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ent hairless mouse strains (1, 5–7) as well as in hu-
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The hairless (hr) gene is a putative transcriptional
actor whose mutations lead to hair loss in animals
nd humans. As a step toward understanding the role
f the hr gene, we investigated the expression of hr
RNA in mouse keratinocyte differentiation. Treat-
ent of mouse primary keratinocyte cultures with

horbol-12-myristate-13-acetate (PMA) reduced DNA
ynthesis and sequentially induced an up-regulation
f p21Cip1/WAF1 (p21), hr and involucrin (inv) mRNAs
n a time-dependent fashion, suggesting that an in-
rease in hr gene expression is associated with kera-
inocyte differentiation. This up-regulation was
locked by the RNA synthesis inhibitor actinomycin
. However, an increase in hr mRNA, but not in inv
RNA, was seen in cells treated with the protein syn-

hesis inhibitor cycloheximide, suggesting that new
rotein synthesis is involved in the suppression of hr
ranscription or in the degradation of hr mRNA in the
teady state. The up-regulation of hr mRNA expres-
ion by PMA was blocked by the protein kinase C
PKC) inhibitor, GF109203X. These data indicate that
KC activation is involved in the up-regulation of hr
RNA expression during mouse keratinocyte differen-

iation. © 2001 Academic Press

Key Words: hairless gene; involucrin; protein kinase
; phorbol ester; GF109203X; keratinocytes.

The hairless (hr) gene is a putative transcriptional
actor that contains a single zinc-finger motif with po-
ential DNA binding capacity. The hr gene was first
solated from the hairless (hr/hr) mice that carry a
pontaneous proviral integration in the hr gene (1, 2).
ubsequently, the highly conserved human and rat
omologues were cloned (3, 4). Mutations at various

ocations of the hr gene have been identified in differ-

1 To whom correspondence should be addressed at Department of
edicine, MC 4080, University of Chicago, 5841 S. Maryland Avenue,
hicago, IL 60637. Fax: 773-702-6972. E-mail: cyan@medicine.
sd.uchicago.edu.
99
ans with congenital papular artrichia (3, 8–12). At
resent, the molecular mechanism underlying the
athophysiology of hairlessness caused by the hr mu-
ations remains unclear.

The expression of the hr gene has been detected in
ultiple tissues, with the highest level seen in the skin

nd brain (2, 10, 12). The hr gene is a thyroid hormone-
esponsive gene in developing rat brains, but the same
ormone response was not observed in the skin (4). In
he skin, hr expression was mainly detected in hair
ollicles and interfollicular epidermis (2), in consistent
ith the notion that hr plays an important role in the
iology of hair follicles and keratinocytes. However, the
egulation of hr expression in keratinocytes is not un-
erstood.
The epidermis is composed of four layers of keratino-

ytes each expressing a unique pattern of differentia-
ion markers, with the basal cells maintaining the
roliferative capacity and the capacity to differentiate
s they move upward to the skin surface (13). Based on
he observation that hr is highly expressed in the epi-
ermis and hair follicles (2), we hypothesize that the hr
ene may be involved in keratinocyte differentiation.
o test this hypothesis, in the present study, we used
ouse primary keratinocyte cultures to investigate hr

xpression. We found that an up-regulation of hr
RNA is associated with keratinocyte differentiation,

nd protein kinase C (PKC) activation is required for
his regulation.

ATERIALS AND METHODS

Primary keratinocyte culture. Primary mouse keratinocytes were
solated and cultured according to a method established previously
14). Briefly, skins were harvested from 2- to 3-day-old C57BL6 mice
nd placed in 0.25% trypsin solution (Life Technologies, Rockville,
D). After digestion overnight at 4°C, the epidermis was mechani-

ally separated from the dermis, and epidermal cells were released
y gently grinding on a 50 mm tissue sieve (Bellco Glass, Vineland,
J). The cells were cultured in 24-well plates, or in 10-cm dishes

oated with 1% collagen solution (Cohesion, Palo Alto, CA), and
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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grown in a low calcium medium containing 0.045 mM Ca21 supple-
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ented with 4% Chelex-treated FBS and 7.5 ng/ml epidermal growth
actor (EGF) at 34°C and 7% CO2. The cultured keratinocytes were
reated with different agents as detailed in each experiment.

