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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 phenotypes in
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-o¢ 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-ct
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-o. 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)]. Imnmunohistochemical 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 |NK signaling
pathways.
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Abstract

Transforming growth factor-B-activated kinase 1 (TAK1) is a member of the NF-kB pathway and regulates inflammatory
responses. We previously showed that TAK1 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 NI-kB pathway mediates innate immune or pro-inflam-
matory responses, such as signaling by Toll-like receptors (T'LRs),
the IL-1 receptor (IL-1R), and tumor necrosis factor receptor
(I'NFR) [1,2]. Transforming growth factor-f-activated kinase 1
(TAKI1) is a member of the MAP3 kinase family [3] and an
important member of the NK-kB pathway, involved in [L-1 and
ITNF-g-induced activation of NF-kB and MAP kinases [1]. Upon
ligand binding, TNI-receptor-associated factor (I'RAF) 6 or
TRAF?2 [4,5,6] activates TAK]1, which then phosphorylates 1kB
kinases (IKKs), resulting in NF-kB activation.

Because members of the NI-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 TAKI also played a role in the
biology of the hair follicle, a prototypic epithelial-mesenchymal

(5. PLoS ONE | www plosone.org

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 TAKI 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
signaling nctworks, the NI-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 NI-kB pathway [20]. A recent
report showed that Wnt/B-catenin signaling lies both upstream
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and downstreamn of the EdaR/NEF-kB pathway [8]. Wnt/-
catenin  signaling within the epithelial cells is requived for
activation of the LEda/LEdaR/NE-xB pathway at an carly stage of
hair follicle development [B), and the expression of Eda and EdaR
requires Wnt/B-catenin signaling |8]. At a later stage, mainte-
nance of Wit signaling and elevated Wotl0a, Wit 10b, and Dkk4
expression requires the Lda/EdaR/NE-kB pathway [8).

T'he 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 cyele [9,21,22].
The expression of EdaAl and LdaR 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 ivolved in hair
cycle control.

Since 'FAKI is a member of NFF-kB pathway, we hypothesized
that TAK] is involved in hair follicle morphogenesis and hair
cycle control. To explore this, we studied hair follicle development
in keratinocyte-specific 'TAKI-deficient (Map3k7""K3-Cire) mice
and subsequent hair follicle cycling in tamoxifen-inducible
keratinocyte-specific TAK1 deficient mice (Map3k7* K14-Cre-
ER™ to avoid gene-targeting in embryonic development because
this might damage the hair follicle, impaiving 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 Map347"Y"K3-Cre mice and
Map3k7""K14-Cre-ER ™ mice was appraved by the [nstitutional
Review Board of Lhime University Graduate School of Medicine
(#I1-20-13 and #NLE-27-16).

Generation of keratinocyte-specific TAK1-deficient mice
{Map3k7"® K5-Cre)

TAKT is encoded by the Map3l7 gene. The targeting construct
has been described previously {1]. We generated keratinocyte-
specific TAK -deficient mice (Map5k7"K5-Cre) by breeding
Map3k7™" mice (C57B1/6 background) with K3-Cre mice
(CA7BI/6 background; [25], as previonsly described [12].

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

Map3k7EY" mice were bred with K14-Cre-ER™ mice {Ca7Bl/
6 background) [24.23] 0 generate Mapdk7V K 14-Cre-ER™
mice. We applied 100 pL. of 4-hydroxytamoxifen (Sigma-Aldrich
Co., St. Louis, MOj in ethanol at a concentration of | img/ml,
topically to the dorsal skin of 8-week-okd female AI{:,':}.(‘?"’“KI-F-
Cre-ER™ miice for 5 consecutive days [24].

Wax depilation

The hair cycle was synchronized in the dorsal skin of 8-weck-old
female mice by wax (SURGLI-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 wsing dorsal
skin of the mice and the score was defined as follows.

The hair morphogenesis stage of each hair follicde 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

@ PLOS ONE | www.plosone.org

TAK1 Regulates Hair Growth

vach mause group (two mice/group). T'he score of each hair
morphogenesis stage was defined as follows: stage 1 =1, stage
2=12, stage 3 =35, 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 VRK 5-Cre mice was
compared with AMapdt7"" mice. Statistical significance was
determined using a Manu-Whimey’s U-test. A difference of
*P<0.01 was considered statistically significant,

‘The hair cyce stage of each hair follicle in each mouse group
was evaluated as described previously [27], At least 40 hair follicles
were evaluaterd in each mouse group (two mice/group). The scove
of cach hair cycle stage was defined as follows: catagen 1=1,
catagen 11=2, catagen UE=3, catagen IV =4, catagen V=3,
catagen VI=6, catagen V=7, catagen VI =8, telogen =9,
anagen [ =10, anagen I1= 11, amagen [a = 12, anagen 1L =13,
anagen Hlc=14, anagen IV =15, anagen V=16, and anagen
V1=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 Aap3k7" *K 14-Cre-
ER"? mice was compared with the control mice. Statistical
significance was determined using a Mann-Whitney’s U-test. A
difference of *£<0.01 was considered statistically significant.

Dystrophic catagen was defined according to a previous report
[28] as carly 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 caleulated in
each mouse group. At Jeast 40 hair follicles were evalvated in each
maouse group (two mice/ group).

Results

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

Keratinocyte-specific 'TAK]-deficient (.'Ua[x')’ﬁm'll{.'a-Ch'ci) mice
were generated, as previously described [12]. Map3t7"" mice
were wsed as coutrols. Histological analysis of hair follicle
development is shown in Figure TA. Althougl hair germs {folticle
precursors) wund dermal condensations appeared in both types of
mice at 155, the number of hair germs in ,'\l'a/:.?k?‘”"K.’)-Crc
mice was significantly lower than that in Map3k7" " mice (Fig. 1A},
AtE16.3, the hair germ further progressed into the hair peg stage
of hair follicle morphogenesis in A*I{l[l3k7"m 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 develapment was severely impaired in Map3k7" K-
Cre mice {Iig. 1A}

Hair follicle morphogenesis was quantitatively analyzed. ‘The
morphogenesis stage and the median score of cach mouse group
are shown in Iig. 1B. Hair follicle morphogenesis indicators were
significantly delayed in Map3k7""K5-Cre mice, as evident from
their lower hair morplingenesis score, compared with Map3k7""
mice at P3 and P6 {Iig. 1B).

