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Abstract

We previously identified a locus linked to total cholesterol (TC) concentration in Pima Indians on 

chromosome 19p. To characterize this locus, we genotyped >2000 SNPs in 1838 Pimas and 

assessed association with log(TC). We observed evidence for association with log(TC) with 

rs2278426 (3.5% decrease/copy of the T allele; P=5.045 x 10−6) in the ANGPTL8 (angiopoietin-

like 8) gene. We replicated this association in 2413 participants of the San Antonio Mexican 

American Family Study (SAMAFS: 2.0% decrease per copy of the T allele; P=0.005842). In a 

meta-analysis of the combined data, we found the strongest estimated effect with rs2278426 

(P=2.563 x 10−7). The variant T allele at rs2278426 predicts an Arg59Trp substitution and has 

previously been associated with LDL-C and HDL-C. In Pimas and SAMAFS participants, the T 

allele of rs2278426 was associated with reduced HDL-C levels (P=0.000741 and 0.00002, 

respectively), and the combined estimated effect for the two cohorts was −3.8% (P=8.526 x 10−8). 

ANGPTL8 transcript and protein levels increased in response to both glucose and insulin. The 
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variant allele was associated with increased levels of cleaved ANGPTL3. We conclude that 

individuals with the variant allele may have lower TC and HDL-C levels due to increased 

activation of ANGPTL3 by ANGPTL8.
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Introduction

Coronary heart disease (CHD) is the leading cause of death in the United States and 

contributes to an economic burden totaling over $142 billion (1). Major risk factors for CHD 

include hypertension (2–4) and abnormal levels of circulating lipids (5). Diet, physical 

activity levels, and behaviors such as tobacco use and alcohol consumption are among the 

most common, modifiable environmental factors affecting lipid levels (6–8). Genetic factors 

are also well-recognized determinants of dyslipidemia, and variants with significant effects 

on lipid levels have been identified for a number of monogenic familial disorders. For 

example, mutations in the low density lipoprotein receptor (LDLR) gene underlie familial 

hypercholesterolemia, which is marked by excessively high low-density lipoprotein 

cholesterol (LDL-C) levels (9), and defects in the ATP binding cassette A1 (ABCA1) gene 

lead to Tangier disease, which is characterized by reduced high-density lipoprotein 

cholesterol (HDL-C) levels (10–12). Although the underlying genetic bases for numerous 

other monogenic lipid-related disorders have been identified, these variants account for only 

a small percentage of CHD in the United States. In contrast, genetic determinants of lipid 

abnormalities leading to complex disorders like hypercholesterolemia and 

hypertriglyceridemia, which contribute substantially to the risk of CHD development in the 

general population, are only recently being identified.

Over ninety genome-wide linkage scans have been performed to identify loci affecting lipid 

levels and lipid-related traits, including total cholesterol (TC), HDL-C, LDL-C, and 

triglycerides (13). Although linkage for lipid traits has been observed on almost every 

chromosome, 19p13.3-q13.32 is the most frequently and consistently reported region of 

linkage for TC and/or LDL-C in the literature. Linkage to this region has been implicated for 

lipid traits in at least fifteen independent studies (14–25), and in a meta-analysis of 

published genome scans for quantitative lipid traits conducted in families ascertained for 

T2DM, we (26) observed strong and consistent support for linkage of TC on 19p13.3-p12 

(6.57–38.05cM; P=0.00026), 19p12-q13.13 (38.05–69.53cM; P=0.00001), and 19q13.13-

q13.43 (69.53–101.1cM; P=0.00033), and of LDL-C on 19p13.3-p12 (P=0.00041). Results 

from multiple genome-wide association studies (GWAS) have also identified loci underlying 

lipid traits on chromosome 19 (27–32). Combined, findings from both linkage and 

association studies support the presence of one or more loci that underlie variability in lipid 

traits on chromosome 19.

We have previously identified a locus linked to fasting serum TC concentration in Pima 

Indians on chromosome 19p (21). As part of our efforts to characterize this locus and 
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identify variants with effects on lipid traits in this population, we sought to refine the region 

of linkage and identify alleles associated with TC concentration in Pima Indians. Here we 

show that genetic markers in the genes encoding dedicator of cytokinesis 6 (DOCK6) and 

angiopoietin-like 8 (ANGPTL8) are associated with TC and HDL-C concentration in Pima 

Indians and Mexican Americans. ANGPTL8, is known by a variety of alternative names 

(i.e., betatrophin, lipasin, TD26, LOC55909, C19orf80, and RIFL), and has recently 

emerged as a novel regulator of lipid metabolism (33–37) that is strongly expressed in 

adipocytes and regulated by fasting and insulin (35, 37). Previous studies involving cell 

culture and mouse models suggest an important role for ANGPTL8 in both the regulation of 

lipid metabolism (34–36) and the maintenance of glucose homeostasis (38). We provide 

evidence showing that ANGPTL8 expression is regulated by insulin and glucose in cultured 

human liver cells in a dose- and time-dependent manner. We also demonstrate that the 

rs2278426 variant in ANGPTL8, which causes an Arg59Trp substitution, affects levels of 

the activated form of ANGPTL3, a relationship that is modulated by insulin. These results 

confirm a role for ANGPTL8 in lipoprotein metabolism and provide novel support for 

functional consequences of the rs2278426 variant.

