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Preventable effect of L-threonate, an ascorbate metabolite, on
androgen-driven balding via repression of dihydrotestosterone-
induced dickkopf-1 expression in human hair dermal papilla

cells
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In a previous study, we recently claimed that dihydrotestoster-
one (DHT)-inducible dickkopf-1 (DKK-1) expression is one of
the key factors involved in androgen-potentiated balding. We
also demonstrated that L-ascorbic acid 2-phosphate (Asc 2-P)
represses DHT-induced DKK-1 expression in cultured dermal
papilla cells (DPCs). Here, we investigated whether or not
L-threonate could attenuate DHT-induced DKK-1 expression.
We observed via RT-PCR analysis and enzyme-linked im-
munosorbent assay that DHT-induced DKK-1 expression was
attenuated in the presence of L-threonate. We also found that
DHT-induced activation of DKK-1 promoter activity was sig-
nificantly repressed by L-threonate. Moreover, a co-culture sys-
tem featuring outer root sheath (ORS) keratinocytes and DPCs
showed that DHT inhibited the growth of ORS cells, which
was then significantly reversed by L-threonate. Collectively,
these results indicate that L-threonate inhibited DKK-1 ex-
pression in DPCs and therefore is a good treatment for the pre-
vention of androgen-driven balding. [BMB reports 2010; 43
(10): 688-692]

INTRODUCTION

The dermal papilla (DP) and dermal sheath of a mammalian
hair follicle are derived from the mesenchyme. Hair follicles
also contain epithelial cells in the outer root sheath (ORS), in-
ner root sheath, matrix, and hair shaft that are derived from the
epithelium (1). Reciprocal interactions between the epithelium
and mesenchyme are essential for postnatal hair growth (2).
The DP is known to play a key role in the regulation of hair
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growth and is encapsulated by the overlying follicular kerati-
nocytes during hair growth period. Factors from the DP are be-
lieved to stimulate proliferation and differentiation of follicular
keratinocytes into the hair shaft (3).

Male-pattern baldness (MPB) is the most common type of
hair loss in men. Although its molecular pathogenic mecha-
nism is not clear, dihydrotestosterone (DHT)-dependence has
been well demonstrated in MPB (4, 5). Further, the treatment
effects of finasteride, a selective inhibitor of type Il 5a-reduc-
tase (50-R 1) that converts testosterone to DHT, support
DHT-dependence in MPB (6). Circulating androgens such as
DHT enter the follicle via capillaries in the DP, bind to an-
drogen receptor (AR) within dermal papilla cells (DPCs), and
then activate or repress target genes (7). Recent studies suggest
that DHT-driven release of autocrine and paracrine factors
from DPCs may be the key to androgen-potentiated balding
(8-10).

We recently found that dickkopf 1 (DKK-1) is one of the
most upregulated genes in balding DPCs (11). DKK-1 encodes
a potent and specific endogenously-secreted Wnt antagonist
that binds and inhibits low-density lipoprotein (LDL) re-
ceptor-related protein co-receptors that are involved in canon-
ical Wnt signaling during hair induction and growth (12-14).
Based on the finding that DHT-inducible DKK-1 expression in
balding DPCs causes apoptosis in follicular keratinocytes, we
claimed that DKK-1 is one of the key factors involved in an-
drogen-potentiated balding (11).

L-ascorbic acid 2-phosphate (Asc 2-P) liberates L-ascorbic
acid (AsA) via alkaline phosphatase present on the plasma
membrane of various kinds of cells (15). This is followed by
the incorporation of AsA into the cells. Very recently, we dem-
onstrated that Asc 2-P represses DHT-induced DKK-1 ex-
pression in cultured DPCs of human hair follicles (16). In this
study, we first investigated whether or not L-threonate, a me-
tabolite of Asc 2-P, could attenuate DHT-induced DKK-1 ex-
pression in cultured DPCs by RT-PCR and ELISA. We next ex-
amined whether or not L-threonate could reverse the growth
inhibitory role of DHT-inducible DKK-1 in follicular ORS kera-
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tinocytes using an in vitro co-culture system.

