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Genetic influence on vascular smooth muscle cell apoptosis
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Vascular smooth muscle cell (VSMQ) proliferation, migration, and apoptosis play important roles in many physiological processes
and pathological conditions. To identify genetic influences on VSMC behavior, we measured these traits and undertook genome-
wide association studies in primary umbilical artery-derived VSMCs from >2000 individuals. Although there were no genome-wide
significant associations for VSMC proliferation or migration, genetic variants at two genomic loci (7p15.3 and 7g32.3) showed highly
significant associations with VSMC apoptosis (P=1.95x 10" '®> and P=7.47 x 10" ?, respectively). The lead variant at the 7p51.3
locus was associated with increased expression of the GSDME and PALS2 genes in VSMCs. Knockdown of GSDME or PALS2 in VSMCs
attenuated apoptotic cell death. A protein co-immunoprecipitation assay indicated that GSDME complexed with PALS2. PALS2
knockdown attenuated activated caspase-3 and GSDME fragmentation, whilst GSDME knockdown also reduced activated caspase-3.
These findings provide new insights into the genetic regulation of VSMC apoptosis, with potential utility for therapeutic

development.
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INTRODUCTION

Inter-individual variabilities in many biological and clinical traits
in humans are well documented. It is plausible that there are
also inter-individual variations at the cellular level, which
warrants investigation. Genome-wide association studies
(GWAS) of clinical phenotypes have been very successful in
uncovering common genetic variants that confer disease
predisposition and identifying candidate genes that are likely
to play a role in disease pathogenesis [1]. Analogously, GWAS of
cellular phenotypes, known as cellular GWAS, may unveil
genetic variants that influence cellular characteristics and key
players in the cognate biological processes [2-6]. For example, a
previous study using this approach revealed the role of TUBB6
(tubulin, B 6 class V) and microtubule instability in inflammatory
cell death [2].

Vascular smooth muscle cells (VSMCs) are a major component
of the arterial wall and essential for arterial wall integrity. In
healthy arteries, VSMCs proliferate only at a very low rate and
their principal function is cell contraction to regulate vascular
tone [7]. However, with the ability to change phenotype and
behavior, VSMCs are a key player in many physiological
processes and pathological conditions [7]. For instance, VSMC
apoptosis contributes to the physiological closure of the infra-
umbilical artery after birth and the closure of the ductus
arteriosus following surgery [8]. VSMC migration, proliferation,
and apoptosis participate in the pathogenesis of atherosclerosis
that underlies coronary artery disease and several other vascular
diseases, whilst VSMC apoptosis promotes atherosclerotic

plaque rupture, arterial aneurysm development, and bypass
vein grafting failure [8-12].

Apoptosis is known to involve a series of molecular and cellular
events, with characteristic morphological changes such as nuclear
fragmentation and nuclear condensation [13]. Apoptotic cells are
taken up and eliminated by macrophages or other cells with
phagocytic activity, a process known as efferocytosis [13]. In the
absence of efferocytosis, apoptosis is generally followed by the
breakdown of the plasma membrane, referred to as apoptotic cell
death (ACD) or secondary necrosis, which represents a terminal
phase of the apoptotic program characterized by plasma
membrane permeabilization, cell swelling, and lysis, which is also
characteristic of the pro-inflammatory pyroptotic cell death
pathway [13].

In the present study, we observed substantial variations in
proliferation, migration, and apoptosis among VSMCs from
different individuals. To investigate possible genetic influences
that might contribute to inter-individual variations in VSMC
behavior, we performed cellular GWAS of cell proliferation,
migration, and apoptosis using a large VSMC biobank. The study
detected 2 genomic loci, respectively, on chromosome 7p15.3
and 7q32.3, that were associated with VSMC apoptosis. Fine-
mapping analyses and further functional experiments indicated
that the association of the 7p15.3 locus with VSMC ACD was
mediated by a genetic effect on the expression of the GSDME
(Gasdermin E) and PALS2 (Protein Associated with LIN7 2,
MAGUK P55 family member) genes and that both GSDME and
PALS2 promote VSMC ACD.
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MATERIALS AND METHODS
VSMC biobank
The VSMC biobank consisted of VSMCs isolated from the artery of umbilical
cords from 2114 donors and stored at passage 3 in either freezing medium
under liquid nitrogen or RNAlater solution (Sigma-Aldrich) for nucleic acid
isolation at —20 °C, as previously described [14]. As shown previously, the
cells expressed high levels of the VSMC marker a-smooth muscle actin but
not the fibroblast marker TE7 and did not express the endothelial cell
marker von Willebrand factor [14].

The umbilical cord tissues used in this study were collected and
provided by the Anthony Nolan Trust with ethical approval and informed
consent of the donor’s parents.

Genotyping and imputation

DNA extracted from samples (n=2016) of the VSMC biobank was
genotyped for 760,000 variants with the use of the Illumina Global
Screening Array Multi-Diseases v2.0 bead-chips, followed by imputation
to obtain genotypic information for 7,334,165 variants, as detailed
previously [14].

VSMC behavior assays
VSMCs at passage 3 were subjected to proliferation, migration, and
apoptosis assays, as detailed previously [14] and outlined below.

In the proliferation assay, cells (from 2025 donors) were incubated with
10 uM EdU for 6 h and then fixed with 3.7% formaldehyde for 15 min,
followed by measurement of EdU incorporation with the use of the
BaseClick EdU HTS 488 kit (Sigma-Aldrich, BCK-HTS488-20) and an Operetta
CLS High-Content Analysis System (PerkinElmer). Images were analyzed
with Harmony 4.8 software (PerkinElmer).

In the migration assay, cells (from 2,019 donors) were stained with
10uM CellTracker Green CMFDA (5-chloromethylfluorescein diacetate)
(Thermo Fisher, C7025) and 0.4 uM Hoechst 33342 (AnaSpec, AS-83218),
and then imaged every 1 h for 16 h using the Operetta CLS High-Content
Analysis System. Cells tracked for the full 16 h were used to calculate the
straightness, accumulated distance, and displacement parameters with
Harmony 4.8 software, and all cells with 2 or more consecutive time points
were used to calculate the migration speed.

In the apoptosis assay, cells (from 2075 donors) were stained with
Hoechst 33342 (1.6 uM) (AnaSpec, AS-83218) and propidium iodide
(0.5 uM) (Sigma-Aldrich, P4864), and imaged on the Operetta CLS High-
Content Analysis System. Then, the cells were removed from the
instrument and the media replaced with media containing Hoechst
33342, propidium iodide and the apoptosis inducer staurosporine (2.5 uM)
(Alfa Aesar, J62837). Thereafter, the cells were returned to the Operetta CLS
and incubated for 30 min before being imaged every 30 min for 16 h. The
images were analyzed with Harmony 4.8 software.

