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Abstract: Coronary artery disease (CAD) is a complex, multifactorial disease caused, in particular, by
inflammation and cholesterol metabolism. At the molecular level, the role of tissue-specific signaling
pathways leading to CAD is still largely unexplored. This study relied on two main resources:
(1) genes with impact on atherosclerosis/CAD, and (2) liver-specific transcriptome analyses from
human and mouse studies. The transcription factor activating transcription factor 3 (ATF3) was
identified as a key regulator of a liver network relevant to atherosclerosis and linked to inflamma-
tion and cholesterol metabolism. ATF3 was predicted to be a direct and indirect (via MAF BZIP
Transcription Factor F (MAFF)) regulator of low-density lipoprotein receptor (LDLR). Chromatin
immunoprecipitation DNA sequencing (ChIP-seq) data from human liver cells revealed an ATF3
binding motif in the promoter regions of MAFF and LDLR. siRNA knockdown of ATF3 in human
Hep3B liver cells significantly upregulated LDLR expression (p < 0.01). Inflammation induced by
lipopolysaccharide (LPS) stimulation resulted in significant upregulation of ATF3 (p < 0.01) and
subsequent downregulation of LDLR (p < 0.001). Liver-specific expression data from human CAD
patients undergoing coronary artery bypass grafting (CABG) surgery (STARNET) and mouse models
(HMDP) confirmed the regulatory role of ATF3 in the homeostasis of cholesterol metabolism. This
study suggests that ATF3 might be a promising treatment candidate for lowering LDL cholesterol
and reducing cardiovascular risk.

Keywords: ATF3; atherosclerosis; cardiovascular disease; coronary artery disease; gene expression;
inflammation; LDLR; lipid metabolism; liver metabolism; LPS; MAFF; transcription factor
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1. Introduction

Coronary artery disease (CAD) remains one of the leading causes of death and morbid-
ity worldwide [1,2] and is caused by atherosclerosis of the coronary arteries. Atherosclerosis
is a chronic inflammatory disease affecting arteries and caused by inflammation and lipid
accumulation, as well as smooth muscle cell differentiation resulting in the formation
of necrotic cores [3-5]. The accumulation of low-density lipoprotein (LDL) cholesterol,
triglycerides and fatty acids due to obesity, western lifestyle and insulin resistance is one
of the major risk factors for cardiovascular disease [6—8]. This is significantly driven by
perturbation of cholesterol metabolism and inflammation [9-11]. Genome-wide association
studies (GWAS) in patients with CAD or myocardial infarction (MI), as well as genetic
mouse models of atherosclerosis, revealed a strong correspondence of signaling pathways
and networks relevant to atherosclerosis [12-16]. For example, Mendelian randomization
studies confirmed the promotion of atheroprogression and CAD through an increase in
plasma cholesterol and inflammation anchored primarily in liver metabolism [8,17,18]. The
underlying mechanisms are still inadequately understood.

The LDL receptor (LDLR) is a central gene involved in the regulation of the LDL
cholesterol homeostasis and progression of atherosclerosis. It is the main receptor for
hepatic uptake of plasma LDL and mutations in the LDLR have been identified in familial
hypercholesterolemia and premature atherosclerosis [17,18]. The expression of the LDLR
can be regulated at both the transcriptional and translational levels [19-21]. A major
objective of atherosclerosis research is to identify regulators of the LDLR that are suitable
for therapeutic applications. In previous work, this research group was already able
to demonstrate that the transcription factor MAF BZIP Transcription Factor F (MAFF)
regulates the expression of the LDLR and other genes known to influence atherosclerosis
and CAD in context-specific manner. MAFF was identified as a missing link between
inflammation and lipid metabolism [22].

Activating transcription factor (ATF) 3 is a stress-induced transcription factor involved
in the modulation of metabolic, inflammatory and oncogenic processes [23-27]. With a
focus on the development of atherosclerosis, ATF3 plays a crucial role in a multitude of
pathophysiological changes, such as extracellular matrix dysfunction, smooth muscle cell
proliferation and migration, and foam cell formation [28]. ATE3 belongs to the ATF/cAMP
response element-binding family of leucine zipper transcription factors and binds to the
consensus sequence TGACGTCA in the promoter region of genes [29,30] regulating tran-
scription through homodimerization and heterodimerization with other bZiP proteins by
repressing and inducing gene expression [31]. ATF3 expression has been shown to be
induced by inflammatory chemo- and cytokines, oxLDL and lipopolysaccharides, and
is involved in the regulation of apoptosis and cell death shown in vascular endothelial
cells and macrophages [32,33]. Upregulation of ATF3 levels has been reported in human
atherosclerotic arteries compared to a healthy phenotype [32]. ATE3 has been linked to
atherosclerosis in different tissues and discussed as a potential biomarker and protective
factor against atherosclerosis [27,34,35]. Recently, an atheroprotective mechanism of ATF3
via regulation of high-density lipoprotein (HDL) and bile acid metabolism was identi-
fied [25]. However, the regulatory capacities of ATF3 on atherosclerosis relevant pathways
remain incomplete.

For this, the main focus of this work, as well as previous studies by this group, has
been on the analysis of liver-specific regulatory networks that are predicted to impact the
development and progression of atherosclerosis [22].

2. Results
2.1. Identification of ATF3 As a Central Key Driver Gene of a Liver-Specific Regulatory Network

The workflow of this study is summarized in Figure 1.
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Figure 1. Workflow of the study. Human CAD GWAS candidate genes and atherosclerosis relevant
genes validated in genetically engineered mouse models in combination with publicly available
transcription data of both species have been used to model liver-specific gene regulatory networks
followed by Bayesian Key Driver Analysis (KDA). The focus was on the transcription factor ATF3
orchestrating an atherosclerosis relevant subnetwork including MAFF and LDLR. Validation of
the regulatory capacities of ATF3 have been performed experimentally in vitro in human Hep3B
cells using small interfering RNA (siRNA) knockdown and in vivo in large transcriptomic studies
(STARNET—human and HMDP—mouse). CAD: Coronary artery disease; GWAS: Genome wide
association study; HMDP: The Hybrid Mouse Diversity Panel; LPS: lipopolysaccharide; STARNET:
Stockholm-Tartu Atherosclerosis Reverse Network Engineering Task.

Liver-specific gene regulatory networks were modeled separately based on 244 human
CAD GWAS candidate genes and 827 genes that have already been validated to have
a significant effect on atherosclerosis in genetically engineered mouse models [34—42].
The list of candidate genes and detailed methods have been published as a supplement
file before [22]. Bayesian network models based on publicly accessible gene expression
data from liver-specific human and mouse studies were used to separately model the
regulatory capacity between genes in the network for both species. Human CAD GWAS
candidate genes and mouse atherosclerosis genes were subsequently mapped to the liver-
specific Bayesian network model to identify subnetworks of interest, highly enriched
with atherosclerosis and CAD relevant genes. Based on this bioinformatics approach
the following key driver genes were identified in this dense liver-specific gene regulatory
network (ABCG5, ABCGS8, ALDH2, ATF3, CCL7, COL6A3, CXCL10, EGR2, FCERIG, IGSF6,
IL15RA, IL1B, ITGAL, LOXL2, LTB, MAFE, NGRN, SERPINE1, TLR2 and ZNF467). After
combining both models into a unified liver-specific Bayesian network, focus was on the
subnetwork of the central key driver gene and transcription factor ATF3 (FDR 3.89 x 10~%;
Fold enrichment 14.05). The identified network of ATF3 consists of 50 genes. Among those
17 genes have already been shown to have a significant effect on atherosclerosis either as
human CAD GWAS candidate gene (LDLR, PLAUR, RGS1, TRIB1 and TSC22D2) or in
engineered mouse models (Ccl7, Edn1, Ergl, Erg2, Gdf15, I11b, Ldlr, Mmp12, Nr4al, Nr4a2,
Plaur, Rgsl, Serpinel, Sgk1, Trib1, Tsc22d2, Vcam1) [18,22,33,43-55]. To further elucidate
the regulatory capacities and downstream effects of ATF3 on atherosclerosis and CAD
relevant genes (e.g.,, MAFF and LDLR), hierarchical information was implemented in the
following step.

