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Abstract: Amyloid-f3 peptide (Af) is a critical cause of Alzheimer’s disease (AD). It is
generated from amyloid precursor protein (APP) through cleavages by [3-secretase and
y-secretase. y-Secretase, which includes presenilin, is regulated by several stimuli. Tau
protein has also been identified as a significant factor in AD. In particular, Tau phosphoryla-
tion is crucial for neuronal impairment, as phosphorylated Tau detaches from microtubules,
leading to the formation of neurofibrillary tangles and the destabilization of the micro-
tubule structure. This instability in microtubules damages axons and dendrites, resulting in
neuronal impairment. Notably, A is linked to Tau phosphorylation. Another crucial factor

flr;)edc:tfgsr in AD is neuroinflammation, primarily occurring in the microglia. Microglia possess sev-
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ing cytoskeletal rearrangement, morphology changes, migration, and transcription. The

typical function of Rho GTPases involves regulating actin filament formation. Neurons,
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leading to altered cell morphology, including changes in neuronal processes and synapses,
and potentially contributing to brain diseases such as AD.
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1. Introduction

Alzheimer’s disease (AD) is the leading cause of dementia, affecting approximately
45 million individuals worldwide [1,2]. Pathological features of AD are typically charac-
terized by the accumulation of amyloid plaques, composed of amyloid-f3 (Af3) peptides,
and neurofibrillary tangles (NFTs) made up of hyperphosphorylated Tau. Increasing ev-
idence points to AB and p-Tau are key biomarkers in AD [3]. Af is a major component
of senile plaques, with studies identifying thousands of proteins in senile plaques [4].
Breakthroughs in molecular medicine have underscored the central role of the A3 pathway
in AD pathophysiology [5-7]. Although the intricate molecular mechanisms and spatial-
temporal dynamics leading to synaptic failure, neurodegeneration, and clinical onset are
still being intensively studied, the established biochemical changes in the A3 cycle remain a
hallmark of AD [8-10]. These alterations present promising targets for developing disease-
modifying therapies. Af is released from the amyloid precursor protein (APP) through
the sequential cleavage of «-, -, and y-secretase. In the non-amyloidogenic pathway, APP
is primarily cleaved by a-secretase within the A3 domain at the A317 site, producing a
secreted form of APP and an 83-amino acid membrane-bound C-terminal fragment (CTF)
called C83, thus preventing A3 production. The 3-site APP cleaving enzyme 1 (BACE1),
known as (3-secretase, and its homolog BACE2, known as 0-secretase, also play a role in
the pre-amyloidogenic molecular pathway [11,12]. Under physiological conditions, BACE1
primarily processes APP at the A3 Glull (3-secretase site, generating C89, which is then
cleaved by y-secretase to produce a truncated A311-40. BACE2, in contrast, cleaves APP at
the A3 Phe20 0-secretase site, generating C80 and preventing AP formation. In the amy-
loidogenic pathway, A3 production requires two enzymatic cleavages of APP by BACE1
and y-secretase. First, BACE1 cleaves APP at the Aspl site, generating sAPP{3 and C99.
Then, y-secretase cleaves C99 to release A} and the C-terminal fragment CTFy (Figure 1).
v-Secretase is a macromolecular complex [13-16] containing presenilin 1 (PS1), requiring
nicastrin, anterior pharynx-defective 1 (APH-1), and presenilin enhancer 2 (PEN-2) for its
enzymatic activity. Interestingly, AB42 can induce the phosphorylation of APP at Thr668
through GSK-3$3, CDKS5, JNK3, and Dyrk1 [17,18]. When APP is phosphorylated at Thr668,
it readily interacts with BACE1, enhancing A3 production through increased APP cleavage
by BACET1 [19]. However, Fe65 protein and PP1y protein phosphatase interact with APP,
facilitating the dephosphorylation of the Thr668 residue of APP [20]. Additionally, the
phosphorylation of APP at Tyr687 influences its subcellular localization and decreases its
turnover rate [21].

Another hallmark of AD is the presence of NFTs, which are aggregates of hyper-
phosphorylated Tau released from microtubules. Microtubules form part of the cytoskele-
ton, supporting the structural and functional integrity of axons and dendrites in neurons.
Tau is a type of microtubule-associated protein (MAP) that stabilizes microtubules [22].
However, when Tau is hyperphosphorylated by Tau kinases, it dissociates from micro-
tubules. The phosphorylation status of Tau is controlled by a balance between Tau kinases
and phosphatase activities, with many kinases documented to phosphorylate Tau at dif-
ferent sites [23]. Notably, Ap can induce Tau phosphorylation through specific kinases
such as GSK-3f3 and CDK5 [24-26]. A also modulates Tau through the regulation of
protein kinases and protein phosphatases [18]. Mice overexpressing APP mutants exhibit
features of familial early-onset AD. However, the loss of Tau genes in these APP mutant
mice protects them from learning and memory deficits, as well as the excitotoxicity ob-
served in the parental APP strain [27]. These findings suggest that A initiates a pathway
leading to Tau-dependent synaptic dysfunction, positioning A as functioning upstream of
Tau [28,29]. In contrast, APP/PS1 mice lacking Tau genes show reduced plaque burdens
comparted to age-matched APP/PS1 mice with normal Tau expression, suggesting that Tau
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may regulate A accumulation [28]. These results imply a potential pathological feedback
loop in which Af initiates a vicious cycle involving Tau [29].
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Figure 1. The process of A generation from amyloid precursor protein (APP). The amyloid precursor
protein (APP) undergoes cleavage by multiple proteases, including x-secretase, [3-secretase, and
v-secretase, resulting in the production of various peptides. Cleavage of APP by (-secretase and
y-secretase specifically generates monomeric, oligomeric, and polymeric aggregates of AB340 and
ApB42. Of these, the oligomeric forms of A342 are recognized as the most toxic agents in AD.

Rho GTPases play critical roles in regulating various cellular processes, including
cytoskeletal rearrangement, changes of cell morphology, migration and transcription [30].
A key function of Rho GTPases is regulating the formation of actin filaments. In neurons,
cytoskeletal dynamics support processes such as the development of axons and dendrites
and synapse formation to connect with other neurons. Similarly, brain cells like astro-
cytes, microglia and oligodendrocytes rely on cytoskeletal structures to develop specific
cellular features. Thus, the aberrant regulation of Rho GTPase activity can disrupt actin
filament, altering cell morphology, including neuronal processes and synapses, which may
contribute to brain diseases such as AD [31]. Rho GTPases, members of the Ras-related
small GTP binding protein family—including RhoA, Cdc42 and Racl/2—are crucial in
numerous cellular functions. They play roles in cytoskeletal rearrangement, reactive oxy-
gen species (ROS) production, and the regulation of cell morphology, cell movement, and
transcription [30]. The dysregulation of Rho GTPases is associated with various cancer
types and neurodegenerative diseases. Rho GTPases are activated when bound to GTP—a
process facilitated by guanine nucleotide exchange factors (GEFs). In contrast, GTP hy-
drolysis, which converts the GTPase back to its inactive GDP-bound state, is promoted
by GTPase-activating proteins (GAPs) [32-34]. This dynamic cycling between active and
inactive states, controlled by specific GEFs and GAPs, is essential for the precise regulation
of cellular process. Additionally, Rho GTPases undergo lipid modification by attaching a
prenyl group to a cysteine residue in their C-terminal CAAX motif (C for cysteine, A for
aliphatic amino acid, and X for any amino acid). In their inactive GDP-bound form, they
remain in the cytosol in a complex with RhoGDI (guanine nucleotide dissociation inhibitor).
Upon activation, the GTP-bound Rho associates with the cell membrane and is anchored
by its prenyl group. For activation, Rho GTPases must be dissociated from RhoGD], a
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step enabled by GDI displacement factors (GDFs), as GEF cannot directly act on the Rho
GTPase-RhoGDI complex directly [35]. Activated RhoA binding with GTP regulates its
function through the interaction with many effector proteins, including Rho-associated
protein kinase (ROCK), protein kinase N (PKN), Dia, phospholipase D (PLD), Rhotekin,
and Rhophilin [36] (Figure 2).
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Figure 2. Regulation of RhoA activity by various regulatory proteins. Inactive RhoA, bound to
RhoGD], is dissociated by GDF, enabling RhoA to be activated through GTP incorporation facilitated
by GEF. The active RhoA-GTP interacts with various effector proteins, each contributing to specific
cellular functions. GAP facilitates the conversion of RhoA-GTP back to RhoA-GDDP, terminating its
activity. Abbreviations: ROCK, Rho-associated kinase; PKN, protein kinase N; PLD, phospholipase D;
MBS, myosin-binding subunit.

2. The Physiological Functions of APP and Af3

APP is a ubiquitously expressed protein, and its cleavage generates A3 peptide frag-
ments. To investigate the physiological function of APP, researchers use genetically altered
mice. Mice expressing a truncated form of APP (APPA mice) exhibit severe impairments in
spatial learning and exploratory behavior [37]. Although homozygous APP-deficient mice
are viable and fertile, APP-null mice show reduced locomotor activity, decreased forelimb
grip strength, and a high probability of reactive gliosis [38]. Additionally, homozygous
APP-deficient mice have impaired performance in the Morris water-maze, indicating de-
fects in spatial memory [37,39], and exhibit difficulties in passive avoidance learning [40].
Furthermore, APP-null mice show a significant loss of presynaptic terminal vesicle marker
proteins, such as synaptophysin and synapsin, and the dendritic marker protein MAP2, par-
ticularly in the cortex and hippocampus [39]. These findings indicate that APP is essential
for normal neuronal functions.

Since Af is present in the brains of all healthy individuals, it has been proposed that
A also has normal physiological roles in the brain. In mice, picomolar and low nanomolar
concentrations of Af3 have been shown to support undifferentiated neurons and to promote
long-term potentiation (LTP), a process essential for memory formation. However, higher
nanomolar and micromolar concentrations of Af3 are toxic to neurons [41]. Increasing
synaptic A3, either through direct administration or by inhibiting its degradation, enhances
synaptic release and neurotransmission by binding to APP and promoting its dimerization,
which results in calcium influx and vesicle release [42]. Conversely, reducing synaptic A3
levels, either through direct antibody treatment or APP knockout, impairs LTP, suggesting
that synaptic A3 plays a regulatory role in synaptic neurotransmission [43].
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In relation to pathogens infecting the brain, A plays a protective role in innate
immunity [44]. Soluble Af oligomers (ABOs) bind to the microbial cell wall via the
heparin-binding domain. Additionally, developing protofibrils interfere with pathogen ad-
hesion to host cells, while propagating Af fibrils trigger agglutination, ultimately trapping
unattached microbes [45]. ABOs can make pores in invading pathogens, thereby protecting
the brain from infection. However, AfOs can also form pores in brain cells, leading to
cellular damage [46]. A substantial body of evidence suggests that A Os are a critical factor
in the development of AD through various mechanisms. These observations highlight the
concentration-dependent effects of reactive oxygen species (ROS), where both excessively
low and too-high levels of ROS impair cellular functions, while an optimal concentration is
necessary for normal cellular processes [47].

3. Direct Effect of Cell and Membrane Damage by A3 Through Metal
Ion-Induced ROS

Another proposed function of Ap is to sequester metal ions, such as copper and
zinc [41]. High concentrations of copper have been found near Af3 amyloid deposits in
AD, often alongside oxidative stress markers. Additionally, Cu?* significantly enhances
Ap-induced neurotoxicity in cell cultures. Notably, the copper-A {342 complex can generate
H,0; as it reduces Cu?* to Cul*. This suggests that redox-active metal ions may play a cru-
cial role in AB-mediated oxidative damage in AD [48]. Interestingly, the redox-inactive Zn**
competes with Cu?®* for binding to A342, with Zn?* thereby suppressing Ap42-mediated
and Cu**-dependent hydrogen peroxide formation [49]. Interestingly, Zn?* precipitates AR
in vitro, leading to the proposal that Zn**-induced AR plaque formation may have a protec-
tive role as an antioxidant response to oxidative damage by Cu?* [49]. However, opposing
findings suggest that the Zn?*-mediated-aggregation of Ap peptides—a key pathological
event in AD—can be effectively inhibited by Cu?>* when competing at a Cu/Ap molar ratio
of 4 [50]. This suggests that ratios among Cu?*, Zn?*, and AB may be critical in determining
their beneficial or harmful effects in the brain. Lipid peroxidation has been observed radiat-
ing outward from the center of amyloid plaques in the hippocampus [51]. Additionally,
inflammatory factors such as IL-1f3, IL-6, and TNF-«, as well as copper, significantly reduce
the expression of low-density lipoprotein-related protein 1 (LRP1), which facilitates A3
clearance from the brain [52]. This copper-mediated downregulation of LRP1 is dependent
on proteasomal degradation [53].

4. Neuronal Damage by A3 Through Its Receptors

Ap interacts with various brain cells, including neurons, microglia, astrocytes and
oligodendrocytes through multiple receptors on their membrane surfaces [54]. These
receptor proteins bind to monomeric, oligomeric, or fibrillar forms of A, with beneficial
or harmful effects. Beneficial receptors internalize A for degradation, such as through
microglial phagocytosis, or promote its clearance from the brain through transcytosis
across endothelial cells. In contrast, harmful receptors bind to oligomeric forms of Af3 that
contribute to synaptic loss, memory impairment, and neurotoxicity, as seen in AD [54].

4.1. AB Receptors in Neurons
4.1.1. Cellular Prion Protein (PrPC)

The cellular prion protein (PrP®), but not infectious PrP%, has been identified as a
receptor for ABOs, binding ABOs with high affinity (Kd~4 nM) but not monomers or
fibrils [55]. Synaptic responsiveness in young adult PrP¢-null mice remains normal, and
ABOs do not block long-term potentiation in these PrP¢-deficient mice. Additionally, anti-
PrPC€ antibodies prevent ABO binding to PrP<, thereby restoring synaptic plasticity in the
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hippocampal slice [55]. In familial AD model transgenic mice expressing APPSW¢ /PSen”E?,
the deletion of PrP® (Prnp—/—) rescues them from axonal degeneration, the loss of synap-
tic markers, and early mortality, with no detectable impairments in spatial learning and
memory [56]. More specifically, PrP€ prevents A fibril polymerization by binding to the
rapidly growing ends of each fibril. This interaction blocks polarized elongation, leading
to PrP¢ binding to neurotoxic oligomers and protofibrils, which initiates a neurotoxic
signal [57]. Based on these findings, PrP* is proposed to mediate ABOs-induced synaptic
dysfunction. In the downstream signaling pathway, PrP¢ binding with A at the neu-
ronal dendritic spines forms a complex with Fyn, an Src family tyrosine kinase [58]. This
interaction activates Fyn through Tyr416 phosphorylation, leading to the Fyn-dependent
hyperphosphorylation of Tau at the Tyrl8 residue [59]. Interestingly, Fyn also induces
the phosphorylation of 5202 /T205 (detected by AT8 antibody) and T231 /5235 (detected
by AT180 antibody), resulting in Tau aggregation and the formation of neurofibrillary
tangles [60]. Fyn may activate serine/threonine kinases by Fyn-mediated tyrosine phos-
phorylation, as it is known to phosphorylate GSK-3§3, CDK5, and p38 MAPK. Fyn forms
a complex with GSK-3f in response to insulin signaling, phosphorylating Tyr residue in
GSK-3f3 and thereby activating it, which subsequently leads to Tau phosphorylation [61]

(Figure 3).
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Figure 3. PrPC as a receptor for AB in neurons. PrP¢ binds to AB at neuronal dendritic spines, forming
a complex with Fyn. This interaction activates Fyn through phosphorylation at Tyr416, resulting in
Fyn-dependent hyperphosphorylation of Tau at Tyr18 residue and subsequent phosphorylation at
5202/T205 and T231/S235. Fyncan also activates serine/threonine kinases, such as GSK-33, CDKS5,
and p38 MAPK, through Fyn-mediated tyrosine phosphorylation. Furthermore, in primary microglia,
Fyn phosphorylates PKC? at the Tyr311 residue, contributing to a neuroinflammatory response.

Conversely, GSK-33, when activated by Tyr216 phosphorylation in response to hydro-
gen peroxide, stimulates Fyn phosphorylation at a threonine residue. This phosphorylated
Fyn accumulates in the nucleus, where it phosphorylates nuclear factor erythroid 3-related
factor 2 (Nrf2) at Tyr568, causing Nrf2 to be exported from the nucleus and degraded [62]
(Figure 4). Nrf2 is a critical transcription factor that mitigates oxidative stress by interacting
with the antioxidant responsive element (ARE) in the nucleus, thereby promoting the
expression of antioxidants and anti-inflammatory genes. The impairment of Nrf is com-
monly observed in various neurodegenerative diseases, including AD [63]. Semaphorin-3A
(Sema3A) induces a growth cone collapse response through binding to its receptor, plexin
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A. However, this response is attenuated in Fyn- and Cdk5-deficient mice. Sema3A enhances
CdkS5 activity through phosphorylation at Tyr15 by Fyn. The active form of the Cdk5 phos-
phorylated at Tyrl5 by Fyn can phosphorylate Tau, leading to microtubule disruption [64].
Additionally, Fyn also phosphorylates PKC$ at the Tyr311 residue in primary microglia,
which is relevant to the neuroinflammatory response [65] (Figure 3).

¥

|_GSK-38 | pY217]  pegradation

v

Nrf

Figure 4. Impairment of Nrf2 in AD. GSK-3f3, activated through Tyr216 phosphorylation in response
to hydrogen peroxide, promotes the phosphorylation of Fyn at a threonine residue. This phospho-
rylated Fyn accumulates in the nucleus, where it phosphorylates Nrf2 at Tyr568. This modification
leads to the export of Nrf2 from the nucleus and its subsequent degradation.

4.1.2. Metabotropic Glutamate Receptor 5 (mGIuR5)

Glutamate receptors are divided into two groups: ionotropic receptors, which form ion
channel pores, and metabotropic receptors, which affect the cell through signal transduction
cascades. The ionotropic receptors include those for NMDA (N-methyl-D-aspartate), a
Ca?* jon channel found in neurons [66], as well as kinate and AMPA (x-amino-3-hydroxy-
5-methyl-4-isoxasolepropionic acid) [67]. In the postsynaptic plasma membrane, PrP®
interacts with co-receptors, LRP1 and metabotropic glutamate receptor 5 (mGIluR5). ABOs
induce the abnormal accumulation and overstabilization of mGluR5 at the synapse, leading
to elevated intracellular calcium levels and increased synaptic toxicity (Figure 5). Notably,
AROs decrease NMDA receptor (NMDAR) intensity at synapses in an mGluR5-mediated
manner [68], and they also directly activate NMDAR [69]. Furthermore, the ABO-mediated
accumulation of striatal-enriched protein tyrosine phosphatase 61 (STEP61) induces the de-
phosphorylation of the p-Y14782 of NR2B (a subunit of NMDAR), resulting in an increased
internalization of NR1/NR2B (NMDAR subunits) that contributes to the cognitive deficits
in AD [70,71].

4.1.3. Nicotinic Acetylcholine Receptor (nAchR)

Acetylcholine receptors (AchR) consist of ionotropic nicotinic AchR (nAchR) and
metabotropic muscarinic AchR (mAchR). Among them, soluble Af3 interacts with x7nAchR,
which is widespread, has a high relative permeability to calcium, and regulates numerous
cellular events in the nervous system [72]. A342 (100 nM), even in the absence of nicotine,
has been found to trigger sustained increases in presynaptic calcium levels in the hippocam-
pal synaptosome [73]. Notably, presynaptic responses to Af in hippocampal terminals
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depend on 32nAchR, while those in cortical terminals depend on «7nAchR. These results
indicate that specific nicotinic Ach receptors are involved in presynaptic Ca* regulation
in response to A [74] (Figure 5). Conversely, A3 was observed to inhibit a7nAchR activ-
ity at the presynaptic location in rat hippocampal neurons, which evokes a current [75].
Additionally, AB42 inhibits nicotinic current by directly blocking the postsynaptic nAchR
channels at concentrations as low as 100 nM [76]. Moreover, A42 inhibits Ach release from
rat hippocampal synaptosomes, which is activated by K*-stimulation. Furthermore, A3
suppresses nicotine-induced Ca?* accumulation in rat cortical synaptosomes [77]. These
controversial results regarding the stimulatory and inhibitory effects of A3 are concentration-
dependent [72]. Notably, an «7AchR partial agonist can release Ap from «7AchR and enable
the partial recovery of a7AchR and NMDA channel function [78].

LRP1 PrP¢ mGIuR5

Ca?t

}
Synpatic toxicity

Figure 5. Metabolic glutamate receptor and nicotinic acetylcholine receptor-mediated cytosolic Ca®*
elevation as major toxicity-inducing mechanisms in response to Ap. PrP® interacts with co-receptors
LRP1 and mGluR5. ABOs cause abnormal accumulation and overstabilization of mGluR5 at the
synapse, leading to elevated intracellular calcium levels and increased synaptic toxicity. Additionally,
soluble A also interacts with «7nAchR, resulting in heightened calcium permeability.

4.2. AB Receptors in Endothelia
4.2.1. Low-Density Lipoprotein Receptor-Related Protein 1 (LRP1)

An intracerebral microinjection of A340 in young mice is rapidly cleared from the brain
by vascular transport across the blood-brain barrier (BBB) via transcytosis. An antibody
targeting low-density lipoprotein receptor-related protein 1 (LRP1) significantly inhibits
Ap clearance. LRP1 is abundant in brain microvessels in young mice but is downregulated
in old mice, leading to A3 accumulation in the brains of AD models [79]. Consistent with
these findings, soluble circulating LRP reduces brain levels of Af3. Furthermore, Af3 can
oxidize the LRP1, and the oxidation of LRP1 impairs A clearance [52,80].

4.2.2. The Receptor for Advanced Glycation End Products (RAGE)

RAGE, expressed on endothelial cells, facilitates the influx of circulating Af from the
blood into the brain [81]. Thus, RAGE may function antagonistically to LRP1. In neurons,
RAGE also internalizes A, promoting its intracellular aggregation and accumulation,
which rapidly activates p38SMAPK and leads to mitochondrial dysfunction [82]. ApoE4
further contributes to the accumulation of Af in the brain by binding to and stabilizing
ARO, thereby impeding their transition to fibrils. Moreover, apoE4 slows the transport of
A across the BBB [83].

5. Neuroinflammation

Neuroinflammation has long been associated with AD pathology. Various A3 com-
plexes interact with microglial and astrocytic receptors, promoting the secretion of proin-
flammatory cytokines and chemokines and generating ROS. In excess, these processes con-
tribute to neurodegeneration [84], with A stimulating microglial astrocytic cells through
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several receptors. Microglia can clear accumulated A3 through phagocytosis and initiate in-
flammation via multiple receptors, including scavenger receptors (SR-AI/II); the scavenger
receptor class B type 1 (SCARB-1); CD36; the CD36/CD47/integrin-a631 complex; the re-
ceptor for advanced glycation end products (RAGE); Fc receptors; formyl peptide receptor
2 (FPR2); toll-like receptors (TLRs) such as TLR2, TLR4, and coreceptor CD14; complement
receptors (CRs); and macrophage receptors with collagenous structures (MARCOs) [85,86].
Notably, the triggering receptor expressed on myeloid cells 2 (TREM2), expressed in mi-
croglia, is associated with an increased risk of developing late-onset AD [87].

5.1. AB Receptors in Microglia and Astrocytes
5.1.1. Complement Receptor CR3

The complement factor C3 is essential for inducing the phagocytosis of pathogens
through interaction with the CR3 receptor, also known as CD11b/CD18, Mac-1, and integrin
aM/integrin 32 [85]. In AD patients, the expression of CR3 in microglia is upregulated in
the brain. CR3 also binds to factor H, a complement control soluble glycoprotein (155 kDa)
circulating in human plasma, heparan sulfate proteoglycans (HSPGs), and A plaques [88].
Furthermore, C3 deficiency accelerates A3 plaque deposition and neurodegeneration in
APP transgenic mice [89]. Antibodies targeting CR3 (CD11b and CD18) reduce Af3 uptake in
the microglia [90]. Similarly, the knockdown or deficiency of C3, CR3, and SR-A diminishes
A uptake in the microglia, with injected A3 being higher in C3 and CR3 knockout mice
compared to wild-type (WT) mice [91]. These findings demonstrate that C3 and CR3 are
crucially involved in A phagocytosis and clearance by the microglia. CR3-mediated
phagocytosis is regulated through RhoA GTPase, which controls the dynamics of actin
filaments [92] (Figure 6).

CR3, Mac-1,
CD11b/CD18

RhoA Cdc42/Rac1
Microglia ~~ <
F-actin

/
Phagocytosis

Injured
neurons

Figure 6. Ap-induced ROS production and NF-kB activation via multiple receptors in microglia
and astrocytes. In the early phases of AD, Af} activates microglia and astrocytes, which attempt to
eliminate A3 deposits through various receptors via the process of phagocytosis. The complement
receptor 3 (CR3, also known as Mac-1, integrin «M/integrin 32, and CD11b/CD18) binds to C3-
opsonized A aggregates to facilitate their phagocytosis. Similarly, FcyR binds to antibody-opsonized
Ap aggregates, CD36 interacts directly with AP aggregates, and TREM2 binds to debris from injured
neurons. Together, these receptors contribute to the clearance of A and neuronal debris.
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5.1.2. FcRs (Fc Receptors)

FcRs in microglia mediate A} phagocytosis in the presence of antibodies [93]. Addi-
tionally, intracranially administered anti-A{ antibodies can reduce A3 deposition either
independently or dependently of microglial activation [94]. Notably, lecanemab, a human-
ized IgG1 monoclonal antibody that binds with high affinity to AB-soluble protofibrils, has
shown to slow cognitive and functional decline in AD patients [95]. As a result, lecanemab
is being used as an anti-AD drug in early-AD patients [96]. FcR-mediated phagocyto-
sis is regulated through Cdc42 and Racl GTPases, which control the dynamics of actin
filaments [92] (Figure 6).

5.1.3. Formyl Peptide Receptors (FPRs)

Formyl peptide receptors (FPRs), members of the G-protein coupled receptor family,
interact with Af3. The A and FPRL1 complex in humans, a counterpart of FPR2 in
mice, is internalized into the cytoplasmic compartment of macrophages and HEK293
cells overexpressing FPRL1. Additionally, on mononuclear phagocytes, Af induces IL-13
and superoxide secretion. Notably, the natural Af variants Ap311-40 and Af317-40 are
potent activators of mouse and human FPR1 at nanomolar concentrations, contributing
to neuroinflammation in AD via interaction with AR [97]. It is well-established that
FPRs can activate several receptor-dependent signal transduction pathways essential to
neuroinflammation and neurodegeneration. Accordingly, the pharmacological inhibition
of FPRs has been proposed to suppress neuroinflammation and may present a therapeutic
strategy [98].

5.1.4. Scavenger Receptor A1 (SCARA1), SCARA2, and CD36

Scavenger receptor Al (SCARA1) and SCARA2 have a high affinity for both soluble
and fibrillar Af3, facilitating its phagocytosis and clearance from the brain [99]. CD36, also
known as SCARBS3, fatty acids translocator (FAT), PAS4, and SR-B2, is a type B scavenger
receptor that is widely distributed in the human body [100]. It is particularly abundant
in blood-borne monocytes/macrophage in the brain under pathological conditions [101]
and microglia [102]. Although resting astrocytes do not express CD36, A3 can elevate
the expression levels of CD36, CD47 and RAGE, which mediate A phagocytosis [103]
(Figure 6). Notably, CD36 binds and internalizes various ligands, including long-chain fatty
acids, advanced glycation end products, oxidized low-density lipoproteins, hydrophobic
peptides, apoptotic cell fragments, and antigens from bacteria and parasites [104]. Addi-
tionally, CD36 serves as a receptor for thrombospondin and other matrix molecules, playing
a role in apoptotic signaling in endothelial cells [105] and macrophages [106]. Remarkably,
cholesterol, a major component in lipid metabolism, influences the APP cleavage by f3-
and y-secretase, leading to the generation of Af fragments. In the early phases of AD,
microglia activated by A attempt to eliminate A} deposits by inducing CD36 expression
and stimulating phagocytosis in astrocytes and microglia [103,107,108]. AP phagocytosis
due to increased CD36 expression is mediated by PPARy/RXR«x [109]. Concurrently, CD36
binding to Af fibrils activates the microglia, putting them in a proinflammatory state,
resulting in the production of oxidants [110] and the secretion of ROS and proinflamma-
tory factors such as IL1f3 and TNF« [111], as well as chemokines like CCL-3, CCL-4, and
CXCL-1 [112]. Notably, NRF2, activated by the oxidation of its binding protein KEAP1 [113],
increases CD36 expression upon the phagocytosis of myelin debris in macrophages and
microglia [114]. These findings suggest that CD36 is crucial for clearing myelin debris and
suppressing neuroinflammation. Moreover, CD36 expression in the microglia is strongly
correlated with AD pathological features in various brain regions across different mouse
models, including TgAPP/PS1 and TgAPP/PS1dE9 [112].



