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Phosphorylation of Pkpl by RIPK4 regulates
epidermal differentiation and skin tumorigenesis
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Abstract

Tissue homeostasis of skin is sustained by epidermal progenitor
cells localized within the basal layer of the skin epithelium. Post-
translational modification of the proteome, such as protein
phosphorylation, plays a fundamental role in the regulation of
stemness and differentiation of somatic stem cells. However, it
remains unclear how phosphoproteomic changes occur and contri-
bute to epidermal differentiation. In this study, we survey the
epidermal cell differentiation in a systematic manner by combining
quantitative phosphoproteomics with mammalian kinome cDNA
library screen. This approach identified a key signaling event, phos-
phorylation of a desmosome component, PKP1 (plakophilin-1) by
RIPK4 (receptor-interacting serine-threonine kinase 4) during
epidermal differentiation. With genome-editing and mouse genet-
ics approach, we show that loss of function of either Pkp1 or Ripk4
impairs skin differentiation and enhances epidermal carcinogene-
sis in vivo. Phosphorylation of PKP1’s N-terminal domain by RIPK4
is essential for their role in epidermal differentiation. Taken
together, our study presents a global view of phosphoproteomic
changes that occur during epidermal differentiation, and identifies
RIPK-PKP1 signaling as novel axis involved in skin stratification
and tumorigenesis.
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Introduction

Mammalian skin provides an essential barrier that protects us from
various environmental damages (Fuchs, 2008). Homeostasis of skin
is sustained by epidermal progenitor cells that localize at the basal
layer of skin epidermis. In adult skin, these cells periodically move
upward from their niche at the basement membrane and undergo

terminal differentiation to replenish lost skin cells in a process called
epidermal stratification (Fuchs, 2008; Lopez-Pajares et al, 2013;
Perdigoto et al, 2014). Aberrant epidermal differentiation contri-
butes to the development of various skin diseases including skin
cancers, such as SCC (squamous cell carcinoma).

Despite our knowledge of the morphogenetic and transcriptional
changes that occur during epidermal differentiation (Fuchs, 2008;
Lopez-Pajares et al, 2013; Perdigoto et al, 2014), much remains to
be learned about the signaling networks underlying this process.
Protein phosphorylation and dephosphorylation are important post-
translational modifications of the cellular proteome and are exten-
sively involved in cellular signal transduction (Fischer, 2013).
Recent development of SILAC (stable isotope labeling by amino
acids in cell culture) technology offers us an effective approach to
quantitatively compare the modified proteome in skin stem cells
(Ong et al, 2003). Our systematic evaluation of the phosphopro-
teome in epidermal progenitor cells during differentiation revealed
significant changes in the phosphorylation of desmosomal proteins.
Desmosomes are intercellular junctions abundantly present in
epithelia and cardiac muscle (Getsios et al, 2004; Garrod &
Chidgey, 2008; Nekrasova & Green, 2013). In addition to their well-
documented role to provide tissues with the essential mechanical
strength, accumulating evidence shows that desmosomes can also
act as signaling sensors in response to environmental and cellular
cues, and participate in fundamental processes such as cell prolifer-
ation, differentiation, and tissue morphogenesis (Green & Gaudry,
2000; Kitajima, 2014; Nitoiu et al, 2014; Broussard et al, 2015).

Our proteomic results identified multiple differentiation-
dependent phosphorylation sites located in the head domain of a
desmosome protein, Pkpl (plakophilin-1). Pkpl is a ~80 kDa
(kilodalton) protein and a member of the Armadillo protein family
(Schmidt & Jager, 2005). Pkpl mediates the interaction between
desmosomal cadherin proteins with desmoplakin and keratin inter-
mediate filaments. Structurally, Pkpl contains an N-terminal head
domain, nine armadillo repeats, and a short C-terminal tail domain.
Loss-of-function mutations of Pkpl in human lead to ectodermal
dysplasia/skin fragility (EDSF) syndrome (McGrath et al, 1997;
Sprecher et al, 2004). Patients suffer from hyperkeratosis in the
epidermis of soles and palms, reduced hair density or alopecia, and
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blistering with erosions of their skin upon mechanical stress.
Although the role of Pkp1 in skin stratification has not been studied,
EDSF patients’ skin is significant thicker and Krt-14 (keratin 14)-
positive basal cells show aberrant localization in suprabasal layers
(McGrath et al, 1997). In this report, with CRISPR (clustered regu-
larly interspaced short palindromic repeats)-mediated deletion of
Pkpl, we presented compelling evidence that Pkpl is critically
involved in skin differentiation, and its role in epidermal differentia-
tion requires its phosphorylation at the head domain.

To search for potential kinases that are responsible for Pkpl
phosphorylation, we developed a human kinome cDNA library
(Yang et al, 2011) and carried out a kinome-wide screening. We
found that RIPK4 phosphorylates Pkpl at the head domain. RIPK4
was initially cloned as a PKC-interacting protein by yeast two-hybrid
screens (Bhr et al, 2000; Chen et al, 2001). In mice, deletion of
RIPK4 leads to perinatal lethality (Holland et al, 2002). The mutant
animals display striking abnormality in skin differentiation. The
outermost cornified layers (terminally differentiated layer) are
absent in RIPK4 KO (knockout) animals, and the KO skin becomes
thicker with marked hyperplasia of both spinous and granular
layers. In humans, two recent studies identified RIPK4 mutations as
the cause for autosomal-recessive form of popliteal pterygium
syndrome, which is also known as Bartsocas-Papas syndrome (BS;
Kalay et al, 2012; Mitchell et al, 2012). BS is a rare but frequently
lethal congenital disorder, characterized by aberrant skin, craniofa-
cial, and genital development. Aberrant RIPK4 function is also asso-
ciated with tumorigenesis, as recent systematic exome sequencing
revealed multiple mutations of RIPK4 in human head and neck SCC
(Stransky et al, 2011). Collectively, all the evidence suggests a criti-
cal role of RIPK4 in skin development and SCC oncogenesis.

Despite the potential significance of RIPK4 in skin, little is known
about how it functions to regulate epidermal differentiation and
tumorigenesis at the molecular level. In this study, we generated a
conditional knockout (cKO) model of RIPK4 and demonstrated that
RIPK4 is essential for skin development during embryogenesis and
epidermal homeostasis in adult animals. Loss of RIPK4 in skin
epidermis greatly increases the susceptibility of skin to carcinogene-
sis. Additionally, deletion of RIPK4 leads to a profound change in
epidermal phosphoproteome, and phosphorylation of Pkpl is essen-
tial for skin epidermal differentiation. Taken together, our results
revealed global changes in the phosphoproteome upon epidermal
differentiation and illuminated an important molecular mechanism
whereby differentiation of skin somatic stem cells is regulated by
the phosphorylation of desmosomal proteins.

Results

Quantitative phosphoproteomics identify significant changes
of desmosome protein phosphorylation during
epidermal differentiation

In order to uncover how changes in the phosphoproteome regulate
self-renewal and differentiation of epidermal stem/progenitor cells,
we applied SILAC technology (Chahrour et al, 2015) by metaboli-
cally labeling two populations of epidermal keratinocytes with
either regular amino acids (light) or amino acids labeled with heavy
isotopes (heavy) (Fig 1A). Cells were maintained in the labeling
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medium for more than 10 doublings, leading to a labeling efficiency
greater than 98% (Fig EV1A). Heavy isotope labeling of epidermal
progenitor cells did not affect cell proliferation or cell differentiation
(Fig EV1B). Labeling did not lead to significant changes in cell
death, either (data not shown).