In each of the above assays, each VSMC preparation was analyzed in 4
replicate wells on a 96-well plate. As previously described [14], all three
assays had a low coefficient of variation: 2.99% (95% confidence interval
2.12-3.87%) for the proliferation assay, 1.81% (1.50-2.12%) for the
migration assay, and 3.01% (1.62-4.53%) for the apoptosis assay. To verify
that the cell behavior data generated were reproducible, we previously
performed repeated experiments at two different times (one at passage 3
and the other at passage 4) on each of a random selection of the VSMC
preparations (n = 50) [14]. The results of the two independent assays were
highly consistent [14], indicating high reproducibility of the data
generated.

Cellular GWAS

Prior to cellular GWAS, KING kinship analysis [15] was performed, using
PLINK [16, 17], to identify relatedness among the samples in the dataset
using the array variants. Sample pairs with a KING kinship coefficient
>0.0442 (indicating a third-degree or closer relationship) were identified
and one sample from each pair was removed at random. The following
covariates were included in the cellular GWAS: the top 5 principal
components (PCs), sex, use of cells for apoptosis/ACD assay following
cryopreservation, the use of kanamycin antibiotic during culture at each
passage, and the month of isolation of cells from tissue. The imputed SNP
genotype data were filtered to remove SNPs with low MAF (<0.01), SNPs
with HWE p value <1 x 10~® and SNP missingness <0.05. The resulting SNP
dataset was then used for GWAS analysis using rank-based inverse
normally transformed data of VSMC behavior parameters and the
aforementioned covariates using PLINK [16, 17]. The VSMC behavior
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parameters analyzed were proliferation (EdU Total, EdU High, and EdU
Low), migration (straightness, speed, distance, and displacement), and
apoptosis/ACD (NA30m, NA60m, NF30m, NF60m, %DC4h, %DC8h, and
TT50D). SNPs with a P value <5 x 108 in the additive genetic model were
classified as reaching genome-wide significance. Manhattan plots were
prepared using a Python script (https://github.com/pgxcentre/
manhattan_generator).

ATAC-sequencing
ATAC-sequencing was performed on 3 VSMC samples using a protocol
described by Buenrostro et al. [18], with minor modifications. In brief,
5% 10* VSMCs were lysed with cold lysis buffer (10 mM Tris-HCl, pH7.4,
10mM NaCl, 3mM MgCl,, 0.1% NP-40, 0.1% Tween-20, and 0.01%
Digitonin), and then the nuclei were incubated with a transposition
reaction buffer containing Tn5 transposases (lllumina, FC-121-1030) for
30min at 37 °C. The resulting libraries were subjected to a polymerase
chain reaction (PCR) with high-fidelity polymerase (New England Labs,
MO0541) and Nextera barcodes (primers listed in Supplementary Table S5).
After purification using a PCR cleanup kit (Qiagen), the quality and quantity
of the libraries were assessed with the use of a Bioanalyzer system (Agilent)
and a Qubit 4 fluorometer (Thermo Fisher). The libraries were then
multiplexed and sequenced using the Novaseq 6000 SP Flow Cell (Illumina)
with >100 million reads (50 bp pair-end) per individual indexed library.
ATAC-sequencing data were processed using Galaxy (https://
usegalaxy.eu and https://usegalaxy.org) [19, 20]. In brief, the quality of
the raw data was evaluated with FastQC (v0.11.9). Adapters were removed
using trimmomatic (v0.38), and paired-end reads aligned to the human
genome (hg38) using Bowtie2 (v2.4.2) with the --very-sensitive, --dovetail
and --X 1000 maximum insert size parameters. Mitochondrial and duplicate
reads were removed using bamtools (v2.4.0) and Picard MarkDuplicates
(v2.18.2), resulting in an average of 45 million filtered reads per sample for
downstream analyses. Peaks were called using MACS2 (v2.1.1.20160309)
with the start sites of the reads extending by 200 bp (100 bp in each
direction) to assess coverage and a P value 0.05 cutoff to reveal open
chromatin peaks. The intersect function of BedTools v2.30.0 was used to
identify overlaps of MACS2 peaks with the chromosome 7p15.3 and 7g23.3
loci at which variants were found to be associated with VSMC apoptosis/
ACD in this study. Pygenometracks (v3.6) was used for visualization of
genomic data tracks with publicly available ENCODE ChiP-seq SMC
embryo-origin datasets (ENCSR116JEF: H3K27ac experiment
ENCSR210ZPC, H3K4me3 experiment ENCSR515PKY and H3K27me3
experiment ENCSR143RMH) and the generation of MACS2 peak and
coverage files.

RNA-sequencing

Total RNA was extracted from an aliquot of passage 3 VSMCs stored in
RNAlater solution, with the use of the Biobasic EZ-10 DNAaway RNA
miniprep kit (Biobasic). RNA-sequencing was performed on RNA samples
with a concentration >70 ng/pl, an RNA integrity number (RIN) =6.8, and
260:280 and 260:230 ratios of >2. A strand-specific library with rRNA
removal was prepared from the total RNA of each of the 1499 VSMC
samples, and 150 bp paired-end sequencing at a 30 million read depth was
performed with the lllumina platform. The RNA-sequencing data were
processed using the following software pipeline: FastQC v0.11.5 [21] for
quality check, BBMap v38.51 [22] for adapter trimming, STAR v2.7.1a [23]
for alignment, SAMtools v1.9 [24] for processing aligned reads, Rsubread
for read quantification, and MultiQC v1.3 [25] for summarizing the output
of other tools. The read count was normalized with DESeq2 [26].

eQTL and sQTL analyses

eQTL and sQTL analyses were performed on 1486 VSMC samples that had
both genotype and RNA-sequencing data. SNPs with missingness >1%,
minor allele frequency <1%, or Hardy-Weinberg equilibrium test P value
<1x107% in the eQTL sample subset were removed with PLINK 2.0 [17].
PLINK was also used to calculate the PCs and recode the genotype data in
0,1,2 format based on the dosage of the alternative allele. The first 15 PEER
(probabilistic estimation of expression residuals) factors for the gene
expression data were calculated with the R package PEER [27, 28]. The
eQTL analysis was performed using linear additive regression to model
the effect of each SNP located within 1 Mb of the transcription start site of
each gene with the R package matrixEQTL [29]. Sex, the first two PCs and
the first ten PEER factors were used as covariates. The eigenMT-BH method
[30-32] was used for multiple testing correction. The sQTL analysis was
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performed with MatrixEQTL [29] using leafCutter normalized splice-clusters
ratio. Sex, the first two genotype PCs and the first 50 PCs of the splice-
clusters ratio were included as covariates in the linear model.

eCAVIAR analysis

An eCAVIAR analysis [33] was performed on cellular GWAS summary
statistics and eQTL data from this VSMC biobank study. In this analysis, LD
was estimated using the VSMC genotype data, and the number of causal
SNPs was set to 2. We used colocalization posterior probability (CLPP)
>0.05 as the threshold for significant colocalization. The R package
LocusCompareR (v.1.0) [34] was used to visualize the colocalization signals.

