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The FES Gene at the 15926 Coronary-Artery-
Disease Locus Inhibits Atherosclerosis

Elisavet Karamanavi, David G. McVey®, Sander W. van der Laan(, Paulina J. Stanczyk, Gavin E. Morris, Yifan Wang®,
Wei Yang, Kenneth Chan, Robin N. Poston, Jun Luo, Xinmiao Zhou, Peng Gong, Peter D. Jones, Junjun Cao,
Renata B. Kostogrys‘®, Tom R. Webb®, Gerard Pasterkamp(®, Haojie Yu®, Qingzhong Xiao®, Peter A. Greer,

Emma J. Stringer, Nilesh J. Samani‘®, Shu Ye

BACKGROUND: Genome-wide association studies have discovered a link between genetic variants on human chromosome
16g26.1 and increased coronary artery disease (CAD) susceptibility; however, the underlying pathobiological mechanism is
unclear. This genetic locus contains the FES (FES proto-oncogene, tyrosine kinase) gene encoding a cytoplasmic protein-
tyrosine kinase involved in the regulation of cell behavior. We investigated the effect of the 15926.1 variants on FES
expression and whether FES plays a role in atherosclerosis.

METHODS AND RESULTS: Analyses of isogenic monocytic cell lines generated by CRISPR (clustered regularly interspaced short
palindromic repeats)-mediated genome editing showed that monocytes with an engineered 15q26.1 CAD risk genotype had
reduced FES expression. Small-interfering-RNA-mediated knockdown of FES promoted migration of monocytes and vascular
smooth muscle cells. A phosphoproteomics analysis showed that FES knockdown altered phosphorylation of a number of proteins
known to regulate cell migration. Single-cell RNA-sequencing revealed that in human atherosclerotic plaques, cells that expressed
FES were predominately monocytes/macrophages, although several other cell types including smooth muscle cells also expressed
FES. There was an association between the 156¢26.1 CAD risk genotype and greater numbers of monocytes/macrophage in
human atherosclerotic plaques. An animal model study demonstrated that Fes knockout increased atherosclerotic plaque size and
within-plaque content of monocytes/macrophages and smooth muscle cells, in apolipoprotein E-deficient mice fed a high fat diet.

CONCLUSIONS: We provide substantial evidence that the CAD risk variants at the 15926.1 locus reduce FES expression in
monocytes and that FES depletion results in larger atherosclerotic plaques with more monocytes/macrophages and smooth
muscle cells. This study is the first demonstration that FES plays a protective role against atherosclerosis and suggests that
enhancing FES activity could be a potentially novel therapeutic approach for CAD intervention.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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covered an association between single-nucleotide
polymorphisms (SNPs) on chromosome 15q26.1
and increased coronary artery disease (CAD) suscepti-
bility, in subjects consisting of mostly Europeans but also
South Asians, East Asians, and Hispanic and African
Americans."® However, the pathobiological mechanism

Genome—wide association studies (GWAS) have dis-

through which these genetic variants influence CAD risk
is not fully understood.

rs17514846 has been reported as the lead CAD-
associated SNP at the 15926.1 locus in GWAS." It is in
high linkage disequilibrium (LD, 2>0.8) with several other
SNPs in this genomic region. Due to strong LD, it is unclear
from GWAS at the population level which SNP(s) at this
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Novelty and Significance

What Is known?

* There is an association between genetic variants on
chromosome 15g26.1 and increased coronary artery
disease (CAD) susceptibility; however, the underlying
biological mechanism is unclear.

« The gene encoding the FES (FES proto-oncogene,
tyrosine kinase) protein kinase is located at the
15926.1 locus; however, it is unknown if FES plays
a role in atherosclerosis, the pathological condition
underlying CAD.

What New Information Does This Article

Contribute?

* Our study shows that the CAD risk variants at the
15926.1 locus reduce FES expression in monocytes.

* Experimentally attenuating the expression of FES in
monocytes can increase monocyte migration.

* Knockout of FES in a mouse model increases athero-
sclerotic plaque sizes and in-plaque monocyte/macro-
phage abundance.

Recent studies have discovered a relationship between
DNA variants on chromosome 15 and increased sus-
ceptibility to CAD, a common disease caused by ath-
erosclerotic plaque development in arteries, but the
molecular and cellular basis of this genetic association
is unclear. Our present study shows that these DNA
variants reduce the level of the protein kinase FES in
monocytes and increase monocyte mobility, that there
is a greater abundance of monocytes in atherosclerotic
plaques of patients carrying the CAD risk-associated
DNA variants, and that knockout of the orthologous
gene of FESincreases atherosclerotic plaque sizes and
in-plague monocyte abundance in an animal model.
This study is the first demonstration that FES plays a
protective role against atherosclerosis and provides a
new insight into the biological mechanism underlying
the association of the chromosome 15 genetic vari-
ants with CAD susceptibility. These findings suggest
that enhancing FES activity could be a potentially novel
therapeutic approach for the treatment of CAD.

Nonstandard Abbreviations and Acronyms

CAD coronary artery disease

CRISPR clustered regularly interspaced short
palindromic repeats

FES FES proto-oncogene, tyrosine kinase

FURIN FES upstream region

GWAS genome-wide association studies
LD linkage disequilibrium

PRDM1  PR/SET Domain 1

SMA smooth muscle a-actin

SMC smooth muscle cell

SNPs single-nucleotide polymorphisms

locus are the functional variant(s). These SNPs reside
within, or in proximity to, the FURIN (FES upstream region)
and FES (FES proto-oncogene, tyrosine kinase) genes.
The FURIN gene encodes the subtilisin-like proprotein
convertase FURIN, which possesses proteolytic activ-
ity to remove the prodomain of its substrate proteins and
thereby activates them. Recent studies have shown that
the SNP rs17514846 influences FURIN expression* and
that FURIN promotes atherogenesis in murine models.®
The FES gene located at this genetic locus encodes
the cytoplasmic protein-tyrosine kinase known as FES
that has been implicated in the regulation of various cel-
lular functions including cell movement, proliferation, dif-
ferentiation, survival, and inflammation.5'2 Specifically, it
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has been shown to affect leukocyte extravasation 8”12
which is an important feature of atherosclerotic plaque
development.’® However, it is unknown whether FES has
any involvement in atherosclerosis.

