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FOXC2 Autoregulates Its Expression in the Pulmonary Endothelium After Endotoxin Stimulation in a Histone Acetylation-Dependent Manner
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The innate immune response of pulmonary endothelial cells (EC) to lipopolysaccharide (LPS) induces Forkhead box protein C2 (FOXC2) activation through Toll Like Receptor 4 (TLR4). The mechanisms by which FOXC2 expression is regulated in lung EC under LPS stimulation remain unclear. We postulated that FOXC2 regulates its own expression in sepsis, and its transcriptional autoregulation directs lymphatic EC cell-fate decision. Bioinformatic analysis identified potential FOXC2 binding sites in the FOXC2 promoter. In human lung EC, we verified using chromatin immunoprecipitation (ChIP) and luciferase assays that FOXC2 bound to its own promoter and stimulated its expression after LPS stimulation. Chemical inhibition of histone acetylation by garcinol repressed LPS-induced histone acetylation in the FOXC2 promoter region, and disrupted LPS-mediated FOXC2 binding and transcriptional activation. CRISPR/dCas9/gRNA directed against FOXC2-binding-element (FBE) suppressed LPS-stimulated FOXC2 binding and autoregulation by blocking FBEs in the FOXC2 promoter, and repressed expression of lymphatic EC markers. In a neonatal mouse model of sterile sepsis, LPS-induced FOXC2 binding to FBE and FOXC2 expression in lung EC was attenuated with garcinol treatment. These data reveal a new mechanism of LPS-induced histone acetylation-dependent FOXC2 autoregulation.
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INTRODUCTION

FOXC2 is a member of the forkhead box (FOX) transcription factor family (Seo et al., 2006). It plays a critical role in vascular development. FOXC2 is a key transcription regulator involved in VEGF regulated vascular formation and remodeling in physiological and pathological conditions. VEGFA activates FOXC2 through kinase insert domain receptor (KDR) pathway in arterial endothelium, and then FOXC2 binds to delta like canonical Notch ligand 4 (DLL4) promoter and upregulates DLL4 expression, which in turn activates Notch signaling (Hayashi and Kume, 2008). Subsequently hes related family bHLH transcription factor with YRPW motif 1 (HEY1) and HEY2, downstream of DLL4/Notch signaling, collaborating with SRY-box transcription factor 7 (Sox7)/Sox18, lead to arterial specification through EphrinB2 activation (Hayashi and Kume, 2008). Unrelated to the role of FOXC2 in developmental signaling, we showed that systemic lipopolysaccharide (LPS) upregulates Dll4 expression through TLR4-ERK-FOXC2 axis to program endothelial cell (EC) specification and induce inflammatory angiogenesis in the neonatal mouse lung (Xia et al., 2018).

Loss of one copy of FOXC2 in humans causes hereditary lymphedema distichiasis (LD) syndrome and primary valve failure in veins of lower extremities (Finegold et al., 2001). Foxc2 haploinsufficient mice serve as a model for human LD syndrome (Fang et al., 2000), while Foxc2 homozygous conventional knockout mice die embryologically after day E13.5 up to shortly after birth because of branchial arch and skeletal anomalies (Kume, 2009). In lymphatic endothelial cells, VEGFC/VEGFR3 activates FOXC2 to regulate lymphatic development, growth, function and survival (Petrova et al., 2004). FOXC2 also plays an important role in the later stages of lymphatic development by regulating the morphogenesis of lymphatic valves, stabilize postnatal lymphatic vasculature, and interactions of the lymphatic endothelium with vascular mural cells (Sabine et al., 2015). In pathological states, FOXC2 overexpression is involved in cancer progression through several mechanisms, including epithelial mesenchymal transition (EMT) (Mani et al., 2007; Cui et al., 2015; Paranjape et al., 2016). FOXC2-AS1 overexpression promotes proliferation and migration of vascular smooth muscle cells and tumor cells (Yang et al., 2019; Zhang et al., 2019). Regulation of FOXC2 expression in native and diseased states is not fully understood. The miR-548c-5p clusters regulates FOXC2 transcription (Christofides et al., 2019) and LncRNA FOXC2-AS1 stabilizes FOXC2 mRNA by forming double stranded RNA to promote FOXC2 expression (Zhang et al., 2017). Histone deacetylase 5 (HDAC5) negatively regulates FOXC2 expression during mouse embryonic development (Lagha et al., 2010). The methylation and histone acetylation of chromatin structure plays essential roles in regulation of EC function (Ohtani and Dimmeler, 2011; Zhou et al., 2011; Li et al., 2020). HDAC5 represses angiogenic genes in EC, and VEGFA induces HDAC5 nuclear export, which allows histone acetyltransferases (HATs) to acetylate transcriptional factors and histones to activate gene expression (Urbich et al., 2009; Zhang et al., 2013; Fish et al., 2017). As a key transcriptional regulator in VEGF signaling pathways (Hayashi and Kume, 2009), FOXC2 binding affinity to Fox-binding element (FBE) may be regulated by chromatin acetylation in EC.

Bronchopulmonary dysplasia (BPD) is a chronic lung disease that develops in premature babies exposed to hyperoxia and sepsis. The aberrant vasculature and alveolar structure were observed in the lungs in which BPD developed (Thébaud and Abman, 2007; Baker and Abman, 2015). Srinivasan et al. (2017) found that over-represented SNPs in proximity to FOXC2 in premature infants with all sepsis, which indicates FOXC2 expression level decides susceptibility to infection in neonatal lungs. Our previous study shows that FOXC2 expression is stimulated by LPS in the mouse lung endothelium and in isolated human pulmonary microvascular endothelial cells (HPMEC) (Xia et al., 2018), but how LPS stimulates FOXC2 expression remains unknown. Considering the varied roles played by FOXC2 in embryonic development and pathological states, it is imperative to examine the mechanisms underlying FOXC2 expression. In this study, we hypothesized that FOXC2 expression is self-regulated by FOXC2 transcriptional activation and its binding affinity to FBE is regulated by histone acetylation during sepsis.



MATERIALS AND METHODS


Cell Culture and Reagents

Immortalized HPMEC (HPMEC-Im) was generated as described before (Nitkin et al., 2020). Briefly, primary human lung EC purchased from a commercial source (ScienCell) underwent lentiviral transformation to generate an immortal cell line, and immunostaining for PECAM1, ERG and oxLDL uptake were used to confirm EC specificity. Primary HPMEC and HPMEC-Im were grown in endothelial cell medium (ECM) supplemented with fetal bovine serum (FBS), antibiotics, and endothelial cell growth serum (ECGS) as recommended by the manufacturer (ScienCell) in a humidified incubator containing 5% CO2 at 37°C. HPMEC-Im were transfected overnight with the indicated plasmids or empty plasmids (mock) with Lipofectamine 3000 (Thermo-Fisher) as per the manufacturer’s protocol. Ultrapure LPS was purchased commercially from Invivogen. Garcinol was purchased from Santa Cruse. For experiments with inhibitors, primary HPMEC and HPMEC-Im were pre-treated with 25 μM Garcinol for 45 min prior to the addition of LPS (0.5 μg/ml).



Animal Model

Care of mice before and during the experimental procedures was conducted in accordance with the policies at the University of Missouri- Kansas City Lab Animal Resource Center (Protocol 1510) and the National Institutes of Health guidelines for the care and use of laboratory animals. All protocols had prior approval from the University of Missouri- Kansas City Institutional Animal Care and Use Committee. Wildtype C57BL/6 strain was obtained commercially from Charles River (Burlington, MA). LPS injections (2 mg/kg) to the mice were given intraperitoneally (i.p), and sterile saline used for controls (Sigma, St. Louis, MO) with or without 25 μmol/kg Garcinol pretreatment. Mice were then euthanized using a 100 μl i.p injection pentobarbital, exsanguinated with the cessation of a heartbeat, and the lungs were harvested and utilized as described below.