SMR analysis

An SMR analysis [35] was also performed with the cellular GWAS summary
statistics and eQTL data from this VSMC biobank study. This was carried
out using the SMR (v1.03) software tool (https://cnsgenomics.com/
software/smr/) with its default setting and the significance threshold
P < 0.05 for SMR. LD was estimated using the VSMC genotype data.

siRNA-mediated gene knockdown

Cells randomly selected from the VSMC biobank were transfected with
either a GSDME siRNA (Thermo Fisher, s230618) or a scramble siRNA
(Thermo Fisher, 4390843), with Lipofectamine RNAIMAX Transfection
Reagent (Thermo Fisher, 13778150). Efficient knockdown of GSDME was
validated by Western blotting of protein extracts from transfected cells and
an anti-GSDME antibody (Thermo Fisher, MA5-36092).

Similarly, cells randomly selected from the VSMC biobank were
transfected with either a PALS2 siRNA (Thermo Fisher, s28519) or a
scramble siRNA (Thermo Fisher, 4390843). Efficient knockdown of PALS2
was validated by Western blotting of protein extracts from transfected cells
and an anti-PALS2 antibody (Thermo Fisher, PA5-82663).

Western blotting analysis

Protein extracts were prepared from VSMCs with the use of RIPA
(radioimmunoprecipitation assay) lysis buffer (50 mM Tris-HCl pH8,
150 mM NaCl, 2mM EDTA pH8, 1% NP-40, 0.5% sodium deoxycholate,
and 0.1% sodium dodecyl sulfate). Protein extracts were subjected to
Western blotting analysis with the following antibodies, respectively: an
antibody recognizing amino acids 34-214 of GSDME (Thermo Fisher, MA5-
36092), an antibody recognizing amino acids 317-466 of GSDME (Sigma-
Aldrich, HPA011326), an anti-PALS2 antibody (Thermo Fisher, PA5-82663),
an antibody for cleaved caspase-3 (Asp175) (Cell Signaling, #9661), an
antibody for full-length and cleaved caspase-7 (Cell Signaling, #9492), an
anti-ACTB antibody (Sigma-Aldrich, A1978), or an antibody against GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) (Proteintech, 60004-1). The
Western blotting experiments were replicated at least twice.

Co-immunoprecipitation

VSMC lysates (total protein extracts) were prepared with the use of RIPA
lysis buffer supplemented with a protease inhibitor cocktail (Sigma-Aldrich,
05056489001). Protein concentrations were quantified with the use of a
BCA protein assay kit (Thermo Fisher, J63283.QA). Immunoprecipitation (IP)
was performed using either an anti-GSDME antibody (Thermo Fisher, MA5-
36092) or an anti-PALS2 antibody (Thermo Fisher, PA5-21889), with cross-
linking of antibodies to Dynabeads G (Thermo Fisher, 10003D). An IgG
isotype control antibody (Thermo Fisher, 10500C) was used as the
negative control for IP. The immunoprecipitants were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, with a solution
equivalent to 5% of the amount of cell lysate used for IP, as a loading
control. Subsequently, Western blotting analysis was performed using an
anti-GSDME antibody (Thermo Fisher, MA5-36092) and an anti-PALS2
antibody (Thermo Fisher, PA5-21889), respectively. In an additional
experiment, IP from VSMC lysates were performed with the use of a
different anti-GSDME antibody (Abcam, ab225893, lane 2) or an IgG isotype
control antibody (Thermo Fisher, 10500 C, lane 3), without cross-linking of
antibodies to Dynabeads, followed by Western blotting with the anti-
GSDME antibody, an anti-PALS2 antibody (Thermo Fisher, PA5-82663), or
an anti-caspase-3 antibody (Cell Signaling, #9662).

The membrane-enriched fraction from VSMCs was prepared with the
use of a Mem-PER Plus Membrane Protein Extraction Kit (Thermo Fisher,
89842), with a protease inhibitor cocktail (Sigma-Aldrich, 05056489001)
added to the permeabilization and solubilization buffers of the kit. Protein
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concentrations were quantified with the use of a BCA protein assay kit
(Thermo Fisher J63283.QA). IP was performed using an anti-GSDME
antibody (Thermo Fisher, MA5-36092) and Dynabeads G (Thermo Fisher,
10003D), or using an anti-PALS2 antibody (Thermo Fisher, PA5-21889) and
a 1:1 mix of Dynabeads A and Dynabeads G (Thermo Fisher, 10003D). IgG1
(Sigma-Aldrich, M5284) and IgG (Thermo Fisher, 10500 C) were used as the
negative control for IP. The immunoprecipitants were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, with a solution
equivalent to 5% of the amount of membrane fraction sample used for
IP, as loading controls. Subsequently, Western blotting analysis was
performed using antibodies for GSDME (Thermo Fisher, MA5-36092) and
PALS2 (Thermo Fisher, PA5-21889), respectively.

Phosphoproteomics analysis

VSMCs (Thermo Fisher, C0175C) transfected with either PALS2 siRNA (n = 4)
or scramble siRNA (n=4) were subjected to a phosphoproteomics
analysis. Acetone-precipitated protein samples were dissolved in S-TRAP
buffer (50 MM triethylammonium bicarbonate and 5% sodium dodecyl
sulfate), and further processed using the S-Trap micro column (Protifi)
according to the manufacturer's recommendations. A total of 100 pug of
digested peptides from each sample was labeled with 8-plex iTRAQ
reagents (SCIEX) according to the manufacturer's recommendations.
iTRAQ-labeled peptides from each sample were pooled and subjected to
phosphopeptide enrichment using the High-Select Fe-NTA Phosphopep-
tide Enrichment Kit (Thermo Fisher Scientific), according to the manu-
facturer’s protocol. The phosphopeptide-enriched sample was analyzed by
one-dimension online reversed-phase nanoLC (liquid chromatography)
coupled to mass spectrometry with the use of a TripleTOF 6600 instrument
(SCIEX).

The liquid chromatography-mass spectrometry data were processed
with the use of ProteinPilot 5.02 Software (SCIEX) and the Swissprot
Human reference proteome (UP000005640, 2022_04 release, 20397
entries) spiked with common contaminant proteins (cRAP), using the
thorough search mode with the Phospho Emphasis special factor and a
protein detection score threshold of 0.05. A decoy database search was
performed to estimate the false discovery rate (FDR) for phosphopeptide
identification. A 1% global FDR was used as the threshold to generate the
list of identified phosphopeptides.

A Gene Ontology Enrichment analysis (http://geneontology.org/) was
performed on phosphorylated proteins showing a change of >2 folds with
P<0.05 in VSMCs transfected with PALS2 siRNA compared with VSMCs
transfected with scramble siRNA. A pathway enrichment bubble plot was
generated with the use of SRplot (http://www.bioinformatics.com.cn/
srplot).

Statistical analyses

Power calculation. The power was calculated in terms of the percentage
of the variance explained by a genetic variant using the genpwr package in
R assuming an additive model that is correctly specified. The calculations
were pgrformed for a sample size of 1800 and a significance level of
5x10°°.