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

Because germline targetng of TAKI] greatly disrupted hair
morphogenesis and, thus, precluded 2 meaningful analysis of
subsequent hair follicte cycling, we next used tamoxifen-inducible
keratinoeyte-specific TAK ] -deficient mice (Map3kt7"*K14-Cre-
ER"), in which Cre-ER"? was expressed in the epidermis under
the control of the KI4 promoter |24} Southern blot analysis
demaonstrated eflicient deletion of the floxed allele in the epidermis
of tamoxifen-treated Map3t 7" K14-Cre-ER ' mice (Fg. 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 Map3k7“’"K5—Cre mice was compared with Map3k7™ 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  AMap3k7""K 14-Cre-
ER™ 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" "K14-Cre-ER" mice also show a minor recombination
hand, 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 Map347" K 14-Cre-
LER"™ mice started 1o lose their hair shafis, and this process
continued for more than 4 weeks (Fig. 3). This phenotype
suggested the involvement of "TAKL in hair follicle cycling,

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

To further dissect the role of TAKIL 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). Ar 2 weeks after synchronized anagen induction, hair shali
formation was noted in the control mice, as a macroscopic indicator
ol well-advanced anagen development, while hair shaft growth was
not seen in the tamoxifen-treated Mapsk7" " K 14-Cre-ER "™ mice
(Iig. 4B}. Histological analysis revealed that anagen progression was
severely delayed in TAK -deleted mice at 13 weeks (Fig, 4C).

Quantitative hair cycle histomorphometry and hair evele score

5

caleulation (Fig. 5} confirmed that depilation-induced anagen
progression was severely delayed in TAKI-deleted mice at 13
weeks, while anagen development progressed as expected in
TAKI-competent mice. ‘Taken together, these data suggest that

@ PLoS ONE | www.plosone.org
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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"V"K14-Cre-ER™ mice for 5 consecutive days to
delete TAK1. The clinical appearance of the mice 4 weeks after the
apPlication is shown. As controls, Map3k7"™ mice or Map3k7"K14-Cre-
ER'® mice were treated with tamoxifen or ethanol, respectively.
doi:10.1371/journal.pone.0011275.g003

TAKT is an important regulator of early anagen development in
telogen hair follicles, although TAK!1 does not appear to be
indispensable for anagen induction.

Al(h(mg}rh leaky Cre- leRT! activity was noted in ethanol-treated
.‘”{1/)3/{7‘]“KI'F(:I‘{‘-I‘:R.IQ mice (Fig. 2), there was no significant
difference benween ethanol-treated Map3k7""K14-Cre-ER™ mice
and tamoxifen-treated .\1::/:3/:7"/" mice. Therefore, leaky activity of
Cre- ER™™ seems 1o 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, TAKT was deleted only 1 week
after anagen induction (Iig. 6A). At 2 weeks after depilation. hair
regrowth was reduced in the tamoxiten-treated Map3k7" K 14-
Cre-ER™ mice (Fig. 6B), compared with controls. Histological
analysis revealed that almost all of the hair follicles in tamoxifen-
treated .\l:zp.'ﬁ’&/““"l(]4-(Jx'1:-l:‘.R-'\" mice had prematurely entered
the apoptosis-driven regression stage of hair follicle cycle {i.c..
catagen; Fig. 6C).

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

Discussion

Here, we show by mouse genomics and targeted deletion
experiments that TAKI, 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 TAK] regulates keratinocyte growth,
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The hair cycle was synchronized to anagen phase by wax depilation, and tamoxifen was topically applied to the dorsal skin of Map3k

14-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‘""K‘I4(re—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 um.

doi:10.1371/journal.pone.0011275.g004

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

The TAKI-NI-xB pathway regulates not only immune
responses [1,30]. but also epithelial function [12]. Because the
NI-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 TAK, IKK-B, or IKK-7 was
found 1o result in severe skin inflammation (including abscess
formation) |12,31,32.53]. Similarly, a lack of NF-kB signaling
produced by the conditional ablation of IKKy or IKK2 and
IKIC in the intestinal epithelium caused severe chronic intestinal
inflammation in mice [34]. This suggests that a continuous, basal
level of NF-kB 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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Figure 5. Quantitative hair cycle analysis. Hair cycle stage of each hair follicle in each mouse group in fig. 4 was evaluated according to our
previous report [27]. Then, the rate (%) of a certain hair cycle stage in the total hair follicles (left panel) and the median score in each mouse group
{right panel) were determined. The score of tamoxifen-treated Map3k7""K14-Cre-ER™ mice was compared with tamoxifen-treated Map3k7™" mice or
ethanol-treated Map3k7"’"K14(re-ER” mice, Statistical significance was determined using a Mann-Whitney's U-test. *P<0.01.

doi:10.1371/journal.pone.0011275.g005

Since TAKI regules keratinoeyte function [12]. there is a
possibility that hair follicle defects in TAK L-deficient mice mighs
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
abnormalitics were uot apparent at birth and started 10 appear at
P2 in ‘11(1103/(7“/“[(5-(;!‘&? mice |12]. On the other hand, 1313.5 is
the time point when the defeet of hair follicle development beeame
apparent {Fig. 1}. "Vherefore, the defect of hair follicle development
is primarily duc to the defect of TAKL signaling during
embryogenesis, rather than the functional delect of keratinocytes,

Recently, TAK1 binding protein (AB} 2 has been identified as
a binding partner of EdaR-associated  death domain protein
(EDARADD) using a yeast two-hvbrid screening [35]. ln 293 cells,
endogenous and overexpressed TAB2, TRAFG and TAKY were
co-immunoprecipitated with EDARADID  [35]. Furthermore,
dominani negative forms of TAB2, TRAFG and TAK] blocked
the NF-xB activation induced by EDARADD in 293 cells|35].
Therefore, it is suggested that "TAK! is invalved in hair follicle
development. However, the actual role of TAK] in hair lollicle has
not been studied before.

