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Cerebral edema contributes significantly to morbidity and mortality after brain injury and stroke. Aquaporin-4
(AQP4), a water channel expressed in astrocytes, plays a key role in brain water homeostasis. Genetic var-
iants in other aquaporin family members have been associated with disease phenotypes. However, in
human AQP4, only one non-synonymous single-nucleotide polymorphism (nsSNP) has been reported, with
no characterization of protein function or disease phenotype. We analyzed DNA from an ethnically diverse
cohort of 188 individuals to identify novel AQP4 variants. AQP4 variants were constructed by site-directed
mutagenesis and expressed in cells. Water permeability assays in the cells were used to measure protein
function. We identified 24 variants in AQP4 including four novel nsSNPs (I128T, D184E, I205L and M224T).
We did not observe the previously documented M278T in our sample. The nsSNPs found were rare (�1–
2% allele frequency) and heterozygous. Computational analysis predicted reduced function mutations.
Protein expression and membrane localization were similar for reference AQP4 and the five AQP4 mutants.
Cellular assays confirmed that four variant AQP4 channels reduced normalized water permeability to
between 26 and 48% of the reference (P < 0.001), while the M278T mutation increased normalized water per-
meability (P < 0.001). We identified multiple novel AQP4 SNPs and showed that four nsSNPs reduced water
permeability. The previously reported M278T mutation resulted in gain of function. Our experiments provide
insight into the function of the AQP4 protein. These nsSNPs may have clinical implications for patients with
cerebral edema and related disorders.

INTRODUCTION

Cerebral edema, the abnormal accumulation of water in the
brain parenchyma, can be a significant consequence of
injury from brain trauma and stroke. Each year, approximately
1.4 million people in the USA alone suffer from traumatic
brain injuries (TBI) (http://www.cdc.gov/ncipc/tbi/TBI.htm),
and another 750 000 people suffer from strokes (http://www.
stroke.org). Cerebral edema is a common pathophysiology
after these events and can lead to elevated intracranial
pressure, brain herniation and death. Phenotypic analysis of
Aquaporin-4 (AQP4, OMIM �600308, NM_001650.4) knock-
out mice has provided evidence for the involvement of AQP4
in cerebral water balance (1). AQP4-null mice exhibit reduced
brain swelling and improved neurological outcome in models

of cytotoxic cerebral edema. However, in humans, only one
naturally occurring non-synonymous single-nucleotide poly-
morphism (nsSNP) (rs3906956, M278T) has previously been
reported in AQP4, with no functional characterization.

Aquaporin-4 is a member of a family of bidirectional, high-
capacity water channels. AQP4 is primarily expressed in the
foot processes of astrocytes throughout the central nervous
system, particularly at the blood-brain and brain-cerebrospinal
fluid barriers, and it is critical for brain water homeostasis.
Characteristics of the AQP4 gene and protein have been exten-
sively described. The human AQP4 gene (18q11.2–q12.1) is
highly conserved, demonstrating over 90% sequence identity
with mouse and rat orthologs. It is composed of five exons
encoding 22, 127, 55, 27 and 92 amino acids and separated
by introns of 2.7, 0.8, 0.3 and 5.2 kb (Fig. 1A). The 34 kDa
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AQP4 protein belongs to the Major Intrinsic Protein super-
family, and its central structure consists of a large domain of
that same name. Because of several solved aquaporin crystal
structures including rat AQP4 (2), many structural features
of the aquaporin family are well documented, including
the six alpha-helical transmembrane domains (Fig. 1B) that
partially surround two shorter helices, the two Asn-Pro-Ala
(NPA) motifs that form the pore (3), and the tetramers
formed by AQP4 monomers (4).

Previous cellular studies using site-directed mutagenesis to
introduce synthetic mutations (5–7) and naturally occurring
(8,9) protein-altering nsSNPs in a variety of human aquaporins
have shown that some variants can disrupt water permeability.
For example, permeability measurements for the naturally
occurring AQP2 variants associated with nephrogenic diabetes
insipidus, R254L (10) and L22V (11) showed partial loss of
function (28 and 69% of reference, respectively). Such data
are significant because they show that even aquaporin variants
with incomplete reduction of water permeability can be
disease-associated. Synthetic variants have also been con-
structed to probe protein function. In AQP4, variants were
created to test why the protein is insensitive to the mercurial
inhibitor, HgCl2 (12). An A188C mutation did not make
AQP4 mercurial-sensitive, whereas point mutations at other
residues proximal to the NPA motifs did impart mercurial-
sensitivity, suggesting that those residues were near the
aqueous pathway.

