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Aims APOC3, ANGPTL3, and ANGPTL4 are circulating proteins that are actively pursued as pharmacological targets to treat
dyslipidaemia and reduce the risk of atherosclerotic cardiovascular disease. Here, we used human genetic data to compare
the predicted therapeutic and adverse effects of APOC3, ANGPTL3, and ANGPTL4 inactivation.

Methods We conducted drug-target Mendelian randomization analyses using variants in proximity to the genes associated with cir-

and results culating protein levels to compare APOC3, ANGPTL3, and ANGPTL4 as drug targets. We obtained exposure and outcome
data from large-scale genome-wide association studies and used generalized least squares to correct for linkage disequilib-
rium-related correlation. We evaluated five primary cardiometabolic endpoints and screened for potential side effects
across 694 disease-related endpoints, 43 clinical laboratory tests, and 11 internal organ MRI measurements. Genetically low-
ering circulating ANGPTL4 levels reduced the odds of coronary artery disease (CAD) [odds ratio, 0.57 per s.d. protein (95%
Cl 0.47-0.70)] and Type 2 diabetes (T2D) [odds ratio, 0.73 per s.d. protein (95% ClI 0.57-0.94)]. Genetically lowering cir-
culating APOCS3 levels also reduced the odds of CAD [odds ratio, 0.90 per s.d. protein (95% Cl 0.82-0.99)]. Genetically
lowered ANGPTLS3 levels via common variants were not associated with CAD. However, meta-analysis of protein-truncat-
ing variants revealed that ANGPTL3 inactivation protected against CAD (odds ratio, 0.71 per allele [95%ClI, 0.58—0.85]).
Analysis of lowered ANGPTL3, ANGPTL4, and APOCS3 levels did not identify important safety concerns.

Conclusion Human genetic evidence suggests that therapies aimed at reducing circulating levels of ANGPTL3, ANGPTL4, and APOC3
reduce the risk of CAD. ANGPTL4 lowering may also reduce the risk of T2D.
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Structured Graphical Abstract

Key Question

Does human genetics support that triglyceride-lowering drugs targeting ANGPTL3, ANGPTL4, and APOC3 will reduce the risk of cardiometabolic disease

without causing side effects?

Key Finding

Genetically lowered circulating ANGPTL4 reduced coronary artery disease and type 2 diabetes risk. Genetically lowered ANGPTL3 and APOCS3 also re-
duced coronary artery disease risk, but no impact on type 2 diabetes risk was observed.

Take-home Message

Human genetics suggest that ANGPTL3, ANGPTL4, and APOC3-lowering medications may prevent CAD. Medicines targeting ANGPTL4 may have added

benefits for patients with type 2 diabetes.
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Graphical abstract summarizing the study’s methods and findings. The ‘Key Findings’ figure provides a summary of the results categorized into three
groups. The term ‘improves’ denotes a statistically significant association with a clinically relevant effect magnitude. The term ‘weak’ refers to a statistically
significant association with no clinically significant effect. ASCVD, atherosclerotic cardiovascular disease; T2D, Type 2 diabetes. Figure created with

BioRender.com.

Angiopoietin-like protein 3 ® Angiopoietin-like protein 4 ¢ Apolipoprotein C-IlI

Keywords

Introduction

APOC3, ANGPTL3, and ANGPTL4 are circulating proteins that regulate
plasma cholesterol and triglyceride (TG) levels. They mainly act by inhibit-
ing the enzyme lipoprotein lipase. All three proteins are actively pursued
as pharmacological targets to treat dyslipidaemia and reduce the risk of
atherosclerotic cardiovascular disease. The inactivation of APOC3 using
antisense oligonucleotides (ASOs) (Volanesorsen, Olezarsen) has been
shown to substantially reduce plasma TG levels in different patient groups
with severe hypertriglyceridaemia.’ Volanesorsen is a second-generation
ASO that was approved in Europe for treating familial chylomicronaemia
syndrome. Olezarsen is a third-generation ASO that very recently re-
ceived fast-track designation from the FDA. Currently, several human
trials are ongoing with an RNAI against APOC3 called ARO-APOCS3.
Similar to APOC3, the inactivation of ANGPTL3 using monoclonal anti-
bodies (Evinacumab),>® ASOs (Vupanorsen),”® and RNAi (ARO-ANG3)

has been shown to significantly lower plasma LDL-C and TG levels in vari-
ous dyslipidaemic patients groups.” Evinacumab was approved in 2021 as a
treatment for homozygous familial hypercholesterolaemia (HoFH), while
Vupanorsen was discontinued in 2021 due to the limited reduction in
non-HDL-C and TG and increases in liver fat and enzymes.'® Recent
case reports suggest that Evinacumab may promote the regression of ath-
erosclerotic plaques in HoFH patients.'"'?

Whereas the clinical development of anti-APOC3 and -ANGPTL3
treatments have progressed well, therapies targeting ANGPTL4 have
faced delay because mice deficient in ANGPTL4 develop lethal mesen-
teric lymphadenopathy and chylous ascites when fed a diet high in satu-
rated fatty acids.">~'> Whether whole-body inactivation of ANGPTL4
might trigger similar pathological features in humans is unclear. As an
alternative pharmacological strategy, inactivating ANGPTL4 specifically
in the liver holds considerable promise.'® Despite these challenges, tar-
geting ANGPTL4 presents a promising opportunity, as it may not only
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lower TG and remnant cholesterol but also redirect lipids away from
ectopic sites and towards adipose tissue, potentially protecting against
Type 2 diabetes.”

Human genetic data can be leveraged to predict the clinical effect of
the pharmacological inactivation of genes or proteins.'® Here, we
aimed to compare the predicted therapeutic effects of APOCS3,
ANGPTL3, and ANGPTL4 inactivation by investigating the biological
and clinical impact of inactivation variants in the respective genes. In
addition, to address safety concerns, we compared the predicted det-
rimental effects of APOC3, ANGPTL3, and ANGPTL4 inactivation on
relevant disease outcomes. We conclude that therapies specifically
aimed at decreasing plasma ANGPTL3, ANGPTL4, and APOC3 levels
are expected to reduce the risk of coronary artery disease without rais-
ing safety concerns. Therapies targeting ANGPTL4 levels are expected
to favourably impact the risk of Type 2 diabetes. This suggests that re-
ducing ANGPTL4 could offer therapeutic advantages to a wider group
of patients with dyslipidaemia and Type 2 diabetes.

Methods
Study design

The study was performed in four sequential steps as summarized in Figure 1.
First, a two-sample Mendelian randomization (MR) study was conducted to
measure the association between ANGPTL3, ANGPTL4, or APOC3 low-
ering with cardiometabolic diseases and risk factors. Second, two-sample
MR was conducted to measure the target proteins’ association with pheno-
types related to potential adverse effects. Third, validation analyses were
conducted to further assess the plausibility of the findings obtained from
Steps 1-2. Lastly, to measure the association between profound genetic in-
activation of the target proteins and coronary artery disease (CAD), pro-
tein-truncating variant analyses in the UK Biobank were performed, and
the results were meta-analysed with previous studies.

Steps 1-2
Genetic instruments

To estimate the causal effects of pharmacologically inactivating the
ANGPTL3, ANGPTL4, and APOC3 genes, we performed two-sample drug-
target MR. We used, as instrumental variables, genetic variants within 2.5
kilobase pairs (Kb) of the target gene that had genome-wide significant as-
sociations (P-value <5 % 107°) with protein abundance (called cis protein
quantitative trait loci, cis- pQTLs) or plasma TG, as determined by genome-
wide association studies (GWAS). Variants adjacent to the target genes
were clumped at an linkage disequilibrium (LD) threshold of r* >0.10 to
avoid GLS-related multicollinearity issues. Residual LD was accounted for
using the generalized least squares (GLS) inverse-variance weighted
(IVW) estimator described below.

