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Abstract
The aquaporin (AQP) transmembrane proteins facilitate the movement of water across the plasma
membrane. In the lens, AQP0 is expressed in fiber cells and AQP1 in the epithelium. Recently, two
individuals were identified with congenital polymorphic autosomal dominant cataracts, due to a
single nucleotide base deletion mutation in the lens AQP0. The deletion modified the reading frame
resulting in the addition of a premature stop codon. In the present study, we examined the water
permeability properties, trafficking and dominant negative effects as well as cytotoxicity due to the
mutant AQP0 (Δ213-AQP0) protein. The membrane water permeability (Pw) of Δ213-AQP0
expressing oocytes (14±1 μm/s) was significantly lower than those expressing WT-AQP0 (25±3
μm/s). Pw of water injected control oocytes was 13±2 μm/s. Co-expression of WT-AQP0 with Δ213-
AQP0 significantly lowered the Pw (18±3 μm/s) compared to WT-AQP0. With or without the EGFP
tag, WT-AQP0 protein localized in the plasma membranes of oocytes and cultured cells whereas
Δ213-AQP0 was retained in the ER. Forster Resonance Energy Transfer (FRET) showed that WT-
AQP0 partly localized with the co-expressed Δ213-AQP0. Co-localization studies suggest that the
mutant AQP0 gained its dominant function by trapping the WT-AQP0 in the ER through hetero-
oligomerization. Incubating the cells with chemical chaperones, namely, TMAO and DMSO, did not
correct the folding/trafficking defects. Cell death in the Δ213-AQP0 expressing cells was due to
necrosis caused by the accumulation of Δ213-AQP0 protein in the ER in cytotoxic proportions. The
data show that replacement of the distal end of the 6th TM domain and the C-terminal domain of
AQP0 due to the deletion mutation resulted in the impairment of cell membrane Pw, localization of
the mutant protein in the ER without trafficking to the plasma membrane, and cytotoxicity due to
the accumulation of the mutant protein. Cataracts in patients with this mutation might have resulted
from the above mentioned consequences.
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1. Introduction
Lens cataract is a significant problem throughout the world and is responsible for the majority
of visual impairment in adult humans. It also accounts for ~30% of blindness in infants. The
lens is naturally exposed to physiologically challenging conditions such as lack of blood supply,
limited oxidative metabolism and no protein turn-over in the majority of its fiber cells. Any
unusual alteration in the membrane proteins necessary for lens homeostasis eventually
manifests as a cataract. In humans, cataracts develop due to natural mutations in the lens
proteins (congenital cataract) as well as exposure to oxidative agents and natural or man-made
radiations (Dovrat and Weinreb, 1999; Spector, 1995).

The ocular lens is a transparent and constantly growing organ with minimum light scattering
owing to highly ordered crystallin proteins, intercellular spaces that are smaller than the
wavelength of visible light, and terminally differentiated fiber cells that lack organelles, which
would absorb and scatter light. Moreover, it is the largest organ in the body that lacks a
vasculature, again because blood vessels would scatter and absorb light (Bassnett, 2002;
Kinoshita and Merola, 1964; Kinoshita et al., 1981; Trokel, 1962). Lens homeostasis and
transparency rely on an internal, self generated circulatory system (reviewed in Mathias et al.,
2007).

The AQP family consists of transmembrane channels that allow diffusion of either water
exclusively (aquaporins), or water and certain neutral solutes such as glycerol and urea
(aquaglyceroporins) across the plasma membrane (Agre, 2005; Agre et al., 2002; Calamita,
2005; Verkman, 2003). In mammals, 13 aquaporins have been identified in various tissues; a
recent report documents the expression of aquaporins in stem cells (La Porta et al., 2006).
Aquaporins are synthesized as monomers but they assemble into tetramers before being
transported to the plasma membrane, even though each monomer functions independently as
a water channel (Buck et al., 2007; Manley et al., 2000; Pitonzo and Skach, 2006; Roudier et
al., 2002; van Hoek et al., 1995; Verbavatz et al., 1993). Bovine AQP0 cDNA was first cloned
by Gorin et al. (1984); however, its function was unclear. The gene structure of human AQP0
was characterized by Pisano and Chepelinsky (1991). Genomic analysis revealed that
mammalian AQPs result from gene duplication (Chepelinsky, 1994; Wistow et al., 1991).
Delineation of the function of AQP1 as a water channel (Preston et al., 1992) suggested a
similar role for the closely related AQP0. In vitro (Ball et al., 2003; Chandy et al.,1997;
Chepelinsky, 2003; Kushmerick et al.,1995; Mulders et al.,1995; Nemeth-Cahalan and Hall,
2000; Swamy-Mruthinti, 1998; Varadaraj et al., 2005), in vivo (Varadaraj et al., 1999) and
structural (Harries et al., 2004; Gonen et al., 2005) studies corroborated that AQP0 functions
as a water channel. Recent in vitro and in vivo investigations showed that AQP0 can be
regulated by pH and Ca2+ (Nemeth-Cahalan and Hall, 2000; Varadaraj et al., 2005).

AQP0 and AQP1 are expressed in the mammalian lens (Hamann et al., 1998; Patil et al.,
1997; Varadaraj et al., 2005, 2007); the former is abundant (>50% of the total membrane
protein) in the lens fiber cell membranes and the latter is expressed in the anterior and
differentiating epithelial cells. AQP1 expression is down-regulated and replaced by AQP0
during fiber cell differentiation (Varadaraj et al., 2007). Lens aquaporins play an important
role in the maintenance of the normal flow of water across the epithelial and fiber cells to
sustain lens transparency and homeostasis (Mathias et al., 1997, 2007; Varadaraj et al.,
2007).

Natural congenital autosomal dominant cataracts due to AQP0 mutations have been reported
for humans (Bateman et al., 2000; Berry et al., 2000; Francis et al., 2000a; Geyer et al.,
2006) and mice (Cataract Fraser (CatFr, Shiels and Bassnett, 1996); Cataract lens opacity
(Catlop, Shiels and Bassnett, 1996); Cataract Tohoku (CatTohm, Okamura et al., 2003)).
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Knockout of AQP0 in mouse also resulted in cataracts (Shiels et al., 2001). Diabetic conditions
result in glycation of AQP0 leading to accelerated lens cataractogenesis (Swamy-Mruthinti,
2001; Swamy-Mruthinti et al., 1999). These data highlight the importance of AQP0 in lens
transparency. However, AQP1 deficiency in human (Preston et al., 1994) or mouse (Ma et al.,
1998) did not produce any detectable effect on lens transparency. Recently, it has been reported
that AQP1 knockout mouse lenses cultured under diabetic conditions showed accelerated
cataract development (Ruiz-Ederra and Verkman, 2006).

