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A B S T R A C T   

The prevalence of Alzheimer’s disease (AD) and its associated economic and societal burdens are on the rise, but 
there are no curative treatments for AD. Interestingly, this neurodegenerative disease shares several biological 
and pathophysiological features with cancer, including cell-cycle dysregulation, angiogenesis, mitochondrial 
dysfunction, protein misfolding, and DNA damage. However, the genetic factors contributing to the overlap in 
biological processes between cancer and AD have not been actively studied. In this review, we discuss the shared 
biological features of cancer and AD, the molecular targets of anticancer drugs, and therapeutic approaches. 
First, we outline the common biological features of cancer and AD. Second, we describe several anticancer drugs, 
their molecular targets, and their effects on AD pathology. Finally, we discuss how protein–protein interactions 
(PPIs), receptor inhibition, immunotherapy, and gene therapy can be exploited for the cure and management of 
both cancer and AD. Collectively, this review provides insights for the development of AD theragnostics based on 
cancer drugs and molecular targets.   

1. Introduction 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative 
ailment, yet current interventions are not curative and merely slow 
disease progression [1]. Despite declines in mortality rates for other 
leading causes of death (e.g., cardiovascular disease and stroke), AD 
mortality has increased over the past decade [2]. Therefore, trans
formative therapeutics are needed to cure/treat AD. Interestingly, pa
tients with cancer are at lower risk of developing AD, suggesting that 
susceptibility to cancer is associated with resilience to AD pathoprog
ression [3,4]. Moreover, cancer patients who have undergone chemo
therapy have lower AD mortality, implying therapeutic effects of 
anticancer therapies on AD [5]. 

AD and cancer are important causes of death in the elderly globally. 
Although the pathologies of these diseases differ markedly neuronal 
deterioration/death in AD and sustained cell proliferation in cancer 

[6,7] AD and cancer share risk factor genes and have similar underlying 
molecular mechanisms of pathoprogression [8,9]. For example, protein 
kinase-encoding genes (e.g., PRKD3 and TOP3A) and cell growth/ 
survival-related genes (e.g., RHOH) are shared risk factors in AD and 
cancer [10]. In addition, AD and cancer progression lead to oxidative 
stress, which hinders the destruction of cytotoxic Aβ and host defense 
peptides in tumor or neuronal cells [11,12]. Furthermore, there is evi
dence that mammalian target of rapamycin (mTOR) plays important 
roles in cancer and neurodegenerative diseases, including AD. Specif
ically, AKT/mTOR signaling is activated by c-reactive protein in 
inflammation-mediated neurodegenerative disease and in the develop
ment of oral squamous cell carcinoma [13,14]. Additionally, Ras/PI3K/ 
AKT/mTOR signaling-mediated cell cycle dysregulation promotes AD 
and prostate cancer development [15]. Dysregulated Pin1/p53/Wnt 
signaling and autophagy-related Sirt/mTOR signaling are also closely 
associated with both AD and cancer physiopathology [16,17]. 
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Interestingly, upregulation of mTOR levels/activity in the brain in pa
tients with AD is associated with various AD pathologies, including Aβ/ 
tau accumulation, suppression of autophagy induction, defects in long- 
term potentiation, neuronal degeneration, and memory impairment 
[18]. 

Although previous epidemiological studies have investigated the 
inverse association between AD and cancer and identified several risk 
factors that affect both AD and cancer, the etiological associations of the 
shared risk genes for AD and cancer have not been systematically 
addressed. Resolving these etiopathological associations and the un
derlying mechanisms will provide feasible strategies for the develop
ment of AD theragnostics. Therefore, in this review, we first discuss the 
common pathogenic pathways of cancer and AD, including cell-cycle 
regulation, angiogenesis-associated genes, cell type-specific mitochon
drial dysfunction, and protein misfolding and aggregation. Second, we 
discuss potential molecular targets for AD and cancer therapeutics and 
the possibility of repurposing clinical anticancer drugs as AD thera
peutics. Finally, we highlight potential therapeutic approaches, 
including immunotherapy and gene therapy, for AD and cancer. 

2. Biological features of cancer and Alzheimer’s disease 

Unraveling the shared pathological mechanisms of cancer and AD 
will lead to feasible strategies for diagnosing, managing, and treating 
these diseases. The close association between cancer and AD patho
genesis is related to six biological functions: angiogenesis, mitochon
drial function, proteostasis, proteases and cell–cell junctions, 
transcription, and cell-cycle regulation. 

2.1. Angiogenesis 

Angiogenesis is the formation of new blood vessels from existing 
vessels and is vital for delivering oxygen and nutrients to tissues [19,20]. 
Under normal conditions, angiogenesis is regulated by maintaining a 
balance between angiogenic stimulators (i.e., VEGF/VEGFR1, angio
poietin 1, TGF-α, and PDGF) and antiangiogenic mediators (i.e., PEDF, 
prolactin, IFN-α, and IL-12) [21]. Imbalanced angiogenesis is crucial for 
cancer development, invasion, and metastasis [22]. Interestingly, genes 
associated with angiogenesis in cancer are also implicated in neurode
generative diseases, including AD [23] Specifically, angiopoietin 1, an 
angiogenic factor, exacerbates Aβ pathology and memory impairments 
in APP/PS1 mice, a model of AD [24]. Conversely, angiogenic PDGF-BB, 
which maintains blood–brain barrier (BBB) integrity, is downregulated 
in the brains of patients with AD and mouse models of AD [25]. AD- 
related proteins such as amyloid precursor protein (APP) and mem
bers of the disintegrin and metalloprotease (ADAM) family are also 
associated with angiogenesis due to their interactions with the angio
genic factor EGFR and its ligand EGF [26,27]. These observations indi
cate that homeostasis of angiogenesis is a therapeutic target for cancer 
and AD. In this section, we discuss the functions of angiogenesis- 
associated genes in cancer and AD. 

2.1.1. Amyloid precursor protein (APP) 
APP is highly expressed in neurons and is involved in neuronal 

development, signaling, and intracellular transport under normal con
ditions [28,29]. However, amyloidogenic proteolytic processing of APP 
by β- and γ-secretases leads to the release of amyloid-β (Aβ), which, upon 
misfolding, contributes to the formation of neurotoxic amyloid plaques, 
a major hallmark of AD [30]. In TgCRND8 mice, a model of AD, β-sec
retase (BACE1)-mediated APP processing exacerbates angiogenesis 
through NOTCH3 signaling [31]. 

Because APP interacts with angiogenic factors (i.e., EGF and TGF-α), 
it also promotes cancer development. For example, APP triggers cancer 
cell growth and proliferation in prostate and lung cancer [32,33]. In 
addition, APP plays a critical role in cancer pathoprogression. For 
example, APP levels are elevated in breast cancer cell lines, and 

knockdown of APP slows breast cancer progression by inducing p27kip1 

and caspase-3-mediated apoptosis in vitro and in vivo [34]. In addition, 
APP triggers cancer cell growth and proliferation in prostate and lung 
cancer [32,33]. This evidence suggests that APP is a promising target 
and biomarker for both cancer and AD. 

2.1.2. A disintegrin and metalloprotease (ADAM) family 
ADAM proteins are transmembrane cell-surface proteins that are 

involved in cell fusion and spermatogenesis [35]. ADAM10 reduces tau 
pathology and promotes the maintenance of synaptic function, sug
gesting that enhancing ADAM10 activity could have beneficial effects on 
AD. Interestingly, synaptic levels of ADAM10 are significantly lower in 
AD patients than in age-matched healthy controls [36,37]. By contrast, 
ADAM family members have pro-tumorigenic effects by interacting with 
angiogenic factors (e.g., EGFR). ADAM10 and ADAM17 promote cancer 
cell invasion via MMP signaling [38], and ADAM17 promotes tumor cell 
proliferation in head and neck squamous cell carcinomas by upregu
lating EGFR-GPCR-mediated ERK/AKT signaling [39]. In addition, in
hibition of ADAM10/ADAM17 has anticancer effects on breast and 
pediatric cancer [40,41]. These observations suggest that ADAM 
blockade is a therapeutic strategy for cancer. Thus, the ADAM family 
comprises angiogenesis-associated genes that affect both cancer and AD. 

2.1.3. Epidermal growth factor receptor (EGFR) 
EGFR belongs to a family of receptor tyrosine kinases (RTKs) that 

regulate cell proliferation and differentiation via Ras-MAPK and PI3K- 
AKT-mTOR signaling [42]. However, mutational activation transforms 
EGFR into an angiogenic factor that mediates tumor cell proliferation 
and further metastasis either directly or by upregulating vascular 
endothelial growth factor (VEGF) [43]. Tumor-promoting mutations in 
EGFR occur in different types of cancers. For example, overexpression of 
EGFR and truncation of EGFR mediated by large deletions (e.g., EGFR- 
vIII, EGFR-KDD, and EGFR-SEPT14) are frequently observed in brain 
cancer, whereas point mutations and small deletions are common in 
lung cancer [44]. Therefore, targeting EGFR has emerged as a promising 
strategy for cancer therapy, although overcoming EGFR inhibitor 
resistance remains a formidable challenge in drug development. Fourth- 
generation EGFR inhibitors have been developed to overcome drug 
resistance, and 14 EGFR tyrosine kinase inhibitors have received FDA 
approval for cancer therapy [45]. 

EGFR is also involved in the pathophysiology of AD via interactions 
with Aβ, a predominant hallmark of AD. EGFR co-localizes with Aβ 
plaques in the brain in AD patients, and EGFR activation is mediated by 
Aβ oligomers [46,47]. In addition, EGFR inhibitors rescue Aβ-induced 
memory deficits in a mouse model of AD and reduce neuroinflammation 
in astrocytic cultures [47,48]. Furthermore, we demonstrated that 
inhibiting EGFR ameliorates tau pathology and tau-mediated neuro
inflammation in PS19 mice, a tau-overexpressing model of AD [49]. 
Taken together, these findings suggest that EGFR is a strategic target for 
modulating the pathoprogression of both cancer and AD. 

2.1.4. Vascular endothelial growth factor (VEGF) 
VEGF is a potent angiogenic factor that promotes tumor cell growth 

the metastasis microenvironment via activation of PI3K/MAPK/Src/ 
PLCγ signaling [50]. The expression of VEGF and its receptors, Fms-like 
tyrosine kinase 1 and fetal liver kinase 1, is increased in colorectal 
carcinoma (CRC) [51]. Therefore, anti-angiogenic therapies that inhibit 
VEGF/VEGFR have therapeutic efficacy against cancer. For example, 
genetic ablation of VEGF suppresses carcinogenesis in the colorectal 
cancer cell line HCT116 and in a mouse model of pancreatic cancer 
[51,52]. 

VEGF is also involved in AD pathophysiology via differential in
teractions with VEGFR1 and VEGFR2. Under AD pathological condi
tions, pro-angiogenic VEGFR2 expression increases, whereas anti- 
angiogenic VEGFR1 expression decreases. As a result, “VEGF is more 
likely to bind VEGFR2 than VEGFR1” [53]. In addition, VEGF 
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colocalizes with Aβ plaques, and VEGF levels in the brain are elevated in 
AD patients with cognitive deficits and AD mouse models [54,55]. 
Furthermore, we demonstrated that the VEGF inhibitor vatalanib at
tenuates Aβ plaque deposition and tau hyperphosphorylation in a mouse 
model of AD [56]. These observations suggest that the angiogenic factor 
VEGF is a promising therapeutic target for cancer and AD. 

2.1.5. Semaphorin (SEMA) 
Unlike the angiogenic factors described previously, SEMA, an axonal 

guidance molecule, plays diverse roles in regulating axonal growth and 
angiogenesis. Depending on the subclass or status of vascular develop
ment, SEMA can exhibit angiogenic (SEMA4D, SEMA6D, SEMA7A), 
antiangiogenic (SEMA3A, SEMA3B, SEMA3D, SEMA3E), or dual 
(SEMA3C, SEMA4A) properties [57]. Among the eight subclasses of 
SEMA proteins, SEMA4 and SEMA7 are associated with cancer pro
gression, and SEMA3 and SEMA4 are involved in AD pathology. Spe
cifically, the transcription and translation of SEMA4C are upregulated in 
lymphatic and endothelial cells derived from breast cancer tissues [58]. 
In lung cancer, upregulation of SEMA7 expression via mTOR signaling is 
involved in EGFR-tyrosine kinase inhibitor (TKI) resistance [59]. In AD 
patients, SEMA3A/SEMA4D levels are elevated in the brain [60,61]. 
SEMA3 colocalizes with neurofibrillary tangles (NFT) in the hippo
campus, and SEMA3 upregulation is associated with neuronal degen
eration [60]. Importantly, inhibition of SEMA4D restores cognitive 
function and alleviates neuroinflammation in an AD mouse model [61]. 
Thus, regulating SEMA expression may attenuate the pathologies of 
cancer and AD. 

2.1.6. Neuropilins (NRPs) 
NRPs promote vasculogenesis and neurite outgrowth by binding to 

the angiogenic factors SEMA and VEGF [62,63]. NRP1-positive lung 
cancer cells exhibit a tumor-initiating cell phenotype, indicating that 
NRP1 is a potential biomarker of lung cancer [64]. In melanoma cells, 
NRP1 cooperates with VEGFR-2 to promote cell migration and ECM 
invasion [65]. Furthermore, upregulation of NRP1 and VEGFA is 
correlated with cognitive function impairment in APOEε4 carriers [66]. 
More research is needed to determine whether NRPs can be used as 
biomarkers for AD detection or therapeutic targets for AD treatment. 

2.2. Mitochondrial dysfunction 

Mitochondria are double-membrane–bound organelles in eukaryotic 
cells that produce cellular energy in the form of adenosine triphosphate 
(ATP) [67]. Mitochondria also store calcium to activate downstream 
signaling pathways and regulates cell growth and death [68,69]. 
Therefore, mitochondrial dysfunction is a pivotal factor contributing to 
the aging process and is closely associated with the development of 
diseases related to excessive cell proliferation, such as cancer, and 
neurodegenerative diseases, including AD. 

2.2.1. Mitochondrial dysfunction in cancer 
Various types of mitochondrial defects are associated with cancer 

development/invasion. First, mitochondrial respiratory dysfunction in 
cancer cells causes a phenomenon called the ‘Warburg effect’ in which 
reduced mitochondrial oxidative phosphorylation and increased 
anaerobic glycolysis are followed by increased lactate production and 
subsequent tumor proliferation [70]. Second, alterations in mitochon
drial DNA (mtDNA), including changes in mitochondrial copy number, 
point mutations, frame-shifting insertions, and large-scale deletions, 
cause mitochondrial dysfunction, which contributes to tumorigenesis 
[71]. Third, mutation hotspots in mitochondria have been identified in 
several types of cancers. For example, the 12418insA mutation, in which 
an additional adenosine nucleotide is inserted in the mtDNA poly
adenosine sequence at nucleotide positions 12,418–12,425, is found in 
breast, gastric, and hepatocellular cancers [72–75]. This frameshift 
mutation results in premature termination of the ND5 gene and a 

truncated polypeptide [76]. Mutations in the MT-ND4, MT-ND5, D-loop, 
and CO1 genes are associated with the development of gastric and breast 
cancers [77,78]. These associations emphasize the importance of mito
chondrial mutations in tumor development, although the specific 
mechanisms are unknown. Fourth, increased mitochondrial fission and 
decreased mitochondrial fusion are commonly observed in many tu
mors. Drp1 dysregulation is thought to cause excessive fission [79], and 
inhibiting or knocking down Drp1 restores mitochondrial network for
mation in lung cancer, significantly reduces cancer cell proliferation, 
and increases spontaneous apoptosis [80]. Kashatus et al. [79] found 
that ERK2-mediated phosphorylation of Drp1 at serine 616 increases 
mitochondrial fission. Ultimately, mitochondrial mutations provoke 
reactive oxygen species (ROS) production and oxidative stress, resulting 
in a critical cycle for tumorigenesis. 