Cells 2025, 14, 89

11 of 46

5.1.5. Triggering Receptor Expressed on Myeloid Cells 2 (TREM2)

Based on genome-wide association studies (GWASs), TREM2 has been proposed
to play a critical role in the pathogenesis of AD [115]. TREM2 contributes to suscep-
tibility to late-onset AD [116]. It is mainly expressed in myeloid cells, tissue-specific
macrophages [117], and microglia in the brain [116]. TREM2 is associated with phagocy-
tosis (Figure 6); anti-TREM2 monoclonal antibodies reduce the engulfment of apoptotic
neurons in microglia [118]. Similarly, TREM2 knockdown in microglia decreases both
microglial activation and the phagocytosis of injured neurons [119]. Interestingly, the
intravenous application of TREM2-transduced myeloid precursor cells facilitates repair
within the murine central nervous system by clearing cellular debris during autoimmune
encephalomyelitis [120]. TREM2 in the microglia directly binds to ABO with nanomolar
affinity, activating TEM2 signaling, while mutations of TREM2 reduce A binding [121]. Af3
enhances TREM2 interaction with its signaling adaptor, DAP12, which regulates the down-
stream phosphorylation of Syk and GSK-33. Notably, Af3 increases levels of p-Y525/526
Syk, while TREM2 knockout cells exhibit reduced levels of this phosphorylation. Addi-
tionally, shtTREM2 increases p-Ser9 GSK-3f3 (inactive form) in the presence of A in the
BV2 microglial cell line, suggesting that TREM2 may activate SYK and GSK-3f3 [121]. The
TREM2-DAP12-DAP10 complex induces a signaling cascade that leads to calcium mobiliza-
tion, as well as mTOR and MAPK signaling, and the activation of energy metabolism [115].
Notably, the genes with the highest connectivity to TREM2 indicate that it plays a key role
in mediating changes in the microglial cytoskeleton necessary for both phagocytosis and
migration [116].

5.2. Superoxide Generation and Toxicity

It has been well-established that A induces superoxide and neuronal toxicity.
NADPH oxidase inhibition by diphynyleneiodonium (DPI) suppresses A3-mediated super-
oxide, while catalase and SOD can mitigate A(-mediated neurotoxicity [122]. In microglia,
superoxide is primarily generated by NADPH oxidase 2 (NOX2), which is robustly and con-
stitutively expressed, whereas neuronal expression does not appear to be constitutive [123].
A prompts microglia to phagocytose neurons through the activation of NADPH oxidase,
likely due to an increase in superoxide intended to impair neurons [124]. A binds to
microglial receptors such as CD36, x6f31 integrin, CD47, and class A scavenger receptor
(SRA), triggering the activation of Src-family kinases Lyn, Fyn, and Syk. These kinases
phosphorylate and activate Vav, a guanine nucleotide exchange factor (GEF) for Rac. This
activation leads to subsequent superoxide generation through NADPH oxidase, which
consists of membrane components, including gp91 and p22phox, and cytosolic components,
such as p40phox, p47phox, and p67phox. Racl/2 activated by Vav is a critical stimulator
for the NADPH oxidase [125]. Notably, Af3 activates RhoA, as well as Racl and Cdc42,
in BV2 microglial cell lines. RhoA-GTP/ROCK is involved in the phosphorylation and
activation of p47phox [126]. Moreover, superoxide induces the phosphorylation of RhoA at
the Tyr42 residue, activating ROCK to phosphorylate Ser345 and activate p47phox, thereby
upregulating superoxide production and creating a positive feedback loop for superoxide
generation [127] (Figure 7).

5.3. NF-xB Activation and Production of Proinflammatory Cytokine and Chemokines

In neuroinflammation, NF-«B plays a critical role in coordinating the expression
of genes that contribute to both protective and detrimental aspects of the inflammatory
response in the nervous system [128]. The binding of nerve growth factor (NGF) to its
receptors, such as TrkA and p75NTR, triggers the activation of NF-«B activation, which
regulates gene expression [129]. Generally, the brains of individuals with AD exhibit an
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increased expression and/or activation of NF-«B [130]. Specifically, levels of p65 are found
to be elevated in the hippocampus, entorhinal cortex, and frontal cortex of AD patients
compared to controls [131,132]. During neuronal loss and instability promoted by A3 and
NFT, NF-«B is central to the vicious cycle of neurodegeneration in AD [133]. NF-«B can
regulate A levels, with studies indicating that p65/p50 mediates increases in A3 in the
NT2N human neuronal cell line [134]. Furthermore, the p65 of NF-«B binds to the promoter
of BACE], inducing the expression of 3-secretase, which facilitates the amyloidogenic-
processing APP [132]. NF-kB also binds to the 5'-regulatory site of the APP promoter,
stimulating APP expression [135].
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Figure 7. Superoxide generation by NADPH oxidase in microglia and astrocytes in response to

ApB. NADPH oxidase 2 (NOX2) is activated to generate superoxide in response to Af3. During this
process, both the RhoA /ROCK pathway and Ca?* /PKC signaling phosphorylate p47phox, a cytosolic
component that activates NOX2. Additionally, SFK phosphorylates and activates Vav GEF, which in
turn activates Rac, another key activator of NOX2.

It is noteworthy that NF-«B has dual functions; under the physiological condition, it
exerts a repressive effect on AP production, lowering the transcriptional activity of the
promoters of APP, 3-secretase, Aph-1, Pen2, nicastrin, presenilin-1 or 2, and the y-secretase.
However, in Swedish APP-expressing HEK293 cells, NF-«B activates the transcription of
APP, BACE], and y-secretase, resulting in elevated levels of A [136] (Figure 8).

In turn, AP activates NF-«B in neurons, glial cells, and the brains of individuals with
AD. However, the activation of NF-«B is dependent on factors such as A3 dosage, brain cell
types, and age [130]. Low doses of AB (0.1-1 uM) activate NF-«B, increasing immunoreac-
tivity and protecting neurons and granule cells from the toxic effect of higher concentrations
of Ap (10 uM) [137,138]. In rat cortical embryonic neurons, high concentrations of Af3
(25 or 50 uM) reduce levels of constitutive p-p65-mediated NF-«kB activation due to the up-
regulation of I«kB levels, which retain cytoplasmic NF-«B [139]. Meanwhile, APP has been
shown to positively regulate NF-kB; diminished APP levels lead to a significant decrease in
NF-«kB activation, whereas APP overexpression markedly increases NF-«B activity [136].
Ap40 activates the NF-«B pathway through selectively inducing the nuclear translocation
of the p65 and p50 subunits, promoting an apoptotic gene expression profile, including
an increase in cytochrome C released from the mitochondria in rat primary neuron and
human NT2A neuronal cells [134]. Interestingly, the p65/p50 dimer contributes to the pro-
apoptotic pathway, while the dimer containing c-Rel plays a neuroprotective role [140,141].
In neurons, NF-kB activation appears to be mediated by both Ca?* and ROS [130]. NF-
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kB is sensitive to Ca?* signals and is activated in response to elevated intracellular Ca?*
levels [142,143]. The gating of NMDA receptors generates the primary glutamate-mediated
calcium influx, which is implicated in NF-kB activation [144]. ABOs directly activate
NMDA receptors, suggesting that AB enhances intracellular Ca?* concentration [69]. Dur-
ing this process, calcium/calmodulin-dependent protein kinase II (CaMKII) is critical for
the glutamate-mediated activation of IkB kinase (IKK) and NF-«B [145]. CaMKII is critical
for CARMA1-mediated NF-kB activation in T-cell activation [146]. CaMKII also binds
to IRAK]1, a scaffold protein, and directly phosphorylates p65/RelA at Ser536, thereby
activating NF-«B [147]. CaMKIIS directly interacts with and phosphorylates IKKf3, leading
to IkB degradation in cardiac fibroblasts [148]. Additionally, CaMKIV interacts directly with
NF-«B and phosphorylates Ser535 in p65, enhancing target gene expression [149] (Figure 9).
It is well-established that ROS is an initiator for NF-«B transcriptional regulation [47].
NEF-«B activation by A may be mediated through mitochondrial ROS [150]. However,
in microglia, which are macrophage-like cells residing in the brain, ROS are primarily
generated by NADPH oxidase 2 (NOX2) [123]. Fibrillar AP (fAp) recognizes a complex
of receptors, including CD36, «631 integrin, and CD47, in the microglia (Figure 9). This
complex triggers ROS production, cytokine expression, and the induction of phagocytosis
through a tyrosine kinase signaling cascade [151]. Additionally, integrins «L.32 and a«M{32
are also proposed to be fA-binding proteins in the microglia [152].

Neuron

B-secretase

"’ y-secretase ,—» APP

Figure 8. NF-kB-mediated increases in A levels. NF-«B increases A levels by promoting the
expression of APP, 3-secretase, and y-secretase through binding to their promoters. The increased
[B-secretase and y-secretase activity cleaves APP, resulting in the production of A3 peptides.
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Figure 9. Ap-mediated activation of NF-kB. Ap induces superoxide generation, as shown in Figure 7.
ROS and Ca?* /CaMKII subsequently activate NF-kB, leading to the production of neurotoxic inflammatory
cytokines. The detailed mechanism of ROS-mediated NF-«B activation is as follows. Phosphorylation at
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Tyr42 of IkB and Ser/Thr residues within the C-terminal PEST (Pro-Glu-Ser-Thr) domain of IkB
plays a critical role in NF-«kB activation. Additionally, hydrogen peroxide increases p-Tyr levels by
inhibiting tyrosine phosphatase, thereby promoting NF-«B binding to specific gene promoters. In a
separative pathway, hydrogen peroxide directly activates IKK, leading to increased phosphorylation
and the subsequent degradation of IkB. An alternative IkB-independent pathway involves hydrogen
peroxide-induced phosphorylation of p105, a precursor protein p50, facilitating their cleavage into
active NF-«B subunit. Additionally, hydrogen peroxide may stimulate p65 phosphorylation, further
contributing to NF-kB activation.

6. Tau Phosphorylation

Tau phosphorylation is regulated by the balance between the activities of Tau kinases
and phosphatase activities. Numerous kinases that phosphorylate Tau at different sites
have been identified (Figure 10). Specific phosphorylated sites are found exclusively in
AD patients, while some phosphorylated sites are observed in both normal controls and
AD patients [153]. Various kinases that phosphorylate Tau protein have been documented,
including GSK-33, CDK5, MAPK (p38, ERK1/2 and JNK), casein kinase (CK), DYRK1A,
MARK, PKA, PKB, PKC, CaMKI]J, and tyrosine kinases such as Src, Fyn, and c-Abl [153,154].
Particularly, A increases phosphorylated Tau at Ser262 and Ser396 residues by GSK-3f3
and CDKS5 [24-26]. Furthermore, A3 modulates phosphorylated Tau through the regulation
of protein kinases and protein phosphatases [18].
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Figure 10. Phosphorylation sites of Tau by various kinases. The Tau protein consists of several
domains, including N1, N2, the protein-rich domain, and microtubule-binding repeats (R1-R4).
Phosphorylation at residues within the microtubule-binding repeats domain (R1-R4) is believed to
cause the dissociation of Tau from microtubules.

6.1. Glycogen Synthase Kinase-3p (GSK-3B)

GSK-3f was initially known as Tau protein kinase I (TPK-1) during the early stage
of protein purification [155]. The exposure of neurons to A increases GSK-3f activity by
inhibiting the PI3-kinase signaling pathway [156]. The initial phosphorylation of Tau by
CaMKII is followed by the additional phosphorylation of Tau by GSK-3f3 at Thr231, Ser235,
Ser396, and Ser404 residues depending on the number of repeats, the number of N-terminal
inserts, and the initial phosphorylation state [157]. Interestingly, calpain I, a calcium-
dependent, non-lysosomal cysteine protease, cleaves GSK-3f3 at the C-terminus, thereby
increasing kinase activity. The truncation of GSK-3f is positively correlated with the over-
activation of calpain I and Tau hyperphosphorylation in the AD brain [158] (Figure 11). The
interaction between presenilin 1 (PS1) and N-cadherin at the synapse is considered to be
neuroprotective by activating the PI3K/ Akt survival signaling pathway [159]. By activating
PI3K/ Akt signaling, PS1 promotes the inactivation GSK-3 through its phosphorylation,
which suppresses GSK-3-dependent Tau phosphorylation in AD [159]. In neurons, PS1 also
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interacts with 3-catenin in addition to N-cadherin; this complex is essential for neuronal via-
bility and synaptic plasticity. When GSK-3f3 phosphorylates PS1 at the Ser353/357 residues,
the phosphorylated PS1 reduces its binding to N-cadherin and (3-catenin, impairing sur-
vival signaling in neurons and thereby contributing to AD [160]. GSK-3f3 stimulates Af3
production through the upregulation of 3-secretase (BACE1) expression, which is regulated
by NF-«B [161]. The proposed mechanism involves GSK-33 phosphorylating IKKy/NEMO
at Ser 8, 17, 31, and 43 within its N-terminal domain, which stabilizes IKKy/NEMO and
activates NF-kB [162]. Additionally, GSK-3f3 activates NF-kB by the phosphorylation of the
p65/RelA subunit in response to lipopolysaccharide (LPS) in the microglia, inducing the
expression of proinflammatory cytokines and chemokines [163,164]. Notably, GSK-3 is
linked to p65 acetylation, which influences p65 transactivation activity [163].
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Figure 11. Tau phosphorylation by GSK-33 and CDK5. The uptake of Ca?* activates calpain, a
protease that becomes active upon interacting with Ca?*. Calpain cleaves GSK-33 and p35, a co-
activator of CDK5. As a result, activated GSK-3 and CDK5 phosphorylate Tau, leading to the
aggregation of phosphorylated Tau (p-Tau) and the formation of neurofibrillary tangles.

6.2. CDK5

In contrast, CDKS is essential for both embryonic corticogenesis and neurogenesis
in the adult hippocampal and dentate gyrus. The CDK5-activating cofactor p35, but
not p39, predominantly regulates neurogenesis in the adult subgranular zone (SGZ) [165].
Interestingly, however, it has also been reported that p39, but not p35, significantly enhances
CDKS activity during neuronal differentiation in rat and mouse [166]. The phosphorylation
of Tau at Ser396/404 residues in response to Af3 is associated with CDK5 and its activator
p35. CDKS exhibits dual roles, promoting either neuronal survival or death. Neuronal
death due to the dysregulation of CDKS5 is linked to the calpain-mediated cleavage of
its coactivator, p35 or p39, into p25 and p29, respectively [167]. The role of p25/CDK5
has been implicated in neurodegenerative diseases, as it may induce or accelerate the
formation of early neurofibrillary tangles, primarily composed of hyperphosphorylated
and aggregated Tau [168,169] (Figure 11). However, the CDKS5 inhibitor roscovitin abolishes
p-Tau Ser396/404, indicating that CDKS5 contributes to p-Tau Ser396/404 formation [170].
Nestin functions as a selective scaffold for doublecortin (CDX) with activated CDK5/p35,
facilitating CDX phosphorylation by CDK5/p35. An overexpression of nestin reduces
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axonal growth cone size and the number of filipodia. Additionally, in the presence of
nestin, Sema3a significantly reduces both axonal growth cone size and the number of
filipodia [171].

6.3. Microtubule Associated Proteins (MAP)/Microtubule Affinity-Regulating Kinase (MARK)

MARKS phosphorylate Tau at serine residues, including Ser262, Ser293, Ser324, and
Ser356, promoting Tau’s release from microtubules and leading to its aggregation [153].
MARK?2 is activated through phosphorylation at Thr208 in the activation loop by two
kinases: MARKK/TAO-1 [172] and liver kinase B1 (LKB1) [173]. LKBI1 also enhances
the activities of MARK1, MARK3, and MARK4, as well as MARK2 [173]. However, the
phosphorylation of Ser212 in MARK2 inhibits its activity [173]. GSK-3 directly phosphory-
lates MARK?2 at Ser212, thereby inhibiting its kinase activity [174]. Both CDK5 and LKB1
phosphorylate MARK4 in the activation loop and spacer domain, respectively, leading to its
activation. Subsequently, both CDK5 and MARK4 induce the phosphorylation of Tau at the
Ser262 residue [175]. Interestingly, MARK2 knockout mice exhibit leaning impairment [176],
suggesting that MARK2 inhibitors may not be suitable as therapeutic agents for AD. The
two peptide sequences in the KXGS motif of Tau—258-SKIGS-262 and 352-SKIGS-356—are
identical. MARK4 phosphorylates both Ser262 and Ser356 within microtubule-binding
repeats [177]. Consequently, the monoclonal antibody 12E8 can recognize both p-Ser262
and p-Ser356 on Tau [178]. Phosphorylated Tau at these sites has been known to regulate
its microtubule binding, intracellular localization, and protein—protein interactions [179].
Phosphorylated Tau at these sites is found in pre-neurofibrillary tangles and is associated
with enhanced seeding potency, suggesting an initiating role in Tau abnormalities [180,181].

6.4. Rho-Associated Protein Kinase (ROCK)

Recently, the effects of ROCK inhibitors on p-Tau have also been studied using a human
neuroblastoma cell line (M1C) expressing wild-type Tau protein, primary mouse neurons,
and a mouse model of Tauopathy (rTg4510 line). ROCK inhibitors inactivate GSK-33 and
CDKS5 while activating protein phosphatase 2A. Additionally, ROCK inhibitors promote
autophagy and proteasome pathways, potentially enhancing Tau degradation and thereby
reducing total Tau protein levels [182]. It has been reported that ROCK phosphorylates
Tau at Thr245, Thr377, and Ser409 residues [183]. However, it was proposed that ROCK
indirectly phosphorylates Tau via the ROCK/Akt/GSK-3f /p-Tau signaling pathway [182].

6.5. Dual-Specificity Tyrosine Phosphorylation-Regulated Kinase 1A (DYRK1A)

DYRK1A, which is overexpressed in Down syndrome (DS), may play a significant
role in brain developmental defects and contribute to early-onset neurodegeneration,
neuronal loss and dementia in DS [184]. In vitro, DYRK1A phosphorylates Tau at the
Thr212, Ser202, and Ser404 residues. DYRK1A transgenic mice overexpressing this kinase
exhibit phosphorylated Tau protein at the Thr212 residue in the brain. Cells from DYRK1A-
transgenic mice also show p-Ser202 and p-Ser4040 Tau [185]. Additionally, overexpressed
DYRK1A enhances the phosphorylation of APP at the Thr668 residue [185], facilitating
its cleavage by BACE1 [19] and y-secretase [186], which increases A{340 and A[342 levels
and leads to brain $-amyloidosis [184]. A selective oral inhibitor for DYRK1A, SM07883,
has been proposed as a potential therapeutic for AD [187]. Recently, several inhibitors
aimed at disrupting the DYRK1A-induced hyperphosphorylation of Tau and APP have
been screened using a molecular modeling approach [188].



Cells 2025, 14, 89

17 of 46

7. Regulation of Neuronal Function by RhoA GTPases
7.1. Regulation of RhoA GTPase Activity

Once activated, Rho GTPases interact with effector proteins that propagate signals
to downstream targets, facilitating various cellular responses. Key effectors include two
Rho-associated coiled-coil kinases: ROCK1 and ROCK2. The Rho-binding domain (RBD)
in the carboxyl-terminal region of Rho-kinase functions as an autoinhibitory loop that folds
back onto the kinase domain, inhibiting the kinase activity of ROCK. GTP-bound RhoA
binds to the RBD of ROCK, exposing the catalytic domain and making it accessible to its
substrates, thereby activating ROCK [189]. Rho-activated ROCK phosphorylates myosin
phosphatase, myosin light chain kinase (MLCK) and LIM-kinase 2 (LIMK2), promoting
actin filament formation and enhancing actin-myosin interactions via cofilin phosphory-
lation. Cofilin typically functions to sever F-actin, but when phosphorylated by LIMK, it
becomes inactive, leading to stabilized F-actin [190]. In contrast, six p21-activated protein
kinases, PAK1-6, are activated by Cdc42 and Racl. LIMKI1 is activated by PAK1, further
contributing to cytoskeletal changes [191]. The Racl/Pakl/LIMK]1 signaling pathway
regulates cofilin activity within the lamellipodium [192]. Furthermore, PAK1 is essential for
axon and dendrite specification, contributing to neuronal polarization and differentiation
in hippocampal neurons [193]. Additionally, myotonic dystrophy kinase-related Cdc42-
binding kinase o« (MRCK), an effector protein kinase of Cdc42, phosphorylates LIMK2 at
Thr505 within the activating segment, promoting cofilin phosphorylation and cytoskeletal
reorganization [194]. PI(4,5)P2 is involved in actin nucleation through the activation of the
Cdc42, N-WASP (neuronal Wiskott-Aldrich syndrome protein), and Arp2/3 (actin-related
protein2/3) complex [195,196]. Additionally, WAVE (WASP family verprolin-homologous
protein), activated by Rac, induces actin filament clusters, and profilin is essential for this
actin polymerization [197]. Furthermore, Racl activates the WAVE regulatory complex
(WRC), driving Arp2/3 complex-mediated actin polymerization that underpins various
cellular processes [198]. Notably, Rac- and Arp2/3-mediated actin networks may directly
antagonize Rho signaling [199]. The Arp2/3 complex acts as an actin nucleator, organizing
filaments into branched networks [200] (Figure 12).

7.2. RhoA Effects on Neurite Outgrowth in Neuronal Cells

There is compelling and increasing evidence that Rho GTPase family proteins and
their related molecules play critical roles in various aspects of neuronal development,
including neurite outgrowth and differentiation, axon pathfinding, and the formation and
maintenance of the dendritic spine [201]. Specifically, RhoA has been widely regarded
as a key molecular switch that inhibits neurite outgrowth, while Cdc42 and Rac serve as
positive regulators of neurite outgrowth and dendritic spine formation [202]. The RhoA
effects on neurite outgrowth have been investigated in several types of neuronal cells. For
instance, serum-starved mouse N1E-115 neuroblastoma cells undergo neurite formation,
which depends on the activation of Rac and Cdc42 [203,204]. In PC12 cells, a dominant-
negative RhoA mutant (N19), but not a constitutively active form (V14), stimulates the
initiation, elongation and branching of neurite growth in response to NGF [205]. Consistent
with these findings, the inhibition of Rho using C3 toxin in PC12 cells and primary retinal
neurons promotes neurite growth on inhibitory substrates [206]. Additionally, the microin-
jection of the catalytic domain of ROK« (ROCKII) and RhoA V14 rapidly induces neurite
retraction in PC12 cells upon NGF stimulation [207]. Lysophosphatidic acid (LPA)-induced
neurite retraction is well-documented. The mechanism involves LPA and Gax12/Ga13
activating endogenous RhoA, which inhibits neurite outgrowth and induces neurite re-
traction and growth cone collapse in N1E-115 cells [208]. ROCK activates myosin II by
phosphorylating Ser19, which initiates contraction between and actin filaments in the
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filopodia within the growth cone. This contraction pulls the actin filaments towards the
center of growth cone and away from the direction of protrusion, ultimately leading to
growth cone collapse [209,210]. Additionally, ROCK phosphorylates the myosin-binding
catalytic subunit of myosin phosphatase, inactivating it and leading to myosin activation
through an increase in the phosphorylated myosin level [211]. Although many studies have
shown that active RhoA inhibits axonal growth, the precise molecular mechanism remains
unclear. Recently, Bradke and colleges reported that RhoA-mediated myosin II activation
interacts with actin filament to form arc-like barriers, which obstruct microtubule advances
within the neuronal growth cone [212]. They further observed that RhoA functions oppo-
sitely in neurons and astrocytes: neuronal RhoA suppresses axonal regeneration, whereas
astrocytic RhoA decreases inhibitory astrocyte reactivity. Accordingly, they proposed that
only neuron-specific RhoA should be inhibited to promote axonal regeneration [213].
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Figure 12. Signaling pathways of RhoA, Cdc42 and Racl in regulating cytoskeletal structure. RhoA
promotes actin filament formation through the mDia/profilin/ ATP-actin and ROCK/LIMK/ p-cofilin
pathways. At the same time, RhoA enhances myosin activity via the ROCK/MLC kinase and
ROCK/p-MLC phosphatase pathway. The interaction between F-actin and myosin consequently
leads to cell contraction. In contrast, Cdc42 and Rac promote actin filament formation through
the activation of MRCK and the PAK1/LIMK/p-cofilin pathways. Additionally, Cdc42 and Racl
stimulate the formation of branched F-actin filaments through the activation of WASP and WAVE,
facilitating the development of multiple branched actin filaments and promoting cell protrusion.

7.3. Investigation of RhoA Functions in Neurons Using Animal Model

Studies on RhoA function in neurons have also been also investigated using ani-
mal models. Knock-in mice with dominant negative RhoA (N19RhoA) show significant
increases in the density and absolute number of neurons in the somatosensory cortex com-
pared to wild-type littermates, potentially due to decreased neuronal apoptosis during early
postnatal development [214]. After peripheral nerve injury, RhoA knockout in the motor
neurons reduces dendritic degeneration, while promoting its regeneration [215]. In general,
RhoA is established as a negative regulator of neuriotogenesis, axon formation, and axonal
number and length [216]. However, some inconsistencies have been reported, likely due to
the versatile functions of RhoA, which supports various neurogenesis steps across different
brain cell types in mammal brains. Additionally, RhoA deletion has been shown not to affect
the axonal and dendritic projections or distribution of motor neurons [217]. In Drosophila,
neurons lacking RhoA exhibit dendritic overextension, while activated RhoA expression
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reduces dendritic complexity, suggesting that RhoA regulates dendritic, but not axonal,
morphogenesis [218]. Interaction between ephrin ligands and Eph receptors on presynaptic
and postsynaptic membrane surfaces, respectively, regulates synapse formation, function
and plasticity in neurons [219]. Notably, RhoA deletion impairs ephrineB3 expression [217],
suggesting RhoA’s involvement in synapse formation regulation. During brain develop-
ment, RhoA loss in neurons has a marginal effect on neuronal migration; however, RhoA
deletion in radial glial cells has a significant effect on neuronal migration [220]. Studies
using a RhoA deletion mutant reveal that RhoA is essential for ventricular zone organiza-
tion and for the proliferation, survival and localization of mitotic cells. In RhoA-deficient
mice, N-cadherin and 3-catenin are reduced in the spinal cord, highlighting RhoA’s role
in cell—cell interaction within adherens junctions (AJs) [221]. Consistent with these find-
ings, RhoA accumulates at AJs and colocalizes with the cadherin—catenin complex, an AJ
component [222]. Interestingly, mDia, but not ROCK]1, is reduced on the ventricular surface
of the spinal cord in RhoA-deficient mice [221]. Conditional RhoA deletion in midbrain and
forebrain neural progenitors impairs apical AJs and leads to severe brain dysplasia; notably,
RhoA-deleted neural progenitor cells show enhanced proliferation [222]. However, RhoA
is controversially required for neuroblast proliferation but not for neuronal survival in
Drosophila [218]. Additionally, RhoA knockout in macrophages has been investigated for its
effect on nerve regeneration and Wallerian degeneration—an active process of anterograde
degeneration of the distal axon following nerve injury. RhoA deletion in macrophages detri-
mentally impacts Wallerian degeneration and nerve regeneration, likely due to inhibited
macrophage migration and phagocytosis [223]. During neuroinflammation, RhoA activity
is downregulated in the microglia; however, neuroinflammation with LPS promotes cell
death in RhoA-knockout in the microglia, indicating that a minimal level of RhoA activity is
necessary for microglial reactivity and survival during neuroinflammation [224]. Therefore,
the development of RhoA-targeted drugs for peripheral nerve injury should account for
cellular specificity [223].

7.4. Molecular Mechanism of RhoA Inactivation During Neurite Outgrowth

The NGF-mediated activation of the TrkA receptor promotes both Rac1 activation and
RhoA inactivation during the initial phase of neurite outgrowth [225]. Mechanistic studies
of neurite outgrowth have shown that NGF, bFGF and cAMP induce neurite extension
from PC12 cells by RhoA inactivating RhoA through p190RhoGAP and Rap-dependent
RhoGAP (ARAP3) [226-228]. Additionally, ;cAMP induces RhoA phosphorylation at Ser188,
promoting its binding to RhoGDI and thereby leading to RhoA inactivation [228] (Figure 13).
In the adult nervous system, Rapl and Rap2 regulate the maturation and plasticity of
dendritic spine and synapses [229]. During the multipolar-to-bipolar (MTB) transition,
one of the processes becomes axonal, with active Rap1B localizing to the future axon
in unpolarized neurons [230]. C3G/RapGEF1 is essential in multipolar neurons for the
MTB transition [231]. The activation of EphA4 by ephrins inactivates Rap1 and growth
cone collapse in hippocampal neurons through Saprl, a GTPase-activating protein spine-
associated RapGAP that directly interacts with the EphA4 receptor [232]. Dimeric plexins
also exhibit GAP activity for Rap1 and Rap2 in response to semaphorin, leading to neuronal
growth collapse [233,234]. A deficiency in Epacl/2, Rap GTPase GEFs that are directly
activated by cAMP, reduces the number of primary dendrites, dendritic spine density in
the hippocampus, and synaptic plasticity [235].
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Figure 13. Mechanisms of RhoA inactivation by neurotrophic stimulating factors. During neu-
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rite outgrowth in response to NGF, bFGF, and cAMP, RhoA is inactivated through the two main
pathways: the Src/p190RhoGAP/RhoA-GDP pathway and the Rap-GTP/ARAP3 (Rap-dependent
RhoGAP)/RhoA-GDP.

7.5. Molecular Mechanism of RhoA Activation in Neurons

The transfection of p75N'R in neuronal cells activates RhoA, whereas neurotrophin
binding abolishes RhoA activation [236]. The molecular mechanism of RhoA activation
by p75NTR involves p75NTR interacting with the RhoA-RhoGDI complex, acting as a GDI
displacement factor (GDF). This interaction facilitates the release of RhoA from the RhoA-
RhoGDI complex, leading to RhoA activation. Myelin components, including Nogo,
myelin-associated glycoprotein (MAG) and myelin oligodendrocyte glycoprotein (OMgP),
reinforce this interaction, preventing neurite outgrowth through RhoA activation [237].

