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Highlights

What are the main findings?

e FHL3 is identified as a CAD-associated gene that suppresses the contractile VSMC
phenotype and enhances proliferation and migration.

e  FHIL3associates with myocardin-related transcription factor-B (MRTFB) and attenuates
MRTFB-serum response factor-dependent transcription of contractile marker genes.

e CAD-associated genetic variation influences FHL3 expression in VSMCs, linking
genetic risk to VSMC plasticity.

What are the implications of the main findings?

o  These findings define a new FHL3-MRTFB signaling axis controlling VSMC plasticity
and provide mechanistic insight into how the CAD risk locus modulates vascular
cell behavior.

o Targeting this pathway may represent a strategy to stabilize VSMCs and favorably
influence atherosclerotic plaque biology.

Abstract

Genome-wide association studies have uncovered many coronary artery disease (CAD)
loci, but mechanisms linking risk variants to vascular biology remain unclear. We screen
candidate causal CAD genes for regulators of the vascular smooth muscle cell (VSMC)
contractile phenotype using a pooled CRISPR-Cas9 knockout library in primary human
VSMCs with MYH11 protein levels as the readout. FHL3 (four-and-a-half LIM domains
protein 3) emerges as the top repressor of the contractile state. Colocalization analyses
in a VSMC biobank and vascular tissues associate a CAD risk allele with reduced FHL3
expression. Biochemical and imaging studies show FHL3 is associated and co-localizes
with the transcriptional co-activator MRTFB (myocardin-related transcription factor-B).
Functionally, FHL3 overexpression attenuates MRTFB-serum response factor (SRF)-driven
induction of contractile markers (MYH11, transgelin), whereas FHL3 knockdown increases
their expression in an MRTFB-dependent manner. FHL3 knockdown or MRTFB overex-
pression reduces VSMC proliferation and migration, and FHL3 overexpression mitigates
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MRTEB-driven effects on these behaviors. These data identify FHL3 as a regulator of
VSMC plasticity that inhibits the contractile phenotype by interfering with MRTFB-SRF
signaling, link a CAD-associated genetic signal to the VSMC phenotype, and nominate the
FHL3-MRTFB interaction as a potential therapeutic target.

Keywords: coronary artery disease; causal gene; VSMC; FHL3; MYH11

1. Introduction

Atherosclerotic diseases, particularly coronary artery disease (CAD), are a leading
cause of death in many countries [1]. In recent years, genome-wide association studies
(GWAS) have found a panel of genetic loci associated with CAD risk [2]. A key step
for potential therapeutic translation of these genetic discoveries is to identify the causal
genes at these loci and understand their pathobiological roles. Notably, a recently reported
integrative analysis of arterial tissue single-cell transcriptomic and CAD GWAS data reveals
that the genes residing at the CAD risk loci are enriched in vascular smooth muscle cells
(VSMCs) [3]. Furthermore, our recent studies implementing functional genomics analyses
of a large VSMC bank in conjunction with CAD GWAS data have identified candidate
causal genes at many of the CAD loci [4,5].

VSMCs play a multifaceted role in atherosclerosis [6,7]. In contrast to skeletal muscles
and cardiomyocytes, which are terminally differentiated cells, VSMCs possess phenotypic
plasticity [8,9]. In atherogenesis, VSMCs de-differentiate from a contractile state to a prolif-
erative phenotype and migrate into the atherosclerotic lesion [8,9]. While they contribute
to the formation and growth of the atherosclerotic plaque, their accumulation in the fibrous
cap helps stabilize the atherosclerotic plaque, reducing the risk of plaque rupture and
consequent coronary ischemic events [6,7].

Contractile VSMCs are typically characterized by the expression of certain markers,
such as smooth muscle myosin heavy chain 11 (MYH11) and transgelin (TAGLN) [8,9]. The
transcription of these genes is activated by the transcription factor serum response factor
(SRF) together with its co-activators myocardin, myocardin-related transcription factor-A
(MRTFA) and myocardin-related transcription factor-B (MRTFB) [8,10].

In the present study, we investigated whether and which candidate causal CAD
genes we recently identified [4,5] could modulate the VSMC phenotype. To this end, we
performed a pooled CRISPR-Cas9 nuclease knockout screen targeting the candidate causal
CAD genes in human VSMCs, using MYH11 (smooth muscle myosin heavy chain 11) levels
as a readout for the phenotypic state. FHL3 (four-and-a-half LIM domains protein 3) was
identified as the top-ranked repressor of the contractile phenotype marked by high MYH11
levels. Further experiments showed that FHL3 complexed with MRTFB and inhibited
the up-regulatory effect of MRTFB and SRF on MYH11 and TAGLN expression, therefore
identifying a FHL3-MRTFB/SRF axis that modulates the VSMC phenotype.

2. Materials and Methods

The study was conducted in accordance with the Declaration of Helsinki (1975, revised
in 2013). The VSMC bank study described below was approved by the East Midlands—Derby
Research Ethics Committee (15/EM /0045, 20/EM /0028 and 25/EM/0038) on 20 May 2015,
22 April 2020 (renewal) and 6 May 2025 (renewal), and the parents of umbilical cord donors
gave written informed consent.
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2.1. VSMC Biobank, Correlation Analyses, Genetic Colocalization Analysis, and Gene Expression
Levels by Genotype Analysis

A collection of VSMCs from different individuals [4] was utilized in this study. As
described before [4], VSMCs were isolated from umbilical cord arteries of 2114 donors using
a previously established protocol [11]. DNA from 1992 samples was genotyped using the
[umina Infinium Global Screening Array-24 v2.0, covering approximately 760,000 variants,
followed by genotype imputation to obtain information for 7,334,165 variants. RNA se-
quencing was performed on total RNA extracted from passage 3 VSMCs from 1499 donors.
Strand-specific, IRNA-depleted libraries were prepared and sequenced using 150-bp paired-
end reads on an Illumina platform at a depth of approximately 30 million reads per sample.
Data of both genotype and RNA sequencing were available from 1486 subjects (780 males
and 706 females) for subsequent analyses.

eQTL analysis was conducted in 1486 samples with both genotype and transcriptomic
data, using linear additive regression to model the effect of each genetic variant located
within 1 Mb of the transcription start site of each gene with the R package MatrixEQTL [12].
Sex, the first 2 principal components and the first 10 PEER (probabilistic estimation of
expression residuals) factors were used as covariates. Significance was determined using
the eigenMT-BH multiple testing correction method [13].

To test for colocalization between CAD GWAS [14-17] and VSMC cis-eQTL, we pre-
viously performed SMR/HEIDI analysis [4,5]. We ran the SMR/HEIDI analysis with the
default setting, which tests a genomic window size of 2 Mb centered around the gene of
interest and considered a single causal variant [18]. We applied a threshold of pgyr < 0.05
& puEm > 0.05 to identify significant colocalizations of CAD GWAS signals with VSMC
eQTL signals.

Functional characterization of passage 3 VSMCs included proliferation, migration,
and apoptosis assays performed using the Operetta CLS High-Content Analysis System
(PerkinElmer, Waltham, MA, USA).

With the use of the above data, correlation analyses were performed with the cor
function in R (v4.3.1) to determine the correlation of FHL3 expression levels with MYH11
expression levels and with VSMC proliferation, migration, and apoptosis. Correlation
plots were generated with R package ggplot2 (v4.0.3). Genetic colocalization plots were
generated with the LocusCompare R package (v1.1.0) [19]. FHL3 expression levels by
genotype were plotted in R.

2.2. Pooled CRISPR-Cas9 Nuclease Knockout Screen

A pooled CRISPR-Cas9 knockout screen was performed targeting 101 protein-coding
genes identified by colocalization analyses as putative causal genes for coronary artery
disease (CAD) in our previous studies [4,5]. For each target gene, four single-guide RNAs
(sgRNAs) were selected from the Human CRISPR Knockout Pooled Library (GeCKO v2 or
Brunello), together with non-targeting control sgRNAs. Corresponding oligonucleotides
were synthesized (GenScript, Nanjing, China) and cloned into the lentiGuide-Puro vector
(Addgene, Watertown, MA, USA; #52963), as previously described [20]. The sgRNA library
was amplified and packaged into lentivirus according to established protocols [20]. Library
quality and representation were evaluated by next-generation sequencing and analyzed
using MAGeCK (Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout) [21].

Human aortic smooth muscle cells (HASMCs; Lonza, CC-2571) were seeded in 15-cm
culture dishes at a density of 2 x 10° cells per dish. A total of 1 x 107 cells per technical
replicate were transduced with the pooled sgRNA lentiviral library at a multiplicity of
infection (MOI) of 0.2 (the experiment included 2 technical replicates). Forty-eight hours
after infection, cells were selected with 1 ug/mL puromycin for 7 days to enrich successfully
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transduced cells. Following antibiotic selection, cells were cultured in puromycin-free
medium for an additional 48 h before harvesting.

For Cas9-mediated genome editing, cells were pelleted and resuspended in Neon™
NxT Electroporation Buffer R (ThermoFisher Scientific, Waltham, MA, USA; N10096)
at a concentration of 1 x 10° cells per 100 pL. Recombinant Cas9 protein (ThermoFisher
Scientific, A36499) was added at a 1:10 (v/v) ratio, and electroporation was performed using
the Neon™ NXxT Electroporation System (Thermo Fisher Scientific, Waltham, MA, USA;
MPK5000) at 1 x 10° cells per reaction (pulse voltage, 1475 V; pulse width, 20 ms; pulse
number, 2). The total number of electroporations was scaled according to experimental
requirements. Immediately after electroporation, cells were transferred to pre-warmed
culture medium and allowed to recover. The efficiency of Cas9-mediated editing is shown
in Supplemental Figure S1A.