Therefore, in the present study, we sought to investigate
if, and which, CAD-associated variants at the 15926.1
locus modulate FES expression and if FES affects ath-
erosclerotic plaque development and composition.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request. The
methods used are briefly described below, with further details
in the online Supplemental Material.

Bioinformatics Analysis

Information of DNase | hypersensitivity footprints and histone
modification marks was from https://genome.ucsc.edu/ and
https://epgg-testwustl.edu/browser/. Data of LD between
rs17514846 and other SNPs were from LDlink (https://
ldlink.nci.nih.gov/?tab=Idproxy). RegulomeDB ranks were from
http://www.regulomedb.org/. Expression quantitative trait loci
data were from the cited references, HaploReg, and the GTEx
Portal (https://www.gtexportal.org/home/).

Cells

Under University of Leicester Medicine and Biological
Sciences Research Ethics Committee approval, monocytes
were isolated from peripheral blood of healthy donors using
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the density gradient centrifugation and CD14 positive selec-
tion method. THP-1 and RAW264.7 monocytic cells were
from the American Type Culture Collection. Primary human
coronary artery smooth muscle cells (SMCs) were from Cell
Applications.

CRISPR-Mediated Genome Editing

CRISPR (clustered regularly interspaced short palindromic
repeats)-mediated genome editing of THP-1 monocytes was
conducted to generate isogenic cells with either the C/C or
A/A genotype of rs17514846 and isogenic cells with either
the A/A or G/G genotype of rs1894401.

Electrophoretic Mobility Shift Assay and Super-
Shift Assay

An electrophoretic mobility shift assay was performed using oli-
gonucleotide probes corresponding to either the C or A allele
of rs17514846 and nuclear protein extracts from THP-1 cells.
An electrophoretic mobility super-shift assay was performed
using oligonucleotide probes corresponding to either the A or
G allele of rs1894401, nuclear protein extracts from THP-1
cells, and an anti-PRDM1 (PR/SET Domain 1) antibody.

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation was performed on THP-1 cells
with an anti-PRDM1 antibody (or an isotype control) or with
an anti-H3K9ac antibody (or an isotype control), followed by
quantitative PCR analysis of the DNA sequence containing and
surrounding the rs 1894401 site.

Luciferase Reporter Gene Assay

Two plasmid constructs were generated by inserting a DNA
fragment corresponding to a 152bp sequence containing and
surrounding the SNP rs1894401 site (with either A or G at
the rs1894401 site) into the pGL3-Control Vector. These con-
structs were individually mixed with a pRL-TK plasmid and then
used to transfect RAW264.7 cells, followed by luciferase activ-
ity assay.

CRISPR-Mediated or siRNA-Mediated Gene
Knockdown

THP-1 2xCas9 cells generated by lentiCas9-Blast infection of
THP-1 cells were infected with lentiviruses expressing either
single guide RNAs (sgRNA) targeting PRDM1 or scramble
sgRNA. PRDM1 knockdown was verified by immunoblot analy-
sis (Figure S1). Primary human blood monocytes, THP-1 cells,
and primary human coronary artery SMCs were transfected
with either FES small interfering RNA (siRNA) or control
siRNA. FES knockdown was verified by immunoblot analysis
(Figure S2A, S2B, and S2C).

RT-PCR Analysis

Reverse transcription (RT)-PCR analysis was performed
to measure FES expression in THP-1 cells with or without
PRDM1 knockdown and FES expression in a collection'* of
primary human umbilical vein endothelial cells.
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Immunoblot Analysis

Immunoblot analysis of FES was performed with protein
lysates from parental THP-1 cells, THP-1 isogenic cells gen-
erated by CRISPR-mediated genome editing, THP-1 2xCas9
cells transfected with PRDM1 sgRNAs or scramble sgRNA,
primary human blood monocytes transfected with FES siRNA
or control siRNA, THP-1 cells transfected with FES siRNA
or control siRNA, and lung tissues of Fes”/Apoe”" and
Fes**/Apoe”" mice. PRDM1 immunoblot analysis was car-
ried out on THP-1 2xCas9 cells transfected with PRDM1
sgRNAs or scramble sgRNA.

Migration, Proliferation, and Apoptosis Assays
Primary human blood monocytes, THP-1 monocytic cells, and
human coronary artery SMCs were subjected to a migration
assay using trans-wells. Apoptosis assays of primary human
blood monocytes and THP-1 monocytic cells were performed
with the use of Dead Cell Apoptosis Kit and FITC Annexin V
Apoptosis Detection Kit |, respectively. A proliferation assay of
THP-1 cells and human coronary artery SMCs was conducted
with the use of Cell Counting Kit-8.

Proteomics and Phosphoproteomics Analyses
Monocytes (THP-1) transfected with either FES siRNA or
control siRNA were subjected to quantitative proteomics and
phosphoproteomics analysis. The motif-x algorithm was used
to identify motifs enriched within a set of phosphosites.'®
WeblLogo'® was used to build the motif figures. To predict
kinase-substrate relationships, all identified tyrosine, serine,
and threonine phosphorylation sites (pY/S/T/) were scored
with the NetPhorest algorithm.'” A pathway enrichment analy-
sis was conducted on proteins that showed differences in mod-
ification between cells with siRNA-mediated FES knockdown
and cells transfected with the control siRNA (Table S1), using
Gene Ontology (http://geneontology.org).

Single-Cell RNA-Sequencing of Human
Atherosclerotic Plaques

The study was approved by the Medical Ethical Committees
of University Medical Center Utrecht and all participants pro-
vided informed consent. Human carotid atherosclerotic plaque
samples (n=18) from the Athero-Express Biobank'® were sub-
jected to single-cell RNA-sequencing as previously described.'®
Single-cell RNA-sequencing data were analyzed with the use
of SEURAT (http://www.satijalab.org/seurat) employing the
global-scaling normalization method to standardize the expres-
sion levels of FES or PRDM1 against global gene expression
levels in each cell.

