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Abstract
The epidermis is a stratified squamous epithelium composed of proliferating basal and
differentiated suprabasal keratinocytes. It serves as the body’s major physical and chemical barrier
against infection and harsh environmental insults, as well as preventing excess water loss from the
body into the atmosphere. Calcium is a key regulator of the proliferation and differentiation in
keratinocytes. Elevated extracellular Ca2+ concentration ([Ca2+]o) raises the levels of intracellular
free calcium ([Ca2+]i), promotes cell-cell adhesion, and activates differentiation-related genes.
Keratinocytes deficient in the calcium-sensing receptor fail to respond to [Ca2+]o stimulation and
to differentiate, indicating a role for the calcium-sensing receptor in transducing the [Ca2+]o signal
during differentiation. The concepts derived from in vitro gene knockdown experiments have been
evaluated and confirmed in three mouse models in vivo.
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Introduction
The epidermis consists of multiple layers of keratinocytes, which differentiate and produce a
permeability barrier that provides protection against desiccation and xenobiotic penetration.
Extracellular calcium (Ca2+

o) is essential for initiating keratinocyte differentiation and
maintaining epidermal functions (1, 2). Elevating the extracellular Ca2+ concentration
([Ca2+]o) triggers an increase in the level of intracellular free Ca2+ ([Ca2+]i) (3) and induces
cell-cell adhesion (2), two key signaling events promoting keratinocyte differentiation. The
increased Ca2+

i level is due to Ca2+ release from internal stores and Ca2+ influx through
channels in the plasma membrane (4). Raising [Ca2+]o also induces E-cadherin-mediated
cell-cell adhesion by activating RhoA GTPase and Src/Fyn tyrosine kinase signaling
pathways (5, 6). The E-cadherin-mediated cell adhesion recruits and activates
phosphatidylinositol 3-kinase (PI3K) and phospholipase C (PLC) γ1 (7, 8), important
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regulators for cell survival and differentiation. Recent studies have begun to unveil the
mechanisms transducing [Ca2+]o signals to cellular responses in keratinocytes.

The [Ca2+]o-sensing receptor (CaSR) in keratinocytes (9) not only localizes on the cell
membrane to detect changes in [Ca2+]o, but also regulates intracellular Ca2+ handling by
interacting with other modulators of intracellular Ca2+ stores and membrane channels (10).
Inhibiting CaSR expression in vitro markedly suppresses [Ca2+]i responses to [Ca2+]o and
impairs cell differentiation by reducing intracellular Ca2+ pools (10), and blocking E-
cadherin-mediated signaling (11). Abrogating CaSR in vivo perturbs the epidermal [Ca2+]o
gradient and compromises differentiation and barrier functions (12).

A. Epidermal differentiation and permeability barrier
The mammalian epidermis is a highly organized, stratified squamous epithelium consisting
of basal, spinous, granular, and cornified keratinocyte layers. After mitosis in the basal
layer, keratinocytes differentiate progressively across the epidermis toward the stratum
corneum (SC). Each layer is defined by characteristic morphology and biochemical features
indicative of its state of differentiation (13).

a. Cornified envelope, epidermal sphingolipids, and permeability barrier
Keratinocytes at each differentiation stage express distinctive marker genes. Keratin 5 (K5)
and 14 (K14) are predominantly expressed by basal keratinocytes. Markers of early
differentiation, Keratin 1 (K1) and 10 (K10) are made in spinous cells (14). The cornified
envelope (CE) precursors involucrin and transglutaminase 1 (TG1), the enzyme responsible
for the ε-(γ-glutamyl)-lysine cross-linking of these protein substrates into the insoluble CE,
are also present in the spinous layer (15, 16). Late differentiation markers including the CE
protein loricrin (17), and the precursor of the keratin cross-linking protein filaggrin (18), are
expressed in granular keratinocytes. In corneocytes, involucrin, loricrin and other structural
proteins are extensively cross-linked by TG1 to form the CE (19). The CE serves not only as
a mechanical barrier but also as a scaffold necessary for the organization of secreted lipids
into lamellar membrane structures and as a repository of antimicrobial peptides providing
the first defense against infectious organisms.

The function of the epidermal barrier in mammalian SC resides primarily in the extracellular
lipid domains between the outermost, enucleated corneocytes. Ceramides (Cer), cholesterol,
and free fatty acids (FFA) are organized into the extracellular lamellar membrane structures
(20). Precursor lipids, including glucosylceramide (GlcCer), sphingomyelin,
glycerophospholipids, and cholesterol sulfate, are packaged into LB within the upper
granular keratinocyte layer by ABC transporter proteins localized in the membranes of the
LB (21). Fusion of the LB with the apical plasma membrane in the uppermost SG
keratinocytes allows extrusion of lipid precursors into the extracellular space (22).
Subsequent enzymatic processing of precursor lipids generates the major lipids (i.e., Cer,
cholesterol, and FFAs) essential for effective permeability barrier formation (20).

