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Abstract

:

Translational readthrough (TRT) of aquaporin-4 (AQP4) has remarkably expanded the importance of this new post-transcriptional mechanism, as well as the regulation potential of AQP4. The TRT isoform of AQP4, named AQP4ex, is central for both AQP4 polarization and water channel activity in the central nervous system (CNS). Here we evaluate the relevance of the TRT mechanism by analyzing whether AQP4ex is also expressed in peripheral tissues and whether the expression of AQP4ex is necessary for its polarized expression as it occurs in perivascular astrocyte processes. To this purpose, AQP4ex null mice were used, and analysis was performed by immunolocalization and immunoblot. The results demonstrate that AQP4ex is expressed in kidney, stomach, trachea and skeletal muscle with the same localization pattern as the canonical AQP4 isoforms. AQP4ex protein levels vary from 6% to about 13% of the total AQP4 protein levels in peripheral tissues. Immunogold electron microscopy experiments demonstrated the localization of AQP4ex at the astrocytic endfeet, and experiments conducted on AQP4ex null mice CNS confirmed that the expression of AQP4ex is necessary for anchoring of the perivascular AQP4. Without the readthrough isoform, AQP4 assemblies are mis-localized, being uniformly distributed on the astrocyte processes facing the neuropile. No alteration of AQP4 polarization was found in AQP4ex null kidney, stomach, trachea or skeletal muscle, suggesting that AQP4ex does not have a role for proper membrane localization of AQP4 in peripheral tissues. We conclude that a dual role for AQP4ex is limited to the CNS.
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1. Introduction


Aquaporins (AQPs) are a family of membrane water transporting proteins that facilitate water movement across the cell plasma membrane in the presence of hydrostatic and/or osmotic gradients [1]. Among the AQPs, aquaporin-4 (AQP4) is the central nervous system (CNS) water channel mainly expressed in perivascular foot processes of astrocytes and in ependymal cells delimiting the ventricles [2,3].



An interesting feature of AQP4 is its peculiar protein expression, influenced by the 5’UTR sequence, as two isoforms: a full-length, long (M1) isoform with translation initiation at Met-1 of 32 kDa and a shorter (M23) isoform produced by alternative splicing with translation initiation at Met-23 of 30 kDa [4,5]. AQPs generally form homotetramers in the cell plasma membrane, whereas in the case of AQP4, the M1- and M23 isoforms form heterotetramers [6], which further aggregate in the plasma membrane to form well-ordered two-dimensional supramolecular structures, called orthogonal arrays of particles (OAPs), observable by freeze fracture electron microscopy (FFEM) [7,8]. Both AQP4 isoforms function as water channels, although their relative abundance is tissue-specific and affects binding of pathogenic neuromyelitis optica antibodies [9].



AQP4 may be subjected to two types of regulation: short-term regulation via phosphorylation [10,11] and long-term regulation by transcriptional and post-transcriptional control, which influence expression, function and assembly in OAPs [6,12,13]. Recently, a new AQP4 isoform (i.e., AQP4ex) produced by a translational readthrough mechanism has been identified [14]. AQP4ex contains a C-terminal extension of 29 amino acids from the canonical stop codon to a downstream more efficient stop codon [15]. All four isoforms are involved to define OAP formation and size: M23 forms large OAPs, while the N-terminus (M1) and the C-terminus extensions contribute to hone OAP sizing in transfected cells [14]. Moreover, phosphorylation of residues Ser331 and Ser335 of the extended isoforms seems to play an important role in the short-term regulation of channel gating and water permeability [14]. Recently, to evaluate the functional role of AQP4ex we generated a transgenic mouse model in which AQP4ex is completely abolished using the CRISPR-Cas9 technique [16]. AQP4ex-KO mice revealed that AQP4ex is essential for the localization of AQP4 at the perivascular astrocytic membrane domains, even if large OAPs made of M1 and M23 canonical isoforms are still expressed. More interestingly, AQP4ex is also necessary to generate the NMO-IgG epitope in mice.



AQP4 is also expressed in many peripheral tissues, including collecting duct principal cells in kidney, gastric parietal cells and fast-twitch fibers of skeletal muscle [17,18,19,20]. Moreover, AQP4 is expressed in sensory organs, including retinal Muller cells, supporting cells in olfactory epithelium and in the organ of Corti in the inner ear [21].



In the present study, we evaluated to what extent is the readthrough mechanism involved in AQP4ex expression. We assessed whether AQP4ex is only expressed in the CNS or in all tissue where canonical AQP4 is expressed. Furthermore, we investigated whether the expression of AQP4ex in extra CNS tissues affects polarized expression as it occurs in the perivascular astrocytes.




2. Results


As a first step, to assess if the tissue distribution of the AQP4ex isoform overlaps with that of the canonical AQP4 isoforms (i.e., M1 and M23), its expression in the stomach, kidney, trachea, skeletal muscle and central nervous system (CNS) of mice was investigated by immunofluorescence. In addition, immunoblotting experiments were also performed using lysate samples from several tissues in which AQP4 has been found expressed. Moreover, experiments were performed in parallel on AQP4ex-KO samples in order to investigate the effect of AQP4ex suppression on the expression and the localization of the canonical isoforms.



