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Casein kinase 1a (CK1a), a component of the p-catenin destruction
complex, is a critical regulator of Wnt signaling; its ablation induces
both Wnt and p53 activation. To characterize the role of CK1x
(encoded by Csnk7a1) in skin physiology, we crossed mice harboring
floxed Csnk1a1 with mice expressing K14-Cre-ER™ to generate mice
in which tamoxifen induces the deletion of Csnk7a? exclusively in
keratinocytes [single-knockout (SKO) mice]. As expected, CK1a
loss was accompanied by p-catenin and p53 stabilization, with the
preferential induction of p53 target genes, but phenotypically
most striking was hyperpigmentation of the skin, importantly without
tumorigenesis, for at least 9 mo after Csnk7a7 ablation. The number
of epidermal melanocytes and eumelanin levels were dramatically
increased in SKO mice. To clarify the putative role of p53 in epider-
mal hyperpigmentation, we established K14-Cre-ER™ CK1a/p53
double-knockout (DKO) mice and found that coablation failed to
induce epidermal hyperpigmentation, demonstrating that it was
p53-dependent. Transcriptome analysis of the epidermis revealed
p53-dependent up-regulation of Kit ligand (KitL). SKO mice treated
with ACK2 (a Kit-neutralizing antibody) or imatinib (a Kit inhibitor)
abrogated the CK1a ablation-induced hyperpigmentation, demon-
strating that it requires the KitL/Kit pathway. Pro-opiomelanocortin
(POMC), a precursor of a-melanocyte-stimulating hormone (x-MSH),
was not activated in the CK1a ablation-induced hyperpigmentation,
which is in contrast to the mechanism of p53-dependent UV tanning.
Nevertheless, acute sunburn effects were successfully prevented in
the hyperpigmented skin of SKO mice. CK1a inhibition induces skin-
protective eumelanin but no carcinogenic pheomelanin and may there-
fore constitute an effective strategy for safely increasing eumelanin via
UV-independent pathways, protecting against acute sunburn.
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he epidermis, which is mainly composed of keratinocytes and

melanocytes, is a highly sophisticated barrier tissue that
protects the body against continuous external injuries such as
UV radiation (hereafter, “UV”). UV can injure the skin both by
indirect cellular damage via the generation of reactive oxygen
species and by direct damage to the nucleotide structure in DNA,
thereby causing an acute sunburn reaction and the development of
skin cancers. Keratinocytes are sensitive to UV and are the major
responders in the skin. They produce various paracrine factors in
response to UV, which influence their microenvironment and
activate adjacent melanocytes, forming a keratinocyte—-melanocyte
functional unit (1-3). Such paracrine factors produced by kerati-
nocytes include o-melanocyte-stimulating hormone (a-MSH),
adrenocorticosteroid hormone (ACTH), endothelin-1 (Ednl),
and Kit ligand (KitL, also known as “stem cell factor”) (3-9). Skin
hyperpigmentation, resulting from increased melanocyte density
and/or melanin production with melanin distribution to neigh-
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boring keratinocytes, is important for UV protection. Melanin acts
as a natural sunscreen that directly protects against UV and visible
light radiation penetration to deep skin layers where proliferating
cells reside (10) as well as acting as a potent antioxidant and free-
radical scavenger. Individuals with darker skin have a reduced
incidence of UV-induced skin cancers, whereas individuals with
lighter skin are more prone to UV-induced damage and tumor
formation and have weak tanning responses (11).

Casein kinase la (CKla), encoded by the Csnklal gene, is a
component of the B-catenin degradation complex and is a critical
regulator of the Wnt signaling pathway (12-14). CKla phos-
phorylates p-catenin at Ser45, which primes it for subsequent
phosphorylation by GSK-3f8. GSK-3p destabilizes p-catenin by
phosphorylating it at Ser33, Ser37, and Thr41, marking B-catenin
for ubiquitination by SCFp-TrCP E3 and proteasomal degrada-
tion. This CKla-dependent phosphorylation functions as a molec-
ular switch for the Wnt pathway (15). A homozygous deficiency of
CKla results in embryonic lethality, suggesting a fundamental role
for CKla in embryogenesis. In a study of murine intestine epithe-
lium, CKla deficiency was found to induce Wnt activation and
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DNA-damage response with robust p53 activation and cellular
senescence in many types of tissues, including tissue stem cells
(14, 16, 17). These facts suggest that CKla plays important roles
in cellular processes in various tissues that are at least partly
coordinated with p53. p53, a well-known tumor-suppressor pro-
tein, is a transcription factor that plays a pivotal role in cellular
responses to genotoxic stress and DNA damage (18). In the skin,
p53 also acts as a central player against UV damage via the p53/
proopiomelanocortin (POMC)/ax-MSH/melanocortin 1 receptor
(MC1R)/microphthalmia-associated transcription factor (MITF)
skin-tanning pathway and through the DNA repair/cell-cycle ar-
rest/apoptotic pathway (4, 19). As CKla ablation is a robust
means of activating p53 in many tissues, the physiological role of
CKla in the skin remains to be elucidated.

