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Abstract: Although many efforts have been made to elucidate the pathogenesis of COVID-19, the 

underlying mechanisms are yet to be fully uncovered. However, it is known that a dysfunctional 

immune response and the accompanying uncontrollable inflammation lead to troublesome outcomes 

in COVID-19 patients. Pannexin1 channels are put forward as interesting drug targets for the 

treatment of COVID-19 due to their key role in inflammation and their link to other viral infections. In 

the present study, we selected a panel of drugs previously tested in clinical trials as potential 

candidates for the treatment of COVID-19 early on in the pandemic, including hydroxychloroquine, 

chloroquine, azithromycin, dexamethasone, ribavirin, remdesivir, favipiravir, lopinavir, and ritonavir. 

The effect of the drugs on pannexin1 channels was assessed at a functional level by means of 

measurement of extracellular ATP release. Immunoblot analysis and real-time quantitative 

reversetranscription polymerase chain reaction analysis were used to study the potential of the drugs 

to alter pannexin1 protein and mRNA expression levels, respectively. Favipiravir, 

hydroxychloroquine, lopinavir, and the combination of lopinavir with ritonavir were found to inhibit 

pannexin1 channel activity without affecting pannexin1 protein or mRNA levels. Thusthree new 

inhibitors of pannexin1 channels were identified that, though currently not being used anymore for 

the treatment of COVID-19 patients, could be potential drug candidates for other pannexin1-related 

diseases. 
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1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has affected 

more than 518 million people worldwide, resulting in over 6.25 million coronavirus 

disease 2019 (COVID-19)-related deaths, according to the COVID-19 case tracker of the 

Johns Hopkins University [1]. SARS-CoV-2 infections trigger a dysfunctional immune 

response characterised by widespread and uncontrolled inflammation, which, in turn, 

leads to septic shock and multiorgan failure [2–4]. Inflammation is regulated by a myriad 

of entangled communication networks. In recent years, cellular channels composed of 

pannexin proteins have emerged as key players in the onset and exacerbation of 

inflammation [5,6]. Pannexins are transmembrane proteins that form channels connecting 

the cytosol to the extracellular environment. The pannexin family consists of three 

members (Panx1-3), of which Panx1 is the most widespread in mammalian tissues [7,8]. 
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When opened, Panx1 channels form transmembrane conduits, allowing the passage of 

ions and molecules of less than 1 kilodalton (kDa), including adenosine triphosphate 

(ATP) [9–11]. Panx1 channels have been broadly linked to cell death [9,11] and 

inflammatory processes [5,6,12–14]. More specifically, Panx1 channels contribute to 

inflammatory responses by facilitating cleavage of pro-caspase1 in the NACHT-, LRR-, 

and pyrin-domain-containing protein 3 (NLRP3) inflammasome, a multiprotein complex 

that activates interleukin 1β and interleukin 18 [12,15,16]. In addition, Panx1 channel-

mediated ATP release leads to an upregulation of Panx1 phosphorylation and of vascular 

cell adhesion molecule 1 and is, therefore, involved in the activation and migration of 

leukocytes [17]. Due to their contribution to inflammation and the link to viral infectious 

diseases, such as human immunodeficiency virus (HIV) infections and hepatitis C, it 

seems likely to assume that Panx1 channels can also play a role in COVID-19 [18–21]. 

Recently, it was found that the SARS-CoV-2 spike protein, a fusion protein essential in the 

induction of the infection, triggers prolonged Panx1 channel opening [18]. Furthermore, 

Panx1 mRNA and protein expression levels were shown to be elevated in samples of 

patients with a SARS-CoV2 infection, indicating a role of Panx1 channel opening in 

COVID-19 and suggesting Panx1 channels as potential drug targets [18]. Several drugs 

have been proposed for the treatment of COVID-19 due to their antiviral and/or anti-

inflammatory effects, including hydroxychloroquine, chloroquine, azithromycin, 

dexamethasone, ribavirin, remdesivir, favipiravir, lopinavir and the combination of the 

latter with ritonavir (Table 1) [22,23]. In the present study, the effects of these drugs on 

Panx1 channels were investigated at the transcriptional, translational, and functional 

level. 
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Table 1. Panel of drugs and drug combinations tested in the present study: DMSO, dimethyl sulfoxide; RT-qPCR, real-time quantitative reverse-transcription 

polymerase chain reaction analysis; Cmax , maximum plasma concentration extracted from literature and recalculated to values in µM. References are cited between 

square brackets behind their respective Cmax value; CC10, concentration inducing 10% of cell death). 