Drug-target Mendelian randomization

The precision of the VW estimator can be influenced by LD-related correl-
ation between the genetic IV in the drug target genes cis’ position.
Therefore, we used a GLS IVW MR estimator to correct for this potential
source of bias.'”?° The GLS-corrected MR approach can be conceptualized
as combining the independent information of variants near a target gene
while maintaining robust standard errors through weighting for their
LD-related correlation. Further information regarding Drug-target MR
methodology, GLS, LD matrix sensitivity, and sample overlap bias are found
in the Supplementary Methods.

Due to the complex structure of the APOAT-APOA5-APOC3 locus, we sup-
plemented the original analyses with a second model of APOC3 lowering. In
this model, APOC3 lowering was instrumented through the APOC3 c¢.55 +
1G > A splice donor loss variant solely, as this variant is a high-confidence pre-
dicted loss-of-function variant (gnomAD Genome Aggregation Database
v.4.0.0, https:/gnomad. broadlnstltute org) independent of other common
variants in this genomic region.’ The APOC3 c¢55+1G>A MRs used a
Wald ratio estimator. Furthermore, we used LPL-adjacent and genome-wide

TG-associated variants as positive controls. LPL was analysed using drug-
target MR. For the genome-wide TG-associated variant MR, we tested the
causal effect of TG using variants in chromosomes 1-22 associated with
TG at P-value < 5 x 1078, An LD clumping window of 500 Kb and a threshold
of * > 0.001 was applied before analysis using an IVW estimator.

Data sources

Plasma protein abundance was measured in GWAS using the SomaScan
and Olink platforms.”*** Genome-wide association studies data on plasma
TG, LDL cholesterol, HDL cholesterol, apolipoprotein B, apolipoprotein
A1, and lipoprotein(a) were retrieved from the 2018 Neale Lab UK bio-
bank analysis (http:/www.nealelab.is/uk-biobank/). For the functional vari-
ant analyses, genetic association data on TG, LDL cholesterol, and HDL
cholesterol were retrieved from the AstraZeneca UK biobank exome
sequencing-based phenome-wide association study (PheWAS) portal.>*
We obtained outcome summary data from GWAS of six cardiometabolic
disease endpoints, 16 cardiometabolic risk markers, 43 routine clinical
chemistry tests, 11 internal organ MRI measurements, and 5 abdominal
lymphadenopathy-related phenotypes (see Table 1, Supplementary
material online, Table S1, and Supplementary Methods). Phenome-wide
MR analyses were conducted in FinnGen and the UK biobank. FinnGen in-
tegrates genotype data from Finnish biobanks with longitudinal health
registry data.>® The UK Biobank is a large-scale research resource contain-
ing genetic, blood chemlstry, imaging, and health record data from half a
million UK participants.3” The FinnGen data freeze 10 and UK biobank
meta-analysis (https:/public-metaresults-fg-ukbb.finngen.fi) stores genetic
association statistics on 694 disease-related outcomes from 301 552—
882 347 individuals. Further details on the selection of GWAS and the
definition of exposures and outcomes are given in the Supplementary
Methods.

Colocalization analyses

Drug-target MR relies on the assumption that LD (a phenomenon in which
neighbouring genetic variants are inherited together more frequently than
anticipated by chance®®) does not confound the association between vari-
ant and outcome. In cases where there are distinct genetic variants affecting
both the exposure and the outcome, and they are connected through LD,
there is a risk of making incorrect conclusions.®® To limit this issue, we per-
formed colocalization analyses, which test whether two independent asso-
ciation signals in the same gene region are consistent with having a smgle
shared causal variant (i.e. testing if the association signals are ‘colocalized’).*°
To assess possible confounding from LD, all drug target MR analyses were
complemented by colocalization analysis of the 500 Kb (+250 Kb) region
surrounding each target gene.* Further details regarding the colocalization
analyses are provided in the Supplementary Methods.

Lymphadenopathy and phenome-wide genome-wide
association studies Mendelian randomization analyses

A Wald ratio estimator was used for the single-variant MR of
Iymphadenopathy—related phenotypes and the phenome-wide MR con-
ducted in FinnGen.*! The variants were selected based on being within
2.5 Kb of the drug target gene, their strength of association with target pro-
tein plasma abundance (P < 5% 1078, their strength of association with TG
levels (P < 5 x 107®), availability, and their functional consequence. For fur-
ther details regarding genetic instrument justification for the phenome-wide
MRs, see the Supplementary Methods.

Step 3

Genetic mimicry analyses

Genetic mimicry analysis was used to compare the metabolic concordance
between common and protein-truncating variants adjacent to the
ANGPTL3, ANGPTL4, and APOC3 genes. This method uses linear regression
to determine the extent of similarity between different variants’ genetic as-
sociations in high-dimensional data sets.**** The degree of concordance
was reported as the coefficient of determination (R?). Genetic associations
between the common variants and 167 plasma metabolites were measured
by drug-target MR with plasma TGs as the exposure using data sets 8 and 10
(see Table 1). Protein-truncating variants were defined as any protein-
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Figure 1 Study design flow chart summarizing the objective, methods, and results. LD, linkage disequilibrium; n.s., not significant; LPL, lipoprotein lipase;
MR, Mendelian randomization; EL, endothelial lipase; CAD, coronary artery disease; VWV, inverse-variance weighted. Figure created with BioRender.com.

truncating variant with an allele frequency <0.05 (see Supplementary
Methods). The effects of the protein-truncating variants were determined
by regressing plasma concentration of metabolites on protein-truncating
variant carrier status in 181672 UK Biobank participants (see
Supplementary Methods for details).

Robustness checks and sensitivity analyses

We performed sensitivity MR analyses of ANGPTL3, ANGPTL4, APOC3, LPL, and
LIPG on CAD by restricting the genetic instrument selection to variants within
these target genes predicted to have functional impacts. This strategy aimed to
mitigate potential biases arising from common non-coding small-effect variants
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Table 1 Description of GWAS data sets
No Trait First author Consortium Sample size Population
(year) (events/total)
pQTL 1 Plasma protein abundance (SomaScan)  Ferkingstad deCODE 35559 Icelandic
(2021)*
2 Plasma protein abundance (Olink) Dhindsa (2023)>*  Not available 50829 British
Diseases 3 Coronary artery disease Aragam (2022)*  CARDioGRAMplusC4D; 181 522/1 165 690 European
EPIC-CVD
4 Chronic kidney disease Wuttke (2019)%¢  CKDGen 41 395/480 698 European
5 Ischaemic stroke Mishra (2022)”  GIGASTROKE 62 100/1 296 908 European
6 Non-alcoholic fatty liver disease Ghodsian Not available 8434/787 048 European
(2021)%®
7 Type 2 diabetes Mahajan (2018)” DIAGRAM 74124/898 130 European
Risk 8 Plasma total, HDL, and LDL cholesterol; Neale lab (2018)  Not available 273 896-344278; British
factors Apolipoprotein B; Apolipoprotein
A1; TG; Lipoprotein(a); HbA1c
9 HDL, and LDL cholesterol; TG; NMR Wang (2021) AZPheWAS 95077-376 311 British
metabolomics (23); Nag
(2023)*°
10 NMR metabolomics, including total Elsworth MRC-IEU 110 058-115 078 British
lipoprotein phospholipids (2020)*
11 Systolic blood pressure; diastolic blood  Evangelou Not available 757 601 European
pressure (2018)*
12 Body mass index; waist-hip ratio Pulit (2018)* GIANT 694 649-806 834 European
13 Body fat percentage; NMR total Elsworth MRC-IEU 115078-454 633 British
triglycerides; NMR total (2020)*
phospholipids
14 Plasma creatinine estimated glomerular ~ Stanzick (2021)**  CKDGen 1004 040; 1201909  European; 86%
filttration rate (eGFR); cystatin C European
eGFR
Safety 15 Magnetic resonance imaging of internal  Liu (2021)** Not available 25617-32860 British
related organs
16 Routine blood chemistry tests Neale lab (2018)  Not available 30565-350812 British
17 Acute lymphadenitis; Acute peritonitis; ~ Neale lab (2018); Not available; FinnGen 620-4982/270172— British; Finnish
Ascites; Intestinal malabsorption; Kurki (2023)36 382 633; 798—
Non-infectious lymphatic disorders 1643/295 812-341
350
18 Phenome-wide association study FinnGen Pan-UK Biobank + FinnGen 110-279 543/301 British; Finnish
(2023)% meta-analysis 552-882 347

NMR, nuclear magnetic resonance spectroscopy.

outside the target genes, which could be confounded due to linkage disequilibrium
with other genes in the same genomic region. Ensembl Variant Effect Predictor
(VEP) version 109* was used to annotate variants within 2.5 Kb of the target
gene associated (P <0.01) with target protein levels and plasma triglycerides.
Non-coding variants outside of the 5’ untranslated region (UTR), 3" UTR, or splice
site regions were fittered out and excluded from further analysis, as were missense
variants lacking SIFT deleterious or PolyPhen likely or probably damaging annota-
tions. MR was conducted for single variants using the Wald ratio estimator, and
meta-analysis was performed using a random-effects IVWV estimator.