Nine days after electroporation, cells were harvested, washed with phosphate-
buffered saline (PBS), and fixed /permeabilized using fixation/permeabilization buffer
(ThermoFisher Scientific, 00-5523-00) for 30 min. Cells were incubated with rabbit anti-
MYH11 antibody (Abcam, Cambridge, UK; ab224804) for 1 h, followed by Alexa Fluor
488-conjugated goat anti-rabbit IgG H&L secondary antibody (Abcam, ab150077) for 30 min.
Between staining steps, cells were washed twice with PBS supplemented with 1% fetal
bovine serum. Stained cells were filtered through a 40 pm cell strainer and resuspended at
a final concentration of 2 x 10° cells/mL. Fluorescence-activated cell sorting gates were
established based on Alexa Fluor 488 fluorescence intensity to isolate the top 15% and
bottom 15% of MYH11-expressing cells. Genomic DNA was subsequently extracted from
sorted cell pellets as previously described [22].

sgRNA barcode sequences were amplified from genomic DNA using Q5 Hot Start
High-Fidelity 2x Master Mix (New England Biolabs, Ipswich, MA, USA; M0494L). Poly-
merase chain reaction (PCR) primers were designed according to the protocol reported by
Joung et al. [23]. PCR amplification was performed under the following conditions: 95 °C
for 5 min; 24-26 cycles of 98 °C for 20 s, 60 °C for 15 s, and 72 °C for 15 s, followed by a
final extension at 72 °C for 1 min. PCR products were pooled and purified using Hieff
NGS® DNA Selection Beads (Yeasen Biotechnology, Shanghai, China; 12601ES08). Purified
libraries were eluted in 50 uL nuclease-free water, quantified using the Qubit dsDNA HS
Assay Kit (ThermoFisher Scientific, Q32851), and assessed for quality using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

Next-generation sequencing at 400 x coverage per sgRNA was performed to deter-
mine the abundance of individual sgRNAs. Raw sequencing reads were processed using
Cutadapt (V4.8) [24] for adapter trimming, together with custom bioinformatics scripts,
achieving a mapping rate > 98%. The distribution of sgRNA counts and reproducibil-
ity between replicates are shown in Supplemental Figure S2B,C. Enrichment and deple-
tion analyses were conducted using the MAGeCK software package (version 0.5.9.5) [21].
MAGeCK count and test algorithms were applied with normalization to non-targeting con-
trol sgRNAs to identify positively and negatively selected sgRNAs associated with MYH11
expression. The results for the 4 individual FHL3-targeting sgRNAs in each technical
replicate are shown in Figure S1D.

2.3. Bioinformatics Analyses
2.3.1. Atherosclerotic Plaque Single-Cell RNA-Sequencing Data Analysis

Single-cell RNA-sequencing data from human thoracic aorta were obtained from the
NCBI Gene Expression Omnibus (GEO) under accession GSE253934 (Homo sapiens; expres-
sion profiling by high-throughput sequencing). The processed count matrices and associ-
ated metadata were downloaded from the GEO supplementary files (GSE253934_RAW.tar).
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Filtered gene-barcode matrices generated by 10 x Genomics Cell Ranger (v9.0.1)were
uploaded to Trailmaker (Parse Biosciences, Seattle, WA, USA; https://app.trailmaker.
parsebiosciences.com) for primary downstream analysis. Filtered feature-barcode matrices
were generated and subsequently used for quality control, processing, exploration, and
visualization. Quality control filters were applied to remove barcodes corresponding to:
(i) potential dying, dead, or stressed cells with high mitochondrial transcript content, using
a per-sample threshold of 15%; (ii) outliers in the relationship between the number of
detected genes and total transcript counts, identified by linear regression (p < 4.19 x 10~4-
1.00 x 1073, per sample); and (iii) cells with a high probability of being doublets (doublet
score threshold > 0.526-0.787, per sample).

After quality filtering, datasets were integrated in Seurat (V4) using Harmony with
2000 highly variable genes (LogNormalize), followed by dimensionality reduction using
RPCA (30 PCs) and graph-based clustering using the Leiden algorithm (resolution = 0.8) to
generate the initial cell atlas for downstream analyses. UMAP embeddings were computed
using cosine distance with min.dist = 0.4. For comparison of genes of interest, normalized
expression values for the relevant clusters were exported using the normalized gene
expression function in Trailmaker.

2.3.2. Arterial Tissue eQTL Data and Genetic Colocalization Analysis

eQTL data from coronary artery, aorta, and tibial artery tissues, respectively, were
downloaded from the GTEx portal https://gtexportal.org/home/ (accessed on 15 Au-
gust 2024) [25]; CAD GWAS summary statistics from Aragam et al. [14] were ob-
tained from http://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/ GCST9013200
1-GCST90133000/GCST90132314 (accessed on 26 February 2026). Coloc [26] was performed
to examine colocalization of CAD GWAS signals with FHL3 eQTL signals in coronary artery,
aorta, and tibial artery tissues. We applied a threshold of PP.H4.abf value of >0.8 for statis-
tical significance for a positive colocalization via the same variant. Genetic colocalization
plots were generated using LocusCompare R package (v4.3.2) [19].

2.3.3. Protein—Protein Interaction Analyses

Protein—protein interaction networks were constructed using the STRING database
(version 11.0, https:/ /string-db.org (accessed on 5 November 2025)) [27]. Interactions with
a combined confidence score > 0.4 (medium confidence) were retained in full STRING
network. The resulting network was exported for visualization and further analysis.

Additionally, BioGRID (Biological General Repository for Interaction Datasets, https:
/ /thebiogrid.org/ (accessed on 28 October 2025)) [28] was interrogated for data indicating
a protein—protein interaction between FHL3 and MRTFB.

2.4. Cell Culture

HASMCs were maintained in Human Vascular Smooth Muscle Cell Basal Medium
(ThermoFisher Scientific, M231500) supplemented with Smooth Muscle Growth Supple-
ment (ThermoFisher Scientific, 500725) and 1 x penicillin—streptomycin. Cells were cul-
tured at 37 °C under humidified conditions in an atmosphere containing 5% CO,.

2.5. Lentivirus Generation and Transduction

We constructed gene overexpression and knockdown vectors using the lentiviral
vectors pLVX-puro (Clontech Laboratories, Inc., Mountain View, CA, USA; 632164) and
pLKO.1-puro (Addgene, #8453), respectively. For overexpression, the cDNA sequences
were obtained from GenBank/NCBI with accession numbers 30678.1 for FHL3 and 76823.1
for MRTFB, respectively. For gene knockdown, the short hairpin RNA (shRNA) se-
quences were CCCTTAAATCTAGACTTCTCT (sh-FHL3) for FHL3; CCAGTGTTAAA-
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GAAGCAATTA (sh-MRTEFB) for MRTFB; and TAAGTCGCCCTCGCTCGAG (sh-NC) for a
negative control vector.

HEK?293T cells (ATCC, CRL-3216) were co-transfected with the lentiviral expression
vectors described above, together with the packaging plasmid psPAX2 (Addgene, #12260)
and the envelope plasmid pMD2.G (Addgene, #12259), using Lipofectamine 3000 (Invitro-
gen, Carlsbad, CA, USA; L3000015) according to the manufacturer’s instructions. Following
transfection, cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum. Lentiviral supernatants were harvested at 24 and
48 h post-transfection, pooled, and stored at —80 °C until use.

For lentiviral transduction, HASMCs at approximately 70% confluence were incubated
with 750 pL of lentiviral supernatant in the presence of 10 ng/mL polybrene. The viral
medium was replaced with fresh culture medium after 24 h. Forty-eight hours after
transduction, puromycin was added to the culture medium at a final concentration of
1.0 ug/mL for antibiotic selection. Puromycin-resistant cells were subsequently expanded
for downstream experiments.

2.6. Western Blot Analyses

HASMC lysates were prepared using radioimmunoprecipitation assay (RIPA) buffer,
and protein concentrations were quantified using the Pierce BCA Protein Assay Kit (Ther-
mokFisher Scientific, 23227). Equal amounts of protein were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride
membranes. Membranes were incubated with the appropriate primary antibodies followed
by horseradish peroxidase-conjugated secondary antibodies (Supplemental Table S1). Im-
munoreactive protein bands were detected and visualized using the ChemiDoc XRS+ Imag-
ing System (Bio-Rad Laboratories, Hercules, CA, USA). Vinculin (~117 kDa) or a-tubulin
(~55 kDa) was used as a loading control, selected based on molecular weight compatibility
with the target proteins to avoid signal overlap and ensure accurate normalization.

2.7. Co-Immunoprecipitation

HASMC lysates were prepared as described above and incubated with an anti-FHL3
antibody, an anti-MRTFB antibody, or a control IgG (Supplemental Table S1), followed
by incubation with Pierce Protein A/G Magnetic Beads (ThermoFisher Scientific, #88802).
After the washing steps, the supernatants containing the target antigens were analyzed by
Western blot, as described above.

2.8. Dual Luciferase Reporter Gene Assays

The promoter regions of the human MYH11 and TAGLN genes were amplified by PCR
and subcloned into the pGL3-basic vector (Promega, E1751), as previously described [29].
Each of these constructs, together with the pRL-TK control plasmid (Promega, E2241), were
transfected into HASMCs, and luciferase activity was measured 2 days post-transfection
using the FilterMax F5 (Molecular Devices, San Jose, CA, USA). The firefly luciferase
activity reading was normalized to the Renilla luciferase activity for each sample.