Mammalian SC also functions as an antimicrobial barrier. Three lipids (FFAs, GlcCer, and
sphingosine, a product of Cer hydrolysis) exhibit strong antibacterial and antiviral activity
(23, 24). Human epidermis expresses two major families of small, highly hydrophobic
AMPs, the β-defensins, hBD 1–4, and cathelicidin, hCAP-18. The C-terminal cleavage
product of hCAP18, LL-37, and hBD2 are co-packaged along with lipids within LBs (25,
26) before their secretion into the extracellular lipid matrix in SC membrane domains.
Although the constitutive expression of both of these AMPs is low, an upregulated innate
immune system consisting of epidermal AMPs, Toll-like receptors (TLRs), and chemokines
forms the next level of the cutaneous antimicrobial defense (27).
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b. Epidermal calcium gradient
Ion capture cytochemistry and proton-induced X-ray emission analyses have demonstrated
that calcium forms a steep gradient in the human and mouse epidermis, increasing from the
stratum basale (SB) to the outer SG, where it reaches its maximum, then decreasing in the
SC (28, 29). Calcium level in the SC is very low partly because those relatively desiccated
cells are not able to dissolve the ions. Recent fluorescence-lifetime imaging microscopy
studies suggested that the bulk of Ca2+ measured in the epidermis comes from intracellular
Ca2+ stores (i.e., ER and Golgi), with [Ca2+]o making little contribution to the epidermal
calcium gradient (30). This method enables calcium concentrations to be calculated, and
they range from less than 3μM in the SC to over 20μM in the SG and dermis (30).
Formation of the Ca2+ gradient coincides with key developmental milestones of barrier
formation and development of SC (31). Skin diseases characterized by an abnormal barrier,
such as essential fatty acid deficiency and psoriasis, are accompanied by a loss of the
calcium gradient (32). Perturbation in permeability barrier by tape stripping or ionophoresis
leads to a decline in calcium levels in the outer epidermis and disruption of the epidermal
calcium gradient, causing increased LB secretion and cell proliferation with disarray of the
differentiated cell layers (33). Re-establishment of the normal calcium gradient in 6–24
hours after barrier disruption corresponds with barrier recovery (1). Though the factors that
establish and maintain the calcium gradient are as yet unidentified; these observations
support a pivotal role for calcium in epidermal differentiation in vivo.

B. Calcium-induced keratinocyte differentiation
Primary cultures of human and mouse keratinocytes are an excellent in vitro model for
studying epidermal differentiation, as they recapitulate the steps of cell differentiation in the
epidermis (34). When cultured at a low [Ca2+]o (<0.07 mM), epidermal keratinocytes
proliferate rapidly and express the phenotype of basal cells. Raising [Ca2+]o above 0.1 mM
(calcium switch) promotes cell differentiation as indicated by the formation of adherens
junctions (AJ) and desmosomes, along with stratification and cornification of cell layers
(35). Changes in gene expression in cultured keratinocytes occur hours after the calcium
switch with a defined temporal order, first the K1 and K10, followed by involucrin and TG1,
and finally profilaggrin and loricrin (36), reflecting the sequence of cell differentiation in the
epidermis.

The calcium switch also activates phospholipase C family members (PLC) and increases
phosphoinositide metabolism (37). PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate
(PIP2) to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3), which activate protein
kinase C (PKC) and mobilize intracellular Ca2+ (38), respectively. In conjunction with
increases in [Ca2+]i, elevated [Ca2+]o rapidly induces cadherin-mediated cell-cell adhesion
between neighboring cells (39). E-cadherin-mediated intercellular adhesion recruits and
activates downstream signaling molecules, such as phosphatidylinositide 3-kinase (PI3K),
Akt, and PLCγ1, which are critical for maintaining proper keratinocyte differentiation and
cell survival (40, 41).

