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Multiple lines of evidence have demonstrated that cigarette smoke or Chronic Obstructive Pulmonary Disease upregulates angiotensin-converting enzyme 2, the cellular receptor for the entry of the severe acute respiratory syndrome coronavirus 2, which predisposes individuals to develop severe Coronavirus disease 2019. The reason for this observation is unknown. We recently reported that the loss of function of Miz1 in the lung epithelium in mice leads to a spontaneous COPD-like phenotype, associated with upregulation of angiotensin-converting enzyme 2. We also reported that cigarette smoke exposure downregulates Miz1 in lung epithelial cells and in mice, and Miz1 is also downregulated in the lungs of COPD patients. Here, we provide further evidence that Miz1 directly binds to and represses the promoter of angiotensin-converting enzyme 2 in mouse and human lung epithelial cells. Our data provide a potential molecular mechanism for the upregulation of angiotensin-converting enzyme 2 observed in smokers and COPD patients, with implication in severe Coronavirus disease 2019.
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Introduction

Coronavirus disease 2019 (COVID-19), a newly emerged respiratory disease caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has become pandemic. Most patients with COVID-19 have mild symptoms, but approximately 20% progress to severe diseases, namely, severe pneumonia, acute respiratory distress syndrome, septic shock and/or multiple organ failure driven by hyperinflammation and a cytokine storm syndrome (1, 2). Currently, the mainstay of clinical treatment includes symptomatic management and oxygen therapy, with mechanical ventilation for patients with respiratory failure. Although several drugs are being actively tested, none has been specifically approved for COVID-19 (1, 2).

Human coronaviruses include the two highly pathogenic viruses, SARS-CoV and MERS-CoV, which cause severe respiratory syndrome in humans, and the other four (HCoV-NL63, HCoV-229E, HCoV-OC43 and HKU1), which induce only mild upper respiratory diseases. The newly identified SARS-CoV-2 is closely related to SARS-CoV (3). The genome of SARS-CoV-2 encodes the Spike glycoprotein (S-protein, which contains two subunits, S1 and S2), the envelope protein, the membrane protein, and the nucleocapsid protein. SARS-CoV-S and SARS-CoV-2-S share ∼76% amino acid identity. Entry of coronaviruses into target cells depends on binding of the surface unit, S1, of the S-protein to a cellular receptor, which facilitates viral attachment to the surface of target cells. In addition, entry requires S-protein priming by cellular proteases, which entails S-protein cleavage at the S1/S2 and the S2’ site and allows fusion of viral and cellular membranes, a process driven by the S2 subunit. It has been reported that SARS-CoV-2 uses the SARS-CoV receptor angiotensin-converting enzyme 2 (ACE2), which is abundantly expressed in bronchial and alveolar epithelial cells, for entry and the serine protease TMPRSS2 for S-protein priming (4). Additionally, upon the binding of SARS-CoV to ACE2, desintegrin and metalloproteinase domain 17 (ADAM17) are activated, which in turn mediate proteolysis and ectodomain shedding of ACE2, resulting in the loss of ACE2 at the membrane (5, 6). This has been suggested to contribute to severe acute respiratory failure and comorbidities in COVID-19. Human recombinant soluble ACE2 (hrsACE2) has been demonstrated to block the growth and infection of SARS-CoV-2 and most importantly shows promise for treating severe COVID-19 (7–9). Thus, a better understanding of the regulatory mechanisms that control expression levels of ACE2 could be key to developing effective novel treatments for SARS-CoV-2 infections.

