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FIGURE 4. GATA-1 blocks the Ras/Raf/MEK/ERK pathway through its direct
interaction with MEK1. A, NIH3T3 cells (2 X 10° cells seeded in 60-mm dish)
were transfected with the indicated expression vectors and the reporter gene
(3 X AP-1-Luc) together with pRL-CMV. After 12 h, the cells were serum-deprived
for 24 h, then lysed, and subjected to the measurement of the firefly and Renilla
luciferase activities. The relative firefly luciferase activities normalized by the
Renilla luciferase activities are shown as means * S.D. of three separate experi-
ments. B, Ba/F3 cells (2 X 10° cells) were transfected with the same vectors as Fig.
4A using Amaxa Nucleofector technology. After 24 h of culture, the cells were
lysed and subjected to the measurement of the luciferase activities. C, Ba/F3/N-
RasE12/G1ERT cells cultured in RPMI supplemented with 1% FBS were treated
with 1 um 4-HT or vehicle. Total cellular lysates were prepared at the indicated
time and subjected to immunoblotting with the indicated Abs. The filters were
reprobed with corresponding Abs to confirm that the equal amounts of the pro-
teins were loaded. D, coimmunoprecipitation analyses were performed using
293T cells transfected with HA-tagged GATA-1 and/or Flag-tagged MEK1 as indi-
cated. IP,immunoprecipitation; /8, immunoblotting; ¢, anti. E, total cellular lysate
was prepared from murine BM CD71* cells. Immunoprecipitation and immuno-
blot analyses were performed with the indicated antibodies. F. The in vitro bind-
ing between GATA-1 and MEK1 was examined by GST pull-down assays. **S-
labeled GATA-1 was incubated with GST-MEK1 bound to glutathione-Sepharose
beads, and the binding complex was separated by gel electrophoresis and sub-
jected to autoradiography.

because, in myeloid malignancies, N-Ras mutations are more
frequent than K-Ras, whereas H-Ras mutations are rare (39,
42-44). It is predictable that activated N-Ras has stronger leu-
kemogenic potential than activated H-Ras or K-Ras.

In contrast to the negative role of oncogenic Ras in erythro-
poiesis, Ras activation prominently enhanced the development
of myeloid cells from LSK cells as observed in CML patients. To
clarify the mechanism through which the active form of Ras
plays different roles in the growth of hematopoietic cells
according to the cell lineages (i.e. inhibition of erythropoiesis
but promotion of myelopoiesis), we examined the role of
GATA-1, which is a transcription factor mainly expressed in
erythroid and megakaryocytic cells but not in myeloid cells.
Ras-induced suppression of erythropoiesis can be considered to
result from inhibition of proliferation of already committed
erythroid progenitors, and blockage of commitment into eryth-
roid lineage from HSCs. In this study, we found that GATA-1
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FIGURE 5. Increase in expression levels of p16'™¥42, p19°"F, and p21“/P1/WAF!
by oncogenic Ras. A-C, LSK cells transfected with Mock or N-RasE12 were cul-
tured with rmSCF, rmlIL-3, and rhEPO for 2 days. Total RNA was isolated from
GFP* cells, and the expression levels of p16™**2 and p19*F* were anal}ged by
semiquantitative RT-PCR (A). Immunofluorescence staining of p16™“® and
p19"* localizations (red) in Hoechst 33342-stained nuclei of GFP™ cells are
shown (magpnification, 630X) (B). The expression levels of p21<"""WA"! were ana-
lyzed by real-time RT-PCR. The results are normalized to the levels of HPRT gene
and shown as means = S.D.(n = 3) (O).

inhibits MEK activity and suppresses the Ras-dependent prolifer-
ation of GATA-1-posistive cells. GATA-1 is necessary in the post-
commitment stages of erythroid and megakaryocytic develop-
ment, and is highly expressed after the commitment into
megakaryocyte-erythrocyte progenitors (MEPs), but is scarcely
expressed in HSCs (45). So, it is unlike that the interaction between
GATA-1 and MEK1 is associated with the lineage determination
of HSCs. On the other hand, recent reports showed that suppres-
sion of erythroid cell development by H-, I(-, and N-Ras occurs at
later stages of differentiation (18, 38, 46). These data are consistent
with our result that GATA-1 interacts with MEK], thereby inhib-
iting Ras-mediated mitogenic signals.

However, this result raises a question where these molecules
interact together in the cells because GATA-1 is located in the
nucleus and MEK is in the cytoplasm (47). As an explanation it
was previously reported that MEK contains a nuclear export
signal in its N-terminal domain, indicating that MEK is trans-
located to the nucleus upon mitogenic stimulation and then
goes back to the cytoplasm after transduction of its signal (48).
So, GATA-1 is supposed to interact with MEK1 in the nucleus,
thereby inhibiting its activity. This hypothesis that GATA-1
would inhibit MEK activities is also contradictory to the fact
that platelet counts are often elevated in CML patients, because
MEK has been shown to be important for the maturation
(polyploidization) of megakaryocytes, in which GATA-1 is
highly expressed as well as in erythroid cells. Regarding this
issue, Jacquel et al. reported that PMA-induced megakaryo-
cytic maturation is only partly dependent on the MEK/ERK
pathway and suggested the involvement of other pathways such
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FIGURE 6. p21<'"""WAF! but not p53 or p16'X%2/p19”*F mediates onco-
genic Ras-induced suppression of erythropoiesis. A-C, LSK cells were iso-
lated from BM of the indicated mice. After retrovirus infection, GFP™ cells
were sorted and cocultured with MS-5 in the presence of rmSCF and rhEPO.
The expression of CD45 and TER-119 was analyzed after 5 days. Bar graphs
represent the relative TER-119™ cell numbers normalized to mock-trans-
duced WT cells (dashed lines). n.s., not significant.

as Jun N-terminal kinase (JNK) and protein kinase C (PKC) in
CML cells (49). Alternatively, it is also possible that the inter-
action between GATA-1 and MEK might be inhibited in
megakaryocytes due to the presence of some nuclear protein(s)
specific for this lineage. However, further studies are required
to clarify how megakaryocytes develop and platelets are effec-
tively produced in CML patients.

Among various signaling molecules downstream of Ras, the
Raf/MEK/ERK pathway mainly promotes cell growth and pre-
vents apoptosis of hematopoietic cells (14). On the other hand,
oncogenic stimuli including constitutively activated Ras, also
cause growth inhibition (senescence) that acts as a fail-safe
mechanism against malignant transformation (15, 16, 21).
Although the mechanism of Ras-induced senescence is not fully
understood, recent findings have unveiled several MEK/ERK-
independent pathways (19). These pathways regulate the func-
tion of two main tumor-suppressor molecules, p53 and retino-
blastoma protein (pRb) (50). Downstream of oncogenic Ras,
p38-regulated/activated protein kinase (PRAK), a substrate
of p38 mitogen-activated protein kinase (p38 MAPK), activates
p53 by direct phosphorylation (20). Ras/Raf stabilizes p53 inde-
pendently of MEK through the up-regulation of p19**¥ (21),
The PI3-K pathway also stabilizes p53 through the inhibition of
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FIGURE 7. A proposed model for oncogenic R ed suppression of
erythropoiesis. Oncogenic Ras simultaneously activates several downstream
molecules including Raf, PI3-K, and p38 MAPK. The Raf/MEK/ERK pathway mainly
transduces proliferation and survival signals, while the remaining pathways com-
monly induce growth arrest (senescence) through cell cycle regulatory mole-
cules such as p16'N¥2, p19*RF, p21CPIWAR! and p53, So, oncogenic Ras is sup-
posed to induce proliferation or senescence dependently on the balance
between these two signals. In this study, we found that GATA-1 inhibits mito-
genic signal from Ras through its interaction with MEK1 in erythroid cells, which
resulted in their growth inhibition due to the dominance of senescence-inducing
signals. In addition, we found that p21<"""WA" s a crucial regulator of oncogenic
Ras-induced senescence of erythroid cells.

H/MDM2 (19). So, we speculated that N-RasE12 might induce
growth arrest in erythroid cells even if MEK activities are
blocked by GATA-1.

Ras-induced senescence is executed by CDK inhibitors
such as p16™** and p21C"PWAFL apd a tumor-suppressor,
p19*%F, which consequently activate both p53 and pRb
pathways. Among these molecules, we here found that
p21C"PYWAF s 3 major player of Ras-induced suppression of
erythropoiesis (may well be called nearly equal to senes-
cence). Although p21<'P*/™AF! jg 3 transcriptional target of
p53 (51), p53 deficiency did not cancel Ras-induced suppres-
sion of erythropoiesis. So, p53-independent expression of
p21CIPVWAFL yas supposed to be important for Ras-induced
suppression of erythropoiesis. Because Darley et al. (18)
previously showed that oncogenic N-Ras conferred develop-
mental abnormalities on human erythroid cells through the
activation of PKC, one of the reported activators of
p21CIPYWAEL (59) " PKC may be a candidate molecule
involved in Ras-induced expression of p21<'PV/WAFL ap(
consequent suppression of erythropoiesis.

