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Water permeability of the kidney collecting ducts is regulated in part by the amount of the molecular water channel protein aquaporin-2 (AQP2), whose expression, in turn, is regulated by the pituitary peptide hormone vasopressin. We previously showed that stable glucocorticoid receptor knockdown diminished the vasopressin-induced Aqp2 gene expression in the collecting duct cell model mpkCCD. Here, we investigated the pathways regulated by the glucocorticoid receptor by comparing transcriptomes of the mpkCCD cells with or without stable glucocorticoid receptor knockdown. Glucocorticoid receptor knockdown downregulated 5,394 transcripts associated with 55 KEGG pathways including “vasopressin-regulated water reabsorption,” indicative of positive regulatory roles of these pathways in the vasopressin-induced Aqp2 gene expression. Quantitative RT-PCR confirmed the downregulation of the vasopressin V2 receptor transcript upon glucocorticoid receptor knockdown. Glucocorticoid receptor knockdown upregulated 3,785 transcripts associated with 42 KEGG pathways including the “TNF signaling pathway” and “TGFβ signaling pathway,” suggesting the negative regulatory roles of these pathways in the vasopressin-induced Aqp2 gene expression. Quantitative RT-PCR confirmed the upregulation of TNF and TGFβ receptor transcripts upon glucocorticoid receptor knockdown. TNF or TGFβ inhibitor alone, in the absence of vasopressin, did not induce Aqp2 gene transcription. However, TNF or TGFβ blunted the vasopressin-induced Aqp2 gene expression. In particular, TGFβ reduced vasopressin-induced increases in Akt phosphorylation without inducing epithelial-to-mesenchymal transition or interfering with vasopressin-induced apical AQP2 trafficking. In summary, our RNA-seq transcriptomic comparison revealed positive and negative regulatory pathways maintained by the glucocorticoid receptor for the vasopressin-induced Aqp2 gene expression.
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INTRODUCTION
Aquaporin-2 (AQP2) is a molecular water channel protein expressed in the kidney collecting duct principal cells responsible for osmotic water reabsorption (Knepper et al., 2015). AQP2 is regulated by the pituitary peptide hormone vasopressin chiefly in two modes. In the short-term response (minutes to hours), vasopressin induces dynamic changes in the cortical actin filaments to facilitate the fusion of AQP2-containing vesicles with the apical plasma membrane of the cells (Simon et al., 1993; Loo et al., 2013). This increases the amount of apical AQP2 and hence water permeability (Nielsen et al., 1995; Yamamoto et al., 1995). In the long-term response (hours to days), vasopressin increases the Aqp2 gene expression (DiGiovanni et al., 1994). Vasopressin regulates both responses by signaling through vasopressin V2 receptor, Gαs, adenylyl cyclase 6, and cAMP that activates two PKA catalytic subunits (PKA-Cα and PKA-Cβ) (Judith Radin et al., 2012; Pearce et al., 2015; Isobe et al., 2020). Dysregulations in either response cause a number of water balance disorders (Noda et al., 2010; Judith Radin et al., 2012; Moeller et al., 2013). Understanding both responses is critical to the physiology and pathophysiology of the disorders. Both responses have been actively studied, although less is known about the latter response, that is, vasopressin-regulated Aqp2 gene transcription.
Gene expression often involves the binding of transcription factors to the promoter or enhancer regions upstream or downstream to the target gene (Yu et al., 2009). Through promoter-reporter assays, several transcription factors have been implicated in Aqp2 gene transcription such as Creb1 (Hozawa et al., 1996; Yasui et al., 1997), Elf3 (Yu et al., 2009; Lin et al., 2019), Elf5 (Yu et al., 2009; Grassmeyer et al., 2017), Ehf (Yu et al., 2009), Gata-3 (Uchida et al., 1997), and Nfat5 (Hasler et al., 2006). These transcription factors were studied in various cell models that often do not express endogenous vasopressin V2 receptor or AQP2, making it challenging to compose a comprehensive Aqp2 gene transcription network. For example, Creb1 has been the primary transcription factor for Aqp2 gene transcription in many review studies (Nielsen et al., 2002; Bockenhauer and Bichet, 2015; Pearce et al., 2015). Recent ChIP-seq analysis showed the indirect involvement of Creb1 in Aqp2 gene transcription (Jung et al., 2018). A number of other transcription factor candidates were suggested for future investigation (Kikuchi et al., 2021), preferentially with CRISPR/Cas9-based gene knockout (Isobe et al., 2017; Datta et al., 2020; Isobe et al., 2020) or small hairpin RNA-mediated gene knockdown when gene knockout is lethal (Wang et al., 2017; Kuo et al., 2018; Lin et al., 2019; Wang et al., 2020; Wong et al., 2020).
Glucocorticoid receptor agonist betamethasone has been shown to enhance the vasopressin-induced Aqp2 gene expression in infant rats within 6 h of injection (Yasui et al., 1996). To avoid influence from endogenous adrenal corticosteroids (i.e., glucocorticoid and mineralocorticoid), adrenalectomy is often performed before the administration of mineralocorticoid with or without dexamethasone (another glucocorticoid receptor agonist). In one study, the AQP2 protein levels were higher in the rats administered with dexamethasone and mineralocorticoid than those administered with the mineralocorticoid alone (Chen et al., 2005). In another study with similar settings, the AQP2 mRNA and protein levels were both lower in the rats administered with dexamethasone and mineralocorticoid than those administered with the mineralocorticoid alone (Saito et al., 2000). The latter observation could be explained via a suppressive effect of dexamethasone on the vasopressin gene promoter activity in the hypothalamic cells (Kim JK et al., 2001). The dexamethasone-suppressed vasopressin gene expression in the hypothalamus would, in turn, reduce the Aqp2 gene expression in the collecting ducts.
We recently found that dexamethasone enhanced the vasopressin-induced Aqp2 gene expression in a time- and dose-dependent manner in the mpkCCD cells, a collecting duct principal cell model that expresses all necessary molecular components for vasopressin signaling, Aqp2 gene expression, and trafficking (Yu et al., 2009; Rinschen et al., 2010; Xie et al., 2010; Khositseth et al., 2011; Schenk et al., 2012; Loo et al., 2013; Kuo et al., 2018). Glucocorticoid receptor knockdown blunted the vasopressin-induced Aqp2 gene expression in the cells (Ho et al., 2021). The effects of the glucocorticoid receptor involve α-actinin 4, an actin-bundling protein and a transcription co-activator of the glucocorticoid receptor (Honda, 2015; Zhao et al., 2017). α-Actinin-4 thus serves as a molecular link between vasopressin short-term responses in AQP2 trafficking and long-term responses in the Aqp2 gene expression. It should be noted that the previous observations were made in the mpkCCD cells with stable glucocorticoid receptor knockdown, which could result in changes in the transcriptome landscape and thereby renders irresponsiveness to vasopressin. To test this, the present study used RNA-seq to compare transcriptomes of the stable glucocorticoid receptor knockdown vs. control cells. Genes that are downregulated in the glucocorticoid receptor knockdown cells are thought to have positive regulatory roles in the vasopressin-induced Aqp2 gene expression. Genes that are upregulated in the glucocorticoid receptor knockdown cells are thought to have negative regulatory roles in the vasopressin-induced Aqp2 gene expression.