Transcriptional regulation of ACE2 is still poorly understood. The only evidence of transcriptional regulation by the interaction between promoter elements and transcription factors are hepatocyte nuclear factors 1α, 1β, and 3β, which bind to evolutionarily conserved motifs in the proximal ACE2 promoter region in pancreatic islets and kidney cell line (10–12). Androgen and androgen receptor (AR) are reported to upregulate ACE2 transcription, which may explain the gender difference in the susceptibility to COVID-19 in terms of mortality and morbidity (13). Epigenetic induction of ACE2 by cellular stress has also been described in human hepatoma Huh7 cells, which involves the activation of AMP-activated protein kinase and the recruitment of the histone deacetylase SIRT1 (silent information regulator T1) to the conserved upstream regulatory elements of the ACE2 gene (14). Transcriptional repression of ACE2 is also reported to be mediated by the Brahma-related gene-1 (Brg1) chromatin remodeler and forkhead box M1 (FoxM1) transcription factor in cardiac endothelial cells during pathological stress. Transcription factors that regulate ACE2 in the lung have not been identified so far.

We previously reported that Myc interacting zinc finger protein 1 (Miz1; also known as Zbtb17) restrains excessive and persistent pulmonary inflammation through the epigenetic repression of the NF-κB target pro-inflammatory gene CCAAT/Enhancer Binding Protein (Cebp) delta expression in response to lipopolysaccharide (LPS) or during Pseudomonas pneumonia (15). More recently, we reported that mice with lung epithelial cell-specific, but not inflammatory cell-specific, the loss of function of Miz1 develops a spontaneous, age-related progressive COPD-like phenotype, associated with aberrant inflammatory response (16). These mice develop many features that were recapitulated in human COPD. The relevance of our findings to human COPD is supported by our observation that Miz1 protein is downregulated in epithelial cells from explanted lungs of patients with COPD at the time of transplant. In addition, cigarette smoke (CS), the leading cause of COPD, downregulates Miz1 protein in mice and cells (16). Intriguingly, we observed that Ace2 mRNA levels were remarkably augmented in flow-sorted primary lung epithelial cells isolated from mice with lung epithelial cell-specific loss of function of Miz1 as compared to the control mice (16). Here, we further investigate whether Ace2 is a direct target for transcriptional repression by Miz1 in both mouse and human lung epithelial cells.



Materials and Methods


Reagents

Recombinant mouse TNF was from R&D Systems (410-MT). CS was from Murty Pharmaceuticals.



Quantitative PCR, ChIP Assay, and ChIP-seq

Quantitative PCR (qPCR) was performed using iQ™ SYBR® Green Supermix (BIO-RAD) on a CFX Connect™ Real-Time PCR Detection System (BIO-RAD). mRNA expression of a particular gene was normalized to hypoxanthine–guanine phosphoribosyltransferse (HPRT) for mouse genes or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for human genes. Primer sequences were listed in Supplementary Table 1. For qRT-PCR, the total RNA was extracted using TRIzol® (Thermo Fisher Scientific), followed by cDNA synthesis using M-MuLV Reverse Transcriptase was according to the manufacturer’s instructions. ChIP assays were done as we previously reported (15). The following antibodies were used for immunoprecipitation: anti-Miz1 (B-10 X, Santa Cruz Biotechnology) and anti-GFP (3E6, Thermo Fisher Scientific). Primer sequences for ChIP-qPCR were listed in Supplementary Table 2. For ChIP-seq, DNA samples were quantitated by qubit and sequencing libraries were generated using an Illumina TruSEQ based protocol. Libraries were sequenced on an Illumina NovaSEQ6000 (100 bp, paired-end) at the University of Chicago Genomics Facility and the raw sequencing data were demultiplexed using the Illumina bcl2fastq software. Sequencing raw reads were aligned to the mouse genome mm10 using BWA MEM. Apparent PCR duplicates were removed using Picard MarkDuplicates to ensure that downstream results were not biased by PCR duplication artifacts. Peaks were called against inputs using Macs2; normalized bedgraph tracks were generated using the –SPMR flag, and were converted to bigWig using the UCSC tool bedGraphToBigWig.



RNA-seq of Primary Lung Epithelial Cells

RNA-seq was performed in flow-sorted primary lung epithelial cells from mice as we reportedly described (16).



Antibodies for Western Blot

GFP antibody (3E6, Thermo Fisher Scientific), Miz-1 antibody (D7E8B, Cell Signaling Technology) to detect human Miz1 proteins, Miz-1 antibody (PA5-67999, Thermo Fisher Scientific) to detect mouse Miz1 proteins, ACE2 antibody (ab15348, Abcam), and Vinculin antibody (MA5-11690, Invitrogen) were used for Western blot.