Mutation and/or deletion of the p53 gene and the INK4a/
AREF locus are frequently observed in CML blast phase (1), but
to our knowledge, there is no report demonstrating the
inactivation of the p21<'P¥/WAF! gene So, our findings that
p21"PY WA but not p53 or p16™5%2/p19ARF js the major reg-
ulator of Ras-induced suppression of erythropoiesis are again
consistent with the clinical features that anemia is continued
and erythroid transformation is a rare event in blast-phase
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CML (7, 8). Furthermore, because loss-of-function mutations
of the p21<'FY/WAF! gene are rare in most of the hematologic
malignancies, anemia observed in these diseases might be
attributable to p21CIPY/WAFL

In conclusion, we here show that BCR-ABL but not JAK2
V617F inhibits erythropoiesis through the Ras signal. We also
identified p21°'P1/WAF! 45 a central regulator of Ras-induced
suppression of erythropoiesis. Ras transmits both growth pro-
moting and inhibitory signals, and then induces proliferation or
senescence dependently on their balance. In erythroid but not
in myeloid progenitors, the growth promoting signal is inhib-
ited at the level of MEK by GATA-1, which would lead to the
relative dominance of the growth inhibitory signal mediated by
p21CIPVWAFL (Fig 7). These mechanisms would explain why
oncogenic Ras simultaneously reveals conflicting effects
according to the cell lineage, i.e. growth promotion in myeloid
cells and growth inhibition in erythroid cells. This model may
be also useful to understand the mechanism of anemia caused
by other oncogenic TKs.
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162
Letter to the Editor
Auto- and cross-induction by betacellulin in epidermal kera-
tinocytes
To the Editor,

Keratinocytes comprise the main cellular component of the

epidermis. Their growth is regulated by both positive and negative
mediators [1]. Among the most important stimulators of keratino-

Letters to the Editor/Journal of Dermatological Science 58 (2010) 152-164

cyte proliferation are members of the epidermal growth factor (EGF)
family, which comprises EGF, transforming growth factor (TGF)-,
heparin-binding EGF-like growth factor (HB-EGF), amphiregulin
(AREG), epiregulin (EREG), betacellulin (BTC), and neuregulin 1-4
[2]. EGF receptors include ErbB1 (universally referred to as EGFR),
ErbB2, ErbB3 and ErbB4. EGF family members may be classified
according to their receptor binding capacities. EGF, TGF-a and AREG
bind to ErbB1, while HB-EGF, EREG and BTC bind to both ErbB1 and
ErbB4.
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Fig. 1. Effects of BTC on the proliferation of human epidermal keratinocytes. (A) Keratinocytes were seeded to 6-well plates at a density of 2 x 10° cells/well. The next day, the
cells were re-fed with fresh medium containing various concentrations of recombinant BTC. Four days later, cells were counted using a hemocytometer. (B) Various
concentrations of BTC were added to the medium under confluent conditions. After 24 h, DNA synthesis was measured by *H-thymidine uptake. Asterisks show a significant
difference (p < 0.01) from the corresponding control (no BTC).(C) Confluent keratinocytes were incubated with 10 ng/ml BTC or (D) EGF, HB-EGF, EREG, TGF-c and EGF (each
at a concentration of 2 nM). Total RNA was extracted at the indicated time points. EGF family mRNA expression was analyzed by multiprobe ribonuclease protection assay.
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Fig. 2. Involvement of BTC in signal transduction pathway, auto- and cross-

induction. (A) Keratinocytes were treated with BTC (100 ng/ml). Cell lysates were

immunoprecipitated with an anti-ErbB1 antibody and separated on a 7.5% acrylamide gel by SDS-PAGE. Following transfer to a nitrocellulose membrane, phosphorylated
ErbB1 was detected with anti-phosphotyrosine (PY20) antibody. (B) Cell lysates were electrophoresed and transferred to nitrocellulose membrane. Phosphorylation of ERK,
p38 and JNK were detected by Western blotting using specific antibodies. (C) NHEK were treated with inhibitors of ErbB1, ERK, p38 and JNK for 1 h prior to BTC treatment, RNA
was harvested at several time points. Auto- and cross-induction of EGF family member mRNAs was detected by multiprobe ribonuclease protection assay.

ErbB1 signaling is very important for epithelial growth.
Previous reports have shown that TGF-«, HB-EGF, AREG and EREG
synthesized and secreted by keratinocytes act as autocrine growth
factors [1,3]. BTC was initially purified as a growth-promoting
factor from the conditioned medium of the mouse pancreatic (3-
cell carcinoma cell line [4]. BTC is a potent mitogen for a variety of
cell types [4]. Since BTC binds and activates ErbB1, it is expected to
be an autocrine growth factor in normal human epidermal
keratinocytes (NHEK).

We first tested the ability of recombinant BTC to stimulate
NHEK growth under sub-confluent conditions. BTC stimulated
NHEK growth in a dose-dependent manner, with maximal growth
stimulation (3.5-fold vs. control) occurring at a concentration of
0.1 ng/ml (Fig. 1A). Next, we studied the effect of BTC on the
growth of NHEK under confluent conditions by measuring DNA
synthesis. In contrast to its effects on sub-confluent cells, BTC
dose-dependently stimulated NHEK proliferation up to a con-
centration of 10 ng/ml (Fig. 1B). These proliferative effects are
thus dependent on cell density, and the effective dose is higher in
confluent conditions than in sub-confluent conditions. To

examine the autocrine action of BTC in NHEK, we determined
the effect of an anti-BTC blocking antibody on NHEK growth. Sub-
confluent NHEK were re-fed with fresh medium containing anti-
BTC antibody (10 pg/ml) or normal goat IgG (10 jrg/ml). The
blocking antibody reduced DNA synthesis to 80% of the level
observed with normal rabbit 1gG after a 24 h incubation period
(p < 0.05, data not shown). This result indicates the autocrine
effect of BTC on NHEK growth. To clarify the auto- and cross-
induction ability of BTC, we investigated mRNA expression. A
multiprobe ribonuclease protection assay revealed that BTC
increased the levels of BTC mRNA, with peak induction occurring
at 1 h (Fig. 1C). BTC also increased the expression of the mRNAs
encoding EREG, HB-EGF, TGF-a and AREG (peak induction at 1 h).
We also investigated whether BTC expression is enhanced by
other EGF family growth factors. EGF, EREG, HB-EGF, AREG and
TGF-a (each at a concentration of 2 nM) increased the expression
of BTC mRNA at 1 h (Fig. 1D). These results indicate that BTC is an
autocrine growth factor in NHEK that, along with HB-EGF, AR,
TGF-a and EREG, forms auto- and cross-induction regulatory
networks during NHEK growth.
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We also investigated the signal transduction pathways involved
in BTC auto- and cross-induction. Western blot analysis showed
that BTC activates ErbB1 in NHEK (Fig. 2A). A previous report
showed that BTC activates mitogen activated protein kinase
(MAPK). We examined whether BTC activates MAPK proteins in
NHEK. BTC stimulated the phosphorylation of MAPK proteins
including extracellular signal-regulated kinase (ERK), p38, and c-
Jun N-terminal kinase {JNK) in NHEK (Fig. 2B). To examine which
pathways might be involved in auto- and cross-induction, we used
specific inhibitors of ErbB1, MAKP/ERK kinase (MEK, upstream of
ERK), p38 and JNK. Treatment with the ErbB1 inhibitor completely
blocked the induction of BTC, as well as other EGF family members,
while treatment with the JNK and MEK inhibitors suppressed their
expression (Fig. 2C). By contrast, the p38 inhibitor did not affect the
induction of EGF family members by BTC (Fig. 2C). These results
indicate that BTC induces auto- and cross-induction through the
activation of ErbB1, MEK-ERK, and JNK signaling. The effect of MEK
inhibitor is less effective than ErbB1 inhibitor or JNK inhibitor.
Because knockout of MAPK pathways leads to distinct phenotypesin
mice [5], the differences of the effects on auto- and cross-induction
may be due to their specific non-redundant biological functions.

This study directly demonstrates that BTC, like HB-EGF, AREG,
TGF-a and EREG, is an autocrine growth factor in NHEK. All EGF
family members that bind ErbB1 promote NHEK growth. However,
they each have their own distinct biological functions. Loss of TGF-a
in vivo results in the retardation of partial thickness wound healing.
In keratinocyte-specific HB-EGF knockout mice, the migration but
not proliferation of wound edge keratinocytes was impaired [6]. Loss
of other EGF family members causes no obvious skin phenotype in
mice. AREG-transgenic mice exhibited a severe inflammatory and
hyperproliferative psoriatic phenotype, while TGF-« overexpression
causes epidermal thickening [7,8]. By contrast, BTC-transgenic mice
showed increased keratinocyte proliferation, a significant delay in
hair follicle morphogenesis, and enhanced wound healing-associat-
ed angiogenesis [9]. Immunohistochemical staining revealed that
HB-EGF was diffusely expressed throughout normal and psoriatic
epidermis, whereas BTC was largely restricted to the spinous and
granular layer [10]. These findings suggest that BTC, like other
autocrine growth factors, may have a distinct, non-redundant
biological function in normal human skin.

