'," frontiers

in Cardiovascular Medicine

ORIGINAL RESEARCH
published: 29 November 2021
doi: 10.3389/fcvm.2021.773473

OPEN ACCESS

Edited by:
Hong S. Lu,
University of Kentucky, United States

Reviewed by:

Ting Zhou,

University of Wisconsin-Madison,
United States

Zhongkui Hong,

University of South Dakota,
United States

*Correspondence:
Xiaofeng Yang
xfyang@temple.edu

Specialty section:

This article was submitted to
General Cardiovascular Medicine,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 10 September 2021
Accepted: 04 October 2021
Published: 29 November 2021

Citation:

Xu K, Shao Y, Saaoud F, Gillespie A,
Drummer C IV, Liu L, Lu Y, Sun'Y,

Xi H, Tikel C, Pratico D, Qin X, Sun J,
Choi ET, Jiang X, Wang H and Yang X
(2021) Novel Knowledge-Based
Transcriptomic Profiling of Lipid
Lysophosphatidylinositol-Induced
Endothelial Cell Activation.

Front. Cardiovasc. Med. 8:773473.
doi: 10.3389/fcvm.2021.773473

Check for
updates

Novel Knowledge-Based
Transcriptomic Profiling of Lipid
Lysophosphatidylinositol-Induced
Endothelial Cell Activation

Keman Xu', Ying Shao’, Fatma Saaoud’, Aria Gillespie?, Charles Drummer IV, Lu Liu?,
Yifan Lu’, Yu Sun’, Hang Xi*, Cagla Tiikel*, Domenico Pratico®, Xuebin Qin¢,
Jianxin Sun’, Eric T. Choi®, Xiaohua Jiang"*, Hong Wang? and Xiaofeng Yang "**

" Centers of Cardiovascular Research, Infammation and Lung Research, Philadelphia, PA, United States, 2 Neural Sciences,
Temple University Lewis Katz School of Medicine, Philadelphia, PA, United States, ° Departments of Cardiovascular
Sciences, Metabolic Disease Research, Thrombosis Research, Philadelphia, PA, United States, * Center for Microbiology &
Immunology, Temple University Lewis Katz School of Medicine, Philadelphia, PA, United States, ° Alzheimer’s Center, Temple
University Lewis Katz School of Medicine, Philadelphia, PA, United States, ° National Primate Research Center, Tulane
University, Covington, LA, United States, ” Department of Medicine, Center for Translational Medicine, Thomas Jefferson
University, Philadelphia, PA, United States, © Surgery (Division of Vascular and Endovascular Surgery), Temple University
Lewis Katz School of Medicine, Philadelphia, PA, United States

To determine whether pro-inflammatory lipid lysophosphatidylinositols (LPIs) upregulate
the expressions of membrane proteins for adhesion/signaling and secretory proteins
in human aortic endothelial cell (HAEC) activation, we developed an EC biology
knowledge-based transcriptomic formula to profile RNA-Seq data panoramically.
We made the following primary findings: first, G protein-coupled receptor 55
(GPR55), the LPI receptor, is expressed in the endothelium of both human and
mouse aortas, and is significantly upregulated in hyperlipidemia; second, LPls
upregulate 43 clusters of differentiation (CD) in HAECs, promoting EC activation,
innate immune trans-differentiation, and immune/inflammatory responses; 72.1% of
LPI-upregulated CDs are not induced in influenza virus-, MERS-CoV virus- and
herpes virus-infected human endothelial cells, which hinted the specificity of LPls
in HAEC activation; third, LPIs upregulate six types of 640 secretomic genes
(SGs), namely, 216 canonical SGs, 60 caspase-1-gasdermin D (GSDMD) SGs,
117 caspase-4/11-GSDMD SGs, 40 exosome SGs, 179 Human Protein Atlas
(HPA)-cytokines, and 28 HPA-chemokines, which make HAECs a large secretory
organ for inflammation/immune responses and other functions; fourth, LPIs activate
transcriptomic remodeling by upregulating 172 transcription factors (TFs), namely,
pro-inflammatory factors NR4A3, FOS, KLF3, and HIF1A; fifth, LPIs upregulate 152
nuclear DNA-encoded mitochondrial (mitoCarta) genes, which alter mitochondrial
mechanisms and functions, such as mitochondrial organization, respiration, translation,
and transport; sixth, LPIs activate reactive oxygen species (ROS) mechanism by
upregulating 18 ROS regulators; finally, utilizing the Cytoscape software, we found that
three mechanisms, namely, LPI-upregulated TFs, mitoCarta genes, and ROS regulators,
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LPI-Reshaped Endothelial Transcriptome

(B) Chemokines: LPI treated HAECS vs Control HAECS.

Upregulated genes: 28 (28/200~14%)

Gene Fold change Gene Fold change
symbol symbol

CCL20 4.781 LRCH1 1.371
CX3CLA1 4.511 HIF1A 1.322
CXCL11 3.682 CXCL1 1.302
MCOLN2 2.764 CD164 1.266
CXCL6 2.693 DDX3X 1.235
CCL26 2.635 HMGBH 1.231
EGR1 2.156 CMTM6 1.223

IL1B 2115 TNFSF4 1.222
CXCL3 2.046 ITCH 1.221
CD74 1.986 EIF2AK2 1.213
CXCL8 1.849 RIPK2 1.145

IL33 1.678 ACKR4 1.138
CCL2 1.639 ITGB1 1.135
TLR3 1.435 JAK1 1.06
FIGURE 5 | Cytokines and chemokines showed significant upregulation in LPI-treated HAECs compared with the control HAECs. (A) One hundred seventy-nine
cytokines were significantly upregulated in LPI-treated HAECs. (B) Twenty-eight chemokines were significantly upregulated in LPI-treated HAECs.

percentages of LPI-upregulated cytokines and chemokines are
higher than that of the four types of secretomes, around
15% in each. A similar percentage also occurred in the LPI-
stimulated exosome secretomic genes, 923 (923/6,560 in total,
~14.1%) with p < 0.05 and log,FC >1; third, based on the
comparison of top 10 functional pathways related to the LPI-
upregulated secretomic genes, canonical secretome, caspase-
1-GSDMD non-canonical secretome, caspase-4-GSDMD non-
canonical secretome, and exosome non-canonical secretome
in LPI-activated aortic EC may carry out different functions
in EC adhesion, immune and inflammatory cell activation,
regulation of leukocyte migration, regulation of cellular response
to stress, and many other functions; fourth, a previous report
has suggested that pools of human coronary artery ECs and
human umbilical vein ECs have polarized secretomes, such
as apical secretome and basolateral secretome. The majority
of EC secretomes with 840 proteins and extracellular vesicles
(EVs), such as exosome (53)) secretome, are polarized to the
apical surface (112). A future proteomic study is needed to
determine the polarized secretomes of LPI-activated aortic ECs
(Figure 7B).

