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Neurodegenerative diseases are a growing global issue. They tend to occur in the later stages
of life and are primarily characterized by dementia, irritability, aggressiveness and poor
cognitive function, among other manifestations. Pathologically, neurodegenerative diseases
such as Alzheimer’s and Parkinson’s disease feature the progressive damage of neurons in
the brain. Alzheimer’s disease in particular is the sixth leading cause of death in the US. Its
aetiology involves impaired cell signaling pathways that are crucial for cell survival through
the modulation of tumor necrosis factor-a activity via the actions of receptor interacting
protein kinase (RIPK) 1. The study of RIPK1 involvement in Alzheimer’s disease had been
ongoing for decades, and it was found to mediate two of the most common pathways
implicated in the neuronal deaths seen in Alzheimer’s disease: apoptosis and necroptosis. To
a certain extent, the involvement of autophagy was also observed in the progression of
neuronal death. In this review, the general structure of RIPK1 and the various cell death

pathways it regulates, as well as its significance in Alzheimer’s disease, are discussed.
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Introduction

Over the last few decades, the world has Alzheimer’s  disease = (AD).  Clinical

seen the aging population succumb to manifestations of this debilitating and
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disabling disease include dementia [1],
progressive loss of cognitive function and
memory as well as decreased mental capacity
[2]. The common pathological findings in AD
include neuronal damage, formation of senile
plaques, neurofibrillary tangles and microglial
activation [1]. In particular, senile plaques
have been making a regular appearance in AD
brains. They mainly occur due to the
accumulation of beta-amyloid (AP) peptide
derived from the improper folding of the

amyloid precursor protein (APP).

With lengths ranging from 40 to 42 amino
residues, AP is generated by the cleaving of
APP by beta and gamma secretase — a protein
complex comprised of presenilin, nicastrin and
more — found within the neuronal membrane
[3,4]. The AP peptide formed is released from
the membrane into the extracellular space. In
normal circumstances, these aggregates are
cleared by a degradation mechanism called
autophagy [5]. However, defective autophagy,
coupled with mutations in the APP and
presenilin genes, lead to overproduction and
aggregation of toxic fibrillar AB [6]. Presenilin
gene mutations are correlated with the
increased production of AB1-42 [7,8]. This
may be due to the enzymatic action of
presenilin during the process of A generation
[9,10]. In addition, presenilin mutations were

found to promote neuronal cell apoptosis [11].

In AD, the most abundant form of A found is
AP1-40, followed by AP1-42 [12]. The
presence of AP plaques in turn activate
microglia and astrocytes to release tumor
necrosis factor (TNF)-a, a pro-inflammatory

cytokine, which is toxic to neurons. These
activated microglial cells tend to cluster
around the periphery of the plaque, suggesting
the involvement of microglia in the further
[13,14].
Furthermore, several studies have reported a

development of the plaque
substantial increase in TNF-a level in both
human and mice AD brains. Upon the deletion
of the TNF-receptor 1 (TNFR1) gene in a
mouse model, the formation of AP plaques
was significantly reduced, which restored
cognitive  function and  re-established
protection against dopaminergic neurotoxicity
[15]. On the other hand, AP induces oxidative

Ca2+
[16,17].

Furthermore, it triggers apoptosis [18] by

stress and elevated intracellular

concentration in neuronal cells
interacting with neuronal receptors, such as
the receptor for advanced
endproducts (RAGE) [19] and the p75

neurotrophin receptor [20]. AP also activates

glycation

the caspase cascade; and selective inhibition
of the caspases particularly caspase-2 and
caspase-12 inhibited Ap-induced
[21,22]. Apolipoprotein E (ApoE) was found

toxicity

to contribute to AD risk by regulating AP
clearance [23]. It bound to AP differentially
and modulated its fibrillogenesis [24-26]. It
also affected the processing of tau in neurons
[27,28]. Hence, humans expressing the ApoE
protein are prone to develop plaque and
deposits  [29].

observations  were

vascular AP Similar

noted in genetically

engineered mice that expressed ApoE4 [30].

TNF-induced neuronal deaths have been
largely associated with AD [15], and its

signaling pathway have been associated with
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receptor interacting protein kinase (RIPK) 1.
RIPK1 determines the fate of the cell by
modulating TNF-a and other receptors for cell
survival or induction of apoptosis and
necroptosis [31]. It also plays an important
role in mediating autophagy (Fig. 1). Hence,

RIPK1 has been the main interest for

researchers to establish a direct relationship
with AD. Over the years, the pathways
mediated by RIPK1 and its role in
neurodegeneration in  AD have been
investigated. In this review, the functional
roles of RIPK1 in AD and the pathways it
mediates are discussed.