In this study, we aimed to clarify the effects of deleting CKla in
keratinocytes on skin physiology. We crossed mice with floxed
Csnklal (14) with mice expressing K14-Cre-ER"™ to generate mice
in which tamoxifen induces the deletion of Csnklal exclusively in
keratinocytes. Phenotypically, we found that ablation of CKla re-
sults mainly in skin hyperpigmentation accompanied by the activa-
tion of p33 in keratinocytes. We also generated K14-Cre-ER™-
CKlo/p53 double-knockout (DKO) mice to further address the role
of p53 in the skin under CKla ablation. Our study demonstrates
that skin hyperpigmentation resulting from ablation of CKla in-
volves the p53/KitL/Kit signaling pathway, which is different from
the pathway involved in UV tanning. This hyperpigmentation route
has an important advantage compared with UV radiation; it is free
of UV-related DNA damage yet successfully protects the skin from
the UV-induced sunburn reaction.

Results

Ablation of CK1x in Keratinocytes Induces Skin Hyperpigmentation.
To characterize the role of CKla in skin physiology, we de-
veloped Csnklal®™" (CK1a-KO, hereafter “single-knockout,”
“SKO”) mice by crossing mice in which Csnklal was floxed with
mice expressing K14-Cre-ER"? (Fig. 14). Expression of CKla
in keratinocytes was ablated by the i.p. injection of tamoxifen six
times within 2 wk (Fig. 1B). Hyperpigmentation appeared on the
ears, paws, tail, mouth, and trunk of SKO mice at 1 mo (Fig. 1C).
CKla ablation resulted in the stabilization and up-regulation of
p-catenin (Fig. 1 E and F), which by itself may cause skin tu-
morigenesis (19-22), but we observed no skin tumor formation
for at least 9 mo. Skin samples were then harvested, and mRNAs
and proteins were extracted from the epidermis for analysis by
RT-PCR and Western blot, respectively. The expression of CKIa
mRNA was down-regulated in SKO mice compared with the
control mice, as expected, and the mRNAs of Wnt-target genes
(Cyclin D1, Axin 2, CD44, and Sox 9) were moderately up-regulated.
At the same time, p53-target genes (p21, Mdm2, Puma, and Cyclin
G1I) were significantly up-regulated (Fig. 1D). Western blot analysis
revealed that the level of CKla protein was reduced in the epidermis
of SKO mice compared with controls, which stabilized f-catenin and
increased levels of Cyclin D1, p53, p21, and MDM2 (Fig. 1E). The
CKla ablation-induced DNA-damage response was demonstrated
by increased y-H2AX staining, and apoptosis was detected by
cleaved-caspase 3 expression. Immunohistochemistry of the paw
skin of SKO mice showed enhanced nuclear staining for p-catenin,
cyclin D1, and p53 in the epidermis compared with the hetero-
zygous control (Fig. 1F). This enhanced expression of protumori-
genic Wnt-regulated proteins together with the tumor-suppressor
p53-regulated proteins may explain the paucity of skin tumors in
Csnklal®™" in contrast to the tumorigenic overexpression of
stabilized B-catenin per se (20-23).

Ablation of CK1a in Keratinocytes Increases the Density of Epidermal
Melanocytes and Eumelanin Deposits. To investigate the mecha-
nism of skin hyperpigmentation induced by the ablation of
CKla, we performed a time-course study of melanocyte density
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in the skin following topical 4-hydroxytamoxifen (4HT) in-
duction on the ear and tail skin for 14 d (Fig. 24). The resulting
phenotypes were recorded using a digital camera and showed
gradually increased pigmentation, especially after 3 wk. Ear
and tail skin samples were harvested at different time points
to produce paraffin-embedded and frozen sections. Fontana—
Masson staining for melanin showed increased levels of melanin
deposits in the epidermis of SKO mouse ears (Fig. 2B). Ty-
rosinase-related protein 1 (TRP1) staining to identify mela-
nocytes demonstrated that the number of melanocytes in the SKO
tail epidermis increased slowly during the first 14 d but increased
rapidly thereafter. In contrast, the number of melanocytes in the
dermis did not change significantly, implying that dermal mela-
nocyte precursors were first activated and then migrated into the
epidermis (Fig. 2C). Mice are generally considered to have a
paucity of epidermal melanocytes in hair-bearing areas depending
on the expression of KitL by basal keratinocytes. Ablation of
CKla in dorsal skin resulted in the maintenance of melanocytes in
the interfollicular basal layer of epidermis with melanin de-
position, compared with the controls (Fig. S1).

As CKla depletion proceeded, melanocytes became larger
and more dendritic, which indicates melanocytic differentiation
(Fig. 2 B and C). Generally, melanocytes can produce two dis-
tinct types of melanin: brownish-black eumelanin and reddish-
yellow pheomelanin. Two proteins, MC1R and a-MSH, encoded
at the extension and Pomcl loci, primarily control the relative
amount of eumelanin and pheomelanin produced in melano-
cytes. To clarify the type of melanin that was increased by CKla
inhibition, we measured the amounts of both types of melanins in
the epidermis and found that eumelanin was the main type of
melanin increased by CKlo inhibition while pheomelanin
remained at the same low level (Fig. 2D). The increase in the
total amount of eumelanin may be mainly due to the expansion
of the melanocyte population and may not be due to the melanin
switch or increased synthesis of melanin per cell.

