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BACKGROUND: In mice, GPR146 (G-protein–coupled receptor 146) deficiency reduces plasma lipids and protects against 
atherosclerosis. Whether these findings translate to humans is unknown.

METHODS: Common and rare genetic variants in the GPR146 gene locus were used as research instruments in the UK 
Biobank. The Lifelines, The Copenhagen-City Heart Study, and a cohort of individuals with familial hypobetalipoproteinemia 
were used to find and study rare GPR146 variants.

RESULTS: In the UK Biobank, carriers of the common rs2362529-C allele present with lower low-density lipoprotein cholesterol, 
apo (apolipoprotein) B, high-density lipoprotein cholesterol, apoAI, CRP (C-reactive protein), and plasma liver enzymes compared 
with noncarriers. Carriers of the common rs1997243-G allele, associated with higher GPR146 expression, present with the exact 
opposite phenotype. The associations with plasma lipids of the above alleles are allele dose-dependent. Heterozygote carriers 
of a rare coding variant (p.Pro62Leu; n=2615), predicted to be damaging, show a stronger reductions in the above parameters 
compared with carriers of the common rs2362529-C allele. The p.Pro62Leu variant is furthermore shown to segregate with 
low low-density lipoprotein cholesterol in a family with familial hypobetalipoproteinemia. Compared with controls, carriers of the 
common rs2362529-C allele show a marginally reduced risk of coronary artery disease (P=0.03) concomitant with a small effect 
size on low-density lipoprotein cholesterol (average decrease of 2.24 mg/dL in homozygotes) of this variant. Finally, mendelian 
randomization analyses suggest a causal relationship between GPR146 gene expression and plasma lipid and liver enzyme levels.

CONCLUSIONS: This study shows that carriers of new genetic GPR146 variants have a beneficial cardiometabolic risk profile, but 
it remains to be shown whether genetic or pharmaceutical inhibition of GPR146 protects against atherosclerosis in humans.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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In 2013, GPR146, encoding the G-protein–coupled 
receptor 146, was identified as a lipid gene through 
genome-wide association studies.1 More specifically, 

a common DNA variation (rs1997243) in close proxim-
ity to the GPR146 gene, present in 14% of individuals 
in the general population, was found to be associated 
with higher plasma levels of total cholesterol. Han et al2 
later showed that this increase in plasma cholesterol 

is caused by higher levels of GPR146 mRNA indicat-
ing that the encoded protein is directly involved in the 
regulation of cholesterol metabolism. Data in the pub-
lic domain show that GPR146 is mostly expressed in 
white adipose tissue where it has been reported to play 
a role in adipocyte differentiation,3 but this is unlikely 
to explain its effect on plasma cholesterol. In mice, we 
previously provided evidence that loss of Gpr146 in the 
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liver reduces plasma cholesterol levels.4 Murine Gpr146 
deficiency was furthermore shown to decrease the 
hepatic secretion of VLDL, the precursor of LDL, and 
to protect against diet-induced atherosclerosis in LDL 
receptor knock-out mice. Considering that GPRs are 
druggable targets,5 the latter finding nourished hope for 
the development of small molecules to inhibit GPR146 
(G-protein–coupled receptor 146) to improve the 
management of dyslipidemia and atherosclerosis, par-
ticularly in patients suffering from homozygous familial 
hypercholesterolemia, lacking the LDL receptor.6,7 The 
effects of GPR146 on plasma lipids in mice are associ-
ated with the fasting-refed state,4 but it is not known 
what the natural ligand for cellular GPR146 activation 
is. C-peptide, a cleavage product of insulin has been 
reported to play a role,8 but this was later disputed.9

Almost 10 years after its discovery, studies into the 
role of GPR146 in human metabolism are restricted to 
the association of a single variant which is associated 
with higher plasma lipids.1 The current study investigates 
the associations of common and rare variants in GPR146 
genetic locus with opposite effects on plasma lipids lev-
els. Using common variants as genetic instruments, we 
demonstrate the causal relationship between GPR146 
gene expression with plasma lipids and cardiometa-
bolic traits. Effects on atherosclerosis were in line with 
changes with plasma lipids but did not reach statistical 
significance.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Association Between Genetic Markers and 
GPR146 Gene Expression
Expression quantitative trait loci (eQTL) analyses aim to connect 
genetic variants with the expression of genes, or specifically 
of nearby genes, in case of cis-eQTL. We studied the effects 
of rs2362529 and rs1997243 on GPR146 expression in the 
human liver using the eQTL dataset from GTEx (V8 release, 
https://www.gtexportal.org/home/testyourown).10 Additionaly, 
we used the eQTL dataset from the eQTLGen consortium,11 

the largest eQTL repository available to date (Supplemental 
Material). We tested the association of rs2362529 and 
rs1997243 with the expression of nearby genes including 
GPR146 in blood.

