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NF-κB-dependent repression of Sox18 transcription factor requires the epigenetic regulators histone deacetylases 1 and 2 in acute lung injury
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In acute lung injury (ALI), the NF-κB-mediated downregulation of Sox18 gene expression leads to the disruption of the pulmonary endothelial barrier. Previous studies have suggested that the action of NF-κB as a transcriptional repressor also requires the action of class I histone deacetylases (HDACs). Thus, the purpose of this study was to investigate and further delineate the mechanism of Sox18 repression during lipopolysaccharide (LPS) induced ALI. Using selective inhibitors and specific siRNA-driven depletion of HDACs 1-3 in human lung microvascular endothelial cells (HLMVEC) we were able to demonstrate a critical role for HDACs 1 and 2 in the LPS-mediated repression of Sox18 gene expression and the loss of endothelial monolayer integrity. Moreover, our data demonstrate that HDAC1 associates with a transcription-repressive complex within the NF-κB-binding site of Sox18 promoter. Further, we were able to show that the selective inhibitor of HDAC1, tacedinaline, significantly reduced the endothelial permeability and injury associated with LPS challenge in the mouse lung. Taken together, our data demonstrate, for the first time, that transcription repressors HDACs 1 and 2 are involved in pathological mechanism of ALI and can be considered as therapeutic targets.
Keywords: transcriptional repression, histone deacetylases, acute lung injury, sepsis, epigenetics
INTRODUCTION
Hyperpermeability of the pulmonary endothelium is a hallmark of acute lung injury and acute respiratory distress syndrome (ALI/ARDS) (Maniatis et al., 2008). To date, no effective treatment to protect or restore the endothelial barrier function in ALI/ARDS patients has been established. Therefore, studies investigating the molecular mechanisms of endothelial hyperpermeability associated with ALI/ARDS are necessary to drive new therapeutic advances. Sox18 is a transcription factor critical for maintaining endothelial barrier function (Gross et al., 2014; Gross et al., 2018) and we have previously shown a functional link between the downregulation of Sox18 expression and the loss of barrier function in HLMVEC challenged with lipopolysaccharide (LPS) (Gross et al., 2018). Repression of Sox18 expression is followed by the downregulation of Claudin-5, tight junction (TJ) protein which is intimately involved in the regulation of the endothelial barrier function (Nitta et al., 2003; Fontijn et al., 2008). Under conditions of increased shear stress, Sox18 and Claudin-5 are upregulated in EC; siRNA-mediated depletion of Sox18 causes EC monolayer integrity loss in the transendothelial electrical resistance (TER) assay (Gross et al., 2014). This is associated with a decrease in Claudin-5 levels (Gross et al., 2014). The effect of SOX18 appears to be specific to Claudin-5 as other Claudins were not affected by Sox18 depletion (Gross et al., 2014). However, siRNA-mediated depletion of Claudin-5 alone led to ZO-1 and VE-cadherin loss and barrier dysfunction, whereas Claudin-5 over-expression reversed the effect of Claudin-5 depletion on EC monolayer integrity (Gross et al., 2014). Overexpression of Sox18 prevents the downregulation of Claudin-5 and protects the endothelial barrier function in vitro and in vivo (Fontijn et al., 2008; Gross et al., 2014; Gross et al., 2018) clearly demonstrating a critical role of Sox18/Claudin-5 axis in the endothelial integrity.
The transcription factor, NF-κB is one of the most well-established inducers of the inflammatory response and is activated by a wide spectrum of stimuli (Pahl, 1999; Fiordelisi et al., 2019). NFκB-dependent activation of pro-inflammatory cytokines/chemokines expression is well documented, and this plays an important role in the inflammatory pathway that leads to the injury associated with ALI/ARDS (Schwartz et al., 1996; Baetz et al., 2005). However, recent studies have also revealed that activated NF-κB can repress the transcription of certain genes (Kouba et al., 1999; Campbell et al., 2004; Shaw et al., 2006). Our recent work has shown that the loss of Sox18 expression in ALI is NF-κB-dependent and identified the NF-κB-binding site responsible (Gross et al., 2018). Prior work has suggested that NF-κB-mediated transcriptional repression is associated with the formation of multiprotein complexes consisting of NF-κB subunits and class I histone deacetylases (HDACs), HDACs 1, 2, or 3 (Campbell et al., 2004; Shaw et al., 2006). Available data suggest that the p65 (RelA) subunit of NF-κB can recruit HDACs 1 and 2 to the chromatin where the latter can function as transcription co-repressors (Ashburner et al., 2001). However, to date, an existence of such repressive complex essential for ALI/ARDS pathology has been not explored. Thus, to further elucidate the mechanism of NF-κB-dependent repression of Sox18 gene expression, we studied the potential involvement of the class I HDACs in this process.
