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identity of the WNIK4-specific antibody used was not provided in Mu et
al.}, but in further communication with the authors they indicated that
the antibody used was SC-20475 (Santa Cruz Biotechnology). We also
discussed and confirmed with the authors of Mu ef al.! experimental
conditions and protocols (for example, the dosage of norepinephrine and
how norepinephrine was dissolved and prepared for administration). We
recently published a detailed characterization of one of our own WNK4-
specific antibodies and reported that most commercially available anti-
bodies against WNK4 are not suitable for detecting WNK4 in mouse
kidney®?. Full-length mouse WNK4 transiently expressed in COS7 cells
was clearly detected by a WNK4-specific antibody recognizing the N
terminus (Fig. 1e). However, in the case of the antibody used in Mu et
al.l, we were unable (o detect mouse WNK4 protein overexpressed in
COS7 cells (Fig. 1e). We also could not detect any bands using SC20475
in normal C57BL6/] kidney samples (Fig. le).

Given these observations, we are concerned about the fundamental
finding of Mu et al.! that norepinephrine regulates WNK4 and NCC
abundance in the kidney. However, the discovery that norepinephrine

CORRESPONDENCE

may be involved in the development of salt-sensitive hypertension is
noteworthy. Further studies clarifying the role of WNK4 in this context
may be necessary. A Wik4-knockout mouse would be a valuable tool
in clarifying this issue.

The Animal Care and Use Committee of Tokyo Medical and Dental
University approved these experiments.
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Mu et al. reply:

In their correspondence!, Uchida et al. respond to our paper? in which
we showed that renal §,-adrenergic receptor stimulation downregu-
lates WNK4 expression and upregulates Na-Cl co-transporter (NCC)
expression, hence contributing to the development of salt sensitive
hypertension. We appreciate the study of Uchida et al.! and their
findings, which confirm our original data that norepinephrine treat-
ment contributes to the development of salt-sensitive hypertension,
with a similar efficacy as in our study?. However, they did not detect
any changes in WNK4 or NCC mRNA or protein levels in the kidney
upon norepinephrine stimulation’.

To address the concerns raised by Uchida et al.!, we first reexam-
ined whether WNK4 mRNA levels are decreased under norepineph-
rine stimulation. An obvious methodological difference between the
two studies is that Uchida et al.! performed their salt diet experiments
for 1 week in contrast to our 3-d regimen; we therefore performed all
additional experiments after 1 week of salt diet. We collected RNA
samples and analyzed them by both quantitative RT-PCR and north-
ern blotting (Fig. 1a,b). In their study, Uchida et al.! chose a different
primer set from the one used in our study? (the ABI Mm00841400_m1

Figure 1 Effects of norepinephrine (NE) infusion on renal WNK4 mRNA
expression in mice. (a) WNK4 mRNA expression in mice on normal-salt

(NS) or high-salt (HS) diet with or without NE infusion was evaluated by
quantitative RT-PCR using the ABI primer set Mm00841400_m1. Each dot
refers to the results of one mouse. Data are means + s.e.m., and data were
analyzed by analysis of variance with Dunnett’s post hoc test. p-actin served
as a loading control (ABI Mm00607939_s1). Mice were fed indicated salt
diets (normal-salt (NS; 0.3% NaCl) or high-salt (HS; 8% NaCl)) for 1 week as
in Uchida et al.!. Quantitative data are presented as means  s.e.m.;

n = 4 for each group. (b) Top, to confirm the specificity of the WNK4 probe,
we performed electrophoresis of mRNA together with molecular-weight
markers. Bottom, WNK4 mRNA expression measured by northern blotting
with a cDNA probe (3,258-3,754 base pairs (bp) of NM_175638.3) labeled
with DIG-11-dUTP (PCR DIG Probe Synthesis Kit, Roche 1636090). GAPDH
probe (570-1,021 bp of NM_008084.2) served as the loading control.

The same RNA samples were used for quantitative RT-PCR and for northern
blotting. (c) Comparison of quantitative RT-PCR products obtained using the
ABI primer set and the primer set used by Uchida et al.1. The same mDCT
cell and mouse kidney cDNA templates and matching primer concentrations
were used to compare the two primer sets. Red arrows indicate possible
nonspecific bands and primer dimers formed during the PCR step. The two
lanes on both the left and right sides of the gel are molecular weight ladders.

primer set) and claimed that our primer set was “less sensitive” We
evaluated both primer sets and found the presence of nonspecific
bands and pronounced primer-dimer formation when using the
primer set recommended by Uchida et al.! in comparison with the
ABI primer set (Fig. 1¢). This suggested that the ABI primer set, in
fact, has high specificity and gives a low background signal and can
therefore be used to assess the effect of norepinephrine treatment
on WNK4 expression. Various factors can influence the results of
quantitative RT-PCR reactions and the subsequent interpretation of
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The Na-Cl cotransporter (NCC) in the distal convoluted tubules in
kidney is known to be excreted in urine. However, its clinical
significance has not been established because of the lack of quantita-
tive data on urinary NCC. We developed highly sensitive enzyme-
linked immunosorbent assays (ELISAs) for urinary total NCC (tNCC)
and its active form, phosphorylated NCC (pNCC). We first measured
the excretion of tINCC and pT55-NCC in urinary exosomes in pseu-
dohypoaldosteronism type II (PHAIID) patients since PHAII is caused
by NCC activation. Highly increased excretion of tNCC and pNCC
was observed in PHAII patients. In contrast, the levels of tNCC and
pNCC in the urine of patients with Gitelman’s syndrome were not
detectable or very low, indicating that both assays could specifically
detect the changes in urinary NCC excretion caused by the changes of
NCC activity in the kidney. Then, to test whether these assays could
be feasible for a more general patient population, we measured tNCC
and pNCC in the urine of outpatients with different clinical back-
grounds. Although urinary protein levels >30 mg/dl interfered with
our ELISA, we could measure urinary pNCC in all patients without
proteinuria. Thus we established highly sensitive and quantitative
assays for urinary NCC, which could be valuable tools for estimating
NCC activity in vivo.

WNK kinase; hypertension: pseudohypoaldosteronism type II; exo-
some

EXOSOMES ARE NANOVESICLES (40—100 nm) released by cells on
fusion of multivesicular bodies with the plasma membrane (5,
26). Pisikun et al. (22, 23) reported that urine also contains
exosomes. Urinary exosomes are derived from all types of cells
facing the urine flow along the nephrons, and they contain not
only membrane proteins but also cytosolic proteins trapped
during the formation of multivesicular bodies (23, 33). There-
fore, urine is regarded as the most attractive biomarker sample

Address for reprint requests and other correspondence: S. Uchida, Dept. of
Nephrology, Graduate School of Medical and Dental Sciences, Tokyo Medical
and Dental Univ., 1-5-45 Yushima, Bunkyo, Tokyo 113-8519, Japan (e-mail:
suchida.kid @tmd.ac.jp).
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for the early detection of kidney diseases and their therapeutic
monitoring. Recently, to search for biomarkers of kidney
diseases, such as IgA nephritis (17), minimal change nephrotic
syndrome (30), and Lupus nephritis (19, 24), several proteomic
analyses of urinary exosomes were conducted (10, 15, 18, 23).
Although immunoblots are usually used to evaluate these
exosomal biomarkers, this method is too labor intensive and
not easily scaled up for larger clinical samples. Accordingly,
another efficient, sensitive, and quantitative measurement of
urinary exosomal proteins is necessary.

In the present study, we focused on the thiazide-sensitive
sodium chloride cotransporter (NCC). NCC localizes to the
apical membrane of the distal convoluted tubules in the kidney
(4, 6, 9) and is responsible for reabsorbing 5-10% of the
filtered load of sodium chloride. Pseudohypoaldosteronism
type II (PHAII) is an autosomal dominant hereditary hyperten-
sive disease characterized by hyperkalemia and metabolic
acidosis (11). By analysis of PHAIl model mice that carry a
heterozygous D561A missense mutation in the Wnk4 gene,
which corresponds to the PHAII-causing D564A mutation in
the human WNK4 gene, we identified a new signal cascade,
namely the WNK-OSRI/SPAK kinases, which phosphorylate
NCC (2, 32). When phosphorylated, NCC becomes function-
ally active and is concentrated on the plasma membranes of the
distal convoluted tubules. Mayan et al. (14) reported that the
abundance of urinary NCC was increased in patients with
the PHAII Q565E mutation in the WNK4 gene. Conversely, in
Gitelman syndrome, NCC is genetically inactivated and absent
or reduced in urinary exosomes (12). The excretion of phos-
phorylated NCC (pNCC) in urinary exosomes is increased in
patients with low-salt intake and primary hyperaldosteronism
(27) since the WNK-OSR[/SPAK kinase cascade is regulated
by aldosterone (3). Although these investigations indicated that
the excretion of total NCC (tNCC) and pNCC in urinary
exosomes could be biomarkers to estimate NCC activity in
vivo, the levels of urinary tNCC and pNCC were evaluated
only by immunoblots.

