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Abstract: The Vacuolar Protein Sorting 35 (VPS35)-Retromer complex plays a pivotal role in intracellular protein trafficking and
recycling. As an integral component of the Retromer complex, VPS35 selectively recognizes and retrogradely transports membrane protein
receptors to the trans-Golgi network, thereby preventing the degradation of transmembrane proteins by lysosomes after they have fulfilled
their physiological functions, and facilitating their continued activity. VPS35 regulates autophagy, mitophagy, mitochondrial homeostasis,
and various other biological processes, including epidermal regeneration, neuronal iron homeostasis, and synaptic function. Studies have
shown that mutations or dysfunctions in VPS35 disrupt the normal operation of Retromer, impair neuronal health and survival, and
contribute to the onset of neurodegenerative diseases such as Parkinson’s and Alzheimer’s diseases. Additionally, VPS35 modulates tumor
growth and metastasis in cancers such as liver and breast cancer through the regulation of multiple signaling pathways. Targeting VPS35
might be a potential therapy in clinic treatment of neurodegenerative diseases and cancers.
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Introduction
The Retromer complex, a multi-subunit protein assembly, is primarily responsible for the retrograde transport of specific
membrane protein cargos from endosomes to the trans-Golgi network (TGN) or plasma membrane. It is composed of five
highly conserved subunits from the vacuolar protein sorting (VPS) family: VPS26, VPS29, VPS35, VPS5, and VPS17, with
VPS5 and VPS17 contributing to membrane recognition. Among these, VPS35 is particularly essential. As a core component
of the Retromer complex, VPS35 is essential for the recognition and binding of specific cargo proteins.' With a molecular
weight of approximately 40 kDa, VPS35 features an N-terminal a-helix domain, a central B-pleated sheet region, and
a C-terminal a-helix domain. These structural domains collectively form the three-dimensional architecture of VPS35,
enabling its interaction with other subunits to establish a stable Retromer complex. Specifically, the N-terminus of VPS35
binds to VPS26, while the C-terminus interacts with VPS29, forming the core scaffold of the Retromer assembly.>
Structurally, the C-terminal region of VPS35 is composed of 13 a-helices, adopting a horseshoe-shaped, right-handed
a-solenoid configuration.”* This conformation not only extends the length of VPS35, providing additional binding sites
for sorting nexins and receptor cargos, but also allows the structure to flexibly adjust its curvature, accommodating the
curved membrane of vesicles.” In contrast, the N-terminal region of VPS35 comprises 20 a-helices, forming a slightly
curved structure that binds to VPS26 and the sorting nexin dimer 3 (SNX3), thereby contributing to the formation of
a T-shaped configuration.” The trimeric structure of the Retromer complex (VPS26, VPS29, and VPS35) is highly
conserved across species. In organisms ranging from unicellular eukaryotes like Saccharomyces cerevisiae’ and
Schizosaccharomyces pombe® to more complex eukaryotic organisms such as Drosophila melanogaster,” Xenopus
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laevis, >’ mice,'®!" rats, and humans, the sequences of the Retromer trimer exhibit substantial homology. For example,
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human VPS35 shares 92.7% homology with Xenopus laevis Vps35, 99.4% homology with mouse and rat Vps35, and
99.5-100% homology with non-human primate Vps35.' The assembly of the Retromer complex occurs in multiple steps.
Initially, VPS26 and VPS29 form a stable dimer through their N-terminal interactions, which constitutes the core scaffold
of the complex. Subsequently, VPS35 binds to the VPS26/VPS29 dimer via its C-terminal a-helical domain, completing
the Retromer complex. During this process, the N-terminal a-helix of VPS35 may also play a role in recognizing and
binding specific cargo proteins. VPS35 is widely expressed across various human tissues, with expression levels varying
between tissues." This widespread distribution underscores the critical function of the VPS35-Retromer complex in

maintaining cellular homeostasis and overall cellular function.

Cytological Functions of the VPS35-Retromer Complex

Cargo Recognition and Transport: The Core Role of VPS35 in the Retromer Complex
Intracellular cargo recognition and transport is a highly precise and coordinated process, with VPS35 playing a pivotal role as
the core subunit of the Retromer complex. Initially, VPS35 interacts with VPS26 and VPS29 to form a stable trimeric structure
of the Retromer complex.'? This complex specifically recognizes and binds cargo proteins on endosomal membranes,
typically through domains containing retrograde transport signal sequences.'® This recognition process is the first step in
cargo selection, ensuring that only the correct cargo is transported. Upon binding to the cargo, the Retromer complex induces
membrane curvature, facilitating the formation of tubular or vesicular structures. This membrane deformation is facilitated by
the cooperative action of the Retromer complex with other endosomal proteins, such as sorting nexins (SNXs), and
cytoskeletal elements like microtubules.'* This synergy not only promotes the formation of membrane tubes and vesicles
but also provides the structural and dynamic support necessary for efficient cargo transport. Simultaneously with the formation
of these membrane structures, the Retromer complex ensures the precise sorting of cargo proteins, selectively encapsulating
them within the vesicles or tubules. This highly specific sorting process guarantees the accurate delivery of cargo proteins to
their designated destinations. The resulting membrane tubes or vesicles then travel along the microtubule network toward the
TGN or plasma membrane.' This transport process is a critical component of intracellular material cycling, which is essential
for maintaining normal cellular function (Figure 1).