In addition, various pathogenic bacterial proteins target the mito
chondria and nuclei of host cells, disrupting normal cell growth and 
leading to diverse types of cancers, including lung cancer, prostate 
cancer, and colon cancer. Specifically, the DNA binding proteins, 
nuclease, and methyltransferase of Mycoplasma hominis dysregulate the 
DNA repair system in host cell mitochondria, thereby promoting pros
tate carcinogenesis [81]. Consistent with this observation, the Myco
plasma hominis infection rate is significantly higher in patients with 
prostate cancer than in healthy controls and patients with benign 
prostatic hyperplasia [82]. The glyceraldehyde-3-phosphate dehydro
genase and endonuclease of Chlamydia pneumoniae target host mito
chondria and dysregulate glycolysis and DNA repair, thereby 
contributing to the development of lung cancer [83]. Furthermore, DNA 
binding/repair/damage proteins from Salmonella typhimurium promote 
colon cancer cell growth by targeting host cell nuclei [84]. Collectively, 
these observations imply that mitochondrial dysfunction caused by 
pathogenic bacterial proteins plays a critical role in carcinogenesis. 
Further characterizing the role of mitochondrial dysfunction in cancer 
might provide reliable therapeutic strategies for managing/treating 
cancer. 

2.2.2. Mitochondrial dysfunction in AD 
The hallmarks of AD, including Aβ, tau, neuroinflammation, and 

cognitive impairment, are associated with the induction of mitochon
drial dysfunction, which exacerbates AD pathologies. First, Aβ-induced 
neuronal toxicity causes mitochondrial metabolic dysfunction [85]. Aβ 
(25–35) blocks the entry of nuclear-encoded proteins into the mito
chondria, decreases mitochondrial membrane potential, and increases 
ROS production in PC12 cells [86]. In APP/PS1 mice, Aβ plaque accu
mulation induces changes in mitochondrial fusion and fission [87]. 

Second, tauopathy affects mitochondrial function, including mito
chondrial transport, mitochondrial dynamics (morphology), bio
energetics, mitochondrial permeability transition pore formation, 
mitophagy, and neurosteroidogenesis [88,89]. Hyperphosphorylation of 
tau at residues S199, S202, and T205 suppresses mitochondrial trans
port by increasing the inter-microtubule distance [90]. In addition, tau- 
overexpressing SY5Y cells exhibit changes in mitochondrial morphology 
and reduced rates of mitochondrial fusion and fission [91]. 

Third, Drp1, which plays a role in mitochondrial fission, activates the 
NLRP3 inflammasome. NLRP3 activation promotes the inflammatory 
cascade, exacerbating Aβ deposition and tau-induced neuro
degeneration. The induction of this proinflammatory pathway is an 
early event in AD [92]. Conversely, mitochondrial dysfunction in AD 
drives cognitive impairment by reducing mitochondrial membrane po
tential and ATP levels [93]. Collectively, the relationships between 
mitochondrial dysfunction and AD pathologies suggest that mitochon
drial dysfunction is a leading factor in AD development and a promising 
target for novel therapeutic interventions. 

2.2.2.1. Neuronal mitochondrial dysfunction in AD. Differentiating the 
effects of mitochondrial dysfunction according to brain cell types 
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(neurons, microglia, and astrocytes) can provide further insights into the 
pathological features of AD. Neuronal cells need a large number of 
mitochondria to supply the high synaptic energy required to release 
neurotransmitters and respond to signals in the postsynaptic region 
[94]. Compared with non-synaptic mitochondria, synaptic mitochon
dria are overloaded with Ca2+ [95]. Furthermore, in Tg mAPP mice, a 
model of AD, Aβ levels are higher in synaptic mitochondria than in non- 
synaptic mitochondria, exacerbating oxidative stress and impairing 
mitochondrial respiration at synapses [96]. Synaptic mitochondrial 
impairment can also be inferred from the negative effect of tau pathol
ogy on mitochondrial complex I and the effect of Aβ at synaptic termi
nals [91,97]. Among the genes involved in mitochondrial fusion and 
fission, the expression of Drp1, OPA1, Mfn1, and Mfn2 in the brain is 
reduced in AD patients, whereas Fis1 expression is increased [98,99]. In 
addition, presynaptic mitochondria in the brains of AD patients exhibit 
abnormal morphology and structure, including decreases in the number 
and length of mitochondria compared with those in healthy controls. By 
contrast, postsynaptic mitochondria do not differ between AD patients 
and healthy controls [100]. A recent study demonstrated that petunidin 
may protect HT22 neuronal cells from Aβ42-induced reductions in 
mitochondrial membrane potential and ATP levels, potentially reversing 
Aβ42-induced mitochondrial dysfunction [101]. Thus, neuronal mito
chondrial dysfunction appears to be critical for AD pathology. 

2.2.2.2. Microglial mitochondrial dysfunction in AD. Microglia function 
as immune cells in the central nervous system (CNS), and mitochondrial 
oxidative stress in microglia has also been linked to AD progression. 
Specifically, Aβ-mediated mitochondrial metabolic reprogramming in
duces microgliosis and the subsequent release of proinflammatory cy
tokines (e.g., IL-1β, TNF-α, and IFN) and neurotoxic molecules, resulting 
in excessive neuroinflammation and neuronal deterioration/death 
[102]. Mitochondrial damage and Drp1–Fis1-mediated mitochondrial 
fission cause microglial activation in 5xFAD mice, a model of AD [103]. 
This mitochondrial-mediated microglial activation is ameliorated by 
increased SIRT1 expression or treatment with P110 (a selective inhibitor 
of mitochondrial fission) [103,104]. In addition, microglial mitochon
drial dysfunction induces neuroinflammation, leading to neuronal loss 
and neural circuit disorder and ultimately resulting in AD development 
[105]. The level of microglial mitochondrial dysfunction varies among 
pathological conditions and depends on the specific changes in micro
glial mtDNA. For example, Scheffler et al. demonstrated that microglial 
mtDNA polymorphisms directly impact microglial activation and 
phagocytosis of cerebral Aβ in congenic mtDNA mice [106]. Therefore, 
targeting microglial mitochondria may provide therapeutic in
terventions for AD. 

2.2.2.3. Astrocytic mitochondrial dysfunction in AD. Astrocytes play 
important roles in maintaining CNS homeostasis, including in BBB for
mation, mitochondrial transfer to neurons, and ion and neurotrans
mitter transport [107]. Glycolytic metabolism is elevated in astrocytes 
compared to neurons, and inhibition of glycolytic enzymes in astrocytes 
leads to Aβ accumulation [108]. In AD, astrocytes are exposed to 
oxidative stress, resulting in DNA damage and loss of cognitive ability 
[109]. Treatment of astrocytes with Aβ induces mitochondrial frag
mentation and depolarization and ultimately metabolic impairment 
[110]. Lampinen et al. [111] recently found that the internalization of 
neuronal mitochondria in astrocytes is significantly increased in AD 
mice. In addition, astrocytes from 6-month-old AD model mice exhibit 
increased degradation of neuronal mitochondria [111]. Aβ accumula
tion within astrocytes induces changes in the mitochondrial network by 
altering mitochondrial number and mitochondrial motility, including 
mitochondrial displacement, distance, speed, and velocity, indicating a 
significant impact of Aβ accumulation on mitochondria in human as
trocytes [112]. A recent study showed that glucagon-like peptide-1 
(GLP-1) has neuroprotective effects in AD by attenuating astrocytic 

mitochondrial abnormalities through the cAMP/PKA pathway [113]. 
Further characterizing cell type-specific mitochondrial dysfunctions (i. 
e., neurons, microglia, and astrocytes) in AD-related pathologies will 
contribute to the development of AD therapeutics. 

2.3. Protein misfolding and aggregation 

Correct folding of translated proteins is critical for normal protein 
function. Protein misfolding causes conformational changes that can 
promote the formation of protein aggregates, which have been impli
cated in the development of pathological conditions [114]. The forma
tion of neurotoxic aggregates of misfolded proteins increases with age 
[115]. To counteract misfolding and aggregation, cellular quality- 
control mechanisms and recovery mechanisms, such as the protea
some [ubiquitin–proteasome system (UPS)] or autophagy-induced 
degradation, tag misfolded proteins in the cytoplasm [116]. Chaper
ones prevent misfolding by blocking interactions between proteins 
[117]. However, the body produces countless protein molecules, and 
chaperones cannot regulate all protein misfolding events [118]. Protein 
aggregation can be caused by protein hyperphosphorylation, autoca
talysis of prion structure conversion, or destabilization due to protein 
mutations. In addition, intracellular aggregation may occur if the con
centrations of the components of the aggregate are imbalanced. Such 
imbalances include the duplication of amyloid-generating genes or 
mutations that cause changes in amino acid sequences. Concentration 
imbalances can also occur as a result of proteasome deficiency or 
autophagy inhibition, which can lead to neurodegenerative diseases and 
cancer [119]. 

The role of protein aggregation caused by reduced autophagy in AD 
has recently attracted attention [120]. Autophagy decreases with age, 
and this reduction contributes significantly to the correlation between 
aging and neurodegenerative diseases [121]. There are four types of 
selective autophagy: mitophagy, lipophagy, aggrephagy, and lysophagy. 
Dysfunctions of mitophagy and aggrephagy have been implicated in AD. 
Mitophagic dysfunction in AD increases ROS production and proapo
ptotic signaling and decreases respiratory function [122–124]. 
Aggrephagy targets toxic protein aggregates. Suppressing autophagy 
reduces aggrephagy, which prevents cargo removal and accelerates 
neurodegenerative diseases [124,125]. 

Many functional proteins are characterized by alpha-helix abun
dance [126], including amyloidogenic proteins, which tend to misfold 
into β-sheet-rich intermediates that can become toxic. In particular, 
β-sheet formation exposes hydrophobic amino acid residues, promoting 
self-assembly into water-soluble oligomers that ultimately become toxic 
mature fibrils [127]. The aggregation of amyloidogenic proteins follows 
a two-step mechanism comprising a slow step, i.e., amyloid nucleus 
formation, and a quick step, i.e., large aggregate formation. The most 
widely studied amyloidogenic proteins are Aβ plaques in AD, α-synu
clein in Parkinson’s disease, and islet amyloid polypeptide in type 2 
diabetes mellitus [128]. Misfolding and aggregation of the microtubule 
protein tau results in the sequential formation of insoluble β-sheet fi
brils, neurotoxic paired helical filaments (PHFs), and neurofibrillary 
tangles (NFTs) [129]. In AD, specific gene expression patterns that are 
related to protein folding and degradation have been identified [130]. 
Specifically, weakening of the BAG2-HSC70-STUB1-MAPT molecular 
network is significantly correlated with AD progression via increased 
NFT formation and abnormal tau aggregation [130]. These results imply 
that this network is a potential biomarker for the early diagnosis of AD. 

P53, a tumor suppressor protein implicated in carcinogenesis, can 
also form amyloid-like aggregates [131,132]. P53 aggregation is 
observed in breast cancer, colon cancer, and AD [133]. In breast tumors, 
aggregation of p53 results in loss of tumor suppressor function and 
oncogenicity [134]. Oligomerization of p53 and inhibition of its func
tion prevent apoptosis and promote AD by impairing the DNA damage 
response [133]. Both α-helices and β-sheets are abundant in p53 ag
gregates. The conversion of α-helices to β-sheets induces protein 
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aggregation and the accumulation of fibril aggregates [135,136]. 
Mutant proteins are prone to misfolding, and changes in protein struc
ture can expose hidden hydrophobic or aromatic residues, enabling 
hydrophobic or domain–domain interactions that drive self-aggregation 
[137,138]. Mutations in p53, particularly missense mutations of the 
nine hydrophobic residues in the tetramerization domain, induce 
aggregation-evoked loss of anticancer activity and accelerate further 
aggregation [139,140]. The Y220C mutant of p53 undergoes the normal 
amyloid aggregation process of slow and quick steps [141]. The cell- 
penetrating peptide ReACp53, which suppresses mutant p53 function 
by inhibiting its aggregation, is being developed for cancer treatment 
[134]. 

2.4. Proteases and cell–cell junctions 

2.4.1. Matrix metalloproteinases (MMPs) 
MMPs are zinc-dependent endopeptidases that are involved in 

extracellular matrix (ECM) remodeling [142]. MMP-2, MMM-9, and 
MMP-14 contribute to carcinogenesis by promoting angiogenesis in a 
CD44-dependent manner [143,144]. In AD, elevated MMP-1 and MMP-2 
levels are involved in Aβ-mediated pathophysiology [145–147]. Thus, 
modulating MMP activity may be a novel therapeutic strategy for cancer 
and AD. 

2.4.2. Zonula occludens-1 (ZO-1) 
The peripheral membrane protein ZO-1 is related to tight junction 

(TJ) formation and is responsible for BBB integrity [148,149]. Down
regulation of ZO-1 results in BBB disruption and subsequent blood–brain 
tumor barrier formation during brain cancer progression [150]. Aβ1–42 
treatment reduces ZO-1 expression in vitro [149], indicating that 
reducing ZO-1-mediated BBB disruption might exacerbate Aβ pathology 
[151] The role of ZO-1 in BBB function suggests that ZO-1 may be a 
target for treating cancer and AD. 

2.4.3. Claudins 
Claudins are transmembrane proteins found in TJs [152]. Claudins 

act as tumor promoters and/or suppressors via Wnt/PI3K/AKT/mTOR, 
EGFR/PKC, or cAbl/Ras/ERK signaling [153,154]. Claudins have 
opposing roles in cancer depending on their expression pattern (up- vs 
downregulation), localization of the cell (subcellular vs perijunction), 
subtype (27 family members), and tissue [153,154]. For example, 
claudin-1 expression is increased in thyroid, colorectal, stomach, and 
ER- breast cancers and promotes metastasis, whereas claudin-1 expres
sion is decreased in pancreatic, prostate, ER+ breast, and brain cancers 
and acts as a tumor suppressor [153–155]. Claudins are crucial but 
complex therapeutic targets for cancer. 

Claudins are also expressed in brain endothelial cells. Claudin-5 
regulates BBB permeability, and increased expression of claudin-5 is 
critical for AD pathologies [156]. Claudin-5 modulates GABAergic 
transmission/synaptic plasticity and improves learning and memory in 
APP/PS1 mice, a model of AD [157]. The expression of claudin-2, 
claudin-5, and claudin-11 in the brain is increased in patients with AD 
or vascular dementia (VaD) compared to aged controls [158]. Although 
the mechanisms underlying the increase in claudin family expression in 
the brain in AD are unknown, this preliminary evidence suggests that the 
claudin family of proteins contributes to cancer and AD progression. 

2.4.4. Occludin 
Occludin is a core component of TJs and regulates TJ stabilization 

and optimal BBB function [159]. Reduced occludin expression sup
presses cell proliferation and apoptosis in lung cancer [160], whereas 
increased occludin expression promotes angiogenesis in the bladder by 
activating the IL-8/STAT3 pathway [161]. Occludin expression is 
reduced in a mouse model of AD, and reduced occludin expression in
creases BBB permeability in cultured brain endothelial cells [162]. 
Notably, occludin levels are slightly but significantly higher in brain 

endothelial cells (iBECs) derived from human induced pluripotent stem 
cells (hiPSCs) from AD patients than in iBECs derived from healthy 
controls [163]. Thus, modulating occludin expression may be a novel 
therapeutic target for cancer and AD. 

2.5. Transcriptional regulation 

2.5.1. Nuclear factor erythroid 2-related factor 2 (NRF2) 
NRF2 is involved in cellular redox homeostasis and antioxidant 

pathways [164]. NRF2 inhibits carcinogenesis in the early stages of 
cancer [165]. NRF2 activates the proangiogenic role of the VEGF/NRF2- 
dependent pathway in rat gastric epithelial cells, glioma cells, and 
pancreatic cancer cells [166–168]. Inhibition of NRF2 suppresses 
angiogenesis by blocking hypoxia-induced HIF-1α/VEGF signaling to 
suppress angiogenesis [169]. Moreover, NRF2 is a crucial transcription 
factor in neurodegenerative diseases, including AD. Specifically, NRF2 
downregulation in AD increases ROS generation, which is also linked to 
the hallmarks of AD [170]. Aβ and tau accumulation, which are the main 
molecular characteristics of AD, reduce NRF2 levels, suppressing the 
antioxidant response and further accelerating Aβ and tau accumulation 
[170]. NRF2 expression in the hippocampal CA1 region is lower in AD 
patients than in controls [171]. In APP/PS1 mice, the prevalent AD 
mouse model, the expression levels of NRF2 and its target genes are 
significantly reduced [172]. Conversely, activation of NRF2 expression 
alleviates tauopathy/oxidative stress and improves memory function in 
Tau Tg P301S mice, a model of AD, indicating that NRF2 is a potential 
marker of AD [173]. 

