Articles

Check for
Updates

A genome-wide association meta-analysis of cholesterol
synthesis intermediates identifies three associations for
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Summary eBioMedicine
Background Cholesterol is a main contributor to coronary artery disease (CAD). Although the genetic basis of blood 2026;124: 106144
cholesterol concentration is well studied, there is currently a lack of studies investigating the genetics of its pre- ~ PvPlished Online o

cursors from de novo biosynthesis. https://doi.org/10.
1016/j.ebiom.2026.

106144
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Methods We conducted a genome-wide association meta-analysis, combining data from KORA, LIFE-Heart, LIFE-
Adult, LURIC, the Sorbs study, and YFS, resulting in up to 10,519 individuals. We investigated 14 traits related to
serum concentrations of lanosterol, desmosterol, and cholesterol. Direct and indirect effects of lanosterol on CAD
were investigated with a Mendelian randomisation mediation analysis.

Findings Our analysis revealed four genome-wide significant (p < 5 x 1078) associations not previously reported in
the GWAS catalogue. These include two loci without prior connection to cholesterol, associated with lanosterol
(7q21.2, CYP51A1) and free cholesterol (11q14.1), and two associations with lanosterol at loci previously reported
for cholesterol (5q13.3, HMGCR; 11q23.3, APO cluster). We also replicated eight loci previously reported for
associations with cholesterol-related traits. Lanosterol exhibited significant total and indirect effects on CAD, but
its direct effect was not significant.

Interpretation We demonstrate that the investigation of intermediate phenotypes can help to functionally fine map
previously reported associations for cholesterol, improving our understanding of genetic regulation of cholesterol
concentrations. Further, the effect of lanosterol on CAD is probably fully mediated by total cholesterol.

Funding This investigation was primarily funded by the ministry for science and health of the Rhineland-Palatinate
through the CoAGE graduate programme. A complete list of funding organisations is provided in the

acknowledgements.

Copyright © 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study

Cholesterol concentrations in blood are an established risk
factor for coronary artery disease. Consequentially, it has
been a major focus to investigate the genetic influence on
cholesterol levels in various lipid species, with the GWAS
catalogue listing 437 studies and 9923 associations for total
cholesterol alone (as of August 8th, 2025). This also enabled
large genome-wide association meta-analyses, like the Global
Lipids Genetics Consortium, which investigated 1.6 million
individuals. In contrast, genetic investigations of cholesterol
precursors, like lanosterol and desmosterol, are limited by
low sample size. A genome-wide association study was
conducted in 300 pigs to investigate lanosterol, lathosterol,
desmosterol, in addition to several phytosterol and
cholesterol traits, reporting a single association for
desmosterol. In humans, only few investigations have been
performed. A genome-wide association analysis based on the
studies EUGENE2 and METSIM did not report genome-wide
significant associations for lathosterol or desmosterol.
Similarly, a genome-wide association study of sterols in 40
individuals of the GOLDN study did not find genome-wide

Introduction

Cholesterol is a major risk factor for atherosclerotic car-
diovascular disease,' which includes coronary artery dis-
ease (CAD), the leading cause of death worldwide.” The
investigation of cholesterol homoeostasis has therefore
become an area of strong medical interest. Although

significant findings for lanosterol or desmosterol.
Consequently, the GWAS catalogue lists only a single
association for lanosterol (reported trait: free brassicasterol
to free lanosterol) and no known associations for
desmosterol (as of August 8th, 2025).

Added value of this study

In this study we perform a genome-wide association meta-
analysis to study the genetic basis of lanosterol, desmosterol,
and cholesterol. Through extensive bioinformatic annotation
and comparison of association patterns, we elucidate
potential underlying mechanisms of observed associations.

Implications of all the available evidence

Our findings imply that two associations previously reported
for cholesterol are caused by changes in lanosterol
concentrations. This helps to increase our understanding of
the genetic influence on cholesterol synthesis and, by
extension, the genetic predisposition of coronary artery
disease. It also demonstrates the value of investigating a
broad range of cholesterol precursors in future studies.

extensive research has been performed to elucidate the
genetic basis of blood cholesterol concentrations,’
biosynthetic precursors of cholesterol have rarely been
investigated since standard laboratory assessments per-
formed in large population studies typically do not cover
these lipid species, due to analytical limitations.
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The zoosterol cholesterol is an essential compound
of the cell membrane, regulating fluidity, permeability
and compartmentalisation. It also is the backbone for
the synthesis of steroid hormones, such as oestrogen or
testosterone, as well as vitamin D analogues.” Choles-
terol homoeostasis is the result of balancing uptake,
efflux, de novo synthesis, and esterification.” The ma-
jority of cholesterol stems from de novo synthesis
(700-900 mg/day), while dietary absorption is a sec-
ondary source (300-500 mg/day). Cholesterol uptake
can be estimated by measuring serum levels of plant
sterols, which are exclusively derived from diet.
Assessment of de novo cholesterol synthesis can be
done by measuring the cholesterol precursors lano-
sterol and desmosterol, for which few nutritional
sources are available.” The synthesis primarily takes
place in the liver, accounting for 50% of newly syn-
thesised sterols in rats,* and can be performed through
two major pathways. Starting from lanosterol, the Bloch
pathway uses desmosterol as an intermediate,” whereas
the Kandutsch-Russell pathway synthesises cholesterol
via lathosterol and 7-dehydrocholesterol.” In practice,
these pathways are often combined and subject to a
complex regulatory network (for an overview, see Luo
et al.").”

For transport in blood, cholesterol is 75% esterified
as part of plasma lipoproteins, serving as shuttles to-
wards peripheral tissues, whereas lanosterol is trans-
ported unesterified. During transportation, cholesterol
can enter vascular walls, contributing to arterial plaque
formation and increasing the risk for CAD.* The prev-
alence of coronary heart disease is two to five times
higher in men than in women, which can partially be
attributed to sex-differences in cholesterol profiles."* For
example, atherogenic low-density lipoprotein (LDL)
concentrations are lower in women below the age of 50
while high-density lipoprotein (HDL) concentrations,
supporting reverse cholesterol transport, are increased
in women of all ages." These sex-differences potentially
extend to cholesterol metabolism with hepatic gene-
expression analysis in hypercholesterolemic mice
revealing 1390 genes with differential expression be-
tween chromosomal sexes, including genes related to
fatty acid metabolism.” Further, oestrogen affects bile
acid metabolism, potentially implicating effects on
cholesterol homoeostasis.*®

Extensive research has been performed with regard
to the genetic basis of lipid traits, with the Global Lipids
Genetics Consortium investigating 1.6 million in-
dividuals.” However, previous studies focused on
cholesterol concentrations in lipoproteins such as HDL-
cholesterol and LDL-cholesterol (LDL-C) rather than
chemical precursors of cholesterol. The investigation of
such intermediate phenotypes promises to improve our
understanding of the genetic regulation of cholesterol
homoeostasis. Cholesterol levels in blood are influ-
enced by complex interrelated mechanisms, including
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transport, de novo synthesis, excretion, and storage. In
contrast, intermediate phenotypes can more closely
reflect actual biosynthetic processes and their genetic
regulations, especially if biological relevance is pathway
specific. The potential reduction in environmental ef-
fects on these chemical processes could also result in
increased power for finding new genetic associations.
Furthermore, the use of intermediate phenotypes al-
lows better biological interpretability of identified as-
sociations, because intermediate compounds represent
specific steps in the biosynthesis pathway. These ideas
motivated an investigation of the genetic basis of lan-
osterol, lathosterol, desmosterol, in addition to several
phytosterol and cholesterol traits in 300 pigs.”” The
study identified a single genome-wide significant locus
for a cholesterol precursor, namely desmosterol, near
the DHCR24 gene. Further, several sterols, including
lanosterol and desmosterol, were used in a genome-
wide association study (GWAS) of 40 individuals, but
genome-wide significant findings were restricted to
p-sitosterol, 7a-hydroxycholesterol, and campesterol.®
Another GWAS, investigating sterol levels in the
studies EUGENE2 (n = 273) and METSIM (n = 1050),
included lathosterol and desmosterol, but did not report
genome-wide significant associations for these traits."

In this study, we investigate intermediate pheno-
types of cholesterol biosynthesis in humans. For this
purpose, we combine six studies in a genome-wide as-
sociation meta-analyses (GWAMA) of sterol traits and
investigate concentrations of lanosterol, desmosterol
and cholesterol, including non-esterified and esterified
species, as well as ratios representing reaction equi-
libria. We aim to elucidate biological relevance of
associated variants by bioinformatic annotation and
colocalisation analyses with expression quantitative trait
loci (eQTLs) and CAD. We also performed sex-stratified
analyses to detect genetic sex interactions.

Methods

Participating studies

This meta-analysis combined data from six independent
studies: the Ludwigshafen Risk and Cardiovascular
Health (LURIC) study,” Cooperative Health Research in
the Region of Augsburg (KORA),”** LIFE-Heart,** LIFE-
Adult,** Sorbs,”** and the Young Finns study (YFS).”” All
participants were of European ancestry. A detailed study
description and overview of study characteristics is given
in Supplementary Tables S1 and S2.

Zoosterol measurement and phenotype definition
Serum concentrations for lanosterol (non-esterified/free),
desmosterol (free, esterified, and total) and cholesterol
(free, esterified, and total) were available in all or a subset
of participating studies (see Supplementary Table S3).
Measurements in KORA, LIFE-Adult, LIFE-Heart, and
Sorbs were performed with liquid-chromatography
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tandem mass-spectrometry at the Institute of Laboratory
Medicine, Leipzig University, according to the protocol
described in Lembcke et al”* Batch-effect correction of
these measurements was performed with the R-package
‘sva’ (function ‘ComBat’).” In LURIC and YFS, sterols
were measured with gas chromatography-mass spec-
trometry. A detailed protocol of sterol measurements in
LURIC is described in Silbernagel et al.*

From the measured zoosterol concentrations, we
calculated the following ratios, representing biologically
relevant reaction equilibria: free to esterified cholesterol
(representing activity of lecithin—cholesterol acyl-
transferase), free to esterified desmosterol, free des-
mosterol to free cholesterol, total desmosterol to total
cholesterol, free lanosterol to total cholesterol, free
desmosterol to free lanosterol, and total desmosterol to
free lanosterol. Thus, a total of 14 traits were analysed.

Clustering of sterol traits

The correlation structure of zoosterol traits was inves-
tigated with hierarchical clustering. We used individual
level data from KORA, LIFE-Heart, LIFE-Adult, and
Sorbs, as these studies used the same sterol measure-
ment technique and because individual level data were
available. Pairwise partial correlations controlling for
age, sex, log-transformed body mass index (BMI), dia-
betes status, lipid lowering medication, and study was
used as distance measure between log-transformed
sterol traits. The function ‘pcor.test’ included in the
package ‘ppcor’ (v. 1.1)*" with Pearson regression was
used for this purpose. Coefficients of correlation are
shown in Supplementary Figure S1. Ward’s hierarchi-
cal clustering was performed as implemented in the R
function ‘hclust’ included in the stats package (v.
4.5.1),” using 1-|r;| for the initial distance matrix.

Genotyping and imputation

Genotyping was performed by various microarray
platforms: llumina Omni 2.5/Illumina Omni Express
(KORA), Affymetrix Axiom CEU1 (LIFE-Adult, LIFE-
Heart), Affymetrix custom array (LIFE-Heart), Affyme-
trix Gene Chip Human Mapping 500 K Array Set
(Sorbs), Affymetrix Genome-Wide Human SNP Array
6.0 (LURIC, Sorbs), IHlumina 200 k MetaboChip
(LURIC), and Illumina Human 670 k BeadChip (YFS).
Study-wise quality control (QC) was performed ac-
cording to the procedures described in Supplementary
Table S2.

IMPUTE2* was used for genotype imputation with
1000 Genomes Phase 1** (LURIC, LIFE-Heart, LIFE-
Adult, Sorbs, YFS) and 1000 Genomes Phase 3%
(KORA) as references. Conversion to the forward
strand was performed using hg19 coordinates.

Single study genome-wide association analysis
In each cohort, a GWAS was performed according to a
standardised analysis plan. KORA, LIFE-Heart, LIFE-

Adult, and Sorbs were analysed centrally at the IMISE,
Leipzig University, while LURIC and YFS were ana-
lysed in the respective study centre. Log-transformation
was applied to the traits prior to analysis to approximate
a Gaussian distribution. In each study, regression
analysis was performed with an additive gene model,
adjusted for age, genetically verified sex, log(BMI),
diabetes status, and lipid lowering medication (i.e.
Anatomical Therapeutic Chemical codes starting with
‘C10’). Additionally, LURIC adjusted for the first three
principal components and traits in the Sorbs study were
corrected for relatedness structure with the function
‘polygenic’ from the package ‘GenABEL’ (v. 1.8).” As-
sociation analyses were performed with PLINK 1.9
(LIFE-Adult, LIFE-Heart, Sorbs), Plink 2.0 (LURIC,
KORA),” and SNPTEST 2.5 (YES).” Complete X-inac-
tivation was assumed for the analysis of X-chromo-
somal markers.