The treatment of the human AB42 peptide in p75NTR-deficient embryonic mouse
hippocampal neurons does not induce significant cell death. Additionally, an injection of
A342 into the hippocampus of adult mice leads to the significant degeneration of wild-type,
but not p75 NTR-deficient, cholinergic basal forebrain neurons, indicating that the p75 NTR js
a key mediator of Af3-induced toxicity. [238]. In PC12 nnr5 cells, which lack a TrkA receptor,
Af greatly increases RhoA activity, but NGF administration prevents the activation of
RhoA in response to A [239]. This suggests that A3 competes with NGF for binding to
p75NTR, but not to TrkA [240,241]. AP binding to p75NTR in rat cortical neurons specifically
induces neuronal death [240]. Specifically, AR binding to trimeric or monomeric p75NTR
in neurons strongly induces the transcription of c-Jun and the stimulation of JNK [241].
AR activates the RhoA by binding to p75N'R, which leads to the suppression of the NGF-
induced activation of protein phosphatase 1B (PTP1B), which is required for neuronal
survival. Kalirin9, a dual RhoGEF, directly binds to p75N'R, stimulating p75NTR-Nogo
receptor-dependent RhoA activation, which inhibits neuronal outgrowth in response to
MAG [242] (Figure 14). The expression of p75NIR is notably increased in AD hippocampal
neurons, with this increase attributed to proNGF accumulation and ROCK activation [243].
Interestingly, the pharmacological inhibition of RhoA with C3-ADP ribosyl transferase or
the transfection of dominant-negative RhoA or PTP1B in cultured hippocampal neuron
protect these neurons from the detrimental effect of AP [239]. This finding highlights a
potential pathway for AD drug development through RhoA inactivation.
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interaction with the p75NTR receptor causes the dissociation of the RhoA-RhoGDI complex. Subse-
quently, RhoA GEF Kalirin 9 facilitates the incorporation of GTP into RhoA after the GDP release,
impairing neurite outgrowth.

7.6. Axon Guidance Molecules Regulate RhoA Activity

Recently, four classes of axon guidance molecules—netrins, slits, ephrins, and
semaphorins (Semas) have been investigated [244].

7.6.1. Sema3A

Also referred to as collapsin, Sema3A induces the collapse of neuronal growth cones in
embryonic chick brains [245,246]. Receptors for semaphorins are primarily plexin proteins,
which often function alongside various co-receptors [247]. Plexins contain a Rho-binding
domain (RBD) that interacts with Rho family GTPases [248]. It has been suggested that the
plexin A or B family may bind to and sequestrate Racl away from PAK, leading to F-acin
disassembly [249].

7.6.2. Eph (Erythropoietin-Producing Hepatocellular Carcinoma) Receptors

Eph receptors exhibit receptor tyrosine kinase activity and are classified into two
classes: A and B types. The binding of Eph receptors to ephrin ligands initiates a signaling
cascade in the Eph receptor-carrying cells, referred to as forward signaling. Additionally,
ephrin ligands, when binding with Eph receptors, can also act as receptors and transduce
signals in ephrin-ligand-containing cells, known as reverse signaling [250]. Several compo-
nents of the ephrin-A system, including EphAl, EphA4, ephrin-A1l and ephrin-A5, have
been associated with neurodegenerative conditions such as AD or amyotrophic lateral
sclerosis [250]. Specifically, EphA4 serves as a substrate for y-secretase, a protease that
malfunctions in many early-onset AD cases, while the overexpression of EphA4 increases
the number of dendritic spines by activating the Rac signaling pathway [251]. Additionally,
the EphA4-Lyn pathway plays a crucial role in APP metabolism, generating the APP C-
terminal fragment (C99), the APP intracellular domain (AICD), and the AP peptide [252].
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Concerning Rho GTPase’s involvement in EphA signaling pathway, activated EphA recep-
tors recruit Src kinases, ephexin families, and Vav2/Vav3. Ephexins are guanin nucleotide
exchange factors (GEFs) for RhoA. The overexpression of ephexin induces growth cone
collapse, whereas a GEF-inactive ephexin mutant inhibits ephrinl-induced growth cone
collapse [253]. The phosphorylation of ephexin at the tyrosine residue enhances its GEF
activity toward RhoA, resulting in Eph-mediated growth cone collapse in neurons [254]
(Figure 15). The activation of EphA receptors by ephrin-A ligands in neurons leads to a
decreased inhibition of TSC2 (tuberous sclerosis complex 2, also known as tuberin), indi-
cating that TSC2-Rheb-mTOR signaling works in concert with the ephrin-Eph receptor
system to control axon guidance [255]. Recent research showed that TSC2 activates RhoA,
leading axon growth cones to collapse upon ephrin-1 binding [256]. TSC2 is a GTPase-
activating protein (GAP) toward Rheb that promotes the phosphorylation of mTOR and
p70 ribosomal protein S6 kinase 1 (56K) and eukaryotic initiation factor 4E binding protein
(4EBP) [257]. However, in response to growth-stimulating signals, such as insulin, TSC2
becomes inactivated by Akt-dependent phosphorylation, which destabilizes TSC2 and
disrupts its interaction with TSC1, leading to protein synthesis during cell growth [257].
Notably, TSC1, also known as the tumor suppressor hamartin, binds to the ERM proteins
and RhoA, activating RhoA and promoting cell adhesion [258]. It is speculated that TSC1
interacts with RhoA GEF [258] (Figure 15).
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Figure 15. Mechanisms of axon guidance by ephrin-A in inhibiting neuritogenesis. (A) Ephrin-A
binds to the EphA receptor, activating Src, which in turn phosphorylates and activates ephexin and
Vav2/3, leading to RhoA activation. (B) In an alternative pathway, ephrin-A binds to the EphA
receptor, and TSC1 interacts with a GEF for RhoA, resulting in RhoA activation.

7.6.3. Netrin-1

Netrin-1 triggers either the attraction or repulsion of axon growth cones through
specific intracellular signaling responses [259]. Receptors that bind netrin orchestrate cy-
toskeletal and cell membrane remodeling [259]. Netrins function by binding to receptors
such as DCC (deleted in colorectal cancer) and UNC5, which activate distinct signaling cas-
cades. The binding of netrin-1 to homodimeric DCC/DCC typically promotes cell survival
and axon attraction [260]. In the absence of netrin-1, UNC5B (also known as p53RDL1)
mediates p53-dependent apoptosis, whereas interaction with netrin-1 inhibits p53-induced
apoptosis [261]. The netrin-1/DCC/FAK signaling complex recruits RhoGEFs such as
DOCK180 (DOCK1) [262] and Trio [263] to activate Racl. Additionally, Tiam-1 GEF is
recruited to activate both Cdc42 and Racl [264]. Conversely, the interaction of netrin-1 with
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heterodimeric UNC5/DCC or with UNCS5 alone can mediate repulsive guidance cues [265]
and may induce apoptosis through pathways involving DAPK1 (Death-associated Protein
Kinase 1) and caspases, depending on the cellular context [266,267]. Netrin stimulates
Src-mediated phosphorylation of UNC5 at Y482 (Y568 in murine UNC5C), which is es-
sential for repulsive axon guidance in vivo [268,269]. Netrin-1 reduces the interaction of
UNCS5C with polymerized TUBB3, a neuron-specific microtubule subunit, in growth cones,
resulting in axon repulsion [270]. Interactions between netrin-1 and UN5/DSCAM (Down
syndrome cell-adhesion molecule) also induce a repulsive response [271]. The switch
between attraction and repulsion to netrin-1 is regulated by four primary mechanisms:
levels of membrane receptors, intracellular secondary messengers (such as calcium, cAMP,
and cGMP), netrin-1 concentration, and extracellular environment [259].

7.6.4. Slits

Slits are secretory glycoproteins involved in regulating numerous physiological pro-
cesses. They exert their effects by binding to specific receptors; binding with Robo receptor
and plexin Al regulates axon guidance, while binding with DSCAM]1 triggers axon branch
extension [272]. Several Slit-Robo GAPs (stGAPs), including stGAP1, stGAP2, srGAP3,
and Arhgap4, interact with the intracellular domain of Robo. Upon slit stimulation, stGAP1
interacts with Cdc42 and RhoA, srGAP2 binds to Rac1, and stGAP3 has been reported to
interact with both Racl and Cdc42 [273]. Consequently, slit binding to Robo results in the
inactivation of Cdc42, which suppresses the activation of Arp2/3 and N-WASP, ultimately
leading to axon repulsion [274] (Figure 16).
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Figure 16. Mechanisms of axon guidance by the slit in inhibiting neuritogenesis. Slit binds to the
Robo receptor, recruiting stGAP, which inactivates Cdc42, leading to growth cone collapse in neurons.

7.7. Brain-Derived Neurotrophic Factor (BDNF)

Brain-derived neurotrophic factor (BDNF) is widely expressed in healthy human
brains. Recent studies have examined the interactions between BDNF in mature neurons
and their roles in synaptic plasticity. BDNF supports neuronal survival and synaptic
plasticity, while netrins play roles in axonal guidance and synapse formation. Both are
essential for maintaining overall brain health. The pro-BDNF isoform, which contains two
sequences (a pro-domain and a mature domain) interacts with specific receptors: sortilin
and p75NR for the pro-domain, and TrkB (tropomyosin receptor kinase B) for the mature
domain. The mature domain of BDNF, as the sole component of the m-BDNF isoform, has
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the highest affinity for TrkB, which undergoes homodimerization and autophosphorylation
upon stimulation. The binding of m-BDNF to TrkB promotes anti-apoptotic and pro-
survival effects and modulates NMDA receptor-dependent synaptic plasticity [275].

BDNF also plays a significant role in the development of A3 plaques [276], which are
closely associated with neurodegenerative diseases such as AD and Parkinson’s disease
(PD). The dysregulation of BDNF can contribute to pathological processes of neuronal
damage, promoting the formation of A3 plaques and subsequent neuronal injury [277-282].
BDNF exerts its effect primarily through binding to its high-affinity receptor, TrkB, acti-
vating downstream signaling pathways such as the PI3K/ Akt pathway, the MAPK/ERK
pathway, and the PLCy pathway [275,283-285]. These pathways promote neuronal sur-
vival, growth, and differentiation. Specifically, the PI3K/ Akt pathway inhibits apoptosis
by phosphorylating and inactivating pro-apoptotic proteins. The MAPK/ERK pathway
promotes cell survival and synaptic plasticity by modulating gene expression, while the
PLCy pathway leads to the release of intracellular calcium, essential for various cellular
processes, including synaptic plasticity. The C/EBPf (CCAAT/enhancer-binding protein
(3) transcription factor has been reported to bind to the promoters of both BDNFs, acting as
a transcriptional repressor in PD [282]. This binding inhibits the expression of crucial neu-
rotrophic factors, potentially exacerbating neurodegeneration. Understanding the precise
mechanisms of this repression and its impact on BDNF pathways could reveal new targets
for therapeutic intervention. Research has shown that BDNF not only supports the survival
of existing neurons but also encourages the growth and differentiation of new neurons and
synapses [286]. Understanding the mechanisms by which BDNF influence neuronal health
could provide valuable insights for developing therapeutic strategies for neurodegenerative
diseases. Targeting the molecular pathways regulated by BDNF, as well as modulating the
activity of transcription factors like C/EBPf3, offers promising approaches to mitigate the
progression of neurodegenerative disorder progression. Notably, BDNF is downregulated
in the cortex early in AD progression, with ABO reducing cortical BDNF mRNA expres-
sion [287]. One potential mechanism is via the downregulation of the phosphorylated
cAMP response element-binding (CREB) transcription factor, partly due to interactions
between A3 and PKA [288] (Figure 17). Additionally, levels of TrkB, the BDNF receptor, are
decreased in AD, while truncated TrkB.T1, a dominant negative form affecting both TrkB
and p75, is elevated [289]. Furthermore, A3 induces a calpain-mediated cleavage on TrkB
receptors, decreasing their availability [290]. In contrast, BDNF exhibits neuroprotective
effects against the toxic impact of A} peptide [291]. BDNF also prevents the functional
integrity of neural networks in 3-amyloidopathy models [292]. One suggested mechanism
for BDNF’s protective effect is its ability to shift APP processing towards the o-secretase
pathway, as observed in neuronal cell lines [293].

BDNF affects RhoA in neurons by producing a rapid and transient increase in RhoA
protein levels, along with cofilin phosphorylation and actin polymerization, specifically
in the dendritic spines of CA1 and CA3 regions of adult rat hippocampal slices during
LTP consolidation [294]. Conversely, the pro-BDNF/ p75NTR /sortilin complex triggers
neuronal apoptosis through activations of JNA, RhoA, and NF-«kB [275]. Additionally, the
RhoA-JNK signaling pathway is activated when pro-BDNF binds to the p75N'R receptor,
contributing to post-stroke depression [295]. The Val66Met polymorphic in the pro-domain
region of pro-BDNF induces acute growth cone retraction and reduces hippocampal neuron
density [296]. Furthermore, CREB, induced by BDNF, promotes the transcription of RhoA
inhibitor proteins, including Par6C (Pard6A) and Rnd3 (RhoE), which are essential for
synaptogenesis [297] (Figure 17).
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Figure 17. Regulation of BDNF and its role in RhoA inactivation. (A) When BDNF stimulates CREB
to bind to the promoter of BDNF, BDNF expression is enhanced. In contrast, when the transcription
factor C/EBPf binds to BDNF promoter, it suppresses BDNF expression. (B) BDNF binds to its
receptor, stimulating transcription factor CREB, which induces the expression of Par6C and Rnd3.
These proteins interact with RhoA, leading to its inactivation.

7.8. RhoA and Microtubule

RhoA activity has been reported to regulate microtubule stability. During the epithelial-
mesenchymal transition (EMT) process, RhoA inactivation leads to the destabilization of
basal microtubules [298]. In cultured hippocampal neurons, RhoA activity is selectively
localized in growth cones of undifferentiated neurites. However, in developing neurons,
RhoA activity is low in nascent axons and high in elongating axons. RhoA-ROCK sig-
naling prevents axon initiation, while the actin polymerizing protein formin promotes
axon extension. Moreover, RhoA-mDia signaling enhances axon elongation by stabiliz-
ing and assembling growth cone microtubules, whereas RhoA-ROCK signaling restricts
microtubule assembly and growth cone protrusion [299]. In terms of RhoA’s role in regulat-
ing microtubule dynamics in PC12 cells, recent studies have shown that RhoA signaling
pathway inhibits neurite outgrowth by increasing Glu-tubulin levels and downregulating
the microtubule-severing proteins spastin and p60-ketanin in the dorsal root ganglion
(DRG) and neuronally differentiated PC12 cells [300]. The C-terminal amino acid of most
a-tubulin proteins is tyrosine, which can be cleaved by tubulin carboxypeptidase, exposing
a glutamate residue. This detyrosinated tubulin (Glu-tubulin) is present on stable micro-
tubules, ensuring microtubule stability [301]. Conversely, microtubules regulate RhoA
activity. GEF-H1 (also known as Lfc and ARHGEF2), a RhoA GEF, remains inactive when
bound to polymerized microtubules; however, it becomes active when released from de-
polymerized microtubules, leading to RhoA activation [302,303] (Figure 18). These findings
suggest that microtubules can activate RhoA, potentially interfering with neurite outgrowth
in neurons. Additionally, the primary function of collapsin response mediator protein 2
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(CRMP2) is to promote growth cone advancement by regulating microtubule assembly and
numb-mediated endocytosis. However, the phosphorylation of CRMP2 by ROCK leads
to growth cone collapse, as phosphorylated CRMP2 (p-CRMP2) binds to actin rather than
tubulin. Additionally, ephrin-A5 triggers CRMP2 phosphorylation [304] (Figure 18).
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Figure 18. Relationship between microtubules and RhoA. (A) In its inactive form,
GEH1/Lfc/ARHGEF2 binds to the polymerized microtubules. When microtubules depolymer-
ize, GEF-H1 is released and activated, leading to RhoA activation, which suppresses neuritogenesis.
(B) CRMP2 facilitates microtubule assembly; however, when phosphorylated by RhoA/ROCK,
CRMP2 becomes inactive, promoting microtubule depolymerization.

7.9. Relationship Between AB and RhoA in AD

The RhoA signaling pathway is closely associated with AD [305]. The RhoA/ROCK
signaling pathway is critical for A3 generation and deposition. ROCK2 phosphorylates
APP at the Thr654 residue, a site known to be critical for APP processing to Af3. Although
ROCK2 knockdown reduces Af levels, it has been suggested that this reduction occurs
through a mechanism independent of Thr654 phosphorylation [306]. Notably, ROCK1
activity is elevated in the frontal cortex and hippocampal neurons of both APP/PS1 mice
and AD patients. ROCK1 can phosphorylate APP at Ser655, with increased levels of
p-Ser655 APP observed in the brain of APP/PS1 mice and AD patients compared to
controls. This phosphorylated form, p-Ser655 APP, serves as an improved substrate for
BACEI, an enzyme involved in Af3 production. Consequently, ROCK1 knockdown or
the use of ROCK inhibitor Y27632 reduces amyloid pathology and improves learning and
memory in APP/PS1 mice [307]. ROCK1 protein levels are significantly upregulated in AD.
Additionally, A342 markedly increases levels of phosphorylated LIM kinase (p-LIMK, a
downstream target of ROCK) in cortical primary neurons, even though the overall protein
levels of ROCK1 and ROCK2 remain marginal, suggesting that A342 promotes ROCK
kinase activity. Conversely, the shRNA targeting of ROCK1 and ROCK?2 or heterozygous
ROCKT1 knockout (+/—) mice show reduced A[42 levels via lysosomal degradation. This
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implies that A promotes RhoA /ROCK activity, which in turn enhances A generation,
creating a vicious cycle in AD through positive feedback loops [308].

Ap promotes ROS generation through the activation of the RhoA /ROCK pathway and
p47phox, a cytosolic component of NADPH oxidase [126]. In the microglia, ROCK enhances
the expression of nitric oxide synthase and TNF-«, contributing to neurodegeneration in
response to toxic agents such as methylmercury [309]. Additionally, the Ap-induced
activation of RhoA /ROCK signaling pathway in BV2 cells is associated with microglial
migration, cytotoxicity and inflammatory response. Elevated RhoA expression is observed
in reactive microglia of transgenic APP/PS1 and in mice with stereotactically injected
fibrillar AR [310]. Furthermore, ROCK inhibition in rats has been shown to block toxic
M1-type microglial polarization and neuroinflammation [311]. These findings suggest that
Ap initiates a vicious cycle of neuroinflammation, contributing to neurodegeneration via
the RhoA signaling pathway. In 18-month-old APP Tg2576 mice (Swedish mutation), RhoA
expression decreases in synapses but increases in dystrophic neurites. In AD and Pick’s
disease, RhoA colocalizes with hyperphosphorylated inclusions, likely due to sequestration
by neurofibrillary tangles, whereas the localizations of Racl, Cdc42, and p21-activated
kinase (PAK) remain unchanged [312]. Early studies revealed that RhoA and its effector
protein ROCK regulate AB42 production in vitro. The selective ROCK inhibitor Y27632 has
been shown to reduce A342 levels in a transgenic mouse model of AD. Notably, non-steroid
anti-inflammatory drugs (NSAIDs), including sulindac sulfide, S-ibuprofen, R-ibuprofen,
and indomethacin, decrease both RhoA-GTP and A(342 levels, suggesting that NSAIDs
may inhibit RhoA activity via an unknown mechanism [313].

Synapse and dendritic spine loss induced by AR Os is a key hallmark of the early stages
of AD, correlating with the cognitive decline characteristic of this condition [314]. Af3 re-
duces neurite outgrowth while activating RhoA, inactivating Racl, and phosphorylating
CRMP?2 in the cerebral cortex of APP(Swe) Tg2576 mice. Moreover, Y27632, a Rho kinase
inhibitor, reduces the threonine phosphorylation of CRMP2, suggesting that ROCK may
phosphorylate CRMP2 [315]. Mammalian Ste20-like kinase 3 (Mst3), a serine/threonine ki-
nase, is highly expressed in the developing mouse brain and is essential for radial neuronal
migration, contributing to the lamination of the cerebral cortex. One mechanism involves
CDKS5, a serine/threonine kinase also crucial for neuronal migration, which phosphorylates
Mst3 at Ser79, thereby enhancing its kinase activity. Subsequently, Mst3 phosphorylates
RhoA at Ser26, potentially inactivating RhoA by disrupting its interaction with GEFs. Al-
though the exact mechanism by which inactive RhoA facilitates neuronal migration remains
largely unknown, it is hypothesized that Mst3-induced RhoA inactivation leads to F-actin
depolymerization, ultimately enabling neuron polarization and their exit from the inter-
mediate zone—a critical initial step in radial migration [316]. ROCKSs can phosphorylate
Tau at Thr245, Thr377, and Ser409 residues, with minor phosphorylation at Ser262 residue,
and phosphorylate MAP2 at Ser1796 residue, consequently reducing their affinity for the
cytoskeleton. Additionally, both Tau and MAP2 interact with the myosin-binding subunit
(MBS) of myosin phosphatase. These findings indicate that Tau and MAP2 are possible
substrates of ROCK and myosin phosphatase [183]. Levels of ROCK1 protein levels are
elevated in the mild cognitive impairment (MCI) stages of AD. A342 oligomers strongly
promote the phosphorylation of LIMK1 through enhancing ROCK’s enzyme activity, while
both ROCK1 and ROCK2 stimulate A{340 production. A hypothesis has been proposed
that AP accumulation in MCI AD activates the RhoA /ROCK pathway, which, in turn,
induces further A3 production, creating a long-term, self-sustaining cycle that contributes
to amyloid pathology in AD [308].
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7.10. Rho GTPases in Spine Formation

Extensive research verifies that altering Rho GTPases activity can influence spino-
genesis in developing neurons [317]. Increased activities of Racl and Cdc42 promote and
sustain dendritic spines, while RhoA is involved in the pruning of immature spines [318].
Lfc, also known as Lbc (lymphoid blast crisis)’s first cousin)/GEF-H1/ARHGEF2, a
GEF for RhoA [319], is highly expressed in the brain and interacts with neurabin and
spinophilin [320]. Neurabin and spinophilin are actin-binding proteins that regulate den-
dritic spine formation and morphology [321]. Under basal conditions, Lfc associates with
microtubules, but it translocates to spines in response to neuronal stimulation. The expres-
sion of Lcf significantly decreases spine length and area but increases spine density [320].
Interestingly, mice lacking spinophilin show a marked increase in spine density during
development, and their neurons exhibit enhanced filopodial protrusion [322]. These find-
ings indicate that Lfc, spinophilin, and possibly neuaibin may play roles in retracting
spine formation or suppressing initial spine outgrowth from the dendrites. Conversely,
the expression and localization of the drebrin A isoform, which accumulates in dendritic
spines, support robust dendritic spine formation [323]. Drebrin interacts with Cdc42, a
regulator of dendritic spines, through Cupidin/Homer2 [324] (Figure 19). Lfc is highly
expressed in the embryonic brain, suggesting its importance in brain development [320].
GEF-H1 binding to microtubule reduces its activity, but when released from depolymerized
microtubules, its activity increases, leading to RhoA activation [302]. Additionally, GEF-H1
activity is significantly upregulated by dephosphorylation and translocation to synaptic

membranes and nuclear structures during the early reperfusion after transient cerebral
ischemia [325].
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Figure 19. Regulation of dendritic spine formation by RhoA and Cdc42. (A) The complex of Lfc,
neurabin, and spinophilin activates RhoA, leading to impaired dendritic spine formation. (B) Ap
activates Pyk1 via the prion receptor, and the association of Pyk1 with Grafilc, a RhoGAP, inhibits
Graflc activity, resulting in RhoA activation and the disruption of dendritic spine formation.

Excessive synaptic loss is proposed to be one of the earliest events in AD. The acute
overproduction of either axonal or dendritic Af reduces spine density and plasticity at
nearby dendrites [326]. Soluble A( interacting with the cell membrane promotes RhoA
activation, leading to growth cone collapse and neurite retraction in cultured hippocampal
neurons. Concurrently, AB inhibits histone deacetylase 6 (HDACS6) activity, increasing
levels of acetylated Tau and tubulin, which destabilizes microtubules and disrupts axonal in-
tegrity, as acetylated Tau is mislocalized in dendrites [327]. However, a direct link between
RhoA activation and HDACS6 inactivation was not investigated in this study. A soluble Af3

5NTR

oligomer at nanomolar concentration binds to p7 in dendritic spines, activating the
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RhoA /ROCK signaling pathway and resulting in dendritic spine pathology [314]. ABOs
also activate the intracellular tyrosine kinase Pyk2 in the dendrite spines of hippocampal
neurons through receptors such as prion. Pyk2 recruits Graflc, a RhoA GTPase-activating
protein, and Pyk?2 inhibits Graflc activity, resulting in an active state of RhoA, which
contributes to dendritic spine loss [328] (Figure 19). Interestingly, recently, research has
shown that A3 deposition is linked to brain network hyperexcitability, whereas p-Tau de-
position mainly induces brain network hypoexcitability in transgenic models, as observed
in electrophysiological studies [329].

8. Conclusions

Two characteristic features of AD are amyloid plaques composed of A} and neurofib-
rillary tangles consisting of hyperphosphorylated Tau proteins, which influence each other.
A high concentration of Af is detrimental for neurons and other brain cells, either directly
or through specific receptors. Specifically, Af3 oligomers trigger the microglia to induce
ROS and several factors harmful to brain cells. Tau functions primarily to stabilize the
microtubule, but hyperphosphorylated Tau (p-Tau) dissociates from microtubules and
aggregates, leading to microtubule destabilization and impairments in axons and dendrites.
Ap-activated RhoA is closely associated with axonal retraction and dysfunction. Although
inhibitors targeting ROCK, which is activated by active RhoA, have been developed as
potential AD treatments, they are limited by side effects.

9. Perspectives

ROCK inhibitors have potential therapeutic applications across a wide range of patho-
logical conditions, including asthma, cancer, erectile dysfunction, glaucoma, insulin re-
sistance, kidney failure, neuronal degeneration, and osteoporosis. To date, two ROCK
inhibitors have been approved for clinical use in Japan (fasudil and ripasudil), and one
has been approved in China (fasudil). Fasudil was first approved in 1995 for treating
cerebral vasospasm, and more recently, ripasudil was approved for glaucoma treatment
(in 2014) [330]. Inhibiting ROCK activation with fasudil reduces Tau phosphorylation
and promotes neurite outgrowth in hippocampal neurons following A treatment [331].
Beyond decreasing A3 deposition, Tau phosphorylation, and BACE expression, fasudil also
reduces inflammation markers, including TLR-2/4, p-NF-«B/p65, MyD88, interleukin-1f3,
interleukin-6, and tumor necrosis factor-«, in APP/PS1 mice [332]. Among the various
inhibitors developed to reduce Tau aggregation, thiazovidin is a novel ROCK-targeting
compound that decreases aggregated Tau levels in N2a cells [333]. FSD-C10 inhibits p-Tau
formation, Af3 expression, and (3-secretase activity in the hippocampus and cortex area
of APP/PS] transgenic mice, thereby significantly improving learning and memory im-
pairment in APP/PS1 mice [334]. Many researchers have proposed that both ROCK1 and
ROCK?2 could serve as therapeutic targets to reduce A3 production in AD [308]. In 3D spine
morphometry analyses, Y-27632—a pan-ROCK small molecule inhibitor—significantly in-
creases the mean protrusion intensity while decreasing the mean protrusion width in
dendritic spines. Specifically, Y27632 increases the number of filipodia and thin spines
but does not affect the numbers of stubby and mushroom spines [335]. Elevated levels of
insoluble Tau are associated with increased ROCK1 and ROCK2 protein levels in supranu-
clear palsy (PSP) and corticobasal degeneration (CBD). Both fasudil and, more effectively,
the ROCK2 inhibitor SR3677 reduce p-Tau (Ser202 and Ser396) and insoluble Tau levels.
Additionally, ROCK2 knockdown reduces p70 S6 kinase and phosphorylated mTOR levels,
suggesting that ROCK2 inhibition enhances the autophagy of Tau [336]. The brains of AD
model mice treated with fasudil via peripheral IP injection have shown the reverse gene
expression seen in brains with neurodegenerative diseases such as AD [337].
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The ROCK inhibitor fasudil was primarily developed as a vasodilatory drug and
licensed in Japan in 1995. Researchers have conducted clinical trials of fasudil for cardiovas-
cular disease, such as angina pectoris, Raynaud’s syndrome, pulmonary hypertension, and
arterial hypertension [338]. Fasudil was tested as an early-stage amyotrophic lateral sclero-
sis (ALS) drug in phase Ila [339,340]. In other diseases, such as cancer, AT13148 AGC kinase
inhibitor, which potentially inhibits ROCK and AKT kinases and inhibits proliferative and
metastatic activity in preclinical models, was clinically tried in oral administration [341].
Very recently, a phase I trial of fasudil for oral application was conducted to assess bioavail-
ability, safety, tolerability in healthy participants [342]. However, fasudil’s clinical applica-
tion is limited by its high toxicity and narrow safety margin, restricting its use to short-term
administration. Moreover, due to poor oral bioavailability, fasudil can only be administered
intravenously in clinical settings [343]. Notably, the RhoA-specific inhibitor Rhosin was
found to inhibit GEF-catalyzed RhoA activation without affecting the signaling activities of
Cdc42 or Racl. Moreover, Rhosin promotes neurite outgrowth in PC12 cells synergistically
with NGF [344]. Rhosin also prevents both the hyperexcitability in D1-MSN (dopamine 1
receptor medium spiny neurons) and the reduced excitatory input to D1-MSNs induced
by social defeat stress. Nucleus accumbens-specific RhoA inhibition can counteract the
susceptibility caused by D1-MSN EGR3 (early growth response 3) expression. Additionally,
Rhosin enhances spine density, which correlates with D1-MSN excitability, without affect-
ing overall dendritic branching [345]. The bacterial enzyme C3-ADP ribosyltransferase
(C3) selectively and irreversibly inhibits RhoA by ADP-ribosylation at the Asn41 residue of
RhoA using NAD* as a substrate [346]. C3-ADP ribosyltransferase has shown success in
promoting axon regeneration in the central nervous system [347,348]. However, when C3’s
effect on the regeneration of peripheral nerve injuries was examined in spinal cord nerves,
C3 failed in peripheral nerve regeneration [349].