As shown in Figure 1, immunofluorescence analysis showed a strong AQP4ex staining in the kidney-collecting duct in WT tissue (Figure 1A). AQP4ex staining was restricted to the basolateral membrane of principal cells in the collecting duct (Figure 1A, insert), while intercalated cells were not stained, as previously described for AQP4 [17,22]. The specificity of the AQP4ex staining was confirmed by the use of AQP4ex-KO mice, in which no renal expression of AQP4ex was detected. Interestingly, the suppression of AQP4ex did not affect the expression or localization of the canonical isoforms, indicating that the membrane domain expression of AQP4 is not dependent on AQP4ex.



Immunofluorescence experiments were also performed to localize AQP4ex in different regions of mouse stomach mucosa (Figure 2). AQP4ex was consistently localized at the basolateral membranes of parietal cells along the axis of the gastric glands. This expression did not differ from that of the canonical isoforms [2,23,24]. AQP4ex basolateral expression of parietal cells was completely abolished in AQP4ex-KO mice (Figure 2B), indicating the specificity of the staining limited to the acid-secreting cells. Immunofluorescence analysis of the canonical AQP4 isoforms in AQP4ex-KO stomachs did not show an appreciable alteration of the staining, suggesting, as found in kidneys, that AQP4ex is not essential for the AQP4 membrane domain localization.



In trachea, AQP4ex localized to the basolateral membrane of epithelial cells (Figure 3). The specificity of the AQP4ex staining was confirmed by the immunofluorescence on AQP4ex-KO mice, in which, as expected, no AQP4ex expression was detected. In wild-type tissues, canonical AQP4 colocalized with the extended isoforms and the suppression of AQP4ex did not affect the localization of the canonical isoforms in the correct cellular domain, indicating that the membrane expression of AQP4 is not dependent on AQP4ex, as in other peripheral tissues examined in the present study.



Expression of AQP4ex was also evaluated in skeletal muscle (Figure 4). Immunofluorescence signal was detected with a similar pattern to the canonical AQP4 [25], indicating that AQP4ex is expressed at the sarcolemma of fast-twitch fibers. No evident alteration was detected of the AQP4 residual protein in AQP4ex-KO skeletal muscle, suggesting that the expression of the extended form is not a determining factor for AQP4 sarcolemma expression.



We also evaluated the distribution of AQP4ex and AQP4 in the CNS, analyzing cerebrum, cerebellum and spinal cord (Figure 5). Most of the AQP4ex staining was confined, as recently reported [16], to the pericapillary astrocyte endfeet of the cerebral cortex (Figure 5A) and at the perivascular astrocyte processes in the granule cell layer (gcl), with an additional staining of the dense network of astrocyte processes of the cerebellum gcl (Figure 5E). In the spinal cord, AQP4ex was highly expressed in both white and gray matter (Figure 5I). In the white matter, AQP4ex was distributed in astrocyte processes with a radial pattern protruding from the gray matter to the glia limitans externa. In gray matter, AQP4ex displayed the classic perivascular staining deriving from astrocytes endfeet, surrounding capillaries, but significant staining was also observed in the diffuse network of astrocyte processes. As expected, the immunofluorescence signal of AQP4ex was completely abolished in AQP4ex-KO mice, demonstrating the specificity of the staining and confirming the perivascular localization of AQP4 extended isoforms observed in WT samples.



The global AQP4 antibody on AQP4ex-KO sections revealed that the perivascular AQP4 staining of the cerebral cortex, spinal cord and in the gcl was lost, while the staining of reticular processes appeared poorly affected (Figure 5H,L).



In the absence of the extended isoforms, the filamentous staining in the spinal cord white matter was still intensely observable; furthermore, the perivascular signal from AQP4ex observed in WT tissues was totally abolished. These data confirm that suppressing AQP4ex expression totally eliminates the perivascular staining of AQP4, confirming, as found in other CNS areas [16], that AQP4ex expression is fundamental for the expression of AQP4 at the perivascular interface.



Immunoblot experiments were performed (Figure 6) to evaluate quantitatively the expression levels of AQP4ex. A major band of ~35 kDa, corresponding to AQP4-M23ex, was detected in WT samples (Figure 6A) but not in the AQP4ex knockout mice extracts, as reported in the CNS [16]. The results were confirmed by probing the blot membranes with the commercial AQP4 antibody that recognizes all AQP4 isoforms. Densitometric analysis showed that the extended isoforms correspond to ~6% in stomach, ~7% kidney and ~13% trachea. These values are in the same range as those observed in the CNS, approximately 10% of all isoforms, with the highest expression in the cerebellum [16,26]. As previously observed [16], the amount of the canonical AQP4 isoform increased in the CNS of AQP4ex-KO mice. A similar tendency was observed in the peripheral tissues (Figure 6E).



High-resolution immunogold cytochemistry was performed in order to evaluate in more detail the CNS expression of AQP4ex and the effect of its alteration in AQP4ex-KO mice. High density of gold particles was found in perivascular astrocyte processes in the cerebellum granular cell layer (Figure 7A), hippocampus (Figure 7B) and cerebral cortex (Figure 7C) of WT mice, confirming immunofluorescence data. The perivascular immunogold labeling was totally abolished in control sections from AQP4ex-KO mice (Figure 7D).



