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SUMMARY:
Here, we present a tool that can be used to study the posttranscriptional modulation of a transcript in primary alveolar epithelial cells by using an inducible expression system coupled to a pipette electroporation technique. 

ABSTRACT:
Studying posttranscriptional regulation is fundamental to understanding the modulation of a given messenger RNA (mRNA) and its impact on cell homeostasis and metabolism. Indeed, fluctuations in transcript expression could modify the translation efficiency and ultimately the cellular activity of a transcript. Several experimental approaches have been developed to investigate the half-life of mRNA although some of these methods have limitations that prevent the proper study of posttranscriptional modulation. A promoter induction system can express a gene of interest under the control of a synthetic tetracycline-regulated promoter. This method allows the half-life estimation of a given mRNA under any experimental condition without disturbing cell homeostasis. One major drawback of this method is the necessity to transfect cells, which limits the use of this technique in isolated primary cells that are highly resistant to conventional transfection techniques. Alveolar epithelial cells in primary culture have been used extensively to study the cellular and molecular biology of the alveolar epithelium. The unique characteristics and phenotype of primary alveolar cells make it essential to study the posttranscriptional modulations of genes of interest in these cells. Therefore, our aim was to develop a novel tool to investigate the posttranscriptional modulations of mRNAs of interest in alveolar epithelial cells in primary culture. We designed a fast and efficient transient transfection protocol to insert a transcriptionally controlled plasmid expression system into primary alveolar epithelial cells. This cloning strategy, using a viral epitope to tag the construct, allows for the easy discrimination of construct expression from that of endogenous mRNAs. Using a modified ΔΔ quantification cycle (Cq) method, the expression of the transcript can then be quantified at different time intervals to measure its half-life. Our data demonstrate the efficiency of this novel approach in studying posttranscriptional regulation in various pathophysiological conditions in primary alveolar epithelial cells.

INTRODUCTION:
Several techniques have been developed to determine the half-life of mRNAs. The pulse-chase decay technique, which utilizes labeled mRNAs, allows for the simultaneous evaluation of a large pool of mRNAs with minimal cellular disturbance. However, this approach does not allow a direct estimation of the half-life of a single gene transcript and cannot be implemented to study the posttranscriptional modulation of an mRNA following stimulation with growth factors, ROS, alarmins, or inflammation1.

The use of transcription inhibitors, such as actinomycin D and α-amanitin, is a relatively simple method for measuring mRNA degradation kinetics over time. One main advantage of this approach over that of previous techniques, (i.e., pulse-chase) relies on the ability to directly estimate the half-life of a given transcript and compare how different treatments could affect its degradation kinetics. However, the significant deleterious impact of transcription inhibitors on cell physiology represents a major drawback of the approach2. Indeed, the inhibition of the whole cell transcriptome with these drugs has the negative side effect of perturbing the synthesis of key elements involved in mRNA stability, such as microRNAs (miRNAs), as well as the expression and synthesis of RNA-binding proteins, which are important for mRNA degradation and stability. The severe perturbation of gene transcription by these drugs could therefore artefactually modify the degradation curves of transcripts.

[bookmark: _Hlk22731127][bookmark: _Hlk22731227]The promoter induction system represents a third approach to measure the half-life of a specific mRNA. This method measures the degradation of a specific mRNA in a similar way as methods that use transcription inhibitors. Two types of induction systems are frequently used: the serum-induced c-fos promoter3 and the Tet-Off inducible system4. With the c-fos system, the use of transcription inhibitors that can be toxic to the cell is not needed. However, this method requires cell cycle synchronization, which prevents the evaluation of the actual stability of a transcript during interphase5. In contrast, the Tet-Off system allows the strong expression of the gene of interest (GOI) under the control of a synthetic tetracycline-regulated promoter. This system requires the presence of two elements that must be cotransfected into the cell to be functional. The first plasmid (pTet-Off) expresses the regulatory protein tTA-Adv, a hybrid synthetic transcription factor composed of the prokaryotic repressor TetR (from Escherichia coli) fused to three transcription transactivation domains from the viral protein HSV VP16. The GOI is cloned into the pTRE-Tight plasmid under the control of a synthetic promoter (PTight), comprising the minimal sequence of the cytomegalovirus (CMV) promoter fused to seven repeats of the tetO operator sequence. The transcription of the gene downstream of PTight is dependent on the interaction of TetR with tetO. In the presence of tetracycline or its derivative, doxycycline, the TetR repressor loses its affinity for the tetO operator, leading to a cessation of transcription4. The characteristics of the Tet-Off system make it an ideal model for the study of specific mRNA expression in eukaryotic cells while avoiding potential pleiotropic effects that are secondary to the absence of prokaryotic regulatory sequences in eukaryotic cell6. Usually, doubly stable Tet-Off cell lines (HEK 293, HeLa, and PC12) are used with this system to integrate copies of the regulator and response plasmids for convenient access to controllable gene expression7–9.