We have shown that BTC induces its own expression, as well as
that of other EGF family members, and that other EGF family
members induce BTC expression. Auto- and cross-regulatory
mechanisms may be very effective in stimulating keratinocyte
proliferation, but problematic when the aim is to arrest tumor cell
growth. We clearly demonstrated that auto- and cross-induction
are mediated through ErbB1, MEK-ERK, and JNK pathways.
Numerous ErbB blockers have been tested as possible suppressors
of tumor growth and some, including anti-ErbB1 monoclonal
antibodies and tyrosine kinase inhibitors, are now being used
clinically [2]. Therapeutic strategies targeting MEK-ERK or JNK,
meanwhile, may produce beneficial anti-proliferative effects in
hyperproliferative disorders of the epidermis.

In this study, we demonstrate that BTC is an autocrine growth
factor in NHEK and that auto- and cross-induction of EGF family
members by BTC is mediated by the ERK and JNK signaling
pathways.
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Abstract

Transforming growth factor-B-activated kinase 1 (TAK1) is a member of the NF-xB pathway and regulates inflammatory
responses. We previously showed that TAKT also regulates keratinocyte growth, differentiation, and apoptosis. However, it
is unknown whether TAK1 has any role in epithelial-mesenchymal interactions. To examine this possibility, we studied the
role of TAK1 in mouse hair follicle development and cycling as an instructive model system. By comparing keratinocyte-
specific TAK1-deficient mice (Map3k7"/"K5-Cre) with control mice, we found that the number of hair germs (hair follicles
precursors) in Map3k7"/"K5-Cre mice was significantly reduced at E15.5, and that subsequent hair follicle morphogenesis
was retarded. Next, we analyzed the role of TAK1 in the cyclic remodeling in follicles by analyzing hair cycle progression in
mice with a tamoxifen-inducible keratinocyte-specific TAK1 deficiency (Map3k7'/"K14-Cre-ER™). After active hair growth
(anagen) was induced by depilation, TAK1 was deleted by topical tamoxifen application. This resulted in significantly
retarded anagen development in TAK1-deficient mice. Deletion of TAK1 in hair follicles that were already in anagen induced
premature, apoptosis-driven hair follicle regression, along with hair follicle damage. These studies provide the first evidence
that the inflammatory mediator TAK1 regulates hair follicle induction and morphogenesis, and is required for anagen

induction and anagen maintenance.
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Introduction

The NF-kB pathway mediates innate immune or pro-inflam-
matory responses, such as signaling by Toll-like receptors (TLRs),
the IL-1 receptor (IL-1R}, and tumor necrosis factor receptor
(TNFR) (1,2]. Transforming growth factor-B-activated kinase 1!
(TAK1) is a member of the MAP3 kinase family [3] and an
important member of the NK-«kB pathway, involved in IL-1 and
TNF-o-induced activation of NF-kB and MAP kinases [1]. Upon
ligand binding, TNF-receptor-associated factor (TRAF) 6 or
TRAF2 [4,5,6] activates TAKI, which then phosphorylates IxB
kinases (IKKs), resulting in NF-xB activation.

Because members of the NF-kB pathway are increasingly
recognized as important in the regulation of epithelial-mesenchy-
mal interaction systems, ranging from tooth development to hair
follicle induction and morphogenesis [7,8,9,10,11], we were
interested in learning whether TAK1 also played a role in the
biclogy of the hair follicle, a prototypic epithelial-mesenchymal
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interaction system. This interest was further fueled by our
previous discovery in keratinocyte-specific TAK1-deficient mice
(Map3k7""K5-Cre) that TAKI regulates keratinocyte growth,
differentiation, and apoptosis [12). However, the role of TAK1 in
hair follicles has not been previously studied.

Induction and morphogenesis of the hair follicle [13] is
controlled by complex signaling networks within the skin
epithelium and between the epithelium and specialized inductive
fibroblasts in its adjacent mesenchyme [7,11]. Among these
sighaling networks, the NF-xB pathway and Wnt/B-catenin
signaling provide central controls [7,8]; however, - the exact
relationship between these signaling networks is not fully
understood. Binding of EdaAl to its receptor EdaR in the embryo
is essential for the development of ectodermal appendages [14],
and mutations in these genes cause reduced or absent ectodermal
appendages [15,16,17,18,19]. Subsequently, the EdaAl/EdaR
pathway activates the downstream NF-xB pathway [20]. A recent
report showed that Wnt/[B-catenin signaling lies both upstream
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and downstream of the EdaR/NF-kB pathway ([8]. Wnt/p-
catenin signaling within the epithelial cells is required for
activation of the Eda/EdaR /NF-xB pathway at an early stage of
hair follicle development [8], and the expression of Eda and EdaR
requires Wnt/B-catenin signaling [8]. At a later stage, mainte-
nance of Wnt signaling and elevated Wnt10a, Wnt10b, and Dkk4
expression requires the Eda/EdaR/NF-xB pathway [8].

The postnatal hair cycle in mice begins with catagen induction
around P17, followed by the first telogen. Recently, the EdaR
pathway has been shown to be involved in the hair cycle [9,21,22].
The expression of EdaAl and EdaR increases in the anagen-
catagen phase [21]. Furthermore, EdaAl prolongs the anagen
phase [22]. Thus, in addition to its well-established role in hair
follicle morphogenesis, the EdaR pathway is also involved in hair
cycle control.

Since TAK is a member of NF-xB pathway, we hypothesized
that TAK]1 is involved in hair follicle morphogenesis and hair
cycle control. To explore this, we studied hair follicle development
in keratinocyte-specific TAK I-deficient (Map3k7" "K5-Cre) mice
and subsequent hair follicle cycling in tamoxifen-inducible
keratinocyte-specific TAK1 deficient mice (Alap3k7"/ K 14-Cre-
ER"™) to avoid gene-targeting in embryonic development because
this might damage the hair follicle, impairing its later capacity to
cycle. These studies provide the first evidence that TAK] regulates
hair follicle induction, morphogenesis, and cycling.

Materials and Methods

Ethics Statement

The protocol for generating A/Iap3k7n/ﬂK5-Cre mice and
Map3k7" "K14-Cre-ER"? mice was approved by the Institutional
Review Board of Ehime University Graduate School of Medicine
(#1-20-13 and #NE-27-16).

Generation of keratinocyte-specific TAK1-deficient mice
(Map3k7™" K5-Cre)

TAKI is encoded by the Map3k7 gene. The targeting construct
has been described previously [1]. We generated keratinocyte-
specific TAK I-deficient mice (Map3k7""K5-Cre) by breeding
Map3k7Y" micé (C57B/6 background) with K5-Cre mice
(C37B1/6 background) [23], as previously described [12].

Generation of tamoxifen-inducible keratinocyte-specific
TAK1-deficient mice (Map3k7"" K14-Cre-ER™)

Map3k7E"" mice were bred with K14-Cre-ER"? mice (C57B)/
6 background) [24,25] to generate Map3k7" "K14-Cre-ER™
mice. We applied 100 pL of 4-hydroxytamoxifen (Sigma-Aldrich
Co., 5t. Louis, MO) in ethanol at a concentration of 1 m§/mL
topically to the dorsal skin of 8-week-old fermale Map3k7™ "K 14-
Cre-ER™ mice for 5 consecutive days [24].

Wax depilation

The hair cycle was synchronized in the dorsal skin of 8-week-old
female mice by wax (SURGI-WAX™!, Ardell International, Los
Angeles, CA) depilation, as described previously [26].

Histological analysis

The stages of hair follicle morphogenesis, cycling, and
dystrophic catagen were morphologically defined using dorsal
skin of the mice and the score was defined as follows.

The hair morphogenesis stage of each hair follicle in each
mouse group was evaluated as described previously [13]. At least
40 hair follicles or all hair follicles in the mice were evaluated in
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each mouse group (two mice/group). The score of each hair
morphogenesis stage was defined as follows: stage 1=1, stage
2=2, stage 3 =3, stage 4 =4, stage 5 =5, stage 6 =6, stage 7=7,
and stage 8 = 8. Then, the rate (%) of a certain hair morphogenesis
stage in the total hair follicles and the median score in each mouse
group were determined. The score of Map3k7™ "K5-Cre mice was
compared with Map3k7"" mice. Statistical significance was
determined using a Mamn-Whitney’s U-test. A difference of
*P<0.01 was considered statistically significant.

