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Abstract: Sorting nexin 27 (SNX27), a PDZ (Postsynaptic density-95/Discs large/Zonula occludens
1) domain-containing protein, cooperates with a retromer complex, which regulates intracellular
trafficking and the abundance of membrane proteins. Since the carboxyl terminus of aquaporin-2
(AQP2c) has a class I PDZ-interacting motif (X-T/S-X-Φ), the role of SNX27 in the regulation of AQP2
was studied. Co-immunoprecipitation assay of the rat kidney demonstrated an interaction of SNX27
with AQP2. Glutathione S-transferase (GST) pull-down assays revealed an interaction of the PDZ
domain of SNX27 with AQP2c. Immunocytochemistry of HeLa cells co-transfected with FLAG-SNX27
and hemagglutinin (HA)-AQP2 also revealed co-localization throughout the cytoplasm. When the
PDZ domain was deleted, punctate HA-AQP2 labeling was localized in the perinuclear region.
The labeling was intensively overlaid by Lysotracker staining but not by GM130 labeling, a cis-Golgi
marker. In rat kidneys and primary cultured inner medullary collecting duct cells, the subcellular
redistribution of SNX27 was similar to AQP2 under 1-deamino-8-D-arginine vasopressin (dDAVP)
stimulation/withdrawal. Cell surface biotinylation assay showed that dDAVP-induced AQP2
translocation to the apical plasma membrane was unaffected after SNX27 knockdown in mpkCCD
cells. In contrast, the dDAVP-induced AQP2 protein abundance was significantly attenuated without
changes in AQP2 mRNA expression. Moreover, the AQP2 protein abundance was markedly declined
during the dDAVP withdrawal period after stimulation under SNX27 knockdown, which was
inhibited by lysosome inhibitors. Autophagy was induced after SNX27 knockdown in mpkCCD cells.
Lithium-induced nephrogenic diabetes insipidus in rats revealed a significant downregulation of
SNX27 in the kidney inner medulla. Taken together, the PDZ domain-containing SNX27 interacts
with AQP2 and depletion of SNX27 contributes to the autophagy-lysosomal degradation of AQP2.

Keywords: aquaporin-2; lysosomal degradation; retromer complex; sorting nexin 27

1. Introduction

Aquaporin-2 (AQP2) is a water channel protein expressed in the kidney connecting tubule
and collecting ducts and plays an essential role in vasopressin-induced water reabsorption and
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urinary concentration [1–4]. A number of studies demonstrated that dysregulation of AQP2 plays
a critical role in water balance disorders, e.g., nephrogenic diabetes insipidus (NDI) and systemic
water retention [5,6]. AQP2 is regulated by vasopressin on a short-term or a long-term basis for
collecting duct water reabsorption. Short-term regulation is dependent on the translocation of AQP2
from subapical vesicles to the apical plasma membrane, associated with phosphorylation of the serine
residues (serine 256, serine 264, and serine 269) in the carboxyl terminus of AQP2 (AQP2c) [1,7–9].
Long-term regulation is based on the prolonged half-life of AQP2 protein and the induction of Aqp2
gene transcription [2,6,10,11].

The AQP2c is subjected to post-translational modification, e.g., phosphorylation and
ubiquitination [6,12–14]. In particular, the last four-amino acid sequence in the AQP2c (residues 268–271)
corresponds to a class I PDZ (Postsynaptic density-95/Discs large/Zonula occludens 1) domain-binding
motif [X-(S/T)-X-Φ, where X is any amino acid and Φ is any hydrophobic residue] [15–18]. A previous
study revealed that signal-induced proliferation-associated gene-1 (SPA-1) is a PDZ domain-containing
protein that mediates AQP2 trafficking to the apical plasma membrane [15]. Depletion of SPA-1 reduced
apical AQP2 expression, indicating that SPA-1 is likely to be directly bound to AQP2 and regulates
AQP2 trafficking [15]. Moreover, signal-induced proliferation-associated 1 like 1 (Sipa1I1), another
PDZ domain-containing protein, mediates AQP2 endocytosis in the absence of vasopressin [19].

The retromer complex is a crucial component of the endosomal protein sorting machinery [20–22].
The complex is composed of the cargo-selective trimer Vps26-Vps29-Vps35 (hVps26, hVps29,
and hVps35 in human) and the membrane-associated heterodimer of two sorting nexin (SNX) proteins
Vps5-Vps17 (SNX1 and SNX2 in human) [20]. In mammals, the retromer complex is recruited to
endosomes, where it facilitates cargo retrieval from endosomes to the trans Golgi network. Moreover,
the retromer complex contributes to the cargo sorting in the early endosomes before cargo delivery
to several intracellular compartments, including the recycling of membrane proteins to the plasma
membrane. We previously demonstrated that vacuolar protein sorting-associated protein 35 (Vps35)
interacts with the AQP2c, and the depletion of Vps35 was associated with decreased AQP2 trafficking
and increased lysosomal degradation of AQP2 [23]. Consistently, a recent study also demonstrated
that AQP2 accumulated in the recycling endosomes without apical AQP2 trafficking in response to
Vps35 knockdown [24].

The sorting nexins belong to a family of proteins characterized by the presence of a PX (Phox
homology) domain. They are expressed throughout the endosomal system, participating in several
trafficking pathways [25]. Among the sorting nexins, sorting nexin 27 (SNX27) is the only member
having a PDZ domain and is one of three sorting nexins containing an atypical FERM (C-terminal
4.1/ezrin/radixin/moesin)-like domain [26]. Previous studies have shown that SNX27 cooperates with
the retromer complex by interacting directly with the retromer subunit Vps26 of the Vps26:Vps29:Vps35
trimer and plays a role in the regulation of endosomal recycling and protein abundance [27–29]. SNX27
was known to interact with transmembrane proteins containing Asn-Pro-Xaa-Tyr (NPxY) sequences
and also with the transmembrane proteins having the class I PDZ domain-binding motifs [X-(S/T)-X-Φ]
through its PDZ domain [30]. After interacting with target transmembrane proteins having the
PDZ domain-binding motif, SNX27 cooperates with the retromer complex, preventing the entry
of transmembrane proteins into the lysosomal pathway, and activating the retromer-tubule-based
recycling to the plasma membrane [31]. Since AQP2c has a class I PDZ domain-binding motif,
we hypothesized that SNX27 interacts with AQP2c through its PDZ domain, and regulates intracellular
trafficking as well as the protein abundance of AQP2. The aim of the present study was, therefore,
to examine the role of SNX27 in the vasopressin-mediated regulation of AQP2 in the kidney collecting
duct cells, which provides new insights into the AQP2 regulatory mechanism.
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2. Materials and Methods

2.1. cDNA Construction of Rat SNX27

The SNX27 gene was amplified by PCR using primers from the cDNA (complementary DNA) of
rat kidney inner medulla (Table 1). The amplified PCR products were cloned into the pGEX-4T-1 and
p3XFLAG-CMV-10 vectors. cDNA constructs of SNX27 were generated according to the endonuclease
recognition sites (Figure 1E) [32]: SNX27-full length (1–539 amino acids), SNX27 lacking PX and
FERM domains [(SNX27-∆(PX+FERM), 1–156 amino acid residue], SNX27 lacking an FERM domain
[(SNX27-∆FERM), 1–266 amino acid residue], and SNX27 lacking a PDZ domain [(SNX27-∆PDZ),
158–539 amino acid residue]. These constructs were cloned into the BamHI and XhoI site of the
pGEX-4T-1 vector and HindIII of the p3XFLAG-CMV-10 vector. The final constructs were confirmed by
Sanger sequencing (Macrogen, Korea).

Figure 1. Co-immunoprecipitation of aquaporin-2 (AQP2) and sorting nexin 27 (SNX27). (A,B)
Immunoblotting of AQP2 in pull-down samples from rat kidney inner medulla tubule suspension using
pre-immune immunoglobulin G (IgG) of mouse (mIgG), Dynabead M-280 with anti-SNX27 antibody,
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pre-immune IgG of rabbit (rIgG), or Dynabead M-280 with anti-AQP2 antibody, respectively. (C,D)
Immunoblotting of SNX27 in pull-down samples from rat kidney inner medulla tubule suspension
using pre-immune IgG of mouse (mIgG), Dynabead M-280 with anti-SNX27 antibody, pre-immune IgG
of rabbit (rIgG), or Dynabead M-280 with anti-AQP2 antibody, respectively. (E) Immunoblotting of
vacuolar protein sorting-associated protein 35 (Vps35) in pull-down samples from rat kidney inner
medulla tubule suspension using pre-immune IgG of rabbit (rIgG) or Dynabead M-280 with anti-SNX27
antibody, respectively. (F) Human Embryonic Kidney 293T (HEK293T) cells were transiently expressed
with hemagglutinin (HA)-tagged AQP2 (full length) plasmid alone or both HA-tagged AQP2 (full length)
and FLAG-tagged SNX27 (full length) plasmid. Immunoblotting of AQP2 and SNX27. In the control
condition (Con), cells were transfected only with p3XFLAG-CMV-10 and pcDNA3.1-HA. (G) Cell
lysates were immunoprecipitated with anti-HA antibody and immunoblotted with anti-AQP2 antibody
and anti-SNX27 antibody. (H) Schematic representation of SNX27 constructs. (I) Immunoblotting
using anti-glutathione S-transferase (GST) antibody after purification of GST-tagged SNX27 constructs.
(J) Immunoblotting using anti-AQP2 antibody after purification of histidine (His)-tagged carboxyl
terminus of AQP2 (AQP2c). (K,L) GST-SNX27 fusion proteins were incubated with His-tagged AQP2c
proteins and precipitated using Glutathione Sepharose 4B beads. Precipitates were immunoblotted
with anti-glutathione S-transferase (GST) or anti-AQP2 antibody.

