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Transmissible spongiform encephalopathies (TSEs), or prion diseases, are progressive neurodegenerative disorders of the central nervous system that affect humans and animals as sporadic, inherited, and infectious forms. Similarly to Alzheimer's disease and other neurodegenerative disorders, any attempt to reduce TSEs' lethality or increase the life expectancy of affected individuals has been unsuccessful. Typically, the onset of symptoms anticipates the fatal outcome of less than 1 year, although it is believed to be the consequence of a decades-long process of neuronal death. The duration of the symptoms-free period represents by itself a major obstacle to carry out effective neuroprotective therapies. Prions, the infectious entities of TSEs, are composed of a protease-resistant protein named prion protein scrapie (PrPSc) from the prototypical TSE form that afflicts ovines. PrPSc misfolding from its physiological counterpart, cellular prion protein (PrPC), is the unifying pathogenic trait of all TSEs. PrPSc is resistant to intracellular turnover and undergoes amyloid-like fibrillation passing through the formation of soluble dimers and oligomers, which are likely the effective neurotoxic entities. The failure of PrPSc removal is a key pathogenic event that defines TSEs as proteopathies, likewise other neurodegenerative disorders, including Alzheimer's, Parkinson's, and Huntington's disease, characterized by alteration of proteostasis. Under physiological conditions, protein quality control, led by the ubiquitin-proteasome system, and macroautophagy clears cytoplasm from improperly folded, redundant, or aggregation-prone proteins. There is evidence that both of these crucial homeostatic pathways are impaired during the development of TSEs, although it is still unclear whether proteostasis alteration facilitates prion protein misfolding or, rather, PrPSc protease resistance hampers cytoplasmic protein quality control. This review is aimed to critically analyze the most recent advancements in the cause-effect correlation between PrPC misfolding and proteostasis alterations and to discuss the possibility that pharmacological restoring of ubiquitin-proteasomal competence and stimulation of autophagy could reduce the intracellular burden of PrPSc and ameliorate the severity of prion-associated neurodegeneration.
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Introduction

The capacity to withstand environmental variations, keeping a continuous control of structure and function, represents a primary need for all living beings and is often referred to as homeostasis. In both uni- and multicellular organisms, an extraordinarily wide range of mechanisms cooperate to keep homeostasis, whose functioning is a mandatory requirement to grant long-term survival (Magalhaes et al., 2018). Protein homeostasis, or proteostasis, balances protein synthesis and degradation not only to adapt the number of intracellular proteins to the cell needs but also to control their proper folding, trafficking, and recycling; this is particularly relevant within the central nervous system (CNS) to prolong neuronal viability, synaptic functions, and ultimately cognitive performances (Hetz, 2021). Defective proteostasis is the basis of CNS alterations in several pathologic conditions. Protein misfolding, oligomer/fibryl accumulation, and cellular inability to eliminate them are the common histopathological traits of Alzheimer's disease (AD), Parkinson's disease (PD), fronto-temporal dementia (FTD), Huntington's disease (HD), amyotrophic lateral sclerosis (ALS), and transmissible spongiform encephalopathies (TSEs), also known as prion diseases (Thellung et al., 2019; Le Guerroue and Youle, 2021). Walker and Levine III (2000) proposed the term cerebral proteopathy to semantically unify all the disorders that are associated with the alteration of protein conformation in the CNS. Such semantic unification is particularly useful because comprehends, under a common basic alteration, neurodegenerative diseases otherwise heterogeneous for etiology, histopathology, and clinical presentation. Although sporadic onset represents the most prevalent occurrence of all neurodegenerative disorders, significant signs of progress in the characterization of the mechanisms of pathogenesis have been obtained by studying inherited forms of proteopathies. Noteworthy, pathogenic mutations have been described not only in genes encoding for disease-specific proteins but also in genes involved in the mechanisms of protein quality control and turnover (Lehman, 2009). TSEs, rare and fatal neurodegenerative conditions universally known as prion diseases, affect humans and domestic and feral animals, inducing a rapid neurological decline. Neurohistology lesions, although differences among the different forms are present, comprise spongiform degeneration of brain parenchyma, neuronal loss, astrogliosis, and deposition of the amyloidogenic protein, prion protein scrapie (PrPSc). PrPSc is derived from the post-translational rearrangement of the glycoprotein cellular prion protein (PrPC) (Prusiner and Dearmond, 1991). Human TSEs, including Creutzfeldt–Jakob disease (CJD), Gerstmann–Sträussler–Scheinker disease (GSS), fatal familial insomnia (FFI), and Kuru, are different in etiology being sporadic, familial, iatrogenic, and infectious. A peculiar distinctive feature of TSEs is transmissibility through inter-human passage of PrPSc (Prusiner, 1998; Will and Ironside, 2017). PrPC to PrPSc transition may be either spontaneous or favored by mutations within PRNP, the PrPC encoding gene, or forced by the interaction with exogenous PrPSc that acts as a template (Prusiner, 1982). PrPSc infection may follow parenteral or enteral routes (for example, via ingestion of contaminated meat during the “mad cow” disease epidemic in the 1990s; Diack et al., 2014). PrPC misfolding leading to the formation of PrPSc concerns the secondary structure of the protein, increasing β-sheet structure content, hydrophobicity, and resistance to proteolysis (Pan et al., 1993). PrPSc accumulation leads to the activation of amyloidogenic pathways, leading to the formation of oligomers and fibrils, whose accumulation is generally associated with histological lesions in all prion diseases (Corsaro et al., 2012).

Although a direct cause-effect relationship between PrPSc accumulation and pathology is still a debated issue (Parchi et al., 1996; Hill and Collinge, 2003), there is growing evidence that PrPC misfolding is normally prevented by a protein quality control system whose failure plays a pathogenic role in all TSEs. Moreover, the impairment of the two major cellular mechanisms that control proteostasis, the ubiquitin–proteasome quality control (UPS), and autophagy (ALP) has been also described in association with other neurodegenerative disorders characterized by protein misfolding (Nixon, 2013; Ciechanover, 2015; Zheng et al., 2016; Colacurcio et al., 2018). These similar pathogenic mechanisms, identified in all proteopathies, prompted the search for common targets to Exeter effective neuroprotective intervention in all these conditions (Kumar et al., 2020). This review is focused on the most recent insights into the pathogenic role of proteostasis failure in prion diseases and the possibility to counteract neuronal death through the pharmacological modulation of UPS and autophagy.



Protein quality control

In eukaryotic cells, the control of proper folding of newly synthesized proteins and the prevention of their aberrant accumulation are granted by a series of interconnected mechanisms, whose intervention ranges from assisted refolding in the endoplasmic reticulum (ER), to degradation or disaggregation in the cytosol. All these pathways provide vital contributions to proteostasis and are also joined in a complex network of mutually compensatory activities (Ciechanover and Kwon, 2017). Improper protein folding often produces the exposure of hydrophobic amino acid sequences that are recognized and bound by chaperones resident in ER, nucleus, and cytoplasm. Binding to chaperones favors the reestablishment of the correct structure of client proteins or drives them to proteolysis via the ubiquitin-proteasomal system (UPS) or the autophagic pathway. There is compelling evidence that cellular and pathological prion proteins are crucial clients of the mechanisms of protein quality control undergoing chaperone-assisted refolding (Tittelmeier et al., 2020), ubiquitination, proteasomal, and lysosomal degradation (Ciechanover, 2015). There is also hope that a better comprehension of these pathways may lead to novel effective neuroprotective strategies against prion diseases.


Chaperone-assisted refolding and proteolysis

Molecular chaperones is a large group of evolutionarily conserved proteins that play a vital role in protein quality control and allow adaptations of the cellular proteome to environmental changes; their loss of efficacy in CNS has often been associated with brain proteopathies (Ciechanover and Kwon, 2017).

Chaperones assist proper protein folding by recognizing exposed hydrophobic sequences in nascent polypeptides as a hallmark of protein misfolding and forming complexes that temporarily block proteins in an unfolded state. This complexation may either determine the correct refolding of client proteins or activate their degradation by the ubiquitin-proteasome system (UPS) and autophagy. Heath shock proteins (HSPs) are chaperones activated by a variety of cell stresses, including heat, oxidative, and inflammatory insults; they comprehend different subgroups (named based on respective molecular weight: Hsp90, HsP70, Hsp40, and others). Accessory proteins, named co-chaperones, are also often recruited to the complexes with substrate proteins and act as adaptors to guide ubiquitination and interaction with proteasomes (Abildgaard et al., 2020). Not surprisingly, the control of prion protein folding is an important task of molecular chaperones and is currently under investigation to characterize its involvement in prion disease pathogenesis, as well as the therapeutic potential of its pharmacological modulation (Tittelmeier et al., 2020; Thackray et al., 2022).



