
TR3 is preferentially expressed by bulge epithelial stem
cells in human hair follicles
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TR3 is an orphan member of the steroid/thyroid/retinoid nuclear receptor superfamily of transcription factors and it plays
a pivotal role in regulating cell growth and apoptosis. The expression and function of TR3 in skin have not been well
investigated. Using a cDNA expression assay, we discover that TR3 is significantly enriched in human telogen bulge
compared with anagen bulb. Immunohistochemical staining confirms that TR3 is highly expressed in the bulge region
of human hair follicles and it colocalizes with cytokeratin 15 (K15), an epithelial stem cell marker. To study the function of
TR3 in the effect of androgens in keratinocytes, we treat HaCaT keratinocytes and primary human keratinocytes with
dihydrotestosterone (DHT) and testosterone (T). The treated keratinocytes show a dose-dependent growth reduction to
DHT and T. DHT increases the expression of TR3 in keratinocytes, associated with a concomitant increase of BAD and
decrease of Bcl-2 expression. Knockdown TR3 expression by siRNA blocks the inhibitory effect of DHT on keratinocyte
proliferation. Our results demonstrate that TR3 is localized to the stem cell compartment in the human hair follicles.
Androgen increases TR3 expression in cultured keratinocytes. Our data suggest that TR3 mediates at least part of the
inhibitory effect of androgens on keratinocytes.
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Hair follicle (HF) is composed of epithelial cells, enclosing in
its base the mesenchyme-derived dermal papilla. Hair growth
is a highly regulated cyclical process and each HF perpetually
goes through three stages: growth (anagen), regression
(catagen), and rest (telogen). After telogen, a HF re-enters
anagen, a new hair is formed, and the old one shed.1 Hair
regrowth requires a distinct population of epithelial stem
cells that reside within the bulge area,2 and these stem cells
are cytokeratin 15 (K15) positive.3 The bulge consists of
a subpopulation of outer root sheath (ORS) cells located in
the upper portion of ORS near the insertion of the arrector
pili muscle.2,4 The cyclic hair growth requires intricate
balance among cell proliferation, differentiation, and
apoptosis. Several pathways have been discovered in the
regulation of HF growth and regression, such as the apoptotic
pathway.5,6 Among them, the Bcl-2 family members are

intensely studied. Bcl-2, an apoptosis inhibitor, and Bax, an
apoptosis promoter, are strictly hair cycle dependent.7

Androgenetic alopecia (AGA), the most common cause of
hair loss, is characterized by a marked decrease in HF size.8

Androgen is thought to be responsible for the gradual
miniaturization of genetically susceptible HFs by shortening
the duration of the anagen growth phase and reducing the
cellular hair matrix volume.9 In susceptible HFs of the scalp,
dihydrotestosterone (DHT) binds to the androgen receptor
(AR), and then the hormone–receptor complex activates the
genes responsible for the transformation of large, terminal
follicles to miniaturized follicles.10 The 5α-reductase II
inhibitors, which block conversion of testosterone (T) to its
more active form, DHT, delay the progression of AGA.10

A few studies show that androgens act through the dermal
papilla on follicular epithelial cells by altering the regulatory
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paracrine factors involved in the differentiation and proliferation
of epithelial stem cells.11 However, AR has been demonstrated
to be expressed in the HF ORS.12,13 Furthermore,
the expression of AR and two 5α-reductase isozymes
are significantly higher in the ORS of the HFs in AGA
patients’ scalp biopsies, suggesting an important role of ORS
in androgen-induced hair miniaturization.9 Nevertheless, the
mechanisms underlying the direct effects of androgen on HF
epithelial cells have not been well studied.

TR3, a human homolog of mouse Nur77, is an orphan
member of the steroid/thyroid /retinoid nuclear receptor
superfamily of transcription factors.14 As previously reported,
TR3 is involved in diverse cellular activities, including cell
proliferation, differentiation, and apoptosis.15 It has been
shown to induce apoptosis in a number of cell linages exposed
to proapoptotic stimuli by directly targeting the mitochondria
and inducing cytochrome c release.15 It plays an important
role during cell apoptosis by inducing a Bcl-2 conformational
change.16 However, expression and function of TR3 in
human skin are poorly understood.