Although inhibitors targeting the RhoA /ROCK pathway show promise as a strategy
for AD treatment, it is essential to develop AD-specific inhibitors to minimize serious side
effects. For instance, A(3-specific antibody-conjugated drug delivery could be an effective
approach for treating AD. Additionally, inhibitors for kinases of Tau phosphorylation,
including GSK-3(3, CDKS5, p38MAPK, c-Abl, Src, Fyn, DYRK1A, MARK4, SKY, and ROCK,
have been developed. However, no inhibitors have been established to effectively improve
AD [154].
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protein2/3; AJ, adherens junction; ARAP3, Rap-dependent RhoGAP; BACE, (3-site amyloid precursor
protein cleaving enzyme, 3-secretase; BDNF, brain-derived neurotrophic factor; CTF, C-terminal
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tein 3; CREB, cAMP response element-binding; CRMP2, collapsin response mediator protein 2;
C3G, RapGEF1; DPI, diphynyleneiodonium; DYRK1A, dual specificity tyrosine-phosphorylation-
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calcium/calmodulin-dependent protein kinase II; DCC, deleted in colorectal cancer; Eph receptor,
erythropoietin-producing hepatocellular carcinoma receptor; FcR, Fc receptor; FPR2, formyl peptide
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family verprolin-homologous protein.

References

1.  Hampel, H,; Hardy, J.; Blennow, K.; Chen, C.; Perry, G.; Kim, S.H.; Villemagne, V.L.; Aisen, P.; Vendruscolo, M.; Iwatsubo, T.; et al.
The Amyloid- Pathway in Alzheimer’s Disease. Mol. Psychiatry 2021, 26, 5481-5503. [CrossRef]

2. Prince, M; Ali, G.C.; Guerchet, M.; Prina, A.M.; Albanese, E.; Wu, Y.T. Recent global trends in the prevalence and incidence of
dementia, and survival with dementia. Alzheimers Res. Ther. 2016, 8, 23. [CrossRef]

3.  Pradeepkiran, J.A; Baig, ].; Islam, M.A.; Kshirsagar, S.; Reddy, PH. Amyloid-3 and Phosphorylated Tau are the Key Biomarkers
and Predictors of Alzheimer’s Disease. Aging Dis. 2024. [CrossRef]

4. Rahman, M.M,; Lendel, C. Extracellular protein components of amyloid plaques and their roles in Alzheimer’s disease pathology.
Mol. Neurodegener. 2021, 16, 59. [CrossRef] [PubMed]

5. Glenner, G.G.; Wong, C.W. Alzheimer’s disease: Initial report of the purification and characterization of a novel cerebrovascular
amyloid protein. Biochem. Biophys. Res. Commun. 1984, 120, 885-890. [CrossRef] [PubMed]

6. Liu, X;; Che, R; Liang, W.; Zhang, Y.; Wu, L.; Han, C.; Lu, H,; Song, W.; Wu, Y.; Wang, Z. Clusterin transduces Alzheimer-risk
signals to amyloidogenesis. Signal Transduct. Target. Ther. 2022, 7, 325. [CrossRef]

7. Macht, D.I. Contribution to the Chemicopharmaco-Dynamic Relationship of Atropin and Homatropin. Trans. Am. Ophthalmol.
Soc. 1922, 20, 87-90. [PubMed]

8.  Sun, B.L; Chen, Y,; Fan, D.Y,; Zhu, C.; Zeng, F; Wang, Y.J. Critical thinking on amyloid-3-targeted therapy: Challenges and
perspectives. Sci. China Life Sci. 2021, 64, 926-937. [CrossRef] [PubMed]

9. Lemere, C.A.; Masliah, E. Can Alzheimer disease be prevented by amyloid-f immunotherapy? Nat. Rev. Neurol. 2010, 6, 108-119.
[CrossRef] [PubMed]

10. Zhang, Y.; Chen, H,; Li, R.; Sterling, K.; Song, W. Amyloid 3-based therapy for Alzheimer’s disease: Challenges, successes and

future. Signal Transduct. Target. Ther. 2023, 8, 248. [CrossRef]


https://doi.org/10.1038/s41380-021-01249-0
https://doi.org/10.1186/s13195-016-0188-8
https://doi.org/10.14336/AD.2024.0286
https://doi.org/10.1186/s13024-021-00465-0
https://www.ncbi.nlm.nih.gov/pubmed/34454574
https://doi.org/10.1016/S0006-291X(84)80190-4
https://www.ncbi.nlm.nih.gov/pubmed/6375662
https://doi.org/10.1038/s41392-022-01157-x
https://www.ncbi.nlm.nih.gov/pubmed/16692613
https://doi.org/10.1007/s11427-020-1810-y
https://www.ncbi.nlm.nih.gov/pubmed/33106917
https://doi.org/10.1038/nrneurol.2009.219
https://www.ncbi.nlm.nih.gov/pubmed/20140000
https://doi.org/10.1038/s41392-023-01484-7

Cells 2025, 14, 89 32 of 46

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Deng, Y.; Wang, Z.; Wang, R.; Zhang, X.; Zhang, S.; Wu, Y.; Staufenbiel, M.; Cai, F; Song, W. Amyloid-f3 protein (Af) Glull is the
major (3-secretase site of 3-site amyloid-3 precursor protein-cleaving enzyme 1(BACEL1), and shifting the cleavage site to A3
Aspl contributes to Alzheimer pathogenesis. Eur. |. Neurosci. 2013, 37, 1962-1969. [CrossRef]

Zhang, S.; Wang, Z.; Cai, F,; Zhang, M.; Wu, Y,; Zhang, J.; Song, W. BACE1 Cleavage Site Selection Critical for Amyloidogenesis
and Alzheimer’s Pathogenesis. J. Neurosci. 2017, 37, 6915-6925. [CrossRef] [PubMed]

De Strooper, B.; Annaert, W.; Cupers, P.; Saftig, P.; Craessaerts, K.; Mumm, J.S.; Schroeter, E.H.; Schrijvers, V.; Wolfe, M.S.;
Ray, W.].; et al. A presenilin-1-dependent y-secretase-like protease mediates release of Notch intracellular domain. Nature 1999,
398, 518-522. [CrossRef]

De Strooper, B.; Saftig, P.; Craessaerts, K.; Vanderstichele, H.; Guhde, G.; Annaert, W.; Von Figura, K.; Van Leuven, F. Deficiency
of presenilin-1 inhibits the normal cleavage of amyloid precursor protein. Nature 1998, 391, 387-390. [CrossRef]

Song, W.; Nadeau, P; Yuan, M.; Yang, X.; Shen, J.; Yankner, B.A. Proteolytic release and nuclear translocation of Notch-1 are
induced by presenilin-1 and impaired by pathogenic presenilin-1 mutations. Proc. Natl. Acad. Sci. USA 1999, 96, 6959-6963.
[CrossRef] [PubMed]

Li, YM,; Lai, M.T,; Xu, M.; Huang, Q.; DiMuzio-Mower, J.; Sardana, M.K.; Shi, X.P; Yin, K.C.; Shafer, ].A.; Gardell, S.]J. Presenilin 1
is linked with y-secretase activity in the detergent solubilized state. Proc. Natl. Acad. Sci. USA 2000, 97, 6138-6143. [CrossRef]
[PubMed]

Acevedo, K.M.; Opazo, C.M.; Norrish, D.; Challis, L.M.; Li, Q.X.; White, A.R.; Bush, A.I; Camakaris, J. Phosphorylation of
amyloid precursor protein at threonine 668 is essential for its copper-responsive trafficking in SH-SY5Y neuroblastoma cells. J.
Biol. Chem. 2014, 289, 11007-11019. [CrossRef] [PubMed]

Oliveira, J.; Costa, M.; de Almeida, M.S.C.; da Cruz, E.S.O.A B.; Henriques, A.G. Protein Phosphorylation is a Key Mechanism in
Alzheimer’s Disease. |. Alzheimer’s Dis. 2017, 58, 953-978. [CrossRef]

Lee, M.S.; Kao, S.C.; Lemere, C.A.; Xia, W.; Tseng, H.C.; Zhou, Y.; Neve, R.; Ahlijjanian, M.K,; Tsai, L.H. APP processing is
regulated by cytoplasmic phosphorylation. J. Cell Biol. 2003, 163, 83-95. [CrossRef]

Rebelo, S.; Domingues, S.C.; Santos, M.; Fardilha, M.; Esteves, S.L.; Vieira, S.I.; Vintem, A.P; Wu, W.; da Cruz, ES.E.F;
da Cruz, E.S.O.A. Identification of a novel complex ABPP:Fe65:PP1 that regulates ABPP Thr668 phosphorylation levels. ].
Alzheimer’s Dis. 2013, 35, 761-775. [CrossRef] [PubMed]

Rebelo, S.; Vieira, S.I.; Esselmann, H.; Wiltfang, J.; da Cruz e Silva, E.F,; da Cruz e Silva, O.A. Tyrosine 687 phosphorylated
Alzheimer’s amyloid precursor protein is retained intracellularly and exhibits a decreased turnover rate. Neurodegener. Dis. 2007,
4,78-87. [CrossRef] [PubMed]

Noble, W.; Hanger, D.P; Miller, C.C.; Lovestone, S. The importance of tau phosphorylation for neurodegenerative diseases. Front.
Neurol. 2013, 4, 83. [CrossRef]

Kourti, M.; Metaxas, A. A systematic review and meta-analysis of tau phosphorylation in mouse models of familial Alzheimer’s
disease. Neurobiol. Dis. 2024, 192, 106427. [CrossRef] [PubMed]

Takashima, A.; Honda, T.; Yasutake, K.; Michel, G.; Murayama, O.; Murayama, M.; Ishiguro, K.; Yamaguchi, H. Activation of tau
protein kinase I/glycogen synthase kinase-33 by amyloid 3 peptide (25-35) enhances phosphorylation of tau in hippocampal
neurons. Neurosci. Res. 1998, 31, 317-323. [CrossRef]

Takashima, A.; Noguchi, K.; Michel, G.; Mercken, M.; Hoshi, M.; Ishiguro, K.; Imahori, K. Exposure of rat hippocampal neurons
to amyloid B peptide (25-35) induces the inactivation of phosphatidyl inositol-3 kinase and the activation of tau protein kinase
I/glycogen synthase kinase-3 (3. Neurosci. Lett. 1996, 203, 33-36. [CrossRef]

Town, T.; Zolton, ].; Shaffner, R.; Schnell, B.; Crescentini, R.; Wu, Y.; Zeng, J.; DelleDonne, A.; Obregon, D.; Tan, J.; et al. p35/Cdk5
pathway mediates soluble amyloid-f3 peptide-induced tau phosphorylation in vitro. J. Neurosci. Res. 2002, 69, 362-372. [CrossRef]
[PubMed]

Roberson, E.D.; Scearce-Levie, K.; Palop, ].J.; Yan, F; Cheng, LH.; Wu, T.; Gerstein, H.; Yu, G.Q.; Mucke, L. Reducing endogenous
tau ameliorates amyloid -induced deficits in an Alzheimer’s disease mouse model. Science 2007, 316, 750-754. [CrossRef]
Leroy, K.; Ando, K,; Laporte, V.; Dedecker, R; Suain, V.; Authelet, M.; Heraud, C.; Pierrot, N.; Yilmaz, Z.; Octave, ].N.; et al. Lack
of tau proteins rescues neuronal cell death and decreases amyloidogenic processing of APP in APP/PS1 mice. Am. |. Pathol. 2012,
181, 1928-1940. [CrossRef] [PubMed]

Bloom, G.S. Amyloid-f and tau: The trigger and bullet in Alzheimer disease pathogenesis. JAMA Neurol. 2014, 71, 505-508.
[CrossRef] [PubMed]

Kim, J.G; Islam, R.; Cho, ].Y; Jeong, H.; Cap, K.C.; Park, Y.; Hossain, A.J.; Park, ].B. Regulation of RhoA GTPase and various
transcription factors in the RhoA pathway. J. Cell Physiol. 2018, 233, 6381-6392. [CrossRef] [PubMed]

Schmidt, S.I.; Blaabjerg, M.; Freude, K.; Meyer, M. RhoA Signaling in Neurodegenerative Diseases. Cells 2022, 11, 1520. [CrossRef]
[PubMed]

Moon, S.Y.; Zheng, Y. Rho GTPase-activating proteins in cell regulation. Trends Cell Biol. 2003, 13, 13-22. [CrossRef] [PubMed]


https://doi.org/10.1111/ejn.12235
https://doi.org/10.1523/JNEUROSCI.0340-17.2017
https://www.ncbi.nlm.nih.gov/pubmed/28626014
https://doi.org/10.1038/19083
https://doi.org/10.1038/34910
https://doi.org/10.1073/pnas.96.12.6959
https://www.ncbi.nlm.nih.gov/pubmed/10359821
https://doi.org/10.1073/pnas.110126897
https://www.ncbi.nlm.nih.gov/pubmed/10801983
https://doi.org/10.1074/jbc.M113.538710
https://www.ncbi.nlm.nih.gov/pubmed/24610780
https://doi.org/10.3233/JAD-170176
https://doi.org/10.1083/jcb.200301115
https://doi.org/10.3233/JAD-130095
https://www.ncbi.nlm.nih.gov/pubmed/23531501
https://doi.org/10.1159/000101831
https://www.ncbi.nlm.nih.gov/pubmed/17596701
https://doi.org/10.3389/fneur.2013.00083
https://doi.org/10.1016/j.nbd.2024.106427
https://www.ncbi.nlm.nih.gov/pubmed/38307366
https://doi.org/10.1016/S0168-0102(98)00061-3
https://doi.org/10.1016/0304-3940(95)12257-5
https://doi.org/10.1002/jnr.10299
https://www.ncbi.nlm.nih.gov/pubmed/12125077
https://doi.org/10.1126/science.1141736
https://doi.org/10.1016/j.ajpath.2012.08.012
https://www.ncbi.nlm.nih.gov/pubmed/23026200
https://doi.org/10.1001/jamaneurol.2013.5847
https://www.ncbi.nlm.nih.gov/pubmed/24493463
https://doi.org/10.1002/jcp.26487
https://www.ncbi.nlm.nih.gov/pubmed/29377108
https://doi.org/10.3390/cells11091520
https://www.ncbi.nlm.nih.gov/pubmed/35563826
https://doi.org/10.1016/S0962-8924(02)00004-1
https://www.ncbi.nlm.nih.gov/pubmed/12480336

Cells 2025, 14, 89 33 of 46

33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bos, ].L.; Rehmann, H.; Wittinghofer, A. GEFs and GAPs: Critical elements in the control of small G proteins. Cell 2007, 129,
865-877. [CrossRef]

Buchsbaum, R.J. Rho activation at a glance. J. Cell Sci. 2007, 120, 1149-1152. [CrossRef] [PubMed]

Kim, H.J.; Kim, J.G.; Moon, M.Y.; Park, S.H.; Park, J.B. IkB kinase y/nuclear factor-kB-essential modulator (IKKy/NEMO)
facilitates RhoA GTPase activation, which, in turn, activates Rho-associated KINASE (ROCK) to phosphorylate IKK{ in response
to transforming growth factor (TGF)-31. J. Biol. Chem. 2014, 289, 1429-1440. [CrossRef]

Bishop, A.L.; Hall, A. Rho GTPases and their effector proteins. Biochem. ]. 2000, 348 Pt 2, 241-255. [CrossRef]

Muller, U.; Cristina, N.; Li, Z.W.; Wolfer, D.P.; Lipp, H.P.; Rulicke, T.; Brandner, S.; Aguzzi, A.; Weissmann, C. Behavioral and
anatomical deficits in mice homozygous for a modified 3-amyloid precursor protein gene. Cell 1994, 79, 755-765. [CrossRef]
[PubMed]

Zheng, H.; Jiang, M.; Trumbauer, M.E ; Sirinathsinghji, D.]J.; Hopkins, R.; Smith, D.W.; Heavens, R.P.; Dawson, G.R.; Boyce, S.;
Conner, M.W.; et al. 3-Amyloid precursor protein-deficient mice show reactive gliosis and decreased locomotor activity. Cell 1995,
81, 525-531. [CrossRef] [PubMed]

Dawson, G.R.; Seabrook, G.R.; Zheng, H.; Smith, D.W.; Graham, S.; O'Dowd, G.; Bowery, B.J.; Boyce, S.; Trumbauer, M.E,;
Chen, H.Y;; et al. Age-related cognitive deficits, impaired long-term potentiation and reduction in synaptic marker density in
mice lacking the 3-amyloid precursor protein. Neuroscience 1999, 90, 1-13. [CrossRef]

Senechal, Y.; Kelly, P.H.; Dev, K.K. Amyloid precursor protein knockout mice show age-dependent deficits in passive avoidance
learning. Behav. Brain Res. 2008, 186, 126-132. [CrossRef]

Ayton, S.; Bush, A.I. f-amyloid: The known unknowns. Ageing Res. Rev. 2021, 65, 101212. [CrossRef] [PubMed]

Fogel, H.; Frere, S.; Segev, O.; Bharill, S.; Shapira, I.; Gazit, N.; O'Malley, T.; Slomowitz, E.; Berdichevsky, Y.; Walsh, D.M.; et al.
APP homodimers transduce an amyloid-f3-mediated increase in release probability at excitatory synapses. Cell Rep. 2014, 7,
1560-1576. [CrossRef] [PubMed]

Palmeri, A.; Ricciarelli, R.; Gulisano, W.; Rivera, D.; Rebosio, C.; Calcagno, E.; Tropea, M.R.; Conti, S.; Das, U.; Roy, S.; et al.
Amyloid- Peptide Is Needed for cGMP-Induced Long-Term Potentiation and Memory. J. Neurosci. 2017, 37, 6926—6937.
[CrossRef] [PubMed]

Moir, R.D.; Lathe, R.; Tanzi, R.E. The antimicrobial protection hypothesis of Alzheimer’s disease. Alzheimers Dement. 2018, 14,
1602-1614. [CrossRef]

Kumar, D.K.; Choi, S.H.; Washicosky, K.J.; Eimer, W.A.; Tucker, S.; Ghofrani, J.; Lefkowitz, A.; McColl, G.; Goldstein, L.E.;
Tanzi, R.E.; et al. Amyloid-f peptide protects against microbial infection in mouse and worm models of Alzheimer’s disease. Sci.
Transl. Med. 2016, 8, 340ra72. [CrossRef]

Fernandez-Perez, E.J.; Peters, C.; Aguayo, L.G. Membrane Damage Induced by Amyloid B and a Potential Link with Neuroin-
flammation. Curr. Pharm. Des. 2016, 22, 1295-1304. [CrossRef] [PubMed]

Gloire, G.; Legrand-Poels, S.; Piette, ]. NF-«B activation by reactive oxygen species: Fifteen years later. Biochem. Pharmacol. 2006,
72,1493-1505. [CrossRef] [PubMed]

Huang, X.; Cuajungco, M.P,; Atwood, C.S.; Hartshorn, M.A.; Tyndall, J.D.; Hanson, G.R.; Stokes, K.C.; Leopold, M.; Multhaup, G.;
Goldstein, L.E.; et al. Cu(Il) potentiation of alzheimer af neurotoxicity. Correlation with cell-free hydrogen peroxide production
and metal reduction. J. Biol. Chem. 1999, 274, 37111-37116. [CrossRef]

Cuajungco, M.P; Goldstein, L.E.; Nunomura, A.; Smith, M.A,; Lim, ].T.; Atwood, C.S.; Huang, X.; Farrag, YW.; Perry, G.; Bush,
AL Evidence that the 3-amyloid plaques of Alzheimer’s disease represent the redox-silencing and entombment of af by zinc. J.
Biol. Chem. 2000, 275, 19439-19442. [CrossRef] [PubMed]

Suzuki, K.; Miura, T.; Takeuchi, H. Inhibitory effect of copper(Il) on zinc(Il)-induced aggregation of amyloid -peptide. Biochem.
Biophys. Res. Commun. 2001, 285, 991-996. [CrossRef]

Furman, R.; Murray, I.V,; Schall, H.E.; Liu, Q.; Ghiwot, Y.; Axelsen, P.H. Amyloid Plaque-Associated Oxidative Degradation of
Uniformly Radiolabeled Arachidonic Acid. ACS Chem. Neurosci. 2016, 7, 367-377. [CrossRef] [PubMed]

Shinohara, M.; Tachibana, M.; Kanekiyo, T.; Bu, G. Role of LRP1 in the pathogenesis of Alzheimer’s disease: Evidence from
clinical and preclinical studies. J. Lipid Res. 2017, 58, 1267-1281. [CrossRef] [PubMed]

Kitazawa, M.; Hsu, H.W.; Medeiros, R. Copper Exposure Perturbs Brain Inflammatory Responses and Impairs Clearance of
Amyloid-f3. Toxicol. Sci. 2016, 152, 194-204. [CrossRef]

Jarosz-Griffiths, H.H.; Noble, E.; Rushworth, ]J.V.; Hooper, N.M. Amyloid- Receptors: The Good, the Bad, and the Prion Protein.
J. Biol. Chem. 2016, 291, 3174-3183. [CrossRef] [PubMed]

Lauren, J.; Gimbel, D.A.; Nygaard, H.B.; Gilbert, ] W.; Strittmatter, S.M. Cellular prion protein mediates impairment of synaptic
plasticity by amyloid-f3 oligomers. Nature 2009, 457, 1128-1132. [CrossRef] [PubMed]

Gimbel, D.A.; Nygaard, H.B.; Coffey, E.E.; Gunther, E.C.; Lauren, J.; Gimbel, Z.A; Strittmatter, S.M. Memory impairment in
transgenic Alzheimer mice requires cellular prion protein. J. Neurosci. 2010, 30, 6367—-6374. [CrossRef]


https://doi.org/10.1016/j.cell.2007.05.018
https://doi.org/10.1242/jcs.03428
https://www.ncbi.nlm.nih.gov/pubmed/17376960
https://doi.org/10.1074/jbc.M113.520130
https://doi.org/10.1042/bj3480241
https://doi.org/10.1016/0092-8674(94)90066-3
https://www.ncbi.nlm.nih.gov/pubmed/8001115
https://doi.org/10.1016/0092-8674(95)90073-X
https://www.ncbi.nlm.nih.gov/pubmed/7758106
https://doi.org/10.1016/S0306-4522(98)00410-2
https://doi.org/10.1016/j.bbr.2007.08.003
https://doi.org/10.1016/j.arr.2020.101212
https://www.ncbi.nlm.nih.gov/pubmed/33188924
https://doi.org/10.1016/j.celrep.2014.04.024
https://www.ncbi.nlm.nih.gov/pubmed/24835997
https://doi.org/10.1523/JNEUROSCI.3607-16.2017
https://www.ncbi.nlm.nih.gov/pubmed/28626017
https://doi.org/10.1016/j.jalz.2018.06.3040
https://doi.org/10.1126/scitranslmed.aaf1059
https://doi.org/10.2174/138161282210160304111702
https://www.ncbi.nlm.nih.gov/pubmed/26972288
https://doi.org/10.1016/j.bcp.2006.04.011
https://www.ncbi.nlm.nih.gov/pubmed/16723122
https://doi.org/10.1074/jbc.274.52.37111
https://doi.org/10.1074/jbc.C000165200
https://www.ncbi.nlm.nih.gov/pubmed/10801774
https://doi.org/10.1006/bbrc.2001.5263
https://doi.org/10.1021/acschemneuro.5b00316
https://www.ncbi.nlm.nih.gov/pubmed/26800372
https://doi.org/10.1194/jlr.R075796
https://www.ncbi.nlm.nih.gov/pubmed/28381441
https://doi.org/10.1093/toxsci/kfw081
https://doi.org/10.1074/jbc.R115.702704
https://www.ncbi.nlm.nih.gov/pubmed/26719327
https://doi.org/10.1038/nature07761
https://www.ncbi.nlm.nih.gov/pubmed/19242475
https://doi.org/10.1523/JNEUROSCI.0395-10.2010

Cells 2025, 14, 89 34 of 46

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Amin, L.; Harris, D.A. A receptors specifically recognize molecular features displayed by fibril ends and neurotoxic oligomers.
Nat. Commun. 2021, 12, 3451. [CrossRef]

Um, ].W,; Nygaard, H.B.; Heiss, ].K.; Kostylev, M.A.; Stagi, M.; Vortmeyer, A.; Wisniewski, T.; Gunther, E.C.; Strittmatter, S.M.
Alzheimer amyloid-f oligomer bound to postsynaptic prion protein activates Fyn to impair neurons. Nat. Neurosci. 2012, 15,
1227-1235. [CrossRef]

Larson, M.; Sherman, M.A.; Amar, F.; Nuvolone, M.; Schneider, J.A.; Bennett, D.A.; Aguzzi, A.; Lesne, S.E. The complex PrP(c)-Fyn
couples human oligomeric A3 with pathological tau changes in Alzheimer’s disease. ]. Neurosci. 2012, 32, 16857-16871. [CrossRef]
Briner, A.; Gotz, J.; Polanco, J.C. Fyn Kinase Controls Tau Aggregation In Vivo. Cell Rep. 2020, 32, 108045. [CrossRef]

Lesort, M.; Jope, R.S.; Johnson, G.V. Insulin transiently increases tau phosphorylation: Involvement of glycogen synthase
kinase-3f3 and Fyn tyrosine kinase. . Neurochem. 1999, 72, 576-584. [CrossRef] [PubMed]

Jain, A.K; Jaiswal, A.K. GSK-3f3 acts upstream of Fyn kinase in regulation of nuclear export and degradation of NF-E2 related
factor 2. J. Biol. Chem. 2007, 282, 16502-16510. [CrossRef]

Davies, D.A.; Adlimoghaddam, A.; Albensi, B.C. Role of Nrf2 in Synaptic Plasticity and Memory in Alzheimer’s Disease. Cells
2021, 10, 1884. [CrossRef]

Sasaki, Y.; Cheng, C.; Uchida, Y.; Nakajima, O.; Ohshima, T; Yagi, T.; Taniguchi, M.; Nakayama, T.; Kishida, R.; Kudo, Y.; et al. Fyn
and Cdk5 mediate semaphorin-3A signaling, which is involved in regulation of dendrite orientation in cerebral cortex. Neuron
2002, 35, 907-920. [CrossRef]

Panicker, N.; Saminathan, H.; Jin, H.; Neal, M.; Harischandra, D.S.; Gordon, R.; Kanthasamy, K.; Lawana, V.; Sarkar, S.;
Luo, J.; et al. Fyn Kinase Regulates Microglial Neuroinflammatory Responses in Cell Culture and Animal Models of Parkinson’s
Disease. J. Neurosci. 2015, 35, 10058-10077. [CrossRef]

Vyklicky, V.; Korinek, M.; Smejkalova, T.; Balik, A.; Krausova, B.; Kaniakova, M.; Lichnerova, K.; Cerny, J.; Krusek, J.;
Dittert, I.; et al. Structure, function, and pharmacology of NMDA receptor channels. Physiol. Res. 2014, 63, 5191-5203. [CrossRef]
[PubMed]

Liu, J.; Chang, L.; Song, Y.; Li, H.; Wu, Y. The Role of NMDA Receptors in Alzheimer’s Disease. Front. Neurosci. 2019, 13, 43.
[CrossRef] [PubMed]

Renner, M.; Lacor, PN.; Velasco, PT.; Xu, ]J.; Contractor, A.; Klein, W.L.; Triller, A. Deleterious effects of amyloid 3 oligomers
acting as an extracellular scaffold for mGIuR5. Neuron 2010, 66, 739-754. [CrossRef] [PubMed]

Texido, L.; Martin-Satue, M.; Alberdi, E.; Solsona, C.; Matute, C. Amyloid 3 peptide oligomers directly activate NMDA receptors.
Cell Calcium 2011, 49, 184-190. [CrossRef]

Snyder, EM.; Nong, Y.; Almeida, C.G.; Paul, S.; Moran, T.; Choi, E.Y.; Nairn, A.C.; Salter, M.W.; Lombroso, P.J.; Gouras, G.K.; et al.
Regulation of NMDA receptor trafficking by amyloid-f. Nat. Neurosci. 2005, 8, 1051-1058. [CrossRef]

Kurup, P; Zhang, Y.; Xu, J.; Venkitaramani, D.V.; Haroutunian, V.; Greengard, P; Nairn, A.C.; Lombroso, PJ. AB-mediated NMDA
receptor endocytosis in Alzheimer’s disease involves ubiquitination of the tyrosine phosphatase STEP61. ]. Neurosci. 2010, 30,
5948-5957. [CrossRef] [PubMed]

