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XIANGTIAN ZHENG
Aquaporin 3 in Keratinocyte Differentiation
(Under the direction of WENDY B. BOLLAG)

Aquaporin 3 (AQP3) is a channel that transports both water and glycerol. AQP3null mutant mice exhibit skin defects, including impairment of water holding capacity,
barrier recovery and wound healing and decreased glycerol content. We hypothesized
that AQP3 is involved in the regulation ofkeratinocyte proliferation and differentiation
and this regulation is mediated, at least in part, by the functional interaction between
AQP3 and phospholipase D (PLD). Here we demonstrate that AQP3 expression was
down-regulated at the transcriptional level and glycerol uptake was reduced when
primary mouse keratinocytes were induced to differentiate. In co-transfection
experiments, we found that AQP3 decreased the promoter activity of keratin 5, a
keratinocyte proliferation marker, but increased the promoter activity of keratin 10 and
involucrin, an early and intermediate keratinocyte differentiation marker respectively.
These results suggest that AQP3 is a regulator of early keratinocyte differentiation. In
further investigatjons to determine the sigualing function of AQP3 in regulating
keratinocyte differentiation, we found using sucrose gradient centrifugation,
irnmunoprecipitation analysis, confocal microscopy that AQP3 and PLD2 were
colocalized in lipid rafts. In addition, we demonstrated that AQP3 could contribute to the
synthesis of phosphatidylglycerol (PG) and that PLD2 was able to utilize glycerol as a
substrate to synthesize PG. These data suggest that AQP3 transports glycerol for use as a
physiological primary alcohol substrate for-adjacent PLD2 to generate PG. Our results,
together with the reports that PG is an activator of protein kinases (PKqm and PKCe)
and also contributes to protein-protein interactions in membranes, suggest that glycerol-

AQP3-PLD2-PG is a potential signaling pathway in regulating keratinocyte
differentiation.
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Chapter 1. Literature Review

I. Keratinocyte Differentiation
A. Keratinocyte differentiation and skin
The skin is the largest organ of the body and is composed of the epidermis and dermis
(I). The most important function of the skin is to provide the essential physical and water
permeability barrier. This barrier is established in the epidermis by a precisely regulated
differentiation program ofkeratinocytes that results in distinct epidermal layers (I). The
innermost basal layer, which is in contact with the basement membrane, is comprised of a
single layer of undifferentiated keratinocytes with proliferative potential. The spinous
layer consists of non-proliferating keratinocytes that progressively differentiate as they
move from suprabasallayers outward, with early differentiating events occurring
.
.
immediately above the basal layer, followed by late stage differentiation in the granular
layer, and terminal differentiation in. the outermost cornified layer (2, 3). The tight
regulation of differentiation in·epidermis is crucial for proper stratification to occur.
Alterations in this differentiation program can result in skin disorders, such as
epidermolysis bullosa simplex, epidermolytic hyperkeratosis and psoriasis, and skin
cancers, such as squamous and basal cell carcinoma (4, 5)
Epidermal homeostasis is maintained in part by orchestrating the correct expression
of genes in keratinocytes at each stage of differentiation. The proliferating basal cells
express keratin (K) 5 and Kl4, and as cells move suprabasally and begin to differentiate,
K5 and Kl4 expression is repressed and Kl and KIO expression is promoted (4). Later,
the cells in the upper spinous layer begin to synthesize involucrin. As the cells progress
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into late differentation in the granular layer, coincident with the suppression ofKI and
Kl 0 expression, transglutaminase (TG) and its structural substrates, such as profilaggrin,
loricrin, and small proline-rich protein (SPRR) are expressed in keratinocytes (6). The
regulation ofkeratinocyte gene expression appears to be controlled primarily by
transcription events. A number of transcription factors, such as API, AP2, SPI, Ets and
POU domain proteins, are known to be involved in regulating keratinocyte gene
expression and differentiation (6).

B. Regulators of keradnocyte dijferentiadon
Despite intensive investigation, the mechanism by which the keratinocyte
differentiation process is initiated and regulated remains unclear. However, several agents
including calcium, vitamin D 3 and retinoids have been shown' to be involved in regulating
keratinocyte differentiation (3, 7).
Calcium is an important regulator of keratinocyte differentiation in vitro (8) and in

vivo (9). An extracellular calcium gradient has been observed in epidermis, with low
concentrations in the basal layer and progressively higher concentrations in more
differentiated layers (9, I 0). Incubation of cultured keratinocyies with elevated
extracellular cal~ium ([Ca2'],) induces differentiation and expression of differentiationassociated genes, such as TG, involucrin, profilaggrin and loricrin (11-13). In response to
the elevation of [Ca2"'],, intracellular calcium concentration ([Ca2'];), and levels of
inositol trisphosphate (IP3) and diacylglycerol (DAG) increase rapidly in keratinocytes
(3, 14). Blocking the rise of [Ca2']; with intracellular calcium chelators blocks the ability
of [Ca2']. to induce differentiation (15). The rise in [Ca2']; in response to the elevation of
[Ca2']. is reduced by blocking the expression of the calcium receptor (CaR), which is a
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G-protein-coupled receptor whose ligand is the calcium ion, or phospholipase C y (PLCy)
using antisense constructs (16, 17). The inhibition of CaR, PLCy or protein kinase C
(PKC) a expression using antisense constructs also blocks calcium-induced expression of
differentiation markers (16, 18). Mice lacking the full-length CaR display a thinner
epidermis with disordered differentiation and decreased expression of differentiation
markers; keratinocytes derived from these mice fail to respond to [Ca2"'], (19, 20). In
addition, elevated [Ca2"'], increases the level of API transcription factors in the nucleus in
a manner blocked by PKC inhibitors (21). Mutation of the API site in the Ca2+ response
element of the involucrin gene abolishes promoter activation by calcium (22). These

l., activates PLCy

results suggest that the CaR senses the elevated [Ca2

and thus results

in the generation of diacylglycerol (DAG) and inositol triphosphate (IP3), which increases

l; by stimulating the release of calcium from intracellular stores. DAG and elevated

[Ca2

[Ca2l 1 activate a critical PKC isoenzyme, most likely PKCa, which subsequently
activates API transcription factors, that regulate the expression of differentiationassociated genes (23).
The active form of vitamin D3, 1,25-dihydroxyvitamin D3 [1,25-(0H)2DJ], also
induces keratinocyte differentiation (24). 1,25-(0H)2D3 and its analogs have been used to
treat psoriasis (25). The effects of 1,25-(0H)2D 3 are primarily mediated by the vitamin D
receptor (VDR), a member of the nuclear receptor superfamily. 1,25-(0H)2D 3 binds to
VDR, which heterodimerizes with retinoic.acid receptor (RAR) or retinoid X receptor
(RXR) and binds to vitamin D response elements (VDRE) on target genes, altering gene
transcription (26). VDREs have been identified in the PLC-y and involucrin gene
promoters and are responsible for the induction of the expression of these genes by 1,25-

4
(OH)2D3 (27, 28). 1,25-(0H)2D3 and ele~ated [Ca2

l, synergistically induce keratinocyte

differentiation (29). I ,25-(0H)2D3 alone also induces a gradual rise in [Ca2+]; , the
expression ofinvolucrin and TG, and the formation of cornified envelopes. These effects
appear to be mediated by the induction of CaR and PLCy expression by 1,25-(0H)2D3
(30-32). Selective blocking ofPLCy activity with PLC inhibitors and antisense constructs

l; and the expression of involucrin

prevents I ,25-(0H)2D3 from inducing the rise in [Ca2

and TG (16, 33). In addition, data from our laboratory have shown that the expression of
phospholipase Dl in keratinocytes is induced by 1,25-(0H)2D3 and possibly mediates the
increase in TG activity (34).
The retinoids (vitamin A and its derivatives) have been used to treat psoriasis and
precancerous lesions of the skin (7). Topically applied retinoids on adult skin cause a
hyperproliferation of basal keratinocytes, which leads to thickening of the differentiated
upper epidermal layers (35). The retinoid signal is transduced by two families of nuclear
receptors, the retinoic acid receptors (RARa,
(RXRa,

~andy).

~

and y) and the retinoid X receptor

RARs and RXRs function as heterodimers with each other or other

nuclear receptors, such as VDR and peroxisome proliferator-activated receptor (PPAR)
(36). RARa, RARy, RXRa and~ are expressed in epidermis with RARy and
RXRa as the predominant receptors (35). Recently, it has been demonstrated, using
multiple-conditional knockout mouse models, that the topical retinoid signal is
transduced by RXRa/RARy heterodimers in suprabasal keratinocytes, which, in turn,
stimulate proliferation of basal keratinocytes via a paracrine signal that is likely heparinbinding EGF-Iike growth factor (HB-EGF) (37).
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A great number of growth factors and cytokines are involved in the regulation of
keratinocyte proliferation and differentiation. The epidermal growth factor (EGF) family
members, including EGF, transforming growth factor a (TGFa), amphiregulin (AR) and
HB-EGF, are key regulators in maintaining epidermal homeostasis via mitogenic and
anti-apoptic effects, which are mediated in each case by the activation of the EGF
receptor (EGFR) (38, 39). However, it has been demonstrated that the activation of
EGFR is also involved in promoting late differentiation (40, 41 ). Keratinocyte growth
factor (KGF), a member ofthe fibroblast growth factor (FGF) family, increases basal
proliferation and delays differentiation (42). TGF~ and interfe~on y (IFNy) are two major
inhibitory factors of epidermal growth. In cultured keratinocytes, TGF~ I suppresses both
proliferation and differentiation, whereas IFNy suppresses proliferation, but induces
differentiation (43). BMP-6, a member of the TGF~ superfamily, also inhibits
keratinocyte proliferation and induces keratinocyte differentiation (44).

C Protein kinases in keratinocyte differentiation
The PKC family of serine/threonine kinases consists of at least 10 isoforms that can
be divided into three types: the conventional/classical PKCs (a,
regulated by calcium and DAG; the novel PKCs (li, e,

~!, ~II

andy), which are

'I]; and 8), which are calcium-

independent but sensitive to DAG; and the atypical PKCs (l; and Ln...), which are
insensitive to both calcium and DAG (45). Epidermal keratinocytes express a,

~.

li, 'IJ, e

and !; isoforms (46-48), and each of these five isoforms is thought to play a specific role
in various proliferation/differentiation events. The observation that 12-0tetradecanoylphorbol-13-acetate (TPA) acutely inhibits proliferation and stimulates
differentiation in cultured keratinocytes and epidermis in vivo has implicated PKC as a
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mediator ofkeratinocyte differentiation (49, 50). PKC inhibitors block keratinocyte
terminal differentiation induced by calcium or TPA and protect keratinocytes from
suspension-induced cell cycle withdrawal (51-53). PKC activation enhances the
expression ofloricrin, profilaggrin, and TG I at the transcriptional level and suppresses
the calcium-dependent induction of transcripts encoding Kl and KIO (52). Treatment of
primary mouse keratinocytes with PKCa antisense oligonucleotides or the PKC inhibitor,
Bryostatin I, blocks the induction of late differentiation markers such as loricrin and
profilaggrin (18). However, forced expression ofPKCa driven by the K5 promoter in
mouse skin does not affect keratinocyte proliferation and differentiation in the epidermis
in vivo(54). Overexpression ofPKCT] or PKCI\ in human keratinocytes

i~duces

growth

arrest and late differentiation, including TG I expression, whereas a dominant negative
PKCT] counteracts the induction ofTGI by differentiation inducers such as TPA, 1,25(0H)2D3, and calcium. In con11asl, PKCa and PKCl; do not regulate TG 1 expression
(55). Novel PKCs are also involved in regulating involucrin expression. Dominantnegative PKCI\ and the PKCI\-selective inhibitor, rottlerin, inhibit involucrin promoter
activity (56). Various PKC isoforms are also regulated during the differentiation process,
with total levels of PKCa being decreased and those of PKCE and PKCT] increased in
calcium-treated keratinocytes (57). PKCI\ activity is suppressed by tyrosine
phosphorylation at late stages of differentiation induced by calcium (40).
Protein kinase D (PKD) is a group of serine/threonine kinases that possess a
pleckstrin homology (PH) domain and share significant sequence homology with the
novel PKC isoforms, but lack a pseudosubstrate domain (58). PKD is predominantly
found in proliferating keratinocytes and its expression is strongly reduced upon calcium-
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induced growth arrest and terminal differentiation (59). In cultured keratinocytes, Go
6976, a selective PKD and conventional PKC inhibitor, inhibits DNA synthesis and
increases both basal and 1,25-(0H)2D3-induced TG activity (60). Thus, PKD may be an
antidifferentiative and/or proproliferative regulator in keratinocytes.
Multiple tyrosine kinase activities are induced at the onset of keratinocyte
differentiation (61, 62). Tyrosine kinase inhibitors (genistein, herbimycin A) were shown
to block both calcium- and TPA- induced keratinocyte differentiation, indicating that
tyrosine kinases play a necessary regulatory function (63). Sik, a Src-related tyrosine
kinase restricted to the differentiating suprabasallayers, is activated within 2 minutes of
calcium addition to keratinocytes. Overexpression of Sik in keratinocytes results in
increased expression offilaggrin during differentiation (62). Fyn, a tyrosine kinase of the
Src family, is activated in keratinocytes after a few hours of calcium treatment but
responds within a few minutes of exposure to TPA (61). Activation ofFyn is required for
normal keratinocyte differentiation. Thus, the expression levels of differentiation markers
are reduced in Fyn-deficient keratinocytes (61), while increased Fyn activity suppresses
the growth ofkeratinocytes and induces at least one key differentiation marker, epidermal
TG (64). PKC't'] has'been identified as a'direct upstream activator ofFyn. Both PKC't'] and
Fyn are involved in the pathways that block EGFR mitogenic signaling and induce
differentiation (64).
The mitogen-activated protein kinase (MAPK) superfamily consists of three major
subfamilies: MAPK/extracellular signal-regulated kinase (ERK), c-jun N-terminal kinase
(JNK)/stress-activated protein kinase (SAPK), and' p38/Mpk2. MAPKIERKs are required
to maintain the proliferative potential ofkeratinocytes. Normal human proliferating
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keratinocytes display high levels ofMAPKIERK activity that is sustained via the
autocrine production ofEGFR ligands (65). Active MAPKIERK.s are also detected
predominantly in basal cells of mouse epidermis (66). Constitutive activation of
MAPKIERK by expressing constitutively active MAPKKI, an upstream activator of
MAPK signaling, increases the growth rate of human keratinocytes and delays the onset
of terminal differentiation, whereas inhibition of MAPKIERK signaling by expression of
dominant-negative MAPKKI reduces cell proliferation (67). Decreasing the levels of
active Ras/MAPK in epidermis by expressing dominant-negative Ras or disrupting the
expression of Gab I and SHP-2 also inhibits proliferation and enhances differentiation
(66, 68). In ras-transformed keratinocytes, the activated Ras!Raf!Erk pathway attenuates
transcriptional activation by the VDR and reduces the growth inhibitory action of 1,25(0H)2D3 through phosphorylation ofRXRa, which is a heterodimeric partner ofVDR ·
( 69). However, a Ras-independent, rapid and transient activation of MAPKIERK
signaling by elevated [Ca]. may play a role in early stages ofkeratinocyte differentiation,
since calcium-induced expression of cyclin-dependent kinase inhibitor p211 Cip I and the
differentiation marker involucrin is sensitive to the inhibition ofMEK, which is the direct
activator ofERKs (70). In addition, a rapid induction ofRaf and She phosphorylation and
of interation between She and Grb2 has been reported in human keratinocytes treated
with low concentrations (10' 11

-

ro·~ of 1,25-(0H)2D3 (71).