In this study, we show that TR3 is expressed in the bulge
region of human HFs and suprabasal layer of epidermis. TR3
expression in the bulge colocalizes with K15. In the cultured
keratinocytes, TR3 expression is increased after treatment
with DHT. Induction of TR3 expression by DHT is associated
with an increased expression of BAD and decreased expres-
sion of Bcl-2. Knockdown of TR3 expression blocks DHT-
mediated keratinocyte proliferation inhibition. Our results
suggest that TR3 mediates at least part of the inhibitory effects
of androgens on keratinocytes and it may have a potential role
in the development of AGA.

MATERIALS AND METHODS
Tissue Preparation
The human scalps were obtained from the Cooperative
Human Tissue Network and were fixed in PBS-buffered
10% formalin. The protocol was approved by the University
of Pennsylvania Institutional Review Board. Anagen bulb and
telogen bulge were isolated using a dissecting microscope.
Total RNA was extracted from the anagen bulb and telogen
bulge using Trizol (Life Technologies, USA).

Macroarray
Macroarrays were done as described previously.17 The Atlas
Human cDNA Expression Array I (Clontech, USA) was used.
This array was spotted in duplicate with 10 ng of PCR-
amplified cDNA fragments. Then, 2 μg of total RNA from
each sample was first reverse transcribed using the provided
reagents and [a-32P]dCTP. The radioactively labeled cDNA
probes were then hybridized to the membranes overnight.
After washing with 2 × SCC three times, 1% SDS at 68 °C
for 30 min, washing with 0.1 × SCC twice, 0.5% SDS at
68 °C for 30 min, the hybridization pattern was analyzed by
autoradiography.

Isolation and Culture of Bulb Matrix Cells and Telogen
Bulge Cells
Telogen bulges and anagen bulbs were collected and treated with
trypsin to produce a single-cell suspension. The keratinocytes
were plated with a feeder layer of 3T3-J2 mouse fibroblasts as
previously described.18 Multiple colonies of keratinocytes were
seen at day 14 and the colonies were allowed to expand for an
additional 4 days. The keratinocytes were harvested by first
removing the feeder layer with EDTA and then treated with
trypsin-EDTA as previously described.18 A fraction of the cells
were subcultured onto fresh 3T3-J2 feeder layers.

Quantitative Real-Time PCR
We used TaqMan probes and the Applied biosystems Prism
7700 Sequencing Detection System (Life Technologies) in
Figure 1a. The TR3, GAPDH, and ribosomal 18S TaqMan
probe and primer mix, as well as the TaqMan Universal PCR
Master Mix, were purchased from Applied Biosystems. The
TR3 primer sequences were as follows: 5′-ACCTGCTCCAG
GAGGTTTGC-3′ and 5′-CGCTATGTGTTAAAAACGGTTT
ATCT-3′; the TaqMan probe sequence was 5′-TGACCCCA
CGATTTGTCTTATCCCCC-3′. GAPDH was used as an
internal control for RNA loading. RNA from prostate tissue,
known to express TR3, was used to construct the concentra-
tion curve for TR3 and GAPDH. Each experiment was
performed in triplicate at least three times.

Total RNAs were isolated using RNeasy Mini Kit (Qiagen,
USA) and cDNAs were obtained using SuperScript III
First-Stand Synthesis System (Life Technologies) in Figure
4c and d. Real-time PCR analyses were carried out in Bio-Rad
machine using iQ SYBR Green Supermix (Bio-Rad, USA)
and the following set of specific primers: TR3 (forward:
5′-GGCAGACGGGATAATGTGGT-3′, reverse: 5′-GGCTTG
ATGAACTCAGGGGT-3′), Bcl-2 (forward: 5′-GGGGTCATG
TGTGTGGAGAG-3′, reverse: 5′-CCCTGCAAATAACACAA
GGGC-3′), BAD (forward: 5′-TGAGGTCCTGAGCCGACA-3′,
reverse: 5′-CTTCCTCTCCCACCGTAGCG-3′), β-actin (for-
ward: 5′-CACAGAGCCTCGCCTTTGC-3′, reverse: 5′-GCGC
GGCGATATCATCATCC-3′).