Genetic Associations With Plasma Circulating 
Biomarkers in the UK Biobank
The UK Biobank study is a population-based prospective 
cohort in the United Kingdom in which ≈ 500 000 individuals 
aged between 40 and 69 years were recruited from 2006 
through 2010. All participants have given informed consent 
for this study. The UK Biobank has ethical approval from 
North West—Haydock Research Ethics Committee (REC 
reference: 16/NW/0274). Details of the UK Biobank study 
have been described previously.12 This research has been 
conducted using the UK Biobank resource under applica-
tion number 15031. Clinical characteristics and biomarkers 
of individuals, variant genotyping, imputation and quality con-
trols as well as genetic and statistical analyses are described 
in Table S1 and Figure S1.

Genetic Association With Coronary Artery 
Disease
Genetic association with coronary artery disease was assessed 
by using summary data from the meta-analysis published by 
Nikpay et al.13 (http://www.cardiogramplusc4d.org/). To test the 
relevance of these effects, we compared it with well-established 
low-density lipoprotein cholesterol (LDL-C) associated variants 
(as presented by Ference et al14 in the consensus statement 
from the European Atherosclerosis Society Consensus Panel) 
using data from van der Harst et al.15

Mendelian Randomization
We performed 2-sample Mendelian randomization (MR) 
analyses to assess potential causal effects of GPR146 
(ENSG00000164849) expression in blood on cardiometa-
bolic outcomes using GWAS data publicly available via the 
OpenGWAS project repository (https://gwas.mrcieu.ac.uk/; 
Table S2). The 2 eQTLs (rs1997243 and rs2362529) were 

Nonstandard Abbreviations and Acronyms

apo apolipoprotein
CAD coronary artery disease
CRP C-reactive protein
eQTL expression quantitative trait loci
GPR146 G-protein–coupled receptor 146
HDL-C high-density lipoprotein cholesterol
LDL-C low-density lipoprotein cholesterol
SNP single nucleotide polymorphism

Highlights

• Lower GPR146 gene expression is associated with 
beneficial effects on plasma: lipids, liver enzymes, 
and CRP (C-reactive protein), with a concordant 
reduction in coronary artery disease risk.

• The GPR146-p.Pro62Leu coding rare variant 
induces larger reductions of plasma lipids, liver 
enzymes, and CRP compared with the common 
variant.

• GPR146 (G-protein–coupled receptor 146) defi-
ciency may be a new genetic cause of familial 
hypobetalipoproteinemia and a potential target for 
intervention to reduce plasma cholesterol levels and 
atherosclerosis with a particularly good metabolic 
safety profile.
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used as genetic instruments. Alleles were harmonized between 
Wald ratios, calculated per single nucleotide polymorphism 
(SNP). We calculated SNP-specific Wald ratios (SNP-outcome 
effect divided by SNP-exposure effect). Then, a generalized 
weighted linear regression model was used to pool Wald ratios, 
which allows for correlation between SNPs (LD r2 according to 
the 1000G EUR reference population). MR analyses were per-
formed using the MendelianRandomization R Package (v0.6).16 
From eQTLgen consortium summary data, we extracted all 
SNPs within a 100kb radius around the most significant eQTL 
for GPR146 expression. We then performed genetic colocal-
ization analysis to calculate the posterior probability for the 
single shared causal variant hypothesis using the coloc R pack-
age17 using default, skeptic priors.

Selection of Individuals With Extreme LDL-C 
and Targeted Sequencing
Individuals with extreme dyslipidemia are likely to carry rare 
genetic variants (loss or gain-of-function) in genes with large 
effects on lipid metabolism, and we set out to find such vari-
ants in GPR146 in 2 large population-based prospective 
cohort studies: the Lifelines (n=167 729 individuals from 
the Netherlands18–20) and the Copenhagen City Heart Study 
(CCHS n=20 000 individuals from Denmark21,22). We selected 
unrelated individuals with extremely low LDL-C (n=222 from 
Lifelines and n=195 from CCHS, LDL-C <first and second 
percentiles, respectively) and extremely high LDL-C (n=129 
from Lifelines and n=194 from CCHS, LDL-C >99th and 98th 
percentiles, respectively; Tables S3 and S4). The next genera-
tion sequencing platform and analysis workflow that were used 
are detailed in the Supplemental Material.