Using several lines of evidence, we show here that nuclear HDACs 1 and 2 are critically involved in the mechanism of NF-κB-mediated repression of Sox18 gene expression during ALI. Furthermore, we were able to demonstrate significant protective effects using the selective HDAC1 inhibitor, tacedinaline, in a mouse model of LPS-mediated ALI. Taken together, our data reveal an involvement of HDACs 1 and 2 in NF-κB-dependent transcription repression of Sox18 and suggest a potential therapeutic application of HDAC1/2 inhibitors in ALI/ARDS.
MATERIALS AND METHODS
Materials
Class I HDAC inhibitors, tacedinaline (Cat # 2952), FK228 (Cat # 3515), MI192 (Cat # 5647), and RGFP966 (Cat # 6728) were obtained from Tocris (Minneapolis, MN). The mouse monoclonal anti-HDAC1 and anti-HDAC2 antibodies (Cat ## 17-608 and 17-10237), and the Chromatin Immunoprecipitation assay kit (Cat # 17-295) were from EMD Biosciences (Philadelphia, PA). The mouse monoclonal anti-Sox18 antibody (Cat # sc-166025) was obtained from Santa Cruz Technology (Santa Cruz, CA). The rabbit monoclonal anti-acetyl-Lys27 histone H3 antibody (Cat # 8173), the rabbit monoclonal anti-phospho-Ser536 NF-κB p65 antibody (Cat # 3033), the rabbit monoclonal anti-acetyl-Lys310 NF-κB p65 (Cat # 12629) and the rabbit polyclonal anti-acetyl-Lys40 a-tubulin antibody (Cat # 3971) were from Cell Signaling (Danvers, MA). The mouse monoclonal anti-β-actin antibody (Cat # A3854) and E. coli endotoxin, LPS (Cat #L3129), were obtained from Sigma-Aldrich (St. Louis, MO). HDAC1- and HDAC2-specific siRNAs (Cat ## sc-29343 and sc-29345) were obtained from Santa Cruz Technology (Santa Cruz, CA). Universal blocking reagent, Power Block (Cat # HK085) was obtained from BioGenex (Fremont, CA). Effectene (Cat # 301425) and HiPerFect (Cat # 301704) transfection reagents were obtained from Qiagen (Valencia, CA). The pGL3-luciferase Reporter Vector (Cat #E1751), ß-galactosidase enzyme assay (Cat #E2000) and Luciferase Assay System (Cat #E1500) were from Promega Corporation (Madison, WI).
Cell culture
Human lung microvascular cells (HLMVEC) (Cat # CC-2527) were obtained from Lonza (Walkersville, MD) and grown in EBM-2 cell culture medium supplemented with respective bullet kit (Cat # CC-3202) (Lonza) at 37°C in a humidified atmosphere of 5% CO2. The cells were utilized between passages 5 to 7. To inhibit HDACs, the cells were pre-treated with respective inhibitors for 30 min. E. coli LPS (Sigma-Aldrich) was used to challenge HLMVEC at 1-2 EU/ml. For HDAC silencing, HLMVEC were transfected with 20–100 nM HDAC1-, or HDAC2- specific small interfering RNA (siRNA) duplexes (Santa Cruz Biotechnology) using HiPerFect transfection reagent, according to the manufacturer’s instructions. A scrambled siRNA was used as a negative control. Validation of the gene silencing effect was performed using immunoblotting analysis. For plasmid transfections, Effectene transfection reagent was used according to the manufacturer’s instructions.
Promoter activity assay
The first 1600 bp of the Sox18 promoter were subcloned into a pGL3 luciferase reporter vector (Promega, Madison, WI). To determine the mechanism of NF-κB-mediated repression of the Sox18 promoter, HLMVEC were simultaneously co-transfected with either HDAC1 or HDAC2 siRNA along with the Sox18 luciferase promoter plasmid and ß-galactosidase plasmid on 6-well plates for 48 h followed by LPS exposure (1 EU/ml, 4 h). In addition, HLMVEC transfected with the Sox18 promoter construct and ß-galactosidase for 48 h were treated for 30 min With either the HDAC1 inhibitor, Tacedinaline (150 μM), or the HDAC2 inhibitor, FK228 (10 nM), and then exposed to LPS (1 EU/ml, 4 h). The luciferase activity in HLMVEC lysates was determined using the Luciferase assay system (Promega), as described previously (Kumar et al., 2008). As a control of transfection efficiency, ß-galactosidase activity was measured using the ß-galactosidase enzyme assay (Promega).