Several models of alveolar epithelial cells in culture have been used to study the cellular and molecular biology of the alveolar epithelium. For years, researchers have extensively utilized human or rodent primary cells10,11 as well as immortalized cell lines such as human A549 or rat RLE-6TN cells12,13. Although they are generally less proliferative and more difficult to culture and to transfect, alveolar epithelial cells in primary culture remain the gold standard for the study of the function and dysfunction of the alveolar epithelium in physiological and pathological conditions. Indeed, immortalized cell lines such as A549 cells do not exhibit the complex characteristics and phenotypes of primary cells, whereas alveolar epithelial cells in primary culture recapitulate the main properties of the alveolar epithelium, in particular the ability to form a polarized and tight barrier14,15. Unfortunately, these cells are very resistant to conventional transfection techniques, such as those utilizing liposomes, making the use of a promoter-induced system such as Tet-Off very difficult.

The posttranscriptional modulation of mRNAs is one of the most effective methods for rapidly modulating the gene expression of a transcript16. The mRNA 3' untranslated region (3’ UTR) plays an important role in this mechanism. It has been shown that, unlike the 5' UTR, there is an exponential correlation between the length of the 3' UTR and the cellular and morphological complexities of an organism. This correlation suggests that the 3' UTR, like the mRNA coding regions, has been subjected to natural selection to allow for increasingly complex posttranscriptional modulation throughout evolution17. The 3' UTR contains several binding sites for proteins and miRNAs that affect the stability and translation of the transcript.

[bookmark: _Hlk15412218]In the present work, we developed a tool to investigate the role of highly conserved domains in the 3' UTR of a GOI for the control of transcript stability. We focused on the epithelial sodium channel, alpha subunit (αENaC), which plays a key role in alveolar epithelial physiology18. Alveolar epithelial cells in primary culture were successfully transiently transfected with the two components of the Tet-Off system, which allows for the study of the role of the 3’ UTR in mRNA stability with a system that minimally affects cell physiology and metabolism in comparison to the use of transcription inhibitors with other protocols. A cloning strategy was developed to differentiate the expression of the GOI from that of the endogenous gene using a nonendogenously expressed epitope (V5). The response and regulatory plasmids were then transferred into alveolar epithelial cells using a pipette electroporation technique. Subsequently, the expression of the transcript was measured by incubating the cells with doxycycline at different time intervals. The half-life of the transcript was evaluated by RT-qPCR with a modified Cq method using the transfected tTA-Ad mRNA product for normalization. Through our protocol, we offer a convenient way for studying the posttranscriptional modulation of a transcript under different conditions and defining the involvement of the untranslated regions in more detail.

PROTOCOL:

All animal procedures were conducted according to the guidelines of the Canadian Council on Animal Care and were approved by the Institutional Animal Care Committee of the Research Center of Centre Hospitalier de l'Université de Montréal (CRCHUM).

1. [bookmark: _Hlk22714771]Design and generation of the response plasmid expressing the gene of interest (GOI)

1.1. Use an inducible tetracycline-off vector, such as pTRE-Tight.

1.2. Analyze the sequence of the GOI and the multiple cloning site (MCS) of the vector to identify the restriction sites in the MCS that are not present internally in the GOI.

1.3. Isolate primary alveolar epithelial cells from male Sprague-Dawley rat lungs as described previously19,20.

1.4. Purify the total RNA from the alveolar epithelial cells by RNA extraction using a standard method, such as phenol/chloroform extraction or the use of silica-based RNA spin columns.

1.5. Reverse-transcribe the mRNA into complementary DNA (cDNA) using oligo(dT) and high-fidelity reverse transcriptase.

1.6. Use high-fidelity Taq polymerase and standard overlap PCR techniques to flank the GOI with two selected restriction enzyme recognition sites using designed primers. 

1.6.1. Have the forward primer contain a Kozak consensus ribosome binding site21 to improve expression levels to study protein expression in parallel with mRNA stability. A sequence encoding the V5 epitope upstream of the GOI must be included to distinguish the expression of the transfected GOI from endogenous expression (Table 1).

1.6.2. Have the reverse primer contain a polyadenylation signal after the stop codon.

1.7. Mutants can be generated by sequential deletion to study the effects of different 3' UTR regions on the stability of the mRNA of the GOI using reverse primers encoding a polyadenylation site that gradually deletes the 3’ end of the GOI 3’ UTR (Figure 6). Alternatively, PCR-directed mutagenesis can be used to target a specific region of interest in the 3’ UTR22.

1.8. Digest the inducible vector and the insert with the previously chosen restriction enzymes at the appropriate incubation temperature for 1 h, followed by treatment with phosphatase during the vector reaction for 30 min to avoid self-ligation.

1.9. Separate the digested vector and insert segments by electrophoresis in a 1–1.5% agarose gel (concentration depending on the size of the insert).

