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Receptor-interacting protein (RIP) kinase family

Duanwu Zhang, Juan Lin and Jiahuai Han

Receptor-interacting protein (RIP) kinases are a group of threonine/serine protein kinases with a relatively conserved kinase domain but
distinct non-kinase regions. A number of different domain structures, such as death and caspase activation and recruitment domain
(CARD) domains, were found in different RIP family members, and these domains should be keys in determining the specific function
of each RIP kinase. It is known that RIP kinases participate in different biological processes, including those in innate immunity, but
their downstream substrates are largely unknown. This review will give an overview of the structures and functions of RIP family

members, and an update of recent progress in RIP kinase research.

Cellular & Molecular Immunology (2010) 7, 243-249; doi:10.1038/cmi.2010.10; published online 12 April 2010

Keywords: apoptosis; kinase; necrosis; RIP; TNF

INTRODUCTION
Cytokine stimulation, pathogen infection, DNA damage or inflam-
mation can initiate cellular signaling pathways that lead to diverse
responses, including immune cell activation and death. The recep-
tor-interacting protein (RIP) kinase family members have emerged
as essential sensors of intracellular and extracellular stresses. They have
been demonstrated to play an important role in not only inflammation
and other immune responses, but also in death-inducing processes."
The RIP kinases now contain seven members, all of which share a
homologous kinase domain but have different functional domains
(Figure 1). RIP1 contains a C-terminal death domain, through which
RIP1 can be recruited to signaling complexes that initiate different
pathways. RIP2 bears a caspase activation and recruitment domain
(CARD). RIP3 has a C-terminus that is unique among all known
protein domains. However, a RIP homotypic interaction motif
(RHIM) found in the intermediate domain of RIP1 was also identified
in the C-terminus of RIP3. The RHIM domain is likely to mediate
protein—protein interactions, since it is required for the interaction
between RIP3 and RIP1.> RIP4 and RIP5 are characterized by the
ankyrin repeats in their C-terminus. RIP6 and RIP7 have a leucine-
rich repeat motif that may have a role in the recognition of damage-,
pathogen- or stress-associated molecular patterns.' Additionally, they
both harbor Ros of complex proteins/C-terminal of Roc domains
(Figure 1). Upon binding of GTP to the Roc domain, the RIP6 pro-
tein kinase activity is stimulated. Evidence was provided that the C-
terminal of Roc domain might play a role in transmitting stimulating
signals to the kinase domain.* It is reasonable to deduce that the
C-terminal domains of RIP family members play key roles in deter-
mining the diverse functions of different RIP kinases.

RIP1
RIP1, the first member of the RIP kinase family, was initially identified
in 1995 as a novel protein kinase with a C-terminal death domain

(Figure 1), through which it interacts with the death domain of recep-
tor Fas (CD95). Therefore, it was designated as ‘receptor-interacting
protein’.> As more and more RIP kinases were characterized, it became
called ‘RIP1’. The death domain of RIP1 was shown to bind to several
death receptors, such as tumor-necrosis factor (TNF) receptor 1
(TNF-R1), TNF-related apoptosis-inducing ligand receptor 1 and 2,
and TNF-receptor-related apoptosis-mediated protein.>” RIP1 also
interacts with adaptor proteins, such as TNF-receptor-associated
death domain (TRADD), Fas-associated death domain (FADD),
RIP-associated ICH-1/CED-3-homologous protein with death
domain, Toll/IL-1 receptor domain-containing adaptor inducing
interferon-B(TRIF), TNF-receptor-associated factor 1 (TRAF1),
TRAF2, TRAF3 and A20.57"° In addition, the intermediate domain
and death domain of RIP1 enable it to associate with a variety of other
kinases, such as RIP3, focal adhesion kinase, mitogen-activated
protein/extracellular signal-regulated kinase kinase 1 (MEKK1) and
MEKK3.'*

RIP1 is constitutively expressed in many tissues. However, TNF-o
treatment or T-cell activation also make the expression of RIP1 indu-
cible.>*' RIP1 expression is important for T-cell survival, because mice
lacking RIP1 display extensive apoptosis in lymphoid tissue. Cultured
RIP1 deletion cells are also more sensitive to TNF-o-induced cell
death. RIP1-deficient mice die within 3 days of birth.”* All of these
indicate that RIP1 has a crucial role in regulating cell death and con-
trolling the homeostasis of a tissue or organism.

