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Abstract
NFAT5 plays a critical role in maintaining the renal functions. Its dis-regulation in the kidney leads to or is associated with certain renal diseases or disorders, most notably the urinary concentration defect. Hypertonicity, which the kidney medulla is normally exposed to, activates NFAT5 through phosphorylation of a signaling molecule or NFAT5 itself. Hypotonicity inhibits NFAT5 through a similar mechanism. More than a dozen of protein and lipid kinases have been identified to contribute to tonicity-dependent regulation of NFAT5. Hypertonicity activates NFAT5 by increasing its nuclear localization and transactivating activity in the early phase and protein abundance in the late phase. The known mechanism for inhibition of NFAT5 by hypotonicity is a decrease of nuclear NFAT5. The present article reviews the effect of each kinase on NFAT5 nuclear localization, transactivation and protein abundance, and the relationship among these kinases, if known. Cyclosporine A and tacrolimus suppress immune reactions by inhibiting the phosphatase calcineurin-dependent activation of NFAT1. It is hoped that this review would stimulate the interest to seek explanations from the NFAT5 regulatory pathways for certain clinical presentations and to explore novel therapeutic approaches based on the pathways. On the basic science front, this review raises two interesting questions. The first one is how these kinases can specifically signal to NFAT5 in the context of hypertonicity or hypotonicity, because they also regulate other cellular activities and even opposite activities in some cases. The second one is why these many kinases, some of which might have redundant functions, are needed to regulate NFAT5 activity. This review reiterates the concept of signaling through cooperation. Cells need these kinases working in a coordinated way to provide the signaling specificity that is lacking in the individual one. Redundancy in regulation of NFAT5 is a critical strategy for cells to maintain robustness against hypertonic or hypotonic stress. 
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Core tip: NFAT5 is critical for kidney functions. Its dis-regulation results in or is associated with the renal diseases and disorders. More than a dozen of kinases have been identified to contribute to tonicity-dependent regulation of NFAT5. The present review is focused on how these kinases regulate NFAT5 activity under the context of hypertonicity or hypotonicity. Understanding these regulatory mechanisms will have therapeutic implications. A precedent example is that recognition of the cyclosporine immunosuppressive effect resulted from inhibition of the phosphatase calcineurin-dependent activation of NFAT1 allows combination use of cyclosporine with other mechanistically different immunosuppressants to improve their therapeutic efficacy and reduce their side effects. 
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INTRODUCTION
Functions of NFAT5 in the kidney
The kidney medulla contributes to maintaining body fluid and electrolyte balance through concentration of urine. In order to achieve this goal, the medulla must establish two pre-requisites: adequate water permeability alone the renal tubules and hypertonicity and hyperosmolality in the renal medullary interstitial fluid, which provide an osmolar gradient driving water absorption. NFAT5, nuclear factor of activated T cells 5[1] also named as TonEBP[2] and OREBP[3], is the primary transcription factor that is activated by hypertonicity in the mammalian system and plays a pivotal role in establishing these two conditions. NFAT5 activates expression of water channels aquaporin-2 (AQP-2), which dictates the apical water permeability of the collecting ducts[4-6] and aquaporin-1 (AQP-1), an important gene for water trafficking across the proximal tubules and descending limb of the loop of Henle[7], and urea transporter 1 (UTA1), a critical contributor for hyperosmolality in the renal medullary interstitium[5,6,8], and osmoprotective genes like betaine/glycine transporter 1 (BGT1), sodium-dependent myo-inositol transporter (SMIT) and aldose reductase (AR)[1-3,9], which are essential for the kidney medulla to survive in the hypertonic environment. Expression of a dominant negative mutant of NFAT5 in the kidney epithelial cells reduces expression of AQP-2 and UTA1 and impairs urinary concentration[5]. A majority of homozygous NFAT5 knockouts die embryonically[5], probably due to impaired development and function of cardiomycytes[10]. The survived knockouts have profound renal medullary hypotrophy with reduced expression of the osmoprotective gene[9]. Thus, NFAT5 is tightly regulated in the kidney medulla to ensure normal process of urinary concentration. Hypokalemia, cyclosporine A and lipopolysaccharides-induced urinary concentration defect is associated with reduced NFAT5 activity in the region[6,11,12]. Water restriction induces an increase of urinary excretion of sodium to prevent hypernatremia and rise in extracellular tonicity. In the primary rat renal medullary cells, NFAT5 is necessary for hypertonicity-induced increase of serum- and glucocorticoid-inducible kinase (Sgk1)-dependent expression of the type A natriuretic peptide receptor (NPR-A)[13]. This cascade might be a mechanism for dehydration-induced natriuresis[13]. 
Besides activation by hypertonicity, NFAT5 is also activated by hypoxia[14,15]. Renal ischemia for 30 min increases the mouse medullary mRNA abundance of NFAT5, which is protective against ischemia/reperfusion-induced acute kidney injury[14]. However, ischemia for 45 min in the rat kidney decreases NFAT5 mRNA and protein abundance in the medulla[16], but the functional consequence of the effect remains unknown[16]. NFAT5 mRNA is up-regulated in the kidney by unilateral ureteral obstruction[17]. NFAT5 involves in diabetic nephropathy. Haplotype association analysis of 718 type 1 diabetic patients reveals a significant association of NFAT5 with nephropathy[18]. High glucose increases NFAT5 transcriptional activity more in the peripheral blood mononuclear cells isolated from type 1 diabetes patients with nephropathy than in the cells isolated from the patients without nephropathy[19]. 