RESULTS AND DISCUSSION

L-threonate represses DHT-induced DKK-1 expression
Consistent with our previous report (11), we observed that 100
nM DHT induced DKK-1 mRNA expression by RT-PCR analy-
sis (Fig. 1A, compare lanes 1 and 2). When L-threonate was
added together with DHT, DHT-induced DKK-1 mRNA ex-
pression in DPCs was significantly attenuated (Fig. 1A, com-
pare lanes 2, and 3 and 4). We next measured the concen-
tration of DKK-1 in conditioned medium using ELISA. The
mean concentration of DKK-1 was 11.49 ng/ml in the pres-
ence of 100 nM DHT and 5.25 ng/ml in the absence of DHT,
demonstrating upregulation of DKK-1 in response to DHT (Fig.
1B, compare lanes 1 and 2). When 0.25 and 1 mM L-threonate
was added together with DHT, the mean amount of DKK-1
was reduced to 5.03 and 5.62 ng/ml, respectively, demonstrat-
ing that DHT-induced DKK-1 secretion was repressed by
L-threonate in DPCs (Fig. 1B, compare lanes 2, and 3 and 4).

L-threonate represses DHT-induced activation of DKK-1
promoter activity

A pGL3-DKK-1 promoter plasmid that expresses a luciferase
reporter gene at different levels in response to various levels of
DKK-1 promoter activity was constructed and used to further
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Fig. 1. Repression of DHT-induced DKK-1 expression by L-

threonate. (A) Human dermal papilla cells (DPCs) were treated
with 100 nM DHT for 6 h in the presence or absence of 0.25
and 1T mM L-threonate and analyzed by RT-PCR. (B) Human DPCs
were treated with 100 nM DHT for four days in the presence or
absence of 0.25 and 1 mM L-threonate, after which the concen-
trations of DKK-1 in conditioned medium were measured by ELISA.
Data are expressed as means + SD of three independent experiments.
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confirm the repression of DHT-induced DKK-1 expression by
L-threonate. We found that DKK-1 promoter activity was in-
creased by DHT treatment (Fig. 2, compare lanes 1 and 2).
When L-threonate was added together with DHT, DHT-in-
duced activation of luciferase activity in DPCs was sig-
nificantly repressed (Fig. 2, compare lanes 2, and 3 and 4).

L-threonate attenuates DHT-induced growth inhibition of
co-cultured keratinocytes

A co-culture system employing DPCs and keratinocytes has
been used previously to analyze epithelial-mesenchymal inter-
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Fig. 2. Repression of DHT-induced activation of DKK-1 promoter
by L-threonate. Human dermal papilla cells were treated with 100
nM DHT in the presence or absence of L-threonate, after which
luciferase activity was measured. Data are expressed as means +
SD of three independent experiments.
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Fig. 3. Effect of L-threonate on DHT-mediated growth inhibition of
ORS keratinocytes. Human dermal papilla cells and ORS keratino-
cytes were co-cultured in the absence (lane 1) or presence (lanes
2-4) of DHT for four days with 0.25 mM (lane 3) and T mM L-
threonate (lane 4). Data are expressed as means + SD of three de-

terminations per experiment from three experiments.
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Fig. 4. Preventable effect of L-threonate on androgen-driven bald-
ing via repression of DHT-induced DKK-1 expression. This scheme
is based on this study and previous reports (1-3, 11). The dermal
papilla (DP) is encapsulated by overlying follicular keratinocytes
during hair growth, with factors from the DP believed to cause
proliferation and differentiation of follicular keratinocytes into the
hair shaft (1-3). DHT-induced DKK-1 expression in dermal papilla
cells was one of the key factors involved in androgen-driven bald-
ing (11). DHT-induced DKK-1 strongly inhibited follicular keratino-
cyte proliferation (11). L-threonate repressed DHT-induced DKK-1
expression in dermal papilla cells (this study).