Upon reaching their target membranes, the vesicles fuse with them, releasing the cargo proteins into their final
locations. This fusion process requires the involvement of several membrane fusion proteins and GTPases, ensuring both
precision and efficiency in cargo delivery.'® The accuracy of this membrane fusion event is critical for ensuring that
cargo proteins reach their intended sites and perform their physiological functions. Following cargo delivery, the
Retromer complex dissociates from the target membrane and, through a series of intricate molecular mechanisms,
returns to the endosome to prepare for the next cycle of cargo transport.'” This recycling of the complex is an essential
aspect of intracellular material cycling, allowing cells to continuously perform cargo transport and maintain homeostasis.
VPS35 is central to this process. As the core scaffold protein of the Retromer complex, VPS35 not only participates in
the recognition and binding of cargo proteins but also stabilizes the complex and maintains its functionality through
interactions with other subunits and accessory proteins. Mutations or dysfunctions in VPS35 disrupt the retrograde
transport function of the Retromer complex, leading to the accumulation and mis-sorting of cargo proteins within the
endosomes. This misrouting triggers cellular dysfunctions and contributes to various disease states.'®

The functions of VPS35 extend beyond cargo transport; it also plays a key role in regulating various cellular physiological
processes. For example, VPS35 is involved in the retrograde transport of the Wingless receptor protein from endosomes to the
TGN, a process essential for proper Drosophila embryogenesis.'® Additionally, VPS35 regulates the endosomal recycling of
divalent metal transporter 1 (DMT1), which is critical for maintaining cellular iron homeostasis.” In addition to these roles,
VPS35 significantly impacts mitochondrial functions. Studies have demonstrated that VPS35 participates in the transport of
mitochondrial anchor protein ligase, influencing both mitochondrial morphology and function.?® Moreover, VPS35 regulates
the transport and degradation of mitochondrial E3 ubiquitin ligase 1 (MULI), inhibiting MUL1-mediated degradation of
mitochondrial fusion protein 2, which is essential for maintaining normal mitochondrial morphology and function.?'** These
findings have been further supported by research into Parkinson’s disease (PD), where VPS35 mutations lead to mitochondrial
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Figure | Cell biological functions of VPS35-retromer. The retromer complex is composed of three core components: VPS35, VPS26, and VPS29. The primary role of the
retromer complex is to mediate the retrograde transport of cargos from endosomes to the trans-Golgi network (TGN) apparatus and plasma membrane, allowing these
cargos to be reused within the cell and preventing their delivery to lysosomes for degradation. Specifically, membrane proteins can be directly retrogradely transported to
the plasma membrane by the retromer or transported to the TGN for further processing before returning to the membrane. For mitochondrial and lysosomal proteins, they
are transported from endosomes to the TGN, where they undergo processing before returning to the mitochondrial or lysosomal membranes. Additionally, the retromer
can transport free mitochondrial DNA (mtDNA) into multivesicular body (MVB), preventing its accumulation.

fragmentation, disrupting normal cellular physiology.® Dysfunction of the Retromer complex’s sorting function is closely
linked to the onset of various diseases, including neurodegenerative disorders, cancer, infections, and immune deficiencies.®*
In summary, as a core subunit of the Retromer complex, VPS35 plays an essential role in cargo recognition and
transport, ensuring the stability and functionality of the complex. Beyond this, VPS35 is integral to several critical
cellular processes, including embryogenesis, iron homeostasis, and the regulation of mitochondrial function and
morphology. Thus, an in-depth investigation of the functions and regulatory mechanisms of VPS35 is essential for
advancing our understanding of intracellular material cycling and the maintenance of cellular physiological functions.

Multiple Roles of VPS35-Retromer in Autophagy

As a core component of the Retromer complex, VPS35 is integral not only to protein sorting and transport but also to the
regulation of intracellular degradation pathways. In cells with VPS35 silencing, there is an observed increase in
autophagic flux coupled with impaired proteasomal activity.>> Autophagy, a cellular process in which autophagosomes
encapsulate substances for degradation and subsequently fuse with lysosomes, plays a vital role in maintaining
intracellular homeostasis and responding to various stress conditions. The role of the VPS35-Retromer complex in
autophagy is multifaceted, and its functions are critical to the efficient execution of this process.

During autophagy, cells must ensure the correct recycling of membrane proteins and receptors, which are essential at
various stages of the pathway. VPS35, as a key component of the Retromer complex, mediates retrograde transport from
endosomes to the Golgi apparatus, facilitating the recycling and reuse of important autophagy-related molecules,
including LAMPs, Atg8, and Atgl18.">'® This function is vital for the smooth progression of the autophagy pathway,
and the absence of VPS35 results in the blockade of autophagy.”® Studies have shown that impaired VPS35 function
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disrupts the transport from endosomes to the Golgi, which in turn affects the recognition and processing of autophagic
substrates.”” The VPS35-Retromer complex plays a pivotal role in the selective recognition of autophagy substrates by
identifying and binding to those containing specific retrograde transport signals. In Alzheimer’s disease (AD) models,
defects in Retromer function have been linked to increased -amyloid (AP) production, suggesting that Retromer may
influence autophagy substrate selection indirectly by affecting the transport and processing of AP precursors.?®

Beyond its role in retrograde transport, VPS35 also regulates the formation and maturation of autophagosomes
through interactions with other autophagy-related proteins. A key interaction occurs between VPS35 and the Wiskott-
Aldrich Syndrome protein and scar homolog (WASH) complex, which plays an essential role in autophagosome
formation. The WASH complex promotes actin polymerization during autophagosome formation, driving the creation
of autophagosome precursors.”” When VPS35 function is compromised, this interaction is disrupted, resulting in
impaired autophagosome formation and reduced autophagic efficiency.*”