1.10. Using a blade and a UV light, collect the DNA fragments containing the desired insert and vector to be ligated.

NOTE: The protocol can be paused here.

1.11. Purify the collected segments from the agarose gel using a silica-based PCR purification kit and measure the concentration by spectrophotometry at 260 nm.

1.12. Ligate the GOI and the inducible vector with T4 DNA ligase using a vector:insert molar ratio of 1:3 to increase the probability of ligation. Incubate the reaction at room temperature (RT) for 3 h.

1.13. Transform the ligation reaction into competent E. coli (DH5α).

1.13.1. Add 1–10 ng of vector and gene to a tube containing 100 µL of competent cells. Incubate the cells on ice for 30 min and then heat-shock cells at 42 °C for 45 s. Place the tube on ice for 2 min and add 900 µL of RT LB medium. Incubate the cells for 1 h at 37 °C with shaking at 225 rpm.

1.13.2. Spread 100 µL of the reaction on an LB agar plate with a suitable antibiotic (e.g., 100 µg/mL ampicillin for the pTRE-Tight vector) to select the transformed bacteria. Incubate the plate overnight at 37 °C.

1.13.3. Select individual colonies using an inoculation loop or a 20 µL tip and incubate overnight in 5 mL LB medium containing the suitable antibiotic at 37 °C with shaking. The transformed bacteria may be stored in glycerol stocks at -80 °C at a ratio of 400:600 of LB medium to glycerol.

1.14. Extract the plasmid DNA using silica-based plasmid columns and measure the concentration by spectrophotometry at 260 nm. Confirm the insertion of the GOI by restriction analysis and its orientation and the absence of mutations potentially introduced during RT-PCR by sequencing.

2. Transfection of the response plasmid expressing the gene of interest (GOI) into primary alveolar epithelial cells

2.1. Isolate type II alveolar epithelial cells from rat lungs.

2.2. Seed the cells at a density of 1 x 106 cells/cm2 in 100 mm Petri dishes with complete minimum essential medium (complete MEM). Complete MEM is MEM supplemented with 10% FBS, 0.08 mg/L tobramycin, Septra (3 µg/mL trimethoprim and 17 µg/mL sulfamethoxazole), 0.2% NaHCO3, 0.01 M HEPES (pH = 7.3), and 2 mM L-glutamine. Culture the cells for 24 h at 37 °C in 5% CO2 in a humidified incubator.

2.3. On the next day, place 500 µL of complete MEM without antibiotic in each well of a new 12 well plate and prewarm the plate at 37 °C for 30 min. During this step, it is important to use fetal bovine serum free of contaminating tetracyclines or with a level too low to interfere with inducibility.

2.4. Prepare 1.5 mL tubes containing the plasmid with the inducible GOI (GOI plasmid) and the regulatory vector (e.g., pTet-Off) by adding 1 µg of GOI plasmid and 1 µg of regulatory vector per well at RT. For coexpression experiments with RNA-binding proteins (RBP), 1 µg of a constitutive vector (e.g., pcDNA3) expressing the RPB of interest is added to the DNA mix (Figure 7).

2.5. Aspirate the medium and gently rinse the cells with PBS (without calcium and magnesium) prewarmed at 37 °C.

2.6. Add 5 mL of 0.05% trypsin prewarmed at 37 °C and incubate the cells until the cells are detached (2–4 min). Neutralize the trypsin by adding 10 mL of complete MEM without antibiotic.

2.7. Collect the cell suspension in a 50 mL tube, wash the Petri dish with 4 mL of medium to collect as many remaining cells as possible, and then centrifuge the cell suspension at 300 x g for 5 min.

2.8. Gently aspirate and discard the supernatant and resuspend the pellet in 1 mL of PBS. Count and calculate the number of cells using a hemocytometer.

2.9. Centrifuge the cells at 300 x g for 5 min. Gently aspirate the supernatant and resuspend the pellet in resuspension buffer at a concentration of 4 x 107 cells/mL. Add the cells from the 1.5 mL tube prepared in step 2.4 at a concentration of 400,000 cells per well and gently mix them by pipetting up and down.

2.10. Place the tube in the electroporation device and fill it with 3.5 mL of electrolytic 
buffer.

2.11. Insert a gold-plated electrode tip into a pipette by completely pressing the piston. Gently mix the contents of the 1.5 mL tube and carefully aspirate the cells with the pipette. Be careful to prevent air bubbles from entering the tip, as this will cause electric arcing during electroporation and lead to decreased transfection efficiency.

2.12. Insert the pipette in the electroporation station until there is a clicking sound.

2.13. Select the appropriate electroporation protocol for alveolar epithelial cells, corresponding to a pulse voltage of 1,450 V and 2 pulses with a width of 20 ms, and press Start on the touchscreen.

