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Abstract
Aquaporin 3 (AQP3) is an aquaglyceroporin that transports water and glycerol and is expressed in
the epidermis, among other epithelial tissues. We have recently shown that there is an association
between this glycerol channel and phospholipase D2 (PLD2) in caveolin-rich membrane
microdomains. While PLD2 is able to hydrolyze membrane phospholipids to generate
phosphatidic acid, this enzyme also catalyzes, in the presence of primary alcohols, a
transphosphatidylation reaction to produce a phosphatidylalcohol. We have proposed that AQP3
associated with PLD2 provides the physiological primary alcohol glycerol to PLD2 for use in the
transphosphatidylation reaction to generate phosphatidylglycerol (PG). Further, we have proposed
that PG functions as a signaling molecule to mediate early epidermal keratinocyte differentiation,
and manipulation of this signaling module inhibits keratinocyte proliferation and enhances
differentiation. In contrast, other investigators have suggested a proliferative role for AQP3 in
keratinocytes. In addition, AQP3 knockout mice exhibit an epidermal phenotype, characterized by
dry skin, decreased elasticity and delayed barrier repair and wound healing, which can be
corrected by glycerol but not other humectants. AQP3 levels have also been found to be altered in
human skin diseases. In this article the evidence supporting a role for AQP3 in the epidermis will
be discussed.

Aquaporins (AQPs), as the name implies, are channels that facilitate the entry of water into
cells, and currently 13 family members have been identified to date (AQP0-AQP12).
However, there exists a subset of AQPs termed aquaglyceroporins that also transport small
neutral molecules such as glycerol ([1] and reviewed in [2,3]). Aquaporin-3 (AQP3) is a
member of this subfamily of aquaglyceroporins, and in fact, studies in the Xenopus laevis
oocyte expression system have shown that AQP3 not only has high water permeability but
functions efficiently as a glycerol (and to a lesser extent urea) transporter [4-6]. AQP3
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protein has been shown to be expressed in epithelial tissues exposed to conditions of
possible water loss, including cells of the epidermis, corneal epithelium, respiratory system,
gastrointestinal tract, and kidney [7]. In the epidermis AQP3 is abundantly expressed and
localized to the basal and spinous layers of the epidermis [8]. Several studies have
contributed to the idea that AQP3 is important in regulating epidermal structure and
function, as will be discussed in this article.

Evidence in vitro
Keratinocyte proliferation and differentiation are regulated by the extracellular calcium
concentration, as was first demonstrated by Yuspa et al. in vitro [9] and perhaps more
importantly by Menon and colleagues in vivo [10]. In vitro, calcium is one of the most
potent means of stimulating epidermal differentiation, with cells maintaining a basal-like
state in low calcium concentrations and expressing differentiation markers upon elevation of
the medium calcium level [9,11]. In vivo, the epidermis shows a gradient of calcium with the
lowest concentrations in the basal layer, and highest concentrations in the granular layer
[12,13], where proteins critical for barrier function are produced. In the skin the calcium
gradient helps maintain the differentiated function of the epidermis, including the
permeability barrier. Disruption of this barrier leads to loss of the calcium gradient followed
by increased proliferation and decreased expression of various differentiation markers
(loricrin, profilaggrin, and involucrin) [10,14].

Keratinocyte differentiation induced by elevated extracellular calcium concentrations is
tightly linked to a rise in intracellular free calcium levels [15], an effect mediated by the
calcium-sensing receptor (CaR) [16-18]. The CaR is a G-protein-coupled receptor for which
calcium ions serve as the ligand. After calcium combines with the CaR, phosphatidylinositol
4,5-bisphosphate (PIP2) is hydrolyzed to yield 1,4,5-inositol trisphosphate (IP3) and
diacylglycerol (DAG) through phospholipase C (PLC)-β and -γ1 [19,20]. IP3, which releases
calcium from intracellular stores, and DAG, which activates DAG-binding enzymes such as
protein kinase C family members, then function as second messengers to mediate
keratinocyte differentiation. Keratinocytes have a full-length CaR, but as the cells
differentiate, they express an alternatively spliced variant of the CaR (CaRalt), which lacks
exon 5 [17], and lose their acute response to calcium [17]. Keratinocytes lacking the CaR
also do not respond to extracellular calcium acutely [21], and the epidermis of mice lacking
the CaR does not differentiate normally [16].