Stable Cell Lines

Miz1 was knocked out in KP cells using the CRISPR-Cas9 system (17). Stable expression of exogenous Miz1 was introduced in Miz1 KO KP cells by lentiviral particle generated by the DNA/RNA Delivery Core of Northwestern University. Miz1 was stably silenced in BEAS-2B, A549, H23, and 2122 cells using the SMARTvector Lentiviral shRNA (Horizon Discovery). Stable expression of exogenous GFP-tagged Miz1 was introduced in BEAS-2B, A549, H23, and 2122 cells by lentiviral particle (ORIGENE; CAT#: RC216143L2V)



Entry Assay of SARS-Cov-2-Spike Pseudovirus

The entry assay of pseudovirus was performed as described previously (Ref). Briefly, HEK293T cells were co-transfected with an HIV-1 genome plasmid expressing luciferase (pNL4-3.luc.RE) and an expression vector encoding SARS-CoV-2 spike protein using polyethylenimine. Pseudoviruses were harvested 24 h after transfection. Cells were then incubated with pseudoviruses at 37°C for 6 h, and the medium was removed and cells were incubated with fresh culture medium for an additional 48 h. Cells were then washed with PBS and lysed. Luciferase reporter activity was measured using the Neolite Reporter Gene Assay System (PerkinElmer) following manufacturer’s instructions.



Statistical Analysis

Data were analyzed by an unpaired Student’s t-test for comparison between two groups, and one-way ANOVA followed by a Tukey’s post hoc test when comparisons of more than two groups are required, or two-way ANOVA followed by a Bonferroni post hoc test when multiple comparisons are required.




Results


ChIP-seq Reveals Miz1 Binding on the Ace2 Promoter in Mouse Lung Epithelial Cells

We first queried our datasets of high-throughput chromatin immunoprecipitation sequencing (ChIP-seq) with Miz1 antibody for immunoprecipitation (IP) from mouse normal alveolar type II epithelial cell line (MLE-12) under physiological conditions. Several independent reports have demonstrated that Miz1 binds to and represses the promoter of Cdkn1a [encoding the cyclin-dependent kinase (CDK) inhibitor p21 (18). Consistent with those reports, our ChIP-seq datasets revealed that Miz1 bound to the Cdkn1a promoter [-691 relative to the transcription start site (TSS)], thus validating our ChIP-seq system (Supplementary Figure 1A). We and others have reported that the N-terminal poxvirus and zinc-finger domain of Miz1 stabilize its binding to DNA (15). Accordingly, we observed that the binding of the POZ domain deletion mutant of Miz1 [Miz1(δPOZ)] to the Cdkn1a promoter was reduced compared to wild-type Miz1 [Miz1(WT)] (Supplementary Figure 1A). We also queried our RNA sequencing (RNA-seq) datasets from flow-sorted primary lung epithelial cells isolated from the control mice or mice with lung epithelial cell-specific loss of function of Miz1 (SPC-Cre+/Miz1(POZ)fl/fl) as we reported (16), which was generated by crossing the transgenic mice expressing Cre driven by the human SPC promoter (SPC-Cre mice) (19) with Miz1[7]fl/fl mice, in which loxP sites flank the POZ domain of Miz1 [Miz1(δPOZ)] (15). RNA-seq datasets showed that Cdkn1a transcription was markedly upregulated in lung epithelial cells isolated from SPC-Cre+/Miz1(δPOZ)fl/fl mice compared to the control mice (Supplementary Figure 1B), which is in line with our ChIP-seq data (Supplementary Figure 1A) and previous reports (18), further validating our ChIP-seq and RNA-seq systems. We then observed that Miz1 bound to the promoter of Ace2 (-1822 relative to TSS), which contains the Miz1 binding motif YYAN-T/A-YYY (“[ct][ct]A[ctag][at][ct][ct][ct]”) (Figure 1A; two biological replicates are shown; Miz1 binding sequence TCAATCTC). The binding of Miz1 to the Ace2 promoter appears to be specific, as it did not bind to the promoters of the Ace2 homologs, including angiotensin-converting enzyme (Ace), angiotensin-converting enzyme 3 (Ace3), or Collectrin (Cltrn) (Figures 1B–D). Furthermore, we did not observe statistically significant differences in their mRNA expressions between primary lung epithelial cells isolated from the control and SPC-Cre+/Miz1(δPOZ)fl/fl mice (Figures 1E–G). These unbiased ChIP-seq data suggest that Miz1 specifically binds to the Ace2 promoter in mouse lung epithelial cells.