Step 4
Meta-analysis of the impact of protein-truncating variants
on CAD

We conducted genetic association analyses in the UK Biobank (see Supplementary
Methods) and meta-analysed the results with previous studies to assess how protein-
truncating variants in ANGPTL3, ANGPTL4, and APOC3 impact CAD risk. To minimize

the influence of incorrect genotype calls for rare variants, the meta-analysis was lim-
ited to studies where genotypes were determined by DNA sequencing. When mul-
tiple papers reported on individuals from overlapping cohorts or case-control
studies, we selected the substudy with the largest sample size for inclusion in the
meta-analysis. The meta-analyses were restricted to European ancestries. VWe deter-
mined the impact of the protein-truncating variants on CAD risk per mmol/L reduc-
tion of TG and per protein-truncating allele using fixed-effect IVWV estimators. If no
within-sample association of protein-truncating variants with TG concentrations (in
mmol/L) was available, the combined VWV meta-analysis TG estimate was used as
the denominator to determine the CAD odds per mmol/L TG effect. Statistical het-
erogeneity across studies was estimated by calculating the Cochran Q statistic.

Statistics

Multiple testing

P-values and 95% confidence intervals (Cl) are reported using analysis-
type Bonferroni multiple comparisons correction. In the primary MR
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analyses, we corrected for the five cardiometabolic disease outcomes that
were run across three different drug-target gene exposures (ANGPTL3,
ANGPTL4, APOC3) for protein abundance, and four genes for the TG ex-
posure (ANGPTL3, ANGPTL4, APOC3, LPL). Additionally, we included five
genome-wide TG MR models, totalling 40 comparisons for the cardiome-
tabolic disease outcomes. In the cardiometabolic risk factor MR analyses
of cis-pQTLs, we made corrections for 45 multiple comparisons (15 X
3). Similarly, imaging and blood chemistry MR analyses were corrected
for 33 (11x3), and 129 (43 x 3) multiple comparisons, respectively.
We did not perform multiple comparison corrections for the
ANGPTL4-targeted MR analyses of the lymphadenopathy-related pheno-
types. This was because identifying potential safety concerns that needed
to be addressed was considered more critical than stringent multiplicity
correction for these specific outcomes. Similarly, the primary motivation
for performing the functional variant-limited CAD MR analyses and pro-
tein-truncating variant meta-analysis was to reduce the risk of false-
negative findings. Additionally, we wanted to ensure that these Cls and
P-values remained comparable across different studies. These Cls and
P-values were, therefore, not corrected for multiple comparisons. The sig-
nificance threshold in the phenome-wide cis-pQTL MR analyses was set at
2082 multiple comparisons (694 phenotypes in the FinnGen R10 and UK
biobank meta-analysis, times three genes).

Results

The results of the drug-target MR analyses of cardiometabolic diseases,
cardiometabolic risk factors, and the safety-related endpoints are pre-
sented in Figures 2, 3, and 4, respectively. MR scatter, colocalization
plots, and results tables with greater detail are provided in
Supplementary material online, Figures ST and S2 and Supplementary
material online, Table S2. Detailed PheWAS results are provided in
Supplementary material online, Tables $6—S9. The genetic variants se-
lected for inclusion as IV in one or more of the MR analyses are shown
in Table 2.

Step 1

Drug-target Mendelian randomization of
cardiometabolic diseases

Genetically mediated changes in plasma ANGPTL3 protein abundance
were not associated with a reduced risk of any cardiometabolic out-
come (Figure 2A), nor were ANGPTL3-mediated changes in plasma
TG (Figure 2B).

The p.E40 K coding variant was the only variant that qualified as a
cis-pQTL in the ANGPTL4 region. ANGPTL4 p.E40 K is a common missense
variant (allele freq. ~2% in Europeans) that destabilizes ANGPTL4 after
secretion and prevents ANGPTL4 from inhibiting LPL.*® The association
between the ANGPTL4 p.E40 K coding variant and plasma ANGPTL4 pro-
tein was validated via ELISA in a separate cohort. The association was
—0.45 s.d. protein per allele, P=4.8 X 1075, comparable to the associa-
tions detected with the Olink and Somascan platforms (see Table 2).
The ELISA antibodies detected wild-type and E40 K ANGPTL4 proteins
to a comparable degree, as determined by Western blot analysis (see
Supplementary Methods for details). This suggests that the observed asso-
ciation was not attributable to epitope-binding artefacts.

Changes in ANGPTL4 protein levels via ANGPTL4 p.E40 K were as-
sociated with a decreased risk of CAD (OR 0.57, P=1x 10""%) and
T2D (OR 0.73, P=0.001) (Figure 2A). Similarly, changes in plasma TG
levels via three ANGPTL4-adjacent variants were associated with a
decreased risk of CAD (OR 043, P=1x 107%"), and T2D (OR 0.62,
P=4x10"" (Figure 2B). In addition, colocalization analyses indicated
a high probability of ANGPTL4 p.E40 K being a shared causal variant
for ANGPTL4 levels and TG levels with CAD and T2D (pp.H4: 98—
100%) (Figures 2A and B).

Changes in APOC3 levels caused by APOC3-adjacent variants were
associated with a reduced risk of CAD (OR 0.90, P=0.009)

(Figure 2A), as were changes in TG levels through APOC3-adjacent var-
iants (OR 0.80, P=4x 10"""). The APOC3 ¢.55 + 1G > A splice donor
loss variant had a substantial impact on plasma APOC3 levels
(=219 s.d. protein, P=3.2 x 10""*%) and plasma TG (—0.86 mmol/L,
P=3.4x10"") (Table 2). When compared to the model allowing
for multiple variants in the APOC3 region, APOC3 lowering modelled
through the APOC3 ¢.55 + 1G > A variant demonstrated a comparable
correlation with CAD in terms of the direction of its effect. However,
the association was non-significant (Figure 2).

Similar to APOC3 and ANGPTL4, changes in plasma TG levels
through LPL-adjacent variants were associated with a reduced risk of
CAD (OR 0.69, P=1x10"%%, NAFLD (OR 0.66, P=0.021), and
T2D (OR 0.73, P =6 x 107"°) (Figure 2B).

Drug-target cis-pQTL Mendelian randomization of
cardiometabolic risk factors

Genetically lowered plasma ANGPTL3 levels were associated with re-
duced total cholesterol (=027 mmolllL, P=2x10"""), TG
(=034 mmol/, P=6x1072%), LDL-C (-0.15mmol/l, P=2x
107%"), ApoB (—0.03 g/, P=3x 107>¢), and ApoA-I levels (—0.05 g/L,
P=1x10"""), while the effect on HDL-C was comparatively weak
(—=0.02 mmol/L, P =4 x 107 (Figure 3).

Genetically lowered plasma ANGPTL4 levels instrumented through
the p.E40K variant were associated with reduced plasma TG
(—=0.65 mmollL, P=1x10""%) and weakly reduced ApoB levels
(-0.02 g/L, P=0.038), as well as increased ApoA1 (0.11g/L, P=1X
107°) and HDL-C levels (0.24 mmol/L, P=7x10""% (Figure 3).
Genetically lowered plasma ANGPTL4 levels were also associated with
modest reductions in the waist-hip ratio (—0.09 s.d., P=0.004), and a
small increase in body fat percentage (0.07 s.d., P =0.008) (Figure 3).