LPIs Activate a Transcription Mechanism
by Upregulating 172 Transcription Factors,
Some of Which, NR4A3, FOS, KLF3, and
HIF1A, Play Significant Roles in Promoting

Inflammation and Atherosclerosis

To identify molecular mechanisms underlying LPI-induced
transcriptomic changes in CDs and EC-specific biomarkers, and
six types of secretomic genes, we first examined the LPI-induced

transcriptomic remodeling of the master gene transcription
factors. We previously reported that three transcription factors
(TFs), GATA-binding protein 3 (GATA3), B cell lymphoma
6 (Bcl-6), and histone deacetylase 6 (HDACS6), regulate
CD41Foxp3™ regulatory T cell (Treg) plasticity and determine
Treg conversion into either novel antigen-presenting cell-like
Treg or Th1-Treg (118). This result suggests that other T helper
cell subsets, such as type 2 CD4+ T helper cell (Th2), and
TFs such as GATAS3, follicular T helper cell (Tth) TF Bcl-6, and
HDACS, cooperate with Foxp3 to determine Treg transcriptomes
and functions. Moreover, three upregulated TFs, Jun (AP-1
transcription factor subunit), hypoxia-inducible factor-lo
(HIF1A), and endothelial PAS domain protein 1 (EPAS1, HIF-
2a), collaborate with other pathways and membrane receptors
to potentially trans-differentiate CD14" thrombus leukocytes
into angiogenic endothelial cells (12). The expressions of 232
transcription regulators are differentially regulated in 28 sets of
endothelial cell microarrays in response to the stimulation of
a broad spectrum of pathophysiologically relevant pathogen-
associated molecular patterns (PAMPs)/danger-associated
molecular patterns (DAMPs) (3). We hypothesized that LPIs
activate HAECs by upregulating a set of specific TFs. To test
this hypothesis, we collected 1,496 TFs from the comprehensive
protein database Human Protein Atlas (HPA, https://www.
proteinatlas.org/search/cytokine), as we reported recently (13).
As shown in Figure 8A, 172 out of the total 1,496 TFs (11.5%,
log;FC >1, p < 0.05) were significantly upregulated in LPI-
activated HAECs. In addition, the numbers of LPI-induced
upregulation for more than log, FC 2 folds, more than log,FC
1.5-fold, more than log, FC 1.4-fold, more than log,FC 1.3-fold,
and more than log, FC 1.2-fold were 5, 3, 8, 15, and 49 TFs,
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A Pathway analysis for canonical secretomes.
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FIGURE 6 | Continued
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D Pathway analysis for exosome non-canonical secretomes.
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FIGURE 6 | Metascape pathway analysis for upregulated six secretomes and cytokine and chemokines in LPI-treated HAECs. (A) Pathway analysis for canonical
secretomes. (B) Pathway analysis for caspase-1-dependent non-canonical GSDMD secretomes. (C) Pathway analysis for caspase-4-dependent non-canonical
GSDMD secretomes. (D) Pathway analysis for exosomes non-canonical secretomes. (E) Metascape pathway analysis for upregulated cytokines. (F) Metascape

R-HSA-199991: Membrane Trafficking

G0:0010256: endomembrane system organization
GO0:0051640: organelle localization

GO0:0016050: vesicle organization

G0:0030029: actin filament-based process
GO0:0045055: regulated exocytosis

GO0:0072657: protein localization to membrane
GO0:0044257: cellular protein catabolic process
ko04144: Endocytosis

G0:0006914: autophagy

G0:0019058: viral life cycle

R-HSA-1280215: Cytokine Signaling in Immune system
WP3888: VEGFA-VEGFR2 Signaling Pathway
G0:1903827: regulation of cellular protein localization
R-HSA-8953854: Metabolism of RNA

GO0:0051345: positive regulation of hydrolase activity
GO0:0030155: regulation of cell adhesion
G0:0080135: regulation of cellular response to stress
WP437: EGF/EGFR Signaling Pathway

GO0:0051301: cell division

Frontiers in Cardiovascular Medicine | www.frontiersin.org 21

November 2021 | Volume 8 | Article 773473


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Xu et al. LPI-Reshaped Endothelial Transcriptome

A Only 12 out of 118 secretomic pathways were shared in different groups.
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FIGURE 7 | The majority of secretory pathways are mutually exclusive in LPI-stimulated HAECs. (A) Venn diagram was used to check the overlapped pathways
among six secretomic groups. *(B) was created with Biorender.com.
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respectively. Among the highly LPI-upregulated TFs, nuclear
receptor subfamily 4 group A member 3 (NR4A3) was a novel
target of p53 contributing to apoptosis (119); FoxF1 was a
therapy target of Hedgehog-related cancers (120); FOS (AP-1
TF subunit) was one of the TFs linked to ERK/MAPK activation
(121), inflammation, and atherosclerosis (122); Kruppel-Like
Factor 3 (KLF3) was one of the key mechanosensitive master
switches in gene expression in promoting atherosclerosis (123);
hypoxia-inducible factor-la (HIF1A) was a master regulator of
EC biology for diabetic atherosclerosis (124).