2.14. Immediately after transfection, remove the pipette and transfer the cells to a well previously filled with complete MEM without antibiotic that has been prewarmed to 37 °C.

2.15. Repeat steps 2.11–2.14 for the remaining samples.

2.16. Gently shake the plate to spread the cells evenly over the well surface. Incubate the cells at 37 °C in 5% CO2 in a humidified incubator. After 2 days, replace the medium with complete MEM with antibiotics.

2.17. Confirm the success of the transfection by observing the expression of eGFP under a fluorescence microscope or by flow cytometry using a control vector (Figure 1).

NOTE: This step is optional and requires an additional transfection step using a different plasmid expressing eGFP, such as pcDNA3-EGFP.

3. Induction of the transcription inhibition of the GOI

NOTE: The cells can be pretreated with the desired treatments before doxycycline induction to assess their impact on mRNA stability (Figure 5).

3.1. Prepare a doxycycline stock solution of 1 mg/mL in deionized water. Store the stock solution at -20 °C protected from light. Doxycycline, a tetracycline derivative, is used instead of tetracycline because it has a longer half-life (2x) than tetracycline. Moreover, a lower concentration of doxycycline is required for the complete inactivation of the tet operon23.

NOTE: Doxycycline could affect the mRNA expression of the endogenous GOI. To verify this, the effect of a 24 h treatment with doxycycline on alveolar cells should be tested to confirm the absence of any changes in GOI expression (Figure 2).

3.2. Prepare a fresh 1 μg/mL doxycycline solution in complete MEM 72 h posttransfection and warm it to 37 °C.

3.3. Replace the medium with 1 mL of complete MEM containing 1 µg/mL doxycycline per well to inhibit the transcription of the GOI.

3.4. Incubate multiple wells at 37 °C in 5% CO2 for different amounts of time from 15 min–6 h to assess the mRNA half-life of the GOI.

3.5. At the end of the treatment, wash the cells with ice-cold PBS and lyse them with a commercially available phenol-chloroform RNA extraction kit by adding 500 µL of buffer per well and shaking the plate to homogenize the cells.

3.6. Isolate the RNA according to the manufacturer’s protocol. Determine the RNA yield and purity by spectrophotometry at 230, 260, and 280 nm. RNA samples with 260:230 and 260:280 ratios of 1.8 and 2.0, respectively, are considered pure.

NOTE: The protocol can be paused here.

4. Determining the mRNA stability of the GOI

4.1. Treat 1 µg of total RNA with RNAse-free DNAse I (amplification grade) to remove any trace of plasmid DNA that could interfere with subsequent DNA amplification.

4.1.1. In a 0.2 mL PCR tube, combine 1 µg of total RNA, 1 µL of 10x DNase I reaction buffer, 1 µL of DNAse I (1 U/µL), and RNAse-free water to obtain a total volume of 10 µL.

4.1.2. Incubate the reaction at RT for 20 min.

4.1.3. Deactivate DNAse I by adding 1 µL of 25 mM EDTA to the 10 µL reaction mix and incubating the reaction at 70 °C for 10 min.

4.2. Reverse-transcribe the DNA-depleted total RNA into cDNA using a commercially available cDNA synthesis kit with a blend of oligo(dT) and random hexamer primers to improve the reverse transcription efficiency.

4.2.1. Briefly, add 4 μL of 5x reaction mix, 1 µL of reverse transcriptase, and 4 µL of RNAse-free water to 11 μL of the DNA-depleted total RNA mix to obtain a total reaction volume of 20 μL. Mix the reaction well by pipetting it up and down.

4.2.2. Incubate the reaction for 5 min at 25 °C, followed by 20 min at 46 °C, and then inactivate the reaction by incubating it at 95 °C for 1 min. Each reaction will yield 50 ng/µL of cDNA product.

4.2.3. Dilute the cDNA reaction to a concentration of 5 ng/µL by adding 180 µL of molecular biology-grade water to the 20 µL reaction mix. Store the cDNA products at -80 °C or proceed immediately to performing real-time quantitative PCR (qPCR).

NOTE: The protocol can be paused here.

4.3. Design forward and reverse qPCR primers specific to the GOI.

4.3.1. Due to the endogenous expression of the GOI in the cells, the primers must be designed to amplify a 100–150 bp amplicon of the V5 epitope coupled to the GOI (Table 1).

4.3.2. Internal reference gene primers must also be used as normalization controls. Usually, housekeeping genes, such as the beta-actin and hypoxanthine phosphoribosyltransferase 1 genes, are used as reference genes. However, these cannot be used with this induction system due to the variation of the transfection efficiency. Instead, the expression of the tTA-Ad transcript is assessed for the purposes of normalization, because its expression is constitutive in cells due to the activity of the cytomegalovirus promoter. Any variation in its expression measured by qPCR will be representative of the transfection efficiency (primers: forward 5’-GCC TGA CGA CAA GGA AAC TC-3’ and reverse 5’-AGT GGG TAT GAT GCC TGT CC-3; 129 bp amplicon) and will allow the normalization of the expression of the transfected clones (Figure 3).

