa misissoqqissaarlugit.

Paasisaq Naggueqatigiinni kalaallini pinngoqqaammi allannguut ilisimaneqartumi MODY- mi HNF1A maannamut
suususersineqanngitsoq, pinngoqqaammi allannguut 1.9%-imik akulikissusilik, inuiannilu allani nassassaanngitsoq
suussusersivarput. Pinngoqqaammi allannguutip pinngoqqaatip pissusissamisut allangornissaanik akornusiinera
qanoq ittuuneranik misissuinerit paasinarsisippaat. Sukkumik arrortitsisinnaanermut misissuinermi pinngoq-
qaammi allannguutip 30-min insulinip appasinnerusarnera (β = −232 pmol/L, βSD = −0.695, P = 4.43 × 10−4) 30-min
glucose-llu qaffasinnerunera (β = 1.20 mmol/L, βSD = 0.441, P = 0.0271) nassataraa. Allannguut type 2 diabetesimut
(OR 4.35, P = 7.24 × 10−6) kiisalu HbA1c (β = 0.113 HbA1c%, βSD = 0.205, P = 7.84 × 10−3) atassuteqarpoq.
Allannguutip Kalaallit Nunaanni diabetesimut allannguutip 2.5%-ia nassuiarpaa.

Nassuiaat Pinngoqqaammi allannguut nalunaarutigineqartoq pinngoqaammi MODY-mi allannguummit siornatigut
nassuiarneqartumit innuttaasunut annertunerusumik sunniuteqarpoq. Pinngoqqaammi allannguut kinguaanit
kingornunneqarsinnaasoq TBC1D4 ilanngullugu, Kalaallit Nunaanni diabetesimik nappaateqartut tallimaappata
ataatsip pallingajattup (18%)- innuttaasunut amerlasuunut 1-3%-inut sanilliullugit-pinngoqqaammi allannguutinut
nappaateqalernissamut annertuumik sunniutilinnut atassuteqarnera takutipparput.

Aningaasaliisut Novo Nordisk Fonden, Danmarks Frie Forskningsfond kiisalu Karen Elise Jensens Fond.”

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

variant is very rare or absent in other populations and
Introduction
Diabetes is a global health burden that disproportion-
ately affects certain population groups.1 Identifying
population-specific genetic susceptibility is necessary to
recognize diabetes subtypes that may have implications
for prevention, diagnosis, and clinical care, thereby
improving equity in genomic medicine.

Population-specific genetic variants have been iden-
tified, both in known and novel monogenic diabetes
genes. In Mexican and US Latino individuals, the E508K
variant of the known Maturity Onset Diabetes of the
Young (MODY) gene HNF1A is associated with an
increased risk (OR = 5.5) of type 2 diabetes (T2D).2

Analysis of diverse populations revealed that this
thus unique to individuals with Native American
ancestry. In Oji-Cree individuals, the HNF1A G319S
variant is associated with an increased risk of diabetes
(OR 4.00 for homozygous carriers and OR 1.97 for
heterozygous carriers)3 and earlier age of onset.4 Whole
genome sequencing data from Pima Indians identified
the R1420H variant of the known neonatal diabetes
gene ABCC8, which was associated with a moderately
increased risk (OR = 2.0) of diabetes, earlier age of
diagnosis, and lower BMI.5

Genetic studies in diverse populations have advanced
the discovery of novel disease-associated genes and loci.
A novel haplotype in SLC16A11 has been reported,
www.thelancet.com Vol 24 January, 2023
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Evidence before this study
The risk of developing diabetes differs between populations,
and distinct genetic compositions contribute to the
population-specific diabetes aetiology. Studies of individuals
of European ancestry have primarily identified either
common, low-impact variants that contribute moderately to
diabetes risk, or extremely rare variants that cause monogenic
diabetes. In contrast, studies of other diverse populations
have identified variants within genes implicated in monogenic
diabetes that are more frequent and have larger effect sizes
that contribute to population-specific risk, such as the
Mexican/US Latino E508K HNF1A variant, which is associated
with a high diabetes risk. In particular, small and historically
isolated populations such as the Greenlandic are more likely to
harbour deleterious variants at high frequency. Studies of
these populations are a powerful tool to address the genetic
contribution to diabetes development as the group of
deleterious variant carriers is larger and more homogenous,
which simplifies functional inference.

Added value of this study
This study reports the finding of a novel HNF1A variant which
is unique to the Greenlandic population. The variant is
associated with an increased risk of diabetes and is found in
6% of diabetes patients. Variant-carriers showed decreased
beta-cell function, but had no indications of altered insulin

sensitivity. Due to the combination of a large effect and high
frequency in the population the variant has the largest
population impact of any previously identified variant in a
known MODY gene.

