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GENETIC DISORDERS–DEVELOPMENT

Pathogenesis of nephrogenic diabetes insipidus by aquaporin-2
C-terminus mutations
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Pathogenesis of nephrogenic diabetes insipidus by aquaporin-2 collecting duct cells [1]. There is accumulating evidence
C-terminus mutations. that the binding of vasopressin to the V2 receptor at

Background. We previously reported three aquaporin-2 the basolateral membrane initiates intracellular signaling(AQP2) gene mutations known to cause autosomal-dominant
cascades, leading to redistribution of AQP2 from thenephrogenic diabetes insipidus (NDI) (Am J Hum Genet 69:
subapical intracellular vesicle to the apical membrane738, 2001). The mutations were found in the C-terminus of

AQP2 (721delG, 763 to 772del, and 812 to 818del). The wild- [2, 3]. Congenital nephrogenic diabetes insipidus (NDI)
type AQP2 is a 271 amino acid protein, whereas these mutant is a hereditary disease characterized by a lack of respon-
genes were predicted to encode 330 to 333 amino acid proteins siveness to vasopressin in the renal collecting tubule.due to the frameshift mutations leading to the creation of a

The majority of NDI patients develop the disease duenew stop codon 180 nucleotides downstream. The Xenopus
to mutations in the AVPR2 gene and manifested a pat-oocyte expression study suggested that the trafficking of the

mutant AQP2s was impaired. tern of X-linked recessive inheritance [2, 3]. In the au-
Methods. To determine the cellular pathogenesis of these tosomal-recessive form of NDI, mutations were detected

NDI-causing mutations in mammalian epithelial cells, Madin- in the AQP2 gene [4].Darby canine kidney (MDCK) cells were stably transfected
In a recent study, a point mutation (E258K) causingwith the wild-type AQP2, or the 763 to 772del mutant AQP2,

the autosomal-dominant form of NDI was identified inor both. Cells were grown on the membrane support to examine
the localization of AQP2 proteins by immunofluorescence mi- one allele in exon 4 of the AQP2 gene [5]. This E258K-
croscopy. AQP2 mutant heterotetramerize with the wild-type

Results. Confocal immunofluorescence microscopy showed AQP2, but these tetramers retained in the Golgi com-that the wild-type AQP2 was expressed in the apical region,
partment in the Xenopus oocyte, suggesting that thewhereas the mutant AQP2 was apparently located at the baso-
dominant-negative effect of the mutant causes the au-lateral region. Furthermore, the wild-type and mutant AQP2s

were colocalized at the basolateral region when they were tosomal-dominant NDI [5, 6]. We also reported three
cotransfected, suggesting the formation of mixed oligomers mutations of the AQP2 gene responsible for the autoso-
and thereby mistargeting. mal-dominant form of NDI [7]. These mutations were

Conclusion. Mixed oligomers of the wild-type and the 763
also found in a single allele of the AQP2 gene at theto 772del mutant AQP2s are mistargeted to the basolateral
C-terminus: a deletion of G at 721 (721delG), a deletionmembrane due to the dominant-negative effect of the mutant.

This defect is very likely to explain the pathogenesis of autoso- of 10 nucleotides starting at 763 (763 to 772del), and a
mal-dominant NDI. The mistargeting of the apical membrane deletion of seven nucleotides starting at 812 (812 to
protein to the basolateral membrane is a novel molecular 818del). Each of these mutations shifts the stop codonpathogenesis of congenital NDI.

