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Functional genomic analysis reveals HAVCR1
as the key regulator of 5933.3 locus
linked to hyperlipidemia

Wei-Ting Chen,!.> Chia-Ni Hsiung,?3 Yuh-Shan Jou,! Hui-Chun Wang,* Chen-Yang Shen, !¢
and Wen-Cheng Chou'/>7*

Summary

Hyperlipidemia is a major risk factor for atherosclerosis and other serious cardiovascular diseases, yet it often presents without obvious
symptoms in the absence of comorbidities, complicating early detection and management. Given the high heritability of lipid traits,
genome-wide association studies (GWASs) have identified numerous loci associated with serum lipids; however, pinpointing the
causal variants remains a challenge. Here, we investigated the 5933.3 locus and identified HAVCRI as a likely effector gene influencing
lipid metabolism. By integrating functional genomics and experimental validation, we identified two non-linked variants, rs6882076
and 1517573010, that modulate HAVCR1 via allele-specific binding by IRF2 and GATA4, respectively. rs6882076 was refined from prior
GWAS findings, while 1517573010 emerged from ancestry-specific analysis. These findings highlight the complexity of genetic regu-
lation across populations and establish a mechanistic link between lipid metabolism and inflammation, offering insights into the ge-

netic basis of hyperlipidemia and its potential translational relevance.

Introduction

Genome-wide association studies (GWASs) have dramati-
cally advanced our understanding of the genetic underpin-
nings of complex traits and diseases by identifying thou-
sands of associated loci."”> However, identifying precise
causal variants within these loci remains a significant chal-
lenge.** To address this, researchers have developed a
range of strategies, including statistical fine-mapping and
functional genomic annotation approaches, to enhance
the accuracy of selecting plausible causal variants for func-
tional validation.”” These efforts are critical for translating
genomic findings into therapeutic targets and advancing
personalized medicine. A prime example is the discovery
of proprotein convertase subtilisin/kexin type 9 (PCSK9),
which plays a crucial role in lipid metabolism and cardio-
vascular disease.® Insights into PCSK9’s function have led
to the development of PCSK9 inhibitors, which are now
widely used to lower low-density lipoprotein cholesterol
(LDL-C) levels in patients with hypercholesterolemia,
thereby reducing their risk of cardiovascular events.®’
This success highlights how understanding specific genetic
variations can guide the development of targeted therapies.
Nevertheless, most loci identified by GWASs remain poorly
understood, largely because the non-coding nature of
many associated regions complicates the identification of
their target genes and biological functions.®

Dysregulation of plasma lipid levels, including triglycer-
ides (TGs), total cholesterol (TC), LDL-C, and high-density
lipoprotein cholesterol (HDL-C), is commonly associated
with various metabolic disorders, such as cardiovascular
diseases and type 2 diabetes mellitus.” "' Although individ-
uals with hyperlipidemia alone may not have symptoms,
understanding the genetic risk factors for developing this
condition is crucial for early intervention and management
of plasma lipids, reducing the likelihood of vascular compli-
cations such as atherosclerosis, myocardial infarction, and
stroke.'” Given the high heritability of lipid traits, we previ-
ously conducted a GWAS on hyperlipidemia using partici-
pants from the Taiwan Biobank (TWB).'* This analysis
identified 50 statistically significant single-nucleotide poly-
morphisms (SNPs) (p< 5 x 10~®), leading to the discovery of
five independent top SNPs, each representing a distinct lo-
cus: 1s780092 (2p23.3), 151501908 (59q33.3), 152954031
(8924.13), 15662799 (11g23.3), and rs2075650 (19q13.32).
In our previous study, we demonstrated a causal role of
GATA4 in the regulation of APOAS5 levels via rs651821 at
thers662799 (11g23.3)locus.'” Additionally, the biological
relevance of the loci containing rs780092 (2p23.3),
152954031 (8924.13), and 152075650 (199q13.32) has
been established through their associations with nearby
genes, highlighting their potential significance in hyperlip-
idemia pathogenesis.'*'® Functional assessments derived
from GWAS findings provide valuable insights into
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hyperlipidemia prevention and treatment strategies. How-
ever, the role of the rs1501908 locus, a C/G polymorphism
with the highest risk (C) allele frequency among the five top
SNPs, remains unclear. Notably, the 1000 Genomes Project
revealed that the risk allele frequency of rs1501908 in Asian
populations is 73%, which is significantly higher than that
in African populations (32%), implicating the potential
importance of the rs1501908 locus in ethnicity-specific
hyperlipidemia susceptibility. This variant is situated be-
tween two genes, T cell immunoglobulin and mucin domain
containing 4 (TIMD4) and hepatitis A virus cellular receptor 1
(HAVCR1), neither of which has been previously implicated
in hyperlipidemia, as cell-based RNA interference screening
failed to support their involvement.'” Alternatively, apoli-
poprotein O pseudogene 1 (APOOPI) has been proposed as
the causal gene in the 5933.3 region, influencing LDL-C
levels."® Notably, this association, including the genetic lo-
cus influencing APOOPI expression, has only been
observed in the haplotypes exclusive to the Amish popula-
tion, with no link to 151501908 in Taiwanese or other pop-
ulations. Thus, the precise mechanisms underlying hyper-
lipidemia at the 5q33.3 locus require further investigation
to be fully elucidated.

In this study, we provide compelling evidence support-
ing HAVCRI1, rather than TIMD4 or APOOPI, as the gene
responsible for hyperlipidemia risk at the 5933.3 locus,
based on integrated multi-source analyses and cell-based
experiments. By prioritizing functional variants within
this locus, we identified two independent SNPs that regu-
late HAVCR1 transcription through distinct transcription
factor (TF) binding sites and regulatory mechanisms.
These findings highlight the complexity of the relation-
ship between the top genetic loci identified through asso-
ciation studies and their corresponding target gene. More
importantly, this discovery offers potential strategies for
managing hyperlipidemia in clinical settings, thereby
advancing the goal of personalized healthcare.