We have previously shown that AQP3 expression and activity are modulated by
extracellular calcium levels [22], an effect that has been observed in some other aquaporin
family members (e.g., AQP0 [23] and AQP2 [24]). Thus, elevation of extracellular calcium
from a value of 25 μM, which maintains keratinocytes in a proliferative state, to 1 mM
calcium, which drives cells to late differentiation, decreases AQP3 mRNA and protein levels
and reduces glycerol uptake [22,25]. On the other hand, a more moderate calcium increase
to approximately 100 to 120 μM induces a more physiological program of differentiation,
with maximal expression of both early (spinous) and late (granular) differentiation markers,
such as keratin 1, involucrin, filaggrin and loricrin [9]. In order to determine the effect of a
more natural program of keratinocyte differentiation induced by a more physiological
change in extracellular calcium levels, we treated primary mouse keratinocytes for 24 hours
with a moderately elevated calcium concentration (125 μM) and isolated light membrane
fractions (in which AQP3 resides [25]) by sucrose density ultracentrifugation, as in [25]. As
shown in Figure 1, this moderately elevated calcium concentration decreases the protein
levels of the lower AQP3 band (unglycosylated AQP3 at ∼28 kDa) but increases levels of
the upper band of AQP3 (the ∼40 kDa glycosylated AQP3) [26]. Note that the aquaporins
are extensively glycosylated, resulting in the multiple bands observed by western analysis
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for AQP3 and other aquaporins (e.g., [27-29]). The rise in glycosylated AQP3 levels with
increased extracellular calcium levels is consistent with the protein expression observed in
human skin with immunohistochemistry, in that AQP3 protein often localizes intracellularly
in basal cells, as might be expected for immature protein, but is found on the plasma
membrane in spinous keratinocytes [8]. Indeed, we hypothesize that glycosylation may help
to regulate the cellular localization of AQP3, thereby influencing its biological effects (i.e.,
promotion of proliferation versus induction of differentiation; please see below). In addition
to regulation by extracellular calcium, AQP3 is also modulated by osmotic stress in
keratinocytes in vitro [30], again suggesting a possible role for this channel in epidermal
physiology.

Hara-Chikuma and Verkman [31] have also investigated the role of AQP3 in human
keratinocytes and AQP3 knockout mouse keratinocytes in vitro. Using RNA interference
with siRNA, these authors demonstrated that AQP3 knock down resulted in decreased cell
proliferation and migration in human keratinocytes [31]. Similarly, AQP3 knockout mouse
keratinocytes exhibited reduced proliferation, migration and scratch wound healing
compared to wild-type cells. Adenovirus-mediated re-expression of either AQP3 or AQP1 in
AQP3 knockout mouse keratinocytes restored migration, suggesting water transport as the
important parameter in regulating migration [31]. In contrast, the defect in proliferation
observed in the AQP3 null mouse keratinocytes was corrected by providing glycerol,
suggesting the importance of AQP3's glycerol transport function in modulating this
parameter. ATP levels were also reduced in AQP3 knockout mouse keratinocytes, and
glycerol replacement corrected these impaired ATP levels [31]. These authors therefore
proposed a role of AQP3 in keratinocyte proliferation and migration.

On the other hand, Kim and Lee [32] performed similar siRNA-mediated knockdown
experiments in human keratinocytes and demonstrated that keratinocytes with reduced
AQP3 levels exhibit inhibited keratin 10 up-regulation in response to an elevated calcium
concentration. This result is consistent with an involvement of AQP3 in inducing early
keratinocyte differentiation, as we have proposed previously ([33,34] and see below). These
authors also showed an association of AQP3 with adherens junction complexes, such that
siRNA-mediated knockdown of AQP3 levels results in reduced levels of E-cadherin, β- and
γ-catenins and phosphorylated (active) phosphoinositide 3-kinase (PI3K) [32]. Since
activation of PI3K and its downstream effector Akt is critical for the survival of
differentiating keratinocytes [35,36] and is linked to adherens junctions [21,36], these results
provide an explanation for the reduced keratinocyte survival observed with AQP3
knockdown [32] and argue for an important role for this aquaglyceroporin in maintaining
keratinocyte viability during the differentiation process. Thus, the exact role of AQP3 in
regulating keratinocyte proliferation versus differentiation is as yet unclear and requires
additional investigation.

