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Protein kinases in neurodegenerative diseases: current
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Neurodegenerative diseases (e.g., Alzheimer’s, Parkinson’s, Huntington'’s disease, and Amyotrophic Lateral Sclerosis) are major
health threats for the aging population and their prevalences continue to rise with the increasing of life expectancy. Although
progress has been made, there is still a lack of effective cures to date, and an in-depth understanding of the molecular and cellular
mechanisms of these neurodegenerative diseases is imperative for drug development. Protein phosphorylation, regulated by
protein kinases and protein phosphatases, participates in most cellular events, whereas aberrant phosphorylation manifests as a
main cause of diseases. As evidenced by pharmacological and pathological studies, protein kinases are proven to be promising
therapeutic targets for various diseases, such as cancers, central nervous system disorders, and cardiovascular diseases. The
mechanisms of protein phosphatases in pathophysiology have been extensively reviewed, but a systematic summary of the role of
protein kinases in the nervous system is lacking. Here, we focus on the involvement of protein kinases in neurodegenerative

diseases, by summarizing the current knowledge on the major kinases and related regulatory signal transduction pathways
implicated in diseases. We further discuss the role and complexity of kinase-kinase networks in the pathogenesis of
neurodegenerative diseases, illustrate the advances of clinical applications of protein kinase inhibitors or novel kinase-targeted
therapeutic strategies (such as antisense oligonucleotides and gene therapy) for effective prevention and early intervention.
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INTRODUCTION

Kinases catalyze the transfer of the y-phosphate group of ATP to
the specific substrate,’ making the specific amino acid of the
substrate phosphorylated (Fig. 1). Considering the type of
substrates, kinases can be divided into protein kinases, lipid
kinases, carbohydrate kinases, and other kinases (including
Riboflavin kinase and Thymidine kinase, etc.), the most important
group of which is protein kinase. The first protein kinase that was
biochemically characterized in 1955 is phosphorylase kinase,
which catalyzes the ATP-dependent phosphorylation of the
specific phosphorylase.! Since then, 518 human protein kinases
to date (including 478 human eukaryotic protein kinases and 40
atypical protein kinases) and more than 900 genes encoding
proteins with kinase activity have been identified.>* These protein
kinases are classified into Ser/Thr kinases (385 members), tyrosine
kinases (TK, 90 members), and tyrosine kinase-like kinases (TKL, 43
members) based on the targeted phosphate group of substrate
residue.®> Protein kinases play indispensable roles in human
diseases, especially in cancer and neurodegenerative diseases,
and have been widely considered as drug targets for precision
therapy.” Small-molecule kinase inhibitors such as imatinib
(inhibitor for TK, including BCR-Abl) and kinase-directed biological
molecules such as margetuximab (a monoclonal antibody drug
targeting human epidermal growth factor receptor 2 (HER2)-TK)
have already been approved clinically for cancer therapy
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worldwide.! However, despite these advancements, no kinase-
related therapies targeting neurodegeneration have yet been
approved.

Neurodegenerative diseases, mainly affecting the brain, are a
general term for a series of diseases caused by the progressive loss
of structure or function of neurons, mainly including Alzheimer’s
disease (AD), Parkinson'’s disease (PD), Huntington'’s disease (HD),
and Amyotrophic Lateral Sclerosis (ALS). A shared characteristic of
these diseases is the deposition of misfolded protein aggregates
owing to the increased resistance of degradation of specific
mutant proteins or the excessive accumulation of wild-type
proteins. Aging is a major risk factor shared in neurodegenerative
diseases. During brain aging, the metabolic regulation of neurons,
neuronal development, and the immune microenvironment
change, leading to a dysregulated molecular network around
neurons, thereby promoting cognitive dysfunction® As the
population ages, the rate of neurodegenerative diseases is
increasing. For example, more than 55 million people currently
live with dementia, and it is estimated that by 2050, ~150 million
people globally will be affected by dementia, which will bring an
economic burden of nearly $10 trillion” and immeasurable losses
to patients and their families.

However, these neurodegenerative diseases are currently
incurable, and the treatments can only relieve symptoms and
delay the progress of the diseases. Strategies under development
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Fig. 1 Schematic diagram of the general working mechanism of kinases. Kinases catalyze the transfer of the y-phosphate group of ATP to the
specific substrate, making the specific amino acid of the substrate phosphorylated. This figure was created with BioRender.com

for neurodegenerative diseases mainly include small molecules,
antisense oligonucleotides (ASOs), gene therapy, and cell therapy.
Immunotherapies targeting B-amyloid (AB) (Aducanumab,® Leca-
nemab,” Donanemab,'® all of which have been approved), tau
(BIIB08O,"" NI10752,"% JNJ-63733657,'*'% ACI-35'3), and a-synuclein
(a-syn) (Cinpanemab,'® Prasinezumab,'® Lu AF82422') reduce
internalization and diffusion of extracellular protein aggregates
into neighboring cells in AD and PD.'” Drugs that maximize the
quality of life for ALS patients have been approved, including,
Relyvrio,'® Riluzole,'”® and Eladarone.’ In addition to drug
treatment, ASO therapies targeting several ALS causative genes
(SOD1, C9orf72, ATXN-2, FUS), including 1SIS333611,%° Tofersen
(approved),?’ BIIB078,%* and BIIB105% are entered in clinical
studies, and gene therapy drugs using adeno-associated virus as a
vector are also under development. Nevertheless, there is still an
unmet need for drugs or new potential strategies that can reverse
neurodegeneration.

Protein phosphorylation is a crucial type of post-translational
modification in neurodegeneration that has been most exten-
sively investigated. The process of adding phosphate groups to
the substrate, is catalyzed by kinases, while phosphatases are
enzymes that remove phosphate groups. The addition or removal
of phosphate groups results in the gaining or losing function of
the substrate, thereby positively or negatively regulating the
subsequent pathophysiological processes. In pathological pro-
cesses, such as tangle formation in AD, residues in the proline-rich
and microtubule-binding regions of tau protein are highly
susceptible to phosphorylation modification. Phosphorylation of
tau at Thr231 and Ser262 results in decreased affinity for
microtubules.>* Abnormal hyperphosphorylation of tau increases
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its self-aggregation, leading to its mislocalization in neurons and
impairment of synaptic functions.>?® However, during physiolo-
gical processes, such as axon formation, phosphorylations of tau
at Ser199/202 and Thr205 sites are essential for axon formation, as
evidenced by that about 80% of tau is phosphorylated at these
sites in the cell body and proximal axons, while about 20% of tau
is phosphorylated in the growth cones to regulate axonogen-
esis.?” In PD, hyperphosphorylation of a-syn at Ser129 leads to its
misfolding and aggregation, forming pathological Lewy-bodies
and Lewy-neurites.”® On the other hand, the dynamic changes of
phosphorylation and dephosphorylation at Ser129 of a-syn at
physiological levels are essential for fine-tuning of neuronal
synaptic transmission.® Furthermore, hyperphosphorylation of
43 kDa transactive response DNA-binding protein (TDP-43) protein
at Ser409/410 leads to its mislocalization and aggregation in the
neuronal cytoplasm in ALS.?’ These observations together have
highlighted the great potential to target abnormal protein
phosphorylation to treat neurodegenerative diseases.

Protein kinases, as protein phosphorylation writer, are thereby
crucial for neuronal homeostasis in neurodegenerative diseases as
supported by numerous evidence. For example, the phosphati-
dylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (PKB/
AKT)/mechanistic target of rapamycin (mTOR) pathway and
metabolic central regulator-AMP activated kinases (AMPKs) are
involved in neural development by regulating cell growth,
proliferation, survival, and metabolism.3®*" Dysregulation of the
apoptotic signal-regulating kinase 1 (ASK1)/p38 mitogen-activated
protein kinase (MAPK) pathway and the abnormal activation of
key signaling molecule-Ca**/calmodulin (CaM)-dependent protein
kinase Il (CAMKII) in synaptic plasticity contributes to AD
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progression by impairing the long-term potentiation, triggering
inflammation and cell apoptosis.>*> Phosphorylation of a-syn at the
Ser129 site is regulated by multiple kinases such as casein kinase |l
(CKI) and polo-like kinase (PLK),**** leading to abnormal
aggregation of a-syn in Lewy-bodies of PD patients. Furthermore,
an imbalance in the receptor-interacting Ser/Thr-protein kinase-1
(RIPK1),%® receptor of activated protein kinase C1,* and leucine-
rich repeat kinase 2 (LRRK2)*” kinase signaling cascades exacer-
bates the course of both PD and ALS.

Here, we summarize the extensive evidence linking protein
kinases with neurodegenerative diseases, and the current
progress of kinase inhibitors in clinical trials targeting neurode-
generative diseases. We also discussed the challenges and future
directions of kinase-targeted therapeutic strategies for clinical
applications. Taken together, understanding the mechanisms of
how protein kinases participate in neurodegeneration still holds
great promise and substantial opportunities for future kinase-
directed drug development.

DEFINITION AND CLASSIFICATION OF PROTEIN KINASES
There are 478 typical (containing a eukaryotic protein kinase
domain) kinases and 40 atypical kinases (exhibiting kinase
activity without the eukaryotic protein kinase domain) identi-
fied to date. Based on the sequence similarity of protein kinase
domains, the typical kinases can be further classified into eight
groups,®®3? including the tyrosine kinases (TK) group, tyrosine
kinase-like kinases (TKL) group, containing cyclin-dependent
kinase (CDK), MAPK, glycogen synthase kinase (GSK), cell
division cycle (CDC)-like kinase (CLK) families) (CMGC) group,
homologs of yeast Sterile 7, Sterile 11, Sterile 20 kinases (STE)
group, containing cAMP-dependent protein kinase (PKA),
cGMP-dependent protein kinase (PKG), protein kinase C (PKC)
families (AGC) group, calmodulin-dependent protein kinases
(CAMK) group, casein kinase 1 (CK1) group (a small group of
Ser/Thr protein kinases), and the other group. Additionally, 32
of 40 atypical protein kinases have also been identified as
atypical protein kinases group (containing activity of bc1
complex kinase, alpha-protein kinase, bromodomain protein
kinase, pyruvate dehydrogenase kinase, phosphoinositide-3-
kinase-related kinase, right open kinase, transcription inter-
mediary factor 1 kinase, etc), where the remaining atypical
protein kinases have been further classified as protein kinase-
like since they share the same structural fold as eukaryotic
protein kinase.*® The kinase classification®® is illustrated in Fig. 2
and discussed in detail below.

TK group
Tyrosine kinases catalyze the transfer of phosphate groups from
ATP to the tyrosine residues of substrates. In the TK group, 58
kinases are receptor tyrosine kinases (RTKs) that can be divided
into 20 families, composed of transmembrane receptors carrying
tyrosine kinase domains in their intracellular segments; the other
32 kinases are non-receptor tyrosine kinases (non-RTKs) that can
be divided into 10 families and they are consistently located in the
cytoplasm.*'42

Growth factor receptors such as platelet-derived growth factor
receptor (PDGFR), epidermal growth factor receptor (EGFR),
vascular endothelial growth factor (VEGFR), and fibroblast growth
factor receptor (FGFR), along with tyrosine kinase receptor B (TrkB)
and insulin-like growth factor 1 (IGF-1R), all fall within the category
of RTKs. Activation of these receptors by corresponding cytokines,
growth factors, and hormones induces auto-phosphorylation of
intracellular auto-receptor tyrosine residues, leading to further
amplification of the kinase activity and exposure of the docking
sites for tyrosine phosphorylation which allows its recognition by
cytoplasmic proteins containing Src homology 2 domain (SH2) or
phosphotyrosine-binding  (PTB) domains, and eventually
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triggering the activation of various downstream signaling
cascades®® (Fig. 3). PI3K/AKT and Ras/Raf extracellular regulated
protein kinases 1/2 (ERK1/2) pathways, typical signaling cascades
activated by RTKs, are responsible for the regulation of cell cycle,
cell survival, and cell proliferation. For instance, brain-derived
neurotrophic factor (BDNF) improves the neuronal survival,
plasticity, and function by activating the TrkB-PI3K/AKT signal-
ing,** and activation of IGF1-MEK/ERK and IGF1-PI3K/AKT signal
transduction cascades modulates neurogenesis in the brain.*>"*¢

Typical non-RTKs consist of the Src family (including Src, Fyn,
Lyn, Lck), the Abelson tyrosine kinase (Abl) family (including Abl1,
Abl2), and the Janus kinase (JAK) family (including JAK1, JAK2,
JAK3, TYK2). Structurally, non-RTKs have a variable number of
protein domains (e.g., SH2 or SH3 domains responsible for binding
to other signaling molecules) in addition to the conserved kinase
domains.*"*? Representative diagram of the non-RTK signal
transduction pathway is depicted in Fig. 4. Src and Fyn are
ubiquitously expressed in various tissues, while Lyn and Lck
expressions are more tissue-specific in the nerves, liver, adipose,
and lymphoid tissue. Functionally, Src family kinases often act as
signaling mediators, for example, Src phosphorylates and
upregulates N-methyl-D-aspartate receptors (NMDAR) functioning
at postsynapses, resulting in an aberrant influx of Ca®" that
eventually leads to neuronal death in the brain.*’° Fyn regulates
excitatory or inhibitory neurotransmission by interacting with
various effector proteins such as CDKS5, tau, Dab1, mGluR1, and
GIuN2B, and Fyn-related modulations are tightly associated with
learning and memory processes (reviewed elsewhere®). Fyn is
highly similar to other Src members, and the typical motifs of Fyn
consist of SH4, SH3, SH2, and SH1 domains, with the catalytic SH1
domain showing TK activity highly conserved among Src family
members.”'*? The phosphorylation status of Tyr420 and Tyr531 in
Fyn, by tyrosine kinases and phosphatase, are critical for the
precise regulation of its kinase activity. Both Csk-mediated
phosphorylation of Fyn at Tyr531 and striatal enriched phospha-
tase (STEP) mediated dephosphorylation of Fyn at Tyr420 lead to
Fyn inactivation.>>** Conversely, the dephosphorylated Tyr531
epitope allows the opening of the inactive conformation, enabling
the exposure of SH2 and SH3 domains for protein interaction,
followed by full activation of the catalytic loop in the SH1 domain.

Abl localizes in neuronal axons of the central nervous system
(CNS) and regulates the axonal growth. In Drosophila melanoga-
ster, an impaired signaling network mediated by Abl mutation
interrupts the dynamics of actin cytoskeleton in the neuronal
growth cones.>® c-Abl has been shown to phosphorylate tau
protein at Tyr394, and both Fyn and c-Abl are critical regulators in
the neurodegenerations involving tau lesions.>® The JAK phos-
phorylates its substrate, signal transducer and activator of
transcription (STAT), causing STAT to dimerize, which then
translocates into the nucleus and triggers the expression of target
genes, thereby promoting cytokine-mediated cellular activation.
The failure of this signaling pathway may disrupt the normal
immune responses and induce pathological effects in dis-
eases.”” "% Different from JAK3 which is expressed exclusively in
the bone marrow and lymphatic system as well as endothelial cells
and vascular smooth muscle cells, other JAK family members are
expressed in almost all tissues.

TKL group

TKL generally lack the TK-specific motifs of the TK group, but they
share similar amino acid sequences with TKs, such as the catalytic
motif (His-Arg-Asp) in the kinase domain, and act as a Ser/Thr
kinase in biochemical processes®’ LRRK2 belongs to the TKL
group with GTPase and Ser/Thr kinase activities.®> Multi-domains
in LRRK2 contain an armadillo repeat motif (ARM), an ankyrin
repeat (ANK), a leucine-rich repeat (LRR), a Ras-of-complex (ROC)-
C-terminal of Roc (COR) domain, a Ser/Thr kinase (KIN) domain
and a WD40 domain. The ROC-COR and KIN domain are
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Fig. 2 Kinase classification map. Based on the similarity of kinase domain sequences, 518 human protein kinases were divided into nine
groups: tyrosine kinase group (TK group), tyrosine kinase-like group (TKL group), homologs of yeast Sterile 7, Sterile 11, Sterile 20 kinases
group (STE group), containing PKA, PKG, PKC families group (AGC group), calcium/calmodulin-dependent protein kinase group (CAMK group),
containing CDK, MAPK, GSK3, CLK families group (CMGC group), casein kinase 1 group (CK1 group), other group, atypical protein kinase
group. Proteins of pathological significance for neurodegenerative diseases were highlighted in the figure using different colors as indicated
in the figure. Figures generated using KinMap (http://kinhub.org/kinmap/index.html), and illustrations reproduced courtesy of Cell Signaling
Technology, Inc. (www.cellsignal.com)
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Fig. 3 Typical RTKs-activated signaling cascades. Activation of the receptors (including growth factor receptors such as platelet-derived
growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR), vascular endothelial growth factor (VEGFR), and fibroblast growth
factor receptor (FGFR), as well as tyrosine kinase receptor B (TrkB) and insulin-like growth factor 1 (IGF-1R)) by the corresponding cytokines,
growth factors, and hormones induces autophosphorylation of their receptor tyrosine residues within the cell, thereby further amplifying the
kinase activity, exposing the tyrosine phosphorylation docking sites, allowing them to be recognized by cytoplasmic proteins with Src
homology 2 domain (SH2) or phosphotyrosine-binding (PTB) domains. Activated RTKs are able to recruit various signaling molecules and
initiate downstream pathways. One major pathway involves the activation of phosphatidylinositol-3 kinase (PI3K), which converts PIP2 to PIP3,
thereby activating AKT. Another pathway involves phospholipase C gamma (PLCy), which, upon phosphorylation, stimulates protein kinase C
(PKC) activity and mobilizes intracellular calcium (Ca®"). Concurrently, the RTK signaling cascade engages the Ras-Raf-MEK-ERK pathway via
GRB2. Collectively, these pathways regulate diverse cellular processes, including cell cycle progression, proliferation, differentiation, survival,
migration, metabolism, and other key functions. This figure was created with BioRender.com

responsible for the GTPase activity and kinase activity, respec-
tively. Mutations at specific sites within these domains may alter
cellular processes such as vesicle trafficking, cytoskeletal
dynamics, lysosomal function, and microglial responses.?” LRRK2
forms a monomer or dimer under physiological conditions, and
generates a filamentous structure through microtubule-
dependent aggregation in a pathological state. Recently, the
cryo-EM structure of full-length human LRRK2 shows that the
monomer adopts an elongated conformation similar to the letter
') %3 The interaction of LRRK2 and DIp1/ dynamin-related protein 1
regulates mitochondrial dynamics through the kinase activity of
LRRK2 in neurons,®* and its activation promotes mitochondrial
fragmentation in microglia.5>