Cellular GWAS was performed using an additive genetic model as
described earlier in the Cellular GWAS section. eQTLs and sQTLs were
tested using a linear additive regression model as described in the eQTL
and sQTL section. The two-tailed Wilcoxon test was used to ascertain a
difference in ACD between cells transfected with GSDME siRNA or PALS2
siRNA and cells transfected with scramble siRNA (negative control).

RESULTS

Among-individual variation in VSMC behavior

We performed proliferation, migration, and apoptosis assays on
primary cultures of VSMCs from different individuals (n > 2000),
using a high-throughput, high-content analysis system. The assays
were carried out on cells at passage 3, with four technical
replicates for each sample. Proliferation was assayed by measuring
the incorporation of EdU (5-ethynyl-2'-deoxyuridine) into nascent
DNA in proliferating cells with the use of a fluorescence-based
detection method, from which we obtained data for the total
percentage of EdU-positive cells (hereafter referred to as EdU
Total), the percentage of EdU-positive cells with fluorescence
intensity >10,000 (EdU High), and the percentage of EdU-positive
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Fig. 1 Variations of behavior of vascular smooth muscle cells from different individuals. Scatter plots showing variations of parameters of
vascular smooth muscle cell proliferation, migration, apoptosis, and apoptotic cell death. In each plot, the blue dots represent vascular
smooth muscle cell samples from different individuals and the horizontal line indicates the mean value. VSMCs vascular smooth muscle cells,
CV coefficient of variation; nuclear fragmentation index: coefficient of variation of the pixel intensity in the nucleus; cell death: positive

propidium iodide staining.

cells with fluorescence intensity <10,000 (EdU Low). In the
migration assay, we obtained data on migration straightness,
speed, distance, and displacement. In the apoptosis assay, we
incubated cells with the apoptosis inducer staurosporine and
measured the following parameters: the decrease in the nuclear
area at 30 and 60min (referred to as NA3Om and NA60m,
respectively) post-staurosporine treatment, nuclear fragmentation
index at 30 and 60 min (NF30m and NF60m), the percentage of
cells that were propidium iodide positive and therefore consid-
ered dead cells at 4 and 8 h (%DC4h and %DC8h), and the length
of time for 50% of cells to become propidium iodide positive
(TT50D).

The above assays showed considerable variations in prolifera-
tion, migration, and apoptosis, among VSMCs from different
individuals, with the coefficients of variation ranging from 20.24 to
115.4% (Fig. 1). As previously described [14], results from repeated
assays of a random selection of samples from this VSMC biobank
displayed high correlations, indicating that the inter-individual
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variability in VSMC behavior is a biological characteristic rather
than a technical artifact.

Genetic associations with VSMC apoptosis

Having observed considerable inter-individual variability in VSMC
behavior, we undertook cellular GWAS to ascertain a possible
genetic influence. A power calculation indicated that the study
had 80% power to detect a genetic variant that explained ~2.2%
of the variance in VSMC behavior (Supplementary Fig. S1). No
genetic association was detected with VSMC proliferation or
migration at the genome-wide significance threshold
(P<5x10°8). However, genetic variants at two genomic loci
(7p15.3 and 7g32.3) showed highly significant associations with
VSMC apoptosis.

At the chromosome 7p15.3 locus, a cluster of 91 single
nucleotide polymorphisms (SNPs) in linkage disequilibrium (LD)
were associated with VSMC ACD (Fig. 2 and Supplementary
Table S1). Among these 91 SNPs, rs2237324 showed the most
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significant associations with VSMC ACD (P=1.95x10 '3
(Fig. 2 and Supplementary Table S1).

At the chromosome 7q32.3 locus, a cluster of 9 SNPs in LD were
associated with nuclear fragmentation of VSMCs (Supplementary
Fig. S2 and Supplementary Table S2), with rs62468397 showing
the strongest association with this NF60m (P=7.47 x 1079
(Supplementary Fig. S2 and Supplementary Table S2).

The lead variant at the chromosome 7p15.3 locus is located in
an open chromatin region

ATAC-sequencing (Assay for Transposase Accessible Chromatin
using Sequencing) of VSMC samples (n = 3) showed that the lead
SNP rs2237324 at the chromosome 7p15.3 locus resides in an
open chromatin region. Additionally, a bioinformatic analysis
using the UCSC Genome Brower revealed that rs2237324 was
located in a candidate cis-regulatory element (cCRE) with
enhancer-like signatures including high max-Z scores of DNase |
hypersensitivity, H3K27Ac, H3K4me3, and/or CCCTC-binding
factor, in various tissues including artery and smooth muscle cells
(Fig. 3A).

Cell Death and Disease (2024)15:402

ACD-associated variant at the chromosome 7p15.3 locus
influences GSDME and PALS2 expression

The chromosome 7p15.3 region contains several protein-coding
genes (GSDME, PALS2, and OSBPL3), two long non-coding RNA
genes (AC005084.1 and AC003093.71) and several pseudogenes
(RNU6-11.3 P, SNRPCP19, and SUMO2P14) (Fig. 2). An eQTL
(expression Quantitative Trait Loci) analysis of transcriptomics
data from RNA-sequencing of cells (n=1499 donors) from the
VSMC biobank showed that the ACD-associated variants at the
7p15.3 locus exerted an eQTL effect on the expression of the
GSDME and PALS2 genes. The ACD-promoting allele (the A allele)
of the lead SNP rs2237324 was associated with higher expression
of both GSDME (B=417.01; P=280x10""% and PALS2
(B=91.64; P=850x10"%) (Fig. 3B). Accordantly, a correlation
was observed between increased ACD and higher expression
levels of GSDME and PALS2 (Fig. 3C). An sQTL (splicing Quantitative
Trait Loci) analysis detected no significant effects from the ACD-
associated variants on gene splicing. Based on data from the GTEx
Portal (https://gtexportal.org/home/), the RNA expression levels of
GSDME and PALS2 in arteries (where VSMCs are a major cell type)

SPRINGER NATURE
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the lower plots show the P values of eQTLs of GSDME and PALS2.

are comparable to their expression levels in many other tissues,
although some other tissues (such as lymphocytes and the certain
brain tissues) express higher levels of these two genes (Supple-
mentary Fig. S3). According to the Human Protein Atlas (https://
www.proteinatlas.org/), VSMCs have a high level of GSDME
protein but no detectable PALS2 protein (Fig. S4). Our study
shows that both GSDME and PALS2 are expressed in VSMCs (Fig.
3B) and that there are substantial between-individual differences
in the expression levels of these two genes (Fig. 3B), an important
finding from our study of VSMCs from a very large group of
individuals (n=~1500). Such between-individual differences in
the expression levels of these genes are not reflected in the
currently available databases, as these databases do not have
information on the expression levels of these genes in VSMCs
from a very large number of individuals as in our study.
Additionally, our study shows that both the GSDME and PALS2
proteins are present in VSMCs (Fig. 4A and Supplementary Fig. S5).

