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Background: HR is a transcriptional factor that regulates hair cycle and hair follicle development.
Results: Decreased expression of Dlx3 by HR down-regulates expression of IRS keratins.
Conclusion: HR plays a role in formation of IRS through regulation of Dlx3, consequently, IRS keratin expression.
Significance: These data provide an explanation for abnormal formation of IRS in HrHp/HrHp skin and suggest a role of HR in
IRS formation.

TheHairless (Hr), a transcription factor, is expressed in the
suprabasal cell layer of the interfollicular epidermis and the
lower portion of the hair follicle epithelium, where its expres-
sion is dependent on the hair cycle. Recently, we reported a
new Hr mutant mouse, HrHp, in which the hairless protein
(HR) was overexpressed. In this study, we documented abnor-
mal formation of inner root sheath (IRS), suppressed expres-
sion of Dlx3, and IRS keratins in theHrHp/HrHp skin. We also
found that HR down-regulated Dlx3 mRNA expression
through suppression of Dlx3 promoter activity. In addition,
we showed that Dlx3 regulated the expression of IRS keratins.
Our results demonstrate that regulation ofDlx3 by HR affects
the IRS keratin expression, thus modulating the formation of
IRS of hair follicle.

In mammals, the hair follicle (HF)2 is the unique mini organ
of the skin that produces hair and is composed of functionally
different epithelial layers, such as the outer root sheath, inner
root sheath (IRS), and hair shaft (1). HF is unique in that con-
tinuous cycling consisting of growth (anagen), regression (cata-
gen), and rest (telogen) stages is required to produce andmain-
tain hairy phenotype (2, 3). Many genes take part in the
regulation of formation and cycling of HFs (4).
One of these genes, hairless (Hr), is mainly detected in the

HFs and the suprabasal layers of the interfollicular epidermis (5,
6). Hr encodes a 130-kDa protein (HR), which plays an impor-
tant role in HF regeneration (7). HR acts as a transcriptional
co-repressor through binding to nuclear receptors, such as the
vitamin D receptor, thyroid hormone receptor, and retinoic
acid-like orphan receptor� (8–10).ManyHrmutantmice have

been reported and studied to understand the function of Hr
(11–15). Recently, we reported the Hr mutant mice called
“Hairpoor” (HrHp), whose genome harbors a T-to-A substitu-
tion at position 403 in the non-coding exon 2 ofHr (16). Differ-
ently from other Hrmutations with loss of function of Hr, this
mutation causes overexpression of HR through translational
derepression (17, 18). HrHp heterozygous mice show partial
hair loss at an early age and progress to complete alopecia. This
phenotype resembles that of the human hair disorder called
Marie Unna hereditary hypotrichosis (OMIM-146550), which
is caused by similar mutations in the 5� UTR of the HR gene.
Interestingly, HrHp homozygous mice show total alopecia (16,
17).
The Distal-less 3 (Dlx3) is a mouse homolog of Drosophila

Distal-less homeodomain protein that belongs to the members
of the Dlx vertebrate family (19). Dlx3 acts as a transcriptional
activator and plays a critical role in the development of epider-
mis, bone, and placenta (20–23).Mutations ofDlx3were found
to be responsible for the defects in teeth and bone development
called the Tricho-Dento-Osseous syndrome (24, 25). In HF,
Dlx3 is expressed widely in the hair shaft, hair matrix, and IRS
(26, 27). Previously, the selective ablation ofDlx3was shown to
cause complete alopecia, due to failure of formation of the hair
shaft and IRS (24, 27).
In this study, we investigated the HrHp/HrHp skin to define

the consequence of overexpressed HR in HF structure. We
found that the expression of Dlx3 and IRS keratins was down-
regulated inHrHp/HrHp skin. And we showed thatDlx3 expres-
sion was suppressed by HR, thus mediating subsequent regula-
tion of keratin expression in IRS using in vitro system. Our
results show that HR plays an important role in IRS formation
via regulation ofDlx3 expression, which explains abnormal for-
mation of IRS in HrHp/HrHp skin.

