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A common Greenlandic TBC1D4 variant confers
muscle insulin resistance and type 2 diabetes
Ida Moltke1,2*, Niels Grarup3*, Marit E. Jørgensen4, Peter Bjerregaard5, Jonas T. Treebak6, Matteo Fumagalli7,
Thorfinn S.Korneliussen8,MarianneA.Andersen6, Thomas S.Nielsen6, Nikolaj T. Krarup3, Anette P.Gjesing3, JuleenR. Zierath6,9,
Allan Linneberg10, Xueli Wu11, Guangqing Sun11, Xin Jin11, Jumana Al-Aama11,12, Jun Wang3,11,12,13,14, Knut Borch-Johnsen15,
Oluf Pedersen3, Rasmus Nielsen7,16, Anders Albrechtsen1 & Torben Hansen3,17

TheGreenlandicpopulation,a small andhistorically isolated founder
population comprising about 57,000 inhabitants, has experienced a
dramatic increase in type 2 diabetes (T2D) prevalence during the past
25years1.Motivatedby this,weperformedassociationmappingofT2D-
related quantitative traits inup to 2,575Greenlandic individualswithout
knowndiabetes.Usingarray-basedgenotypingandexomesequencing,
we discovered a nonsense p.Arg684Ter variant (inwhich arginine is
replaced by a termination codon) in the geneTBC1D4with an allele
frequencyof 17%.Herewe showthat homozygous carriers of this variant
havemarkedlyhigherconcentrationsofplasmaglucose(b53.8mmol l21,
P52.5310235) and serum insulin (b5165pmol l21, P51.5310220)
2 hours after an oral glucose load compared with individuals with other
genotypes (both non-carriers and heterozygous carriers). Furthermore,
homozygous carriers have marginally lower concentrations of fasting
plasma glucose (b520.18mmol l21,P51.131026) and fasting serum
insulin (b528.3pmol l21, P50.0014), and their T2D risk is markedly
increased (odds ratio (OR)5 10.3, P5 1.63 10224). Heterozygous
carriershaveamoderatelyhigherplasmaglucoseconcentration2hours
after an oral glucose load thannon-carriers (b5 0.43mmol l21,P5

5.33 1025).Analyses of skeletalmuscle biopsies showed lowermes-
senger RNA and protein levels of the long isoform of TBC1D4, and
lower muscle protein levels of the glucose transporter GLUT4, with
increasing number of p.Arg684Ter alleles. These findings are con-
comitantwitha severelydecreased insulin-stimulatedglucoseuptake
inmuscle, leading to postprandial hyperglycaemia, impaired glucose
tolerance andT2D.The observed effect sizes are several times larger
than any previous findings in large-scale genome-wide association
studies of these traits2–4 and constitute further proof of the value of
conducting genetic association studies outside the traditional set-
ting of large homogeneous populations.
Genetic association studies have traditionally been performed in large

homogeneous populations. However, several studies have shown that it
can be valuable to use founder populations5, and there are similar advan-
tages to using small and historically isolated populations. These advan-
tages include increased statistical power to detect associations, owing to
extended linkage disequilibriumand to an increased probability that dele-
terious variants overcome their selective disadvantage and reach high
allele frequencies as a result of substantial genetic drift over many gen-
erations. Therefore, we aimed at identifying genetic variants associated
with glucose homeostasis in theGreenlandic population, which is a small
and historically isolated founder population, by associationmapping of

four T2D-related traits: plasma glucose and serum insulin levels at fast-
ing and 2 h after an oral glucose load.
We successfully genotyped 2,733 participants in the Inuit Health in

Transition (IHIT) cohort6, sampled from12 regions inGreenland (Fig. 1a),
with the Illumina Cardio-Metabochip7 (Metabochip) (Extended Data
Table 1).Weobserved a highdegree of linkagedisequilibriumcompared
with Europeans (Extended Data Fig. 1a) and a high degree of European
admixture (Fig. 1b). Additionally, as a natural consequence of the fact
that the cohort constitutes almost 5%of the population,we identifiedmore
than 1,000 close relationships (siblings or parent–offspring) (Extended
Data Fig. 1b). Population structure can lead to both decreased statistical
power and increased type II error rates8. Toavoid the latter,we therefore
performed association analyses using a linearmixedmodel,which takes
both admixture and relatedness into account. Genomic control inflation
factors showed no inflation (range, 0.937–0.995; Fig. 2a and Extended
Data Fig. 2).
Discovery analyseswere performed for up to 2,575 IHITparticipants

without previously knownT2Dusing an additivemodel.We found that
the minor allele of rs7330796 was strongly associated with a higher 2-h
plasma glucose level (P54.23 10217) and a higher 2-h serum insulin
level(P56.4310210)(Fig.2a,bandExtendedDataFig.2).Theseassociations
were replicated in theB99Greenlandic cohort9 (P5 4.23 1026 for 2-h
plasma glucose and P5 2.73 1025 for 2-h serum insulin).

