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REPORT

Mutations in AQP5, Encoding a Water-Channel Protein,
Cause Autosomal-Dominant Diffuse Nonepidermolytic
Palmoplantar Keratoderma

Diana C. Blaydon,!* Lisbet K. Lind,? Vincent Plagnol,3 Kenneth J. Linton,! Francis J.D. Smith,45
Neil J. Wilson,+5> W.H. Irwin McLean,4> Colin S. Munro,® Andrew P. South,” Irene M. Leigh,”
Edel A. O’Toole,! Anita Lundstrom,® and David P. Kelselll.*

Autosomal-dominant diffuse nonepidermolytic palmoplantar keratoderma is characterized by the adoption of a white, spongy appear-
ance of affected areas upon exposure to water. After exome sequencing, missense mutations were identified in AQPS, encoding water-
channel protein aquaporin-5 (AQPS). Protein-structure analysis indicates that these AQPS5 variants have the potential to elicit an effect
on normal channel regulation. Immunofluorescence data reveal the presence of AQPS at the plasma membrane in the stratum granu-
losum of both normal and affected palmar epidermis, indicating that the altered AQPS proteins are trafficked in the normal manner. We
demonstrate here a role for AQPS in the palmoplantar epidermis and propose that the altered AQPS proteins retain the ability to form

open channels in the cell membrane and conduct water.

Inherited palmoplantar keratodermas (PPKs) are character-
ized by thickening of the stratum corneum (hyperkerato-
sis) on the palms and soles and have been grouped into
diffuse, focal, and punctate forms according to the clinical
appearance.' PPKs can be further subdivided histologically
into epidermolytic and nonepidermolytic forms depend-
ing on the presence of cytolysis in the upper spinous and
granular layers.

An autosomal-dominantly inherited form of diffuse
nonepidermolytic PPK (NEPPK [MIM 600231]) was map-
ped in Swedish and UK families to chromosomal region
12q11-q13.%>* Diffuse NEPPK in these families usually
manifests during childhood with a diffuse, even, hyperker-
atosis with a yellowish tint over the whole of the palms
and soles and sometimes extends onto the dorsal digits
(Figure 1A). The phenotype varies, and milder cases are
barely detectable clinically but have a typical white spongy
appearance of affected areas upon exposure to water
(Figure 1B). Fungal infection, probably related to an in-
crease in sweating, is a frequent problem, and nails are
curved and have ragged cuticles. This condition is distinct
from aquagenic keratoderma, which is characterized by the
development of translucent papules induced by water
exposure and has been associated with cystic fibrosis.

Using the linkage data in combination with exome
sequencing followed by Sanger sequencing, we have now
identified missense mutations in AQPS5, encoding the
water-channel protein aquaporin-5 (AQPS), as the under-
lying cause of diffuse NEPPK. This study was approved by
the research ethics committees of the National Health

Service (08/H1102/73) and Umed University, and
informed consent was obtained from all participants.
With the use of the SureSelect system for target enrich-
ment (Agilent Technologies) and 2x 100 bp paired-
end sequencing on the HiSeq system (Illumina) with a
mean read depth of 46, exome sequencing of a single
affected individual revealed missense mutation ¢.529A>T
(p-lle177Phe) in exon 3 of AQPS5 (RefSeq accession number
NM_001651.2) in a large British family affected by diffuse
NEPPK (Figure 1C and Figure S1, available online). Using
Sanger sequencing, we identified a further five missense
mutations in AQPS in families affected by diffuse NEPPK
(see Figure 1D and Figure S2 for examples of other family
pedigrees). Two families of British descent were found to
be affected by the same mutation, c.134T>G (p.Ile45Ser)
in exon 1, and a founder mutation, c.113C>A
(p-Ala38Glu), also in exon 1, was identified in affected in-
dividuals sharing the same haplotype* from seven
Swedish families. An additional mutation, ¢.562C>T
(p-Argl88Cys) in exon 3, was identified in one of the
Swedish families in affected individuals displaying an alter-
native haplotype (Figure S2). A family in Scotland was
found to harbor mutation ¢.367A>G (p.Asn123Asp) in
exon 2. These variants were all found to segregate with
the disease, and all are absent from dbSNP and 1000
Genomes.

Aquaporins are a family of cell-membrane proteins that
allow the osmotic movement of water across the cell
membrane independently of solute transport.® Aquaporins
can be subdivided into two groups: (1) aquaporins, which
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Figure 1. Mutations in AQP5 Underlie
Autosomal-Dominant Diffuse NEPPK

(A) The clinical phenotype of a British in-
dividual affected by diffuse NEPPK (with
the ¢.529A>T mutation in AQP5) shows
some transgradiens onto the dorsal surface
of the fingers and a livid, red edge.