Figure 1 | Miz1 specifically binds to the Ace2 promoter in mouse lung epithelial cells as analyzed by ChIP-seq. ChIP-seq traces of Miz1 on the promoters of Ace2 (A), Ace (B), Ace3 (C), or Cltrn (D) as indicated. Input is shown as control. Two biological replicates are shown, which represent two independent experiments. In (A), Miz1 binding peak on the Ace2 promoter is enlarged for viewing and Miz1 binding sequences on the Ace2 promoter are indicated as “TCAATCTC”. (E–G) mRNA expression of Ace (E), Ace3 (F), or Cltrn (G) by RNA-seq in flow-sorted primary lung epithelial cells isolated from age-matched control Miz1fl/fl (n = 7) or SPC-Cre+/Miz1fl/fl mice (n = 8). Data are presented as means ± sem. ns, not significant.





ChIP-Seq Shows That the POZ Domain Is Necessary but Ser178 Phosphorylation Is Dispensable for Miz1 Binding on the Ace2 Promoter, and TNF Suppresses the Binding

Consistent with the role of the POZ domain in Miz1 binding to DNA, the binding of Miz1(δPOZ) to the Ace2 promoter was decreased compared to Miz1(WT), as revealed by Miz1 ChIP-seq in stable MLE-12 cell lines, in which endogenous Miz1 was stably knocked down by shRNA while exogenous wild-type or POZ domain deletion mutant of Miz1 (WT or δPOZ) was stably expressed as we reported previously (16) (Figure 2A). RNA polymerase II (RNA Pol II) ChIP-seq revealed an increased RNA Pol II recruitment on the Ace2 promoter in MLE-12/Miz1(δPOZ) cells compared to MLE-12/Miz1(WT) cells (Figure 2B), indicating an increased transcription by loss of the Miz1 POZ domain. These data are in line with our previous report that Ace2 was upregulated in flow-sorted primary lung epithelial cells isolated from mice with lung epithelial cell-specific loss of the Miz1 POZ domain as compared to the control mice (16). We previously reported that Ser178 phosphorylation of Miz1 is required for Miz1 to repress the Cebpd promoter (15). We noticed that mutation of Ser178 to the non-phosphorylatable alanine did not interfere with Miz1 binding on the Ace2 promoter (Figure 2A), suggesting Ser178 is dispensable for Miz1 binding to the Ace2 promoter. Interestingly, we observed that in response to TNF, the binding of Miz1 to the Ace2 promoter was reduced (Figure 2C), accompanied with enhanced recruitment of RNA Pol II (Figure 2D). These data imply that the repression of the Ace2 promoter by Miz1 might be relieved upon TNF simulation, which are in line with previous reports that Ace2 expression is elevated by TNF or other inflammatory stimuli (20).




Figure 2 | Miz1 binds to the Ace2 promoter in a POZ-domain dependent manner and TNF reduces Miz1 binding in mouse lung epithelial cells as analyzed by ChIP-seq. (A) ChIP-seq traces of wild type or mutant Miz1 proteins (δPOZ or S178A) on the Ace2 promoter. Input is shown as control. (B) ChIP-seq traces of RNA Pol II on the Ace2 promoter in MLE-12/Miz1(WT) and MLE-12/Miz1(δPOZ) cells. Input is shown as control. (C) ChIP-seq traces of Miz1 on the Ace2 promoter in TNF-non-treated or -treated MLE-12/Miz1(WT) cells. Input is shown as control. (D) ChIP-seq traces of RNA Pol II on the Ace2 promoter in TNF-non-treated or -treated MLE-12/Miz1(WT)cells. Input is shown as control.