The death receptors TNF-R1, Fas and TNF-related apoptosis-
inducing ligand receptor mediate apoptosis in many cell systems.
When these receptors bind to their ligands, they polymerize and ini-
tiate signaling pathways that either lead to an inflammatory response
or cell death. Binding of TNF-a to its receptor, TNF-R1, induces the
formation of two sequential signaling complexes, with RIP1 being a
component of both complexes.”” The initial plasma membrane-
bound complex (complex I) is composed of TNF-R1, TRADD, RIP1,

Key Laboratory of the Ministry of Education for Cell Biology and Tumor Cell Engineering, School of Life Sciences, Xiamen University, Xiamen, China
Correspondence: Dr JH Han, Key Laboratory of the Ministry of Education for Cell Biology and Tumor Cell Engineering, School of Life Sciences, Xiamen University, Xiamen 361005,

China.
E-mail: jhan@xmu.edu.cn
Received 13 January 2010; accepted 1 February 2010


www.nature.com&sol;cmi

RIP kinase family
DW Zhang et al

244

ANK LRR

CARD RIP2/RICK/CARDIAK
e
—
RIP6/LRRK1

—SH-Heen— DS

LRR

Figure 1 Domain organization of the RIP kinase family. The members of the RIP kinase family all share a homologous kinase domain (KD). RIP1 and RIP2 have a C-
terminal death domain (DD) and caspase activation and recruitment domain (CARD), respectively. RIP3 has a unique C-terminus that is diverse from any other known
proteins. RIP homotypic interaction motif (RHIM) is found both in RIP1 and RIP3. RIP4 and RIP5 contain C-terminal ankyrin repeats (ANK) domains, which are also
observed in RIP6. RIP6 and RIP7 are characterized by the presence of leucine-rich repeat (LRR) motifs and Ros of complex proteins/C-terminal of Roc (Roc/COR)
domains. RIP7 further harbors a WD40 motif in its C terminus. CARDIAK, CARD-containing IL-1B converting enzyme-associated kinase; DIK, protein kinase C-3-
interacting protein kinase; ID, intermediate domain; LRRK, leucine-rich repeat kinase; PKK, protein kinase C-associated kinase; RICK, RIP-like-interacting caspase-
like apoptosis-regulatory protein kinase; RIP, receptor-interacting protein; Sgk288, Sugen kinase 288.

TRAF2 and cellular inhibitor of apoptosis 1 (cIAP1). This induces rapid
activation of nuclear factor-kappa B (NF-kB). As a consequence, NF-kB
promotes the expression of several anti-apoptotic proteins, including
TRAF1, TRAF2, cIAP1, cIAP2 and notably cellular FADD-like IL-1[3-
converting enzyme inhibitory protein, a potent inhibitor of death
receptor-induced apoptosis.***> And here, TRAF2 and RIP1 also medi-
ate the activation of mitogen-activated protein kinases (MAPKs), such
as p38, c-Jun N-terminal kinase (JNK) and ERK (Figure 2). ERK activa-
tion requires the kinase activity of RIP1, which appear not to be essen-
tial for the activation of p38, JNK, and NF-«B signaling.zz’26
Subsequently, a second complex (so-called complex II) is formed,
which contains TRADD, RIP1, FADD, procaspase-8 and caspase-10.
The activation of FADD and caspase-8 then initiate apoptosis.
However, complex IT only triggers apoptosis when complex I-mediated
NF-kB activation is too low to induce a sufficient level of anti-apoptotic
signaling. If the caspases are blocked, necrotic cell death ensues.”>?’
Recently, the critical role of RIP1 in mediating programmed necrosis
has been addressed (Figure 2).252 It has been reported that the homo-
logous kinase RIP3 can interact with and phosphorylate RIP1 upon
TNF stimulation.”®*! RIP3 and RIP1 form a phosphorylation-driven
necrosome that finally leads to necrotic cell death.”