With one population maintained as undifferentiated progenitor
cells (heavy), we induced differentiation of the other population of
epidermal progenitor cells by a well-established calcium switch
protocol. Cells (light) were incubated in high calcium-containing
medium for 12 h, because initiation of differentiation and the
expression of early differentiation markers can be readily detected
at this time point (Fig EV1C). Proteins were isolated from the two
cell populations and combined for analysis by liquid chromato-
graphy coupled with tandem mass spectrometry (LC-MS/MS). Our
search identified 8,295 phosphorylation sites across 2,677 phospho-
proteins in the light and heavy samples (Figs 1A and EV1D, and
Dataset EV1). 6,910 of the 8,295 phosphorylation sites were quanti-
fied. Among them, 242 phosphorylation sites were down-regulated
(fold change > 2) in differentiated progenitor cells, whereas 611
phosphorylation sites were up-regulated. The frequency of phospho-
rylation site fold change and its cumulative percentage are illus-
trated in Fig 1B.

GO term and KEGG enrichment analysis of proteins with altered
phosphosites revealed a variety of enriched protein clusters follow-
ing keratinocyte differentiation (Fig 1C), including annotations
pertaining to cell membrane/junction/adhesion, epidermis/skin
development, cytoskeleton organization, rRNA ribosomes, and
transmembrane receptor processes. Interestingly, clusters with the
highest enrichment (P-value < 0.000000429) are cell junction
proteins. In particular, desmosomal proteins were identified as a
significant part of this enriched group of phosphorylated proteins
during differentiation (Fig 1C). Of these desmosomal proteins, Pkp1l
seems to be one of the most modified proteins with multiple upregu-
lated phosphorylation sites upon differentiation. The changes were
not due to altered expression level of Pkpl, as immunoblot analysis
revealed comparable level of Pkp! in both undifferentiated and dif-
ferentiated (12 h) keratinocytes (Fig EVIE). The head domain of
Pkpl is functionally critical for maintaining Pkp1 interactions with
other desmosomal components (Schmidt & Jager, 2005). Ten poten-
tial phosphorylation sites in Pkpl were identified at the N-terminal
head domain, which were increased upon calcium shift, including
serine 4, 120, and 143 (Figs 1D and G, and EVI1F). Mutations of
Pkpl lead to EDSF syndrome in human (McGrath et al, 1997;
Sprecher et al, 2004). Interestingly, in EDSF patients’ skin, Krt-14-
positive basal cells show aberrant localization in suprabasal layers
(McGrath et al, 1997). Consistently, a recent study with complete
KO of Pkpl in mice shows profound cell junctional aberrancy and
expanded expression of Krt-5 and Krt-14 toward suprabasal layers in
the KO skin (Rietscher et al, 2016). Together, it strongly suggests
that Pkpl could play a critical role in epidermal differentiation,
potentially through its phosphorylation at the head domain.

Deletion of Pkp1 in skin progenitor cells with CRISPR leads to
aberrant epidermal differentiation

To investigate the role of Pkpl in epidermal differentiation, we first

took advantage of CRISPR-Cas9 (CRISPR associated protein 9)
system (Hsu et al, 2014) and deleted Pkpl in cultured mouse
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Figure 1. Quantitative phosphoproteomics reveals potential role of desmosomal protein phosphorylation in epidermal differentiation.

A Diagram of SILAC-MS workflow. Undifferentiated cells (labeled with regular arginine and lysine) and differentiated cells (labeled with arginine and lysine containing
heavy isotope) were mixed together and examined by LC-MS/MS. Number of identified phosphorylation (Pi) peptides, proteins, and sites are listed in the table below.

B The distribution of normalized log,-transformed ratios of phosphopeptides enriched in undifferentiated cells compared to differentiated epidermal progenitor cells.

C Mapped enrichment results from proteomics analysis. Proteins of phosphosites with at least twofold increase or decrease in differentiated cell vs. undifferentiated
cells were analyzed for GO term and KEGG pathways enrichment using g:Profiler. Visualization of results was performed with Cytoscape and EnrichmentMapApp.
Nodes represent a gene set with shared enrichment annotation. Diameter of nodes correspond to the amount of proteins found associated with enrichment term.
Outer node color corresponds to GO term or KEGG pathways enrichment terms. Inner node color (gray scale) corresponds to FDR g-value enrichment significance for
given enrichment term. Proteins shared among nodes are denoted as lines between nodes (edges). Edge thickness corresponds to number of proteins shared between
two enrichment terms. Terms visualized have a cutoff P-value and FDR g-value cutoff of < 0.05.

D Schematic view of Pkpl (plakophilin) protein structure. Pkpl contains a large N-terminal head domain region, nine armadillo domains (boxes), and a small C-terminal
tail region. Three phosphosites enriched in differentiated cells in the head domain region are highlighted with the corresponding fold change listed in the table.
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epidermal progenitor cells. Lentivirus encoding both Cas9 and gRNA
(guide RNA) that targets exon 1 of PkpI was developed. Infection of
primary epidermal cells with resultant virus led to efficient deletion
of endogenous Pkpl. Loss of Pkpl protein was verified by Western
blot and immunofluorescence staining (Fig 2A and B). Ablation of
Pkp1 in skin epidermal cells did not affect cell proliferation in vitro
(Fig EV2A). However, when induced to differentiate in vitro, Pkp1-
deficient cells exhibited markedly reduced expression of early
(Krt-10, keratin 10) and late (loricrin) epidermal differentiation
marker compared to WT (wild type) cells infected with control
lentiviral vector (Figs 2C and EV2B).

Although approaches of exploring epidermal differentiation
in vitro are readily available, it remains challenging to develop
mouse models and examine skin phenotypes in vivo. The estab-
lished protocol for culturing skin epidermal progenitor cells makes
it possible to generate a functional skin tissue from engineered
progenitor cells, which can carry defined genetic alterations to
investigate the consequence in epidermal differentiation in vivo.
However, direct engraftment of passaged epidermal progenitor cells
via the traditional skin progenitor cell technique was proved unsuc-
cessful. To resolve this issue, we first employed organotypic culture
of epidermal keratinocytes in vitro by culturing the cells on top of
an acellularized dermis. After initial submerged culture, exposure to
the air/liquid interphase can induce stratification of the cultured
cells to generate a skin-like organoid in vitro (Figs 2D and EV2C;
Prunieras et al, 1983). Transplantation of this cultured skin orga-
noid onto nude host led to efficient skin engraftments (Liu et al,
2015b; Yue et al, 2016).

To determine whether Pkpl is involved in skin stratification and
differentiation in vivo, we grafted WT and PkpI-deficient cells onto
nude mice (Figs 2E and EV2D). Upon engraftment, WT cells gave
rise to a skin epidermis with differentiation indistinguishable from
the host skin (Figs 2E and EV2D and E). By contrast, PkpI-deficient
cells generated a significantly thicker epidermis in vivo. Krt-14, the
genuine marker for epidermal basal cells, was present throughout
the stratified epidermis in Pkpl KO skin (Fig 2E and quantification
in Fig 2F), resembling aberrant localization of skin basal cells in
EDSF patients (McGrath et al, 1997). In addition, we also saw a
marked increase of the thickness of the spinous layer, as determined
by staining with Krt-10 (Fig 2E and quantification in Fig 2F). Granu-
lar layer was present in the Pkpl KO skin, as indicated by loricrin
staining. The thickness of the granular layer was not significantly
altered in the mutant skin (Fig EV2E). Consistent with in vitro anal-
ysis, cell proliferation was not significantly altered in grafted Pkpl
KO skin in vivo (Fig EV2F).