In this study, we sequenced AQP4 in an ethnically diverse
cohort of 188 subjects and identified 24 variants including

four novel non-synonymous SNPs and three novel synon-
ymous SNPs. We then performed computational prediction
of the functional effects of these variants and tested our pre-
dictions by using a cell-based water permeability assay. We
describe four reduced function nsSNPs and, interestingly,
one gain-of-function nsSNP, all with implications for better
understanding AQP4 function and for differential human
response to cerebral edema and other disorders of water
homeostasis.

RESULTS

Identification of nsSNPs

From our sequencing effort of the five AQP4 exons, including
short flanking sequences, we identified 24 variable sites. These
variants included seven previously unknown coding SNPs, of
which four were non-synonymous and three were synonymous
(Table 1). In addition to the previously documented M278T
SNP, not found in our sample, the four nsSNPs we found
were I128T, D184E, I205L and M224T. The other two
synonymous SNPs we found were the previously identified
P67 and L164. The other 15 sites were in intronic or
untranslated regions of the gene and included six previously
unknown SNPs. The four nsSNPs we found were rare
(�1–2% allele frequency overall and in affected ethnic
groups) and heterozygous.

The four novel nsSNPs were each found in either two
or three individuals of two different races or ethnicities.

Figure 1. (A) Characteristics of the AQP4 gene. The long isoform of AQP4 is composed of five exons. The 323 amino acid protein includes six transmembrane
domains, and its central structure consists of the large Major Intrinsic Protein domain. (B) Schematic secondary structure of AQP4, showing the intra-cellular
N-and C-terminal domains, the six transmembrane domains and five loops, the four novel SNPs (squares), and the previously identified M278T (circle).
Figure generated by TOPO2 (http://www.sacs.ucsf.edu/TOPO-run/wtopo.pl). (C and D) Three-dimensional crystal structure of rat AQP4 (PDB code, 2d57)
with 93% identity to human AQP4, showing the four novel nsSNPs (green, orange, yellow, yellow-green) we identified distal to the pore motifs (yellow and
blue), (C) looking through the channel and (D) profile view. Figures generated by UCSF Chimera (http://www.cgl.ucsf.edu/chimera).
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Specifically, I128T, D184E and I205L were found in African
Americans and Mexican Americans, while M224T was found
in Mexican Americans and Caucasians. We found no coding
nsSNPs in Chinese Americans. Of the total set of 24 variants,
21 were found in African Americans (including six single-
tons), 14 were found in Mexican Americans (including six sin-
gletons), 10 were found in Caucasian Americans (including
two singletons) and five were found in Chinese Americans
(no singletons). All singletons were verified.

Of the previously identified SNPs, two (rs1839318, a synon-
ymous coding SNP, and rs3763043, in the 30-UTR) were found
in the HapMap cohort. We compared allele frequencies in our
Caucasian, African American and Chinese American groups
with the CEU (Utah residents of European ancestry), YRI
(Yorubans in Nigeria) and CHB (Han Chinese in Beijing)
groups from HapMap. We found concordance of frequencies
for both variants across the three pairs of ethnic groups
(rs3763043: 30.8 versus 32.5%, 23.9 versus 18.3%, 41.5
versus 30.0%; rs1839318: 3.9 versus 2.5%, 4.3 versus 3.3%,
0.0 versus 1.1%).

Assessment of haplotypes and linkage

We used the Haploview software to identify haplotypes, and
we numbered them (�1, etc.) according to frequency and simi-
larity (13). The frequencies of major haplotypes among ethnic
groups reveal substructures in those populations (Fig. 2). The
African American group has the most variants but also a single
haplotype accounting for a large portion of the population
sample (43.8% of samples in the major haplotype and 11.0%

in the next most common haplotype). The Caucasian
American group is similar, with 34.5% of the samples
having the major haplotype and 17.9% in the next most
common haplotype. On the other hand, the Chinese American
and Mexican American groups both have two major
haplotypes of nearly equal frequencies (38.8 and 32.8, 32.6
and 31.8%). The �1 haplotype is the primary haplotype in
the African American, Caucasian American and Mexican
American groups while �2 is the most common haplotype
among Chinese Americans.

We next assessed linkage disequilibrium (LD) (Fig. 3) and
reviewed D0 statistics (14). Among Chinese Americans, the
few variants were all in LD. In the other three ethnicities,
LD was less common, but four variant pairs had LOD scores
greater than 2 and D0 greater than 0.7: rs162008 with
rs162007, rs455671 with rs162007, rs455671 with rs162008
and rs3763043 with the novel pmt3145_T.C. We found
few cases of LD with the four nsSNPs. In African Americans,
the D184E SNP was in LD with the L164 SNP, and the I128T
SNP was in LD with a novel, non-coding singleton. In
Mexican Americans, the same linkage was seen for I128T.