The hair cycle stage of each hair follicle in each mouse group
was evaluated as described previously [27]. At least 40 hair follicles
were evaluated in each mouse group (two mice/group). The score
of each hair cycle stage was defined as follows: catagen 1=1,
catagen =2, catagen IlI=3, catagen 1V =4, catagen V=35,
catagen VI=6, catagen VII=7, catagen VIII=38, telogen =9,
anagen [ =10, anagen Il = 11, anagen IIla =12, anagen IlIb =13,
anagen Illc =14, anagen IV =15, anagen V=16, and anagen
VI =17. Then, the rate (%) of a certain hair cycle stage in the total
hair follicles and the median score in each mouse group were
determined. The score of tamoxifen-treated Map3k7" "K14-Cre-
ER™ mice was compared with the control mice. Statistical
significance was determined using a Maun-Whitney’s U-test. A
difference of *P<(0.01 was considered statistically significant.

Dystrophic catagen was defined according to a previous report
[28] as early dystrophic catagen, mid dystrophic catagen, late
dystrophic catagen, and dystrophic telogen. Then, the rate (%) of a
certain hair follicle stage per total hair follicles was calculated in
each mouse group. At least 40 hair follicles were evaluated in each
mouse group (two mice/group).

Results

Impaired hair follicle morphogenesis in
keratinocyte-specific TAK1-deficient mice

Keratinocyte-specific TAK 1-deficient (Map3k7" "K5-Cre) mice
were generated, as previously described [12). Map3k7"" mice
were used as controls. Histological analysis of hair follicle
development is shown in Figure 1A. Although hair germs (follicle
precursors) and dermal condensations appeared in both types of
mice at E15.5, the number of hair germs in Map3k7" "K5-Cre
mice was significantly lower than that in Jblapj’k?" T mice (Fig. 1A).
At E16.5, the hair germ further progressed into the hair peg stage
of hair follicle morphogenesis in Map3k7"" mice at the rate
expected for wild-type mice [29], while hair pegs were essentially
absent in Map3k7"” "K5-Cre mice. Similarly, at P1-6, postnatal
hair follicle development was severely impaired in Map3k7" "K5-
Cre mice (Fig. 1A).

Hair follicle morphogenesis was quantitatively analyzed. The
morphogenesis stage and the median score of each mouse group
are shown in Fig. 1B. Hair follicle morphogenesis indicators were
significantly delayed in Afap3k7”/ UK 5-Cre mice, as evident from
their lower hair morphogenesis score, compared with Map3k7"/"
mice at P3 and P6 (Fig. 1B).

Generation of tamoxifen-inducible keratinocyte-specific
TAK1-deficient mice

Because germline targeting of TAK! greatly disrupted hair
morphogenesis and, thus, precluded a meaningful analysis of
subsequent hair follicle cycling, we next used tamoxifen-inducible
keratinocyte-specific TAK1-deficient mice (ﬂ!ap3k7ﬂ /1K 14-Cre-
ER™), in which Cre-ER™ was expressed in the epidermis under
the control of the K14 promoter [24]. Southern blot analysis
demonstrated efficient deletion of the floxed allele in the epidermis
of tamoxifen-treated Aap3k7" "K 14-Cre-ER™? mice (Fig. 2).
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Figure 1. Impaired hair follicle morphogenesis in keratinocyte-specific TAK1-deficient mice. (A) Histological analysis of hair follicle development
from E14.5 to P6. Map3k7"/"K5-Cre were keratinocyte-specific TAK1-deficient mice [12]. Map3k7"% mice were used as controls. Arrows indicate hair germs or
hair pegs. Scale bar, 100 um. (B) The hair morphogenesis stage of each hair follicle in each mouse group was evaluated as described previously [13]. Then, the
rate (%) of a certain hair morphogenesis stage in the total hair follicles (left panel) and the median score in each mouse group (right panel) were determined.
The score of Map3k7ﬁ’"K5-Cre mice was compared with Map3k7"’ﬂ mice. Statistical significance was determined using a Mann-Whitney's U-test. *P<<0.01.
doi:10.1371/journal.pone.0011275.g001
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Figure 2. Southern blot analysis. Genomic DNA prepared from the
ear skin of mice treated with tamoxifen solution (15 pL/ear) or ethanol
for 5 consecutive days was digested with Xbal and EcoRI. Southern blot
analysis for the deletion of the floxed Tak! allele was performed as
described previously [1]. Cre expression resulted in excision of the
floxed allele (flox) and generated the deleted allele (A) of Map3k7.
doi:10.1371/journal.pone.0011275.g002

Although, the skin sample for Southern blot analysis contained
non-keratinocyte cells, such as Langerhans cells, melanocytes, or
fibroblasts, the band of tamoxifen-treated Map3k7" "K14-Cre-
ERT? mice was a single-recombined band. Since, the majority of
this skin sample consists of keratinocytes, flox band of non-
keratinocyte cells may not be apparent in this blot. Ethanol-treated
Map3k7" "K 14-Cre-ER™ mice also show a minor recombination
band, presumably due to slightly leaky Cre- ER™ activity.

Keratinocyte-specific TAK1 deletion results in hair loss in
adolescent mice

In the first experiment, tamoxifen was simply applied to the
dorsal skin of 8 weeks old mice for 5 consecutive days. Two weeks
after the application, the tamoxifen-treated AIap3k7ﬂ/ﬂK14-Cre-
ER™ mice started to lose their hair shafts, and this process
continued for more than 4 weeks (Fig. 3). This phenotype
suggested the involvement of TAKI in hair follicle cycling.

Keratinocyte-specific TAK1 deletion delays hair cycle
progression in adolescent mice

To further dissect the role of TAKI in hair follicle cycling,
synchronized, active hair growth (anagen) was induced in resting
(telogen) hair follicles by wax depilation [26]. This was followed by
topical tamoxifen application to the dorsal skin, to delete TAKI
(Fig. 4A). At 2 weeks after synchronized anagen induction, hair shaft
formation was noted in the control mice, as a macroscopic indicator
of well-advanced anagen development, while hair shaft growth was
not seen in the tamoxifen-treated 1\4:1;:3’!:7""[(14-Cre—ERT2 mice
(Fig. 4B). Histological analysis revealed that anagen progression was
severely delayed in TAK 1-deleted mice at 1-3 weeks (Fig. 4C).

Quantitative hair cycle histomorphometry and hair cycle score
calculation (Fig. 5) confirmed that depilation-induced anagen
progression was severely delayed in TAKI-deleted mice at 1-3
weeks, while anagen development progressed as expected in
TAKI-competent mice. Taken together, these data suggest that
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Figure 3. Keratinocyte-specific TAK1 deletion results in hair
loss in adolescent mice. Tamoxifen was topically applied to the
dorsal skin of the Map3k7""K14-Cre-ER™ mice for 5 consecutive days to
delete TAK1. The clinical appearance of the mice 4 weeks after the
apPIication is shown. As controls, Map3k7"" mice or Map3k7V"K14-Cre-
ER' mice were treated with tamoxifen or ethanol, respectively.
doi:10.1371/journal.pone.0011275.9003

TAKI is an important regulator of early anagen development in
telogen hair follicles, although TAK1 does not appear to be
indispensable for anagen induction.

Although leaky Cre- ER™? activity was noted in ethanol-treated
Map3k7""K14-Cre-ER™ mice (Fig. 2), there was no significant
difference between ethanol-treated Map3k7" /K 14-Cre-ER™ mice
and tamoxifen-treated Map3k7"" mice. Therefore, leaky activity of
Cre- ER™ seems to have a minimum effect in this experiment.

Keratinocyte-specific TAK1 deletion causes a transition
from anagen to dystrophic catagen in adolescent mice

In the third experimental setup, TAK1 was deleted only 1 week
after anagen induction (Fig. 6A). At 2 weeks after depilation, hair
regrowth was reduced in the tamoxifen-treated Map3k7" "K14-
Cre-ER™ mice (Fig. 6B), compared with controls. Histological
analysis revealed that almost all of the hair follicles in tamoxifen-
treated Map3k7" "K14-Cre-ER™ mice had prematurely entered
the apoptosis-driven regression stage of hair follicle cycle (i.e.,
catagen; Fig. 6C).

Interestingly, however, this accelerated catagen development
was associated with striking pigmentary signs of hair follicle
damage (dystrophy): many large, ectopically located melanin
clumps, often larger than keratinocyte nuclei, were found not only
in their normal location (i.e., the precortical hair matrix), but also
eccentrically in the hair bulb periphery and in the epithelial strand
of the involuting catagen hair follicles (Fig. 6D). Thus, TAKI
deletion induced “dystrophic catagen,” an indicator of major hair
follicle damage [28]. Quantitative analyses (Fig. 6E) confirmed
that most of the hair follicles in tamoxifen-treated Aap3k7" "K14-
Cre-ER™ mice were in late dystrophic catagen, while those of
controls were in anagen. These data suggest that TAK1 is essential
for maintaining a functional anagen phase.