Pkpl is a desmosomal structural molecule. Mutation of PkpI in
EDSF patients leads to severe cell junctional abnormality (McGrath
et al, 1997). With desmoglein 1 (DSG1) staining, both KO and WT
skin grafts exhibited intercellular junctional localization of DSG1
(Fig EV2G). However, loss of Pkpl led to more diffusive DSG1
staining in the regenerated skin, suggesting potential defects in
desmosome formation (Fig EV2G). Tight junctions also appeared
to be abnormal in the KO skin. ZO-1 (zonula occudens-1) staining
in Pkpl KO skin was significantly reduced and discontinuous
comparing with the WT counterpart (Fig EV2G). These results are
also consistent with the recent report that complete KO of PkpI in
mice leads to profound cell junctional aberrancy in vivo (Rietscher
et al, 2016).
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Aberrant epidermal differentiation marker expression is a charac-
teristic of squamous cell carcinomas (SCC). Recent in vivo proteo-
survey has demonstrated suppressed expression of
desmosomal proteins, such as DSGI and DSG2 in both mouse and
human cutaneous SCCs, suggesting a potential role of the desmoso-
mal proteins in skin carcinogenesis (Zanivan et al, 2013). To test for
a role of Pkpl in skin carcinogenesis, we first explored its relative
expression levels on published microarray data sets that compared
transcriptomes of tumor propagating cancer cells (TPCs) isolated
from moderately to poorly differentiated control and Tgfbr2° scC
and well differentiated Ptk2XC and Tgfbr2XC/Ptk2%° SCCs to normal
skin epithelial stem and progenitor cells (Schober & Fuchs, 2011).
Pkpl (mRNA) is consistently reduced in TPCs compared to normal
skin epithelial stem and progenitor cells with the lowest expression
level in highly tumorigenic Tgfbr2X? TPCs (Fig 2G). These data
suggest that reduced PkplI expression might accelerate skin carcino-
genesis and progression. To test this hypothesis, we infected WT
and Pkpl KO cells with lentivirus encoding a G12V mutant of
Ha-Ras. Exogenous expression of Ha-Ras mutant led to significant
increase of phospho-Erk level in WT cells. Interestingly, loss of
Pkpl resulted in a further increase in the phospho-Erk level
(Fig EV2H). Upon engraftment to nude mice, control grafts from
mutant Ha-Ras infected WT cells exhibited visible and morphologi-
cal signs of benign papilloma. In striking contrast, grafts from PkpI
KO cell displayed overt aberration and developed large, aggressive
tumors, which often developed signs of ulceration and necrosis in
the center of the tumor, consistent with the features of skin SCCs
(Figs 2H and EV2I). When tumor samples from WT or PkpI KO cells
were subjected to immunostaining, PkpI deletion led to a dramatic
decrease of expression of differentiation-associated markers, includ-
ing Krt10 and loricrin (Fig 2I), whereas apoptosis was increased and
cell proliferation was mildly decreased in the KO tumor (Fig EV2J
and K). Together, these results strongly suggest that enhanced
tumorigenesis and progression in Pkpl KO skin is due to aberrant
epidermal differentiation.

Taken together, our data presents compelling evidence that Pkpl
is essentially involved in epidermal differentiation and loss of Pkpl
promotes the development of SCC in vivo.

mics

RIPK4 phosphorylates head domain of Pkpl

Three phosphorylation sites (serine 4, serine 120, and serine 143) at
the head domain of Pkpl show significant changes over epidermal
differentiation (Fig 1D). To determine the relevance of Pkpl phos-
phorylation on these sites, we generated Pkpl mutants that convert
the three phosphorylation sites to either a kinase-refractory version
harboring serine to alanine mutations (SA) or a phosphomimetic
version, containing serine to glutamate mutations (SE). Pkpl KO
cells were infected with lentivirus encoding either WT PkpI or Pkpl
SA or SE mutants. Silent mutations were introduced to exogenously
expressed PkpI to ensure no interference from CRISPR gRNA. Stable
expression clones were isolated, and exogenous Pkpl expression
was verified by Western blot (Fig EV3A). Cells were then engrafted
to nude mice to test skin differentiation in vivo. Expression of WT or
SE mutant of Pkp1 in the KO cells restored normal epidermal stratifi-
cation, as indicated by a significantly thinner spinous layer (Krt-10
staining) and restricted localization of Krt-14-positive cells at the
basal layer (Fig 3A and quantification in Fig 3B). By contrast,
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Figure 2.

expression of SA mutant of Pkpl failed to rescue the differentiation epidermal differentiation. Loss of PkpI leads to diffusive staining of
defects (Fig 3A and quantification in Fig 3B), strongly suggesting DSGI1 in skin epidermal cells (Fig EV2G). Expression of WT and SE
that phosphorylation of Pkpl head domain is essential for skin mutant, but not SA mutant of Pkpl can restore cell junctional
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Figure 2. Pkpl regulates skin stratification and tumorigenesis.

A
B

Western blot analysis reveals loss of Pkp1 expression in the CRISPR KO (knockout) cells. Numbers on left side indicate molecular weight markers. kD: kilodalton.

WT and Pkp1 KO cells were grafted onto nude mice, and grafted tissue was collected and subjected to immunofluorescence staining with antibody against Pkpl.
DAPI: nuclear stain. The dashed line denotes the basement membrane that separates dermis and epidermis (Epi). Scale bar = 50 pum. Boxed areas are magnified as
insets that show only Pkpl staining.

Expression of early (Krt10) and late (loricrin) differentiation marker in WT and KO keratinocytes upon calcium shift was determined by densitometry and quantified.
Error bars represent SD, n = 3.

Diagram demonstrating the procedure for skin engraftment. Cultured epidermal progenitor cells were plated on top of acellularized dermis, and then exposed to air/
liquid interphase to induce stratification in vitro. The resultant skin organoids were transplanted to nude mice and epidermal differentiation was examined in vivo.
WT and Pkp1 KO cells were grafted onto mice, and grafted tissue was collected and subjected to immunofluorescence staining with different antibodies as indicated.
Krt14: keratin 14; p4: CD104, B4-integrin. Scale bar = 50 pm.

Deletion of Pkp1 led to thickened epidermis. Thickness of Krt14-positive layer and Krt10-positive layer was quantified and showed as box-and-whisker plots. The plots
indicate the mean (solid diamond within the box), 251 percentile (bottom line of the box), median (middle line of the box), 75" percentile (top line of the box), 5th
and 95* percentile (whiskers), 1°* and 99" percentile (solid triangles) and minimum and maximum measurements (solid squares). The difference between WT and KO
is statistically significant (P < 0.05, Mann-Whitney U-test) for both Krt14 and Krt10 layers. Each data point in the graft represents average thickness of one field in
the skin section, n > 15.

Bar graphs indicate mean Pkpl expression levels in a6"b1" SCC cells (N = 4 per genotype) compared to a6"b1™ epidermal progenitor cells (N = 2, serve as baseline
for comparison). Error bars indicate SD. Epi: epidermal progenitor cells.

WT and Pkpl-deficient cells were infected with lentivirus encoding Ha-Ras mutant. Infected cells were transplanted to nude mice for tumorigenesis analysis.

WT and Pkp1 KO tumors were collected and subjected to immunofluorescence staining with different antibodies as indicated. Lor: loricrin. Loss of PkpI leads to
enhanced carcinogenesis in skin. The KO tumors display reduced level of epidermal differentiation markers, and a disorganized basal cell marker (B4-integrin). Scale

Philbert Lee et al

bar = 50 um.

localization of DSG1 in the KO skin (Fig EV3B). Our MS analysis
revealed multiple phosphorylation sites in the head domain of Pkp1
(Fig EV1G). However, unlike these three sites, mutations on other
potential sites did not lead to significant changes in epidermal dif-
ferentiation.

To search for the potential kinases responsible for Pkpl phospho-
rylation in an unbiased manner, we constructed a kinome library
(560 kinases) that can be efficiently expressed in vitro with gateway
cloning. Plasmid encoding WT Pkpl or Pkpl SA mutant was co-
transfected with each individual kinase to HEK293T cells, and the
cells were then labeled with [*?P]-orthophosphate. Pkpl protein
was isolated from cell lysate with magnetic beads, and potential
phosphorylation was determined by the quantification of *?P incor-
poration with liquid scintillation (Fig 3D). With a near kinome-wide
screening, we identified RIPK4 as a novel kinase that phosphory-
lates Pkpl at its head domain (Fig 3E). To confirm Pkpl phosphory-
lation by RIPK4, we carried out in vitro kinase assay. When purified
WT Pkpl head domain was incubated with RIPK4 kinase, it led to
significant incorporation of radioactively labeled ATP in vitro
(Fig 3F). As expected, phosphorylation was abolished when SA
mutant of Pkpl is used (Fig 3F). In addition, when co-expressed in
cells, WT RIPK4 but not RIPK4 kinase dead (KD) mutant resulted in
significant phosphorylation of PkplI, as determined by Phos-tag gel
analysis (Fig 3G).