We also assessed variation characteristics of the genomic
region. Two of the previously identified variants (rs3763043,
discussed above, and rs9807747, also in the 30-UTR) and
three novel variants (pmt3151_G.C, pmt3150_C.T,
pmt3148_A.C) reside in a genomic region of higher hetero-
zygosity (�0.25 kb21), or variant frequency, according to the
HapMap browser. Two other previously identified variants
(rs162008 and rs162007, both upstream) and one novel
variant (pmt3130_T.C) reside in a genomic region of

Table 1. Summary of variants in AQP4, from 30 to 50 on the negative strand. Identification numbers are dbSNP rs numbers or our own IDs.

Gene
region

ID Genomic
position

Nucleotide
change

Amino acid
position

Amino acid
change

AA
frequency

CA
frequency

AS
frequency

ME
frequency

1 30-UTR rs3763043a 22 689 816 G.A 0.239 0.317 0.415 0.468
2 30-UTR 3151 22 689 869 G.C 0.022 0 0 0.011
3 30-UTR 3150 22 689 890 C.T 0.196 0 0 0
4 30-UTR rs9807747 22 689 928 T.C 0.043 0 0 0
5 30-UTR 3148 22 689 953 A.C 0 0.024 0 0
6 Coding 3147 22 690 326 A.G 273 Thr¼Thr 0.011 0 0 0
7 Non-coding 3146 22 690 502 T.A 0.011 0 0 0
8 Non-coding 3145 22 690 517 T.C 0.106 0.224 0.424 0.381
9 Coding 3144 22 694 737 T.C 230 His¼His 0 0.011 0 0
10 Coding 3143 22 694 756 T.C 224 Met.Thr 0 0.011 0 0.011
11 Coding 3142 22 694 814 A.C 205 Ile.Leu 0.011 0 0 0.021
12 Non-coding 3141 22 694 882 G.A 0.074 0 0 0
13 Coding 3140 22 695 153 T.A 184 Asp.Glu 0.021 0 0 0.011
14 Coding rs1839318a 22 695 213 G.A 164 Leu¼Leu 0.043 0.06 0 0.023
15 Non-coding rs455671 22 696 054 T.C 0.043 0.189 0.383 0.151
16 Non-coding 3221 22 696 105 T.C 0.011 0 0 0.012
17 Non-coding 3220 22 696 128 A.G 0.021 0 0 0
18 Coding 3219 22 696 208 T.C 128 Ile.Thr 0.011 0 0 0.012
19 Coding 3218 22 696 225 G.A 122 Gln¼Gln 0.021 0.054 0 0.012
20 Coding rs35248760 22 696 390 G.T 67 Pro¼Pro 0.021 0.149 0 0.035
21 Non-coding 3216 22 696 578 T.C 0.011 0 0 0
22 50-UTR rs162008 22 699 690 G.A 0.074 0.183 0.372 0.16
23 50-UTR 3130 22 699 693 T.C 0.021 0 0 0
24 Promoter rs162007 22 699 845 C.T 0.074 0.183 0.372 0.17

Allele frequency values in bold indicate singletons by ethnicity (AA, African American; CA, Caucasian American; AS, Asian American; ME, Mexican
American; Asian Americans are of Chinese ancestry). Up to 47 individuals (94 chromosomes) were examined in each ethnic group.
aFound in HapMap.
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higher recombination rate (5–10 cM/Mb). Recombination is
an important biological determinant of LD. In regions of
low recombination, few of the possible haplotypes will actu-
ally be observed in the population (15). Linkage information
is more useful in association studies where a marker variant
may be associated with a phenotype and linked to a causal
variant. It is usually of little practical relevance when
linkage is high but an allele is rare.

Computational prediction

Positional evolutionary conservation has been shown to be
highly predictive of whether SNPs will be deleterious. We
used three established methods as well as qualitative analysis
to predict the effects of the five non-synonymous SNPs. The
evolutionary matrices, PAM40 (16) and Blosum62 (17), indi-
cated that every substitution except the Ile to Leu change at
position 205 would be deleterious (Table 2). On the other
hand, predictions of the SIFT (Sort Intolerant From Tolerant)
algorithm (18) anticipated the greatest deleterious effect for
I205L, with lesser effects for I128T and D184E. However,
inspection of a multiple sequence alignment among mamma-
lian orthologs plus chicken (Fig. 4) shows nearly perfect con-
servation at the mutated positions with just two conservative
changes between human and chicken (I128V and M278I),
suggesting that changes are selected against and could be dele-
terious. In fact, the chimp and human AQP4 proteins are iden-
tical except for a minor physicochemical V304I change.