Ubiquitin proteasomal system

Eukaryotic cells rely on UPS for survival because this proteolytic system exerts a continuous control of the quality and the amount of newly formed, short-living proteins. Excessive and/or wrongly folded proteins, instead of being transported from rough ER to Golgi, for further processing and insertion in the plasma membrane or secretion, are retrotranslocated in the cytosol, conjugated with multiple chains of ubiquitin, and degraded by the 26S proteasome (Pickart, 2001; Sloper-Mould et al., 2001). The addition of poly-ubiquitin chains, essential for further proteolytic processing of the substrate, is carried out by a sequence of three ATP-consuming steps, catalyzed by the ubiquitin-associated enzymes E1, E2, and E3. Ubiquitin is transiently bound to and activated by E1 (ubiquitin-activating enzyme), transferred to E2 (ubiquitin-conjugating enzyme), and then to E3 (ubiquitin ligase) that covalently binds ubiquitin to substrates. This process is repeated several times by adding further units to the previously attached ubiquitin, thus tagging the substrates by a chain of poly-ubiquitin that is recognized by 26S proteasome (Glickman and Ciechanover, 2002). Proteasome is a large cytosolic and nuclear 26S, ATP-dependent enzymatic complex, composed of a catalytic (proteolytic) 20S unit and a regulatory 19S unit, both composed of multiple subunits. The regulatory 19S unit that forms a cap at one or both sides of the 20S unit, comprehends a base and a lid and works as a gatekeeper that selects the substrate to degrade and prepare it for digestion. Broadly, the 19S unit recognizes ubiquitinylated proteins, removes the poly-ubiquitin chains, and unfolds the proteins, thus allowing the recycling of ubiquitin moieties and the entry of the substrates into the 20S proteolytic chamber (Sahu and Glickman, 2021). The catalytic 20S subunit has the shape of a cylinder, composed of four stacked rings, each made of seven subunits; the two external rings are called α rings and delimitate the entrance and exit of the barrel, whereas the two β rings, endowed with caspase-like, trypsin-like, and chymotrypsin-like proteolytic activity, digest the proteins (Glickman and Ciechanover, 2002; Sakata et al., 2021). While digestion is carried on by β subunits, the α-structures control the opening of the gate to let the substrate in and expel digested peptides.

The extremely complex regulation of ubiquitin ligation and proteasome functioning is beyond the aim of this review, and thus, we will focus on the most recent insight into the association between UPS failure and the development of neurodegeneration in prion diseases.



Autophagy

Autophagy is a lysosomal-dependent, pro-survival proteolysis of portions of cytoplasm, damaged organelles, and potentially harmful protein, which allows cells to cope with several stress conditions. Through autophagy, cells may survive starvation via the recycling of cytoplasmic nutrients, avoid apoptosis by removing damaged mitochondria, and control proteostasis by digesting aberrant and aggregation-prone proteins (Klionsky et al., 2021).

Different types of autophagy can be identified based on the nature of substrates and the mechanisms by which substrates are delivered to lysosomes. While macroautophagy, classically referred to as autophagy, traps large portions of cytoplasm in double-membrane autophagosomes that fuse with lysosomes to digest and recycle nutrients, other protein-targeted forms called aggrephagy and chaperone-mediated autophagy (CMA) play a crucial role in the control of proteostasis.

Aggrephagy, cooperates with UPS, being mainly involved in the removal of larger or aggregation-prone proteins that cannot enter the narrow pore of the proteasome (Lamb et al., 2013; Kumar et al., 2022). Broadly, misfolded proteins that escape the degradation by proteasome because of abundancy, aggregated structure, or as a consequence of defects of specific UPS steps, cluster in the cytoplasm to form inclusion bodies (Kopito, 2000), which may be engulfed in autophagosomes (Fortun et al., 2003). Aggrephagy is a remarkably selective process, allowed by adaptor proteins in which clusters of ubiquitinylated substrates committed to degradation are driven into growing phagophores and digested as autophagosomes fused with lysosomes (Bjorkoy et al., 2005; Pankiv et al., 2007). Perhaps the best characterized of these adaptors is a multidomain protein of 440 amino acids, named sequestosome 1 (SQSTM1) or p62, whose activity is not exclusively involved in the proteostasis, but lies at the crossroads of multiple signaling (Katsuragi et al., 2015). P62 role has been extensively studied in many neurodegenerative diseases, and its accumulation on the cytoplasm is nowadays regarded as a reliable hallmark of either activation of autophagy or reduced efficiency of a protein quality control system (Pankiv et al., 2007; Klionsky et al., 2021). The sequence of p62 has been defined in detail, leading to the identification of multiple domains responsible for protein-to-protein interactions (Berkamp et al., 2021). Three of these domains are considered critical to govern the fate of protein degradation between UPS and aggrephagy: the PB1 domain that allows p62 oligomerization, the LIR domain that interacts with LC3BII located in the membranes of phagophores, and a ubiquitin-binding domain (UBA) that binds ubiquitinylated substrates (Pankiv et al., 2007; Katsuragi et al., 2015). There is recent evidence that condensation of cytoplasmic proteins in solid aggregates, as occurs in typical aggrephagy, is not the only mechanism by which autophagosomes eliminate clustered misfolded proteins. Through its UBA domain, p62 sequesters ubiquitinylated proteins into membrane-less droplets, called p62 bodies that increase in size by progressive coalescence (Berkamp et al., 2021). Although composed of aggregated proteins, p62 bodies have a spherical shape and a viscosity that separates them from cytosol with a liquid-liquid phase separation (Brangwynne et al., 2009; Sun et al., 2018). Through LIR sequence, p62 interacts with LC3-II proteins that marks the growing phagophore, thus promoting the engulfment of the bodies in the autophagosome (Zaffagnini et al., 2018; Simonsen and Wollert, 2022). The process continues with the fusion of autophagosomes with lysosomes, allowing the digestion and the recycling of ubiquitinylated substrates present in the autophagosomes (Klionsky et al., 2021).

Selective removal of proteins from cytosol is made possible by an alternative form of autophagy called chaperone-mediated autophagy (CMA), in which client substrates bind with chaperone and co-chaperone complexes and are translocated within lysosomes by lysosome-associated protein 2A (LAMP2A) (Bourdenx et al., 2021). Typical targets of CMA contain the amino acid sequence KFERQ and need the binding of chaperones belonging to the family of Hsp70 and the heat shock protein 70 cognate (Hsc70) that are overexpressed under stressful conditions. Nevertheless, other chaperones, linked to the control of the cell cycle, have been described to operate via CMA recognizing different pentapeptide sequences, for example, in prion proteins (Wang et al., 2015, 2017).




Protein quality control of prion protein

PrPC is a glycoprotein anchored to the outer leaflet of the plasma membrane via a glycosylphosphatydylinositol moiety (Stahl et al., 1987). Along the pathway of PrPC maturation, the removal of the N-terminal signal peptide is followed by the formation of a disulfide bridge and the addition of one or two oligosaccharide chains (Haraguchi et al., 1989). GPI anchor is hence attached to the N-terminus of the protein following the removal of a 22 AA peptide (Stahl et al., 1992; Hegde and Rane, 2003). Mature PrPC is exposed on the outside of the plasma membrane surface and, being characterized by a high turnover and rapidly recycled through the endocytic system (Shyng et al., 1993), it is a likely candidate to undergo UPS control. PrPC maturation follows the typical route for transmembrane proteins as the removal of signal peptide and glycosylation in the ER, translocation to Golgi, and the insertion into the outer leaflet of the plasma membrane.