Implications of all the available evidence
Combined with the previously described Greenland-specific
variant in TBC1D4, close to 1/5 diabetes patients (18%) in
Greenland have a disease aetiology associated with high-
impact genetic variants, compared to 1–3% in large
populations. This knowledge provides new avenues to
subgroup patients, detect diabetes in family members, and
pursue precision treatment trials. In a broader societal
context, the finding also has implications for the
organisation of healthcare in Greenland, where a focus on
accessibility to a genetic diagnosis for broad disease groups
is important in order to ensure that every patient is given
the right diagnosis and best possible care. Beyond
Greenland, the findings in this study underline the
importance of performing genetic discovery studies in
smaller populations covering all genetic ancestries, to ensure
that genetic discovery is conducted equitably. Furthermore,
this study challenges the notion that non-communicable
diseases are primarily polygenic in aetiology, and emphasises
the importance of considering ancestry in the aetiology of
diabetes.

Articles
which moderately increases diabetes risk and is
common among the Mexican and Latin American pop-
ulation, but rare in Europeans.6 Conversely, population-
specific genetic factors may also protect against disease.
This is the case for two independent protein-truncating
variants in SLC30A8, most common among Finnish
and Icelandic individuals,7 and a variant near CCND2
also identified in Icelandic individuals.8

We have previously shown that unique genetic vari-
ants contribute substantially to diabetes development in
Greenland. A loss-of-function variant in TBC1D4 has a
recessive odds ratio of ten for T2D, and leads to
decreased protein expression of the GLUT4 glucose
transporter and consequently postprandial muscle in-
sulin resistance.9 The variant is population-specific to
Inuit with an allele frequency of 17% and accounts for
more than 10% of all diabetes cases in Greenland.
Additionally, a low frequency splice-site variant in
ADCY3 substantially increases the risk of T2D and
overweight among Greenlanders,10 and two common
variants in LARGE1 and ITGA1 are associated with T2D
with moderate effect sizes.11 These examples show that
the contribution of high-impact genetic effects related to
diabetes is high in Greenland compared to larger
outbred populations, where the common loci most
strongly associated with diabetes, such as TCF7L2, only
infer a moderately increased risk.12,13
www.thelancet.com Vol 24 January, 2023
Motivated by the unique genetic composition of the
Greenlandic population, we used whole-genome
sequencing data from 448 Greenlandic individuals to
screen for population-specific variants in known MODY
genes, in order to investigate to which degree variation
within these genes contribute to the genetic burden of
diabetes in the Greenlandic population. This approach
allowed us to identify a novel variant that was not
captured by previous genome-wide association studies
in the Greenlandic population.9 We here characterise
this variant in terms of its associations to car-
diometabolic traits, its functional consequences and its
impact on diabetes risk in the Greenlandic population.
Methods
Ethics statement
The studies were approved by the Scientific Ethics Com-
mittee in Greenland (project 2011–13 (ref. no.
2011–056978), project 2013–13 (ref. no. 2013–090702),
project 2015–22 (ref. no. 2015-16426), and project 2012–16/
17 (ref. no. 2017-12997)), and conducted in accordancewith
the Declaration of Helsinki, second revision.

Study participants
Participants were pooled from two cross-sectional co-
horts: B99 (n = 1788, 1998–2001) and Inuit Health in
3
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Transition IHIT (n = 2709, 2005–2010), both collected
as part of a general population health survey of the adult
(18+ years of age) Greenlandic population based on
random population samples.14,15 For 263 individuals who
participated in both studies, phenotypes from B99 were
used and a separate cohort label was used. We further
included phenotypic data from B2018; a follow-up study
of a subset of the B99 and IHIT individuals (n = 1334,
2017–201916).
Anthropometric and biochemical measurements
Anthropometric and biochemical data collection have
been described previously.14,15 HbA1c, serum total
cholesterol HDL-cholesterol and triglyceride concentra-
tions were measured at fasting.14,15 LDL cholesterol was
calculated using the Friedewald formula.17 Plasma
glucose, serum insulin, and C-peptide were measured at
all timepoints.14,15

Participants without medication-treated diabetes >18
years of age (IHIT) or ≥35 years of age underwent an
oral glucose tolerance test (OGTT) as previously
described,14,15 sampled at fasting and 2 h (2-h) after
glucose ingestion. In the B2018 follow-up study, the
OGTT was further sampled at 30 min.16

In theOGTT from the IHIT andB99 cohorts,18 HOMA-
IR,18 insulin sensitivity index ISI0,12019 andHOMA-B18 were
calculated as crude measures of insulin resistance, insulin
sensitivity, and beta-cell function. In the B2018 cohort, we
calculated the insulinogenic index (IGI)20 as an expression
of beta cell function, and the Matsuda insulin sensitivity
index (ISI)21 as an expression of insulin sensitivity.

