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Functions of the RIP kinase family members in the skin
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Abstract

The receptor interacting protein kinases (RIPK) are a family of serine/threonine kinases that are involved in the integration
of various stress signals. In response to several extracellular and/or intracellular stimuli, RIP kinases engage signaling cas-
cades leading to the activation of NF-kB and mitogen-activated protein kinases, cell death, inflammation, differentiation and
Whnt signaling and can have kinase-dependent and kinase-independent functions. Although it was previously suggested that
seven RIPKSs are part of the RIPK family, phylogenetic analysis indicates that there are only five genuine RIPKs. RIPK1 and
RIPK3 are mainly involved in controlling and executing necroptosis in keratinocytes, while RIPK4 controls proliferation and
differentiation of keratinocytes and thereby can act as a tumor suppressor in skin. Therefore, in this review we summarize

and discuss the functions of RIPKs in skin homeostasis as well as the signaling pathways involved.
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The receptor interacting protein kinase
family

The human kinome consists of 518 protein kinases that are
classified into different groups and families according to
similarities in their kinase domain sequences [1]. The family
of receptor interacting protein (RIP) kinases (RIPK) are best
known for their functions as cellular integrators of inflam-
matory and cell death signaling pathways. In this review
we focus on general functions and basic regulatory mecha-
nisms of RIPKs as well as on their role in skin homeostasis
and skin-associated diseases since most of the RIPK family
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members have a defined role in controlling keratinocyte cell
death, differentiation and inflammatory signaling.

Based on protein homology analysis, the receptor inter-
acting kinase family has been originally defined as a family
containing seven family members [2, 3]. However, defining
a protein family through phylogenetic analysis has additional
value because it offers a reliable way to investigate the rela-
tionship between sequence similarity and function, as well
as to trace the evolutionary history of a protein family. Phy-
logenetic analysis of the kinase domains of RIPKs illustrates
the separate evolution of the different RIP kinases, allowing
the reliable determination of how different RIPK functions
are distributed among distinct clades of the evolutionary
tree (Fig. 1). Based on our phylogenetic analysis we sug-
gest there are in fact only 5 genuine RIPKs (1-5) (Fig. 1).
DSTYK (confusingly also described as RIPKS), LRRK1 and
2 (respectively described as RIPK6 and -7) are probably
not members of the RIPK family. DSTYK was suggested to
be a divergent protein kinase which is distant from protein
serine/threonine kinases and protein tyrosine kinases [4].
Therefore, in the text, we do not refer to these kinases as
RIPKs. Not much is known about DSTYK function, but loss
of the kinase domain impaired learning capabilities in mice
[5] and it was suggested that DSTYK is involved in human
urinary tract development [6]. Intragenic deletions in the
DSTYK gene are associated with an autosomal-recessive
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Fig.1 Presence of RIPK family member homologs in the ani-
mal kingdom. A Evolutionary analysis: publicly available genome
assemblies of the indicated lineages were analyzed for the presence
or absence of RIPKI1, RIPK2, RIPK3, RIPK4, ANKKI1 (RIPKS),
DSTYK, LRRK1 (RIPK6) and LRRK?2 (RIPK7) homologs. In addi-
tion, the BLASTP algorithm was used against the predicted pro-
teomes of the indicated lineages. Evaluation of the completeness
of the genomic context in ENSEMBL and UCSC genome browsers
was combined with validation of the presence/ absence of the RIPK
homologs by a BLAST search of conserved sequences against the
publicly available genome assemblies. A gene was considered absent,
when all of the above-mentioned analysis came out negative. The
RIPK-like proteins that are found in Lophotrochozoa, Echinodermata,
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Hemichordata, Cephalochordata and Urochordata are quite differ-
ent from Vertebrate RIPK, hence it is possible they are not true RIPK
homologs. RIPK receptor-interacting kinase, CARD caspase recruit-
ment domain, RHIM RIP homotypic interaction motif. B Phyloge-
netic tree of the kinase domain of RIPK. Zebrafish was selected for
a detailed comparative genomics and evolutionary analysis due to its
high level of orthology with the human genome at the gene sequence
level and its widespread use in the study of vertebrate gene function.
The conserved and common kinase domain, which is present in each
gene, was utilized to construct a multiple sequence analysis and phy-
logenetic tree, providing valuable insights into their evolutionary rela-
tionship



Functions of the RIP kinase family members in the skin

Page3of21 285

neurodegenerative subtype of lower limb paralysis with
additional diffuse skin and hair dyspigmentation, possibly
due to increased melanocyte cell death [7]. Mutations in
LRRK1 and 2 both correlate with susceptibility to Par-
kinson’s disease [8—12], can regulate autophagy [13] and
are involved in synaptic vesicle endocytosis [14]. LRRKs
belong to the ROCO family of proteins (proteins containing
a ROC GTPase and COR domain), which code for large
proteins with several domains occurring in prokaryotes and
metazoans including plants, Cnidaria, Protostoma or non-
vertebrate Deuterostomia (Fig. 1A) [15-17]. In addition,
DYSTK, LRRK1 and LRRK2 have a very different domain
composition and organization compared to RIPK1-5. There-
fore, we conclude that neither DSTYK, which has a dusty
(Ser/Thr) kinase domain and not a RIPK kinase domain,
nor LRRK1 (RIPK6) and LRRK?2 (RIPK7) belong to the
RIPK family.