2.9. Immunofluorescence Analysis

HASMCs were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton
X-100, and blocked with 3% bovine serum albumin. Cells were then incubated overnight
at 4 °C with primary antibodies, followed by incubation with Alexa Fluor 488- or Alexa
Fluor 594-conjugated secondary antibodies for 1 h at room temperature (Supplemental
Table S1). After mounting with antifade medium containing 4’,6-diamidino-2-phenylindole
(DAPI), fluorescent images were acquired using a Zeiss confocal microscope (Carl Zeiss
AG, Oberkochen, Germany).
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2.10. Proliferation Assay

HASMCs were seeded into 96-well plates at a density of 2000 cells per well. After 48 h
of culture, cell proliferation was assessed using the Cell Counting Kit-8 (Beyotime, C0038)
according to the manufacturer’s instructions. Absorbance was measured at 450 nm using a
microplate reader (Molecular Devices, San Jose, CA, USA).

2.11. Migration Assay

HASMCs (4 x 10* cells/well) were seeded into the Transwell well (with 8 um pores)
of a Corning Transwell 24-well plate (Corning, NY, USA; CLS3422-48EA). After 24 h, the
cells were fixed with 4% formaldehyde (Sigma-Aldrich, F8775-500ML) and then stained
with 1 ug/mL Hoechst 33342 (Yeasen, 40732ES03). Next, non-migrated cells on the upper
surface of the Transwell membrane were carefully removed, and five images of the lower
surface were acquired using a fluorescence microscope with a 10x objective lens. The
number of migrated cells in each image was quantified using Image]J software (V1.52a),
and the mean value from the five images was calculated.

2.12. Apoptosis Assay

HASMCs were stained with annexin V-fluorescein isothiocyanate (Annexin V-FITC)
and propidium iodide, respectively, using a Dead Cell Apoptosis Kit (Yeasen, 40302ES50)
according to the manufacturer’s instructions. The cells were subsequently analyzed using
a Sparrow Flow Cytometer (Celula Inc., San Diego, CA, USA).

2.13. Statistical Analyses

The eQTL analysis, genetic colocalization analyses and pooled CRISPR knockout
screening data analysis are described above. A total of linear correlation analyses was per-
formed to test relationships of the FHL3 expression level with the MYH11 expression level
or with data of VSMC proliferation (EdU intensity), migration speed, migration distance,
and apoptosis, respectively. ANOVA (analysis of variance) was performed to compare
FHL3 expression levels between genotypes for rs28428561. In the experiments of HASMCs
with targeted gene knockdown or overexpression, non-parametric tests (Mann-Whitney U
test for two-group comparisons and Kruskal-Wallis test followed by Dunn’s post hoc test
for multiple group comparisons) were performed, because the sample sizes were relatively
small and normality could not be assumed. A two-sided p value < 0.05 was considered
statistically significant.

3. Results
3.1. Identification of FHL3 as a Repressor of VSMC Contractile Marker Genes

A pooled CRISPR-Cas9 nuclease knockout screen was performed on 101 candidate
causal genes for CAD identified by genetic colocalization analyses in our recent study [4].
In this experiment, cultured VSMCs were transduced with a sgRNA library including
sgRNAs to target these genes and then subjected to fluorescence-activated cell sorting with
the use of an antibody for MYH11. Following the flow cytometry sorting, either the top
or bottom 15% cells based on MYH11 expression levels were subjected to next-generation
sequencing (outlined in Figure 1A).

The FHL3 gene ranked highest among the genes for which sgRNA-mediated knock-
out was detected in the high-MYH11 cell subpopulation (Figure 1B and Supplemental
Table S2). Following the CRISPR screen, we focused our study on FHL3. A validation ex-
periment showed that short hairpin RNA (shRNA)-mediated knockdown of FHL3 resulted
in increased levels of MYH11 and also TAGLN (Figure 1C), supporting the finding of the
CRISPR screen.
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Primary VSMCs

In further support, we observed an inverse correlation between FHL3 and MYH11
expression levels in VSMCs from different individuals (n = 1486) (Figure 1D).
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Figure 1. FHL3 represses contractile VSMC marker gene expression. (A) A schematic illustration of
the pooled CRISPR-Cas9 nuclease knockout screen experimental procedure. Abbreviations: clustered
regularly interspaced short palindromic repeats, CRISPR; CRISPR-associated protein 9, Cas9; single-
guide RNA, sgRNA. (B) Volcano plot showing results of the pooled CRISPR-Cas9 nuclease knockout
screen. Pink symbols indicate genes whose knockout increases MYH11 in VSMCs. (C) VSMCs were
transduced with either a lentiviral vector containing a FHL3-targeting shRNA or a non-targeting
control shRNA, followed by Western blot analysis of FHL3, MYH11, and TAGLN. Representative
Western blot images are presented on the left. Column charts show means (+standard deviation)
of MYH11 and TAGLN band intensities standardized against the vinculin band. Each plotted data
point represents a technical replicate. p < 0.05 from two-sided Mann-Whitney U test, nn = 4 technical
replicates per condition. (D) Scatter plot showing an inverse correlation between FHL3 and MYH11
expression levels in VSMCs from different individuals from a VSMC biobank that we recently
developed [4]. Each plotted data point represents an independent biological replicate (donor-derived
VSMC sample). p value from linear correlation analysis, n = 1499 biological replicates for both FHL3
and MYH11 expression data. FPKM: fragments per kilobase of transcript per million mapped reads;
r: correlation coefficient.
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3.2. FHL3 Expression in VSMCs Is Influenced by CAD-Associated Genetic Variants

An analysis of single-cell transcriptomic data from a previously reported studies [30,31]

showed that in atherosclerotic or aneurysmal arterial tissues, VSMCs express higher levels
of FHL3 than fibroblasts and endothelial cells (Figure 2A and Supplemental Figure S2). In
contrast, in healthy vascular tissues, VSMCs express lower levels of FHL3 than fibroblasts
and endothelial cells (Supplemental Figure S3). Genes reported to be co-expressed with
FHL3 are shown in Supplemental Figure 54.
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Figure 2. Influence of CAD-associated genetic variant on FHL3 expression in VSMCs. (A) UMAP
(Uniform Manifold Approximation and Projection) visualization (left) and bubble plot (right) of FHL3
gene expression in various cell types in atherosclerotic arterial tissues (data from GSE253934 [31]),
showing enrichment of FHL3 in vascular smooth muscle cells (SMC). (B) Scatter plot showing
colocalization of CAD GWAS with VSMC FHL3 eQTL signals, supporting FHL3 as a candidate effector
gene at this CAD locus. n = 1486 biological replicates for FHL3 expression data and n = 1,165,690
biological replicates for CAD GWAS data. (C) Box and whisker plot of FHL3 expression levels in
VSMCs by genotype of the CAD-associated genetic variant rs28428561. Each plotted data point
represents an independent biological replicate (donor-derived VSMC sample). Each box shows the
median, first quartile and third quartile, while each whisker line shows the minimum and maximum
values excluding outliers. p value from ANOVA (analysis of variance); n = 1486 biological replicates
for both rs28428561 genotype and FHL3 expression data.
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In a genetic colocalization analysis of gene expression data from the abovementioned
VSMC biobank that we developed [4], in conjunction with reported CAD GWAS data [14],
we previously detected genetic variants with an eQTL effect on FHL3 expression in VSMCs,
as well as a significant association with CAD (p = 3.4 x 10~ for rs4072980 in SMR analy-
sis) [5], supporting FHL3 as a candidate effector gene at this CAD locus. The colocalization
can be visualized in the LocusCompare plot in Figure 2B. The highlighted variant rs28428561
in this plot is in high linkage disequilibrium with rs4072980 (R? = 0.98 in Europeans and
R? = 0.96 in East Asians). In this VSMC biobank, FHL3 expression was significantly lower
in cells of the rs28428561 G/G genotype than in cells of the A/A genotype and intermediate
in cells of the G/A genotype (Figure 2C). Of note, the rs28428561 G-allele is in linkage
disequilibrium (R? = 0.97) with the G-allele of rs4072980 that is reported to be associated
with higher CAD risk in multiple GWASs [14-16].