Evidence in vivo
The functional role of AQP3 in skin physiology has recently been demonstrated by the
observed phenotype of AQP3 knockout mice. Mice lacking AQP3 display selectively
reduced glycerol content and water holding capacity in the epidermis [37], which is
consistent with the glycerol and water permeability of this aquaporin. Furthermore, AQP3
deletion results in decreased skin elasticity and delayed wound healing [38], as might be
expected based on the findings in vitro demonstrating decreased cell proliferation, migration
and scratch wound healing in keratinocytes deficient in AQP3 [31]. In addition to the
decreased epidermal glycerol content [37], both water and glycerol permeability are
significantly reduced in the epidermis of AQP3 knockout mice, with normal glycerol
concentrations in the dermis and serum, suggesting reduced glycerol transport from the
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blood into the epidermis in the absence of AQP3. Moreover, Hara and Verkman [39]
showed that in AQP3 knockout mice, skin conductance is similar to that in wild type mice
after exposure to 10% humidity; furthermore, glycerol replacement corrected the skin
hydration and mechanical defects observed in AQP3-deficient mice. These results suggest
that water transport through AQP3 is not a rate-limiting factor in transepidermal water loss
and that the glycerol transporting function of AQP3 is responsible for the skin abnormalities.
Indeed, several of the defects in epidermal physiology in these AQP3 null mice could be
corrected by topical or oral application of glycerol, but not glycerol analogs [39]. Glycerol
can enter cells by simple diffusion in the absence of the facilitated transport function of
AQP3, albeit less efficiently, thus necessitating the supply of pharmacological levels of
glycerol. Thus, these observations provide a scientific explanation for the use of glycerol in
cosmetics and skin lotions used to treat multiple skin disorders [40].

On the other hand, these authors observed no effect of AQP3 ablation on the general
structure of the epidermis (although the subcutaneous fat layer was reduced in AQP3
knockout mice) [37] nor on epidermal differentiation markers [41]. In addition to the effects
of AQP3 ablation on epidermal conductance, skin elasticity and wound healing, AQP3
knockout mice exhibit delayed barrier recovery after disruption of the stratum corneum [38].
For this measurement, the stratum corneum barrier is removed by repeated application and
removal of tape (i.e., tape-stripping) to yield an increase in trans-epidermal water loss, as
can be measured using an evaporimeter. The recovery of the barrier can then be followed by
monitoring the decrease in trans-epidermal water loss over time after barrier disruption. As
indicated above, the time required for AQP3 knockout mice to repair their permeability
barrier after tape-stripping is increased [38]. We recently generated a transgenic mouse
model in which AQP3 is over-expressed in the suprabasal epidermis under the control of the
human keratin 1 promoter using the construct shown in Figure 2. These mice overexpress
AQP3 in the epidermis as determined in situ via immunohistochemistry and in vitro in
isolated keratinocytes by western analysis (Figure 3). Consistent with the delay in barrier
recovery in AQP3 knockout mice [38], transgenic male mice overexpressing AQP3
demonstrate significantly accelerated barrier recovery relative to matched non-transgenic
littermates [35 ± 6 (mean ± SEM; n=14 sites, 5 mice) versus 13 ± 7 (n=9 sites, 3 mice)
percent recovery after 3 to 3.5 hours] following disruption of the permeability barrier by
tape-stripping (Figure 4). Together these results indicate the importance of AQP3 in skin
physiology, in particular in helping to maintain the epidermal permeability barrier,
presumably through its ability to transport glycerol. Nevertheless, the question remains: how
does the glycerol transported by AQP3 mediate its actions on skin function?