The final step of autophagy involves the fusion of autophagosomes with lysosomes for the degradation of their
contents. Although this fusion is primarily mediated by protein complexes such as soluble N-ethylmaleimide-sensitive
factor attachment protein receptors (SNAREs) and the HOPS complex, VPS35 indirectly influences this process. By
ensuring the proper distribution of key recognition molecules on the autophagosome membrane, VPS35 indirectly affects
the efficiency of autophagosome-lysosome fusion.>' Moreover, VPS35 plays a role in regulating lysosomal function and
morphology, thereby impacting the degradation process within autophagosomes.** The acidic environment of lysosomes
ensures normal fusion between autophagosomes and lysosomes.*> Dysfunction in lysosomal acidification exacerbates the
progression of neurodegenerative diseases.*

Given the critical role of VPS35 in autophagy, its dysfunction is closely associated with the onset and progression of
various neurodegenerative diseases. A notable example is PD, where the D620N mutation in VPS35 has been extensively
studied. This mutation impairs VPS35 function, thereby disrupting the normal flow of the autophagy pathway. The D620N
mutation in VPS35 leads to a reduction in the number of autophagosomes, although partial restoration of autophagy function
can be achieved by activating alternative autophagic pathways.>> Individuals harboring the VPS35 D620N mutation exhibit
progressive degeneration of dopaminergic neurons and synaptic dysfunction, which correlates with the key pathological
features of PD.'® Furthermore, VPS35 dysfunction may exacerbate neurodegenerative disease progression by disrupting other
autophagy-related processes, such as mitophagy, which is essential for mitochondrial quality control.*®

In summary, the VPS35-Retromer complex plays multiple vital roles in autophagy, including mediating the retrograde
transport of autophagic substrates, regulating autophagosome formation and maturation, and indirectly influencing the fusion
of autophagosomes with lysosomes. These functions collectively ensure the proper progression of the autophagy pathway,
which is critical for maintaining cellular homeostasis and responding to cellular stress. Future research should further
investigate the precise molecular mechanisms underlying VPS35’s involvement in autophagy, as well as explore strategies
to modulate VPS35 function to intervene in the development and progression of neurodegenerative diseases. Such studies
could provide valuable theoretical and experimental insights for the development of novel therapeutic approaches.

Relationship Between VPS35-Retromer and Mitochondrial Function
The VPS35-Retromer complex plays a key role in cellular processes that extend beyond protein sorting and transport,
significantly influencing mitochondrial function. Mitochondria, often described as the “energy factories” of the cell, are
involved in ATP production as well as critical cellular functions such as calcium homeostasis, free radical production, and
apoptosis. VPS35-Retromer impacts mitochondrial morphology, function, and homeostasis by regulating the transport of
specific proteins that are essential for mitochondrial health. For example, the absence or mutation of VPS35 can lead to
mitochondrial fragmentation, which impairs normal mitochondrial function.'® VPS35 influences mitochondrial dynamics by
regulating the sorting and transport of proteins that control mitochondrial fusion and fission, such as DRP1 and MFN2.*” This
mitochondrial dysfunction is commonly observed in various neurodegenerative diseases, including PD and AD, suggesting
that VPS35-Retromer may contribute to the pathogenesis of these diseases by affecting mitochondrial integrity.*®
Additionally, VPS35-Retromer is involved in the regulation of mitophagy, a process that ensures the removal of
damaged mitochondria.’® Dysfunction of VPS35 can impair mitophagy efficiency, leading to the accumulation of

1.39

damaged mitochondria within the cell.”” The membrane potential of damaged mitochondria decreases, leading to an
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increase in ROS levels, which induces the enrichment of PINK1 on the outer mitochondrial membrane.*® PINK1 initiates
mitophagy by recruiting Parkin.*' The VPS35 D620N mutant results in VPS35-dependent downregulation of PINKI,
thereby inhibiting the recruitment of Parkin and causing impairments in PINK 1/Parkin-dependent mitophagy.*’
VPS35-Retromer also plays a direct role in the retrograde transport of certain mitochondrial proteins from endosomes
to the Golgi apparatus or plasma membrane, thereby influencing their localization and function on mitochondria. For
instance, the retrograde transport of ATP7B (Wilson’s disease protein), a key protein involved in copper metabolism,
depends on VPS35-Retromer. Dysfunction of this pathway can lead to copper metabolism disorders, which are associated
with mitochondrial damage.** Moreover, VPS35-Retromer regulates apoptosis by modulating the transport of anti-
apoptotic proteins, such as Bcl-xL, to the mitochondrial outer membrane.** In addition to these roles, recent studies have
highlighted the involvement of VPS35-Retromer in mitochondrial quality control, particularly in the recycling and
degradation of mitochondrial DNA (mtDNA). Free mtDNA enters early endosomes via secretory vesicles, where it is
recognized by VPS35 and transported to multivesicular bodies for degradation. Downregulation of VPS35 results in the
accumulation of mtDNA, leading to oxidative stress and pyroptosis, a form of inflammatory cell death.**

Other Cellular Biological Processes Involving VPS35-Retromer

In addition to its roles in protein transport, autophagy, and apoptosis, VPS35 is engaged in a range of cellular processes critical
for maintaining cellular homeostasis and function. As a key component of the retromer complex, VPS35 participates in the
recycling of neurotransmitter receptors, such as AMPA and NMDA receptors, from endosomes back to the cell membrane,
a function essential for synaptic transmission and neuronal excitability.*> By regulating the transport of proteins associated
with synapse formation and plasticity, VPS35 influences synaptic structure and function. For instance, the loss of VPS35 can
disrupt presynaptic vesicle release and recycling, thereby impairing neurotransmission.*® VPS35 also contributes to the
regulation of cellular signaling by retrogradely transporting specific signaling molecules, such as growth factors and cytokine
receptors. Accurate sorting and transport of these molecules within endosomes are essential for proper cellular responses to
external stimuli.?” Furthermore, VPS35 plays a critical role in cell proliferation and differentiation. In gastric cancer cells,
VPS35 promotes cell proliferation and tumor growth by regulating the recycling and downstream signaling pathways of the
epidermal growth factor receptor (EGFR).*” Additionally, VPS35 is involved in the differentiation of neural stem cells and
adult neurogenesis.*® VPS35 also significantly impacts immune responses and inflammatory processes. In a cerebral ischemia
model, the absence of VPS35 results in abnormal microglial cell polarization, thereby impairing the inflammatory response
and exacerbating neural damage.*’ In certain cancer cells, VPS35 modulates the metastatic potential by regulating the
transport of proteins involved in cell migration and invasion, such as integrins and matrix metalloproteinases.’® In summary,
VPS35, as a multifunctional transport regulatory protein, is extensively involved in a variety of biological processes within
cells, collectively contributing to the maintenance of cellular homeostasis and function.