180 nucleotides downstream. In contrast to the wild-type
AQP2 encoding a 271 amino acid protein, these mutants
encode 330 to 333 amino acid proteins. Interestingly, allBy current consensus, aquaporin-2 (AQP2) is known
three of these mutants share a common sequence of 61as a vasopressin-regulated water channel confined to the
amino acids at the C-terminal (GRQRPLRPRRTLVR
PEAEGPTPSLLSRRSEVGPPAQSSCFLDVRAQAS

Key words: vasopressin, autosomal-dominant, aquaporin-2. AVSRRGGG CRREP). Our Xenopus oocyte expression
study suggested two things: (1) that the wild-type andReceived for publication February 7, 2002
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effect of the mutant AQP2. More recently, another of the wild-type AQP2 and the 763 to 772del mutant
AQP2 mutation causing the autosomal-dominant NDI were transfected into MDCK cells grown subconfluently
(727delG) was reported [8]. When the wild-type and on dishes (90 mm in diameter) using the calcium-phos-
727delG AQP2s were cotransfected in Madin-Darby ca- phate precipitation technique. After 24 hours, the cells
nine kidney (MDCK) cells, the hetero-oligomers of the transfected with the wild-type AQP2 and the mutant
two AQP2s were predominantly localized at late endo- AQP2 were trypsinized, split among six dishes, and cul-
somes/lysosomes [8]. tured in DMEM containing 700 �g/mL of G418 (Sigma

Because our previous study in the autosomal-domi- Chemical Co., St. Louis, MO, USA) and 400 �g/mL of
nant NDI was performed using Xenopus oocytes, a non- Zeocin (Invitrogen), respectively. Ten to fourteen days
polarized cell type, our findings may not necessarily hold after the transfection, individual colonies were selected
true for mammalian polarized epithelial cells such as using cloning rings and expanded. Native vectors were
renal tubular cells. In this study, we established cell lines also transfected into MDCK cells as controls. To estab-that stably express the wild-type AQP2 and one of the

lish the cotransfected cells, the mutant AQP2 was trans-mutant AQP2s (763 to 772) to clarify the pathogenesis
fected into the cells stably expressing wild-type AQP2of our NDI cases. We chose MDCK cells for transfection
and cultured in DMEM containing G418 and Zeocin.and the study was focused on the intracellular localiza-
After the selection, the clones were isolated.tion of AQP2 proteins.

Immunoblot analysis
METHODS Transfected cells were homogenized for 30 minutes in
Preparation of cDNA RIPA buffer [50 mmol/L Tris-HCl, 150 mmol/L NaCl,

1.0% NP40, 0.5% deoxycholate, 0.1% sodium dodecylThe wild-type cDNA of human AQP2 (GenBank ac-
sulfate (SDS), pH 8.0] containing a protease inhibitorcession number NM000486) with a Kozak consensus
cocktail (Boehringer Manheim, Manheim, Germany).translation initiation site just upstream of the initial co-
The cell lysate was centrifuged at 10,000g at 4�C for 30don (ATG) was inserted into the pcDNA3.1 vector (In-

vitrogen, CH Groningen, The Netherlands) between the minutes. The supernatant was denatured in SDS sample
HindIII site and XbaI site. The splicing overlap extension buffer at 70�C for 10 minutes. Ten micrograms of total
polymerase chain reaction (PCR) technique [9] was used membrane protein were loaded in each lane. The sam-
to delete 10 nucleotides starting at 763 from the cDNA ples were separated by SDS polyacryamide gel electro-
of the wild-type human AQP2. In the first PCR step, phoresis (PAGE) and transferred to Immobilon-P filters
the template AQP2 DNA was amplified using a 5� initia- (Millipore, Bedford, MA, USA) using a semidry system.
tion site primer (5�-CCCAAGCTTGCCGCCACCAT After blocking the filters overnight in 2% skim milk in
GTGGGAGCTCCGCTCCATA-3�; underlining and TBST solution (20 mmol/L Tris, 150 mmol/L NaCl, 0.05%
double underlining denote the HindIII site and Kozak Triton-X, pH 7.4), they were incubated for 1 hour with
consensus translation initiation site, respectively), an either an affinity-purified rabbit antibody against 15 car-
antisense mutation primer (5�-AGGCTCTGCGGCG boxy terminal amino acids of the wild-type or an affinity-
AGTGCAGCTCCGCCGTCGCA-3�; underlining de- purified rat antibody against 15 carboxy terminal amino
notes nucleotides at 752 to 762), a sense mutation primer acids of the mutant AQP2. The filters were then incu-
(5�-GAGCGCGAGGTGCGACGGCGGAGCTGCA bated for an additional 1 hour with 125I-protein A solution
CTCGC-3�; underlining denotes nucleotides at 773 to and examined by autoradiography.
784), and a 3� end site primer (5�-CCCTCTAGATCAG For immunoprecipitation, the membrane fraction of
GGCTCCCTCCGGCAGCC-3�; underlining denotes the MDCK cells was obtained as described above. Fifty mi-
XbaI site). In the second PCR step, DNA fragment of