Genetically lowered plasma APOCS3 levels were associated with re-
duced TG levels (—0.58 mmol/L, P < 2 x 1073%®) (Figure 3). APOC3 le-
vels were also associated with ApoB (—=0.03 g/L, P =1 x 1072), LDL-C
(—=0.10 mmol/L, P= 6 x 10~"®), HDL-C (0.16 mmol/L, P =2 x 10~ >%),
and total cholesterol (—0.08 mmol/L, P =5 x 107°) (Figure 3). In terms
of association and effect directionality, these results closely resembled
those of the APOC3 ¢.55 + 1G > A model (Figure 3).

Step 2

Drug-target Mendelian randomization of potential
adverse effects

Genetic lowering of plasma protein levels of the target genes was not
associated with any of the MRI imaging endpoints (Figure 4A). 9, 3, 9,
and 6 out of the 43 routine clinical laboratory tests showed statistically
significant associations by drug-target cis-pQTL MR of the ANGPTLS3,
ANGPTL4, APOC3, and c55+1G>A models, respectively
(Figure 4B). The effect magnitudes were weak. For example, genetically
lowered ANGPTL3 and APOCS3 levels were significantly associated
with increased platelet count. However, the effect was estimated to
be 4-5 x 10 cells/L (equalling 0.06-0.08 s5.d.) per s.d. lowered plasma
protein levels, which was minimal compared to the population mean va-
lue of 252 x 107 cells/L.

Given that safety concerns have arisen from preclinical models of
ANGPTL4 deficiency, we conducted targeted cis-pQTL MR analyses
of ANGPTL4 on disease phenotypes that may be associated with ab-
dominal lymphadenopathy. The mechanism behind the fatal chylous
lymphadenopathy observed in mice was purportedly the loss of inhib-
ition of LPL in macrophages, which caused them to take up excess li-
pids, leading to massive inflammation in the mesenteric lymph
system."* Exposure to ANGPTL4 inactivation was instrumented using
two different models: by the ANGPTL4 p.E40 K coding variant, and by
the ANGPTL4 p.Cys80frameshift (fs) variant. ANGPTL4 p.Cys80fs is a
high-confidence predicted loss-of-function variant (gnomAD v.4.0.0).
It is enriched in Finns compared to non-Finnish Europeans (allele
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Cardiometabolic diseases

A Exposure: Target protein abundance

Outcome Events/Total No. SNPs Odds ratio (95% CIl)  P-value Coloc.
ANGPTL3 3 - 0.98 (0.91;1.06 1.00 H1: 93%
Cpronary artery 181,522 / 1,165,690 ANGPTL4 1 — 0.57 20.47;0.69; 1le-19 H4: 100%
disease APOC3 2 - 0.90 (0.83;0.99) 0.009 H3: 100%
APOC3 c.55+1G>A 1 - 0.94 (0.84;1.04) 1.00
L ANGPTL3 3 — 0.97 (0.84;1.12) 1.00 H1: 94%
C_hronlc kidney 41,395/ 480,698 ANGPTL4 1 —_— 0.99 (0.68;1.44) 1.00 H1: 94%
disease APOC3 1 —_— 0.86 (0.63;1.17) 100  HL: 95%
APOC3 c.55+1G>A 0 :
ANGPTL3 3 -— 1.08 (0.97;1.21) 0.66 H1: 95%
Ischemic stroke 62,100/ 1,296,908 ANGPTL4 1 —_— 0.78 (0.57;1.08) 0.54 H1: 74%
APOC3 1 — 0.97 (0.77;1.23) 1.00 H1: 94%
APOC3 c.55+1G>A 0
I ANGPTL3 3 —— 1.05 (0.82;1.36 1.00 H1: 97%
Non-alcoholic fatty g o 267 048 ANGPTL4 1 —_— 1.07 20.61;1.87; 100 HL: 93%
liver disease APOC3 1 —_— 0.91 (0.55;1.53) 1.00 HL: 94%
APOC3 c.55+1G>A 0 :
ANGPTL3 3 = 1.00 (0.91;1.11) 1.00 H1: 90%
Type 2 diabetes 74,124/ 898,130 ANGPTL4 1 —_— 0.73 (0.58;0.93) 0.001 H4: 98%
APOC3 2 - 1.00 (0.90;1.11) 1.00 H3: 57%
APOC3 c.55+1G>A 1 — 1.08 (0.95;1.21) 1.00
0.25 0.5 1 2 4
Odds ratio per s.d. lowered protein abundance (95% CI)
B Exposure: Triglycerides
ANGPTL3 3 —_— 0.96 (0.78;1.18) 1.00 H1: 96%
ANGPTL4 3 —_— . 0.43 (0.33;0.57) le-21 H4: 100%
Coronary artery g, 55 /1,165,690 APOC3 7 - 0.80 (0.72:0.89) 4e-11  H4: 100%
disease APOC3C55+1G>A 1 — 0.85 (0.65;1.12) 1.00
LPL 20 - 0.69 (0.61;0.77) le-24 H3: 100%
Genome -wide TG QTLs 117 - 0.76 (0.69;0.84) 8e-19
ANGPTL3 3 —_— 0.85 (0.57;1.27) 1.00 H1: 94%
L ANGPTL4 3 —_— 0.97 (0.57;1.67) 1.00 H1: 94%
Chronic kidney 1 355/ 480,698 APOC3 6 —— 0.85 (0.68;1.05) 053  HL: 95%
disease APOC3c55+1G>A 0 :
LPL 19 —e 0.92 (0.74;1.14) 1.00 H1: 94%
Genome -wide TG QTLs 95 —— 1.00 (0.88;1.13) 1.00
ANGPTL3 3 P 1.21 (0.89;1.63) 1.00 H1: 94%
ANGPTL4 3 —_— 0.74 (0.47;1.17) 1.00 H1: 74%
Ischemic stroke 62,100 / 1,296,908 APOC3 6 — 0.99 (0.85;1.16) 1.00 H1: 95%
APOC3 ¢.55+1G>A 0 5
LPL 14 — 0.97 (0.82;1.15) 1.00 H1: 96%
Genome -wide TG QTLs 89 - 0.98 (0.90;1.07) 1.00
ANGPTL3 3 D —— 1.14 (0.56;2.31) 1.00 H1: 97%
. ANGPTL4 3 _—— 1.05 (0.46;2.39) 1.00 H1: 93%
l.\lon—a.llcohollc fatty 8.434/ 787,048 APOC3 5 —_— 0.96 (0.68;1.37) 1.00 H1: 95%
liver disease APOC3c55+1G>A 0 :
LPL 14 B 0.66 (0.44;0.97) 0.021 H3: 52%
Genome -wide TG QTLs 83 —'— 0.92 (0.68;1.23) 1.00
ANGPTL3 3 —_— 1.01 (0.77;1.32) 1.00 H1: 95%
ANGPTL4 3 —_— 0.62 (0.44;0.88) 4e-04 H4: 98%
Type 2 diabetes 74,124/ 898,130 APOC3 7 —— 0.89 (0.78;1.01) 0.11 H3: 58%
APOC3 c.55+1G>A 1 —— 1.20 (0.89;1.63) 1.00
LPL 19 —-— 0.73 (0.63;0.85) 6e-10 H3: 51%
Genome -wide TG QTLs 104 —— 0.87 (0.70;1.08) 1.00

0.25

0.5

1 2 4

Odds ratio per mmol/L lowered triglycerides (95% CI)