The head domain of Pkpl contains many serine and threonine
residues, and some of them also display differentiation-dependent
change in phosphorylation level. Consistently, our kinome analysis
identified several other potential kinases that can phosphorylate
Pkpl, including casein kinase 2, and GSK3A. Their potential role in
regulation of Pkpl function and epidermal differentiation will be
investigated in the future.

Loss of RIPK4 leads to aberrant epidermal differentiation
RIPK4 has been implicated in skin development during embryogene-

sis (Holland et al, 2002). To further investigate the role of RIPK4 in
epidermal differentiation and potentially skin carcinogenesis, we

The EMBO journal Vol 36 | No 13| 2017

generated a skin cKO mouse model of RIPK4. By homologous
recombination, a targeting cassette containing loxP sites were
inserted into the RIPK4 locus in mouse chromosome 16. To condi-
tionally target RIPK4 in skin, we bred RIPK4™ mice with K14-Cre
recombinase transgenic mice, which efficiently excised floxed exons
by embryonic day E15.5 (Wu et al, 2008; Fig EV4A and B). Western
blot analysis confirms the specific loss of RIPK4 protein in cKO skin
epidermis (Figs 4A and EV4C). Neonatal mice genotypic for K14-Cre
and RIPK4"" alleles (cKO) were born in the expected Mendelian
numbers and grew to adulthood. However, the cKO animals are
smaller in size and usually exhibit patchy hair loss (Fig 4B).

To first investigate the role of RIPK4 in skin development, we
analyzed WT and RIPK4 cKO skin at embryonic day E18.5. Consis-
tent with the previous report (Holland et al, 2002), RIPK4 cKO skin
is significantly thicker than WT skin (Figs 4C and EV4D). Unlike
WT skin, where Krt-14-positive cells localize only in the basal layer,
loss of RIPK4 leads to the presence of Krt-14 cells in the suprabasal
layers throughout the epidermis (Fig 4C and quantification in
Fig 4E). In addition, RIPK4 cKO skin exhibits significantly thickened
spinous layer as indicated by Krt-10 staining (Fig 4C and quan-
tification in Fig 4E). Loricrin staining reveals granular layer in the
cKO skin with aberrant morphology and varied thickness (Fig 4C).
Overall, the aberrant skin stratification phenotype in RIPK4 cKO
animals resembles what we have seen in PkpI KO skin (Fig 2E).

Adult skin of RIPK4 cKO mice exhibits similarly thickened epider-
mis compared with the WT counterpart. Loss of RIPK4 in the adult
skin also leads to expansion of spinous layer and basal cells (Krt-14-
positive) (Fig 4D and quantification in Fig 4E). Cell proliferation is
not significantly affected by deletion of RIPK4 (Fig EV4E). Together,
our results strongly suggest that RIPK4 regulates embryonic skin
development and maintains normal skin tissue homeostasis in adult
animals through the regulation of epidermal differentiation.

RIPK4 deficiency enhances skin carcinogenesis

Loss-of-function mutations of RIPK4 have been identified through
exome sequencing in human head and neck SCC (Stransky et al,

© 2017 The Authors
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2011). However, the role of RIPK4 in tumorigenesis remains elusive,
as studies also suggest that RIPK4 can potentially enhance tumor
development by promoting Wnt signaling (Huang et al, 2013; Liu

© 2017 The Authors

et al, 2015a). While maintaining the RIPK4 cKO mouse, we detected
spontaneous tumorigenesis in the facial region of cKO animals
(Fig 5A). Quantification shows that ~60% of RIPK4 cKO mice
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Figure 3. Phosphorylation of Pkp1l is required for skin differentiation.

Pkpl and RIPK4 regulate skin differentiation  Philbert Lee et al

A Pkp1 KO cells were rescued with different constructs expressing WT Pkp1 or Pkp1 SA or SE mutants. Rescued cells were grafted to nude mice, and skin stratification
was determined by immunofluorescence staining with different antibodies as indicated. Scale bar = 50 um.

B,C

Thickness of Krt14 (B) and Krt10 (C) layers in different skin grafts were quantified and shown as box-and-whisker plots. The plots indicate the mean (solid diamond

within the box), 25" percentile (bottom line of the box), median (middle line of the box), 75" percentile (top line of the box), 5™ and 95" percentile (whiskers), 1
and 99" percentile (solid triangles) and minimum and maximum measurements (solid squares). One-way ANOVA test was used for statistical analysis (data with

different superscript letters are significantly different, P < 0.05), n > 15.

D Diagram of kinome library screening to identify potential kinase responsible for Pkpl phosphorylation.

E Liquid scintillation analysis shows that WT Pkpl1 but not Pkpl SA mutant can be efficiently phosphorylated by RIPK4. Error bars represent SD, n = 3.

F In vitro kinase assay demonstrates direct phosphorylation of PkpI NT but not its SA mutant by RIPK4. Phospho-protein was determined by phosphoradiography.
Protein samples were also examined by immunoblots with different antibodies as indicated.

G Pkp1 was co-expressed with WT RIPK4 or RIPK4 kinase dead (KD) mutant. Phosphorylation of Pkp1 was determined by Phos-tag gel analysis. The arrowhead
denotes phosphorylated Pkpl band which exhibits reduced mobility in Phos-tag gel. Exogenously expressed Pkpl exhibits two bands in immunoblots. The lower

band (star) likely represents degradation product of the over-expressed protein.

developed spontaneous tumor when aged, whereas none of the WT
littermates did (Fig 5B).

To verify the potential role of RIPK4 as a tumor suppressor in
skin epidermis, we carried out the two-step cutaneous skin carcino-
genesis assay (Fujiki et al, 1989). With a single treatment of DMBA
(dimethylbenz[a]anthracene) followed by biweekly treatments of
TPA (12-O-tetradecanoylphorbol-13-acetate), RIPK4 c¢KO mice
displayed significantly enhanced tumorigenesis compared to their
WT littermates (Fig 5C and D). The onset of tumors commenced as
early as 8 weeks in cKO mice and 13 weeks in WT littermates. At
week 11, 100% of cKO animals developed skin lesions, whereas
more than 50% of WT animals remained tumor free even after
15 weeks. The average number of tumors in WT or cKO animals at
different weeks is shown in Fig 5E. Loss of RIPK4 led to significantly
more and larger tumors in cKO animals.

Histologically, the tumors in RIPK4 cKO animals displayed more
advanced progression toward SCC. The characteristic squamous
pearls were clearly visible by examining the H/E staining of
tumors generated from RIPK4 cKO skin (Fig EV5). Islands of
dysplastic squamous epithelial cells lying in the dermis distinctly
indicated an invasive form of SCC. The necrotic keratinocytes were
also visible in the center of the tumor in RIPK4 cKO animals. By
contrast, tumors from the WT skin usually displayed intact base-
ment membrane with hyperplasia of the overlying epidermis. This
clearly characterized the benign nature of tumors in WT skin
(Fig EVS). When stained for epidermal differentiation markers,
loss of RIPK4 led to a significant decrease in the expression of Krt
10 and loricrin in skin tumors (Fig 5F and G), suggesting that
RIPK4 regulates skin carcinogenesis through its role in epidermal
differentiation.

RIPK4 mutations have been detected in human head and neck
SCC, suggesting a critical function of RIPK4 in squamous differentia-
tion and carcinogenesis (Stransky et al, 2011). In addition to muta-
tions, expression of RIPK4 may be blunted when tumors initiate and
progress to malignant cancers. Like Pkpl (Fig 2G), RIPK4 expression
is also blunted in TPCs of SCC, compared to normal skin epithelial
stem and progenitor cells, where poorly differentiated, aggressively
growing tumors express the lowest amount of Ripk4 (Fig SH). Direct
comparisons between Ripk4 and Pkpl expression in these TPCs
revealed a positive correlation (R* = 0.58, P =0.0171) of these
markers, with the highest expression in inter-follicular progenitor
cells (Fig 5I). Together, our data in normal skin and tumors suggest
that the relative expression and activity of Ripk4 and Pkpl could be

The EMBO journal Vol 36 | No 13| 2017

explored as a prognostic measure for tumor differentiation and
clinical outcome in future studies.