Harmonisation of summary statistics of all studies
was performed using EasyQC (v. 9.2)* and custom
scripts. We discarded variants not in the reference
panel (1000 Genomes phase 1, version 3, European
ancestry), with missing values in statistics (e.g. beta
estimates, imputation quality score), missing allele in-
formation (effect allele, other allele, effect allele fre-
quency), and mismatching alleles or chromosomal
position with respect to the reference. Genetic variants
were filtered for minor allele frequency (MAF) > 1%.
Genotyped variants were filtered for call rate > 95% and
Hardy-Weinberg equilibrium (p > 107°), while imputed
variants were filtered for imputation quality score > 0.5
and for deviation from reference allele frequency <
20%. Finally, alleles were harmonised such that the
effect allele was consistent across studies. Genomic
control was applied if the variance inflation factor A was
> 1.

Meta-analysis and post-meta quality control

We performed fixed-effect meta-analysis with a custom
script, weighting study effects by their inverse variance.
Post meta-analysis, we discarded variants only present
in one study, with a sample-size weighted MAF < 1%, a
sample-size weighted imputation quality-score < 0.7 or
heterogeneity 12 > 0.85.

Statistics
The p-value for the association of a variant in the meta-
analysis was calculated with a two-sided Z-test. No
determination of sample size, randomisation, blinding,
or definition of inclusion and exclusion criteria was
performed.

Heritability and genetic correlation

Heritability of sterol traits was estimated with linkage
disequilibrium (LD)-score regression as implemented
in LDSC (v. 1.0.1)." Variants were quality filtered ac-
cording to the default QC criteria of the tool. The LD

www.thelancet.com Vol 124 February, 2026


http://www.thelancet.com

Articles

scores for European populations of 1000 Genomes
phase 3 provided by the authors of the package were
used as reference. We tested for significant heritability
(p < 0.05) in a one-sided test.

We further investigated genetic correlation between
zoosterols. We limited our investigation to traits with
mean X* > 1.02, as recommended by the authors of the
tool, and significant heritability. Quality control and
references for the genetic correlation analysis were
identical to the heritability analysis. We considered ge-
netic correlation to be significant when p < 0.05 in a
two-sided test.

Locus definition

Variants with p < 5 x 107 were considered genome-
wide significant. Genomic loci containing genome-
wide significant variants were defined across all 14
traits simultaneously. We defined loci as the 1 Mb re-
gion around the variant with the lowest p-value across
all association analyses (index variant) and iterated until
all genome-wide significant associations were assigned
to a locus. Overlapping loci were merged, keeping the
variant with the lowest p-value as index variant. The
trait where the lowest p-value of a locus was observed
was considered the best-associated phenotype of the
respective locus. To reduce the risk of false positive
associations, loci where no other variant besides the
index variant reached at least suggestive significance
(p < 107°) were removed.

Influence of analysis platform

To check potential confounding due to different sterol
measurement procedures between studies, we performed
meta-regression for all index variants, including the
zoosterol measurement procedure (liquid-chromatog-
raphy tandem mass-spectrometry or gas chromatography-
mass spectrometry) as a binary moderator variable and
treating  liquid-chromatography ~ tandem  mass-
spectrometry as the reference group. The function ‘rma’
from the R package ‘metafor’ (v. 4.8-0) was used for this
purpose.” Significant moderator effects were assumed if
the false discovery rate (FDR) corrected p-values of the
omnibus test for moderator effects were significant
(p < 0.05). Further, we compared results from fixed effect
and random effects model for index variants showing
moderate heterogeneity (I > 0.4) in their respective best
associated phenotype, testing for significant differences
with a two-sided two-sample Z-test (p < 0.05).

Influence of lipid-lowering medication

The influence of including lipid lowering medication as
a binary covariate was assessed through a sensitivity
analysis based on KORA, LIFE-Heart, LIFE-Adult, and
the Sorbs study. For these four studies, GWAS and
meta-analysis were performed as described in previous
sections, using Plink 2.0.** In the first setting, all in-
dividuals were included and adjustment for lipid
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treatment was performed as for the primary analysis by
introducing a respective binary covariate into the
regression model. In the second setting, all individuals
with lipid-lowering medication were excluded from the
analysis. Pearson correlation of effect estimates be-
tween the two analysis settings was calculated for all
variants fulfilling the QC criteria described above and
having the same number of studies present in both
settings. Further, correlation was calculated for the
subset of filtered variants showing suggestive signifi-
cance (p < 107°) in either of the two settings. For index
variants, we searched for significant differences of ef-
fect estimates with a two-sided two-sample Z-test
(p < 0.05).

Conditional analysis

Conditional and joint (COJO) analysis was performed to
identify secondary associations, i.e. genome-wide sig-
nificant variants that are independent of the respective
index variant. For this purpose, we employed the
function ‘cojo-slct’ from ‘GCTA-COJO’ (v. 1.92.0 beta
2).#* This analysis was performed for all loci and all
traits associated with the respective locus. In case of
multiple independent variants, conditional statistics
were calculated by conditioning each variant on the
other independent variants, respectively. For this we
applied the function ‘cojo-cond’ from the GCTA-COJO
package.”** The LD-reference for COJO was estab-
lished by combining genotypes from LIFE-Heart and
LIFE-Adult.

Credible set definition and annotation

99% credible sets (CSs) for independent variants were
determined by calculating approximate Bayes factors
(ABFs) for variants at the locus using the Wakefield
method® implemented in the R-package ‘gtx’ (v.
0.0.8)." The difference between the 97.5% and the 2.5%
percentile of the effect size distribution for the respec-
tive locus was used for prior estimation. The posterior
probability (PP) for each variant was determined by
dividing its ABF by the sum of the ABFs of all variants
at the locus. Variants were added to the CS in order of
decreasing PP until the cumulative PP of variants
within the CS reached 99%. We used association sta-
tistics from the respective best-associated phenotype.
Conditional statistics were used when multiple inde-
pendent variants were identified for a single locus. In
case of large CSs (n > 100), we primarily focussed the
evaluation on variants with a sufficiently high proba-
bility of being causal (PP > 1%).

Bioinformatic annotation of variants included in
99% CSs was performed with a custom pipeline and
various resources. Variants were annotated by Ensembl
2018" based gene look-up in a region of +250 kb
around the variant, combined annotation dependent
depletion (CADD) score,”® LD (r* > 0.3) with other
associated variants according to the GWAS catalogue
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(downloaded on November 13th, 2024),* and LD with
eQTLs of the GTEx V8 catalogue (dbGaP Accession
phs000424.v8.p2, downloaded on June 10th, 2020),
as well as in-house eQTL references. As LD refer-
ence, we used the 1000 Genomes Phase 1 version 3
panel for European populations.** We considered as-
sociations to be previously unreported with regard to
the GWAS catalogue, when the index variant was not
in LD (r* > 0.3) with previously reported variants for
the respective trait. In the following, we will use the
term novel associations as a shorthand for such as-
sociations. We considered variants with CADD > 10
as high CADD variants, implying high biological
relevance.

Candidate genes were assigned through biologically
informed manual annotation. All genes in a +250 kb
window around variants within the CS were extracted
and the respective biological function retrieved from
GeneCards (v. 5.19).°"% If protein-coding genes with
known functional relation to sterol metabolism were
found, these were selected as candidates. Otherwise, we
selected genes where such a relation could reasonably
be established. In case of multiple plausible candidate
genes, we prioritised the gene closest to the index
variant.

Colocalisation analysis

To test for shared genetic signals of zoosterols and
other traits, colocalisation analysis was performed with
the function ‘coloc.abf from the package ‘coloc’ (v.
5.2.3).* Conditional statistics for zoosterols were used if
a locus contained multiple independent variants. We
assumed colocalisation if the posterior probability for
colocalisation PP(H4) was > 80%. We utilised colocal-
isation analysis to verify identity of signals for loci with
multiple associated zoosterol traits. We further tested
for colocalisation of respective best-associated traits
with CAD. Summary statistics for CAD were obtained
from Aragam et al. (downloaded on March 11th,
2025).%

To identify possible candidate genes, we analysed
colocalisation between genome-wide significant signals
of zoosterols and cis-eQTLs of selected genes in the
following tissues: whole blood, the measurement site of
zoosterol concentrations in our study, liver, the primary
organ of cholesterol synthesis, subcutaneous adipose
tissue, the major cholesterol storage site, adrenal gland,
testis and ovary, sites of steroid hormone synthesis,
small intestine (terminal ileum), the primary site of
cholesterol intake, and skeletal muscle, involved in the
regulation of cholesterol homoeostasis. For each locus,
we selected genes in a +250 kb window around variants
of the respective CS as well as genes affected by cis-
eQTLs in LD (r* > 0.3) with these variants (see section
‘Credible set definition and annotation’). For these
genes, eQTL data was extracted for the respective locus
from GTEx V8 (dbGaP Accession phs000424.v8.p2,

downloaded on June 10th, 2020).*° We did not investi-
gate trans-eQTLs due to their higher risk of being false
positive.

Sex interaction analysis

We analysed index variants for single-nucleotide poly-
morphism (SNP)-by-sex interaction. For this purpose,
sex-stratified GWAMA was performed including four
studies (KORA, LIFE-Heart, LIFE-Adult, Sorbs) for
which individual-level genotype data were accessible.
Single-study  genome-wide association  analysis
(GWAS), QC, and meta-regression were performed as
described for the main analysis, but without including
sex as a covariate. For index variants identified in the
combined analysis of males and females, we tested for
sex-differential effects using the following formula
Zgg = (By — By)/+/sei+sej, where B, represents the
female, B, the male effect and se; and se, the respective
standard errors.” Significant sex differences were
identified with a two-sided test after Bonferroni-
correction on the number of tested variants (psia <
0.05). For loci where a significant sex interaction was
identified for the index variant and multiple indepen-
dent variants were identified in the sex-combined
analysis, we repeated this analysis with conditioned
statistics.

Body mass index interaction analysis

We investigated variant-BMI interactions for genome-
wide significant index variants in their respective best-
associated phenotype. For this purpose, the genetic
model was extended with an interaction term between
gene-dosage and log-transformed mean-centred BMI.
Single study GWAS with the extended model was per-
formed for KORA, LIFE-Heart, LIFE-Adult, and the
Sorbs study, as described in the section ‘Single-study
genome-wide association analysis’, using Plink 2.0.*®
Fixed-effect meta-analysis of the interaction effect was
performed with the function ‘rma’ from the package
‘metafor’ (v. 4.8-0).

Mendelian randomisation mediation analysis
Mendelian randomisation (MR) mediation analysis was
applied to estimate the causal effect of lanosterol on
CAD mediated by cholesterol (indirect effect) and the
causal direct effect.”® As instrument for lanosterol we
selected rs12916, as the corresponding candidate gene
HMGCR is directly involved in the synthesis of lano-
sterol, reducing the risk of horizontal pleiotropy. As
instruments for cholesterol, we used 46 variants pub-
lished by Surakka et al., excluding variants without
genome-wide significance or cytobands overlapping
with lanosterol loci identified by our study (downloaded
on November 27th, 2025).”” Summary statistics for total
cholesterol were taken from the same publication.
Summary statistics for CAD were obtained from Ara-
gam et al.**
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First, the effect of lanosterol on total cholesterol (a)
was estimated with the Wald ratio, using the first two
terms of the delta method expansion to calculate vari-
ance.”® Secondly, the effect of total cholesterol on CAD
(b) was estimated with inverse variance-weighted MR as
implemented in the R-package ‘MendelianRandomiza-
tion’ (v. 0.10.0).” Thirdly, the Wald ratio estimate was
used to calculate the total effect (c) of lanosterol on
CAD. Then, the indirect effect is the product of a and b,
while the direct effect is the difference between total
and indirect effect (¢ = c— ax b). Significance of the
indirect effect was determined with a two-sided Sobel
test (x = 0.05), comparing the test statistic to the normal
distribution.*** Significance of the direct effect was
tested with a two-sided Z-test (o = 0.05).

Candidate gene lookup

We performed a lookup of candidate genes of sterol
esterification, namely LCAT, ACAT, SOATI, and
SOAT2 by searching for suggestive associations
(p < 10°%) of SNPs in a +500 kb window around these
genes. Gene positions in hgl9 coordinates were taken
from GeneCards (v. 5.19).°"

Explained variance

We calculated the variance explained by all genome-
wide significantly associated independent variants us-
ing the formula r? = p2/(B* +N x se(B)’), where p is
the estimated effect of a variant in the meta-analysis,
se(p) the standard error of the effect estimate, and N
the total sample size.® Conditional statistics were used
if multiple independent variants were present at a lo-
cus. In case independent variants changed across phe-
notypes at a locus but conditioned signals were
colocalized, the independent variants from the best-
associated phenotype were considered as index vari-
ants for the other phenotypes. The sum of explained
variances of independent variants associated with a
specific trait resulted in the total genetically explained
variance.

Power analysis

We performed power analyses for free lanosterol and
desmosterol to free lanosterol ratios to investigate the
impact of differing sample sizes. Power calculation was
performed with the function ‘genpwr.calc’ from the R-
package ‘genpwr’ (v. 1.0.4),°* assuming an additive ge-
netic model. Standard deviations of phenotypes were
calculated in LIFE-Heart, the largest study where all
phenotypes were present.