MATERIALS AND METHODS
Cell Culture
The mpkCCD cells re-cloned from their original line (Huyen et al., 1998) for the highest Aqp2 gene expression level were maintained in the DMEM/Ham’s F-12 medium (DMEM/F-12, Cat. 11320033, Thermo-Fisher, United States) containing 2% fetal bovine serum (FBS) and supplements as described previously (Yu et al., 2009). The cells between 18 and 32 passages were grown on membrane supports (Transwell®, 0.4 μm pore size, Corning Costar, United States) prior to the experiments. FBS and supplements except for dexamethasone (Kuo et al., 2018) were removed from the medium to facilitate cell polarization (transepithelial electrical resistance >5,000 Ωxcm2 measured with an EVOM2 Epithelial Volt/Ohm Meter, World Precision Instruments, United States) before the cells were exposed to the vasopressin V2 receptor-specific agonist dDAVP (1-deamino-8-D-arginine vasopressin) in the basal medium to induce the endogenous Aqp2 gene expression. In certain experiments, the cells were also exposed to TGFβ1 (Cat. 5231) or TNFα (Cat. 5178) from Cell Signaling, United States, or the TGFβ receptor inhibitor GW788388 (Cat. SML0116) or TNF receptor inhibitor SPD304 (Cat. S1967) from Sigma-Aldrich, United States. The HEK293T cells used for packaging small hairpin RNA (shRNA)-carrying lentivirus were maintained in the DMEM (Cat. 12491015, Thermo-Fisher, United States) containing 10% FBS.
Small Hairpin RNA-Mediated Gene Knockdown
Small hairpin RNA (shRNA)-mediated glucocorticoid receptor (GR) knockdown was conducted via lentivirus-based transduction. The clones for shRNA were purchased from the National RNAi Core Facility, Academia Sinica, Taiwan: shCtrl (TRCN0000208001, control), shGR1 (TRCN0000238464), or shGR2 (TRCN0000238463). To produce shRNA-carrying lentivirus, the HEK293T cells were seeded at 70% confluence in a 60-mm dish. On the day of transfection, the medium was replaced with fresh DMEM containing 1% BSA excluding FBS and incubated for 30 min before transfection with a lentivirus-packaging plasmid mixture: 4 μg shRNA plasmid, 3.6 μg pCMVΔ8.91 plasmid, and 0.4 μg VSVG plasmid mixed in 250 μl Opti-MEM (Cat. 31985070, Thermo-Fisher, United States) and 12 μl T-Pro NTR II (Cat. JT97-N002M, T-Pro Biotechnology, Taiwan). Just two days after the transfection, the medium that contained lentiviral particles was collected and centrifuged at 1,200 x g for 5 min. The supernatants that contained shRNA-carrying lentiviral particles were aliquoted and stored at −80°C until use. To knockdown genes, 6 × 105 mpkCCD cells were seeded in a 60-mm dish 1 day before infection with 1 ml lentivirus-containing medium with 2 ml regular medium and 24 μl polybrene (hexadimethrine bromide, Cat. H9268, Sigma-Aldrich, United States, 1 mg/ml) for 1 day. The infected cells were selected for stable knockdown with puromycin (Watson Biotechnology, Taiwan, 2.5 μg/ml) for two passages. GR mRNA was reduced to 43% (shGR1) and 45% (shGR2) of that in the non-target control, similar to previous values (Ho et al., 2021).
RNA Extraction and Reverse Transcription
To each membrane support (12-mm Transwell®, Corning Costar, United States), 300 μl TRIzolTM reagent (Cat. 15596081, Invitrogen, United States) was added to lyse the cells. Total RNA was then extracted using the RNA extraction kit (Cat. E1011-A, ZYMO Research, United States). About 500 ng total RNA was reverse transcribed to cDNA with the oligo (dT)20 primer (Cat. 18418020, Invitrogen, United States) or random hexamers (Cat. N8080127, Invitrogen, United States) using the SuperScript™ IV First-Strand Synthesis System (Cat. 18091050, Invitrogen, United States), following the manufacturer’s instruction.
Quantitative Real-Time Polymerase Chain Reaction
Quantitative polymerase chain reaction (qPCR) was carried out using the SensiFAST SYBR® Hi-ROX Kit (Cat. BIO-92005, Bioline, United States) with gene-specific intron-spanning primers (Table 1) in 8-strip qRT-PCR tubes. The qPCR program was performed in a thermal cycler (StepOnePlus™ Real-Time PCR Systems, Thermo-Fisher, United States) with the following steps: 1) polymerase activation (95°C, 3 min); 2) denaturation (95°C, 5 s); 3) annealing/extension (60°C, 30 s); 4) repeat (step 2–3, 40 cycles).
TABLE 1 | Primers used in this study.
[image: Table 1]RNA-Seq and Bioinformatic Analysis
Total RNA was submitted to RNA-seq analysis by the WELGENE company, Taiwan. Fragments per kilobase per million (FPKM) reads of control (shCtrl) and glucocorticoid receptor knockdown (shGR1 and shGR2) were used to identify differentially expressed genes in the glucocorticoid receptor knockdown vs. control cells. To exclude the sequencing background, genes with FPKM less than 0.3 (Ramsköld et al., 2009) were defined as “non-expressed” genes and were excluded from the bioinformatic analysis. Genes with FPKM greater than 0.3 under any experimental conditions were selected for further analysis. Positive regulators for the vasopressin responses are genes that were downregulated in the glucocorticoid receptor knockdown vs. control cells, that is, genes with FPKM ratios (shGR/shCtrl) less than 1. Negative regulators for the vasopressin responses are genes that were upregulated in the glucocorticoid receptor knockdown vs. control cells, that is, genes with FPKM ratios (shGR/shCtrl) greater than 1. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was conducted using the DAVID Bioinformatics Resources (DAVID) (Huang et al., 2009a; Huang et al., 2009b). Chi-squared tests were performed to evaluate the significance of the regulated pathways.
Immunoblotting