a. [Ca2+]i signaling in keratinocytes
Elevation of [Ca2+]o triggers a transient and then a sustained increase in [Ca2+]i in
keratinocytes (3). Raising [Ca2+]o rapidly increases levels of IP3 via activation of the PLC
pathway (4). IP3 binds to IP3R in the intracellular Ca2+ stores, triggering a Ca2+ release that
accounts for the acute, transient phase of [Ca2+]i increase (42). ER is generally considered as
the major agonist-sensitive intracellular Ca2+ store in most cell types (43). In keratinocytes,
Golgi is also a key intracellular Ca2+ pool that modulates Ca2+ mobilization (44). Golgi uses
the secretory pathway Ca2+-ATPase (SPCA) to take up Ca2+ (45) and IP3R to release Ca2+
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(46, 47). The role of ER and Golgi in modulating [Ca2+]i signaling and epidermal
differentiation is illustrated by two skin disorders, Darier’s disease (DD) and Hailey-Hailey
disease (HHD) (48). These diseases are caused by inactivating mutations in ATP2A2 and
ATP2C1, genes that encode the sarco/endoplasmic reticulum Ca2+-ATPase 2 (SERCA2)
and the SPCA1, respectively. Keratinocytes from the patients’ skin manifest dysregulated
cell adhesion and differentiation due to the loss of the ability of ER and Golgi to store Ca2+

(48).

The sustained phase of Ca2+ mobilization induced by elevated [Ca2+]o is likely due to
increased Ca2+ influx through Ca2+ release-activated Ca2+ entry mediated by the store-
operated channels (SOCs). These are activated by the depletion of intracellular Ca2+ stores
and activation of IP3R (49). In keratinocytes, SOC activity is mediated by the canonical
transient receptor potential channels 1 and 4 (TRPC1 and 4) (50, 51). The SOC-mediated
Ca2+ entry may further promote Ca2+ influx through the voltage-independent nonselective
cation channels regulated by a Ca2+/calmodulin mechanism (52) and/or Ca2+-sensitive
chloride channels via hyperpolarizing the plasma membrane (53). Blocking the rise in
[Ca2+]i with Ca2+

i chelators such as BAPTA or blocking Ca2+ influx with the channel
blocker La3+ prevents [Ca2+]o-induced keratinocyte differentiation (54, 55). Furthermore,
ATP which triggers only a transient increase in [Ca2+]i fails to induce differentiation (56),
demonstrating that a sustained increase in [Ca2+]i is essential for keratinocyte
differentiation. Activation of PLCγ1 via a Src-family kinase-dependent PI3K-mediated
mechanism is required for the prolonged increase in [Ca2+]i (41), since direct interaction of
the TRPC1 channel with PLCγ1 is essential for initiating SOC-mediated Ca2+ influx (50).
Inhibition of PLCγ1 function or expression blocks the [Ca2+]o-induced sustained increases
in [Ca2+]i and cell differentiation (57). In contrast, the initial acute surge in IP3 and [Ca2+]i
after the calcium switch is likely mediated by PLCβ, as it is blocked by the general PLC
inhibitor U73122 but is not deterred by PLCγ1 knockdown (Xie and Bikle, unpublished
observation).

b. E-cadherin-mediated cell-cell adhesion
Another [Ca2+]o-induced cellular response in keratinocytes is the development of
intercellular attachments through desmosomes and AJs, processes that are mediated by
adhesion molecules of the cadherin family (58). Particularly, E-cadherin-mediated adhesion
plays a key role in maintaining the tissue integrity and differentiation of epidermal
keratinocytes (59, 60). Whereas distribution of P-cadherin is restricted to the SB, E-cadherin
is the predominant AJ cadherin in suprabasal layers (61). In epithelial cells, raising [Ca2+]o
stimulates the binding of E-cadherin to its counterpart on the surface of neighboring cells,
and its interactions with β- (or γ-), α-, p120-catenins, and the actin cytoskeleton to form AJs
(58). These interactions stabilize AJs and support cell stratification.

Activated E-cadherin initiates signaling responses that are crucial for cell survival and
differentiation (58). Through interactions with β- (and/or γ-) and p120-catenin, PI3K is
recruited to the E-cadherin/catenin complex at the cell membrane (8, 40), where PI3K is
activated resulting in conversion of PIP2 to phosphatidylinositol 3,4,5-triphosphate (PIP3).
PIP3 in turn activates PLCγ1 (41), which stimulates Ca2+ release from stores and influx
through SOC channels. In addition, phosphatidylinositol-4-phosphate 5-kinase 1α
(PIP5K1α) is recruited by the E-cadherin-catenin complex to the plasma membrane where it
converts PIP to PIP2 providing the substrate for both PI3K and PLCγ1 (62). Though
keratinocyte intercellular adhesion is independent of the level of [Ca2+]i (11), the E-
cadherin-dependent signaling cascade is critical for [Ca2+]o-induced generation of the
second messengers IP3 and [Ca2+]i. PI3K also activates the downstream effector Akt to
promote cell differentiation and survival (7, 40). Inactivating E-cadherin function prevents
[Ca2+]o-induced activation of PI3K and keratinocyte differentiation (7, 8).
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Rho-like GTPase (63) and Src-family tyrosine kinases (5) are two major families of
regulators of E-cadherin-mediated cell-cell adhesion in keratinocytes. Src-family tyrosine
kinases phosphorylate β-, γ- and p120-catenin after [Ca2+]o stimulation to promote their
interaction with E-cadherin (5). In mouse keratinocytes, [Ca2+]o selectively activates Fyn
kinase and induces its association with the E-cadherin/catenin complex at the cell membrane
(6). Tyrosine phosphorylation of catenins, cell-cell adhesion, and cell differentiation are
compromised in Fyn-deficient keratinocytes (5). Rho-GTPases are upstream mediators of
Fyn in regulating cell-cell adhesion in keratinocytes (6). Whereas Rac1 facilitates the actin-
cytoskeleton reorganization, RhoA is required for E-cadherin clustering at cell-cell junctions
(63). Raising [Ca2+]o activates RhoA and induces its translocation from cytosol to the cell-
cell contacts. Inactivating RhoA blocks the formation of AJs and keratinocyte differentiation
(6, 64). Blocking RhoA activity prevents the prolonged increase in [Ca2+]i level following
the calcium switch, although the initial rise in [Ca2+]I remains intact (64) consistent with the
concept that different mechanisms are involved in the acute vs. prolonged rise in [Ca2+]i
following the calcium switch, the latter necessary for differentiation and requiring the E-
cadherin signaling pathway.