2.2. Identification of ATF3 As Direct and Indirect Regulator of LDLR

Based on several gene expression datasets from mouse and human studies to modulate
Bayesian network models, a dense liver subnetwork was identified and predicted to
be orchestrated by ATF3 (Figure 2). The regulatory direction between genes based on
expression data is subject to different environmental influences in complex networks. To
account for different physiological aspects of the included studies, a consensus directionality
was implemented based on the numeric majority of supporting studies. This implies that
all predicted regulatory directionalities can potentially be bidirectional.
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Figure 2. Subnetwork orchestrated by ATF3. Key driver genes of the overall modeling approach are
shown in dark blue. Genes that have been validated to affect atherosclerosis in genetically engineered
mouse models are shown in light blue. Human CAD GWAS candidate genes are highlighted in red.

The bioinformatically predicted directionality of regulation between ATF3, MAFF and LDLR in this
liver-specific regulatory network is implemented. ATF3: Activating transcription factor 3F; CAD:

coronary artery disease; GWAS: Genome wide association study; LDLR: low-density lipoprotein
receptor; MAFF: MAF basic leucine zipper transcription factor F.

Most importantly, this bioinformatics approach predicted ATE3 to be upstream of
MAFF and the LDLR with the potential ability to regulate LDLR expression in a direct
and via MAFF in an indirect manner. EDN1, EGR2, GDF15, IL1B, LDLR, MAFF, PLAUR,
RGS1, SERPINE1, SGK1 and TSC22D2 were predicted to be downstream whereas CCL?7,
EGR1, MMP12, NR4A1, NR4A2, TRIB1 and VCAM1 were predicted to be upstream of
ATF3. Regarding the regulatory capacities of MAFF—EPHA?2, GDF15, LDLR, MCL1,
PHLDAT1, TNFAIP3 and TNFRSF12A were predicted to be downstream of MAFF and ATF]I,
SERPINE1, TRIB1 and ZFP36 were predicted to be upstream of MAFFE. To confirm the
bioinformatics prediction of regulatory capacities, screening of potential ATF3 binding sites
on MAFF and LDLR based on human liver cells was attempted.

2.3. ATF3 Has the Potential to Bind to MAFF and LDLR Promoter and Intronic Regions

The identification of ATF3 binding sites in promoter and intron regions of LDLR and
MAFF was based on chromatin immunoprecipitation sequencing (ChIP-seq) data from
human HepG2 liver cells. Two replicates were processed using the established Encyclopedia
of DNA Elements (ENCODE) Transcription Factor ChIP-seq processing pipeline. Significant
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ChIP-seq signals with p-values below 10 x 10~ were taken into consideration and further
inspected. Overall, 15,412 conserved peaks were identified between the replicates with
an irreproducible discovery rate (IDR) threshold of <0.05. Figure 3 provides most reliable
ATF3 binding sites in the promoter and introns regions of MAFF (A) and LDLR (B) as well
as the best matching binding site motif (C).
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Figure 3. ATFE3 has the ability to bind to MAFF and LDLR. Chromatin immunoprecipitation DNA-
sequencing (ChIP-seq) data of human HepG2 cells supports potential binding of ATF3 in the promoter
and intron regions of (A) MAFF and (B) LDLR. The matching motif (C)was identified using publicly
available ChIP-Seq data of the ATF3 gene in human HepG2 cells from ENCODE (Encyclopedia of
DNA Elements). The height of the letter represents the frequency of the observed nucleotide in
that position. ATF3: Activating transcription factor 3F; ChIP-Seq: Chromatine-immunoprecipitation
sequencing; LDLR: low-density lipoprotein receptor; MAFF: MAF basic leucine zipper transcription

factor F.

2.4. In Vitro Experiments Clarify the Regulatory Role of ATF3 on MAFF and LDLR Expression

To experimentally confirm the role of ATF3 affecting the predicted regulatory liver
network, human Hep3B cells were studied in vitro. Hep3B cells are a common hepatocyte
cell line that cover most relevant metabolic aspects of the human liver well. Small interfering
RNA (siRNA) knockdown of ATF3 revealed consistent and significant downregulation
of ATF3 after 48 h (80%, p < 0.001). Non-coding scramble siRNA knockdown was used
as a control treatment. Regarding perturbation of predicted downstream targets, siRNA
knockdown of ATF3 in human Hep3B cells showed highly significant upregulation of
LDLR expression (p < 0.001), as well as significant upregulation of MAFF expression
(p <0.01) (Figure 4). In addition, other genes downstream of MAFF (e.g., SERPINE1)
showed significant upregulation by downregulation of ATF3 (data not shown).
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Figure 4. Knockdown of ATF3 perturbs expression of LDLR and MAFE. siRNA knockdown (KD) of
ATF3 led to significant downregulation of ATE3 expression levels in human Hep3B liver cells after
48 h. siRNA knockdown of ATF3 significantly upregulated the predicted downstream targets LDLR
and MAFF. ** p < 0.01, *** p < 0.0001. ATF3: Activating transcription factor 3F; KD: Knockdown
of ATF3; LDLR: low-density lipoprotein receptor; MAFF: MAF basic leucine zipper transcription
factor F.
2.5. Inflammatory Effects on ATF3, LDLR and MAFF Expression in Liver Tissue
To assess the effects of inflammation on expression in the ATF3-regulated subnetwork,
stimulation with lipopolysaccharide (LPS) was performed in human Hep3B cells. Liver cells
were treated with 100 ng/mL LPS for 24 h. ATF3 expression was significantly upregulated
after LPS stimulation compared to controls without LPS stimulation (p < 0.01) while
LDLR expression was significantly downregulated (p < 0.0001) and MAFF expression was
significantly increased after LPS stimulation compared to untreated controls (p < 0.0001)
(Figure 5).
ATF3 LDLR MAFF
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Figure 5. Perturbation of ATF3, LDLR and MAFF expression after LPS stimulation. Stimulation
with 100 ng/mL LPS for 24 h led to significant upregulation of ATF3, downregulation of LDLR and
upregulation of MAFF in human Hep3B liver cells. ** p < 0.01, *** p < 0.0001. ATF3: Activating
transcription factor 3F; LDLR: low-density lipoprotein receptor; LPS: Lipopolysaccharide; MAFF:
MAF basic leucine zipper transcription factor F.

2.6. In Vivo Data of Human and Mouse Confirm the Importance of ATF3 for
Cholesterol Metabolism

In vivo validation in humans was based on transcriptomic data from the STARNET
(Stockholm-Tartu Atherosclerosis Reverse Network Engineering Task) study. STARNET
comprises genetic and transcriptomic data from more than 600 CAD patients undergoing
coronary artery bypass grafting (CABG) surgery and represents the most important repos-
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The focus of this study was to elucidate the role of ATF3 in human liver metabolism.
Based on the bioinformatics modeling and in vitro validation ATF3 expression was corre-
lated to its predicted downstream targets. ATF3 showed significant positive correlation with
LDLR (Pearson’s R 0.65, p = 4.33 x 107%7) and MAFF (Pearson’s R 0.67, p = 1.55 x 10772)
expression in human liver (Figure 6A,B).
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Figure 6. The role of ATF3 as a central regulator of cholesterol metabolism in the human liver.
Correlation of ATF3 expression with (A) LDLR and (B) MAFF expression in STARNET. (C) Correlation
with CAD associated phenotypes in the liver supernetwork regulated by ATF3 based on expression.
(D) Pathway analysis based on Gene Ontology terms derived from the liver supernetwork based
on expression data. Red bars represent biological pathways, green cellular compartments and blue
molecular functions. CAD: Coronary artery disease; GO: Gene Ontology; GOBP: Gene Ontology
Biological Pathway; GOCC: Gene Ontology Cell Compartment; GOMEF: Gene Ontology Molecular
Function; LDLR: low-density lipoprotein receptor; MAFF: MAF basic leucine zipper transcription
factor E.

Moreover, ATE3 was identified as a key regulator of 'liver module 15" (Supplemental
Figure S1)—orchestrating an important supernetwork associated with obesity, diabetes,
cholesterol metabolism, inflammation and atherosclerosis. Several CAD relevant phe-
notypes showed significant associations with this ATF3 regulated liver module. Most
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importantly, plasma CRP (a measure for inflammation) (p < 1.0 x 1071%), fasting plasma
LDL cholesterol (p < 1.0 x 10719), total cholesterol (p < 1.0 x 1071%) and atherosclerotic
lesions (p < 1.0 x 10~>) showed significant correlation (Figure 6C).