Furthermore, an analysis of data from the Genotype-Tissue Expression project (GTEx)
also showed colocalization of FHL3 eQTL and CAD GWAS signals in arterial tissues,
including the coronary artery, aorta, and tibial artery (PP.H4.abf value of >0.8 for each
tissue-type) (Figure 3A and Supplemental Tables S1-S3). The CAD-associated rs67631072
T-allele [14-16] (in linkage disequilibrium with the rs28428561 G-allele, R? = 0.86) was
associated with lower FHL3 expression in these arterial tissues (Figure 3B).
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Figure 3. Influence of CAD-associated genetic variant on FHL3 expression in arterial tissues. (A) Scat-
ter plot showing colocalization of CAD GWAS with arterial tissue FHL3 eQTL signals, supporting
FHL3 as a candidate effector gene at this CAD locus. n = 268 (for coronary artery), 472 (for aorta) and
689 (tibial artery) biological replicates for FHL3 expression data and n = 1,165,690 biological replicates
for CAD GWAS data. (B) Scatter plot of FHL3 expression levels in arterial tissues by genotype of the
CAD-associated genetic variant rs67631072. The numbers of biological replicates are indicated in
the figures.
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3.3. FHL3 Interacts with MRTFB

An interrogation of the STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins) and BioGRID (Biological General Repository for Interaction Datasets)
databases indicated that FHL3 could interact with MRTFB (Figure 4A), an SRF coactivator
that has been reported to promote the contractile phenotype of VSMCs [10,32]. To deter-
mine whether FHL3 and MRTFB are present in the same protein complex in VSMCs, we
performed a co-immunoprecipitation assay. In this assay, we detected MRTFB in immuno-
precipitates pulled down using an anti-FHL3 antibody and conversely detected FHL3 in
immunoprecipitates pulled down using an anti-MRTFB antibody (Figure 4B), supporting an
association between FHL3 and MRTFB in VSMCs. In further support, confocal microscopic
examination of VSMCs immunostained for both FHL3 and MRTFB showed co-localization
of these two proteins in VSMC nuclei (Figure 4C and Supplemental Figure S5).
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Figure 4. FHL3 is associated with MRTFB in VSMCs. (A) A schematic illustration of a reported
association between FHL3 and MRTFB based on STRING network analysis. (B). Results of co-
immunoprecipitation assay showing that FHL3 and MRTFB are present within the same protein
complex in VSMCs. Cell lysates were subjected to immunoprecipitation using either an anti-FHL3
antibody (left) or an anti-MRTFB antibody (right), followed by Western blot analysis using either
the anti-FHL3 antibody or the anti-MRTFB antibody, as indicated in the figure. (C). Fluorescent
immunocytochemical analysis showing subcellular colocalization of FHL3 (red) and MRTEB (green)
in VSMCs. Nuclei are visualized by DAPI staining. Images shown are representative of three
independent experiments. Colocalization was quantified using Pearson’s correlation coefficient with
Costes automatic thresholding using the Coloc 2 plugin in Fiji.

3.4. FHL3 Represses Contractile VSMC Marker Gene Expression via the MRTFB-SRF Pathway

Next, we investigated whether FHL3 modulates the VSMC contractile phenotype via
MRTFB. We found that MRTFB overexpression in VSMCs resulted in a significant increase
in both MYH11 and TAGLN levels. Importantly, this up-regulatory effect was abolished
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by concurrent overexpression of FHL3 (Figure 5A), suggesting that FHL3 inhibits the up-
regulating effect of MRTFB on the expression of these contractile VSMC hallmark proteins.
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Figure 5. FHL3 inhibits contractile VSMC marker gene expression by interfering MRTFB-SRF
interaction. (A) VSMCs were transduced with either an empty lentiviral vector (LV-vector) to serve
as a control, a lentiviral vector to express MRTFB (LV-MRTFB), or lentiviral vectors to express MRTFB
(LV-MRTFB) and FHL3 (LV-FHL3), respectively, followed by Western blot analysis of MYH11 and
TAGLN. (B) VSMCs were transduced with either a lentiviral vector to express a non-targeting short
hairpin RNA (shRNA) to serve as a control, a lentiviral vector to express a shRNA to target MRTFB
(MRTFB shRNA), or lentiviral vectors to express shRNAs to target MRTFB (MRTFB shRNA) and FHL3
(FHL3 shRNA), respectively, followed by Western blot analysis of MYH11 and TAGLN. (C) VSMCs
transduced to either an empty lentiviral vector (control) or a lentiviral vector to express FHL3, were
subjected to immunoprecipitation using an anti-MRTFB antibody, followed by Western blot analysis
with antibodies against either MRTFB or SREF, as indicated in the figure. SRF band intensity was
normalized to the corresponding SRF input signal. (A-C) Representative Western blot images are
presented on the left. Column charts show mean (+standard deviation) standardized band intensities.
Each plotted data point represents a technical replicate. p values from two-sided Mann-Whitney
U test or two-sided Kruskal-Wallis test with post hoc Dunn’s test, n = 4 technical replicates per
condition. (D) VSMCs were transduced with either an empty lentiviral vector (control), a lentiviral
vector to express MRTFB, or lentiviral vectors to express MRTFB and FHL3, and transfected with
luciferase reporter plasmids containing either the MYH11 gene promoter (MYH11-luc) or the TAGLN
gene promoter (TAGLN-luc), followed by luciferase activity assays. Column charts show means
(fstandard deviation) of luciferase activity. Each plotted data point represents a technical replicate.
p values from two-sided Kruskal-Wallis test with post hoc Dunn’s test; n = 4 technical replicates
per condition.
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In support, shRNA-mediated knockdown of MRTFB resulted in a substantial reduction
of both MYH11 and TAGLN, and concurrent knockdown of FHL3 did not lead to an
otherwise expected up-regulation of these proteins (Figure 5B).

Since MRTFB functions as an SRF co-activator [10,33], we investigated whether FHL3
influences the association between MRTFB and SRF A co-immunoprecipitation assay
detected SRF in immunoprecipitates pulled down by an anti-MRTFB antibody (Figure 5C),
confirming the interaction between MRTFB and SRF. Importantly, the assay showed that in
VSMCs with FHL3 overexpression, SRF diminished in immunoprecipitates pulled down
by the anti-MRTFB antibody (Figure 5C), suggesting that FHL3 overexpression reduced the
association between MRTFB and SRF detected by co-immunoprecipitation.

As it has been reported that MRTEB enhances SRF binding to CArG box elements in the
promoter regions of VSMC contractile genes and thereby up-regulates their expression [33],
we investigated whether FHL3 could counteract the up-regulatory effect of MRTFB on
VSMC contractile gene promoter activity. To this end, we transfected VSMCs with luciferase
reporter gene plasmid vectors containing the promoter regions of MYH11 and TAGLN,
respectively, as well as either an empty lentiviral vector, a MRTFB-expressing lentiviral
vector, or a MRTFB-expressing lentiviral vector plus a FHL3-expressing lentiviral vector,
followed by a luciferase activity assay. The assay showed that MRTFB overexpression
increased MYH11 and TAGLN gene promoter activity as expected and, importantly, FHL3
overexpression significantly attenuated the up-regulatory effect of MRTFB on MYH11 and
TAGLN gene promoter activity (Figure 5D).

3.5. FHL3 Influences VSMC Proliferation and Migration via MRTFB

As proliferation and migration are reduced in contractile VSMCs compared to pro-
liferative VSMCs [6] we investigated whether FHL3 could influence VSMC proliferation
and migration. We found that FHL3 knockdown or MRTFB overexpression resulted in a
decrease in VSMC proliferation and migration and that FHL3 overexpression counteracted
the effect of MRTFB overexpression (Figure 6A,B), suggesting that FHL3 influences VSMC
proliferation and migration via MRTFB. In support, another assay showed that MRTFB
knockdown increased VSMC proliferation and migration, while concurrent FHL3 knock-
down did not result in a further change in VSMC proliferation and migration (Figure 6C).
Additionally, we investigated whether FHL3 could influence VSMC apoptosis. We observed
no significant effect of FHL3 knockdown on VSMC apoptotic rates (Figure 6D). Consistently,
an analysis of reported data [34] showed that the expression of the proliferation marker
Mki67 was reduced in myoblasts with Fhl3 knockout compared with wildtype myoblasts,
whereas the apoptosis marker Casp3 had similar expression levels in myoblasts with FhI3
knockout compared with wildtype myoblasts (Supplemental Figure S6).

In support, analyses of VSMCs from different individuals (n = 1486) showed that
there was a correlation of FHL3 expression levels with VSMC proliferation (Figure 7A) and
migration (Figure 7B,C) and no significant correlation with VSMC apoptosis (Figure 7D).
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Figure 6. FHL3 promotes VSMC proliferation and migration via MRTFB. (A) VSMCs were transduced
with either a lentiviral vector to express a non-targeting short hairpin RNA (shRNA) to serve as a
control or a lentiviral vector to express a shRNA to target FHL3 (FHL3 shRNA), followed by cell
proliferation and migration assays. (B) VSMCs were transduced with either an empty lentiviral vector
(LV-vector) to serve as a control, a lentiviral vector to express MRTFB (LV-MRTFB), or lentiviral vectors
to express MRTFB (LV-MRTFB) and FHL3 (LV-FHL3), respectively, followed by cell proliferation
assay and migration assay. (C) VSMCs were transduced with either a lentiviral vector to express
a non-targeting short hairpin RNA (shRNA) to serve as a control, a lentiviral vector to express a
shRNA to target MRTFB (MRTFB shRNA), or lentiviral vectors to express shRNAs to target MRTFB
(MRTFB shRNA) and FHL3 (FHL3 shRNA), respectively, followed by cell proliferation and migration
assays. (A—C) Cell proliferation was measured by a colorimetric assay with the use of Cell Counting
Kit-8, and cell migration was measured by Transwell assay. Representative images of migrated cells
stained with Hoechst 33342 are shown. Micrographs were acquired at 10x magnification. Scale
bar: 100 um. (D) VSMCs were transduced with either a lentiviral vector to express a non-targeting
short hairpin RNA (shRNA) to serve as a control or a lentiviral vector to express a shRNA to target
FHL3 (FHL3 shRNA), followed by an apoptosis assay with the use of a Dead Cell Apoptosis Kit
to stain cells with annexin V-fluorescein isothiocyanate (Annexin V-FITC) and propidium iodide
(PI), respectively. Upper: Representative flow cytometry graphs. Bottom: Histogram overlay of
Annexin V-FITC fluorescence intensity between control and FHL3-knockdown VSMCs, showing
minimal signal shift. (A-D) Column charts show means =+ standard deviation. Each plotted data
point represents a technical replicate. p values from two-sided Mann—-Whitney U test or two-sided
Kruskal-Wallis test with post hoc Dunn’s test, n = 4 technical replicates per condition.
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Figure 7. Correlation of FHL3 expression with proliferation and migration of VSMCs. (A) A schematic
illustration of experimental procedure. (B-E) Scatter plots showing a correlation of FHL3 expression
levels with proliferation (B), migration speed (C) and migration distance (D), and no correlation
with apoptosis (E) in VSMCs from different individuals from a VSMC biobank that we recently
developed [4]. Proliferation, migration, and apoptosis were determined using an Operetta CLS High-
Content Analysis System (PerkinElmer), following staining of the cells with 5-ethynyl-2’-deoxyuridine
(EdU, in proliferation assay), CellTracker Green CMFDA (in migration assay), and Hoechst 33342
together with propidium iodide (in apoptosis assay), respectively, as described previously [4]. Each
plotted data point represents an independent biological replicate (donor-derived VSMC sample).
p value from linear correlation analysis; n = 1499 biological replicates for both FHL3 expression and
VSMC proliferation/migration data. FPKM: fragments per kilobase of transcript per million mapped
reads; r: correlation coefficient.