Based on the current genomic data available it seems that
one or two ancestral RIP kinase genes arose in the chordate
ancestor, which is evidenced by the presence of Ripkla and
Ripk1b in the lancelet Branchiostoma, subphylum Cepha-
lochordata [18]. Phylogenetic analysis suggests Ripk1b is
orthologous to the vertebrate RIPK1 [18]. The RIPKSs prob-
ably arose from an ancestral kinase-domain-only kinase,
since RIPK1- and RIPK3-like proteins in the urochordata do
not have interaction domains at their C-terminus (Fig. 1A).
Hence, the ankyrin repeats present in RIPK4 and RIPKS
were probably acquired after the rise of the first vertebrates
by domain shuffling followed by a gene duplication event
that resulted in the generation of the two paralogs RIPK4
(ANKK?2) and RIPKS5 (ANKK1) (Fig. 1b), present on dif-
ferent chromosomes. RIPK3 is lost in birds and RIPKS/
ANKKI is absent in some but not all reptiles, although its
paralog RIPK4 is present in both. The Ensembl orthologues
data for RIPK3 indicate that for the 27 species of birds and
reptiles (Sauropsida) in total 19 are without the RIPK3
orthologue while 6 species would have RIPK3. These are
all reptile species (turtles and lizards). The proposed chicken
RIPK3 (https://www.ncbi.nlm.nih.gov/gene/415708) is a
gene that has been wrongly annotated as RIPK3 of which
the RefSeq sequences on the gene page are annotated as
RIPK2 (https://www.ncbi.nlm.nih.gov/protein/XP_00494
4206.1). The gene is flanked by OSGIN1 and is in fact a
paralog of RIPK2. Also in e.g. zebra finch this RIPK2-like
gene (LOC115496886: https://www.ncbi.nlm.nih.gov/gene/
115496886) is flanked by OSGIN1. Note that the true RIPK2
gene is flanked by OSGIN?2 in both the chicken, zebra finch
and human genome. Although RIPK5/ANKKI1 is absent
in the current genome assemblies of some reptiles, some
more recently sequenced reptile species do have an ANKK1
orthologue. To confirm this, one can look at the genomic
region containing the ANKK1 flanking genes TTC12 and
DRD2. Noteworthy, this region in the anole lizard (Anolis

carolinensis) genome does not contain an ANKK1 gene
although that region in the current assembly contains gaps.
It is interesting to note that the appearance of RIPK4, which
was shown to have an important role in skin barrier forma-
tion [19, 20], coincides with the appearance of tight junc-
tions and claudins in vertebrates [21-23], where the epithe-
lial barriers became more diverse and sophisticated. Tight
junctions are specific to vertebrates, however homologous
structures with similar functions can also be found in inver-
tebrates, consisting of known tight junction components
(e.g. claudin-like proteins), but differing in localization and
components [23].

All RIPKs show homology in their kinase domain, but
have different C-terminal functional domains (Fig. 1A).
Domain switching experiments revealed that the kinase
domains of RIPK2 and RIPK4 are functionally similar in
regard of their ability to induce NF-kB activation, however
the RIPK2 kinase domain is unique in its ability to act down-
stream of NOD?2 signaling [24]. Evolutionary seen, RIPK2
and RIPK4 are closer to each other than RIPK1 or RIPK3,
since they diverged from a common ancestor later than
divergence to RIPK1 and RIK3 (Fig. 1b). RIPKS (ANKKI1),
a RIPK4 paralog, is structurally very similar to RIPK4,
but there is little knowledge on which signaling pathways
involve RIPK5/ANKKI1 and polymorphisms in the RIPKS
gene are mainly linked to neuropsychiatric disorders such as
addiction [25]. In addition, there were no skin abnormalities
reported in RIPKS5/ANKK 1-deficient mice [26].

Functions of RIPKs in the skin

Apart from RIPKS (ANKK1), which is often linked to neu-
rological disorders, all RIPKSs function as crucial integrators
of cellular stress signals such as inflammation, cytokines,
DNA damage, pathogen infections or differentiation. RIPKs
are thus implicated in many processes. RIPK2-deficient
mice do not display a skin phenotype. The NOD2-RIPK2
signaling axis has however been shown to play a role in
inflammatory diseases such as early-onset sarcoidosis
(EOS), which involves a triad of skin, joint and eye defects
[27]. Apart from one report implicating RIPK?2 as a player
in the regulation of keratinocyte proliferation and wound
re-epithelialization there is no other evidence for a role of
RIPK2 in keratinocyte proliferation or differentiation, but it
rather plays a role in inflammatory signaling also affecting
the skin [27-30]. RIPK2 seems mainly involved in keratino-
cyte responses to intracellular bacterial pathogens [31] and/
or bacterial cell wall components [32]. In oral keratinocytes
and squamous cell carcinoma (SCC) cell lines, the latter
can induce RIPK2-dependent PD-L1 expression, a ligand
involved in cell-mediated immune responses that can
induce an immune-evasive microenvironment and prevent
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T-cell mediated destruction of cancer cells, suggesting that
RIPK?2 could play a role in preventing immune reaction to
pathogens and/or to SCC [32]. RIPK1 and RIPK3 control
and execute necroptosis in keratinocytes, as in other cell
types, while RIPK4 controls proliferation and differentiation
of keratinocytes and thereby can act as a tumor suppressor
in skin. Therefore, we will further zoom in on the function
of RIPK1 and -3 in keratinocyte cell death and the role of
RIPK4 in epidermal differentiation and tumor suppression.

RIPK1 and RIPK3 in TNF signaling

RIPIK contains an N-terminal serine/threonine kinase
domain, an intermediate domain and a C-terminal death
domain (Fig. 1A). RIPK1 was discovered in a genetic screen
for Fas-interacting proteins and was found to interact with
the intracellular domains of Fas and p55 tumor necrosis fac-
tor receptor (TNFR1) through its C-terminal death domain
(DD) [33]. The intermediate domain harbors a receptor-
interacting protein homotypic interaction motif (RHIM) that
allows interaction with other RHIM-containing proteins such
as RIPK3. RIPK3 has an N-terminal kinase domain, a RHIM
domain and a unique C-terminus with no sequence similari-
ties to any known protein domain (Fig. 1A) [3, 34, 35].
Apart from its role in inducing cell death, RIPK1 can also
activate NF-kB downstream from death receptors, TLR3 and
TLR4 [36], and T cell antigen receptor [37]. RIPK1-deficient
mice present with extensive apoptosis in both, adipose and
lymphoid tissues, leading to death at 1-3 days of age, indi-
cating an important role of RIPK1 in cell survival in vivo
[38]. Upon ligand (TNF) binding to TNFR1 or other death
receptors (DR), two sequential, RIPK1-containing com-
plexes are formed (complex I and II). Upon TNFR1 recep-
tor engagement, the receptor-bound complex I is formed by
recruitment of specific adaptor proteins (Fig. 2). Complex
I consists of TNFR1, TRADD, RIPK1, and the E3 ubiqui-
tin ligases TRAF-2 (TNF-receptor associated factor 2) and
cIAP1 (cellular inhibitor of apoptosis). Recruitment of death
domain-containing adaptor protein TRADD (TNFR associ-
ated death domain) promotes proinflammatory signaling [39,
40]. Complex I formation induces rapid polyubiquitination
of RIPK1, recruitment of TAK1 (TGFp-activated kinase 1),
TAB1/2 (TAK-1-binding proteins) and IKK (IxkB kinase)
complexes and NF-kB activation, independent of RIPK1
kinase activity [3, 41-44]. Complex I signaling also leads
to the expression of antiapoptotic proteins such as c-FLIP
(FADD-like IL-1B-converting enzyme inhibitory protein),
which potently inhibits death-receptor mediated apoptosis
[3, 45-48]. RIPK1-deficient mouse embryonic fibroblasts
(MEFs) are highly sensitive to TNF-induced cell death [38].
Some studies claim an important role for RIPK1 in TNF-
induced NF-kB in MEFs [38], while others report only a
partial impact of RIPK1 deletion on the expression of NF-kB