To establish the clinical significance of urinary tNCC and
pNCC measurements, a large amount of data from patients
with different backgrounds must be collected. To gather such
data, an efficient, sensitive, and quantitative assay is absolutely

http://www .ajprenal.org



URINARY NCC MEASUREMENT BY ELISA

necessary. For this purpose, we sought to establish sandwich
ELISA systems to measure the absolute amount of urinary
tNCC and pNCC. The measurements in the urine of patients
with PHAII and Gitelman syndrome convinced us that these
assays can adequately evaluate the activity of NCC in the
kidney. Furthermore, we confirmed that that these assays are
feasible for outpatients with different clinical backgrounds.

METHODS AND MATERIALS

Urine collection and urinary exosome isolation. Mid-stream urine
specimens (spot urine samples) were collected from normal volun-
teers and patients. In most cases. urine was collected in the morning.
Urinary exosomes were prepared by an ultracentrifugation method
optimized for ELISA. Twenty-five milliliters of urine samples treated
with a protease inhibitor (0.5 tablet/0.25 ml urine; Complete Protease
Inhibitor Cocktail: Roche Applied Science, Penzberg, Germany) were
centrifuged at 3,000 g for 20 min at room temperature to remove cells
and debris. Then, the supernatants were transferred to 26.3-ml poly-
carbonate ultracentrifuge tubes (no. 355618:; Beckman Coulter, Brea,
CA) and ultracentrifuged (Ultra Beckman Coulter OPTIMATM
L-90K Ultracentrifuge. Beckman Type 70 Ti rotor; Beckman Coulter)
at 240,000 g for | h at 25°C. The pellets were resuspended in 600 pl
of TBS buffer containing 100 mM DTT. This suspension was incu-
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bated at 37°C for 2 min and then at 95°C for 2 min. After the
incubation, the samples were centrifuged again at 17,000 g for 2 min
to remove debris and large membrane fractions. The 17,000-g super-
natants were diluted with 24.4 ml TBS buffer and ultracentrifuged at
240,000 g for 1 h at 25°C. The resulting pellets were resuspended in
300 pl TBS-0.02% Tween20 and centrifuged at 17,000 g for 2 min.
The supernatants were the final samples for ELISA. The Medical
Research Ethics Committee of Tokyo Medical and Dental University
approved this human study (No. 1031). Urine samples from the
Wnk47204* knockin (PHAIL model) mice were collected for 24 h,
and the urine exosomes were prepared as described above. The animal
experiment was approved by the Animal Care and Use Committee of
Tokyo Medical and Dental University.

Immunoblotting and antibodies. Urinary exosomal samples pre-
pared for ELISA were boiled with SDS sample buffer (Cosmo Bio,
Tokyo. Japan) and subjected to SDS-PAGE. Blots were probed with
the following primary antibodies: rabbit anti-tNCC (Millipore, Te-
mecula, CA), rabbit anti-phosphorylated T55 NCC (3), goat anti-
aquaporin 2 (anti-AQP2; Santa Cruz Biotechnology, Dallas, TX),
mouse anti-Tamm-Horsfall protein (Cerderlane Laboratories, Hornby,
ON, Canada), and mouse anti-TSG101 (Abcam, Cambridge, UK).

A guinea pig anti-NCC antibody was previously generated by
using the same peptide sequence as the antigen (residues 75-90:
QPGEPRKVRPTLADLH) that was used for the commercially avail-

Fig. |. Development of sandwich ELISA
for total (INCC) and phosphorylated Na-Cl
cotransporter (pNCC). A: optimization of
sample preparation method for ELISA. A
urine sample was obtained from a healthy
human volunteer. Exosomes were prepared
by 2 different methods from the same urine
sample. The urinary pNCC signal could not
be detected by the original method for exo-
some preparation without DTT treatment
(23). However, a urinary pNCC signal was
detected in the sample obtained by our ultra-
centrifugation method optimized for ELISA.
B: summary of sandwich ELISA for (NCC
and pNCC. For (NCC, the epitopes of the
capture antibody and detection antibody are
the residues from 75 to 90 and from 1 to 16
of the NCC protein, respectively. For pNCC,
the epitope of the capture antibody is the
residues from 51 to 59, where 55T is phos-
90 phorylated. The detection antibody recog-
nizes the residues from 75 to 90. The capture
antibodies are from rabbit, and the detection
antibodies are from guinea pig. The standard
protein for tNCC was prepared as a GST-
fusion protein of the amino terminal portion
of NCC (GST-NCC; 1-121) expressed in
bacteria. For pNCC, we prepared the phos-
phorylated peptide (pNCC peptide; 51-91,
p55T) corresponding to the epitope of anti-
pNCC antibody and also containing the epitope
of the detection antibody.

Detection (quinea pi
antibody (© pig)

(Rabbit)
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Fig. 2. Confirmation of specificity of the sandwich ELISAs. A and B: validation
of sandwich ELISAs for tNCC and pNCC. Without the capture and detection
antibodies, the signals for INCC (A) and pNCC (B) were not detected.
C: phosphospecificity of sandwich ELISA for pNCC. GST-NCC and pNCC
peptide were used as standards for sandwich ELISA for tNCC and pNCC,
respectively. GST-NCC was not phosphorylated. Our sandwich ELISA for
pNCC did not detect GST-NCC but did detect the pNCC peptide.

able rabbit anti-NCC (Millipore; Ref. 20). In the present study, we
generated another guinea pig anti-NCC antibody by immunizing
animals with keyhole limpet hemocyanin-conjugated synthetic pep-
tide corresponding to residues [-16 of NCC (MAELPTTETPG-
DATLC). The serum was affinity purified with the antigen peptides.
The specificities of the antibodies were verified by antigen absorption
tests (data not shown). Alkaline phosphatase-conjugated anti-IgG
antibodies and Western Blue substrate (Promega, Madison, WI) were
used for immunoblotting. Scanned images of the NCC bands at ~150

URINARY NCC MEASUREMENT BY ELISA

kDa were quantified by using ImageJ software (National Institutes of
Health, Bethesda, MD).

Sandwich ELISA. Rabbit anti-tNCC (75-90) (0.18 pg/well) and
anti-pTSSNCC (0.9 pg/well) antibodies in 100 pl of bicarbonate
buffer (15 mM Na,COs, 35 mM NaHCO3) were applied to 96-well
ELISA plates IWAKI, Tokyo, Japan) and incubated at 4°C for 96 h
for immobilization. The anti-NCC antibodies used in the assays share
no antigenic homology with other proteins including homologous
NKCC1 and NKCC2. After being washed with 200 ! of wash buffer
(TBS-0.02% Tween20) three times and being blocked with 200 pl of
1.5% (wt/vol) albumin in TBS-0.02% Tween20 for 30 min at room
temperature, 100 pl of urinary exosome samples or standard proteins
for tNCC and pNCC were applied to the wells. After a 2-h incubation
at 37°C under gentle shaking, the plates were washed six times with
a wash buffer (TBS-0.02% Tween20). Then, 100 wul of guinea pig
anti-tNCC antibody (1-16; 0.16 pg/well) and anti-tNCC antibody
(75-90; 0.38 wg/well) in EIA buffer (TBS-0.02% Tween20 and 0.2%
BSA) were applied to each well for the tNCC and pNCC assays,
respectively, for 2 h at 37°C under gentle shaking. Plates were washed
with wash buffer again for seven times, and 100 ul AP-labeled
anti-guinea pig antibody in EIA buffer (1:2,000 dilution) were added
as a secondary antibody and incubated for 1 h at 37°C. After being
washed eight times, 100 pl of BluePhos (KPL, Gaithersburg, MD)
were applied and incubated for 10 min. The signals at 620 nm were
obtained by a plate reader (Spectrafluor; Tecan Japan, Kanagawa,
Japan). All of the antibodies used in this study are available in small
amounts upon request.

Patients. Between July 2012 and March 2013, we recruited 93
patients who were treated as chronic kidney disease patients in the
nephrology department of Tokyo Medical and Dental University. The
Medical Research Ethics Committee of Tokyo Medical and Dental
University approved this study (Approval No. 1031).

Clinical data collection. Medical records were used to collect data
on age, sex, blood pressure (BP), serum albumin, sodium, potassium,
creatinine (Cr), chloride, and urine Cr, urine protein, and urine
sodium. Estimated glomerular filtration rates (¢GFRs) were calculated
with the following previously published Japanese eGFR equation
(13): eGFR [ml'min-1.73 m™2] = 0.741 X 175 X (age)~"2%7 X
(serum Cr)~ 1994 X 0.739 (if female).

We used the following formula to calculate fractional excretion of
sodium (FEn.): FEna [%] = [serum Cr X urinary sodium/serum
sodium X urinary Cr] X 100.

Statistical methods. Data are expressed as means = SD. Compar-
isons between the two groups were performed with unpaired t-tests.
The relationship of urinary tNCC and pNCC with continuous vari-
ables was examined by Pearson’s correlation coefficient. The multi-
variable regression analysis was created based on the variables that
had a simple correlation of P < 0.05 to eGFR and FEn,.