CK1a Ablation-Induced Skin Hyperpigmentation Is p53-Dependent.
SKO mice developed hyperpigmented skin shortly after the ab-
lation of CKla in keratinocytes, while melanocytes should retain
that gene. A previous study reported that UV-induced hyper-
pigmentation (UV tanning) is p5S3-dependent (4). As p53 is ac-
tivated in keratinocytes following CKla knockout in our mouse
model (Fig. 1 D-F), we hypothesized that p53 transactivates one
or more paracrine factor-related genes that influence melano-
cyte behavior. To test this hypothesis, we generated K14-Cre—
ER™-CKlo/p53 DKO mice and treated them i.p. with tamoxi-
fen six times over 2 wk (Fig. 34). Coablation of CKla and
p53 did not induce skin hyperpigmentation, indicating that the
CKla ablation-induced skin hyperpigmentation is p53-dependent
(Fig. 3B). Fontana-Masson staining of paw skin sections demon-
strated that in WT mice, melanin deposition was mainly in the
dermis and less in the epidermis (Fig. 3C), whereas in SKO mice it
was significantly increased in the epidermis. Remarkably, we ob-
served epidermal hyperplasia in SKO (compared with heterozy-
gous) mice and dysplasia in DKO mice, but melanin was mainly
distributed in the dermis of DKO mice, similar to control hetero-
zygous mice. In serial sections of SKO skin, increased numbers of
melanocytes and melanin content matched the location of
p53 expression (Fig. S2). Thus, histopathology further indicated
that pS53-regulated paracrine factors secreted by CKla-ablated
keratinocytes might have attracted dermal melanocytes to migrate
into the epidermis and stimulate melanin deposits in the epidermis.

To address the mechanisms of hyperplasia or dysplasia in SKO
and DKO skin, we performed histopathological staining for
BrdU and B-catenin of heterozygous control, SKO, and DKO
mice (Fig. S3). BrdU™ cells (red staining in the nuclei, indicating
proliferating cells) and p-catenin nuclear staining are increased
in the basal layer of the SKO epidermis, possibly contributing to
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Fig. 1. CK1la ablation in keratinocytes induces skin hyperpigmentation and activation of Wnt and p53 signaling pathways. (A) Scheme of SKO mice crossing.
(B) CK1a is ablated in keratinocytes by i.p. tamoxifen injection. All samples were harvested at day 28. (C) SKO mice show skin hyperpigmentation of ears,
paws, mouth, and trunk at 1 mo compared with heterozygous control (Het) mice. (D) RT-PCR analyses of the epidermis. Expression of CK1a mRNA is down-
regulated in SKO mice. The mRNAs of Wnt-target genes and p53-target genes are up-regulated in SKO mice. *P < 0.05, **P < 0.01, and ***P < 0.001.
(E) Western blot analyses of the epidermis. The reduced level of CK1a protein causes f-catenin stabilization and increases levels of cyclin D1, p53, p21, and
Mdm2 in SKO mice. Increased levels of markers for DNA damage response (y-H2AX) and apoptosis (cleaved-caspase 3) are also detected in SKO mice.
(F) Immunohistochemistry of paw skin. Positive nuclear staining of p-catenin, Cyclin D1, and p53 in the basal layer of the epidermis of SKO mice. Panels in the
Right column are 2.48x magnified on the square in the Middle column. (Scale bars, 20 pm.)

the hyperplasia of the epidermis. BrdU" cells and B-catenin  dicating dysfunctional mitoses associated with dysplasia of the
nuclear staining likewise increased in the DKO epidermis, but  epidermis. These data imply that the CKla ablation-induced
most of the positive cells are multinucleated clumping cells, in-  Wnt/p-catenin signaling pathway does not induce epidermal
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Fig. 2. CK1a ablation in keratinocytes increased epidermal melanocyte number and eumelanin production. (A and B) Topical treatment with 4HT for 14 d
induces skin hyperpigmentation on the ear. Fontana—Masson staining shows increased epidermal thickness and melanin content in the epidermis. (C) Topical
treatment with 4HT for 14 d induces skin hyperpigmentation on the tail. TRP1 staining highlights the increased number of melanocytes in the tail epidermis.
Quantitation of melanocyte staining shows that the number of dermal melanocytes was not significantly changed. (D) The amount of eumelanin is increased,
but pheomelanin remains unchanged during CK1a inhibition. Data are shown as means + SD; *P < 0.05, **P < 0.01, and ***P < 0.001.

dysplasia unless WT p53 is lost, which is in line with the lack of
development of skin tumors in SKO mice.

