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Abstract

Vitamin D and PTHrP are essential for the differentiation of keratinocytes and epidermal development. The action of PTHrP on skin is
mediated via its PTH-1R receptors present in both epidermal and dermal cells. This suggests that PTHrP may have a paracrine/autocrine
role, and its receptors may act in association or in negative cooperativity. We compared the intracellular signaling pathways in response
to PTHrP (1–34) and to various PTHrP peptides, the N-terminal (1–34), Mid region (67–89), and C-terminal (107–139) fragments, and
the possible modulation of PTHrP and its receptor mRNA expressions by vitamin D. Adjacent dermal fibroblasts as freshly isolated
keratinocytes expressed both PTHrP and PTH-1R mRNAs, and responded to the various PTHrP fragments. bPTH and PTHrP(1–34)
increased both cellular cAMP and [Ca2+]i in keratinocytes and fibroblasts. In contrast, PTHrP (107–139) increased [Ca2+]i but not cAMP
in the two cell types. PTHrP (67–89) had no effect in keratinocytes, and only increased [Ca2+]i in fibroblasts. Vitamin D deficiency in
weaned rats increased the expression of PTHrP mRNA in keratinocytes, and decreased it in fibroblasts and kidneys. Vitamin D deficiency
increased PTH-1R mRNA expression in keratinocytes and kidneys, but not in fibroblasts. Although keratinocytes and skin fibroblasts are
target cells for PTHrP and express PTH-1R, the two adjacent cell types differ as regards their intracellular signaling in response to PTHrP
peptides. Moreover vitamin D regulates PTHrP and PTH-1R in a cell-specific manner.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

PTHrP is highly expressed in normal skin, and regulates
the differentiation of epidermal cells[1,2]. PTHrP may
function as a paracrine factor in the epidermis since dermal
fibroblasts bear type I PTH/PTHrP receptors (PTH-1R).
However, type I PTH/PTHrP receptors have recently been
identified in keratinocytes[3]. Bringing together these
findings raises questions on the function of PTH-1R in
both cell types. Binding of PTHrP (1–34) to PTH-1R
may activate two signaling pathways: cAMP/adenylyl cy-
clase/protein kinase A and/or cytosolic free calcium/inositol
trisphosphate/protein kinase C[4]. Adenylyl cyclase-linked
PTH-1R route has only been localized in an immortal-
ized human keratinocyte cell line (RHEK)[5], but PTHrP
increased membrane-associated protein kinase C (PKC) ac-
tivity without affecting adenylyl cyclase activity in cultured
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differentiation-competent mouse skin keratinocytes[6]. Un-
derlying dermal fibroblasts exhibited a cAMP response only
to PTHrP (1–34). Finally, it is not known whether only the
N-terminal PTHrP (1–34) or other PTHrP fragments play a
physiological role in the epidermis. We therefore evaluated
the two cell signal transduction responses to PTHrP (1–34)
in freshly isolated newborn keratinocytes and in adjacent
dermal fibroblasts, and extended our study to the other
PTHrP peptides, namely the human Mid-region (67–89),
and C-terminal (107–139) PTHrP peptides.

Vitamin D may play a paracrine role during the differenti-
ation of keratinocytes[7,8], and regulates the production of
PTHrP[9]. The vitamin D receptor (VDR) is present in both
keratinocytes and fibroblasts. Vitamin D negatively regulates
PTHrP expression in keratinocytes and cancer cells[9–12].
In contrast, PTH-1R is differentially regulated by vitamin D
in classical target tissues of PTHrP as kidneys[13], in ROS
cells, and in bone and cartilage cells that are adjacent[14].
We therefore studied the modulation of PTHrP and PTH-1R
mRNA in keratinocytes and fibroblasts isolated from vita-
min D-deficient rats. Our data demonstrate that PTHrP and
its receptors are expressed in both cell types. PTH-1R seems
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structurally similar in both cell types. However, PTH-1R
acts differently in fibroblasts because of different biologi-
cal responses to the various fragments of PTHrP. Moreover,
PTHrP and PTH-1R mRNA are regulated in a different way
by vitamin D in keratinocytes and fibroblasts.

