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Are Enriched in Endothelial Dysfunction-Related Gene
Sets: Implications for Relative Inter-artery
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ABSTRACT: Atherosclerosis differs across major arteries. Although the biological basis is not fully understood, limited evidence of genetic differ-
ences has been documented. This study, therefore, was aimed to identify differentially expressed genes between clinically relevant major arter-
ies and investigate their enrichment in endothelial dysfunction-related gene sets. A bioinformatic analysis of publicly available gene-level read
counts for coronary, aortic, and tibial arteries was performed. Differential gene expression was conducted with DeSeq2 at a false discovery rate
of 0.05. Differentially expressed genes were then subjected to over-representation analysis and active-subnetwork-oriented enrichment analysis,
both at a false discovery rate of 0.005. Enriched terms common to both analyses were categorized for each contrast into immunity/inflamma-
tion-, membrane biology-, lipid metabolism-, and coagulation-related terms, and the top differentially expressed genes validated against Swiss
Institute of Bioinformatics’ Bgee database. There was mostly upregulation of differentially expressed genes for the coronary/tibial and aorta/
tibial contrasts, but milder changes for the coronary/aorta contrast. Transcriptomic differences between coronary or aortic versus tibial samples
largely involved immunity/inflammation-, membrane biology-, lipid metabolism-, and coagulation-related genes, suggesting potential to modu-
late endothelial dysfunction and atherosclerosis. These results imply atheroprone coronary and aortic environments compared with tibial artery

tissue, which may explain observed relative inter-artery atherosclerosis risk.
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Introduction

Globally, atherosclerosis remains cause for concern, especially
among low- and middle-income countries.»? A 2020 estimate
of global ischemic heart disease burden reported prevalence of
1.72%, projected to exceed 1.9% by 2030.3 Similarly, a 2020
meta-analysis reported global prevalence of increased carotid
intima-media thickness, carotid plaque, and carotid stenosis of
27.6%, 21.1%, and 1.5%, respectively, each increased since
2000.# In both studies, older age and male sex were associated
with greater prevalence.>* These data highlight urgency to bet-
ter understand atherogenesis that accounts for substantial mor-
tality worldwide.””

Atherogenesis is a complex long-term process involving
dyslipidemia, long-term inflammation, and autoimmunity.8-11
Key stages include low-density lipoprotein (LDL) uptake and
oxidation, foam cell formation,!? inflimmasome activation
producing interleukin (IL)-1,1° IL-1-mediated smooth mus-
cle cell (SMC) proliferation, and subendothelial accumula-
tion of foam cells, SMCs, and leukocytes.!>* Endothelial
dysfunction is an important intermediary and involves dis-
torted vascular homeostasis.!>1¢ This contrasts the selectively
permeable, anti-inflammatory, vasoregulatory, and anticoagu-
lant normal endothelium.!?

However, despite interconnectivity of the entire vascular
system, atherosclerosis differs clinically, structurally, and tem-
porally across major arteries. Reiner et al'® reported severe ath-
erosclerosis more likely in coronary and abdominal aortic
arteries in the presence of minimal or no mesenteric athero-
sclerosis, but not the reverse. Sawabe et al’? later found differ-
ential atherosclerosis severity across intracranial, carotid,
coronary, aortic, and femoral arteries, while a recent review
identified atheroprotective (mostly upper limb) versus athero-
prone (neck, most thoraco-abdominal, and lower limb) arter-
ies.? Among atheroprone arteries, Dalager et al*' reported
primarily lipid-cored plaques in coronary arteries, contrasting
foam cell and intermediate lesions within carotid arteries but
normal or thickened femoral artery intimae. In this autopsy
study, the presence of coronary and carotid atherosclerosis was
observed from the third decade of life but not until the fourth
decade, in femoral arteries.?! This is consistent with observa-
tions that coronary plaque was always present when femoral
plaque was found?? and association of asymptomatic but
advanced common iliac artery plaques with advanced coronary
and carotid atherosclerosis.?? Furthermore, when plaques occur
in carotid and femoral arteries, histological analysis indicated
more frequent fibrous cap atheromata and fibrocalcific plaques,

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial
4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without
further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://uk.sagepub.com/en-gb/journals-permissions
mailto:paul.brown02@uwimona.edu.jm

Bioinformatics and Biology Insights

respectively, consistent with higher calcium and lower choles-
terol levels in femoral plaques.?*

The genetic basis for these differences was explored. Twenty-
nine differentially expressed genes were reported between
atheroprotective internal mammary arteries and atheroprone
left anterior descending coronary arteries.”> A comparison
between 160 significant loci detected by a meta-analysis of cor-
onary artery disease genome-wide association studies (GWAS)?¢
and 5 loci detected by a meta-analysis of GWAS targeting sin-
gle nucleotide polymorphisms (SNPs) associated with carotid
intima-media thickness and carotid plaques?” identified only
one overlapping SNP. A comparison between the latter SNPs
and coronary artery disease in the Coronary Artery Disease
Genome-Wide Replication and Meta-Analysis consortium
also identified only a handful of shared SNPs.?” There is also
evidence that cardiovascular risk factors modulate endothelial
dysfunction/atherosclerosis-related gene expression. Previous
work demonstrated down-regulation of endothelial cell (EC)
inflammation-, proliferation-, and platelet adhesion-related
genes, but up-regulation of EC survival-related genes in aortic
ECs in response to shear stress.?® On the contrary, high blood
pressure reduces wall shear stress,? which is associated with
enhanced atherogenesis.®® A similar report identified largely
nonoverlapping loci associated with aortic and carotid athero-
sclerotic lesions in a murine hyperlipidemic model.3!

The reports suggest that genetic differences between vascu-
lar beds may help explain the biology observed. However, dif-
terentially expressed genes among clinically relevant major
arteries and their potential role in atherosclerosis are not well
documented. In this study, therefore, differential gene expres-
sion between the coronary, aortic, and tibial arteries was inves-
tigated, with a view to identify atherosclerosis-relevant gene
sets associated with known endothelial dysfunction processes.