Aquaporins have two tandem repeats (Fig 1 A,B); each has three transmembrane (TM) α-
helices and a hydrophobic loop with conserved asparagine–proline–alanine (NPA) motif. The
six TM domains (Fig. 1C; H1–H6) are connected by 5 loops (LA-LE). A highly conserved
NPA-motif is present in the loops B and E; the NPA-motif folds into the membrane and form
short α-helices (HB and HE) which line the channel pore (de Groot and Grubmuller, 2005; Fu
et al., 2000; Gonen et al., 2005; Harries et al., 2004; Jung et al., 1994; Murata et al., 2000; Sui
et al., 2001). Biochemical and structural analyses have confirmed that aquaporins are functional
only in the tetrameric form in the membrane (Cheng et al., 1997; Murata et al., 2000; Ren et
al., 2000; Walz et al., 1997) and that aquaporins that do not form tetramers do not conduct
water (Mathai and Agre, 1999).

A single nucleotide base deletion mutation in AQP0 resulted in congenital polymorphic
autosomal dominant cataracts in two American individuals of European descent. The deletion
mutation at codon 213 in the 6th transmembrane domain created a frameshift which eventually
led to the formation of a premature stop codon and shortened the protein to 257 amino acids
instead of the 263 amino acids in the wild type (Fig. 1A,B,C; Table 1). The amino acid
compositions at the distal end of the 6th transmembrane domain and the C-terminal domain
(Bateman et al., 2000; Geyer et al., 2006) were totally altered. Ninety percent of the amino
acids at the proximal region of the intracellular C-terminal domain were different compared
to the wild type. C-terminal domain amino acids 212-243 which are involved in calcium-
calmodulin regulation (Lindsey Rose et al., 2008; Varadaraj et al., 2005) and trafficking of the
protein to the plasma membrane (Ball et al., 2003; Varadaraj et al., 2000) changed significantly.

The present study sought to find the cause for the development of cataracts in humans carrying
this mutation. To do so, we have used heterologous expression of the mutant AQP0 (Δ213-
AQP0) in Xenopus oocytes, MDCK and N2A cells. We investigated the water permeability,
localization of the Δ213-AQP0 protein and cytotoxicity.

2. Materials and Methods
2.1. Human AQP0 cDNA and expression constructs

Wild type AQP0 (Fig. 1A) coding sequence was amplified by Polymerase Chain Reaction with
a set of two appropriate primers for 5′ and 3′ ends (Varadaraj and Skinner, 1994;Varadaraj et
al., 1996). Three constructs were made with or without a fluorescent protein (mCherry; a kind
gift from Dr. Roger Tsien, UC, San Diego or EGFP) as a tag. We have used pcDNA 3.1 myc-
His vector (Invitrogen, USA) carrying CMV and T7 promoters for Xenopus oocyte and
mammalian cell expressions. WT-AQP0 was cloned into pcDNA3.1 myc-His vector in between
EcoRI and BamHI sites. To facilitate efficient expression, we have introduced a 5′ untranslated
region of an amphibian virus-3 gene coding for ICP-18 (Willis et al., 1984) between the T7
promoter and the Kozak sequence. The sequences were confirmed by automated sequencing
using fluorescent dye terminators (SUNY at Stony Brook, DNA Sequencing Facility). The
fluorescent tag, mCherry or EGFP, was introduced between BamHI and Hind III sites. cRNA
was transcribed in vitro using T7 RNA polymerase (mMESSAGE mMACHINE kit, Ambion,
USA). Purified cRNA was dissolved in distilled water and stored at −80 C until injection into
the oocytes. The above mentioned constructs were used for creating the deletion mutation at
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amino acid 213 as reported by Geyer et al. (2006; also see Fig 1B). Oligonucleotides were
specifically designed to introduce the mutation. QuickChange site-directed mutagenesis kit
(Stratagene, USA) was used to incorporate the desired mutation (Kumari et al., 2001). The
following sense and antisense primers were used: 5′-CAA TCA TTG GAG GGG TCT GGG
CAG CCT C -3′ (sense) and 5′-GAG GCT GCC CAG ACC CCT CCA ATG ATT G -3′
(antisense). Incorporation of the mutation was verified by DNA sequencing.

2.2. cRNA expression in Xenopus oocytes
Mature Xenopus laevis female frogs were anesthetized by immersion in 0.1% solution of
Tricane (Sigma) in water for 15–30 min; ovarian lobes containing stage V and VI oocytes were
removed and defolliculated by incubation in 2 mg/ml collagenase Type II (Sigma) and trypsin
inhibitor in Ca 2+ free oocyte medium for 1hr at room temperature. The oocytes were
maintained at 18 C in the oocyte medium supplemented with 100 U/ml penicillin, 0.1 mg/ml
streptomycin and 0.1 mg/ml kanamycin or in appropriately diluted L15 medium (Invitrogen,
USA) supplemented with 2% heat-inactivated fetal calf serum (Hyclone Laboratories, Inc.,
UT), 2 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 0.1 mg/ml
kanamycin. Except where noted otherwise, oocytes were injected with 25 ng cRNA of the
respective construct.

2.3. Oocyte water permeability measurement
Xenopus oocyte membrane water permeability was estimated as described by Varadaraj et al.
(1999, 2005) with slight modifications. After cRNA injection, oocytes were incubated for 3
days before the membrane permeability assay was performed. Water permeability (Pw, μm/s)
of water injected or cRNA injected Xenopus oocytes was estimated from the initial slope of
the volume change due to transferring of the oocyte from 180 to 60 mOsm medium at 21°C.
Change in the volume of the oocyte was monitored and images were digitized using an Olympus
CKX41 inverted fluorescent microscope equipped with a Videoscope Image Intensifier and
Ikegami video camera. The video signal was sent to an IBM PC-compatible computer through
a Data Translation DT-2851 video frame-grabber board. Images were digitized by the computer
every 3 seconds using the software Inspector 6, and oocyte cross-sectional areas were
subsequently determined by counting the pixels using Sigma Scan Image Analysis software
(Version 5) and the volume was calculated. The oocyte membrane water permeability (Pw)
was calculated from the initial change in volume using the equation: Pw = (dV/dt)/(SmVwΔc),
where V (cm3) is the oocyte volume calculated from the cross-sectional area, Sm (cm2) is the
oocyte surface area calculated from the cross-sectional area, Vw is molar volume of water (18
cm3/mol) and Δc is change in bath osmolarity (0.12×10−3 mol/cm3).

2.4. Immunocytochemistry and western blotting
Oocytes were fixed in 4% paraformaldehyde and 0.2% (v/v) Triton X-100 for 6 h at room
temperature, and post-fixation, kept in methanol at 4°C, overnight. After rehydration, the
oocytes were fixed with 4% paraformaldehyde and 0.2% (v/v) Triton X-100 in 1X PBS for 24
h, cryosectioned at 12–18 μm thickness using a cryomicrotome (Leica) and stored at −20°C.
The sections were blocked with normal goat serum and immunostained with polyclonal rabbit
antibody raised against human AQP0 (Chemicon, Alpha Diagnostic International or Abcam,
Inc.) or GFP (Santa Cruz, USA) at 1:500 dilution in 5% (w/v) bovine serum albumin in 1X
PBS, overnight. After washing, the sections were incubated in fluorescein 5′-isothiocyanate
(FITC) conjugated goat anti-rabbit IgG in 1X PBS with 5% bovine serum albumin. The sections
were washed in 1X PBS, mounted in anti-fade Vectamount (Vector Labs, USA) containing
nuclear stain DAPI and viewed. Optimized Z-sectional digital images were acquired and
processed as described (Varadaraj et al., 2007). Figures shown are representative of multiple
experiments. Oocyte membrane proteins were used for western blotting to confirm the
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expression of the WT-AQP0-mCherry and Δ213-AQP0-EGFP using anti-AQP0 and anti-GFP
antibodies, respectively as described (Varadaraj et al., 1997, 2005).