Table 1. Primer sequences.

Construct pGEX-4T-1 Vector Primer
Sequence (5′-3′)

p3XFLAG-CMV-10 Vector Primer
Sequence (5′-3′)

SNX-Full Length F GGTTCCGCGTGGATCC
ATGGCGGACGAGGACGGG

TGACGATGACAAGCTT
ATGGCGGACGAGGACGGG

R GATGCGGCCGCTCGA
GCTAGGTGGCCACATCCCT

TCGCGGCCGCAAGCT
TCTAGGTGGCCACATCCCT

SNX27-∆(PX+FERM) F GGTTCCGCGTGGATCCA
TGGCGGACGAGGACGGG

TGACGATGACAAGCTTAT
GGCGGACGAGGACGGG

R GATGCGGCCGCTCGAGCTAT
GTGTAATCATAAAATGATTG

TCGCGGCCGCAAGCTTCTATGTGT
AATCATAAAATGATTGTCCCAAG

SNX27-∆FERM
F GGTTCCGCGTGGATCCA

TGGCGGACGAGGACGGG
TGACGATGACAAGCTTA

TGGCGGACGAGGACGGG

R GATGCGGCCGCTCGAGCTA
ATTCTCATCAGATTCTGACAG

TCGCGGCCGCAAGCTTCTAAT
TCTCATCAGATTCTGACAGGAAC

SNX27-∆PDZ
F GGTTCCGCGTGGATCCA

AGCAAGCAGTGCCCATA
TGACGATGACAAGCTTAT

GAAGCAAGCAGTGCCCATA

R GATGCGGCCGCTCGAG
CTAGGTGGCCACATCCCT

TCGCGGCCGCAAGCTT
CTAGGTGGCCACATCCCT

2.2. Purification of Recombinant SNX27 Protein

Escherichia coli strain BL21 (DE3) was transformed for protein expression of pGEX-4T-1-rat
SNX27-full length, pGEX-4T-1-rat SNX27-∆(PX+FERM), pGEX-4T-1-rat SNX27-∆FERM, and pGEX-4T-1
-rat SNX27-∆PDZ, respectively. Transformed E. coli BL21 cells were inoculated in 200 mL of Luria-Bertani
(LB) broth with 100 mg/mL ampicillin at 37 ◦C for 3 h and protein expression was induced by the
addition of isopropyl β-d-1-thiogalactopyranoside (IPTG, 1 mM) at 18 ◦C overnight. After induction,
E. coli BL21 cells were harvested by centrifugation (4000× g, 20 min, 4 ◦C). The pellet was resuspended
in GST (glutathione S-transferase) binding buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
and 1.8 mM KH2PO4, pH 7.3) containing 0.5% Triton X-100 and protease inhibitor (100 mM PMSF,
0.4 µg/mL Leupeptin, and 0.1 mg/mL Pefabloc) and disrupted by sonication on ice. The supernatant
separated by centrifugation (13,200 rpm, 30 min, 4 ◦C) was applied to 500 µL of Glutathione Sepharose
4B beads (GE Healthcare) at room temperature for 30 min. After washing six times with 2.5 mL of GST
binding buffer, proteins bound to the resin were eluted three times with 500 µL of GST elution buffer
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(50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0). Following elution, proteins were examined by
immunoblotting performed on BoltTM 4–12% Bis-Tris Plus Gels (Thermo Fisher Scientific, Waltham,
MA). The calculated mass of each GST-bound protein of pGEX-4T-1-rat SNX27-full length was ~85 kDa,
pGEX-4T-1-rat SNX27-∆(PX+FERM) was ~43 kDa, pGEX-4T-1-rat SNX27-∆FERM was ~55 kDa,
and pGEX-4T-1-rat SNX27-∆PDZ was ~68 kDa, all of which were confirmed by immunoblotting using
GST antibody (91G1, 1:1000, Cell Signaling, Danvers, MA, USA, Figure 1F).

2.3. Purification of Recombinant His6X-FLAG-AQP2c Fusion Protein

Recombinant AQP2c was made in Escherichia coli BL21 (DE3) by exploiting a pET32
TrxA fusion system, as we previously demonstrated [23]. E. coli BL21 cells transformed with
pET32aM-His6X-FLAG-AQP2c vector [23] were inoculated in 200 mL of LB broth with 100 mg/mL
ampicillin. After incubation at 37 ◦C for 3 h, the protein expression was induced by isopropyl
β-d-1-thiogalactopyranoside (IPTG, 1 mM) at 18 ◦C overnight. The cells were harvested, and the pellet
was sonicated [23]. The soluble fraction of the lysates was separated by centrifugation (12,000 rpm,
10 min, 4 ◦C) and applied to Ni-NTA agarose (QIAGEN, Hilden, Germany) at 4 ◦C for 30 min.
The agaroses were washed by washing buffer (20 mM Tris·HCl, 500 mM NaCl, 10 mM imidazole,
pH 8.0) and the bound proteins were eluted three times by 500 µL of elution buffer (20 mM Tris·HCl,
500 mM NaCl, 250 mM imidazole, pH 8.0) after incubation at room temperature for 10 min.

2.4. Interaction of Recombinant SNX27 Proteins and AQP2c Protein In Vitro

The purified recombinant SNX27 proteins were poured into Poly-Prep Chromatography Columns
(BioRad, Hercules, CA, USA) filled out with 500 µL of Glutathione Sepharose 4B beads. Interactions
between recombinant SNX27 proteins and beads were carried out at 4 ◦C for 30 min. The beads were
washed five times with 2 mL of GST binding buffer and the purified recombinant His6X-FLAG-AQP2c
proteins were applied to columns at 4 ◦C for 20 h. The bound proteins were kept at room temperature
for 15 min and then washed four times with the same buffer. The proteins bound to the beads were
eluted three times after incubation at room temperature for 10 min with 500 µL of GST elution buffer
each time.

2.5. Co-Immunoprecipitation

The animal protocols were approved by the Animal Care and Use Committee of Kyungpook
National University (KNU 2012-10). For the immunoprecipitation experiments, inner medullary
collecting duct (IMCD) tubules were prepared from rat kidneys [23,33,34]. Briefly, the inner medulla
(IM) was isolated from male Sprague-Dawley rats (200–250 g, Charles River, Seongnam, Korea),
and was dissected, minced, and digested in IMCD suspension buffer (250 mM sucrose and 10 mM
triethanolamine, pH 7.4) containing collagenase B (3 mg/mL) and hyaluronidase (2 mg/mL). The IMCD
tubule suspension was then continuously agitated in a water bath at 37 ◦C for 90 min. Thereafter,
the IMCD tubule suspension was centrifuged at 60× g for 30 s to separate the IMCD-enriched fraction
(pellet) and the non-IMCD fraction (supernatant). The IMCD-enriched fraction was collected and lysed
using ice-cold immunoprecipitation (IP) lysis buffer (87787, Thermo Fisher Scientific) with protease
inhibitors and was incubated on ice for 5 min. The lysates were centrifuged at 13,000× g for 10 min
to remove the cell debris at 4 ◦C and supernatant was used for the co-immunoprecipitation analysis.
Magnetic beads (Dynal M-280, Thermo Fisher Scientific) were resuspended, transferred to tubes,
and washed three times with phosphate-buffered saline (PBS). Anti-rabbit normal immunoglobulin G
(IgG) (sc-2027, Santa Cruz Biotechnology, Dallas, TX), anti-mouse normal IgG (sc-2025, Santa Cruz
Biotechnology), anti-AQP2 (host: rabbit, AB3274, Merck Millipore, Burlington, MA), and anti-SNX27
(host: mouse, ab77799, abcam, Cambridge, UK) antibodies were added to the washed beads, respectively.
The mixture of antibody-beads and IMCD lysate was shaken and incubated with a slow rotator
overnight at 4 ◦C. After washing, 1X sample buffer containing dithiothreitol (DTT) was added and
incubated for 30 min at 65 ◦C. Samples were collected by a magnetic pull-down. For an additional



Cells 2020, 9, 1208 6 of 26

immunoprecipitation assay of SNX27 and Vps35 in the rat kidney IMCD tubule suspension, anti-SNX27
(host: rabbit, NBP1-45283, Novus Biologicals, Centennial, CO) and anti-Vps35 antibody (host: mouse,
sc-374372, Santa Cruz Biotechnology) were used.