RIPK4 phosphorylation of Pkpl plays an important role in
skin stratification

Our results demonstrate a key role of RIPK4 in epidermal differentia-
tion. To identify potential substrates of RIPK4 in a systematic
manner, we again performed quantitative phosphoproteomics anal-
ysis with SILAC labeling of WT and RIPK4-deficient epidermal
progenitor cells (Fig EV6A). Both populations of cells were induced
to differentiate in vitro upon calcium shift. From LC-MS/MS
analysis, we identified 2,487 phosphorylation sites, of which 2,163
phosphorylation sites were quantified. Among them, 167 phos-
phorylation sites were significantly down-regulated (fold change
>2) in the RIPK4 KO cells and 92 phosphorylation sites were
up-regulated (Fig EV6A and B, and Dataset EV2). GO enrichment
analysis of the results from WT and RIPK4-deficient epidermal
progenitor cells showed enrichment (P-values < 0.05) of the same
protein annotations found in our previous analysis with undifferen-
tiated and differentiated epidermal progenitor cells, including cell
junction (anchoring junctions, desmosome, adherence junctions,
and focal adhesion) and skin development/differentiation annota-
tions (epidermal cell differentiation and epidermis development)
(Fig 6A). Interestingly, both phosphoproteomics analyses identified
anchoring junction as the most enriched protein cluster annotation,
which includes protein Pkpl.

By cross-referencing with our original phosphoproteomics analy-
sis, we obtained a list of 22 phosphorylation sites (18 unique
proteins) that are significantly increased upon differentiation of WT
progenitor cells, but lost in RIPK4 KO cells under the same condition
(Fig 6B). Interestingly, 5 of the 22 phosphorylation sites corre-
sponded to three desmosomal component proteins, Pkp1, Junctional
plakoglobin, and desmoplakin. Modification of the three phosphory-
lation sites (serine 4, serine 120, and serine 143) at the Pkpl head
domain that were identified in our original search were all reduced
in RIPK4 KO samples (Fig 6C), whereas overall protein level of Pkp1
was not significantly changed in RIPK4 KO skin (Fig EV6C).
Although all three sites showed more than twofold decrease in phos-
phorylation, only the change in Ser 143 was statistically significant
(P < 0.05) as determined by Sig B (Significance B) test.

Systematic examination of epidermal phosphoproteome upon
loss of RIPK4 strongly suggests that phosphorylation of Pkpl in the

© 2017 The Authors
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Figure 4. RIPK4 regulates skin development and tissue homeostasis.

Pkpl and RIPK4 regulate skin differentiation  Philbert Lee et al

A Western blot analysis reveals loss of RIPK4 expression in the cKO (conditional knockout) skin epidermis.

B RIPK4 skin cKO mice can survive to adulthood, but display patchy hair loss.

C WT and RIPK4 cKO skins were collected from E18.5 embryos. Skin stratification was examined by immunofluorescence staining with different antibodies as indicated.

Dashed lines denote basement membrane. HF: hair follicles. Scale bar = 50 um.

D WT and RIPK4 cKO skins were collected from adult mice. Skin stratification was examined by immunofluorescence staining with different antibodies as indicated.

Dashed lines denote basement membrane. Scale bar = 50 pum.

E Thickness of Krt14 and Krt10 layers in different skins were quantified and shown as box-and-whisker plots. The plots indicate the mean (solid diamond within the
box), 25" percentile (bottom line of the box), median (middle line of the box), 75" percentile (top line of the box), 5™ and 95" percentile (whiskers), 15 and 99"
percentile (solid triangles) and minimum and maximum measurements (solid squares). The difference between WT and KO is statistically significant (P < 0.05, Mann—

Whitney U-test) for both Krt14 and Krt10 layers, n > 15.

head domain could be critically involved in RIPK4-mediated skin
differentiation. To examine this hypothesis, we infected RIPK4 KO
cells with control vector or lentiviral vector encoding WT PkpI, the
SA mutant of Pkpl, or the phosphomimetic mutant of PkpI (SE).
When grafted to nude mice, exogenous expression of Pkpl SE
mutant can restore normal epidermal stratification, as shown by
significantly thinner spinous layer (Krt-10 staining) and restricted
localization of Krt-14-positive cells at the basal layer (Figs 6D and
EV6D-G). By contrast, control RIPK4 KO cells or KO cells rescued
with WT PkpI or Pkpl SA mutant gave rise to aberrant stratification
of the epidermis, with thickened spinous layer and mislocalized
basal cells, resembling RIPK4 KO skin in vivo (Figs 6D and EV6D—
G). Together, our results strongly suggest that phosphorylation of
Pkpl head domain by RIPK4 plays a critical role in epidermal
differentiation.

RIPK4 phosphorylation of Pkpl promotes epidermal
differentiation through MAP kinase signaling pathway

Accumulating evidence has indicated potential roles of desmosomal
proteins in signal transduction. It has been reported that Pkpl is
present in both desmosome and nucleus (Schmidt & Jager, 2005).
However, in stratified skin epidermis, endogenous Pkpl exhibited
cytoplasmic and cell junctional localization in basal and suprabasal
keratinocytes, without significant localization in the cell nucleus
(Fig 2B).

Recent study suggests that the desmosomal cadherin, DSG1 asso-
ciates with Erbin (Erbb2 interacting protein), which can block ERK
signaling by interacting with and disrupting the key Ras-Raf scaf-
folding protein SHOC2 (leucine-rich repeat protein SHOC2; Harmon
et al, 2013). Ras/Raf and MAP kinase signaling pathway play a criti-
cal role in epidermal homeostasis (Dajee et al, 2002; Tarutani et al,
2003; Kern et al, 2011). The localization of DSG1 became more dif-
fusive in Pkpl-deficient skin (Figs 3B and EV2G). Consistently,
localization of another key desmosomal protein, Dspl (desmoplakin
1) also became more diffusive in the cytoplasm upon deletion of
Pkpl (Fig 7A). Together, it suggests that Pkpl could contribute to
epidermal differentiation through a desmosome-related signaling
cascade.

Interestingly, in PkpI-deficient cells, level of phosphorylated Erk
was significantly elevated (Fig 7B, and quantification in Fig 7C). Re-
expression of WT Pkp1 in the KO cells can reduce Erk phosphoryla-
tion, whereas expression of Pkpl SA mutant led to significantly
higher level of phospho-Erk in Pkpl KO cells (Fig 7B, and quan-
tification in Fig 7C), suggesting that phosphorylation of Pkpl by
RIPK4 can inhibit Erk signaling, and thus promote epidermal

The EMBO journal Vol 36 | No 13| 2017

differentiation. To further examine the role of Pkp1 in epidermal dif-
ferentiation, we tested the potential interaction of Pkpl with DSGI,
Erbin, and SHOC2. With biochemical pull-down assay, our results
indicated no physical interaction between Pkpl and DSG1 or Erbin
(Fig 7D). By contrast, WT Pkpl and its phosphomimetic mutant
(SE) but not the SA mutant of Pkpl exhibited significant binding
affinity with SHOC2 (Fig 7E). Consistent with this finding, interac-
tion between WT Pkpl and Shoc2 is significantly reduced in RIPK4
KO cells (Fig 7F). Taken together, our results suggest that RIPK4
phosphorylation of Pkpl can promote SHOC2 binding with Pkpl
and enhance epidermal differentiation by functionally blocking Ras/
MAP kinase signaling pathway (Fig 7G).