The role of FADD in TNF-a-induced caspase-independent signal-
ing is controversial: FADD seems necessary for TNF-o-induced death
in mouse embryonic fibroblasts,”* but it is not responsible for the
TNF-a-induced cell death of Jurkat.”> The activated caspase-8 can
cleave the kinase RIP1 that is essential for anti-apoptotic NF-kB sig-
naling, showing that RIP1 functions at the cross-roads of cell survival
and death, as well as the cross-roads between complex I and complex II
signaling.

The modification of RIP1, such as phosphorylation and ubiquiti-
nation, determines RIP1’s function in the prosurvival and death-
inducing signaling pathways. Upon TNF stimulation, RIP1 is
autophosphorylated and ubiquitinated. The ubiquitination of RIP1
can occur through linking to both Lys48 and Lys63 of ubiquitin.'” The
Lys63-linked polyubiquitination of RIP1 by cIAP1 and cIAP2 initiates
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the TNF-induced activation of MAPKs and NF-kB, which promote
the expression of prosurvival proteins. However, the Lys63-linked
RIP1 ubiquitination is negatively regulated by deubiquitinases (A20)
and cylindromatosis.”* A20 recruits to the TNF-R1 complex, removes
the Lys63-linked ubiquitin chains from RIP1, and promotes ubiqui-
tination of RIP1 in Lys48 linkage, which causes RIP1 degradation by
the 26S proteasome complex,'” resulting in the termination of NF-kB
signaling and potentiation of cell death.

RIP2

RIP2 is also called RIP-like-interacting caspase-like apoptosis-regula-
tory protein kinase or CARD-containing IL-1p converting enzyme-
associated kinase. It was first described by three independent groups as
a novel RIP-like kinase that has a role in NF-«B activation and apop-
tosis (Figure 2).>77

RIP2 is characterized by an N-terminal kinase domain and a C-
terminal CARD domain (Figure 1). Just like RIP1, the kinase activity
of RIP2 is not required for the NF-kB response.>” RIP2 can interact
with several TRAF members, such as TRAF1, TRAF2, TRAF5 and
TRAF6.°**” RIP2 also associates with the anti-apoptotic proteins
cIAP1 and Cflip.*" In addition to NF-kB, overexpression of RIP2
activates the MAPKs ERK2 and JNK (Figure 2). The activation of
ERK2 but not JNK requires RIP2 kinase activity.””*® Experimental
data have also demonstrated that RIP2 has a role in p38 MAPK activa-
tion in the stressed heart (Figure 2).> Cytokine production induced by
IL-1, IL-18 and Toll receptors is reduced in RIP2-deficient cells.*>*!
Furthermore, T-cell receptor-triggered proliferation is severely com-
promised in the RIP2-knockout animals.*'

Nucleotide-binding oligomerization domain-containing protein 1
(NOD1) and NOD2 (also called CARD-4 and CARD-15, respectively)
are two components of the innate immune system from the NOD-like
receptor protein family and are involved in sensing the presence of
pathogens.”> Upon activation by specific bacterial peptides derived
from peptidoglycans, NOD1 and NOD?2 interact with the kinase
RIP2 via CARD-CARD interaction to induce NF-«B activation and