actions stimulated by androgen via secreted soluble factors (8,
11, 17). We recently reported that DHT inhibits the growth of
co-cultured ORS keratinocytes using this in vitro co-culture
system and demonstrated that the growth suppression is large-
ly due to DKK-1 (11). Consistent with this, the growth of co-
cultured ORS cells was significantly suppressed in the pres-
ence of 100 nM DHT (Fig. 3, compare lanes 1 and 2). Since
L-threonate repressed DHT-induced DKK-1 expression (Fig. 1
and 2), we investigated whether or not L-threonate attenuates
DHT-induced growth suppression of co-cultured keratinocytes.
We indeed observed that L-threonate reversed the DHT-in-
duced growth inhibition of co-cultured keratinocytes (Fig. 3,
compare lanes 2, and 3 and 4).

In summary, our data demonstrates that L-threonate re-
pressed DHT-induced DKK-1 expression in cultured DPCs and
attenuated DHT-induced growth inhibition of co-cultured
keratinocytes. Although further investigation is needed to elu-
cidate the mechanism of L-threonate-mediated repression of
DHT-induced DKK-1 expression, our data in this study strong-
ly suggest that L-threonate has an inhibitory effect on an-
drogen-driven balding (Fig. 4).

MATERIALS AND METHODS

Culture of dermal papilla cells and keratinocytes

Punch biopsy (4 mm) specimens were taken from male scalps
of patients undergoing hair transplantation surgery for andro-
genic alopecia. The medical ethical committee of Kyungpook
National University Hospital (Korea) approved all studies and
informed written consent was obtained from the patients. Hair
follicles were isolated by a previously described method with
minor modifications (18, 19). Briefly, subcutaneous fat portion
of scalp skin including lower hair follicles was dissected from
epidermis and dermis. Then, hair follicles were isolated under
a binocular microscope using forceps.

Dermal papillae were isolated from the bulbs of dissected
hair follicles, transferred onto plastic dishes coated with bo-
vine type 1 collagen, and cultured in Dulbecco's modified
Eagle's medium (DMEM; Gibco BRL, Gaithersburg, MD, USA)
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supplemented with penicillin (100 U/ml), streptomycin (100
pg/ml), and 20% heat-inactivated fetal bovine serum (FBS) at
37°C in a humidified atmosphere of 95% air/5% CO,. The ex-
plants were left for several days, and the medium was changed
every three days. After cell outgrowth had become sub-con-
fluent, cells were harvested with 0.25% trypsin/10 mM EDTA
in Hank's balanced salt solution (HBSS) and sub-cultured at a
split ratio of 1 : 3. Afterwards, DP cells were maintained in
DMEM supplemented with 10% FBS.

Keratinocytes were isolated from the same hair specimens.
The hair shaft and hair bulb region of the hair follicle was cut
off to prevent contamination with other cells. Trimmed hair
follicles were immersed in DMEM-supplemented 20% FBS.
On the third day of culture, the medium was changed to kera-
tinocyte growth medium (KGM; Gibco BRL) containing pen-
icillin (100 U/ml), streptomycin (100 pg/ml), and fungizone
(250 ng/ml). After subculture, keratinocytes were maintained
in KGM, and cells from the second passage were used for fur-
ther study.