The cell proteins were dissolved in a protein sample buffer (1% Triton X-100, 50 mM Tris, 150 mM NaCl, 2 mM EDTA, and 0.5% SDC) with protease and phosphatase inhibitors. The protein concentrations were measured with bicinchoninic acid (Cat. 23225, Thermo-Fisher, United States). In general, 20 μg protein was mixed with 5X loading buffer (7.5% SDS, 30% glycerol, 50 mM Tris, pH 6.8, 200 mM DTT (dithiothreitol) and bromophenol blue a few), separated on a 10% SDS-PAGE gel at 15 mA, 160 V in 1X SDS-PAGE running buffer (25 mM Tris, 192 mM glycine, and 0.1% SDS) for 100 min. The separated proteins in the gel were transferred to a nitrocellulose membrane (Cat. 10600004, GE Healthcare Life Science, United States) in 1X Fairbank buffer (25 mM Tris, 192 mM glycine, and 20% (V/V) methanol) with 200 mA for 1 h. The membrane was incubated on a shaker at room temperature for 1 h with blocking buffer 0.1% BSA in 1X TBS-T (20 mM Tris, 150 mM NaCl, and 0.1% Tween 20). After the removal of the blocking buffer, the membrane was incubated overnight with the primary antibody diluted in the blocking buffer. The antibodies were as follows: α-SMA (Cat. 14968, α-smooth muscle actin) and phospho-ERK1/2 (Cat. 4370) from Cell Signaling, United States; α-tubulin (Cat. GTX112141) and GR (Cat. GTX101120) from GeneTex, Taiwan; Akt1/2/3 (Cat. sc-8312), AQP2 (Cat. sc-9880), ERK (Cat. sc-153), phospho-Akt (Cat. sc-7958-R), and vimentin (Cat. sc-373717) from Santa Cruz, United States; or β-actin (Cat. A5441) from Sigma-Aldrich, United States. The next day, the membrane was washed three times (10 min each) with TBS-T on a shaker and incubated with the secondary antibody (diluted in the blocking buffer) for 1 h on a shaker at room temperature. The secondary antibodies were as follows: IRDye 800 goat anti-rabbit (Cat. 926–32211), IRDye 800 donkey anti-goat (Cat. 926–32214), or IRDye 680 goat anti-mouse (Cat. 926–68020) from LI-COR, United States. Finally, the membrane was washed three times with TBS-T before visualization and quantification using a near-infrared fluorescence Odyssey scanner and software (LI-COR, United States). The choice for loading control, β-actin, or α-tubulin depended on the molecular weights of the target proteins and the species of the antibodies.
Surface Biotinylation
After experiments, the cells on Transwell® were first incubated at 4°C for 20 min to minimize cellular activities including vesicular trafficking. The apical sides of the cells were washed with cold PBS-CM (1 mM MgCl2 and 0.1 mM CaCl2 in 1X PBS (phosphate-buffered saline), pH 6.4) three times prior to incubation for 30 min at 4°C with 20 mM NaIO4 (in PBS-CM) to oxidize glycosylated proteins on the cell surface. After three washes with cold PBS-CM, the cells were incubated with 5 mM biocytin hydrazide in the apical side (Cat. 28020, Thermo-Fisher, United States) to label oxidized apical surface proteins with biotin. After the labeling, 50 mM NH4Cl was added to the apical side to stop the reaction. Thereafter, both apical and basolateral sides were washed with PBS-CM three times and continued to immunofluorescence confocal microscopy.
Immunofluorescence Confocal Microscopy
The mpkCCD cells grown on Transwell® were washed with ice-cold PBS-CM three times prior to fixation with 4% paraformaldehyde (in PBS-CM) for 20 min at room temperature. The cells were then washed with PBS-CM three times before being treated with membrane permeabilization buffer (0.3% Triton X-100, 0.1% BSA (bovine serum albumin), and 1 mM NaN3 in 1X PBS) for 30 min at room temperature. To block non-specific binding, the cells were incubated with IF blocking buffer (1% BSA, 0.05% saponin, 0.2% gelatin, and 1 mM NaN3 in 1X PBS) for 30 min at room temperature before being incubated with the primary AQP2 antibody (Wang et al., 2017) at 4°C overnight. The surface-labeled biotin was stained using Alexa Fluor™ 594 streptavidin (Cat. S32356, Invitrogen, United States). After washing with IF washing buffer (0.1% BSA, 0.05% saponin, 0.2% gelatin, and 1 mM NaN3 in 1X PBS) three times, the cells were incubated with the secondary antibody for 1 h at room temperature. The cell nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole, 1 μg/ml in 1X PBS) at room temperature for 10 min. After two washes with PBS-CM, the cells were mounted in a fluorescence mounting medium (Cat. S3023, Agilent Technologies, United States) and covered with a cover glass. Confocal images were acquired using a Zeiss LSM880 microscope and processed by ZEN Blue software. Quantification of the images was performed by Zen software (Black edition, Carl Zeiss Microscopy, United States). For colocalization measurements of two proteins, the fluorescence signals from each protein were determined with a set threshold value based on background noise, that is, no primary antibody (or no phalloidin) staining control. Colocalization was calculated as a percentage of the pixels that are doubly positive for two proteins divided by the pixels that were positive for one protein.
RESULTS
RNA-Seq Transcriptomic Analysis Revealed Pathways Regulated by the Glucocorticoid Receptor
To identify pathways regulated by the glucocorticoid receptor for the vasopressin-induced Aqp2 gene expression (Kuo et al., 2018), we compared transcriptomes of the mpkCCD cells with or without stable glucocorticoid receptor knockdown (Ho et al., 2021). Figure 1A characterizes the responses of these cells to the vasopressin V2 receptor-specific analog dDAVP vs. vehicle. In the control cells without glucocorticoid receptor knockdown, dDAVP induced a 22.5-fold increase in AQP2 mRNA compared to unity under the vehicle conditions (Figure 1A, shCtrl, vehicle vs. dDAVP). The dDAVP-induced increases in AQP2 mRNA were diminished in the glucocorticoid receptor knockdown cells with two different small-hairpin sequences (Figure 1A, shGR1 and shGR2, vehicle vs. dDAVP), confirming the effects of glucocorticoid receptor knockdown on the vasopressin-induced Aqp2 gene expression (Ho et al., 2021). RNA-seq was performed to analyze the transcriptomes of these cells (shCtrl, shGR1, and shGR2) under the vehicle conditions (i.e., without dDAVP stimulation). A total of 22,025 genes were quantified. Among them, 9,836 genes with an FPKM <0.3 under all experimental conditions (i.e., shCtrl, shGR1, and shGR2 cells under vehicle condition) were considered non-expressed (Figure 1B) (Ramsköld et al., 2009). Furthermore, 5,394 and 3,785 genes showed decreases and increases, respectively, in the transcript abundance in the glucocorticoid receptor knockdown cells (Figure 1C). The 5,394 decreased genes were considered the positive regulators of vasopressin responses because their decreases reduced the vasopressin-induced Aqp2 gene expression. Table 2 shows 55 KEGG pathways associated with these positive regulators including “vasopressin-regulated water reabsorption”. The 3,785 increased genes were considered the negative regulators of vasopressin responses as their increases reduced the vasopressin-induced Aqp2 gene expression. Table 3 shows 42 KEGG pathways associated with these negative regulators including the “TNF signaling pathway” and “TGFβ signaling pathway.” Chi-squared tests assured statistical significance in the alterations of the aforementioned three KEGG pathways in the glucocorticoid receptor knockdown cells (Table 4).