Pathway analysis based on Gene Ontology (GO) terms revealed most relevant biologi-
cal pathways, involved cell compartments and molecular function for the liver supernet-
work. Significant upregulation of inflammatory pathways (response to cytokines, cellular
response to cytokine stimulus and response to biotic stimulus; p < 1.0 x 10~7° each) was
identified (Figure 6D).

The Hybrid Mouse Diversity Panel (HMDP) comprises 105 well-characterized in-bred
strains of mice that have been studied under different nutritional conditions and with
different genetic backgrounds. The HMDP is a valuable resource to investigate metabolic
and cardiovascular traits and validate systems genetics [57-59].

For this study, mouse strains on a high-fat diet (hereafter HF mice) were compared to
their equivalent strains after transgenic implementation of human APOE-Leiden
(apolipoprotein-E-Leiden) and CETP (cholesterol ester transfer protein) (hereafter TG mice),
leading to distinct hyperlipidemia and inflammation. Baseline Ldl and V1dl cholesterol
levels were significantly higher in TG mice compared to HF mice (42 mg/dL vs. 92 mg/dL;
p < 0.001). Furthermore, inflammation-associated factors such as I11b, 116 and Tnfx were
significantly increased in TG mice contrasted to HF mice (p < 0.001). To assess the role
of Atf3 in HF and TG mice Atf3 expression was correlated to the expression of Ldlr and
Ldl/VIdl cholesterol plasma levels. HF mice showed no significant correlation between
Atf3 and Ldlr expression (Pearson’s R 0.08, p > 0.05), although Atf3 showed a weak positive
correlation with Ldl/VIdI cholesterol values (Pearson’s R 0.28, p < 0.01). In contrast, in TG
mice, which are more prone to hyperlipidemia and inflammation, a significantly inverse
correlation between Atf3 and Ldlr expression was apparent (Pearson’s R —0.70, p < 0.001).
Atf3 expression and Ldl/VIdl cholesterol values were significantly positively correlated
(Pearson’s R 0.55, p < 0.001).

3. Discussion

Functional regulatory networks identified ATF3 as a central regulator of an atheroscle-
rosis relevant liver network based on candidate genes from human CAD GWAS and
atherosclerosis relevant genes validated in genetically engineered mouse models. Predic-
tion by Bayesian modeling in combination with in vitro and in vivo validation revealed the
hierarchy and potential regulations in this network, highlighting a key role of ATF3 as a
novel regulator of LDLR and cholesterol metabolism homeostasis.

Transcriptomic data from humans and mice predicted ATF3 to regulate LDLR directly
and via MAFF indirectly based on implemented consensus directionalities. ChIP-seq data
of human HepG2 cells supported this assumption as ATF3 binding sites were identified in
promoter and intron regions of LDLR and MAFF.

In experimental model systems and human data, MAFF has already been shown
to regulate the expression of LDLR in a context-specific manner. MAFF induces LDLR
expression under non-inflammatory conditions. After stimulation by LPS, MAFF down-
regulated LDLR expression. The underlying mechanism is based on the binding of MAFF
heterodimers to the Maf recognition element, also known as a stress-responsive element, in
the promoter of LDLR. The preferred binding partner under inflammatory conditions was
the CAD-GWAS candidate gene BACH1 [22].

Experiments in human Hep3B liver cells support the regulatory impact of ATF3.
siRNA knockdown of ATF3 resulted in significant upregulation of MAFF and LDLR. Stimu-
lation of Hep3B cells with LPS caused significant upregulation of ATF3 and MAFF, whereas
LDLR was downregulated. The network has been previously shown to be susceptible
to inflammation. LPS stimulation of mouse AML12 liver cells resulted in the same effect
on MAFF and LDLR expression [22]. In line with the LPS-induced ATF3 upregulation,
ATF3 expression has been subject to metabolic, inflammatory and atherosclerosis research
before [23-27,60-67]. Specifically, ATE3 was shown to protect against LPS induced inflam-
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mation in mice via inhibiting HMGB1 expression. Further, ATF3 knockout in this mouse
model subsequently subjected to LPS was associated with elevated expression of circulating
IL6, TNFw, and MCP1, and increased risk of death [62].

STARNET, comprising more than 600 CAD patients who have undergone bypass
surgery, is currently the most comprehensive study worldwide to integratively investigate
genomic and functional aspects at the transcriptome level in CAD patients [56]. Accordingly,
STARNET is a tremendously valuable validation tool for cardiovascular studies. Human
in vivo data from STARNET include transcriptome data from liver tissues and show a
significant positive correlation between the expression of the transcription factor ATF3 and
LDLR as well as ATF3 and MAFEF. In addition, ATF3 was identified as a central regulator
of ‘liver module 15, a liver supernetwork associated with cholesterol metabolism and
inflammation. This supernetwork showed strong correlation with CAD relevant pathways,
especially being related to total cholesterol, LDL cholesterol and atherosclerotic lesions.
Importantly, most of the individuals undergoing CABG surgery in STARNET were treated
with statins, known to lower LDL cholesterol and mediate anti-inflammatory effects. From
this point of view, STARNET can be considered a ‘low-inflammatory’ cohort. Interestingly,
also HDL cholesterol was correlated with this ATF3 regulated supernetwork. This finding
is in line with recent publications reporting that ATF3 in hepatocytes protects against
atherosclerosis by regulating HDL cholesterol and bile acid metabolism. Overexpression of
human ATF3 in hepatocytes reduced the development of atherosclerosis in Ldlr or ApoE
knockout mice on a high-fat diet, whereas hepatocyte-specific ablation of Atf3 caused the
opposite effect [25].

The HMDP represents an exciting repository to further investigate metabolic and
cardiovascular traits in mouse models within a controlled environment [61,62,68]. Data
from HMDP confirmed the relevant role of ATF3 in cholesterol metabolism. In mice with
transgenic implementation of human APOE-Leiden and CETP, a phenotype more prone
to inflammation, a significant inverse correlation between Atf3 and Ldlr expression was
identified in combination with a positive correlation between Atf3 expression and Ldl/VIdl
cholesterol values.

This study incorporates several limitations. The present study represents a snapshot
based on currently available information and bioinformatics resources. As the number
of genes relevant to atherosclerosis/CAD will increase in the coming years due to ever
larger GWAS analyses as well as increasing numbers of genetically modified mouse models,
and the number of available transcriptome studies in humans and mice will multiply
the patterns of our predicted model might change. Nevertheless, the modeled network
predictions are relatively insensitive to changes in the number of candidate genes included,
which supports the robustness of the overall approach.

Comprehensive in vivo data from STARNET support the idea that high ATF3 levels are
atheroprotective. However, extensive perturbation via knockdown of ATF3 in Hep3b cells
led to immediate upregulation of LDLR in vitro. Interpretation of these results should take
into account the following considerations. In general, ATF3 is a transcription factor with
non-specific binding capacities to a range of interaction partners. As ATF3 binds the cAMP
response element (CRE), a sequence present in many cellular promoters it has the capacity
to up- or downregulate transcription from promoters with ATF sites. The regulatory impact
might be influenced by different effect sizes and functions of interacting dimerization
partners, differential splicing, presence of isoforms, environmental perturbation or intake
of medication. Specifically, in vitro models were limited to one human liver cell line,
defined siRNA incubation times and a relatively high dose of LPS. Further, the molecular
mechanisms affecting ATF3 expression and ATF3 downstream targets remain inadequately
understood. In particular, molecular heterodimerisation partners of ATF3 influencing
transcriptional activation or repression of MAFF and LDLR under different conditions
remain unknown. In this regard, this study might be a good starting point and will
stimulate further investigations.
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In summary, this study provides novel insights identifying ATF3 as a central regulator
of an atherosclerosis relevant liver network that is closely related to inflammation and
cholesterol metabolism. Most importantly, ATF3 was identified as direct and indirect
(via MAFF) regulator of the LDLR and plays a crucial role in the homeostasis of LDL
cholesterol metabolism.