Drug Solvent 
Cmax 

(µM) 

CC10 

(µM) 

Final Concentration 

Range Tested for CC10  

Determination (µM) 

Logarithmic Value of the 

Final Concentration 

Range Tested for CC10  

Determination (µM) 

Concentration Range Tested  

for Functional Analysis (µM) 

Concentration Range Tested  

for Expression Analysis (µM) 

Azithromycin (dihydrate) DMSO 0.52 [24] 59 1–10–25–50–100–200 0–1–1.4–1.7–2–2.3 5.9–29.5–59–118–295–590 5.9–29.5–59 

Ritonavir DMSO 22.5 [25] 12 1–10–25–50–100–200 0–1–1.4–1.7–2–2.3 1.2–6–12–24–60–120 1.2–6–12 

Lopinavir DMSO 19.0 [26] 17 1–10–25–50–100–200 0–1–1.4–1.7–2–2.3 1.7–8.5–17–34–85–170 1.7–8.5–17 

Lopinavir: Ritonavir (4:1) DMSO 19.0 [26] 9 1–10–25–50–100–200 0–1–1.4–1.7–2–2.3 0.9–4.5–9–18–45–90 0.9–4.5–9 

Remdesivir water 9.03 [27] >100 0.01–0.1–1–10–50–100 −2–−1–0–1–1.7–2 1–5–10–20–50–100 1–5–10 

Dexamethasone DMSO 0.63 [28] >200 0.1–0.5–1–10–50–100–200 −1–−0.30–0–1–1.7–2–2.3 0.6–3–6–12–30–60 0.6–3–6 

Favipiravir water 53.4 [29] >200 1–10–25–50–100–200 0–1–1.4–1.7–2–2.3 5–25–50–100–250–500 5–25–50 

Hydroxychloroquine  

(sulphate) 
water 0.97 [30] 23 1–10–25–50–100–200 0–1–1.4–1.7–2–2.3 2.3–11.5–23–46–115–230 2.3–11.5–23 

Chloroquine (diphosphate) water 0.81 [31] 18 1–10–25–50–100–200 0–1–1.4–1.7–2–2.3 1.8–9–18–36–90–180 1.8–9–18 

Ribavirin water 2.63 [32] 2.5 1–10–25–50–100–200–400 0–1–1.4–1.7–2–2.3–2.6 0.25–1.25–2.5–5–12.5–25 0.25–1.25–2.5 
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2. Results 

2.1. Determination of Working Concentrations of the Drug Panel 

The majority of the drugs evaluated in this study are anti-inflammatory drugs or 

antiviral drugs able to influence the inflammatory process in an indirect way [23]. Ritonavir 

categorises as the latter but was not directly implicated in the treatment of COVID-19 

patients [33]. Ritonavir is, however, well-known to increase the bioavailability of other 

human immunodeficiency virus protease inhibitors, such as lopinavir. The combination of 

these drugs in a 4:1 ratio was administered to patients in COVID-19 trials [34,35] and, 

therefore, was included as such in the present study. To determine appropriate working 

concentrations for each of the nine drugs and/or their combinations, a cell viability assay 

was performed after 24 h of exposure to transduced Dubca cells overexpressing human 

Panx1. Initial test concentrations for the determination of the concentration inducing cell 

death in 10% of the cell population (CC10) were retrieved from published data (Table 1) [36–

