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Abstract

RIPK4 is a key player in epidermal differentiation and barrier formation. RIPK4 signaling pathways controlling keratinocyte
proliferation and differentiation depend on its kinase activity leading to DvI2, Pkp1 and IRF6 phosphorylation and NF-xB
activation. However, the mechanism regulating RIPK4 activity levels remains elusive. We show that cultured keratinocytes
display constitutive active phosphorylated RIPK4 while PKC signaling can trigger RIPK4 activation in various non-keratino-
cyte cell lines, in which RIPK4 is present in a non-phosphorylated state. Interestingly, we identified the SCF*T™P ubiquitin
E3 ligase complex responsible for regulating the active RIPK4 protein level. The SCF*T™P complex binds to a conserved
phosphodegron motif in the intermediate domain of RIPK4, subsequently leading to K48-linked ubiquitinylation and deg-
radation. The recruitment of f-TrCP is dependent on RIPK4 activation and trans-autophosphorylation. p-TrCP knock-down
resulted in RIPK4-dependent formation of actin stress fibers, cell scattering and increased cell motility, suggesting that tight
control of RIPK4 activity levels is crucial to maintain cell shape and behavior in keratinocytes.
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Introduction

Based on the homology of the kinase domain, RIPK4 is
classified as a member of the serine/threonine receptor-inter-
acting protein kinases (RIPKSs). In general, various signaling
pathways from stress sensors, such as death receptors, patho-
gen pattern receptors and antigen-receptors converge to the
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full KO mice was able to rescue the tail-to-body fusion and
fusion of oral epithelia [6]. Furthermore, RIPK4-deficiency
leads to impaired epidermal differentiation and barrier for-
mation [5—7]. RIPK4~'~ primary keratinocytes are unable to
differentiate in vitro indicating a crucial role for RIPK4 in
the keratinocyte intrinsic differentiation capacity [5]. RIPK4
can probably act at different levels to promote keratinocyte
differentiation. RIPK4 has been shown to phosphorylate
and thereby activate the IRF6 transcription factor leading to
keratinocyte differentiation [8]. Recently, Lee et al. found
that RIPK4 can also promote keratinocyte differentiation
by phosphorylating the desmosome protein plakophilin-1
(Pkpl) and that loss of RIPK4 in the epidermis promotes
tumorigenesis [9].

RIPK4 was initially identified as an interaction partner of
two isozymes of the protein kinase C family, being PKCp
and PKC5 [10, 11]. PKC isozymes are involved in the regu-
lation of differentiation, growth, cell death and motility, and
are categorized in three subclasses (conventional, novel and
atypical PKC kinases) based on the dependency of Ca** and/
or diacylglycerol for their activation [12, 13]. In the epi-
dermis PKCs are important regulators of keratinocyte dif-
ferentiation. The small molecule mimic of diacylglycerol,
phorbol 12-myristate 13-acetate (PMA), is a potent activa-
tor of conventional and novel PKCs and triggers in vitro
keratinocyte differentiation [14]. Recent studies showed that
RIPK4 mediates PMA-induced keratinocyte differentiation
through activation of the IRF6 transcription factor and medi-
ates PMA-induced NF-kB activation [8, 15, 16].

Targeted protein degradation of misfolded or dam-
aged proteins is essential to maintain cellular proteostasis.
Besides this, targeted protein degradation fulfills a crucial
regulatory role in numerous signal transduction pathways
[17]. The ubiquitin—proteasome system (UPS) is the primary
mechanism executing selective protein degradation [18]. The
UPS makes use of a two-step process in which substrates
are first tagged with K48-linked ubiquitin moieties that
are subsequently recognized by the 26S proteasome where
the proteolysis of the substrates occurs [19]. The ubiquitin
modification is catalyzed by an enzymatic cascade involving
a ubiquitin-activating enzyme (E1), ubiquitin-conjugating
enzymes (E2), and ubiquitin ligases (E3). E3 ligases bind
and modify only a subset of substrates, providing specific-
ity to the UPS system. The Skp1-Cull-F-box protein (SCF)
E3 ubiquitin ligase complex is a RING-type ubiquitin ligase
composed of three core components; the scaffolding protein
Cullin-1, the E2 conjugating enzyme Rbx1 and the Skpl
adaptor protein [20]. Skpl in turn binds one of the 69 avail-
able F-box proteins, which are the substrate specificity subu-
nits of the SCF complex. Beta-transducin repeat-containing
protein (B-TrCP), the best characterized F-box protein with
over 50 known substrates, recognizes phosphorylated ser-
ine residues within degron sequences and was shown to

@ Springer

be involved in the regulation of many signaling cascades;
e.g. NF-xB and Wnt signaling, or cellular processes such
as mitosis [21].

Besides the rare Bartsocas-Papas syndrome caused by
the recessive autosomal mutations in RIPK4, deregulation
of RIPK4 expression levels and its kinase activity have been
linked to several types of cancers and inflammation in adult
non-syndromic persons and mice studies [9, 16, 22-26].
Therefore, a better understanding of how RIPK4 levels are
regulated is valuable. Here, we identified the SCFP TP ubiq-
uitin ligase as a bona fide E3 ligase for activated RIPK4. We
show that upon PKC activation RIPK4 is hyper-phosphoryl-
ated and degraded by the SCF*T"P_mediated proteasomal
degradation pathway. Additionally, we found that SCF# TP
controls the levels of constitutively activated RIPK4 in
keratinocytes, thereby preventing actin cytoskeletal reor-
ganizations that lead to increased motility in in vitro cultured
keratinocytes.

Materials and methods
Cell lines

HEK?293T, A431, A549 and HaCaT cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
10% heat-inactivated fetal calf serum and L-glutamine. Cells
were cultured at 37 °C in a humidified atmosphere of 5%
CO, and were tested for the absence of mycoplasma contam-
ination. HaCaT cells were subcultured at approximately 80%
confluence. The generation of stable doxycycline-inducible
RIPK4 expressing HaCaT cell lines was described in De
Groote et al. [5].

Reagents and antibodies

The following drugs were used at indicated concentra-
tion: cycloheximide (Sigma-Aldrich; 25 pg/ml), MG132
(Calbiochem; 10 pM) and phorbol 12-myristate 13-acetate
(PMA) (Sigma-Aldrich; 0.5 uM), SP600125 (Cayman
Chemical; 10 uM), SB202190 (Sigma-Aldrich; 10 uM),
D4476 (Sigma-Aldrich; 10 uM), CX-4945 (APExBIO;
10 uM), TPCA (Tocris Bioscience; 10 uM), CHIR99021
(Miltenyi Biotec; 10 uM) dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich). Tet-on inducible cells were
induced with doxycycline dissolved in Milli-Q water
(Sigma-Aldrich, 1 pg/ml). The following antibodies were
used throughout this study: anti-B-TrCP1/2 (Cell Sign-
aling Technology, #4394), anti-RIPK4 (Abnova, clone
2G3), anti-RIPK4 (Cell Signaling Technology, #12636),
anti-IKKa (Cell Signaling Technology, #2682), anti-IKKf
(Cell Signaling Technology, #2684), anti-JNK1/2 (Cell
Signaling Technology, #9252), anti-f-tubulin (Abcam,
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#21058), anti-Flag-tag HRP coupled (Sigma-Aldrich,
clone M2), anti-VSV-tag (Sigma-Aldrich, clone P5D4) and
anti-HA-tag (Covance, clone HA.11). Recombinant Wnt3a
was purchased from R&D Systems (5036-WN).