Methods
Study design and samples

This was a bioinformatic analysis of publicly available data
from the Genotype-Tissue Expression (GTEx) project,3? com-
prising gene-level read counts derived from human postmor-
tem aortic (n=387), coronary (n=206), and tibial artery
(n=602) samples. The samples were harvested as described in
the GTEx Tissue Harvesting Work Instruction document ver-
sion 03.05.33 Briefly, aortic samples were from nonatheroscle-
rotic ascending aorta or other thoracic regions, trimming away
periaortic fat, and fibrous tissue, as well as trimming the adven-
titial wall inward to ensure thickness <4mm if required.
Coronary artery samples were from noncalcific left and right
coronary arteries, as well as noncalcific left and right descend-
ing and circumflex coronary arteries if required, after trimming
away adjacent fat. Tibial artery samples were from the left tib-
ial artery, after trimming away adjacent fat. The project datasets
(GTEx Analysis V8: dbGaP Accession phs000424.v8.p2) were
obtained from the GTEx Portal on April 18,2023.

Raw data generation

RNA-seq was performed with Illumina TruSeq library con-
struction protocol, as previously described.3*3> Briefly total
RNA was quantified with Quant-iTTM RiboGreen®RNA
Assay Kit and RNA Integrity Number (RIN) measured by
Agilent Bioanalyzer. Messenger RNA was selected with oligo
dT beads, with subsequent cDNA synthesis, end repair, addi-
tion of base “A” in preparation for adapter ligation and enrich-
ment. Libraries were then quantified with KAPA Library
Quantification Kit and sequencing performed with HiSeq
2000 or HiSeq 2500, according to manufacturer’s protocols,
generating 76 bp paired-end reads.

Reads were aligned to the GRCh38/hg38 human reference
genome with STAR v2.5.3a, using the GENCODE v26 anno-
tation.3* Gene-level read counts were generated with RNA-
SeQC v1.1.9,% applying the “strictMode” flag. The latter filters
for uniquely mapped reads contained within exon boundaries
and aligned in proper pairs, with a read alignment distance of
<6.3* The detailed methodology (V8) can be found at https://
gtexportal.org/home/methods.

Bioinformatics analysis

Gene-level read count data for aortic, coronary, and tibial artery
tissue (get.gz files), as well as sample attribute and subject phe-
notype annotation data were downloaded from the GTEx pro-
ject website at https://gtexportal.org/home/datasets (GTEx
Analysis V8: dbGaP Accession phs000424.v8.p2). The raw
count data comprised 54592 rows (genetic features) and 1335
columns (samples), of which 432, 240, and 663 were aortic,
coronary, and tibial artery samples, respectively. Sample attrib-
utes consisted of 63 variables, including the grouping variable
(SMTSD: Tissue Type), site code, several batch-related varia-
bles, autolysis score, RIN, and several mapping and sequence-
related variables. Subject phenotypes comprised 3 variables;
sex, age, and the Hardy scale that classified cause of death into
5 categories, including “Fast death of natural causes” for which
myocardial infarction was the model cause.

All files were merged, converted into a single GCT object
(emapR package, version 1.10.0%7), using annotation from the
org.Hs.eg.db database (org.Hs.eg.db package, version 3.16.0%9),
and then converted into a SummarizedExperiment object
(SummarizedExperiment package, version 1.28.0%). Initial
exploratory analysis examined important variables, including
demographics, Hardy category, quality-related variables, and
site-, batch-, and test-related variables. Documented Hardy
categories included 291 “Fast death of natural causes,” 61
“Intermediate death,” 120 “Slow death,” 793 “Ventilator Case,”
and 57 “Violent and fast death.” RNA integrity number ranged
between 3.2 and 10.0, total ischemic time ranged between 28
and 2076 minutes, and there were 15 samples with an autolysis
score of “Moderate.’ Based on the preceding, the database was
filtered to retain only samples with no or mild autolysis,
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RIN =6, a recorded Hardy classification, and genes above a
count threshold of =10 in =number of samples in the smallest
group of the SMTSD variable (n=206). This produced a data-
set of 22367 rows (features) and 1195 columns (samples), of
which 387,206, and 602 were aortic, coronary, and tibial artery
samples.

Initial analysis also identified 2 RNA isolation processes
used and 179 dates on which RNA was analyzed. Based on the
potential impact of these test- and batch-related variables,
associations between the grouping variable and other sample/
subject variables, and consideration of other potentially rele-
vant variables, a DeSeqDataSet class object was then con-
structed (DeSeg2 package, version 1.38.3%0), controlling for
RIN, RNA isolation process, RNA analysis date, sex, age, and
the Hardy scale category.

Differential gene expression was conducted with the DeSeq2
package,®® with input from the DeSeqDataSet object, and
specifying 3 contrasts: coronary versus tibial (C'T), aorta versus
tibial (AT), and coronary versus aorta (CA). The DeSeq func-
tion performed size factor estimation, dispersion estimation,
and then negative binomial GLM fitting.#0 There were 339
nonconverging genetic features. As guided by the DESeq2 out-
put, attempts were made to converge all genetic features.
However, almost all these nonconverging features persisted
after centering and scaling the sole numeric variable in the
design formula, as well as increasing the maximum number of
iterations allowed to 10000 (default=100). Further analysis
revealed that the 339 nonconverging genetic features had sig-
nificantly higher average number of zero (0) counts per feature
(Welch 2 Sample #-test: 19.1% vs 1.7%, #=20.813, P<<.05) and
significantly lower average mean counts (Welch 2 Sample
t-test: 241.6 vs 2942.3, t=-24.321, P<<.05), compared with
converging features. These features were not removed at the
initial filtering step to select features above a count threshold of
=10 in =206 samples, and so were removed at this stage. The
final filtered dataset, therefore, comprised 22028 rows (fea-
tures) and 1195 columns (samples), of which 387,206, and 602
were aortic, coronary, and tibial artery samples. Differentially
expressed genes (DEGs) were defined as those associated with
an adjusted P value/false discovery rate (FDR) of 0.05, based
on the Benjamini and Hochberg procedure,* and an absolute
log? fold change =1.0. Heatmaps of the differentially expressed
genes for each contrast were visualized with the pheatmap
package, version 1.0.12.42