Figure 2 Results of MR analyses of cardiometabolic disease outcomes. (A) Forest plot and table of the cis-pQTL-based MR analyses. Events/total,
the outcome study’s case count and total sample size. No. SNPs, the number of variants included in the MR model. Zero SNPs indicate that none
of the genetic instruments were detected in the outcome data set. Coloc,, the colocalization hypothesis (Ho_4) with the highest posterior probability
(see the ‘Methods’ section for details about their interpretation). (B) Results of the MR analysis using TG levels as the exposure. The ‘Genome-wide TG
QTLs’ and ‘LPL’ models were positive controls. Genome-wide TG QTLs, the MR model that included independent (r2 < 0.001, 500 Kb clumping win-
dow) variants associated with TG levels (P < 5 x 107®) across chromosomes 1-22. LPL, lipoprotein lipase.

frequency: 0.63% vs. 0.05%). Cis-pQTL MR via the relatively common
ANGPTL4 p.E40 K variant was conducted at five different phenotypes
that may be related to lymphadenopathy and malabsorptive states.
Four had overlapping phenotype codes between the UK biobank and
FinnGen and were meta-analysed using IVW meta-analysis.
ANGPTLA4 levels via p.E40 K were not associated with any of the five
phenotypes (Figure 4C). However, since the confidence intervals

were wide, we cannot fully exclude an association of p.E40 K within
this interval. Genetically lowered plasma ANGPTL4 levels via the
ANGPTL4 p.Cys80fs variant were not associated with any of the four
FinnGen phenotypes that may be related to lymphadenopathy and ma-
labsorptive states (Figure 4C).

To investigate if there was any genetic evidence for unknown
ANGPTL4-mediated side effects, we performed cis-pQTL MR on
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Cardiometabolic risk markers

Exposure: Target protein abundance (ANGPTL3, ANGPTL4, APOC3 cis-pQTLs)
Outcome Sample size No. SNPs Effect (95% CI) P-value Coloc.
ANGPTL3 3] - 0.27 (-0.31;-0.23) 2e-107 H3: 100%
Total cholesterol 344,278 ANGPTL4 1 0.09 (-0.01;0.18) 0.19 H3: 100%
APOC3 2 - 0.08 (-0.12;-0.03) 5e-06 H3: 100%
APOC3 ¢.55+1G>A 1 0.00 (-0.05;0.05) 1.00
ANGPTL3 3 - 0.34(-0.38;-0.31) 6e-206 H3: 100%
Triglycerides 343,992 ANGPTL4 1 - 0.56) le-125 H4: 100%
APOC3 2 — 0.58 (-0.62;-0.53) <2e-308 H3: 100%
APOC3 c.55+1G>A 1 - 0.39 (-0.44;-0.35) le-155
ANGPTL3 3 - 0.15(-0.19;-0.12) 2e-57 H3: 100%
LDL cholesterol 343,621 ANGPTL4 1 -0.02 (-0.09;0.06) 1.00 H1: 96%
APOC3 2 - 0.10 (-0.14;-0.06) 6e-18 H3: 100%
APOC3 c.55+1G>A 1 — 0.07 (-0.11;-0.03) 2e-07
ANGPTL3 3 - 0.02 (-0.03;-0.01) 4e-05 H3: 100%
HDL cholesterol 315,133 ANGPTL4 1 + 0.24 (0.21;0.28) 7e-134 H4: 100%
APOC3 2 + 0.16 (0.14;0.17) 2e-238 H4: 100%
APOC3 ¢.55+1G>A 1 + 0.17 (0.15;0.18) 3e-206
T T T
-1 0 1
Lipid (mmol/L) per s.d. lowered protein abundance (95% Cl)
ANGPTL3 3 — 0.03 (-0.04;-0.03) 3e-36 H3: 100%
Apolipoprotein B 342,590 ANGPTL4 1 —0.02 (-0.04;0.00) 0.038 H4: 58%
APOC3 2 — 0.03 (-0.04;-0.02) le-22 H3: 100%
APOC3 c.55+1G>A 1 — 0.02 (-0.03;-0.01) 7e-09
ANGPTL3 3 - 0.05 (-0.05;-0.04) le-51 H3: 100%
Apolipoprotein A1 313,387 ANGPTL4 1 + 0.11 (0.09;0.14) le-55 H4: 100%
APOC3 2 + 0.07 (0.06;0.08) 7e-94 H3: 100%
APOC3C55+1G>A 1 + 0.10 (0.09;0.11) 3e-139
T T
03 0.0 0.3
Lipoprotein (g/L) per s.d. lowered protein abundance (95% CI)
ANGPTL3 3 - -0.09 (-2.13;1.95) 1.00 H1: 97%
Lipoprotein(a) 273,896 ANGPTL4 1 - 0.86 (—4.06;5.77) 1.00 H1: 96%
APOC3 2 4 -0.99 (-3.32;1.34) 1.00 H1: 95%
APOC3 C.55+1G>A 1 -+ -0.19 (-2.84;2.46) 1.00
T T
-50 0 50
Lipoprotein(a) (nmol/L) per s.d. lowered protein abundance (95% CI)
ANGPTL3 3 —-0.02 (-0.25;0.22) 1.00 H1: 96%
Hemoglobin Alc 344,182 ANGPTL4 1 -0.47 (-1.03;0.09) 0.29 H1: 80%
APOC3 2 0.06 (-0.21;0.33) 1.00 H1: 92%
APOC3C55+1G>A 1 0.14 (-0.16;0.45) 1.00
T T T
-7 0 7
HbA1lc (mmol/mol) per s.d. lowered protein abundance (95% CI)

. ANGPTL3 3 0.16 (-0.31;0.62) 1.00 H1: 99%
Systolic blood o7 5y ANGPTLA 1 ~1.17 (-2.35,0.01) 0053  H1: 55%
RIESSHIC APOC3 1 - 1.43 (-2.50;-0.36) 6e-04 H3: 100%

APOC3C55+1G>A 0
. . ANGPTL3 3 —0.03 (-0.30;0.23) 1.00 H1: 100%
Diastolic blood o7 ) ANGPTLA 1 ~0.50 (-1.17:0.17) 071  H3:100%
pressure APOC3 1 - 0.81 (-1.43;-0.20) 7e-04 H3: 100%
APOC3c55+1G>A 0
T T T
-10 0 10
Blood pressure (mmHg) per s.d. lowered protein abundance (95% CI)
ANGPTL3 g —0.01 (-0.04;0.01) 1.00 H1: 95%
Waist to hip-ratio 697,734 ANGPTL4 1 - 0.09 (-0.16;-0.01) 0.004 H4: 86%
APOC3 2 0.01 (-0.02;0.05) 1.00 H3: 98%
APOC3 c.55+1G>A 1 0.02 (-0.02;0.06) 1.00
Body fat ANGPTL3 3 -0.01 (-0.03;0.01) 1.00 H1: 99%
454,633 ANGPTL4 1 + 0.07 (0.01;0.12) 0.008 H4: 78%
percentage APOC3 1 0.03 (~0.03;0.08) 1.00 H3: 100%
APOC3c55+1G>A 0
ANGPTL3 3 —0.02 (-0.05;0.00) 0.13 H1: 93%
Body mass index 806,834 ANGPTL4 1 0.01 (-0.06;0.09) 1.00 H1: 95%
APOC3 2 0.00 (-0.04;0.03) 1.00 H3: 100%
APOC3 ¢.55+1G>A 1 —-0.01 (-0.05;0.03) 1.00
T T T
-1 0 1

Anthropometric measurement (s.d.) per s.d. lowered protein abundance (95% CI)

Risk marker
reduced per 1-s.d.
target protein lowering

Risk marker
increased per 1-s.d.
target protein lowering

Figure 3 Results of MR analyses of cardiometabolic disease risk factors. The results are presented as bar plots, showing the magnitude of the effect
per s.d. lowered protein abundance. The lines indicate the 95% Cl. The results from cis-pQTL MR of the estimated glomerular filtration rate (eGFR) by
Cystatin C and plasma Creatinine, respectively, are given in Supplementary material online, Figure S3.
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(Figure 4D). Instead, we found phenome-wide evidence that p.E40 K re-
duced the risk of four CAD-related phenotypes, including myocardial
infarction and one T2D-related phenotype, while also being associated
with a lowered probability of statin prescription, lipoprotein disorders,