The coats of mice contain four major hair follicle subpapula-
tions: guard hairs, awl and auchene hairs, and zigzag hairs.
Formation of each kind of hair follicle starts ar B14, EA6, and £18-
P3, respectively and the regulatory mechanismis of hair follicle
development are slightly different among them [7.56). Epidermal
NI-kB activity is finl observed in the placodes of primary guard

@ PLoS ONE | www.plosone.org

hairs at EE4.5 [36). In the absence of NF-«B activity, downstream
events, such as maintenance of Wat signaling and an increase of
Watl0x, WntlUb, and Dkkd expression. are impaired [8] and
Turther placode dewn-growth does not occur in primary guard
hair follicles [36]. In Map3h7""K5-Cre wice. the number of hair
germis was significandy reduced au E13.5, indicating that the
development of primary guard hair follicles was greatly impaired.
Impaired development of primary guard hair follicles at £15.5 can
he explained by thie absence of NI-kB activity, due to TAK]
deficiency, consistent with a model in which 'TAK is involved in
the  LdaAl/EdaR/NF-kB pathway [33] (see Fig. 7). ‘The
appearimee of a few primary hair placodes might be explained
by jucomplete TAK! deletion at L15.5.

In contrast, EdaR/ZNF-RB activity i dispensable for the
incluction of awl/auchene hair follicles, as scen in tabby, dorenless,
and AT mice, even though FdaR/NF-xB-defective, awl/
auchene hair follicles subsequently produce abnormal awl-like hair
shafts {36,37). LdaR/N¥-xB independent Wt/ $-catenin signal-
ing is vequired (or this process [8]. Thus, the placodes that became
visible in Mapih7'""K5-Cre mice at 165 are likely 1o represent
placades of awl/auchene hair follicles. In a recent study, analvses
of Eda and EdaR homologue Troy double-mutait 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 Truy redundandy activate an NI-kB independent
pathwiy, via TRAIG, to develop awl/auchene hair follicle
placodes. Therefore, it is conceivable that placode development

June 2010 | Volume 5 | Issue 6 | e11275
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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 pm. (€) Dystrophic catagen was defined according to
a previous report [28). Then, the rate (%) of a certain hair follicle stage per total hair fallicles 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.0011275.9006

in Map3k7"'K5-Cre mice i conwolled by this NF-kB- (and
TAK -independent pathway (Fig. 7.

Besides NIF-kB signaling, recent studies indicate the implication
of TAK1 in multiple signaling pathways such as MAP kinases and
AP signaling [ 1,39], supporting the alternative possibility that, in
addition to the NF-xB signaling pathway, multiple signaling
pathways may be also involved in hair follicle regulation
downstream to TAKL. Although some TNIF receptor family
activate JNK pathway in addition o NF-xB, Ldar shows only
weak activadon of JNKZAP-1 pathway [14,20]. In comrast w
Edar, ‘Troy [40] leads o a strong activation of JNK pathway, but
weak activation of NIkB |2040]. Thercefore, it is pussible Troy/
TAKI/JNK/AP-T pathway is involved in hair morphogenesis.
However, this point should be further clarified.

An interesting difference was observed between Map3h 7 K35
Cre mice and tabby, downless, and BN ice, While tabby,
downless, and ¢™***¥ mice produced abnormal awl-like hair shats,
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 TAK] deletion also affects the
morphogenesis of the sccondary hair follicles.

Although numerous molecular plavers have been identified as
powerful regulators of hair tollicle cycling, the exact moleculur
machinery that drives the elusive “hair cycle clock™ renains
unclear [29,41.42.43). For example, FGF-1, HGF, glial-derived
neurotrophic factor, and VEGE are known to prolong the
duration of anagen, while fibroblast growth factor 5. TGIP!
and TGEB2, IL-1 . N'I-3, estrogen receptor-mediated signating,
and IN-y are all known to induce the anagen-catagen transition
12941,43,44,45]. The expression of regulatory molecules s
controlled by upstream signals, such as those provided by the

NI-kB, Wit/ f-catenin, boue morphogenetic protein {BMP}, and
Shh-Gli patlaways [29,41,42]. On the basis of our findings, TAKI
should now be considered a part of the molecular machinery of the
attagen induction.

In the present study, we have shown that TAKL deletion
severely delays the elogen-anagen transition, although it is not
completely suppressed, while deletion of TAKT jn anagen follicles
prematurely induces citagen and damages normal hair follicle
function, Thus, TAKT activity is important, but not essential, for
anagen  initation  and  progression, yet is essential for the
maintenance of mature anagen tollicles, with loss of TAK!
activity resulting in catagen induction. ‘Fhe next challenge is w0
dissect the upstream ancd downstream signals of TAKT. Because
NI-xB is thought o be a downsiream signal of TAKT in hair
morphogenesis, ad because strong NIF-xB activity is detected in
the anagen matrix of pelage follicles of adult mice {37], N¥-xB is a
niajor candidate downstream signal of TAK T in anagen induction.
Cotversely, EdaR is a plausible candidawe upstream signal of
TAKI because EdaAl and EdaR have already been shown 1o be
involved in hair follicle cycling [9.21,22].

After chemical. biological, or physical damage. hair follickes
develop abnormalities that are collectively called bair follicle
dystrophy [28]. Low follicular damage induces the “dystrophic
anagen” response. Severe follicular damage induces the *dystro-
plic catagen™ response, chavacterized by an immediate anagen
termination. In Fig. 6, the hair follicle stage was defined as
“dystrophic catagen™ The development of “dystrophic catagen”
indicates TAK -deletion-induced follicular damage is compara-
tively higher and similar 10 those of high dose cyclophosphamide-
induced alopecia. These suggest that TAK-deletion-induced
dystrophic catagen could be a model of chemuotherapy-induced
alopecia.