Crucial scientific questions about the biology of PrPC have pertained to the molecular partners that not only assist its proper folding but also affect PrPC-PrPSc conversion or bring misfolded/aggregated prions to degradation. Among the several chaperones reported to interact with prion proteins under physiological and pathological circumstances, those belonging to heat shock proteins and in particular the Hsp70 subgroup (Hsp70s) showed a consistent association with prion diseases in humans, animals, and in experimentally infected rodents and cells. Indeed, the analysis of brains from sporadic and familial CJD patients showed that Hsp73 expression is inversely proportional to neuronal loss indicating that differences of vulnerability to PrPSc in different brain areas may depend on the neuroprotective activity of chaperones (Kovacs et al., 2001). Similar reports have been obtained in scrapie-infected sheep where the pattern of expression of heat shock proteins was associated with prion protein deposition, gliosis, and spongiosis (Serrano et al., 2011). In mice infected by intracerebral injection of scrapie strains, Hsp70 immunoreactivity was detected in close vicinity of lysosome-related structures (Laszlo et al., 1992) and a net increase of Hsp70 and ubiquitin gene expression was observed (Kenward et al., 1994). Pharmacological induction of Hsp70 in chronically prion-infected cell lines counteracted intracellular accumulation of PrPSc, and, on the other hand, the abrogation of Hsp70 in mice accelerates the progression of neurodegeneration after the intracerebral injection of RML prion (Mays et al., 2019). Another molecular chaperone, whose activity plays a role in the posttranslational fate of prion protein, is the 78 KDa glucose-regulated protein (GPR78), also known as binding immunoglobulin protein (Bip), a member of HsP70s, mainly resident in the ER. Independent researchers have demonstrated that Bip can bind physiological and disease-associated forms of PrP, inducing proteasomal degradation of mutant PrP (Jin et al., 2000; Park et al., 2017). Importantly, Bip can also revert PrPSc protease resistance and can inhibit PrPSc replication in persistently infected cells, and its expression is necessary to prolong mouse survival after intracerebral infection with scrapie strains (Park et al., 2017). Moreover, although devoid of consequence in normal conditions, knocking out stress-sensing proteins, such as heath shock factor 1, reduces survival in mice infected with scrapie prions (Steele et al., 2008). Altogether these reports suggest that activation of chaperones belonging to the group of Hsps represents an attempt of neuroprotection that may explain the late onset of most familial TSEs.

PrPC is a typically short-lived protein with a half-life of about 6 h (Taraboulos et al., 1992), and it is estimated that about 10% of newly formed protein does not pass the quality control and is degraded by the proteasome. In fact, pharmacological inhibition of proteasome activity produces an accumulation of cytosolic aggregates of protease-resistant PrP, rich in ubiquitin moieties (Ma and Lindquist, 2001; Yedidia et al., 2001), whereas the inhibition of proteasome negative regulators causes a reduction of the PrPSc intracellular content (Homma et al., 2015). Prion protein mutations are associated with familial forms of CJD, GSS, and FFI, producing PrP variants characterized by incomplete processing and altered folding and topology. The degradation of these mutant prion proteins is partially granted by chaperones that temporarily bind the protein favoring its processing by UPS, CMA, or disaggregation (Jin et al., 2000; Wang et al., 2017; Thackray et al., 2022). In vitro studies, performed in cell lines expressing PrP mutant forms, have demonstrated that the pharmacological inhibition of UPS induces intracellular accumulation of detergent-insoluble and partially protease-resistant PrP that accumulates in aggregation bodies (Zanusso et al., 1999; Jin et al., 2000; Ma and Lindquist, 2001; Mishra et al., 2003). Moreover, the ubiquitinylation of PrPC by the ubiquitin ligase TRAF6 favors its interaction with p62 and the formation of aggresomes (Masperone et al., 2022).

Similarly, to PrPC and its variants harboring disease-associated mutations, the presence of PrPSc, the pathogenic form of PrP, induces the cells to activate the UPS and favors the formation of aggregates, as a defense strategy. Using intracerebral and intraperitoneal prion injection in experimental animals as infection models, Homma observed an increased expression of p62 and autophagosome-associated LC3-II in the brain of terminally ill animals (Homma et al., 2014). Moreover, the pharmacological inhibition of proteasome, using the inhibitor MG-132, stimulated the formation of perinuclear aggregates containing both PrPSc and p62 in PrPSc persistently infected neuroblastoma cells. Importantly, p62 colocalization with PrPSc is dependent on p62 ability to bind ubiquitin. High levels of p62 also abrogate cell commitment to apoptosis when mutant forms of PrPC escape UPS degradation and form PrP- and p62-containing cytoplasmic inclusion bodies (Xu et al., 2014). Although intracellular accumulation of PrPSc is believed to be counteracted by the autophagosome-autolysosome pathway, there is evidence that PrPSc can be also recognized by chaperones and digested in lysosomes through the activation of CMA. One of these chaperones is the polo-like kinase 3 (PLK3), whose overexpression upregulates Hsc70 and LAMP2A, which, in turn, translocate PrPSc in the lysosomal lumen (Wang et al., 2015, 2017). Altogether, this evidence suggests that the UPS system could, at least temporarily and partially, counteract the accumulation of pathological prion proteins in the brain, during the development of both inherited and acquired forms of TSEs and that selective aggrephagy and CMA can act as complementary clearing systems when aggregated PrPSc escape UPS or because of its overwhelming.

The evolving concept of transmissible proteopathies faced the crucial issue to define the mechanisms that may favor the diffusion of aberrant proteins, in particular prion protein, to distant body districts or within the brain. Several mechanisms have been hypothesized including axonal- or cell-mediated transport and diffusion through macrovesicles released from infected neurons (Glatzel and Aguzzi, 2000; Bellingham et al., 2012). In particular, microvesicle-mediated transport is emerging as a pivotal mechanism for short- and long-range intercellular communication. It was reported that exosomes, microvesicles contained in multivesicular bodies (MVBs), are released into the extracellular space and uptaken by neighboring cells through receptor-mediated endocytosis or phagocytosis. Importantly, both exosome release and autophagy activation are used by cells not only for cell-to-cell communication but also for proteostasis maintenance (Xu et al., 2018).

The cooperation between autophagy and exosome release is particularly relevant for neurons that alternatively use these systems to reduce the burden of unwanted proteins. Cell commitment to degrade or release cargo proteins contained in exosomes is evidenced by the fate of MVBs: that may fuse with autophagosomes and follow the autophagy flux producing the digestion of exosomes and their cargo or they may fuse with the plasma membrane and release exosomes in the extracellular space (Fader et al., 2008) (Figure 1). Prion-infected cells release exosomes containing PrPSc which can transmit disease to recipient mice (Fevrier et al., 2004; Vella et al., 2007). These in vitro results are in line with the histochemical analysis of autophagy-related structures in TSE-affected brains, revealing the presence of MVBs immunoreactive for PrPSc, suggesting exosome-mediated diffusion of PrPSc within the brain (Sikorska et al., 2004; Liberski et al., 2011; Guo et al., 2016).


[image: Figure 1]
FIGURE 1
 Schematic representation of the interplay between exosome release and autophagy to reduce the intracellular burden of PrPSc. PrPC (green) conversion into neurotoxic PrPSc isoform (red) occurs during PrPC recycling through a stochastic event or after interaction with exogenous PrPSc. Neuronal strategies to remove cytoplasmic PrPSc comprehend protein degradation through macroautophagy or PrPSc insertion into exosomes contained in multivesicular bodies (MVBs). MVBs can either release exosomes containing PrPSc, or reenter the autophagy cycle through the formation of autophagosomes, amphysomes (not depicted in the figure) and autolysosomes.


Neuronal capacity to engulf disease-associated proteins through exosomes is currently under extensive investigation and has been described as a “double-edged sword” in many protein conformational diseases including tauopathies and α-synucleinopathies, where neurons can adopt the same strategy to avoid apoptosis while favoring the dissemination of pathology (Perez-Gonzalez et al., 2020; Meldolesi, 2021). Importantly, pharmacological modulation of autophagy is easily achievable thus producing an indirect modulation of exosome release (Abdulrahman et al., 2018; Thellung et al., 2019).

Recently, it was discovered that also other neurotoxic protein aggregates from different neurodegenerative diseases (AD and PD in particular) can be transported from affected areas to distant neurons. In particular, misfolded forms of b-amyloid or α-synuclein can be secreted into the extracellular milieu, possibly via exosomes, thereby affecting in a prion-like manner the normal physiology of the neighboring cells. This hypothesis was proposed as a plausible reason for the time course of idiopathic AD and PD, which only become symptomatic in middle to late life. For a review, see Yoshida and Hasegawa (2022).