*These authors contributed equally to this work.
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Figure 1 | Greenlandic study population. a, Sampling locations in
Greenland. b, Estimated admixture proportions of Inuit and European
ancestry. The admixture proportions were estimated assuming two source
populations (K5 2). The estimates are both for the 2,733 individuals in
the Greenlandic sample (IHIT), depicted to the left of the vertical line, and for
50 Danes, to the right of the vertical line.
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The rs7330796 variant was selected for inclusion on theMetabochip
because itwas in the top5,000candidate singlenucleotidepolymorphisms
(SNPs) for association with waist-to-hip ratio7 and it has not previously
been reported to be associatedwith any of the four examinedT2D-related
traits or with T2D. The variant is located in intron 11 of TBC1D4 and is

neither inhigh linkagedisequilibriumwithneighbouringvariants on the
Metabochip nor situated inside a long range linkage disequilibrium
block (Extended Data Fig. 3a, b). To locate the causal variation in the
region,weperformed exome sequencing of nine trios, andwe identified
four codingSNPs inhigh linkagedisequilibrium(r2.0.8)with rs7330796
(Extended Data Table 2). We genotyped these SNPs and found that
p.Arg684Ter, a nonsense polymorphism in TBC1D4 (c.2050C.T,
rs61736969), was strongly associatedwith 2-hplasma glucose levels (P5
3.63 10225) in the IHIT cohort (Table 1 and Fig. 3a). Conditional ana-
lyses demonstrated that p.Arg684Ter was significantly associated with
2-h plasma glucose and 2-h serum insulin levels when conditioning on
rs7330796 (P5 1.33 1029 and P5 8.93 1029, respectively), whereas
rs7330796was not associatedwith the two traitswhen conditioning on
p.Arg684Ter (P5 0.47 and P5 0.09) (Fig. 3a). Additionally, themean
2-h plasma glucose levels for individuals with two copies of the minor
rs7330796 allele increased with increasing Inuit admixture propor-
tion (Extended Data Fig. 4a), which is expected if a variant is not caus-
ative and if the linkage disequilibrium patterns differ between Inuit
andEuropeans.By contrast, the samewasnot true for p.Arg684Ter (Ex-
tended Data Fig. 4b). These findings suggest that p.Arg684Ter is the
causative variant.
Themean2-hplasmaglucose levels stratifiedbyp.Arg684Ter genotype

suggested that the variantmainly has an effect in homozygous carriers,
indicating a recessive inheritance (Fig. 3b).We therefore alsoperformed
analyses using a recessive model: that is, we compared homozygous
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Figure 2 | Associations between 2-h plasma glucose levels and genotypes, as
determined by Metabochip assay. Tests were performed using an additive
linear mixed model in 2,540 individuals from the IHIT study who were not
known to have T2D and forwhomvalid 2-h plasma glucose datawere available.
a, A quantile–quantile (QQ) plot of the observed 2log10[P] values (y axis)
versus the2log10[P] values expected under the null hypothesis of no
association (x axis). The red line shows x5 y, and the black lines demarcate the
95% confidence interval. The l value is the genomic control inflation factor.
b, A Manhattan plot of the observed2log10[P] values. The dashed horizontal
line indicates a 0.05 significance threshold after Bonferroni correction for
multiple testing. The lowest P value is for rs7330796 on chromosome 13.
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Figure 3 | Effect of the p.Arg684Ter nonsense polymorphism in TBC1D4.
a, Association test results for all testedMetabochip SNPs in a 2-megabase (Mb)
region around the p.Arg684Ter polymorphism (shown as a dashed vertical
line). Each SNP is represented by a coloured circle. The position of the circle
on the x axis shows the genomic position of the SNP. The position of the circle
on the left y axis shows the2log10[P] value of the SNP when testing for
association with 2-h plasma glucose levels, as determined using an additive
model. The colour of the circle indicates the extent of correlation (r2) between
the SNP and p.Arg684Ter. The circles representing p.Arg684Ter and
rs7330796 are labelled (to the left of the circles). For every SNP, except for
p.Arg684Ter, there is also a white diamond, which illustrates the P value
obtained by testing for association conditional on p.Arg684Ter. The solid blue
line illustrates the recombination rate from the Chinese HapMap (CHB)
panel (in centimorgan (cM) per Mb, right y axis). The protein-coding genes in

the genetic region are shown below the plot. b, The mean 2-h plasma glucose
and the frequency of T2D for three genotypes (zero, one or two p.Arg684Ter
alleles). Superimposed are the estimated effect sizes from the mixed
model6 s.e.m. c, The two predominant isoforms of the TBC1D4 gene
illustrating which exons are transcribed: the long isoform, which has two
additional exons (top), and the short isoform (bottom). Exons are depicted as
boxes, and the location of the p.Arg684Ter polymorphism is indicated by
a red arrow. d, The mRNA expression level of the long TBC1D4 isoform in
skeletal muscle from nine Greenlandic individuals (measured in arbitrary
units (a.u.)). The mean value for each genotype group is shown as a horizontal
line. e, Abundance of the long TBC1D4 protein isoform in skeletal muscle
from nine individuals as quantified from western blot (measured in a.u.). The
mean value for each genotype group is shown as a horizontal line.
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carriers with carriers of other genotypes. These analyses demonstrated
that homozygous carriersofp.Arg684Ter in the IHIThada3.8mmol l21

