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Abstract: Aquaporin 5 (AQP5) plays an important role in the salivary gland function. The mRNA
and protein for AQP5 are expressed in the acini from embryonic days E13-16 and E17-18, respectively
and for entire postnatal days. Ligation-reopening of main excretory duct induces changes in the
AQP5 level which would give an insight for mechanism of regeneration/self-duplication of acinar
cells. The AQP5 level in the submandibular gland (SMG) decreases by chorda tympani denervation
(CTD) via activation autophagosome, suggesting that its level in the SMG under normal condition is
maintained by parasympathetic nerve. Isoproterenol (IPR), a 3-adrenergic agonist, raised the levels
of membrane AQP5 protein and its mRNA in the parotid gland (PG), suggesting coupling of the
AQP5 dynamic and amylase secretion-restoration cycle. In the PG, lipopolysaccharide (LPS) is shown
to activate mitogen-activated protein kinase (MAPK) and nuclear factor-kappa B (NF-kB) signalings
and potentially downregulate AQP5 expression via cross coupling of activator protein-1 (AP-1) and
NEF-kB. In most species, Ser-156 and Thr-259 of AQP5 are experimentally phosphorylated, which
is enhanced by cAMP analogues and forskolin. cAMP-dependent phosphorylation of AQP5 does
not seem to be markedly involved in regulation of its intracellular trafficking but seems to play a
role in its constitutive expression and lateral diffusion in the cell membrane. Additionally, Ser-156
phosphorylation may be important for cancer development.

Keywords: aquaporin 5 (AQP5); submandibular gland (SMG); parotid gland (PG); chorda tympani
nerve; isoproterenol (IPR); lipopolysaccharide (LPS); mitogen-activated protein kinase (MAPK);
nuclear factor-kappa B (NF-«B); phosphorylation

1. Introduction

Aquaporins (AQPs) are serpentine-type membrane proteins which facilitate water movement
across the biological membrane. This water movement is considered to be conducted simply dependent
on the osmotic gradient. Since the discovery of the first AQP, AQP1 [1], 13 AQPs, AQP0-12, are
presently known to exist in mammals. These AQPs have been divided into 4 major subfamilies; the
water-selective AQPs (AQPO0, 1, 2, 4, 5, and 6), aquaglyceroporins (AQP3, 7,9, and 10), superaquaporins,
unorthodox AQPs (AQP11 and 12), and AQP8 which have an unusual structure with a long N-terminus,
short C-terminus [2]. The general structure of AQPs is as follows: They are 6-transmembrane type
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proteins having a tandem repeat structure. The molecule has two Asp-Pro-Ala sequences (NPA motif)
that form a hemi-channel structure. These structures face each other from inside and outside of the
plasma membrane forming a pore through which water can go through. Within the molecule, there are
phosphorylation target motifs as well as glycosylation target ones both of them would play pivotal
roles in their functions. Today, it is known that AQPs are present in many living organisms; that is,
from animals and plants to microorganisms [3]. It is also known that one or several species of AQPs
are expressed in individual tissue. Lines of evidence revealed in the last decade have highlighted the
diverse function of AQPs beyond water homeostasis [4,5]. Especially data from knock-out experiments,
support the involvement of AQPs in brain edema, cell migration, and others, implying that modulation
of AQP function or expression could have therapeutic potential [6].

Among various mammalian tissues, kidney convoluted tubule epithelial cells and the salivary
gland acinus as well as other exocrine gland tissues transport a large amount of water. In the salivary
gland tissues AQP5 is a key water channel like other exocrine glands. Moreover, studies using the
AQP5-mutant rat [7], AQP5-knockout mice [8], and Sjogren’s syndrome [9] and its model mouse of [10]
have suggested that AQP5 plays an important role in maintaining the normal physiologyl of the
salivary gland. In this review, we focus dynamic changes of AQPS5 in the salivary gland under normal
and pathologic conditions, in order to understand more about physiology of water transport in the
exocrine tissue. This review will elucidate AQP5 transcriptional regulation via neurotransmitter and
endotoxin, as well as its posttranscriptional modification.

2. Expression and Localization of Salivary Gland Aquaporin 5 during Development,
Differentiation, and Regeneration

AQP5 was first identified by the molecular cloning and characterization of a novel AQP cDNA from
salivary glands as well as lacrimal glands and respiratory tissues [11]. To elucidate the physiological
functions of AQPS5, its expression and localization in various tissues and cells have been analyzed
to date.

AQP5 was first clearly shown to be localized fundamentally at the apical membranes of the
secretory acinar cells of the submandibular, parotid, and sublingual glands of rats, and additionally at
the apical membrane of the intercalated duct cells of the rat submandibular gland (SMG) [12]. In our
previous study, AQP5 is expressed in the apical/lateral and basal membranes of the acinar cells of the
rat SMG [7,13].

To investigate the physiological role of AQP5 in course of the construction of the salivary function,
its expression and localization in the developing salivary glands were also analyzed. King et al. [14]
analyzed the expression of AQP5 in the developing rat SMG by means of Western blot analysis and
reported its weak expression in the embryonic day E20, and increased expression in the postnatal day
P4, P10, and P21. However, they showed only data for four developmental days with no information
about the AQP5 localization in these glands. We previously analyzed the expression and localization
of AQP5 during development of the rat SMG in more detail [15]. AQP5 mRNA was first detected in
the embryonic day E16 by means of both reverse transcriptase-polymerase chain reaction (RT-PCR)
and Northern blot analyses, and its expression level was dramatically increased by the time of birth
(Figure 1a). After birth, its expression is continually detected at all postnatal days analyzed from
PO to P25, but its expression level does not change remarkably. Immunoreactivity for AQP5 in the
developing SMG was first observed at embryonic day E18, although AQP5 mRNA was expressed
at least from the embryonic day E16. It was localized at the considerable area of apical membranes
in the terminal portion of the glands, which include proacinar and terminal tubular cells. These
AQP5 immunoreactivity seemed to be increase intracellularly and become more evident at embryonic
day E20 (Figure la). Such intracellular localization of AQP5 at this embryonic day may suggest a
vesicular distribution, as described previously [16]. In the course of postnatal development of the rat
SMG, the immunoreactivity for AQP5 was observed more intense and was obviously localized at the
apical membrane of the submandibular secretory acinar cells in accordance with the differentiation of
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mature acinar cells (Figure 1a). These observations provide basic data regarding the relation between
development of tissue morphology and functional expression of AQPS5, in the salivary gland. At the
same time, new questions are raised about what is the first signal that initiates AQP5 transcription
during development of the salivary gland, which we will address as well. One of the candidate key
molecules resolving these questions may be a subtilisin-like proprotein convertase PACE4, because its
inhibition and transcriptional silencing suppresses the morphological development and expression
of AQP5 in the rat embryonic salivary glands [17]. Additional immunoreactivity for AQP5 was
also detected at the intercellular secretory canaliculi of the acinar cells, but not in any duct cells.
Larsen et al. [18] reported the expression pattern of AQPs in the developing mouse SMG by means
of RT-PCR and Western blotting. AQP5 mRNA has been shown to be increased in expression till the
birth, which results are similar to our previous data shown in the rat SMG [15]. They detected AQP5
protein at first on the embryonic day E17; its level peaked around birth and at least decreased in the
early postnatal day. Aure et al. [19] revealed the expression and localization of AQPS5 in the mouse
sublingual gland during development. In their study, AQP5 mRNA was detected from the embryonic
day E13, and its level increased till the early postnatal days by means of real time PCR. On the other
hand, AQP5 protein was first detected in the canalicular stage of sublingual gland as a scattered
pattern and was clearly organized in the luminal membrane of the acinar cells before birth. During
the postnatal development, it was localized in both the luminal and lateral membranes of sublingual
acinar cells. Additionally, AQP5 immunoreactivity was observed in the intercalated duct and the entire
intralobular duct cells in the terminal bud stage. These developmental data in mice may suggest that
AQPS5 plays an important role in construction of the salivary functions, although this possibility is still
unclear. During development and organogenesis, cell proliferation, migration, invasion, and cell—cell
adhesion are frequently occurred. In these processes, AQP1, AQP3, and AQP4 have been suggested to
be involved in such cellular processes [20-24]. Therefore, AQP5 may also play an important role in
these developmental processes, although it is still unclear.