Over-representation analysis (ORA) was performed for the
DEGs identified for each contrast, with the clusterProfiler
package, version 4.6.2,%* targeting all 3 ontologies (Biological
Processes, Molecular Functions, and Cellular Components)
ontology  (GO)

Enrichment analysis with clusterProfiler takes advantage of

within the gene knowledgebase.*4¢
known functional conservation of genes across domains of
life.*> The enrichGO function was used to compute enrichment
for GO terms based on the hypergeometric distribution.*3

Each contrast-related subset of DEGs was tested against a
background gene list comprising genes identified by the assay
(22028 features). Enriched GO categories were defined as
those associated with an FDR of .005, based on the Benjamini
and Hochberg procedure,*! and a ¢ value of .005. For each con-
trast, the top 20 most significant over-represented GO terms
were further visualized with the ggplor function from ggplor2
package, version 3.4.2.47

Differentially expressed genes for each contrast were further
examined by active-subnetwork-oriented enrichment analysis
(ASOEA) using the parhfindR package, version 2.1.0.48 Active
subnetwork-based analysis exploits knowledge of protein-pro-
tein interaction networks (PINs) by identifying subgroups of
correlated genes that share similar physical interactions, with
the potential for improving the precision of functional enrich-
ment analysis.*” Differentially expressed genes for each con-
trast were mapped unto the PIN, BioGRID, to identify active
subnetworks (active_snw_search function), using the “greedy
search”algorithm at a score quantile threshold of 0.8 and mini-
mum proportion of subnetwork significant genes criterion of
0.2. Enriched terms were identified with the enrichment_analy-
ses function and defined as those associated with an FDR of
0.005, based on the Benjamini and Hochberg procedure.*!
Enriched terms were then clustered with the cluster_enriched
terms function, and the top clusters sorted by log2 fold change,
visualized with the enrichment_chart function [parhfindR
package.

Relevant “Biological Processes” enriched terms identified by
both ORA and ASOEA were categorized into the following
endothelial dysfunction-related processes for each contrast:
immunity/inflammation-, lipid metabolism-, coagulation-, and
membrane biology-related terms. Genes common to both GO
and ASOEA terms for these 4 categories for each of the 3
contrasts were identified, their expression determined by filter-
ing them from the lists of DEGs and were then visualized with
the pheatmap package.®

Validation

Three validation steps were performed. The categorization of
enrichment terms into endothelial dysfunction-related pro-
cesses was tested by matching the genes common to both GO
and ASOEA terms in each category for all 3 contrasts, against
compilations of relevant gene symbols and aliases, associated
with each process (category). Symbols were obtained on July
18, 2023, from the Comparative Toxicogenomics Database
that provides curated information regarding gene-disease rela-
tionships.”® Datasets retrieved from searching the “Diseases”
section, were genes associated with inflammation, edema (as a
surrogate for loss of endothelial integrity), dyslipidemias, and
blood coagulation disorders, each including their respective
descendent conditions, which were therefore filtered for the
primary disorder. Aliases were added using the humanSyno and
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Figure 1. Descriptive analysis: (A) Sex distribution. (B) Age distribution. (C) Hardy category distribution. (D) Principal component analysis of the grouping

variable (SMTSD: tissue type).

alias2Symbol functions (geneSynonym version 1.7.23.7.9 and
limma version 3.54.2 packages, respectively).’’>2 Second, the
differential expression of the top 5 up- and down-regulated
genes common to GO and ASOEA terms (or less if the sample
was <5) in each category for all 3 contrasts were compared
with their previously reported relative tissue expression pat-
terns, as documented in the Swiss Institute of Bioinformatics’
Bgee gene expression database. This resource curates healthy
wild-type expression data and incorporates multiple sources,
including the 2015 GTEx RNA-Seq data (release 6.p1).53
Finally, to further evaluate the potential biological relevance of
demonstrated changes, the genes common to GO and ASOEA

terms in each Category across contrasts were Compared.

Statistical analysis

Associations between the grouping variable and other sample/
subject variables were assessed by analysis of variance (ANOVA)
or the Fisher exact test, and the relations between RIN and
other sample/subject variables with the Pearson correlation,
ANOVA, or #-test. Differential gene expression was performed
using negative binomial GLM fitting with the Wald test.*0 All

data preprocessing, statistical analysis, and data visualization

were performed with R v4.2.2 (The R Foundation for Statistical
Computing, 2022). A P value of <.05 was considered statisti-
cally significant. However, for identification of DEGs as well
as enriched GO and ASOEA terms, P values were adjusted by
the Benjamini and Hochberg procedure to control the FDR*
at a threshold of 0.05 and 0.005, respectively.

Results

Descriptive analysis

The final dataset of 22028 rows (features) and 1195 columns
(samples) comprised 416 females and 779 males (Figure 1A),
with 138, 85, and 193 females, as well as 249, 121, and 409
males among the aortic, coronary, and tibial samples, respec-
tively. There were 106, 100, 192, 420, 348, and 29 cases within
the 20 to 29, 30 to 39,40 to 49, 50 to 59, 60 to 69, and 70 to 79
age ranges (Figure 1B). Within each age range, aortic, coronary,
and tibial samples accounted for the following number of cases:
35,14,and 57;34,12,and 54; 59,31, and 102; 139, 86, and 195;
113,59, and 176; as well as 7, 4, and 18 cases, respectively. The
cases fell into 5 Hardy categories: 248 “Fast death of natural
causes,” 51 “Violent and fast death,” 48 “Intermediate death,”
95 “Slow death,” and 753 “Ventilator Case” (Figure 1C).
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Table 1. Association between SMTSD/SMRIN and categorical variables.