Glycerol has a number of effects on skin, acting to increase stratum corneum hydration,
improve barrier function and repair, enhance stratum corneum plasticity and distensibility,
accelerate desquamation and inhibit skin irritation (reviewed in [42]). In addition, glycerol is
an important intermediate of energy metabolism and a substrate for the biosynthesis of
various lipids [43]. Impaired epidermal cell proliferation has been reported in AQP3-null
epidermis, and this decrease was related to decreased metabolism: lower glycerol, glucose
and ATP content, and reduced CO2 production [44]. Glycerol replacement largely abolishes
the proliferation defect in AQP3-deficient keratinocytes [31].

In another study Elias' group examined the skin in a stearyl-CoA desaturase-1 (scd-1)
mutant mouse that lacks sebaceous glands. Sebaceous glands produce sebum, a lipid-rich
holocrine secretion, the function of which is largely unknown [45]. This asebia mouse model
was found to exhibit reduced epidermal glycerol content and an epidermal phenotype,
including hyperproliferation, which again could be corrected by application of glycerol, but
not other humectants [45]. In fact, these authors proposed that the function of the sebaceous
glands is to provide triglycerides and other lipids as glycerol precursors in the skin [45].
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Elias and colleagues [46] extended their sebum study to humans, examining stratum
corneum hydration in relation to epidermal glycerol content and sebaceous gland abundance
in particular skin regions. These authors found that sebaceous gland-enriched sites, such as
the forehead or upper back, are better hydrated than sebaceous gland-deficient sites (e.g., the
shins), although the correlation with glycerol content is better than that with sebum content.
Stratum corneum hydration correlates well with epidermal glycerol content even in
sebaceous gland-deficient sites; the presence of glycerol in these sebaceous gland-
impoverished sites suggests that epidermal glycerol is derived both from sebum and from
non-sebum sources (perhaps from the circulation?). Finally, glycerol levels decline
following either bathing (without soap) or water immersion, indicating the presence of a
water-extractable pool of glycerol that influences hydration in the stratum corneum [46].
Thus, these results provide a possible explanation for the paradoxical finding that stratum
corneum hydration actually decreases following exposure to water. On the other hand, the
fact that only glycerol, and not other osmotically active agents, corrects the phenotype of the
asebia mouse model suggests that glycerol's role in the skin is not simply as an osmolyte.

Evidence in skin disease
In addition to the evidence linking glycerol, transported by AQP3, to skin hydration, there
are data to support an involvement of altered AQP3 levels in the pathology of certain skin
diseases. Thus, increased AQP3 expression has been reported in atopic eczema and was
proposed to mediate the enhanced trans-epidermal water loss seen in this disorder [47].
Elevated AQP3 expression and levels in atopic dermatitis lesions in patients, as well as in
two mouse models of this disease, were recently reported by Nakahigashi et al. [48], who
also observed increased transepidermal water loss. Enhanced AQP3-mediated water loss
may also explain the skin dryness observed with all-trans retinoic acid (atRA) treatment of
the epidermis, as atRA has been shown to up-regulate AQP3 levels [49]. Interestingly,
nicotinamide inhibits the atRA-induced increase in AQP3 protein expression and is also
reported to reverse the side effects of atRA [49].

In contrast, Boury-Jamot et al. [26] demonstrated a down-regulation of AQP3 in eczema
and, in particular, an absence of AQP3 protein expression in regions of lesional eczema skin
that also exhibit spongiosis. Reduced AQP3 levels were also observed in keratinocytes from
the depigmented epidermis of vitiligo [32]. This decrease in AQP3 levels is accompanied by
reductions in the levels of E-cadherin, β- and γ-catenins and phosphorylated (active)
phosphoinositide 3-kinase (PI3K), particularly in the plasma membrane, and was suggested
to underlie a loss of keratinocytes and keratinocyte-derived growth factors leading to the
passive cell death of melanocytes observed in vitiligo lesions [32]. The reduced AQP3 levels
in vitiligo are also consistent with the recent finding that barrier recovery is delayed in this
disease [50], since, at least in mice, AQP3 ablation results in a decreased rate [38,39], and
overexpression of AQP3 in an increased rate (Figure 4), of barrier recovery.