higher2-hplasmaglucose level (Precessivemodel (rec)52.5310235) (Table1).
Although the main effect was seen when comparing homozygous
p.Arg684Ter carriers with all other individuals, even heterozygous car-
riers displayeda 0.43mmol l21higher2-hplasmaglucose level thannon-
carriers (P5 5.33 1025) (Fig. 3b). To further investigate themetabolic
implications of p.Arg684Ter, we analysed additional metabolic traits
(Table 1). Analyses of 220 individualswithT2Dand 1,810 non-diabetic
control individuals showed a strong association of p.Arg684Ter with
increased risk of T2D (Padditive model (add)5 2.13 10211). Similar to the
2-h plasma glucose levels, the data suggested a recessive inheritance for
T2D(ORrec, 10.3;Prec5 1.63 10224) (Fig. 3b). Interestingly,whenusing
an alternative definition of T2D that is based on recent HbA1C criteria
and does not include plasma glucose data, the association was modest
(P5 0.0084). This finding is in line with the modest association of
p.Arg684Ter with HbA1C as a quantitative trait (Table 1). We also
found that p.Arg684Ter was associated with decreased peripheral
insulin sensitivity, as estimated by the Gutt insulin sensitivity index
(ISI)10 (ISI0,120: badd520.32 s.d., Padd5 1.43 10220; brec521.0 s.d.,
Prec51.6310227) (Table 1).We replicated these findings in theB99cohort
and found consistent results (Extended Data Table 3). Finally, we
found associations of p.Arg684Ter with lower fasting plasma glucose
and serum insulin levels in the IHIT cohort butwith substantially lower
effect sizes than theglucose-stimulated effects (badd520.048mmol l21,
Padd5 0.00011;brec520.18mmol l21, Prec5 1.13 1026; andbadd5
22.3 pmol l21,Padd5 0.00012;brec528.3 pmol l21,Prec5 0.0014, re-
spectively) (Table 1). Thus, our findings indicate that the p.Arg684Ter
TBC1D4 variant confers increased risk of a subset of diabetes that fea-
tures deterioration of postprandial glucose homeostasis. In this context,
it is of interest that 2-h glucose levels appear to be a better predictor
of cardiovascular disease than do fasting plasma glucose levels11. The
p.Arg684Ter variant showed no significant association withHOMA-B,
an estimate of basal b-cell function. Similarly, no convincing associa-
tions were detected with measures of adiposity, fasting lipid levels or
other components of metabolic syndrome (Table 1).
The impact of p.Arg684Ter in its recessive formon2-hplasmaglucose

(3.8mmol l21) and T2D risk (OR, 10.3) are several times larger than any
effects that have been reported in large-scale genome-wide association
studies for these traits2–4. Furthermore, the p.Arg684Ter polymorph-
ism has a high population impact, as 3.8% of Greenlanders are homo-
zygous carriers of the risk allele. In the IHIT cohort, 15.5%of thepatients
with T2D are homozygous carriers of the risk allele, in contrast to 1.6%
amongglucose-tolerant individuals, indicating thatp.Arg684Ter accounts
formore than 10%of all cases of T2D inGreenland. Between 40 and 60
years of age,more than 60%of the homozygous carriers haveT2D, and

this increases to more than 80% above the age of 60. The effect of p.
Arg864Ter thusmirrors aMendelian-disease-like patternof inheritance.
Thep.Arg684Ter variant has aminor allele frequency (MAF) of 17%

in the IHIT cohort, and we estimated it to have a MAF of 23% and 0%
in the unobserved Inuit and European populations that are ancestral
populations to theGreenlanders. In comparison, this variantwas found
in only 1 Japanese individual (NA18989) out of the 1,092 individuals
sequenced in the 1000 Genomes Project12, and it was not present in
exomesequencingdata from2,000Danish individuals13, 448HanChinese
individuals or,6,500 European and African American individuals14.
Thus, the variant is not unique to the Greenlandic population but is prob-
ably commononly amongGreenlanders and other relatedpopulations.
This finding raises the question ofwhether the variant has been favoured
by natural selection orwhether it has increased in frequency as a result of
genetic drift. A test for selection showed weak evidence for positive selec-
tion (Extended Data Fig. 5 and Supplementary Notes 1).
TBC1D4, alsoknownasAS160, acts as amediatorof insulin-stimulated

Akt-induced glucose uptake throughRab-mediated regulation ofGLUT4
mobilization15. Tbc1d4-knockout mice have decreased basal plasma glu-
cose levels andare resistant to insulin-stimulatedglucoseuptake inmuscle
and adipose tissue16. Furthermore, the overall GLUT4 levels in thesemice
are markedly lower than those of Tbc1d4-sufficient mice16. Two isoforms
of theTBC1D4genehave been reported: one encodes a full-lengthprotein,
and the other encodes a short form lacking exons 11 and 12 (Fig. 3c). It is
predicted that the p.Arg684Ter variant results in termination of TBC1D4
transcription in exon 11; thus, this variant is expected to affect only the
long isoform. In linewithprevious findings17, expressionanalyses inhumans
showed that while the short isoform of TBC1D4 is widely expressed, the
long isoform is primarily expressed in skeletal muscle and not in other
major tissues associatedwith glucosemetabolism, such as adipose tissue,
the liveror thepancreatic islets (ExtendedDataFig. 6a, b).Thus, it isunlikely
thatp.Arg684Teraffects the latter tissues.Wemeasured theexpression levels
in skeletal muscle tissue in groups of three individuals carrying zero, one
or two copies of p.Arg684Ter. As predicted, the levels of long TBC1D4
isoformmRNAandproteindecreasedwithincreasingnumberofp.Arg684Ter
alleles (Fig. 3d, e). The short isoform was observed at very low levels in
skeletal muscle regardless of the genotype (Extended Data Fig. 6c),
indicating that this isoform is unlikely to contribute to the observed
phenotype. Further analyses showed that GLUT4 protein levels in the
skeletalmuscledecreasedwith increasingnumber of p.Arg684Ter alleles
(ExtendedData Fig. 6d). Thus, the phenotype of globalTbc1d4-knockout
mice—lower fastingglucose levels andmarkedly lower insulin-stimulated
glucose uptake than Tbc1d4-sufficient mice16—is comparable to the
phenotype observed in homozygous carriers of the p.Arg684Ter vari-
ant. Our data indicate that disruption of the full-length TBC1D4 pro-
tein in skeletal muscle results in severely decreased insulin-stimulated

Table 1 | Association of TBC1D4 p.Arg684Ter with metabolic traits in the IHIT cohort

Trait n Additive model Recessive model
bs.d. (95% CI) b P bs.d. (95% CI) b P

Fasting plasma glucose (mmol l21) 2,546 20.13 (20.2 to 20.064) 20.048 0.00011 20.45 (20.63 to 20.27) 20.18 1.1 31026

