Journal of Cellular Biochemistry 89:440-449 (2003)

Vitamin D Enhances Mitogenesis Mediated by
Keratinocyte Growth Factor Receptor in Keratinocytes
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Abstract The hormonally active vitamin D metabolite, 1,25-dihydroxyvitamin D; (1,25(0OH),D3), and
keratinocyte growth factor (KGF) belong to the network of autocrine and paracrine mediators in the skin. Both were
shown to modulate keratinocyte proliferation, to reverse epidermal atrophy, to increase wound healing, and to reduce
chemotherapy-induced alopecia. The overlap between their activities may suggest that vitamin D exerts some of its
actions by modulation of KGF activities in the skin. This notion was examined by using HaCaT keratinocytes cultured in
serum-free medium in the absence of exogenous growth factors and in the presence of the EGF receptor tyrosine kinase
inhibitor AG 1478 that blocks their autonomous proliferation. These cells could be stimulated to proliferate by different
fibroblast growth factors (FGFs). The relative mitogenic efficacy of basic FGF, acidic FGF, or KGF was in correlation with
their affinities for the KGF receptor (KGFR). Forty-eight hour co-treatment with 1,25(0OH),D3; enhanced KGFR-mediated
cell proliferation in a dose dependent manner. Both ERK1/2 and c-Jun N-terminal kinase (JNK) were activated by the FGFs.
Treatment with 1,25(0OH),D5 increased the activation of ERK but reduced the activation of JNK. Treatment with
1,25(0OH),D3 increased the levels of KGFR in the presence but not in the absence of KGF, probably due to inhibition of
ligand-induced receptor degradation. Inhibition of protein kinase C with bisindolylmaleimide did not interfere with the
effect of 1,25(0OH),D; on KGFR-mediated ERK activation. Our results support the notion that the paracrine KGF-KGFR
system in the skin can act in concert with the autocrine vitamin D system in keratinocytes to promote keratinocyte
proliferation and survival under situations of stress and injury. J. Cell. Biochem. 89: 440—449, 2003.  © 2003 Wiley-Liss, Inc.
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Epidermal keratinocytes contain an autono-
mous vitamin D endocrine system. This system
consists of the enzymatic machinery that con-
verts vitamin D to its active hormonal metabo-
lite, 1,25—dihydroxyvitamin D (1,25(0H)sD3)
and of the nuclear vitamin D receptor (VDR)
[Bikle and Pillai, 1993; Lehmann et al., 2001;
Schuessler et al., 2001]. 1,25(0OH);D3 promo-
tes keratinocyte differentiation and modulates
their proliferation. Accumulating evidence indi-
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cates that the in vivo effects of 1,25(0OH),;Dg5
or its synthetic analogs on the proliferation
of keratinocytes are context specific. Whereas
these compounds inhibit the hyperprolifera-
tion of keratinocytes in psoriatic skin [van de
Kerkhof, 1995], they seem to promote prolife-
ration in intact skin [Levy et al., 1994; Lutzow-
Holm et al.,, 1996; Gniadecki et al., 1998],
reverse corticosteroid-induced epidermal atro-
phy [Gniadecki et al., 1994] and, in some cases,
enhance the rate of re-epithelialization during
wound healing [Ramesh et al., 1993, Hashimoto
etal., 1995; Tian et al., 1995]. In addition, active
vitamin D derivatives have been shown to pro-
tect hair follicles from chemotherapy-induced
damage [Schilli et al., 1998]. This finding is
consistent with the complete alopecia found in
patients and experimental animals with gene-
tic defects in the vitamin D response system
[Liberman et al., 1986; Kato et al., 1999].
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Keratinocyte growth factor (KGF) is a mem-
ber of the rapidly expanding fibroblast growth
factors (FGF) family. KGF is a specific mitogen
for epithelial cells in contrast to most members
of the FGF family, which exert their mitogenic
activity on a variety of cell types [Rubin et al.,
1995]. FGF's bind and activate receptor tyrosine
kinases, which are the products of four different
genes [Szebenyi and Fallon, 1999]. Further div-
ersity of the FGF receptor family occurs through
alternative splicing of these gene products. The
selective binding of the different FGFs to the
different receptor variants determines the spe-
cific target cells that will be activated. KGF,
uniquely among the FGFs, acts only through
one receptor variant, FGFR2-IIIb, also known
as the KGF receptor (KGFR) [Miki et al., 1991;
Ronetal., 1993a]. KGFR, on the other hand, can
be activated by other FGFs, notably acidic FGF
(aF'GF) and to a lesser extent, basic FGF (bFGF)
[Bottaro et al., 1990; Reich-Slotky et al., 1995;
Shaoul et al., 1995].

In accordance with its presumed paracrine
mechanism of action in the skin, KGF is produced
in the dermis and its receptor is expressed in
the keratinocytes of the epidermis and the
hair follicles [Finch et al., 1989, 1995]. Insight
into the role of KGF in the skin came from ex-
periments with animal model systems and
in vitro reconstituted skin. Thus, its expression
is markedly increased in sites of cutaneous
injury [Werner et al., 1992], and targeted ex-
pression of KGF in keratinocytes resulted in
hyperplasia [Guo et al., 1993]. Mice expressing
dominant negative form of KGFR in keratino-
cytes exhibit delayed wound repair, atrophic
and disorganized epidermis, slower rate of kera-
tinocyte proliferation, and reduced number of
hair follicles. The latter finding is consistent
with the ability of KGF to reduce chemotherapy-
induced alopecia in neonatal rats [Danilenko
et al,, 1995]. KGF is required for human epider-
mis formation in reconstituted skin [Szabowski
et al., 2000]. However, KGF null mice did not
show epidermal abnormalities, most likely due
to functional compensation by other growth
factors [Werner et al., 1994; Guo et al., 1996].