RESULTS AND DISCUSSION

Development of sandwich ELISA for tNCC and pNCC. We
needed to modify an ultracentrifugation method of urine exo-
some preparation for our sandwich ELISA since the original

95 Total NCC Phosphorylated NCC
2.5
. 2.04
Fig. 3. Sensitivity of sandwich ELISA for tNCC and 2.0-
pNCC. The sandwich ELISA for tNCC and pNCC & 15 S
detected as little as 3 pmol/ml and 100 fmol/ml of Q o 15
standard proteins, respectively. ODagp, optical den- O 10 o 1.0J
sity at 260. ’
0.5 0.54
00 1 10 pmoliwell 00 0.01 01 1 pmoliwell

AJP-Renal Physiol « doi:10.1152/ajprenal.00208.2013 « www.ajprenal.org



URINARY NCC MEASUREMENT BY ELISA

F1377

Fig. 4. Correlation between sandwich ELISA and
immunoblot, Urine samples were collected from
13 healthy volunteers. After preparation of exo-
somes, the samples were divided into sandwich
ELISA samples and immunoblot samples. The
amount of INCC and pNCC measured by the sand-
wich ELISA was highly correlated with the band
intensities obtained by immunoblots. (r = 0.94, r =
097, respectively). AU, arbitrary unit.
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ultracentrifugation method (23) results in the formation of tight
pellets that cannot be dissolved in a buffered solution for
ELISA. Tamm-Horsfall protein (THP), also known as uro-
modulin, is the most abundant protein in human urine (22), and
it is known to form polymeric meshwork (31). Accordingly, we
speculated that the THP polymers could make the pellet insol-
uble, and we incorporated a DTT treatment step into the
original ultracentrifugation method to disrupt the networks, as
described previously (7, 23). We also modified the centrifuga-
tion speed and optimized the buffer and the detergent for
exosome preparation for our ELISA assays. As for the deter-
gent, we judged that 0.02% Tween20 was enough to demolish
the exosomes and to extract NCC since we did not observe any
significant changes of signals in our ELISA if the concentra-
tions of Tween20 was increased up to 0.1% or a more polent
detergent, 0.1% TritonX-100, was used instead of Tween20.

This modified procedure allowed us to detect a pNCC signal
(Fig. 14). We determined reproducibility of this exosome
preparation by analyzing a single urine sample in six different
tubes. NCC and other exosome-associated proteins (THP,
TSG101, and AQP2) were reproducibly detected by immuno-
blots. The average coefficient of variation was <10%.
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The principle of our sandwich ELISA is summarized in Fig.
1B. As shown in Fig. 2, A and B, the elimination of either the
capture or detection antibody in the assays resulted in no signal
detection, confirming that there were no nonspecific signals in
these assays. Then, we tested the phosphospecificity of sand-
wich ELISA for pNCC. Although we previously demonstrated
the phosphospecificity of the antibody to detect p5S5T in NCC
protein (3), we also verified it in our sandwich ELISA. As
shown in Fig. 2C, while the pNCC peptide was detected by
ELISA for pNCC, GST-NCC, which was not phosphorylated
(confirmed by immunoblot with anti-pS5T antibody, data not
shown), was not detected. This result indicated that the sand-
wich ELISA for pNCC maintained high phosphospecificity.

We further evaluated the sensitivities of these sandwich
ELISA systems. The sandwich ELISAs for tNCC and pNCC
detected as little as 3 pmol/ml and 100 tmol/ml of each
standard, respectively (Fig. 3). Since the active form of NCC is
the phosphorylated form, pNCC in urine may be a better
parameter than (NCC to estimate the activity of NCC in the
kidney. In this respect, it was fortunate for us that the ELISA
for pNCC showed a higher sensitivity than the (NCC ELISA,

Fig. 5. Urinary NCC can be corrected by
urinary creatinine (Cr). We measured pNCC

any
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in 5 different spot urine samples collected
within a day from 3 different subjects. pNCC
concentration corrected by Cr was constant
among the 5 spot urine samples.

B corrected pNCC
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Fig. 6. Excretion of NCC in urine exosomes in pscudohypoaldosteronism type II (PHAII) family members and PHAII model mice. A and B: closed symbol/bar
indicates the family members carrying the PHAII mutation. The patients in fumily A and B have the T386 A KLHL3 mutation and CUL3 mutation [splice acceptor
(—6) T > G], respectively. Spot urine samples were collected from all members of the 2 families. Excretion of tNCC and pNCC in urine exosomes was increased
only in the family members carrying the mutations. (C). Excretion of pNCC in urine exosomes was increased in PHAII model mice (Wnk4¥'~* knockin mice).

Closed symbol/bar indicates PHAII model mice. Urine samples were collected for 24 h.

which might be due to the high sensitivity of anti-p-T55
antibody used for capturing pNCC.

Correlation between immunoblots and sandwich ELISA. We
examined the correlation between sandwich ELISA and NCC
immunoblot, which has been used to compare the relative
abundance of urinary NCC proteins (12, 14, 27). Spot urine
samples were collected from 13 healthy volunteers. After the
preparation of exosomes, the samples were divided into sand-
wich ELISA and immunoblot samples. The immunoblot sig-
nals of tNCC and pNCC (~150 kDa) were obtained by the
capture antibodies that were used in ELISA and were analyzed
by densitometry. The amounts of INCC and pNCC measured
by the sandwich ELISAs were highly correlated with the
immunoblot data (r = 0.94, r = 0.97, respectively; Fig. 4),
validating that the ELISA assays could measure the amounts of

full-length NCC and pNCC although the epitopes of capture
and detection antibodies were relatively closely located. The
very close correlation of pNCC ELISA and its immunoblot
data also verified the phosphospecificity of pNCC ELISA in
urine samples.

Urinary exosomal NCC can be normalized with urinary Cr.
To evaluate the amount of urinary tNCC and pNCC in spot
urine samples, we investigated a method to correct the amount
of tNCC and pNCC in spot urine samples from a single subject.
Normalization of urinary biomarkers is an unresolved issue.
Fernandez-Llama (7) previously reported that exosomal pro-
teins can be normalized by THP. Likewise, urinary exosome
markers, such as TSG101, Alix, or Hsp70 (7, 23, 33), may be
used for the normalization of urinary exosomal proteins. How-
ever, it is unknown if these proteins are constant under various

Table 1. Urinary excretion of total and phosphorylated NCC in Gitelman’s syndrome

3 4

Mutation found in NCC gene L849H (hetero)
Total NCC, fmol/mg Cr ND
Phosphorylated NCC, fmol/mg Cr 0.30

V578M (hetero) delTT' (hetero)
ND ND ND
ND 2.51 ND

V578M (hetero) delTT! (hetero) T180K (homo)

NCC, Na-Cl cotransporter; homo, homozygous mutation; hetero, heterozygous mutation; Cr, creatinine; ND, not detected. '2-bp (TT) deletion at 25432544,
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Table 2. Main characteristics of participants

Total NCC (n = 39)  Phosphorylated NCC (1 = 61)

Age, yr 65.0 & 14.7 63.5 = 14.6
Male, % 25 (64) 39 (64)
Diabetes, % 820 H8)
Hypertension, % 29 (75) 47T
e¢GFR, ml-min-1.73 m? 49.7 £ 17.9 50.3 = 18.1
Systolic BP, mmHg 1249 £ 16.0 126.3 £ 17.7
Diastolic BP, mmHg 754 = 11.3 76.0 = 11.9
Serum albumin, mg/dl 43 %203 43 %03
Serum sodium, mEg/!| 140.8 £ 2.0 140.3 = 1.9
Serum potassium, mki/| 44 %03 44+ 04

Serum chloride, mEq/| 106.0 *+ 2.6 106.0 = 2.7

Values are means * SE. ¢GFR, estimated glomerular filtration rate; BP,
blood pressure.

pathophysiological conditions, and their quantitative measure-
ments are still not easy for a large number of clinical samples.
Although normalization of urinary biomarkers to urine Cr has
been recognized to be misleading especially when GFR is
changing (28), most clinical urine sample measurements are
usually corrected by urine Cr. Zhou et al. (33) reported that
specific exosome-associated proteins normalized by Cr are
almost equal within samples from the same person, and they
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also discussed that normalization by urine Cr is currently the
best option for clinical study since nornmalization of urine flow
rate Is theoretically the best but rarely practical. Therefore, we
tested urinary Cr for normalization in our assays. We measured
pNCC in five different spot urine samples within a day from
three different subjects. The pNCC concentrations corrected by
the Cr level were almost equal among the five spot urine
samples (Fig. 5) from the same subject. This result suggests
that a single spot urine sample can be used to estimate the total
excretion of pNCC for 24 h.

Measurements of INCC and pNCC in patients with PHAII
and Gitelman’s syndrome. To evaluate whether the activity of
NCC in the kidney would reflect the excretion of tNCC and
pNCC in urinary exosomes, we first collected urine samples
from two PHAII families and measured the excretion of (NCC
and pNCC in urinary exosomes since NCC is constitutively
activated in PHAIL Very receatly, we reported that WNK4 is
a target of Cullin3-KLLHL3 E3 ligase and that the impaired
ubiquitination and subsequently increased level of WNK4 in
the kidney could activate downstream OSR1/SPAK-NCC sig-
naling, which is the major common pathogenesis of PHAII by
mutations in three different genes (29). In family A, the patient
carried a novel de novo mutation in the KLHL3 gene
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(heterozygous T386A; Fig. 64). Since this mutation is located
within the hot spot of PHAII mutations in the kelch domain (1),
and there was genotype-phenotype correlation within the fam-
ily, we regarded this mutation as a PHAII-causing mutation (a
case report is in preparation). In family B, a heterozygous novel
de novo mutation in intron 8 of the CUL3 gene [splice acceptor
(—6) T > G] was identified in the patient (Fig. 6B). The
skipping of exon 9, postulated as a consequence of the CUL3
gene mutations (1), was confirmed in the patient’s white blood
cells by RT-PCR (21). As shown in Fig. 6, A and B, the
excretion of (NCC and pNCC in urinary exosomes was ro-
bustly increased in the family members who carried each
mutation in the two families.