c. Protein kinase C-mediated regulation of keratinocyte differentiation
The rise in DAG and [Ca2+]i following the calcium switch leads to PKC activation (65).4
Human and mouse epidermis express PKCα, δ, ε, η and ζ, but only PKCα and δ respond to
calcium (66). The activation of involucrin, loricrin, and profilaggrin genes after the calcium
switch is accompanied by translocation of PKCα from the cytosol to the plasma membrane
(66). Blocking PKCα or PKCδ expression inhibits [Ca2+]o-induction of these differentiation
genes (65, 67).

The effect of PKCs on keratinocyte differentiation is in part mediated by the activator
protein-1 (AP-1) transcription factors, which include Fos and Jun families. Genes encoding
involucrin and loricrin have AP-1 responsive elements in their promoter regions (68, 69).
PKC activation results in a rapid increase in expression of c-Fos and c-Jun and the
occupying of AP-1 binding sites (70). Other members of the Fos and Jun families, with
either stimulatory or inhibitory functions, are also present in keratinocytes and are involved
in transcriptional regulation of differentiation related genes. JunB, JunD, c-Fos and Fra1 are
found to bind both of the proximal and distal AP-1 sites in the involucrin gene promoter
region (70). Gel-shift analyses demonstrate a strong binding of the proximal AP1 site by
JunB and Fra1 in proliferating keratinocytes. As keratinocytes differentiate, c-Fos replaces
JunB and Fra1 to stimulate involucrin expression (71). These findings demonstrate that
PKCs are able to differentially regulate the same target genes via controlling the expression
of various AP-1 factors.

C. Roles of the calcium-sensing receptor (CaSR) in keratinocyte
differentiation

The [Ca2+]i response to [Ca2+]o in keratinocytes resembles that in parathyroid cells, which
sense [Ca2+]o via the CaSR (72). The ability of a selective activator of the CaSR, NPS
R-467, to increase the [Ca2+]i response to [Ca2+]o and to activate the differentiation marker
genes (i.e. involucrin and TG1) in keratinocytes supports the notion that CaSR mediates
[Ca2+]i signaling during keratinocyte differentiation (73). The keratinocyte CaSR is identical
to that expressed in the parathyroid gland and kidney (9). Inactivation of CaSR in
keratinocytes blunts the [Ca2+]i response to [Ca2+]o, blocks the calcium-dependent
inhibition of cell proliferation and prevents calcium-stimulated differentiation (74).
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a. Expression of CaSR in keratinocytes
Keratinocytes produce two variants of the CaSR: the full-length CaSR and a smaller
alternatively spliced variant lacking exon 5, CaSRalt. The amino acid residues 460 to 536 in
the extracellular domain are lost in the CaSRalt. The full-length CaSR proteins are
expressed as two major forms, 140-kDa and 160-kDa, whereas the CaSRalt is expressed as a
single protein of 130-kDa (9). Deglycosylation analyses revealed that the full length CaSR
has two different N-glycosylated oligosaccharide chains whereas the CaSRalt has only high
mannose type oligosaccharide chains (9). The change of glycosylation pattern in the
CaSRalt is probably attributed to the deletion of the 2 N-glycosylation sites at Asn468 and
Asn488 within exon 5. When exogenously expressed in keratinocytes, only the full-length
CaSR is able to mediate calcium-stimulated inositol phosphate (IP) production and
transcriptional activation of involucrin and TG1 genes (9). The strictly intracellular
localization of CaSRalt (75) suggests the change in glycosylation limits the surface
expression of the CaSR spliced variant, leading to its failure to mediate the cellular response
to [Ca2+]o. In addition, the CaSRalt moderately reduces the IP response of the full length
CaSR to [Ca2+]o when they are coexpressed in HEK293 cells (9), suggesting that the ratio of
the two forms of CaSR may be a factor regulating calcium responsiveness in cells. The full-
length CaSR and CaSRalt are expressed differentially during differentiation. Whereas the
level of CaSRalt remains relatively unchanged, the level of full-length CaSR gradually
decreases in the terminally differentiated keratinocytes (75). This expression pattern of
CaSR is consistent with the steady decline in [Ca2+]i and IP responses to [Ca2+]o in
differentiated cells (9) but is somewhat different from the in vivo situation discussed
subsequently.