Plasmids and Lentiviral Vector

The FOXC2 CA, generated by cloning the FOXC2 DBD in-frame with the VP16 transcriptional activation domain (Gerin et al., 2009), was a gift from Dr. Ormond MacDougald. pIRES-Puro-EGFP-FOXC2 CA was generated as described before (Xia et al., 2018). Human FOXC2 gene was amplified with 5′-tgagctagccca ccatgcaggcgcgctactccgtgtccga-3′ and 5′-agtctcgagtcagtatttcgtgc agtcgtaggagtaggg-3′ from HPMEC genomic DNA and cloned into pIRES-Puro-EGFP (Addgene) to generate pIRES-Puro-EGFP-FOXC2 WT. Oligos 5′-caccgtccgggattcctagaggga-3′ and 5′-aaactccctctaggaatcccggac-3′; 5′-caccgcgagggaaactcagtttgt-3′ and 5′-aaacacaaactgagtttccctcgc-3′; 5′-caccgattggctcaaagttccggg-3′ and 5′-aaaccccggaactttgagccaatc-3′ were annealed to generate double-strand gRNA templates next to FBEs about −1.7, −0.9, and −0.45 kb in FOXC2 promoter and then cloned into phU6-gRNA plasmid, respectively, to generate phU6-gRNA targeting FBEs in FOXC2 promoter for FBE dCas9/gRNA assay. 0.45 and 2 kb upstream DNA of FOXC2 promoter regions were amplified with 5′-actgctagccgctttcagcaagaagacttttgaaacttttcc-3′ and 5′-tgagagcgagagagcgcgagaga-3′; 5′-tattggaaataagtggcacgcc-3′ and 5′-tgagagcgagagagcgcgagaga-3′ from HPMEC genomic DNA and cloned into pGL4.10 to generate pGL4.10-FOXC2-Pomoter respectively for luciferase assay.

Lentiviral vector containing the dCas9 (Gilbert et al., 2013; Richardson et al., 2018) and packing vectors, psPAX2 and pMD2.G, were purchased from Addgene. These plasmids were transfected into HEK293T (Takara) using calcium phosphate transfection to produce lentivirus containing dCas9. After 2 days of transfection, supernatant containing lentiviral particles were harvest and used to transduce HPMEC-Im cells in the presence of polybrene (Santa Cruz) at 8 μg/ml.



Luciferase Assay

pGL4.10 -FOXC2-Promoter, pGL4.75 Renilla and pIRES-Puro-EGFP-FOXC2 WT (or CA) plasmids were co-transfected into HPMEC-Im cultured in 96-well plate. Next day, luciferase assay was applied with Dual-Glo® Luciferase Assay System (Promega) according to the manufacturer’s instructions.



Chromatin Immunoprecipitation (ChIP)

HPMEC-Im were treated with LPS for 0.5 h, with or without garcinol pretreatment, and then ChIP was applied according to the manufacturer’s instructions (Thermo Fisher Scientific). Rabbit anti FOXC2 antibody (Abcam, Cambridge, MA) was used to pull down FOXC2 binding DNA and rabbit anti acetylated H3K27antibody (Abcam, Cambridge, MA) was used to pull down H3K27ac binding DNA. qPCR was performed to quantify pulled-down DNA with FOXC2 promoter primers: −1.7 kb, 5′-cccgtgtttagccttgttaaag-3′ and 5′-ctaggaatcccggacagtttg-3′; −0.9 kb, 5′-cctcgataggttatccttgacg-3′ and 5′-tggattggaatggcaggg-3′; −0.5 kb, 5′-tgattggctcaaagttccgg-3′ and 5′-aagaggccaagtcccttttag-3′.

Mice were treated with LPS for 3 h, with or without garcinol pretreatment, and then lung EC were isolated. ChIP was applied according to the manufacturer’s instructions (Thermo Fisher Scientific, Rockford, IL). Anti-FOXC2 antibody (Abcam, Cambridge, MA) was used to pull down FOXC2 binding DNA. qPCR was performed to quantify pulled-down DNA with mouse Foxc2 promoter primers: 5′-cgactggagatgttgaaggaa-3′ and 5′-attttatgccaaccttgacgc-3′



CRISPR/dCas9/gRNA

HPMEC-Im was transduced by lentivirus containing dCas9 and then screened with 200 mg/L hygromycin to generate dCas9 stable cell line HPMEC-Im/dCas9. Mixed FBE gRNAs were transfected into dCas9 stable HPMEC.



Isolation of Murine Endothelial Cells

For endothelial cell isolation, all lobes of the lung from 2 neonatal C57BL/6 pups (4–7 days old) were pooled per condition. The isolation of mouse lung endothelial cells was done as described previously (Menden et al., 2019).



Quantification of mRNA Expression Using Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from HPMEC and mouse lung EC using the PureLink RNA Mini Kit (Life Technologies) following the manufacturer’s instruction and cDNA was synthesized from 1 μg of RNA using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer’s instruction. qRT-PCR was run on a Bio-Rad IQ5 with SYBR green master mix (Bio-Rad). The primers for mouse and human target genes, and mouse Actb and human 18S were purchased commercially from Sigma. mouse Actb and human 18S were used as the housekeeping gene. The relative gene expression was calculated using the Pfaffl method.



Immunoprecipitation for Phosphorylation Studies

HPMEC-Im grown to the 90% confluence in 60-mm dishes had various treatments, and lysates were used for immunoprecipitation studies. It was done as described previously (Xia et al., 2018).



Immunoblotting for Quantifying Changes in Protein Expression

HPMEC-Im and mouse lung tissue were homogenized in RIPA lysis buffer containing commercially available protease and phosphatase inhibitors (Sigma) with after LPS treatment, with the clarified lysates used for immunoblotting. Immunoblotting was done following standard protocol. The primary antibodies used were: goat anti-FOXC2 [Santa Cruz Biotechnology (SCBT), Santa Cruz, CA], mouse anti- CRISPR-Cas9 (Abcam, Cambridge, MA), mouse anti-phospho-Serine [(p)Ser], mouse anti-phospho-Threonine [(p)Thr] and mouse anti-ACTB (Sigma). Densitometry was performed using ImageJ Software (NIH, Bethesda, MD) and changes were normalized to ACTB.



Immunofluorescent (IF) Staining

IF was done as in our previous study (Menden et al., 2019). The lungs of the mouse pups were fixed in formalin and frozen, and sections were cut onto slides. The slides were stained with rabbit anti FOXC2 antibody (23066-1-AP, Thermo Fisher Scientific, Rockford, IL) and rat anti PECAM antibody (550274, BD Biosciences, San Jose, CA). n = 3–4 per group.



Statistical Analysis

Data are presented as mean ± SD or median with interquartile range. P < 0.05 was considered significant. For cell culture experiments, data are from a minimum of three independent experiments with adequate technical replicates used for quantification. All animal data were obtained in littermate controls. For animal experiments, a minimum of 3 animals were used for each experimental group. RNA quantification and PCR results had 2–3 technical replicates. For all data, we initially examined whether distribution of data was Gaussian using the D’Agostino-Pearson omnibus normality test. If data were normally distributed, then ANOVA with a post hoc Tukey test was used for analysis. If data did not meet Gaussian assumptions, a Mann-Whitney U-test was used for analysis. For most analysis, fold-changes were calculated related to expression/changes in untreated controls. Statistical analysis was done using Graphpad Prism 7.0 (San Diego, CA).



Study Approvals

Lab experiments were reviewed and approved under the University of Missouri-Kansas City IBC, protocol number 18–28. Animal experiments were reviewed and approved under the University of Missouri-Kansas City IACUC, protocol number 1510-02.



