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A B S T R A C T   

Endothelial dysfunction results in chronic vascular inflammation, which is critical for the development of 
atherosclerotic diseases. Transcription factor Gata6 has been reported to regulate vascular endothelial cell 
activation and inflammation in vitro. Here, we aimed to explore the roles and mechanisms of endothelial Gata6 in 
atherogenesis. 

Endothelial cell (EC) specific Gata6 deletion was generated in the ApoeKO hyperlipidemic atherosclerosis 
mouse model. Atherosclerotic lesion formation, endothelial inflammatory signaling, and endothelial-macrophage 
interaction were examined in vivo and in vitro by using cellular and molecular biological approaches. EC-GATA6 
deletion mice exhibited a significant decrease in monocyte infiltration and atherosclerotic lesion compared to 
littermate control mice. Cytosine monophosphate kinase 2 (Cmpk2) was identified as a direct target gene of 
GATA6 and EC-GATA6 deletion decreased monocyte adherence, migration and pro-inflammatory macrophage 
foam cell formation through regulation of the CMPK2-Nlrp3 pathway. Endothelial target delivery of Cmpk2- 
shRNA by intercellular adhesion molecule 2 (Icam-2) promoter-driven AAV9 carrying the shRNA reversed the 
Gata6 upregulation mediated elevated Cmpk2 expression and further Nlrp3 activation and thus attenuated 
atherosclerosis. In addition, C–C motif chemokine ligand 5 (Ccl5) was also identified as a direct target gene of 
Gata6 to regulate monocyte adherence and migration influencing atherogenesis. 

This study provides direct in vivo evidence of EC-GATA6 involvement in the regulation of Cmpk2-Nlrp3, as 
well as Ccl5, on monocyte adherence and migration in atherosclerosis development and advances our 
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understanding of the in vivo mechanisms of atherosclerotic lesion development, and meanwhile provides op-
portunities for future therapeutic interventions.   

1. Introduction 

Atherosclerosis has been recognized as a chronic inflammatory dis-
ease resulting in ischemia of the heart and brain and is the leading cause 
of death worldwide [1,2]. Activated dysfunctional endothelial cells 
(ECs) recruit leukocytes to the arterial wall leading to vascular wall 
inflammation which is responsible for the initiation and development of 
atherosclerosis. 

EC dysfunction results in the earliest atherosclerotic lesion, such as 
the focal permeation, trapping and physicochemical modification of 
circulating lipoprotein particles in the sub-endothelial space [3,4]. This 
sets into motion a complex pathogenic sequence [1,3,4], initially 
involving the selective recruitment of circulating monocytes from the 
blood into the intima where they differentiate into macrophages and 
internalize modified lipoproteins to become foam cells, the hallmark of 
early fatty streak lesions. Thereafter, multiple chemokines and growth 
factors elaborated by activated endothelium and macrophages act on 
neighboring smooth muscle cells or their precursors [5] to induce their 
proliferation and synthesis of extracellular matrix components within 
the intimal compartment, thus generating a fibromuscular plaque. The 
final progressive structural vascular remodeling develops advanced 
atherosclerotic lesions with fibrous caps overlying lipid-rich, necrotic 
cores consisting of oxidized lipoproteins, cholesterol crystals and 
cellular debris accompanied by varying degrees of matrix remodeling 
and calcification. Given the importance of EC dysfunction in the initia-
tion and development of atherosclerosis, a more thorough understand-
ing of the molecular pathways that regulate this process is warranted. 

Gata proteins are members of a zinc finger protein family of tran-
scription factors that recognize the consensus (A/T)GATA(A/G) and 
related sequences [6]. Gata6 is highly expressed in the cardiovascular 
system and has been implicated in various developmental processes, 
including cell proliferation and differentiation [6–10]. Previous studies 
in vitro cultured ECs showed that EC activation was associated with 
Gata6 nuclear translocation, chromatin binding, and enhanced 
Gata6-dependent transcriptional activation of vascular cell adhesion 
molecule-1 (VCAM-1) [11,12], which recruit leukocytes to the arterial 
wall that is believed to be of primary importance in the pathogenesis of 
atherosclerosis. However, the direct effect of EC-Gata6 on atherogenesis 
in vivo has not been clarified. 