2.5.2. Hypoxia-inducible factor (HIF)-1α 
The transcription factor HIF participates in oxygen homeostasis, 

glycolysis, erythropoiesis, angiogenesis, cancer cell invasion, and 
metastasis [174–176]. HIF-1α mediates stress-induced pancreatic tumor 
growth and angiogenesis by regulating VEGF, MMP-2, and MMP-9 
expression [177]. HIF-1α and VEGF levels are elevated in human gli
oma cells, suggesting that inhibition of HIF-1a may inhibit VEGF 
secretion [178]. Genetic ablation of HIF-1 reduces Aβ-induced apoptosis 
and β-secretase 1 (BACE1)-mediated Aβ metabolism in vitro and in vivo 
[179,180]. In addition, chronic hypoxia, a risk factor for AD, upregu
lates HIF-1α expression, which results in tau hyperphosphorylation and 
cognitive deficit through decreased PP2A activation, implying a rela
tionship between HIF-1α and AD [181]. Thus, investigating HIF-1a may 
provide new perspectives on cancer and AD therapies. 

2.5.3. Nuclear factor kappa B (NFκB) 
NFκB is a dimeric transcription factor that mediates innate/adaptive 

immune responses, inflammation, and cell survival. Degradation of the 
NFκB inhibitor IκB is followed by NFκB p50/p65 activation (canonical 
pathway) or p100 phosphorylation and sequential translocation of NFκB 
p52/RelB (non-canonical pathway) [182]. Activation of the canonical 
NFκB pathway exacerbates tumor cell proliferation by suppressing 
apoptosis in a mouse model of colon cancer [183]. In addition, NFκB- 
dependent cancer-accelerating cytokines (e.g., tumor necrosis factor α 
(TNF-α), IL-1β, and IL-6) play pivotal roles in the tumor microenviron
ment [184]. NFκB is also involved in various pathogenic pathways of 
AD. For example, NFκB promotes the expression of BACE-1, an essential 
enzyme in amyloidogenic APP proteolysis, and apolipoprotein E 
(APOE), which activates Aβ fibril formation [185]. In addition, NFκB 
regulates the expression of microRNAs (miRNAs) in the hippocampal 
CA1 and temporal lobe neocortical regions of the brain in patients with 
AD and in LPS-stressed human neuronal glial cells [186]. Dysregulation 
of these miRNAs is related to the onset of various AD pathologies, 
including failure to clear Aβ, amyloidogenesis, and astrogliosis [186]. 
Furthermore, NFκB-mediated inflammatory signaling in reactive 
microglia/astrocytes results in neuronal degeneration during AD path
oprogression [185]. Taken together, these observations suggest that 
NFκB signaling is a promising therapeutic target for cancer and AD. 
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2.5.4. Peroxisome proliferator-activated receptor gamma (PPARγ) 
The transcription factor PPARγ is involved in lipid metabolism, 

glucose homeostasis, cellular differentiation, and inflammatory re
sponses [187]. In addition, PPARγ exhibits proangiogenic properties in 
embryonic endothelial cells (ECs) and diabetic endothelial progenitor 
cells but antiangiogenic potential in mature ECs [188]. Due to the 
diverse biological roles of PPARγ, agonists of PPARγ predominantly act 
as anticancer therapeutics, including for brain cancer, lung carcinoma, 
pancreatic cancer, intestinal adenoma, and liver cancer [189]. PPARγ is 
also associated with bladder carcinogenesis and prostate cancer pro
gression [189,190]. Furthermore, the anti-inflammatory effects of 
PPARγ have therapeutic efficacy against inflammation-related diseases, 
including AD. PPARγ agonists such as thiazolidinediones or nonsteroidal 
anti-inflammatory drugs suppress Aβ accumulation/toxicity by inhibit
ing the amyloidogenic enzyme BACE1 and promoting the degradation of 
Aβ by insulin-degrading enzyme (IDE) [191]. In addition, PPARγ ago
nists ameliorate AD pathologies by suppressing the NFκB-mediated in
flammatory signaling pathway [191]. For instance, treating APP/PS1 
mice, a model of AD, with the PPARγ receptor agonist pioglitazone at
tenuates memory deficits and Aβ deposition in the cerebral cortex [192]. 
Collectively, these findings indicate a crucial role of PPARγ in the 
pathophysiologies of cancer and AD. 

2.5.5. Activator protein 1 (AP-1) 
The transcription factor AP-1 is a heterodimer comprising DNA- 

binding proteins belonging to the Fos, JUN, activating transcription 
factor (ATF), and musculoaponeurotic fibrosarcoma (Maf) families of 
proteins. Upon stimulation by cytokines, growth factors, or neuro
transmitters, AP-1 is activated by the mitogen-activated protein kinase 
(MAPK) signaling pathway [193]. The members of the Fos and Jun 
families have both pro-oncogenic and anti-oncogenic properties; thus, 
the effect of AP-1 on carcinogenesis depends on dimer composition. For 
example, the AP-1 containing c-Jun and c-Fos contributes to tumori
genesis, progression, and invasion in cooperation with RAS signaling 
[194]. By contrast, the AP-1 composed of JUNB and JUND suppresses 
angiogenesis and DNA methylation, inhibiting cancer development and 
progression [194]. Pro-oncogenic c-JUN is activated by c-Jun N-termi
nal kinase (JNK) and is also involved in Aβ-mediated inflammation in 
the brain in patients with AD [195]. Activation of c-Jun/AP-1 promotes 
neuronal apoptosis and subsequent neurodegeneration in AD [196]. 
Thus, AP-1 is closely associated with the pathoprogression of both 
cancer and AD. 

2.6. Cell-cycle dysregulation 

2.6.1. Cyclin-dependent kinases (CDKs) 
The cell-cycle phase is strictly controlled by subcellular pathways, 

and each checkpoint is promoted by the activation of CDKs and cyclin 
complexes [197] Cell-cycle regulation ensures maintenance of cellular 
homeostasis, and disruption of cell-cycle regulation results in sustained 
cell proliferation and carcinogenesis [198]. Therefore, the cell-cycle exit 
step (e.g., CycB/CDK1), cell-cycle entry (e.g., INK4, CDK4/6), and other 
cell-cycle checkpoints (Cip/Kip, CDK2) are major targets for anticancer 
drugs [199]. Although the cell-cycle control mechanism in cancer is well 
understood, the role of this process in AD has received little attention. 

Under normal conditions, mature neurons remain in the inactive G0 
phase, and cell-cycle entry does not occur. However, under pathological 
conditions, including AD, abnormal release of CDK4/cyclin D stimulates 
mature neurons to enter G1 phase (cell-cycle re-entry) [200]. Due to a 
lack of appropriate CDKs/cyclins, further cell-cycle progression is not 
possible [200]. Consequently, cell-cycle re-entry contributes to neuronal 
deterioration/death and subsequent cognitive impairment in AD path
oprogression. The literature suggests that cell-cycle regulation is critical 
for cancer and AD pathoprogression and that CDK4/6 may be a thera
peutic target for both diseases. With the development of new approaches 
for studying abnormal cell-cycle regulation by CDKs in AD, additional 

regulatory mechanisms of the CDK/cyclin complex in AD pathogenesis 
will likely be uncovered. 

2.6.2. Breast cancer type 1 (BRCA1) 
CDK and cyclin complexes are the predominant regulators of the cell 

cycle, but other mediators are involved in cell-cycle checkpoints. For 
example, transcription of the Brca1 gene and hyperphosphorylation of 
the BRCA1 protein are enhanced in the G1/S phase of the cell cycle 
[201]. Under normal conditions, activated BRCA1 phosphorylates reti
noblastoma (RB), which interacts with E2F to inhibit entry into S phase 
[201]. When DNA is damaged by γ-irradiation, the BRCA1-BARD1 
heterodimer phosphorylates p53, which activates p21 and arrests the 
cell cycle in G1/S phase [201]. Therefore, BRCA1 acts as a tumor sup
pressor by regulating cell-cycle G1/S phase entry. Mutations in Brca1 are 
closely associated with tumorigenesis in breast and ovarian cancer. 
Although the function of BRCA1 in breast cancer has been established, 
its roles in other diseases have not been fully investigated. 

Interestingly, imbalanced BRCA1 expression has been linked to AD 
pathogenesis. In patients with AD, BRCA1 and pBRCA1Ser1524 levels in 
the brain are enhanced, and in neuronal cultures, Aβ oligomer treatment 
decreases BRCA1 expression [202,203]. In addition, genetic ablation of 
neuronal Brca1 results in neuronal deterioration and impaired cognition 
and synaptic plasticity [202]. Notably, aberrant expression of BRCA1 in 
NFTs in the brains of AD patients might be associated with cell-cycle re- 
entry [204]. The specific neurological mechanisms by which BRCA1 is 
associated with cell-cycle reentry in AD neurons require further study. 

2.6.3. Transcription factor EB (TFEB) 
TFEB has pivotal roles in autophagosome formation, lysosome 

biogenesis, and autophagic lysosome fusion [205]. Recent studies indi
cate that TFEB also plays an essential role in cell-cycle regulation. DNA 
damage increases the translocation of TFEB into the nucleus, where it 
stabilizes/activates p53, leading to p21 activation and cell-cycle arrest 
[206]. Despite its inhibitory effects on cell-cycle progression, TFEB is 
regarded as an oncogenic factor in cancer etiology. TFEB promotes the 
transcription of genes involved in cell proliferation, metastasis, and 
angiogenesis and is associated with the development and progression of 
pancreatic cancer, melanoma, non-small cell lung cancer (NSCLC), and 
breast cancer [207]. 

Compared with healthy controls, TFEB levels in the brain are 
reduced in patients with AD and in mouse models of AD [208]. 
Conversely, preclinical and clinical studies have shown that TFEB 
overexpression restores autophagic function, reduces amyloid plaque 
accumulation, and rescues cognitive function [10,209]. Taken together, 
these observations indicate that disruption of the balance among the 
multiple functions of TFEB is crucial in the etiopathologies of cancer and 
AD. 

2.6.4. Mammalian target of rapamycin (mTOR) signaling 
mTOR is a receptor serine/threonine kinase that forms two com

plexes, mTORC1 (mTOR, raptor, and mLST8) and mTORC2 (mTOR, 
RICTOR, mSLT8, and mSin1), which regulate cell growth/metabolism or 
cell proliferation/survival, respectively [210]. mTOR modulates cell 
growth by promoting G1 phase progression via S6K1/4E-BP1/eLF4E- 
dependent pathways [211]. In addition, activation of PI3K/AKT/ 
mTOR1 and insulin receptor substrate 1 (IRS1)/mTORC2 signaling is 
required for cell-cycle progression in prostate cancer [15]. Consistent 
with the contribution of sustained activation of mTOR signaling to 
carcinogenesis, inhibition of mTOR has antitumor efficacy in pancreatic 
cancer, breast cancer, endometrial cancer, and thyroid cancer [212]. 

Aberrant activation of mTOR signaling is also observed in AD path
oprogression, including tau pathology, neuroinflammation, and mem
ory impairment [213]. Aβ oligomers stimulate cell-cycle re-entry by 
enhancing mTOR1 signaling at the plasma membrane (not lysosomal), 
and activation of lysosomal mTOR via insulin treatment suppresses Aβ- 
mediated cell-cycle re-entry in primary cortical neurons [214]. 
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Moreover, Aβ oligomers activate AKT/mTOR signaling, which promotes 
tau hyperphosphorylation and subsequent memory impairment [18]. 
These observations indicate that mTOR activity is crucial for cell-cycle 
progression in cancer/AD pathologies. 

In summary, six key pathophysiological mechanisms are linked to 
both cancer and AD: angiogenesis, mitochondriopathy, proteostasis, cell 
to cell junction, transcriptional dysfunction, and cell-cycle dysregula
tion. Targeting mediators of these shared biological features of cancer 
and AD may be a feasible strategy for developing AD theragnostics 
(Table 1). 

3. Potent druggable targets and therapeutic strategies for AD 

On the basis of the shared pathological mechanisms and related 
biomarkers of AD and cancer described above, we propose two pre
dominant druggable targets for the management/treatment of AD pa
thologies: protein–protein interactions and receptor inhibition. 

3.1. Cancer biomarkers as therapeutic targets for AD 

3.1.1. Protein–protein interactions (PPIs) 
PPIs form biological networks with roles in signaling pathways, 

metabolism, and transcription networks [221]. There are approximately 
650,000 PPIs in human cells, and new network interactions are 
continually identified [222]. The PPI context affects protein function, as 
the PPI network enables connections between an enzyme, its protein 
substrate, and protein activity [223]. PPI dysfunction contributes to 
various disorders. Oncogenic PPI networks modulate cell survival, pro
liferation, tumor-promoting inflammation, invasion, and metastasis, 
spurring interest in the development of specific inhibitors of PPIs as 
anticancer drugs. For example, Yoon et al. [224] found that inhibiting 
the direct binding of ribosomal S6 kinase A2 (RSK3) to IκBα impairs 
RSK3-induced IκBα phosphorylation and reduces breast tumorigenesis. 
The construction of a PPI network for colon cancer stem cells (CSCs) 
identified TMEM17 as a novel CSC-related gene [224], and depleting 
TMEM17 inhibits CRC cell proliferation and increases chemotherapy 
drug sensitivity [224]. Additionally, Hozhabri et al. identified four 
candidate genes—SPARC, THY1, IL-1B, and CXCL8—as pivotal regula
tors affecting co-regulation within PPI networks of brain metastasis 

tumors derived from breast cancers [225]. 
Research on the prevention, diagnosis, and treatment of AD has also 

explored PPI networks. Specifically, Karbalaei et al. [226] conducted a 
PPI network analysis of nonalcoholic fatty liver disease and AD and 
identified 190 common genes between the two diseases, highlighting the 
potential utility of PPI networks for analyzing complicated related dis
orders. In a mouse model of AD, NXPZ-2, a small-molecule inhibitor of 
the Keap1–Nrf2 PPI, enhances cognitive function and restores damaged 
brain structure, implying that Keap1–Nrf2 PPI inhibition is a potential 
therapeutic strategy for AD [227]. A recent PPI network analysis 
revealed that Keap1-Nrf2 PPI inhibition by POZL enhances cognitive 
function and recovers Aβ-induced synaptic damage by activating Nrf2 in 
both neurons and AD mouse model [228]. Although the body of research 
on PPIs in AD is small compared with that on PPIs related to cancer, 
understanding the specific PPIs associated with AD may facilitate the 
discovery of novel therapeutic agents. 

3.1.2. Receptor inhibition 
Receptor tyrosine kinases (RTKs) are enzyme-linked receptors that 

regulate a wide range of cellular processes, including proliferation, 
differentiation, metabolism, and migration [229]. Alteration or dysre
gulation of RTK signaling causes various cancers, and the potential 
effectiveness of TKIs as therapeutics for neurodegenerative diseases, 
including AD, has been explored. Representative RTKs are described 
below. 

Toll-like receptors (TLRs) located on the surface of immune cells 
activate innate immunity upon stimulation by conserved pathogen- 
expressed molecules [230]. TLRs are classified according to whether 
they recognize ligands on the cell membrane (TLR1, 2, 4, 5, 6) or within 
the cell on the endosomal membrane (TLR3, 7, 8, 9) [230]. TLR4, one of 
the best-known TLRs, is overexpressed in esophageal squamous cell 
carcinoma (ESCC) and lung cancer [231]. An evaluation of the anti
cancer effects of TLR4 inhibitors in the breast cancer cell lines MCF7, 
SKBR3, MDA-MB-231, and BT-474 revealed that the expression levels of 
TLR4 and its downstream genes (e.g., MyD88 and RELB) vary depending 
on the cancer cell line [232]. TAK-242, a small-molecule inhibitor of 
TLR4, reduces the viability of breast cancer cells, suggesting that TAK- 
242-mediated TLR4 inhibition might be a promising strategy for treat
ing breast cancer [232]. 