The intriguing overlap between the activities
of vitamin D in intact skin and those of KGF led
us to wonder whether some of the activities of
vitamin D may be due to modulation of the
activities of KGF via KGFR signaling pathways.
The first step in the assessment of this notion is
to investigate the possible cross talk between

KGFR ligands and vitamin D in keratinocytes.
Aprerequisite for such an investigationis that it
is conducted with minimal interference from
other signaling systems that impact on cell fate.
Cultures of primary keratinocytes do not fulfill
this requirement, as they need a complex mix-
ture of growth factors and various active ingre-
dients in order to survive and grow in culture
and to proliferate in response to growth factors.
To overcome this obstacle, we established an
experimental system based on HaCaT immor-
talized cells that are widely used as model for
epidermal keratinocytes. These cells are non-
tumorigenic and differentiate into normal epi-
dermis when grafted onto nude mice [Boukamp
et al., 1988; Schoop et al., 1999]. In this study,
HaCaT cells were rendered dependent for their
survival and proliferation in culture on exogen-
ous supply of FGF's, in the absence of serum or
any other biologically active ingredients. Using
these systems, we present experimental sup-
port to the notion that 1,25(0H);D3 can potenti-
ate mitogenic signaling via the KGFR leading to
proliferation of human keratinocytes.

MATERIALS AND METHODS

Tissue culture media were from Gibco BRL,
Grand Island, NY; tissue culture dishes from
Corning Glass Works, Corning, NY; and fetal
calf serum (FCS) from Beit Haemek Industries,
Beit Haemek, Israel. 1,25(0H);D5 was from
Hoffmann-LaRoche, Nutley, NJ (a gift from
Dr. M. Uskokovic). Recombinant human bFGF
was from PeproTech, Inc., NJ. Recombinant
aFGF and KGF were produced as described
[Gitay-Goren et al., 1992; Ron et al., 1993b].
Tyrphostin AG 1478 was a gift from Prof. A.
Levitzki, The Hebrew University, Jerusalem,
Israel. Bisindolylmaleimide (BIM) was from
Calbiochem-Novabiochem Corporation, San-
Diego, CA. Monoclonal antibody to the dually
phosphorylated ERK, rabbit anti ERK1/2 poly-
clonal antibody and c-Jun N-terminal kinase
(JNK) polyclonal antibody recognizing JNK1
and JNK2 isoforms were from Sigma Chemical
Co., St. Louis, MO. Monoclonal antibody to the
dually phosphorylated JNK and monoclonal
antibody to Bek (KGFR) were from Santa Cruz
Biotechnology Inc., Santa Cruz, CA. Peroxidase-
conjugated secondary antibodies: goat anti rab-
bit IgG and goat anti mouse IgG, were from
Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA. Bovine serum albumin fraction
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V was from ICN Biomedicals, Inc., Costa Mesa,
CA. All other reagents were of analytical grade.

Cell Culture and Mitogenic Assay

The human keratinocyte cell line, HaCaT,
was kindly provided by Prof. N. Fusenig,
German Cancer Research Center, Heidelberg,
Germany. Cells were maintained in minimal
essential medium containing 0.075 mM Ca™?
(MEM-75) and 10% FCS in 6 cm petri dishes and
sub-cultured every 3—4 days. Experiments were
initiated by seeding HaCaT cells (for cell num-
ber assessment: 5,000 cells/well in 96-well
plates; for Western blot analysis: 500,000 cells
in 6 cm petri dishes) in MEM-75 containing 10%
FCS. Twenty-four hours after seeding the
medium was replaced with fresh, serum-free
MEM-75 containing albumin (0.5 mg/ml),
AG 1478 (0.5 uM), 1,25(0H)yD3 and the appro-
priate FGF and cultured for 48 h. Heparin
(10 pug/ml) was added to cultures containing
bFGF or aFGF but not KGF to obtain optimal
mitogenic responses [Reich-Slotky et al., 1994].
Ethanol, the vehicle for 1,25(0H);D3 was added
to control cultures and its concentration never
exceeded 0.06%. Cell number was assessed by
crystal violet (CV) staining as previously de-
scribed [Garach-Jehoshua et al., 1999].

Western Blot Analysis

Cell extracts were prepared by scraping cells
into SDS-sample buffer and boiled for 15 min.
Samples were centrifuged before electrophor-
esis and subjected to SDS—PAGE under reduc-
ing conditions using 10% polyacrylamide gels
(20 pg protein/lane). Proteins were transferred
to nitrocellulose membranes and probed with
the specific antibodies. Detection was carried
out by horseradish peroxidase-conjugated goat
anti mouse and anti rabbit antibodies and
enhanced chemiluminescence. Protein content
of cell extracts in sample buffer was measured
by the method of Minamide and Bamburg
[1990].