Khan, G.M,; Tong, M.; Jhun, M.; Arora, K.; Nichols, R.A. 3-Amyloid activates presynaptic &7 nicotinic acetylcholine receptors
reconstituted into a model nerve cell system: Involvement of lipid rafts. Eur. J. Neurosci. 2010, 31, 788-796. [CrossRef]
Dougherty, ].J.; Wu, J.; Nichols, R.A. 3-amyloid regulation of presynaptic nicotinic receptors in rat hippocampus and neocortex. J.
Neurosci. 2003, 23, 6740-6747. [CrossRef]

Mehta, T.K.; Dougherty, J.J.; Wu, J.; Choi, C.H.; Khan, G.M.; Nichols, R.A. Defining pre-synaptic nicotinic receptors regulated by
beta amyloid in mouse cortex and hippocampus with receptor null mutants. J. Neurochem. 2009, 109, 1452-1458. [CrossRef]
Liu, Q.; Kawai, H.; Berg, D.K. 3-Amyloid peptide blocks the response of «7-containing nicotinic receptors on hippocampal
neurons. Proc. Natl. Acad. Sci. USA 2001, 98, 4734-4739. [CrossRef]

Pettit, D.L.; Shao, Z.; Yakel, ].L. f-Amyloid(1-42) peptide directly modulates nicotinic receptors in the rat hippocampal slice. J.
Neurosci. 2001, 21, RC120. [CrossRef] [PubMed]

Lee, D.H.; Wang, H.Y. Differential physiologic responses of «7 nicotinic acetylcholine receptors to 3-amyloid1-40 and f-amyloid1-
42. ]. Neurobiol. 2003, 55, 25-30. [CrossRef] [PubMed]

Wang, H.Y.; Stucky, A.; Liu, J.; Shen, C.; Trocme-Thibierge, C.; Morain, P. Dissociating 3-amyloid from «7 nicotinic acetylcholine
receptor by a novel therapeutic agent, S 24795, normalizes « 7 nicotinic acetylcholine and NMDA receptor function in Alzheimer’s
disease brain. J. Neurosci. 2009, 29, 10961-10973. [CrossRef] [PubMed]

Shibata, M.; Yamada, S.; Kumar, S.R.; Calero, M.; Bading, J.; Frangione, B.; Holtzman, D.M.; Miller, C.A,; Strickland, D.K,;
Ghiso, J.; et al. Clearance of Alzheimer’s amyloid-ss(1-40) peptide from brain by LDL receptor-related protein-1 at the blood-
brain barrier. J. Clin. Investig. 2000, 106, 1489-1499. [CrossRef] [PubMed]

Sagare, A.; Deane, R.; Bell, R.D.; Johnson, B.; Hamm, K.; Pendu, R.; Marky, A.; Lenting, PJ.; Wu, Z.; Zarcone, T.; et al. Clearance of
amyloid-p by circulating lipoprotein receptors. Nat. Med. 2007, 13, 1029-1031. [CrossRef] [PubMed]


https://doi.org/10.1038/s41467-021-23507-z
https://doi.org/10.1038/nn.3178
https://doi.org/10.1523/JNEUROSCI.1858-12.2012
https://doi.org/10.1016/j.celrep.2020.108045
https://doi.org/10.1046/j.1471-4159.1999.0720576.x
https://www.ncbi.nlm.nih.gov/pubmed/9930729
https://doi.org/10.1074/jbc.M611336200
https://doi.org/10.3390/cells10081884
https://doi.org/10.1016/S0896-6273(02)00857-7
https://doi.org/10.1523/JNEUROSCI.0302-15.2015
https://doi.org/10.33549/physiolres.932678
https://www.ncbi.nlm.nih.gov/pubmed/24564659
https://doi.org/10.3389/fnins.2019.00043
https://www.ncbi.nlm.nih.gov/pubmed/30800052
https://doi.org/10.1016/j.neuron.2010.04.029
https://www.ncbi.nlm.nih.gov/pubmed/20547131
https://doi.org/10.1016/j.ceca.2011.02.001
https://doi.org/10.1038/nn1503
https://doi.org/10.1523/JNEUROSCI.0157-10.2010
https://www.ncbi.nlm.nih.gov/pubmed/20699650
https://doi.org/10.1111/j.1460-9568.2010.07116.x
https://doi.org/10.1523/JNEUROSCI.23-17-06740.2003
https://doi.org/10.1111/j.1471-4159.2009.06070.x
https://doi.org/10.1073/pnas.081553598
https://doi.org/10.1523/JNEUROSCI.21-01-j0003.2001
https://www.ncbi.nlm.nih.gov/pubmed/11150356
https://doi.org/10.1002/neu.10203
https://www.ncbi.nlm.nih.gov/pubmed/12605456
https://doi.org/10.1523/JNEUROSCI.6088-08.2009
https://www.ncbi.nlm.nih.gov/pubmed/19726654
https://doi.org/10.1172/JCI10498
https://www.ncbi.nlm.nih.gov/pubmed/11120756
https://doi.org/10.1038/nm1635
https://www.ncbi.nlm.nih.gov/pubmed/17694066

Cells 2025, 14, 89 35 of 46

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Deane, R.; Du Yan, S.; Submamaryan, R.K.; LaRue, B.; Jovanovic, S.; Hogg, E.; Welch, D.; Manness, L.; Lin, C.; Yu, J.; et al. RAGE
mediates amyloid-f3 peptide transport across the blood-brain barrier and accumulation in brain. Nat. Med. 2003, 9, 907-913.
[CrossRef]

Takuma, K; Fang, F; Zhang, W.; Yan, S.; Fukuzaki, E.; Du, H.; Sosunov, A.; McKhann, G.; Funatsu, Y.; Nakamichi, N.; et al.
RAGE-mediated signaling contributes to intraneuronal transport of amyloid-f and neuronal dysfunction. Proc. Natl. Acad. Sci.
USA 2009, 106, 20021-20026. [CrossRef] [PubMed]

Huang, Y.; Mahley, R.W. Apolipoprotein E: Structure and function in lipid metabolism, neurobiology, and Alzheimer’s diseases.
Neurobiol. Dis. 2014, 72 Pt A, 3-12. [CrossRef]

Minter, M.R.; Taylor, J.M.; Crack, PJ. The contribution of neuroinflammation to amyloid toxicity in Alzheimer’s disease. ].
Neurochem. 2016, 136, 457-474. [CrossRef] [PubMed]

Doens, D.; Fernandez, P.L. Microglia receptors and their implications in the response to amyloid 3 for Alzheimer’s disease
pathogenesis. |. Neuroinflammation 2014, 11, 48. [CrossRef] [PubMed]

Yu, Y.; Ye, R.D. Microglial A receptors in Alzheimer’s disease. Cell Mol. Neurobiol. 2015, 35, 71-83. [CrossRef]

Ulland, TK.; Colonna, M. TREM2—A key player in microglial biology and Alzheimer disease. Nat. Rev. Neurol. 2018, 14, 667-675.
[CrossRef] [PubMed]

Strohmeyer, R.; Ramirez, M.; Cole, G.J.; Mueller, K.; Rogers, J. Association of factor H of the alternative pathway of complement
with agrin and complement receptor 3 in the Alzheimer’s disease brain. J. Neuroimmunol. 2002, 131, 135-146. [CrossRef] [PubMed]
Maier, M.; Peng, Y.; Jiang, L.; Seabrook, T.J.; Carroll, M.C.; Lemere, C.A. Complement C3 deficiency leads to accelerated amyloid
B plaque deposition and neurodegeneration and modulation of the microglia/macrophage phenotype in amyloid precursor
protein transgenic mice. J. Neurosci. 2008, 28, 6333-6341. [CrossRef] [PubMed]

Choucair-Jaafar, N.; Laporte, V.; Levy, R.; Poindron, P; Lombard, Y.; Gies, ].P. Complement receptor 3 (CD11b/CD18) is implicated
in the elimination of 3-amyloid peptides. Fundam. Clin. Pharmacol. 2011, 25, 115-122. [CrossRef] [PubMed]

Fu, H,; Liu, B,; Frost, ].L.; Hong, S.; Jin, M.; Ostaszewski, B.; Shankar, G.M.; Costantino, I.M.; Carroll, M.C.; Mayadas, T.N.; et al.
Complement component C3 and complement receptor type 3 contribute to the phagocytosis and clearance of fibrillar Ap by
microglia. Glia 2012, 60, 993-1003. [CrossRef] [PubMed]

Park, J.B. Phagocytosis induces superoxide formation and apoptosis in macrophages. Exp. Mol. Med. 2003, 35, 325-335. [CrossRef]
Bard, F.; Cannon, C.; Barbour, R.; Burke, R.L.; Games, D.; Grajeda, H.; Guido, T.; Hu, K.; Huang, ].; Johnson-Wood, K; et al.
Peripherally administered antibodies against amyloid 3-peptide enter the central nervous system and reduce pathology in a
mouse model of Alzheimer disease. Nat. Med. 2000, 6, 916-919. [CrossRef] [PubMed]

Wilcock, D.M.; DiCarlo, G.; Henderson, D.; Jackson, J.; Clarke, K.; Ugen, K.E.; Gordon, M.N.; Morgan, D. Intracranially
administered anti-A 3 antibodies reduce 3-amyloid deposition by mechanisms both independent of and associated with microglial
activation. J. Neurosci. 2003, 23, 3745-3751. [CrossRef] [PubMed]

van Dyck, C.H.; Swanson, C.J.; Aisen, P.; Bateman, R.J.; Chen, C.; Gee, M.; Kanekiyo, M.; Li, D.; Reyderman, L.; Cohen, S.; et al.
Lecanemab in Early Alzheimer’s Disease. N. Engl. |. Med. 2023, 388, 9-21. [CrossRef] [PubMed]

Waite, L.M. New and emerging drug therapies for Alzheimer disease. Aust. Prescr. 2024, 47, 75-79. [CrossRef]

Busch, L.; Al Taleb, Z.; Tsai, Y.L.; Nguyen, V.T.T.; Lu, Q.; Synatschke, C.V.; Endres, K.; Bufe, B. Amyloid 3 and its naturally
occurring N-terminal variants are potent activators of human and mouse formyl peptide receptor 1. J. Biol. Chem. 2022, 298, 102642.
[CrossRef] [PubMed]

Busch, L.; Vieten, S.; Brodel, S.; Endres, K.; Bufe, B. Emerging contributions of formyl peptide receptors to neurodegenerative
diseases. Biol. Chem. 2022, 403, 27-41. [CrossRef] [PubMed]

Wilkinson, K.; El Khoury, J. Microglial scavenger receptors and their roles in the pathogenesis of Alzheimer’s disease. Int. J.
Alzheimers Dis. 2012, 2012, 489456. [CrossRef]

PrabhuDas, M.R.; Baldwin, C.L.; Bollyky, P.L.; Bowdish, D.M.E.; Drickamer, K.; Febbraio, M.; Herz, ].; Kobzik, L.; Krieger, M.;
Loike, J.; et al. A Consensus Definitive Classification of Scavenger Receptors and Their Roles in Health and Disease. . Immunol.
2017, 198, 3775-3789. [CrossRef] [PubMed]

Kim, E.; Febbraio, M.; Bao, Y.; Tolhurst, A.T.; Epstein, ].M.; Cho, S. CD36 in the periphery and brain synergizes in stroke injury in
hyperlipidemia. Ann. Neurol. 2012, 71, 753-764. [CrossRef] [PubMed]

Coraci, I.S.; Husemann, J.; Berman, ].W.; Hulette, C.; Dufour, ].H.; Campanella, G.K.; Luster, A.D.; Silverstein, S.C.; El-Khoury, J.B.
CD36, a class B scavenger receptor, is expressed on microglia in Alzheimer’s disease brains and can mediate production of
reactive oxygen species in response to 3-amyloid fibrils. Am. J. Pathol. 2002, 160, 101-112. [CrossRef] [PubMed]

Jones, R.S.; Minogue, A.M.; Connor, T.J.; Lynch, M.A. Amyloid-B-induced astrocytic phagocytosis is mediated by CD36, CD47
and RAGE. |. Neuroimmune Pharmacol. 2013, 8, 301-311. [CrossRef] [PubMed]

Dobri, A.M.; Dudau, M.; Enciu, A.M.; Hinescu, M.E. CD36 in Alzheimer’s Disease: An Overview of Molecular Mechanisms and
Therapeutic Targeting. Neuroscience 2021, 453, 301-311. [CrossRef]


https://doi.org/10.1038/nm890
https://doi.org/10.1073/pnas.0905686106
https://www.ncbi.nlm.nih.gov/pubmed/19901339
https://doi.org/10.1016/j.nbd.2014.08.025
https://doi.org/10.1111/jnc.13411
https://www.ncbi.nlm.nih.gov/pubmed/26509334
https://doi.org/10.1186/1742-2094-11-48
https://www.ncbi.nlm.nih.gov/pubmed/24625061
https://doi.org/10.1007/s10571-014-0101-6
https://doi.org/10.1038/s41582-018-0072-1
https://www.ncbi.nlm.nih.gov/pubmed/30266932
https://doi.org/10.1016/S0165-5728(02)00272-2
https://www.ncbi.nlm.nih.gov/pubmed/12458045
https://doi.org/10.1523/JNEUROSCI.0829-08.2008
https://www.ncbi.nlm.nih.gov/pubmed/18562603
https://doi.org/10.1111/j.1472-8206.2010.00811.x
https://www.ncbi.nlm.nih.gov/pubmed/20199584
https://doi.org/10.1002/glia.22331
https://www.ncbi.nlm.nih.gov/pubmed/22438044
https://doi.org/10.1038/emm.2003.44
https://doi.org/10.1038/78682
https://www.ncbi.nlm.nih.gov/pubmed/10932230
https://doi.org/10.1523/JNEUROSCI.23-09-03745.2003
https://www.ncbi.nlm.nih.gov/pubmed/12736345
https://doi.org/10.1056/NEJMoa2212948
https://www.ncbi.nlm.nih.gov/pubmed/36449413
https://doi.org/10.18773/austprescr.2024.021
https://doi.org/10.1016/j.jbc.2022.102642
https://www.ncbi.nlm.nih.gov/pubmed/36309087
https://doi.org/10.1515/hsz-2021-0258
https://www.ncbi.nlm.nih.gov/pubmed/34505459
https://doi.org/10.1155/2012/489456
https://doi.org/10.4049/jimmunol.1700373
https://www.ncbi.nlm.nih.gov/pubmed/28483986
https://doi.org/10.1002/ana.23569
https://www.ncbi.nlm.nih.gov/pubmed/22718544
https://doi.org/10.1016/S0002-9440(10)64354-4
https://www.ncbi.nlm.nih.gov/pubmed/11786404
https://doi.org/10.1007/s11481-012-9427-3
https://www.ncbi.nlm.nih.gov/pubmed/23238794
https://doi.org/10.1016/j.neuroscience.2020.11.003

Cells 2025, 14, 89 36 of 46

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Klenotic, P.A.; Page, R.C.; Li, W.; Amick, ].; Misra, S.; Silverstein, R.L. Molecular basis of antiangiogenic thrombospondin-1 type 1
repeat domain interactions with CD36. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1655-1662. [CrossRef] [PubMed]

Kim, D.H.; Cho, YM,; Lee, K.H.; Jeong, S.W.; Kwon, O.]. Oleate protects macrophages from palmitate-induced apoptosis through
the downregulation of CD36 expression. Biochem. Biophys. Res. Commun. 2017, 488, 477-482. [CrossRef] [PubMed]

Blass, ].P. Alzheimer’s disease and Alzheimer’s dementia: Distinct but overlapping entities. Neurobiol. Aging 2002, 23, 1077-1084.
[CrossRef] [PubMed]

Ries, M.; Sastre, M. Mechanisms of A Clearance and Degradation by Glial Cells. Front. Aging Neurosci. 2016, 8, 160. [CrossRef]
[PubMed]

Yamanaka, M.; Ishikawa, T.; Griep, A.; Axt, D.; Kummer, M.P,; Heneka, M.T. PPARy/RXRa-induced and CD36-mediated
microglial amyloid-f phagocytosis results in cognitive improvement in amyloid precursor protein/presenilin 1 mice. J. Neurosci.
2012, 32, 17321-17331. [CrossRef]

Ricciarelli, R.; D’Abramo, C.; Zingg, ] M.; Giliberto, L.; Markesbery, W.; Azzi, A.; Marinari, U.M.; Pronzato, M.A.; Tabaton, M.
CD36 overexpression in human brain correlates with 3-amyloid deposition but not with Alzheimer’s disease. Free Radic. Biol.
Med. 2004, 36, 1018-1024. [CrossRef]

Tsukahara, T. 1-O-alkyl glycerophosphate-induced CD36 expression drives oxidative stress in microglial cells. Cell Signal 2020, 65,
109459. [CrossRef] [PubMed]

Martin, E.; Boucher, C.; Fontaine, B.; Delarasse, C. Distinct inflammatory phenotypes of microglia and monocyte-derived
macrophages in Alzheimer’s disease models: Effects of aging and amyloid pathology. Aging Cell 2017, 16, 27-38. [CrossRef]
Deshmukh, P.; Unni, S.; Krishnappa, G.; Padmanabhan, B. The Keap1-Nrf2 pathway: Promising therapeutic target to counteract
ROS-mediated damage in cancers and neurodegenerative diseases. Biophys. Rev. 2017, 9, 41-56. [CrossRef] [PubMed]

Grajchen, E.; Wouters, E.; van de Haterd, B.; Haidar, M.; Hardonniere, K.; Dierckx, T.; Van Broeckhoven, J.; Erens, C.; Hendrix, S.;
Kerdine-Romer, S.; et al. CD36-mediated uptake of myelin debris by macrophages and microglia reduces neuroinflammation. J.
Neuroinflammation 2020, 17, 224. [CrossRef] [PubMed]

Qin, Q.; Teng, Z; Liu, C.; Li, Q.; Yin, Y,; Tang, Y. TREM2, microglia, and Alzheimer’s disease. Mech. Ageing Dev. 2021, 195, 111438.
[CrossRef] [PubMed]

Forabosco, P.; Ramasamy, A.; Trabzuni, D.; Walker, R.; Smith, C.; Bras, J.; Levine, A.P,; Hardy, J.; Pocock, ].M.; Guerreiro, R ; et al.
Insights into TREM2 biology by network analysis of human brain gene expression data. Neurobiol. Aging 2013, 34, 2699-2714.
[CrossRef] [PubMed]

Gratuze, M.; Leyns, C.E.G.; Holtzman, D.M. New insights into the role of TREM2 in Alzheimer’s disease. Mol. Neurodegener. 2018,
13, 66. [CrossRef]

Hsieh, C.L.; Koike, M.; Spusta, S.C.; Niemi, E.C.; Yenari, M.; Nakamura, M.C.; Seaman, W.E. A role for TREM2 ligands in the
phagocytosis of apoptotic neuronal cells by microglia. J. Neurochem. 2009, 109, 1144-1156. [CrossRef]

Kawabori, M.; Kacimi, R.; Kauppinen, T.; Calosing, C.; Kim, ].Y.; Hsieh, C.L.; Nakamura, M.C.; Yenari, M.A. Triggering receptor
expressed on myeloid cells 2 (TREM2) deficiency attenuates phagocytic activities of microglia and exacerbates ischemic damage
in experimental stroke. J. Neurosci. 2015, 35, 3384-3396. [CrossRef]

Takahashi, K.; Prinz, M.; Stagi, M.; Chechneva, O.; Neumann, H. TREM2-transduced myeloid precursors mediate nervous tissue
debris clearance and facilitate recovery in an animal model of multiple sclerosis. PLoS Med. 2007, 4, e124. [CrossRef]

Zhao, Y.; Wu, X,; Li, X,; Jiang, L.L.; Gui, X,; Liu, Y.; Sun, Y.; Zhu, B.; Pina-Crespo, ].C.; Zhang, M.; et al. TREM2 Is a Receptor for
B-Amyloid that Mediates Microglial Function. Neuron 2018, 97, 1023-1031.e1027. [CrossRef] [PubMed]

Qin, L.; Liu, Y.; Cooper, C.; Liu, B.; Wilson, B.; Hong, J.S. Microglia enhance -amyloid peptide-induced toxicity in cortical and
mesencephalic neurons by producing reactive oxygen species. J. Neurochem. 2002, 83, 973-983. [CrossRef] [PubMed]

Simpson, D.S.A.; Oliver, P.L. ROS Generation in Microglia: Understanding Oxidative Stress and Inflammation in Neurodegenera-
tive Disease. Antioxidants 2020, 9, 743. [CrossRef] [PubMed]

Neniskyte, U.; Fricker, M.; Brown, G.C. Amyloid {3 induces microglia to phagocytose neurons via activation of protein kinase Cs
and NADPH oxidase. Int. J. Biochem. Cell Biol. 2016, 81, 346-355. [CrossRef]

Wilkinson, B.L.; Landreth, G.E. The microglial NADPH oxidase complex as a source of oxidative stress in Alzheimer’s disease. J.
Neuroinflammation 2006, 3, 30. [CrossRef] [PubMed]

Moon, M.Y,; Kim, H.].; Li, Y.; Kim, ].G.; Jeon, Y.J.; Won, H.Y.; Kim, J.S.; Kwon, H.Y.; Choi, I.G.; Ro, E.; et al. Involvement of small
GTPase RhoA in the regulation of superoxide production in BV2 cells in response to fibrillar A3 peptides. Cell Signal 2013, 25,
1861-1869. [CrossRef]

Cap, K.C,; Kim, J.G.; Hamza, A.; Park, J.B. P-Tyr42 RhoA GTPase amplifies superoxide formation through p47phox, phosphory-
lated by ROCK. Biochem. Biophys. Res. Commun. 2020, 523, 972-978. [CrossRef]

Sivamaruthi, B.S.; Raghani, N.; Chorawala, M.; Bhattacharya, S.; Prajapati, B.G.; Elossaily, G.M.; Chaiyasut, C. NF-kB Pathway
and Its Inhibitors: A Promising Frontier in the Management of Alzheimer’s Disease. Biomedicines 2023, 11, 2587. [CrossRef]


https://doi.org/10.1161/ATVBAHA.113.301523
https://www.ncbi.nlm.nih.gov/pubmed/23640500
https://doi.org/10.1016/j.bbrc.2017.05.066
https://www.ncbi.nlm.nih.gov/pubmed/28522296
https://doi.org/10.1016/S0197-4580(02)00036-2
https://www.ncbi.nlm.nih.gov/pubmed/12470805
https://doi.org/10.3389/fnagi.2016.00160
https://www.ncbi.nlm.nih.gov/pubmed/27458370
https://doi.org/10.1523/JNEUROSCI.1569-12.2012
https://doi.org/10.1016/j.freeradbiomed.2004.01.007
https://doi.org/10.1016/j.cellsig.2019.109459
https://www.ncbi.nlm.nih.gov/pubmed/31666203
https://doi.org/10.1111/acel.12522
https://doi.org/10.1007/s12551-016-0244-4
https://www.ncbi.nlm.nih.gov/pubmed/28510041
https://doi.org/10.1186/s12974-020-01899-x
https://www.ncbi.nlm.nih.gov/pubmed/32718316
https://doi.org/10.1016/j.mad.2021.111438
https://www.ncbi.nlm.nih.gov/pubmed/33516818
https://doi.org/10.1016/j.neurobiolaging.2013.05.001
https://www.ncbi.nlm.nih.gov/pubmed/23855984
https://doi.org/10.1186/s13024-018-0298-9
https://doi.org/10.1111/j.1471-4159.2009.06042.x
https://doi.org/10.1523/JNEUROSCI.2620-14.2015
https://doi.org/10.1371/journal.pmed.0040124
https://doi.org/10.1016/j.neuron.2018.01.031
https://www.ncbi.nlm.nih.gov/pubmed/29518356
https://doi.org/10.1046/j.1471-4159.2002.01210.x
https://www.ncbi.nlm.nih.gov/pubmed/12421370
https://doi.org/10.3390/antiox9080743
https://www.ncbi.nlm.nih.gov/pubmed/32823544
https://doi.org/10.1016/j.biocel.2016.06.005
https://doi.org/10.1186/1742-2094-3-30
https://www.ncbi.nlm.nih.gov/pubmed/17094809
https://doi.org/10.1016/j.cellsig.2013.05.023
https://doi.org/10.1016/j.bbrc.2020.01.001
https://doi.org/10.3390/biomedicines11092587

Cells 2025, 14, 89 37 of 46

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Mattson, M.P.; Meffert, M.K. Roles for NF-«kB in nerve cell survival, plasticity, and disease. Cell Death Differ. 2006, 13, 852—-860.
[CrossRef] [PubMed]

Snow, W.M.; Albensi, B.C. Neuronal Gene Targets of NF-«B and Their Dysregulation in Alzheimer’s Disease. Front. Mol. Neurosci.
2016, 9, 118. [CrossRef]

Terai, K.; Matsuo, A.; McGeer, P.L. Enhancement of immunoreactivity for NF-«B in the hippocampal formation and cerebral
cortex of Alzheimer’s disease. Brain Res. 1996, 735, 159-168. [CrossRef]

Chen, C.H.; Zhou, W.,; Liu, S.; Deng, Y.; Cai, F,; Tone, M.; Tone, Y.; Tong, Y.; Song, W. Increased NF-kB signalling up-regulates
BACET1 expression and its therapeutic potential in Alzheimer’s disease. Int. |. Neuropsychopharmacol. 2012, 15, 77-90. [CrossRef]
[PubMed]

Jha, N.K;; Jha, S.K,; Kar, R.; Nand, P,; Swati, K.; Goswami, V.K. Nuclear factor-kappa 3 as a therapeutic target for Alzheimer’s
disease. J. Neurochem. 2019, 150, 113-137. [CrossRef] [PubMed]

Valerio, A.; Boroni, F.; Benarese, M.; Sarnico, I.; Ghisi, V.; Bresciani, L.G.; Ferrario, M.; Borsani, G.; Spano, P,; Pizzi, M. NF-kB
pathway: A target for preventing 3-amyloid (Af)-induced neuronal damage and A (342 production. Eur. ]. Neurosci. 2006, 23,
1711-1720. [CrossRef]

Grilli, M.; Ribola, M.; Alberici, A.; Valerio, A.; Memo, M.; Spano, P. Identification and characterization of a kB/Rel binding site in
the regulatory region of the amyloid precursor protein gene. J. Biol. Chem. 1995, 270, 26774-26777. [CrossRef] [PubMed]
Chami, L.; Buggia-Prevot, V.; Duplan, E.; Del Prete, D.; Chami, M.; Peyron, ].E; Checler, F. Nuclear factor-«B regulates B APP and
(- and y-secretases differently at physiological and supraphysiological AB concentrations. J. Biol. Chem. 2012, 287, 24573-24584.
[CrossRef] [PubMed]

Kaltschmidt, B.; Uherek, M.; Volk, B.; Baeuerle, P.A.; Kaltschmidt, C. Transcription factor NF-«B is activated in primary neurons
by amyloid 3 peptides and in neurons surrounding early plaques from patients with Alzheimer disease. Proc. Natl. Acad. Sci.
USA 1997, 94, 2642-2647. [CrossRef] [PubMed]

Kaltschmidt, B.; Uherek, M.; Wellmann, H.; Volk, B.; Kaltschmidt, C. Inhibition of NF-«B potentiates amyloid $-mediated
neuronal apoptosis. Proc. Natl. Acad. Sci. USA 1999, 96, 9409-9414. [CrossRef]

Bales, K.R.; Du, Y,; Dodel, R.C.; Yan, G.M.; Hamilton-Byrd, E.; Paul, S.M. The NF-«B/Rel family of proteins mediates AB-induced
neurotoxicity and glial activation. Brain Res. Mol. Brain Res. 1998, 57, 63-72. [CrossRef] [PubMed]

Pizzi, M.; Goffi, F,; Boroni, F.; Benarese, M.; Perkins, S.E.; Liou, H.C.; Spano, P. Opposing roles for NF-«B/Rel factors p65 and c-Rel
in the modulation of neuron survival elicited by glutamate and interleukin-1f3. J. Biol. Chem. 2002, 277,20717-20723. [CrossRef]
[PubMed]

Pizzi, M.; Sarnico, I.; Boroni, E.; Benarese, M.; Steimberg, N.; Mazzoleni, G.; Dietz, G.P,; Bahr, M.; Liou, H.C.; Spano, P.F. NF-«B
factor c-Rel mediates neuroprotection elicited by mGlu5 receptor agonists against amyloid B-peptide toxicity. Cell Death Differ.
2005, 12, 761-772. [CrossRef] [PubMed]

Lilienbaum, A.; Israel, A. From calcium to NF-«B signaling pathways in neurons. Mol. Cell Biol. 2003, 23, 2680-2698. [CrossRef]
[PubMed]

Riquelme, D.; Alvarez, A.; Leal, N.; Adasme, T.; Espinoza, I.; Valdes, ].A.; Troncoso, N.; Hartel, S.; Hidalgo, J.; Hidalgo, C.; et al.
High-frequency field stimulation of primary neurons enhances ryanodine receptor-mediated Ca®* release and generates hydrogen
peroxide, which jointly stimulate NF-«kB activity. Antioxid. Redox Signal 2011, 14, 1245-1259. [CrossRef]

Mihalas, A.B.; Meffert, M.K. IKK kinase assay for assessment of canonical NF-kB activation in neurons. Methods Mol. Biol. 2015,
1280, 61-74. [CrossRef] [PubMed]

Dresselhaus, E.C.; Meffert, M.K. Cellular Specificity of NF-«B Function in the Nervous System. Front. Immunol. 2019, 10, 1043.
[CrossRef] [PubMed]

