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Figure4. a) Electrophoretic mobility shift assay (EMSA) with nuclear extracts from unstimulated or stimulated normal human
epidermal keratinocytes (NHEKs). Unstimulated nuclear extracts (lane 2) or extracts stimulated for [h (lane 3), 3h (lane 4), 6h (lane 5),
12h (lane 6), and 24h (lane 7) were incubated with the radiolabeled probe corresponding to consensus-interferon regulatory factor
({IRF). Four complexes designated a, b. ¢. and d were detected after 3-h stimulation with interferon-y (IFN-y). and their concentration
showed subsequent increases. b) The nuclear extracts stimulated with IFN-y for 24h were incubated with the radiolabeled probe
corresponding to consensus-IRF. Competition experiments were carried out by adding unlabeled oligo. 50-fold, 100-fold, and 200-fold
excess of consensus-IRF (lanes 3, 4, and 5, respectively) or 50-fold, 100-fold, and 200-fold excess of 230-kDa bullous pemphigoid antigen
(BPAG1)-IRF (lanes 6, 7, and 8, respectively). Supershift experiments were performed by the addition of specific antibodies to either
IRFI (lane 9) or IRF2 (lane 10) to the binding reactions. Using consensus-IRF as a probe, four complexes designated a, b, ¢, and d after
3-h stimulation with IFN-y were detected. In the competition experiments, all four complexes were competed out when non-radiolabeled
consensus—I RF was added. When non-radielabeled BPAGI-IRF was added, all four complexes were competed weakly. In the supershift
experiments, the d complex was shifted in the presence of an antibody against IRF1, and the b complex was shifted in the presence of an

antibody against IRF2. NE, nuclear extract.

induced in the extract of >3-h of IFN-y treatment
(Fig. 4a). To confirm the specificity of the binding
activity, competition experiments with consensus-
IRF probe were carried out by adding 50-fold,
100-fold, and 200-fold excess of non-labeled con-
sensus—IRF oligo DNA, or 50-fold, 100-fold, and
200-fold excess of BPAGI1-IRF. In the competi-
tion experiments, all these complexes were com-
peted out when 200-fold excess of consensus-IRF
oligo DNA was added (Fig.4b). By adding
BPAGI-IRF, which was identified in the
BPAG1 promoter region, all these complexes
were weakly competed out compared with consen-
sus-IRF (Fig. 4b). The complex d was supershifted
(band d) in the presence of antibody against
IRF1, and the complex b was supershifted (band
b") in the presence of antibody against IRF2, indi-
cating that TRF1 and IRF2 were contained in
band d and b, respectively.

Next, similar EMSA experiments were per-
formed using BPAGI1-IRF as a probe. NHEK
were treated with 100 U/ml of IFN-y for various
periods, and nuclear extract was then isolated and
incubated with the radiolabeled BPAGI-IRF
probe. We found that one binding complex started
to appear in the extract of 3-h IFN-y treatment
(indicated by arrow), and the intensity of this
binding complex in the gel increased depending

on time (Fig. 5a). In the competition experiments,
the complex was significantly competed out when
excess amount of non-labeled BPAGI1-IRF was
added. However, consensus-IRF showed weak, if
any, competition to the binding (Fig. 5b). The
supershift was not obtained in the presence of
antibody against either IRF1 or IRF2 in this
EMSA experiment of BPAGI-IRF (data not
shown).

Discussion

Recent studies have revealed that IRFs expressed
in the epidermal keratinocytes play crucial roles
in the homeostasis of epidermal proliferation
and differentiation, and aberrant IRF function is
proposed to be involved in the pathogenesis of psor-
tasis vulgaris, a disorder of disorganized epidermal
proliferation and differentiation, probably due to
cytokines such as IFN-y derived from infiltrating
inflammatory cells (21),

Melany et al. {16) reported low expression of
IRF1 in the psortatic epidermis relative to its level
in normal and uninvolved areas of the skin in the
same patient. Furthermore, in the same study,
cultured epidermal keratinocytes obtained from
the skin of their patients showed poor response
to IFN-y for activation and induction of IRF1
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Figure 5. a) Electrophoretic mobility shift assay (EMSA) with nuclear extracts of cells unstimulated or stimulated with interferon-y (IFN-y).
Unstimulated nucleat extracts (lane 2) or stimulated for 1 h (lane 3), 3 h (lane 4), 6 h (lane 5}, 12 h (Yane 6), and 24 h (lane 7) were incubated with
the radiolabeled probe corresponding to 230-kDa bullous pemphigoid antigen {BPAG1 -interferon regulatory factor (IRF). One complex
(arrow) was detected after 3-h stimulation with [FN-y, and its concentration showed subsequent increase. b) The nuclear extracts stimulated
by IFN-y for 24 L were incubated with a radiolabeled probe corresponding to IRF-BPAG1. Competition experiments were carried out by
adding unlabeled oligo, 50-fold, 100-fold, and 200-fold excess of BPAGI-IRF (lanes 3, 4, and 5, respectively) or 50-fold, 100-fold, and 200~
fold excess of consensus—IRF (lanes 6, 7, and 8, respectively). The complex was competed out when non-radiolabeled BPAGI-IRF was
added. but not competed out when non-radiolabeled consensus-IRF was added. NE, nuclear extract.

and STAT-1e (16). These findings suggest that
abnormal signal transduction by IFN-y is respon-
sible, at least in part, for aberrant differentiation
and proliferation of the psoriatic epidermis (21).

We studied epidermal gene regulation to
uncover the molecular mechanisms of epidermal
proliferation and differentiation. For this purpose,
we selected BPAGI promoter as a tool to clarify
the molecular events responsible for maintaining
undifferentiated basal keratinocytes phenotype,
as BPAG] is strictly expressed in the basal layer
" of the epidermis (22). In the course of the studies,
we identified that IFN-y transcriptionally down-
regulated the promoter activity partly through the
cis-element of ISRE-GAS chimeric sequence.

In the present study, we further investigated the
IFN-y-dependent regulation of BPAGI gene, par-
ticularly the role of IRFs on the events. In the
absence of IFN-y stimulation, IRFi mRNA
expression was not detected in NHEK cultured
with low calcium. This finding is in agreement
with that reported by Nakanishi et al. (13). In
contrast, IRF2 mRNA was detected in NHEK
without IFN-y in our repeated experiments, and
previous study for IRF2 protein expression in the
epidermis also indicated dominant expression of
IRF2 as compared to IRF1 in the basal layer of
the normal epidermis (23). Collectively, TRF2
seems to be constitutively expressed in cultured
NHEK. Steady-state expression of IRF2 mRNA
suggests the importance of IRF2 in the mainten-
ance of the undifferentiating and proliferating
basal keratinocyte phenotype. With IFN-y stimu-
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lation, the balance between IRF1 and IRF2
mRNAs in NHEK was largely changed to an
adverse expression pattern, a higher IRF1 expres-
sion compared with that of IRF2, probably
because of a stronger response of IRFI gene to
IFN-y stimulation (24). Combined with the fact
that the lower epidermis expresses IRF2 while the
differentiated upper epidermis expresses higher
IRFI levels (23), the balance between IRF1 and
TRF2 seems to play a key role in determining the
impact of physiological and pathological states on
epidermal proliferation and differentiation status.
The IRF-consensus sequence was identified
by computer search in the promoter region from
—135 to -123 of BPAGI gene, the expression of
which is strictly restricted to the basal keratinocyte.
Transient transfection studies with IRF1 and IRF2
expression vectors indicated that both IRF1 and
IRF2 down-regulated BPAG1 promoter activity
through the BPAGI-IRF site. These results
indicate that IFN-y stimulation down-regulates
BPAGI1 promoter activity through the induction
of IRF1 and IRF2 in cultured NHEK and the exis-
tence of another transcription system that maintains
BPAG! gene expressicn in basal keratinocytes,
which are known to express IRF2 constitutively.
Expression of IRF1 and IRF2 proteins in the
cultured NHEK after IFN-y stimulation was con-
firmed by gel morbidity shift assay with consensus
IRF motif as a probe, and both IRF1 and IRF2
bindings on the probe were identified as supershifts
with the addition of anti-IRF1 and anti-IRF2
monoclonal antibodies, The binding of IRF1 and
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IRF2 to the consensus IRF was inhibited by the
addition of BPAGI1-IRF in the reaction, indicating
BPAGI-IRF as a functional IRF motif. However,
BPAGI-IRF did not show IRF1 and IRF2 bind-
ing in IFN-y-treated NHEK nuclear extract but
showed specific binding of another nuclear protein
induced by IFN-v. This binding was interfered with
by the addition of consensus IRF, suggesting the
existence of other IRF protein(s) with a higher
affinity to BPAGI-IRF compared with IRF1 and
IRF2, which is probably responsible for IFN-y-
induced down-regulation of the BPAG gene.
Taken together, not only IRF1 and IRF2 but
also other IRF family proteins could be induced
by IFN-y stimulation in the NHEK, and total bal-
ance of these IRF family proteins would modulate
proliferation and differentiation of the keratinocytes
in physiological and inflammatory skin conditions.
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All-Trans-Retinoic Acid Induces Interleukin-8 via the Nuclear
Factor-kB and p38 Mitogen-Activated Protein Kinase Pathways
in Normal Human Keratinocytes

Xiuju Dai, Kenshi Yamasaki, Yuji Shirakata, Koji Sayama, and Koji Hashimoto
Department of Dermatology, Ehime Univerzity School of Medicine, Ehime, Japan

Retinoic acid derivatives have been used successfully for the treatment of various dermatoses, such as psoriasis;
however, topical application of these compounds often elicits skin irritation. We hypothesized that this Irritation
was as a result of the local production of interleukin-8 (IL-8). To test this hypothesis, we investigated whether all-
trans-retinoic acid (ATRA) induced JL-8 production in normal human keratinocytes. Stimuiation with 10~7 M ATRA
enhanced IL-8 mRNA expression and induced IL-8 production. We also studied the intracellular signaling mech-
anisms of ATRA-induced IL-8 production in keratinocytes, ATRA increased the expression of RelA (p65), RelB,
nuclear factor (NF)-xB2 (p52), and NF-xB1 (p50), and elevated the DNA-binding activity of p65 and phosphorylation
of inhibitor kB (IxB) «. Introduction of a dominant-negative mutant of lkBx completely abolished ATRA-induced IL-8
production, which indicates that this process is NF-kB-dependent. We also studied the role of the p38 mitogen-
activated protein kinase (MAPK) pathway in this phenomenon. ATRA phosphorylated the p38 MAPK, and SB202180
inhibited ATRA-induced IL-8 production, which indicates that the p38 MAPK is also involved in ATRA-induced IL-8
production. In summary, ATRA Induces IL-8 production in both NF-kB- and p38 MAPK-dependent manners in

normal human keratinocytes.