SDS-PAGE and immunoblotting
Lysates obtained from HLMVEC or lung tissues were subjected to SDS-PAGE in 4–20% Tris-glycine gels (Cat # 4561094) (Bio-Rad, Hercules, CA) followed by electrotransfer to PVDF membranes (Cat # 1704156) (Bio-Rad). Specific protein bands were detected using respective primary and secondary antibodies and visualized using Super Signal West Femto Chemiluminescence kit (Cat # PI34095) (Fisher Scientific, Hampton, NH) using LI-COR Odyssey image station (Lincoln, NE). Specific protein images obtained were quantified using LI-COR Image Station software. Protein expressions were normalized by re-probing membranes with an anti-β-actin antibody (Sigma-Aldrich).
Transendothelial electrical resistance assay
TER assays were performed to measure HLMVEC integrity using ECIS instrument Z-Theta model (Applied BioPhysics, Troy, NY) as described previously (Garcia et al., 2000). The cells were grown in 8-well 8W10E ECIS arrays (Applied BioPhysics) to 100%-confluency in complete EGM-2 medium. The cells were pre-treated with HDAC inhibitors or vehicle as a control for 30 min, then the cells were challenged with LPS, and TER response changes were real-time recorded. Initial resistance in all array wells was normalized to 1.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) was performed using HLMVEC (∼1.0 × 106) cultured in 10-cm Petri dishes using the ChIP Assay Kit (EMD Biosciences), as previously described (Kumar et al., 2008). The cells were treated with 1% formaldehyde for 10 min at 37°C to cross-link DNA-protein complexes. The cell lysates were sonicated to obtain DNA fragments approx. 200-1,000 bp. The supernatants were incubated overnight at 4°C with an anti-HDAC1 antibody (4 µg/sample), or an anti-HDAC2 antibody (2 µg/sample). As a negative control, normal mouse IgG were used accordingly. The DNA was precipitated with ethanol and resuspended in water. DNA concentrations were measured and equal DNA amounts were used for PCR with HotStarTaq DNA Polymerase (Cat # 203203) (Qiagen). The NF-κB binding site 1 in the human Sox18 promoter is located −1082–1073 bp upstream of the transcriptional start site. The primers used to amplify NF-κB-binding site 1 in the Sox18 promoter were 5′-caa​gac​ctg​tgg​cct​cta​cc-3’ (forward) and 5′-ctg​agg​gtc​tcc​ctc​tgg​a-3’ (reverse) to obtain a fragment of 200 bp. As a positive control, DNA obtained from total lysates was used.
Real-time RT-PCR
Total RNA was isolated from HLMVEC using QIAshredder (Cat # 79654) (Qiagen) and the RNeasy Mini Kit (Cat # 74104) (Qiagen). cDNA was prepared from 2 μg of total RNA using SuperScript VILO Master Mix (Cat # 11755050) according to the manufacturer’s protocol (Fisher Scientific). cDNA samples diluted with water (1:10) were used for qPCR using a QuantiTect SYBR Green PCR Kit (Cat # 204143) (Qiagen) in a QuantStudio 3 System (Applied Biosystems, Waltham, MA). Data were analyzed by the 2−ΔΔCt method. As a reference, expression of β2-microglobulin was used.
Animals
Non-pyrogenic male C57BL/6 mice aged 6–8 weeks were kept in a room with tightly controlled light hours (12/12 h of light/dark cycle), appropriate temperature (22–24°C) and humidity range (55 ± 5%). Mice had full access to standard laboratory water and diet. All animal research was authorized by the institutional animal care and use committees at Florida International University, the University of Arizona as well as Northwest A&F University, and also confirmed with the Animal Welfare Act. The methodologies used in this investigation followed the approved guidelines.
LPS model of ALI
Age- and weight-matched male mice (n = 20) were sedated with a ketamine/xylazine admixture (100/2 mg/kg) intramuscular injection and randomly divided into four study groups: control, tacedinaline alone, LPS alone, and LPS + tacedinaline (n = 5 per group). LPS (2 mg/kg in 50 μL saline) was injected intratracheally to cause ALI. Mice in the control and tacedinaline groups were injected intraperitoneally with saline and tacedinaline (5 mg/kg), respectively, 1 h before LPS treatment. Mice were sacrificed 6 h after receiving LPS. For further investigation, lung tissues and BALF were taken.
Measurement of leukocyte infiltration and protein concentration in BALF
The lungs were lavaged with 1 ml of PBS using a tracheal cannula, and then BALF samples were taken. To pellet the cells, BALF samples were centrifuged at 500 g for 10 min at 4°C. A standard haemocytometer was used to count total leukocytes in BALF. A BCA protein assay kit was used to measure total protein contents in BALF.