Genotyping and Immunohistochemical Analysis

of Human Atherosclerotic Plaques

The study was approved by the East London and City Research
Ethics Committee and fully complied with Good Clinical
Practice guidelines and Tissue Act regulations. Sections of

human coronary atherosclerotic plaques were genotyped for
rs17514846 and subjected to immunostaining of CD68%°

Circulation Research. 2022;131:1004-1017. DOI: 10.1161/CIRCRESAHA.122.321146


https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321146
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321146
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321146
http://geneontology.org
http://www.satijalab.org/seurat

Karamanavi et al

and smooth muscle a-actin (SMA), double fluorescent immu-
nostaining of FES and Ibal, and double fluorescent immu-
nostaining of FES and SMA. Images of immunostaining were
analyzed using Image-Pro Software (Media Cybernetics).
The atherosclerotic plaques were classified in accordance
with standard American Heart Association definition and
classification.?!

Animal Study

The study was conducted in accordance with the UK
Animals (Scientific Procedures) Act 1986, under a Home
Office Project License (60/4332) and following the guide-
lines of ARRIVE (Animal Research: Reporting of In Vivo
Experiments). Fes”~ mice?® were backcrossed onto a
Cb7BL6/J background for 7 generations before being
intercrossed with Apoe™~ mice (B6.129P2-Apoe!™V/J) to
generate Fes”~/Apoe™~ mice and Fes**/Apoe~~control lit-
termates for the study of atherosclerosis. Fes*"Apoe™ were
excluded from this study. The study was performed only
with males, as it has been reported previously that athero-
sclerotic plaques develop more reproducibly and with less
biological variability in male Apoe™~ mice than in female
Apoe™~ mice.?®*?* Male Fes”~/Apoe”~ mice and male
Fes**/Apoe~~control littermates were fed a high fat diet
for 12 weeks from 6 weeks of age. Lipid levels in fasted
blood samples were measured. Aortic root sections were
subjected to hematoxylin/eosin staining, immunostaining
for monocytes/macrophages (MOMA2) and SMCs (SMA)
respectively, and Masson'’s trichrome staining.

Statistical Analyses

Statistical analyses were performed with the use of SPSS
version 27 and GraphPad Prism version 9.4.1. The Mann-
Whitney test or Kruskal-Wallis test (with multiple compari-
sons adjusting for the number of comparison) was used to
ascertain differences between experimental groups in band
intensity (after being standardized against B-actin band
intensity) in immunoblot analyses, results of migration and
proliferation assays of THP-1 and human coronary artery
SMCs, and measurements of atherosclerotic lesions and
lipid levels in the animal study. The Wilcoxon matched-pairs
signed-rank test was performed to ascertain differences
in migration and apoptosis between primary human blood
monocytes from different individuals transfected with either
FES siRNA or control siRNA. The t-test was used to ascer-
tain a between-genotype difference in FES level in mono-
cytes/macrophages in human coronary atherosclerotic
plaques. Linear regression analyses were performed with
the independent variable being the rs17514846 C/C, C/A,
and A/A genotypes coded as O, 1, and 2, respectively, and
the dependent variable being monocyte/macrophage abun-
dance index, SMC content, or macrophage/SMC ratio, in
human coronary atherosclerotic plaques, adjusting for lesion
types defined according to the American Heart Association
Histological Classification of Atherosclerotic Lesions.?' The
human coronary atherosclerotic plaque collection had n>10
for each of the rs17514846 genotypes (C/C, C/A, and A/A,
respectively), with 80% power to detect a genotypic effect
size of 0.2 at 0=0.05.
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RESULTS

Effect of 15q26.1 Variants on FES Expression in
Monocytes

A bioinformatics analysis showed that the GWAS lead
CAD-associated SNP rs175614846" at the 15q26.1
locus was in high LD (”>0.8) with 7 other SNPs in Euro-
peans and South Asians, in high LD (/2>0.8) with 10
other SNPs in East Asians, but not in high LD with any
other SNP in Africans (Figure 1). rs17514846 resides
in a transcriptionally active region, with DNase | hyper-
sensitivity footprints and histone acetylation (H3K27ac)
marks, while 5 other SNPs (rs2071382, rs11539637,
rs7183988, rs7177338, and rs1894401) are in another
transcriptionally active region with DNase | hypersensi-
tivity and H3K27ac signatures (Figure 1). rs1894401
has a RegulomeDB rank of 1b, which is higher than the
RegulomeDB ranks of the other SNPs in high LD with
rs17514846 (Figure 1), indicating that rs1894401 has
a greater likelihood to be a regulatory SNP than the oth-
ers in this group of SNPs. Furthermore, rs17514846
and rs1894401 have been shown to have an expression
quantitative trait loci effect on FES expression in mono-
cytes and vascular SMCs?7 (Figure 1).

To investigate whether rs17514846 and/or
rs1894401 can directly modulate FES expression, we
conducted CRISPR-mediated genome editing to gen-
erate isogenic monocyte cell lines that differed only at
the rs17514846 site or at the rs1894401 site, which
were otherwise genetically identical. We then performed
immunoblot analysis to determine FES levels in these
isogenic cell lines. The analysis showed that cells of the
rs17514846 A/A genotype (the CAD risk genotype'?)
had lower FES levels than cells of the rs17514846 C/C
genotype (Figure 2A), while cells of the rs1894401 G/G
genotype (in high LD with rs17514846 A/A) had lower
FES levels than cells of the rs1894401 A/A genotype
(Figure 2B), suggesting that both rs175614846 and
rs1894401 directly modulate FES expression.

Electrophoretic mobility shift assays showed that
the DNA sequences containing the rs17614846 and
rs1894401 sites, respectively, interacted with nuclear
proteins. With respect to rs17514846, probes for the
C and A alleles both showed interactions with mono-
cyte nuclear proteins of unknown identities, with simi-
lar DNA-protein complex bands (Figure S3). Regarding
rs1894401, the A and G allele probes produced dif-
ferent DNA-protein complexes, with one of the strong
bands being more readily detectable in the assay using
the G allele probe than in the assay using the A allele
probe (Figure 3A, the DNA-protein complex band indi-
cated by the red arrowhead had higher intensity in lane
4 than in lane 2).