In the parathyroid cells and in HEK293 cells expressing full-length CaSR cDNA, CaSR was
extensively expressed on the plasma membrane. However, substantial perinuclear
cytoplasmic localization of CaSR is commonly observed in other cell types, i.e. rat
chondrogenic RCJ.C5.18 cells (76), mouse osteoblastic MC3T3-E1 cells (77), osteoblasts,
articular and growth plate chondrocytes (78), and pancreatic acinar cells (79). In
keratinocytes, CaSR localization is predominantly intracellular and to a lesser extent in the
plasma membrane (29, 74, 75). It is likely that the CaSR on the cell surface senses changes
in [Ca2+]o, but the function of the CaSR in the intracellular compartments needs elucidation.

b. CaSR regulates intracellular Ca2+ handling
There are several mechanisms by which CaSR mediates [Ca2+]o-induced increases in
[Ca2+]i, thereby promoting differentiation. CaSR in the plasma membrane directly activates
PLC, most likely through Gαq (80), in response to elevated [Ca2+]o. PLC in turn generates
IP3, which then releases Ca2+ from intracellular stores and stimulates Ca2+ influx.
Inactivation of CaSR in keratinocytes by transfecting a full-length antisense CaSR cDNA
construct greatly reduces Ca2+ release in response to elevated [Ca2+]o (10, 74). This is a
consequence of a profound depletion of Ca2+ pools in cells lacking the CaSR, as indicated
by the reduced amount of Ca2+ released by [Ca2+]o, ionomycin, or thapsigargin (10).
Consistent with its effect to deplete intracellular Ca2+ stores, inhibition of CaSR expression
also augments the SOC-mediated Ca2+ influx (10). This result is probably a mechanism
compensating for the extended loss of Ca2+ from internal stores. Moreover, CaSR null
keratinocytes demonstrate increased calcium accumulation by ER and Golgi most likely due
to their reduced calcium stores and/or loss of regulation by CaSR. These are acute
responses. The data showing increased SOC-mediated calcium influx and accumulation by
ER and Golgi in the absence of CaSR but overall loss of intracellular calcium stores
suggests that CaSR enables calcium entry through channels that we have not yet identified,
but which are important for the maintenance of the calcium stores.
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Similar impairments in [Ca2+]o-stimulated [Ca2+]i responses are exhibited in keratinocytes
from HHD patients that have reduced Ca2+ levels in their Golgi because of mutations in
SPCA1 (44). The shared characteristics of CaSR-deficient and SPCA1-deficient
keratinocytes in Ca2+ handling suggest that the CaSR and SPCA1 are likely parts of an
apparatus that transduces [Ca2+]o signals into cellular responses in keratinocytes.
Fluorescence immunostaining and co-immunoprecipitation studies reveal that CaSR co-
localizes and forms a protein complex with several [Ca2+]i modulators, i.e. PLCγ1, IP3R
and SPCA1, in the trans-Golgi (10). Since PLCγ1 and IP3R are crucial for instigating both
Ca2+ release from stores and Ca2+ entry through membrane channels (50, 81), while SPCA1
is responsible for refilling the intracellular Ca2+ stores (44), the CaSR may serve as a
coordinator of these signaling events due to its intrinsic ability to sense [Ca2+]o and possibly
the Ca2+ level in the lumen of intracellular stores.

c. CaSR-dependent regulation of E-cadherin signaling and cell-cell adhesion
Besides the initial Ca2+ release via PLC activation, the CaSR sustains increases in [Ca2+]i
levels via E-cadherin-mediated signaling (11). CaSR regulates E-cadherin-mediated cell-cell
adhesion through the Rho/Fyn-dependent pathway as previously described. Inhibiting CaSR
expression blocks the [Ca2+]o-induced activation of Rho and Fyn, the tyrosine
phosphorylation of β-, γ-, and p120-catenin, the formation of E-cadherin/catenin complex,
and activation of PI3K (11).