Plasmid constructions and mutagenesis

We obtained pENTR223 vectors containing the open
reading frames without stop codon for -TrCP1, B-TrCP2,
cullin-2, cullin-3, cullin-4b, Rbx1, Skp1 from the V8.1
collection provided by the BCCM/GeneCorner plasmid
collection [27]. The plasmids encoding RIPK4 mutants
were generated from a pENTR3C-hRIPK4 construct using
the QuikChange mutagenesis kit (Stratagene). The primer
pairs used to generate the RIPK4 mutations can be found
in Supplementary Fig. 5. cDNA sequences encoding
human PKCa, -BII, y, - and -8 were cloned into pEN-
TR3C using the cloneEZ PCR cloning kit (GenScript).
The primer pairs used to clone the PKC isoforms can be
found in Supplementary Fig. 5. A PKCpI ORF shuttle
clone (IOH43969; in pPENTR221) was purchased from
ImaGenes. Expression vectors were generated by LR
Gateway Cloning (Thermo Fischer Scientific) into modi-
fied Gateway compatible vectors pcDNA-FlagMyc (LMBP
#04705) and pLenti6-puro-VSV (LMPB # 09165). Expres-
sion vectors pcDNA3.1-Flag-CUL1 (LMBP #08315),
pcDNA3-HA-hUB-WT (LMMBP #5893), pcDNA3-HA-
hUB-K48R (LMBP #5898) and pcDNA3-Flag-hPKCn-
Myc (LMBP #09972) were obtained from the BCCM/
GeneCorner plasmid collection (http://www.genecorner
.ugent.be).

RNA interference

A reverse transfection protocol was used for the transfec-
tion of HaCaT and A549 cells. 90,000 cells were seeded
in a six-well plate and transfected with siRNA (final con-
centration: 20 nM) using Polyplus INTERFERIin transfec-
tion reagent (Westburg B.V.) according to the manufac-
turer’s protocol. After 48 h, transfected cells were lysed
for further analysis. The following ON-TARGETplus
SMART pool siRNAs were purchased from Dharmacon
(GE Healthcare): non-targeting siRNA (D-001810-10-
20), INK1 (L-003514-00), INK2 (L-003505-00), IKK1
(L-003473-00) and IKK?2 (L-003503-00). RIPK4 target-
ing siRNA was purchased from Ambion (s28865, Thermo
Fisher Scientific). Oligonucleotides were designed for
targeting both B-TrCP1 and B-TrCP2 and synthesized
by Ambion (Thermo Fisher Scientific); sense sequence
5'-GUGGAAUUUGUGGAACAUC-3' and antisense
sequence 5'-GAUGUUCCACAAAUUCCAC-3'.

RT-qPCR

Total RNA was purified using an RNAeasy mini kit (Qia-
gen). 1 pg of total RNA was reverse-transcribed using
iScript cDNA Synthesis Kit (Biorad). Real-time PCR was
performed using SensiFast SYBR No-Rox Kit (GC Biotech),
10 ng of cDNA and 300 nM primers. RIPK4 qPCR primer
sequences are as follows: 5'-"-TGGCTGCCACTGCACTAC
G-3" and 5-CGTCCTCCCATCCAGCGTCT-3'. Messen-
ger RNA levels were normalized to the geometric mean of
HPRT1 and RPL13a expression using primers described ear-
lier [28]. Real-time PCR was performed using a LightCycler
480 (Roche).

Immunoprecipitation

1.5 x 10® HEK293T cells were transfected transiently with
the indicated expression plasmids using a standard calcium
phosphate protocol (CaPO,). 24 h after transfection, cells
were washed with PBS, harvested by scraping in ice-cold
PBS and pelleted by centrifugation. The pelleted cells were
lysed in 200 pl NP-40 lysis buffer [1% NP40; 10% glycerol,
150 mM NaCl; 5 mM HEPES pH 7.4; 5 mM EDTA, sup-
plemented with complete protease inhibitor cocktail (Roche)
and PhosSTOP (Roche)]. Lysates were cleared from debris
by centrifugation and 20 pl of cleared lysate was used for
input control. The rest of the cleared lysate was then incu-
bated for overnight at 4 °C on a rotating wheel using anti-
FLAG M2 Affinity Gel beads (Sigma, #A2220). Then, beads
were washed three times with NP-40 lysis buffer. Finally,
the beads were resuspended in 1X Laemmli buffer (50 mM
Tris—HCI pH 6.8; 2% SDS; 0.1% bromophenol blue; 4%
beta-mercapto-ethanol) and heated for 7 min at 95 °C. Sam-
ples were analyzed by standard SDS-PAGE and immunob-
lotting protocols. In experiments where ubiquitinylation of
immunoprecipitated proteins was analyzed by western blot-
ting, cells were lysed in RIPA buffer [20 mM Hepes pH 7.4,
150 mM NacCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS,
10 mM N-ethylmaleimide, supplemented with complete pro-
tease inhibitor cocktail (Roche) and PhosSTOP (Roche)].
Washing steps after immunoprecipitation were done with
high-salt RIPA buffer (500 mM NaCl).

Lambda-phosphatase treatment
of immunoprecipitated Flag-tagged RIPK4

Immunoprecipitation of Flag-RIPK4 was performed as
described above. After overnight incubation, the anti-
FLAG M2 Affinity Gel was divided into three reaction
tubes, washed three times with NP40 buffer and two times
in lambda-phosphatase reaction buffer (50 mM Tris—HCI,
pH 7.5, 100 mM NaCl, 2 mM DTT, 0.1 mM EGTA, 0.01%
Brij-35). Two of the IP reactions were then incubated with
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100 U of lambda-phosphatase (PO753S, New England
Biolabs) with or without PhosSTOP (Roche) for 30 min at
room temperature. Following the dephosphorylation reac-
tion, the beads were washed three times with NP40 buffer.
HA-tagged B-TrCP2 was separately transfected in HEK293T
cells, which were lysed in NP40 buffer. Equal amounts of
the lysate were incubated with the washed IP beads from the
dephosphorylation reaction at 4 °C for 4 h. IP beads were
then washed three times with NP40 buffer and processed as
mentioned above.