On the other hand, the salivary gland is known to be a good model of tissue regeneration, that
is, the experimental ligation of the main excretory duct of the salivary gland causes the apoptosis of
acinar cells and the proliferation of duct cells in both rats and mice [25,26]. Moreover, the reopening
of the ligated main excretory duct induces the repopulation and morphological restoration to the
normal condition of the gland. In the ligated gland, shrinkage of the acinar cells was remarkably
observed together with the decrease in number of acinar cells. Expression level of AQP5 was also
decreased by means of Western blotting, whereas, AQP5 was still localized at the apical membranes of
the remaining such shrank acinar cells (Figure 1b) in mouse experiments [27]. After reopening of the
ligated duct, restoration of the acinar structure was observed depending on the recovery period. The
localization of AQP5 was also detected in the apical membrane of the acinar cells in accordance with
the restoration of acinar cells, and in intercalated duct cells [28]. Recently, Aure et al. [29,30] showed
that the mouse salivary gland homeostasis is regulated predominantly based on the self-duplication of
the differentiated acinar cells rather than differentiation of the stem cells under normal and abnormal
condition. Shrank acinar cells expressing AQP5 which we observed may be under the pre-stage of
self-duplication of acinar cells to restore the salivary gland structure and function. AQP5 may function
in these processes, although it is a mere hypothesis at the moment.
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Figure 1. Expression and localization of aquaporin 5 (AQP5) in the developing submandibular gland
(SMG) of rats (a), and in the ligated SMG of mice (b). (a) Expression of AQP5 mRNA in the embryonic
rat SMG was analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR) and Northern blot
analyses. Localization of AQP5 protein was analyzed by immunohistochemistry in the rat SMG at
the indicated prenatal and postnatal days. In the right panel, “d” indicates typical duct, and a scale
bar, 25 um; (b) Effects of duct ligation of the mouse SMG on changes in the immunohistochemical
localization of AQP5 was analyzed. Green fluorescence indicates the localization of AQP5 on the
indicated day after ligation. Arrowheads and asterisks indicate typical acini and ducts, respectively. A
scale bar, 100 um. (a,b) modified from [15,27], respectively.

3. Effects of the Autonomic Nervous System and Chemical Transmitters on Salivary Gland AQP5

The fundamental functions of the salivary glands are (1) to produce the primary saliva in the
acinus; (2) transport the saliva through the duct; and (3) discharge the saliva to the oral cavity. In this
process, AQP5 is important for production of the primary saliva in the acinus, the secretory end piece.
The SMG secretes approximately 60% of total saliva in rodents and humans, while parotid gland (PG)
is characterized by secreting large amounts of amylase. The salivary glands are innervated by both
sympathetic and parasympathetic nervous systems. A large volume of saliva with low viscosity is
secreted by parasympathetic stimulation while small volume with high viscosity one, by sympathetic
stimulation. Therefore, it is worth to know whether these autonomic nerves and their chemical
transmitters affect the dynamics of AQPs in the salivary glands.

3.1. Effects of Chorda Tympani Denervation and Administration of M3 Receptor Agonist on AQPS5 in the
Submandibular Gland

The parasympathetic nerve which innervates SMG is chorda tympani nerve, the center of which
is located in superior salivary nucleus in the medulla oblongata. Li et al. [31] performed denervation
of chorda tympani nerve (CTD; parasympathectomy) and examined the level of AQP5 protein in the
SMG of rats.

The AQP5, but not AQP1, protein level in the rat SMG was significantly decreased by CTD;
the level at four weeks after operation was 37% of that of the un-denervated contralateral gland. In
1 week after CTD, the SMG weight was decreased by 30% which level stayed unchanged until four
weeks. Cervical sympathetic trunk denervation (sympathectomy) had little or no effect on the AQP5
and AQP1 protein levels. Administration of cevimeline (an M3 muscarinic receptor agonist), but not
pilocarpine, restored the AQP5 protein level reduced by CTD and increased the AQP1 protein level over
controls. The AQP5 mRNA level was largely unaffected by CTD and cevimeline administration. These
results suggest that the AQP5 protein level in the SMG is regulated by the parasympathetic nerves/M3



Int. J. Mol. Sci. 2020, 21, 1182 50f 15

muscarinic receptor agonist not at transcriptional level but by post-transcriptional mechanism. These
authors imply the involvement of lysosomal enzymes in CTD-induced reduction of AQP5 since
AQPS5 protein level reduced by CTD was increased by administration of chloroquine, a denaturant
of lysosomes.

Azlina et al. [13] studied effects of CTD on the rat SMG in detail. They reported that lamp2, a
lysosomal marker, gradually increased in amount, reaching a peak at the 14th day after CTD. Confocal
immunohistochemical analysis disclosed an increased number of lysosome-like structures positive
for both AQP5 and lamp?2 in SMG acinar cells of the after CTD. Additionally, similar changes were
observed for AQP5 and LC3Bs a marker protein of autophagosomes. These data suggest that AQP5
in the SMG entered autophagosomes and/or lysosomes for degradation upon CTD. Through this
study these authors performed TdT-mediated dUTP nick end labeling (TUNEL) assay and confirmed
that no increase in the number of apoptotic cells in the SMG by CTD. Small reduction in the gland
weigh [13,31] seemed to be due to autophagy since the expression of LC3B-II, a marker protein of
autophagosomes was transiently (at 1-3 days) induced [13]. These studies suggest that the AQP5 level
in the SMG is maintained by the chorda tympani nerve, which is constantly sending a basal level of
neural signal to the gland [32,33]. Obstruction of such neural signal would cause the elevation in the
number of autophagosomes and/or in lysosome activity, resulting in reduction of the AQP5 protein
level. Hypothetical mechanism representing this idea is shown in Figure 2a.
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Figure 2. Hypothetical mechanism for regulation of salivary gland AQP5 by the autonomic nervous
system and chemical transmitters. (a) Suppression of autophagosome activation by chorda tympani
nerve leading to maintenance of membrane AQP5 levels in the rat SMG. Chorda tympani denervation
(CTD; parasympathectomy) un-suppresses autophagosome activation leading to degradation of AQP5;
(b) IPR-induced increase in the membrane AQP5 protein and AQP5 mRNA in the PG of mice. Green
dots in this figure represent AQP5 protein molecule.

3.2. Effects of Isoproterenol on AQPS5 in the Mouse Parotid Gland

Mouse PG acinar cells are filled with abundant secretory granules containing amylase. They
are exocytosed by administration of 3-adrenergic receptor agonists via increased intracellular cAMP
following adenyl cyclase activation [34,35]. On the other hand, 3-adrenergic agonists and their second
messenger, that is, CAMP and its derivatives, are also known to increase expressions of the AQP5
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mRNA and protein in MLE-12, a cultured mouse lung cell line, and induce translocation of AQP5 to the
apical plasma membrane [36]. Thus Chen et al. [37] examined the possibility that 3-adrenergic agonists
affect AQP5 in the salivary gland; that is, they studied the effects of IPR, a 3-adrenergic agonist, on
AQP5 in the mouse PG.

In the membrane fraction of mouse PG, the AQP5 protein level was increased by IPR injection (ip)
at 1 h, and remained high up to 6 h; this change coincided with the secretion of amylase. Thereafter,
AQPS5 level decreased and returned to their original level at 1248 h. After IPR injection, the level
of AQP5 mRNA increased gradually and reached a maximum at 24 h. The facts suggest a rapid
appearance of AQP5 at plasma membrane by IPR, and such appearance is believed to be the result
of exocytotic translocation of AQP5 from the granule membrane to the plasma membrane. In fact,
the membrane of PG secretory granules is reported to bear the AQP5 protein [38]. Their results also
indicate that IPR induces AQP5 gene transcription to produce its mRNA. This hypothesis is presented
in Figure 2b.