4.4. Prepare each qPCR reaction in triplicate using a SYBR Green dye master mix.

4.4.1. Dilute the 5 ng/µL cDNA mix to a concentration of 1.25 ng/µL using molecular biology-grade water.

4.4.2. Combine 5 μL of SYBR Green dye master mix (2x), 0.1 µL of molecular biology-grade water, 0.45 µL of 7.5 µM forward primer, 0.45 µL of 7.5 µM reverse primer, and 4 µL of 1.25 ng/µL cDNA to obtain a total reaction volume of 10 µL. Mix well by pipetting up and down in a 96 well PCR plate. Use optical adhesive film to ensure that the plate cover is sealed and to prevent contamination and evaporation.

4.4.3. Spin down the reaction mix briefly by centrifugation and place the plate in a qPCR thermocycler.

4.5. Amplify the V5-tagged GOI and tTA-Ad amplicons by using the following qPCR conditions: 95 °C for 10 min as a denaturation step, followed by 40 cycles of 95 °C for 10 s, 58 °C for 15 s, and 72 °C for 20 s. A high-resolution melting curve must be generated after the amplification cycles are performed to assess the specific melting temperatures of the desired amplicons and to ensure the absence of noise amplicon peaks.

4.5.1. Include negative controls for the qRT-PCR by performing qPCR with RNA as a template without reverse transcriptase to serve as a control for potential plasmid DNA contamination and qPCR with no cDNA added to the qPCR mix to ensure the lack of primer dimers or contaminants.

4.5.2. The optimal cDNA concentration, primer efficiency, and concentration must be optimized according to the GOI by a standard curve assay. To do so, perform a serial dilution using cDNA from untreated cells (cultured without doxycycline). The standard curve is generated by plotting the Cq values against the log of the cDNA dilution factor, and the amplification efficiency (E) is calculated according to the slope of the standard curve using the following formula:
E = 10–1/slope

NOTE: The amplification efficiency should be approximately 0.9 to 1.05. Otherwise, the primers must be redesigned.

4.6. Analyze the qPCR data using the comparative Cq method by normalizing the expression values of the GOI to the expression of tTA-Ad to obtain the relative expression levels of the GOI and to report its expression as a percentage of the mRNA expression of the GOI in cells from the same animal at the starting point (t = 0) (Figure 4).

4.7. The half-life is determined from the rate constant (K) of the GOI mRNA degradation curve using the following equation:
t1/2 = ln 2/K.

REPRESENTATIVE RESULTS:
This protocol was successfully used to generate a Tet-Off transcriptionally controlled plasmid expression system to evaluate the importance of different portions of the αENaC 3’ UTR in the modulation of transcript stability in primary alveolar epithelial cells.

The first step in the implementation of this system was to establish a fast, easy, and efficient transfection technique for alveolar epithelial cells in primary culture, which are difficult to transfect. As shown in Figure 1, the pipette electroporation technique allowed for a 25–30% transfection efficiency rate, as shown by the ratios of eGFP cells detected by fluorescence microscopy and flow cytometry.

Before applying this induction system, which is controlled by tetracycline and its derivatives, the impact of this drug on the expression of our GOI was verified. The alveolar epithelial cells were treated with 1.0 µg/mL doxycycline to assess its impact on endogenous αENaC mRNA expression. Treatments carried out over a period of 1–24 h had no significant impact on the expression of the endogenous transcript, as shown in Figure 2.

Our transcriptionally controlled plasmid expression system uses a qPCR normalization technique that differs from the standard technique that uses housekeeping genes. In the case of the expression of V5-αENaC, the signal was normalized according to the tTA-Adv signal to determine the efficiency of transfection using the Cq method. Figure 3 shows the use of the tTA-Adv transcript to normalize mRNA expression.

Previously published results suggest that the use of actinomycin D is inappropriate for the estimation of αENaC transcript stability, as it indicated an abnormally high mRNA half-life (approximately 12 h)24. The half-life of αENaC mRNA in the presence of the Tet-Off system (99 min) was up to 7x shorter than that found in the presence of actinomycin D, as shown in Figure 4. This confirms that actinomycin D leads to an artifactual αENaC mRNA stabilization.

This Tet-Off system was also used successfully to test whether different cell stressors known to affect αENaC gene expression could modulate αENaC mRNA stability. As shown in Figure 5, cycloheximide treatment significantly decreased the stability (36 min) of the transcript, while lipopolysaccharides (LPS, used to mimic an infectious stimuli) did not. Finally, the pro-inflammatory cytokine TNF-α caused a drastic drop in V5-αENaC mRNA stability (with a half-life of 16 min).