For case/control analyses, a diagnosis of T2D was
defined as 1) having known T2D prior to the examination
or 2)WHO1999 criteria from theOGTT, whereas controls
were normoglycemic (i.e. absence of diabetes, impaired
fasting glucose, or impaired glucose tolerance).22
Whole genome sequencing
DNA for whole genome sequencing (WGS) and geno-
typing (see below) was extracted from buffy coat stored
at −80◦C.

A subset of 448 Greenlandic individuals from IHIT
and B99 cohorts, selected based on sampling location
independently of phenotype and disease status, under-
went Illumina WGS with average sequencing depth of
∼35×. Reads were cleared for adapters using bio-
bambam tools23 and mapped with BWA-MEM24 to
GRCh38 (bwa mem -t 24 -p -Y -K 100000000). After
mapping, duplicated reads were marked. Genotype
calling was done using GATK haplotype caller and
variant quality score recalibration (VQSR) tools based on
the GATK resource bundle. Only variants in the T98
tranche and above were used. The sites were parsed
through Plink (v1.90b6), keeping the two most common
alleles of multiallelic sites. The remaining variants were
annotated using the Ensembl Variant Effect Predictor
release 104.3.25
Genetic screening
Fourteen genes in which functionally disruptive variants
are known to cause MODY26 (OMIM entry #606391)
were screened in the WGS data. Among these, we
extracted variants predicted to have moderate or high
impact. Variants that were already reported (found in
gnomAD v3.0.0 or dbSNP build 155) and only observed
in one individual were removed. The distribution of
ClinVar (20210821) MODY variants in the data was
analysed in order to assess the presence of known
MODY variants. Given the population subset, there was
>80% power to detect variants with a minor allele fre-
quency (MAF) >0.2%.
Genotyping
A novel c.1108G>T variant was genotyped in all
individuals using the KASP Genotyping Assay (LGC
Genomics, Berlin, Germany). The genotyping call rate
was 99.8% and there was a concordance rate of >99.9%
between genotyping and imputation.

We used a previously described genome-wide geno-
type dataset27 generated from the Multi-Ethnic Global
Array (MEGA chip, Illumina). After quality control, it
comprised 1.6 mil. variants. We used phased 1000 Ge-
nomes28 and the phased Greenlandic WGS as reference
for imputing common (MAF > 0.5%) variants. The
imputed data was used to estimate a genetic similarity
matrix (GSM) and admixture proportions. For local
ancestry, we performed additional phasing and impu-
tation which included inferred family relationships to
avoid switch errors.
Estimation of allele frequency
To estimate the allele frequency of the c.1108G>T
variant in the Greenlandic population, we first estimated
the frequency as the fraction of variant copies among
the individuals genotyped for the variant. We also esti-
mated the frequency separately for the Inuit ancestry
component and for the European component of the
population using ADMIXTURE v1.3.0,29 assuming two
ancestral populations (Inuit and European).

To investigate the allele frequency of the c.1108G>T
variant in other populations, we looked up frequencies
in gnomAD,30 Human Genetic Diversity Panel31

(HPDP), Simons Genome Diversity Panel,32 and 1000
Genome Project.28 We used samtools,33 BGT34 and
vcftools35 to estimate allele frequencies in each popula-
tion. Finally, we used samtools to estimate allele fre-
quencies from whole genome data from several ancient
and contemporary genomes from the Americas and the
Arctic.36–42
www.thelancet.com Vol 24 January, 2023
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To visualise the Inuit-specific ancestry of the c.1108G>T
variant, we estimated local ancestry for admixed in-
dividuals. Individuals with >99% inuit ancestry were
used as Inuit reference, and unrelated individuals from
the 1000 Genome populations TSI, CEU, GBR, and IBS
were used as European reference. Only sites present in
both references and admixed individuals with a MAF >
5% across all three groups were used as input to RFMix
(v2.03-r0).43
Association analyses
To test for associations between the c.1108G>T variant
and quantitative traits, we used a linear mixed model to
take relatedness and admixture into account (GEMMA44