As the G allele of rs1894401 has a greater similarity to
the consensus DNA sequence (RRRRAGKGAAAKKR?)
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Vascular SMCs
Vascular SMCs

Artery (aorta)

rs17514846 (2.2x10°%7, n=1499)
rs1894401 (7.47 x 1017, n=1499)
rs17514846 (1.2x107, n=387)

rs1894401 (2.8x107, n=213)

PMID: 35735005
PMID: 35735005
GTEx (PMID: 23715323)

GTEx (PMID: 23715323)

A
rs7497418 rs8029440 rs7183988
rs4932177 rs3759929 rs11539637 rs7177338
rs7167085 rs4932178 rs8039305 152071382
rs7168951 rs17514846 rs6224
rs4932371 L I_| rs1894401
! o H A B - — e el
FURIN FES
DNase | footprints N | E— e
H3K272C et ) _ LA,
H3K4m1 _
H3K4m2 o N
H3K4m3
B Linkage disequilibrium matrix (r2, in green) and RegulomeDB rank (in red)
Europeans rs17514846 rs8039305 rs6224 rs2071382 rs11539637 rs7183988 rs7177338 rs1894401
(1) (4) (0.91) (3a) (0.92) (4) (0.88) (4) (0.89) (4) (0.89) (4) (0.88) (4) (0.88)(1b)
South rs17514846 rs8039305 rs6224 rs2071382 rs11539637 rs7183988 rs7177338 rs1894401
Asians (1) (4) (0.85) (3a) (0.92) (4) (0.83)(4) (0.83) (4) (0.84) (4) (0.84) (4) (0.92) (1b)
East rs4932371 rs7168951 rs7167085 rs4932177 rs7497418 rs8029440 rs3759929 rs4932178 rs17514846 rs8039305 rs6224
Asians (0.84) (2b)  (0.92) (4) (0.92)(4) (0.90) (3a) (0.92)(2b) (0.88)(4) (0.92)(2b) (0.88) (4) (1) (4) (0.99) (3a) (0.96) (4)
Cc eQTL effect on FES expression
Cell/Tissue SNP (P value, n) Reference
Monocytes rs17514846 (1.6x10°%5, n=432) PMID: 24604202
Monocytes rs1894401 (1.0x1012, n=1,490) PMID: 20502693

Artery (coronary)

Figure 1. Results of bioinformatics analysis of the coronary artery disease (CAD) risk locus on chromosome 15¢26.1.

A, lllustration of the locations of rs17514846 and single-nucleotide polymorphisms (SNPs) in linkage disequilibrium with rs17514846 at the
156g26.1 locus, and transcriptionally active regions indicated by DNase | hypersensitivity and histone modification marks in monocytes, identified
by the ENCODE Project and the Roadmap Epigenomics Project. B, Allelic association (1?) between the genome-wide association studies (GWAS)
lead SNP rs17514846 and other SNPs in Europeans, South Asians, and East Asians, are indicated in green. Indicated in red are RegulomeDB
ranks (*Definition by RegulomeDB: 1b=eQTL+TF binding+motif+DNase Footprint+DNase peak; 2b=TF binding+any motif+DNase
Footprint+DNase peak; 4=TF binding+DNase peak; 3a=TF binding+any motif+DNase peak; 4=TF binding+DNase peak. C, Selected eQTL
data from Fairfax et al?® Zeller et al,?® Solomon et al,?” and GTEx (https://gtexportal.org/home/). eQTL indicates expression quantitative trait loci;
FES, FES proto-oncogene, tyrosine kinase; FURIN, FES upstream region; TF, transcription factor; and SMA, smooth muscle a-actin.

for the binding site of the transcription factor PRDM1
(also known as BLIMP-1) than the A allele (Figure 3A),
we performed a super-shift assay using an anti-PRDM1
antibody to determine whether the nuclear protein giv-
ing rise to the above-described band preferentially inter-
acts with the G allele was PRDM1. The super-shift assay
demonstrated that the presence of the anti-PRDM1 anti-
body reduced the intensity of this DNA-protein complex
band (Figure 3A, the DNA-protein complex band indi-
cated by the red arrowhead had lower intensity in lane 9
than in lane 4) and brought about a super-shifted DNA-
protein complex indicated by the green arrowhead in Fig-
ure 3A (lane 9). Taken together, these results suggest
that PRDM1 can interact with the rs1894401 site with
a preference for the G allele. Interestingly, we observed
that PRDM1 was expressed in monocytes/macrophages
in human atherosclerotic plaques (Figure S4).
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Furthermore, we performed a chromatin immuno-
precipitation assay on monocytes with the use of an
anti-PRDM1 antibody. The assay confirmed binding of
PRDM1 to the rs1894401 site (Figure 3B). Additionally,
we carried out a luciferase reporter assay in which mono-
cytes were transfected with a plasmid vector contain-
ing the rs1894401 site and a luciferase reporter gene,
together with either a PRDM1 expressing vector or an
empty control vector. The assay demonstrated that co-
transfection of the PRDM1 expression vector resulted
in decreased luciferase activity (Figure 3C), suggesting
that PRDM1 reduces the transcription regulatory activity
of the rs1894401 site.

Previous studies have reported that PRDM1 can
repress the expression of several genes by inducing his-
tone H3 deacetylation, histone H3 methylation, and DNA
methylation.®=*% Therefore, we investigated if PRDM1

Circulation Research. 2022;131:1004-1017. DOI: 10.1161/CIRCRESAHA.122.321146
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Figure 2. Differences in FES (FES proto-oncogene, tyrosine kinase) expression level between isogenic monocytic cell lines
generated by CRISPR (clustered regularly interspaced short palindromic repeats)-mediated genome editing.

Human THP-1 monocytic cells were subjected to CRISPR-mediated genome editing to generate isogenic cells of the C/C genotype and isogenic
cells of the A7A genotype, respectively, of rs17514846 (A) or isogenic cells of the A/A and G/G genotypes, respectively, of rs1894401 (B). FES
levels in the isogenic cell lines were determined by immunoblot analysis. Average representative immunoblot images (top); FES band intensities
standardized against band intensities of the reference protein 3-actin (bottom). Columns and error bars indicate meanSD values from n=4 per
group; Pvalues from Kruskal-Wallis test with multiple comparisons adjusting for the number of comparison.

affects the histone H3 acetylation status at the FES
locus. A chromatin immunoprecipitation analysis showed
that knockdown of PRDM1 in monocytes increased the
histone H3 acetylation level in the chromatin containing
the FES gene (Figure 3D). Furthermore, a bioinformatics
analysis showed that compared with the rs1894401 A
allele, the rs1894401 G allele has a lower histone H3
acetylation level, a higher histone H3 methylation level,
and a higher chromatin-DNA methylation level, in blood
cells (Figure Sb).