To study in vivo function of Gata6 in atherosclerosis, endothelial- 
specific loss of Gata6 in the ApoeKO hyperlipidemic atherosclerosis 
mouse model was generated and the mutant mice displayed attenuated 
atherosclerotic lesion formation compared to the corresponding litter-
mate control mice. Mechanism studies showed that EC-Gata6 deletion 
reduced monocyte adherence, migration and recruitment into the 
vascular wall. Cytosine (or deoxycytosine) monophosphate kinase 2 
(Cmpk2), a family member of nucleotide kinases targeting mitochondria 
where it converts dCMP to dCDP and then converts to dCTP, was 
recently reported to be closely associated with NLRP3 inflammasome 
activation [13]. The NLRP3 inflammasome is implicated in several se-
vere chronic inflammatory disorders such as atherosclerosis [14–16]. 
We identified Cmpk2, as well as chemokine Ccl5, as direct downstream 
targets of Gata6, and Cmpk2 acting on the Nlrp3 inflammasome and 
IL-1β production, together affecting monocyte adherence and migration 
for atherogenesis. Moreover, we constructed Icam-2 promoter-driven 
AAV9 target delivery of Cmpk2-shRNA into ECs to reverse the elevated 
expression of Cmpk2 and in turn Nlrp3 inflammasome activation 
mediated by EC-Gata6 upregulation in ApoeKO hyperlipidemic mice, and 
thus reduced atherosclerosis [17]. These data demonstrate an important 
role of EC-Gata6 in in vivo atherogenesis and uncover a 
Gata6-Cmpk2-Nlrp3 inflammasome activation and Gata6-Ccl5 as novel 

regulators of endothelial dysfunction in atherogenesis. 

2. Material and methods 

The data that support the findings of this study are available from the 
corresponding author upon reasonable request. 

2.1. Generation of vascular EC-specific Gata6 loss-of-function in ApoeKO 

hyperlipidemic atherosclerosis mouse model 

The conditional Gata6 knockout mice [18] were crossed with the 
EC-specific Cdh5CreERT2 line [19] to generate endothelial-specific loss 
of Gata6 in ApoeKO background, Gata6flox/flox;Cdh5CreERT2;ApoeKO 

abbreviated as Gata6ECKO;ApoeKO, and fed with a high-fat diet for 8 
weeks for the hyperlipidemia atherosclerosis mouse model. Gata6wt/wt; 
Cdh5CreERT2;ApoeKO mice were used as control and abbreviated as WT; 
ApoeKO. All animal experiments were approved by the Tongji University 
Institutional Animal Care and Use Committee and conformed to the 
guidelines from Directive2010/63/EU of the European Parliament on 
the protection of animals used for scientific purposes. Mice were sacri-
ficed by an overdose of anesthesia with 1% pentobarbital sodium (100 
mg/kg, i.p.) at the indicated time point. The primer sequences of mRNA 
expression in vivo/in vitro are listed in Online Table I, and the detailed 
protocols are described in Methods of the online-only Data Supplement. 
The data, methods used in the analysis, and materials used to conduct 
the research are available from the corresponding author on reasonable 
request. 

2.2. Construct of Icam-2 promoter-driven AAV9 for target delivery of 
Cmpk2-shRNA specifically into ECs to evaluate the effects of EC-Gata6- 
Cmpk2 signal in atherogenesis of ApoeKO hyperlipidemia mice 

An Icam-2 promoter-driven Cmpk2-shRNA fusion with GFP AAV9 
was constructed for EC-targeted delivery of Cmpk2-shRNA to evaluate 
the effect of Cmpk2 inhibition on Gata6-dependent atherogenesis [17]. 

2.3. Statistical analysis 

Data are presented as mean ± SEM for at least 3 or 5 independent 
assays unless otherwise noted. All data were first assessed for normality 
and equal variance. The D’Agostino-Pearson omnibus normality test was 
used to check for normality of data distribution. For data passed 
normality and equal variance, the student t-test was used for 2-sample 
comparisons; 1-way ANOVA with Tukey post hoc tests was used for 
comparisons between multiple groups. Nonparametric statistical test 
with Kruskal-Wallis with Dunn post hoc test or 2-tailed Mann-Whitney U 
test was performed for sample size less than 5 per group and data failed 
normality or equal variance test. Values of P < 0.05 were considered as 
statistically significant. 

3. Results 

3.1. Elevated Gata6 expression in human coronary endothelium with 
atherosclerotic plaques or in ApoeKO hyperlipidemic mouse artery and 
atherosclerotic prone endothelium 

Gata6 is highly expressed in ECs of normal artery [10] and signifi-
cantly elevated expression was seen in atherosclerotic endothelium of 
human coronary artery with atherosclerotic plaques (Fig. 1A) and by 
Co-immunostaining of Gata6 and endothelial marker CD31. 
Co-immunostaining of Gata6 and endothelial marker CD31 showed 
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Gata6 expression in normal aortic ECs from ApoeWT mice, and the 
increased expression in the ECs from ApoeKO hyperlipidemic mice 
(Fig. 1B), which was confirmed by RT-qPCR (Fig. 1C) and Western blot 
(Fig. 1D). The elevated Gata6 expression in the mouse model was 
confirmed in human aortic ECs (HAECs) treated with oxidized 
low-density lipoprotein (oxLDL) by RT-qPCR (Fig. 1E), Western blot 
(Fig. 1F) and digital PCR (Fig. 1G). 