The Role of VPS35-Retromer in Neurodegenerative Diseases
The Role of VPS35-Retromer in PD

PD is a neurodegenerative disorder with a high prevalence among the elderly and is closely linked to dysfunction in the
Retromer complex. Its hallmark feature is the degeneration of dopamine-producing neurons in the substantia nigra, which
leads to motor impairments.”’ The incidence of PD in individuals over 65 years old is approximately 1.7%.
Pathologically, the most prominent changes observed in the brains of patients with PD include the degeneration and
death of a large number of dopaminergic neurons in the ventral substantia nigra, along with the accumulation of Lewy
bodies—abnormal protein aggregates primarily composed of a-synuclein (a-syn). The progressive loss of dopaminergic
neurons and the deposition of Lewy bodies contribute to the characteristic extrapyramidal dysfunctions in PD, manifest-
ing as bradykinesia, rigidity, resting tremor, and coordination disturbances.

Studies have established a clear link between VPS35 mutations and PD pathogenesis (Figure 2A). Specifically,
mutations in VPS35 caused by aspartic acid to asparagine substitution at position D620N (D620N) have been implicated
in both familial and sporadic forms of PD.>* q-Syn, a presynaptic protein predominantly expressed in the nervous
system, is a major component of Lewy bodies. Mutations in the a-syn gene are strongly associated with autosomal
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Figure 2 The Role of VPS35 in Neurodegenerative Diseases. (A) Mechanism of VPS35 D620N in PD. VPS35 D620N loses its ability to bind and transport M6P and LAMPs, leading to the accumulation of a-synuclein protein and the
formation of Lewy bodies. Additionally, VPS35 D620N loses its capacity to bind and transport LRP6, resulting in the phosphorylation and degradation of B-catenin, which inhibits the Wnt/B-catenin signaling pathway and causes neuronal
damage. (B) In AD, downregulation of VPS35 leads to the entry of APP into lysosomes in neurons, enhancing the production of AB. Simultaneously, it induces the phosphorylation and accumulation of Tau. In microglia, downregulation of
VPS35 impairs TREM2-dependent endocytosis and autophagic flux of AB, causing further accumulation of AB and neuroinflammation. (C and D) Mechanisms of VPS35 in RGCD and ALS. Downregulation of VPS35 in both diseases results in
neuronal dysfunction and degenerative changes.
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dominant forms of inherited PD, and a-syn aggregates are also present in both sporadic PD cases and in individuals with
o-syn gene mutations. In PD, a-syn is primarily degraded in lysosomes, but the D620N mutation in VPS35 disrupts the
retrograde transport of ligands, such as the cation-independent mannose-6-phosphate receptor and cathepsin D, impairing
the recycling of cathepsin D. This defect prevents efficient lysosomal degradation of a-syn, exacerbating its accumulation
and thereby accelerating the progression of PD.”°

Studies on PD have shown that mutations in VPS35 disrupt the Wnt/B-catenin signaling pathway,’ which is essential
for the development of midbrain dopaminergic neurons.’® Impairments in this signaling cascade have been observed in
various PD models, including the 6-hydroxydopamine rat model®® and the MPTP-treated monkey model.®® The proper
function of the Wnt/B-catenin pathway is essential for protecting neurons, and any disruption in this signaling can
contribute to the degeneration and death of dopaminergic neurons. Research has highlighted that VPS35, a key
component of the Retromer complex, plays a vital role in maintaining Wnt/B-catenin signaling by mediating the
retrograde transport of Wntless receptors from endosomes to the TGN. Mutations in VPS35 impair Retromer function,
which disrupts this retrograde transport, leading to the extensive loss of dopaminergic neurons.'”®! Additionally, VPS35
mutations in PD models have been shown to affect the endosomal recycling of DMT1, a key protein involved in iron
homeostasis. Specifically, VPS35 mutations result in the mis-sorting of DMT1-II by the Retromer complex, leading to
the upregulation of DMT1. This upregulation causes an accumulation of iron ions within cells, disrupting the intracellular
“iron balance.” This phenomenon correlates with observed iron accumulation in the substantia nigra of both patients with
PD and animal models of PD.>> Moreover, the dysregulation of iron transport by DMT1 can interact with a-synuclein,
triggering microglial activation and elevating oxidative stress, which further accelerates the progression of PD.*

In summary, the VPS35-retromer complex is a key regulator of intracellular protein trafficking and plays a central
role in the pathogenesis of PD. Understanding the interaction mechanisms between VPS35-retromer and PD-related
proteins, as well as its specific functional pathways in the disease’s progression, could provide new insights into PD
diagnosis and treatment strategies. Future research should focus on elucidating the functional regulatory network of the
VPS35-retromer complex and its dynamic alterations during PD onset and progression, thereby laying the groundwork
for precision medicine approaches in PD therapy.

