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BMI1 Silencing Induces Mitochondrial Dysfunction in Lung Epithelial Cells Exposed to Hyperoxia
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Acute Lung Injury (ALI), characterized by bilateral pulmonary infiltrates that restrict gas exchange, leads to respiratory failure. It is caused by an innate immune response with white blood cell infiltration of the lungs, release of cytokines, an increase in reactive oxygen species (ROS), oxidative stress, and changes in mitochondrial function. Mitochondrial alterations, changes in respiration, ATP production and the unbalancing fusion and fission processes are key events in ALI pathogenesis and increase mitophagy. Research indicates that BMI1 (B cell-specific Moloney murine leukemia virus integration site 1), a protein of the Polycomb repressive complex 1, is a cell cycle and survival regulator that plays a role in mitochondrial function. BMI1-silenced cultured lung epithelial cells were exposed to hyperoxia to determine the role of BMI1 in mitochondrial metabolism. Its expression significantly decreases in human lung epithelial cells (H441) following hyperoxic insult, as determined by western blot, Qrt-PCR, and functional analysis. This decrease correlates with an increase in mitophagy proteins, PINK1, Parkin, and DJ1; an increase in the expression of tumor suppressor PTEN; changes in the expression of mitochondrial biomarkers; and decreases in the oxygen consumption rate (OCR) and tricarboxylic acid enzyme activity. Our bioinformatics analysis suggested that the BMI1 multifunctionality is determined by its high level of intrinsic disorder that defines the ability of this protein to bind to numerous cellular partners. These results demonstrate a close relationship between BMI1 expression and mitochondrial health in hyperoxia-induced acute lung injury (HALI) and indicate that BMI1 is a potential therapeutic target to treat ALI and Acute Respiratory Distress Syndrome.
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INTRODUCTION

Acute Respiratory Distress Syndrome (ARDS) is characterized by the rapid onset of respiratory distress (usually unresponsive to therapy), a decrease of lung compliance and volumes, and loss of ability to regulate gas exchange and can trigger severe respiratory failure (Ferguson et al., 2012; Ranieri et al., 2012; Henderson et al., 2017). Acute Lung Injury (ALI), according to the Berlin definition, is a less serious category of ARDS with hypoxemia of 300 mm Hg ≥ PaO2/FiO2 > 200 mm Hg (Johnson and Matthay, 2010; Ranieri et al., 2012; Umbrello et al., 2016). ALI is one of the major causes of morbidity in individuals over 60 years of age with a mortality rate of ≥ 60% (Blank and Napolitano, 2011). It worsens with time and has comorbidities such as hydrodynamic imbalance, cor pulmonale, lung infections, atelectasis, pneumothorax, pulmonary embolism, and damage of other organs (Chapalamadugu et al., 2015; Ochiai, 2015; Sipmann et al., 2018). It affects 255,000 new subjects per year in the US and costs the healthcare system more than 8 billion dollars (Ochiai, 2015; Ruhl et al., 2015; Marti et al., 2016; Rezoagli et al., 2017).

Lung epithelial cells play a critical role in ALI. Type I alveolar epithelial cells (AECI) are responsible for gas exchange and type II alveolar epithelial cells (AECII) produce lung surfactant and antimicrobial factors. AECII are the most abundant cells in the alveoli (60–80%) and comprise 10–15% of total lung cells they are vital for respiratory function, contain 50% of the mitochondria within the lung, and are necessary for appropriate lung function (Massaro et al., 1975; Crapo et al., 1978, 1980). AECII are responsible for the epithelial renewal and the production of cytokines and chemokines following lung injury. As ALI progresses, the integrity of the alveolar-capillary barrier is compromised, gas exchange and the assimilation of oxygen within alveoli decrease, and the demand for supplemental oxygen increases. Oxygen toxicity becomes evident with the appearance of symptoms and signs after 24 h of oxygen therapy with an FiO2 ≥ 0.75, the lung damage results in hyperoxia-induced acute lung injury (HALI) (Cochrane et al., 1983; Kolliputi and Waxman, 2009a,b; Waxman and Kolliputi, 2009; Beasley, 2010; Kolliputi et al., 2010, 2012; Kallet and Matthay, 2013).

ALI is characterized by the activation of an innate immune response, an influx of macrophages and white blood cells, and consequently, the release of cytokines and chemokines into alveolar spaces (Goodman et al., 2003; Chuquimia et al., 2013). This is followed by alterations in mitochondrial function that increase reactive oxygen species (ROS), promote oxidative stress, induce alterations in the electron transport chain (ETC), and in turn cause more mitochondrial dysfunction (Goodman et al., 2003; Imai et al., 2008; Islam et al., 2012; Prockop, 2012). These events lead to epithelial cell death, thereby increasing lung permeability. Ultimately, this culminates in pulmonary edema and eventually, ALI. Both epithelial cell integrity and mitochondrial function are crucial in normal lung physiology.

Maintaining mitochondrial health and its bioenergetic balance is necessary in ALI treatment for which different studies have been carried out in animals, mainly in the mouse model of Lipopolysaccharide-induced Acute Lung Injury (LALI) (Islam et al., 2012; Shi et al., 2019; Zhang et al., 2020), today research points toward translational studies using mitochondrial therapy to improve human health (McCully et al., 2016, 2017; Yamada et al., 2020). New therapy is targeting inherited or acquired mitochondrial diseases and other pathological conditions where mitochondrial metabolism and biogenesis are compromised or there is increased mitophagy (Wolf et al., 2015; Gorman et al., 2016; Hirano et al., 2018; Viscomi and Zeviani, 2020; Weissig, 2020; Willmes, 2020; Weissig and Edeas, 2021). A few proposed treatments include: the use of vitamins and cofactors, antioxidants, mitochondrial gene therapy, mitochondrial transplantation (replacement therapy), regulation of mitochondrial dynamics, bypassing of the mitochondrial genome, activation of mitochondrial biogenesis, and regulation of mitophagy (Wolf et al., 2015; McCully et al., 2016, 2017; Garone and Viscomi, 2018; Hirano et al., 2018; Weissig and Edeas, 2021).