Key words: skin irritation/chemokine/p65/retinoid/lkBa/SB202180

J Invest Dermatol 123:1078-1085, 2004

Retinoids include natural and synthetic compounds with
specific biological activity similar to that of Vitamin A (retinol)
(Orfanos et al, 1997). Retinol and its derivative acid are
widely used to treat acne, psoriasis, and photo-aged skin.
Despite their many beneficial effects, howsver, topical ap-
plication of retinoids often causes local irritation that is
manifested as redness, scaling, and dryness (Kang et al,
1995; Ale et al, 1997). The mechanism of retinoic acid-in-
duced inflammation is poorly understood. The important
role of interleukin-8 (IL-8) in the progress of imitation has
been demonstrated (Schroder, 1995). A recent report
showed that treatment with 2% retino! upregulated the lev-
el of IL-8 mRNA in the ear epidermis of BALB/¢ mice (Kim
et al, 2003), and that anti-imitants significantly inhibited re-
tinoid-induced IL-8 in cultured keratinocytes (Kim et al,
2003), indicating that IL-8 plays a central role in retinoid-
induced skin irritation. Aithough human keratinocytes pro-
duce IL-8 in response to retincids (Kim et af, 2003), the
molecular mechanism involved is unclear.

IL-8 is a member of the C-X-C subfamily of chemokines
(CXCLS8; Zlotnik and Yoshie, 2000). As a key factor in the

Abbreviations: ATRA, all-trans-retinoic acid; CT, cycle threshold;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; kB, inhib-
itor kB; IL, interleukin; MAPK, mitogen-activated protein kinase;
MOI, multipficity of infection; NF-xB, nuclear factor kB; RAR, re-
tinoic acid receptor; RARE, retinoic acid-responsive element; RXR,
retinoid X receptor; TNF, tumor necrosis factor

pathogenesis of inflammatory diseases, IL-8 has diverse
bioclogical properties, including chemotaxis of neutrophils
and T lymphocytes (Baggiolini et a/, 1989), regulation of cell
adhesion (Djeu et al, 1990), activation of neutrophils (Muk-
aida et al, 1992), and modulation of histamine release (Kuna
et af, 1991). Therefore, it seems worthwhile to investigate
the potential role of IL-8 in retincic acid-induced skin in-
flammation. Various cell types, such as endothelial cells,
epithelial cells, synovial cells, T cells, fibroblasts, keratin-
ocytes, chondrocytes, and some tumor cells, have been
shown to produce IL-8 (Hoffmann et af, 2002). The classical
inducers of [L-8 are inflammatory stimuli, such as IL-1,
tumor necrosis factor {TNF}-a, bacterial lipopolysaccharides
(LPS), 12-O-tetradecancylphorbol-13-acetate, viruses, and
double-stranded RNA {Hoffmann et af, 2002). IL-8 produc-
tion is regulated at both the transcriptional and post-tran-
scriptional levels. The 3'-end of the IL-8 transcript contains
an AU-rich cis-element (ARE), which is responsible for the
destabilization of a variety of cytokine mRNA (Shaw and
Kamen, 1986). The sequence that spans nuclectides {nt) —1
to —133 within the 5'-flanking region of the IL-8 gene is
essential and sufficient for transcriptional regulation of the
gene. The core IL-8 promoter contains a nuclear factor-xB
{NF-xB) element that is required for activation in all of the
cell types studied, and it also contains activating protein
(AP)-1- and CCAAT/enhancer-binding protein (C/EBP)-bind-
ing sites. The latter two sites are dispensable for transcrip-
tional activation in some cell types, but contribute to

Copyright € 2004 by The Society for nvestigative Dermatology, Inc.
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activation in other cell types. Thus, unlike the NF-xB site,
the AP-1 and C/EBP sites are not essential for IL-8 gene
induction, but are required for maximal gene expression
{Hoffmann et al, 2002}.

Cytokines and chemokines play important reles in the
pathogenesis of various dermatoses. Based of the results of
biochemical analyses and in vitro studies, it is clear that IL-8
contributes significantly to the pathological changes seen in
psoriasis (Sticherling et a/, 19913, b, 1989; Takematsu and
Tagami, 1993). The involvement of IL-8 in other dermatoses,
such as bullous pemphigoid (Baroni et al, 2002), erythema
migrans (Grygorczuk et al, 2002), atopic dermatitis, and al-
lergic contact dermatitis (Albanesi et af, 2001), has also
been demonstrated. The erythematous reaction in retinoid-
induced skin irritation is clinically similar to a mild irritant
dermatitis (Fisher et al, 1991; Ale et al, 1997; Grygorczuk
et al, 2002). In particular, activated keratinocytes are an im-
portant source of chemotactic factors that direct the re-
cruitment of specific leukocyte populations and regulate the
quality, magnitude, and duration of the inflammatory re-
sponse. Normal cultured human keratinocytes have been
shown to produce IL-8 after appropriate stimulation {(Larsen
et al, 1989; Boorsma et al, 1994; Stoof et al, 2001).

Retinoic acid modulates immunological and inflammato-
ry respenses, most probably by regulating cytokine pro-
duction, although it also affects epidermal cell growth and
differentiation (Zitnik et al, 1994; Sawatsri et al, 2000). As
retinoic acid upregulates IL-8 expression in fibroblasts
(Zhang et al, 1992}, neuroblastoma cells (Yang et al, 1993),
and a human ovarian carcinoma cell line {Harant et af, 1995),
we hypothesized that retinoic acid might also induce IL-8
production in human keratinocytes. To test this hypothesis,
we investigated whether all-trans-retincic acid (ATRA) was
able to induce IL-8 production in cultured normal human
keratinocytes, and we assessed the involvement of the Nf-
kB and p38 mitogen-activated protein kinase (MAPK) path-
ways In this process.

Results

ATRA increases the production of IL-8 in keratin-
ocytes IL-1a is the prominent inducer of IL-8 (Kristensen
et al, 1991; Hoffmann et al, 2002). Moreover, retinoids re-
duce IL-1 induction of IL-8 production in human monocytes
{Gross ef al, 1993). Therefore, we itially investigated the
effect of ATRA on IL-1e-induced IL-8 production. Keratin-
ocytes were treated with IL-1x {1 ng per mL) or IL-1¢ plus
ATRA {107¢ M), and the IL-8 levels in the culture supernat-
ants were measured after 36 h of incubation. Marked in-
duction of [L-8 was observed in IL-1a-stimulated ceils, and
ATRA increased IL-8 production in a synergistic manner
{Fig 14).

To assess the effect of ATRA on IL-8 production in ker-
atinocytes, we stimulated the keratinocytes with different
concentrations of ATRA. IL-8 mRNA expression was
scarcely detectable by the ribonuclease protection assay
(RPA) in samples that contained the vehicle {dimethyl sulf-
oxide (DMSOQ)) alone (Fig 18). After 24 h of treatment with
various doses of ATRA (107°-10"° M), IL-8 mRNA expres-
sion was increased in a concentration-dependent manner

ATRA INDUCES IL-8 VIATHE NF-xB AND p38 MAPK PATHWAYS IN KERATINOCYTES 1079
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All-trans-retinoic acld (ATRA) simulates the production of inter-
teukin (IL)-8 by human keratinocytes. {4} Subconfluent keratinocyte
cullures were treated with IL-1a {1 ng per mL), ATRA (10~% M). or ve-
hicle (dimethyt sulfoxide). After 36 h of incubation, the culture supe-
rmatants were colfected and subjected to ELISA for the detection of
IL-8. (B) Keratinocytes wera stimulated with ATRA (107105 M). IL-8
mRNA expression was monitored by RT-PCR after a 24-h incubation.
{C) Keratinocytes were stimulated with ATRA for 35 h, and the level of
secreted IL-8 was measured by ELISA.

(Fig 1B). The release of IL-8 into the cufture medium was
upregulated in a concentration-dependent manner, and was
consistent with the increase in IL.-8 mRNA (Fig 1C).

ATRA increases the expression of the NF-kB family
members in human keratinocytes NF-xB binding is es-
sential for the activation of IL-8 gene transcription (Kunsch
et al, 1994). Several members of the NF-xB family, such as
P50 (NF-kB1), p65 (RelA), c-Rel, and p52 {NF-kB2), have
been shown to bind to the NF-kB motif of the IL-8 promoter
(Kunsch and Rosen, 1993; Stein et af, 1993; Harant et al,
1996a). To characterize the molecular mechanisms under-
lying ATRA-induced IL-8 production in keratinocytes, the
expression of NF-xB family members in ATRA-treated ker-
atinocytes was examined using the RPA. The expression
levels of p65, RelB, p52, and p50 mANA started to increase
1 h after the addition of ATRA, and persisted for more than
24 h (Fig 2). Although ¢-Rel was detected faintly 1248 h
after ATRA treatment, the basal level of expression of c-Rel
mRBNA was very low in the RPA.
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All-trans-retinolc acid {ATRA) increases the expression of nuclear
factor (NF)-xB subunit mRNA. Keratinocytes wers exposed to 107 M
ATRA, and total RNA samples wers collected at the indicated time
points. The expression levels of the NF-xB subunit mRNAs were ex-
amined using the ribonuclease protection assay.