	Phosphorylation of NFAT5
NFAT5 belongs to the family of the Rel transcription factors, including NFAT1-4 and NF-B[1-3]. It is best known for its essential role in protecting cells from hypertonic stress. However, it has become clear that NFAT5 also has important functions outside hypertonicity[20]. Therefore, it is not surprising that NFAT5 is also expressed in the tissues that are not normally exposed to hypertonicity[21]. Hypertonicity activates NFAT5 by increasing its transactivation, nuclear localization and DNA binding and protein abundance[22]. Like many other biological processes, phosphorylation of NFAT5 regulates NFAT5 activation. High NaCl rapidly increases phosphorylation of NFAT5. NFAT5 has 216 serines, 15 tyrosines, and 111 threonines, all of which could be phosphorylated[22]. Through mass spectrometry, DNA mutation, immunocytochemistry and Western analyses, NFAT5 tyrosine 143 (Y143), threonine 135 (T135), serine 155 and 158 (S155 and S158) have been identified so far as the phosphorylation sites and play a critical role in regulation of NFAT5 activity. High NaCl increases phosphorylation of NFAT5-Y143, leading to increase of NFAT5 nuclear localization in cell culture[23-25], and phosphorylation of NFAT5-Y143 is increased in the normal rat renal inner medulla and the Brattleboro rat inner medulla treated with vasopressin, known to increase the renal medullary tonicity[25]. The similar phenomena are also observed with NFAT5-T135[26]. On the other hand, low NaCl increases phosphorylation of NFAT5-S155 and then S158, leading to reduced NFAT5 nuclear accumulation[26,27]. In contrast to the demonstration of regulation of NFAT5 nuclear distribution by direct phosphorylation, how phosphorylation regulates NFAT5 transactivating activity is elusive. Although a majority of kinases contributes to tonicity-dependent increase of NFAT5 transactivation (Figure 1), none of phosphorylation sites in the transactivation domain has been definitively identified. NFAT5-S1197, S1247 and S1367 lie in the NFAT5 transactivation domain. Over expression of the alanine mutants of these serine residues in HEK293 cells or AT cells, which have inactive ATM kinase, reduces NFAT5 transcriptional activity under isotonicity and/or hypertonicity[28]. However, whether high NaCl increases phosphorylation of these serine residues remains unknown. 

	Signaling regulation through coordination
Consistent with the observations that phosphorylation regulates NFAT5 activation are that more than a dozen of kinases (Figure 1) and a few phosphatases have been identified to regulate NFAT5 transcriptional activity[22,23,29-32]. However, all of these kinases and phosphatases also regulate other cellular activities and even opposite activities. For example, p38 and ERK1/2 contribute to hypertonicity-induced activation of NFAT5, but hypotonicity, which is known to inhibit NFAT5 activity, also increases phosphorylation (activation) of these two kinases[30]. The pleiotropic effects of these kinases and phosphatases raise a question concerning how they can selectively signal to NFAT5 in the context of hypertonicity. Another question is why many signaling molecules are needed to regulate NFAT5 activity. Signaling through cooperation/committee might be a plausible explanation. This concept was originally put forward to describe how protein kinases and phosphatases in budding yeast capture and relay information in a coordinated way responding to a signal[33]. This concept can be viewed as that cells have a specific committee tasked for a specific perturbation. Each member in the committee is pre-decided when, where and how to act, so that cells can respond to the perturbation in a coordinated way[34]. The committee members are like different and redundant instrument players in an orchestra in which each one plays his/her instrument, maybe viewed as activation of a signaling molecule, in a coordinated way with other players for a specific music piece signaled by a conductor. This theory explains why each of the identified kinases is necessary for full activation of NFAT5, but none alone, is sufficient[22], why CDK5 is only required in the early phase of NFAT5 activation[26], and why over expression of catalytically active PKA only increases NFAT5 activity under isotonicity but not under hypertonicity[35], because neither a single player nor an over active player can play an orchestra piece. Numerous signaling molecules are required in order to form redundancy in signaling hypertonic stress. Redundancy is a critical strategy for cells to maintain robustness against internal and external perturbations[36], as multiple players are needed to produce desired volume from a particular instrument in orchestrating a music piece. 

	Potential clinical significance of this review
The present review is focused on how kinases contribute to tonicity-dependent activation/inactivation of NFAT5, since this area is the most studied one. Understanding these regulatory pathways will have therapeutic implications. A good example is the mechanism by which cyclosporine A and tacrolimus suppress immune reactions. These two medications inhibit the phosphatase calcineurin, which leads to inhibition of nuclear translocation of NFAT1, NFAT2 and NFAT4, resulting in suppression of expression of the proinflamatory cytokines[37]. This mechanism has helped understanding both the therapeutic and side effects including renal toxic effects of the medications[37] and is critical for the combined use of cyclosporine A and tacrolimus with other mechanistically different immunosuppressants to improve their therapeutic efficacy and reduce their side effects[38]. Interestingly, cyclosporine A induces urinary concentration defect, which is ascribed to the decrease in NFAT5 activity in the rat kidney[12,39]. The effect is mediated through inhibition of calcineurin remains unknown. Another example is that the anti-diabetes medication metformin was shown to induce apoptosis in the kidney medulla of both normally hydrated and dehydrated type 2 diabetic mice, probably by inhibition of NFAT5 through activation of 5’-AMP-activated protein kinase[40]. This observation raises safety concern for metformin in the dehydrated diabetic patients[41].
