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Abstract We isolated a cDNA clone encoding a water channel 
protein, aqnaporin (AQP), from human stomach. The encoded 
protein consisted of 323 amino acid residues, containing six 
putative transmembrane domains. The protein was designated 
human aqnaporin 4 (hAQP4) because of its 94% sequence 
similarity to rat brain AQP4. Expression of hAQP4 cRNA in 
Xenopus oocytes resulted in a significant increase in osmotic 
water permeability, indicating that this protein functions as a 
water channel. Northern blot analysis demonstrated a strong 
signal of hAQP4 mRNA in brain, lung, and skeletal muscle as 
well as in stomach. Immunohistochemical experiments with 
human stomach tissues showed that hAQP4 as a protein is 
expressed mainly in cells located in the glandular portion of the 
fundic mucosa. These include chief cells which secrete pepsinogen 
and parietal cells which secrete hydrochloric acid. These results 
strongly indicate that hAQP4 is a principal factor involved in the 
osmotic regulation of pepsinogen and acid secretion in the 
stomach. 
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1. Introduction 

Water channels are known to be protein molecules that 
mediate water transport into and out of cells [1-3]. These 
are divided into several subtypes in terms of primary struc- 
tures, pharmacological sensitivities, and abilities for transport 
of  non-ionic small solutes such as urea and glycerol [4]. To 
date, several water channel molecules have been identified. 
These include aquaporin 1 (AQP1) [5-7], AQP2 [8], AQP3 
[9,10], AQP4 [11], and AQP5 [12], all of  which show a high 
degree of similarity to one another. 

Expression patterns of aquaporins in organs or tissues are 
quite different from one another;  AQPI is expressed in a wide 
variety of organs and tissues including kidney, eye, spleen, 
lung, and choroid plexus [13-17], AQP2 exclusively in the 
renal collecting duct [18,19], AQP3 in the kidney, colon, and 
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**The nucleotide sequence data reported in this paper has been sub- 
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Abbreviations: AQP, aquaporin; hAQP4, human aquaporin 4; 
MIWC, mercurial-insensitive water channel; nt, nucleotide(s); Pf 
coefficient of osmotic water permeability; RACE, rapid amplification 
of eDNA ends. 

small intestine [9,10], AQP4 in rat brain [ll],  and AQP5 in 
salivary glands [12]. These observations suggested that differ- 
ent species of aquaporin exhibit different organ-specific func- 
tions. 

In mammalian stomach, a large quantity of gastric juice is 
secreted, so it is probable that water channels are deeply in- 
volved in its active exocrine function. However, there has been 
little information in this respect. Although AQP1 is known to 
be expressed in various tissues and organs [13-17], it has not  
been detected in stomach [20,21]. 

The purpose of this study is to disclose the structure and 
function of water channels expressed in the stomach. Here we 
report the cDNA cloning and molecular characterization of a 
human stomach water channel that may take part in the se- 
cretion of digestive fluids. 