Materials and Methods

Study populations

From 1965 to 2007, the Pima Indians from the Gila River Indian Community participated in 

a longitudinal survey. Approximately every 2 years, each resident ≥5 years of age was 

invited to receive a standardized medical examination (39). In addition to a 75 g glucose 

tolerance test, total fasting serum cholesterol and HDL-C concentrations were measured 

enzymatically (40), and measurements used in the genome scan were those taken from the 

last available examination for each individual (21). Assay accuracy was monitored and 

verified by the CDC Laboratory Program Office, the College of American Pathologists 

Surveys Program, or the American Association of Bioanalysts. The interassay coefficient of 

variation was 1.97% and 4.83% for TC and HDL-C measurements, respectively.

Characteristics of the Pima Indian study sample are shown in Table 1. The sample included 

all individuals who participated in the genome-wide linkage study (n=912) and a random 

sample of participants in the longitudinal Pima study, excluding first-degree relatives 

(n=926). Inclusion criteria for the study sample were 1) age ≥20 years, 2) total cholesterol 

levels available at examination, and 3) known diabetes status. Individuals taking lipid 

medications were excluded from the study. Approvals were obtained from the Institutional 

Review Boards of the National Institute of Diabetes and Digestive and Kidney Diseases, and 

the Translational Genomics Research Institute. NIDDK gave regular reports of study 

findings to the Council of the Gila River Indian Community. All subjects provided written 

informed consent.

We validated the most strongly associated DOCK6 and ANGPTL8 markers in a Mexican 

American cohort using family data obtained from two studies: the San Antonio Family Heart 

Study (SAFHS) and the San Antonio Family Diabetes/Gallbladder Study (SAFDGS). 

Details of the SAFHS (41, 42) and SAFDGS (43) have been published elsewhere. Together, 

the SAFHS and SAFDGS comprise the San Antonio Mexican American Family Study 
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(SAMAFS), which represents approximately 2,500 individuals from about 80 Mexican 

American complex pedigrees. The clinical characteristics of the individuals that are part of 

this replication study are reported in Table 2. Genome-wide SNP genotypic data (~1 million 

SNPs acquired using the Illumina platform) were available for SAMAFS individuals (44). 

For validation studies, we performed association analysis between selected DOCK6 and 

ANGPTL8 markers that were most strongly associated with fasting serum TC in the Pima 

population and TC concentrations in SAMAFS data. TC concentrations used in these 

analyses were taken from measures obtained at the most recent clinical examination (Pimas) 

or based on information at the last study examination (SAMAFS).

Selection of markers for genotyping

We genotyped markers in Pima samples in two stages; the purpose of the first stage was to 

refine the linkage interval, while that of the second was to fine-map the resulting reduced 

linkage interval by association methods. For the first stage, we selected a panel of 346 SNPs 

from the HapMap database spanning the linkage interval, and genotyped them in the Pima 

Indian families who participated in the original genome scan. Markers common to all four 

populations available in the HapMap database (i.e., Caucasian, African, Chinese, and 

Japanese) were selected based upon physical position using a minor allele frequency ≥0.10 

and r2=0.80. Mean inter-marker distance was ~132 kb. For the second stage, we selected 

1536 markers spanning the refined linkage interval using the same criterion as in the first 

stage, along with the Tagger program and genotype data obtained from the CEU population. 

This marker coverage provided an average density of 1 SNP/8.9 kb. Despite this density, 

several gaps in marker distribution were present, primarily due to genotyping failure; we 

therefore filled these regions with an additional 450 SNPs. In addition, a genome-wide 

association study performed in Pima Indians under the auspices of an unrelated project (45) 

identified approximately 300 SNPs spanning the region of interest that were not tagged by 

markers selected in CEU with an r2≥0.80 and thus, we assessed these markers in our study 

sample. In total, therefore, we genotyped an additional 2179 markers in the two study 

samples derived from the Pima Indian population comprising this investigation.

In addition to the chromosome 19 markers described above, we selected markers that were 

previously associated with total cholesterol levels or related traits in other GWA studies, 

including rs6511720, rs2228671, rs688, rs2228603, rs10401969, rs16996148, rs17545624, 

rs4803750, rs2075650, rs4420638, and rs16979595 (27, 28, 30–32) for genotyping.

SNP genotyping

We utilized the Illumina GoldenGate assay in conjunction with the Universal BeadChip 

technology and BeadArray Reader for genotyping according to the manufacturer’s protocol. 

Data from these images were analyzed with the Genome Studio v1.9.4 program (Illumina). 

Of the genotyped markers, 105 were monomorphic and 51 had a minor allele frequency 

<0.001, and these were excluded from further analyses. The observed genotype frequency 

for each SNP was assessed for deviation from that expected under Hardy-Weinberg 

equilibrium using a chi-square test. Control measures (i.e., encrypted samples and 

determination of Mendelian incompatibility) were employed to assess data quality. 