@ Springer

target genes [49], suggesting the requirement for RIPK1 in
TNF-induced NF-xB activation may depend on the cellular
conditions, cell type or cell line. Shortly after TNF stimula-
tion, RIPK1 and TRAF2 are deubiquinated by CYLD (cylin-
dromatosis), a cysteine protease reported clipping off Lys63-
linked and linear ubiquitin chains [50], thereby disrupting
their scaffolding function, which is required for TAK1/IKK
recruitment. Of note, depending on the cell type, RIPK1 is
not even required for TNF-induced NF-kB activation, which
is the case in keratinocytes [51, 52]. The fact that RIPK1 is
dispensable for TNF-induced NF-kB activation in some cell
types but not in others, may be due to the redundant role of
RIPK1 and TRADD in TNFR1-dependent NF-«B activation
[53, 54]. Therefore, the levels of RIPK1 and TRADD in the
different cell types may define the impact of RIPK1 deletion
on NF-xB activation. Depending on the conditions, RIPK3
was shown to be able to activate or inhibit NF-xB activation
[35, 55-58]. Since RIPK3-deficient MEFs and macrophages
(BMDMs) respond normally to TNF- or LPS-induced
NF-kB activation [59], the role of RIPK1 and RIPK3 may
not be crucial for NF-xB activation by certain triggers.
TNFRI engagement can also lead to the formation of
secondary cytoplasmic death complexes depending on the
cellular context, known as complex Ila/IIb and necrosome
(Fig. 2). They are formed after dissociation and internaliza-
tion of complex I and its components [53, 60]. The current
models suggest that in complex IIa (TRADD, FADD, cas-
pase-8, RIPK1, RIPK3), RIPK1 and 3 are inactivated by cas-
pase-8-dependent cleavage, which results in the activation
of the proteolytic caspase cascade and apoptotic cell death.
RIPK1/3 cleavage by caspase-8 is critical for preventing
extensive necroptosis during embryonic development [60].
Complex IIb (RIPK1, RIPK3, FADD, caspase-8, FLIP) sign-
aling can result in RIPK1-mediated kinase-dependent cas-
pase-8 activation eventually leading to apoptosis. In absence
of caspase-8 activity (e.g. during viral infections), active
RIPK1 recruits RIPK3 leading to its activation. RIPK3 can
then recruit and activate mixed lineage kinase domain-like
(MLKL) by transphosphorylation, resulting in the pore-
forming conformation of MLKL that permeabilizes the cel-
lular membrane leading to necroptosis [61-65]. Necrosome
formation, regulation and signaling have been extensively
reviewed elsewhere and are not discussed here [18, 65-69].

RIPK1 and RIPK3 in keratinocyte cell death

RIPK1 kinase activity can lead to caspase-8 activation
resulting in keratinocyte apoptosis and skin inflamma-
tion and in certain mouse models RIPK1 kinase-dead
(D138N/D138N) knock-in mice (RIPK1*¥kd) are pro-
tected against keratinocyte cell death and skin inflamma-
tion. This can occur when NF-kB signaling is hampered
in keratinocytes, such as in IKK2EX° mice [70], combined
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Fig.2 RIPKI, 2 and 3-mediated signaling pathways. Death recep-
tor (DR) activation results in the formation of a membrane-bound
complex I, which can activate JNK and other MAPKs and NF-xB
resulting in survival signals. After internalization it is believed that
complex I dissociates from the receptor and can lead to different sec-
ondary complexes depending on the cellular context (complex Ila/b
or the necrosome). In complex Ila, RIPK1 and 3 are inactivated
through cleavage by activated caspase-8, which results in the activa-
tion of the apoptotic signaling cascade and apoptosis. For some death
receptors (Fas, TRAIL) FADD and caspase-8 can be recruited to the
receptor complex resulting in caspase-8 activation at the receptor
complex. In both cases caspase-8 activation is RIPK1-independent.

RelAFKOc_RelFXO mice lacking two essential NF-kB subu-
nits [70], Sharpin®Pi™cPdm_deficient mice [71], mice lack-
ing cIAP1/cIAP2 in the epidermis [72], or in mice lack-
ing NF-xB subunits [73]. cIAPs (inhibitor of apoptosis)
and Sharpin are important mediators of NF-xB signaling.
Whether the spontaneous skin inflammation observed in
these mice strains is due to the fact that IKK2 can dampen
RIPK1 activity [74], explaining the huge sensitization
towards TNF-induced RIPK1-dependent cell death, or to
the fact that the NF-kB transcription factor is no longer
activated in keratinocytes, causing RIPK1-dependent
TNF-induced cell death [73, 75], or both, is currently
unclear.
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Complex II signaling can also result in RIPK1-dependent necrosome
formation and necroptosis in absence of caspase-8 activity or RIPK1-
dependent apoptosis when caspase-8 is active. RIPK1 is also involved
in inflammatory signaling downstream of TLR and TCR. RIPK2 is
required for integrating signals from NOD1/2, which are cytosolic
receptors for bacterial peptidoglycan (PGN) derivatives. RIPK2/NOD
signaling results in NF-xB activation, cytokine and chemokine pro-
duction and is important during innate immune responses. RIPK2/
NOD?2 signaling was shown to inhibit the NLRP3 inflammasome,
while RIPK3 can promote NLRP3 activation. 7CR T-cell receptor,
TLR toll-like receptor, DR death receptor