The KitL/Kit Pathway Is Up-Regulated by p53 Activation in CK1a-
Ablated Keratinocytes. To clarify the paracrine factors induced
by the ablation of CKla in keratinocytes, we performed RNA-
sequencing (RNA-seq) analysis on epidermal samples obtained
from SKO mice, DKO mice, and heterozygous control mice at
day 14 after the initiation of i.p. injections of tamoxifen. The cell
populations in the epidermis include a major group of kerati-
nocytes and a minor group of melanocytes. Consistent with the
induction of p53 protein in the epidermis of SKO mice, we ob-
served a significant enrichment of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) p53 signaling gene set in SKO
versus controls (Fig. 44 and Dataset S1). We focused our tran-
scriptome analysis further on all genes constituting the KEGG
melanogenesis pathway. In line with the observed skin hyper-
pigmentation, the melanogenic enzymes Tyr (tyrosinase), Tyrpl
(tyrosinase-related protein 1), and Dct (dopachrome tautomer-
ase) were consistently up-regulated in SKO samples compared
with heterozygous and DKO controls (Fig. 4B). Remarkably, the
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most strongly and most significantly up-regulated gene was the
secreted paracrine factor KitL [mean log2 fold change (FC) =
1.79; P value = 6.9 x107"°]. In support of the observed
p53 dependence, the induction of those genes was completely
abolished by concomitant p53 loss. We further validated KitL
expression levels in a time-course study after topical 4HT in-
duction on the ears of SKO and DKO mice for 14 d. On day 7 of
induction, the CKIla mRNA level in SKO mice was down-
regulated around 0.7-fold, whereas the p53 mRNA level was
up-regulated about 1.75-fold, indicating that p53 regulation is
very sensitive to CKla inhibition. KitL was up-regulated more
than twofold in SKO mice compared with control mice within 7 d
and then gradually declined to 1.8-fold at day 14. However, when
p53 was lost, KitL was down-regulated rapidly to a very low level,
which implies that the transactivation of KitL is p53-dependent
(Fig. 4C).

Skin Hyperpigmentation Induced by CK1ax Ablation in Keratinocytes Is
Abolished by Blocking the KitL/Kit Signaling Pathway. To further
clarify the role of KitL in the skin hyperpigmentation of SKO
mice, we blocked the KitL—Kit signaling pathway by injecting an
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Fig. 3. CK1la ablation in keratinocyte-induced skin hyperpigmentation is
p53-dependent. (A) Scheme of the DKO mice crossing. (B) SKO mice develop
skin hyperpigmentation, but DKO mice do not show skin hyperpigmenta-
tion. (C) Fontana—Masson staining of the paw skin. Melanin distribution in
heterozygous control (Het) mice is mainly located in the dermis and less in
the epidermis. In SKO mice, the epidermis becomes hyperplastic with in-
creased melanin deposition. In DKO mice, the epidermis becomes dysplastic
without melanin deposition. (Scale bars, 50 pm.)

anti-Kit antibody (ACK2) intradermally three times in 1 wk (Fig.
5A). SKO mice treated with ACK2 showed a decreased number of
melanocytes in the epidermis but showed no significant change in
the dermis compared with the noninjected control SKO mice (Fig. 5
B and C). However, the neutralization effect was transient, and the
number of epidermal melanocytes had fully recovered by day 14 in
the ACK2-treated SKO mice (Fig. 5C), unless the mice were given
another injection. When we compared CKla heterozygous mice
and SKO mice, the ACK2 intradermal injection decreased the
number of dermal melanocytes in CK1la heterozygous mice but did
not affect the number of dermal melanocytes in SKO mice (Fig. 5C
and Fig. S4). These findings suggest that (i) activation of the Kit
receptor and the Kitl Kit signaling pathway are essential for mela-
nocyte function and the migration of melanocytes from the dermis
into the epidermis and (i) blocking Kit using the ACK2 antibody can
abolish the above effect of Kit signaling on dermal melanocytes; this
effect is reversible, and melanocyte migration into the SKO epider-
mis resumes in the following week.

We then examined whether imatinib could cancel the CKla
ablation-induced hyperpigmentation. Imatinib is a potent in-
hibitor of receptor tyrosine kinases such as Kit, BCR-ABL, and
the platelet-derived growth factor receptor (PDGFR) (24, 25).
SKO mice treated with i.p. injections of tamoxifen were sepa-
rated into two groups: one group treated with oral imatinib for
21 d and a control group treated with vehicle for 21 d (Fig. 5D).
At day 28, phenotype examination revealed hypopigmentation in
the imatinib-treated mice compared with the vehicle-treated
mice, which were hyperpigmented as expected (Fig. SE). Histo-
pathology showed thinning of the epidermis with decreased
melanin levels and melanocyte numbers in the epidermis of
imatinib-treated mice compared with the vehicle-treated mice,
which had epidermal hyperplasia and dense melanin deposits (Fig. 5
E and F). Eumelanin/pheomelanin analysis of the epidermis showed

Chang et al.

that eumelanin production was dramatically reduced after the
imatinib treatment (Fig. 5F). These data indicate that skin pig-
mentation, as well as its thickening by CKla ablation, is mainly
mediated via the Kitl—Kit signaling pathway, which is enhanced in
SKO mice following p53 activation. This conclusion is further
supported by analysis of human primary normal keratinocytes, in
which siRNA-mediated depletion of CKla significantly induced the
expression of KITL (Fig. S5).