Discussion

Here, we show by mouse genomics and targeted deletion
experiments that TAKI1, a member of the NF-kB pathway that
has chiefly been recognized as a mediator of innate and adaptive
immunity [1,2,4,5,6,30], is also a key component of the molecular
machinery that controls murine hair growth. Consistent with our
previous discovery that TAK1 regulates keratinocyte growth,

June 2010 | Volume 5 | Issue 6 | e11275

- 104 -



Depilation namoxifen,

5 (days)

2 5

TAK1 Regulates Hair Growth

Map3k7 i
K14-Cre-ERT2

Ethanol w

Map3k7 fif

Map3k7 fif
K14-Cre-ERT2

Tamoxifen

o~
C b
Ew
N Q@
50
.\:%&
Hsc
=
N

| 2
[} (3]
’;‘g =
= [
© o
=g W
N @
39
e |

T
=X

Figure 4. Keratinocyte-specific TAK1 deletion delays hair cycle progression in adolescent mice. (A) Schedule of tamoxifen afm:lication.
The hair cycle was synchronized to anagen phase by wax depilation, and tamoxifen was topically applied to the dorsal skin of Map3k7 MK14-Cre-
ER™mice to delete TAK1. As controls, Map3k7™™ mice or Map3k7""K14-Cre-ER™ mice were treated with tamoxifen or ethanol, respectively. (B) Clinical
appearance at the indicated time point after the depilation. At 2 weeks, hair shaft formation was noted in the control mice, while hair shaft growth
was not seen in the tamoxifen-treated Map3k7""K14-Cre-ER™ mice. (C) Histological analysis at the indicated time point after the depilation. Anagen
progression was severely delayed in TAK1-deleted mice at 1-3 weeks. Scale bar, 100 pm.

doi:10.1371/journal.pone.0011275.9004

differentiation, and apoptosis [12], we now show that the selective
deletion of TAKI1 in keratinocytes retards hair follicle induction,
morphogenesis, and anagen development, and is required for the
maintenance of normal anagen. This newly identified role of
TAKI in hair follicle development and cycling implicates TAK1
as a novel player in complex organ remodeling events and
epithelial-mesenchymal interactions, which can be modeled by
murine hair follicles [11].

The TAKI-NF-kB pathway regulates not only immune
responses [1,30], but also epithelial function [12]. Because the
NF-kB pathway controls pro-inflammatory responses, deletion of

@ PLoS ONE | www.plosone.org

this pathway was expected to suppress epithelial inflammation.
Unexpectedly, however, deletion of TAKI, IKK-B, or IKK-y was
found to result in severe skin inflammation (including abscess
formation) [12,31,32,33]. Similarly, a lack of NF-xB signaling
produced by the conditional ablation of IKKy or IKKa and
IKKP in the intestinal epithelium caused severe chronic intestinal
inflammation in mice [34]. This suggests that a continuous, basal
level of NF-xB activation may be required to maintain epithelial
integrity and homeostasis and to suppress excessive skin inflam-
mation. In the current study, we add to the established role of
TAK] in murine skin the novel function of hair growth control.
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Since TAKI1 regulates keratinocyte function [12], there is a
possibility that hair follicle defects in TAK]1-deficient mice might
be attributed to such abnormal capacities of keratinocytes rather
than reflecting the specific function of TAKI in hair follicle
regulation. However, clinical skin pheno types and histological
abnormalities were not apparent at birth and started to appear at
P2 in Map3k7""K5-Cre mice [12). On the other hand, E15.5 is
the time point when the defect of hair follicle development became
apparent (Fig. 1). Therefore, the defect of hair follicle development
is primarily due to the defect of TAKI signaling during
embryogenesis, rather than the functional defect of keratinocytes.

Recently, TAK1 binding protein (TAB) 2 has been identified as
a binding partner of EdaR-associated death domain protein
(EDARADD) using a yeast two-hybrid screening [35]. In 293 cells,
endogenous and overexpressed TAB2, TRAF6 and TAK! were
co-immunoprecipitated with  EDARADD [35]. Furthermore,
dominant negative forms of TAB2, TRAF6 and TAK1 blocked
the NF-kB activation induced by EDARADD in 293 cells[35].
Therefore, it is suggested that TAK] is involved in hair follicle
development. However, the actual role of TAK in hair follicle has
not been studied before.

The coats of mice contain four major hair follicle subpopula-
tions: guard hairs, awl and auchene hairs, and zigzag hairs.
Formation of each kind of hair follicle starts at E14, E16, and E18-
P3, respectively and the regulatory mechanisms of hair follicle
development are slightly different among them [7,36]. Epidermal
NF-xB activity is first observed in the placodes of primary guard

@ PLoS ONE | www.plosone.org 6

hairs at E14.5 [36]. In the absence of NF-«kB activity, downstream
events, such as maintenance of Wnt signaling and an increase of
Wntl0a, Wnt10b, and Dkk4 expression, are impaired [8] and
further placode down-growth does not occur in primary guard
hair follicles [36]. In Map3k7" "K5-Cre mice, the number of hair
germs was significantly reduced at E15.5, indicating that the
development of primary guard hair follicles was greatly impaired.
Impaired development of primary guard hair follicles at E15.5 can
be explained by the absence of NF-xB activity, due to TAKI1
deficiency, consistent with a model in which TAK1 is involved in
the EdaAl/EdaR/NF-xB pathway [35] (see Fig. 7). The
appearance of a few primary hair placodes might be explained
by incomplete TAK1 deletion at E15.5.

In contrast, EdaR/NF-kB activity is dispensable for the
induction of awl/auchene hair follicles, as seen in iabby, downless,
and ¢"#**V mice, even though EdaR/NF-kB-defective, awl/
auchene hair follicles subsequently produce abnormal awl-like hair
shafts [36,37]. EdaR/NF-xB independent Wnt/B-catenin signal-
ing is required for this process [8]. Thus, the placodes that became
visible in Map3k7" "K5-Cre mice at E16.5 are likely to represent
placodes of awl/auchene hair follicles. In a recent study, analyses
of Eda and EdaR homologue Troy double-mutant mice revealed
that, in addition to primary guard hair follicles, awl/auchene hair
follicles were defective in these mice [38]. This study suggested
that EdaR and Troy redundantly activate an NF-kB independent
pathway, via TRAF6, to develop awl/auchene hair follicle
placodes. Therefore, it is conceivable that placode development
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Figure 6. Keratinocyte-specific TAK1 deletion causes a transition from anagen to dystrophic catagen in adolescent mice. (A)
Schedule of tamoxifen application. The hair cycle was synchronized to anagen phase by wax depilation. At 7 days after depilation, tamoxifen was
applied for 5 days. (B) Clinical appearance of the mice 2 weeks after depilation. (C) Histological analysis of the mice 2 weeks after depilation. (D)
Higher magnification of the tamoxifen-treated Map3k7"/"K14-Cre-ER" mice in (C). Scale bar, 100 um. (E) Dystrophic catagen was defined according to
a previous report [28]. Then, the rate (%) of a certain hair follicle stage per total hair follicles was calculated. Quantitative analyses confirmed that most
of the hair follicles in tamoxifen-treated Map3k7""K14-Cre-ER™ mice were in late dystrophic catagen, while those of controls were in anagen.

doi:10.1371/journal.pone.0011275.g006

in Map3k7""K5-Cre mice is controlled by this NF-kB- (and
TAKT1)-independent pathway (Fig. 7).

Besides NF-kB signaling, recent studies indicate the implication
of TAKI in multiple signaling pathways such as MAP kinases and
AP1 signaling [1,39], supporting the alternative possibility that, in
addition to the NF-kB signaling pathway, multple signaling
pathways may be also involved in hair follicle regulation
downstream to TAKI. Although some TNF receptor family
activate JNK pathway in addition to NF-xB, Edar shows only
weak activation of JNK/AP-1 pathway [14,20]. In contrast to
Edar, Troy [40] leads to a strong activation of JNK pathway, but
weak activation of NIF-«B [20,40]. Therefore, it is possible Troy/
TAKI1/JNK/AP-1 pathway is involved in hair morphogenesis.
However, this point should be further clarified.

An interesting difference was observed between Map3k7" "K5-
Cre mice and fabby, downless, and ¢"Z*4Y mice. While tabby,
downless, and ¢"F*4V mice produced abnormal awl-like hair shafts,
Map3k7""K5-Cre mice exhibited a prolonged morphogenesis
period and did not develop hair shafts, even after skin
transplantation onto normal control mice (unpublished, prelimi-
nary findings). This suggests that TAK1 deletion also affects the
morphogenesis of the secondary hair follicles.

Although numerous molecular players have been identified as
powerful regulators of hair follicle cycling, the exact molecular
machinery that drives the elusive “hair cycle clock” remains
unclear [29,41,42,43]. For example, IGF-1, HGF, glial-derived
neurotrophic factor, and VEGF are known to prolong the
duration of anagen, while fibroblast growth factor 5, TGFB1
and TGFB2, IL-1B, NT-3, estrogen receptor-mediated signaling,
and IFN-y are all known to induce the anagen-catagen transition
[29,41,43,44,45]. The expression of regulatory molecules is
controlled by upstream signals, such as those provided by the

NF-kB, Wnt/B-catenin, bone morphogenetic protein (BMP), and
Shh-Gli pathways [29,41,42]. On the basis of our findings, TAK1
should now be considered a part of the molecular machinery of the
anagen induction.