Endothelial cells are critical sensors of shear stress and regulate 
vascular homeostasis. Branches and bends of arteries are exposed to low 
oscillatory shear stress (OSS), an environment that promotes vascular 
dysfunction and atherosclerosis, while physiologically high laminar 

shear stress (LSS) is protective [20]. Our further study showed elevated 
Gata6 expression in aortic arch ECs, compared with that in thoracic arch 
ECs (Fig. 1H), and the same elevated expression was confirmed in 
HAECs treated with oscillatory shear stress (Fig. 1I and J). These data 
suggest a possible role of endothelial Gata6 (EC-Gata6) in atherogenesis. 

3.2. Loss of endothelial Gata6 attenuates atherosclerotic lesion formation 
with decreased macrophages in atherosclerotic lesion due to reduced 
monocyte adhesion and migration 

To explore the role of EC-Gata6 in atherosclerotic lesion formation, 

Fig. 1. Elevated Gata6 expression in the endothelium of atherosclerotic lesions of human coronary artery and Apoe knockout hyperlipidemic mouse 
artery. (A) The representative images of immunostaining of GATA6 in the endothelium of human coronary artery with or without atherosclerotic lesions by co- 
staining with EC marker CD31 (n = 6), with quantification data on the right and the arrows indicating Gata6 positive endothelial cells (ECs) (n = 6). (B–D) 
Gata6 expression in aortic ECs of Apoe knockout (ApoeKO) hyperlipidemic and ApoeWT mice by co-staining with EC marker CD31 (B) (n = 6), quantitative reverse 
transcription PCR (RT-qPCR) (C) and Western blot (D) (n = 5). (E–G) GATA6 expression in human aortic ECs (HAECs) treated with oxidized low density lipoprotein 
(oxLDL, 50 μg/ml for 48hr) or vehicle control by RT-qPCR (E), Western blot (F) with quantification data on the right (n = 5) and digital PCR (G) (n = 3). (H) Gata6 
expression in aortic arch or thoracic arch ECs by RT-qPCR (n = 5). (I) Schematic diagrams on design of in vitro shear stress flow system and cross sections of cell 
chamber. (J) GATA6 expression in HAECs treated with oscillatory shear stress (OSS) or laminar shear stress (LSS) by RT-qPCR (n = 5). Quantification of Western blot 
was carried out with Image J and normalized to loading control β-actin. Unpaired 2-tailed student t-test for A-F, H, J and nonparametric statistical test for G. Scale 
bars: A, B, 100 μm. 
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we generated Gata6ECKO;ApoeKO mice, the specific EC-Gata6 deletion 
mice on an ApoeKO hyperlipidemic background. The significantly 
reduced Gata6 expression was confirmed in ECs of EC-Gata6 deletion 
mice by RT-qPCR (Fig. 2A) and Western blot (Fig. 2B). No significant 
alteration of body weight, plasma cholesterol were observed between 
Gata6ECKO;ApoeKO and littermate WT;ApoeKO mice after 8 weeks of high- 
fat western diet (Online Table IIA). Specific deletion of Gata6 in ECs 
caused significantly decreased atherosclerotic lesion percentages from 

11.0 ± 1.0% (mean ± SEM) to 6.9 ± 0.6% (P < 0.05) as measured by 
Sudan IV-positive stained area of enface aorta compared with those of 
WT;ApoeKO mice (Fig. 2C). Similarly, Gata6ECKO;ApoeKO mutant mice 
exhibited decreased lesion area from 2.0 ± 0.2 × 105 μm [2] to 1.0 ±
0.1 × 105 μm [2] (P < 0.01) and percentage of lesion from 18.3 ± 1.6% 
to 10.7 ± 1.3% (P < 0.01) (Fig. 2D). There was no significant difference 
of atherosclerotic lesions in aorta enface and aortic root between male 
and female mice. 

Fig. 2. Endothelial Gata6 deletion reduces atherosclerotic lesions and lesional macrophages due to decreased macrophage adhesion, migration and 
reduced pro-inflammatory macrophage foam cell formation. (A–B) Gata6 expression of Gata6fl/fl;Cdh5-CreERT2;ApoeKO(Gata6ECKO;ApoeKO) mutant and Gata6WT/ 