40]. A sigmoidal curve was fitted by means of non-linear regression to the obtained data set 

using GraphPad® Prism (Figure 1). Based on these curves, the CC10 was defined for each 

drug. Although cytotoxicity should preferably be avoided, bulk cytotoxicity after adding 

compounds directly to cell cultures cannot be prevented. Hence, CC10 concentrations for 

each drug were used as a starting point in the present study [41]. For those drugs for which 

the CC10 value could not be determined in the first run of cell viability experiments, a larger 

concentration range was tested. Despite this second run of experiments, the CC10 could not 

be obtained for remdesivir, dexamethasone, and favipiravir, as the cytotoxic effect of these 

compounds was not extensive enough in a relevant concentration range to obtain a 

sigmoidal curve. In these cases, the maximum plasma concentration (Cmax) or 10-fold of the 

Cmax was used to ensure a physiologically relevant concentration range [27–29]. Thereafter, 

the CC10, Cmax, or Cmax x10 of each drug (Table 1) was used as a benchmark concentration (BC) 

to set a working concentration range to be tested—namely, BC-BC/2-BC/10 for protein and 

mRNA quantification measurements, and BCx10-BCx5-BCx2-BC-BC/2-BC/10 for the 

assessment of effects on Panx1 channel activity (Table 1). The shorter time of exposure (45 

min), compared with the 24 h exposure window used to determine the CC10, allowed higher 

concentrations to be tested in the Panx1 channel activity assay. The broader concentration 

ranges of the drugs used in the Panx1 channel activity assay were additionally evaluated in 

a cell viability assay after 45 min of exposure. Concentrations were categorised as cytotoxic 

when a decrease in cell viability of more than 20% was observed in comparison with the 

untreated cells [42]. With the exception of the highest concentration of azithromycin (590 

µM; 74.04% ± 3.38%), no cytotoxicity was observed by any of the drugs in the broader 

concentration range (Figure S1). Results obtained for the highest azithromycin 

concentration should be interpreted with caution as extracellular ATP release is both the 

read-out of the channel activity assay and a marker of cell death [43]. 
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Figure 1. Cell viability curves for the determination of the CC10 after 24 h exposure of transduced 

Dubca cells overexpressing human Panx1 to the drug panel. A sigmoidal curve was fitted by means 

of non-linear regression using GraphPad® Prism to determine the CC10 value. Data are expressed as 

mean ± standard deviation (N = 3, n = 4) and visualised in separate graphs per drug. 

  



Int. J. Mol. Sci. 2022, 23, 5664 6 of 21 
 

 

2.2. Effects of the Drug Panel on Panx1 Channel Activity 

Panx1 channels are indispensable in inflammation [5,6,12,15,17,44]. Their channel 

opening is triggered by a number of stimuli, including high extracellular potassium levels. 

ATP released through these open Panx1 channels in the extracellular environment binds 

to purinergic P2 receptors, which drive the activation of NLRP3 inflammasomes [44–47]. 

Furthermore, Panx1-mediated ATP release has been associated with viral infections, 

replication, and pathogeneses [20,21,48,49]. It was previously shown that anti-

inflammatory drugs [50,51] and antiviral drugs [52] are able to alter Panx1 channel 

activity. Accordingly, several of the drugs previously or currently proposed for COVID-

19 treatment could affect Panx1 channels. To verify this hypothesis in the present study, 

transduced Dubca cells overexpressing human Panx1 were exposed for 45 min to six 

concentrations of each drug ranging from the benchmark concentration divided by ten to 

a tenfold the benchmark concentration (Table 1). First, cells were preincubated with the 

drugs for a total of 15 min. This preincubation phase was followed by the forced opening 

of Panx1 channels using an osmotic shock through the application of an elevated 

concentration of extracellular potassium in parallel with an additional 30 min of exposure 

to the drugs. Extracellular ATP was measured as an indicator of Panx1 channel opening, 

whereby 10Panx1 and lanthanum, two well-known Panx1 channel inhibitors, were 

included as positive controls (Figures 2 and S2) [51,53–55]. A significant decrease in 

extracellular ATP release was observed for three out of the nine drugs—namely, 

favipiravir, hydroxychloroquine sulphate, and lopinavir (Figure 2). Hydroxychloroquine 

was the most potent drug in this regard, inhibiting channel activity already at 23 µM 

(Figure 2b), while significant inhibition was only seen in the higher concentration ranges 

of favipiravir (100 µM and 250 µM) (Figure 2b) and lopinavir (85 µM) (Figure 2c). 