2.5. Cell culture and transfection
Cell culture and transfection were performed as described previously (Kumari et al., 2000)
with minor modifications. In short, Madin-Darby Canine Kidney (MDCK) and mouse
neuroblastoma (N2A) cells from American Type Culture Collection (Manassas, VA) were
grown in Minimum Essential Medium (Invitrogen) supplemented with 10% heat-inactivated
fetal calf serum (Hyclone Laboratories, Inc., UT), 1% non-essential amino acids, 2 mM L-
glutamine, and 100 U/ml penicillin and 0.1 mg/ml streptomycin. Maintenance of cell cultures
was performed at 37°C and 5% CO2 in a humidified atmosphere. Transfections were carried
out using effectene reagent (Qiagen, USA), following the manufacturer’s protocol.

2.6. Expression and localization of WT-AQP0-mCherry and Δ213-AQP0-EGFP in cultured
mammalian cells

Wild type and mutant AQP0 with mCherry or EGFP tag were transfected separately into
MDCK and N2A cells using effectene reagent. For co-localization studies, the constructs were
co-transfected. Fluorescent signals were obtained using a Zeiss epifluorescent microscope and
mCherry and EGFP fluorescent filters. Forster Resonance Energy Transfer (FRET) was used
to examine the co-localization of WT-AQP0 and Δ213-AQP0. We used Δ213-AQP0-EGFP
as the donor (Ex 488 and Em 507) and WT-AQP0-mCherry as the acceptor (Ex 587 Em 610).
Images were acquired using a Zeiss microscope fitted with a 63X oil immersion lens and
equipped with the following filters/dichroic sets (nm): 1. Texas Red cube, excitation (EX)
545/30, emission (EM) 620/60, beamsplitter 570 (longpass); 2. EGFP cube, excitation (EX)
470/40, emission (EM) 525/50, beamsplitter 495 (longpass) and 3. FRET cube, EX 470/40,
EM 640/50, beamsplitter 495 (longpass) (Chroma Technology Corp, USA).

To investigate whether the mutant protein localizes in the plasma membrane, Δ213-AQP0-
EGFP transfected cells were grown on sterile coverslips, fixed in freshly prepared ice cold 4%
paraformaldehyde in 1X PBS for 30 min., washed in cold 1X PBS and incubated with wheat
germ agglutinin (WGA; Molecular probes) conjugated to Texas Red-X fluorescent tag (1μg/
μl) in a humidified chamber for 30 min. WGA binds to glycosylated proteins, specifically to
N-acetylglucosamine and N-acetyl neuraminic acid (sialic acid) residues. The cells were
washed in PBS at room temperature and coverslips were mounted using Vectashield mounting
medium (Vector Laboratories, CA) containing nuclear stain DAPI and sealed with clear nail
polish. Slides were viewed using an epifluorescent microscope with an excitation band filter
of 489 nm and an emission band pass filter of 508 nm for EGFP fluorescence from Δ213-
AQP0–EGFP chimeric protein, or an excitation band filter of 595 nm and an emission band
pass filter of 615 nm for Texas-Red-X for WGA. Image acquisition and analysis were
performed as described in the previous paragraph.

To investigate the localization of mutant AQP0 in the ER, Δ213-AQP0-EGFP transfected cells
grown on sterile coverslips were fixed in freshly prepared ice cold 4% paraformaldehyde/0.1%
Triton X-100 in 1X PBS for 20 min., washed in cold 1X PBS, blocked with 5% normal donkey
serum in 5% BSA and incubated with polyclonal anti-calnexin antibody (calnexin-ER resident
protein, Abcam, USA) in 5% BSA, at 4°C overnight in a humidified chamber. The cells were
washed at room temperature and incubated with anti-goat IgG (H+L) conjugated to Texas-Red
(Santa Cruz, USA). Washing of the slides and subsequent procedures were performed as
described for WGA binding.
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2.7. Morphological examination of cytotoxicity, necrosis and apoptosis
Necrosis and apoptosis due to the cytotoxicity induced by the Δ213-AQP0 protein in live cells
were estimated using Vybrant Apoptosis Assay Kit (Invitrogen) following the protocol
provided by the vendor. For the study, MDCK cells were transfected with WT-AQP0 or Δ213-
AQP0 cloned into the eukaryotic expression vector pcDNA3.1 myc-His without tag as
described. For positive controls, cells transfected with only vector were incubated in the culture
medium containing 100 μM ebselen or 20 μM camptothecin (Sigma) for 8h at 37°C in the
CO2 incubator to induce necrosis or apoptosis; another group was exposed to 0.1% DMSO
(used in dissolving ebselen and camptothecin), in order to find out the solvent effect on necrosis
and apoptosis. Two negative controls of cells transfected with only vector were used for
comparison. A sham transfected control was also included in the study. All the groups were
treated with three nuclear stains, namely, Hoechst 33342, YO-Pro-1 and propidium iodide and
observed under Zeiss Axiovert 200 inverted fluorescence microscope using appropriate filters.
Live cell nuclei show low level of blue fluorescence, apoptotic cells show bright green and
blue fluorescence, and necrotic cells show bright red fluorescence. We counted the total number
of WT-AQP0 or Δ213-AQP0 expressing cells (N) and the number of WT-AQP0 or Δ213-
AQP0 expressing cells having necrotic or apoptotic nucleus (X) in a selected area. The gross
incidence of necrosis or apoptosis in a WT-AQP0 or Δ213-AQP0 transfection was X/N. In
each transfection, background occurrence (C) of necrosis or apoptosis was estimated by
counting the frequency of only vector transfected cells that showed necrosis or apoptosis. The
subtraction, (X/N)–C, represents the specific necrosis or apoptosis. Data presented are the
means and SD of four separate transfections.

2.8. Biochemical examination of cytotoxicity using Lactate Dehydrogenase (LDH) assay
MDCK cells were transfected with WT-AQP0 or Δ213-AQP0. In order to reduce background,
cells were cultured in the medium without phenol red and containing 2% bovine calf serum.
After 72 h, the transfected cells were subjected to the cytotoxicity assay, which compares level
of LDH seeped out into the experimental culture medium from the dying cells after membrane
breakage due to cytotoxicity, with the LDH level of the healthy cell culture medium. The release
of LDH enzyme due to cell lysis was detected using CytoTox 96 Non-radioactive Cytotoxicity
Assay (Promega; Cik et al., 1995). In brief, diluted culture medium or cell lysate was added to
the substrate mix containing a tetrazolium salt (INT). LDH converts INT into a red formazan
product. The intensity of the color formed is proportional to the number of lysed cells. Negative
and positive controls were used as described in the previous section. Optical density was
measured at 490 nm using a UV-Visible spectrophotometer (Varian Cary Model 100 Bio UV-
spectrophotometer). The percentage of cytotoxicity levels was determined by dividing the OD
value of the medium in which control or experimental group was cultured (after subtracting
the background derived from the medium), by the OD values from the healthy cell lysate
supernatant and medium, and multiplying the value by 100.