The Metascape analysis in Figure 8B shows that LPI-
upregulated TFs had 20 significant pathways, namely,
herpes simplex virus 1 infection, nuclear events (kinase
and transcription factor activation), pri-miRNA transcription
by RNA polymerase II, myeloid cell differentiation, SMAD2-3
nuclear pathway [main signal transducers for transforming
growth factor-f (TGF-B)], cardiac chamber morphogenesis,
muscle structure development, rhythmic process, cell fate
commitment, blood vessel development, positive regulation
of transcription in response to chemical stimulus, DNA-
template transcription-initiation, transcription misregulation in
cancer, gland development, cellular response to organic cyclic
compound, leukocyte differentiation, brain development,
circadian regulation of gene expression, neuronal stem
cell regulation maintenance, and homeostasis of the
number of cells.

Taken together, the results have demonstrated that first, LPIs
upregulate 172 (11.5%) out of 1,496 TFs and 80 (5.3%) TFs
(logzFC > 1.2, p < 0.05), suggesting that LPIs have a broad
effect on aortic EC transcriptome; second, some LPI-upregulated
TFs, such as NR4A3, FOS, KLF3, and HIF1A, play significant
roles in promoting inflammation and atherosclerosis; third, other
Metascape analysis-identified inflammatory pathways include
myeloid cell differentiation, positive regulation of transcription
in response to chemical stimulus, cellular response to organic
cyclic compound, and leukocyte differentiation.

LPIs Activate a Mitochondrial Mechanism
in Aortic ECs by Upregulating152 Nuclear
DNA-Encoded Mitochondrial Genes
(MitoCarta) and Promote the Mitochondrial
Organization, Respiration, Translation, and
Transport

Our previous reports showed that LPC induces aortic EC
activation by increasing mitochondrial reactive oxygen
species (mtROS) and proton leaks uncoupled from ATP
synthesis (23, 44-46, 125) and that similar to LPC, LPIs
also induces the upregulation of ICAMI1 and aortic EC
activation (19). We hypothesized that LPIs activate aortic
ECs wvia a mitochondrion-dependent mechanism and
modulate the transcription of genomic (nuclear) DNA-
encoded mitochondrial genes (mitoCarta genes). To test
this hypothesis, we collected the mitoCarta gene list from
the Broad Institute at MIT (https://www.broadinstitute.org/
mitocarta/mitocarta30-inventory-mammalian-mitochondrial-

proteins-and- pathways). Figure 9A shows that LPIs upregulated

152 (13.1%) out of 1,158 mitoCarta genes. In addition, the
Metascape analysis showed that the LPI-upregulated mitoCarta
genes had functions of mitochondrion organization, cellular
respiration, mitochondrial translation, mitochondrial gene
expression, mitochondrial transport, propanoate metabolism,
small-molecule catabolic process, ribose phosphate metabolic
process, mitochondrial membrane organization, regulation of
cellular respiration, mitochondrial biogenesis, metabolism of
lipids, tRNA aminoacylation for protein translation, citric acid
cycle (TCA cycle), ribosome disassembly, glycerol-3-phosphate
metabolic process, protein depalmitoylation, mitochondrial iron-
sulfur cluster biogenesis, protein complex oligomerization, and
regulation of mitochondrial membrane potential (Figure 9B).
Taken together, the results have demonstrated that LPI-
activated aortic ECs activate a mitochondrial mechanism
by upregulating 152 nuclear DNA-encoded mitochondrial
genes (MitoCarta) and promote the mitochondrial
organization, cellular respiration, translation, transport, and
membrane organization.