In contrast to the MAPKIERK subfamily, the JNK and p3 8 subfamilies appear to
mediate keratinocyte differentiation and cell death. JNK can be activated by TPA in
normal human keratinocytes but not in immortalized keratinocytes (72). Loss of
keratinocyte adhesion, which can trigger keratinocyte differentiation, also activates JNK
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(73). p38 can also be activated by differentiation regulators, such as TPA, elevated [Ca]e
and okadaic acid. p38 is also activated by the overexpression of novel PKCs (PKCI\ and
PKC1]). This overexpression is sufficient to induce keratinocyte differentiation and
mediates nPKC-induced expression ofkeratinocyte differentiation markers (74, 75).
Dominant-negative p38, but not dominant-negative ERK1 or ERK2, inhibits nPKC and
TPA-induced involucrin promoter activity (75) ..
II. Aquaporins

A. Tile aquaporin family
The aquaporins are a family of small membrane-spanning proteins (-30kDa). Structural
and mutagenesis studies indicate that aquaporins assemble in the plasma membrane as a
homotetramer in which each monomer, consisting of six transmembrane a-helical
domains withh cytoplasmically oriented amino and carboxy termini, contains a distinct
water pore. The water/glycerol pore is formed by conservative Asn-Pro-Aia (NPA)
motifs in loops Band E, which fold into the lipid layer (Figure 1) (76, 77).
Eleven mammalian aquaporins (AQPO-AQPIO) have been identified (78, 79).
They can be divided into two groups depending on structural and functional properties.
One group, including AQPO, 1, 2, 4, 5, 6, and 8, is structurally related to a bacterial water
channel and is highly selective for passage of water. The other group, including AQP3, 7,
9, and 10, are termed the aquaglyceroporins, and are structurally related to bacterial
glycerol facilitator with an enlarged loop E (78, 80). AQP3, AQP7 and AQP10 can
transport water as well as glycerol, and AQP9 can even transport large solutes (78, 79).
With the exception of AQP4 and AQP6, which are activated by mercury, all other
aquaporins are inhibited by mercury (81 ). It has been shown that, at least for AQP0-5, the

Figure 1. Hourglass model ofAQPJ membrane topology. (Top) Each AQP1

subunit consists ofsix bilayer-spanning domains and comprising two obversely
symmetrical hemipores (TM1-3 and TM4-6). (Bottom) When juxtaposed, Asn-Pro-Ala
.

.

'

'

,I

m;tifs i~ 1~~~~ 13 ~nd kjo~~ ~ 'singie aiJu~b~~ ch'aimd spanning the bila:Ye;:(the · ·
"hourglass") flanked by the mercury-sensitive residu_e (Cys-189). (from Agre et al.,
1998)

: ,•
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water flow through the pores is bi-directional (82). The intrinsic water penneabilities are
different among aquaporins. AQP4 has a substantially higher intrinsic water permeability
than AQPl, AQP2 and AQP5; AQP3 and AQP6 have the lowest intrinsic water
permeability (83).
Aquaporins play important physiological roles in various organ systems, such as
the kidney (84), lung (85), GI tract (86), eye (87), and nervous system (88). AQPO is
present exclusively in the lens fiber cells, to maintain fiber-fiber adhesion and fluid
balance in the lens. Point mutations in the AQPO gene have been associated with earlyonset cataracts (89). AQPl, expressed in red cells, renal proximal tubules and other water
permeable epithelia, mediates proximal tubule fluid and lung water homeostasis and
corneal hydration. Recessive mutations in the AQPl gene have been associated with loss
of the Colton blood group and partial loss of the ability to concentrate urine (90, 91).
AQP2, predominantly present in the apical membrane of renal collecting duct cells,
mediates vasopressin-dependent collecting duct water permeability. Mutations in AQP2
result in recessive and dominant nephrogenic diabetes insipidus (92-94). AQP3,
expressed in epithelial cells from a variety of tissues inchiding the urinary, digestive and
respiratory tracts and the epidermis, contributes to water reabsorption in the renal
collecting tube as well as corneal transparency and water holding capacity in epidermis
(95, 96). AQP4 is most abundant in astroglial and ependymal cells in the brain. Highly
polarized AQP4 expression is found in astrocyte endfeet membranes facing blood-brain
or blood-cerebrospinal interfaces, in the sarcolemma of fast-twitch fibers in skeletal
muscle and in basolateral membranes of renal collecting duct epithelium. The interaction
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between the PDZ-binding motif in the C-tenninus of AQP4 and the a-syntrophindystrophin complex is essential for the precise membrane targeting of AQP4 (97, 98).
AQP4 contributes to reabsorption of cerebrospinal fluid (CSF), to osmoregulation and to
regulation of brain edema. AQP4-deficient mice have much better survival than wild-type
mice in a model of brain edema caused by acute water intoxication or ischemic stroke
(99). Loss of AQP4 in skeletal muscle is a pathological feature correlated with muscular
dystrophy (100). AQP5, localized in the apical membranes of epithelial cells in alveoli,
multiple secretory glands, and cornea, is coupled to fluid secretion in exocrine tissues,
such as salivary and sweat glands (101, 102), as well as eye epithelial hydration and
transparency (1 03). An AQP5-trafficking defect has been identified in patients with
Sjogren's syndrome (104). AQP6 is an intracellular water channel colocalized with H+ATPase in the intercalated cells of the kidney collecting duct. In contrast to other
aquaporins, AQP6 exhibits anion permeability at low pH (1 05). AQP7, which is abundant
in adipose tissue and testes, appears to play a role in glycerol release from adipocytes and
possibly in sp_ennatogenesis and fertilization (106). AQP8 is primary localized in the
testes and the GI tract including the liver, pancreas, colon and salivary glands. It has been
suggested that AQP8 is responsible for the secretion of pancreatic juice (1 07, 108). AQP9
i~

expressed mainly in liver and leukocytes, as well as the brain and testes (1 09). AQP9

facilitates glycerol influx and urea efflux in hepatocytes, and the expression of AQP9 is
regulated by the nutritional status and circulating insulin level, with a decrease during
fasting and an increase after insulin injection (110). AQP10, an aquaporin identified only
recently, is selectively expressed in small intestine (79), and its function remains
unknown.
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B. Aquaporins in ski11
Among the eleven known members of the aquaporin family, the expression of
AQPl-5 and AQP9 has been tested in skin. AQP3 is expressed in the basal layers of both
human and rat epidermis; AQP9 is only present in differentiating human keratinocytes,
and a weak expression of AQP1 is detected in rat, but not human skin (111-113). The
functional role of AQP3 in skin physiology has been recently demonstrated by the study
of the phenotype of AQP3 knockout mice. Consistent with the glycerol and water
permeability of this aquaporin, AQP3-deficient mice display selectively reduced glycerol
content and water holding capacity in the epidermis. In addition, AQP3 deletion results in
impaired skin elasticity, delayed barrier recovery after stratum corneum removal and
delayed wound healing, without affecting keratinocyte proliferation as assessed by
eHJthymidine incorporation (96, 114). This phenotype suggests the involvement of
AQP3 in the regulation ofkeratinocyte differentiation.
Although in cultured human keratinocytes, AQP3 expression is upregulated upon
hypertonic stress (111), more studies on the regulation of AQP3 have been conducted in
other cell types or organ systems. Long-term water restriction and hypertonic stress
increase AQP3 expression in renal collecting duct and cultured MDCK cells, respectively
(115, 116). Vitamin D3-induced hypercalcemia results in reducedAQP3 abundance in the
renal collecting duct, which can be restored by increasing intracellular cAMP levels
(117). The mineralocorticoid, aldosterone is required to maintain the normal expression
of AQP3 in renal collecting duct cells (118), while the glucocorticoid dexamethasone
increases AQP3 expression in an airway epithelial cell line (119). The water and glycerol
permeability of AQP3 in airway epithelial cells is activated by cystic fibrosis
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transmembrane conductance regulator (CFTR) and mediates CFTR-dependent glycerol
uptake (120). Despite these data concerning the regulation of AQP3, the complete
mechanism underlying the modulation of AQP3 expression and function remains to be
fully established.

Ill. Phospholipase D
A. Catalysis and signaling ofPLD
Phospholipase D (PLD) catalyzes the hydrolysis of phosphatidylcholine to
generate phosphatidic acid (P A) and choline. PLD activation has been implicated in the
actions of a number of hormones, growth factors, cytokines and neurotransmitters, that
bind to heterotrimeric G protein-coupled receptors or receptor tyrosine kinases, and in the
control of important cell functions such as cell growth and differentiation, apoptosis,
vesicular trafficking and cytoskeletal reorganization (121). PA and its metabolites,
diacylglycerol (DAG) and lyso-PA, are thought to mediate agonist-stimulated
intracellular signal transduction following PLD activation. Some target proteins that
directly bind to PA have been identified. These include the tyrosine protein phosphatase,
SHP-1, the serine/threonine kinases, PKC-zeta and Raf-1, the cAMP-specific
phosphodiesterase, PDE4D3, the mammalian target of rapamycin (mTOR), the protein
phosphatase, PPl, phosphatidylinositol4-phosphate (PI4P) 5-kinase and other proteins
(122-124). In addition to the hydrolysis, PLD can also catalyze, in the presence of
primary alcohol, a transphosphatidylation reaction to generate phosphatidylalcohols
(125). This characteristic has been exploited to monitor the activity ofPLD in intact cells
(125, 126). Also by applying this charateristic, the primary alcohol1-butanol has been
used to block PLD signaling in cells since it diverts the production of phosphatidic acid,
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which mediates many ofPLD functions (127). However, the physiological significance
of this transphosphatidylation reaction remains unclear.
B. Structure ofPLD
PLD belongs to a superfamily defmed by the motifHXK(X) 4D, denoted "HKD"
(128). Two mammalian PLDs, PLD I and PLD2, have been identified and share about
50% amino acid similarity. Both PLDl and PLD2 contain pleckstrin homology (PH) and
phox homology (PX) domains in tandem at their N-termini and four conserved PLD
signature domains (I-IV), with HKD motifs located in domains II and IV. These two
HKD motifs associate 'together to form a catalytic center (129). Another essential domain
for the catalytic activity ofPLD is located in the conserved C-terminus of the enzyme.
Deletion, addition or mutation of the C-terminal four amino acids of mammalian PLDs
causes Joss of catalytic activity (130). Besides the motifs essential for catalysis, the PH
and PX domains in theN-termini of PLDs mediate the me!Dbrane-targeting of these
enzymes ( 122). Phosphatidylinositol4,5-bisphosphate (PIP2) is required for the activity
of both PLDI and PLD2. There is evidence that PIP2 binds at the PH domain and at a
conserved sequence between domains II and Ill

(131)~

In addition, domains important for

PKC and Rho responses have been mapped to theN-terminal and C-terminal regions of
PLDI, respectively (132, 133). Both PLDI and PLD2 are palmitoylated on two cysteine
residues within the PH domain and are phosphorylated on Ser!Thr residues under basal
conditions (134). These modifications are not required for catalytic activity, but play a
role in specifYing the cellular location of the enzymes and strengthening the association
of the enzyme with membranes (133, 134).

16
The main structural difference between PLD 1 and PLD2 is in their N- and Ctermini. Deletion of the N-terminal168 amino acids ofPLD1 results in a large increase in
basal activity implying the existence of an inhibitory domain in this region; whereas
deletion of the N-terminal308 amino acids ofPLD2 causes a loss of high basal activity,
indicating a positive regulatory domain in this region. In addition, PLDl has a 116 amino
acid 'loop' region, which is inserted immediately following the first HKD motif and
mediates the negative regulation of this enzyme (129, 135, 136).