v0.95alpha). The GSM was estimated from SNPs with
<1% missingness and a MAF >5%. Association tests
were performed using a score test. Effect sizes and
standard errors were estimated using a restricted
maximum likelihood approach. Traits were quantile
transformed to a normal distribution independently for
men and women using a rank-based inverse normal
transformation; ytrans = ϕ−1 (rank(y) − 0.5/n). P-values are
from analyses of transformed data and effect size esti-
mates are reported in standard deviations as βSD. We
also estimated effect sizes from non-transformed data,
reported as β. To test for association with T2D, we used
a logistic mixed model (GMMAT45). P-value and effect
size (odds ratio) was obtained using Wald test. The GSM
was estimated as above. In all analyses, sex, age, and
cohort were included as covariates. Given the allele
frequency, the power was 88.7% to detect a relative risk
of 4 (similar to the estimated OR of 5.5 found for the
E508K variant) using a dominant model, a T2D disease
prevalence of 10%, and a significance threshold of
0.001.46
Transcriptional activity assay and protein
abundance
Transcriptional activity was evaluated as previously
described.47 Briefly, the c.1108G>T p.(V370F) variant
was introduced into the human HNF1A WT cDNA
isoform A (NM_000545.6), harbouring the variants
c.51C>G, L17, and c.79A>C, I27L, in the pcDNA3.1/
HisC vector using the QuikChange II XL Site Directed
Mutagenesis kit (Agilent Technologies, Santa Clara,
CA). Transcriptional activity was measured on cell ly-
sates from HeLa cells transiently transfected with a rat
albumin promoter-linked Firefly Luciferase reporter
plasmid (pGL3-RA) along with either variants
c.1108G>T p.(V370F), P112L,48 P447L,48 E508K,2,49 or
wildtype (WT) HNF1A plasmid. Renilla Luciferase re-
porter pRL-SV40 was used as an internal control.
Luciferase activity was measured 24-h post-transfection
using the Dual-Luciferase Assay System (Promega,
www.thelancet.com Vol 24 January, 2023
Madison, WI) on a Centro XS3 LB 960 luminometer
(Berthold Technologies, Germany). The same cell ly-
sateswere used tomeasureHNF1Aprotein abundance by
SDS-PAGE and immunoblotting (anti-HNF1A from Cell
Signaling Technologies, Beverly, MA), normalised
against alpha-tubulin-HRP (Abcam, Cambridge, MA).
Transcriptional activity and protein expression experi-
ments were performed in triplicate and duplicate
respectively, and repeated on three individual days (n = 3).
Minigene assay
To assess the c.1108G>T variant on splicing, exon 6 of
HNF1A and flanking intron sequences (86bp and 167bp)
was amplified from genomicDNA of two carriers (WT and
c.1108G>T) and cloned into the pCAS2 splicing minigene
vector as previously described.50 As carriers were hetero-
zygous, variant splicing effect was evaluated by comparing
the effect of the corresponding WT sequence of the same
individual. Total RNA was isolated from HeLa cells tran-
siently transfected with plasmids (WT or c.1108G>T).
Samples were analysed by RT-PCR followed by agarose gel
electrophoresis and Sanger sequencing.
Population effect of diabetes variants
To compare population effects, we collected GWAS
summary statistics of associated variants from two large
studies of 898,130 individuals of European ancestry12

and 433,540 East Asian individuals.51 Summary statis-
tics from previously reported population-specific T2D
variants were collected from Amerindian,2,5,6 Icelandic,8