These authors imply that reduction of AQPS5 starting 6 h after IPR injection would be due to
proteolysis of AQP5. From both in vivo and in vitro experiments using various inhibitors the responsive
enzyme for this proteolysis is suggested to be calpain [37]. Despite 3-adrenergic agonist was shown to
elevate the AQP5 mRNA level in the PG, it is still uncertain how AQP5 transcription is regulated by
cAMP in this tissue.

4. Downregulation of Salivary Gland AQP5 by Lipopolysaccharide via Cross-Coupling of
Transcription Factors

In addition to secretion of water, the salivary glands secrete also electrolytes, various proteins,
glycoproteins, and mucins to aid in digestion, cleansing, and protection of the oral cavity. There is a
possibility that AQP expression is influenced under clinical condition, like sialolithiasis and chronic
sialadenitis. Lipopolysaccharide (LPS) is one of the best studied immunostimulatory components of
bacteria and can induce systemic inflammation and sepsis [39]. LPS is the major component of the
outer envelope of Gram-negative bacteria, which is thought to be a cause of the widespread cellular
activation observed in patients suffering from Gram-negative septic shock. LPS-induced activation of
pro-inflammatory cytokines and anti-peptides is conducted through a membrane receptor, Toll-like
receptor 4 (TLR4), and induce innate immune responses. Upon recognition of LPS by the extracellular
domain of TLR4, TLR4 undergoes oligomerization and links to its downstream adaptors through
interactions with the domains of TIR (Toll-interleukin-1 receptor), ultimately resulting in activation
of the transcription factor nuclear factor-kappa B (NF-kB) and increases in transcription of various
pro-inflammatory cytokines. In addition to the NF-kB pathway, the mitogen-activated protein kinase
(MAPK) pathway is also activated. Activation of downstream MAPK pathways leads to the induction
of the growth factor-/chemical inducer-activated ERK1/2 pathway and the cytokine-inducible JNK and
p38 pathways.

It has been reported that AQP4 protein levels in human primary cultured cortical astrocytes
is decreased by p38 and JNK inhibitors [40], and that AQP3, -5, and -8 expression induced by
hyperosmotic stress in cultured astrocyte is suppressed by ERK inhibitors [41]. These data imply that
MAPK pathway regulate some of AQP protein levels. Additionally, p38 MAPK in intrinsic renal cells
and infiltrating leukocytes is reported to be correlated with renal dysfunction and histopathology in
human glomerulonephritis [42].

IL-1$3, one of the inflammation cytokines, is induced and secreted into the saliva by LPS stimulation
in mice [43,44]. On the other hand, pilocarpine-stimulated saliva production is reduced by more than
50% in the LPS-injected C3H/HeN male mice. The transcription levels of salivary gland AQP5 and
AQP1 genes were decreased by LPS in vivo, and the mechanism for signal pathways underlying this
decrease were investigated by in vitro experiment using mice [45]. In an organ culture system, the
LPS-induced transcriptional inhibition, that is, reduction of the AQP5 mRNA level by LPS, is blocked
completely by pyrrolidine dithiocarbamate (PDTC) and MG132, which are inhibitors for IkB kinase and
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26S proteasome, respectively. Similarly, MAPK pathways inhibitors, AG126 and SP600125 (inhibitors
for ERK1/2 and JNK, respectively) strongly suppressed the inhibition of AQP5 transcription by LPS.
These results clearly demonstrate that not only NF-kB but also MAPK pathways are involved in the
transcriptional inhibition of AQP5 by LPS. In contrast, AQP1 downregulation was not blocked by
inhibitors of NF-kB and MAPK pathways, probably because no NF-kB-binding element was present
in the AQP1 promoter. By this experiment, the downregulation effect of LPS on AQP5 is completely
blocked by either one of the inhibitors for NF-«B, p-c-Jun, or c-Fos pathway, indicating that all 3 of
these transcription factors are indispensable for this mechanism. Yao et al. [45] hypothesized that p65,
p-c-Jun, and c-Fos form a ternary complex, which complex then binds to AQP5 promoter. To confirm
this possibility co-immunoprecipitation experiments were performed. PG nuclear extracts from mice
3 h after LPS injection and those from non-treated mice were incubated with each Sepharose columns
which had been coupled with either anti-p65, anti-p-c-Jun, or anti-c-Fos antibodies. The eluates from
these antibody-Sepharose columns were subjected to Western blot analysis and probed with anti-p-c-Jun
antibody. In the eluates from anti-p-c-Jun and anti-c-Fos antibody Sepharose columns incubated with
non-treated mouse PG nuclear extract, a small amount of p-c-Jun was detected. However, no detectable
amount p-c-Jun was present in the eluate from the anti-p65 antibody Sepharose column. On the other
hand, the same analysis conducted for PG nuclear extract obtained from LPS-injected mice showed
that p-c-Jun was strongly detected in the eluates from not only anti-p-c-Jun and anti-c-Fos antibody
Sepharose columns but also anti-p65 antibody Sepharose column. These results suggest that in the PG
of normal mice, the p-c-Jun/c-Fos complex is constitutively formed. This complex however does not
suppress AQP5 transcription since it is not binding p65. Upon LPS stimulation, on the other hand,
the level of 3 transcription factors (p65, p-c-Jun, and c-Fos) are elevated; they form a complex, which
results in suppression of AQP5 transcription by binding to AQP5 promoter.

Two NF-«B and 2 AP-1 responsive elements, though they are putative, are found in the promoter
of the mouse AQP5 gene. To evaluate possible changes in the DNA-binding activity of nuclear extracts
to these responsive elements, electrophoretic mobility shift assay (EMSA) was performed by using
2 NF-kB binding probes and AP-1 binding probes. The results indicate that the binding activity of
nuclear extracts to the DNA probe corresponding to the two NF-kB-responsive elements of the AQP5
promoter was increased after LPS stimulation. However, the DNA-binding activity of nuclear extract
toward the two AP-1-responsive elements was not raised after LPS injection. The EMSA results
suggest that the complex of p65/p-c-Jun/c-Fos induced by LPS directly binds to the 2 NF-«kB-responsive
elements but not to the AP-1-responsive elements. Moreover, the nuclear translocation of p65 and p50
(the subunits NF-«B) triggered by LPS is inhibited by PDTC and MG132, which are an inhibitor for I-«B
kinase and proteasome (inhibitor for degradation of ubiquitin-conjugated proteins also), respectively.
Taken together, the above data confirms that the transcription factors, p65, p-c-Jun, and c-Fos are
activated by NF-kB and MAPK pathways and that all 3 factors make a ternary complex which is
necessary for downregulation of AQP5 transcription. It is also confirmed that DNA binding of the
nuclear extract to NF-«B responsive elements, but not to AP-1 responsive elements is elevated by LPS
injection. The hypothesis for this mechanism is schematically shown in Figure 3.

Schiile et al. co-transfected rat osteoblast ROS17/2.8 cells with Jun and Fos expression vectors
and made these cells express Jun/Fos proteins. In these cells, they reported that transcription of the
osteocalcin gene, which has a consensus sequence of AP-1 response element, was suppressed under not
only vitamin D3-stimulated conditions but also un-stimulated conditions [46]. These authors termed
such unexpected interactions between distinct transcription factors as cross-coupling [47]. Stein et al.
found that the bZIP region of c-Fos and c-Jun enabled to interact physically with NF-«B p65 and that
the complex of p65/Jun or p65/Fos exhibited enhanced DNA binding and biological function [48]. In
activated T cells, AP-1-NF-«B ternary complex formation was also visualized [49]. Our opinion in this
section is that the NF-«kB transcription factor is directly involved in the AQP5 downregulation in the
LPS-stimulated PG by cross-coupling with p-c-Jun/c-Fos transcription factors.
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Figure 3. Hypothetical mechanism for lipopolysaccharide (LPS)-induced signaling and downregulation
of AQP5 transcription via cross-coupling of mitogen-activated protein kinase (AP-1) and nuclear
factor-kappa B (NF-kB) (a model proposed from mouse experiment). TIS, transcription initiation site.