LPIs Activate the Reactive Oxygen Species
(ROS) Mechanism in Activated HAECs by

Upregulating 18 Out of 165 ROS Regulators
It has been reported that ROS plays a key role in regulating
pathophysiological signaling in endothelial cell activation
(126) and cardiovascular diseases (127). We also reported that
mitochondrial ROS plays a significant role in mediating EC
activation (23, 44, 59). In addition, we recently proposed a
new working model in which ROS is an integrated cellular
network for sensing homeostasis and alarming DAMPs (128).
We hypothesized that LPIs modulate the expressions of ROS
regulators in HAECs. We collected 165 ROS regulators classified
in the Gene Set Enrichment Analysis (GSEA) (https://www.gsea-
msigdb.org/gsea/index.jsp) database, as we have reported (50).
Figure 9C shows that LPIs upregulated 18 (10.9%) out of 165
ROS regulators in activated HAECs. In addition, the Metascape
analysis showed that LPIs upregulated ROS regulators and
promoted the functions of ROS metabolic process, regulation of
ROS metabolic process, superoxide metabolic process, regulation
of intrinsic apoptotic signaling, generation of precursor
metabolites and energy, positive regulation of oxidoreductase
activity, mitochondrion organization, positive regulation of cell
death, cellular response to hypoxia, response to gamma radiation,
regulation of cysteine-type endopeptidase activity involved in
apoptosis, response to monosaccharide, folate metabolism,
regulation of response to endoplasmic reticulum stress, response
to cyclic adenosine 3 5-monophosphate (cAMP), regulation
of smooth muscle cell proliferation, and cellular response to
biotic stimulus (Figure 9D). Taken together, the results have
demonstrated that first, LPIs upregulate 18 (10.9%) out of
165 ROS regulators in activated HAECs, suggesting that LPIs
activate human aortic endothelial cells potentially via ROS-
mediated mechanisms; second, LPIs upregulate many pathways
in regulating ROS metabolic process, mitochondrial metabolism,
and cell death.
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(A)
Transcription factors: LPI treated HAECS vs Control HAECS.
Upregulated genes: 172/1496~ 11.5%
Gene symbol Fold change Gene symbol Fold change Gene symbol Fold change Gene symbol Fold change Gene symbol Fold change
ZNF705G 5.477 ZNF22 1.28 MIER1 1.202 BNC1 1.153 NR3C1 1.113
NR4A3 3.948 HIVEP2 1.276 NCOA2 1.202 ZNF302 1.163 FOXNS3 1.108
FOXF1 2.574 FOXN2 1.273 CDC5L 1.2 ZNF79 1.162 POU4F1 1.108
D2 2.259 CREM 1.267 CREB1 1.2 MEF2A 1.151 FOXO3 1.106
EGR1 2.156 SMARCE1 1.267 LRRFIP1 1.199 MXD1 1.149 NFE2L2 1.105
ZNF19 1.915 HEYA 1.26 ZNF350 1.199 PLAG1 1.147 ZNF430 1.102
FOS 1.586 ID3 1.259 ZNF281 1.198 BNC2 1.146 ZNF654 11
ZNF860 1.584 ETS1 1.255 ARNTL2 1.195 ZHX1 1.146 RC3H2 1.097
ZNF280C 1.488 MITF 1.25 ETVA 1.195 HBP1 1.145 CREBL2 1.095
MEF2C 1.475 ZNF484 1.249 TCF12 1.192 ELK4 1.144 MAX 1.093
ID1 1.434 BBX 1.247 ZFY 1.192 KLF6 1.143 ZNF776 1.093
ZBTB2 1.432 PLAGL1 1.245 ZNF800 1.19 LYAR 1.143 ZNF449 1.092
ZNF551 1.431 THAPA 1.245 ZFX 1.187 NFE2L3 1.143 ZNF175 1.088
NFKBIZ 1.428 ZNF664 1.245 ZBTB33 1.181 PBRMH1 1.143 JARID2 1.086
ZNF585B 1.418 ZNF547 1.241 ZNF277 1.18 SMAD4 1.143 NFYB 1.085
ZNF614 1.41 ATFA1 1.239 AEBP2 1179 ZNF268 1.143 HMG20A 1.075
ZNF502 1.397 IKZF5 1.239 MEIS2 1.179 FOXJ3 1.141 ZKSCAN1 1.075
ZNF813 1.389 ZNF25 1.237 ZKSCAN2 1179 NFATS 1.141 SFPQ 1.065
ZNF891 1.375 ELK3 1.232 PROX1 1.178 E2F3 1.139 NR2F1 1.051
ZNF674 1.373 ZNF180 1.231 REST 1.175 GABPA 1.139 NR2F2 1.035
BACH1 1.371 TFAM 1.28 SMAD5 1.175 ZNF697 1.137
ZNF124 1.361 RORA 1.228 ZNF100 1171 NFIA 1.135
ZNF613 1.355 ZBTB6 1.227 PURB 117 HMGXB4 1.133
SMAD1 1.351 ELF2 1.226 SMARCA5 1.17 MTF1 1.132
ZNF433 1.342 ZFPA 1.226 ZNF440 117 SOX4 1.13
CREBS3L1 1.34 ZNF507 1.226 TEAD1 1.169 KLF10 1.129
ZNF597 1.337 TRERF1 1.222 ZNF652 1.168 TFEC 1.127
HIF1A 1.322 ZEB2 1.221 ZNF880 1.165 NFIB 1.124
SP4 1.32 ZNF160 1.221 ELF1 1.164 ZNF468 1.123
ZNF143 1.305 MECOM 1.219 CEBPG 1.163 DMTFA1 1.122
KLF3 1.3 RBPJ 1.219 SP3 1.162 ZNF644 1.121
ZNF701 1.295 POU2F1 1.217 MIER3 1.161 SMAD2 112
ZC3H8 1.293 VEZF1 1.215 KLF11 1.16 RARB 1.119
PRRX1 1.29 ATF2 1.213 ZBED5 1.159 SP100 1.118
ZNF121 1.289 HES1 1.213 ZNF451 1.159 ZNF148 1.116
ZNF347 1.287 ZNF195 1.211 ZNF24 1.1568 FLI 1.114
ZNF766 1.282 ZNF700 1.211 ZBTB38 1.157 ZNF426 1.114
TCF4 1.281 E2F8 1.203 CLOCK 1.154 ETV3 1.113
B Metascape analysis for 172 LPI upregulated pathways.
hsa05168: Herpes simplex virus 1 infection
R-HSA-198725: Nuclear Events (kinase and transcription factor activation)
G0:0061614: pri-miRNA transcription by RNA polymerase II
G0:0030099: myeloid cell differentiation
M2: PID SMAD2 3NUCLEAR PATHWAY
G0:0003206: cardiac chamber morphogenesis
G0:0061061: muscle structure development
| G0:0048511: rhythmic process
1 G0:0045165: cell fate commitment
G0:0001568: blood vessel development
G0:1901522: positive regulation of transcription from RNA polymerase Il promoter involved in cellular response to chemical stimulus
G0:0006352: DNA-templated transcription, initiation
] hsa05202: Transcriptional misregulation in cancer
e — G0:0048732: gland development
== G0:0071407: cellular response to organic cyclic compound
G0:0002521: leukocyte differentiation
| G0:0007420: brain development
G0:0032922: circadian regulation of gene expression
| G0:0097150: neuronal stem cell population maintenance
G0:0048872: homeostasis of number of cells
0 5I 1I0 15 2|0 sz 3|0
-og10(P)
FIGURE 8 | One hundred seventy-two LPI-upregulated transcription factors (TFs) were identified, which mediates 20 pathways after screening for a total of 1,496
TFs. (A) Around 11.5% of the genes (172/1496) showed significant upregulation among total TFs. (B) Metascape pathways and biological process enrichment
analysis for upregulated genes in the LPI group.
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(A) MitoCarta: LPI treated HAECS vs Control HAECS.
Upregulated genes: 152 (152/1,158~13.1%)
Gene symbol Fold change Gene symbol Fold change Gene symbol Fold change
PMPCB 1.174 CCDC58 1.489 OXR1 1.144
SDHD 1.279 MCEE 1.184 LYPLAL1 1.241
LRPPRC 1.196 MUT 1.137 MGST1 1.097
GFM1 1.201 PNPLA8 1.217 MTPAP 1.261
ISCA1 1.189 MRPL32 1.2 DNM1L 1.195
COX11 1.278 ME2 1.133 TMEM126B 1.338
ETFA 1.093 SLC30A9 1.197 NIPSNAP3A 1.203
BCKDHB 1.276 RMND1 1.146 HSDL1 1.1
ATP5J 1.497 ABCB10 1.131 DI 1.157
DLD 1.238 GK 1.153 MTFR1 1.132
TIMM9 1.13 NARS2 1.167 DDAH1 1.179
MTIF2 1.182 ZADH2 112 TRMT10C 1.308
PRDX3 1.278 SLC25A24 1.207 MMADHC 1.198
MRPL40 1.156 IDE 1.163 OSBPL1A 1.183
MRPL1 1.233 TMEM70 1.107 GDAPA1 1.372
SOD2 1.778 XPNPEP3 1.129 MTIF3 1.277
CLPX 1.152 PDP1 1.145 PTS 1.162
NDUFS4 1.342 ECHDCH1 1.21 TARS 1.175
HSDL2 1.194 NDUFA13 2.082 PSMAB 1.244
ISCU 1.072 HSD17B4 1.107 AGPAT5 1.168
GFMm2 1.143 MRPL50 1.26 NUDT5S 1.192
NDUFAF4 1.27 RARS2 1.068 BOLA3 1.24
MFN1 1.155 NDUFA11 1.369 NCEH1 1.181
PPTC7 1.215 TEFM 1.261 FASTKD2 1.281
OXCTH 1.196 MRPS22 1.207 PNPT1 1.191
MTO1 1.069 LAP3 1.135 TMBIM4 1.268
NDUFA5 1.216 MRPS33 1.154 SCP2 1.256
MTX2 1.259 LYRM2 1.147 PTPN4 1.1
SUCLG2 1.204 TFAM 1.23 NUDT9 1.117
YARS?2 1.111 TMEM65 1.173 MSRB3 1.159
AK3 1.256 NLN 1.143 GPAM 1.124
CYCS 1.226 GRPEL2 1.492 CRYZ 1.208
LYRM7 1.251 MRPL39 1.274 TOMM20 1.163
MRPL3 1.089 LYPLA1 1.298 COA7 1.099
PCCA 1.134 MTRF1L 1.297 BNIP3L 1.32
TMEM126A 1.14 YMET1LA 1.24 RARS 1.125
ECHDC2 1.205 TCAM 1.16 PDE12 1.132
HIBADH 1.086 SDR39U1 1.414 ANGEL2 1.226
TIMMA7A 1.234 MRPS31 1.215 PAICS 1.178
ATP5F1 1.23 SLC25A32 1.266 PMAIP1 1.389
coQ10B 1.3 SLC25A40 1.184 SLC30A6 1.242
CBR4 1.122 SLC25A36 1.183 EMC2 1.221
NDUFA12 1.208 STOM 1.084 SPTLC2 1.076
GPD2 1.13 LIPTH 1.129 AGK 1.137
CCDC9o0B 1.148 UQCR11 1.77 PREPL 1.088
SSBP1 1.12 MRPL42 1.287 FASTKD3 1.199
HSCB 1.21 ABHD10 1.142 SERACT1 1.176
MRPS10 1.139 RFK 1.35 PLGRKT 1.215
AK4 1.152 RHOT1 1.169 SECISBP2 1.216
CISD1 1.19 PTRH2 1.316 C2orf69 1.183
CLIC4 1.231
TRMT11 1.494
FIGURE 9 | Continued
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B Metascape pathway analysis for the upregulated genes of mitocarta.