Immunohistochemistry and Immunofluorescence
Paraffin sections and cultured cells were stained with specific
antibodies that were purchased from Santa Cruz Biotechnology
and Dako. DAB or fluorescence was used to visualize antibody
binding. The images were taken using a Canon digital
camera or a laser scanning confocal microscope in the
imaging core facility at the University of Pennsylvania.

Culture of Primary Human Keratinocytes and HaCaT
Cells
Primary human keratinocytes were derived from neonatal
foreskin19 and cultured as previously described.20 Human
skin was incubated with Dispase (Life Technologies) at 4 °C
overnight, and epidermal sheets were separated from the
dermis. Single-cell suspensions were obtained by incubating
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in trypsin (Life Technologies) at 37 °C for 5 min.
After neutralizing by fetal calf serum (Life Technologies),
stratum corneum debris was removed. Isolated epidermal
keratinocytes were maintained in keratinocyte serum-free
medium (Life Technologies).

The spontaneously immortalized human keratinocytes
line HaCaT cells (ATCC, USA) were grown in a modified
DMEM/Ham’s F12 1:1 with 10% fetal calf serum, 100 U
penicillin, and 100 μg streptomycin per ml.

Cell Viability Assay
Cell viability was assessed by Trypan blue exclusion test. Cells
were plated at 5 × 104 cells/ml in triplicate. Cells were serum

starved for 24 h before the addition of DHT, T, and DMSO
(control) as indicated for additional 24 h, and then the cells
were resuspended and 100 μl was removed for counting
(mixed with 100 μl of Trypan blue solution (Sigma, USA)).
Cells were counted on a hemocytometer and both live and
dead (Trypan blue-positive) cells were scored. Each experi-
ment was performed in triplicate at least three times.

MTT Assay
The number of viable cells was assessed using MTT assay
(Roche, USA) according to the manufacturer’s instructions.
Briefly, cells were seeded in 96-well plates at 5000 cells per
well in a total volume of 100 μl culture medium and then

Figure 1 TR3 expression in human hair follicles. (a) qRT-PCR analysis of TR3 expression in anagen bulb matrix and telogen bulge. *Po0.05. Experiments
were performed in triplicate at least three times. (b, left) Expression of TR3 protein in human hair follicle from scalp tissue by immunohistochemistry.
(b, right) Negative control. Bar indicates 2 mm. (c) Immunostaining analysis of the expression of TR3 in bulge area of an anagen follicle. Bar indicates
50 μm. (d) Immunostaining analysis of the expression of TR3 in the suprabasal layer keratinocytes of the epidermis. Bar indicates 100 μm.
(e) Immunostaining analysis of the diffuse expression of Nurr-1 in the epidermis. Bar indicates 100 μm. (f–h) Immunostaining analysis of the expression
of TR3 protein in a telogen bulge visualized using red fluorescence (f), expression of K15 protein in the same telogen bulge using green fluorescence
(g), and colocalized expression of TR3 and K15 in the telogen bulge (h). Bars indicate 50 μm.
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incubated for 24 h. Cells were changed to serum free medium
for 16 h and then exposed to DHT for 24 h at 37 °C. After the
incubation period, 10 μl of the MTT labeling reagent was

added to each well and plates were incubated at 37 °C for
4 h. At the end of the incubation period with dye, 100 μl of
the Solubilization solution was added to each well. Then, the