C. Regulation ofPLD
PLD activity is under complex regulation, with PLDl and PLD2 exhibiting quite
different regulatory properties. PLDl has a low basal activity and is activated by small G
proteins (ARF, Rho and Rae) andPKC; whereas PLD2 is constitutively active, and
insensitive to PLDl activators in vitro (137), but modestly activated by ARF when the
enzyme is overexpressed in Sf9 cells (138). TheN-terminus contributes to the high basal
level ofPLD2 activity and likely masks the regulation mediated by ARF, since PLD2
lacking the ;N-terminal308 amino acids is highly activated by ARF (135). In vivo, it is
suggested that PLD2 is regulated primarily ,by inhibitory factors, such as a- and

~

synuclein, synaptojanin, actin and amphiphysin (139-141 ). Mutagenesis and binding
studies have demonstrated that the N-termina1325 amino acids ofPLD1 are required for
PKCa activation of this enzyme but not for activation by ARFI and RhoA (136). In
contrast, Rho interacts with a site in the amino acid sequence 873-1024 at the C-terminus
ofPLD1 (132).
PKC is an important regulator ofPLD. Stimulation ofPKC by PMA and many
other agonists in vivo results in marked activation ofPLD. The mechanisms ofPLD
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regulation by PKC are not well understood. Some studies have shown that PKC activates
PLD I in a phosphorylation-independent mechanism. Thus, in vitro, PKCa and

~

activate

recombinant PLD1 in the absence of ATP (142, 143), and the regulatory domain of
PKCa is a critical for PLDI activation (144). Although PKCa induces the
phosphorylation ofPLD1 on Ser and Thr sites during activation, a mutant ofPKCa that
lacks kinase activity and cannot induce phosphorylation of.PLD is still able to activate
PLD1 (144). Protein-protein interaction is considered to be the main mechanism for
PKCa-mediated activation ofPLDI; indeed, it has been reported that PLD1 directly
associates with PKCa and that this interaction is required for enzyme activation (145).
On the other hand, the phosphorylation of PLDl by PKCa in caveolin-enriched
microdomains of the plasma membrane also contributes to the activation of the enzyme
(145). In addition, competitive inhibitors of the ATP-binding domain ofPKC inhibit
TPA-induced PLD activation; as well as ~ctiv"atio!l by other agonists (146). Mutation of
the Ser/Thr sites in PLD1 that can be phosphorylated in response .to TPA treatment
significantly decreases TPA-induced PLD activation (147). These studies indicate the
involvement of a phosphorylation-dependent mechanism in PLD activation. The
regulation ofPLD2 by PKC is also controversial. It has been reported that PLD2 is
phosphorylated on its Ser!prr residues and this phosphorylation results in inhibition of
catalytic activity (148). To the contrary, PKCI) associates with PLD2 in a TPA-dependent
manner and mediates the phosphorylation-dependent activation ofPLD2 in PC12 cells
(149).

D. Subcellular localization and function ofPLD
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Since the products ofPLD activity are lipids that can only fimction in the
membrane compartment where they are generated, the subcellular location is important
for the fimction ofPLDs. Subcellular fractionation and immunofluorescence studies
based on epitope-tagged forms of PLDs demonstrate the presence of PLD 1 in
intracellular membranes and vesicular compartments, including Golgi, endosomes,
lysosomes, and secretory granules, whereas PLD2 is mostly associated with plasma
membrane (137, !50, !51). Recent studies using antibodies against endogenous PLDl
and PLD2 have confmned the localization ofPLD! in Golgi and PLD2 in plasma
membrane, and also demonstrated the presence ofPLDl in plasma membrane and PLD2
in Golgi, as well as both enzymes in nuclei (152, !53). Colocalization between PLD2 and
caveolin 1, which has been demonstrated by subcellular fractionation, also has been
confmned (153).
The subcellular localization ofPLD implies that the enzyme might play a number
of roles in intracellular trafficking. It has been demonstrated that both PLD 1 and PLD2
regulate protein transit between the trans-Golgi network and the apical plasma
membrane, with constitutive secretion in resting cells regulated by PLD2 and TPAstimulated secretion regulated by PLD! (!54). Other studies reveal that PLD! is
associated with GLUT-4-containing intracellular membranes and mediates GLUT-4
translocation stimulated by insulin (155), while PLD2 is associated with the epidermal
growth factor (EGF) and mu-opioid receptors in the plasma membrane and mediates the
endocytosis of these receptors (156, 157). PLD may also participate in cytoskeleton
reorganization. Thus, PLDl has been found to play a role in actin stress fiber formation,
and catalytically inactive PLDl but not PLD2 inhibits actin stress fiber formation in

19
response to LPA treatment in fibroblasts (158). PLD2 has been found to colocalize with
PI4P 5-kinase and ARF6 in membrane ruffles upon stimulationwith EGF in Hela cells
(151). PLD activation is also involved in hepatic VLDL assembly, which can be inhibited
by !-butanol as well as brefeldin A, which inhibits ARF function (159).
Several lines of evidence indicate that PLD is involved in cell growth and
tumorigenesis. PLD is activated by a variety of mitogenic stimuli including EGF,
platelet-derived growth factor (PDGF), insulin, and lyso-PA, and blocking PLD signaling
using primary alcohols suppresses cell proliferation (160-162). It has been shown that
PLD2 is involved in insulin-induced ERK activation through its ability to induce
membrane translocation ofRaf-1, a PA-binding protein (163). Enhanced expression and
increased activation of both PLD! and PLD2 have been found in cancer cells and tissues
(164, 165). ARF-activated PLD activity is transiently increased in regenerating liver
nuclei, and PLD2 levels are markedly elevated in nuclei of hepatoma and renal tumors
(165, 166). PLD2levels in caveolae are significantly elevated in oncogenic-stimulated
and multidrug-resistant cancer cells (167). PLD2 mutations have been associated with an
increased prevalence ofcolorectal cancer (168). Overexpression ofPLDl andPLD2 in
mouse fibroblasts induces the expression of the tyrosine kinases, epidermal growth factor
receptor (EGFR) and Src, and colony formation in soft agar, and both types of
transformants induce undifferentiated sarcoma when transplanted into nude mice (169,
170). However, in some other cell types, PLD is involved in differentiation. PLD I
activity increases during the differentiation ofHL60 cells, C6 glioma cells and PC12 cells
(171). PLDI expression is also increased during the differentiation ofkeratinocytes in
response to 1,25-(0H)zD3 (34).
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D. PLD in skin
Both PLD I and PLD2 are expressed in keratinocytes. PLD2 bas been located in
caveolin~ricb

membrane microdomains in HaCaT human keratinocytes, and down-

regulation of caveolin I expression decreases PLD activity in these membrane
microdomains (172). PLD2 likely contributes to the measured basal PLD activity,
because abundant PLD2 mRNA and protein has been detected in keratinocytes and
membranes from keratinocytes have high basal activator-independent PLD activity (34,
173). In primary mouse keratinocytes, 1,25-(0H)2D 3 increases the expression and activity
ofPLDI, but not PLD2 (34). The time course of the enhanced expression ofPLDI
expression precedes the I ,25-(0H)2D 3 mediated increase in TG activity, but not the
inhibition of DNA synthesis or stimulation of Kl expression. Thus it bas been proposed
that PLD I mediates intermediate or late differentiation rather than early differentiation.
This is supported by the expression pattern ofPLDI in mouse epidermis in that high

levels ofPLDJ expression are found in the differentiating cells in the spinous and
granular layers of epidermis, but little or no expression is found in proliferating cells in
the basal layer or terminally differentiated cells in the cornified layer (34). In addition,
ganglioside GQ!b, which induces terminal differentiation in keratinocytes, activates PLD
(174), whereas ceramide, which induces apoptosis in HaCaT cells, suppresses PLD
activity (173). Data from our laboratory also suggest sustained PLD activation, but not
transient PLD activation, is associated with keratinocyte differentiation (175).
Nevertheless, the exact role of either isoform ofPLD in keratinocytes is not known.
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IV. Hypothesis
Given the facts that AQP3 is expressed in the basal layer of the epidermis and
AQP3-deficient mice display skin phenotypes including reduced glycerol content and
water holding capacity in the epidermis, impaired skin elasticity, delayed barrier recovery
after stratum corneum removal and delayed wound healing, we hypothesized that AQP3
expression is regulated upon keratinocyte differentiation and in turn modulates
keratinocyte differentiation and/or proliferation. In addition, given the following facts: 1)
AQP3 transports glycerol; 2) glycerol is a physiological primary alcohol; 3) in the
presence of primary alcohol, PLD can catalyze a transphosphatidylation reaction to
produce phosphatidylalcohol, we hypothesized that the mechanism by which AQP3
affects keratinocyte function is through its ability to transport glycerol to PLD2 for use in
the transphosphatidylation reaction to generate phosphatidylglycerol.
We therefore propose the following specific aims:
1)

T~determine

the effect of differentiating agents on the expression and levels of

the AQP3 gene in keratinocytes.
2) To determine the effect of AQP3 on keratinocyte differentiation and/or
proliferation.
3) To determine whether PLD2 and/or AQP3 are involved in the synthesis of
phosphatidylglycerol.
4) To determine whether AQP3 and PLD2 interact with each other in keratinocytes.
5) To determine the potential upstream regulator of AQP3 gene expression.

Chapter 2. AQP3 Is an Early Regulator of Keratinocyte Differentiation

I.

Introduction

Aquaporin 3, which was initially cloned from kidney collecting duct cells, is
expressed in epithelialcells from a variety of tissues including the urinary, digestive and
respiratory tracts and the epidermis (112, 176-181). In epidermis, AQP3 presents in basal
cells (112, 180). AQP3-deficient mice display selectively reduced glycerol content and
water holding capacity in the epidermis, impaired skin elasticity, delayed barrier recovery
after stratum corneum removal and delayed wound healing (96, 114). These phenotypes
of AQP3-deficient mice suggest the possible role of AQP3 in the regulation of
k~atinocyte

proliferation and differentiation. However, no studies have examined the

possible mechanism by which AQP3 is regulated or how it functions. In this study, we
present data to indicate that AQP3 is downregulated upon treatment with differentiating
agents. In addition, AQP3 overexpression downregulates the expression of the

'
keratinocyte proliferative marker, K5, and upregulates the expression ofthe keratinocyte
differentiation markers, Kl 0 and involucrin.

II.

Materials and methods

Cell culture
Epidermal keratinocytes were prepared from neonatal ICR mice according to the
method ofYuspa and Harris (182). Briefly, after trypsinization of the skin, the epidermis
was mechanica:Jly separated from the dermis, and epidermal keratinocytes were released
by scraping. Cells were plated at a density of25,000 cells/cm2 and were allowed to
attach overnight in the presence ofkeratinocyte plating medium, followed by refeeding
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with a low (25~-LM) Ca2• serum-free keratinocyte medium (SFKM), as described by
Griner et a!. (34).

Plasmid
Mouse AQP3 eDNA was generated from mRNA purified from primary mouse
keratinocytes using RT-PCR. An HA tag was introduced into the carboxyl terminus of
the AQP3 protein. The resulting construct, designated as AQP3-HA, was cloned into the
pcDNA3 vector. The plasmid was then purified according to the manufacturer's
instructions (Qiagen Inc., Valencia, CA). The plasmids containing the K5, KIO or Kl4
promoter and based on the pGL2 basic vector were provided by Dr. Bogi Anderson
(183). The plasmid containing the involucrin promoter and based on the pGL3 basic
vector was obtained from Dr. Daniel Bikle (184).

Isolation of caveolin-rich membrane microdomains and western blot analysis
Caveolin-rich membrane microdomains were isolated by the method of Song et
a!. (185). Briefly, near-confluent cultures of primary keratinocytes were incubated for
24h with SFKM supplemented with 250 nM I ,25-(0H)2D3, I mM Ca2• or vehicle control.
For each treatment, cells from two 10 em dishes were washed twice with ice-cold
phosphate-buffered saline lacking divalent cations (PBS-) and scraped into 2m! of
500mM sodium carbonate, pH II. Cells were disrupted with a loose-fitting Dounce
Homogenizer (10 strokes), followed by sonication (three !O-see bursts). The homogenate
was brought to 45% sucrose by addition of 2m! of90% sucrose in
morpholinoethanesulfonic acid (MES)-buffefed saline (MBS) (25mM MES, pH 6.5,
!50mm NaC!) and placed at the bottom of an ultracentrifuge 'tube. A 5-35%
discontinuous sucrose gradient was formed· above by the addition of 4ml of 35% sucrose

24
and then 4ml of 5% sucrose in MBS buffer and centrifugation at 39,000 rpm for 16h in an
SW41 rotor (Beckman Instruments, Palo Alto, CA). lml fractions were collected from
the top to yield a total of 12 fractions. For western blot analysis of sucrose gradient
fractions, aliquots of the fractions were combined with 2x Laemmli sample buffer and
denatured at 65°C for 20 minutes, before resolution by SDS-PAGE. Proteins were
transferred to PVDF membrane. The blots were incubated with anti-caveolin I (BD
Transduction Labs, Inc. Lexington, KY), or anti-AQP3 antibody (Alomone Labs,
Jerusalem, Isreal), washed extensively and incubated with HRP-conjugated goat antimouse or goat anti-rabbit IgGs (Biosource International, Inc. Camarillo, CA). The bands
were visualized using enhanced chemiluminescence (Pierce, Rockford, IL).

RNA isolation and northern blot analysis
Near-confluent cultures of primary keratinocytes were re-fed with SFKM
supplemented with 250 nM 1,25-(0H)2D3, hnM Ca2+ (plus vehicle) or vehicle (0.05%
ethanol, control). After 24h the cells were collected and lysed with Trizol reagent (Life
Technologies, Inc., Grand Island, NY). Total RNA was purified according to the
manufacturer's instructions. 10 J.lg total RNA were separated on 1.2% formaldehydeagarose gels and transferred to nylon membranes. Following prehybridization for 2h at
65°C, the blots were probed overnight in hybridization buffer (6
Solution, 0.5%SDS) at 65°C with a

X

sse, 5 X Denhardt's

eP]-dCTP labeled NcoI fragment prepared from
2

AQP3 eDNA or a PSTI fragment prepared from glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) eDNA. The blots were then washed four times for 15 minutes
at 65°C in-washing buffer (0.2 X

sse, 0.1 X. ~DS), and exposed to Phosphorlmager

25
screens and/or Kodak X-ray fllm. The exposed screens were analyzed in a Molecular
Dynamics Phosphorlmager (Sunnyvale, CA).