A. SMTSD VS CATEGORICAL VARIABLES
(FISHER EXACT TEST)

B. SMRIN VS CATEGORICAL VARIABLES (ANOVA OR T-TEST)

P (UNADJUSTED)
SMATSSCR 0.000 SMATSSCR 1
SMCENTER 0.570 SMCENTER 3
SMPTHNTS 0.000 SMPTHNTS 1029
SMUBRID 0.000 SMUBRID 2
SMNABTCH 0.860 SMNABTCH 406
SMNABTCHT 0.130 SMNABTCHT (t) 1193
SMNABTCHD 1.000 SMNABTCHD 310
SMGEBTCH 0.000 SMGEBTCH 240
SMGEBTCHD 0.000 SMGEBTCHD 174
SEX 0.060 SEX (wt) 917.56
AGE 0.550 AGE 5
DTHHRDY 0.090 DTHHRDY 4

SUMSQ  MEANSQ P (UNADJUSTED)
16.43 16.43 32.13 0.000
0.63 0.21 0.40 0.760
555.71 0.54 1.26 0.030
8.95 4.47 8.63 0.000
260.73 0.64 1.38 0.000
-7.02 0.000
213.89 0.69 1.48 0.000
182.20 0.76 1.63 0.000
151.85 0.87 1.88 0.000
0.28 0.781
30.08 6.02 11.99 0.000
24.70 6.18 12.21 0.000

Abbreviations: DTHHRDY, Hardy Scale; SMATSSCR, Autolysis Score; SMCENTER, Code for collection site; SMGEBTCH, Genotype or Expression Batch ID;
SMGEBTCHD, Date of Genotype or Expression Batch ID; SMNABTCH, Nucleic Acid Isolation Batch ID; SMNABTCHD, Date of nucleic acid isolation; SMNABTCHT, Type
of nucleic acid isolation; SMPTHNTS, Pathology notes; SMRIN, RNA integrity number; SMTSD, tissue type; SMUBRID, Uberon ID, anatomical location as described by

the Uber Anatomy Ontology (UBERON); t, 2 Sample t-test; wt, Welch 2 Sample t-test.

Bold =significant P-value.
Underline =t-test.

Within each Hardy category, aortic, coronary, and tibial sam-
ples accounted for the following number of cases: 74, 30, and
144;17,9,and 25; 17,5, and 26; 28, 15, and 52; as well as 251,
147, and 355 cases, respectively. The principal component anal-
ysis of the grouping variable (SMTSD: Tissue Type) revealed
good sample separation (Figure 1D).

Bivariate analysis

There were statistically significant associations between tissue
type and several of the sample/subject variables, including RIN,
autolysis score, total ischemic time, several test-related variables,
as well as batch ID and date when RNA analyzed (Tables 1A
and 2A). There were also statistically significant associations
between RIN and several variables including autolysis score,
total ischemic time, and several test- and batch-related variables
including most of those significantly associated with tissue type
(Tables 1B and 2B). RNA integrity number (was therefore con-
trolled for in the design formula, in addition to the batch varia-
bles, RNA isolation process and RNA analysis date, known risk
factors for atherosclerosis (sex and age), and the Hardy scale that
includes the category “Fast death of natural causes” for which
myocardial infarction was the model cause.

Owerall summary of differential expression analysis

Among the 22028 features, there were 7543 DEGs across
the 3 contrasts, associated with 628 and 486 endothelial

dysfunction-related GO and ASOEA terms, respectively. For
the coronary x tibial (CT) contrast samples, there were 3006
DEGs, of which 2465 (82%) were up-regulated and 541 (18%)
were down-regulated. Analysis of the aorta x tibial (AT) con-
trast, revealed 2547 DEGs, of which 1770 (69%) were up-regu-
lated and 777 (31%) were down-regulated. For the coronary x
aorta (CA) contrast, there were 1990 DEGs, of which 1301
(65%) were up-regulated and 689 (35%) were down-regulated.
The full list of differentially expressed genes for the CT, AT, and
CA contrasts are presented in Supplementary Tables 1-3.
Functional enrichment analysis identified primarily “Biological
Processes” terms. Over-representation analysis of the DEGs
associated with the CT, AT, and CA contrasts identified 258,
224, and 146 GO terms, respectively (Supplementary Tables
4-6). Active-subnetwork-oriented enrichment analysis of the
DEGs associated with the CT, AT, and CA contrasts identified
225,147, and 114 ASOEA terms, respectively (Supplementary
Tables 7-9). Characterization of GO and ASOEA terms into
endothelial dysfunction-related processes revealed the follow-
ing: immunity and inflammation-related terms included innate
and adaptive responses, immune cell activation, proliferation,
and migration, cytokine production and signaling, phagocytosis,
and inflammatory responses; membrane biology terms included
those related to cell adhesion and para-cellular transport; lipid
metabolism terms involved enzyme activity, fatty acid transport,
and lipid homeostasis; coagulation relevant terms included
platelet activation, heparin binding and blood coagulation.
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8 Bioinformatics and Biology Insights

(A) DEGs: Coronary v Tibial Artery (B) Over-represented GO Categories: Coronary v Tibial Artery
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(D) GoIASOEA-associated DEGs: Coronary v Tibial Artery
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Figure 2. CT contrast DEGs: Overview and enrichment terms. (A) Heatmap of 3006 DEGs. (B) Top 20 GO terms. (C) Top clustered ASOEA terms. (D)

Heatmap of 840 DEGs associated with both enriched GO and ASOEA terms.

Coronary x tibial (CT) contrast

The heatmap of the 3006 CT contrast DEGs showed a mixed
pattern of up- and down-regulated genes, with mostly up-reg-
ulation (Figure 2A). Examination of the top 20 GO terms for
the CT contrast-revealed domination of immunity and inflam-
mation-related terms (Figure 2B), while the top 20 ASOEA
terms also included a few immunity and inflammation-related
terms (Supplementary Table 7). However, the top clustered
ASOEA terms included several immunity/inflammation-,
lipid metabolism-, and membrane biology-related terms
(Figure 2C). Among the 1556 unique CT contrast DEGs asso-
ciated with enriched GO terms, 840 were shared with the 974
unique CT contrast DEGs associated with enriched ASOEA
terms, with the common DEGs demonstrating mostly up-
regulation (Figure 2D).