To evaluate the effect of the perivascular AQP4ex absence on the major AQP4 isoforms (M23 and M1) at the nanometric scale, immunogold staining was performed with anti-AQP4 antibodies detecting all AQP4 isoforms on AQP4ex-KO sections. The selective deletion of extended isoforms in AQP4ex-KO mice led to a dramatic reduction in perivascular AQP4 labeling in all CNS regions analyzed, as summarized by immunogold images from the cortex and cerebellum (Figure 8). Notably, images from AQP4ex-KO mice (Figure 8B,D) indicate a redistribution of canonical AQP4 from the perivascular membrane domains facing the vessel to the membrane domains facing the neuropile (arrowheads). This redistribution confirmed that AQP4ex is fundamental for AQP4 polarization and also that OAPs only consisting of canonical AQP4 isoforms are not retained at the perivascular pole, resulting in mis-localization.




3. Discussion


The recent discovery of AQP4ex as a translational readthrough isoform of AQP4 has remarkably expanded the importance of this new post-transcriptional mechanism, as well as the regulation capabilities of AQP4. The C-terminal extension of AQP4ex contains several putative functional domains. Two of these domains have been recently assessed: the phosphorylation site for the regulation of water transport activity and the targeting domain required for the interaction with the scaffolding protein α-syntrophin [14,16].



In the present study, we have investigated whether the readthrough is a generic mechanism or restricted specifically to the CNS. Immunolocalization and immunoblot experiments demonstrated that AQP4ex is also expressed in peripheral tissue with the same membrane localization as the canonical isoform. This indicates that the translational readthrough is a fundamental functional mechanism that permits the expression of AQP4ex in all the tissues where AQP4 is found. Furthermore, AQP4ex protein expression levels greatly differ from tissue to tissue, indicating that the TRT mechanism can be subjected to regulation, likely depending on the functional requirements of the AQP4ex isoform. These data promise an important physiological role for extended isoforms even outside the CNS and highlight the importance of the TRT mechanism in gene regulation.



Another interesting finding of the present study is that the tail of AQP4ex is not necessary to localize AQP4 in the specific membrane domain in peripheral tissues, as occurs in the CNS.



TRT has been suggested as a novel gene regulatory mechanism that allows a specific protein to have multiple targeting [27]. Examples of this multiple localization are the lactate and malate dehydrogenase enzymes whose peroxisome targeting is controlled by TRT [28,29]. In the case of AQP4, some similarities could be shown. Two independent targeting signals are present in AQP4: the first, in line with a study of Madrid and collaborators [30], located in the canonical AQP4 isoform is necessary for its basolateral membrane localization in epithelial cells; the second, specifically generated by TRT and, thus, localized in the C-terminal tail of AQP4ex, is required for anchoring at the perivascular astrocytic membrane domain. This second targeting signal may promote additional post-translational modification that could influence binding to other proteins or its tertiary/quaternary protein structure. In this regard, the presence of phosphorylation sites in the extended portion is suggestive of such an influence. Thus, AQP4ex is of dual functional significance in normal brain functions: firstly, as a water channel, and secondly, for anchoring AQP4 at the perivascular astrocyte endfeet, a membrane domain in which the absence of a tight junction (TJ) cannot limit lateral diffusion of membrane proteins. In the basolateral membranes of epithelial cells where lateral diffusion is TJ-limited, the functional role of AQP4ex appears not to be related to membrane localization. In this case, the principal function of AQP4ex should be the regulation of water flux at the basolateral membrane.



Hence, we can conclude that AQP4ex at the astrocyte endfeet has two important roles: spatial confinement and water transport regulation. In this dual role, proteins such as α-syntrophin [31,32,33] and dystrophin-associated proteins have a central role in anchoring AQP4 through AQP4ex [34,35,36]. In the basolateral membrane, the cytoskeletal proteins seem to have a minimal role, since the absence of AQP4ex does not affect AQP4 localization, probably due to the more secure role of the TJ. This also suggests that the interaction with cytoskeletal proteins appears to be of less importance compared to that with the CNS. However, it cannot be excluded that AQP4ex interaction with cytoskeletal proteins is still necessary for water channel activity in peripheral tissues. This possibility will be investigated in the future.




4. Materials and Methods


4.1. Animals


Experiments were conducted in accordance with the European directive on animal use for research, and the project was approved by the Institutional Committee on Animal Research and Ethics of the University of Bari and by the Italian Health Department (project license number 571/2018-PR and n° 2A298.N.2G1 of 27 July 2018). Mice were kept under a 12-h dark-to-light cycle, constant room temperature and humidity (22 ± 2 °C, 75%), with food and water ad libitum. Experiments were carried out on mice of different ages from 6 to 12 months old. Wild-type and AQP4ex-KO mice were anesthetized by intraperitoneal injection of ketamine (100 mg/kg body weight). All experiments were designed to minimize the number of animals used and their suffering.