We also confirmed this finding in our PHAII model mice
(Wnk4P301A+ knockin mice) in which NCC is constitutively
phosphorylated and activated. We only measured urinary
pNCC in the PHAII model mice since the guinea pig antibody
used in the sandwich ELISA for tNCC only recognizes human
NCC. As shown in Fig. 6C, the level of pNCC was highly
increased in the urine of the PHAII model mice.

Furthermore, we corrected urine samples from four Gitel-
man syndrome patients (16) and measured the excretion of
tNCC and pNCC (Table 1). The loss-of-function of NCC is the
cause of Gitelman’s syndrome (25), and there was already
preliminary data that the urinary excretion of NCC was signif-
icantly reduced (12). In all of the patients that we tested, the
level of tINCC was under the detection limit, and pNCC levels
were under the detection limit in two patients and low in the
other two patients (0.30 and 2.51 fmol/mg Cr, respectively)
compared with the mean values in outpatients with eGFR > 60
ml-min-1.73 m~2 (8.1 = 5.4 fmol/mg Cr; n = 13).

These data in PHAII and Gitelman’s syndrome patients
indicate that urinary excretion of tNCC and pNCC reflects
NCC activity in the kidney and that our ELISA assays are
detecting NCC specifically. Phosphorylation of NCC in the
kidney is now widely recognized as an excellent marker to
reflect the in vivo activity of NCC (8). However, it is poorly
understood at present how the pNCC localized to the apical
plasma membranes of the distal tubules is excreted in urine,
especially into the exosomes. Nonetheless, previous studies
(12, 17, 27) and the present study clearly suggest that tNCC
and pNCC in the urine may reflect the amounts in the kidney.

Analysis of tINCC and pNCC in urinary exosomes in
outpatients. Since the initial purpose of developing ELISA
assays for urinary NCC was to establish assays to predict
thiazide sensitivity as well as to help to diagnose PHAII and
Gitelman’s syndrome, we sought to gather more data on
urinary NCC excretion not only in the specific genetic diseases
but also in a more general population of patients with different
clinical backgrounds. We measured urinary tNCC and pNCC
in 93 outpatients from the Nephrology Department of Tokyo
Medical and Dental University. Most of these outpatients had
chronic kidney diseases. The 32 patients with proteinuria were
excluded since urinary protein levels >30 mg/dl interfered
with our ELISA. We measured urinary tNCC and pNCC in 61
patients. We could detect urinary pNCC in all 61 patients, but
the measurement of tNCC was successful in only 39 patients,
probably due to the lower sensitivity of the tNCC assay. Patient
characteristics are shown in Table 2. The participants were
predominantly male (64% in both groups) with a mean (£SD)
age of 65.0 = 14.7 yr in the tNCC group and 63.5 = 14.6 yr

URINARY NCC MEASUREMENT BY ELISA

in the pNCC group. The overall mean eeGFR was 49.7 = 17.9
ml-min-1.73 m~2 in the tNCC group and 50.3 = 18.1
ml-min-1.73 m~2 in pNCC group. Eight (21%) and eleven
(18%) patients in the tNCC and pNCC groups had diabetes
mellitus, respectively. Twenty-nine (75%) patients in the tNCC
group and forty-seven (77%) patients in the pNCC group had
hypertension.

We found interesting correlations between the clinical data
and the excretion of NCC in urinary exosomes (Fig. 7). We
found that excretion of tNCC and pNCC in urinary exosomes
was positively correlated with eGFR (r = 0.36, P < 0.05; r =
0.56, P < 0.0001, respectively; Fig. 7A). This decrease of
tNCC and pNCC excretion may come from the decreased
number of nephrons. Thus analyses of nephron segment-spe-
cific proteins in urine exosomes would be new tools to evaluate
kidney function from viewpoints other than GFR. We also
found that the excretion of (INCC and pNCC in urinary exo-
somes negatively correlates with the FEn, (r = —047, P <
0.01, r = —0.62, P < 0.001, respectively; Fig. 7B). The
correlation was still evident when the analysis was limited in
the patients with similar eGFR (40~60 ml-min-1.73 m~2; Fig.
7C). Further studies are necessary to elucidate the significance
of these correlations. Systolic BP, diastolic BP, serum albumin,
serum sodium, serum potassium, and serum chloride were not
correlated with tINCC or pNCC excretion (data not shown).

In summary, we developed sandwich ELISAs for tNCC and
pNCC in urinary exosomes. This assay enabled us to estimate
the activity of NCC in the human kidney and may be vseful not
only for the diagnosis of PHAII and Gitelman syndrome but
also for predicting thiazide sensitivity in hypertensive patients
with normal GFR in the future.
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Background: Aquaporin-5 (AQP5) is a member of the water channel protein family. Although AQP5 was
shown to be present in sweat glands, the presence or absence of regulated intracellular translocation of
AQP5 in sweat glands remained to be determined.

Objective: We investigated whether AQP5 in sweat glands translocated during sweating, and also sought
to determine the intracellular signal that triggers this translocation.

KE}'WOTdff Methods: Immunofluorescent analyses of AQP5 in mouse and human sweat glands were performed.
l;\\?vl:lsorlla‘}xd Madin-Darby Canine kidney (MDCK) cell lines stably expressing human AQP5 were generated, and the
Trafﬁclfing regulated translocation of AQP5 in the polarized cells was assessed by immunofluorescent analysis and
Anoctamin biotinylation assays.

Results: AQP5 showed rapid translocation to the apical membranes during sweating. In human eccrine
sweat glands, immunoreactive AQP5 was detected in the apical membranes and the intercellular
canaliculi of secretory coils, and in the basolateral membranes of the clear cells. Treatment of human
AQP5-expressing MDCK cells with calcium ionophore A23187 resulted in a twofold increase of AQP5 in
the apical membranes within 5 min.
Conclusion: The regulated AQPS5 transiocation may contribute to sweat secretion by increasing the water
permeability of apical plasma membranes of sweat glands.

© 2013 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Secretion of fluid is the principal function of eccrine sweat
glands. An eccrine sweat gland is a single tubular structure
consisting of a secretory portion and a ductal portion. In the
secretory portion, primary fluid, i.e.,, primary sweat, is secreted
onto the lumen by active salt transport followed by movement of
water, and the fluid transits through the duct where salt
reabsorption occurs [1,2]. Dyshidrosis, including hyperhidrosis,
hypohidrosis and anhidrosis, is a serious problem that can have a
severe impact on daily life. For example, primary focal hyperhi-
drosis is a disorder of excessive sweating that occurs in the palms,
soles, axillae and craniofacial region. This condition results in
occupational, psychological and physical impairment and poten-
tial social stigmatization [3,4]. Patients have several treatment

* Corresponding author at: 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8510, Japan.
Tel.: +81 3 5803 5214; fax: +81 3 5803 5215.
E-mail address: suchida.kid@tmd.ac.jp (S. Uchida).

options [5], but these treatments have complications and
limitations [6]. Patients with obstinate dyshidrosis or who
experience serious side effects are desperate for new treatments.
In order to develop new treatments, further understanding of the
regulation of sweating, especially the regulation of fluid move-
ment, is required.

Aquaporins (AQPs) are a family of integral membrane channel
proteins that allow the rapid movement of water across the plasma
membrane. Thirteen members of the AQP family (AQP0-AQP12)
have been identified in mammals to date, and these proteins are
expressed in various fluid-transporting epithelia with a distinct
tissue-specific pattern [7]. Although there have been a few reports
regarding the presence of AQP5 in sweat glands [8-13], its
involvement in sweating is not well understood.

In the present study, we focused on translocation of AQP5 in
sweat glands. By immunofluorescent studies of AQP5 in the sweat
glands, we found that AQP5 showed apical translocation during
sweating. We then generated Madin-Darby canine kidney (MDCK)
cell lines stably expressing human AQP5 (hAQP5), and found that
the intracellular calcium might mediate this translocation.

0923-1811/$36.00 © 2013 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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2. Materials and methods
2.1. Antibodies and chemical reagents

Primary antibodies used were: rabbit monoclonal anti-AQP5
(ab93230, Abcam, Cambridge, MA, USA), goat polyclonal anti-
AQP5 (sc-9890, Santa Cruz Biotechnology, CA, USA), mouse
monoclonal anti-Na*/IC"ATPase (sc-21712, Sigma-Aldrich, St.
Louis, MO, USA), and rabbit anti-anoctamin-1 (ANO1) antibody
generated in our laboratory using the antigen peptide (NH;-
C + GDGSPVPSYEYHGDAL~-COOH, corresponding to amino acid
residues 941-956 of mouse ANQO1). Secondary antibodies used for
immunofluorescence were Alexa Fluor 488- or 546-conjugated
anti-IgG antibodies (Invitrogen, Carlsbad, CA, USA). Alkaline
phosphatase-conjugated anti-rabbit IgG antibody (S373B, Pro-
mega, Madison, WI, USA) was used as the secondary antibody for
immunoblotting.