There were 65 (25.19%), 7 (2.71%), 7 (2.71%), and 1
(0.39%), as well as 40 (17.78%), 11 (4.89%), 5 (2.22%), and 2
(0.89%) immunity/inflammation-, membrane biology-, lipid
metabolism-, and coagulation-related GO and ASOEA terms,
respectively. Among these terms, there were 605, 270, 64, and
35 GO term-related genes, and 216, 115, 16, and 31 ASOEA
term-related genes associated with immunity/inflammation,
membrane biology, lipid metabolism, and coagulation, respec-
tively. Of these, 210 (204 [97.14%)] up-regulated), 65 (58
[89.23%] up-regulated), 14 (14 [100.00%] up-regulated), and

15 (13 [86.67%] up-regulated) genes were common to immu-
nity/inflammation-, membrane biology-, lipid metabolism-,
and coagulation-related GO and ASOEA terms, respectively
(See Supplementary Tables 10-13 for complete lists).
Visualization of common GO/ASOEA-related DEGs associ-
ated with each process demonstrated the general pattern of
upregulation especially among the lipid metabolism- and
immunity/inflammation-related genes (Figure 3A to D and

Supplementary Figure 1a-1d).

Aorta x tibial (AT) contrast

The 2547 AT contrast DEGs also demonstrated a mixture of
up- and down-regulated genes, with mostly up-regulation
(Figure 4A).The top 20 GO terms for the AT contrast revealed
domination of immunity and inflammation-related terms
(Figure 4B), while the top 20 ASOEA terms (Supplementary
Table 8) and the top clustered ASOEA terms (Figure 4C)
included a few immunity and inflammation-related terms.
Among the 1248 unique AT contrast DEGs associated with
enriched GO terms, 515 were shared with the 586 unique AT
contrast DEGs associated with enriched ASOEA terms, with
the common DEGs also demonstrating mostly up-regulation
(Figure 4D).

There were 55 (24.55%), 6 (2.68%), 3 (1.34%),and 2 (0.89%),
as well as 26 (17.69%), 8 (5.44%), 1 (0.68%), and 1 (0.68%)
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Figure 3. CT contrast: endothelial dysfunction-related DEGs. Heatmaps of common GO/ASOEA-related DEGs associated with (A) immunity/
inflammation, (B) membrane biology, (C) lipid metabolism, and (D) coagulation, with the top up- and down-regulated genes labeled (up and down arrows

respectively).

immunity/inflammation-, membrane biology-, lipid metabo-
lism-, and coagulation-related GO and ASOEA terms, respec-
tively. Among these terms, there were 419, 188,19, and 41 GO
term-related genes, and 111, 62, 3,and 9 ASOEA term-related
genes associated with immunity/inflammation, membrane biol-
ogy, lipid metabolism, and coagulation, respectively. Of these,
there were 107 (99 [92.52%)] up-regulated), 42 (37 [88.10%]
up-regulated), 2 (2 [100.00%] up-regulated), and 9 (6 [66.67%]
up-regulated) genes common to immunity/inflammation-,
membrane biology-, lipid metabolism-, and coagulation-related
GO and ASOEA terms, respectively (See Supplementary
Tables 14-17 for complete lists). Visualization of GO/ASOEA
shared genes associated with each process also demonstrated a
general pattern of upregulation, especially among the lipid
and

metabolism- immunity/inflammation-related  genes

(Figure S5A to D and Supplementary Figure 2a — 2d).

Coronary x aorta (CA) contrast
Similarly, the 1990 CA contrast DEGs demonstrated a mixed

pattern of up- and down-regulated genes, with mostly up-

regulation (Figure 6A). However, unlike the CT and AT

contrasts, there was more diversity among the top 20 GO
terms, which lacked specific immunity and inflammation-
related terms (Figure 6B), as well as more diversity among
top 20 ASOEA terms for the CA contrast with only 3
and 1 immunity and inflaimmation-related terms before
(Supplementary Table 9) and after clustering (Figure 6C),
respectively. Among the 955 unique CA contrast DEGs asso-
ciated with enriched GO terms, 314 were shared with the 375
unique CT contrast DEGs associated with enriched ASOEA
terms, with the common DEGs also demonstrating a mixed
pattern of expression, with mostly up-regulation (Figure 6D).

There were only 1 (0.68%), 3 (2.05%), 1 (0.68%), and 0
(0.00%), as well as 20 (17.54%), 7 (6.14%), 1 (0.88%), and 1
(0.88%) immunity/inflammation-, membrane biology-, lipid
metabolism-, and coagulation-related GO and ASOEA terms,
respectively. Among these terms, there were 30, 97, 20, and 0
GO term-related genes, and 34, 39, 3, and 4 ASOEA term-
related genes associated with immunity/inflammation, mem-
brane biology, lipid metabolism, and coagulation, respectively.
Of these, there were 7 (6 [88.89%] up-regulated), 21 (17
[80.95%] up-regulated), 3 (3 [100.00%] up-regulated), and 0
(0 [0.00%] up-regulated) genes common to immunity/
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(A) DEGs: Aorta v Tibial Artery
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(C) Over-represented ASOEA Terms: Aorta v Tibial Artery
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Figure 4. AT contrast DEGs: overview and enrichment terms. (A) Heatmap of 2547 DEGs. (B) Top 20 GO terms. (C) Top clustered ASOEA terms. (D)

Heatmap of 515 DEGs associated with both enriched GO and ASOEA terms.

inflammation-, membrane biology-, lipid metabolism-, and
coagulation-related GO and ASOEA terms, respectively (See
Supplementary Tables 18-20 for complete lists). Visualization
of the GO/ASOEA common genes associated with the first 3
processes demonstrated generally mild changes across arteries
(Figure 7A to C and Supplementary Figure 3a — 3¢).