4.2. Antibodies


The following primary antibodies were used: custom rabbit polyclonal anti-AQP4 (GenScript Biotech, Piscataway, NJ, USA) at a concentration of 0.4 μg/mL for immunoblot analysis and 0.7 μg/mL for immunofluorescence and custom rabbit polyclonal anti-mouse AQP4ex generated against the peptide DSTEGRRDSLDLASC within the mouse AQP4 carboxy-extension (GenScript Biotech, Piscataway, NJ, USA) at a concentration of 0.5 μg/mL for immunoblotting and immunofluorescence [16]. For immunofluorescence, AlexaFluor 488 anti-rabbit was used (Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, USA) at a concentration of 1 μg/mL; for immunoblotting, anti-rabbit IgG-HRP (Bio-Rad, Hercules, CA, USA) was used following the manufacturer’s instructions.




4.3. Immunofluorescence on Tissue Sections


Immunofluorescence experiments were performed as previously described [37]. Briefly, tissues were fixed in 4% PFA solution at 4 °C overnight and, then, after washing for 1 h in PBS, were immersed in 30% sucrose solution in PBS overnight. After washing in PBS, tissues were embedded in Tissue-Tek OCT compound (Sakura, The Netherlands) and frozen at −80 °C. Sections of 8 μm thickness were cut on a cryostat (CM 1900; Leica, Wetzlar, Germany) at −20 °C and stored on poly-L-lysine glass slides (positively charged) at −80 °C. After blocking, sections were incubated with primary antibodies for 1 h at room temperature in blocking solution (0.1% gelatin in PBS), washed for 30 min and then incubated with secondary antibodies for 45 min. Finally, the sections were washed for 15 min in PBS and mounted in PBS-glycerol (1:1) pH 8.0 containing 1% n-propyl gallate. Finally, sections were viewed with an automated inverted Leica TCS SP8 confocal Lightning microscope using 20×/0.55, 40×/0.80 HC PL FLUOTAR and HC PL APO 63×/1.40 Oil CS2 objectives.




4.4. Sample Preparation for SDS-PAGE


For SDS-PAGE, the cerebral cortex from the left hemisphere, cervical portion of spinal cord, left cerebellum, kidney medulla and stomach were employed. Harvested tissues were frozen in liquid nitrogen and stored at −80 °C. For SNC tissues, proteins were extracted in 5–7 volumes of RIPA buffer (10 mM Tris-HCl, pH 7.4; 140 mM NaCl; 1% Triton X-100; 1% Na+deoxycholate; 0.1% SDS; 1 mM Na3VO4; 1 mM NaF and 1 mM EDTA) added with a cocktail of protease inhibitors (Roche, Milan, Italy). The lysis was performed on ice for 1 h, and the samples were then centrifuged at 21,000× g for 1 h at 4 °C. The supernatant was collected, and the proteins were measured with a bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific, Waltham, MA, USA).



Peripheral tissues were mechanically homogenized in five volumes of ice-cold homogenizing buffer (HB: 250 mM sucrose; 10 mM Tris-HCl, pH 7.5) added with a protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). The homogenates were centrifuged at 4000× g for 10 min at 4 °C and the supernatants centrifuged at 17,000× g for 45 min at 4 °C to obtain a membrane vesicle-enriched low-speed pellet [37]. These pellets were resuspended in five volumes of HB, and the protein content was measured as previously described.




4.5. SDS-PAGE and Western Blot Analysis


The electrophoresis and immunoblotting were performed as previously described [38]. Briefly, proteins were separated on 13% SDS/PAGE and transferred to polyvinylidenedifluoride (PVDF) membranes (Millipore, Burlington, MA, USA) for immunoblot analysis. Membranes were incubated with primary antibodies overnight, washed and incubated with peroxidase-conjugated secondary antibodies at room temperature for 45 min. Reactive proteins were revealed using an enhanced chemiluminescent detection system (Clarity Western ECL Substrate, Bio-Rad) and visualized on a Chemidoc Touch Imaging System (Bio-Rad). Densitometry analysis was performed using Image Lab software (Bio-Rad). The Band Analysis tool was used to select the bands, and a total protein normalization was performed, comparing bands of interest to the total protein content in each lane based on No-Stain™ Protein Labeling Reagent (Invitrogen, CA, California, USA). The amount of AQP4ex was measured on AQP4-probed immunoblots, calculating the percentage of AQP4ex (M23ex) relative to the average value of the total AQP4 (M23ex + M1 + M23) in each lane.




4.6. Perfusion and Tissue Preparation for Electron Microscopy


Adult WT and AQP4ex-KO mice (n = 3) were anesthetized and transcardially perfused with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (PB, NaPi) at a physiological pH of 7.4. After perfusion, the brains were removed, post-fixed overnight in the fixation solution and stored in a 1:10 dilution of the same fixative in 0.1 M PB.




4.7. Postembedding Immunogold Electron Microscopy


Brain sections were harvested and cut into 0.5–1mm tissue blocks. Hippocampus, parietal cortex and cerebellum were dissected, cryo-protected and quick-frozen in liquid propane, then subjected to freeze substitution and treated as previously described [39].