Mitochondrial research uses different biomarkers, from proteins belonging to structure and metabolism, to external regulators and recruiters that condition mitochondrial function (Prockop, 2012; Yamada et al., 2020). Polycomb complex protein BMI1 (B cell-specific Moloney murine leukemia virus integration site 1), a ubiquitous protein widely studied for producing chromatin acetylation and being overexpressed in some types of cancer, is also involved in mitochondrial metabolism. In global BMI1 knockout mice, decreased expression is associated with an increased production of mitochondrial ROS, alterations in the ETC, and activation of the DNA Damage Response pathway (DDR) (van der Lugt et al., 1994; Baughman and Mootha, 2006; Liu et al., 2009; Bhattacharya et al., 2015). The mechanism by which this occurs is not yet elucidated. BMI1 is necessary for lung stem cell renewal and repair of lung tissue following lung injury and oxidative stress; however, the downstream effects of abnormally low BMI1 expression in lung tissue remain unknown. In addition, BMI1 is involved in autophagy-mediated necroptosis and the maintenance of hematopoietic function (Park et al., 2003; Dey et al., 2016). The former is a type of programmed cell death related to mitophagy and involves changes in the expression of PINK1 (PTEN-induced kinase 1), Parkin, and DJ1 (Protein deglycase DJ1), all closely linked to the PI3K/Akt-mTOR signaling pathway and to alterations in TCA enzyme activity (Ryter and Choi, 2010; Aggarwal et al., 2016; Shi et al., 2019; Zhang et al., 2020). BMI1 expression decreases under hyperoxic conditions. Based on this, and the aforementioned involvement of BMI1 in DDR and the PI3K/Akt-mTOR signaling pathway, we posit that BMI1 could be a mediator of the organ damage associated with HALI, akin to the mechanisms previously demonstrated in cardiomyocytes and stem cells (Dong et al., 2014; Valiente-Alandi et al., 2015, 2016; Lee et al., 2016; Herrero et al., 2018a,b).

This study focuses on utilizing a hyperoxia model to mimic ALI in H441 cells (human epithelial lung cells) to assess the mechanistic role of BMI1 in mitochondrial function as it relates to oxidative stress, reactive oxygen species production, and alterations in the oxygen consumption rate (OCR).



RESULTS


Hyperoxia Induces a Decrease in BMI1 Levels in Epithelial Lung Cells

Small Airway Epithelial Cells (SAECs), H441 lung epithelial cells, and Human Lung Microvascular Endothelial Cells (HMVEC-L) were exposed to normoxic (NO) vs. hyperoxic (HO) conditions to determine BMI1 expression. Western blot analysis in whole cell lysate indicates that the levels of BMI1 protein decreased significantly in epithelial SAEC and H441 cells after 48 h of HO (Figures 1A,B). There were no significant changes observed in endothelial cells (Figure 1A) indicating that BMI1 expression is affected by high oxygen concentration in lung epithelial but not endothelial cells. The three cell types were exposed to NO or HO at different time points (6–72 h) to determine if the expression of BMI1 is related to ALI. BMI1 levels increased in H441 cells during the first 12 h of hyperoxia exposure (Figure 1B). Cox et al. (2015a) showed that the increased antioxidant protein expression at 12 h of HO is correlated with apoptosis resistance, cell proliferation and growth, and inhibition of ROS accumulation as a possible first response to the injury in epithelial cells. No changes in the expression of BMI1 were evident after 24 h of HO vs. NO exposure. The expression of BMI1 in SAECs is relatively unchanged in the first 24 h and decreases progressively during the oxygen exposure period. Interestingly, BMI1 expression decreased significantly in SAECs and H441 cells after 48 h of hyperoxia, when oxidative stress measured by an increase in ROS production and autophagy occur (Figures 1A,B; Cox et al., 2015a,b). Based on these findings, the authors question whether BMI1 is necessary for a response to oxidative stress in hyperoxia model of ALI. Therefore, a pool of anti-BMI1 siRNAs was used, and the best sequence was chosen to maximize the knockdown of BMI1 expression in H441 cells.
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FIGURE 1. BMI1 expression in three cell lines was evaluated at different time points of hyperoxia exposure. (A) Western blot of BMI1 expression after different time points of hyperoxia exposure. (B) Densitometric analysis of BMI1 expression after normalization to β-actin. n = 6 (mean ± SEM), one-way ANOVA, *p ≤ 0.05, **p ≤ 0.01.




BMI1 Is Necessary to Respond to Hyperoxia in in vitro


Mitochondrial Dynamics Markers

The expression of mitochondrial proteins (fusion, fission, etc.) was evaluated in NO and HO conditions (Figures 2A,B) to evaluate the impact of silencing BMI1 expression in mitochondria metabolism. The results show that the expression of OPA1 (mitochondrial dynamin like GTPase) increases in BMI1 silenced cells under both NO and HO conditions, with significant difference in expression under NO (p = 0.040) (Table 1). Mitofusin 1 and 2 expression decreases after exposure to HO, but their expression did not change significantly after BMI1 silencing. This indicates that mitofusin 1 and 2 expression is modified by the oxygen concentration but not by BMI1 silencing (Figure 2B). This study also demonstrates significant changes in DRP1 (dynamin like-1 protein) expression with hyperoxia. DRP1 is a fission protein that facilitates mitophagy (Han et al., 2020). The expression of DRP1 is influenced by the oxygen concentration (NO vs. HO) (Figures 2A,B). An additive effect was observed between BMI1 silencing and an increase in oxygen concentration, p = 0.016 for O2*siRNA (Figures 2A,B and Table 1), evidenced by the decrease in the expression of DRP1 when BMI1 was silenced in H441 cells and exposed to HO. Aldehyde dehydrogenase 2 (ALDH2), a mitochondrial protein involved in the oxidative metabolism of alcohol and a potential shield against oxidative stress (Sidramagowda Patil et al., 2021), showed no significant changes following BMI1 silencing.
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FIGURE 2. Expression levels of proteins related to mitochondrial dynamics and metabolism in Control and BMI1 silenced H441 Cells. (A) Western blot analysis of proteins in normoxia (NO) and hyperoxia (HO). (B) Densitometric analysis of protein expression after β-actin normalization. n = 6, mean ± SEM; ns = no significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



TABLE 1. Summary of P-values of two-way MANOVA for protein expression levels.
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Regulatory Proteins of Mitochondrial Function

Proteins involved in the PI3K/AKT pathway as well as mitochondrial regulator proteins (widely studied in aging-associated diseases such as Parkinson’s disease and Alzheimer’s disease) were evaluated after BMI1 silencing to further elucidate the mechanism by which BMI1 acts in mitochondrial function. The expression of pAKT (Ser473), Pink1, Parkin, and DJ1 was regulated for both oxygen concentration and silencing of BMI1 (Table 1 and Figures 2A,B). The corresponding increase in pAKT and Parkin levels was driven by BMI1 silencing while changes in the expression of Pink1 and DJ1 were regulated by the oxygen concentration (Figures 2A,B). PTEN, a tumor suppressor that inhibits the PI3K/AKT survival pathway, had a higher level of expression when BMI1 was silenced, irrespective of hyperoxia exposure, evidencing the pivotal role of BMI1 in cell survival and proliferation (Figures 2A,B and Table 1).