Discussion

The mammalian skin epidermis functions as an essential barrier
against the environment damages (Blanpain & Fuchs, 2006; Fuchs,
2008). Skin keratinocytes elaborate the protective function by
undergoing a complex and choreographed program of epidermal
stratification or differentiation. Although morphological alterations
during epidermal differentiation have been well documented, little
is known about the signaling networks that govern this process. In
this study, by employing a combinatory approach encompassing
proteomics analysis with mouse genetics, molecular and cell biology
studies, we present compelling evidence that phosphorylation of
Pkpl, a desmosomal protein, by protein kinase RIPK4 plays an
essential role in the differentiation of epidermal progenitor cells.

Desmosomes are intercellular adhesive junctions that associate
with intermediate filaments and generate a three-dimensional supra-
cellular scaffolding providing epithelial tissue, such as skin epider-
mis with essential mechanical strength (Green & Gaudry, 2000;
Getsios et al, 2004; Garrod & Chidgey, 2008). However, in addition
to the mechanical role in mediating cell/cell junctions, emerging
evidence has indicated that desmosomal proteins also participate in
cellular signaling transductions (Green & Gaudry, 2000; Kitajima,
2014; Nitoiu et al, 2014; Broussard et al, 2015). Recent quantitative
proteomics analysis revealed decreased expression of desmosomal
proteins, such as DSGI and DSGZ2, in both mouse and human skin
SCCs (Zanivan et al, 2013), strongly suggesting a signaling role of
desmosomal structural proteins in skin tissue homeostasis and
carcinogenesis.

Desmosomes harbor multiple B-catenin-like armadillo family of
nuclear and junctional proteins, such as plakophilins. Plakophilin
family consists of three members (Pkp1 to 3) (Schmidt & Jager, 2005).
While Pkp2 and 3 are present in almost all desmosome-bearing

© 2017 The Authors
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cells, Pkpl expression is restricted to the stratified epithelium, exemplified by the development of trauma-induced acantholytic

such as skin. In human, loss of function of Pkpl leads to EDSF blisters in skin, hyperkeratotic plaques on limbs and soles,
syndrome (McGrath et al, 1997; Sprecher et al, 2004), as dystrophic nail, and impaired hair follicle development.
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Figure 5. RIPK4 suppresses skin carcinogenesis.

Pkpl and RIPK4 regulate skin differentiation  Philbert Lee et al

A RIPK4 cKO mice but not WT littermates develop spontaneous tumors in the facial region. An H/E staining of the tumor from cKO mice is displayed below. Scale

bar = 200 um.

B Kaplan—Meier survival plot for skin tumorigenesis in WT and RIPK4 cKO mice.

C When subjected to two-step skin carcinogenesis model, RIPK4 cKO mice develop significantly more and worse skin lesions compared with WT littermates.
D Kaplan—Meier survival curve for WT and RIPK4 cKO mice upon application of two-step skin carcinogenesis model. The difference between WT and cKO is

statistically significant (P < 0.0001, log-rank test).

E Quantification of tumor number per mouse upon DMBA/TPA treatment. Error bars represent SD.

WT and RIPK4 cKO tumors were collected and subjected to immunofluorescence staining with different antibodies as indicated. Lor: loricrin. Scale bar = 50 um.

H Bar graphs indicate mean RIPK4 expression levels for two independent probe sets in a6"b1" SCC cells (N = 4 per genotype) compared to a6"b1" epidermal

progenitor cells (N = 2). Error bars indicate SD.

| Scatter plot indicating the correlation between RIPK4 and Pkp1 expression levels in a6"b1"™ SCC and epidermal progenitor cells. Pearson correlation coefficient
indicates significant positive correlation between RIPK4 and Pkp1 expression levels. EPC: epidermal progenitor cells; TPC: tumor propagating cancer cells.

Pkpl-deficient human skin epidermis is significantly thickened with
increased intercellular spaces and poorly formed desmosomes.
Overall, this suggests that Pkpl is crucial for desmosomal stability
and functional integrity of skin epidermis. In this report, we
present compelling evidence that loss of Pkpl leads to significant
defects in epidermal differentiation, and its role in this process is
dependent upon RIPK4-mediated phosphorylation of its N-terminal
head domain. A recent study demonstrated that complete KO of
Pkpl in mice leads to growth retardation and perinatal lethality
(Rietscher et al, 2016). The KO mice developed fragile skin with
aberrant desmosome and disturbed tight junctions. Consistent with
our findings, the Krt-5 and Krt-14 showed expanded expression
toward suprabasal layers in the KO skin (Rietscher et al, 2016).
Interestingly, our phosphoproteomics have also identified phospho-
rylation changes of other sites in Pkpl and other desmosomal-
associated proteins, suggesting additional regulation of desmosomal
proteins via other kinases during epidermal differentiation. The
relevance of these changes in cell adhesion and epidermal home-
ostasis will be investigated in the future.

The potential role of Pkpl in the signaling cascades that control
skin stratification is not completely understood. It has been shown
that Pkpl head domain exhibits DNA binding affinity in vitro, and
Pkpl localization in the nucleus is dependent upon the N-terminal
head domain (Sobolik-Delmaire et al, 2010). In addition, the head
domain of Pkpl also mediates binding with other desmosomal
plaque proteins, including desmoplakin, desmocollin, and desmo-
glein (Schmidt & Jager, 2005). Our results suggest that Pkpl can
associate with SHOC2 after RIPK4-mediated phosphorylation. This
interaction will likely disrupt the Ras/Raf complex and inhibit ERK
signaling, thus ultimately enhances epidermal differentiation
(Fig 7G; Dajee et al, 2002; Tarutani et al, 2003; Kern et al, 2011;
Harmon et al, 2013). It will be interesting and important to deter-
mine how the modification of Pkpl head domain by RIPK4 may
contribute to epidermal differentiation through Ras/Raf complex or

Figure 6. Phosphorylation of Pkpl by RIPK4 regulates skin differentiation.

potentially other signaling cascades. This issue merits further inves-
tigation in the future.

RIPK4 is a member of the receptor-interacting protein serine/
threonine kinase family, which functions as an integrator of stress
signaling leading to the activation of NF-xB, MAP kinases, cell death
and inflammation (Green et al, 2011). Deficiency of RIPK4 in human
leads to Bartsocas-Papas syndrome, a complex congenital disorder
characterized by multiple skin webs affecting the flexural surfaces
accompanied by craniofacial anomalies (Kalay et al, 2012; Mitchell
et al, 2012). RIPK4 KO in mice leads to perinatal lethality with
severe defects in skin epidermal stratification (Holland et al, 2002).
Despite its critical role in development, little is known about
RIPK4’s molecular functions. It has been recently demonstrated that
RIPK4 can phosphorylate and activate IRF6 (interferon regulatory
factor 6), a transcription factor involved in skin differentiation (Kwa
et al, 2014, 2015; De Groote et al, 2015). In addition, RIPK4 has
been shown to phosphorylate disheveled and participate in Wnt
signal transduction (Huang et al, 2013). Our phosphoproteomics
analysis has identified 167 phosphorylation sites that are specifically
reduced in RIPK4 null Kkeratinocytes, including many proteins
involved in cell adhesion and junctional regulation, such as desmo-
somal proteins plakoglobin and desmoplakin. Although expression
of Pkpl-SE mutant can significantly reverse the skin stratification
phenotype in RIPK4 cKO skin, the role of RIPK4 in skin differentia-
tion could be diverse and future study will be essential to fully deci-
pher the downstream signaling network.

Aberrant epidermal differentiation can make significant contribu-
tion to skin carcinogenesis. Interestingly, many genes that have
been reported to mutate in SCCs are involved in differentiation,
including IRF6, Notch, and P63 (Botti et al, 2011; Stransky et al,
2011; Nowell & Radtke, 2013; Missero & Antonini, 2017). Loss of
RIPK4 or Pkpl leads to dramatic expansion of the basal cell layer,
suggesting that suppressed differentiation can greatly increase the
“stem”-like cells and make the tissue more vulnerable to

A Mapped enrichment results from proteomics analysis. Proteins of phosphosites with at least twofold of changes were analyzed for GO term and KEGG pathways
enrichment using g:Profiler. Visualization of results was performed with Cytoscape and EnrichmentMapApp.
B The Venn diagram shows significant overlap of phosphosites that are decreased in RIPK4 KO cells with phosphosites that are increased upon epidermal

differentiation.