Edar Edar

N/

EDAR
ARADD/TAB2/TRAF6 TRAF6

|
TAK1

IKKs/NF-kB

sesevunrsanenenan

WNT/B-catenin

v
Hair follicle development
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NF-xB (TAK1)
Independent
pathways

v
WNT/B-catenin

M
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-xB pathway. In secondary hair placodes, NF-xB (TAK1)-independent pathways regulate hair placode development.

doi10.1371/journal.pone.0011275.g007
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The evidence reported here. that TAKL, a critical mediator of
inflammation [1,30], is also involved in hair morphogenesis and
anagen induction,
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E2 Polyubiquitin-conjugating Enzyme Ubc13 in Keratinocytes
Is Essential for Epidermal Integrity”
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The E2 polyubiquitin-conjugating enzyme Ubc13 is a media-
tor of innate immune reactions. Ubcl3 mediates the conjuga-
tion of keratin (K)63-linked polyubiquitin chains onto TNF
receptor-associated factor 6 and IKKy during NF-«B activation.
In contrast to K48-linked polyubiquitin chains, K63-linked
polyubiquitin chains function in nonproteasomal biological
processes. Although Ubcl3 has been shown to be critical for
Toll-like receptor (TLR) and IL-1 receptor signaling, the func-
tion of Ubc13 in the epidermis has not been studied. We gener-
ated keratinocyte-specific Ubcl3-deficient mice {(Ubcl3™™
1uxK5-Cre). At birth, the skin of the Ubc13"/™*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
Ubcl 31K 5 Cre mouse epidennis. In culture, Libc 1305,
Cre keratinocyte growth was impaired, and spontaneous cell
death occurred. Moreaover, the deletion of Ubc13 from cultured
Uibc13"%M0% keratinocytes by means of an adenoviral vector
carrying Cre recombinase also resulted in spontancous 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-kB pathways was impaired in {/bc13"**"**K5-Cre kera-
tinocytes. In conclusion, Ubcl3 appears to be essential for epi-
dermal integrity in mice.

The NF-«kB, 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-f-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 Ubcl3 (3, 5). Ubc13 conjugates keratin
(K)63-linked polyubiquitin chains to TNF receptor-associated
factor 6 and IKK-vy. 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 intraceliular signaling pathways, including those medi-
ated by NF-«B, MAPK, and PI3K (6-8). In this study, we
focused on the NF-«B pathway. Genetic studies have shown
that mutations in NEMO/IKK-v cause incontinentia pigmenti
or Bloch-Sulzberger syndrome in humans (9). The disruption
of NEMQ/IKK-vyleads to hyperproliferation and increased apo-
ptosis in keratinocytes (10, 11). The functional blockade of
NF-«B in vivo by the expression of a dominant-negative mutant
of NF-«kB in mouse epidermis resulted in a hyperplastic epithe-
lium (6). Similarly, a deficiency in the p65 subunit of NF-«B
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 [«Ba provoked premature spontaneous cell death
(13). TAKI is a critical mediator of NF-«B activation. Previ-
ously, we generated keratinocyte-specific TAKI-deficient mice
and showed that along with IKKs, TAK1 regulates keratinocyte
growth, differentiation, and apoptosis (14).

Because Ubcl3 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 Ubcl3-deficient mice by
breeding [Ibc13"°*"°* mice (15) with mice carrying the Cre
transgene under the control of the keratin-5 promoter (K5-Cre)
(16).

* The abbreviations used are: TAK1, TGF-f-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 Ubclt3-deficient Mice
Using Gene Targeting with the Cre Transgene—The targeting
construct was described previously (15). Ubc13™" 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/libct3™"
mice were bred with L/bc13""/"°* mice to generate K5-Cre/
LIbc 13%°%/1°% mice. 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, clectro-
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 (lmmPRESS; Vector Laboratories, Burlingame, CA)
and visualized with aminoethyl carbazole. For K15 and Ki67
staining, the deparaffinized sections were boiled in 10 mu cit-
rate buffer, pH 6.0, for 40 min and cooled at room temperature
for 20 min for antigen retrieval.

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

Antibodies—The (ollowing antibodies were used: Covance);
Ki67 (MM1; Novo Castra); B-actin (AC-15; Abcam); [KK-y
(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 (CelinTec, 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 day 0. 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-« (Kamiya Bio-

“GSPe\

SEPTEMBER 24, 2010-VOLUME 285+ NUMBER 39

Ubc13 Is Essential for Epidermal Integrity

medical Company; 10 ng/ml) or anti-mouse TNF-« (5 pg/ml).
At 48 h, the supernatant was harvested for use in the LDH assay.
Next, Ubc13 was deleted in Ubcl3"*"™* keratinocytes by
transfection of Ax-Cre at a multiplicity of infection of 100.
Finally, 24 h after transfection, keratinocytes were stimulated
with TNF-c or anti- TNF-« for 48 h. For analysis of intracellular
signaling, freshly isolated newborn mouse keratinocytes were
stimulated soon after adherence to cell culture dishes with
IL-18 (PeproTech EC, London, UK; 10 ng/ml), TNF-a (10
ng/ml), or HB-EGF (R & D Systems; 10 ng/ml).

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

Inmunoprecipitation—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-
TKK- 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).

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 of the
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-«xB
probe scts (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 molecules in
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, I1.-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
Ubc 13" mice was referred to as 1.0 unit.

Luciferase Assay—pNFxB-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

JOURNAL OF BIOLOGICAL CHEMISTRY - 30043

0102 “42 J2qweda(] uo "ALISHIAINN JWIHI 1e Bio'oql mmm woyy papeojumoq



Ubc13 Is Essential for Epidermal Integrity
A

Ubc13 floxiflox K5-Cre

ch1 3 flox/flox
Ubc13 flox+

wild “40kb

floxed | o «+ 2.0kb

deleted

B

<+ 11kb

ch1 3 flox/flox
K5-Cre
Ubc13 flox+
K5-Cre

‘ Ubc 13 flexifiox

|

Ubc13

-

B-actin

FIGURE 1. Generation of keratinocyte-specific Ubc13-deficient mice.
Keratinocyte-specific Ubc13-deficient mice were generated by breeding
UbcT 3"°%/%x mice {15) with K5-Cre mice (16). Southern (4] and Western (8)
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 Renifla luciferase
activity.