2-h Plasma glucose (mmol l21) 2,511 0.35 (0.29 to 0.42) 1.1 3.6310225 1.2 (0.99 to 1.4) 3.8 2.5310235

Fasting serum insulin (pmol l21) 2,546 20.14 (20.21 to 20.07) 22.3 0.00012 20.33 (20.53 to 20.13) 28.3 0.0014
2-h Serum insulin (pmol l21) 2,511 0.29 (0.22 to 0.36) 57 6.7310217 0.90 (0.71 to 1.1) 160 1.5310220

Fasting serum C-peptide (pmol l21) 2,546 20.12 (20.19 to 20.049) 228 0.00092 20.32 (20.52 to 20.13) 285 0.0012
2-h Serum C-peptide (pmol l21) 2,511 0.30 (0.24 to 0.36) 360 4.4310220 0.82 (0.65 to 1) 1,000 8.5310220

HbA1C (%) 2,692 0.015 (20.047 to 0.078) 0.015 0.63 0.2 (0.036 to 0.37) 0.10 0.017
HOMA-IR (mmol l21

3pmol l21) 2,546 20.15 (20.22 to 20.076) 20.078 6.4 31025
20.36 (20.56 to 20.16) 20.37 0.00047

ISI0,120 2,487 20.32 (20.39 to 20.26) 20.47 1.4310220
21.0 (21.2 to 20.86) 21.4 1.6310227

HOMA-B (%) 2,545 20.085 (20.15 to 20.018) 22.3 0.013 20.12 (20.31 to 0.062) 24.2 0.19
T2D (cases/controls) 220/1,810 0.083 (0.059 to 0.11) 0.083 2.1310211 0.37 (0.3 to 0.44) 0.37 1.6310224

Fasting serum HDL-cholesterol (mmol l21) 2,702 0.032 (20.035 to 0.099) 0.019 0.34 0.098 (20.082 to 0.28) 0.064 0.29
Fasting serum total cholesterol (mmol l21) 2,566 20.013 (20.081 to 0.056) 20.018 0.71 0.25 (0.064 to 0.44) 0.30 0.0086
Fasting serum triglyceride (mmol l21) 2,702 20.040 (20.11 to 0.032) 20.020 0.27 0.022 (20.17 to 0.22) 0.038 0.82
BMI (kgm22) 2,673 20.036 (20.11 to 0.036) 20.19 0.32 0.047 (20.15 to 0.24) 0.25 0.63

Results are shown for an additive and a recessive geneticmodel. For each trait, n is the number of individualswith genotypedata for the specific variant andphenotype data for the specific trait. bs.d. is the effect size

estimated using quantile-transformed values of the trait (except for the binary trait T2D), and b is the effect size estimated using untransformed values. TheP values were obtained from the quantile-transformed-

value-based analyses. All P values,1 31026 are marked in bold and were all successfully replicated in the B99 cohort (Extended Data Table 3). Individuals with known T2D were removed from the analysis of

quantitative traits. Highly significant associations were also observed when removing both individuals with known and screen-detected T2D from the analyses (data not shown). BMI, body mass index; HDL,

high-density lipoprotein; HOMA-IR, homeostasis model assessment-estimated insulin resistance.
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glucose uptake, leading to postprandial hyperglycaemia, impaired glu-
cose tolerance and T2D.
The effect of TBC1D4 p.Arg684Ter is in line with a reported familial

case ofpostprandial hyperinsulinaemia causedbyaTBC1D4p.Arg363Ter
variant18.However, the reportedp.Arg363Tervariant affectsbothTBC1D4
isoforms and consequently many tissues. Moreover, this variant has a
large effect on insulin-stimulated glucose uptake in heterozygous car-
riers but not on fasting glucose levels. By contrast, the p.Arg684Ter
variant discovered here has a large effect only in homozygous carriers
and is restricted to the long isoform of TBC1D4, thereby affecting
TBC1D4 signalling in skeletal muscle but not in b-cells, the liver or
adipose tissue. Furthermore, the p.Arg684Ter variant affects fasting
glucose levels. Finally, the high frequency of the nonsense variant in
Greenlanders has allowed us to assess the physiological impact of this
variant with high statistical confidence.
In summary,our studydemonstrates the strengthof conductinggenetic

associationmapping outside the traditional setting of large homogeneous
populations. We report a novel association of a common TBC1D4
nonsense variant with T2D and elevated circulating glucose and insulin
levels after an oral glucose load. The effect sizes of the variantmarkedly
exceed previously reported associations of common genetic variants
with metabolic traits. The variant leads to a prematurely terminated
transcript of the long isoform of TBC1D4, which in homozygous car-
riers causes insulin resistance in skeletal muscle and confers a high risk
of a subtype of T2D that is characterized by a deterioration of post-
prandial glucose homeostasis.