		Diabetic nephropathy is one of the most severe complications of diabetes with resultant increases of morbidity and mortality. Its treatment has posed a formidable challenge to the medical and scientific communities. Numerous novel therapeutic approaches promisingly found in animal studies have not been successfully translated into clinical practices[42]. For example, pyridoxamine, which showed a potent effect in blocking formation of advanced glycosylated end product in animal models has failed in clinical trials[42,43]. Aldose reductase, a transcriptional target of NFAT5, is a rate-limiting enzyme of the polyol pathway, which plays a crucial role in the pathogenesis of diabetic complications including diabetic nephropathy[44,45]. Thus, targeting the regulatory network of NFAT5 may be an alternative approach to treat diabetic nephropathy. In this regard, the extract from plant Aralia elata has been recently shown to prevent neuronal death by downregulating NFAT5 and aldose reductase in mice with diabetic retinopathy, although which regulatory pathway it affects remains unknown[46]. 

Mitogen-activated protein kinases 
Mitogen-activated protein kinases (MAPKs) have three major families: p38, extracellular signal-regulated kinases (ERKs) and c-Jun NH2-terminal protein kinases (JNKs). Each family has multiple isoforms. They are the most studied kinases in tonicity-dependent activation of NFAT5, which was recently reviewed[30]. The present review only summarizes the salient points of that review. p38 has four isoforms: p38[47], p38[48], p38[49] and p38[50]. p38 contributes to tonicity-dependent activation of NFAT5, whereas p38 does the opposite[51]. The imidazole derivatives such as SB203580 inhibit p38 and p38, but not p38[50,52]. SB203580, its analogs, p38 dominant negative mutant or siRNAs uniformly inhibits hypertonicity-induced NFAT5 transcriptional activity[53-63]. Because p38 is also called p38, it has been often concluded that p38 signals hypertonicity-induced activation of NFAT5. However, this conclusion causes confusion for interpretation of the effect of the p38 upstream kinase MKK3 and phosphatase MKP-1 on NFAT5 activity. Over expression of MKK3 dominant negative mutant[64] or MKP-1[51] inhibits p38 without significantly affecting NFAT5 transcriptional activity. This paradox can be explained by the interpretation that inhibition of the positive effect of p38 by SB203580, a dominant negative mutant[54] or its siRNAs[51] unmasks an inhibitory effect of p38, whereas the dominant negative mutant of MKK3[50,65] and MKP-1[51] reduce both p38 and p38 activities, therefore, causing no significant change in NFAT5 activity[51,64]. Based on this theory, it is not surprising that another p38 upstream kinase MKK6[13,66] and the MKK3 and MKK6 upstream kinase MEKK3[67] have been demonstrated to contribute to tonicity-dependent activation of NFAT5, because although both MKK3 and MKK6 activate p38 under hypertonicity[68,69], MKK3 strongly activates p38, whereas MKK6 does not[70]. 
Although p38 is the most studied MAPKs in the context of tonicity-dependent regulation of NFAT5, the exact mechanism underlying this effect is far from clear. Whether p38 is critical for tonicity-dependent activation of the transcription factor is even questionable. Knockdown of Rac1 or OSM by its siRNAs reduces high NaCl-induced NFAT5 transcriptional activity, but increases phosphorylation of p38 at both basal and hypertonic levels in HEK293 cells[66]. It should be noted that an opposite effect of knockdown of Rac1 or OSM on phosphorylation of p38 in the same type of cells was reported[68]. Although whether activation of p38 is regulated by cell volume or intracellular ionic strength remains unclear, hypotonicity, which reduces nuclear NFAT5, presumably NFAT5 activity[27,71], also activates p38 in various types of cells[72-75]. These observations call for more attention to which isoform of p38 when the effect of the kinase on NFAT5 is examined. 
	The chemical inhibitors of MEK-ERK1/2 PD98059 and U-0126 inhibit high NaCl-induced activation of NFAT5 in nucleus pulposus cells[62], renal carcinoma cells[55] and possibly in mIMCD3 cells[76]. ERK2 siRNA reduces high NaCl-dependent NFAT5 transcriptional activity in nucleus pulposus[62] and in HEK293 cells[29]. It is reasonably concluded that ERK1/2, or at least ERK2, contributes to tonicity-dependent activation of NFAT5[30], although it is not clear why PD98059 fails to inhibit NFAT5 transcriptional activity in the primary splenocytes[61]. The effect of JNK on tonicity-dependent activation of NFAT5 is elusive and also least studied. Both lack of effect[64] and a positive effect of JNK1/2[55] on NFAT5 have been reported. 