Phosphatase treatment of whole cell lysates

Cells were treated with the proteasome inhibitor MG132
(10 uM) to stabilize the fraction of phosphorylated RIPK4
and were subsequently lysed in NP40 buffer without phos-
phatase inhibitors. Lysates were then divided into different
reaction tubes and 10x NEB phosphatase buffer was added
with or without 400 U lambda-phosphatase (PO753S, New
England Biolabs). All reactions were incubated at 37 °C for
5 min and subsequently quenched by adding Laemmli buffer.

Immunofluorescence

HaCaT keratinocytes were seeded and reverse transfected
with siRNA on collagen-coated chambered coverslips (iBidi
p-slide 8-well). 48 h after transfection cells were fixed with
3% paraformaldehyde for 15 min at room temperature, per-
meabilized using 0.2% Triton-X100 (Roche) in PBS for
5 min at room temperature and blocked in 0.5% bovine
serum albumin (Sigma-Aldrich). F-actin was stained with
Acti-stain 488 phalloidin (Cytoskeleton Inc, # PHDGI1-
A, 100 nM final concentration), nuclei were stained with
Hoechst 33342 (Invitrogen, #H21492) and covered with
n-propyl gallate anti-fade. Confocal images were taken with a
Leica SP5, making use of a 63%, 1.4 N.A. oil immersion lens.

Live-cell imaging

HaCaT cells were reverse transfected with siRNA and
seeded on collagen-coated cell culture plates. See ‘RNA
interference’ section in “Materials and methods”. 16 h
after transfection the cells were refreshed and imaged every
15 min with an IncuCyte microscope (Essen Bioscience).

TAP-tag purification and mass spectrometry

HEK?293T cells were cultured in DMEM supplemented
with 10% fetal calf serum, penicillin (100 IU/ml), strepto-
mycin (0.1 mg/ml), L-glutamine (0.03%) and sodium pyru-
vate (0.4 mM). Cells were plated at 3.7 million cells/14 cm
dish, and 24 h after seeding, cells were transfected by
CaPO,-precipitation with 10 pg of pPCEMM N-TAP(GS)
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hRIPK4 or 10 pg of empty pCEMM N-TAP(GS) as a nega-
tive control. Four 14-cm dishes were transfected per TAP-
purification. 24 h after transfection, cells were harvested by
scraping in ice-cold PBS. All consecutive steps were per-
formed at 4 °C. Cells were washed three times with PBS,
lysed on ice for 15 min in 10 ml TAP-lysis buffer [SO0 mM
Tris HCI pH 7.5, 100 mM NaCl, 5% glycerol, 0.2% NP40,
1.5 mM MgCl,, 1 mM DTT, 50 mM NaF, 1 mM Na;VO,,
Complete protease inhibitor cocktail (Roche)]. The super-
natant was incubated with 150 pl of IgG-Sepharose beads
(Amersham) for 2 h on a rotating platform. The sample was
centrifuged and the beads were transferred to a small filter
column (Biorad polyprep 10 ml) and washed by gravity flow
with 10 ml of TAP-lysis buffer. Consequently, the column
was washed with 5 ml of TEV-cleavage buffer (10 mM Tris
HCI pH 7.5, 100 mM NaCl, 0.5 mM EDTA, 0.1% NP-40).
Next, the beads were incubated for 1 h at 16 °C, while shak-
ing, with 100 U of TEV-protease (Gibco) in 400 pl TEV-
cleavage buffer, to elute the bound complexes. The sample
was centrifuged, and the collected supernatant represented
the TEV-eluate. Next, the beads were washed with another
400 pl of TEV-cleavage buffer from which the supernatant
was added to the former TEV-eluate. This 800 pl eluate was
consequently incubated for 1 h at 4 °C with 200 pl slurry
of streptavidin beads (Ultra-link, Pierce) in TEV-cleavage
buffer. The sample was centrifuged and the beads were
transferred to small filter columns (Biorad polyprep 10 ml),
washed by gravity flow with 10 ml of TEV-cleavage buffer.
Finally, complexes were eluted with 1.5 ml TEV-cleavage
buffer supplemented with 5 mM biotin (Fluka). This con-
stituted the TAP-eluate that was consequently precipitated
with 10% TCA, after which the pellet was washed with
cold acetone and resolubilized in Laemmli buffer. Samples
were run on gradient gels (NuPAGE 4-12% Bis—Tris gel,
Invitrogen) and subsequently blotted to nitrocellulose or
silver stained (Silver stain plus, Bio-Rad), or stained with
colloidal Coomassie (Coomassie brilliant blue G-250, Inv-
itrogen). Lanes from Coomassie-stained gels from RIPK4
and control purifications (TAP-tag construct without RIPK4
sequence) were cut and tryptic peptides were identified by
MS/MS. Briefly, the gel bands were excised and transferred
to Biopure® Eppendorf tubes (Eppendorf AG, Hamburg,
Germany). After washing with water (HPLC graded, Baker
Malinckrodt B.V., Amsterdam, The Netherlands), 50% (v/v)
acetonitrile (Baker Malinckrodt B.V.) in water and 100%
acetonitrile, they were submerged in 50 mM ammonium
bicarbonate at pH 8.0 and digested using trypsin. The diges-
tion proceeded overnight at 37 °C and was stopped by acidi-
fication through addition of formic acid.

Following a brief centrifugation step, the peptide mix-
ture was transferred to a new Eppendorf tube, dried and
re-dissolved in 20 pl of 0.1% formic acid in 2/98 (v/v) ace-
tonitrile/water (solvent A). 10 pl of this peptide mixture
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was applied for nano-LC-MS/MS analysis on an Ultimate
(Dionex, Amsterdam, The Netherlands) in-line connected to
an Esquire HCT mass spectrometer (Bruker, Bremen, Ger-
many). The sample was first trapped on a PepMap™ C18
column, 0.3 mm L.D. (internal diameter) X 5 mm (Dionex,
Amsterdam, The Netherlands). After back-flushing from
the trapping column, the sample was loaded on a 75-um
I.D. X 150 mm PepMap™ C18 reverse-phase column
(Dionex, Amsterdam, The Netherlands). The peptides were
eluted with a linear gradient of 3% solvent B [0.1% formic
acid in water/acetonitrile (3/7, v/v)] increase per minute at
a constant flow rate of 200 nl/min. Using data-dependent
acquisition, multiply charged ions with intensities above the
threshold of 100,000 were selected for fragmentation. Dur-
ing MS/MS analysis, an MS/MS fragmentation amplitude
of 0.7 V and a scan time of 40 ms were used.