5. Post-Translational Modifications of AQP5

Reversible post-translational modifications, such as phosphorylation and ubiquitination, play
roles in regulating the expression level as well as channel activity of AQPs on the cell membrane.
The membrane AQP abundance is usually regulated by intracellular trafficking between cytoplasmic
vesicles and cell membrane, that is, exocytosis and endocytosis. Phosphorylation is involved in
exocytosis of some AQPs, such as those seen in mammalian AQP1, AQP2, and AQP4 [50-52]. In
addition, ubiquitination is known as an endocytosis signal in AQP2 [53]. The transport activity of water
and small molecules through a pore in the AQP molecule, that is, channel gating, can be regulated by
structural changes of the channel molecule. Phosphorylation-related channel gating is well known in
plant AQPs; its existence is also suggested in yeast AQPs and mammalian AQP0 [54-56]. For better
understanding of the intracellular regulations of AQP5 by post-translational modifications, we, in this
section, review current knowledge about the phosphorylation and ubiquitination of AQP5.

At first, we describe the post-translational modifications of mammalian AQP2 because AQP5
protein share high sequence similarity with AQP2 protein and both AQPs are often compared.
Mammalian AQP2, a vasopressin-regulated AQP, is a well-characterized AQP concerning the roles
of phosphorylation and ubiquitination in the intracellular trafficking. Four phosphorylation sites
of human AQP2 have been identified; these are at Ser-256, Ser-261, Ser-264, and Thr-269 (Ser-269
in mice). Phosphorylation at each of these sites is conducted by a vasopressin-dependent manner;
that is, vasopressin stimulation increased phosphorylation of Ser-256, Ser-264, and Thr-269, and
decreased that of Ser-261 [57-60]. Among of them, phosphorylation at Ser-256 is induced rapidly by
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vasopressin-regulated cAMP signaling and plays critical role in the exocytosis of AQP2 [52]. On the
other hand, AQP2 is ubiquitinated at Lys-270 (short-chain ubiquitination) by vasopressin removal or
protein kinase C activation, and this modification plays a role in enhancement of the endocytosis and
lysosomal degradation of AQP2 [53]. Thus, membrane AQP2 abundance regulated by exocytosis and
endocytosis are controlled by a cAMP-dependent phosphorylation and ubiquitination, respectively.

5.1. Phosphorylation Sites of AQP5 and Related Signals

In AQP5 phosphorylation, a cAMP signaling pathway mediated by protein kinase A (PKA) is
of particular interest. AQP5 phosphorylation was first detected in mouse alveolar MLE-12 cells after
long-term exposure (8 h) to cAMP [36]. These authors also reported that AQP5 phosphorylation was
detected in AQP5-proteoliposomes, which had been incubated with PKA but not with protein kinase
C or casein kinase 1I, although they failed to show actual phosphorylation site [36]. In AQP5 of most
species, 2 consensus motifs are conserved as PKA-target phosphorylation sites: One is RRTS-156
located at an intracellular loop D; the other is RKKT-259 located at C-terminal region, which is
corresponding to the motif including Ser-256 of AQP2. Both Ser-156 and Thr-259 of AQP5 of distinct
species were experimentally clarified as the phosphorylation sites. Human AQP5 expressed in human
bronchial epithelium BEAS-2B cells is phosphorylated at its Ser-156, and mouse AQP5 expressed in
human salivary gland HSG cells is phosphorylated at its Thr-259 [61,62]. Phosphorylation of each
site is enhanced by cAMP analogues and by cAMP increasing agents such as forskolin [61,62]. Other
phosphorylation sites and related kinases targeting them remain unidentified.

5.2. Roles of cAMP-Dependent AQP5 Phosphorylation

Unlike AQP2, cAMP-dependent phosphorylation of AQP5 does not seem to be markedly involved
in regulation of intracellular trafficking of AQP5. Replacement of Ser-156 (5156A) or Thr-259 (T259A)
of AQP5 with non-phosphorylated alanine by in vitro mutagenesis had no apparent effect on AQP5
membrane localization comparing to wild-type AQP5, even upon stimulation of cAMP signaling [61-65].
On the other hand, the level of membrane expression of a phosphomimetic S156E mutant AQP5 was
higher than that of wild-type one and S156 A mutant under a non-stimulated condition, suggesting
that the phosphorylation at Ser-156 is involved in constitutive membrane expression [64]. Recently,
Biswas et al. also reported that the membrane expression and stability of AQP5 may be regulated
by the phosphorylation at Ser-156 [66]. In addition, time-lapse imaging of quantum dot-labelled
surface AQP5 suggested that lateral diffusion of AQP5 within cell membrane is regulated by Thr-259
phosphorylation [65]. Taken together, cAMP-dependent phosphorylation of AQP5 may play a role in
its constitutive expression and lateral diffusion in the cell membrane.

Phosphorylation of AQP5 at Ser-156 also seems to be involved in several processes of cell growth.
Expression of wild-type AQP5 but not that of S156A mutant in culture cells induced cell proliferation
by activating Ras signaling pathway and cell differentiation, migration, and invasion, by mediating
c-Src signaling pathway [67,68]. In a mouse xenograft model, transplanted cells expressing wild
type AQP5 markedly formed tumor nodule, whereas transplanted cells expressing S156 A mutant did
not [69]. In fact, AQP5 is expressed in cancer cells of many kinds of tissues such as the lung, breast,
liver, stomach, and colon [67,70-73]. In addition, phosphorylated AQP5 was detected in the lung
cancer tissues [69]. These observations indicate that cell proliferation, differentiation, migration, and
invasion, all processes of which are leading to the tumor progression, are regulated by AQP5 expressed
in a manner of the phosphorylation of AQP5 at Ser-156.
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The cAMP-dependent phosphorylation of AQP5 is involved also in physiological exocrine event.
AQPS5 phosphorylation was detected in lacrimal gland administrated with eye drop containing pituitary
adenylate cyclase-activating polypeptide, suggesting that this phosphorylation participates in tear
secretion [74]. In salivary glands of mice injected with IPR, phosphorylated AQP5 at Thr-259 was
rapidly and transiently detected, and was localized at luminal plasma membrane, suggesting that this
phosphorylation participates in a process of salivary protein secretion [61]. Thus, in vivo induction of
AQPS5 phosphorylation by the receptor-mediated cAMP signaling in non-neoplastic cells of normal
organ shows physiological importance of this phosphorylation.

5.3. Possibility for Phosphorylation-Regulated AQP5 Gating

Phosphorylation-regulated transport activity is well known in plant AQPs. In spinach SoPIP2;1,
for example, phosphorylation at Ser-115 in the cytosolic loop B or at Ser-274 in the C-terminal region
increases water transport activity probably by opening the lid which is formed by loop D near the
water pore in cytoplasmic side [54,75].

In AQP5, the phosphorylation-dependent gating remains unknown but there is this possibility.
In analyses by using the budding yeast, water and H,O, permeability through rat AQP5 was
transiently enhanced at pH 7.4 by cAMP produced following glucose-induced way, without increasing
membrane expression of AQP5. This observation implies that AQP5 is possibly gated in a
phosphorylation-dependent manner [76]. Further functional evidence is required to clear the possibility
and mechanisms of phosphorylation-dependent gating of AQP5.

5.4. Ubiquitination of AQP5

In contrast to AQP5 phosphorylation, AQP5 ubiquitination was described only in a few reports.
Without experimental data, AQP5 ubiquitination was first described in the article concerning AQP2
ubiquitination [53]. Next, AQP5 ubiquitination was slightly detected in mouse SMG [77]. Thus,
concerning AQP5 ubiquitination, almost all issues such as modification sites, related signals, and roles
remain unresolved.