2. Materials and methods 

2.1. RT-PCR 
Human stomach mRNA (1 ~tg; Clontech) was reverse-transcribed 

using oligo-dT primer and a first-strand eDNA synthesis kit (Pharma- 
cia). The three oligonucleotide primers: W-1 (5'-CA(CT)IT(CA)- 
AA(CT)CCIGCIGTIAC-3'), Wo2 (5'-AGIGGIG(GC)ICACI- 
(TC)CAA(CT)CC-3'), and W-A (5'-CCIA(CT)CCA(AG)(AT)- 
A1A(CT)CCA(AG)TG-3'), were prepared according to the amino 
acid sequences H(IL)NPAVT, SG(AG)H(SIA)NP, and HW(IV)- 
(FY)W(IV)G commonly conserved in aquaporin family members 
[22]. PCR amplification was performed using degenerate primers 
(1 mM each) and reverse-transcribed eDNA as a template (1 rain 
at 96°C, 1 min at 50°C, 3 min at 72°C, 30 cycles). A band of 
about 400 bp was isolated by agarose gel electrophoresis and sub- 
cloned into pUC 18 vector. The insert DNA fragment was se- 
quenced using a 373A DNA sequencer (Perkin Elmer). 5'-RACE was 
carried out to determine the nucleotide sequence of the 5'-end as 
follows [23]. Human stomach mRNA (1 lag) was reverse transcribed 
into cDNA using an oligonucleotide primer, W-B (5'-TTTCCCAT- 
GATAAC-Y), derived from the PCR fragments. An oligo(dA)-tail 
was added by terminal deoxynucleotidyltransferase. The (dA)-tailed 
cDNA was amplified using an oligo(dT) primer, W-T (5'- 
CGGCTGCAGTTTTTTTTTTTTTTTTTTT-3'), and a specific pri- 
mer in the PCR fragment, W-C (5'-GCAGGTCCAAAGGATCGG- 
3'). For 3'-RACE, oligo-dT primed human stomach eDNA was am- 
plified using a specific primer in the PCR fragment, W-3 (5'- 
CTGTCTTCTACATCGCAG-3'), and W-T (above). 

2.2. Construction of a cDNA Library and eDNA cloning 
Double-strand eDNA was synthesized from human stomach 

mRNA (2 [.tg) using a random primer and inserted into ~,gtl0 phage 
vector. One million plaques from a constructed human stomach 
eDNA library were screened with a probe of a PCR fragment labeled 
with [c~-3-~P]dCTP. Hybridization was performed at 60°C, and washing 
at 60°C with 1 xSSC containing 0.1% SDS. Positive clones were sub- 
cloned into pBluescript KS vector and sequenced. The sequence was 
determined on both strands. 
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Fig. 1. Alignment of the amino acid sequences of hAQP4 and other known aquaporins: AQP4 [11]], AQP5 [12], AQP2 [8], and AQP1 [7]. 
Gaps are inserted to maximize matching. White letters in black boxes denote amino acid residues identical to hAQP4. Predicted transmembrane 
domains of the hAQP4 protein are overlined (double dashed lines). The consensus sites for N-glyeosylation are denoted by plusses (+). The 
conserved NPA motifs are denoted by closed circles. 

2.3. Expression and function assays 
The fragment containing the entire coding sequence of the mRNA, 

which corresponded to the nucleotide sequence from - 3  to + 1102 nt, 
was amplified from subcloned cDNA by PCR using W-4, 5'- 
GGCATGAGTGACAGACCC-Y (underlined ATG indicating the in- 
itiation methionine), as the sense primer and W-D, 5'- 
CCTCTAGACTGAGTAATATGACATG-3'  (underlined sequence 
indicating a XbaI site), as the antisense primer. The PCR product 
containing the entire open reading frame of hAQP4 was digested 
with XbaI and subcloned into the StuI-XbaI site of pCS2 + (kindly 
supplied by Dr. Z. Honda), which contained the 5' region of Xenopus 
[3-globin mRNA. The resultant plasmid, designated pCShAQP4, was 
digested with NotI, and capped mRNA was synthesized in vitro using 
SP6 RNA polymerase. Fifty nl of cRNA solution (1 ~tg/I.tl) or an 
equal volume of water as a negative control was microinjected into 
defolliculated Xenopus oocytes (stage V-VI). After incubation for 72 h 
in 200 mosM modified Barth's solution (MBS) at 18°C, the oocyte 
water permeability (PJ) was determined by measuring the rate of in- 
itial swelling of the oocyte in response to a 3-fold dilution of MBS 
with water at 20°C as described by Preston et al. [24]. Oocyte swelling 
was monitored every 10 s. The measurements of the uptake of urea 
and glycerol into the oocytes were performed as described by Ishiba- 
shie t  al. [9]. 