RIPK3 and MLKL are dispensable for skin development
and homeostasis because mice deficient in these genes do not
show a spontaneous skin phenotype. In contrast, keratino-
cyte-specific ablation of FADD, caspase-8 or RIPK1 leads
to severe skin inflammation and mortality [51, 76, 77], illus-
trating their importance for epidermal homeostasis. RIPK3
is negatively regulated by caspase-8 and FADD, which
induce RIPK3, RIPK1 and CYLD cleavage and thereby
inhibit necroptosis [78]. Histological analysis suggested
that the absence of FADD, caspase-8 or RIPK1 in keratino-
cytes sensitizes them for necroptotic cell death in vivo [51,
76], indicating that RIPK1 is dispensable for necroptosis.
This observation was genetically confirmed by intercrossing
these mutant mice strains with RIPK3- or MLKL-deficient
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mice, which completely rescued the skin inflammation phe-
notype [51, 79-82]. The necroptosis-inducing ability of
RIPK3 can be dampened by the deubiquitinating function
of A20 [83]. Because patients carrying mutations in the A20
gene are genetically predisposed to develop psoriatic dis-
ease (reviewed in [84]), it would be interesting to evaluate
the contribution of RIPK1 or 3 in the development of skin
inflammation in these patients. Recently it was shown that a
novel RIPK1 inhibitor could ameliorate skin inflammation
in the IMQ-induced psoriasiform mouse model [85].

Interestingly, RIPK1*¥*d knock-in mice do not show a
spontaneous phenotype [51, 52, 71] indicating that RIPK1
can have a kinase-independent platform function needed to
protect cells against sensitization to cell death and a kinase-
dependent function leading to cell death.

While RIPK1 has recently been shown to play an
essential role in preventing epithelial cell apoptosis
and necroptosis [51, 52], RIPK3, although expressed
in keratinocytes, is dispensable for normal epidermal
development. Keratinocyte-specific ablation of RIPK1 in
mice results in severe inflammatory skin lesions that are
characterized by the occurrence of dying keratinocytes,
epidermal thickening and increased expression of inflam-
matory cytokines and chemokines. Skin inflammation in
RIPK 1EX0 mice can be rescued by RIPK3 or MLKL defi-
ciency, both proteins crucial for necroptosis induction,
indicating that inflammation in RIPK15X9 is driven by
RIPK3-MLKL-dependent keratinocyte necroptosis [51,
80, 82]. RIPK1 restrains RIPK3-mediated necroptosis
through a kinase-independent scaffolding function [51].
One important question was which trigger ignites RIPK3-
dependent keratinocyte necrosis in the absence of RIPK1.
RIPK 1EX9/TNFR 17/~ double knockout mice still develop
patchy inflammatory skin lesions [51], but at a later stage
than RIPK15X© mice (7-8 weeks compared to 2—-3 weeks
in RIPK 15X0 mice), suggesting involvement of additional
triggers. Therefore, it was suggested that the RIPK1 RHIM
prevents ZBP1/DAI, a RHIM domain containing Z-DNA
or -RNA sensor, from binding and activating RIPK3
upstream of MLKL [86]. Indeed, skin inflammation and
keratinocyte necroptosis in RIPK 150 mice can be delayed
by ZBP1 deficiency or by crossing these mice to sensing-
dead ZBP1 knockin mice [51, 80, 82, 86—88], indicating
that not the mere absence of RIPK1 is sufficient to acti-
vate ZBP1-dependent RIPK3/MLKL-induced keratinocyte
necroptosis but that endogenous nucleic acids are needed
to ignite ZBP1-induced cell death under these conditions.
Whether sensing of endogenous nucleic acids by ZBP1 is
also implicated in other inflammatory diseases needs fur-
ther investigation. Furthermore, skin lesions in RIPK 1EK©
can be mildly ameliorated by keratinocyte-specific dele-
tion of TRIF (TIR-domain-containing adapter-inducing
interferon-f) [51]. This could fit with the role of ZBP1 in
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RIPK3-dependent necrosis in RIPK 15X° mice since TRIF
is a known inducer of interferons (IFNs) and ZBP1 is a
target gene of IFN signaling (reviewed in [89]). Hence,
one could expect that crossing RIPK15%° mice with KO
mice with an abrogated IFN response, such as STAT1
KO mice [90], would also be largely rescued from skin
inflammation.

Although it is evident from literature that FADD, cas-
pase-8 and RIPK1 play an essential role in keratinocytes in
mice to prevent unwanted cell death it is not clear whether
there are pathological human conditions related to these
findings. Patients carrying homozygous caspase-8 loss-of-
function mutations have not been reported to develop skin
lesions [91], probably due to the presence of the redundant
caspase-10 in humans, which is lacking in mice. Patients
with homozygous RIPK1 deficiency or mutations are rare
and all patients suffer from growth failure, intestinal inflam-
mation and T and B cell dysfunction, rather than from skin
manifestations due to necroptotic keratinocyte cell death
[92-98]. Why the phenotypes caused by RIPK1 deficiency
differ between mice and men is currently not clear but
may depend on differences in threshold levels of ZBP1, its
ligand, or RIPK3, needed to drive necroptotic cell death in
keratinocytes.

Recently, a role for RIPK3 in toxic epidermal necrolysis
(TEN) has been described. RIPK3 is strongly upregulated in
the epidermis of lesional skin in TEN patients and its expres-
sion coincides with increased MLKL phosphorylation in situ
as well as with necroptotic signaling [99, 100]. In toxic epi-
dermal necrolysis, keratinocytes die necrotically [101]. This
cytotoxicity can be completely inhibited by Nec-1 and sig-
nificantly decreased by knockdown of RIPK3 with small
interfering RNA (siRNA) [102]. Whether ZBP1 could play
a role in TEN has not been investigated. This argues for
therapeutic testing of RIPK1 or RIPK3 inhibitors in certain
skin inflammatory diseases. RIPK1 and MLKL inhibitors
were shown to prevent skin inflammation in an imiquimod
(IMQ)-induced psoriasiform skin inflammation model [103],
suggesting a role for necroptosis in skin inflammation. It
would be interesting to confirm these results in RIPK3- or
MLKL-deficient mice. RIPK1 inhibitors are in phase Ila
clinical trial for treating mild to moderate psoriasis, how-
ever further studies are needed to evaluate whether RIPK1
inhibitors have potential as new therapy for treating psoriasis
[104]. Other studies however suggest that RIPK1 is rather
downregulated in psoriatic skin [105]. Whether patients with
a genetic defect in NF-xB activation, such as patients carry-
ing hypomorphic IKKy/NEMO mutations (lack of NF-kB
activation), or reduced activity of the RIPK1 deubiquit-
inating enzyme A20/TNFAIP3 (more NF-«xB activation),
which both suffer from skin inflammation [67, 106], would
benefit from treatment with RIPK inhibitors needs further
investigation.
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RIPK4