~ Apoptosis

Necroptosis

. g
- .| Alzheimer’s disease |

A

™ Autophagy
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autophagy

h

Figure 1. Apoptosis, necroptosis and autophagy are involved in the pathogenesis of Alzheimer’ s disease, mediated

by the receptor interacting protein kinase.

General structure and functions of RIPK1

RIPKs are a group of serine/threonine
kinases responsible for regulating cell death
and survival. Kinase proteins usually play
various roles in different pathways [32]. Seven
types of RIPKs have been discovered
presently, each denoted with a number in the
order they were found. The general structure
of RIPK consists of a kinase domain and
protein-protein interaction motifs unique to
each member [33]. RIPK1 is generally made

up of an N-terminal kinase domain, a

C-terminal death domain and an intermediate
domain located in between [34-36]. The
N-terminal kinase domain is crucial for
inducing cell death [37] and activating the
nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-KB) pathway for cell
survival [35]. Meanwhile, the C-terminal
death domain binds to death domain receptors
like TNFR1 and death-domain containing
adaptor proteins such as TNF receptor type
death (TRADD)

[33,35,36]. Lastly, the intermediate domain is

1-associated domain

responsible for activating the NF-KB pathway
through the formation of complex 1 by
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poly-ubiquitination =~ of  Lys-377.  The
intermediate domain also contains receptor
interacting  protein  (RIP)  homotypic

interaction motifs (RHIM) that facilitates the
interaction between RHIM-containing proteins
and RIP3 for the formation of necrosome
complex [33].

RIPK1 mediates pathological pathways

associated with AD

Autophagy

Autophagy is a cellular degradation
pathway important for promoting cell survival
in stressful conditions and clearing out
abnormally aggregated proteins [38,39]. This
process is initiated in response to a stimulus
like cellular starvation which stimulates the
entrapment of cytoplasmic constituents within
a cup-like membrane known as the
phagophore, to form an autophagosome [40].
This  autophagosome then fuses with
lysosomes for the degradation of its contents

by lysosomal hydrolases [40,41].

Currently, there is little evidence on how
RIPK1 directly mediates autophagy in AD.
However, defective autophagy has been
implicated in  the  progression  of
neurodegeneration in AD [6]. For instance, the
presence of autophagosomes in neurons has
been reported, with a subsequent accumulation
within dystrophic neurites of the two most
affected regions of the brain: the hippocampus

and cortex. Autophagosomes are rarely found

in a healthy brain, hence elevated amounts
suggests the failure of autophagy in mediating
protein degradation [3]. Furthermore, because
of this scarcity, earlier studies suggested that
autophagy is inactivated in  neurons.
Nonetheless, more current research revealed
that autophagy in neurons is actually very
active, but the process requires a fully
functional lysosomal degradation mechanism.
In the pathogenesis of AD, lysosomal
degradation is often impaired, which leads to
the accumulation of autophagosomes in
dendrites and axons. Even though there is a
successful fusion between autophagosomes
and lysosomes, the degradation of the
substrates in the autolysosomes is disabled

[42].

In states of injury, autophagy removes
impaired organelles that would otherwise
trigger cell death. This provides evidence that
autophagy harbours cytoprotective qualities
that are compromised in AD due to severe
impairment of the cellular

pathway [43].

degradation

Apoptosis

A defective autophagy mechanism often
redirects cells to another pathway called
apoptosis. Apoptosis is a programmed cell
death mechanism that has been extensively
linked to neuronal death in AD. Its

morphological  characteristics include a
shrunken cytoplasm, fragmented nucleus and
cellular components, condensed chromatin

and apoptotic body formation [43].
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Overexpression of TNFR1 has been linked to
apoptosis in AD brains [6].

Apoptosis is initiated by the activation of
TNFRI during cell survival dysfunction. A
deubiquitinating called
cylindromatosis (CYLD) acts on RIP1 to

disrupt complex | (consisting of TRADD,

enzyme

cellular inhibitors of apoptosis (clAP) 1 and 2
and TNF receptor-associated factors (TRAF) 2
and 5) formed in the NF-KB pathway and

releases RIP1 from the plasma membrane [44].

The RIP1 ubiquitination by the E3 ligases
clAP1 and 2 activates the cell survival
pathway, but removal of these E3 ligases due
to genetic deletion or presence of IAP
antagonists leads to the formation of
riptosome, a secondary complex consisting of
RIP1, Fas-associated death domain (FADD)
and caspase 8. Caspase 8 within the riptosome
inactivates RIP1 by cleaving to induce

apoptosis [31].

Several studies have shown that autophagy
has the ability to inhibit apoptosis-induced cell
death [31,43].

prevented in nutrient-deprived cells by the

Apoptosis is delayed or
turnover of redundant cellular components

into substrates for energy.