In the present study, we have shown that TAKI] deleton
severely delays the telogen-anagen transition, although it is not
completely suppressed, while deletion of TAKI in anagen follicles
prematurely induces catagen and damages normal hair follicle
function. Thus, TAK] activity is important, but not essential, for
anagen initiation and progression, yet is essential for the
maintenance of mature anagen follicles, with loss of TAKI
activity resulting in catagen induction. The next challenge is to
dissect the upstream and downstream signals of TAKI. Because
NF-xB is thought to be a downstream signal of TAKI in hair
morphogenesis, and because strong NF-xB activity is detected in
the anagen matrix of pelage follicles of adult mice [37], NF-xB is a
major candidate downstream signal of TAK1 in anagen induction.
Conversely, EdaR is a plausible candidate upstream signal of
TAKI1 because EdaAl and EdaR have already been shown to be
involved in hair follicle cycling [9,21,22].

After chemical, biological, or physical damage, hair follicles
develop abnormalities that are collectively called hair follicle
dystrophy [28]. Low follicular damage induces the “dystrophic
anagen” response. Severe follicular damage induces the “‘dystro-
phic catagen” response, characterized by an immediate anagen
termination. In Fig. 6, the hair follicle stage was defined as
“dystrophic catagen”. The development of “dystrophic catagen”
indicates TAK]1-deletion-induced follicular damage is compara-
tively higher and similar to those of high dose cyclophosphamide-
induced alopecia. These suggest that TAKI-deletion-induced
dystrophic catagen could be a model of chemotherapy-induced
alopecia.

Edar Edar Troy
EDARADD/TAB2/TRAF6 TRAFG
TAK1 i NF-xB (TAK1)
i Independent
IKKs/NF-kB 5 pathways
WNT/B-catenin WNT/B-catenin
v H

Hair follicle development|| Hair follicle development

Primary hair follicle

Secondary hair follicle

Figure 7. Model for the signaling pathways involved in hair follicle development. In the development of primary hair placodes, TAK1 is
involved in the Edar/NF-kB pathway. In secondary hair placodes, NF-kB (TAK1)-independent pathways regulate hair placode development.

doi:10.1371/journal.pone.0011275.g007
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The evidence reported here, that TAK]1, a critical mediator of

inflammation [1,30], is also involved in hair morphogenesis and
anagen induction.
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The E2 polyubiquitin-conjugating enzyme Ubc13 is a media-
tor of innate immune reactions. Ubc13 mediates the conjuga-
tion of keratin (K)63-linked polyubiquitin chains onto TNF
receptor-associated factor 6 and IKKy during NF-xB activation.
In contrast to K48-linked polyubiquitin chains, K63-linked
polyubiquitin chains function in nonproteasomal biological
processes. Although Ubc13 has been shown to be critical for
Toll-like receptor (TLR) and IL-1 receptor signaling, the func-
tion of Ubcl3 in the epidermis has not been studied. We gener-
ated keratinocyte-specific Ubcl3-deficient mice (U/bc13%°Y
1oxK5-Cre). At birth, the skin of the Ubc13%1°%¥/1°*K5-Cre mice
was abnormally shiny and smooth; in addition, the mice did not
grow and died by postnatal day 2. Histological analysis showed
atrophy of the epidermis with keratinocyte apoptosis. Immu-
nohistochemical analyses revealed reduced proliferation, ab-
normal differentiation, and apoptosis of keratinocytes in the
Ubc13%¥/1ox(5.Cre mouse epidermis. In culture, Lbc131¥/M°%K5-
Cre keratinocyte growth was impaired, and spontaneous cell
death occurred. Moreover, the deletion of Ubc13 from cultured
Ubc139/41°% keratinocytes by means of an adenoviral vector
carrying Cre recombinase also resulted in spontaneous cell
death. Therefore, Ubcl3 is essential for keratinocyte growth,
differentiation, and survival. Analyses of intracellular signaling
revealed that the IL-1 and TNF-induced activation of JNK, p38,
and NF-«B pathways was impaired in Ubc137°*/1°XK5.Cre kera-
tinocytes. In conclusion, Ubc13 appears to be essential for epi-
dermal integrity in mice.

The NE-«B, JNK, and p38 intracellular signaling cascades
mediate innate immune or pro-inflammatory responses such as
TLR, IL-1 receptor, and TNF receptor signaling (1, 2). Upon
stimulation, TNF receptor-associated factor 6 is polyubiquiti-
nated, which induces it to phosphorylate TGF-B-activated
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kinase 1 (TAK1)? (3, 4). The polyubiquitin chains on TNF
receptor-associated factor 6 are generated by the E2 ubiquitin-
conjugating enzyme Ubc13 (3, 5). Ubcl3 conjugates keratin
(K)63-linked polyubiquitin chains to TNF receptor-associated
factor 6 and IKK-y. In contrast to K48-linked polyubiquitin
chains, K63-linked polyubiquitin chains function in nonprotea-
somal biological processes, such as stress responses, rather than
protein destruction. However, the role of these signaling mole-
cules varies by cell type and stimulus.

Epidermal keratinocytes proliferate at the basal cell layer and
then differentiate to form the multilayered epidermis, which
serves as a physical barrier against the external environment.
The proliferation and differentiation of keratinocytes are regu-
lated by intracellular signaling pathways, including those medi-
ated by NF-kB, MAPK, and PI3K (6-8). In this study, we
focused on the NF-«B pathway. Genetic studies have shown
that mutations in NEMO/IKK-vy cause incontinentia pigmenti
or Bloch-Sulzberger syndrome in humans (9). The disruption
of NEMO/IKK-vyleads to hyperproliferation and increased apo-
ptosis in keratinocytes (10, 11). The functional blockade of
NE-«B in vivo by the expression of a dominant-negative mutant
of NF-«B in mouse epidermis resulted in a hyperplastic epithe-
lium (6). Similarly, a deficiency in the p65 subunit of NF-«xB
caused hyperplasia of the epidermis (12). In addition to the
regulation of differentiation and cell growth, NF-«B protects
keratinocytes from apoptosis. The blockade of NF-«B function
in the epidermis by the expression of a dominant-negative
mutant of IkBa provoked premature spontaneous cell death
(13). TAK1 is a critical mediator of NF-«B activation. Previ-
ously, we generated keratinocyte-specific TAK1-deficient mice
and showed that along with IKKs, TAK1 regulates keratinocyte
growth, differentiation, and apoptosis (14).

Because Ubc13 functions in the NF-«B signaling pathway, it
might be expected to regulate keratinocyte growth, differenti-
ation, and apoptosis. However, the function of Ubc13 in epider-
mal keratinocytes has not been studied. To address this issue,
we generated keratinocyte-specific Ubc13-deficient mice by
breeding Ubc133°%/8°% mice (15) with mice carrying the Cre
transgene under the control of the keratin-5 promoter (K5-Cre)

(16).

3 The abbreviations used are: TAK1, TGF-B-activated kinase 1; K, keratin; Ax,
adenoviral vector; LDH, lactate dehydrogenase; HB-EGF, heparin-binding
EGF-like growth factor; TLR, toll-like receptor; TRAIL, TNF-related apopto-
sis-inducing ligand.
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EXPERIMENTAL PROCEDURES

Generation of Keratinocyte-specific Ubcl3-deficient Mice
Using Gene Targeting with the Cre Transgene— The targeting
construct was described previously (15). Ubc13%°*/f°% mice
were bred with K5-Cre mice (generous gift from Junji
Takeda, Osaka University, Osaka, Japan) (16) to generate K5-
Cre/Ubc13%%'* mice. Subsequently, the K5-Cre/Ubc13%/*
mice were bred with Ubc138°%/8°% mice to generate K5-Cre/
LIbc138°%/8°x mijce. This protocol was approved by the Institu-
tional Review Board of the Ehime University Graduate School
of Medicine.

The genotype was confirmed by Southern and Western blot-
ting as described previously (15). Genomic DNA was extracted
from the tails of the mice, digested with Ncol and Scal, electro-
phoresed, and hybridized with a radiolabeled probe (15). For
Western blot analysis, newborn mouse keratinocytes were cul-
tured overnight, and adherent keratinocytes were harvested for
analysis.

Histological Analysis—To analyze the expression of the dif-
ferentiation markers K5, K14, K1, K10, and loricrin, paraffin-
embedded sections were deparaffinized, blocked with 10% goat
serum, and reacted with primary antibodies overnight at 4 °C.
After washing, the antibodies were detected using a peroxidase
staining kit ImmPRESS; Vector Laboratories, Burlingame, CA)
and visualized with aminoethyl carbazole. For K15 and Ki67
staining, the deparaffinized sections were boiled in 10 mM cit-
rate buffer, pH 6.0, for 40 min and cooled at room temperature
for 20 min for antigen retrieval.