Human RIPK4 has originally been identified as protein
kinase C (PKC)-8-interacting protein (DIK) [107]. The
mouse orthologue of RIPK4, also called PKK (protein
kinase C-associated kinase), has been shown to interact with
PKC-BI [108]. RIPK4 consists of an N-terminal RIP-homol-
ogous kinase domain, followed by an intermediate domain
and eleven C-terminal ankyrin repeats (Fig. 1A). RIPK4 has
been shown to be an important mediator in NF-xB activa-
tion, Wnt signaling and keratinocyte differentiation (Fig. 3).
Based on the number of genetic mouse models, it is clear
that RIPK4 plays an important role in epidermal develop-
ment and keratinocyte differentiation [19, 20, 109-113].
The X-ray crystal structure of murine RIPK4 and bio-
chemical experiments show that RIPK4 needs to act as a
dimer to be enzymatically active [114], and that it is struc-
turally similar to the other RIPKs. The kinase domain of
RIPK4 has been shown to be sufficient to activate NF-kB
and JNK. RIPK4 is also capable of autophosphorylation,
as occurring in other RIP kinases [34, 115]. Unlike RIPK1
and RIPK2, RIPK4-induced NF-kB activation is dependent

|

on its kinase activity, which directly phosphorylates IKK1
and IKK2 [116], and on the presence of IKK2 but not of
NEMOY/IKK [117]. Furthermore, RIPK4 can be cleaved by
caspases in its intermediate domain during apoptosis [34].
Although RIPK4 overexpression in keratinocytes can induce
the expression of several NF-kB-regulated inflammatory
cytokines [118] the functional physiological implications
of RIPK4-induced NF-xB and JNK activation or caspase-8
mediated cleavage are currently not clear. PMA-stimulated
keratinocytes produce these NF-kB-regulated cytokines in a
RIPK4-dependent way [118], suggesting that RIPK4-medi-
ated cytokine production could play a role in skin inflam-
matory reactions. Of course, PMA is a general activator of
classical and novel PKCs and it is difficult to judge which
physiological stimulus matches with PMA stimulation of
cells. RIPK4 mRNA expression is downregulated in the
proliferating keratinocytes at the wound edge of incisional
wounds in mice [119], which would fit with the observa-
tion that in vivo RIPK4 deletion in keratinocytes leads to
a hyperproliferative phenotype (refs. in Table 1). In addi-
tion, it was shown in that in vitro RIPK4 knockdown in the
HaCaT keratinocyte cell line leads to increased proliferation

@ ‘lival of DL’ Geratinocyte differentiatioD @onical Wnt signaling ’

Fig.3 RIKP4-mediated signaling pathways. RIPK4 signaling can
lead to the activation of NF-kB through interaction and phosphoryla-
tion of IKKo/f and is dependent on the presence of IKKf, but not
IKKy (NEMO). RIPK4-induced NF-kB activation was shown to be
essential for survival of diffuse large B-cell lymphoma (DLBCL).
Other functional implications of RIPK4-dependent NF-kB activation
are currently unknown. Upon Wnt3a stimulation, RIPK4 is recruited
to LRP6 (co-receptor of Frizzled) and directly phosphorylates DvI2,
which leads to cytosolic p-catenin accumulation and results in acti-

vation of canonical Wnt signaling. Furthermore, RIPK4 signaling
can lead to activation of MAPK and JNK. RIPK4 can interact with
PKCs and can be phosphorylated by them. PKCs can be activated by
PMA/phorbol esters. However, the physiological trigger activating
PKC-mediated RIPK4 activation remains enigmatic. PMA-stimula-
tion results in RIPK4-dependent IRF6 phosphorylation and activa-
tion, leading to the upregulation of IRF6 target genes, which promote
keratinocyte differentiation. Some experiments indicate that RIPK4
and IRF6 can regulate each others expression
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[120] and in vivo deletion of RIPK4 in mice results in a
hyperproliferative phenotype (see refs in Table 1). In con-
trast, the hyperproliferative epidermis in psoriatic patients
shows increased levels of RIPK4, possibly derived from IL-
17-stimulated keratinocytes [121]. To clarify the potential
role of RIPK4 in wound healing or psoriatic disease, it may
be interesting to investigate the response of RIPK4EXC mice
in wound healing models or in skin inflammation models
such as imiquimod treatment. However, one should consider
that these mice have a reduced skin barrier that may hamper
the interpretation of the results when such mice would be
topically treated with inflammatory agents.

RIPK4 can interact with PKCs and kinase-dead RIPK4
mutants can inhibit PMA/Ca2 + -ionophore-, but not TNF-,
IL1- or NOD1-induced NF-xB activation, placing RIPK4
downstream of PKC [117, 122]. PMA is a potent activator
of conventional and novel PKCs and a known inducer of
keratinocyte differentiation [123, 124]. Recently it has been
shown that PKCS, -¢, and -1 can induce a RIPK4 phospho-
rylation band shift upon overexpression with kinase dead
RIPK4-K51R, suggesting that these PKC family members
could be involved in PMA-induced RIPK4 activation [115].
RIPK4 is constitutively activated in in vitro proliferating
keratinocytes, reflected by the presence of a phosphoryl-
ated RIPK4 protein band in addition to nonphosphorylated
RIPK4 in western blot experiments [115]. It would be inter-
esting to investigate which PKC isoforms are involved in
this constitutive activation. The levels of activated RIPK4
are kept low in keratinocytes by SCFB-TrCP-dependent pro-
teasomal RIPK4 degradation to prevent actin cytoskeletal
reorganizations that lead to increased keratinocyte motility
[115]. The biological rationale to limit keratinocyte motil-
ity in homeostatic conditions could be that this is important
to guarantee strong interaction between the keratinocytes
sealing the body.