ATRA increases the DNA-binding activity of p65 in hu-
man keratinocytes We also examined the DNA-binding
activities of the NF-xB family members in the nuclear ex-
tracts of ATRA-stimulated keratinocytes. The DNA-binding
activity of p85 increased between 6 and 24 h post-treat-
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Figure 3

Nuclear translocation of p65 is increased by all-trans-retinoic acid
{ATRA) treatment. (4) Keratinocytes were stimulated with ATRA (10~8
M), and the nuclear proteins were extracted at the indicated time
points. An enzyme-linked immunoassay was performed to monitor the
DNA-binding activities of the nuclear factor (NF)}-xB subunits in the
nucleus. The relative values for the optical density at 655 nm are nor-
malized to the value of D h as 1 U, and are piotted on the graph. (B)
ATRA (107°-10"% M} was added to subconfluent-conditioned keratin-
ocytes, and the cultures were incubated for 24 h. The DNA-binding
activities of the NF-xB subunits in the nucleus were examined, and the
relative values are normalized to the value for 0 M, which is designated
as 1U. *p<0.05; **p<0.01.
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ment with ATRA (Fig 3A). In addition, ATRA upregulated the
DNA-binding activity of p65 in a concentration-dependent
manner (Fig 38). In contrast, the DNA-binding activity of p50
was not influenced by ATRA. The DNA-binding activity of
the c-Rel protein was not detected in either ATRA-treated or
untreated keratinocytes (data not shown).

ATRA phosphorylates IkBa in cultured human keratin-
ocytes The inhibitory moelecule IkB anchors NF-kB in the
inactive form in the cytoscl (Baeuerls and Henkel, 1994), A
crucial step in NF-kB signal transduction involves the dis-
sociation of NF-xB from IxB, which is followed by NF-xB
translocation to the nucleus (Baeuerle and Henkel, 1994).
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Figwe4

All-trans-retinoic acid (ATRA) increases the level of phosphary-
lated IkBea in human keratinocytes. (A} Keratinocytes were stimulated
with ATRA (107° M), and the cellular proteins were extracted at the
indicated time points. Immuncbiotting was performed with anti-IxBa
and anti-phospho-specific IxBa antibodies. The refative lavels of phos-
phorylated IkBa are estimated using the total level of IxBa protein as
the reference, and these values are normalized against the value at 0
min, which is designated as 1 U. (8} ATRA (10~°-10"* M} was added
and incubated for 24 h. The relative levels of phosphorylated IkBe
protein expression are estimated from the immunoblots. *p<0.05;
**p<0.01; ***p<0.001.
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The dissociation of NF-xB from IkB requires the phosphor-
ylation of B, which results in rapid and ubiquitous degra-
dation of IkB. Thus, the effect of ATRA on the expressicn
and phosphorylation of IkBo was investigated. ATRA in-
creased the level of phosphorylation of IxBa, although ATRA
had no significant effect on the total level of kBa protein
(Fig 4A and B). The relative level of expression of phos-
phorylated IxBo to total IxBu was increased significantly, 6 h
post-ATRA treatment, and had increased 1.9-fold at 24 h
(Fig 4A). In our concentration-dependency study, 24 h of
ATRA treatment increased the level of phosphotylated IxBa
1.3-fold at 10~7 M, 1.9-fold at 10~% and 2.2-fold at 107 M,
as compared with vehicle-treated keratinocytes (Fig 45).

Mutant 1xBx abrogates the production of IL-8 by ATRA
in human keratinocytes To determine whether ATRA-in-
duced [L-8 production in keratinocytes was dependent on

A [Vehicle / AxLacZ [ Vahicle / AxixBicM
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Figure5

Blockade of nuclear factor (NF}-xB signaling abrogates the induc-
tion of interleukin {IL)-8 by all-trans-retincic acid (ATRA). (4) Ker-
atinocytes were transfected with AxixBaM or AxLacZ at a multiplicity of
infection (MOI) = 2 for 12 h before the addition of ATRA. ATRA (107" M)
or vehicle was then added, and the cultures wera incubated for the
indicated time periods. The culture supernatants were collected, and
the levels of IL-8 protein were measured. *p<0.05; **p<0.01. {B)
Keratinocytes were transfected with adenovirus vector and stimulated
with ATRA (10~% M) or vehicle. The levels of IL-8 and glyceraldehyde-3-
phosphate dehydrogenase {GAPDH) mRNA expression 24 h post-
treatrment with ATRA were analyzed by RT-PCR. (C} Keratinocytes were
transfected with adenavirus vector and stimutated with ATRA (1078 M)
or vehicle. The levels of IkBx protein expression 24 h after ATRA treat-
ment were analyzed by westemn blotting.
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NF-kB, we introduced mutated-lxBa (lkBaM) gene using an
adenovirus vector (AxlkBaM), which results in the blockade
of NF-xB signals by unphosphorylated IxBa (Brown et al,
1995; Chen et al, 1995). Keratinocytes were transfected
with AxlkBaM or AxLacZ, and stimulated with ATRA. The
culture supernatants were collected at 12, 24, and 48 h after
the addition of ATRA. The ELISA demonstrated that kBaM
not only abrogated ATRA-dependent production of IL-8, but
also drastically suppressed the bhasal production of IL-8
(Fig 5A). IxBxM also suppressed IL-8 mRNA expressicn in
both ATRA-treated and untreated keratinocytes (Fig 58).
The increased expression of IkBu protein in IxBoM-
transfected keratinocytes confirms that mutated IkBax per-
sists in the cell and suppresses the NF-«B signal {(Fig 5C).

The p38 MAPK inhibitor SB202180 partially suppres-
ses ATRA-induced IL-8 expression in human keratin-
ocytes We investigated whether the p38 pathway was
also involved in ATRA-induced IL-8 gene expression in
keratinocytes. After the addition of ATRA, the phosphor-
ylation of p38 increased, whereas the total level of p33
protein was unchanged (Fig 64). The phosphorylation of
p38 started at 5 min, peaked at 1 h, and persisted for 24 h
post-treatment with ATRA (Fig 64). ATRA-dependent p38
phosphorylation was inhibited by SB202180 (Fig 6B). The
cells were treated with 5, 10, or 20 uM of SB202180 for 2 h
before the addition of ATRA, and the keratinocytes were
then incubated for 36 h, ATRA-induced IL-8 production
was inhibited in a concentration-dependent manner by
$B202180 (Fig 6C). Consistent with the decrease in IL-8
production, the levels of ATRA-induced IL-8 mRBNA expres-
slon were also decreased in a concentration-dependent
manner by SB202180 (Fig 6D). In this study, SB202180 did
not affect the basal level of IL-8 production (data not
shown).

Discussion

In this study, we demonstrated that ATRA induces IL-8 pro-
duction in cultured normal human keratinocytes. Skin irri-
tation following topical application of retincic acid at least
partially explained by the local induction of 1L-8 production
by epidermal keratinocytes (Kim et &/, 2003). IL-1« increas-
es |L-8 production in normal human keratinocytes {Kristen-
sen et al, 1991; Hoffmann et af, 2002), and ATRA increased
IL-8 production with IL-1a synergistically (Fig 1.A4). This result
is contrary to that of a previous report, in which IL-1-in-
duced IL-8 production by human monocytes was markedly
reduced by retincids (Gross ef al, 1993). Nevertheless, LPS-
induced I1-8 production was increased by ATRA in a same
cell system (Gross et al, 1993). In addition, the synergistic
effects of ATRA and TNF-o and 12-O-tetradecanoylphorbol-
13-acetate on IL-8 gene activation have been reported for
the human melanoma cell line G-361 (Harant et af, 1996k}
and the human acute promyelocytic leukemia cell line {(Atk-
ins and Troen, 1995), respectively. Therefore, the effects of
ATRA on IL-8 production vary, according to both cell type
and the co-administered reagent.

Retincic acid exerts its pleiotropic effects through bind-
ing to two groups of nuclear receptors, the retinoic acid
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The p38 pathway Is involved in the induction of interleukin (IL)-8.
(A) Keratinocytes were stimulated with afi-trans-retincic acid (ATRA}
(10~% M), and the cellular proteins were extracted at the indicated time
points. Immuncblotting was performed with the anti-p38 and anti-
phospho-specific p38 antibodies. (B) Keratinocytes were treated with
SB202180 (20 uM) for 2 h prior to the addition of ATRA. ATRA (107% M)
or vehicle was then added and the cultures were incubated for 1 h, The

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

IL-8 (pgsmi)
oBsee3852E

[ |—Ll

SB202180 (uM) 0O 0 5 1

vehicle ATRA

(X}
tn

Relative IL-8 mRNA eapression
versus GAPLI]
- b N

[=]
in

¢

SBIO21S0 (uM) o 0 5 10 X

vehicle ATRA

expression levels of p38 and phosphe-p38 were examined by westem blotting. The intensity of each band was quantified as described in Materials
and Methods, and the graph was made to show the significant effect of p38 inhibitor on ATRA-induced phospho-p38. (C) Keratinocytes were treated
with various concentrations of SB202180 (0-20 pM) for 2 h. ATRA (1 0~% M) or vehicle was then added and the cultures wera incubated for 36 h. The
leveis of IL-8 n the culture supematants were determined by ELISA, *p<(.05; **p<0.01. (D) Keratinocytes were treated with various concen-
trations of SB202180 {020 uM) for 2 h. ATRA (10™° M) or vehicle was then added and the cultures wera incubated for 18 h. The retative IL-8 mRNA

expression levels were assessed by real-time quantitative RT-PCR.