Immunohistochemical analysis of the mouse lung
Prior to tissue preparation with paraffin-embedded blocks, lungs were perfused with 10% formalin at 15 cm H2O pressure and submerged in the same solution, and then 4 μm sections were cut and stained with hematoxylin and eosin (H&E). Histopathological evaluation was completed by two investigators who were not aware of the details of the grouping. The presence of neutrophils, hyaline membranes and proteinaceous debris in the alveolar and interstitial space, as well as thickening of the alveolar septal, were all scored on H&E stained sections, as stated previously (Matute-Bello et al., 2011).
Myeloperoxidase staining
Mouse lungs were embedded in paraffin and sectioned, then placed on treated glass slides (Superfrost plus, Cat # 12-550–15; Fisher Scientific) and air dried overnight. The slides were exposed to an oven at 60°C for 30 min on alternate days, then de-paraffinized with xylene and infiltrated sequentially by gradually decreasing concentrations of ethanol and finally into distilled water. Endogenous peroxidase was inhibited with 0.3% H2O2 (5 min) before being cleansed twice with distilled water. Slides were preprocessed with citrate (pH 6), rinsed in distilled water, incubated in Power Block (BioGenex), and rinsed in distilled water again, and then deposited in 1x PBS for 5 min, followed by incubation in anti-myeloperoxidase (MPO) antibody (1:200 dilution, Cat # ab139748, Abcam, Cambridge, MA) for 30 min at RT. The slides were cleansed twice in PBS before being incubated for 30 min with a secondary peroxidase-labeled goat anti-rabbit IgG. Diaminobenzidine (Cat #K3468, DAB + substrate kit, Dako Corp.) was used to identify bound antibody. As a counterstain, hematoxylin was utilized. The existence of neutrophils within the alveolar and interstitial spaces was scored on MPO-stained slides, as described previously (Rafikov et al., 2014).
Statistical analysis
GraphPad Prism software was used for statistical analysis. Data presented as means ± SEM. Statistical significance was analyzed by the unpaired t-test (for 2 groups) or ANOVA (for ≥3 groups) with Newman-Keuls post-hoc test. P< 0.05 was considered as significant.
RESULTS
Inhibition of HDAC1 or HDAC2 preserves monolayer integrity in LPS-challenged human lung microvascular endothelial cells
Class I HDACs have been associated with the NF-κB-mediated downregulation of certain genes (Campbell et al., 2004; Shaw et al., 2006). As we have previously shown that LPS-mediated activation of NF-κB leads to the downregulation of Sox18 (Gross et al., 2018), we initially investigated if selective inhibitors of HDAC1-3 could reduce the barrier disruption in LPS-challenged HLMVEC. Changes in the barrier integrity were recorded in real time using a transendothelial electrical resistance (TER) assay in HLMVEC challenged with LPS (Figure 1). Analysis of the TER data obtained using inhibitors for HDAC1/3 (Figure 1A), HDAC1/2 (Figure 1B), HDAC2/3 (Figure 1C) and HDAC3 (Figure 1D) demonstrated a significant barrier-protective effect when HDAC -1 or -2 were inhibited (Figures 1A–C), while HDAC3 inhibition did not protect against LPS-induced barrier disruption (Figure 1D).
[image: Figure 1]FIGURE 1 | Effects of class I HDACs selective inhibitors on LPS-induced endothelial barrier disruption in cultured human lung microvascular endothelial cells. HLMVEC monolayers grown in ECIS arrays were pre-treated with HDAC inhibitors or vehicle for 30 min then challenged with LPS. TER was recorded in real time to evaluate possible barrier-protective effects of HDAC inhibitors. Data are shown for tacedinaline (HDAC -1 and -3 inhibitor) (A), FK228 (HDAC -1 and -2 inhibitor) (B), MI192 (HDAC -2 and -3 inhibitor) (C), and RGFP966 (HDAC3 inhibitor) (D). Data are mean ± SEM, n = 4. *p < 0.05 vs. Control; †p < 0.05 vs. LPS alone.