METHODS SUMMARY
Discovery association analyses were performed on the IHIT cohort data6 and repli-
catedwith theB99 cohort data9 (ExtendedDataTable 1). Participants underwent an
oral glucose tolerance test,with plasmaglucose and serum insulin levelsmeasuredat
fasting and after 2 h. Diabetes was classified according to the World Health Orga-
nization. Samples were genotyped using the Cardio-Metabochip (Illumina)7 with
standard protocols. Samples withmis-specified gender, high rates of missing data
and duplicates were removed using the software toolset PLINK. For association
testing, we used a linear mixed model, implemented in the software GEMMA, to
control for admixture and relatedness. Only participants without known diabetes
were analysed (IHIT/B99: fasting plasma glucose, n52,575/n51,064; fasting serum
insulin, n52,575/n51,062; 2-h plasma glucose, n52,540/n5845; and 2-h serum
insulin, n5 2,540/n5 845). All quantitative traits were quantile-transformed to
a standard normal distribution; age and sex were included as covariates, and tests
were performed using a likelihood ratio test. Effect sizes and their standard errors
were estimated using a restricted maximum likelihood approach. Conditional
analyses were performed by including the SNP that we conditioned on as an addi-
tional covariate. A meta-analysis was performed using the inverse-variance-based
method. To estimate the OR for T2D under the recessive model, we used a linear
mixed model without covariates, estimated a (the intercept) and b (the genotype
effect) and set OR5 {(a1b)/[12 (a1b)]}/[a/(12a)]. After the discovery studies,
we selected nine trios that we inferred to have no European ancestry, enriching for
carriers of the rs7330796 minor allele. We exome-sequenced the trios by using
SureSelect capture (Agilent) followed by HiSeq2000 sequencing (Illumina), aligned
the data using bwa software and called genotypes using SAMtools software. Variants
that were in high linkage disequilibrium with rs7330796 were identified, genotyped
in all individuals and tested for association. Admixture proportions were estimated
using the softwareADMIXTURE, assuming that there are two ancestral populations.
Relatedness was estimated using the software RelateAdmix, which takes admixture
into account. Methods for the biological studies are described in Methods.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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METHODS
Study samples. The primary data set, the IHIT cohort (n5 3,115), was collected
in 2005–2010 as part of a general population health survey of the Greenlandic
population6. A randomsampleof adults in12 regions, consistingof 21 selected towns
and villages, was invited to participate (Fig. 1a). The data set used for replication
(n5 1,401) was collected in 1999–2001 as part of a general population health sur-
vey (B99)9. Two hundred and ninety-five individuals overlapped between the two
sample sets andwere assigned to the B99 sample set. The clinical characteristics of
the participantswith genotype data are shown inExtendedDataTable 1.Note that
the sample size of,3,000 is large enough tohave the power (.80%) todetect com-
mon (MAF. 5%) variants withmodest to high effect sizes (0.4 s.d.), comparable to
the known genetic variations associated with lipid levels in Europeans.When estim-
ating admixture proportions, in addition to theGreenlandic samples, we included a
set of 50Danish samples from the Inter99 study19 to represent a European reference
population.
Ethical considerations.The studyhas received ethics approval from theCommission
for Scientific Research in Greenland (project 2011-13, ref. no. 2011-056978; and
project 2013-13, ref.no. 2013-090702) and was conducted in accordance with the
ethical standards of the Declaration of Helsinki, second revision. Participants gave
written consent after being informed about the study orally and in writing.
Phenotypic data and biochemical variables. In IHIT, all participants underwent
an oral glucose tolerance test (OGTT). In B99, participants above 24 years of age
had blood samples taken when fasting, and participants above 35 years underwent
an OGTT. At the baseline health examination, venous blood samples were drawn
after an overnight fast of at least 8 h. After this, participants received a standard 75-g
OGTT, with blood samples drawn 2h after the glucose intake. Only fasting venous
plasma glucose was measured in participants with known diabetes. Plasma glucose
values (0 and 2 h) were analysed with the Hitachi 912 system (Roche Diagnostics).
Serum insulin levels (0 and 2 h) were analysed by an immunoassaymethod exclud-
ing des-31,32 split products and intact proinsulin (AutoDELFIA, PerkinElmer).
Indices of insulin sensitivity and insulin secretion were derived from plasma glu-

cose and seruminsulinmeasures fromtheOGTT. Insulin sensitivitywas estimatedby
the homeostasis model assessment (HOMA)20 and by an insulin sensitivity index10:
HOMA-IR5 [(fasting glucose level3 fasting insulin level)/6.945]/22.5, where insu-
lin levels are expressed in pmol l21 and glucose levels are expressed in mmol l21;
insulin sensitivity index (ISI0,120)5 {[75,0001 (fasting glucose level318–2-h glu-
cose level3 18)30.193weight]/120}/[0.5(fasting glucose level3181 2-h glucose
level3 18)]/log[(fasting insulin level/6.9451 2-h insulin/6.945)/2], where insulin
levels are expressed in pmol l21, glucose levels are expressed inmmol l21 and weight
is expressed in kg. Basal b-cell function was estimated by the HOMA-B index20

calculated as HOMA-B5 [20(fasting insulin level/6.945)]/(fasting glucose level2
3.5), where insulin levels are expressed in pmol l21 and glucose levels are expressed
in mmol l21.
Analyses of quantitative glycaemic traits were performed excluding individuals

with previously diagnosed diabetes, leaving up to 2,575 IHIT participants for dis-
covery analysis (fasting plasma glucose, n5 2,575; fasting serum insulin,n5 2,575;
2-h plasma glucose, n5 2,540; and 2-h serum insulin, n5 2,540) and up to 1,064
B99 participants for replication analysis (fasting plasma glucose, n5 1,064; fasting
serum insulin, n51,062; 2-h plasma glucose, n5 845; and 2-h serum insulin
n5845). Individuals taking lipid-loweringmedicationwere removed for the analysis
of fasting serum lipids. Dichotomous glycaemia variables were constructed to test
for association with T2D, classified according to the World Health Organization
criteria21. This analysis included 223 individuals with T2D and 1,832 control
individuals with normal glucose tolerance for the discovery IHIT cohort, as well
as 84 individuals with T2D and 543 control individuals for the B99 replication
sample (Extended Data Table 1).
Genotyping.DNAwas purified from blood leukocytes. Both the Greenlandic and
the Danish individuals were genotyped on the Cardio-Metabochip (Metabochip;
Illumina), which is a custom iSelect genotyping array of 196,725 SNPs for genetic
studies of metabolic, cardiovascular and anthropometric traits7. Genotyping was
performed using the HiScan system (Illumina), and genotypes were called using
the GenCall module of the GenomeStudio software (Illumina) using default clus-
ter data. In total, 2,812 individuals from the IHIT cohort and 1,376 from the B99
cohortwere genotyped. Four additional SNPs identified in exome sequencingwere
genotyped in both the IHIT and B99 cohorts, by applying the KASP genotyping
assay (LGC Genomics).
Data filtering. Before performing any analyses, we used PLINK software tools to
identify and remove samples with mis-specified gender and high rates of missing
data (.2% of all SNPs with a MAF. 0.01). This led to the removal of 79 samples
from the IHIT data set and 45 samples from the B99 data set, leaving us with 2,733
and 1,331 samples, respectively, to analyse.
Before performing association testing, we filtered out all SNPs withMAFs,1%