Ishiguro, K.; Green, T.; Rapley, J.; Wachtel, H.; Giallourakis, C.; Landry, A.; Cao, Z.; Lu, N.; Takafumi, A.; Goto, H.; et al.
CaZt/ calmodulin-dependent protein kinase II is a modulator of CARMA1-mediated NF-«B activation. Mol. Cell Biol. 2006, 26,
5497-5508. [CrossRef]

Kim, J.E,; Kim, S.Y.; Lim, S.Y;; Kieff, E.; Song, Y.J. Role of CaZt/ calmodulin-dependent kinase II-IRAK1 interaction in LMP1-
induced NF-«kB activation. Mol. Cell Biol. 2014, 34, 325-334. [CrossRef] [PubMed]

Martin, T.P; McCluskey, C.; Cunningham, M.R,; Beattie, J.; Paul, A.; Currie, S. CaMKIIdelta interacts directly with IKKp and
modulates NF-kB signalling in adult cardiac fibroblasts. Cell Signal 2018, 51, 166-175. [CrossRef] [PubMed]

Bae, ].S.; Jang, M.K,; Hong, S.; An, W.G.; Choi, Y.H.; Kim, H.D.; Cheong, J. Phosphorylation of NF-«B by calmodulin-dependent
kinase IV activates anti-apoptotic gene expression. Biochem. Biophys. Res. Commun. 2003, 305, 1094-1098. [CrossRef]

Tanaka, S.; Takehashi, M.; Matoh, N.; lida, S.; Suzuki, T.; Futaki, S.; Hamada, H.; Masliah, E.; Sugiura, Y.; Ueda, K. Generation of
reactive oxygen species and activation of NF-kB by non-Af component of Alzheimer’s disease amyloid. J. Neurochem. 2002, 82,
305-315. [CrossRef] [PubMed]

Bamberger, M.E.; Harris, M.E.; McDonald, D.R.; Husemann, J.; Landreth, G.E. A cell surface receptor complex for fibrillar
B-amyloid mediates microglial activation. J. Neurosci. 2003, 23, 2665-2674. [CrossRef] [PubMed]


https://doi.org/10.1038/sj.cdd.4401837
https://www.ncbi.nlm.nih.gov/pubmed/16397579
https://doi.org/10.3389/fnmol.2016.00118
https://doi.org/10.1016/0006-8993(96)00310-1
https://doi.org/10.1017/S1461145711000149
https://www.ncbi.nlm.nih.gov/pubmed/21329555
https://doi.org/10.1111/jnc.14687
https://www.ncbi.nlm.nih.gov/pubmed/30802950
https://doi.org/10.1111/j.1460-9568.2006.04722.x
https://doi.org/10.1074/jbc.270.45.26774
https://www.ncbi.nlm.nih.gov/pubmed/7592914
https://doi.org/10.1074/jbc.M111.333054
https://www.ncbi.nlm.nih.gov/pubmed/22654105
https://doi.org/10.1073/pnas.94.6.2642
https://www.ncbi.nlm.nih.gov/pubmed/9122249
https://doi.org/10.1073/pnas.96.16.9409
https://doi.org/10.1016/S0169-328X(98)00066-7
https://www.ncbi.nlm.nih.gov/pubmed/9630519
https://doi.org/10.1074/jbc.M201014200
https://www.ncbi.nlm.nih.gov/pubmed/11912207
https://doi.org/10.1038/sj.cdd.4401598
https://www.ncbi.nlm.nih.gov/pubmed/15818410
https://doi.org/10.1128/MCB.23.8.2680-2698.2003
https://www.ncbi.nlm.nih.gov/pubmed/12665571
https://doi.org/10.1089/ars.2010.3238
https://doi.org/10.1007/978-1-4939-2422-6_5
https://www.ncbi.nlm.nih.gov/pubmed/25736744
https://doi.org/10.3389/fimmu.2019.01043
https://www.ncbi.nlm.nih.gov/pubmed/31143184
https://doi.org/10.1128/MCB.02469-05
https://doi.org/10.1128/MCB.00912-13
https://www.ncbi.nlm.nih.gov/pubmed/24248603
https://doi.org/10.1016/j.cellsig.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/30059730
https://doi.org/10.1016/s0006-291x(03)00869-6
https://doi.org/10.1046/j.1471-4159.2002.00958.x
https://www.ncbi.nlm.nih.gov/pubmed/12124431
https://doi.org/10.1523/JNEUROSCI.23-07-02665.2003
https://www.ncbi.nlm.nih.gov/pubmed/12684452

Cells 2025, 14, 89 38 of 46

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Jeon, YJ.; Won, H.Y.; Moon, M.Y.; Choi, W.H.; Chang, C.H.; Lee, ].Y.; Kim, J.; Kim, 5.C.; Kim, Y.S.; Park, J.B. Interaction of microglia
and amyloid-p through p2-integrin is regulated by RhoA. Neuroreport 2008, 19, 1661-1665. [CrossRef] [PubMed]

Martin, L.; Latypova, X.; Wilson, C.M.; Magnaudeix, A.; Perrin, M.L.; Yardin, C.; Terro, F. Tau protein kinases: Involvement in
Alzheimer’s disease. Ageing Res. Rev. 2013, 12, 289-309. [CrossRef] [PubMed]

Basheer, N.; Smolek, T.; Hassan, I; Liu, F; Igbal, K.; Zilka, N.; Novak, P. Does modulation of tau hyperphosphorylation represent
a reasonable therapeutic strategy for Alzheimer’s disease? From preclinical studies to the clinical trials. Mol. Psychiatry 2023, 28,
2197-2214. [CrossRef] [PubMed]

Ishiguro, K.; Thara, Y.; Uchida, T.; Imahori, K. A novel tubulin-dependent protein kinase forming a paired helical filament epitope
on tau. J. Biochem. 1988, 104, 319-321. [CrossRef] [PubMed]

Takashima, A.; Noguchi, K.; Sato, K.; Hoshino, T.; Imahori, K. Tau protein kinase I is essential for amyloid p-protein-induced
neurotoxicity. Proc. Natl. Acad. Sci. USA 1993, 90, 7789-7793. [CrossRef]

Singh, TJ.; Grundke-Igbal, I, Wu, W.Q.; Chauhan, V.; Novak, M.; Kontzekova, E.; Igbal, K. Protein kinase C and
calcium/calmodulin-dependent protein kinase II phosphorylate three-repeat and four-repeat tau isoforms at different rates. Mol.
Cell Biochem. 1997, 168, 141-148. [CrossRef] [PubMed]

Jin, N.; Yin, X;; Yu, D.; Cao, M.; Gong, C.X,; Igbal, K.; Ding, F; Gu, X; Liu, F. Truncation and activation of GSK-3f by calpain I:
A molecular mechanism links to tau hyperphosphorylation in Alzheimer’s disease. Sci. Rep. 2015, 5, 8187. [CrossRef]

Baki, L.; Shioi, J.; Wen, P; Shao, Z.; Schwarzman, A.; Gama-Sosa, M.; Neve, R.; Robakis, N.K. PS1 activates PI3K thus inhibiting
GSK-3 activity and tau overphosphorylation: Effects of FAD mutations. EMBO J. 2004, 23, 2586-2596. [CrossRef]

Uemura, K.; Kuzuya, A.; Shimozono, Y.; Aoyagi, N.; Ando, K.; Shimohama, S.; Kinoshita, A. GSK3f activity modifies the
localization and function of presenilin 1. J. Biol. Chem. 2007, 282, 15823-15832. [CrossRef]

Ly, PT; Wu, Y.;; Zou, H.; Wang, R.; Zhou, W,; Kinoshita, A.; Zhang, M.; Yang, Y.; Cai, F; Woodgett, J.; et al. Inhibition of
GSK33-mediated BACE1 expression reduces Alzheimer-associated phenotypes. J. Clin. Investig. 2013, 123, 224-235. [CrossRef]
[PubMed]

Medunjanin, S.; Schleithoff, L.; Fiegehenn, C.; Weinert, S.; Zuschratter, W.; Braun-Dullaeus, R.C. GSK-3f3 controls NF-«B activity
via IKKy/NEMO. Sci. Rep. 2016, 6, 38553. [CrossRef] [PubMed]

Wang, M ].; Huang, H.Y.; Chen, W.E; Chang, H.E,; Kuo, ].S. Glycogen synthase kinase-3( inactivation inhibits tumor necrosis
factor-« production in microglia by modulating nuclear factor kB and MLK3/JNK signaling cascades. |. Neuroinflammation 2010,
7,99. [CrossRef]

Koistinaho, J.; Malm, T.; Goldsteins, G. Glycogen synthase kinase-33: A mediator of inflammation in Alzheimer’s disease? Int. ].
Alzheimers Dis. 2011, 2011, 129753. [CrossRef]

Lagace, D.C.; Benavides, D.R.; Kansy, ] W.; Mapelli, M.; Greengard, P; Bibb, J.A.; Eisch, A.]. Cdk5 is essential for adult hippocampal
neurogenesis. Proc. Natl. Acad. Sci. USA 2008, 105, 18567-18571. [CrossRef]

Li, W.; Allen, M.E,; Rui, Y.; Ku, L.; Liu, G.; Bankston, A.N.; Zheng, ].Q.; Feng, Y. p39 Is Responsible for Increasing Cdk5 Activity
during Postnatal Neuron Differentiation and Governs Neuronal Network Formation and Epileptic Responses. J. Neurosci. 2016,
36, 11283-11294. [CrossRef] [PubMed]

Jessberger, S.; Gage, FH.; Eisch, A].; Lagace, D.C. Making a neuron: Cdk5 in embryonic and adult neurogenesis. Trends Neurosci.
2009, 32, 575-582. [CrossRef] [PubMed]

Sun, K.H.; de Pablo, Y.; Vincent, E,; Johnson, E.O.; Chavers, A.K.; Shah, K. Novel genetic tools reveal Cdk5’s major role in Golgi
fragmentation in Alzheimer’s disease. Mol. Biol. Cell 2008, 19, 3052-3069. [CrossRef] [PubMed]

Cruz, J.C.; Tsai, L.H. Cdk5 deregulation in the pathogenesis of Alzheimer’s disease. Trends Mol. Med. 2004, 10, 452-458. [CrossRef]
[PubMed]

Hernandez, P; Lee, G.; Sjoberg, M.; Maccioni, R.B. Tau phosphorylation by cdk5 and Fyn in response to amyloid peptide A3
(25-35): Involvement of lipid rafts. |. Alzheimers Dis. 2009, 16, 149-156. [CrossRef]

Bott, C.J.; McMahon, L.P; Keil, ] M.; Yap, C.C.; Kwan, K.Y.; Winckler, B. Nestin Selectively Facilitates the Phosphorylation of the
Lissencephaly-Linked Protein Doublecortin (DCX) by cdk5/p35 to Regulate Growth Cone Morphology and Sema3a Sensitivity in
Developing Neurons. J. Neurosci. 2020, 40, 3720-3740. [CrossRef] [PubMed]

Timm, T.; Li, X.Y.; Biernat, J.; Jiao, ]J.; Mandelkow, E.; Vandekerckhove, J.; Mandelkow, E.M. MARKK, a Ste20-like kinase, activates
the polarity-inducing kinase MARK/PAR-1. EMBO J. 2003, 22, 5090-5101. [CrossRef]

Lizcano, ].M.; Goransson, O.; Toth, R.; Deak, M.; Morrice, N.A.; Boudeau, J.; Hawley, S.A.; Udd, L.; Makela, T.P.; Hardie, D.G;
et al. LKB1 is a master kinase that activates 13 kinases of the AMPK subfamily, including MARK/PAR-1. EMBO ]. 2004, 23,
833-843. [CrossRef] [PubMed]

Timm, T.; Balusamy, K.; Li, X.; Biernat, J.; Mandelkow, E.; Mandelkow, E.M. Glycogen synthase kinase (GSK) 3§ directly
phosphorylates Serine 212 in the regulatory loop and inhibits microtubule affinity-regulating kinase (MARK) 2. J. Biol. Chem.
2008, 283, 18873-18882. [CrossRef]


https://doi.org/10.1097/WNR.0b013e3283140f10
https://www.ncbi.nlm.nih.gov/pubmed/18981818
https://doi.org/10.1016/j.arr.2012.06.003
https://www.ncbi.nlm.nih.gov/pubmed/22742992
https://doi.org/10.1038/s41380-023-02113-z
https://www.ncbi.nlm.nih.gov/pubmed/37264120
https://doi.org/10.1093/oxfordjournals.jbchem.a122465
https://www.ncbi.nlm.nih.gov/pubmed/2467901
https://doi.org/10.1073/pnas.90.16.7789
https://doi.org/10.1023/A:1006807105059
https://www.ncbi.nlm.nih.gov/pubmed/9062903
https://doi.org/10.1038/srep08187
https://doi.org/10.1038/sj.emboj.7600251
https://doi.org/10.1074/jbc.M610708200
https://doi.org/10.1172/JCI64516
https://www.ncbi.nlm.nih.gov/pubmed/23202730
https://doi.org/10.1038/srep38553
https://www.ncbi.nlm.nih.gov/pubmed/27929056
https://doi.org/10.1186/1742-2094-7-99
https://doi.org/10.4061/2011/129753
https://doi.org/10.1073/pnas.0810137105
https://doi.org/10.1523/JNEUROSCI.1155-16.2016
https://www.ncbi.nlm.nih.gov/pubmed/27807169
https://doi.org/10.1016/j.tins.2009.07.002
https://www.ncbi.nlm.nih.gov/pubmed/19782409
https://doi.org/10.1091/mbc.e07-11-1106
https://www.ncbi.nlm.nih.gov/pubmed/18480410
https://doi.org/10.1016/j.molmed.2004.07.001
https://www.ncbi.nlm.nih.gov/pubmed/15350898
https://doi.org/10.3233/JAD-2009-0933
https://doi.org/10.1523/JNEUROSCI.2471-19.2020
https://www.ncbi.nlm.nih.gov/pubmed/32273484
https://doi.org/10.1093/emboj/cdg447
https://doi.org/10.1038/sj.emboj.7600110
https://www.ncbi.nlm.nih.gov/pubmed/14976552
https://doi.org/10.1074/jbc.M706596200

Cells 2025, 14, 89 39 of 46

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.
191.

192.

193.

194.

195.

196.

197.

198.

Saito, T.; Oba, T.; Shimizu, S.; Asada, A.; lijima, K.M.; Ando, K. Cdk5 increases MARK4 activity and augments pathological tau
accumulation and toxicity through tau phosphorylation at Ser262. Hum. Mol. Genet. 2019, 28, 3062-3071. [CrossRef] [PubMed]
Segu, L.; Pascaud, A.; Costet, P.; Darmon, M.; Buhot, M.C. Impairment of spatial learning and memory in ELKL Motif Kinasel
(EMK1/MARK?2) knockout mice. Neurobiol. Aging 2008, 29, 231-240. [CrossRef]

Oba, T.; Saito, T.; Asada, A.; Shimizu, S.; lijima, K.M.; Ando, K. Microtubule affinity-regulating kinase 4 with an Alzheimer’s
disease-related mutation promotes tau accumulation and exacerbates neurodegeneration. J. Biol. Chem. 2020, 295, 17138-17147.
[CrossRef] [PubMed]

Singh, TJ.; Wang, ].Z.; Novak, M.; Kontzekova, E.; Grundke-Igbal, I.; Igbal, K. Calcium/calmodulin-dependent protein kinase II
phosphorylates tau at Ser-262 but only partially inhibits its binding to microtubules. FEBS Lett. 1996, 387, 145-148. [CrossRef]
Kang, H.Y;; Kim, HJ.; Kim, K.; Oh, S.I; Yoon, S.; Kim, J.; Park, S.; Cheon, Y.; Her, S.; Lee, M.; et al. Actin-microtubule crosslinker
Pod-1 tunes PAR-1 signaling to control synaptic development and tau-mediated synaptic toxicity. Neurobiol. Aging 2020, 90, 93-98.
[CrossRef]

lijima, K.; Gatt, A ; Iijima-Ando, K. Tau Ser262 phosphorylation is critical for A342-induced tau toxicity in a transgenic Drosophila
model of Alzheimer’s disease. Hum. Mol. Genet. 2010, 19, 2947-2957. [CrossRef]

Dujardin, S.; Commins, C.; Lathuiliere, A.; Beerepoot, P.; Fernandes, A.R.; Kamath, T.V,; De Los Santos, M.B.; Klickstein, N.;
Corjuc, D.L.; Corjuc, B.T; et al. Tau molecular diversity contributes to clinical heterogeneity in Alzheimer’s disease. Nat. Med.
2020, 26, 1256-1263. [CrossRef]

Hamano, T.; Shirafuji, N.; Yen, S.H.; Yoshida, H.; Kanaan, N.M.; Hayashi, K.; Ikawa, M.; Yamamura, O.; Fyjita, Y.; Kuriyama, M.;
et al. Rho-kinase ROCK inhibitors reduce oligomeric tau protein. Neurobiol. Aging 2020, 89, 41-54. [CrossRef] [PubMed]
Amano, M.; Kaneko, T.; Maeda, A.; Nakayama, M.; Ito, M.; Yamauchi, T.; Goto, H.; Fukata, Y.; Oshiro, N.; Shinohara, A.; et al.
Identification of Tau and MAP2 as novel substrates of Rho-kinase and myosin phosphatase. J. Neurochem. 2003, 87, 780-790.
[CrossRef]

Wegiel, J.; Gong, C.X.; Hwang, Y.W. The role of DYRK1A in neurodegenerative diseases. FEBS J. 2011, 278, 236-245. [CrossRef]
[PubMed]

Ryoo, S.R.; Jeong, HK.; Radnaabazar, C.; Yoo, ].J.; Cho, H.].; Lee, HW,; Kim, L.S.; Cheon, Y.H.; Ahn, Y.S.; Chung, S.H.; et al.
DYRK1A-mediated hyperphosphorylation of Tau. A functional link between Down syndrome and Alzheimer disease. J. Biol.
Chem. 2007, 282, 34850-34857. [CrossRef]

Vingtdeux, V.; Hamdane, M.; Gompel, M.; Begard, S.; Drobecq, H.; Ghestem, A.; Grosjean, M.E.; Kostanjevecki, V.; Grognet, P;
Vanmechelen, E.; et al. Phosphorylation of amyloid precursor carboxy-terminal fragments enhances their processing by a
v-secretase-dependent mechanism. Neurobiol. Dis. 2005, 20, 625-637. [CrossRef] [PubMed]

Melchior, B.; Mittapalli, G.K; Lai, C.; Duong-Polk, K.; Stewart, J.; Guner, B.; Hofilena, B.; Tjitro, A.; Anderson, S.D.; Herman, D.S,;
et al. Tau pathology reduction with SM07883, a novel, potent, and selective oral DYRKI1A inhibitor: A potential therapeutic for
Alzheimer’s disease. Aging Cell 2019, 18, €13000. [CrossRef]

Shukla, R.; Kumar, A.; Kelvin, D.J.; Singh, T.R. Disruption of DYRK1A-induced hyperphosphorylation of amyloid-f and tau
protein in Alzheimer’s disease: An integrative molecular modeling approach. Front. Mol. Biosci. 2022, 9, 1078987. [CrossRef]
Amano, M.; Chihara, K.; Nakamura, N.; Kaneko, T.; Matsuura, Y.; Kaibuchi, K. The COOH terminus of Rho-kinase negatively
regulates rho-kinase activity. J. Biol. Chem. 1999, 274, 32418-32424. [CrossRef]

Jaffe, A.B.; Hall, A. Rho GTPases: Biochemistry and biology. Annu. Rev. Cell Dev. Biol. 2005, 21, 247-269. [CrossRef]

Edwards, D.C.; Sanders, L.C.; Bokoch, G.M.; Gill, G.N. Activation of LIM-kinase by Pak1 couples Rac/Cdc42 GTPase signalling
to actin cytoskeletal dynamics. Nat. Cell Biol. 1999, 1, 253-259. [CrossRef] [PubMed]

Delorme, V.; Machacek, M.; DerMardirossian, C.; Anderson, K.L.; Wittmann, T.; Hanein, D.; Waterman-Storer, C.; Danuser, G.;
Bokoch, G.M. Cofilin activity downstream of Pak1 regulates cell protrusion efficiency by organizing lamellipodium and lamella
actin networks. Dev. Cell 2007, 13, 646—662. [CrossRef]

Jacobs, T.; Causeret, F; Nishimura, Y.V.; Terao, M.; Norman, A.; Hoshino, M.; Nikolic, M. Localized activation of p21-activated
kinase controls neuronal polarity and morphology. J. Neurosci. 2007, 27, 8604-8615. [CrossRef] [PubMed]

Sumi, T.; Matsumoto, K.; Shibuya, A.; Nakamura, T. Activation of LIM kinases by myotonic dystrophy kinase-related Cdc42-
binding kinase «. J. Biol. Chem. 2001, 276, 23092-23096. [CrossRef] [PubMed]

Rohatgi, R.; Ma, L.; Miki, H.; Lopez, M.; Kirchhausen, T.; Takenawa, T.; Kirschner, M.W. The interaction between N-WASP and
the Arp2/3 complex links Cdc42-dependent signals to actin assembly. Cell 1999, 97, 221-231. [CrossRef]

Rohatgi, R.; Ho, H.Y.; Kirschner, M.W. Mechanism of N-WASP activation by CDC42 and phosphatidylinositol 4,5-bisphosphate. J.
Cell Biol. 2000, 150, 1299-1310. [CrossRef]

Miki, H.; Suetsugu, S.; Takenawa, T. WAVE, a novel WASP-family protein involved in actin reorganization induced by Rac. EMBO
J. 1998, 17, 6932-6941. [CrossRef]

Chen, B.; Chou, H.T,; Brautigam, C.A.; Xing, W.; Yang, S.; Henry, L.; Doolittle, L.K.; Walz, T.; Rosen, M.K. Racl GTPase activates
the WAVE regulatory complex through two distinct binding sites. Elife 2017, 6, €29795. [CrossRef]


https://doi.org/10.1093/hmg/ddz120
https://www.ncbi.nlm.nih.gov/pubmed/31174206
https://doi.org/10.1016/j.neurobiolaging.2006.10.014
https://doi.org/10.1074/jbc.RA120.014420
https://www.ncbi.nlm.nih.gov/pubmed/33020179
https://doi.org/10.1016/0014-5793(96)00485-1
https://doi.org/10.1016/j.neurobiolaging.2020.02.005
https://doi.org/10.1093/hmg/ddq200
https://doi.org/10.1038/s41591-020-0938-9
https://doi.org/10.1016/j.neurobiolaging.2019.12.009
https://www.ncbi.nlm.nih.gov/pubmed/31982202
https://doi.org/10.1046/j.1471-4159.2003.02054.x
https://doi.org/10.1111/j.1742-4658.2010.07955.x
https://www.ncbi.nlm.nih.gov/pubmed/21156028
https://doi.org/10.1074/jbc.M707358200
https://doi.org/10.1016/j.nbd.2005.05.004
https://www.ncbi.nlm.nih.gov/pubmed/15936948
https://doi.org/10.1111/acel.13000
https://doi.org/10.3389/fmolb.2022.1078987
https://doi.org/10.1074/jbc.274.45.32418
https://doi.org/10.1146/annurev.cellbio.21.020604.150721
https://doi.org/10.1038/12963
https://www.ncbi.nlm.nih.gov/pubmed/10559936
https://doi.org/10.1016/j.devcel.2007.08.011
https://doi.org/10.1523/JNEUROSCI.0765-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17687038
https://doi.org/10.1074/jbc.C100196200
https://www.ncbi.nlm.nih.gov/pubmed/11340065
https://doi.org/10.1016/S0092-8674(00)80732-1
https://doi.org/10.1083/jcb.150.6.1299
https://doi.org/10.1093/emboj/17.23.6932
https://doi.org/10.7554/eLife.29795

Cells 2025, 14, 89 40 of 46

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Pal, D.; Ellis, A.; Sepulveda-Ramirez, S.P,; Salgado, T.; Terrazas, I.; Reyes, G.; De La Rosa, R.; Henson, ].H.; Shuster, C.B. Rac and
Arp2/3-Nucleated Actin Networks Antagonize Rho During Mitotic and Meiotic Cleavages. Front. Cell Dev. Biol. 2020, 8, 591141.
[CrossRef] [PubMed]

Goley, E.D.; Welch, M.D. The ARP2/3 complex: An actin nucleator comes of age. Nat. Rev. Mol. Cell Biol. 2006, 7, 713-726.
[CrossRef] [PubMed]

Govek, E.E.; Newey, S.E.; Van Aelst, L. The role of the Rho GTPases in neuronal development. Genes Dev. 2005, 19, 1-49.
[CrossRef]

Luo, L. Rho GTPases in neuronal morphogenesis. Nat. Rev. Neurosci. 2000, 1, 173-180. [CrossRef] [PubMed]

Kozma, R,; Sarner, S.; Ahmed, S.; Lim, L. Rho family GTPases and neuronal growth cone remodelling: Relationship between
increased complexity induced by Cdc42Hs, Racl, and acetylcholine and collapse induced by RhoA and lysophosphatidic acid.
Mol. Cell Biol. 1997, 17, 1201-1211. [CrossRef]

Sarner, S.; Kozma, R.; Ahmed, S.; Lim, L. Phosphatidylinositol 3-kinase, Cdc42, and Racl act downstream of Ras in integrin-
dependent neurite outgrowth in N1E-115 neuroblastoma cells. Mol. Cell Biol. 2000, 20, 158-172. [CrossRef]

Sebok, A.; Nusser, N.; Debreceni, B.; Guo, Z.; Santos, M.E,; Szeberenyi, J.; Tigyi, G. Different roles for RhoA during neurite
initiation, elongation, and regeneration in PC12 cells. ]. Neurochem. 1999, 73, 949-960. [CrossRef] [PubMed]

Lehmann, M.; Fournier, A.; Selles-Navarro, I.; Dergham, P.; Sebok, A.; Leclerc, N.; Tigyi, G.; McKerracher, L. Inactivation of Rho
signaling pathway promotes CNS axon regeneration. ]. Neurosci. 1999, 19, 7537-7547. [CrossRef]

Katoh, H.; Aoki, J.; Ichikawa, A.; Negishi, M. p160 RhoA-binding kinase ROK« induces neurite retraction. J. Biol. Chem. 1998, 273,
2489-2492. [CrossRef]

Kranenburg, O.; Poland, M.; van Horck, EP.; Drechsel, D.; Hall, A.; Moolenaar, W.H. Activation of RhoA by lysophosphatidic
acid and Ga12/13 subunits in neuronal cells: Induction of neurite retraction. Mol. Biol. Cell 1999, 10, 1851-1857. [CrossRef]
Amano, M,; Ito, M.; Kimura, K.; Fukata, Y.; Chihara, K.; Nakano, T.; Matsuura, Y.; Kaibuchi, K. Phosphorylation and activation of
myosin by Rho-associated kinase (Rho-kinase). J. Biol. Chem. 1996, 271, 20246-20249. [CrossRef] [PubMed]

Profyris, C.; Cheema, S.S.; Zang, D.; Azari, M.E; Boyle, K.; Petratos, S. Degenerative and regenerative mechanisms governing
spinal cord injury. Neurobiol. Dis. 2004, 15, 415-436. [CrossRef]

Kimura, K.; Ito, M.; Amano, M.; Chihara, K.; Fukata, Y.; Nakafuku, M.; Yamamori, B.; Feng, J.; Nakano, T.; Okawa, K.; et al.
Regulation of myosin phosphatase by Rho and Rho-associated kinase (Rho-kinase). Science 1996, 273, 245-248. [CrossRef]
[PubMed]

Dupraz, S.; Hilton, B.J.; Husch, A ; Santos, T.E.; Coles, C.H.; Stern, S.; Brakebusch, C.; Bradke, F. RhoA Controls Axon Extension
Independent of Specification in the Developing Brain. Curr. Biol. 2019, 29, 3874-3886.e3879. [CrossRef] [PubMed]

Stern, S.; Hilton, B.J.; Burnside, E.R.; Dupraz, S.; Handley, E.E.; Gonyer, ].M.; Brakebusch, C.; Bradke, F. RhoA drives actin
compaction to restrict axon regeneration and astrocyte reactivity after CNS injury. Neuron 2021, 109, 3436-3455.e3439. [CrossRef]
[PubMed]

Sanno, H.; Shen, X.; Kuru, N.; Bormuth, I.; Bobsin, K.; Gardner, H.A.; Komljenovic, D.; Tarabykin, V.; Erzurumlu, R.S.; Tucker, K.L.
Control of postnatal apoptosis in the neocortex by RhoA-subfamily GTPases determines neuronal density. J. Neurosci. 2010, 30,
4221-4231. [CrossRef] [PubMed]

Li, M;; Xu, J.; Zou, Y;; Lu, J.; Ou, A,; Ma, X,; Zhang, ].; Xu, Y.; Fu, L.; Liu, J.; et al. Motor neuron-specific RhoA knockout delays
degeneration and promotes regeneration of dendrites in spinal ventral horn after brachial plexus injury. Neural Regen. Res. 2023,
18, 2757-2761. [CrossRef] [PubMed]

Omelchenko, A.; Firestein, B.L. Axonal Development: RhoA Restrains but Does Not Specify. Curr. Biol. 2019, 29, R1179-R1181.
[CrossRef]

Katayama, K,; Leslie, ].R.; Lang, R.A.; Zheng, Y.; Yoshida, Y. Left-right locomotor circuitry depends on RhoA-driven organization
of the neuroepithelium in the developing spinal cord. J. Neurosci. 2012, 32, 10396-10407. [CrossRef]

Lee, T.; Winter, C.; Marticke, S.S.; Lee, A.; Luo, L. Essential roles of Drosophila RhoA in the regulation of neuroblast proliferation
and dendritic but not axonal morphogenesis. Neuron 2000, 25, 307-316. [CrossRef] [PubMed]

Hruska, M.; Dalva, M.B. Ephrin regulation of synapse formation, function and plasticity. Mol. Cell Neurosci. 2012, 50, 35-44.
[CrossRef] [PubMed]

Cappello, S.; Bohringer, C.R.; Bergami, M.; Conzelmann, K.K.; Ghanem, A.; Tomassy, G.S.; Arlotta, P.; Mainardi, M.; Allegra, M.;
Caleo, M.; et al. A radial glia-specific role of RhoA in double cortex formation. Neuron 2012, 73, 911-924. [CrossRef] [PubMed]
Herzog, D.; Loetscher, P; van Hengel, J.; Knusel, S.; Brakebusch, C.; Taylor, V.; Suter, U.; Relvas, ].B. The small GTPase RhoA is
required to maintain spinal cord neuroepithelium organization and the neural stem cell pool. J. Neurosci. 2011, 31, 5120-5130.
[CrossRef] [PubMed]

Katayama, K.; Melendez, J.; Baumann, ].M.; Leslie, J.R.; Chauhan, B.K.; Nemkul, N.; Lang, R.A.; Kuan, C.Y.; Zheng, Y.; Yoshida, Y.
Loss of RhoA in neural progenitor cells causes the disruption of adherens junctions and hyperproliferation. Proc. Natl. Acad. Sci.
USA 2011, 108, 7607-7612. [CrossRef] [PubMed]


https://doi.org/10.3389/fcell.2020.591141
https://www.ncbi.nlm.nih.gov/pubmed/33282870
https://doi.org/10.1038/nrm2026
https://www.ncbi.nlm.nih.gov/pubmed/16990851
https://doi.org/10.1101/gad.1256405
https://doi.org/10.1038/35044547
https://www.ncbi.nlm.nih.gov/pubmed/11257905
https://doi.org/10.1128/MCB.17.3.1201
https://doi.org/10.1128/MCB.20.1.158-172.2000
https://doi.org/10.1046/j.1471-4159.1999.0730949.x
https://www.ncbi.nlm.nih.gov/pubmed/10461884
https://doi.org/10.1523/JNEUROSCI.19-17-07537.1999
https://doi.org/10.1074/jbc.273.5.2489
https://doi.org/10.1091/mbc.10.6.1851
https://doi.org/10.1074/jbc.271.34.20246
https://www.ncbi.nlm.nih.gov/pubmed/8702756
https://doi.org/10.1016/j.nbd.2003.11.015
https://doi.org/10.1126/science.273.5272.245
https://www.ncbi.nlm.nih.gov/pubmed/8662509
https://doi.org/10.1016/j.cub.2019.09.040
https://www.ncbi.nlm.nih.gov/pubmed/31679934
https://doi.org/10.1016/j.neuron.2021.08.014
https://www.ncbi.nlm.nih.gov/pubmed/34508667
https://doi.org/10.1523/JNEUROSCI.3318-09.2010
https://www.ncbi.nlm.nih.gov/pubmed/20335457
https://doi.org/10.4103/1673-5374.373657
https://www.ncbi.nlm.nih.gov/pubmed/37449641
https://doi.org/10.1016/j.cub.2019.10.003
https://doi.org/10.1523/JNEUROSCI.6474-11.2012
https://doi.org/10.1016/S0896-6273(00)80896-X
https://www.ncbi.nlm.nih.gov/pubmed/10719887
https://doi.org/10.1016/j.mcn.2012.03.004
https://www.ncbi.nlm.nih.gov/pubmed/22449939
https://doi.org/10.1016/j.neuron.2011.12.030
https://www.ncbi.nlm.nih.gov/pubmed/22405202
https://doi.org/10.1523/JNEUROSCI.4807-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21451048
https://doi.org/10.1073/pnas.1101347108
https://www.ncbi.nlm.nih.gov/pubmed/21502507

Cells 2025, 14, 89 41 of 46

223.