Material and methods

Study cohort

A full description of the TWB cohort, consisting of 23,988 sam-
ples, including genotyping and biochemical data, has been pro-
vided in previous publications.'®'? Hyperlipidemia cases were
defined as individuals either self-reporting a diagnosis of hyper-
lipidemia or presenting with TGs >200 mg/dL or TC >240 mg/
dL. Control individuals were selected based on TG levels
<150 mg/dL and TC <200 mg/dL. Participants with intermediate
TG or TC levels were excluded from the analysis. This study was
approved by the Institutional Review Board of Academia Sinica
(AS-IRB02-108010, AS-IRB03-113010), and written informed con-
sent was obtained from each participant in accordance with the
institutional requirements and the Declaration of Helsinki.

Genotyping and association analysis
The procedures for SNP selection, genotype quality control,
biochemical measurements, and association analyses have been

previously described.’”> We fine-mapped rs1501908 at the
5q33.3 locus by imputing a 2-Mb region centered on this SNP us-
ing SHAPEIT and IMPUTE2, with the East Asian population data
from phase 3 (version 5) of the 1000 Genomes Project serving as
the reference panel. Imputed SNPs were excluded if they had an
INFO score <0.9, call rate <1%, minor allele frequency (MAF)
<1%, or Hardy-Weinberg equilibrium p < 1 x 107°. The remaining
10,614 SNPs were plotted using GraphPad Prism to visualize the
significance. The 156831550 genotype was also imputed to assess
potential genetic interactions with rs6882076 in association with
lipid levels.

Summary statistics for the association of SNPs with log-trans-
formed TG and TC levels were retrieved from the meta-analysis
results of the Global Lipids Genetics Consortium (GLGC) cohort,
which included more than 1 million individuals from 201 pri-
mary studies across five genetic ancestry groups.’

SNP prioritization and eQTL analysis

The prioritization of functional variants was conducted through
several steps. For gene-expression analysis, transcripts per million
(TPM)-normalized RNA-sequencing data for TIMD4, HAVCRI,
APOOPI1, and IRF family genes were downloaded from the
UCSC Xena platform and the Genotype-Tissue Expression
(GTEx) portal. Statistically significant expression quantitative
trait loci (cis-eQTLs) for genes at the 5q33.3 locus across various
tissue types were also obtained directly from GTEx (Analysis
V8), with p values provided by the platform’s algorithm.”' These
GTEx cis-eQTL annotations were used to nominate candidate
genes within the 5933.3 interval for subsequent functional eval-
uation. For IRF2, the top cis-eQTL in visceral adipose tissue
(omentum) was initially selected from 9,491 SNPs with a MAF
>1% located within =1 Mb of the transcription start site of
IRF2 (Table S1). We excluded candidate SNPs with a MAF <10%
because smaller sample sizes limit effective stratification by minor
allele status. Consequently, 156831550 emerged as the top eQTL
for IRF2 in omental tissue, with the lowest p wvalue of
5.66 x 107*. Genotypic data for rs6882076 in the omentum
were accessed via the Database of Genotypes and Phenotypes
(dbGaP) under accession number phs000424.v9.p2.%!

To visualize epigenetic regulation surrounding risk-associated
SNPs, we compiled DNase I hypersensitive site (DHS) signals and
histone modification marks (H3K4mel, H3K4me3, H3K27ac, and
H3K9%ac) from liver lineages and adipocytes. This included data
from adipose nuclei, adult liver, and HepG2 cells from the Roadmap
Epigenomics project as well as embryonic hepatocytes (€59 and
e101) from the ENCODE project. These epigenetic signals, along
with candidate SNPs reaching significance at p < 5 x 1078, were
presented as tracks in the UCSC Genome Browser using the
human hg19/GRCh37 assembly. The corresponding UCSC sessions
were Liver_rs1501908, Liver_rs6882076, and Liver_rs17573010.
GeneHancer interactions were also visualized through the UCSC
Genome Browser in the same sessions using the GeneHancer track
last updated at UCSC on November 19, 2025 at 04:38:52. For the
GeneHancer interaction involving the rs6882076-containing re-
gion and the HAVCRI promoter, the interaction score threshold
was adjusted to include the interaction with a score of 9, which is
below the current default display threshold of 10.

Cell lines and culture conditions
Human embryonic kidney cells 293T (synonyms HEK293T,
RRID:CVCL_0063) obtained from Sheau-Yann Shieh (Academia

2 Human Genetics and Genomics Advances 7, 100630, July 9, 2026



Sinica), liver cells HepG2 (RRID:CVCL_0027) purchased from the
Bioresource Collection and Research Center (Hsinchu, Taiwan),
Huh6 (RRID:CVCL_4381) obtained from Dr. Chia-Hung Yen
(Kaohsiung Medical University), and Huh7 (RRID:CVCL_0336)
and Hep3B (synonyms Hep3B2.1-7, RRID:CVCL_0326), obtained
from Dr. Hui-Chun Wang (Kaohsiung Medical University), were
cultured in DMEM as previously described.'* H23 (synonyms
NCI-H23, RRID:CVCL_1547) was obtained from Dr. Fu-Fei Hsu
(Academia Sinica, Taiwan), and ZR75-30 (RRID:CVCL_1661) was
purchased from the Bioresource Collection and Research Center.
Both of these cells were cultured in RPMI 1640 medium. THLE-2
(RRID:CVCL_3803) and THLE-3 (RRID:CVCL_3804) were pur-
chased from the American Type Culture Collection and main-
tained in BEGM medium (#CC-3170, Lonza), supplemented with
5 ng/mL epidermal growth factor (EGF; #AF-100-15, PeproTech)
and 70 ng/mL phosphoethanolamine (#P0503, Sigma-Aldrich).
Additionally, these cells were grown on plates pre-coated with
BEBM medium (#CC-3171, Lonza) containing a mixture of
10 pg/mL fibronectin (#33010018, Thermo Fisher Scientific),
30 pg/mL bovine collagen type I (#A1064401, Thermo Fisher Scien-
tific), and 10 pg/mL BSA. All cell lines were maintained in complete
medium containing 10% fetal bovine serum (#26140, Thermo
Fisher Scientific), confirmed to be mycoplasma free, and authenti-
cated using short-tandem repeat profiling within the last 3 years.