694 disease-related phenotypes in FinnGen and the UK Biobank via the
ANGPTL4 p.E40 K and p.Cys80fs variants. Using a phenome-wide sig-
nificance threshold of P < %, we found no evidence for increased
risk of any endpoint via p.E40K- or p.Cys80fs-lowered ANGPTL4 levels
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Drug-target MR analysis supports lowering ANGPTL3, ANGPTL4, and APOC3 to reduce CVD risk

A Imaging Exposure: Target protein abundance (ANGPTL3, ANGPTL4, APOC3 cis-pQTLs)
ANGPTL3 ANGPTL4 APOC3
Outcome Sample size Effect (95% CI) Effect (95% CI) Effect (95% CI)
Abdominal SCWAT vol. 32,860 —+ 0.01 (-0.10;0.11) 0.16 (-0.090.41) -0.07 (-0.32,0.18)
Kidney volume 32,860 4 0.13 (-0.09:0.35) -0.13 (-0.35:0.09)
Liver fat percentage 32,858 - 0.03 (-0.24:0.30) —)— 0.01 (-0.26,0.28)
Liver iron 32,858 4 . ~0.15 (-0.42,0.12) —H— ~0.07 (-0.33;0.20)
Liver volume 32,860 4 0.06 (~0.05:0.16) 0.03 (-0.22:0.27) e 0.01 (-0.23;0.25)
Lung volume 32,860 -+ 0.03 (-0.07:0. 0.06 (-0.18:0.30) 0.1 (-0.13;0.34)
Pancreas fat 25,617 — 0.02 (-0 0.16 (-0.14:0.46) -0.03 (-0.32,0.27)
Pancreas iron 25,617 -4 0.03 (<0 0.03 (-0.28,0.33) 0.07 (-0.23;0.37)
Pancreas volume 31,758 —+ ~0.03 (-0.14:0.08) 0.11 (-0.16:0.37) -0.12 (-0.380.14)
Spleen volume 32,860 —Ht ~0.04 (-0.15:0.06) 0.01 (-0.24:0.25) 0.05 (~0.19;0.29)
Visceral WAT volume 32,860 4 0.04 (-0.06,0.13) 0.19 (~0.04:0.43) ~0.06 (-0.29,0.17)
-05 0.0 05 -05 0.0 05 -0.5 0.0 05

Imaging parameter change (s.ct.) per s.d. lowered protein abundance (95% Ci)

Imaging parameter change (s.d.) per s.d. lowered protein abundance (95% CI)

Imaging parameter change (5.c.) per s.d. lowered protein abundance (95% CI)

B Blood chemistry & Exposure: Target protein abundance (ANGPTL3, ANGPTL4, APOC3 cis-pQTLs)
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C Lymphadenopathy

Exposure: ANGPTL4 protein abundance (ANGPTL4 cis-pQTLs)

IV Endocrine, nutritional and metabolic

Variant Outcome Events/Total 0Odds ratio (95% CI) P-value
ANGPTL4 p.E40K Acute lymphadenitis 6,597 / 700,506 —-— 1.03 (0.74;1.44) 0.86
Acute peritonitis 3,362 /689,698 —_— 0.77 (0.46;1.29) 0.33
Ascites (non malignant) 3,384 /367,211 —_— 1.13 (0.66;1.93) 0.65
Intestinal malabsorption 1,693 /600,069 —_— 0.99 (0.50;1.97) 0.98
Noninfectious disorders of the lymphatic system 2,809 / 680,456 —-— 1.18 (0.69;2.00) 0.55
ANGPTL4 p.Cys80fs Acute lymphadenitis 1,615 /325,625 — 1.22 (0.96;1.55) 0.11
Acute peritonitis 1,643 / 341,350 — 1.11 (0.87;1.41) 0.39
Intestinal malabsorption 1,073 /329,277 —_— 1.03 (0.77;1.38) 0.83
Noninfectious disorders of the lymphatic system 798 /295,812 — 1.01 (0.71;1.43) 0.96
T T T T T
0.25 0.5 1 2 4
Odds ratio per s.d. lowered protein abundance (95% Cl)
D PhewAS Exposure: ANGPTL4 protein abundance (ANGPTL4 cis-pQTLs)
ANGPTL4 p.E40K ANGPTL4 p.Cys80fs
Coronary atherosclerosis
OR: 0:64 (0.50;0.83)
124 —
Statin medication
OR: 074,(0.62:0.90)
_ A
> — An ““Major coronary heart disease event Statin medication Case count
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Figure 4 Results of MR analysis of potential adverse effects. (A) Cis-pQTL MR results on the imaging outcomes. Bar plots and red lines indicate the
effect and 95% CI. scWAT, subcutaneous white adipose tissue; vol., volume. (B) Cis-pQTL MR of the clinical laboratory outcomes. The red bars indicate
the 95% Cl. The black dots indicate the effect point estimate. * indicate P < 0.05. ** indicates P < 0.05 with a shared causal variant (H,). A list explaining
the abbreviations is provided in the Supplementary material (Supplementary material online, Table S7). Supplementary material online, Figure S5

shows the results on a 1-s.d. scale. (C) Results of ANGPTL4 cis-pQTL
(D) Volcano plot displaying the results of ANGPTL4 cis-pQTL phenome-

MR of mesenteric lymphadenopathy and malabsorption-related phenotypes.
wide MR scans on 694 outcomes in the FinnGen and UK Biobank meta-analysis

(see Table 2 and Supplementary material online, Table S1 for the reference and link to data, respectively). The y-axis solid straight lines indicate the

phenome-wide significance threshold.
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and hypercholesterolaemia (Figure 4D). Additionally, ANGPTL4
p.Cys80fs was associated with a decreased risk of two T2D-related
outcomes and a lowered probability of statin prescription and hyper-
cholesterolaemia diagnosis (Figure 4D).

The phenome-wide MR results of lowered plasma ANGPTL4 levels
were compared with ANGPTL3 and APOCS3 by cis-pQTL MR of the
694 FinnGen and UK Biobank endpoints using the ANGPTL3
c*52_%60del and APOC3 c.55+1G > A. Genetically lowered plasma
ANGPTL3 levels were associated with a reduced risk of being pre-
scribed statin medication, two lipid-related diagnosis codes but not
any other patient-related outcome (see Supplementary material
online, Figure S4A). APOC3 ¢.55 + 1G > A was associated with a reduced
risk of statin prescription but not any other endpoint (see
Supplementary material online, Figure S4B).

Step 3

Common variants in ANGPTL3, ANGPTL4, and
APOC3 share their metabolic fingerprint with
protein-truncating variants

In line with a previous investigation,*® we found no significant associ-
ation between ANGPTL3 inactivation via common variants and
CAD. Previously, however, evidence was presented that loss-of-func-
tion variants in ANGPTL3 are associated with a decreased risk of
CAD.*”*8 As the common variants adjacent to ANGPTL3 only modestly
impacted plasma lipids, it could be argued that they do not accurately
reflect the effects of more profound ANGPTL3 inactivation.
Therefore, we examined whether the common variants chosen as gen-
etic instrumental variables and were adjacent to ANGPTL3, ANGPTL4,
and APOC3 mimicked the effects (i.e. showed the same effect direction-
ality) of protein-truncating variants.

The common variants adjacent to ANGPTL3, ANGPTL4, and APOC3
were highly concordant with protein-truncating variants within the
same gene (Figure 5A—C). One hundred sixty-seven metabolite asso-
ciations near ANGPTL3 showed a high concordance metric (R?) of
82% between the common variant and protein-truncating variant
models. ANGPTL4 common variants were also highly concordant
with ANGPTL4 protein-truncating variants, having an R* of 83%.
APOC3 showed a concordance metric R* of 86%. These results dem-
onstrate that the common genetic variations adjacent to ANGPTL3,
ANGPTL4, and APOC3 would be valid genetic instruments reflecting
a modest ‘knock-down’ of each respective gene.