Figure 2 TR3 and K15 expression in cultured bulge keratinocytes. (a) Morphology of a keratinocyte colony derived from cell suspension of trypsinized
telogen bulge follicles, stained with H&E. (b) Morphology of a keratinocyte colony derived from cell suspension of trypsinized hair matrix cells, stained
with H&E. (c) Telogen bulge keratinocyte colonies stained with anti-TR3 antibody. (d) Hair matrix cell colonies stained with anti-TR3 antibody.
(e) Telogen bulge keratinocyte colonies stained with anti-K15 antibody. (f) Hair matrix cell colonies stained with anti-K15 antibody. Bars indicate 25 μm.
Representative images from three experiments are shown. H&E, hematoxylin and eosin.
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plates were incubated overnight in 37 °C. Spectrophoto-
metrical absorbance of the samples was measured at 570 nM
wavelength using a microplate reader (Bio-TEK, Winooski,
VT, USA). Each experiment was performed in triplicate at
least three times.

Western Blot Analysis
Specific primary antibodies were purchased from Santa Cruz
Biotechnology, Cell Signaling Technology, and Dako. Protein
concentration assay kit was obtained from Bio-Rad (USA).
Proteins were separated on a Nu-PAGE (4–12% Bis-Tris Gel,
Life Technologies) and subsequently transferred to a PVDF
membrane (HybondTM-P, Amersham Biosciences, USA).
Membranes were incubated with the primary antibodies
specific for TR3 (sc-5569, Santa Cruz, USA, 1:200), BAD
(9292, CST, USA, 1:1000), Bcl-2 (2876, CST, USA, 1:1000),
and β-actin (A1978, Sigma, 1:5000) overnight at
4 °C, followed by incubation with corresponding HRP-
conjugated secondary antibodies. Immunoreactive bands
were visualized using chemiluminescence. Bands were
scanned and intensities were quantified using a ChemiDoc
XRS system (Bio-Rad).

Knockdown of TR3 Expression by RNA Interference
The following Silencer siRNA Expression Cassettes were
synthesized: TR3 siRNA cassette 1, 5′-AGACTACACAAATCT
GTGCACTCCCCCAAGTCGGTGTTTCGTCCTTTCCACAA
G-3′; and TR3 siRNA cassette 2, 5′-CTCCTACACAAAGAG
GAGCATGGCTCCACTGCCGGTGTTTCGTCCTTTCCACAA
G-3′. The cassettes were cloned into a Silencer express (human
H1) vector according to manufacturer’s instructions (Life
Technologies). A negative control was a scrambled siRNA
that was supplied by the manufacture. The plasmids were
transfected into cells using Oligofectamine reagent (Life
Technologies). Stable transfection was achieved by selecting
transfected HaCaT cells under G418 (50 μg/ml), and well-
formed colonies were selected and expanded in vitro.

Statistical Analysis
All averages listed are mean± s.e.m. Statistical analysis was
performed using a SPSS 13.0 software package. Two-tailed
Student’s t-test was used for comparisons between two
independent groups. Analysis of comparisons among three
or more independent groups was done by one-way ANOVA.
For all statistical tests, a P-value of o0.05 was defined to be
statistically significant.

RESULTS
TR3 Expression in Human HFs
To identify differentially expressed genes in bulge stem cells,
we performed a cDNA macroarray study using RNAs isolated
from human telogen bulge and anagen bulb and found that
TR3 was one of the genes highly expressed in bulge area as
compared with the bulb region. Quantitative real-time PCR
was performed and confirmed that TR3 mRNA level in

telogen bulge cells was sixfold higher than that in anagen
matrix cells (Figure 1a). We performed immunostaining
using an anti-TR3 antibody on paraffin-embedded human
scalp tissue. We found that TR3 was highly expressed in the
bulge region of HF (Figure 1b, c, and f). TR3 was also
expressed in the suprabasal layer of epidermis (Figure 1d). On
the contrary, Nurr1, another member of the NR4A subfamily
of the nuclear receptors, was diffusely positive in the
epidermis (Figure 1e) but negative in the bulge (data not
shown). We then performed double immunohistochemical
staining using antibodies against TR3 and K15, a well-known
marker for bulge epithelial stem cells,3 and found that TR3
colocalized with K15 in the bulge (Figure 1g and h).