Because of the highly conserved nature of AQP4, we next
examined structural characteristics to predict the effects of
the SNPs. Since all five occur far from the NPA motifs of
the AQP4 channel pore, we would not necessarily expect com-
plete ablation of function. MUpro (19) calculations indicated

decreased protein stability for all five changes. Qualitatively,
the Asp-Glu and Ile-Leu substitutions are minor chemical
changes, while the Ile-Thr and Met-Thr substitutions result
in more significant changes, from hydrophobic to hydrophilic
residues with smaller volume. Furthermore, Ile-Thr eliminates
an aliphatic residue while Met-Thr results in the loss of a
sulfur atom. Of the five nsSNPs, I128T is in a transmembrane
domain, D184E and I205L are at helix-loop boundaries, and
M224T is in a loop. M278T is in the C-terminal domain,
suggesting a possible role in sorting (Fig. 1C).

Expression and localization

We created stably transfected cells expressing reference and
variant AQP4 for use in a water permeability assay (Fig. 5).
As aquaporins are membrane proteins, their degree of
expression and localization to the membrane would likely
affect water permeability. We examined whether the five
nsSNPs affected protein expression and localization. Cell
surface proteins were biotinylated and isolated by streptavidin.
By western blot with an AQP antibody, we confirmed AQP4
expression by detecting a �36 kDa band corresponding to
the protein and faint accessory bands representing glycosy-
lated AQP4, as has been observed by others (Fig. 5C, lanes
4–8) (20). We found that most of the protein for reference
and mutant proteins localized to the plasma membrane. The
total protein expression levels were comparable among refer-
ence and mutant proteins. Blots that were stripped and
reprobed for the intracellular enzyme GAPDH showed no
signal in the biotinylated samples, indicating specific mem-
brane labeling, whereas the positive control of whole cell
lysate demonstrated a �37 kDa band corresponding to
GAPDH.

Water permeability measurements

We next assessed the effects of the nsSNPs on protein function
by measuring water permeability using a cell swelling assay
(21,22). The measurements resulted in swelling curves as
shown in Fig. 5A, and the measurement procedure is rep-
resented in Fig. 5B. From the curves, we identified the t1/2

by fitting the curve to a single exponential equation. Per-
meability was calculated based on t1/2 as described previously
(23). Cells transfected with reference and all mutant proteins
swelled significantly faster than untransfected cells, as
expected. Previous work has shown that AQP protein
expression directly correlates with the overall water per-
meability of the cell membrane (24). To take this into
account, we calculated relative water permeability by normal-
izing the permeability against values of cell surface AQP4
protein quantified by cell surface biotinylation. We found
that the nsSNPs found in our cohort (I128T, D184E, I205L
and M224T) had lower relative water permeability, reduced
to 48.3+ 11.5%, 36.3+ 8.1%, 25.6+ 5.8% and 31+ 5.6%
of reference AQP4, respectively (P , 0.001 for each)
(Fig. 5D). Interestingly, the variant predicted by SIFT to be
most deleterious, based on evolutionary conservation, was
I205L which did in fact produce the greatest reduction in
water permeability (P , 0.001). On the other hand, the pre-
viously reported M278T variant in the C-terminal domain

Figure 2. Haplotypes are shown by allele frequency for each ethnic group.
Frequencies reveal population substructure. The African American group is
most homogenous, while the Chinese American and Mexican American
groups both have two major haplotypes. Variant alleles are highlighted in
yellow. Singletons are not shown.
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showed similar expression and localization and increased rela-
tive water permeability (138.1+ 9.0%, P , 0.001) (Fig. 6).

DISCUSSION

In an ethnically diverse sample set consisting of DNA from
188 individuals, we identified 24 variants in AQP4 including
four novel coding non-synonymous SNPs. We did not
observe the one previously documented nsSNP in AQP4.
While previous reports have indicated that non-coding variants

in AQP4 can have an impact on function (25–27), we did not
fully sequence the non-coding regions. We focused on these
five non-synonymous coding variants because we expected
them to result in the most significant functional effects. Func-
tional characterization of the SNPs revealed four with reduced
function and one with a gain of function. All variants were
evaluated using population analysis and computational effect
prediction, and the nsSNPs were further characterized using
an established experimental method to measure cell swelling
and water permeability.