Statistical Analysis—Statistical significance was determined
using a paired Student’s ¢ test. A differenceof p < 0.01 (*Jorp <
0.05 (**} was considered statistically significant.

RESULTS

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

Skin Phenotypes of the Ubc13™*"**KS-Cre Mice at Birth— At
birth, the skin of the {bc137°*/" 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, L/bc137%" and
Ubc13 ™' mice with or without K5-Cre showed no pathological
phenotypes.

30044 JOURNAL OF BIOLOGICAL CHEMISTRY

Histological analysis revealed atrophy of the epidermis in the
Libe 13™%/Mx K5-Cre mice (Fig. 2B), indicating that cell growth
is impaired by the deletion of Ubcl3. 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 Libci3"**"°* K5-Cre
mouse (Fig. 2B). Ki67-positive cells/basal cells were 90.5 and
40% (p < 0.01, n = 4) in Ubc13"*~"** mice and Ubcf3"™/"** K5-
Cre niice, respectively. Apoptotic cells/basal cells were 0 and 2.9%
(p < 0.01, n = 4} in Ubc13™*" mice and Ubc13""** 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-la expression was increased in Ubc13%00%K5.
Cre mouse epidermis (Fig. 2C).

Abnormal Keratinocyte Differentiation in Ubci3e~7e=Ks.
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
Libc13"¥/M%% 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
Ubc13"°*"* 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 Ubc13"°/"* K5-Cre mice.
These results indicate that keratinocyte differentiation is dis-
rupted by the deletion of Ubcl3 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. 48). 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-« (21), the cells
were treated with TNF-«. The spontaneous cell death was
slightly enhanced by TNF-«¢ but was not blocked by anti-
TNF-a antibodies (Fig. 4D).

Next, Ubcl3 was deleted in cultured keratinocytes derived
from Ubc 3™ mice, and Ax-Cre was transfected into cul-
tured keratinocytes from Libc 13" or Ubc13"* " mice using
Ax-LacZ as a control. Ubc13 expression began to decrease at
36 h after transfection with Ax-Cre (Fig. 54). The deletion of
Ubc13 in the cultured keratinocytes resulted in cell death, and
the dead cells were positive for TUNEL (Fig. 5B8). Similar to Fig.
4D, cell death was slightly enhanced by TNF-« 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"°*/1°*K5-Cre mice. A, appearance
of the Ubc13™°¥M°% K5.Cre mice at postnatal day 1. The skin of the mice was
abnormally shiny and smooth. 8, histological analysis of Ubc13"°"°* KS-Cre
mouse skin sections by H&E staining, Ki67 staining, and TUNEL. H&E stain-
ing showed atrophy of the epidermis in the Ubc13"™* K5-Cre mice. Ki67
staining showed decreased numbers of positive cells in the epidermis of the
Ubc13™*oxk5.Cre mice. The epidermis also contained a few apoptatic
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FIGURE 3. Abnormal expression of differentiation markers in the epider-
mis of Ubc13"°"°*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 pm.

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 Ubcl3 deletion, which
was correlated with the activation of caspase-3.

Impaired Activation of p38, INK, and NF-kB in Ubc13-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 Ubcl13-
deficient keratinocytes by [L-1B or TNF-q, 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 um. C, mRNA expression of TNF-«, IL-1q,
and IL-1f3 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
Ubc13"%x mice was referred to as 1.0 unit.n = 17 (Ubc13"*" mice). n
28 (Ubc13"/% K5-Cre mice). *, p < 0.01.**, p < 0.05.
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FIGURE 4. Impaired cell growth and spontaneous cell death of
Ubc13"e/MlexK5.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-a antibody (5 pg/ml). After 48 h, the supernatant was harvested for LDH
assay. The data are expressed as the means * S.E.(n = 6).*, p < 0.01.