[image: Figure 1]FIGURE 1 | Glucocorticoid receptor knockdown altered the transcriptomic landscape of the mpkCCD cells under the vehicle conditions. (A) Quantitative RT-PCR measurements of the AQP2 mRNA level in control (shCtrl) and glucocorticoid receptor knockdown (shGR1 and shGR2) cells in response to vehicle vs. 1 nM vasopressin analog dDAVP for 24 h. (B) Venn diagram summary of the non-expressed genes in the shCtrl, shGR1, and shGR2 cells based on RNA-seq. Non-expressed genes are those with FPKM (Fragments Per Kilobase of transcript per Million) value <0.3 under all experimental conditions. (C) Venn diagram summary of positive and negative regulators for the Aqp2 gene expression. Positive regulators are downregulated genes with lower FPKM in the shGR vs. shCtrl cells (shGR < shCtrl). Negative regulators are upregulated genes with higher FPKM in the shGR vs. shCtrl cells (shGR > shCtrl). Positive regulators (red line enclosed) and negative regulators (blue line enclosed) common to shGR1 and shGR2 cells were subjected to KEGG pathway analysis using the DAVID Bioinformatics.
TABLE 2 | KEGG pathway analysis of the positive regulators.
[image: Table 2]TABLE 3 | KEGG pathway analysis of the negative regulators.
[image: Table 3]TABLE 4 | Chi-squared tests of selected KEGG pathways regulated by glucocorticoid receptor.
[image: Table 4]Quantitative RT-PCR Confirmed Partly the RNA-Seq Results
Figure 2A plots the “vasopressin-regulated water reabsorption” KEGG pathway. Among the 22 components in the pathway, 11 of them showed decreases in transcript abundance in the glucocorticoid receptor knockdown cells by RNA-seq analysis. Table 5 lists all components in the pathway. Also, four of them were elected for quantitative RT-PCR validation: vasopressin V2 receptor (Avpr2), guanine nucleotide-binding protein G(s) subunit α (Gnas), adenylyl cyclase type 6 (Adcy6), and cyclic AMP-responsive element-binding protein 3 (Creb3). Quantitative RT-PCR showed reduction in the Avpr2 transcript level in two glucocorticoid receptor knockdown cells (Figure 2B, shGR1 and shGR2), and reduction in the Adcy6 transcript level in one glucocorticoid receptor knockdown cell (Figure 2D, shGR2). No change was found in the Gnas (Figure 2C) and Creb3 (Figure 2E) transcript levels in the glucocorticoid receptor knockdown cells. The previous observations suggest that the glucocorticoid receptor maintains the Avpr2 expression. This was reassured by the expression of Avpr2 in the cells maintained in the presence of the glucocorticoid receptor agonist dexamethasone (Figure 2F, 50 vs. 0 nM Dex). Dexamethasone removal gradually reduced the Avpr2 mRNA levels without affecting cell polarization as the transepithelial resistance was similar regardless of dexamethasone (Figure 2G).
[image: Figure 2]FIGURE 2 | Glucocorticoid receptor knockdown suppressed the KEGG “vasopressin-regulated water reabsorption” pathway in the mpkCCD cells. (A) KEGG “vasopressin-regulated water reabsorption” pathway. Genes are abbreviated and color-coded: blue, downregulated; gray: not found in the RNA-seq data; red, upregulated; yellow, no change in the glucocorticoid receptor knockdown cells. +P, phosphorylate. (B–E) Quantitative RT-PCR measurements of Avpr2, Gnas, Adcy6, and Creb3 mRNA in control (shCtrl) and glucocorticoid receptor knockdown (shGR1 and shGR2) cells under vehicle conditions. Values are mean ± S. E. summarized from three independent experiments. Asterisks indicate statistical significance (p < 0.05, t-test). (F) Avpr2 mRNA level and (G) transepithelial electrical resistance of polarized mpkCCD cells exposed to 0 vs. 50 nM dexamethasone (Dex).
TABLE 5 | “Vasopressin-regulated water reabsorption pathway” gene table.
[image: Table 5]Figure 3A plots the “TNF signaling pathway.” Among the 92 components in the pathway, 30 of them showed increases in the transcript abundance in the glucocorticoid receptor knockdown cells by RNA-seq analysis. Table 6 lists all components in the TNF signaling pathway. Also, four of them were elected for quantitative RT-PCR validation: tumor necrosis factor receptor superfamily member 1A (Tnfrsf1a also Tnfr1), mitogen-activated protein kinase 7 (Map3k7 also known as TAK1), mitogen-activated protein kinase 1 (Mapk1 also known as ERK1), and transcription factor p65 (Rela also known as NFκB p65). Consistent with the RNA-seq data, quantitative RT-PCR measurements showed increases in the Tnfrsf1a (Figure 3B), Map3k7 (Figure 3C), and Mapk1 (Figure 3D) mRNA levels in the glucocorticoid receptor knockdown cells. Quantitative RT-PCR measurement of Rela mRNA levels in the glucocorticoid receptor knockdown cells did not agree with the RNA-seq data (Figure 3E). Thus, the RNA-seq and quantitative RT-PCR data are grossly consistent with the suppression of the TNF signaling pathway by the glucocorticoid receptor, although removal of dexamethasone did not elevate the Tnfrsf1a (Figure 3F) or Tnfrsf1b (Figure 3G) mRNA level.
[image: Figure 3]FIGURE 3 | Glucocorticoid receptor knockdown enhanced the KEGG “TNF signaling pathway” in the mpkCCD cells. (A) KEGG “TNF signaling pathway.” Genes are abbreviated and color-coded: blue, downregulated; gray: not found in the RNA-seq data; red, upregulated; yellow, no change in the glucocorticoid receptor knockdown cells. +P, phosphorylate; −P, dephosphorylate; PRRs, pattern recognition receptors; +u, ubiquitinylate. (B–E) Quantitative RT-PCR measurements of Tnfrsf1a, Map3k7, Mapk1, and Rela mRNA levels in control (shCtrl) and glucocorticoid receptor knockdown (shGR1 and shGR2) cells under vehicle conditions. Values are mean ± S. E. summarized from three or four independent experiments. Asterisks indicate statistical significance (p < 0.05, t-test). (F,G) Quantitative RT-PCR measurements of Tnfrsf1a and Tnfrsf1b mRNA levels in polarized mpkCCD cells exposed to 0 vs. 50 nM dexamethasone (Dex).
TABLE 6 | “TNF signaling pathway” gene table.
[image: Table 6]Figure 4A plots the “TGFβ signaling pathway.” Among the 53 components in the pathway, 18 of them showed increases in the transcript abundance in the glucocorticoid receptor knockdown cells by RNA-seq analysis. Table 7 lists all components in the TGFβ signaling pathway. Also, four of them were elected for quantitative RT-PCR validation: TGFβ receptor type-1 (Tgfbr1), TGFβ receptor type-2 (Tgfbr2), mothers against decapentaplegic homolog 3 (Smad3), and transcription factor E2F4 (E2f4). Consistent with the RNA-seq data, quantitative RT-PCR measurements showed increases in the Tgfbr1 (Figure 4B) and Tgfbr2 (Figure 4C) mRNA levels in one or two glucocorticoid receptor knockdown cells and increases in the Smad3 (Figure 4D, shGR1) mRNA level in one glucocorticoid receptor knockdown cell. Quantitative RT-PCR measurement of E2f4 mRNA level in one glucocorticoid receptor knockdown cell did not agree with the RNA-seq data (Figure 4E, shGR1). Thus, the quantitative RT-PCR data are mostly consistent with the RNA-seq data and suggest the suppression of the TGFβ signaling pathway by the glucocorticoid receptor. In line with this, the removal of dexamethasone elevated both Tgfbr1 (Figure 4F) and Tgfbr2 (Figure 4G) mRNA levels.