These findings show that the silencing of BMI1 increases the expression of PTEN, Pink1, and DJ1, under NO conditions, resulting in mitophagy. PTEN expression remained elevated after HO in silenced cells, Parkin expression increases and Pink1 and pAKT decrease. The combination of these protein changes contributes to the inhibition of the PI3K-AKT pathway and the activation of mitophagy (Table 2). BMI1 expression regulates the protein levels of Pink1-Parkin-DJ1 (proteins involved in mitochondrial quality control, mitochondrial ubiquitination and mitophagy). Our study shows that BMI1 protein levels decrease significantly after hyperoxia exposure in H441 cells. In addition, BMI1 silencing in H441 cells induces mitochondrial dysfunction under normoxia and hyperoxia. Based on our data (Table 2 and Figure 2), we conclude that knockdown of BMI1 in H441 cells results in a loss of mitochondrial membrane potential (ΔΨm), increases mitophagy and cell death (Table 2 and Figure 2).


TABLE 2. Effect of Hyperoxia and BMI1 silencing in protein expression levels of mitochondrial biomarkers and regulatory proteins of mitochondrial function.
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BMI1 Silencing Changes the Levels of Gene Transcripts in a Different Manner Relative to the Levels of Protein Expression

Gene transcripts were analyzed through quantitative RT-PCR, using TaqMan RT-qPCR probes and β-actin as the internal calibrator to better understand if the impact of BMI1 silencing on protein expression was regulated at the transcriptomic level. Data, analyzed by two-way multivariate analysis of variance (MANOVA) (Table 3), show that oxygen concentration significantly decreased (p < 0.05) the expression levels of gene transcripts encoding proteins involved in mitophagy (Pink1, Parkin, and DJ1) and cell survival (PTEN, BCL2, and NRF2). Moreover, a combination of high O2 concentration and BMI1 silencing diminish the transcript levels of TIMM23, Parkin, DJ1 and BCL2. However, simple comparisons analysis (Figure 3 and Table 4) shows that silencing of BMI1, in combination with hyperoxia, induces a significant decrease in transcripts of TIMM23, genes encoding for mitochondrial fusion proteins (MFN1 and OPA1), for proteins involved in mitophagy (Pink1, Parkin), in cell survival (PTEN), anti-apoptosis (BCL2), and oxidation (NRF2), as well as increases the transcript levels of NLRP3 gene encoding the NLRP3 inflammasome protein. Nevertheless, the transcript levels did not correspond with their protein expression levels, indicating that posttranscriptional modifications and other pathway signals are implicated in the regulation of protein synthesis.


TABLE 3. Summary of P-values of two-way MANOVA for transcript levels.
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FIGURE 3. Analysis of transcript levels in BMI1 silenced H441 cells exposed to hyperoxia. (A) qRT-PCR analysis of transcripts involved in mitophagy pathway in BMI1 silenced vs. non-silenced H441 cells exposed to NO and HO. (B) qRT-PCR analysis of transcripts related to ALI in BMI1 silenced vs. non-silenced H441 cells exposed to NO and HO. (C) qRT-PCR analysis of transcripts related to mitochondrial dynamics in BMI1 silenced vs. non-silenced H441 cells exposed to NO and HO. All the four groups were compared to each other using MANOVA. Data represented as mean ± SEM, n = 3, ns = not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



TABLE 4. Effect of Hyperoxia and BMI1 silencing in gene transcripts levels based on simple comparisons analysis.
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BMI1 Silencing Interferes With Mitochondrial Respiration

An analysis of OCR was performed on H441 cells and their live mitochondria to determine if BMI1 silencing affects mitochondrial function. In both cases, the consumption of oxygen was significantly higher in non-silenced cells under normoxic conditions than in BMI1 silenced cells exposed to hyperoxia (Figures 4A,B; ***p < 0.001). The basal respiration level was around 20.0 pmol/min for non-silenced cells in NO but was almost undetectable in cells exposed to HO and/or BMI1 silencing (Figures 4A,C). The energy map indicated that these cells had an energetic phenotype (Figure 4A), producing approximately 17 pmol/min of ATP as their main energy source (Figure 4E). Silenced H441cells in NO utilized glycolysis as an energy source while the cells exposed to HO turned to the quiescent phenotype (Figure 4A- energy map).
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FIGURE 4. Oxygen Consumption Rate (OCR) in H441 cells and live mitochondria-derived from H441 cells. (A,C,E) OCR in intact H441 cells, (A) mitochondrial respiration and energy map, (C) basal respiration and spare respiratory capacity, (E) proton leak and ATP production. H441 cells were seeded at a density of 5 × 104 cells per well of 96 wells Seahorse Agilent plate, 20 wells were analyzed for each treatment, graphs represent mean ± SEM, one-way ANOVA, ***p ≤ 0.001. (B,D,F) OCR in live mitochondria-derived from H441 cells, (B) mitochondrial respiration and energy map, (D) basal respiration and spare respiratory capacity, (F) proton leak and ATP production. A total of 1,000,000 particles (mitochondria) were seed in each well of 96 Seahorse Agilent plate, 8 wells were analyzed for treatment, graphs represent mean ± SEM, one-way ANOVA, ***p ≤ 0.001.


Live mitochondria derived from the non-silenced cells in NO had a significantly higher consumption of oxygen (110 pmol/min) than mitochondria derived from silenced cells or from cells exposed to hyperoxia (Figures 4B,D). Mitochondria from non-silenced cells in NO showed an energetic phenotype with higher ATP production (60 pmol/min) (Figure 4F). An OCR vs. time curve for the live mitochondria showed a similar trend to that observed in the live cells. The absolute values of basal respiration, spare respiratory capacity, ATP production and proton leak were threefold higher for live mitochondria isolated from non-silenced cells in NO and HO than for live H441 cells under the same oxygen conditions (Figures 4A,C,E). However, the consumption of O2 by cells and live mitochondria obtained from silenced cells in hyperoxia did not show differences in magnitude, and the energy map for mitochondria derived from H441 cells silenced for BMI1 and exposed to hyperoxia demonstrated a quiescent phenotype in terms of oxygen consumption (same that was shown for H441 cells) (Figure 4).