In the present work, the cloning strategy was intended to elucidate the contribution of the 3' UTR to the modulation of αENaC transcript. Several sequential deletion mutants were generated and tested to map the contribution of different domains of the αENaC 3' UTR to transcript stability. Figure 6 shows the significant changes in the modulation of the stability of V5-αENaC mRNA depending on the deleted and included regions of the 3’ UTR.

Finally, the modulation of the stability of αENaC mRNA by RNA-binding proteins (RBP) was studied with this model. The transcription of αENaC mRNA with the V5 epitope from the pTRE-Tight vector is under the exclusive control of tTA-Adv. Dhx36, Tial1, and hnRNPK are three RBPs that are linked to the 3' UTR of αENaC24. Therefore, any modulation of the expression of V5-αENaC following cotransfection with Dhx36, Tial1, or hnRNPK, would be the consequence of the modulation of the mRNA stability and not of transcription modulation. Figure 7 shows that the overexpression of Dhx36 or Tial1, unlike that of hnRNPK, decreased the stability of V5-αENaC mRNA compared to transfection with the empty pcDNA3 plasmid, which shows the specific modulation of some RBPs.

Collectively, these results confirmed that the Tet-Off transcriptionally controlled plasmid expression system that we developed represents an appropriate tool for evaluating the actual half-life of a transcript and the mechanisms involved in its modulation. This tool will be useful in acquiring novel insights into the posttranscriptional regulation of key GOIs involved in the function of the alveolar epithelium in physiological and pathological conditions.

FIGURE AND TABLE LEGENDS:
Figure 1: Efficiency of the transfection of alveolar epithelial cells in primary culture by pipette electroporation. Primary alveolar epithelial cells were transiently transfected with 2 µg of a pcDNA3 plasmid (empty, clones #1 and #2) that expressed or did not express GFP protein. Transfection efficiency was assessed 48 h following transfection by (A) fluorescence microscopy or (B) flow cytometry. One-way ANOVA and Bonferroni post hoc test; *: p < 0.001 vs. empty. Cells from at least four different rats (n ≥ 4) were used for each experimental condition. Scale bar = 200 µm.

Figure 2: Modulation of endogenous αENaC mRNA by doxycycline in alveolar epithelial cells. Alveolar epithelial cells were treated with 1.0 μg/mL doxycycline for a period of 1–24 h. The expression of αENaC mRNA was quantified by quantitative RT-PCR and presented as the expression of αENaC mRNA ± SEM compared to that in untreated cells (Ctrl; t = 0) after normalization according to β-actin expression (one-way ANOVA, n = 4). Doxycycline did not modulate endogenous αENaC mRNA over time. Previously published as Figure S4 in Migneault et al.24.

Figure 3: Normalization of GOI mRNA expression with a modified Cq method according to the expression of the regulatory mRNA tTA-Ad. Alveolar epithelial cells were transiently cotransfected with the pTet-Off plasmid and the pTRE-Tight plasmid encoding αENaC cDNA bearing a V5 epitope upstream of its open reading frame and a complete 3’ UTR sequence. The expression of V5-αENaC and tTA-Ad mRNAs was measured by quantitative RT-PCR in untreated cells. (A) The delta-normalized SYBR Green fluorescent signals (ΔRn) of V5-αENaC and tTA-Ad from two separate transfections (R1 and R2) are depicted. (B) Left graph: mRNA expression of V5-αENaC and tTA-Ad in each experiment (R1 and R2) are expressed as the cycle quantification value (Cq). The difference between V5-αENaC and tTA-Ad mRNA expression (ΔCq) is presented. Right graph: Using tTA-Ad mRNA in place of the housekeeping gene allows the efficient normalization of the expression of the GOI, which showed a relative expression of 0.98 in R1 compared to that in R2.

Figure 4: Degradation kinetics of V5-αENaC mRNA when using the transcriptionally controlled plasmid expression system in the presence and absence of actinomycin D. Primary alveolar epithelial cells were transiently cotransfected with the pTet-Off plasmid and the pTRE-tight plasmid encoding αENaC cDNA bearing a V5 epitope upstream of its open reading frame and complete 3’ UTR sequences. Cells pretreated or untreated with actinomycin D (5.0 µg/mL) for 30 min were incubated thereafter with doxycycline (1.0 µg/mL) for 15 min–6 h. Expression of V5-αENaC mRNA was measured by quantitative RT-PCR and presented as the percentage ± SEM of V5-αENaC mRNA expression in untreated cells (t = 0) after normalization according to the expression of tTA-Ad. The V5-αENaC mRNA half-life was estimated by one-phase decay nonlinear regression for each cell preparation. Multiple regression analysis revealed a statistically significant difference in V5-αENaC mRNA stability in cells treated with actinomycin D compared with that in untreated cells (p < 0.0001). Cells from at least four different rats (n ≥ 4) were used for each experimental condition. Previously published as Figure 1 in Migneault et al.24.