RIPK1, a key mediator of apoptotic and necrotic cell death
and inflammatory pathways, belongs to the TLK group.
Structurally, RIPK1 consists of an N-terminal kinase domain, an
intermediate domain, and a C-terminal death domain (DD). The
intermediate domain contains a receptor-interacting protein
homotypic interaction motif (RHIM), which mediates the
formation of amyloid proteins, and is involved in the interaction
of RIPK1 with other RHIM-containing proteins such as RIPK3, TIR-
domain-containing adaptor-inducing IFN(, and Z-DNA binding
protein 1.7 The C-terminal DD interacts with other proteins
containing C-terminal DD (such as tumor necrosis factor (TNF)-a
receptor 1 and FAS-associated death domain protein) to
mediate their homodimerization, thereby promoting the
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activation of the N-terminal kinase domain.®® In the TNF
signaling-mediated apoptosis and necroptosis pathway, RIPK1
assembles with TNFR1-associated death domain protein, TNFR-
associated factor 2, and multiple E3 ubiquitin ligases (cellular
inhibitor of apoptosis protein 1/2, linear ubiquitin chain
assembly complex) into a large receptor-bound signaling
complex |, mediating the first step of TNF signaling.® When
downstream nuclear factor-kappaB (NF-kB) activation is inhib-
ited, a cytoplasmic complex called complex Ila can be formed,
which mediates caspase-8 activation, RIPK1 cleavage, and
RIPK1-independent apoptosis. While caspase-8 activation is
blocked, RIPK1 C-terminal DD dimerization leads to RIPK1
activation and the formation of complex Ilb (including FAS-
associated death domain protein, caspase-8, RIPK1, RIPK3, and
mixed lineage kinase domain-like, of which RIPK1 activity is
required for the formation of complex IIb).”° Complex Il is a
downstream mediator after the first step of TNF signaling. The
transmission of its downstream signal is regulated by the
activity of caspase-8 and RIPK3, leading to apoptosis, necrop-
tosis, and increased expression of inflammatory genes.”®
Deletion and kinase-inactivating knock-in mutations of the
RIPK3 (including D138N, K45A, K584R, D161N) exhibit resistance
to inflammatory and neurodegenerative processes.?®’'74

Dual leucine zipper kinase (DLK) is a Ser/Thr protein kinase in
the TLK group. The number of amino acids that make up mouse
and human DLK is 888 and 859, respectively. DLK has four
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Fig. 4 Typical non-RTKs activated signaling cascades. In addition to the conserved kinase domain, non-RTKs also have a variable number of
protein domains (e.g., SH2 or SH3 domains responsible for binding to other signaling molecules). Typical non-RTKs consist of the Src family
(including Src, Fyn, Lyn, Lck), the Abelson tyrosine kinase (Abl) family (including Abl1, Abl2), and the Janus kinase (JAK) family (including JAK1,
JAK2, JAK3, TYK2). The Src-mediated Ras-Raf-MEK pathway leads to transcriptional regulation in the nucleus, impacting cellular functions.
Simultaneously, Fyn activates cyclin-dependent kinase 5 (CDK5), which modifies tau protein to facilitate microtubule remodeling. The
activation of the JAK-STAT pathway allows STATs to translocate to the nucleus and directly regulate gene transcription. The regulation of non-
RTK signal transduction pathways is closely related to synaptic function remodeling, neuronal excitability regulation, immune regulation, cell

proliferation, etc. This figure was created with BioRender.com

characteristic domains: kinase domain, leucine zipper domain,
glycine-serine-proline rich domain, and glycine-proline rich
domain.”> The human DLK kinase domain consists of 127-375
amino acid residues, and its activity is regulated by the
dimerization of DLK mediated by the leucine zipper chain
domain.”® DLK binds to the c-Jun N-terminal kinase (INK)
interacting protein (JIP) through its N-terminal region, activating
transcription factors downstream of the mitogen-activated protein
kinase kinase 7/JNK signaling pathway (including STAT3, tran-
scription activator 2, and myocyte-specific enhancer factor 2A,
etc.), causing axon regeneration to respond to cell death signals
caused by axon damage.”””® DLK maintains the establishment of
axonal bundles originating from pyramidal neurons in the cerebral
neocortex, and mice deficient in DLK exhibit defects in axonal
growth and neuronal migration.”

Interleukin-1  receptor associated kinase-M, specifically
expressed in microglia,®® downregulates the toll-like receptor
4-myeloid differentiation primary response gene 88 signaling,
which leads to the differentiation of microglia to a neuroprotec-
tive and anti-inflammatory M-phenotype, ultimately preventing
the pathogenesis of experimental autoimmune encephalitis.®'%?
Furthermore, two transmembrane Ser/Thr kinase receptors,
Transforming growth factor-B receptor 1 and 2, transmit
transforming growth factor-p signaling to intracellular mediators
and contribute to neurogenesis, dentin regeneration, and
carcinogenesis 2378
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CMGC group
Major kinases in the CMGC group include CDK, MAPK, glycogen
synthase kinase 3 (GSK3), and CLK. Among them, CDKs and MAPKs
are two of the largest and most well-studied CMGC kinases.®’
CDKs are originally identified to regulate the cell cycle. In
mammals, the CDK family can be divided into 2 categories,
functionally as cell cycle-related CDKs (e.g, CDK1, CDK4, and
CDKS5), and transcriptional CDKs (CDK7, CDK8, CDK9, CDK11, and
CDK20). Within the first category, CDK1, CDK2, and CDK4/6 are
located in the nucleus and binds with CycA/E, CycA/B, and CycD,
respectively, to regulate the transformation of cell cycle stages
(Fig. 5). However, CDK5 located in the cytoplasm, is mainly active
in post-mitotic neurons,®® and participates in neuronal differentia-
tion, migration, synaptic function, and memory consolidation.
CDKS5 affects synaptic plasticity and memory formation by directly
phosphorylating relevant substrates and interacting proteins. For
instance, postsynaptic density protein-95 (PSD95), NMDAR,
dopamine and adenosine  3'5'-monophosphate-regulated
phospho-protein 32 kDa, and dopamine D2 receptors are all
substrates of CDK5 in the postsynaptic compartment.®>~°2 CDK5
can also regulate protein phosphatases PP1, TrkB (BDNF receptor),
and PKA (reviewed elsewhere.”®). Furthermore, CDK5 regulates the
expression of receptor tyrosine-protein kinase erbB-3 and post-
synaptic acetylcholine receptor by phosphorylating STAT3 at
Ser727, thereby negatively regulating the formation of neuro-
muscular synapses.®**> Under physiological conditions, CDK5 is
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Fig. 5 CDK family and functions. In mammals, the CDK family can be divided into two categories according to their functions: cell cycle-
related CDKs (such as CDK1, CDK4, and CDKS5) and transcription-related CDKs (CDK7, CDK8, CDK9, CDK11, and CDK20). In the first category,
CDK1, CDK2, and CDK4/6 are located in the cell nucleus and combine with CycA/E, CycA/B, and CycD, respectively, to regulate the
transformation of different cell cycle stages; while CDKS5 is located in the cytoplasm in cells, is mainly active in post-mitotic neurons, and
participates in neuronal differentiation, migration, synaptic function, and memory consolidation. Unlike classical CDKs, CDKS5 is not activated
by cyclins. Instead, it is primarily activated by its neuron-specific cofactor, p35, a regulatory protein that binds to CDK5 and induces a
conformational change, enabling its catalytic activity, while cleavage of p35 to p25 under pathological conditions such as oxidative stress,
calcium dysregulation, or neurotoxic insults, results in the overactivation of CDK5, driving neurotoxic processes. This figure was created with

BioRender.com

also shown to maintain survival signals by regulating PI3K/AKT
activity, and CDK5/p35 blocks neuronal apoptosis by inducing Bcl-
2 expression through ERK activiation.”®

All transcriptional CDKs, including CDK7, CDK8, CDK9, CDK11,
and CDK20, are located in the nucleus. Among them, CDK7 and
CDK9 bind to CycH and Cyc7 respectively to directly phosphor-
ylate the C-terminal domain of RNA polymerase II, thereby
regulating the transcription process involving CDK8-mediated
complex. CDK11 binds to CycL to control transcription by
modulating the phosphorylation of hormone receptors and
associated regulators or splicing factors.”” In a recent study,
CDK20 has been reported to regulate the Wnt and Keap1-Nrf2
signaling pathways to facilitate cell proliferation.”®

MAPKs regulate diverse cellular processes and are broadly
involved in cell fate determinations across all eukaryotic phyla.

Signal Transduction and Targeted Therapy (2025)10:146

MAPK family members, including ERK, JNK, and p38 MAPK,
regulate cell proliferation, differentiation, and apoptosis.”® The
JNK signaling pathway regulates axonal regeneration, nervous
system development, and neuronal degeneration after acute
injury or in chronic neurodegenerative diseases.'® Specifically,
in the nervous system, negative regulation of MAPK by
enhanced activity of MAP kinase phosphatase 1 (MKP-1, also
known as dual-specificity phosphatase 1) is neuroprotective,'®’
and inhibition of p38a/B-MAPK activity reduces the number of
degenerated neurons in the brain with improved cognitive
function.'®?

GSK3 comprises two isoforms a and (3, which share about 85%
amino acid sequence homology in humans, and these two
isoforms adopt similar secondary structures.'®® GSK3a is only
significantly expressed in the cortex, hippocampus, striatum, and
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Fig. 6 MAP3K-MAP2K-MAPK signaling pathway. In a typical MAPK cascade, MAP3K activates MAP2K (also known as MKK, MEK) by
phosphorylating two conserved Ser/Thr residues in the activation loop, and the MAP2Ks directly phosphorylate MAPKs. The activation of
MAPK cascades is initiated by various extracellular stimuli, including growth factors, G-protein-coupled receptor (GPCR) signaling, stress, and
cytokines. Activated Ras recruits and activates Raf, which phosphorylates and activates downstream MEK1/2. MEK1/2 then phosphorylates
ERK1/2, which translocates to the nucleus and regulates gene transcription. Stress signals (e.g., reactive oxygen species or osmotic stress) and
cytokines activate distinct MAPKKKs, leading to the phosphorylation of different MAPKKs. MKK4/7 phosphorylates and activates JNK/p38
MAPK, while MKK3/6 phosphorylates p38 MAPK. The hierarchical organization of the MAPK pathways ensures signal specificity, playing a
critical role in cell apoptosis, cell survival, and other cellular events. This figure was created with BioRender.com

cerebellum,'®* whereas GSK3 is uniformly expressed in all brain
regions. In physiological processes, GSK3a is localized in the
cytoplasm, while truncated GSK3a lacking the N-terminal region
accumulates in the nucleus. In contrast, GSK3 is more likely to be
localized in the nucleus, especially in the context of cell
proliferation and apoptosis.'® Functionally, GSK3a is generally
associated with lifespan, mental state, behavior, and lipid
metabolism, while GSK3p plays a crucial role in promoting neural
development, the formation of neuronal polarity, and the
maintenance of brain structure and function.'”> Hence, the
expression of GSK3a/GSK3p is strictly regulated in the spatiotem-
poral sequence. As a protein kinase, GSK3 can phosphorylate
almost all downstream proteins with the S/T-X-X-X-S/T(P) motif,
and is also dynamically regulated by multiple kinases including
AKT, PKA, and PKC.'® Studies have confirmed that excessive
activity of GSK3 is strongly correlated with neurodegenerative
diseases such as AD, as described in detail below.

CLK family, relatively less studied, includes dual-specificity Tyr-
regulated kinases (Dyrks) and Ser-Arg protein kinases,®” of which
Dyrk1A functions in both of the cytoplasm and nucleus, interacts
with histone acetyltransferase p300/CBP, and contributes to
mental retardation and microcephaly.’”” A global proteomic
analysis of the human CMGC kinome complex provides extensive
insights into resources and approaches for the analysis of CMGC
kinases and human diseases,®” with information detail also
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available in the IntAct database (accession number: IM-17935,
http://www.ebi.ac.uk/intact/).

STE group
STE kinase group consists of three main families, Sterile 7 (Ste7,
also known as MAP2K), Sterile 11 (Ste11, also known as MAP3K),
and Sterile 20 (Ste20, also known as MAP4K). After being activated
sequentially, they activate the MAPK family (Fig. 6). The MAP2Ks
directly phosphorylate MAPKs. In a typical MAPK cascade, MAP3K
activates MAP2K by phosphorylating two conserved Ser/Thr
residues in the activation loop, while MAP4K acts on MAP3K.'%®
In neurons, MAP4Ks serve as critical regulators of the DLK/JNK
signaling by phosphorylating DLK, an axonal stress-responsive
MAP3K, followed by translocation of JNK-dependent c-Jun
signaling complex to the nucleus in response to stress.'®
However, JNK is not the primary target for MAP4Ks in immune
cells, and the latter regulates immune responses, related signaling,
and inflammation activation through other targets.'® Indeed,
activation of MAP3K/DLK leads to rapid cell death, whereas
activation of MAP3K/leucine-zipper-bearing kinase (LZK) causes
slow degeneration in cerebellar Purkinje cells in mouse models
with conditional knockout or overexpression of DLK or LZK, and
these two MAP3Ks independently induce JNK activation and
caspase-mediated apoptosis. Therefore, precise control of DLK and
LZK activation is essential for neuronal survival.''® Compounds
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targeting the MAP4K family exert neuroprotective effects, as
suggested by that an exceptionally potent, blood-brain barrier
(BBB)-penetrant and metabolically stable compound, prostetin/
12k, has been screened out and demonstrates the potential to
treat ALS.""

AGC group

In the human genome, more than 63 protein kinases share the
AGC group features, including 20 Ser/Thr protein kinases such as
PKA, 3-phosphoinositide-dependent protein kinase 1 (PDK1), AKT,
and Rho-associated coiled-coil containing kinase (ROCK), which
can be divided into 14 families. Two other families, aurora kinase
and PLK are most closely related to the AGC group.''*'"?

PKA is composed of four subunits, two regulatory subunits
(types | and II) that bind to two catalytic subunits (a and B) to
modulate a variety of cCAMP-dependent cellular responses, such as
pro-survival gene transcription, neuronal differentiation, and
synaptic plasticity.''*'"> The PKA catalytic subunit domain
consists of a small N-terminal lobe containing a 5-strand B-sheet
and an aC helix, and a large C-terminal lobe mainly composed of
a-helix (AGC kinases usually have a second helix aB adjacent to
the aC helix)."'®""” Between the two lobes, a connected deep
pocket serves as the ATP binding site,''® which is one of the major
targets for drug development.''® These structural conformations
represent a common model for understanding the structures of
the entire superfamily. Moreover, AGC kinases have two regulatory
phosphorylation sites (hydrophobic motif and turn motif/zipper
phosphorylation site, respectively) in addition to the activation
loop that is shared by the diverse kinase groups.''®

As a superfamily widely distributed, kinases in the AGC group
broadly regulate physiological processes.'’®'?> Knockin of
PDK1%46°E/K485 in mouse neurons causes inadequate phosphoryla-
tion of Thr308 of AKT (PDK1 substrate), incomplete phosphoryla-
tion and inactivation of proline-rich AKT substrate of 40 kDa and
tuberous sclerosis complex 2, and reduced activation of the
mechanistic target of rapamycin complex 1 (mTORC1), followed
by declined protein synthesis of brain-specific kinase and
insufficient neuronal differentiation, giving rise to reduced brain
size in mouse.'”® Mutations in the docking site of AKT-
independent PDK1 substrate cause microcephaly and abnormal
brain morphogenesis in the developing mouse brain, leading to
cognitive impairment and disruptive behavior in adult mice.'*
Furthermore, in cultured primary rat hippocampal neurons,
increased ROCK2 induces dendritic spine loss via the serine and
threonine kinase LIM domain kinase 1 whereas administration of
SR7826, an inhibitor of LIM domain kinase 1, rescues ROCK2-
mediated dendritic spines loss and morphological distortion.'?