HEK293T cells were cultured in high glucose Dulbecco’s modified eagle’s medium (DMEM-high
glucose, HyClone, Logan, UT) with 0.1% penicillin-streptomycin and 10% heat-inactivated fetal bovine
serum (FBS). Cells were seeded on a 100-mm culture dish, and when they reached 80–90% confluency,
cells were transfected with p3XFLAG-CMV-10 (5 µg) and pcDNA3.1-HA (5 µg) for the control condition
or p3XFLAG-CMV-10-SNX27 (5 µg) and pcDNA3.1-HA-AQP2 (5 µg) using Lipofectamine 2000 reagent
in DMEM-high glucose media with 10% FBS. After 4 h of transfection, the medium was changed to
DMEM-high glucose with 0.1% penicillin-streptomycin and 10% FBS and cultured for 24 h. Cells were
harvested by centrifugation at 1500 rpm for 3 min. Cell pellets were lysed using ice-cold IP lysis
buffer (87787, Thermo Fisher Scientific) with protease inhibitors (1.15 mM PMSF, 0.4 µg/mL Leupeptin,
0.1 mg/mL Pefabloc) and incubated on ice for 5 min. The lysates were centrifuged at 13,000× g for
10 min to remove the cell debris at 4 ◦C and the supernatant was applied to the co-immunoprecipitation
analysis. Anti-AQP2 (host: rabbit, AB3274, Merck Millipore, Burlington, MA) and anti-SNX27 antibody
(host: mouse, ab77799, abcam) were added to the washed magnetic beads (Dynal M-280, Thermo
Fisher Scientific), respectively. The mixture of antibody-HEK293T cell supernatant-bead was rotated
slowly by the rotator overnight at 4 ◦C. After washing, 1X sample buffer containing DTT was added
and incubated for 30 min at 65 ◦C. Samples were collected by magnetic pull-down.

2.6. Immunofluorescence Microscopy and Quantification of Co-Localization

Immunofluorescence analysis was performed on cultured cells and kidney tissue sections
from paraffin-embedded preparations (2 um thickness), as previously described [33,35]. For double-
immunolabeling of AQP2 and SNX27 on kidney sections, deparaffinized sections were incubated
with rabbit anti-AQP2 polyclonal antibody (1:200, AB3274, Merck Millipore), and mouse anti-SNX27
monoclonal antibody (1:200, ab77799, abcam) followed by Alexa Fluor 488-conjugated goat anti-rabbit
IgG or Alexa Fluor 594-conjugated goat anti-mouse IgG. Immunofluorescence microscopy was
performed using a laser scanning confocal microscope (Zeiss LSM 800; Jena, Germany).

To examine the interaction between PDZ domain-containing SNX27 and PDZ domain-binding
motif-containing AQP2, we performed double-immunolabeling of the FLAG-tagged SNX27 and
HA-tagged AQP2 in HeLa cells. HeLa cells were cultured in DMEM supplied with 10% FBS at
37 ◦C in a 5% CO2 incubator and transfected with Lipofectamine 2000 reagent for FLAG-tagged
SNX27 truncated constructs and HA-tagged AQP2. For double-immunolabeling of HA-AQP2 and
FLAG-SNX27, cells were incubated with mouse anti-HA antibody (1:200, 2367S, Cell signaling),
and rabbit-anti FLAG antibody (1:200, 14793, Cell signaling), followed by Alexa Fluor 488-conjugated
goat anti-rabbit IgG or Alexa Fluor 647-conjugated goat anti-mouse IgG. For the staining of intracellular
lysosomes, HeLa cells were stained with Lysotracker Red DND-99 (1 µM, L7528, Molecular Probes) for
1 h before immunolabeling of HA-tagged AQP2. For double labeling of AQP2 and the Golgi structure,
mouse anti-HA antibody (1:200, 2367S, Cell signaling) and rabbit-anti GM130 antibody (1:200, ab52649,
abcam), a cis-Golgi marker [36], were used. As previously demonstrated [37], a quantitative analysis
of co-localization was performed on the confocal sections showing maximum signals of SNX27, AQP2,
Lysotracker, GM130, GFP, and RFP using Image J (NIH). JACoP (Just another co-localization plugin)
was used to calculate the Pearson’s coefficient (https://imagej.nih.gov/ij/plugins/track/jacop2.html).

2.7. Primary Culture of Inner Medullary Collecting Duct (IMCD) Cells from the Rat Kidney

The animal protocols were approved by the Animal Care and Use Committee of Kyungpook
National University (KNU 2012-10). Primary cultures enriched in IMCD cells were prepared from
pathogen-free male Sprague-Dawley rats (200–250 g, Charles River, Seongnam, Korea), as we previously
demonstrated [23,33].

https://imagej.nih.gov/ij/plugins/track/jacop2.html
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2.8. Real-Time Quantitative PCR

mpkCCDc14 cells were transfected with control-siRNA or SNX27-siRNA (50 nM) using a reverse
transfection method and grown on semi-permeable filters of 6-well transwell plates for 9 days [38].
Total RNA purification was performed by Direct-zolTM RNA MiniPrep (Zymo Research, Irvine, CA),
according to the manufacturer’s instruction, and cDNAs were synthesized using 1 ug of total RNA by
the Prime Script cDNA Synthesis kit (Takara Shuzo Co., Otsu, Shiga, Japan). The relative expression
of the AQP2 and SNX27 mRNA was determined by real-time quantitative PCR (RT-qPCR), using a
QuantiTect SYBR Green PCR Kit (QIAGEN), respectively. The PCR reaction was performed at 95 ◦C for
10 min followed by 30 cycles at 95 ◦C for 15 s, 58 ◦C for 30 s, and 72 ◦C for 30 s. β-actin was used as an
internal control, and the threshold was set by 0.02 to determine the threshold cycle (Ct) value. The fold
enrichment was calculated as 2−[∆Ct(AQP2 or SNX27)−∆Ct(β-actin)]. RT-qPCR of mRNA was carried out
using Rotor-Gene-A (QIAGEN), and each sample was tested in duplicate. Primers of mRNA were
designed by Origene and purchased from Cosmogenetech (Seoul, Korea).

2.9. Semiquantitative Immunoblotting in mpkCCDc14 Cells with SNX27 Knockdown

To examine the effects of SNX27 knockdown on the 1-deamino-8-d-arginine vasopressin
(dDAVP)-induced changes in AQP2 protein abundance, mpkCCDc14 cells transfected with
SNX27-siRNA (50 nM) using Dharmafect (Dharmacon, Lafayette, CO, USA) were seeded on
semipermeable filters of the Transwell system (0.4-µm pore size, Transwell® Permeable Supports,
catalog no. 3450, Corning, CORNING, NY, USA) for 7 days until polarization and then incubated in
serum-free and hormone-deprived medium for another 24 h before dDAVP treatment. Then, dDAVP
(10−9 M, Sigma, St. Louis, MO, USA) was applied to the basolateral side of mpkCCDc14 cells for
the last 24 h. To examine the effects of chloroquine, bafilomycin, or MG-132 treatment on AQP2
protein abundance during the withdrawal period of dDAVP stimulation under the SNX27 knockdown,
mpkCCDc14 cells were treated with vehicle or chloroquine (10−4 M, Sigma, a blocker of the lysosomal
pathway of protein degradation), bafilomycin (10−7 M, BD, Franklin Lakes, NJ, USA; a blocker of the
lysosomal pathway), or MG-132 (10−4 M, Calbiochem, San Diego, CA, USA; an inhibitor of proteasomal
degradation) in the hormone-deprived medium for 3 h during the withdrawal period of dDAVP
stimulation. Changes in the protein abundance of AQP2, SNX27, and LC3 (#2775, Cell Signaling) were
analyzed by semiquantitative immunoblotting, as we previously demonstrated [23,33,39].

2.10. Cell Surface Biotinylation Assay

Cell surface biotinylation was done in mpkCCDc14 cells, as we described previously [33].
mpkCCDc14 cells were washed with ice-cold PBS-CM (10 mM PBS containing 1 mM CaCl2 and
0.1 mM MgCl2, pH 7.5) and treated for 45 min at 4 ◦C in ice-cold biotinylation buffer (10 mM
triethanolamine, 2 mM CaCl2, 125 mM NaCl, pH 8.9) containing 1 mg/mL sulfosuccinimidyl
2-(biotinamido)-ethyl-1,3-dithiopropionate (Sulfo-NHS-SS-biotin, Thermo Scientific, Rockford, IL, USA)
on the apical side. Cells were then washed with quenching buffer (50 mM Tris-HCl in PBS-CM, pH 8.0),
followed by washes with PBS-CM. Lysis buffer (150 mM NaCl, 5 mM ethylenediaminetetraacetic acid
(EDTA), 50 mM Tris-HCl, 1% Triton X-100, 1.15 mM PMSF, 0.4 µg/mL Leupeptin, 0.1 mg/mL Pefabloc,
0.1 µM okadaic acid, 1 mM Na3VO4, and 25 mM NaF) was added and lysates were sonicated for 7 s at
20% of the amplitude twice. Lysates were centrifuged at 10,000× g for 5 min at 4 ◦C. The supernatant
was transferred to columns where Neutravidin agarose resin (200 µL) had been loaded (Thermo
Scientific) and incubated overnight at 4 ◦C. After being washed with PBS containing protease inhibitors,
1X sample buffer containing DTT was added to the column and samples were incubated for 60 min at
room temperature. Samples were heated at 65 ◦C for 10 min.
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2.11. Lithium-Induced Nephrogenic Diabetes Insipidus in Rats