Glycerol uptake analysis
Near-confluent primary keratinocytes were treated for 24 hours with SFKM
containing vehicle, I mM

ci• (plus vehicle) or 250 nM I ,25-(0H)2D3 • The medium was

aspirated and replaced for 30, 60, 90, 120, 300 or 600 seconds with SFKM containing 20
3

. mM HEPES (for additional pH buffering) and I 11Ci/mL [ H]glycerol (NEN Life Science

.
Products, Boston, MA). Reactions were terminated by washing three times with ice-cold
PBS-. The cells were subsequently solubilized in 0.3 M NaOH and aliquots of this
extract were subjected, to liquid scintillation counting. Counts obtained from duplicate
'

.

samples at each time point for the three conditions were averaged and graphed, and a
linear equation was determined for each condition. Correlation coefficients obtained
were typically 0.99 or greater. Slopes obtained from multiple experiments were averaged
and analyzed statistically for significant differences between conditions.

Luciferase assay
Sub-confluent (50-70% confluency) primary keratinocytes were co-transfected
with Wg ofpcDNA control vector or a vector that contains AQP3, 0.5J.!g ofluciferase
reporter plasmids under the control of the promoter sequences ofK5, Kl4, KIO or
involucrin, and 25ng of the Renilla luciferase assay vector, pRL-SV40 (Promega), which
serves as an internal control. Transfections were performed using TranslT-keratinocyte
transfection reagent (Panvera Corporation, Madison, WI) according to the manufacturer's
procedures. 24 hours after the transfection, cells were changed into SFKM containing
vehicle, I mM ci+ or 250 nM I ,25-(0H)2D3 and incubated for 24 hours. The celllysates
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were collected and the dualluciferase assays were performed according to the
manufacturer's instruction (Profilega).

Statistical analysis
The significance of differences between mean values was determined using
ANOVA, as performed by the program Instal (GraphPad Software, San Diego, CA).
ill.

Results

AQP3 protein is located in cavolin-rich membrane microdomains
It has been shown that AQP3 presents in the basal layer of the epidermis.
Therefore, we asked whether AQP3 protein expression in keratinocytes is affected by the
differentiation status in vitro. In order to study the expression level of AQP3 protein
during keratinocyte differentiation, Laenimli buffer, RIPA buffer or RIP A buffer
containing other non-ionic detergents was used to lyse primary keratinocytes followed by
standard western blot analysis procedures to detect AQP3 protein. However, AQP3
protein was not detectable using these protocols due to an unknown mechanism. On the
other hand, a plant water channel can )Je observed by two-dimensional gel electrophoresis
after treatment of the plasma membrane with sodium carbonate buffer (pH11) (186), and
sodium carbonate buffer has been used as a means of purifying caveolae in mammalian
cells (185). We speculated that AQP3 is located in caveolin-rich membrane
microdomains in keratinocytes since caveolae have not been observed in these cells
(187). To test this speculation, a detergent-free sucrose gradient ultracentrifugation
method was performed to isolate caveolin-rich membrane microdomains from primary
keratinocytes. Western blot analysis using anti-caveolin 1 and anti-AQP3 antibodies was

Figure 2. Distribution ofAQP3 in caveolin-rich membrane microdomai11s
(fractions 4 and 5).

Near~conflue~~t

to confluent cultures ofprimary kerati11ocytes were

lysed in 500mM sodium carbonate, pH 11. Tile lysates were homogenized and
fractionated usi11g sucrose gradient ultracentrifUgation as described in "Materials and
Methods" to yield 12 fractions. Fraction 1 represents the top of the gradient. A).
Western blots ofAQP3 and caveoli111. 50p1 aliquots ofeach fraction were subjected to
10% SDS-PA GE followed by western blot analysis with specific antibodies directed
against AQP3 and caveolin 1. Tile anti-AQP3 antibody recognizes both AQP3 and
glycosylatedAQP3 (gly-AQP3). Results are representative offour experime11ts. B). Tile
protein content offractions. Tllis result is representative of three experiments.
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employed to detect the distribution of caveolin 1 and AQP3 in the gradient fractions.
Indeed, despite the reduced protein concentration in the light fractions relative to heavier
fractions 8 through 12 (Figure 2B), strong signals for both AQP3 and glycosylated AQP3
were detected in fractions 4 and 5 where caveolin 1 was also enriched (Figure 2A).

AQP3 protein fepef is downregulated during keratinocyte differentiation
Because AQP3 protein is located in the caveolin-rich membrane microdomains, we
analyzed protein expression in the membrane microdomains to determine whether AQP3
expression was regulated when keratinocytes were induced to differentiate. 1,25-(0H)2DJ
and elevated extracellular Ca2+ are two agents that can trigger keratinocyte differentiation
(3, 127). Near-confluent primary keratinocytes were incubated for 24h with medium
supplemented with lmM Ca2+ or250nM 1,25-(0H)2DJ. Caveolin-rich fractions were
obtained from these cells using sucrose gradient ultracentrifugation as described in
"Materials and Methods". Western blot analysis was performed to test the protein levels
of AQP3 and caveolin I in light fractions from cells after the different treatments. As
shown in Figure 3, AQP3 protein in the caveolin-rich membrane micro domains of
differentiated (Ca2+-or 1,25-(0H)2D3 -treated) cells was not detectable, whereas a high
level of AQP3 protein was detected in undifferentiated cells (control). Caveolin I protein
level was slightly decreased in Ca2+-treated cells. To determine if differentiation status
affected the membrane location of AQP3 and caveolin I, the distnbutlons of AQP3 and
caveolin I in membrane fractions ofCa2+ -or 1',25-(0H)2D3 -treated cells were also tested.
AQP3 was not detected in any of the 12 fractions, while caveolin I was concentrated in
fractions 4 and 5 under all conditions (data not shown).

Figure 3. Down-regulation ofAQP3 protein expression by elevated
extracellular calcium concentration and 1,25-dihydroxyvitamin D1 in keratinocytes.

Near-confluent
were incubated
.. .
. . . . . keratinocytes
.. ..
. . for 24 hours in SFKM containing vehicle
(0.05% ethanol; Conti-ol) or 1 mM caicium (+ 0.05% ethanol; Ca~+) or 250 nM 1,25dihydroxyvitami'n D3 (+ 0.05% ethanol; D3). Caveolin-richfractions were purifiedfom
these cells as described under "Materials and Methods". Aliquots with equal amounts of
total protein (6pg) ofthe caveolin-containingfractions (fractions 4 and 5) were subjected
to 10% SDS-PA GE followed by western blot analysis with specific antibodies against
AQP3 and caveolin 1. Results are representative offour experiments.
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AQP3 mRNA expression is down-regulated during keratinocyte differentiation
To investigate whether AQP3 expression is regulated at the transcriptional level or the
translational level, northern blot analysi~ was performed to study ihe expres~ion of AQP3
mRNA during keratinocyte differentiation. Near-confluent primary keratinocytes were
incubated for 24h with medium supplemented with lmM Ca2+ or 250nM 1,2S-(OH)2D3.
Total RNA was isolated from these cells and used to perform northern blot analysis. The

..

mRNA level of AQP3 was dramatically reduced whim cells were triggered to
differentiate by Ca2+ or 1,25-(0~D3 (Figure 4). ~e GAPDH mRNA level was used to
confmn equal RNA loading. These data suggested that AQP3 expression is downregulated at the transcriptional level, resulting in AQP3 protein downregulation during
keratinocyte differentiation.
'

Glycerol uptake is reduced during keratinocyte differentiation
The down-regulation of AQP3 protein expression with Ca2+ and 1,25-(0H)2D3
treatment suggested possible functional effects on cellular transport processes. AQP3 is
known to transport glycerol efficiently (83); therefore, we investigated the effect of these
treatments on glycerol uptake into the cells. Keratinocytes were incubated for 24 hours
with medium containing vehicle (control), 1mM Ca2+ or 250nM 1,25-(0H)2D3 prior to
measurement of eHJglycerol uptake into the cells as descnbed in "Materials and
Methods". Glycerol uptake was linear up to 10 minutes (Figure SA) with correlation
coefficients typically greater than 0.99. The slopes from multiple experiments for each
condition were also determined and analyzed. Ca2+ and 1,25-(0H)2DJ caused a
significant decrease in the rate of glycerol uptake compared to the vehicle control,
inhibiting by 34% and 27%, respectively (Figure 5B). Note that the inhibitory effect of

Figure 4. Down-regulation ofAQP3 mRNA expression by elevated extracellular
calcium concentration and 1,25-dihydroxyvitamin D1 in kerati11ocytes. Near-confluent
keratinocytes were incubated for 24 hours in SFKM containing vehicle (0.05% ethanol;
Con) or 1 m.M Ca2+ (+ o,05% ethanol; Ca 2+) or.25Q ,nM ~.25-dihydroxyvitamin
. . . ...
. . . D3 .(D3).
Total RNA was isolated from these cells. 10pg of total RNA were separated on 1.2%
agarose gels and transferred to Nylon membranes. Blots were then probed with

f 2P]dCTP-Iabeledprobes derivedfromAQP3 eDNA and GAPDH eDNA.
representative offour experiments.
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.. AQP3

GAPDH

Figure 5. 11111ibitio11 offH)glycerol uptake by elevated extracellular calcium
co11celltratio11 a11d 1,25-dihydroxyvitamill D3 i11 kerati11ocytes. Near-confluent
keratinocytes were incubated for 24 hours in SFKM containing vehicle (0.05% ethanol;
Con) or I mM calcium (+ 0.05% ethanol; Ca 2+) or 250 nM 1,25-dihydroxyvitamin D3

.......

'.

(D3). Cells were then incubated for the indicated times in SFKM containing 20 mM

HEPES and 1 p.CilmL fH]glycerol, and radiolabeled glycerol uptake was measured as
described in "Materials and Methods". A). fH}Glycerol uptake in cpm/well. Values
represent the means of a single representative experiment performed in duplicate. Shown
also are the calculated linear equations with the corresponding correlation coefficient
for each condition. B). f H) Glycerol uptake slopes. Values represent the means ofsix
separate experiments. Average correlation coefficients were determined for Con to be
0.998 :1: 0.001,/or ct?•, 0.996:1:0.001 and for D3, 0.996:1:0.005. *p<0.05, **p<O.OJ
versus the control value.
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these two agents was not statistically different. Thus, the decrease in AQP3 protein
expression appeared to be translated into a functional alteration in keratinocyte cell
transport processes.

AQP3 suppresses the activity ofKS promoter, but enhances the activity ofKl
and involucrin promoter
Because AQP3 was expressed in basal keratinocytes with proliferative potential
and down-regulated when keratinocytes were triggered to differentiate, we asked whether
AQP3 is required for keratinocytes to maintain proliferative potential or to initiate early
differentiation processes. The expression level of the proliferative keratinocyte markers
K5 and Kl4, the early differentiation marker, KIO, and the intermediate differentiation
marker, involucrin, has been used to evaluate the proliferation and differentiation status
ofkeratinocytes. Thus, we cotransfected sub confluent keratinocytes with pcDNA3
control vector or a vector that contains AQP3 and plasmids with the K5, Kl4, KIO or
involucrin promoters regulating luciferase reporter gene expression. We then treated
these cells with vehicle (0.05% ethanol, control), lmM calcium or 250nM 1,25-(0H)2D3.
As shown in figure 6A, AQP3 decreased K5 promoter activity in control keratinocytes
and also in keratinoctes that were induced to differentiate by I ,25-(0H)2D3, but not in
keratinocytes that were induced to differentiate by !mM calcium. However, the promoter
activity of another proliferative marker gene, Kl4, was not affected by AQP3 expression
either in control keratinocytes or keratinocytes that were induced to differentiate by I ,25(0H)2D3 or lmM Calcium (Figure 6B). In contrast, the promoter activities of both KIO
and involucrin, in both control cells and keratinocytes that were induced to differentiate
by I ,25-(0H)2D3 and calcium, were increased upon transfection of the AQP3 construct

Figure 6. Regulation of the promoter acti)1ities ofkeratinocyte differentiation
marker genes by AQP3. A). AQP3 inhibits K5 promoter activity; B). AQP3 does not
affect Kl4 promoter activity; C). AQP3 increases KJO promoter activity; D). AQP3
increases involucrin promoter activity. 1 flg ofpcDNA3 control vector or plasmid
expressing AQP3 was cotransfected into the primary mouse keratinocytes with 500ng of
reporter gene vector pGL2 containing the promoter sequence ofK5 (panel A), Kl4
(panel B) or Kl 0 (panel C) regulating luciferase reporter gene activity, or pGL3
containing the promoter sequence of involucrin (panel D) modulating luciferase
expression, and 25ng ofpRL-SV40, which serves as an internal control. 24 Hours after
transfection, cells were treated with vehicle (control), calcium (Ca++) or
1,25dihydroxyvitamin D3 (D3). Dualluciferase assays were performed according to the
manufacturer's instruction. For each promoter construct, the luciferase activity was
presented as the percentage of the luciferase activity measured in cells transfected with
AQP3 plasmid, and treated with Ca++ or D3, over the luciferase activity measured in
cells transfected with pcDNA3 control vector and treated with vehicle. Data represent the
mean values from four separate experiments performed in triplicate. * p<O.OJ versus the
value of the pcDNA3 control group for each treatment, #p<O.OJ versus the value of
pcDNA3-transfected cells treated with vehicle.
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(Figure 6C and D). Since K5 is a marker of proliferation and K1 0 is a marker of early
differentiation, these reporter assay data suggest that AQP3 is involved in stimulating the
initiation of cell differentiation in the window where K5 expression is down-regulated
and K10 expression is upregulated.

IV.