or with.5% missing genotypes. This filtering was performed separately for each

test: that is, the MAF and ‘missingness’ estimates on which the filtering was based
for a given test were calculated from the individuals included in that specific test.
Additionally, all SNPs with.10% difference in allele frequency between the IHIT
and B99 data sets were removed from both data sets.

Association testing. For association testing, we used a standard linear mixed
model, implemented in GEMMA22: that is, we tested for association between each
SNP and each trait bymodelling the effects of genotypes and the additional covari-
ates, age and sex, as fixed effects, and admixture and relatedness as random effects.
These random effects were assumed to be distributed as a multivariate normal dis-
tribution with variance proportional to an n3n relatednessmatrix estimated from
the standardized genotypes of all SNPs with a MAF.5% and ,1% missingness.
We tested for association using a likelihood ratio test of the alternative hypothesis
H1 (b? 0) against the null hypothesis H0 (b5 0), where b is the effect size of the
genotype. The effect sizes and standard errors of the effect sizes were estimated
using a restricted maximum likelihood (REML) approach.

Beforeperforming theanalyses, all of thequantitative traitswerequantile-transformed
to a standard normal distribution. Analyses were performed by applying an addi-
tive model (that is, with genotypes coded as 0, 1 and 2 denoting the number of
minor alleles) and a recessivemodel (that is, withhomozygotes for theminor allele
coded as 1, and the two other genotypes coded as 0). Conditional analyses were
performed by including the genotypes of the SNP, whichwe conditioned on, as an
additional covariate.

We analysed the twodata sets (IHIT andB99) separately, IHITwith the purpose
of discovery and B99 with the purpose of replication. We also performed a meta-
analysis using the inverse-variance-based method.

Estimation ofOR.To test for associationwith T2D, we used a linearmixedmodel
to properly control for the substantial amount of admixture and relatedness pre-
sent in the sample. Even though a linear model does not properly model binary
traits, such asT2D, it can still give valid results. To estimate theORof p.Arg684Ter
for T2D under the recessive model, we used a linear mixed model without the co-
variates age and sex and estimated the intercept, a, and the genotype effect, b.
Using these estimates, we calculated the OR as OR5 {(a1b)/[12 (a1b)]}/[a/
(12 a)]. Note that ORs obtained from such amodel are not always comparable to
those obtained from the standard logistic regression model.

Exome sequencing.We selected nine trios for exome sequencing. One of the trios
had a minor estimated amount of European ancestry (average of 5%), while the
others were inferred to have no European admixture. We enriched for carriers of
the rs7330796 minor allele such that seven individuals carried two copies of the
minor allele andnine individuals carried one copy, giving aMAFof close to 50% in
these individuals. The nine trios were exome-sequenced using SureSelect capture
(Agilent) followed by HiSeq2000 sequencing (Illumina). The sequence data were
aligned to the human genome assembly hg19 using the software bwa23 (version
0.7.5a-r405) with default parameters. Duplicates were removed, and themate-pair
informationwasproperlydefinedusingpicard tools (http://picard.sourceforge.net)
(version 1.95). Subsequently, local realignment surrounding known indel regions
was performed, and the quality score for each read was recalibrated with gatk24

(version 2.4-7-g5e89f01) using the same resource files as in the 1000 Genomes
Project12. Finally genotypes were called using SAMtools25 (version 0.1.19-44428cd)
and bcftoolswith standard parameters (-A -c -e -g -v).Weobservednodiscordance
between the lead SNP from the sequencing data and the SNP chip data; we also did
not find any discordance between the four SNPs found to be in linkage disequilib-
rium with the lead SNP, which were also genotyped.

The mean individual sequencing depth was 90.13 for all target regions for the
27 samples. This is comparable to that of the exomes for TBC1D4, which had a
mean individual sequencing depth of 86.83. The mean phred scale quality scores
were 33.2 and 32.7 for TBC1D4 and all target regions, respectively. These scores
correspond to a base error probability of approximately 0.05%.

Trio phasing.Phasingof the exome-sequenced individualswasdoneby first calling
genotypes, as described above. Then, the inferred genotypes were filtered and,
finally, phasingwas done using the trio information based on the Beagle software26.
We filtered the sites based on the following criteria: average sequenced depth above
103 and below 5003, SNP quality score above 30, SNPs with a mappability of 1
(100mer), pv4 (strand andmapQ, end of read) with a P value higher than 1028 and
less than nine missing genotypes. Individual genotypes were set to missing if the
individual sequencing depth was less than 53, if there were Mendelian errors, if a
site was triallelic and if the genotype quality score was less than 20.