6. Conclusions

AQPS5 protein is expressed in the acinus as early as embryonic day E17-18 and it is continued
to be expressed afterward. Downregulation of SMG AQP5 by denervation of the parasympathetic
nerve is shown to be due to activation of autophagosomes. However activation mechanism of AQP5
synthesis after such downregulation is unknown. Similarly, mechanism for IPR-induced upregulation
of AQP5 transcription in the PG is not determined as well. These issues would be important for better
understanding AQP5 function in the salivary glands. Mechanism for LPS-induced downregulation
of AQP5 in the PG is well described. Physiological meaning of effects of LPS, however, still needs
to be elucidated. AQPS5 has at least two phosphorylation sites in the molecule. Phosphorylation of
these sites seems to play a role in its constitutive expression and lateral diffusion in the cell membrane.
AQP5 also may be involved in cell proliferation, differentiation, migration, and invasion of tumor.
These important issues need to be clarified.
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Abbreviations

AP-1 activator protein-1

AQP aquaporin

CTD chorda tympani denervation

IPR isoproterenol

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase

NF-xB nuclear factor-kappa B

PDTC pyrrolidine dithiocarbamate

PG parotid gland

PKA protein kinase A

RT-PCR reverse transcriptase-polymerase chain reaction
SMG submandibular gland

TLR4 Toll-like receptor 4

TUNEL TdT-mediated dUTP nick end labeling
References

1. Preston, G.M.; Carroll, T.P.; Guggino, W.B.; Agre, P. Appearance of water channels in Xenopus oocytes

10.

11.

12.

13.

14.

expressing red cell CHIP28 protein. Science 1992, 256, 385-387. [CrossRef] [PubMed]

Hosoi, K. Physiological role of aquaporin 5 in salivary glands. Pfliigers Arch. Eur. ]. Physiol. 2016, 468,
519-539. [CrossRef] [PubMed]

Zardoya, R. Phylogeny and evolution of the major intrinsic protein family. Biol. Cell 2005, 97, 397—414.
[CrossRef] [PubMed]

Kitchen, P.; Day, R.E.; Salman, M.M.; Conner, M.T; Bill, RM.; Conner, A.C. Beyond water homeostasis:
Diverse functional roles of mammalian aquaporins. Biochim. Biophys. Acta 2015, 1850, 2410-2421. [CrossRef]
Zhang, Z.; Chen, Z.; Song, Y.; Zhang, P.; Hu, ].; Bai, C. Expression of aquaporin 5 increases proliferation and
metastasis potential of lung cancer. J. Pathol. 2010, 22, 210-220. [CrossRef]

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

Murdiastuti, K.; Purwanti, N.; Karabasil, M.R.; Li, X.; Yao, C.; Akamatsu, T.; Kanamori, N.; Hosoi, K. A
naturally occurring point mutation in the rat aquaporin 5 gene, influencing its protein production by and
secretion of water from salivary glands. Am. J. Physiol. Gastrointest. Liver Physiol. 2006, 291, G1081-G1088.
[CrossRef]

Ma, T.; Song, Y.; Gillespie, A.; Carlson, E.J.; Epstein, C.J.; Verkman, A.S. Defective secretion of saliva in
transgenic mice lacking aquaporin-5 water channels. |. Biol. Chem. 1999, 274, 20071-20074. [CrossRef]
Ichiyama, T.; Nakatani, E.; Tatsumi, K.; Hideshima, K.; Urano, T.; Nariai, Y.; Sekine, J. Expression of aquaporin
3 and 5 as a potential marker for distinguishing dry mouth from Sjégren’s syndrome. J. Oral Sci. 2018, 60,
212-220. [CrossRef]

Steinfeld, S.; Cogan, E.; King, L.S.; Agre, P; Kiss, R.; Delporte, C. Abnormal distribution of aquaporin-5
water channel protein in salivary glands from Sjogren’s syndrome patients. Lab. Investig. 2001, 81, 143-148.
[CrossRef]

Raina, S.; Preston, G.M.; Guggino, W.B.; Agre, P. Molecular cloning and characterization of an aquaporin cONA
from salivary, lacrimal, and respiratory tissues. J. Biol. Chem. 1995, 270, 1908-1912. [CrossRef] [PubMed]
Matsuzaki, T.; Suzuki, T.; Koyama, H.; Tanaka, S.; Takata, K. Aquaporin-5 (AQP5), a water channel protein, in
the rat salivary and lacrimal glands: Immunolocalization and effect of secretory stimulation. Cell Tissue Res.
1999, 295, 513-521. [CrossRef]

Azlina, A.; Javkhlan, P; Hiroshima, Y.; Hasegawa, T.; Yao, C.; Akamatsu, T.; Hosoi, K. Roles of lysosomal
proteolytic systems in AQP5 degradation in the submandibular gland of rats following chorda tympani
parasympathetic denervation. Am. J. Physiol. Gastrointest. Liver Physiol. 2010, 299, G1106-G1117. [CrossRef]
[PubMed]

King, L.S.; Nielsen, S.; Agre, P. Aquaporins in complex tissues. I. Developmental patterns in respiratory and
glandular tissues of rat. Am. J. Physiol. Cell Physiol. 1997, 273, C1541-C1548. [CrossRef]


http://dx.doi.org/10.1126/science.256.5055.385
http://www.ncbi.nlm.nih.gov/pubmed/1373524
http://dx.doi.org/10.1007/s00424-015-1749-6
http://www.ncbi.nlm.nih.gov/pubmed/26537593
http://dx.doi.org/10.1042/BC20040134
http://www.ncbi.nlm.nih.gov/pubmed/15850454
http://dx.doi.org/10.1016/j.bbagen.2015.08.023
http://dx.doi.org/10.1002/path.2702
http://dx.doi.org/10.1038/nrd4226
http://dx.doi.org/10.1152/ajpgi.00449.2005
http://dx.doi.org/10.1074/jbc.274.29.20071
http://dx.doi.org/10.2334/josnusd.17-0150
http://dx.doi.org/10.1038/labinvest.3780221
http://dx.doi.org/10.1074/jbc.270.4.1908
http://www.ncbi.nlm.nih.gov/pubmed/7530250
http://dx.doi.org/10.1007/s004410051257
http://dx.doi.org/10.1152/ajpgi.00194.2010
http://www.ncbi.nlm.nih.gov/pubmed/20689061
http://dx.doi.org/10.1152/ajpcell.1997.273.5.C1541

Int. ]. Mol. Sci. 2020, 21, 1182 12 0f 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Akamatsu, T.; Parvin, M.N.; Murdiastuti, K.; Kosugi-Tanaka, C.; Yao, C.; Miki, O.; Kanamori, N.; Hosoi, K.
Expression and localization of aquaporins, members of the water channel family, during development of the
rat submandibular gland. Pfliigers Arch. Eur. ]. Physiol. 2003, 446, 641-651. [CrossRef] [PubMed]

Tada, J.; Sawa, T.; Yamanaka, N.; Shonn, M.; Akamatsu, T.; Tsumura, K.; Parvin, M.N.; Kanamori, N.; Hosoi, K.
Involvement of vesicle-cytoskeleton interaction in AQP5 trafficking in AQP5-gene-transfected HSG cells.
Biochem. Biophys. Res. Commun. 1999, 266, 443-447. [CrossRef]

Akamatsu, T.; Azlina, A.; Purwanti, N.; Karabasil, M.R.; Hasegawa, T.; Yao, C.; Hosoi, K. Inhibition
and transcriptional silencing of a subtilisin-like pro-protein convertase, PACE4/SPC4, reduces the branching
morphogenesis of and AQP5 expression in rat embryonic submandibular gland. Dev. Biol. 2009, 325, 434—443.
[CrossRef]

Larsen, H.S.; Ruus, A K; Galtung, H K. Aquaporin expression patterns in the developing mouse salivary
gland. Eur. . Oral Sci. 2009, 117, 655-662. [CrossRef]

Aure, M.H,; Larsen, H.S.; Ruus, A K.; Galtung, H.K. Aquaporin 5 distribution pattern during development
of the mouse sublingual salivary gland. J. Mol. Histol. 2011, 42, 401-408. [CrossRef]

Wang, Y,; Fan, Y.; Zheng, C.; Zhang, X. Knockdown of AQP1 inhibits growth and invasion of human ovarian
cancer cells. Mol. Med. Rep. 2017, 16, 5499-5504. [CrossRef]

Luo, L.; Yang, R.; Zhao, S.; Chen, Y.; Hong, S.; Wang, K.; Wang, T.; Cheng, J.; Zhang, T.; Chen, D. Decreased
miR-320 expression is associated with breast cancer progression, cell migration, and invasiveness via targeting
Aquaporin 1. Acta Biochim. Biophys. Sin. (Shanghai) 2018, 50, 473-480. [CrossRef] [PubMed]