RESULTS


FOXC2 Expression Is Upregulated by LPS and FOXC2-CA in HMPEC-Im

To study whether LPS stimulates FOXC2 expression in HPMEC-Im, we compared FOXC2 mRNA and protein expression with or without LPS stimulation. qRT-PCR showed FOXC2 mRNA expression increased 6 h after LPS treatment (Figure 1A), and immunoblotting demonstrated protein expression increased 18 h after LPS treatment (Figures 1B,C). Serine and threonine phosphorylation of FOXC2, required for its transcriptional activation (Ivanov et al., 2013), was induced by LPS in HPMEC-Im at 30 min (Figures 1D,E). To determine whether FOXC2 can stimulate its own expression, FOXC2-CA, a peptide containing the nuclear binding domain of FOXC2, was transfected and overexpressed in HPMEC-Im. We noted that FOXC2 mRNA expression increased (Figure 1F) using qRT-PCR with primers that specifically detect endogenous FOXC2 mRNA. FOXC2 protein expression was also increased after FOXC2-CA transfection (Figure 1G). These data reveal that LPS activates FOXC2 protein by serine and threonine phosphorylation and stimulates FOXC2 expression potentially through a positive feedback loop.
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FIGURE 1. FOXC2 expression is upregulated by LPS and FOXC2 CA in HMPEC-Im. (A) FOXC2 mRNA was assessed by qRT-PCR 4 h after 0.5 μg/ml LPS treatment. n = 4 per group; *p < 0.01, LPS vs. Ctrl. (B) FOXC2 protein was quantified by immunoblotting after overnight 0.5 μg/ml LPS treatment, with densitometry shown graphically (C). n = 4 per group; *p < 0.05, LPS vs. Ctrl. (D) FOXC2 protein was immunoprecipitated from cell lysates at 30 min after LPS, and serine and threonine phosphorylation was assessed by immunoblotting, with densitometry shown graphically (E). n = 3 per group, *p < 0.0001, LPS pSer vs. Ctrl pSer; #p < 0.005, LPS pThr vs. Ctrl pThr. (F) Cells were collected 2 days after transfection of FOXC2C CA plasmid and empty control plasmid respectively, and FOXC2 mRNA was quantified. n = 4 per group; *p < 0.05, FOXC2 CA vs. vector. (G) Immunoblotting showed FOXC2CA stimulated FOXC2 expression.




Luciferase Assay Demonstrates That FOXC2 Promoter Is Activated by FOXC2 WT and FOXC2 CA

As we found that FOXC2 CA can stimulate FOXC2 expression in HPMEC-Im, we studied whether FOXC2 directly regulates self-expression in HPMEC-Im. Analyzing the FOXC2 promoter sequences in several species on PROMO server, we found potential FBEs in the FOXC2 promoter regions of zebra fish, chicken, mouse and human (Figure 2A). So, we posited that FOXC2 binds to and regulates its own promoter. 17 potential FBEs predicted by JASPAR, whose relative scores are more than 0.8, distribute from −2000 to −456 bp upstream of human FOXC2 gene (Table 1). We next cloned the 2 kb human FOXC2 upstream DNA sequence into a luciferase reporter plasmid. Luciferase assays revealed that the promoter activity increased 9- and 4-fold with FOXC2 WT and CA overexpression, respectively (Figures 2B,C). We then truncated the 2 kb FOXC2 upstream DNA to 0.45 kb containing no FBE, placed it in front of luciferase reporter and performed luciferase assays. We found that 0.45 kb activity was much lower than 2 kb activity when FOXC2 WT was over expressed (Figure 2D). These data indicate that FOXC2 may activate its own transcriptional activity through FBEs.


[image: image]

FIGURE 2. Luciferase assay demonstrates that FOXC2 promoter is activated by FOXC2 WT and FOXC2 CA in HPMEC-Im. (A) Overlapped FBEs in Zebrafish, Chicken, mouse and human in 2 kb FOXC2 upstream region. (B,C) 2 kb DNA upstream sequence of human FOXC2 transcriptional start site (TSS) was cloned into pGL4.10 (luc2) and co-transfected with expression plasmids containing FOXC2 CA and FOXC2 WT, respectively. (B) FOXC2 WT overexpression stimulated luciferase reporter activity. n = 7 per group; *p < 0.001. (C) FOXC2 CA increased luciferase activity. n = 5 per group, *p < 0.005. (D) 0.45 kb upstream sequence of FOXC2 TSS was cloned into pGL4.10 (luc2) and co-transfected with FOXC2 WT plasmid. FOXC2-induced luciferase activity of 0.45 kb promoter was 3.8-fold less than that of the 2 kb promoter. n = 3 per group; *p < 0.05, FOXC2-stimulated 2 kb vs. 2 kb; #p < 0.01, FOXC2-stimulated 2 kb vs. FOXC2-stimulated 0.45 kb.



TABLE 1. 17 potential FEBs predicted by JASPAR, whose relative scores are more than 0.8, distribute from −456 to −2000 bp upstream of human FOXC2 mRNA (NM_005251.2).
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LPS Enhances FOXC2 Expression by Stimulating Histone Acetylation and FOXC2 Binding Affinity

Luciferase assay demonstrated that over-expressed FOXC2 activates its own promoter, so we next determined to identify the mechanisms by which LPS induces FOXC2 expression. Histone lysine acetylation and deacetylation is essential chromatin modification for genes epigenetic regulation (Grunstein, 1997; Jenuwein and Allis, 2001). The expression of several genes in the VEGF pathway is regulated by HDACs (Fraineau et al., 2015) and FOXC2 expression is regulated by HDAC5 in mouse embryos (Lagha et al., 2010), so we posited that LPS induces FOXC2 expression by stimulating histone acetylation within the FOXC2 promoter region. To test this hypothesis, three pairs of primers were designed to cover two FBE enriched locations at −1.7 and −0.9 kb, and the FBE from –445 to −456 bp (Supplementary Figure 1). At first, we checked histone acetylation in response to LPS. Immunoblotting showed that H3K27 was widely acetylated 30 min after LPS treatment (Figures 3A,B), consistent with previous reports (Lauterbach et al., 2019). To investigate histone acetylation in FOXC2 promoter region, we performed ChIP assay with anti-H3K27ac antibody and confirmed that three locations in FOXC2 promoter were acetylated in response to 30-min LPS treatment (Figure 3C). P300/CBP is a major histone acetyl-transferase that is stimulated by LPS (Hassa et al., 2003; Liu et al., 2018), so we used garcinol, an inhibitor specifically targeting p300/CBP(IC50 approximately 7 μM) and P300/CBP-associated factor complex(IC50 approximately 5 μM) (Balasubramanyam et al., 2004), repressed LPS-induced acetylation of FOXC2 promoter sites queried (Figure 3C). To study whether histone acetylation in FBE influences FOXC2 binding, we applied ChIP with anti-FOXC2 antibody and revealed that FOXC2 binding to those three locations was increased with LPS treatment, but it was significantly suppressed with garcinol pretreatment (Figure 3D).
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FIGURE 3. LPS enhances FOXC2 expression by stimulating histone acetylation and FOXC2 binding affinity in HPMEC. (A) Acetylated H3K27 (H3K27ac) protein was quantified by immunoblotting from HPMEC-Im cell lysates 30 min after LPS with or without Garcinol (Gar) pretreatment, with densitometry shown graphically (B). n = 4 per group; *p < 0.05, LPS vs. Ctrl; #p < 0.05, LPS + Gar vs. LPS, ^p < 0.05, LPS + Gar vs. Ctrl. (C) ChIP with anti-acetylated H3K27 antibody was performed at 30 min after LPS treated HPMEC-Im, with or without garcinol pretreatment. n = 6 per group; *P < 0.01, LPS vs. ctrl; #p < 0.05, LPS + Gar vs. LPS. (D) ChIP with anti-FOXC2 antibody was performed 30 min after LPS treated HPMEC-Im, with or without garcinol pretreatment. n = 6 per group; *P < 0.05, LPS vs. ctrl; #p < 0.05, LPS + Gar vs. LPS. (E) FOXC2 mRNA was quantified by qRT-PCR 4 h after LPS treated HMPEC-Im, with or without garcinol pretreatment. n = 4 per group; *P < 0.01, LPS vs. ctrl; #P < 0.05, LPS + Gar vs. LPS. (F) FOXC2 protein was quantified by immunoblotting after 16 h LPS treated HPMEC-Im, with or without garcinol pretreatment, with densitometry shown graphically (G). n = 3 per group; *p < 0.005, LPS vs. ctrl; #p < 0.001, LPS + Gar vs. LPS. (H) FOXC2 mRNA was quantified by qRT-PCR 4 h after LPS treated primary HPMEC, with or without garcinol pretreatment. n = 6 per group; *P < 0.0001, LPS vs. ctrl; #P < 0.0001, LPS + Gar vs. LPS.