Ritonavir did not decrease extracellular ATP release; however, the combination of 

ritonavir and lopinavir (45 µM and 90 µM) maintained the potency of the latter to alter 

Panx1 channel activity (Figure 2c,d). Chloroquine, a structural analogue of 

hydroxychloroquine, showed a similar lowering effect on extracellular ATP release, albeit 

not significantly (Figure 2b). A comparable concentration-dependent trend was seen for 

remdesivir (Figure 2a). 

(a)  
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(d)  

Figure 2. Inhibitory capacity of the drug panel in a Panx1 channel activity assay using transduced 

Dubca cells overexpressing human Panx1. Panx1 channel opening was triggered via osmotic shock. 

Extracellular ATP release was measured using a bioluminescence assay and normalised against the 

osmotic buffer condition. Lanthanum and 10Panx1 were included as positive controls. Statistical 

analysis was performed using a non-parametric Kruskal–Wallis test in combination with a Dunn’s test 

in comparison with the osmotic buffer condition. Data are expressed as mean ± standard deviation, 

with * p ≤ 0.05; ** p ≤ 0.0; *** p ≤ 0.001 and **** p ≤ 0.0001 (N = 3, n = 4). (a) dexamethasone, remdesivir, 

ribavirin; (b) chloroquine, hydroxychloroquine, favipiravir; (c) ritonavir, lopinavir, azithromycin; 

(d) lopinavir: ritonavir in a 4:1 ratio (concentration shown as the final concentration of lopinavir). 

2.3. Effects of the Drug Panel on Panx1 Protein Expression 

Panx1 protein expression is upregulated under inflammatory conditions [56,57] and 

upon SARS-CoV-2 infection [18]. As anti-inflammatory drugs have shown to alter Panx1 

expression, several of the compounds in the drug panel were anticipated to affect protein 

expression as well [23,58]. In the present study, transduced Dubca cells overexpressing 

human Panx1 were exposed for 24 h to the drugs at concentrations equal to and lower 

than the benchmark concentration (Table 1). Protein extraction was followed by semi-

quantitative immunoblot analysis and relative protein levels were obtained after 

normalisation against total protein loading (Figure S3). This normalisation procedure 

provides a more robust method in comparison with the use of loading controls in the form 

of proteins encoded by housekeeping genes [59]. Panx1 proteins were detected at a 

molecular weight of around 50 kDa as a three-band signal, representing the non-

glycosylated (Gly0), high-mannose (Gly1), and complex glycosylated variants (Gly2) 

(Figure 3) [60–62]. The effect of the drug panel on both total Panx1 protein levels (Figure 

3), as well as on the individual glycosylated isoforms (Figure S4), was evaluated, as the 

glycosylation state of Panx1 proteins determines their cellular localisation and, therefore, 

channel activity. The Gly2 isoform, in specific, was of interest, as it is abundantly 

expressed at the cell membrane [60–64]. For the purpose of quantifying these different 

isoforms, the ratios between the different glycosylated and non-glycosylated variants 

were assessed (Figure S4). However, none of the drugs in any of the concentrations tested 

affected Panx1 protein steady-state levels. (Figures 3 and S4). 
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Figure 3. Panx1 protein expression after 24 h exposure of transduced Dubca cells overexpressing 

human Panx1 to the drug panel. Immunoblotting was performed, and data were extracted from the 

obtained blots using Image Lab 6.1 software. Data were normalised against total protein loading 

and the respective controls. Statistical analysis was performed using a parametric one-way ANOVA 

or non-parametric Kruskal–Wallis test in combination with a Dunnett’s or Dunn’s test, depending 

on the normality of the data distribution. The respective biological replicates are represented by 

separate dots in the graphs and by separate frames on the blot images (N). Data are expressed as 

mean ± standard deviation (N = 3, n = 1) and visualised in separate graphs per drug with their 

respective blot images on top. 