Plasmid construction and transfection

Full-length human cDNAs for IRF2, IRF3, IRF4, IRF8, GATAS3,
GATA4, and GATA6 were amplified from a cDNA pool derived
from more than 20 human cell lines and cloned into Myc-tagged
pXJ (pXJ-Myc) vectors. Similarly, HAVCR1 and TIMD4 were
cloned into a FLAG-tagged pcDNA6 vector. The pseudogene
APOOP1 (NG_029196.3, nucleotides 31-621) was amplified
from Huh7 genomic DNA and cloned into the pcDNA6 vector.
HAVCRI haplotype 1 and haplotype 2 variants were amplified
from THLE-3 and H23 genomic DNA, respectively, whereas the
mucin domain truncation was generated using the site-directed
mutagenesis method with PfuUltra II Fusion HS DNA polymerase
(#600671, Agilent). For transient expression, cells were trans-
fected with plasmids using the TransIT-X2 (#MIR6000, Mirus) ac-
cording to the manufacturer’s instructions. For CRISPR activation
and CRISPR inhibition experiments, we utilized the pU6-sgRNA
vector and dCas9-VPR or dCas9-KRAB plasmids, which had
been previously described.”” Duplexes of single-guide RNA
(sgRNA) were annealed and cloned into the pU6-sgRNA vector us-
ing the BsmBI restriction site, followed by verification through
Sanger sequencing. We transfected HepG2 cells with 1.2 pg of
the dCas9-VPR (CRISPR activation) or dCas9-KRAB (CRISPR inhi-
bition) plasmids and co-transfected 0.4 pg of pU6-sgRNA plas-
mids encoding either control sgRNA (sgEGFP) or sgRNAs target-
ing indicated SNP loci. Relative gene expression was quantified
using SYBR quantitative PCR (QPCR) (#A25741, Thermo Fisher
Scientific), and details of the primer pairs used for plasmid con-
struction are listed in Table S2. For stable expression, HAVCRI,
TIMD4, and APOOP1 cDNAs were subcloned into the pLAS2w.-
Phyg vector, and lentiviral particles were generated via co-trans-
fection of 293T cells with pCMVARS8.91 and pMD.G plasmids,
both obtained from the National RNAi Core Facility at Academia
Sinica. The harvested lentivirus was used to infect Huh6 and
Huh7 cells, following previously established protocols.”* Two
days post transduction, cells were selected with 200 pg/mL hy-
gromycin for 2 weeks, after which stable expression was validated
by immunoblotting or reverse-transcription qPCR.

For gene knockdown, small interfering RNAs (siRNAs) were
transfected using Lipofectamine RNAIMAX (#13778075, Thermo
Fisher Scientific). Control siRNA has been previously described,
while HAVCR1 siRNA (#s25631) and TIMD4 siRNA (#s540813)
were obtained from Thermo Fisher Scientific.

RNA-sequencing and pathway analysis

Total RNA was extracted from Huh6 cells (stably expressing
APOOP1 or RFP control) and Huh7 cells (stably expressing
HAVCRI1, TIMD4, APOOPI1, or RFP control) and submitted to
Biotools Company (New Taipei City, Taiwan) for transcriptome
sequencing on the Illumina NovaSeq 6000 platform. The re-
sulting raw data were processed, and differentially expressed
genes (DEGs) were identified using DEGseq by comparing
gene-overexpressing cells to the respective RFP-expressing con-
trols. These DEGs were subsequently subjected to pathway
analysis (Biotools Cloud), including Gene Ontology (GO) bio-
logical process analysis and gene set enrichment analysis, to
determine the involvement of lipid metabolism pathways and
infer the potential role of the overexpressed genes in lipid
metabolism. The processed RNA expression profiles are shown
in dataset 2 of Table S3.

Prediction of TF motif and structural modeling

We first predicted TFs with differential binding affinities to both
alleles of the target SNP using the sTRAP program. This analysis
identified interferon regulatory factor (IRF) motifs, which were
further examined for specificity across the nine human IRF family
members using the Find Individual Motif Occurrences (FIMO)
tool. The respective TF motifs were sourced from the JASPAR
2024 database.

For structural modeling, we employed the AlphaFold Server.”*
The model included a segment of double-stranded DNA (forward
strand GCTCTAAAATCCCAGXTATGACCTAATTAAC, where “X”
represents either the G or A allele of rs17573010) and the DNA-
binding domain of GATA4 protein (amino acids 216-321,
NP_001295022.1). Additionally, a zinc ion was incorporated as
a co-factor to facilitate proper structural modeling of the
GATA4-DNA complex.

Luciferase reporter assay

The primer pairs used for variant-containing fragment (VCF) con-
struction are listed in Table S2. The length of the VCFs (VCF1-
VCF14) ranged from 302 to 673 bp. These VCFs, featuring distinct
genotypes or haplotypes, were amplified from H23 genomic DNA
and cloned into the pNL3.1 vector (#N1031, Promega), except for
VCF14 and VCF4, which were generated using the site-directed
mutagenesis method. For the luciferase reporter assays, we trans-
fected 20 ng of the pNL3.1 vector containing the VCFs into Huh6
(15,000 cells/well), Huh7 (10,000 cells/well), HepG2 (16,000
cells/well), or THLE-2 (6,000 cells/well) cells seeded in 48-well
plates. Additionally, 20 ng of either an empty vector or vectors ex-
pressing the indicated TFs were co-transfected. pGL4.54 (#N6051,
Promega), encoding firefly luciferase, was co-transfected as an in-
ternal control. Following 48 h of incubation, cells were lysed us-
ing passive lysis buffer (#£1941, Promega), and luciferase activity
was measured using the Nano-Glo Dual-Luciferase Reporter Assay
System (#E1610, Promega). Luminescence signals were normal-
ized to the background activity of cells transfected with the
empty pNL3.1 vector. The mean and standard deviation (SD)
for each group were calculated from three independent wells

Human Genetics and Genomics Advances 7, 100630, July 9, 2026 3



(with four or more wells for certain experiments as indicated),
and two independent experiments were performed.