CAMK group

CaMKs are critical Ca®" sensors that convert glutamatergic
activation into synaptic plasticity during the formation of learning
and memory.'?® CaMKll is one of the Ca®*/CaM-regulated kinases
and is evolutionarily closer to the phosphorylase kinase, whose
intrinsic regulatory &-subunit is recognized to be CaM.'?”'%
Originally, CaMKI-IV were named according to the elution order of
brain extract separated with a fractionating column.'?*'3° Later
studies indicated that this nomenclature was not rational, i.e.,
CaMKI/IV and CaMKIl were members of related sister groups, but
CaMKIll (known as eukaryotic elongation factor 2 kinase, eEF2) is
now classified as atypical kinase instead of CaMKs.>'3° Thus,
although the role of CaM regulation seems to be the shared
feature of the CaMK family, not all CaM-regulated kinases are
CaMKs. For example, death-associated protein kinase (DAPK) 1
and 2 (DAPK2, also known as DRP-1) can be activated by CaM, but
DAPK3 (also known as zipper-interacting protein kinase, ZIPK)
cannot respond to CaM due to a lack of CaM binding site.’*%'3" In
addition, the CaMK subfamily that lacks CaM regulation also
includes AMPKs and 90 kDa ribosomal S6 kinases."*® As a key
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regulator of cellular energy homeostasis, AMPK regulates a diverse
range of physiopathological processes, especially in the home-
ostasis of mitochondrial function and autophagy.'*7'** ATP/Ca®*
regulates liver kinase B1 phosphorylates AMPKa subunit at Thr172
and activates the main metabolic AMPK signaling, thereby
exhibiting a protective effect on neural energy metabolism and
autophagic degradation.'3>'3¢

As a result of the enriched presence of CaM in the synapses, the
influx of Ca*" through NMDA receptors leads to the formation of
Ca®*/CaM complexes that activate CaMKs, causing induction of
persistent synaptic plasticity via calcium signaling.'?*"37/138 CaMKil
is profoundly abundant in the brain and has a remarkable
biochemical profile as a multifunctional kinase.'**'*° Among the
12 subunits of CaMKIl, aCaMKIl, and PCaMKIl are the most
abundant subunits in the brain, and the former is exclusively
expressed in glutamatergic neurons, while the latter is present in
both excitatory and inhibitory neurons.'*® Upon Ca®*'/CaM
binding, attachment of aCaMKIl to F-actin is attenuated, which
dissociates CaMKII from F-actin and modulates actin polymeriza-
tion to form synaptic morphologies.’?*'*' The aCaMKIl-dependent
CaMKIl function is illustrated by that autophosphorylated aCaMKII
at Thr286 prolongs the activity of CaMKIl at synapses after Ca®*
stimulation, leading to the transport of glutamate receptors to the
postsynaptic density and subsequent enhanced synaptic trans-
mission.'*®'42 Therefore, Ca®"/CaMKIl contributes to synaptic
transmission and is required for long-term potentiation (LTP)
maintenance.'*® Furthermore, as a Ca>"/CaM-dependent Ser/Thr
kinase, DAPK1 overexpression and phosphorylation at Thr231,
Ser262, and Ser396 sites are implicated in various neurological
disorders, such as AD,"**'** PD,'*¢ and stroke.'*’

CK1 group

CK1 is so named because of its ability to phosphorylate milk
protein casein in vitro, and the CK1 group includes the CK1
isoform, vaccinia-related kinase, and tau tubulin kinase 1/2
members>'*81? To date, seven mammalian CK1 isoforms have
been grouped, including g, a-like, y1, y2, y3, §, and g, due to the
high homology among their N-terminal kinase domains."*® The a,
a-like, §, and € isoforms have higher sequence similarity in the
kinase domain than the y isoform.">"'>? Furthermore, CK1 isoform
distribution is specific in organs and cells.">*'>* For example, both
CK18 and CK1e are mainly expressed in the brain.'>> Activation of
these two isoforms is regulated by the inhibitory autopho-
sphorylation in the C-terminal region,'*® and is associated with
brain activities such as circadian rhythm,'>” dopamine signal-
ing,"*® and neurotransmission."*® CK1 phosphorylates B-catenin at
Serd5 and primes subsequent sequential phosphorylation at
Thr41, Ser37, and Ser33 by GSK3.'°°7'%2 CK1 isoforms regulate
the Wnt pathway via antagonistic roles in the signaling cascade,°
as well as p53 signaling,'®® Hippo signaling,'®*'®®> and Hedgehog
signaling.’®®'®” Reduced phosphorylation of LRRK2 mediated by
CK1 triggers the degradation of LRRK2, thereby disrupting the
LRRK2 homeostasis.'°® Both tau tubulin kinase (TTBK) 1 and TTBK2
belong to the CK1 superfamily, and can phosphorylate
microtubule-associated proteins at 10 different residues to
regulate neuronal function.®'6%17°

Other groups
Within this group, nearly all members are Ser/Thr kinases with
distinct sequence homology, and almost all are involved in cell
division. This group consists of 30 families (such as Aurora, PLK, cell
division cycle 7, never in mitosis gene A (NIMA)-related kinase (NEK),
CaM-dependent protein kinase kinase (CAMKK), IkappaB kinase (IKK),
TBC1-domain containing kinase) and 2 subfamilies (including general
control nonrepressible 2 and pancreatic elF2alpha kinase), and many
of which involved in neuronal processes will be discussed below.
The NEK family consists of 11 kinases named NEK1 to NEK11.
Among them, NEK2/6/7/9 promotes the establishment of a
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microtubule-based mitotic spindle, while NEK1/10/11 is related to
DNA damage response.'”" All 11 human NEKs contain a His-Arg-
Asp (HRD) motif within the catalytic domain as well as sites for
activation modification at Ser or Thr residues within the activation
loop. Compared with the conserved catalytic domain, the
C-terminal regions of the 11 NEK species differ greatly in length,
sequence, and domain organization.'””? The diversities in these
domains or motifs may explain the selectivity of NEKs during the
cell cycle progression and differentiation processes.

The IKK family includes typical and atypical IKK kinases. The
typical IKK includes IKKa, IKKB, and IKKy (also known as NEMO),
and atypical IKK includes IKKe and TANK-binding kinase 1 (TBK1).
The typical IKKa-IKKB-IKKy complex serves as the signal integra-
tion center for NF-kBactivation and consists of two Ser/Thr kinases
(IKKa and IKKB) and the regulatory subunit IKKy. There is about
50% high sequence homology between IKKa and IKKB, both of
which contain an N-terminal kinase domain, dimerization domain,
and C-terminal IKKy binding domain (NBD). The kinase activity of
IKKa mainly depends on the phosphorylation of Lys44/Ser176/
Ser180, while IKKB activation mainly depends on the phosphor-
ylation of Ser177/181."”3 The complex catalyzes the phosphoryla-
tion of inhibitor-kB and p65 proteins and other substrates, and
mediates downstream immune and inflammatory responses, cell
proliferation and differentiation, autophagy and apoptosis phy-
siological processes.'’* Dysregulation of these physiological
functions is associated with a variety of diseases (such as cancer,
neurodegenerative diseases, and heart disease).

The structure of atypical IKK, TBK1, includes an N-terminal kinase
domain (KD), ubiquitin-like domain (ULD), a-helical scaffold
dimerization domain (SDD) and C-terminal adapter binding domain
(CTD). The phosphorylation site of TBK1 is Ser172 on the KD
activation loop,'”>'”® and TBK1 controls selective autophagy of
damaged mitochondria by phosphorylating sequestosome 1 (p62)
and optineurin (OPTN) autophagy receptors, while mutations in
TBK1 lead to impairment of the selective autophagy pathway in
protein aggregation.'”’ In the innate immune system, activation of
TBK1 promotes the release of type | interferon (IFN) through the
nuclear translocation of phosphorylated IFN regulatory factors 3
and 7."78 TBK1 is also involved in the mitosis of cancer cells to
regulate cell survival by mediating PLK1 phosphorylation.'”®

CAMKK is the upstream kinase of CAMK and is responsible for
CAMK activation. CAMKK belongs to the other group since its
sequence differs from the CAMK family, however, both CAMKKa
and CAMKKB are highly homologous and compatible. They
catalyze the phosphorylation of Thr177 of CAMKI and Thr196 of
CAMKIV, activating CAMKI and CAMKII to regulate cell energy
metabolism, proliferation, differentiation, and survival.'®

KINASES IN NEURODEGENERATIVE DISEASES

AD

Dementia is an age-related, progressive, and irreversible neuro-
degenerative disorder, and is characterized by cognitive and
memory impairment, compromised executive function, and
difficulties in performing daily activities.'®"'%2 AD is the most
common form of dementia in the elderly, with more than 50
million people suffering from AD or AD-related dementia world-
wide.'®' To date, the U.S. Food and Drug Administration (FDA) has
approved a variety of prescription medications for the relief of AD
symptoms, including acetylcholinesterase (AchE) inhibitors (done-
pezil, galantamine, rivastigmine),'®> NMDAR antagonists (meman-
tine),'® and anti-AB antibodies (Aduhelm, Legembi) that were
recently approved through accelerated approval in 2021'% and
2023.2 In addition, Donanemab, developed by Eli Lilly, is also a
monoclonal antibody that binds to AB subtype N3pG.'®° and is
approved by the FDA in 2024. Although these drugs may relieve
the cognitive and behavioral symptoms in AD patients, they do
not cure the disease. Therefore, an in-depth investigation of AD
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pathogenesis will be of great significance for targeted drug
development.

Pathological features of AD include neurofibrillary tangles (NFTs,
composed by tau aggregation), extracellular senile plaques (SPs,
composed by AP aggregation), gliosis, and dystrophic neurites,
accompanied by cerebrovascular amyloidosis, neuronal loss, metal
dysregulation, and synaptic alterations.'®”'®* A is generated by
the amyloidogenic processing of amyloid precursor protein
(APP)."?> The cleavage of APP involves three proteolytic secretases
including a-secretase (ADAM9, ADAM10, ADAM17), [B-secretase
(BACE1/2), and y-secretase (composed of at least four core
components including presenilins1 and 2, nicastrin, anterior
pharynx defective 1, and presenilin enhancer 2).'"> In the
amyloidogenic pathway, APP is initially cleaved by BACE1 to
release the sAPP ectodomain, and the 99 amino acids C-terminus
of APP (C99) is further cleaved at various sites by y-secretase,'®”
resulting in AR peptides in different length (including AB37-43),
which tend to accumulate in the AD brain. AB40 and AP42 are the
two major AP species, but neurotoxic AB42 is the main
component of amyloid plaques.'®® In addition to AB plaque
neuropathology, several other neurochemical abnormalities,
including elemental signatures of iron, copper, zinc, and selenium,
have been widely validated in AD brains.'”

Tau undergoes a series of post-translational modifications
including hyperphosphorylation, acetylation, carboxy-terminal
truncation, O-GIcNAcylation, and N-glycosylation before NFTs are
formed.'”®'%° In AD, early hyperphosphorylation of tau disrupts
the association between tau and the microtubules, prompts the
mislocalization of tau from axons to the somatodendritic
compartment, resulting in increasing levels of tau in the somatic
domain where p-tau422 epitope turns positive,'?#2°° whereas
other epitopes such as p-tau396 only become more prominent
later in the disease.?®’ Various kinases such as CDK5 and CDK5
activator 1, truncated form of a CDK regulator p25,2°> GSK38, and
phosphorylated JNK are upregulated in brain tissue from AD
patients?®>2%% hyperactive GSK3B induces inflammation through
NF-kB, impairs axonal transport, and promotes apoptosis,'*® and
these findings together suggest that increased activity of kinases
may be responsible for tau pathology.

Major kinases in AD. We here summarized the major kinases that
are involved in AD and the kinase regulatory network
(Figs. 2 and 7). These kinases include GSK3{, CDK5, CK1, PKA,
p38 MAPK, Fyn, TTBK1, and AMPK. The details of each kinase
involved in AD pathogenesis will be discussed below.

GSK3f: As a ubiquitously expressed Ser/Thr kinase, GSK3(
activity in the peripheral blood of AD patients is positively
correlated with the degree of dementia.?®®> GSK3@ mainly affects
the pathology of AD, including A formation, tau pathology,
neuronal survival and apoptosis, oxidative stress, and neuroin-
flammation. During AP production, GSK3p promotes the phos-
phorylation of APP and aggravates the B-cleavage of APP,*9%2%7
and also inhibits APP autophagic degradation by reducing
lysosomal biogenesis, thereby increasing AR levels in AD animal
and cell models."® In NFT formation, GSK3p acts as one of the
major tau kinases by specifically phosphorylating tau at Thr231,
which accelerates tau dissociation from the microtubules,
promoting tau oligomerization and NFT formation.?®® GSK3p
interacts with other kinases such as CDK5 to amplify the
hyperphosphorylation of tau. Overactivation of GSK3B inhibits
the activity of protein phosphatase 2A, resulting in the blockage of
tau dephosphorylation and subsequent synaptic dysfunc-
tion.?°?2'° The impairment of the Wnt/B-catenin signaling path-
way further aggravates the elevated GSK3p activity and promotes
tau hyperphosphorylation, leading to abnormal neuronal structure
and dysfunction in PS7 knockout fibroblasts from and mutant PS7
transgenic mice.?'' "3
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Fig. 7 Schematic description of kinase signaling pathways in Alzheimer’s disease. GSK3p, as one of the main kinases involved in tau
phosphorylation, adds a phosphate group to the Thr231 site on tau. This process triggers tau oligomerization, NFTs formation, and
participates in the regulation of the Nrf2-ARE pathway by phosphorylating Nrf2 Ser334-338 residues, thereby reducing the antioxidant
capacity. The CDK5/p35 complex plays a critical role in maintaining synaptic function by modulating STAT3, synaptic components including
PSD95 and DARPP32, ErbB3, BDNF/TrkB, or other regulators, while in AD, the CDK5/p35 is cleaved by Ca®*, AB, and calpain-1, giving rise to the
abnormally hyperactive CDK5/p25 variant, promoting the pathway of cellular apoptosis, reentry into the cell cycle, and mitochondrial
dysfunction. The phosphorylation of p38 MAPK exacerbates oxidative stress, decreases synaptic plasticity, and increases the release of
inflammatory factors. Meanwhile, overactivated Fyn contributes to the phosphorylation of APP at Tyr682, leading to increased generation of
intracellular Ap. Fyn phosphorylation at Tyr416 causes cellular toxicity and imbalances in neural network function by modulating NMDAR,
Pyk2, and eEF2. TTBK1 activates CDK5 and triggers downstream signaling, promoting NMDAR internalization and imbalanced degradation of
the neural network. On the other hand, it triggers the phosphorylation of tau protein at Ser422 via calpain-1, exacerbating tau aggregation. In
the progression of AD, the reduced activity of AMPK increases the phosphorylation level of mTOR. This, in turn, hinders autophagy processes
while concurrently enhancing Ap generation. The downregulation of PKA expression in AD pathology leads to decreased activation of both
SIRT1 and CREB, increasing Ap production and synaptic plasticity vulnerability. CK1 abnormalities not only regulate the transmission of their
inherent signals but also wield regulatory influence over the downstream signaling pathways of crucial kinases such as GSK3p and CDK5. This
intricate interplay between kinases forms an interconnected regulatory network that functions in AD. This figure was created with
BioRender.com
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GSK3p also inhibits BDNF-induced TrkB receptor endocytosis by
directly phosphorylating mixed-lineage kinase 3 or phosphorylat-
ing dynamin1, impairing the activation of AKT signaling down-
stream of BDNF-TrkB, thereby reducing neuronal survival and
promoting neuronal apoptosis both in vitro and in vivo.?'*?"®
Additionally, reduced PI3K/AKT activation in AD patient brains
increases GSK3p activity, which further phosphorylates Nrf2 at Ser
sites within residues 334-338, leading to enhanced degradation of
Nrf2, accumulated oxidative stress, and cognitive deterioration.?'”
GSK3pB is also involved in AD-related neuroinflammation by
mediating the phosphorylation of CCAAT/enhancer-binding pro-
tein & to upregulate MCP-1, MMP3, and MMP1 expression in
astrocytes, promoting microglia reactivity.?'® Consistently, GSK38
transgenic mice exhibit hyperphosphorylated tau, increased AP
accumulation, reactive gliosis, neuronal death, enhanced oxidative
stress, and cognitive deficits, all of which can be reversed by
GSK3B inhibitors.2'2'9220 These results highlight GSK3p as a
promising therapeutic target against AD.

216
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In AD, abnormally elevated CDK5 activity enhances the
phosphorylation of its substrates such as APP, tau, and neurofila-
ments.”> Mechanistically, CDK5 is activated by its neuron-specific
and membrane-localized activators p35 and p39, which are
cleaved by calpain into p25 and p29, respectively. Upon increased
Ca" concentrations, CDK5/p25 binding is more stable, leading to
the hyperphosphorylation of multiple substrates of CDKS5, thus
promoting AD progression.”>?%' Increased phosphorylation of APP
(p-Thr668) by CDK5 and excessive AP accumulation were
observed in p25 transgenic mice®?’; whereas AP aggregation in
turn contributes to abnormal CDK5 activity, forming a toxic
feedback loop that aggravates AD progression.?23-22°

There is abundant evidence that CDK5 upregulates GSK3f3
activity and promotes phosphorylation of tau and other sub-
strates, and c-Abl tyrosine kinase is responsible for CDK5
activation in this process.??®??” CDK5/p25 enhances p53 activity
by phosphorylating p53, and promoting p53-Bax induced
neuronal apoptosis,”>*?® a process that also involves CDK5/p25-
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regulated JNK3 pathway and regulation of MEF-2, a direct target
of CDK5 in the nucleus.??* 23" Dysfunction of CDK5 also causes
mitochondrial dysfunction and ROS accumulation, promoting
neuronal apoptosis.>%2%3

On the other hand, CDK5/p25 phosphorylates phosphatases
such as cell division cycle 25A (cdc25A), cdc25B, and cdc25C,
resulting in the upregulation of CDK1/2/4 and subsequent re-entry
of the cell cycle, which ultimately leads to cell cycle-related
neuronal death and degeneration.”>*%*> It was identified that the
ubiquitination and degradation of p35 are regulated by hexoki-
nase 2. The abnormal decrease of hexokinase 2 is conducive to the
cleavage of p35 into p25, which leads to the overactivation of
CDKS5 and interferes with the degradation of B-catenin induced by
GSK3B, thus inhibiting the activation of cell cycle machinery.?*® In
addition, CDK5/p25 interacts with and phosphorylates BM88 (also
known as cell-cycle exit and neuronal differentiation 1), thereby
promoting the degradation of BM88 and upregulating dynamin-
related protein 1, leading to mitochondrial dysfunction and
neuronal death in the brains of 5xFAD mice.”>” Abnormal CDK5
also was reported to mediate Bcl2-associated athanogene-3 loss,
leading to neuronal synaptic dysfunction in AD pathology.?*®

CK1: Overexpression of CK1g in N2a cells stably expressing APP
(N2A-APP695 cells) results in increased production of AB, and CK1
inhibitors block B-secretase cleavage of APP without affecting the
Notch cleavage.'® Furthermore, in response to inflammation, CK1
is delivered from astrocytes to neurons through extracellular
vesicles, which promotes translation and amyloidogenic proces-
sing of APP.?* Inhibition of the interaction between CK16 and
APP695 mitigates the pathogenic metabolism of APP.2*® Expres-
sion of CK14 is increased in the AD brain and correlated with tau
pathology.?*' Overexpressed CK15 in N2a cells promoted the
cytoplasmic aggregation of TDP-43 by phosphorylating Ser379,
Ser403/404 and Ser409/410 residues of TDP-43, enhancing the
instability and inhibiting the inclusion of exon 10 in tau mRNA.2*?
In addition, analysis of tau441 phosphorylation mutants showed
that Ser68/Thr71, Ser214, and Ser289 of tau are specific substrates
for CK18 in vitro.?*

Besides being directly involved in AD pathology, CK1 also acts
as a priming kinase of other key AD-related kinases such as
GSK3B.2** Pre-phosphorylation and activation of GSK3B by CK1
leads to elevated AB and tau hyperphosphorylation thereby
aggravating AD pathology. CK1 also acts upstream of CDK5 and
regulates its activity and downstream signals.>*>*¢ Consequently,
abnormal CK1 expression affects AD pathogenesis via direct CK1-
associated signalings as well as other critical kinases in AD. Since
current CK1 kinase inhibitors mainly take effect by targeting the
ATP-binding sites, which are highly conserved among CK1
isoforms, these inhibitors are of less specificity and targeted drug
design remains challenging for AD therapy.