To study whether histone acetylation and FOXC2 binding affinity in FOXC2 promoter region regulates FOXC2 expression in HPMEC-Im, we did qRT-PCR and immunoblotting. We demonstrated that FOXC2 LPS-stimulated FOXC2 mRNA and protein expression levels were suppressed with garcinol pretreatment (Figures 3E–G). We also confirmed that LPS stimulated FOXC2 expression is suppressed with garcinol pretreatment in primary HPMEC (Figure 3H). These studies identify that histone acetylation in FOXC2 promoter region is important to LPS-stimulated FOXC2 binding and FOXC2 expression.



CRISPR/dCas9/FBE gRNA Blocks FOXC2 Binding and Represses Autoregulation

To confirm that FOXC2 binding to its promoter upregulates its expression in pathological conditions, we utilized CRISPR/dCas9, a nuclease dead Cas9 retaining the ability to bind to target DNA based on the gRNA targeting sequence, to investigate whether blocking FBE can prevent FOXC2 binding and inducing transcriptional activity. At first, we generated dCas9 stable HPMEC-Im cell line with lentivirus and confirmed the cells expressed dCas9 with immunoblotting (Figure 4A). Three gRNAs mixture targeting FBE enriched regions in FOXC2 promoter, was transfected into dCas9stable expressed HPMEC-Im. LPS-induced FOXC2 mRNA and protein expression was reduced dramatically after 4-h and overnight LPS treatments, respectively in FBE gRNAs transfected cells by comparing to scramble gRNA transfected cells (Figures 4B–D). To verify whether reduced FOXC2 mRNA expression was caused by FBE blocking, we applied ChIP and found that LPS-induced FOXC2 binding to FBEs was totally inhibited by FBE gRNA/dCas9 (Figure 4E). These data verify that FBEs in FOXC2 promoter plays an important role of regulating FOXC2 expression in response to LPS, FBE blocking by gRNA/dCas9 prevents FOXC2 binding and autoregulation.
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FIGURE 4. CRISPR/dCas9/FBE gRNA blocks LPS-stimulated FOXC2 binding, represses autoregulation in HPMEC-Im, and alters EC character. (A) dCas9 protein expression in stable cell line of HPMEC-Im/dCas9 was shown by immunoblotting, but no expression in control HPMEC-Im. (B) FOXC2 RNA expression was quantified by qTR-PCR 2 days after gRNA mix were transfected into HPMEC-Im/dCas9, with or without 4-h LPS treatment. n = 5 per group, *p < 0.05, LPS vs. Ctrl; #p < 0.05, gRNAs + LPS vs. LPS. (C) FOXC2 protein was quantified by immunoblotting from cell lysate 6 h after LPS treatment with or without gRNAs transfection, with densitometry shown graphically (D). n = 6, *p < 0.01, LPS vs. ctrl; #P < 0.001, gRNAs + LPS vs. LPS. (E) ChIP with anti-FOXC2 antibody was performed 30 min after LPS treatment of gRNAs transfected HPMEC-Im/dCas9. n = 5 per group, *p < 0.05, LPS vs. ctrl; #p < 0.05 gRNAs + LPS vs. LPS. (F) FOXC2, LYVE-1, PROX-1 and Thy1 RNA expression was quantified 2 days after gRNAs were transfected into HPMEC-Im/dCas9. n = 7 per group, *p < 0.05.




FBE Blocking in FOXC2 Promoter Suppresses Expression of Lymphatic EC Markers

FOXC2 regulates lymphatic development and programs lymphatic EC specification (Petrova et al., 2004; Sabine et al., 2015). To investigate whether repression of FOXC2 expression through blocking FBEs alters EC characters in HPMEC-Im, we tested lymphatic EC markers 2 days after gRNAs transfection and revealed that lymphatic EC markers (Podgrabinska et al., 2002; Wilting et al., 2002; Shinoda et al., 2016), such as PROX1, LYVE1, and THY1, were reduced with repression of FOXC2 expression (Figure 4F). These data suggest that FOXC2 autoregulation may play a role in lymphatic EC specification.



FOXC2 Autoregulation in Mouse Lung EC

To confirm our in vitro finding in vivo, we evaluated LPS-induced histone acetylation, FOXC2 binding and expression in the developing mouse lung. Day of life 7 mouse pups were treated with intraperitoneal LPS, with or without garcinol pretreatment. At first, we treated with mice with different dosage of garcinol and found that 25 μmol/kg garcinol efficiently blocked LPS-induced H3K27 acetylation (Figure 5A). We next examined the effect of garcinol on LPS-induced FOXC2 expression in P7 mouse lung EC. Immunoblotting lung EC lysates (PECAM pull down) showed that LPS-induced FOXC2 expression was repressed by 25 μmol/kg garcinol (Figures 5B,C). Additionally, immunofluorescence studies indicated that FOXC2 lung EC expression (PECAM – red; FOXC2-green) induced by LPS at 24 h was inhibited with garcinol (Figure 5E). There is only one FBE-enriched location in mice (Figure 2A), and ChIP with anti-FOXC2 antibody revealed that LPS enhanced FOXC2 binding to this location, and this binding was repressed by garcinol pretreatment in P7 mouse lung EC (Figure 5D). These data revealed that LPS stimulated FOXC2 expression through the same mechanism in HPMEC in vitro and mouse lung EC in vivo.
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FIGURE 5. LPS-induced FOXC2 autoregulation is histone acetylation dependent in mouse lung. (A) Mouse lungs were collected after 3 h LPS treatment, with or without different dosages of garcinol pretreatment (2 h). Protein expression of histone H3 and acetylated histone H3 was shown by immunoblotting. (B) Mouse lung EC were isolated after 3 h LPS treatment at P5, with or without 2 h garcinol pretreatment. FOXC2 protein in mouse lung EC was quantified by immunoblotting, with densitometry shown graphically (C). n = 4 per group, *p < 0.0001, LPS vs. Ctrl; #p < 0.0001, Gar + LPS vs. LPS. (D) Mouse lung EC were isolated after 3 h LPS with or without garcinol co-treatment) at P7. ChIP with anti-FOXC2 antibody was performed with mouse lung EC. n ≥ 3 per group; *p < 0.05, ctrl vs. IgG; #p < 0.05, LPS vs. ctrl; ^p < 0.05, LPS + Gar vs. LPS. (E) Mouse lungs were cryopreserved at P7 after 24 h LPS treatment, with or without garcinol pre-treatment. FOXC2 (green) and PECAM (red) IF staining was applied. Lower panels present the magnified images in the boxes of the up panels. White arrows point to the EC (red) which express FOXC2 (green). n = 3–4 per group; scale bars: 10 μm.