EXPERIMENTAL PROCEDURES

Mice—HrHp mice were maintained as described previously
(28). All animal experiments were approved by the Institutional
Animal Care and Use Committee of the Catholic University of
Korea. All experiments were carried out in accordance with the
guidelines for animal experimentation.
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Scanning Electron Microscopy (SEM) and Transmission elec-
tron microscopy (TEM)—Wild-type and HrHp/HrHp skin sam-
ples at postnatal day 7 (P7) and P14 were fixed in 2% glutaral-
dehyde and 0.5% paraformaldehyde in 0.1 M sodium cacodylate
buffer containing 0.1 M sucrose and 3mMCaCl2. Fixed samples
were post-fixed in 1% osmium tetroxide in 0.1 M sodium phos-
phate and dehydrated in ethanol. Skin samples were either
sputtered with gold and examined using JSM LV 5410 (Jeol) or
embedded and visualized using JEM1010 (Jeol).
RT-PCRandReal TimePCR—Total RNAwas extracted from

the skins of wild-type and HrHp/HrHp mice and PAM212 cells
usingTRIzol reagent (Invitrogen) according to themanufactur-
er’s instructions. Single-stranded cDNAs were synthesized
using the PrimeScript 1st strand cDNA synthesis kit (Takara).
PCR and real time PCR were performed using Peltier Thermal
Cycler-100 (MJ Research) and Mx3000P (Stratagene) as
described previously (29). Each primer sequence and cycling
condition was listed in supplemental Table 1. All transfection
experiments were normalized against transfection efficiency
determined by �-galactosidase activity. Relative expression
level was normalized against glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene expression.
Western Blot Analysis—Protein extracts were prepared from

wild-type and HrHp/HrHp mouse skin or PAM212 cells using
radioimmune precipitation assay buffer (150 mM sodium chlo-
ride, 1%Nonidet P-40, 0.5% sodiumdeoxycholate, 0.1% SDS, 50
mM Tris-HCl, pH 8.0) according to the standard method. Pro-
tein was quantified using the Bradford method using BSA as
control. Three hundred micrograms (mouse skin) or 200 �g of
protein (cells) were used forWestern blot analysis as described
previously (29). Rabbit polyclonal HR (Abfrontier) and Dlx3
(Santa Cruz Biotechnology) antibodies and mouse polyclonal
�-actin antibody (AppliedBiologicalMaterials, Richmond,CA)
were used for Western blot at a dilution of 1: 2500, 1:1000, and
1:5000, respectively. The protein signals were visualized using
the ECL system (Amersham Biosciences).
In Situ Hybridization—The back skin sections of the wild-

type and HrHp/HrHp mice were dehydrated in EtOH and fixed
in 4% paraformaldehyde and then treated with 0.25% acetic
anhydride in 0.1 M Tris. Prehybridization was performed in a
solution of 50% formamide and 5� sodium chloride and
sodium citrate solution (SSC) at 55 °C for 30 min, and then the
sections were incubated in hybridization solution (50% forma-
maide, 5� SSC, 5 �g/ml heparin, 500 �g/ml yeast tRNA, 1 mM

EDTA, and 0.1% CHAPS) containing 1 �g of digoxigenin-la-
beled Dlx3 probe overnight at 60 °C. After washing and block-
ing, the sectionswere incubatedwith anti-digoxigenin antibody
conjugated with alkaline phosphatase (Roche Applied Science)
overnight at 4 °C, and then the signals visualized using nitro
blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate sub-
strates (Promega).
Immunohistochemistry—Immunohistochemistry was per-

formed as described previously (17). Dlx3 antibody (Santa Cruz
Biotechnology, 1:500) and Alexa Fluor 546 goat anti-rabbit sec-
ondary antibody (Invitrogen, 1:500) were used. Fluorescence
signal was observed with a fluorescent microscope (Olympus).
Plasmid Construction—DNA fragments containing putative