and Finnish7 populations. The effect of rare variant
burden on T2D in the UK biobank (UKBB) was collected
for HNF1A and GCK.52 To have comparable estimates
for the explained variance, we assumed a population
diabetes prevalence of 10% for all populations. For the
E508K variant, the allele frequency was calculated
separately for individuals with and without diabetes and
weighted by diabetes prevalence of 10%. For visual-
isation of variants with recessive effects, the frequency
of homozygous individuals was used instead of the
allele frequency. The R-package Mangrove (v.1.21) was
used to calculate liability-scale variance explained (LVE)
for each variant separately.
Role of the funding source
None of the funding agencies had any role in the study
design or collection, analysis, or interpretation of the
data.
Results
Screening for known and novel functionally
disruptive variants in known MODY genes
We screened fourteen MODY genes (Fig. 1A) for known
and novel genetic variants using WGS data from 448
5
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Fig. 1: (A) Screening of variants from whole genome sequencing in MODY genes. Either all variants or only showing moderate or high impact.
Novel variants are variants without a dbSNP id or otherwise reported in literature. (B) Local ancestry haplotypes at the c.1108G>T variant region
for all 87 admixed and c.1108G>T heterozygous individuals. Each individual is represented with two lines, one for the c.1108G>T haplotype and
one for the WT haplotype. The vertical line represents the position of the c.1108G>T variant. (C) Frequency of T2D separated by genotype and
effect size (OR) with 95% CI below. (D) Mean value of HbA1c separated by genotype and effect size with 95% CI below. (E) Serum insulin
measurements at fasting (0 min), 30-min, and 2-h after glucose ingestion of the follow-up participants. (F) Plasma glucose measurements at
fasting (0 min), 30-min, and 2-h after glucose ingestion of the follow-up participants. In E and F errors are mean ± SEM.
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Greenlandic individuals (Supplementary Figure S1).
First, we explored the presence and frequency of known,
ClinVar-annotated variants. We found 91 benign vari-
ants at varying allele frequencies, nine variants with
conflicting interpretations of pathogenicity at low allele
frequencies (MAF<1%) and a single variant annotated
as likely pathogenic (Supplementary Table S1). The
likely pathogenic variant was present in only one allele
in one individual who did not have diabetes. Secondly,
we screened for novel functionally disruptive variants
in the MODY genes. This screening led to the discovery
of a variant, located in exon 6 of HNF1A, which
was predicted to be a missense variant (hg19: chr
12 pos 121434344, c.1108G>T, p.Val370Phe; V370F,
ENST00000257555/NM_000545.8) near a splice-site
(Fig. 1A).
Ancestry component analysis and population
screening
To investigate the frequency of the c.1108G>T variant,
the variant was genotyped in 4497 Greenlanders
from the population-based cohorts (Supplementary
Figure S1). We identified 119 heterozygous, and no
homozygous carriers, leading to an estimated allele
frequency in the Greenlandic population of 1.3%. The
Greenlandic population is admixed and we estimated
the allele frequency to be 1.9% in the Inuit component
and 0.0% in the European. We did not find the variant
in sequencing data from more than 200,000 ancient and
contemporary individuals from across the world
(Supplementary Table S2). Local ancestry of all admixed
and c.1108G>T-heterozygous Greenlandic individuals
(n = 87) showed that the variant was exclusively found
on a background of Inuit ancestry, whereas the refer-
ence allele (HNF1A WT) was found on both European
and Inuit ancestry (Fig. 1B). Collectively, this suggests
that the variant is common in the Greenlandic popula-
tion and absent, or extremely rare, in non-Inuit
populations.
Associations with T2D and related phenotypes
We tested the association of the variant with T2D and
related phenotypes (Table 1). The variant showed strong
association with T2D (OR = 4.35, P = 7.24 × 10−6) and
www.thelancet.com Vol 24 January, 2023
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Anthropometric and metabolic traits (IHIT + B99 cohorts)

Trait n βSD (SE) β P-value

BMI (kg/m2) 4443 0.0850 (0.0957) 0.2926 0.3741

Waist-hip-ratio 4412 0.0715 (0.0874) 0.0051 0.4130

HbA1c (%) 4443 0.2047 (0.0770) 0.1127 7.84 × 10−3

Fasting serum total cholesterol (mmol/L) 4337 −0.0443 (0.0908) −0.0662 0.6253

Fasting serum HDL-cholesterol (mmol/L) 4468 −0.0002 (0.0916) 0.001 0.9979

Fasting serum LDL-cholesterol (mmol/L) 3818 −0.0470 (0.0987) −0.0660 0.6337

Fasting serum triglyceride (mmol/L) 3979 0.0485 (0.1011) 0.0016 0.6314

Diastolic blood pressure (mmHg) 3981 0.0879 (0.0968) 1.4425 0.3638

Systolic blood pressure (mmHg) 3981 −0.0098 (0.0928) 0.5572 0.9162

Cases/control β (SE) OR P-value

T2D 311/2565 1.47 (0.33) 4.35 7.24 × 10−6

T2D (no adj. for age & sex) 311/2565 1.15 (0.28) 3.18 5.61 × 10−5

OGTT data and BCF/IS indices (B2018 (follow-up) cohort)

Trait n βSD (SE) β P-value

Fasting plasma glucose (mmol/L) 903 0.1366 (0.1848) 0.2334 0.4592

30-min plasma glucose (mmol/L) 842 0.4409 (0.1991) 1.2048 0.0271

2-h plasma glucose (mmol/L) 838 0.1084 (0.1925) 0.6996 0.5726

Fasting serum insulin (pmol/L) 903 −0.1783 (0.1944) −15.9627 0.3587

30-min serum insulin (pmol/L) 843 −0.6953 (0.1962) −232.1417 4.43 × 10−4

2-h serum insulin (pmol/L) 839 −0.2978 (0.1926) −40.5706 0.1221

Insulinogenic index 801 −0.8600 (0.1929) −4.1923 1.15 × 10−5

Insulin sensitivity index 798 0.2964 (0.1988) 0.9877 0.1359

SE = standard error, n = number of individuals available for the association analysis. The effect size is estimated without transformation (β) or after rank-based inverse
normal transformation (βSD).