qPCR for gene expression and ChiIP
The primer pairs used for SYBR qPCR (#A25741, Thermo Fisher
Scientific) are listed in Table S2. The relative expression levels of
TIMD4, HAVCR1, and APOOP1 were quantified using reverse-
transcription qPCR and normalized to the expression of TBP us-
ing the comparative CT method, as previously described.'***
Chromatin immunoprecipitation (ChIP) was performed using
the Magna ChIP G kit (#17-611, Merck-Millipore) according to
the manufacturer’s instructions. For endogenous ChIP, THLE-2
(1.5 x 10° cells/dish), H23 (4 x 10° cells/dish), ZR75-30
(2 x 10° cells/dish), or THLE-3 (1.2 x 10° cells/dish) cells were
seeded in 100-mm dishes and fixed with 1% formaldehyde
(#F8775, Sigma-Aldrich). The chromatin was then sonicated us-
ing the Bioruptor Pico (Diagenode) and immunoprecipitated
with 1 pug of ChIP-grade anti-IRF2 antibody (#700226, Thermo
Fisher Scientific), with normal rabbit immunoglobulin G (IgG)
serving as a control. For cells overexpressing Myc-tagged IRF fam-
ily proteins, the sheared DNA was immunoprecipitated with anti-
Myc antibody (#M4439, Sigma-Aldrich). The immunoprecipi-
tated DNA was eluted and quantified by SYBR qPCR, with results
normalized to the input genomic DNA, as previously
described.'®?* The mean and SD values from qPCR analysis
were calculated from three technical replicates unless otherwise
specified, and two independent assays were performed.

Western blotting

Cell lysates were prepared in RIPA buffer (50 mM Tris-HCIl [pH
7.4], 1 mM EDTA, 150 mM NacCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, and 10% glycerol) containing 1 mM di-
thiothreitol and 1x protease inhibitor cocktail (#58830, Sigma-
Aldrich). Immunoblotting for protein expression of full-length
cDNA clones was performed as described earlier,”> using anti-
Myc (#M4439) or anti-FLAG (#F3165, Sigma-Aldrich) antibodies.
Additional antibodies used included anti-Actin (#A2066) and
anti-a-tubulin (#16199), both from Sigma-Aldrich.

In vitro steatosis model

For the in vitro model of hepatic steatosis, oleic acid (OA) sodium
salt (#07501, Sigma-Aldrich) was dissolved in 99% methanol as a
stock solution. Prior to treatment, HepG2 cells were washed twice
with Hank’s balanced salt solution (#H1387, Sigma-Aldrich) and
incubated in 0.5 mM OA-containing medium. This medium was
prepared by adding OA to phenol red-free DMEM (#D2902,
Sigma-Aldrich), supplemented with 1% fatty-acid-free BSA
(#A7030, Sigma-Aldrich) and 10% charcoal-stripped fetal bovine
serum (#12676, Thermo Fisher Scientific). The approximate ratio
of fatty acids bound to BSA was maintained at 3.3:1.

Intracellular TG and TC measurement

TG and TC content in steatotic HepG2 cells were measured using
the Adipogenesis Detection Assay (#ab102513, Abcam) and the
Cholesterol/Cholesterol Ester-Glo Assay (#J3190, Promega),
respectively. In brief, HepG2 cells, either transfected with expres-
sion vectors or subjected to siRNA knockdown as indicated, were
seeded into a 96-well plate at a density of 10,000 cells per well and
treated with 0.5 mM OA for 24 h. After the treatment, the me-
dium was removed, and the cells were washed twice with Hank’s
balanced salt solution before lysis using the buffers provided in

the assay kits. The concentrations of TGs and TC were determined
based on standard curves generated from known concentrations
of each lipid.

Statistical analyses

All plotted data are presented as mean = SD, unless otherwise
specified, and described in the corresponding section of the
method details and figure legends. Statistical differences between
the two groups were compared and determined by Student’s t
test, and p values were calculated using GraphPad Prism 10.0.3,
indicated in figures as *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, and ns (not significant).

Results

Identification of the candidate gene linked to the
hyperlipidemia-associated locus at 5933.3

To investigate possible mechanistic evidence linking
151501908 to hyperlipidemia, we imputed SNPs within a
2-Mb window surrounding the index SNP. This analysis
identified 24 additional significant variants (p <5 x 10~®)
in strong linkage disequilibrium (LD) 1? > 0.8) with
151501908 (Figure 1A and Table S4). These variants are
located in non-coding regions, suggesting that they may
influence gene expression through transcriptional regula-
tion. To prioritize candidate genes within this interval,
we examined cis-eQTLs across GTEx tissues and found
that the LD region overlapped with eQTL signals linked
to TIMD4 and HAVCRI1 (Figure 1B). Because this locus
had not been clearly resolved to a functionally relevant
gene for hyperlipidemia or lipid metabolism, we next
used functional assays to prioritize the candidate gene(s)
most closely linked to lipid regulation. Initially, we hypoth-
esized that the pseudogene APOOP1 might be regulated by
these variants, as a previous study proposed APOOP]1 as the
causal gene in this region based on a functional haplotype
associated with LDL-C levels."® However, APOOPI is pre-
dominantly expressed in the testis, with negligible expres-
sion in the other tissues (Figure S1A). Overexpression of
APOORP1 in liver cells indicated its role in quality control
of protein synthesis (Figures S1B-S1D), suggesting that
APOOP1 is unlikely to be the causal gene in lipid meta-
bolism. In contrast, both TIMD4 and HAVCR1, homolo-
gous proteins containing immunoglobulin and mucin do-
mains, are expressed in hematopoietic lineage cells and
modulate immune responses. Additionally, the expression
of these genes was detected in hepatocyte-lineage cells
(Figure S1E), warranting further investigation into their po-
tential roles in lipid regulation. To explore this, we treated
HepG2 cells with OA, a common inducer of steatosis, to
induce lipid accumulation and monitor the changes in
TG and TC levels.”> Knockdown of HAVCRI led to signifi-
cant TG and TC accumulation (Figures 1C and 1D),
whereas overexpression of HAVCRI alleviated these effects
(Figures S1F and S1G). No such effects were observed for
either TIMD4 or APOOP1. Further experiments involving
deletion of the mucin domain of HAVCR1 confirmed its
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Figure 1. HAVCRTis the candidate gene underlying hyperlipidemia risk at 5q33.3

(A) Regional association plot for hyperlipidemia showing the SNP rs1501908 (purple diamond). Other GWAS-identified or imputed
SNPs are color coded based on their linkage disequilibrium (r%) with the index SNP.