The animal protocols were performed in accordance with the Danish National Guidelines for the
care and handling of animals. The protocols were approved by the Institute of Clinical Medicine, Aarhus
University, according to the licenses for the use of experimental animals issued by the Danish Ministry
of Justice (Approval no. 2015-15-0201-00658). The study was performed on male Sprague-Dawley
rats, weighing 175–215 g. Rats were housed with a 12:12-h light-dark cycle, a temperature of 21 ± 2 ◦C,
and a humidity of 55 ± 2%. The rats had free access to standard rat chow (Altromin, Lage, Germany)
and water during the experiment. The rats used as controls were fed an unsupplemented standard
rat chow for 14 days (n = 8). Lithium-treated rats were fed a standard diet where lithium chloride
(LiCl; Sigma-Aldrich, Copenhagen, Denmark) was added in a concentration of 40 mmol/kg dry food
for 14 days (n = 10). This concentration of LiCl in the food results in a level of serum lithium at
therapeutic levels [40]. After 14 days, the rats were sacrificed, and the kidneys were removed and
prepared for semiquantitative immunoblotting and immunohistochemistry [40]. These male rats were
used in our previous study, and the functional data after the lithium treatment were published [40].
For immunolabeling, the removed kidneys were fixed in 4% paraformaldehyde, embedded in paraffin,
and processed for immunoperoxidase labeling, as previously described [41]. Sections were incubated
with mouse anti-SNX27 monoclonal antibody (ab77799, abcam) at 4 ◦C overnight, then incubated for
one hour with horseradish peroxidase-conjugated secondary antibody (polyclonal goat anti-mouse IgG
(P447, Dako, Glostrup, Denmark). Conventional light microscopy was performed using an Olympus
BX50 microscope and CellSens Imaging software (Olympus).

2.12. Statistical Analysis

Values are presented as means ± SE. Comparisons were made by the unpaired t-test (between two
groups) or by one-way ANOVA followed by Bonferroni’s multiple-comparison test (more than two
groups). Multiple comparisons tests were only applied when a significant difference was determined
by ANOVA. P values of <0.05 were considered significant.

3. Results

3.1. Interaction between AQP2 and SNX27

To examine the endogenous interaction between AQP2 and SNX27, we performed
immunoprecipitation assay from a rat kidney IMCD tubule suspension. Immunoblot analysis
demonstrated that AQP2 was detected in pull-down samples using an anti-SNX27 mouse monoclonal
antibody (Figure 1A) or an anti-AQP2 rabbit polyclonal antibody (Figure 1B). In the control experiments,
AQP2 was not detected in the pull-down samples using pre-immune IgG of a normal mouse or rabbit
(Figure 1A,B). Immunoblot analysis with an anti-SNX27 antibody also detected SNX27 in the pull-down
samples using an anti-SNX27 mouse monoclonal antibody (indicated by an arrow in Figure 1C) or
anti-AQP2 rabbit polyclonal antibody (indicated by an arrow in Figure 1D), indicating that AQP2 and
SNX27 formed a complex in the kidney IMCD. In the control experiments, SNX27 was not detected in
the pull-down samples using pre-immune IgG of a normal mouse or rabbit (Figure 1C,D). Additionally,
immunoblot analysis with an anti-Vps35 antibody detected Vps35 in the pull-down samples using an
anti-SNX27 rabbit antibody (indicated by an arrow in Figure 1E).

Interaction between AQP2 and SNX27 was also demonstrated in HEK293T cells. A plasmid of the
AQP2 cDNA (full length) that was aligned in-frame with an HA sequence and a plasmid of the SNX27
cDNA (full length) aligned in-frame with a 3XFlag sequence were constructed. Then, HEK293T cells
were transiently expressed with either HA-tagged AQP2-full length or HA-tagged AQP2-full length
and FLAG-tagged SNX27-full length. Immunoblot analysis of the total cell lysates demonstrated that
AQP2 or both AQP2 and SNX27 were identified in the cells expressing either HA-tagged AQP2-full
length or HA-tagged AQP2-full length and FLAG-tagged SNX27-full length, respectively (Figure 1F).
In the pull-down samples using an anti-HA mouse monoclonal antibody, both AQP2 and SNX27 were
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identified in the cells expressing both HA-tagged AQP2-full length and FLAG-tagged SNX27-full
length (Figure 1G), further indicating a complex formation between AQP2 and SNX27.

To determine which domain of SNX27 interacts with the carboxyl terminus of AQP2 (AQP2c)
directly, we conducted an in vitro pull-down assay. GST-SNX27 constructs (SNX27-Full Length,
SNX27-∆(PX+FERM), SNX27-∆FERM, and SNX27-∆PDZ) were generated (Figure 1H). The purified
recombinant GST-fusion SNX27 proteins were subjected to the interaction with the purified recombinant
His6X-Flag-AQP2c protein in Poly-Prep Chromatography Columns (BioRad) and eluted proteins were
confirmed by immunoblotting of GST and AQP2 (Figure 1I,J). In Figure 1K,L, the GST pull-down
assays revealed that the recombinant SNX27 proteins having the PDZ domain (SNX27-Full Length,
SNX27-∆(PX+FERM), SNX27-∆FERM) were well detected by the AQP2 antibody (Figure 1L). In contrast,
SNX27 protein lacking the PDZ domain (SNX27-∆PDZ) was not readily detected by the AQP2 antibody
(Figure 1L), although the loading concentration of protein (i.e., the density of GST immunoblot) was
higher than others in the GST pull-down (Figure 1K). The findings indicated that the PDZ domain of
SNX27 directly interacted with AQP2c, which has the PDZ domain-binding motif.

3.2. Immunocytochemistry and Immunohistochemistry of AQP2 and SNX27 in HeLa Cells and Rat Kidneys

Based on the interaction between PDZ domain-containing SNX27 and PDZ domain-binding
motif-containing AQP2, we examined the intracellular localization of FLAG-tagged SNX27 and
HA-tagged AQP2 in HeLa cells (Figure 2). Both FLAG-tagged SNX27 constructs (SNX27-Full
Length, SNX27-∆(PX+FERM), SNX27-∆FERM, and SNX27-∆PDZ, respectively) and HA-tagged
AQP2 constructs were transiently transfected into HeLa cells and immunocytochemistry of FLAG
and HA was done. Immunolabeling using antibodies against tagged proteins (FLAG and HA) was
performed to exclude the localization of endogenous expression of SNX27 in HeLa cells. In the control
experiments, laser scanning immunofluorescence confocal microscopy revealed no immunolabeling
of FLAG and HA in the HeLa cells transiently transfected with SNX27-full length and HA-tagged
AQP2 constructs (negative control in Figure 2A–C). Immunocytochemistry demonstrated that AQP2
co-localized with SNX27-full length (Figure 2D–F). Specifically, immunolabeling of FLAG-tagged
SNX27 (SNX-Full Length, SNX27-∆(PX+FERM), and SNX27-∆FERM) was dispersed throughout the
cytoplasm in HeLa cells, where HA-tagged AQP2 was co-localized (Figure 2D–L). In contrast, when the
PDZ domain was deleted (SNX27-∆PDZ), FLAG-tagged SNX27 and HA-tagged AQP2 revealed a
different pattern: Both were observed in a punctate pattern, and more eccentrically localized in the
perinuclear region of the HeLa cells (Figure 2M–O). Co-localization of SNX and AQP2 was analyzed by
calculation of the Pearson’s coefficient. The Pearson’s coefficient of FLAG and HA signals was similar
in all four groups (Figure 2P).

To further determine the subcellular localization of the observed punctate HA-tagged AQP2
labeling in HeLa cells transfected with both FLAG-tagged SNX27 (SNX27-∆PDZ) and HA-tagged
AQP2 constructs, cells were stained with Lysotracker, a lysosome marker, or were immunolabeled
with anti-GM130 antibody, a cis-Golgi marker. FLAG-tagged SNX27 constructs (SNX27-Full Length,
SNX27-∆(PX+FERM), SNX27-∆FERM, and SNX27-∆PDZ, respectively) and HA-tagged AQP2
constructs were transiently transfected into HeLa cells. HeLa cells were stained with Lysotracker for 1 h
before the immunolabeling of HA. The results showed that HA labeling (i.e., AQP2) was not or weakly
overlaid by Lysotracker staining in the cytoplasm of HeLa cells with PDZ domain-expressing SNX27
(SNX27-Full Length, ∆(PX+FERM), and ∆FERM) and AQP2 (Figure 3A–F). In contrast, when the PDZ
domain was deleted in SNX27 (SNX27-∆PDZ), punctate AQP2 labeling was observed, which was
intensively overlaid by Lysotracker staining (Figure 3G,H). This finding was further supported by the
significant increase in the co-localization coefficient of HA and Lysotracker (Figure 3U). This finding
suggested that the observed punctate co-labeling of FLAG-tagged SNX27 and HA-tagged AQP2
when the PDZ domain was deleted in SNX27 (Figure 2M–O and Figure 3G,H) was associated with a
lysosomal compartment in the cells. On the contrary, HA-AQP2 labeling was not overlaid by GM130
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labeling in the presence or absence of the PDZ domain in SNX27 (Figure 3I–T). This finding was
consistent with the low co-localization coefficient of HA and GM130 in all four groups (Figure 3V).