PKA: In AD, calcium dysregulation leads to increased degrada-
tion of PKA subunits through excessive activation of calpain,
which reduces PKA activity and subsequently downregulates the
phosphorylation of transcription factor cAMP response element
binding protein (CREB) and BDNF expression.?*’~2*° Moreover,
AP42-treatment interferes with BDNF-induced activation of other
pro-survival Ser/Thr kinases such as PI3K/Akt and ERK.°

Additionally, overexpression of BACE1 interacts with cAMP at
the transmembrane domain of BACE1, and downregulates cAMP
levels, PKA activation, and CREB phosphorylation, thereby leading
to cognitive impairment due to compromised cAMP/PKA/CREB
signaling pathway in AD.%*' Sirtuin 1 (SIRT1) exerts its deacetylase
activity after phosphorylated by activated cAMP/PKA signaling,>*
and upregulates ADAM10 and downregulates BACE1 to prevent
AB production in APP-overexpressing cells and animal models.?>®
Taken together, increasing PKA activity to regulate downstream
CREB and SIRT1 signaling may be of benefit for AD.
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p38 MAPK: Phosphorylation of p38 MAPK is mediated by the
MAP3K-MAP2K signaling cascade.®* Composed of o, B, v, &
isoforms, p38 MAPKs are activated after dual phosphorylation of
Tyr182 and Thr180 residues,>>*?*° resulting in adaptive responses
through phosphorylation of p38-dependent kinases or transcrip-
tion factors. In postmortem brain tissue of AD patients, intense
phosphorylation of p38 MAPK was associated with AB-dependent
inflammatory response and NFT formation, and the activation was
shown to occur at an early stage in AD.>>*?°® In both glial cells and
neurons, p38 MAPK-mediated signal transduction contributes to
AD progression. For example, stimulation of microglia by Ap
fragments activates p38 MAPK signaling to promote the secretion
of pro-inflammatory cytokines interleukin-13 and TNF-q, leading
to chronic inflammation.”*”?*® Subsequently, interleukin-13 acti-
vates the p38 MAPK signaling pathway in neurons and astrocytes,
resulting in the production of pro-inflammatory mediators such as
nitric oxide (NO) and TNF-a in astrocytes.””*?®° In neurons,
activated p38 MAPK phosphorylates Nrf2, facilitates the interac-
tion between Nrf2 and Keap1, and inhibits the nuclear transloca-
tion of Nrf2, leading to a decrease in ARE-dependent transcription
of antioxidant enzymes.?'”?%!

Furthermore, p38 MAPK activation in neurons alters synaptic
plasticity and promotes tau phosphorylation.?6*72%* Several
studies have shown that deficiency of p38a-MAPK in all myeloid
cells prevents AD progression by increasing microglial clearance of
AB and reducing pathological hyperphosphorylated tau.?®>~2%’
However, unlike p38a-MAPK, p38y-MAPK is specifically localized to
the post-synaptic density in neurons and mediates the phosphor-
ylation of postsynaptic tau protein at Thr205.2°2%° Phosphoryla-
tion of the Thr205 site promotes the removal of tau from the
PSD95/NMDAR complex.®*?’° The dissolution of the interaction
between PSD95 and tau further uncouples tau from downstream
factors such as Fyn and ERK, thereby inhibiting toxic signals
downstream of NMDAR, such as AR excitotoxicity.”*®?”! These
results suggest that p38 MAPK activation is significantly related to
defective AP clearance, AB-induced neuroexcitotoxicity, and tau
phosphorylation. However, specific subtypes may need to be
considered when targeting p38 MAPK to alleviate AD pathology.

Fyn: Fyn is a member of the non-receptor tyrosine Src family. In
AD pathogenesis, overactivation of Fyn promotes the phosphor-
ylation of APP at Tyr682 and tau at Tyr18, leading to increased
production of extracellular AR and intracellular NFTs formed by
tau, respectively.?’? Extracellular AB oligomer binding to cellular
prion protein stimulates Fyn phosphorylation at Tyr420 and
activates Fyn, triggering pathological signaling cascades and
excitotoxicity caused by phosphorylation of NR2B/NMDAR and
persistent activation of both eEF2 and protein tyrosine kinase 23
downstream of Fyn.>’>?7* In addition, hyperactivation of Fyn not
only participates in tau pathology through direct interaction and
phosphorylation, but also indirectly through the activation of p35/
CDK5.275'276

Fyn is recruited to the postsynaptic NMDAR complex in a tau-
dependent manner and mediates AP excitotoxicity in postsynaptic
toxic signaling.?®>*”'2”7 In this recruitment pathway, tau interacts
with Fyn through the proline-X-X-proline motif in its proline-rich
region.”"?’8 Subsequently, the tau/Fyn complex interacts with
the key scaffolding protein PSD95 to mediate excitotoxicity
induced by AB or excess glutamate levels.””'*’® On the contrary,
phosphorylation of NR2B by Fyn at the Y1472 site can enhance the
binding of PSD95 to NMDAR, thereby increasing the level of tau in
the NMDAR complex.?®??%° Therefore, AB-Fyn-tau closely con-
tributes to AD pathogenesis, and Fyn inhibition (using the Src
family kinase inhibitor, AZD0530) has been demonstrated to
rescue spatial memory deficits and synaptic density loss in APP/
PS1 mice, and rescue abnormalities in tau phosphorylation and
deposition in 3xTg-AD mice,?”'277281:282 ¢ ggestive of Fyn as an
attractive target for the treatment of AD.
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TTBK1: TTBK1, a CNS-specific kinase that mediates tau phos-
phorylation and aggregation,'”® is significantly upregulated in the
frontal cortex of AD patients,?®* and genetic variation in the TTBK1
gene (single nucleotide polymorphism of rs2651206) is associated
with late-onset AD in two cohorts of patients in China and
Spain.?®?®> TTBK1 directly phosphorylates tau at Ser422, an
epitope present before NFT formation.?®® Consistently, brain-
permeable TTBK1 inhibitors are capable of reducing tau phos-
phorylation and alleviating AD pathology in both the mouse
isoflurane-induced hypothermia model and rat developmental
model. 2’

In addition, elevated levels of CDK5 co-activators p35 and p25,
as well as increased calpain-1 activity and p35/CDK5 activity were
found in TTBK1 transgenic mice,'* suggesting that TTBK1
activates CDK5 to trigger downstream signaling cascades. Both
p35/CDK5 and calpain-1 (via proteinase activity®®®) closely
regulate the turnover of NMDAR subunit NR2B on the membrane
surface, and affect hippocampal spatial learning and LTP.28%2%°
Therefore, enhanced TTBK1 activity is assumed to upregulate p35/
CDK5 and calpain-1 activity, which causes cognitive impairment
via endocytosis and degradation of NMDAR. Moreover, p25
generated from the cleavage of p35 by calpain-1 acts as a more
potential activator of CDK5 and subsequently forms the p25/CDK5
complex, resulting in augmented activity compared to the p35/
CDK5 complex.'**2°" All these events further disrupt the home-
ostasis of NMDAR and the balance of neural networks.

AMPK: AMPK belongs to the CAMK family, but lacks CaM
regulation because it does not directly interact with AMPK due
to the lack of CaM binding site. AMPK alleviates tau phosphoryla-
tion by reducing the activity of GSK33, and activation of the AMPK
signaling pathway induces SIRT1 activity to deacetylate tau
followed by degradation of misfolded tau.”**2°* However, in AD,
disturbance of energy metabolism moderates AMPK activity in the
brain, which on one hand increases mTOR phosphorylation and
inhibits autophagy?**?%’; on the other hand reduces SIRT1
activation, resulting in augmented A production and tau
phosphorylation.?*>?°® AB42 oligomers can trigger synaptic loss
through CAMKK2/AMPK-dependent modulation of mitochondrial
fission and mitophagy in APP*¥¢/**®_knockin human embryonic
stem cell lines.?*® Thus, AMPK, as a master regulator of energy-
related signaling pathways, extensively participates in
neurodegeneration.

PD
PD, a chronic and progressive movement disorder, is the second
most common neurodegenerative disease.>°°3*°" The number of
worldwide PD patients increased from ~2.5 million in 1990 to 6.1
million in 2016, and the incidence is predicted to rise to 13 million
by 20403°%3% The primary clinical symptom of PD is motor
impairment, in addition to non-motor deficits including cognitive
decling,***3*% depression, and pain, which greatly affect the
quality of life of patients.>°® The complexity of PD pathophysiol-
ogy involves several functional abnormalities, such as mitochon-
drial, lysosomal, and synaptic dysfunctions, all of which may
synergistically cause selective loss of dopaminergic neurons in the
substantia nigra.>°”3%®

The accumulation of a-syn in Lewy bodies and Lewy neurites,
characterized by crowded organelles and lipid membranes, is the
pathological hallmark of PD.3% Currently, inhibition of misfolded
a-syn diffusion or promoting its clearance has been validated to
mitigate the progression of PD.3'° a-syn propagates from neuron
to neuron and induces normal a-syn aggregation,®'' a process
that is closely related to the post-translational modifications
(PTMs) of a-syn protein. Phosphorylation of a-syn occurs at 39, 87,
125, 129, 133, and 136 sites, and involves kinases such as CK, PLK,
and G protein-coupled receptor kinase (GRK) families'%*'3
Among all the phosphorylation sites, the pathological
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phosphorylation at Ser129 (pSer129) accounts for ~90% of the
deposition in Lewy bodies3'"*3'7 In vitro, a-syn phosphorylation
at Ser129 leads to a higher tendency to form fibrils3'® Likewise,
pSer129 a-syn induced by GRKS5 facilitates a-syn aggregation in
cells co-transfected with a-syn and GRK5.3'?

Selective loss of neurons in the SNpc is a typical pathological
feature of PD comparable to the neuronal loss of the dorsal tier
during normal aging.3?°3?" Although PD pathology involves the
entire brain, specific types of neurons, especially the dopaminergic
neurons of SNpc, are the most vulnerable to damage in PD. Given
that the axons of SNpc dopaminergic neurons forming a huge
branch network contain a higher density of mitochondria and
therefore display a higher rate of oxidative phosphorylation than
other neurons, these neurons will inevitably be more affected if
mitochondrial dysfunction occurs. 322323 It was also found that iron
and dopamine levels in the SNpc are significantly higher than in
the adjacent ventral tegmental region, which is less susceptible to
neuronal loss in PD.

The current first-line treatment for PD is L-3.4-dihydroxypheny-
lalanine (L-DOPA) supplementation, which is only a symptomatic
treatment. Since the loss of dopaminergic neurons continues and
the survival neurons may be exhausted by the treatment, L-DOPA
works within 20 to 30 min of dosing, with maximum effects
reaching about 1.5 h. Therefore, therapies for PD are expected to
prevent ongoing neuronal death, and understanding the kinases
involved in the pathomechanisms of PD is of particular
significance.

Major kinases in PD. Approximately 3-5% of PD is attributed to
monogenic PD. Mutations of SNCA (encoding a-syn), LRRK2
(encoding LRRK2), PRKN (encoding Parkin), PINK1 (encoding
PINK1), and GBA genes have been identified as causal mutations
of PD. For example, mutations in the SNCA cause familial PD in an
autosomal dominant manner and increase the risk of sporadic
PD.324325 pD patients with SNCA mutations exhibit earlier onset
age, more rapid progression of motor symptoms, and significant
cognitive impairment.

Kinases regulate a-syn during disease progression. While other
causal genes encode kinases, such as LRRK2 and PINK1, and their
genetic mutations directly increase susceptibility to PD. In
addition, other kinase signaling pathways including MAPK and
AKT are also affected in PD. Activation of JNK or p38 MAPK in PD
promotes the apoptosis of neurons,®*” while activation of ERK1/2
MAPK and PI3K/AKT pathways supports cell survival.>*® Here, we
summarize the major PD risk genes highly associated with kinases
and elucidate their multifaceted contributions to PD-related
disturbance of kinase signaling pathways (Figs. 2 and 8).

LRRK2: The LRRK2 gene, encoding the LRRK2, is one of the most
commonly mutated genes in familial PD, and its mutations are
also found in sporadic PD.?” LRRK2 kinase activity in dopaminergic
neurons and microglia in the SNpc is increased in patients with
idiopathic PD (iPD), suggesting the involvement of LRRK2 in
iPD.3?° Patients with LRRK2 mutations are very similar to iPD in
clinical features and treatment responses.>3%*3" G20195, the most
common LRRK2 mutation in PD, accounts for 4% of familial PD
cases and 1% of sporadic PD cases worldwide.?” The mutation
induces typical a-syn aggregation in Lewy bodies and neurites, as
well as neuronal loss in specific brain regions.

LRRK2 belongs to the TKL group and is a member of the
leucine-rich repeat kinase family, with a Ser/Thr kinase domain, a
GTPase functional enzyme domain, and protein-protein interac-
tion domains such as armadillo, ankyrin, and WD40. LRRK2 is
mainly present in the cytoplasm, but also in the intracellular
membrane and microtubules under certain conditions.**? It
primarily serves as a kinase for Rab GTPases, which are the main
regulators of membrane transport, autophagy, and lysosomal
degradation.3*® Impairments of endolysosomal function and
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Fig. 8 Schematic description of kinase signaling pathways in Parkinson’s disease. PINK1 and LRRK2 are involved in mitochondrial and
lysosomal function, and their mutations lead to mitochondrial dysfunction and autophagy defects. These mutations induce typical a-syn
aggregation in the form of Lewy bodies and neurites, as well as neuronal loss. The accumulation of PINK1 in the mitochondrial membrane and
subsequent recruitment of Parkin can trigger the initiation of mitophagy. LRRK2 mutations failed to phosphorylate AKT and promote cell
survival via inhibition of FOXO1, whereas phosphorylated JNK and p38 MAPK, promoting cell death. Activated ASK1 can also phosphorylate
MAPKK and subsequent MAPK to form a cascade amplification of signaling, promoting cell death by regulating the activation of JNK and p38.
Phosphorylation of a-syn occurs at several sites involving kinases such as CK, PLK, c-Abl, and GRK, contributing to its aggregation and the
formation of Lewy bodies, which alters the activity of numerous kinases and triggers neuroinflammation and increased ROS. This figure was

created with BioRender.com

autophagy have been observed in PD involving LRRK2 muta-
tion.**3%% As LRRK2 regulates the balance between membrane
repair and organelle replacement to maintain endolysosomal
homeostasis, pathogenic mutations lead to membrane damage
followed by disruption of endolysosomal homeostasis.>*” In
addition, wild-type LRRK2 can be degraded by chaperon-
mediated autophagy in lysosomes, and mutations such as
G20195S block such degradation pathway.3*®

The mechanisms relating to LRRK2 mutations in PD pathogen-
esis are generally associated with the kinase activity of LRRK2,
inhibition of which has displayed therapeutic effects in models of
PD in vitro and in vivo.33373%° For instance, a novel LRRK2 kinase
inhibitor, FL090, ameliorates lysosomal dysfunction and loss of
dopaminergic neurons in the SNpc by upregulating microtubule-
associated protein 1B in both genetic and pharmacological PD
animal models.*' In addition, reducing LRRK2 expression with
anti-sense oligonucleotide has recently shown promising results in
ameliorating a-syn inclusion formation in preclinical trials.>*?
Therefore, a variety of LRRK2 kinase inhibitors, including
WXWHO0226 (https://synapse.patsnap.com/), ARV-102 (https://
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www.arvinas.com/), DNL201,>** and DNL151,*** are now being
tested in clinical trials for PD.3**

PINK1 and Parkin: Quality control such as the structure and
function of mitochondria is achieved by homeostasis of
degradation-related enzymes, mitophagy, mitochondria-derived
vesicles, and other manners3*® Mitochondrial dysfunction is
considered a key event in both familial and sporadic PD,**” and
has been widely observed in autopsy of patients with PD.3*83%°
Reduced mitophagy is one of the forms of mitochondrial defects
in PD patients and serves as a possible mechanism of pathogen-
esis, largely due to the loss-of-function of the key mitophagy
regulators PINK1 and Parkin.>*° The cytoplasmic protein Parkin,
acting with the ubiquitin kinase PINK1 (a Ser/Thr protein kinase),
mediates the mitochondria-related autophagy process, namely
mitophagy.3*'*2 When mitochondrial damage is perceived,
PINK1/Parkin is the first to activate the mitochondrial quality
control pathways.>** In brief, PINK1 phosphorylates ubiquitin on
Ser65, and stabilizes the active conformation of Parkin, allowing
the charged E2 ligases to bind, therefore the E3 ubiquitin ligase
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activity of Parkin is enhanced.** The accumulation of PINK1 on
the mitochondrial membrane and subsequent recruitment of
Parkin triggers the initiation of mitophagy.>>®

PINK7 and PRKN mutations are the main causes of autosomal
recessive PD, and dysfunctions of these proteins also contribute to
early-onset PD.>*® As for clinical manifestations, although the
onset is relatively early, it shows slow progression, and cognition is
rarely affected in patients with PINKT or PRKN mutations.>>’3°8 The
G309D and L347P mutations of PINKT result in a significantly
reduced PINK1 activity,®***%° leading to the loss of its anti-
apoptotic function by suppressing the release of cytochrome c
from mitochondria.*®' The accumulation of pathogenic substrates,
such as aminoacyl-tRNA synthetase complex interacting multi-
functional protein-2 (AIMP2), occurs as a consequence of PRKN
mutations and Parkin inactivation.3%> AIMP2 present in Lewy
bodies causes DNA damage and cell death by activating poly
(ADP-ribose) polymerase-1.°®* The non-RTK c-Abl phosphorylates
Parkin at Tyr143, resulting in decreased Parkin activity. 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced c-Abl activation
leads to the Parkin inactivation, which in turn causes the
accumulation of AIMP2 and neuronal death.3%* Furthermore,
c-Abl was activated and Parkin was phosphorylated at Tyr143 in
postmortem human brain tissue from PD patients.>*** Therefore,
c-Abl may serve as a pathogenic kinase in PD by inhibiting the
Parkin activity.

GAK: Genome-wide association analysis of patients with familial
PD revealed an association between single nucleotide polymorph-
isms at the GAK locus and PD susceptibility,*®® which was
supported by followed-up  meta-analyses3%¢3%°  Cyclin
G-associated kinase (GAK) encoded by the GAK gene is a Ser/Thr
kinase comprised of a kinase domain in the N-terminus and a
clathrin binding domain.>”® Neuron-specific knockout of GAK leads
to cell loss in neonatal mice due to deficient proliferation of neural
progenitors,>”’ and GAK inhibition is associated with neurodeve-
lopmental disorders.>”?