crograms of the membrane protein were incubated withthe 763 to 772del AQP2 was produced by PCR using
an antibody against the wild-type or mutant AQP2 forthe 5� initiation site primer, the 3� end site primer, and
2 hours at 4�C. Then, protein G agarose (Protein Gthe two first PCR products as templates. The PCR prod-
PLUS-Agarose, Oncogene Science, Uniondale, NY, USA)ucts were digested with HindIII and XbaI, and inserted
was added to each sample and incubated for 12 hoursinto the pcDNA3.1/Zeo vector (Invitrogen).
at 4�C. After three washes, the samples were denatured,

Cell culture and stable transfection separated by SDS-PAGE, and treated by methods simi-
larly to those described above.MDCK cells (Japanese Collection of Research Biolog-

icals #9029) were cultured in Dulbecco’s modified Ea-
Immunofluorescence microscopygle’s medium (DMEM) (Gibco BRL, Grand Island, NY,

To detect the localization of proteins in polarized cells,USA) supplemented with 10% fetal bovine serum (FBS),
transfected MDCK cells were grown on a permeable100 U/mL of penicillin, and 100 �g/mL of streptomycin.
supported membrane (Transwell-Clear, Corning, Cam-Cells were grown at 37�C under a humidified 5% CO2

atmosphere. Ten micrograms of the expression constructs bridge, MA, USA). After the 3-day culture in DMEM,
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confluent cells were incubated for 2 hours with DMEM
containing 10�5 mol/L forskolin (Sigma Chemical Co.)
to induce the expression of AQP2 to the plasma mem-
brane. In some protocols, cells were not treated with
forskolin for comparison. The cells were then fixed for
20 minutes with 2% paraformaldehyde in serum-free
DMEM at room temperature, washed with phosphate-
buffered saline (PBS), permeabilized with 0.2% Triton
X-100 in PBS, blocked with 1% bovine serum albumin
(BSA) in PBS at 4�C overnight, and doubly stained.
Antibodies against the following proteins were used: the
wild-type AQP2 (rabbit or rat, diluted 1:1200), the mu-
tant AQP2 (rabbit, 1:600), a tight junction protein, ZO-1
(mouse, 1:400) (Zymed Laboratories, South San Fran-
cisco, CA, USA), a basolateral membrane marker pro-
tein, Na-K-ATPase (mouse, 1:400) (Upstate Biotechnol-

Fig. 1. Immunoblot of membrane fractions of the Madin-Darby canine
ogy, Lake Placid, NY, USA), and a late endosomal/ kidney (MDCK) cells transfected with the wild-type aquaporin-2 (AQP2)

(A), mutant AQP2 (B), and both wild-type and mutant AQP2s (C).lysosomal marker protein known as lysosome-associated
The protein expression was detected with an affinity-purified antibodymembrane protein 1 (Lamp1; rabbit, 1:200, kindly pro-
against the wild-type (A), mutant AQP2 (B), or a mixture of both (C).