Dlx3 promoter region (�1608 to �1 bp, �1608 to �1031 bp,

�1064 to �577 bp, and �593 to �1 bp) or the full-lengthDlx3
cDNA or vitamin D receptor (VDR) cDNA were amplified by
PCR using the Expand High Fidelity enzyme (Roche Applied
Science) from the genomic DNA or skin cDNAs of the wild-
type mice, respectively. Forward and reverse primer sequences
ofDlx3 are listed in supplemental Table 1. These PCR products
were subcloned into either pcDNA 3.1 (Invitrogen) or pGLuc-
vector DNA (Invitrogen). For the Dlx3 probe, Dlx3 cDNA
(843–1444 bp; NM_010055) was amplified using PCR and sub-
cloned into pGEMT-easy (Promega). After linearization of the
plasmids with SmaI, the probe was prepared using DIG-label-
ing kit (Roche Applied Science) following the manufacturer’s
instructions.
Cell Culture and Transient Transfection Experiment—

PAM212 cell line (mouse keratinocyte cells) was maintained in
DMEM (Invitrogen) containing 10% FBS with 5% CO2 at 37 °C
incubator.Hr full-length cDNA construct was described previ-
ously (29). Transfection experiments were performed using
polyethyleneimine (Sigma-Aldrich) according to the manufac-
turer’s instructions. Cells (8� 105/dish) were seeded in 60-mm
dishes in triplicate, and 1 to 3 �g of either Hr cDNA or Dlx3
cDNA or VDR gene construct and 1 �g of either pGLuc-vector
DNA or pGLuc/Dlx3 promoter construct with 0.4 �g of
pCMV3.1/�-gal were introduced into cells. Then, mediumwas
collected, and cells were harvested 48 h post transfection, and
total protein and RNAswere extracted using standardmethods
for Western blot and real time PCR analyses, respectively.
Luciferase activity was determined using Gaussia luciferase
assay kit (New England Biolabs) and measured using TF2020
Luminometer (Turner Designs) following the manufacturer’s
instructions. Plasmid pcDNA3.1DNAandpGLuc-vectorDNA
were used as controls, and the relative expression level was
normalized against transfection efficiency determined by �-ga-
lactosidase activity.
Chromatin Immunoprecipitation—5 � 106 PAM212 cells

were transfected with 3 �g ofHr cDNA construct and cultured
for 48 h. ChIP assays were performed following the protocol
provided by the manufacturer (Upstate Biotechnology). Soni-
cated nuclear extracts were separately incubated with the 2 �g
of antibody against either HR (Abfrontier), VDR (Santa Cruz
Biotechnology), or normal rabbit IgG (Santa Cruz Biotechnol-
ogy) overnight at 4 °C. The purified DNA was used for PCR
amplification of the Dlx3 using region-specific primers span-
ning �613 to �347 bp or �346 to �147 bp or �285 to �1
bp. PCR was performed in 20 �l of reaction mixture contain-
ing 1 �l out of 50 �l of the purified DNA with 25 cycles of
amplification. Fold enrichment was determined using real
time PCR. Primer sequences and PCR conditions were listed
in the supplemental Table 1.
Statistical Analysis—p values were calculated using the Stu-

dent’s t test. p � 0.05 values were regarded as statistically
significant.