Table 1 
Shared biological features of cancer and Alzheimer’s disease (AD).  

Feature Mediator Role in cancer Role in AD pathology References 

Angiogenesis APP Cancer cell growth/proliferation Aβ plaque deposition [30,32,33] 
ADAM Tumor invasion Non-amyloidogenesis [36,38,215] 
EGFR Tumor proliferation/metastasis Aβ/tauopathy, neuroinflammation, cognitive 

function 
[43,47–49,216,217] 

VEGF Cancer cell growth/proliferation Aβ/tauopathy, cognitive function [51,52,54–56] 
SEMA EGFR-mediated carcinogenesis Neuronal degeneration, neuroinflammation, 

cognitive function 
[58–61] 

NRP VEGF-induced tumor progression Cognitive function [62,65,218,219] 
Mitochondriopathy Aberrant anaerobic glycolysis-mediated tumor cell 

proliferation, mtDNA mutation-induced cancer 
progression 

Abnormal mitochondrial dynamic-caused 
neurodegeneration, Glial activation, Aβ/ 
tauopathy 

[70,71,77,78,85,87–89,220] 

Proteostasis Aggregated p53-mediated tumor progression Neurotoxic Aβ plaque and neurofibrillary tangle [128–130,134] 
Protease and cell–cell 

junction 
MMP CD44-dependent carcinogenesis Aβ pathology [143–147] 
ZO-1 Blood–brain tumor barrier BBB integrity, neurodegeneration [149–151] 
Claudin Tumor promotor or suppressor BBB permeability, cognitive function [153–157] 
Occludin Cancer cell proliferation BBB permeability [160,162] 

Transcriptional 
dysfunction 

NRF2 Anti-carcinogenic or proangiogenic Aβ pathology Tauopathy, cognitive function [166–168,170,173] 
HIF-1a VEGF-mediated tumor growth Aβ pathology, Tauopathy, cognitive function [177,179–181] 
NFκB Cancer cell proliferation, tumor microenvironment Amyloidogenesis, neuroinflammation [183–186] 
PPARγ Tumor promoter or suppressor Aβ pathology, neuroinflammation, cognitive 

function 
[188–192] 

AP-1 Tumor promoter or suppressor Neurodegeneration, neuroinflammation [194–196] 
Cell cycle 

dysregulation 
CDKs Tumor proliferation Neurodegeneration [198,200] 
BRCA1 Carcinogenesis Cognitive function, synaptic plasticity [201,202] 
TFEB Cancer progression Autophagy-mediated Aβ pathology and cognition [10,207,209] 
mTOR Tumorigenesis, carcinogenesis Dual role in Aβ pathology [211,212,213]  
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TLR4 was also recently implicated in AD. TLR4 expression is signif
icantly higher in APP/PS1 transgenic mice than in WT mice, and TAK- 
242 attenuates cognitive impairment and Aβ deposition and inhibits 
neuronal apoptosis in APP/PS1 transgenic mice [233]. According to a 
recent study, the TLR4/NF-κB signaling pathway is activated in AD 
mice, and this activation is significantly inhibited by the overexpression 
of miR-107-5p, which is induced by TLR4 [234]. In human iPSC-derived 
microglia, the cytokines produced upon TLR9 activation trigger 
phagocytosis of Aβ42 oligomers and inhibit inflammation [235]. Taken 
together, these findings indicate that blocking TLR4 may be a promising 
strategy for treating AD and cancer. 

Endothelial mitogens promote angiogenesis and vascular perme
ability, and most of the endothelial mitogens identified and isolated thus 
far are derived from vascular endothelial growth factors (VEGFs) [236]. 
VEGF/VEGFR signaling plays roles in immunity and cancer by pro
moting angiogenesis [237]. Overexpression of VEGF regulates glio
blastoma multiforme (GBM), a brain tumor, and VEGFR2 
overexpression accelerates the growth and metastasis of gastric cancer 
cells [238]. Thus, inhibitors of VEGF and VEGFR are potential anti
cancer treatments. For example, the VEGFR2 inhibitor YLL545 inhibits 
angiogenesis and cell growth and has antitumor effects on breast cancer 
cells [237]. VEGF blockade by bevacizumab decreases the number and 
alters the morphology of dendritic spines in the hippocampus and re
duces long-term potentiation (LTP), suggesting therapeutic potential for 
GBM [239]. Drugs targeting VEGF, including sunitinib, sorafenib, axi
tinib, tanibirumab, and ramucirumab, have received approval for 
treating advanced and metastatic cancers [240]. In 5xFAD mice, a model 
of AD, VEGF inhibition by bevacizumab significantly improves BBB 
integrity, the cerebrovascular response, and long-term memory, 
implying therapeutic potential of VEGF blockade for AD [241]. Vascular 
dysregulation is also involved in AD pathogenesis. We recently deter
mined that the VEGF inhibitor vatalanib reduces Aβ plaque number and 
tau phosphorylation in 5xFAD mice [56]. Therefore, VEGF may be a 
novel molecular target/biomarker for both cancer and AD. 

Platelet-derived growth factor receptor (PDGFR) regulates cell pro
liferation, migration, and angiogenesis [242]. The roles of PDGFs and 
PDGFRs in oncogenesis and drug resistance have been studied exten
sively, and PDGF signaling is an important target for inhibiting tumor
igenesis [243]. Several recent studies have examined the ability of 
regorafenib, imatinib, and sunitinib to act as PDGFR inhibitors to inhibit 
breast cancer progression [244]. Regorafenib significantly decreases the 
migration and proliferation of breast cancer cells [244]. Combining 
radiotherapy with biological or pharmaceutical drugs (e.g., PDGFR-β 
inhibitors) is a potential therapeutic strategy for cancer to minimize the 
side effects and enhance the efficacy of RT [245]. However, inhibiting 
PDGFR-β (a marker of pericytes) delays tumor growth but enhances 
metastasis when combined with RT and Endostar therapy [245]. 
Moreover, a recent study demonstrated that PDGFRs act in BBB forma
tion in cerebral vessels by preventing pericyte degeneration [25]. 
Interestingly, another study suggested that cerebrospinal fluid (CSF) 
PDGFRβ levels reflect tau pathology rather than BBB integrity [246]. 
However, further study of the effects of PDGFR inhibitors on AD is 
needed. 

4. Repurposing of anticancer drugs as AD medications 

Given that cancer biomarkers may be potential druggable targets for 
AD treatment, FDA-approved anti-cancer drugs might be repurposed as 
AD therapeutics. In this section, we describe the current status and 
trends in the development of AD drugs and summarize the therapeutic 
efficacy of promising anti-cancer drugs against AD pathologies based on 
our latest translational research. Then, we propose immunotherapy and 
gene therapy as potential therapeutic approaches for AD. 

4.1. Current status of AD drug development 

Many drugs developed for the treatment of AD target the primary 
pathology. To decrease amyloid levels, clearance-based approaches 
appear to have a greater chance of success than amyloid production- 
based approaches (e.g., Aβ and β-secretase inhibitors); the pursuit of 
the latter has primarily been halted due to toxicity issues and safety 
concerns [247,248]. AD initially progresses via Aβ accumulation in the 
brain. Over the last 15 years, numerous studies have focused on drugs 
that inhibit Aβ production/aggregation/degradation or increase Aβ 
clearance in the brain in patients with mild to moderate AD [249]. 
Aducanumab was recently conditionally approved by the FDA as an anti- 
amyloid drug and is the first treatment for AD to be introduced in two 
decades [250]. Aducanumab is a human immunoglobulin gamma 1 
(IgG1) monoclonal antibody against soluble and insoluble forms of 
amyloid-β [251]. However, aducanumab does not completely rescue 
memory loss in AD patients and only slows the rate of decline in 
cognitive function [252]. Gantenerumab and solanezumab, which were 
designed to target fibrillar or soluble Aβ in patients with dominantly 
inherited AD, produce adverse outcomes, suggesting that Aβ is not the 
sole trigger of AD development [253]. 

In addition to anti-Aβ therapies, drug development for AD must 
target CNS inflammation, brain insulin resistance, and tau aggregation. 
Consequently, multitarget strategies may be necessary to achieve clin
ical success in treating AD. In fact, according to the 2023 Alzheimer’s 
Drug Development Pipeline, numerous disease-modifying therapies are 
based on a multitarget strategy [254]. The potential relationship be
tween cancer and AD may also influence therapeutic development, but 
evidence on the nature of this relationship is conflicting. Specifically, 
Shafi [255] suggested an inverse relationship between AD and cancer, 
whereas Nudelman et al. [256] proposed overlapping hallmarks of AD 
and cancer. This section discusses the repurposing of FDA-approved 
anticancer drugs as AD treatments and potential druggable targets for 
AD. 

4.2. Translational approaches for treating AD with anticancer drugs 

4.2.1. Ibrutinib 
Ibrutinib is a Bruton’s tyrosine kinase (BTK) inhibitor that is 

approved by the FDA for the treatment of chronic lymphocytic leukemia 
and mantle cell lymphoma [257]. In addition to B cell lymphoma, 
ibrutinib suppresses the pathoprogression of other cancers, including 
skin cancer cell proliferation, breast tumorigenesis, and lung cancer 
metastasis [258–260]. We have demonstrated therapeutic effects of 
ibrutinib on AD pathology. Specifically, we found that ibrutinib atten
uates LPS-induced neuroinflammation in WT mice by reducing the 
expression of Iba-1 and GFAP, which are microglial and astrocyte 
markers, respectively [261]. Moreover, we were the first to demonstrate 
that ibrutinib alleviates AD-related pathologies, such as neuro
inflammation, tau phosphorylation, and Aβ accumulation, in 5xFAD and 
PS19 mice (models of AD) [262]. In 5xFAD mice, ibrutinib increases 
long-term memory and dendritic spine number, indicating that ibrutinib 
can improve cognitive function [262]. This evidence suggests that 
ibrutinib may be a therapeutic small molecule for cancer and AD. 

4.2.2. Abemaciclib 
Abemaciclib is an inhibitor of CDK4/6 that is approved by the FDA 

for hormone receptor (HR)-positive and human epidermal growth factor 
receptor 2 (HER2)-negative breast cancer [200]. We were the first to 
report that abemaciclib attenuates Aβ/tauopathy, memory impairments, 
and neuroinflammation in AD mouse models and/or LPS-treated WT 
mice [200]. We also demonstrated that abemaciclib has therapeutic 
efficacy in AD mouse models and WT mice by modulating DYRK1A/ 
STAT3 signaling [200]. Furthermore, abemaciclib has protective effects 
on neurons in a p97-mediated motor neuronal degeneration model 
[263]. Taken together, these results indicate that the anticancer drug 
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abemaciclib may have therapeutic effects on neurodegenerative dis
eases, including AD. 

4.2.3. Nilotinib 
Nilotinib is a Bcr-abl TKI that is used to treat chronic myeloid leu

kemia (CML) [264]. Nilotinib also inhibits long-term estrogen depriva
tion in MCF-7 breast cancer cells. Silveira et al. [265] used spheroids 
cultured from patient tumor-derived ACC-T36 cells to investigate the 
effect of nilotinib on adrenocortical carcinoma (ACC). They found that 
nilotinib decreases cell viability more than mitotane, which is already 
used as an ACC therapy, via effects on the ERK1/2 pathway [265]. In 
addition, nilotinib inhibits tamoxifen-resistant breast cancer cell growth 
by reducing estrogen receptor (ER)α expression [266]. Interestingly, 
nilotinib also downregulates AD and PD pathology [267]. Specifically, 
Adli Moghaddam et al. found that nilotinib modulates brain mitochon
drial bioenergetics and biogenesis in 3xTg astroglia. In Tg2576 mice, 
nilotinib reduces the loss of dopaminergic (DA) neurons and rescues 
cognitive function [268]. In addition, Stevenson et al. discovered that 
treating AD patients with nilotinib for 12 months significantly reduced 
collagen levels, discoidin domain receptor (DDR)-1 gene expression, 
proinflammatory cytokine levels, and caspase-3 gene expression [269]. 
These studies suggest that nilotinib is a promising drug for cancer and 
AD. 

4.2.4. Regorafenib 
Regorafenib is an oral multifunctional TKI that targets VEGFR, 

PDGFR, Kit, RET, and Raf-1 and is FDA approved for the treatment of 
CRC, gastrointestinal stromal tumors (GISTs), and hepatocellular car
cinoma (HCC) [270]. Regorafenib inhibits tumorigenesis and cell pro
liferation by downregulating MAPK signaling in vivo [271]. Cai et al. 
[272] generated 5-FU-resistant colon cancer cell lines to evaluate the 
effects of regorafenib on CRC and found that regorafenib inhibits CSC- 
like phenotypes by increasing miR-34a levels. Regorafenib also signifi
cantly increases autophagy in liver cancer cells and has synergistic ef
fects with cisplatin, a common treatment for HCC, suggesting that 
regorafenib inhibits HCC progression by promoting autophagy [273]. 
Notably, we recently found that regorafenib downregulates LPS-induced 
proinflammatory cytokines in WT mice; in 5xFAD mice, regorafenib 
decreases Aβ accumulation/tau phosphorylation and increases dendritic 
spine formation [274]. Furthermore, Eby et al. applied AutoDock Vina, a 
type of computational modeling methodology, to model the pepti
de–receptor binding between regorafenib and Aβ and elucidate regor
afenib’s effects on Aβ aggregation [275]. They found that regorafenib 
binds strongly to Aβ42, implying that regorafenib is a potential inhibitor 
of Aβ aggregation [275]. However, validation of regorafenib as a po
tential therapy for AD awaits in-depth studies of its effects on AD 
pathology. 

4.2.5. Axitinib 
Axitinib is a TKI targeting VEGFR1/2/3 and is approved by the FDA 

for the treatment of advanced renal cell carcinoma (RCC) [276]. Axitinib 
has anticancer effects on melanoma by suppressing the expression of 
proinflammatory cytokines (IL-6, TNF-α, and IFN-γ) and on HCC by 
inhibiting CaMKIIα/ERK or AKT/mTOR signaling [277,278]. Further
more, axitinib inhibits epithelial ovarian cancer cell survival by 
decreasing VEGFR2-mediated AKT and ERK signaling [274]. Interest
ingly, axitinib rescues cognitive function, decreases angiogenesis, and 
disrupts TJs and the BBB in Tg2576 mice, a model of AD [279]. Further 
investigations are required to determine the specific indications and 
mechanisms of action of axitinib as a therapy for AD. 

4.2.6. Sunitinib 
Sunitinib inhibits RTKs, including VEGFR2 and PDGFRβ, and is FDA 

approved for the treatment of GISTs, pancreatic neuroendocrine tumors 
(PNETs), and RCC [280]. Sunitinib facilitates apoptosis by inhibiting 
NFκB signaling, suppressing breast cancer cell proliferation and growth 

[281]. However, sunitinib has also been reported to exacerbate breast 
cancer cell metastasis by inducing endothelial cell senescence and 
changes in the tumor microenvironment [282]. Notably, sunitinib is 
proposed to interact with the catalytic site of acetylcholinesterase 
(AChE), and inhibition of AChE activity by sunitinib attenuates 
scopolamine-induced amnesia in mice [283]. Furthermore, sunitinib 
exhibits neuroprotective efficacy in HIV-1 tat mice, a model of neuro
degeneration, by facilitating autophagic function [284], indicating that 
repurposing the anticancer drug sunitinib as a novel therapeutic agent 
for neurodegenerative diseases, including AD, may be an effective 
strategy. 

4.2.7. Neratinib 
Neratinib is a TKI targeting HER2 and EGFR and is approved by the 

FDA for the treatment of HER2-positive breast cancer [285]. Neratinib 
has synergistic anticancer effects with everolimus, trametinib, and pal
bociclib, which target HER2-downstream mTOR, MEK, and CDK4/6 
signaling, respectively [286]. Neratinib promotes autophagic function 
[287] and inhibits APP, Tau, and TDP-43 expression in colon cancer cell 
lines transfected with APP, Tau, or TDP-43, respectively [288]. This 
evidence suggests that neratinib may have potential therapeutic efficacy 
for neurodegenerative diseases, but further validation of the effects of 
neratinib in AD mouse models and the underlying mechanism of action 
is required. 