2.2. Animal study

We used C57BL6/] mice at the age of 24 weeks. Sweating was
detected using a modified Minor method; mouse paws were
painted with 3% iodine in ethanol, coated with 80% starch solution
in olive oil and observed. To make the mice sweat, we simply held
the mice in our hands without anesthesia. To obtain non-sweating
mice, we intraperitoneally anesthetized the mice with Inactin
(Dainippon Sumitomo Pharma, Osaka, Japan). In the sweating
group, we could see spots appearing on their paws soon after
holding. When the number and the size of the spots were still
increasing (5 min after we started holding), the mice were rapidly
anesthetized with diethyl ether (Sigma-Aldrich), and the paws of
the mice in both groups were quickly removed and frozen in liquid
nitrogen. All procedures and experiments were designed according
to the Declaration of Helsinki Principles and approved by the
Animal Care and Use Committee of Tokyo Medical and Dental
University.

2.3. Immunofluorescence studies in mouse and human
sweat glands

Specimens of healthy skin were taken from patients after
surgery under local anesthesia with informed consent in accor-
dance with the declaration of Helsinki Principles. The ethical
committee of Tokyo Medical and Dental University approved this
study. The specimens were fixed overnight in 10% Formalin
Neutral Buffer Solution (Wako, Osaka, Japan) and embedded in
paraffin. After antigen retrieval and blocking with 1% BSA, the

sections were incubated overnight with primary antibodies.
Immunofluorescent images were obtained by using an LSM
confocal microscope (Carl Zeiss Japan, Tokyo, Japan). For quantifi-
cation of AQP5 labeling, we evaluated the intensity of AQP5
immunofluorescence in each cross section of the coils using LSM5
software version 4.0. The percentage of AQP5 signal in the apical
membranes to total signal in each coil was calculated.

2.4. Generation of MDCK cell lines stably expressing non-tagged
human AQP5

hAQP5 cDNA without any tag sequence was amplified by PCR
using hAQP5 cDNA in pDNOR201 (FL]J81272AAAF, NITE Biological
Resource Center, Chiba, Japan) as a template, and was then
subcloned into the pcDNA3.1 (+) vector (Invitrogen). Stably
transfected MDCK cell clones were isolated in a selection medium
containing 1.2 mg/ml G418 (Sigma-Aldrich) and screened by
Western blot analysis using the anti-human AQP5 antibody.

2.5. Immunoblotting

The cells were lysed in a lysis buffer (1% Triton X-100, 50 mM
Tris-HCl, 5 mM EDTA, 150 mM NacCl) for 30 min at 37 °C, and
mixed with 2x Laemmli sample buffer for 15 min at room
temperature to denature the proteins. The samples were run on a
10-20% SDS-PAGE gel (Wako) and blotted onto nitrocellulose
membranes (RPN2020D, Amersham, Buckinghamshire, UK). Sig-
nals were detected using the WesternBlue chromogenic substrate
(Promega).

2.6. Side-specific biotinylation assay

MDCK cells stably expressing hAQP5 were seeded on polycar-
bonate filters (Corning, NY, USA) until they formed a confluent
monolayer. After treatment with or without 10 wWM calcium
ionophore A23187, Sulfo-NHS-Biotin (0.5 mg/ml) (Thermo Scientif-
ic, Waltham, MA, USA) was applied to the apical or the basolateral
surface for 20 min. The subsequent procedures are described in our
previous paper [14]. When side-specific biotinylated AQP5 protein
was analyzed, an immunoreaction-enhancing solution (NKB101,
TOYOBO, Osaka, Japan) was used. Band intensity was analyzed using
Image ] (NIH, Bethesda, MD, USA).

2.7. Statistical methods

Statistical analyses were performed using the Student’s t-test.
P < 0.05 was considered statistically significant.

(a)

(b)

Fig. 1. Confirmation of non-sweating/sweating of mice through their paws. Representative photographs of the paw of a non-sweating/sweating mouse are shown. (a) No spot
corresponding to sweat secretion was apparent on the paw of an anesthetized mouse. (b) Numerous spots were observed on the paw of a mouse which was held in the hand

without anesthesia.
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3. Results

3.1. AQP5 translocated from the non-apical region to the apical
membranes in cells of mouse sweat glands under sweating condition

AQP5 was reported to translocate to the apical membranes of
cells of rat parotid glands with cevimeline, a muscarinic receptor
agonist [15]. We therefore assessed changes in the subcellular
localization of AQP5 in sweat glands during sweating in mice. To
determine whether the mice were sweating or not through their
paws, we used a modified Minor method. In the control

AQPS
(2)

AQPS

DIC

DIC

anesthetized mice, spots which correspond to sweat secretion,
were scarcely observed on the paws (Fig. 1a). To make the mice
sweat, we chose to simply hold the mice in our hands without
anesthesia, rather than to apply a sweating agent such as
pilocarpine or acetylcholine, since more spots were observed on
the paws of the held mice than the mice given sweating agents (Fig.
S1). After confirming that the mice were in non-sweating or
sweating condition, the paws were removed and processed for
immunofluorescence. Under non-sweating condition, AQP5 was
detected in the apical membranes of secretory cells in the mouse
sweat glands, and was diffusely localized in the non-apical region

Merge

Merge

Fig. 2. Aquaporin-5 (AQP5) translocation from the non-apical region to the apical membranes of cells in mouse sweat glands. (a-d) Immunofluorescent staining of AQP5
localization in paraffin sections of a representative mouse sweat gland under non-sweating or sweating conditions. (a and b) Under non-sweating condition, immunoreactive
AQP5 was detected in the apical membranes as well as in the non-apical region of the secretory cells. (c and d) Under sweating condition, almost all immunoreactive AQP5

was detected in the apical membranes. Bar = 10 pm.
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ANOI1 AQP5

DIC

Merge

(b)

AQPS

ANO1 AQPS

(d)

DIC Merge

DIC Merg

DIC Merge

Fig. 3. Colocalization of anoctamin-1 (ANO1) and AQP5 in mouse sweat glands. Double immunofluorescent staining of ANO1 (green) and AQP5 (red) in histological sections of
the paw of a representative mouse under non-sweating or sweating condition are shown. (a and b) Under non-sweating condition, immunoreactive ANO1 was detected in the
apical membranes of the secretory cells and partially colocalized with AQP5. (c and d) Under sweating condition, immunoreactive ANO1 was detected in the apical
membranes of these cells and colocalized with AQP5 in the apical membranes. The cellular localization of ANO1 did not change during sweating. Bar = 10 pm.

(Fig. 2a and b). Under sweating condition, almost all AQPS5 staining
was detected in the apical membranes (Fig. 2c and d). This apical
accumulation of AQP5 was also confirmed in the pilocarpine-
induced sweating (Fig. S1). The fluorescent intensity in the apical
AQP5 in the cross section of the coils was significantly increased
from 60 £ 7.7% (n =15) under non-sweating condition to 91 + 6.0%
(n=15) under sweating condition (mean + SD, P < 0.01). These data
suggested that a certain amount of AQP5 translocated from the non-
apical region to the apical membranes during sweating.
Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.jdermsci.2013.01.013.
To exclude the possibility that translocation of AQP5 to the
apical membranes is a general characteristic of apical membrane
proteins in sweat glands during sweating, we investigated the
localization of anoctamin-1 (ANO1), a calcium-activated chloride
channel [16-18], during sweating. ANO1 immunofluorescence was
detected in the apical membranes of cells in mouse sweat glands

(Fig. S2). We then performed double immunofluorescent analysis
of ANO1 and AQPS5 in histological sections of the mice paws under
non-sweating and sweating conditions. ANO1 was detected only in
the apical membranes under both conditions, and it completely
colocalized with AQP5 in these apical membranes (Fig. 3).
However, in contrast to AQP5, the localization of ANO1 did not
differ under the different applied conditions.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.jdermsci.2013.01.013.