6A). Activation of NF-«kB pathway by IL-1f or TNF-« was also
impaired in Ubc13-deficient keratinocytes as shown by Western
blotting of IkB (Fig. 68) and EMSA (Fig. 6C). Next, to study
whether TAK1 is involved in this impaired NF-«B activation, the
phosphorylation of TAKI was analyzed. Although TAKI was
phosphorylated by IL-1 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. 6D). 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 Ubc3m</fox
mice. Ax-Cre was transfected into the cultured keratinocytes of Ubc? 31/
miceorUbcl3"’" 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 -actin as an internal standard. 8, 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-«. Freshly isolated Ubci 310"
keratinocytes were transfected with Ax at a multiplicity of infection of 100.
After 24 h, the cells were stimulated with mouse TNF-« (10 ng/ml) or goat
anti-mouse TNF-« antibody (5 pg/ml). After 48 h, the supernatant was har-
vested for use in the LDH assay (n = 6). The data are expressed as the means
SE.* p < 0.01. E the expression of c-IAP-2 and caspase-3 were analyzed by
Western blot using 3-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-yby IL-13 was impaired in Ubc13-deficient keratin-
ocytes. Thus, p38, INK, and NF-«kB 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 Ubc13"*"**K5-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, differentiation, and survival of mouse keratinocytes.
Although Ubc13 regulates NF-«B signaling, the skin phenotype
of the Uhc13"'"™* K5-Cre mice was different from that of
TAKI1- or IKK-vy-deficient epidermis. Epidermis-specific dele-
tion of TAK1 or IKK-vy 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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FIGURE 6. Impaired activation of p38, JNK, and NF-xB in Ubc13-deficient keratinocytes. Freshly isolated mouse keratinocytes were stimulated with IL-13 (10
ng/ml), TNF-a (10 ng/ml) (A-E), or HB-EGF (10 ng/ml) (F). Intracellular signals were then analyzed by Western blotting (A, B, £, and G), EMSA (C), luciferase assay (D), and
immunoprecipitation (F, IP). Ubc 13"/ represents the undeleted controls. A, phosphorylation of p38 and JNK (p-p38 and p-JNK, respectively). p38 and JNK were used
as standards. B, Western blotting of IxB. C, NF-«B activity was analyzed by EMSA. Protein-DNA complexes were separated and transferred to nylon membranes. In
competition assay, Ubc13% ™ keratinocytes were stimulated with IL-13{10 ng/ml), and unlabeled probe (200-fold molar excess) was added to the sample of 40 min.
The shift by IL-1B was prevented by the unlabeled probe, indicating that the shift was the result of specific protein-DNA interaction. D, luciferase assay. After
transfection of pNFxB-TA-Luc, the keratinocytes were stimulated with IL-13 (10 ng/ml) for 24 h. The relative luciferase activity was calculated by normalizing to the
level of Renilla luciferase activity. The data are expressed as the means = S.E.*, p < 0.01.n = 3.E, phosphorylation of TAK1 (p-TAK1) was analyzed by Western blotting.
TAK1 was the standard. F, ubiquitination of IKK-y. The samples were first immunoprecipitated with anti-IKK-y and then immunoblotted (/8) with anti-ubiquitin. In
control cells, broad bands were detected at 5 and 10 min after the IL-1/3 stimulation. G, phosphorylation of ERK (ERK was the standard). These studies (A-G) were
perfarmed more than three times, and the representative data are shown.
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phenotype is not apparent in TAK1- or IKK-y-deficient mice at
birth, the skin of our Ubc13-deficient mice was already abnor-
mal at birth. The number of apoptotic cells in Ubc13-deficient
epidermis was much lower than thatin TAK1-deficient epider-
mis (14). Furthermore, the microabscesses seen in TAKI1- or
IKK-y-deficient epidermis were not observed in our Ubc13-
deficient mice. Although Ubc13 has been shown to regulate the
NF-«B pathway in keratinocytes (Fig. 6), the phenotype pro-
duced by Ubcl3 deficiency compared with that of TAKI or
IKK-vy deficiency indicates that the signaling controlled by
Ubc13 is not identical to that of TAK1 or IKK-.

The role of Ubc13 and TAKI in the activation of JNK, p38,
and NF-«B varies by cell type and stimulus. TAK1 is indispen-
sable for the activation of NF-«B and MAPK by TLRs, IL-1
receptor, and TNF receptor (1, 2). However, TAK1-deficient B
cells can still activate NF-«B in response to B cell receptor stim-
ulation (1). Thymocytes from TAKI-deficient mice display
severely defective NF-«B activation in response to anti-CD3/
CD28 stimulation (1, 25, 26); however, NF-«B activation is nor-
mal in the peripheral T cells of such animals (26). I vivo anal-
yses of mice lacking Ubc13 in their B cells, myeloid cells, and
embryonic fibroblasts have shown nearly normal NF-«B acti-
vation during BCR-, IL-1 receptor-, TLR, or CD40-mediated
signal transduction (15), indicating that Ubc13 plays a minor
role in these signaling pathways (15). Although NF-«B activa-
tion was modestly affected, JNK and p38 activation was
impaired in Ubcl3-deficient thymocytes (27). During IL-1
receptor-mediated signaling in these cell types, Ubc13 is more
important for the activation of p38 and JNK than of NF-«B (27).
However, in this study we found that in keratinocytes, Ubc13 is
essential for the IL-1 and TNF-induced activation of the NF-«B,
JNK, and p38 pathways. The impaired activation of these sig-
naling pathways may cause the functional defect of Ubc13-de-
ficient keratinocytes.

Ubc13 deficiency causes spontaneous cell death that is asso-
ciated with decreased cIAP-2 and the activation of caspase-3
(Fig. 5E). Similarly, in TAKI-deficient keratinocytes, the ex-
pression of cIAP-2 is down-regulated and caspase-3 is acti-
vated, which causes TRAIL-induced cell death (22). These data
suggest that the TAKI deletion facilitates TRAIL-induced cell
death by activating caspase through down-regulating cIAP (22).
Therefore, it is most likely that decreased cIAP-2 enhanced the
susceptibility to cell death in Ubc13-deficient keratinocytes, as
wellas TAKI1. Because cIAP-2isa target molecule of NF-«B, the
down-regulation of clAP-2 may be due to the impaired NF-«xB
pathway in Ubcl3-deficient keratinocytes. This spontaneous
cell death is enhanced slightly by TNF-«. Because TNF-«
mRNA expression in the epidermis of Ubc13"*"*K5-Cre
mice was decreased (Fig. 2C) and cell death was not blocked by
anti-TNF-a antibodies (Figs. 4D and 5D), spontancous cell
death is not likely to be due to endogenous TNF-. In studies of
IKKs-deficient keratinocytes, the cells were also susceptible to
TNF-induced cell death (28 -30), as well as TAK1 (21). How-
ever, the effects are limited compared with the TAKI deletion.
In Ubc13-deficient keratinocytes, the cytotoxic effects of TNF
are also limited (Figs. 4D and 5D). The low sensitivity to TNF in
Ubc13-deficient cells may be partially due to the spontaneous
cell death. Because spontaneous cell death occurs via the dele-
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tion of Ubc13 alone, susceptible cells may undergo cell death
without TNF. The remaining cells may be somewhat resistant
to cell death.

During embryogenesis, the NF-«xB pathway is activated at the
placode via binding of EdaAl to its receptor, EdaR (31). This
EdaA1/EdaR/NF-«B pathway is essential for the development
of ectodermal appendages such as hair follicles, teeth, and sweat
glands (32, 33). In addition, mutations of these genes can cause
reduced or absent ectodermal appendages. In Ubcl3"/
K5-Cre mice, the skin was abnormally shiny and smooth. Be-
cause the NF-kB pathway is impaired in these mice, this phe-
notype may be partially due to the anomaly of ectodermal
appendages; however, this point should be studied further.