receptors (RAR-q, -, -y) and the retinoid X receptors (RXR-
a, B, -y) (Giguere et al, 1987; Petkovich et al, 1987; Ben-
brook et al, 1988; Brand et al, 1988; Krust et af, 1989). RAR
usually form hetercdimers with RXR (Chambon, 1996), and
these dimers are able to bind to specific DNA sequences,
which are known as retinoic acid-responsive elements
(RARE). RAR-RXR complexes act as ligand-inducible tran-
scription factors. The consensus sequence of RARE con-
tains hexanucleotide half-sites that are arranged as inverted
or direct repeats, spaced by various numbers of nt (de The
et al, 1990); however, the IL-8 gene does not contain the
classical ATRA response elements (Baggiolini and Clark-
Lewis, 1992). Therefore, IL-8 induction by ATRA may not
depend on this “classical pathway”. In certain cases, re-
tinoic acid has been shown to regulate genes that do not
contain classical RARE motifs (Gudas ef af, 1994). These
genes can be regulated by retinoic acid via secondary
events, such as the Induction and activation of NF-xB
(Segars et al, 1993}. it has been shown that the induction of
major histocompatibility class | genes by retinoic acid in
human embryonal carcinoma NTera2 (NT-2) cells involves
both the activation of RAR-RXR heterodimers and the in-
duction of the NF-xB molecules p50 and p65 (Segars ef &/,
1993). The binding of NF-xB to the IL-8 promoter is essen-

tial for constitutive activation of IL-8 gene transcription
{Hoffmann et al, 2002), ang p65 is one of the major com-
ponents responsible for xB binding to the IL-8 promoter
(Kunsch and Rosen, 1993). ATRA is able to induce IL-8 gene
expression by increasing NF-xB transcriptional activity in
soma cells (Harant et al, 1998a; Chang et &/, 2000). In airway
epithelium cells, ATRA-enhanced NF-x8 binding to the pro-
moter region involves pB5 and p50 (Chang et al, 2000). In
the human melanoma cell line G-361, the synergistic effect
of ATRA and TNF-a on IL-8 expression is dependent on their
combined activation of the IL-8 promoter, which requires an
intact NF-xB-binding site (Harant ef al, 1996b). In this study,
we show nuclear translocation of p65 and IxB phosphor-
ylation in ATRA-treated keratinocytes. Therefore, ATRA-de-
pendent IL-8 induction probably involves increased levels of
p65 (Segars et af, 1993). Similar effects of ATRA on NF-«xB
subunits have been observed in other cell types {Segars
et al, 1993; Feng and Porter, 1999; Farina et al, 2002).
ATRA-mediated increases in the levels of p65 and pS0
transcripts are dependent on the “classical pathway”.

An alternative mechanism for IL-8 induction via NF-xB
signaling is the phosphorylation of IxBx. Unfortunately, the
molecular mechanism by which ATRA phesphorylates 1xBe
is unclear. The introduction of IkBaM completely abolished
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IL-8

ATRA

Figure?

Schematic representation of a possible mechanism for all-trans-
retinoic acid {ATRA)-dependent induction of interleukin (IL}-8 pro-
duction by keratinocytes. A possible mechanism for ATRA-dependent
induction of IL-8 production by keratinocytes is presented. ATRA
phospharylates IxBe, which causes nuclear translocation of nuclear
factor (NF)-xB elements, and results in the transactivation of the NF-xB
signal. The increased levels of p65 and p50 induced by ATRA may also
contribute to activation of the NF-xB signal. Activation of the p38 mi-
togen-activated protein kinase (MAPK) pathway may play a role in Il.-8
mRNA stabilization and IL-8 production.

IL-8 production and reduced the basal level of IL-8 pro-
duction. These findings suggest that NF-xB activation is
essential in ATRA-induced IL-8 production in normal kera-
tinocytes.

Activation of p38 MAPK was elicited by ATRA in kera-
tinocytes. The finding that the p38 inhibitor SB202180 spe-
cifically decreases ATRA-induced IL-8 production suggests
that the p38 MAPK is also involved in ATRA-induced IL-8
production. A previous report has demonstrated that the
p38 MAPK pathway contributes to cytokine/stress-induced
IL-8 gene expression by stabilizing mRNA through an ARE-
targeted mechanism at the post-transcriptional level {Hoff-
mann ef af, 2002). Therefore, ATRA may stabilize |L.-8 mRNA
by activating the p38 pathway, thereby enhancing IL-8 pro-
duction in keratinocytes. In summary, ATRA induces 1L-8
production in normal human keratinocytes via NF-xB and
the p38 MAPK signal pathways.

Materials and Methods

Cell culture Normal human keratinocytes were cultured in
MCDB153 medium that was supplemented with insulin (6 pg per
mL}), hydrocortisone (5 » 107 M), ethanclamine (0.1 mM), phos-
phoethanolamine (0.1 mM), bovine hypothalamic extract (50 ug per
mL), and Ca?t (0.03 mM), as described previously (Yamasaki et a/,
2003a). The study was conducted according to Declaration of
Hetsinki principles. All of the procedures that involved human sub-
jects received prior approval from the Ethical Committee of Ehime
University School of Medicine, and all the subjects provided written
informed consent.

ATRA INDUCES I-8 VIA THE NF-xB AND p38 MAPK PATHWAYS IN KERATINOCYTES 1083

Reagents ATRA was purchased from Sigma Chemical Co (St
Louis, Missouri), and was dissolved in DMSO. Recombinant hu-
man L-1o was a generous gift from Dainippon Pharmaceutical
Co. Lid. (Osaka, Japan). The anti-IkBu and anti-phospho-lkBax
antibodies were purchased from Cell Signaling Technology, Inc.
(Beverly, Massachusetts), The p38 MAPK inhibitor SB202180
was purchased from Calbiochem-Novabiochem International Co.
{San Diego, California), dissolved in DMSO at a concentration of
2 mM, and stored at —20°C.

Adenovirus construction and infection The cosmid cassette
pAXCAw (Miyake et al, 1996) and the parental virus AdS-diX (Mi-
yake et al, 1996) were kind gifts from Dr lzumu Saito (Tokyo Uni-
versity, Japan). The full-length coding region of the IxBaM cDNA
was obtained from the Hindlll- and BamHI-digested fragments of
pCMV-lxBaM (BD Biosciences Clontech, Palo Alto, California), and
subcloned into the cosmid cassette pAXCAw. IxBaM encodes the
dominant negative mutant form of IxBa, which is a non-degradable
form of human kBe, in which serines 32 and 36 are replaced by
alanine residues (S32A/336A), thereby blocking its phosphorylation
and degradation (Brown et al, 1995; Chen et al, 1995). The NF-xB
signal cannot be activated in cells that over-express IxBaM, re-
gardless of the presence of extracellular stimuli that normally in-
duce the phosphorylation of IxBe and activation of the NF-xB
signal (Brown et al, 1995; Feig et al, 1999). An adenovirus vector
that contains the CAG promoter and IkBxM (AxIxBaM) was gen-
erated using the cosmid cassettes and Ad DNA-TPGC (COS-TPC)
method, and virus stocks were prepared using the standard pro-
cedure {Miyake et al, 199€). Concentrated, purified virus stocks
were prepared by CsCl gradient centrifugation, and the virus titer
was estimated in a plague formation assay.

Subconfluent cultures of normal human keratinocytes were in-
fected with AxIkBuM at a multiplicity of infection (MO)) of 2, and
AxLacZ was used as the control vector. The vectors were cultured
with the cells for 60 min, with a brief period of agitation every 15
min. This was followed by the addition of fresh culture medium,
and re-incubation for 12 h, before treatment with ATRA. The ex-
pression of these genes was confirmed by RT-PCR using specific
prcbes.

Oligonucleotide probe preparation PCR-amplified human
cDNAs were inserted into the EcoRl and Hindlll sites of the pPMG
vector (BD Pharmingen, San Diego, California). The inserted cDNA
corresponded to the following sequences: nt 412-746 of RelA (p65)
(GenBank/EBIl accession no, NM021975); nt 709-1013 of RelB
(NMODO06509); nt 804-1074 of NF-xB2 {p52/p100) (NM0O02502); nt
877-1122 of NF-xB1 (p50/p105) (NM003998); nt 1758~1982 of ¢-
Rel (X75042). The pPMG vector (Pharmingen}, which incorporates
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA,
was used as the internal standard.

RPA Total RNA was isolated from cultured human keratinocytes
using [sogen (Nippon Gene, Toyama, Japan). Single-stranded an-
tisense riboprobes were prepared by in vitro transcription of human
cDNA fragments using the RiboQuant /n Vitro Transcription Kit
{Pharmingen) in the presence of [«-**P] UTP. The hCK-5 probe
{Pharmingen) for IL-8 detection and an oligonucieotide probe for
NF-xB were used as the templates for the in vitro transcription
reaction. The hybridization products were separated on a gel, and
exposed to photegraphic fitm, as described previously (Yamasaki
et al, 2003b). At least three independent studies were performed,
with similar results. One representative experiment is shown in
each figure. The GAPDH bands appear as a doublet, as reported
previously (Dai et al, 2004), which may be because of the fact that
the end of the GAPDH mRNA is highly susceptible to RNase di-
gestion, even though it is double stranded.

RT-PCR Total RNA samples from cultured cells wereg isolated at
the indicated time points using Isogen {Nippon Gene Co.). RT-PCR
was performed using RT-PCR High Plus {Toyobo, Osaka, Japan},
according to the manufacturer’s instructions. The cDNA was gen-
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erated from reversa transcription of total RNA for 30 min at 60°C,
and then heated to 84°C for 2 min. The PCR cycle consisted of
1 min at 94°C for denaturation, and 1.5 min at 60°C for annealing
and primer extension. The IL-8 sequences were amplified for 34
cycles, and the GAPDH sequences for 22 cycles. The following
primer pairs were used: human IL-8, 5'-CTTCTCTGCAGCA-
CATCC-3' and 5-AAGACCTCTCAAGGCTTTG-3"; and GAPDH,
5'-ACCACAGTCCATGCCATCAC-3' and 5'-TCCACCACCCTGTT-
GCTGTA-3'. The PCR products were visualized on 2% agarose
gels that contained ethidium bromide. The PCR products were
sequenced, to confirm the accuracy of amplification.

