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MED1 (mediator complex subunit 1) is expressed by human epidermal keratinocytes and functions as a
coactivator of several transcription factors. To elucidate the role of MED1 in keratinocytes, we established
keratinocyte-specific Med1-null (Med1epi�/�) mice using the K5Cre/LoxP system. Development of the epidermis
and appendages of Med1epi�/�mice were macroscopically and microscopically normal until the second catagen
of the hair cycle. However, the hair cycle of Med1epi�/� mice was spontaneously repeated after the second
telogen, which does not occur in wild-type (WT) mice. Hair follicles of Med1epi�/� mice could not enter anagen
after 6 months of age, resulting in sparse pelage hair in older Med1epi�/� mice. Interfollicular epidermis (IFE) of
Med1epi�/� mice was acanthotic and more proliferative than that of WT mice, whereas these findings were less
evident in older Med1epi�/� mice. Flow cytometric analysis revealed that the numbers of hair follicle bulge stem
cells were reduced in Med1epi�/� mice from a few months after birth. These results suggest that MED1 has roles
in maintaining quiescence of keratinocytes and preventing depletion of the follicular stem cells.
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INTRODUCTION
MED1 (also named PBP/TRAP220) has been shown to interact
with several nuclear receptors, including thyroid hormone
receptor, vitamin D receptor (VDR), peroxisome proliferator–-
activated receptor (PPAR), retinoic acid receptor, and retinoid X
receptor (RXR) (Zhu et al., 1997; Ge et al., 2002). MED1 is also
known to interact with the transcription factors p53, BRCA1
(breast cancer 1, early onset), and GATA binding protein (Frade
et al., 2000; Crawford et al., 2002; Wada et al., 2004; Stumpf
et al., 2006, 2010). Therefore, MED1 influences a wide range of
transcription signaling pathways, and disruption of MED1 can
cause the malfunction of several transcription factors. Med1-null
mice are lethal by embryonic day 11.5 because of impaired
placenta function (Zhu et al., 2000; Landles et al., 2003) and
defects in the heart, liver, central nervous system, and eyes
(Ito et al., 2000; Crawford et al., 2002). Because embryonic

fibroblasts derived from Med1 knockout mice reportedly
show decreased thyroid hormone receptor function, but not
retinoic acid receptor/RXR- or p53-dependent transactivation
(Ito et al., 2000), MED1 functions in specific intracellular
signaling pathways that depend on the cell type. Although
increasing evidence suggests that MED1 has various roles in
regulating the differentiation and proliferation of keratinocytes,
its precise function in keratinocytes has not been fully
elucidated. To investigate the function(s) of MED1 in keratino-
cytes in vivo, we generated and analyzed keratinocyte-specific
Med1-disrupted mice.

RESULTS
Absence of MED1 protein in keratinocytes derived from
Med1epi�/� mice

To generate K5Creþ ;Med1flox/flox (Med1epi�/�) mice, Med1flox/flox

mice, in which loxP sites were introduced into the Med1
gene (Jia et al., 2004), were first crossed with K5Cre mice, in
which the Cre recombinase gene had been inserted down-
stream of the human keratin 5 (K5) promoter (Tarutani et al.,
1997), after which the F1 K5Creþ ;Med1flox/þ mice were
crossed with Med1flox/flox mice. To confirm the disruption of
MED1 protein in Med1epi�/� keratinocytes, we performed
immunoblotting using protein extracts of keratinocytes
derived from control K5Cre-;Med1flox/flox (wild type (WT))
and from Med1epi�/� mice. As shown in Figure 1a, the
205 kDa protein band (arrow) corresponding to MED1
was detected only in WT keratinocytes. Immunohisto-
chemically, in contrast to the MED1 expression in the
interfollicular epidermis (IFE; Figure 1b) and in the follicular
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bulge (Figure 1d) of WT mice, MED1 was not detected in any
of those locations in Med1epi�/� mice (Figure 1c and e).