2. Materials and methods

2.1. Animals

Weaned 21-day-old male Wistar rats were divided in two
groups. Group1 (D+D+, n = 5) served as controls, and
was fed a diet containing 0.75% calcium and 2000 IU/kg
vitamin D. The rats in Group 2 (D−D−, n = 5) were raised
in the dark, and given a vitamin D-deficient diet containing
0.4% calcium. After 8 weeks, both groups were anesthe-
sized by i.p. phenobarbital injection before death. Blood
sample was taken for biochemical analysis. Skins were used
for keratinocytes and fibroblasts preparation. Kidneys were
rapidly excised and frozen in liquid nitrogen.

2.2. Keratinocytes and fibroblasts preparation

Total keratinocytes were isolated from skin samples of
1-day-old, vitamin D-deficient or normal rats, by a modifi-
cation of the method of Yuspa and Harris[15]. Fibroblasts
outgrew from skin biopsies, and became confluent after
3 weeks in culture. Kidneys of the same animals were
used as a tissue control for the expression of PTHrP and
PTH-1R.

2.3. Parathyroid hormone-related protein and its
receptor mRNA assay

RNA was extracted from the cells, and used for
RT-polymerase chain reaction (PCR). We used primers
to amplify 611 bp corresponding to exons 3 and 4 of the
rat PTHrP cDNA, primers to amplify 910 bp of PTH-1R
cDNA, and rat G3PDH cDNA primers as an internal con-
trol [6]. Controls included water instead of cDNA in the
PCR samples, omitting the reverse transcriptase during the
synthesis of cDNA. The conditions for reverse transcrip-
tase and PCR of PTHrP and PTH-1R were as previously
described[3]. RT-PCR products were separated by agarose
gel electrophoresis, stained with ethidium bromide, and
hybridized after Southern blotting with specific synthetic
oligomer probes.

2.4. Cyclic AMP assay

Freshly isolated keratinocytes were cultured in 6-well
plates for 8 days in KGM medium (low calcium medium
0.1 mM), while fibroblasts were cultured in DMEM medium
(normal calcium, 1.8 mM). The medium was removed, and

the cells were incubated for 5–10 min in medium contain-
ing 1% bovine serum albumin, 0.2 mM isobutyl methylxan-
thine (a phosphodiesterase inhibitor), and various doses of
the PTHrP fragment or its solvent (10 mM acetic acid plus
1% BSA). Cell cAMP was extracted twice with ethanol.
Cyclic AMP was measured by radiocompetition[16]. The
cAMP content is expressed as pmoles/mg protein.

2.5. Calcium measurement

Keratinocytes and fibroblasts were grown on rectangular
glass coverslips for 4 days in medium supplemented with
10% FCS. Cells were transferred to serum-free medium 24 h
before use. The cells were loaded with 1 mM Fura-2/AM for
30 min in Hanks’ HEPES, pH 7.4 (137 mM NaCl, 5.6 mM
KCl, 0.441 mM KH2PO, 0.442 mM Na2HPO4, 0.885 mM
MgSO4·7H2O, 27.7 mM glucose, 1.25 mM CaCl2, and
25 mM HEPES), at room temperature. The Fura-2 fluores-
cence response to the intracellular calcium concentration
([Ca+]i) was calibrated from the ratio of the 340/380 nm
fluorescence values after subtraction of the background
fluorescence of the cells at 340 and 380 nm, using a ther-
mostatted (37◦C) Hitachi F-2500 spectrofluometer.[17].
Drugs and reagents were added directly to the cuvette under
continuous stirring.