TR3 Expression in Cultured Bulge Keratinocytes
To study the expression of TR3 in the cultured bulge
epithelial stem cells, we dissected out hair bulge region or
anagen bulb region, disassociated cells, and cultured them as
previously described.21 These cells formed discrete colonies
in the culture (Figure 2a and b). Then, we performed
immunocytochemistry and found that early passage bulge
keratinocytes expressed both K15 and TR3, whereas the
bulb keratinocytes expressed lower level of TR3 but not K15
(Figure 2c–f). However, after only several passages, bulge
keratinocytes rapidly lost K15 expression with increased
expression of TR3 (data not shown).

Figure 3 DHT and T inhibit keratinocyte growth. (a) Cell viability assay
analysis of effects of DHT (100 nM) and T (100 nM) on HaCaT cells. (b) Cell
viability assay analysis of effects of DHT (0, 10, 100, and 1000 nM) on
cultured primary keratinocytes. *Statistical significance (Po0.05)
compared with controls. Experiments were performed in triplicate at
least three times.
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DHT and T Inhibit Keratinocyte Growth
As bulge stem cell phenotypes are difficult to maintain
in vitro, we used HaCaT cells and primary human
keratinocytes for additional functional studies. Primary
human keratinocytes were derived from neonatal foreskin
as previously described.19 It has been shown that androgen
receptor is expressed in HaCaT keratinocytes.22 To evaluate
the effect of androgen on HaCaT keratinocytes, keratinocytes
were serum starved and treated with DHT (100 nM) or
T (100 nM) for 24 h, and cell viability assays were performed.
As shown in Figure 3a, significant cell viability reduction
(Po0.05) was observed in HaCaT cells treated with DHT
(100 nM) or T (100 nM) compared with DMSO control.
The inhibitory effects of DHT were more pronounced than
T (Figure 3a). Similar inhibitory effects were also observed
when primary keratinocytes were used (Figure 3b).

TR3 Is Upregulated upon DHT or T Treatment
To study the potential role of TR3 in androgen-induced
keratinocyte inhibition, we examined the RNA and protein
expressions in serum-starved HaCaT cells and primary
keratinocytes that were treated with DHT (10 or 100 nM)

for 24 h. We found that DHT (10 or 100 nM) induced TR3
protein expression in both of these cell lines (Figure 4a
and b). Previous studies have shown that TR3 interacts
with the Bcl-2 family proteins and induces cell apoptosis.
To further study the function of TR3 during apoptosis, we
measured Bcl-2 and BAD expression in these cells. As shown
in Figure 4a and b, Bcl-2 expression was decreased after DHT
treatment, whereas BAD expression was increased (Figure 4a
and b). We performed qRT-PCR analysis and the results
further confirmed these observations. As shown in Figure 4c,
in HaCaT cells, DHT induced dose-dependent increase of
RNA expression of TR3 and BAD, and dose-dependent
decrease of RNA expression of Bcl-2 significantly; similar
results were observed in primary keratinocytes (Figure 4d).

TR3 Knockdown Blocks the Inhibitory Effect of DHT on
Keratinocyte Proliferation
To test whether the effect of androgen on keratinocytes was
mediated by TR3, we knocked down TR3 expression by
siRNA using HaCaT cells. We employed two siRNAs and
performed western blots to confirm that both siRNAs
significantly decreased the expression of TR3 in transfected