DISCUSSION

FOXC2 is a major transcriptional regulator of lymphatic development and EC phenotype specification (Petrova et al., 2004; Sabine et al., 2015; Xia et al., 2018). FOXC2 phosphorylation regulates FOXC2-mediated transcription in lymphatic EC and pulmonary EC (Ivanov et al., 2013; Xia et al., 2018). Previous studies reveal that Foxc2 expression is regulated by miR-548c-5p clusters, LncRNA FOXC2-AS1 and HDAC5 (Lagha et al., 2010; Zhang et al., 2017; Christofides et al., 2019). While our previous study showed that LPS strongly induces FOXC2 in lung and retinal EC in vivo and in vitro the mechanisms were not determined (Xia et al., 2018). In this study we demonstrate that FOXC2 autoregulates its own expression, under native and inflammatory states. Using gain of function and loss of function approaches we identify that FBEs in the FOXC2 promoter are the key of self-regulation. We demonstrate FOXC2 binding affinity to its promoter is enhanced by histone acetylation in response to LPS, and repression of histone acetylation inhibits its autoregulatory expression in human and mouse lung EC. Interestingly, blocking FBEs using a CRISPR/dCas9/gRNA strategy strongly represses FOXC2 autoregulation, and suppresses the expression of markers typically associated with lymphatic EC specification. Our data uncover a novel mechanism of FOXC2 self-regulation in EC, potentially significant to FOXC2’s developmental and pathological role.

Prior work demonstrated that FOXC2 expression is regulated by LPS in primary HPMEC (Xia et al., 2018). Primary HPMEC are fragile, and so we generated HPMEC-Im because it facilitates stable gene-modification such as dCas9 through several passages unlike primary EC. We overexpressed FOXC2 CA and confirmed that FOXC2 stimulated its mRNA and protein expression in HMPEC-Im. Subsequent studies where a 2 kb DNA upstream promoter region of FOXC2 gene was used to regulate luciferase expression revealed that both FOXC2 WT and CA upregulated its promoter’s transcription activity. However, FOXC2 overexpression and luciferase assay can’t distinguish whether FOXC2 regulates its transcription expression directly or indirectly. We analyzed FOXC2 promoter regions in zebrafish, chicken, mouse and human, and found putative FBE in all of them. So, we hypothesized that FOXC2 could bind to its promoter and regulate its transcription expression.

JASPAR (jaspar.genereg.net) predicted 17 potential FBEs (Table 1), whose relative scores are more than 0.8 and which distribute from −2000 to −456 bp upstream of human FOXC2 gene (Supplementary Figure 1). Three overlapped FBE hotspots were found: 6 putative FBEs localize between −1752 to −1782, 2 putative sites are between −1572 to −1588, and 3 putative sites are between −915 to −940. We also searched FBE in 2 kb DNA fragment manually. According to FOXC binding motif as “RYAMACA” (R = G/A, Y = T/C, M = A/C) (Chen et al., 2019), there is only one potential FBE, CAAATAAACAAA, which represents the highest JASPAR relative score and localizes between −1752 to −1782. However, according to FBE as “RYMAAYA” and “WAARYAAAYW” (Kaufmann and Knöchel, 1996; Carlsson and Mahlapuu, 2002; Samatar et al., 2002; Hayashi and Kume, 2008), three putative FBEs locate between −1752 to −1782 as JASPAR predicted, and two lie at –942 and −632 separately, which are not predicted by JASPAR. With collective consideration, we deigned two pairs of primers for ChIP and two gRNAs for dCas9 repressor, which target two putative FBE hotspots, −1752 to −1782 and −915 to −940 separately, and one pair of primers target the first FBE, which locates at −456. Luciferase assay demonstrated that 0.45 kb FOXC2 upstream DNA significantly lost self-regulation function, indicating those FBEs are necessary for FOXC2 autoregulation. Retained FOXC2-induced activity of 0.45 kb may be cause by FOXC2 indirect binding or regulation. To uncover that, more studies will be conducted.

Most genes in VEGF signaling pathway are regulated by HDACs and HATs (Urbich et al., 2009; Zhang et al., 2013; Fish et al., 2017), which change chromatin accessibility and regulate gene transcription (Voss and Thomas, 2018). LPS is known to induce histone modification (Hamon and Cossart, 2008). Loss of HDAC5 function stimulates Foxc2 expression in mouse embryos (Lagha et al., 2010). So, we posited that FOXC2 autoregulated self-expression might be dependent on histone acetylation after stimulation by LPS. We demonstrate by ChIP that FOXC2 binds to its promoter and its binding affinity is enhanced by LPS treatment. Our data also reveal that garcinol, a HAT inhibitor, that is specific to p300 and PCAF (Balasubramanyam et al., 2004; Kim et al., 2020; Wang et al., 2020; Kopytko et al., 2021), represses LPS-stimulated histone acetylation at FOXC2 promoter, FOXC2 binding affinity and FOXC2 expression in HPMEC-Im. Our data shows that LPS-stimulated FOXC2 expression in primary HPMEC is also repressed by garcinol consistent with our data in immortalized HPMEC. Our data, while consistent with other studies showing that LPS promotes histone acetylation uncover FOXC2 as a target for histone acetylation dependent FOXC2 expression. Although our studies clearly demonstrate the role of histone acetylation in FOXC2 expression both in vivo and in vitro, a minor limitation is that we did not identify the precise histone acetylase that mediates FOXC2 promoter acetylation.

To validate FOXC2 binds its promoter, we used a loss of function approach by blocking two putative FBE hotspots (−1752 to −1782 and −915 to −940) and one FBE at −456 in the upstream of FOXC2 gene utilizing CRISPR/dCas9/gRNAs technologies. We identify that dCas9/gRNAs specifically target those FBEs and repress LPS-stimulated FOXC2 expression with ChIP, qRT-PCR and immunoblotting, respectively. After we revealed the mechanism of FOXC2 autoregulation in human lung EC in vitro, we pursued studies to confirm FOXC2 autoregulation in vivo. With the same strategy we predicted FBEs in mouse Foxc2 upstream DNA, we only found one FBE hotspot (Figure 2A) within 2 kb mouse Foxc2 upstream DNA. With ChIP, we demonstrated that FOXC2 bound to the FBEs hotspot in mouse lung EC after intraperitoneal LPS injections, and garcinol pretreatment repressed FOXC2 binding and LPS-induced FOXC2 expression in vivo. These data uncover that LPS-induced FOXC2-mediated autoregulation is HAT dependent in mouse lung EC. FOXC1 and FOXC2 are closely related FOX family members and collaboratively work together to regulates VEGF downstream genes in arterial EC (Seo et al., 2006). Both ChIP and dCas9/gRNA can’t differentiate FOXC2 binding to its promoter directly or indirectly, and EMSA can’t define it too when two FOXC member proteins, which share the same FBE, are added. So, in this study, we only applied ChIP and gRNA/dCas9 to prove that FOXC2 binds to its promoter and regulates its expression.

To study how FOXC2 autoregulation influences EC cell fate, we transfected mixed FBE-targeted gRNAs into dCas9 stable expressed HPMEC-Im and analyzed expression of lymphatic markers. After blocking FOXC2 autoregulation, EC had decreased expression of lymphatic EC specification markers, which suggests that FOXC2 autoregulation may play an important role in EC programing and differentiation during lung development. CRISPR/dCas9 strategy is broadly used to study DNA-protein interaction and gene expression regulation, but dCas9 footprint covers 78.1 bp ± 37.9 bp (Josephs et al., 2015). So, the other transcription factor binding element may be blocked when dCas9/gRNAs target to FBEs. To overcome this disadvantage, mutations of FBEs in FOXC2 promoter will be studied in the future.

Collectively, using human lung EC, as well as a sterile sepsis model in neonatal mice, we demonstrate that FOXC2 regulates its own expression through a histone acetylation- dependent positive feedback loop during TLR4 stimulation in developing lung EC. Our data demonstrates a direct link between lung EC innate immune signaling and FOXC2 self-regulation as suggested by our previous study (Xia et al., 2018). Further, we show that suppression of FBE on the FOXC2 promoter using CRISPR/dCas9/gRNA strategy suppresses the native expression of lymphatic EC specification markers such as Lyve1 and Thy1. The implications of FOXC2 transcriptional activation and autoregulation during LPS stimulation to lung EC inflammatory signaling and fate specification in chronic models of inflammation is an area of future investigation. Further, whether exaggerated FOXC2 autoregulation underlies FOXC2’s role in cancer remains to be determined.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by Care of mice before and during the experimental procedures was conducted in accordance with the policies at the University of Missouri- Kansas City Lab Animal Resource Center (Protocol 1510) and the National Institutes of Health guidelines for the care and use of laboratory animals. All protocols had prior approval from the University of Missouri- Kansas City Institutional Animal Care and Use Committee.