RESULTS

Hairpoor Mice Have Abnormal HF Structure—Previously,
we reported abnormal HF morphogenesis in HrHp/HrHp mice
(16). To investigate further the abnormal morphology ofHrHp/
HrHp HF, we observed HFs at P7 and P14 using both SEM and
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transmission electron microscopy. SEM analysis revealed the
sparse and short hair inHrHp/HrHpmice at P7 andP14 (Fig. 1A).
Furthermore, the surface of the hair shaft was very coarse and
rough in HrHp/HrHp mice (Fig. 1B). Transmission electron
microscopy analysis showed significant disruption of the HF
structure inHrHp/HrHpmice. Wild-type mice displayed a clear
boundary of three IRS layers, namely, Henle’s, Huxleys’s, and
cuticle layers, and straight hair shaft at P7. At P14, when hair
cycle entered catagen, the three IRS layers were still clearly
present in the wild-type mouse. In contrast, prominent altera-
tions of structure within both IRS and hair shaft were observed
in HrHp/HrHp mice. HrHp/HrHp mice had an ambiguous struc-
ture of IRS at both P7 and P14. It was difficult to distinguish the
distinct layers of IRS. In addition, the shapes of hair shaft were
anomalous with narrow (P7) or extensive shape (P14), com-
pared with those of the wild-type mice (Fig. 1C). Because Hr
was known to express in IRS but not hair shaft, we investigated
the expression of trichohyalin (Tchh), which were known to

express in IRS predominantly at the same time point as for
transmission electron microscopy analysis to understand these
structural abnormalities in IRS at the molecular level (27). Real
time RT-PCR analysis revealed that Tchh expression was
decreased to 0.22- and 0.03-fold in the HrHp/HrHp skin at P7
and P14, respectively, compared with that of the age-matched
wild-type skin (Fig. 1D). These results indicated that Hr over-
expression mice have abnormal IRS and hair shaft.
Expression of Dlx3 Was Decreased in Hr Overexpressed Mice—

The fact thatHrHp/HrHpmice failed to form the normal IRS and
HRwas a transcriptional co-repressor suggested that deregula-
tion of specific genes expression by overexpressed HR might
have caused abnormal formation of IRS in HrHp/HrHp. In the
previous study, we reported many genes whose expressions
were affected by Hr overexpression (29). Interestingly, the
expression of the Dlx3 mRNA was found to be decreased by
0.45-fold in the HrHp/HrHp mouse skin compared with that of
the wild-type skin at P0 in our microarray analysis (29). Fur-

FIGURE 1. Abnormal formation of the IRS in the HrHp/HrHp mice. A, SEM images of hair shaft in the wild-type and HrHp/HrHp mice, at P7 and P14. Scale bar, 50
�m. B, at P14, HrHp/HrHp mice had rough hair shaft compared with the wild-type. Scale bar, 10 �m. C, transmission electron microscopic images of IRS and hair
shaft in HFs of the wild-type and HrHp/HrHp mice, at P7 and P14. Asterisks indicate ambiguous structure of IRS. Scale bar (red) � 2 �m. He, Henle’s layer; Hu,
Huxleys’s layer; Ci, cuticle of IRS. D, expression of IRS marker Tchh in the wild-type and HrHp/HrHp mice, at P7 and P14, as determined by real time PCR. The values
are the average of the relative expression levels found in three mice, each measured in duplicate (mean � S.D.).
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thermore,Dlx3 knock-outmicewere shown to have a complete
hair loss phenotype, which was similar to that of HrHp/HrHp
mice, and Dlx3 was suggested to play a critical role in HF dif-
ferentiation and cycling (27).
Based on this information, we hypothesized that Dlx3

expressionwas regulated byHR, andHRoverexpression caused
abnormal HF formation through modulation of Dlx3 expres-
sion in HrHp/HrHp. To examine our hypothesis, we first vali-
dated differential expression of Dlx3 with mRNAs originally
used in themicroarray analysis as templates.Weobserved com-
parable decrease in Dlx3 expression in HrHp/HrHp mouse skin
at P0 (Fig. 2A). In addition, Dlx3 expression in HrHp/HrHp skin
was also decreased at P7, P14, and P35 compared with that of
the wild-type skin (Fig. 2B). Furthermore, in situ hybridization
and the immunohistochemical staining using Dlx3-specific

probe and antibody confirmed decreased expression of Dlx3
mRNA and protein, respectively, in HrHp/HrHp mouse skin at
P7 compared with those of the age-matched wild-type mice
(Fig. 2, C and D, and supplemental Fig. 1). The relative expres-
sion level of Dlx3mRNA in the HrHp/HrHp skin was decreased
to 0.40- (P0), 0.32- (P3), 0.21- (P7), 0.28- (P10), and 0.04-fold
(P14), compared with those of the wild-type skin, as shown by
quantitative real time PCR (Fig. 2E). Thus, expression of Dlx3
was decreased continuously in the HrHp/HrHp skin during the
HF morphogenesis.
WhetherDlx3 expression was regulated byHR in the normal