Figure 2. Immunofluorescence of SNX27 and AQP2 in HeLa cells. FLAG-tagged SNX27 and HA-tagged
AQP2 constructs were transiently transfected into HeLa cells and immunolabeling of FLAG and HA
was done. A negative control study revealed no immunolabeling of FLAG and HA in the HeLa
cells transiently transfected with SNX27-full length and HA-tagged AQP2 constructs, which were
incubated only with secondary antibody (omitting the incubation of primary antibodies) (A–C). SNX27
(SNX27-Full Length, ∆(PX+FERM), and ∆FERM) and AQP2 were co-localized throughout the cytoplasm
in HeLa cells (D–L). In contrast, when the PDZ domain was deleted in SNX27 (SNX27-∆PDZ), SNX27
and AQP2 accumulated in a punctate pattern, and more eccentrically localized in the perinuclear region
of the HeLa cells (M–O). (P) Co-localization of SNX and AQP2 was analyzed by calculation of the
Pearson’s coefficient. Graphs express means ± SE (>20 cells per group; three independent experiments).
Scale bars, 10 µm.
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Figure 3. Immunofluorescence of AQP2, Lysotracker, or GM130 in HeLa cells. FLAG-tagged SNX27
and HA-tagged AQP2 constructs were transiently transfected into HeLa cells. (A–H) Cells were stained
with Lysotracker (red), followed by immunolabeling of HA (green). Diffuse cytoplasmic HA labeling
(i.e., AQP2 in panels (A–F)) was not or weakly overlaid by Lysotracker Red staining in the cytoplasm
of HeLa cells with PDZ domain-expressing SNX27 (A–F). In contrast, when the PDZ domain was
deleted in SNX27 (SNX27-∆PDZ), the punctate AQP2 labeling was observed, which was intensively
overlaid by Lysotracker Red staining (G,H). Panels (B,D,F,H) are zoomed-in images of panels (A,C,E,G),
respectively. (I–T) Cells were co-immunolabeled with anti-HA and anti-GM130 antibodies. HA-AQP2
labeling was not overlaid by GM130 labeling in the presence or absence of the PDZ domain in SNX27.
(U,V) Co-localization of HA-tagged AQP2 and Lysotracker (U) or HA-tagged AQP2 and GM130 (V)
was analyzed by calculation of the Pearson’s coefficient. Graphs express means ± SE (>30 cells per
group; three independent experiments). * p < 0.05. Scale bars, 10 µm.

Next, we performed immunohistochemistry of SNX27 and AQP2 in rat kidneys. In our previous
study [14], AQP2 was highly expressed in the apical plasma membrane of the rat kidney after
dDAVP infusion for 5 days, whereas AQP2 expression in the apical plasma membrane declined
and AQP2 was internalized during the withdrawal period of dDAVP stimulation. In the present
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study, immunofluorescence microscopy of AQP2 and SNX27 was carried out on the same kidney
tissue sections obtained from our previous study [14]. In the kidney inner medullary collecting duct
(IMCD) cells of vehicle-treated control rats, AQP2 and SNX27 were mainly localized in the cytoplasm
(Figure 4A–C). AQP2 was translocated to the apical plasma membrane after the 5 day-dDAVP infusion
in rats (dDAVP, Figure 4D), and SNX27 labeling was also mainly seen in the apical plasma membrane
(Figure 4E,F). After the removal of dDAVP stimulation, AQP2 and SNX27 were diffusely labeled again
in the cytoplasm (dDAVP/withdrawal, Figure 4G–I). The co-localization coefficient of AQP2 and SNX27
was not significantly changed but persistent before and after dDAVP treatment in the kidney sections
(Figure 4J). In the cortical and outer medullary collecting ducts, the intracellular localization of both
AQP2 and SNX27 was similar to the findings observed in the IMCD (not shown).

Figure 4. Immunofluorescence microscopy of AQP2 and SNX27 in the rat kidney inner medulla.
Immunofluorescence labeling of AQP2 in the inner medullary collecting duct cells of the kidney from
vehicle-treated control rats (Control, (A)), rats with dDAVP infusion for 5 days (dDAVP, (D)), and rats
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with dDAVP withdrawal for 3 h after dDAVP infusion for 5 days (dDAVP/withdrawal, (G)). SNX27
immunolabeling in the kidneys from vehicle-treated rats (B), rats with dDAVP infusion for 5 days
(D5d, (E)), and rats with dDAVP withdrawal for 3 h after dDAVP infusion for 5 days (D5d-3 h, (H)).
Immunofluorescence labeling of AQP2 and SXN27 was merged (C,F,I). (J) Co-localization of AQP2 and
SNX27 was analyzed by calculation of the Pearson’s coefficient. Graphs express means ± SE (>200 cells
in the collecting ducts per group; two independent experiments). Scale bars, 10 µm.

The experiments of dDAVP stimulation and withdrawal were also done in primary cultured
IMCD cells of the rat kidney. Primary cultured IMCD cells were seeded into an 8-well chamber
slide and maintained for 3 days. On day 3, IMCD cells were starved in serum-free medium for
24 h, and on day 4, cells were treated with dDAVP (10−9 M) for another 24 h at 37 ◦C. The changes
in the immunolocalization of AQP2 and SNX27 (Figure 5A–I) were similar but not identical to the
changes observed in the tissue sections of the rat kidney (Figure 4A–I). The cytoplasmic labeling
of AQP2 and SNX27 in vehicle-treated IMCD cells (Figure 5A–C) was translocated to the plasma
membranes after dDAVP treatment (Figure 5D–F), which was internalized again after the removal
of dDAVP stimulation (Figure 5G–I). However, AQP2 immunolabeling was also observed in the
plasma membrane of the cells in addition to the cytoplasm in the vehicle-treated control group and
dDAVP withdrawal group (Figure 5A,G), whereas SNX27 was mainly localized intracellularly in both
conditions (Figure 5B,H). In contrast, both AQP2 and SNX27 were exclusively co-localized in the plasma
membrane in response to dDAVP stimulation (Figure 5D,E). Consistent with this, the co-localization
coefficient of AQP2 and SNX27 in IMCD cells was significantly higher after dDVAP treatment compared
to vehicle-treated IMCD cells or IMCD cells with dDAVP withdrawal for 3 h after dDAVP treatment
(Figure 5J). The observed difference in the AQP2 immunolabeling density in the plasma membrane
between kidney sections (Figure 4) and primary cultured IMCD cells (Figure 5), particularly in the
vehicle-treated control group and the dDAVP withdrawal group, is likely to contribute to the observed
difference in the co-localization coefficients.

3.3. Changes in AQP2 Protein Abundance in mpkCCDc14 Cells with siRNA-Mediated SNX27 Knockdown

Based on the protein–protein interaction and co-localization between SNX27 and AQP2,
we examined whether the depletion of SNX27 affects AQP2 expression. SNX27-siRNA treatment in
mpkCCDc14 cells significantly decreased SNX27 protein abundance (71 ± 9% of control siRNA-treated
group, p < 0.05, Figure 6A,B), compared to control siRNA-treated cells. dDAVP treatment (10−9 M
for 24 h) significantly induced AQP2 protein abundance in mpkCCDc14 cells treated with control
siRNA (596 ± 140% of vehicle-treated cells, p < 0.05, Figure 6A,C). In contrast, dDAVP-induced
AQP2 upregulation was significantly blunted in the cells with siRNA-mediated knockdown of SNX27
(191 ± 28% of vehicle-treated cells under control siRNA, p < 0.05 when compared to the control-siRNA
group with dDAVP stimulation, Figure 6A,C). Additionally, quantitative real-time PCR (qRT-PCR) was
performed to determine whether the decreased dDAVP response in AQP2 protein abundance under the
depletion of SNX27 was associated with a change in the AQP2 mRNA level. SNX27-siRNA treatment in
mpkCCDc14 cells significantly decreased SNX27 mRNA expression (69 ± 2% of control-siRNA-treated
group, p < 0.05, Figure 6D). However, SNX27-siRNA treatment did not affect the dDAVP-induced AQP2
mRNA expression in mpkCCDc14 cells (Figure 6E), suggesting that the blunted response in AQP2
protein abundance after dDAVP treatment under SNX27 knockdown was not likely to be mediated by
an inhibition of Aqp2 gene transcription.
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Figure 5. Immunofluorescence microscopy of AQP2 and SNX27 in primary cultured inner medullary
collecting duct (IMCD) cells of the rat kidney. The immunofluorescence labeling of AQP2 and SNX27 in
vehicle-treated IMCD cells ((A,B) Control), dDAVP (10−9 M)-treated IMCD cells for 24 h ((D,E) dDAVP),
and IMCD cells with dDAVP withdrawal for 3 h after dDAVP (10−9 M)-treatment for 24 h ((G,H)
dDAVP-3 h). Immunofluorescence labeling of AQP2 and SXN27 was merged (C,F,I). (J) Co-localization
of AQP2 and SNX27 was analyzed by calculation of the Pearson’s coefficient. Graphs express means ±
SE (>200 cells per group; two independent experiments). * p < 0.05. Scale bars, 10 µm.
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Figure 6. Semiquantitative immunoblotting and quantitative real-time PCR of SNX27 and AQP2 in
mpkCCDc14 cells with siRNA-mediated SNX27 knockdown. (A–C) Semiquantitative immunoblotting
of SNX27 (~65 kDa) and AQP2 (~29 kDa and ~35–50 kDa) in total cell lysates from mpkCCDc14 cells
treated with vehicle or dDAVP (10−9 M) for 24 h under control siRNA or SNX27-siRNA transfection.
n indicates the number of cell preparations from three independent experiments. (D,E) SNX27 and
AQP2 mRNA level in mpkCCDc14 cells treated with vehicle or dDAVP (10−9 M) for 24 h under control
siRNA or SNX27-siRNA transfection. n indicates the number of cell preparations from two independent
experiments. * p < 0.05.