CK1 Ablation-Induced Skin Hyperpigmentation Is Independent of
the UV-Induced p53/Pomc/Mc1r Pathway. To compare the mecha-
nisms of melanogenesis in the two types of p53-dependent hy-
perpigmentation, UV irradiation and CKla inhibition, we
designed an experiment using chronic UVB exposure (150 mJ/cm?
every other day, three times/wk) for 2 wk to compare with the
topical induction of SKO and DKO mice with 4HT for 2 wk (Fig.
S6). During the chronic UV irradiation, Pomc, a multicompo-
nent precursor of a-MSH, was up-regulated about eightfold on
day 7 in WT mice although p53 had passed the transient acti-
vation. Pomc was not activated by the ablation of CKla. Other
genes, including McIr, Mitf, Ednl, and Wnt7a, were up-regulated by
UV irradiation much more intensely in WT mice than in SKO mice.
The response of Wnt7a and Ednl, which are robustly induced by
UV (8, 26), to SKO) was mild and delayed compared with the UV
effect in WT mice. The CKla ablation-induced up-regulation of
Kitl. was sustained in SKO mice but not in DKO or UV-irradiated
WT mice. Mitf up-regulation induced by CK1a ablation was delayed
compared with the UV-induced Mitf up-regulation in WT mice.
Taken together, our findings show that the genes influenced
by CKla ablation are entirely different from those affected by
UV irradiation.

Eumelanin Production Following CK1ax Ablation Protects the Skin
from Sunburn Damage. To determine whether the inhibition of
CKla could serve as a sun-protection strategy, we exposed CKla
heterozygous control mice and hyperpigmented SKO mice to a
high, sunburn-inducing dose of UVB (1,000 mJ/cm?) and har-
vested skin samples 24 h later (Fig. 64). Phenotype examination
showed swelling of the tail, an acute sunburn damage response,
in control mice after the sunburn dose of UVB (Fig. 6B).
However, the hyperpigmented tails of SKO mice appeared normal
in diameter, suggesting the sunburn-protective effect of CKla-
inhibition. TUNEL staining demonstrated that UVB exposure in-
duced many sunburn cells (apoptotic cells) in the tail skin of control
mice but induced many fewer apoptotic cells in SKO mice (Fig. 6 B
and C). Inflammatory cells in the dermis were not remarkable ei-
ther in control mice or in SKO mice by H&E staining (Fig. 6D). In
contrast, the mRNA levels of TNFa, an inflammatory cytokine,
were significantly up-regulated after UV radiation in control mice
compared with SKO mice (Fig. 6E). These results indicate that
CKla inhibition successfully protects against acute UV reactions,
including apoptosis of keratinocytes and skin swelling, and thus can
be a potential strategy for sunburn protection.

Discussion

Here we demonstrate that activation of the pS53/KitL/Kit sig-
naling pathway by inhibition of CKla in keratinocytes causes
hyperpigmentation of the skin (summarized in Fig. 7) and suc-
cessfully protects it from UV damage.

The transcription factor p53 is a tumor-suppressor protein that
triggers cell-cycle arrest, DNA repair mechanisms, and apoptosis
and prevents the accumulation of damaged cells with potentially
cancer-prone mutations (27). The mutational inactivation of
p53 causes genome instability in human tumors that can mediate
drug resistance. p53 has been shown to play a central role in the
hyperpigmentation response to UV irradiation by regulating
melanogenic paracrine cytokine networks in human epidermis.
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Previous studies have identified Pomc, KitL, and Ednlas p53-
mediated melanogenic cytokines (4-8, 18).

Among the various signaling pathways that pS3 governs, the
major pathway regulating the synthesis of melanin is POMC/
a-MSH/MCI1R/MITF signaling. Once keratinocytes are exposed
to UV, they increase their production of POMC, a multicom-
ponent precursor of a-MSH and ACTH. o«-MSH and ACTH are
agonists of MCIR, the key receptor on melanocytes that ulti-
mately leads to the generation of the secondary messenger cAMP
signaling cascade and induces the transcription of enzymes neces-
sary for melanin production. POMC and MCIR functions are thus
important in regulating the amount of eumelanin pigment produced
after UV exposure. However, the POMC and MCIR genes have a
high number of polymorphic alleles. Individuals without the full
function of POMC or MCI1R typically have red/blond hair and fair
skin and are unable to synthesize eumelanin after UV exposure (28,
29). Skin pigmentation stimulated in the absence of POMC/MCIR
signaling can be a potential strategy to prevent UV damage and,
consequently, the development of skin cancer, regardless of race or
ethnicity. However, only a few such alternative methods have been
suggested (30, 31).