Because the NF-xB pathway regulates pro-inflammatory
responses, the disruption of this pathway likely has a negative
effect on epithelial inflammation. However, the deletion of
TAKI1, IKK-8, or IKK-yresults in severe inflammation (abscess
formation) in the skin (10, 11, 14, 19). Similarly, a lack of NF-«B
signaling caused by the conditional ablation of IKKy or IKK«
and IKKg in the intestinal epithelium causes severe chronic
intestinal inflammation in mice (34). Continuous NF-kB acti-
vation at the basal level may be required to maintain the homeo-
stasis of the epithelium. However, the deletion of Ubc13 in epi-
dermal keratinocytes does not cause inflammation. One
possible explanation for this is the early mortality of the
Ubc 13"°*/"°X K5-Cre mice by postnatal day 2, before the occur-
rence of epidermal inflammation. In conclusion, Ubc13 in kera-
tinocytes appears to be essential for maintaining epidermal
integrity in mice.
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1. Introduction

ABSTRACT

Background: Production of antimicrobial peptides (AMPs) is the primary mechanism by which skin
innate immunity protects against infection. Hormonally active vitamin D3 (1«,25-dihydroxyvitamin D3;
1,25D3) is a vital regulator of skin innate immunity, and has been shown to increase the expression and
function of AMPs.
Objective: PPARy is a ligand-activated nuclear receptor and plays a role in keratinocyte differentiation
and cutaneous homeostasis. In this study, we investigate whether 1,25D;-activated PPARYy signaling
regulates AMP expression in keratinocytes.
Methods: Subconfluent keratinocytes were treated with 1,25D5 for the indicated times. The mRNA and
protein levels of AMPs were detected by RT-PCR and Western blot, and the DNA binding activation of
PPAR<y, VDRE and AP-1 was investigated by EMSA. To examine the role of PPARvy, the recombinant
adenovirus carrying a dominant-negative form of PPARy (dn-PPARYy) was constructed and transfected
into keratinocytes.
Results: We show here that 1,25D; significantly enhances hBD-3 and cathelicidin expression in
keratinocytes. Expression of dn-PPARy did not affect binding to the vitamin D-responsive element
(VDRE), which is crucial for cathelicidin induction by VD3; however, it did decrease 1,25D3 induction of
both hBD-3 and cathelicidin. Inhibition of the p38, ERK, and JNK signaling pathways blocked hBD-3
expression, whereas only p38 inhibition suppressed cathelicidin induction. dn-PPARy had no effect on
ERIK and JNK activity, but inhibited p38 phosphorylation and suppressed 1,25D;-induced AP-1 activation
via effects on Fral and c-Fos proteins.
Conclusions: In conclusion, PPAR?y regulates the 1,25Ds-induced hBD-3 and cathelicidin expression in
keratinocytes through the regulation of AP-1 and p38 activity.

© 2010 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.

of microbes, including Gram-positive and Gram-negative bacteria
as well as fungi and certain viruses, They also trigger and
coordinate multiple components of the innate and adaptive

Epidermal keratinocytes differentiate to form a multilayered
epidermis that is the primary barrier between the body and the
outer environment. Despite the constant exposure of the epidermis
to a wide varied of microbial pathogens, skin infections are
relatively rare. The synthesis and secretion of AMPs by epithelia is
recognized as an important mechanism for host defense. As
effectors of innate immunity, AMPs directly kill a broad spectrum

Abbreviations: AMP, antimicrabial peptide; 1,25D;, 1a,25-dihydroxyvitamin D3;
Ax, adenovirus vector; PPAR, peroxisome proliferator-activated receptor; VDR,
vitamin D receptor: VDRE, vitamin D response elements; hBD, human f-defensin.
* Corresponding author at: Department of Dermatology, Ehime University
Graduate School of Medicine, Ehime 791-0295, Japan. Tel.: +81 89 960 5350;
fax: +81 89 960 5352.
E-mail addresses: daixiuju@m.chime-u.ac.jp (X. Dai), sayama@m.ehime-u.ac.jp
(K. Sayama).

immune system [1,2].

The major AMPs found in humans are cathelicidins and
defensins [1,3]. Defensins are classified as «- or B-defensins
based on the distribution of the cysteines and disulfide bonds.
Whereas most a-defensins are produced by neutrophils, human 3-
defensins (hBDs) are generated mainly by epithelial tissues
including the skin and respiratory tract. The three best-character-
ized hBDs, hBD-1, hBD-2, and hBD-3, have been detected in human
skin and cultured keratinocytes. hBD-1 expression is primarily
constitutive, whereas hBD-2 and hBD-3 expression is induced by
cytokines, as well as growth factors, various microorganisms, and
other microbial products [2,3]. In addition to hBDs, the skin
epithelium also generates cathelicidins [1,2], a family of antimi-
crobial peptides with a highly conserved N-terminal cathelin
domain and a C-terminal cationic antimicrobial domain that is

0923-1811/$36.00 © 2010 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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activated following cleavage. Although many cathelicidins have
been identified in mammals, only one cathelicidin AMP, also
known as hCAP18/LL-37/FALL-39, is present in humans [1,2]. The
biological relevance of these AMPs in skin has been illustrated by
several clinical correlations [1,2,4]. Thus, patients with atopic
dermatitis lack the appropriate AMPs and are more susceptible to
skin infections, whereas psoriasis patients, who rarely develop
bacterial skin infections, show high epidermal AMP expression. In
spite of these, the molecular mechanisms of AMP regulation in
keratinocytes are poorly understood.