R RARRRRRRR AR
0800000 0000000800000000008800800480008008008488

Stimuli

RIP kinase family
DW Zhang et al

AR RN AR

= JILIIIIIIIT I L DL O DL L L L L L L e L

and intracellular stress

Figure 2 Network of the RIP kinases in the multiple cellular signaling pathways. RIP1 is a key mediator of several signaling pathways that lead to the activation of
MAPKs and NF-kB, as well as cell death. RIP2 is critical for signaling from NOD-like receptors and can trigger MAPKs and NF-«B activation. The role of RIP3 is major in
the induction of necrosis: it may participate in the process of apoptosis and regulate NF-xB signaling. RIP4 mainly functions in the activation of JNK and NF-«xB
pathways. ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor-kappa B; NOD,

nucleotide-binding oligomerization domain; RIP, receptor-interacting protein.

to regulate innate immune responses.*>*> RIP2’s kinase activity is
critical for protein stability, and thus plays a central role in the pre-
servation of NODI- and NOD2-mediated innate immune res-
ponses.** Many molecules that interact with RIP2 are demonstrated
to be involved in the regulation of the NF-xB signaling pathway.
Evidence was provided that the X-linked inhibitor of apoptosis pro-
tein (XIAP) interacts with RIP2 via its BIR2 domain and is involved in
the NOD signaling. XIAP-deficient cells exhibit a marked reduction in
NF-«B activation induced by microbial NOD ligands and by over-
expression of NOD1 or NOD2. Both NOD1 and NOD?2 associate with
XIAP in a RIP2-dependent manner, suggesting a role for XIAP in
regulating innate immune responses by interacting with NOD1 and
NOD2 through interaction with RIP2.** The LIM-domain-containing
protein TRIP6 can functionally associate with RIP2. Overexpression of
TRIP6 potentiates RIP2-mediated NF-kB activation triggered by TNF,
IL-1, TLR2 and NOD1.*® Additionally, an MAPK, MEKK4, binds to
RIP2 to sequester RIP2 from the NOD?2 signaling pathway, inhibiting
the NOD2-driven NF-kB activation.*” Moreover, ITCH, an E3 ubiquitin
ligase, is found to K63-ubiquitinate RIP2 to inhibit NOD2-induced NF-
kB activation. However, ITCH E3 ligase activity is responsible for
optimal NOD2-induced p38 and JNK activation, suggesting an import-
ant role in inflammatory signaling.*® RIP2 has also been shown to inter-
act with the CARD of caspase-1 and to induce IL-13 maturation, as well
as induce Fas-mediated programmed cell death by enhancing caspase-8
activity.*

Recently, Krieg and colleagues have identified a novel alternative
mRNA splice variant of RIP2, encoding a protein designated RIP2-f.>°
It is comprised of only a portion of the N-terminal kinase domain,

lacking the intermediate region and C-terminal CARD domain. These
structural changes in RIP2-f are correlated with a loss of activation
with respect to NF-kB and MAPK activation, IL-1P secretion and
caspase-8-mediated apoptotic cell death.>

Furthermore, evidence has been provided showing that RIP2’s pro-
tein level is inducible upon certain stimulation. For instance, in res-
ponse to the inflammatory cytokines TNF-o, IL-1B and interferon-vy,
the increase in RIP2 transcription and translation can be detected in
endothelial cells.”!

RIP3

RIP3 is the third RIP kinase family member to be described. RIP3 is
comprised of an N-terminal kinase domain similar to that found in
other RIP kinases, an RHIM domain and a unique C-terminal domain
that differs from all known protein domains (Figure 1). Over-
expression of RIP3 could induce apoptosis and NF-«B activation in
some cell lines (Figure 2).1820:5253 However, evidence also indicates
that RIP3 interacts with and then phosphorylates RIP1 to diminish
TNF-induced, RIP1-dependent NF-kB activation.>! So, the activation
of NF-kB by RIP3 is controversial. Indeed, RIP3-deficient mice do not
exhibit any alteration in the level of NF-kB activation induced by
TNF-o.>*