Co-culture of dermal papilla cells and keratinocytes

DP cells were cultured in serum-free DMEM and then plated at
a density of 3 x 10" cells per well in the lower compartment
of Transwell culture dishes (Costar, Cambridge, MA, USA).
After 24 h, keratinocytes (1.5 x 10* cells per well) were added
to the upper compartment of the dish, which was separated
from the lower compartment by a permeable membrane coat-
ed with type | and IlI collagen (pore size: 0.4 um, 24-well for-
mat, Costar micro porous membrane filter). The two types of
cells were then co-cultured in MCDB 153 medium (Sigma)
without growth factors in the presence of DHT or vehicle as a
control. In some experiments, L-threonate (L-threonic acid cal-
cium salt; Sigma, St Louis, MO, USA) was added to the cul-
tures. After four days, 3-[4,5]dimethylthiazol-2,5-diphenylte-
trazolium bromide (MTT) was added (70 ug per well) for 3 h.
The formazan produced was solubilized with DMSO, and op-
tical density was measured at 570 nm.

RT-PCR analysis

Total RNA was isolated using TRIzol reagent, and cDNA was
synthesized from 3 pg of total RNA using an cDNA synthesis
kit containing superscript Il reverse transcriptase and oligo-dT
primers according to the manufacturer’s instructions (Promega,
Madison, WI, USA). One microliter of cDNA was amplified
with each of the forward and reverse primers. For the de-
tection of DKK-1, 25 cycles (1 min at 94°C, 45 s at 58°C, and
45 s at 72°C) of amplification was performed with 5'-TGATGA
GTACTGCGCTA GTC-3' and 5'-CTCCTATGCTTGGTACACAC-
3'. For the detection of B-actin, 23 cycles (1 min at 94°C, 45 s
at 58°C, and 45 s at 72°C) of amplification was performed with
5'-GGGAAATCGTGCGTGACATT-3"' and 5'-GGAGTTGAAGG
TAGTTTCGTG-3'. PCR products were separated by electro-
phoresis on 1% agarose gel and visualized under UV light.
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Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as previously described (20) with minor
modifications. Briefly, Titer plates (Nunc-lmmuno MaxiSorp
surface) were coated with 100 pl of goat anti-human DKK-1
antibody (R&D Systems, Minneapolis, CA, USA) at a concen-
tration of 1 pug/ml in PBS, incubated at 4°C overnight, and then
blocked with 4% BSA at room temperature for 1 h. Culture-
conditioned media (100 pl per well) was loaded and in-
cubated at room temperature for 2 h, after which the wells
were washed and incubated with biotinylated goat anti-human
DKK-1 IgG (R&D Systems) diluted to a concentration of 0.2
pg/ml in dilution buffer and HRP-conjugated streptavidin
(Pierce, Rockford, IL, USA.) for 30 min. TMB substrate solution
(Pierce) was then added, and optical density was measured by
an ELISA reader at 450 nm. Serial dilutions of recombinant hu-
man DKK-1 (R&D Systems) were used to establish a standard
curve.

Construction of human DKK-1 promoter/luciferase plasmid
and reporter assay

Human genomic DNA was purified from cultured DP cells ob-
tained from a patient with androgenetic alopecia using a
QlAamp DNA Mini kit. A pGL3-DKK-1 promoter plasmid was
constructed as described before (21). Briefly, the 988 bp up-
stream region of the human DKK-1 promoter was amplified by
PCR using 5'-CTCACGCGTCTGCCTAATCA-3' (sense) and
5'-AAGCTTTCAGAAGGACTCAAG AGGGA-3' (antisense) as
primers. After digestion with Mlul and Hindlll, the fragment
was subcloned into the Mlul/Hindlll site of a promoterless luci-
ferase expression vector, pGL3-Basic vector (Promega), which
was designated as pGL3-DKK-1. Human DP cells (10° cells per
well) were transiently transfected using a microporator (Disital
Bio., Seoul, Korea) with 450 ng of pGL3-DKK-1 and 50 ng of
pRLCMV (a Renilla luciferase vector, Promega) as an internal
control. Twenty-four hours after transfection, the cells were in-
cubated in serum-free DMEM with 100 nM DHT in the pres-
ence or absence of L-threonate. Firefly and Renilla luciferase
activities were measured after 24 h using a dual luciferase as-
say kit (Promega).
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