(B) The clinical phenotype of a Swedish
individual affected by diffuse NEPPK
(with the c.113C>A mutation in AQPS).
The hand on the right shows palmar skin
with mild diffuse hyperkeratosis prior to
water exposure. The hand on the left
shows the white, spongy appearance of

i

the palmar skin after 15 min of water
exposure.

(C) The pedigree of the British family
(affected by the c.529A>T mutation)
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shows how the mutant AQPS5 allele segre-
gates with disease in this family. Geno-
types were confirmed in available individ-
uals by Sanger sequencing: A/A represents
two wild-type alleles, and A/T represents
one mutant allele and one wild-type allele.
The individual highlighted in red was used
for exome sequencing.

(D) Sanger sequence traces of the five
missense mutations identified in AQPS in
families affected by diffuse NEPPK.
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are only permeated by water, and (2) aquaglyceroporins,
which also allow the passage of other small solutes, in
particular, glycerol. AQP5 is a member of the former
subgroup and has high water permeability. AQPS is distrib-
uted in the apical plasma membrane and is known as
an exocrine-type water-channel protein because of its
involvement in the excretion of water from exocrine
glands, such as the salivary gland, lacrimal gland, and
sweat gland. However, AQPS is also found in epithelial
cells of the lung and the cornea, and so we investigated
its localization in the palmar epidermis.

We performed immunohistochemistry to compare the
localization of AQPS between control and affected
palmar-skin sections. Frozen skin sections were fixed
with a methanol-acetone mixture (50:50), blocked for
30 min in 3% BSA, and stained by overnight incubation
at 4°C with rabbit monoclonal AQPS antibody (ab92320,
Abcam) diluted 1:100 in 3% BSA. They were subsequently
stained for 1 hr at room temperature with Alexa-Fluor-
488 nm goat-anti-rabbit secondary antibody, diluted

AR :“l“/\“'ﬂ‘l“‘ [
(p.Arg188Cys) ¢.367A>G (p.Asn123Asp)

with the Leica DFC350 epifluores-
cence microscope. AQPS was strongly
localized to the plasma membrane in
the keratinocytes of the stratum gran-
ulosum (Figures 2A-2C and Figure S3;
see Figure S4A for antibody speci-
ficity). The levels of AQPS in the
palmar epidermis were much lower
than those seen in cells of the sweat
glands (Figure S3B). Localization of
AQPS at the plasma membrane of the cells of the upper
layers of the epidermis was retained in the diffuse NEPPK
palmar sections (Figure 2B and Figure S3B).

To investigate four of the AQPS variants in comparison
to wild-type AQPS, we performed site-directed mutagen-
esis on an untagged human AQP5 cDNA clone (Origene)
with the QuikChange II Site-Directed Mutagenesis Kit
(Agilent Technologies). Wild-type and mutant AQPS
constructs were overexpressed in Nebl cells, an HpV-
immortalized keratinocyte cell line, by transfection with
FuGENE 6 (Promega) at a FuGENE-6-to-DNA ratio of 3
to 1. Cells were fixed with 4% paraformaldehyde 72 hr
after transfection, and immunofluorescent staining
was performed with rabbit monoclonal AQPS antibody
(ab92320) as detailed above. Compared to wild-type
AQPS5, all four AQPS variants studied (p.Ala38Glu,
p-lle45Ser, p.lle177Phe, and p.Arg188Cys) showed similar
levels of localization in the plasma membrane (Figures
2D-2I). Thus, these AQPS variants seem to retain the abil-
ity to traffic to the cell membrane.
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More than a dozen aquaporin structures have been solved
at medium-to-high resolution by X-ray or electron crystal-
lography,”® and the conformation of these proteins is fairly
well understood. Aquaporins share a common protein fold
with six transmembrane alpha helices (TMHs) and their
amino and carboxy termini in the cytosol (Figure SSA).
Two short half helices abut in the center of the membrane
to form a virtual seventh TMH that is critical to the selec-
tivity of the channel. Each half helix begins in the center
of the membrane with an asparagine, proline, and alanine
(the NPA motif). The dipole moments created by the half
helices within the membrane electrostatically repulse pro-
tons and ensure the selectivity of the channel for water
without dissipation of the proton gradient.” Human
AQPS hasbeen crystallized as a tetramer (Figure S5B), which
is considered the relevant physiological complex of aqua-
porins.'® The water molecules move through the channel
formed by each of the four aquaporin monomers rather
than through the central pore of the aquaporin tetramer,
which is blocked by a lipid molecule. The aromatic and argi-
nine (ar/R) constriction point where each channel narrows
to an average 2.04 A diameter is defined by Arg188 in half
helix “E,” Phe49 in TMH2, and His173 in TMHS and is
located one turn of their respective helices extracellular to
the NPA motif of half helix “E” (Figure 3A and Figures SSA
and S5C). The ar/R constriction point is an energy barrier
to conduction and a determinant of specificity for water.