2.9. 3-D Human AQP0 protein model
A three dimensional model of human wild type AQP0 protein (Fig. 1C) was predicted using
3D-JIGSAW software (Bates et al., 1999,2001;Contreras-Moreira and Bates, 2002) based on
the available aquaporin protein models in the Molecular Modeling Database of the Protein
Data Bank.

2.10. Statistics
Statistical analyses were performed by student’s t-test using Sigma Plot 2000 software, Version
6.10. A value of P < 0.05 was considered significant.
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3. Results
3.1. Functional expression of WT-AQP0 and Δ213-AQP0 proteins

Xenopus oocytes were injected with different concentrations of cRNA for WT-AQP0 to
determine the optimal concentration required for obtaining a measurable difference in
membrane permeability compared to the water injected oocytes. Membrane water permeability
(Pw) of WT-AQP0 cRNA injected oocytes increased in a dose-dependent manner. Fig. 2A
shows the Pw of oocytes injected with distilled water (13±2 μm/s), WT-AQP1 (5 ng/oocyte,
positive control; 259±59 μm/s), varying concentrations of WT-AQP0 (1, 2, 5, 10, 15, 20, 25,
35, 50 or 75 ng/oocyte), WT-AQP0-mCherry (25 ng/oocyte) or WT-AQP0-EGFP (25ng/
oocyte). At a concentration of 25 ng of WT-AQP0 cRNA per oocyte, there was a two fold
increase in water permeability (25±3 μm/s) compared to the water injected oocytes (13±2 μm/
s); higher concentrations did not show any appreciable increase. With 25 ng cRNA, there was
no significant difference in the Pw among WT-AQP0 (25±3 μm/s), WT-AQP0-mCherry (25
±4 μm/s) and WT-AQP0-EGFP (25±4 μm/s) injected oocytes. Therefore, the optimal
concentration of 25 ng cRNA per oocyte was used for further experiments. Reports indicate
that AQP1 and the majority of other cloned aquaporins exhibit about 10–40-fold increase in
water permeability under different experimental conditions compared to the AQP0 injected
oocytes (Chandy et al., 1997;Preston et al., 1992,1993;Zampighi et al., 1995). Our data show
~10 fold increase in Pw of AQP1 (259±59 μm/s) over that of AQP0 (25±3 μm/s; Fig. 2A,B).

Pw of oocytes injected with cRNA for Δ213-AQP0 (14±1 μm/s) or Δ213-AQP0-EGFP (13±1
μm/s) were significantly lower than that of oocytes injected with WT-AQP0 with (25±4 μm/
s) or without a fluorescent tag (25±3 μm/s). The Pw of the mutant was the same as that of the
water injected control oocytes (13±1 μm/s; Fig. 2C), indicating that the mutation severely
interfered with the normal functioning of the protein. In an attempt to correct the folding and/
or trafficking defects of the mutant protein, we incubated the oocytes injected with cRNA for
Δ213-AQP0-EGFP in the chemical chaperones, Trimethylamine N-oxide (TMAO, 100mM)
or DMSO (0.5%) as an additive to the medium, for 48h. The chemical chaperones, however,
did not cause any significant increase ( Δ213-AQP0-EGFP with TMAO, 16±2 μm/s and Δ213-
AQP0-EGFP with DMSO, 15±2 μm/s) in oocyte membrane water permeability (Fig. 2C). We
co-injected cRNAs (25 ng each) for WT-AQP0-mCherry and Δ213-AQP0-EGFP. Pw of these
oocytes was less (18±3 μm/s) than that of the oocytes injected with only WT-AQP0-mCherry
(25±3 μm/s) cRNA (Fig. 2C). Interestingly, co-expression of WT-AQP0 protein did little to
improve the water permeability of the Δ213-AQP0 protein. Instead, the Δ213-AQP0 hampered
the water permeability of the WT-AQP0, suggesting that the former might have oligomerized
with the latter and reduced the number of WT-AQP0 trafficking to the membrane. As for the
previous experiment, we tried to correct the misfolding and/or trafficking problems by
incubating the co-expressed oocytes in TMAO (100 mM) or DMSO (0.5%) for 48h. The
chaperones did not produce any significant improvement (TMAO-treated, 18±4 μm/s and
DMSO-treated, 18±3 μm/s) in oocyte membrane water permeability (Fig. 2C).

3.2. Expression and localization of WT-AQP0 and Δ213-AQP0
WT-AQP0 and Δ213-AQP0 proteins with fluorescent tags, mCherry and EGFP, were
separately expressed in Xenopus oocytes, viewed under an epifluorescent microscope and
images were digitized (Fig. 3). Water injected oocytes are shown in Fig. 3A and C (mild
autofluorescence is seen). The red oocyte in Fig. 3B was injected with cRNA for WT-AQP0-
mCherry and the green oocyte in Fig. 3D, with Δ213-AQP0-EGFP; the orange oocytes in Fig.
3E and F were images, taken using filters for mCherry and EGFP, of oocytes co-injected with
both cRNAs and merged with each other. These images mainly demonstrate the expression of
WT-AQP0-mCherry and Δ213-AQP0-EGFP cRNAs injected either separately or together into
the oocytes. Tag fluorescence aided in the initial screening of oocytes and cells expressing
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WT-AQP0-mCherry and/or mutant AQP0-EGFP cRNAs for conducting water permeability,
co-localization and FRET studies.

Oocytes expressing WT-AQP0 were cryosectioned and immunostained using anti-AQP0
antibody. Localization of Δ213-AQP0-EGFP was determined from EGFP fluorescence. Fig.
3G-M shows localization of WT-AQP0-mCherry and Δ213-AQP0-EGFP proteins. Confocal
fluorescence microscopy showed no immunostaining in water injected oocytes (Fig. 3G),
significant localization of WT-AQP0 in the oocyte plasma membrane (Fig. 3H–J), very little,
if any, Δ213-AQP0-EGFP in the plasma membrane (Fig. 3K–M). Chaperone-treated oocytes
expressing WT (Fig. 3I,J) or mutant (Fig. 3L,M) AQP0 showed no significant difference in
the pattern of expression compared to their respective untreated oocytes. Fig. 3N shows
immunostaining of WT-AQP0 when co-expressed with Δ213-AQP0 without EGFP tag. There
appears to be some staining of the plasma membrane, but most of the protein has localized in
the subcellular compartments (yellow arrows).