Genotypes with errors were recoded as missing before proceeding with analysis. After 
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assessing each of the remaining SNPs for deviation from that expected under Hardy-

Weinberg equilibrium, reproduction frequency rates among quality control samples, and 

error rates, we removed an additional 165 markers from analysis. In total, 1858 SNPs were 

carried forward for statistical analysis.

Statistical analysis

In the Pima studies, we analyzed log values of TC and HDL-C using measurements from the 

last exam at which diabetes status was known and age was at least 20 years. P-values were 

adjusted for age, sex, diabetes status, and exam date. Association between SNP genotype 

and logarithmically transformed TC or HDL-C concentration was tested using linear 

regression. We accounted for family membership, as some of the study sample participants 

were family members, using generalized estimating equation procedures. For the SAMAFS 

data, we analyzed the association with the TC or HDL-C levels using a classical additive 

measured genotype approach, allowing for non-independence among pedigree members, as 

implemented in SOLAR (http://solar.txbiomedgenetics.org). The TC or HDL-C values were 

adjusted for covariate effects of age, age x sex, age2, clinic exam year, diabetes status, and 

potential population stratification influences using the first three principal components 

(PCs). Results were combined across the Pima and SAMAFS studies by fixed effects meta-

analysis using weights derived from the inverse of the variance of the effect estimates.

Cell culture and cell treatments

We purchased Hep G2 cells from ATCC (Manassas, VA) and cultured them in Eagle’s 

Minimum Essential Medium (EMEM) supplemented with 10% fetal bovine serum (FBS) 

according to the manufacturer’s protocol. Approximately 1.3 x104 cells/cm2 were seeded in 

75 cm2 cell culture flasks (VWR International; Radnor, PA) containing 10 mL cell culture 

medium and placed at 37°C in a Hera Cell 5% CO2 incubator (ThermoFisher Scientific; 

Waltham, MA). Culture medium was replaced the first day after seeding and then every 48 

hours until treatment.

For the insulin dose-response experiments, we seeded approximately 1.0 x 106 Hep G2 cells 

in 60 mm tissue culture plates (Corning Life Sciences; Lowell, MA) containing 10 mL 

EMEM supplemented with 10% FBS overnight in a 37° incubator. Insulin was diluted to 

100 mM in sterile water per the manufacturer’s instructions (Sigma Aldrich; St. Louis, MO). 

Cells were serum-starved overnight and then treated for 24 hours with serum-free media 

supplemented with 10, 25, 50, 75, 100, or 150 nM insulin. For the time-course experiments, 

we incubated Hep G2 cells for 2, 4, 8, 12, 16, 24, 32, and 48 hours in media containing 100 

nM insulin. For the glucose treatment, we seeded cells as described above and serum-starved 

cells overnight prior to initiating treatments with normal glucose (NG: 5.6 mM), high 

glucose (HG: 30 mM) or an osmotic control (OC: 5.6 mM glucose + 19.4 mM 3-0-methyl-

D-glucopyranose) for 24 hours. Cells were grown to approximately 80% confluence at the 

time of treatment. All experiments were performed in triplicate.

RNA extraction and quantitative real-time PCR (qPCR) analysis

RNA was extracted using the RNeasy kit (Qiagen; Germantown, MD) following the 

manufacturer’s instructions and quantified using the NanoDrop 1000 spectrophotometer 
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(Thermo Scientific; Wilmington, DE). First-strand cDNA was synthesized from 500 ng total 

RNA per reaction using the TaqMan RNA-to-Ct 1-Step kit (Life Technologies; Grand Island, 

NY) according to the manufacturer’s protocol, followed by qPCR analysis in conjunction 

with the ABI Prism 7900 HT Sequence Detector apparatus (Life Technologies). Cycle 

threshold value was generated using SDS software version 2.3 (Life Technologies). The 

−ΔΔCt method was used to determine fold-change of gene expression between samples. 

Data were normalized using beta-actin (ACTB) and then analyzed using ExpressionSuite 

Software 1.0.3 (Life Technologies). A two-tailed t-test was used to determine p-values.

Quantitative determination of ANGPTL8 protein concentration in cell culture media

We collected cell culture media into 15 ml tubes (Becton Dickinson; Franklin Lakes, NJ) 

and centrifuged at 4°C at 5000 x g for 5 minutes to remove particulates. The supernatant was 

concentrated using Amicon Ultracel 10K centrifugal filters (EMD Millipore; Billerica, MA) 

and then frozen at −80°C. We determined protein concentrations using the bicinchoninic 

acid assay (BCA) per the established protocol (ThermoFisher Scientific). We used a 

commercial sandwich enzyme-linked immunosorbent assay (ELISA) kit (EIAab; Wuhan, 

China) to assess the concentration of ANGPTL8 protein in the cell culture supernatant.