4.2.8. Binimetinib 
Binimetinib is a TKI targeting MEK1/2 and is approved by the FDA 

for the treatment of melanoma [289]. Binimetinib has synergistic anti
tumor efficacy with other anticancer drugs. For example, the addition of 
binimetinib enhances the anticancer efficacy of encorafenib against 
metastatic NSCLC and capecitabine against biliary tract cancer 
[289,290]. 

Importantly, binimetinib treatment suppresses Aβ-mediated de
creases in autophagosome and lysosome fusion and has neuroprotective 
effects in SH-SY5Y cells [291]. The therapeutic effects of MEK1/2 in
hibitors on AD pathologies in a mouse model of AD are closely related to 
the promotion of autophagic function [291], but further investigation of 
the specific efficacy and mode of action of binimetinib is required for 
repurposing binimetinib as a drug for AD. The molecular structures, 
mechanisms of action, and therapeutic indications of anticancer drugs 
that could be repurposed as AD medications are summarized in Fig. 1. 

4.3. Potential therapeutic approaches 

4.3.1. Immunotherapy 
Immunotherapies ameliorate immunologically mediated diseases by 

upregulating or downregulating the immune system [292]. Immuno
therapies generate long-term endogenous antibodies by relying on 
cellular and humoral immune responses. Immunotherapies can be active 
or passive. Active immunotherapies elicit the development of specific 
immune effectors, such as antibodies and T cells, by inducing the im
mune response in patients [293]. By contrast, passive immunotherapies 
administer ex vivo-generated immune elements (e.g., antibodies and 
immune cells) to patients and do not provoke the host immune response 
[293]. 

The immune system plays an important role in regulating cancer 
development and in cancer treatment, and immunotherapies have been 
developed for the treatment of cancer. Bevacizumab, a monoclonal 
antibody targeting VEGF, blocks regulatory T cell (Treg) accumulation 
in the peripheral blood in patients with metastatic colorectal cancer 
(mCRC) [294]. To explore anti-VEGF therapy resistance, Dalton et al. 
[295] investigated the resistance of macrophages to VEGF inhibition 
and found that VEGFR-1 and VEGFR-3 expression are downregulated 
and angiogenic pathways are upregulated in macrophages treated with 
VEGF inhibitors. Interest in macrophage-based immunotherapies for 
cancer is gradually increasing [296]. For instance, anti-PD-1 and anti- 
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PD-L1 therapies inhibit the immune checkpoints CTLA-4 and PD-1 to 
promote immune responses and relieve immune suppression [296]. Ef
forts to develop small-molecule inhibitors targeting immune check
points are also underway. One target for small-molecule 
immunotherapy is indoleamine 2,3-dioxygenase 1 (IDO1), which cata
lyzes the initial step of the urinary ammonia pathway. IDO1 plays a 
crucial role in carcinogenesis by promoting immune evasion [297]. 
Weiskopf et al. discovered that immunotherapies based on CD47 
blockade can promote macrophage-mediated destruction of small-cell 
lung cancer (SCLC) [298]. Immunotherapies based on antibodies and 
macrophages may lead to effective cancer therapies. 

Immunotherapies could also potentially target AD pathologies such 
as Aβ deposition and tau hyperphosphorylation. Anti-Aβ immuno
therapy can reduce extracellular or intracellular Aβ accumulation and 
promote early clearance of tau pathology [299]. Spencer and Msaliah 
were the first to report the effects of immunotherapy with bapineuzu
mab (an Aβ antibody) on AD in clinical trials [300]. The clinical 
development of Aβ and tau immunotherapies is actively proceeding. A 
short Aβ peptide was used to design CAD106 (Novartis), which induces 
Aβ-specific antibodies and Aβ-specific T-cell inactivation [301]. ACI-24 
comprises short Aβ1–15 peptides immobilized on liposomes and adju
vants and is designed to induce potent antibody responses without Aβ- 

specific T-cell activation [299]. Aβ immunotherapy induces micro
hemorrhages in AD mice; these microhemorrhages are correlated with 
the activation of perivascular macrophages and the recruitment of pe
ripheral monocytes [302]. 

Studies of tau immunotherapies may provide insights into the effects 
of tau on AD progression. Strikingly, AADvaac1, an anti-tau antibody, 
reduced brain atrophy and cognitive decline in patients with mild-to- 
moderate AD in a phase I trial [303]. Furthermore, AADvac1 signifi
cantly decreases the levels of p-tau181 and p-tau217, CSF biomarkers of 
AD [304]. Intrahippocampal administration of PHF1, an adeno- 
associated virus (AAV)-vectored anti-phospho-tau antibody, in a 
mouse model of tauopathy (expressing the human tau P301S mutation) 
induces high antibody levels and reduces the levels of pathological tau 
species and NFTs [305]. In Tg AβPPswe/PS1dE9 mice, brain delivery of 
an rAAV overexpressing an anti-Aβ single-chain antibody (scFv59) de
creases Aβ load [306]. In conclusion, immunotherapy may be a prom
ising approach for treating and curing cancer and AD. 

4.3.2. Gene therapy 
In gene therapy, defective genes are replaced with normal genes to 

add new functions [307]. Transgene delivery is mediated by a vector, 
most commonly a virus, that infects the host cell. Subsequent gene 

Fig. 1. Structures and biological functions of anticancer drugs in cancer and AD. Ibrutinib, abemaciclib, nilotinib, regorafenib, axitinib, sunitinib, neratinib, and 
binimetinib are FDA-approved anticancer drugs with potential for repurposing to ameliorate AD pathology. 
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expression in the host cell results in enhanced enzymatic activities and 
levels of bioactive molecules [307]. More than 1340 clinical trials tar
geting over 100 genes have been approved for various diseases, pri
marily cancer [308]. Cancer/tumor-specific promoters targeting 
therapeutic nucleic acids (TNAs) have been used as novel gene therapies 
[309]. Wang et al. [310] used a luciferase reporter gene to show that the 
COX-2 gene promoter is activated in CRC cells but not in normal intes
tinal epithelial cells. The AFP promoter, which is commonly used in HCC 
gene therapy, has been utilized in RNAi strategies (AFP-Cre/LoxP- 
shRNA) to inhibit HCC growth [311]. Another vector for gene therapy 
targeting prostate cancer, JC polyomavirus virus-like particles (PSAtk- 
VLPs), selectively triggers apoptosis in AR-positive CRPC 22Rv1 cells in 
vitro and suppresses the proliferation of tumor nodules in a xenograft 
mouse model [312]. Gene therapy may be an efficient strategy for 
treating cancers. 

Gene therapy has also been successfully applied to several neuro
degenerative and neurological diseases, including AD. For example, 
AAV-mediated gene transfer to directly overexpress sAPPα in the brain 
in APP/PS1ΔE9 mice restores dendritic spine density and working 
memory [313]. In an APP transgenic mouse model, targeting BACE1 
with siRNA-mediated knockdown using lentiviral vectors reduces Aβ 
pathology and improves behavioral deficits [314]. Recently, Ng et al. 
constructed AAV2/8 carrying a mutated mouse APN gene (APNC39S) and 
transduced this virus into the liver in 5xFAD mice, resulting in the 
production of low-molecular-weight trimeric adiponectin (APNTri) 
[315]. Treatment with AAV2/8-APNTri reduced the secretion of IL-1β 
and IL-18 induced by Aβ, and these effects were attributed to inhibition 
of microglial NLRP3-inflammasome activation [315]. In addition, 
5xFAD mice treated with AAV-APNTri exhibited significant improve
ments in memory functions and decreases in dystrophic neurites [315]. 

miRNA-based therapeutic strategies for cancer and AD have also 
been explored. AAV-miR-26a leads to cell-cycle arrest, apoptosis of 
cancer cells, and inhibition of tumor growth in human HCC [316]. Abd- 
Aziz et al. suggested that miRNA restoration therapy with AAVs is a safe 
and effective cancer treatment [317]. However, there are few studies of 
the relationship between changes in miRNAs and AD pathology. In WT 
mice, miR-34c overexpression causes dendritic spine loss and memory 
impairment [318]. In addition, miR-124 expression is elevated in 
Tg2576 mice, a model of AD, leading to deficiencies in synaptic plas
ticity and memory [318]. Moreover, lentiviral vector-mediated treat
ment of APP/PS1 mice with miR-195 improves learning and memory by 
inhibiting Aβ plaque deposition [319]. Therefore, gene therapy may 
eventually become an effective means of treating cancer and AD. 

5. Clinical practice: from cancer to AD 

Due to the long duration, high cost, and high failure rate of new drug 
development, research on repurposing existing drugs to treat various 
diseases has become a new trend. Drugs used to treat cancer have 
diverse mechanisms of action, reflecting the complex and heterogeneous 
nature of cancer [320]. The mechanisms of these drugs are often effec
tive not only in cancer but also in other diseases [321–323]. Thus, 
anticancer drugs are good candidates for drug repurposing research. 
Given the mechanistic overlap between AD and cancer, research on 
repurposing anticancer drugs for AD treatment is actively underway. 
The diversity of shared molecular targets/signaling molecules between 
cancer and AD increases the possibility that a variety of anticancer drugs 
may have applications in AD treatment. 

5.1. Anticancer drugs in clinical trials for repositioning as AD treatments 

The therapeutic effects of several anticancer drugs on AD are 
currently being evaluated in phase 2 clinical trials [324,325]. First, the 
effectiveness of combining dasatinib (NCT04685590), a TKI widely used 
to treat Philadelphia chromosome-positive (Ph+) CML, and quercetin 
for treating AD is being assessed in a multicenter phase 2 trial [326]. 

Intermittent senolytic therapy (dasatinib+quercetin) has a good safety 
profile and promising therapeutic outcomes based on mechanisms such 
as reduction of tau accumulation and neuroinflammation. Second, 
lenalidomide (NCT04032626), which is approved for treating multiple 
myeloma, is in a phase 2 trial for AD treatment based on its ability to 
inhibit the expression of proinflammatory cytokines, including TNFα, IL- 
1, IL-6, and IL-12, and enhance the production of the anti-inflammatory 
cytokine IL-10 [327]. CD38+ CD8+ T-cells are notably elevated in the 
bloodstream in patients in the early stage of AD. These cells can migrate 
to the CNS and induce toxic effects [328,329]. Third, daratumumab 
(NCT04070378), an IgG1 monoclonal antibody against cluster of dif
ferentiation 38 (CD38), can penetrate the BBB and is in a phase 2 trial for 
the treatment of AD [330]. CD38, which is found in neurons, astrocytes, 
and microglia, is involved in inflammatory processes and neuro
degeneration, and knocking out the CD38 receptor decreases soluble Aβ 
and Aβ plaque load in vivo [331,332]. 

Other anticancer drugs are in phase 3 clinical trials. Nilotinib, a TKI 
also approved for Ph + CML treatment, significantly reduces protein 
misfolding and aggregation in animal models of neurodegeneration 
[333]. In a phase 2 trial, nilotinib treatment reduced Aβ levels in the 
frontal lobe and phosphorylated tau levels [334]. Nilotinib inhibits 
discoidin domain receptor (DDR)-1, revealing multifaceted effects of 
nilotinib on the clearance of amyloid and tau and inflammation. Thus, 
nilotinib could potentially alleviate cerebrovascular fibrosis [269]. 
Phase 3 clinical trials of nilotinib (NCT05143528) have been underway 
since February 2022. Masitinib, a TKI targeting the c-kit pathway that is 
currently approved for the treatment of mast cell tumors in dogs, 
significantly improved cognitive performance in a phase 2b/3 clinical 
trial (NCT01872598), making it a potential treatment for AD [335]. An 
upcoming phase 3 trial of masitinib (NCT05564169) seeks to confirm 
these findings. In summary, clinical trials to repurpose anticancer drugs 
as therapeutic options for AD are actively underway. If these trials are 
successful, many anticancer drugs may ultimately play critical roles in 
the treatment of AD. 

5.2. Potential mechanisms of AD treatment and related anticancer drugs 

A potential target for AD treatment is EGFR, which is upregulated in 
AD and is involved in AD pathology, including the induction of Aβ 
neurotoxicity and neuroinflammation [48,336,337]. We previously 
discussed the potential of EGFR inhibitors as AD treatments [46]. 
Several EGFR inhibitors have shown potential as AD treatments in AD 
mouse models [47,49,338,339], but lapatinib and varlitinib may be 
preferential candidates for AD treatment because they can cross the BBB. 

VEGFR and PDGFR are also relevant for the potential repurposing of 
anticancer drugs for AD treatment. The TKI axitinib targets VEGFR1, 2, 
and 3. In aged Tg2576 AD mice, axitinib improves memory and cogni
tive function by reducing amyloid plaques and cerebrovascular neo
angiogenesis and restoring BBB integrity [279]. The TKI regorafenib 
targets multiple kinases, including PDGFR. We found that regorafenib 
downregulates proinflammatory cytokine expression and reduces tau 
phosphorylation, making it a potential candidate for treating AD [274]. 
According to a recent study, regorafenib also restores Aβ1–42-induced 
cognitive dysfunction and attenuates microglial activation and neuronal 
damage [340]. As the shared mechanisms of cancer and AD are gradu
ally revealed, repositioning anticancer drugs will be an effective way to 
identify novel therapeutic candidates for AD. 

6. Conclusion 

In the past decade, epidemiological research on cancer survivors has 
suggested new clinical approaches for treating AD. Specifically, cancer 
patients have a markedly reduced risk of AD and vice versa, indicating 
an inverse relationship between AD and cancer [341,342]. Conse
quently, identifying specific biomarkers shared by AD and cancer and 
elucidating the common pathological pathways of AD and cancer have 
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become attractive strategies for developing AD therapeutics [343]. 
Nevertheless, the pathophysiological associations of the shared risk 
genes for AD and cancer have not been systematically unraveled. 

Interestingly, recent genome-wide association studies (GWASs) 
aimed at identifying cancer susceptibility genes have revealed networks 
of cancer-related pathways and suggested various targets for anticancer 
drugs [344]. However, there have been few studies of AD patients with 
somatic mutations in cancer susceptibility genes. In addition, cancer 
recurrence and genetic mutations are correlated with age at diagnosis 
[345]. To overcome this limitation, large-scale genomic studies are 
required. Comparing the genetic profiles of cancer patients and AD pa
tients matched for sex, age, and other complications may be a more 
practical clinical approach to AD treatment. In the current review, we 
delineate six shared pathological mechanisms of cancer and AD: 
angiogenesis, mitochondriopathy, proteostasis, protease and cell–cell 
junctions, transcriptional dysfunction, and dysregulation of the cell 
cycle. For each mechanism, we identify major mediating genes (Fig. 2). 
Building on this understanding, we propose that protein–protein in
teractions and receptor inhibition are strategic therapeutic targets for 
AD treatment. Furthermore, we provide an overview of the current 
landscape of AD drug development based on repurposing anticancer 
drugs, from translational approaches to clinical trials. 

Although we suggest that RTKs (i.e., EGFR, PDGFR and VEGFR) are 
potential targets of anticancer drugs for AD treatment, further studies 
are required to demonstrate the mechanisms by which novel classes of 
anticancer agents reduce AD risk. In addition, critical questions remain 
to be answered before repurposing anticancer drugs for AD treatment. 
Do nucleic acid-based agents remain stable in the brain? Do anticancer 
agents cross the BBB? Is the efficacy of anticancer agents targeting 

specific tissues the same in the brain environment? Moreover, dosages 
and administration periods should be optimized to minimize adverse 
effects or toxicity of anticancer drugs in AD treatment. Further pre
clinical studies addressing the ability of anticancer agents to rescue or 
prevent AD progression are needed to dissect drug delivery and effector 
mechanisms and determine cell component- or tissue-specific drug ki
netics. In summary, cancer development may be associated with AD 
progression, and anticancer therapeutics could be strategic ther
agnostics for AD. Continued investigation of the shared pathways of 
cancer and AD could lead to the development of clinically approved 
therapeutics. 
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ACC Adrenocortical carcinoma 
AChE Acetylcholinesterase 
AD Alzheimer’s disease 
ADAM A disintegrin and metalloprotease 
AP-1 Activator protein 1 
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Fig. 2. Summary of insights from cancer treatment for developing theragnostics for AD. AD and cancer share several common biological features, including 
angiogenesis, mitochondrial dysfunction, protein misfolding, and protein aggregation. Several recent studies have found that the anticancer drugs ibrutinib, nilotinib, 
verubecestat, and regorafenib ameliorate AD pathology in mouse models of AD. Immunotherapies and gene therapies that target protein–protein interactions and 
receptor inhibition may find applications in the treatment of both AD and cancer. 
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H. Tanila, M. Yamamoto, S. Ylä-Herttuala, A.-L. Levonen, J. Koistinaho, Nuclear 
factor erythroid 2-related factor 2 protects against beta amyloid, Mol. Cell. 
Neurosci. 39 (2008) 302–313. 