4. Discussion

To facilitate pharmaceutical and medical translation from the recent discovery of the
many genomic loci associated with CAD, it is important to identify the causal genes at
these loci and understand their pathobiological roles. Our recent studies [4,5] identified
a number of candidate causal genes at various CAD risk loci that have been previously
mapped by GWASs [14-17], one of which is FHL3 on chromosome 1p34.3. Our present
study reveals that FHL3 modulates VSMC phenotype and behavior, providing insight into
the pathobiological role of this CAD gene.

Interestingly, a number of genes located at CAD risk loci identified by GWASs
have been shown to influence VSMC phenotypic switching, including ADAMTS7 [35,36],
FES [5,37], FHL5 [38], HHIPL1 [39] and TCF21 [40,41]. For example, it has been reported
that TCF21 suppresses the expression of contractile VSMC markers, promotes VSMC phe-
notypic transition, and thereby reduces CAD risk, indicating a protective role of VSMC
phenotypic modulation in atherosclerosis [40,41]. Therefore, it appears that regulating
VSMC phenotypic switching is a common mechanism through which many of the genetic
loci influence CAD risk. Our findings support FHL3 as a candidate effector gene through
which genetic variation at this CAD locus influences the VSMC phenotype.

VSMC phenotypic modulation is increasingly recognized as a dynamic and context-
dependent process during atherosclerosis. While acquisition of a synthetic phenotype
contributes to lesion formation, phenotypically modulated VSMCs also migrate into the
fibrous cap and contribute to plaque stabilization. Therefore, the biological consequences
of modulating the VSMC phenotype are likely to depend on the stage of disease and the
vascular microenvironment. In this study, we found that the CAD risk allele is associated
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with reduced FHL3 expression, whereas FHL3 knockdown in cultured VSMCs promotes
expression of contractile marker genes and reduces proliferation and migration. These
findings are compatible with a hypothesis that the CAD risk allele may increase plaque
instability, and therefore CAD risk, due to reduced FHL3 expression and consequently
reduced VSMC content in the plaque cap.

A hallmark of contractile VSMCs is the expression of certain contractile proteins, with
MYH11 considered to be the most specific [8]. It has been established that the transcription
factor SRF binds to CArG box elements in promoter regions of these VSMC marker genes,
thereby activating their transcription [8]. This is regulated by the co-activators myocardin,
MRTFA and MRTFB, which complex with SRE. The results of our present study indicate
that FHL3 interferes with this transcription regulatory complex, thereby reducing MYH11
expression. Specifically, the FHL3 protein is associated with the MRTFB protein and
interferes with the interaction between MRTFB and SRF, preventing up-regulation of
MYH11 expression (outlined in Figure 8). Thus, our study suggests an FHL3-MRTFB-SRF
axis that regulates the expression of contractile VSMC hallmark proteins.

FHL3 Links CAD Genetic Risk to VSMC Phenotypic Switching via MRTFB-SRF Inhibition

CAD Risk Variant Vascular smooth muscle cell (VSMC) Contractile VSMC
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Figure 8. Schematic presentation of the key findings from this study. CAD-associated risk variants
reduce expression of FHL3, which inhibits the up-regulation of the VSMC contractile genes MYH11
and TAGLN by interfering with the interaction of MRTFB and SRE. Alterations in the VSMC phenotype
influence proliferation, migration, and extracellular matrix production, with context-dependent
consequences for plaque development and stability. Abbreviations: coronary artery disease, CAD;
myocardin-related transcription factor B, MRTFB; myosin heavy chain 11, MYH11; serum response
factor, SRF; transgelin, TAGLN.

The four-and-a-half LIM domain (FHL) protein family consists of five members charac-
terized by a unique structural arrangement: a single “half” LIM domain at the N-terminus
followed by four complete, tandemly repeated LIM domains [42,43]. These proteins act
as molecular scaffolds, co-regulators, or adapters to facilitate protein—protein interactions
and are primarily involved in cytoskeletal organization, muscle development, transcription
regulation, and signal transduction. While FHL1, FHL2 and FHL3 have been shown to
influence skeletal and /or cardiac muscles [42—44], FHL2 and FHL5 have been implicated
in atherosclerosis [38,45,46]. It is reported that FHL2 can influence VSMC proliferation
and migration [47] and that FHL5 promotes vascular remodeling and calcification. In
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analogy, our current study reveals that FHL3 modulates VSMC phenotype and behavior.
Interestingly, both FHL3 and FHL5 are candidate causal CAD genes [5,48], residing on
chromosome 1p34.3 and 6q16.1, respectively. The findings of these studies add to the
growing understanding of the cardiovascular roles of the FHL family.

FHL3 is a cytoskeletal scaffold protein and is also located in the nucleus. To date,
most studies of FHL3 have been focused on its functions in skeletal muscles [42,43]. Stud-
ies have shown that FHL3 interacts with myoblast determination protein 1 (MYOD) and
other transcription factors to modulate the differentiation of myoblasts into mature muscle
fibers [44,49], and that FHL3 overexpression affects muscle glycolytic metabolism with
implications in muscle metabolism-related diseases such as type 2 diabetes [34]. Beyond
muscle, it is reported that FHL3 either suppresses or promotes tumor progression by mod-
ulating epithelial-mesenchymal transition, proliferation, and migration [50]. In several
cancers, FHL3 has been reported to modulate signaling pathways including TGF-3, MAPK
and NF-«B, whereas in other settings, it has been suggested to function as a tumor sup-
pressor [50]. The finding of our current study that FHL3 modulates the VSMC phenotype
expands the understanding of the biological roles of this important protein.

MRTEFB is a well-established transcriptional co-activator of SRF and plays a central
role in regulating cytoskeletal dynamics, smooth muscle differentiation and myofibroblast
activation [51]. Dysregulated MRTEB signaling has been implicated in vascular remodeling,
cardiac fibrosis, pulmonary fibrosis, renal fibrosis and several malignancies [51]. Our
findings extend this body of work by identifying FHL3 as a possible regulator of MRTFB in
human VSMCs.

While our co-immunoprecipitation experiments demonstrate that FHL3 and MRTFB
are associated within the same protein complex in VSMCs, they do not distinguish between
direct and indirect interactions. Determining whether FHL3 binds directly to MRTFB will
require future biochemical studies using purified proteins or other assays capable of resolv-
ing direct molecular interactions. Future structural studies, including NMR spectroscopy,
X-ray crystallography or cryo-electron microscopy where technically feasible, together
with domain-mapping and site-directed mutagenesis, will be required to define the three-
dimensional organization and molecular interface of the FHL3-MRTFB complex. Such
information may facilitate the development of reagents capable of selectively modulating
this interaction.

Although our data support a model in which FHL3 attenuates MRTFB-dependent
SRF signaling, the precise molecular mechanism remains to be established. In particular,
the present study did not determine whether FHL3 regulates MRTFB abundance, protein
stability, post-translational modification, subcellular localization, or chromatin occupancy.
Furthermore, we did not investigate potential effects of FHL3 on other SRF co-activators,
including MRTFA and myocardin. These important questions warrant future investigation.

In the analyzed arterial tissue, FHL3 expression was higher in VSMCs, lower in fibrob-
lasts, and lower still in endothelial cells. VSMCs and fibroblasts share several mesenchymal
features, including dynamic regulation of the cytoskeleton, extracellular matrix interactions,
migration and phenotypic plasticity. The relative enrichment of FHL3 in these cell types
may therefore reflect its function as a LIM-domain-containing regulatory protein involved
in cytoskeletal and transcriptional processes. However, the present data do not establish
the developmental or evolutionary basis of this cell-type-specific expression pattern, which
would require comparative lineage and cross-species studies.

One limitation of the present study is that the shRNA-mediated knockdown experi-
ments used a single targeting sequence for FHL3 and MRTFB. Although the conclusions
are supported by an independent pooled CRISPR screen, complementary gain-of-function
experiments, human genetic analyses, and multiple orthogonal mechanistic approaches,
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future studies using additional independent shRNAs or CRISPR-mediated gene editing
will further strengthen the evidence for target specificity.

Another limitation of the present study is that the mechanistic gain- and loss-of-
function experiments were performed in a single commercially available human aortic
smooth muscle cell line cultured under in vitro conditions. However, these observations
were independently supported by analyses of donor-derived primary human VSMCs from
our large VSMC biobank, including genetic, transcriptomic, proliferation, and migration
data, providing complementary evidence beyond the mechanistic studies performed in
cultured HASMCs. Nevertheless, functional validation in independently isolated pri-
mary VSMCs and in vivo or ex vivo vascular models will be important to establish the
physiological significance of the FHL3-MRTFB pathway.