RIPK4 activity can also transmit Wnt signaling in sev-
eral non-keratinocyte cell lines leading to stabilization of
B-catenin eventually inducing Wnt target gene expression
[125-127]. However, in bladder carcinoma cells RIPK4
deletion results in higher levels of f-catenin and RIPK4
overexpression rather correlated with a more mesenchy-
mal phenotype of the cells [128]. Upon Wnt3a treatment of
HEK?293T cells, RIPK4 is recruited to LRP6, a co-receptor
of frizzled (Fz) receptor, and phosphorylates the adaptor
protein Dishevelled 2 (DVL2) at S298 and S480, which ini-
tiates canonical Wnt signaling. Wnt signaling has a crucial
function during skin development and is involved from the
earliest stages of skin development to controlling the func-
tions of differentiated keratinocytes [129, 130]. Wnt ligands
as well as frizzled receptors are expressed in the skin at
E14.5[131, 132]. Wnt3 and DVL2 were shown to be impor-
tant for hair shaft formation [133] and mice with epidermis-
specific B-catenin deletion do not induce the first postnatal
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anagen phase [134]. Due to its broad role in embryogenesis,
knockout mice for Wnt signaling pathway components often
have severe malformations (e.g. neural tube closure defects,
cardiovascular defects), however, these phenotypes differ
substantially from those observed in RIPK4 knockout mice
[19, 110, 126, 135]. RIPK4-induced DVL2 phosphorylation
and Wnt signaling may thus only control certain functions
of Wnt in a spatiotemporal manner depending on the cellu-
lar context, such as tight junction protein expression in the
epidermis [136, 137]. We conclude that the role of RIPK4
in Wnt signaling in different cell types, including keratino-
cytes, is currently not clear and should be further studied.

RIPK4 is widely expressed in most tissues. During
embryogenesis, it is strongly expressed throughout the gas-
trointestinal tract, in particular the luminal tissues of the
esophagus, stomach, duodenum and intestine as well as the
skin from 14.5 dpc on [108]. Full RIPK4 knockout mice
(RIPK4~"7) or kinase-dead knockin mice (RIPK4%P~K!) have
severe ectoderm-derived organ abnormalities, cleft palate
and E-cadherin-dependent epithelial fusions in the oral cav-
ity and esophagus, leading to perinatal death by suffoca-
tion and show epidermal hyperproliferation and abnormal
expression of keratinocyte differentiation markers [19, 20,
110, 112]. In addition, the RIPK4-deficient skin is covered
by a thick proliferating layer of periderm cells, identified
by expression of keratin 17 and keratin 6. Underneath this
periderm layer, internal cornified patches are present. The
absence of a continuous cornified layer however leads to a
defective skin barrier.

Despite evidence for cornification in vivo, primary
keratinocytes isolated from RIPK4-deficient mice fail to
differentiate in vitro [19]. Depending on the genetic line,
RIPK4FX0 mice die shortly after birth due to excessive water
loss [20], probably because of lack of tight junction protein
claudin-1 localization at the cell membrane, resulting in tight
junction leakiness. Although the outside-in skin barrier in
RIPK4"KO mice was largely intact at the trunk in contrast to
the skin covering the head and the outer end of the extremi-
ties, the inside-out barrier was overall defective in these
RIPK4EKO mice. At the ultrastructural level these mice show
delayed keratinization and stratum corneum maturation as
well as altered lipid organization [20], suggesting RIPK4 is
indispensable during embryonic development for the for-
mation of a functional inside-out epidermal barrier. Similar
RIPK4EXO mouse lines, using a different K14-Cre line or
Cre-expressing lentiviral transduction to obtain RIPK4 abla-
tion in the keratinocytes, survive but the mice are smaller in
size and develop patchy hair loss and show a thickened epi-
dermis [111, 138]. Lee and colleagues showed that the des-
mosomal protein plakophilin-1 (PKP1) is a target for RIPK4
phosphorylation [111]. Furthermore, these authors showed
using grafting experiments that a phosphomimetic PKP1
mutant overexpressed in RIPK4-deficient keratinocytes
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could rescue the epidermal thickening of RIPK4-deficient
epidermis. The authors suggested a model in which RIPK4-
dependent PKP1 phosphorylation leads to association with
SHOC?2, a Ras—Raf scaffolding protein, thereby preventing
overactivation of the Erk signaling pathway [111]. Mice with
tamoxifen-induced keratinocyte-specific RIPK4 deletion
during adult life (RIPK4'EXO) remain viable, however show
a mild inside-out barrier defect and epidermal hyperprolif-
eration, and also develop patchy hair loss [20, 109, 111],
indicating that depending on the timing of RIPK4 deletion
different phenotypes may develop.

Biochemical, cellular and genetic experiments suggest
that RIPK4 activates the IRF6 transcription factor by phos-
phorylation at Serine 90, 413 and 424 and that its transient
translocation to the nucleus eventually leads to upregulation
of genes involved in keratinocyte differentiation and epider-
mal barrier formation such as involucrin (IVL), Patatin Like
Phospholipase Domain Containing 1 (PNPLA1), Lipase G
(LipG), desmocollin 1 (DSC1), occludin (OCLN), Elonga-
tion of Very Long Chain Fatty Acids Protein 4 (ELOVL4)
and Grainyhead-like 3 (GRHL3) [112, 138, 139]. Keratino-
cyte-specific deletion of RIPK4 or IRF6 during embryo-
genesis or IRF63*13AS424A knockin mice show similar skin
phenotypes and mice die shortly after birth due to severe
skin barrier loss. RNA-seq data indicate that gene expression
changes in embryonic skin of RIPK4 kinase-dead knockin
mice were also observed in IRF6™~ mice [20, 112]. Further-
more, it was suggested that PMA stimulation of human oral
OKF6 keratinocytes results in RIPK4 activation (Fig. 3),
which activates IRF6, resulting in expression of the IRF6
target GRHL3 eventually leading to ELF3 (ETS family tran-
scription factor E74-like factor 3) expression. Downstream
targets of GRHL3 and ELF3 include transglutaminase-1
and SPRR1 (small proline-rich protein 1), both important
during cornified envelope formation, confirming the role of
RIPK4 in regulating cornification [140]. It is thus believed
that RIPK4 and IRF6 function in the same PKC-dependent
signaling pathway to promote keratinocyte differentiation.
IRF6 has also been reported to act upstream of RIPK4
since IRF6 dysfunction-induced developmental defects in
Xenopus can be rescued by ectopic expression of wild-type
RIPK4 and IRF6 overexpression can activate a RIPK4 pro-
motor reporter construct [19]. In addition, overexpression
of a dominant-negative variant of IRF6 inhibited RIPK4
expression (Supplementary Table in ref [141]). These find-
ings suggest there may exist an oscillating regulatory loop
between RIPK4 and IRF6.