[173] C. Stack, S. Jainuddin, C. Elipenahli, M. Gerges, N. Starkova, A.A. Starkov, 
M. Jove, M. Portero-Otin, N. Launay, A. Pujol, N.A. Kaidery, B. Thomas, 
D. Tampellini, M.F. Beal, M. Dumont, Methylene blue upregulates Nrf2/ARE 
genes and prevents tau-related neurotoxicity, Hum. Mol. Genet. 23 (2014) 
3716–3732. 

[174] P. Carmeliet, Y. Dor, J.M. Herbert, D. Fukumura, K. Brusselmans, M. Dewerchin, 
M. Neeman, F. Bono, R. Abramovitch, P. Maxwell, C.J. Koch, P. Ratcliffe, 
L. Moons, R.K. Jain, D. Collen, E. Keshert, Role of HIF-1alpha in hypoxia- 
mediated apoptosis, cell proliferation and tumour angiogenesis, Nature 394 
(1998) 485–490. 

[175] J. Pouyssegur, F. Dayan, N.M. Mazure, Hypoxia signalling in cancer and 
approaches to enforce tumour regression, Nature 441 (2006) 437–443. 

[176] G.L. Semenza, Defining the role of hypoxia-inducible factor 1 in cancer biology 
and therapeutics, Oncogene 29 (2010) 625–634. 

[177] T. Shan, J. Ma, Q. Ma, K. Guo, J. Guo, X. Li, W. Li, J. Liu, C. Huang, F. Wang, 
E. Wu, beta2-AR-HIF-1alpha: a novel regulatory axis for stress-induced pancreatic 
tumor growth and angiogenesis, Curr. Mol. Med. 13 (2013) 1023–1034. 

[178] R.L. Jensen, B.T. Ragel, K. Whang, D. Gillespie, Inhibition of hypoxia inducible 
factor-1alpha (HIF-1alpha) decreases vascular endothelial growth factor (VEGF) 
secretion and tumor growth in malignant gliomas, J. Neurooncol 78 (2006) 
233–247. 

[179] X. Zhang, K. Zhou, R. Wang, J. Cui, S.A. Lipton, F.F. Liao, H. Xu, Y.W. Zhang, 
Hypoxia-inducible factor 1alpha (HIF-1alpha)-mediated hypoxia increases BACE1 
expression and beta-amyloid generation, J. Biol. Chem. 282 (2007) 
10873–10880. 

[180] X. Chai, W. Kong, L. Liu, W. Yu, Z. Zhang, Y. Sun, A viral vector expressing 
hypoxia-inducible factor 1 alpha inhibits hippocampal neuronal apoptosis, Neural 
Regen. Res. 9 (2014) 1145–1153. 

[181] L. Lei, J. Feng, G. Wu, Z. Wei, J.-Z. Wang, B. Zhang, R. Liu, F. Liu, X. Wang, H.- 
L. Li, HIF-1α causes LCMT1/PP2A deficiency and mediates tau 
hyperphosphorylation and cognitive dysfunction during chronic hypoxia, Int. J. 
Mol. Sci. 23 (2022) 16140. 

[182] T. Liu, L. Zhang, D. Joo, S.C. Sun, NF-kappaB signaling in inflammation, Signal 
Transduct. Target. Ther. 2 (2017) 17023. 

[183] J.L. Luo, H. Kamata, and M. Karin, IKK/NF-kappaB signaling: balancing life and 
death–a new approach to cancer therapy. J. Clin. Invest. 115 (2005) 2625–32. 

H.-j. Lee et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0620
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0620
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0620
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0620
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0625
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0625
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0625
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0630
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0630
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0630
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0630
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0635
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0635
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0635
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0640
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0640
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0645
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0645
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0650
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0650
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0650
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0655
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0655
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0660
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0660
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0665
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0665
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0665
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0670
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0670
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0675
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0675
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0675
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0680
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0680
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0685
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0685
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0685
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0685
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0690
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0690
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0690
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0695
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0695
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0695
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0700
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0700
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0700
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0700
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0705
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0705
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0710
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0710
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0715
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0715
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0715
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0720
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0720
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0720
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0720
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0725
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0725
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0725
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0730
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0730
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0735
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0735
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0735
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0735
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0740
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0740
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0745
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0745
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0745
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0745
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0750
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0750
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0750
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0755
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0755
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0755
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0760
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0760
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0760
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0760
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0765
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0765
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0770
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0770
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0770
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0775
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0775
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0775
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0780
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0780
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0780
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0785
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0785
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0785
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0785
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0785
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0790
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0790
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0790
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0790
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0795
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0795
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0800
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0800
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0800
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0805
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0805
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0805
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0805
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0805
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0810
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0810
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0810
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0815
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0815
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0815
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0820
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0820
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0820
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0825
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0825
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0825
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0830
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0830
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0830
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0830
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0835
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0835
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0835
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0835
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0835
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0840
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0840
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0840
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0840
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0840
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0845
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0845
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0850
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0850
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0855
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0855
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0855
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0860
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0860
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0860
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0860
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0865
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0865
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0865
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0865
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0870
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0870
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0870
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0875
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0875
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0875
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0875
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0880
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0880


International Journal of Biological Macromolecules 269 (2024) 131925

17

[184] T. Zhang, C. Ma, Z. Zhang, H. Zhang, H. Hu, NF-kappaB signaling in inflammation 
and cancer, MedComm 2 (2021) (2020) 618–653. 

[185] E. Sun, A. Motolani, L. Campos, T. Lu, The pivotal role of NF-kB in the 
pathogenesis and therapeutics of Alzheimer’s disease, Int. J. Mol. Sci. 23 (2022). 

[186] W.J. Lukiw, NF-kB (p50/p65)-mediated pro-inflammatory microRNA (miRNA) 
signaling in Alzheimer’s disease (AD), Frontiers in Molecular Neuroscience 15 
(2022) 943492. 

[187] M. Ahmadian, J.M. Suh, N. Hah, C. Liddle, A.R. Atkins, M. Downes, R.M. Evans, 
PPARgamma signaling and metabolism: the good, the bad and the future, Nat. 
Med. 19 (2013) 557–566. 

[188] J. Kotlinowski, A. Jozkowicz, PPAR gamma and angiogenesis: endothelial cells 
perspective, J. Diabetes Res. 2016 (2016) 8492353. 

[189] J. Youssef, M. Badr, Peroxisome proliferator-activated receptors and cancer: 
challenges and opportunities, Br. J. Pharmacol. 164 (2011) 68–82. 

[190] A. Hartley, I. Ahmad, The role of PPARgamma in prostate cancer development 
and progression, Br. J. Cancer 128 (2023) 940–945. 

[191] M.P. Kummer, M.T. Heneka, PPARs in Alzheimer’s Disease, PPAR Res. 2008 
(2008) 403896. 

[192] M. Silva-Abreu, A.C. Calpena, P. Andrés-Benito, E. Aso, I.A. Romero, D. Roig- 
Carles, R. Gromnicova, M. Espina, I. Ferrer, M.L. García, PPARγ agonist-loaded 
PLGA-PEG nanocarriers as a potential treatment for Alzheimer’s disease: in vitro 
and in vivo studies, Int. J. Nanomedicine (2018) 5577–5590. 

[193] P.B. Bhosale, H.H. Kim, A. Abusaliya, P. Vetrivel, S.E. Ha, M.Y. Park, H.J. Lee, G. 
S. Kim, Structural and functional properties of activator Protein-1 in Cancer and 
inflammation, Evid. Based Complement. Alternat. Med. 2022 (2022) 9797929. 

[194] R. Eferl, E.F. Wagner, AP-1: a double-edged sword in tumorigenesis, Nat. Rev. 
Cancer 3 (2003) 859–868. 

[195] V. Vukic, D. Callaghan, D. Walker, L.F. Lue, Q.Y. Liu, P.O. Couraud, I.A. Romero, 
B. Weksler, D.B. Stanimirovic, W. Zhang, Expression of inflammatory genes 
induced by beta-amyloid peptides in human brain endothelial cells and in 
Alzheimer’s brain is mediated by the JNK-AP1 signaling pathway, Neurobiol. Dis. 
34 (2009) 95–106. 

[196] T. Herdegen, V. Waetzig, AP-1 proteins in the adult brain: facts and fiction about 
effectors of neuroprotection and neurodegeneration, Oncogene 20 (2001) 
2424–2437. 

[197] H.K. Matthews, C. Bertoli, R.A.M. de Bruin, Cell cycle control in cancer, Nat. Rev. 
Mol. Cell Biol. 23 (2022) 74–88. 

[198] A. Lui, J. Vanleuven, D. Perekopskiy, D. Liu, D. Xu, O. Alzayat, T. Elgokhy, T. Do, 
M. Gann, R. Martin, D.Z. Liu, FDA-approved kinase inhibitors in preclinical and 
clinical trials for neurological disorders, Pharmaceuticals (Basel) 15 (2022). 

[199] L.C. Leal-Esteban, L. Fajas, Cell cycle regulators in cancer cell metabolism, 
Biochim Biophys Acta Mol Basis Dis 1866 (2020) 165715. 

[200] H.J. Lee, H.S. Hoe, Inhibition of CDK4/6 regulates AD pathology, 
neuroinflammation and cognitive function through DYRK1A/STAT3 signaling, 
Pharmacol. Res. 190 (2023) 106725. 

[201] C.X. Deng, BRCA1: cell cycle checkpoint, genetic instability, DNA damage 
response and cancer evolution, Nucleic Acids Res. 34 (2006) 1416–1426. 

[202] E. Suberbielle, B. Djukic, M. Evans, D.H. Kim, P. Taneja, X. Wang, M. Finucane, 
J. Knox, K. Ho, N. Devidze, E. Masliah, L. Mucke, DNA repair factor BRCA1 
depletion occurs in Alzheimer brains and impairs cognitive function in mice, Nat. 
Commun. 6 (2015) 8897. 

[203] M. Nakamura, S. Kaneko, D.W. Dickson, H. Kusaka, Aberrant accumulation of 
BRCA1 in Alzheimer disease and other Tauopathies, J. Neuropathol. Exp. Neurol. 
79 (2020) 22–33. 

[204] T.A. Evans, A.K. Raina, A. Delacourte, O. Aprelikova, H.G. Lee, X. Zhu, G. Perry, 
M.A. Smith, BRCA1 may modulate neuronal cell cycle re-entry in Alzheimer 
disease, Int. J. Med. Sci. 4 (2007) 140–145. 

[205] C. Settembre, C. Di Malta, V.A. Polito, M. Garcia Arencibia, F. Vetrini, S. Erdin, S. 
U. Erdin, T. Huynh, D. Medina, P. Colella, M. Sardiello, D.C. Rubinsztein, 
A. Ballabio, TFEB links autophagy to lysosomal biogenesis, Science 332 (2011) 
1429–1433. 

[206] B. Franco-Juarez, C. Coronel-Cruz, B. Hernandez-Ochoa, S. Gomez-Manzo, 
N. Cardenas-Rodriguez, R. Arreguin-Espinosa, C. Bandala, L.M. Canseco-Avila, 
D. Ortega-Cuellar, TFEB; beyond its role as an autophagy and lysosomes 
regulator, Cells 11 (2022). 

[207] G. Doronzo, E. Astanina, F. Bussolino, The oncogene transcription factor EB 
regulates vascular functions, Front. Physiol. 12 (2021) 640061. 

[208] Z. Gu, H. Cao, C. Zuo, Y. Huang, J. Miao, Y. Song, Y. Yang, L. Zhu, F. Wang, TFEB 
in Alzheimer’s disease: from molecular mechanisms to therapeutic implications, 
Neurobiol. Dis. 173 (2022) 105855. 

[209] T. Li, L. Yin, X. Kang, W. Xue, N. Wang, J. Zhang, P. Yuan, L. Lin, Y. Li, TFEB 
acetylation promotes lysosome biogenesis and ameliorates Alzheimer’s disease- 
relevant phenotypes in mice, J. Biol. Chem. 298 (2022) 102649. 

[210] Y. Amemiya, M. Maki, H. Shibata, T. Takahara, New insights into the regulation 
of mTOR signaling via ca(2+)-binding proteins, Int. J. Mol. Sci. 24 (2023). 

[211] D.C. Fingar, C.J. Richardson, A.R. Tee, L. Cheatham, C. Tsou, J. Blenis, mTOR 
controls cell cycle progression through its cell growth effectors S6K1 and 4E-BP1/ 
eukaryotic translation initiation factor 4E, Mol. Cell. Biol. 24 (2004) 200–216. 

[212] Z. Zou, T. Tao, H. Li, X. Zhu, mTOR signaling pathway and mTOR inhibitors in 
cancer: progress and challenges, Cell Biosci. 10 (2020) 31. 

[213] D. Rapaka, V.R. Bitra, S.R. Challa, P.C. Adiukwu, mTOR signaling as a molecular 
target for the alleviation of Alzheimer’s disease pathogenesis, Neurochem. Int. 
155 (2022) 105311. 

[214] A. Norambuena, H. Wallrabe, L. McMahon, A. Silva, E. Swanson, S.S. Khan, 
D. Baerthlein, E. Kodis, S. Oddo, J.W. Mandell, G.S. Bloom, mTOR and neuronal 

cell cycle reentry: how impaired brain insulin signaling promotes Alzheimer’s 
disease, Alzheimers Dement. 13 (2017) 152–167. 

[215] S. Bandyopadhyay, D.M. Hartley, C.M. Cahill, D.K. Lahiri, N. Chattopadhyay, J. 
T. Rogers, Interleukin-1alpha stimulates non-amyloidogenic pathway by alpha- 
secretase (ADAM-10 and ADAM-17) cleavage of APP in human astrocytic cells 
involving p38 MAP kinase, J. Neurosci. Res. 84 (2006) 106–118. 

[216] B.R. Voldborg, L. Damstrup, M. Spang-Thomsen, H.S. Poulsen, Epidermal growth 
factor receptor (EGFR) and EGFR mutations, function and possible role in clinical 
trials, Ann. Oncol. 8 (1997) 1197–1206. 

[217] E. Birecree, W.O. Whetsell Jr., C. Stoscheck, L.E. King Jr., L.B. Nanney, 
Immunoreactive epidermal growth factor receptors in neuritic plaques from 
patients with Alzheimer’s disease, J. Neuropathol. Exp. Neurol. 47 (1988) 
549–560. 

[218] K.-H. Lim, S. Yang, S.-H. Kim, J.-Y. Joo, Identifying new COVID-19 receptor 
neuropilin-1 in severe Alzheimer’s disease patients group brain using genome- 
wide association study approach, Front. Genet. 12 (2021) 741175. 

[219] W. Qin, F. Li, L. Jia, Q. Wang, Y. Li, Y. Wei, Y. Li, H. Jin, J. Jia, Phosphorylated 
tau 181 serum levels predict Alzheimer’s disease in the preclinical stage, Front. 
Aging Neurosci. 14 (2022) 900773. 

[220] D.J. Bonda, X. Wang, H.G. Lee, M.A. Smith, G. Perry, X. Zhu, Neuronal failure in 
Alzheimer’s disease: a view through the oxidative stress looking-glass, Neurosci. 
Bull. 30 (2014) 243–252. 

[221] S. Abdollahi, P.C. Lin, J.H. Chiang, WinBinVec: Cancer-associated protein-protein 
interaction extraction and identification of 20 various Cancer types and 
metastasis using different deep learning models, Ieee J Biomed Health 25 (2021) 
4052–4063. 

[222] K.A. Pattin, J.H. Moore, Role for protein-protein interaction databases in human 
genetics, Expert Rev. Proteomics 6 (2009) 647–659. 