TBC1D4 andGLUT4 expression studies.Three individuals in each p.Arg684Ter
genotype group (carriers of zero, one or two copies of p.Arg684Ter) were selected
from the IHIT cohort for examination of TBC1D4 and GLUT4 skeletal muscle
expression after an overnight fast. Under local anaesthesia, samples of the vastus
lateralis muscle were acquired from each of these participants, snap-frozen and
stored at 280 uC.
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mRNA analyses. Total RNA was extracted from the skeletal muscle samples and
real-time PCR was used to quantify mRNA expression levels of the two TBC1D4
isoforms using primer sets that specifically amplify either the short or the long iso-
form of TBC1D4, as previously described27. In addition, the gene expression levels
of theTBC1D4 isoformsweredetermined fromcommercially available human tissue
RNA(ClontechLaboratories): hypothalamus (catalogueno., 636144), subthalamic
nucleus (catalogue no., 636167), thalamus (catalogue no., 636135), hippocampus
(catalogue no., 636134), cerebellum (catalogue no., 6361), cerebral cortex (cata-
logue no., 636164), postcentral gyrus (catalogue no., 636573), pons (catalogue no.,
636166), temporal lobe (catalogue no., 63616), parietal lobe (catalogue no. 636571)
and tissues as previously described28. Finally, the TBC1D4 isoform expression pat-
terns in human islets were determined from RNA extracted from five donors. The
human islets were provided through the Juvenile Diabetes Research Foundation
(JDRF) IsletDistributionProgram (JDRF award 6-2005-1178)by IsletCellResource
Centres in Milan (Italy) and Lille (France). Total RNA was extracted from intact
human islets using theTRIzolmethod (Invitrogen). cDNAsynthesiswas performed
using the Taqman Gold RT–PCR Kit (PerkinElmer).
Protein analyses.Muscle biopsies were homogenized (TissueLyser II, QIAGEN)
in lysis buffer (50mMHEPES, pH7.5, 10%glycerol, 1% IGEPALCA-630, 150mM
NaCl, 20mM Na4P2O7, 20mM b-glycerophosphate, 10mM NaF, 5mM nicoti-
namide, 2mMNa3VO4, 1mMEDTA, 1mMEGTA, 1mMsodiumbutyrate, 4mM
thiamet G and 13 SIGMAFAST protease inhibitor cocktail (Sigma Aldrich, cata-
logue no. S8820)) and incubated end-over-end at 4 uC for 45min. In a separate round
of homogenizations, membrane-bound proteins were extracted by adding SDS to
homogenates (final concentration 2.5%) followed by incubations at 1,200 r.p.m.
(Thermomixer, Eppendorf) at 30 uC for 45min. All homogenates were cleared by
centrifugation (16,000g, 20min, 4 uC), and the lysates were recovered and stored
at280 uC. Protein concentrationswere determined (BCAProtein Assay, Thermo
Scientific, catalogue no. 23225), and western blot analyses were performed using
equal amounts of protein to determine TBC1D4 content (5% SDS–PAGE, 40 mg
lysate per lane) and GLUT4 content (10% SDS–PAGE, 10mg lysate per lane). The
abundance of full-length TBC1D4 was quantified using an antibody targeting the
carboxy terminus of TBC1D4 (Abcam, catalogue no. ab24469); and GLUT4 pro-
teins, using an antibody targeting the amino terminus of GLUT4 (Thermo Scien-
tific, catalogue no. PA1-1065). Band intensities were evaluated using Image Lab
software (Bio-Rad).
Admixture analysis and allele frequency estimation. We estimated admixture
proportions for the IHIT cohort from the Metabochip data using the software
ADMIXTURE29withK5 2: that is, assuming that all individuals haveancestry from
two populations, the European population and the ancestral Inuit population.We
also included 50 Danish individuals in the analyses as a population reference. We
ran the ADMIXTURE program 50 times with different starting points to ensure

that convergence was reached. This program also estimates the frequencies of the
ancestral alleles. Thus, it is possible to obtain the allele frequencies in the Inuit pop-
ulation before the admixturewithEuropeans. For theTBC1D4p.Arg684Tervariant,
the MAF in the IHIT cohort was 17%, but the MAF was estimated as 0% in the
ancestral European population and 22.6% in the ancestral Inuit population. The
European estimate was confirmed by the absence of this variant in 2,000 Danish
individuals, as determined by exome sequencing13. In the IHIT cohort, 681 indi-
viduals showedno signs of European admixture, and theMAF in those individuals
was 25.0% (95% CI, 22.9–27.6).
Relatedness estimation.Relatedness was estimated from theMetabochip data for
all pairs of individuals using the program RelateAdmix30, which takes admixture
into account. The admixture proportions and population-specific allele frequen-
cies that RelateAdmix needs as input were estimated using the ADMIXTURE
program assuming two ancestral populations (see Admixture analysis above).
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Extended Data Figure 1 | Linkage disequilibrium (LD) and relatedness in
the IHIT cohort. a, The mean LD at chromosome 13 as a function of distance
estimated for a Danish population sample (Denmark) and for the IHIT
cohort (Greenland). LD is measured in r2 values, and distance is measured
as number of SNPs. b, A heat map of pairwise relatedness estimates
based on the Metabochip SNP data from the individuals from the IHIT
cohort and their estimated admixture proportions. k1 is an estimate of the

fraction of sites where two individuals share one allele identity by descent
(IBD), and k2 is an estimate of the fraction of sites where they share two
alleles IBD. The estimates were achieved using the software tool RelateAdmix,
which provides maximum likelihood estimates that take admixture into
account by allowing alleles to be IBD only if the alleles are from the same
population. The vastmajority of the approximately 4million pairwise estimates
have a relatedness coefficient r of less than 1%, where r5 0.5k11 k2.
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Extended Data Figure 2 | Association between fasting plasma glucose level,
fasting serum insulin level and 2-h serum insulin level and the SNPs on the
Metabochip for the IHIT cohort. Analyses were done using an additive
model and quantile-transformed phenotypes. Left, QQ plots with 95%