(B) Visualization of common-tissue eQTLs within the LD cluster around the rs1501908 locus (chr5:156325001-156550000). These an-
notations were used to nominate candidate genes for downstream functional evaluation. Common-tissue eQTLs are defined as eQTLs
associated with indicated gene expression in at least two GTEx tissue types. GeneHancer track (bottom) illustrates potential interac-
tions between regulatory elements and the promoters of target genes. Hyperlipidemia-associated SNPs and eQTLs linked to the indi-
cated genes can be visualized as tracks in the UCSC Genome Browser (human hg19 assembly).

(C and D) Quantification of (C) TG or (D) TC level in HepG2 cells. Cells transfected with control siRNA or siRNA targeting the indicated
genes were treated with or without oleic acid (OA). The p and SD values are indicated, and two independent measurements of n = 4 are
performed. Statistical differences between the two groups are compared and determined by Student’s t test. *p < 0.05, **p < 0.01; ns, not
significant.

(E and F) Gene set enrichment analysis comparing RNA-sequencing data from parental Huh7 cells and Huh7 cells overexpressing
HAVCRI. Genes related to (E) TG and (F) lipid metabolism were enriched in cells overexpressing HAVCRI. NES, normalized enrich-

ment score.

critical role in TG regulation (Figures S1H and S1I). Tran-
scriptome sequencing of APOOP1, TIMD4, and HAVCRI1
overexpression in Huh?7 cells, followed by gene set enrich-
ment analysis, revealed that only HAVCR1 overexpression
significantly influenced TG and lipid metabolism
(Figures 1E, 1F, and S1J). These findings strongly indicate
that HAVCRI is the candidate gene responsible for modu-
lating TG homeostasis at the 5q33.3 locus.

Prioritization of functional variants regulating
HAVCRT1 expression at the 5g33.3 locus

Identifying the causal variant harboring transcriptional ac-
tivity is critical to establishing the involvement of HAVCR1
in lipid metabolism. To achieve this, we initially screened
the luciferase activity of DNA fragments encompassing all
25 significant variants within the LD interval (Table S4),
thereby systematically prioritizing candidate functional
variants for downstream analysis. We constructed 13
VCFs, which together covered all 25 significant variants,
with each fragment containing at least one major allele.
Of these, VCF4, VCF10, and VCF11 consistently induced
luciferase activity across all three liver cell lines
(Figure 2A), indicating the potential involvement of multi-

ple causal variants. Notably, only VCF4 exhibited haplo-
type-specific activity (Figures S2A and S2B), with the minor
alleles of rs9715911 and rs11745603, both within VCF4,
significantly reducing luciferase activity in one or both liver
cell lines (Figures S2C and S2D). Despite this, CRISPR acti-
vation using dCas9-VPR and proximal sgRNAs targeting
the 1s9715911 and rs11745603 loci failed to enhance
HAVCRI1 expression (Figure 2B). In parallel, rs6882076
was included in the CRISPR activation experiment because
it was supported by chromatin interaction with the
HAVCR1 promoter (Figure 1B). A different pattern was
observed for the rs6882076-containing fragment (VCF1),
which did not increase luciferase activity as anticipated
(Figure 2A). However, subsequent epigenetic analysis re-
vealed that rs6882076 resides within a region marked by
DHS and active histone modifications (H3K4mel,
H3K4me3, H3K27ac, and H3K9ac) in both liver and adipo-
cyte cells (Figure 2C). Moreover, sgRNA targeting
156882076 significantly upregulated HAVCR1 expression
(Figure 2B). Interestingly, TIMD4 expression was also
notably increased, as rs6882076 is located near the
TIMD4 transcription start site. Genetic imputation in the
TWB cohort confirmed a significant association between
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Figure 2. rs6882076 is the most likely causal variant regulating HAVCRT expression

(A) Bar chart showing reporter activity for the 13 variant-containing fragments (VCFs). Liver cells were transfected with empty vector
or pNL3.1 containing VCFs, and luciferase activity was measured and normalized to that of cells transfected with empty pNL3.1. RLU,
relative luminescence units.

(B) Bar chart showing relative gene expression of TIMD4, HAVCR1, and APOOP1, as measured via qPCR. HepG2 cells transfected with
control sgRNA (sgEGFP) or sgRNAs targeting the rs6882076, rs9715911, and rs11745603 loci were co-transfected with dCas9-VPR for
CRISPR activation analysis. The p and SD values for the results within the figure are indicated, and two independent measurements of
n = 3 were performed. Significance between two groups is determined by Student’s ¢ test. **p < 0.01, ****p < 0.0001; ns, not significant.
(C) Functional assessment for 25 candidate SNPs in liver (top) and adipocyte (bottom) cells. DNase I hypersensitive (DHS) regions and
histone modifications (H3K4me1l, H3K4me3, H3K27ac, and H3K9%ac) indicate potential epigenetic regulation at this locus. Detailed
cell types linked to these marks are described in the material and methods section. Each histone mark can be visualized as a track online
using the UCSC Genome Browser (human hg19 assembly). Connected lines denote the approximate regions of 13 VCFs used in the
reporter assays, covering all of 25 candidate SNPs.

(D) Hyperlipidemia risk associated with the rs6882076 polymorphism. The odds ratio with the 95% confidence interval (Cl) and
p value were obtained from imputation analysis described in the material and methods section.

(E and F) Forest plot showing the association between the rs6882076 polymorphism and (E) log-transformed triglycerides (1ogTG) or
(F) total cholesterol (TC), levels across different ancestries within the Global Lipids Genetics Consortium (GLGC) cohort. The relative
effect, 95% CI, and p value are indicated.

1s6882076 and hyperlipidemia (odds ratio = 0.85, 95%
confidence interval [CI] = 0.79-091, p = 9.1 x 1079)
(Figure 2D). Furthermore, rs6882076 was significantly asso-
ciated with TG and TC levels across ancestries in the GLGC
cohort (Figures 2E and 2F). These results prioritize
1s6882076 over other LD variants as a causal variant
affecting HAVCR1 expression.