vided by Dr. E. Kominami). Cells transfected with the
wild-type or the mutant AQP2 were incubated at room
temperature for 1 hour with the mixture of two antibod-

fected with the wild-type AQP2 (Fig. 1A) and the mutanties in PBS containing 1% BSA. After four washes with
AQP2 (Fig. 1B) revealed clear bands at 29 kD and 34PBS, the cells were further incubated with a fluores-
kD, respectively, and broad glycosylated bands at 40cence-labeled antibody against rabbit immunoglobulin
to 50 kD. In contrast, no bands were seen in mock-G (IgG) (1:200) (Alexa Fluor 488, Molecular Probes,
transfected cells (Fig. 1 A and B). In the immunoblotsEugene, OR, USA), or rat or mouse IgG (1:200) (Alexa
of cotransfected cells (Fig. 1C), the mixture of two anti-Fluor 568, Molecular Probes) for 1 hour. Mock-trans-
bodies revealed both 29 kD and 34 kD bands at similarfected cells were treated similarly to provide control.
expression levels. These results suggested that the wild-After staining, the cells were washed four times with PBS
type and/or mutant AQP2s were successfully transfectedand mounted in a mounting medium (Prolong Antifade
in MDCK cells.Kit, Molecular Probes). Immunofluorescent images of

The localization of proteins was examined in polarizedhorizontal or vertical sections were obtained with an
MDCK cells by immunofluorescence microscopy. AfterLSM510 laser scanning confocal microscope system (Carl
incubation with forskolin, cells transfected with the wild-Zeiss, Jena, Germany) using a 60� water-immersion ob-
type AQP2 were doubly stained with antibodies againstjective.
the wild-type AQP2 and ZO-1, a tight junction marker.To examine the cross reactivity of antibodies against
The staining with anti-wild-type AQP2 antibody was al-

the mutant AQP2 (rabbit) and Na-K-ATPase (mouse),
most homogenous in the XY section of each cell, and

cells transfected with the mutant AQP2 were incubated predominantly localized at the apical side in the XZ
with antimutant-AQP2 antibody, and then incubated section (Fig. 2A). The staining with anti-ZO-1 antibody
with antibodies against rabbit or mouse IgG. In addition, was found at the apical side of the cell outline, the local-
the same cells were incubated with anti-Na-K-ATPase ization compatible with that of the tight junction (Fig.
antibody, and then incubated with anti-mouse or rabbit 2B). The merged figure confirmed the apical distribution
IgG. The cross reactivity of antibodies against the wild- of the wild-type AQP2 (Fig. 2C). Figure 2 D and E shows
type AQP2 (rabbit) and Na-K-ATPase (mouse), and the the double staining of the wild-type AQP2 (green) and
wild-type AQP2 (rat) and mutant AQP2 (rabbit) were Na-K-ATPase (red), a basolateral membrane marker, in
tested similarly. cells before and after forskolin treatment, respectively.

The wild-type AQP2 was mainly distributed at the apical
region even without incubation with forskolin (Fig. 2D).

RESULTS Forskolin apparently induced further redistribution of
The apparent molecular sizes of the wild-type AQP2 the wild-type AQP2 to the apical membrane (Fig. 2E),

and mutant AQP2 corresponded to 29 kD and 34 kD, suggesting the stimulation of the apical trafficking of
AQP2 by forskolin. In contrast to the AQP2-transfectedrespectively [7]. Immunoblots of MDCK cells trans-
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Fig. 2. Immunocytochemical localization of
the wild-type aquaporin-2 (AQP2) in Madin-
Darby canine kidney (MDCK) cells trans-
fected with the wild-type AQP2 and mock-
transfected MDCK cells. The samples were
viewed with a confocal microscope at �400.
Localization of the wild-type AQP2 (A ),
ZO-1 (B ), and merged (C ). Localization of
the wild-type AQP2 and Na-K-ATPase before
(D ) and after forskolin treatment (E ). Mock-
transfected cells (F ) stained with antibody
against the wild-type AQP2. XY and XZ sec-
tions are shown in the upper and lower panels,
respectively. White bars indicate 10 �m.