Figure 3. Linkage disequilibrium plots with variant IDs and position in the gene. D0 , 1 and LOD , 2 white, D0 , 1 and LOD � 2 shades of pink/red, D0 ¼ 1
and LOD � 2 bright red. LD is high for the few variants in Chinese Americans but generally low in other ethnicities. There were few cases of LD among the four
nsSNPs. In African Americans, the D184E SNP was in LD with the L164 SNP, and the I128T SNP was in LD with a novel, non-coding singleton. In Mexican
Americans, the same linkage was seen for I128T.
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Novel, rare variants identified

Compared with the 61 variants listed in dbSNP, the 17 new
variants identified in this study after sequencing the exonic
and flanking regions represent an increase of 28% in known
AQP4 variation. The gene is known to be well-conserved,
and nsSNPs were rare (�1–2% allele frequencies).

Haplotypes suggest population structure

The frequencies of the major haplotypes among ethnic groups
reveal substructures in those populations. The �1 haplotype is
the primary haplotype in the African American, Caucasian
American and Mexican American groups while �2 is the
most common haplotype among Chinese Americans. The
large Wellcome Trust Consortium study showed that
genomic regions can show strong geographical variation
within the same ethnicity, in that case Caucasians (28). Our
subjects were all from San Francisco, but variation due to
admixture, heterogeneous immigration and other factors
appears to exist.

Computational prediction indicates partial deleterious
effects

Due to the time, cost and variability of experimental character-
ization, computational predictions can help provide insight
and prioritize experiments, but at least four factors complicate
the prediction of the effects of aquaporin SNPs. First, while
water transport is the main function of AQP4, it has also
recently been shown to be involved in cellular adhesion, pot-
assium kinetics, signal transduction, cell migration, scar for-
mation, glutamate uptake, regulation of connexin43 and
reduction in cell coupling (29,30). Even the use of multiple
assays could overlook changes in these or other unknown
functions (31). Second, since aquaporins demonstrate high
evolutionary conservation, most residue substitutions would
not appear to be tolerated. SIFT predictions correctly ident-
ified I205L as the SNP with the greatest effect and also
suggested that, given the low scores for I128T and D184E,
these variants may result in partial reduction of permeability.
Third, the low allele frequencies of all four nsSNPs suggest
deleterious effects (31). Fourth, the MUpro calculations indi-
cated that while none of the variants appear to directly alter
the conformation or selectivity of the pore, all five decreased

protein stability. This finding is consistent with previous
reports that variants primarily act to destabilize structure (32).

Expression and localization of AQP4 mutants are normal

The results of western blot and cell-surface biotinylation
experiments demonstrate consistent protein expression and
membrane localization. These factors are critical to reliable
measurement of AQP4 water permeability. Notably, while
our cell-based system is mammalian and robust, a number of
studies show AQP4 to be highly clustered around blood
vessels, subpial membranes and perisynaptic areas in vivo
(33). This arrangement is supported by members of the dystro-
glycan complex that enable attachment to the extracellular
matrix. The cells in our in vitro system are not polarized,
but we do not expect this to affect our ability to compare
the relative function of AQP4 mutants versus the reference
protein in the same system. Furthermore, we show that the
mutant proteins localize to the membrane, unlike some other
previously reported aquaporin mutants, suggesting that the
mechanism of effect of the mutations is related to other
factors.

Mutants reduce water permeability

The four reduced function mutations inhibited permeability by
similar degrees, to between 26 and 48% of the reference
channel. Because their effects are not more severe, they
most likely do not directly disrupt the water channel pore.
Numerous studies have shown that synthetic and natural
mutations near the pore generally abolish permeability (34).
Rather, the mutations we found may affect turnover or effi-
ciency of targeting to the membrane. Previous studies of
mutations that did not reside near the pore show similar
results, as with R254L and L22V in AQP2. The precise mech-
anisms responsible for the reduction in water permeability by
the AQP4 SNPs remain to be defined.

The prediction that I205L would be most deleterious due to
its high degree of evolutionary conservation was confirmed by
our functional studies and is supported by previous findings in
other aquaporins. By alignment, I205L resides next to the
G175 and C181 positions in AQP2 whose mutations are dele-
terious. It is also near C189 in AQP1 which has previously
been mutated to gain insight into the structure and function
of the channel. C189 plays a role in mercurial-sensitivity,
and mutations resulted in negligible water permeability (35).

Of the other SNPs, I128T and D184E also reside near func-
tionally important sites. In a multiple alignment, I128T aligns
next to G100, a mutation hot-spot in AQP2, as indicated by the
association of G100Stop (36), G100V (37) and G100R (38)
with nephrogenic diabetes insipidus. D184 resides near
S180, a consensus site for protein kinase C phosphorylation.
In a previous study, reduction of AQP4 water permeability
by phorbol dibutyrate and dopamine was abolished by
mutation of S180, indicating that permeability had been
decreased via phosphorylation (39). The region around
M224T has not, to our knowledge, been functionally
characterized in aquaporins.