[image: Figure 4]FIGURE 4 | Glucocorticoid receptor knockdown enhanced the KEGG “TGFβ signaling pathway” in the mpkCCD cells. (A) KEGG “TGFβ signaling pathway.” Genes are abbreviated and colored: blue, downregulated; gray: not in RNA-seq data; red, upregulated; yellow, no change in the glucocorticoid receptor knockdown cells. +P, phosphorylate; −P, dephosphorylate. (B–E) Quantitative RT-PCR measurements of Tgfbr1, Tgfbr2, Smad3, and E2f4 mRNA levels in control (shCtrl) and glucocorticoid receptor knockdown (shGR1 and shGR2) cells under vehicle conditions. Values are mean ± S. E. summarized from three or four independent experiments. Asterisks indicate statistical significance (p < 0.05, t-test). (F,G) Quantitative RT-PCR measurements of Tgfbr1 and Tgfbr2 mRNA levels in polarized mpkCCD cells exposed to 0 vs. 50 nM dexamethasone (Dex).
TABLE 7 | “TGFβ signaling pathway” gene table.
[image: Table 7]TNF and TGFβ Reduced the Vasopressin-Induced Aqp2 Gene Expression
The negative regulatory role of the TNF signaling pathway and the TGFβ signaling pathway in the vasopressin responses prompted us to examine whether inhibition of the TNF or TGFβ pathway would induce the Aqp2 gene expression in the absence of vasopressin (Figure 5A). Quantitative RT-PCR measurements of the AQP2 mRNA level showed that the TNF activity inhibitor (SPD304) or TGFβ receptor inhibitor (GW788388) alone did not induce the AQP2 mRNA expression in the absence of dDAVP (Figures 5B,C). In contrast, TNF significantly reduced (Figure 5B) whereas TGFβ1 profoundly suppressed (Figure 5C) dDAVP-induced increases in the AQP2 mRNA levels. The reduction in the AQP2 mRNA level manifested the reduction in the AQP2 protein level (Figures 5D–G). Thus, both TNF and TGFβ signaling pathways suppressed the dDAVP-induced Aqp2 gene expression. Of the two, the TGFβ signaling pathway plays a key negative regulatory role in the vasopressin-induced Aqp2 gene expression.
[image: Figure 5]FIGURE 5 | TNFα and TGFβ1 reduced the vasopressin-induced Aqp2 gene expression. (A) Experimental protocol. (B,C) Quantitative RT-PCR measurements of the AQP2 mRNA level in the mpkCCD cells exposed 24 h to the TNF receptor inhibitor (100 nM SPD304), TGFβ receptor inhibitor (10 μM GW788388), dDAVP (1 nM), dDAVP + TNFα (40 ng/ml), or dDAVP + TGFβ1 (10 ng/ml). (D,E) Immunoblots and (F,G) summaries of immunoblotting results for the AQP2 protein level in the mpkCCD cells under the same conditions as for AQP2 mRNA measurements. Values are mean ± S. E. summarized from three independent experiments. Values were normalized with loading control (β-actin) before being compared against those under the vehicle conditions. Asterisks indicate statistical significance (p < 0.05, t-test). g-AQP2, glycosylated AQP2; ng-AQP2, non-glycosylated AQP2; Veh, vehicle.
TGFβ Did Not Induce Epithelial-To-Mesenchymal Transition
TGFβ is known to induce epithelial-to-mesenchymal transition, a condition that would induce dedifferentiation of the collecting duct cells and render them irresponsive to vasopressin (Schnaper et al., 2009). To test whether TGFβ induces epithelial-to-mesenchymal transition to suppress the vasopressin-induced Aqp2 gene expression in the mpkCCD cells, the markers of the epithelial-to-mesenchymal transition, namely, α-SMA and vimentin, as well as transepithelial resistance, were measured (Figure 6A). The transepithelial resistances were similar under all experimental conditions (Figure 6B, vehicle, dDAVP, or dDAVP plus TGFβ1), indicating that TGFβ1 did not alter epithelial integrity. Likewise, the α-SMA mRNA and protein levels were not altered under all experimental conditions (Figures 6C–E). The effects on the vimentin mRNA and protein levels were inconsistent with the epithelial-to-mesenchymal transition. During epithelial-to-mesenchymal transition, vimentin was expected to increase (Vuoriluoto et al., 2011), which was not observed. Compared to the vehicle control, dDAVP did not alter the vimentin mRNA level (Figure 6F). TGFβ1 with dDAVP reduced it (Figure 6F). Compared to the vehicle control, dDAVP slightly reduced the vimentin protein level (Figures 6D,G). TGFβ1 with dDAVP did not alter it (Figures 6D,G). Overall, the previous observations were not consistent with the epithelial-to-mesenchymal transition in the mpkCCD cells induced by TGFβ1 in the presence of dDAVP.
[image: Figure 6]FIGURE 6 | TGFβ1 did not induce epithelial-to-mesenchymal transition. (A) Experimental protocol. (B) Transepithelial electrical resistance of mpkCCD cells grown on Transwell® membrane under the vehicle, dDAVP (1 nM), or dDAVP + TGFβ1 (10 ng/ml) conditions. (C,F) Quantitative RT-PCR measurements of α-SMA and vimentin mRNA levels in the mpkCCD cells under the same conditions. (D) Immunoblots and (E,G) summaries of immunoblotting results for α-SMA and vimentin protein levels in the cells under the same conditions. Values are mean ± S. E. summarized from three independent experiments. Values were normalized with loading control (α-tubulin) before being compared against those under the vehicle conditions. Asterisks indicate statistical significance (p < 0.05, t-test).
TGFβ Did Not Affect Vasopressin-Induced Apical AQP2 Trafficking
To test whether TGFβ affects vasopressin-induced apical AQP2 trafficking, polarized mpkCCD cells were exposed to vehicle vs. dDAVP in the absence or presence of TGFβ1 prior to confocal immunofluorescence microscopy (Figure 7A). As seen in Figure 7B, AQP2 was intracellular in the absence of TGFβ1 under the vehicle conditions. Upon dDAVP stimulation, AQP2 was detected at the apical membrane that was delineated with surface biotin (Figure 7B). On average, about 36.5% AQP2 was apical in the mpkCCD cells in the absence of TGFβ1 under the vehicle conditions (Figure 7C). Upon dDAVP stimulation, about 80.3% AQP2 was in the apical plasma membrane, indicating vasopressin-induced apical AQP2 translocation. Similar observations were made in the presence of TGFβ1. Thus, TGFβ1 did not affect vasopressin-induced apical AQP2 trafficking in the mpkCCD cells.
[image: Figure 7]FIGURE 7 | TGFβ1 did not affect vasopressin-induced apical AQP2 trafficking. (A) Experimental protocol. (B) Representative confocal immunofluorescence micrographs of AQP2 (green) and surface-biotinylated apical membrane (red) of mpkCCD cells in response to vehicle vs. dDAVP (1 nM, 1 h) in the absence or presence of TGFβ1 (10 ng/ml). Scale bars represent 10 μm. (C) Summary of the imaging results. Values are mean ± S. E. summarized from three independent experiments. Asterisks indicate statistical significance (p < 0.05, t-test).