Immunoblot analysis of total membrane extracts from oocytes injected with WT-AQP0-
mCherry, Δ213-AQP0-EGFP or co-injected with cRNAs of both constructs confirmed the
expression of the respective protein with an expected peptide band size of ~58 kDa (AQP0,
~28 kDa plus mCherry or EGFP, ~30 kDa; Fig. 3O). Protein expression levels of the oocytes
quantified by densitometry (data not shown) showed no significant difference between WT-
AQP0-mCherry and Δ213-AQP0-EGFP as revealed by the western blot (Fig. 3O, lanes 1 and
2). Similarly, there was no significant difference in WT-AQP0-mCherry protein expression
when injected singly or combined with the Δ213-AQP0-EGFP (Fig. 3O, lanes 3 and 4).
Therefore, reduction in the water permeability of the co-expressed oocytes cannot be attributed
to the difference in the expression levels of the wild type protein.

WT-AQP0-mCherry and Δ213-AQP0-EGFP were transfected separately or together into
MDCK cells (Fig. 4). As noticed for the oocytes in Fig. 3, WT-AQP0-mCherry chimeric protein
localized abundantly in the plasma membrane (Fig. 4A) whereas Δ213-AQP0-EGFP localized
predominantly in the cytoplasmic compartments (Fig. 4B,C,E). XZ-axis confocal images (just
below each image) clearly reveal the difference in WT-AQP0-mCherry (Fig. 4A) and Δ213-
AQP0-EGFP (Fig. 4B) protein localization, in the plasma membrane and cytoplasmic
organelles, respectively. Cells expressing Δ213-AQP0-EGFP (Fig. 4C) were stained with
wheat germ agglutinin conjugated to Texas Red-X (WGA-Texas Red-X) which showed plasma
membrane specific binding (Fig. 4D) of glycosylated proteins. However, fluorescence from
Δ213-AQP0-EGFP and WGA-Texas Red-X did not show any sign of co-localization (Fig. 4E).
When WT-AQP0-mCherry and Δ213-AQP0-EGFP were co-expressed, both chimeric proteins
showed signal in the cytoplasmic compartments (Fig. 4F,G). Merger of WT-AQP0-mCherry
and Δ213-AQP0-EGFP images taken from the same cell showed co-localization of the WT
and mutant proteins (Fig. 4H); co-localization in the cytoplasmic organelles is more noticeable
in the XZ-axis merged confocal image below 4H.

To determine if WT-AQP0-mCherry and Δ213-AQP0-EGFP oligomerize and co-localize in
the ER, we transfected these constructs into N2A or MDCK cells either individually to check
the background or together for FRET analysis. EGFP served as donor fluorophore and mCherry
as acceptor for FRET. Cells transfected with WT-AQP0-mCherry or Δ213-AQP0-EGFP
showed red (Fig. 5A) or green (Fig. 5E) fluorescence of the respective tags, but showed very
low background signal in other fluorescent filters (Fig. 5B,D) or in FRET filter (Fig. 5C,F).
Fig. 5G-I shows images of a cell that co-expressed WT-AQP0-mCherry and Δ213-AQP0-
EGFP. The fluorescence of WT-AQP0-mCherry is shown in Fig. 5G and that of Δ213-AQP0-
EGFP in Fig. 5H. Fig. 5I shows the FRET signal, suggesting the localization of wild type and
mutant proteins in the same oligomers or within 100Å. To determine if Δ213-AQP0-EGFP is
localized in the ER without trafficking to the plasma membrane, we transfected MDCK cells
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with Δ213-AQP0-EGFP. Two days post-transfection, the cells were fixed and immunostained
with anti-calnexin antibody. Calnexin is an ER resident protein. Fig. 6A shows the expression
of Δ213-AQP0-EGFP chimeric protein and Fig. 6B shows anti-calnexin antibody binding. Fig.
6C is the overlaid image; the orange color suggests colocalization of both proteins in the ER.

3.3. Effect of the mutant AQP0 on cell viability
Aberrant protein accumulation in tissues and cellular compartments leads to several disorders
in humans called conformational diseases. Accumulation of misfolded proteins in the ER
causes ER stress that ultimately leads to cell death. Our immunocytochemical and
colocalization studies showed that Δ213-AQP0 localized in the ER and also trapped the WT-
AQP0 when expressed together. Therefore, accumulation of the mutant transmembrane protein
alone or along with the wild type in the ER could induce lens fiber cell death and cause
congenital lens cataract. To test this hypothesis, we asked: Can heterologous expression of
Δ213-AQP0 induce cell death? If so, does it happen by necrosis or by apoptosis? For answers,
we transfected WT-AQP0 and Δ213-AQP0 in MDCK cells and performed morphological and
biochemical assays to evaluate cytotoxicity due to mutant protein accumulation in the ER.

Morphological studies using The Vybrant Apoptosis Assay Kit 7 showed that nuclei of the
majority of negative control live cells did not take up propidium iodide stain (bright red)
specific for necrosis, or Hoechst 33342 stain (bright blue) specific for apoptosis (Fig. 7A, top
three rows); the cells maintained their normal morphology with typical cuboidal shape and a
large nucleus (Fig. 7B, a). The positive control cells subjected to necrosis by ebselen treatment
showed significant numbers of plasma membrane compromised necrotic cell nuclei which took
up propidium iodide stain (Fig. 7A; B, c,d). The necrotic cells showed considerably altered
cellular morphology; cells were round, contained large vacuoles and developed perforations
in the plasma membrane (Fig. 7B, c,d). Camptothecin induced positive control apoptotic cells
showed intense staining for both Hoechst 33342 (bright blue) (Fig. 7A) and YO-Pro-1 (bright
green, data not shown) and exhibited fragmented nuclei. On the other hand, cells expressing
WT-AQP0 showed no significant difference in the number of necrotic or apoptotic cells
compared to the negative controls (Fig. 7A,C). However, Δ213-AQP0 expressing cells showed
~3-fold increase in the amount of necrotic cells (Fig. 7A,C) compared to the wild type, with
morphology as seen in ebselen induced positive control necrotic cells (Fig. 7B, e,f); similarly,
co-expressed WT-AQP0 and 213-AQP0 cells also showed higher incidence of necrosis. An
example of the co-expressed cell showing necrosis is shown in Fig. 7B, g–i.

To further confirm the result that the expression of Δ213-AQP0 protein induced cell death by
necrosis and through the loss of cell membrane integrity, a more specific assay that determines
the extracellular release of LDH protein (a specific marker for necrosis) into the medium, was
employed. LDH is a stable cytosolic enzyme that is released into the extracellular medium
upon cell lysis. LDH activity in the mutant transfected cells after 72 hours was ~3 times that
of the WT-AQP0 transfected cells and negative controls (Fig. 7D). The LDH leakage
corroborated the loss of plasma membrane integrity and was consistent with the morphological
data shown in Fig. 7B. These results support the hypothesis that Δ213-AQP0 protein
accumulation causes ER stress and contributes to the development of human congenital lens
cataract.