The proband of a familial case with hypocholesterolemia 
(LDL-C <5th percentile for age and sex) was recruited in the 
context of the HYPOCHOL trial (www.clinicaltrials.gov; Unique 
identifier: NCT02354079). The genetic screening was per-
formed using the DysliSEQ custom NGS panel as described 
previously.23

Statistics and Plots
Statistical analyses and tools used for plotting are described in 
the Supplemental Material.

RESULTS
Common Variants in the GPR146 Gene Locus
Rs1997243, rs2362529, and GPR146 mRNA 
Expression
GPR146 is ubiquitously expressed, but its expression in 
the liver has been shown to dictate changes in plasma 
lipids in Gpr146−/− mice.2,4 With this in mind, we used 
eQTL dataset from GTEx to connect genetic variants 
with GPR146 expression in human liver.

We first studied rs1997243, the genetic variant that 
has led to the identification of GPR146 as a candidate 
lipid gene,1,2,4,24 which is present in 14% of the general 
population. As can be appreciated from Figure S2A, the 
alternative G-allele of rs1997243 tends to have higher 

GPR146 expression as previously shown by Han et al.2 
Following close examination of the GPR146 gene locus, 
we noticed a second common GPR146 variant, anno-
tated as rs2362529. This variant has not been studied 
previously and is present with an allele frequency of 
21% in the general population. Opposite to the findings 
of the alternative allele of rs1997243, the C-allele of 
rs2362529 is associated with lower GPR146 expression 
(Figure S2B). In both cases, however, these changes did 
not reach statistical significance which is likely related 
to the small number of samples (n=208) in this dataset.

To further study GPR146 expression in carriers of 
both common variants, we made use of the fact that 
GPR146 is also expressed in circulating blood cells and 
used the eQTL dataset from the eQTLGen consortium, 
which comprises data of 31 684 human subjects. In line 
with findings in human liver, carriers of the rs1997243-G 
allele exhibit higher GPR146 expression levels in circu-
lating bood than non carriers (P=3.3×10−310). In con-
trast carriers of the rs2362529-C allele exhibit lower 
GPR146 mRNA expression in blood than non carriers 
(P=1.8×10−21; Figure 1A).

The 2 above described common GPR146 variants 
are not in linkage disequilibrium (r2=0.0172 in the 1000 
genomes population25). This indicates that rs1997243 
and rs2362529 can be regarded as independent genetic 
research instruments with opposite effects on GPR146 
gene expression.

rs1997243 and rs2362529, Lipid Traits, Metabolic 
Traits, and CRP
To study the phenotypes of carriers of rs1997243 or 
rs2362529, we used the UK Biobank participants who 
passed our selection criteria (n=412 444 participants; 
Table S1; Figure S2).

Plasma Lipid Traits
Figure 1B shows that carriers of the rs1997243-G allele 
(heterozygotes and homozygotes combined) present 
with higher total cholesterol, LDL-C, high-density lipopro-
tein cholesterol (HDL-C), with concomitant higher apoB 
and apoAI apolipoprotein levels compared with noncarri-
ers, without changes in triglycerides and Lp(a) (lipopro-
tein [a]; Table S5). These effects were found to be allele 
dose dependent (Figure S3A; Table S6).

In carriers of the rs2362529-C allele, we observed 
the exact opposite, ie, reduced levels of total cholesterol, 
LDL-C and HDL-C with concomitant reductions in apoB 
and apoAI and no changes in plasma triglycerides and 
Lp(a) compared with noncarriers (Figure 1B; Table S5). 
Just like for the other variant, the effects were allele 
dose-dependent (Figure S3B; Table S6).