Real-time quantitative PCR Total RNA samples from cuitured
cells were isolated using Isogen {(Nippon Gene Co.). Real-time RT-
PCR was performed in the AB! PRISM 7700 sequence detector (PE
Applied Biosystems, Branchburg, New Jersey). The Pre-Devel-
oped TagMan assay reagents (set of primers and probe) for human
IL-8 (Accession Numbers: NM_000584) and for human GAPDH
endogenous control (Accession Numbers: NM_002048) were pur-
chased from Applied Biosystems (Foster City, California). The RNA
analysis was undertaken using the TagMan One-Step RT-PCR
Master Mix reagents kit (FE Applied Biosystems) and 500 ng of
total RNA. Thermal cycling was Initiated at 48°C for 30 min for
reversa transcription reaction, followed by a first denaturation step
at 95°C for 10 min, and then 40 cycles PCR at 95°C for 15 s and at
60°C for 1 min according to the manufacturer’s instructions using
2 x AmpliTaq Gold DNA Polymerase mix (25 pL), 40 x RT enzyme
mix {1.25 pl), 20 x Pre-Developed TagMan assay reagent (2.5 pl).
Alt one-step RT-PCR reactions were performed In 50 uL reaction
volumes, and carried out in a 96-well plate. This expetiment used
two dye layers to detect the presence of target and control se-
quences. The 6-FAM dye |ayer yielded the results for quantification
of IL-8 mRNA, and the VIC dye layer yielded the results for quan-
tification of GAPDH. Quantification of gene expression was per-
formed using the comparative cycle threshold (CT) method
{Sequence Detector User Bulletin 2; Applied Biosystems) and
reported as the fold difference relative to GAPDH gene. To calcu-
late the fold change {increase or decrease), the CT of the house-
keeping gene (GAPDH) was subtracted from the CT of the target
gene (IL-8) to yield the ACT. Change in expressicn of the normal-
ized target gene as a result of an experimental manipulation was
expressed as 27%4CT where AACT = ACT sample—ACT control as
deseribed previously (Babu and Nutman, 2003). In this study, each
assay was performed in triplicate, and the fold change of each
sample was normalized against that of the vehicle as 1 U.

ELISA Culture supematants were collected at the indicated time
points after treatment, and stored at —70°C until used for ELISA.
The IL-8 EL!SA kit was purchased from R&D Systems {Minneapo-
lis, Minnesota), and used according to the manufacturer’s instruc-
tions. The optical density at 450 nm was measured with an Immuno
Mini NJ-2300 microplate reader {Nalge Nunc International K.K.,
Tokyo, Japan). All of the assays were performed at least three
times.

Western blot analysis The cells were harvested by scraping into
extraction buffer that contained 150 mM NaCl, 1% Nonidet P-40,
0.5% deoxychelate, 0.1% sodium dodecy! suffate (SDS), 50 mM
Tris-HCI (pH 7.4), and protease inhibitors. Equal amounts of protein
were separated by SDS-polyacrylamide gel electrophoresis, and
transferred to polyvinylidene difluoride membranes. The analysis
was performed using the Vistra ECF Kit (Amersham Biosciences
KK, Tokyo, Japan) and the Fluorolmager {Molecular Dynamics
Inc., Sunnyvale, California), as described previously (Yamasaki
et al, 2003b). At least three independent studies were parformed,
with similar results. One representative experiment is shown in each
of the figures. The intensity of each band was quantified using
ImageQuant (Molecular Dynamics Inc.), with reference to the control
signal, which was assigned the value of 1 U. Reproducibility was
confirmed by performing three independent experiments.
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Nuclear profein preparation and detection of transcription
factor activity Nuclear proteins were prepared according to the
instructions provided in the TransFactor Extraction Kit (BD Bio-
sciences Clontech, Palo Alto, California). Briefly, cells were
harvested in lysis buffer (10 mM HEPES (pH 7.9), 10 mM KCl,
1.5 mM MgCle, 1 mM DTT) that contained protease inhibitors. Nu-
clear pellets were collected by centrifugation, and resuspended in
extraction buffer (20 mM HEPES (pH 7.9), 420 mM NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 25% glycerol, 1 mM DTT) that contained
protease inhibitors. Finally, the protein concentrations of the nu-
clear extracts were determined, and the samples were stored at
—70°C unti! used.

DPNA-binding activities of the NF-xB family members were de-
termined using the BD Mercury Transfactor Kits (BD Biosciences
Clontech), according to the manufacturer’s instructions. The rela-
tive optical density values at 655 nm were normalized to the control
values {at 0 h or for 0 M), which were designated as 1 U, and
plotted on a graph. All of the assays were performed on at least
three separate occasions. '

Statistical analyses The data were collected from at least three
independent experiments. Quantitative data are expressed as the
mean £ SE. Statistical significance was determined by the paired
Student's t test. Differences were considered to be statistically
significant for p<0.05. The levels of statistical significance are
indicated, as follows, in the figures: *p<0.05; **p<0.01; and
**¥0 <0.001.
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Summary

Background: It has been proposed that transforming growth factor-g (TGF-B) is
involved in the growth inhibition of normal human epidermal keratinocytes (NHEK) by
1e,25-dihydoxyvitamin D; (1a,25(0H}:D;), although this is still controversial because
of the difficulty in blocking TGF-B activity completely.

Objective: To determine whether TGF-p is involved in early phase growth inhibition
by 1,25(0H);Ds.

Methods: TGF-B mRNA was detected by ribonuclease protection assay (RPA), and
biological active TGF-B was determined by a luciferase reporter assay. To block
intrinsic TGF-B activity completely, we constructed an adenovirus vector expressing a
truncated TGF-B type Il receptor with a dominant negative effect (AdexTRTR) that
blocks TGF- signal transduction.

Results: 10, 25(0CH);D, slightly upregulated TGF-B1 and TGF-p2 after 24 h accord-
ing to an RPA and a luciferase reporter assay, however growth inhibition by
1:,25(0H),D; occurred at 6h. The addition of 107 M of 1a,25(0H).D; to NHEK
infected with AdexT@TR or AdexLacZ (control vector) reduced DNA synthesis to
59.3 and 62.2% at 6 h, respectively. There was no significant difference in ¢ell number
after a 3-day incubation with AdexTBTR or AdexLacZ-infected cells treated with
1a,25(0H)1D;.

* Corresponding author. Tel.: +81 89 960 5350; fax: +81 89 960 5352.
E-mail address: shirakat@m.ehime-u.ac.jp (Y. Shirakata).
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Conclusion: Since 1a,25(0H);0: rapidly inhibits NHEK growth regardless of the
prevention of TGF-§ signal transduction, TGF-B is not involved in early phase growth
inhibition by 1a,25(0H);D;.

(C) 2004 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland

Ltd. All rights reserved.

1. Introduction

1a,25-dihydoxyvitamin D3 (1«,25(0H),D3) is the
active form of vitamin Ds. It plays roles in many
biclogical phenomena, such as calcium homeostasis
and bone formation [1]. The binding of
1a,25{0H);D; to the nuclear receptors for the hor-
monally active form of vitamin D activates the
vitamin D receptor (VDR), which subsequently reg-
ulates physiological events, such as cellular differ-
entiation and proliferation {2—5]. 1e,25(0H);D; has
been shown to decrease the proliferation of normal
human epidermal keratinocytes (NHEK) [6—8]. NHEK
possess receptors for vitamin D, including the
VDR and retinoid X receptors [9,10]. 1a,25(0H),D;
is reported to be effective in the treatment of
psoriasis [11,12]. However, the precise mechanism
of action of 1a,25(0H),D; in inhibiting NHEK prolif-
eration is not clear.

The transforming growth factor-f (TGF-B)
family consists of isoforms that include TGF-8,
bone morphogenetic protein, and activin [13,14].
TGF-B is a 25kDa peptide that has inhibitory
effects on NHEK proliferation [15,16]. It stimulates
fibroblast growth and the production of extracel-
lular matrix materials like collagen, integrin, and
plasminogen activator inhibitor-1. Three different
isoforms of TGF-p have been described in mamma-
lian cells, and the expression of these iscforms is
regulated in different manners {17]. TGF-B mem-
bers transduce signals by simultaneousty contacting
two transmembrane serine/threonine Kinases
called type | and type il receptors [18]. The type
Il receptor for TGF-B binds the ligand, whereas the
type | receptor does not. Type | receptors recognize
ligand-bound type Il receptors, and these are
thought to form a heterotetramer. A central
event in TGF-B signal transduction is phosphoryla-
tion of the type | receptor, which is catalyzed by the
type Ii receptor kinase domain. A mutant type |l
receptor, in which the kinase domain is truncated,
is known to block the growth inhibitory effect of
TGF-B [19].

TGF-B, which is an autocrine growth inhibitor
for NHEK, is thought to be involved in the growth
inhibition by 1e,25(0H),D; or 1,25(0H).D; [20,21],
although this is still controversial because of the
difficulty in blocking endogenous TGF-B activity

in NHEK completely. To solve this problem, we
constructed a replication-deficient adenovirus
vector expressing a truncated serine/threonine
kinase domain of the TGF-p type Il receptor
with a dominant negative effect that blocks TGF-
B signat transduction completely. Using this adeno-
virus vector system to introduce foreign genes
into all keratinocytes and abolish endogenous
TGF-B signaling complietely, we analyzed whether
TGF-g is involved in growth inhibition by
10,25(0H),D3.

2. Materials and methods
2.1. Materials

10,25(0H),D; was a generous gift from the Teijin
Pharmaceutical Co., Ltd. (Tokyo, Japan). Recombi-
nant human TGF-81 and TGF-B2 were purchased
from R&D, Inc. (Minneapolis, MN).

2.2. Cell culture

MNormal human epidermal keratinocytes were cul-
tured with MCDB153 medium supplemented with
insulin (5 ug/ml), hydrocortisone {1 pM), ethanola-
mine {0.1 mM), phosphoethanolamine (0.1 mM),
bovine hypothalamic extract (BHE) (50 pg/mi),
and Ca?* (0.1 mM) as described previously [22,23].
Third or fourth passage cells were used in this
study.