BMI1 Silencing and Hyperoxia Promote Mitochondrial Dysfunction in the Enzymes From the Tricarboxylic Acid Cycle

Mitochondria from H441 cells were isolated after treatment with control or BMI1 siRNAs, followed by NO vs. HO treatment to investigate mitochondrial functionality. Three different activity assays were performed: 1. fumarase activity in mitochondria decreased significantly, both after BMI1 silencing (p = 0.0014) and under HO conditions (p = 0.024) (Figure 5A); 2. aconitase activity decreased significantly in mitochondria, providing evidence for additive deleterious effects when BMI1-silenced cells are expose to hyperoxia (Figure 5B). The decrease in aconitase activity, in both NO and HO, was significantly greater after BMI1 silencing vs. non-silencing; and 3. citrate synthase activity did not show differences between mitochondria isolated from H441 cells exposed to normoxic conditions (silenced for BMI1 or non-silenced). However, compared to normoxia, the activity decreased substantially in mitochondria derived from H441 cells exposed to hyperoxia, and this reduction was worse in mitochondria from cells subjected to both hyperoxia and BMI1 silencing (Figure 5C). The results of these enzymatic activity assays demonstrate that BMI1 is necessary for mitochondria to respond to the damage caused by hyperoxia and to properly carry out the TCA cycle (tricarboxylic acid cycle/Krebs cycle).
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FIGURE 5. Mitochondria enzymatic activity in BMI1 silenced H441 cells exposed to hyperoxia. (A) Fumarase activity (nmole/min/μL) in mitochondrial lysates from BMI1 silenced or non-silenced H441 cells exposed to normoxia and hyperoxia. (B) Aconitase activity (nmole/min/mL) in mitochondrial lysates from BMI1 silenced or non-silenced H441 cells exposed to normoxia and hyperoxia. (C) Citrate synthase (nmole/min/μL) in mitochondrial lysates from BMI1 silenced or non-silenced H441 cells exposed to normoxia and hyperoxia. n = 3, mean ± SEM; two-ways MANOVA ns = non-significant *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




Oxidative Stress and Reactive Oxygen Species Production Increases After BMI1 Silencing, Leading to Mitochondrial Dysfunction

Contrast confocal microscopy image analysis was used to determine the mitochondrial phenotype and function to characterize the mitochondria of H441 cells after BMI1 silencing. MitoTracker™ red and Cell-Rox™ green dyes were used to detect mitochondria and oxidative stress, respectively, thus allowing for co-localization. H441 cells were more readily detached after BMI1 silencing and hyperoxia, and oxidative stress was significantly higher after exposure to hyperoxia vs. normoxic conditions (as evidenced by the increase in green fluorescence) (Figures 6A,B). Superoxide ion production was assessed using MitoSox™ red dye to look for detectable changes in mitochondrial function. This analysis reveals that cells in which BMI1 is silenced produce significantly more ROS, as evidenced by an increase in red fluorescence (Figures 6C,D).
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FIGURE 6. Analysis of mitochondria oxidative stress in BMI1 silenced H441 cells. (A) BMI1 silenced and non-silenced h441 cells were stained with CellROX green and mitochondria were colocalized with MitoTracker Red. (B) Images were quantified and represented as CellROX mean signal intensity. (C) Reactive oxygen species (ROS) were detected in BMI1 silenced and non-silenced h441 in normoxia using MitoSOX Red (superoxide ion). A representative image is shown. (D) Quantification of ROS production in BMI1 silenced and non-silenced cells in normoxia is represented as Mito SOX = x fluorescence intensity (AU). Data represents mean ± SEM; two-ways MANOVA ns = no significant **p ≤ 0.01, ***p ≤ 0.001.




Computational Analysis of the Prevalence and Functionality of Intrinsic Disorder in BMI1 Protein


Structural Features of BMI1

Observations done in this study and previous ones define BMI1 as a multifunctional protein suggesting that it belongs to the group of intrinsically disordered proteins (Wright and Dyson, 1999; Dunker et al., 2001, 2002a,2002b,2005). Data presented in Supplementary Material and Supplementary Figure 1, shows that structural coverage of the BMI1 sequence constitutes 59.5% of its total length whereas the remaining 40.5% belongs to the “dark proteome” category, typically defined by the presence of intrinsic disorder (Hu et al., 2018; Kulkarni and Uversky, 2018; Uversky, 2018).




Pathway Proposed Downstream of BMI1 Silencing in H441 Cells

After analysis of protein expression levels, we hypothesized a pathway downstream of BMI1. Table 2 and Figure 7 summarize the different changes occurring in the regulatory proteins of mitochondrial function after BMI1 silencing in normoxic and hyperoxic conditions. While we did not elucidate the mechanism by which BMI1 silencing worsens mitochondrial damage caused by hyperoxia, we showed changes in DRP1, PTEN, Parkin, and pAKT protein levels that could be related to the observed mitochondrial dysfunction and mitophagy.
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FIGURE 7. Pathway proposed downstream of BMI1 silencing in H441 cells. (A) Basal conditions, schematic representation of protein expression under normoxia, and normal expression of BMI1. (B) Hyperoxia, protein expression in H441 cells downstream of decreased expression of BMI1. (C) Representation of protein expression downstream of BMI1 silencing in normoxia. (D) The BMI1 Silencing + Hyperoxia panel represents the effects of BMI1 silencing in hyperoxia. Hyperoxia was defined as cell exposure to concentrations of oxygen higher of 80% for 48 h.





DISCUSSION

Hyperoxia induces mitochondrial damage, cell death, and DNA fragmentation (Kolliputi and Waxman, 2009a,b; Waxman and Kolliputi, 2009; Kolliputi et al., 2010), all characteristic signs of ALI. Based on this description, HALI represents a useful approach to study ALI/ARDS in vivo and in vitro. Diminished expression of BMI1 is associated with an increase in mitochondrial ROS production, ETC alterations, and activation of the DDR pathway (Liu et al., 2009; Bhattacharya et al., 2015; Banerjee Mustafi et al., 2016). This study provides new insight into mitochondrial dysfunction in ALI.