4. Materials and Methods

The established bioinformatics approach has already been published before [22]. Very
condensed human CAD GWAS and mouse atherosclerosis candidate genes were retrieved
from the literature [16,34-36,38-42,69-71]. Bayesian gene regulatory networks derived
from previous expression analyses on human and mouse tissues supported the prediction
of gene interactions and their regulatory capacities [68,72-76]. Central regulators of the
atherosclerosis relevant liver network were identified based on an established key driver
analysis [15,68,77-79].

Cell experiments were performed using human Hep3B cells (ATC-HB8064). Cells were
cultured in Dulbecco’s modified Eagles medium supplemented with 10% FBS and 1% each
penicillin/streptavidin. All experiments were performed in 6-well plates (1.5 x 10° cells/well).
For small interfering RNA (siRNA) transfection, cells were treated for 48 h with 100 nmol
of ATF3-specific siRNA (Silencer Select, Ambion, Austin, TX, USA) and nontargeting
control siRNA (scrbl) (Silencer Select, Ambion, Austin, TX, USA) using Lipofectamine
RNAiMax (Lipofectamine RNAIMAX, Invitrogen, Waltham, MA, USA) and OptiMEM
medium containing 5% fetal bovine serum (FBS) according to the manufacturer’s instruc-
tions. Twenty-four hours after siRNA transfection, 100 ng/mL LPS (Lipopolysaccharide,
Sigma, St. Louis, MO, USA) was added to the transfection medium as an inflammatory
stimulus. PBS treatment was used for the untreated control group.

Total RNA was extracted from Hep3B cells using a modified protocol of the semi-
automated Maxwell® RSC simply RNA tissue kit (AS1340 Promega®©). The in-house
established protocol included mechanical (Tissue Grinder, NIPPON Genetics EUROPE,
Diiren, Germany) and chemical as well as enzymatic disruption of the cells. After mechan-
ical homogenization of Hep3B cells in 1-thioglycerol-containing homogenization buffer,
cells were lysed and digested in proteinase K-containing lysis buffer, followed by semi-
automated RNA extraction according to the company’s protocol. Elution took place in
60 pL of nuclease-free water, and the concentration was measured spectrometrically (Tecan,
Mainnedorf, Switzerland, Lifesciences). The isolated RN A was stored at —80 °C. Reverse
transcription-polymerase chain reaction was performed using the High-Capacity RNA-
to-cDNA™ Kit (Applied Biosystems, Waltham, MA, USA) with random oligo-dT primers
and RNA at a final concentration of <100 ng/uL according to the manufacturer’s protocol
(37 °C1h;95°C 5min; 4 °C o).

Quantitative real-time PCR was performed using TagMan™ Universal Master Mix IT
(Applied Biosystems) and TagMan™ Gene Expression Assay (ThermoScientific, Waltham,
MA, USA) for ATF3, LDLR, MAFF and ACTB according to the manufacturer’s protocol
(40 amplification cycles). Target expression was standardized by ACTB as a housekeeping
gene and normalization took place to the untreated control.

Cell experiments were performed at least four times in duplicates. Results are ex-
pressed as mean +/— SD. Statistical analysis was performed with an unpaired t test for
comparison of two groups. Bonferroni correction was applied for multiple comparisons. A
p value of <0.05 was considered statistically significant. Statistical analysis was performed
using GraphPad Prism version 9.4.0 (GraphPad Software, San Diego, CA, USA). Further
analyses were performed using R version 4.0.55 (R Foundation for Statistical Computing,
Vienna, Austria).

For the identification of ATF3 binding sites free accessible chromatin immunoprecipi-
tation data coupled with sequencing (ChlIP-seq) of ATF3 on human liver cell line HepG2
was retrieved from GEO database (accession: GSE169788). Two replicates were processed
using ENCODE Transcription Factor ChIP-seq processing pipeline (www.encodeproject.
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org/chip-seq/transcription_factor (accessed on 3 May 2022)). Significant ChIP-seq sig-
nals (p value < 10~°) were displayed and inspected in Integrative Genomics Viewer (IGV;
https:/ /software.broadinstitute.org/software/igv/ (accessed on 3 May 2022)). Peaks were
considered as conserved if replicates reached the IDR (Irreproducible Discovery Rate)
threshold of 0.05. The MEME web service (https:/ /meme-suite.org/meme (accessed on 3
May 2022)) was used in this study to detect binding site motif patterns of ATF3 in promoter
and intron regions of LDLR and MAFE.

In vivo validation was based on human transcription data from STARNET (Stockholm-
Tartu Atherosclerosis Reverse Network Engineering Task) [56] and mouse transcription data
from the Hybrid Mouse Diversity Panel (HMDP) [61,62,68]. STARNET includes genetic
and transcriptomic data from 600 CAD patients (cases) treated by coronary artery bypass
grafting (CABG) and 250 patients with angiographic exclusion of CAD (controls). The
controls generally required open heart surgery due to high-grade valvular disease [56]. The
Hybrid Mouse Diversity Panel (HMDP) comprises 105 well-characterized inbred strains of
mice that can be used to analyze genetic and environmental factors underlying complex
traits. The HMDP has been—amongst others—studied for traits relevant to atherosclerosis
and atherosclerosis relevant risk factors such as obesity, diabetes and inflammation. There-
fore, the HMDP is a valuable resource to validate systems genetics analyses of metabolic
and cardiovascular traits [61,62,68]. Validation analyses were performed using R version
4.0.55 (R Foundation for Statistical Computing, Vienna, Austria).

5. Conclusions

This study demonstrates that the transcription factor ATF3 is a significant key regu-
lator of a dense liver network interacting with a large number of genes known to affect
atherosclerosis in humans and mice. ATF3 was predicted to be a direct and indirect regula-
tor of the LDLR. In vitro siRNA knockdown of ATF3 unraveled the regulatory capacity of
ATF3 resulting in significant perturbation of the predicted downstream targets LDLR and
MAFF. Liver-specific transcription data of human (STARNET) and mouse studies (HMDP)
support the relevant role of ATF3 in regulating LDLR homeostasis. We speculate that ATF3
and MAFF, as direct regulators of LDLR, might be suitable candidates for therapeutical
approaches to lower LDL cholesterol and reduce long-term cardiovascular risk.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/metabo12090840/s1, Figure S1: Supernetwork—STARNET liver
module 15.

Author Contributions: Conceptualization, A.J.L., H.S. and M.v.S.; methodology, S.B., A.J.L., H.S. and
M.v.S.; software, Y.Z., C.P,, SSW. and A.M.; validation, S.B., J.E., J.F,, J.S.H., C.P, AM.,, AJ.L.,].CK,
J.LM.B,, H.S. and M.v.S,; formal analysis, S.B., J.E., J.E, ].S.H., Y.Z., D.B., S.W. and A.M.; investigation,
all authors; resources, H.S. and M.v.S.; data curation, S.B., Y.Z., C.P. and A.M.; writing—original
draft preparation, S.B. and M.v.S.; writing—review and editing, all authors; visualization, S.B., Y.Z.,
AM. and M.v.S;; supervision, AJ.L.,].CK,, J.LM.B., H.S. and M.v.S,; project administration, S.B.,
AL, HS. and M.v.S,; funding acquisition, H.S. and M.v.S. All authors have read and agreed to the
published version of the manuscript.

Funding: A.J.L reported support by the National Institutes of Health (HL147883), NIH Grant R01
DK117850, R01 HL148577 and R01 HL.144651.

Institutional Review Board Statement: The STARNET study was conducted in accordance with the
Declaration of Helsinki and approved by the Ethics Committee on Human Research of the University
of Tartu (2771T,17 and 188/M-12). All patients provided written informed consent. All animal studies
in mice (HMDP) followed the guidelines of the Animal Care and Use Committees of the University
of California Los Angeles.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.


www.encodeproject.org/chip-seq/transcription_factor
www.encodeproject.org/chip-seq/transcription_factor
https://software.broadinstitute.org/software/igv/
https://meme-suite.org/meme
https://www.mdpi.com/article/10.3390/metabo12090840/s1
https://www.mdpi.com/article/10.3390/metabo12090840/s1

Metabolites 2022, 12, 840 12 of 15

Data Availability Statement: Data provided in this study are available in persistent repositories.
Human data from STARNET (Stockholm-Tartu Atherosclerosis Reverse Network Engineering Task)
are accessible through the Database of Genotypes and Phenotypes and the STARNET browser (http:
/ /starnet.mssm.edu (accessed on 17 May 2022)). Mouse data from the Hybrid Mouse Diversity Panel
(HMDP) are accessible through the Mouse Phenome Database. All experimental data supporting the
findings of this study can be requested from qualified researchers at the German Heart Center Munich.