Like the effect on p38, hypotonicity also increases phosphorylation of ERK1/2 in human keratinocytes[73], mIMCD3 cells[77], renal epithelial A6 cells[72], although inhibition of ERK by hypotonic stress in A6 cells was also reported[78]. Therefore, the mechanism for how ERK1/2 contributes to tonicity-dependent activation of NFAT5 remains to be elucidated. In an overly simplified term, p38 and ERK1/2 can signal both hypertonic and hypotonic responses, depending on which committee they are in.

AGC protein kinases 
Based on sequence alignments of the catalytic domains, the term AGC kinase was first used in 1995 to define a subgroup of serine/threonine protein kinases that were most related to cAMP-dependent protein kinase 1 (PKA; also known as PKAC), cGMP-dependent protein kinase (PKG; also known as CGK1α) and protein kinase C (PKC)[79]. It was later realized that the group of AGC protein kinases includes more than 60 protein kinases in the human genome, classified into 14 families: PDK1, AKT/PKB, SGK, PKA, PKG, PKC, PKN/PRK, RSK, NDR, MAST, YANK, DMPK, GRK and SGK494[80]. AGC kinases regulate a wide array of important cellular functions. Therefore, their mutation and dysregulation contribute to the pathogenesis of various human diseases, including kidney diseases[80]. (1) PKA exists as a heterotetramer composed of two regulatory subunits and two catalytic subunits. A pseudosubstrate motif in the regular subunits binds to the substrate-binding site of the catalytic domain. Upon activation, two molecules of cAMP bind to each regulatory subunit, allowing the release of active catalytic subunits[80]. PKA is the first AGC kinase demonstrated contributing to tonicity-dependent activation of NFAT5[35]. Hypertonicity induced by high NaCl increases PKA activity. An inhibitor of PKA (H89, 10 mol/L) and dominant-negative PKA catalytic subunit reduce NFAT5 transcriptional activity associated with a decrease of NFAT5 transactivating activity in HepG2 cells[35]. Further, overexpression of the catalytic subunit of PKA (PKAc) alone increases NFAT5 transactivating and transcriptional activities under the isotonic condition[35]. Subsequent studies indicate that PKA contributes to tonicity-dependent activation of NFAT5 by suppressing the negative effect of GSK-3 on the transcription factor through increasing the inhibitory phosphorylation of GSK-3 at serine 9[81]. PKA has also been suggested to contribute to tonicity-dependent activation of NFAT5 in the primary splenocytes, based on the inhibitory effect of H89[61]. H89 at 2 mol/L failed to inhibit high NaCl-induced increase of protein abundance of HSP70, a transcriptional target of NFAT5[82,83], in NIH3T3 cells[84]. This is probably due to that the concentration of H89 is too low. Whether hypertonicity-induced activation of PKA requires cAMP is not clear. High NaCl does not significantly alter cAMP level in HepG2 cells where the effect of PKA on NFAT5 is observed[35] or in LLC-PK1 cells[85], but increases cAMP level in mIMCD3 cells[86] and neutrophils[87]. Yet, the lack of the effect of forskolin (increasing intracellular cAMP) or dibutyryl-cAMP (a mimic of cAMP) on NFAT5 transcriptional activity in HepG2 cells let investigators conclude that the effect of PKA on NFAT5 is cAMP-independent[35]. A precedent example is that activation of NF-B by PKA is independent of cAMP[35]. It is not clear why hypertonicity does not increase PKA activity in mpkCCD14 cells[88]. (2) The PKC family has 10 isoforms and can be divided into three categories based on their structure and biochemical properties: classical or conventional PKC (cPKC), including PKC, PKCI, PKCII, and PKC; novel PKC (nPKC), including PKC, PKC, PKC, and PKC; and atypical PKC (aPKC), including PKC and PKC. PKC is a primary target of diacylglycerol, which is produced by phospholipase C (PLC)-catalyzed hydrolysis of lipid phosphatidylinositol-(4,5)-bisphosphate [PtdIns(4,5)P2]. Diacylglycerol binds a conserved C1 domain in PKC, resulting in the plasma membrane translocation and activation of the kinase[89]. High NaCl increases PLC1 activity[24], diacylglycerol and total PKC activity[90]. PKC inhibitors reduce NFAT5 transcriptional activity in mIMCD3[91] and NIH3T3 cells[84]. We recently identified PKCinvolved in regulation of NFAT5 activity[29]. Acute hypertonic stress with high NaCl increases PKC activity in HEK293 cells. Knockdown of PKC by its siRNAs decreases NFAT5 transcriptional activity mediated by reduction of NFAT5 transactivating activity, but not by NFAT5 nuclear localization or protein abundance[29]. More interestingly, PKC activity is elevated in the kidney inner medulla due to increase of its protein abundance. Knockout of PKC reduces expression of NFAT5-targeted genes aldose reductase and betain/glycine transporter 1, associated with reduced expression of NFAT5 protein abundance[29]. This is the first demonstration showing that a signaling molecule regulates NFAT5 in the kidney inner medulla. The effect of PKC on NFAT5 is relayed by ERK1/2 in HEK293 cells and possible in the kidney inner medulla, since knockdown of PKC attenuates high NaCl-induced phosphorylation of ERK1/2 and has no additional inhibition on NFAT5 in the presence of ERK2 siRNAs in HEK293 cells, and knockout of the kinase reduces phosphorylation of ERK1/2 in the kidney inner medulla[29]. PKCwas previously demonstrated to contribute to regulation of urinary concentration[92,93], possibly by increasing high NaCl-dependent phosphorylation of urea transporters[93] and urea permeability[94] in the inner medullary collecting ducts. Our recent observations provide a possible additional mechanism for the effect of PKC on urinary concentration[29]. 