To identify the causal gene(s) at the 7p15.3 locus, we performed
an eCAVIAR (eQTL and GWAS CAusal Variants Identification in
Associated Regions) analysis [33] on cellular GWAS and eQTL data
from the VSMC samples. The analysis revealed that at the 7p15.3
locus, the signal of genetic association with ACD colocalized with
the signal of eQTL effect on the expression of GSDME and PALS2
(Supplementary Table S3), suggesting that both GSDME and PALS2
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were potential causal genes. Figure 3D shows a visual representa-
tion of the colocalization.

To further determine the causal gene(s) at the 7p15.3 locus, we
performed a Mendelian randomization analysis. Results of a
summary-data-based Mendelian randomization (SMR) test [35] on
cellular GWAS and eQTL data from the VSMC samples further
indicated that both GSDME and PALS2 were potential causal genes
(Fig. 3E and Supplementary Table S4).

The second apoptosis-associated locus detected in this study,
i.e, 7932.2, contained two protein-coding genes (PLXNA4 and
CHCHD3), several long non-coding RNA genes (AC105443.1,
AC009365.1 AC018643.1, AC011625.1, FLJ40288, and
AC009365.2), and a pseudogene (CAPZA1P4) (Supplementary
Fig. S2). However, the apoptosis-associated variants at this locus
did not show any discernable eQTL or sQTL effect, suggesting that
the association between this locus and apoptosis was unlikely to
be due to an influence on gene expression or splicing.

Knockdown of GSDME or PALS2 reduces VSMC ACD

A Western blotting analysis detected a 30 kDa N-fragment and a
25kDa C-fragment, of GSDME, in protein extracts from VSMCs
treated with staurosporine to induce apoptosis, whilst only the
full-length GSDME (55 kDa) was present in protein extracts from
untreated VSMCs (Fig. 4A). In line with the finding from recent
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studies that the GSDME-N fragment forms pores in the plasma
membrane of dying apoptotic cells [36], we observed GSDME
enrichment on the surface of apoptotic VSMCs in an immunocy-
tochemical analysis (Fig. 4B).

To test if the expression level of the GSDME gene could
influence VSMC ACD, we carried out siRNA-mediated knockdown
of GSDME in VSMCs and then performed an apoptosis assay. The
experiment showed that GSDME attenuation resulted in a
substantial decrease in VSMC ACD (Fig. 4Q).

To investigate if PALS2 could also affect apoptosis, we
performed an apoptosis assay in VSMCs with siRNA-mediated
knockdown of PALS2. The assay showed that PALS2 attenuation
also reduced VSMC ACD (Fig. 4D).

GSDME complexes with PALS2 complexes

Since PALS2 is capable of interacting with other proteins [37],
we wondered
investigate this, we performed co-immunoprecipitation (co-IP)
experiments. A co-IP assay of VSMC lysates observed PALS2 in
immunoprecipitant prepared using an anti-GSDME antibody
(Fig. 5A and Supplementary Fig. S6) but did not find GSDME in
immunoprecipitant prepared using an anti-PALS2 antibody
(Fig. 5B). However, a co-IP assay of VSMC membrane fraction
samples detected PALS2 in immunoprecipitant prepared using
an anti-GSDME antibody (Fig. 5C), as well as GSDME in
immunoprecipitant prepared using an anti-PALS2 antibody
(Fig. 5D), suggesting that GSDME and PALS2 could form a
complex.

Influence of PALS2 on caspase-3/7 and other proteins
Since PALS2 has the ability to interact with other proteins [37],
we performed a phosphoproteomics analysis comparing VSMCs
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Influence of GSDME on caspase-3
Interestingly, our experiment showed that knockdown of GSDME
also reduced cleaved/activated caspase-3 in VSMCs but did not
affect the amount of cleaved/activated caspase-7 (Fig. 7C). A co-IP
experiment indicated that GSDME complexed with caspase-3

T T
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siRNA  siRNA

Fig. 4 Attenuation of GSDME or PALS2 reduces apoptotic cell death. A Western blot images showing the appearance of the GSDME
N-fragment (labeled GSDME-N) and C-fragment (labeled GSDME-C) from vascular smooth muscle cells (VSMCs) incubated with either
staurosporine (2.5 uM) or solvent (dimethylsulfoxide, DMSO) for 1, 2, and 4 h, respectively. B Images of GSDME immunostaining of VSMCs
treated with either staurosporine (2.5 uM) or solvent (DMSO) for 8 h. Orange color indicates GSDME positive staining. C Left: Western blot
images showing efficient knockdown of GSDME in VSMCs transfected with GSDME siRNA. Middle and Right: Percentages of apoptotic dead
VSMCs at 4-h post-staurosporine treatment (mean + standard deviation is shown in the column chart on the right), n = 6 donors, P values from
two-tailed Wilcoxon test. D Left: Western blot images showing efficient knockdown of PALS2 in VSMCs transfected with PALS2 siRNA. Middle
and Right: Percentages of apoptotic dead VSMCs at 4-h post-staurosporine treatment (mean + standard deviation is shown in the column
chart on the right), n =7 donors, P values from a two-tailed Wilcoxon test.

with and without PALS2 knockdown, to investigate if PALS2
could influence the phosphorylation status of other proteins.
The analysis identified 39 proteins whose phosphorylation
status changed in VSMCs with PALS2 knockdown (Fig. 6A and
Supplementary Tables S6, S7). A gene ontology analysis of these
proteins showed enrichment of several pathways, including
pathways involved in the apoptotic cleavage of cellular
proteins, and caspase-mediated cleavage of cytoskeletal pro-
teins (Fig. 6B). The proteins in these pathways, influenced by
PALS2 knockdown, were ACINU (apoptotic chromatin conden-
sation inducer in the nucleus), ADDA (alpha-adducin), PLEC
(Plectin), SPTN1 (spectrin alpha chain, non-erythrocytic 1), and
VIME (vimentin), whose functions are summarized in Supple-

In agreement, Western blotting analyses showed that VSMCs
with PALS2 knockdown had lower levels of cleaved/activated
caspase-3 and cleaved/activated capase-7, than VSMCs without
PALS2 knockdown (Fig. 7A).

Furthermore, Western blotting analyses demonstrated that
PALS2 knockdown resulted in a reduction in the amounts of
GSDME N-fragment and C-fragment, indicating that PALS2
depletion attenuates GSDME fragmentation (Fig. 7B).