Alejandra, R.; Natalia, S.; Alicia, E.D. The blocking of aquaporin-3 (AQP3) impairs extravillous trophoblast
cell migration. Biochem. Biophys. Res. Commun. 2018, 499, 227-232. [CrossRef]

Guan, Y.; Chen, J.; Zhan, Y.; Lu, H. Effects of dexamethasone on C6 cell proliferation, migration and invasion
through the upregulation of AQP1. Oncol. Lett. 2018, 15, 7595-7602. [CrossRef]

Login, EH.; Jensen, H.H.; Pedersen, G.A.; Koffman, J.S.; Kwon, T.H.; Parsons, M.; Nejsum, L.N. Aquaporins
differentially regulate cell-cell adhesion in MDCK cells. FASEB . 2019, 33, 6980-6994. [CrossRef]
Takahashi, S.; Nakamura, S.; Suzuki, R.; Islam, N.; Domon, T.; Yamamoto, T.; Wakita, M. Apoptosis and
mitosis of parenchymal cells in the duct-ligated rat submandibular gland. Tissue Cell 2000, 32, 457-463.
[CrossRef]

Walker, N.I; Gobé, G.C. Cell death and cell proliferation during atrophy of the rat parotid gland induced by
duct obstruction. J. Pathol. 1987, 153, 333-344. [CrossRef]

Purwanti, N.; Karabasil, M.R.; Matsuo, S.; Chen, G.; Javkhlan, P; Azlina, A.; Hasegawa, T.; Yao, C,;
Akamatsu, T.; Hosoi, K. Induction of Sca-1 via activation of STAT3 system in the duct cells of the mouse
submandibular gland by ligation of main excretory duct. Am. |. Physiol. Gastrointest. Liver Physiol. 2011, 301,
(G814-G824. [CrossRef]

Yasumitsu, T.; Shimizu, O.; Shiratsuchi, H.; Miyake, Y.; Yonehara, Y. Distribution of aquaporin-5, transforming
growth factor-B(1) and laminin during regeneration of atrophic rat submandibular glands after duct ligation.
J. Oral Sci. 2018, 60, 595-600. [CrossRef]

Aure, M.H.; Konieczny, S.F,; Ovitt, C.E. Salivary gland homeostasis is maintained through acinar cell
self-duplication. Dev. Cell 2015, 33, 231-237. [CrossRef]

Aure, M.H.; Arany, S.; Ovitt, C.E. Salivary Glands: Stem Cells, Self-duplication, or Both? J. Dent. Res. 2015,
94, 1502-1507. [CrossRef]

Li, X.; Azlina, A.; Karabasil, M.R.; Purwanti, N.; Hasegawa, T.; Yao, C.; Akamatsu, T.; Hosoi, K. Degradation
of submandibular gland AQP5 by parasympathetic denervation of chorda tympani and its recovery by
cevimeline, an M3 muscarinic agonist. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 295, G112-G123.
[CrossRef] [PubMed]

Endoh, T. Modulation of voltage-dependent calcium channels by neurotransmitters and neuropeptides in
parasympathetic submandibular ganglion neurons. Arch. Oral Biol. 2004, 49, 539-557. [CrossRef] [PubMed]
Proctor, G.B.; Carpenter, G.H. Regulation of salivary gland function by autonomic nerves. Auton. Neurosci.
2007, 133, 3-18. [CrossRef] [PubMed]

Nederfors, T.; Ericsson, T.; Twetman, S.; Dahlof, C. Effects of the betaadrenoceptor antagonists atenolol and
propranolol on human parotid and submandibular-sublingual salivary secretion. J. Dent. Res. 1994, 73, 5-10.
[CrossRef]

Baum, B.J. Principles of saliva secretion. Ann. N. Y. Acad. Sci. 1993, 694, 17-23. [CrossRef]


http://dx.doi.org/10.1007/s00424-003-1109-9
http://www.ncbi.nlm.nih.gov/pubmed/12838423
http://dx.doi.org/10.1006/bbrc.1999.1828
http://dx.doi.org/10.1016/j.ydbio.2008.10.015
http://dx.doi.org/10.1111/j.1600-0722.2009.00695.x
http://dx.doi.org/10.1007/s10735-011-9343-5
http://dx.doi.org/10.3892/mmr.2017.7282
http://dx.doi.org/10.1093/abbs/gmy023
http://www.ncbi.nlm.nih.gov/pubmed/29538612
http://dx.doi.org/10.1016/j.bbrc.2018.03.133
http://dx.doi.org/10.3892/ol.2018.8269
http://dx.doi.org/10.1096/fj.201802068RR
http://dx.doi.org/10.1016/S0040-8166(00)80002-6
http://dx.doi.org/10.1002/path.1711530407
http://dx.doi.org/10.1152/ajpgi.00408.2010
http://dx.doi.org/10.2334/josnusd.17-0491
http://dx.doi.org/10.1016/j.devcel.2015.02.013
http://dx.doi.org/10.1177/0022034515599770
http://dx.doi.org/10.1152/ajpgi.00359.2007
http://www.ncbi.nlm.nih.gov/pubmed/18450949
http://dx.doi.org/10.1016/j.archoralbio.2004.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15126136
http://dx.doi.org/10.1016/j.autneu.2006.10.006
http://www.ncbi.nlm.nih.gov/pubmed/17157080
http://dx.doi.org/10.1177/00220345940730010701
http://dx.doi.org/10.1111/j.1749-6632.1993.tb18338.x

Int. ]. Mol. Sci. 2020, 21, 1182 13 0f 15

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Yang, F.; Kawedia, ].D.; Menon, A.G. Cyclic AMP regulates aquaporin 5 expression at both transcriptional
and post-transcriptional levels through a protein kinase A pathway. J. Biol. Chem. 2003, 278, 32173-32180.
[CrossRef]

Chen, G,; Yao, C.; Hasegawa, T.; Akamatsu, T.; Yoshimura, H.; Hosoi, K. Effects of isoproterenol on aquaporin
5 levels in the parotid gland of mice in vivo. Am. ]. Physiol. Endocrinol. Metab. 2014, 306, E100-E108.
[CrossRef]

Matsuki, M.; Hashimoto, S.; Shimono, M.; Murakami, M.; Fujita-Yoshigaki, J.; Furuyama, S.; Sugiya, H.
Involvement of aquaporin-5 water channel in osmoregulation in parotid secretory granules. J. Membr. Biol.
2005, 203, 119-126. [CrossRef]

Beutler, B.; Rietschel, E.T. Innate immune sensing and its roots: The story of endotoxin. Nat. Rev. Immunol.
2003, 3, 169-176. [CrossRef]

Salman, M.M.; Sheilabi, M.A.; Bhattacharyya, D.; Kitchen, P.; Conne, A.C.; Bill, R.M.; Woodroofe, M.N.;
Conner, M.T,; Princivalle, A.P. Transcriptome analysis suggests a role for the differential expression of cerebral
aquaporins and the MAPK signalling pathway in human temporal lobe epilepsy. Eur. |. Neurosci. 2017, 46,
2121-2132. [CrossRef]

Yang, M.; Gao, F; Liu, H.; Yu, WH.; Zhuo, E; Qiu, G.P; Ran, J.H.; Sun, S.Q. Hyperosmotic induction of
aquaporin expression in rat astrocytes through a different MAPK pathway. J. Cell Biochem. 2013, 114, 111-119.
[CrossRef] [PubMed]

Stambe, C.; Nikolic-Paterson, D.J.; Hill, P.A.; Dowling, J.; Atkins, R.C. p38 Mitogen-activated protein
kinase activation and cell localization in human glomerulonephritis: Correlation with renal injury. J. Am.
Soc. Nephrol. 2004, 15, 326-336. [CrossRef] [PubMed]

Yao, C; Li, X,; Kwartarini, M.; Kosugi-Tanaka, C.; Akamatsu, T.; Kanamori, N.; Hosoi, K.
Lipopolysaccharide-induced elevation and secretion of interleukin-1beta in the submandibular gland
of male mice. Immunology 2005, 116, 213-222. [CrossRef] [PubMed]