WT;Cdh5-CreERT2;ApoeKO (WT;ApoeKO) littermate wild-type mice by RT-qPCR (A) and Western blot (B) following tamoxifen treatment (100 mg/kg, i.p. every other day 
for total 4 times) (n = 5). (C–E) The representative images of Sudan IV staining of en face aorta (C), aortic root (D)and F4/80 immunostaining aortic root sections (E) 
in Gata6ECKO;ApoeKO and littermate wild-type mice following 8 weeks high-fat western diet with quantification data on the right (n = 12, 6 each for male and female 
mice per group). (F–G) GATA6 expression by RT-qPCR (F) and Western blot (G) with quantification data on the right in HAECs of GATA6-siRNA knockdown and 
scramble siRNA control(n = 5). (H–J) Adhesion of monocytes to GATA6-siRNA or scramble-siRNA ECs (H), monocyte migration in Boyden chamber assay (I) and 
macrophages engulf of Dil-labeled oxidized low-density lipoprotein (oxLDL) (J) after treatment of condition medium from GATA6-siRNA or scramble-siRNA ECs, 
with representative images on the left and quantitative data left (n = 5). (K) The expression of oxidized low density lipoprotein receptor 1 (OLR1), interleukin-1β (IL- 
1β) and monocyte chemoattractant protein-1 (MCP-1) in macrophages following treatment by oxLDL and condition medium from GATA6-siRNA or scramble-siRNA 
ECs. Quantification of Western blot was carried out with Image J and normalized to loading control β-actin. Unpaired 2-tailed student t-test for A, B and F–K and two- 
way ANOVA followed by Turkey post hoc test for C-E. Scale bars: C, 2 mm; D, 500 μm; E, H, I, 100 μm; J, 50 μm. 
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Next, we characterized the cellular composition of the atheroscle-
rotic lesions by immunostaining of the aortic root, and the number of 
F4/80+-macrophages within the lesions was reduced from 11.9 ± 0.9% 
in littermate WT; ApoeKO mice to 7.7 ± 0.7% (P < 0.01) in Gata6ECKO; 
ApoeKO mutant mice at (Fig. 2E). 

To explore the cellular mechanism for the decreased macrophages 
within the lesion, we constructed GATA6 knockdown HAECs and the 
knockdown efficiency was confirmed by RT-qPCR (Fig. 2F) and Western 
blot (Fig. 2G). And, we observed a significantly reduced adherence of 
THP-1, a human leukemia monocytic cell line labeled with fluorescent 
RFP-dye, to confluent HAECs with GATA6 was knockdown by siRNA 
(Fig. 2H, Online Fig. 1A). Furthermore, the adherence of THP-1 to 
HAECs was increased under oscillating shear stress condition, which was 
decreased in GATA6 knockdown HAECs (Online Fig. 1B). 

The conditional medium from GATA6-siRNA knockdown HAECs 
significantly decreased monocyte/macrophage migration in the Boyden 
chamber assay (Fig. 2I). These results suggest that EC-Gata6 is important 
in the regulation of monocyte adhesion, migration and infiltration into 
the vessel wall during atherosclerotic lesion development. 

3.3. Loss of endothelial GATA6 impedes macrophage phagocytosis and 
pro-inflammatory macrophage foam cell formation 

Phagocytosis initiated by the atherogenic modified LDL through re-
ceptors such as scavenger receptors and oxidized low density lipoprotein 
receptor 1 (OLR1) on macrophages, which triggers a pro-inflammatory 
immune response and intracellular lipid accumulation, is an important 
step in foam cell formation and atherosclerosis development. To inves-
tigate the roles and mechanisms of EC-GATA6 in macrophage phago-
cytosis, we stimulated macrophages with EC-conditioned medium, and 
observed a significant decrease of proinflammatory M1 macrophage 
markers, interleukin-1β (IL-1β) and TNF-α (tumor necrosis factor-α) in 
macrophage, and no significant change of M2 macrophage markers 
(CD115, CD163) by RT-qPCR (Online Fig. 2). Moreover, the EC- 
conditioned medium from GATA6-knockdown HAECs impeded macro-
phage phagocytosis of oxLDL to form pro-inflammatory macrophages as 
demonstrated by reduced numbers of Dil-label oxLDL + macrophage 
(Fig. 2J), and also reduced expression of oxidized low density lipopro-
tein receptor 1 (OLR1), monocyte chemoattractant protein-1 (MCP1) 
(Fig. 2K), which are known to promote atherosclerosis. 

3.4. Cmpk2 and Ccl5 are identified as possible Gata6 direct downstream 
target genes responsible for the EC-Gata6 upregulation-mediated 
atherosclerotic lesion development through regulation of monocyte/ 
macrophage infiltration and proinflammatory macrophage formation 

We performed RNA-sequencing using ECs of Gata6 mutant fluores-
cent reporter mice GATA6ECKO;R26RmT/mG and wild-type control lit-
termates GATA6WT;Cdh5CreERT2;R26RmT/mG in our recent paper [21]. To 
investigate the potential target genes for EC-Gata6 upregulation-me-
diated atherogenesis, we re-analyzed the RNA-sequencing data and 
found a dramatically reduced expression of Cmpk2 in Gata6ECKO mutant 
mice. 