3. Results

3.1. PTHrP and PTH-1R mRNA in keratinocytes and
fibroblasts of newborn rats and vitamin D-deficient rats

Both fibroblasts and keratinocytes of newborn rats exhib-
ited PTHrP and PTH-1R (Fig. 1A). Vitamin D deficiency
resulted in decreases in serum calcium and vitamin D
metabolites, 25(OH)D and 1,25(OH)2D3, (Fig. 1C), and
caused severe hyperparathyroidism. The semi-quantitative
analysis of RT-PCR product of PTHrP followed by a South-
ern blot showed a marked increase in the amount of PTHrP
in vitamin D-deficient skin keratinocytes (Fig. 1B). In con-
trast, vitamin D deficiency decreased drastically PTHrP
mRNA expression in both fibroblasts and kidney. Vitamin
D deficiency increased the expression of PTH-1R mRNA
in keratinocytes and, to a less extend, in kidneys, but had
no effect on the PTH-1R mRNA expression in fibroblasts
(Fig. 1B).

3.2. Effects of different fragments of PTHrP on
intracellular calcium and cAMP

The basal [Ca2+]i in newborn rat keratinocytes was 149±
5 nM, mean± S.E., n = 6. PTHrP (1–34) triggered a rapid
transient increase in [Ca2+]i. The profile of the calcium re-
sponse consisted of a sharp peak followed by a plateau that
remained above the basal level (21± 2%, mean± S.E.,
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Fig. 1. PTHrP and PTH-1R messenger RNA in keratinocytes and fibroblasts of newborn, normal and vitamin D deficient rats. Total RNA was extracted
from kidney tissue, keratinocytes and fibroblasts, and analyzed by reverse transcriptase-polymerase chain reaction (PCR) using primers, which detect
mRNA of 611 bp corresponding to exons 3 and 4 of the rat PTHrP cDNA, 910 bp corresponding to exons E2/M of the rat PTH-1R. (A) Newborn rats.
(B) Normal and vitamin D deficient rats. The Southern blot of the 611 and 910 bp hybridized with a specific PTHrP or PTH-1R oligonucleotide. The
intensities of the hybridizing signals of the PTHrP PCR products were quantified with densitometric scanning and normalized against the G3PDH signal.
Values are means± S.E.M. (n = 5), ∗P < 0.05 vs. D+D+group, ∗∗P < 0.01 vs. D+D+group.

n = 6, P < 0.05) for at least 1 min (Fig. 2A, left panel).
This effect started at 10 nM, and was the greatest at 100 nM.
Keratinocytes also responded to 100 nM C-terminal pep-
tide (107–139) and to 100 nM bPTH (1–34), but not to the
Mid-region (67–89) peptide. The three PTHrP peptides and
bPTH (1–34) stimulated the [Ca2+]i in fibroblasts (Fig. 2A,
right panel).

The cAMP content of keratinocytes was increased af-
ter 10-min incubation with 100 nM human PTHrP (1–34),
bovine PTH (1–34), or Forskoline, but the C-terminal and
Mid-region PTHrP peptides had no effect (Fig. 2B, left
panel). Human PTHrP (1–34) and bPTH (1–34) (100 nM) in-
creased cAMP after 5 min in fibroblasts (Fig. 2B, right panel)
whereas Forskoline needed 10 min. The maximal cAMP

response to PTHrP (1–34) was at 10 nM. Mid-region PTHrP
(67–89) and C-terminal PTHrP (109–137) at 100 nM had no
effect in fibroblasts.