The fragmentation spectra were converted to mgf files
using the Automation Engine software (version 3.2, Bruker)
and were searched using the MASCOT database search
engine (http://www.matrixscience.com) against the human
IPI database. Peptide mass tolerance and peptide fragment
mass tolerance were set at + 0.5 Da, with the ESI-IT as
selected instrument for peptide fragmentation rules. Variable
modifications were set to methionine oxidation, pyro-gluta-
mate formation of amino-terminal glutamine, acetylation of
the N-terminus and propionamide modification of cysteines.

a Keratinocyte cell lines

HaCaT A431 HEK293T  A549
MG132(h: 0 2 4 6 0 2 4 6 06 0 6

100 kDa —

Wnt reporter assay

HEK?293T cells were transfected with TOP/FOP flash lucif-
erase reporter plasmids [29]. Twenty-four hours after trans-
fection the cells were stimulated with 200 ng/ml recombi-
nant Wnt3a. Twenty-four hours later, the cells were lysed
in luciferase lysis buffer (25 mM Tris phosphate pH 7.8,
2 mM DTT, 2 mM CDTA, 10% glycerol and 1% Triton-
X-100), substrate buffer was added (658 mM luciferin,
378 mM coenzyme A and 742 mM ATP) and luciferase
activity was assayed in a GloMax 96 Microplate Luminom-
eter (Promega).

Results

Active RIPK4 is targeted for proteasomal
degradation in keratinocytes

RIPK4 is essential for epidermal development and keratino-
cyte differentiation [5]. When examining the RIPK4 pro-
tein levels in the human HaCaT keratinocyte cell line and
in the epidermoid carcinoma cell line A431, we noticed
that RIPK4 is consistently present as two protein bands,
both with low abundance (Fig. 1a). The upper RIPK4 band
has been shown to be, at least in part, an auto-phospho-
rylated form of RIPK4 which we confirmed by performing

A-PPase: - - +
MG132: - +

+
-+
100 kDa — *
[ e
< RIPK4

- - —— - < phospho-RIPK4
—| | = ==& w| « RIPK4
o fe ]
50kDa—~---H —— —— H——* P k‘ﬁ-tubulin
d CHX CHX+MG132

HaCaT HEK293T

CHX(h: 0 2 4 6 0 121 2 4
100kDa—’ .

50 kDa —F — —

-

- ———— —-‘ B-tubulin

Fig.1 Active RIPK4 is targeted for proteasomal degradation in
keratinocytes. a HaCaT, A431, HEK293T and A549 cells were
treated with the proteasome inhibitor MG132 (10 uM) for the indi-
cated time points. Whole cell lysates were analyzed by immunoblot-
ting with the indicated antibodies. b HaCaT cells were treated with
the proteasome inhibitor MG132 for 4 h. Wholes cell lysates were
treated with lambda-phosphatase for 5 min and analyzed by immuno-
blotting with the indicated antibodies, * aspecific band. ¢ HaCaT and

Treatment(h): 0 2 4 6 0 2 4 6
100 KDa_ | 0N OO0 e . D W P - T

— .. -

50 kDa —
T ———— - B—tubulin

100 kDa —
S S e W S| |og-RIPK4-K51R

50 KD — | s e s s s - | 3-tubulin

HEK?293T cells were treated with cycloheximide (CHX, 25 ug/ml)
and lysed at the indicated time points. Whole cell lysates were ana-
lyzed by immunoblotting with the indicated antibodies. d HEK293T
cells were transfected with expression vectors coding for Flag-tagged
RIPK4-WT or -K51R. Twenty-four hours after transfection, cells
were treated with CHX (25 pg/ml) with or without MG132 (10 pM)
for the indicated time. Whole cell lysates were analyzed by immunob-
lotting with the indicated antibodies
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dephosphorylation experiments (Fig. 1b, compare lanes
1 and 3) [11]. The non-keratinocyte HEK293T and A549
cells only contain non-phosphorylated RIPK4 (Fig. 1a).
These data suggest that RIPK4 is continuously activated,
and possibly degraded, in in vitro keratinocyte cultures.
Therefore, we sought to determine the stability of RIPK4.
Treatment of HaCaT and A431 cell lines with the protea-
some inhibitor MG132 resulted in substantial accumulation
of the phospho-RIPK4 protein band (Fig. 1a), in contrast to
other cell lines such as HEK293T and A549 where RIPK4
is present as a stable non-phosphorylated form (Fig. 1a). In
the presence of the protein synthesis inhibitor cycloheximide
(CHX), RIPK4 levels (both the non-phospho- and phospho-
form) drop significantly in HaCaT cells after a 2 h treat-
ment, while its expression was not affected in HEK293T
cells, which only express non-active RIPK4 (Fig. 1c). These
experiments indicate that the low abundance of activated
RIPK4 in keratinocytes is a consequence of proteasome-
dependent degradation. Because the presence of phospho-
RIPK4 depends on its kinase activity [11], we compared
the turnover of ectopically expressed wild-type and kinase-
inactive (K51R) RIPK4. Wild-type RIPK4 protein abun-
dance decreased after blocking de novo protein synthesis
with CHX, while RIPK4-KS51R levels were not affected by
this treatment (Fig. 1d). Applying a combination of CHX
and the proteasome inhibitor MG132 rescued the degrada-
tion of phospho-RIPK4, but did not have a significant effect
on non-phospho-RIPK4 levels of the RIPK4-K51R kinase-
dead mutant (Fig. 1d). Our data suggest that RIPK4 resides
in an active, hyper-phosphorylated state in in vitro cultured
keratinocytes, and is continuously targeted for proteasomal
degradation.

Kinase active RIPK4 binds to the SCFF™™? ubiquitin
ligase complex

To identify proteins involved in the regulation of RIPK4, we
performed a tandem affinity purification (TAP) followed by
mass spectrometry (MS) analysis of RIPK4-binding part-
ners (Supplementary Fig. 1a, b). We identified two unique
peptides corresponding to B-TrCP2 and one peptide shared
between B-TrCP1 and 2 (Supplementary Fig. 1c). f-TrCP
is an F-BOX protein that adds substrate specificity to the
SKP1-CULI1-F-box protein (SCF) E3 ubiquitin ligase com-
plex. B-TrCP1 and B-TrCP2 are paralogs with redundant
biochemical characteristics and share identical substrates
[21]; therefore, B-TrCP will be used to refer to both proteins
unless specified otherwise. The interaction between RIPK4
and B-TrCP1 and B-TrCP2 was confirmed by co-immuno-
precipitation of the overexpressed proteins in HEK293T
cells (Fig. 2a). To verify that RIPK4 interacts with the con-
ventional SCF complex through B-TrCP, we performed co-
immunoprecipitation of various cullin proteins and found
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that RIPK4 specifically interacts with the cullin-1 scaffold
complexes (Fig. 2b). Consequently, we could demonstrate
that RIPK4 interacts with the invariable Skp1 adaptor pro-
tein and the Rbx1 E2 enzyme of the SCFP TP complex
(Fig. 2¢). These results suggest that the SCFPT™P complex
is involved in the regulation of RIPK4 stability.