GAK activity affects PRKN-independent mitophagy by altering
the mitochondrial network and lysosome morphology, shedding
light on the regulation of mitophagy.?”®> Downregulation of
auxilin, the homolog of GAK in Drosophila, leads to impaired
climbing ability, shortened lifespan, and dopaminergic neuron
loss.3”* In vitro experiments demonstrated that knockdown of
GAK in cells overexpressing a-syn increased a-syn level and
resulted in cytotoxicity,>”> suggesting that GAK may play a
protective role in PD.

AKT: Mutations in several PD-associated genes cause abnorm-
alities in the AKT signaling pathway which maintains funda-
mental functions in dopaminergic neurons.>’® In an in vitro
model of PD, 1-Methyl-4-phenylpyridinium (MPP") treatment
has been found to inactivate AKT.3’7 PINK1 regulates the
activation of insulin-dependent AKT signaling pathway,3”®
possibly by phosphorylating FK506 binding protein 5, and
rescues the damage of mitochondrial complex | induced by
MPP™ 379389 Consistently, the MPTP-induced inactivation of AKT
was recovered by overexpression of Parkin.>®' LRRK2 phosphor-
ylates AKT and promotes cell survival via inhibition of forkhead
box protein O1. G2019S and R1441C mutants of LRRK2 reduce
the phosphorylation of AKT, and subsequent blockade of pro-
cell survival by AKT inhibition may contribute to neuronal death
in PD.3® DJ-1, a homodimeric protein, acts as an oxidative
stress sensor in stressed conditions.>®® Loss-of-function muta-
tions of DJ-1 are associated with autosomal recessive PD.38*38°
A cytoprotective role of DJ-1 has been proposed involving the
activation of cell survival-related ERK1/2 and PI3K/AKT path-
ways. 386387 Therefore, restoring the function of AKT and
activating the AKT signaling pathway may show protective
benefits in PD.
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JNK/p38: MAPK family members, belonging to the CMGC group,
are dysregulated in PD, and among them, JNK and p38 MAPK are
activated in various PD models.3¥¥3%2 JNK2 and JNK3, but not
JNK1, induce upregulation of cyclooxygenase-2 expression and
activate c-Jun-induced death of dopaminergic neurons in the
MPTP-induced PD model** The activation of c-Jun and up-
regulated expression of cyclooxygenase-2 were also observed in
dopaminergic neurons of PD patients.>** Toxins such as Rotenone
and MPTP can directly or indirectly activate the p38 MAPK
pathway, which in turn results in ROS accumulation.>*> In a-syn-
A53T transgenic mice, increased p38 MAPK activity leads to direct
phosphorylation of Parkin and subsequent mitochondrial dysfunc-
tion.>*! Additionally, a-syn activates toll-like receptor 4-dependent
p38 MAPK and triggers autophagg impairment in microglia and
induction of neuroinflammation.>

Interestingly, JNK and p38 MAPK can be indirectly phosphory-
lated by LRRK2 via MAP2K, possibly because the LRRK2 kinase
domain has a high homology with the MAP3K family mem-
bers.3%63%7 Moreover, PD-associated LRRK2-G2019S mutation has
been found to exhibit augmented phosphotransferase activity for
MAP2K 3% Several drugs, such as SKF-86002,%*® SB203580,3%° and
$B202190,*° inhibiting JNK/p38 MAPK and their upstream path-
ways have been tested in several models of PD. However, one
such inhibitor CEP-1347 failed to reach the clinical endpoint in a
clinical trial.*®" This indicates that treatment with broad effects
needs to be used with caution when applied to human patients.

ASK1: ASK1, a member of the MAP3K family, phosphorylates and
activates MAP2K and subsequent MAPK to amplify the down-
stream signaling cascades. ASK1 itself takes part in physiological
processes as well as cell death, by regulating the activation of JNK
and p38.°2 In the MPTP model, ASK1-MAPK was activated
possibly due to TNF-dependent thioredoxin-1 oxidation,**® and
knockout of ASKT rescued MPTP-induced motor deficits, dopami-
nergic neuron loss, and neuroinflammation.*** ASK1 inhibitor,
JNK3-N-Tat alleviated mitochondrial damages and inhibited the
apoptosis of dopaminergic neurons in MPP'-treated primary
cortical cells as well as MPTP mouse model.**>*°® |n addition,
Apelin-36, a neuromodulatory peptide, protects neurons from
apoptosis in the MPTP mouse model by inhibiting the ASK1/JNK/
caspase-3 pathway.*®”

ASK1 activation was also found in a-syn-overexpressing cells
and transgenic animal models, suggestive of the involvement of
ASK1 in the cascade effects of a-syn.**® In support, ASK1 deletion
rescues the behavioral deficits induced by intrastriatal injections of
a-syn pre-formed fibrils and accumulation of phosphorylated a-
syn in the striatum and cortex.*®® ASK1 also activates cell death-
related pathways after phosphorylated by LRRK2 at Thr832,*'° and
abolished activation of ASK1 mediated by DJ-1 shows protective
benefits in oxidative stress-induced cell death.*’’ However,
inhibitors of ASK1 (including Selonsertib,*'? ASK1-IN-2,*'3, and
GS-444217*') have not been yet tested in clinical PD.

HD

HD is a monogenic autosomal dominant genetic disease caused
by mutations in the huntingtin (HTT) gene, the abnormal copy of
which will have a 50% of probability being passed to the
offsprings.*’ At the molecular level, tandem repeats of triplet CAG
are abnormally expanded in the encoding region of HTT gene,
resulting in an insertion of polyglutamine (polyQ) polypeptide in
the N-terminal domain of the mutant HTT (mHTT) protein which
drives the death of the brain cells.*'®*'® HD symptoms usually
appear between the ages of 30 and 50, and are influenced by
familial inheritance. For example, the age of onset may be earlier
in families with associated chromosomal abnormalities and about
8% of cases show onset before the age of 20.*'9%?° Early
symptoms manifest as mild emotional or intellectual impairment,
with only an uncoordinated and unsteady gait. As the disease
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progresses, incoordination of body movements becomes more
pronounced, and progressively and eventually worsens until
movement becomes difficult, speech becomes impossible, and
decline of mental abilities develops into dementia.*?' The
incidence of HD is similar between sexes, and is about 12 per
100,000 people in the European population, but the incidence in
Africa and Asia is approximately one-tenth of that in European.**

In HD, mHTT protein is defective in its normal physiological
functions, instead, misfolded mHTT fragments form a variety of
intracellular aggregation structures with toxicity to adversely
impair cell functions.*?®> HTT protein undergoes various types of
PTM, including phosphorylation, acetylation, palmitoylation, and
ubiquitination. These modifications modulate the toxicity of
mHTT, leading to potential clinical implications. Growing evidence
from cellular and animal models shows that phosphorylation or
pseudophosphorylation of Ser13, Ser16, Ser434, or Ser536, in HTT
reduces the toxicity of polyQ-mHTT, and levels of phosphorylation
are weakened by polyQ expansion,****?® suggesting that
phosphorylation state of HTT tightly links to toxicity in HD
pathogenesis. Phosphorylations of HTT at Ser13 and Ser16 have
been most studied, and are found to regulate the structure,
aggregation, and subcellular localization of HTT.**

Major kinases in HD. Kinases are involved in the pathophysiology
of HD through multiple regulatory processes including integration
of glutamate transmission and BDNF signaling, neuroimmune
regulation, resistance to mHTT toxicity, neuronal apoptosis,
cellular energy metabolism, and autophagy pathways. Phosphor-
ylation of HTT at Ser1/Ser16 by IKKB increases the clearance of
MHTT by proteasomes and lysosomes thereby reducing mHTT-
mediated cytotoxicity.**” Similarly, phosphorylation of HTT at
Ser434 by CDK5 ameliorates HTT aggregates-stimulated cell
toxicity and cell death.2® Interestingly, autophagic clearance of
mHTT and suppressed accumulation of mHTT are found to be
facilitated by TBK1-medicated HTT phosphorylation.*?® In addition,
kinases such as AKT, ERK, and JNK are also phosphor-activated to
mediate the toxicity of mHTT.*>?~*3" Here we summarize the major
kinases and their regulatory mechanisms in HD pathogenesis
(Figs. 2 and 9).

MEK/ERK: Studies have concluded that MEK (a member of the
MAP2K family in the STE group) /ERK (a member of the MAPK
family in the CMGC group) acts as a double-edged sword in HD.
On the one hand, MEK/ERK signaling is considered to integrate
glutamate transmission and BDNF signaling in HD.*'> In R6/1 and
R6/2 mouse models expressing exon 1 of HTT, wide variations in
ERK activation related to age, brain regions, and cell types are
identified.**%*** Mice expressing full-length HTT tend to exhibit
suppressed ERK activity and downstream BDNF expression.*** ERK
deficiency in the mHTT model triggers striatal degeneration and
increases glutamate susceptibility.**>**® Therefore, reduced ERK
activation leads to lessened trophic support by BDNF, and
upregulated expression of glutamate transporters (reviewed
elsewhere®'?), leading to subsequent neuronal excitotoxicity and
apoptosis.

On the other hand, MEK/ERK activation is believed to be
neuroprotective in HD.**%**2 The reduction of nutrients obtained
by striatal neurons will in turn activate ERK to increase
compensatory responses.**° Increased MEK activity promotes
the activation of ERK/CREB, reduces the caspase-3 activity,
increases the phosphorylation of HTT and autophagic clearance
of mHTT, and ultimately supports neuronal survival.*'>436437

IKK: IKK is a member of the other group of typical protein kinases
and is a complex composed of two catalytic subunits IKKa and
IKKB, and a regulatory subunit IKKy.**® The human IKK family has
four members, the IKKa, IKKB, TBK1, and IKKe. IKK directly interacts
with mHTT,**® and chronic elevation of IKK caused by DNA
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damage and NF-kB pathway activation is associated with
neurodegeneration in HD.*****? Clinical data indicate that HD
patients exhibit high levels of inflammatory factors resulting from
the chronic increase of IKK/NF-kB activity in the CNS and serum
specimen/samples before symptom onset, with the immune cells
maintained in a sensitive state.**3*4%*3 Similar effects of IKK/NF-
KB signaling involving the immune environment were observed in
the HD cell model and R6/2 mouse brains,****** and increased IKK
in Hdh?">® mice was observed in the striatum.**

Specifically, IKKB phosphorylates HTT at Ser13/Ser16, which
activates the scavenging of HTT, and knockout of IKKB further
deteriorates deficits in motor behavior of R6/1 HD mice,
accompanied by striatal neurodegeneration and microglia activa-
tion.**® Hence, IKKB may protect the striatum from neuronal
degeneration and slow HD progression through multiple mechan-
isms.*2744% However, since IKK is regulated by various factors such
as AKT, TNF-q, and interleukin-13, and both the activation and
inhibition of IKKB have been shown to exert neuroprotective
effects on HTT aggregation,*”’~** the confirmative role of IKK in
HD needs to be further elucidated.

CDK5: CDK5 belongs to the CDK family, the activity of which is
abnormally elevated in AD pathology, whereas in HD, reduced
levels of CDK5 and p35 have been detected in human HD patients
and brains of HD mouse model.*****° In the mouse model,
although CDKS5 reduces the HTT aggregation by phosphorylating
HTT at Ser434 and reduces its cleavage by caspases,®® phosphor-
ylation of HTT at Ser434 by CDK5 was repressed.*?® In addition,
DNA damage-triggered CDK5 activation causes phosphorylation
of HTT at Ser1181 and Ser1201, thereby protecting striatal neurons
from mHTT-induced toxicity.®® Mitigated CDK5 activity stabilizes
microtubules and facilitates the formation of mHTT inclusion
bodies in HD.**' Conversely, CDK5 activation has been shown to
dissociate microtubules in primary cortical neurons, thereby
weakening mHTT aggregation.**'™** However, enhanced CDK5
activation in StHdh®'"" cells promotes cell death, possibly through
dysregulation of glutamatergic and dopaminergic signaling.*>*
Therefore, single-targeting CDK5 to increase its activity may
produce certain toxic side effects during treatment for HD.

INK/p38: As a member of the MAPK family, JNK activates the
transcription factor c-Jun, one of the activator protein-1 transcrip-
tion complexes, to regulate the expression of pro-apoptotic
genes.**>*% JNK also phosphorylates and stabilizes p53 thereby
enhancing the pro-apoptotic activity of p53.**” Knockout of CNS-
specific JNK3 exerts resistance to excitotoxicity and increases PI3K/
AKT activity, implying that JNK3 is antagonistic to AKT signal-
ing.**®%? So far, upregulated JNK signaling can be observed in
most animal models of HD, except the StHdh®''' knockin
model.*” Activation of MAP2K4 and MAP3K1, upstream activators
of JNK, accelerates the formation of mHTT inclusion bodies and
augments the resultant toxicity in HD transgenic models.*6%4¢
Negative regulatory mutations of MAP3K1 and JNK-interacting
protein 1 reduced dopamine and adenosine 3'5-monophosphate-
regulated phosphoprotein 32kDa, but did not alter c-Jun
expression and mHTT inclusion formation in a rat lentiviral model
of HD.*®? Furthermore, ASK1 activated by mHTT acts as an
upstream kinase of JNK and p38 to indirectly promote apopto-
sis. %9344 Therefore, inhibition of JNK activation protects neurons
from mHTT-induced toxicity and apoptosis.

In HD patients and mouse models, increased p38 activity is
found to correlate with neuronal death.*®>*%® Phosphatase
MAPK phosphatase 1 inactivates p38 by dephosphorylating
p38 in the Thr-Gly-Tyr motif, and the decreased MAPK
phosphatase 1 activity therefore accounts for enhanced p38
activity.*®” Pharmacological stimulation of MAPK phosphatase 1
reduced p38 activity and protected cultured cells and mHTT-
injected mice from neurotoxic outcomes resulting from mHTT
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Fig. 9 Schematic description of kinase signaling pathways in Huntington’s disease. mHTT promotes neuronal apoptosis and inflammatory
responses by inhibiting ERK and activating the p38, JNK, and IKKp signaling pathways. It establishes connections with HTT via the MEK/ERK
and AKT signaling pathways, regulating neuronal autophagy, neuroprotection, and glucose uptake pathways. In addition to causing DNA
damage by itself, mHTT’s aggregation also leads to pancreatic f-cells damage and activation of CDK5 through its interaction with IRS-2. The
aberrant activation of CDK5 reduces microtubule stability, which, in turn, contributes to the exacerbation of mHTT pathology. In addition, the
activation of the IKKp signaling pathway by AKT promotes neuroinflammatory responses, while the inhibition of the JNK signaling cascade by
AKT hinders cell apoptosis. The regulatory network formed by the mutual activation and inhibition of kinases plays distinct roles in different
stages of the HD pathological process. This figure was created with BioRender.com

expression.'®" In HD mice, increased activation of p38 is partially
responsible for striatal degeneration, and p38 inhibitor SB-
239063 successfully protects neurons from degeneration,*¢84%°
which may involve blockade of neuronal apoptotic signals and
glial cell-mediated neuroinflammation.

AKT: Activation of AKT signaling in all HD cells, mouse models,
and patients’ brains has been suggested to be neuroprotec-
tive.*'>479471 phosphorylation of mHTT by AKT is essential for IGF-
mediated neuroprotection,**® while Mn?*-induced reduction of p-
IGFR/IR-dependent AKT phosphorylation leads to reduced glucose
uptake in HD cells.*’? In addition, insulin and IGF-1 signaling
pathway improves mitochondrial function and mitigates reactive
oxygen species production in a PI3K/AKT-dependent manner in
HD knockin striatal cells,*”*> while enhancing autophagy by
modulating PI3K/AKT/mTOR signaling improves HD-like lesions
in rats.*’* In the study of the relationship between HD and the
pathogenesis of diabetes, it was shown that in the mouse
pancreatic insulinoma cell line NIT-1 (160Q cells) expressing the
N-terminal mHTT containing 160 polyglutamine, insulin receptor
substrate 2 was recruited to the mHTT aggregates in HD {3 cells,
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leading to the inhibition of the PI3K/AKT/forkhead box protein O1
pathway and causing damage to pancreatic B cells.*”> In addition,
11-week-old R6/2 mice showed smaller pancreatic islets, loss of
insulin, glucagon, and somatostatin expression, and reduced
activation and expression of PKA, AKT, ERK1/2, and STAT3 in the
pancreas.*’® These studies suggest that diabetes or abnormal
glucose and lipid metabolism may be involved in the develop-
ment of HD. mHTT regulates both pro-survival and pro-apoptotic
signals via CDK5/AKT modulation.*'® In brief, mHTT activates
CDK5/AKT signaling to promote HTT phosphorylation for cell
survival; on the other hand, the same process may inhibit JNK/
caspase-3 signaling, accelerating cell apoptosis. The indication of
this line of events depends on the diversities of research models
and experimental conditions.

ALS

ALS is a rare but fatal neurodegenerative disease characterized by
progressive degeneration and loss of motor neurons. Familial ALS
(FALS) accounts for 10-15% of all cases,*”” and more than 40 ALS-
related genes have been identified, including C9orf72, TARDBP,
SOD1, and FUS genes.*’® Variations in these four genes account for
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~60% of fALS and 10% of sporadic ALS.*’® In addition to genetic
factors, environmental elements such as exposure to chemicals,
metal contaminations, or radiation, can increase the risk of ALS
through mechanisms such as augmented neuronal oxidative
stress and mitochondrial damage.*®® These factors also, by
affecting protein phosphorylation, drive disease progression and
selective degeneration of motor neurons.

Mutations in the TDP-43-encoding gene TARDBP account for
approximately 4% of fALS patients.*®" Interestingly, the TDP-43
pathology appears in the vast majority of ALS patients.*®?
Normally, TDP-43 is predominantly localized in the nucleus.
However, pathological aggregates of TDP-43 in the cytoplasm
are present in ALS pathology.*®® Various PTM of TDP-43 such as
ubiquitination,*®* acetylation,*® and phosphorylation,**® phos-
phorylation on multiple sites (Ser409, Ser410, Ser379, Ser403, and
Ser404) have been observed in experimental and clinical ALS
specimens, and other potential phosphorylation sites in TDP-43
are continuously discovered.*®” With the aggravation of TDP-43
pathology, the cognitive decline appears more and more rapid.*®®
Possible causes of TDP-43 toxicity involve loss of normal
physiological activity, gain-of-function mutation induced by
pathological aggregation, or combined effects.*?