	PKD1, also called PKC, is one of three members of PKD kinase family that is closely related to PKC. PKC activates PKD through direct phosphorylation of S744 and S748 in the activation loop of PKD[95]. PKD is highly mobile and functions as a ‘communicator’ between different subcellular compartments[95]. General PKC inhibitors, Go6976 and GF109203X, and siRNA-mediated knockdown of PKD1 reduce high NaCl-induced increase of protein abundance of HSP70[84]. The general inhibitors reduce high NaCl-induced NFAT5 mobility shift and have no significant effect on NFAT5 nuclear localization[84]. The latter effect is consistent with the lack of effect of PKC and ERK1/2 on NFAT5 nuclear accumulation. PKD acts upstream of ERK1/2 under certain contexts[95]. However, it remains unclear whether PKD1 involves in PKC-ERK1/2 signaling activation of NFAT5, since elimination of high NaCl-induced phosphorylation of ERK1/2 by PD98059 (20 mol/L) does not reduce tonicity-dependent increase of HSP70 protein abundance[84]. (3) The AKT protein kinase family comprises three highly related isoforms encoded by different genes. Despite the shared common, multi-step mechanism of activation downstream of class IA PI3 kinases, these isoforms play different roles in signaling, as revealed by distinct phenotypes displayed by genetically modified animals, identification of isoform-specific substrates and association with discrete subcellular locations[96]. Inhibition of phosphorylation of AKT1-S473 by a general AKT inhibitor, triciribine, or by a PI3K inhibitor wortmannin reduces high NaCl-induced expression of aldose reductase, betaine/glycine transporter 1 and sodium-dependent myo-inositol transporter[97]. Co-expression of the catalytically active AKT1 with GSK3 in the GSK3-/- mouse embryonic fibroblasts reverses the inhibitory effect of GSK3on NFAT5. These data indicate that AKT1 contributes to tonicity-dependent activation of NFAT5 by attenuating the inhibitory effect of GSK3[81]. However hypertonicity/hyperosmolality activates AKT remains controversial. Hypertonicity activates AKT, including direct measurements of increased AKT activity in NIH 3T3 and CHO cells[98]. High NaCl increases phosphorylation (activation) of AKT1-S473 in mCCDcl1 and HepG2 cells[97]. Also, high NaCl increases phosphorylation of AKT-S174 in Madin-Darby canine kidney cells, so does dehydration in the rat inner medulla[99]. In contrast, high sorbitol decreases the kinase activity in HEK293 and COS cells[100], and high sucrose decreases the kinase activity in Swiss 3T3 cells, despite increases of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) abundance and PI3K activity[101]. In the latter study, failure of the increased PIP3 to activate AKT was ascribed to concomitant activation of an inhibitory pathway. It is worthwhile to note that these studies were done with different hypertonicity/hyperosmolality-inducers in different types of cells.
Ataxia telangiectasia-mutated (ATM), c-Abl and phosphatidylinositide 3-kinase-IA (PI3K-IA)
ATM is a DNA damage-inducible serine/threonine kinase belonging to the PI3K-like kinase family[102]. PI3K is a family of lipid kinases that phosphorylate the 3’-position hydroxyl of the D-myo-inositol head group to generate specific phosphoinositide forms[103]. Based on their in vitro lipid substrate specificity, structure, and mode of regulation, PI3Ks can be divided into three main classes. Class I, which has class IA and B, synthesizes phosphatidylinositol (3,4)-bisphosphate [PtdIns(3,4)P2] and phosphatidylinositol (3,4,5)-trisphosphate [PtdIns(3,4,5)P3][103]. It is a heterodimer composed of a p110 catalytic subunit and a p85 regulatory subunit[103]. c-Abl belongs to a family of non-receptor tyrosine kinases, which has two members, c-Abl and Arg (Abl-related gene)[104]. These three different types of kinases are reviewed together, because evidence already exists that they act in coordination to regulate high NaCl-induced activation of NFAT5. It has been proposed for a while that hypertonicity/hyperosmolality-induced damages interplay with hypertonicity/hyperosmolality-induced responses[22,105,106]. The role of ATM in regulation of NFAT5 activity is an example of this theory. High NaCl damages DNA[107]. High NaCl activates ATM, most likely through high NaCl-induced DNA damage, although it is difficult to directly approve it[28]. ATM contributes to high NaCl-induced activation of NFAT5 through increasing NFAT5 transactivating activity[28] and nuclear localization[108]. PI3K-IA contributes to tonicity-dependent activation of NFAT5 by increasing its transactivation, since over expression of a dominant negative mutant of p85 or by siRNA-mediated knockdown of p110 reduces NFAT5 transcriptional and transactivating activities[109]. PI3K-IA acts as an upstream kinase to mediate high NaCl- and ionizing radiation-induced activation of ATM as measured by the stimulatory phosphorylation of ATM[109]. Since NaCl-induced increase of NFAT5 activity is reduced equally by inhibition of ATM and PI3K-IA, and the effects are not additive, it is concluded that the effect of PI3K-IA on tonicity-dependent activation of NFAT5 is mediated by ATM[109]. However, it is not clear why PI3K-IA is not involved in high NaCl-induced increase of nuclear NFAT5[109]. High NaCl increases c-Abl kinase activity. Like ATM, c-Abl regulates tonicity-dependent activation of NFAT5 through increasing NFAT5 transactivating activity and nuclear localization[25]. The effect of c-Abl on NFAT5 nuclear distribution is also mediated by direct phosphorylation of NFAT5-Y143[25]. Over expression of a c-Abl kinase dead mutant abolishes high NaCl-induced phosphorylation (activation) of S1981 of ATM, and high NaCl-induced NFAT5 nuclear accumulation is greatly enhanced in AT cells, which lack active ATM, when wild-type ATM is transfected[25]. These data indicate that c-Abl regulates NFAT5 activity through ATM. However, it is unlikely that the protein tyrosine kinase c-Abl directly phosphorylates ATM-S1981. Further, the relationship between PI3K-IA and c-Abl in signaling activation of NFAT5 remains unknown.