Metabolic Traits and C-Reactive Protein
Although it has been reported that GPR146 plays a 
role in the differentiation of adipocytes,3 carriers of 
rs1997243-G or rs2362529-C do not show differences 
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Figure 1. Effects of rs1997243 and rs2362529 on GPR146 gene expression and on cardiometabolic traits.
A, Effects of rs2362529 and rs1997243 on the expression of GPR146 in whole blood (Source: https://www.eqtlgen.org). The upper part of the 
figure shows the effects of rs2362529 (green arrows) while the bottom part shows the effects of rs1997243 (red arrows) on nearby genes. + and 
– signs show the direction of the effects with corresponding P. B, Lipids, lipoproteins, and apolipoproteins in plasma as a function of the C-allele 
of rs2362529 (green symbols) and the G-allele of rs1997243 (red symbols) in individuals from UK Biobank cohort. The effects are shown as beta-
coefficients (per Z-score unit) per C-allele or G-allele compared with noncarriers, respectively. Horizontal bars depict SEs. C, Plasma liver enzymes 
as a function of the C-allele of rs2362529 (green symbols) and the G-allele of rs1997243 (red symbols) in individuals from UK Biobank cohort. 
The effects are shown as beta-coefficients (per Z-score unit) per C-allele or G-allele compared with noncarriers respectively. Horizontal bars depict 
SEs. D, Plasma C-reactive protein as a function of the C-allele of rs2362529 (green symbols) and the G-allele of rs1997243 (red symbols) in 
individuals from UK Biobank cohort. The effects are shown as beta-coefficients per z-score unit) per C-allele or G-allele compared with noncarriers, 
respectively. Horizontal bars depict SEs. E, Plasma glucose or HbA1C levels as a function of the C-allele of rs2362529 (green symbols) and 
the G-allele of rs1997243 (red symbols) in individuals from UK Biobank cohort. The effects are shown as beta-coefficients (per Z-score unit) per 
C-allele or G-allele compared with noncarriers. Horizontal bars depict SEs. ALP indicates alkaline phosphatase; ALT‚ alanine transaminase; ApoAI, 
apolipoprotein AI; ApoB, apolipoprotein B; AST; aspartate transaminase; CRP, C-reactive protein; GGT, gammaglutamyl-transferases; HbA1C, 
glycated hemoglobin; LDL, low-density lipoprotein; Lp(a), lipoprotein a; and N; number of individuals included in the analysis.
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in body mass index compared with noncarriers (data 
not shown). Compared with noncarriers, carriers of the 
rs1997243-G allele are, interestingly, characterized by 
higher levels of circulating aspartate aminotransferase, 
gamma-glutamyltransferase and alkaline phosphatase, 
while the opposite is true for carriers of the rs2362529-
C allele (Figure 1C; Tables S5 and S6).

In addition, carriers of rs1997243-G or rs2362529-
C allele(s) have higher or lower levels of CRP plasma 
levels than noncarriers, respectively (Figure 1D; Tables 
S5 and S6). Finally, carriers of the rs2362529-C allele 
present with lower glycated haemoglobin (HbA1C) levels 
than noncarriers (Figure 1E; Tables S5 and S6).

These results indicate that carriers of the rs1997243-
G or rs2362529-C allele(s) have unfavorable or favour-
able lipid and metabolic profiles, respectively. Combined, 
these findings prompt the question whether these dif-
ferences translate into an altered risk of coronary artery 
disease (CAD).

rs1997243, rs2362529, and Risk of CAD
In a meta-analysis from the CARDIoGRAMplusC4D 
Consortium, carriers of the rs2362529-C allele have 
marginally reduced CAD compared with noncarriers 
(Figure 2A). This was anticipated when considering the 
magnitude of the effect size of this variant on LDL-C 
levels: homozygotes for rs2362529 show an average 
decrease of 2.24 mg/dL compared with carriers of wild-
type alleles. To study this more closely, we investigated 
the effects of both GPR146 gene variants on LDL-C and 
CAD in the context of well-characterized genetic vari-
ants in APOB, PCSK9, HMGCR, ANGPTL314. As can be 
appreciated from Figure 2B, GPR146 rs1997243 and 
rs2362529 fit the regression line between the magni-
tude of LDL-C changes and the magnitude of effects on 
CAD as described by Ference et al.14

Mendelian Randomization
To assess the causal relationship between GPR146 
expression, CAD, and cardiometabolic outcomes, we 
ran MR analysis. Our results suggest causal effects of 
GPR146 expression on plasma cholesterol levels (total 
cholesterol, LDL-cholesterol, and HDL-cholesterol), and 
plasma liver enzymes (alanine aminotransferase, aspar-
tate aminotransferase, gamma-glutamyltransferase, and 
alkaline phosphatase; Figure S4; Table S6). Despite a 
trend toward an effect of GPR146 expression in blood on 
CAD (logOdds=0.024 per SD higher gene expression, 
SE=0.015), this effect was not statistically significant 
(P=0.098; Figure S4; Table S7). We found no effect of 
GPR146 expression on myocardial infarction. Due to the 
limited number of instruments, we were unable to assess 
heterogeneity and directional pleiotropy.