Discussion

Consistent with the report that AQP3 is expressed in the basal layer of epidermis
(112), we showed that AQP3 expression was abundant in undifferentiated keratinocytes,
but was down-regulated when keratinocytes were induced to differentiate by 1,25(0H)2D3 or elevated extracellular ci•. The downregulation of AQP3 is at the mRNA
level because both the mRNA and protein expression of AQP3 is decreased during
keratinocyte differentiation. The downregulation of AQP3 expression was also translated
into a down-regulation of the function of AQP3, glycerol uptake, which may be involved
in regulating keratinocyte proliferation and differentiation.
The mechanism by which AQP3 is specifically expressed in proliferative
keratinocytes is not clear. A 323bp 5-flank sequence has been analyzed and three AP2
sites and two SP1 sites have been located in this region (188). AP2 and SPl sites, in turn,
have been shown to be necessary for the expression of basal epidermal genes, such as K5
and Kl4 (189, 190). More studies are needed to conclude whether one or more of the
AP2 sites are essential for the expression of AQP3 in basal cells. As with K5 and K14,
other uncharacterized factors are also required for the regulation of AQP3 in basal cells
(191, 192).
In cultured human keratinocytes, hypertonic stress increases the expression of
AQP3 mRNA. After exposure to hypertonic medium, AQP3 mRNA expression is
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increased by 8 hours, peaks at 24h and returns to basal levels after 48h (113). It has been
reported that hypertonic stress inhibits cell proliferation and increases the expression of
differentiation maker expression in the human keratinocyte cell line HaCaT (193). Thus,
it is possible that AQP3 mediates the effect of hypertonic stress on keratinocyte
differentiation.
In correlation with the downregulation of AQP3 expression, glycerol uptake was
also decreased when keratinocytes were induced to differentiate (Figure 6). However, in
contrast to the AQP3 protein level, which was hardly detected in differentiated cells,
glycerol uptake in these cells was still significant. This discrepancy could be related to a
lack of sensitivity ofthe western blot analysis or to the existence of some other glycerol
transport mechanisms or "aquaglyceroporins" responsible for the remaining glycerol
transport. In addition to AQP3, the expression of the water channels, AQPl and AQP9,
has been reported in keratinocytes (113, 194). Investigation of the expression of the other
aquaglyceroporins, AQP7 and AQPlO, in keratinocytes will help to address the question
of the mechanism of glycerol uptake more clearly. Glycerol may be involved in skin
maturation, as topical application of glycerol has been shown to accelerate skin barrier
repair (195, 196). The regulation of glycerol transport during keratinocyte differentiation
also suggests that glycerol may play a role in this process.
In this report, we studied the role of AQP3 in keratinocyte proliferation and
differentiation using reporter gene analysis. In primary mouse keratinocytes transfected
with AQP3, the activity ofthe K5 promoter, but not the Kl4 promoter, is decreased
(Figure 6 A and B). Although K5 and Kl4 are normally expressed as a pair in
proliferative keratinocytes, several reports have suggested that the expression of K5 and
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K14 can be regulated individually. For example, K5 expression precedes that ofK14 in
human embryogenesis (197); also the expression ofK5, but not K14, is induced in the
basal layer of the epidermis ofKlO-null mutant mice (198). Thus, our data suggest that
AQP3 and its downstream sigualing pathways are differentially regulating the expression
ofKS and K14. On the other hand, AQP3 expression siguificantly decreased K5
promoter activity in I ,25-(08)20 3-treated cells, but not calcium-treated cells. The loss of
the effect of AQP3 expression on KS promoter activity in calcium-treated cells is likely
due to the strong effect of calcium, which decreased K5 promoter activity to a basal level.
However, it is also possible that the effects of AQP3 and calcium on K5 expression are
mediated by the same downstream effctors, whereas the effect of I ,25-(0H)2D3 on K5
expression is through a different set of downstream mediators.
In contrast, the activities of the KIO and involucrin promoters are increased in
keratinocytes transfected with AQP3 (Figure 6 C and D). Even upon treatment with
calcium or 1,25-(0H)2D3, keratinocytes transfected with AQP3, compared to cells
transfected with control vector, displayed siguificantly higher Kl 0 and involucrin
promoter activities. This result implies that AQP3 promotes keratinocyte differentiation
and the sigualing pathway utilized by AQP3 in promoting differentiation is a parallel
pathway to that of calcium and I ,25-(0H)2DJ rather than an overlapping pathway, or that
the effect of AQP3 occurs at an early stage of the initiation of cell differentiation. As
another alternative explanation, calcium and I ,2S-(OH)2D3 may not produce maximal
effects on the sigualing pathway, perhaps because of their profound down-regulation of
AQP3 expression, such that provision of additional sigual by AQP3 ·acts additively to
promote differentiation. Therefore, AQP3 is able to enhance the potential of calcium and
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1,25-(0H)2D3 to promote cell differentiation. The involvement of AQP3 in the initiation
ofkeratinocyte differentiation potentially explains the functional role of the physiological
presence of AQP3 in the basal layer of the epidermis (112) and the impaired skin
elasticity and skin barrier recovery in AQP3-deficient mice (96, 114).
The reporter assay data also confirmed that lmM calcium is more potent than
250nM 1, 25-dihydroxyvitamin 0 3 in inducing keratinocyte differentiation. 1mM calcium
significantly decreased the expression ofK5 and Kl4, whereas 1,25-(0H)2D3 reduced
their expression to a much lower extent. With regard to the regulation of the expression
of the early differentiation inarker gene, Kl 0, and the intermediate marker gene,
involucrin, 24hr calcium treatment likely drove keratinocytes into a late differentiation
stage because calcium treatment did not increase the promoter activity ofKIO, while
markedly increasing the promoter activity of involucrin. Indeed, it has been reported that
high concentrations of extracellular calcium down-regulate Kl 0 expression (8). On the
other hand, I ,25-(0H)2D3 treatment increased Kl 0 promoter activity to a much greater
extent, but increased involucrin promoter activity less strongly, suggesting that 24hr 1,25(0H)2D3 treatment triggered early to intermediate differentiation.
Lipid rafts play important roles in the process of signal transduction by providing
a platform for interaction among different signaling molecules or by sequestering
different signaling molecules to prevent their activation (199). This fractionation study
provides the first evidence that AQP3 is located in caveolin-rich membrane
microdomains, a subset of lipid rafts. The presence of AQP3 in lipid rafts suggests that
the AQP3 channel may be spatially regulated by extracellular stimuli that affect the
formation of lipid rafts or activate other molecules in the rafts. Other signaling molecules
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in lipid rafts may interact with AQP3 and affect its capacity to transport water and
glycerol or may recruit AQP3 into a signaling complex for the initiation of downstream
signaling. The knowledge that AQP3 is localized to lipid rafts also provides a base for
further studies on the regulation and targeting of AQP3 in cells under different
extracellular stresses. In keratinocytes, further studies on the interaction between AQP3
and other components in lipid rafts will provide a better understanding of the function of
AQP3 and the mechanism underlying its regulation ofkeratinocyte differentiation.

Chapter 3. AQP3 Is Colocalized with PLD2 in Lipid Rafts in Keratinocytes

I.

Introduction

Lipid rafts are defined as a series of discrete plasma membrane micro domains
containing distinct lipids and proteins (200, 201). These membrane microdomains
provide ,platforms for preserving the specificity and efficiency of cell signal transduction
processes (199, 202, 203). Membrane microdomains are enriched in cholesterol and
sphingolipids and can be isolated based on their detergent insolubility and/or lowbuoyant density using discontinuous sucrose gradient ultracentrifugation. Caveolae are a
s~bset

of lipid raft microdomains, which are characterized electron microscopically as

flask-shaped invaginations of 50-I 00 nm diameter in the plasma membrane. Caveolin 1
is the first structural protein component identified in caveolae and has been functionally
implicated in a wide variety of signal transduction processes (203).
AQP3, a relatively weak transporter of water but efficient transporter of glycerol
(83), has been co-purified with caveolin 1 in caveolin-rich membrane microdomains in
mouse primary keratinocytes. In the human keratinocyte cell line, HaCaT, PLD2 has also
been located in caveolin-rich membrane microdomains (172). This enzyme can, in the
presence of primary alcohols, catalyze a transphosphatidylation reaction that results in the
generation ofphosphatidylalcohols (125, 204). We hypothesized that glycerol,. a
physiological alcohol transported by AQP3, can be utilized by the transphosphatidylation
reaction of PtD to synthesize phosphatidy!glycerol, which is an activator of some types
of protein kinases (205, 206). We also hypothesized that membrane microdomains
provide a platform for a functional interaction between AQP3 and PLD. We found that
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AQP3 and PLD2 were co located in caveolin-rich membrane microdomains and that
AQP3 and PLD2 can contribute to the synthesis of phosphatidylglycerol in primary
keratinocytes.
II.

Materials and methods

Phosphatidylglycerol formation in vitro and in cultured cells
For the in vitro phosphatidylglycerol formation assay, eH-palmitoyl]phosphatidylcholine was used as the substrate for the PLD2-catalyzed reaction.
Radiolabeled phosphatidylcholine was incorporated into lipid vesicles prepared from
phosphatidylethanolamine, phosphatidylcholine and phosphatidylinositol4,5bisphosphate as described in (34). Glycerol and/or ethanol was combined with the
liposomes and the reaction initiated by the addition ofPLD2. The reaction was then
allowed to proceed at 37°C for 30 minutes prior to termination by the addition of0.2%
SDS containing 5 mM EDTA. Lipids were extracted according to the method of Bligh
and Dyer and radiolabeled phospholipids separated and quantified, as described in (126).
To measure phosphatidylglycerol formation in a tetracycline-inducible cell line
overexpressing AQP3, cells were induced to express AQP3 in the absence of tetracycline
for 24hrs prior to ihe. addition of 5 j.!Ci/mL [3H]glycerol for I 0 min. Reactions were
terminated and the radio labeled phosphatidylalcohol extracted, separated by thin-layer
. 9hromatography and quantified as described in (126). The cell line was generated as
described in (207, 208).

Isolation of caveolin-rich membrane microdomai11s
Caveolin-rich membrane microdomains isolation and western blot analysis were
performed by the method of Song eta!. (185) as described in "Materials and Methods" in
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Chapter 2. PLD2 was probed with an anti-PLD2 polyclonal antibody (Biosource
International, Inc., Camarillo, CA) and visualized using enhanced chemiluminescence
(Pierce, Rockford, IL).

Immunoprecipitation
Freshly isolated caveolin-rich membrane microdomain fractions were precleared
with sheep anti-mouse or sheep anti-rabbit IgG-coated Dynal beads (Dynal Biotech, Inc.,
Oslo, Norway) in the absence (vesicle IP) or presence (standard IP) of non-ionic
detergent. The cleared samples were incubated with anti-caveolin I, anti-PLD2, antiAQP3 antibody (I ug/ml) or control serums for 2h at 4°C, followed by incubation with
sheep anti-mouse or sheep anti-rabbit IgG-coated Dynal beads (40fll/ml) for lh at 4°C.
Immunocomplexes were collected using magnetic separation, washed four times with
MBS buffer (pH 6.5), solubilized in Laemmli sample buffer, denatured at 65°C for 20
minutes and subjected to western blot analysis. The blots were incubated with anticaveolin I, anti-PLD2 or anti-AQP3 antibody, washed extensively and incubated with
HRP-conjugated goat anti-mouse or goat anti-rabbit IgGs. The bands were visualized
using enhanced chemiluminescence.

Confocal microscopy
Mouse keratinocytes were grown to 60-70% confluence in co.llagen I-coated 4well chamber slides (BD Labware, Bedford, MA), then transfected with AQP3-HApcDNA3 plasmid (as described in Chapter 2) or pcDNA3 control vector using TransiTkeratinocyte transfection reagent. The transfection procedure was performed according
to the manufacturer's instructions. The cells were allowed to grow for 48h, then fixed
with 4% paraformaldehyde (freshly made) for 15 minutes and permeabilized with I%
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NP-40 for I 0 minutes. Slides were blocked with 15% normal goat serum for 30 minutes,
incubated with primary antibodies (5ftg/ml) for lh, washed four times with PBS-,
incubated with Cy3-conjugated and Alexa fluor 488-conjugated secondary antibodies for
45 minutes and washed four times with PBS. Slides were sealed with ProLong Antifade
and examined under a Zeiss LSM51 0 confocal laser scanning Microscope (Zeiss Group,
Oberkochen, Germany). All procedures were performed at room temperature.

ill.

Results

PLD-2 Utilizes Glycerol as a Primary A/collo/ for tile Transplwspllatidylation
Reaction in vitro
In intact cells PLD has the unique property of catalyzing not only the hydrolysis
of phospholipids to form phosphatidic acid but also, in the presence of primary alcohols,
a transphosphatidylation reaction that results in the production of phosphatidylalcohols.
Thus, the generation ofphosphatidylalcohols has been used as a measure ofPLD activity
(125). Typically, primary alcohols such as ethanol or !-butanol are used since this results
in the production of novel phosphatidylalchohols that are not readily metabolized by the
cell. Previous studies in intact cells have suggested that the physiological primary
alcohol, glycerol, can also serve as a substrate for the transphosphatidylation reaction
(209). Using PLD2-overexpressing Sf9 membranes, we investigated whether glycerol is
a substrate for PLD2 in vitro. As shown in Figure 7A, PLD2 catalyzed the formation of
phosphatidylglycerol (PG) from phosphatidylcholine in the presence of glycerol. This
formation was dependent on the concentration of glycerol in the reaction mix (Figure
7A), as well as the amount of PLD2 added and the time of incubation (data not shown).

Figure 7. Glycerol as a substrate for phospholipase D in the
transplwsphatidylatio11 reaction in vitro. Liposomes were prepared from fH-

dipalmitoyl]phosphatidylcholine, phosphatidylethanolamine, phosphatidylcholine and
phosphatidylinositol4,5-bisphosphate by sonication, as described in (34). Glycerol at
the indicated concentrations in the absence (,4) or presence of 1% ethanol (B) was added
to the reaction mix. Reactions were initiated by the addition ofSj9 PLD2-overexpressing
membranes (1 pg protein), incubated for 30 minutes at 37"C and terminated by the
addition of0.2% SDS (+ 5 mM EDTA}. Lipids were extracted, separated and quantified
as described in (126). The figure is representative of at least two additional experiments.
There was some variability in the absolute levels ofPA, PG and phosphatidylethanol
(PEt) formed, likely due to variations in the extent offormation ofmultilamellar vesicles
during sonication.
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Furthermore, glycerol could compete with the primary alcohol ethanol to generate PG in
place ofphosphatidylethanol (Figure 7B).