Skin and skin appendages develop normally at birth, but body
growth retardation and sparse hair gradually become apparent
in Med1epi�/� mice
The body weight and body length of Med1epi�/� mice were
comparable to those of their WT siblings at birth. However,
the growth retardation of Med1epi�/�mice became significant
from 3 weeks of age and later, although the cause of the
growth retardation has not been elucidated (Figure 1f and

Supplementary Figure S1 online). The development of
Med1epi�/� skin was normal at birth, and both WT and
Med1epi�/� mice were covered with normal hair within
several days macroscopically. However, the pelage hair of
Med1epi�/� mice became sparse from B6 months after birth,
and, in most cases, vibrissae were lost (Figure 1f).

Proliferation and differentiation of the IFE and skin appendages
in Med1epi�/� mice

Microscopically, the IFE, the horny layer, and the skin
appendages were formed normally in newborn Med1epi�/�

mice (Supplementary Figure S2a online). Their epidermis
became significantly thicker than that of WT mice when they
were 2 months of age; however, the difference became less
significant when they were more than 1 year old (Figure 2a,
Table 1 and Supplementary Figure S2 online). The granular
and horny layers were normally formed in the skin
of Med1epi�/� mice during this observation period. To clarify
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Figure 1. MED1 (mediator complex subunit 1) protein is absent in

keratinocytes derived from Med1epi�/� mice. (a) Immunoblotting confirms

the deletion of MED1 protein (arrow) in Med1epi�/� keratinocytes. (b–e)

Immunohistochemical staining of MED1 in the skin from wild-type (WT) mice

and Med1epi�/� mice. Bar¼ 50 mm. Nuclear staining of MED1 in the (b)

epidermis and in the (d) bulge is not detected in Med1epi�/� skin (c, e). Broken

lines define the border between the dermis and epidermis. Arrows denote low

but real nuclear staining of MED1 in interfollicular epidermis (IFE) and

follicular bulge keratinocytes. SG, sebaceous gland. (f) The stature of

Med1epi�/� mice is smaller 10 weeks after birth (left panel). The difference is

more significant 1 year after birth (right panel). The pelage hair of aged

Med1epi�/� mice is sparse compared with that of WT mice.
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Figure 2. Histological analysis of Med1epi�/� skin. (a) In contrast to the 2–3

cell–layered epidermis in 2-month-old wild-type (WT) mice, the epidermis of

Med1epi�/� mice consists of 2–5 cell layers. Bar¼ 50mm. (b) Ki67-positive

keratinocytes are more frequently detected in Med1epi�/� interfollicular

epidermis (IFE; arrows). The expression patterns of keratin 1 and filaggrin in 2-

month-old IFE were not perturbed in the Med1epi�/� skin. Although keratin 6

(K6) is not expressed in the IFE of WT mice, it is focally expressed in the

MED1epi�/� IFE (both ends are indicated by triangles). A broader area in

Med1epi�/� telogen hair follicles is positive for K6 (asterisks). Bar¼ 50 mm.

(c) Large dermal cysts and (d) anagen-like thin hair follicles are observed in an

11-month-old and a 5-month-old Med1epi�/� mouse, respectively (arrows

indicate hair shafts). Bar¼ 100mm.
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the mechanism of the hyperplastic epidermis in Med1epi�/�

mice, differentiation and proliferation markers of keratino-
cytes were characterized using immunohistochemical analy-
sis. Ki67-positive proliferating keratinocytes in 2-month-old
Med1epi�/� mice were 1.57 times more frequently observed
compared with their WT counterparts (n¼ 3, Po0.05);
however, no remarkable difference was observed in staining
patterns for K1 and filaggrin (Figure 2b), nor for K5 (data not
shown). K6 is expressed in the companion layer of normal
hair follicles and in the IFE during wound healing, but not in
normal IFE (Moll et al., 2008) in WT mice. However, K6 was
expressed focally in the IFE and in broader parts of telogen
hair follicles of Med1epi�/� mice (Figure 2b). This result also
suggests that keratinocytes in the IFE of Med1epi�/� mice are
more proliferative. These staining results indicate that the
abnormal thickness of the epidermis in Med1epi�/� mice can
be attributed to increased proliferation rather than to
impaired differentiation. In contrast to the thick epidermis,
the dermis of Med1epi�/� mice is thinner than that of WT
mice (Supplementary Figure S3 online), although Med1epi�/�

dermal fibroblasts are supposed to express MED1 at the same
level as the WT counterparts. It is thus reasonable to
speculate that cytokines secreted from keratinocytes of
Med1epi�/� mice inhibit the proliferation of fibroblasts and/
or the production of matrix proteins in the dermis, whereas
key soluble factors that influence the thickness of the dermis
in Med1epi�/� mice are unknown. Other microscopic
abnormalities in Med1epi�/� mouse skin include hypertropic
sebaceous glands, cyst formation, and abnormally thin
anagen-like hair follicles (Figure 2c and d, and Supplemen-
tary Figure S3 online). These anagen-like follicles exist in the
pink skin where most hair follicles are in the telogen stage of
the hair cycle, and grow as deep as normal anagen hair
follicles; however, the epithelial sheaths of these follicles are
thinner. All these abnormal features were apparent from
several months after birth.

The growth phase of the hair cycle is frequently induced in
Med1epi�/� mice, but the total number of hair cycles over the
lifetime is limited

Although young Med1epi�/� mice produced normal hair,
their hair became progressively sparse after B6 months of

age (Figure 1f). Therefore, we examined the pattern of the hair
cycle in Med1epi�/� mice. The stages of the hair cycle were
determined by the color of the skin in C57BL/6 mice. It is
assumed that hair follicles in black skin are in anagen
(growing phase), those in gray skin are in catagen (regressing
phase), and those in pink skin are in telogen (resting phase)
(Müller-Röver et al., 2001). There was no obvious difference
between Med1epi�/� and WT mice in the first and second hair
cycles, which start soon after birth and B22 days after birth,
respectively. As the third anagen in WT mice starts
sporadically in small areas of the skin to form mosaic
patterns, the second telogen period ranges from 12 to 40 days
depending on the body site (Plikus et al., 2008). Therefore,
the dorsal skin of WT mice over 7 weeks of age is mostly in
telogen as shown in the upper panels of Figure 3a. In contrast
to the long telogen in WT mice, hair follicles of Med1epi�/�

mice entered the third anagen stage synchronously over the
entire dorsal skin B7 days after the second telogen without
any anagen-inducing stimuli. In addition, Med1epi�/� mice
had a highly simplified hair cycle–domain pattern that forms
bands of black skin (Figure 3a). To further investigate the hair
cycles of Med1epi�/� mice, pelage hair on the dorsal skin of
8-week-old Med1epi�/� mice was depilated only once and
their skin color was recorded. To observe the color of the skin
after depilation, the hair was trimmed by clippers so that
mechanical stimuli do not induce anagen thereafter. Syn-
chronized depilation-induced anagen was observed in both
WT and Med1epi�/� mice, followed by spontaneous catagen
and telogen. We microscopically confirmed that both WT
and Med1epi�/� hair follicles were in anagen 15 days after
depilation, and these hair follicles similarly expressed K31 at
this time point (data not shown). Although synchronized
anagen was no longer observed in WT mice thereafter,
spontaneous induction of anagen over the whole dorsal skin
was repeated three additional times in Med1epi�/� mice
(Figure 3b). At B100 days after depilation, most of the hair
follicles of the Med1epi�/� dorsal skin stayed in telogen and
the mice produced only sparse hair. This finding is consistent
with the observation that most hair follicles of Med1epi�/�

mice were in telogen after B6 months of age. From these
results, we conclude that hair follicles in Med1epi�/�mice are
able to repeat synchronized hair cycles until B6 months of
age; however, most hair follicles stop generating hair after 6
months of age.

Analysis of the pelage hair shafts of Med1epi�/� mice
Pelage hairs of mice are classified into four subtypes
(Sundberg and Hogan, 1994). By microscopic observation,
we confirmed that there were all four hair subtypes on
MED1epi�/� mice. The average diameter of 7-week-old
Med1epi�/� guard hairs was 38.5±3.6 mm (mean±SD),
whereas that of WT was 48.1±5.9 mm; the difference is
statistically significant by Student’s t-test (n¼ 4, Po0.001).
The average diameter of Med1epi�/� zigzag hair was
16.8±2.0 mm, which was also significantly smaller than that
of WT, 19.9±3.0 mm (n¼4, Po0.001). A significant
difference in hair shaft diameter was similarly observed in
mice aged between 6 and 8 months (data not shown). In