224.

225.

226.

227.

228.

229.
230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.
245.

246.

247.
248.

Xu, J.; Wen, J.; Fu, L.; Liao, L.; Zou, Y.; Zhang, ].; Deng, J.; Zhang, H.; Liu, ].; Wang, X.; et al. Macrophage-specific RhoA knockout
delays Wallerian degeneration after peripheral nerve injury in mice. J. Neuroinflammation 2021, 18, 234. [CrossRef] [PubMed]
Socodato, R.; Rodrigues-Santos, A.; Tedim-Moreira, J.; Almeida, T.O.; Canedo, T.; Portugal, C.C.; Relvas, ].B. RhoA balances
microglial reactivity and survival during neuroinflammation. Cell Death Dis. 2023, 14, 690. [CrossRef] [PubMed]

Nusser, N.; Gosmanova, E.; Zheng, Y.; Tigyi, G. Nerve growth factor signals through TrkA, phosphatidylinositol 3-kinase, and
Racl to inactivate RhoA during the initiation of neuronal differentiation of PC12 cells. . Biol. Chem. 2002, 277, 35840-35846.
[CrossRef] [PubMed]

Jeon, C.Y;; Kim, H.].; Lee, ].Y.; Kim, ].B.; Kim, S.C.; Park, ].B. p190RhoGAP and Rap-dependent RhoGAP (ARAP3) inactivate RhoA
in response to nerve growth factor leading to neurite outgrowth from PC12 cells. Exp. Mol. Med. 2010, 42, 335-344. [CrossRef]
[PubMed]

Jeon, C.Y; Kim, H.J.; Morii, H.; Mori, N.; Settleman, J.; Lee, ].Y.; Kim, J.; Kim, S.C.; Park, J.B. Neurite outgrowth from PC12 cells by
basic fibroblast growth factor (bFGF) is mediated by RhoA inactivation through p190RhoGAP and ARAP3. J. Cell Physiol. 2010,
224,786-794. [CrossRef]

Jeon, C.Y.; Moon, M.Y.; Kim, J.H.; Kim, H.J.; Kim, J.G.; Li, Y.; Jin, ] K,; Kim, P.H.; Kim, H.C.; Meier, K.E.; et al. Control of neurite
outgrowth by RhoA inactivation. J. Neurochem. 2012, 120, 684-698. [CrossRef]

Shah, B.; Puschel, A.W. Regulation of Rap GTPases in mammalian neurons. Biol. Chem. 2016, 397, 1055-1069. [CrossRef] [PubMed]
Schwamborn, ].C.; Puschel, A.W. The sequential activity of the GTPases Rap1B and Cdc42 determines neuronal polarity. Nat.
Neurosci. 2004, 7,923-929. [CrossRef]

Shah, B.; Lutter, D.; Bochenek, M.L.; Kato, K.; Tsytsyura, Y.; Glyvuk, N.; Sakakibara, A.; Klingauf, J.; Adams, R.H.; Puschel, A.W.
C3G/Rapgefl Is Required in Multipolar Neurons for the Transition to a Bipolar Morphology during Cortical Development. PLoS
ONE 2016, 11, e0154174. [CrossRef]

Richter, M.; Murai, K.K,; Bourgin, C.; Pak, D.T.; Pasquale, E.B. The EphA4 receptor regulates neuronal morphology through
SPAR-mediated inactivation of Rap GTPases. ]. Neurosci. 2007, 27, 14205-14215. [CrossRef] [PubMed]

Wang, Y.; He, H.; Srivastava, N.; Vikarunnessa, S.; Chen, Y.B.; Jiang, J.; Cowan, C.W.; Zhang, X. Plexins are GTPase-activating
proteins for Rap and are activated by induced dimerization. Sci. Signal 2012, 5, ra6. [CrossRef] [PubMed]

Wang, Y.; Pascoe, H.G.; Brautigam, C.A.; He, H.; Zhang, X. Structural basis for activation and non-canonical catalysis of the Rap
GTPase activating protein domain of plexin. Elife 2013, 2, e01279. [CrossRef]

Yang, Y.; Shu, X,; Liu, D.; Shang, Y.; Wu, Y.; Pei, L.; Xu, X; Tian, Q.; Zhang, J.; Qian, K; et al. EPAC null mutation impairs learning
and social interactions via aberrant regulation of miR-124 and Zif268 translation. Neuron 2012, 73, 774-788. [CrossRef]
Yamashita, T.; Tucker, K.L.; Barde, Y.A. Neurotrophin binding to the p75 receptor modulates Rho activity and axonal outgrowth.
Neuron 1999, 24, 585-593. [CrossRef] [PubMed]

Yamashita, T.; Tohyama, M. The p75 receptor acts as a displacement factor that releases Rho from Rho-GDI. Nat. Neurosci. 2003, 6,
461-467. [CrossRef]

Sotthibundhu, A.; Sykes, A.M.; Fox, B.; Underwood, C.K.; Thangnipon, W.; Coulson, E.]. B-amyloid(1-42) induces neuronal death
through the p75 neurotrophin receptor. J. Neurosci. 2008, 28, 3941-3946. [CrossRef]

Chacon, PJ.; Garcia-Mejias, R.; Rodriguez-Tebar, A. Inhibition of RhoA GTPase and the subsequent activation of PTP1B protects
cultured hippocampal neurons against amyloid {3 toxicity. Mol. Neurodegener. 2011, 6, 14. [CrossRef]

Yaar, M.; Zhai, S.; Pilch, PF,; Doyle, S.M.; Eisenhauer, P.B.; Fine, R.E.; Gilchrest, B.A. Binding of 3-amyloid to the p75 neurotrophin
receptor induces apoptosis. A possible mechanism for Alzheimer’s disease. J. Clin. Investig. 1997, 100, 2333-2340. [CrossRef]
[PubMed]

Yaar, M.; Zhai, S.; Fine, R.E.; Eisenhauer, P.B.; Arble, B.L.; Stewart, K.B.; Gilchrest, B.A. Amyloid (3 binds trimers as well as
monomers of the 75-kDa neurotrophin receptor and activates receptor signaling. J. Biol. Chem. 2002, 277, 7720-7725. [CrossRef]
[PubMed]

Harrington, A.W.; Li, Q.M.; Tep, C.; Park, ].B.; He, Z.; Yoon, S.O. The role of Kalirin9 in p75/nogo receptor-mediated RhoA
activation in cerebellar granule neurons. J. Biol. Chem. 2008, 283, 24690-24697. [CrossRef]

Sycheva, M.; Sustarich, ].; Zhang, Y.; Selvaraju, V.; Geetha, T.; Gearing, M.; Babu, ].R. Pro-Nerve Growth Factor Induces Activation
of RhoA Kinase and Neuronal Cell Death. Brain Sci. 2019, 9, 204. [CrossRef] [PubMed]

Tessier-Lavigne, M.; Goodman, C.S. The molecular biology of axon guidance. Science 1996, 274, 1123-1133. [CrossRef]

Raper, ].A.; Kapfhammer, ].P. The enrichment of a neuronal growth cone collapsing activity from embryonic chick brain. Neuron
1990, 4, 21-29. [CrossRef] [PubMed]

Luo, Y,; Raible, D.; Raper, J.A. Collapsin: A protein in brain that induces the collapse and paralysis of neuronal growth cones. Cell
1993, 75, 217-227. [CrossRef] [PubMed]

Alto, L.T.; Terman, J.R. Semaphorins and their Signaling Mechanisms. Methods Mol. Biol. 2017, 1493, 1-25. [CrossRef] [PubMed]
Hota, PK.; Buck, M. Plexin structures are coming: Opportunities for multilevel investigations of semaphorin guidance receptors,
their cell signaling mechanisms, and functions. Cell Mol. Life Sci. 2012, 69, 3765-3805. [CrossRef] [PubMed]


https://doi.org/10.1186/s12974-021-02292-y
https://www.ncbi.nlm.nih.gov/pubmed/34654444
https://doi.org/10.1038/s41419-023-06217-w
https://www.ncbi.nlm.nih.gov/pubmed/37863874
https://doi.org/10.1074/jbc.M203617200
https://www.ncbi.nlm.nih.gov/pubmed/12133829
https://doi.org/10.3858/emm.2010.42.5.035
https://www.ncbi.nlm.nih.gov/pubmed/20200473
https://doi.org/10.1002/jcp.22184
https://doi.org/10.1111/j.1471-4159.2011.07564.x
https://doi.org/10.1515/hsz-2016-0165
https://www.ncbi.nlm.nih.gov/pubmed/27186679
https://doi.org/10.1038/nn1295
https://doi.org/10.1371/journal.pone.0154174
https://doi.org/10.1523/JNEUROSCI.2746-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/18094260
https://doi.org/10.1126/scisignal.2002636
https://www.ncbi.nlm.nih.gov/pubmed/22253263
https://doi.org/10.7554/eLife.01279
https://doi.org/10.1016/j.neuron.2012.02.003
https://doi.org/10.1016/S0896-6273(00)81114-9
https://www.ncbi.nlm.nih.gov/pubmed/10595511
https://doi.org/10.1038/nn1045
https://doi.org/10.1523/JNEUROSCI.0350-08.2008
https://doi.org/10.1186/1750-1326-6-14
https://doi.org/10.1172/JCI119772
https://www.ncbi.nlm.nih.gov/pubmed/9410912
https://doi.org/10.1074/jbc.M110929200
https://www.ncbi.nlm.nih.gov/pubmed/11756426
https://doi.org/10.1074/jbc.M802188200
https://doi.org/10.3390/brainsci9080204
https://www.ncbi.nlm.nih.gov/pubmed/31430874
https://doi.org/10.1126/science.274.5290.1123
https://doi.org/10.1016/0896-6273(90)90440-Q
https://www.ncbi.nlm.nih.gov/pubmed/2155630
https://doi.org/10.1016/0092-8674(93)80064-L
https://www.ncbi.nlm.nih.gov/pubmed/8402908
https://doi.org/10.1007/978-1-4939-6448-2_1
https://www.ncbi.nlm.nih.gov/pubmed/27787839
https://doi.org/10.1007/s00018-012-1019-0
https://www.ncbi.nlm.nih.gov/pubmed/22744749

Cells 2025, 14, 89 42 of 46

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Hung, R.J.; Terman, ].R. Extracellular inhibitors, repellents, and semaphorin/plexin/MICAL-mediated actin filament disassembly.
Cytoskeleton 2011, 68, 415-433. [CrossRef]

Baudet, S.; Becret, J.; Nicol, X. Approaches to Manipulate Ephrin-A: EphA Forward Signaling Pathway. Pharmaceuticals 2020,
13, 140. [CrossRef]

Inoue, E.; Deguchi-Tawarada, M.; Togawa, A.; Matsui, C.; Arita, K.; Katahira-Tayama, S.; Sato, T.; Yamauchi, E.; Oda, Y.; Takai, Y.
Synaptic activity prompts y-secretase-mediated cleavage of EphA4 and dendritic spine formation. . Cell Biol. 2009, 185, 551-564.
[CrossRef]

Lai, W.B.; Wang, B.J.; Hu, M.K,; Hsu, WM.; Her, G.M,; Liao, Y.F. Ligand-dependent activation of EphA4 signaling regulates
the proteolysis of amyloid precursor protein through a Lyn-mediated pathway. Mol. Neurobiol. 2014, 49, 1055-1068. [CrossRef]
[PubMed]

Shamah, S.M.; Lin, M.Z.; Goldberg, ].L.; Estrach, S.; Sahin, M.; Hu, L.; Bazalakova, M.; Neve, R.L.; Corfas, G.; Debant, A.; et al.
EphA receptors regulate growth cone dynamics through the novel guanine nucleotide exchange factor ephexin. Cell 2001, 105,
233-244. [CrossRef] [PubMed]

Sahin, M.; Greer, PL.; Lin, M.Z;; Poucher, H.; Eberhart, J.; Schmidt, S.; Wright, TM.; Shamah, SM.; O’Connell, S,;
Cowan, C.W,; et al. Eph-dependent tyrosine phosphorylation of ephexinl modulates growth cone collapse. Neuron 2005, 46,
191-204. [CrossRef] [PubMed]

Nie, D.; Di Nardo, A.; Han, J.M.; Baharanyi, H.; Kramvis, I; Huynh, T.; Dabora, S.; Codeluppi, S.; Pandolfi, P.P;
Pasquale, E.B.; et al. Tsc2-Rheb signaling regulates EphA-mediated axon guidance. Nat. Neurosci. 2010, 13, 163-172. [CrossRef]
Catlett, T.S.; Onesto, M.M.; McCann, A.J.; Rempel, S.K,; Glass, J.; Franz, D.N.; Gomez, T.M. RHOA signaling defects result in
impaired axon guidance in iPSC-derived neurons from patients with tuberous sclerosis complex. Nat. Commun. 2021, 12, 2589.
[CrossRef] [PubMed]

Inoki, K.; Li, Y,; Xu, T.; Guan, K.L. Rheb GTPase is a direct target of TSC2 GAP activity and regulates mTOR signaling. Genes Dev.
2003, 17, 1829-1834. [CrossRef]

Lamb, R.E; Roy, C.; Diefenbach, T.J.; Vinters, H.V.; Johnson, M.W.,; Jay, D.G.; Hall, A. The TSC1 tumour suppressor hamartin
regulates cell adhesion through ERM proteins and the GTPase Rho. Nat. Cell Biol. 2000, 2, 281-287. [CrossRef]

Boyer, N.P; Gupton, S.L. Revisiting Netrin-1: One Who Guides (Axons). Front. Cell Neurosci. 2018, 12, 221. [CrossRef] [PubMed]
Chan, S.S.; Zheng, H.; Su, M.W.; Wilk, R.; Killeen, M.T.; Hedgecock, E.M.; Culotti, ].G. UNC-40, a C. elegans homolog of DCC
(Deleted in Colorectal Cancer), is required in motile cells responding to UNC-6 netrin cues. Cell 1996, 87, 187-195. [CrossRef]
[PubMed]

Arakawa, H. p53, apoptosis and axon-guidance molecules. Cell Death Differ. 2005, 12, 1057-1065. [CrossRef]

Li, X,; Gao, X.; Liu, G.; Xiong, W.; Wu, J.; Rao, Y. Netrin signal transduction and the guanine nucleotide exchange factor DOCK180
in attractive signaling. Nat. Neurosci. 2008, 11, 28-35. [CrossRef] [PubMed]

Bateman, J.; Shu, H.; Van Vactor, D. The guanine nucleotide exchange factor trio mediates axonal development in the Drosophila
embryo. Neuron 2000, 26, 93-106. [CrossRef] [PubMed]

Al-Maghrebi, M.; Brule, H.; Padkina, M.; Allen, C.; Holmes, WM.; Zehner, Z.E. The 3’ untranslated region of human vimentin
mRNA interacts with protein complexes containing eEF-1y and HAX-1. Nucleic Acids Res. 2002, 30, 5017-5028. [CrossRef]
[PubMed]

Hamelin, M.; Zhou, Y.; Su, M.W.; Scott, .LM.; Culotti, ].G. Expression of the UNC-5 guidance receptor in the touch neurons of C.
elegans steers their axons dorsally. Nature 1993, 364, 327-330. [CrossRef] [PubMed]

Yu, TW.; Bargmann, C.I. Dynamic regulation of axon guidance. Nat. Neurosci. 2001, 4 (Suppl. S11), 1169-1176. [CrossRef]
[PubMed]

Mehlen, P.; Rabizadeh, S.; Snipas, S.J.; Assa-Munt, N.; Salvesen, G.S.; Bredesen, D.E. The DCC gene product induces apoptosis by
a mechanism requiring receptor proteolysis. Nature 1998, 395, 801-804. [CrossRef]

Tong, J.; Killeen, M.; Steven, R.; Binns, K.L.; Culotti, J.; Pawson, T. Netrin stimulates tyrosine phosphorylation of the UNC-5
family of netrin receptors and induces Shp2 binding to the RCM cytodomain. J. Biol. Chem. 2001, 276, 40917-40925. [CrossRef]
[PubMed]

Lee, J.; Li, W.; Guan, K.L. SRC-mediates UNC-5 signaling in Caenorhabitis elegans. Mol. Cell Biol. 2005, 25, 6485-6495. [CrossRef]
Shao, Q.; Yang, T.; Huang, H.; Alarmanazi, F.; Liu, G. Uncoupling of UNC5C with Polymerized TUBB3 in Microtubules Mediates
Netrin-1 Repulsion. J. Neurosci. 2017, 37, 5620-5633. [CrossRef] [PubMed]

Purohit, A.A.; Li, W.; Qu, C.; Dwyer, T.; Shao, Q.; Guan, K.L.; Liu, G. Down syndrome cell adhesion molecule (DSCAM) associates
with uncoordinated-5C (UNC5C) in netrin-1-mediated growth cone collapse. J. Biol. Chem. 2012, 287, 27126-27138. [CrossRef]
[PubMed]

Tong, M.; Jun, T.; Nie, Y.; Hao, J.; Fan, D. The Role of the Slit/Robo Signaling Pathway. J. Cancer 2019, 10, 2694-2705. [CrossRef]
[PubMed]


https://doi.org/10.1002/cm.20527
https://doi.org/10.3390/ph13070140
https://doi.org/10.1083/jcb.200809151
https://doi.org/10.1007/s12035-013-8580-x
https://www.ncbi.nlm.nih.gov/pubmed/24217950
https://doi.org/10.1016/S0092-8674(01)00314-2
https://www.ncbi.nlm.nih.gov/pubmed/11336673
https://doi.org/10.1016/j.neuron.2005.01.030
https://www.ncbi.nlm.nih.gov/pubmed/15848799
https://doi.org/10.1038/nn.2477
https://doi.org/10.1038/s41467-021-22770-4
https://www.ncbi.nlm.nih.gov/pubmed/33972524
https://doi.org/10.1101/gad.1110003
https://doi.org/10.1038/35010550
https://doi.org/10.3389/fncel.2018.00221
https://www.ncbi.nlm.nih.gov/pubmed/30108487
https://doi.org/10.1016/S0092-8674(00)81337-9
https://www.ncbi.nlm.nih.gov/pubmed/8861903
https://doi.org/10.1038/sj.cdd.4401601
https://doi.org/10.1038/nn2022
https://www.ncbi.nlm.nih.gov/pubmed/18066058
https://doi.org/10.1016/S0896-6273(00)81141-1
https://www.ncbi.nlm.nih.gov/pubmed/10798395
https://doi.org/10.1093/nar/gkf656
https://www.ncbi.nlm.nih.gov/pubmed/12466525
https://doi.org/10.1038/364327a0
https://www.ncbi.nlm.nih.gov/pubmed/8332188
https://doi.org/10.1038/nn748
https://www.ncbi.nlm.nih.gov/pubmed/11687826
https://doi.org/10.1038/27441
https://doi.org/10.1074/jbc.M103872200
https://www.ncbi.nlm.nih.gov/pubmed/11533026
https://doi.org/10.1128/MCB.25.15.6485-6495.2005
https://doi.org/10.1523/JNEUROSCI.2617-16.2017
https://www.ncbi.nlm.nih.gov/pubmed/28483977
https://doi.org/10.1074/jbc.M112.340174
https://www.ncbi.nlm.nih.gov/pubmed/22685302
https://doi.org/10.7150/jca.31877
https://www.ncbi.nlm.nih.gov/pubmed/31258778

Cells 2025, 14, 89 43 of 46

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.
289.
290.
291.

292.

293.

294.

295.

Gonda, Y.; Namba, T.; Hanashima, C. Beyond Axon Guidance: Roles of Slit-Robo Signaling in Neocortical Formation. Front. Cell
Dev. Biol. 2020, 8, 607415. [CrossRef]

Wong, K; Ren, X.R.; Huang, Y.Z; Xie, Y.; Liu, G.; Saito, H.; Tang, H.; Wen, L.; Brady-Kalnay, S.M.; Mei, L.; et al. Signal transduction
in neuronal migration: Roles of GTPase activating proteins and the small GTPase Cdc42 in the Slit-Robo pathway. Cell 2001, 107,
209-221. [CrossRef] [PubMed]

Kowianski, P; Lietzau, G.; Czuba, E.; Waskow, M.; Steliga, A.; Morys, ]. BDNF: A Key Factor with Multipotent Impact on Brain
Signaling and Synaptic Plasticity. Cell Mol. Neurobiol. 2018, 38, 579-593. [CrossRef] [PubMed]

Lourenco, E.C.; Galvan, V.; Fombonne, J.; Corset, V.; Llambi, F.; Muller, U.; Bredesen, D.E.; Mehlen, P. Netrin-1 interacts with
amyloid precursor protein and regulates amyloid- production. Cell Death Differ. 2009, 16, 655-663. [CrossRef]

Wu, C.C;; Lien, C.C.; Hou, W.H.; Chiang, PM.; Tsai, K.J. Gain of BDNF Function in Engrafted Neural Stem Cells Promotes the
Therapeutic Potential for Alzheimer’s Disease. Sci. Rep. 2016, 6, 27358. [CrossRef]

Jiao, S.S.; Shen, L.L.; Zhu, C.; Bu, X.L,; Liu, Y.H,; Liu, C.H.; Yao, X.Q.; Zhang, L.L.; Zhou, H.D.; Walker, D.G.; et al. Brain-derived
neurotrophic factor protects against tau-related neurodegeneration of Alzheimer’s disease. Transl. Psychiatry 2016, 6, €907.
[CrossRef] [PubMed]

Jasmin, M.; Ahn, E.H.; Voutilainen, M.H.; Fombonne, J.; Guix, C.; Viljakainen, T.; Kang, S.S.; Yu, L.Y.; Saarma, M.; Mehlen, P; et al.
Netrin-1 and its receptor DCC modulate survival and death of dopamine neurons and Parkinson’s disease features. EMBO ].
2021, 40, €105537. [CrossRef] [PubMed]

Kang, E.J.; Jang, SM.; Lee, YJ.; Jeong, Y.J.; Kim, YJ.; Kang, S.S.; Ahn, E.-H. The couple of netrin-1/a-Synuclein regulates the
survival of dopaminergic neurons via x-Synuclein disaggregation. BMB Rep. 2023, 56, 126-131. [CrossRef] [PubMed]

Lee, YJ.; Jeong, Y.J.; Kang, E.J.; Kang, B.S.; Lee, S.H.; Kim, Y.J.; Kang, S.S.; Suh, SW.; Ahn, E.H. GAP-43 closely interacts with
BDNF in hippocampal neurons and is associated with Alzheimer’s disease progression. Front. Mol. Neurosci. 2023, 16, 1150399.
[CrossRef] [PubMed]

Ahn, E.H.; Kang, S.S.; Liu, X.; Cao, X.; Choi, S.Y.; Musazzi, L.; Mehlen, P.; Ye, K. BDNF and Netrin-1 repression by C/EBPf in
the gut triggers Parkinson’s disease pathologies, associated with constipation and motor dysfunctions. Prog. Neurobiol. 2021,
198, 101905. [CrossRef]

Jain, V; Baitharu, I.; Prasad, D.; Ilavazhagan, G. Enriched environment prevents hypobaric hypoxia induced memory impairment
and neurodegeneration: Role of BDNF/PI3K/GSK3f pathway coupled with CREB activation. PLoS ONE 2013, 8, e62235.
[CrossRef] [PubMed]

Yan, L.; Jin, Y,; Pan, J.; He, X.; Zhong, S.; Zhang, R.; Choi, L.; Su, W.; Chen, ]J. 7,8-Dihydroxycoumarin Alleviates Synaptic Loss
by Activated PI3K-Akt-CREB-BDNF Signaling in Alzheimer’s Disease Model Mice. J. Agric. Food Chem. 2022, 70, 7130-7138.
[CrossRef] [PubMed]

Hua, Z.; Gu, X.; Dong, Y,; Tan, F; Liu, Z.; Thiele, C.J.; Li, Z. PI3K and MAPK pathways mediate the BDNF/TrkB-increased
metastasis in neuroblastoma. Tumour Biol. 2016, 37, 16227-16236. [CrossRef] [PubMed]

Koch, M.; Murrell, ].R.; Hunter, D.D.; Olson, PF; Jin, W.; Keene, D.R.; Brunken, W.].; Burgeson, R.E. A novel member of the netrin
family, B-netrin, shares homology with the 3 chain of laminin: Identification, expression, and functional characterization. J. Cell
Biol. 2000, 151, 221-234. [CrossRef] [PubMed]

Peng, S.; Garzon, D.J.; Marchese, M.; Klein, W.; Ginsberg, S.D.; Francis, B.M.; Mount, H.T.; Mufson, E.J.; Salehi, A.; Fahnestock, M.
Decreased brain-derived neurotrophic factor depends on amyloid aggregation state in transgenic mouse models of Alzheimer’s
disease. J. Neurosci. 2009, 29, 9321-9329. [CrossRef]

Rosa, E.; Fahnestock, M. CREB expression mediates amyloid 3-induced basal BDNF downregulation. Neurobiol. Aging 2015, 36,
2406-2413. [CrossRef] [PubMed]

Tanila, H. The role of BDNF in Alzheimer’s disease. Neurobiol. Dis. 2017, 97, 114-118. [CrossRef]

Minichiello, L. TrkB signalling pathways in LTP and learning. Nat. Rev. Neurosci. 2009, 10, 850-860. [CrossRef]