Mutations in FUS cause ALS in an autosomal dominant manner,
and most FUS mutations lead to mislocalization of FUS (fused in
sarcomas) from the nucleus to the cytoplasm as inclusions.**° FUS
is a DNA/RNA binding protein mainly expressed and localized in
the nucleus, and participates in physiological processes such as
DNA repair and RNA metabolism.**" Transgenic mice overexpres-
sing wild-type human FUS, as well as expressing ALS-associated
FUS mutants or FUS lacking a nuclear localization signal greatly
triggered the formation of cytoplasmic FUS inclusions, and
exhibited ALS-like motor impairments.**>~*** In both mouse and
human brain tissue, FUS has been observed to bind to over 5500
pre-mRNAs.**> Knockdown of FUS results in decreased expression
of mRNAs containing long introns, many of which encode proteins
involved in synaptic function, such as neurexin 3 and neuroligin
1.%%% Hence, the contribution of FUS in ALS may be primarily due
to the loss-of-function of normal FUS in the nucleus and the gain-
of-function of toxic FUS secondary to the mislocalized FUS
aggregation in the cytoplasm.

To date, more than 200 SOD1 variations have been disclosed in
ALS (https://alsod.iop.kcl.ac.uk/), occurring in 14.8% of European
fALS patients and 30% of Asian fALS patients.**® Cu/Zn superoxide
dismutase 1 (SOD1), encoded by SOD1, is an antioxidant enzyme
that regulates mitochondrial and cytosolic superoxide levels.
Mutant SOD1 forms unstable depositions in the cytoplasm, and
then greater aggregates and inclusions,**” which impair axonal
transport.*®® The spinal motor neurons in SOD1°%** transgenic
mice showed mitochondrial membrane potential loss, respiratory
chain activity disruption, calcium homeostasis disruption, and
mitochondrial vacuolation.**® However, for a long time, the loss-
of-function hypothesis was not recognized due to the lack of
correlations between enzyme activity of SOD1 and aggressiveness
of clinical phenotypes in ALS patients,**° as well as the absence of
obvious phenotypes in SODT null mice in early studies.”®
Nonetheless, a comprehensive review®™®' on SOD1-ALS patients
revealed that almost all mutations lead to a substantial reduction
in SOD1 enzyme activity, and significant deleterious effects in the
nervous system were evident in SODT knockout mice, supporting
the contribution of loss-of-function mutation of SODT to ALS
pathogenesis.

Defects in mitochondrial morphology, functions, and dynamics
were consistently observed in ALS patients and mouse models.
C90rf72 is a mitochondrial inner membrane-associated protein
stabilizing mitochondrial complex | assembly,*® and haploinsuffi-
ciency and loss-of-function mutation of C9orf72 lead to decreased
activity of neuronal mitochondrial complex 1°°>°% Given the
discovery of C9orf72 hexanucleotide repeat expansions as a
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critical cause of ALS,>°*°%> studies have ever since revealed the

multifaceted effects of C9orf72. In addition to the detrimental
effects on mitochondrial functions mentioned above, mutated
C90rf72 also impairs a variety of intracellular processes such as
RNA metabolism and autophagy. C9orf72 haploinsufficiency also
negatively affects vesicle trafficking and inhibits the initiation of
autophagy.>®® Inhibition of autophagy impedes the clearance of
misfolded and aggregated proteins, such as TDP-43 and FUS
aggregates in ALS, thereby exacerbating cellular damage.

To date, Rilutek and Radicava have been approved by the FDA
for ALS treatment to slow the progression of symptoms and
improve the quality of life, although they are unable to reverse the
existing damages caused by ALS.>®” Continuing endeavors into
the pathophysiology of ALS have led to several potential
mechanism-based therapies that are currently being tested in
clinical trials.

Major kinases in ALS.  Protein kinase-encoding genes such as TBKT
and NEK1 were recently discovered as ALS causal genes, as well as
that several other kinases are widely involved in ALS pathogenesis
(Figs. 2 and 10). In general, they take part in the phosphorylation
of causative proteins in ALS such as TDP-43, leading to altered
functions and abnormal aggregation of these proteins. Further-
more, dysregulation of the kinase signaling network may directly
contribute to the death of motor neurons via complex
interactions.

TBK1: Whole-exome sequencing data of 2869 ALS patients and
6405 controls have identified TBK1 as an ALS-associated gene,5°8
further supported by another independent study showing that the
haploinsufficiency of TBK1 caused ALS.>% Thereafter, the patho-
genic role of ALS-TBKT mutations has been validated,>'°>'? e.g,,
nonsense, frameshift, and missense mutant forms were found in
sporadic and fALS patients.>'>

TBK1 is a IKK family protein, composed of a Ser/Thr kinase
domain with two lobes, a ubiquitin-like domain, and two coiled-
coil domains.”'* Activation of TBK1 involves a multi-step mechan-
ism whereby Lys30 and Lys401 are first poly-ubiquitinated,
followed by phosphorylation of Ser172, resulting in a conforma-
tional change to allow substrates to bind.'”® Regulated by adaptor
proteins such as NAK-associated protein 1, TANK, and Sintbad,
TBK1 participates in physiological activities such as induction of
interferons and autophagy regulation.’'® Activated TBK1 mod-
ulates autophagy by phosphorylating autophagic adaptor proteins
and membrane components in autophagosome such as LC3 and
C9orf72-binding partner SMCR8.>'%*'” In addition, other autop-
hagy receptors OPTN, nuclear dot protein 52, Tax1 (human T cell
leukemia virus type I) binding protein 1, and p62, are all TBK1
substrates, and phosphorylation of these receptors leads to
autophagy clearance and degradation of ubiquitinated mitochon-
dria, a process of which is of great importance considering that
both TBK1 and OPTN are genetically linked to ALS.>'®

ALS-associated TBK1-S172A mutation blocks the efficient
formation of autophagosomes and damages autophagosomal
membranes, suggesting that impairment of mitophagy may be a
key pathophysiological mechanism for ALS>'7>'® In the early
disease stage of SOD1°%** mice, the heterozygous deletion of
TBK1 impairs autophagy in motor neurons and precedes disease
onset.>?° However, in the late disease stage, heterozygous TBK1
deletion shows opposite effects of significantly attenuated
microglial neuroinflammation and prolonged survival.>?° Similarly,
TBK1 G217R and R228H mutations show decreased kinase activity,
thereby accelerating the onset of disease in SOD1°** mice, whilst
extending their lifespan.'”” Given these observations, TBK1 may
exert a multifaceted role in SOD1-related ALS.

NEK1: Another ALS-associated gene NEKT has also been
screened out from a whole-exome analysis of familial and sporadic
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ALS patients, and NEK7 variations usually result in a loss-of-
function outcome for the NEKI-encoding kinase NEK1.2'->2
Comparing hiPSC-derived motor neurons carrying a NEKT muta-
tion and neurons carrying a C9orf72 mutation with wild-type
neurons, neurons with NEKT mutation showed the most severe
DNA damage, implying that NEKT mutations disrupt DNA damage
response in ALS pathology.>®® In addition, NEK1 deficiency
reduces the phosphorylation of VPS26B and causes disruption of
endosomal transport and consequent dysfunction of mitochon-
dria and lysosome.>?®

DLK: As a member of the mixed-lineage kinase, DLK acts
upstream of MAPK signaling and activates JNK and p38 via
MAPK-kinase 4/7.>?” DLK in the CNS facilitates the establishment
of neural circuits during development®?® and acts as an axonal
damage sensor in diseased states.’?’°*° DLK/JNK activity is
profoundly elevated, and pharmacological inhibition or genetic
knockout of DLK reduces the neuronal loss and axonal degenera-
tion in ALS mouse models.>*® Moreover, overexpression of
activating transcription factor 3 post-DLK deletion significantly
protects motor neurons from death and axonal degeneration in
ALS 5r3n1ice, highlighting the feasibility of combination therapy in
ALS.

RIPK1: RIPKT mainly regulates cell death and activates inflam-
matory pathways in ALS patients.”’ TBK1 deficiency in mice causes
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strong activation of RIPK1 and embryonic death, which can be
rescued by RIPK1 inactivation. Mechanistically, TBK1 inactivates
RIPK1 by phosphorylating RIPK1 at Thr189, and loss of TBK1 boosts
RIPK1 activation and aggravates late-onset ALS/frontotemporal
dementia-like pathology,”*>*** providing insights on intermole-
cular regulation between TBK1 and RIPK1 in ALS. In addition,
defects in glucose uptake caused by NEK1 depletion stimulate
RIPK1 activation, while inhibition of RIPK1 restores BBB damage,
neuroinflammation, and accumulation of misfolded proteins,
suggesting ALS may be treated by blocking RIPK1 activation.®>*

Mutations in another gene OPTN are associated with both
familial and sporadic ALS.”" Expression of OPTN encoded by OPTN
attenuates RIPK1-dependent cell death by modulating the turn-
over of RIPK1, and loss of OPTN leads to progressive axonal
degeneration through RIPK1-dependent necrosis.”'** RIPK1/
BRM-associated factor complex was recently reported to promote
the transcription of pro-inflammatory genes in ALS patients as a
key regulator of chromatin remodeling.>*® These results highlight
the importance of RIPK1 in ALS, and consequently, RIPK1
inhibitors have entered clinical trials as a new class of drugs for
the treatment of ALS.>*’

AMPK: AMPK coordinates cellular energy homeostasis by pro-
moting catabolism and reducing ATP consumption. In ALS, AMPK
activity is dysregulated, and abnormal activation of AMPK has
been observed in motor neurons of ALS patients.>*® As ALS
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progresses, patients may lose weight and body fat, or even exhibit
malnutrition, stongly suggesting a metabolic dg/sfunction and an
energy imbalance.>*® Consistently, in the SOD1°?** mouse model,
AMPK activity is increased in motor neurons, likely attributed to a
severe reduction in glucose uptake and a significant decline in
ATP production.>*®>*" Activation of AMPK disrupts the distribution
of human antigen R, a well-characterized mRNA stabilizer mainly
located in the nucleus, through the phosphorylation of impor-
tin,>>® which leads to an imbalance in RNA metabolism, presenting
an alternative mechanism for the pathogenesis of ALS.

Nevertheless, controversial results have been reported on AMPK
activation for ALS treatment. Several studies have indicated that
the inhibition of AMPK activity may offer protection against ALS.
Reducing aak-2, an ortholog of AMPKa2 catalytic subunit,
improved the motor behavior in SOD1-G85R mutant nema-
todes.”*? Disease progression of TDP-43 mutant mice can also
be delayed by down-regulating AMPKa1 or inhibition of AMPK
activity using cAMP analogs.>** In another study, the activation of
AMPK by latrepirdine delayed the onset of motor symptoms and
expanded the lifespan of SOD1°%** mice.*** The effect of AMPK
activation or inhibition on ALS may depend on the specific model
used and the time window for pharmacological intervention, and
future studies are still desired to determine whether the
modulation of AMPK activity can represent a viable therapeutic
avenue for ALS patients.

PI3K-AKT-GSK3[ pathway: As one of the major anti-apoptotic
pathways, the PI3K/AKT signaling is suppressed in the spinal cord
of an ALS mouse model®*; consequently, downstream proteins
and their phosphorylation are broadly affected including GSK3.
AKT phosphorylates GSK3( at Ser9 thereby down-regulates GSK3(3
activity.>*® Consequently, it is expected that the reduced AKT
activity in ALS enhances GSK3( activity. Consistently, enhanced
GSK3{ activity was present in both animal models and patients
with ALS,>*>*® and GSK3p inactivation showed neuroprotective
effects in ALS pathogenesis, partly through amelioration of
phenotypic defects caused by expression of TDP-43, SOD1, or
FUS mutants.>*® GSK3B is also involved in TDP-43-induced axonal
degeneration, since the loss of GSK3B/Shaggy inhibits TDP-
4393 mediated degeneration of axon and neuromuscular
junction in Drosophila.>>° A small molecule chemical, kenpaullone,
was screened out and found to significantly prolong the survival
of embryonic stem cell-derived motor neurons from SOD1 mice,
partly due to its inhibitory effects on GSK3 activity.>'

ROCK: Both isoforms of ROCK (ROCK1 and ROCK2) are Ser/Thr
kinases.>>? ROCK is catalytically inactive in its natural state as the
kinase domain is automatically blocked by the C-terminal
region.>*3 Expression of ROCK in adult mouse brains demonstrates
that glial cells express ROCK1 while neurons express ROCK2,>>*
and ROCK2 levels are significantly increased in the skeletal muscle
of patients with ALS>>® Upregulated ROCK activity activates
phosphatase and tensin homolog and decreases AKT activity in
ALS mice model®>%; ROCK inhibitor Fasudil greatly prolonged the
survival of ALS mice, accompanied by reduced phosphatase and
tensin homolog phosphorylation and restored AKT activity, in
addition to increase the number of protective microglia in the
spinal cord and decreased secretion of pro-inflammatory cyto-
kines and chemokines in the early stage of the disease (day
100).>>” Considering this drug is clinically available, it may be a
promising treatment for ALS trials.

c-Abl:  c-Abl is a member of the non-RTKs family with DNA
binding domain sequence, nuclear export sequence, and nuclear
localization signal. c-Abl participates in neurite extension and
dendritic spine stability directly through its F-actin-binding region
or indirectly through phosphorylation of actin-binding proteins
(such as the small GTPase RhoA/Rac1 and CDK5),°*%%>° and it has
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recently emerged as a potential target for neurodegenerative
diseases.”® Increased phosphorylation of Src/c-Abl was found in
post-mortem spinal cord tissues of ALS patients, and inhibition of
Src/c-Abl by pharmacological or genetic manipulations promotes
the survival of motor neurons in various ALS models.>%'>52
Phosphorylation of pathological ALS proteins such as TDP-43 and
FUS also involves c-Abl,*®**%* e g, c-Abl-mediated phosphoryla-
tion of TDP-43 at Tyr43 leads to its cytoplasmic accumulation and
triggers neuronal cell death.>®® Similarly, c-Abl kinase stimulates
the cytoplasmic mislocalization and accumulation of toxic FUS by
phosphorylating FUS at Tyr526.5

Kinases that phosphorylate TDP-43: TDP-43 is recognized as a
major target of ALS, and the several kinases responsible for TDP-
43 phosphorylation have been identified. In TDP-43%° mice,
IKKB promoted the degradation of cytoplasmic TDP-43 by
proteasomes in hippocampal neurons via phosphorylating Thr8
and Ser92 at the N-terminus of TDP-43.°® IKK also significantly
reduced the expression level and toxicity of pathogenic TDP-43-
encoding gene TARDBP mutations (A321V and K181E) in N2a.>%*
Negative regulation of the cAMP/PKA signaling pathway by the
phosphodiesterase dunce and inhibitory subunit PKA-R2 pro-
motes the aggregation and mislocalization of the Drosophila
TDP-43 ortholog TBPH in the cell bodies of motor neurons,
leading to motor defects and shortened lifespan.>®® Over-
expression of the PKA target CrebA rescued TBPH mislocaliza-
tion in the TBPH-overexpressing ALS Drosophila model.>%®
Therefore, activation of CAMP/PKA may be a strategy to improve
the molecular and functional effects of pathological TDP-43,
although this study was only in Drosophila.

CK1 phosphorylates multiple Ser residues in the glycine-rich
region of the C-terminus of TDP-43 (including Ser379, Ser403/404,
and Ser409/410), suggesting that CK1 may be involved in the
pathological  phosphorylation of TDP-43 in  vivo."8%°¢7
CDC7 strongly phosphorylates Ser409/410 of TDP-43, promoting
neurotoxicity in TDP-43 transgenic animals.”®® TTBK1/2 also
strongly phosphorylates TDP-43 at Ser409/410, leading to
synergistic exacerbation of behavioral abnormalities and
increased pathological protein phosphorylation in TDP-43/TTBK1
transgenic Caenorhabditis elegans.>®® In addition, elevated TTBK1/
2 protein levels were found in the postmortem frontal cortex of
patients with frontotemporal lobar degeneration, and TTBK1/2
colocalized with TDP-43 inclusions in ALS spinal cord.>’® These
studies suggest that targeting kinases may be an effective strategy
for treating TDP-43 proteinopathy.

Kinases in other neurodegenerative diseases

Kinases also are considered crucial in other neurodegenerative
diseases, such as spinocerebellar ataxias (SCAs) and chronic
traumatic encephalopathy (CTE).

Autosomal dominant SCA is a chronic progressive neurological
disease, in which SCA type 14 is affected by point mutations in
PRKCG (encoding PKCy),>”" a Ser/Thr protein kinase. Specifically,
mutations in PRKCG, such as D115Y, enhance the basal activity of
the kinase by compromising its autoinhibition, thereby promoting
SCA type 14 disease progression.’’? A study on SCA type 17 has
shown that activation of MAPK/ERK occurs in the cerebellum of
SCA type 17 mice, and that increased gliosis due to ERK activation
may lead to neural apoptosis, suggesting that Purkinje cell loss
may lag behind ERK activation in the SCA type 17 mouse
model.>’® In SCA type 11, TTBK2 inhibits disease progression by
initiating ciliogenesis in vivo, and dominant truncating mutations
in human TTBK2 cause SCA type 11.°”* The NMDA receptor NR2D
subunit interacts with the SH3 domain of c-Abl, inhibiting the
autophosphorylation activity of c-Abl, thereby reducing the loss of
cerebellar neuronal function, suggesting that changes in c-Abl
activity are associated with the development of cerebellar
ataxia.””® Therefore, abnormal activation of kinases and mutations
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in specific sites of their encoding genes may lead to diverse types
of SCAs.

CTE is a progressive neurodegenerative disease associated with
repeated traumatic brain injury (TBI) that causes symptoms of
cognitive impairment, behavioral changes, mood disturbances,
and movement disorders.>”® The pathology of CTE mainly includes
the accumulation of hyperphosphorylated tau in neurons around
blood vessels, and a unique molecular structural configuration of
p-tau fibrils that is distinct from changes observed in aging, AD, or
any other tauopathies.>’”” DAPK1 was found to induce cis-p-tau
conformational changes and neurodegeneration by phosphorylat-
ing Pin1 (a unique prolyl isomerase known to inhibit the
conformational state of p-tau) at Ser71 in the mouse brain of
CTE model.>’® In CTE brains, overactivation of GSK3B and CDK5
increased abnormal phosphorylation of tau, further leading to
synaptic defects, a process that could be reversed by inhibition of
GSK3B and CDK5.>”° In the mouse model of TBI, the activity of
ASK1-K716R was significantly reduced. Specifically increasing the
activity of ASK1-K716R may maintain the integrity of the BBB,
decrease the number of inflammatory microglia/macrophages,
and white matter damage, and improve the nerve conduction of
nerve fibers after TBI by suppressing the kinase activity of ASK1/
JNK and p38.°8° Activation of JAK2/STAT3 promotes the expres-
sion of interleukin-2 receptor vy, interleukin-4 receptor a in
astrocytes, thereby increasing the inflammatory response in the
cortex and hippocampus of adult male rats.>®' Furthermore,
axonemal dynein light intermediate polypeptide 1 was shown to
promote neurodegeneration after TBI by preventing the clearance
of phosphorylated tau via inhibition of autophagosome-lysosome
fusion.>®?