RESULTS

The first objective of this study was to examine
the possible effects of 1,25(0H);D3 on keratin-
ocyte proliferation induced by members of the
FGF family. Our goal thus was to establish an
experimental system in which keratinocyte pro-
liferation is solely dependent on these growth
factors. As was shown previously, HaCaT cells

can proliferate in culture in the absence of
serum or exogenous growth factors [Garach-
Jehoshua et al., 1999]. This was confirmed in
the present study (Fig. 1A). Twenty-four hours
old HaCaT cell cultures were allowed to propa-
gate for additional 48 h in serum-free medium
and cell number was assessed by CV staining
(Fig. 1A, 72 h). Cell number in these cultures
was significantly higher than in parallel cul-
tures stained before serum depletion (Fig. 1A,
24 h). Under such conditions, their prolifera-
tion is entirely dependent on autocrine EGFR
ligands [Garach-Jehoshua et al., 1999] and can
be blocked by the specific EGFR tyrosine kinase
inhibitor AG 1478 (Fig. 1A). Addition of FGF's
to HaCaT cells, treated with AG 1478, brought
about a significant proliferative response. For
instance, treatment with bFGF (100 ng/ml) for
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Fig. 1. Effect of FGFs on HaCaT cell proliferation. HaCaT cells
were cultured in serum-free MEM-75 as described in *“Methods’’
in the presence or absence of AG 1478 (0.5 uM). A: Crystal violet
(CV) staining was carried out 24 h after seeding at the time of
serum depletion and AG 1478 addition or 72 h after seeding.
Data are presented as mean + SEM of six independent experi-
ments each performed with 4-5 replicate cultures. B: Twenty-
four hours after seeding, cultures were serum depleted, treated
with AG 1478 (0.5 pM) and various FGFs. CV staining was
carried out 48 h after initiation of treatment and the value of CV
staining of parallel cultures at the time of exposure to AG 1478
was subtracted. Results are presented as mean=+SD of five
replicate cultures.
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48 h increased cell number by 1.75 + 0.08 fold
(eight independent experiments, P=1x 1075
paired ¢t-test). We compared the mitogenic effect
of three members of the FGF growth factor
family, bFGF, aFGF, and KGF (Fig. 1B). It is
evident that both KGF and aFGF are more
potent and efficacious mitogens than bFGF,
active at a ten-fold lower concentration range.
These results are in agreement with previous
reports describing the mitogenic response of
mouse keratinocytes to these growth factors
[Reich-Slotky et al., 1995; Bonneh-Barkay et al.,
1997]. KGFR is the only member of the FGFR
family capable of transducing KGF signaling
and its affinity for aFGF is similar to that for
KGF, but much higher than that for bFGF
[Ornitz et al., 1996; Szebenyi and Fallon, 1999].
Thus, the results in Figure 1B strongly suggest
that KGFR, previously shown to be present
in HaCaT cells [Capone et al., 2000], is solely
responsible for the mitogenic response of these
cells to the various FGF family members. Here-
after, the different KGFR ligands were used
interchangeably in the course of this study.

Having established a culture of keratinocytes
that depend entirely on the activation of KGFR
for their survival and proliferation, the scene
was set to examine the effect of 1,25(OH)sD3 on
KGFR dependent mitogenesis. HaCaT cells,
treated with AG 1478, were exposed to KGF
in the presence or absence of 1,25(0H)yD;
(Fig. 2A). In the absence of the growth factor,
cell number was slightly higher in cells co-
treated with AG 1478 and 1,25(0OH),;D5 than in
cultures treated with AG 1478 alone This small
effect may be related to the previously reported
protective effect exerted by 1,25(0OH);D3 on
HaCaT cells exposed to various stresses [Ravid
et al., 2002]. It is apparent that the mitogenic
effect of KGF is markedly enhanced by co-
treatment with the hormone. The enhancing
effect of the hormone occurred also with bFGF
and was reproduced in three independent exp-
eriments (Fig. 2B). Figure 2C shows that the
enhancement of KGFR-mediated mitogenesis
by 1,25(0H),;D3 is dose dependent and signifi-
cant at a concentration as low as 0.01 nM.

One of the early and critical steps of the
mitogenic process is the activation of the
mitogen-activated protein kinase (MAPK)
ERK. We next examined whether the interac-
tion between 1,25(0H);D3 and KGFR ligands
was also reflected in enhanced activation of
this key enzyme. We have previously shown
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Fig. 2. Effect of 1,25(0OH),D; on KGFR ligand-induced prolife-
ration. HaCaT cells were cultured in serum-free MEM-75 with
AG 1478 and the specified KGFR ligands (KGF (4 ng/ml), bFGF
(100 ng/ml)) in the presence or absence of 1,25(0OH),D5 (A and
B: 100 nM) for 48 h as described in “’Methods’’. Cell number was
assessed by CV staining. CV staining values of cultures contain-
ing all additives except FGF were subtracted from the respective
FGF-containing cultures (B,C). Data were expressed as mean +
SEM of three independent experiments each performed with five
replicate cultures (B), and mean £ SD of five replicate cultures
(A Q).

[Garach-Jehoshua et al., 1999] and confirmed in
this study (Fig. 3A) that in HaCaT cells the ERK
mitogenic signaling pathway, activated by
autocrine EGFR ligands, is enhanced by treat-
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Fig. 3. Effectof 1,25(0OH),D; on ERK activation in KGFR ligand
dependent HaCaT cells. HaCaT cells were cultured in serum-free
MEM-75 as described in ““Methods”’. A: Cells were cultured in
serum-free medium for 48 h in the presence or absence of
1,25(0OH),D5 (100 nM) and then exposed to AG 1478 (0.5 pM,
1 h) and to KGF (4 ng/ml, 10 min). B: Cells were cultured for 48 h
in serum-free MEM-75 with AG 1478 and KGF (4 ng/ml) in the
presence or absence of 1,25(0OH),D3 (100 nM). Cells were
harvested and cell extracts subjected to Western blot analysis
with antibodies to dually phosphorylated ERK or ERK protein.
The data represent multiple experiments with at least 15 inde-
pendent cultures.

ment with 1,25(0OH);D3. As shown in Figure 3A,
the autonomous activation of ERK1/2 was prac-
tically abolished (inhibited by more than 90%)
by AG 1478 whether in the presence or absence
of 1,25(0OH),D3. Exposure of AG 1478-treated
cells to KGF restored ERK1/2 activation. Co-
treatment with 1,25(0H);D5 of AG 1478- and
KGF-treated cells for 48 h remarkably augment-
ed the activation of ERK1/2 with no effect on
the level of ERK protein (Fig. 3B).