Figure 4 Upregulation of TR3 after DHT treatment. (a) Western blot analyses of TR3 protein expression in DHT-treated HaCaT cells. Cells were treated
at 0, 10, and 100 nM, respectively. (b) Western blot analyses of TR3 protein expression in DHT-treated primary keratinocytes. Cells were treated at 0, 10,
and 100 nM, respectively. Western blot analyses were performed in triplicate at least three times. (c) Transcriptional analysis of TR3 in DHT-treated
HaCaT cells. Cells were treated at 0, 10, and 100 nM, respectively. (d) Transcriptional analysis of TR3 in DHT-treated primary keratinocytes. Cells were
treated at 0, 10, and 100 nM, respectively. *Po0.05, ***Po0.001.
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cells (Figure 5a). Cell proliferation was measured by MTT
assays. As shown in Figure 5b, the growth rate of
TR3 knockdown cells was similar to that of wild-type cells,
but reduction of TR3 expression prevented DHT-medicated
cell proliferation inhibition. These data indicate that TR3
mediates at least some of the inhibitory effects of androgen on
keratinocytes.

DISCUSSION
In this study, we demonstrate that TR3 is highly expressed in
the bulge epithelial stem cell compartment of human HFs.
DHT and T inhibit keratinocyte proliferation and induce TR3
expression. The effect of DHT on keratinocytes is prevented
by knockdown of TR3 expression. These data suggest that
TR3 plays a role in androgen-induced keratinocyte growth
inhibition.

TR3 was first identified along with Nurr1 and Nor1 as an
immediate early gene induced by nerve growth factor in PC12
cells.23 Although the precise physiological roles for TR3 are
not fully understood, TR3 has been shown to have opposite
biological functions in different types of cells: overexpression
of TR3 leads to lung cancer cell proliferation;24 in contrast, in
immature thymocytes, T-cell hybridomas,25 prostate,26 and

stomach cancer cells,27 TR3 is required for apoptosis
induction. However, the function of TR3 in human skin is
poorly understood.

AGA is known to be driven by androgens, and DHT is
believed to be the most important.28 DHT is generated from
T by enzyme steroid 5α-reductase type I or type II. Levels of
DHT, T, and DHT/T ratio in plasma from AGA patients are
found to be higher than normal subjects.29 Plucked HFs and
skin from bald scalps have been shown to contain higher
levels of DHT than from normal scalps.29,30

In the present study, we show that TR3 is highly expressed
in the suprabasal layer keratinocytes of epidermis, and its
expression pattern is distinctively different from NURR1,
suggesting that members of this family of proteins have
different functions in keratinocytes. TR3 expression in the
HFs coincides with K15, suggesting TR3 may have a physio-
logical role in regulating bulge keratinocyte homeostasis.
Short-term cultured bulge epithelial stem cells retain expres-
sion of K15 and TR3. Passaging of these cells in the culture
results in loss of K15 expression with increased TR3
expression, and the result suggests that TR3 counteracts the
proliferation in epithelial cells. As both suprabasal layer
keratinocytes and bulge keratinocytes are nonproliferating
cells in vivo, whereas induction of TR3 is known to be
associated with apoptosis,26 we thus postulate that low-level
expression of TR3 in the keratinocytes may be important in
maintaining the nonproliferating state of keratinocytes.

We find that TR3 expression in HaCaT cells and primary
keratinocytes is significantly induced by androgens, implying
that TR3 mediates androgen-induced keratinocyte growth
inhibition. This is supported by the results that knockdown
of TR3 expression blocks the inhibitory effect of DHT on
keratinocyte proliferation. In addition, we observe increased
expression of BAD and decreased expression of Bcl-2 that
coincide with TR3 upregulation upon DHT treatment. These
data support the interaction of TR3 with Bcl-2 family
proteins5 in keratinocytes, and suggest that an elevated level
of TR3 inhibits keratinocyte growth. A recent study also
shows that T and 5α-DHT induce apoptosis, and Bcl-2
protein expression is decreased in T- and 5α-DHT-treated
human dermal papilla cells.31

In conclusion, we show for the first time that TR3
colocalizes with K15 in the bulge of human HFs and provide
evidences that TR3 is involved in androgen-induced keratino-
cyte inhibition. TR3 may play a role in modulating keratino-
cyte proliferation and apoptosis. Further studies investigating
interaction between androgen signaling pathway and TR3
may provide fresh insight into the development of AGA.
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