CLINICAL TRIALS TARGETING KINASES IN
NEURODEGENERATIVE DISEASES

As summarized above, protein kinases are crucial for disease
pathogenesis. In AD, the regulatory roles of kinases are
predominantly manifested in tau phosphorylation, AR metabo-
lism, and neuronal survival activities. In PD, kinases regulate a-syn
phosphorylation, mitochondrial dynamics, autophagy pathways,
and formation/plasticity of neuronal synapses. In HD, the
occurrence is facilitated by PKC kinase which phosphorylates
HTT and alters its structure and function, resulting in further
aggregation and damage to the neurons. As one of the hotspots
in ALS-related research, kinases participate in ALS pathogenesis by
regulating the phosphorylation and aggregation/metabolism of
pathological protein TDP-43 and other causative proteins in ALS.
In other diseases such as SCAs and TBI, PRKCG gene mutations and
abnormal activation of MAPK/ERK, c-Abl, and TTBK2 are involved
in the pathogenesis of SCAs, while abnormal activation of DAPKT,
GSK3, CDK5, JAK2 and decreased activity of ASK1-K716R promote
neuropathy after TBI. Collectively, these findings support the
notion that drug development targeting protein kinases may
provide new directions and prospects for neurodegenerative
diseases. Several clinical trials with kinase-targeted drugs are
completed or currently underway (Table 1 and Table 2).

AD

p38a MAPK inhibitors. MWO01-18-150SRM (MW150), an isoform-
selective inhibitor of p38a MAPK, effectively rescues hippocampal-
dependent associative and spatial memory deficits in two AD
mouse models.”®* Subsequently, in the APP/PS1 knockin mouse
model, effective MW150 administration selectively downregulates
neuroinflammatory responses associated with pathological pro-
gression, without altering the physiological function of micro-
glia.®®* Selectively inhibiting stress-activated p38a MAPK with
MW?150 attenuates entorhinal cortex dysfunction associated with
neuroinflammation early in AD progression.’®® Dysregulated LTP
in 2-month-old AD mice was restored by MW150 treatment, with
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efficacy comparable to that of widely used multi-kinase inhibitor
$B203580,°%° avoiding the limitations of using isoform-unspecific
inhibitor drugs of p38 MAPK. These data have provided
preliminary clinical results supporting p38a MAPK-directed drug
development, and a phase Il clinical trial of MW150 is underway
(ClinicalTrials.gov identifier: NCT05194163).

VX-745 (also known as neflamapimod) is a novel selective p38a
kinase inhibitor with excellent pharmacokinetic characteristics and
in vivo activity in inflammation models.*®® The main difference
between VX-745 and MW150 is that VX-745 exhibits potent, BBB
permeable, and highly selective inhibition of p38a, and has no
inhibition of p38y. Phase lla clinical evidence in patients with early
AD suggested that 6-12 weeks of VX-745 treatment significantly
improves episodic memory, supporting its potential use in human
AD.>® Oral intake of VX-745 in early AD patients attenuated AP
production and improved episodic memory.”®® These two clinical
trials investigated the effects of VX-745 treatment (40 mg or
150 mg twice daily) for episodic memory improvement and A
production in AD patients for 6 to 12 weeks, which are relatively
short period of time for AD trials. Therefore, a phase Il clinical
study of the multi-center, randomized, double-blind, placebo-
controlled trial of VX-745 was conducted between December 29,
2017, and June 17,2019, and it concluded that 24 weeks of VX-745
(40 mg, twice daily) treatment did not improve episodic memory
in patients with mild AD compared to placebo, although the drug
resulted in significant reductions of CSF total tau and p-tau 181
levels (ClinicalTrials.gov identifier: NCT03761849). The follow-up
pharmacokinetic-pharmacodynamic  analysis suggested that
further studies of longer-term and higher doses of VX-745
treatment are needed to assess the effects on AD progression.”®°

GSK3 inhibitors. NP031112 (Tideglusib), a non-ATP competitive
inhibitor of GSK3, is a thiazolidinedione compound with anti-
inflammatory and neuroprotective effects.>***°" In rats, injection
of NP031112 into the hippocampus significantly reduced inflam-
mation and hippocampal damages induced by kainic acid, with
neuroprotective effects involving the activation of peroxisome
proliferator-activated receptor-y.>*?> Considering the potential
beneficial effect of GSK3[ inhibition for AD, a pilot human study
was conducted in 2013 on 30 patients with mild to moderate AD,
indicating a positive benefit in the NP031112 treated group
compared to the placebo in multifaceted evaluations including
Mini-Mental State Examination, AD Assessment Scale-Cognitive
subscale, Geriatric Depression Scale, and Global Clinical Assess-
ment, providing critical safety and efficacy evaluation for the use
of NP031112 in AD. However, due to the small sample size and
dose escalation method, although there are positive trends in
clinical indications (including Mini-Mental State Examination, AD
Assessment Scale-Cognitive subscale, Vocabulary Fluency, Geria-
tric Depression Scale, and final Global Clinical Assessment), it
lacked statistical significance to support or reject the benefits of
NP031112 in AD.>?®> A second study conducted in 2014 on 306 AD
patients who received 26 weeks of NP031112 or placebo
treatment reported that short-term (26 weeks) NP031112 treat-
ment was safe and well-tolerated, but did not offer clinical
benefit.>** Additionally, no increase in AchE activity was observed
with NP031112 in the CSF of AD patients, which is disappointing
because AChE co-localizes with hyperphosphorylated tau in NFTSs,
and inhibition of GSK3B is expected to preserve the AchE
activity.>*®

Lithium is another GSK3B inhibitor that has demonstrated
promising effects in animal models of AD. In PDAPP (APP-V717F)
transgenic mice, lithium treatment reduces plaque load by
suppressing APP processing and eliminating GSK3[3-mediated AR
synthesis in the brain.>?*>" In addition, oral treatment with
lithium carbonate can prevent NFT formation but does not
improve motor or working memory deficits in aged animals.>®®
Lithium carbonate also prevents object recognition memory

SPRINGER NATURE

21



Protein kinases in neurodegenerative diseases: current understandings and...

Wu et al.

22

uswieal) piepuels  Bumniai 194 10N || 9seyd Ainfur uieiq dnewnes] Lgc IV PUe LYYr (Bbw ) qiunpueg 940S90901ON
3uoN paojdwod || dseyd eixele Je|jagasadoulds sscldv-129 qIUIBOIIN  699CE6E01DN
(Kep/Bwi 0001)
SuoN BuminiairpAjoN |1 dseyd  sisosdpds |esdre| diydosohwy oo dENSD (CLLLEOAN) qisn|BapIl 85650LS01DN
(6w 1) quunawel)
sjozn|iy Bumniday |1/ sseyd  sisosss [essie] diydosokwy opodl AW (bw g'0) quiBWEeIl  £8Z9TEFOLON
(S') quunisey
alozn|iy Buniniay | aseyd SIS0I9|Ds |esde| d1ydosjoAwy cgo@SEUD| UISOIA] (09) quunise|y £9Z/ZLE0IDN
SUON snjeys umouyun || dseyd sIso49|ds |esdre| diydosoAwy Jeciocc D0Y llpnse4 81SSE6L01DN
Buinidal
SUON 10U BAIDY | seyd  sIsoIds [essie] dlydosnokwy PR Tt TLSO-dM 89981LZSOLDON
SUON paejdwo) || dseyd  sisossps [esdie] dydosjohwy Los9ssDOY) dseun| oyy llPnsed  06¥¢6/E01ON
xao0.id[ealq pasjdwody || aseyd aseasip suolbununy szt pue aseuny UISOIA] wniyu] S$SES60001ON
SUON Bumniay | sseyd aseasip suosupjied Alieg ogOSeUD| BUISOIAL |qY 90/0M 9£TSS9E01DN
juswiedwi aAnIubod plIw
95easIp JIswiLyz|y
SUON Bumnioay |1/ sseyd  sisoss)s [essie] dlydonokwy L2oC/ LAV quunpueg 90168L501ON
Adeiay] uoneuiquod snieis aseyd suonipuod 1964e) punodwo) JaqwinN 1DON
1uswalddns Kiesig pawjdwo) || aseyd SwoIpUAs umoq ozoddV PUE Y 3AQ o1e|jebg-uiyoaedojebidy | 1/669L01DN
VFOC\AH_
SUON paejdwod | dseyd 9se3SIP S IBWIBYZ|Y ~(s)14S) saseuny Ajiwey 215 (Kjlep Bwi GZ1 40 00L) 0£50AZY 9STLILTOLON
QUON snjels umowyun 1] wmmr_Q 9sessIp s aWliayz|y oGU 9Seuly uisyolid L C_umme?_m #91909001DN
suljuewsw 10/pue Amc_rcmucm_m.m oseasip
1o aulwbnseal ‘lizadauop) Jougiyul asellsauljoyd pae|dwo) || aseyd  sJawisyz|y S1e4pow 01 PlIA o1e9SBUN| UISOIA] quuniselN 86S¢/81L01DON
suoN  Buminiai ek JoN i 8seyd aseasip s awidyz|y Alieg o1g@Seun] duisolh]  (bwizil 10 Bwi $g) 39 qIUNOIIN 8ZSEYLSOLDON
supuewsaw Jo/pue (duiwelueeb aseasip
10 wC_c,_m_ummZ\_ ~__Nwawco_uv SJo}iqlyul aselalsaulioyd mc. N3y ||| wmmsa S, loWiayz|y =1eispow O} PN oEwmmC_v_ wC_mOtA._. Am.E quuniselNy 691¥9S9S01DON
95easIp sJawIByz|y
SUON umouxun Il wmmsa ucwE\__MQrc_ w>_u_cmou wmmmv_mU 2jeuoqJe) wniyu] 2e6£SSO0LOIDN
SUON paiejdwo) |i/| dseyd ose3sIp S JBWIBYZ|Y 26s9ENSD TLLLEOdN 65T876001ON
xa0idjenid pajojdwod | dseyd 95e3sIp SIBWIBYZ|Y 009-86sENSD wniyut £8€880001ON
SUON pajojdwod | dseyd aseasIp sJawRYz|y sgldVW0ged powideweysN 6592Z0FE0LON
juswiedwi aAnIubod plIw
3UON paojdwod | dseyd 95e3SIP S IBWIBYZ|Y sgdVINPgEd SP/-XA TTLETYTOION
SUON paojdwod || dseyd 95e3SIP S IBWIBYZ|Y ogdVINPgEd S¥/-XA 00CETFTOION
SuoN  Buminiai ek loN || dseyd aseasip sJawisyz|y cgc-cgNdVINO8Ed OSLMIA €9L¥6LS01DN
Adeiay] uoneuiquod snieis aseyd suonipuod 19b1e) punodwo) JaqwinN 1DN

(/nobrs[eljediuld//:sdiy 18 punoy g Ued) s[eli} [edIUl]D Ul 3SeasIp SAI1RISUSDIPOINSU Ul PAAJOAUL saseuly ulRloid Bbunabiel sbnig

‘L 9lqel

Signal Transduction and Targeted Therapy (2025)10:146

SPRINGERNATURE


https://clinicaltrials.gov/

23

Protein kinases in neurodegenerative diseases: current understandings and...

Wu et al.

qlunawel) 90£0X

v o B o

H
(o] N
VI (ZT1SO-dM) l1pnsed
N (o]
7 N\ NH El N
o N i\ D
N
| ¢}
qlunnleg ale|jebe-uiydaleso)jebidy ossoazy L uneisoAig qIunojIN
7z
N= \ A\ \\\/
| N N NH © s
N =" z\ﬂz
o = = Q =
N NH
) /V|J AN
o HO -\ J HN
HO /
quuiisey Sleuogied wniyu ZLLLEOdN powideweysN SyZ-XA 0S LMW

— XN El
S N
N
NH z\&z 4 X o]
k/ 4
o S

N X
\
0 v\w 1 o)
N Y O
n n
+ 0o 0.+

(/0B yiurwurigaurwiaydgnd//:sdniy 3e punoy 3q ued) | d|gel 03 paje|al sbnIp Jo saInPNAS ‘g d|qel

SPRINGER NATURE

Signal Transduction and Targeted Therapy (2025)10:146


https://pubchem.ncbi.nlm.nih.gov/

Protein kinases in neurodegenerative diseases: current understandings and...

Wu et al.

24

impairment caused by AB,s.35 in rats.>®® Moreover, chronic lithium
therapy in 3xTg-AD mice showed dose-dependent improvement
in brain inflammation and oxidative stress.®® Low doses of novel
lithium salicylate proline ion co-crystal, lithium carbonate, and
lithium salicylate prevented spatial cognitive decline and
depressive-like behavior in APPswe/PS1dE9 mice, while lithium
salicylate proline ion co-crystal also rescued hippocampus-
dependent associative memory decline and irritability.*°’ Con-
sistently, long-term lithium therapy in AD patients is associated
with a lower incidence of AD and increased BDNF activity,
suggesting a role of lithium in preventing early-stage AD patients
at risk from deterioration.%> A study using ['®FIFDG-PET imaging
shows that long-term lithium therapy can reduce glucose
metabolism in the cerebellum and hippocampus of non-
demented elderly individuals.°®®> However, a multicenter, short-
term (10-week) lithium treatment clinical trial in 71 patients with
mild AD did not find an effect of lithium treatment on GSK-3
activity or CSF-based biomarker concentrations (Controlled-
Trials.com identifier: ISRCTN72046462).5°* Despite the long-term
lithium therapy may have beneficial effects in AD animal models
or patients, there are also studies demonstrating that lithium-
induced AP elevation may not be related to GSK3( inhibi-
tion,%°>©% and the neuronal protection provided by lithium under
tau pathology is independent of GSK3p.°°%%%” It was also pointed
out that lithium treatment also reduces tau in cell culture and
mouse brain, and chronic treatment may have the side-effect of
tau-dependent iron accumulation demonstrated by MRI imaging
analysis.%® Therefore, targetting a multi-functional kinase such as
GSK3B may not be the primary choice of drug target for AD.

Tyrosine kinase inhibitors. Two prominent tyrosine kinase inhibi-
tors, masitinib, and nilotinib, have been developed to alleviate AD
symptoms. Masitinib specifically targets mast cells and microglia
activity in the neuroimmune system, and may improve AD
symptoms by preventing the cell cycle re-entry, improving
neuronal plasticity, inhibiting tau phosphorylation, and modulat-
ing NMDA receptors by blocking Fyn kinase activity and activation
of mast cells and microglia.®® In non-neuronal cells, nilotinib
treatment also effectively stimulates the activation of microglia
and the proliferation of astrocytes, promotes AB clearance, and
modulates immune responses in early-stage AD.°'®

A previous phase Il study (ClinicalTrials.gov identifier:
NCT00976118) demonstrated that masitinib  considerably
improves cognitive decline in patients with mild to moderate
AD, offering guidance to larger clinical trials.®'" Another com-
pleted phase b/l study (ClinicalTrials.gov identifier:
NCT01872598) showed that masitinib (4.5 mg/kg/day) as an
adjunct to cholinesterase inhibitors memantine may benefit
patients with mild-to-moderate AD.°' In a completed phase I
trial (ClinicalTrials.gov identifier: NCT02947893), compared to the
placebo group, the nilotinib group exhibits significantly decreased
AB load in the frontal lobe of patients with mild-to-moderate
dementia due to AD, AB40, and AP42 in the CSF were reduced at 6
and 12 months after treatment, respectively. Additionally,
hippocampal volume was larger and pTau-181 levels in CSF were
lower in the nilotinib group than that in the placebo group.®'®
These trials provide strong prospects for the upcoming phase llI
clinical trial to evaluate the effectiveness and safety of masitinib
and nilotinib in early-stage AD.

AZDO0530, an inhibitor of Src family kinases including Fyn, is
developed to treat mild to moderate AD. In P301S transgenic
mice, chronic AZD0530 treatment prevents spatial memory and
passive avoidance learning deficits, accompanied by reduced
accumulation of phosphorylated tau in the hippocampus,
decreased glial activation, and restoration of presynaptic markers
indicative of notable neuroprotection.®™ A phase Ib multicenter,
randomized, double-blind, placebo-controlled trial (ClinicalTrials.-
gov identifier: NCT01864655) lasted 4 weeks with 24 subjects and
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was conducted using escalating doses (50 mg, 100 mg, 125 mg
per day) of AZD0530, and demonstrated that an oral dose of 100-
125 mg achieved significant CNS penetration in patients with mild
to moderate AD, with good safety and tolerability. Subsequently, a
larger phase lla clinical trial was conducted to evaluate whether
AZD0530 treatment could slow down the decline in the cerebral
metabolic rate of glucose (CMRgl), as well as its safety and
tolerability. However, no significant effects on relative CMRgl in
AD-related regions of interest were observed. Secondary volu-
metric magnetic resonance imaging analysis showed no ther-
apeutic protective effects of AZD0530 on total brain volume or
ventricular volume, but did indicate a trend of slowing down the
reduction of hippocampal volume and olfactory thickness. There-
fore, targeting the Fyn kinase may be further evaluated as a
therapeutic strategy for AD.

Other kinase modulators. Other kinase modulators have been
investigated for AD treatment, with targets including PKC
activators, Dyrk1A modulators, and JAK1/2 inhibitors. Bryostatin
1 activates PKCe by binding to the C1A and C1B domains of both
conventional and novel PKC subtypes, which leads to increased
levels of BDNF and PSD95, reversed synaptic loss, and accelerated
synaptic maturation in AD mouse models.5’® Additionally,
bryostatin 1 enhanced synaptogenesis in cortical neurons while
reducing dendritic spine density in a PKC-dependent manner.5'®
Elevated levels of PKCe during the first 24 weeks in one expanded
access patient trial (ClinicalTrials.gov identifier: NCT02221947)
were closely associated with cognitive benefits indicated b7y Mini-
Mental State Examination and ADCS-ADL psychometrics.%'” These
findings offer preliminary support for bryostatin 1 as a potential
therapeutic drug for AD.