2.4. Northern blot analyses 
A 5 Bg portion of human stomach poly(A) + RNA was electrophor- 

esed in an agarose/formaldehyde gel and transferred to a nylon filter. 
For Northern blot analysis of other tissues, a human multiple North- 
ern blot (Clontech) was used. Filters were hybridized with a 32P-la- 
beled cDNA fragment of hAQP4 at 42°C for 16 h with 100 /.tg/ml 
denatured salmon sperm DNA in 10×Denhardt's solution, 2% SDS, 
5 × SSPE, 50% deionized formamide, and washed in 0.1 × SSC contain- 
ing 0.1% SDS at 50°C. The filters were also hybridized under the same 
conditions with an AQP1 cDNA fragment (+1 to +810 nt) [7] ampli- 
fied from stomach cDNA as a template using a pair of primers, 
5 ' -GCGGATCCATGGCCAGCGAGTTCAAG-3'  and 5'-GC- 
GAATTCCTATTTGGGCTTCATCTC-3' (BamHI and EcoRI sites 
underlined). 

2.5. lmmunohistochemistry of hAQP4 protein 
The hAQP4 COOH-terminal decapeptide, DQSGEVLSSV, was 

synthesized and a cysteine residue was added to the NH2-terminal 
in order to conjugate the peptide to keyhole limpet hemocyanine. 
Rabbit antiserum was immunized with the resultant undecapeptide 
conjugated to hemocyanine. The antibody was affinity-purified by 
passage of the antiserum through a peptide column prepared by con- 
jugating the same antigen peptide to epoxy-activated Sepharose 6B 
(Pharmacia). Surgically obtained human stomach tips were fixed in 
Bouin's solution fixative (Sigma), dehydrated in a graded series of 
ethanol, and embedded in paraffin. Sections (4 Bm in thickness) 
were pretreated with hydrogen peroxide (3 ~l/ml in methanol) for 
30 min, blocked with normal goat serum (1:20 in PBS) for 30 rain, 
and immunoreacted with diluted affinity purified IgG (in PBS) over- 
night. The immunoreacted sections were treated with a biotinylated 
secondary antibody (goat anti-rabbit IgG, 1 : 100 in PBS) for 30 rain, 
and incubated with an avidin-biotin-peroxidase complex (Vector La- 
boratories) for 30 min at room temperature. The signals were devel- 
oped by treatment with 0.05% 3,3'-diaminobenzidine tetrahydrochlor- 
ide and 0.01% hydrogen peroxide in 10 mM sodium phosphate (pH 
7.4). The sections were examined under a light microscope. 

3. Results 

3.1. cDNA cloning of  human stomach aquaporin (hAQP4) 
We first tr ied to obta in  c D N A  fragments  encoding h u m a n  

s tomach  aquapor ins  by RT-PCR.  The use of  pr imer  pairs,  W- 
1 and  W-A or  W-2 and  W-A,  yielded dist inct  f ragments  abou t  
400 bp  in length. Since the length was though t  to be reason- 
able in light of  the k n o w n  sequences of  aquapor ins ,  we deter- 
mined  the nucleot ide sequences of  these R T - P C R  fragments.  
As a result, only one nucleotide sequence was ob ta ined  tha t  
encoded a prote in  highly similar in part ial  amino  acid se- 
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Fig. 2. Function of hAQP4 in Xenopus oocytes. Xenopus oocytes 
were injected with 50 nl of water or 50 ng of the cRNA for 
hAQP4. Osmotic water permeability (PJ) was measured 72 h after 
injection. Swelling was monitored at 20°C. When indicated, the as- 
say was performed after 5 rain incubation in 1 mM HgC12 (black 
bars). Each bar shows the mean and the standard deviation. The 
numbers of oocytes subjected to Pf measurement are shown in par- 
entheses. 

quence to rat AQP4 expressed in brain [11] and rat MIWC 
expressed in lung [25]. 

To obtain a full-length cDNA corresponding to the RT- 
PCR clone, a random-primed human stomach cDNA library 
of 106 plaques was screened. Simultaneously, 5'- and 3'- 
RACE were performed. The nucleotide sequence of the ob- 
tained eDNA clone, termed ~ W 4 ,  contained a total coding 
region of 969 bp (323 amino acid residues). From 5'-RACE 
analysis, the nucleotide position at - 2 0  was concluded to be 
located near the 5'-end of the mRNA. 