Immunogold cytochemistry staining were performed as previously described [39,40]. Briefly, ultrathin sections were incubated overnight with primary antibodies diluted in Tris-buffered saline with Triton X-100 (TBS-T) with 2% (w/v) human serum albumin (HAS) (Sigma-Aldrich, St. Louis, MI, USA) or 0.2% skimmed milk powder (for experiments using antibody to AQP4ex) at RT. Thereafter, the sections were rinsed and incubated with goat anti-rabbit (GAR) secondary antibody coupled to colloidal 15nm gold particles (Abcam, Cambridge, UK) diluted in TBS-T containing 2% (w/v) HSA and polyethylene glycol (PEG) (1:20). Finally, the sections were rinsed with dH2O, dried and incubated in 2% uranyl acetate followed by an incubation in 0.3% lead citrate. Immunostained sections were examined by a TECNAI 12 transmission electron microscope at 60kV (FEI, Hillsboro, OR, USA).




4.8. Statistical Analysis


Mean ± standard error is reported in the results. Statistical analysis was performed using GraphPad Prism 5 (GraphPad, San Diego, CA, USA) by t-test for unpaired data or analysis of variance (ANOVA), followed by Tukey’s test. A p-value < 0.05 was considered statistically significant.








Author Contributions


Conceptualization, A.F. and M.T.; methodology, C.P., A.P., O.V. and S.B.; software, C.P. and P.A.; validation, C.P., P.A. and A.F.; formal analysis, C.P., P.A. and A.F.; investigation, P.C., P.A., O.V., S.B., M.A.-M. and A.F.; resources, A.F., M.A.-M. and M.T.; data curation, C.P., P.A., A.F. and G.P.N.; writing—original draft preparation, A.F., C.P. and P.A.; review and editing, A.F. and G.P.N.; visualization, C.P. and P.A.; supervision, A.F. and M.T.; project administration, A.F. and funding acquisition, A.F., T.M. and G.P.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Italian Ministry of University and Research, Project FIRB “Futuro in Ricerca” RBFR12SJA8 to Grazia Paola Nicchia and by the Apulia Region Funding PON Project 01_0129 to Antonio Frigeri.




Acknowledgments


We thank Mina Martine Frey for technical assistance, Richard Lusardi for proofreading the manuscript and Cinzia Buccoliero for animal handling.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Verkman, A.S.; Anderson, M.O.; Papadopoulos, M.C. Aquaporins: Important but elusive drug targets. Nat. Rev. Drug Discov. 2014, 13, 259–277. [Google Scholar] [CrossRef] [PubMed]

	



Frigeri, A.; Gropper, M.A.; Umenishi, F.; Kawashima, M.; Brown, D.; Verkman, A.S. Localization of MIWC and GLIP water channel homologs in neuromuscular, epithelial and glandular tissues. J. Cell Sci. 1995, 108, 2993–3002. [Google Scholar]

	



Nielsen, S.; Nagelhus, E.A.; Amiry-Moghaddam, M.; Bourque, C.; Agre, P.; Ottersen, O.P. Specialized membrane domains for water transport in glial cells: High-resolution immunogold cytochemistry of aquaporin-4 in rat brain. J. Neurosci. 1997, 17, 171–180. [Google Scholar] [CrossRef] [PubMed]

	



Jung, J.S.; Bhat, R.V.; Preston, G.M.; Guggino, W.B.; Baraban, J.M.; Agre, P. Molecular characterization of an aquaporin cDNA from brain: Candidate osmoreceptor and regulator of water balance. Proc. Natl. Acad. Sci. USA 1994, 91, 13052–13056. [Google Scholar] [CrossRef] [PubMed]

	



Hasegawa, H.; Ma, T.; Skach, W.; Matthay, M.A.; Verkman, A.S. Molecular cloning of a mercurial-insensitive water channel expressed in selected water-transporting tissues. J. Biol. Chem. 1994, 269, 5497–5500. [Google Scholar]

	



Jin, B.J.; Rossi, A.; Verkman, A.S. Model of aquaporin-4 supramolecular assembly in orthogonal arrays based on heterotetrameric association of M1-M23 isoforms. Biophys. J. 2011, 100, 2936–2945. [Google Scholar] [CrossRef]

	



Furman, C.S.; Gorelick-Feldman, D.A.; Davidson, K.G.; Yasumura, T.; Neely, J.D.; Agre, P.; Rash, J.E. Aquaporin-4 square array assembly: Opposing actions of M1 and M23 isoforms. Proc. Natl. Acad. Sci. USA 2003, 100, 13609–13614. [Google Scholar] [CrossRef]

	



Nicchia, G.P.; Rossi, A.; Mola, M.G.; Pisani, F.; Stigliano, C.; Basco, D.; Mastrototaro, M.; Svelto, M.; Frigeri, A. Higher order structure of aquaporin-4. Neuroscience 2010, 168, 903–914. [Google Scholar] [CrossRef]

	



Rosito, S.; Nicchia, G.P.; Palazzo, C.; Lia, A.; Buccoliero, C.; Pisani, F.; Svelto, M.; Trojano, M.; Frigeri, A. Supramolecular aggregation of aquaporin-4 is different in muscle and brain: Correlation with tissue susceptibility in neuromyelitis optica. J. Cell Mol. Med. 2018, 22, 1236–1246. [Google Scholar] [CrossRef]

	



Han, Z.; Wax, M.B.; Patil, R.V. Regulation of aquaporin-4 water channels by phorbol ester-dependent protein phosphorylation. J. Biol. Chem. 1998, 273, 6001–6004. [Google Scholar] [CrossRef]

	