TNF-a induces apoptosis in many types of cells, which can be
blocked by the pan caspase inhibitor benzyloxycarbonyl-Val-Ala-
Asp(OMe)-fluoromethylketone (zVAD), but TNF-a can still trigger
some cell lines to undergo necrosis when the activities of caspases are
inhibited by ZVAD treatment.' Similar to RIP1, the kinase activity of
RIP3 is required for this caspase-independent cell death.>
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Figure 3 Schematic for the mechanism of RIP3/RIP1-mediated necrosis. TNF induces apoptosis in the absence of RIP3, while in cells that have sufficient RIP3
expression, the gateways to using glycogen and glutamate or glutamine are readily opened after TNF stimulation. zZVAD may enhance RIP3 function, as RIP3and RIP1
are reported to be cleaved by caspases. The enhanced metabolism should be accompanied by increased ROS production from the mitochondrial respiration chain,
which is likely responsible for the function of RIP3/RIP1 in mediating necrosis. FADD, Fas-associated death domain; GLUD, glutamate dehydrogenase; GLUL,
glutamate ammonia ligase; PYGL, phosphorylase, glycogen, liver; RIP, receptor-interacting protein; ROS, reactive oxygen species; TCA, tricarboxylic acid cycle; TNF,
tumor-necrosis factor; TNF-R1, tumor-necrosis factor receptor 1; TRADD, TNF-receptor-associated death domain; TRAF, TNF-receptor-associated factor; zZVAD,

benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone.

Recently, we find that, similar to RIP1, RIP3 is required for caspase-
independent necrotic cell death triggered by TNF treatment (Figure 2).*°
Through microarray analysis, we have revealed that RIP3 is not
expressed in A cells (one NIH-3T3 cell line) which undergo apoptosis
upon TNF stimulation, whereas it is highly expressed in N cells (another
NIH-3T3 cell line) which undergo necrosis when treated with TNF. The
apoptotic cell death of A cells is protected by the pan caspase inhibitor
zVAD, while the necrotic cell death of N cells is not blocked but rather
enhanced by zVAD. Small hairpin RNA knockdown of RIP3 in N cells
prevents necrosis in the presence of zZVAD. We further uncovered that
RIP3 is also required for TNF-induced necrosis in L929 fibroblasts and
zVAD-induced necrosis in TNF-/lipopolysaccharide-stimulated prim-
ary peritoneal macrophages. Deletion and point mutations analysis
reveals that the kinase activity and RIP1-interacting RHIM domain in
RIP3 are both required for necrotic signaling.”

The essential role of RIP3 in caspase-independent necrosis has also
been reported in Cell by two other groups.”** Using an RNA inter-
ference screen, Cho and colleagues identified that RIP1 and RIP3 are
among 10 kinases required for cellular programmed necrosis in res-
ponse to TNF treatment, and during virus infection. The kinase RIP3
regulates necrosis-specific RIP1 phosphorylation. The phosphorylation
of RIP1 and RIP3 can stabilize their interaction within the pronecrotic
complex, activate the pronecrotic kinase activity and trigger down-
stream reactive oxygen species (ROS) production which finally leads
to necrotic cell death.”® Through a genome-wild RNA interference
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screen, another group also demonstrated that both RIP1 and RIP3
are the key mediators of TNF-induced necrosis in mouse L929 fibro-
blasts and human HT-29 cells (treated with a combination of TNF-o,
Smac mimetic and zZVAD). They report that, upon induction of nec-
rosis, RIP3 is recruited to RIP1 to form a necrosis-inducing complex,
which is in complex II downstream of the TNF receptor.*’

Although there are many potential sources of ROS, ROS derived
from mitochondria has been proved to play a crucial role in the exe-
cution of caspase-independent cell death.! Our experimental data
have revealed that RIP3 is required for ROS production in N cells,
1929 fibroblasts and primary peritoneal macrophages during the pro-
cess of necrosis triggered by different death stimuli.