Validation

The categorization of enrichment terms into endothelial dys-
function-related processes was tested by matching genes com-
mon to GO and ASOEA terms in each category for all 3
contrasts against compilations of gene symbols and aliases
associated with each process (category). Among lists of 104 154,
97573,92014, and 81024 genes/aliases associated with inflam-
mation, edema (as a surrogate for impaired membrane biol-
ogy), dyslipidemias, and blood coagulation disorders, all genes
common to both GO and ASOEA terms in each category for
all 3 contrasts were identified in their respective list. These
results support the categorization of relevant GO and ASOEA
terms into the 4 endothelial dysfunction-related processes.
The observed differential expressions of the top 5 up- and
down-regulated genes (or less if the sample was <5) in each
category for all 3 contrasts were compared with their previously
reported relative tissue expression patterns, as documented in
the Bgee gene expression database.”® The top up-regulated
DEGs identified for each category across all 3 contrasts are

shown in Table 3. All top up-regulated genes in CT contrasts
were found to be more highly expressed in left and right coro-
nary arteries than tibial artery. Similarly, all top up-regulated
AT contrast genes were found to be more highly expressed in
ascending and descending thoracic aorta than tibial artery. All
top up-regulated genes in CA contrasts were found to be more
highly expressed in left and right coronary arteries than ascend-
ing and descending thoracic aorta, except for MS4A1 and
PPARG. MS4A1 expression was the highest in the right coro-
nary artery, followed by the ascending aorta, left coronary
artery, and least expressed in the descending thoracic aorta,
while PPARG expression was the highest in the left coronary
artery, followed by descending thoracic aorta, the ascending
aorta, and least expressed in the right coronary artery.”?
However, for both genes, average right, and left coronary artery
expression was higher than average ascending aorta and
descending thoracic aorta expression.*®

The top down-regulated DEGs identified for each category
across all 3 contrasts are shown in Table 4. Among the down-
regulated genes, the converse pattern was observed. Genes in
CT contrasts were found to be less expressed in left and right
coronary arteries than tibial artery. Down-regulated AT con-
trast genes were found to be expressed at a lower level in
ascending and descending thoracic aorta than tibial artery.
Genes in CA contrasts were found to be less expressed in left
and right coronary arteries than ascending and descending

thoracic aorta, except for GRHL2. The GRHL2 expression
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Figure 5. AT contrast: endothelial dysfunction-related DEGs. Heatmaps of common GO/ASOEA-related DEGs associated with (A) immunity/
inflammation, (B) membrane biology, (C) lipid metabolism, and (D) coagulation, with the top up- and down-regulated genes labeled (up and down arrows

respectively).

was the highest in the right coronary artery, followed by the
ascending aorta, descending thoracic aorta, and least expressed
in the left coronary artery.>3 Also, average right and left coro-
nary artery expression was slightly higher than average ascend-
ing aorta and descending thoracic aorta expression.>3

To further test the findings and assess their potential bio-
logical relevance, comparisons were made of the genes common
to GO and ASOEA terms in each category across contrasts.
Among the immunity/inflammation-related up-regulated
genes, there were 91, 5, and 3 genes in common between CT
and AT, CT and CA, and the AT and CA contrast pairs, respec-
tively. For the membrane biology-related genes, 30, 9, and 3
genes were common between these pairs, while there were 2 and
2 common lipid metabolism gene for the CT/AT and CT/CA
contrast pairs, but none for the AT/CA pair. Finally, among
coagulation-related genes, there were 5 genes in common
between CT/AT, but none between CT/CA and AT/CA.

Among the immunity/inflammation-related down-regu-
lated genes, there were 2 genes common between CT and AT
contrast pairs, but none between the CT/CA and AT/CA

pairs. For the membrane biology genes, 3 and 2 were common
between CT/AT and CT/CA, respectively, but none between
AT and CA. Only the coagulation-related gene F2 was com-
mon between CT/AT, with none between the CT/CA and
AT/CA pairs. Finally, there were no down-regulated lipid
metabolism-related genes. These findings support the prior
evidence of greater similarity in the gene expression pattern
between the CT and AT contrasts and, therefore, between the
coronary and aortic tissues.

Taken together, the results imply that transcriptomic differ-
ences between coronary or aorta versus tibial samples largely
involve immunity/inflammation-, membrane biology-, lipid
metabolism-, and coagulation-related genes. Furthermore,
these changes have the potential to modulate endothelial dys-
function and, therefore, atherosclerosis (Figure 8).

Discussion

This study identified 7543 DEGs across 3 contrasts, associated
with 628 and 486 endothelial dysfunction-related GO and
ASQOEA terms, respectively. Both CT and AT contrast DEGs
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Figure 6. CA contrast DEGs: overview and enrichment terms. (A) Heatmap of 1990 DEGs. (B) Top 20 GO terms. (C) Top clustered ASOEA terms. (D)

Heatmap of 314 DEGs associated with both enriched GO and ASOEA terms.

and those common to GO and ASOEA terms showed primar-
ily up-regulation, and were dominated by immunity/inflam-
mation-related genes with contribution from membrane
biology-, lipid metabolism-, and coagulation-related genes.
However, although CA contrast DEGs and those common to
GO and ASOEA terms also showed primarily up-regulation,
there was no dominance of immunity/inflammation-, mem-
brane biology-, and lipid metabolism-related genes, and there
was a lack of coagulation-related genes.

Validity of the findings was tested by matching genes com-
mon to GO and ASOEA terms in each category and contrast
against gene symbols and aliases known to be related to
endothelial dysfunction-related processes.®1% 15 This revealed
tull overlap between categorized genes and respective compiled
lists, providing justification for categorization. The subsequent
verification of expression patterns of DEGs by category and
contrast was done by searching Bgee gene expression data-
base,”® which confirmed the relative expression pattern of
almost all top up- and down-regulated genes. Furthermore, the
comparisons of top DEGs for each category and contrast indi-
cated greater overlap for both up- and down-regulated genes
between CT and AT contrasts, compared with CT/CA and
AT/CA contrast pairs, suggesting that gene expression patterns
of coronary artery and aorta were similar, but distinct from
tibial artery samples.