3.2. Immunohistochemical analysis of AQP5 localization in human
eccrine sweat glands

To determine the cellular localization of AQP5 in human eccrine
sweat glands, we immunohistochemically analyzed paraffin
sections of healthy human skin using the anti-AQP5 antibody. In
addition, the anti-Na*/K*ATPase antibody was used for visualizing
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Na'/K*ATPase

Fig. 4. Immunohistochemical analysis of AQP5 localization in human eccrine sweat glands. (a) Representative double immunofluorescent staining of AQP5 (red) and Na*/
K*ATPase (green) in a paraffin section of a human eccrine sweat gland. Immunoreactive AQP5 was detected in cells of the secretory portion of the gland (arrows), but not in
duct cells (arrowheads). (b) Close up images of the secretary coil of a human eccrine sweat gland. Immunoreactive AQP5 was detected in the apical membranes (arrows) and
in the intercellular canaliculi (asterisks), and did not colocalize with Na*/K*ATPase in these areas. AQP5 was also detected in the basolateral membranes of the clear cells

(arrowheads) where it did colocalize with Na*/K*ATPase. Bar = 10 pm.

the morphology of the eccrine sweat gland (Fig. 4). Immunoreac-
tive AQP5 was detected in cells in the secretory portion of the
eccrine sweat gland, but notin duct cells, whereas immunoreactive
Na*/K*ATPase was detected in cells of both the secretory portion
and the duct. Sweat gland duct cells showed strong Na*/K*ATPase
labeling at their basolateral plasma membranes as previously
reported [19,20], whereas cells in the secretory portion showed
relatively weak labeling at their basolateral plasma membranes
(Fig. 4a). AQP5 was detected in the apical membranes (Fig. 4b,
arrows) of cells in the secretory portion as well as in the intercellular
canaliculi (Fig. 4b, asterisks), and this AQP5 staining did not
colocalize with Na*/K*ATPase staining. In addition, AQP5 was also
detected in the basolateral membranes of the clear cells (Fig. 4b,
arrowheads). Cytoplasmic staining of AQP5 as observed in mouse
sweat glands was not observed in our specimens of human eccrine
sweat glands. Analysis of different specimens of healthy skin from
several patients using two other anti-AQP5 antibodies (sc-9890 and
sc-28628, Santa Cruz Biotechnology) indicated almost exactly the
same distribution of AQP5 shown in Fig. 4. AQP5 was not detected in
other components of the skin, including the epidermis, sebaceous
glands and hair follicles (data not shown).

3.3. Transfected human AQP5 is located at both the apical and
basolateral membranes of MDCK cells

To further investigate AQP5 cellular localization and transloca-
tion, we generated MDCK cell lines stably expressing non-tagged
hAQP5. The transfected hAQP5 was not tagged since some tag
sequences are known to affect the cellular localization of AQP5
[21]. We selected nine clones from these transfected cells based on
Western blotting of AQP5 protein expression (Fig. 5a). Of these
clones, clone #6, which showed a high level of AQP5 expression,
and a mixture of clones #4, #7 and #9, which was used to avoid the
effect of clonal variation on the results, were selected for further
experiments. In preliminary experiments, we confirmed that these

cells formed a confluent monolayer and were in a polarized state
by checking the basolateral localization of Na*/K*ATPase (data not
shown). A cell-side-specific biotinylation assay showed that
hAQP5 was present at both the apical and basolateral membranes
of these cells (Fig. 5b), which was consistent with the immunohis-
tochemical localization of AQP5 in human eccrine sweat glands in
vivo (Fig. 4).

3.4. Human AQPS5 translocated from the cytoplasm to the apical
membranes by treatment with calcium ionophore

In rat parotid glands, the interaction of acetylcholine with M3
muscarinic receptors and of norepinephrine with a1-adrenergic
receptors stimulates salivary secretion by inducing an elevation
of intracellular calcium concentration and the translocation of
rat AQP5 from the intracellular membranes to the apical
membranes [22,23]. Sweating is also primarily regulated by

total biotinylated

A B A B A

B A B A B
mixed clone#6 mixed

wildtype clonc #6

Fig. 5. Analysis of MDCK cell lines stably expressing non-tagged hAQP5. (a) Nine
independent clones were isolated and their expression of hAQP5 was analyzed by
Western blotting. Clone #6, which showed a high level of AQP5 expression, and a
mixture of clones #4, #7 and #9, which was used to avoid the effect of clonal
variation, were selected for further experiments. (b) Localization of hAQP5 in the
stable cell lines was determined by a cell-side-specific biotinylation assay. The
hAQP5 was detected at both the apical and basolateral sides of polarized hAQP5-
MDCK cells. A, apical membrane fraction; B, basolateral membrane fraction; wild-
type, wild-type MDCK cell line; mixed, mixed clone of #4, #7 and #9.
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min

5 min

C

30 min -

Fig. 6. Immunofluorescent analysis of human AQP5 translocation to the apical membranes of MDCK cells. Confocal images of hAQP5 in MDCK cells (clone #6) treated with
10 wM A23187. The top and bottom images show hAQP5 at the apical surface and the nucleus levels of the monolayers, respectively. hAQP5 at the apical surface level was
increased 5 min after treatment. Red: AQP5, blue: 4,6-diamidino-2-phenylindole (DAPI). Bar =5 pm.

acetylcholine, which causes an increase in intracellular calcium
concentration via muscarinic receptors {1]. We therefore tried to
determine whether hAQPS5 translocation was regulated by an
increase in intracellular calcium concentration in MDCK cells stably
expressing non-tagged hAQP5. Confluent monolayers of the hAQP5-
MDCK cells were treated with or without (control) 10 wM calcium
ionophore A23187 for 5 or 30 min and were then subjected to an
immunofluorescent analysis and a cell-side-specific biotinylation
assay. In both analyses, the amount of hAQP5 protein in the apical
membrane fraction increased after 5 min of A23187 treatment
compared to control cells (Figs. 6 and 7a and e), and it returned to the
control level 30 min after this treatment (Figs. 6 and 7b and f). On the
other hand, the amount of hAQP5 protein in the basolateral
membrane fraction did not change at either 5 or 30 min after
treatment (Fig. 7c, d, g and h). The same results were obtained using
20 wM thapsigargin, another reagent that increases intracellular
calcium concentration (data not shown). These results suggest that
hAQP5 protein translocated relatively rapidly from the cytoplasm to
the apical membranes due to an increase in intracellular calcium.

4. Discussion

AQP5 water channel is expressed in several secretory epithelia,
including salivary glands [24], airway submucosal glands [25],
lacrimal glands [26], and sweat glands, as well as in alveolar type [
epithelial cells [25,27]. Aquaporin-2 (AQP2) is a water channel in
the collecting ducts of the kidney that translocates from
intracellular membranes to plasma membranes in response to
vasopressin [28-30]. AQP5 has 63% identity to AQP2 [31], and was
shown to translocate from the cytoplasm to the apical membranes
in cells of rat salivary glands by stimulation with M3 muscarinic
and al-adrenergic agonists [22,23]. However, there has been no
report regarding AQP5 translocation in cells of sweat glands. Since
it was difficult to investigate the mechanism of AQP5 translocation
in human tissues, we first used mouse tissues for this investigation.
We observed the significant decrease of mouse AQP5 in the non-
apical region and its accumulation in the apical membranes under

sweating condition (Fig. 2). This is the first report of AQP5
translocation in sweat glands in vivo.

In human samples, however, we could not observe apparent
cytoplasmic AQP5 signals (Fig. 4). We speculate that the patients
undergoing biopsy were under emotional sweating condition due
to mental strain. To verify this speculation, the specimen of
anhidrotic skin, for example, skin from the patients who had
underwent sympathectomy, may be necessary.

We consider that apical translocation is not a general
characteristic of apical membrane proteins involved in sweating
since we could not observe the translocation of ANO1 in the same
sections (Fig. 3). ANO1 is the first member of a family of calcium-
activated chloride channels that were recently identified as
anoctamins [16-18]. Although calcium-activated chloride chan-
nels have been postulated to be involved in sweating, the presence
of anoctamins in sweat glands has not been reported. We believe
that this is the first report to clearly demonstrate ANO1 apical
membrane localization in sweat glands and to show that ANO1
does not translocate during sweating. Since the function of ANO1 is
regulated by calcium, it is reasonable to presume that ANO1 does
not need to traffic within the cell for its function. Thus, the findings
of the present study, i.e., that AQP5 colocalizes with ANO1 in sweat
glands, and that AQP5 translocates during sweating, provide new
insights into the mechanism by which primary sweat is produced.

We could detect human AQP5 signals in the basolateral
membranes as well as in the apical membranes (Fig. 4). There
must be high water permeability in both apical and basolateral
plasma membranes for tight epithelia to be highly permeable to
water. In kidney collecting ducts, there are AQP3 and AQP4 in the
basolateral plasma membranes, which make the membranes
constitutively permeable to water. The trafficking of AQP2 to the
apical membranes is the key machinery to increase transepithelial
water permeability by vasopressin signal. We speculate that
basolateral AQP5 in sweat glands may have the same role as AQP3
and AQP4 in the collecting ducts.