Table 1: Associations between the c.1108G>T and measures of glucose metabolism, lipid metabolism, and body composition.

Articles
higher HbA1c levels (β = 0.11 HbA1c%, βSD = 0.20,
P = 7.84 × 10−3) (Fig. 1C and D). Among the T2D cases,
6.8% were heterozygous for the c.1108G>T variant
whereas 2.2% of glucose-tolerant individuals were het-
erozygous (phenotypes stratified by diabetes status are
presented in Supplementary Table S3). Combined with
the previously described recessive TBC1D4 variant,9

18% of diabetes cases in the cohort were either hetero-
zygous for the c.1108G>T variant or homozygous for the
TBC1D4 variant, compared to 4% of the glucose-tolerant
individuals. The median age of NGT carriers was lower
than that of the T2D carriers (NGT median age 38.5
versus T2D median age 55.5).

In the B2018 follow-up study, we further assessed
indices of insulin sensitivity and beta cell function
(Table 1). Interestingly, c.1108G>T carriers had a much
lower 30-min insulin (β = −232 pmol/L, βSD = −0.70,
P = 4.43 × 10−4) and a higher 30-min glucose
(β = 1.20 mmol/L, βSD = 0.44, P = 0.027), while the
fasting and 2-h timepoints showed no significant dif-
ferences (Fig. 1E and F). We found strong association
with estimated beta cell function IGI (β = −4.19,
βSD = −0.860, P = 1.15 × 10−5) but no association with
estimated insulin sensitivity ISI (β = 0.99, βSD = 0.296,
P = 0.1359). The lack of association to fasting and 2-h
measures was further supported in the OGTT data
www.thelancet.com Vol 24 January, 2023
from the B99 and IHIT cohorts (Supplementary
Table S4).
Functional analyses
The c.1108G>T variant is located within the trans-
activation domain of HNF1A in the first nucleotide of
exon 6 (Fig. 2A) and could have functional effects either
through the amino acid substitution and/or by affecting
splicing. We analysed the potential effects of the amino
acid substitution on transcriptional activity and protein
abundance, and the effect on splicing in a minigene
splice assay.

The c.1108G>T variant showed near-normal levels of
activity compared to WT HNF1A protein (mean
normalized luciferase activity 105.5% ± 4.5) (Fig. 2B).
We compared this to the Mexican/US Latino T2D-risk
variant E508K, and two known MODY variants (P112L
and P447L). The E508K variant exhibited an almost 50%
reduction in activity (53.5% ± 7.9) whereas the P112L
and P447L variants, showed a severe effect on HNF1A
activity (16.3% ± 1.8 and 19.6% ± 2.8), similar to what
has been described earlier.49

When assessing the effect on protein expression,
levels were unchanged for the c.1108G>T/V370F variant
compared to WT HNF1A levels (mean relative protein
7
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Fig. 2: (A) Structure of the HNF1A gene and placement of the c.1108G>T variant. (B) Transcriptional activity of the HNF1A c.1108G>T variant
relative to wildtype (WT) and control variants E508K, P112L, P447L, and empty vector (EV) in transiently transfected HeLa cells, using a
luciferase reporter assay. Each bar represents the mean level of transcriptional activity normalised to WT levels (set to 100%), ±SD (n = 3) (C)
c.1108G>T effect on HNF1A protein expression level. Each bar represents the mean level of HNF1A protein expression normalised to WT levels
(set to 100%), ±SD (n = 3). (D) RT-PCR fragments produced in the minigene assay, analysed by agarose gel electrophoresis (representative
image shown), on the right molecular weight (MW) marker. (E) Schematic design of HNF1A exon 6 minigene assay.
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expression 93.7% ± 14.9) (Fig. 2C). In comparison, the
P447L control variant showed lower protein expression
levels (55.8% ± 14.0) while a slight reduction was
observed for the E508K and P112L variants.