Arancibia, S.; Silhol, M.; Mouliere, E; Meffre, ].; Hollinger, I.; Maurice, T.; Tapia-Arancibia, L. Protective effect of BDNF against
B-amyloid induced neurotoxicity in vitro and in vivo in rats. Neurobiol. Dis. 2008, 31, 316-326. [CrossRef] [PubMed]
Mitroshina, E.V.; Yarkov, R.S.; Mishchenko, T.A.; Krut, V.G.; Gavrish, M.S.; Epifanova, E.A.; Babaev, A.A.; Vedunova, M.V.
Brain-Derived Neurotrophic Factor (BDNF) Preserves the Functional Integrity of Neural Networks in the 3-Amyloidopathy
Model in vitro. Front. Cell Dev. Biol. 2020, 8, 582. [CrossRef] [PubMed]

Holback, S.; Adlerz, L.; Iverfeldt, K. Increased processing of APLP2 and APP with concomitant formation of APP intracellular
domains in BDNF and retinoic acid-differentiated human neuroblastoma cells. J. Neurochem. 2005, 95, 1059-1068. [CrossRef]
Briz, V,; Zhu, G.; Wang, Y.; Liu, Y.; Avetisyan, M.; Bi, X.; Baudry, M. Activity-dependent rapid local RhoA synthesis is required for
hippocampal synaptic plasticity. J. Neurosci. 2015, 35, 2269-2282. [CrossRef] [PubMed]

Yang, B.; Wang, L.; Nie, Y.; Wei, W.; Xiong, W. proBDNF expression induces apoptosis and inhibits synaptic regeneration by
regulating the RhoA-JNK pathway in an in vitro post-stroke depression model. Transl. Psychiatry 2021, 11, 578. [CrossRef]
[PubMed]


https://doi.org/10.3389/fcell.2020.607415
https://doi.org/10.1016/S0092-8674(01)00530-X
https://www.ncbi.nlm.nih.gov/pubmed/11672528
https://doi.org/10.1007/s10571-017-0510-4
https://www.ncbi.nlm.nih.gov/pubmed/28623429
https://doi.org/10.1038/cdd.2008.191
https://doi.org/10.1038/srep27358
https://doi.org/10.1038/tp.2016.186
https://www.ncbi.nlm.nih.gov/pubmed/27701410
https://doi.org/10.15252/embj.2020105537
https://www.ncbi.nlm.nih.gov/pubmed/33351190
https://doi.org/10.5483/BMBRep.2023-0004
https://www.ncbi.nlm.nih.gov/pubmed/36751943
https://doi.org/10.3389/fnmol.2023.1150399
https://www.ncbi.nlm.nih.gov/pubmed/37143467
https://doi.org/10.1016/j.pneurobio.2020.101905
https://doi.org/10.1371/journal.pone.0062235
https://www.ncbi.nlm.nih.gov/pubmed/23704876
https://doi.org/10.1021/acs.jafc.2c02140
https://www.ncbi.nlm.nih.gov/pubmed/35657168
https://doi.org/10.1007/s13277-016-5433-z
https://www.ncbi.nlm.nih.gov/pubmed/27752996
https://doi.org/10.1083/jcb.151.2.221
https://www.ncbi.nlm.nih.gov/pubmed/11038171
https://doi.org/10.1523/JNEUROSCI.4736-08.2009
https://doi.org/10.1016/j.neurobiolaging.2015.04.014
https://www.ncbi.nlm.nih.gov/pubmed/26025137
https://doi.org/10.1016/j.nbd.2016.05.008
https://doi.org/10.1038/nrn2738
https://doi.org/10.1016/j.nbd.2008.05.012
https://www.ncbi.nlm.nih.gov/pubmed/18585459
https://doi.org/10.3389/fcell.2020.00582
https://www.ncbi.nlm.nih.gov/pubmed/32733889
https://doi.org/10.1111/j.1471-4159.2005.03440.x
https://doi.org/10.1523/JNEUROSCI.2302-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25653381
https://doi.org/10.1038/s41398-021-01667-2
https://www.ncbi.nlm.nih.gov/pubmed/34759285

Cells 2025, 14, 89 44 of 46

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

Anastasia, A.; Deinhardt, K.; Chao, M.V,; Will, N.E.; Irmady, K; Lee, ES.; Hempstead, B.L.; Bracken, C. Val66Met polymorphism
of BDNF alters prodomain structure to induce neuronal growth cone retraction. Nat. Commun. 2013, 4, 2490. [CrossRef]

Lesiak, A.; Pelz, C.; Ando, H.; Zhu, M.; Davare, M.; Lambert, T.].; Hansen, K.E; Obrietan, K.; Appleyard, S.M.; Impey, S.; et al.
A genome-wide screen of CREB occupancy identifies the RhoA inhibitors Par6C and Rnd3 as regulators of BDNF-induced
synaptogenesis. PLoS ONE 2013, 8, e64658. [CrossRef]

Nakaya, Y.; Sukowati, EW.; Wu, Y,; Sheng, G. RhoA and microtubule dynamics control cell-basement membrane interaction in
EMT during gastrulation. Nat. Cell Biol. 2008, 10, 765-775. [CrossRef] [PubMed]

Wojnacki, J.; Quassollo, G.; Bordenave, M.D.; Unsain, N.; Martinez, G.F.; Szalai, A.M.; Pertz, O.; Gundersen, G.G.; Bartolini, F,;
Stefani, ED.; et al. Dual spatio-temporal regulation of axon growth and microtubule dynamics by RhoA signaling pathways. J.
Cell Sci. 2024, 137, jcs261970. [CrossRef]

Tan, D.; Zhang, H.; Deng, |.; Liu, J.; Wen, J.; Li, L.; Wang, X; Pan, M.; Hu, X.; Guo, J]. RhoA-GTPase Modulates Neurite Outgrowth
by Regulating the Expression of Spastin and p60-Katanin. Cells 2020, 9, 230. [CrossRef]

Sanyal, C.; Pietsch, N.; Ramirez Rios, S.; Peris, L.; Carrier, L.; Moutin, M.J. The detyrosination/re-tyrosination cycle of tubulin and
its role and dysfunction in neurons and cardiomyocytes. Semin. Cell Dev. Biol. 2023, 137, 46-62. [CrossRef] [PubMed]

Krendel, M.; Zenke, ET.; Bokoch, G.M. Nucleotide exchange factor GEF-H1 mediates cross-talk between microtubules and the
actin cytoskeleton. Nat. Cell Biol. 2002, 4, 294-301. [CrossRef] [PubMed]

Birkenfeld, J.; Nalbant, P.; Yoon, S.H.; Bokoch, G.M. Cellular functions of GEF-H1, a microtubule-regulated Rho-GEF: Is altered
GEF-H1 activity a crucial determinant of disease pathogenesis? Trends Cell Biol. 2008, 18, 210-219. [CrossRef] [PubMed]
Arimura, N.; Menager, C.; Kawano, Y.; Yoshimura, T.; Kawabata, S.; Hattori, A.; Fukata, Y.; Amano, M.; Goshima, Y.; Inagaki, M.;
et al. Phosphorylation by Rho kinase regulates CRMP-2 activity in growth cones. Mol. Cell Biol. 2005, 25, 9973-9984. [CrossRef]
[PubMed]

Cai, R.; Wang, Y.; Huang, Z.; Zou, Q.; Pu, Y.; Yu, C.; Cai, Z. Role of RhoA /ROCK signaling in Alzheimer’s disease. Behav. Brain
Res. 2021, 414, 113481. [CrossRef] [PubMed]

Herskowitz, ].H.; Feng, Y.; Mattheyses, A.L.; Hales, C.M.; Higginbotham, L.A.; Duong, D.M.; Montine, T.J.; Troncoso, J.C.;
Thambisetty, M.; Seyfried, N.T.; et al. Pharmacologic inhibition of ROCK2 suppresses amyloid-f production in an Alzheimer’s
disease mouse model. J. Neurosci. 2013, 33, 19086-19098. [CrossRef] [PubMed]

Hu, Y.B.; Ren, R].; Zhang, Y.F; Huang, Y.; Cui, H.L.; Ma, C.; Qiu, W.Y,; Wang, H.; Cui, PJ.; Chen, H.Z,; et al. Rho-associated
coiled-coil kinase 1 activation mediates amyloid precursor protein site-specific Ser655 phosphorylation and triggers amyloid
pathology. Aging Cell 2019, 18, e13001. [CrossRef] [PubMed]

Henderson, B.W.; Gentry, E.G.; Rush, T.; Troncoso, J.C.; Thambisetty, M.; Montine, T.].; Herskowitz, ] H. Rho-associated protein
kinase 1 (ROCK1) is increased in Alzheimer’s disease and ROCK1 depletion reduces amyloid-f levels in brain. J. Neurochem.
2016, 138, 525-531. [CrossRef]

Shinozaki, Y.; Danjo, Y.; Koizumi, S. Microglial ROCK is essential for chronic methylmercury-induced neurodegeneration. J.
Neurochem. 2019, 151, 64-78. [CrossRef] [PubMed]

Zhang, X.; Ye, P; Wang, D.; Liu, Y,; Cao, L.; Wang, Y.; Xu, Y.; Zhu, C. Involvement of RhoA /ROCK Signaling in AB-Induced
Chemotaxis, Cytotoxicity and Inflammatory Response of Microglial BV2 Cells. Cell Mol. Neurobiol. 2019, 39, 637-650. [CrossRef]
[PubMed]

Zhu, M.M,; Lin, ]. H,; Qing, P; Pu, L.; Chen, S.L; Lin, SJ; Li, C.L.; Cao, L.X.; Zhang, Y.M. Manual acupuncture relieves microglia-
mediated neuroinflammation in a rat model of traumatic brain injury by inhibiting the RhoA /ROCK2 pathway. Acupunct. Med.
2020, 38, 426-434. [CrossRef] [PubMed]

Huesa, G.; Baltrons, M.A.; Gomez-Ramos, P.; Moran, A.; Garcia, A.; Hidalgo, J.; Frances, S.; Santpere, G.; Ferrer, I.; Galea, E.
Altered distribution of RhoA in Alzheimer’s disease and ABPP overexpressing mice. J. Alzheimers Dis. 2010, 19, 37-56. [CrossRef]
Zhou, Y,; Su, Y,; Li, B,; Liu, E; Ryder, J.W.; Wu, X.; Gonzalez-DeWhitt, P.A.; Gelfanova, V.; Hale, ].E.; May, P.C.; et al. Nonsteroidal
anti-inflammatory drugs can lower amyloidogenic A {342 by inhibiting Rho. Science 2003, 302, 1215-1217. [CrossRef] [PubMed]
Patnaik, A.; Zagrebelsky, M.; Korte, M.; Holz, A. Signaling via the p75 neurotrophin receptor facilitates amyloid-p-induced
dendritic spine pathology. Sci. Rep. 2020, 10, 13322. [CrossRef]

Petratos, S.; Li, Q.X.; George, A.J.; Hou, X.; Kerr, M.L.; Unabia, S.E.; Hatzinisiriou, I.; Maksel, D.; Aguilar, M.I.; Small, D.H. The
-amyloid protein of Alzheimer’s disease increases neuronal CRMP-2 phosphorylation by a Rho-GTP mechanism. Brain 2008,
131, 90-108. [CrossRef] [PubMed]

Tang, J.; Ip, J.P; Ye, T.; Ng, Y.P; Yung, WH.; Wu, Z; Fang, W.; Fu, AK,; Ip, N.Y. Cdk5-dependent Mst3 phosphorylation and
activity regulate neuronal migration through RhoA inhibition. J. Neurosci. 2014, 34, 7425-7436. [CrossRef]

Woolfrey, K.M.; Srivastava, D.P. Control of Dendritic Spine Morphological and Functional Plasticity by Small GTPases. Neural
Plast. 2016, 2016, 3025948. [CrossRef] [PubMed]

Zhang, H.; Ben Zablah, Y.; Zhang, H.; Jia, Z. Rho Signaling in Synaptic Plasticity, Memory, and Brain Disorders. Front. Cell Dev.
Biol. 2021, 9, 729076. [CrossRef] [PubMed]


https://doi.org/10.1038/ncomms3490
https://doi.org/10.1371/journal.pone.0064658
https://doi.org/10.1038/ncb1739
https://www.ncbi.nlm.nih.gov/pubmed/18552836
https://doi.org/10.1242/jcs.261970
https://doi.org/10.3390/cells9010230
https://doi.org/10.1016/j.semcdb.2021.12.006
https://www.ncbi.nlm.nih.gov/pubmed/34924330
https://doi.org/10.1038/ncb773
https://www.ncbi.nlm.nih.gov/pubmed/11912491
https://doi.org/10.1016/j.tcb.2008.02.006
https://www.ncbi.nlm.nih.gov/pubmed/18394899
https://doi.org/10.1128/MCB.25.22.9973-9984.2005
https://www.ncbi.nlm.nih.gov/pubmed/16260611
https://doi.org/10.1016/j.bbr.2021.113481
https://www.ncbi.nlm.nih.gov/pubmed/34302876
https://doi.org/10.1523/JNEUROSCI.2508-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/24305806
https://doi.org/10.1111/acel.13001
https://www.ncbi.nlm.nih.gov/pubmed/31287605
https://doi.org/10.1111/jnc.13688
https://doi.org/10.1111/jnc.14817
https://www.ncbi.nlm.nih.gov/pubmed/31278875
https://doi.org/10.1007/s10571-019-00668-6
https://www.ncbi.nlm.nih.gov/pubmed/30852720
https://doi.org/10.1177/0964528420912248
https://www.ncbi.nlm.nih.gov/pubmed/32310010
https://doi.org/10.3233/JAD-2010-1203
https://doi.org/10.1126/science.1090154
https://www.ncbi.nlm.nih.gov/pubmed/14615541
https://doi.org/10.1038/s41598-020-70153-4
https://doi.org/10.1093/brain/awm260
https://www.ncbi.nlm.nih.gov/pubmed/18000012
https://doi.org/10.1523/JNEUROSCI.5449-13.2014
https://doi.org/10.1155/2016/3025948
https://www.ncbi.nlm.nih.gov/pubmed/26989514
https://doi.org/10.3389/fcell.2021.729076
https://www.ncbi.nlm.nih.gov/pubmed/34671600

Cells 2025, 14, 89 45 of 46

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

Joo, E.; Olson, M.F. Regulation and functions of the RhoA regulatory guanine nucleotide exchange factor GEF-H1. Small GTPases
2021, 12, 358-371. [CrossRef]

Ryan, X.P.; Alldritt, J.; Svenningsson, P.; Allen, P.B.; Wu, G.Y.; Nairn, A.C.; Greengard, P. The Rho-specific GEF Lfc interacts with
neurabin and spinophilin to regulate dendritic spine morphology. Neuron 2005, 47, 85-100. [CrossRef]

Allen, P.B. Functional plasticity in the organization of signaling complexes in the striatum. Park. Relat. Disord. 2004, 10, 287-292.
[CrossRef] [PubMed]

Feng, J.; Yan, Z.; Ferreira, A.; Tomizawa, K.; Liauw, J.A.; Zhuo, M.; Allen, P.B.; Ouimet, C.C.; Greengard, P. Spinophilin regulates
the formation and function of dendritic spines. Proc. Natl. Acad. Sci. USA 2000, 97, 9287-9292. [CrossRef]

Lin, W.; Shiomoto, S.; Yamada, S.; Watanabe, H.; Kawashima, Y.; Eguchi, Y.; Muramatsu, K.; Sekino, Y. Dendritic spine formation
and synapse maturation in transcription factor-induced human iPSC-derived neurons. iScience 2023, 26, 106285. [CrossRef]
Shiraishi-Yamaguchi, Y.; Sato, Y.; Sakai, R.; Mizutani, A.; Knopfel, T.; Mori, N.; Mikoshiba, K.; Furuichi, T. Interaction of
Cupidin/Homer2 with two actin cytoskeletal regulators, Cdc42 small GTPase and Drebrin, in dendritic spines. BMC Neurosci.
2009, 10, 25. [CrossRef]

Luo, T.; Roman, P; Liu, C; Sun, X,; Park, Y.; Hu, B. Upregulation of the GEF-H1 pathway after transient cerebral ischemia. Exp.
Neurol. 2015, 263, 306-313. [CrossRef]

Wei, W.; Nguyen, L.N.; Kessels, H.W.; Hagiwara, H.; Sisodia, S.; Malinow, R. Amyloid 3 from axons and dendrites reduces local
spine number and plasticity. Nat. Neurosci. 2010, 13, 190-196. [CrossRef]

Tsushima, H.; Emanuele, M.; Polenghi, A.; Esposito, A.; Vassalli, M.; Barberis, A.; Difato, F.; Chieregatti, E. HDAC6 and RhoA are
novel players in Ap-driven disruption of neuronal polarity. Nat. Commun. 2015, 6, 7781. [CrossRef] [PubMed]

Lee, S.; Salazar, S.V.; Cox, T.O,; Strittmatter, S.M. Pyk2 Signaling through Grafl and RhoA GTPase Is Required for Amyloid-f
Oligomer-Triggered Synapse Loss. J. Neurosci. 2019, 39, 1910-1929. [CrossRef] [PubMed]

Garcia-Carlos, C.A.; Basurto-Islas, G.; Perry, G.; Mondragon-Rodriguez, S. Meta-Analysis in Transgenic Alzheimer’s Disease
Mouse Models Reveals Opposite Brain Network Effects of Amyloid-3 and Phosphorylated Tau Proteins. J. Alzheimers Dis. 2024,
99, 595-607. [CrossRef] [PubMed]

Feng, Y.; LoGrasso, P.V,; Defert, O.; Li, R. Rho Kinase (ROCK) Inhibitors and Their Therapeutic Potential. J. Med. Chem. 2016, 59,
2269-2300. [CrossRef]

Gao, Y;; Yan, Y,; Fang, Q.; Zhang, N.; Kumar, G.; Zhang, J.; Song, L.J.; Yu, J.; Zhao, L.; Zhang, H.T.; et al. The Rho kinase inhibitor
fasudil attenuates A{3(1-42)-induced apoptosis via the ASK1/JNK signal pathway in primary cultures of hippocampal neurons.
Metab. Brain Dis. 2019, 34, 1787-1801. [CrossRef] [PubMed]

Yu,J.Z; Li, YH,; Liu, C.Y,; Wang, Q.; Gu, Q.F; Wang, H.Q.; Zhang, G.X,; Xiao, B.G.; Ma, C.G. Multitarget Therapeutic Effect of
Fasudil in APP/PS1transgenic Mice. CNS Neurol. Disord. Drug Targets 2017, 16, 199-209. [CrossRef] [PubMed]

Pickhardt, M.; Tassoni, M.; Denner, P.; Kurkowsky, B.; Kitanovic, A.; Mohl, C.; Fava, E.; Mandelkow, E. Screening of a neuronal
cell model of tau pathology for therapeutic compounds. Neurobiol. Aging 2019, 76, 24-34. [CrossRef] [PubMed]

Gu, QF; Yu, J.Z; Wu, H,; Li, YH,; Liu, C.Y,; Feng, L.; Zhang, G.X.; Xiao, B.G.; Ma, C.G. Therapeutic effect of Rho kinase inhibitor
FSD-C10 in a mouse model of Alzheimer’s disease. Exp. Ther. Med. 2018, 16, 3929-3938. [CrossRef]

Swanger, S.A.; Mattheyses, A.L.; Gentry, E.G.; Herskowitz, ].H. ROCK1 and ROCK2 inhibition alters dendritic spine morphology
in hippocampal neurons. Cell Logist. 2015, 5, €1133266. [CrossRef] [PubMed]

Gentry, E.G.; Henderson, B.W.; Arrant, A.E.; Gearing, M.; Feng, Y.; Riddle, N.C.; Herskowitz, ].H. Rho Kinase Inhibition as a
Therapeutic for Progressive Supranuclear Palsy and Corticobasal Degeneration. J. Neurosci. 2016, 36, 1316-1323. [CrossRef]
[PubMed]

Killick, R.; Elliott, C.; Ribe, E.; Broadstock, M.; Ballard, C.; Aarsland, D.; Williams, G. Neurodegenerative Disease Associated Path-
ways in the Brains of Triple Transgenic Alzheimer’s Model Mice Are Reversed Following Two Weeks of Peripheral Administration
of Fasudil. Int. J. Mol. Sci. 2023, 24, 11219. [CrossRef]

Dong, M,; Yan, B.P; Liao, J.K; Lam, Y.Y;; Yip, G.W.; Yu, C.M. Rho-kinase inhibition: A novel therapeutic target for the treatment
of cardiovascular diseases. Drug Discov. Today 2010, 15, 622-629. [CrossRef] [PubMed]

Lingor, P; Weber, M.; Camu, W.; Friede, T, Hilgers, R; Leha, A, Neuwirth, C.; Gunther, R.; Benatar, M,
Kuzma-Kozakiewicz, M.; et al. ROCK-ALS: Protocol for a Randomized, Placebo-Controlled, Double-Blind Phase Ila Trial
of Safety, Tolerability and Efficacy of the Rho Kinase (ROCK) Inhibitor Fasudil in Amyotrophic Lateral Sclerosis. Front. Neurol.
2019, 10, 293. [CrossRef] [PubMed]

Koch, J.C.; Leha, A.; Bidner, H.; Cordts, I.; Dorst, J.; Gunther, R.; Zeller, D.; Braun, N.; Metelmann, M.; Corcia, P.; et al.
Safety, tolerability, and efficacy of fasudil in amyotrophic lateral sclerosis (ROCK-ALS): A phase 2, randomised, double-blind,
placebo-controlled trial. Lancet Neurol. 2024, 23, 1133-1146. [CrossRef] [PubMed]

McLeod, R.; Kumar, R.; Papadatos-Pastos, D.; Mateo, J.; Brown, J.S.; Garces, A.H.I.; Ruddle, R.; Decordova, S.; Jueliger, S.;
Ferraldeschi, R; et al. First-in-Human Study of AT13148, a Dual ROCK-AKT Inhibitor in Patients with Solid Tumors. Clin. Cancer
Res. 2020, 26, 4777-4784. [CrossRef]


https://doi.org/10.1080/21541248.2020.1840889
https://doi.org/10.1016/j.neuron.2005.05.013
https://doi.org/10.1016/j.parkreldis.2004.02.016
https://www.ncbi.nlm.nih.gov/pubmed/15196507
https://doi.org/10.1073/pnas.97.16.9287
https://doi.org/10.1016/j.isci.2023.106285
https://doi.org/10.1186/1471-2202-10-25
https://doi.org/10.1016/j.expneurol.2014.10.016
https://doi.org/10.1038/nn.2476
https://doi.org/10.1038/ncomms8781
https://www.ncbi.nlm.nih.gov/pubmed/26198811
https://doi.org/10.1523/JNEUROSCI.2983-18.2018
https://www.ncbi.nlm.nih.gov/pubmed/30626696
https://doi.org/10.3233/JAD-231365
https://www.ncbi.nlm.nih.gov/pubmed/38669540
https://doi.org/10.1021/acs.jmedchem.5b00683
https://doi.org/10.1007/s11011-019-00487-0
https://www.ncbi.nlm.nih.gov/pubmed/31482248
https://doi.org/10.2174/1871527315666160711104719
https://www.ncbi.nlm.nih.gov/pubmed/27401064
https://doi.org/10.1016/j.neurobiolaging.2018.11.026
https://www.ncbi.nlm.nih.gov/pubmed/30640040
https://doi.org/10.3892/etm.2018.6701
https://doi.org/10.1080/21592799.2015.1133266
https://www.ncbi.nlm.nih.gov/pubmed/27054047
https://doi.org/10.1523/JNEUROSCI.2336-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/26818518
https://doi.org/10.3390/ijms241311219
https://doi.org/10.1016/j.drudis.2010.06.011
https://www.ncbi.nlm.nih.gov/pubmed/20601092
https://doi.org/10.3389/fneur.2019.00293
https://www.ncbi.nlm.nih.gov/pubmed/30972018
https://doi.org/10.1016/S1474-4422(24)00373-9
https://www.ncbi.nlm.nih.gov/pubmed/39424560
https://doi.org/10.1158/1078-0432.CCR-20-0700

Cells 2025, 14, 89 46 of 46

342.

343.

344.

345.

346.

347.

348.

349.

Wolff, A.W.; Peine, ].; Hofler, J.; Zurek, G.; Hemker, C.; Lingor, P. SAFE-ROCK: A Phase I Trial of an Oral Application of the
ROCK Inhibitor Fasudil to Assess Bioavailability, Safety, and Tolerability in Healthy Participants. CNS Drugs 2024, 38, 291-302.
[CrossRef] [PubMed]

Wang, Q.; Song, L.J.; Ding, Z.B.; Chai, Z.; Yu, ].Z.; Xiao, B.G.; Ma, C.G. Advantages of Rho-associated kinases and their inhibitor
fasudil for the treatment of neurodegenerative diseases. Neural Regen. Res. 2022, 17, 2623-2631. [CrossRef]

Shang, X.; Marchioni, F,; Sipes, N.; Evelyn, C.R.; Jerabek-Willemsen, M.; Duhr, S.; Seibel, W.; Wortman, M.; Zheng, Y. Rational
design of small molecule inhibitors targeting RhoA subfamily Rho GTPases. Chem. Biol. 2012, 19, 699-710. [CrossRef] [PubMed]
Francis, T.C.; Gaynor, A.; Chandra, R.; Fox, M.E.; Lobo, M.K. The Selective RhoA Inhibitor Rhosin Promotes Stress Resiliency
Through Enhancing D1-Medium Spiny Neuron Plasticity and Reducing Hyperexcitability. Biol. Psychiatry 2019, 85, 1001-1010.
[CrossRef] [PubMed]

Aktories, K.; Frevert, ]. ADP-ribosylation of a 21-24 kDa eukaryotic protein(s) by C3, a novel botulinum ADP-ribosyltransferase,
is regulated by guanine nucleotide. Biochem. J. 1987, 247, 363-368. [CrossRef] [PubMed]

Fischer, D.; Petkova, V.; Thanos, S.; Benowitz, L.I. Switching mature retinal ganglion cells to a robust growth state in vivo: Gene
expression and synergy with RhoA inactivation. J. Neurosci. 2004, 24, 8726-8740. [CrossRef]

Penna, V.; Bjoern Stark, G.; Leibig, N.; Boyle, V.; Sakalidou, M. Rho-inhibition by local application of c3-toxin for enhancement of
axonal sprouting in a rat end-to-side nerve repair model. Microsurgery 2012, 32, 207-212. [CrossRef]

Gutekunst, C.A.; Tung, ].K.; McDougal, M.E.; Gross, R.E. C3 transferase gene therapy for continuous conditional RhoA inhibition.
Neuroscience 2016, 339, 308-318. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s40263-024-01070-7
https://www.ncbi.nlm.nih.gov/pubmed/38416402
https://doi.org/10.4103/1673-5374.335827
https://doi.org/10.1016/j.chembiol.2012.05.009
https://www.ncbi.nlm.nih.gov/pubmed/22726684
https://doi.org/10.1016/j.biopsych.2019.02.007
https://www.ncbi.nlm.nih.gov/pubmed/30955841
https://doi.org/10.1042/bj2470363
https://www.ncbi.nlm.nih.gov/pubmed/3122724
https://doi.org/10.1523/JNEUROSCI.2774-04.2004
https://doi.org/10.1002/micr.20978
https://doi.org/10.1016/j.neuroscience.2016.10.022
https://www.ncbi.nlm.nih.gov/pubmed/27746349

	Introduction 
	The Physiological Functions of APP and A 
	Direct Effect of Cell and Membrane Damage by A Through Metal Ion-Induced ROS 
	Neuronal Damage by A Through Its Receptors 
	A Receptors in Neurons 
	Cellular Prion Protein (PrPC) 
	Metabotropic Glutamate Receptor 5 (mGluR5) 
	Nicotinic Acetylcholine Receptor (nAchR) 

	A Receptors in Endothelia 
	Low-Density Lipoprotein Receptor-Related Protein 1 (LRP1) 
	The Receptor for Advanced Glycation End Products (RAGE) 


	Neuroinflammation 
	A Receptors in Microglia and Astrocytes 
	Complement Receptor CR3 
	FcRs (Fc Receptors) 
	Formyl Peptide Receptors (FPRs) 
	Scavenger Receptor A1 (SCARA1), SCARA2, and CD36 
	Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) 

	Superoxide Generation and Toxicity 
	NF-B Activation and Production of Proinflammatory Cytokine and Chemokines 

	Tau Phosphorylation 
	Glycogen Synthase Kinase-3 (GSK-3) 
	CDK5 
	Microtubule Associated Proteins (MAP)/Microtubule Affinity-Regulating Kinase (MARK) 
	Rho-Associated Protein Kinase (ROCK) 
	Dual-Specificity Tyrosine Phosphorylation-Regulated Kinase 1A (DYRK1A) 

	Regulation of Neuronal Function by RhoA GTPases 
	Regulation of RhoA GTPase Activity 
	RhoA Effects on Neurite Outgrowth in Neuronal Cells 
	Investigation of RhoA Functions in Neurons Using Animal Model 
	Molecular Mechanism of RhoA Inactivation During Neurite Outgrowth 
	Molecular Mechanism of RhoA Activation in Neurons 
	Axon Guidance Molecules Regulate RhoA Activity 
	Sema3A 
	Eph (Erythropoietin-Producing Hepatocellular Carcinoma) Receptors 
	Netrin-1 
	Slits 

	Brain-Derived Neurotrophic Factor (BDNF) 
	RhoA and Microtubule 
	Relationship Between A and RhoA in AD 
	Rho GTPases in Spine Formation 

	Conclusions 
	Perspectives 
	References