Cmpk2, a family member of nucleotide kinases targeting to mito-
chondria where it converts dCMP to dCDP, and then to dCTP, was 
recently reported to be closely associated with NLRP3 inflammasome 
activation [13], while NLRP3 inflammasome activation and IL-1β pro-
duction is implicated in atherogenesis [15,16]. Our data showed a 
significantly elevated expression of Gata6 in aortic ECs of ApoeKO 

hyperlipidemic mice and that similar increased expression of Cmpk2, 
and also Nlrp3 and IL-1β was observed by RT-qPCR (Fig. 3A) and 
Western blot (Fig. 3B) compared with that of littermate wild-type mice. 
Moreover, GATA6 expression levels varied in parallel with Cmpk2 when 
they were upregulated after treatment with oxLDL, and GATA6-siRNA 
knockdown reversed the oxLDL-induced upregulation of GATA6, then 
Cmpk2, Nlrp3 and IL-1β in HAECs (Fig. 3C), suggesting that Gata6 might 

regulate Cmpk2, then Nlrp3 and IL-1β expression and thereby influence 
atherogenesis. 

In order to validate whether Cmpk2 is a direct Gata6 target gene, we 
performed promoter sequence analysis and found 4 GATA6 binding sites 
in the proximal promoter region CMPK2 gene (Fig. 3D). Chromatin 
immunoprecipitation (ChIP) assay showed a direct association of GATA- 
6 with the CMPK2 promoter (Fig. 3E). To determine whether GATA-6 
could directly activate Cmpk2 transcription, we cloned the Cmpk2 
promoter sequence of -2kb–0 kb containing 4 Gata6 conserved binding 
sites into pGL3 basic luciferase reporter vector (Online Fig. 3) and the 
luciferase reporter assay showed that Gata6 activated the luciferase 
activity in a dose-dependent manner (Fig. 3F). Further RT-qPCR and 
Western blot study showed that GATA6-siRNA knockdown significantly 
reduced the oxLDL-induced elevated expression of GATA6 and further 
CMPK2, and in turn NLRP3 and IL-1β, while CMPK2 overexpression 
reversed the GATA6-siRNA knockdown mediated reduced expression of 
CMPK2, NLRP3 and IL-1β signal (Fig. 3G and H). We also observed a 
significant decrease in IL-1β secretion in condition medium from Gata6 
knockdown ECs by Elisa, which was rescued by overexpression of 
Cmpk2 in HAECs (Fig. 3I). Moreover, we found a significant reversal of 
CMPK2 overexpression for GATA6-siRNA mediated reduction of 
monocyte adhesion to HAECs (Fig. 3J) and MOAECs (Online Fig. 4), 
monocyte migration (Fig. 3K) and pro-inflammatory foam cell formation 
(Fig. 3L). These results suggest that Cmpk2 is the Gata6 novel direct 
downstream target gene and elevated Cmpk2 expression by Gata6 
upregulation activates the Nlrp3 inflammasome and increases IL-1β 
production contributing to atherosclerotic lesion development through 
regulation of monocyte adhesion, monocyte/macrophage migration and 
proinflammatory macrophage formation in ApoeKO hyperlipidemic 
mice. 

In addition to Gata6 mediated regulation of Cmpk2 expression 
associated with NLRP3 inflammasome activation leading to athero-
sclerosis, the C–C motif chemokine ligand 5 (Ccl5) has been widely 
established to be involved in the regulation of monocyte adhesion and 
migration contributing to the inflammatory recruitment of classical 
monocytes and vascular inflammation during the development of 
atherosclerosis [22,23]. There was a significantly elevated expression of 
Gata6 and Ccl5 in aortic ECs of ApoeKO mice compared with littermate 
wild-type mice (Fig. 4A), and also in HAECs treated with oxLDL 
compared with the vehicle control (Fig. 4B). GATA6-siRNA knockdown 
significantly reduced the GATA6 upregulation and further CCL5 
expression (Fig. 4C). Sequence analysis showed GATA6 binding sites in 
the promoter region of CCL5 (Fig. 4D) and ChIP assay showed an as-
sociation of GATA6 with the promoter of CCL5 (Fig. 4E). Luciferase 
assay confirmed that Gata6 expression vector dose-dependently acti-
vated the promoter of Ccl5 containing Gata6 binding sites (Fig. 4F). 
Moreover, CCL5 overexpression significantly reversed the 
GATA6-siRNA mediated reduction of monocyte adhesion to HAECs 
(Fig. 4G) and monocyte migration (Fig. 4H). We also observed a sig-
nificant decrease in CCL5 secretion in condition medium from Gata6 
knockdown ECs by Elisa, which was rescued by overexpression of CCL5 
in HAECs (Fig. 4I). These results provide evidence that Ccl5 might also 
be a novel direct target gene of Gata6 contributing to atherogenesis 
through regulation of monocyte adhesion, monocyte/macrophage 
migration. 