4. Discussion
The evidence presented here suggests that the Δ213-AQP0 water channel is nonfunctional due
to its failure to properly traffic to the plasma membrane. Under normal conditions, aquaporins
are synthesized as monomers, folded and tetramerized as quaternary structural units in the ER
before being transported for insertion into the plasma membrane (Buck et al., 2007; Duchesne,
et al., 2002; Manley et al., 2000; Pitonzo and Skach, 2006; Roudier et al., 2002; van Hoek et
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al., 1995; Verbavatz et al., 1993). The lack of membrane water permeability in oocytes
expressing the Δ213-AQP0 might be due to the absence of functional AQP0 in the plasma
membrane rather than the level of protein expression. Misfolding and protein trapping in the
ER have been reported for several mutant membrane proteins (Denning et al., 1992; Kaushal
and Khorana, 1994; Tamarappoo and Verkman, 1998). Our co-expression studies revealed that
the Δ213-AQP0 interfered with the normal function of WT-AQP0. Presumably, the Δ213-
AQP0 assembles with the WT-AQP0 during oligomerization and retains the wild type also in
the ER. This type of oligomerization reduces the number of available WT-AQP0 in the plasma
membrane for water permeability and might have led to the development of congenital
dominant lens cataract in the two individuals with this mutation.

Several of the naturally occurring AQP0 point mutations that result in lens cataract have been
functionally characterized. In human AQP0, E134G and T138R mutations resulted in loss of
water permeability due to the failure in trafficking of the proteins to the plasma membrane.
However, when the E134G or T138R mutant was co-expressed with WT-AQP0 protein, the
mutant protein reached the plasma membrane but caused instability of the tetramers and loss
of function in the wild-type AQP0 (Francis et al., 2000b; Harris et al., 2004). Mistargeting of
mutant AQP0 to ER-like compartments has previously been reported for mutant mouse models
such as CatFr and Catlop (Shiels and Bassnett, 1996; Shiels et al., 2000). Based on the intense
AQP0 immunostaining in the fiber cell membrane of the CatFr/+, Shiels et al. (2000) suggested
that in the heterozygous CatFr/+ lens, the mutant AQP0 did not inhibit targeting of the wild
type AQP0 to the plasma membrane. CatFr mutation is caused by truncation and mis-splicing
of the long terminal repeat (LTR) sequence of an early transposon (Etn) element (Shiels and
Bassnett, 1996). This mutation resulted in the expression of a chimeric protein consisting of
~75% AQP0 and ~25% Etn LTR amino acid sequence. The predicted LTR amino acid sequence
(203–261) replaced most of the 6th transmembrane domain and the entire C-terminal domain
of wild-type AQP0 (203–263) with 55 variations, which include calcium-calmodulin binding
site and several phosphorylation sites. Human Δ213-AQP0 (Fig. 1; Table 1) is similar to
CatFr mutation; in both cases, the 6th TM and C-terminal domains are altered. However,
severity of the cataract is more pronounced in lens expressing CatFr than Δ213-AQP0 protein.
This may be due to the difference in species, degree of 6th TM domain deletion, composition
of the newly added amino acids or presence of the transposon (Etn) element, or due to two or
more of these aspects acting in combination.

Trafficking problems associated with mutant AQP2 had been rescued by incubating the cells
expressing the mutant protein in chemical chaperones such as glycerol, TMAO or DMSO
(Tamarappoo and Verkman, 1998; Shepshelovich et al., 2005). We incubated Xenopus oocytes
expressing Δ213-AQP0 and/or WT-AQP0 in TMAO or DMSO (Fig. 2), but the folding and/
or trafficking problem(s) persisted. Moreover, several disease-associated mutant proteins have
shown temperature sensitivity during initial conformation, synthesis or transportation of the
cargo to the final destination. These proteins reached the target when incubated at reduced
temperatures (Denning et al., 1992). During the course of the Δ213-AQP0 experiments,
Xenopus oocytes were incubated at 18°C, which should have been low enough to deter simple
conformational or folding defects, but it did not. The transport of synthesized and folded
proteins to their final destination involves a series of steps, which are directed by the signaling
elements present in the amino acid sequence of the cargo protein. Our studies have suggested
that the proximal region of the C-terminal containing amino acids 223 to 234 in the WT-AQP0
is critical and may carry sorting signal(s) for targeting of the protein to plasma membrane
(Varadaraj et al., 2000). The frameshift in Δ213-AQP0 resulted in 90% of the amino acids
being different at the proximal region of the intracellular C-terminal domain (Fig. 1; Table 1).
This may be a reason for the trafficking problems.
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Previous in vivo and in vitro studies of AQP0 mutant proteins showed ER localization
irrespective of the site of the mutation. In CatFr mouse, 6th TM and C-terminal domains
replaced by the transposon (Etn) element resulted in ER localization (Shiels and Bassnett,
1996; Shiels et al., 2000). In the Catlop mouse model, a missense mutation (A51P) in the 2nd

transmembrane domain impaired trafficking and retained the mutated AQP0 protein in the ER
(Shiels and Bassnett, 1996). In Hfi mutant mouse, deletion of 55 amino acids in the 4th and
5th TM interfered with the trafficking of the mutated AQP0 protein to the plasma membrane
(Sidjanin, et al., 2001). Deletion of the proximal end of the C-terminal domain of human (Ball
et al., 2003; Varadaraj et al., 2000), bovine and mouse (our unpublished data) AQP0s resulted
in ER localization. In chimeric protein studies involving AQP0 and AQP2, loop B or C of
AQP2 caused the chimeric protein to remain in the ER (Kuwahara et al., 1999). In view of
these findings, perhaps mutation in the C-terminal or other domains of AQP0 caused the mutant
protein to localize in the ER. Loss of the C-terminal domain or mutation(s) in this region could
cause elimination of trafficking signals, alteration in folding and/or prevention of calcium-
calmodulin interactions (Lindsey et al., 2008; Varadaraj et al., 2000, 2005). Localization of
Δ213-AQP0 in the ER could be due to the following, singly or in combination: 1. Alteration
in protein folding influenced by the frameshift which changed the amino acid sequences of the
distal end of the 6th TM domain and the C-terminal domain, 2. Loss of the original C-terminal
end which carries signals for trafficking and calcium-calmodulin interaction, and 3. Presence
of the newly introduced amino acid sequences of the mutated C-terminal domain resulting from
the frameshift.

All AQP2 missense mutations in the transmembrane domain and channel forming regions
documented so far result in misfolding and trapping of the proteins in the ER and cause
recessive nephrogenic diabetes insipidus (NDI). When mutant AQP2 was co-expressed with
the WT they did not form heterotetramers due to failure of interaction between the mutant and
wild type (Deen et al., 1994; Kamsteeg et al., 1999; Robben et al., 2006). Conversely, mutations
in AQP2 C-terminal domain, which carries sorting signal(s), mostly result in dominant NDI
because the mutant protein forms heterotetramers allowing only a low level of functional wild
type AQP2 in the plasma membrane (de Mattia et al., 2004; Kamsteeg et al., 1999; Kuwahara
et al., 2001; Marr et al., 2002). Similarly, in the present investigation, when WT-AQP0 and
Δ213-AQP0 were co-expressed, they appeared to form hetero-oligomers in the ER and did not
traffic to the plasma membrane.