Proteostasis failure is a pathogenic trait shared by prion diseases and other neurodegenerative conditions

Neuronal plasticity and long-term survival rely on a complex network of sensors that detect perturbation of proteostasis and effectors that put in action a series of countersteps, including chaperone-assisted protein refolding and disaggregation, UPS, and autophagy (Weibezahn et al., 2005; True, 2006; Overhoff et al., 2021; Giandomenico et al., 2022). The loss of competence of these control systems, although occurring at a low level also during physiological aging, is enhanced in many neurodegenerative disorders and favors the accumulation of misfolded proteins, the production of neurotoxic oligomers, and their diffusion within CNS (Braak et al., 2004; Nixon, 2013; Tsakiri and Trougakos, 2015). The discovery of pathogenic prions has attracted an unprecedented interest in protein folding as a transmissible disease-related trait. This observation prompted neuroscientists to consider protein aggregation as a dynamic phenomenon in which protein tendency to adopt aberrant conformations may take over the proteolytic capacity of host cells and, under certain circumstances, favor the diffusion within the brain or be transmissible in other organisms (Harrison et al., 2001). Indeed, the Braak hypothesis, originally formulated to explain the progressive infiltration of adjacent brain areas with Levy bodies in Parkinson's disease, has been recently applied to explain also the progression of hyperphosphorylated tau within dystrophic neurons in Alzheimer's disease, and the centripetal progression of PrPSc from the periphery to the brain in infectious TSEs (Braak and Braak, 1995; Braak et al., 2004; Iwasaki, 2020). Moreover, the capacity of a pathological protein to recruit its physiological counterpart driving its spatial refolding, which originally was described as a unique property of PrPSc, has been recently proposed to play a role also in the pathogenesis of Alzheimer's and Parkinson's diseases, as a mechanism favoring intracellular aggregation of hyperphosphorylated tau and α-synuclein (Caughey and Kraus, 2019; Duyckaerts et al., 2019). According to the “gain of toxicity” hypothesis, to explain the neuroanatomical alterations associated with the accumulation of PrPSc in the brain, it was proposed that, regardless of the etiology of the disease (transmission from infected material, mutation in the PrP-encoding gene, or stochastic events), neuronal death results from the toxic activity of PrP soluble oligomers generated during the amyloidogenic process occurring after its misfolding (Bucciantini et al., 2002; Chiovitti et al., 2007; Simoneau et al., 2007). The different human prion diseases are characterized by remarkable differences in clinical presentation and neuropathology, in particular as PrPSc deposits in brain parenchyma. Amyloid plaques containing PrPSc are not invariantly present, being detected in a minor part of variant and sporadic CJD cases, and their ultrastructural aspect ranges from multicentric, typical of familiar GSS, florid in most cases of variant CJD or unicentric, typical of kuru (Ghetti et al., 1995; Ironside and Bell, 1997; Sikorska et al., 2009; Liberski et al., 2010). Regardless of this heterogeneity, the presence of ubiquitin surrounding amyloid plaques and its association with dystrophic neurons in spongiotic areas has been consistently reported by histochemical and ultrastructural analyses of brains in vCJD, GSS, and kuru patients, and it is an important common trait that prion diseases share with Alzheimer's and other neurodegenerative conditions (Suenaga et al., 1990; Ironside et al., 1993; Lowe et al., 1993; Migheli et al., 1994; Sikorska et al., 2009; Zhou et al., 2015).

The increase in vacuolar structures with the features of lysosomes, containing ubiquitinylated proteins, and of large autophagosomes, containing ribosomes and other cytoplasmic constituents, has been often described by post-mortem analysis of brains from animals and humans affected by prion diseases and in experimentally prion-infected rodent brains (Boellaard et al., 1989, 1991; Jeffrey et al., 1992; Liberski et al., 1992; Alves-Rodrigues et al., 1998). Moreover, by electron microscopy observation of brain tissue from scrapie-infected brains, the presence of electron-dense lysosomes containing undigested prion protein, ubiquitin, and chaperons was observed, suggesting that the impairment of the proteolytic cycle leads to lysosomal disruption and neuronal death (Laszlo et al., 1992).

Relevant insight regarding such issue also comes from studies about the pathogenic consequence of autophagy impairment in Alzheimer-related neuronal death. Immunohistochemical analysis of cortical dystrophic neurites of patients affected by Alzheimer's disease shows a significant increase in electron-dense autophagosomes compared with age-matched healthy subjects (Boland et al., 2008). In this regard, it has been recently demonstrated that the extracellular deposition of β-amyloid-containing plaques is the consequence of impaired autophagic digestion of Aβ peptides, due to the lack of acidification of autolysosomes and incomplete autophagy cycle (Lee et al., 2022). Importantly, this alteration largely precedes extracellular deposition of β-amyloid, and it was proposed to represent a causal event in amyloid plaque formation.

Given the involvement of UPS and autophagy impairment in a broad spectrum of human proteopathies (Bence et al., 2001; Paul, 2008), it will be crucial to understand whether the intracellular aggregation of prion protein is the consequence or the cause of proteostasis disruption. Such an important issue is presently unresolved, although evidence of a causal role of autophagy impairment in protein aggregation can be derived from in vitro and preclinical studies, which demonstrated that the stimulation of autophagy prevents or reverts the aggregation, and the subsequent toxicity of several misfolded proteins including PrPSc or derived peptides (Cortes et al., 2012; Nakagaki et al., 2013; Thellung et al., 2019). The incubation of neuroblastoma cells with a misfolded (Corsaro et al., 2006; Chiovitti et al., 2007), neurotoxic (Thellung et al., 2013, 2017) recombinant PrP peptide was shown to impair the proteostatic machinery leading to cathepsin D leakage from lysosomes and inhibition of the normal autophagic flux that lead to cell death (Thellung et al., 2011, 2018). Moreover, It was reported that intracerebral infection with PrPSc in mice led to the deposition of ubiquitin-tagged proteins in brain areas interested by vacuolation and the deposition of amyloid plaques containing PrPSc (Lowe et al., 1990, 1992; Lopez-Perez et al., 2020). These studies also described a correlation between the severity of symptoms and the presence of ubiquitinylated proteins in the mouse brain that, already detectable within a few months post-infection, increased in quantity along with the deposition of protease-resistant PrPSc and tissue degeneration (Lowe et al., 1992; Kenward et al., 1994; Kang et al., 2004). The distribution of ubiquitin-tagged proteins also significantly colocalizes with the lysosomal enzyme cathepsin D and, as revealed by electron microscopy analysis, it is concentrated in vesicular structures, possibly lysosomes or autophagosomes (Lowe et al., 1990, 1992; Ironside et al., 1993). Moreover, in scrapie infected mice, in the late stages of the disease, an increase of p62 was observed, indicating the impairment in autophagic flux progression and a possible deficiency of neuronal lysosomal-mediated control of proteostasis (Homma et al., 2014; Lopez-Perez et al., 2020).

Direct links between pathological prion proteins and the impairment of specific proteostatic effectors are reported by relevant papers and comprehend mainly the downregulation of chaperones in prion-infected cell lines and animals, and the impairment of the capacity of the proteasome to accept the aggregated form of PrPSc for degradation (Figure 2).
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FIGURE 2
 Schematic representation of protein quality control mechanisms of misfolded PrP. Structural aberrancy of nascent PrPC (spontaneously occurring or favored by PRNP mutations) is sensed in the ER leading to the recruitment of chaperones that block PrPC in unfolded state until proper folding (1) is restored. Terminally misfolded PrP is translocated in the cytosol (2) for lysosomal chaperone associate autophagy (CMA) (3) or ubiquitination (red dots: ubiquitin moieties) (4) and proteasomal digestion (5). Cytosolic aggregates of ubiquitinylated PrP escape proteasome (6) and are clustered in larger inclusion bodies by the intervention of adaptor proteins mainly p62 (7). P62 drives the aggregates toward the nascent phagophores that engulf PrP clusters in autophagosomes (8). Autophagosomes fusion with lysosomes produces digestion of aggregates (9) and recycling of nutrients (10).