We observed that immunoprecipitation of the different
components of the SCF*T™F complex mainly co-precipitated
phospho-RIPK4 (Fig. 2b, c¢). Because RIPK4 hyper-phos-
phorylation depends on its kinase activity, we investigated
whether RIPK4 kinase activity is required for the interaction
with B-TrCP2. Wild-type RIPK4 interacted with ectopically
expressed f-TrCP2, while kinase-dead RIPK4-K51R did
not (Fig. 2d). In addition, only wild-type RIPK4 was able
to pull down endogenous B-TrCP (Fig. 2e). To prove that
the RIPK4-B-TrCP2 interaction is RIPK4 phosphorylation-
dependent, we performed a lambda-phosphatase treatment
of immunoprecipitated RIPK4, which was subsequently
incubated with the lysate of HEK239T cells expressing
HA-B-TrCP2. Dephosphorylation of RIPK4 prevented the
interaction with B-TrCP2 (Fig. 2f). This is in agreement with
our previous results showing that hyper-phosphorylated
RIPK4 is specifically targeted for proteasomal degradation
(Fig. 1d). Taken together, these data indicate that RIPK4
kinase activity is necessary for RIPK4 phosphorylation-
dependent recruitment of the SCF*T™P complex.

RIPK4 autophosphorylation recruits g-TrCP
to a conserved degron

B-TrCP binds its substrates through its WD40 repeats that
recognize a phosphodegron motif in the substrate. The
canonical phosphodegron motif has the consensus DSGXXS
sequence in which phosphorylation of the two serine resi-
dues is required for f-TrCP binding [30]. However, many
identified B-TrCP substrates have some degree of variation
within the phosphodegron sequence (Fig. 3a) [30]. Upon
scanning the RIPK4 protein sequence, we identified three
potential phosphodegron motifs, namely 340-DSGVS-
344, 378-DSAFSS-383 and 436-DSGAS-440. Alignment
of RIPK4 orthologues revealed that the sequence of the
DSGVS and DSAFSS motif is highly conserved (Fig. 3b).
Because serine phosphorylation within the degron is cru-
cial for recognition by B-TrCP we generated mutants in
which we substituted all serine residues within the puta-
tive degron motifs by alanine. Subsequently, the RIPK4
phosphodegron mutants were tested for their ability to
pull down endogenous p-TrCP from HEK293T cells. The
RIPK4 S379A/S382A/S383A mutant lost its ability to
bind B-TrCP, while the other putative RIPK4 phosphode-
gron mutants had similar binding to p-TrCP as wild-type
RIPK4 (Fig. 3c). Mutating S379 or S383, serine residues
corresponding to the canonical phosphodegron, is sufficient
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Fig.2 Kinase-active RIPK4 binds to the SCFPT™P ubiquitin ligase
complex. a—¢ HEK293T cells were transfected with expression vec-
tors coding for the indicated tagged proteins. Twenty-four hours after
transfection, cells were lysed and immunoprecipitated using anti-
Flag beads. Immunoprecipitates (IP) and cell lysates were analyzed
by immunoblotting using the indicated antibodies. d HEK293T cells
were transfected with VSV-RIPK4-wild-type (WT) or -kinase-dead
(K51R) expression vectors in combination with Flag-tagged f-TrCP2.
Twenty-four hours after transfection, cells were lysed and immuno-
precipitated using anti-Flag beads. IP and cell lysate were subjected
to immunoblotting using the indicated antibodies. e HEK293T cells
were transfected with Flag-RIPK4-wild-type (WT) or -kinase-dead
(K51R) expression vectors. Twenty-four hours after transfection,

to abrogate the interaction with B-TrCP, while S382 is not
involved in B-TrCP recruitment (Fig. 3d). Note that mutat-
ing the phosphodegron serine residues does not affect the
band shift induced by RIPK4 autophosphorylation (Fig. 3d).
These experiments show that the 378-DSAFSS-383 amino
acid stretch is a functional phosphodegron crucial for f-TrCP
recruitment to active RIPK4.

Our previous results suggested that RIPK4 kinase activ-
ity triggers RIPK4 autophosphorylation leading to f-TrCP
recruitment. If RIPK4 trans-autophosphorylation would
be responsible for hyper-phosphorylation and recruitment
of B-TrCP, kinase-active RIPK4 should be able to convert
kinase-inactive RIPK4 into a B-TrCP-binding protein upon
co-expression. To avoid interference in the co-IP experi-
ments, we used a kinase-active RIPK4 phosphodegron
(379A/S383A) mutant that cannot bind -TrCP instead of
wild-type RIPK4. Immunoprecipitation of RIPK4-K51R
was indeed able to successfully pull down endogenous
B-TrCP when co-expressed with the RIPK4 phosphodegron
mutant (Fig. 3e), demonstrating that trans-autophosphoryl-
ation confers B-TrCP-binding properties to RIPK4.

cells were lysed and immunoprecipitated using anti-Flag beads. IP
and cell lysate were subjected to immunoblotting using the indicated
antibodies to probe for co-IP of endogenous B-TrCP1/2. f HEK293T
cells were transfected with a Flag- RIPK4 expression vector. Twenty-
four hours after transfection, cells were lysed and immunoprecipitated
using anti-Flag beads. Immunoprecipitated RIPK4 was left untreated
or treated with lambda-phosphatase with or without phosphatase
inhibitor cocktail. Subsequently, the immunoprecipitates were incu-
bated with total lysate extracts of HA-B-TrCP2-transfected HEK293T
cells and further immunoprecipitated with anti-Flag beads. The input
and immunoprecipitates were immunoblotted with the indicated anti-
bodies

B-TrCP ubiquitinylates active RIPK4 and triggers its
proteasomal degradation

The SCF*T? E3 ubiquitin ligase complex catalyzes ubig-
uitinylation upon binding of its substrates [20]. To assess
if RIPK4 is a bona fide substrate of the SCFPT™P ubiquitin
ligase complex, we performed ubiquitinylation experiments
in HEK293T cells. Cells were treated with the proteasome
inhibitor MG132 to enrich the ubiquitinylated species, which
otherwise would be targeted for degradation. RIPK4 was
significantly ubiquitinylated when overexpressed in the pres-
ence of HA-tagged wild-type ubiquitin, while overexpres-
sion of RIPK4 in the presence of HA-tagged K48R mutant
ubiquitin resulted in very weak ubiquitinylation, suggesting
that the bulk of the observed RIPK4 ubiquitinylation was
K48-linked (Fig. 4a). Co-expression of B-TrCP increased
RIPK4 K48-ubiquitin chains (Fig. 4a). As expected, ectopic
B-TrCP2 expression did neither induce ubiquitinylation of
kinase-inactive RIPK4 nor of the RIPK4 phosphodegron
mutant, in line with the fact that f-TrCP was unable to bind
these mutant RIPK4 forms (Fig. 4b). Consequently, the
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Fig.3 RIPK4 trans-autophosphorylation recruits p-TrCP to a con-
served degron. a Phosphodegron alignment of previously described
B-TrCP substrates with consensus phosphodegron motif. “X” repre-
sents any amino acid, “en dash” represents no amino acid. b Sche-
matic representation of RIPK4 functional domains (KINASE kinase
domain, ID intermediate domain, ARD ankyrin repeat domain) with
indication of three putative phosphodegron motifs, their alignment
with RIPK4 orthologs and their corresponding mutated (mut) forms.
¢ HEK293T cells were transfected with expression vectors for Flag-
tagged wild-type (WT) RIPK4 or RIPK4 containing the phosphode-
gron mutations indicated in b. Twenty-four hours after transfection,
cells were lysed and subjected to immunoprecipitation (IP) with anti-