Allele-specific reporter activation at rs6882076
mediated by IRF2

Having established that both the T allele of rs6882076 (the
effect allele associated with lower TG levels in GWASs)
and higher HAVCRI1 expression level are linked to lower
TG levels, we aimed to determine whether this allele is
responsible for enhancing HAVCR1 expression. Using re-

porter assays performed in liver cells, we found that the
basal luciferase activity of VCF1 showed modest and
context-dependent differences between the C and T al-
leles (Figure S3A). To explore whether this polymorphic
change affects the binding of specific TFs and conse-
quently alters HAVCR1I expression, we performed in silico
motif analysis. This analysis predicted that the T allele of
156882076 creates a binding site for IRF2 (Figure 3A).
Among the nine human IRF family members that share
similar DNA-binding motifs, IRF2 displayed the strongest
potential for allele-specific binding (Figure 3B). To
confirm the relevance of IRF2, we analyzed gene-expres-
sion profiles in liver tissues from the GTEx and The Cancer
Genome Atlas (TCGA). We found a significant positive
correlation between HAVCRI1 expression and four IRF
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IRF2 enables allele-specific reporter activation at rs6882076

(A) Predicted DNA-binding motif of IRF family over the sequence surrounding the C and T alleles of rs6882076. Sequence logos were
retrieved from the JASPAR 2024 database (IRF2:MA0051.2) and analyzed using the FIMO program to determine p value.
(B) FIMO program results showing the match g value (adjusted p value) and differences between IRF DNA-binding motifs and the Cor T

alleles of rs6882076.

(C) Scatterplot showing the concordance of the correlation between the expression of HAVCRI and nine IRF genes in TCGA liver can-
cer (x axis) or GTEx liver tissues (y axis). The 95% Cls for the correlation coefficients r, determined by the Spearman test, are shown.
(D and E) Bar charts showing reporter assay for a DNA fragment containing the C or T allele of rs6882076 in (D) HepG2 and (E) Huh7
cells transfected with control vector or plasmids overexpressing various IRF proteins. RLU, relative luminescence units. The p and SD
values are indicated, and two independent transfections of n = 4 were performed. Statistical differences between the two groups are

compared and determined by Student’s t test. **p < 0.01.

family members: IRF2, IRF3, IRF4, and IRF8 (Figure 3C). To
assess their functional involvement, we overexpressed
these TFs in liver cells (Figure S3B). Among them, only
IRF2 consistently and significantly increased the luciferase
activity of VCF1 harboring the T allele of rs6882076 in
both HepG2 and Huh7 cells compared to the control
plasmid (Figures 3D and 3E). These findings indicated
that IRF2 can modulate HAVCR1 expression in an
156882076 T-allele-preferential manner.

Genotype-dependent enhancement of HAVCR1
expression by IRF2

Our analysis of the available liver cancer cell lines revealed
that all of these cells possessed the 1s6882076-CC genotype
(Figure S4A). These cells exhibited detectable IRF2 enrich-

ment at the rs6882076 site (Figure S4B), but this was not
accompanied by clear HAVCRI induction (Figure S4C). In
contrast, the THLE-2 cell line, an immortalized human liver
epithelial cell line, is heterozygous for the rs6882076 locus
(rs6882076-CT) (Figure S4A). We performed ChIP assays
followed by qPCR in THLE-2 cells to confirm IRF2’s
preferential binding to the T allele of rs6882076. The
results showed a significant enrichment of IRF2 at
the rs6882076 locus (Figure 4A), accompanied by an in-
crease in HAVCRI expression upon IRF2 overexpression
(Figure 4B). To extend these findings to other genetic back-
grounds, we validated IRF2 binding at the rs6882076 site in
additional cell lines with the rs6882076-CT (H23 and ZR75-
30) and rs6882076-TT (THLE-3) genotypes (Figure 4C).
Consistently, IRF2 overexpression in H23 and THLE-3 cells
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Figure 4. IRF2 enhances HAVCR1 expression depending on rs6882076 genotype

(A) Bar chart displaying relative enrichment of the rs6882076 site following ChIP with anti-Myc antibody, as quantified by gQPCR. DNA
fragments were extracted and sheared from THLE-2 cells transfected with either empty vector or pXJ-Myc expressing IRF proteins.
(B) Bar chart showing relative HAVCR1 expression in THLE-2 cells transfected with empty vector or pXJ-Myc expressing IRF proteins,
with RNA expression quantified by qPCR.

(C) Bar chart displaying relative enrichment of the rs6882076 site after ChIP with normal rabbit IgG (rIgG) or anti-IRF2 antibody, using
sheared DNA from THLE-2, H23, ZR75-30, and THLE-3 cells, quantified by SYBR-based qPCR. The p and SD values for the results within
the figure are indicated, and two independent transfections of n = 4 were performed. In (B) and (C), statistical differences between the
two groups are compared and determined by Student’s ¢ test. *p < 0.05, **p < 0.01, ****p < 0.0001; ns, not significant.

(D) Scatterplots showing the relationship between IRF2 and HAVCR1 expression in GTEx visceral adipose tissue (omentum), stratified
by 156882076 CT + TT (upper) and CC (lower) genotype. Pearson correlation r value and p value are indicated.

(E) Log-transformed TG levels retrieved from the TWB cohort, sequentially stratified by rs6831550 and rs6882076 genotypes. Median
values and the 10th-90th percentile range are indicated. Statistical differences between the two groups are compared and determined

by Student’s t test. **p < 0.01; ns, not significant.

increased HAVCRI1 expression (Figure S4D), although
ZR75-30 cells failed to express HAVCRI. To further explore
this in a broader biological context, we analyzed popula-
tion-level data from the GTEx dataset. Given the relatively
small sample size of liver tissues, we focused on omental ad-
ipose tissues. Among individuals with the rs6882076-CT/
TT genotype, where at least one allele harbors the IRF2
binding motif, HAVCRI expression was positively corre-
lated with IRF2 expression (Figure 4D). In contrast, this cor-
relation was not significant in individuals with the
1s6882076-CC genotype, which lacks the IRF2 binding
motif (Figure 4D). Given the genotype-dependent relation-
ship between IRF2 and HAVCR1 expression, we next exam-
ined whether this regulatory context was also reflected in

lipid traits. We identified rs6831550 as the most significant
cis-eQTL for IRF2 expression among the variants retained
for analysis in omental adipose tissue in the GTEx dataset
(Figure S4E). As expected, rs6831550 was not directly asso-
ciated with lipid traits such as TGs and TC (Figure S4F),
consistent with its use here as a cis-eQTL proxy for IRF2
expression rather than as a lipid-associated variant. Among
the TWB participants, those with the rs6831550-GG/AG
genotypes, which corresponded to lower IRF2 expression
levels, showed no significant changes in lipid levels be-
tween the rs6882076 genotypes (Figures 4E and S4G),
whereas individuals carrying the rs6831550-AA genotype
(associated with elevated IRF2 expression) and rs6882076-
CT/TT genotypes exhibited notable reductions in plasma
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Figure 5. The ancestry-specific variant rs17573010 downregulates HAVCR1 expression

(A) Visualization of epigenetic regulation at the 1s17573010 locus. Genes neighboring rs17573010 are shown, and GeneHancer track
illustrates probable interactions between regulatory elements and promoter of target genes. Histone modifications (H3K4mel,
H3K4me3, and H3K27ac) suggest putative epigenetic regulation in HepG2, embryonic, and adult liver tissues. Detailed information
on the cell types associated with these marks is provided in the material and methods section. The marks can also be visualized online
via the UCSC Genome Browser (human hg19 assembly).