Accordingly, we examined whether the blunted dDAVP response in AQP2 protein abundance
under the SNX27 knockdown (Figure 6A,C) was associated with the diminished protein half-life due
to enhanced degradation of AQP2 via lysosome and/or proteasome. We previously demonstrated
that AQP2 degradation in primary cultured IMCD cells of the rat kidney was significantly attenuated
by MG-132 (a proteasome inhibitor) or chloroquine (a blocker of the lysosomal pathway of protein
degradation) treatment [14], indicating that AQP2 degradation is mediated by both proteasomal
and lysosomal pathways. We examined the effects of chloroquine or bafilomycin (a blocker of the
lysosomal degradation) or MG-132 (a proteasome inhibitor) treatment on the changes in AQP2 protein
abundance. The changes in AQP2 protein abundance were examined during the dDAVP withdrawal
period after stimulation in mpkCCDc14 cells pre-treated with either control siRNA or SNX27-siRNA.
SNX27 protein abundance was significantly decreased in SNX27-siRNA-transfected mpkCCDc14 cells,
compared to control-siRNA-transfected cells (Figure 7A,B; F,G; and K,L). Consistent with the results
in Figure 6, the dDAVP response in AQP2 protein abundance was significantly decreased under the
SNX27 knockdown (60 ± 5% of control-siRNA transfected cells, p < 0.05, Figure 7A,C; 67 ± 7% of control
siRNA transfected cells, p < 0.05, Figure 7F,H; and 55 ± 5% of control siRNA transfected cells, p < 0.05,
Figure 7K,M). mpkCCDc14 cells transfected with control-siRNA demonstrated that AQP2 protein
abundance was not changed during 3 h of withdrawal after 24 h of dDAVP stimulation (withdrawal)
in the absence or the presence of chloroquine, bafilomycin, or MG-132 cotreatment (Figure 7A,D;
F,I; and K,N). In contrast, mpkCCDc14 cells with SNX27 knockdown revealed that AQP2 protein
abundance significantly declined during 3 h of withdrawal after 24 h of dDAVP stimulation (73 ± 6%
of dDAVP-treated cells under the SNX27 knockdown, p < 0.05, Figure 7A,E; 68 ± 5% of dDAVP-treated
cells under the SNX27 knockdown, p < 0.05, Figure 7F,J; and 58 ± 7% of dDAVP-treated cells under
the SNX27 knockdown, p < 0.05, Figure 7K,O). Importantly, the decrease in AQP2 protein abundance
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under the SNX27 knockdown was significantly inhibited by chloroquine or bafilomycin co-treatment
(Figure 7A,E; F,J) but not by MG-132 co-treatment (Figure 7K,O). The findings could indicate that
SNX27, directly interacting with AQP2 in a PDZ-dependent manner, is likely to regulate the stability of
AQP2 protein through regulation of the lysosomal degradation of AQP2.

Figure 7. Semiquantitative immunoblotting of SNX27 (A,B; F,G; and K,L) and AQP2 (A,C; F,H;
and K,M) in total cell lysates from mpkCCDc14 cells transfected with control-siRNA or SNX27-siRNA.
Semiquantitative immunoblotting of AQP2 in total cell lysates from mpkCCDc14 cells transfected with
control siRNA or SNX27-siRNA subjected to 24-h dDAVP stimulation (10−9 M) or 3-h withdrawal
(Withdrawal) after dDAVP stimulation (10−9 M, 24 h) in the absence (-) or the presence (+) of chloroquine
(10−4 M, for the last 3 h, (A,D,E)), bafilomycin (10−7 M, for the last 3 h, (F,I,J)), or MG-132 treatment
(MG-132, 10−6 M, for the last 3 h, (K,N,O)). n indicates the number of cell preparations from three
independent experiments. D, dDAVP. * p < 0.05.

3.4. Changes in dDAVP-Induced Cell Surface Expression of AQP2 in mpkCCDc14 Cells with siRNA-Mediated
Knockdown of SNX27

To examine whether SNX27 depletion affects dDAVP-induced targeting of AQP2 to the
apical plasma membrane, a cell surface biotinylation assay was done in mpkCCDc14 cells with
siRNA-mediated knockdown of SNX27. As observed in Figures 6 and 7, the dDAVP-induced
increase in AQP2 protein abundance was significantly blunted in mpkCCDc14 cells (40 ± 5% of
control siRNA-transfected cells, p < 0.05, Figure 8A,C) with siRNA-mediated knockdown of SNX27
(51 ± 1% of control-siRNA-transfected cells, p < 0.05, Figure 8A,B). The cell surface biotinylation assay,
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however, demonstrated that the ratio of AQP2 expression at the biotinylated fraction (apical plasma
membrane fraction) to the total fraction was unchanged after SNX27 knockdown (130 ± 30% of control
siRNA-transfected cells, not significant, Figure 8A,D). Consistent with this, immunofluorescence
microscopy of AQP2 showed that AQP2 immunolabeling in the apical plasma membrane was obvious
after dDAVP stimulation (10−9 M, 24 h) in mpkCCDc14 cells with SNX27-siRNA-mediated knockdown
(x-z images, Figure 8E), despite the markedly decreased labeling intensity of AQP2. This finding
suggested that SNX27 depletion was associated with a significant decrease in the vasopressin-induced
AQP2 protein abundance, whereas it was not likely to affect the AQP2 trafficking to the apical plasma
membrane in the collecting duct cells.

Figure 8. Cell surface biotinylation assay of AQP2 in mpkCCDc14 cells with siRNA-mediated SNX27
knockdown under dDAVP stimulation. (A–C) Semiquantitative immunoblotting of SNX27 (~65 kDa)
and AQP2 (~29 kDa and ~35–50 kDa) in the total cell lysates or biotinylated fraction from mpkCCDc14
cells transfected with control siRNA or SNX27-siRNA. (A,D) Cell surface biotinylation assay for
examining the changes in dDAVP (10−9 M, 24 h)-induced AQP2 expression in the apical plasma
membrane of the mpkCCDc14 cells. (E) Immunofluorescence microscopy of AQP2 in mpkCCDc14
transfected with control siRNA or SNX27-siRNA, followed by dDAVP treatment (10−9 M, 24 h).
In the x-z images, arrows indicate AQP2 expression in the apical plasma membrane. n indicates the
number of cell preparations from three independent experiments. * p < 0.05 when compared to control
siRNA-transfected cells.

3.5. Autophagy in mpkCCDc14 Cells with siRNA-Mediated Knockdown of SNX27 and Changes in SNX27
Protein Abundance in Lithium-Induced Nephrogenic Diabetes Insipidus

To evaluate whether SNX27 knockdown is associated with autophagic flux from autophagosome
formation, maturation, and fusion with lysosomes, mpkCCDc14 cells were examined using
RFP-GFP-LC3 plasmid. mpkCCDc14 cells were transfected with control siRNA or SNX27-siRNA
(50 nM) along with the mRFP-GFP-LC3 plasmids using Lipofectamine 2000. Cells were seeded on an
8-well chamber slide (154534, Nunc) and cultured for 72 h. When the mRFP-GFP-LC3-I is converted into
mRFP-GFP-LC3-II and inserted into the autophagosomal membrane, RFP and GFP signals co-localize
in yellow punctate structures, as demonstrated in the control siRNA-transfected mpkCCDc14 cells
(Figure 9A–C, indicated by arrows). In contrast, when autophagosomes fuse with lysosomes, the acidic
environment inside the lysosome quenches the GFP fluorescent signal, yet has much less of an effect on
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RFP [42]. Consistent with this, siRNA-mediated SNX27 knockdown in mpkCCDc14 cells demonstrated
a red punctate RFP fluorescence but not much GFP fluorescence (Figure 9D–F, indicated by arrows),
indicating that SNX27 knockdown was associated with an induction of the autophagic flux and
formation of autolysosomes in mpkCCDc14 cells. The changes in the co-localization of GFP and RFP
signals were demonstrated by calculating the Pearson’s coefficient. The data demonstrated that the
co-localization coefficient was significantly decreased in SNX27-siRNA-treated cells (Figure 9G).