Figure 5: Modulation of V5-αENaC mRNA stability by different cellular and inflammatory stresses. Primary alveolar epithelial cells were transiently cotransfected with the pTet-Off plasmid and the pTRE-tight plasmid encoding αENaC cDNA bearing a V5 epitope upstream of its open reading frame and complete 3’ UTR sequences. The cells were pretreated for 30 min with 1.0 μM cycloheximide (CHX) (A) or 15 μg/mL LPS (B) or for 5 h with 100 ng/mL TNF-α (C), followed by treatment with 1.0 μg/mL doxycycline for a period of 15–120 min. Expression of V5-αENaC mRNA was measured by quantitative RT-PCR and presented as the percentage ± SEM of V5-αENaC mRNA expression in untreated cells (t = 0) after normalization according to the expression of tTA-Ad. Cells from at least three different rats (n ≥ 3) were used for each experimental condition. (D) The half-life (t1/2) of V5-αENaC mRNA in treated cells was compared to the half-life of mRNA in cells (Ctrl). The half-lives were measured according to the rate constant (K) of the V5-αENaC mRNA degradation curve using the equation t1/2= ln 2/K and then expressed as min ± SEM (one-way ANOVA test and Bonferroni post hoc test; *p < 0.01 vs. control; n ≥ 3). Adapted from Figure 36 previously published in Migneault, F.25.

Figure 6: Use of the sequential deletion cloning strategy to reveal the role of different regions of the αENaC 3’ UTR in the modulation of mRNA stability. (A) Schematic map of the V5-αENaC transcript with the complete 3’ UTR inserted in the pTRE-tight expression vector. The open reading frame is depicted as a gray box, while the 3’ UTR is shown as a white box. The 3’ UTR portion of αENaC mRNA is depicted for the clone bearing a complete 3’ UTR and for the different deletion mutants (Del 1 to Del 4). (B) Primary alveolar epithelial cells were transiently cotransfected with pTRE-tight plasmids encoding different αENaC 3’ UTR deletion mutants along with the pTet-Off plasmid, which expresses tTA-Ad, to allow the specific expression of the construct and its inhibition by doxycycline. Seventy-two h after transfection, cells were treated with doxycycline (1.0 µg/mL) for 15 min to 6 h. Expression of V5-αENaC mRNA was measured by quantitative RT-PCR and presented as the percentage ± SEM of V5-αENaC mRNA expression in untreated cells (t = 0) after normalization according to the expression of tTA-Ad. The V5-αENaC mRNA half-life for each construct was estimated from the rate constant (K) of the V5-αENaC mRNA degradation curve using the following equation: t1/2= ln 2/K. The V5-αENaC mRNA decay is shown for the clone with the complete 3’ UTR (Comp) and for the Del 1 to Del 4 3’ UTR deletion mutants. The half-life (t1/2) of mRNA decay is given for each clone. In the lower right quadrant, the graph shows a comparison of the different t1/2 ± SEM values estimated for each clone. p < 0.05 between the different groups according to the Kruskal-Wallis test. *p < 0.05 according to Dunn’s post hoc test compared to the complete 3’ UTR. Φp<0.05 according to Dunn’s post hoc test compared to Del 3. Cells from at least five different animals (n ≥ 5) were used for each experimental condition. Adapted from Figures 2 and 3 previously published in Migneault et al.24.

Figure 7: Posttranscriptional modulation of V5-αENaC mRNA by the RNA-binding proteins hnRNPK, Dhx36, and Tial1. (A) Primary alveolar epithelial cells were cotransfected with the pTRE-tight plasmid encoding V5-αENaC mRNA along with an expression vector for the Dhx36, hnRNPK, or Tial1 RBPs and the pTet-Off plasmid. V5-αENaC mRNA expression was quantified by RT-qPCR 72 h posttransfection and expressed as the percentage ± SEM of V5-αENaC mRNA expression compared to that in cells transfected with an empty vector (pcDNA3) after normalization according to the expression tTA-Ad. Overexpression of Dhx36 and Tial1 significantly inhibited V5-αENaC mRNA expression, whereas overexpression of hnRNPK had no effect. *p <0.05 according to the Kruskal-Wallis test and Dunn’s post hoc test compared to empty vector; n ≥ 3 samples from different animals were tested in duplicate for each experimental condition. (B) The proximal portion of the αENaC 3’ UTR was deleted by cloning the distal region of the 3’ UTR next to the αENaC stop codon in the pTRE-tight plasmid (V5-αENaC-Del5). (C) Primary alveolar epithelial cells were cotransfected with V5-αENaC or V5-αENaC-Del5 in the pTRE-tight vector along with the pTet-Off plasmid and the expression vector for Dhx36 or Tial1 RBP overexpression. V5-αENaC mRNA expression was quantified by RT-qPCR 72 h posttransfection and expressed as the percentage ± SEM of V5-αENaC mRNA expression compared with that in cells transfected with an empty vector (pcDNA3) after normalization according to the expression of tTA-Ad. Overexpression of Dhx36 and Tial1 had no effect on V5-αENaC-Del5 mRNA expression. *p < 0.05 according to the Kruskal-Wallis test and Dunn’s post hoc tests upon comparison of the experimental vectors to the empty vector; #p < 0.05 according to the Mann-Whitney U-test upon comparison of the experimental vectors to the complete 3’ UTR mutant; n ≥ 6 for each experimental condition. Adapted from Figures 5 and 7 previously published in Migneault et al.24.