[3H]Thymidine incorporation assay. Primary keratinocytes were
ultured in 24-well plates until 90% confluence. The cells were
reated with different doses of phorbol-12-myristate-13-acetate
PMA) (Sigma, St. Louis, MO) for 6 h and then pulse-labeled with 1.0
Ci/ml of [methyl-3H]thymidine (Amersham Pharmacia, Princeton,
J) for 2 h. After wash sequentially with 0.5 ml of PBS twice and 0.5
l of 10% TCA twice, the cells were lysed with 0.2 N NaOH. The

ysates were added into 10 vol of ScintSafe 30% scintillation cocktail
Fisher Scientific, Itasca, IL), and counted for radioactivity using a
iquid scintillation counter (Packard Instrument, Downers Grove,
L).

RNA isolation and Northern blot. Total RNA was isolated from
rimary keratinocytes using the Trizol reagent (Life Technologies)
ccording to manufacturer’s instructions. For Northern analysis,
otal RNA (25 mg/lane) was separated on a 1.2% agarose gel contain-
ng 0.6 M formaldehyde (15), transferred onto a nylon membrane
MSI, Westborough, MA) and crosslinked by UV light using a UV
rosslinker (Bio-Rad, Hercules, CA). Hybridizations were performed
ccording to the method described by Church and Gilbert (16) with
DNA probes labeled with [32P]dATP (New England Nuclear, Bos-
on, MA) using the Prime-a-gene labeling system (Promega, Madi-
on, WI). Murine hairless and involucrin cDNA probes were provided
y Drs. J. Stoye (National Institute for Medical Research, London,
ngland) and G. P. Dotto (Massachusetts General Hospital, Charles-

own, MA), respectively. After hybridization, properly washed mem-
ranes were exposed to X-ray films at 280°C for autoradiography.
he relative amount of mRNA was quantitated using a Phospho-
mager (Molecular Dynamics, Sunnyvale, CA). Variations in RNA
oading were normalized with glyceraldehyde-3-phosphate dehydro-
enase (GAPDH) mRNA.

Statistical analysis. Quantitative data were obtained from at
east three independent experiments. Results were analyzed with
tudent’s t test to assess significance. P values of 0.05 or lower were
onsidered statistically significant.

ESULTS

It is known that PMA, a potent PKC activator (17,
8), is a strong inducer of keratinocyte differentiation
19). Thus, we first examined the effect of PMA on DNA
ynthesis in primary mouse keratinocytes by 3H-
hymidine incorporation assays. As shown in Fig. 1,
MA inhibited DNA synthesis in these cells in a dose-
ependent manner, with the maximal inhibition (60%)
een at 60 nM.
We then examined the mRNA levels of the cyclin-

ependent kinase inhibitor p21Cip1/WAF1 (p21), hr,
nd the keratinocyte differentiation marker involucrin
inv) genes in mouse primary keratinocytes treated
ith different doses of PMA. As shown in Fig. 2, PMA
p-regulated the expression of p21, hr and inv mRNAs

n a dose-dependent manner, with the maximal effect
een at 60 nM. At this concentration, the mRNA level
f p21, hr and inv was increased approximately 10-, 4-,
nd 15-fold over untreated controls, respectively (Figs.
B–2D). Thus, 60 nM was used as the optimal concen-
ration in the following experiments.

Figure 3 shows the temporal change of p21, hr and
nv mRNA levels in keratinocytes treated with 60 nM
100
f PMA for various times. The up-regulation of p21
eached the maximal level at 2 h after PMA treatment,
hereas the induction of hr and inv mRNAs were evi-
ent at 2 and 4 h, respectively, reaching the maximum
t 6 h. After 6 h, the levels of these mRNAs gradually
eclined to the basal levels (Figs. 3A–3D).
To assess whether RNA synthesis is required for the

p-regulation of hr and involucrin, the keratinocytes
ere co-treated with PMA and actinomycin D, a DNA-
rimed RNA polymerase inhibitor. As shown in Fig. 4,
oth the hr and inv mRNA inductions by PMA were
locked by actinomycin D in a dose-dependent manner,
uggesting that a transcriptional mechanism may be
nvolved in these inductions. Interestingly, when the
ells were cotreated with PMA and cycloheximide, an
nhibitor of protein translation, the induction of inv