(B and C) AlphaFold molecular modeling (left) and expected aligned error (right) predicting the binding of the DNA-binding domain
of GATA4 to DNA oligonucleotides containing either the (B) G allele or (C) A allele of rs17573010. The predicted template modeling
(pTM) score and the interface predicted template modeling (ipTM) score are indicated.

(D and E) Bar charts showing reporter analysis of DNA fragment containing either the G or A allele of rs17573010 in (D) Huh6 or (E)
Huh?7 cells transfected with control vector or plasmids overexpressing various GATA proteins. Relative luminescence units (RLU) were
measured. The p and SD values for the results are indicated, and two independent transfections of n = 4 were performed.

(F) Bar chart showing relative gene expression of HAVCR1 and APOOP1, as measured by qPCR analysis. HepG2 cells were transfected
with control sgRNA (sgEGFP) or sgRNAs targeting the rs17573010 locus, along with co-transfection of vectors expressing dCas9-KRAB
for CRISPR inhibition analysis. The p and SD values for the results are indicated, and two independent measurements of n = 3 are
performed.

In (D)-(F), statistical differences between the two groups within the figure are determined by Student’s f test. *p < 0.05, **p < 0.01; ns,
not significant.

TG and TC levels (Figures 4E and S4G). It does not seem to
modulate all traits universally but is specific to certain lipid
levels (Figures S4H and S4I). These findings suggest that the
T allele of rs6882076 provides a more favorable context for
IRF2-dependent activation of HAVCRI and that the
156882076 locus exerts its regulatory effects in an allele-
dependent manner.

HAVCR1downregulation by an ancestry-specific
locus previously associated with elevated lipid levels
A previous association study in the Amish population iden-
tifiedrs17573010 at the 5q33.3 locus, where the minor allele
Ais associated with a 13.1 mg/dL increase in LDL-C levels."®

Following our finding that HAVCRI is likely the true causal
gene at this locus, we extended our investigation to explore
whether the risk allele of 1517573010 or its linked variants is
involved in HAVCRI downregulation. Among the 14 most
likely causal variants highlighted in the original study,'®
1517573010 emerged as a strong candidate as a functional
variant within a regulatory region characterized by the
GeneHancer regulatory element linked to the HAVCRI pro-
moter and active histone marks (H3K4me1l, H3K4me3, and
H3K27ac) in liver cells (Figure 5A). rs17573010 is a G-to-A
polymorphism, and in silico analysis suggests that the A
allele may create a binding site for GATA TFs (Figure SSA).
Of the six GATA family genes, we previously demonstrated
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that GATA4 is highly expressed in the liver,'® while GATA3
and GATA6 show lower levels of expression, and the re-
maining GATA proteins are nearly undetectable. Structural
modeling by AlphaFold predicted that the A allele of
1517573010 showed a higher affinity for GATA4 binding
than the G allele (Figures 5B and 5C),** supporting the
notion of allele-specific binding at this locus. To experimen-
tally validate this, we performed reporter assays using con-
structs containing the rs17573010 region (VCF14) with
either the G or A alleles in liver cell lines. The results demon-
strated that, although both allelic fragments retained re-
porter activity above the vector control, the A allele showed
significantly lower luciferase activity than the G allele in the
presence of GATA4 expression, indicating a repressive effect
on HAVCRI transcription (Figures 5D, SE, and S5B). This
finding aligns with the hypothesis that the A allele of
1517573010 is associated with HAVCRI downregulation.
Since 1517573010 appears to be an ancestry-specific
variant,'® we lacked cell lines carrying the A allele for further
study. To circumvent this, we transfected HepG2 cells with
dCas9-KRAB (CRISPR inhibition) and targeted the
1517573010 locus using proximal sgRNAs. These experi-
ments showed a significant repression of HAVCR1 expres-
sion but not APOOPI expression (Figure 5F). Collectively,
these findings provide a plausible explanation for the ge-
netic association observed in the Amish study, in which
1517573010 may exert its effects on lipid levels through
the regulation of HAVCRI expression, similar to the
1s6882076 variant. Altogether, our data support a model
in which diverse genetic variants at the 5933.3 locus, acting
through distinct TFs, regulate HAVCRI expression and
impact lipid metabolism across populations (Figure 6).

hyperlipidemia risk

This highlights the complexity of the genetic regulation un-
derlying lipid levels and the value of integrating multi-
ancestry data to understand these processes.

Discussion

In this study, we explored a potential candidate locus for
hyperlipidemia and TG and TC regulation at 5q33.3 and
identified HAVCRI1 as the candidate gene linked to this lo-
cus, a finding that is different from previous assumptions
about the role of APOOP1."® Our results provide compel-
ling evidence that HAVCRI, rather than TIMD4 or
APOOP1, is responsible for hyperlipidemia risk at this
locus. The association between the 156882076 and
117573010 variants and HAVCR1 expression underscores
the importance of this gene in lipid metabolism, an obser-
vation that has not been previously reported in GWASs.
Regarding the plausibility of IRF2 and GATA4 in modu-
lating HAVCR1 expression, itis not surprising that our find-
ings align with established roles of GATA4 in the liver,”*
where it can regulate APOAS expression via the rs651821
locus." Likewise, IRF2, which is basally expressed in the
liver,””?® can be further induced by interferon signaling
and plays a critical role in modulating T cell exhaustion
during chronic inflammation.” IRF2 induction helps to
restrain excessive interferon signaling, thereby preventing
immune overactivation.”®>° We propose that the interac-
tion between IRF2 and HAVCR1 may be part of a broader
biological response to excessive lipid levels, which induce
inflammatory responses and contribute to the progression
of atherosclerosis,”' attracting more immune cells and
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leading to plaque instability.*> The upregulation of
HAVCRI by IRF2 may function as a feedback mechanism
to mitigate inflammation.** Our findings provide genetic
insights that may serve as a foundation for future studies
investigating signal transduction of lipid disorders in in-
flammatory contexts.