AUTHOR CONTRIBUTIONS

VS and SX: conception and design. SX, WY, and HM: data collection. VS, SX, WY, HM, and SY: analysis and interpretation, drafting and editing the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

HM, SX, and VS were supported by 1R01 HL128374-05; NIH/NHLBI (VS) and WY, HM, SX, and VS were supported by CMRI Start-up (VS).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.657662/full#supplementary-material



REFERENCES

Baker, C. D., and Abman, S. H. (2015). Impaired Pulmonary Vascular Development in Bronchopulmonary Dysplasia. Neonatology 107, 344–351. doi: 10.1159/000381129

Balasubramanyam, K., Altaf, M., Varier, R. A., Swaminathan, V., Ravindran, A., Sadhale, P. P., et al. (2004). Polyisoprenylated benzophenone, garcinol, a natural histone acetyltransferase inhibitor, represses chromatin transcription and alters global gene expression. J. Biol. Chem. 279, 33716–33726. doi: 10.1074/jbc.M402839200

Carlsson, P., and Mahlapuu, M. (2002). Forkhead transcription factors: key players in development and metabolism. Dev. Biol. 250, 1–23. doi: 10.1006/dbio.2002.0780

Chen, X., Wei, H., Li, J., Liang, X., Dai, S., Jiang, L., et al. (2019). Structural basis for DNA recognition by FOXC2. Nucleic Acids Res. 47, 3752–3764. doi: 10.1093/nar/gkz077

Christofides, A., Papagregoriou, G., Dweep, H., Makrides, N., Gretz, N., Felekkis, K., et al. (2019). Evidence for miR-548c-5p regulation of FOXC2 transcription through a distal genomic target site in human podocytes. Cell. Mol. Life Sci. 2019:03294. doi: 10.1007/s00018-019-03294-z

Cui, Y.-M., Jiao, H.-L., Ye, Y.-P., Chen, C.-M., Wang, J.-X., Tang, N., et al. (2015). FOXC2 promotes colorectal cancer metastasis by directly targeting MET. Oncogene 34, 4379–4390. doi: 10.1038/onc.2014.368

Fang, J., Dagenais, S. L., Erickson, R. P., Arlt, M. F., Glynn, M. W., Gorski, J. L., et al. (2000). Mutations in FOXC2 (MFH-1), a forkhead family transcription factor, are responsible for the hereditary lymphedema-distichiasis syndrome. Am. J. Hum. Genet. 67, 1382–1388. doi: 10.1086/316915

Finegold, D. N., Kimak, M. A., Lawrence, E. C., Levinson, K. L., Cherniske, E. M., Pober, B. R., et al. (2001). Truncating mutations in FOXC2 cause multiple lymphedema syndromes. Hum. Mol. Genet. 10, 1185–1189. doi: 10.1093/hmg/10.11.1185

Fish, J. E., Gutierrez, M. C., Dang, L. T., Khyzha, N., Chen, Z., Veitch, S., et al. (2017). Dynamic regulation of VEGF-inducible genes by an ERK/ERG/p300 transcriptional network. Dev. 144, 2428–2444. doi: 10.1242/dev.146050

Fraineau, S., Palii, C. G., Allan, D. S., and Brand, M. (2015). Epigenetic regulation of endothelial-cell-mediated vascular repair. FEBS J. 282, 1605–1629. doi: 10.1111/febs.13183

Gerin, I., Bommer, G. T., Lidell, M. E., Cederberg, A., Enerback, S., and McDougald, O. A. (2009). On the role of FOX transcription factors in adipocyte differentiation and insulin-stimulated glucose uptake. J. Biol. Chem. 284, 10755–10763. doi: 10.1074/jbc.M809115200

Gilbert, L. A., Larson, M. H., Morsut, L., Liu, Z., Brar, G. A., Torres, S. E., et al. (2013). XCRISPR-mediated modular RNA-guided regulation of transcription in eukaryotes. Cell 154:442. doi: 10.1016/j.cell.2013.06.044

Grunstein, M. (1997). Histone acetylation in chromatin structure and transcription. Nature 389, 349–352. doi: 10.1038/38664

Hamon, M. A., and Cossart, P. (2008). Histone Modifications and Chromatin Remodeling during Bacterial Infections. Cell Host Microbe 4, 100–109. doi: 10.1016/j.chom.2008.07.009

Hassa, P. O., Buerki, C., Lombardi, C., Imhof, R., and Hottiger, M. O. (2003). Transcriptional Coactivation of Nuclear Factor-κB-dependent Gene Expression by p300 Is Regulated by Poly(ADP)-ribose Polymerase-1. J. Biol. Chem. 278, 45145–45153. doi: 10.1074/jbc.M307957200

Hayashi, H., and Kume, T. (2008). Foxc transcription factors directly regulate DII4 and hey2 expression by interacting with the VEGF-notch signaling pathways in endothelial cells. PLoS One 3, 1–9. doi: 10.1371/journal.pone.0002401

Hayashi, H., and Kume, T. (2009). Foxc2 transcription factor as a regulator of angiogenesis via induction of integrin β3 expression. Cell Adhes. Migr. 3, 24–26. doi: 10.4161/cam.3.1.7252

Ivanov, K. I., Agalarov, Y., Valmu, L., Samuilova, O., Liebl, J., Houhou, N., et al. (2013). Phosphorylation Regulates FOXC2-Mediated Transcription in Lymphatic Endothelial Cells. Mol. Cell. Biol. 33, 3749–3761. doi: 10.1128/mcb.01387-12

Jenuwein, T., and Allis, C. D. (2001). Translating the histone code. Science 293, 1074–1080. doi: 10.1126/science.1063127

Josephs, E. A., Kocak, D. D., Fitzgibbon, C. J., McMenemy, J., Gersbach, C. A., and Marszalek, P. E. (2015). Structure and specificity of the RNA-guided endonuclease Cas9 during DNA interrogation, target binding and cleavage. Nucleic Acids Res. 43, 8924–8941. doi: 10.1093/nar/gkv892

Kaufmann, E., and Knöchel, W. (1996). Five years on the wings of fork head. Mech. Dev. 57, 3–20. doi: 10.1016/0925-4773(96)00539-4

Kim, J. Y., Jo, J., Leem, J., and Park, K. K. (2020). Inhibition of P300 by garcinol protects against cisplatin-induced acute kidney injury through suppression of oxidative stress, inflammation, and tubular cell death in mice. Antioxidants 9, 1–16. doi: 10.3390/antiox9121271

Kopytko, P., Piotrowska, K., Janisiak, J., and Tarnowski, M. (2021). Garcinol—a natural histone acetyltransferase inhibitor and new anti-cancer epigenetic drug. Int. J. Mol. Sci. 22, 1–11. doi: 10.3390/ijms22062828

Kume, T. (2009). Novel insights into the differential functions of Notch ligands in vascular formation. J. Angiogenes. Res. 1:8. doi: 10.1186/2040-2384-1-8

Lagha, M., Sato, T., Regnault, B., Cumano, A., Zuniga, A., Licht, J., et al. (2010). Transcriptome analyses based on genetic screens for Pax3 myogenic targets in the mouse embryo. BMC Genomics 11:696. doi: 10.1186/1471-2164-11-696

Lauterbach, M. A., Hanke, J. E., Serefidou, M., Mangan, M. S. J., Kolbe, C. C., Hess, T., et al. (2019). Toll-like Receptor Signaling Rewires Macrophage Metabolism and Promotes Histone Acetylation via ATP-Citrate Lyase. Immunity 51, 997.e–1011.e. doi: 10.1016/j.immuni.2019.11.009