This research shows that mitochondrial biogenesis markers can be regulated by BMI1, and that changes in the levels of proteins involved in this dynamic process are possibly due to a compensatory mechanism to evade mitophagy and cell death (Table 2 and Figure 2). The expression of DRP1 increases under hyperoxia conditions. DRP1 is crucial to mitochondrial fission and its levels increase to remove damaged mitochondrial through mitophagy. Consequently, its degree of expression is a normal aspect of cell metabolism and mitochondrial dynamics, but also a notable compensatory response for disease and cell death (Ni et al., 2015; Xie et al., 2015; Tilokani et al., 2018; Kosmider et al., 2019). It is necessary to maintain a balance between the mitochondrial fusion and fission proteins for mitochondrial health and biogenesis. Impairment of mitochondrial fusion and fission effectively increase mitophagy in AECII, as has been observed in lung emphysema and Chronic Obstructive Pulmonary Disease (COPD) (Kosmider et al., 2019). These findings show an imbalance between the fusion proteins, OPA1, MFN1, and MFN2, and fission protein, DRP1 (Table 1 and Figure 2). It illustrates a net shift in the net activity of the mitochondrial network to favor mitophagy. Furthermore, Mfn1 and OPA1 have significant differences in mRNA expression which was observed via qRT-PC analysis of transcript levels (Figure 3C and Table 3).

Previous studies have analyzed the involvement of the PI3K-AKT pathway in ALI, either as controlling damage and activating survival or inducing apoptosis and cell death. Kolliputi and Waxman (2009b) demonstrated that IL-6 overexpression protects against HALI via the PI3K-AKT pathway. In addition, Shi et al. (2019) found that the PI3K/AKT pathway regulates mitochondria and attenuates endotoxin-induced ALI by heme oxygenase-1 (HO-1) induction, which protects the cell from the damage caused by sepsis. In the current study, no changes in the AKT transcript levels were observed in response to oxygen concentration or BMI1 silencing (Figure 3A). However, there were changes in the expression of pAKT (Ser 473) mediated by hyperoxia and BMI1 silencing (Table 1 and Figure 2). The increase in the levels of AKT phosphorylated at Ser473 is linked to cell protection (Kim et al., 2011; Murata et al., 2011). It could be a cellular response to injury caused by hyperoxia, but this response is insufficient when BMI1 silencing is also added (Figure 2B). Western blot data show that PTEN levels increased in a BMI1 silencing dependent manner (Figure 2 and Table 1). BMI1 and PTEN have two known methods of regulation, wherein BMI1 over-expression inhibits PTEN expression (at least in nasopharyngeal epithelial cells) (Song et al., 2009), and, in turn, PTEN may abrogate BMI1 function and expression in cancers, such as prostate cancer or cardiac fibroblasts (Fan et al., 2009; Kim et al., 2011; Yang et al., 2018, 2019). PTEN catalyzes the dephosphorylation of PIP3 (phosphatidylinositol-3,4,5-trisphosphate) to produce PIP2 (phosphatidylinositol4,5-biphosphate), thereby suppressing the Akt/PKB signaling pathway. This regulates cell growth and survival and is linked to mitochondrial function and metabolism (Fan et al., 2009; Gupta et al., 2017). These results corroborate the pivotal role that BMI1 plays in cell survival and renewal and highlight the importance of BMI1 normal expression in lung epithelia in response to the injury caused by hyperoxia.

The effect of BMI1 on expression of Pink1, Parkin, and DJ1 is of special interest as well. In fact, these proteins are involved to ubiquitination and mitophagy and are associated with the pathogenesis of Parkinson’s disease (Whitworth and Pallanck, 2009; Gupta et al., 2017; Salazar et al., 2018; Chia et al., 2020). The impact of alteration in the expression levels of Pink1/Parkin has been studied in LALI and demonstrate that these proteins, due to their role as homeostatic regulators of mitophagy, are necessary to respond in sepsis (Zhang et al., 2020). This study helps establish the significant impact of both BMI1 silencing and hyperoxia on the increase in the expression of Pink1 and Parkin, which, in turn, induces more mitochondrial dysfunction and mitophagy (Figure 2 and Tables 1, 2). Dey et al. (2016) demonstrated that BMI1 depletion induced mitophagy and cell death via necroptosis in an ovarian cancer cell line. The qRT-PCR results (Tables 3, 4 and Figure 3) suggest that enhanced changes in the transcript levels may be mediated by oxygen concentration rather than BMI1 silencing, and the impact of the latter is more evident at the protein level. The levels of transcripts for the NLRP3 inflammasome, BCL2, and NRF2 agree with the results of previous studies reported in HALI by our group (Waxman and Kolliputi, 2009; Kolliputi et al., 2010; Fukumoto et al., 2013).

Measurement of oxygen consumption is a method used to assess mitochondrial functionality and respiration in cells or even in isolated viable mitochondria (Xu et al., 2014). In this study, a new method to obtain live mitochondria from H441 lung epithelial cells was standardized; OCR was determined in complete H441 cells and in live mitochondria (from H441 cells) isolated after silencing and hyperoxia exposure. Analysis of OCR in both cells and isolated mitochondria revealed the same respiratory profile (Figure 4). H441 cells and mitochondria non-silenced in normoxia conditions had a high basal respiration, ATP production, and energetic phenotype (Figures 4C–F). Previously, it has been reported that hyperoxia reduces the rate of mitochondrial respiration in MLE-12 (mouse lung epithelial cells) (Das, 2013). However, in the current study, BMI1 silencing and hyperoxia were a lethal combination for mitochondrial health, leading cells to seek alternate energy resources through the glycolytic pathway or inducing senescence in cells and in isolated mitochondria (Figures 4A,B).

The tricarboxylic acid cycle (Krebs cycle) is the major source of aerobic energy and cellular metabolism (Her et al., 2015). Therefore, evaluation of the enzymatic activity of several enzymes involved in the TCA, such as fumarase, aconitase, and citrate synthase, was evaluated as a marker for oxidative stress (Nulton-Persson and Szweda, 2001; Velsor et al., 2006). A significant decrease in enzymatic activity after the silencing of BMI1 further worsened following the damage caused by hyperoxia (Figure 5). A decrease in aconitase activity with constant maintenance of fumarase activity is suggestive of oxidative stress (Velsor et al., 2006). Mitochondria from silenced cells had lower aconitase activity (0.82 nmol/min/mL) after hyperoxemia compared with mitochondria from normoxia and non-silenced cells (1.33 nmol/min/mL); with fumarase activity, the values were 0.68 nmol/min/mL and 0.72 nmol/min/mL, respectively, even though the changes in fumarase were significantly different between control siRNA NO vs. BMI1 siRNA HO groups, indicating an increment in oxidative stress.