TGFβ Reduced Vasopressin-Induced Akt Activation
Akt and Erk are two protein kinases common to both the vasopressin signaling pathway and TGFβ pathway (Vander Ark et al., 2018). It was of interest to test whether TGFβ1 reduces vasopressin-induced increases in Akt and Erk activation (Pisitkun et al., 2008), thereby diminishing the vasopressin-induced Aqp2 gene expression. Immunoblotting showed that dDAVP increased phosphorylation and the total protein abundance of Akt and that TGFβ1 reduced these increases (Figure 8A). On average, dDAVP increased Akt phosphorylation and abundance by 38.5 and 28.6%, respectively (Figures 8B,C). Both were significantly reduced by TGFβ1. DDAVP did not affect Erk abundance (Figures 8A,D) but increased its phosphorylation level (Figures 8A,E). TGFβ1 did not reduce dDAVP-induced Erk phosphorylation (Figures 8A,E). TGFβ1 did not alter Erk total protein abundance (Figures 8A,D). Thus, TGFβ1 reduced vasopressin-induced Akt activation.
[image: Figure 8]FIGURE 8 | TGFβ1 reduced vasopressin-induced Akt activation. (A) Immunoblots for total and phosphorylated Akt and Erk in the mpkCCD cells in response to vehicle vs. dDAVP (1 nM, 24 h) in the absence or presence of TGFβ1 (10 ng/ml). (B–E) Summary of the immunoblotting results. Values are mean ± S. E. summarized from five independent experiments. Values were normalized with loading control (β-actin) before being compared against those under the vehicle conditions. Asterisks indicate statistical significance (p < 0.05, t-test). pAkt, phosphorylated Akt; pErk, phosphorylated Erk; tAkt, total Akt; tErk, total Erk.
DISCUSSION
System tools have been instrumental in identifying novel regulatory pathways for complex physiological processes (Rinschen et al., 2018). Common practices to examine the functions of the identified pathways include chemical alterations of the entire pathway or gene-specific manipulation of key nodes in the pathways. Gene-specific manipulation via knockout provides an unequivocal functional evaluation of the identified pathways (Limbutara et al., 2019; Datta et al., 2020; Isobe et al., 2020; Raghuram et al., 2020). In cases when gene-specific knockout results in cell or embryonic lethality, gene-specific knockdown provides another means for evaluation (Wang et al., 2017; Lin et al., 2019; Wang et al., 2020; Wong et al., 2020). Oftentimes, gene-specific manipulation involves several generations of selection that could result in alteration in the transcriptomic landscape and complicate the evaluation. The present study represents such an example. Previous system approaches have alluded to the role of glucocorticoid receptor in the Aqp2 gene expression in the kidney collecting duct cells (Yu et al., 2009; Kikuchi et al., 2021). In line with this, glucocorticoid receptor agonist dexamethasone increases the vasopressin-induced Aqp2 gene expression in the collecting duct mpkCCD cells (Kuo et al., 2018). The stable glucocorticoid receptor knockdown blunted the vasopressin-induced Aqp2 gene expression in the cells (Ho et al., 2021). In the current study, we found that the transcriptome was significantly altered in the stable glucocorticoid receptor knockdown cells that do not respond to vasopressin (Figure 1). Most notably, the “vasopressin-regulated water reabsorption pathway” with positive regulatory roles in the vasopressin responses was suppressed in the glucocorticoid receptor knockdown cells (Figure 2). In addition, the “TNF signaling pathway” (Figure 3) and the “TGFβ signaling pathway” (Figure 4) with negative regulatory functions in the vasopressin responses were elevated in the glucocorticoid receptor knockdown cells (Lin et al., 2016; Lee et al., 2018). With the downregulation of a positive regulatory pathway and upregulation of two negative regulatory pathways, it came without a surprise that the stable glucocorticoid receptor knockdown cells did not respond to vasopressin. Thus, gene-specific manipulation is a powerful means to investigate the functions of a pathway; however, the results should be interpreted with caution, especially when stable gene-specific manipulation alters the transcriptome landscape.
In line with the suppression of the “vasopressin-regulated water reabsorption pathway” in the stable glucocorticoid receptor knockdown cells was the reduction in the vasopressin V2 receptor Avpr2 transcript level (Table 5; Figure 2B). In fact, the Avpr2 transcript was maintained at a certain level in the presence of the glucocorticoid receptor agonist dexamethasone (Figure 2F). The removal of dexamethasone reduced its level. One potential explanation is the transcriptional regulation of Avpr2 by the glucocorticoid receptor. The three glucocorticoid receptor-binding sites in the Avpr2 5’ flanking region were predicted commonly by three programs, namely, TRANSFAC® (Wingender et al., 2018), PROMO (Briones-Orta et al., 2017), and TRAP (Manke et al., 2008): 1) −1,934 to −1,929, 2) −424 to −419, and 3) −248 to −243. Additional experiments are needed to test the possibility.
One explanation for the reduced Aqp2 gene expression in the glucocorticoid receptor knockdown cells has to do with the interplay between AQP2 phosphorylation and ubiquitylation (Tamma et al., 2011). Short-chain ubiquitylation is involved in AQP2 endocytosis and degradation (Kamsteeg et al., 2006). AQP2 phosphorylation at serine 269 occurs in parallel with AQP2 ubiquitylation at the apical plasma membrane in the presence of vasopressin (Moeller et al., 2014). Serine 269 phosphorylation overrides ubiquitylation, keeping AQP2 from endocytosis (Moeller et al., 2014; Wang et al., 2017). Serine 261 phosphorylation occurs after AQP2 ubiquitylation and endocytosis (Tamma et al., 2011). Serine 261 phosphorylation was thought to stabilize ubiquitylated AQP2 from degradation (Tamma et al., 2011). Thus, glucocorticoid receptor knockdown could affect AQP2 phosphorylation and hence AQP2 stability and abundance. Given the low AQP2 abundance in the glucocorticoid knockdown cells (Figure 1A) (Ho et al., 2021), our attempt to measure AQP2 phosphorylation was of minimal success. In the knockdown cells with residual AQP2, we were able to measure AQP2 phosphorylation at serine 261, 264, and 269 in response to dDAVP by immunofluorescence confocal microscopy. AQP2 was apically localized in the knockdown cells in response to dDAVP (not shown). It responded to dDAVP with a decrease in 261 phosphorylation and increases in 264 and 269 phosphorylation, consistent with prior observations (Xie et al., 2010). Thus, the glucocorticoid receptor knockdown did not seem to affect AQP2 phosphorylation and thus ubiquitylation and degradation. However, the aforementioned statement was bound to one caveat, that is, knockdown efficiency. The cells with residual AQP2 might still have the glucocorticoid receptor that maintains proper vasopressin responses. In the cells where knockdown was complete, we could not measure AQP2 or its phosphorylation. Because we could not reach definitive conclusions, we reserved the aforementioned data.