Necroptosis

Necroptosis is a unique example of

non-apoptotic cell deaths [36]. It is the

regulated  form  of  necrosis,  with

morphological characteristics that include

decreased plasma membrane integrity,

dysfunctional mitochondria, swollen
organelles and lack of apoptotic bodies [44].
Factors such as TNF-a, toll-like receptors
(TLR) and viral infections are known to

trigger necroptosis [6,45].

Necroptosis is  often activated in
apoptosis-deficient conditions. In apoptosis,
TNF signaling activation occurs when TNF-a
binds with its receptor, followed by the
formation of complex lla consisting of RIP1,
FADD and caspase 8 [36]. However, the
absence of caspase 8 activity, which
inactivates RIP1 to prevent the release of
necroptotic signals [46], leads to the
recruitment and phosphorylation of RIP3 by
RIP1 to form complex llb, otherwise known
as the necrosome [45,47]. The activation of
RIP3 subsequently triggers the
phosphorylation of the pseudo-kinase mixed
lineage kinase domain-like (MLKL) and
induces its oligomerisation and translocation
to the plasma membrane. As a result, integrity
of the membrane is compromised and
intracellular components escape to induce

necroptosis [45,47,48].

There is increasing evidence suggesting the
involvement of necroptosis in AD-associated
neuronal damage. One study highlighted that
neuronal cells, particularly the hippocampal
neurons, are more prone to undergo
TNF-a-induced necroptosis as compared to
apoptosis. It was demonstrated that neuronal
initiated by the
CYLD-RIP1-RIP3-MLKL signaling pathway.

Moreover, an over-expression of RIP1 and

death was

RIP3 was observed, along with an increase in
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neuronal death upon intracerebroventricular
administration of TNF-a [30]. This underlines
the vital role of TNF-a in neuronal cell death.
To further support this claim, the study
demonstrated that by inhibiting the actions of
RIP1, RIP3, MLKL and CYLD, which are
necessary for inducing necroptosis, there was
a significant reduction in neuronal cell death
[30].

Crosstalk between apoptosis and necroptosis

Cellular response to TNF is complex. It may
induce apoptosis or necroptosis depending on
the cell type and cell death sensitizers. These
regulated forms of cell death are thought to be
complementary to each other. Hence,
therapeutic approaches that target a single cell
death mechanism may not be effective.
Recent studies show that targeting multiple
cell death paradigms are more effective in
cytoprotection [49]. For example, lung
damage, a common complication of kidney
transplantation, was inhibited by the dual
targeting of parthanatos and necroptosis [50].
Moreover, in renal ischaemia-reperfusion
injury, the combined targeting of necroptosis,
ferroptosis  and

cyclophilin  D-dependent

necrosis resulted in a better outcome

compared to the non-treated or single

inhibitor-treated groups in an animal study
[51].

There is emerging evidence linking

apoptosis and necroptosis pathways. A

previous study showed that lipopolysaccharide

stimulated the formation of

RIPK1-RIPK3-FADD-caspase 8 complex in
dentritic cells, and the complex was found to
contribute to interleukin-1p processing [52].
When caspase 8 was depleted, the NOD-,
LRR- and pyrin domain-containing 3 (NLRP3)
inflammasome was assembled and this
process was dependent on RIPK1, RIPKS,
MLKL and phosphoglycerate mutase family
member 5 (PGAMS5) [53]. These findings
suggest the involvement of
necroptosis-associated factors, including RIPK
in the inflammasome activation. In addition,
RIPK1 was involved in the development of
inflammation and necroptosis in motor neuron
On the other hand,

protein

degeneration [54].
signaling via the TLR adaptor
TIR-domain-containing
interferon-p (TRIF) that leads to clAP1- or
clAP2-mediated ubiquitylation of RIPK3 and
cell survival has been shown to be involved in

adaptor-inducing

the necrosome-inflammasome interaction.
Absence of the clAPs caused RIPK3-mediated
activation of caspase 8, which in turn led to
the activation of the inflammasome and
apoptosis. When both the clAPs and caspase 8
were absent, RIPK3 and MLKL-dependent
activation of inflammasome was enhanced
[55]. Newton et al. found that kinase activity
of RIPK3 was essential for necroptosis and
may also play an important role in caspase 8
activation and apoptosis [56]. Taken together,
necroptosis and apoptosis pathways were
shown to share a few mediators such as
RIPK3, caspase 8 and inflammasome (Fig. 2).
It is worth noting that the different domain
structures, such as death and caspase
activation and recruitment domain (CARD)

domains, which were found in the different
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RIP family members determine the specific

activates

dependenton
caspase 8

function of each RIP kinase [57].

k

Inflammasome [ ——+ Necroptosis

E )

“«  Apoptosis

Figure 2. Receptor interacting protein kinase and caspase 8 are involved in necroptosis and apoptosis pathways.