(Fig. 7D), and their interaction was not affected by PALS2
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knockdown (Fig. 7D), suggesting that the influence of PALS2 on
caspase-3 activation was not a result of an effect of PALS2 on the
interaction between GSDME and caspase-3.
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C, D Membrane fraction of vascular smooth muscle cells were subjected to IP with the use of either the anti-GSDME antibody (lane 2 in C), the
anti-PALS2 antibody (lane 2 in D), or the IgG isotype control antibody (lane 3 in C, D), followed by WB with the anti-GSDME antibody or the
anti-PALS2 antibody, as indicated in the figure. IgG-HC IgG heavy chain. A-D Lane 1:5% of the amount of the protein extract used for
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DISCUSSION

Our study, based on the largest number of VSMC samples studied
to date, provides novel insights into the genetic regulation of
VSMC behavior. Although we did not detect any genome-wide
significant associations for VSMC proliferation or migration,
genetic variants at two genomic loci (7p15.3 and 7932.3) showed
highly significant associations with VSMC apoptosis. Furthermore,
our functional studies identified GSDME and PALS2 as the likely

SPRINGER NATURE

causal genes mediating the genetic association at the 7p15.3 locus
(Fig. 8). These findings are relevant for a better understanding of
the regulation of VSMC ACD, an event occurring in many
physiological processes and pathological conditions [8-12].
Recent studies have revealed that GSDME plays a key role in the
progression of apoptosis to ACD [36, 38]. In this process, caspase-3
cleaves GSDME to release its N-terminal moiety, which in turn
binds to the plasma membrane and forms pores therein, thus

Cell Death and Disease (2024)15:402
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Fig. 7 PALS2 knockdown attenuates GSDME fragmentation and caspase-3/7 activation, whilst GSDME knockdown reduces caspase-3
activation. Western blot images showing less activated caspase-3 and less activated caspase-7 in PALS2 siRNA-transfected vascular smooth
muscle cells compared with scramble siRNA-transfected vascular smooth muscle cells (A), less GSDME N-terminal fragment and C-terminal
fragment in PALS2 siRNA-transfected vascular smooth muscle cells compared with scramble siRNA-transfected vascular smooth muscle cells
(B), and a reduction of activated caspase-3 but not activated caspase-7 in GSDME siRNA-transfected vascular smooth muscle cells compared
with scramble siRNA-transfected vascular smooth muscle cells (C), with staurosporine treatment. D Results of a co-immunoprecipitation assay
showing caspase-3 in immunoprecipitants prepared using an anti-GSDME antibody in vascular smooth muscle cells transfected with either
PALS2 siRNA (lanes 4, 5, and 6) or scramble siRNA (lanes 1, 2, and 3). Lanes 1 and 4: 0.5% of the amount of the protein extract used for
immunoprecipitation. A-D M: protein size markers.
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Fig. 8 Summary of findings from this study. Our study reveals that genetic variation at the chromosome 7p15.3 locus increases the
expression of the GSDME and PALS2 genes and that higher levels of GSDME and PALS2 promote apoptotic cell death. Additionally, this study
indicates that PALS2 can be complex with GSDME and increase the level of activated caspase-3. Previously, studies by other groups have
shown that cleavage of GSDME by caspase-3 releases the GSDME N-fragment, which in turn is incorporated into the plasma membrane to
form pores and cause cell death.
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triggering ACD [36, 38, 39]. Studies have shown that GSDME-
mediated ACD occurs only in GSDME-positive cells (cells that
express GSDME, e.g., human umbilical artery smooth muscle cells)
but not in GSDME-negative cells (e.g, human umbilical vein
endothelial cells) [36, 38]. One of the novel findings of our study is
that the expression level of GSDME in GSDME-positive cells has an
influence on ACD and that GSDME expression is under the
influence of local genetic polymorphism(s). In line with findings
from other studies that GSDME can promote caspase-3 activation
to form a self-amplifying feed-forward loop [39, 40], our study
showed that GSDME complexed with caspase-3 and that GSDME
knockdown reduced the amount of activated caspase-3 in VSMCs.

PALS2 (also known as MAGUK P55 Subfamily Member 6, and
membrane palmitoylated protein 6, MPP6) belongs to the
membrane-associated guanylate kinases (MAGUK) family. Several
members of the MAGUK family have been reported to form
complexes with transmembrane, cytoskeletal, or cytoplasmic
signaling proteins, and thereby regulate cell signaling, cell
behavior, and intercellular junctions [41]. Previous studies have
shown that PALS2 can interact with CADM1 (cell adhesion
molecular 1, also known as NECL2), CADM3, CASK (calcium/
calmodulin-dependent serine protein kinase), LIN7 (protein LIN7),
SRC (SRC proto-oncogene, non-receptor tyrosine kinase), and
CNTNAP2 (contactin associated protein 2, also known as CASPR2),
respectively [37, 42]. Additional novel findings of our study are
that PALS2 can complex with GSDME and also contributes to the
regulation of cleaved/activated caspase-3 and cleaved/activated
caspase-7 levels. Furthermore, our study shows that PALS2
knockdown reduces GSDME fragmentation and VSMC ACD. In
line with these findings, our study additionally reveals that PALS2
influences the phosphorylation status of a variety of proteins,
several of which are players in pathways involved in the apoptotic
cleavage of cellular proteins, and caspase-mediated cleavage of
cytoskeletal proteins, suggesting that PALS2 can promote caspase
activation and ACD via these pathways.

In addition to the findings regarding the chromosome 7p15.3
locus, our study observed an association between variants on
chromosome 7g32.3 and VSMC apoptosis characterized by
increased nuclear fragmentation. However, no eQTL effects were
detected from variants at this locus. The mechanism underlying
this genetic association is currently unclear.

As mentioned earlier, VSMC apoptosis plays an important role in
the development of atherosclerosis and several other pathological
conditions [8-12, 43]. Interestingly, studies have shown that
VSMCs are potent and efficient phagocytes of apoptotic VSMCs
[44, 45]. However, in atherosclerotic lesions, phagocytosis of
apoptotic cells by VSMCs and macrophages is severely impaired,
resulting in secondary necrosis and the release of pro-
inflammatory cytokines that promote atherosclerosis progression
[45-47]. The results of our study imply that GSDME and PALS2
may have a role in this process, which warrants investigation in
future studies.

An interrogation of the PhenoScanner database (http:/
www.phenoscanner.medschl.cam.ac.uk/) [48] showed a nominal
association between the chromosome 7p15.3 locus and coronary
artery disease (CAD). Specifically, the VSMC ACD-promoting allele
(A allele) of the index SNP rs2237324 at this locus is nominally
associated with increased CAD susceptibility [3=0.02,
P=2.65x10 2 n=332,477 in a CAD GWAS using the UK Biobank
[49], and B=0.02, P=2.56x 10"2, n= 184,305 in a GWAS meta-
analysis of CAD [50]]. Additionally, the PhenoScanner interrogation
showed a nominal association of SNP rs62468397 at the
chromosome 7g32.3 locus with cardiovascular disease risk, with
its anti-apoptosis (C allele) being nominally associated with lower
risk of acute ischemic heart disease (§ = —0.005, P=3.17x10"2,
in samples of the UK Biobank, n = 337,199) and lower risk of death
caused by rupture of thoracic aortic aneurysm (= —0.004,
P=28.03x 103, in samples of the UK Biobank, n = 7637).

SPRINGER NATURE

There is evidence indicating that chemotherapy drugs kill
certain normal human cells through GSDME-mediated pyroptotic
cell death, which contributes to the toxicity and side effects of
chemotherapy [38]. The finding of our study that genetic variants
at the 7p15.3 locus influence GSDME expression and ACD raises
the question as to whether 7p15.3 genotyping can be utilized to
help identify individuals at high risk of developing chemotherapy
side effects. Examination of this hypothesis may provide
opportunities to provide improved chemotherapy with reduced
side effects without reducing treatment efficacy.