The Role of VPS35-Retromer in AD

AD is a neurodegenerative disorder characterized by a gradual and insidious onset, marked by the abnormal accumula-
tion of B-amyloid plaques, neurofibrillary tangles resulting from the hyperphosphorylation of tau protein, and extensive
neuronal and synaptic loss.®® These pathological alterations lead to a progressive decline in cognitive abilities. Several
studies have indicated that VPS35 expression is significantly reduced in the brains of patients with AD,** which may be
linked to dysfunction of the retromer complex (Figure 2B), subsequently impacting critical pathological processes such
as AP clearance and tau protein phosphorylation.*®

The accumulation of AP is central to AD pathology. The VPS35-retromer complex plays a direct role in modulating the
generation and clearance of AP by regulating the trafficking and processing of amyloid precursor protein (APP).>* VPS35
facilitates the efficient release of APP from endosomes, thereby preventing its excessive degradation in lysosomes, which
could otherwise lead to the overproduction of AP. A loss or dysfunction of VPS35 results in the aberrant accumulation of APP
in endosomes, contributing to enhanced Ap production.'® Furthermore, VPS35 also regulates the transport and activity of AfB-
degrading enzymes, which in turn influences the efficiency of AB clearance.® Beta-Secretase 1 (BACE1), a key enzyme in Ap
formation, cleaves APP to generate AP. Studies have shown that silencing VPS35 leads to increased BACE] activity in the
hippocampal tissue of mice, resulting in elevated AP production and subsequent impairments in memory and synaptic
function.®> VPS35 is not only implicated in AP production but also regulates the phagocytic activity of microglia toward Ap
by modulating the recycling of the triggering receptor expressed on myeloid cells 2 (TREM2). This regulation further controls
AP clearance.®® Enhanced expression of VPS35 has been shown to restore the phagocytic function of plaque-associated
microglia, thereby improving A clearance.®® Conversely, knockout of VPS35 in microglia results in the accumulation of Ap
plaques in the brains of 5XFAD mice, leading to further cognitive decline.®’

Abnormal tau protein phosphorylation represents a critical pathological feature of AD. The VPS35-retromer complex
plays a pivotal role in regulating tau phosphorylation by modulating the transport and activity of kinases and
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phosphatases that are closely linked to tau phosphorylation. For example, VPS35 deficiency may impair the trafficking of
the Cdk5/p35 complex, thereby promoting aberrant tau phosphorylation.®® Additionally, VPS35 is involved in autophagy
regulation, which influences the efficient clearance of tau protein aggregates.”® Loss of synaptic function and neuronal
death are central to cognitive decline in AD, and the VPS35-retromer complex contributes to the maintenance of synaptic
transmission and neuronal survival by mediating the recycling and transport of neurotransmitter receptors and neuro-
trophic factors. Dysfunction of VPS35 can result in the improper distribution and functional impairment of these critical
proteins at the postsynaptic site, further aggravating synaptic dysfunction and neuronal degeneration.*> Moreover, VPS35
deficiency has been shown to promote the overexpression of inducible nitric oxide synthase (iNOS) and interleukin-6
(IL-6) production, exacerbating AD progression through increased neuroinflammation.®®

In conclusion, the VPS35-retromer complex is a key regulator of intracellular protein trafficking and plays an
indispensable role in the pathogenesis of AD. A deeper understanding of the interaction mechanisms between VPS35-
retromer and AD-associated proteins, along with its specific pathways in disease progression, could provide novel
insights into the diagnosis and treatment of AD. Future research should further investigate the functional regulatory
network of the VPS35-retromer complex and its dynamic alterations during the onset and progression of AD, which will

be instrumental in advancing precision medicine for AD.

The Role of VPS35-Retromer in Retinal Ganglion Cell Degeneration (RGCD)

The eye functions as the primary entry point for visual information in mammals, including humans. Anatomically, the
retina is located at the posterior of the eye, with retinal ganglion cells (RGCs) positioned in the innermost cell layer,
closest to the lens. These RGCs extend axons that converge to form the optic nerve, responsible for transmitting visual
signals to the brain’s visual centers.®” Damage to RGCs can result in various visual impairments and blindness.®® Factors
such as optic nerve transection, intracranial hypertension, and glaucoma are known to damage RGC somata, often
accompanied by excitotoxicity and retinal ischemia.”

RGCD is a key contributor to numerous blinding ocular diseases, including glaucoma and diabetic retinopathy.
Studies indicate a strong association between glaucoma and irreversible vision loss, with an estimated 76 million patients
with glaucoma globally in 2020, a number projected to rise to 112 million by 2040.”" The underlying causes of RGC
degeneration remain unclear, though two prominent hypotheses exist: (1) mechanical factors, such as elevated intraocular
pressure, compress RGC axons, and (2) ischemia and hypoxia impair axonal transport, disrupting retrograde transport of
neurotrophic factors, which in turn leads to RGC soma degeneration and the release of neurotoxic substances. This
cascade results in secondary damage to adjacent RGCs, perpetuating a cycle of degeneration and exacerbating disease
progression.”'”’* Once initiated, RGCD is irreversible, culminating in RGC death. As such, preventive measures are most
effective when applied before significant degeneration occurs. VPS35, which is highly expressed in the layer of cells
where RGCs reside, plays a critical role in RGC survival. Downregulation of VPS35 exacerbates RGCD (Figure 2C). In
VPS35 knockout mice, RGCs display altered morphology, including significantly shortened axonal and dendritic
protrusions. Additionally, VPS35 knockout leads to corneal dystrophy, characterized by reduced protrusions in corneal
epithelial and endothelial cells, accompanied by corneal edema. Further investigations have shown that VPS35 knockout
also disrupts the transport of Solute Carrier Family 4 Member 11 (SLC4A11), worsening the symptoms of corneal
dystrophy.”*”* Studies have also demonstrated that inhibiting VPS35 can increase Cdk5/p35 activity by impairing the
lysosomal degradation of p35, thus contributing to RGC degeneration. Given its pivotal role, VPS35 represents
a potential therapeutic target for both basic research and clinical treatment of RGC degeneration in various ocular
diseases, including glaucoma.®® Moreover, VPS35 dysfunction may also influence the pathogenesis of retinitis pigmen-
tosa resulting from CRB1 gene mutations.”” In models of optic nerve compression-induced RGC death, VPS35 has been

shown to exert a protective effect by enhancing mitochondrial function, thereby slowing disease progression.”®
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Table | Regulatory Effects of VPS35 in Tumors