To investigate whether PRDM1 can influence FES
expression, we performed RT-PCR and immunoblot
analyses to compare FES mRNA and FES protein lev-
els between monocytes with PRDM1 knockdown and
monocytes without PRDM1 knockdown. The analyses
showed that PRDM1 knockdown resulted in higher FES
mRNA and FES protein levels (Figure 3E), indicating an
inhibitory effect of PRDM1 on FES expression.

Effect of FES on Monocyte Behavior

To test whether FES can affect monocyte behavior,
we conducted siRNA-mediated knockdown of FES in
primary human blood monocytes, and then performed
trans-well migration and apoptosis assays. The experi-
ments showed that FES knockdown promoted migra-
tion of blood monocytes (Figure 4A) and that blood
monocytes with FES knockdown had a tendency toward
a reduced death rate (Figure 4B). Additionally, trans-
well migration and apoptosis assays of THP-1 mono-
cytic cells demonstrated that FES knockdown promoted
migration (Figure S6A) and reduced apoptosis and
death (Figure SEB).

Circulation Research. 2022;131:1004-1017.DOI: 10.1161/CIRCRESAHA.122.321146

Furthermore, we investigated whether FES might
influence monotype proliferation. Since primary blood
monocytes generally do not proliferate, we carried out
a proliferation assay of human THP-1 monocytic cells
transfected with either FES siRNA or control siRNA. The
assay showed that FES knockdown promoted prolifera-
tion of THP-1 monocytic cells (Figure S6C).

Moreover, migration assays of isogenic monocytic
cells showed that cells of the rs17514846 A/A geno-
type (the CAD risk genotype'?) had greater migratory
activity than cells of the rs17514846 C/C genotype
(Figure 4C), while cells of the rs1894401 G/G geno-
type (in high LD with rs17514846 A/A) had higher
migratory activity than cells of the rs1894401 A/A
genotype (Figure 4D).

Effect of FES on Protein Phosphorylation

Since FES is known to be a protein-tyrosine kinase,’
we wondered whether FES knockdown could lead
to changes in phosphorylation of certain proteins.
Therefore, we performed a phosphoproteomics anal-
ysis of monocytes transfected with either FES siRNA
or negative control siRNA. The analysis detected
phosphorylation of tyrosine (Y), serine (S), and threo-
nine (T), with the respective phosphorylation motifs
shown in Figure BbA. Differences in phosphorylation
of 29 proteins were detected between cells with FES
knockdown and cells transfected with the negative
control siRNA (Figure 5B; Table S1), many of which
have previously been implicated in cell migration and
proliferation (Columns D and E in Table S1). A func-
tional pathway analysis of these 29 proteins showed
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Figure 3. Interaction of the rs1894401 site with the transcription factor PRDM1 (PR/SET Domain 1).

A, Left, The G allele of rs1894401 has a greater similarity to the consensus DNA sequence for PRDM1 binding?® than the A allele. Right, An
average representative image of electrophoretic mobility super-shift assay of THP-1 monocytic cells using probes corresponding to either the
Aor G allele and an anti-PRDM1 antibody. B, Results of chromatin immunoprecipitation analysis of PRDM1. Top, Image of gel electrophoresis
of PCR products of the rs1894401 region and the GAPDH gene (serving as a control), respectively, from input DNA, anti-PRDM1 antibody
immunoprecipitated DNA, or isotype control antibody immunoprecipitated DNA. Bottom, the amounts of PCR products from immunoprecipitated
DNA as compared to amounts of PCR products from input DNA, determined by quantitative PCR analysis. C, Results of luciferase assay. Two
plasmids containing DNA sequences (152bp) corresponding to either the A or G allele of rs1894401 followed by a firefly luciferase reporter
gene were generated. Each of these plasmids, together with a plasmid containing a Renilla luciferase gene to serve as a transfection efficiency
reference, was transfected into macrophages (Raw 264.7 cells), followed by dual luciferase assays. Data shown are mean (£SD) of standardized
firefly luciferase activity (the ratio of firefly luciferase activity over Renilla luciferase activity), n~=6 per group, P values from 2-tailed Mann-
Whitney test. D, THP-1 monocytic cells with and without PRDM1 knockdown (knockdown of PRDMT1 is shown in Figure S1) were subjected to
chromatin immunoprecipitation with either an anti-H3K9ac antibody or an isotype control antibody, followed by a quantitative PCR analysis of the
rs1894401 region. Data shown are mean (£SD) of the amounts of PCR products from DNA immunoprecipitated with the anti-H3K9ac antibody
or the isotype control antibody, relative to the amounts of PCR products from input DNA; n=4-7 per group; P value from 2-tailed Mann-Whitney
test. E, Results of FES (FES proto-oncogene, tyrosine kinase) reverse transcription (RT)-PCR (left) and FES immunoblot analysis (right) of
THP-1 cells with and without PRDM1 knockdown (knockdown of PRDM1 is shown in Figure S1). Left, Mean (£SD) of FES RNA levels relative
to ACTB RNA level, determined by the ACt method; n=4 per group; Pvalue from 2-tailed Mann-Whitney test. Top right, Average representative

immunoblot images. Bottom right, Mean (£SD) of FES protein band intensities standardized against band intensities of the reference protein

{-actin, from n=6 per group; P value from 2-tailed Mann-Whitney test.

enrichment of pathways involved in RHOBTB/
RHBTB2 GTPase cycles, RNA polymerase Il tran-
scription termination, and mRNA processing (Fig-
ure bB; Table S2).