Figure 9. (A–F) Autophagic flux assessment using mRFP-GFP-LC3 in mpkCCDc14 cells transfected
with control siRNA or SNX27-siRNA. To assess autophagic flux from the autophagosomes to lysosomes,
RFP-GFP-LC3 plasmid was transfected into mpkCCDc14 cells. (A–C) GFP and RFP signals co-localize
to yellow punctate structures in control siRNA-treated mpkCCDc14 cells (arrows). (D–F) GFP
signal is quenched but RFP signal is seen in SNX27-siRNA-transfected mpkCCDc14 cells (arrows).
(G) Co-localization of GFP and RFP signals was analyzed by calculation of the Pearson’s coefficient.
Graphs express means± SE (>20 cells per group; two independent experiments). (H-K) Semiquantitative
immunoblotting of SNX27 (~65 kDa), Vps35 (~90 kDa), and LC3 (LC3-I: ~16 kDa and LC3-II: ~14 kDa) in
total cell lysates from mpkCCDc14 cells transfected with control siRNA, SNX27-siRNA, or Vps35-siRNA.
n indicates the number of cell preparations. * p < 0.05. Scale bars, 10 µm.

To examine whether SNX27 or Vps35 knockdown is associated with autophagy, mpkCCDc14 cells
transfected with control siRNA (50 nM), SNX27-siRNA (50 nM), or Vps35-siRNA (50 nM) were seeded
and cultured on semipermeable filters of the Transwell system (0.4-µm pore size, Transwell® Permeable
Supports, catalog no. 3450, Corning) for 4 days. Semiquantitative immunoblotting demonstrated that
each siRNA treatment significantly decreased the protein abundance of SNX27 (33 ± 1% of control,
p < 0.05, Figure 9H,I) or Vps35 (12 ± 1% of control, p < 0.05, Figure 9H,J), respectively. Interestingly,
the results showed that Vps35 protein abundance was unchanged (126 ± 2% of control, not significant
(n.s.), Figure 9H,J) after SNX27 knockdown, whereas SNX27 protein abundance was significantly
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decreased (68 ± 4% of control, p < 0.05, Figure 9H,I) after Vps35 knockdown. Semiquantitative
immunoblotting of LC3 demonstrated that the ratio of LC3-II/LC3-I was significantly increased
(177 ± 21% of control, p < 0.05, Figure 9H,K) after SNX27 knockdown, indicating that the depletion of
SNX27 is associated with an increased number of autophagosomes. The depletion of Vps35 tended
to demonstrate an increased ratio of LC3-II/LC3-I (154 ± 14% of control, n.s., Figure 9H,K); however,
it approximated but did not reach statistical significance.

Since lithium is known to induce autophagy in a number of cell types [43,44], we directly
examined whether lithium-induced NDI is associated with downregulation of SNX27 in the kidney.
Semiquantitative immunoblotting of SNX27 was done in the inner medullary protein samples from
rats with lithium-induced NDI collected from our previous study [40]. The results demonstrated that
SNX27 protein abundance was significantly decreased in the kidney inner medulla of lithium-induced
NDI (61 ± 1% of control rats, p < 0.05, Figure 10A,B). Immunohistochemistry of rat kidneys also showed
weak immunoperoxidase labeling of SNX27 in lithium-induced NDI (arrows in Figure 10D), compared
to control rats (arrows in Figure 10C). Immunoperoxidase labeling of SNX27 was seen in both the
apical plasma membrane and the cytoplasm of the collecting duct cells in the kidney inner medulla in
control rats (Figure 10C). In contrast, the immunoperoxidase labeling intensity of SNX27 in both the
apical plasma membrane and the cytoplasm was weaker in lithium-induced NDI (Figure 10D).

Figure 10. (A,B) Semiquantitative immunoblotting of SNX27 (~65 kDa) in the kidney inner medulla of
lithium-induced nephrogenic diabetes insipidus. (C,D) Immunoperoxidase labeling of SNX27 (brown
color, arrows) in the kidney inner medulla from control rats (control) and rats with lithium-induced
nephrogenic diabetes insipidus (Lithium). Magnified images were obtained from the rectangles in
panels (C,D). n, number of rats. * p < 0.05 when compared to control rats. Scale bars, 20 µm.
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4. Discussion

We demonstrated that SNX27, a PDZ domain-containing protein, co-localizes with AQP2 in the
kidney collecting duct cells in the basal condition as well as in the conditions of dDAVP stimulation and
withdrawal. GST pull-down assays in vitro revealed the direct interaction of the PDZ domain of SNX27
with the carboxyl terminus of AQP2 (AQP2c), which has a class I PDZ-interacting motif (X-T/S-X-Φ).
The co-immunoprecipitation assay of the rat kidney as well as HEK293T cells transiently expressing
AQP2 and SNX27 revealed the complex formation between them, and immunohistochemistry of the
rat kidneys also demonstrated co-localization in the kidney collecting ducts.

Interestingly, the data suggested similar binding sites of SNX27 and SPA-1 in AQP2 [15]. SPA-1,
a PDZ domain-containing protein, was demonstrated to have GTPase-activating protein activity for
AQP2 trafficking [15]. Thus, for the understanding of the function of the SNX27 in the control of AQP2,
further studies are needed to elucidate whether these two proteins bind to the same or overlapping
sites and to define whether competition affects the trafficking and regulation of AQP2 abundance.

Immunocytochemistry further demonstrated the co-localization of SNX27 and AQP2 in the HeLa
cells co-transfected with FLAG-tagged SNX27 and HA-tagged AQP2. HeLa cells were used due
to a relatively high transfection efficiency with the cationic lipids Lipofectamine 2000 and an easy
and rapid growth [45]. Specifically, immunocytochemistry showed the diffuse co-localization of
AQP2 with SNX27 throughout the cytoplasm. These findings suggested that SNX27 co-localizes with
AQP2 in the kidney, and the PDZ domain of SNX27 importantly interacts with AQP2. In contrast,
immunocytochemistry showed that AQP2 and SNX27 were localized in a similar manner (Figure 2M–O),
despite the deletion of the PDZ domain in SNX27. However, when the PDZ domain was deleted
in SNX27 (SNX27-∆PDZ), AQP2 and SNX27 co-labeled differently: Expressed in a punctate pattern,
and more eccentrically localized in the perinuclear region of the HeLa cells (Figure 2M–O). In Figure 3,
we demonstrated that the observed punctate HA-tagged AQP2 labeling was intensively overlaid by
Lysotracker staining when the PDZ domain was deleted in SNX27. Moreover, SNX27 knockdown was
associated with an induction of autophagic flux and the formation of autolysosomes in mpkCCDc14
cells (Figure 9). Based on these results, we speculated that the observed punctate co-labeling of
FLAG-tagged SNX27 lacking the PDZ domain and HA-tagged AQP2 (Figure 2M–O and Figure 3G,H)
was associated with a lysosomal compartment in the cells (Figure 11) rather than the physiological
interaction through the PDZ domain.

It has previously been demonstrated that SNX27 cooperates with the retromer complex and
plays a role in the regulation of endosomal recycling and protein abundance [27,29]. In particular,
Steinberg et al. [27] demonstrated that the PDZ domain of the SNX27 interacts directly with the retromer
subunit Vps26 of the Vps26:Vps29:Vps35 trimer, which is necessary and sufficient to prevent lysosomal
degradation of SNX27 cargo. We also demonstrated the complex formation between SNX27 and Vps35
by the immunoprecipitation assay in Figure 1E. Unpredictably, however, our data of the cell surface
biotinylation assay and immunocytochemistry showed that dDAVP-induced AQP2 translocation
to the apical plasma membrane was unaffected in mpkCCDc14 cells with siRNA-mediated SNX27
knockdown. Although siRNA transfection did not result in the complete abolition of SNX27 protein
expression, this finding diverged from our previous study demonstrating that the depletion of Vps35,
the cargo-selective trimer in the retromer complex, was associated with a decrease in dDAVP-responsive
AQP2 trafficking to the apical plasma membrane [23]. The retromer complex contributes to the cargo
sorting in the early endosomes and cargo delivery to the recycling endosome, resulting in the
trafficking of proteins into the plasma membrane [21,22]. A recent study also demonstrated that
AQP2 interacts with Vps35 and Rab7 [24], which is consistent with our previous findings [23]. SNX27,
a retromer-associated cargo-binding protein, serves as a cargo selector for the retromer complex. SNX27
is bound to the Vps26 of retromer complex subunits and concurrently binds to the PDZ ligand in
its cargo proteins, thereby it could be involved in the recycling of cargo proteins into the plasma
membrane [26,27,30]. However, the cell surface biotinylation assay and immunocytochemistry in
the present study suggested that retromer-dependent AQP2 trafficking is unlikely to require SNX27.
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This is supported by a previous study demonstrating that the retrograde cargo trafficking pathway
mediated by the retromer complex requires SNX3 but not SNX27 or SNX-BAR proteins [46]. Another
study also showed that mutation of the PDZ ligand in the parathyroid hormone receptor reduced
its affinity for retromer, but it did not change the rate of recycling to the cell surface [29]. Thus,
the observed intact dDAVP-induced AQP2 trafficking to the cell surface in the cells with SNX27
knockdown could suggest that other pathways are more importantly involved in AQP2 trafficking,
e.g., protein kinase A-induced AQP2 phosphorylation, RhoA phosphorylation, intracellular calcium
mobilization, and actin depolymerization [1,6,8].