Acknowledgments: We wish to thank all individuals donating cardiovascular relevant tissue and
data. M.v.S. reported support by the Clinician Scientist Excellence Program of the DZHK, the
German Heart Foundation (Deutsche Herzstiftung e.V.), the Fondation Leducq (PlaqOmics) and the
Corona Foundation (Junior Research Group Cardiovascular Diseases). Further, we wish to thank the
members of the DigiMed Bayern Consortium for their scientific input provided within the framework
of DigiMed Bayern (www.digimed-bayern.de) funded by the Bavarian State Ministry of Health
and Care and the Bavarian State Ministry of Science and the Arts through the DHM-MSRM Joint
Research Center. Figures were prepared based on a BioRender’s Academic License using BioRender
https:/ /biorender.com/ (accessed on 19 July 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng,
S.; Delling, FN. Heart disease and stroke statistics—2020 update: A report from the American Heart Association. Circulation 2020,
141, e139—-e596. [PubMed]

Townsend, N.; Wilson, L.; Bhatnagar, P.; Wickramasinghe, K.; Rayner, M.; Nichols, M. Cardiovascular disease in Europe:
Epidemiological update 2016. Eur. Heart |. 2016, 37, 3232-3245. [CrossRef] [PubMed]

Susser, L.I; Rayner, K.J. Through the layers: How macrophages drive atherosclerosis across the vessel wall. |. Clin. Investig. 2022,
132, €157011. [CrossRef] [PubMed]

Yahagi, K.; Kolodgie, ED.; Otsuka, F; Finn, A.V,; Davis, H.R.; Joner, M.; Virmani, R. Pathophysiology of native coronary, vein
graft, and in-stent atherosclerosis. Nat. Rev. Cardiol. 2016, 13, 79-98. [CrossRef] [PubMed]

Ross, R. Cell biology of atherosclerosis. Annu. Rev. Physiol. 1995, 57, 791-804. [CrossRef] [PubMed]

Mpyers, J.; Kokkinos, P.; Nyelin, E. Physical activity, cardiorespiratory fitness, and the metabolic syndrome. Nutrients 2019, 11, 1652.
[CrossRef]

Parsanathan, R.; Jain, S.K. Novel invasive and noninvasive cardiac-specific biomarkers in obesity and cardiovascular diseases.
Metab. Syndr. Relat. Disord. 2020, 18, 10-30. [CrossRef] [PubMed]

Padro, T.; Mufioz-Garcia, N.; Badimon, L. The role of triglycerides in the origin and progression of atherosclerosis. Clin. Investig.
Arterioscler. 2021, 33, 20-28. [CrossRef]

Silveira Rossi, J.L.; Barbalho, S.M.; Reverete de Araujo, R.; Bechara, M.D.; Sloan, K.P,; Sloan, L.A. Metabolic syndrome and
cardiovascular diseases: Going beyond traditional risk factors. Diabetes/Metab. Res. Rev. 2022, 38, e3502. [CrossRef] [PubMed]
Ference, B.A.; Ginsberg, H.N.; Graham, I.; Ray, K.K.; Packard, C.J.; Bruckert, E.; Hegele, R.A.; Krauss, R.M.; Raal, EJ.; Schunkert,
H. Low-density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from genetic, epidemiologic, and clinical
studies. A consensus statement from the European Atherosclerosis Society Consensus Panel. Eur. Heart |. 2017, 38, 2459-2472.
[CrossRef]

Geovanini, G.R,; Libby, P. Atherosclerosis and inflammation: Overview and updates. Clin. Sci. 2018, 132, 1243-1252. [CrossRef]
[PubMed]

Kessler, T.; Vilne, B.; Schunkert, H. The impact of genome-wide association studies on the pathophysiology and therapy of
cardiovascular disease. EMBO Mol. Med. 2016, 8, 688-701. [CrossRef] [PubMed]

Shu, L.; Chan, KH.K,; Zhang, G.; Huan, T.; Kurt, Z.; Zhao, Y.; Codoni, V.; Trégouét, D.-A.; Consortium, C.; Yang, J. Shared genetic
regulatory networks for cardiovascular disease and type 2 diabetes in multiple populations of diverse ethnicities in the United
States. PLoS Genet. 2017, 13, e1007040. [CrossRef] [PubMed]

Ghosh, S.; Vivar, J.; Nelson, C.P,; Willenborg, C.; Segre, A.V.; Médkinen, V.-P,; Nikpay, M.; Erdmann, J.; Blankenberg, S.; O’Donnell,
C. Systems genetics analysis of genome-wide association study reveals novel associations between key biological processes and
coronary artery disease. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1712-1722. [CrossRef] [PubMed]

Civelek, M.; Meng, Q.; Zhang, B.; Zhu, ].; Levian, C.; Huan, T.; Ghosh, S.; Vivar, ].; Nikpay, M.; Stewart, A. Integrative Genomics
Reveals Novel Molecular Pathways and Gene Networks for Coronary Artery Disease. PLoS Genet. 2014, 10, e1004502.

von Scheidt, M.; Zhao, Y.; Kurt, Z.; Pan, C.; Zeng, L.; Yang, X.; Schunkert, H.; Lusis, A.]. Applications and limitations of mouse
models for understanding human atherosclerosis. Cell Metab. 2017, 25, 248-261. [CrossRef]

Vos, D.; Kuivenhoven, J.A.; van de Sluis, B. Recycling the LDL receptor to combat atherosclerosis. Aging 2018, 10, 3638-3640.
[CrossRef]

Ishibashi, S.; Goldstein, J.L.; Brown, M.S.; Herz, J.; Burns, D.K. Massive xanthomatosis and atherosclerosis in cholesterol-fed low
density lipoprotein receptor-negative mice. J. Clin. Investig. 1994, 93, 1885-1893. [CrossRef]


http://starnet.mssm.edu
http://starnet.mssm.edu
www.digimed-bayern.de
https://biorender.com/
http://www.ncbi.nlm.nih.gov/pubmed/31992061
http://doi.org/10.1093/eurheartj/ehw334
http://www.ncbi.nlm.nih.gov/pubmed/27523477
http://doi.org/10.1172/JCI157011
http://www.ncbi.nlm.nih.gov/pubmed/35499077
http://doi.org/10.1038/nrcardio.2015.164
http://www.ncbi.nlm.nih.gov/pubmed/26503410
http://doi.org/10.1146/annurev.ph.57.030195.004043
http://www.ncbi.nlm.nih.gov/pubmed/7778883
http://doi.org/10.3390/nu11071652
http://doi.org/10.1089/met.2019.0073
http://www.ncbi.nlm.nih.gov/pubmed/31618136
http://doi.org/10.1016/j.arteri.2021.02.007
http://doi.org/10.1002/dmrr.3502
http://www.ncbi.nlm.nih.gov/pubmed/34614543
http://doi.org/10.1093/eurheartj/ehx144
http://doi.org/10.1042/CS20180306
http://www.ncbi.nlm.nih.gov/pubmed/29930142
http://doi.org/10.15252/emmm.201506174
http://www.ncbi.nlm.nih.gov/pubmed/27189168
http://doi.org/10.1371/journal.pgen.1007040
http://www.ncbi.nlm.nih.gov/pubmed/28957322
http://doi.org/10.1161/ATVBAHA.115.305513
http://www.ncbi.nlm.nih.gov/pubmed/25977570
http://doi.org/10.1016/j.cmet.2016.11.001
http://doi.org/10.18632/aging.101681
http://doi.org/10.1172/JCI117179

Metabolites 2022, 12, 840 13 of 15

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

Attie, A.D.; Seidah, N.G. Dual regulation of the LDL receptor—Some clarity and new questions. Cell Metab. 2005, 1, 290-292.
[CrossRef]