MR using blood eQTLs to instrument GPR146 
expression yielded results that were generally consistent 

with the hypothesis that reduced GPR146 expression 
causes an improved lipid profile. However, we are unable 
to rule out that such an effect was driven by variants in 
LD with our instruments, since GPR146 expression in 
blood did not colocalize with most lipid traits (posterior 
probability for single shared causal variant <0.80). Fur-
thermore, we are uncertain whether blood expression is 
an appropriate proxy for liver expression. Generation of 
currently unavailable liver eQTL data for GPR146 and 
subsequent MR and colocalization may yield more con-
clusive evidence.

Rare Variants in the GPR146 Gene
Identification of a Missense Variant (GPR146-p.
Pro62Leu)
With the finding that common GPR146 variants are 
associated with opposite effects on GPR146 expression 
and plasma lipid traits, we set out to identify GPR146 
mutations with large effects on plasma levels of LDL-
C. Taken that Gpr146−/− mice have reduced LDL-C and 
are protected against atherosclerosis,4 we hypothesized 
that loss or gain-of-function variants could be found in 
individuals with low and high LDL-C, respectively. In this 
effort, we sequenced genomic DNA of individuals with 
extreme LDL-C plasma levels in the Lifelines and CCHS 
cohorts (Tables S3 and S4).

Following targeted sequencing, we selected rare 
variants which affect the protein sequence (or splicing 
regions) of GPR146 (Table S8). Most of these rare vari-
ants were singletons; however, one missense variant, 
annotated as rs151124717, was found 8 times in indi-
viduals with low LDL-C and only once in an individual 
with high LDL-C (Figure 3A). The nucleotide substitu-
tion (c.185C>T) results in the exchange of Proline for a 
Leucine residue at position 62 of the mature GPR146 
protein (p.Pro62Leu; Figure 3B). The missense variant 
is located in the first intracellular loop of GPR146 and 
affects a highly evolutionary conserved protein domain 
(Figure 3C; Figure S5A). This variant is predicted to be 
damaging by 7 different in silico algorithms (Figure S5B).

Carriers of the GPR146-p.Pro62Leu variant in the 
Lifelines and CCHS cohorts were all heterozygotes and 
did not carry mutations in genes that are known to cause 
familial forms of hypocholesterolemia (APOB, MTTP, 
PCSK9, ANGPTL3) or hypercholesterolemia (LDLR, 
APOB, LDLRAP1, APOE, PCSK9). In a next step, we 
screened the UK Biobank for carriers of the GPR146-p.
Pro62Leu to examine their phenotype more closely.

Carriers of GPR146-p.Pro62Leu in the UK 
Biobank
Plasma Lipid Traits
In the UK Biobank, we identitifed 2615 carriers of 
the GPR146-p.Pro62Leu variant (Table S9), which 
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renders an allele frequency of 0.3% of the general 
population (in line with data from gnomAD, https://
gnomad.broadinstitute.org/). In a direct comparison 
with carriers of the common rs2362529-C allele, it is 
clear that carriers of the GPR146-p.Pro62Leu pres-
ent with larger reductions of total cholesterol, LDL-C, 
and HDL-C, which supports the idea that this variant 
may impair the function of the protein as predicted by 
the in silico algorithms (Figure 3D, Table S5, Figure 
S5B). The magnitude of the LDL-C lowering effect of 
GPR146-p.Pro62Leu (rs151124717) correlates with 
the expected effect on CAD (Figure 2B), but this does 
not reach statistical significance.

Metabolic Traits and CRP
Carriers of the GPR146-p.Pro62Leu variant presented 
with significant reductions in alkaline phosphatase and 
gamma-glutamyltransferase when compared with non-
carriers (Figure 3E; Table S5). In addition, carriers of the 
GPR146-p.Pro62Leu also presented with significantly 
reduced CRP levels when compared with noncarriers 
(Figure 3F; Table S5).