Figure creation

Genome-wide significant associations were visualised
in a circos-diagram with the R package ‘circlize’ (v.
0.4.15).* Regional association (RA)-plots of genome-
wide significantly associated loci were created with a
custom script using European populations of 1000
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Genomes phase 1 version 3* as LD reference and the
genetic map created from all populations in 1000 Ge-
nomes phase 1 version 3 as reference for recombination
frequencies. Gene positions were taken from
Ensembl.”” Forest-plots were created with the R-package
‘forestplot’ (v. 3.1.3).° Heatmaps included in the sup-
plement are created with the ‘pheatmap’ package
(1.0.12).”” Other figures were created with ggplot2 (v.
3.5.2).

Ethics
All KORA participants have given written informed
consent. The study was approved by the Ethics Com-
mittee of the Bavarian Medical Association and com-
plies with the Declaration of Helsinki. Written
informed consent was obtained from all participants of
the LIFE-Heart study before taking part in the study.
The study meets the ethical standards of the Declara-
tion of Helsinki and has been approved by the
University of Leipzig’s ethics committee (Reg.-No. 276/
05-ek) and is registered at ClinicalTrials.gov (NCT
number NCT00497887). All participants of the LIFE-
Adult-Study gave written informed consent to partici-
pate in the study. The procedures were conducted ac-
cording to the Declaration of Helsinki and approved by
the University of Leipzig’s ethics committee (Reg.-No.
263-2009-14122009). The LURIC study was approved by
the institutional review board of the ethics committee of
the Landesirztekammer Rheinland-Pfalz (Reg.-No.
1997-203) and was performed in adherence to the
principles of the Declaration of Helsinki. All subjects
gave written informed consent. Informed consent has
been given by all participants before taking part in the
Sorbs study. The Sorbs study was approved by the
ethics committee of the University of Leipzig (Reg.-No.
088-2005) and is in accordance with the Declaration of
Helsinki. Individuals participating in YFS gave written
informed consent. The YFS study complies with the
Declaration of Helsinki and was approved by the local
ethics committee of the Hospital District of Southwest
Finland and the regional Ethics Committee of the
Expert Responsibility area of Tampere University
Hospital, Finland.

We used the STREGA checklist when writing our
manuscript.”

Role of funders

The funding sources had no role in the study design,
data collection, data analyses, interpretation, or manu-
script preparation.

Results

Genome-wide association meta-analysis

We performed a GWAMA of 14 traits related to three
stages of cholesterol biosynthesis, namely lanosterol,
desmosterol, and cholesterol. The combination of six
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studies resulted in a total sample size of up to 10,519
individuals. A detailed overview of trait-wise case
numbers is shown in Supplementary Table S3. After
QC, Dbetween 8,481,851 (free desmosterol to free
cholesterol ratio) and 8,994,509 (total cholesterol) vari-
ants remained (see Supplementary Table S4). Neither
genomic inflation factors, ranging from 0.98 (free des-
mosterol to free cholesterol ratio) to 1.03 (free lano-
sterol), nor quantile-quantile-plots indicated inflation of
test statistics (see Supplementary Figure S2 and
Supplementary Table S4). A sensitivity analysis,
excluding individuals treated with lipid-lowering
medication, showed high correlation with effect esti-
mates based on inclusion of treatment status as a bi-
nary covariate (see Supplementary Figure S3).
Significant heritability was observed for five traits
(see Supplementary Table S5), namely free lanosterol
(h* = 0.15, p = 0.005), free cholesterol (h* = 0.14,
p = 0.001), total cholesterol (h* = 0.13, p = 0.001),
esterified cholesterol (h® = 0.11, p = 0.004), and free
lanosterol to total cholesterol ratio (h* = 0.11, p = 0.031).
We tested these traits for pairwise genetic correlation
(see Supplementary Table S6). Cholesterol traits
(esterified, total, and free cholesterol) were highly
correlated with each other on the genetic level (rg > 0.9,
max(p) = 8.06 x 10’®). Genetic correlations between
free lanosterol and cholesterol traits were weaker,
ranging from 0.53 (free lanosterol and free cholesterol,
p = 0.007) to 0.77 (free lanosterol and esterified
cholesterol, p = 2.06 x 107*). A strong genetic correla-
tion was observed between free lanosterol and free
lanosterol to total cholesterol ratio (rz = 0.97,
p =183 x 107'7%). No significant genetic correlation was
observed between lanosterol to total cholesterol ratio
and the cholesterol traits (esterified, total, and free
cholesterol, respective p-values are 0.09, 0.11, and 0.35).

Locus definition

With our locus definition procedure, we identified 18
genome-wide significantly associated loci. An overview
of these associations is shown in Fig. 1 and
Supplementary Table S7. RA-plots of these loci are
shown in Supplementary Figure S4. Of these 18 loci, six
showed a solitary index variant without support by
neighbouring variants. To reduce the risk of false pos-
itive associations, these loci were discarded, although
the plausible gene locus 1p32.3 (associated with free,
esterified, and total cholesterol), including the PCSK9
gene, was one of them.

An overview of the twelve supported loci is shown in
Table 1. Effect directions were consistent across studies,
eight loci showing identical directions across all studies
and four loci including only a single study with opposite
effect direction (see Supplementary Figure S5). A
comparison of results from fixed effect and random
effects model for index variants with 1> > 0.4 showed
loss of genome-wide significance for four loci, namely

1p13.3, 8q24.13, 15q21.3, 19p13.2 (see Supplementary
Table S8). A meta-regression, including the sterol
measurement procedure as binary moderator, did not
reveal significant effects after FDR correction (minimal
g-value = 0.388, see Supplementary Table S9). To assess
the influence of lipid-lowering medication, a subset of
four studies was meta-analysed, including lipid-
treatment as a covariate in the regression model in
setting 1 and excluding treated individuals in setting 2.
No significant effect differences were observed (see
Supplementary Table S10), although four loci (1p31.3,
8q24.13, 9q31.1, 19p13.2) lost genome-wide significance
in both settings. No significant genetic interactions with
BMI were observed for the index variants (see
Supplementary Table S11).

Associations were found for eight traits, namely free
lanosterol, free, esterified, and total cholesterol, free to
esterified cholesterol ratio, free lanosterol to total
cholesterol ratio, free desmosterol to free lanosterol
ratio, and total desmosterol to free lanosterol ratio.
Fig. 2 shows a comparison of the association strength of
index variants across hierarchically clustered traits.
Clustering of phenotypes revealed three clusters, cor-
responding to stages of cholesterol biosynthesis. The
first cluster (see Fig. 2A, violet traits) involved
lanosterol-related traits (free lanosterol, free lanosterol
to total cholesterol, free desmosterol to free lanosterol,
and total desmosterol to free lanosterol). The second
cluster (see Fig. 2A, blue traits) involved traits con-
nected to desmosterol (free, esterified, and total des-
mosterol, free to esterified desmosterol, free
desmosterol to free cholesterol, total desmosterol to
total cholesterol), while the third cluster (see Fig. 24,
red traits) included traits connected to cholesterol
(free, esterified, and total cholesterol, free to esteri-
fied cholesterol ratio). The index variants of three loci
(5q13.3, 7q21.2, and 11q23.3) showed the strongest
association with traits belonging to the lanosterol
cluster and were consequently associated with other
traits within this cluster. The index variants of loci
5q13.3 and 11q23.3 were further associated with
traits in the cholesterol cluster, being the only vari-
ants for which a cross—cluster association was
observed. The index variants of nine loci (1p31.3,
1p13.3, 2p24.1, 8q24.13, 9q31.1, 11ql4.1, 15q21.3,
19p13.2, and 19q13.32) showed their strongest asso-
ciation with traits belonging to the cholesterol clus-
ter. At all of these loci, with the exception of 9q31.1,
we observed at least suggestive association with other
traits of the cholesterol cluster. No genome-wide
significant associations with traits belonging to the
desmosterol cluster were found. To verify identity of
signals for loci associated with multiple phenotypes,
we performed colocalisation analyses for each locus
associated with more than one trait. Colocalisation
was supported in all cases (see Supplementary
Figure S6).
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Fig. 1: Circos-plot of zoosterol traits and their genetic associations. Circles correspond to different groups of investigated phenotypes: outer
circle—free lanosterol, middle circle—cholesterol traits (free, esterified, and total cholesterol), inner circle—zoosterol ratios (free to esterified
cholesterol, free desmosterol to free lanosterol, total desmosterol to free lanosterol, free desmosterol to free cholesterol, free lanosterol to
total cholesterol). The x-axis represents the chromosomal position of variants. The respective y-axes show the negative log-transformed two-
sided p-values (Z-test) for the test of association. Only variants with negative log-transformed p-values > 2 are depicted. Negative log-
transformed p-values > 20 were set to 20. Red lines represent the genome-wide significance threshold (p < 5 x 107). Genome-wide
significantly associated variants are highlighted through trait-specific colouring. The outer ring shows the UCSC hgl9 cytobands with
centromeres marked red and the nucleolus organising regions marked blue. Cytobands and candidate genes of genome-wide significant loci
are annotated on the outside. Loci without support for the index-variant by neighbouring variants are italicised and not considered further.
Loci with associations not previously reported in the GWAS catalogue are shown in bold.

Single locus results

For each of the twelve loci, we conducted COJO analysis
to identify further independent associations (see
Supplementary Tables S12 and S13). We assigned candi-
date genes based on bioinformatic annotation of 99% CSs
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(see Supplementary Table S14) and annotated variants
within the CSs with the CADD score to evaluate func-
tional relevance,” LD with eQTLs, and traits previously
reported for these variants (see Supplementary Table S15).
We further tested loci for colocalisation with eQTLs (see
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Region Cytoband Index variant Pos EA  AA Best association  P-value Beta SE N EAF  Info P Gene

1 1p31.3 rs11208009 63,195,692 T C cht 1.55e-08 0.013 0.002 10,519 0.61 0.99 025 ANGPTL3

2 1p13.3 157528419 109,817,192 G A cht 1.44e-13 -0.021 0.003 10519 022 095 0.52 PSRC1

3 2p24.1 1511279109 21,266,774 G GGCAGCGCCA  chf 6.27e-13 0.022 0.003 10,087 030 0.97 O APOB

4 5q13.3 rs12916 74,656,539 C T laf 4.22e-21 0.063  0.007 8786 042 099 042 HMGCR

5 7921.2 15190126802 91,162,879 C T laf/cht 8.69e-15 0.236  0.030 7024 001 079 026

5 7921.2 rs2299239 91,654,617 T C laf/cht 4.38e-08 0.035 0.006 8786 037 097 O CYP51A1

6 8g24.13 rs2954032 126,493392 G A chf 2.09e-08 -0.017 0.003 10,087 0.71 0.99 054 TRIB1

7 9qg31.1 154149307 107,589,744 T C chf 1.38e-08 0.021 0.004 10,087 015 0.97 014 ABCA1

8 11q14.1 1517629703 79,700,923 G C chf 2.81e-08 -0.042 0.008 10,087 0.04 076 038

9 11¢23.3 15964184 116,648,917 C G laf 6.18e-13 -0.067 0.009 8786 0.86 0.99 026 APO cluster

10 159213 152043082 58,674,308 A G chf/che 1.34e-12 0.010 0.001 10,087 033 099 052 ALDH1A2

10 159213 rs588136 58,730,498 T C chf/che 3.24e-11 -0.010 0.002 10,087 079 0.97 054 LIPC

11 19p13.2 rs6511720 11,202,306 T G cht 1.88e-11  -0.026 0.004 10519 010 091 0.67 LDLR

12 19q13.32 rs59007384 45,396,665 T G cht 2.44e-08 0.017 0.003 10,519 0.21 0.75 0 TOMM40

12 19q13.32 rs7412 45,412,079 T C che 6.64e-30 -0.052 0.005 10,087 0.09 0.75 0 APOE
Variants are sorted according to their genetic position. Novel associations are highlighted in bold. An underscore indicates the presence of multiple independent variants at a locus, resulting in
additional lines for this locus. For independent variants, conditional statistics are presented. The best-associated phenotype was chosen based on the presented statistics. Candidate genes are proposed
based on secondary analyses as mentioned in the text. Phenotype abbreviations: laf, free lanosterol; def, free desmosterol; dee, esterified desmosterol; det, total desmosterol; chf, free cholesterol; che,
esterified cholesterol; cht, total cholesterol. Column abbreviations: Pos, genetic position (hg19); EA, effect allele; AA, alternative allele; SE, standard error; N, sample size; EAF, effect allele frequency; Info,
imputation info score.
Table 1: Independent variants with genome-wide significant association to zoosterol traits.

10

Supplementary Table S16) and CAD (see Supplementary
Table S17), investigated the presence of sex-differential
effects for index variants (see Supplementary Table S18),
and calculated the variance explained by each independent
variant (see Supplementary Table S19). This section de-
scribes results for the individual loci, starting with four
loci that showed novel associations with respect to the
best-associated trait.