Fig. 3. Immunocytochemical localization of
the mutant aquaporin-2 (AQP2) in Madin-
Darby canine kidney (MDCK) cells trans-
fected with the mutant AQP2 and mock-trans-
fected MDCK cells. The samples were viewed
at �400X. Localization of the mutant AQP2
(A ), Na-K-ATPase (B ), merged with (C ) or
without forskolin treatment (D ). In contrast
to (A to C), the red and green fluorescence
represent the staining of the mutant AQP2
and Na-K-ATPase, respectively, in (D). Mock-
transfected cells stained with antibody against
the mutant AQP2 (E ). Determination of the
cross-reactivity of antibodies. Cells were incu-
bated with rabbit antimutant AQP2 antibody,
and then incubated with antibodies against
rabbit IgG (F ) or mouse IgG (G). XY and
XZ sections are shown in the upper and lower
panels, respectively. White bars indicate 10 �m.
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cells, no fluorescence from the AQP2 was visible in the as tetramers at the plasma membrane. Therefore, we
tested whether the wild-type and mutant AQP2s formmock-transfected cells (Fig. 2F).

In a preliminary study, we noted the conspicuous pres- oligomers by immunocytochemistry and immunoprecipi-
tation. In cotransfected cells, double staining of the wild-ence of the mutant AQP2 at the basolateral side. To

investigate further, we doubly stained the cells trans- type and mutant AQP2s showed a close localization (Fig.
4 D to F), suggesting the formation of mixed oligomers.fected with the mutant AQP2 with antibodies against

the mutant AQP2 and Na-K-ATPase after forskolin The cross reaction of rat anti-wild-type AQP2 antibody
and rabbit anti-mutant AQP2 antibody was excluded,treatment. The lateral cell surface was brightly stained

in the mutant AQP2-expressing cells, whereas the apical because anti-rat IgG (Fig. 4J), but not anti-rabbit IgG
(Fig. 4K), recognized the wild-type AQP2 in cells prein-signal was negative (Fig. 3A). A weak staining of the

basal cell membrane was also visible when the fluores- cubated with anti-wild-type AQP2 antibody. Similarly,
the mutant AQP2 was not identified by anti-rat IgGcent image was turned up to high brightness on the moni-

tor (figure not shown). A similar staining pattern was in cells preincubated with anti-mutant AQP2 antibody
(figures not shown). When the membrane fractions ofobserved in Na-K-ATPase (Fig. 3B). The superimposi-

tion of these figures showed the colocalization of these cotransfected cells were immunoprecipitated with an an-
tibody against the wild-type AQP2, an antibody againsttwo proteins (Fig. 3C), suggesting that the 763 to 772del

mutation is responsible for the mistargeting of the AQP2 the mutant AQP2 revealed a 34 kD band corresponding
to the apparent molecular size of the mutant AQP2 (Fig.protein to the basolateral membrane area. Basolateral

localization of the mutant AQP2 was also observed in 5A). Furthermore, an anti-wild-type AQP2 antibody rec-
ognized a 29 kD band in the samples immunoprecipi-cells not stimulated with forskolin (Fig. 3D). However,

the colocalization of the mutant AQP2 and Na-K- tated by an antimutant antibody (Fig. 5B), once more
suggesting hetero-oligomerization. Taken together, ourATPase were seemingly not so close as observed in for-

skolin-treated cells (Fig. 3C). In contrast to cells express- findings suggested that the mixed oligomers of the wild-
ing the mutant AQP2, no fluorescence was detected in type and mutant AQP2s were translocated to the baso-
mock-transfected cells (Fig. 3E). Because Figure 3C lateral surface, but not to the apical surface, due to the
showed a high overlap of two proteins, the cross-reactiv- dominant-negative effect of the mutant.
ity of two antibodies against the mutant AQP2 (rabbit) Marr et al recently reported another AQP2 mutation
and Na-K-ATPase (mouse) was examined. Cells trans- in patients with autosomal-dominant NDI [8]. Their mu-
fected with the mutant AQP2 were incubated with rabbit tant (727delG) and our mutant (763 to 772del) share an
antimutant AQP2 antibody, and then incubated with identical C-terminal amino acids. They observed that the
anti-rabbit or mouse IgG. The mutant AQP2 was identi- hetero-oligomer of the wild-type and 727delG AQP2s
fied by the incubation with anti-rabbit IgG (Fig. 3F), but mainly localized to late endosomes/lysosomes in cotrans-
not with anti-mouse IgG (Fig. 3G), suggesting the cross- fected cells [8]. Thus, we performed immunocytochemi-
reactivity of these antibodies were not responsible for cal studies in cells coexpressing the wild-type and 763-
a close colocalization of the mutant AQP2 and Na-K- 772del AQP2s. When cells were doubly stained with
ATPase. When the same cells were pretreated with antibodies against ZO-1 and Lamp1, a marker of the
mouse anti-Na-K-ATPase antibody, anti-mouse IgG, but late endosome/lysosome, fluorescence from Lamp1 was
not anti-rabbit IgG, detected Na-K-ATPase (figures not detected in the cytoplasm (Fig. 6 A to C). The cyto-
shown), suggesting again absence of the cross-reaction. plasmic staining of Lamp1 was also seen in cells stained