To address the variant’s effect on potential splice
events, we performed a minigene splice assay
(Fig. 2E). This assay revealed that the c.1108G>T
variant allele yielded a transcript around 200bp shorter
than the WT allele suggesting that the variant caused
skipping of the entire 202bp length of exon 6 within
the context of the minigene assay (Fig. 2D). This is
suggestive of a splice-affecting variant although the
assay cannot determine the exact nature of the full
mutant HNF1A transcript.
Population impact
In order to contextualise the population impact of
c.1108G>T compared to T2D variants identified in
other large and small populations, we plotted the odds
ratio as a function of the minor allele frequency
(Fig. 3A). For the majority of variants with an allele
frequency above 1% we observed moderate odds ratios
in the range of 0.8 to 1.4. In the European and Asian
populations, larger effects were only found for variants
with allele frequencies below 1% or in the burden of
rare variants in HNF1A and GCK from UKBB. We also
included other population-specific variants (Mexican/
US Latino HNF1A, SLC16A11 haplotype, Pima
ABCC8, Finnish and Icelandic SLC30A8, Icelandic
CCND2, and previously identified diabetes-associated
Greenlandic variants). For these population-specific
variants, the observed effects were higher compared
to other variants with similar allele frequencies.
However, the Greenlandic-specific novel HNF1A
c.1108G>T and the recessive TBC1D4 variant had
strongly increased odds ratios relative to the allele
frequencies. This difference is further accentuated
when comparing the population T2D variance
explained by each variant (Fig. 3B). Here, TBC1D4 and
HNF1A c.1108G>T variants explained 7.3% and 2.5%
of the T2D variance in Greenlanders, respectively,
whereas the variance of T2D explained by the Euro-
pean TCF7L2 in Europeans was less than half that
(1.1%) and all other variants explained less than 1% of
the T2D variance. The G319S Oji-Cree variant3 was
identified in 55 unrelated diabetic and 148 unrelated
controls. The study did not take population structure
into account and we were unable to obtain corrected
effect size estimates and allele frequencies. For this
reason the variant was not included in Fig. 3. However,
assuming the reported MAF of 9.85% and OR of 1.97
are not biassed by population structure, we estimate
the liability-scale variance explained to 2.2%.
www.thelancet.com Vol 24 January, 2023
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Fig. 3: (A) T2D odds ratio as a function of the minor allele frequency from 898130 European-descent individuals,12 433540 East Asian in-
dividuals.51 Selected population variants are highlighted by gene name.2,5–7,9,10,52 Minor allele frequency for recessive variants is the frequency of
homozygous individuals. Gray line indicates the combination of minor allele frequency and odds ratio resulting in a 1% liability variance
explained (LVE). Filled circles indicate additive variants while empty circles indicate recessive variants. (B) The liability variance explained for all
highlighted variants.
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Discussion
In this study, we analysed the genomes of Greenlandic
individuals for the presence of variants in known
MODY genes in order to address whether common
variants in these genes, which have previously been
shown to harbour population-specific variants that in-
crease the risk of diabetes, contribute to the burden of
T2D in Greenland. We identified a previously unknown
variant, c.1108G>T in the known MODY gene HNF1A,
which was associated with a highly increased risk
(OR = 4.4) of developing T2D and decreased beta-cell
function, and which was revealed in ancestry analysis
to be unique to the Greenlandic population. We showed
that the variant is likely to affect splicing and that it had
the largest population-impact of any previously identi-
fied variant within a MODY gene and that almost 1 in
5 diabetes cases in this representative population cohort
are associated with high-impact genetic variants,
compared to 1–3% in European populations.26

In the present study, the c.1108G>T variant was
associated with significantly lower 30-min insulin
levels and higher 30-min glucose levels but not with
fasting or 2-h measures of glucose, insulin or C-pep-
tide. The 30-min results from an OGTT are closely
associated with first-phase insulin secretion derived
from an intravenous glucose load53,54 unlike the 2-h
measures which are affected by both the insulin
secretory capacity and peripheral insulin resistance.
Accordingly, we observed strong associations between
www.thelancet.com Vol 24 January, 2023
the variant and the beta cell function index IGI,
indicative of a primary beta-cell defect, which is
consistent with the known effects of HNF1A vari-
ants.55,56 Patients with HNF1A-MODY have lower in-
sulin levels compared to non-diabetic controls,57 as do
non-diabetic carriers of pathogenic MODY variants
compared to WT individuals,58 and carriers of less
disruptive variants inHNF1A, such as the common A98V
have lower C-peptide at 30-min in an OGTT,59 similar to
the lower 30-min insulin levels found for the identified
c.1108G>T variant.