Verkman and colleagues have also demonstrated AQP3 immunoreactivity in human
squamous cell carcinoma [44]. These authors suggested that AQP3 protein expression is
correlated with proliferation in squamous cell carcinoma because the channel is colocalized
with keratin 14 [44], a marker of basal keratinocytes. Verkman further indicated that AQP3
levels are increased in squamous cell carcinoma and correlate with the hyperproliferation
observed in this disease [51]. However, despite the fact that keratin 14 expression is
considered a marker of basal, proliferating keratinocytes, increased keratin 14
immunoreactivity is increased in the more differentiated areas of squamous cell carcinoma
[52], suggesting that keratin 14 protein expression cannot be used as a marker of
proliferation in these tumors. We examined AQP3 immunoreactivity in squamous cell
carcinoma and found it to be non-homogeneous (i.e., “patchy”): regions of the tumor
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showing reduced AQP3 levels exhibiting positivity for Ki67 [53], a marker of proliferating
cells, whereas areas of the tumor with significant AQP3 levels are negative for Ki67
immunoreactivity. Moreover, AQP3 levels are reduced in basal cell carcinoma, in
comparison with the overlying normal-appearing epidermis [53]. Thus, our results in non-
melanoma skin cancers (basal and squamous cell carcinoma) in humans suggest that
decreased AQP3 levels are associated with keratinocyte proliferation in tumorigenesis. On
the other hand, Verkman and colleagues [44] compared AQP3 knockout mice with wild-
type mice in a two-stage tumorigenesis protocol in which mouse skin is initiated with the
carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) and promoted by repeated exposure to
phorbol ester tumor promoters. These authors found that AQP3 knockout mice are resistant
to epidermal tumor formation. However, the experiments performed did not distinguish
between cell autonomous (i.e., due to the lack of AQP3 in the keratinocytes themselves) and
non-cell autonomous (for instance, related to changes in other cells in the skin in these mice
with a global deletion of AQP3). Indeed, the inflammatory response observed with this
protocol is known to be a determinant of the ability to produce tumors in mouse skin
(discussed in [54]), and a recent report indicates that the AQP3 mice have an impaired
hapten-induced contact hypersensitivity response [55]. Therefore, the resistance of the
AQP3 knockout mice to epidermal tumorigenesis may be related to impaired inflammation
and/or immune cell activation rather than to effects in the keratinocytes themselves.

Increased AQP3 expression has also been observed in the epidermis of a mouse model in
which the gene for 3β-hydroxysterol-Δ24 reductase (DHCR24) was ablated [56]. DHCR24
encodes the enzyme that catalyzes the synthesis of cholesterol from desmosterol. Lack of
this gene in humans results in desmosterolosis, an autosomal recessive disorder
characterized by high desmosterol and low cholesterol levels [56]. In knockout mice, the
loss of DHCR24, in addition to the upregulation of AQP3 levels, results in a thickened
epidermis, abnormal differentiation and increased trans-epidermal water loss, leading to
perinatal death [57]. Seo and colleagues [56] suggested that the increased AQP3 expression
may be the cause of the enhanced trans-epidermal water loss, although the mechanism by
which enhanced desmosterol and/or reduced cholesterol leads to the defect in the
permeability barrier or the upregulation of AQP3 seen in these mice is as yet unclear.
Cholesterol is a component of the lamellar body lipids that comprise the water permeability
barrier (reviewed in [58]); thus, reduced levels might impair barrier function. Membrane
microdomains (lipid rafts) are also enriched in cholesterol (reviewed in [59]), and it seems
possible that lack of this important membrane component could alter the function of
enzymes and proteins residing in these membrane patches, such as AQP3 and PLD2 [25].