Next, we examined the localization of the wild-type with antibodies against Na-K-ATPase and Lamp1 (Fig.
AQP2 and Na-K-ATPase in cells cotransfected with the 6 D to F). These findings suggested that the localization
wild-type and mutant AQP2s. After incubation with for- of Lamp1 seemed to differ from that of AQP2 hetero-
skolin, the distribution of these proteins was similar to oligomers that were essentially distributed at the basolat-
that observed in the mutant-transfected cells shown in eral membrane area (Fig. 4). Because both of our anti-
Figure 3 (Fig. 4 A to C). The merged figure demonstrated bodies against the mutant AQP2 and Lamp1 were rabbit
colocalization of the wild-type AQP2 and Na-K-ATPase IgG, we were unable to detect the localization of these
(Fig. 4C). When cells were preincubated with an anti- two proteins simultaneously in the present study.
body against the wild-type AQP2 (rabbit), the immuno-
staining of AQP2 was observed after incubation with

DISCUSSIONanti-rabbit IgG (Fig. 4H), but not with anti-mouse IgG.
The mutation of the mutant AQP2 used in this study(Fig. 4I), suggesting no cross-reactivity of these two anti-

is a deletion of 10 nucleotides starting at 763 (763 tobodies. Similarly, the incubation with anti-mouse IgG,
772del) in exon 4 of the AQP2 gene [7]. The wild-typebut not with anti-rabbit IgG, detected Na-K-ATPase in
AQP2 is a 271 amino acid protein, whereas the 763 tocells pretreated with mouse anti-Na-K-ATPase antibody

(figures not shown). In general, AQPs are known to exist 772del AQP2 gene is predicted to encode 330 amino



Fig. 4. Immunocytochemical localization of
the wild-type and mutant aquaporin-2 (AQP2)
in cotransfected Madin-Darby canine kidney
(MDCK) cells. The wild-type and mutant
AQP2s were stably cotransfected in MDCK
cell. Colocalization of the wild-type AQP2
(A ), Na-K-ATPase (B ), and merged (C ) was
observed at �400. Colocalization of the wild-
type AQP2s (D ), the mutant AQP2 (E ), and
merged (F ) merged. Determination of the
cross-reactivity of antibodies. Cells were incu-
bated with rabbit anti-wild-type AQP2 anti-
body, and then incubated with antibodies
against rabbit IgG (H ) or mouse IgG (I). In
addition, cells were incubated with rat anti-
wild-type AQP2 antibody, and then incubated
with antibodies against rat IgG (J ) or rabbit
IgG (K). XY and XZ sections are shown in
the upper and lower panels, respectively.
White bars indicate 10 �m.

Fig. 6. Localization of Lamp1 in Madin-Darby
canine kidney (MDCK) cells stably cotrans-
fected with the wild-type and mutant aquap-
orin-2 (AQP2). Double staining of Lamp1
(A ), ZO-1 (B ), merged (C ) or Lamp1 (D ),
Na-K-ATPase (E ), or merged (F ). XY and
XZ sections are shown in the upper and lower
panels, respectively. The samples were viewed
at �400 and white bars indicate 10 �m.