2.4. Effect of the Drug Panel on Panx1 mRNA Expression 

Drugs counteracting inflammation have been shown to downregulate Panx1 mRNA 

levels [58]. Despite the absence of effects at the translational level, Panx1 gene 

transcription could still be altered after 24 h exposure, as transcriptional changes might 

only translate at a later time point due to the relatively slow turnover rate of Panx1 

proteins [62,63,65,66]. Transduced Dubca cells overexpressing human Panx1 were 

exposed for 24 h to the drug panel (Table 1), followed by RT-qPCR analysis. In line with 

the obtained results at the protein level (Figure 3), no effect of the drugs on Panx1 mRNA 

quantities was observed in any of the concentrations tested (Figure 4). 
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Figure 4. Panx1 mRNA expression after 24 h exposure of transduced Dubca cells overexpressing 

human Panx1 to the drug panel. mRNA expression levels were measured using RT-qPCR analysis. 

Data were analysed using the Pfaffl method in qbase+ and normalised using ubiquitin C as a 

housekeeping gene. Results were relatively expressed against the respective controls. Statistical 

analysis was performed with a parametric one-way ANOVA, followed by a Dunnett’s test. Dots 

represent the respective biological replicates (N). Data are expressed as mean ± standard deviation (N 

= 3, n = 3) and visualised in separate graphs per drug. 

3. Discussion 

The hypothesis of this study states that drugs formerly repurposed for the treatment 

of COVID-19 might act through alterations of Panx1 channels. Panx1 channels are key 

players in inflammation and were found to open upon SARS-CoV-2 infection, thus 

suggesting a potential role as drug targets [18,19]. The present study was set up to test the 

effects of drugs previously proposed for the treatment of COVID-19 on Panx1 channels at 

transcriptional, translational, and functional levels. As such, nine drugs and/or their 

combinations—namely, hydroxychloroquine, chloroquine, ribavirin, dexamethasone, 

azithromycin, remdesivir, favipiravir, lopinavir, ritonavir, and the combination of 

lopinavir and ritonavir—were included in this study. The majority of the drugs in the 

drug panel alter inflammatory processes in a direct or indirect way [23]. Some of the 

antiviral drugs, such as favipiravir, ribavirin, and the lopinavir: ritonavir combination, 

have been hypothesised to counteract inflammation simply by resolving the viral 

infection, while other drugs with antiviral effects, such as remdesivir, 

hydroxychloroquine, chloroquine, and azithromycin, are involved in the inhibition of 

NLRP3 inflammasome activation [23,33,67–72]. Dexamethasone, on the other hand, shows 

solely an anti-inflammatory effect but has been linked to alterations in inflammasome 

activity as well [73,74]. NLRP3 inflammasome activation plays an important role in the 

host immune response to SARS-CoV-2 infections, but its’ assembly and activation have 

also been frequently linked to Panx1 channel activity [12,16,75–78]. In addition, Panx1 

channel inhibitors have proven to be able to inhibit the inflammasomes’ activation [78]. 

Hence, the NLRP3 inflammasome might connect the drugs’ potential activity in 

attenuating inflammation during SARS-CoV-2 infections and Panx1 channels. It should, 

however, be stressed that, with the exception of remdesivir and dexamethasone, the 

majority of these drugs have recently been found suboptimal or even non-efficient for 

repurposing as COVID-19 treatment by the European Medicines Agency (EMA) [79–85]. 

Nevertheless, the present study showed that hydroxychloroquine, favipiravir, lopinavir, 

and the combination of lopinavir and ritonavir inhibit Panx1 channel activity without 

affecting mRNA or protein levels after 24 h of exposure. Though current knowledge of 

the mechanisms underlying the activity of lopinavir and favipiravir cannot be traced back 

to NLRP3 inflammasome activation, these drugs can be linked to certain infectious 

diseases in which Panx1 channels are involved. Panx1 channels play critical roles in HIV 
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infections, and lopinavir is a known HIV protease inhibitor [20,86]. Favipiravir is on the 

market as a viral RNA polymerase inhibitor and has been suggested as a drug candidate 

for the treatment of hepatitis C [21,87]. Hydroxychloroquine, on the other hand, was 

initially used as an antimalarial drug but has been repurposed for the treatment of 

inflammatory diseases, given its effect on cytokine production, as well as on NLRP3 

inflammasome activation [88,89]. Hydroxychloroquine is directly connected with the 