HDACs 1 and 2 are involved in the LPS-mediated down-regulation of Sox18 expression in human lung microvascular endothelial cells
Using immunoblot analysis with an antibody against acetylated histone H3 we confirmed that the HDAC 1 and 2 inhibitors, tacedinaline and FK228, significantly increased the levels of acetylated histone H3, a HDAC1/2 specific protein substrate, demonstrating the efficacy of the inhibitors in preventing HDAC1/2-dependent histone deacetylation (Figures 2A,B). LPS exposure did not change HDAC1/2 protein levels, but increased the expression of the endothelial inflammatory receptor, ICAM-1 (Figure 2C). Next, we evaluated the levels of Sox18 mRNA in LPS-challenged EC in the presence or absence of these inhibitors to test the possible role of HDACs 1 and 2 in the downregulation of Sox18 gene expression. Our data clearly indicate that LPS treatment repressed Sox18 mRNA expression, however, pre-treatment with either tacedinaline or FK228 attenuated the LPS-mediated decrease in SOX18 mRNA levels (Figures 2D,E). Similarly, pre-treatment with either the HDAC1 or HDAC2 inhibitor significantly protected Sox18 protein levels in LPS-treated HLMVEC (Figures 2F,G). Together these data suggest that HDAC1/2 are involved in the LPS-mediated decrease in Sox18 expression.
[image: Figure 2]FIGURE 2 | Selective inhibitors of HDAC1 and HDAC2 significantly protect expression of Sox18 at mRNA and protein levels in LPS-challenged in cultured human lung microvascular endothelial cells. In HLMVEC, pharmacological inhibition of HDACs 1 or 2 leads to accumulation of acetylated histone H3 demonstrating specific effects of the inhibitors (A,B). LPS challenge affected neither HDAC1 nor HDAC2 protein levels, however, ICAM-1 expression is significantly increased (C). At the same time, the inhibitors significantly attenuate the LPS-induced repression of Sox18 mRNA expression (D,E) and Sox18 protein levels (F,G). The cells were pre-treated with the inhibitors or vehicle for 30 min then challenged with 2 EU/ml LPS for 6 h. Data are mean ± SEM, n = 3–6. *p < 0.05 vs. Control; †p < 0.05 vs. LPS alone.
HDAC1 or HDAC2 inhibition does not affect LPS-mediated activation of NF-κB in human lung microvascular endothelial cells
Previously we demonstrated that LPS-mediated downregulation of Sox18 expression in HLMVEC is NF-κB-dependent (Gross et al., 2018). Thus, we could not exclude the possibility that the protective effect on Sox18 expression with HDAC1/2 inhibitors was associated with changes in NF-κB activation status. To test this possibility, we compared NF-κB activation upon LPS stimulation in the absence or presence of HDAC1/2 inhibitors. Our data show that pre-treatment of HLMVEC with tacedinaline did not alter LPS-induced NF-κB activation as determined by evaluating p65 phosphorylation at S536 (Figures 3A,C) or acetylation at K310 levels (Figures 3A,B). As a control, we also found that Tacedinaline did not affect the acetylation of the HDAC6 substrate a-tubulin (Figures 3A,D) indicating that HDAC6 activity was not affected and that the barrier-protective effects of HDAC1/2 inhibition did not interfere with HDAC6. Similarly, LPS-mediated increases in LPS-induced p65 phosphorylation at S536 (Figures 3E,G) or acetylation at K310 levels (Figures 3E,F) was unaffected by FK228. Again, the acetylation of a-tubulin was unaffected (Figures 3E,H). To further investigate the link between HDAC1/2 and the NF-κB-dependent downregulation of Sox18 expression, we evaluated the effects of these inhibitors on SOX18 promoter activity using the Sox18-promoter luciferase construct we have previously described (Gross et al., 2018). HLMVEC were transfected with this construct and changes in luciferase levels were evaluated in LPS-challenged HLMVEC in the presence or absence of the HDAC1 or HDAC2 inhibitors. While LPS treatment alone dramatically decreased luciferase activity (Figure 3I), pre-treatment with either tacedinaline (Figure 3I) or FK228 (Figure 3I) significantly preserved luciferase activity indicating that HDAC1 and HDAC2 negatively regulate Sox18 expression via repression of its promoter activity.
[image: Figure 3]FIGURE 3 | Pharmacological inhibition of HDAC1 and HDAC2 attenuates LPS-induced repression of Sox18 promoter activity in cultured human lung microvascular endothelial cells. Inhibitors of HDAC1 and HDAC2 did not affect NF-κB acetylation (A,B,E,F) or NF-κB phosphorylation (A,C,E,G) in HLMVEC. HDAC 1 or 2 inhibition did not alter the acetylation levels of the HDAC6 protein substrate, a-tubulin (A,D,E,H). However, HDAC 1 or 2 inhibition attenuated the LPS-induced repression of the Sox18 promoter linked to a luciferase reporter (I). The cells were pre-treated with the inhibitors or vehicle for 30 min then challenged with LPS for 1 h (A–H) or 5 h (I). Data are mean ± SEM, n = 3–6. *p < 0.05 vs. Control; †p < 0.05 vs. LPS alone.