We next undertook to examine whether
1,25(0H);D3 modulates the level of KGFR in
HaCaT cells, and in such a case, if this effect
depends on the engagement of the KGFR by its
ligand. To this end, we assessed the effect of
1,25(0H)5D3 on KGFR levels in autonomously
proliferating HaCaT cells and cells treated with
AG 1478 and KGF. This allowed us to compare
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Fig. 4. Effect of 1,25(0OH),D; on KGFR levels. HaCaT cells
were cultured in serum-free MEM-75 as described in “‘Methods"’.
Cultures were treated with AG 1478 and KGF (4 ng/ml) (lanes 1—
4) or allowed to proliferate autonomously (lanes 5-8) in the
presence or absence of 1,25(0OH),D3 (100 nM). Cells were
harvested and cell extracts subjected to Western blot analysis
with antibodies to KGFR. To ascertain equal protein loading,
these extracts were also probed with an antibody recognizing the
46-kDa isoform of JNK that was previously shown to be unaf-
fected by treatment with 1,25(0OH),D5 [Ravid et al., 2002]. The
data represent data obtained from six independent cultures.

HaCaT cells under culture conditions in which
cells proliferate at comparable rates (see Fig. 1)
to avoid possible confounding effects of cell
proliferation rate on KGFR levels [Marchese
et al., 1997]. The results in Figure 4 show that
the level of KGFR was lower in HaCaT cells
treated with KGF (compare lanes 1 and 3 to
lanes 5 and 7). Treatment with 1,25(OH),D35 in-
creased KGFR levels in KGF dependent HaCaT
cells, while having no effect on receptor levels
in autonomously proliferating cells. Similar
results were obtained with aFGF as the KGFR
ligand (data not shown).

1,25(0H);D; was shown to increase the
activity of protein kinase C (PKC) in keratino-
cytes [Bikle, 1996; Gniadecki et al., 1997;
Bollinger Bollag and Bollag, 2001] and as PKC
is known to modulate MAPK pathways [Sugden
and Clerk, 1997; Schonwasser et al., 1998], it
is possible that the modulatory effect of
1,25(0H)3D3 on the activation of ERK is media-
ted by PKC. This possibility was examined by
treating HaCaT cells with the specific PKC
inhibitor BIM. Activation of PKC by tetradeca-
noyl phorbol acetate (TPA) brought about mark-
ed activation of ERK1/2. This activation was
abolished in the presence of BIM, demonstrat-
ing the efficacy of this inhibitor in our experi-
mental system (Fig. 5, compare lanes 7 and 8).
In contrast to its effect on TPA-treated cells,
addition of the PKC inhibitor to KGF dependent
cultures caused a small increase in ERK1/2
activation (compare lane 1 to lanes 3 and 5),
indicating that in this cellular context PKC
exerts an inhibitory effect on the ERK pathway.
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Fig. 5. The involvement of PKC in the modulation of ERK
activation by 1,25(0OH),D5 in KGFR ligand dependent HaCaT
cells. HaCaT cells were cultured in serum-free MEM-75 as
described in ““Methods”’. Cultures were treated with AG 1478
and KGF (4 ng/ml) (lanes 1-6) or allowed to proliferate
autonomously (lanes 7-9). The phorbol ester TPA (50 ng/ml)
and the PKC inhibitor bisindolylmaleimide (BIM) (2 uM) were
added 2 h before harvesting. Cell extracts were subjected to
Western blot analysis with antibodies to dually phosphorylated
ERK or ERK protein. The data represent one of two independent
experiments.

However, addition of the PKC inhibitor did not
interfere with the ability of 1,25(0H);D3 to
increase KGF-mediated stimulation of ERK.
This conclusion is reached by comparing lanes
4 and 6 (in the presence of both 1,25(0H),D3 and
the PKC inhibitor) to lanes 3 and 5 (in the
presence of the inhibitor but in the absence of
1,25(0H),;D3), excluding a mediatory role of
PKC in this activity of the hormone.

In addition to the activation of ERK, binding
of growth factors to their receptors results in
activation of other MAPK pathways, such asthe
JNK pathway. Figure 6A shows the interplay
between KGFR ligands and 1,25(0H);D3 on the
level of JNK activation. HaCaT cells were treat-
ed for 48 h with AG 1478 and aFGF or KGF in
the presence or absence of 1,25(0H);Ds. As
shown before in HaCaT cells, multiple bands of
the activated isoforms of JNK were visualized
by immunoblotting with an antibody to the
dually phosphorylated enzyme [Ravid et al.,
2002]. We found that the effect of the hormone
on the level of activated JNK isoforms did not
mirror that observed for activated ERK1/2, but
rather, the level of activated JNK was decreased
following treatment with 1,25(0H),;Ds. This
decrease was not associated with reduced
enzyme levels.