In this study, no genetic association with VSMC proliferation or
migration was detected. However, this cannot preclude the
possibility of associations existing between these cellular traits
and genetic variants that have a small effect size. As described
earlier, our study utilizing the biobank of VSMCs from >2000
individuals had 80% power to detect a genetic variant that
explained approximately 2.2% of the variance in VSMC behavior.
Although this biobank is by far the largest VSMC collection that
has been reported, it is plausible that an even larger biobank is
required for detecting genetic influence on cell behavior from
variants that have a small effect size.

In summary, our study shows that there is an inter-individual
variation in VSMC behavior and that VSMC ACD is under a genetic
influence. The results of this study indicate that the association
between the chromosome 7p15.3 locus and VSMC ACD is mediated
by a genetic influence on the expression of GSDME and PALS2.
Furthermore, our study reveals a previously unknown biological role
of PALS2, namely, it plays a role in VSMC ACD. These findings
provide a new insight into the genetic influence at the cellular level
and the regulation of VSMC apoptosis, with potential utility for
therapeutic development and personalized medicine.

DATA AVAILABILITY
The datasets generated and/or analyzed during the current study are available from
the corresponding author on reasonable request.

REFERENCES

1. Manolio TA. Genomewide association studies and assessment of the risk of dis-
ease. N Engl J Med. 2010;363:166-76.

2. Salinas RE, Ogohara C, Thomas MI, Shukla KP, Miller SI, Ko DC. A cellular genome-
wide association study reveals human variation in microtubule stability and a role
in inflammatory cell death. Mol Biol Cell. 2014;25:76-86.

3. Chaudhary A, Leite M, Kulasekara BR, Altura MA, Ogahara C, Weiss E, et al. Human
diversity in a cell surface receptor that inhibits autophagy. Curr Biol. 2016;26:1791-801.

4. Wang L, Pittman KJ, Barker JR, Salinas RE, Stanaway IB, Williams GD, et al. An atlas
of genetic variation linking pathogen-induced cellular traits to human disease.
Cell Host Microbe. 2018;24:308-23 e6.

5. Emam M, Tabatabaei S, Sargolzaei M, Mallard B. Response to oxidative burst-
induced hypoxia is associated with macrophage inflammatory profiles as
revealed by cellular genome-wide association. Front Immunol. 2021;12:688503.

6. Bourgeois JS, Wang L, Rabino AF, Everitt J, Alvarez MI, Awadia S, et al. ARHGEF26
enhances Salmonella invasion and inflammation in cells and mice. PLoS Pathog.
2021;17:21009713.

7. Owens GK. Regulation of differentiation of vascular smooth muscle cells. Physiol
Rev. 1995;75:487-517.

8. McCarthy NJ, Bennett MR. The regulation of vascular smooth muscle cell apop-
tosis. Cardiovasc Res. 2000;45:747-55.

9. Doran AC, Meller N, McNamara CA. Role of smooth muscle cells in the initiation
and early progression of atherosclerosis. Arterioscler Thromb Vasc Biol.
2008;28:812-9.

10. Basatemur GL, Jorgensen HF, Clarke MCH, Bennett MR, Mallat Z. Vascular smooth
muscle cells in atherosclerosis. Nat Rev Cardiol. 2019;16:727-44.

11. Thompson RW, Liao S, Curci JA. Vascular smooth muscle cell apoptosis in
abdominal aortic aneurysms. Coron Artery Dis. 1997;8:623-31.

12. Rodriguez E, Lambert EH, Magno MG, Mannion JD. Contractile smooth muscle cell
apoptosis early after saphenous vein grafting. Ann Thorac Surg. 2000;70:1145-53.

13. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Molecular
mechanisms of cell death: recommendations of the Nomenclature Committee on
Cell Death 2018. Cell Death Differ. 2018;25:486-541.

Cell Death and Disease (2024)15:402


http://www.phenoscanner.medschl.cam.ac.uk/
http://www.phenoscanner.medschl.cam.ac.uk/

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Solomon CU, McVey DG, Andreadi C, Gong P, Turner L, Stanczyk PJ, et al. Effects

of coronary artery disease-associated variants on vascular smooth muscle cells.
Circulation. 2022;146:917-29.

. Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen WM. Robust rela-

tionship inference studies. Bioinformatics.

2010;26:2867-73.

in genome-wide association

. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. PLINK: a

tool set for whole-genome association and population-based linkage analyses.
Am J Hum Genet. 2007;81:559-75.

. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-generation

PLINK: rising to the challenge of larger and richer datasets. Gigascience. 2015;4:7.

. Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-seq: a method for assaying

chromatin accessibility genome-wide. Curr Protoc Mol Biol. 2015;109:21.

. Batut B, Hiltemann S, Bagnacani A, Baker D, Bhardwaj V, Blank C, et al.

Community-driven data analysis training for biology. Cell Syst. 2018;6:752-8.e1.
Rickner HD, Niu SY, Cheng CS. ATAC-seq assay with low mitochondrial DNA
contamination from primary human CD4+ T lymphocytes. J Vis Exp.
2019;22:10.3791/59120.

Andrews S. FastQC: a quality control tool for high throughput sequence data.
2010. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

Bushnell B. BBMap: a fast, accurate, splice-aware aligner. 2014.

Dobin A, Gingeras TR. Mapping RNA-seq reads with STAR. Curr Protoc Bioinfor-
matics. 2015;51:11.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence
alignment/map format and SAMtools. Bioinformatics. 2009;25:2078-9.

Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis results
for multiple tools and samples in a single report. Bioinformatics. 2016;32:3047-8.
Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

Stegle O, Parts L, Durbin R, Winn J. A Bayesian framework to account for complex
non-genetic factors in gene expression levels greatly increases power in eQTL
studies. PLoS Comput Biol. 2010;6:21000770.

Stegle O, Parts L, Piipari M, Winn J, Durbin R. Using probabilistic estimation of
expression residuals (PEER) to obtain increased power and interpretability of
gene expression analyses. Nat Protoc. 2012;7:500-7.

Shabalin AA. Matrix eQTL: ultra fast eQTL analysis via large matrix operations.
Bioinformatics. 2012;28:1353-8.

Davis JR, Fresard L, Knowles DA, Pala M, Bustamante CD, Battle A, et al. An
efficient multiple-testing adjustment for eQTL studies that accounts for linkage
disequilibrium between variants. Am J Hum Genet. 2016;98:216-24.

Huang QQ, Ritchie SC, Brozynska M, Inouye M. Power, false discovery rate and
Winner’s Curse in eQTL studies. Nucleic Acids Res. 2018;46:e133.

Huang QQ, Tang HHF, Teo SM, Mok D, Ritchie SC, Nath AP, et al. Neonatal
genetics of gene expression reveal potential origins of autoimmune and allergic
disease risk. Nat Commun. 2020;11:3761.