[bookmark: _Hlk14378463]Table 1: Primers used in this study. (A) Primers used for cloning and generation of the V5-αENaC mutants in the inducible pTRE-tight vector. (B) Primers used for the measurement of mRNA expression by quantitative RT-PCR

DISCUSSION:
The low transfection rate of alveolar epithelial cells in primary culture has been a serious limitation for the use of the Tet-Off system to assess mRNA stability in these cells. However, this limitation was overcome by pipette electroporation, allowing a 25–30% transfection efficiency (Figure 1 and Figure 3)26.

The measurement of transcript stability is fundamental to understanding the modulation of a given mRNA and its impact on cell homeostasis and metabolism. Variation in the bioavailability of a GOI may change the translation efficiency and have a direct impact on expression of the GOI in the cell. For these reasons, several techniques have been developed to determine the half-life of mRNAs. As discussed above, each of these techniques has limitations and constraints that prevent the proper study of a transcript of interest. Compared to other techniques, the TET-off model developed here has the advantage of allowing the half-life estimation of a given mRNA under any experimental condition. However, it does not allow us to directly study the stability of an endogenous transcript. To overcome this limitation as much as possible, it is suggested to include the 5’ UTR and 3’ UTR sequences of the transcript in the plasmid so that the construct is as similar as possible to the endogenous transcripts. The addition of the V5 epitope allows the specific amplification of the target mRNA by RT-qPCR versus that of the endogenous transcript. Regarding the cloning strategy, the choice of the sequence inserted upstream of the gene of interest is crucial to prevent the amplification of nonspecific signals. The addition of the V5 epitope sequence 5’ of the ORF is necessary for the specific qPCR amplification of the construct due to its short length and the lack of its expression in alveolar epithelial cells. This strategy also provides the opportunity to study the modulation of protein translation using the same inducible system. Despite the small size of the V5 epitope (42 nt), it is still possible that this may affect the stability of transcription. For this reason, it is suggested to also test other epitopes, such as human influenza hemagglutinin (HA) or any other sequence not found in the transcriptome of alveolar epithelial cells.

One limitation of the system is the use of doxycycline to inhibit the transcription of a GOI. Several reports show that doxycycline could have a significant impact on cell metabolism. The use of this antibiotic in 16HBE14 bronchial cells reduces proliferation and increases mortality due to apoptosis27. In addition, doxycycline has already been shown to be involved in the modulation of the LPS inflammatory response28. Therefore, this antibiotic could have off-target effects that may affect the mRNA stability of a given GOI. For these reasons, we assessed the impact of 1 µg/mL doxycycline over a 24 h period on nontransfected cells and found that it did not induce any change in endogenous αENaC mRNA expression (Figure 2). This concentration was chosen because it is widely used to completely inhibit the transcription of the Tet-Off system and is recommended to minimize cytotoxic effects29. We suggest using this concentration in alveolar epithelial cells and recommend validating the optimal concentration for the study of other genes or the use of other cell types with the Tet-Off system.

Our system utilizes the constitutive expression of the GOI until its transcription is inhibited by doxycycline. It has been suggested that excessive mRNA concentrations may be toxic to the cell and affect its metabolism. This could lead to a change in the stability of the GOI transcript, causing its rapid degradation because of nonphysiological overexpression30. In the case of our Tet-Off model, such toxicity was not observed, because the transfected cells showed a morphology similar to those of healthy nontransfected cells (data not shown). In accordance with Tani et al.31, who demonstrated the validity of the Tet-Off system in determining the half-life of a mRNA, our results showed that the Tet-Off system is not toxic in alveolar epithelial cells and yields a half-life for αENaC mRNA that does not reflect the overstabilization that was reported in the presence of transcriptional inhibitors such as actinomycin D (Figure 4).

[bookmark: _Hlk15412233]The development of this system to measure the half-life of mRNA challenges the results observed when the stability of transcripts were measured in the presence of transcription inhibitors such as actinomycin D. This method shows that a transcript half-life may be much shorter than previously measured.

Our model is highly appropriate for studying the posttranscriptional modulation of a specific transcript under different conditions, including pro-inflammatory conditions or RBP overexpression, as well as after treatment with silencing RNA. In addition, it allows the characterization of untranslated regions essential to the posttranscriptional modulation of mRNAs in pathophysiological conditions that affect alveolar epithelial cells.
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