Studies performed in transgenic mice and transfected cell lines harboring mutant forms of PrP have demonstrated that PRNP mutations produce modifications in structure, topology, and metabolism of mature PrP and favor spontaneous conversion in protease-resistant PrPSc (Petersen et al., 1996; Capellari et al., 2000a,b; Chiesa et al., 2000; Stewart et al., 2001; Zaidi et al., 2005; Corsaro et al., 2011; Quaglio et al., 2011). Impaired proteostasis may also favor PrPSc accumulation in some late-onset inherited forms of prion diseases since it has been demonstrated that disease-associated mutations of prion protein downregulates chaperones and hamper UPS-mediated proteolysis (Zanusso et al., 1999; Peters et al., 2016). Although the capacity to avoid retrotranslocation in the cytosol and ubiquitination is not invariantly associated with PrP mutations, there is evidence that the expression of mutant prion proteins associated with familiar CJD (e.g., V210I and M323R) induces downregulation of the ER chaperone Bip and the activity of Hrd1 ubiquitin ligase (Peters et al., 2016). A heritable form of GSS, linked with an amber mutation (Y145stop) in PRNP gene, produces a truncated form of PrP lacking the C-terminal GPI, which retains its N-terminal signal peptide and is not properly exposed in the plasma membrane. Such form of PrP is rapidly degraded by intact UPS, but accumulates in the cytoplasm as PK-resistant protein if UPS is pharmacologically blocked (Zanusso et al., 1999; Jin et al., 2000). Of particular relevance, it has been demonstrated that both PrPSc extracted from scrapie-infected mouse brain and recombinant β-refolded prion protein inhibit the proteolytic activity of 26S proteasome due to the stabilization of the 20S core in a closed conformation and the prevention of its opening by ubiquitinylated substrates (Kristiansen et al., 2007; Deriziotis et al., 2011). Conversely, proteasome activity was not inhibited by fibrillar PrPSc, and it was restored if PrPSc or β-refolded recombinant PrP are incubated with antibodies directed against its oligomeric aggregation state (Kristiansen et al., 2007).

UPS blockade, which mainly affects chymotrypsin and caspase-like proteolytic activity of the proteasome, leads to the intracellular accumulation of otherwise short-living proteins and has been proposed as a possible mechanism by which PrPSc oligomers exert neurotoxicity (Amici et al., 2010; Deriziotis et al., 2011). Robust scientific evidence links ubiquitin accumulation and proteasomal dysfunction with neuronal rarefaction in different conditions beyond TSEs. This decline occurs during aging (Carrard et al., 2002), AD (Gregori et al., 1997; Tseng et al., 2008), PD (Lindersson et al., 2004), and poly(Q) repeat-related diseases (Verhoef et al., 2002). Extensive studies have proposed that proteasomal activity may prevent intracerebral accumulation of β-amyloid peptides and hyperphosphorylated tau. Aβ binding to the 20s proteolytic unit of proteasome causes a reduction of its enzymatic activities (Gregori et al., 1995, 1997; Cecarini et al., 2008). In line with this evidence, mainly derived from cell lines or transgenic mouse studies, a reduction of proteasomal activity was also identified in post-mortem brain samples from AD patients. Proteosome activity was particularly reduced in the hippocampus and in cortical areas in which neurodegeneration is prominent, while it was not affected in the cerebellum and in the occipital cortex where tissue degeneration is usually not detectable (Keller et al., 2000). Similarly, autoptical analysis of substantia nigra of idiopathic PD patients demonstrated the presence of partially inactive proteasome indicating that, even in the absence of α-synuclein or parkin mutations, proteasome impairment contributes to the formation of Lewy bodies and nigral neurodegeneration (Mcnaught et al., 2001). More recently, soluble oligomers of Aβ1-42, α-synuclein, and poly-Q huntingtin were demonstrated to be able to block proteasome activity stabilizing the gate in the closed conformation, through a specific binding with its α subunit (Thibaudeau et al., 2018). These reports indicate that the accumulation of ubiquitinylated proteins observed in prion diseases may be caused by PrPSc itself through the impairment of proteasome-mediated protein degradation and that this mechanism represent could represent a major cause of neurotoxicity induced by misfolded oligomers in a wide range of neurodegenerative diseases.



Pharmacological enhancement of autophagy is a therapeutic perspective for prion diseases

Except for the vCJD outbreak in the mid of 1990s that attracted a significant interest in the scientific community on prion biology, the very low incidence of human TSEs, with the most frequent sCJD affecting 1–2 individuals per 1,000,000 persons per year, poses objective obstacles toward the pursuit of a cure. The scarcity of recruitable patients and the rapid progression of neurological and cognitive decline after diagnosis are the reason of very few clinical trials performed, which were also characterized by the frustrating lack of efficacy of all the therapeutic approaches that have been so far tested. Noteworthy, most of these trials have been carried out using structurally and clinically unrelated compounds with the main goal to prevent PrPC-PrPSc conversion and PrPSc aggregation as observed in preclinical studies (Forloni et al., 2019).

However, the growing evidence that the impairment of proteostasis is a shared pathogenic trait between prion diseases and other protein misfolding diseases suggests the utility of changing therapeutic strategy to adopt a common approach for all neurodegenerative disorders of CNS, both the more prevalent and rarest ones (Butler et al., 2006; Nixon, 2013; Engelender et al., 2022). Significant preclinical evidence supports the idea that pharmacological stimulation of autophagy through mTOR-dependent and independent mechanisms is beneficial to reduce neuronal death and prolong survival associated with amyloidogenic proteins such as α-synuclein, Aβ, and poly(Q)-huntingtin. The molecular pathways involved are heterogeneous and comprehend the reduction of hyperactivated mTOR, the increased digestion of misfolded oligomers, and the removal of damaged mitochondria preventing Cytochrome C diffusion and activation of apoptosis (Bove et al., 2011; Bordi et al., 2019).

Newer approaches able to boost the self-defensive proteostatic competence of neurons are presently investigated (Thellung et al., 2019). Many of these compounds display a still non-characterized anti-prion activity, evidenced the ability to activate autophagy flux and have been proposed as proof of principle of common therapeutic strategy against different proteopathies of CNS with the aim of restoring proteostasis (Table 1). The first evidence in such direction has been provided by the use of macrolide derivatives, originally used as immunosuppressant drugs by the virtue of their capacity to inhibit cell cycle progression and protein synthesis, but that are also able to inhibit mTORC phosphorylation to induce autophagy (Rubinsztein et al., 2007). Among these, sirolimus (rapamycin) and tacrolimus, along with their derivatives (rapalogues) everolimus and temsirolimus, are still the most effective and powerful autophagy activators. Although no anti-prion, compassionate or off-label, use of rapamycin or rapalogues on humans has yet been reported, there is preclinical evidence that these drugs could play a role in the treatment of familial forms of prion diseases. In particular, it was demonstrated that rapamycin reduces the deposition of amyloid plaques and delays symptoms' onset in transgenic mice that express a mutant PrP (A116V), associated with an inheritable form of GSS (Cortes et al., 2012), and restored autophagy flux in neuroblastoma cells incubated with a cytotoxic recombinant PrP-derived peptide (Thellung et al., 2018). In accordance with this evidence, tacrolimus induces a sustained autophagic activity leading to the degradation of newly misfolded PrPSc molecules in persistently infected cells and counteracts PrPSc accumulation in the brain of mice intracerebrally inoculated with two prion strains. Thus, the pharmacological inhibition of mTOR could find rational use also in the treatment of non-inherited forms of prion disease (Nakagaki et al., 2013). It must be acknowledged, however, that the side effects of all rapalogues when used in a chronic regimen pose significant uncertainty about the feasibility of such therapy for neurological diseases (Mandrioli et al., 2018).


TABLE 1 Preclinical anti-prion activity of autophagy enhancers.
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The proof-of-principle of a possible anti-prion activity of the autophagy-stimulating molecules, acting through the inhibition of mTOR, prompted the screening of many other compounds, heterogeneous for structure, origin, mechanism of action, and possible original therapeutic indications, for the capacity to stimulate autophagy and inhibit intracellular aggregation of PrPSc and other aggregation-prone polypeptides linked to brain proteopathies. Moreover, the possibility to stimulate autophagy without interfering with the function of immune systems, as is the case of rapamycin analogs, would be highly desirable in virtue of a potentially milder toxicity in chronic treatment. Indeed, besides the direct mTOR inhibition, other mechanisms that can stimulate autophagy and produce inhibition of PrPSc intracellular accumulation have been described.

Astemizole, an H1 histamine receptor antagonist, has the capacity to inhibit mTOR signaling and is able to prevent PrPSc replication in a persistently infected neuroblastoma cell line, prolonging the survival of mice infected with intracerebral inoculation of RML scrapie prion (Karapetyan et al., 2013; Lyu et al., 2018).

Metformin is a first-choice drug for type II diabetes that is currently repurposed for independent clinical indications (Wurth et al., 2014). Metformin exerts hypoglycemic activity through the activation of the AMP-activated protein kinase (AMPK) (Zhou et al., 2001) and displays a pro-autophagic activity through the same mechanism (Lu et al., 2016). AMPK stimulates the formation of autophagosomes by inhibiting mTOR and has been described to reduce the amount of PrPSc in a neuroblastoma cell line persistently with permanent infection (Heiseke et al., 2009; Howell et al., 2017; Abdelaziz et al., 2020).