[223] M. Zhong, G.M. Lee, E. Sijbesma, C. Ottmann, M.R. Arkin, Modulating protein- 
protein interaction networks in protein homeostasis, Curr. Opin. Chem. Biol. 50 
(2019) 55–65. 

[224] H.-S. Yoon, S.H. Choi, J.-H. Park, J.-Y. Min, J.-Y. Hyon, Y. Yang, S. Jung, J.- 
Y. Kim, N.D. Kim, J.H. Lee, A Novel Protein–Protein Interaction between RSK3 
and IκBα and a New Binding Inhibitor That Suppresses Breast Cancer 
Tumorigenesis, Cancers 13 (2021) 2973. 

[225] H. Hozhabri, R.S. Ghasemi Dehkohneh, S.M. Razavi, S.M. Razavi, F. Salarian, 
A. Rasouli, J. Azami, M. Ghasemi Shiran, Z. Kardan, N. Farrokhzad, Comparative 
analysis of protein-protein interaction networks in metastatic breast cancer, PloS 
One 17 (2022) e0260584. 

[226] R. Karbalaei, M. Allahyari, M. Rezaei-Tavirani, H. Asadzadeh-Aghdaei, M.R. Zali, 
Protein-protein interaction analysis of Alzheimers disease and NAFLD based on 
systems biology methods unhide common ancestor pathways, Gastroenterology 
and Hepatology from bed to bench 11 (2018) 27. 

[227] Y. Sun, J. Huang, Y. Chen, H. Shang, W. Zhang, J. Yu, L. He, C. Xing, C. Zhuang, 
Direct inhibition of Keap1-Nrf2 protein-protein interaction as a potential 
therapeutic strategy for Alzheimer’s disease, Bioorg. Chem. 103 (2020) 104172. 

[228] Y. Sun, L. Xu, D. Zheng, J. Wang, G. Liu, Z. Mo, C. Liu, W. Zhang, J. Yu, C. Xing, 
A potent phosphodiester Keap1-Nrf2 protein-protein interaction inhibitor as the 
efficient treatment of Alzheimer’s disease, Redox Biol. 64 (2023) 102793. 

[229] D.L. Wheeler, Y. Yarden, Receptor Tyrosine Kinases: Family and Subfamilies, 
Springer, 2015. 

[230] Z. Urban-Wojciuk, M.M. Khan, B.L. Oyler, R. Fahraeus, N. Marek-Trzonkowska, 
A. Nita-Lazar, T.R. Hupp, D.R. Goodlett, The role of TLRs in anti-cancer immunity 
and tumor rejection, Front. Immunol. 10 (2019) 2388. 

[231] I. Sheyhidin, G. Nabi, A. Hasim, R.P. Zhang, J. Ainiwaer, H. Ma, H. Wang, 
Overexpression of TLR3, TLR4, TLR7 and TLR9 in esophageal squamous cell 
carcinoma, World J. Gastroenterol. 17 (2011) 3745–3751. 

[232] Z. Zandi, B. Kashani, D. Bashash, E.M. Poursani, S.A. Mousavi, B. Chahardoli, S. 
H. Ghaffari, The anticancer effect of the TLR4 inhibition using TAK-242 
(resatorvid) either as a single agent or in combination with chemotherapy: a 
novel therapeutic potential for breast cancer, J. Cell. Biochem. 121 (2020) 
1623–1634. 

[233] W. Cui, C. Sun, Y. Ma, S. Wang, X. Wang, Y. Zhang, Inhibition of TLR4 induces M2 
microglial polarization and provides neuroprotection via the NLRP3 
Inflammasome in Alzheimer’s disease, Front Neurosci-Switz 14 (2020) 444. 

[234] G.J. Hu, X.Y. Jiang, S.Y. Du, K. Zhang, Z. Chen, miR-107-5p ameliorates 
neurological damage, oxidative stress, and immune responses in mice with 
Alzheimer’s disease by suppressing the toll-like receptor 4 (TLR4)/nuclear factor- 
kappaB (NF-κB) pathway, Kaohsiung J. Med. Sci. (2024). 

[235] R. Cacace, L. Zhou, E. Hendrickx Van de Craen, A. Buist, J. Hoogmartens, 
A. Sieben, P. Cras, R. Vandenberghe, P.P. De Deyn, D. Oehlrich, Mutated toll-like 
receptor 9 increases Alzheimer’s disease risk by compromising innate immunity 
protection, Mol. Psychiatry (2023) 1–10. 

[236] D.R. Senger, Vascular endothelial growth factor: much more than an angiogenesis 
factor, Mol. Biol. Cell 21 (2010) 377–379. 

[237] J. Zhang, C. Liu, W. Shi, L. Yang, Q. Zhang, J. Cui, Y. Fang, Y. Li, G. Ren, S. Yang, 
R. Xiang, The novel VEGF receptor 2 inhibitor YLL545 inhibits angiogenesis and 
growth in breast cancer, Oncotarget 7 (2016) 41067–41080. 

[238] L. Lian, X.L. Li, M.D. Xu, X.M. Li, M.Y. Wu, Y. Zhang, M. Tao, W. Li, X.M. Shen, 
C. Zhou, M. Jiang, VEGFR2 promotes tumorigenesis and metastasis in a pro- 
angiogenic-independent way in gastric cancer, BMC Cancer 19 (2019) 183. 

[239] P. Latzer, O. Shchyglo, T. Hartl, V. Matschke, U. Schlegel, D. Manahan-Vaughan, 
C. Theiss, Blocking VEGF by bevacizumab compromises electrophysiological and 
morphological properties of hippocampal neurons, Front. Cell. Neurosci. 13 
(2019) 113. 

H.-j. Lee et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0885
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0885
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0890
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0890
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0895
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0895
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0895
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0900
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0900
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0900
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0905
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0905
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0910
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0910
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0915
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0915
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0920
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0920
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0925
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0925
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0925
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0925
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0930
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0930
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0930
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0935
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0935
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0940
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0940
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0940
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0940
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0940
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0945
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0945
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0945
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0950
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0950
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0955
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0955
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0955
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0960
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0960
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0965
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0965
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0965
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0970
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0970
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0975
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0975
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0975
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0975
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0980
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0980
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0980
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0985
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0985
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0985
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0990
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0990
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0990
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0990
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0995
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0995
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0995
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf0995
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1000
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1000
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1005
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1005
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1005
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1010
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1010
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1010
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1015
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1015
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1020
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1020
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1020
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1025
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1025
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1030
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1030
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1030
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1035
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1035
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1035
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1035
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1040
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1040
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1040
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1040
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1045
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1045
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1045
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1050
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1050
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1050
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1050
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1055
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1055
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1055
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1060
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1060
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1060
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1065
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1065
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1065
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1070
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1070
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1070
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1070
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1075
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1075
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1080
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1080
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1080
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1085
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1085
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1085
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1085
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1090
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1090
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1090
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1090
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1095
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1095
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1095
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1095
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1100
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1100
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1100
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1105
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1105
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1105
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1110
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1110
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1115
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1115
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1115
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1120
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1120
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1120
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1125
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1125
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1125
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1125
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1125
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1130
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1130
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1130
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1135
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1135
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1135
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1135
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1140
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1140
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1140
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1140
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1145
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1145
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1150
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1150
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1150
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1155
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1155
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1155
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1160
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1160
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1160
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1160


International Journal of Biological Macromolecules 269 (2024) 131925

18

[240] T.C. Elebiyo, D. Rotimi, I.O. Evbuomwan, R.F. Maimako, M. Iyobhebhe, O.A. Ojo, 
O.M. Oluba, O.S. Adeyemi, Reassessing vascular endothelial growth factor 
(VEGF) in anti-angiogenic cancer therapy, Cancer Treatment and Research 
Communications 32 (2022) 100620. 

[241] M. Zhang, Z. Zhang, H. Li, Y. Xia, M. Xing, C. Xiao, W. Cai, L. Bu, Y. Li, T.-E. Park, 
Blockage of VEGF function by bevacizumab alleviates early-stage cerebrovascular 
dysfunction and improves cognitive function in a mouse model of Alzheimer’s 
disease, Translational Neurodegeneration 13 (2024) 1. 

[242] L. Fredriksson, H. Li, U. Eriksson, The PDGF family: four gene products form five 
dimeric isoforms, Cytokine Growth Factor Rev. 15 (2004) 197–204. 

[243] Y. Wang, K. Appiah-Kubi, M. Wu, X. Yao, H. Qian, Y. Wu, Y. Chen, The platelet- 
derived growth factors (PDGFs) and their receptors (PDGFRs) are major players in 
oncogenesis, drug resistance, and attractive oncologic targets in cancer, Growth 
Factors 34 (2016) 64–71. 

[244] L. Stalker, J. Pemberton, R.A. Moorehead, Inhibition of proliferation and 
migration of luminal and claudin-low breast cancer cells by PDGFR inhibitors, 
Cancer Cell Int. 14 (2014) 89. 

[245] L. Yin, J. He, J. Xue, F. Na, R. Tong, J. Wang, H. Gao, F. Tang, X. Mo, L. Deng, 
Y. Lu, PDGFR-beta inhibitor slows tumor growth but increases metastasis in 
combined radiotherapy and Endostar therapy, Biomed. Pharmacother. 99 (2018) 
615–621. 

[246] H.B. Kuiperij, A.M. de Kort, I. Kersten, A.A. Versleijen, F.H. Schreuder, C.J. Klijn, 
J.A. Claassen, M.M. Verbeek, Platelet-derived growth factor receptor-beta as a 
potential CSF biomarker for Alzheimer’s disease: biomarkers (non- 
neuroimaging)/differential diagnosis, Alzheimers Dement. 16 (2020) e042924. 

[247] M.R. Fielden, J. Werner, J.A. Jamison, A. Coppi, D. Hickman, R.T. Dunn 2nd, 
E. Trueblood, L. Zhou, C.A. Afshari, R. Lightfoot-Dunn, Retinal toxicity induced 
by a novel beta-secretase inhibitor in the Sprague-Dawley rat, Toxicol. Pathol. 43 
(2015) 581–592. 

[248] S.L. Wagner, K.D. Rynearson, S.K. Duddy, C. Zhang, P.D. Nguyen, A. Becker, 
U. Vo, D. Masliah, L. Monte, J.B. Klee, C.M. Echmalian, W. Xia, L. Quinti, 
G. Johnson, J.H. Lin, D.Y. Kim, W.C. Mobley, R.A. Rissman, R.E. Tanzi, 
Pharmacological and toxicological properties of the potent Oral gamma-secretase 
modulator BPN-15606, J. Pharmacol. Exp. Ther. 362 (2017) 31–44. 

[249] C. Song, J. Shi, P. Zhang, Y. Zhang, J. Xu, L. Zhao, R. Zhang, H. Wang, H. Chen, 
Immunotherapy for Alzheimer’s disease: targeting beta-amyloid and beyond, 
Transl Neurodegener 11 (2022) 18. 

[250] B. Dunn, P. Stein, P. Cavazzoni, Approval of Aducanumab for Alzheimer disease- 
the FDA’s perspective, JAMA Intern. Med. 181 (2021) 1276–1278. 

[251] S. Dhillon, Aducanumab: first approval, Drugs 81 (2021) 1437–1443. 
[252] S.A. Beshir, A.M. Aadithsoorya, A. Parveen, S.S.L. Goh, N. Hussain, V.B. Menon, 

Aducanumab therapy to treat Alzheimer’s disease: a narrative review, Int. J. 
Alzheimers Dis. 2022 (2022) 9343514. 

[253] S. Salloway, M. Farlow, E. McDade, D.B. Clifford, G. Wang, J.J. Llibre-Guerra, J. 
M. Hitchcock, S.L. Mills, A.M. Santacruz, A.J. Aschenbrenner, J. Hassenstab, T.L. 
S. Benzinger, B.A. Gordon, A.M. Fagan, K.A. Coalier, C. Cruchaga, A.A. Goate, R.J. 
Perrin, C. Xiong, Y. Li, J.C. Morris, B.J. Snider, C. Mummery, G.M. Surti, D. 
Hannequin, D. Wallon, S.B. Berman, J.J. Lah, I.Z. Jimenez-Velazquez, E.D. 
Roberson, C.H. van Dyck, L.S. Honig, R. Sanchez-Valle, W.S. Brooks, S. Gauthier, 
D.R. Galasko, C.L. Masters, J.R. Brosch, G.R. Hsiung, S. Jayadev, M. Formaglio, M. 
Masellis, R. Clarnette, J. Pariente, B. Dubois, F. Pasquier, C.R. Jack, Jr., R. 
Koeppe, P.J. Snyder, P.S. Aisen, R.G. Thomas, S.M. Berry, B.A. Wendelberger, S. 
W. Andersen, K.C. Holdridge, M.A. Mintun, R. Yaari, J.R. Sims, M. Baudler, P. 
Delmar, R.S. Doody, P. Fontoura, C. Giacobino, G.A. Kerchner, R.J. Bateman, and 
U. Dominantly Inherited Alzheimer Network-Trials, A trial of gantenerumab or 
solanezumab in dominantly inherited Alzheimer’s disease. Nat Med 27 (2021) 
1187–1196. 

[254] J. Cummings, Y. Zhou, G. Lee, K. Zhong, J. Fonseca, F. Cheng, Alzheimer’s disease 
drug development pipeline: 2023, Alzheimer’s & Dementia: Translational 
Research & Clinical Interventions 9 (2023) e12385. 

[255] O. Shafi, Inverse relationship between Alzheimer’s disease and cancer, and other 
factors contributing to Alzheimer’s disease: a systematic review, BMC Neurol. 16 
(2016) 236. 

[256] K.N.H. Nudelman, B.C. McDonald, D.K. Lahiri, A.J. Saykin, Biological hallmarks 
of Cancer in Alzheimer’s disease, Mol. Neurobiol. 56 (2019) 7173–7187. 

[257] R.A. de Claro, K.M. McGinn, N. Verdun, S.L. Lee, H.J. Chiu, H. Saber, M. 
E. Brower, C.J. Chang, E. Pfuma, B. Habtemariam, J. Bullock, Y. Wang, L. Nie, X. 
H. Chen, D.R. Lu, A. Al-Hakim, R.C. Kane, E. Kaminskas, R. Justice, A.T. Farrell, 
R. Pazdur, F.D.A. Approval, Ibrutinib for patients with previously treated mantle 
cell lymphoma and previously treated chronic lymphocytic leukemia, Clin. 
Cancer Res. 21 (2015) 3586–3590. 

[258] F.D. Sun, P.C. Wang, J. Shang, S.H. Zou, X. Du, Ibrutinib presents antitumor 
activity in skin cancer and induces autophagy, Eur. Rev. Med. Pharmacol. Sci. 22 
(2018) 561–566. 

[259] S. Varikuti, B. Singh, G. Volpedo, D.K. Ahirwar, B.K. Jha, N. Saljoughian, A. 
G. Viana, C. Verma, O. Hamza, G. Halsey, E.A. Holcomb, R.J. Maryala, 
S. Oghumu, R.K. Ganju, A.R. Satoskar, Ibrutinib treatment inhibits breast cancer 
progression and metastasis by inducing conversion of myeloid-derived suppressor 
cells to dendritic cells, Br. J. Cancer 122 (2020) 1005–1013. 

[260] X. Wang, J. Wong, C.J. Sevinsky, L. Kokabee, F. Khan, Y. Sun, D.S. Conklin, 
Bruton’s tyrosine kinase inhibitors prevent therapeutic escape in breast Cancer 
cells, Mol. Cancer Ther. 15 (2016) 2198–2208. 

[261] W. Li, T. Ali, K. He, Z. Liu, F.A. Shah, Q. Ren, Y. Liu, A. Jiang, S. Li, Ibrutinib 
alleviates LPS-induced neuroinflammation and synaptic defects in a mouse model 
of depression, Brain Behav. Immun. 92 (2021) 10–24. 

[262] H.J. Lee, S.G. Jeon, J. Kim, R.J. Kang, S.M. Kim, K.M. Han, H. Park, K.T. Kim, Y. 
M. Sung, H.Y. Nam, Y.H. Koh, M. Song, K. Suk, H.S. Hoe, Ibrutinib modulates 
Abeta/tau pathology, neuroinflammation, and cognitive function in mouse 
models of Alzheimer’s disease, Aging Cell 20 (2021) e13332. 