NLRP3 inflammasome and was also proven to be the most potent inhibitor of Panx1-

mediated ATP release in the present study. Due to severe side effects, this drug might not 

be an ideal candidate for repurposing for other Panx1-related diseases [90]. However, as 

a result of its implication in the treatment of COVID-19, interest in the drug was sparked, 

and a computational study identified new analogues with better safety profiles [91]. Seven 

new drugs and/or drug combinations have been authorised next to remdesivir for the use 

in COVID-19 patients by EMA—namely anakinra, regdanvimab, tocilizumab, 

sotrovimab, and the combinations of casirivimab and imdevimab, as well as the 

combination of PF-07321332 and ritonavir. These drugs, together with the new analogues 

of hydroxychloroquine, can form an interesting set of compounds for further 

investigations [92]. Due to similar links to inflammation, NLRP3 inflammasome 

activation, and Panx1-related infectious diseases, the proposed group of drugs could hold 

great potential to uncover additional Panx1 channel inhibitors [93–98]. To conclude, three 

new Panx1 channel inhibitors were identified from a panel of drugs formerly repurposed 

for the treatment of COVID-19 patients. This creates new opportunities for the treatment 

of Panx1-related diseases and also suggests that COVID-19 drug candidacy might be an 

interesting selection criterion in the search for new drugs targeting Panx1 channels. 

4. Materials and Methods 

4.1. Reagents and Chemicals 

DMSO, dexamethasone (D4902), ribavirin (R9644), lopinavir (SML0491), ritonavir 

(SML1222), hydroxychloroquine sulphate (HO915), chloroquine diphosphate (C6628), 

and azithromycin dihydrate (A9834) were supplied by Sigma-Aldrich (Overijse, Belgium). 

In the case of the latter 3 drugs, the salt forms were purchased to avoid limitations due to 

the low solubility of the drugs. Remdesivir (30354-10) was purchased from Sanbio (Uden, 

The Netherlands), and favipiravir (FF29069) was obtained from Biosynth Carbosynth 

(Compton, United Kingdom). The peptide mimetic 10Panx1 was synthesised in-house by 

means of solid-phase peptide synthesis with a purity of >98%. Lanthanum trichloride was 

supplied by Merck Chemical n.v./s.a. (Overijse, Belgium). All other reagents were 

obtained from various suppliers at the highest analytical grade possible. Each drug was 

dissolved in the respective solvent (Table 1). 

4.2. Cell Culture Setup and Maintenance 

Transduced Dubca cells stably overexpressing human Panx1 (a 20-fold increase in 

Panx1 expression in comparison with the Dubca wild-type cell line) were thawed and 

seeded in a T75 flask (75 cm2) using Dulbecco’s modified Eagle medium (DMEM) 

containing Glutamax TM (Gibco, Waltham, MA, USA), supplemented with 10% foetal 

bovine serum (FBS) (Gibco, Waltham, MA, USA), streptomycin, and penicillin (Thermo 

Fisher Scientific, Waltham, MA, USA). Cells were maintained at 37 °C in an incubator (5% 

CO2). 

4.3. Cell Viability Assessment 

Cell viability was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, Overijse, Belgium) assay. 

Transduced Dubca cells overexpressing human Panx1 were seeded in flat-bottom, 96-well 

culture plates (Corning, Glendale, AZ, USA) at a cell density of 12,000 cells/well (37,500 

cells/cm2). Then, 24 h after seeding, cells were exposed to the drugs dissolved in 200 µL of 
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phenol red-free DMEM (Gibco, Waltham, MA, USA), supplemented with GlutamaxTM 

(Gibco, Waltham, MA, USA), 10% FBS (Gibco, Waltham, MA, USA), streptomycin, and 

penicillin (Thermo Fisher Scientific, Waltham, MA, USA) for 24 h or in classic buffer 