4. Discussion

In this study, we have investigated: (i) whether the PTHrP
produced by keratinocytes is an autocrine local regulator
of the differentiation or a paracrine one, acting on under-
lying dermal fibroblasts that display PTH-1R and respond
to PTHrP; and (ii) whether the PTHrP and its receptor in
both cells are regulated by vitamin D. The adjacent der-
mal fibroblasts, isolated from the same skin of 1-day-old
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Fig. 2. Effects of PTHrP peptides on intracellular Ca2+ and cAMP in keratinocytes and fibroblasts. (A) Effects of various PTHrP peptides on intracellular
calcium. Keratinocytes or fibroblasts from newborn skin were loaded for 30 min with 1 mM Fura-2/AM. The response profile consisted of a peak followed
by a plateau phase. These results are representative of six experiments. (B) Effects of PTHrP peptides, bovine PTH (bPTH), and forskolin (FSK) on
cellular cAMP content in keratinocytes and fibroblasts. Fibroblasts were incubated for 5 min, and keratinocytes for 10 min with 100 nM hPTHrP (1–34),
hPTHrP (67–89), hPTHrP (107–139), bPTH (1–34). Forskolin (100 nM) served as positive control to ensure that cells had a functional adenylyl cyclase.
The cAMP is expressed as pmoles/mg proteins, and the results are the percentage of the amount measured in vehicle-treated controls. The control level
of cAMP was 40 pmoles/mg proteins in keratinocytes and fibroblasts. Values are means± S.E. of data obtained in 10 separate experiments. Anova and
Fischers PLSD were used for significance (significant at 95%).∗P < 0.05 vs. controls and∗∗P < 0.01 vs. controls.

rats, expressed PTH-1R, and surprisingly PTHrP, while
it has been stated that skin fibroblasts usually do not se-
crete PTHrP. Our findings support an autocrine/paracrine
function, involving the presence of functional PTH-1R in
both cells. We have also shown that PTHrP in freshly iso-
lated keratinocytes uses both transduction pathways, cAMP,
and intracellular calcium. The rise in cAMP in response
to PTHrP (1–34) has been found in RHEK-1 cells[8],
but not in SQCC/Y1 or Balbc/MK-2 cells[9]. Both the
N-terminal and C-terminal PTHrP, but not the Mid region,
transiently increase the [Ca2+]i. This suggests that dis-
tinct PTHrP receptor(s) may recognize specific fragments
in keratinocytes. Although the PTH-1R identified in rat
keratinocytes and dermal fibroblasts has common points
with the rat type-I PTH/PTHrP receptor, they act differ-
ently. The cAMP time response to PTHrP (1–34) is shorter
in fibroblasts (5 min versus 10 min), and the Mid-region
PTHrP increases the [Ca2+]i only in fibroblasts. Our results
suggest that PTHrP acts as a paracrine and an autocrine
factor, affecting the proliferation and differentiation of both

cell types via distinct effects on two different signaling
pathways.

Vitamin D induces subtle changes in the differentiation of
the epidermis by regulating its own receptors[7,8]. The ac-
tive form of vitamin D is a potent inhibitor of PTHrP produc-
tion in vitro by keratinocytes and in tumor cell lines[14]. The
negative gene regulation by vitamin D may be linked to the
presence of a negative vitamin D response element (nVDRE)
in the upstream region of the PTH and PTHrP genes[18].
We have demonstrated that the regulation of PTHrP and
PTH-1R depends on the skin cell type. Vitamin D deficiency
enhances the expression of PTHrP in keratinocytes, but
decreases it in adjacent fibroblasts as in kidney. Moreover,
vitamin D deficiency increases the PTH-1R expression in
kerarinocytes, but not in fibroblasts. Such a differential reg-
ulation by vitamin D had been reported in other cell types
[13]. In vivo treatment of mice by 1,25(OH)2D3 reduces the
expression of PTH-1R in osteoblasts, but not in chondro-
cytes in spite of the presence of an active P2 promoter in both
cells [14]. In conclusion, keratinocytes and skin fibroblasts
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are target cells for PTHrP and express PTH-1R. However,
the two adjacent cell types differ as regards their intracellular
signaling in response to PTHrP (1–34), and various PTHrP
peptides. Since vitamin D regulates PTHrP and PTH-1R
in a cell-specific manner, vitamin D deficiency may impair
local function of the fibroblasts in the skin PTH-1R system.
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