HF development, we also investigated the expression patterns
of both Dlx3 and HR protein in the wild-type mice during hair
cycle. Significant HR expression gradually increased from P14
onward, with expression peaking at P21. Then, it was decreased

FIGURE 2. Down-regulation of Dlx3 in the skin of HrHp/HrHp mice. A, validation of suppression of Dlx3 mRNA expression in HrHp/HrHp skins at P0 by RT-PCR
(left) and real time PCR (right) using the same RNA source as that was used the microarray analysis. B, Dlx3 mRNA expression in the skin of wild-type and
HrHp/HrHp mice, at P7, P14, and P35, as determined by RT-PCR (top) HR protein expression in the skin of HrHp/HrHp mice, at P7, P14, and P35. �-Actin was used as
a protein loading control (bottom). C, in situ hybridization of Dlx3 mRNA in �/� and HrHp/HrHp skins at P7. Scale bar, 20 �m. D, immunohistochemistry of Dlx3
protein (red) in the nuclei of �/� and HrHp/HrHp skins at P7. DAPI staining (blue) indicates nuclei. E, down-regulation of Dlx3 in HrHp/HrHp skin during HF
developmental stages (P0 to P14). The data were normalized against GAPDH mRNA expression. A and E, the values are the average of the relative expression
levels found in three mice, each measured in duplicate (mean � S.D.).
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at P28, when hair cycle was in new anagen stage (Fig. 3). The
real time PCR analysis revealed the inverse relationship
between Dlx3 mRNA expression and the HR expression pat-
tern.Dlx3mRNAwas highly expressed at P14, which was grad-
ually reduced to 34% and 1.7% at P17 and P21, respectively. At
P28, Dlx3 expression was heightened again to 62% of the
expression level at P14 (Fig. 3). These results that Dlx3 expres-
sion showed the inverse relationship to the HR expression in
the wild-type skin, and Dlx3 was down-regulated in the HR
overexpressed mouse skin suggested that expression of Dlx3
may be regulated by HR.
HR Down-regulated Dlx3 Expression in Mouse Keratinocyte—

To check the down-regulation of Dlx3 expression by HR, we
examined expression of Dlx3 using a transient expression sys-
tem in vitro. The relative expression level ofDlx3was decreased
to 0.36-fold in HR-overexpressed PAM212 mouse keratino-
cyte, compared with the empty vector transfected control (Fig.
4A). This transcriptional suppression of Dlx3 by HR occurred
in a dose-dependent manner as shown by real time PCR analy-
sis (Fig. 4B).

To determine the Dlx3 promoter region responsible for
down-regulation by HR, we generated several heterologous
reporter constructs by cloning the genomic region of the 5�
flanking sequence of Dlx3 gene to control expression of the
luciferase reporter gene. The 1608-bp DNA fragment showed a
promoter activity. Thus, we divided this fragment into three
regions (i.e.R1,�1608 to�1031 bp; R2,�1064 to�577 bp; and
R3, �593 to �1 bp). Although R1 and R2 genomic regions did
not show any promoter activity, the R3 genomic region dis-
played the similar activity as the full-length promoter (Fig. 4C).
Using R3 and the full-length promoters, the reporter activity
was measured and compared in the absence or presence of HR.
HR was shown to significantly reduce the promoter activity of
both R3 and the full-length promoter by 36 and 26%, respec-
tively (Fig. 4D). To determine whether HR binds Dlx3 pro-
moter, we performed ChIP assay. We divided the R3 fragment
into three regions and found that HR specifically binds the
region spanning �613 to �286 bp of the Dlx3 promoter (Fig.
4E). From these results, we concluded that HR down-regulates
the Dlx3 expression both in vivo and in vitro at transcriptional
level.
Down-regulation of Dlx3 Expression Resulted in Decrease in