Table 2. Computational SNP effect predictions based on evolutionary conser-
vation and protein stability from two servers and two substitution matrices

SIFT MUpro Blosum62 PAM40

I128T 0.13 21.89 21 23
D184E 0.19 21.02 21 22
I205L 0.05 20.81 2 3
M224T 0.64 21.81 21 23
M278T 0.59 21.33 21 23

SIFT scores less than or equal to 0.05, and MUpro as well as matrix scores
less than zero suggest deleterious effect, in bold. Taken together, the
scores suggest all variants have some functional effect.
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M278T is a gain-of-function mutation

In our population of 188 subjects, we did not observe any
occurrences of the M278T variant reported by The SNP
Consortium for which we measured gain of function.
M278T may be a very rare or ‘personal’ SNP. The
M278T gain-of-function mutation is of interest given that
AQP4 is already a high-capacity channel that has been
highly conserved and optimized. The result also serves as
an internal control for our assay, indicating that the
reduced function measured for the other variants is not an
automatic result. There is precedent for gain-of-function
variants in aquaporins. The AQP7 variant, R12C, shows
118% permeability compared with reference but was only
found in one subject, so association with phenotype was
not determined. A detrimental gain-of-function mutation
in AQP0 is involved in cataract phenotypes in mice
(40,41).

Given its location in a terminal domain, it is unlikely that
the M278T SNP alters pore selectivity or efficiency, but it
could be acting in several other ways to result in AQP4 gain
of function, including altered sorting, recycling and complex
assembly. Previous work has shown that in the C-terminal
basolateral targeting motif GSYMEV, the serine is phosphory-
lated by casein kinase II, and the clathrin adaptor proteins AP2
and AP3 interact with the tyrosine and valine residues (42).
The M278T mutation directly alters this motif. Another
study showed that the residues between V276 and I280 play
a role in the expression of AQP4 in the membrane (43).
Other previous studies have shown that mutations that intro-
duce a Thr can result in gain of function via phosphorylation
(44,45).

Clinical implications

The AQP4 SNPs we identified are potentially clinically
relevant. Just as AQP4 knock-out mice experience less astro-
cytic swelling and improved survival after cytotoxic edema,
even partial knock-down SNPs in humans could have similar
protective effects. Epidemiological studies have identified
ethnicity-based differences in outcome after brain injury that
could be based on allelic differences in various genes. Given
the estimated 1.4 million TBI and 750 000 strokes in the
USA alone each year, not including edematous tumors and
other disorders of water imbalance, the five novel nsSNPs
with 1% frequency could affect outcomes in over 100 000
people.

AQP4 variants may affect phenotypes beyond cerebral
edema as well. Previous studies have shown that AQP4
deficiency slows astrocyte migration in response to chemotac-
tic stimulus in vitro, and AQP4 deletion impairs glial scar pro-
gression following injury in vivo (46). Variants in AQP4
sequence and expression have recently also been associated
with seizure (47) and epilepsy (48), Duchenne’s muscular dys-
trophy (49), HIV dementia (50), lupus (51), neuromyelitis
optica and multiple sclerosis (52), and Crohn’s disease and
infectious colitis (53). Furthermore, there is evidence that
abnormal AQP4 levels are associated with degenerative dis-
eases, as shown in a Parkinson’s disease mouse model (54).
AQP4 is also expressed in the kidney, airways, stomach and
colon, so it may be involved in other phenotypes as well.

Sequencing only exonic regions, we found multiple novel
variants, and all five coding variants we assayed had
functional consequences. Since functional data on variants in
aquaporins are incomplete, our work has implications for

Figure 4. Multiple sequence alignment of AQP4 orthologs spanning identified SNPs (in grey) and showing high evolutionary conservation, suggesting selective
pressure. (‘�’, identical; ‘:’, conserved physicochemical substitutions; ‘.’, semi-conserved substitutions.)
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other genes in the family and their phenotypes. Deeper sequen-
cing, especially in ethnically diverse populations, will identify
new variants that may play a role in human health. Characteriz-
ation of the effects of these and other still- unidentified aquaporin
variants could lead to better understanding of the function of
these important proteins and their clinical implications.