TUNEL—XKeratinocyte apoptosis was detected using the
TUNEL method as described previously (14) using an in situ
detection kit (Roche Applied Science).

Antibodies—The following antibodies were used: Covance);
Ki67 (MM1; Novo Castra); B-actin (AC-15; Abcam); IKK-vy
(sc-8330; Santa Cruz Biotechnology); ubiquitin (P4D1; Santa
Cruz Biotechnology); mouse TNF-a (goat; R & D Systems); and
Ubc13 (4E11; Zymed Laboratories); cIAP-2 (mouse; R & D Sys-
tems); and caspase-3 (rabbit; Cell Signaling Technology). Anti-
bodies specific for the phosphorylation forms of ERK (9101),
JNK (9251), and p38 (9211) were purchased from Cell Signaling
Technology.

Preparation of the Ax—An Ax encoding Cre-recombinase
(Ax-Cre) was prepared as described previously (14). We in-
fected the keratinocytes with the Ax at a multiplicity of infec-
tion of 100. Ax carrying LacZ (Ax-LacZ) was used as a control.

Keratinocyte Culture—Primary mouse keratinocytes were
isolated from newborn mouse skin and cultured as described
previously (14) using CnT-07 medium (CellnTec, Bern,
Switzerland).

For the analysis of cell growth, freshly isolated newborn
mouse keratinocytes were allowed to adhere to the culture
dishes for several hours, and the nonadherent cells were
removed by washing. The number of adherent cells was
counted using a Coulter Counter (Beckman Coulter); this was
denoted day0. Cell culture continued for 3 days. The number of
cells at day O was referred to as 100%.

For cytotoxic analysis, freshly isolated newborn mouse kera-
tinocytes were stimulated with mouse TNF-a (Kamiya Bio-
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medical Company; 10 ng/ml) or anti-mouse TNF-a (5 pg/ml).
At 48h, the supernatant was harvested for usein the LDH assay.
Next, Ubc13 was deleted in L/bc13%°%/8°* keratinocytes by
transfection of Ax-Cre at a multiplicity of infection of 100.
Finally, 24 h after transfection, keratinocytes were stimulated
with TNF-a or anti-TNF-a for 48 h. For analysis of intracellular
signaling, freshly isolated newborn mouse keratinocytes were
stimulated soon after adherence to cell culture dishes with
1L-1B (PeproTech EC, London, UK; 10 ng/ml), TNF-a (10
ng/ml), or HB-EGF (R & D Systems; 10 ng/ml).

Western Blotting—Keratinocytes were harvested on ice
with lysis buffer, and Western blotting was performed as
described previously (8) using a FluoroImager (Molecular Dy-
namics). Phosphorylation of TAK1 was analyzed as de-
scribed previously (1).

Immunoprecipitation—The cell lysates were precleaned with
protein G-Sepharose (Amersham Biosciences) for 2 h and then
incubated with protein G-Sepharose containing 1.0 pg of anti-
IKK-+y for 12 h with rotating at 4 °C. After washing, the sample
was eluted by boiling with sample buffer and then subjected to
Western blot analysis using anti-ubiquitin as described previ-
ously (15). v

LDH Assay—Cell death was quantitated by measuring LDH
release using an LDH assay kit (Kyokutokogyo, Tokyo, Japan)
according to the manufacturer’s instructions. LDH from the
living cells was obtained by cell lysis with 0.1% Tween 20. LDH
release was expressed as a percentage of the total LDH, which
was obtained by summing the LDH released and the LDH ofthe
living cells. The data are expressed as the means = S.E.

EMSA—Nuclear proteins were isolated, and 5 ug of proteins
were applied for EMSA analyses as described previously (17)
using a Light Shift Chemiluminescent EMSA kit (Pierce) ac-
cording to the manufacturer’s instructions. Specific NF-«B
probe sets (biotin-labeled and unlabeled probes) were obtained
from Panomics (Redwood City, CA). Protein-DNA complexes
were separated and transferred to Biodyne B nylon membranes
(Pierce). In competition experiments, unlabeled probes were
added at 200-fold molar excess. The biotin-labeled moleculesin
the membranes were detected using a Chemiluminescent
nucleic acid detection module (Pierce) and exposed to x-ray
film.

Real Time PCR—Newborn mouse epidermis was separated
from the dermis by heat treatment at 60 °C for 30 s. mRNA was
extracted from the epidermis and was subjected to real time
PCR analyses as described previously (18). The primers and the
probes used for GAPDH, IL-18, and TNF-a were obtained
from Applied Biosystems (Branchburg, NJ). Gene expression
levels were quantified using the comparative CT method and
were normalized against GAPDH (18). The mean value of
Ubc138°%/8°x mice was referred to as 1.0 unit.

Luciferase Assay—pNF«B-TA-Luc (Clontech) was transfected
to the keratinocytes. To normalize the transfection efficiency,
pRL-TK (Promega) was included in the assay. The reporter
plasmids were introduced into keratinocytes using FuGENE 6
(Roche Applied Science) according to the manufacturer’s
instructions. After treatment, the same number of cells was
harvested with 250 pl of lysis buffer (Promega), and the lucifer-
ase activity was measured using the dual luciferase reporter
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FIGURE 1. Generation of keratinocyte-specific Ubc13-deficient mice.
Keratinocyte-specific Ubc13-deficient mice were generated by breeding
Ubc13"97Mox mice (15) with K5-Cre mice (16). Southern (A) and Western (B)
blotting confirmed the genotype. A, genomic DNA was extracted from mouse
tails, digested with Ncol and Scal, electrophoresed, and hybridized with a
radiolabeled probe (15). 4.0-kb band, wild-type allele; 2.0-kb band, floxed
allele; 1.1-kb band, deleted allele. B, newborn mouse keratinocytes were cul-
tured overnight, and the adherent keratinocytes were harvested for Western
blot analysis. 3-Actin was used as an internal standard.

assay system (Promega) with a luminometer (Luminescencer
JNR AB-2100; Atto, Japan). The relative luciferase activity was
calculated by normalizing to the level of Renilla luciferase
activity.

Statistical Analysis—Statistical significance was determined
usinga paired Student’s ¢ test. A difference of p <0.01 (*) orp <
0.05 (**) was considered statistically significant.

RESULTS

Generation of Keratinocyte-specific Ubcl3-deficient Mice—
Because the germ line deletion of Ubcl3 results in embryonic
lethality (15), we generated keratinocyte-specific Ubc13-defi-
cient mice by breeding Ubc139°/%°% mice (15) with K5-Cre
mice (16). Southern and Western blot analyses showed the effi-
cient deletion of Ubcl3 in keratinocytes collected from
Ubc138%/8°x K5.Cre mice at birth (Fig. 1).

Skin Phenotypes of the Ubc13"**#"°*K5-Cre Mice at Birth— At
birth, the skin of the Ubc13%°*/1°% K5-Cre mice was abnormally
shiny and smooth (Fig. 24). In addition, the mice did not grow
and died by postnatal day 2. In comparison, Ubc13%°¥* and
UIbc13™'* mice with or without K5-Cre showed no pathological
phenotypes.
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Histological analysis revealed atrophy of the epidermis in the
Ubc1389x/8°% K5_Cre mice (Fig. 2B), indicating that cell growth
is impaired by the deletion of Ubc13. Ki67 staining showed
decreased keratinocyte proliferation, whereas H&E staining
and TUNEL revealed the presence of a small number of apo-
ptotic cells, in the epidermis of each Ubc13%°x/8°x K5.Cre
mouse (Fig. 2B). Ki67-positive cells/basal cells were 90.5 and
40% (p < 0.01, n = 4) in Ubc138/8°* mice and Ubc 138/ K5-
Cre mice, respectively. Apoptotic cells/basal cells were 0 and 2.9%
(» <001, 1 = 4) in Ubc13"°*/"°* mice and Ubc13°*/1°* K5-Cre
mice, respectively. Taken together, these results indicate that
Ubc13 regulates keratinocyte growth and apoptosis in mice.

Because disruption of the NF-«B pathway causes inflamma-
tion in the skin (10, 11, 14, 19), the expression of pro-inflamma-
tory cytokines in the epidermis was studied. Real time PCR
analysis revealed that TNF-a mRNA expression was decreased,
whereas IL-1a expression was increased in Ubc13%9%/8°xK5.-
Cre mouse epidermis (Fig. 2C).

Abnormal Keratinocyte Differentiation in Ubc13"~/~K5-
Cre Mouse Epidermis—To analyze the differentiation status of
the epidermal keratinocytes, we performed immunohisto-
chemical analyses using skin sections treated with antibodies
specific for various differentiation markers (Fig. 3). According
to our data, the suprabasal keratinocytes in the epidermis of the
Ubc1380%/8°% K5_Cre mice expressed K14, which is normally
confined to the basal layer. Loricrin is a marker of late phase
keratinocyte differentiation and is normally expressed in the
upper epidermis, as shown in the control mice. Loricrin expres-
sion was absent from the viable epidermal keratinocytes of the
Ubc138%8o% K5_Cre mice. K15 is a marker of the bulge area in
adult mice and is also expressed at the basal cell layer in neona-
tal mice (20), as shown in Fig. 2. However, K15 expression was
absent from the epidermis of the Ubc139°*/8°% K5-Cre mice.
These results indicate that keratinocyte differentiation is dis-
rupted by the deletion of Ubc13 in keratinocytes.