Silencing HDAC1 or HDAC2 expression has a positive effect on Sox18 promoter activity in LPS-challenged human lung microvascular endothelial cells
In our next set of experiments, we used a molecular approach to evaluate the involvement of HDAC1/2 in the regulation of Sox18 expression. To accomplish this, we depleted HDAC1 (Figures 4A,B) or HDAC2 (Figures 4C,D) expression in HLMVEC using specific siRNAs and evaluated the effects on Sox18 promoter activity when HLMVEC were transfected with luciferase gene under Sox18 promoter in the presence or absence of LPS. As a negative control, HLMVEC were transfected with a scrambled siRNA. Our data show that the LPS-mediated decrease in Sox18 promoter activity (Figure 4E) is attenuated with siRNA-directed depletion of HDAC1 or HDAC2 either alone or in combination (Figure 4E) with a trend towards additive preservation (Figure 4E).
[image: Figure 4]FIGURE 4 | siRNA-mediated depletion of HDAC1 or HDAC2 attenuates the LPS-induced repression of the Sox18 promoter in cultured human lung microvascular endothelial cells. HLMVEC were transfected with scrambled-, HDAC1- (A,B), or HDAC2- (C,D) siRNAs and Western blot analysis was used to confirm mRNA depletion. HDAC1 or HDAC2 depletion attenuated the LPS-mediated repression of a SOX18-luciferase construct (E). Data are mean ± SEM, n = 3 (for immunoblots), n = 9–12 (for luciferase assay). *p < 0.05 vs. Control; †p < 0.05 vs. LPS alone.
HDAC1 associates with the NF-κB-binding site in the Sox18 promoter in LPS-challenged human lung microvascular endothelial cells
To further explore the link between the HDAC1/2-dependent negative effects on Sox18 gene expression and the repressive function of NF-κB, we next utilized chromatin immunoprecipitation (ChIP) to investigate whether HDAC1 and/or HDAC2 could directly bind to the NF-κB-binding site we have previously identified in the Sox18 promoter (Gross et al., 2018). Our data show that HDAC1 associates with the NF-κB-binding site in the Sox18 promoter and this is dramatically increased upon LPS stimulation (Figures 5A,B). However, pre-treatment with the HDAC1 inhibitor, tacedinaline, completely abolished the association of HDAC1 with the NF-κB-binding site in the Sox18 promoter (Figures 5A,B). However, a similar assay performed examining HDAC2 did not reveal any association with the NF-κB-binding site in the Sox18 promoter of the Sox18 promoter region in any experimental condition (Figure 5C). These data suggest that HDAC1 is responsible for the initial binding to the promoter and then acts as a scaffold for the binding of HDAC2.
[image: Figure 5]FIGURE 5 | Chromatin immunoprecipitation (ChIP) analysis of HDAC1 and HDAC2 in LPS treated human lung microvascular endothelial cells. LPS increased the association of HDAC1 with the NF-κB-binding site 1 (−1082 to −1073 bp) within the Sox18 promoter sequence, and this was prevented by tacedinaline pre-treatment (A,B). The association of HDAC2 with the NF-κB-binding site 1 was not detected in HLMVEC in the presence or absence of LPS (C). Data are mean ± SEM, n = 3–5. *p < 0.05 vs. Control; †p < 0.05 vs. LPS alone.
HDAC1 inhibition preserves SOX18 expression and reduces injury in and LPS-model of acute lung injury
Our discovery of the barrier-protective effects of HDAC1/2 inhibition in LPS-challenged HLMVEC monolayers led us to test this effect in vivo. To accomplish this, we evaluated protective effects of tacedinaline, in a mouse model of ALI induced through intratracheal instillation of LPS. As we have previously shown (Gross et al., 2018), LPS treatment significantly decreased Sox18 protein levels in the mouse lung (Figure 6A). However, tacedinaline pre-treatment was able to significantly preserve Sox18 protein levels in the lungs of LPS-challenged mice (Figure 6A). In addition, we were able to demonstrate that the LPS-mediated increase in cellular infiltration in the bronchoalveolar lavage (BALF, Figure 6B) as well as the total protein concentration in BALF samples (Figure 6C) were significantly reduced by tacedinaline pre-treatment (Figures 6B,C) indicating a reduction in vascular hyperpermeability. As shown in H&E-stained lung sections, tacedinaline protected the lungs against LPS-induced damage and histopathological changes (Figure 6D). We assessed the lung injury severity using a semi-quantitative histopathological scoring system (Matute-Bello et al., 2001), which determines the thickness of alveolar septae, alveolar hemorrhage, intra-alveolar fibrin accumulation, and intra-alveolar infiltration. Tacedinaline pre-treatment attenuated the lung injury score in the LPS-treated mice (Figure 6D). In addition, we performed myeloperoxidase (MPO) immunostaining of the lung sections (Figure 6E) to demonstrate a presence of activated neutrophils in the lungs exposed to LPS. Tacedinaline pre-treatment significantly decreased MPO staining intensity and, therefore, a number of neutrophils in the lungs of LPS-challenged mice (Figure 6E). Therefore, we can conclude that the inhibition of HDAC1 in an animal model of ALI has a prominent therapeutic effect associated with the preservation of Sox18 expression.