We have recently shown that JNK is activated
upon blocking of the autonomous proliferation
of HaCaT cells by AG 1478 and that this activa-
tion is inhibited by 1,25(OH),D3 [Ravid et al.,
2002]. To avoid this confounding effect of AG
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Fig. 6. Effectof 1,25(0OH),D; on JNK activation in KGFR ligand
dependent HaCaT cells. HaCaT cells were cultured in serum-free
MEM-75 as described in ““Methods”. Cultures were treated with
AG 1478 and KGF (4 ng/ml) or aFGF (4 ng/ml ) for 48 h (A)
or allowed to proliferate autonomously (B) in the presence or
absence of 1,25(0OH),D5 (100 nM). Autonomously proliferating
cultures were exposed to KGF (4 ng/ml) 15 min before harvesting
(B). Cell extracts were subjected to Western blot analysis with
antibodies to dually phosphorylated JNK or JNK protein. The data
represent one of four independent cultures.

1478, we examined the effect of 1,25(0OH)sD3 on
the activation of JNK by KGFR ligands in its
absence. The level of dually phosphorylated
JNKin autonomously proliferating HaCaT cells
was negligible but was markedly increased
following a brief (15 min) exposure to KGF
(Fig. 6B). As in the presence of AG 1478, this
activation of JNK, that was solely due to enga-
gement of the KGFR, was also inhibited by
1,25(0H);Ds.

DISCUSSION

The main objective of this research was to
examine the potential for cross talk between
vitamin D and KGFR ligands on the level of
cell proliferation and mitogenic signaling in
keratinocytes. A prerequisite for a study of an in-
teraction between different agents is an experi-
mental system devoid of confounding signals
emanating from biologically active ingredients
required for cell culture maintenance, like those
present in primary keratinocyte cultures. In
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addition to serum or purified growth factors,
such cultures often include agents that increase
intracellular cAMP or activate the glucocorti-
coid receptor. One of the commonly used but
poorly defined constituents of such culture
medium is bovine pituitary extract, that
among many other active agents contains FGF's
[Tanigaki-Obana and Ito, 1994]. The study of
the specific cross talk between 1,25(0H)2D3 and
growth factors of the FGF family is practically
impossible in the presence of so many ongoing
signaling processes. In contrast to primary
keratinocyte cultures, HaCaT keratinocytes
that retained their ability to differentiate in
vivo and in vitro [Boukamp et al., 1988; Garach-
Jehoshua et al., 1998], can proliferate in the
absence of serum or any other biologically active
agents, rendering them ideally suitable for our
purpose [Garach-Jehoshua et al., 1999]. The
autonomous proliferation of HaCaT cells, as
that of normal keratinocytes, depends on auto-
crine growth factors belonging to the EGFR
ligand family [Garach-Jehoshua et al., 1999].
This feature creates another impediment to the
study of the specific interaction between FGFs
and 1,25(0H);D; in keratinocytes: on the one
hand, the mitogenic activity of FGFs is at least
partly due to transactivation of the EGFR
[Dlugosz et al., 1994] and on the other hand,
1,25(0H);D3 was shown to modulate EGFR
dependent signaling [Garach-Jehoshua et al.,
1999]. In this study, we overcame this difficulty
by constructing an experimental system of
keratinocytes that cannot respond to EGFR
ligands and are completely dependent upon
KGFR ligands for their proliferation and survi-
val in culture.

An active KGFR was previously shown to be
present in HaCaT cells [Capone et al., 2000].
The relative mitogenic efficiency of the various
FGF's in our experimental system strongly indi-
cates that the KGFR is the only FGF receptor
responsible for the mitogenic action of FGF's in
HaCaT cells. This experimental system enabled
us to show that 1,25(0OH);D3, at physiological
concentrations, increases cell number in KGFR
ligand-dependent keratinocyte cultures.

The increase in cell number was associated
with modulation of two MAPK pathways, an
increase in ERK and a decrease in JNK activa-
tion. Whereas activation of ERK is associated
with cell cycle progression and enhanced activ-
ity of survival pathways [Robinson and Cobb,
1997], activation of JNK can lead to cell cycle

arrest and cell death [Ip and Davis, 1998; Leppa
and Bohmann, 1999]. The balance between the
output of the two MAP kinase cascades is con-
sidered to be a major determinant of cell fate
[Robinson and Cobb, 1997]. Enhanced activity
of ERK coupled to reduced activity of JNK may
thuslead to an increase in both cell proliferation
and survival of keratinocytes. It is noteworthy
that treatment with 1,25(0OH);D3; increased
cell number and ERK activation also in auton-
omously proliferating HaCaT cells that are
dependent on signaling via another receptor
tyrosine kinase, the EGFR [Garach-Jehoshua
et al., 1999]. However, activation of JNK was
not observed in these cells under these condi-
tions. The inhibitory effect of 1,25(0OH);D3 on
JNK activation by KGFR ligands seems to be
one example of a more general phenomenon.
We have previously shown that treatment of
HaCaT cells with 1,25(0H)yD3 inhibited JNK
activation by various different stimuli [Ravid
et al., 2002]. It is interesting to note that
1,25(0H);D3 attenuated JNK activation induc-
ed by two opposite stimuli, growth factor acti-
vation of receptor tyrosine kinase, on the one
hand, and inhibition of receptor tyrosine kinase
activity, on the other hand [Ravid et al., 2002].

Availability of cell surface growth factor
receptors may be a limiting factor for the mito-
genic response of their ligands. Here, we found
that KGFR levels in KGF dependent HaCaT
cultures increased as a result of treatment with
1,25(0OH);D3, a finding that may account for
both the enhanced activation of ERK and the
mitogenic activity induced by KGFR ligands. It
could be argued that the increase in KGFR
levels is secondary to the well documented pro-
differentiating activity of 1,25(0OH);D; [Bikle
and Pillai, 1993], since it was previously shown
that KGFR levels in keratinocytes increase with
differentiation [Marchese et al., 1997; Capone
et al., 2000]. This explanation is unlikely in this
case, since there was no detectable effect of
1,25(0OH)3D3 on KGFR levels in autonomously
proliferating cells that were treated with the
hormone in the absence of FGF's for the same
time period.