3.5. Icam-2 promoter-driven AAV9 target delivery of Cmpk2-shRNA into 
ECs for inhibiting EC-Gata6 upregulation mediated elevation of Cmpk2 
expression to protect monocyte adherence and migration for atherogenesis 
in ApoeKO hyperlipidemic mice 

To clarify whether the EC-Gata6 mediated Cmpk2-Nlrp3 signal is 
required for atherosclerotic lesion development in ApoeKO hyper-
lipidemic mice, we constructed an intercellular adhesion molecule 2 
(Icam-2)-promoter-driven and GFP fusion AAV9 carrying Cmpk2-shRNA 
to target deliver the shRNA specifically into ECs [17] (Fig. 5A). A 
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Fig. 3. Cmpk2 is identified as Gata6 direct downstream target gene in ECs for the regulation of monocyte adhesion, migration and pro-inflammatory 
macrophage formation. (A–C) The expression of Cytidine/uridine monophosphate kinase 2 (Cmpk2) by RT-qPCR (A) and Western blot (B) with quantification 
data on the right in aortic ECs of Gata6ECKO;ApoeKO hyperlipidemic and ApoeWT mice (n = 5), and in oxLDL stimulated HAECs of GATA6-siRNA knockdown and 
scramble siRNA control by RT-qPCR (C) (n = 5). (D) Sequence analysis of GATA6 binding sites (red oval) in the proximal promoter region of CMPK2 gene. (E) 
Chromatin immunoprecipitation (ChIP) assay of GATA6 and the promoter of CMPK2 gene with gel images on the top. (F) The luciferase activity of proximal-2kb 
Cmpk2 promoter with Gata6 binding sites by Gata6 expression vector in 293T cells (n = 3). (G–H) The expression of NLRP3 inflammasome components, NLRP3 
and IL-1β, in oxLDL-treated ECs by RT-qPCR (G) and Western blot (H) with quantification data on the right, and the effects of GATA6-siRNA, CMPK2 vector for 
overexpression or the combination on NLRP3 inflammasome activation. (I) Secreted IL-1β level in conditioned medium of GATA6-siRNA or scramble-siRNA ECs by 
ELISA (n = 5). (J–L) The quantitative data of monocyte adhesion to GATA6-siRNA or scramble-siRNA ECs (J), monocyte migration in Boyden chamber assay (K) and 
macrophages engulf of Dil-labeled oxLDL (L) after treatment of condition medium from GATA6-siRNA or scramble-siRNA ECs (n = 5). Quantification of Western blot 
was carried out with Image J and normalized to loading control β-actin. Unpaired 2-tailed student t-test for A-C, G-L and nonparametric statistical test for F. 
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significant GFP expression was observed specifically in the 
CD31-positive staining ECs of mouse aortas following intravenous in-
jection of Icam-2 promoter-driven AAV9 (Fig. 5B) indicating that this 
Icam-2-AAV9 specifically entered into vascular ECs. Significant inhibi-
tion of Cmpk2 expression was confirmed by RT-PCR and Western blot in 
mouse ECs following administration of Icam-2 AAV9 carrying 
Cmpk2-shRNA compared with those carrying scramble-shRNA (Fig. 5C 
and D). Copy numbers of Cmpk2 mRNA in ECs was further quantified by 
digital PCR, and result demonstrated a significant decrease in mRNA 
copy number of EC-Cmpk2 in mice with administration of Icam-2 AAV9 
carrying Cmpk2-shRNA (Fig. 5E). No significant change of body weight 
and plasma cholesterol content were obseverd in AAV-Cmpk2 shRNA or 
scramble shRNA control mice (Online Table IIB). This specific inhibition 
of the Gata6 upregulation-mediated elevation of Cmpk2 expression in 
ECs of ApoeKO hyperlipidemic mice by Icam-2 promoter-driven AAV9 
carrying Cmpk2-shRNA significantly diminished the enhanced athero-
sclerotic lesion formation, with the percentage of lesion reduction from 
22.1 ± 1.2% (mean ± SEM) to 12.1 ± 0.8% (P < 0.01) in aorta en face 
(Fig. 5F), and average lesion reduction from 2.0 ± 0.2 × 105 μm [2] to 
1.0 ± 0.1 × 105 μm [2] (P < 0.01), as well as percentage lesion reduction 

from 19.6 ± 1.4% to 10.3 ± 1.3% (P < 0.01) in the aortic root (Fig. 5G), 
as measured by Sudan IV-positive stained area compared with those by 
the AAV9 carrying scramble-shRNA. Also, the number of 
F4/80+-macrophages within the lesions was reduced from 13.2% of 
ApoeKO mice to 8.9% of ApoeKO mice following administration of Icam-2 
promoter-driven AAV9 carrying Cmpk2-shRNA (Fig. 5H). Moreover, 
Cmpk2-shRNA knockdown in ECs decreased the expression of Nlrp3 and 
IL-1β (Fig. 5I–J). These data suggest that EC-Cmpk2 knockdown inhibits 
Nlrp3 inflammasome activation and IL-1β production to reduce mono-
cyte/macrophage infiltration and further alleviate atherosclerotic lesion 
formation. 