The five AQPS variants described here are distributed
widely in the primary sequence of the aquaporin channel

Negative

Wild-type

Negative

Figure 2. AQP5 Variants Appear to
Demonstrate Normal Trafficking to the
Plasma Membrane

(A-C) Immunofluorescent staining of
AQPS with an antibody raised against the
C terminus of human AQPS (green) in
frozen sections from an unaffected, con-
trol palm (A) and a British diffuse NEPPK
(with the p.lle177Phe substitution) palm
(B). The primary antibody was omitted in
the negative control (C). Nuclei were
counterstained with DAPI (blue). AQPS
appears to be present throughout the
palmar epidermis and shows strong locali-
zation to the plasma membrane of the
keratinocytes of the stratum granulosum.
A similar AQPS distribution is seen in the
diffuse NEPPK palm compared to the unaf-
fected control.

(D-I) Monolayers of Neb1 HpV-immortal-
ized keratinocyte cells transfected with
constructs expressing wild-type or variant
AQPS5 and then fixed in 4% paraformalde-
hyde and stained with rabbit monoclonal
AQPS antibody (ab92320, green). The
levels of cell-membrane localization in all
four AQPS variants tested—p.Ala38Glu
(D), p.lle45Ser (E), p.lle177Phe (G), and
p-Arg188Cys (H)—are similar to that seen
for wild-type AQPS (F). Primary antibody
was omitted in the negative control (I).
Nuclei are counterstained with DAPI (blue).
Scale bars represent 40 pm.

(Figure SSA) but clustered in the tertiary structure of the
aquaporin monomer (Figure 3A and Figure S5C). Three of
the residues substituted in diffuse NEPPK—Ile4S5, Ile177,
and Arg188—Iine the extracellular end of the water chan-
nel, and Ala38 and Asn123 are located on the extracellular
surface of AQPS. With protein modeling, it is tempting to
speculate that the amino acid residues (Ile45, Ile177, and
Arg188) that are substituted in diffuse NEPPK and that
line the extracellular end of the water channel are likely
to have a direct impact on water conductance. Argl188 is
a key component of the ar/R constriction point in the
water channel and is the most highly conserved of all
the AQPS amino acid variants identified in diffuse NEPPK,
and the simplest interpretation of substitution by the
smaller cysteine is the widening of the channel at its
narrowest point. Ile45 and Ile177 are one turn (of helices
2 and 5, respectively) extracellular to the ar/R constriction
point, and we speculate that replacing Ile45 with the
smaller serine might also widen the diameter of the con-
striction point and that replacing Ile177 with the bulkier
phenylalanine might have an effect on the diameter of
the channel via steric hindrance.

For the substituted residues (Ala38 and Asn123) located
on the extracellular surface of AQPS, the explanation
is more complicated, but the extracellular loops in
which both are situated appear important to stabilize the
tertiary (and possibly quaternary) structure of AQPS. The
peptide backbone of Ala38’ (from the adjacent monomer)
and the intramolecular interaction of the backbone of
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Figure 3. The Five AQP5 Variants Most
Ala38 Likely Affect the Water Conductance of
7 the AQP5 Channel
(A) A side view of the AQPS monomer
shows the half helices formed by loops B
and E. The cartoon is transparent so that
the side chains of the residues substituted
in diffuse NEPPK can be visualized. Resi-
dues Ile45, Ile177, and Argl88 line the
water channel one helical turn extracel-
lular to the ar/R constriction point,
which is defined in AQPS5 by Argl88,
Phe49, and His173. Residues Ala38 and
Asn123 are located on the extracellular
surface of AQPS.
(B) A close-up view of the tripeptide con-
sisting of Ile177, Tyrl78, and Phel79 of
the extracellular end of helix 5 (gold)
shows the intramolecular hydrogen bond

Tyr178

formed with Asn123 in extracellular loop C (green) and the intermolecular hydrogen bond formed with Ala38’ in extracellular loop
A’ (blue) of the adjacent monomer. The intrachannel water molecules (which are in the foreground) are shown as light-blue transparent
spheres. Structural models were generated in MacPyMOL (Delano Scientific). Despite the fact that the AQPS variants display a wide dis-
tribution of the primary sequence of AQPS, they are clustered in the tertiary structure of the protein and either line the extracellular end
of the water channel or are situated in extracellular loops important for stabilizing the tertiary structure of AQPS.