Novel associations

Four novel associations were detected. Three of these
(5q913.3, 7q21.2, 11q23.3) were primarily associated with
lanosterol related traits, while the fourth one (11q14.1)
was associated with free cholesterol. At locus 5q13.3 the
index variant rs12916 was most strongly associated with
free lanosterol (p = 4.22 x 107*', explained variance:
1.00%) and was further associated with free desmos-
terol to free lanosterol ratio (explained variance: 0.80%),
free lanosterol to total cholesterol ratio (explained vari-
ance: 0.79%), total desmosterol to free lanosterol ratio
(explained variance: 0.62%), and free cholesterol
(explained  variance: 0.31%, see Fig. 2B and
Supplementary Table S19). Previously reported associa-
tions of this variant included several phytosterol to lan-
osterol ratios like free brassicasterol to free lanosterol
ratio,” as well as multiple cholesterol related phenotypes,
including but not limited to total cholesterol, LDL-C,”!
and free cholesterol.’”? The index variant is a modifier
of the 3'-UTR of the gene HMGCR. The CS for the free
lanosterol association included 15 variants, including
one variant with high CADD-value (rs10038095,
CADD = 16.2), an intronic variant of HMGCR.

Colocalisation between the observed free lanosterol as-
sociation and an eQTL for HMGCR was supported in
skeletal muscle (PP(H4) = 0.93). Of note, colocalisation
with CAD risk was supported for this locus
(PP(H4) = 1.00).

The index variant at locus 7q21.2 was rs190126802.
Conditional analysis supported rs2299239 as an addi-
tional independent variant. Both variants are primarily
associated with the free lanosterol to total cholesterol
ratio (rs190126802: peona = 8.69 x 107 explained
variance: 0.90%, 1s2299239: peona = 4.38 x 1078,
explained variance: 0.35%). Rs190126802 was further
associated with total desmosterol to free lanosterol ratio
(explained variance: 0.74%) and free lanosterol
(explained variance: 0.66%) but for these phenotypes no
independent variants were found. A previous study re-
ported an association of rs6465351, a variant in LD to
152299239 (r* = 0.66, based on LDlink in European
populations),”” with HDL-cholesterol.”* Here, we did not
observe associations with cholesterol level traits. The
observed absence of these traits is further verified by
the lack of colocalisation between our conditional sig-
nals for lanosterol to total cholesterol ratio and lipid
traits measured by the Global Lipids Genetics Con-
sortium (maximal PP(H4) = 0.48, observed between
signal for rs2299239 and triglycerides).” An RA-plot
based on the conditional statistics is shown in
Supplementary Figure S7. As the secondary indepen-
dent variant rs2299239 was located close to the locus
boundary, we repeated COJO analysis after extending
this locus by 500 kb downstream. Rs2299239 remained
the strongest associated variant after conditioning on
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Fig. 2: Comparison of association signals across phenotypes for genome-wide significant loci. A: Hierarchical clustering of investigated
zoosterol traits based on partial regression coefficients. Colours indicate results from cluster assignment. B: Negative log-transformed two-
sided p-values (Z-test) of index-variants across investigated zoosterol traits for genome-wide significant loci. Colours indicate significance
level (genome-wide: p < 5 x 1078, suggestive: p < 1 x 10™®, nominal: p < 0.05). A red border marks best-associated traits for each locus. The
colour of the triangle indicates the direction of effects with at least suggestive significance, red: negative effect, blue: positive effect. For each
locus the cytoband, index variant, and candidate genes for the index variant are presented. Associations not previously reported in the GWAS
catalogue with regard to the best-associated trait are marked in bold. Loci are ordered according to similar pattern of phenotype association.
Phenotype abbreviations: laf, free lanosterol; def, free desmosterol; dee, esterified desmosterol; det, total desmosterol; chf, free cholesterol;

19p13.2 -rs6511720: LDLR

19q13.32 -rs7412: APOE

che, esterified cholesterol; cht, total cholesterol.

rs190126802 (see Supplementary Figure S8). The CSs
for rs190126802 and 152299239 were large, including
283 and 177 variants, respectively. Only a small fraction
of included variants had a reasonably high probability
of being causal, the CS for 15190126802 including 27
variants with PP > 1% and the CS for rs2299239
including 25 such variants. The index variant
rs190126802 is an intronic variant of the non-coding
RNA RP11-142A5.1 (ENSG00000235450). Three vari-
ants with PP > 1% in the CS 0f rs190126802 had CADD
> 10, all are located in RP11-142A5.1. Neither colocali-
sation with CAD (PP(H4) = 0.03) nor eQTLs was sup-
ported. The index variant rs190126802 showed initially
a significant sex interaction that did not withstand
multiple testing correction (adjusted psia = 0.40, see
Supplementary Table S18). The two nearest genes to
the secondary variant rs2299239 were AKAP9 and
CYP51A1. Colocalisation between the association of

www.thelancet.com Vol 124 February, 2026

r$2299239 with free lanosterol to total cholesterol ratio
and an eQTL of CYP51A1 and in skeletal muscle
(PP(H4) = 0.89) as well as an eQTL for AKAP9 in whole
blood (PP(H4 = 0.89) was supported. As for the index
variant rs190126802, the secondary variant rs2299239
was also not previously reported for CAD or sterol
related traits and no colocalisation with CAD
(PP(H4) = 0.00) was observed. The CS included three
high CADD variants with PP > 1%, all located within or
near AKAPY.

The index variant at 11q23.3, rs964184, was pri-
marily associated with free lanosterol (p = 6.18 x 107*3,
explained variance: 0.59%) and showed additional
genome-wide significant associations with free to
esterified cholesterol ratio (explained variance: 0.49%),
free cholesterol (explained variance: 0.48%), and free
lanosterol to total cholesterol ratio (explained variance:
0.35%). The 99% CS was comprised only of the index

11


http://www.thelancet.com

Articles

12

variant. The index variant is located in the 3'-UTR of
ZNF259, also known as ZPR1. Nearby is a cluster of four
genes encoding the apolipoproteins APOA1, APOC3,
APOA4, and APOAS. APOAS5 was the gene closest to the
index variant with a distance of 11 kb. The index variant
was previously reported for several lipid traits, including
total cholesterol,”” and CAD.” Consequently, we
observed colocalisation with CAD (PP(H4) = 1.00).
Colocalisation with an eQTL for ZNF259 was observed
(PP(H4) = 0.94) in whole blood and no support was
found for colocalisation with eQTLs of APO-genes.

Out of the four loci with novel associations, locus
11q14.1 was the only one not primarily associated with
lanosterol related traits. The index variant rs17629703
was  associated with free cholesterol only
(p = 2.81 x 107%, explained variance: 0.30%). 2831 var-
iants were included in the 99% CS, but only seven had
PP > 1% and therefore a sufficiently high probability of
being causal. These seven variants are located in a gene
desert, devoid of protein-coding genes. Only RP11-
885L14.1 (ENSG00000254471), a processed pseudo-
gene, was found nearby. No support was found for
colocalisation with CAD (PP(H4) = 0.01) or eQTLs.

Known loci

We replicated eight loci that were previously described
for various cholesterol traits. Three loci were primarily
associated with total cholesterol (1p31.3, 1p13.3,
19p13.2), three loci primarily associated with free
cholesterol (2p24.1, 8q24.13, 9q31.1), one locus primarily
associated with free to esterified cholesterol ratio
(15921.3), and one primarily associated with esterified
cholesterol (19q13.32). When searching these loci for
additional independent variants, such variants were
found at 15g21.3 and 19q13.32. RA-plots for these two-
loci based on the conditional statistics are shown in
Supplementary Figure S7. We also tested for colocalisa-
tion with CAD and searched for sex-differential effects.
Additional insights are summarised in the following.

For 15q21.3 we found the index variant rs2043082
and the secondary variant rs588136, both with the
strongest association to free to esterified cholesterol
ratio (rs2043082: peona = 1.34 x 10722, explained vari-
ance: 0.49%, rs588136: pcond = 3.24 X 1071, explained
variance: 0.44%). Further, both variants were genome-
wide significantly associated with free cholesterol,
explaining 0.35% (rs2043082) and 0.30% (rs588136) of
variance, respectively. Rs2043082 is an intronic variant
of ALDHIA2. Rs588136 is an intronic variant of two
genes, ALDHI1A2 and LIPC. For this variant we also
observed a colocalisation with a LIPC eQTL in liver
tissue (PP(H4) = 0.97).

The two independent variants at 19q13.32 were
rs7412 and rs59007384. The strongest association for
rs7412 was observed with esterified cholesterol
(Pcona = 6.64 x 107, explained variance: 1.50%) and
further genome-wide significant associations were

observed for total and free cholesterol (respective
explained variances: 1.20% and 0.33%). Notably, this
variant also showed suggestive association with esteri-
fied desmosterol (p = 3.89 x 107), the only signal we
observed for desmosterol related traits. Rs7412 is a
missense mutation of APOE, and together with
rs429358 it determines functionally different iso-
forms.”” We observed a sex-differential effect for this
variant (adjusted psia = 1.52 x 1072, see Supplementary
Table S18), supporting previously found sex-differential
effects of APOE variants.” The sex-differential effect
was also significant when conditioning on the other
independent variant rs59007384 (psia = 2.75 x 107%, see
Supplementary Table S20). This other independent
variant, rs59007384, showed its strongest association
with total cholesterol (peona = 2.44 x 1078, explained
variance: 0.34%) and was also associated with esterified
cholesterol (explained variance: 0.36%). Rs59007384 is
an intronic variant of the TOMM40 gene. Colocalisation
with eQTLs of APOC1 (PP(H4) = 0.96) in the adrenal
gland and APOCIP1 in liver (PP(H4) = 0.83) were
observed. When using conditional statistics, no signif-
icant sex interaction was observed (psia = 0.92, see
Supplementary Table S20). Conditioning on rs7412 and
rs429358, the variants determining the APOE haplo-
type, lead to a loss of significance for the association of
rs59007384 (total cholesterol: peong = 0.04). It can
therefore not be excluded that isoforms of APOE might
cause the secondary association.

Colocalisation with CAD was observed for five of the
cholesterol loci, 1p13.3 (PP(H4) = 0.99), 8q24.13
(PP(H4) = 0.82), 15q21.3 with rs588136 (PP(H4) = 1.00),
19p13.2 (PP(H4) = 0.95), and 19q13.32 for both inde-
pendent variants (rs7412: PP(H4) = 1.00, rs59007384:
PP(H4) = 0.99).

Mendelian randomisation mediation analysis

MR mediation analysis was used to investigate the
mediation of lanosterol’s effect on CAD by total
cholesterol. The SNP rs12916, located near HMGCR,
was used as instrument for lanosterol and 46 previously
published variants were selected as instruments for
total cholesterol (see Supplementary Table S21). The
results are shown in Supplementary Table S22. Sig-
nificant positive total effects of lanosterol (c = 0.45,
SE(c) = 0.09, p = 1.13 x 107°) and total cholesterol on
CAD were observed (b = 0.35, SE(b) = 0.04,
p=3.01x107"), as expected. The indirect effect, i.e. the
effect of lanosterol on CAD mediated by total choles-
terol, was 0.46 (SE(ab) = 0.08) and differed significantly
from 0 (p = 3.67 x 107%). In contrast, the direct effect of
lanosterol on CAD was not significant (¢’ = -0.01,
SE(c’) = 0.13, p = 0.939).

Total explained variances

An overview of the total variance of zoosterol traits
explained by independent variants with genome-wide
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significant associations is given in Supplementary
Table S23. Explained variance was highest for choles-
terol related traits, namely free cholesterol (4.22%), total
cholesterol (3.26%), and esterified cholesterol (3.10%),
followed by the lanosterol-related traits free lanosterol
to total cholesterol (2.39%) and free lanosterol (2.24%).
The explained variance was lowest for three ratio traits,
namely free to esterified cholesterol (1.42%), total des-
mosterol to free lanosterol (1.36%), and free desmos-
terol to free lanosterol (0.80%).

Candidate gene lookup

We searched for associated variants near LCAT, ACAT,
SOATI1, and SOAT2, which are involved in sterol
esterification. An overview of all investigated variants is
shown in Supplementary Table S24. No nearby variants
showed at least suggestive significance (p < 107°).

Discussion

We performed a GWAMA of 14 zoosterol-related traits
representing different stages of cholesterol synthesis,
consisting of seven zoosterol level traits and seven ratio
traits. We identified twelve genome-wide significantly
associated loci, including four novel associations. Three
of the respective loci were primarily associated with
lanosterol-related traits and nearby genes had direct
functional relation to cholesterol biosynthesis (see
Fig. 3). In contrast, the fourth locus was associated with
free cholesterol. The eight previously reported associa-
tions all involved cholesterol-related traits and did not
show genome-wide significant associations with traits
related to lanosterol or desmosterol. Colocalisation with
CAD was supported for seven loci, including the two
novel associations for free lanosterol at 5q13.3 and
11q23.3, indicating clinical relevance. These two novel
lanosterol associations were observed at loci previously
associated with cholesterol. For both loci, explained
variance for free lanosterol was higher than for
cholesterol related traits, suggesting that previously
observed associations are indeed driven by changes in
lanosterol concentration. Therefore, our results allow
for a more precise functional interpretation of observed
associations.