Mammalian target of rapamycin
Mammalian target of rapamycin (mTOR) is a serine-threonine kinase belonging to the phosphatidylinositol kinase-related kinase (Pikk) family[110]. It has two multi-protein complex isoforms, mTORC1 and mTORC2. The mTORC1 is composed of regulatory-associated protein of mTOR (Raptor), PRAS40 (also known as Akt substrate 1) and mLST8. mTORC1 is rapamycin-sensitive. mTORC2 combines rapamycin-insensitive companion of mTOR (Rictor), mSIN1, Protor and mLST8[110]. mTOR controls cell growth and division in part through regulating ribosomal p70 S6 kinase (p70S6K) and the eukaryotic translation initiation factor 4E (eIF4E) binding proteins (4E-BPs)[110]. It is well-known that mTORC1 is activated by PI3K-AKT axis[110]. Whether this mechanism is also present in the hypertonic setting is not clear. High NaCl increases PI3K-IA kinase activity in HEK293 cells[109] and phosphorylation (activation) of AKT1-S473 in mCCDcl1 or HepG2 cells[97], but analyses of diagnostic substrates downstream mTORC1 by phosphorylated-S235/236 in the ribosomal subunit S6, and phosphorylation-dependent electrophoretic mobility shift of 4E-BP1 and mTORC2 by phosphorylation of S473 of AKT show that hypertonicity partially inhibits both complexes in the immortalized wild-type AMPK mouse embryonic fibroblasts[111]. The discrepancy could be due to different types of cells used. Nevertheless, based on the inhibitory effects of the mTOR inhibitors, torin1 and rapamycin, on high NaCl-induced expression of NFAT5-targeted genes and NFAT5 transcriptional reporter activity, it is concluded that mTOR contributes to tonicity-dependent activation of NFAT5. The effect of mTOR is probably due to facilitating a transcription-permissive condition for NFAT5 by enhancing histone H4 acetylation and the recruitment of RNA polymerase II[111]. It should be pointed out that in human colon cancer cell lines under an isotonic condition, NFAT5 activates expression of a DNA damage-response kinase, REDD1, which in turn inhibits mTOR signaling[112].

Src family kinases
 Src kinase is a family of non-receptor tyrosine kinases that regulate a wide variety of cellular activities such as cell adhesion and motility, carcinogenesis, immune cell function, and even learning and memory. This family has 12 members: c-Src, Fyn, Yes, Yrk, Lyn, Hck, Fgr, Blk, Lck, Brk, Srm, and Frk (with Frk/Rak and Iyk/Bsk subfamilies), 11 of which are found in humans[113]. Src family kinases exhibit a common modular architecture dominated by so-called “SRC homology,” or SH domain. SH1 is the catalytic domain. In the inactive state, a key tyrosine in this domain (Y416) blocks the substrate binding site. When autophosphorylated, this residue is displaced and substrate access is unimpeded. SH2 and SH3 are protein-protein interaction domains shared not only among the members but also with many other signaling proteins[114]. The effects of hypertonicity on activities of Src kinases are heterogeneous. Hypertonicity increases Fyn activity and phosphorylation of its targets[115,116], whereas it inhibits c-Src activity[116]. The involvement of Src family kinases in regulation of NFAT5 was suggested by the observation that a Src family kinase inhibitor PP2 reduces NFAT5 transactivating activity and protein abundance in the colon cancer cells[117]. More convincing evidence comes from studies of Fyn. Using PP2, Fyn dominant negative mutant and Fyn null cells, Ko et al[54] demonstrated that Fyn contributes to hypertonicity-induced activation of NFAT5 by increasing its transactivating activity.