Goldstein, J.L.; DeBose-Boyd, R.A.; Brown, M.S. Protein sensors for membrane sterols. Cell 2006, 124, 35-46. [CrossRef]

Soutar, A.K.; Naoumova, R.P. Mechanisms of Disease: Genetic causes of familial hypercholesterolemia. Nat. Clin. Pract. Cardiovasc.
Med. 2007, 4, 214-225. [CrossRef]

Von Scheidt, M.; Zhao, Y.; de Aguiar Vallim, T.Q.; Che, N.; Wierer, M.; Seldin, M.M.; Franzén, O.; Kurt, Z.; Pang, S.; Bongiovanni,
D. Transcription factor MAFF (MAF basic leucine zipper transcription factor F) regulates an atherosclerosis relevant network
connecting inflammation and cholesterol metabolism. Circulation 2021, 143, 1809-1823. [CrossRef] [PubMed]

Gilchrist, M.; Thorsson, V.; Li, B.; Rust, A.G.; Korb, M.; Kennedy, K.; Hai, T.; Bolouri, H.; Aderem, A. Systems biology approaches
identify ATF3 as a negative regulator of Toll-like receptor 4. Nature 2006, 441, 173-178. [CrossRef] [PubMed]

Zmuda, E.J.; Qi, L.; Zhu, M.X.; Mirmira, R.G.; Montminy, M.R.; Hai, T. The roles of ATF3, an adaptive-response gene, in
high-fat-diet-induced diabetes and pancreatic 3-cell dysfunction. Mol. Endocrinol. 2010, 24, 1423-1433. [CrossRef] [PubMed]
Xu, Y.; Li, Y.; Jadhav, K.; Pan, X.; Zhu, Y.; Hu, S.; Chen, S.; Chen, L.; Tang, Y.; Wang, H.H. Hepatocyte ATF3 protects against
atherosclerosis by regulating HDL and bile acid metabolism. Nat. Metab. 2021, 3, 59-74. [CrossRef]

Ku, H.-C.; Cheng, C.-F. Master regulator activating transcription factor 3 (ATF3) in metabolic homeostasis and cancer. Front.
Endocrinol. 2020, 11, 556. [CrossRef]

Jadhav, K.; Zhang, Y. Activating transcription factor 3 in immune response and metabolic regulation. Liver Res. 2017, 1, 96-102.
[CrossRef] [PubMed]

Zhou, H.; Li, N,; Yuan, Y,; Jin, Y.-G.; Guo, H.; Deng, W.; Tang, Q.-Z. Activating transcription factor 3 in cardiovascular diseases: A
potential therapeutic target. Basic Res. Cardiol. 2018, 113, 37. [CrossRef]

Thompson, M.R.; Xu, D.; Williams, B.R. ATF3 transcription factor and its emerging roles in immunity and cancer. . Mol. Med.
2009, 87, 1053-1060. [CrossRef]

Hai, T.; Wolford, C.C.; Chang, Y.-S. ATF3, a hub of the cellular adaptive-response network, in the pathogenesis of diseases: Is
modulation of inflammation a unifying component? Gene Expr. J. Liver Res. 2010, 15, 1-11. [CrossRef]

Hai, T.; Wolfgang, C.D.; Marsee, D.K.; Allen, A.E.; Sivaprasad, U. ATF3 and stress responses. Gene Expr. |. Liver Res. 1999, 7,
321-335.

Nawa, T.; Nawa, M.T.; Adachi, M.T.; Uchimura, I.; Shimokawa, R.; Fujisawa, K.; Tanaka, A.; Numano, F.; Kitajima, S. Expression
of transcriptional repressor ATF3/LRF1 in human atherosclerosis: Colocalization and possible involvement in cell death of
vascular endothelial cells. Atherosclerosis 2002, 161, 281-291. [CrossRef]

Gold, E.S.; Ramsey, S.A.; Sartain, M.J.; Selinummi, J.; Podolsky, I.; Rodriguez, D.]J.; Moritz, R.L.; Aderem, A. ATFE3 protects against
atherosclerosis by suppressing 25-hydroxycholesterol-induced lipid body formation. J. Exp. Med. 2012, 209, 807-817. [CrossRef]
Schunkert, H.; Kénig, I.R.; Kathiresan, S.; Reilly, M.P.; Assimes, T.L.; Holm, H.; Preuss, M.; Stewart, A.E; Barbalic, M.; Gieger, C.
Large-scale association analysis identifies 13 new susceptibility loci for coronary artery disease. Nat. Genet. 2011, 43, 333-338.
[CrossRef] [PubMed]

Coronary Artery Disease (C4D) Genetics Consortium. A genome-wide association study in Europeans and South Asians identifies
five new loci for coronary artery disease. Nat. Genet. 2011, 43, 339-344. [CrossRef]

Samani, N.J.; Erdmann, J.; Hall, A.S.; Hengstenberg, C.; Mangino, M.; Mayer, B.; Dixon, R.J.; Meitinger, T.; Braund, P.; Wichmann,
H.-E. Genomewide association analysis of coronary artery disease. N. Engl. . Med. 2007, 357, 443-453. [CrossRef] [PubMed]
Nikpay, M.; Goel, A.; Won, H.-H.; Hall, L.M.; Willenborg, C.; Kanoni, S.; Saleheen, D.; Kyriakou, T.; Nelson, C.P.; Hopewell, ].C.
A comprehensive 1000 Genomes-based genome-wide association meta-analysis of coronary artery disease. Nat. Genet. 2015,
47,1121. [CrossRef] [PubMed]

McPherson, R.; Tybjaerg-Hansen, A. Genetics of coronary artery disease. Circ. Res. 2016, 118, 564-578. [CrossRef]

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

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

Breenne, 1.; Civelek, M.; Vilne, B.; Di Narzo, A.; Johnson, A.D.; Zhao, Y.; Reiz, B.; Codoni, V.; Webb, T.R.; Foroughi Asl, H.
Prediction of causal candidate genes in coronary artery disease loci. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 2207-2217.
[CrossRef] [PubMed]

Schunkert, H.; Gotz, A.; Braund, P.; McGinnis, R.; Tregouet, D.-A.; Mangino, M.; Linsel-Nitschke, P.; Cambien, F.; Hengstenberg,
C.; Stark, K. Repeated replication and a prospective meta-analysis of the association between chromosome 9p21. 3 and coronary
artery disease. Circulation 2008, 117, 1675-1684. [CrossRef] [PubMed]

Bonaterra, G.A.; Ziigel, S.; Thogersen, J.; Walter, S.A.; Haberkorn, U.; Strelau, J.; Kinscherf, R. Growth differentiation factor-15
deficiency inhibits atherosclerosis progression by regulating interleukin-6—-dependent inflammatory response to vascular injury. J.
Am. Heart Assoc. 2012, 1, e002550. [CrossRef]


http://doi.org/10.1016/j.cmet.2005.04.006
http://doi.org/10.1016/j.cell.2005.12.022
http://doi.org/10.1038/ncpcardio0836
http://doi.org/10.1161/CIRCULATIONAHA.120.050186
http://www.ncbi.nlm.nih.gov/pubmed/33626882
http://doi.org/10.1038/nature04768
http://www.ncbi.nlm.nih.gov/pubmed/16688168
http://doi.org/10.1210/me.2009-0463
http://www.ncbi.nlm.nih.gov/pubmed/20519332
http://doi.org/10.1038/s42255-020-00331-1
http://doi.org/10.3389/fendo.2020.00556
http://doi.org/10.1016/j.livres.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/29242753
http://doi.org/10.1007/s00395-018-0698-6
http://doi.org/10.1007/s00109-009-0520-x
http://doi.org/10.3727/105221610X12819686555015
http://doi.org/10.1016/S0021-9150(01)00639-6
http://doi.org/10.1084/jem.20111202
http://doi.org/10.1038/ng.784
http://www.ncbi.nlm.nih.gov/pubmed/21378990
http://doi.org/10.1038/ng.782
http://doi.org/10.1056/NEJMoa072366
http://www.ncbi.nlm.nih.gov/pubmed/17634449
http://doi.org/10.1038/ng.3396
http://www.ncbi.nlm.nih.gov/pubmed/26343387
http://doi.org/10.1161/CIRCRESAHA.115.306566
http://doi.org/10.1038/ng.3874
http://www.ncbi.nlm.nih.gov/pubmed/28530674
http://doi.org/10.1038/ng.3913
http://doi.org/10.1161/ATVBAHA.115.306108
http://www.ncbi.nlm.nih.gov/pubmed/26293461
http://doi.org/10.1161/CIRCULATIONAHA.107.730614
http://www.ncbi.nlm.nih.gov/pubmed/18362232
http://doi.org/10.1161/JAHA.112.002550

Metabolites 2022, 12, 840 14 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

Qing, H.; Liu, Y.; Zhao, Y.; Aono, J.; Jones, K.L.; Heywood, E.B.; Howatt, D.; Binkley, C.M.; Daugherty, A.; Liang, Y. Deficiency of
the NR4A orphan nuclear receptor NOR1 in hematopoietic stem cells accelerates atherosclerosis. Stem Cells 2014, 32, 2419-2429.
[CrossRef]

Arndt, L.; Dokas, J.; Jeromin, E; Thiery, J.; Burkhardt, R. Heterozygous deficiency of Tribbles homolog-1 gene (Trib1) increases
atherosclerotic lesions in ApoE-knockout mice. Clin. Chem. Lab. Med. 2015, 53, P068.