Yao, C.; Karabasil, M.R.; Purwanti, N.; Li, X.; Akamatsu, T.; Kanamori, N.; Hosoi, K. Tissue kallikrein mK13
is a candidate processing enzyme for the precursor of interleukin-1beta in the submandibular gland of mice.
J. Biol. Chem. 2006, 281, 7968-7976. [CrossRef]

Yao, C.; Purwanti, N.; Karabasil, M.R.; Azlina, A.; Javkhlan, P.; Hasegawa, T.; Akamatsu, T.; Hosoi, T.;
Ozawa, K.; Hosoi, K. Potential down-regulation of salivary gland AQP5 by LPS via cross-coupling of
NF-kappaB and p-c-Jun/c-Fos. Am. . Pathol. 2010, 177, 724-734. [CrossRef]

Schiile, R.; Umesono, K.; Mangelsdorf, D.J.; Bolado, J.; Pike, ] W.; Evans, R.M. Jun-Fos and receptors for
vitamins A and D recognize a common response element in the human osteocalcin gene. Cell 1990, 61, 497-504.
[CrossRef]

Schiile, R.; Rangarajan, P; Yang, N.; Kliewer, S.; Ransone, L.].; Bolado, J.; Verma, I.M.; Evans, R.M. Retinoic
acid is a negative regulator of AP-1-responsive genes. Proc. Natl. Acad. Sci. USA 1991, 88, 6092-6096.
[CrossRef]

Stein, B.; Baldwin, A.S., Jr.; Ballard, D.W.; Greene, W.C.; Angel, P.; Herrlich, P. Cross-coupling of the NF-kappa
B p65 and Fos/Jun transcription factors produces potentiated biological function. EMBO . 1993, 12, 3879-3891.
[CrossRef]

Shyu, Y.J.; Suarez, C.D.; Hu, C.D. Visualization of AP-1 NF-kB ternary complexes in living cells by using a
BiFC-based FRET. Proc. Natl. Acad. Sci. USA 2008, 105, 151-156. [CrossRef]

Conner, M.T.; Conner, A.C.; Bland, C.E; Taylor, L.H.]J.; Brown, J.E.P,; Parri, H.R; Bill, R M. Rapid aquaporin
translocation regulates cellular water flow: Mechanism of hypotonicity-induced subcellular localization of
aquaporin 1 water channel. |. Biol. Chem. 2012, 287, 11516-11525. [CrossRef]

Kitchen, P; Day, R.E.; Taylor, L.H.J.; Salman, M.M; Bill, R M.; Conner, M.T.; Conner, A.C. Identification and
molecular mechanisms of the rapid tonicity-induced relocalization of the aquaporin 4 channel. J. Biol. Chem.
2015, 290, 16873-16881. [CrossRef] [PubMed]

Fushimi, K.; Uchida, S.; Hara, Y.; Hirata, Y.; Marumo, F.; Sasaki, S. Cloning and expression of apical membrane
water channel of rat kidney collecting tubule. Nature 1993, 361, 549-552. [CrossRef] [PubMed]

Kamsteeg, E.-].; Hendriks, G.; Boone, M.; Konings, I.B.M.; Oorschot, V.; van der Sluijs, P.; Klumperman, J.;
Deen, PM.T. Short-chain ubiquitination mediates the regulated endocytosis of the aquaporin-2 water channel.
Proc. Natl. Acad. Sci. USA 2006, 103, 18344-18349. [CrossRef]


http://dx.doi.org/10.1074/jbc.M305149200
http://dx.doi.org/10.1152/ajpendo.00317.2013
http://dx.doi.org/10.1007/s00232-005-0736-9
http://dx.doi.org/10.1038/nri1004
http://dx.doi.org/10.1111/ejn.13652
http://dx.doi.org/10.1002/jcb.24308
http://www.ncbi.nlm.nih.gov/pubmed/22886825
http://dx.doi.org/10.1097/01.ASN.0000108520.63445.E0
http://www.ncbi.nlm.nih.gov/pubmed/14747379
http://dx.doi.org/10.1111/j.1365-2567.2005.02212.x
http://www.ncbi.nlm.nih.gov/pubmed/16162270
http://dx.doi.org/10.1074/jbc.M507705200
http://dx.doi.org/10.2353/ajpath.2010.090282
http://dx.doi.org/10.1016/0092-8674(90)90531-I
http://dx.doi.org/10.1073/pnas.88.14.6092
http://dx.doi.org/10.1002/j.1460-2075.1993.tb06066.x
http://dx.doi.org/10.1073/pnas.0705181105
http://dx.doi.org/10.1074/jbc.M111.329219
http://dx.doi.org/10.1074/jbc.M115.646034
http://www.ncbi.nlm.nih.gov/pubmed/26013827
http://dx.doi.org/10.1038/361549a0
http://www.ncbi.nlm.nih.gov/pubmed/8429910
http://dx.doi.org/10.1073/pnas.0604073103

Int. ]. Mol. Sci. 2020, 21, 1182 14 0f 15

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Tornroth-Horsefield, S.; Wang, Y.; Hedfalk, K.; Johanson, U.; Karlsson, M.; Tajkhorshid, E.; Neutze, R.;
Kjellbom, P. Structural mechanism of plant aquaporin gating. Nature 2006, 439, 688-694. [CrossRef] [PubMed]
Fischer, G.; Kosinska-Eriksson, U.; Aponte-Santamaria, C.; Palmgren, M.; Geijer, C.; Hedfalk, K.; Hohmann, S.;
De Groot, B.L.; Neutze, R.; Lindkvist-Petersson, K. Crystal structure of a yeast aquaporin at 1.15 A reveals a
novel gating mechanism. PLoS Biol. 2009, 7, €1000130. [CrossRef] [PubMed]

Kalman, K. Németh-Cahalan, K.L; Froger, A.; Hall, J.E. Phosphorylation determines the
calmodulin-mediated Ca?* response and water permeability of AQPO. ]. Biol. Chem. 2008, 283, 21278-21283.
[CrossRef] [PubMed]

Fenton, R.A.; Moeller, H.B.; Hoffert, ].D.; Yu, M.].; Nielsen, S.; Knepper, M.A. Acute regulation of aquaporin-2
phosphorylation at Ser-264 by vasopressin. Proc. Natl. Acad. Sci. USA 2008, 105, 3134-3139. [CrossRef]
[PubMed]

Hoffert, ].D.; Fenton, R.A.; Moeller, H.B.; Simons, B.; Tchapyjnikov, D.; McDill, BW.; Yu, M.].; Pisitkun, T,;
Chen, F.; Knepper, M.A. Vasopressin-stimulated increase in phosphorylation at Ser269 potentiates plasma
membrane retention of aquaporin-2. J. Biol. Chem. 2008, 283, 24617-24627. [CrossRef]

Hoffert, ].D.; Nielsen, J.; Yu, M.].; Pisitkun, T.; Schleicher, S.M.; Nielsen, S.; Knepper, M.A. Dynamics of
aquaporin-2 serine-261 phosphorylation in response to short-term vasopressin treatment in collecting duct.
Am. |. Physiol. Ren. Physiol. 2007, 292, F691-F700. [CrossRef]

Nishimoto, G.; Zelenina, M.; Li, D.; Yasui, M.; Aperia, A.; Nielsen, S.; Nairn, A.C. Arginine vasopressin
stimulates phosphorylation of aquaporin-2 in rat renal tissue. Am. ]. Physiol. Ren. Physiol. 1999, 276,
F254-F259. [CrossRef]

Hasegawa, T.; Azlina, A.; Javkhlan, P,; Yao, C.; Akamatsu, T.; Hosoi, K. Novel phosphorylation of aquaporin-5
at its threonine 259 through cAMP signaling in salivary gland cells. Am. J. Physiol. Cell Physiol. 2011, 301,
C667-C678. [CrossRef] [PubMed]