MATERIALS AND METHODS

Subjects

In previous work, we collected DNA samples from a large,
self-identified, ethnically diverse cohort of healthy volunteers
from the San Francisco Bay Area called SOPHIE (Studies of
Pharmacogenetics in Ethnically Diverse Populations) (55). In
this study, we screened for variants in AQP4 in 188 subjects,
including 47 African Americans, 47 Caucasian Americans, 47
Chinese Americans and 47 Mexican Americans from
SOPHIE. Genomic and cDNA sequences of AQP4 were
obtained from GenBank (http://www.ncbi.nlm.nih.gov).

Two isoforms of AQP4 have been identified: a long isoform
(323 amino acids) and a shorter one (301 amino acids). For the
purpose of sequence coverage, we studied the longer isoform.
While reports indicate that the short form outnumbers the long
form by at least 3:1 (56), both protein isoforms are expressed
in brain, and the shorter isoform is primarily found in other
tissues and may thus be relevant to phenotypes other than cer-
ebral edema (27). Primers were designed manually to span the
exons and include approximately 50 bp of flanking intronic
sequence. To identify variants of AQP4, all five exons and

flanking sequences were sequenced. Polymerase chain reac-
tion and sequencing were carried out as previously described.
We previously estimated a 5% false positive rate for identify-
ing polymorphisms and a false negative rate of 9.0 � 1026

SNPs missed per bp screened. We compared the SNPs we
found with those in dbSNP (http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?CMD=search&DB=snp), Ensembl (http://
www.ensembl.org) and HapMap (http://www.hapmap.org) to
determine which were novel. We used Haploview (http://
www.broad.mit.edu/mpg/haploview/) to assess haplotype and
linkage data. Variant data are available at http://www.
PharmGKB.org. This study was approved by UCSF’s Com-
mittee on Human Research.

Computational prediction

We used four software servers or substitution matrices as well
as qualitative analysis to predict the effects of the four nsSNPs
we found and the previously documented nsSNP. Of the
servers, SIFT (http://blocks.fhcrc.org/sift/SIFT.html) assesses
sequence conservation, and MUpro (http://www.ics.uci.edu/
~baldig/mutation.html) assesses protein stability. The substi-
tution matrices, PAM40 and Blosum62, are based on evol-
utionary conservation. We also performed exploratory
sequence and structure analysis. For example, we queried
NCBI’s Entrez Gene (http://www.ncbi.nlm.nih.gov/entrez/

Figure 5. (A) Original light scattering curves of a single recording of CHO
cell suspensions, expressing different AQP4 mutants. (B) Schematic of the
light scattering experiments. (C) Cell-surface proteins were biotinylated, iso-
lated by strepavidin and blotted with an AQP4 antibody. Western blots of bio-
tinylated cell-surface protein demonstrating consistent membrane protein
expression of AQP4 mutants (lanes 4–8). (D) Relative water permeability cal-
culated from the individual t1/2 normalized to the cell surface AQP4
expression. I128T, D184E, I205L and M224T had lower water permeability
relative to reference, reduced to 48.3+11.5%, 36.3+8.1%, 25.6+5.8%
and 31+5.6%, respectively (P , 0.001).

Figure 6. For the M278T SNP not found in our sample set, (A) representative
light scattering curve for the CHO cell suspensions transfected with the empty
vector, AQP4 and the M278T variant. (B) Western blots quantifying surface
protein expression of AQP4 M278T. (C) Relative water permeability calcu-
lated from the individual t1/2 and normalized cell surface AQP4 expression.
The M278T variant showed increased relative water permeability (138.1+
9.0%, P , 0.001).
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query.fcgi?CMD=search&DB=gene) to identify AQP4 ortho-
logs and paralogs and constructed multiple sequence align-
ments for each set using ClustalW (http://www.ebi.ac.uk/
clustalw/). We also examined the experimentally determined
rat AQP4 structure (code 2d57, Protein Data Bank, www.
pdb.org) (Fig. 1C) using the UCSF Chimera molecular visual-
ization software (57).

Mutagenesis and cell culture

The AQP4 (RefSeq NM_001650.4) coding sequence from
IMAGE clone 4717755 was subcloned into the expression
vector pcDNA5/FRT (Invitrogen). Clones for all non-
synonymous AQP4 variants were constructed by site-directed
mutagenesis of the reference sequence using the QuikChange
mutagenesis protocol (Stratagene). The complete coding
regions of all variants were sequenced to ensure that the
appropriate nucleotide change had occurred and to confirm
that no other alterations had been introduced. Chinese
Hamster Ovary (CHO) cell lines stably expressing AQP4 or
one of its variants were created using the Flp-In system and
the corresponding Flp-In-CHO cell line as per the manufac-
turer’s protocol (Invitrogen). Since the Flp-In system utilizes
a site-specific recombinase, all AQP4 variants are integrated
into the genome at the same locus, the site of a specific
sequence engineered into the Flp-In-CHO cell line.