Kubota, M.; Yoshida, Y.; Kobayashi, E.; Matsutani, T; Li, S.-Y.; Zhang, B.-S.; Mine, S.; Machida, T.; Takizawa, H.; Hiwasa, T.; et al.
Serum anti-SERPINEI1 antibody as a potential biomarker of acute cerebral infarction. Sci. Rep. 2021, 11, 21772. [CrossRef]
Varbo, A.; Benn, M.; Tybjeerg-Hansen, A.; Grande, P.; Nordestgaard, B.G. TRIB1 and GCKR polymorphisms, lipid levels, and risk
of ischemic heart disease in the general population. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 451-457. [CrossRef]

Johnston, ].M.; Angyal, A.; Bauer, R.C.; Hamby, S.; Suvarna, S.K.; BaidZajevas, K.; Hegedus, Z.; Dear, T.N.; Turner, M.; Consortium,
C. Myeloid Tribbles 1 induces early atherosclerosis via enhanced foam cell expansion. Sci. Adv. 2019, 5, eaax9183. [CrossRef]
[PubMed]

Cai, M.; Zhang, N.; Yang, D.; Jiao, Q.; Qu, P.; Zhang, Y. High expression of SGK1 in thrombosis of acute ST-segment elevation
myocardial infarction: Based on proteomics analysis of intracoronary thrombosis. Rev. Port. Cardiol. 2022, 41, 271-279. [CrossRef]
Yasuda, H.; Kamide, K.; Takiuchi, S.; Matayoshi, T.; Hanada, H.; Kada, A.; Yang, J.; Miwa, Y.; Yoshii, M.; Horio, T. Association of
single nucleotide polymorphisms in endothelin family genes with the progression of atherosclerosis in patients with essential
hypertension. J. Hum. Hypertens. 2007, 21, 883-892. [CrossRef]

Marcos-Jubilar, M.; Orbe, J.; Roncal, C.; Machado, EJ.; Rodriguez, ].A.; Fernandez-Montero, A.; Colina, I; Rodil, R.; Pastrana, J.C.;
Paramo, J.A. Association of SDF1 and MMP12 with Atherosclerosis and Inflammation: Clinical and Experimental Study. Life
2021, 11, 414. [CrossRef]

Blaschke, E; Bruemmer, D.; Law, R.E. Egr-1 is a major vascular pathogenic transcription factor in atherosclerosis and restenosis.
Rev. Endocr. Metab. Disord. 2004, 5, 249-254. [CrossRef] [PubMed]

Ley, K.; Huo, Y. VCAM-1 is critical in atherosclerosis. J. Clin. Investig. 2001, 107, 1209-1210. [CrossRef]

Freigang, S.; Ampenberger, F.; Weiss, A.; Kanneganti, T.-D.; Iwakura, Y.; Hersberger, M.; Kopf, M. Fatty acid—-induced mitochon-
drial uncoupling elicits inflammasome-independent IL-1x and sterile vascular inflammation in atherosclerosis. Nat. Immunol.
2013, 14, 1045-1053. [CrossRef] [PubMed]

Hettwer, J.; Hinterdobler, J.; Miritsch, B.; Deutsch, M.-A.; Li, X.; Mauersberger, C.; Moggio, A.; Braster, Q.; Gram, H.; Robertson,
A.A. Interleukin-1f suppression dampens inflammatory leucocyte production and uptake in atherosclerosis. Cardiovasc. Res.
2021, online ahead of print. [CrossRef] [PubMed]

Koplev, S.; Seldin, M.; Sukhavasi, K.; Ermel, R.; Pang, S.; Zeng, L.; Bankier, S.; Di Narzo, A.; Cheng, H.; Meda, V. A mechanistic
framework for cardiometabolic and coronary artery diseases. Nat. Cardiovasc. Res. 2022, 1, 85-100. [CrossRef]

Lusis, A.J.; Seldin, M.M.; Allayee, H.; Bennett, B.].; Civelek, M.; Davis, R.C.; Eskin, E.; Farber, C.R.; Hui, S.; Mehrabian, M.; et al.
The Hybrid Mouse Diversity Panel: A resource for systems genetics analyses of metabolic and cardiovascular traits. J. Lipid Res.
2016, 57, 925-942. [CrossRef] [PubMed]

Ghazalpour, A.; Rau, C.D.; Farber, C.R.; Bennett, B.J.; Orozco, L.D.; van Nas, A.; Pan, C.; Allayee, H.; Beaven, S.W.; Civelek, M.
Hybrid mouse diversity panel: A panel of inbred mouse strains suitable for analysis of complex genetic traits. Mamm. Genome
2012, 23, 680-692. [CrossRef] [PubMed]

Bennett, B.J.; Davis, R.C.; Civelek, M.; Orozco, L.; Wu, J.; Qi, H.; Pan, C.; Packard, R.R.S.; Eskin, E.; Yan, M. Genetic architecture of
atherosclerosis in mice: A systems genetics analysis of common inbred strains. PLoS Genet. 2015, 11, €1005711. [CrossRef]
Willemsen, N.; Arigoni, I; Studencka-Turski, M.; Kriiger, E.; Bartelt, A. Proteasome dysfunction disrupts adipogenesis and
induces inflammation via ATF3. Mol. Metab. 2022, 62, 101518. [CrossRef]

Peng, J.; Le, C.; Xia, B.; Wang, J.; Liu, J.; Li, Z.; Zhang, Q.; Zhang, Q.; Wang, J.; Wan, C. Research on the correlation between
activating transcription factor 3 expression in the human coronary artery and atherosclerotic plaque stability. BMC Cardiovasc.
Disord. 2021, 21, 356. [CrossRef] [PubMed]

Lai, P-F.; Cheng, C.-F; Lin, H.; Tseng, T.-L.; Chen, H.-H.; Chen, S.-H. ATF3 protects against LPS-induced inflammation in mice via
inhibiting HMGB1 expression. Evid.-Based Complementary Altern. Med. 2013, 2013, 716481. [CrossRef] [PubMed]

Kwon, J.-W.,; Kwon, H.-K ; Shin, H.-].; Choi, Y.-M.; Anwar, M.A.; Choi, S. Activating transcription factor 3 represses inflammatory
responses by binding to the p65 subunit of NF-«B. Sci. Rep. 2015, 5, 14470. [CrossRef]

Kong, Q.; Zou, J.; Zhang, Z.; Pan, R.; Zhang, Z.Y.; Han, S.; Xu, Y.; Gao, Y.; Meng, Z.-X. BAF60a Deficiency in Macrophage Promotes
Diet-Induced Obesity and Metabolic Inflammation. Diabetes 2022, db220114. [CrossRef] [PubMed]

Kim, J.Y,; Park, K.J.; Hwang, ].-Y.; Kim, G.H.; Lee, D.; Lee, Y.J.; Song, E.H.; Yoo, M.-G.; Kim, B.-J.; Suh, Y.H. Activating transcription
factor 3 is a target molecule linking hepatic steatosis to impaired glucose homeostasis. J. Hepatol. 2017, 67, 349-359. [CrossRef]
[PubMed]

Desvergne, B.; Michalik, L.; Wahli, W. Transcriptional regulation of metabolism. Physiol. Rev. 2006, 86, 465-514. [CrossRef]
Belalcazar, M.; Brasier, A.R. Liver gene expression associated with diet and lesion. Physiol Genom. 2004, 19, 131-142.