Relevance of RIPK1-targeting drugs for AD

The development of novel therapies for AD
has recently emerged; albeit none that
specifically target RIPK1 activity. Considering
the important role of RIPK1 in AD, RIPK1
inhibitors might act as potential drug for AD
treatment. Recently, there is an increasing
discovery of RIPKL1 inhibitors with promising
results. The discovery of necrostatins as a
RIPK1 inhibitor was one of the earliest made.
Necrostatin (Nec-1) had been identified as a
small-molecule inhibitor that specifically
inhibits the RIPK1 activity in necroptosis
without
RIPK1-mediated pathways such as the NF-KB

pathway [58]. Because of this, Nec-1 has

interfering with other

become an important tool for establishing the
role of RIPK1 in necroptosis through in vitro
and in vivo assays. Despite the promising
effects reported, the inhibitor has shown
several limitations. It has a short half-life,
moderate potency, and tends to generate
unnecessary off-target effects. Thus, several

analogues have been identified. Of these,

7-Cl-O-Nec-1, known as Nec-1s, reportedly
improved pharmacokinetic features and does
not interfere with
indoleamine-2,3-dioxygenase (IDO) activity
crucial for immune system function. However,
it shares a similar structure to Nec-1, thus
characteristics such as

retaining similar

moderate potency and off-target effects

[59,60].

Another small-molecule RIPK1 inhibitor
known as GSK’963 was discovered by Berger
et al. This highly selective RIPK1 inhibitor is
structurally different and 200 times more
potent than necrostatins. Furthermore, it
affects neither IDO activity, nor NF-KB
activity, nor apoptosis [59]. On the other hand,
the RIPK3 kinase inhibitor GSK’872 was able

to reverse TNF-induced necroptosis [61].

Unfortunately, despite their ability to
prevent necroptotic damage, these RIPK1
inhibitors are unavailable for clinical use.
Thus, a study was conducted to ascertain
RIPK1

clinically-approved drugs.

possible inhibitory activities in

Ponatinib and
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pazopanib were identified as kinase inhibitors
that directly inhibit RIPK1 in necroptosis in
humans. Both drugs are highly potent and do
not interfere with apoptosis. Moreover,
ponatinib is capable of targeting other

important  components  of  necroptosis,
including RIP3, MLKL and more, whereas
pazopanib

provides  protection  from

necroptosis at very low concentrations,
suggesting its potential use for future clinical
applications. In the study, ponatinib and
pazopanib were found to rescue TNF-a/Smac
mimetic/z-VAD-FMK (TSZ)-induced
necroptotic cell death. The two drugs inhibited
necroptotic cell death driven by TNF, TRAIL
and Fas ligand (FasL) in HT-29 cells. In
contrast, the drugs did not inhibit apoptotic
cell death triggered by FasL. Ponatinib
targeted at two pathways in its cytoprotective
effect: the necroptosis machinery and TNF
signaling. Components of these mechanisms
include RIPK1, RIPK3, MLKL,
TGF-B-activated kinase 1 (TAK1L),
MAP3K?7-binding protein 1 (TAB1) and
TAB2. Ponatinib blocked the phosphorylation
of RIPK1, RIPK3 and MLKL. The study
found that MLKL S358D was not the drug
target of ponatinib. On the other hand,
pazopanib was found to directly bind and
inhibit RIPK1 kinase activity. However, it did
not block MLKL S358D-driven necroptosis
and only moderately affected RIPK3 activity.
Pazopanib blocked TSZ-induced
phosphorylation of MLKL but did not
interfere with the binding of RIPK3 to MLKL
[62].

Structure-based virtual screening methods

are useful in developing new drugs that target
a specific protein. Usually, integration of
different ensemble methods provide better
virtual screening results. Hence, Fayaz and
Rajanikant have developed dual ensemble
screening method, a novel computational
strategy that can be used in identifying diverse
RIPK1.

Pharmacophoric information and appropriate

and potent inhibitors against
protein structures for docking are crucial in
the search for potential drug candidates that
demonstrate correct ranks and scores after
docking. Thus, in this new screening method,
all the pharmacophore features present in the
binding site were carefully considered.
Ensemble pharmacophore was used in the
pharmacophore-based screening of ZINC
database to obtain compound hits [63].
Ponatinib is one of the drugs that has been
identified as an inhibitor of RIPK based on the
structure-based virtual screening method [64].
As Glu-in/DLG-out conformation of RIPK1
was found similar with Abl [65], the Bcr-Abl
inhibitor, ponatinib was thought to be able to
inhibit RIPK1. Using structure-guided design
strategy that utilized the ponatinib scaffold,
several novel inhibitors with greatly improved
selectivity for RIPK1 were developed. In
particular, a highly potent and selective
‘hybrid’ RIPK1 inhibitor termed PN10 which
possessed the properties of ponatinib and
Nec-1 have been developed. PN10 showed
improved inhibition of necrosome formation
and TNF-o synthesis compared to ponatinib
[64].
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Conclusion