The locus 5q13.3 was genome-wide significantly
associated with all four lanosterol-related traits. Addi-
tionally, we observed a genome-wide significant asso-
ciation with free cholesterol. As candidate gene we
propose  HMGCR. HMGCR encodes 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) reductase,
which converts HMG-CoA to mevalonic acid, the pre-
cursor to lanosterol. This reaction is also known to be
the rate-limiting step of the cholesterol synthesis.” The
observed associations are consistent with this choice of
candidate gene, as the reaction step is located upstream
of lanosterol in the synthesis pathway and should
therefore affect lanosterol and cholesterol traits equally,
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as is supported by the association with lanosterol and
cholesterol related traits. The explained variance for free
lanosterol was higher than that for free cholesterol,
supporting the notion that the association is driven by
lanosterol. Noteworthy, no associations with desmos-
terol concentration were observed. This can be
explained by the Kandutsch-Russell pathway as an
alternative to the Bloch pathway, allowing for choles-
terol synthesis without desmosterol as an intermediate.
Both pathways are activated in a tissue-specific manner
and in liver contribute comparably to cholesterol syn-
thesis.? Previous studies of HMGCR hypothesised that
the index variant exhibits its effect on cholesterol con-
centration through changes of HMGCR expression
levels.”* We observed colocalisation with an HMGCR
eQTL in skeletal muscle, but not in any of the other
investigated tissues. In muscle tissue, cholesterol pri-
marily originates from local synthesis and excess
cholesterol can be exported into blood.**' The lack of
colocalisation with an eQTL in liver indicates regulatory
differences between liver and muscle.®? In a previous
investigation of phytosterols, we reported associations
for several phytosterol to lanosterol ratios at this locus,
the strongest association being observed for free bras-
sicasterol to free lanosterol ratio.”” Due to the lack of
associations with phytosterol concentrations, we
assumed these signals to be caused by changes in lan-
osterol concentration. The association with lanosterol
concentration in the present study further supports this
assumption.

The index variant of 11q23.3 was located in the 3'-
UTR of ZNF259, also known as ZPRI, a zinc finger
protein involved in cell cycle progression and with no
reported functional connection to cholesterol biosyn-
thesis or transport. In contrast, the nearby gene APOAS5
encodes APOAS, which is not only a constituent of 1i-
poproteins, relevant for lipid transport, but can also
regulate lipid concentrations by indirectly activating li-
poprotein lipase mediated degradation of triglyceride
containing particles.** The 99% CS of 11q23.3 included
variants near additional APO genes. We therefore pro-
pose the APO cluster as candidates. Lipoproteins,
especially HDL, are shown to not only transport
cholesterol but also sterol precursors like desmosterol.*
Consequently, we observed associations with free lan-
osterol, free to esterified cholesterol, free cholesterol,
and free lanosterol to total cholesterol. Explained vari-
ance for free lanosterol was higher than the explained
variance for free cholesterol, indicating that changes in
lanosterol concentrations drive the associations with
cholesterol-related traits. It seems contradictory that
associations with lanosterol concentration in absence of
associations with desmosterol concentration do not
result in significant associations with desmosterol to
lanosterol ratios, as has been observed for loci 5q13.3
and 7q21.2. This could be a result of power differences
between traits, as free desmosterol to free lanosterol
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Fig. 3: Functional impact of variants associated with zoosterol traits with regard to cholesterol biosynthesis, transport, and regulation of
homoeostasis. Shown are genome-wide significantly associated variants (p < 5 x 1078, Z-test) and respective candidate genes, categorised
according to their biological function. Investigated zoosterols are highlighted through colouring. The colour of associated variants indicates
associated traits: red—cholesterol related traits, violet—lanosterol related traits. Associations not previously reported in the GWAS catalogue
are highlighted in bold. A black border around variants indicates colocalisation with coronary artery disease.

showed lower power than free lanosterol due to the
reduced sample size, although total desmosterol to free
lanosterol ratio showed similar power to free lanosterol
(see Supplementary Figure S9). As the index variant
15964184 was neither part of a coding region nor colo-
calized with eQTLs of APO-genes, the mechanism of its
regulatory effect remains unclear. The association
might be caused by an untagged variant near the APO-
genes linked to our index variant.

The locus 7q21.2 was only associated with
lanosterol-related traits. The ratio between free lano-
sterol to total cholesterol was the best-associated

phenotype, indicating a change in reaction equilib-
rium. Since the index variant was not associated with
cholesterol traits, the ratio’s association is primarily
driven by lanosterol. We suppose that the mechanism
behind this association compensates for a reduced
concentration or activity of an enzyme downstream of
lanosterol in the synthesis pathway. For the indepen-
dent variant 152299239, there were two potential
candidate genes, AKAP9 and CYP51A1. AKAP9 en-
codes a scaffolding protein which binds the regulatory
subunit of protein kinase A. There is no obvious
connection to lipid traits. As candidate gene for
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r$2299239, we therefore propose CYP51A1. This gene
encodes sterol 14alpha-demethylase, an enzyme needed
for the removal of the 14a-methyl group from lanosterol
during cholesterol biosynthesis.** The selected candi-
date gene aligns well with the observed associations,
because it is responsible for the reaction directly
downstream of lanosterol. Further, lanosterol as well as
its demethylation intermediate 3p-hydroxy-lanost-8-en-
32-al are known regulators of HMGCR,** making
compensatory mechanisms possible. Additionally,
members of the cytochrome P450 family, to which
CYP51A1 belongs, are known to be post transcription-
ally regulated by IncRNAs.* A IncRNA was found in the
CS of the index variant of this locus, rs190126802,
although evidence for an interaction with CYP51AT’s
transcript is lacking. Due to the lack of protein-coding
genes with relation to cholesterol biosynthesis near
variants of the CS of rs190126802, we were not able to
select a candidate gene for this variant. This locus was
the only one of the lanosterol-associated loci, where no
colocalisation with CAD was observed. This is likely
caused by the lack of associations with cholesterol traits,
supporting the assumption that lanosterol itself does
not affect CAD.

11q14.1 was the only locus with a novel association
where the strongest association was observed for a
cholesterol-related rather than a lanosterol-related trait.
We acknowledge the lack of a protein-coding gene at
this locus, as well as the fact that cholesterol is a heavily
investigated trait, where novel associations found in
smaller studies need to be carefully considered. The
strength of this association for free cholesterol was
barely below the genome-wide significance threshold
(p = 2.81 x 107%) and the correlated traits total and
esterified cholesterol only reached suggestive signifi-
cance (p = 6.92 x 1078 respectively 8.70 x 107%).
Therefore, this might be a borderline signal, remaining
below the significance threshold in earlier studies.
Nevertheless, this locus should be considered tentative
and requires validation by future studies.

For the two known loci 15q21.3 and 19q13.32 we
identified independent variants and therefore per-
formed candidate gene assignment per independent
variant. The index variant rs2043082 of locus 15q21.3
was located within ALDH1A2. The encoded enzyme is
responsible for the rate-limiting step during synthesis
of retinoic acid,* a regulator of cholesterol homoeo-
stasis.”” We therefore selected ALDH1A2 as candidate
gene. The secondary variant rs588136 was additionally
an intronic variant of LIPC. This gene encodes lipase C,
which catalyses the hydrolysis of triglycerides and reg-
ulates cholesterol homoeostasis.” Due to the observed
colocalisation with an eQTL of LIPC in liver, we
selected LIPC as candidate gene for rs588136. The in-
dex variant of 19q13.32, rs7412, is a missense mutation
of APOE. Experiments in mice have shown that APOE
knock-out increases plasma desmosterol levels,
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potentially to enable hippocampal cholesterol synthesis
as compensation for the reduced cholesterol transport.”*
Consequentially, we selected APOE as candidate gene.
The second independent variant at 19q13.32,
rs59007384, is an intronic variant of TOMM40, coding
for a subunit of a translocase localised in the outer
mitochondrial membrane. We also observed colocali-
sations with the apolipoprotein coding gene APOCI.
We selected TOMM40 as a candidate gene due the
localisation of the variant.

For the remaining cholesterol-associated loci, our
candidate gene assignment overlapped with previously
proposed genes (see Table 1, Supplementary
Table S15). We selected ANGPTL3 (1p31.3), involved
in regulation of lipid metabolism,”* PSRC1 (1p13.3),
regulating mitotic spindle dynamics and potentially
modulating cholesterol transport,” APOB (2p24.1),”" an
apolipoprotein, TRIB1 (8q24.13), involved in pathway
signalling and shown to affect lipid concentrations in
knock-out experiments,” ABCAI (9q31.1), regulating
cholesterol efflux,” and LDLR (19p13.2), coding for the
low-density lipoprotein receptor.

Colocalisation with CAD was observed for several
loci, including two associated with lanosterol, suggest-
ing clinical relevance of these loci. We therefore per-
formed an MR mediation analysis to explore the causal
relation between lanosterol, cholesterol, and CAD.
Lanosterol showed a significant total effect on CAD, but
when separating into a direct and an indirect effect
mediated trough total cholesterol, only the indirect ef-
fect was significant. Therefore, the effect of lanosterol
on CAD is likely fully mediated by total cholesterol and
lanosterol does not constitute an independent risk
factor.

In this study, the investigation of cholesterol pre-
cursors enabled us to perform functional mapping of
cholesterol associated loci. Further, the identification of
a suitable genetic instrument for lanosterol allowed us
to estimate direct and indirect effects on CAD with an
MR mediation analysis. Still, certain limitations need to
be addressed. First, due to the restricted availability of
mass-spectrometric platforms for high-throughput
measurement of non-cholesterol sterols, our sample
size is limited especially when compared to large con-
sortia investigating cholesterol and its lipoprotein-
bound fractions. This also limited our insights into
the role of sex. Sample size of sex-stratified GWAS is
approximately halved and was therefore deemed too
small to be used for reliable detection of sex-specific
variants, which might not have been detected in the
combined analysis. Second, our insights into choles-
terol biosynthesis are limited by the small range of
zoosterols measured, with desmosterol being the only
intermediate of the Bloch pathway. The inclusion of
precursors of lanosterol from the mevalonate pathway
and additional intermediates of cholesterol biosyn-
thesis, especially from the Kandutsch-Russell pathway,
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is therefore of high future interest but analytically
challenging. Third, sterol concentrations were
measured in blood serum, allowing for a minimal
invasive extraction. Although blood is the most relevant
biosample to investigate the effects of cholesterol on
CAD, sterol concentrations in blood might not be
representative for the tissues involved in cholesterol
synthesis, especially when intermediates accumulate in
the cell and are not exported. Additionally, the rates by
which intermediate sterols are exported from cells into
the blood might vary from compound to compound.*
Fourth, we included lipid-lowering medication as a bi-
nary covariate in the association analysis, therefore not
considering individual dosage schemes or mechanistic
differences between specific medications. Fifth, our
meta-analysis combined studies using two different
methods for zoosterol measurement. Although no sig-
nificant moderator effects were observed, several loci
lost genome-wide significance when using random ef-
fects rather than fixed effect meta-analysis model.
While respective loci represent replications of previ-
ously known cholesterol loci, i.e. they can be assumed
to be true positives, a potential bias of the differing
measurement platforms cannot be fully ruled out.
Sixth, two-sample MR was used to estimate the causal
effect of free lanosterol on total cholesterol in the
mediation analysis. While this approach reduces bias
compared to one-sample MR, bias can arise from
sample overlap between the used studies. As the sam-
ple overlap between the two studies is below 3.3% and
bias in a two-sample MR is proportional to the overlap,
we believe this effect to be negligible.”

In conclusion, we performed a GWAMA of sterol
traits, representing different stages of cholesterol
biosynthesis. Three novel associations for lanosterol
and one for cholesterol were identified. With our study,
we demonstrated that the investigation of intermediate
sterol species could improve our understanding of the
genetic regulators of sterol biosynthesis. In particular,
stronger and biologically more interpretable associa-
tions were discovered. Also our results show that
further investigations of lanosterol are promising, as we
estimated a chip-based heritability for free lanosterol of
15%, while our identified variants currently explain
2.24% of this variance.

Contributors

Franz Forster: formal analysis, interpretation of results,
writing-original draft; Katrin Horn: single study quality control,
implementation of analyses, writing—critical review; Janne Pott: single
study quality control, implementation of analyses, writing—critical re-
view; Graciela E. Delgado: single study analysis, writing—critical review;
Marcus E. Kleber: single study analysis, writing—critical review; Win-
fried Mirz: management of contributing studies, writing—critical re-
view; Angela P. Moissl-Blanke: writing—critical review; Giinther
Silbernagel: zoosterol measurements, writing—critical review; Melanie
Waldenberger: management of contributing studies, writing—critical
review; Harald Grallert: management of contributing studies,
writing—critical review; Annette Peters: management of contributing

studies, writing—critical review; Christian Gieger: management of
contributing  studies,  writing—critical Ronny  Baber:
writing—critical review; Holger Kirsten: implementation of analyses,
writing—critical review; Markus Loeffler: management of contributing
studies writing—critical review; Berend Isermann: writing—critical re-
view; Joachim Thiery: management of contributing studies,
writing—critical review; Peter Kovacs: genotyping, writing—critical re-
view; Anke Tonjes: management of contributing studies,
writing—critical review; Michael Stumvoll: management of contributing
studies, writing—critical review; Helena Gylling: management of
contributing studies, writing—critical review; Mika Kahonen: manage-
ment of contributing studies, writing—critical review; Terho Lehtimiki:
management of contributing studies, writing—critical review; Pashupati
Prasad Mishra: single study analysis, writing—critical review; Olli Rai-
takari: management of contributing studies, writing—critical review; Uta
Ceglarek: study design, zoosterol measurements,
writing—critical review; Markus Scholz: study design, supervision,
management of contributing studies, writing—editing and critical re-
view. All authors read and approved the final version of the manuscript.
Franz Forster, Katrin Horn, Uta Ceglarek, and Markus Scholz had ac-
cess to the data for verification.

review;

supervision,

Data sharing statement

Individual level data is subject to data privacy restrictions and will not
be shared publicly. Data access for individual level data can be
requested directly from responsible data access committees of the
participating studies. Summary statistics of the meta-analysis have been
deposited in the Leipzig Health Atlas under accession code
8YGWOGPGPY-8 (https://www.health-atlas.de/lha/8YGWOGPGPY-8).
Analysis scripts are provided on GitHub (https://github.com/
GenStatLeipzig/ GWAMA_zoosterol).