Cell-surface biotinylation

Cell-surface biotinylation was used to quantify the functional
pool of AQP4 protein trafficked into the cell membrane. Cell
cultures were grown to confluency in T75 flasks and incubated
in ice-cold saline solution containing 0.5 mg/ml
Sulfo-NHS-Biotin (Pierce) at 48C for 30 min. Cultures were
washed two times in saline and excess biotin was quenched
with 3% BSA followed by another set of rinsing. Cells were
then removed from the flasks, lysed in buffer containing
0.1% SDS in PBS, 20 mg/ml PMSF. The cell lysate was
spun at 10 000 g and the supernatant was collected. Following
protein concentration measurement (BCATM Protein Assay
Reagent, Pierce), a 5 mg protein aliquot was kept for loading
control, and 50 mg of protein was incubated with a 100 ml
slurry of streptavidin beads (Pierce) overnight at 48C to
isolate the membrane proteins. Centrifuging at 10 000 g for
1 min pulled down biotin-streptavidin complexes and follow-
ing extensive washes, the bound protein was eluted in
Lamely buffer at 378C.

Western blot

Although the Flp-In system gives a high probability of a single
copy of the transfected plasmid, aliquots of the cells were
saved to assess AQP4 protein expression. Cells were hom-
ogenized in buffer containing 250 mM sucrose in PBS and
20 mg/ml PMSF. Homogenate was centrifuged at 15 000 g
and after careful assessment of the protein-signal correlation,
6 mg of supernatant was loaded onto 10–12% polyacrylamide
gels (Invitrogen). Protein was transferred overnight at 15 V at
48C onto PVDF membranes (Amersham). After 1 h blocking
with 3% skimmed milk (Bio-Rad), blots were probed with

primary antibody against AQP4 (Chemicon) for 1 h at a
dilution of 1:1000 in 1% BSA. Following extensive washes
in Tris-Buffered Saline Tween, blots were incubated with
horseradish peroxidase conjugated secondary antibody
(1:5000) and detected with electrochemiluminescence (ECL)
kit (Amersham). To confirm the specificity of membrane
protein detection, blots were stripped according to the manu-
facturer’s instructions and re-probed for the intracellular
housekeeping protein glyceraldehyde-phosphate dehydrogen-
ase (GAPDH) with a 1:2000 dilution of monoclonal antibody
from Chemicon. This was followed by extensive washes and
detection using anti-mouse peroxidase conjugated antibody.
Densitometry of the protein bands were assessed with
ImageJ, and AQP4 expression was normalized to GAPDH
expression.

Water permeability measurements

We assessed osmotic water permeability (Pf), in cells with the
well-established method of stopped-flow light scattering (22)
using a Hi-Tech Sf-51 instrument. Cells were exposed to
hypo- or hyper-tonic solution, and cell swelling or shrinking
was measured by a change in diffraction of light. For light
scatter measurements, a cell-covered coverslip was sealed at
the bottom of an aluminum perfusion chamber (volume
80 ml). A plain coverslip served as the top cover. The
chamber was held in a brass thermostatic collar maintained
at 378C and placed on the stage of an inverted microscope
(Nikon Diaphot 200). The solutions were perfused via
gravity flow in excess of 4–6 chamber volumes/min. Light
from a halogen lamp (20 W) was filtered (.420 nm) and
focused onto the cells through an achromatic lens from
above the stage at an adjustable angle of incidence. In most
experiments, the beam subtended at 408 to the plane of the
coverslip and had a spot size of approximately 1 mm. Light
scattered in the forward direction was collected by a long-
working distance objective (Olympus PL2; 20; working dis-
tance 1.2 cm; NA ¼ 0.4) with a field of view of approximately
600–800 cells. The scattered light intensity was then directed
to a photomultiplier tube (HC125-01, Hamamatsu) by a
dichroic mirror centered at 520 nm. Suspensions of cells in
PBS were subjected to a 250 mM inwardly directed gradient
of sucrose. The water permeability kinetics of increasing cell
volume was assessed from the time course of 908 scattered
light intensity at 530 nm wavelength. Osmotic water per-
meability coefficients were calculated from the t1/2 of the
exponential curve fitted to the time course light scattering as
previously described (23). Relative Pf was deduced from the
t1/2 values normalized to AQP4 membrane protein expression.
Three different passages of cells were used for relative water
permeability measurements and at least five curves of each
cell line were analyzed. Results are reported as
mean+SEM, and significance was assessed by Student’s
t-test at a level of P ¼ 0.05.
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