In keratinocytes, the transduction of [Ca2+]o signals to the downstream Rho pathway
requires the physical interaction of the C-terminal region of CaSR with an actin-binding
protein filamin A (64). Filamin A is known to interact with intracellular signaling proteins
including the Rho-like GTPase, guanine nucleotide exchange factor (GEF), Rho kinase, and
MAPK (82). Filamin A also directly interacts with a variety of transmembrane proteins
including β integrins, Ca2+ and K+ channels, and CaSR (82). In keratinocytes, raising
[Ca2+]o stimulates interactions among CaSR, filamin A, RhoA, and E-cadherin at the cell
membrane and facilitates CaSR signaling through the Rho A pathway (64). Disrupting
CaSR-filamin interaction by expressing a dominant-negative filamin A or a CaSR C-
terminus peptide inhibits the membrane localization of CaSR, [Ca2+]o-activation of RhoA,
and consequently the E-cadherin-mediated cell-cell junctions (64). [Ca2+]o-activation of
RhoA in keratinocytes also involves Trio, a Rho-GEF that binds directly with filamin (Tu
and Bikle, unpublished observation). These findings demonstrate that through forming a
signaling complex with filamin, GEF, and Rho the CaSR elicits the [Ca2+]o-activation of the
E-cadherin-mediated pathway required for keratinocyte differentiation.

d. Effect of CaSR abrogation in keratinocyte proliferation, differentiation and cell death
Raising [Ca2+]o inhibits cell proliferation and promotes differentiation in keratinocytes, but
inactivation of CaSR blocks these calcium-dependent processes. The inability of
intracellular Ca2+ stores to properly handle Ca2+ mobilization in the CaSR-deficient
keratinocytes profoundly inhibits the ability of [Ca2+]o to raise [Ca2+]i (64). The ineffectual
RhoA/Fyn signaling after CaSR knockdown fails to stabilize the E-cadherin/catenin
adhesion complex and to activate PI3K and PLCγ1 (11). Consequently, the basal [Ca2+]i is
decreased, the transcriptional activation of involucrin and TG1 promoters by [Ca2+]o is
blocked (10, 74), and the [Ca2+]o-stimulated protein expressions of late differentiation genes
involucrin, TG1, loricrin, profilaggrin, and caspase 14 are greatly reduced in these cells (11).
Moreover, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining
shows that knockdown of CaSR significantly increases the number of apoptotic cells in
cultured keratinocytes (11).
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D. Calcium-sensing receptor regulates epidermal functions
Immunocytochemistry and in situ hybridization confirmed the expression of CaSR message
and proteins in mammalian skin in the interfollicular suprabasal keratinocyte layers with
little CaSR in the basal layer (29, 83). The level of CaSR expression increases as cell
differentiation continues across the epidermis, with the strongest expression in the cells of
the upper SG (29), whereas the corneocytes display weak staining. Like the distribution of
CaSR in cultured keratinocytes, most of the CaSR proteins in epidermal layers localize
intracellularly (29). Overall, the expression of CaSR closely parallels the Ca2+ gradient in
the epidermis. The importance of CaSR in the epidermal differentiation is made clear in
three animal models: transgenic mice with epidermal overexpression of CaSR, full-length
CaSR deficient (Casr−/−) mice, and keratinocyte-specific CaSR knockout (EpidCaSR−/−)
mice.

a. Transgenic mice overexpressing CaSR in the epidermis
To investigate the role of CaSR, Truksen and Troy generated transgenic mice with
constitutive overexpression of CaSR in the basal keratinocytes in the epidermis (84). The
CaSR transgenic mice manifest advanced differentiation and epidermal permeability barrier
formation during embryologic development and accelerated hair growth at birth. Several
morphological and biochemical changes are found in the epidermis from these mice.
Suprabasal keratinocyte layers are expanded as cells become hypertrophic, whereas the
basal layer remains unaltered. The granular keratinocytes exhibit an increase in keratohyalin
granules, consistent with an upregulated filaggrin expression. Furthermore, the levels of
early (keratin K1) and late (small proline-rich protein1A, involucrin, loricrin and filaggrin)
differentiation markers, as well as the hyperproliferation marker keratin 6, are significantly
augmented in the transgenic epidermis. The upregulation of EGF and non-canonical Wnt
signaling pathways in the CaSR transgenic epidermis suggest that an enhanced cross talk
between CaSR and other signaling pathways may contribute to the changes in epidermal
differentiation.

b. The full-length CaSR deficient (Casr−/−) mice
A global CaSR “knockout” (Casr−/−) mouse model was developed by Ho et al to assess
CaSR functions in vivo (85). In Casr−/− mice the CaSR gene is disrupted by insertion of a
neomycin resistance gene into exon 5, leading to a complete loss of the full-length CaSR
expression. The homozygous knockout mice die shortly (mostly 5-7 days) after birth with a
phenotype of neonatal severe hyperparathyroidism, and heterozygous knockout mice
manifest the phenotypes of familial benign hypocalciuric hypercalcemia (85), confirming a
role for the CaSR in the kidney and parathyroid glands. However, immunocytochemistry,
Western analyses, and in situ hybridization detect the continuous expression of CaSRalt in
these animals (83, 86), which may compensate for the loss of the full-length CaSR in tissues
outside of parathyroid and kidney (86).