G0:0007005: mitochondrion organization
G0:0045333: cellular respiration

R-HSA-5368287: Mitochondrial translation
G0:0140053: mitochondrial gene expression
G0:0006839: mitochondrial transport

hsa00640: Propanoate metabolism

G0:0044282: small molecule catabolic process
G0:0019693: ribose phosphate metabolic process
G0:0007006: mitochondrial membrane organization
G0:0043457: regulation of cellular respiration
R-HSA-1592230: Mitochondrial biogenesis
R-HSA-556833: Metabolism of lipids

G0:0006418: tRNA aminoacylation for protein translation

1 R-HSA-71403: Citric acid cycle (TCA cycle)
] G0:0032790: ribosome disassembly
] G0:0006072: glycerol-3-phosphate metabolic process
G0:0002084: protein depalmitoylation

R-HSA-1362409: Mitochondrial iron-sulfur cluster biogenesis
G0:0051259: protein complex oligomerization
] G0:0051881: regulation of mitochondrial membrane potential

0 5 10 15 20 25
-log10(P)

(C) LPIs upregulate 18 out of 165 ROS regulators in HAECs.

ROS regulators: LPI treated HAECS vs Control HAECS.
Upregulated genes: 18 (18/165~10.9%).

Symbol Log2FC Symbol Log2FC
CRYAB 3.484 CYB5R4 1.26
DHFR 1.102 PMAIP1 1.389
GNAI3 1.272 RFK 1.35
HIF1A 1.322 SELENOS 1.056
BIRC2 1197 TIGAR 1.197
NDUFS4 1.342 SOD2 1.778
NFE2L2 1.105 TGFBR2 1.164
NOX4 1.25 STK17A 1.12
NDUFA13 2.082 CD36 6.231

D Metascape pathway analysis for the upregulated genes of mitochondrial ROS.