IRS Forming Keratin Expression—We previously reported that
expression of Krt71, a type II IRS keratin, was decreased in
HrHp/HrHp skin and down-regulated by HR overexpression

(29). Therefore, we investigated whether HR also regulated
expression of type I IRS keratins Krt25, Krt27, and Krt28, the
putative heterodimeric partners of Krt71. Comparison of
expression of these keratin genes betweenHrHp/HrHp andwild-
typemouse skin revealed that expression of all four keratinswas
decreased inHrHp/HrHp skin at P7, P14, and P35 as shown (Fig.
5A). Then, we investigated the expression of these genes during
HF development (P0 to P14). Although the pattern of suppres-
sionwas different fromeach other, we found that expressions of
all four keratins were decreased inHrHp/HrHp skin throughout
the HF developmental stages (Fig. 5A). To test whether expres-
sion of these keratins was dependent onHR, we first investigate
the expression of Krt25, Krt27, Krt28, and Krt71mRNAs in the
PAM212 cells. As shown Fig. 5B, we found these IRS keratins
expressed in PAM212 cells. Next, we compared expression
level of these IRS keratins between the PAM212 cells with con-
trol vector transfection and those with Hr cDNA construct
transfection. In the Hr cDNA-transfected cells, the expression
of Krt25, Krt27, Krt28, and Krt71 mRNAs was decreased to
0.60-, 0.58-, 0.32-, and 0.25-fold compared with that of the
mock-transfected control, respectively (Fig. 5C). However, the
basal expression level ofKrt27was so low that it was difficult to
confirm suppression of Krt27 expression by Hr. Nevertheless,
these results were basically consistent with their expression
pattern in vivo, which suggested that HR regulates these IRS-
expressing genes.
Because Dlx3 is reported to control IRS differentiation, we

next investigatedwhether regulation of keratin gene expression
by HR was mediated by Dlx3. Because we failed to identify any
siRNAs capable of inhibition ofDlx3 expression specifically, we
used an overexpression system to determineDlx3 effect on ker-
atin expression. As shown in Fig. 5D, the expressions of Krt25,
Krt27, Krt28, and Krt71 were increased in Dlx3-overexpressed
cells by 3.1-, 4.2-, 2.7-, and 4.2-fold, respectively, compared
with those of themock-transfected cells, whereasHr expression
was not affected. This result suggested that Dlx3 indeed posi-
tively regulates expression of these keratins. Although it is not
clear whether Krt27 expression was affected by HR and Dlx3
similar to other IRS keratins in vitro due to its low basal expres-
sion in PAM212 cells (Fig. 5B), we cannot exclude the possibil-
ity of HR regulation ofKrt27 expression based on in vivo results
(Fig. 5A). Thus, taken together, these findings indicate that HR
down-regulates expression of IRS keratins via suppression of
Dlx3 expression.

DISCUSSION

Many genes and signaling pathways, such as the Wnt, Shh,
TGF�/BMP, and FGF, interact with each other and control HF
development and cycling (4). TheHr gene has beenwidely stud-
ied to delineate its function in hair morphogenesis, as well as in
HF cycling. Previous studies showed that HR repressed the
expression of Wnt inhibitors, includingWise, Soggy, Sfrp1, and
Sfrp2, (7, 17, 29, 30), which control Wnt signaling required for
HF regeneration.
Using microarray analysis on the skin RNAs, we found that,

in addition to the Wnt-associated genes, the expressions of
many more genes were regulated by HR (29). Recently, we
reported Foxe1 as a new target of Hr, by showing that expres-

FIGURE 3. Inverse relationship between Dlx3 and HR expression in the
normal hair cycle. Western blot showed HR expression in the wild-type skin
at P14�P28 (left). Dlx3 mRNA expression was assessed by quantitative real
time PCR in the wild-type skin at P14�P28 (right). The values are the average
of the relative expression levels found in three mice, each measured in dupli-
cate (mean � S.D.). An asterisk indicates p � 0.05.
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sion of Foxe1 was down regulated in HrHp/HrHp mice (31).
Foxe1 is regulated by the Shhpathway andplays important roles
in epithelial-mesenchymal interactions in the HF (32, 33).
In the current study, we added one more HR target gene, i.e.