Based on current evidence, it may be
surmised that RIPK1 is the main mediator of
the TNFR1 signaling pathway for the
induction of apoptosis and necroptosis that
contribute significantly to the progression of
neuronal death in AD. Thus, blocking RIPK1
activity in both necroptosis and apoptosis
without disrupting other important cellular
pathways is likely to considerably alleviate the
clinical effects of AD. Studies conducted on
RIPK1

demonstrated their potential in suppressing

inhibitors ~ have  successfully
RIPK1 activity, but these inhibitors may not
be available for clinical use in the near future.
Increasingly potent RIPK1 inhibitors may be
derived from the current RIPK1 inhibitors
through the use of molecular modelling and
drug design tools. Contradicting to the roles of
RIPK1 in apoptosis and necroptosis which

found contributing to the pathogenesis of AD,

References

1. Louneva N, Cohen JW, Han L-Y, Talbot K,
Wilson RS, Bennett DA, et al. Caspase-3 is enriched
in postsynaptic densities and increased in Alzheimer’s

disease. Am J Pathol. 2008;173(5):1488-95.

2. Carty NC, Wilcock DM, Rosenthal A, Grimm J,
Pons J, Ronan V, et al. Intracranial administration of
deglycosylated C-terminal-specific anti-Abeta
antibody efficiently clears amyloid plaques without
activating microglia in amyloid-depositing transgenic

mice. J Neuroinflammation. 2006;3(1):11.

RIPK1 which also mediating autophagy may
have protective effect against AD. Hence,
more evidence should be gathered to support
the use of RIPK1 inhibitors as a therapeutic
regime for AD.

Competing interests

The authors declare that they have no competing

interests.

Acknowledgments

The authors would like to acknowledge the support of
Ministry of Higher Education Malaysia under project

FRGS/1/2016/SKK08/IMU/03/3.

3. Haung Yu W, Cuervo AM, Kumar A, Peterhoff
CM, Schmidt SD, Lee JH, et al. Macroautophagy - A
novel B-amyloid peptide-generating pathway activated
disease. J Cell Biol.

in Alzheimer’s

2005;171(1):87-98.

4. Kadowaki H, Nishitoh H, Urano F, Sadamitsu C,
Matsuzawa a, Takeda K, et al. Amyloid beta induces
neuronal cell death through ROS-mediated ASK1
activation. Cell Death Differ. 2005;12(1):19-24.

J Med Discov | www.e-discoverypublication.com/jmd/ 9



Roles of receptor interacting protein kinase in Alzheimer’s disease

5. Yang DS, Stavrides P, Mohan PS, Kaushik S,
Kumar A, Ohno M, et al. Reversal of autophagy
dysfunction in the TgCRND8 mouse model of
Alzheimer’s disease ameliorates amyloid pathologies

and memory deficits. Brain. 2011;134(1):258-77.

6. Li R, Yang L, Lindholm K, Konishi Y, Yue X,
Hampel H, et al. Tumor Necrosis Factor Death
Receptor  Signaling Cascade Is Required for
Amyloid-{beta} Protein-Induced Neuron Death. J

Neurosci. 2004;24(7):1760-71.

7. Yuan J, Yankner BA. Apoptosis in the nervous

system. Nature. 2000;407(6805):802-9.

8.  Scheuner D, Eckman C, Jensen M, Song X,
Citron M, Suzuki N, et al. Secreted amyloid
beta-protein similar to that in the senile plaques of
Alzheimer's disease is increased in vivo by the
presenilin 1 and 2 and APP mutations linked to
disease.  Nature  Med.

familial  Alzheimer's

1996;2:864-70.

9. Wolfe MS, Xia W, Ostaszewski BL, Diehl TS,
Kimberly WT, Selkoe DJ. Two transmembrane
aspartates in presenilin-1 required for presenilin
endoproteolysis and gamma-secretase activity. Nature.

1999;398(6727):513-7.

10. Li YM, Xu M, Lai MT, Huang Q, Castro JL,
DiMuzio-Mower J, et al.  Photoactivated
gamma-secretase inhibitors directed to the active site
Nature.

covalently label presenilin 1.

2000;405(6787):689-94.

11. Mattson MP, Guo Q, Furukawa K, Pedersen WA.
Presenilins, the endoplasmic reticulum, and neuronal
apoptosis in Alzheimer's disease. J Neurochem.

1998;70(1):1-14.