protein levels of the RIPK4 phosphodegron mutant were
not affected upon inhibition of de novo protein synthesis
(Fig. 4c). Depletion of endogenous B-TrCP1 and B-TrCP2,
using siRNA targeting, stabilized the degradation of ectopic
RIPK4 when protein translation was inhibited (Fig. 4d). We
conclude that RIPK4 recruitment to the SCF*T™P complex
catalyzes its ubiquitinylation eventually leading to protea-
somal degradation.

PKC signaling activates RIPK4 and triggers
B-TrCP-dependent degradation

Because we observed continuous RIPK4 phosphorylation
in keratinocytes in contrast to HEK293T cells, we wanted
to identify the signaling pathway that initiates RIPK4 acti-
vation. HEK293T and A549 cell lines only express non-
phosphorylated RIPK4 (Fig. 1a), therefore we used those
cell lines to test which stimuli induce RIPK4 phosphoryla-
tion and degradation. Since RIPK4 has been identified as
a PKC-interacting protein, we tested if the PKC activator
phorbol 12-myristate 13-acetate (PMA), a small molecule
mimic of the physiological PKC activator diacylglycerol,
triggers RIPK4 phosphorylation and degradation. PMA
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Flag beads followed by immunoblotting with the indicated antibodies.
d HEK293T cells were transfected with a Flag-tagged RIPK4 expres-
sion vector containing single and multiple alanine mutants of the
DSAFSS motif. Twenty-four hours after transfection, cells were lysed
and subjected to immunoprecipitation with anti-Flag beads followed
by immunoblotting with the indicated antibodies. e HEK293T cells
were transfected with expression vectors coding for Flag- or VSV-
tagged RIPK4 WT or kinase-dead (K51R) versions with a functional
or non-functional phosphodegron (SS/AA refers to S379A/S383A),
or with empty vector (EV). Twenty-four hours after transfection,
cells were lysed and subjected to immunoprecipitation with anti-Flag
beads followed by immunoblotting with the indicated antibodies

induced phosphorylation of RIPK4 within minutes of stim-
ulation followed by degradation of phospho-RIPK4 within
2-4 h (Fig. 5a, b). This PMA-induced phospho-RIPK4 deg-
radation could be effectively inhibited by treatment with
the proteasome inhibitor MG132 (Fig. 5a, b). The mobility
shift observed upon PMA treatment was indeed proven to
be assigned to RIPK4 phosphorylation events as lambda-
phosphatase treatment converted the upper RIPK4 protein
band to the size of non-phosphorylated RIPK4 (Fig. 5c¢).
By knocking down B-TrCP, we could rescue PMA-induced
RIPK4 degradation in HEK293T cells (Fig. 5d), suggest-
ing that PKC signaling is activating RIPK4, directly or
indirectly, leading to its proteasomal degradation. Because
PMA can activate all classical and novel PKC isoforms, we
tested which classical and novel PKC isoforms were able to
phosphorylate RIPK4, as witnessed by a mobility shift in a
western blotting experiment. We found that PKCe, PKC8
and PKCn can induce a mobility shift of RIPK4-K51R upon
co-expression in HEK293T cells (Fig. Se).

Although RIPK4 has also been reported to signal down-
stream of the Wnt3a receptor LRP6 in HEK293T cells lead-
ing to DVL2 phosphorylation and p-catenin stabilization, we
could not observe an effect of Wnt3a stimulation on RIPK4
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Fig.4 B-TrCP ubiquitinylates active RIPK4 and triggers its pro-
teasomal degradation. a, b HEK293T cells were transfected with
expression vectors coding for Flag-tagged RIPK4-wild-type (WT),
-kinase-dead (K51R), or -phosphodegron mutant (S379A/S383A),
VSV-tagged B-TrCP2 and HA-tagged ubiquitin or ubiquitin with
mutated lysine-48 (K48R). Twenty-four hours after transfection, the
cells were treated for 6 h with the MG132 (10 uM) to prevent pro-
teasomal degradation and enrich the ubiquitinylated fraction. Then,
cell lysates were subjected to immunoprecipitation (IP) with anti-Flag
beads followed by immunoblotting with the indicated antibodies. ¢
HEK?293T cells were transfected with expression vectors coding for

phosphorylation and degradation (Supplementary Fig. 2).
Further, we tested for the involvement of kinases previ-
ously described to be able to phosphorylate phosphodegron
sequences, such as IKKs, Casein Kinases, GSK3f [31-33],
or kinases described to prime phosphorylation of these phos-
phodegron kinases, such as JNK and p38, and found none
of them to be involved in PMA-induced RIPK4 degradation
(Supplementary Fig. 3) [34, 35].

Inability to degrade RIPK4 in HaCaT keratinocytes
results in cell scattering

RIPK4 fulfills a crucial role in the formation of cortical fila-
mentous actin organization at cell-cell contacts in the epider-
mis of mice [5, 6]. Furthermore, Xenopus embryos depleted
from RIPK4 failed to gastrulate, likely due to the absence of
cortical actin at the animal cap [5]. In line with this observa-
tion, it was shown that ectopic RIPK4-expressing HaCaT
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Flag-tagged RIPK4-WT or -S379A/S383A. Twenty-four hours after
transfection, cells were treated with CHX (25 pg/ml) with or without
MG132 (10 uM) for the indicated time. Whole cell lysates were ana-
lyzed by immunoblotting with the indicated antibodies. d HEK293T
cells were seeded and transfected with non-targeting (control) or
B-TrCP1+2 targeting siRNA (20 nM). Forty-eight hours later the cells
were transfected with an expression vector coding for Flag-tagged
RIPK4. Next day the cells were treated for the indicated time with
CHX (25 pg/ml). Whole cell lysates were analyzed by immunoblot-
ting with the indicated antibodies. Ub ubiquitin