Although VSMC proliferation following FHL3 perturbation was assessed using the
CCK-8 assay in the present study, the observed association between FHL3 and proliferation
is independently supported by EdU-based proliferation measurements in a large VSMC
biobank. Likewise, the association between FHL3 and VSMC migration is supported
by both Transwell assays following gene perturbation and an independent high-content
imaging assay quantifying migration speed and migration distance. Future studies employ-
ing direct proliferation assays after FHL3 manipulation and migration assays specifically
controlling for proliferation will provide additional validation.

The present study focused on the regulation of the VSMC contractile program, prolif-
eration and migration by the FHL3-MRTFB axis. Whether FHL3 and MRTFB also influence
inflammatory activation of VSMCs was not investigated. Future studies examining inflam-
matory mediators and adhesion molecules under both basal and inflammatory-stimulation
conditions will be required to determine whether this pathway also regulates the inflam-
matory phenotype of VSMCs.

The association of 1567631072 with FHL3 expression was examined in the coronary
artery, aorta and tibial artery because these were the arterial tissues for which suitable
eQTL data were available in GTEx. Comparable data were not available for several other
vascular beds. Future studies using larger, cell-type-resolved eQTL datasets from additional
vascular territories can help determine the generalizability of this regulatory association.

Although our genetic analyses support rs28428561 and rs67631072 as regulatory vari-
ants affecting FHL3 expression, the precise molecular mechanisms remain to be determined.
Future studies using allele-specific reporter assays, genome editing, chromatin accessibility
analyses and transcription-factor binding assays will be required to identify the regulatory
mechanisms through which these variants influence FHL3 expression. In summary, the
findings of this study further the understanding of the molecular mechanisms controlling
VSMC phenotypes and provide insight into the pathobiological role of FHL3 encoded
by the candidate effector gene FHL3 at the CAD risk locus on chromosome 1p34.3. CAD
risk variant-associated reductions in FHL3 expression inhibit the phenotypic switching of
VSMCs from a contractile to a proliferative/synthetic phenotype, potentially resulting in
greater risk of plaque rupture due to a lower proliferative/synthetic VSMC contribution
towards plaque stability. This finding highlights the nuanced dichotomy that is VSMC
phenotype switching; it contributes to plaque development but also protects against plaque
rupture. These findings provide a mechanistic foundation for future studies investigating
the therapeutic potential of targeting CAD causal genes and VSMC phenotypic modulation.
Whether such approaches can be translated into effective therapies for CAD will require
validation in appropriate in vivo models. The opportunities for modulating VSMC behav-
ior to improve cardiovascular outcomes remain relatively underexplored and have recently
attracted increasing attention [7].
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Abbreviations

BSA bovine serum albumin

CAD coronary artery disease

Cas9 CRISPR-associated protein 9

cDNA complementary DNA

CRISPR clustered regularly interspaced short palindromic repeats
DAPI 4’ 6-diamidino-2-phenylindole

DMEM Dulbecco’s Modified Eagle Medium

EdU 5-ethynyl-2'-deoxyuridine

eQTL expression quantitative trait locus

FITC fluorescein isothiocyanate

FHL3 four and a half LIM domains protein 3

FPKM fragments per kilobase of transcript per million mapped reads
GTEXx Genotype-Tissue Expression
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GWAS genome-wide association study

HASMCs human aortic smooth muscle cells

MOI multiplicity of infection

MRTFB myocardin-related transcription factor-B

MYH11 smooth muscle myosin heavy chain 11

NGS next-generation sequencing

PBS phosphate-buffered saline

PCR polymerase chain reaction

PI propidium iodide

RNA-seq RNA sequencing

sgRNA single-guide RNA

shRNA short hairpin RNA

SRF serum response factor

STRING Search Tool for the Retrieval of Interacting Genes/Proteins
TAGLN transgelin

UMAP Uniform Manifold Approximation and Projection
VSMCs vascular smooth muscle cells

References

1.

10.

11.

12.

13.

14.

15.

Vaduganathan, M.; Mensah, G.A.; Turco, J.V.; Fuster, V.; Roth, G.A. The Global Burden of Cardiovascular Diseases and Risk:
A Compass for Future Health. J. Am. Coll. Cardiol. 2022, 80, 2361-2371. [CrossRef] [PubMed]

Schunkert, H.; Natarajan, P.; Samani, N.J. The Inherited Basis of Coronary Artery Disease. N. Engl. |. Med. 2026, 394, 576-587.
[CrossRef] [PubMed]

Pepin, M.E.; Schwartzman, W.E.; Fang, S.; Vellarikkal, S.K.; Atri, D.S.; Reddy, A.; Xu, Q.; Hamel, A.R; Billaud, M.; Segre, A.V,;
et al. Integrative analysis of single-cell transcriptomics and genetic associations identify cell states associated with vascular
disease. Atherosclerosis 2025, 403, 119108. [CrossRef] [PubMed]

Solomon, C.U.; McVey, D.G.; Andreadi, C.; Gong, P; Turner, L.; Stanczyk, PJ.; Khemiri, S.; Chamberlain, J.C.; Yang, W.; Webb, TR,;
et al. Effects of Coronary Artery Disease-Associated Variants on Vascular Smooth Muscle Cells. Circulation 2022, 146, 917-929.
[CrossRef] [PubMed]

Solomon, C.U.; McVey, D.G.; Andreadi, C.; Gong, P.; Turner, L.; Song, D.S.S.; Zhang, H.; Lee, D.P,; Karamanavi, E.; Yang, W,;
et al. Integrative functional genomics analysis identifies pleiotropic genes for vascular diseases. Nat. Commun. 2026, 17, 3376.
[CrossRef] [PubMed]

Basatemur, G.L.; Jorgensen, H.F,; Clarke, M.C.H.; Bennett, M.R.; Mallat, Z. Vascular smooth muscle cells in atherosclerosis. Nat.
Rev. Cardiol. 2019, 16, 727-744. [CrossRef] [PubMed]

Azar, P; Jarr, KU.; Gomez, D.; Jorgensen, H.F.; Leeper, N.J.; Bochaton-Piallat, M.L. Smooth muscle cells in atherosclerosis:
Essential but overlooked translational perspectives. Eur. Heart |. 2025, 46, 4862-4875. [CrossRef] [PubMed]

Owens, G.K.; Kumar, M.S.; Wamhoff, B.R. Molecular regulation of vascular smooth muscle cell differentiation in development
and disease. Physiol. Rev. 2004, 84, 767-801. [CrossRef] [PubMed]

Chen, R.; McVey, D.G,; Shen, D.; Huang, X.; Ye, S. Phenotypic Switching of Vascular Smooth Muscle Cells in Atherosclerosis. J.
Am. Heart Assoc. 2023, 12, €031121. [CrossRef] [PubMed]

Parmacek, M.S. Myocardin-related transcription factors: Critical coactivators regulating cardiovascular development and
adaptation. Circ. Res. 2007, 100, 633-644. [CrossRef] [PubMed]

Leik, C.E.; Willey, A.; Graham, M.E,; Walsh, S.W. Isolation and culture of arterial smooth muscle cells from human placenta.
Hypertension 2004, 43, 837-840. [CrossRef] [PubMed]

Shabalin, A.A. Matrix eQTL: Ultra fast eQTL analysis via large matrix operations. Bioinformatics 2012, 28, 1353-1358. [CrossRef]
[PubMed]

Huang, Q.Q.; Ritchie, S.C.; Brozynska, M.; Inouye, M. Power, false discovery rate and Winner’s Curse in eQTL studies. Nucleic
Acids Res. 2018, 46, €133. [CrossRef] [PubMed]

Aragam, K.G,; Jiang, T.; Goel, A.; Kanoni, S.; Wolford, B.N.; Atri, D.S.; Weeks, E.M.; Wang, M.; Hindy, G.; Zhou, W.; et al.
Discovery and systematic characterization of risk variants and genes for coronary artery disease in over a million participants.
Nat. Genet. 2022, 54, 1803-1815. [CrossRef] [PubMed]

Nelson, C.P,; Goel, A.; Butterworth, A.S.; Kanoni, S.; Webb, T.R.; Marouli, E.; Zeng, L.; Ntalla, I.; Lai, FY.; Hopewell, ].C.; et al.
Association analyses based on false discovery rate implicate new loci for coronary artery disease. Nat. Genet. 2017, 49, 1385-1391.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/ cells15161475


https://doi.org/10.1016/j.jacc.2022.11.005
https://www.ncbi.nlm.nih.gov/pubmed/36368511
https://doi.org/10.1056/NEJMra2405153
https://www.ncbi.nlm.nih.gov/pubmed/41870454
https://doi.org/10.1016/j.atherosclerosis.2025.119108
https://www.ncbi.nlm.nih.gov/pubmed/40120433
https://doi.org/10.1161/CIRCULATIONAHA.121.058389
https://www.ncbi.nlm.nih.gov/pubmed/35735005
https://doi.org/10.1038/s41467-026-69273-8
https://www.ncbi.nlm.nih.gov/pubmed/41644529
https://doi.org/10.1038/s41569-019-0227-9
https://www.ncbi.nlm.nih.gov/pubmed/31243391
https://doi.org/10.1093/eurheartj/ehaf337
https://www.ncbi.nlm.nih.gov/pubmed/40574648
https://doi.org/10.1152/physrev.00041.2003
https://www.ncbi.nlm.nih.gov/pubmed/15269336
https://doi.org/10.1161/JAHA.123.031121
https://www.ncbi.nlm.nih.gov/pubmed/37815057
https://doi.org/10.1161/01.RES.0000259563.61091.e8
https://www.ncbi.nlm.nih.gov/pubmed/17363709
https://doi.org/10.1161/01.HYP.0000119191.33112.9c
https://www.ncbi.nlm.nih.gov/pubmed/14967841
https://doi.org/10.1093/bioinformatics/bts163
https://www.ncbi.nlm.nih.gov/pubmed/22492648
https://doi.org/10.1093/nar/gky780
https://www.ncbi.nlm.nih.gov/pubmed/30189032
https://doi.org/10.1038/s41588-022-01233-6
https://www.ncbi.nlm.nih.gov/pubmed/36474045
https://doi.org/10.1038/ng.3913
https://www.ncbi.nlm.nih.gov/pubmed/28714975
https://doi.org/10.3390/cells15161475