ANGPTL8/ANGPTL3 co-expression studies

Vectors containing ANGPTL3, ANGPTL8 wildtype (C allele), and ANGPTL8 variant (T 

allele) were designed using VectorBuilder and commercially synthesized (Cyagen 

Biosciences; Santa Clara, CA). Vector designs are available upon request. HEK293 cells 

were plated on 60 mm dishes and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

with 5 mM glucose and 10% FBS until 90% confluent, then cells were serum-starved for 24 

hours prior to transfection. Cells were washed twice with PBS, cultured with serum-free 

DMEM plus 5 mM glucose and treated with vector and Lipofectamine 2000 (Life 

Technologies) for six hours. Following transfection, the media was treated with 30 mM 

glucose or 100 nM insulin, incubated for an additional eight hours, and then collected and 

concentrated with Amicon Ultra 10K Centrifugal Filters (Millipore). Cells were lysed in 

RIPA buffer (Pierce). The conditioned media and cell lysates were quantitated using the 

BCA method, electrophoresed on precast 10% Bis-Tris Gels (Life Technologies), and 

transferred to Hybond P PVDF membranes (GE Healthcare; Buckinghamshire, UK). The 

membranes were blocked in 5% skim milk overnight at 4°C, and then incubated with 

primary antibody (1:500) against human ANGPTL3 specific to the C-terminal fibrinogen-

like domain (Cayman Chemical; Ann Arbor, MI). Lysates were incubated in primary 

antibody (1:1000) against human ANGPTL8 (Abcam; Cambridge, MA). Following an 

overnight incubation, blots were washed three times for five minutes each in Tris-buffered 

Saline with Tween 20 (TBST), and then incubated with a 1:1000 dilution of rabbit anti-

mouse antibody (Santa Cruz Biotechnology; Dallas, TX) for one hour. Blots were washed 

repeatedly in TBST and then developed using ECL Prime Western detection reagent (GE 

Healthcare) and Amersham Hyperfilm ECL (GE Healthcare).
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Results

Association analysis of genotyped markers with TC concentration in Pima Indians

To narrow the 30 cM 1-LOD support interval of linkage for fasting serum TC concentration, 

we first genotyped 346 SNPs in Pima Indian families who participated in the original 

genome scan (21). Markers common to the Caucasian (CEU), African (YRI), Chinese 

(CHB), and Japanese (JPT) populations available in the HapMap database (http://

www.hapmap.org) were selected based upon physical position using a minor allele 

frequency ≥0.10 and r2=0.80. Mean inter-marker distance was ~132 kb. Variance 

components linkage analysis, as implemented in the program Merlin (46), was performed. 

We observed resolution of the interval, with the peak of linkage at marker rs9807915 

(Supplemental Fig. 1). The region of linkage was substantially narrowed to a 1-LOD support 

interval (rs1054623-rs10405035) of ~15.7 cM, which corresponds to a physical distance of 

~6.8 Mb (chr 19:8,492,086-15,308,898).

To determine the extent to which loci previously identified in various GWAS (27, 28, 30–32) 

contributed to TC concentration in Pima Indians, we also genotyped 11 markers (rs6511720, 

rs2228671, rs688, rs2228603, rs10401969, rs16996148, rs17545624, rs4803750, rs2075650, 

rs4420638, and rs16979595) showing statistically significant evidence for association in 

previously published studies. Of the genotyped markers, only rs10401969, located in the 

SURP And G Patch Domain Containing 1 (SUGP1) gene, was nominally associated with 

fasting TC concentration (P=0.0437). None of the remaining markers showed statistically 

significant evidence for association with this trait in Pima Indians.

We next genotyped over 1800 markers spanning the refined linkage interval and assessed the 

evidence for association between genetic variants and log(TC) concentration. The results 

from the tests of general association for TC concentration for all genotyped SNPs are shown 

in Fig. 1. The strongest evidence for association with TC concentration was found with 

marker rs4804576, located in the gene encoding dedicator of cytokinesis 6 (DOCK6), which 

showed an decrease of 4.0% in TC concentration per copy of the A allele (P=2.0 x 10−7). We 

also observed evidence for association with marker rs2278426, located in the angiopoietin-

like 8 gene (ANGPTL8), which showed a 3.5% decrease in TC concentration per copy of the 

T allele (P=5.0 x 10−6) and rs2116876, in DOCK6, which showed a 3.8% decrease per copy 

of the A allele; P=1.1 x 10−6. A summary of the association findings is shown in Table 3. 

The rs2278426 marker was not associated with diabetes (odds ratio=0.94 per copy of the T 

allele, P=0.44), nor was it associated with 2-hour post-load glucose concentration in 

nondiabetic individuals (P=0.38).