G0:0072593: reactive oxygen species metabolic process
GO0:2000377: regulation of reactive oxygen species metabolic process
GO0:0006801: superoxide metabolic process
G0:2001242: regulation of intrinsic apoptotic signaling pathway
GO:0006091: generation of precursor metabolites and energy
G0:0051353: positive regulation of oxidoreductase activity
GO0:0007005: mitochondrion organization

G0:0010942: positive regulation of cell death

GO0:0071456: cellular response to hypoxia

G0:0010332: response to gamma radiation

GO0:0043281: regulation of cysteine-type endopeptidase activity involved in apoptotic process

G0:0034284: response to monosaccharide

WP176: Folate metabolism

G0:1905897: regulation of response to endoplasmic reticulum stress

G0:0051591: response to cCAMP

G0:0048660: regulation of smooth muscle cell proliferation

G0:0071216: cellular response to biotic stimulus

T T T T T

0 5 10 15 2'0 25 30 35

-log10(P)
FIGURE 9 | Mitochondrion-related genes showed significant upregulation in LPI-treated HAECs compared with the control HAECs. (A) One hundred fifty-two out of
1,158 mitocarta genes were significantly upregulated in LPI-treated HAECs. (B) Metascape pathway analysis for the upregulated genes of mitocarta. (C) Eighteen
mitochondrial reactive oxygen species (ROS) regulators were significantly upregulated in LPI-treated HAECs. (D) Metascape pathway analysis for the upregulated
genes of mitochondrial ROS.
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Cytoscape Results Have Demonstrated
That Three Molecular Mechanisms, Such
as 172 LPI-Upregulated TFs, 152
LPI-Upregulated MitoCarta Genes, and 18
LPI-Upregulated ROS Regulators, Are
Integrated to Regulate HAEC Activation

We further hypothesized that three molecular mechanisms
underlying the LPI activation of human aortic endothelial
cells can be connected. To examine this hypothesis, we used
the Cytoscape (https://cytoscape.org/) database to visualize and
integrate the complex network among 172 LPI-upregulated TFs,
152 LPI-upregulated mitoCarta genes, and 18 LPI-upregulated
ROS regulators. As shown in Figure 10A, three groups of genes
are loaded in the function ClueGO of the Cytoscape database,
and the visual style is set as the clusters with assigned colors. The
three groups of genes included 172 LPI-upregulated TFs (shown
in cluster 1, red), 152 LPI-elevated Mitocarta genes (shown in
cluster 2, blue), and 18 LPI-increased ROS regulators (shown
in cluster 3, purple). In the search for potential connections
between three color clusters, two selection criteria were used.
First, the GO tree interval was set between GO levels 4-10
to identify the representative and specific pathways, meaning
mapped genes represent 4 to 50% of the total associated genes.
When the pathways were selected to be only presented when the
p-value of the pathway was less than .05, 185 terms/pathways
were identified. The second criteria/step were to find potential
connections among the lists of LPIs stimulated TF (Red Cluster),
MitoCarta genes (Blue Cluster), and ROS regulators (Purple
Cluster). Thus, the genes in all three clusters (Red, Blue,
Purple colors) were selected for further analysis. After the first
and second screening, five terms/pathways were chosen that
genes associated with the term/pathways were from different,
overlapping clusters (all clusters < 60%). The representative
genes are shown in Figure 10B, and include: (i) mitochondrial
biogenesis (13% associated genes to the term, 41% for cluster
1, 50% for cluster 2, and 9% for cluster3); (ii) regulation of
cellular response to oxidative stress (13% associated genes to
the term, 38% for cluster 1, 20% for cluster 2, and 42% for
cluster3); (iii) regulation of oxidative stress-induced cell death
(11% associated genes to the term, 50% for cluster 1, 17% for
cluster 2, and 33% for cluster3); (iv) transcriptional activation
of mitochondrial biogenesis (16% associated genes to the term,
52% for cluster 1, 36% for cluster 2, and 11% for cluster3);
and (v) mitochondrion localization (12% associated genes to the
term, 27% for cluster 1, 56% for cluster 2, and 17% for cluster
3). Figure 10C shows the overlapped genes between each term.
Taken together, the Cytoscape results have demonstrated that
three molecular mechanisms, such as 172 LPI-upregulated TFs,
152 LPI-upregulated mitoCarta genes, and 18 LPI-upregulated
ROS regulators, are integrated to promote HAEC activation.

DISCUSSION

We proposed a novel concept that ECs are innate immune cells.
Inflammatory mechanisms and endothelial cell activation play

essential roles in promoting the progression of cardiovascular
diseases, inflammatory diseases, autoimmune diseases,
transplantation immune responses, cancer metastasis, and
aging diseases (1, 3-6, 23, 33, 34, 44, 47, 57, 58, 61, 70, 92, 129).
Significant progress has been made in elucidating molecular
mechanisms underlying endothelial cell activation. However,
several important issues remain to be addressed: (1) whether
aortic endothelial cell activation induces conditional DAMP
(20, 21). LPIs upregulate additional membrane proteins for
signaling in addition to mediating inflammatory cell adhesion to
EC and trans-EC migration; (2) how many secretory proteins can
be upregulated during aortic EC activation, and whether aortic
ECs are equipped to upregulate various secretomes during EC
activation induced by LPIs; (3) whether LPIs activate aortic ECs
via remodeling ROS regulatome, mitochondrial reprogramming,
and TF machinery reshaping. To address these questions, we
developed an EC biology knowledge-based transcriptomic
formula to analyze RNA-Seq data in a panoramic manner. We
made the following important findings: first, GPR55, a specific
receptor for LPIs, is expressed in the endothelium of both
human and mouse aortas, and is significantly upregulated in
hyperlipidemia; second, LPIs upregulate 43 out of 373 clusters
of differentiation (CDs) markers in HAECs, promoting EC
activation, innate immune trans-differentiation, and immune
and inflammatory responses; and 72.1% of LPI-upregulated
CD markers are not induced in three types of virus-infected
human endothelial cells; third, LPI-activated aortic ECs
upregulate six types of secretomic genes, canonical secretome,
caspase-1-gasdermin D (GSDMD) non-canonical secretome,
caspase-4/11-GSDMD  non-canonical secretome,
non-canonical secretome, HPA-classified cytokines, and HPA-
classified chemokines, which makes HAECs a large secretory
organ for inflammation, immune responses, and other functions;
fourth, LPIs activate a transcription mechanism by upregulating
172 TFs, some of which, namely, NR4A3, FOS, KLF3, and
HIF1A, play significant roles in promoting inflammation and
atherosclerosis; fifth, LPIs activate a mitochondrial mechanism
in aortic ECs by upregulating 152 nuclear DNA-encoded
mitochondrial genes (MitoCarta) and promote mitochondrial
organization, cellular respiration, translation, and transport,
and membrane organization; sixth, LPIs activate reactive
oxygen species (ROS) mechanism in activated HAECs by
upregulating 18 out of 165 ROS regulators; seventh, the
Cytoscape analysis results have demonstrated that three novel
molecular mechanisms, namely, 172 LPI-upregulated TFs, 152
LPI-upregulated mitoCarta genes, and 18 LPI-upregulated ROS
regulators, are integrated to regulate HAEC activation.