Asai et al: Autosomal-dominant NDI8

brane in response to forskolin (Fig. 2E). Immunoelec-
tron microscopy of inner medullary collecting duct cells
demonstrated the presence of AQP2 both in the apical
plasma membrane and in small subapical vesicles, and
the vasopressin-induced translocation of AQP2 to the
apical membrane [14, 15]. Therefore, it might be possible
that forskolin stimulated the apical trafficking of AQP2
distributed in the subapical region in our MDCK cell
line. However, a detailed analysis of the protein localiza-
tion was beyond the detection level of our immunocyto-
chemistry. Immunoelectron microscopy will be neces-
sary to prove our speculation. Contrary to cells grown
on a membrane support, the wild-type AQP2 in MDCK
cells grown on the coverglass was localized at perinuclear
region as vesicle-like structure before forskolin treat-
ment and homogenously localized to the apical mem-
brane after the stimulation with forskolin [16] [unpub-

Fig. 5. Immunoprecipitation of the wild-type and mutant aquaporin-2
lished observation by T. Asai). Such a characteristic(AQP2) in cotransfected Madin-Darby canine kidney (MDCK) cells.

(A ) Samples were immunoprecipitated with a wild-type (WT) AQP2 distribution of AQP2 observed in cells on the coverglass
antibody and immunoblotted with the same antibody (upper panel) or might be due to the absence of rigid cell polarity. The
an antibody against mutant (M) AQP2 (lower panel). (B ) Samples

mutant AQP2 was fundamentally present basolaterallywere immunoprecipitated with an antibody to the mutant AQP2 and
immunoblotted with an antibody to the wild-type AQP2 (upper panel) before the incubation with forskolin (Fig. 3D). Further-
or mutant AQP2 (lower panel). more, the red staining with antimutant AQP2 antibody

was also detected just inside the lateral membrane in
some cells as if a part of the mutant AQP2 were distrib-
uted there. Thus, comparison of Figure 3A and D sug-acid proteins due to the frameshift mutation of the stop
gested the possibility that forskolin accelerated basolat-codon. Immunoblot analysis showed that the wild-type
eral trafficking of the mutant AQP2. However, furtherand mutant AQP2s were successfully transfected in
investigation will be required to confirm the effect ofMDCK cells (Fig. 1).
forskolin on the distribution of mutant AQP2 becauseTransfected cells were grown to confluence on perme-
our resolution of confocal microscopy is limited.able support. The sorting of membrane channels/trans-

During the course of this study, Marr et al [8] reportedporters in culture cells is generally thought to accelerate
another mutation that leads to autosomal dominant NDI

after the cells reach confluency, or more specifically, after
in one allele of the AQP2 gene. Interestingly, their mu-

cell polarity is rigidly established [10, 11]. Immunofluo- tant (727delG) and our mutant (763 to 772del) share an
rescence microscopy suggested that the wild-type AQP2 identical sequence of 66 amino acids at the C terminus.
was essentially localized at the apical membrane after In the Xenopus oocyte expression system, they found
forskolin treatment (Fig. 2). In contrast, the mutant that the wild-type and 727delG AQP2s formed hetero-
AQP2 was apparently distributed at the lateral mem- oligomers and they were mostly retained within the cell
brane (Fig. 3), with additional weak labeling of the basal [8]. They also reported that these hetero-oligomers were
membrane based on observations of the double staining mainly localized at late endosomes/lysosomes when co-
with Na-K-ATPase. This difference of immunostaining transfected in MDCK cells [8]. Our findings suggested
in the lateral and basal membranes cannot be explained that mixed oligomers of the wild-type and 763-772del
at present. However, a similar staining pattern was re- AQP2s were basically distributed at the basolateral
ported in the basolateral membrane proteins expressed membrane region (Fig. 4), and apparently not predomi-
in culture cells [12, 13]. In cotransfected cells, the wild- nantly localized in the late endosome/lysosome (Fig. 6),
type and mutant AQP2s formed mixed oligomers that although the anti-Lamp1 antibody we used could not
were predominantly distributed at the basolateral mem- give a higher resolution. We cannot yet explain the rea-
brane (Figs. 4 and 5). These results suggested that the son for this discrepancy. Different sites of the mutations
dominant-negative effect of the mutant is responsible might explain the discrepancy. In a preliminary study,
for the mistargeting of the wild-type AQP2, leading to Kamsteeg et al reported another mutation (one-base
the pathogenesis of an autosomal-dominant–type NDI. insertion at C-terminus) in a patient with autosomal-