Li, P., Ge, J., and Li, H. (2020). Lysine acetyltransferases and lysine deacetylases as targets for cardiovascular disease. Nat. Rev. Cardiol. 17, 96–115. doi: 10.1038/s41569-019-0235-9

Liu, Q., Yang, H., Xu, S., and Sun, X. (2018). Downregulation of p300 alleviates LPS-induced inflammatory injuries through regulation of RhoA/ROCK/NF-κB pathways in A549 cells. Biomed. Pharmacother. 97, 369–374. doi: 10.1016/j.biopha.2017.10.104

Mani, S. A., Yang, J., Brooks, M., Schwaninger, G., Zhou, A., Miura, N., et al. (2007). Mesenchyme Forkhead 1 (FOXC2) plays a key rofile:///C:/Users/benxi/Downloads/25381815.nbib file:///C:/Users/benxi/Downloads/26804168. nbib le in metastasis and is associated with aggressive basal-like breast cancers. Proc. Natl. Acad. Sci. U. S. A. 104, 10069–10074. doi: 10.1073/pnas.0703900104

Menden, H., Xia, S., Mabry, S. M., Noel-MacDonnell, J., Rajasingh, J., Ye, S. Q., et al. (2019). Histone deacetylase 6 regulates endothelial MyD88-dependent canonical TLR signaling, lung inflammation, and alveolar remodeling in the developing lung. Am. J. Physiol. Cell. Mol. Physiol. 317, L332–L346. doi: 10.1152/ajplung.00247.2018

Nitkin, C. R., Xia, S., Menden, H., Yu, W., Xiong, M., Heruth, D. P., et al. (2020). FOSL1 is a novel mediator of endotoxin/lipopolysaccharide-induced pulmonary angiogenic signaling. Sci. Rep. 10, 1–14. doi: 10.1038/s41598-020-69735-z

Ohtani, K., and Dimmeler, S. (2011). Epigenetic regulation of cardiovascular differentiation. Cardiovasc. Res. 90, 404–412. doi: 10.1093/cvr/cvr019

Paranjape, A. N., Soundararajan, R., Werden, S. J., Joseph, R., Taube, J. H., Liu, H., et al. (2016). Inhibition of FOXC2 restores epithelial phenotype and drug sensitivity in prostate cancer cells with stem-cell properties. Oncogene 35, 5963–5976. doi: 10.1038/onc.2015.498

Petrova, T. V., Karpanen, T., Norrmén, C., Mellor, R., Tamakoshi, T., Finegold, D., et al. (2004). Defective valves and abnormal mural cell recruitment underlie lymphatic vascular failure in lymphedema distichiasis. Nat. Med. 10, 974–981. doi: 10.1038/nm1094

Podgrabinska, S., Braun, P., Velasco, P., Kloos, B., Pepper, M. S., Skobe, M., et al. (2002). Molecular characterization of lymphatic endothelial cells. Proc. Natl. Acad. Sci. U. S. A. 99, 16069–16074. doi: 10.1073/pnas.242401399

Richardson, C. D., Kazane, K. R., Feng, S. J., Zelin, E., Bray, N. L., Schäfer, A. J., et al. (2018). CRISPR–Cas9 genome editing in human cells occurs via the Fanconi anemia pathway. Nat. Genet. 50, 1132–1139. doi: 10.1038/s41588-018-0174-0

Sabine, A., Bovay, E., Demir, C. S., Kimura, W., Jaquet, M., Agalarov, Y., et al. (2015). FOXC2 and fluid shear stress stabilize postnatal lymphatic vasculature. J. Clin. Invest. 125, 3861–3877. doi: 10.1172/JCI80454

Samatar, A. A., Wang, L., Mirza, A., Koseoglu, S., Liu, S., and Kumar, C. C. (2002). Transforming growth factor-β2 is a transcriptional target for Akt/protein kinase B via forkhead transcription factor. J. Biol. Chem. 277, 28118–28126. doi: 10.1074/jbc.M203686200

Seo, S., Fujita, H., Nakano, A., Kang, M., Duarte, A., and Kume, T. (2006). The forkhead transcription factors, Foxc1 and Foxc2, are required for arterial specification and lymphatic sprouting during vascular development. Dev. Biol. 294, 458–470. doi: 10.1016/j.ydbio.2006.03.035

Shinoda, K., Hirahara, K., Iinuma, T., Ichikawa, T., Suzuki, A. S., Sugaya, K., et al. (2016). Thy1+ IL-7+ lymphatic endothelial cells in iBALT provide a survival niche for memory T-helper cells in allergic airway inflammation. Proc. Natl. Acad. Sci. U. S. A. 113, E2842–E2851. doi: 10.1073/pnas.1512600113

Srinivasan, L., Page, G., Kirpalani, H., Murray, J. C., Das, A., Higgins, R. D., et al. (2017). Genome-wide association study of sepsis in extremely premature infants. Arch. Dis. Child. - Fetal Neonatal Ed. 102, F439L–F445. doi: 10.1136/archdischild-2016-311545

Thébaud, B., and Abman, S. H. (2007). Bronchopulmonary dysplasia: Where have all the vessels gone? Roles of angiogenic growth factors in chronic lung disease. Am. J. Respir. Crit. Care Med. 175, 978–985. doi: 10.1164/rccm.200611-1660PP

Urbich, C., Rössig, L., Kaluza, D., Potente, M., Boeckel, J. N., Knau, A., et al. (2009). HDAC5 is a repressor of angiogenesis and determines the angiogenic gene expression pattern of endothelial cells. Blood 113, 5669–5679. doi: 10.1182/blood-2009-01-196485

Voss, A. K., and Thomas, T. (2018). Histone Lysine and Genomic Targets of Histone Acetyltransferases in Mammals. Bioessays 40:e1800078. doi: 10.1002/bies.201800078

Wang, J., Wu, M., Zheng, D., Zhang, H., Lv, Y., Zhang, L., et al. (2020). Garcinol inhibits esophageal cancer metastasis by suppressing the p300 and TGF-β1 signaling pathways. Acta Pharmacol. Sin. 41, 82–92. doi: 10.1038/s41401-019-0271-3

Wilting, J., Papoutsi, M., Christ, B., Nicolaides, K. H., von Kaisenberg, C. S., Borges, J., et al. (2002). The transcription factor Prox1 is a marker for lymphatic endothelial cells in normal and diseased human tissues. FASEB J. 16, 1271–1273. doi: 10.1096/fj.01-1010fje

Xia, S., Menden, H. L., Korfhagen, T. R., Kume, T., and Sampath, V. (2018). Endothelial immune activation programmes cell-fate decisions and angiogenesis by inducing angiogenesis regulator DLL4 through TLR4-ERK-FOXC2 signalling. J. Physiol. 596, 1397–1417. doi: 10.1113/JP275453

Yang, H., Chen, T., Xu, S., Zhang, S., and Zhang, M. (2019). Long noncoding RNA FOXC2-AS1 predicts poor survival in breast cancer patients and promotes cell proliferation. Oncol. Res. 27, 219–226. doi: 10.3727/096504018X15213126075068

Zhang, B., Day, D. S., Ho, J. W., Song, L., Cao, J., Christodoulou, D., et al. (2013). A dynamic H3K27ac signature identifies VEGFA-stimulated endothelial enhancers and requires EP300 activity. Genome Res. 23, 917–927. doi: 10.1101/gr.149674.112

Zhang, C.-L., Zhu, K.-P., and Ma, X.-L. (2017). Antisense lncRNA FOXC2-AS1 promotes doxorubicin resistance in osteosarcoma by increasing the expression of FOXC2. Cancer Lett. 396, 66–75. doi: 10.1016/j.canlet.2017.03.018