The biological relevance of the observed changes was fur-

ther explored by reviewing the top DEG for each category and

contrast, cognizant of key arterial cells with potential to modu-
late atherogenesis, including ECs, vascular smooth muscle cells
(VSMCs), various immune cells, and platelets.'>1* Regarding
CCL19, the top up-regulated immunity/inflammation-related
CT contrast DEG, also among the top AT contrast genes, pro-
inflammatory cytokines were found down-regulated in the
thoracic aorta and serum of a CCL19-deficient murine
model.>* IL10, the top up-regulated AT contrast DEG, is
widely considered an anti-inflammatory cytokine. However,
although IL-10R14! macrophages showed pro-inflammatory
phenotype in vitro, IL-10R1 deletion in hyperlipidemic mice
reduced recruitment of macrophages and neutrophils, and
attenuated plaque size, in the absence of systemic inflamma-
tion. These findings suggest complexity in IL10 atherogenesis
signaling with possible interaction between vascular inflamma-
tory and cholesterol homeostatic mechanisms.>> With respect
to the top CA contrast DEG, PF4 produced a VSMC inflam-
matory phenotype, with enhanced VSMC proliferation and
cytokine production.”® Among down-regulated DEGs, the top
CT contrast gene GREM2, has been shown to block BMP2/
TNFo activity within ECs including expression of inflamma-
tory molecules and leukocyte adhesion, with excessive peri-
infarct inflammation observed in a GREM2 knockdown
murine model.’” Similarly, inhibition of the top AT contrast
gene PDE4D in a murine model was associated with vascular
inflammation including coronary arteritis,’® while the only CA
contrast DEG CD55, among its pleotropic effects, functions as
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Figure 7. CA contrast: endothelial dysfunction-related DEGs. Heatmaps of common GO/ASOEA-related DEGs associated with (A) immunity/
inflammation, (B) membrane biology, and (C) lipid metabolism, with the top up- and down-regulated genes labeled (up and down arrows respectively).

Table 3. Top up-regulated DEGs.

CT_IMIN AT_IMIN CA_IMIN _ AT_MEMB - _ AT_LIP . _ AT_COAG
CCL19 IL10 PF4 PKP2 GCNT2 MAG SLC27A6  APOE PPARG? APOE IL6
IGHA1 IL6 GATA3 BMP7 CDH8 NRXN1 APOCT1 PLTP APOAT1 IL6 DGKI
BLK CCL19 MS4A12 CDH2 IL10 PKP2 APOE ABCA8 LCK PDPN
MS4A1 TNF IL7 MAG CDH2 CDH6 FABP4 VAV1 LCK
TNFSF14  CCL3 CXCL6 TENM2 TNF NTNG1 CD36 TYRO3 VAV1

Abbreviations: AT, Aorta vs Tibial; CA, Coronary vs Aorta; Coag, coagulation-related genes common to GO and ASOEA terms; CT, Coronary vs Tibial; ImIn, immunity/
inflammation-related genes common to GO and ASOEA terms; Lip, lipid metabolism-related genes common to GO and ASOEA terms; Memb, membrane biology-related
genes common to GO and ASOEA terms.

aGenes for which average expression in Bgee database®? used for validation.

a complement system inhibitor, with deficiency associated with with the aortic environment being intermediate, which could
enhanced immune and inflammatory responses.” These find- favor coronary and to a lesser extent aortic atherogenesis.!>10
ings imply potential for relatively pro-inflammatory coronary Pro-inflammatory coronary and aortic environments would

artery environment, in comparison with tibial artery tissue, be facilitated by disruption of essential membrane functions,
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Table 4. Top down-regulated DEGs.

CT_IMIN AT_IMIN CA_IMIN CT_MEMB AT_MEMB CA_MEMB CT_COAG AT_COAG
GREM2 PDE4D CD55 ITGA5 CDH6 CDHs comMpP DGKG
PDE4D CHI3L1 CDHs NTNG1 CNTN6 F2 F2
NCKAP1L NCKAP1L NLGN1 NCKAP1L ALCAM DGKB
SDC4 ADRA2A NCKAP1L ITGAS GRHL22

JAK2 IL6R CNTN6 CTNNA3

Abbreviations: AT, Aorta vs Tibial; CA, Coronary vs Aorta; Coag, coagulation-related genes common to GO and ASOEA terms; CT, Coronary vs Tibial; ImIn, immunity/
inflammation-related genes common to GO and ASOEA terms; Memb, membrane biology-related genes common to GO and ASOEA terms.
aGene with expression pattern not consistent with Bgee gene expression database.5?

Pathology Artery Differentially Expressed Genes
H A A
Atherosclerosis Coronary Artery
PKP2 SLC27A6 CCL19 APOE
IL10 IL6
Endothelial dysfunction Slgg-rz QEEIEG PF4
Impaired membrane Impaired Dysregulated
biology Vascular Pro-coagulant
membrane Lipid . . )
Dysregulated lipid . . inflammation  environment
metabolism biology metabolism
Vascular inflammation
Pro- lant Tibial Artery ITGAS GREM2 COMP
o CDH6 PDE4D DGKG
CDH8 CD55

Figure 8. Proposed model of genetic basis of relative inter-artery atherosclerosis risk.

such as cell adhesion and membrane transport. VE-cadherin is
a crucial endothelial adhesion molecule that, in concert with -
catenin, helps maintain endothelial integrity, including the con-
trol of leukocyte para-cellular transmigration.®® Among the top
up-regulated membrane biology-related DEGs, PKP2 has been
shown to bind f-catenin, potentially reducing the latter’s avail-
ability,®1,92 thereby destabilizing cadherin/f-catenin-mediated
cell adhesion.®® The impact of over-expressed GCNT2 may be
more direct as seen by its role in TGF-f1-induced suppression
of E-cadherin expression in the epithelial cell line NMuMG.3
However, the significance of Myelin-associated glycoprotein
(MAG), top gene in the CA contrast and among the top CT
contrast DEGs, is less clear. Myelin-associated glycoprotein is a
cell-adhesion molecule, highly expressed on myelinated nerve
cells, and its dimerization was shown to maintain myelin-axon
spacing and inhibit neurite outgrowth.% It is intriguing to con-
sider whether MAG may play a similar role within the vascular
endothelial layer, and whether this could impact endothelial
integrity or transport. On the contrary, top down-regulated
DEGs comprise the integrin ITGAS5, and cadherins CDH6

and CDHB. Integrins and cadherins are known to be integral to
cell-cell and cell-matrix adhesions.®>¢® Their down-regulation
could therefore be expected to compromise endothelial integ-
rity. The expression of top membrane biology-related DEGs,
therefore, implies relative endothelial junction disruption and
enhanced membrane permeability in coronary artery samples,
compared with tibial artery tissue, with the aortic samples being
intermediate, again favoring coronary and to a lesser extent aor-
tic atherogenesis.!>10