Previous studies in the Amish population have identi-
fied a founder haplotype, including the minor allele of
rs17573010, which may influence the expression of the
pseudogene APOOP1.'® Tt has been hypothesized that
increased APOOP1 expression could suppress its homolo-
gous APOO, which is localized to the inner mitochondrial
membrane and plays a role in lipid regulation.****> How-
ever, this hypothesis has yielded inconsistent results
across different studies.’®*” Although the exact mecha-
nism by which APOO regulates LDL-C, but not TGs or
TC, remains unclear, our experiments showed that
APOO expression was not significantly affected by
APOOP1 overexpression in Huh6 and Huh?7 cells. This
discrepancy, along with the effects of rs17573010, further
supports our conclusion that HAVCR1, rather than
APOOP1, is more likely to contribute to the regulation of
TGs and TC at the 5q33.3 locus.

Our study extends beyond the traditional approach of
focusing on a single variant as the sole regulator of gene
expression. Although post-GWAS statistical analyses
have suggested that a locus may harbor multiple potential
regulatory variants,*®>? this hypothesis has typically been
confirmed only through allele-specific transcriptional
regulation,*”*! often using reporter assays. Regarding
this, previous examples have demonstrated that a pair of
LD SNPs in enhancer regions function together to drive
prostate cancer’” or that distinct variants, a regulatory
enhancer and a protein-coding variant, confer risk for
type 2 diabetes through separate mechanisms.*’ In this
study, distinct top variants that are not in LD can inde-
pendently regulate the same gene. These studies presented
rare examples of multiple causal variants cooperating in
the regulation of a single gene, shedding light on the com-
plex regulatory architecture underlying the genetic effects
on disease traits. On the other hand, our study shows that
variants exhibiting allele-specific activity do not neces-
sarily indicate functional relevance, aligned with the
more in-depth analyses in a previous study.** This under-
scores the need for further validation of variants identified
through a single genome-wide functional screen.

Our interpretation of GTEx eQTL signals at the 5933.3 lo-
cus was used primarily to define candidate genes for down-
stream functional evaluation. Formal co-localization anal-
ysis and cell-type-specific eQTL refinement may further
improve statistical resolution of this locus but were beyond
the scope of the present functional study. It is noteworthy
that our GWAS findings relied on imputed SNPs with MAF
<1% to investigate the underlying biological mechanisms.
While this approach provides valuable insights, it may
overlook the role of rare variants. For instance, we identi-
fied 1517573010 as a potential causal rare variant, specific

to the Amish population. Furthermore, our conclusions
regarding the involvement of HAVCRI1 in TG and TC levels
were based on assays in HepGz2 cells, which might not fully
capture the complexity of in vivo lipid regulation. Nonethe-
less, our analyses successfully linked two distinct causal var-
iants, rs6882076 and rs17573010, to HAVCRI1 regulation.
Lack of evidence supports the involvement of other pro-
teins in hyperlipidemia risk at this locus. Our data support
arole for IRF2 in driving HAVCR1 expression. Although the
role of HAVCRI in lipid metabolism has not yet been well
explored, as it is beyond the scope of this study, HAVCR1
deletion has been shown to exacerbate hepatic steatosis.*’
A previous study indicated that the mucin domain of
HAVCRI1 facilitates fatty acid import into cells,*® further
supporting the idea that HAVCRI is the causal gene at
the hyperlipidemia-associated locus on 5933.3.

Our findings provide compelling evidence that HAVCR1
is the causal gene at the 5q33.3 locus, with both
156882076 and 1517573010 contributing to its regulation
through distinct, non-LD mechanisms. In this context,
the regulatory role of IRF2 links immune modulation to
lipid metabolism, offering a new perspective on the inter-
play between inflammation and lipid homeostasis. These
insights pave the way for future studies to further eluci-
date the molecular pathways involved in hyperlipidemia
and to explore the translational relevance of HAVCR1-
mediated regulation in lipid-related disorders.

Data and code availability

Individual-level genotyping data from the TWB were used under
license for the current study and cannot be redistributed. Access
to TWB data can be requested directly from the Taiwan Biobank
(biobank@gate.sinica.edu.tw) with permission from the Ministry
of Health and Welfare, Taiwan. GWAS summary statistics for
hyperlipidemia risk are available from the GWAS Catalog under
accession number GCST90090994."* Summary statistics for the
association of SNPs with log-transformed TG and TC levels were
retrieved from the meta-analysis results of the GLGC cohort.”’

GTEx-based expression and eQTL analyses were performed us-
ing publicly available GTEx Portal queries. Genotypic data for
1s6882076 in visceral adipose tissue (omentum) were accessed
through dbGaP under accession number phs000424.v9.p2.%!
Epigenetic and regulatory annotations were examined using the
UCSC Genome Browser, and the corresponding UCSC sessions
provided in the paper are Liver_rs1501908, Liver_rs6882076,
and Liver_rs17573010.

RNA-sequencing experiments generated in this study have been
deposited in the Gene Expression Omnibus under accession num-
ber GEO: GSE280379. The deposited materials include raw
sequencing data and processed expression results. RNA-sequencing
preprocessing and quantification were performed by Biotools
Company using the following workflow: Trimmomatic v.0.38 (pa-
rameters: LEADING:3; TRAILING:3; SLIDINGWINDOW:4:20;
MINLEN:36), HISAT2 v.2.1.0 (default), featureCounts v.2.0.0
(default), and the GRCh38 reference assembly. Differential expres-
sion and pathway analyses were also performed by Biotools as
described in material and methods. No custom or original code
was generated in this study. The full-length cDNA expression
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clones described in this study have been deposited at Addgene un-
der plasmid IDs 232642, 232643, 232667, 232668, 232646,
232647, 232648, 232669, and 232670.
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