Combined, these data illustrate that carriers of the 
GPR146-p.Pro62Leu variant are characterized by 
and overall beneficial cardiometabolic phenotype. The 
remarkable lipid profile of individuals carrying this variant, 
that is, reductions in all major plasma lipids (Figure 3D), 

Figure 2. Genetic variants in GPR146 and risk of CAD.
A, Odds ratio for coronary artery disease as a function of the C-allele of rs2362529 and the G-allele of rs1997243 compared with noncarriers. 
The effects are shown as odds-ratio per C-allele or G-allele respectively compared with noncarriers. Horizontal bars depict SEs. B, Proportional 
risk of coronary artery disease (CAD) associated with different genetic variants that affect low-density lipoprotein-cholesterol (LDL-C) levels. 
All values are presented as magnitude of change (positive values). The regression line shows the proportional risk of CAD as a function of 
genetically determined change in LDL-C (in mmol/L). The vertical and horizontal error bars are SEs for the risk of CAD and LDL-C levels, 
respectively. N indicates number of individuals included in the analysis.
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Figure 3. Effects of the missense variant GPR146-Pro62Leu on cardiometabolic traits.
A, Selection of individuals with extreme low-density lipoprotein-cholesterol (LDL-C) plasma levels (<first or second percentile for age and sex 
from Lifelines cohort and CCHS, respectively and >99th or 98th percentile for age and sex from Lifelines cohort and CCHS, respectively). 
Green crosses depict carriers of the GPR146-p.Pro62Leu. B, Schematic view of the GPR146 gene located on the 7p22.3 locus and the 
variant GPR146-p.Pro62Leu (chr7:1057700 (GRCh38.p13); NM_138445.4:c.185C>T; NP_612454.1:p.Pro62Leu). C, Schematic view of 
the predicted amino-acids sequence and protein structure of GPR146. The red arrow indicates the Proline residue at position 62 of the protein 
located in the first intracellular loop. The total protein consists in 333 amino-acids. D, Lipids, lipoproteins, and apolipoproteins in plasma as 
a function of the T-allele of rs151124717 (green symbols) and the C-allele of rs2362529 (gray symbols) in individuals from the UK Biobank 
cohort. The effects are shown as beta-coefficients (per z-score unit) per T-allele or C-allele compared with noncarriers respectively. Horizontal 
bars depict standard errors. E, Plasma liver enzymes as a function of the minor T-allele of rs151124717 (green symbols) and the minor C-allele 
of rs2362529 (gray symbols) in individuals from the UK Biobank cohort. The effects are shown as beta-coefficients (per z-score unit) per 
T-allele or C-allele compared with noncarriers respectively. Horizontal bars depict standard errors. F, Plasma CRP (C-reactive protein) levels as 
a function of the minor T-allele of rs151124717 (green symbols) and the minor C-allele of rs2362529 (gray symbols) in individuals from the UK 
Biobank cohort. The effects are shown as beta-coefficients (per z-score unit) per T-allele or C-allele compared with noncarriers. Horizontal bars 
depict standard errors. ALP indicates alkaline phosphatase; ALT‚ alanine transaminase; ApoAI, apolipoprotein AI; ApoB, apolipoprotein B; AST; 
aspartate transaminase; GGT, gammaglutamyl-transferases; Lp(a), lipoprotein a; and N; number of individuals included in the analysis.
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resembles those suffering from familial hypocholesterol-
emia,26 which prompted us to sequence the GPR146 gene 
in familial cases with unexplained hypocholesterolemia.

Segregation of GPR146 p.Pro62Leu With 
Hypocholesterolemia
In a familial case of hypobetalipoproteinemia from the 
HYPOCHOL clinical trial,27 in which mutations in canon-
ical lipid genes were excluded, one proband was found 
to be heterozygous for the GPR146-p.Pro62Leu variant 
(Figure 4). This 24 year-old woman presented with low 
levels of total cholesterol (124 mg/dL), LDL-C (59 mg/
dL), apoB (60 mg/dL), and triglycerides (50 mg/dL), 
but normal HDL-C (55 mg/dL). We recruited 6 family 
members and tested co-segregation of the GPR146-p.
Pro62Leu variant with plasma LDL-C levels in this family 
(Figure 4; Table S10). The results show the cosegrega-
tion of the genotype with the hypobetalipoproteinemia 
phenotype: all 3 individuals carrying the GPR146-Pro-
62Leu variant present with LDL-C <5th percentile for 
age and sex.28

DISCUSSION
Previous studies have shown that higher GPR146 expres-
sion in humans is associated with higher plasma lipids. 
We here present the first evidence that carriers of 2 new 
GPR146 variants (rs2362529-C and rs151124717-T) 
are instead characterized by reduced plasma lipids but 
also reduced CRP and plasma liver enzymes. Moreover, 
Mendelian randomization analyses suggest a causal 

relationship between GPR146 gene expression, plasma 
lipid and liver enzyme levels. In line with a small effect of 
the rs2362529-C variant on LDL-C, we find a marginal 
reduction on CAD risk reduction in carriers of this variant 
which needs further investigation.