Our findings on hyperlipidemia-increased GPR55 expression
in mouse aortas were correlated with several reports: (1) patients
with Crohn’s disease (a type of inflammatory bowel disease)
manifest higher (12.5-fold) GPR55 mRNA expression in inflamed
compared with non-inflamed colonic tissues (p < 0.0001)
(130); (2) circulating LPIs and the liver expression of GPR55
are upregulated in patients with nonalcoholic steatohepatitis
(NASH); the in vivo knockdown of GPR55 is sufficient to
improve liver damage in mice fed with a high-fat diet and in
mice fed with a methionine-choline-deficient diet (131); and
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3) 0-1602, the most potent agonist of GPR55, induces lipid
accumulation in hepatocytes, which is reversed by treatment
with CID16020046, an antagonist of GPR55 (132). Our findings
on the LPI upregulation of 640 secretomic genes in activating
HAECs and promoting inflammation were well correlated
with several reviews (69) and reports: GPR55 antagonist
CID16020046 protects oxLDL-induced inflammation in HAECs

(133); LPIs, especially the albumin-bound form, induce pro-
inflammatory cytokines TNF-a and IL-6 in macrophages via the
GPR55/MAPKP38 pathway (134); GPR55 antagonist has anti-
inflammatory effects in LPS-activated primary microglial cells
(135); GPR55 knockout mice show reduced inflammation scores
as compared with wild-type mice in an intestinal inflammation
model (2.5% dextran sulfate sodium model) (136). Our findings

mitochpndrion

mitochondrial
transport

organelle outgF
membrare

mitochondrial
inner membrane

(B) detailed data distribution for five terms/pathways.

mitochondrial
gene expression

A Ontology network among LPIl-upregulated TFs, mitoCarta genes, and ROS regulators.

>.
mitochondrial
matrix

A‘

Term Term P Value % %Genes %Genes %Genes TF-Cluster #1 (Red) Mitocarta ROS regulator-
Associated Cluster #1  Cluster #2  Cluster #3 genes-Cluster #2 Cluster #3
genes (Blue) (Purple)

Mitochondrion 1.81E-04 11.8 26.8 55.7 17.4 [HIF1A, MEF2A] [DNM1L, LRPPRC, [HIF1A]

localization MFN1, RHOTT]

Regulation of cellular ~ 1.62E-07 12.8 38.4 20 41.6 [FOXO8, HIF1A, [OXR1, PNPLAS, [CD36, DHFR,

response to oxidative NFE2L2, NR4A3, SOD2] HIF1A, NFE2L2,

stress REST, SFPQ)] SOD2]

Regulation of oxidative 3.15E-05 10.7 50.1 17.3 32.6 [FOXOS, HIF1A, [OXR1, SOD2] [HIFTA, NFE2L2,

stress-induced cell NFE2L2, NR4AS, SOD2]

death REST, SFPQ]

Mitochondrial 5.08E-08 12.6 41.2 49.9 8.9 [ATF2, CREBH1, [ATP5PB, ATP5PF, [SOD2]

biogenesis GABPA, MEF2C, CYCS, MTX2, SOD2,

NCOA2, TFAM] SSBP1, TFAM]

Transcriptional 2.99E-07 16.1 52.4 36.3 11.4 [ATF2, CREBH1, [CYCS, SOD2, SSBP1, [SOD2]

activation of GABPA, MEF2C, TFAM]

mitochondrial NCOA2, TFAM]

biogenesis
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C  Venn diagram showed the overlapped genes between the ’parent terms’ and the ‘child terms’.

Transcriptional activation of

Regulation of cellular Regulation of oxidative Mitochondrial Biogenesis ! 2hac )
response to oxidative stress stress-induced cell death (12) B — mitochondrial biogenesis
(11) > (8) (9)

ATP5PB /
ATP5PF
MTX2 [
3 f 0

FIGURE 10 | Network data integration database Cytoscape analysis (https://cytoscape.org/) was performed to analyze the network connection among 172
upregulated LPI TFs, LPI-increased mitocarta genes, and LPI-upregulated ROS regulators. (A) Ontology network among LPI-upregulated TFs, mitoCarta genes, and
ROS regulators. The cluster of 172 LPI-increased TFs is shown in red, the cluster of 152 LPI-upregulated mitoCarta genes is shown in blue, and the cluster of 18
LPI-elevated ROS regulators is shown in purple. One node represents a term/pathway, and the node size stands for significance. The bigger the node size, the higher
the significance. (the smallest node in this figure is p < 0.05). The proportion of the colors in each node indicates the percentage of genes that contribute to this
term/pathway from each cluster. The red arrow highlights five terms/pathways, indicating that the three clusters of genes equally contribute to a term/pathway. We
focus on these five pathways, and the other 25 shown in this figure are closely related to the five. The gray lines indicate the connection between each term. The
thicker the line, the stronger the correlation. The gray arrow starts from “parent term” to “child term.” The child term is more specialized than its parent term. (B)
Detailed data distribution for five terms/pathways. The associated genes% represent how many genes from our three clusters matched to the genes of terms in the
database. The gene clusters #1, #2, #3 indicate how many percentages of each cluster of genes contribute to the term/pathway. (C) Venn diagram shows the
overlapped genes between the “parent terms” and the “child terms.”