ChIP-qPCR Confirms Miz1 Binding on the Ace2 Promoter in Mouse and Human Lung Epithelial Cells

We validated our Miz1 ChIP-seq data by ChIP coupled with quantitative PCR (qPCR). An enrichment of endogenous Miz1 binding on the Ace2 promoter was apparent in mouse lung epithelial cells (Figure 3A). To determine whether Miz1 also binds to the ACE2 promoter in human lung epithelial cells, we used stable normal bronchial epithelial BEAS-2B cells, adenocarcinomic human alveolar basal epithelial A549 cells, and adenocarcinomic human lung epithelial H23 and 2122 cells available in our laboratory, in which exogenous green fluorescent protein (GFP)-tagged Miz1 was stably expressed. ChIP-qPCR showed GFP-Miz1 binds at the ACE2 promoter in BEAS-2B (Figure 3B), A549 (Figure 3C), H23 (Figure 3D), and 2122 cells (Figure 3E). These data further confirmed that Miz1 binds to the ACE2 promoter in both mouse and human lung epithelial cells.




Figure 3 | Miz1 binds to the Ace2 promoter in both mouse and human lung epithelial cells as analyzed by ChIP-qPCR. (A–E) ChIP-qPCR shows enrichment of Miz1 binding on the Ace2 promoter as compared to no antibody (no Ab) control in KP (A), BEAS-2B (B), A549 (C), H23 (D), and 2122 (E) cells. Data are presented as means ± sem from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.





Knockout of Miz1 Augments Ace2 Expression in Mouse Lung Epithelial Cells, Which Is Reversed by Complementation of Exogenous Miz1

Consistent with the data that there was an increased RNA Pol II recruitment on the Ace2 promoter in MLE-12/Miz1(δPOZ) cells compared to MLE-12/Miz1(WT) cells (Figure 2B), Ace2 mRNA levels were augmented in MLE-12/Miz1(δPOZ) cells compared to MLE-12/Miz1(WT) cells (Figure 4A). Moreover, we took advantage of the stable Miz1 knockout (KO) cells available in our laboratory, which was established using Crispr/Cas 9 system in mouse lung adenocarcinoma cells originated from tumors of Cre recombinase-treated KrasLSL-G12D/+Trp53fl/f mice, which carries a lox-stop-lox (LSL) sequence followed by the KRAS G12D point mutation allele as well as loxP sites flanking exons 2–10 of the transformation related protein 53 (Trp53) gene as reported (referred to hereafter as KP cells) (21, 22). These cells have been reported to be of alveolar epithelial type II cells origin (23). Knockout of Miz1 drastically increased Ace2 mRNA and protein expressions in KP cells, which was rescued by re-introduction of exogenous Miz1 (Figures 4B, C). Together, our data suggest that Ace2 is a direct target for transcriptional repression by Miz1 in mouse lung epithelial cells.




Figure 4 | Miz1 represses Ace2 transcription in mouse lung epithelial cells. (A) Ace2 mRNA expression in MLE-12/Miz1(WT) and MLE-12/Miz1(δPOZ) cells as analyzed by RT-qPCR. (B, C) Ace2 mRNA (B) and protein expression (C) in the control KP cells (Ctrl), Miz1 KO KP cells (Miz1−/−) or Miz1 KO KP cells expressing exogenous Miz1 (Miz1+). Data are presented as means ± sem from three to four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.