Nevertheless, the Casr−/− mice manifest various epidermal abnormalities. Casr−/−
epidermis shows a modest reduction in the number of nucleated cell layers with abnormal
polarity and flattening of basal and suprabasal keratinocytes (83). Proliferating cell nuclear
antigen (PCNA) staining indicates a modest increase in the proliferation of the basal layer in
Casr−/− epidermis (29). Electron microscopy studies demonstrate that the epidermis of Casr
−/− mice has a looser and less organized SC, an expanded SG/SC interface, abnormal
accumulation of large keratohyalin granules and premature LB secretion in the keratinocytes
of the lower granular layers (29). Furthermore, the expression levels of differentiation
markers loricrin and filaggrin are greatly decreased in the epidermis of Casr−/− mice. The
epidermis of Casr−/− mice exhibits a steeper Ca2+ gradient (29), perhaps due to the
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hypercalcemia and hyperparathyroidism in these mice, even though the keratinocytes from
Casr−/− mice fail to respond to [Ca2+]o with a significant rise in [Ca2+]i (83). These results
indicate that the full-length CaSR is required for normal epidermal differentiation and that
this function cannot be replaced with the alternatively spliced CaSR.

c. The keratinocyte-specific CaSR knockout (EpidCaSR−/−) mice
The early death of the Casr−/− mice precludes detailed analysis of the skin phenotype in
adults. Also, it is unclear whether the epidermal defects in Casr−/− mice are strictly due to
the lack of [Ca2+]o-sensing in keratinocytes or are caused by severe metabolic disturbances.
To address these issues, we have generated a keratinocyte-specific CaSR knockout
(EpidCaSR−/−) mouse (12) by breeding a floxed CaSR (CaSRfl/fl) mouse line (87) with
mice expressing Cre recombinase under the control of the human K14 promoter (88).
In EpidCaSR−/− mice, exon 7 of the CaSR gene encoding the entire transmembrane domain
and intracellular portion of the receptor is deleted in the keratinocytes in the epidermal basal
layer. These mice have no overt growth phenotype or metabolic derangement (12).

Ion capture cytochemistry reveals that the epidermal Ca2+ gradient is lost in the EpidCaSR−/
− mice (12). Although EpidCaSR−/− epidermis displayed relatively normal organization of
the nucleated cellular layers, cell proliferation is increased and the expression levels of mid
to late differentiation markers are significantly decreased (12). Deletion of CaSR also causes
marked reductions in the number of lamellar bodies in the keratinocytes in the upper SG and
their secretion at the SG/SC junction in EpidCaSR−/− epidermis (12). The levels of the
lamellar body lipid transporter and sphingolipid processing enzymes are decreased in
the EpidCaSR−/− epidermis, whereas the sphingolipid biosyntheses are essentially normal.
As a result, EpidCaSR−/− epidermis manifested thinner corneocyte lipid envelopes (12). The
formation of the epidermal permeability barrier is normally completed by E17.5 during
embryonic development (89); however, it is delayed in the EpidCaSR−/− mice (12). The
integrity of the epidermal permeability barrier in the adult EpidCaSR−/− mice is
compromised due to the defects in CE and lipid lamellar bilayers. The permeability barrier
defects in EpidCaSR−/− epidermis are especially aggravated in mice subjected to dietary
Ca2+ restriction. Under such a condition, EpidCaSR−/− mice display a clear retardation in the
recovery of the permeability barrier after barrier perturbation and a down-regulated innate
immune response to wounding (12). These phenotypes in EpidCaSR−/− skin are consistent
with a continuous suppression of epidermal differentiation in these animals (12).