RNA was completely blocked (Figs. 5A and 5C), but
n increase in the hr mRNA level was observed in the
otreatment or in cycloheximide treatment alone, with

magnitude even higher than the PMA treatment
Figs. 5A and 5B). Indeed, cycloheximide alone in-
reased the hr mRNA level in a time-dependent man-
er, which was evident at as early as 30 min after the
reatment (Fig. 5D). This concentration of cyclohexi-
ide (20 mg/ml) has previously been shown to block

rotein synthesis by .95% in cultured mouse keratino-
ytes (20). Thus, the up-regulation of inv mRNA by
MA is dependent on new protein synthesis, whereas
rotein synthesis appears to reduce the hr mRNA level
n keratinocytes.

To test whether the induction of hr mRNA by PMA
nvolves the activation of the PKC signaling path-
ay, the expression of hr mRNA was examined in

ultures co-treated with PMA and the PKC inhibitor

FIG. 1. Effect of PMA on the proliferation of mouse primary
eratinocytes. Mouse keratinocytes were cultured in 24-well plates
nd treated for 6 h with different doses of PMA as indicated. Cells
ere then labeled with 1.0 mCi/ml of [3H]thymidine for 2 h before

ysis. Incorporated radioactivity was counted with a scintillation
ounter. Each value was determined in triplicates, and results were
veraged from three independent experiments. Data were expressed
s mean percentage 6 SD of untreated control cells. *P , 0.01
ompared with untreated controls.
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F109203X (21). As shown in Fig. 6, GF109203X
locked PMA-induced hr and inv mRNA expressions in

dose-dependent manner, with the maximal effect
een at 5 mM. These results strongly suggest that PKC
ctivation is required for the up-regulation of hr and
nvolucrin in mouse keratinocytes.

ISCUSSION

The observation that hr gene mutations lead to hair
oss in both mice and humans (22) suggests that the hr
ene plays a crucial role in hair growth. As hair growth
nvolves massive cell proliferation and differentiation

FIG. 2. Dose-dependent induction of p21, involucrin, and hr
RNA expression by PMA. (A) Representative Northern blot. Mouse

eratinocytes were treated with different doses of PMA as indicated
or 6 h. Total RNA was prepared, and Northern blots were hybridized
equentially with hr, involucrin, p21, and GAPDH cDNA probes,
espectively. (B–D) Quantitation of p21, hr, and involucrin mRNA
evels as indicated. The data were obtained from three independent
xperiments. *P , 0.05 compared with untreated controls.
101
sk whether hr expression is linked to keratinocyte
ifferentiation. To this end, we have examined the
xpression of hr mRNA, in parallel with the expression
f p21 and involucrin, in mouse keratinocytes treated
ith PMA, as PMA is a potent inducer of keratinocyte
ifferentiation (19, 24). p21, the cyclin-dependent ki-
ase inhibitor, has been shown to inhibit cell growth
nd promote differentiation (25), whereas involucrin is
differentiation marker of keratinocytes, as it is ex-

ressed in the granular layer of the epidermis and is
ross-linked with loricrin and other proteins into insol-

FIG. 3. Time course of p21, hr, and involucrin mRNA induction
y PMA. (A) Representative Northern blot. Primary keratinocyte
ultures were treated with 60 nM of PMA for different time as
ndicated. Total RNA was isolated and subject to Northern blot
nalyses with cDNA probes as indicated. (B–D) Quantitation of p21,
r, and involucrin mRNA levels, respectively. Quantitative results
ere obtained from three independent experiments. *P , 0.05

ompared with untreated controls.
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ble cornified envelope by transglutaminase during
eratinocyte differentiation (26). Since the hr mRNA
xpression was highly induced by PMA, in parallel
ith the induction of p21 and involucrin, we conclude

hat an up-regulation of the hr gene expression is
losely associated with the differentiation of mouse
eratinocytes. Whether the hr induction is a prerequi-
ite for or a consequence of keratinocyte differentiation
till needs further investigations. It is conceivable that,
s a putative transcriptional factor (2), hr may be im-
ortant for the regulation of other genes involved in
eratinocyte differentiation.
A large body of evidence has demonstrated that