Validation of markers in DOCK6 and ANGPTL8 with TC concentration in Mexican 
Americans

We evaluated those markers showing the strongest evidence for association with TC 

concentration in the DOCK6 and ANGPTL8 genes in an independent population of Mexican 

Americans from the SAMAFS. Genotype data for markers (rs6611727, rs2278426, 

rs2116876, rs7248924, rs322132, and rs737337, which is concordant with rs4804576 in the 

CEU population) were analyzed in more than 2400 members of the SAFS using an additive 
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measured genotype approach. As shown in Table 4, several markers showed association with 

TC concentration with rs2278426 yielding the strongest evidence (2.0% decrease per copy 

of the T allele; P=0.005842). In an analysis of the combined data from Pimas and SAMAFS 

participants, we continued to observe statistically significant evidence for association with 

several DOCK6 and ANGPTL8 variants (Table 5). Among these, rs2278426 showed the 

strongest estimated effect size of −2.7% per copy of the T allele (2.563 x 10−7).

Conditional analyses of rs2278426 and DOCK6/ANGPTL8 markers in American Indians

The rs2278426 marker, which showed the strongest association in the combined analysis, 

was in moderate linkage disequilibrium with other variants in the region in Pimas 

(Supplemental Figure 2). To evaluate potential independent effects we analyzed the 

association of the other DOCK6/ANGPTL8 markers conditional on the effect of rs2278426. 

The marker rs2278426 remained significantly associated with TC conditional on the effects 

of most other the markers, except for rs4804576 and rs2116876, with which it was highly 

concordant (r2=0.89 with each), and most other markers (except for rs4804576) were no 

longer significant conditional on the effect of rs2278426 (Supplemental Table 1).

Association of rs2278426 with HDL-C in Pima Indians and Mexican Americans

Previous studies (34, 47) reported association between the variant T allele of rs2278426 and 

reduced plasma levels of HDL-C. When we investigated this relationship in the two present 

populations, we found the variant T allele was associated with lower HDL-C levels in both 

Pima Indians (3.2% decrease per copy; P=0.000741) and Mexican Americans (4.5% 

decrease per copy; P=0.00002) as shown in Table 5. Meta-analysis of the combined Pima 

Indian and SAMAFS data found a 3.8% decrease in HDL-C levels per copy of the T allele 

(P=8.526 x 10−8). Because of these findings of association, combined with previous studies 

supporting a strong role for ANGPTL8 in lipid regulation, and the relative lack of evidence 

for DOCK6 in lipid-related biological pathways, we focused the remainder of our efforts on 

the rs2278426 locus.

ANGPTL8 transcript and protein levels are regulated by insulin and glucose

ANGPTL8 is upregulated by refeeding, and has also been identified as an insulin target gene 

in adipocytes (35). In 3T3-L1 cells, ANGPTL8 mRNA expression increases in response to 

glucose and insulin (35). To determine whether ANGPTL8 expression is regulated by these 

factors in liver, we assessed transcript and protein expression in response to glucose, insulin, 

and a combination of the two in Hep G2 cells. As shown in Figure 2A, we observed a 

significantly linear increase in ANGPTL8 transcript expression in response to 30 mM 

glucose. The highest increase corresponding to nearly 25-fold was at 48 hours. ANGPTL8 

protein expression also increased in response to high glucose treatment, but in a non-linear 

manner. The highest increases in protein expression were observed at 4, 16, and 48 hours 

(P<0.05).

We next assessed the effect of increasing concentrations of insulin on ANGPTL8 transcript 

and protein expression. In response to insulin treatment, ANGPTL8 levels were upregulated 

compared to untreated controls (Fig. 3A and 3B). We also found that ANGPTL8 transcript 

levels significantly increased from 2–16 hours of treatment with 100 nM insulin, and then 
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decreased sharply at 24 hours (Fig. 4A). In contrast, ANGPTL8 protein levels increased at 2 

hours, and remained relatively stable for all time points (Fig. 4B). In response to treatment 

with 30 mM glucose and 100 nM insulin for 24 hours, ANGPTL8 transcript expression 

levels were intermediate between the two individual treatments (Fig. 5A). In contrast, levels 

of ANGPTL8 protein were reduced under combined insulin/glucose treatment relative to 

treatment with each component individually (Fig. 5B).

Effect of rs2278426 on ANGPTL8:ANGPTL3 interaction

Recently, ANGPTL8 has emerged as a novel regulator of lipoprotein metabolism (33–37) 

and marker rs2278426, located within the coding sequence of ANGPTL8, has been 

associated with HDL-C and LDL-C levels in four independent populations (34, 47). 

ANGPTL8 activates ANGPTL3 by binding to its N-terminal domain and promoting 

cleavage of the full-length protein (34). To evaluate the potential functional significance of 

rs2278426, which causes an arginine to tryptophan substitution at position 59 (R59W), we 

investigated the allele-specific effects on ANGPTL3 cleavage by co-expressing ANGPTL3 

with expression vectors containing either the wild type (C allele) or variant (T allele) of 

rs2278426 in HEK293 cells. As shown in Figure 6, we observed increased levels of the 

cleaved ANGPTL3 terminus in the presence of the ANGPTL8 variant allele compared to the 

wild type control. To determine whether levels of the ANGPTL3 cleaved product in the 

presence of ANGPTL8 were modulated by metabolic factors, we treated cells with 30 mM 

glucose or 100 nM insulin. In the presence of 30 mM glucose, levels of cleaved ANGPTL3 

product were reduced relative to normal glucose conditions, but the extent of reduction did 

not vary by allele. Under conditions of insulin treatment, levels of the ANGPTL3 cleaved 

product were higher in the presence of the variant allele compared to the wild-type allele. 