However, it should be emphasized that the efficiency of the SNX27 silencing in our study was not
sufficient (~30–50% of control) to draw a solid conclusion. Nevertheless, since AQP2 protein expression
levels are very low in mpkCCDc14 cells under the basal condition, a period of time was required for
inducing AQP2 protein expression for studying the effects of SNX27 knockdown on AQP2 expression.
Therefore, due to the requirement of induction of cell polarity and AQP2 protein expression levels
in mpkCCDc14 cells, the effects of siRNA treatment were studied 10 days after siRNA transfection
in Figure 6, Figure 7, Figure 8. However, even though 10 days have passed after siRNA transfection,
the protein abundance of SNX27 was still decreased by 30–50%, and importantly dDAVP-mediated
AQP2 abundance was persistently and significantly downregulated compared to control siRNA-treated
cells. We exploited the reverse transfection protocol, as we used in our previous studies [23,38], due to
the low efficiency of epithelial cells in the conventional transfection protocol using cationic lipid-based
transfectant. Besides, by comparison to the results obtained 10 days after siRNA transfection (~30–50%
reduction of SNX27 protein abundance in Figures 6–8), we also examined the changes of SNX27 protein
abundance after the 4-day siRNA (50 nM) treatment in mpkCCDc14 cells (Figure 9). The results
showed that treatment of the same amount of siRNA (50 nM) resulted in a further decrease in the
protein abundance of SNX27 at day 4 (33 ± 1% of control, p < 0.05), i.e., a reduction of almost 70%
protein abundance (Figure 9H,I). Thus, the effects of siRNA against SNX27 were getting weaker over
10 days after the reverse transfection. Further studies using a model of complete knockout of SNX27
are needed to fully understand the role of SNX27 in the retromer-dependent AQP2 regulation.

In contrast, semiquantitative immunoblotting revealed that dDAVP-induced AQP2 upregulation
was significantly blunted after SNX27 knockdown in mpkCCDc14 cells. The changes in AQP2 protein
abundance were not accompanied by the changes in AQP2 mRNA expression, suggesting that the
SNX27-retromer complex is not likely to be involved in the regulation of Aqp2 gene transcription. Thus,
we speculated that SNX27 depletion could be associated with the diminished protein half-life due to
enhanced degradation of AQP2 via lysosome and/or proteasome. Several studies have previously
demonstrated that the depletion of retromer increases the lysosomal turnover of proteins [27,47–49],
and we also previously demonstrated that depletion of the Vps35 subunit increases lysosomal
degradation of AQP2 protein [23]. As described, SNX27 cooperates with the Vps26 subunit of the
retromer complex, preventing the entry of transmembrane proteins into the lysosomal pathway and
activating the retromer-tubule-based recycling to the plasma membrane [31]. In particular, SNX27
contains a PDZ domain that links membrane proteins having a class I PDZ domain-binding motif
(X-[S/T]-X-Φ) at the carboxyl terminus to the retromer complex [20,50]. Since AQP2 has a PDZ ligand
at the carboxyl terminus, AQP2 might be mis-sorted into lysosomes and subjected to lysosomal
degradation to a greater extent upon the suppression of SNX27, i.e., SNX27 knockdown or deletion of
the PDZ domain. Actually, we demonstrated that dDAVP-induced AQP2 upregulation was seen to a
lesser extent in the cells with SNX27 knockdown. Moreover, the downregulation of AQP2 expression
was observed to a greater extent during the withdrawal period of dDAVP stimulation under the SNX27
knockdown. Importantly, the downregulation of AQP2 was significantly inhibited by lysosomal
inhibitor (chloroquine or bafilomycin) treatment but not by proteasomal inhibitor (MG132) treatment.
Thus, AQP2 would be subjected to lysosomal degradation to a greater extent upon the suppression
of SNX27, similar to the Vps35 depletion [23]. Consistently, Steinberg et al. [27] demonstrated the
increased degradation of the glucose transporter GLUT1, the monocarboxylate transporter MCT1,
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and the Menkes disease copper transporter ATP7A in SNX27- or Vps35-depleted cells. Another
example was that neuroligin 2 (NLG2) protein abundance was decreased in neurons with depletion of
SNX27, which was mediated by enhanced lysosomal degradation [48]. Moreover, the alanine-, serine-,
and cysteine-preferring transporter 2 (ASCT2, SLC1A5) was also demonstrated to be co-localized
with lysosomal-associated membrane protein 1 (LAMP1), a lysosome marker in a punctate pattern
in SNX27-knockout cells [51]. Specifically, we demonstrated that the observed punctate labeling of
FLAG-tagged SNX27 and HA-tagged AQP2 was associated with a lysosomal compartment in the cells
when the PDZ domain was deleted in SNX27.

The autophagy–lysosomal pathway is critically involved in protein degradation and clearance
in eukaryotic cells. The degradation of cytoplasmic proteins is largely mediated by autophagy,
involving the generation of autophagosomes, which fuse with lysosomes to form autolysosomes [52].
A previous study demonstrated that SNX27 knockout was associated with enhanced autophagy due
to a decreased activation of the mammalian target of rapamycin (mTOR) complex 1 pathway [51].
Thus, we attempted to examine whether SNX27 knockdown induces the fusion of autophagosomes
with lysosomes in mpkCCDc14 cells in vitro, by transfecting RFP-GFP-LC3 plasmid into the cells.
The results showed that siRNA-mediated SNX27 knockdown induced the fusion of autophagosomes
with lysosomes. Lithium has widely been used for the treatment of bipolar affective disorders;
however, it is complicated by the development of nephrogenic diabetes insipidus (NDI) [53]. We and
other researchers have demonstrated that lithium treatment induces a significant downregulation
of AQP2 in the collecting duct principal cells, polyuria, and principal cell proliferation [40,54–56].
Since lithium is a potent autophagy inducer in many cell types [57], we examined the changes of SNX27
protein abundance in the kidneys of rats with lithium-induced NDI. Interestingly, SNX27 protein
abundance was significantly decreased in the kidney inner medulla of rats with lithium-induced
NDI, suggesting that autophagy could, at least in part, be involved in the downregulation of AQP2
in NDI, as demonstrated in the hypokalemia [58] or hypercalcemia model [59]. Previous studies
have demonstrated that downregulation of AQP2 in lithium-induced NDI is mainly attributed to the
inhibition of the vasopressin-induced adenylyl cyclase activity and cyclic adenosine monophosphate
(cAMP) levels in the collecting duct [60]. However, the remodeling of the collecting duct, i.e.,
the observed reduction in principal cell numbers, in lithium-induced NDI could also contribute to the
downregulation of AQP2 as well as SNX27 [56]. Further studies are therefore needed to clarify the role
of SNX27, retromer complex, and autophagy in NDI conditions.

Figure 11. A summary of the findings in the present study. Upon the withdrawal of vasopressin
stimulation, AQP2 is internalized into early endosomes for sorting. At the early endosome, AQP2 could
be entered (1) to the recycling pathways either via the trans-Golgi network or directly to the plasma
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membrane, leading to AQP2 expression in the apical plasma membrane of the collecting duct principal
cells in the kidney or (2) to the lysosomal pathway for degradation, leading to downregulation of
AQP2 in the plasma membrane and the cells [1,2,5–9,12,61]. The class I PDZ domain-binding motif
(X-[S/T]-X-Φ) in the carboxyl terminus of AQP2 is recognized by PDZ domain-containing proteins,
e.g., SNX27. SNX27 is bound to the Vps26 of retromer complex subunits and concurrently binds to
the PDZ ligand in its cargo proteins (AQP2); thereby, it could be involved in the recycling of AQP2
into the plasma membrane. The retromer complex is involved in the retrograde transport of proteins
from endosomes to the trans-Golgi network. Alternatively, AQP2 could be sorted into lysosomes and
subjected to lysosomal degradation to a greater extent upon the suppression of SNX27, i.e., SNX27
knockdown or deletion of the PDZ domain and Vps35 depletion [23].

In summary, the PDZ domain-containing SNX27 interacts with AQP2 and regulates the stability
of AQP2 protein through the regulation of the autophagy-lysosomal degradation of AQP2 (Figure 11).
Acquired NDI induced by lithium treatment in rats is associated with a decreased SNX27 abundance in
the kidneys, and further studies are warranted to examine the role of retromer–SNX27 and autophagy
in NDI.
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