Homozygous mutations in RIPK4 cause the autosomal
recessive form of Popliteal Pterygium Syndrome (PPS), the
Bartsocas Papas syndrome (BPS). BPS is characterized by
multiple popliteal pterygia, ankyloblephora, filiform bands
between the jaws, cleft lip and/or palate, and syndactyly
[142]. PPS has also been associated with mutations in IKK1

and the transcription factor IRF6 [142—145]. In addition,
inactivating mutations of RIPK4 result in dysfunctioning
IRF6 by prevention of its transactivator function and nuclear
translocation, which contributes to the phenotypes observed
in patients with PPS [19, 125, 139, 146-150]. In the past
few years ten BPS-associated RIPK4 mutations have been
described, of which three lead to a premature stop codon
and all others result in amino acid substitutions. The muta-
tions mainly occur in the kinase domain, however two muta-
tions have been described in the ankyrin domain of RIPK4,
[142, 143, 151-154]. The BPS-related mutations in the
kinase domain were indeed shown to be inactivating muta-
tions [114, 143]. This suggests that RIPK4 activity requires
a functional kinase domain but that mutations within its
ankyrin domain may also influence its activity through a
yet unknown mechanism. The phenotypes of RIPK4, IRF6,
14-3-30 (Sfn), KDF1, GRHL3 (Grainyhead-like 3) and
IKK1 knock-out mice are similar and show phenotypes
similar to PPS, including severe epithelial adhesions, crani-
ofacial abnormalities in addition to abnormal keratinocyte
differentiation, and syndactyly, making them ideal model
systems to study PPS as well as clefting disorders (Table 1).
These knockouts also show a hyperproliferative epidermis,
suggesting that these genes control the balance between
keratinocyte proliferation and differentiation. RIPK4 can
transactive IRF6 and the epidermal defects observed in
KDF1-deficient mice are largely IKK1-dependent [112,
139, 155]. Thus, there seems a large regulatory network
present between RIPK4, IRF6, 14-3-30, KDF1, GRHL3
and IKK1 that ensures proper epidermal development and
control proliferation and differentiation. In addition, these
genes are also essential for periderm development. The
periderm is a protective single layer covering the develop-
ing epidermis during embryogenesis in mice (from E10.5
till E16-17) and men (from gestational week 4 to 23) [150,
156]. The tight junctions at the apico-lateral borders of the
peridermal cells prevent spreading of adhesion molecules,
such as E-cadherin, to the apical surface, thereby preventing
adhesion and fusion of epithelia in the developing embryo
[150]. In RIPK4-deficient mice, it was genetically shown
that aberrant E-cadherin localization at the apical site of
the peridermal cells, probably due to a defect in the tight
junctions, was indeed responsible for the observed epithelial
fusions [19, 20]. Interestingly, all of the above-mentioned
factors are regulated by or can regulate the transcription fac-
tor p63 [142, 157-162]. Further studying RIPK4, IRF6 and
IKK1 knockout mice as well as their signaling pathways
and interactions will help to understand the etiology of the
different human syndromes and epidermal differentiation.
Several reports indicate a role for RIPK4 in skin can-
cer [163]. The suggested implication of RIPK4 in tumo-
rigenesis ranges from tumor-suppressor to tumor-pro-
moter to involvement in metastasis. Tumor growth of Wnt
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signaling-dependent embryonal carcinoma tumor cells was
inhibited by knockdown of RIPK4 in xenograft experiments
(Fig. 3), indicating an oncogenic role of RIPK4 in certain
tumor types [125]. These findings are in agreement with
the observation that increased RIPK4 expression or high
RIPK4 copy number correlated with progression and poor
prognosis in patients suffering from cervical squamous cell
carcinoma, colorectal cancer, ovarian cancer or bladder
urothelial carcinoma [164—166]. In addition, RIPK4 knock-
down in diffuse large B-cell lymphoma (DLBCL) cells was
shown to impair cell survival (Fig. 3), inhibit tumor growth
in xenograft experiments as well as sensitize the cells to
chemotherapeutic treatment, probably due to inhibition of
RIPK4-induced NF-kB activity [167]. RIPK4 expression has
also been shown to promote cancer cell migration and inva-
sion in bladder carcinoma, cervical cancer and pancreatic
cancer [168]. These reports suggest an oncogenic role of
RIPK4 in cancer, although tail vein injections of lung adeno-
carcinoma cells overexpressing RIPK4 showed a reduced
potential to invade and form tumors [169]. RIPK4 muta-
tions have been identified in several epithelial tumor types,
such as esophageal squamous cell carcinoma and squamous
cell carcinoma [170-174]. Consulting The Cancer Genome
Atlas (TCGA, https://www.cancer.gov/tcga) and the Interna-
tional Cancer Genome Consortium (ICGC, https://icgc.org)
indicated that RIPK4 is most frequently mutated in cuta-
neous squamous cell carcinoma, with around 25% of the
patients samples harbouring RIPK4 mutations. Melanoma
is the cancer type in which RIPK4 is second mostly being
mutated, with an average mutation rate of around 4% based
on the curated data of the cBio Portal (https://www.cbiop
ortal.org) and COSMIC database (https://cancer.sanger.ac.
uk/cosmic). In cutaneous SCC and melanoma several non-
sense, frameshift and missense mutations occur mainly in
the kinase and ankyrin domains of RIPK4 [120, 173, 175].
For a nice graphical overview see https://proteinpaint.stjude.
org/. Except for the nonsense or frameshift mutations that
largely disrupt the kinase domain and will be inactivating
mutations, it is difficult to predict which of the other somatic
RIPK4 mutants reported in the cosmic database are real
drivers of cancerogenesis or just neutral mutations with no
or a minor effect on RIPK4 activity because when tumors
evolve they often acquire many somatic mutations [176].
Therefore, it is worthwhile to test the activity status of the
different cancer-associated RIPK4 mutants. Since 26% of the
reported cSCC RIPK4 mutants are nonsense or frameshift
mutations this suggest there is selection for inactivating
RIPK4 mutations in cSCC (https://proteinpaint.stjude.org/).