[image: Figure 6]FIGURE 6 | HDAC1 inhibition attenuates ALI in the mouse. Mice were pretreated with tacedinaline before being exposed to LPS. Pharmacological inhibition of HDAC1 by tacedinaline preserves Sox18 protein levels (A) and protects the pulmonary endothelial barrier as demonstrated by decreases in the number of inflammatory cells (B) and protein concentration (C) in the BALF. Lung sections were H&E stained, examined for signs of inflammation (D), representative images shown) and scored for lung injury. The mice treated with tacedinaline had a lower lung injury score. Myeloperoxidase (MPO) immunostaining of the lung sections demonstrated a presence of activated neutrophils in the lungs exposed to LPS. Tacedinaline pre-treatment significantly decreased a number of neutrophils (E). Data are mean ± SEM, n = 4–12. *p < 0.05 vs. Control; †p < 0.05 vs. LPS alone.
DISCUSSION
Epigenetic regulation of gene expression plays a central role in the processes of cell and tissue functions under both physiological and pathological conditions (Yan et al., 2010; Bauer and Martin, 2017; Zarzour et al., 2019; Pagiatakis et al., 2021). Histone deacetylases (HDACs) are the enzymes responsible for chromatin inactivation via the removal of acetyl residues from acetylated lysines of histones (De Ruijter et al., 2003). This enhances DNA/histone interactions and, therefore, act as transcription repressors (De Ruijter et al., 2003). A growing body of evidence has documented a role for HDACs as epigenetic regulators in various pathologies. For example, a critical role for HDAC1 and 2 in carcinogenesis has been demonstrated (Li and Zhu, 2014). Thus, it is likely that a complex pathology such as ALI/ARDS is regulated, at least in part, by HDACs, since pulmonary cells in vitro and lung tissue in vivo exposed to ALI/ARDS stimuli exhibit global changes in gene transcription patterns (Dos Santos et al., 2004; Dos Santos et al., 2008; Lynn et al., 2019). Using several lines of evidence, we show here that nuclear HDACs 1 and 2 are critically involved in the endothelial barrier disruption associated with ALI. The work we report here adds important new information to the field by showing that HDACs 1 and 2 can act, at least in part, through the NF-κB-mediated repression of Sox18 gene expression. Furthermore, we were able to demonstrate for the first time, significant protective effects of the selective HDAC1 inhibitor, tacedinaline in an LPS-induced mouse model of ALI. Further, we show that tacedinaline preserves the endothelial barrier, at least in part, by preserving Sox18 expression. As we have recently demonstrated that expression of the endothelial TJ protein, claudin-5, which is critical for the integrity of pulmonary endothelium in vitro and in vivo (Gross et al., 2014; Gross et al., 2018) is regulated by Sox18 (Gross et al., 2014; Gross et al., 2018) this is likely the downstream mediator.
Sox18 belongs to the F family of Sox transcription factors (Dunn et al., 1995; Kanai et al., 1996; Taniguchi et al., 1999). In mice, Sox18 is expressed mainly in lung, heart, and skeletal muscle (Dunn et al., 1995; Hosking et al., 2001). Human Sox18 can be detected in adult and fetal tissues including brain, heart, skeletal muscle, spleen, kidney, liver, and lung and has been localized to the long arm of chromosome 20 (20q13.3) (Azuma et al., 2000; Pennisi et al., 2000; Stanojcic and Stevanovic, 2000). In addition to an N-terminal HMG domain which binds to 5′-AACAAAG-3′ sequence (Hosking et al., 1995), Sox18 contains a central transactivating domain capable of directly activating transcription in vitro (Hosking et al., 1995) and a C-terminal region which also contains a nine amino acid transactivation domain (Sandholzer et al., 2007) and mediates protein-protein interactions with partner co-activators. Decreased expression of Sox18 is characteristic for ALI models and has been directly associated with the endothelial hyperpermeability (Gross et al., 2018) while overexpression of Sox18 preserves endothelial integrity and reduced injury in the mouse lung exposed to LPS (Gross et al., 2018). Our previous studies have shown that Sox18 depletion impairs barrier function (Gross et al., 2014). Further, down-regulation of Sox18 in LPS-challenged HLMVEC is accompanied by a decrease of Claudin-5 and ZO-1 levels that is associated with intercellular gap formation (Gross et al., 2018). siRNA-mediated depletion of Claudin-5 also causes ZO-1 and VE-cadherin loss as well as gap formation in EC monolayers (Gross et al., 2014). Sox18 overexpression restores Claudin-5 levels and preserves EC monolayer integrity in TER assays, while Sox18 depletion reduces Claudin-5 expression and disrupts the EC monolayer (Fontijn et al., 2008; Gross et al., 2018).