Mood stabilizers, as lithium and valproic acid, have been recently demonstrated to possess the ability to stimulate neuronal autophagy and increase neuronal resistance to neurotoxic proteins, inhibiting Intracellular accumulation and toxicity of Aβ peptides, mutant huntingtin, and α-synuclein. The most exhaustive characterization of the pharmacodynamical basis of their neuroprotective activity is obtained with lithium that stimulates the formation of autophagosomes through the blockade of phosphoinositol turnover and IP3 production (Sarkar and Rubinsztein, 2006). Another promising compound is the natural disaccharide trehalose produced by bacteria, yeast, and small invertebrate, due to its capacity to stabilize protein folding (Wolkers et al., 2001). Trehalose displays neuroprotective activity against neuronal death induced by different types of aggregation-prone proteins, including Aβ, tau, huntingtin, α-synuclein, and SOD1 (Tanaka et al., 2004; Liu et al., 2005; Rodriguez-Navarro et al., 2010). Trehalose stimulates the clearance of amyloid-related oligomers, through mTOR-independent activation of autophagy flux (Tanaka et al., 2004; Sarkar et al., 2007; Mardones et al., 2016). Using persistently infected neuroblastoma cells as a model of PrPSc, trehalose reduced the amount of protease-resistant PrPSc accumulated within the cells, protecting them from oxidative damage (Beranger et al., 2008; Aguib et al., 2009). Recently, it has been also proposed the efficacy of trehalose in reducing the formation of amyloid plaques since it may interfere with the formation of Aβ peptides altering the endosomal-mediated cleavage of the amyloid precursor protein (Tien et al., 2016; Liu et al., 2020).



The present and the future of neuroprotective therapies targeting protein clearance

Four decades have passed since the first formulation of the prion hypothesis, and an apparent scientific heresy has become a major milestone for the biology of living beings and the pathology of some sporadic, familial, and infectious neurodegenerative disorders of humans and animals (Prusiner, 1982, 1998). The discovery of a physiological counterpart of the pathological PrP in the brain that under certain circumstances undergoes an aberrant refolding, had a special aftermath among neuroscientists. In particular, a great interest was posed on the role of protein misfolding in the pathogenesis of many neurodegenerative disorders characterized for the deposition of aggregated proteins in inclusion bodies, neurofibrillary tangles, and extracellular amyloid plaques (Basler et al., 1986; Scheckel and Aguzzi, 2018). Besides the limited efficacy of the non-opioid drug flupirtine in contrasting cognitive decline in CJD patients, by virtue of antiapoptotic activity (Otto et al., 2004), most of the therapeutic approaches so far evaluated for human TSEs were directed to contrast PrPC misfolding by preventing its interaction with PrPSc templates. On the basis of encouraging results, obtained in silico or in experimentally infected rodents, a number of drugs, whose chronic administration was considered ethical, were tested as inhibitors of the PrPC-PrPSc transition. One of the first strategies, which has been pursued to prevent PrPC-PrPSc conversion or stimulate PrPSc removal, employed natural and synthetic polymers endowed with PrPSc and misfolded PrPC binding ability, acting as chaperone-like agents (Teruya and Doh-Ura, 2022). Prompted by the emergency caused by the vCJD outbreak among young people in the UK in the 1990s, the encouraging results obtained by treating scrapie-infected mice with the anionic polymer pentosane polysulfate in terms of prolonging post-infection survival (Doh-Ura et al., 2004) were readily translated in human treatment programs. Few vCJD patients have been treated, by intraventricular route, with pentosane polysulfate and evidenced a significant increased survival (Newman et al., 2014). The capacity of the antimalarial drug quinacrine to interfere with the PrPC-PrPSc interface, by virtue of its planar three-dimensional, resulted in neuroprotection in cellular and animal models of TSEs (Forloni et al., 2002; Villa et al., 2011), and inspired different clinical trials in humans. Two double-blind, randomized trials were conducted on more than 150 patients affected by sporadic, familial, iatrogenic, and variant CJD; patients were orally treated with quinacrine and evaluated for survival, and neurological and cognitive decline (Collinge et al., 2009; Geschwind et al., 2013). Pursuing a similar strategy, other clinical trials, using tetracycline antibiotics doxycycline and minocycline, were shown to be efficacious in vitro (Forloni et al., 2002; Gu and Singh, 2004; De Luigi et al., 2008; Corsaro et al., 2009), and doxycycline was tested in patients affected by CJD and FFI. However, despite the encouraging preclinical effects the administration of either quinacrine or doxycycline did not produce significant effects on survival in CJD patients (Collinge et al., 2009; Haik et al., 2014; Varges et al., 2017; Forloni et al., 2019). Noteworthy, results from a clinical trial performed using doxycycline as preventive approach in FFI in still asymptomatic patients are expected in the near future (Forloni et al., 2015). In 2018, another experimental treatment program was initiated at University College London Hospital on six patients diagnosed with CJD (five sporadic and one iatrogenic) to evaluate the tolerability and efficacy of a humanized monoclonal antibody, named PRN100 directed against PrPC, administered by intravenous administration (Mead et al., 2022). None of the aforementioned programs have shown stable cognitive improvement or prolonged survival, although the treatment with PRN100 was very well tolerated (Table 2). A possible factor that explains this lack of efficacy is that, differently from animal models, human prion diseases are characterized by a very long asymptomatic phase in which progressive accumulation of PrPSc occurs. Thus, diagnosis and treatments start when the prion burden in the brain and neuronal death are already beyond sensitivity to any therapy (Forloni et al., 2019). Conceptually similar, disease modifying therapeutic approach aimed to delay neuronal death in Alzheimer's disease and Parkinson's disease, the most diffuse neurodegenerative conditions among elderly, are directed to the removal of Aβ peptides, hyperphosphorylated tau protein, and α-synuclein (Engelender et al., 2022). These strategies, pursued with the use of antibodies specifically directed toward Aβ, tau, and α-synuclein showed good efficacy in animal models of these diseases and led to the approval by US Food and Drug Administration of a human monoclonal antibody (aducanumab) directed against Aβ (Cummings et al., 2021). Regretfully, most efforts in developing effective immunotherapy against AD did not produce effective results and also the use of aducanumab is still debated and its actual efficacy has not been completely proved (Whitehouse et al., 2022). The increasing characterization of the mechanisms of proteostasis and the evidence of a relationship between UPS and ALP malfunctioning and accumulation of misfolded proteins is opening a new therapeutic strategy focused on restoring protein metabolism control in neurons, rather than acting on the disease-specific proteins, might pave the way for future therapeutic approaches possibly acting on all proteopathies (Gregori et al., 1995; Ciechanover and Brundin, 2003; Ciechanover and Kwon, 2017; Thellung et al., 2019; Chen et al., 2021; Leri et al., 2021).


TABLE 2 Human clinical trials.

[image: Table 2]



Author contributions

All authors contributed to the design, draft preparation, reviewing, and editing of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by IRCCS Ospedale Policlinico San Martino Ricerca Corrente 2022 grant to TF.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Abdelaziz, D. H., Thapa, S., Abdulrahman, B., Vankuppeveld, L., and Schatzl, H. M. (2020). Metformin reduces prion infection in neuronal cells by enhancing autophagy. Biochem. Biophys. Res. Commun. 523, 423–428. doi: 10.1016/j.bbrc.2019.12.074

 Abdulrahman, B. A., Abdelaziz, D. H., and Schatzl, H. M. (2018). Autophagy regulates exosomal release of prions in neuronal cells. J. Biol. Chem. 293, 8956–8968. doi: 10.1074/jbc.RA117.000713

 Abildgaard, A. B., Gersing, S. K., Larsen-Ledet, S., Nielsen, S. V., Stein, A., Lindorff-Larsen, K., et al. (2020). Co-chaperones in targeting and delivery of misfolded proteins to the 26S proteasome. Biomolecules 10, 1141. doi: 10.3390/biom10081141

 Aguib, Y., Heiseke, A., Gilch, S., Riemer, C., Baier, M., Schatzl, H. M., et al. (2009). Autophagy induction by trehalose counteracts cellular prion infection. Autophagy 5, 361–369. doi: 10.4161/auto.5.3.7662

 Alves-Rodrigues, A., Gregori, L., and Figueiredo-Pereira, M. E. (1998). Ubiquitin, cellular inclusions and their role in neurodegeneration. Trends Neurosci. 21, 516–520.