Tumors Expression Cargos Function and Mechanism References
Hepatocellular Upregulation FGFR3 Induce PI3K/AKT signaling to trigger cell proliferation [75,76]
carcinoma p27Kipl Regulate the proportion of cells in the GI/S phase to promote cell [77]
proliferation
Ccdc85¢c | Activate B-catenin signaling to promote cell proliferation [78]
FZD2 Activate the Wnt/non-canonical planar cell polarity pathway to [45]
RORI promoting cell metastasis
Breast Cancer Upregulation EGFR2 Inversely related to tumor cell apoptosis [79]
(-)* Promote tumor cell proliferation, migration, invasion, and affect [80]
autophagy
Gastric Cancer Upregulation EGFR Activate the ERK1/2 pathway and promote tumor cell growth [42]
ITGB3 Increase YAP nuclear translocation and promote tumor cell [81]

proliferation and metastasis

SLC7AIl | Promote the cancer progress [82]
Melanoma Upregulation N-Ras Increase Ras’s GTP loading, and N-Ras-dependent tumor cell growth | [83,84]
Colorectal cancer Frameshift mutation ) Not mentioned [85]

Notes: *VPS35 cargos are not mentioned in the references.

The Role of VPS35-Retromer in Cancer (Table 1)
VPS35 and Liver Cancer

Liver cancer is mainly categorized into primary and secondary types, with primary liver cancer further subdivided into
hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma, angiosarcoma, and hepatoblastoma, among others.”’
Of these, HCC is the predominant form, representing the leading cause of death among patients with liver cirrhosis and
the most common type of liver cancer in adults. HCC ranks as the fourth leading cause of cancer-related mortality
worldwide and is expected to become the third by 2030.”7 Risk factors such as chronic alcohol consumption, diabetes,
and obesity significantly elevate the likelithood of HCC development. More critically, hepatitis B virus, hepatitis C virus,
and non-alcoholic steatohepatitis are considered major etiological agents in the onset of HCC.”® The progression of HCC
typically begins with liver cell damage, followed by chronic inflammation that drives abnormal cell proliferation,
fibrosis, and cirrhosis and ultimately leads to HCC.®¢

VPS35, a recently identified oncogene, has been shown to promote the proliferation and metastasis of liver cancer
cells, exacerbating disease progression.®” Increased expression of VPS35 has been detected in liver cancer cell lines such
as HepG2 and Huh7.*® During HCC development, activation of the Wnt/PCP signaling pathway, which governs cell
differentiation and metastasis, and the PI3K/AKT signaling pathway, which regulates cell proliferation, has been
observed.®® Under normal physiological conditions, fibroblast growth factor receptor 3 (FGFR3) is internalized into
endosomes or lysosomes for degradation, maintaining a balance between cell proliferation and apoptosis. However, in
liver cancer cells, overexpression of VPS35 enhances the sorting and recycling of FGFR3 to the plasma membrane,
thereby promoting AKT phosphorylation. This, in turn, activates the PI3K/AKT signaling pathway, driving hepatocel-
lular proliferation and contributing to HCC progression.®” Additionally, VPS35 influences the G1/S phase transition by
inhibiting the expression of the cyclin-dependent kinase inhibitor p27Kipl, further facilitating liver cancer cell
proliferation.®” Kriippel-like factor 7, a known inducer of liver cancer metastasis, transcriptionally activates VPS35 by
binding to its promoter region. VPS35 interacts with Ccdc85¢ to activate the P-catenin signaling pathway, which
enhances the proliferative capacity of liver cancer cells.”’

Moreover, the upregulation of VPS35 plays a pivotal role in liver cancer cell metastasis. Overexpression of VPS35
leads to the upregulation of epithelial-mesenchymal transition (EMT) markers, which promote metastasis. VPS35
activates the Wnt/non-canonical planar cell polarity (PCP) pathway by regulating the sorting and trafficking of FZD2

1.50

and RORI in liver cancer cells, further contributing to metastatic potential.”” Research by Tan et al has demonstrated that
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VPS35 overexpression enhances the secretion of tumor-derived extracellular vesicles, thereby facilitating cancer cell
dissemination and metastasis.*’ In summary, upregulation of VPS35 in liver cancer promotes tumor cell proliferation and
metastasis. Despite extensive research supporting the critical role of VPS35 in liver cancer progression, no targeted
therapies specifically targeting VPS35 have been reported to date. However, targeting VPS35 or other components of the
retromer complex may hold promise in inhibiting tumor proliferation and metastasis. Further investigation into the
molecular mechanisms underlying VPS35’s role in liver cancer progression, as well as the development of targeted
therapies, could provide new therapeutic strategies for the treatment of liver cancer.

VPS35 and Breast Cancer

Breast cancer is the most common malignant tumor among women worldwide, accounting for 24.5% of all new cancer
cases in females.*® Characterized by its poor prognosis and high recurrence rate, breast cancer remains a significant
challenge in oncology.”® The incidence and mortality of breast cancer exhibit considerable geographic variation.
Developed countries typically report higher incidence rates but lower mortality rates, whereas in developing regions,
including Southern Africa and South Asia, the incidence of breast cancer is lower, but the mortality rate is higher.
Projections indicate that by 2050, breast cancer-related deaths in these areas will increase by 4.69% compared to 2019.%
Breast cancer is classified into ductal carcinoma and lobular carcinoma, with triple-negative breast cancer (TNBC),
a subtype of ductal carcinoma, associated with the poorest prognosis.”’