PLD2 is located in Caveolin-rich Membrane Microdomains in primary
keratinocytes
Having shown that AQP3 is located in caveolin-rich membrane microdomains,
we asked whether PLD is also present in these lipid rafts. Membrane microdomains were
isolated from primary keratinocytes using the detergent-free sucrose gradient
ultracentrifugation method. Western blot analysis using anti-caveolin 1 and anti-PLD2
antibodies was employed to detect the distribution of caveolin 1 and PLD2 in the gradient
fractions. As expected, PLD2 was enriched in the light fractions (fractions 4 and 5}
(Figure 8), where caveolin I and AQP3 were also located. Thus, PLD2 co-purified with

.

AQP3 in caveolin-rich membrane
microdomains. We also tested the distribution of
.
PLDI in the gradient fractjons. No significant signal was detected with western blot
analysis (data not shown).

·.-·

Cholesterol depletion affects the distribution ofAQP3, PLD2 and caveolin 1 in
membrane microdomains
Membrane !llicrodomains are enriched i'! cholesterol and sphingolipids.
Depletion of cholesterol from plasma membranes can disrupt the structure of lipid rafts
and lead to a loss of compartmentalization of caveolin and other signaling molecules
within the lipid rafts (210). 13-cyclodextrin is a cholesterol-binding reagent that removes
cholesterol from plasma membranes (211 ). To determine the effect of cholesterol
depletion on the compartmentalization of AQP3, PLD2 and caveolin I, near-confluent to
confluent cultures of primary keratinocytes were incubated with 1OmM 13-cyclodextrin

Figure 8. Distribution ofPLD2 ·;n caveolin-rich membrane microdomains
(fractions 4 and 5). Near-confluent to confluent cultures ofprimary keratinocytes were

lysed in 500mM sodium carbonate, pH 11. The lysates were homogenized and
fractionated using sucrose gradient -ultr.acentrifogation
.
.as
. ' described
. . . . in "Material
. . .and.
Methods" rifchapter 2. Fraction 1 represents the top of the gradient. 50p,l aliquots of
each fraction were subjected to 10% SDS-PAGEfol/owed by western blot analysis with
specific antibodies directed against PLD2 and caveolin 1.
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Figure 9. Effect of cyclodextrin on the partitioning of PLD2, AQP3 and
caveolin 1 in the low-density membrane fractions. Near-confluent to confluent cultures

ofprimary keratinocytes were incubated in the absence (control) or presence (cyclodex)
of10mM cyclod./xtrinfor 1 hat 37"C. Cells were lysed in 500mM sodium carbonate, pH
11, homogenized and fractionated using sucrose gradient ultracentrifugation. 50pl
aliquots ofeach fraction were subjected to 10% SDS-PAGE followed by western blot
analysis with specific antibodies direct~d against PLD2, AQP3 and caveolin 1. Fraction

I

1 represents the top of the gradient. 11fe experiment was repeated with similar results.
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for 1h at 37°C. The cells were then collected, homogenized and subjected to
discontinuous sucrose gradilint ultracentrifugation. 50(!1 aliquots of each fraction were
analyzed by western blotting. The distribution of caveolin 1, AQP3 and PLD2 in
fractions from control and

~-cyclodextrin

treated cells is shown in Figure 9. As above,

caveolin 1 was enriched in fractions 4 and 5 of the control cells, but was primarily
observed in fraction 5 in

~-cyclodextrin-treated

cells. The distribution of PLD2 was also

I

shifted to fraction 5 in cholesterol-depleted cells versus fractions 4 and 5 in the control
cells. The majority of AQP3 was also concentrated in fraction 5 in cholesterol-depleted
cells, whereas AQP3 was observed in fractions 4 and 5 in the control cells. The same
shift in the localization of AQP3, PLD2 and caveolin 1 into more dense fractions after
cholesterol depletion suggested that AQP3 and PLD2 were colocated in caveolin-rich
membrane microdomains.

Co-immunoprecipitation ofAQP3, PLD2 and caveolin 1
To further demonstrate that AQP3 and PLD2 were compartmentalized in the same
population of caveolin-rich membrane microdomains, vesicle immunoprecipitation
experiments were performed. Freshly isolated caveolin-rich fractions were incubated
with anti-AQP3, anti-PLD2 or anti-caveolin I antibody in the absence of detergent.
Immunocomplexes were collected using secondary antibody-coated magnetic Dynal
beads (212) and subjected to western blot analysis. As shown in Figure 10, AQP3 and
PLD2 were detected in the vesicl~ population that was pulled down by the anti-caveolin I
antibody. Similarly, PLD2 and caveolin 1 were present in the vesicles that were pulled
down by the anti-AQP3 antibody, and caveolin 1 and AQP3 were also detected in the
membranes pulled down by the anti-PLD2 antibody. These results further suggested that

Figure JO.lmmunoprecipitation of vesicles containing PLD2, AQP3 and

'

caveolin 1 from caveolin-rich memfirane fractions. Near-confluent to confluent cultures
ofprimary kerqtinocy(es were lysed, homogenized and fractionated. The caveolin-rich
.. . . . ..
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fractions (fractions 4 and 5) were coitzbined and pre-cleared with 40Jll ofDynal280
beads cbaied with sheep anti-rabbit
IgG. Equal volumes (200!1/) of
.
. or. anti-mouse
.
cleared samples were incubated with or without (negative control) specific antibodies
against PLD2, AQP3 or caveolin (as· indicated at the bottom to the left of "IP: ')for 2hrs
at 4°C,fol/owed by the addition of40111 sheep anti-rabbit or sheep anti-mouse IgGcoated Dynal beads for lhr at 4°C. Immunocomplexes were collected using magnetic
separation and subjected to SDS-PAGEfoliowed by western blot analysis with antibodies
against PLD2, AQP3 and caveolin 1 (as indicated 01i the right below "WB: '). Results
are representative ofthree experiments.
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Figure 11. Coimmunoprecipitation ofPLD2, AQP3 a11d caveolin 1 from
caveolin-rich membrane fractions. Near-confluent to confluent cultures ofprimary

keratinocytes were lysed, homogenized and fractionated. Following the addition of
Triton X-100 (T) or NP-40 (N) to 1%, the caveolin-richfractions (fractions 4 and 5) were
pre-cleared with 40pl ofDynal 280 beads' coated with sheep anti-rabbit or anti-mouse
/gG. Equal volumes (200pl) of cleared samples were incubated with or without (negative
control) specific antibodies against PLD2; AQP3 or caveolin (as indicated at the bottom
to the left of "IP: ")for 2hrs at 4°C,followed by the addition of 40pl sheep anti-rabbit or
sheep anti-mouse /gG-coated Dynal beads for 1hr at 4°C. Immunocomplexes were
collected using magnetic separation and subjected to SDS-PAGEfollowed by western
blot analysis with antibodies against PLD2, AQP3 and caveolin 1 (as indicated on the
right below "WB: "). Results are represe11tative of three experiments.
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AQP3 and PLD2 were located in the same population of vesicles, composed of caveolinrich membrane microdomains.
Because the vesicle immunoprecip\tation experiments were performed in the absence
'

of detergent, the colocalization of AQP3 and PLD2 in lipid rafts does not necessarily
indicate that there is direct protein-protein interaction between AQP3 and PLD2. To
determine whether the colocalization of AQP3 and PLD2 in lipid rafts is lipid- or proteinmediated, immunoprecipitation assays were performed in the presence of 1% Triton X100 orNP-40. As shown in Figure II, AQP3 pulls down PLD2 and vice versa, whereas
neither AQP3 nor PLD2 pull down caveolin 1 and vice versa. These data suggest that the
interaction between AQP3 and PLD2 in lipid rafts is a direct protein-protein interaction
or an adaptor protein-mediated interaction. In contrast, the interaction between caveolin I
and AQP3 or PLD2 in lipid rafts is a lipid-mediated interaction.

Colocalization ofAQP3, PLD2 and caveolin 1
Having shown the colocalization of AQP3 and PLD2 in caveolin-rich membrane
microdomains using biochemical methods, we next performed immunocytochemistry
experiments to further confirm the colocalization of AQP3, PLD2 and caveolin I in
primary keratinocytes. In order to detect colocalization by double staining, a monoclonal
antibody that recognized either PLD2 or AQP3 was required. We introduced an HA tag
into the carboxyl terminus of the AQP3 protein to allow its detection with the monoclonal
antibody to HA. The expression vector containing AQP3"HA was then transiently

.

.

transfected into primary keratinocytes. Monoclonal anti-HA antibody and polyclonal
.
'
anti-PLD2 or anti-caveolin 1 antibody was used for double staining. As shown in Figure
12, AQP3 (green, b) was colocated (yellow, c) with PLD2 (red, b) in the plasma

Figure 12. Co-localization ofAQP3 with PLD2 and caveolin I in keratinocytes.

Sub-confluent cultures ofprimary keratinocytes grown in chamber slides were
iransfecied with HA-tagg~d A~PJ p(asinid or p~DNA3 "control ve~tor. 48 h after
transfectimi, cells were fixed in 4% paraformaldehyde in PBS. Cells were then double
stained with anti-HA monoclonal primary antibody followed by Alexa 488-conjugated
goat anti-mouse IgG secondary antibody, and anti-PLD2 or anti-caveolin 1 polyclonal
primary antibody followed by Cy3-conjugated goat anti-rabbit 1gG secondary antibody.
a: staining ofPLD2. band e: staining ofAQP3-HA. c: double staining ofAQP3-HA and
PLD2. d: staining of caveolin1.

' staining ofAQP3-HA and caveolin 1. Results
f" double

are representative of three experiments.
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membrane. AQP3 (e) was partially colocated (yellow, f) with caaveolin 1 (red, d) in the
plasma membrane. Overexpressed AQP3-HA had the same distribution pattern as
endogenous AQP3 in primary keratinocytes (data not shown).

AQP3 contributes to PG synthesis
Having shown the colocalization of AQP3 and PLD2 in caveolin-rich microdomains,
we asked whether the glycerol transported by AQP3 can be used to synthesize PG. A
tetracycline-regulated cell line that inducibly overexpresses AQP3 was used When these
cells were induced to express AQP3 in tetracycline-free medium, PG synthesis was
increased two fold as measured by the incorporation of radiolabeled glycerol into PG (Fig
13A). The overexpression of AQP3 was confirmed by western blot analysis following the
purification of caveolin-rich membrane microdomains. Caveolin 1 levels were monitored
as a standard for equal loading (Fig 13B). The expression ofPLD2 in these cells was also
detected by western blot analysis (data not shown).

IV.

Discussion

A unique and useful property ofPLD has been its ability to utilize primary alcohols
for the production of novel phosphatidylalcohols in a transphosphatidylation reaction.
PLD greatly prefers alcohols to water as a substrate (125, 204). This characteristic has
been exploited to measure PLD activity specifically and to inhibit PLD-mediated signal
generation. However, tl]e question remains: why should PLD retain this preference to
utilize unphysiological alcohols, such as ethanol and butanol, in the absence of
evolutionary pressure to do so? W~ hypothesized that in fact, there is a physiological
alcohol, glycerol, for which PLD retains this transphosphatidylation reaction capacity.
Further, we speculated that PLD is colocalized with a glycerol uptake mechanism to

Figure 13. Increase in PG synthesis in cells induced to express AQP3. A
tetracycline-regulated cell line (H1299) stably transfected with AQP3 was induced to
expressAQP3

in ih~ absenc~ oitetro{:y'cline: A)"PG Synthesis. Cells were then·spiked

with fH]gljcerolfor 10 minutes, iipids were extracted from t~e cells and separated by
thin layer chromatography (TLC), and radioactive PG was quantified. B) AQP3
expression. Cell extracts. were preparedfrom cells cultured in the absence or presence of
tetracycline, and western blot analysi~ was peiformed to confirm the induction ofAQP3
expression.
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allow utilization oflocally concentrated glycerol for the transphosphatidylation reaction
and the generation of a potential lipid signaling molecule, PG. Indeed, we demonstrated
that a similar amount of radioactive PG and PEt were synthesized when I% of glycerol
and ethanol were present in the in vitro assay (Figure 7B). These data suggest that
glycerol can be used by PLD2 as a substrate in the transphosphatidylation reaction as
efficiently as ethanol.
The detergent-free fractionation method has been used in this study to isolate
caveolin-rich membrane microdomains from primary keratinocytes. AQP3, PLD2 and
caveolin I were enriched in fractions 4 and 5 (Figures 2 and 8). The localization of
AQP3 in membrane microdomains is consistent with previous reports that suggest AQP3
is primarily localized in the plasma membrane of both mouse and human epidermal
keratinocytes using electron microscopy (111, 114). The distribution ofPLD2 and
caveolin 1 in low-density membrane fractions is consistent with a previous report using
the human keratinocyte cell line, HaCaT (172).
Cholesterol depletion shifts the localization of AQP3, PLD2 and caveolin 1 from
fractions 4 and 5 to predominantly fraction 5 (Figure 9). The similarity in the shift
pattern suggests that these three proteins are in the same compartment. However,
cholesterol depletion does not cause the proteins to move to heavy fractions. It has been
shown that only about 65% of the cellular cholesterol can be removed when cells are
incubated with lOmM 13-cyclodextrin for lh at 37°C (211). In addition, the plasma
membrane ofkeratinocytes also contains sphingolipids and glycosphingolipids (213).
These sphingolipids, along with the remaining cholesterol, may be able to partially retain
the structure of the membrane microdomains in keratinocytes. The membrane
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microdomains isolated in the low-density fractions likely contain caveolin-rich
microdomains and other cholesterol- and sphingolipid-rich rafts. AQP3, PLD2 and
caveolin I are co-fractionated in low-density fractions. Are they in fact present in the
same population of membrane micro domains? The vesicle innnunoprecipitation study
provides evidence that, at least part, if not all, of the cell's complement of AQP3 and
PLD2 proteins are colocated in caveolin-rich membrane microdomains (Figure 10). The
immunocytochemistry data further support the colocalization of AQP3, PLD2 and
caveolin 1.
However, due to the absence of detergent, the vesicle immunoprecipitation data
do not necessarily signify direct protein-mediated interaction of the three proteins. The '
standard innnunoprecipitation study performed in the presence of detergent provides
evidence that the colocalization between AQP3 and PLD2 is mediated by protein-protein
interaction, whereas the colocalization between caveolin I and AQP3 or PLD2 is
mediated by the lipid environment in lipid rafts. This result also explains the large
percentage of co localization between AQP3 and PLD2 and the relativly small percentage
of co localization between caveolin I and AQP3 as demonstrated by confocal microscopy
(Fig 12). It is not clear whether the interaction between AQP3 and PLD2 is a direct
protein~protein

interaction or an adaptor protein-mediated interaction. Although no

evidence has been presented on the interaction between AQP3 and any other protein,
several reports have demonstrated that the C-terminal tail of AQPI, AQP2, AQP4 and
AQP9 can be bound by PDZ domain containing proteins, such as Pick-! and syntrophin,
with Pick! mediating the formation of AQPI-Pick I-EphB2 complexes in kidney cells
and syntrophin mediating the interaction between AQP4 and the dystrophin protein