Knockdown of MIZ1 Also Increases While Overexpression of MIZ1 Decreases ACE2 Expression in Human Lung Epithelial Cells

Next we sought to determine whether a Miz1-mediated repression of Ace2 transcription also occurs in human lung epithelial cells. We generated stable cell lines expressing shRNA against Miz1 or overexpressing exogenous GFP-tagged human Miz1 protein in human lung epithelial cell lines BEAS-2B, A549, H23 and 2122, respectively. The silencing of Miz1 with two shRNAs targeting different regions of the Miz1 gene in 2122 cells upregulated Ace2 mRNA and protein expressions (Figures 5A, B). Similar results were obtained in A549 (Figures 5C, D), H23 (Figure 5E), and BEAS-2B cells (Figures 5F, G). Conversely, overexpression of exogenous Miz1 decreased ACE2 expression in H23 (Figures 6A, B), 2122 (Figure 6C), A549 cells (Figure 6D), and BEAS-2B cells (Figure 6E). These data suggest that the repression of Ace2 by Miz1 is a general mechanism in both human and mouse lung epithelial cells.




Figure 5 | Knockdown of MIZ1 also increases ACE2 expression in human lung epithelial cells. (A, C, E, F) ACE2 mRNA levels in the parental 2122, A549, H23, or BEAS-2B cells, or their corresponding cells expressing control shRNA (shCtrl) or shRNA(s) against Miz1 (shMiz1). (B, D, G) Protein expression of ACE2, Vinculin, and Miz1 in 2122, A549, or BEAS-2B cells stably expressing shCtrl or shRNA(s) against Miz1. Data are presented as means ± sem from three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.






Figure 6 | Knockdown of MIZ1 reduces ACE2 expression in human lung epithelial cells. (A) ACE2 mRNA in H23 cells stably expressing GFP-tagged human MIZ1 protein. (B–E) ACE2 protein expression in H23 (B), 2122 (C), A549 (D), and BEAS-2B cells (E) stably expressing GFP-tagged human MIZ1 protein. Data are presented as means ± sem from three to four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.





Loss of Function of Miz1 Augments Ace2 Expression in Response to TNF or Cigarette Smoke

Our data showed that the loss of function of Miz1 enhances Ace2 expression under resting conditions in lung epithelial cells. We investigated whether Miz1 also affects Ace2 expression in response to inflammatory stimuli, such as TNF, or cigarette smoke, the most environmental risk factor for COPD. MLE-12/Miz1(WT) or MLE-12/Miz1(δPOZ) cells were treated with TNF for 2 or 4 h. While Ace2 was modestly upregulated by TNF in MLE-12/Miz1(WT) cells, its mRNA expression was higher in MLE-12/Miz1(δPOZ) cells compared to MLE-12/Miz1(WT) in response to TNF (Figure 7A). Similar results were obtained with CS treatment (Figure 7B). These data suggest that Miz1 represses Ace2 under basal conditions as well as in response to TNF or CS.




Figure 7 | Loss of function of MIZ1 augments Ace2 expression in response to TNF or CS. (A, B) Ace2 mRNA levels in TNF- (A) or CS-treated (B) MLE-12/Miz1(WT) and MLE-12/Miz1(δPOZ) cells as indicated. Data are presented as means ± sem (fold changes normalized to corresponding non-treated controls) from three independent experiments. TNF, 5 ng/ml. CS, 100 µg/ml. *p < 0.05 and **p < 0.01.



As our data showed that the loss of function or knockout/knockdown of Miz1 augments the expression of Ace2, the host cell receptor for SARS-CoV-2, we sought to determine the effect of Miz1 on SARS-CoV-2 spike protein-mediated entry using HIV-based pseudovirus assay. Stable H23 cells expressing control shRNA or Miz1 shRNA were incubated with SARS-CoV-2 spike protein pseudoviruses (24), and luciferase reporter assay showed that the entry efficiency of SARS-CoV-2 spike protein pseudoviruses was enhanced by silencing of Miz1 (Supplementary Figure 2). These results provide evidence to support our conclusion that Ace2 is upregulated by loss of function or knockout/knockdown of Miz1.