C The three key phosphorylation sites at the head domain of Pkpl show reduced phosphorylation upon deletion of RIPK4. The “Sig B*” column shows the P-values for
phosphorylation changes in RIPK4 KO as calculated by Signficance (Sig) B. Changes in Ser4 and Ser120 are more than twofold but not considered as statistically

significant.

D RIPK4 KO cells were rescued with control or construct encoding Pkp1 or Pkpl mutant. Rescued cells were grafted to nude mice, and skin stratification was determined
by immunofluorescence staining with different antibodies as indicated. Scale bar = 100 pm.
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Figure 7. Pkpl regulates Dsgl localization and MAP kinase signaling pathway.

A WT and Pkp1 KO skins were collected and subjected to immunofluorescence staining with antibody against Dsp1 (desmoplakin 1) as indicated. Scale bar = 50 um.

B, C

Erk phosphorylation level was determined by Western blot analysis using WT, Pkp1 KO, and rescued cells. Band intensity was determined by densitometry and

quantified in (C). Error bars represent SD. Data with different superscript letters are significantly different, P < 0.05 (one-way ANOVA), n > 3.

D, E
lysate (WCL) were immunoblotted with different antibodies as indicated.

Cell lysates were collected from different cell lines as indicated and immuno-precipitated with a-Pkpl antibody. Immunoprecipitates (IP) and aliquots of whole-cell

F Cell lysates were collected from Pkp1 KO, WT Pkp1, and RIPK4 KO cells. Lysates were immuno-precipitated with Pkpl antibody and immunoblotted with different

antibodies as indicated.

G A working model of the regulation of epidermal differentiation by RIPK4 and Pkpl. Phosphorylation of Pkpl by RIPK4 can suppress ERK signaling by association

with SHOC2, which in turn enhances epidermal differentiation.

carcinogenesis. The potential role of RIPK4 in tumorigenesis has
been controversial. It has been shown that RIPK4 can enhance
tumorigenesis by increasing Wnt signaling (Huang et al, 2013).
Consistently, it has been shown that elevated expression of RIPK4
associates with the progression and poor prognosis of cervical SCC
(Liu et al, 2015a). On the other hand, consistent with its role in
tissue differentiation, RIPK4 loss of function has been identified in
human head and neck SCC through exome sequencing (Stransky

The EMBO journal Vol 36 | No 13| 2017

et al, 2011), and retroviral insertional mutagenesis also identified
RIPK4 as a tumor suppressor in human heptocarcinogenesis (Heim
et al, 2015). In this report, with mouse genetics, we present
convincing evidence that RIPK4 acts as a tumor suppressor in skin
epidermis. Loss of RIPK4 leads to aberrant skin development, tissue
homeostasis, and greatly enhanced skin tumorigenesis in vivo. The
controversy could result from different tumor types and/or different
signal transduction mechanisms in different tissues. Additionally,

© 2017 The Authors
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we find that loss of Pkpl leads to increased tumorigenesis in skin
epidermis. This is congruent with the previous research that DNA
methylation of Pkpl gene was associated with esophagus adenocar-
cinoma (Kaz et al, 2012). It would be interesting to examine
whether the RIPK4/Pkp1 signaling axis functions in tissue differenti-
ation and other types of tumor, particularly in human cancers in the
future.

Our results suggest that RIPK4/Pkpl pathway regulates epider-
mal differentiation in both normal skin and skin tumors. Deletion of
RIPK4 or Pkpl leads to expansion of both basal cell layer and
spinous (early differentiation) layer in the skin. Granular layer (late
differentiation) is not significantly changed in the PkpI or RIPK4 KO
skin. In skin tumors, interestingly, loss of RIPK4 or Pkpl causes
significant reduction of expression for both early and late differenti-
ation markers. The difference could be due to the mutations or
epigenetic changes in the skin tumor cells. For example, constitu-
tively active Ras or MAP kinase pathway in the tumor cells can
suppress keratinocyte differentiation by itself (Dajee et al, 2002;
Tarutani et al, 2003; Khavari & Rinn, 2007). Loss of RIPK4 or Pkpl
in this background would likely result in more severe defects in
epidermal differentiation.

Examination of skin phenotypes in vivo with traditional mouse
genetics approach is technically challenging, lengthy and expen-
sive. In this report, we took advantage of the well- established
procedure for culturing skin epidermal progenitor cells and devel-
oped a new experimental platform by transplantation of skin orga-
noids generated in vitro (Fig 2D). Transplanted WT epidermal cells
can readily differentiate and generate a stratified epidermis indis-
tinguishable from the recipient mouse skin, whereas deletion of
RIPK4 or Pkpl leads to aberrant epidermal differentiation, resem-
bling genuine RIPK4 or Pkpl KO skin (Holland et al, 2002;
Rietscher et al, 2016). However,
between our skin grafting model and traditional genetics model.
For instance, deletion of RIPK4 results in expansion of both
spinous and granular layers in the KO mice (Holland et al, 2002).
By contrast, transplantation of RIPK4-null epidermal cells leads to
significant expansion of only the spinous layer. The difference
could result from different strain background because skin trans-
plantation was carried out with nude mice. Secondly, skin engraft-
ment is preceded by an excisional wounding, which could lead to
significant changes in the tissue microenvironment and cell signal-
ing (Martin, 1997).

In closing, our findings provide critical insights into the molecu-
lar machineries of the intricate signaling network orchestrating the
cross talk between cellular junctions and epidermal differentiation
as well as skin tumorigenesis.

subtle difference does exist

Materials and Methods
Antibodies, reagents, and plasmid DNA constructions

Guinea pig o-Krt5, rabbit o-Krtl0, and loricrin antibodies were
generous gifts from Dr. Elaine Fuchs at the Rockefeller University.
Dsp antibody was a generous gift from Dr. Kathleen Green at the
Northwestern University. Rabbit Krt 14 and Krt 10 antibodies were
obtained from Covance (Princeton, NJ). Rat monoclonal p4-
integrin (CD104) was obtained from BD Pharmingen (Franklin
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lakes, NJ). RIPK4 antibody was obtained from Abnova (Taipei
City, Taiwan). Ser10 phospho-histone antibody was obtained from
EMD Millipore (Billerica, MA). Mouse monoclonal antibody
against vinculin, o-Flag conjugated beads, and ao-Flag antibodies
were obtained from Sigma (St. Louis, MO). Rabbit polyclonal anti-
bodies against HA, Dsgl, Erk, phospho-Erk, and Ki67 were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Pkpl antibody was obtained from Progen (GP-PP1). SHOC2
antibody was obtained from Proteintech (Rosemont IL). Rabbit
polycloncal antibody against RIPK4 was purchased from Abnova
(Taiwan). Phos-tag was obtained from Wako Chemicals (Japan).
Other chemicals or reagents were obtained from Sigma, unless
otherwise indicated.

Clustered regularly interspaced short palindromic repeats target-
ing vector against Pkpl was generated with primers: CAC CGC TTG
AGC GGA GAG TGG TTC A; AAA CTG AAC CAC TCT CCG CTC
AAG. Pkpl N-terminal domain was cloned with primers: ATT GCG
GCC GCT CAT GAA CCA CTC GCC GCT CAA GAC CG; GCA GAT
CTT GGA GCT GGC CCT AGA GTG GCC AAA GGA C. Pkpl rescue
plasmids were constructed with primers: ATT GCG GCC GCT CAT
GAA CCA CTC GCC GCT CAA GAC CG; CTA TGG AAT TCT TAG
AAT CGG GAG GTG AAG TTC CTG AGG CTG TTG GC. Mutations
in Pkpl head domain (SA and SE) were introduced by synthesis of
corresponding DNA gBlock (IDT).