A double fluorescence staining was performed to co-localize ROS production and mitochondrial oxidative stress. BMI1 silenced H441 cells produced more ROS and had more oxidative stress than non-silenced cells (Figures 6A,B). CellROX® green is a fluorogenic reagent designed to measure ROS in live cells. In the reduced state, the green emission is weak, and after oxidation by ROS and subsequent binding to DNA, the emission becomes brighter. The images indicate higher ROS levels after hyperoxia and BMI1 silencing. Mitosox® was used to measure ROS production in the form of superoxide ion, which results from the ETC. The latter increases the peroxide H2O2 production (superoxide also inactivates aconitase through oxidation of its iron-sulfur core) (Mourmoura et al., 2013). This agrees with the findings of this study (Figures 6C,D), where the silencing of BMI1 induced more ROS production than in the non-silenced cells, as evidenced by the red fluorescence p = 0.0080. Furthermore, the inactivation of aconitase shows oxidative stress and mitochondrial dysfunction.

The remarkable multifunctionality of BMI1 can be explained by its high binding promiscuity associated with high levels of intrinsic disorder as was explained in Supplementary Appendix and Supplementary Figure 1.

We conclude that BMI1 silencing has a deleterious and additive effect that exacerbates hyperoxia damage caused in H411 epithelial lung cells by inducing more mitochondrial damage and dysfunction, not only in terms of protein activation but also in the cellular and mitochondrial capacity for energy production, metabolism (TCA cycle), production of ROS, and oxidative stress response. Therefore, a model is proposed (Figure 7) outlining a possible pathway to induce mitophagy downstream of BMI1. The analysis of the signaling pathway proposed frames two possible therapeutic targets for the ALI/ARDS treatment: 1. recover the expression of BMI1 to avoid oxidative stress and mitochondrial dysfunction in lung epithelial cells and 2. Use the mitochondria as a therapeutic target to treat the disease. This study is limited in part due to the use of H441 cells. Future studies would use primary AECII cells or human epithelial lung cells, and this would be a physiologically relevant model for BMI1 studies.



MATERIALS AND METHODS


Cell Culture

Three different lung cell types were grown in a humidified incubator and were exposed to normoxic [O2 = 21%] and hyperoxic conditions [O2 > 90%] (in hyperoxia chamber) for different time points (6–72 h) to elucidate if the expression of BMI1 in lung cells changes under hyperoxia conditions. 1. H441 lung epithelial cells (this cell line has features of AECII cells and Clara cells, HTB-174™; American Type Cellular Collection, Rockville, MD), grown in RPMI 1,640 medium supplemented with 10% FBS and 1% antibiotic (penicillin-streptomycin)/antimycotic (amphotericin B) solution. H441 cells between passages 7–20 were used for all the experiments. 2. Human Lung Microvascular Endothelial Cells (HMVEC-L) cultured in Microvascular Endothelial Growth Medium BulletKit™ (EGM™-2 MV) prepared according to the manufacturer’s protocol (Lonza, Walkersville, MD; Catalog #: CC-2527). In the current study, the HMVEC-L cells were used between passages 4–10. 3. Small Airway Epithelial Cells (SAEC) maintained in Small Airway Growth Medium BulletKit™ (SAGM™ SingleQuots™) following manufacturer’s instructions (Lonza, Walkersville, MD; Catalog #: CC-2547), these cells were used between passages 4–10. All cells were grown in humidified incubator at 37°C and 5% CO2.

H441 epithelial cells, HMVEC-L and SAEC primary cells at ≈50–60% of confluency were exposed to high oxygen concentration (> 80%) for 6, 12, 24, 48, and 72 h in hyperoxia (HO) chamber or 48 h to normoxia (NO) conditions (21% O2). Further, cells were washed with cold 1 × PBS and trypsinized (Trypsin-EDTA 0.025%) for 5 min by incubating at 37°C. Cells were then harvested completing 10 ml with cold 1 × PBS by centrifuging at 1,500 rpm for 5 min. The supernatant was discarded, and the pellet was re-suspended in 1 ml of cold PBS 1 × and centrifuged again at 1,500 rpm for 5 min. The resulting pellet was stored at -80°C until further use.



BMI1 Silencing

H441 cells grew in 100 mm precoated petri dishes until ≈60% of confluency to silence BMI1 using small interfering ribonucleic acid (siRNA). H441 cells with the desired confluency were transfected using siRNA from Dharmacon™ for BMI1™ (sense sequence was 5′GAACAGAUUGGAUCGGAAA3′) and control (scrambled or NTC -non target control-) siRNA (sense sequence was 5′GACUUCCGUCGACAUUAUU3′). The silencing was done each time with three replicates per treatment using Lipofectamine 2,000 (Thermo Fisher Scientific, Inc.) and BMI1 siRNA or control siRNA following manufacturer’s recommendations. A total of four groups were used for all the experiments as follow: 1 Control siRNA normoxia = normoxic conditions + scramble siRNA (experiment control). 2 BMI1siRNA normoxia = normoxic conditions + BMI1 silencing (evaluates the effect of silencing BMI1 in normal conditions of oxygen). 3 Control siRNA hyperoxia = hyperoxic conditions + scramble siRNA (to evaluates the effect of injury -hyperoxia damage- in BMI1 expression). 4 BMI1siRNA hyperoxia = hyperoxic conditions + BMI1 silencing (additive effect between the injury and the genetic modification, it evaluates the effect of silencing BMI1 in hyperoxia damage). After 18 h, the medium was changed to RPMI-supplemented medium. Cells silenced for BMI1 and non-silenced were exposed to the normoxic and hyperoxic conditions for 48 h in humidified incubator supplemented with 5% CO2 (all the experiments considered as hyperoxia were performed by 48 h of exposure to O2 higher tha 80%. After incubation at normal and high oxygen levels, H441 cells were trypsinized, as was described in the cell culture methods for experiments with live cells (enzyme activity assays, life mitochondria isolation, OCR) and the cells processed immediately. For protein or RNA isolation, pellets were stored at -80°C until future use.