12. Friedrich RP, Tepper K, Roénicke R, Soom M,

Westermann M, Reymann K, et al. Mechanism of
amyloid plaque formation suggests an intracellular
basis of Abeta pathogenicity. Proc Natl Acad Sci U S
A. 2010;107(5):1942-7.

13. Jung CKE, Keppler K, Steinbach S,
Blazquez-Llorca L, Herms J. Fibrillar amyloid plaque
formation precedes microglial activation. PLoS One.

2015;10(3):1-10.

14. Simard AR, Soulet D, Gowing G, Julien JP,
Rivest S. Bone marrow-derived microglia play a
critical role in restricting senile plaque formation in

Alzheimer’s disease. Neuron. 2006;49(4):489-502.

15. Liu S, Wang X, Li Y, Xu L, Yu X, Ge L, et al.
Necroptosis mediates TNF-induced toxicity of
Biomed Res Int.

hippocampal neurons.

2014;2014:290182.

16. Behl C, Davis JB, Lesley R, Schubert D.
Hydrogen peroxide mediates amyloid beta protein

toxicity. Cell. 1994;77(6):817-27.

17. Mattson MP, Tomaselli KJ, Rydel RE.
Calcium-destabilizing and neurodegenerative effects
of aggregated beta-amyloid peptide are attenuated by

basic FGF. Brain Res. 1993;621(1):35-49.

18. Loo DT, Copani A, Pike CJ, Whittemore ER,
Walencewicz AJ, Cotman CW. Apoptosis is induced
by beta-amyloid in cultured central nervous system
neurons. Proc Natl Acad Sci U S A

1993;90(17):7951-5.

19. Yan SD, Chen X, Fu J, Chen M, Zhu H, Roher A,
et al. RAGE and amyloid-beta peptide neurotoxicity
Nature.

in Alzheimer's disease.

1996;382(6593):685-91.

20. Yaar M, Zhai S, Pilch PF, Doyle SM, Eisenhauer

J Med Discov | www.e-discoverypublication.com/jmd/ 10



Roles of receptor interacting protein kinase in Alzheimer’s disease

PB, Fine RE, et al. Binding of beta-amyloid to the p75
neurotrophin receptor induces apoptosis. A possible
mechanism for Alzheimer's disease. J Clin Invest.

1997;100(9):2333-40.

21. Nakagawa T, Zhu H, Morishima N, Li E, Xu J,

Yankner BA, et al. Caspase-12 mediates

endoplasmic-reticulum-specific apoptosis and

cytotoxicity by amyloid-beta. Nature.

2000;403(6765):98-103.

22. Troy CM, Rabacchi SA, Friedman WJ, Frappier
TF, Brown K, Shelanski ML. Caspase-2 mediates
neuronal cell death induced by beta-amyloid. J

Neurosci. 2000;20(4):1386-92.

23. Selkoe DJ, Hardy J. The amyloid hypothesis of
Alzheimer's disease at 25 years. EMBO Mol Med.
2016;8(6):595-608.

24. Ma J, Yee A, Brewer HB, Das S, Potter H.
Amyloid-associated proteins al-antichymotrypsin and
apolipoprotein E promote the assembly of the
filaments.  Nature.

Alzheimer  b-protein  into

1994;372(6501): 92-94.

25.  Wisniewski T, Castafio EM, Golabek A, Vogel T,
Frangione B. Acceleration of Alzheimer's fibril
formation by apolipoprotein E in vitro. Am J Pathol.

1994;145(5):1030-5.

26. Evans KC, Berger EP, Cho CG, Weisgraber KH,
Lansbury PT Jr. Apolipoprotein E is a kinetic but not a
thermodynamic inhibitor of amyloid formation:
implications for the pathogenesis and treatment of
Alzheimer disease. Proc Natl Acad Sci U S A.
1995;92(3):763-7.

27.  Andrews-Zwilling Y, Bien-Ly N, Xu Q, Li G,
Bernardo A, Yoon SY, et al. Apolipoprotein E4 causes

age- and Tau-dependent impairment of GABAergic

interneurons, leading to learning and memory deficits

in mice. J Neurosci. 2010;30(41):13707-17.

28. Huang Y, Mahley RW. Apolipoprotein E:

structure and function in lipid metabolism,
neurobiology, and Alzheimer's diseases. Neurobiol

Dis. 2014;72 Pt A:3-12.

29. Rebeck GW, Reiter JS, Strickland DK, Hyman
BT. Apolipoprotein E in sporadic Alzheimer's disease:
allelic variation and receptor interactions. Neuron.

1993;11(4):575-80.