The plasma lipid profiles of carriers of the common 
GPR146 variants are unique in that they are associated 
with higher or lower apoB as well as apoAI-containing 
lipoproteins levels but without changes in plasma tri-
glycerides. The biological relevance of these observa-
tions is highlighted by the fact that heterozygotes and 
homozygotes of the common rs1997243-C allele and 
rs2362529-C show exact opposite phenotypes. While 
loss-of-function variants in ANGPTL3 are also associ-
ated with reductions in LDL-C and HDL-C, these variants 
are also causing marked reductions in triglycerides.29,30

In an attempt to learn more about how GPR146 may 
affect lipid and lipoprotein metabolism, we set out to 
identify GPR146 mutations with larger effect sizes and 
found that GPR146-p.Pro62Leu was overrepresented in 
subjects with low LDL-C compared with individuals with 
high LDL-C. This variant is predicted to damage protein 
function by all in silico predictors we used (SIFT, Poly-
phen2, LRT, Mutation tester, etc) and affects a highly 
conserved residue. In the UK Biobank, 2615 heterozy-
gote carriers of this variant showed more pronounced 
reductions in total cholesterol and LDL-C compared with 
carriers of the common rs2362529 variant. This suggest 
that GPR146-p.Pro62Leu may be a functional mutation 
but we were not able to validate this (data now shown). 
On the other hand, although we found that the GPR146-
p.Pro62Leu variant co-segregates with low LDL-C in 

Figure 4. Pedigree of a family with familial hypobetalipoproteinemia.
Carriers of the GPR146-p.Pro62Leu variant are depicted with green symbols (II:6, III:3, and III:5/proband) and all have low-density 
lipoprotein cholesterol (LDL-C) values below the 5th percentile. Total cholesterol (TC), LDL-C, high-density lipoprotein cholesterol (HDL-C), 
and triglycerides plasma levels are presented in mg/dL. Circles=women and squares=men; *Values between brackets show percentile for 
corresponding values adjusted for age and sex.
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a family with unresolved hypocholesterolemia, further 
studies remain needed to establish GPR146 as a candi-
date gene for human hypobetalipoproteinemia.

In contast to products of established genes in lipid 
metabolism such as APOB, MTTP, APOC3, ANGPTL3, 
and LDLR, the GPR146 protein is not directly involved in 
the machinery to synthesize lipoproteins or to clear them 
from the circulation. It is, in fact, the first protein of its class 
known to date to control plasma lipid traits through cel-
lular signaling pathways. In mice GPR146 has previously 
been shown to increase de novo cholesterol synthesis in 
the liver through activation of the extracellular signal-reg-
ulated kinase signaling pathway.4 The downstream effect 
on hepatic VLDL secretion was shown to contribute to 
the plasma lipid phenotype of Gpr146−/− mice. Whether 
these findings translate to humans remains to be estab-
lished through, for example, stable isotope studies.

Our study surprisingly reveals an association of 
GPR146 with plasma levels of CRP, a biomarker for 
systemic inflammation, which is of interest31,32 when 
considering the central role of inflammation in athero-
genesis.33 In addition, the loss of GPR146 function is 
not associated with elevated hepatic enzymes, commonly 
used as markers of hepatic steatosis or nonalcoholic 
fatty liver disease, an adverse effect of both Mipomersen 
(an APOB antisense oligonucleotide) and Lomitapide (a 
small molecule MTP inhibitor) used to treat homozygous 
familial hypercholesterolemia.34 These findings combined 
suggest that GPR146 antagonists may have favorable 
effects over existing medication.

Taken together, this study shows for the first time that 
variants in the GPR146 gene locus are associated with 
a favorable cardiometabolic risk profile. Although these 
results support the development of GPR146 antago-
nists, it also highlights our incomplete understanding of 
how plasma levels of apoB and apoAI-containing lipo-
proteins are regulated. Identification of ligands of this 
receptor, which is ubiquitously expressed, will hopefully 
leverage our understanding.
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