Epigallocatechin-3-gallate (EGCG) is the predominant catechin
present in green tea and has been shown to attenuate the
excessive expression of Dyrk1A and APP in the brains of Down
syndrome (DS) mouse model.®'® Clinical trials have demonstrated
that a 12-month intervention with EGCG and cognitive training
yields significant improvements in visual recognition memory,
inhibitory control, and adaptive behavior compared to placebo-
alone and cogpnitive training-alone groups in DS patients.®'® Given
the high-degree association between DS and AD, subsequent
preclinical investigations using the combination of EGCG with
docosahexaenoic acid and a-lipoic acid have demonstrated
potent anti-inflammatory and neuroprotective effects in a mouse
model of AD, highlighting a protective role of EGCG from a daily
diet in reducing the risk of AD.5%° Nevertheless, it should be noted
that EGCG is also an antioxidant and thus the effects may not
necessarily be related to its kinase activity.

JAK1/2 inhibitor baricitinib, an anti-inflammatory drug used to
treat rheumatoid arthritis,®>' rescues inflammatory biomarkers
and attenuates cell death in a dose-dependent manner
in vitro.??>%% A recent phase /Il clinical trial (ClinicalTrials.gov
identifier: NCT05189106) targeting mild cognitive impairment, AD,
and ALS has commenced to investigate the penetration of
baricitinib into CSF at daily doses of 2 mg or 4 mg and the effects
on inflammatory biomarkers in the CSF of patients at risk of AD or
with ALS. It will be concluded by June 2025.

PD, SCAs, and HD

There are fewer kinase inhibitors entering phase II-lll stages of
clinical trials for PD, and completed and ongoing ones primarily
assess c-Abl tyrosine kinase inhibitors such as nilotinib and
vodobatinib (K0O706). However, in clinical practice, nilotinib at the
maximal permissible dose for 1 to 6 months has limited
penetration into the CNS, resulting in minimal improvement in
symptoms and no improvement in cognitive impairment in PD
patients.®>* In contrast, a more specific c-Abl inhibitor, K0706, has
shown higher affinity with c-Abl in vitro than nilotinib. When orally
administered to healthy volunteers and PD patients for 7 and
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14 days, respectively, vodobatinib indicated better CNS penetra-
tion in PD patients than nilotinib, and more importantly, a
significantly higher inhibitory potential on c-Abl is observed with
vodobatinib in the brain, which was also indicated by the CSF
pharmacokinetic curve of drugs, showing the same conclusion of
better neuroprotective effects of vodobatinib.52* A phase Il clinical
trial evaluating the safety and efficacy of KO706 in early-stage PD
patients has commenced the recruitment phase (ClinicalTrials.gov
identifier: NCT03655236). Currently, a phase Il clinical trial
evaluating the efficacy and safety of nilotinib for 1 year has been
completed in patients with autosomal dominant spinocerebellar
ataxia (ClinicalTrials.gov identifier: NCT03932669). The data from
this study suggest that nilotinib may improve the severity of ataxia
in patients with autosomal dominant spinocerebellar ataxia, and
serum protein markers (including leucine-rich a-2-glycoprotein,
vitamin D binding protein, and C4b binding protein 3 and a chain)
may be clues to predict response to nilotinib.®*>

Similarly, limited kinase-targeted drugs are tested clinically for
HD. Since the low levels of BDNF in the brain and CSF of HD
patients may account for the disruption of the cortical-striatal
circuit and disease progression, kinase-related drugs responsible
for BDNF regulation or improving vesicular transport or expression
levels of BDNF may be a viable approach.525?” In line with this, a
phase Il clinical trial (ClinicalTrials.gov identifier: NCT00095355)
initiated in 2004 has investigated the effects of lithium carbonate
and sodium valproate (primarily used for mood disorders and
epileptic seizures) on BDNF expression in CSF of HD patients, and
whether TKs and ERK signaling pathways are involved, although
the final report was not released after the study was completed in
2005. The protein expression and function of CREB and BDNF are
abnormal in the brains of HD patients. Phosphodiesterase
inhibition restored the protein levels of CREB and BDNF in the
brain of the R6/2 transgenic mouse model, thereby reducing the
degeneration of the striatum and cortex.®?® Therefore, the primary
focus of HD-related clinical trials later turned to the efficacy and
safety of phosphodiesterase inhibitors. For example, a positron
emission tomography clinical trial of rolipram, a selective
phosphodiesterase 4 inhibitor, began in 2011 (ClinicalTrials.gov
identifier: NCT01602900), but the results have not yet been
published.

ALS and CTE

ROCK inhibitor. Fasudil, which effectively targets ROCK, is
proven to be a potential drug for the treatment of ALS. In
2013, oral doses of fasudil at 30 or 100 mg/kg were administered
to SOD1°%** mice, and fasudil reduced ROCK activity and tensin
homolog expression, increased p-AKT levels, and thereby
prevented the death of motor neurons and mitigated the
disease progression.”®® Intriguingly, the release of pro-
inflammatory factors tumor necrosis factor-q, interleukin-6, and
chemokines such as C-C motif ligand 2, C-C motif ligand 3, and
C-C motif ligand 5 was consistently decreased by fasudil in the
spinal cord of SOD19** mice. Fasudil also facilitated the process
of neuromuscular junction by remodeling the motor axons of the
sciatic nerve. It notably improved the motor behavior of male
SOD1°%** mice with good tolerance, likely due to the higher
ROCK activity present in the male mice at the advanced stage of
ALS receiving better drug response.’?® Taken together, although
firstly approved for vasospasm, fasudil exerts great therapeutic
potential in treating ALS.

The first clinical trial (ClinicalTrials.gov identifier: NCT01935518),
initiated in September 2013 aiming to assess the safety and
effectiveness of fasudil in ALS patients, was concluded without
releasing the results. In addition, a phase lla clinical trial, known as
the ROCK-ALS trial (initiated recruitment in 2019 from 16 centers
across Germany, France, and Switzerland. ClinicalTrials.gov identi-
fier: NCT03792490), was proposed to evaluate the safety,
tolerance, and efficacy of fasudil as an intervention in early-
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stage ALS patients, encompassing a total of 120 individuals
suspected or diagnosed with ALS within 6-18 months of
experiencing muscle weakness, and the results of this study have
shown that fasudil is well tolerated and safe in patients with
ALS.23%%3" |n March 2020, the compassionate use of fasudil was
reported in three ALS patients, a 66-year-old male and two
females aged 62 and 68, indicating well tolerance.%*? Overall,
fasudil has shown promising effects in ALS animal models, and the
clinical benefits have been demonstrated in trials.

RIPK1 inhibitors. Since RIPK1 is essential in cell death decisions,
including necroptosis and RIPK1-dependent apoptosis, its inhibi-
tor has been tested in several disease models including ALS.
Inhibition of RIPK1 prevents oligodendrocyte degeneration that
precedes the onset of motor dysfunction in SOD®*** transgenic
mice.”! GSK2982772, a type Il inhibitor of RIPK1, is being
developed for the treatment of chronic inflammatory diseases. A
phase | safety trial of oral safety, tolerability, pharmacokinetics,
and exploratory pharmacodynamics of GSK2982772 has been
completed in healthy male volunteers. The results showed that
single and repeated doses of oral GSK2982772 are safe and well
tolerated®*® (ClinicalTrials.gov identifier: NCT02302404). Another
brain-penetrant small molecule inhibitor of RIPK1 is DNL747, also
known as SAR443060 (reducing RIPK1 phosphorylation at Ser166),
which has also completed phase | safety, tolerability, pharmaco-
kinetics, and pharmacodynamics trials in AD or ALS patients
(ClinicalTrials.gov identifier: NCT03757325, NCT03757351). The
results showed that DNL747 was safe and well tolerated in AD
and ALS patients, exhibited good blood-brain barrier permeability
after oral administration, and had good peripheral target binding
ability,%** which brings potential therapeutic prospects for AD,
ALS, and other neurodegenerative diseases. In addition, DNL788
(also known as SAR443820), as a potent, selective, brain-
penetrating RIPK1 small molecule inhibitor, showed good safety,
pharmacokinetics, and strong interaction with the target in a
phase | clinical trial conducted in healthy adult participants
(ClinicalTrials.gov identifier: NCT05795907). Subsequently, DNL788
entered phase Il clinical trials for the treatment of ALS in 2022
(ClinicalTrials.gov identifier: NCT05237284). Unfortunately, Denali
recently stated in a document submitted to the U.S. Securities and
Exchange Commission that the phase Il Himalaya trial of DNL788
failed to reach the primary endpoint of the ALS-Functional Rating
Scale (https://alsnewstoday.com/news/denali-therapy-candidate-
fails-slowing-als-progression-trial/), where the official clinical trial
data has not yet been released. Therefore, the clinical drug
research targeting RIPK1 for the treatment of ALS still encounters
significant challenges.

Other kinase inhibitors. Other potential kinase inhibitors tested
for ALS include TK inhibitors (such as JAK inhibitors) and MEK
inhibitors that downregulate the MAPK/ERK pathway. Highly
selective TK inhibitor masitinib exhibits considerable preventive
effects against CNS neuroinflammation in ALS, stroke, and AD.
Neuronal death and rapid progression of paralysis involve
abnormal proliferation of spinal cord microglial cells and
activation of astrocytes in the SOD1%°3* rat, while oral adminis-
tration of masitinib after the onset of paralysis reduced these
pathologies. Noteworthily, masitinib treatment initiated 7 days
after the onset of paralysis extended post-paralysis survival by
40%.5% In vitro, masitinib also effectively inhibits colony-
stimulating factor-induced proliferation, cell migration, and
expression of inflammatory mediators in cultured spinal cord
microglial cells.®3>®3¢ These preclinical findings provide compel-
ling biological evidence supporting the use of masitinib for ALS-
related neuroinflammation.

A randomized phase Il clinical trial AB10015 (ClinicalTrials.gov
identifier: NCT02588677) has investigated masitinib as an adjunct
therapy to riluzole in ALS patients. In this trial, 394 patients were

SPRINGER NATURE

25


https://alsnewstoday.com/news/denali-therapy-candidate-fails-slowing-als-progression-trial/
https://alsnewstoday.com/news/denali-therapy-candidate-fails-slowing-als-progression-trial/

Protein kinases in neurodegenerative diseases: current understandings and...

Wu et al.

26

assigned in a 1:1:1 ratio to receive either riluzole (100 mg/day) plus
placebo, or masitinib at doses of 4.5 or 3.0 mg/kg/day. A higher
dose of masitinib was well-tolerated and effectively decelerated
the rate of functional decline in ALS patients, as assessed by the
ALS-Functional Rating Scale-Revised.®*” Subsequently, an evalua-
tion of long-term overall survival data was conducted for all
participants in the AB10015 study, suggesting that initiating oral
administration of masitinib (4.5 mg/kg/day) before severe impair-
ment of neuromuscular function can prolong patient survival by
over 2 years compared to that of the placebo.%*® A confirmatory
phase lll clinical trial to validate the efficacy and safety of masitinib
versus placebo in combination with riluzole for ALS treatment was
initiated in 2021 (ClinicalTrials.gov identifier: NCT03127267) and is
currently in the recruitment phase.

JAK inhibitors proven to be potent anti-inflammatory drugs
include tofacitinib (inhibiting JAK1/2/3), baricitinib (inhibiting
JAK1/2), and upadacitinib (selectively inhibiting JAK1), all of which
have received FDA approval for treating rheumatoid arthritis.
However, the clinical investigation of JAK inhibitors for the
treatment of neurodegenerative diseases is still in the early
stages. A phase I/ll clinical trial has been initiated to assess
whether baricitinib (at doses of 2 or 4mg/day) could achieve
therapeutic concentration in the CSF and inhibit type | interferon-
related inflammatory biomarkers in ALS, AD, and mild cognitive
impairment patients, with an estimated completion in June 2025
(ClinicalTrials.gov identifier: NCT05189106). In addition to ALS and
AD, a multicenter randomized controlled phase Il clinical trial
studying the therapeutic effect of baricitinib (given daily at the
dosage of 4 mg) on patients with moderate to severe traumatic
intracerebral hemorrhage/cerebral contusion is also being
planned (the current status is not yet recruiting), and is expected
to be completed in December 2025 (ClinicalTrials.gov identifier:
NCT06065046).

Trametinib (GSK1120212, SNR1611) is a selective MEK1/2
inhibitor approved for the clinical treatment of metastatic
melanoma with BRAF V600E or V600K mutations.®*>%*° A phase
I/l clinical trial evaluating the safety, tolerability, and efficacy of
trametinib in ALS patients was initiated in 2020 (ClinicalTrials.gov
identifier: NCT04326283), aiming to assess whether suppressing
the MAPK/ERK pathway by trametinib is of benefit for ALS, and the
trial is currently recruiting participants.

CONCLUDING REMARKS

Protein kinases play diverse roles in signal pathways engaged in
cellular metabolism, cell growth, and neuroinflammation, posi-
tioning them as central targets for treating neurodegenerative
diseases. However, the intricate network of protein kinase-protein
interactions and mechanisms of action have limited the thorough
understanding of their functions, inhibitors, and activators in
diseases. Extensive research has been focusing on unraveling the
unique roles and regulatory functions of different protein kinases
in specific neurodegenerative diseases.

The inter-regulatory network constructed by diverse protein
kinases such as GSK3[, CDK5, CK1, PKA, p38 MAPK, Fyn, TTBK1,
AMPK, and others serves as an imperative hub to guide the
pathogenesis and progression of AD. In the AD brain, abnormal
protein hydrolysis of p35-CDK5 by AB, Ca?*, and calpain-1 leads to
the generation of p25-CDK5, which in turn activates the cell cycle
re-entry, mitochondrial dysfunction, and apoptosis. Elevated CK1
activity leads to the excessive activation of GSK3 and CDK5, and
the former further triggers Fyn activation, exacerbating neuronal
excitotoxicity and neural network function, and ultimately
contributing to neurodegeneration in AD. Additionally, AMPK, by
inhibiting mTOR activity, promotes autophagy and reduces AP
toxicity. The reduced PKA activity in AD results in decreased
expression of CREB/BDNF and SIRT1, giving rise to enhanced AR
production and impaired synaptic plasticity and memory function.
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Furthermore, increased activity of p38 MAPK is mainly responsible
for the neuroinflammation and oxidative stress in AD. Therefore,
the predominant focus is being put on p38a MAPK, GSK3, and
tyrosine kinases in the therapeutic landscape for AD, and the
majority of these therapies are still in phase I/l clinical trials.

mHTT pathogenesis is notably accelerated by a signaling
network that engages AKT, ERK, p38, JNK, CDK5, and IKKp.
Conversely, these kinase signaling cascades are inevitably
influenced by the action of abnormal mHTT. For instance, mHTT
aggregation inhibits the upstream PI3K/AKT or the ERK/CREB
signaling, which are proven to be neuroprotective. Alternatively,
mHTT activates the IKKB/NF-kB pathway and promotes inflamma-
tory signaling, in addition to p38 activation-induced cell apoptosis.
Furthermore, MEK/ERK activation by mHTT enhances HTT
phosphorylation, thereby disrupting the transport and uptake of
neurotransmitter glutamate. While fALS only accounts for a very
small percentage of ALS, the majority of sporadic ALS cases with
indefinable causes are the principal challenges for clinical
treatment. Etiological studies of ALS have highlighted the
importance of a homeostatic environment regulated by kinase
networks. Clinical trials targeting ROCK, RIPK1, and MEK in ALS are
currently in phase I/ll, and tyrosine kinase inhibitors have reached
phase lll. However, due to the complexity of protein kinase
signaling networks, modifying the activity of one kinase in
purpose may yield broad outcomes from various respects in
distinct neurodegenerative diseases, possibly resulting from
interferences of the dynamics of its interacting kinases, therefore
disruption of physiological processes by such inhibitor may also
result in potential side effects.®"’

It is worth noting that most neurodegenerative diseases are
related to family genetic inheritance. Although gene expression is
related to the environment, genes determine the phenotype to a
large extent. Therefore, variations in kinase genes may be another
important reason that affects kinase function, leads to disease and
affects pathological progression. In AD cohort studies, it has been
confirmed that a single nucleotide polymorphism (rs2651206)
located in the TTBK1 gene may promote the occurrence of
sporadic late-onset AD in the Chinese Han population.?®> SNPs in
nucleotides within the functional domain of LRRK2 have been
identified that cause common and sporadic forms of PD, including
G2019S (the most common and inherited in an autosomal
dominant manner), 12020T, N1437H, R1441C, R1441G, 11441H,
and Y1699C, these variants all lead to increased LRRK2 kinase
activity.%®> On the contrary, LRRK2 also has protective variants in PD
(such as R1398H and N551K) that reduce LRRK2 activity,%*> which
suggests that kinase gene mutations have two sides in disease
progression and maintaining wild-type LRRK2 kinase activity is not
necessarily optimal in PD treatment. NEKT variants include
frameshift variants (p.Glu929Asnfs*12) and missense variants
(p.Val713Met, p.Ser909Cys and p.Arg1073Cys), all of which reduce
the protein level of NEK1 in fibroblasts from ALS patients, leading
to a partial loss of NEK1 function and promoting the progression
of ALS.5*® TBK1 site mutation (R228H) causes neurodegeneration
by reducing TBK1 activity, thereby increasing the course of
frontotemporal dementia-ALS.*** Gene sequence analysis of
population cohort data showed that missense mutations
(GIn127Arg) in the PRKCG gene may cause the occurrence of
SCA14%* (disease-related variations in genes can be found at
https://rddc.tsinghua-gd.org/). Similarly, mutations in non-kinase
genes such as TARDBP, mHTT, and OPTN may also promote/reduce
kinase activity by regulating abnormal protein expression, thereby
unbalancing protein homeostasis and promoting the occurrence
of neurodegenerative diseases. Therefore, when performing gene
therapy or ASO therapy on kinase genes, it may be necessary to
consider the physiological function of the kinase.

In summary, kinase signaling networks play a double-edged
sword role in the progression of neurodegenerative diseases and
are closely linked to neurodegenerative lesions advance. When
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developing kinase-targeted drugs and formulating dosing strate-
gies, in addition to physiological barriers in the CNS like BBB and
the blood-CSF barrier, factors such as the drug delivery window,
chronic inflammation, and acute immune activation may also
need to be considered. While the link between kinase regulatory
networks and neurodegenerative diseases remains incompletely
understood, researchers are making steady progress in developing
better drugs targeting protein kinases and more efficient delivery
techniques directed to the CNS. Targeted kinase therapy for
neurodegenerative diseases continues to hold potential and
challenges simultaneously.
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