In breast cancer cells, VPS35 is highly expressed, and its expression level has been found to positively correlate with
tumor size, lymph node metastasis, estrogen receptor/progesterone receptor negativity, human EGFR2 positivity, and the
triple-negative molecular subtype.”> Knockdown of VPS35 induces apoptosis in breast ductal carcinoma cells, as
demonstrated in mouse models, suggesting that VPS35 expression is inversely related to tumor cell apoptosis.”
Research indicates that autophagy plays a critical role in the survival of disseminated dormant breast cancer cells, and
VPS35, as an autophagy-related gene, contributes to the regulation of autophagy. Knockdown of VPS35 inhibits breast
cancer cell proliferation, migration, and invasion, further implicating its role in modulating autophagy.®' These findings
suggest that VPS35 influences breast cancer initiation and progression through multiple cellular pathways. Although the
mechanisms by which VPS35 regulates breast cancer initiation and metastasis are still under investigation, its role in
liver cancer progression suggests that VPS35 may similarly affect breast cancer cell proliferation and metastasis. Further
exploration of the mechanisms underlying VPS35 in breast cancer holds potential for the development of new therapeutic
strategies, offering insights into improving the treatment and prognosis of breast cancer.

VPS35 and Gastric Cancer

Gastric cancer ranks as the third leading cause of cancer-related deaths globally, with higher incidence rates observed in
East Asia, Eastern Europe, and certain regions of South America. According to the 2020 global cancer statistics from
GLOBOCAN, approximately 1 million new cases of gastric cancer are diagnosed annually worldwide, with nearly
775,000 deaths attributed to the disease, representing 9.2% of all cancer-related fatalities.® Asia, particularly East Asian
countries such as China, Japan, and Korea, accounts for over 50% of global gastric cancer cases. In contrast, the
incidence is relatively low in North America and Western Europe.®” Given the high burden of this disease, identifying
novel therapeutic targets is essential for improving the management and prognosis of gastric cancer.

VPS35 has emerged as a potential gene associated with the poor prognosis of gastric cancer.”> EGFR is recognized as
a key oncogenic driver in gastric cancer,”® and VPS35 upregulation enhances the recycling of EGFR to the cell
membrane, thereby activating the ERK1/2 signaling pathway and promoting tumor cell proliferation.*” Yes-associated
protein (YAP), an oncoprotein that drives tumor cell proliferation and metastasis,”” is also regulated by VPS35. The
upregulation of VPS35 promotes the dephosphorylation of Mammalian Sterile 20-like kinase 1/2 and Large Tumor
Suppressor Kinase 1, in addition to phosphorylating YAP at the Ser127 site—an indicator of YAP inactivation—thereby
increasing YAP nuclear translocation.”® Furthermore, VPS35 interacts with Integrin Subunit Beta 3 (ITGB3), a key
player in cancer metastasis, and activates YAP, leading to the secretion of IL-6. IL-6, in turn, enhances STAT3 binding to
the VPS35 promoter region, upregulating VPS35 expression and promoting tumor growth and metastasis through
ITGB3-mediated activation of the FAK-SRC signaling pathway.’® Knocking down VPS35 in gastric cancer cells reduces
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their resistance to fluorouracil.”® Additionally, elevated VPS35 expression is linked to increased levels of SLC7AII,
a marker of advanced gastric cancer.’’ In conclusion, VPS35 plays a pivotal role in the progression of gastric cancer.
Further investigation is required to elucidate the specific molecular mechanisms by which VPS35 regulates signaling
pathways involved in gastric cancer development. Although targeted therapies aimed at VPS35 are still in the early stages
of research, these studies offer potential avenues for drug development. Future research should explore the feasibility of
targeting VPS35 for therapeutic intervention and investigate the development of specific drugs that modulate VPS35

activity or expression.

The Role of VPS35 in Other Diseases
VPS35 plays a pivotal role in the pathophysiology of both Amyotrophic Lateral Sclerosis (ALS) and Huntington’s

Disease (HD), two devastating neurodegenerative disorders. ALS primarily affects motor neurons, leading to progressive
muscle weakness, atrophy, paralysis, and eventually death. The disease is more common in males than females, with
recent studies implicating various genetic mutations, including VPS35, in its onset and progression.*” Patients with ALS
frequently display abnormal accumulation of TDP-43, a condition worsened by the functional loss of VPS35.% Increased
stability of the retromer complex has been shown to support mitochondrial autophagy in ALS.”® However, some studies
suggest that mild inhibition of retromer function might have a protective effect, highlighting the complex and context-
dependent role of the retromer in ALS®® (Figure 2D).

HD, an inherited neurodegenerative disorder, is characterized by motor disturbances, cognitive decline, and psychiatric
symptoms.”® The disease is caused by a trinucleotide expansion in the HTT gene, resulting in the production of abnormal
huntingtin protein that accumulates in neuronal cells.'® Although VPS35 has been linked to multiple neurodegenerative
diseases, its precise involvement in the pathology of HD remains poorly understood. Limited research suggests that VPS35
may indirectly contribute to the molecular mechanisms of HD.?> While no direct therapeutic strategies targeting VPS35
currently exist for ALS or HD, its critical role in maintaining neuronal health presents a potential target for novel therapeutic
interventions. Further studies are necessary to elucidate the full therapeutic potential of VPS35 in these disorders.