cells acquired a scattered and fusiform morphology caused
by cytoskeletal rearrangements (Fig. 6a) [5]. Therefore,
we hypothesized that accumulation of active endogenous
RIPK4 in HaCaT cells could result in similar morphologi-
cal changes. Depletion of B-TrCP1/2 resulted in a scattered
keratinocyte cell morphology and was dependent on RIPK4
as the phenotype could be reverted by additional depletion
of RIPK4 (Fig. 6b, ¢). Knockdown of f-TrCP in HaCaT cells
led to accumulation of the phospho-RIPK4 form (Fig. 6d)
without affecting the RIPK4 mRNA expression levels (Sup-
plementary Fig. 4), suggesting an effect on protein stabiliza-
tion. Keratinocytes adopting a scattered morphology upon
B-TrCP depletion are characterized by altered F-actin stress
fibers that form RIPK4-dependent lamellipodia and filopodia
protrusions and distort cortical actin organization (Fig. 6e).
Interestingly, time-lapse imaging revealed that f-TrCP
knockdown leads to increased RIPK4-dependent keratino-
cyte motility as single scattered cells detach from the cell
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Fig.5 PKC signaling activates RIPK4 and triggers -TrCP-dependent
degradation. HEK293T cells (a) and A549 cells (b) were cultured for
16 h in growth medium containing 1% serum followed by stimulation
with 0.5 uM phorbol 12-myristate 13-acetate (PMA) with or without
MG132 (10 uM). Whole cell lysates were analyzed by immunoblot-
ting with the indicated antibodies. ¢ A549 cells were treated with a
combination of PMA (0.5 uM) and MG132 (10 uM) for 3 h. The cells
were lysed and a fraction of the lysate was treated with or without
lambda-phosphatase at 37 °C for 5 min and subsequently analyzed by
immunoblotting with the indicated antibodies. d HEK293T cells were
seeded and transfected with non-targeting (control) or f-TrCP1+2 tar-

colony to migrate to other colonies (Fig. 6f, Corresponding
movies are available in Online Resource 1). We conclude
that B-TrCP is essential to maintain low levels of activated
RIPK4 in keratinocytes to control cytoskeletal organization
and motility.

Discussion

RIPK4 plays a pivotal role during epidermal development
and keratinocyte differentiation [5, 7-9]. Although muta-
tions in RIPK4 cause the developmental Bartsocas-Papas
syndrome [3-5, 7] and deregulation of RIPK4 levels has
been associated with several cancer types [9, 22, 23, 36],
there is little knowledge about the molecular pathways acti-
vating and regulating RIPK4 activity. Here, we identified
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geting siRNA (20 nM). Next day the cells were reseeded and cultured
for 16 h in 1% serum growth medium followed by stimulation with
0.5 uM PMA for the indicated time. Whole cell lysates were ana-
lyzed by immunoblotting with the indicated antibodies. e HEK293T
cells were transfected with expression vectors coding for VSV-tagged
RIPK4 kinase-dead (K51R) together with Flag-tagged individual
PKC isoforms. Twenty-four hours after transfection, cells were lysed
and analyzed by immunoblotting with the indicated antibodies. The
RIPK4-K51R-VSV proteins were enriched by a 5 h anti-VSV IP
before western blotting analysis

the SCFPT™? ubiquitin ligase complex as a crucial regula-
tory mechanism that controls the levels of activated RIPK4.
This tight control of RIPK4 activity is crucial to maintain
cortical actin organization in keratinocytes, which is lost
in RIPK4-deficient mice while overexpression of RIPK4 in
keratinocytes results in actin stress fiber formation [5].

We previously reported that membrane-bound corti-
cal F-actin is absent in epidermal cells of RIPK4~'~ mice
[5]. Interestingly, Lee et al. found a significant reduction in
phosphopeptides derived from proteins involved in anchor-
ing junctions, desmosomes, adherence junctions, and focal
adhesion in differentiated RIPK4-deficient keratinocytes,
compared to wild-type cells [9]. These cell-cell interact-
ing complexes link to the actin cytoskeleton [37]. This
demonstrates the importance of RIPK4 kinase activity in
keratinocyte homeostasis by regulating cell adhesion and
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actin dynamics. We observed that part of the RIPK4 protein
pool is constitutively phosphorylated in in vitro keratinocyte
cultures, which is not observed in a number of non-keratino-
cyte cell lines. This phosphorylated RIPK4 protein band is
currently thought to represent the active RIPK4 pool because
this phospho-RIPK4 band can only be detected in case of
kinase-active RIPK4 forms [11]. This points to the presence
of a keratinocyte-intrinsic factor that triggers RIPK4 activa-
tion in in vitro monolayer culture conditions.

Further, we found that proteasomal degradation of RIPK4
is mediated by the SCF*T™P E3 ubiquitin ligase complex.
RIPK4 contains a DSpAFSSp B-TrCP phosphodegron
motif at position 378 that is very similar to the canonical
DSpGXXSp motif [30]. Both S379 and S383 were found
to be equally important for the recruitment of B-TrCP to
RIPK4, whereas mutating the non-canonical S382 did not
prevent B-TrCP binding. Although the kinase-dead (K51R)
form of RIPK4 and the RIPK4-S379A/S383A mutant did
not bind B-TrCP, RIPK4-K51R/RIPK4-S379A/S383A mul-
timers did, suggesting that RIPK4-S379A/S383A could
autophosphorylate RIPK4-K51R in trans. Once bound,
B-TrCP facilitates K48-linked RIPK4 ubiquitinylation and
proteasomal degradation, representing a mechanism for
auto-regulation of RIPK4 activity levels in the cell. Higher
levels of RIPK4 activity, as observed under conditions of
PTrCP1/2 knock-down, resulted in increased cell scattering
and motility. Therefore, it may be beneficial for epidermal
integrity to keep the active RIPK4 levels under a certain
threshold in homeostatic conditions. In accordance with this,
we previously observed that HaCaT cells with stable expres-
sion of the RIPK4-S376X Bartsocas-Papas mutant, lacking
the degron motif, showed higher protein levels and NF-xB
activation compared to wild-type RIPK4 and resulted in cell
scattering [4, 5]. Because the RIPK4-S376X mutant retains
its kinase activity but lacks the C-terminal ankyrin domain,
the disease phenotype is probably due to loss of the ankyrin
domain. Interestingly, the phosphodegron motif contains a
functional caspase cleavage site at Asp 378 [38]. It is thus
conceivable that caspase activation during apoptosis gener-
ates a stabilized RIPK4 kinase domain that could promote
actin-dependent membrane blebbing [39].