Aligned with the in vivo results, epidermal keratinocytes cultured from EpidCaSR−/− mice
display blunted [Ca2+]I response to elevated [Ca2+]o and reduced intracellular Ca2+ pools
(12), indicative of abnormal intracellular Ca2+ handling. EpidCaSR−/− keratinocytes also
manifest defective cell-cell junction formation indicated by the diminished membrane-
association of Rho, Fyn with E-cadherin. Additionally, [Ca2+]o-induced expression of late
differentiation markers in the EpidCaSR−/− keratinocytes is decreased, verifying that the
defect in epidermal differentiation is a direct consequence of CaSR knockout in
keratinocytes.

d. Interaction of calcium and 1,25-dihydroxyvitamin D3 (1,25D3) in epidermal differentiation
1,25D3 potentiates differentiation through many of the same pathways as calcium, such as
by increasing [Ca2+]i levels and activating PKC and PLC signaling (90, 91). Calcium and
1,25D3 synergistically activate transcription of the involucrin promoter that contains an
AP-1 binding site necessary for calcium and 1,25D3 induction and an adjacent vitamin D3
receptor (VDR)-responsive element (VDRE) (68, 92, 93). 1,25D3 augments the sensitivity to
the prodifferentiating actions of calcium in keratinocytes by increasing the expression of
CaSR (94), likely via the VDRE in the CaSR promoter (95). Inhibiting VDR in
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keratinocytes suppresses the expression of CaSR and its translocation to the plasma
membrane after calcium stimulation in vitro (96). Conversely, dietary Ca2+ supplementation
has been shown to up-regulate VDR expression in the epidermis of the vitamin D-deficient
rat (97). VDR null and 25-hydroxyvitamin D3 1-α-hydroxylase (CYP27B1)-deficient mice
share similar epidermal phenotypes as EpidCaSR−/− mice: abnormal epidermal Ca2+

gradient, decreased LB numbers and secretion, delayed recovery of permeability barrier
function, and defective differentiation (12, 98, 99), indicative of important roles for 1,25D3/
VDR as well as calcium/CaSR in keratinocyte differentiation and permeability barrier
homeostasis.

Summary
[Ca2+]o signaling regulates proliferation, differentiation and apoptosis in most, if not all, cell
types including keratinocytes. [Ca2+]o stimulates the keratinocytes to differentiate in large
part through the CaSR, which regulates cell survival and keratinocyte differentiation by two
major pathways (Figure 1). First, CaSR controls intracellular Ca2+ stores and Ca2+ handling
by interacting with various [Ca2+]i modulators. Second, via Rho- and Fyn/Src-mediated
signaling the CaSR controls the [Ca2+]o-induced formation of E-cadherin/catenin
complexes, which underlie cell-cell adhesion and serve as a scaffold for recruiting and
activating other signaling molecules critical for differentiation. Inhibiting CaSR expression
in vitro reduces the [Ca2+]o-induced increase in [Ca2+]i, blocks E-cadherin-mediated cell-
cell adhesion and PI3K activation, decreases differentiation, and increases apoptosis.
Abrogating CaSR in vivo perturbs the epidermal Ca2+ gradient, inhibiting differentiation-
associated cellular functions including the innate immune response and permeability barrier
function. Complementary to the phenotypes of CaSR knockout mice, mice with CaSR over-
expression in the epidermis display accelerated epidermal differentiation and permeability
barrier formation. These findings demonstrate that the CaSR is required for normal
epidermal differentiation and barrier function in vivo.
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Research Agenda

• The interaction between vitamin D signaling and calcium/CaSR signaling
requires further elucidation at the molecular level.

• The role of CaSRalt in the epidermis and other tissues needs further exploration

• The function of the intracellular CaSR and its relationship with other calcium
signaling molecules requires further investigation.

• Novel drugs that target the epidermal CaSR may result in better treatment of
diseases including Darier’s Disease and Hailey-Hailey disease, atopic dermatitis
or psoriasis.
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Figure 1.
[Ca2+]o-stimulated signaling responses in keratinocytes. Membrane CaSR senses changes in
[Ca2+]o and activates two signaling pathways. One is mediated by the Gaq-activated PLC,
which generates IP3 to trigger Ca2+ release from internal stores including ER and Golgi via
IP3R. Depletion of Ca2+ stores stimulates Ca2+ influx through SOCs by an IP3R- and
PLCγ1-mediated mechanism to further raise [Ca2+]i. The second involves activation of Rho
through interaction with Ga, e.g. Gaq or Ga12/13, filamin A, and RhoGEF to stimulate Fyn/
Src kinases. Fyn/Src kinases phosphorylate catenins, promoting the formation of E-cadherin/
catenin complex at the cell membrane and activation of PI3K. PI3K in turn activates PLCγ1
to further increase [Ca2+]i. The activation of PI3K downstream effectors and rise in [Ca2+]i
stimulate the expression of genes essential for differentiation and cell survival. Finally, the
intracellular CaSR forms complexes with IP3R, PLCγ1, and SPCA1 in the Golgi and
regulates Ca2+ uptake and release from intracellular Ca2+ stores, as well as Ca2+ entry via
SOC.
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