Effect of 15q26.1 Variant on FES Expression
and Monocyte/Macrophage Abundance, in
Human Atherosclerotic Plaques

An analysis of data from a single-cell transcriptomics
study of human atherosclerotic plaques showed
that in atherosclerotic plaques, cells that expressed
FES were predominately monocytes/macrophages,
although several other cell types including SMCs and
endothelial cells also expressed FES (Figure 6A). The
average level of FES expression in monocytes/macro-
phages that expressed this gene was 1.47-fold higher
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(P=2.9%x1079), compared with the average level of
FES expression in all other cell types that expressed it
(Figure B6A).

Double immunostaining of FES and the monocyte/
macrophage marker |bal confirmed that monocytes/
macrophages in atherosclerotic plaques contained FES
(Figure 6B). In an analysis of a collection of human
coronary atherosclerotic plaques from different individ-
uals, we observed that FES levels in monocytes/mac-
rophages were lower in atherosclerotic plaques from
patients of the rs17514846 A/A genotype (in LD with
the rs1894401 G/G genotype) than in plaques from
patients of the rs175614846 C/C genotype (Figure 6B).
Furthermore, we found that plaques from patients of the
rs17514846 A/A genotype had a greater abundance of
monocytes/macrophages than plaques from patients of
the C/C genotype (Figure 7).
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Figure 4. Effects of FES (FES proto-oncogene, tyrosine kinase) knockdown, rs17514846, and rs1894401 on monocyte behavior.
A and B, Human peripheral blood monocytes transfected with either negative control small interfering RNA (siRNA) or FES siRNA (knockdown
of FES is shown in Figure S2A) were subjected to trans-well migration assay (A) and apoptosis assay (following incubation with the apoptosis
inducer staurosporine for 4 h; B), respectively. Columns and error bars represent meanSD; Pvalues are from 2-tailed Wilcoxon matched-pairs
signed-rank test. € and D, Results of trans-well migration assays of isogenic monocytic cells of either the rs1894401 C/C or A/A genotype (C)
and isogenic monocytic cells of either the rs1894401 A/A or G/G genotype (D). Columns and error bars represent meanSD; Pvalues from
Kruskal-Wallis test with multiple comparisons adjusting for the number of comparison.

Previous studies have shown that the CAD-associated
variants at the 156q26.1 locus influenced FES expression
in vascular SMCs.2%34 Therefore, we investigated FES
expression in SMCs in human coronary atherosclerotic
plaques in relation to the 15q26.1 variant genotype. We
detected an association of the rs175614846 A/A geno-
type (in LD with rs1894401 G/G genotype) with lower
FES expression in SMCs in atherosclerotic plaques
(Figure S7). Additionally, we observed a nonsignificant
trend toward a greater SMC content and a higher ratio
of monocytes/macrophages versus SMCs, in athero-
sclerotic plaques from patients of the rs17514846 A/A
genotype compared with plaques from patients of the
rs17514846 C/C genotype (Figure S8A and S8B). In
support, we found that FES knockdown promoted migra-
tion of cultured primary coronary artery SMCs (Figure
S9A), albeit inhibiting proliferation (Figure S9B).

The above-mentioned single-cell transcriptomics
analysis of human atherosclerotic plaques showed that

Circulation Research. 2022;131:1004-1017.DOI: 10.1161/CIRCRESAHA.122.321146

endothelial cells also expressed FES (Figure 6A). There-
fore, we additionally investigated if the 15q26.1 variant
influenced FES expression in endothelial cells. However,
we detected no significant association between the
15026.1 variant and FES expression in cultured vascular
endothelial cells from different individuals (Figure S10).

Effect of FES on Atherosclerotic Plaque
Development and Composition, in an Animal
Model

To investigate whether FES plays a role in atherosclerosis,
we tested a possible effect of Fes knockout in a well-estab-
lished mouse model of atherosclerosis. We fed Fes”
/Apoe” mice (test group) and Fes**/Apoe”” littermates
(control group) a high fat diet for 12 weeks from 6 weeks
of age and then examined whether atherosclerotic lesions
differed between the 2 groups. Analyses of aortic root ath-
erosclerotic sections showed that the Fes”/Apoe”’™ mice
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Figure 5. Results of phosphoproteomics
Differentially phosphorylated proteins analysis of monocytes with vs without FES
. . (FES proto-oncogene, tyrosine kinase)
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) knockdown compared with cells transfected with
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had an increase in mean lesion area (P=0.007), greater 15026.1 |0CUS_ and CAD susceptibility is likely .Jfo be medi-
monocyte/macrophage abundance (P:OO‘]8), h|gher a‘[ed, at least in part, by reduced FES expression but also
SMC content (P=0.020), and less collagen (P=0.012), as provides a paradigm that a disease risk locus can harbor >1

compared with lesions of Fes**/Apoe” littermates (Fig- functional variant that are in high LD. Thus, a genetic signal
ure 8A-8D). There was no significant difference between can be a composite of 2 or more functional variants in LD,
the 2 groups in plasma levels of total cholesterol, very low-  and this needs to be considered as a possibility in studies
density lipoprotein, low-density lipoprotein, high-density aimed at identifying the causal variant(s) at disease loci.

|ip0pro’[ein, or trig|ycerides (Figure 1 ‘])’ Suggesting that Our previous work showed thatrs 17514846 modulates
FES does not affect plasma lipid levels. the expression of FURIN, with the rs17514846-A allele

having higher FURIN expression than the rs17514846-C
allele, in monocytes.* This and the present study (which
DISCUSSION shows that rs17514846 affects FES expression, with