Comparative drug-target Mendelian
randomization of LPL and endothelial lipase
reveals that in order to achieve CAD benefits,
ANGPTL3 inhibition should primarily target LPL
rather than EL

ANGPTL3 targets both EL and LPL and may thus influence CAD via
two independent pathways.*’ To compare the effects of these two tar-
get enzymes, we analysed the effects of genetically instrumented EL and
LPL activity on CAD by performing functional-variant limited MR of the
LIPG (encoding EL) and LPL genes. We used the preferred enzyme sub-
strate as the exposure, as EL prefers lipoprotein phospholipids, where-
as LPL primarily hydrolyzes lipoprotein TGs.>® We detected two
functional LPL variants and four functional LIPG variants with small to
large effects on plasma TG/lipoprotein phospholipids (range: 0.02—
0.6 s.d. per allele).

MR analysis of LPL and LIPG found opposing significant associations
with CAD for LPL (IVW meta-analysis: OR 0.74, P=1x 107" and
EL (IVW meta-analysis OR 1.38, P =5 x 10™7) (Figure 5D). These find-
ings suggest that increased activity of LPL protects against the develop-
ment of atherosclerosis, whereas heightened activity of EL may

contribute to the acceleration of atherosclerosis. The contrasting im-
pact of genetic EL and LPL activity on CAD risk suggests that for
ANGPTL3 inactivation to lower CAD risk, it may need to have a great-
er impact on LPL activity compared to EL activity.

Step 4

Protein-truncating variants in ANGPTL3,
ANGPTL4, and APOC3, and the risk of CAD

Two previous studies found that loss-of-function variants in ANGPTL3
protected against CAD.>* In an effort to reproduce these findings,
we performed a sensitivity MR analysis of CAD and limited the selec-
tion of genetic instruments to functional variants. Functional annota-
tions were detected for four ANGPTL3, two ANGPTL4, and one
APOC3 variant. The detected APOC3 variant was the ¢55+ 1G> A
splice donor loss variant, which was already reported in Figures 2—4.
The other variants associated with lowered protein levels and triglycer-
ides, with effect sizes ranging from profound to modest (protein range:
—2.53— —0.28; TG range —0.28— —0.62) (Figure 5E).>> The variants
were analysed individually and together using random-effects IVW
meta-analysis. MR of the ANGPTL3 variants indicated that ANGPTL3
protein levels were not significantly associated with CAD, individually
or together (meta-analysis IVW OR per sd. TG: 0.94, P=0.34)
(Figure 5E). By contrast, reduced ANGPTL4 protein levels were asso-
ciated with a decreased risk of CAD (meta-analysis VW OR: 0.45
per s.d. TG, P=2x 107" (Figure 5E).

Considering the beneficial effects of ANGPTL3, ANGPTL4, and
APOC3 on plasma lipids, it was expected that genetic inactivation of
these proteins would confer protection against CAD. However, the
ANGPTL3 MR analyses focusing on common variants and MR of func-
tional variants (identified through DNA microarrays) did not support
this hypothesis. Therefore, we pursued a meta-analysis of DNA
sequencing-based studies that studied the effect of ANGPTL3,
ANGPTL4, and APOC3 protein-truncating variants on CAD. The rationale
for excluding DNA microarray and exome bead chip-based studies was
the potential risk of introducing measurement error for rare variants,> "2
leading to bias towards the null hypothesis. DNA-sequencing-based sub-
studies from previous papers,>*~*>* were extracted and analysed to-
gether with genetic association analyses conducted in the UK Biobank.
Loss-of-function variant genetic association effect sizes typically range
from —1 to —3 s.d. for their affected protein.”® The carrier status of pro-
tein-truncating variants was associated with substantial decreases in pro-
tein levels for both ANGPTL3 (—2.51 s.d. protein, P=2x10"'%%) and
ANGPTL4 (=112 sd. protein, P=9x 107%"). APOC3 protein levels
were not measured in the UK Biobank. However, APOC3 protein-trun-
cating variants were associated with a significant reduction in TG
(—0.81 mmol/L TG, P=2x 1072"?).

The results of the meta-analysis are presented in Figure 6. The pres-
ence of ANGPTL3 protein-truncating variants was associated with re-
duced CAD risk (meta-analysis VW OR: 0.42 per TG, P=4x 107>).
ANGPTL4 protein-truncating variant carrier status was also associated
with a reduced risk of CAD (meta-analysis VW OR: 0.31 per TG, P
=0.045), as was APOC3 protein-truncating variant carriers status
(meta-analysis IVW OR: 0.73 per TG, P =0.004). The key finding was
the robust association of ANGPTL3 protein-truncating carrier status
with a reduced risk of CAD. This association was not detected with
the other approaches and implies that ANGPTL3 lowering might offer
atheroprotective benefits similar to ANGPTL4 or APOC3 lowering.

Discussion

We find that targeted inactivation and associated lowering of plasma
APOCS3 levels is predicted to decrease plasma TG and LDL and raise
HDL levels. Targeted lowering of plasma ANGPTL3 is expected to
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Figure 5 Results of validation analyses. The concordance between the effect directionality of CVs and PTVs is displayed using scatter plots with a
regression line. (A) Comparison of the effect directionality between ANGPTL3 CVs and PTVs. (B) ANGPTL4 CVs vs. PTVs. (A) APOC3 CVs vs. PTVs. R,
the coefficient of determination; Int., the regression line intercept. The colour of the scattered dots indicates the lipid class of the NMR parameter. The
collapsing model estimates were scaled by their 1-s.d. effect on plasma TGs to improve interpretability. (D) Forest plots and tables showing the results of
the CAD MR analysis focusing on functional variants in LPL and LIPG. Genetic association summary statistics of LIPG with the exposure were extracted
from the UK biobank NMR study of 115 078 individuals retrieved from Ref. *' LPL variant associations were retrieved from the same data set. CAD data

were from the Aragam et a

I.25

meta-analysis. (E) Forest plots and tables showing the results of the CAD MR analysis that limited the selection of genetic

instruments to functional variants in ANGPTL3 and ANGPTL4. Freq., the alternative allele frequency. info, the imputation quality metric derived from the
outcome GWAS. Variant effects on plasma lipids were retrieved from.?* The ANGPTL4 p.Glu40Lys (p.E40 K) estimates differ slightly from Figure 2 be-
cause a slightly different estimator and UK Biobank subcohort were used to measure the association between the functional variants and plasma TGs.
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Figure 6 Meta-analysis of protein-truncating variants in ANGPTL3, ANGPTL4, and APOC3, and the risk of CAD. Forest plots and tables indicating the

effect on CAD per mmol/L TG, and per allele. The protein-truncating variant effect estimates for each substudy were retrieved from Refs.

SABHAES The

case definition used in the Copenhagen City Heart Study was not exclusively restricted to CAD. 21% of the ischaemic vascular disease cases were
diagnosed with atherosclerotic cerebrovascular disease, rather than CAD (with CAD encompassing 79% of the cases).>* Eur., European ancestry.

reduce plasma TG, LDL, and HDL levels, while targeted lowering of
plasma ANGPTL4 is predicted to decrease plasma TG and increase
HDL levels. Based on these findings, it is expected that genetic inactiva-
tion of APOC3, ANGPTL3, and ANGPTLA4 levels is associated with pro-
tection against CAD. Through MR and a meta-analysis of rare variant
genetic association studies, we confirmed that targeted inactivation and
lowering of ANGPTL3, ANGPTL4, and APOCS3 is associated with a re-
duced risk of CAD. In addition, lifetime genetic lowering of ANGPTL4
was observed to reduce the risk of T2D, indicating that ANGPTL4 inhib-
ition might provide additional benefits to patients with T2D.

The inactivation of ANGPTL4 was shown to lead to mesenteric lymph-
adenopathy in mice and monkeys and other severe complications in mice.
Naturally, these observations raised serious concerns about the safety of
pharmacological targeting of ANGPTL4. Here, we did not find an associ-
ation between genetic ANGPTL4 inactivation and several disease codes
related to lymphatic disorders. While these data do not entirely exclude
any harmful effects of ANGPTL4 inactivation, they do mitigate safety con-
cerns about the impact of whole-body inactivation of ANGPTL4 in hu-
mans. Recently, it was shown that silencing of ANGPTL4 in the liver
and adipose tissue using ASO markedly reduces plasma TG levels in
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mice yet does not lead to mesenteric lymphadenopathy or other compli-
cations.® These data suggest that liver- and adipose tissue-specific inacti-
vation of ANGPTL4 may confer similar cardiovascular benefits as
whole-body ANGPTL4 inactivation without any particular safety risks.