ER is a multifunctional signaling organelle that controls a wide range of cellular processes
including protein folding, trafficking and cellular responses to stress (Liu and Kaufman,
2003). Mutations which do not affect either expression or function but result in conformational
instability cause the affected protein to unfold and undergo intermolecular linkage and
aggregation, triggering ER stress or unfolded protein response (Carrell, 2005; Carrell and
Lomas, 2002; Harding et al., 2002; Lomas and Carrell, 2002). If the ER stress is severe or
prolonged, ER-associated cytotoxic cell death pathways are activated (Harding et al., 2002).
The aggregation of conformationally destabilized proteins is responsible for more than 20
diseases (reviewed in Stefani and Dobson, 2003) including lens cataract (Crabbel, 1998;
Kosinski-Collins and King, 2003; Sandilands, et al., 2002). The majority of congenital and
senile cataracts are associated with conformational changes and unfolding of proteins in the
lens (Kosinski-Collins and King, 2003; Sandilands, et al., 2002). In the human AQP0 mutation
studied here, lens fiber cell damage is mostly in the inner cortex and nucleus (Geyer et al.,
2006), where mature fiber cells are devoid of cell organelles, especially ER which normally
deals with the mutant proteins through the ER stress response mechanism. More than 50% of
the membrane protein in the lens is contributed by AQP0. In the absence of ER in the mature
fiber cells, the main defense is α-crystallin chaperone proteins (Das and Surewicz, 1995;
Horwitz, 1992; Jakob et al., 1994; Raman and Rao, 1994), which seem insufficient to counteract
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the cytotoxicity induced by the mutant AQP0. This situation apparently leads to fiber cell
necrosis and cortical and nuclear lens cataract development.

When the cells are exposed to traumatic events such as hypothermia, hypoxia or cytotoxicity
due to deleterious mutations that encode toxic proteins, passive cell swelling and injury to
cytoplasmic organelles occur leading to membrane lysis, release of cellular contents, and
inflammation, all of which contribute to necrosis (Kerr, 1991; Schwartz et al., 1993). In
contrast, apoptosis is a mode of cell death that occurs under normal physiological conditions
such as normal cell turnover and maintenance of tissue homeostasis and the cell is an active
participant. It is an active physiological process of cell damage with specific morphological
and molecular characteristics such as cell shrinkage, membrane blebbing, nuclear pyknosis,
chromatin condensation and genomic DNA fragmentation (Bursch et al., 1992; Kerr et al.,
1972). Leakage of cellular contents by necrotic cells causes a proinflammatory response in the
neighboring cells whereas in apoptotic cells, the cellular contents remain within the dying cells
and do not affect the neighboring cells (Bonfoco et al., 1995). Under normal physiological
conditions, damage in the lens fiber cell plasma membrane of patients having this mutation
could be the outcome of cytotoxicity induced by the accumulated Δ213-AQP0 protein and the
inadequacy of functional AQP0 water channel in the membrane to regulate cell volume in order
to maintain homeostasis. The lenses of patients with this mutation showed punctate cortical
opacities and vacuoles in the lens nucleus. This lens phenotype is very similar to that observed
in AQP0 mutant mouse models. Lens fiber cells of AQP0 mutant mice exhibited swelling and
membrane breakage (Okamura et al., 2003; Shiels et al., 2000, 2001; Shiels and Bassnett,
1996; Sidjanin et al., 2001) as noticed for the MDCK cells expressing Δ213-AQP0 (Fig. 7B).
Necrosis is the result when impairment of the cell’s ability to maintain homeostasis leads to
an influx of extracellular ions followed by water causing cell swelling and eventual rupture. It
has been shown experimentally that aquaporins play a critical role in lens transparency and
homeostasis (Varadaraj et al., 1999, 2005, 2007), and, knockout of mAQP0 also caused cataract
(Al-Ghoul et al., 2003; Shiels et al., 2001). Mature fiber cells in the lens are terminally
differentiated and cannot undergo apoptosis due to the lack of functional apoptotic pathway
components. When lens fiber cells are exposed to traumatic events, necrosis and cataracts
occur.