GWAS have unveiled an association between variants ~ the rs17514846-A allele having lower FES expression in
at the 15q26.1 locus and CAD susceptibility.'? Here, we monocytes) collectively indicate that the CAD-associated
provide several novel insights into the molecular and cel-  variant at the 15926.1 locus influences the expression of
lular basis of this association and its translational and ~ both the FURINand FES genes, but in opposing directions.
clinical relevance, using both human and animal studies. ~ FURIN has been reported to promote atherogenesis,®
Our findings also provide some more general insights ~ While our present study shows that FES plays a protec-
underlying genetic associations with disease. tive role. Taken together, these findings provide another
From a mechanistic perspective, one of the novel find-  paradigm underpinning GWAS associations; namely, the
ings of our study is that the 15q26.1 locus contains at least ~ impact on the disease may be a composite of the impact
2 functional SNPs, that is, rs17514846 and rs1894401.  of a disease-related variant on the expression of >1 gene
Our analysis of isogenic monocytic cell lines gener-  involved in the disease process.
ated by CRISPR-mediated genome editing showed that FES is expressed predominately in differentiated
the rs17514846-A allele (the CAD risk allele) and the ~ myeloid cells® Previous studies have suggested that the
rs1894401-G allele (in high LD with the rs17514846-A regulation of FES transcription involves binding sites
allele) both decreased FES expression. This finding not (located within 150 nucleotides of the transcriptional
only suggests that the association between variants at the ~ start site) for the transcription factors Sp1, PU.1/Spi-1,
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Figure 6. FES (FES proto-oncogene, tyrosine kinase) expression in monocytes/macrophages in human atherosclerotic plaques.
A, Results of single-cell transcriptomic analysis of human atherosclerotic plaques. Left, Graph shows that in atherosclerotic plaques, cells
(represented by black dots), which express FES are predominantly monocytes/macrophages. The x-axis shows different cell clusters, specifically,
2/7/12: monocytes/macrophages (CD 144, CD68+); 0/1/3/4/5/6/9: T lymphocytes (CD3E+); 8: smooth muscle cells (ACTA2+, MYH11+);
10/13: endothelial cells (CD34+, PECAM1+); 11: B lymphocytes (CD79A+); 15: mast cells (KIT+). The y-axis shows normalized FES expression
levels with natural logarithm transformation (as described in the Supplemental Material). Right, Graph shows higher FES expression in
monocytes/macrophages (cell clusters 2/7/12) than in other cell clusters. Each blue closed circle or opened circle symbolizes one gene. The
x-axis shows mean log -transformed, normalized fold differences in gene expression comparing monocytes/macrophages vs all other cell clusters.
The y-axis shows log,, P-values for comparisons between monocytes/macrophages and all other cell clusters in gene expression. B, Human
coronary atherosclerotic plaques from different individuals were subjected to double fluorescent immunostaining for FES and the macrophage
marker ionized calcium binding adaptor molecule 1 (Iba1). Nuclei were stained with DAPI (4”,6-diamidino-2-phenylindole). Fluorescent
immunostaining images were analyzed using Image-Pro Plus image analysis software. Left, Average representative images. The arrow indicates
FES and Ibal double positive staining; Right, FES mean fluorescence intensity in macrophages (Iba1 positive) in atherosclerotic plaques from
individuals of the C/C, C/A, and A/A genotypes, respectively. Columns and error bars indicate mean£SEM. Numbers per group are indicated in

the figure. The Pvalue is from a 2-tailed t-test.

and FEF®®" a tissue-specific cis-acting repressor ele-
ment in the first intron®® and a putative locus control
region at the 5" (promoter-proximal) end of the gene®
In the present study, we found that the transcription fac-
tor PRDM1 interacted with the rs1894401 site located
within a consensus PRDM1 binding element (RRRRAG-
KGAAAKKR) in intron 3 of the FES gene, giving rise to a
DNA-protein complex detected by electrophoretic mobil-
ity shift assay. The binding of PRDM1 to the rs1894401
site was confirmed by chromatin immunoprecipitation.
Luciferase reporter gene assay further showed that
PRDM1 reduced the transcription regulatory activity of
the rs1894401 site. These, together with the finding
that knockdown of PRDM1 in monocytes resulted in an
increase in FES mRNA and FES protein levels indicate

Circulation Research. 2022;131:1004-1017.DOI: 10.1161/CIRCRESAHA.122.321146

that PRDM1 also plays a role in the regulation of FES
expression, exerting a down-regulatory effect on FES
transcription. Previous studies have shown that PRDM1
can repress the expression of several genes by inducing
histone H3 deacetylation, histone H3 methylation, and
DNA methylation.°33 In the present study, we found that
knockdown of PRDM1 increased the histone H3 acetyla-
tion level in the chromatin containing the FES gene. Fur-
thermore, a bioinformatics analysis showed that compared
with the rs1894401 A allele, the rs1894401 G allele has
a lower histone H3 acetylation level, a higher histone H3
methylation level, and a higher chromatin-DNA methyla-
tion level, in blood cells. These results together suggest
that PRDM1 may inhibit FES expression by modulating
the chromatin containing the FES gene.
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Figure 7. Monocyte/macrophage abundance in human atherosclerotic plaques by rs17514846 genotype.

Human coronary atherosclerotic plaques from different individuals were subjected to immunostaining for the monocyte/macrophage marker
CD68 and genotyping for single-nucleotide polymorphism (SNP) rs17514846. Immunohistochemical images were analyzed using Image-Pro
Plus image analysis software. Left, An average representative image of immunostaining at 10x magnification. The arrow indicates CD68-positive
staining. Right, Monocyte/macrophage abundance indices in atherosclerotic plaques from individuals of the C/C, C/A, and A/A genotypes,
respectively. Columns and error bars indicate values of mean£SEM. Numbers of individuals per group are shown in the figure. The Pvalue is from
a linear regression analysis with the dependent variable being monocyte/macrophage abundance index (normalized by log, , transformation) and
the independent variable being rs17514846 C/C, C/A, and A/A genotypes coded as 0, 1, and 2, respectively, and with adjustment for lesion
types defined according to the American Heart Association Histological Classification of Atherosclerotic Lesions.

FES is known to participate in the regulation of inflam-
mation and innate immunity® Previous studies with Fes
- mice showed increased leukocyte recruitment and
extravasation at sites of inflammation;'? and Fes” mice
were more sensitive to in vivo endotoxin challenge,?
which was associated with enhanced in vitro activation of
NF«B (Nuclear Factor Kappa B)-mediated tumor necrosis
factor-a (TNFa) production in bone marrow-derived mac-
rophages and reduced phagocytic activity.'" In line with
the reported finding of increased endotoxin-induced leu-
kocyte recruitment in Fes”- mice,'? our study showed that
atherosclerotic lesions in Fes”/Apoe”~ mice had higher a
monocyte/macrophage abundance and that knockdown
of FES promoted migration of primary human blood mono-
cytes. Additionally, we found that FES knockdown induced
proliferation of monocytic cells (THP-1 cells).