Generally, melanocytes produce two distinct types of melanin:
black-brown eumelanin that is prevalent in individuals with black
and/or brown hair, and yellow-reddish pheomelanin that is pri-

E8040 | www.pnas.org/cgi/doi/10.1073/pnas.1702763114

marily produced in individuals with red hair and freckles (3, 6,
32) but is also produced in the skin of individuals who do not
have red hair and freckles (33). The beneficial effects of melanin
are mainly due to the presence of eumelanin that absorbs most
of the UV and scavenges the UV-generated free radicals (11),
whereas pheomelanin is, in fact, carcinogenic (34), Therefore,
the exclusive increase of eumelanin levels by SKO is a preferable
means to prevent UV-induced DNA damage and skin cancers.

D’Orazio et al. (9) showed that forskolin, an agonist of CAMP,
successfully induces eumelanization in MC1R-KO mice, without the
need for UV. Since cAMP is located downstream of POMC/MCIR,
cAMP is expected to activate MITF independently of POMC/
MCIR function (9). Another p53-related pathway for eumelaniza-
tion is Ednl. Keratinocyte expression of Ednl is directly regulated
by p53, and the in vivo disruption of keratinocyte-derived
Ednl1 signaling alters melanocyte proliferation and decreases
epidermal and dermal melanocyte populations in both normal
and UV-exposed mouse skin (8).

Distinct from those p53-regulated pathways, McGowan et al.
(6) showed that ribosomal mutation-induced p53 stabilization in
keratinocytes could stimulate KitL expression and epidermal
melanocytosis via a paracrine mechanism. On this basis, it has
been postulated that topical skin application of p53 activators
may be used to induce a tanning response (30, 31).
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Likewise, we now demonstrate that CKla ablation in keratino-
cytes represents another approach to induce the p53/KitL/Kit cas-
cade and epidermal melanocytosis. KitL secreted by keratinocytes is
involved in regulating melanocyte function in normal skin as well as
in UV-irradiated skin (35). Binding of KitL to its receptor Kit on
melanocytes induces receptor dimerization and the autophosphor-
ylation of specific tyrosine residues in its intracellular domain,
leading to melanocyte precursor cell proliferation, differentiation,
migration, and melanogenesis through the PI3K and Raf/Erk
pathways (36). The KitL/Kit signaling pathway is also involved in
regulating the migration of differentiated melanoblasts from mela-
nocyte stem cells into the epidermis and their further differentiation
into mature melanocytes (26, 37, 38). The loss of Kit receptor or
KitL function blocks the migration and survival of melanocyte
precursors at an early stage of melanocyte development (39).
Treatment with the Kit-neutralizing antibody ACK2 is also known
to inhibit melanocyte proliferation and in some instances to induce
their apoptosis (40, 41). Furthermore, the forced expression of KitL

Chang et al.

in epidermal keratinocytes promotes epidermal pigmentation and
maintains melanoblasts and melanocytes in the epidermis (42, 43).
Constitutive expression of Kit ligand by epidermal keratinocytes in
K14-Scf transgenic mice results in the maintenance of epidermal
melanocytes in the interfollicular basal epidermal layer and sub-
sequent epidermal pigmentation, primarily where devoid of mela-
nocytes (9). Kit ligand-dependent pigmentation even can occur
regardless of Tyr- or Mclr-defective status (44). Mclr-defective
primary murine melanocytes have been difficult to culture in
vitro, and conditioned supernatants containing stem cell factor de-
rived from primary keratinocytes can facilitate their growth (45).
These data indicate that Kitl/Kit signaling plays a vital role in
melanocyte precursor survival, differentiation, proliferation, and
migration. Enhancing KitL/Kit signaling is therefore a potential
means to induce skin pigmentation. CKla ablation in keratinocytes
produces the same melanocyte distribution pattern in the inter-
follicular epidermis, indicating KitL. expression in basal keratino-
cytes plays an important role in maintaining melanocytes in
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epidermis (Fig. S1). It would be interesting to further test the effect
of CKla ablation in McIr-deficient mice to determine the possible
value of CKlu inhibition-induced KitL/Kit activation and eumela-
nin production in the absence of McIr.

There is an increase in epidermal thickness following UV ir-
radiation (46), which may play a role in avoiding DNA damage in
the lower epidermis by the upper epidermis with increased
melanin pigments. Epidermal thickening induced by CKla-
ablated keratinocytes together with hyperpigmentation may pre-
vent sunburn damage. We have not detected any adverse effects
of Wnt activation in the mouse skin, and even the hyperplasia
thickening of the epidermis was apparently p53-KitL-mediated,
as it was reversed by imatinib treatment, which has no effect on
Wnat signaling.

In conclusion, we have demonstrated that skin hyperpigmen-
tation is induced by the inhibition of CKlw in keratinocytes. This
pigmentation response, similar to UV tanning, is p53-dependent,
mediated by eumelanization, and associated with moderate epi-
dermal thickening yet has a reduced secretion of inflammatory
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cytokines. Importantly, CKla inhibition induces preferential
p53 activation without skin tumor formation, suggesting that
CKla inhibition might be a safe approach for UV protection.
The finding that the hyperpigmentation response prevented UV-
induced DNA damage independently of the POMC/a-MSH/
MCI1R/MITF pathway suggests that CK1a inhibition might prove
to be an effective strategy for sunburn protection in MCIR-
deficient individuals.