Cells 2026, 15, 1475 21 0f22

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

van der Harst, P.; Verweij, N. Identification of 64 Novel Genetic Loci Provides an Expanded View on the Genetic Architecture of
Coronary Artery Disease. Circ. Res. 2018, 122, 433—443. [CrossRef] [PubMed]

Howson, ] M.M.; Zhao, W.; Barnes, D.R.; Ho, WK.; Young, R; Paul, D.S.; Waite, L.L.; Freitag, D.F,; Fauman, E.B.; Salfati, E.L.; et al.
Fifteen new risk loci for coronary artery disease highlight arterial-wall-specific mechanisms. Nat. Genet. 2017, 49, 1113-1119.
[CrossRef] [PubMed]

Zhu, Z.; Zhang, F; Hu, H.; Bakshi, A.; Robinson, M.R.; Powell, ].E.; Montgomery, G.W.; Goddard, M.E.; Wray, N.R.; Visscher,
PM,; et al. Integration of summary data from GWAS and eQTL studies predicts complex trait gene targets. Nat. Genet. 2016, 48,
481-487. [CrossRef] [PubMed]

Liu, B.; Gloudemans, M.].; Rao, A.S.; Ingelsson, E.; Montgomery, S.B. Abundant associations with gene expression complicate
GWAS follow-up. Nat. Genet. 2019, 51, 768-769. [CrossRef] [PubMed]

Sanjana, N.E.; Shalem, O.; Zhang, F. Improved vectors and genome-wide libraries for CRISPR screening. Nat. Methods 2014, 11,
783-784. [CrossRef] [PubMed]

Li, W,; Xu, H; Xiao, T.; Cong, L.; Love, M.I,; Zhang, F; Irizarry, R.A; Liu, J.S.; Brown, M.; Liu, X.5. MAGeCK enables robust
identification of essential genes from genome-scale CRISPR/Cas9 knockout screens. Genome Biol. 2014, 15, 554. [CrossRef]
[PubMed]

Miskimen, K.L.S.; Miron, P.L. Isolation of Genomic DNA from Mammalian Cells and Fixed Tissue. Curr. Protoc. 2023, 3, e818.
[CrossRef] [PubMed]

Joung, J.; Konermann, S.; Gootenberg, J.S.; Abudayyeh, O.O.; Platt, R.J.; Brigham, M.D.; Sanjana, N.E.; Zhang, F. Genome-scale
CRISPR-Cas9 knockout and transcriptional activation screening. Nat. Protoc. 2017, 12, 828-863. [CrossRef] [PubMed]

Kechin, A.; Boyarskikh, U.; Kel, A.; Filipenko, M. cutPrimers: A New Tool for Accurate Cutting of Primers from Reads of Targeted
Next Generation Sequencing. J. Comput. Biol. 2017, 24, 1138-1143. [CrossRef] [PubMed]

Consortium, G.T. The GTEx Consortium atlas of genetic regulatory effects across human tissues. Science 2020, 369, 1318-1330.
[CrossRef] [PubMed]

Giambartolomei, C.; Vukcevic, D.; Schadt, E.E.; Franke, L.; Hingorani, A.D.; Wallace, C.; Plagnol, V. Bayesian test for colocalisation
between pairs of genetic association studies using summary statistics. PLoS Genet. 2014, 10, e1004383. [CrossRef] [PubMed]
Szklarczyk, D.; Kirsch, R.; Koutrouli, M.; Nastou, K.; Mehryary, F; Hachilif, R.; Gable, A.L.; Fang, T.; Doncheva, N.T; Pyysalo, S.;
et al. The STRING database in 2023: Protein-protein association networks and functional enrichment analyses for any sequenced
genome of interest. Nucleic Acids Res. 2023, 51, D638-D646. [CrossRef] [PubMed]

Oughtred, R.; Stark, C.; Breitkreutz, B.J.; Rust, J.; Boucher, L.; Chang, C.; Kolas, N.; O’'Donnell, L.; Leung, G.; McAdam, R.; et al.
The BioGRID interaction database: 2019 update. Nucleic Acids Res. 2019, 47, D529-D541. [CrossRef] [PubMed]

Morita, T.; Hayashi, K. Arp5 is a key regulator of myocardin in smooth muscle cells. . Cell Biol. 2014, 204, 683-696. [CrossRef]
[PubMed]

Ren, P; Jiang, B.; Hassab, A.H.M.; Li, G.; Li, W.; Assi, R.; Tellides, G. Heterogeneous Cardiac-Derived and Neural Crest-Derived
Aortic Smooth Muscle Cells Exhibit Similar Transcriptional Changes After TGFbeta Signaling Disruption. Arter. Thromb. Vasc.
Biol. 2025, 45, 260-276. [CrossRef] [PubMed]

Li, Y,; Ren, P; Dawson, A.; Vasquez, H.G.; Ageedi, W.; Zhang, C.; Luo, W.; Chen, R; Li, Y.; Kim, S; et al. Single-Cell Transcriptome
Analysis Reveals Dynamic Cell Populations and Differential Gene Expression Patterns in Control and Aneurysmal Human Aortic
Tissue. Circulation 2020, 142, 1374-1388. [CrossRef] [PubMed]

Oh, J.; Richardson, J.A.; Olson, E.N. Requirement of myocardin-related transcription factor-B for remodeling of branchial arch
arteries and smooth muscle differentiation. Proc. Natl. Acad. Sci. USA 2005, 102, 15122-15127. [CrossRef] [PubMed]

Wang, D.Z; Li, S.; Hockemeyer, D.; Sutherland, L.; Wang, Z.; Schratt, G.; Richardson, J.A.; Nordheim, A.; Olson, E.N. Potentiation
of serum response factor activity by a family of myocardin-related transcription factors. Proc. Natl. Acad. Sci. USA 2002, 99,
14855-14860. [CrossRef] [PubMed]

Bai, W.; Zhang, Y.; Ma, J.; Du, M.; Xu, H.; Wang, J.; Zhang, L.; Li, W.; Hou, Y.; Liu, X,; et al. FHL3 promotes the formation of fast
glycolytic muscle fibers by interacting with YY1 and muscle glycolytic metabolism. Cell Mol. Life Sci. 2023, 80, 27. [CrossRef]
[PubMed]

Pu, X.; Xiao, Q.; Kiechl, S.; Chan, K,; Ng, EL.; Gor, S.; Poston, R.N.; Fang, C.; Patel, A.; Senver, E.C.; et al. ADAMTS? cleavage and
vascular smooth muscle cell migration is affected by a coronary-artery-disease-associated variant. Am. . Hum. Genet. 2013, 92,
366-374. [CrossRef] [PubMed]

Mizoguchi, T.; MacDonald, B.T.; Bhandary, B.; Popp, N.R.; Laprise, D.; Arduini, A; Lai, D.; Zhu, Q.M.; Xing, Y.; Kaushik, V.K,;
et al. Coronary Disease Association With ADAMTS? Is Due to Protease Activity. Circ. Res. 2021, 129, 458-470. [CrossRef]
[PubMed]

Karamanavi, E.; McVey, D.G.; van der Laan, S.W.; Stanczyk, PJ.; Morris, G.E.; Wang, Y.; Yang, W.; Chan, K.; Poston, R.N.; Luo,
J.; et al. The FES Gene at the 15q26 Coronary-Artery-Disease Locus Inhibits Atherosclerosis. Circ. Res. 2022, 131, 1004-1017.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/ cells15161475