Impaired Cell Growth and Spontaneous Cell Death by Ubc13
Deletion—Keratinocytes were isolated from newborn mouse
epidermis and cultured for cellular function analyses. Ubc13-
deficient keratinocytes had growth impairments as shown in
Fig. 4A. Furthermore, spontaneous cell death occurred, and
the dead cells were positive for TUNEL (Fig. 4B). Analysis of
LDH release revealed that cell death began within 1 day of
adherence to the culture dishes and increased over 3 days (Fig.
4C). Because blockade of NF-«kB pathway in keratinocytes
enhances susceptibility to apoptosis by TNF-a (21), the cells
were treated with TNF-a. The spontaneous cell death was
slightly enhanced by TNF-a but was not blocked by anti-
TNF-« antibodies (Fig. 4D).

Next, Ubc13 was deleted in cultured keratinocytes derived
from Ubc13%°8% mice, and Ax-Cre was transfected into cul-
tured keratinocytes from Ubc13%°%8°% or Ubc13*/" mice using
Ax-LacZ as a control. Ubc13 expression began to decrease at
36 h after transfection with Ax-Cre (Fig. 5A4). The deletion of
Ubcl3 in the cultured keratinocytes resulted in cell death, and
the dead cells were positive for TUNEL (Fig. 5B). Similar to Fig.
4D, cell death was slightly enhanced by TNF-«a but was not
blocked by anti-TNF-« antibodies (Fig. 5D). These data indi-
cate that Ubc13 is essential for keratinocyte survival. To further
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FIGURE 2. Skin phenotypes of the Ubc13%°/%°* K5-Cre mice. A, appearance
of the Ubc13""°* K5.Cre mice at postnatal day 1. The skin of the mice was
abnormally shiny and smooth. B, histological analysis of Ubc131¥/1x K5-Cre
mouse skin sections by H&E staining, Ki67 staining, and TUNEL. H&E stain-
ing showed atrophy of the epidermis in the Ubc13"°¥1°x K5-Cre mice. Ki67
staining showed decreased numbers of positive cells in the epidermis of the
Ubc13™¥1oxK5_Cre mice. The epidermis also contained a few apoptotic
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FIGURE 3. Abnormal expression of differentiation markers in the epider-
mis of Ubc73%°¢°*K5-Cre mice. The expression of various differentiation
markers in the epidermis was analyzed immunohistochemically. The expres-
sion of K5 and K14 is normally confined to the basal cell layer. The expression
of K1, K10, and loricrin marks suprabasal and late phase differentiation,
whereas K15 is expressed at the basal cell layer in neonatal mouse epidermis.
The dotted lines indicate the basement membrane. Ubc13"°¥"°* represents
the undeleted controls. Scale bar, 100 um.

study the mechanisms of spontaneous cell death, the expres-
sion of anti-apoptotic protein cIAP-2 and the activation of
caspase-3 (22) were analyzed by Western blot (Fig. 5E). The
expression of cIAP-2 was reduced by Ubc13 deletion, which
was correlated with the activation of caspase-3.

Impaired Activation of p38, INK, and NF-«B in Ubcl3-deficient
Keratinocytes—To study the cause of these functional defects of
Ubc13-deficient keratinocytes, intracellular signals were analyzed.
Because spontaneous cell death occurs, freshly isolated keratino-
cytes were stimulated soon after adherence to the culture dishes
(Fig. 6). Neither p38 nor JNK was phosphorylated in the Ubc13-
deficient keratinocytes by IL-18 or TNF-¢, although both were
phosphorylated within 15 min in the control keratinocytes (Fig.

cells as shown by H&E staining and TUNEL. The dotted lines indicate the base-
ment membrane in the Ki67 section and the basement membrane and
surface of the epidermis in the TUNEL section. Ubc13%°* represents the
undeleted controls. Scale bar, 100 m. C, mRNA expression of TNF-a, IL-1a,
and IL-133 in the epidermis. Newborn mouse epidermis was separated from
the dermis, and mRNA expression was analyzed by real time PCR. mRNA
expression levels were normalized against GAPDH, and the mean value of
Ubc1311°X mice was referred to as 1.0 unit. n = 17 (Ubc13%¥1°% mice). n =
28 (Ubc13%¥ o K5-Cre mice). *, p < 0.01.**, p < 0.05.
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FIGURE 4. Impaired cell growth and spontaneous cell death of
Ubc13fox/MoxK5_Cre keratinocytes. A, cell growth analysis. Freshly isolated
newborn mouse keratinocytes were cultured for 3 days, and the number of
cells was counted each day using a Coulter counter (n = 6). The number of
cells at day 0 was referred to as 100%. B, cell morphology was examined by
phase contrast microscopy, and apoptotic cells were detected using TUNEL
after 2 days of culturing. C, cell death was quantified by measuring LDH
release (n = 6). D, cytotoxic effects of TNF-a. Freshly isolated mouse keratino-
cytes were stimulated with mouse TNF-a (10 ng/ml) or goat anti-mouse
TNF-cantibody (5 j«g/ml). After 48 h, the supernatant was harvested for LDH
assay. The data are expressed as the means = S.E. (0 = 6).* p < 0.01.

6A). Activation of NF-«xB pathway by IL-18 or TNF-a was also
impaired in Ubc13-deficient keratinocytes as shown by Western
blotting of I«B (Fig. 68) and EMSA (Fig. 6C). Next, to study
whether TAK1 is involved in this impaired NF-«B activation, the
phosphorylation of TAK1 was analyzed. Although TAK1 was
phosphorylated by IL-18 or TNF-a within 10 min in control kera-
tinocytes, TAK1 was not phosphorylated in Ubc13-deficient kera-
tinocytes (Fig. 6E). Furthermore, luciferase assay confirmed the
impaired activation of NF-«B pathway (Fig. 6). Because Ubc13 is
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FIGURE 5. Spontaneous cell death by deletion of Ubc13 using Ax-Cre.
Ubc13 was deleted from cultured keratinocytes derived from Ubc13/fox
mice. Ax-Cre was transfected into the cultured keratinocytes of Ubc13%o/flex
miceor Ubc13™* miceatan multiplicity of infection of 100. Ax-LacZ was used
as a control. A, the expression of Ubc13 in keratinocytes was analyzed by
Western blotting using B-actin as an internal standard. B, cell morphology
was examined by phase contrast microscopy, whereas apoptotic cells were
detected using TUNEL at 72 h post-transfection. C, cell death was quantified
by measuring LDH release. Ax was transfected into the cultured keratino-
cytes, and the culture supernatant was harvested for LDH assay at the indi-
cated time (n = 5). D, cytotoxic effects of TNF-a. Freshly isolated Ubc1371¥/f1ex
keratinocytes were transfected with Ax at a multiplicity of infection of 100.
After 24 h, the cells were stimulated with mouse TNF-a (10 ng/ml) or goat
anti-mouse TNF-« antibody (5 wg/ml). After 48 h, the supernatant was har-
vested foruseinthe LDHassay (n = 6). The data are expressed asthe means =
S.E.* p < 0.01. E, the expression of c-IAP-2 and caspase-3 were analyzed by
Western blot using -actin as an internal standard.

a polyubiquitin-conjugating enzyme, ubiquitination of IKK-y was
studied using immunoprecipitation. As shown in Fig. 6F, ubiquiti-
nation of IKK-y by IL-1B8was impaired in Ubc13-deficient keratin-
ocytes. Thus, p38, INK, and NF-«B pathways were impaired in
Ubc13-deficient keratinocytes.

Heparin-binding EGF-like growth factor (HB-EGF) is a
ligand for the EGF receptor and is a potent mitogen for keratin-
ocytes (23). We tested whether HB-EGF-induced ERK activa-
tion was also impaired in Ubc13398°XK5-Cre keratinocytes.
We found that phosphorylation of ERK by HB-EGF was not
impaired (Fig. 6G), indicating that overall cellular signaling was
not impaired in Ubc13%°*/%°K5-Cre keratinocytes.

DISCUSSION

In the present study, we found that Ubc13 is essential for the
growth, ditferentiation, and survival of mouse keratinocytes.
Although Ubc13 regulates NF-«B signaling, the skin phenotype
of the Ubc13"*/1* K5-Cre mice was ditferent from that of
TAKI1- or IKK-y-deficient epidermis. Epidermis-specific dele-
tion of TAK1 or IKK-y causes inflammation, abnormal keratin-
ocyte differentiation, and keratinocyte apoptosis in the mouse
skin (14, 24). The development of similar skin phenotypes
among these mice indicates the disruption of a common cas-
cade in the keratinocytes of these mice. Although an epidermal
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