As stated above, the effect of 1,25(0H)sD3 on
KGFR levels was observed only in the presence
of its ligand. Similarly to other growth factors,
FGFs are internalized through binding to their
receptors. Receptor endocytosis results in down
regulation of cell surface receptors and the
receptor ligand complexes are subsequently
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degraded within the cells [Belleudi et al., 2002].
A possible explanation consistent with our
results is that treatment with 1,25(0H)yD5
inhibits ligand-mediated KGFR degradation
and that this action accounts for the increased
mitogenic potency of FGFs.

Numerous studies have suggested that acti-
vation of PKC has a role in the action of vitamin
D in keratinocytes. The hormone was shown to
activate PKC by inducing the biosynthesis or
directly activating phospholipase C and phos-
pholipase D [Bollinger Bollag and Bollag, 2001;
Xie and Bikle, 2001]. Moreover, treatment with
the PKC inhibitor BIM inhibited some actions of
1,25(0OH),;Ds5 in keratinocytes [Gniadecki et al.,
1997]. Stimulation of FGF receptors also leads
to activation of phospholipase C and PKC
[Szebenyi and Fallon, 1999] that is known to
result in ERK activation [Sugden and Clerk,
1997; Schonwasser et al., 1998]. On the other
hand, phosphorylation of FGF receptor by PKC
was shown to attenuate signaling initiated by
this receptor [Le Panse et al., 1994; Gillespie
et al., 1995]. Here, we show that inhibition of
PKC resulted in enhanced activation of ERK
by KGF. This finding accords with a previous
report that inhibition of PKC enhanced the
mitogenic action of KGF in human kerati-
nocytes [Le Panse et al., 1994]. On the other
hand, inhibition of PKC did not have any effect
on the modulatory action of 1,25(0H),;Ds3,
allowing us to rule out the possibility that en-
hanced ERK activation in 1,25(0OH),Ds-treated
KGF dependent cells is secondary to PKC
activation.

The underlying question of this study was
whether the overlap between the activities of
vitamin D and KGF in the skin may be due, at
least in part, to the synergistic interaction
between these two agents. Our results support
the notion that such a mechanism may indeed
be operative in vivo, and that the paracrine
KGF-KGFR system in the skin can act in
concert with the autocrine vitamin D system
in keratinocytes to promote keratinocyte pro-
liferation and survival under situations of
stress and injury.

REFERENCES

Belleudi F, Ceridono M, Capone A, Serafino A, Marchese C,
Picardo M, Frati L, Torrisi R. 2002. The endocytic path-
way followed by the keratinocyte growth factor receptor.
Histochem Cell Biol 118:1-10.

Bikle DD. 1996. 1,25(0H);D3-modulated calcium induced
keratinocyte differentiation. J Investig Dermatol Symp
Proc 1:22-27.

Bikle DD, Pillai S. 1993. Vitamin D, calcium, and epidermal
differentiation. Endocr Rev 14:3-19.

Bollinger Bollag W, Bollag RdJ. 2001. 1,25-Dihydroxyvita-
min D3, phospholipase D, and protein kinase C in kerati-
nocyte differentiation. Mol Cell Endocrinol 177:173-182.

Bonneh-Barkay D, Shlissel M, Berman B, Shaoul E, Admon
A, Vlodavsky I, Carey DdJ, Asundi VK, Reich-Slotky R,
Ron D. 1997. Identification of glypican as a dual modula-
tor of the biological activity of fibroblast growth factors.
J Biol Chem 272:12415-12421.

Bottaro DP, Rubin JS, Ron D, Finch PW, Florio C, Aaronson
SA. 1990. Characterization of the receptor for keratinocyte
growth factor. Evidence for multiple fibroblast growth
factor receptors. J Biol Chem 265:12767—12770.

Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J,
Markham A, Fusenig NE. 1988. Normal keratinization in
a spontaneously immortalized aneuploid human kerati-
nocyte cell line. J Cell Biol 106:761-771.

Capone A, Visco V, Belleudi F, Marchese C, Cardinali G,
Bellocci M, Picardo M, Frati L, Torrisi MR. 2000. Up-
modulation of the expression of functional keratinocyte
growth factor receptors induced by high cell density in
the human keratinocyte HaCaT cell line. Cell Growth
Differ 11:607-614.

Danilenko DM, Ring BD, Yanagihara D, Benson W,
Wiemann B, Starnes CO, Pierce GF. 1995. Keratinocyte
growth factor is an important endogenous mediator of
hair follicle growth, development, and differentiation.
Normalization of the nu/nu follicular differentiation de-
fect and amelioration of chemotherapy-induced alopecia.
Am J Pathol 147:145-154.

Dlugosz AA, Cheng C, Denning MF, Dempsey PdJ, Coffey
RJ, Jr., Yuspa SH. 1994. Keratinocyte growth factor
receptor ligands induce transforming growth factor alpha
expression and activate the epidermal growth factor re-
ceptor signaling pathway in cultured epidermal kerati-
nocytes. Cell Growth Differ 5:1283—-1292.

Finch PW, Rubin JS, Miki T, Ron D, Aaronson SA. 1989.
Human KGF is FGF-related with properties of a para-
crine effector of epithelial cell growth. Science 245:752—
755.