3.2. Sequence homology and overall structure 
The protein encoded by the cDNA clone most resembled 

rat brain AQP4 [11], with 94% similarity in amino acid se- 
quence. Thus, the encoded protein was designated human 
aquaporin 4 (hAQP4). As shown in Fig. 1, hAQP4 shows 
significant similarities to other known aquaporins: 54% to 
AQP5 [12], 49% to AQP2 [8], 47% to AQPI [7], and 30% to 
AQP3 [9]. hAQP4 contains six putative transmembrane do- 
mains, with both the NH2 and COOH termini located in the 
cytosol (Fig. 1). The amino acid sequence includes two NPA 
(Asn-Pro-Ala) motifs that are known to be present in all 
aquaporins [22]. Of three potential N-glycosylation consensus 
sites located in the middle region, Asn-153 is conserved in 
AQP2 [8] and AQP5 [12], while the others, Ash-206 and 
Ash-283, are specific to hAQP4 and AQP4 [11]. 

3.3. Water permeability evoked by hAQP4 protein expressed in 
Xenopus oocytes 

To evaluate the function of hAQP4, the mRNA coding 
region for the hAQP4 protein was injected into Xenopus oo- 
cytes and expressed. Following cRNA injection (50 ng), the 
oocytes were incubated for 72 h and then subjected to a hy- 
potonic medium. Swelling was monitored and the coefficient 
of osmotic water permeability (P]) was calculated. As shown 
in Fig. 2, expression of hAQP4 induced an increase in P f  from 
22 + 1.8x 10 -4 crrds (control) to 52 + 13x 10 -4 crrds; this in- 
crease was statistically significant (P<0.05).  The Pf  values 
were not inhibited by HgC12 in the hAQP4-expressing oocytes 
(Fig. 2). Moreover, hAQP4-expressing oocytes exihibited no 

increase in the uptake of [14C]urea or [14C]glycerol over that 
of control oocytes (data not shown). These data demonstrate 
that hAQP4 functions as a water channel in Xenopus oocytes. 

3.4. Tissue-specific expression of hAQP4 mRNA 
The cDNA insert was used as a probe to evaluate the ex- 

pression of hAQP4 mRNA in human stomach. As shown in 
Fig. 3A, a major band was detected at approximately 5.5 kb 
and two minor bands were detected at 3.7 and 1.4 kb. Also, 
hAQP4 mRNA was expressed clearly in peripheral tissues of 
the brain, lung, and skeletal muscle, and, to a much lesser 
extent, in those of ovary; no expression was detected in other 
organs including kidney, small intestine, and colon (Fig. 3A). 
On the other hand, AQP1 mRNA was expressed in nearly all 
tissues as well as in stomach (Fig. 3B). Thus, different aqua- 
porin mRNAs show different tissue-specific distributions, 
whereas, at least in humans, hAQP4 is expressed distinctly, 
if not exclusively, in the stomach. 

3.5. Immunohistochemical analysis of hAQP4 protein in 
stomach 

To obtain precise information about the localization of the 
hAQP4 protein in human stomach, immunohistochemical ex- 
periments were carried out using a polyclonal antibody raised 
against the COOH-terminal decapeptide of hAQP4. Strong 
signals were found distributed along the glandular base region 
of the fundic gland, but not in the epithelial regions facing the 
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Fig. 3. Northern blot analysis of hAQP4. Human poly(A) + RNA (5 
lag for stomach; 2 lag for other tissues) was hybridized with z2p-la- 
beled probes corresponding to the open reading frame of hAQP4 
eDNA (A) or AQP1 eDNA (B). The positions of the markers used 
are indicated. 
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Fig. 4. Immunostaining of human stomach tissue samples using hAQP4 antibody. Human stomach sections were stained using an affinity-puri- 
fied anti-hAQP4 antibody. (A) Low-magnification micrographs showing the fundic gland mucosa of human stomach. (B) High magnification 
micrographs showing the base region of the fundic gland. (Bars=15 ~tm) (A) Section stained using anti-hAQP4 antibody and observed at low 
magnification. Strong signals are distributed along the glandular base region of the fundic gland, but not in the epithelial or glandular neck re- 
gions. (B) Glandular base regions observed at high magnification, with hAQP4 protein detected mainly in chief cells and with scattered signals 
clearly distributed in the basolateral membrane of parietal cells, c, gastric chief cell; gl, gastric lumen; and p, parietal cell. 