[263] F. Wang, S. Li, T.Y. Wang, G.A. Lopez, I. Antoshechkin, T.F. Chou, P97/VCP 
ATPase inhibitors can rescue p97 mutation-linked motor neuron degeneration, 
Brain Commun 4 (2022) fcac176. 

[264] P.P. Piccaluga, S. Paolini, C. Bertuzzi, A. De Leo, G. Rosti, First-line treatment of 
chronic myeloid leukemia with nilotinib: critical evaluation, J Blood Med 3 
(2012) 151–156. 

[265] E. Silveira, I.P. Cavalcante, J.L. Kremer, P.O.R. de Mendonca, C.F.P. Lotfi, The 
tyrosine kinase inhibitor nilotinib is more efficient than mitotane in decreasing 
cell viability in spheroids prepared from adrenocortical carcinoma cells, Cancer 
Cell Int. 18 (2018) 29. 

[266] A.M. Pedersen, S. Thrane, A.E. Lykkesfeldt, C.W. Yde, Sorafenib and nilotinib 
resensitize tamoxifen resistant breast cancer cells to tamoxifen treatment via 
estrogen receptor alpha, Int. J. Oncol. 45 (2014) 2167–2175. 

[267] F. Pagan, M. Hebron, E.H. Valadez, Y. Torres-Yaghi, X. Huang, R.R. Mills, B. 
M. Wilmarth, H. Howard, C. Dunn, A. Carlson, A. Lawler, S.L. Rogers, R. 
A. Falconer, J. Ahn, Z. Li, C. Moussa, Nilotinib effects in Parkinson’s disease and 
dementia with Lewy bodies, J. Parkinsons Dis. 6 (2016) 503–517. 

[268] L. La Barbera, F. Vedele, A. Nobili, P. Krashia, E. Spoleti, E.C. Latagliata, 
D. Cutuli, E. Cauzzi, R. Marino, M.T. Viscomi, L. Petrosini, S. Puglisi-Allegra, 
M. Melone, F. Keller, N.B. Mercuri, F. Conti, M. D’Amelio, Nilotinib restores 
memory function by preventing dopaminergic neuron degeneration in a mouse 
model of Alzheimer’s disease, Prog. Neurobiol. 202 (2021) 102031. 

[269] M. Stevenson, R. Varghese, M.L. Hebron, X. Liu, N. Ratliff, A. Smith, R.S. Turner, 
C. Moussa, Inhibition of discoidin domain receptor (DDR)-1 with nilotinib alters 
CSF miRNAs and is associated with reduced inflammation and vascular fibrosis in 
Alzheimer’s disease, J. Neuroinflammation 20 (2023) 116. 

[270] F. Fondevila, C. Mendez-Blanco, P. Fernandez-Palanca, J. Gonzalez-Gallego, J. 
L. Mauriz, Anti-tumoral activity of single and combined regorafenib treatments in 
preclinical models of liver and gastrointestinal cancers, Exp. Mol. Med. 51 (2019) 
1–15. 

[271] S.M. Wilhelm, J. Dumas, L. Adnane, M. Lynch, C.A. Carter, G. Schutz, K. 
H. Thierauch, D. Zopf, Regorafenib (BAY 73-4506): a new oral multikinase 
inhibitor of angiogenic, stromal and oncogenic receptor tyrosine kinases with 
potent preclinical antitumor activity, Int. J. Cancer 129 (2011) 245–255. 

[272] M.H. Cai, X.G. Xu, S.L. Yan, Z. Sun, Y. Ying, B.K. Wang, Y.X. Tu, Regorafenib 
suppresses colon tumorigenesis and the generation of drug resistant cancer stem- 
like cells via modulation of miR-34a associated signaling, J. Exp. Clin. Cancer Res. 
37 (2018) 151. 

[273] R. Han, S. Li, Regorafenib delays the proliferation of hepatocellular carcinoma by 
inducing autophagy, Pharmazie 73 (2018) 218–222. 

[274] E.S. Paik, T.H. Kim, Y.J. Cho, J. Ryu, J.J. Choi, Y.Y. Lee, T.J. Kim, C.H. Choi, W. 
Y. Kim, J.K. Sa, J.K. Lee, B.G. Kim, D.S. Bae, H.D. Han, H.J. Ahn, J.W. Lee, 
Preclinical assessment of the VEGFR inhibitor axitinib as a therapeutic agent for 
epithelial ovarian cancer, Sci. Rep. 10 (2020) 4904. 

[275] B. Eby, S. Chaapel, E. Kasper, G. Mancini, I. Miller, L. Fisher, C. McKell, P. 
A. Martino, Drug repurpose screening identifies regorafenib as potential amyloid- 
beta aggregation inhibitor, Alzheimers Dement. 18 (2022) e062509. 

[276] B. Escudier, M. Gore, Axitinib for the management of metastatic renal cell 
carcinoma, Drugs R D 11 (2011) 113–126. 

[277] X. Zhang, X. Fang, Z. Gao, W. Chen, F. Tao, P. Cai, H. Yuan, Y. Shu, Q. Xu, Y. Sun, 
Y. Gu, Axitinib, a selective inhibitor of vascular endothelial growth factor 
receptor, exerts an anticancer effect in melanoma through promoting antitumor 
immunity, Anticancer Drugs 25 (2014) 204–211. 

[278] H. Jiang, J. Liao, L. Wang, C. Jin, J. Mo, S. Xiang, The multikinase inhibitor 
axitinib in the treatment of advanced hepatocellular carcinoma: the current 
clinical applications and the molecular mechanisms, Front. Immunol. 14 (2023) 
1163967. 

[279] C.S.B. Singh, K.B. Choi, L. Munro, H.Y. Wang, C.G. Pfeifer, W.A. Jefferies, 
Reversing pathology in a preclinical model of Alzheimer’s disease by hacking 
cerebrovascular neoangiogenesis with advanced cancer therapeutics, 
EBioMedicine 71 (2021) 103503. 

[280] G.M. Blumenthal, P. Cortazar, J.J. Zhang, S. Tang, R. Sridhara, A. Murgo, 
R. Justice, R. Pazdur, FDA approval summary: sunitinib for the treatment of 
progressive well-differentiated locally advanced or metastatic pancreatic 
neuroendocrine tumors, Oncologist 17 (2012) 1108–1113. 

[281] H.M. Korashy, Z.H. Maayah, F.E. Al Anazi, A.M. Alsaad, I.O. Alanazi, O.M. Belali, 
F.O. Al-Atawi, A. Alshamsan, Sunitinib inhibits breast Cancer cell proliferation by 
inducing apoptosis, cell-cycle arrest and DNA repair while inhibiting NF-kappaB 
signaling pathways, Anticancer Res 37 (2017) 4899–4909. 

[282] D. Wang, F. Xiao, Z. Feng, M. Li, L. Kong, L. Huang, Y. Wei, H. Li, F. Liu, H. Zhang, 
W. Zhang, Sunitinib facilitates metastatic breast cancer spreading by inducing 
endothelial cell senescence, Breast Cancer Res. 22 (2020) 103. 

[283] L. Huang, J. Lin, S. Xiang, K. Zhao, J. Yu, J. Zheng, D. Xu, S. Mak, S. Hu, 
S. Nirasha, C. Wang, X. Chen, J. Zhang, S. Xu, X. Wei, Z. Zhang, D. Zhou, W. Zhou, 
W. Cui, Y. Han, Z. Hu, Q. Wang, Sunitinib, a clinically used anticancer drug, is a 
potent AChE inhibitor and attenuates cognitive impairments in mice, ACS Chem. 
Nerosci. 7 (2016) 1047–1056. 

[284] J.A. Fields, J. Metcalf, C. Overk, A. Adame, B. Spencer, W. Wrasidlo, J. Florio, 
E. Rockenstein, J.J. He, E. Masliah, The anticancer drug sunitinib promotes 
autophagyand protects from neurotoxicity in an HIV-1 tat model of 
neurodegeneration, J. Neurovirol. 23 (2017) 290–303. 

H.-j. Lee et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1165
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1165
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1165
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1165
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1170
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1170
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1170
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1170
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1175
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1175
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1180
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1180
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1180
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1180
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1185
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1185
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1185
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1190
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1190
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1190
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1190
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1195
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1195
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1195
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1195
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1200
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1200
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1200
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1200
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1205
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1205
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1205
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1205
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1205
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1210
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1210
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1210
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1215
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1215
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1220
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1225
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1225
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1225
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1230
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1230
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1230
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1235
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1235
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1235
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1240
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1240
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1245
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1245
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1245
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1245
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1245
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1245
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1250
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1250
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1250
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1255
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1255
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1255
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1255
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1255
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1260
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1260
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1260
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1265
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1265
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1265
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1270
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1270
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1270
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1270
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1275
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1275
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1275
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1280
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1280
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1280
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1285
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1285
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1285
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1285
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1290
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1290
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1290
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1295
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1295
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1295
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1295
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1300
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1300
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1300
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1300
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1300
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1305
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1305
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1305
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1305
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1310
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1310
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1310
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1310
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1315
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1315
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1315
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1315
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1320
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1320
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1320
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1320
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1325
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1325
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1330
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1330
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1330
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1330
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1335
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1335
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1335
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1340
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1340
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1345
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1345
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1345
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1345
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1350
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1350
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1350
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1350
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1355
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1355
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1355
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1355
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1360
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1360
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1360
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1360
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1365
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1365
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1365
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1365
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1370
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1370
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1370
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1375
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1375
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1375
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1375
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1375
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1380
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1380
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1380
http://refhub.elsevier.com/S0141-8130(24)02730-2/rf1380


International Journal of Biological Macromolecules 269 (2024) 131925

19

[285] H. Singh, A.J. Walker, L. Amiri-Kordestani, J. Cheng, S. Tang, P. Balcazar, 
K. Barnett-Ringgold, T.R. Palmby, X. Cao, N. Zheng, Q. Liu, J. Yu, W.F. Pierce, S. 
R. Daniels, R. Sridhara, A. Ibrahim, P.G. Kluetz, G.M. Blumenthal, J.A. Beaver, 
R. Pazdur, U.S., Food and Drug Administration Approval: Neratinib for the 
extended adjuvant treatment of early-stage HER2-positive breast Cancer, Clin. 
Cancer Res. 24 (2018) 3486–3491. 

[286] M. Zhao, S. Scott, K.W. Evans, E. Yuca, T. Saridogan, X. Zheng, H. Wang, 
A. Korkut, C.X. Cruz Pico, M. Demirhan, B. Kirby, S. Kopetz, I. Diala, A.S. Lalani, 
S. Piha-Paul, F. Meric-Bernstam, Combining Neratinib with CDK4/6, mTOR, and 
MEK inhibitors in models of HER2-positive Cancer, Clin. Cancer Res. 27 (2021) 
1681–1694. 

[287] P. Dent, L. Booth, A. Poklepovic, J. Martinez, D.V. Hoff, J.F. Hancock, Neratinib 
degrades MST4 via autophagy that reduces membrane stiffness and is essential for 
the inactivation of PI3K, ERK1/2, and YAP/TAZ signaling, J. Cell. Physiol. 235 
(2020) 7889–7899. 

[288] P. Dent, L. Booth, J.L. Roberts, A. Poklepovic, D. Cridebring, E.M. Reiman, 
Inhibition of heat shock proteins increases autophagosome formation, and 
reduces the expression of APP, tau, SOD1 G93A and TDP-43, Aging (Albany NY) 
13 (2021) 17097–17117. 

[289] G.J. Riely, E.F. Smit, M.J. Ahn, E. Felip, S.S. Ramalingam, A. Tsao, M. Johnson, 
F. Gelsomino, R. Esper, E. Nadal, M. Offin, M. Provencio, J. Clarke, M. Hussain, G. 
A. Otterson, I. Dagogo-Jack, J.W. Goldman, D. Morgensztern, A. Alcasid, T. Usari, 
P. Wissel, K. Wilner, N. Pathan, S. Tonkovyd, B.E. Johnson, Phase II, open-label 
study of Encorafenib plus Binimetinib in patients with BRAF(V600)-mutant 
metastatic non-small-cell lung Cancer, J. Clin. Oncol. 41 (2023) 3700–3711. 

[290] J.W. Kim, K.H. Lee, J.W. Kim, K.J. Suh, A.R. Nam, J.H. Bang, Y.J. Bang, D.Y. Oh, 
Enhanced antitumor effect of binimetinib in combination with capecitabine for 
biliary tract cancer patients with mutations in the RAS/RAF/MEK/ERK pathway: 
phase Ib study, Br. J. Cancer 121 (2019) 332–339. 

[291] Y.S. Chun, M.Y. Kim, S.Y. Lee, M.J. Kim, T.J. Hong, J.K. Jeon, D. Ganbat, H. 
T. Kim, S.S. Kim, T.I. Kam, S. Han, MEK1/2 inhibition rescues neurodegeneration 
by TFEB-mediated activation of autophagic lysosomal function in a model of 
Alzheimer’s disease, Mol. Psychiatry 27 (2022) 4770–4780. 

[292] A.A.J. Vaillant, T.A. Nessel, P.M. Zito, Immunotherapy, StatPearls [Internet], 
StatPearls Publishing, 2021. 

[293] K. Naran, T. Nundalall, S. Chetty, S. Barth, Principles of immunotherapy: 
implications for treatment strategies in Cancer and infectious diseases, Front. 
Microbiol. 9 (2018) 3158. 

[294] M. Terme, S. Pernot, E. Marcheteau, F. Sandoval, N. Benhamouda, O. Colussi, 
O. Dubreuil, A.F. Carpentier, E. Tartour, J. Taieb, VEGFA-VEGFR pathway 
blockade inhibits tumor-induced regulatory T-cell proliferation in colorectal 
CancerVEGF-A inhibition prevents tumor-induced Treg proliferation, Cancer Res. 
73 (2013) 539–549. 

[295] H.J. Dalton, S. Pradeep, M. McGuire, Y. Hailemichael, S. Ma, Y. Lyons, G. 
N. Armaiz-Pena, R.A. Previs, J.M. Hansen, R. Rupaimoole, Macrophages facilitate 
resistance to anti-VEGF therapy by altered VEGFR ExpressionMacrophages adapt 
to anti-VEGF therapy, Clin. Cancer Res. 23 (2017) 7034–7046. 

[296] Z. Duan, Y. Luo, Targeting macrophages in cancer immunotherapy, Signal 
Transduct. Target. Ther. 6 (2021) 127. 

[297] C. Liu, M. Yang, D. Zhang, M. Chen, D. Zhu, Clinical cancer immunotherapy: 
current progress and prospects, Front. Immunol. 13 (2022) 961805. 

[298] K. Weiskopf, N.S. Jahchan, P.J. Schnorr, S. Cristea, A.M. Ring, R.L. Maute, A. 
K. Volkmer, J.P. Volkmer, J. Liu, J.S. Lim, D. Yang, G. Seitz, T. Nguyen, D. Wu, 
K. Jude, H. Guerston, A. Barkal, F. Trapani, J. George, J.T. Poirier, E.E. Gardner, 
L.A. Miles, E. de Stanchina, S.M. Lofgren, H. Vogel, M.M. Winslow, C. Dive, R. 
K. Thomas, C.M. Rudin, M. van de Rijn, R. Majeti, K.C. Garcia, I.L. Weissman, 
J. Sage, CD47-blocking immunotherapies stimulate macrophage-mediated 
destruction of small-cell lung cancer, J. Clin. Invest. 126 (2016) 2610–2620. 

[299] S. Oddo, L. Billings, J.P. Kesslak, D.H. Cribbs, F.M. LaFerla, Abeta immunotherapy 
leads to clearance of early, but not late, hyperphosphorylated tau aggregates via 
the proteasome, Neuron 43 (2004) 321–332. 

[300] B. Spencer, E. Masliah, Immunotherapy for Alzheimer’s disease: past, present and 
future, Front. Aging Neurosci. 6 (2014) 114. 

[301] C. Wiessner, K.-H. Wiederhold, A.C. Tissot, P. Frey, S. Danner, L.H. Jacobson, G. 
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