Despite the drawbacks, stable gene-specific manipulation identified two pathways, namely, the “TNF signaling pathway” (Figure 3) and “TGFβ signaling pathway” (Figure 4) with pathophysiological relevance. Both pathways have negative regulatory roles in the vasopressin-induced Aqp2 gene expression (Figure 5). TNF is a type II transmembrane protein produced primarily by immune cells (Dong et al., 2007). It functions as a homotrimer either in its membrane-bound form or it can be released as a soluble circulating polypeptide upon cleavage by a metalloproteinase called TNF-converting enzyme (Black et al., 1997). TNF is a central mediator of inflammation amongst a broad range of biological activities (Dong et al., 2007). A number of kidney injuries induce inflammation with elevated TNF levels, including acute kidney injury, renal ischemia/reperfusion injury, diabetic nephropathy, obstructive renal injury, and cisplatin-induced injury (Al-Lamki and Mayadas, 2015). In rats, cisplatin-induced kidney injury manifests reduced AQP2 abundance (Kim SW et al., 2001), in line with a negative regulatory role of TNF in the Aqp2 gene expression. Conversely, the inhibition of TNF downstream effector interleukin 1β increases the Aqp2 gene expression under ureteral obstruction conditions (Hu et al., 2019). Moreover, the transcript levels of TNF receptors (Tnfrsf1a and Tnfrsf21-23) are negatively correlated with the AQP2 transcript levels (Yu et al., 2009). All these observations are consistent with a pathophysiological mechanism by which TNF suppresses the vasopressin-induced Aqp2 gene expression.
Mature TGFβ functions as a homodimer (Khalil, 1999). It binds to TGFβ receptor II that recruits TGFβ receptor I to regulate diverse biological processes (Massagué, 1996). TGFβ is a master regulator in renal inflammation and fibrosis, two major pathophysiological features of chronic kidney disease (Meng et al., 2016; Gu et al., 2020). Secreted by renal tubule cells and infiltrated macrophages, TGFβ causes tubular and glomerular epithelial-to-mesenchymal transition. This induces excessive production and deposition of the extracellular matrix in glomeruli and tubulointerstitium, leading to renal fibrosis and function loss (López-Hernández and López-Novoa, 2012; Meng et al., 2016; Tang et al., 2019; Gu et al., 2020). Patients in the early stages of chronic kidney disease are usually asymptomatic but may experience weakness related to anemia and polyuria (Romagnani et al., 2017), suggestive of the reduced Aqp2 gene expression in the early stages. We found that TGFβ1 profoundly suppressed the vasopressin-induced Aqp2 gene expression in the mpkCCD cells within 24 h (Figure 5). Thus, the TGFβ-suppressed Aqp2 gene expression could account for polyuria experienced by patients in the early stages of chronic kidney disease. TGFβ receptor inhibitors and similarly TNF inhibitors could potentially alleviate the polyuric symptoms.
TGFβ-induced epithelial-to-mesenchymal transition does not seem to be the cause of the reduced Aqp2 gene expression because TGFβ suppressed the vasopressin-induced Aqp2 gene expression without inducing the epithelial-to-mesenchymal transition (Figures 5, 6). The epithelial-to-mesenchymal transition is a main issue that causes cultured collecting duct cells to lose their ability to respond to vasopressin and to express AQP2 (Yu et al., 2009; Li et al., 2015). When polarized on the Transwell® membrane or homed to renal inner medullary collecting ducts, these cells reverse the epithelial-to-mesenchymal transition processes and regain the ability to respond to vasopressin with the Aqp2 gene expression. The vasopressin escape and ureteral obstruction represent two pathophysiological states with the loss of the Aqp2 gene expression associated with the induced epithelial-to-mesenchymal transition of the collecting duct principal cells (Stødkilde et al., 2011; Lee et al., 2018). In our experimental settings, TGFβ1 was able to reduce the vasopressin-induced Aqp2 gene expression within 24 h without apparent epithelial-to-mesenchymal transition (Figures 5, 6). Thus, TGFβ likely exerts its effects via altering the vasopressin signaling network, that is, reducing vasopressin-induced Akt activation (Figure 8).
The effects of dexamethasone on the Aqp2 gene expression in the collecting duct cells are complex, especially with systemic complications at the animal levels (Yasui et al., 1996; Saito et al., 2000; Kim JK et al., 2001; Chen et al., 2005). The evidence is strong that the glucocorticoid receptor agonist dexamethasone does not affect the Aqp2 gene expression in rat cortical, outer, or inner medullary collecting ducts (Saito et al., 2000; Kwon et al., 2002; Li et al., 2008), albeit opposite observations under similar experimental settings (Chen et al., 2005). In fact, a single betamethasone injection was shown to increase the Aqp2 gene expression in rats and increased their urine concentrating capacity (Yasui et al., 1996). Thus, there are complex systemic effects of dexamethasone on the Aqp2 gene expression at the animal level. This is appreciated given that dexamethasone suppresses the vasopressin gene promoter activity in the hypothalamic cells (Kim JK et al., 2001), which, in turn, regulates the Aqp2 gene expression in the kidney collecting duct cells (Moeller et al., 2013). Recently, we revisited the issues and found that dexamethasone increased the vasopressin-induced Aqp2 gene expression in the mpkCCD cells (Kuo et al., 2018). Similar observations were made in the rat inner medullary collecting duct suspensions (Chen et al., 2015). Although we found that dexamethasone increased the vasopressin-induced Aqp2 gene expression, the latter study found that dexamethasone reduced AQP2 protein degradation. Through different mechanisms, both studies are consistent with a positive regulatory role of glucocorticoid receptor in the amount of AQP2 protein. Indeed, glucocorticoid receptor knockdown blunted the vasopressin-induced Aqp2 gene expression in the mpkCCD cells (Ho et al., 2021). Thus, mechanistic studies can benefit from representative collecting cell models, free from systemic complications in the animals.
In summary, gene-specific alteration is a powerful means to study biological pathways identified via system methods. Despite the risk of altering the transcriptomic landscape, gene-specific alteration can still identify regulatory pathways with pathophysiological significance, which might be exploited for medical benefits.
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Gene symbol