Finch PW, Cunha GR, Rubin JS, Wong J, Ron D. 1995.
Pattern of keratinocyte growth factor and keratinocyte
growth factor receptor expression during mouse fetal
development suggests a role in mediating morphogenetic
mesenchymal—epithelial interactions. Dev Dyn 203:
223-240.

Garach-Jehoshua O, Ravid A, Liberman UA, Reichrath J,
Glaser T, Koren R. 1998. Upregulation of the calcium-
dependent protease, calpain, during keratinocyte differ-
entiation. Br J Dermatol 139:950-957.

Garach-Jehoshua O, Ravid A, Liberman UA, Koren R.
1999. 1,25-Dihydroxyvitamin D3 increases the growth-
promoting activity of autocrine epidermal growth factor
receptor ligands in keratinocytes. Endocrinology 140:
713-721.

Gillespie LL, Chen G, Paterno GD. 1995. Cloning of a
fibroblast growth factor receptor 1 splice variant from
Xenopus embryos that lacks a protein kinase C site im-
portant for the regulation of receptor activity. J Biol
Chem 270:22758—-22763.



448 Gamady et al.

Gitay-Goren H, Soker S, Vlodavsky I, Neufeld G. 1992. The
binding of vascular endothelial growth factor to its recep-
tors is dependent on cell surface-associated heparin-like
molecules. J Biol Chem 267:6093—6098.

Gniadecki R, Gniadecka M, Serup J. 1994. Inhibition of
glucocorticoid-induced epidermal and dermal atrophy
with KH 1060—a potent 20-epi analogue of 1,25-dihy-
droxyvitamin D3. Br J Pharmacol 113:439-444.

Gniadecki R, Gajkowska B, Hansen M. 1997. 1,25-Dihy-
droxyvitamin D3 stimulates the assembly of adherens
junctions in keratinocytes: Involvement of protein kinase
C. Endocrinology 138:2241-2248.

Gniadecki R, Serup J, Gajkowska B. 1998. Disruption of the
vertical calcium gradient in murine epidermis by a potent
vitamin D3 analogue, KH 1060. Acta Derm Venereol 78:
164-168.

Guo L, Yu QC, Fuchs E. 1993. Targeting expression of
keratinocyte growth factor to keratinocytes elicits strik-
ing changes in epithelial differentiation in transgenic
mice. EMBO J 12:973-986.

Guo L, Degenstein L, Fuchs E. 1996. Keratinocyte growth
factor is required for hair development but not for wound
healing. Genes Dev 10:165-175.

Hashimoto Y, Tsutsui M, Matsuo S, lizuka S, lizuka H.
1995. Topical tacalcitol (1,24-(R)-dihydroxyvitamin Dg)
induces a transient increase in thymidine incorporation
and calmodulin content in pig epidermis following tape
stripping in vivo. J Dermatol Sci 10:196—202.

Ip YT, Davis RJ. 1998. Signal transduction by the c-Jun N-
terminal kinase (JNK)—from inflammation to develop-
ment. Curr Opin Cell Biol 10:205-219.

Kato S, Takeyama K, Kitanaka S, Murayama A, Sekine K,
Yoshizawa T. 1999. In vivo function of VDR in gene
expression-VDR knock-out mice. J Steroid Biochem Mol
Biol 69:247-251.

Le Panse R, Mitev V, Lebreton C, Coulomb B. 1994.
Modulation of epidermal growth factor and keratinocyte
growth factor effects on human keratinocyte growth by
protein kinase C inhibitor, GF 109203X: Comparison to
fibroblast growth modulation. Biochem Biophys Res
Commun 204:1081-1087.

Lehmann B, Genehr T, Knuschke P, Pietzsch J, Meurer M.
2001. UVB-induced conversion of 7-dehydrocholesterol to
10,25-dihydroxyvitamin D3 in an in vitro human skin
equivalent model. J Invest Dermatol 117:1179-1185.

Leppa S, Bohmann D. 1999. Diverse functions of JNK
signaling and c-Jun in stress response and apoptosis.
Oncogene 18:6158—6162.

Levy J, Gassmuller J, Schroder G, Audring H, Sonnichsen
N. 1994. Comparison of the effects of calcipotriol, pre-
dnicarbate, and clobetasol 17-propionate on normal skin
assessed by ultrasound measurement of skin thickness.
Skin Pharmacol 7:231-236.

Liberman UA, Eil C, Marx SdJ. 1986. Clinical features of
hereditary resistance to 1,25-dihydroxyvitamin D (heredi-
tary hypocalcemic vitamin D resistant rickets type II).
Adv Exp Med Biol 196:391-406.

Lutzow-Holm C, De Angelis P, Clausen OP. 1996. Calcitriol
and its analog KH 1060 induce similar changes in kera-
tinocyte cell cycle progression after topical application to
mouse skin. A bromodeoxyuridine pulse-chase flow cyto-
metric study. J Invest Dermatol Symp Proc 1:54-59.

Marchese C, Sorice M, De Stefano C, Frati L, Torrisi MR.
1997. Modulation of keratinocyte growth factor receptor

expression in human cultured keratinocytes. Cell Gro-
wth Differ 8:989-997.

Miki T, Fleming TP, Bottaro DP, Rubin JS, Ron D,
Aaronson SA. 1991. Expression ¢cDNA cloning of the
KGF receptor by creation of a transforming autocrine
loop. Science 251:72—75.

Minamide LS, Bamburg JR. 1990. A filter paper dye-
binding assay for quantitative determination of protein
without interference from reducing agents or detergents.
Anal Biochem 190:66—70.