Protein Isolation and Western Blot

Whole cell lysate (WCL) was isolated from cells adding 200 μl of protein isolation buffer (150 mM NaCl, 50 mM Tris, and 0.5% NP40, pH 7.4 supplemented with protease and phosphatase inhibitors 1:100) and thermic shock induced by thawing and freezing cells three times. The WCLs were sonicated for 5 min (pulses of 15/10 s) at 50% amplitude in Qsonica Q700 sonicator. Next, the lysates were centrifuged for 15 min at 4°C × 21,000 g and supernatant collected in low binding protein tubes and stored at -80C. Protein quantification was conducted using a BCA protein assay following manufacture’s recommendations (Thermo Fisher Scientific, Inc. #23225, Pierce, Rockford, Waltham, MA).



Western Blot Analysis

Protein expression levels were analyzed by loading 10 μg of whole cell lysate (WCL) from BMI1-silenced and non-silenced cells exposed to NO and HO conditions on 10% SDS-PAGE or in gradient gels (4–20%) for separating the lower molecular weight proteins. SDS-pages of 15 wells were used to run the proteins, in each gel were put three independent replicates of each condition (C-NO, BMI1-NO, C-HO, BMI1-HO). The proteins were transferred to PVDF membrane, blocked in 5% BSA in TBST and exposed to primary antibodies and incubated overnight at 4°C. Following washes, secondary antibody was added, according to each primary antibody, followed by the developing with chemiluminescent Kwik quant ECL solution (Kindle biosciences, Greenwich, CT), ECL or Femto (Thermo Fisher Scientific, Inc. #32209 and #34095, Pierce, Rockford, Waltham, MA) (see Supplementary Material for list of antibodies). The visualized proteins were quantified by ImageJ (NIH, Bethesda, MD), and the ratio of protein to its loading control (β-actin) was calculated using the Image J software. The results were saved in excel data sheets. The silencing experiments were performed independently several times during this study. The representative, western blot images are showing in Figures 1–3. Results of proteins expression were analyzed for the four groups together as shown in Table 1; the figures showing separately normoxia and hyperoxia data to reader better understanding. Two different blots were quantified per each protein (total of six independent replicates), and data represents the means ± SEM. n = 3 per group in every blot.



Live Mitochondrial Isolation and Mitochondrial Proteins

Live mitochondria were isolated from H441 cells modifying and adjusting the protocol described in Hartwig et al. (2015) for lung cells. Live mitochondria were isolated in homogenization buffer containing sucrose, EGTA, mannitol, DTT, NaCl, and KCl by ultra-centrifugation in a sucrose gradient prepared in the homogenization buffer at concentrations of 2, 1.5, and 1 M. The mitochondria were obtained from the middle layer after several cold ultra-centrifugation steps (mitochondrial fraction). Mitochondria were resuspended in the cell growth medium for the OCR experiment or in resuspension buffer for protein isolation. Mitochondrial proteins were quantified with Pierce™ Detergent Compatible Bradford Assay Reagent and then kept frozen at −80°C.



Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated from H441cells (silenced and non-silenced for BMI1 and exposed to NO and HO conditions) using RNeasy Mini Kit from Qiagen (Germantown, MD), purified with RNase-free DNase set (Qiagen), dissolved in RNase-free water and stored at -80°C. For reverse transcription PCR (RT-PCR), iScript cDNA synthesis Kit (BioRad, Hercules, CA) was used following the manufacturer’s instructions and 1 μg of total RNA was reverse transcribed. To determine relative expression levels of mRNA, quantitative RT-PCR was performed using cDNAs and TaqMan qRT-PCR probes: BMI1 (Hs00995536_m1), β-ACTIN (Hs01060665_g1), TIM M23 (Hs00197056_m1), MFN1 (Hs00966851_m1), MFN2 (Hs j00208382_m1), OPA1 (Hs01047013_m1), DRP1 (Hs015 52605_m1), FIS1 (Hs00211420_m1), PTEN (Hs02621230_s1), AKT (Hs00178289_m1), PINK1 (Hs00260868_m1), PAR KIN (Hs01038322_m1), DJ1 (Hs00994893_g1), NRF2 (Hs00975961_g1), BCL2 (Hs00608023_m1), and NLRP3(Hs00918082_m1). The qRT-PCR were set up in QuantStudio 3 PCR System (Life Technologies) according to the manufacturer’s instructions for TaqMan probes and TaqMan Fast Advanced Master Mix. Data was analyzed by ΔΔCt method using β-actin (internal calibrator).



Measurement of Oxygen Consumption Rate

Oxygen consumption rates were determined using a Seahorse XFe96 Analyzer (Seahorse Biosciences, North Billerica, MA, United States). Briefly, live H441 cells treated with scrambled siRNA or silenced with BMI1 siRNA and exposed to NO and HO conditions were plated at 50,000 cells/well in 50 μl of growth media. The 96-well plate was centrifuged at 200 g × 2 min without brake or acceleration speed and incubated in humidified incubator with 5% CO2. After 1 h, growth medium was replaced with 180 μl of RPMI1 Seahorse-Agilent medium pH 7.4 and supplemented with glucose, sodium pyruvate and L-glutamine following fabricant’s instructions. H441 cells were incubated for 1 h in CO2 free incubator and the OCR and respiratory parameters were measured by the addition of ETC inhibitors [final concentration per well: oligomycin 1.0 μM, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) 0.5 μM and Rotenone/Antimycin-A 0.5 μM]. For live mitochondria derived from H441 cells, mitochondria were isolated as was previously described, an aliquot was stained with Mito Tracker™ green for 5 min at final concentration of 5 μM, and the particles were quantified in Neubauer haemocytometer using 40 × objective and fluorescence microscope Olympus BX43 with camera Olympus DP21. Then, a total of 1,000,000 particles were plated in 30 μl of RPMI1 Seahorse-Agilent pH 7.4 medium supplemented with glucose, sodium pyruvate, and L-glutamine, following manufacturer’s instructions, in 96 well plate and centrifuged, as was explained for live cells, and incubated for 1 h in CO2 free incubator. Then, 150 μl of the same medium was add to each well. This protocol was repeated to determine OCR in live cells and in live mitochondria.