McCoy, E.S.; Haas, B.R.; Sontheimer, H. Water permeability through aquaporin-4 is regulated by protein kinase C and becomes rate-limiting for glioma invasion. Neuroscience 2010, 168, 971–981. [Google Scholar] [CrossRef] [PubMed]

	



Pisani, F.; Rossi, A.; Nicchia, G.P.; Svelto, M.; Frigeri, A. Translational regulation mechanisms of aquaporin-4 supramolecular organization in astrocytes. Glia 2011, 59, 1923–1932. [Google Scholar] [CrossRef] [PubMed]

	



De Bellis, M.; Pisani, F.; Mola, M.G.; Basco, D.; Catalano, F.; Nicchia, G.P.; Svelto, M.; Frigeri, A. A novel human aquaporin-4 splice variant exhibits a dominant-negative activity: A new mechanism to regulate water permeability. Mol. Biol. Cell 2014, 25, 470–480. [Google Scholar] [CrossRef] [PubMed]

	



De Bellis, M.; Pisani, F.; Mola, M.G.; Rosito, S.; Simone, L.; Buccoliero, C.; Trojano, M.; Nicchia, G.P.; Svelto, M.; Frigeri, A. Translational readthrough generates new astrocyte AQP4 isoforms that modulate supramolecular clustering, glial endfeet localization, and water transport. Glia 2017, 65, 790–803. [Google Scholar] [CrossRef] [PubMed]

	



Loughran, G.; Chou, M.Y.; Ivanov, I.P.; Jungreis, I.; Kellis, M.; Kiran, A.M.; Baranov, P.V.; Atkins, J.F. Evidence of efficient stop codon readthrough in four mammalian genes. Nucleic Acids Res. 2014, 42, 8928–8938. [Google Scholar] [CrossRef]

	



Palazzo, C.; Buccoliero, C.; Mola, M.G.; Abbrescia, P.; Nicchia, G.P.; Trojano, M.; Frigeri, A. AQP4ex is crucial for the anchoring of AQP4 at the astrocyte end-feet and for neuromyelitis optica antibody binding. Acta Neuropathol. Commun. 2019, 7, 51. [Google Scholar] [CrossRef]

	



Frigeri, A.; Gropper, M.A.; Turck, C.W.; Verkman, A.S. Immunolocalization of the mercurial-insensitive water channel and glycerol intrinsic protein in epithelial cell plasma membranes. Proc. Natl. Acad. Sci. USA 1995, 92, 4328–4331. [Google Scholar] [CrossRef]

	



Frigeri, A.; Nicchia, G.P.; Verbavatz, J.M.; Valenti, G.; Svelto, M. Expression of aquaporin-4 in fast-twitch fibers of mammalian skeletal muscle. J. Clin. Invest. 1998, 102, 695–703. [Google Scholar] [CrossRef]

	



Mobasheri, A.; Marples, D.; Young, I.S.; Floyd, R.V.; Moskaluk, C.A.; Frigeri, A. Distribution of the AQP4 water channel in normal human tissues: Protein and tissue microarrays reveal expression in several new anatomical locations, including the prostate gland and seminal vesicles. Channels (Austin) 2007, 1, 29–38. [Google Scholar] [CrossRef]

	



Day, R.E.; Kitchen, P.; Owen, D.S.; Bland, C.; Marshall, L.; Conner, A.C.; Bill, R.M.; Conner, M.T. Human aquaporins: Regulators of transcellular water flow. Biochim. Biophys. Acta 2014, 1840, 1492–1506. [Google Scholar] [CrossRef]

	



Li, J.; Patil, R.V.; Verkman, A.S. Mildly abnormal retinal function in transgenic mice without Müller cell aquaporin-4 water channels. Invest. Ophthalmol. Vis. Sci. 2002, 43, 573–579. [Google Scholar] [PubMed]

	



Nielsen, S.; Agre, P. The aquaporin family of water channels in kidney. Kidney Int. 1995, 48, 1057–1068. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, A.; Horio, Y.; Nielsen, S.; Nagelhus, E.A.; Hata, F.; Ottersen, O.P.; Kurachi, Y. High-resolution immunogold cytochemistry indicates that AQP4 is concentrated along the basal membrane of parietal cell in rat stomach. FEBS Lett. 1999, 459, 305–309. [Google Scholar] [CrossRef]

	



Huang, Y.; Tola, V.B.; Fang, P.; Soybel, D.I.; Van Hoek, A.N. Partitioning of aquaporin-4 water channel mRNA and protein in gastric glands. Dig. Dis. Sci. 2003, 48, 2027–2036. [Google Scholar] [CrossRef] [PubMed]

	



Frigeri, A.; Nicchia, G.P.; Desaphy, J.F.; Pierno, S.; De Luca, A.; Camerino, D.C.; Svelto, M. Muscle loading modulates aquaporin-4 expression in skeletal muscle. FASEB J. 2001, 15, 1282–1284. [Google Scholar] [CrossRef]

	



Sapkota, D.; Lake, A.M.; Yang, W.; Yang, C.; Wesseling, H.; Guise, A.; Uncu, C.; Dalal, J.S.; Kraft, A.W.; Lee, J.M.; et al. Cell-Type-Specific Profiling of Alternative Translation Identifies Regulated Protein Isoform Variation in the Mouse Brain. Cell Rep. 2019, 26, 594–607.e7. [Google Scholar] [CrossRef]