58
complex and membrane targeting of AQP4 in astrocytes and skeletal muscle cells (97,
214, 215).
Although we have shown that AQP3 interacts with PLD2, our data suggest that
not all PLD2 molecules interact with AQP3 molecules. As shown in Figure 11, the
amounts of AQP3 protein are similar in the immunocomplex immunoprecipitated by
AQP3 antibody and that immunoprecipitated by PLD2 antibody, but the amount ofPLD2
protein is much less in the immunocomplex immunoprecipitated by AQP3 antibody than
that immunoprecipitated by PLD2 antibody. These data indicate that the majority of
AQP3 protein interaets with PLD2, but there is a significant amount ofPLD2 protein that
does not interact with AQP3. This interpretation is further supported by the
immunocytochemistry data (figure 12), in which AQP3 is mainly detected in the cell
membrane, whereas PLD2 is detected in both the cell membrane and the cytoplasm. The
implication of these observations is that cytoplasmic PLD2 is the portion ofPLD2 that
does not interact with AQP3.
AQP3 transports both water and glycerol. Although the physiological role of
water transport by ~QP3 has be~11 intensively studied, few studies have been conducted
to address the function ofglycerol transport by AQP3; The decreased glycerol content in
AQP3-deficient mice suggests that the glycerol transport capability of AQP3 may be
involved in the regulation of glycerol level and water holding capacity in the epidermis
(96). Other roles of AQP3 in skin, especially those related to its glycerol-transporting
function, remain to be ·investigated in depth.
Our results show that AQP3 is colocated with PLD2 in caveolin-rich membrane
microdomains and contributes to PG synthesis. This finding provides a linkage between
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the glycer9l-transporting function of AQP3 and the glycerol-utilizing function ofPLD2.
Membrane microdomains have been proposed as platforms for integrating cell signaltransduction machinery. In this case, the caveolin-rich membrane microdomains may
provide a platform for the functional interaction between AQP3 and PLD2. PLD2 may
utilize the glycerol transported by AQP3 to synthesize phosphatidylglycerol (PG). PG
I

has been identified as· a physiological activator of the protein kinase C (PKC)
isoenzymes, PKC~II and PKC!l in leukemia cell lines, where PKC~II is required for cell
cycle progression and PKC!l is responsible for the phosphorylation of the actin-binding
domain of moesin (205, 206). Although PKC!l expression has not been reported in
keratinocytes,

PKC~II

expression has been detected by RT-PCR in both human and

mouse keratinocytes (47, and data not shown) and PKC~ protein has been detected in
both mouse and human keratinocytes by western blot analysis using an antibody
recognizing both PKC~I and PKqii (48). PG synthesized by the AQP3-PLD2 signaling
module may bind and regulate the activity

ofPKC~II

or other signaling molecules in

keratinocytes. In addition, it is also possible that PG can be reincorporated into the local
membrane microdomains to regulate the organization of signaling molecules, such as
EGFR, in these membrane microdomains. Consistent with this idea, phosphatidic acid
and phosphoinositide 3-kinase products have been reported to be concentrated in lipid
rafts when platelets are stimulated by thrombin (216). In thylikoid membranes, PG is
required for the assembly ofphotosystem II (217, 218). Furthermore, both PG and
cardiolipin, a dimeric PG formed from two PG molecules by releasing one glycerol head
group, are involved in modulating apoptosis. Cardiolipin is mainly located in
mitochondrial membranes and plays an essential role in normal mitochondrial function. It
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has been reported that both cardiolipin and PG prevent potassium phosphate-induced
cytochrome c release from isolated brain mitochondria, possibly by maintaining the
mitochondrial membrane potential (219). During apoptosis, cardiolipin mediates the
targeting oftBid to mitochondria, the peimeabilization function ofBax on outer
mitochondrial membranes, and subsequently cytochrome c release (220, 221 ). While
cardiolipin promotes Bid- ~d Bax- i~duced apoptosis, PG protects retinal epithelial from
apoptosis (222).
The localization of AQP3 and PLD2 in caveolin-rich membrane microdomains
also suggests that caveolin 1 may be required for the normal function of AQP3 and PLD2
in keratinocytes. Caveolinl may help AQP3 and PLD2 target to specific membrane
microdomains. It has been shown that down-regulation of caveolin I expression in
HaCaT cells can decrease PLD activity in the caveolin-rich fractions (172), while in NIH3 T3 cells, which have low basal expression of endogenous caveolin, expression of
exogenous caveolin I can elevate PLD activity in caveolin-rich fractions (187).
The expression level ofPLD2 is not changed during keratinocyte differentiation
(data not shown). The localization ofPLD2 in membrane microdomains may provide a
mechanism for the upstream and downstream regulation ofPLD2 activity and sigualing.
PLD2 requires PIPz as a cofactor (137) and membrane microdomains are enriched in PIP2
(223, 224). Thus, the localization ofPLD2 in membrane microdomains may explain the
previously observed high basal activity ofPLD2 (137). It has been shown that PLD2 is
associated with EGFR, which is also enriched in caveolin-rich membrane microdomains
in primary mouse keratinocytes (data not shown); and becomes tyrosine-phosphorylated
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upon stimulation (225). Thus, the localization ofPLD2 and EGFR in membrane
microdomains may play a significant role in EGFR signaling.
In cotransfection studies, we have found AQP3 decreases the expression of the
K5 gene and increases the expression of the KlO and involucrin genes. Thus, AQP3 is
involved in promoting or initiating keratinocyte differentiation. Since AQP3 is not a
transcription factor, the effect of AQP3 on the expression of differentiation marker gene
is likely mediated by one or several intermediate factors. The interaction between AQP3
and PLD2 and the production ofPG may mediate, at least in part, the function of AQP3
in regulating differentiation. PG may activate PKC or modulate some other signaling
inputs, such as EGFR signaling, to affect the process ofkeratinocyte differentiation.
In summary, we have reported the colocalization of AQP3 and PLD2 in caveolin-rich
membrane microdomains and the contribution of the AQP3-PLD2 complex to PG
synthesis. Th'ese fmdings suggest a functional linkage between AQP3 and PLD2, which
may play an iniportant role in regnlating keratinocyte proliferation and differentiation.

Chapter 4. Aquaporin 3 Is Regulated by p73, a member of the p53 Family

I. Introduction
The p53 family consists of three family members, p53, p63 and p73, which share
considerable sequence similarity, especially in the DNA binding, transactivation, and
oligomerization domains (226). Like p53, p63 and p73 can bind to p53 response
elements, transactivate p53 target genes and induce growth arrest and/or apoptosis (226,
227). In contrast to the p53 gene, which encodes one major transcript, both p63 and p73
genes generate multiple protein isoforms with different N-and C-terminal domains, as a
result of alternative splicing and the use of various promoters (226).

m

variants of these

p63 and p73 proteins, which lack theN-terminal activation domain, are thought to serve
as dominant negative inhibitors.of p53, and f1:1111ength 1'63 and p73 (226, 228). Also
'

.

unlike p53; p63 and p73 are essential for normal development and thus are not frequently
. mutated. In comparison to p53 null mice, which are developmentally norm;tl but prone to
..,

the development of spontaneous tumors, p63-null mice exhibit defects in the formation of
epithelial structures, including skin;limbs; mammary gland, prostate and urothelia (229,
230), and p73 null mice display abnormalities, including hydrocephalus, hippocampal

'

dysgenesis, chronic infection and inflammation and defects in the pheromonal sensory
pathway (231 ). In an effort to identify cellular genes that mediate p73 activity, we
performed eDNA subtraction assays and found that AQP3 is regulated by p73, as well as
p53.

II. Materials and methods
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Cell culture and eel/lines
MCF7 and Hl299 cell lines were purchased from American Type Culture
Collection (Rockville, MD, USA). p53-24, p53(R249S)-25, p73a-2, p73a292-3 and
p73~-38,

derivatives of the MCF7 cell line that inducibly express wild-type p53,

p53(R249S), p73a, p73a292, and p73~, respectively, were generated as previously
reported (208).

RNA isolation, eDNA subtraction assay, and Northern blot analysis
Total RNA was isolated from cells using Trizol reagent (Life Technologies, Inc.,
Gaithersburg, MD, USA). Poly(A)+ RNA was isolated from

p73~-38

cells using an

mRNA purification kit (Pharmacia, Piscataway, NJ, USA). The eDNA subtraction assay
was performed using the Clontech PCR-select eDNA subtraction kit according to the
manufacturer's instructions (Clontech, Palo Alto, CA, USA). Subtracted eDNA fragments
were cloned into the pGEM-T vector (Promega, Madison, WI, USA). Northern blot
analysis was performed as described previously (208). p21 and GAPDH probes were
prepared as described previously (208). A 615-bp Notl fragment, prepared from AQP3
eDNA (188), was used to detectAQP3.

Luciferase assay
A 36-bp fragment (5'-AAGCTAGGTCACCAGCCATGTTCAACAGGCATGTGC-3') that contains the potential p53 response element in the AQP3 promoter was
synthesized and cloned upstream of a minimal c-fos promoter and a firefly luciferase
reporter gene (232). The resulting construct was designated AQP3-Fluc. A 990-bp
fragment that contains the potential p53 response element and a 790-bp fragment that
lacks the potential p53 response element in the AQP3 promoter were genemted by PCR

'·
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and cloned into a promoterless luciferase reporter vector (pGL2-basic) (Promega,
Madison, WI, USA). The resulting constructs were desigriated APP990 and APP790. 2f.lg
of AQP3-Fluc, APP990, or APP790 was cotransfected into Hl299 cells with lf.lg
pcDNA3 control vector or a vector that expresses p53, p53(R249S), p73a, p73a292,
p731}, or p731}292 (233). O.lf.lg ofrenilla luciferase assay vector, pRL-CMV (Promega),
was also cotransfected as an internal control. The dual luciferase assay was performed
according to the manufacturer's instructions (Promega).
Purification of caveolin-rich membrane fraction and western blot analysis

p731} cells were induced or uninduced for 24 hours in medium with or without
tetracycline. Purification of caveolin-rich membrane fractions and western blot analysis
were performed as described in "Material and Methods" in chapter 2.
Glycerol uptake analysis

The glycerol uptake analysis was performed according to the method of Schreiber
eta!. (120). The number of cells was assessed, and cells were incubated in a

C4CJglycerol-containing solution consisting of 160 mM C4C]glycerol (fmal
activity= I mCi!L or 37 MBq/L), 65 mM NaCI, 1.6 mM K2HP04, 0.4 mM KH 2P04,
1.3 mM CaCh, I mM MgCh, and 5 mM D-glucose, pH 7.4, at 37 °C for 90 seconds.
Cells were rinsed three times with ice-cold unlabeled glycerol solution (160mM) and
lysed in 10% (w/v) SDS at room temperature. Radioactivity was measured by liquid
scintillation counting.
ill. Results

To identify novel target genes regulated by p73, the Clontech PCR-select eDNA
subtraction assay was performed using mRNA isolated from the p731}-38 cell line, a
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derivative ofthe MCF7 cell line that inducibly expresses p73f3 under the control of a
tetracycline-regulated promoter. Several eDNA fragments that may represent genes
induced by p73 were isolated. After DNA sequencing, one subtracted eDNA fragment
was found to be derived from the AQP3 gene. To confirm that AQP3 can be induced by
p73, Northern blot analysis was performed using AQP3 eDNA as probe. We found that
AQP3 was strongly induced in p73f3-38 cells when p73f3 was expressed (Figure 14,
AQP3 panel, compare lanes 5 and 6). AQP3 was also induced by p73a (Figure 14, AQP3
panel, compare lanes 1 and 2) and weakly induced by p53 (Figure 14, AQP3 panel,
compare lanes 7 and 8). In contrast, mutant p73a292 and p53(R249S) were incapable of
inducing AQP3 (Figure 14, AQP3 panel, compare lanes 3, and 4 and 9, and 10). As a
control, we tested the expression ofp21, a well-defmed target gene for both p53 and p73.
We found that p21 was induced by p53, p73a, p73f3 (Figure 14, p21 panel), but not by
mutant p53(R249S) and p73a292 (·Figure I, p21 panel).
To determine whether AQP3 is transcriptionally regulated by p73, we searched
for a potential p53 response element that can be regulated by p73. To do this, we
screened a human bacterial artificial chromosome (BAC) library (The Genome System,
St. Louis, MO;USA) and identified a clone that contains the entire AQP3 locus. A region
of3570 nucleotides in the promoter of the AQP3 gene was sequenced (data not shown).
We found one potential p53 response element (Figure 15A). This sequence (AAG CTAG
gTC ace AGe CATG TTC aac AGG CATG TgC) contains three half sites with only one
mismatch each (in italics) in the non-critical region as compared to the consensus p53
response element (234, 235).