Iron is a vital cofactor for numerous biological processes, including oxygen transport, signal transduction, and DNA
synthesis.** After binding to transferrin, iron interacts with the Transferrin Receptor (TfR) on the cell surface, entering cells
via clathrin-mediated endocytosis. Research by Caiyong Chen et al has demonstrated that SNX3 plays a key role in recycling
transferrin receptors, essential for maintaining iron homeostasis. Disruption of SNX3 function leads to mis-sorting of TfRs,
impairing iron uptake and causing anemia and hemoglobin deficiencies in vertebrates. Additionally, SNX3, VPS35, and TfR
interact to facilitate the sorting and transport of TfR to the plasma membrane.®* Therefore, the Retromer complex, including
VPS35, is crucial in regulating the recycling of TfR, maintaining iron homeostasis, and supporting erythropoiesis.

VPS35, an oncogene, plays a pivotal role in the pathogenesis of various malignancies, including melanoma, ovarian
cancer, and colorectal cancer.'’"'°> Melanoma, a skin cancer primarily originating from melanocytes, is influenced by
a complex interplay of genetic mutations, environmental factors (such as ultraviolet radiation), immune responses, and
cellular metabolic processes.'®! In 2020, approximately 32,500 new melanoma cases were diagnosed globally, resulting
in 57,000 deaths. The disease predominantly affects Caucasians in Europe, with a notably higher incidence in males than
in females.**'%* VPS35 has been shown to bind to N-Ras in a farnesyl-dependent manner.®® Depletion of VPS35
enhances the association between N-Ras and cytosolic vesicles, reduces Ras’s GTP loading, and disrupts mitogen-
activated protein kinase signaling, ultimately inhibiting N-Ras-driven melanoma cell proliferation.'®*

In recent years, increasing attention has been directed towards the gastrointestinal microbiota, as its dysbiosis can
contribute to gastrointestinal inflammation and, in severe cases, the development of colorectal cancer.”? Colorectal cancer
exhibits higher incidence rates in Western countries, though in China, despite a lower global prevalence, its incidence has
gradually increased due to the asymptomatic nature of the disease in its early stages. The primary clinical manifestations
include rectal bleeding, which can progress to anemia in later stages. Current studies have identified frameshift mutations of
VPS35 in colorectal cancer tissues.'” However, the precise mechanisms through which VPS35 contributes to the
development and progression of colorectal cancer remain to be fully elucidated.
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Preclinical Therapeutic Targeting of VPS35

Given the pivotal role of VPS35 in a range of diseases, including AD, PD, RGCD, anemia, and even various cancers, the
retromer complex has emerged as a promising therapeutic target. However, pharmacological targeting of VPS35 presents
a significant challenge, as this core subunit does not possess intrinsic enzymatic activity but instead functions as a structural
scaffold for retrograde transport. The presence of the D260N mutation in VPS35, particularly in PD, further complicates
therapeutic development, leading to the hypothesis that stabilizing the retromer complex may offer a potential solution. In
2014, Mecozzi et al synthesized the compounds R55 and R33, which were shown to enhance the interaction between VPS35
and VPS29, thereby improving the stability of the retromer complex. These compounds have demonstrated neuroprotective
effects in an iPSC-derived cell model of sporadic AD.'*® However, whether R55 and R33 can mitigate the dysfunction caused
by the D260N mutation in VPS35 in PD remains to be fully explored. Recent advancements include the development of the
macrocyclic peptide RT-L4 by Chen et al, which has shown promise as a more effective molecular chaperone for stabilizing
the retromer complex.'®” While the therapeutic effects and precise mechanisms of these compounds in VPS35-related diseases
remain unclear, their potential underscores the critical role of VPS35 in maintaining normal physiological processes and
highlights its viability as a therapeutic target. Given its pivotal role, VPS35 represents a potential therapeutic target for both
basic research and clinical treatment of RGC degeneration in various ocular diseases, including glaucoma.®® Despite extensive
research supporting the critical role of VPS35 in liver cancer progression, no targeted therapies specifically targeting
VPS35 have been reported to date.

Ongoing research into VPS35 and the development of associated drugs could significantly advance our understanding of
diseases linked to this protein, offering hope for new treatments for neurodegenerative diseases and cancers. Investigating
whether these stabilizing drugs can elicit similar therapeutic benefits in a broader range of VPS35-related conditions may
represent a crucial step toward providing effective treatment options for these challenging diseases.

Conclusion and Outlook

This review elaborates on the central regulatory role of VPS35 in various biological processes, including protein trafficking,
regulation of autophagy and mitophagy, maintenance of mitochondrial function, and numerous physiological activities. The
review not only unveils the complex structure and unique functions of VPS35 but also explores its potential therapeutic
applications in the clinical field. In recent years, several groundbreaking studies have revealed the molecular mechanisms
underlying “neuron-tumor microenvironment interactions”.'°®'% This article integrates for the first time the dual regulatory
roles of VPS35 in neurological disorders and tumors, providing not only new targets for deciphering the interactions between
neurons and tumors but also suggesting potential therapeutic intervention strategies within the “brain-tumor axis”.

Despite increasing understanding of VPS35’s functions in recent years and its recognized positive therapeutic effects
in various diseases, significant challenges remain in certain neurological disease areas. For instance, the role of VPS35 in
HD and ALS has not been fully elucidated over the past five years. Furthermore, research on the functions of VPS35 in
tumorigenesis and development remains fragmented. Although progress has been made in recent years in studying
VPS35 and its associated structural proteins VPS26 and VPS29 in cancer, candidate drugs are still scarce. Therefore,
a thorough understanding of the structure and function of VPS35, coupled with the exploration of the potential
therapeutic effects of these drugs in VPS35-related diseases, undoubtedly brings hope for innovative treatment strategies
in neurodegenerative diseases and cancer.
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