 Amici, M., Cecarini, V., Cuccioloni, M., Angeletti, M., Barocci, S., Rossi, G., et al. (2010). Interplay between 20S proteasomes and prion proteins in scrapie disease. J. Neurosci. Res. 88, 191–201. doi: 10.1002/jnr.22186

 Basler, K., Oesch, B., Scott, M., Westaway, D., Walchli, M., Groth, D. F., et al. (1986). Scrapie and cellular PrP isoforms are encoded by the same chromosomal gene. Cell 46, 417–428. doi: 10.1016/0092-8674(86)90662-8

 Bellingham, S. A., Guo, B. B., Coleman, B. M., and Hill, A. F. (2012). Exosomes: vehicles for the transfer of toxic proteins associated with neurodegenerative diseases? Front. Physiol. 3, 124. doi: 10.3389/fphys.2012.00124

 Bence, N. F., Sampat, R. M., and Kopito, R. R. (2001). Impairment of the ubiquitin-proteasome system by protein aggregation. Science 292, 1552–1555. doi: 10.1126/science.292.5521.1552

 Beranger, F., Crozet, C., Goldsborough, A., and Lehmann, S. (2008). Trehalose impairs aggregation of PrPSc molecules and protects prion-infected cells against oxidative damage. Biochem. Biophys. Res. Commun. 374, 44–48. doi: 10.1016/j.bbrc.2008.06.094

 Berkamp, S., Mostafavi, S., and Sachse, C. (2021). Structure and function of p62/SQSTM1 in the emerging framework of phase separation. FEBS J. 288, 6927–6941. doi: 10.1111/febs.15672

 Bjorkoy, G., Lamark, T., Brech, A., Outzen, H., Perander, M., Overvatn, A., et al. (2005). p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced cell death. J. Cell Biol. 171, 603–614. doi: 10.1083/jcb.200507002

 Boellaard, J. W., Kao, M., Schlote, W., and Diringer, H. (1991). Neuronal autophagy in experimental scrapie. Acta Neuropathol. 82, 225–228. doi: 10.1007/BF00294449

 Boellaard, J. W., Schlote, W., and Tateishi, J. (1989). Neuronal autophagy in experimental Creutzfeldt-Jakob's disease. Acta Neuropathol. 78, 410–418. doi: 10.1007/BF00688178

 Boland, B., Kumar, A., Lee, S., Platt, F. M., Wegiel, J., Yu, W. H., et al. (2008). Autophagy induction and autophagosome clearance in neurons: relationship to autophagic pathology in Alzheimer's disease. J. Neurosci. 28, 6926–6937. doi: 10.1523/JNEUROSCI.0800-08.2008

 Bordi, M., Darji, S., Sato, Y., Mellen, M., Berg, M. J., Kumar, A., et al. (2019). mTOR hyperactivation in Down Syndrome underlies deficits in autophagy induction, autophagosome formation, and mitophagy. Cell Death Dis. 10, 563. doi: 10.1038/s41419-019-1752-5

 Bourdenx, M., Gavathiotis, E., and Cuervo, A. M. (2021). Chaperone-mediated autophagy: a gatekeeper of neuronal proteostasis. Autophagy 17, 2040–2042. doi: 10.1080/15548627.2021.1935007

 Bove, J., Martinez-Vicente, M., and Vila, M. (2011). Fighting neurodegeneration with rapamycin: mechanistic insights. Nat. Rev. Neurosci. 12, 437–452. doi: 10.1038/nrn3068

 Braak, H., and Braak, E. (1995). Staging of Alzheimer's disease-related neurofibrillary changes. Neurobiol Aging 16, 271–278; discussion 278-284. doi: 10.1016/0197-4580(95)00021-6

 Braak, H., Ghebremedhin, E., Rub, U., Bratzke, H., and Del Tredici, K. (2004). Stages in the development of Parkinson's disease-related pathology. Cell Tissue Res. 318, 121–134. doi: 10.1007/s00441-004-0956-9

 Brangwynne, C. P., Eckmann, C. R., Courson, D. S., Rybarska, A., Hoege, C., Gharakhani, J., et al. (2009). Germline P granules are liquid droplets that localize by controlled dissolution/condensation. Science 324, 1729–1732. doi: 10.1126/science.1172046

 Bucciantini, M., Giannoni, E., Chiti, F., Baroni, F., Formigli, L., Zurdo, J., et al. (2002). Inherent toxicity of aggregates implies a common mechanism for protein misfolding diseases. Nature 416, 507–511. doi: 10.1038/416507a

 Butler, D., Nixon, R. A., and Bahr, B. A. (2006). Potential compensatory responses through autophagic/lysosomal pathways in neurodegenerative diseases. Autophagy 2, 234–237. doi: 10.4161/auto.2729

 Capellari, S., Parchi, P., Russo, C. M., Sanford, J., Sy, M. S., Gambetti, P., et al. (2000a). Effect of the E200K mutation on prion protein metabolism. Comparative study of a cell model and human brain. Am. J. Pathol. 157, 613–622. doi: 10.1016/S0002-9440(10)64572-5

 Capellari, S., Zaidi, S. I., Long, A. C., Kwon, E. E., and Petersen, R. B. (2000b). The Thr183Ala mutation, not the loss of the first glycosylation site, alters the physical properties of the prion protein. J. Alzheimers Dis. 2, 27–35. doi: 10.3233/JAD-2000-2104

 Carrard, G., Bulteau, A. L., Petropoulos, I., and Friguet, B. (2002). Impairment of proteasome structure and function in aging. Int. J. Biochem. Cell Biol. 34, 1461–1474. doi: 10.1016/S1357-2725(02)00085-7

 Caughey, B., and Kraus, A. (2019). Transmissibility versus pathogenicity of self-propagating protein aggregates. Viruses 11, 1044. doi: 10.3390/v11111044

 Cecarini, V., Bonfili, L., Amici, M., Angeletti, M., Keller, J. N., and Eleuteri, A. M. (2008). Amyloid peptides in different assembly states and related effects on isolated and cellular proteasomes. Brain Res. 1209, 8–18. doi: 10.1016/j.brainres.2008.03.003

 Chen, J., He, H. J., Ye, Q., Feng, F., Wang, W. W., Gu, Y., et al. (2021). Defective autophagy and mitophagy in Alzheimer's disease: mechanisms and translational implications. Mol. Neurobiol. 58, 5289–5302. doi: 10.1007/s12035-021-02487-7

 Chiesa, R., Drisaldi, B., Quaglio, E., Migheli, A., Piccardo, P., Ghetti, B., et al. (2000). Accumulation of protease-resistant prion protein (PrP) and apoptosis of cerebellar granule cells in transgenic mice expressing a PrP insertional mutation. Proc. Natl. Acad. Sci. U.S.A. 97, 5574–5579. doi: 10.1073/pnas.97.10.5574

 Chiovitti, K., Corsaro, A., Thellung, S., Villa, V., Paludi, D., D'arrigo, C., et al. (2007). Intracellular accumulation of a mild-denatured monomer of the human PrP fragment 90-231, as possible mechanism of its neurotoxic effects. J. Neurochem. 103, 2597–2609. doi: 10.1111/j.1471-4159.2007.04965.x

 Ciechanover, A. (2015). The unravelling of the ubiquitin system. Nat. Rev. Mol. Cell Biol. 16, 322–324. doi: 10.1038/nrm3982

 Ciechanover, A., and Brundin, P. (2003). The ubiquitin proteasome system in neurodegenerative diseases: sometimes the chicken, sometimes the EGG. Neuron 40, 427–446. doi: 10.1016/S0896-6273(03)00606-8

 Ciechanover, A., and Kwon, Y. T. (2017). Protein quality control by molecular chaperones in neurodegeneration. Front. Neurosci. 11, 185. doi: 10.3389/fnins.2017.00185

 Colacurcio, D. J., Pensalfini, A., Jiang, Y., and Nixon, R. A. (2018). Dysfunction of autophagy and endosomal-lysosomal pathways: Roles in pathogenesis of Down syndrome and Alzheimer's Disease. Free Radic. Biol. Med. 114, 40–51. doi: 10.1016/j.freeradbiomed.2017.10.001

 Collinge, J., Gorham, M., Hudson, F., Kennedy, A., Keogh, G., Pal, S., et al. (2009). Safety and efficacy of quinacrine in human prion disease (PRION-1 study): a patient-preference trial. Lancet Neurol. 8, 334–344. doi: 10.1016/S1474-4422(09)70049-3

 Corsaro, A., Paludi, D., Villa, V., D'arrigo, C., Chiovitti, K., Thellung, S., et al. (2006). Conformation dependent pro-apoptotic activity of the recombinant human prion protein fragment 90-231. Int. J. Immunopathol. Pharmacol. 19, 339–356. doi: 10.1177/039463200601900211