Across each set of conditions, levels of the variant form of ANGPTL8 in cell lysates were 

lower compared to the wild-type protein.

Discussion

Our findings demonstrate that marker rs2278426 contributes to variability in TC and HDL-C 

concentrations in Pima Indians and Mexican Americans. Our results provide evidence that 

the variant T allele, which encodes a tryptophan residue at position 59 of the ANGPTL8 

protein, is associated with decreased levels of TC and HDL-C in both populations. We also 

show that the variant T allele corresponds with an increase in levels of the cleaved form of 

ANGPTL3, and that this interaction is modulated by insulin.

Marker rs2278426 has been previously associated with altered concentrations of blood 

lipids. In Hispanic and African American members of the Dallas Heart Study, the variant T 

allele was associated with lower plasma levels of LDL-C and HDL-C (34). Findings of 

association were replicated in African American participants of the Atherosclerosis Risk in 

Communities Study (ARIC) and the Dallas Biobank (34), and a recent GWAS for lipid traits 

in Mexicans also observed association between rs2278426 and HDL-C (47). In individuals 

of European ancestry, however, association findings reported to date have been less 

consistent. For example, in European American participants of ARIC, the variant allele was 

associated with significantly lower levels of HDL-C, but not LDL-C (34), while in an 
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analysis using imputed genotypes from a genome-wide association study (48), the T allele 

was associated with levels of both HDL-C and LDL-C, although for the latter only at the 

nominal significance threshold (34). In the Dallas Heart Study, rs2278426 was not 

associated with either HDL-C or LDL-C in European American participants (34). The 

frequency of the variant T allele in Caucasians is approximately 5%, which is far less 

common than it is in the Mexican American (25%) and American Indian (50%) populations 

studied here. Significant differences in allele frequency may reflect historical differences in 

selective pressures among various ethnic groups, which could account for the discrepancies 

in findings of association among populations with European ancestry.

In addition to rs2278426, another ANGPTL8 variant, rs145464906, was recently identified 

in a study of blood lipid levels in ~14,000 and over 42,000 individuals of African and 

European ancestry, respectively; Caucasian, but not African American, carriers of the variant 

allele had higher levels of HDL-C and lower levels of TGs, and a trend toward lower LDL-C 

was observed, but at levels that did not reach statistical significance (49). The variant allele 

predicts a premature stop codon, and is relatively rare (MAF 0.01–0.1%). The correlation 

between rs145464906 and rs2278426 in these individuals was low and conditional analyses 

determined that the two variants are independent association signals (49). Based on whole 

genome sequencing conducted in 335 Pima Indians, the variant allele at rs145464906 was 

not observed (unpublished data).

ANGPTL8 belongs to a family of secreted proteins, including two closely related members, 

ANGPTL3 and ANGPTL4, located on chromosomes 1 and 19, respectively, which also play 

key roles in lipid trafficking and metabolism (50–57). Like ANGPTL8, variants in 

ANGPTL3 and ANGPTL4 have been associated with lipid traits in genome-wide 

association analyses (48), and low frequency, loss-of-function mutations in both genes are 

linked with changes in lipid profiles. For example, nonsense mutations in ANGPTL3 
correspond with very low plasma levels of HDL-C, LDL-C, and TG in families with 

combined hypolipidemia (58), while the E40K variant in ANGPTL4 is associated with lower 

plasma TG and HDL-C concentrations (59, 60). Similarly, Romeo et al (61) found rare loss-

of-function mutations in ANGPTL3, ANGPTL4, and ANGPTL5 in 1% of the Dallas Heart 

Study population and 4% of these individuals had fasting plasma TG levels in the lowest 

quartile. Together, these findings implicate a role for genetic variation in ANGPTL family 

members, including ANGPTL8, in the regulation of trafficking and metabolism of lipids.

In this study, we report evidence supporting a potential allele-specific effect of rs2278426 on 

ANGPTL3 cleavage. Several studies have shown that ANGPTL3 inhibits lipoprotein lipase 

(LPL) activity in vitro (53, 57, 61, 62), and ANGPTL3−/− mice have higher LPL activity 

(52, 57, 63). Additional studies demonstrated that ANGPTL3 also modulates the activity of 

endothelial lipase (56, 64). In ANGPTL3-deficient mice, plasma HDL-C levels were 

markedly decreased, and in humans, ANGPTL3 levels were significantly correlated with 

plasma HDL-C (56). Cleavage of ANGPTL3, which releases the N-terminal domain, is 

necessary for ANGPTL3-mediated lipase inhibition (65). Previous studies in cultured 

hepatocytes demonstrated that ANGPTL8 expression corresponded with increased levels of 

the ANGPTL3 N-terminal domain in the medium, suggesting that ANGPTL8 may activate 

ANGPTL3 (34). Mice overexpressing both ANGPTL3 and ANGPTL8 in the liver developed 
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hypertriglyceridemia, although circulating levels of ANGPTL3 were reduced. In these 

animals, ANGPTL8 coimmunoprecipitated with the N-terminal domain of ANGPTL3, 

demonstrating an interaction between the two proteins in vivo.