Intriguingly, recent genetic evidence in mouse skin tumor
models and cell lines supports a tumor suppressor func-
tion of RIPK4 in skin, lung and hepatocellular carcinoma.
RIPK4EXO mice were shown to spontaneously develop
skin tumors and show increased tumor burden in DMBA/
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PMA-induced skin carcinogenesis models [109, 111, 138,
175, 177]. In mouse transgenic skin cancer models express-
ing an activating mutant of phosphatidylinositol 3-kinase
alpha (PIK3CAHI97Ry or HRas (HRas®!?V), mutations
known to drive human SCC, a RIPK4 kinase-dependent
tumor suppressor role was shown [138, 175, 177]. In con-
trast, mice overexpressing RIPK4 in the epidermis do not
show increased tumor formation when treated with DMBA/
PMA [113], supporting the idea that in keratinocytes RIPK4
acts as a tumor suppressor rather than as a tumor promotor.
Reduced RIPK4 levels in human keratinocytes and SCC cell
lines were shown to increase cell proliferation and tumori-
genesis in xenograft models and soft agar experiments [120,
178]. In line with these findings, RIPK4 overexpression in
transformed hepatocytes results in almost complete inhi-
bition of anchorage-independent growth and RIPK4 sup-
pression increased the growth of hepatocellular carcinoma
cells [179]. In a mouse model of lung adenocarcinoma,
RIPK4 suppression resulted in cancer dedifferentiation and
in human lung adenocarcinoma patient low RIPK4 mRNA
levels were associated with poor tumor differentiation and
reduced overall survival [169]. Furthermore, RIPK4 has
been found to be expressed at higher levels in well-differen-
tiated tongue squamous cell carcinomas (TSCC) compared
to poorly differentiated TSCC [180] and its expression is
decreased in SCC compared to normal surrounding skin
[120]. Hence, down-regulation of RIPK4 expression or the
occurrence of somatic mutations hampering RIPK4 activity
may be two independent events promoting cell autonomous
skin carcinogenesis. However, the spectacular accelera-
tion of skin tumor formation in RIPK4FX0 mice may not
be fully attributable to cell autonomous effects because
these mice also show a skin barrier defect and overall mild
inflammatory skin [20, 109, 111, 138], which may pro-
mote tumor formation in a noncell autonomous way. The
fact that mere overexpression of Elongation of Very Long
Chain Fatty Acids Protein 4 (ELOVL4), an enzyme impor-
tant for the long-chain fatty acids elongation cycle which
is involved in skin barrier formation and whose expres-
sion is controlled by the RIPK4-IRF6 signaling axis [138,
181], is sufficient to largely delay skin tumor formation in
the Pik3ca'!%’R;RIPK4EXO cancer model may point to a
combined effect of cell autonomous and loss of skin barrier
effect in these mouse models [138].

The role of RIPK4 in cancer is thus double-sided and
seems to depend on the cellular context. Therefore, RIPK4
acts in some cells as a tumor suppressor and in others as
a tumor promotor. Similar to RIPK4, the role of NF-kB in
different models of cancer as well as different tissues was
shown to depend on the cellular context, as both, tumor
suppressing and tumor promoting functions have been
observed in different cancer models [182, 183]. It is cur-
rently not clear whether the oncogenic/tumor suppressing
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function of RIPK4 is associated with its ability to activate
NF-xB. Whether the absence of RIPK4 or RIPK4 overac-
tivity, depending on the tumor type, affects the response of
the cancer cells to cell death-inducing chemotherapeutics
has not been investigated. Such knowledge will be use-
ful in determining the value of determining the status of
RIPK4 activity as a prognostic marker.

Concluding remarks

The ancestral RIPK-like protein probably originated in
Protostomes (Lophotrochozoa) and can consequently also
be found in nonvertebrate Deuterostomes. These RIPK-
like proteins however only contain an N-terminal kinase
domain and lack known additional protein—protein inter-
action domains at their C-terminus. From the vertebrates
on, RIPK-like proteins acquired C-terminal protein—protein
interaction domains such as a death domain, CARD domain,
RHIM motif and ankyrin repeat domain. The actual RIPKs
(RIPK1-5) thus appeared at dawn of the vertebrates, which
have more sophisticated skin and require protective mecha-
nisms for maintaining homeostasis and the skin barrier that
protects them from influences from the environment. The
regulatory functions of the RIPK family have proven essen-
tial for proper epidermal development and maintenance of
homeostasis. RIPK1EKOs develop severe inflammatory
skin lesions due to RIPK3-mediated necrosis. Under nor-
mal conditions, RIPK1 thus provides epithelial homeostasis
and protection by restraining RIPK3-mediated keratinocyte
necroptosis in the skin. Uncontrolled RIPK3 activity in the
skin can lead to diseases such as toxic epidermal necrolysis
by inducing massive keratinocyte necrosis. RIPK1 and 3
are thus important regulators of keratinocyte survival and
regulatory mechanisms are essential to maintain epidermal
homeostasis. Currently ongoing clinical trials will teach us
whether RIPK1 inhibitors can be used in skin inflammatory
diseases such as psoriasis. The fourth member of the RIPK
family, RIPK4, plays a major role in the skin by regulat-
ing keratinocyte differentiation and cornification. Based on
genetic evidence RIPK4 mainly acts as a tumor suppressor
in the skin. This however does not exclude the possibility
that RIPK4 inhibitors might be of use to treat other tumor
types, such as DLBCL, pancreatic or bladder cancer. Taken
together, the RIPK family is indispensable for proper epider-
mal development and their regulation is crucial to maintain
homeostasis and prevent inflammatory diseases and cancer.
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