Zhang, C., Li, H., and Guo, X. (2019). FOXC2-AS1 regulates phenotypic transition, proliferation and migration of human great saphenous vein smooth muscle cells. Biol. Res. 52, 1–10. doi: 10.1186/s40659-019-0266-z

Zhou, B., Margariti, A., Zeng, L., and Xu, Q. (2011). Role of histone deacetylases in vascular cell homeostasis and arteriosclerosis. Cardiovasc. Res. 90, 413–420. doi: 10.1093/cvr/cvr003


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Xia, Yu, Menden, Younger and Sampath. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcell-09-657662-g003.jpg
A

H3K27ac « wws s

H3 - e e
Ctrl LPS Gar+LPS
C 6-
’ *
A
ol *
 4- A
@) %
< " y
N 2- # #
x A
-0.5kb -09kb -1.7kb
® Ctrl A LPS B Gar+LPS
E 81
*
2 T
Y
é 2- =
L — = Soapeg s
Ctrl LPS Gar Gar+LPS
G 2.5- ®
£ 20 E3
g_ 1.54 #
o
O i
> 1.0 - %
@)
L 0.5-

Gar Ctrl LPS Gar+LPS

2.5~ *

2.0 °
O %
IC\U 1.5+ N A
< i

1.0-
- .

0.0 , . .

Ctrl LPS Gar+LPS
8-
* *

% 6- . A
© i
N
O m
L ]

11, R

anp ; o am
-0.5 kb -0.9 kb -1.7 kb
® Ctrl A LPS B Gar+LPS

FOXC2 s wame D s

ACTE "D D e e

FOXC2 mRNA

Gar Citrl LPS Gar +LPS

4 -
*
3 s 2
2- H
— e

1{ -ende-

Ctrl LPS Gar Gar+LPS





OPS/images/fcell-09-657662-g004.jpg
dCas9 - .
ACTE N S
Ctrl dCas9
C
FOXC2 ‘ —
»
ACTB
T D
Ctrl LPS gRNAs+LPS
E
5- *
A *
o % .
=
O 31 * 4
(a\|
g 2- % # #
o = T
L 14 & u - -
Pk -
-0.5 kb -0.9 kb -1.7 kb
® Citrl A LPS

B gRNAs+LPS

FOXC2 mRNA

FOXC2 Protein

*
6-
44 olo #
2- . 2
- 9-8-9-9 E:IO
Ctrl LPS gRNAs+LPS
4-
*

y sslze

24 [ ]

i .

Ctrl LPS gRNAs+LPS

1.5- *
c
ie) A
7]
§1.0- @ % -« * — o *
o A A
X A
(O]
< 0.5 % {‘ %
= 0.
< " A A
e

0.0

FOXC2 LYVE1 PROX1 Thy1

® Ctrl A gRNAs





OPS/images/fcell-09-657662-g005.jpg
A B
i P ; »
H3K27ac 8 S B B . i Bi B rFoxcz '
) —
H3 T — D — W— —— —" —

S S S
ACTB Tl aEp G o > D e aEp ACTB

50 25 10 Ctd LPS 10 25 50 Ctl  LPS Gar+LPS Gar
Gar Gar+LPS
C D &, ’
41
0
= ¥ ¥
Q3 2 c 44
S O A
Q # o * "
oy 2 O a
o X
(>2 E_) 2- “_1:_: ¥ %-IZ‘
O 11 swen _.I._ ..... -
Ctl  LPS  Gar Gar+LPS IgG Ctl  LPS 2XGar 1XGar
LPS LPS
E Ctrl Gar/LPS

FOXC2/ /DAPI





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		FOXC2 Autoregulates Its Expression in the Pulmonary Endothelium After Endotoxin Stimulation in a Histone Acetylation-Dependent Manner



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Culture and Reagents



		Animal Model



		Plasmids and Lentiviral Vector



		Luciferase Assay



		Chromatin Immunoprecipitation (ChIP)



		CRISPR/dCas9/gRNA



		Isolation of Murine Endothelial Cells



		Quantification of mRNA Expression Using Quantitative RT-PCR (qRT-PCR)



		Immunoprecipitation for Phosphorylation Studies



		Immunoblotting for Quantifying Changes in Protein Expression



		Immunofluorescent (IF) Staining



		Statistical Analysis



		Study Approvals







		RESULTS



		FOXC2 Expression Is Upregulated by LPS and FOXC2-CA in HMPEC-Im



		Luciferase Assay Demonstrates That FOXC2 Promoter Is Activated by FOXC2 WT and FOXC2 CA



		LPS Enhances FOXC2 Expression by Stimulating Histone Acetylation and FOXC2 Binding Affinity



		CRISPR/dCas9/FBE gRNA Blocks FOXC2 Binding and Represses Autoregulation



		FBE Blocking in FOXC2 Promoter Suppresses Expression of Lymphatic EC Markers



		FOXC2 Autoregulation in Mouse Lung EC







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers

in Cell and Developmental Biology

FOXCZ2 Autoregulates Its Expression

in the Pulmonary Endothelium After

Endotoxin Stimulation in a Histone
Acetylation-Dependent Manner









OPS/images/fcell-09-657662-t001.jpg
Sequence

CAAATAAACAAA
GGAATAAATAAT
TAAATAAGTATA
TCCACAAATAAA
AAAATAAATTTT
TAATCAAATAAT
TAAATAATCAGT
AAAGTAAAAACT
TCAGTCCACAAA
AAAAAAATCAAT
CAACAAAACAAA
TGTCTCAACATC
AAAACAAAAAAA
TGATTAAATAAG
CAAATAATTAAT
AATACAAATGTT
CACCTCAATAAT

Score

12.813
7.92393
7.78859
6.97316
6.88391
6.83889
6.60866
6.14274
6.13537
5.84931
5.73341
5.58709
5.45669
5.44639
5.15087
4.68596
4.30528

Relative score

0.933425979
0.856966601
0.854849912
0.84209754
0.840701689
0.839997682
0.836397124
0.82911063
0.828995446
0.824521662
0.822709108
0.820420851
0.818381568
0.818220387
0.813598808
0.806328132
0.800374752

Strand

+ 4+ + L+ o+ o+

+ o+ + +

+





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-657662-g001.jpg
>

4 B
< *
=" 5 FOXC2 L
S 1
ACTB
X, —— e
LL
0 | | Ctrl LPS
Ctrl LPS D
3-
£ *
B pSer
S,. — ,
S pThr
61- — eyt e T B8
* T — g—
Ctrl LPS Ctrl LPS
F
3 . 4- .
N == # < .
Q2 & Z 3 —|—
X Y
@) -
I'cl:_>_1- -== - - N 2 .l.
O
>
@) 1 —
0 : : : : LL
Ctrl LPS Ctrl LPS 0 : :
Vector FOXC2 CA

® pSer A pThr

W

FOXC2 [

ACTR ‘-

Ctrl FOXC2CA





OPS/images/fcell-09-657662-g002.jpg
-—

Luciferase fold change

Zebrafish GTAAATAAATAAATA 3 RYMAAYA/2 WAARYAAAYW

Chicken AAAAATAAATA

g€

Luciferase fold chan

-
o
1

(3]
1

1 RYMAAYA/1 WAARYAAAYW
Mouse = ACAAATAAACAAACT 1 RYAMACA/2 RYMAAYA/1 WAARYAAAYW
Human  ACAAATAAACAAACT 1 RYMAAYA/2 RYMAAYA/1 WAARYAAAYW

20- " o
* (®)]
(e
5- . & 67
(@]
i)
0+ ® LS 4-
Ole %
5- ® cTJ 24
Y=
(@) —e-5-0-8-0—
A -@-9-$-8-6-9-@- S
V) T T | c I
Vector FOXC2 Vector

T

5 #

Ay

0 : ’ = — S
Ctrl FOXC2 Ctrl FOXC2

® 2kb A 0.45kb

FOXC2 CA