Declaration of interests

Marcus E. Kleber is an employee of Synlab Holding Deutschland
GmbH. Winfried Mirz reports grants and personal fees from AMGEN,
grants and personal fees from Sanofi, grants and personal fees from
Amryt Pharmaceuticals, grants and personal fees from Abbott Di-
agnostics, grants and personal fees from Akzea Therapeutics, grants
from Novartis Pharma GmbH, personal fees from SOBI, employment
with SYNLAB Holding Deutschland GmbH, and board membership of
DACH Society Prevention of Cardiovascular Disease, outside the sub-
mitted work. Giinther Silbernagel reports grants and contracts from the
Austrian Science Fund (FWF, KLI-1117) and Sanofi AG, minor stock or
stock-options for Novartis, Novo Nordisk, Roche, Sanofi, and receipt of
equipment, materials, drugs, medical writing, gifts or other services
from Eli Lilly and Company. Uta Ceglarek received grants or contracts
from Roche Diagnostics, the DFG, as well as the BMBF, and is a
member of the DGKL board. Markus Scholz received funding from
Owkin for a project not related to this research. The remaining authors
declare no competing interests.

Acknowledgements
We gratefully acknowledge the contributions of our colleague Joey
Deutsch, who passed away before the completion of this work.

We thank the LURIC study team who were either temporarily or
permanently involved in patient recruitment as well as sample and
data handling, in addition to the laboratory staff at the Ludwigshafen
General Hospital and the Universities of Freiburg and Ulm, Ger-
many. LURIC was supported by the 7th Framework Program (inte-
grated project AtheroRemo, grant agreement number 201668 and
RiskyCAD, grant agreement number 305739) of the European Union
and by the H2020 Program TO_AITION (grant agreement number
848146).

We thank all participants for their long-term commitment to the
KORA study, the staff for data collection and research data manage-
ment and the members of the KORA Study Group (https://www.
helmholtz-munich.de/en/epi/cohort/kora) who are responsible for the
design and conduct of the study. The KORA study was initiated and
financed by the Helmholtz Zentrum Miinchen—German Research

www.thelancet.com Vol 124 February, 2026


https://www.health%2Datlas.de/lha/8YGW0GPGPY%2D8
https://github.com/GenStatLeipzig/GWAMA_zoosterol
https://github.com/GenStatLeipzig/GWAMA_zoosterol
https://www.helmholtz%2Dmunich.de/en/epi/cohort/kora
https://www.helmholtz%2Dmunich.de/en/epi/cohort/kora
http://www.thelancet.com

Articles

Center for Environmental Health, which is funded by the German
Federal Ministry of Research, Technology and Space (BMFTR) and by
the State of Bavaria. Data collection in the KORA study is done in
cooperation with the University Hospital of Augsburg.

LIFE-Heart and LIFE-Adult are funded by the Leipzig Research
Center for Civilization Diseases (LIFE). LIFE is funded by means of the
European Union, by the European Regional Development Fund (ERDF)
and by means of the Free State of Saxony within the framework of the
excellence initiative. The Sorbs study was supported by grants from the
Collaborative Research Center funded by the German Research Foun-
dation (CRC 1052; SPP 1629 TO 718/2), from the German Diabetes
Association, from the DHFD (Diabetes Hilfs-und Forschungsfonds
Deutschland), and from the German Center for Diabetes Research. We
wish to thank all participants of LIFE-Heart, LIFE-Adult and the Sorbs
study for their willingness to participate.

The Young Finns Study has been financially supported by the
Academy of Finland: grants 356405, 322098, 286284, 134309 (Eye),
126925, 121584, 124282, 129378 (Salve), 117797 (Gendi), and 141071
(Skidi); the Social Insurance Institution of Finland; Competitive State
Research Financing of the Expert Responsibility area of Kuopio, Tam-
pere and Turku University Hospitals (grant X51001); Juho Vainio
Foundation; Paavo Nurmi Foundation; Finnish Foundation for Car-
diovascular Research; Finnish Cultural Foundation; the Sigrid Jusélius
Foundation; Tampere Tuberculosis Foundation; Emil Aaltonen Foun-
dation; Yrj6 Jahnsson Foundation; Signe and Ane Gyllenberg Foun-
dation; Diabetes Research Foundation of Finnish Diabetes Association;
EU Horizon 2020 (grant 755320 for TAXINOMISIS and grant 848146
for To Aition); European Research Council (grant 742927 for MULTI-
EPIGEN project); Tampere University Hospital Supporting Founda-
tion; Finnish Society of Clinical Chemistry; the Cancer Foundation
Finland; pBETTER4U_EU (Preventing obesity through Biologically and
bEhaviorally Tailored inTERventions for you; project number:
101080117); CVDLink (EU grant nro. 101137278) and the Jane and
Aatos Erkko Foundation.

Computations were performed using the IT infrastructure of the
Centre for Scalable Data Analytics and Artificial Intelligence (ScaDS.AI)
Dresden/Leipzig, funded by the German Federal Ministry of Research,
Technology and Space (BMFTR grant #011S18026B).

Franz Forster is supported by the CoAGE graduate programme,
funded by the ministry for science and health of the Rhineland-
Palatinate. Katrin Horn is supported by the German Federal Minis-
try of Research, Technology and Space (BMFTR) (grant #01ZX1906B,
project SYMPATH), the federal states of Germany and the Helmholtz
society (grant # 01ER2301/14, NAKO). Janne Pott is supported by the
United Kingdom Research and Innovation Medical Research Council
(MC_UU_00002/7) and the Wellcome Trust (225790/Z/22/Z). Giin-
ther Silbernagel is supported by the Austrian Science Fund (FWF KLI-
1117). Pashupati P. Mishra was supported by the Academy of Finland
(Grant number: 349708) and Emma Raitoharju (grants: 330809,
338395).

Supported by the Open Access Publishing Fund of Leipzig
University.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
0rg/10.1016/j.ebiom.2026.106144.

References

1 Ference BA, Ginsberg HN, Graham I, et al. Low-density
lipoproteins cause atherosclerotic cardiovascular disease. 1.
Evidence from genetic, epidemiologic, and clinical studies. A
consensus statement from the European Atherosclerosis Society
Consensus Panel. Eur Heart J. 2017;38:2459-2472. https://doi.
org/10.1093 /eurheartj/ehx144.

2 WHO. Global health estimates: leading causes of death. https://
www.who.int/data/gho/data/themes/mortality-and-global-health-
estimates/ghe-leading-causes-of-death. Accessed June 16, 2025.

www.thelancet.com Vol 124 February, 2026

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Graham SE, Clarke SL, Wu K-HH, et al. The power of genetic
diversity in genome-wide association studies of lipids. Nature.
2021;600:675-679. https://doi.org/10.1038/s41586-021-04064-3.
Schade DS, Shey L, Eaton RP. Cholesterol review: a metabolically
important molecule. Endocr Pract. 2020;26:1514-1523. https://
doi.org/10.4158 /EP-2020-0347.

Cerqueira NMFSA, Oliveira EF, Gesto DS, et al. Cholesterol
Dbiosynthesis: a mechanistic overview. Biochemistry. 2016;55:5483-5506.
https://doi.org/10.1021/acs.biochem.6b00342.

Dietschy JM. Regulation of cholesterol metabolism in man and in
other species. Klin Wochenschr. 1984;62:338-345. https://doi.org/
10.1007/BF01716251. .
Vecka M, Starikova B, Kutova S, Tomasova P, Tvrzicka E, Zak A.
Comprehensive sterol and fatty acid analysis in nineteen nuts,
seeds, and kernel. SN Appl Sci. 2019;1.

Turley SD, Andersen JM, Dietschy JM. Rates of sterol synthesis
and uptake in the major organs of the rat in vivo. J Lipid Res.
1981;22:551-569. https://doi.org/10.1016/S0022-2275(20)37366-1.
Bloch K. The biological synthesis of cholesterol. Science (New York,
NY). 1965;150:19-28. https://doi.org/10.1126/science.150.3692.19.
Kandutsch AA, Russell AE. Preputial Gland Tumor Sterols: III. A
metabolic pathway from lanosterol to cholesterol. | Biol Chem.
1960;235:2256-2261.  https://doi.org/10.1016/S0021-9258(18)6
4608-3.

Luo J, Yang H, Song B-L. Mechanisms and regulation of
cholesterol homeostasis. Nat Rev Mol Cell Biol. 2020;21:225-245.
https://doi.org/10.1038/s41580-019-0190-7.

Mitsche MA, McDonald JG, Hobbs HH, Cohen JC. Flux analysis of
cholesterol biosynthesis in vivo reveals multiple tissue and cell-type
specific pathways. Elife. 2015;4:€07999. https://doi.org/10.7554/
eLife.07999.

Jousilahti P, Vartiainen E, Tuomilehto ], Puska P. Sex, age,
cardiovascular risk factors, and coronary heart disease: a
prospective follow-up study of 14 786 middle-aged men and
women in Finland. Circulation. 1999;99:1165-1172. https://doi.
org/10.1161/01.ir.99.9.1165.

Yahagi K, Davis HR, Arbustini E, Virmani R. Sex differences in
coronary artery disease: pathological observations. Atherosclerosis.
2015;239:260-267. https://doi.org/10.1016/j.atherosclerosis.2015.
01.017.

Wiese CB, Agle ZW, Zhang P, Reue K. Chromosomal and gonadal
sex drive sex differences in lipids and hepatic gene expression in
response to hypercholesterolemia and statin treatment. Biol Sex
Differ. 2022;13:63. https://doi.org/10.1186/513293-022-00474-8.
Phelps T, Snyder E, Rodriguez E, Child H, Harvey P. The influence
of biological sex and sex hormones on bile acid synthesis and
cholesterol homeostasis. Biol Sex Differ. 2019;10:52. https://doi.
org/10.1186/s13293-019-0265-3.

Zhang Q, Cai Z, Lhomme M, et al. Inclusion of endophenotypes in
a standard GWAS facilitate a detailed mechanistic understanding
of genetic elements that control blood lipid levels. Sci Rep.
2020;10:18434. https://doi.org/10.1038/541598-020-75612-6.

Irvin MR, Zhi D, Aslibekyan S, et al. Genomics of post-prandial
lipidomic phenotypes in the Genetics of Lipid lowering Drugs
and Diet Network (GOLDN) study. PLoS One. 2014;9:299509.
https://doi.org/10.1371/journal.pone.0099509.

Cederberg H, Gylling H, Miettinen TA, et al. Non-cholesterol
sterol levels predict hyperglycemia and conversion to type 2
diabetes in Finnish men. PLoS One. 2013;8:e67406. https://doi.
org/10.1371 /journal.pone.0067406.

Winkelmann BR, Mirz W, Boehm BO, et al. Rationale and design
of the LURIC study-a resource for functional genomics,
pharmacogenomics and long-term prognosis of cardiovascular
disease. Pharmacogenomics. 2001;2:S1-S73. https://doi.org/10.
1517/14622416.2.1.S1.

Holle R, Happich M, Léwel H, Wichmann HE. KORA-a research
platform for population based health research. Gesundheitswesen.
2005;67(Suppl 1):S19-S25. https://doi.org/10.1055/s-2005-858235.
Wichmann H-E, Gieger C, Illig T. KORA-gen-resource for
population genetics, controls and a broad spectrum of disease
phenotypes. Gesundheitswesen. 2005;67(Suppl 1):S26-S30. https://
doi.org/10.1055/5-2005-858226

Scholz M, Henger S, Beutner F, et al. Cohort profile: the Leipzig
Research Center for Civilization Diseases-Heart Study (LIFE-
Heart). Int | Epidemiol. 2020;49:1439-1440h. https://doi.org/10.
1093/ije/dyaa075.