Consistent with these in vivo findings, CMPK2 knockdown in HAECs 
by CMPK2-siRNA reduced the expression of Nlrp3 and IL-1β (Online 
Fig. 6A and B), and oxLDL-induced adherence of THP-1 to HAECs (On-
line Fig. 6C). The conditional medium from CMPK2-siRNA HAECS 
significantly reduced monocyte/macrophage migration (Online Fig. 6D) 
and pro-inflammatory macrophage formation (Online Fig. 6E). 

Taken together, these data indicate that EC-Gata6 exerts its athero-
genic effects through regulation of vessel wall inflammation by Cmpk2- 
Nlrp3 inflammasome activation and the chemokine Ccl5 signal that 

Fig. 4. Ccl5 is identified as Gata6 direct downstream target gene in ECs for the regulation of monocyte adhesion and migration. (A–C) The expression of 
chemokine Ccl5 in ECs of Gata6ECKO;ApoeKO hyperlipidemic and ApoeWT mice (A), in HAECs treated with oxLDL or vehicle (B) and HAECs with GATA6-siRNA and 
scramble siRNA (C) (n = 5). (D) The sequence analysis of GATA6 binding sites (red oval) in the proximal promoter region of CCL5 gene. (E) Chromatin immu-
noprecipitation (ChIP) assay of GATA6 and the promoter of CCL5 gene with gel images on the top. (F) The luciferase activity of proximal-2kb Ccl5 promoter with 
Gata6 binding sites by Gata6 expression vector (n = 3). (G–H) Adhesion of monocytes to GATA6-siRNA and scramble siRNA ECs (G) and monocyte migration in 
Boyden chamber assay after treatment with condition medium from GATA6-siRNA and scramble siRNA ECs (H), with representative image on the left and quan-
titative data right (n = 5). (I) Secreted CCL5 level in conditioned medium of GATA6-siRNA or scramble-siRNA ECs by ELISA (n = 5). Unpaired 2-tailed student t-test 
for A-C, E and G-I and nonparametric statistical test for F. Scale bars: G-H,100 μm 
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affects monocyte adherence, migration and recruitment into the 
vascular wall, as well as pro-inflammatory macrophage formation 
(Fig. 6). 

4. Discussion 

Atherosclerosis is a chronic inflammatory disease in which the 
recruitment and trapping of immune cells, especially monocytes, into 

Fig. 5. Icam-2 promoter-driven adeno-associated virus 9 target delivery of Cmpk2-shRNA into ECs inhibits the elevated Gata6-Cmpk2 mediated Nlpr3 
inflammasome activation and reduces atherosclerosis. (A) The schematic figure of administration of Icam-2 promoter-driven adeno-associated virus 9 (AAV9) 
carrying Cmpk2-shRNA or scramble-shRNA by tail vein injection for viral EC target delivery affecting atherosclerotic lesion formation in 8-week high-fat diet ApoeKO 

mice. (B–E) Viral GFP fluorescence in aortic ECs co-staining with EC marker CD31 (B) and Cmpk2 expression in ECs by RT-qPCR (C), Western blot (D) with 
quantification data on the right and digital PCR (E) following tail vein injection of Icam-2 promoter-driven AAV9 carrying Cmpk2-shRNA or scramble-shRNA. (F–H) 
The representative images of Sudan IV staining of en face aorta (F), aortic root (G) and F4/80 immunostaining aortic root sections (H) following administration of 
Icam-2 AAV9 carrying Cmpk2-shRNA or scramble shRNA, with quantification on the right (n = 12, 6 each for male and female mice per group). (I–J) Gata6, Cmpk2 
and in turn Nlrp3 and IL-1β expression by RT-qPCR (I) and Western blot (J) with quantification data on the right in ECs of ApoEKO hyperlipidemic and wild-type mice 
following tail vein injection of Icam-2 AAV9 carrying Cmpk2-shRNA or scramble-shRNA. Quantification of Western blot was carried out with Image J and normalized 
to loading control β-actin. Unpaired 2-tailed student t-test for C-D and I-J, two-way ANOVA followed by Turkey post hoc test for F–H. Scale bars: B, 500 μm, 100 μm; 
F, 2 mm; G, 500 μm; H, 100 μm. 
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the vessel wall results in vascular chronic inflammation for initiation 
and development of atherosclerotic plaques [1–5]. Endothelial cells, as 
the innermost layer in all vessels, play an essential role in regulating 
tissue homeostasis by controlling infiltration of circulating immune cells 
into the vessel wall, and EC injury or dysfunction is known to promote 
excessive vascular leukocytes infiltration by alteration of its production 
of cytokines, chemokines and adhesion molecules contributing to 
atherosclerosis [2,16,24]. 