In the results reported here, we found that the variant ANGPTL8 protein was associated with 

an increase in levels of cleaved ANGPTL3 protein, an interaction that was enhanced in the 

presence of insulin, but not high glucose. We do not currently know why ANGPTL8 levels 

are decreased with the variant allele of rs2278426, although we speculate that the protein 

may be consumed more quickly through increased cleavage of ANGPTL3. Despite the 

finding that ANGPTL8-deficient mice have lower plasma TG levels and higher post-heparin 

LPL-activity (66), we did not observe an association between rs2278426 and TG levels in 

Pima Indians or Mexican Americans. These results are in accord with other genetic studies 

in which no evidence for association between rs2278426 and TG levels was reported (34, 47, 

48). Shimamura et al (56) reported that ANGPTL3-deficient mice showed low plasma HDL-

C levels and that plasma ANGPTL3 levels in humans correlated with HDL-C levels, thus 

establishing a potential link between ANGPTL8 and HDL-C. It is possible that in humans, 

in contrast to mice (66), ANGPTL8 is linked with a reduced endothelial lipase function. 

Additional studies will be necessary to clarify this relationship.

Unlike ANGPTL3, ANGPTL8 is strongly regulated by food uptake (34–36, 66, 67). 

ANGPTL8 has also been identified as an insulin target gene in human and mice adipocytes 

(34, 35, 68). Our findings here now show that ANGPTL8 is also regulated by insulin in liver 

cells. Here, we found a significant increase of ANGPTL8 transcript levels over eight hours, 

which is in agreement with results obtained in 3T3-L1 cells (35). However, after eight hours, 

we observed stable transcript levels over 48 hours, in contrast to the linear increase reported 

in 3T3-L1 cells. We did not observe an upregulation of ANGPTL8 expression at lower levels 

of insulin treatment (i.e., 10–150 nM) as seen in 3T3-L1 cells (35), nor did we find an 

increase in ANGPTL8 protein in response to glucose treatment as also seen in 3T3-L1 cells 

(33), suggesting differential regulation of the gene by insulin in different cell types.

In addition to its role in lipoprotein metabolism, ANGPTL8 has been shown to promote 

pancreatic β-cell proliferation, expand β-cell mass, and improve glucose tolerance (38), 

suggesting that decreases in ANGPTL8 levels or function may worsen glucose tolerance. In 

genetic studies, however, the variant alleles at rs2278426 and rs146464906, both of which 

predict loss of function consequences, were not associated with either fasting plasma 

glucose levels (34, 49) or homeostatic model assessment insulin resistance (34) in any ethnic 

group. Similarly, betatrophin concentrations did not differ between healthy individuals and 

those with T2D and were not associated with variables of β-cell function and glucose 

homeostasis (69). However, betatrophin concentration was correlated significantly with 

levels of total cholesterol, LDL-C, and apolipoprotein B in both morbidly obese individuals 

and patients with T2D, but not in healthy, unaffected controls (69). Conversely, individuals 

with both insulin resistance and hypercholesterolemia had significantly higher betatrophin 

concentrations compared to those with normal cholesterol levels (69). These results suggest 

that ANGPTL8/betatrophin may preferentially impact lipid metabolism in metabolically 

compromised patients, including those with insulin resistance and T2D.
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Despite the importance of these findings to an enhanced understanding of ANGPTL8, we 

acknowledge some limitations of this study. Although the association of betatrophin levels 

with the rs2278426 variant is of interest, measures of betatrophin are not currently available 

in the populations comprising this study. In addition, while our association results implicate 

variants in the genes encoding both DOCK6 and ANGPTL8, our findings only provide 

functional evidence supporting a role for ANGPTL8 in lipoprotein metabolism. We based 

our decision to focus on the rs2278426 locus on the combined findings of association in 

Pima Indians and members of the SAMAFS cohorts, prior evidence supporting a role for 

ANGPTL8 in lipid regulation, and the relative lack of evidence for DOCK6 in lipid-related 

biological pathways. However, we acknowledge that DOCK6 may contribute to variability 

in lipid traits and additional functional studies will be necessary to address this possibility.

Conclusions

In summary, we provide evidence confirming genetic association between rs2278426 and 

lipid traits in two ethnic minority populations; these findings may reflect historical 

differences in selective pressures among various ethnic groups and suggest that the variant 

allele may have a greater effect in populations other than those of European Caucasian 

ancestry. We demonstrate an allele-specific effect of rs2278426 on levels of the cleaved form 

of ANGPTL3, thus providing support for functional consequences of the rs2278426 variant. 