Hormozdiari F, van de Bunt M, Segre AV, Li X, Joo JWJ, Bilow M, et al. Colocali-
zation of GWAS and eQTL signals detects target genes. Am J Hum Genet.
2016;99:1245-60.

Liu B, Gloudemans MJ, Rao AS, Ingelsson E, Montgomery SB. Abundant asso-
ciations with gene expression complicate GWAS follow-up. Nat Genet.
2019;51:768-9.

Zhu Z, Zhang F, Hu H, Bakshi A, Robinson MR, Powell JE, et al. Integration of
summary data from GWAS and eQTL studies predicts complex trait gene targets.
Nat Genet. 2016;48:481-7.

Rogers C, Fernandes-Alnemri T, Mayes L, Alnemri D, Cingolani G, Alnemri ES.
Cleavage of DFNA5 by caspase-3 during apoptosis mediates progression to
secondary necrotic/pyroptotic cell death. Nat Commun. 2017;8:14128.

Chytla A, Gajdzik-Nowak W, Olszewska P, Biernatowska A, Sikorski AF, Czogalla A.
Not just another scaffolding protein family: the multifaceted MPPs. Molecules.
2020;25:4954.

Wang Y, Gao W, Shi X, Ding J, Liu W, He H, et al. Chemotherapy drugs induce
pyroptosis through caspase-3 cleavage of a gasdermin. Nature. 2017;547:99-103.
Rogers C, Erkes DA, Nardone A, Aplin AE, Fernandes-Alnemri T, Alnemri ES.
Gasdermin pores permeabilize mitochondria to augment caspase-3 activation
during apoptosis and inflammasome activation. Nat Commun. 2019;10:1689.
Jiang M, Qi L, Li L, Li Y. The caspase-3/GSDME signal pathway as a switch
between apoptosis and pyroptosis in cancer. Cell Death Discov. 2020;6:112.
Ivanova S, Gregorc U, Vidergar N, Javier R, Bredt DS, Vandenabeele P, et al.
MAGUKs, scaffolding proteins at cell junctions, are substrates of different pro-
teases during apoptosis. Cell Death Dis. 2011;2:e116.

Shingai T, lkeda W, Kakunaga S, Morimoto K, Takekuni K, Itoh S, et al. Implications
of nectin-like molecule-2/IGSF4/RA175/SgIGSF/TSLC1/SynCAM1 in  cell-cell
adhesion and transmembrane protein localization in epithelial cells. J Biol
Chem. 2003;278:35421-7.

Cell Death and Disease (2024)15:402

D.G. McVey et al.

43. Gomez D, Owens GK. Smooth muscle cell phenotypic switching in athero-
sclerosis. Cardiovasc Res. 2012;95:156-64.

44. Bennett MR, Gibson DF, Schwartz SM, Tait JF. Binding and phagocytosis of
apoptotic vascular smooth muscle cells is mediated in part by exposure of
phosphatidylserine. Circ Res. 1995;77:1136-42.

45. Clarke MC, Talib S, Figg NL, Bennett MR. Vascular smooth muscle cell apoptosis
induces interleukin-1-directed inflammation: effects of hyperlipidemia-mediated
inhibition of phagocytosis. Circ Res. 2010;106:363-72.

46. Schrijvers DM, De Meyer GR, Kockx MM, Herman AG, Martinet W. Phagocytosis of
apoptotic cells by macrophages is impaired in atherosclerosis. Arterioscler
Thromb Vasc Biol. 2005;25:1256-61.

47. Schrijvers DM, De Meyer GR, Herman AG, Martinet W. Phagocytosis in athero-
sclerosis: molecular mechanisms and implications for plaque progression and
stability. Cardiovasc Res. 2007;73:470-80.

48. Kamat MA, Blackshaw JA, Young R, Surendran P, Burgess S, Danesh J, et al.
PhenoScanner V2: an expanded tool for searching human genotype-phenotype
associations. Bioinformatics. 2019;35:4851-3.

49. Nelson CP, Goel A, Butterworth AS, Kanoni S, Webb TR, Marouli E, et al. Asso-
ciation analyses based on false discovery rate implicate new loci for coronary
artery disease. Nat Genet. 2017;49:1385-91.

50. Nikpay M, Goel A, Won HH, Hall LM, Willenborg C, Kanoni S, et al. A compre-
hensive 1,000 Genomes-based genome-wide association meta-analysis of cor-
onary artery disease. Nat Genet. 2015;47:1121-30.

AUTHOR CONTRIBUTIONS

SY and NJS conceived the study; DGM, CA, PG, PJS, LT, LY, and JC performed
experiments; SY, HY, and TRW advised on and supervised experiments; DGM and CUS
performed data analyses; CPN and JRT advised on data analyses; JRT performed
power calculation; SY oversaw the study and wrote the manuscript with inputs from
DGM, PJS, CUS, RC, and NJS; All authors approved the manuscript.

FUNDING

This work was funded by the British Heart Foundation (RG/16/13/32609, RG/19/9/
34655, PG/16/9/31995, PG/18/73/34059, and SP/19/2/344612), the National Medical
Research Council of Singapore (CIRG22jul-0002), and the National University of
Singapore and National University Health System (NUHSRO/2022/004/Startup/01).
The work falls under the portfolio of research conducted within the National Institute
for Health Research Leicester Biomedical Research Center.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICAL APPROVAL
The study was approved by the East Midlands-Derby Research Ethics Committee

(reference number 15/EM/0045, and 20/EM/0028).

INFORMED CONSENT

The parents of umbilical cord donors gave written informed consent.

CONSENT TO PARTICIPATE

This study was conducted in compliance with the principles of the Declaration of
Helsinki.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-024-06799-z.

Correspondence and requests for materials should be addressed to Shu Ye.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

SPRINGER NATURE

11


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/s41419-024-06799-z
http://www.nature.com/reprints
http://www.nature.com/reprints

D.G. McVey et al.

12

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

Cell Death and Disease (2024)15:402


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Genetic influence on vascular smooth muscle cell apoptosis
	Introduction
	Materials and methods
	VSMC biobank
	Genotyping and imputation
	VSMC behavior�assays
	Cellular�GWAS
	ATAC-sequencing
	RNA-sequencing
	eQTL and sQTL analyses
	eCAVIAR analysis
	SMR analysis
	siRNA-mediated gene knockdown
	Western blotting analysis
	Co-immunoprecipitation
	Phosphoproteomics analysis
	Statistical analyses
	Power calculation


	Results
	Among-individual variation in VSMC behavior
	Genetic associations with VSMC apoptosis
	The lead variant at the chromosome 7p15.3 locus is located in an open chromatin�region
	ACD-associated variant at the chromosome 7p15.3 locus influences GSDME and PALS2 expression
	Knockdown of GSDME or PALS2 reduces VSMC�ACD
	GSDME complexes with PALS2 complexes
	Influence of PALS2 on caspase-3/7 and other proteins
	Influence of GSDME on caspase-3

	Discussion
	References
	Author contributions
	Funding
	Competing interests
	Ethical approval
	Informed consent
	Consent to participate
	ADDITIONAL INFORMATION