Mechanistic studies have previously described roles
for FES in signaling downstream from receptor systems
including those for cytokines and growth factors,*0#!
extracellular matrix ligands,*? and adherens junction cell-
cell interactions.”® Although FES is known to function
as a nonreceptor protein-tyrosine kinase, its substrates
have not been comprehensively described. Our phospho-
proteomics analysis identified 29 proteins differentially
phosphorylated in monocytes with siRNA-mediated FES
knockdown as compared with monocytes transfected
with the negative control siRNA. The detected differ-
ential phosphorylation sites, however, are serine resi-
dues and thus not direct FES targets. It is possible that
FES indirectly influences the phosphorylation of these
proteins by interacting with 1 or more unknown serine
kinases. Interestingly, several of the differentially phos-
phorylated proteins (including SRRM1 [Serine/Arginine
Repetitive Matrix 1], SRRM2 [Serine/Arginine Repetitive
Matrix 2], SRSF7 [Serine/Arginine-Rich Splicing Factor
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7; also named SFRST7], ITPR1 [Inositol 1,4,5-Trisphos-
phate Receptor Type 1], and BICD2 [Bicaudal D Homo-
log 2]) detected in our study have been reported to be
differentially phosphorylated by blocking ErbB2 receptor
tyrosine kinase,** suggesting that FES and ErbB2 recep-
tor tyrosine kinase could potentially work in concert.

A functional pathway analysis of the differentially
phosphorylated proteins detected in this study showed
enrichment of pathways involved in RhoBTB/RhoBTB2
GTPase cycle and mRNA processing, respectively.
Noticeably, previous studies have demonstrated that
FES can activate Rho family GTPases,**¢ and there is
substantial evidence showing that the RhoBTB proteins
play a role in regulating cell mobility, growth, and apop-
tosis.**¢ Taken together, the findings from this and the
previous studies suggest that FES could influence cell
behavior via Rho GTPase-mediated pathways.

Most of the proteins, which our study observed dif-
ferential phosphorylation of monocytes with siRNA-
mediated FES knockdown as compared with monocytes
transfected with the negative control siRNA, have been
previously implicated in cell migration and/or proliferation,
as annotated in Table S2. Therefore, it is plausible that
FES can influence monocyte behavior by modulating the
posttranslational modifications of many different proteins.

In line with the in vitro finding that the CAD-associated
variants at the 156926.1 locus promote monocyte migra-
tion, we observed that ex vivo coronary atherosclerotic
plagues from patients of 156g26.1 CAD risk genotype
had a greater monocyte/macrophage abundance. There
was also a trend toward a higher monocyte/SMC ratio in
plaques from patients carrying the risk allele, but this was
statistically nonsignificant, which could possibly be due
to the moderate sample size not providing sufficient sta-
tistical power and/or due to the risk allele also increasing
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Figure 8. Differences between Fes’-/Apoe’- mice and Fes*'*/Apoe”’- mice in atherosclerotic lesion size and composition.
Fes”"/Apoe”” mice and Fes™*/Apoe”” littermates were fed a high fat diet for 12 weeks from 6 weeks of age. Thereafter, aortic root sections were
subjected to hematoxylin/eosin staining (A), immunostaining for monocytes/macrophages (MOMA2) (B), immunostaining for smooth muscle
cells (SMA) (C), and Masson trichrome staining for collagen (D). Morphometric quantification was performed with the use of Fiji software. Arrows
indicate stain-positive areas. Bars, 200 um. Mean (SD) values in the Fes”/Apoe” group and the Fes*’+/Apoe”~ group, respectively, were 0.5605
(0.067) mm? and 0.365 (0.111) mm? for atherosclerotic lesion area in the aortic root sections (A), 44.52% (7.97%) and 34.02% (9.25%) for
MOMAZ positive stain area (B), 19.36% (5.32%) and 14.73% (2.57%) for SMA positive stain area (C), and 1.97% (1.45%) and 4.16% (2.06%)
for collagen positive stain area (D). Numbers per group are shown in the figure. Pvalues are from 2-tailed Mann-Whitney test.

SMC abundance in atherosclerotic plaques. Pertaining to
the latter, our study showed an influence of FES on vas-
cular SMCs migration in vitro and an increase of SMC
content in atherosclerotic lesions in Fes knockout mice.

To our knowledge, our study is the first to show an
involvement of FES in atherosclerosis. Using a well-
established mouse model, we found that Fes knockout
was associated with the development of larger athero-
sclerotic lesions, indicating that FES plays a protec-
tive role against atherogenesis. Additionally, we found
that atherosclerotic plaques in Fes”/Apoe”" mice had
a greater abundance of monocytes/macrophages and
SMCs, both of which are well-established players in
atherogenesis.

Our study shows that human atherosclerotic lesions
express PRDM1. Studies by other investigators have
demonstrated that attenuating PRDM1 in B cells inhib-
ited atherosclerosis development in mouse models.*
In light of the findings of our study, which shows that
PRDM1 represses FES expression and that FES inhibits
atherosclerosis, it is plausible that PRDM1 could pro-
mote atherosclerosis partly via reducing FES expression,
which warrants separate detailed investigations beyond
the scope of the present study.

Our study included a series of in vitro, ex vivo as well
as in vivo experiments, which provide complementary
evidence of an influence of the 15926.1 variants on
FES expression and a role played by FES in athero-
sclerosis. This represents one of the strengths of this
work. However, no correction of P-values for multiple

Circulation Research. 2022;131:1004-1017.DOI: 10.1161/CIRCRESAHA.122.321146

testing was carried out, which may be considered a
limitation of this study.

In summary, our study shows that FES influences
migration of monocytes and vascular SMCs, with a pro-
tective effect against atherosclerosis, and that the CAD
risk variants at the 15926.1 locus reduce FES expression
in monocytes and increase monocyte/macrophage abun-
dance in atherosclerotic plaques. These findings provide
a better understanding of the mechanism underlying the
link between the 156926.1 locus and CAD susceptibility
and suggest that modulation of FES expression or its
function may prove useful for CAD intervention.
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