SILAC-MS and proteomic analysis

Undifferentiated and differentiated keratinocytes and differentiated
RIPK4 KO cells were subjected to SILAC label. For heavy isotope
medium, we used L-lysine-2HCI (4, 4, 5, 5-D4) and L-arginine-HCl
(n-'3Co6) (Cambridge Isotope Laboratories Inc, Andover, MA) to
replace the regular lysine and arginine in the medium. Cells were
lysed with a solution containing 8 M Urea, 100 mM NH,CO;,
protease inhibitor cocktail (Roche), phosphatase inhibitors (Pierce).
We mixed the same amount of heavy labeled proteins and light
labeled proteins. The proteins were digested into peptides by
trypsin. The peptides were desalted by C18 Sep-pak column
(Waters), followed by phosphopeptide enrichment using TiO,
beads. The phosphopeptide enrichment was based on a reported
protocol (Mazanek et al, 2007). In brief, tryptic peptides were
dissolved in loading buffer (6% TFA, 80% ACN, 1 M lactic acid),
and then incubated with titanium dioxide beads (Titansphere, GL
Sciences, Japan) for 30 min at room temperature. The titanium
dioxide beads were then washed with loading buffer and wash
buffer (0.5% TFA, 50% ACN). The phosphopeptides were eluted
from the beads with 10% NH3;H,0. The peptides were analyzed by
Orbitrap Q Exactive (Thermo Scientific). The MS/MS spectra were
searched with the MaxQuant software (version 1.4.1.2) against a
composite target/decoy database to estimate false discovery rate
(FDR).

SILAC-MS heavy labeled and light labeled ratios were normalized
and log2 converted. Proteins with phosphosites with more than
twofold increase in phosphorylation were analyzed for GO terms
and KEGG pathway analysis using g:Profiler (http://biit.cs.ut.ee/
gprofiler/). Benjamini-Hochberg FDR was used for significance
threshold. Gene sets with < 0.05 P-values and < 0.05 g-values were
visualized in enrichment maps using EnrichmentMapApp and
Cytoscape.
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Skin organotypic culture and grafting

Decellularized dermis (1 cm x 1 cm) was prepared from newborn
CD1 mice. 1.5 x 10° cultured Kkeratinocytes were seeded onto the
dermis in cell culture insert. After overnight attachment, the skin
culture was exposed to air/liquid interphase. To transplant to
nude animals (2-3 months old), two 1 cm x 1 cm wounds were
introduced to the back skin. After transplantation, the wound
edge was sealed with surgical glue. The grafted animals were
housed separately and the wound bandages were usually removed
one week post-surgery (Liu et al, 2015b; Yue et al, 2016). All the
experiments had more than three biological replicates (indepen-
dent skin grafts). For phenotypic analysis, at least three sections
were taken from each graft for analysis and quantification by
staining.

Generation of RIPK4 cKO mice

The RIPK4 conditionally targeted strain was kindly provided by
EUCOMM (the European Conditional Mouse Mutagenesis
Program). RIPK4 cKO animals were generated by breeding the orig-
inal strain with Flp transgenic strain and KI4-Cre transgenic mice
sequentially. To avoid potential maternal effect, we generally use
male mice with K14-Cre transgene during breeding. All mice used
in this study were bred and maintained at the ARC (animal
resource center) of the University of Chicago in accordance with
institutional guidelines.

Histology and immunofluorescence

Skin or wound samples were embedded in OCT, sectioned, and
fixed in 4% paraformaldehyde. Sections were subjected to hema-
toxylin and eosin staining or immunofluorescence staining as
described (Guasch et al, 2007). Antibodies were diluted according
to manufacturer’s instruction unless indicated. Measurements of
stratification markers were carried out using ImageJ.

Two-step cutaneous skin carcinogenesis

Six- to eight-week-old RIPK4 cKO mice and wild-type littermate
control mice were treated on the dorsal skin with a single dose of
DMBA (7,12-dimethylbenz[a]anthracene) mutagen, which induces
an irreversible and specific mutation in skin: an A-to-T transversion
in codon 61 of Ha-Ras. Then, the skin was treated twice a week with
TPA (12-O-tetradecanoylphorbol-13-acetate) for 30 weeks.

Genomic meta-analyses

Affymetrix gene expression data of tumor propagating cancer stem
cells, epidermal progenitor cells and hair follicle stem cells
(GSE29328) have been normalized and analyzed in Gene Pattern
software as previously described (Schober & Fuchs, 2011). Expres-
sion values for Pkpl and Ripk4 have been extracted from these
data sets and their relative expression in a6b4"™CD34"° and
a6b4a™CD34" SCC cells from two independent controls, Tgfbr2-
deficient, Ptk2-deficient, and Tgfbr2/Ptk2-deficient SCCs was
compared to a6b4™CD34" skin epithelial stem and progenitor
cells.
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Cell culture

Primary mouse keratinocytes were isolated from the epidermis of
newborn mice using trypsin, after prior separation of the epidermis
from the dermis by an overnight dispase treatment. Keratinocytes
were plated on mitomycin C-treated 3T3 fibroblast feeder cells until
passage 3. Cells were cultured in E-media supplemented with 15%
serum with a final concentration of 0.05 mM Ca*™.

Protein biochemical analysis

Western blot was performed as described previously (Wu et al,
2004). Cell lysates were prepared with RIPA (radioimmunoprecipita-
tion assay) buffer (50 mM HEPES, pH 7.4, 150 mM NacCl, 10% glyc-
erol, 1.5 mM MgCl,, 1 mM EGTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS) containing protease inhibitors and phos-
phatase inhibitors. Equal amounts of the cell lysates were separated
using SDS-polyacrylamide gel electrophoresis (PAGE) and elec-
troblotted onto a NC membrane. The immunoblot was incubated
with Odyssey blocking buffer (Li-Cor) at room temperature for 1 h,
followed by an overnight incubation with the primary antibody.
Blots were washed three times with Tween-20/Tris-buffered saline
(TBST) and incubated with a 1:10,000 dilution of secondary anti-
body for 1 h at room temperature. Blots were washed three times
with TBST again. Visualization and quantification were carried out
with the LI-COR Odyssey scanner and software (LI-COR Bio-
sciences).

Protein phosphorylation was determined by Phos-tag reagent
(Wako pure Chemical Industries, Japan) according to manufac-
turer’s instruction. The acrylamide-pendant Phos-tag ligand
provided a phosphate affinity SDS-PAGE for mobility shift detection
of protein phosphorylation. This methodology has now been well
established and served as an excellent alternative approach for
radioisotope-free detection of protein phosphorylation (Matos et al,
2008; Ydenberg & Rose, 2009; Humke et al, 2010).

Screen with kinome cDNA library

Human kinase ORF (open reading frame) library was obtained from
Addgene (library generated by the Center for Cancer Systems Biol-
ogy, Dana Farber Cancer Institute), and supplemented with addi-
tional constructs generated by the lab (560 kinases in total). The
kinase encoding ORFs were subcloned into mammalian expression
vector (pEZYmyc-His) through Gateway cloning. Expression of dif-
ferent kinase ORF in HEK293 cells was confirmed by Western blot.

To identify kinase that phosphorylates Pkpl, Pkpl NT or NT
mutant was co-transfected with each individual kinase to HEK293
cells. Cells were labeled with [*?P]-orthophosphate. Pkpl was
isolated from cell lysate with HA conjugated beads, and phosphory-
lation of the protein was determined by liquid scintillation.

Statistical analysis

Statistical analysis was performed using Excel, OriginPro, or
SciDAVis software. Box plots are used to describe the entire popula-
tion without assumptions on the statistical distribution. Student’s
t-test was used to assess the statistical significance (P-value) of the
difference for most experiments. For results in Figs 2E and 4E,
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Mann-Whitney U-test was utilized to test the potential statistical
significance. For results in Figs 3B-C and EV6E-F, one-way ANOVA
(analysis of variance) was used for statistical analysis.

Data availability

For this study, we will make our data available to the scientific
community, which will avoid unintentional duplication of research.
All the research data will be shared openly and timely in accordance
with the most recent NIH guidelines (http://grants.nih.gov/grants/
policy/data_sharing/).

Expanded View for this article is available online.
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