Table 1. Relative epidermal thickness of Med1epi�/�

mice

3 Days
old

3 Weeks
old

2 Months
old

6 Months
old

41 Year
old

Relative epidermal

thickness of

Med1epi�/�

0.98 1.03 1.17* 1.20 0.92

Relative epidermal thickness of Med1epi�/� mice compared with wild-
type (WT) mice at the indicated time points. The difference in epidermal
thickness between these mice was statistically significant at 2 months of
age. The thicker epidermis in Med1epi�/� mice became less apparent B1
year after birth. Student’s t-test was used for statistical analysis.
*Po0.05.
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addition, auchene and zigzag hairs of Med1epi�/� mice
tended to have a decreased bending angle compared with
WT littermates (Supplementary Figure S4a online). In the
bending part of the auchene and the zigzag hairs, the
distance between the bands of pigmentation was shorter in
hair from Med1epi�/� mice (Supplementary Figure S4b
online); however, the physiological role of the pigmentation
in the hair has not been elucidated.

Hair bulge stem cells are depleted in adult Med1epi�/� mice

Although the IFE was acanthotic as a result of the
hyperproliferation of keratinocytes and the hair cycles were
repeated more frequently in Med1epi�/� mice, these features
were lost when the mice were 6 months to 1 year old. To
evaluate the numbers of bulge stem cells in Med1epi�/� mice,
we quantified bulge stem cells by FACS using a combination
of antibodies against the cell surface proteins CD34 and

integrin a6 (Trempus et al., 2003). Bulge stem cells form
the CD34-positive and integrin a6–positive population
(Figure 4a). The percentage of these stem cells to the total
live epithelial cells during the telogen stage of the hair cycle
was calculated. As a result, no statistically significant
difference was detected between WT and Med1epi�/� mice
3 weeks after birth. However, the percentage of stem cells in
the skin of Med1epi�/� mice was significantly lower at 2
months after birth and thereafter (Figure 4b). In contrast to the
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Figure 3. Hair cycle and hair cycle–domain pattern of Med1epi�/� mice.

(a) The wild-type (WT) and Med1epi�/� dorsal pelage hair was trimmed at

indicated age points. The upper panels demonstrate small dotted areas of

anagen in WT skin (arrows). Without any anagen-inducing stimuli, broader

areas of the Med1epi�/� skin are in anagen, demonstrating black skin bands

while repeating extraordinary hair cycles (brackets). (b) Dorsal pelage hairs of

8-week-old Med1epi�/� mice and WT mice were depilated by hand.

Synchronized depilation-induced anagen was observed in both WT and

Med1epi�/� skin. Following the depilation-induced hair cycle, spontaneous

induction of synchronized anagen over the entire dorsal skin was repeated

consecutively three additional times only in Med1epi�/�mice. Three Med1epi�/�

mice were used for the analysis and representative results are shown.
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Figure 4. Hair follicle bulge stem cells are decreased in adult Med1epi�/�

mice. (a) Keratinocytes were isolated from wild-type (WT) and Med1epi�/�

littermates at the indicated ages and analyzed by flow cytometry.

Representative cell-sorting profiles from 2-month-old WT and Med1epi�/�

keratinocytes are shown. (b) Ratio of follicular stem cells. Keratinocytes were

derived from WT and Med1epi�/� littermates at 3 weeks, 2 months, 6 months,

and 412 months of age (n¼3). Student’s t-test was used for determining

statistical significance between the ratios. *Pp0.05. (c) Immunohistochemical

staining shows CD34-positive cells in 2-month-old and 18-month-old WT

hair follicles and in 2-month-old and 13-month-old Med1epi�/� hair follicles.

Arrowheads indicate the hair bulge areas, in which CD34 is positively

stained. Bar¼ 50 mm.
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FACS results, the reduction of CD34-positive bulge cells in 2-
month-old Med1epi�/� mice was less apparent immunohis-
tochemically (Figure 4c). However, the bulge areas of
Med1epi�/� hair follicles in mice aged X1 year were
obviously weakly stained by CD34 as compared with those
of aged WT hair follicles (Figure 4c). Immunohistochemical
staining using another hair follicle bulge marker, K15, also
indicated that bulge cells decreased with aging only in
Med1epi�/� hair follicles (Supplementary Figure S5 online).