Focal adhesion kinase
Focal adhesion kinase (FAK) is a mechanosensitive non-receptor protein tyrosine kinase that is widely expressed. In response to integrin engagement as occurs in hypertonicity-induced cell shrinkage, FAK is autophosphorylated and activated at Y397, which entails diverse intracellular events. This function makes FAK a central signaling component downstream of integrin[118]. FAK is abundant in the renal papilla, and furosemide, known to reduce the renal medullary interstitial tonicity, decreases phosphorylation of FAK-Y397 in the region[32]. Hypertonicity increases time-dependent phosphorylation of FAK-Y397 in HEK293 cells[32]. FAK contributes to hypertonicity-induced increase of NFAT5 transcriptional activity[32]. The mechanism underlying this effect is unique, because FAK affects neither hypertonicity-induced increase of nuclear NFAT5 nor NFAT5 transactivating activity. Instead, the effect is mediated by contribution of FAK to hypertonicity-induced increase of NFAT5 protein abundance through stabilizing its mRNA, which depends on NFAT5 3′-UTR[32]. Integrin alpha1beta1 is necessary for hypertonicity-induced full activation of NFAT5 in the inner medullary collecting duct cells[119]. Integrin alpha1-null mice have impaired ability to accumulate organic osmolytes in the inner medulla due to decreased expression of NFAT5-targeted osmoprotective genes and develop early tubular necrosis and increased apoptosis of renal medullary cells following dehydration[119]. Although integrin regulates NFAT5 activity in renal cells and possible in the renal medulla[119] and carcinoma cells[32,117,120,121], whether the effect is through FAK remains to be determined. Besides autophosphorylation at Y397, FAK can be also phosphorylated at multiple tyrosine residues by Src family kinases[118]. FAK is constitutively active in a renal cell carcinoma cell line Caki-1 under an isotonic condition. This is probably due to a high Src kinase activity in the cells[55]. The high activities of Src and FAK in Caki-1 cells are in part responsible for the high basal activity of NFAT5 in the cells as compared with that in the non-cancerous proximal tubule cell line HK-2[55]. 

Cyclin dependent kinases (CDKs)
The human kinome reveals that the serine/threonine kinase CDK family has 26 members, of which 21 are classified as CDKs and five form a more distant group of CDKL (CDK-like) kinases[122,123]. CDKs regulate the cell division cycle, apoptosis, transcription and differentiation. Each CDK serves its function by recognizing its specific substrate or other protein effector through the divergent spots located in an overall conserved architecture[122,123]. In HEK293 cells, high NaCl activates CDK5, which directly phosphorylates NFAT5-T135. Phosphorylation of NFAT5-T135 is also increased in the rat renal inner medulla[26]. Inhibition of CDK5 by its siRNA or an inhibitor reduces the increase in NFAT5 transcriptional activity that has occurred by 4 h after NaCl is raised, associated with inhibition of NFAT5 nuclear accumulation at that time, but does not reduce either NFAT5 activity or nuclear NFAT5 after 16 hours. This is because high NaCl increases the overall abundance of NFAT5 protein at the later time, which eventually raises its effective level in the nucleus, but the early effect of high NaCl on NFAT5 nuclear localization requires CDK5[26]. CDK5 has no significant effect on NFAT5 transactivating activity. This is special, because a majority of signaling molecules identified so far affects NFAT5 transactivation activity without altering NFAT5 nuclear localization (reviewed above). Besides CDK5, CDK9 also regulates NFAT5. The targeted proteomics shows that CDK9 is physically associated with DDX5/17, a RNA helicase important in alternative RNA splicing of NFAT5. CDK9 is necessary for DDX5 recruitment to NFAT5 as measured by chromatin immunoprecipitation[124].

Glycogen synthase kinase 3 (GSK3), Casein kinase 1 (CK1) and 5’-AMP protein kinase (AMPK)
In contrast to kinases reviewed above that contribute to high NaCl-induced activation of NFAT5, GSK3, CK1 and AMPK actually inhibit tonicity-dependent activation of NFAT5. Therefore, these three kinases are reviewed together. GSK3 is a ubiquitously expressed serine/threonine kinase originally characterized as phosphorylating and inactivating glycogen synthase, the rate-limiting enzyme of glycogen synthesis[125]. Since then, GSK3 has been found to regulate a wide variety of biological processes such as function of neurons[126], immunological responses[127], cardiac hypertrophy[128] and cancer[129]. The pleiotropic effects of GSK3 involve regulation of many transcription factors, such as CREB, neurogenin 2, SMAD1, c-Jun, -catenin[126] and NFAT1-4[127]. GSK3 is unique because unlike most other protein kinases it is most active in cells’ resting state, contributing to inhibition of its target transcription factors. When the cells are stimulated, GSK3 is inhibited, resulting in activation of its substrates. The activity of GSK3 is inhibited by phosphorylation of serine residues, of which, serine 9 is most studied[126]. This mechanism is not exceptional in tonicity-dependent activation of NFAT5. GSK3 inhibits NFAT5 transcriptional activity by reducing NFAT5 transactivating activity and protein abundance under the normal tonicity. High NaCl increases phosphorylation of GSK3-S9 and decreases GSK3 activity, which results in an increase of NFAT5 transcriptional activity mediated by the increment of NFAT5 transactivating activity, but not by NFAT5 nuclear localization or protein abundance[81]. The lack of the effect of GSK3 on NFAT5 nucleo-cytoplasmic trafficking is in contrast to its effect on NFAT1-4. GSK3 phosphorylates the serines in serine-proline repeats, conserved in the amino terminus of NFAT1-4, resulting in promotion of nuclear exit of NFAT1-4 and inhibition of NFAT1-4 transcriptional activity[130]. Unlike NFAT1-4, NFAT5 does not contain serine-proline repeats in its amino terminus[2,131]. Instead, its nucleo-cytoplasmic distribution is regulated by phosphorylation of other amino acids in the terminus such as tyrosine 143[23-25], threonine 135[26] and serines 155 and 158[27]. The difference in amino acid composition explains why GSK-3 affects nuclear localization of NFAT5 differently from that of NFAT1-4. 