Asn123 form hydrogen bonds with residues in helix 6
(Tyr178 and Phel79, respectively; Figure 3B). The posi-
tions of both Ala38 and Asn123 in the tertiary structure
of AQPS would be expected to be altered if these residues
are replaced with charged side chains, as is the case with
the p.Ala38Glu and p.Asn123Asp substitutions, and so
the position of helix 5 is likely to change in these
altered proteins. Because helix 5 also contains His173 of
the ar/R constriction point and Ile177, which is changed
to Phe in another diffuse NEPPK substitution, this would
imply that Ala38 and Asnl123 are also critical to water
conductance despite their being located outside the
channel itself.

Recent molecular-dynamics simulations have revealed a
gating mechanism for AQPS and highlighted the impor-
tance of the constriction point for the regulation of water
flow through AQPS5 in its open state.'! Therefore, the
diffuse NEPPK variants could have a direct influence on
AQPS gating and/or water flow through the channel, but
further simulations and functional data are required
for testing the modeling. Given this protein-structure
modeling, the immunhistochemical data, and the diffuse
NEPPK phenotype, we propose that the variant AQPS5
monomers retain the ability to form open channels and
conduct water and are thus likely to represent gain-of-
function alleles.

In addition to playing a role in transcellular water trans-
port, aquaporin proteins have alternative functions.'**
AQPS can regulate paracellular permeability in airway
epithelial cells via a mechanism involving microtubule sta-
bilization.'®> When levels of AQP5 were reduced, lower
levels of microtubule assembly and decreased paracellular
permeability were seen. In contrast, higher levels of
AQPS led to increased microtubule assembly and
stability.'> We decided to investigate the levels of tubulin
acetylation in our diffuse NEPPK biopsy samples given

that an increase in tubulin acetylation is associated with
increased microtubule stabilization.'® Using immunobhis-
tochemistry as detailed above, we looked at total a-tubulin
(ab7291, Abcam) and acetylated a-tubulin (ab24610,
Abcam) in both a diffuse NEPPK palm and an unaffected,
control palm (Figure 4). Although there might have been
a small increase in the amount of total a-tubulin present
in the diffuse NEPPK biopsy samples (Figures 4B and 4C)
compared to the control (Figure 4A), the fact that there
was a more obvious increase in the levels of acetylated
a-tubulin in the diffuse NEPPK sections (Figures 4F and
4G) compared to the control palm (Figure 4E) suggests
increased levels of microtubule stabilization in the diffuse
NEPPK palmar epidermis. AQPS is regulated in lung epithe-
lial cells in response to shear stress,'”'® and a role
involving the cytoskeleton for AQPS could be very relevant
in the palmoplantar skin that sustains high levels of stress,
but additional functional assays are required for investi-
gating this further.

We describe here inherited aquaporin alterations in a
skin disease and propose a gain-of-function effect for the
identified AQPS variants, which are still able to traffic to
the plasma membrane (Figure 3). This is in contrast to
missense variants identified in other aquaporin family
members, such as AQP2, in which variants underlying
the autosomal-dominant form of nephrogenic diabetes in-
sipidus (MIM 125800) not only exhibit a trafficking defect
but also exert a dominant-negative effect by interfering
with the trafficking of the wild-type AQP2.'%?° The exact
mechanisms by which defective epidermal-water-barrier
function associated with mutant AQPS5 leads to palmoplan-
tar hyperkeratosis are still unclear. Mutations in other
junctional- and channel-protein-coding genes, including
those involved with the desmosome?®!** and gap junction,
also result in hyperkeratosis.>*** However, unlike other
skin-barrier disorders, diffuse NEPPK involves increased
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Figure 4. Microtubules in Diffuse NEPPK Palm Skin Show Evi-
dence of Increased Stabilization

Immunofluorescent staining of a-tubulin (green) (A-D) and acety-
lated o-tubulin (green) (E-H) in paraffin-wax-embedded sections
from an unaffected, control palm (A and E), a British diffuse
NEPPK (with the p.Ile177Phe substitution) palm (B and F), and a
Swedish diffuse NEPPK (with the p.Ala38Glu substitution) palm
(C and G). Primary antibody was omitted in negative controls
(D and H). Nuclei were counterstained with DAPI (blue). There
appears to be a slight increase in the level of a-tubulin and a
more pronounced increase in the level of acetylated o-tubulin in
the diffuse NEPPK palmar biopsy samples compared to the control
palm, indicating an increase in microtubule stabilization in the
diffuse NEPPK palmar skin. Scale bars represent 40 pm.

keratinocyte water uptake rather than transepidermal
water loss.

Supplemental Data

Supplemental Data include five figures and can be found with this
article online at http://www.cell.com/AJHG.
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