Dlx3, a transcription factor that is a target ofWnt pathway and
regulates the expression ofHoxc13 and Gata3 genes (27). Dlx3
also controls differentiation of keratinocyte in the hair matrix
toward the hair shaft and IRS. Selective ablation ofDlx3 inmice
causes failure in formation of the hair shaft and IRS, leading to
complete alopecia (27). These results indicate that Dlx3 is a
crucial regulator of HF differentiation and cycling. Through
investigation of the relationship between Dlx3 and HR, we
found the new role of Hr in HF formation. Our in vivo studies
duringHF development and in vitro observations suggest a role
of HR in IRS formation.
IRS forms its structure by obligate heterodimerization of the

specified keratins. Type I IRS keratin genes, i.e. Krt25, Krt27,
and Krt28, and type II IRS keratin gene Krt71 are the keratins
specifically expressed in all three layers of IRS and known to
support the structures of IRS (34, 35).We observed that expres-
sion of these IRS keratins was affected consistently byHr, both
in vivo and in vitro. And expression of these genes was depend-
ent onDlx3 expression inmouse keratinocyte. Therefore, taken
together, these results suggest that, in HrHp/HrHp skin, down-
regulation of Dlx3 by overexpressed HR causes decrease in
expression of the IRS-forming keratins, leading to subsequent

abnormal formation of IRS. Decreased IRS keratins may fail to
form sufficient amount of heterodimers and therefore cause
abnormal formation of IRS. Our data also showed the relation-
ship between HR and Dlx3 in the hair cycle. In wild-type mice,
Dlx3 was highly expressed at anagen, and its expression began
to fall at the beginning of catagen, when HR started to increase
in expression.At the peak ofHRexpression at telogen,Dlx3was
nearly expressionless (P21, Fig. 3). Further investigation is
needed to understand how this reverse relationship between
HR andDlx3 expression may be related to the cessation of pro-
liferation and the onset of regression of the HF at catagen.
Further study is also required for elucidation of the molecu-

lar mechanism of Dlx3 expression regulated by HR. Hr is
known as a transcriptional co-repressor, thus suppressing
expression of target genes through binding with nuclear recep-
tor transcription factors. Interestingly, none of those transcrip-
tion factors, which are known to interact with HR have been
reported to express in IRS (8, 36–38). Therefore, there are two
possibilities. HR may regulate Dlx3 transcription by directly
binding to the region between �613 and �286 bp of the Dlx3
promoter without interaction with any nuclear receptors. This
awaits the further investigation because it has never been doc-
umented. A biochemical binding assay with purified HR may
resolve the issue.
Alternatively, there may be a transcription factor expressed