(Tyrode buffer; 124 mM NaCl, 2.44 mM KCl, 10.82 mM NaHCO3, 0.38 mM NaHP04 * H2O, 

0.91 mM MgCl2 * 6 H2O, 1.82 mM CaCl2 * 6 H2O) for 45 min to a predetermined 

concentration range of each drug (Table 1). Cells were washed with 100 µL of warm 

phosphate-buffered saline (PBS) and incubated with MTT solution (0.5 mg/mL MTT in 

phenol red-free DMEM media) for 1.5 h. Next, each well was washed with 100 µL of PBS, 

and the water-insoluble formazan crystals were dissolved using 100 µL DMSO. After 

shaking for 10 min, absorbance was measured using a VICTOR3 Multilabel Plate Counter 

(PerkinElmer, Waltham, MA, USA) at a wavelength of 570 nm. Viability was expressed 

relative to the untreated control cells. 

4.4. Panx1 Channel Activity Assay 

Transduced Dubca cells overexpressing human Panx1 were seeded at a cell density 

of 12,000 cells per well (37,500 cells/cm2) in flat-bottom, 96-well culture plates (Corning, 

Glendale, AZ, USA) and incubated at 37 °C overnight (5% CO2). Drugs were dissolved in 

classic buffer (Tyrode buffer; 124 mM NaCl, 2.44 mM KCl, 10.82 mM NaHCO3, 0.38 mM 

NaHP04 * H2O, 0.91 mM MgCl2 * 6 H2O, 1.82 mM CaCl2 * 6 H2O) and osmotic buffer 

(Tyrode buffer; 124 mM NaCl, 5 mM KCl, 10.82 mM NaHCO3, 0.38 mM NaHP04 * H2O, 

0.91 mM MgCl2 * 6 H2O, 1.82 mM CaCl2 * 6 H2O). Following a washout period of 30 min 

using a classic buffer, cells were preincubated with the drugs in a defined concentration 

range (Table 1) in a classic buffer for 15 min. Cells were subsequently exposed to the same 

range of concentrations of each drug (Table 1) in an osmotic buffer for 30 min to trigger 

the opening of Panx1 channels via osmotic shock. Throughout the procedure, cells and 

solutions were kept at 37 °C in an incubator (5% CO2). Next, 50 µL of each solution was 

transferred into white, opaque, 96-well plates (Corning, Glendale, AZ, USA), and 

extracellular ATP release was measured using an ATP Bioluminescent Assay Kit, 

following the manufacturer’s instructions (Sigma-Aldrich, Overijse, Belgium), in a 

VICTOR3 Multilabel Plate Counter (PerkinElmer, Waltham, MA, USA). 

4.5. Immunoblot Analysis 

Following 24 h of exposure to the drugs dissolved in DMEM culture medium (Table 

1), transduced Dubca cells overexpressing human Panx1 were washed, scraped, and 

collected in the presence of ice-cold PBS. After centrifugation at 4332× g for 5 min at 4 °C, 

supernatants were removed, and pellets were resuspended in ice-cold PBS. Thereafter, 

cell suspensions were transferred to new tubes and subjected to an additional 

centrifugation step of 5 min at 2040× g at 4 °C. After removal of supernatants, the pellets 

were resuspended in lysis buffer (radio-immunoprecipitation assay buffer, 1% v/v 

ethylenediaminetetraacetic acid, and 1% v/v protease and phosphatase inhibitor cocktail; 

Thermo Fisher Scientific, Waltham, MA, USA) and sonicated for 30 s at 50% pulse. 

Subsequently, samples were shaken on a rotator for 15 min at 4 °C and centrifuged at 

14,000× g for 15 min at 4 °C. Finally, supernatants were transferred to tubes and stored at 

−80 °C. Protein content was quantified via the PierceTM Bicinchoninic Acid Protein Assay 

Kit (Thermo Fisher Scientific, Waltham, MA, USA). Next, 20 µg of protein of each sample 

was loaded onto 10% Mini-PROTEAN®TGX Stain-Free™ precast gels (Bio-Rad, Hercules, 

CA, USA). After electrophoreses and blotting, nitrocellulose membranes (Bio-Rad, 

Hercules, CA, USA) were blocked using a blocking buffer containing 5% w/v non-fat milk 