MODY is characterised by a lack of features associated
with T2D, such as insulin resistance, higher body weight
or abdominal fat deposition,60 and further by an altered
blood lipid composition.61 In this study, we did not see
any association between the c.1108G>T variant and any
measure of lipid metabolism, insulin sensitivity, or body
composition. However, screenings of MODY genes in an
unselected diabetic population indicate that common
clinical features are inconsistent in discriminating be-
tween clinical MODY and a T2D-like risk phenotype.62–64

Similarly, the population-specific HNF1A E508K variant
was not associated with any examined clinical character-
istic between carriers and non-carriers, including age of
diagnosis, BMI, or fasting glucose levels despite the
substantial impact on diabetes risk.2

Our functional studies indicate that the molecular
effects of the c.1108G>T variant are caused by defective
splicing, rather than by the isolated effect of the amino
9
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acid substitution. While splice variants are well-
established in HNF1A-MODY, there are limited
in vitro functional studies reported on these variants.48

The most likely molecular mechanism of the identi-
fied c.1108G>T variant is haploinsufficiency, consistent
with the known pathogenesis of HNF1A variants.65 The
variant effect indicated by the functional assays and
the variant effect size may seem incongruent. However,
the effect of a genetic variant may be modified by other
genetic or environmental effects,66–69 and, as mentioned
above, it is challenging to compare effect sizes, pene-
trance, and defining clinical characteristics between
case–control and population studies. The functional as-
says used in this study are standard in the functional
characterization of HNF1A, which is only expressed in
tissues that are difficult to extract. However, an ideal
functional characterization would be based on beta cells
cultured from Greenlandic carriers, in order to ensure
that the variant is characterised in the relevant tissue
and in the unique biological context of Greenlanders.
Future studies are necessary to address the exact
composition of the mutant transcript, and the mecha-
nism of disease for example through gene-editing or
studies of induced pluripotent stem cells.

Importantly, we show that the combination of the
large effect size and high frequency of the HNF1A
c.1108G>T variant constitutes the largest population
impact of any variant within a known MODY gene re-
ported to date. Collectively, the previously reported
recessive TBC1D4 variant and the c.1108G>T variant
explain the largest amount of variance for single variants
by a large margin compared to all other replicable pre-
viously reported T2D-associated variants. A possible
exception is the G319S variant from the small Sandy
Lake Oji-Cree community with an estimated LVE% only
slightly lower than c.1108G>T.3,4 However, a direct
comparison is difficult because estimates of allele fre-
quency and effect size for the G319S variant do not take
population structure into account. The ancestral Inuit
population to the present day Greenlanders is known to
have been isolated and extremely small for thousands of
years and was therefore strongly affected by genetic
drift.70,71 As a consequence, high impact disease-causing
genetic variants segregate at higher frequencies in the
Greenlandic population than in larger populations.
These results underline that while the genetic compo-
nent of T2D disease burden within Europe and East
Asia is highly polygenic, the Greenlandic population
harbours common high penetrance variants, and serves
as a reminder that this may be the case for other small
populations. In fact, close to 1 in 5 of diabetes cases in
Greenland carry either the HNF1A c.1108G>T variant
or are homozygous for the previously identified Inuit-
specific TBC1D4 stop-gain variant. Therefore the com-
bination of these two common high impact variants
alone contribute to a large fraction of the heritability of
T2D in Greenland. It also serves as a reminder of the
strengths of studies based in small populations, where
the number of carriers of the same deleterious variants
is higher and the genetic causes of disease are more
homogenous.

While individuals with HNF1A-MODY generally
respond well to treatment with sulphonylureas,72–74 it is
not always the case that variants in HNF1A result in an
increased insulin secretory response to sulphonylurea.
Notably, a study on the short-term response to the sul-
phonylurea glipizide showed that neither non-diabetic
nor diabetic carriers of the Mexican/US Latino
HNF1A E508K variant were sensitive to sulphonylurea
stimulation.75 Genome-wide meta-analysis also does not
implicate any common HNF1A variants in the glycemic
response to sulphonylurea treatment.76 Whether carriers
of the c.1108G>T variant could benefit from treatment
with sulphonylurea should be pursued within the
context of a randomised clinical trial establishing both
short and long-term efficacy of sulphonylurea in these
patients. Beyond potential pharmacogenetic benefits lie
further personalised medicine potentials for diagnosis
and management that take into account the individual’s
ancestral, genetic, and environmental background, and
underlines the importance of a genetically-driven
approach to diabetes management in Greenland. This
includes tailored early detection approaches in family
members, and a more precise substratification of dia-
betes within the population that provides an avenue for
directed health care efforts in the future. These poten-
tials are in line with the multifaceted areas defined
within precision medicine, including precision diag-
nosis, prognostics, as well as treatment.77

In conclusion, the novel HNF1A c.1108G>T is
unique to Greenlandic Inuit and has the largest popu-
lation T2D impact of previously reported variants in
known MODY genes to date. This finding emphasises
that the Greenlandic population is uniquely impacted by
common high-penetrance variants, as the previously
identified TBC1D4 variant and the newly identified
c.1108G>T variant affect 18% of Greenlanders with
diabetes, and underlines the importance of population-
specific genetic discovery as a driver of genomic-based
personalised medicine.
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