By means of liquid chromatography-tandem mass spectrometry
analysis, we identify several cellular metabolic enzymes in the RIP3
immunocomplex that are immunoprecipitated from N cells treated
with TNF+2zVAD for 2 h. Further experiments show that RIP3 can
directly interact with and enhance the enzymatic activity of liver gly-
cogen phosphorylase (PYGL), glutamate ammonia ligase (GLUL) and
glutamate dehydrogenase 1 (GLUDI1) (Figure 3). PYGL catalyzes the
rate-limiting degradation of glycogen by releasing glucose-1-phosphate,
thereby having a key role in utilizing reserved glycogen as an energy
source. GLUL is a cytosolic enzyme that catalyzes the condensation of
glutamate and ammonia to form permeable glutamine. Glutamine can
transfer into the mitochondria to function as an energy substrate.
GLUD1 is found in the mitochondrial matrix and converts glutamate



to a-ketoglutarate. So, both GLUL and GLUDI1 are essential for the use
of glutamate or glutamine as substrates for ATP production by means
of oxidative phosphorylation. Knockdown of PYGL, GLUL or GLUD1
partially inhibits TNF+2zVAD-induced ROS production and necrosis in
N cells. Because increasing glucose by breaking down glycogen and
promoting the use of glutamate and glutamine as energy substrates
all increase energy metabolism, the role of RIP3 in rendering cells more
permissive to TNF-induced necrosis should at least partly occur
through increasing energy metabolism-associated ROS production
(Figure 3).

RIP4

RIP4 was first identified as protein kinase C (PKC)-d-interacting pro-
tein kinase (DIK), as it is a kinase that can interact with PKC-9, a
member of the PKC family, in a yeast two-hybrid system.>® The ortho-
log of DIK in mice also interacts with PKC-B, another PKC isoform,
and thus is referred to as protein kinase C-associated kinase (PKK).””
DIK/PKK contains an N-terminal RIP-like kinase domain and C-
terminal ankyrin repeats domains linked to an intermediate region
(Figure 1).577%° Therefore, DIK and PKK were renamed human and
mouse RIP4, respectively.sg’59

Overexpression of RIP4 leads to the activation of NF-kB and JNK
signaling (Figure 2).°>*° RIP4-mediated NF-kB activation requires
IKK-o and IKK-B, but not IKK-v, a regulatory subunit of the IxB
kinase (IKK) complex. Interestingly, the kinase-dead RIP4 mutant
blocks NF-kB activation triggered by phorbol ester and Ca®"-
ionophore, but not TNF-o, IL-1B or NODI. Inhibition of NF-kB
activation by dominant negative RIP4 can be reconstituted by coex-
pression of PKC-f, suggesting a functional link between RIP4 and
PKC-B. RIP4-induced NF-kB activation is independent of Bcl10 and
is not suppressed by dominant negative Bimp1, two components of
the PKC signaling pathway.*® Moreover, RIP4 binds to several mem-
bers of the TRAF protein family, and dominant negative TRAF]I,
TRAF3 and TRAF6 inhibit RIP4-induced NF-kB activation.>
Similar to RIP1, RIP4 is also cleaved by caspases at Asp340 and
Asp378 in the intermediate region during the process of apoptosis,
resulting in the inhibition of its activity of promoting NF-«B signal-
ing.”® RIP4 is phosphorylated by two specific MAPKs, MEKK2 and
MEKK3, and this interaction may partly be mediated through a critical
activation loop residue, Thr184.°!