KC plays an important role in keratinocyte differ-
ntiation (27–29). For instance, PKC activation is
equired for the PMA-induced expression of the
ranular markers loricrin, filaggrin and transglu-
aminase, for the formation of cornified envelopes
19, 24, 30), as well as for the down-regulation of

FIG. 4. Effect of actinomycin D on the up-regulation of hr and
nvolucrin mRNA expression. (A) Primary keratinocyte cultures
ere pretreated with the indicated doses of actinomycin D for 30 min
nd then 60 nM of PMA was added into the media. The treatment
as continued for 6 h. Total RNA was isolated and subject to North-
rn analyses with hr and involucrin cDNA probes. (B and C) Quan-
itative data of hr and involucrin mRNA were obtained from three
ndependent experiments. ActD, actinomycin D. *P , 0.01 com-
ared with untreated controls.
102
emonstrate that the PKC inhibitor GF109203X
bolishes the stimulatory effect of PMA on both hr
nd involucrin mRNA expression, indicating the re-
uirement of PKC activation for the up-regulation of
hese genes. PKC is a family of serine/threonine
inases composed of multiple isoforms of distinct

FIG. 5. Increase of hr mRNA by cycloheximide treatment. (A)
rimary keratinocytes were treated for 6 h with 20 mg/ml of cyclo-
eximide alone, with 60 nM of PMA alone, or cotreated with 20 mg/ml
f cycloheximide and 60 nM of PMA for 6 h after a 30-min pretreat-
ent with cycloheximide. Total RNA was extracted, and Northern

lots were performed using hr and inv cDNA probes. (B and C)
uantitative results of hr and inv mRNA levels were obtained from

hree independent experiments. *P , 0.05 compared with untreated
ontrols. (D) Time course of hr mRNA induction by cycloheximide
reatment. Primary keratinocytes were treated with 60 nM of cyclo-
eximide alone for the indicated times. Total RNA (25 mg/lane) was
nalyzed by Northern blot. CHX, cycloheximide treatment; C, un-
reated control; PMA, 6 h of PMA treatment.
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unctions, and five PKC isoforms (a, d, «, z, and h)
ave been identified in cultured mouse keratinocytes
32). Specific PKC isoforms have been implicated in
he regulation of keratinocyte differentiation mark-
rs (29, 33–35). For instance, a and h isoforms are
nvolved in the stimulation of involucrin gene tran-
cription (33), and h isoform is also important for
ransglutaminase gene transcription (34), whereas
he activation of PKC d may be a signal to turn off
he differentiation program (36). Since GF109203X
s a non-selective PKC inhibitor, more specific PKC
nhibitors are needed in future studies to distinguish
he Ca21-dependent and Ca21-independent PKC
ignaling pathways, or to identify the specific PKC
soforms that are involved in the regulation of hr
ene expression.
The observation that the induction of the hr gene in

eratinocyte differentiation is dependent on the acti-

FIG. 6. Inhibition of hr and involucrin mRNA induction by
ere pretreated with the indicated concentrations of GF109203X
ent was continued for 6 h. Northern blot analysis was perform
uantitative results for hr and involucrin mRNA levels obtaine
ntreated controls.
103
ation of PKC is reminiscent of the expression pattern
f other keratinocyte markers such as involucrin, lori-
rin, filaggrin and transglutaminase (30, 31, 33). How-
ver, the mode of PKC action in the regulation of hr
nd the other markers may be different. For instance,
e showed that, in contrast to involucrin mRNA, hr
RNA is increased by the protein translation inhibitor

ycloheximide, suggesting that new protein synthesis
s required for suppressing the hr mRNA synthesis or
estabilizing the hr mRNA transcript in keratinocytes
n the steady state. Thus, as in the regulation of in-
olucrin gene (33), PKC may be directly involved in the
timulation of the hr gene promoter; alternatively,
KC may directly inhibit the suppressors of hr gene
xpression or mRNA stability. To dissect the regula-
ory mechanism, an analysis of the hr gene promoter as
ell as an identification of the suppressors are needed

n future investigations.

PKC inhibitor GF109203X. (A) Primary keratinocyte cultures
1 h, and 60 nM of PMA was added into the culture. The treat-
using hr and involucrin cDNA probes as indicated. (B and C)

rom three independent experiments. *P , 0.05 compared with
the
for
ed

d f
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