https://doi.org/10.1161/CIRCRESAHA.117.312086
https://www.ncbi.nlm.nih.gov/pubmed/29212778
https://doi.org/10.1038/ng.3874
https://www.ncbi.nlm.nih.gov/pubmed/28530674
https://doi.org/10.1038/ng.3538
https://www.ncbi.nlm.nih.gov/pubmed/27019110
https://doi.org/10.1038/s41588-019-0404-0
https://www.ncbi.nlm.nih.gov/pubmed/31043754
https://doi.org/10.1038/nmeth.3047
https://www.ncbi.nlm.nih.gov/pubmed/25075903
https://doi.org/10.1186/s13059-014-0554-4
https://www.ncbi.nlm.nih.gov/pubmed/25476604
https://doi.org/10.1002/cpz1.818
https://www.ncbi.nlm.nih.gov/pubmed/37399289
https://doi.org/10.1038/nprot.2017.016
https://www.ncbi.nlm.nih.gov/pubmed/28333914
https://doi.org/10.1089/cmb.2017.0096
https://www.ncbi.nlm.nih.gov/pubmed/28715235
https://doi.org/10.1126/science.aaz1776
https://www.ncbi.nlm.nih.gov/pubmed/32913098
https://doi.org/10.1371/journal.pgen.1004383
https://www.ncbi.nlm.nih.gov/pubmed/24830394
https://doi.org/10.1093/nar/gkac1000
https://www.ncbi.nlm.nih.gov/pubmed/36370105
https://doi.org/10.1093/nar/gky1079
https://www.ncbi.nlm.nih.gov/pubmed/30476227
https://doi.org/10.1083/jcb.201307158
https://www.ncbi.nlm.nih.gov/pubmed/24567363
https://doi.org/10.1161/ATVBAHA.124.321706
https://www.ncbi.nlm.nih.gov/pubmed/39697172
https://doi.org/10.1161/CIRCULATIONAHA.120.046528
https://www.ncbi.nlm.nih.gov/pubmed/33017217
https://doi.org/10.1073/pnas.0507346102
https://www.ncbi.nlm.nih.gov/pubmed/16204380
https://doi.org/10.1073/pnas.222561499
https://www.ncbi.nlm.nih.gov/pubmed/12397177
https://doi.org/10.1007/s00018-022-04680-w
https://www.ncbi.nlm.nih.gov/pubmed/36602641
https://doi.org/10.1016/j.ajhg.2013.01.012
https://www.ncbi.nlm.nih.gov/pubmed/23415669
https://doi.org/10.1161/CIRCRESAHA.121.319163
https://www.ncbi.nlm.nih.gov/pubmed/34176299
https://doi.org/10.1161/CIRCRESAHA.122.321146
https://www.ncbi.nlm.nih.gov/pubmed/36321446
https://doi.org/10.3390/cells15161475

Cells 2026, 15, 1475 22 0f 22

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

Wong, D.; Auguste, G.; Lino Cardenas, C.L.; Turner, A.W,; Chen, Y,; Song, Y.; Ma, L.; Perry, R.N.; Aherrahrou, R.; Kuppusamy,
M.; et al. FHL5 Controls Vascular Disease-Associated Gene Programs in Smooth Muscle Cells. Circ. Res. 2023, 132, 1144-1161.
[CrossRef] [PubMed]

Aravani, D.; Morris, G.E.; Jones, P.D,; Tattersall, H.K.; Karamanavi, E.; Kaiser, M.A.; Kostogrys, R.B.; Ghaderi Najafabadi, M.;
Andrews, S.L.; Nath, M.,; et al. HHIPL1, a Gene at the 14932 Coronary Artery Disease Locus, Positively Regulates Hedgehog
Signaling and Promotes Atherosclerosis. Circulation 2019, 140, 500-513. [CrossRef] [PubMed]

Wirka, R.C.; Wagh, D.; Paik, D.T.; Pjanic, M.; Nguyen, T.; Miller, C.L.; Kundu, R.; Nagao, M.; Coller, J.; Koyano, TK.; et al.
Atheroprotective roles of smooth muscle cell phenotypic modulation and the TCF21 disease gene as revealed by single-cell
analysis. Nat. Med. 2019, 25, 1280-1289. [CrossRef] [PubMed]

Nagao, M.; Lyu, Q.; Zhao, Q.; Wirka, R.C.; Bagga, J.; Nguyen, T.; Cheng, P.; Kim, J.B.; Pjanic, M.; Miano, ].M.; et al. Coronary
Disease-Associated Gene TCF21 Inhibits Smooth Muscle Cell Differentiation by Blocking the Myocardin-Serum Response Factor
Pathway. Circ. Res. 2020, 126, 517-529. [CrossRef] [PubMed]

Sanchez-Garcia, I.; Rabbitts, T.H. The LIM domain: A new structural motif found in zinc-finger-like proteins. Trends Genet. 1994,
10, 315-320. [CrossRef] [PubMed]

Qi, T;; Zhang, J.; Zhang, K.; Zhang, W.; Song, Y.; Lian, K.; Kan, C.; Han, F; Hou, N.; Sun, X. Unraveling the role of the FHL
family in cardiac diseases: Mechanisms, implications, and future directions. Biochem. Biophys. Res. Commun. 2024, 694, 149468.
[CrossRef] [PubMed]

Cottle, D.L.; McGrath, M.].; Cowling, B.S.; Coghill, I.D.; Brown, S.; Mitchell, C.A. FHL3 binds MyoD and negatively regulates
myotube formation. J. Cell Sci. 2007, 120, 1423-1435. [CrossRef] [PubMed]

Ebrahimian, T.; Simon, D.; Lemarie, C.A.; Simeone, S.; Heidari, M.; Mann, K.K.; Wassmann, S.; Lehoux, S. Absence of Four-and-a-
Half LIM Domain Protein 2 Decreases Atherosclerosis in ApoE-/- Mice. Arter. Thromb. Vasc. Biol. 2015, 35, 1190-1197. [CrossRef]
[PubMed]

Chu, PH.; Yeh, HI; Wu, HH.; Hong, R.C.; Shiu, T.F; Yang, C.M. Deletion of the FHL2 gene attenuates the formation of
atherosclerotic lesions after a cholesterol-enriched diet. Life Sci. 2010, 86, 365-371. [CrossRef] [PubMed]

Chen, C.Y,; Tsai, H.Y,; Tsai, S.H.; Chu, PH.; Huang, PH.; Chen, ].W,; Lin, S.J. Deletion of the FHL2 gene attenuates intima-media
thickening in a partially ligated carotid artery ligated mouse model. J. Cell. Mol. Med. 2020, 24, 160-173. [CrossRef] [PubMed]
Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, ].M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W,;
et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486-541. [CrossRef] [PubMed]

Zhang, Y.; Li, W,; Zhu, M; Li, Y,; Xu, Z.; Zuo, B. FHL3 differentially regulates the expression of MyHC isoforms through
interactions with MyoD and pCREB. Cell Signal. 2016, 28, 60-73. [CrossRef] [PubMed]

Huang, Z.; Yu, C.; Yu, L.; Shu, H.; Zhu, X. The Roles of FHL3 in Cancer. Front. Oncol. 2022, 12, 887828. [CrossRef] [PubMed]
Medjkane, S.; Perez-Sanchez, C.; Gaggioli, C.; Sahai, E.; Treisman, R. Myocardin-related transcription factors and SRF are required
for cytoskeletal dynamics and experimental metastasis. Nat. Cell Biol. 2009, 11, 257-268. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ cells15161475


https://doi.org/10.1161/CIRCRESAHA.122.321692
https://www.ncbi.nlm.nih.gov/pubmed/37017084
https://doi.org/10.1161/CIRCULATIONAHA.119.041059
https://www.ncbi.nlm.nih.gov/pubmed/31163988
https://doi.org/10.1038/s41591-019-0512-5
https://www.ncbi.nlm.nih.gov/pubmed/31359001
https://doi.org/10.1161/CIRCRESAHA.119.315968
https://www.ncbi.nlm.nih.gov/pubmed/31815603
https://doi.org/10.1016/0168-9525(94)90034-5
https://www.ncbi.nlm.nih.gov/pubmed/7974745
https://doi.org/10.1016/j.bbrc.2024.149468
https://www.ncbi.nlm.nih.gov/pubmed/38183876
https://doi.org/10.1242/jcs.004739
https://www.ncbi.nlm.nih.gov/pubmed/17389685
https://doi.org/10.1161/ATVBAHA.114.305071
https://www.ncbi.nlm.nih.gov/pubmed/25767273
https://doi.org/10.1016/j.lfs.2010.01.007
https://www.ncbi.nlm.nih.gov/pubmed/20096293
https://doi.org/10.1111/jcmm.14687
https://www.ncbi.nlm.nih.gov/pubmed/31714683
https://doi.org/10.1038/s41418-017-0012-4
https://www.ncbi.nlm.nih.gov/pubmed/29362479
https://doi.org/10.1016/j.cellsig.2015.10.008
https://www.ncbi.nlm.nih.gov/pubmed/26499038
https://doi.org/10.3389/fonc.2022.887828
https://www.ncbi.nlm.nih.gov/pubmed/35686099
https://doi.org/10.1038/ncb1833
https://www.ncbi.nlm.nih.gov/pubmed/19198601
https://doi.org/10.3390/cells15161475

	Introduction 
	Materials and Methods 
	VSMC Biobank, Correlation Analyses, Genetic Colocalization Analysis, and Gene Expression Levels by Genotype Analysis 
	Pooled CRISPR-Cas9 Nuclease Knockout Screen 
	Bioinformatics Analyses 
	Atherosclerotic Plaque Single-Cell RNA-Sequencing Data Analysis 
	Arterial Tissue eQTL Data and Genetic Colocalization Analysis 
	Protein–Protein Interaction Analyses 

	Cell Culture 
	Lentivirus Generation and Transduction 
	Western Blot Analyses 
	Co-Immunoprecipitation 
	Dual Luciferase Reporter Gene Assays 
	Immunofluorescence Analysis 
	Proliferation Assay 
	Migration Assay 
	Apoptosis Assay 
	Statistical Analyses 

	Results 
	Identification of FHL3 as a Repressor of VSMC Contractile Marker Genes 
	FHL3 Expression in VSMCs Is Influenced by CAD-Associated Genetic Variants 
	FHL3 Interacts with MRTFB 
	FHL3 Represses Contractile VSMC Marker Gene Expression via the MRTFB-SRF Pathway 
	FHL3 Influences VSMC Proliferation and Migration via MRTFB 

	Discussion 
	References