in IRS yet to be identified, which binds HR and regulates Dlx3

FIGURE 4. HR down-regulates Dlx3 mRNA in Hr-transfected mouse keratinocyte. A, Western blot analysis showing the HR protein expressed in Hr-
transfected PAM212 cells. �-Actin indicates equal amount of protein loading (top). Down-regulation of Dlx3 mRNA by HR in Hr-transfected PAM212 cells, as
determined by real time PCR (bottom). B, Dlx3 was down-regulated by HR in a dose-dependent manner. �, 1 �g of DNA used for transfection. C, schematic
representation of Dlx3 promoter construct for reporter assay. Promoter activities of the full length (1608 bp), R1, R2, and R3 clones of Dlx3 were compared with
that of the pGLuc-vector. D, both R3 and full-length (1608 bp) Dlx3 promoter activities were decreased by HR expression. The Dlx3 promoter-fused reporter
gene was transfected with the expression vectors of either Hr or pcDNA 3.1. Relative luciferase activity was normalized against transfection efficiency deter-
mined by �-galactosidase activity. Asterisks indicate p � 0.05. A–D, the activity was the average of three independent experiments conducted in duplicate
(mean � S.D.). E, ChIP analyses of HR on Dlx3 R3 promoters. HR binds the Dlx3 promoter in the region spanning �613 to �286 bp but not �285 to �1 bp. No
antibody and normal IgG were used for the control experiment (left panel). Fold enrichment of HR against IgG was quantified using real time PCR performed in
duplicate of three repeat experiments (right panel).
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expression. Through ChIP assay, we found VDR bound the
sameDlx3 promoter region as HR (supplemental Fig. 2), which
raised a possibility of VDRmediating regulation ofDlx3 expres-
sion by HR. Indeed, we found that HR further suppressed the
Dlx3 promoter activity in the presence of VDR (supplemental
Fig. 3). Thus, HR seems to regulate Dlx3 expression through
VDR and this type of regulation must occur in other HF com-
partments such as the hair matrix, where HR co-expresses with
VDR andDlx3. For example, the abnormal hair shafts inHrHp/
HrHp skin could have been caused by down-regulation of Dlx3
in the hair matrix where Hr and VDR are expressed.
Interestingly, we found that expression ofHoxc13, a target of

Dlx3, which controls hair shaft development, was also down-
regulated in HrHp/HrHp mice as well as in Hr-overexpressing
mouse keratinocyte (supplemental Fig. 4,A andB), suggesting a
cascade of gene expression for structural formation of the hair
shaft. Therefore, overexpressed HR down-regulates several
HF-associated transcription factor genes, including Dlx3 and
Foxe1, and causes abnormal formation of HF in HrHp/HrHp
mice through cascade of regulation of gene expression (Fig. 6).

In conclusion, our results demonstrate that regulation of
Dlx3 by HR has an important role in the formation of IRS,
although further studies are required to delineate the relation-
ship betweenHr andDlx3 in development of HF and regulation
of the hair cycle. These studies will provide better understand-

FIGURE 5. IRS keratin genes, Krt25, Krt27, Krt28, and Krt71, were down-regulated in HrHp/HrHp skins. A, RT-PCR results of Krt25, Krt27, Krt28, and Krt71
mRNA expression of the wild-type and HrHp/HrHp skins, at P7, P14, and P35 (left panel). Down-regulation of Krt25, Krt27, Krt28, and Krt71 keratins in the HrHp/HrHp

skin during the HF development stages (P0 to P14). The data were normalized against GAPDH mRNA expression (right panel). The values are the average of the
relative expression levels determined in three mice, each measured in duplicate (mean � S.D.). B, expression of Krt25, Krt27, Krt28, and Krt71 in PAM212 cells.
C, down-regulation of Krt25, Krt27, Krt28, and Krt71 mRNA by HR in Hr-transfected PAM212 cells, as determined by real time PCR (black bars). White bars indicate
the expression of keratins in the cells transfected with pcDNA 3.1 (control). D, Western blot analysis showing the Dlx3 protein expressed in PAM212 cells.
�-Actin indicates equal amount of protein loading (left). Up-regulation of Krt25, Krt27, Krt28, and Krt71 mRNA in Dlx3-transfected PAM212 cells, as determined
by real time PCR (right). pcDNA 3.1 was used as a mock transfection control. C and D, all of the value is the average of three independent experiments conducted
in duplicate (mean � S.D.).

FIGURE 6. Summary of abnormal HF formation by HR in HrHp/HrHp mice.
Overexpressed HR down-regulates Dlx3 and Foxe1 expression, which medi-
ate subsequent expression regulation of IRS keratins, Hoxc13 and Msx1,
resulting in abnormal formation of HF.
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ing for formation of hair follicle and lead to a way for treatment
of hair disorders.
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