Possible mechanisms of AQP3's effects
In addition to its role in metabolism, glycerol can be utilized by the enzyme phospholipase
D to transphosphatidylate phosphatidylcholine to yield phosphatidylglycerol (Figure 5 and
[22]). Our novel findings of an association of AQP3 and PLD2 in caveolin-rich membrane
microdomains of keratinocytes [25] and their functional association to generate the proposed
lipid signaling molecule phosphatidylglycerol (PG) [22] provides another possible
mechanism by which AQP3 could regulate epidermal function. The idea that AQP3 and
PLD2 are coupled is based on immunocytochemical colocalization and their ability to co-
immunoprecipitate [25]. We have also recently shown that AQP3 and PLD2 co-
immunoprecipitate in Sf9 cells overexpressing both proteins (data not shown). As a result,
we have proposed that in normal keratinocytes provision of glycerol to PLD2 by AQP3
results in the generation of PG, which, in turn, stimulates an effector enzyme to induce
growth arrest and/or expression of early keratinocyte differentiation markers in rapidly
dividing cells [33,34]. Moreover, manipulation of this signaling module appears to inhibit
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keratinocyte proliferation and trigger early differentiation [34]. Thus, increasing exogenous
glycerol to increase glycerol transport through AQP3 results in an inhibition of proliferation.

Other data supporting a role for AQP3 in regulating early keratinocyte differentiation
derives from experiments in which AQP3 (or an empty vector) is co-overexpressed with
reporter constructs in which luciferase expression is driven by the promoters for keratin 5, a
marker of basal proliferating keratinocytes, keratin 10, an early keratinocyte differentiation
marker and involucrin, a marker of intermediate differentiation (as well as a Renilla
luciferase plasmid for normalizing transfection efficiencies) [34]. Co-overexpression of
AQP3 results in decreased keratin 5 promoter activity, increased keratin 10 promoter
activity and enhanced involucrin promoter activity in the presence of an elevated
extracellular calcium concentration. The effect of co-overexpression of AQP3 on keratin 5
promoter activity is augmented by exogenous glycerol [34]. Finally, direct provision of
proposed product of the AQP3/PLD2 signaling module, phosphatidylglycerol (PG) in the
form of liposomes composed of egg-derived PG, inhibits proliferation and enhances the
effect of an elevated extracellular calcium level on involucrin levels in rapidly proliferating
keratinocytes [34]. On the other hand, egg PG stimulated the proliferation of slowly
dividing, presumably contact-inhibited keratinocytes, suggesting an ability of PG to
normalize keratinocyte growth [34]. These results suggest that AQP3-mediated glycerol
transport in skin is involved in a complex regulation of cell proliferation and differentiation,
which are central features of epidermal homeostasis and regeneration, and it is possible that
AQP3 may mediate different effects depending on whether or not this aquaglyceroporin is
associated with PLD2.

In subsequent experiments, we demonstrated that different species of PG exert the disparate
effects on proliferation, with PG species containing saturated and monounsaturated fatty
acids promoting keratinocyte proliferation and those possessing polyunsaturated fatty acids
inhibiting cell growth [60]. We have hypothesized that the PG effector enzyme is PKCβII
[33], a known PG-responsive enzyme [61], and experiments are in progress to investigate
this possibility. Another potential effect of PG relates to mitochondrial function, as PG and
diphosphatidylglycerol (more commonly known as cardiolipin) are known to be important
lipids in these organelles (reviewed in [62]). For instance, the addition of PG and cardiolipin
restores mitochondrial membrane potential in depleted mitochondria [63]. Since
mitochondrial membrane potential is known to be important in apoptotic cell death, it is
possible that this pathway is involved in regulating apoptosis. Indeed, during apoptosis
cardiolipin mediates the targeting of proapoptotic tBid to mitochondria, the permeabilization
function of Bax on outer mitochondrial membranes and subsequent cytochrome c release
[64-66]. Moreover, the ability of tBid to promote cytochrome c release from lipid vesicles is
modulated by the inclusion of PG in the vesicles [66,67]. Finally, PG protects retinal
pigment epithelial cells from apoptosis [68]. Alternatively and/or additionally, the PG lipid
signal may function through other, as yet unidentified, PG effector enzymes.