	



Bersch, K.; Lobos Matthei, I.; Thoms, S. Multiple Localization by Functional Translational Readthrough. Subcell Biochem. 2018, 89, 201–219. [Google Scholar]

	



Stiebler, A.C.; Freitag, J.; Schink, K.O.; Stehlik, T.; Tillmann, B.A.; Ast, J.; Bölker, M. Ribosomal readthrough at a short UGA stop codon context triggers dual localization of metabolic enzymes in Fungi and animals. Plos Genet. 2014, 10, e1004685. [Google Scholar] [CrossRef]

	



Schueren, F.; Lingner, T.; George, R.; Hofhuis, J.; Dickel, C.; Gärtner, J.; Thoms, S. Peroxisomal lactate dehydrogenase is generated by translational readthrough in mammals. Elife 2014, 3, e03640. [Google Scholar] [CrossRef]

	



Madrid, R.; Le Maout, S.; Barrault, M.B.; Janvier, K.; Benichou, S.; Mérot, J. Polarized trafficking and surface expression of the AQP4 water channel are coordinated by serial and regulated interactions with different clathrin-adaptor complexes. EMBO J. 2001, 20, 7008–7021. [Google Scholar] [CrossRef]

	



Neely, J.D.; Amiry-Moghaddam, M.; Ottersen, O.P.; Froehner, S.C.; Agre, P.; Adams, M.E. Syntrophin-dependent expression and localization of Aquaporin-4 water channel protein. Proc. Natl. Acad. Sci. USA 2001, 98, 14108–14113. [Google Scholar] [CrossRef] [PubMed]

	



Amiry-Moghaddam, M.; Otsuka, T.; Hurn, P.D.; Traystman, R.J.; Haug, F.M.; Froehner, S.C.; Adams, M.E.; Neely, J.D.; Agre, P.; Ottersen, O.P.; et al. An alpha-syntrophin-dependent pool of AQP4 in astroglial end-feet confers bidirectional water flow between blood and brain. Proc. Natl. Acad Sci. USA 2003, 100, 2106–2111. [Google Scholar] [CrossRef] [PubMed]

	



Bragg, A.D.; Amiry-Moghaddam, M.; Ottersen, O.P.; Adams, M.E.; Froehner, S.C. Assembly of a perivascular astrocyte protein scaffold at the mammalian blood-brain barrier is dependent on alpha-syntrophin. Glia 2006, 53, 879–890. [Google Scholar] [CrossRef] [PubMed]

	



Nicchia, G.P.; Srinivas, M.; Li, W.; Brosnan, C.F.; Frigeri, A.; Spray, D.C. New possible roles for aquaporin-4 in astrocytes: Cell cytoskeleton and functional relationship with connexin43. FASEB J. 2005, 19, 1674–1676. [Google Scholar] [CrossRef] [PubMed]

	



Nicchia, G.P.; Cogotzi, L.; Rossi, A.; Basco, D.; Brancaccio, A.; Svelto, M.; Frigeri, A. Expression of multiple AQP4 pools in the plasma membrane and their association with the dystrophin complex. J. Neurochem. 2008, 105, 2156–2165. [Google Scholar] [CrossRef] [PubMed]

	



Nicchia, G.P.; Rossi, A.; Nudel, U.; Svelto, M.; Frigeri, A. Dystrophin-dependent and -independent AQP4 pools are expressed in the mouse brain. Glia 2008, 56, 869–876. [Google Scholar] [CrossRef]

	



Nicchia, G.P.; Mastrototaro, M.; Rossi, A.; Pisani, F.; Tortorella, C.; Ruggieri, M.; Lia, A.; Trojano, M.; Frigeri, A.; Svelto, M. Aquaporin-4 orthogonal arrays of particles are the target for neuromyelitis optica autoantibodies. Glia 2009, 57, 1363–1373. [Google Scholar] [CrossRef]

	



Nicchia, G.P.; Rossi, A.; Mola, M.G.; Procino, G.; Frigeri, A.; Svelto, M. Actin cytoskeleton remodeling governs aquaporin-4 localization in astrocytes. Glia 2008, 56, 1755–1766. [Google Scholar] [CrossRef]

	



Lunde, L.K.; Camassa, L.M.; Hoddevik, E.H.; Khan, F.H.; Ottersen, O.P.; Boldt, H.B.; Amiry-Moghaddam, M. Postnatal development of the molecular complex underlying astrocyte polarization. Brain Struct Funct. 2015, 220, 2087–2101. [Google Scholar] [CrossRef]

	



Hoddevik, E.H.; Khan, F.H.; Rahmani, S.; Ottersen, O.P.; Boldt, H.B.; Amiry-Moghaddam, M. Factors determining the density of AQP4 water channel molecules at the brain-blood interface. Brain Struct Funct. 2017, 222, 1753–1766. [Google Scholar] [CrossRef]








[image: Ijms 21 01531 g001 550] 