gastric lumen or in the glandular neck regions (Fig. 4A). No 
signal was observed when control serum was used or when the 
antibody was preabsorbed with antigen peptide (data not 
shown). The major staining regions contained gastric chief 
cells (Fig. 4B), which secrete pepsinogen. Strong but scattered 
signals were also found in a specific region of the cell surface 
of parietal cells (Fig. 4B), which secrete hydrochloric acid. In 
some cases, the signals in parietal cells seemed to face the 
basolateral membrane. 

4. Discussion 

In the present study, we isolated a cDNA clone encoding a 
water channel, hAQP4, expressed in human stomach. As 
shown in Fig. 1, hAQP4 shows 94% similarity to AQP4 ex- 
pressed in rat brain [11], with much less similarity (about 30- 
50%) to other aquaporins. Thus, hAQP4 expressed in human 
stomach is believed to be a structural counterpart of rat 
AQP4. 

Expression of the hAQP4 mRNA was detected in stomach, 
brain, lung, and skeletal muscle (Fig. 3A). In all tissues where 
hAQP4 was expressed, three bands of hAQP4 mRNA were 
detected (Fig. 3A). Since genomic Southern analysis indicated 
that hAQP4 gene is a single copy in the human genome (data 
not shown), the multiple bands probably result from alterna- 
tive splicing. As mentioned above, hAQP4 is not as widely 
distributed as AQP1 but rather expressed in tissue-specific 

manner; its expression in the gastrointestinal tract is limited 
to the stomach. 

We demonstrated that the mRNA for both hAQP4 and 
AQP1 are expressed in human stomach (Fig. 3A,B). Ishibashi 
et al. [9] showed that AQP3 mRNA is also expressed in sto- 
mach. However, when RT-PCR was carried out using several 
oligonucleotide primers corresponding to amino acid se- 
quences conserved in all known aquaporins, we obtained 
RT-PCR clones coding only for hAQP4. On the other hand, 
no immunohistochemical data are available confirming the 
presence of AQP1 [20,21]. In our experiments using hAQP4 
antibody, the localization of the hAQP4 protein was clearly 
demonstrated (Fig. 4). Taken together, it appears likely that 
hAQP4 protein occurs more abundantly than other aquapor- 
ins in stomach. 

Next, we considered the relationship between hAQP4 pro- 
tein distribution in stomach and water channelling function. 
In stomach, gastric juice is secreted at a rate of about 2 liters 
per day, so it is probable that some water transport system is 
involved in this secretion. There are many fundic glands in the 
mucosa of the stomach body where major stomach functions 
are exerted. Fundic glands are composed of several types of 
cells including chief, parietal, mucous neck, and endocrine 
cells. The major immunoreactive signals of hAQP4 are ob- 
served in chief cells (Fig. 4B) which secrete pepsinogen to be 
converted autocatalytically into pepsin at low pH. It is thus 
postulated that the function of hAQP4 is also related to the 
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secretion of  pepsinogen in chief cells. On the other hand, 
parietal cells secrete hydrochloric acid by the action of  
H-- ,K+-ATPase.  In basolateral  membranes,  hAQP4 seemed 
to be distributed sporadically (Fig. 4B). There is thus the 
possibility that  hAQP4 is involved in water t ransport  driven 
by acid secretion that  causes an osmotic gradient. In conclu- 
sion, hAQP4 is believed to function as a major  water channel 
involved in acid and pepsinogen secretion in stomach. 
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