Zhu, J.; Zhang, B.; Smith, E.N.; Drees, B.; Brem, R.B.; Kruglyak, L.; Bumgarner, R.E.; Schadt, E.E. Integrating large-scale functional
genomic data to dissect the complexity of yeast regulatory networks. Nat. Genet. 2008, 40, 854-861. [CrossRef]


http://doi.org/10.1002/stem.1747
http://doi.org/10.1038/s41598-021-01176-8
http://doi.org/10.1161/ATVBAHA.110.216333
http://doi.org/10.1126/sciadv.aax9183
http://www.ncbi.nlm.nih.gov/pubmed/31692955
http://doi.org/10.1016/j.repc.2021.02.023
http://doi.org/10.1038/sj.jhh.1002234
http://doi.org/10.3390/life11050414
http://doi.org/10.1023/B:REMD.0000032413.88756.ee
http://www.ncbi.nlm.nih.gov/pubmed/15211096
http://doi.org/10.1172/JCI13005
http://doi.org/10.1038/ni.2704
http://www.ncbi.nlm.nih.gov/pubmed/23995233
http://doi.org/10.1093/cvr/cvab337
http://www.ncbi.nlm.nih.gov/pubmed/34718444
http://doi.org/10.1038/s44161-021-00009-1
http://doi.org/10.1194/jlr.R066944
http://www.ncbi.nlm.nih.gov/pubmed/27099397
http://doi.org/10.1007/s00335-012-9411-5
http://www.ncbi.nlm.nih.gov/pubmed/22892838
http://doi.org/10.1371/journal.pgen.1005711
http://doi.org/10.1016/j.molmet.2022.101518
http://doi.org/10.1186/s12872-021-02161-9
http://www.ncbi.nlm.nih.gov/pubmed/34320932
http://doi.org/10.1155/2013/716481
http://www.ncbi.nlm.nih.gov/pubmed/24062788
http://doi.org/10.1038/srep14470
http://doi.org/10.2337/db22-0114
http://www.ncbi.nlm.nih.gov/pubmed/35822944
http://doi.org/10.1016/j.jhep.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28365312
http://doi.org/10.1152/physrev.00025.2005
http://doi.org/10.1038/ng.167

Metabolites 2022, 12, 840 15 of 15

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Deloukas, P.; Kanoni, S.; Willenborg, C.; Farrall, M.; Assimes, T.L.; Thompson, J.R.; Ingelsson, E.; Saleheen, D.; Erdmann, J.;
Goldstein, B.A. Large-scale association analysis identifies new risk loci for coronary artery disease. Nat. Genet. 2013, 45, 25-33.
[CrossRef]

Astle, W.]; Elding, H.; Jiang, T.; Allen, D.; Ruklisa, D.; Mann, A.L.; Mead, D.; Bouman, H.; Riveros-Mckay, F; Kostadima, M. A.
The allelic landscape of human blood cell trait variation and links to common complex disease. Cell 2016, 167, 1415-1429.e19.
[CrossRef]

Webb, T.; Erdmann, J.; Stirrups, K.; Stitziel, N.; Masca, N. Wellcome Trust Case Control Consortium; MORGAM Investigators;
Myocardial Infarction Genetics and CARDIoGRAM Exome Consortia Investigators. Systematic Evaluation of Pleiotropy Identifies
6 Further Loci Associated With Coronary Artery Disease. JACC 2017, 69, 823. [CrossRef] [PubMed]

Derry, ].M.; Zhong, H.; Molony, C.; MacNeil, D.; Guhathakurta, D.; Zhang, B.; Mudgett, J.; Small, K.; El Fertak, L.; Guimond, A.
Identification of genes and networks driving cardiovascular and metabolic phenotypes in a mouse F2 intercross. PLoS ONE 2010,
5, €14319. [CrossRef] [PubMed]

Wang, S.S.; Schadt, E.E.; Wang, H.; Wang, X.; Ingram-Drake, L.; Shi, W.; Drake, T.A.; Lusis, A.]. Identification of pathways for
atherosclerosis in mice: Integration of quantitative trait locus analysis and global gene expression data. Circ. Res. 2007, 101,
e11-e30. [CrossRef] [PubMed]

Yang, X.; Schadt, E.E.; Wang, S.; Wang, H.; Arnold, A.P; Ingram-Drake, L.; Drake, T.A.; Lusis, A.]J. Tissue-specific expression and
regulation of sexually dimorphic genes in mice. Genome Res. 2006, 16, 995-1004. [CrossRef] [PubMed]

Schadlt, E.E.; Molony, C.; Chudin, E.; Hao, K.; Yang, X.; Lum, PY.; Kasarskis, A.; Zhang, B.; Wang, S.; Suver, C. Mapping the
genetic architecture of gene expression in human liver. PLoS Biol. 2008, 6, €107. [CrossRef] [PubMed]

Tu, Z.; Keller, M.P; Zhang, C.; Rabaglia, M.E.; Greenawalt, D.M.; Yang, X.; Wang, [.-M.; Dai, H.; Bruss, M.D.; Lum, PY. Integrative
analysis of a cross-loci regulation network identifies App as a gene regulating insulin secretion from pancreatic islets. PLoS Genet.
2012, 8, €1003107. [CrossRef]

Wang, LM.; Zhang, B.; Yang, X.; Zhu, J.; Stepaniants, S.; Zhang, C.; Meng, Q.; Peters, M.; He, Y.; Ni, C. Systems analysis of eleven
rodent disease models reveals an inflammatome signature and key drivers. Mol. Syst. Biol. 2012, 8, 594. [CrossRef] [PubMed]
Yang, X.; Zhang, B.; Molony, C.; Chudin, E.; Hao, K.; Zhu, J.; Gaedigk, A.; Suver, C.; Zhong, H.; Leeder, ].S. Systematic genetic and
genomic analysis of cytochrome P450 enzyme activities in human liver. Genome Res. 2010, 20, 1020-1036. [CrossRef]

Shu, L.; Zhao, Y.; Kurt, Z.; Byars, S.G.; Tukiainen, T.; Kettunen, J.; Orozco, L.D.; Pellegrini, M.; Lusis, A.J.; Ripatti, S. Mergeomics:
Multidimensional data integration to identify pathogenic perturbations to biological systems. BMC Genom. 2016, 17, 874.
[CrossRef]


http://doi.org/10.1038/ng.2480
http://doi.org/10.1016/j.cell.2016.10.042
http://doi.org/10.1016/j.jacc.2016.11.056
http://www.ncbi.nlm.nih.gov/pubmed/28209224
http://doi.org/10.1371/journal.pone.0014319
http://www.ncbi.nlm.nih.gov/pubmed/21179467
http://doi.org/10.1161/CIRCRESAHA.107.152975
http://www.ncbi.nlm.nih.gov/pubmed/17641228
http://doi.org/10.1101/gr.5217506
http://www.ncbi.nlm.nih.gov/pubmed/16825664
http://doi.org/10.1371/journal.pbio.0060107
http://www.ncbi.nlm.nih.gov/pubmed/18462017
http://doi.org/10.1371/journal.pgen.1003107
http://doi.org/10.1038/msb.2012.24
http://www.ncbi.nlm.nih.gov/pubmed/22806142
http://doi.org/10.1101/gr.103341.109
http://doi.org/10.1186/s12864-016-3198-9

	Introduction 
	Results 
	Identification of ATF3 As a Central Key Driver Gene of a Liver-Specific Regulatory Network 
	Identification of ATF3 As Direct and Indirect Regulator of LDLR 
	ATF3 Has the Potential to Bind to MAFF and LDLR Promoter and Intronic Regions 
	In Vitro Experiments Clarify the Regulatory Role of ATF3 on MAFF and LDLR Expression 
	Inflammatory Effects on ATF3, LDLR and MAFF Expression in Liver Tissue 
	In Vivo Data of Human and Mouse Confirm the Importance of ATF3 for Cholesterol Metabolism 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