Figure 1. Immunolocalization of AQP4ex isoform in the kidney. Low-magnification of renal medulla stained with AQP4ex polyclonal antibodies (A,B) and AQP4 global antibodies (C,D). AQP4ex is strongly expressed in kidney-collecting duct cells (A), while the signal is absent in AQP4ex-KO tissue (B). Note that in AQP4ex-KO mice, the canonical AQP4 is expressed and correctly localized (D). Inserts showing the staining of the basolateral membrane of principal cells with AQP4ex (A) and AQP4 (C) antibodies on WT samples at higher magnification, arrowhead indicates unstained intercalated cell. Scale bars: 100 μm and 25 μm (insert). 
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Figure 2. Immunolocalization of AQP4ex isoform in the stomach. At low magnification, AQP4ex is expressed in gastric glands of wild-type (WT) stomach (A) similar to that obtained with global antibodies (C). The signal is absent in AQP4ex-KO mouse (B). Inserts showing the staining localized at the basolateral membrane of parietal cells at higher magnification. Note that canonical isoforms appear correctly expressed in AQP4ex-KO tissue (D). Scale bars: 100 μm and 25 μm (inserts). 
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Figure 3. Immunolocalization of AQP4ex isoform in trachea. At low magnification, AQP4ex is expressed in the tracheal epithelium of wild-type (WT) mice (A) similar to that obtained with global antibodies (C). The signal is absent in AQP4ex-KO mice (B). Inserts showing the staining localized at the basolateral membrane of epithelial cells at higher magnification. Canonical isoforms appear normally expressed in AQP4ex-KO mice (D). Scale bars 50 μm, 25 μm (inserts). 
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Figure 4. Expression of AQP4ex in skeletal muscle. Immunolocalization of AQP4ex in tibialis anterior of wild-type (WT) and AQP4ex-KO mice. Note the mosaic pattern of AQP4ex (A), similar to that of canonical AQP4 (C), indicative of staining of the sarcolemma of fast fibers. AQP4ex staining is totally abolished in AQP4ex-KO muscle (B). Canonical isoforms appear normally expressed in AQP4ex-KO mice (D). Scale bar 100 µm. 
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Figure 5. Immunolocalization of AQP4ex in the CNS. Wild-type (WT) cerebral cortex and cerebellum (granular, gcl, and molecular cell layer, mcl) stained with AQP4ex antibody show a strong perivascular distribution of the AQP4ex isoform (A,E). AQP4ex in the WT spinal cord (I) is localized in the inner gray matter (gm), particularly in pericapillary astrocyte processes, but it is also observable in the external white matter (wm). The insert (panel I) shows a magnified view of the gm area with vessels strongly stained by AQP4ex in WT spinal cords. As expected, AQP4ex antibody immunoreactivity is abolished in all AQP4ex-KO tissues (B,F,J). Note that, in AQP4ex-KO tissues, the typical perivascular AQP4 expression found in WT sections (C,G,K) is lost (D,H,L). Scale bar: 100 μm and 30 μm. 
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Figure 6. Immunoblot detection of AQP4 isoforms expressed in WT and AQP4ex-KO mice trachea, stomach and kidney. (A) A protein of 35 kDa was detected by anti-AQP4ex specific antibody in WT tissues and not in knockout (KO) tissues. (B) Densitometric analysis of the expression levels of AQP4ex in the selected tissues. (C) Protein extracts were also probed with the global anti-AQP4 antibody showing bands at 30, 32, and 35 corresponding to AQP4-M23, AQP4-M1 and AQP4-M23ex, respectively. (D) Densitometric analysis of the percentage of AQP4ex relative to the total AQP4 measured by immunoblotting (one-way ANOVA, * p < 0.05 and *** p < 0.0001, n = 3). (E) Bar charts showing the level of AQP4 expression (all isoforms) in WT and AQP4ex-KO tissues mean ± SE. (Student’s t-test, n = 3 for trachea and stomach and n = 5 for kidney). 
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Figure 7. Subcellular localization of AQP4ex in astroglial cells. Portions of perivascular structures and cells from four CNS subregions are shown: cerebellum (A), hippocampus (B) and cerebral cortex from (C) WT and cerebral cortex from AQP4ex-KO (ex-KO) mice (D). The endothelium (E), the capillary lumen (L) and a pericyte (P) are also observable in the picture. Arrows indicate the perivascular astrocyte endfeet membrane. Immunogold particles can be seen along the perivascular astrocyte endfeet membrane of WT mice (arrows in A, B and C). Note that perivascular labeling of extended isoforms is abolished in the AQP4ex-KO cortex. Scale bars (A–C): 500 nm, (D): 1 um. 
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Figure 8. Immunogold labeling of AQP4 in the CNS of AQP4ex-KO mice. Representative images from WT (A,C) and AQP4ex-KO (B,D) mice cerebral cortex and cerebellum. Each picture shows endothelium (E), the capillary lumen (L) and a pericyte (P). Arrows indicate the astrocyte endfeet membrane domains facing the vessels, and arrowheads indicate astrocyte membranes facing the neuropile. The polarized AQP4 localization at the perivascular membrane domains facing the vessels observed in WT mice is lost in the AQP4ex-KO brain (arrows). Note, in AQP4ex-KO images the gold particles are located on the astrocyte membrane facing the neuropile (arrowheads, B and D) being indicative of mis-localization of AQP4. Scale bar: 500nm. 
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