In conclusion, this investigation suggests the involvement of the 6th TM and C-terminal
domains in AQP0 protein trafficking. Replacement of the amino acids in these domains due
to the frameshift might have altered the protein trafficking signal(s) or conformation and
hampered the normal trafficking and functioning of the protein. Further studies to pinpoint the
critical amino acid(s) in this domain responsible for normal trafficking and localization of the
protein in the plasma membrane are in progress. Development of lens cataract due to this
deletion mutation could be the effects of the following: 1) loss of water permeability, 2) gain
of function of trapping the wild type AQP0 in the ER by hetero-oligomerization, thus
preventing the WT-AQP0 protein from trafficking to the plasma membrane, and 3) cytotoxicity
due to the accumulation of membrane protein in the fiber cells. Better understanding of the
inherited cataract development mechanisms due to mutated lens proteins will help to develop
chemical chaperones to correct the folding and/or trafficking problems in patients with
heritable lens cataract.
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Aquaporin
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Major Intrinsic Protein of Lens
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Forster Resonance Energy Transfer
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Neruroblastoma cell line
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Madin-Darby Canine Kidney
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Membrane water permeability
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Fig. 1.
Schematic representations. (A) Human WT-AQP0 and (B) Δ213-AQP0. Yellow circles
represent hydrophobic amino acids in the cytoplasmic domains and ‘+’ and ‘−’ represent amino
acid charges in the extracellular and cytoplasmic domains. (C), 3-D model of wild type human
AQP0 protein predicted using 3D-JIGSAW (version 2.0). The monomer is rendered in cartoon.
Monomeric structure shows folds, helix assignment, and location in the membrane. Membrane-
spanning helices are denoted as LH1–LH6 and loops as LA–LE. The two pore lining helices
are shown as HB and HE. Site of the mutation and frameshift is represented with a blue star
(indicated by a red arrow). E, extracellular space; M, membrane; C, cytoplasm, NH2, amino
terminus; COOH, carboxy terminus.
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Fig. 2.
Water permeability of WT-AQP0 and Δ213-AQP0. (A) Membrane water permeability of
Xenopus laevis oocytes injected with (from left to right): distilled water; 5 ng/oocyte cRNA
for WT-AQP1; 1, 2, 5, 10, 15, 20, 25, 35, 50, or 75 ng/oocyte cRNA for WT-AQP0; 25 ng/
oocyte cRNA for WT-AQP0-mCherry; 25 ng/oocyte cRNA for WT-AQP0-EGFP. Membrane
water permeability was determined using the oocyte swelling assay as described in the
‘Materials and Methods’ section. Oocyte membrane water permeability of five swelling assays
(each assay with 10 oocytes; (mean ± SD)) is shown. (B) Representative data on X. laevis
oocytes injected with distilled water, cRNA for human AQP1 or cRNA for human AQP0. An
oocyte was placed in a hypotonic solution and the initial rate of swelling was estimated. A
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simple curve fit to the data was obtained to calculate the oocyte membrane water permeability
as described in ‘Materials and Methods’ section. Relative water uptake for distilled water
injected control, human AQP1-cRNA or human AQP0-cRNA expressing oocyte is given. (C)
Membrane water permeability of X. laevis oocytes injected with (from left to right): distilled
water; 25 ng of cRNA for WT-AQP0-mCherry; 25 ng of cRNA for Δ213-AQP0; 25 ng of
cRNA for Δ213-AQP0-EGFP; 25ng/oocyte cRNA for WT-AQP0-mCherry + 25ng/oocyte
cRNA for Δ213-AQP0-EGFP. In some experiments, we have incubated the cRNA injected
oocytes in the chemical chaperones TMAO (100 mM) or DMSO (0.5%). Each bar represents
the mean ± SD from five swelling assays. N, number of oocytes used per experiment. Asterisk
represents the degree of significance in comparison with control, P < 0.0001.
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Fig. 3.
Expression of WT-AQP0 and Δ213-AQP0 in the X. laevis oocytes. (A–F) Epifluorescence of
X. laevis oocyte injected with distilled water or AQP0 cRNAs, (A,C) Oocytes injected with
distilled water, (B) Oocyte injected with WT-AQP0-mCherry cRNA, (D) Oocyte injected with
Δ213-AQP0-EGFP cRNA, (E,F) Oocytes co-injected with WT-AQP0-mCherry and Δ213-
AQP0-EGFP cRNAs. (G–N) Immunostaining of cryosections of oocytes injected with distilled
water or AQP0 cRNAs. Expression of WT-AQP0 was visualized by immunostaining using
anti-AQP0 antibody. Since the antibody was raised against 17 amino acids from the C-terminal
domain, it did not bind to Δ213-AQP0 protein. Therefore, EGFP fluorescence was used to
visualize the localization of the mutant protein. (G) Water injected oocyte. The other oocytes
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shown were injected with cRNA for: WT-AQP0-mCherry (H), WT-AQP0-mCherry and
incubated in 0.5% DMSO (I), WT-AQP0-mCherry and incubated in 100 mM TMAO (J),
Δ213-AQP0-EGFP (K), Δ213-AQP0-EGFP and incubated in 0.5% DMSO (L), Δ213-AQP0-
EGFP and incubated in100mM TMAO (M), WT-AQP0 + Δ213-AQP0 and immunostained
for WT (N). As shown in N, when WT- and Δ213-AQP0 without any fluorescent tag are co-
expressed, even though some WT appeared to get to the plasma membrane, there was
significant subcellular accumulation (arrows). (O) Western blot analysis of oocytes injected
with cRNAs of WT-AQP0-mCherry (lanes 1 and 3), Δ213-AQP0-EGFP (lane 2), and WT-
AQP0-mCherry + Δ213-AQP0-EGFP (lane 4).
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Fig. 4.
Localization and co-localization of WT-AQP0-mCherry or/and Δ213-AQP0-EGFP in
transfected MDCK cells. (A, B) Epifluorescent images of cells transfected with the WT-AQP0-
mCherry and Δ213-AQP0-EGFP, respectively. (C–E) To confirm the plasma membrane
localization of Δ213-AQP0-EGFP, cells were fixed and incubated with Texas Red-conjugated
wheat germ agglutinin without permeabilization to label glycoproteins in the plasma
membrane; (C) cell viewed under EGFP fluorescent filter for Δ213-AQP0-EGFP expression;
(D) the same cell under an Texas Red fluorescent filter for plasma membrane staining; (E)
overlaid image of (C) and (D). (F–H) A cell co-transfected with Δ213-AQP0-EGFP and WT-
AQP0-mCherry constructs; (F) co-transfected cell viewed under mCherry fluorescent filter;
(G) the same cell under an EGFP fluorescent filter; (H) overlaid image of (F) and (G). For A–
H, confocal images were taken in the xy-axis (top) and xz-axis (bottom); white arrows indicate
the position of the XZ axis).
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Fig. 5.
Co-localization of WT-AQP0-mCherry and Δ213-AQP0-EGFP in transfected cells. (A–I)
Forster Resonance Energy Transfer in an N2A or MDCK cells transfected with WT-AQP0-
mCherry or/and Δ213-AQP0-EGFP. Cells were transfected with only WT-AQP0-mCherry (A-
C) or Δ213-AQP0-EGFP (D–F) as controls to monitor background fluorescence; (A, D, G)
cells excited at 587 nm and emission recorded at 610 nm; (B, E, H) cells excited at 488 nm
and emission recorded at 507 nm; (C, F, I) fluorescence due to FRET; (I) fluorescence
indicating co-localization of WT-AQP0-mCherry and Δ213-AQP0-EGFP proteins in the same
oligomer or within 100Å.
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Fig. 6.
Co-localization of ER-resident protein and Δ213-AQP0-EGFP in transfected MDCK cells. (A-
C) MDCK cells expressing Δ213-AQP0-EGFP immunostained for native ER protein, calnexin,
and detected using Texas Red conjugated secondary IgG. (A) Cells viewed under EGFP
fluorescent filter; (B) same cells viewed under Texas Red fluorescent filter; (C) overlaid images
of (A) and (B).
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Fig. 7.
Morphological and Biochemical assessments of cytotoxicity due to Δ213-AQP0. (A) Necrosis
and apoptosis in MDCK cells transfected with WT-AQP0 or Δ213-AQP0. Propidium iodide
(bright red) staining for necrosis and Hoechst 33342 (bright blue), staining for apoptosis.
Ebselen (100 μM) and camptothecin (20 μM) were used as positive controls for necrosis and
apoptosis, respectively. Panel B: Sham transfected MDCK cells (a) showing cuboidal shape;
MDCK cells transfected with WT-AQP0 (b) showing similar morphology as sham transfected
cells; MDCK cells treated with ebselen (c) showing characteristics of necrosis; magnified view
of an MDCK cell (pseudocolored) treated with ebselen (d) showing vacuoles (yellow arrows)
and membrane breakage (red arrows); MDCK cells transfected with Δ213-AQP0 (e); several
cells showed vacuoles similar to ebselen treated necrotic cells (yellow arrows); magnified view
of an MDCK cell expressing (pseudocolored) Δ213-AQP0 (f) showing vacuoles (yellow
arrow) and membrane breakage (red arrows); (g–i) a necrotic cell; (g) co-transfected (WT-
AQP0-mCherry and Δ213-AQP0-EGFP) cell viewed under mCherry fluorescent filter; (h) the
same cell viewed under an EGFP fluorescent filter; (i) overlaid image of (g) and (h). (C)
Quantification of necrosis or apoptosis in percentage over healthy cells. (D) Percentage
cytotoxicity due to Δ213-AQP0 protein calculated using a colorimetric assay which measures
lactate dehydrogenase (LDH) activity. Results are shown in percentage of total cellular LDH
release due to cellular membrane damage. Results are represented by the mean from triplicate
of five independent assays; error bars represent standard deviation of the mean. Asterisk
represents the degree of significance in comparison with control, P<0.0001.
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