2.3. Measuring bromodeoxyuridine
{BrdU) uptake

NHEK were seeded on 24-well plates at a density of 8
x 104 cells/well. After reaching subconfluency, the
cells were fed with MCDB153 medium lacking BHE,
The following day, the cells were fed once again
with the same medium containing 1 x 107%M of
1e¢,25(0H), D3 and incubated for 6, 12, or 24 h, The
cells were then incubated with medium containing
BrdU for 2 h. BrdU incorporation was determined
using a cell-proliferating ELISA system (Amersham
Life Science Inc., Arlington Heights, IL) according to
the manufacturer’s instructions. The absorbance at
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450 nm was measured using a spectrophotometer
{Pharmacia Inc., Uppsala, Sweden).

2.4, RNase protection assay

Analysis was performed using a multiprobe RNase
protection assay system (PharMingen, BD PharMin-
gen, San Diego, CA) according to the manufacturer’s
instructions. Ten micrograms of total RNA were
hybridized with 32P-labeled riboprobe and digested
with RNase. The hybridization products were sepa-
rated on a 5% polyacrilamide/8 M urea gel and
exposed to film (BioMax MS, Kodak Co., Rochester,
NY). GAPDH was used as an interpal standard. The
intensity of each band was quantified using Diversity
Database™ software.

2.5. Construction of replication-deficient
recombinant adenoviruses

A replication-deficient E1- and E3-recombinant ade-
novirus vector expressing the truncated human type
Il TGF-p receptor was prepared as described pre-
viously [19]. Briefly, human type Il TGF-$ receptor
cDNA with most of its cytoplasmic kinase region
deleted (only 7 amino acids remained in the intra-
cellular region) was tagged with an influenza virus
hemagglutinin (HA) epitope at its N-terminus. This
was placed into a cassette cosmid vector, pAdexCA1w
(provided by Izumu Saito, University of Tokyo)
under a CA promoter consisting of a cytomegalo-
virus enhancer and a chicken B-actin promoter
{pAdexTATR). A recombinant adenovirus was con-
structed by in vitro homologous recombination in
293 cells using pAdexTATR and the adenovirus
DNA-terminal protein complex by a method pre-
viously described. The desired recombinant adeno-
virus, designated AdexTATR, was purified by cesium
chloride ultracentrifugation followed by extensive
dialysis. The titer of the virus stock solution was
assessed by a plaque formation assay using 293 cells
and expressed in plaque-forming units. Two control
adenovirus vectors were used: AdexLacZ expressing
bacterial B-galactosidase and Adex 1w containing no
exogenous gene, Transfection of NHEK with adeno-
virus vectors was carried out by incubating subcon-
fluent cells with the vectors in MCDB153 medium
lacking BHE for 90 min at 37 °C with gentle rocking
every 15 min, Then, the medium was exchanged with
MCDB153 medium and the cells were incubated at
37 °C in 5% CQ; until assays.

2.6. Western blot analysis

Subconfluent NHEK infected with AdexTSTR were
lysed in radicimmunoprecipitation buffer (50 mm

NaCl, 30 mM sodium pyrophosphate, 50 mM NaF,
5mM EDTA, 10 mM Tris, pH 7.4, 1% Triton X-100,
1 mM phenylmethanesulfonyl fluoride, 0.2 unit/ml
aprotinin, 10 mM pepstatin A, and 25mM leu-
peptin). The lysates were purified with wheat
germ agglutinin-Sepharose beads (Amersham
Pharmacia Biotech Ltd., Buckinghamshire, UK),
subjected to 12% SDS-polyacrylamide gel electro-
phoresis, and transferred to polyvinylidene
difluoride membranes (Amersham). Each mem-
brane was blocked with 5% non-fat dry milk in
Tris—HCtL pH 7.4, 0.15M NaCl, 0.05% Tween-20,
and soaked with a 1:1000 dilution of anti-HA anti-
body (12CA3). After washing, the membrane was
incubated with 1:2500 fluorescein-labeled goat
anti-mouse [g6 for 1 h. The signal was amplified
with an anti-fluorescein alkaline phosphatase con-
jugate followed by the fluorescent substrate
AttoPhos (Amersham). The membrane was scanned
using Fluorofmager (Molecutar Dynamics inc.,
Sunnyvale, CA).

2.7. Luciferase reporter assay

A reporter plasmid containing the TGF-p/Smad
responsive element and firefty luciferase (p3TP-
lux) was a generous gift from Dr. Kohei Miyazono
{Tokyo University, Japan). To normalize the trans-
fection efficiency, a plasmid containing Renilla
luciferase driven by the cytomegalovirus promoter
{pRL-CMV) was included in the assay. NHEK were
seeded at a density of 4 x 10* cells per well in 12-
well collagen-coated plates in 1 ml of MCDB153
medium with BHE, The medium was replaced 48 h
later with 1 ml of fresh MCDB153 with BHE, and
AdexTBTR, Adex1w or AdexLacZ were transfected
(MOl = 5). After 24 h of adenovirus infection, 1 pg
of p3TP-lux and 0.1 pg of pRL-CMV were trans-
fected using FUGENE6 (Japan Roche Diagnostics,
Tokyo, Japan) according to the manufacturer’s
instructions. p3TP-lux contains three tandem
repeats of a TGF-B-signal responsive element,
which is activated by TGF-B stimulation {24,25].
After 24 h, the cells were treated by the addi-
tion of 1a,25(0H),D; (10"°M), and incubated
further. Then, the cells were harvested at the
indicated times with 200 ut of lysis buffer (Pro-
mega Corporation, Madison, Wi), and the lucifer-
ase activity was measured using the Dual-
tuciferase reporter assay system (Promega) with
a luminometer (Luminescencer JNR AB-2100, Atto
Co., Osaka, Japan). Transfection was performed in
triplicate. The relative luciferase activity was
calculated by normalizing it to the Renilla lucifer-
ase activity. Statistical analysis was performed
using Student’s t-test.
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2.8. Cell cycle analysis

The cell cycle distribution was analyzed using a
CycleTEST™ PLUS DNA reagent kit (Becton Dickin-
son Immunocytometry Systems, San Jose, CA)
according to the manufacturer’s instructions. Nuclei
isolated by trypsinization were stained with propi-
dium iodide and then run on a flow cytometer
{FACSCalibur, Becton Dickinson Biosciences, San
Jose, CA).

3. Results

3.1, 1a,25(0H),D; upregulates TGF-pB1 and
TGF-B2 mRNA in NHEK

Toinvestigate whether 1a,25(0H),D; upregulates the
expression of TGF-B isoform mRNA in normal human
epidermal keratinocytes, 107 M 1a,25(0H),D; was
added to the medium, and total RNAwas harvested at
the indicated times, and subjected to an RNase
protection assay. 1a,25(0H),D; gradually increased
TGF-B1 mRNA expression from 3 to 24 h. Maximal
induction was observed at 24 h, and was 3 times
control levels, 1a,25(0H);D; also upregulated TGF-
B2 mRNA from 3 to 6 h after stimulation, Optimal
induction occurred at 3 h, and was increased 4-fold;
this was followed by a rapid reduction to the steady-
state level (Fig. 1A, B). TGF-B3 mRNAwas not altered
by 1c,25(0H);Ds.

pobe 0 1 2 3 6 12 24h

Fig. 1

) [

A{TGFp2

.- - - = 9 & e

3.2. Adenovirus-mediated expression of
the truncated human type Il TGF-B
receptor in keratinocytes

We examined the expression of the truncated
human type )l TGF-8 receptor in NHEK infected by
AdexTgTR at various multiplicity of infection (MOI).
Subconfluent NHEK in 6 cm dishes were incubated
with AdexTBTR at MOI =5, 10 or 20 for 90 minin 3 ml
of MCDB 153 medium lacking BHE. Medium was
changed to MCDB153 medium and cultured further.
After 24 h, cell lysates were harvested and sub-
jected to Western blot analysis. Western blots
showed a glycosylated protein of approximately
45 kDa corresponding to the truncated human type
Il TGF-R receptor using an antibody against the HA
epitope (Fig. 2A). The expression level was MOI-
dependent. Next, we examined the time course of
its expression at an MOI of 5. The truncated human
type Il TGF-B receptor protein was detected at 6 h,
and submaximal expression was achieved at 24h
after infection (Fig. 2B).

3.3. AdexTBTR suppressed the TGF-B1 or
TGF-p2-induced growth inhibition of NHEK

Since a 90 min infection with AdexTATR-induced the
expression of mutant TATR in NHEK after 24 h, we
examined whether mutant TTR could inhibit TGF-B
action on NHEK. NHEK were seeded on 24-well
plates at a density of 8 x 10%cells/well. After

(%) —D0— TGF-1
—d=— TGF-p2
S 5004 —0— T1GFp3
€
§ 400-]
Q
* 3001
. 200°]
1001
I 1 1 1 ) 1 1
(B) [ 2 3 6 12 24 h

Effect of 12,25(CH).D; on the expression of TGF-B1, 2, and 3 in NHEK. (A) Subconfluent keratinocytes were

incubated with 1 x 10™° M 1a,25(0H),D; and total RNA was extracted at the indicated times using Isogen (Nippon Gene,
Tokyo, Japan). Ten micrograms of total RNA were hybridized with 32P-labeled riboprobe and digested with RNase. The
hybridization products were separated on a 5% polyacrilamide/8 M urea gel and exposed to film (Kodak BioMax MS}).
GAPDH is shown as an internal standard, (B) The intensity of each band was quantified using Diversity Database™
software, and the relative values of TGF-B1, TGF-B2 and TGF-B3 mRNA were plotted on graphs.
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Fig. 2 Adenovirus-mediated expression of the truncated type il TGF-3 receptor in normal human keratinocytes, (A) Cell
lysates were harvested 24 h after infection with AdexTSTR at the indicated multiplicity of infection (MO1), subjected to
SDS-PAGE electrophoresis, and transferred to a membrane. The membrane was probed with a monoclonat antibody
against HA epitope, and the signal was visualized using fluorescein-conjugated anti-mouse IgG, and scanned using
Fluoroimager, (B) Cell lysates were harvested at the indicated times after infection with AdexTSTR at an MOl of 5.
Truncated type N TGF-B receptor was detected at 6 h, and maximal expression was achieved 24 h after infection.

reaching subconfluency, the cells were fed with
MCDB153 medium lacking BHE and AdexTSTR or
AdexTw was infected at various MQI, After 24 h,
medium was replaced with fresh MCDB153 and
recombinant human TGF-p1 or TGF-B2 was added
to the well at various concentrations. After 24 h, the
cells were then incubated with medium containing
BrdU for 2 h. BrdU incorporation was determined
using a cell-proliferating ELISA system (Amersham
Life Science Inc.} according to the manufacturer’s
instructions. TGF-R1 and TGF-B2 decreased DNA
synthesis from 0.1 to 1ng/ml in the Adextw-

O Adextw
O AdexTpTR:MOES

100 4

% of contral

50 7

infected cells, whereas in the AdexTBTR-treated
cells, DNA synthesis was not suppressed by the
addition of exogenous TGF-B1 or TGF-p2 (Fig. 3).