The association of ANGPTL4 with T2D was distinct from the other
proteins that inhibit LPL. In preclinical studies, mice overexpressing LPL
in muscle were more insulin resistant, while mice lacking LPL in muscle
were more insulin sensitive. In contrast, mice overexpressing LPL in adi-
pocytes were more insulin sensitive.>>>® The protective effect of en-
hanced LPL action in adipose tissue may be related to increased lipid
partitioning into the adipose tissue and reduced ectopic fat. While
ANGPTL3, ANGPTL4, and APOC3 all act through LPL, only
ANGPTL4 acts exclusively via LPL, which may explain why only genetic
variation in ANGPTL4 is associated with T2D risk.

Previous studies reported conflicting findings regarding the associ-
ation between ANGPTL3 and CAD. Dewey et al.® and Stitziel et al.*’
found that rare loss-of-function ANGPTL3 variants were associated
with decreased odds of ASCVD, whereas MR studies of common
ANGPTL3-lowering variants reported negative findings.*® By
meta-analysis of loss-of-function variant genetic association studies,
we found clear, statistically robust evidence that lifetime genetic inacti-
vation of ANGPTL3 confers protection against CAD. These findings
align with recent case reports indicating that ANGPTL3 lowering
with Evinacumab protects against atherosclerosis progression in
HoFH patients.""" A recent and similar UK Biobank study examining
the impact of protein-truncating ANGPTL3 variants on CAD found no
association.”” Compared to their analysis, key differences were a
broader case definition, a stricter definition of controls, and the
meta-analysis, which incorporated evidence from previous studies.
These methodological differences strengthened statistical power in
our study, making a false negative finding less probable.

The discrepancy between the protein-truncating and common
ANGPTL3 variants in terms of their association with CAD could be
due to a range of different factors. One possible explanation is the
pleiotropic effects of ANGPTL3. Besides inhibiting LPL, ANGPTL3 in-
hibits endothelial lipase (EL).*® In a recent paper, we showed that the
LPL-independent effects of ANGPTL3 inactivation on plasma metabolic
parameters showed a striking inverse resemblance with EL inactivation,
suggesting that ANGPTL3 modulates plasma lipid levels by inhibiting
LPL and EL.** Here, using MR, we compared the effects of genetically
instrumented EL and LPL activity on CAD. Whereas increased LPL ac-
tivity reduced the odds of CAD, increased EL activity increased the
odds of CAD. The observed link between EL and CAD is consistent
with previous human genetic studies showing the possible harmful ef-
fects of a genetically predicted increase in EL activity.>**® This suggests
that ANGPTL3'’s interaction with EL might counteract its cardiovascu-
lar benefits achieved through LPL inhibition under certain physiological
conditions. While our research demonstrated metabolic concordance
between ANGPTL3 common variants and protein-truncating variants,
it remains possible that more profound ANGPTL3 inactivation by pro-
tein-truncating variants could tip the balance in favour of LPL inhibition
over EL. This shift could potentially enhance the anti-atherosclerotic
benefits of ANGPTL3 lowering.

Interestingly, the association of ANGPTL3 inactivation with CAD
was only present for rare functional variants when the carrier status
was determined by DNA sequencing. This exposes the limitations of
drug-target MR studies using DNA micro-array-based GWAS. When
rare variants are incorrectly imputed, this typically introduces a one-
sided loss of information that biases toward the null hypothesis, leading
to falsely negative findings.52 Even though the imputation quality score
(e.g. 'INFO’) reports an imputation quality metric, this metric does not
really measure the true imputation accuracy.®’ The imputation accur-
acy can only truly be determined if variant carrier status is called by
genotyping. However, studying rare variants in genetic association stud-
ies is not without drawbacks. An important limitation of rare variants is

statistical imprecision simply due to their rarity.®> Rare variants also of-
ten emerged relatively recently and consequently are more susceptible
to confounding by enrichment in specific geographical regions, families,
or socioeconomic strata.®® Even if appropriate model adjustments are
applied, subtle differences in population structure could cause a small
number of extra alleles to be present in the control (or case) group.
This can lead to biased estimates when the rare alternative allele is pre-
sent in ten, or hundred individuals in total, which is often the case for
rare variant studies even when the total sample size is above hundreds
of thousands. Overall, our findings underscore the importance of com-
bining evidence from rare loss-of-function and common variants in gen-
etic association studies of complex disease phenotypes.

The complexity of the APOA1-APOA5-APOC3 locus and the potential
confounding due to LD poses significant challenges in separating the
genetic association signals. The use of APOC3 ¢.55 + 1G > A as a genetic
instrument was justified because of its independence from common
variants within this region, making it ideal for studying APOC3 inactiva-
tion specifically. On the other hand, the analyses of APOC3 inactivation
that did not include the ¢.55+ 1G> A variant should be interpreted
with caution. Compared to clinical trials, MR analysis can exaggerate
the magnitude of the effect of inactivating a gene/protein.®*
Cis-pQTL MR utilizing protein-coding variants warrants extra careful-
ness due to the possibility of epitope-binding artefacts, which may com-
plicate the precise interpretation of effect sizes. The p.E40 K coding
variant was the only variant qualifying as a cis-pQTL in the ANGPTL4 re-
gion in the Steps 1-2 analyses. While our validation analyses suggested
this specific association was not attributable to epitope-binding arte-
facts, we still advise caution when extrapolating effect sizes from the
analyses. Additionally, MR and other genetic association studies esti-
mate lifelong exposure to changed gene function, while drug trials typ-
ically last 2-5 years in late adulthood. If the treatment effect
multiplicatively interacts with time, MR may exaggerate it. This con-
straint should be considered when translating MR findings to predict
the results of clinical trials. For ANGPTL4, Dewey et al.>* found that
the TG levels of p.E40 K homozygotes were reduced by 0.58 mmol/L
(0.92 mmol/L for p.E40 K homozygotes vs. 1.49 mmol/L in non-
carriers; relative change —39%) in a normotriglyceridaemic population.
When translating these findings (TG reduction of 0.58 mmol/L) onto
the effect size on CAD found in this study, one would expect that life-
time ANGPTL4 inactivation—in a population of normotriglyceridaemic
individuals—results in a risk reduction corresponding to a CAD odds
ratio of 0.61 (95% Cl 0.52-0.72).

In conclusion, our genetic analysis predicts that in a broader dyslipi-
daemic patient population, therapies aimed at decreasing plasma
ANGPTL3, ANGPTLA4, or APOCS levels will be effective in preventing
CAD without raising specific safety concerns. In addition, therapies
aimed at reducing plasma levels of ANGPTL4 may provide additional
benefits to patients with dyslipidaemia and T2D.
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limited to authorized researchers who comply with data use policies to
safeguard participant confidentiality. Interested researchers must apply to
UK Biobank, adhering to an application process that ensures ethical and le-
gal compliance in data handling. UK Biobank data set identifiers used for the
analyses under Application Number #148828 are provided in the
Supplementary Methods. The data from the ERF cannot be shared publicly
due to data protection laws. Access to this data is restricted to ensure par-
ticipant confidentiality, aligning with legal and ethical obligations. Any re-
quest for access to the data for legitimate scientific purposes can be
directed to the principal investigators of the ERF study, subject to a rigorous
review process ensuring that all legal and ethical standards are met. The ana-
lyses in this manuscript were performed using the R programming language
(v.4.2.1) with the packages coloc, cowplot, data.table, ggplot2, ggthemes,
mungegwas, phewas, twosamplemr, wesanderson, writexl, and the
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and scipy. The LD matrix estimates were calculated using PLINK
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