confidence interval. The l value is the genomic control inflation factor. Right,
Manhattan plots showing the2log10[P] values. The red dashed horizontal line
indicates the 0.05 significance threshold after Bonferroni correction for
multiple testing.
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ExtendedData Figure 3 | The region surrounding rs7330796. a, Association
results for all tested Metabochip SNPs in a 2-Mb region surrounding
rs7330796 (shown as a dashed vertical line). Each SNP is represented by a
coloured circle. The position of the circle along the x axis shows the genomic
position of the SNP. The position of the circle along the left y axis shows the
2log10[P] value of the SNP when testing for association with 2-h plasma
glucose levels using an additive model. The colour of the circle indicates the r2

value between the SNP and rs7330796. The circle representing rs7330796 has
a label to the left of it so that it can be identified. The solid blue curve (right
y axis) illustrates the recombination rates from the Chinese HapMap (CHB)
panel. Bottom, the protein-coding genes in the region are shown.
b, Pairwise LD in the Greenlandic population for all SNPs with a MAF.0.05
in a 10-Mb region surrounding rs7330796. LD is measured in r2 and was
estimated from the IHIT study sample.
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ExtendedData Figure 4 | Mean 2-h plasma glucose levels in the IHIT cohort
stratified by Inuit admixture proportion. a, The three possible genotypes of
rs7330796 (zero copies of theminor allele (WT), one copy (HE) and two copies
(HO)). b, The three possible genotypes of p.Arg684Ter (zero copies of the
p.Arg684Ter variant (WT), one copy (HE) and two copies (HO)). Error bars
are s.e.m. and were estimated for each admixture proportion using a
standard linear regression model.
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Extended Data Figure 5 | Selection analysis. a, Haplotype structure of a
500-kilobase pair (kbp) region around the coding SNP rs61736969. For each
SNP, the ancestral state is coloured red, while the derived allele is coloured
yellow. Haplotypes are ordered according to the coding SNP rs61736969
(p.Arg684Ter), whose position is highlighted. Haplotypes above the black line
carry the derived allele for rs61736969. b, The empirical distribution of the
derived intra-allelic nucleotide diversity (DIND) values, computed on a

500-kbp region, for all SNPs with the same derived allele frequency as the
coding SNP rs61736969. DIND is a measure of the ratio of the nucleotide
diversity of haplotypes carrying the derived allele to the nucleotide diversity of
haplotypes carrying the ancestral allele. The DIND value for the coding SNP
rs61736969 is highlighted by a dashed line and lies in the top 5% of the
distribution.
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Extended Data Figure 6 | Expression of TBC1D4 and GLUT4 in humans.
a, The mRNA expression levels of the long and short TBC1D4 isoforms in a
range of different human tissues (measured in arbitrary units, a.u.). b, The
mRNA expression levels of both TBC1D4 isoforms in human pancreatic
islet cell preparations from five individuals (in a.u.). The five individuals are not
Greenlandic and do not carry the p.Arg684Ter variant. The mean value for
each of the isoforms is shown as a horizontal line. c, The mRNA expression
levels of the short TBC1D4 isoform in skeletal muscle from nine

Greenlanders: three with zero copies of the p.Arg684Ter variant (WT),
three with one copy of the p.Arg684Ter variant (HE) and three with two copies
of the p.Arg684Ter variant (HO). The arbitrary units (a.u.) are on the same
scale as in Fig. 3d. The mean value for each genotype group is shown as a
horizontal line. d, The protein abundance of GLUT4 in the same nine
Greenlanders as in c (measured in a.u.). The mean value for each genotype
group is shown as a horizontal line.
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Extended Data Table 1 | Clinical characteristics of genotyped individuals from the IHIT and B99 Greenland population studies

HOMA-B5 [20(fasting insulin level/6.945)]/(fasting glucose level23.5), where insulin levels are expressed in pmol l21 and glucose levels are expressed in mmol l21. HOMA-IR5 [(fasting glucose level 3 fasting

insulin level)/6.945]/22.5, where insulin levels are expressed in pmol l21 and glucose levels are expressed in mmol l21. Insulin sensitivity index (ISI0,120)5 {[75,0001 (fasting glucose level 318–2-h glucose

level 318) 30.19 3weight]/120}/[0.5(fasting glucose level 31812-h glucose level 318)]/log[(fasting insulin level/6.94512-h insulin/6.945)/2], where insulin levels are expressed in pmol l21, glucose levels

are expressed in mmol l21 and weight is expressed in kg.
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Extended Data Table 2 | LD and allele frequency estimates from the 1000 Genomes Project data for SNPs in TBC1D4

The MAF column contains the MAF in the 27 (18 independent) sequenced individuals, and the six last columns contain the MAFs from the various populations from the 1000 Genomes Project. The r2 column

contains the LDbetween the SNPs and rs7330796. To estimate LD, all variations have to be diallelic. This was achieved by first defining themost common allele as the base allele. The genotypeswere then defined

as the number of non-base alleles. The populations shown are the following: Utah residents with Northern and Western European ancestry (CEU); Han Chinese in Beijing, China (CHB); Southern Han Chinese,

China (CHS); Finnish in Finland (FIN); Japanese in Tokyo, Japan (JPT); and Yoruban in Ibadan, Nigeria (YRI).

RESEARCH LETTER

Macmillan Publishers Limited. All rights reserved©2014



ExtendedData Table 3 | Association of TBC1D4 p.Arg684Ter withmetabolic traits in the B99 cohort and in both the IHIT and B99 combined
by meta-analysis

Results are shown for an additive and a recessive geneticmodel. For each trait, n is the number of individualswith genotypedata for the specific variant andphenotype data for the specific trait. bs.d. is the effect size

estimated using quantile-transformed values of the trait (except for the binary trait T2D), and b is the effect size estimated using untransformed values. TheP values were obtained from the quantile-transformed-

value-based analyses. The meta-analysis was performed using the inverse-variance-based method. All P values below 1 31026 are marked in bold.

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2014