3.4, 1e,25(0H),D; increased biologically
active TGF-g after 24 h

To identify the increase in biologically active TGF-j,
we examined TGF-B/Smad-signal-responsive ele-
ment activity using a luciferase reporter assay.
NHEK were infected by AdexTSTR or AdexlacZ
and then co-transfected with p3TP-lux and pRL-

A AdexTETR:MOK10

@ AdexTBTR:MOI=20

0 0.1 0.5 1.0
(ng/ml)

TGF-g1

T T i
0.1 0.5 1.0

TGF-p2 (ng/ml)

o

Fig. 3 Complete abolition of TGF-B-induced anti-proliferative effects in NHEK, Exponentially growing NHEK were
exposed to AdexTETR and Adexiw at various MOI. After a 24 h incubation, cells were incubated with the indicated
concentrations of TGF-B1 or TGF-B2. BrdU was added to each well for 2 h, and its incorporation was measured by ELISA.
The data are expressed as the mean of four determinations +5.D. Three other independent experiments gave similar

results.
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CMVY, and incubated for 24 h. The next day, the
medium was changed to MCDB153 basal medium
and 10~% M 1a,25(0H);D; was added to the medium.
Cell lysates were collected at 6, 12, 24 and 48 h;
then, the luciferase activity was measured. The
TGF-B/Smad-signal-responsive  element  activity
was not altered in the earty phase (at 6 and 12 h);
however, it increased 2-fold at 24 h and 4-fold at
48 h. This enhancement was completely blocked by
pre-treatment with AdexTSTR. These results indi-
cate that 1a,25(0OH},D; enhanced biologically active
TGF-pB production in NHEK after 24 h (Fig. 4).

3.5. 1«,25(0H),D, suppressed the S-phase
cell cycle in early-phase growth inhibition

To compare the growth inhibition of 1, 25(0H},D;
and TGF-§, we investigated the cell cycle after the
addition of 1a,25(0OH).D; and TGF-B. 1a,25(0H),D4
decreased S-phase cells rapidly from 28.2 to 22.17%
at 6 hand to 13.81% at 12 h. TGF-B also decreased S-
phase cells from 28.2 t0 25.71% at 6 h and to 16.14%
at 12 h. Both increased GO/G1 cells from 54.14 to
70% at 12 h. 1a,25(0H}),0; and TGF-B both induced
GO/G1 arrest in NHEK (Fig. 5A). Next we examined
the effect of AdexTETR on the cell cycle after
1a,25(0H)zD3 treatment. NHEK were transfected
with AdexTBTR or AdexLacZ (MOl = 5). After 24 h,
1a,25(0H);:D; was added to the medium and cell
cycle analysis was performed. S-phase cells
decreased from 26.94 to 18.94% at 6h and to
11.34% at 12 h in AdexTgpTR-infected cells. They
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decreased from 26.4 to 20.2% at 6h and to
11.83% at 12 h in AdexlLacZ-infected cells. There
was no significant difference about S-phase cells
between AdexTgTR- and AdexlLacZ-treated cells
(Fig. 5B).

3.6. Growth inhibition by 1&,25(0H),D; is
not altered in TGF-p-resistant NHEK

NHEK were seeded in 24-well plates at a density of 1
% 10% cells/well, and infected with AdexTBTR or
AdextacZ (MOl = 5). After 24h, 107°M
1c,25(0H);D; was added to the wells. Six, 12, or
24 h later, the medium was changed to thymidine-
free MCDB153 containing 20 mM Brdl), and the cells
were incubated for 2 h. BrdU incorporation was
measured by ELISA, The addition of 107%M of
1a,25(0H); D> to NHEK infected at an MOl of 5 with
AdexTSTR and AdexLacZ reduced DNA synthesis to
59.3and 62,2%at 6 h, 24.1and 31.8% at 12 h, and 25
and 28% at 24 h, respectively. No significant differ-
ences were found between AdexTgTR- and Adex-
LacZ -infected NHEK (Fig. 6A). Next, we studied the
effect of AdexTSTR and AdexLacZ on clonogenic
growth when treated with 1a,25(0H),05. NHEK were
seeded at a density of 2 x 10* cells/well in 6-well
plates. The next day, the cells were infected with
AdexTBTR or AdexLacZ at an MOl of 5. After 24 h,
1077 M 1@,25(0H).D; was added to the well and
incubated for several days. Cell numbers were
counted at the indicated times using a Coulter
Counter. 10~ M 1a,25(0H),D; decreased cell num-

(fold activation agalnst control)

TGF-p - Smad Slgnal Responsive Element Activity

Ehtanol

+AdexLacZ (MOI=5)
1a,25(0H), D, (1 x 10° M)
+AdexTRTR (MO1=5}

B 1.250m.0,0x100m
+AdexLacZ (MOI=5)

8h 12h 24h

4ah

Fig. 4 Effect of 10,25(0H);D; on the induction of TGF-B/Smad-responsive element activity in NHEK, NHEK were
infected by AdexTATR or Adex 1w followed by co-transfection with p37P-lux and pRL-CMV, and incubated for 24 h. The
next day, the medium was changed to MCDB153 basal medium and 1 = 107% M 1a,25(0H),D; was added to the medium.
Cell lysates were collected at 6, 12, 24 and 48 h; then, the luciferase activity was measured. P < 0.01.
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Fig. 5 Cell-cycle analysis, (A) NHEK in the exponential growth phase were treated with 1a;,25(0H)2D; (1 = 107 M)and
TGF-8 (1 ng/ml). Then, the cell cycle was determined using a CycleTEST™ PLUS DNA kit, (8) NHEK were infected with
AdexLacZ or AdexTBTR (MOl = 5). After 24 h, 1a,25(0H).D; {1 x 10~° M) were added to the medium, then the cell cycle

was measured.

bers to 70% compared to the control (ethanol addi-
tion), although there was no difference between
AdexTgTR- and AdexLacZ-treated cells (Fig. 6B).

4, Discussion

Normal human epidermal keratinocytes are the
main ¢component cells of the epidermis, and their
growth is regulated by both positive and negative
mediators [26,27]. A large number of cytokines and
growth factors are known to promote NHEK growth,
whereas few negative mediators are known. Several
reports have shown that TGF-f, active vitamin D;
analogue, interferon-y, ceramide, and apoptosis-
signal-regulating kinase 1 inhibit NHEK growth and
promote differentiation {7,16,28,29]. Of these cyto-
kines and growth factors, the most important
growth inhibitors of NHEK are active vitamin D;
analogues and TGF-8.

Ta,25(0H),D4 is the active form of vitamin D3, Most
of the biological actions of active vitamin D; analogue
are now thought to he mediated through the vitamin
D receptor (VDR). The binding of 1a,25(0H),D; to the

VDR activates target gene expression at the tran-
scription level, with subsequent regulation of phy-
siological events, such as cellular differentiation and
proliferation [2-5]. 1«,25(0H);D; and other vitamin
D; analogues have been shown to decrease NHEK
proliferation [6,7,30].

TGF-f is a potent growth inhibitor of many epithe-
lial cell types in vitro, The cell membrane receptors
for TGF-@ are activated by ligand binding, and phos-
phorylate and activate certain members of the Smad
protein family. Extensive studies have examined the
molecular mechanism underlying the interplay
between TGF-B and vitamin D;. Through the TGF-B
pathway, Smad3, a downstream component of TGF-8
signaling, potentiates the ligand-induced transacti-
vation of the VDR [31]. Recently, it was reported that
Smad?, one of the inhibitory Smads, inhibits forma-
tion of the VDR-Smad3 complex, and negatively reg-
ulates VDR transactivation function [32]. On the
contrary, Wu et al. found two direct repeat vitamin
D response elements in the human TGF-R2 promoter,
and found that heterodimers of the VDR and RXRa
bind to sequences in the promoter of the TGF-g2
gene [33]. They also demonstrated that vitamin D;
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Fig. 6 The effect of 1a,25(0H),D; on the growth in AdexTgTR-infected NHEK, (A) Exponentially growing NHEK were
exposed to AdexTATR or AdexLacZ at an MOI of 5. After a 24 h incubation, cells were incubated with 1 x 107%M
1¢,25{(0H);D; for the indicated periods. BrdU was added to each well for 2 h, and its incorporation was measured by
ELISA. The data are expressed as the mean of four determinations £5.D. Three other independent experiments gave
similar results, (B) The effect of 1a,25(0H);0;3 on subconfluent keratinocytes. Human epidermal keratinocytes were
seeded at a density of 2 « 10° cells/well in é-well plates. The next day, the cells were infected with AdexT8TR or
AdexLacZ at an MOl of 5. After 24 h, 1 x 10~7 M 1,25(0H),D; was added to the wells and incubated for several days. Celt
numbers were counted at the indicated times using a Coulter Counter.