30. Holtzman DM, Bales KR, Tenkova T, Fagan
AM, Parsadanian M, Sartorius LJ, et al

Apolipoprotein  E  isoform-dependent  amyloid
deposition and neuritic degeneration in a mouse
model of Alzheimer's disease. Proc Natl Acad Sci U S

A. 2000;97(6):2892-7.

31. Li J, Mcquade T, Siemer AB, Napetschnig J,
Hsiao Y, Damko E, et al. The RIP1/RIP3 Necrosome
Forms a Functional Amyloid Signaling Complex
Necrosis.  Cell.

Required for  Programmed

2013;150(2):339-50.

32. Mani M, Chen C, Amblee V, Liu H, Mathur T,
Zwicke G, et al. MoonProt: a database for proteins
that are known to moonlight. Nucleic Acids Res.

2015;43(Database issue):D277-82.

33. Wagner RN, Reed JC, Chanda SK. HIV-1
protease cleaves the serine-threonine kinases RIPK1

and RIPK2. Retrovirology. 2015;12:74.

34. Ea CK, Deng L, Xia ZP, Pineda G, Chen ZJ.
Activation of IKK by TNF a Requires Site-Specific
Ubiquitination of RIP1 and Polyubiquitin Binding by
NEMO. Mol Cell. 2006;22(2):245-57.

35. Li H, Kobayashi M, Blonska M, You Y, Lin X.

J Med Discov | www.e-discoverypublication.com/jmd/ 11



Roles of receptor interacting protein kinase in Alzheimer’s disease

Ubiquitination of RIP is required for tumor necrosis
factor a-induced NF-kB activation. J Biol Chem.

2006;281(19):13636-43.

36. Degterev A, Hitomi J, Germscheid M, Ch’en IL,
Korkina O, Teng X, et al. Identification of RIP1
kinase as a specific cellular target of necrostatins. Nat

Chem Biol. 2008;4(5):313-21.

37. Zhang L, Blackwell K, Workman LM, Chen S,
Pope MR, Janz S, et al. RIP1 Cleavage in the Kinase
Domain Regulates TRAIL-Induced NF-kB Activation
and Lymphoma Survival. Mol Cell Biol.

2015;35(19):3324-38.

38. Pickford F, Masliah E, Britschgi M, Lucin K,
Narasimhan R, Jaeger PA, et al. The
autophagy-related protein beclin 1 shoes reduced
expression in eary Alzheimer disease and regulates
amyloid beta accumulation in mice. J Clin Invest.

2008;118(6):2190-9.

39. Calvo-Garrido J, Escalante R. Autophagy
dysfunction and ubiquitin-positive protein aggregates
in Dictyostelium cells lacking Vmpl. Autophagy.
2010;6(1):100-9.

40. Pajak B, Songin M, Strosznajder JB,

Orzechowski A, Gajkowska B. Ultrastructural
evidence of amyloid beta-induced autophagy in PC12

cells. Folia Neuropathol. 2009;47(3):252-8.

41. Tanida 1, Minematsu-lkeguchi N, Ueno T,
Kominami E. Lysosomal turnover, but not a cellular
level, of endogenous LC3 is a marker for autophagy.

Autophagy. 2005;1(2):84-91.

42. Nixon R a, Orenstein SJ, Lee S, Kumar A, Lee J,
Wolfe DM. Autophagy failure in Alzheimer’s disease
and the role of defective lysosomal acidification. Eur J

Neurosci. 2014;37(12):1949-61.

43. Yang D-S, Kumar A, Stavrides P, Peterson J,
Peterhoff CM, Pawlik M, et al. Neuronal apoptosis
and autophagy cross talk in aging PS/APP mice, a
model of Alzheimer’s disease. Am J Pathol

2008;173(3):665-81.

44. Hitomi J, Christofferson DE, Ng A, Yao J,
Degterev A, Xavier RJ, et al. Identification of a
molecular signaling network that regulates a cellular
necrotic cell death pathway by a genome wide siRNA

screen. Cell. 2009;135(7):1311-23.

45. de Almagro MC, Goncharov T, Newton K,
Vucic D. Cellular 1AP proteins and LUBAC
differentially regulate necrosome-associated RIP1

ubiquitination. 2015;6(6):e1800.

46. FengS, Yang Y, Mei Y, Ma L, Zhu D, Hoti N, et
al. Cleavage  of  RIP3 inactivates  its
caspase-independent apoptosis pathway by removal of

kinase domain. 2007;19:2056-67.

47. Ofengeim D, Ito Y, Najafov A, Zhang Y, Shan B,
DeWitt J, et al. Activation of necroptosis in multiple

sclerosis. Cell Rep. 2015;10(11):1836-49.

48. Cougnoux A, Cluzeau C, Mitra S, Li R,
Williams 1, Burkert K, et al. Necroptosis in
Niemann-Pick disease,

type C1l: a potential

therapeutic target. Cell Death Dis. 2016;7:€2147.