A key question remains on the kinase that phosphorylates
the phosphodegron motif of RIPK4. Although we provide
evidence for the involvement of RIPK4 trans-autophospho-
rylation in targeting it for proteasomal degradation, the exact
sequence of phosphorylation events leading to RIPK4 deg-
radation remains to be determined. We propose two possible
models how RIPK4 autophosphorylation could regulate its
stability (schematic representation in Fig. 7). A first pos-
sibility is that RIPK4 directly autophosphorylates its own
phosphodegron and acts as a suicide kinase. Polo-like kinase
4 (PLK4), in which autophosphorylation of the PLK4 phos-
phodegron is crucial for B-TrCP docking, is a well-studied

example of such a type of suicide kinases [40]. This model
implies that every condition that triggers RIPK4 activation
induces RIPK4 degradation. In a second model, RIPK4
autophosphorylation generates a priming phosphorylation
that recruits other degron-phosphorylating kinases. The
phosphodegron of RIPK4 is located in a serine-rich sequence
stretch in the intermediate domain, of which several serine
residues have been reported to be phosphorylated [41, and
data not shown]. Hence, it is plausible that some serine resi-
dues up- or downstream of the RIPK4 phosphodegron are
autophosphorylation sites priming the phosphorylation of
the degron by other kinases. The requirement of multiple
sequential phosphorylation events could ensure that active
RIPK4 is only degraded in certain cellular conditions or pro-
vide a time window for RIPK4 to phosphorylate downstream
substrates before RIPK4 is degraded. Therefore, we tested
various inhibitors of known ‘degron kinases’; however, we
did not observe a stabilizing effect on PMA-induced RIPK4
degradation. This argues in favor of the first model in which
RIPK4 trans-autophosphorylates its own phosphodegron
sequence, but does not exclude the possible involvement of
other degron kinases activated upstream or downstream of
RIPK4. An example of the latter mechanism can be found in
the regulation of NIK (NF-kB-inducing kinase) proteasomal
degradation [42].

RIPK4 was initially identified as a PKCp and -6 interact-
ing protein [10, 11]. PKCB1 was shown to be able to phos-
phorylate RIPK4; however, whether this phosphorylation
resulted in a RIPK4 mobility shift in western blotting was
not clear from the presented results [11]. We show that the
novel PKC isoforms PKC9, -g, and -1 can induce a RIPK4
phosphorylation band shift upon overexpression with
RIPK4-K51R, suggesting that these PKC family members
could be involved in TPA-induced RIPK4 activation. Our
data do not exclude the possibility that other PKCs phospho-
rylate RIPK4 in a way that does not induce a mobility shift
in RIPK4. Therefore, more biochemical experiments should
be required using quality-controlled purified recombinant
PKCs. Recently, Kwa et al. demonstrated that RIPK4 knock-
down in normal human primary keratinocytes hampered the
expression of differentiation markers upon PKC activation
[8]. This led them to conclude that PKCs are upstream of
RIPK4 in a pathway responsible for keratinocyte differen-
tiation. Here, we found that PKC activation by PMA results
in RIPK4 hyper-phosphorylation and concomitant RIPK4
proteasomal degradation. Because PKCS can phosphorylate
RIPK4 in vitro [11], and RIPK4 hyper-phosphorylation is
dependent on its kinase activity, we hypothesize that PKC
phosphorylation of RIPK4 could activate RIPK4 eventu-
ally leading to autophosphorylation. Therefore, it would be
interesting to identify at which site(s) PKCs phosphoryl-
ate RIPK4 and how this initiates its kinase activity. Inter-
estingly, transgenic mice overexpressing RIPK4 in the
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«Fig. 6 Inability to degrade RIPK4 in HaCaT keratinocytes results
in cell scattering. a HaCaT cells transduced with a dox-inducible
expression vector for hRIPK4 were grown with or without 1 pg/ml
doxycycline (Dox). Forty-eight hours later phase-contrast pictures
were taken. Scale bar: 100 um. b, ¢ HaCaT cells were transfected
with non-targeting (control), RIPK4 and/or B-TrCP14+2 siRNA
(20 nM). Forty-eight hours later phase-contrast pictures were taken.
Scale bar: 100 um. ¢ Quantification of cellular scattering. Data points
represent the average percentage of keratinocytes with elongated pro-
trusions at the edge of cell colonies counted in three fields of three
independent experiments (n = 3) and normalized to the number of
non-scattered cells at colony edges. A minimum of 300 cells per inde-
pendent experiment were counted. The error bars represent standard
error of the mean. Statistical test: One-way ANOVA, p = 0.0008. d
Immunoblotting analysis of cell lysates from b. e HaCaT cells were
transfected with non-targeting (control), RIPK4 and/or p-TrCP1+42
siRNA (20 nM). Forty-eight hours later, cells were stained for fila-
mentous actin with Acti-stain 488 phalloidin. Arrowheads point
to actin stress fibers forming lamellipodia or filopodia. Scale bar:
50 um. f HaCaT cells were transfected with non-targeting (control),
RIPK4 and/or B-TrCP142 siRNA (20 nM). Representative pictures
from the same field were taken every hour from 46 h after transfec-
tion. Colored arrowheads indicate a single cells over time. Scale bar:
100 pm

epidermis react hypersensitively to PKC activation by PMA
[25]. This is in accordance with our finding that PKCs can
activate RIPK4 and that increased RIPK4 levels could trig-
ger uncontrolled inflammatory responses.

Interfering with the degradation of RIPK4 could be a prof-
itable feature for cancer cells. B-TrCP has been implicated
in tumor development and progression because of its func-
tion in numerous signaling pathways controlling cell growth,
survival, death and differentiation [21]. Although B-TrCP
has been assigned both oncogenic and tumor-suppressive
roles depending on the cellular context, it has mainly been
described as an oncogene with increased expression in vari-
ous cancers including epidermal tumors [43]. This could
result in enhanced RIPK4 degradation mimicking RIPK4
depletion, which was recently shown to enhance epidermal
tumor formation in mice [9, 44]. On the other hand, RIPK4
has also been suggested to exert oncogenic functions by,
for example, promoting cervical squamous cell carcinoma
progression [23]. In this case, stabilization of RIPK4 would
be a cost-effective strategy of cancer cells to increase the
protein levels of RIPK4 and could favor tumor cell motility
during tumor invasion. In agreement with this, mutations
in the phosphodegron of RIPK4 have been found in kidney
cancer (D378V) and malignant melanoma (A380V) [45].

It is becoming increasingly evident that RIPK4 fulfills
a crucial role in epidermal homeostasis and pathogenesis
besides its developmental role. However, insights in RIPK4
activation and regulation are lagging behind. We identified
a molecular mechanism fine-tuning the levels of RIPK4
activation and its role in keratinocyte cytoskeletal organi-
zation. Future research into the activation mechanism and
downstream signaling pathways of RIPK4 will give valuable

RIPKA.

autophosphorylation

Model |
B-TrCP-dependent
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PN
Pi P v =<\ =y
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RIPK4

Fig.7 Schematic representation of the proposed RIPK4 degrada-
tion mechanisms. In model I, we propose that RIPK4 directly trans-
autophosphorylates the phosphodegron motif possibly together with
other sites in the flanking serine-rich region. In model II, we propose
that RIPK4 autophosphorylation sites, possibly in the serine-rich
region flanking the phosphodegron motif, function as priming sites
for the recruitment of other kinases which then will phosphorylate the
degron

information on how RIPK4 functions at the biochemical
level and how it controls epidermal differentiation, barrier
formation and cancer.
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