upregulates TGF-p type 1l receptor mRNA and
protein levels [34]. TGF-B is thought to be involved
in the growth inhibition by vitamin D3, Kim et al.
reported that 1,25(0H),D; and TGF-3 synergistically
decreased NHEK proliferation, and that 107°M
1,25(0H),D; increased TGF-Bt mRNA within 2h
{21]. They also reported that antibodies neutralizing
TGF-p blocked the anti-proliferative activity of vita-
min D3 by more than 50%. Hagen et al. showed that
1a,25(0H),D; inhibited NHEK growth by increasing
TGF-B2 release, and that this anti-proliferative
effect was partially blocked by the addition of anti-
bodies neutralizing TGF-B [20]. It has been reported
that 1,25(0H);D; enhances TGF-p1 expression in
renal proximal tubular cells, and the expression of
TGF-B1 and latent TGF-B binding protein in cultured
breast carcinoma cells, and that 1«,25(0H).D;
increases TGF-p2 and type | and type Il receptor
expression in human bane cells {35~37]. Therefore,
we investigated whether TGF-B is involved in the
growth inhibition by 1x,25(0H),D; in NHEK. In our
experiments, 1a,25(0H),0; upregulated TGF-$1 and
TGF-p2 mRNA expression 2-fold at 24 h, and 3-fold at
6 h (Fig. 1). Biologically active TGF-B was enhanced
2-fold after 24 h, and 4-fold after 48 h, as assessed
by the luciferase reporter assay using the TGF-B/
Smad-responsive element (Fig. 4). Combining these
findings, 1a,25(0H),0; actually upregulates TGF-§3
synthesis, but it is still controversial how TGF-B is
involved in 1a,25(0H);D;-mediated growth inhibi-

tion, because it is difficult to block endogenous
TGF-B activity in NHEK completely using neutralizing
antibodies. ‘

To overcome this problem, we used a replication-
deficient adenovirus vector systemn, which is a highly
effective means of expressing foreign genes in NHEK
[3B]. We constructed an adenovirus vector expressing
a truncated serine/threonine kinase domain of the
TGF-B type |l receptor with a dominant negative
effect (AdexTSTR) [19]. In MHEK, AdexTATR blocked
TGF-B signal transduction and abolished both endo-
genous and exogenous TGF-@ signaling completely
(Fig. 3). Using this AdexTBTR, we analyzed whether
TGF-B is involved in the growth inhibition by
1a,25(0H),D,. If TGF-B is involved in a large part
of the growth inhibition by 1a,25(0H),D;, AdexTSTR
should rescue NHEK from the 1a,25(0H);D3-mediated
growth inhibition. We found no difference in growth
inhibition by 1«,25(0H),0D; between cells infected
with AdexTSTR and AdexLacZ (Fig. 6A). Moreover, we
also detected no difference in cell number between
these vectors (Fig. 6B). These findings indicate that
TGF-B is not involved in the growth inhibition by
1a,25(0H);03 under our culture conditions.

Furthermore, we analyzed the biological effect
of 1w,25(0H);D; on NHEK cell cycle kinetics.
1,23(0H),D; inhibits the progression from G1/G0
to S-phase in NHEK and causes dephosphorylation
of the retinoblastoma gene product, resulting in
growth arrest in G1/G0. The cell number in S phase
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decreases at as early as 3 h, and is minimal at 18 h
[6,39]. Verlinden et al. reported that in breast
cancer cell line MCF-7 cells, 1,25(0OH),;D; inhibited
cell proliferation through G1 arrest and decreased
the cyclin D1 transcription level [40]. They sug-
gested that the greatest effect of 1,25(0H):D; on
cell proliferation is likely due to a TGF-B-indepen-
dent mechanism of action. In NHEK, 1«,25(0H);D-
decreased S-phase cells rapidly and induced GO/G1
arrest, while TGF-B also decreased S-phase cells
after 6h (Fig. 5A). This inhibitory effect of
1a,25(0H},;D; on NHEK seems to be the same as that
of TGF-pB. Furthermore, AdexTSTR did not alter the
cell cycle distribution by 1a,25(0H); D, (Fig. 5B). ina
growth assay, the addition of 107¢ M 10,25(0H),D;
decreased DNA synthesis to S0% at éh, and the
towest level occurred at 12 h (Fig. 64A). Although,
1at,25(0H),D; upregulated TGF-31 mRNA from 3 to
24 h and TGF-B2 mRNA from 3 to 6 h after stimula-
tion {Fig. 1), biologically active TGF-p was upregu-
lated after 24 h (Fig. 4). Combining these findings,
the early phase growth inhibition of NHEK by
1at,25(0H); D3 is likely due to a TGF-B-independent
mechanism, and is not mediated by the enhance-
ment of TGF-B, atthough 1a,25(0H),D; upregulated
TGF-g production.

In conclusion, using an adenovirus vector that
expresses a dominant negative TGF-p type Il recep-
tor, we clearly demonstrated that TGF-B is not
involved in the early phase growth inhibition of
human keratinocytes by 1a,25(0H);D;. These find-
ings contribute to knowledge of the mechanism and
biological function of TGF-pB and vitamin D3.

Acknowledgments

We thank Ms. Eriko Tan, Ms. Teruko Tsuda, and Ms.
Akiko Kon for their excellent technical assistance.
We also thank Dr. Kohei Miyazono (Tokyo, Japan) for
providing the plasmids containing the luciferase
reporter gene. This work was partly supported by
Health Sciences Research Grants for Research on
Specific Diseases from the Ministry of Health, Labor,
and Welfare of Japan (to K.H.), and a Grant-in-Aid of
Scientific Research from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan
{to Y.S., K.H.).

References

{11 Bouillon R, Okamura WH, Norman AW. Structure-function
relationships in the vitamin D endocrine system. Endocr Rev
1995;16:200-57.

[2] Evans RM. The steroid and thyroid hormone receptor super-
family. Science 1988;240:889—-95.

[3] Kato S. The function of vitamin D receptor in vitamin D
action.. J Biochem Tokyo 2000;127:717-22.

[4] Segaert S, Bouillon R. Vitamin D and regulation of gene
expression. Curr Opin Clin Nutr Metab Care 1998;1:347-54.

[5] Yoshizawa T, Handa Y, Uematsu Y, Takeda S, Sekine K,

Yoshihara ¥, et al. Mice lacking the vitamin D receptor
exhibit impaired bone formation, uterine hypoplasia and
growth retardation after weaning. Mat Genet 1997;16:
391-6.

[6] Kobayashi T, Hashimoto K, Yoshikawa K. Growth inhibition of
human keratinocytes by 1,25-dihydroxyvitamin D is linked to
dephosphorylation of retinoblastorna gene product. Biochem
Biophys Res Commun 1993;196:487-93.

{71 Matsumoto K, Hashimoto K, Nishida ¥, Hashiro M, Yoshikawa
K. Growth-inhibitory effects of 1,25-dihydroxyvitamin D; on
normal human keratinocytes cultured in serum-free med-
jum, Biochem Biophys Res Commun 1990;166:916-23,

[8] Takahashi H, Ibe M, Kinouchi M, Ishida-Yamamoto A, Hashi-
moto Y, lizuka H. Similarly potent action of 1,25-dihydrox-
yvitamin D3 and {ts analogues, tacalcitol, calcipotriot, and
maxacalcitol on normal human keratinocyte proliferation
and differentiation. J Dermatol Sci 2003;31:21-8.

[9] Midorikawa K, Sayama K, Shirakata Y, Hanakawa Y, Sun L,
Hashimoto K. Expression of vitamin D receptor in cultured
human keratinocytes and fibroblasts is not altered by corti-
costeroids. J Dermatol 5¢i 1999;21:8—12.

[10] Reichrath J, Munssinger T, Kerber A, Rachette-Egly C, Cham-
bon P, Bahmer FA, et al. In situ detection of retinoid-X
receptor expression in normat and psoriatic hurman skin. BrJ
Dermatol 1995;133:168-75.

[11] Fogh K, Kragballe K. Recent developments in vitamin D

analogs. Curr Pharm Des 2000;6:961-72.

[12] Kato T, Rokugo M, Terui T, Tagami H. Successful treatment of
psoriasts with topical application of active vitamin Dy analo-
gue, 1 alpha 24-dthydroxycholecalciferol. Br J Dermatot
1986;115:431-3.

[13]) Miyazono K. Signal transduction by bone rmorphogenetic
protein receptors: functional roles of Smad proteins, Bone
1999;25:91-3.

[14] Mivazono K, ten Duke P, Heldin CH. TGF-beta signaling by
Smad proteins [In Process Citation]. Adv Immunol 2000;75:
115-57.

[15] matsumoto K, Hashimoto ¥, Hashiro M, Yoshimasa H, Yoshi-
kawa K. Modulation of growth and differentiation in normal
human keratinocytes by transforming growth factor-beta, J
Cell Physiol 1990;145:95—-101.

[16] Nickoloff B2, Mitra RS. Inhibition of "3I.epidermal growth
factor binding to cultured keratinocytes by antiproliferative
molecules gamma interferon, cyclosporin A, and transform-
ing growth factor-beta. J Invest Dermatol 1989;93:799—803.

{17} Bascom CC, Wolfshohl JR, Coffey Jr RJ, Madisen L, Webb NR,
Purchio AR, et al. Complex regulation of transforming
growth factor beta 1, beta 2, and beta 3 mRNA expression
in ‘mouse fibroblasts and keratinocytes by transforming
growth factors beta 1 and beta 2. Mol Cell Biol 1989;9;
5508—15.

[18] Massague J, TGFbeta signaling: receptors, transducers, and
Mad proteins. Cell 1996;85:947--50.

[19] Yamameto H, Ueno H, Ooshima A, Takeshita A. Adenovirus-

- mediated transfer of a truncated transforming growth fac-
tor-beta (TGF-beta} type |l receptor completely and speci-
fically abolishes diverse signaling by TGF-beta in vascular
wall cells in primary culture. f Biol Chem 1996;271:16253—9.

[20] Haugen JD, Pittelkow MR, Zinsmeister AR, Kumar R. 1 alpha
25-dihydroxyvitamin D; inhibits normal human keratinocyte

_78_