Expression of Sox9 is reduced in Med1epi�/�-cultured
keratinocytes

To elucidate the mechanism(s) underlying the loss of
quiescence in bulge stem cells of Med1epi�/� mice, we
compared the gene expression patterns of Med1epi�/�-
derived keratinocytes with their WT counterparts by micro-
array analysis. Several genes related to stem cell maintenance
and the cell cycle, including Sox9, Runx1, Trp63, and Cyclin
G2, were detected (Supplementary Table S1 online).
Although the downregulation of Sox9 was confirmed, the
change in Runx1 expression was not detected by semi-
quantitative reverse transcription PCR (data not shown).
SOX9 (SRY (sex-determining region Y)-box 9) is expressed
in the upper outer root sheath cells including the bulge, and is
functionally most related to bulge stem cell maintenance and
hair cycle regulation. Previous reports demonstrated that
SOX9 is essential for the maintenance of bulge stem cells
(Vidal et al., 2005; Nowak et al., 2008). Indeed, we
clearly detected the reduced expression of SOX9 in
Med1epi�/�-cultured keratinocytes by immunoblotting as
well (Figure 5), suggesting regulation of SOX9 expression
by MED1. Although we could not detect significant reduction
in Sox9 expression in in vivo Med1epi�/� skin of 6-month-old
mice, neither by quantitative real-time PCR nor by immuno-
blotting (data not shown), reduced expression of SOX9 in the
bulge cells of some Med1epi�/� hair follicles was observed by
immunohistochemistry (Supplementary Figure S6 online).

DISCUSSION
We established keratinocyte-specific Med1-null mice and
found several phenotypes that resemble some nuclear
receptor–null mice. The IFE of Vdr-null (VdrKO) mice and
of keratinocyte-specific Rxra-null (Rxraepi�/�) mice is hyper-
plastic compared with that of their WT counterparts (Li et al.,
2001; Bikle et al., 2006). Ablation of Vdr is associated with a
gradual decrease in keratinocyte stem cells (Cianferotti et al.,
2007). Keratinocytes of Pparb-null (PparbKO) mice are also
more proliferative than those of WT mice (Peters et al., 2000).
As shown in our study, the epidermis of Med1epi�/� mice is
hyperproliferative, and follicular stem cells of Med1epi�/�

mice decrease with age. These phenotypes in Med1epi�/�

mice are possibly related to the function of MED1 as a
coactivator of VDR and PPARb in keratinocytes. However,
the characteristic hair structure and hair cycle in Med1epi�/�

mice are different from those of VdrKO, Rxraepi�/�, and
PparbKO mice.

Among other genetically modified mice, K14-Noggin mice
share characteristic phenotypes with Med1epi�/� mice with

regard to the hair cycle, hair cycle domains, enlargement of
the sebaceous gland, thickness of the epidermis, and
increased numbers of Ki-67-positive cells in the epidermis
(Plikus et al., 2004, 2008; Sharov et al., 2009). Furthermore,
K14-Noggin mice also showed no abnormality in epidermal
differentiation, which was evidenced by their expression of
loricrin (Sharov et al., 2009). However, no evidence has been
obtained regarding the involvement of the Mediator complex
in BMP/Smad1/5/8 signaling. We could not detect a direct
interaction between MED1 and Smad1/5/8 (data not shown).
The repeated synchronized anagen entry on the dorsal skin
has also been reported in fuzzy mice (Mecklenburg et al.,
2005), in which the Sgk3 gene is mutated (Campagna et al.,
2008), and in Msx2-null mice (Ma et al., 2003). However, the
hair cycles of these mice were different from those of
Med1epi�/� mice in that the telogen period was longer in
Msx2-null mice and the anagen follicles of fuzzy mice
regressed earlier. In other studies, the follicles of Lhx2KO
mice precociously entered the next hair cycle with a shorter
period of telogen, and they exhibited diminished expression
of CD34, indicating its essential role in the quiescence
of hair follicle stem cells (Rhee et al., 2006). Although those
phenotypical similarities suggested the possibility that MED1
is involved in these signals in keratinocytes, no evidence for
such an involvement has been obtained. While we were
revising this paper, another group reported keratinocyte-
specific Med1-null mice (Oda et al., 2012). Their results also
indicated hyperproliferative IFE and abnormality of hair cycle
by the absence of MED1. Our results demonstrated these
abnormalities in detail, and revealed depletion of bulge stem
cells in Med1epi�/� hair follicles as well.