The principal regulator of sweat secretion in primates and
rodents is acetylcholine [1,32], whose effects are mediated by the
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Fig. 7. Human AQP5 translocation from the cytoplasm to the apical membranes of MDCK cells. (a-d) Confluent monolayers of the hAQP5-MDCK cells were treated with or
without (control) 10 wM calcium ionophore A23187 and then subjected to a cell-side-specific biotinylation assay. The figures are representative results using clone #6. (e-h)
Densitometric analysis of (a-d) and the results using mixed clone. After 5 min of the treatment (a and e), the apical hAQPS5 level increased by about twofold in A23187-treated
cells, and after 30 min of the treatment (b and f), it returned to the control level. The basolateral hAQP5 level did not change after 5 or 30 min of the treatment (c, d, g, h). White
bars, clone #6 (n=5); black bars, mixed clone (n =5). Error bars indicate SD. *P < 0.05. NS; not significant.

intracellular second messenger calcium. We therefore tried to
determine if human AQP5 translocation was mediated by intracel-
lular calcium using a cell culture system. The signaling pathways
that are involved in AQPS5 trafficking in vitro have been investigated
using several types of epithelial cells. Biochemical analysis of slices
of rat parotid glands suggested that AQP5 is translocated from
cytoplasmic compartments to the apical membrane fraction by
stimulation of M3 muscarinic receptors and a1-adrenergic recep-
tors [22,23]. Rat AQP5 in human salivary gland (HSG) cells was
shown to undergo rapid translocation to plasma membranes by

treatment with thapsigargin, an inhibitor of the endoplasmic
Ca?*ATPase or with calcium ionophore A23187 [33]. However, this
study was not performed in the cells under polarized condition, and
the translocation evaluated only by immunofluorescence appeared
to be localized not to the apical but to the lateral plasma membranes
[33]. Unlike rat AQP5 in parotid glands, human AQPS5 is present both
in the apical and basolateral plasma membranes in sweat glands
(Fig. 4). Therefore, we thought that we should determine the
translocation of human AQPS5 in polarized cells. In addition, we used
non-tagged AQP5 for our study since a previous report indicated that
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the cellular behavior of AQP5, especially in terms of membrane
trafficking in cell culture systems, appears to be significantly
influenced by tag sequences attached to AQP5 [21]. Although we
would have liked to perform this experimentin cells derived from an
eccrine sweat gland, there is no such cells feasible for this type of
experiment, so we used MDCK cells instead. MDCK cells form a
polarized epithelial monolayer when grown on a permeable support
[34,35], and have been one of the most useful model cells for the
study of intracellular trafficking of molecules in epithelial cells.

hAQP5 localized both apically and basolaterally in all isolated
stable clones of hAQP5-transfected MDCK cells with a similar
pattern as that of AQP5 in human eccrine sweat glands in vivo. The
observed behavior of non-tagged human AQP5 in these cell lines,
i.e., rapid translocation only to the apical plasma membrane by
A23187 and thapsigargin treatment, is also consistent with the
translocation observed in vivo, clearly suggesting that intracellular
calcium is an important regulator of apical AQP5 trafficking in
sweating. At present, little is known about the molecular
mechanism(s) of AQP5 trafficking by intracellular calcium. Unlike
AQP2, whether AQP5 phosphorylation is involved in the mecha-
nism(s) remains to be determined.

Regarding the role of AQPS5 in sweat glands, the previous
knockout mouse studies reported contradictory results: one study
demonstrated dramatically reduced sweating in AQP5 null (—/-)
mice [12], while the other study demonstrated no significant
difference in sweating between wild-type mice and AQP5 null (—/
—)mice[11]. The reason for this discrepancy is not clear at present.
Our study clearly showed the existence of regulated apical
translocation of AQP5 in sweat glands, which does not answer
whether AQP5 is necessary for sweating or not, but suggests that
AQP5 may contribute to sweat secretion by increasing the water
permeability of apical plasma membranes of sweat glands.

In conclusion, we clearly demonstrated the rapid translocation
of AQP5 to the apical plasma membranes during sweating and by
the agents increasing intracellular calcium concentration. Agents
that modulate AQP5 function may be useful for the treatment of
patients with sweating disorders.
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WNKSs (with-no-lysine kinases) are the causative genes of a hered-
itary hypertensive disease, PHAII (pseudohypoaldosteronism
type II), and form a signal cascade with OSR1 (oxidative stress-
responsive 1)/SPAK (STE20/SPS1-related proline/alanine-rich
protein kinase) and Slc12a (solute carrier family 12) transporters.
We have shown that this signal cascade regulates blood pressure
by controlling vascular tone as well as renal NaCl excretion.
Therefore agents that inhibit this signal cascade could be a new
class of antihypertensive drugs. Since the binding of WNK to
OSR1/SPAK kinases was postulated to be important for signal
transduction, we sought to discover inhibitors of WNK/SPAK
binding by screening chemical compounds that disrupt the
binding. For this purpose, we developed a high-throughput
screening method using fluorescent correlation spectroscopy.

As a result of screening 17000 compounds, we discovered
two novel compounds that reproducibly disrupted the binding
of WNK to SPAK. Both compounds mediated dose-dependent
inhibition of hypotonicity-induced activation of WNK, namely
the phosphorylation of SPAK and its downstream transporters
NKCC1 (Na/K/Cl cotransporter 1) and NCC (NaCl cotransporter)
in cultured cell lines. The two compounds could be the promising
seeds of new types of antihypertensive drugs, and the method that
we developed could be applied as a general screening method to
identify compounds that disrupt the binding of two molecules.

Key words: chemical library, fluorescent correlation spectroscopy,
hypertension, Na/Cl cotransporter, WNK.

INTRODUCTION

PHAII (pseudohypoaldosteronism type II) is an autosomal
dominant hereditary hypertensive disease characterized by
hyperkalaemia and metabolic acidosis [1]. WNKI1 (with-no-
lysine kinase 1) and WNK4 were identified as the genes
responsible for PHAII [2]. Since the discovery of mutations
in the WNK1 and WNK4 genes in PHAII, the role of WNKs in
the regulation of transporters and channels has been studied
in order to elucidate the pathogenic mechanisms of PHAII
[3-6]. On the basis of these observations, WNKs have been
attracting attention as new factors controlling human blood
pressure. We previously generated Wnk4D561A/+ knock-in
mice carrying a heterozygous D561A missense mutation in the
Whnk4 gene, which corresponds to the D564A mutation found in
PHAII patients [7], and found increased phosphorylation of the
NCC (NaCl cotransporter) and OSR1 (oxidative stress-responsive
1) and SPAK (STE20/SPS1-related proline/alanine-rich protein
kinase), which are substrates of WNKs [7-9]. The increased
phosphorylation and activation of NCC caused excessive sodium
reabsorption in the distal convoluted tubules in the kidney,
which contributes to salt-sensitive hypertension. Previously, the
NKCC1 (Na/K/Cl cotransporter 1) phosphorylation cascade in
vascular smooth muscle cells was also found to be important
for the regulation of vascular tonus [10-12]. Furthermore, WNK
signalling was positively regulated by aldosterone [9], angiotensin
II [13,14] and insulin [15,16]. Therefore agents that inhibit this
signal cascade could form a new class of antihypertensive drugs
that may have dual diuretic and vasodilator effects and might

be particularly effective in patients with hyperaldosteronism or
hyperinsulinaemia [16,17]. Protein—protein interactions are of
great interest as a tool for drug discovery [18-21]. To develop
WNK signalling inhibitors, we focused on a known binding
motif present in both WNK and OSR1/SPAK [22]. In the present
study, we sought to discover such drugs by screening chemical
compounds that disrupt binding and control signalling. For this
purpose, we developed a high-throughput screening method that
uses FCS (fluorescent correlation spectroscopy).

MATERIALS AND METHODS

Cell culture and inhihition assay

The murine distal convoluted tubule cell line (mpkDCT)
provided by Dr A. Vandewalle (INSERM U773, Université
Paris, Paris, France) was cultured in a defined medium as
described previously [23]. MOVAS (mouse vascular smooth
muscle) cells were cultured in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10 % (v/v) FBS, 2 mM L-
glutamine, 100 units/ml penicillin and 0.1 mg/ml streptomycin
at 37°C in a humidified 5 % CO, incubator. mpkDCT cells and
MOVAS cells were cultured in six-well dishes. Cells were exposed
to various concentrations of compounds for 20 min and stimulated
with hypotonic low-chloride medium [24] for 45 min. Cells were
lysed by the addition of 0.15 ml of ice-cold lysis buffer [SO mM
Tris/HCI, pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA,
50 mM sodium fluoride, 1 mM sodium orthovanadate, 1 % Triton
X-100, 0.27 M sucrose, 1 mM DTT and Complete™ protease

Abbreviations used: FCS, fluorescent correlation spectroscopy; MOVAS, mouse vascular smooth muscle; NCC, NaCl cotransporter; NKCC1, Na/K/Cl
cotransporter 1; OSR1, oxidative stress-responsive 1; PHAIl, pseudohypoaldosteronism type II; SPAK, STE20/SPS1-related proline/alanine rich protein

kinase; TAMRA, 6-carboxytetramethylrhodamine; WNK, with-no-lysine kinase.
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inhibitor cocktail (Roche) (1 tablet per 50 ml)] to each well. After
centrifugation at 12000 g for 5 min at 4 °C, the supernatants were
denatured for 20 min at 60°C with SDS sample buffer (Cosmo
Bio) and subjected to SDS/PAGE.

Immunablotting

Quantitative immunoblotting was performed as described previ-
ously [7]. Blots were probed with the following primary antibod-
ies: anti-(total NCC) [25], anti-phospho-NCC (pThr**) [9], anti-
(total NKCC1) (Hybridoma Bank), anti-phospho-NKCC1 [26],
anti-(total SPAK) (Cell Signaling Technology), anti-phospho-
SPAK [26] and anti-GAPDH (glyceraldehyde-3-phosphate
dehydrogenase; Santa Cruz Biotechnology) antibodies. Alkaline
phosphatase-conjugated anti-IgG antibodies (Promega) were used
as secondary antibodies for immunoblotting. The intensities of the
bands were analysed and quantified by ImageJ (NIH) software.