In cells before forskolin treatment, the wild-type dominant NDI [abstract; Kamsteeg et al, J Am Soc
AQP2 was mostly present at the apical membrane region Nephrol 12:304A, 2001]. This mutation led to a replace-

ment of the 12 C-terminal amino acids of the wild-type(Fig. 2D), and apparently targeted to the apical mem-
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AQP2 with a new C-terminal tail of 26 amino acids anchored to the cell membrane via glycerol-phosphati-
dylinositol (GPI), the glycolipid moiety is thought to act(QLAAEPATGYQGLRAASGLYGPDGRF). In ex-

pression studies in MDCK cells, Kamsteeg’s group found as an apical sorting signal [24]. However, AQP2 is not
known as a GPI-anchored protein. A cluster of mem-basolateral localization of the mutant AQP2 and sug-

gested that some of the amino acids at the new C-termi- brane proteins is known to move from the trans-Golgi
network (TGN) to the apical surface with rafts composednal were responsible for the mistargeting.

The E258K in the AQP2 gene is the first mutation of a detergent-insoluble glycolipid (DIG)-enriched com-
plex [25]. A certain transmembrane domain is thoughtreported for autosomal-dominant NDI [5]. In contrast

to the 763 to 772del mutation, the E258K mutation re- to interact with rafts [25]. In addition, protein traffic
is generally mediated by the soluble N-ethylmaleimide-sulted in a retention of the mixed tetramers in the Golgi

compartment in the Xenopus oocyte expression system sensitive factor attachment protein (SNARE) machinery
[26, 27]. Numerous SNARE-related proteins are shown[5, 6]. In most forms of autosomal-recessive NDI due to

AQP2 gene mutations, mutant proteins were misfolded to be involved in protein sorting. In the case of AQP2,
vesicle-associated membrane protein 2 (VAMP2) [28],and retained in endoplasmic reticulum as a monomer

and not further transported to Golgi apparatus [17, 18]. and syntaxin-4 [29] were reported to colocalize with AQP2
A similar endoplasmic reticulum retention of misfolded in the collecting duct cells. For basolateral targeting deter-
proteins had been demonstrated in a number of X-linked minants in TGN, tyrosine-related and dileucine-related
recessive NDI cases due to AVPR2 gene mutations [2, 3]. motifs were identified as signals to regulate localization of
In addition to NDI, protein trafficking defects are also clathrin-coated vesicles [24]. Indeed, the sorting of AQP4
known to be responsible for a large member of congeni- to the basolateral surface has been shown to depend on
tal diseases. For example, the deltaF508 mutation found these two motifs [30]. The elongated C-terminal of our
in the CFTR gene of cystic fibrosis patients causes protein mutant AQP2 contains one dileucine motif but no tyro-
degradation in the endoplasmic reticulum [19]. Moyer et al sine residues. Thus, the underlying mechanism of mistar-
[20] presented evidence that the last three amino acids geting observed in the mutant AQP2 remains unknown,
at the C-terminus (T-R-L) of the cystic fibrosis transmem- and the several possibilities proposed above remain un-
brane conductance regulator (CFTR) comprise a PDZ- tested. Further investigations will seek to clarify the cause
interacting domain that binds to ezrin-radixin-moesin- for this mistargeting in our NDI case.
binding phosphoprotein 50 (EBP50), a protein that
contains the PDZ domain [20]. This interaction seemed ACKNOWLEDGMENTS
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