17


https://doi.org/10.1016/j.ebiom.2026.106144
https://doi.org/10.1016/j.ebiom.2026.106144
https://doi.org/10.1093/eurheartj/ehx144
https://doi.org/10.1093/eurheartj/ehx144
https://www.who.int/data/gho/data/themes/mortality%2Dand%2Dglobal%2Dhealth%2Destimates/ghe%2Dleading%2Dcauses%2Dof%2Ddeath
https://www.who.int/data/gho/data/themes/mortality%2Dand%2Dglobal%2Dhealth%2Destimates/ghe%2Dleading%2Dcauses%2Dof%2Ddeath
https://www.who.int/data/gho/data/themes/mortality%2Dand%2Dglobal%2Dhealth%2Destimates/ghe%2Dleading%2Dcauses%2Dof%2Ddeath
https://doi.org/10.1038/s41586%2D021%2D04064%2D3
https://doi.org/10.4158/EP%2D2020%2D0347
https://doi.org/10.4158/EP%2D2020%2D0347
https://doi.org/10.1021/acs.biochem.6b00342
https://doi.org/10.1007/BF01716251
https://doi.org/10.1007/BF01716251
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref7
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref7
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref7
https://doi.org/10.1016/S0022%2D2275%2820%2937366%2D1
https://doi.org/10.1126/science.150.3692.19
https://doi.org/10.1016/S0021%2D9258%2818%2964608%2D3
https://doi.org/10.1016/S0021%2D9258%2818%2964608%2D3
https://doi.org/10.1038/s41580%2D019%2D0190%2D7
https://doi.org/10.7554/eLife.07999
https://doi.org/10.7554/eLife.07999
https://doi.org/10.1161/01.cir.99.9.1165
https://doi.org/10.1161/01.cir.99.9.1165
https://doi.org/10.1016/j.atherosclerosis.2015.01.017
https://doi.org/10.1016/j.atherosclerosis.2015.01.017
https://doi.org/10.1186/s13293%2D022%2D00474%2D8
https://doi.org/10.1186/s13293%2D019%2D0265%2D3
https://doi.org/10.1186/s13293%2D019%2D0265%2D3
https://doi.org/10.1038/s41598%2D020%2D75612%2D6
https://doi.org/10.1371/journal.pone.0099509
https://doi.org/10.1371/journal.pone.0067406
https://doi.org/10.1371/journal.pone.0067406
https://doi.org/10.1517/14622416.2.1.S1
https://doi.org/10.1517/14622416.2.1.S1
https://doi.org/10.1055/s%2D2005%2D858235
https://doi.org/10.1055/s%2D2005%2D858226
https://doi.org/10.1055/s%2D2005%2D858226
https://doi.org/10.1093/ije/dyaa075
https://doi.org/10.1093/ije/dyaa075
http://www.thelancet.com

Articles

18

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Engel C, Wirkner K, Zeynalova S, et al. Cohort profile: the LIFE-
Adult-Study. Int J Epidemiol. 2023;52:e66—e79. https://doi.org/10.
1093/ije/dyac114.

Gross A, Ténjes A, Kovacs P, et al. Population-genetic comparison
of the Sorbian isolate population in Germany with the German
KORA population using genome-wide SNP arrays. BMC Genet.
2011;12:67. https://doi.org/10.1186/1471-2156-12-67.

Veeramah KR, Ténjes A, Kovacs P, et al. Genetic variation in the
Sorbs of eastern Germany in the context of broader European
genetic diversity. Eur | Hum Genet. 2011;19:995-1001. https://
doi.org/10.1038/ejhg.2011.65.

Raitakari OT, Juonala M, Rénnemaa T, et al. Cohort profile: the
cardiovascular risk in Young Finns Study. Int | Epidemiol.
2008;37:1220-1226. https://doi.org/10.1093/ije/dym225.

Lembcke J, Ceglarek U, Fiedler GM, Baumann S, Leichtle A,
Thiery J. Rapid quantification of free and esterified phytosterols
in human serum wusing APPI-LC-MS/MS. ] Lipid Res.
2005;46:21-26. https://doi.org/10.1194/jlr.C400004-JLR200.
Johnson WE, Li C, Rabinovic A. Adjusting batch effects in
microarray expression data using empirical Bayes methods.
Biostatistics. 2007;8:118-127. https://doi.org/10.1093/biostatistics/
kxj037.

Silbernagel G, Fauler G, Hoffmann MM, et al. The associations of
cholesterol metabolism and plasma plant sterols with all-cause and
cardiovascular mortality. J Lipid Res. 2010;51:2384-2393. https://
doi.org/10.1194/jlr.P002899.

Kim S. ppcor: An R package for a fast calculation to semi-partial
correlation  coefficients. ~ Commun  Stat  Appl  Methods.
2015;22:665-674. htips://doi.org/10.5351/CSAM.2015.22.6.665.
Ward JH. Hierarchical grouping to optimize an objective function.
Journal of the American Statistical Association. 1963;58:236. https://
doi.org/10.2307/2282967.

Howie BN, Donnelly P, Marchini J. A flexible and accurate
genotype imputation method for the next generation of genome-
wide association studies. PLoS Genetics. 2009;5:e1000529. https://
doi.org/10.1371/journal.pgen.1000529.

Abecasis GR, Auton A, Brooks LD, et al. An integrated map of
genetic variation from 1,092 human genomes. Nature.
2012;491:56-65. https://doi.org/10.1038/nature11632.

Auton A, Brooks LD, Durbin RM, et al. A global reference for
human genetic variation. Nature. 2015;526:68-74. https://doi.org/
10.1038/nature15393.

Sudmant PH, Rausch T, Gardner EJ, et al. An integrated map of
structural variation in 2,504 human genomes. Nature.
2015;526:75-81. https://doi.org/10.1038/nature15394.

Aulchenko YS, Ripke S, Isaacs A, van Duijn CM. GenABEL: an R
library for genome-wide association analysis. Bioinformatics.
2007;23:1294-1296. https://doi.org/10.1093 /bicinformatics/
btm108.

Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ.
Second-generation PLINK: rising to the challenge of larger and
richer datasets. Gigascience. 2015;4:7. https://doi.org/10.1186/
513742-015-0047-8.

Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new
multipoint method for genome-wide association studies by
imputation of genotypes. Nature genetics. 2007;39:906-913.
https://doi.org/10.1038 /ng2088.

Winkler TW, Day FR, Croteau-Chonka DC, et al. Quality control
and conduct of genome-wide association meta-analyses. Nature
protocols. 2014;9:1192-1212. https://doi.org/10.1038 /nprot.2014.
071.

Bulik-Sullivan BK, Loh P-R, Finucane HK, et al. LD Score regression
distinguishes confounding from polygenicity in genome-wide
association studies. Nature genetics. 2015;47:291-295. https://doi.
org/10.1038/ng.3211.

Viechtbauer W. Conducting Meta-Analyses in R with the metafor
package. J Stat Soft. 2010;36. https://doi.org/10.18637/jss.v036.i03.
Yang J, Ferreira T, Morris AP, et al. Conditional and joint multiple-
SNP analysis of GWAS summary statistics identifies additional
variants influencing complex traits. Nat Genet. 2012;44:369-375.
S1-3 https://doi.org/10.1038/ng.2213.

Yang ], Lee SH, Goddard ME, Visscher PM. GCTA: a tool for
genome-wide complex trait analysis. Nat Genet. 2011;88:76-82.
https://doi.org/10.1016/j.ajhg.2010.11.011.

Wakefield J. Bayes factors for genome-wide association studies:
comparison with P-values. Genet Epidemiol. 2009;33:79-86.
https://doi.org/10.1002/gepi.20359.

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Toby Johnson. GitHub-tobyjohnson/gtx: Genetics ToolboX R
package. https://github.com/tobyjohnson/gtx. Accessed June 18,
2025.

Zerbino DR, Achuthan P, Akanni W, et al. Ensembl 2018. Nucleic
Acids  Res. 2018;46:D754-D761. hittps://doi.org/10.1093 /nar/
gkx1098.

Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM,

Shendure J. A general framework for estimating the relative
pathogenicity of human genetic variants. Nat Genet.
2014;46:310-315. https://doi.org/10.1038/ng.2892.

Sollis E, Mosaku A, Abid A, et al. The NHGRI-EBI GWAS catalog:
knowledgebase and deposition resource. Nucleic Acids Res.
2023;51:D977-D985. https://doi.org/10.1093 /nar/gkac1010.

The GTEx Consortium atlas of genetic regulatory effects across
human tissues. Science (New York, NY). 2020;369:1318-1330.
https://doi.org/10.1126/science.aaz1776.

Safran M, Rosen N, Twik M, et al. The GeneCards suite. In:
Abugessaisa I, Kasukawa T, eds. Practical Guide to life science
databases. Singapore: Springer Singapore; 2021:27-56. Imprint
Springer.

Stelzer G, Rosen N, Plaschkes I, et al. The GeneCards suite: from
gene data mining to disease genome sequence analyses. Curr
Protoc Bioinformatics. 2016;54:1.30.1-1.30.33. https://doi.org/10.
1002/cpbi.5.

Giambartolomei C, Vukcevic D, Schadt EE, et al. Bayesian test for
colocalisation between pairs of genetic association studies using
summary statistics. PLOS Genetics. 2014;10:e1004383. https://doi.
org/10.1371 /journal.pgen.1004383.

Aragam KG, Jiang T, Goel A, et al. Discovery and systematic
characterization of risk variants and genes for coronary artery
disease in over a million participants. Nat Genet.
2022;54:1803-1815. https://doi.org/10.1038/541588-022-01233-6.
Winkler TW, Justice AE, Cupples LA, Kronenberg F, Kutalik Z,
Heid IM. Approaches to detect genetic effects that differ between
two strata in genome-wide meta-analyses: recommendations
based on a systematic evaluation. PLoS One. 2017;12:e0181038.
https://doi.org/10.1371/journal.pone.0181038.

Burgess S, Daniel RM, Butterworth AS, Thompson SG. Network
Mendelian randomization: using genetic variants as instrumental
variables to investigate mediation in causal pathways. Int J
Epidemiol. 2015;44:484-495. https://doi.org/10.1093 /ije/dyul76.
Surakka I, Horikoshi M, Migi R, et al. The impact of low-
frequency and rare variants on lipid levels. Nat Genet.
2015;47:589-597. https://doi.org/10.1038/ng.3300.

Burgess S, Small DS, Thompson SG. A review of instrumental
variable estimators for Mendelian randomization. Stat Methods

Med Res. 2017;26:2333-2355. https://doi.org/10.1177/
0962280215597579.
Burgess S, Butterworth A, Thompson SG. Mendelian

randomization analysis with multiple genetic variants using
summarized data. Genet Epidemiol. 2013;37:658-665. https://doi.
org/10.1002/gepi.21758.

Burgess S, Yavorska O. Mendelian randomization: mendelian
randomization package. https://doi.org/10.32614/CRAN.package.
MendelianRandomization; 2016.

Sobel ME. Asymptotic confidence intervals for indirect effects in
structural equation models. Sociol Methodol. 1982;13:290. https://
doi.org/10.2307/270723.

Sobel ME. Some new results on indirect effects and their standard
errors in covariance structure models. Sociol Methodol.
1986;16:159. https://doi.org/10.2307/270922.

Shim H, Chasman DI, Smith JD, et al. A multivariate genome-
wide association analysis of 10 LDL subfractions, and their
response to statin treatment, in 1868 Caucasians. PLoS One.
2015;10:e0120758. https://doi.org/10.1371/journal.pone.0120758.
Moore C, Jacobson S. Genpwr: power calculations under genetic
model.  Misspecification;  2021.  https://CRAN.R-project.org/
package=genpwr.

Gu Z, Gu L, Eils R, Schlesner M, Brors B. Circlize implements and
enhances circular visualization in R. Bioinformatics. 2014;30:
2811-2812. https://doi.org/10.1093/bioinformatics/btu393.
Gordon M, Lumley T. Forestplot: Advanced Forest Plot Using "grid’
graphics 2023. https://CRAN.R-project.org/package=forestplot.
Raivo Kolde. pheatmap: pretty heatmaps. https://CRAN.R-project.
org/package=pheatmap; 2019.

Wickham H. ggplot2. Elegant graphics for data analysis. Switzerland:
Springer; 2016.

www.thelancet.com Vol 124 February, 2026


https://doi.org/10.1093/ije/dyac114
https://doi.org/10.1093/ije/dyac114
https://doi.org/10.1186/1471%2D2156%2D12%2D67
https://doi.org/10.1038/ejhg.2011.65
https://doi.org/10.1038/ejhg.2011.65
https://doi.org/10.1093/ije/dym225
https://doi.org/10.1194/jlr.C400004%2DJLR200
https://doi.org/10.1093/biostatistics/kxj037
https://doi.org/10.1093/biostatistics/kxj037
https://doi.org/10.1194/jlr.P002899
https://doi.org/10.1194/jlr.P002899
https://doi.org/10.5351/CSAM.2015.22.6.665
https://doi.org/10.2307/2282967
https://doi.org/10.2307/2282967
https://doi.org/10.1371/journal.pgen.1000529
https://doi.org/10.1371/journal.pgen.1000529
https://doi.org/10.1038/nature11632
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/nature15394
https://doi.org/10.1093/bioinformatics/btm108
https://doi.org/10.1093/bioinformatics/btm108
https://doi.org/10.1186/s13742%2D015%2D0047%2D8
https://doi.org/10.1186/s13742%2D015%2D0047%2D8
https://doi.org/10.1038/ng2088
https://doi.org/10.1038/nprot.2014.071
https://doi.org/10.1038/nprot.2014.071
https://doi.org/10.1038/ng.3211
https://doi.org/10.1038/ng.3211
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1038/ng.2213
https://doi.org/10.1016/j.ajhg.2010.11.011
https://doi.org/10.1002/gepi.20359
https://github.com/tobyjohnson/gtx
https://doi.org/10.1093/nar/gkx1098
https://doi.org/10.1093/nar/gkx1098
https://doi.org/10.1038/ng.2892
https://doi.org/10.1093/nar/gkac1010
https://doi.org/10.1126/science.aaz1776
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref51
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref51
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref51
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref51
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1371/journal.pgen.1004383
https://doi.org/10.1038/s41588%2D022%2D01233%2D6
https://doi.org/10.1371/journal.pone.0181038
https://doi.org/10.1093/ije/dyu176
https://doi.org/10.1038/ng.3300
https://doi.org/10.1177/0962280215597579
https://doi.org/10.1177/0962280215597579
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1002/gepi.21758
https://doi.org/10.32614/CRAN.package.MendelianRandomization
https://doi.org/10.32614/CRAN.package.MendelianRandomization
https://doi.org/10.2307/270723
https://doi.org/10.2307/270723
https://doi.org/10.2307/270922
https://doi.org/10.1371/journal.pone.0120758
https://CRAN.R%2Dproject.org/package%3Dgenpwr
https://CRAN.R%2Dproject.org/package%3Dgenpwr
https://doi.org/10.1093/bioinformatics/btu393
https://CRAN.R%2Dproject.org/package%3Dforestplot
https://CRAN.R%2Dproject.org/package%3Dpheatmap
https://CRAN.R%2Dproject.org/package%3Dpheatmap
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref68
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref68
http://www.thelancet.com

Articles

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

Little J, Higgins JPT, loannidis JPA, et al. STrengthening the
REporting of Genetic Association Studies (STREGA): an
extension of the STROBE statement. PLoS Med. 2009;6:e22.
https://doi.org/10.1371/journal.pmed.1000022.