Relatively inflammatory coronary and aortic environments
could be driven by dysregulated lipid metabolism. SLC27A6,
the top up-regulated lipid metabolism-related CT contrast
DEG, is a fatty acid transport protein that enhanced intracel-
lular triglyceride and total cholesterol in nasopharyngeal carci-
noma cells,%” suggesting atherogenic potential. APOE was the
top up-regulated AT contrast DEG, also among the top CT
contrast genes. APOE is produced by several cell types includ-
ing macrophages, and as a ligand constituent of various lipo-
proteins mediates the interaction between the latter and their
receptors, thereby modulating blood and tissue lipid levels. Of
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the 3 major alleles, APOE4 is associated with higher LDL-
cholesterol levels compared with APOE3, and although
APOE2 generally lowers cholesterol levels, in the presence of
certain genetic or environmental risk factors, can also increase
cholesterol levels.®® In addition, APOE4 was less efficient at
cholesterol efflux from murine macrophages compared to
APOE3, which could promote greater foam cell formation.®’
PPARG, the top up-regulated CA contrast DEG, is a nuclear
receptor induced by oxidized-LDL in human monocytes and
subsequently enhanced oxidized-LDL uptake and monocyte/
macrophage differentiation.”®

Atherogenesis would be further promoted by a pro-coagu-
lant environment. The top up-regulated coagulation-related
CT and AT contrast DEGs were APOE and IL6, respectively.
In addition to its role in lipid metabolism, APOE may play a
role in coagulation, as revealed by its association with factor
VIII and von Willebrand factor levels.”! Similarly, during
inflammation in humans, the pro-inflammatory cytokine IL-6
appeared to induce coagulation.”? Vascular inflammation has
been shown to enhance EC cytokine production including IL6,
which can enhance platelet production and activation, stimulate
monocyte tissue factor mRNA and surface expression, and shift
the balance of hemostatic factors in favor of coagulation.” The
top down-regulated CT and AT contrast DEGs were COMP
and DGKG. Platelet-derived COMP was shown to inhibit
coagulation, with COMP deficiency associated with shortened
tail-bleeding and reduced clotting time in mice.”* Although the
role of DGKG in coagulation appears unclear, loss of its related
gene isoform in a DGKC-knockout murine model, upregulated
platelet glycoprotein VI (GPVI) surface expression and
enhanced GPVI-mediated platelet activation.”

Taken together, these results are consistent with previous
evidence of clinical, structural, and temporal differences in ath-
erosclerosis across vascular beds, with a tendency toward
increased central severity.!$192.22 They demonstrate a plausible
mechanism: transcriptomic differences between coronary or
aorta versus tibial samples largely involve immunity/inflamma-
tion-, membrane biology-, lipid metabolism-, and coagulation-
related genes, with the potential to modulate endothelial
dysfunction and therefore atherosclerosis. This finding further
suggests the need for additional comparisons between other
arteries to better understand the genetic basis of relative inter-
artery atherosclerosis risk.

Possible triggers for the demonstrated transcriptomic differ-
ences are not fully understood. A 1964 report identified higher
blood pressure and/or body build as correlated with cerebral,
coronary, or aortic atherosclerosis severity.” Among an autopsy
cohort, the comparison between right coronary and aortic arter-
ies indicated increased lesion severity in the aorta among 30- to
34-year-old smokers and in the right coronary among >25-year-
old subjects with hypertension.” Interconnectivity of the vascu-
lar system implies some potential systemic variables cannot fully
account for the changes, for example, glucose levels between

arteries do not differ significantly.”8-%0 On the contrary, systolic
blood pressure does.8! A progressive increase in arterial stiffness
moving toward the periphery results in systolic pressure amplifi-
cation.®? Other local factors, for example, hemodynamics, vessel
geometry and other wall properties, and peri-vascular mechani-
cal forces may also contribute to the differences.?%:31

This study had some important strengths. The samples
exceeded 1000, with representation across a wide age range. The
use of postmortem samples also allowed for the direct compari-
son of tissues not usually collected from the same individual. In
addition, the bioinformatic analyses generated substantial
amounts of data, which could be used for further investigation.
There were also some limitations. There were nearly twice as
many males as females. The samples were arterial tissue, which
prevented an analysis of differential gene expression at the cel-
lular level. Also, this study used data derived from donors
enrolled at 4 sites, from RNA isolated using 2 different extrac-
tion processes on multiple dates, as well as from RNA analyzed
on multiple dates. Owing to the heterogeneity in study design
introduced by the meta-analytic approach, both RNA isolation
process and RNA analysis date were controlled for in the analy-
sis. Finally, postmortem samples may be subject to autolysis and
other compromise to tissue quality. However, the present study
screened out samples with more than mild autolysis and
RIN < 6, to minimize the risk of poor sample quality.

In conclusion, in this study, it was obtained that differen-
tially expressed genes across major arteries are enriched in
endothelial dysfunction-related gene sets, including those with
the potential to modulate endothelial integrity and permeabil-
ity, lipid uptake, vascular inflammation, and coagulation. Given
the role of endothelial dysfunction in atherosclerosis, this find-
ing may help explain the observed relative inter-artery athero-
sclerosis risk. Understanding this risk could inform the
development and timing of diagnostic and therapeutic strate-
gies for the management of atherosclerotic disease. For exam-
ple, unlike current systemic approaches, anti-inflammatory,
anticoagulant, or other therapies targeted to relevant arteries in
patients identified as being at risk, could potentially provide
superior clinical efficacy with optimized risk-benefit ratios.
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