on the LPI upregulation of 172 transcription factors in activated  first time that human aortic endothelial cells are a large secretory
HAECs were well-correlated with the previous report that LPIs  organ. Under stimulation by LPIs, a prototypic conditional
induce the activation of several TFs, such as nuclear factor of =~ DAMP, pro-inflammatory lipid, and human aortic endothelial
activated T-cells (NFAT), nuclear factor k of activated B cells (NF-  cells can upregulate as many as 640 secretomic genes via six types
kB), and serum response element, translocation of NFAT and NF-  of secretomic mechanisms, namely, canonical secretome with all
kB, and GPR55 internalization (137). Of note, GPR55 is a non-  human proteins having a signal peptide via exocytic direction
cannabinoid receptor 1 or 2 (CB1/CB2) receptor that exhibits  along the endoplasmic reticulum-Golgi-plasma membrane
affinity for endogenous plant and synthetic cannabinoids. It  route, caspase-1-GSDMD non-canonical secretome without a
was reported that LPI-mediated calcium release and mitogen-  signal peptide but secreted via the N-terminal Gasdermin D
activated protein kinase (MAPK)-extracellular signal-regulated  protein pore/channel, caspase-4(humans)/11 (mice)-GSDMD
kinase (ERK) activation depend on the stable expression of  non-canonical secretome without a signal peptide but secreted
GPR55 and that LPIs cannot have the above-mentioned calcium  via the N-terminal Gasdermin D protein pore/channel, exosome
release and MAPK/ERK activation when CB; or CB; is expressed ~ non-canonical secretome without a signal peptide but secreted
in the cells (137), suggesting the contexture (cannabinoid  via exosomes and docking on target cells with exosome docking
receptor 1 or 2 expression levels) dependence of LPI pro-  mechanism but not cytokine/chemokine receptors, and HPA-
inflammatory functions. classified cytokines and chemokines. In contrast to 18 traditional

As shown in Figure 11, we proposed a novel working model ~ EC-secreted cytokines and chemokines (110), such as TNF-«,
to integrate all the findings. First, LPI receptor GPR55 is  IL-1,IL-3,IL-5,IL-6,IL-8, IL-11, IL-15, MCP-1, GM-CSF (3, 57),
expressed in human and mouse aortic endothelial cells as well ~ CD40/CD40L, endothelin-1, RANTES, ILlra, IL10 (59), IL13
as other aortic cell types and is upregulated in hyperlipidemic =~ and TGF-f, and IL-35 (40, 44, 58, 59, 111), these large numbers
conditions, suggesting that LPIs/GPR55 signaling is increased  of secretomic proteins play significant roles in promoting EC
in aortic endothelial cells in cardiovascular diseases such as  activation, inflammatory cell and immune cell recruitment,
hyperlipidemia. In addition, LPI pro-inflammatory functions  cancer cell metastasis, immune cell development and regulation,
may depend on the contexture (cannabinoid receptor 1 or 2 vascular smooth muscle cell function regulation, and many other
expression levels). Second, by screening 12,763 secretory protein  functions via autocrine, paracrine, and endocrine manners,
genes in six types of secretomes, we have demonstrated for the  either by apical secretion and/or basolateral secretion. Third,
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GPRS55 is expressed in both
human and mouse aortic
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FIGURE 11 | Working model. LPI receptor GPR55 is expressed in both human and mouse aortic endothelial cells. LPIs/GPR55 signaling is upregulated in aortic
endothelial cells in hyperlipidemia. We first proposed human aortic endothelial cells as a large secretory organ, which can mediate up to 640 secretomic genes upon
LPI stimulation. A large number of secretory proteins contribute a significant role in mediating EC activation and inflammation. LPI-stimulated specific CD markers not
only participate in cell adhesion but also play an essential role in immune cell activation, proliferation, and differentiation. All these phenotypic changes may be caused
by the mechanisms of synergy among LPl-increased TFs, mitoCarta genes, and ROS regulators. *This figure was created with Biorender.com.

LPI/GPR5S5 signaling is
increased in aortic EC in
cardiovascular diseases

by screening 373 clusters of differentiation markers and 159
EC-specific biomarkers, we have demonstrated for the first
time that LPIs upregulate 43 CD markers, five of which are
shared with 159 EC-specific biomarkers, and 12 of which are
shared with other human endothelial cell activation induced
by an influenza virus infection, MERS-CoV infection, and
KSHV infection, respectively. In contrast to traditional EC
adhesion molecules, such as ICAM1, VCAMI, and SELE, as
we and others have reported (33, 58), the 43 LPI-upregulated
CD markers not only play significant roles in endothelial cell
adhesion and inflammatory and immune cell recruitment but
also promote inflammatory cell and immune cell activation,
proliferation, differentiation, and immune tolerance. Fourth,

three novel molecular mechanisms, namely, 172 LPI-upregulated
transcription factors, 152 LPI-upregulated mitoCarta genes, and
18 LPI-upregulated ROS regulators, are integrated to promote
HAEC activation.

Our results have provided novel insights into aortic
endothelial cell (EC) activation, formulated an EC biology
knowledge-based transcriptomic profile strategy, and identified
new targets for the future development of therapeutics
for cardiovascular diseases, inflammations, immune diseases,
transplantation, aging, and cancers. One limitation of all the
RNA-Seq data analyses is that due to the low-throughput nature
of verification techniques in every laboratory, including ours,
we could not verify every result we found with the analyses
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of high-throughput data, which are similar to all the studies
with RNA-Seq (19, 59), single-cell RNA-Seq, metabolomics
(23), chromatin immunoprecipitation (CHIP)-Seq (24, 44), and
other-omics data (11, 138, 139). We acknowledge that carefully
designed in vitro and in vivo experimental models will be needed
in the future to verify the LPI-upregulated genes further and the
underlying mechanisms we report here (9, 140).

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository and accession numbers
can be found below: National Institutes of Health (NIH),
National Center for Biotechnology Information (NCBI), Gene
Expression Omnibus (GEO) DataSets database (https://www.
ncbi.nlm.nih.gov/gds), GSE 59226 (Influenza virus infection),
GSE 79218 (MERS-CoV infection for 0, 12, 24, 36, 48 h), and GSE
1377 (Kaposi’s Sarcoma associated herpes virus).
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