Multiple lines of evidence indicate that the aquaglyceroporin AQP3 is important in skin
function. AQP3 has the ability to transport water and glycerol within the epidermis. The
transported water is likely to play a role in epidermal hydration and hydrostatic pressure
involved in migration. Glycerol, on the other hand, acts as an energy source for ATP
production, a precursor for fat and phospholipid synthesis and an osmotically active agent.
Glycerol can also be used by phospholipase D to generate phosphatidylglycerol, a potential
lipid messenger regulating keratinocyte proliferation and differentiation. Although the
mechanism by which AQP3 exerts its effects is not entirely clear, the ample data supporting
an involvement of this aquaglyceroporin in keratinocyte biology and epidermal physiology
indicate that further investigation is warranted.
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Figure 1. AQP3 Glycosylation is Regulated by Extracellular Ca2+ Concentration
Keratinocytes were pre-treated with low 25 μM Ca2+- (control), 125 μM Ca2+- or 1 mM
Ca2+-containing medium for 24 hours and then lysed using sodium carbonate. Light
membrane fractions (fractions 4 and 5 [25]) were isolated by sucrose gradient
ultracentrifugation, analyzed by western blotting with anti-AQP3 and visualized by
enhanced chemiluminescence. The results shown are representative of three separate
experiments. Note that unglycosylated AQP3 is partially down-regulated by elevated Ca2+,
but glycosylated AQP3 levels are increased.
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Figure 2. The Construct Used to Generate a Mouse Model Transgenic for Aquaporin 3
Overexpression in the Suprabasal Epidermis
Shown is the construct used to generate the HK1-AQP3 transgenic mouse model, in which
AQP3 is overexpressed in the suprabasal epidermis under the control of the human keratin 1
promoter. Also illustrated are the primers used to genotype the mice.
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Figure 3. HK1-AQP3 Transgenic Mice Exhibit Enhanced Aquaporin 3 Immunoreactivity in
Epidermal Sections and in Isolated Primary Epidermal Keratinocytes
Skin from non-transgenic (Panel A) and transgenic (Panel B) neonatal littermates was
dissected, placed in OCT and frozen in dimethylpentane cooled with liquid nitrogen.
Cryosections were cut and incubated with hydrogen peroxide (to eliminate endogenous
peroxidase activity) and blocking buffer. All sections were then stained using the ABC
immunohistochemical staining kit from Santa Cruz Biotech and a primary antibody to AQP3
(Alomone Labs, Israel). Panel C illustrates a negative control in which the primary antibody
was omitted. An additional control in which primary antibody was preabsorbed with antigen
prior to incubation with the sections also showed minimal staining (data not shown). These
results are representative of a total of 7 mice (5 transgenic newborn mice and 2 non-
transgenic littermate controls). In Panel D is shown a western blot analysis of AQP3
immunoprecipitated from lysates (equal amounts of protein) of primary epidermal
keratinocytes cultured from non-transgenic (Non-TG) and transgenic (AQP3 TG) littermates
and treated with control medium (25 μM Ca2+) or medium containing 125 μM Ca2+ (to
increase keratin 1 promoter-driven expression of AQP3) as indicated. Results are
representative of three experiments. An additional experiment in which AQP3 was
immunoprecipitated from lysates of whole transgenic and non-transgenic epidermis showed
similarly enhanced AQP3 levels in the transgenic epidermis by subsequent western analysis
(data not shown).
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Figure 4. HK1-AQP3 Transgenic Mice Exhibit Accelerated Permeability Barrier Repair
following Disruption by Tape-Stripping
HK1-AQP3 mice and non-transgenic littermates were subjected to tape-stripping to disrupt
the epidermal permeability barrier and increase trans-epidermal water loss (TEWL) as in
[69]. Barrier recovery was then measured (by monitoring TEWL) at 3 to 3.5 hours. Values
represent the means of 9 (non-transgenic) and 15 (transgenic) separate sites on 5 transgenic
mice and 3 non-transgenic matched littermates (male mice were used); *p<0.05 versus the
non-transgenic littermates. We observed that the HK1-AQP3 male mice exhibited
significantly accelerated barrier recovery relative to matched non-transgenic littermates.
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Figure 5. Phospholipase D Catalyzes Both a Hydrolysis and a Transphosphatidylation Reaction
Phospholipase D (PLD) hydrolyzes phosphatidylcholine in the presence of water to yield
phosphatidic acid (PA). In the presence of a primary alcohol, such as glycerol, ethanol or 1-
butanol, this enzyme can also catalyze a transphosphatidylation reaction to form the
corresponding phosphatidylalcohol (e.g., phosphatidylglycerol, phosphatidylethanol or
phosphatidylbutanol).
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