Acta2
Adcy6
Aqp2
Avpr2
Creb3
E2f4
Gnas
Map3k7
Mapk1
Ni3eT
Rela
Rplp0
Smad3
Tgtbr1
Tgtbr2
Tnfrsfla
Trfrsf1b

vim

Protein name
a-SMA

Adenylyl cyclase 6

Aquaporin 2

V2 receptor

Creb3

E2F4

Gas

TAKI

ERK1

GR

NFKB p65

608 Acidic ribosomal protein PO
Smad3

TGFp receptor 1

TGFp receptor 2

TNF receptor 1

TNF receptor 2

Vimentin

Primer sequence

Forward: TGCTGACAGAGGCACCACTGAA

Reverse:

CAGTTGTACGTCCAGAGGCATAG

Forward: GCGGTGAGGGAGAATCACTG

Reverse:

TCACACCTGTTACCTCACGC

Forward: CCTCCTTGGGATCTATTTCA

Reverse:

CAAACTTGCCAGTGACAACT

Forward: GACCGAGACCCGCTGTTA

Reverse:

CGACCCCGTCGTATTAGGG

Forward: TGCGCGGAGGGATTTCTATC

Reverse:

CCACCCGAAGGCCTATCAC

Forward: CCCATCCCAGAGGGTCTCAA

Reverse:

TGTTCACTAGCAGCACCTCG

Forward: ATGGGTTTAACGGAGAGGGC

Reverse:

GTCCTGCACTTTAGTGGCCT

Forward: CGTGGCGACTGCAGGTAAC

Reverse:

TCTGACACTAGGGCTGGATGA

Forward: TCTTAAATTGGTCAGGACAAGGG

Reverse:

AAGAGTGGGTAAGCTGAGACG

Forward: GACTCCAAAGAATCCTTAGCTCC
Reverse: CTCCACCCCTCAGGG AT
Forward: CCTCTGGCGAATGGCTTTAC

Reverse:

GAGGGGAAACAGATCGTCCA

Forward: AGATCGGGTACCCAACTGTT

Reverse:

GGCCTTGACC ‘CAGTAA

Forward: AAGAAGCTCAAGAAGACGGGG

Reverse:

CCATCCAGTGACCTGGGGAT

Forward: GGCCGGGCCACAAAC

Reverse:

AAACACTGTAATGCCTTCGCC

Forward: ACGTTCCCAAGTCGGATGTG

Reverse:

TTCAGTGGATGGATGGTCCT

Forward: AAAGGGCACCTTTACGGCTT

Reverse:

ACCTGGGACATTTCTTTCCGA

Forward: TAAGTGTCCTCCTGGCCAAT

Reverse:

CCTGGGTATACATGCTTGCCT

Forward: CGGAAAGTGGAATCCTTGCAGG
Reverse: AGCAGTGAGGTCAGGCTTGGAA
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