49. Conrad M, Angeli JP, Vandenabeele P, Stockwell
BR. Regulated necrosis: disease relevance and
therapeutic opportunities. Nat Rev Drug Discov.

2016;15(5):348-66.

50. Zhao H, Ning J, Lemaire A, Koumpa FS, Sun JJ,
Fung A, et al. Necroptosis and parthanatos are
involved in remote lung injury after receiving
ischemic renal allografts in rats. Kidney Int.

2015:87(4):738-48.

J Med Discov | www.e-discoverypublication.com/jmd/ 12



Roles of receptor interacting protein kinase in Alzheimer’s disease

51. Linkermann A, Skouta R, Himmerkus N, Mulay
SR, Dewitz C, De Zen F, et al. Synchronized renal
tubular cell death involves ferroptosis. Proc Natl Acad

Sci U S A. 2014;111(47):16836-41.

52. Moriwaki K, Bertin J, Gough PJ, Chan FK. A

RIPK3-caspase 8 complex mediates atypical

pro-IL-18  processing. J Immunol. 2015 Feb

15;194(4):1938-44.

53. Kang TB, Yang SH, Toth B, Kovalenko A,
Wallach D. Caspase-8 blocks kinase RIPK3-mediated
activation of the NLRP3 inflammasome. Immunity.

2013;38(1):27-40.

54. Politi K, Przedborski S. Axonal Degeneration:
RIPK1  Multitasking in  ALS. Curr Biol.

2016;26(20):R932-R934.

55. Lawlor KE, Khan N, Mildenhall A, Gerlic M,
Croker BA, D'Cruz AA, et al. RIPK3 promotes cell
death and NLRP3 inflammasome activation in the

absence of MLKL. Nat Commun. 2015;6:6282.

56. Newton K, Dugger DL, Wickliffe KE, Kapoor N,
de Almagro MC, Vucic D, et al. Activity of protein
kinase RIPK3 determines whether cells die by
Science.

necroptosis or apoptosis.

2014;343(6177):1357-60.

57. Zhang D, Lin J, Han J. Receptor-interacting
protein (RIP) kinase family. Cell Mol Immunol.

2010;7(4):243-9.

58. Xie T, Peng W, Liu Y, Yan C, Maki J, Degterev
A, et al. Structural basis of RIP1 inhibition by
necrostatins. Structure. 2013;21(3):493-9.

59. Berger SB, Harris P, Nagilla R, Kasparcova V,
Hoffman S, Swift B, et al. Characterization of

GSK'963: a structurally distinct, potent and selective

inhibitor of RIP1 kinase. Cell Death Discov.
2015;1:150009.

60. Cho Y, McQuade T, Zhang H, Zhang J, Chan
FKM. RIP1-dependent and independent effects of
necrostatin-1 in necrosis and T cell activation. PLoS

One. 2011;6(8): €232009.

61. Kaiser WJ, Daley-Bauer LP, Thapa RJ, Mandal
P, Berger SB, Huang C, et al. RIP1 suppresses innate
immune necrotic as well as apoptotic cell death during
mammalian parturition. Proc Natl Acad Sci U S A.

2014 May 27;111(21):7753-8.

62. Fauster A, Rebsamen M, Huber KVM,
Bigenzahn JW, Stukalov A, Lardeau CH, et al. A
cellular screen identifies ponatinib and pazopanib as
inhibitors  of necroptosis. Cell Death Dis.

2015;6(5):e1767.

63. Fayaz SM, Rajanikant GK. Ensemble
pharmacophore meets ensemble docking: a novel
screening strategy for the identification of RIPK1
Aided Mol  Des.

inhibitors. J  Comput

2014;28(7):779-94.

64. Najjar M, Suebsuwong C, Ray SS, Thapa RJ,
Maki JL, Nogusa S, et al. Structure guided design of
potent and selective ponatinib-based hybrid inhibitors

for RIPK1. Cell Rep. 2015;10(11):1850-60.

65. Zhou T, Commodore L, Huang WS, Wang Y,
Thomas M, Keats J, et al. Structural mechanism of the
Pan-BCR-ABL inhibitor ponatinib  (AP24534):
lessons for overcoming kinase inhibitor resistance.

Chem Biol Drug Des. 2011;77(1):1-11.

This work is licensed under a Creative

J Med Discov | www.e-discoverypublication.com/jmd/ 13



Roles of receptor interacting protein kinase in Alzheimer’s disease

Commons Attribution 4.0 International License. The
images or other third party material in this article are
included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the

material is not included under the Creative Commons

license, users will need to obtain permission from the
license holder to reproduce the material. To view a
copy of this license, visit

http://creativecommons.org/licenses/by/4.0/

J Med Discov | www.e-discoverypublication.com/jmd/ 14


http://creativecommons.org/licenses/by/4.0/