Mitochondria Activity Assays

Enzymatic activity assays were conducted using the mitochondrial fraction following the manufacturer’s instructions for fumarase activity colorimetric assay kit MAK206 (Sigma-Aldrich), Aconitase activity assay kit MAK051 (Sigma-Aldrich), and citrate synthase activity kit MAK193 (Sigma-Aldrich). The assays were carried out with isolated mitochondrial protein using mitochondrial isolation kit for cultured cells (Thermo Fisher Scientific, Inc. #89874, Pierce, Rockford, Waltham, MA) following the manufacturer’s recommendations. Once the mitochondrial protein was obtained, it was quantified using BCA assay (standards prepared in Chaps buffer 2% in 1 × TBS). The amount of protein was equalized to 1 μg/μl in assay buffer for each activity. A total of 25–30 μg of mitochondrial protein were analyzed in each activity assay with replicates, aconitase and citrate synthase activity was expressed in nmol/min/μL (milliunits/μL-mU/μL) and fumarase nmol/min/mL (milliunits/mL- mU/mL).



Oxidative Stress and Reactive Oxygen Species Detection


CellROX® Green Reagent and MitoTracker® Red FM

H441 lung epithelial cells were seeded on glass bottom 35 mm dishes (3 for each condition, Control siRNA NO, BMI1 siRNA NO, Control siRNA HO, BMI1 siRNA HO), silenced, and exposed to normoxia and hyperoxia as previously explained. H441 cells were stained with CellROX® Green Reagent (Thermo Fisher Scientific, Inc. # C10444, Pierce, Rockford, Waltham, MA) to a final concentration of 5 μM in RPMI growth medium and incubated at 37°C; after 25 min of incubation, MitoTracker® Red (Thermo Fisher Scientific, Inc. # M22425, Pierce, Rockford, Waltham, MA) from 5 μM stock concentration was added to the cells to a final concentration of 25 nM. The resulting reaction mixture was incubated for 5 more minutes for a total of 30 min of CellROX incubation. The cells were then washed using DPBS and maintained in the growth medium for imaging immediately on a Leica SP8 3X STED Laser Confocal Microscope using 60 × objective. Several confocal photographs were taken for each treatment, the best images were used to quantitation (n: 22–10) and they were analyzed using the ImageJ-win64.Ink Fiji.app, the data are represented as mean ± SEM.



MitoSOX™ Red Mitochondrial Superoxide Indicator

Lung epithelial cells H441 were plated on glass bottom 35 mm petri dishes. After 60% confluency, the cells were treated with siRNA and incubated under normoxic conditions for 48 h as mentioned previously (for this assay the cells under hyperoxia did not withstand the toxicity of staining), followed by incubation with MitoSOX™ Red (Thermo Fisher Scientific, Inc. # M36008, Pierce, Rockford, Waltham, MA) to a final concentration of 5 μM in RPMI growth medium with incubation at 37°C. At minute 10 of incubation, MitoTracker Green FM (Thermo Fisher Scientific, Inc. # M7514, Pierce, Rockford, Waltham, MA) from 5 μM stock concentration was added to cells to a final concentration of 25 nM and incubated for 5 more minutes to complete 15 min of MitoSOX™ incubation. Cells were washed with DPBS and kept in growth medium to image immediately on a Leica SP8 3X STED Laser Confocal Microscope using 60 × objective. The images were analyzed utilizing the ImageJ-win64.Ink Fiji.app.




Statistical Analysis

The data were expressed in terms of mean ± SE. All the data were evaluated using IBM SPSS Statistics (Version 26.0 Armonk, NY). Data were analyzed using ANOVA followed by Tukey’s post-hoc test and multivariate analysis was conducted using two-way MANOVA followed by Tukey’s post-hoc test for normally distributed data and p < 0.05 considered statistically significant. Tables and graphics were constructed using Microsoft Excel (2008). Adobe Photoshop 2020 was used for ensemble figures, keeping the original images in adequate resolution.
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Supplementary Figure 1 | Computational analysis of the prevalence and functionality of intrinsic disorder in BMI1 protein. (A) Crystal structure of the BMI-1-RING1B core domain complex required for the efficient ubiquitin transfer. Here, the N-terminal RING/U-box domain of BMI-1 (residues 5-101, blue structure) is co-crystallized with the N-terminal domain of the RING finger protein RING1B (residues 15-114, red structure) (PDB ID: 2H0D; PMID:16714294). (B) the fusion protein containing PHC230–64 fragment fused to the N-terminus of the central BMI1 UBL domain (residues 130–231) presented in rainbow color, where N- and C-terminal regions are shown in blue and red colors, respectively (PDB ID: 2NA1; PMID:27827373). (C) Intrinsic disorder profile generated for human Polycomb complex protein BMI1 (UniProt ID: P35226) by DiSpi web-crawler. Outputs of different commonly used disorder predictors, PONDR® VLXT, PONDR® VL3, PONDR® VLS2B, PONDR® FIT, IUPred2 (Short) and IUPred2 (Long) are shown by red, green, blue, black, orange, and pink colors, respectively. Gray shaded area represents errors evaluated for mean disorder profile (MDP) calculated by averaging profiles of individual predictors. (D) Functional intrinsic disorder profile of human BMI1 generated by D2P2 platform (http://d2p2.pro/) (PMID: 23203878). (E) STRING-based analysis of human BMI1 using the highest confidence level of 0.9.
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ALI, Acute Lung Injury; HALI, Hyperoxia-induced Acute Lung Injury; LALI, Lipopolysaccharide-induced Acute Lung Injury; ARDS, Acute Respiratory Distress Syndrome; ROS, Reactive oxygen species; BMI1, B cell-specific Moloney murine leukemia virus integration site 1; ETC, Electron transport chain; NO, normoxia; HO, hyperoxia; AECI, Type I alveolar epithelial cells; AECII, Type II alveolar epithelial cells; DDR, DNA Damage Response pathway; AKT, protein Kinase B; p-AKT, phosphorylated protein Kinase B; PTEN, phosphatase and tensin homolog; mTOR, mammalian target of rapamycin; PI3K, phosphatidyl inositol 3 kinase; PINK1, PTEN-induced kinase 1; DJ1, protein deglycase DJ1; SAECs, Small Airway Epithelial Cells; HMVEC-L, Human Lung Microvascular Endothelial Cells; OPA1, mitochondrial dynamin like GTPase; DRP1, dynamin like-1 protein; ΔΨ m, mitochondrial membrane potential; OCR, oxygen consumption rate; TCA, tricarboxylic acid cycle; IDRs, intrinsically disordered regions; COPD, Chronic Obstructive Pulmonary Disease.
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