Discussion

While whether COVID-19 has a greater incidence in smokers than non-smokers is contradictory and inconclusive thus far, multiple lines of evidence have demonstrated that cigarette smoke (CS) or Chronic Obstructive Pulmonary Disease (COPD) predisposes individuals to develop severe symptoms of COVID-19 disease (25–30). A systemic review and meta-analysis of a total of 2,002 COVID-19 cases revealed that the presence of COPD is associated with a nearly 4-fold higher risk of developing severe COVID-19 (25, 26). Independent studies also showed that COPD is a strong predictor of poor outcome in elderly patients (27). The reason for this observation is unknown. An understanding of the underlying mechanisms is urgently needed to develop therapies for disease prevention and treatment.

Accumulating evidence reveals that CS exposure upregulates ACE2, and ACE2 has been found to be significantly upregulated in smokers compared with non-smokers, as well as in patients with COPD compared with healthy subjects (20, 31–36). This has been suggested to contribute to severe COVID-19 observed in smokers and COPD patients (20, 31, 32). However, the underlying mechanism by which ACE2 is upregulated in smokers and COPD patients is not known. We recently reported that CS exposure downregulates Miz1 in lung epithelial cells and in mice, and Miz1 is also downregulated in the lungs from COPD patients (15). Importantly, loss of function of Miz1 in the lung epithelium in mice leads to a spontaneous COPD-like phenotype, associated with upregulation of ACE2 (15). Here, we provide further evidence that Miz1 directly binds to and represses the promoter of Ace2 in a POZ domain-dependent manner. Collectively, our data provide a potential molecular mechanism for the upregulation of ACE2 in smokers and COPD patients through downregulation of Miz1, with implication in severe COVID-19.

While most of the studies to date have demonstrated an association between smoking and more severe symptoms of COVID-19, there are reports that have suggested there is no or even an inverse relationship between smoking and COVID-19 prevalence (29, 37). The controversies were likely due to the challenges in the studies on COVID-19, including insufficient sample sizes with a wider range of geographical settings, heterogeneity in respect of smoking status, and inadequate statistical control for confounding factors such as age, gender and co-morbidities. Nonetheless, while data on the association between smoking and COVID-19 prevalence is mixed, the available evidence suggests that smoking is associated with an increased severity of disease and mortality in hospitalized COVID-19 patients. As we are still in the early stages of understanding the pathogenesis of COVID-19, more extensive research is required to validate the initial findings and also to establish whether and how an increased ACE2 expression contributes to the initiation and progression of COVID-19 in smokers and COPD patients.

The current COVID-19 pandemic has put a great pressure on the healthcare system around the world. Identification of the risk factors and the underlying mechanisms is crucial especially for the severe form of the disease. Hyperinflammation and cytokine storm have been considered as a major cause of mortality in COVID-19 (1, 2). We have reported that the loss of function of Miz1 leads to an exacerbated inflammatory cytokine production under basal conditions and in response to inflammatory stimuli (15). In addition, we recently reported that the downregulation of Miz1 by CS exposure or in COPD patients is attributed to the upregulation of the Miz1 E3 ubiquitin ligase Mule [Mcl-1 (myeloid cell leukemia 1) ubiquitin ligase E3; also known as Huwe1] (38). Therefore, targeting the Mule-Miz1 axis might provide potential target in the prevention and treatment of COVID-19 by dual mechanisms: downregulating ACE2 and suppressing the inflammatory response.
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Supplementary Figure 1 | (A) ChIP-seq traces of Miz1 (WT or δPOZ) proteins on the Cdkn1a promoter. Input is shown as control. (B) mRNA expression of Cdkn1a by RNA-seq in flow-sorted primary lung epithelial cells isolated from age-matched control Miz1[7]fl/fl (n = 3) or SPC-Cre+/Miz1[7]fl/fl mice (n = 4). Data are presented as means ± sem. **p < 0.01.

Supplementary Figure 2 | Entry efficiency of SARS-CoV-2-spike pseudoviruses into H23 cells stably expressing shCtrl or shMiz1. n = 5-6 biological replicates. Entry efficiency was determined by background (no pseudoviruses)-subtracted luciferase activity. *p < 0.05.
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