Endothelial mitochondrial redox dysfunction is an important factor 
causing abnormal function of the endothelium, which plays a central 
role during atherosclerosis development [25]. Our study showed that 
EC-Gata6 regulates its downstream target gene Cmpk2, a family member 
of nucleotide kinases in mitochondria where it converts dCMP to dCDP 
and then to dCTP, to supply deoxyribonucleotides for mtDNA synthesis 
necessary for the production of oxidized mtDNA fragments, that is 
important in Nlrp3 activation for inflammatory response [13]. Endo-
thelial target gene delivery by intercellular adhesion molecule 2 
(Icam-2) promoter-driven AAV9 carrying the Cmpk2-shRNAreduced 
endothelial inflammation and alleviated atherosclerotic lesion 
formation. 

Gata6 is a highly expressed GATA factor in the vessel wall and Gata6 
in vascular smooth muscle cells plays an important role in phenotypic 
modulation contributing to vessel remodeling [21,26,27], while endo-
thelial Gata6 regulation of adhesion molecules such as VACM-1 has been 
implicated in controlling monocytic cell adhesion crucial for athero-
sclerosis [11,12]. Further study showed high GATA6/VCAM-1 expres-
sion levels in the vessel inner curvature where oscillatory shear stress 
prevails to facilitate susceptibility to atherosclerosis, and epigenetic 
factors HDACs and miRNAs, and hormone receptors RARα and RXRα, 
regulate the proinflammatory GATA6/VCAM-1 signaling in ECs with 
subsequent inflammatory cell infiltration to control atherosclerotic 
lesion development [28,29]. Our recent data demonstrated that endo-
thelial Gata6 regulates neointimal formation via targeting PDGF-B in a 
paracrine manner [21]. Gata6 in ECs is also reported to directly target 
VCAM1 [11], Tgfβ110. Gata6 in lung ECs was reported to associate with 
multiple targets, like RhoB, MMP10, MMP1 et al. [30], while no detailed 

functional experiments are performed. Therefore, the direct evidence of 
vascular EC restricted Gata transcription factors in the regulation of 
cytokines and chemokines for excessive infiltration of leukocytes for in 
vivo atherogenesis needs further investigate. 

The NLRP3 inflammasome has been implicated in atherosclerosis 
recently and the CANTOS (Canakinumab Antiinflammatory Thrombosis 
Outcome Study) trial highlighted the importance of inflammation spe-
cifically, inflammasome-derived inflammation in atherosclerotic disease 
[31]. CMPK2, a family member of nucleotide kinases targeting mito-
chondria where it converts dCMP to dCDP and then converts to dCTP, is 
a rate-limiting enzyme for mtDNA synthesis and production of oxidized 
mtDNA fragments, and the cytosolic oxidized mtDNA association with 
the NLRP3 inflammasome complex is required for its activation [14]. 
Myeloid-specific ablation of LPS-induced CMPK2 abrogates NLRP3 
inflammasome activation and reduces pulmonary inflammation and 
acute respiratory distress syndrome severity without a direct effect on 
IL-6 [32]. In this study, we identified Cmpk2 as a Gata6 direct down-
stream target gene, and in vivo and in vitro evidence clarified endothelial 
Gata6 involvement in the regulation of Cmpk2-dependent Nlrp3 
inflammasome activation and production of IL-1β in a paracrine manner 
that promotes monocyte recruitment to the vessel wall forming proin-
flammatory macrophages responsible for atherosclerotic lesion devel-
opment. Therefore, target delivery of Cmpk2-shRNA restricts 
atherosclerotic lesion development and might provide future opportu-
nities for therapeutic interventions for atherosclerotic diseases. 

In addition to regulating Cmpk2 and subsequent Nlrp3 inflamma-
some activation, Gata6-deficient ECs were associated with chemokine 
Ccl5 which was also demonstrated to be a direct target of Gata6. Thus, 
part of the effect of Gata6 deletion could potentially be independent of 
Cmpk2 dependent Nlrp3 inflammasome activation and might be driven 
by increased chemokine Ccl5 expression. Ccl5 is a well-known chemo-
kine for monocyte recruitment contributing to increasing macrophage 
abundance in the vessel wall during atherosclerotic lesion development 
[22,33,34]. Therefore, Gata6 regulates either the Cmpk2 -Nlrp3 or Ccl5 
signal, regulating EC behavior to control circulating monocyte recruit-
ment and atherogenesis. 

Fig. 6. Schematic figure of working model. Model of endothelial Gata6 exerts its atherogenic effects through regulation of vascular inflammation by Cmpk2-Nlrp3 
inflammasome activation and chemokine Ccl5 signals that affect the monocyte adherence, migration and recruitment into the vessel wall, as well as the pro- 
inflammatory macrophage formation. 
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