(Régilait, Saint-Martin-Belle-Roche, France) in a Tris-buffered saline solution (20 mM Tris 

and 135 mM sodium chloride) containing 0.1% v/v Tween-20 (Sigma-Aldrich, Overijse, 

Belgium). Membranes were incubated overnight at 4 °C, with primary antibodies directed 

against Panx1 (Panx1 rabbit mAb; Bioké, Leiden, The Netherlands) diluted in blocking 

buffer (1:1000), followed by an additional incubation for 1 h at room temperature with 

polyclonal goat anti-rabbit secondary antibody (1:1000) (Dako, Santa Clara, CA, USA). 
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Proteins were detected using enhanced chemiluminescence, and Image Lab 6.1 software 

was used for densiometric analysis. For semi-quantification purposes, a normalisation 

method based on total protein loading was used to overcome the drawbacks associated 

with housekeeping proteins [59]. Panx1 signals were normalised against total protein and 

expressed relatively to Panx1 protein levels of untreated Dubca cells overexpressing 

Panx1. 

4.6. Real-Time Quantitative Reverse-Transcription Polymerase Chain Reaction Analysis 

Cell pellets for RNA extraction were collected following exposure of transduced 

Dubca cells overexpressing human Panx1 to the drug panel for 24 h (Table 1). Pellets were 

stored at −80 °C. Total RNA was extracted using a GenEluteTM Mammalian Total RNA 

purification Miniprep Kit (Sigma-Aldrich, Overijse, Belgium) and the On-column DNase 

I digestion Set (Sigma-Aldrich, Overijse, Belgium) according to the manufacturer’s 

instructions. Isolated RNA was spectrophotometrically measured using a NanoDrop® 

2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) to assess RNA 

yield and purity. A cut-off ratio between 1.8 and 2.1 for the absorption at 260/280 nm was 

set. Synthesis and amplification of cDNA were performed via an iScriptTM cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA, USA), using a MiniAmp Plus Thermal Cycler 

(Thermo Fisher Scientific, Waltham, MA, USA). Samples were purified using a 

GenElute™ PCR Clean-Up Kit (Sigma-Aldrich, Overijse, Belgium) according to the 

manufacturer’s protocol. Samples were tested on an Applied Biosystems QuantStudio 3 

Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) using TaqMan® 

Gene Expression Assays (Applied Biosystems, Waltham, MA, USA). TaqMan probes and 

primers specific for the target and reference gene used for RT-qPCR analysis are depicted 

in Table 2. Relative alterations in mRNA levels were calculated in comparison with the 

untreated control according to the Pfaffl method [99]. Primer efficiencies lie within the 

range of 90% to 110%. 

Table 2. Primers and probes for RT-qPCR analysis. (Panx1 (pannexin1); UBC (ubiquitin C)). 

Gene Symbol Assay ID Accession Number Assay Location Amplicon Size Accession Number 

UBC Hs01871556-s1 M26880.1 2173 135 - 

Panx1 Hs00209791-m1 

NM_015368.3 

XM_011542734.2 

XM_017017464.1 

929 

539 

874 

90 

3–4 

4–5 

4–5 

4.7. Statistical Analysis 

All experiments were performed in 3 different passages of transduced Dubca cells 

overexpressing human Panx1 (N = 3). The number of technical replicates (n) is specified in the 

figure legends. Data are presented as means ± standard deviation. The normal distribution of 

the data sets was assessed by means of a Shapiro–Wilk test. Depending on the degree of 

normality, results were analysed with a parametric one-way analysis of variance (ANOVA), 

followed by a Dunnett’s post hoc test or non-parametric Kruskal–Wallis test, followed by a 

Dunn’s multiple comparisons test. Significance levels are indicated according to the following 

symbols: * p ≤ 0.05 ** p ≤ 0.01 *** p ≤ 0.001 and **** p ≤ 0.0001. Statistical analysis was performed 

in GraphPad® Prism 9 software (GraphPad® Software Inc., San Diego, CA, USA). 

Supplementary Materials: The following are available online at 

www.mdpi.com/article/10.3390/ijms23105664/s1. 
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