Woo, J.; Chae, YK,; Jang, S.J.; Kim, M.S.; Baek, ].H.; Park, ]J.C.; Trink, B.; Ratovitski, E.; Lee, T.; Park, B.;
et al. Membrane trafficking of AQP5 and cAMP dependent phosphorylation in bronchial epithelium.
Biochem. Biophys. Res. Commun. 2008, 366, 321-327. [CrossRef] [PubMed]

Kosugi-Tanaka, C.; Li, X.; Yao, C.; Akamatsu, T.; Kanamori, N.; Hosoi, K. Protein kinase A-regulated
membrane trafficking of a green fluorescent protein-aquaporin 5 chimera in MDCK cells. Biochim. Biophys.
Acta Mol. Cell Res. 2006, 1763, 337-344. [CrossRef]

Kitchen, P; Oberg, F; Sjohamn, J.; Hedfalk, K.; Bill, R-M.; Conner, A.C.; Conner, M.T,; Térnroth-Horsefield, S.
Plasma membrane abundance of human aquaporin 5 is dynamically regulated by multiple pathways.
PLoS ONE 2015, 10, e0143027. [CrossRef]

Koffman, J.S.; Arnspang, E.C.; Marlar, S.; Nejsum, L.N. Opposing effects of cAMP and T259 phosphorylation
on plasma membrane diffusion of the water channel aquaporin-5 in madin-darby canine kidney cells.
PLoS ONE 2015, 10, e0133324. [CrossRef]

Biswas, R.; Ahn, J.C.; Moon, ].H.; Kim, J.; Choi, YH.; Park, S.Y.; Chung, P.S. Low-level laser therapy with
850nm recovers salivary function via membrane redistribution of aquaporin 5 by reducing intracellular
Ca(2+) overload and ER stress during hyperglycemia. Biochim. Biophys. Acta Gen. Subj. 2018, 1862, 1770-1780.
[CrossRef]

Moon, C.; Sidransky, D.; Gong, G.; Woo, J.; Soria, ].C.; Lee, J.; Kim, M.-].; Kim, M.S,; Jang, S.J.; Lee, S.K,; et al.
Expression of aquaporin 5 (AQP5) promotes tumor invasion in human non small cell lung cancer. PLoS ONE
2008, 3, e2162.

Woo, J.; Lee, J.; Kim, M.S.; Jang, S.J.; Sidransky, D.; Moon, C. The effect of aquaporin 5 overexpression on the
Ras signaling pathway. Biochem. Biophys. Res. Commun. 2008, 367, 291-298. [CrossRef]

Woo, J.; Lee, ].; Chae, Y.K.; Kim, M.S.; Baek, J.H.; Park, ].C.; Park, M.].; Smith, L.M.; Trink, B.; Ratovitski, E.;
et al. Overexpression of AQP5, a putative oncogene, promotes cell growth and transformation. Cancer Lett.
2008, 264, 54-62. [CrossRef]

Jung, H].; Park, ].Y.; Jeon, H.S.; Kwon, T.H. Aquaporin-5: A marker protein for proliferation and migration
of human breast cancer cells. PLoS ONE 2011, 6, €28492. [CrossRef]

Guo, X;; Sun, T.; Yang, M.; Li, Z.; Li, Z.; Gao, Y. Prognostic value of combined aquaporin 3 and aquaporin 5
overexpression in hepatocellular carcinoma. BioMed Res. Int. 2013, 2013, 206525. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature04316
http://www.ncbi.nlm.nih.gov/pubmed/16340961
http://dx.doi.org/10.1371/journal.pbio.1000130
http://www.ncbi.nlm.nih.gov/pubmed/19529756
http://dx.doi.org/10.1074/jbc.M801740200
http://www.ncbi.nlm.nih.gov/pubmed/18508773
http://dx.doi.org/10.1073/pnas.0712338105
http://www.ncbi.nlm.nih.gov/pubmed/18287043
http://dx.doi.org/10.1074/jbc.M803074200
http://dx.doi.org/10.1152/ajprenal.00284.2006
http://dx.doi.org/10.1152/ajprenal.1999.276.2.F254
http://dx.doi.org/10.1152/ajpcell.00058.2011
http://www.ncbi.nlm.nih.gov/pubmed/21633078
http://dx.doi.org/10.1016/j.bbrc.2007.11.078
http://www.ncbi.nlm.nih.gov/pubmed/18042467
http://dx.doi.org/10.1016/j.bbamcr.2006.02.005
http://dx.doi.org/10.1371/journal.pone.0143027
http://dx.doi.org/10.1371/journal.pone.0133324
http://dx.doi.org/10.1016/j.bbagen.2018.05.008
http://dx.doi.org/10.1016/j.bbrc.2007.12.073
http://dx.doi.org/10.1016/j.canlet.2008.01.029
http://dx.doi.org/10.1371/journal.pone.0028492
http://dx.doi.org/10.1155/2013/206525
http://www.ncbi.nlm.nih.gov/pubmed/24224160

Int. ]. Mol. Sci. 2020, 21, 1182 150f 15

72.

73.

74.

75.

76.

77.

Watanabe, T.; Fujii, T.; Oya, T.; Horikawa, N.; Tabuchi, Y.; Takahashi, Y.; Morii, M.; Takeguchi, N.; Tsukada, K.;
Sakai, H. Involvement of aquaporin-5 in differentiation of human gastric cancer cells. J. Physiol. Sci. 2009, 59,
113-122. [CrossRef] [PubMed]

Sung, K.K,; Young, K.C.; Woo, J.; Myoung, S.K.; Jong, C.P; Lee, J.; Soria, ].C.; Se, ].].; Sidransky, D.; Moon, C.
Role of human aquaporin 5 in colorectal carcinogenesis. Am. . Pathol. 2008, 173, 518-525.

Nakamachi, T.; Ohtaki, H.; Seki, T.; Yofu, S.; Kagami, N.; Hashimoto, H.; Shintani, N.; Baba, A.; Mark, L.;
Lanekoff, I; et al. PACAP suppresses dry eye signs by stimulating tear secretion. Nat. Commun. 2016, 7,
12034. [CrossRef]

Johansson, I.; Karlsson, M.; Shukla, V.K.; Chrispeels, M.].; Larsson, C.; Kjellbom, P. Water transport activity
of plasma membrane aquaporin PM28A is regulated by phosphorylation. Plant Cell 1998, 10, 451-459.
[CrossRef]

Rodrigues, C.; Moésca, A.F.; Martins, A.P.; Nobre, T.; Prista, C.; Antunes, F.; Gasparovic, A.C.; Soveral, G. Rat
aquaporin-5 is pH-gated induced by phosphorylation and is implicated in oxidative stress. Int. J. Mol. Sci.
2016, 17, 2090. [CrossRef]

Satoh, K.; Narita, T.; Matsuki-Fukushima, M.; Okabayashi, K.; Ito, T.; Senpuku, H.; Sugiya, H. E2f1-deficient
NOD/SCID mice have dry mouth due to a change of acinar/duct structure and the down-regulation of AQP5
in the salivary gland. Pfliigers Arch. Eur. ]. Physiol. 2013, 465, 271-281. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s12576-008-0017-3
http://www.ncbi.nlm.nih.gov/pubmed/19340551
http://dx.doi.org/10.1038/ncomms12034
http://dx.doi.org/10.1105/tpc.10.3.451
http://dx.doi.org/10.3390/ijms17122090
http://dx.doi.org/10.1007/s00424-012-1183-y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Expression and Localization of Salivary Gland Aquaporin 5 during Development, Differentiation, and Regeneration 
	Effects of the Autonomic Nervous System and Chemical Transmitters on Salivary Gland AQP5 
	Effects of Chorda Tympani Denervation and Administration of M3 Receptor Agonist on AQP5 in the Submandibular Gland 
	Effects of Isoproterenol on AQP5 in the Mouse Parotid Gland 

	Downregulation of Salivary Gland AQP5 by Lipopolysaccharide via Cross-Coupling of Transcription Factors 
	Post-Translational Modifications of AQP5 
	Phosphorylation Sites of AQP5 and Related Signals 
	Roles of cAMP-Dependent AQP5 Phosphorylation 
	Possibility for Phosphorylation-Regulated AQP5 Gating 
	Ubiquitination of AQP5 

	Conclusions 
	References