However, given that the T allele of rs2278426 is associated in a fashion that might be 

expected to produce opposite effects on cardiovascular risk (low TC, and low HDL), the 

therapeutic implications of the finding are unclear. These results add to the growing 

literature supporting ANGPTL8 as an important determinant of lipid metabolism.
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Highlights

• Marker rs2278426 contributes to variability in total and high density lipoprotein 

(HDL) cholesterol in American Indians and Mexican Americans

• The variant allele of rs2278426 corresponds with an increased in levels of 

cleaved ANGPTL3

• The relationship between the variant rs2278426 allele and cleaved ANGPTL3 is 

modulated by insulin
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Figure 1. General test of association of all markers genotyped on Chr 19 with total cholesterol 
levels in Pima Indians
Data were analyzed under an additive model and adjusted for age, sex, diabetes status, and 

exam date. Only SNPs with a MAF ≥0.01 were analyzed (N=1838).
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Figure 2. Effect of high glucose treatment on ANGPTL8 transcript (A) and protein (B) 
expression
Hep G2 cells were grown to 80% confluence and starved overnight with serum-free media 

before treatment with conditioned media over 48 hrs. Total RNA and protein were extracted 

and expression levels assessed as described in the Methods section. mRNA levels were 

normalized against ACTB. Protein concentrations are shown as percentage of total soluble 

protein (TSP). Results represent averages from three independent experiments. Data are 

shown as means ± standard deviation; a two-tailed t-test was used to determine p-values; 

*p<0.05.
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Figure 3. Effect of insulin concentration on ANGPTL8 transcript (A) and protein (B) expression
Hep G2 Cells were grown to 80% confluence and starved overnight with serum-free media 

before treatment with varying concentrations of insulin over 12 hours. Total RNA and 

protein were extracted and expression levels assessed as described in the Methods section. 

mRNA levels were normalized against ACTB. Protein concentrations are shown as 

percentage of total soluble protein (TSP). Results represent averages from three independent 

experiments. Data are shown as means ± standard deviation; a two-tailed t-test was used to 

determine p-values; *p<0.05.
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Figure 4. Effect of insulin over time on ANGPTL8 transcript (A) and protein (B) expression
Hep G2 cells were grown to 80% confluence and starved overnight with serum-free media 

before treatment with 100 mM insulin over 48 hours. mRNA levels were normalized against 

ACTB. Protein concentrations are shown as percentage of total soluble protein (TSP). 

Results represent averages from three independent experiments. Data are shown as means ± 

standard deviation; the two-tailed t-test was used to determine p-values; *p<0.05.
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Figure 5. Combined effect of insulin and glucose on ANGPTL8 transcript (A) and protein (B) 
expression
Hep G2 cells were grown to 80% confluence and starved overnight with serum-free media 

before treatment with 30 mM glucose, 100 nM insulin, or both over 24 hrs. Total RNA and 

protein were extracted and expression levels assessed as described in the Methods section. 

mRNA levels were normalized against ACTB. Protein concentrations are shown as 

percentage of total soluble protein (TSP). Results represent averages from three independent 

experiments. Data are shown as means ± standard deviation; two-tailed t-test was used to 

determine p-values; *p<0.05.
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Figure 6. Differential expression of ANGPTL3 and ANGPTL8 in conditioned media and cell 
lysates
HEK293 cells were grown in 60 mm dishes to 90% confluence and then serum-starved for 

24 hours prior to transfection with the appropriate vector for 6 hours with Lipofectamine 

2000. Cells were incubated with either glucose (30 mM) or insulin (100 nM) for an 

additional 8 hours. Lane 1: ANGPTL3 only; Lane 2: ANGPTL3 plus the C allele (wild-type) 

of rs2278426; Lane 3: ANGPTL3 plus the T allele (variant) of rs2278426; and Lane 4: 

empty vector. The top panels for each set of conditions represent ANGPTL3 levels in 

conditioned media, while the bottom panels represent ANGPTL8 levels in cell lysates.
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Table 1

Characteristics of American Indian study sample (N=1838)

Mean ± SD (or %) Median Range

Age (yrs) 45.5 ±12.8 44.5 20.2–88.0

Male 41.8 - -

Diabetic 58.3 - -

BMI (kg/m2) 35.8±8.6 34.4 11.5–72.5

TC (mg/dl) 178.2 ±41.9 174.0 36.0–387.0

HDL-C (mg/dl) 46.0 ±13.8 44.0 10.0–128.0

TG (mg/dl) 152.7 ±106.9 128.0 16.0–1240.0

Calc-LDL-C (mg/dl) 101.7 ±32.8 100.0 18.8–260.6

Inclusion criteria for the study sample were 1) age ≥20 years, 2) total cholesterol levels available at examination, and 3) known diabetes status.
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Table 2

Characteristics of SAMAFS cohort (N=2413)

Mean ± SD or %

Age 47.4 ± 17.2

Male 40.9

T2D 26.8

BMI (kg/m2) 31.1 ± 7.3

TC (mg/dl) 187.0 ± 39.9

HDL-C (mg/dl) 47.9 ± 13.7

TG (mg/dl) 147.9 ± 109.1
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