The transgenic mice overexpressing a catalytically inactive form of
RIP4 in lymphoid cells results in a decreased number of peripheral B
cells.®? In RIP4-deficient mice, the differentiation of keratinocytes is
severely impaired, and no cornified layer can be observed.”® Mice
lacking RIP4 are perinatally lethal due to abnormal epidermal differ-
entiation. Moreover, RIP4-knockout mice have shorter hindlimbs and
tails when compared with their wild-type counterparts, indicating a
defective morphogenesis. Interestingly, the phenotype of keratinocyte
defects in RIP4-deficient mice is similar to that of mice lacking IKK-a,
another kinase in NF-xB signaling.”>"®> Taken together, these data
suggest that RIP4 and IKK-o may function in a common pathway
to regulate epidermal development and homeostasis.

RIP5

The Sugen kinase 288 exhibits high sequence homology with RIP4.
They both share an N-terminal kinase domain and C-terminal ankyrin
repeats (Figure 1), with an overall homology of 35%. Therefore, the
kinase, Sugen kinase 288, has been proposed to be a RIP kinase family
member, and designated as RIP5. The similar structures may suggest
similar functions between RIP5 and RIP4. Overexpression of
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RIP5 induces cell death with characteristic apoptotic morphology,
including DNA fragmentation.® However, the biological function
of RIP5 is still largely unknown.

RIP6 AND RIP7
Another two kinases, leucine-rich repeat kinases LRRK1 and LRRK?2,
are closely related to the RIP kinases based on structural studies, and
are thus referred to as RIP6 and RIP7, respectively.” Similar to RIP4
and RIP5, RIP6 is characterized by the ankyrin repeats domains, which
are not observed in RIP7. Unlike the other RIP kinases, RIP6 and RIP7
harbor additional domains, such as leucine-rich repeat and Ros of
complex proteins/C-terminal of Roc domains. RIP7 further has
WDA40 repeats in its C terminus (Figure 1). The high resemblance in
structural organization between RIP6 and RIP7 suggests that they
might have conserved biological functions. Indeed, experimental
studies show that both of these two proteins correlate with a suscept-
ibility to Parkinson’s disease.®”~"°

Mutations in RIP7 have been identified as the most genetic causes of
autosomal dominant inherited Parkinson’s disease.®® The mutation
types and the frequencies of RIP7 distribute unevenly in different
populations.”! These mutations result in amino-acid changes
throughout the protein and alterations in both its enzymatic prop-
erties and interactions. The best-characterized mutations in RIP7 to
date are G2019S and R1441C/G. G2019S mutation results in the
increased kinase activity, whereas R1441C/G mutations cause defect-
ive GTPase activity and also influence kinase activity.”> Moreover, all
the variants of RIP7 and their contribution to Parkinson’s disease have
been recently examined and summarized by Paisan-Ruiz.”* The kinase
activity, GTP-binding (GTPase) and WD40 domain of RIP7 are all
reported to be implicated in RIP7’s neurotoxicity.”*”® Although
much effort has been made in searching for the molecular mechanism
underlying RIP7’s function,”” ™ the pathogenesis of RIP7 mutations
in Parkinson’s disease remains unclear.

PERSPECTIVES

Much progress has been made in understanding the biological func-
tions of the RIP kinase family members during the past several years.
These RIP kinases are involved in many cellular signaling pathways,
regulating inflammatory responses and cell death or survival. The
commonality of RIP family members is their role in modulating the
NF-«B pathway and cell death program. Despite the homology in
structural features, the different RIP kinases participate in diverse
biological processes due to their specific domains. RIP1 is the most
intensively studied RIP kinase and is known to play a crucial role in
death receptor-initiated intracellular signaling. The biological func-
tion of RIP2 in the immune responses was revealed in recent years and
the key role of RIP3 in necrotic cell death was discovered last year. The
information regarding the function of RIP6 and RIP7 is not yet clear,
but their participation in the development of Parkinson’s disease has
been demonstrated. Although the study of other RIP kinase family
members is currently limited, we anticipate that their functional
importance will be revealed in the coming years. Current knowledge
of RIP kinases has suggested therapeutic potential in targeting RIP
family kinases in the treatment of diseases of inflammation, ischemia
and neurodegeneration.
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