In WT mice, CD34þ and integrin a6þ follicular stem
cells were detected similarly in both young and old mice by
FACS analysis and by whole-mount immunohistochemistry
(Giangreco et al., 2008). The expression of hair follicle stem
cell markers was also preserved in aged human follicular
bulge areas (Rittie et al., 2009). These observations indicate
that follicular stem cells are not depleted in normal
conditions until the end of life in humans and mice. On the
contrary, it was reported that, by repeated plucking of mouse

Fold 1.0

WT

0.34

SOX9

β-Actin

Med1epi–/–kDa
80

60

50

Figure 5. Reduced expression of SOX9 (SRY (sex-determining region Y)-box

9) in Med1epi�/� keratinocytes. Cultured keratinocytes were derived from wild-

type (WT) and Med1epi�/� newborn skin as described in the Materials and

Methods. Immunoblot analysis demonstrates that the expression of SOX9 in

Med1epi�/�-cultured keratinocytes is lower than that in the WT counterparts.

Quantification of band intensity was performed by ImageJ, version 1.44 software

(developed at the National Institutes of Health), and the average intensity of

Med1epi�/� keratinocytes is expressed in terms of fold increase in WT.
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vibrissae, half of the follicles stopped producing whiskers
before 10 successive pluckings and then formed cysts near
the dermal papillae (Ibrahim and Wright, 1978). This result
suggests that the follicular stem cells might be exhausted
when hair cycles are repeated too frequently. It is possible to
speculate that the follicular stem cells of Med1epi�/� mice
were depleted by the frequent hair cycles. However, our
FACS results indicated that the number of CD34-positive
bulge stem cells in Med1epi�/� mice is reduced as early as 2
months of age, suggesting that the reduction in CD34-positive
bulge stem cells is not merely attributable to depletion by
repeated hair cycles.

SOX9 has been reported to be involved in the main-
tenance of bulge stem cells (Vidal et al., 2005). As it has been
reported that SOX9 interacts with the Mediator complex
(Zhou et al., 2002), disruption of MED1 can possibly lead to
reduced transactivation of SOX9 in keratinocytes. In addition,
our results demonstrated that expression of SOX9 is regulated
by MED1 in keratinocytes, although a definite result was
obtained only by using cultured keratinocytes. These reports
suggested the possibility that the disruption of MED1 might
activate bulge stem cells by reducing the transactivation of
SOX9, resulting in the eventual depletion of stem cells.

Our microarray results suggest that MED1 in keratinocytes
regulates dermal thickness, possibly through secretory
proteins. Although secretory proteins, including transforming
growth factor-b, are known to increase dermal thickness, it
has yet to be elucidated how dermal thickness is reduced by
secretory protein(s). Some of the secretory proteins regulated
by MED1, including follistatin, matrix metalloproteinase-3,
and platelet-derived growth factor, need to be investigated for
the regulation of dermal thickness by keratinocytes in
Med1epi�/� mice, because follistatin is a potential inhibitor
of transforming growth factor-b signaling, matrix metallopro-
teinases can degrade extracellular matrix, and platelet-
derived growth factor is a profibrotic factor (Jinnin, 2010).

The roles of MED1 in keratinocytes included the regula-
tion of quiescence of hair follicle stem cells and maintenance
of normal hair shaft formation and hair cycling, as well as
regulation of dermal thickness. Although the precise mechan-
isms of how MED1 regulates these various roles in the skin
have yet to be elucidated, our study suggested that MED1
might be related at least in part to the functions of several
transcription factors, including VDR, PPARb, and SOX9, in
keratinocytes. As MED1 has such roles in the skin, MED1 can
be one of the target molecules for treatments of several skin
disorders, including chronic skin ulcer, alopecia, and
scleroderma.