Scholz M, Horn K, Pott ], et al. Genome-wide meta-analysis of
phytosterols reveals five novel loci and a detrimental effect on
coronary atherosclerosis. Nat Commun. 2022;13:143. https://doi.
org/10.1038/s41467-021-27706-6.

Teslovich TM, Musunuru K, Smith AV, et al. Biological, clinical
and population relevance of 95 loci for blood lipids. Nature.
2010;466:707-713. https://doi.org/10.1038 /nature09270.
Richardson TG, Leyden GM, Wang Q, et al. Characterising
metabolomic signatures of lipid-modifying therapies through
drug target mendelian randomisation. PLoS Biology. 2022;20:
€3001547. https://doi.org/10.1371/journal.pbio.3001547.

Machiela MJ, Chanock SJ. LDlink: a web-based application for
exploring population-specific haplotype structure and linking
correlated alleles of possible functional variants. Bioinformatics
(Oxford, England). 2015;31:3555-3557. https://doi.org/10.1093/
bioinformatics/btv402.

Loya H, Kalantzis G, Cooper F, Palamara PF. A scalable variational
inference approach for increased mixed-model association power.
Nat Genet. 2025;57:461-468. https://doi.org/10.1038/s41588-024-
02044-7.

Schunkert H, Konig IR, Kathiresan S, et al. Large-scale association
analysis identifies 13 new susceptibility loci for coronary artery
disease. Nat Genet. 2011;43:333-338. https://doi.org/10.1038/ng.
784.

Seo JY, Youn BJ, Cheong HS, Shin HD. Association of APOE
genotype with lipid profiles and type 2 diabetes mellitus in a
Korean population. Genes Genom. 2021;43:725-735. https://doi.
0rg/10.1007/s13258-021-01095-y.

Frikke-Schmidt R, Sing CF, Nordestgaard BG, Tybjaerg-Hansen A.
Gender- and age-specific contributions of additional DNA
sequence variation in the 5’ regulatory region of the APOE gene
to prediction of measures of lipid metabolism. Hum Genet.
2004;115:331-345. https://doi.org/10.1007/s00439-004-1165-z.
Zhang C, Jin D-D, Wang X-Y, Lou L, Yang J. Key enzymes for the
mevalonate pathway in the cardiovascular System. J Cardiovasc
Pharmacol. 2021;77:142-152. https://doi.org/10.1097/F]C.
0000000000000952.

Kettunen J, Holmes MV, Allara E, et al. Lipoprotein signatures of
cholesteryl ester transfer protein and HMG-CoA reductase
inhibition. PLoS Biol. 2019;17:€3000572. https://doi.org/10.1371/
journal.pbio.3000572.

Li L, Hua J, Jian-Ping H, Yan L. Association between the lipid
levels and single nucleotide polymorphisms of ABCA1, APOE
and HMGCR genes in subjects with spontaneous preterm
delivery. PLoS One. 2015;10:¢0135785. https://doi.org/10.1371/
journal.pone.0135785.

Sapaly D, Cheguillaume F, Weill L, et al. Dysregulation of muscle
cholesterol transport in amyotrophic lateral sclerosis. Brain.
2025;148:788-802. https://doi.org/10.1093 /brain/awae270.

Kamei Y, Miura S, Suganami T, et al. Regulation of SREBP1c gene
expression in skeletal muscle: role of retinoid X receptor/liver X
receptor and forkhead-O1 transcription factor. Endocrinology.
2008;149:2293-2305. https://doi.org/10.1210/en.2007-1461.

Chen YQ, Pottanat TG, Zhen EY, et al. ApoA 5 lowers triglyceride
levels via suppression of ANGPTL3/8-mediated LPL inhibition.
J Lipid Res. 2021;62:100068. https://doi.org/10.1016/jlr.2021.100068.
Johnson WJ, Fischer RT, Phillips MC, Rothblat GH. Efflux of
newly synthesized cholesterol and Dbiosynthetic  sterol
intermediates from cells. Dependence on acceptor type and on

www.thelancet.com Vol 124 February, 2026

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

enrichment of «cells with cholesterol. [ Biol Chem.
1995;270:25037-25046. https://doi.org/10.1074/jbc.270.42.25037.
Stromstedt M, Rozman D, Waterman MR. The ubiquitously
expressed human CYP51 encodes lanosterol 14 alpha-
demethylase, a cytochrome P450 whose expression is regulated
by oxysterols. Arch Biochem Biophys. 1996;329:73-81. https://doi.
org/10.1006/abbi.1996.0193.

DeBose-Boyd RA. Feedback regulation of cholesterol synthesis:
sterol-accelerated ubiquitination and degradation of HMG CoA
reductase. Cell Res. 2008;18:609-621. https://doi.org/10.1038/cr.
2008.61.

Leonard DA, Kotarski MA, Tessiatore JE, Favata MF, Trzaskos JM.
Post-transcriptional  regulation of  3-hydroxy-3-methylglutaryl
coenzyme A reductase by 3 beta-hydroxy-lanost-8-en-32-al, an
intermediate in the conversion of lanosterol to cholesterol. Arch
Biochem Biophys. 1994;310:152-157. https://doi.org/10.1006/abbi.
1994.1151.

Li D, Tolleson WH, Yu D, et al. Regulation of cytochrome P450
expression by microRNAs and long noncoding RNAs: epigenetic
mechanisms in environmental toxicology and carcinogenesis.
J Ewviron Sci Health C Environ Carcinog Ecotoxicol Rev.
2019;37:180-214. https://doi.org/10.1080/10590501.2019.1639481.
Gudas LJ. Emerging roles for retinoids in regeneration and
differentiation in normal and disease states. Biochim Biophys
Acta. 2012;1821:213-221. https://doi.org/10.1016/j.bbalip.2011.
08.002.

Prakash S, Kumar Rai A. Retinoic acid increases the cellular
cholesterol predominantly in a mTOR-independent manner.
Immunol Res. 2022;70:530-536. https://doi.org/10.1007/s12026-
022-09292-x.

Thuren T. Hepatic lipase and HDL metabolism. Curr Opin Lipidol.
2000:277-283.

Nunes VS, Cazita PM, Catanozi S, Nakandakare ER, Quintdo ECR.
Decreased content, rate of synthesis and export of cholesterol in
the brain of apoE knockout mice. ] Bioenerg Biomembr.
2018;50:283-287. hitps://doi.org/10.1007/510863-018-9757-9.
Koishi R, Ando Y, Ono M, et al. Angptl3 regulates lipid
metabolism in mice. Nat Genet. 2002;30:151-157. https://doi.org/
10.1038/ng814.

Shimamura M, Matsuda M, Yasumo H, et al. Angiopoietin-like
protein 3 regulates plasma HDL cholesterol through suppression
of endothelial lipase. Arterioscler Thromb  Vasc  Biol.
2007;27:366-372.  https://doi.org/10.1161/01.ATV.0000252827.
51626.89.

Shimizugawa T, Ono M, Shimamura M, et al. ANGPTL3 decreases
very low density lipoprotein triglyceride clearance by inhibition of
lipoprotein lipase. ] Biol Chem. 2002;277:33742-33748. https://doi.
org/10.1074/jbc.M203215200.

Guo K, Hu L, Xi D, et al. PSRC1 overexpression attenuates
atherosclerosis progression in apoE-/- mice by modulating
cholesterol transportation and inflammation. | Mol Cell Cardiol.
2018;116:69-80. https://doi.org/10.1016/j.yjmcc.2018.01.013.
Arndt L, Hernandez-Resendiz I, Moos D, et al. Tribl deficiency
promotes hyperlipidemia, inflammation, and atherosclerosis in
LDL receptor knockout mice. Arterioscler Thromb Vasc Biol.
2023;43:979-994. https://doi.org/10.1161/ATVBAHA.122.318137.
Marcil M, Brooks-Wilson A, Clee SM, et al. Mutations in the ABC1
gene in familial HDL deficiency with defective cholesterol efflux.
Lancet.  1999;354:1341-1346.  https://doi.org/10.1016/S0140-
6736(99)07026-9.

Burgess S, Davies NM, Thompson SG. Bias due to participant
overlap in two-sample Mendelian randomization. Genet
Epidemiol. 2016;40:597—608. https://doi.org/10.1002/gepi.21998.

19


https://doi.org/10.1371/journal.pmed.1000022
https://doi.org/10.1038/s41467%2D021%2D27706%2D6
https://doi.org/10.1038/s41467%2D021%2D27706%2D6
https://doi.org/10.1038/nature09270
https://doi.org/10.1371/journal.pbio.3001547
https://doi.org/10.1093/bioinformatics/btv402
https://doi.org/10.1093/bioinformatics/btv402
https://doi.org/10.1038/s41588%2D024%2D02044%2D7
https://doi.org/10.1038/s41588%2D024%2D02044%2D7
https://doi.org/10.1038/ng.784
https://doi.org/10.1038/ng.784
https://doi.org/10.1007/s13258%2D021%2D01095%2Dy
https://doi.org/10.1007/s13258%2D021%2D01095%2Dy
https://doi.org/10.1007/s00439%2D004%2D1165%2Dz
https://doi.org/10.1097/FJC.0000000000000952
https://doi.org/10.1097/FJC.0000000000000952
https://doi.org/10.1371/journal.pbio.3000572
https://doi.org/10.1371/journal.pbio.3000572
https://doi.org/10.1371/journal.pone.0135785
https://doi.org/10.1371/journal.pone.0135785
https://doi.org/10.1093/brain/awae270
https://doi.org/10.1210/en.2007%2D1461
https://doi.org/10.1016/j.jlr.2021.100068
https://doi.org/10.1074/jbc.270.42.25037
https://doi.org/10.1006/abbi.1996.0193
https://doi.org/10.1006/abbi.1996.0193
https://doi.org/10.1038/cr.2008.61
https://doi.org/10.1038/cr.2008.61
https://doi.org/10.1006/abbi.1994.1151
https://doi.org/10.1006/abbi.1994.1151
https://doi.org/10.1080/10590501.2019.1639481
https://doi.org/10.1016/j.bbalip.2011.08.002
https://doi.org/10.1016/j.bbalip.2011.08.002
https://doi.org/10.1007/s12026%2D022%2D09292%2Dx
https://doi.org/10.1007/s12026%2D022%2D09292%2Dx
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref91
http://refhub.elsevier.com/S2352-3964(26)00025-3/sref91
https://doi.org/10.1007/s10863%2D018%2D9757%2D9
https://doi.org/10.1038/ng814
https://doi.org/10.1038/ng814
https://doi.org/10.1161/01.ATV.0000252827.51626.89
https://doi.org/10.1161/01.ATV.0000252827.51626.89
https://doi.org/10.1074/jbc.M203215200
https://doi.org/10.1074/jbc.M203215200
https://doi.org/10.1016/j.yjmcc.2018.01.013
https://doi.org/10.1161/ATVBAHA.122.318137
https://doi.org/10.1016/S0140%2D6736%2899%2907026%2D9
https://doi.org/10.1016/S0140%2D6736%2899%2907026%2D9
https://doi.org/10.1002/gepi.21998
http://www.thelancet.com

	A genome-wide association meta-analysis of cholesterol synthesis intermediates identifies three associations for lanosterol
	Introduction
	Methods
	Participating studies
	Zoosterol measurement and phenotype definition
	Clustering of sterol traits
	Genotyping and imputation
	Single study genome-wide association analysis
	Meta-analysis and post-meta quality control
	Statistics
	Heritability and genetic correlation
	Locus definition
	Influence of analysis platform
	Influence of lipid-lowering medication
	Conditional analysis
	Credible set definition and annotation
	Colocalisation analysis
	Sex interaction analysis
	Body mass index interaction analysis
	Mendelian randomisation mediation analysis
	Candidate gene lookup
	Explained variance
	Power analysis
	Figure creation
	Ethics
	Role of funders

	Results
	Genome-wide association meta-analysis
	Locus definition
	Single locus results
	Novel associations
	Known loci

	Mendelian randomisation mediation analysis
	Total explained variances
	Candidate gene lookup

	Discussion
	Contributors
	Data sharing statement
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