Figure 14. Upregulation ofAQP3 by p73. Northern blots were prepared using
10~-tg

of total RNA isolated from p73a-2, p73a292-3, p73f3-38,p53-24, or p53(R249S)-

2J cells under both the imindu~ed (~)·and induc~d (+)

~o~dition~. The biois were pi·obed

with cDNAs derived from the AQP3, p21, and GAPDH genes, respectiwily.
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To analyze whether this element is responsive to p53 and p73, we cloned a 36-bp
fragment containing the potential p53 response element upstream of the c-fos minimal
promoter and a luciferase reporter gene (232) to generate a reporter vector, designated
AQP3-Fluc. AQP3-Fluc was cotransfected into Hl299 cells with either a pcDNA3
control vector or a vector expressing p53, p53(R249S), p73a, p73a292, p73fl, or
p73fl292. We found that the luciferase activity for AQP3-Fluc was markedly increased
by p53 (52-fold), p73a (52-fold), and p73 fl (731-fold), but not by mutant p53(R249S),
p73a292, and p73fl292 (Figure ISB).
To determine whether p53 and p73 can regulate the potential p53 response
element in the natural promoter of the AQP3 gene, we cloned the promoter region of the
AQP3 gene into a promoterless luciferase reporter vector (pGL2-basic). The resulting
vectors are designated APP990 and APP790 (Figure !SA). APP990, but not APP790,
contains the potential p53 response element. We found that the luciferase activity for
APP990, but not for APP790, was increased by p73a(2.6-fold), p73fl (3.1-fold), and p53
(1.7-fold) (Figure ISC). In contrast, mutant p53(R249S), p73a292, and p73fl292 were
incapable of increasing the luciferase activity for either APP990 or APP790. It should be
mentioned that the ability of p73fl to increase the reporter luciferase activity for both
AQP3-Fluc and APP990 was much higher than that of p53 and p73a, consistent with the
strong induction of endogenous AQP3 by p73fl (Figure 14).
To determine whether the enhanced expression of the AQP3 gene leads to
.
incre;~sed expression of the AQP3 protein in p73fl-expressing cel!s, we purified

.

membrane microdomains from the p73 fl-38 cell line and measured the level of the AQP3
protein in the caveolin-rich fractions by western blot analysis. We found that the level of

I

Figure. 15.1dentijication of a potential p53 response element in the AQP3
gene. A) Schematic representation ofAQP3 genomic structure. The position ofthe
'"•

'

..

'

.

' ..

!

. .

.

'..

.

AQP3 transcription and translation start site$ and apoUmtial p53 response element are
indicated. Shown above the genomic strUcture are the sequence ofthe potential p53
response element and the previously characterized consensus response element. R
represents purine, Y pyrimidine, and W adenine or thymidine. Shown below the genomic
structure is the location of the DNA fragments used to generate two reporter constructs.
B) The potential p53 binding site in the AQP3 gene is responsive to p53 and p73, but not
to mutantp53 andp73. 2 pg ofAQP3-Fluc was cotransfected into H1299 cells with I pg
ofpcDNA3 control vector or a vector that expresses p53, p53(R249S), p73a, p73a292,
p73f3, or p73f3292. The fold increase in relative luciferase activity (normalized to Renilla
luciferase activity) is calculated as the luciferase activity induced by p53 or p73 divided
by that induced by pcDNA3. C) The AQP3 promoter that contains the potential p53
binding site is responsive to p53 and p73, but not to mutant p53 and p73. The experiment
was performed as in B.
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the AQP3 protein was substantially increased in p73~-expressing cells as compared to
control cells (Figure 16A). The expression ofp73~ and actin were also tested by western
blot analysis to confirm the induction of p73 and equal loading, respectively (Figure
16B).
Because AQP3 transports both water and glycerol, we performed glycerol uptake
assays to test whether the upregulation of AQP3 expression by p73 is translated into
enhanced function of AQP3. As shown in figure 17, we found that glycerol uptake is
significantly increased in cells induced to express p73~, which inturn induces the
expression AQP3.
IV. Discussion
Several studies have shown that AQP3 expression can. be upregulated by
hypertonic stress in keratinocytes and MDCK cells (113, 116) and by the corticosteroid
dexamethasone in airway epithelial cells (119). Aldosterone deficiency downregulates
and long-term water restriction upregulates AQP3 abundance in rat kidney (115, 118).
However, the mechanism by which AQP3 is regulated is still not clear. In this study, we
found that AQP3 is strongly induced by p73 and weakly induced by p53. In addition, we
have identified a potential p53 response element in the promoter of the AQP3 gene,
which is responsive to p73 and p53.
Although p73 and p53 are highly similar in the DNA binding domain, it has been
shown that p73 and p53 differentially regulate p53 target genes,(236). For example, 14-330" is strongly induced by p73

~hereas

p21 andMDM2 are strongly induced by p53.

Thus, AQP3 represents another example of differential gene regulation by p73 versus
p53. Since the cellular target genes are responsible for the activities of the p53 family

Figure 16. Upregulation ofAQP3 protein expression by p73. p73fJ-38 cells
were uninduced or induced for 24 h and lysed in sodium carbonate buffer (pH 11).

tav~~liNiC~,m~~brd~efra~tio~~ ~e~~ p~~if;~d a~J Sf/Jl/ ~fiquots ojfracfiolis 4 iJJid 5
were subjected to 1O% SDS-PAGE followed by western blot analysis with specific
antibodies directed against AQP3 (A). 30fl/ ofwhole celllysates were subjected io 10%
SDS-PAGEfollowed by western blot analysis with specific antibodies directed against
p 73 and actin (1l).
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Fig 17. Increase ofglycerol permeability in p73fJ expressing cells. p73fJ cells

were induced in tetracycline-free medium for 24 hours. [14C] glycerol uptake was then

;,~asu~ei~e~ 96 secondS In 'cells'with uninduced or induced p73{3 expression. Induced
p73{3 expression increased [14CJ glycerol uptake (n=4 for each group). Asterisks indicate
a significant difference from control (p<O.Ol).
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members, the differential regulation of cellular genes by these p53 family members may
correlate with the distinct activities ofp53 and p73 (226, 237, 238). Therefore, AQP3, as
a p73 target, may mediate the activity of p73 in regulating the homeostasis of cerebral
spinal fluid. In mice, p73 is highly expressed in the epithelial cells of the choroid plexus
and the ependymal cells liuing the ventricles (231 ), both of which participate in
regulating cerebral spinal fluid dynamics. Therefore, lack ofp73 leads to defects in
production or reabsorption of cerebral spinal fluid, resulting in hydrocephalus (231 ).
Among the aquaporin family members, AQP3 and AQP4 are expressed in the brain
ependymal cells (177, 178). Although AQP4 has been shown to be involved in regulating
water exchange across blood-brain and CSF-brain interfaces (99, 239), p73 deficiencyinduced hydrocephalus may not be mediated by AQP4 because AQP4 is not induced by
p73 (data not shown). Further studies are needed to determine whether lack of AQP3
induction by p73 contributes to the hydrocephalus in the p73-deficient mice.
p73-deficient pups showed high rates of mortality mostly due to GI haemorrhage,
which likely results from numerous GI abnormalties marked by loss of enterocytes and
excessive mucosecretion. The chronic infections appeared to be attributable to epithelial
barrier dysfunction rather than deficiencies in lymphoid cell and granulocyte populations
(231 ). The expression pattern of AQP3 in epithelia and its capacity to regulate epithelial
· cell differentiation implies that AQP3, as a target ofp73, may mediate the role ofp73 in
maintaining normal epithelia function.
Another pot~ntial' function of AQP3 as a target of p73 could be that AQP3
mediates the activity of p73 to induce cell cycle arrest and/or apoptosis. However, no
effect on cell cycle progression has been detected by FACS analysis using an inducible

73
cell line overexpressing AQP3 (data not shown). Thus, AQP3 alone is not able to induce
cell cycle arrest. Further studies are needed to determine whether AQP3 collaborates with
some other targets of p73 to induce cell cycle arrest and/or apoptosis. Following the
initiation ofapoptosis by some other target(s) ofp73, PG, a downstream signal of AQP3,
and/or cardiolipin may promote the targeting of !Bid to mitochondria and subsequently
promote cytochrome c release and apoptosis (221, 240). Further studies are necessary to
determine if AQP3 and PG in fact function in this manner.

. Chapter 5 Comprehensive Discussion
In this study, we found that AQP3 and PLD2 form a functional complex through
protein-protein interaction. This AQP3-PLD2 complex is located in caveolin-rich
membrane microdomains and utilizes the glycerol transported by AQP3 to synthesize PG.
AQP3, which is involved in the regulation of early keratinocyte differentiation, appears to
'

0

be the functional regulator of this complex because it is downregulated during
keratinocyte differentiation and induced by p53 family members. However, additional
regulation at the level ofPLD2 activity and/or targeting to membrane microdomains is
possible.
The plasma membrane is now viewed as a heterogeneous dynamic entity,
containing various lipids rafts, which serve as platforms for intergrating signal
transduction machinery (199, 241). In our case, lipid rafts provide an environment for the
enrichment of the AQP3-PLD2 complex and the functioning of this signaling complex to
utilize glycerol to synthesize PG. The fmdings that PLD2 interacts with AQP3 and
utilizes glycerol, a physiological primary alcohol, for the synthesis ofPG potentially
addresses the physiological significance of the unique property ofPLD in catalyzing
transphosphatidylation reactions in mammalian cells. Because PG is a bioactive lipid
involved in the activation of protein kinases, the assembly of protein complexes, and the
regulation of protein targeting, the production ofPG by the AQP3-PLD2 complex
provides evidence that PG is a PLD-generated downstream signaling molecule, in
addition to PA and its metabolites, and may mediate the activity of PLD2 in various
cellular functions. On the other hand, the fact that AQP3 interacts with PLD2 and
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contributes to P(J synthesis links the glycerol-transporting property of AQP3 to a role in
signal transduction and related cellular functions.
The reduced stratum corneum hydration and epidermal glycerol concentration in
AQP3-deficient mice (96) suggest that AQP3 is important in maintaining stratum
corneum hydration and water holdin:g capacity by ~sporting glycerol. The importance
of glycerol in stratum corneum hydration has been further demonstrated in a recent study,
using sebaceous gland-deficient mice, which displayed decreased stratum corneum
hydration and glycerol concentration and epidermal hyperplasia. It was shown that
topical glycerol, but not sebaceous lipids or urea, another endogenous humectant,
increases stratum corneum hydration (242). Since stratum corneum hydration has been
associated with epidermal hyperplasia (243), even though it has not been assessed
whether glycerol can correct the epidermal hyperplasia, these data suggest a possible role
for glycerol in the regulation ofkeratinocyte proliferation/differentiation.
Taken together, the involvement of glycerol in stratum corneum hydration and
possibly in keratinocyte proliferation/differentiation, the interaction between AQP3 and
PLD2 and its contribution to the synthesis ofPG, an activator ofPKCs, and the
involvement of AQP3 in the regulation of early differentiation suggest that glycerolAQP3-PLD2-PG may be a novel signaling pathway to regulate keratinocyte
differentiation. Further our data suggest that AQP3 may be a main regulatory factor in
this pathway since AQP3 expression is downregulated by differentiation whereas the
levels ofPLD2 remain essentially unchanged. The regulation of AQP3
expression/activity may provide a functional regulatory mechanism for PLD2 at the
substrate (glycerol) level despite possible constitutive enzyme activity (137). Due to the

76
involvement of PG in various physiological and biochemical processes, the AQP3-PLD2
complex may also be involved in the regulation of other cell systems.
In this study, we provide evidence that AQP3 is upregulated by p53 and p73. p63
has also been shown to transactivate a subset ofp53 target genes (227, 244). In
keratinocytes, AQP3 is likely regulated by p63, which is the most abundantly expressed
among the three p53 family members in keratinocytes. Like AQP3, p63 is also expressed
in the basal layer of epidermis with ANp63 as the predominant isoform (245). p63 null
mice display major defects in limb and epithelial development, which can be explained
by the inability of ectoderm to develop into epithelial lineages, lack of stem cell character
necessary to sustain epithelial morphorgenesis and renewal, and/or defects in epithelial
cell differentiation (228, 246). During early keratinocyte differentiation, transactivating
p63 (TAp63) levels increase whereaS ANp63levels decrease (245, 247, 248). Thus, it
0

•

•

appears ANp63 is crucial for the development of epithelialline~ges or the maintenance of
epit\J.elial stem cell population whereas TA-p63 is important for differentiation process of
epithelial cells (249). In transfection experiments, TAp63 is able to transactivate the
promoters of two differentiation marker genes, loricrin and involucrin (247). We
presented that AQP3 also a~tivates the promoter activities o{the differentiation markers,
Kl 0 and involucrin. The activities of these promoters of differentiation marker genes
may increase because the cells differentiate rather than via direct activation by p63 or
AQP3. It is possible AQP3 and p63 are in the same pathway and that AQP3 at least
partially mediates the activity of p63 in inducing keratinocyte differentiation.
In summary, as shown in Figure 18, AQP3 and PLD2 form a functional signaling
complex through protein-protein interaction. Caveolin-rich membrane microdomains
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provide a platform for the enrichment of the AQP3-PLD2 complex. AQP3 transports
glycerol to PLD2 for the synthesis ofPG. PG, in turn, may locally activate protein
kinases, such as PKC~II, or be reincorporated into the local lipid rafts and subsequently
affect the lipid and protein composition and lipid/protein-protein interaction in the lipid
raft, thereby modulating signal transduction and regulating early keratinocyte
differentiation. AQP3, which is downregulated during keratinocyte differentiation and is
upregulated by p53 family members, mostly likely p63 in keratinocytes, may be the
regulatory factor in this signaling complex.

Fig 18. A working model of the glycerol-AQP3-PLD2-PG signaling pathway.
AQP3 and PLD2 are colocalized in lipid rafts. AQP3 transports glycerol to PLD2for the
synthesis ofPG. FG, in turn, c~n ttctivat~ protein idniis'es {B); such tis PKCpJI and
.

. .

PKC(J, or be nHncoiporated into local lipid rafts (A), ti1erebyajJecting signal
transduction and cellular functions, such as keratinocyte differentiation.
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