MATERIALS AND METHODS
Generation of the Med1-conditional null mutation in epidermal
keratinocytes
Med1flox/flox mice (Jia et al., 2004) were mated with K5Cre mice

(Tarutani et al., 1997) to generate F1 K5Creþ ;Med1flox/þ mice. The

K5Creþ ;Med1flox/þ mice were then mated with Med1flox/flox mice

to generate K5Creþ ;Med1flox/flox mice (Med1epi�/�). All mice were

of C57BL/6 background. The mice were screened for the presence of

the transgene by PCR using specific primers for the floxed Med1

gene and the human K5 gene according to previous reports (Tarutani

et al., 1997; Jia et al., 2004). All animal studies were conducted

according to the protocols approved by the Institutional Animal Care

and Use Committee at Osaka University.

Keratinocyte isolation and culture

Skin of newborn mice was excised after the mice were killed with

excessive anesthesia and were treated with dispase, followed by

trypsin, to separate the epidermis from the dermis. Keratinocytes

were seeded on type I collagen-coated dishes and were cultured in

CnT07-conditioned culture medium (CELLnTEC, Bern, Switzerland).

Keratinocytes were used for each experiment as a primary culture or

after one passage.

Histological analysis of the skin

Skin specimens were fixed in 10% formalin and processed for

embedding in paraffin, or were embedded in optimal cutting

temperature compound (Tissue-Tek, Sakara Finetek, Tokyo, Japan)

and snap-frozen in liquid nitrogen. Paraffin-embedded specimens

were sectioned and stained with hematoxylin and eosin or were

processed for immunohistochemical staining. For immunohisto-

chemical staining, anti-filaggrin (M-290; 1:100; Santa Cruz Biotech-

nology, Santa Cruz, CA), anti-TRAP220 (C-19; 1:200; Santa Cruz

Biotechnology), anti-Ki67 antigen (polyclonal; 1:500; Leica Micro-

systems, Newcastle Upon Tyne, UK), anti-mouse K1 (AF109; 1:100;

Covance, Emeryville, CA), anti-mouse K6 (1:500; Covance), and

anti-CD34 (RAM34; 1:50; BD Biosciences, San Jose, CA) antibodies

were used. Technical details for immunohistochemical staining are

described in the Supplementary Material online.

Immunoblot analyses

For immunoblot analysis, cultured keratinocytes were lysed in 2�
sample buffer (Invitrogen, Carlsbad, CA) supplemented with 5% 2-

mercaptoethanol. Total protein extracts were subjected to 4–2%

SDS-PAGE (Invitrogen) under reducing conditions, transferred to

nitrocellulose membranes, and immunoblotted using anti-TRAP220

(C-19) antibody (1:2,000; Santa Cruz Biotechnology) or anti-SOX9

(H-90) antibody (1:2,000; Santa Cruz Biotechnology) and horse-

radish peroxidase–conjugated donkey anti-goat secondary antibody

(1:10,000; Santa Cruz Biotechnology) or horseradish peroxidase–-

conjugated donkey anti-rabbit secondary antibody (1:15,000; GE

Healthcare, Buckinghamshire, UK). The blots were visualized with

ECL Plus Western blotting detection reagent (GE Healthcare).

Flow cytometry
The procedure used for flow cytometric analysis has been described

previously (Nowak and Fuchs, 2009). Briefly, primary mouse

keratinocytes were isolated from the dorsal skin of mice. Cells were

labeled with phycoerythrin-conjugated anti-CD49f (clone GoH3)

antibody (BD Biosciences), biotin-conjugated anti-CD34 (clone

RAM34) antibody (eBioscience, San Diego, CA), and streptavidin–

allophycocyanin conjugate (BD Biosciences). Cells were then

analyzed using a FACScalibur (BD Biosciences) sorter and FlowJo

analysis software (Tree Star, Ashland, OR).

Microarray analysis

Total RNAs were extracted from cultured keratinocytes derived from

WT and from Med1epi�/� skin, and then biotinylated cRNA was
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prepared and hybridized to Mouse Genome 430 2.0 arrays

(Affymetrix, Santa Clara, CA). Detailed protocols have been described

in the Supplementary Material online. The array results have been

deposited in the Gene Expression Omnibus repository (http://

www.ncbi.nlm.nih.gov/geo) under accession number GSE35406.
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