Ornitz DM, Xu J, Colvin JS, McEwen DG, MacArthur CA,
Coulier F, Gao G, Goldfarb M. 1996. Receptor specificity
of the fibroblast growth factor family. J Biol Chem 271:
15292-15297.

Ramesh KV, Mahindrakar MB, Bhat EP. 1993. A new role
for vitamin D: Cholecalciferol promotes dermal wound
strength and re-epithelization. Indian J Exp Biol 31:778—
779.

Ravid A, Rubinstein E, Gamady A, Rotem C, Liberman UA,
Koren R. 2002. Vitamin D inhibits the activation of
stress-activated protein kinases by physiological and
environmental stresses in keratinocytes. J Endocrinol
173:525-532.

Reich-Slotky R, Bonneh-Barkay D, Shaoul E, Bluma B,
Svahn CM, Ron D. 1994. Differential effect of cell-
associated heparan sulfates on the binding of keratino-
cyte growth factor (KGF) and acidic fibroblast growth
factor to the KGF receptor. J Biol Chem 269:32279—-32285.

Reich-Slotky R, Shaoul E, Berman B, Graziani G, Ron D.
1995. Chimeric molecules between keratinocyte growth
factor and basic fibroblast growth factor define domains
that confer receptor binding specificities. J Biol Chem
270:29813-29818.

Robinson MdJ, Cobb MH. 1997. Mitogen-activated protein
kinase pathways. Curr Opin Cell Biol 9:180-186.

Ron D, Reich R, Chedid M, Lengel C, Cohen OE, Chan AM,
Neufeld G, Miki T, Tronick SR. 1993a. Fibroblast growth
factor receptor 4 is a high affinity receptor for both acidic
and basic fibroblast growth factor but not for keratino-
cyte growth factor. J Biol Chem 268:5388—5394.

Ron D, Bottaro DP, Finch PW, Morris D, Rubin JS,
Aaronson SA. 1993b. Expression of biologically active
recombinant keratinocyte growth factor. Structure/func-
tion analysis of amino-terminal truncation mutants. J
Biol Chem 268:2984—-2988.

Rubin JS, Bottaro DP, Chedid M, Miki T, Ron D, Cunha
GR, Finch PW. 1995. Keratinocyte growth factor as a
cytokine that mediates mesenchymal—epithelial interac-
tion. In: Goldberg ID, Rosen EM, editors. Epithelial—
mesenchymal interactions in cancer. Basel, Switzerland:
Birkhauser Verlag Press.

Schilli MB, Paus R, Menrad A. 1998. Reduction of intra-
follicular apoptosis in chemotherapy-induced alopecia
by topical calcitriol-analogs. J Invest Dermatol 111:598—
604.

Schonwasser DC, Marais RM, Marshall CdJ, Parker PdJ.
1998. Activation of the mitogen-activated protein kinase/
extracellular signal-regulated kinase pathway by con-
ventional, novel, and atypical protein kinase C isotypes.
Mol Cell Biol 18:790-798.

Schoop VM, Mirancea N, Fusenig NE. 1999. Epidermal
organization and differentiation of HaCaT keratinocytes
in organotypic coculture with human dermal fibroblasts.
J Invest Dermatol 112:343—-353.



Vitamin D Enhances Mitogenesis Via KGFR 449

Schuessler M, Astecker N, Herzig G, Vorisek G, Schuster 1.
2001. Skin is an autonomous organ in synthesis, two-step
activation, and degradation of vitamin D3: CYP27 in epi-
dermis completes the set of essential vitamin D3-hydro-
xylases. Steroids 66:399—-408.

Shaoul E, Reich-Slotky R, Berman B, Ron D. 1995. Fibro-
blast growth factor receptors display both common and
distinct signaling pathways. Oncogene 10:1553—-1561.

Sugden PH, Clerk A. 1997. Regulation of the ERK subgroup
of MAP kinase cascades through G protein-coupled rece-
ptors. Cell Signal 9:337-351.

Szabowski A, Maas-Szabowski N, Andrecht S, Kolbus A,
Schorpp-Kistner M, Fusenig NE, Angel P. 2000. c-Jun
and JunB antagonistically control cytokine-regulated
mesenchymal—epidermal interaction in skin. Cell 103:
745-755.

Szebenyi G, Fallon JF. 1999. Fibroblast growth factors asmul-
tifunctional signaling factors. Int Rev Cytol 185:45-106.
Tanigaki-Obana N, Ito M. 1994. Can fibroblast growth

factors substitute for bovine pituitary extracts in culture

systems for hair apparatus cells? Arch Dermatol Res
286:484-489.

Tian XQ, Chen TC, Holick MF. 1995. 1,25-Dihydroxyvita-
min Ds: A novel agent for enhancing wound healing.
J Cell Biochem 59:53-56.

van de Kerkhof PC. 1995. Biological activity of vitamin D
analogues in the skin, with special reference to anti-
psoriatic mechanisms. Br J Dermatol 132:675—682.

Werner S, Peters KG, Longaker MT, Fuller-Pace F,
Banda MJ, Williams LT. 1992. Large induction of kera-
tinocyte growth factor expression in the dermis during
wound healing. Proc Natl Acad Sci USA 89:6896—
6900.

Werner S, Smola H, Liao X, Longaker MT, Krieg T,
Hofschneider PH, Williams LT. 1994. The function of
KGF in morphogenesis of epithelium and reepithelializa-
tion of wounds. Science 266:819—-822.

Xie Z, Bikle DD. 2001. The role of phospholipase C-y1 in
10,25-dihydroxyvitamin D3 regulated keratinocyte dif-
ferentiation. Steroids 66:339—345.