Expression and purification of GST-SPAK-CCT in Escherichia coli

The DNA encoding the residues 452-553 of rat SPAK (CCT,
almost identical to residues 442-545 of human SPAK) was
cloned into pGEX6P-1 vector. Recombinant GST-fusion SPAK
(GST-SPAK-CCT) protein was expressed in BL21 E. coli cells,
and 1 litre cultures were grown at 37°C in 2YT broth [1.6%
(w/v) tryptone/1 % (w/v) yeast extract/0.5 % NaCl] containing
100 pg/ml ampicillin until the attenuance at 600 nm was 0.6.
IPTG (1 mM) was then added, and the cells were cultured for
an additional 16 h at 28°C. Cells were isolated by centrifugation
and resuspended in 40 ml of ice-cold PBS, followed by sonication
(TOMY Ultrasonic Disrupters UD-201). Lysates were centrifuged
at 4°C for Smin at 10000 g. The GST-fusion proteins were
affinity purified on 1.2 ml glutathione—Sepharose beads and eluted
in elution buffer containing 83 mM Tris/HCI, 150 mM KOH and
30 mM glutathione.

FCS

Fluorescent TAMRA (6-carboxytetramethylrhodamine)-
labelled WNK4 peptide covering the RFQV  motif
[WNK4-RFQV (TAMRA-SEEGKPQLVGRFQVTSSK)],

TAMRA-labelled WNK4 peptide in which the RFXV motif
was mutated [WNK4-AFQV (TAMRA-SEEGKPQLVGA-
FQVTSSK)], and TAMRA-labelled NCC peptide covering the
RFTI motif [NCC-RFTI (TAMRA-TPGDATLCSGRFTISTLL)]
were prepared (Hokkaido System Science). Recombinant
GST-SPAK-CCT was expressed in BL21 E. coli cells and
purified using glutathione-Sepharose beads. The TAMRA-
labelled peptides were incubated at room temperature (25°C)
for 30 min with various concentrations of GST-SPAK-CCT
(1-65 uM) in 1xPBS with 0.05 % Tween 20 reaction buffer,
and the FCS measurements of single-molecule fluorescence
were performed using the FluoroPoint-light analytical system
(Olympus) [27]. The confocal volume to detect fluorescent
signals in this equipment is in the range of a single femtolitre.
Therefore TAMRA-labelled peptide was diluted so that a single
fluorophore was likely to be present in the confocal space. The
final concentration of each peptide in the FCS assays was 2.7 nM.
The concentration of GST-SPAK-CCT used for screening was
0.5 uM, since at this concentration the binding reaction was
not saturated and reproducibly detected (see Figure 1A). The
concentration of DMSO used as a solvent of compounds was
1 % in the final assay solutions. '

The assay was performed in a 384-well plate. All experiments
were performed in 15s of data acquisition time, and the
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Figure 1 The binding of SPAK with WNK and NCC was detected by a newly
developed FCS-hased assay

(A) The dissociation curve of SPAK with WNK4 and NCC. Fluorescent TAMRA-labelled small
peptides that contain the RFQV (Arg-Phe-GlIn-Val) motifin WNK4, named WNK4-RFQV (2.7 nM),
and the RFTI (Arg-Phe-Thr-lle) motif in NCC, named NCC-RFTI (2.7 nM), were mixed with the
GST-fusion protein of the CCT domain of SPAK (GST-SPAK-CCT) at various concentrations
(1-6.5x10* nM). Extension of the diffusion time was observed as the concentration of
GST-SPAK-CCT increased. (B) The dissociation curve of SPAK with WNK1. Fluorescent
TAMRA-labelled small peptides that contain the RFQV motif in WNK1, named WNK1-RFQV
(2.7nM), were mixed with GST-SPAK-CCT at various concentrations (1-5.7x10% nM).
Extension of the diffusion time was observed as the concentration of GST-SPAK-CCT increased.
(G) The dissociation curve of SPAK with WNK4-AFQV mutant. Fluorescent TAMRA-labelled
WNK4 peptide in which the RFXV motif was mutated and which does not bind to SPAK, named
WNK4-AFQV, was mixed with GST-SPAK-CCT at various concentrations (1-5.7x10* nM).
WNK4-AFQV hardly affected the diffusion time.
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Figure 2 High-throughput screening of WNK-SPAK-binding inhibitors

Compounds in a chemical fibrary were added to the mixed solution of WNK4-RFQV and GST-SPAK-CCT. WNK4-RFQV plus GST-SPAK-CCT without any compounds was used as the negative
control (NC, solvent control as a binding state), and WNK4-AFQV (non-binding peptide) plus GST-SPAK-CCT was used as the positive control (PC, dissociation control). White bars show the

inhibition of binding by the compounds (7= 5, means + S.EM.).

measurements were repeated five times per sample. K and ICs,
values were calculated by Origin 8.1 data analysis and graphing
software (OriginLab).

Biacore analysis

Binding was analysed in a Biacore T100 system. GST-SPAK-
CCT was bound to a CM5 sensor chip (pH 4.0, 19000 response
units). The indicated concentrations of compounds in Tris-based
buffer (50 mM Tris/HCI, pH 7.5, 150 mM NaCl, 10 mM MgCl,
and 0.05 % Tween 20) were injected over the immobilized GST-
SPAK-CCT for 40s at a flow rate of 60 wl/min. Interactions
between each compound and GST-SPAK-CCT were analysed,
and steady-state binding was determined at each concentration.
Dissociation of compounds was monitored over 120 s.

Statistical analysis

Statistical significance was evaluated using an unpaired ¢ test.
P values <0.05 were considered statistically significant. When
more than three groups were compared, one-way ANOVA was
used, followed by Fisher’s post-hoc test. Data are presented as
means + S.E.M.

RESULTS
Detection of the binding of SPAK to WNK and NCC by FCS

The CCT domain in OSR1/SPAK forms a protein fold that
interacts with the Arg-Phe-Xaa-Val/lle (RFxV/I) motif through
a surface-exposed groove. Mutation of each residue within this
motif in WNKs abolishes binding to SPAK/OSR1 [22]. The
CCT domain functions as a multipurpose docking site, enabling
SPAK/OSRI1 to interact with substrates (NCC/NKCC1/NKCC?2)
and activators (WNKI1/WNK3/WNK4) [28-30]. To identify
chemical compounds that disrupt this binding, we established a
system capable of high-throughput screening to detect the binding
of two molecules. FCS is a method capable of measuring the
fluctuation rate of a fluorescently labelled single peptide as output
of the translational diffusion times. When a fluorescently labelled
molecule binds to another molecule, the translational diffusion
time is extended by increasing the apparent molecular mass [27].
In accordance with this principle, we first tested whether we could
detect the binding of SPAK to WNK and NCC.

Fluorescent TAMRA-labelled small peptides containing the
RFQV (Arg-Phe-Gln-Val) motif in WNK4 were mixed with

the GST-fusion proteins of the CCT domain of SPAK (GST-
SPAK-CCT) at various concentrations (2-6.5x10* nM) in the
wells of 384-well microtiter plates. The translational diffusion
time in each well was measured by FluoroPoint-Light (Olympus).
The addition of GST-SPAK-CCT dose-dependently increased the
translational diffusion time of WNK4-RFQYV, indicating that this
method could detect binding. The dissociation curve between
WNK4 and GST-SPAK-CCT obtained in the FCS assay is
shown in Figure 1(A) (apparent K, of 1.3 uM). Furthermore,
to investigate whether WNK1 could also interact with SPAK,
we prepared a fluorescent TAMRA-labelled WNK1 peptide
(WNKI1-RFQV), which shares 59 % amino acid identity with
WNK4-RFQV (shown in Supplementary Figure S1 at http://www.
biochemj.org/bj/455/bj4550339add.htm). We analysed the inter-
action of WNK1-RFQV and GST-SPAK-CCT by using FCS, and
the results are shown in Figure 1(B). WNK1-RFQV exhibited
almost the same behaviour as WNK4-RFQV (apparent K, of
1.3 uM), indicating that WNK1 interacts with SPAK via the CCT
domain similarly to WNK4. In addition, the binding of GST-
SPAK-CCT to an RFxV/I motif in NCC, which is the substrate
of OSR1/SPAK, was also confirmed in this assay (Figure 1A,
apparent K, of 11.2 uM). The affinity of GST-SPAK-CCT for
NCC was 10-fold lower than the affinity for WNK4 and WNKI1.

Screening of chemical compounds that disrupt the binding
of GST-SPAK-CCT to WNK4

We used this newly developed system to screen 17 000 compounds
owned by the Tokyo Medical and Dental University Chemical
Biology Screening Center. Since the compounds were dissolved in
1 % DMSO, we first checked whether the FCS assay was affected
by DMSO. We confirmed that DMSO at various concentrations
from 0.2 % to 10 % (the final concentration used for screening was
1 %) did not affect the diffusion time of either peptide (results not
shown). As a positive control indicating the inhibition of interac-
tion between WNK4 peptide and GST-SPAK-CCT, we prepared
TAMRA-labelled WNK4 peptide in which the REXV motif was
mutated to AFQV (named WNK4-AFQV), which reportedly did
not bind to GST-SPAK-CCT [22]. As expected, WNK4-AFQV
did not affect the diffusion time (Figure 1C), indicating that it
behaved as a positive control of binding inhibition.
Representative results of the initial screening are shown in
Figure 2. Although most of the compounds showed no inhibitory
effects, a few compounds restored the diffusion time increased by
the binding to GST-SPAK-CCT. We judged that the compound
had an inhibitory effect on the binding when the measured
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