NF-κB is well-established as an activator of pro-inflammatory gene expression under various stimuli (Verma et al., 1995; Ghosh et al., 1998). However, a less well studied role of NF-κB is as a transcription repressor (Kouba et al., 1999; Campbell et al., 2004; Shaw et al., 2006). We previously identified a specific NF-κB-binding site in Sox18 promoter region that is both essential and sufficient for NF-κB-mediated transcriptional repression of Sox18 (Gross et al., 2018). To repress transcription of certain genes, previous work has indicated that NF-κB subunits act in concert with several other proteins including the class I HDACs (Ashburner et al., 2001). A number of studies in the last two decades have revealed a complex multileveled modulation of ALI/ARDS pathological mechanism including global epigenetic regulation of the gene expression (reviewed in (Bossardi Ramos and Adam, 2021)). Previously, the barrier-disruptive effect of cytoplasmic class II HDAC6 has been studied in detail (Joshi et al., 2015; Yu et al., 2016a; Borgas et al., 2016; Yu et al., 2016b) demonstrating the involvement of this enzyme in a number of critical events such as the deacetylation (destabilizing) of microtubules (Borgas et al., 2016; Karki et al., 2019), the induction of TNF-α along with caspase-3 activation (Yu et al., 2016a; Yu et al., 2016b), and the regulation of Hsp90 function (Joshi et al., 2015). However, there has been minimal investigations into the role of HDACs related to the transcription repression events that occur in ALI/ARDS. Thus, the work we present here is important as it defines for the first time the role of HDAC1 and 2 in the NF-κB transcriptional complex involved in the repression of Sox18 expression during ALI.
Class I HDACs are localized within the nucleus and are typically found in either the Sin3 complex or the Mi-2/NuRD complex (Knoepfler and Eisenman, 1999). HDACs also repress transcription interacting with sequence-specific transcription factors directly (Ashburner et al., 2001). Indeed, NF-κB(p65)-HDAC1 complex can repress gene expression (Ashburner et al., 2001; Zhong et al., 2002). Also, p50 is able to directly interact with HDAC1 (Zhong et al., 2002), HDAC2 is associated with to NF-κB(p65)-HDAC1 complex via HDAC1 binding (Ashburner et al., 2001). Importantly, PKA-dependent phosphorylation of p65 subunit serves as a molecular switch lowering p65 affinity to HDAC1 and increasing its interaction with CBP/p300 (Zhong et al., 2002) for strong activation of certain gene transcription (Vanden Berghe et al., 1999). Our further identification of NF-κB/HDAC1/2 complexes associated with NF-κB-binding site of Sox18 promoter using ChIP assays revealed LPS-induced HDAC1 recruitment to this promoter site, whereas HDAC2 association was not detected. These data are in agreement with published studies demonstrated an indirect association of HDAC2 with transcription factors via binding to HDAC1 (Ashburner et al., 2001), although, for example, transcription repression by YY1 transcription factor via direct interaction with HDAC2 has also been demonstrated (Yang et al., 1996).
To evaluate a possible therapeutic effect of HDAC1 inhibition in vivo, we employed mouse model of ALI with intratracheal instillation of E. coli LPS widely used in ALI/ARDS studies. We found that tacedinaline pre-treatment preserved Sox18 protein levels in the lungs of LPS-challenged mice and protected pulmonary endothelium integrity in vivo. Moreover, morphological study of lungs obtained from mice exposed to LPS as well as MPO levels as a function of activated neutrophils clearly demonstrated lung-protective effects and a decrease in inflammation associated with tacedinaline. Therefore, we can conclude that transcription repressors HDAC1 and HDAC2 involve in molecular mechanism of ALI, their functions are associated with NF-κB-dependent down-regulation of Sox18, transcription factor critical for pulmonary endothelium integrity. Inhibition of HDAC1 has an endothelial-protective effect in pre-clinical model of ALI, and compounds with selective HDAC1/2 inhibitory properties may have a therapeutic potential in ALI/ARDS treatment.
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