The stimulatory effect of PKA, PI3K and AKT1 on NFAT5 is dependent on their attenuation of the GSK3inhibitory effect on the transcription factor[81]. Therefore, GSK3 integrates, at least in part, the effects of PKA, PI3K and AKT1 on NFAT5. However, GSK3 is not involved in the effect of p38 on NFAT5, because co-expression of p38 and its constitutively active upstream kinase MKK6 does not increase phosphorylation of GSK3-S9 or reverse the inhibitory effect of GSK3-S9 on NFAT5[81], despite the observations in other settings that p38 inhibits GSK3 activity[132]. On the other hand, low NaCl reduces the inhibitory phosphorylation of GSK3-S9, which leads to reduction of NFAT5 mRNA and protein abundance in the mouse inner medullary collecting duct cells[133]. It is worth noting that the inhibitory effect of high NaCl on GSK3 may be cell-dependent, because high NaCl reduces the phosphorylation of GSK3-S9 and increases the kinase activity in several tumor cell lines[134] and decreases the phosphorylation of GSK3-S9 in the renal medullary interstitial cells[135]. It would be interesting to know the effect of high NaCl on NFAT5 activity in these cells.
	CK is a group of serine/threonine kinases that can be divided into CK1 and CK2 families based on their high homology in their catalytic domains[136]. In vertebrates, seven CK1 isoforms (α, β, γ1, γ2, γ3, δ and ε) and several splice variants for CK1α, δ, ε and γ3 have been identified[136]. This family of kinases has been shown to phosphorylate key regulatory molecules involved in a wide array of cellular activities such as cell cycle, cytokinesis, chromosome and microtubule dynamics and transcription and translation[136]. NFAT5 nucleocytoplasmic trafficking is regulated by the dual phosphorylation of serine 155 and 158[27]. Hypotonicity increases phosphorylation of NFAT5-S155, which primes the phosphorylation of serine 158, leading to reduction of nuclear NFAT5[27]. Unlike GSK3, which has no significant effect on NFAT5 cellular trafficking[81], CK11L increases phosphorylation of NFAT5-S158, contributing to hypotonicity-induced decrease of nuclear NFAT5[27]. 
	The serine/threonine kinase AMPK is a major cellular energy sensor that exists as a heterotrimer composed of a catalytic α subunit and each of regulatory β and γ subunits[137]. A high level of AMP or a low level of ATP activates AMPK through phosphorylation of the kinase, resulting in inhibition of energy consumption and stimulation of energy production, which leads to restoration of energy homeostasis[137]. Hypertonicity inhibits the kinase as measured by phosphorylation of the enzyme in the renal medullary interstitial cells (RMIC)[138]. Pharmacological activators of AMPK reduce high NaCl-induced NFAT5 nuclear localization and expression of NFAT5-targeted genes in the cultured RMIC and increases dehydration-induced apoptosis in the mice medulla, suggesting that AMPK inhibits tonicity-dependent activation of NFAT5[138]. Further, the anti-diabetes medication metformin activates AMPK and inhibits NFAT5 transcriptional activity in RMIC and increases RMIC apoptosis in both normally hydrated and dehydrated type 2 diabetes mice[40]. However, since metformin and the pharmacological activators have other effects besides activation of AMPK, whether AMPK inhibits tonicity-dependent activation of NFAT5 needs to be confirmed with a specific way of manipulating the kinase. 
Summary and Perspective
	NFAT5 is clearly critical for kidney functions. Emerging evidence has shown that its dis-regulation results in or is associated with the renal diseases and disorders. Figure 1 summarizes currently known protein and lipid kinases that involve in regulation of tonicity-dependent activation of NFAT5. More are expected to come. Cells need these kinases working together to orchestrate a specific signal to NFAT5 in response to hypertonic or hypotonic perturbation. These kinases could fulfill their assignments by their different activation duration and strength, and their network with each other as well as with other signaling molecules and scaffolds in a specific subcellular location and time. Further work is needed to provide direct pieces of evidence to support this hypothesis. A vast majority of these kinases were identified in cultured cells. They need to be tested directly in the kidney to determine whether they have the same functions in vivo. Inhibition of NFAT5 results in the urinary concentration defect, indicative of a decrease in the renal medullary interstitial tonicity[5]. The decrease of the renal medullary tonicity inhibits NFAT5 activity[139]. It is difficult to dissect whether the effect of knockout of a kinase, even when it is done in the kidney epithelium-specific manner, on NFAT5 is from the direct effect on the transcription factor or from an indirect effect secondary to alteration of tonicity in the renal medullary interstitium. This challenge calls for a new technology to address how NFAT5 is regulated in the kidney medulla. 
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Figure 1 Summary of kinases known to regulate tonicity-dependent activation/inactivation of NFAT5 through an increase/decrease of its transactivating activity (TA), nuclear localization (NL) and/or protein abundance (PA). If none of these three steps appears with an arrow, this means that the mechanism is unknown. mTOR: Mammalian target of rapamycin.
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