Materials and Methods

Mice. Csnk1al floxed and Csnklal/p53 double-floxed mice were reported
previously (14). K14-Cre-ER™ mice, purchased from the Jackson Laboratory,
were used as a skin-specific deleter strain. Csnk1a72*<" and Csnk1a1/p532i"
mice were developed by crossing Csnk1a1 floxed or Csnk1a1/p53 floxed mice
with K14-Cre-ER™ mice. Mice were bred at the National Laboratory Animal
Center, Tainan, Taiwan, and were maintained at a specific pathogen-free
animal facility at the China Medical University. Mouse experiments were
conducted with the approval of the China Medical University Animal Care
Committee in accordance with legal and ethical standards.
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Targeting Gene Activation. For high-level recombination to ensure the de-
letion of CK1la expression, 6-wk-old K14-Cre-ER™-CK1o™" mice were
treated six times with 120 mg/kg tamoxifen by i.p. injection (on days 1, 2, 5,
6, 9, and 10). Tamoxifen (T5648; Sigma) was dissolved in corn oil (C8267;
Sigma). For the topical treatment to delete CK1a expression, 4HT (H6278;
Sigma) was dissolved in 99.9% alcohol (32205; Sigma), and 1.5 mg/0.5 mL
was administered to the dorsal part of both ears for 2 wk.

Histopathology, Inmunostaining, and Fontana-Masson Staining. Paraffin-embedded
specimens were cut into 5-um sections. After deparaffinization (tissue slides
were soaked in xylene three times, each time for 5 min) and rehydration
(slides were incubated in the following graded series of ethanol: 100, 100,
95, 90, and 70%, 5 min each), the slides were rinsed with distilled water
for 5 min.

For Fontana—-Masson staining (FMS-1-IFU; ScyTek), a freshly mixed am-
moniacal silver solution was placed in a 58-60 °C water bath and allowed to
equilibrate. The slides were incubated in warmed ammoniacal silver solution
for 30-60 min or until the tissue sections became yellow/brown in color and
were then rinsed with distilled water for 3-5 s. The slides were incubated in
gold chloride solution (0.2%) for 30 s and were then rinsed with distilled
water for 3-5 s. The slides were incubated in sodium thiosulfate solution
(5%) for 1 min and were then rinsed with distilled water for 3-5 s. The slides
were incubated in nuclear fast red solution for 5 min, rinsed for 1 min in
running tap water, dehydrated in four changes of fresh absolute alcohol (95,
95, 100, and 100%) and xylene, and mounted with Histokitt (Assistent).

For histopathology, skin tissues were fixed overnight in 10% neutral buffered
formalin at 4 °C and then transferred to 70% ethanol before being processed
and embedded in paraffin. Paraffin sections were then stained with H&E.

For immunochemistry, paraffin sections were incubated in a humidity
chamber for 15 min at 60 °C. Sections were deparaffinized in two changes of
xylene for 5 min each and hydrated in two changes of 100% ethanol for
5 min each, then in 95% and 80% ethanol for 5 min each, and finally rinsed
in distilled water. Antigen retrieval was enhanced by microwaving the slides
in citrate buffer (DAKO; pH 6.0) for 20 min. Endogenous peroxidase activity
was quenched with 3% hydrogen peroxide in methanol. After blocking,
sections were incubated overnight at 4 °C with antibodies to the following
markers at a proper dilution: CK1a (C-19, 1/1,000; Santa Cruz), y-H2AX
(JBW301, 1/3,000; Millipore), p53 (CM5, 1/200; Leica Biosystems), p21 (F-5, 1/
100; Santa Cruz), p-catenin (14 p-catenin, 1/100; BD Bioscience), cyclin D1
(SP4, 1/200; Thermo Fisher Scientific), cleaved caspase 3 (Asp175, 1/200; Cell
Signaling Technology), and TRP1 (ab3312, 1/200; Abcam). Secondary antibodies
used were HRP-polymer anti-mouse, anti-rabbit, anti-goat, and anti-rat (all from
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Nichirei). AEC chromogen (ScyTek) was used for detection, and hematoxylin was
used as a counterstain. For melanin detection, Fontana-Masson staining (ScyTek)
was performed according to the manufacturer’s instructions and was detected
using a Carl Zeiss microscope.

Intradermal Injection of ACK2 into Mouse Dorsal Ear Skin. ACK2 (anti-Kit an-
tibody; eBioscience) was injected into the ear dorsal skin of 6-wk-old mice (20
ng/cm?) three times per week (on days 1, 3, and 5 during the topical treat-
ment with 4HT). After the ACK2 antibody injection, the mice finished their
14 d of induced gene knockout with topical 4HT, and the samples were
harvested 7, 14, and 28 d after the initiation of 4HT induction. The entire ear
of each mouse was excised, washed and fixed with 4% paraformaldehyde,
and processed for H&E and Fontana—Masson staining.