1,25D3, the hormonally active form of vitamin D3, decreases
proliferation and increases terminal differentiation of keratinocytes,
and also acts as aregulator of skin immunity. In skin injury, activated
vitamin D3 metabolism leads to rapid induction of genes important
for microbial recognition and antimicrobial defense [5]. The
genomic effects of 1,250, are mediated by its nuclear hormone
receptor, the vitamin D receptor (VDR). After activation by 1,25D;,
the VDR binds to consensus sequences known as VDREs in the
promoter region of target genes, including cathelicidin and hBD-2
[6]. 1,25D3 induces cathelicidin and/or hBD-2 expression in
keratinocytes and myeloid cells [6-9], and strengthens cell
antimicrobial activity [6-8]. Topical treatment of human skin with
1,25D; also enhance cathelicidin peptide expression 8], suggesting
arole of vitamin D3 or its analogs as topical immune modulators [5].

PPARy signaling regulates keratinocyte differentiation and
cutaneous homeostasis, in a manner similar to other nuclear
hormones such as glucocorticoids, retinoids, and vitamin D [10-
12]. We have previously showed that suspension culture and
1.25D; treatment of keratinocytes increases PPARy expression and
activity, which contributes to involucrin expression and kerati-
nocyte differentiation [13,14). Keratinocyte differentiation often
upregulates innate immunity [15], but the function of PPARY in
skin innate immunity remains unclear. We investigated if 1,25D;-
activated PPARy signaling regulates AMP expression in keratino-
cytes, and demonstrated an important role for PPARy signaling in
the regulation of keratinocyte immune responses.

2. Materials and methods
2.1. Keratinocyte culture

Primary normal human Kkeratinocytes were isolated from
surgically discarded neonatal skin samples. This study was
conducted according to principles of the Declaration of Helsinki,
and all procedures that involved human subjects received prior
approval from the ethics committee at the Ehime University School
of Medicine. Written consent was provided by patient guardians
before experiments were initiated. Normal human keratinocytes
were cultured in MCDB153 medium as described previously [14].

2.2. Adenovirus vector construction and infection

The pcDNA3 expression vectors expressing flag-tagged wild-type
(wt) PPARY and flag-tagged L468A/E471A PPARy (dn-PPARY) were
gifts from Professor K. Chatterjee (University of Cambridge, UK). The
double-mutant form of PPARy shows impaired transcriptional
activity, silences basal transcription, and is a potent dominant-
negative inhibitor of wild-type PPARy activity [16]. An adenovirus
vector (Ax) containing wt-PPARY or dn-PPARy was generated and
transfected into keratinocytes as described previously [13]. AX1W
was used as the control vector to control for effects of Ax itself.

2.3. RNA preparation and real-time RT-PCR

Total RNA from cultured cells was isolated using Isogen (Nippon
Gene, Tokyo, Japan). Real-time RT-PCR was performed and

analyzed in an ABI PRISM 7700 sequence detector (Applied
Biosystems, Branchburg, NJ]). The primers and probes used for hBD-
3 (forward: 5'-TCAGCTGACTTCCAAAGGA-3', reverse: 5'-TCAGCT-
GACTTCCAAAGGA-3, probe: 5-AACAGATCGGCAAGTGCTCGACGC-
3')and cathelicidin (forward: 5'-CACAGCAGTCACCAGAGGATTG-3',
reverse: 5'-GGCCTGGTTGAGGGTCACT-3', probe: 5'-GGCCTGGTTG
AGGGTCACT-3') were selected using the Primer Express software
(Applied Biosystems). The primers and probe for GAPDH were
obtained from Applied Biosystems. RNA analysis was carried out
using the TagMan RT-PCR Master Mix Reagent Kit (Applied
Biosystems), following the suggested protocol. The level of target
gene expression was normalized to GAPDH and is reported as the
change relative to control.

2.4. Protein preparation and Western blot analysis

Keratinocytes were harvested at specific times after treatment
and whole cell lysates were extracted. Twenty micrograms of
protein was separated by SDS-PAGE and transferred to polyvinyli-
dene difluoride membranes. Analyses were performed using
a Vistra ECF Kit (Amersham Biosciences, Arlington Heights, IL),
and membranes were then scanned using a Fluorolmager
(Molecular Dynamics, Sunnyvale, CA). The following antibodies
were used for Western blotting: goat anti-3-actin (Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-cathelicidin (Innova-
gen, Lund, Sweden), mouse anti-hBD-3 (Alpha Diagnostics, San
Antonio, TX), rabbit anti-VDR, mouse anti-PPARy and rabbit anti-
Fral (Santa Cruz Biotechnology), as well as rabbit antibodies
against c-Fos, p38, phospho-p38, phospho-ERK, and phospho-]NK
(Cell Signaling Technology, Beverly, MA). The nuclear lysates used
for Western blotting were extracted as described previously [17].

2.5. Preparation of nuclear extracts and electrophoretic mobility shift
assays (EMSAs)

Nuclear proteins were isolated, and the EMSA was performed
as described previously [13] using a Light Shift" Chemilumi-
nescent EMSA Kit (Pierce, Rockford, IL) according to the
manufacturer's instructions. The oligonucleotide probe sets
(biotin-labeled and unlabeled probes) specific for PPARy [13],
VDRE and AP-1 [14] were obtained from Panomics (Redwood
City, CA). Protein~-DNA complexes were separated and trans-
ferred to Biodyne®™ B nylon membranes (Pierce). The biotin-
labeled molecules in the membranes were detected using a
Chemiluminescent Nucleic Acid Detection Module (Pierce) and
exposed to X-ray film [13].

2.6. Chemicals

1.25D, was a generous gift from Teijin Pharmaceutical Co.
Ltd. (Tokyo, Japan). Different concentrations of 1,25D; or an
equal volume of EtOH (vehicle) were added to cultures.
SB203580, PD98059, and SP600125 were purchased from
Calbiochem-Novabiochem International Co. (San Diego, CA)
and dissolved in DMSO at 2, 30, and 20 mM, respectively, as
stock solutions, and used at final concentrations of 1, 30 and
10 pM, respectively.

2.7. Statistical analysis

At least three independent experiments were performed, with
similar results. One representative experiment is shown in each
figure. The relative mRNA expression was expressed as the
mean + SD (n > 3). Statistical significance was determined using
Student’s paired t-tests. Differences were considered statistically
significant at p < 0.05 and indicated as *p < 0.05 in the figures.