Administration of Imatinib. Imatinib (270784; Sigma) was administered by oral
gavage for 3 wk starting on the first day of induction at a dose of 100 mg/kg
once daily. Placebo control mice were treated with sterile water alone.

Assays of Eumelanin and Pheomelanin. Mice finished the 14 d of 4HT induction
for SKO, and tail skins were obtained at day 28 for epidermal sheet sepa-
ration. Skin samples were measured and rinsed with Ca®*-, Mg?*-free PBS
(pH 7.4) to remove blood contaminants and were then treated with 0.25%
trypsin (Difco; Becton Dickinson Microbiology Systems) in PBS (pH 7.2) for 16—
18 h at 28 °C. The epidermis and dermis were separated and stored at —80 °C
until use. For assays of melanin content, the tissues were minced with scissors
and homogenized in 10 volumes of PBS at 28 °C. Samples of epidermis and
dermis were processed for chemical analyses of eumelanin to detect the spe-
cific degradation product, pyrrole-2,3,5-tricarboxylic acid (PTCA) (47), and of
pheomelanin to detect the specific degradation product, 4-amino-3-
hydroxyphenylalanine (4-AHP) (48, 49). One nanogram of PTCA or 4-AHP
corresponds to 50 ng of eumelanin or 9 ng of pheomelanin. The statistical
significance of differences in the contents of eumelanin and pheomelanin was
determined by Student’s t test for comparisons of groups of equal size.

TUNEL Staining. Detection of apoptosis was conducted on 4-uM paraffin-
embedded sections using a commercially available immunofluorescent
TUNEL assay (Kit S7110, ApopTag; InterGen). Briefly, sections were depar-
affinized with xylene and then were washed with two changes each of 100,
95, and 70% ethanol and PBS, each for 5 min. Tissues were pretreated with
protein-digesting enzyme or Proteinase K (20 pg/ mL) at room temperature
for 15 min and were then soaked in PBS for 5 min. Sections were then im-
mediately incubated with working-strength Terminal deoxynucleotidyl
Transferase (TdT) enzyme in a humidified chamber at 37 °C for 1 h. The
sections were immersed in stop/wash buffer and were then gently rinsed
with PBS. FITC-labeled anti-digoxigenin conjugate was then applied to each
section and incubated at room temperature for 30 min in the dark. Slides
were washed in PBS and mounted with Prolong Gold Antifade Reagent with
DAPI (P36941; Life Technologies).

Real-Time RT-qPCR of Mouse Skin. Total RNAs were extracted from epidermal
sheets using TRIzol Reagent (Invitrogen). Complementary DNAs were syn-
thesized using a reverse transcription kit (Thermo Scientific), and real-time
RT-PCR was performed with a SYBR Advantage qPCR Premix kit, using the
StepOnePlus real-time RT-PCR system (Applied Biosystems). Primer sequences
are given in Table S1. Amplification was normalized to the housekeeping
gene GAPDH or 18S ribosomal RNA, and differences between samples were
quantified based on the “2Ct method.

RNA Extraction and Sequencing. Mouse ear dorsal epidermis and tail epidermis
were homogenized in QIAzol Lysis Reagent (Qiagen) with a TissuelLyser
(Qiagen) according to the manufacturer’s protocol. Following chloroform
extraction, ethanol precipitation, and DNase digestion, RNAs were purified
using an RNeasy Mini Kit (Qiagen). RNA integrity was assessed on an Expe-
rion StdSens RNA Chip (Bio-Rad).

RNA-seq libraries were prepared using a TruSeq Stranded mRNA Sample
Prep kit (lllumina). Libraries were quantified on a Bioanalyzer (Agilent
Technologies) and were sequenced on an Illumina HiSeq 1500 platform,
rapid-run mode, single-read 50 bp (TruSeq Rapid SR Cluster Kit-HS, TruSeq
Rapid SBS Kit-HS, 50 cycles) according to the manufacturer’s instructions.

For transcriptome analysis, sequenced reads were aligned to Ensembl
v74 using STAR (version STAR_2.3.1z13_r470). Gene read counts were
established as read count within merged exons of protein-coding transcripts
(for genes with a protein gene product) or within merged exons of all
transcripts (for noncoding genes). Fragments per kilobase of transcript per
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million mapped reads (FPKM) were calculated based on the total raw read
count per gene and length of merged exons. Differential expression was
assessed using DESeq (version 1.6.1) (50) based on raw read count data. P values
and log2 FC values were derived from DESeq (after incrementing each raw read
count by one to avoid undefined values). P values were corrected for multiple
hypotheses testing using the Benjamini-Hochberg correction (51). Genes that did
not yield a minimum raw read count of 50 and a minimum transcripts per million
(TPM) of 5 in at least two samples were discarded due to insufficient coverage.
Of the remaining genes, genes were considered differentially expressed if the
absolute of the log2 FC was at least 1 (twofold induction/repression).
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