 Corsaro, A., Thellung, S., Bucciarelli, T., Scotti, L., Chiovitti, K., Villa, V., et al. (2011). High hydrophobic amino acid exposure is responsible of the neurotoxic effects induced by E200K or D202N disease-related mutations of the human prion protein. Int. J. Biochem. Cell Biol. 43, 372–382. doi: 10.1016/j.biocel.2010.11.007

 Corsaro, A., Thellung, S., Chiovitti, K., Villa, V., Simi, A., Raggi, F., et al. (2009). Dual modulation of ERK1/2 and p38 MAP kinase activities induced by minocycline reverses the neurotoxic effects of the prion protein fragment 90-231. Neurotox. Res. 15, 138–154. doi: 10.1007/s12640-009-9015-3

 Corsaro, A., Thellung, S., Villa, V., Nizzari, M., and Florio, T. (2012). Role of prion protein aggregation in neurotoxicity. Int. J. Mol. Sci. 13, 8648–8669. doi: 10.3390/ijms13078648

 Cortes, C. J., Qin, K., Cook, J., Solanki, A., and Mastrianni, J. A. (2012). Rapamycin delays disease onset and prevents PrP plaque deposition in a mouse model of Gerstmann-Straussler-Scheinker disease. J. Neurosci. 32, 12396–12405. doi: 10.1523/JNEUROSCI.6189-11.2012

 Cummings, J., Aisen, P., Lemere, C., Atri, A., Sabbagh, M., and Salloway, S. (2021). Aducanumab produced a clinically meaningful benefit in association with amyloid lowering. Alzheimers Res. Ther. 13, 98. doi: 10.1186/s13195-021-00838-z

 De Luigi, A., Colombo, L., Diomede, L., Capobianco, R., Mangieri, M., Miccolo, C., et al. (2008). The efficacy of tetracyclines in peripheral and intracerebral prion infection. PLoS ONE 3, e1888. doi: 10.1371/journal.pone.0001888

 Deriziotis, P., Andre, R., Smith, D. M., Goold, R., Kinghorn, K. J., Kristiansen, M., et al. (2011). Misfolded PrP impairs the UPS by interaction with the 20S proteasome and inhibition of substrate entry. EMBO J. 30, 3065–3077. doi: 10.1038/emboj.2011.224

 Diack, A. B., Head, M. W., Mccutcheon, S., Boyle, A., Knight, R., Ironside, J. W., et al. (2014). Variant CJD. 18 years of research and surveillance. Prion 8, 286-295. doi: 10.4161/pri.29237

 Doh-Ura, K., Ishikawa, K., Murakami-Kubo, I., Sasaki, K., Mohri, S., Race, R., et al. (2004). Treatment of transmissible spongiform encephalopathy by intraventricular drug infusion in animal models. J. Virol. 78, 4999–5006. doi: 10.1128/JVI.78.10.4999-5006.2004

 Duyckaerts, C., Clavaguera, F., and Potier, M. C. (2019). The prion-like propagation hypothesis in Alzheimer's and Parkinson's disease. Curr. Opin. Neurol. 32, 266–271. doi: 10.1097/WCO.0000000000000672

 Engelender, S., Stefanis, L., Oddo, S., and Bellucci, A. (2022). Can we treat neurodegenerative proteinopathies by enhancing protein degradation? Mov. Disord. 37, 1346–1358. doi: 10.1002/mds.29058

 Fader, C. M., Sanchez, D., Furlan, M., and Colombo, M. I. (2008). Induction of autophagy promotes fusion of multivesicular bodies with autophagic vacuoles in k562 cells. Traffic 9, 230–250. doi: 10.1111/j.1600-0854.2007.00677.x

 Fevrier, B., Vilette, D., Archer, F., Loew, D., Faigle, W., Vidal, M., et al. (2004). Cells release prions in association with exosomes. Proc. Natl. Acad. Sci. U.S.A. 101, 9683–9688. doi: 10.1073/pnas.0308413101

 Forloni, G., Iussich, S., Awan, T., Colombo, L., Angeretti, N., Girola, L., et al. (2002). Tetracyclines affect prion infectivity. Proc. Natl. Acad. Sci. U.S.A. 99, 10849–10854. doi: 10.1073/pnas.162195499

 Forloni, G., Roiter, I., and Tagliavini, F. (2019). Clinical trials of prion disease therapeutics. Curr. Opin. Pharmacol. 44, 53–60. doi: 10.1016/j.coph.2019.04.019

 Forloni, G., Tettamanti, M., Lucca, U., Albanese, Y., Quaglio, E., Chiesa, R., et al. (2015). Preventive study in subjects at risk of fatal familial insomnia: innovative approach to rare diseases. Prion 9, 75–79. doi: 10.1080/19336896.2015.1027857

 Fortun, J., Dunn, W. A. Jr., Joy, S., Li, J., and Notterpek, L. (2003). Emerging role for autophagy in the removal of aggresomes in Schwann cells. J. Neurosci. 23, 10672–10680. doi: 10.1523/JNEUROSCI.23-33-10672.2003

 Geschwind, M. D., Kuo, A. L., Wong, K. S., Haman, A., Devereux, G., Raudabaugh, B. J., et al. (2013). Quinacrine treatment trial for sporadic Creutzfeldt-Jakob disease. Neurology 81, 2015–2023. doi: 10.1212/WNL.0b013e3182a9f3b4

 Ghetti, B., Dlouhy, S. R., Giaccone, G., Bugiani, O., Frangione, B., Farlow, M. R., et al. (1995). Gerstmann-Straussler-Scheinker disease and the Indiana kindred. Brain Pathol. 5, 61–75. doi: 10.1111/j.1750-3639.1995.tb00578.x

 Giandomenico, S. L., Alvarez-Castelao, B., and Schuman, E. M. (2022). Proteostatic regulation in neuronal compartments. Trends Neurosci. 45, 41–52. doi: 10.1016/j.tins.2021.08.002

 Glatzel, M., and Aguzzi, A. (2000). PrP(C) expression in the peripheral nervous system is a determinant of prion neuroinvasion. J. Gen. Virol. 81, 2813–2821. doi: 10.1099/0022-1317-81-11-2813

 Glickman, M. H., and Ciechanover, A. (2002). The ubiquitin-proteasome proteolytic pathway: destruction for the sake of construction. Physiol. Rev. 82, 373–428. doi: 10.1152/physrev.00027.2001

 Gregori, L., Fuchs, C., Figueiredo-Pereira, M. E., Van Nostrand, W. E., and Goldgaber, D. (1995). Amyloid beta-protein inhibits ubiquitin-dependent protein degradation in vitro. J. Biol. Chem. 270, 19702–19708. doi: 10.1074/jbc.270.34.19702

 Gregori, L., Hainfeld, J. F., Simon, M. N., and Goldgaber, D. (1997). Binding of amyloid beta protein to the 20 S proteasome. J. Biol. Chem. 272, 58–62. doi: 10.1074/jbc.272.1.58

 Gu, Y., and Singh, N. (2004). Doxycycline and protein folding agents rescue the abnormal phenotype of familial CJD H187R in a cell model. Brain Res. Mol. Brain Res. 123, 37–44. doi: 10.1016/j.molbrainres.2004.01.006

 Guo, B. B., Bellingham, S. A., and Hill, A. F. (2016). Stimulating the release of exosomes increases the intercellular transfer of prions. J. Biol. Chem. 291, 5128–5137. doi: 10.1074/jbc.M115.684258

 Haik, S., Marcon, G., Mallet, A., Tettamanti, M., Welaratne, A., Giaccone, G., et al. (2014). Doxycycline in Creutzfeldt-Jakob disease: a phase 2, randomised, double-blind, placebo-controlled trial. Lancet Neurol. 13, 150–158. doi: 10.1016/S1474-4422(13)70307-7

 Haraguchi, T., Fisher, S., Olofsson, S., Endo, T., Groth, D., Tarentino, A., Borchelt, D. R., Teplow, D., Hood, L. (1989). Asparagine-linked glycosylation of the scrapie and cellular prion proteins. Arch. Biochem. Biophys. 274, 1–13. doi: 10.1016/0003-9861(89)90409-8

 Harrison, P. M., Chan, H. S., Prusiner, S. B., and Cohen, F. E. (2001). Conformational propagation with prion-like characteristics in a simple model of protein folding. Protein Sci. 10, 819–835. doi: 10.1110/ps.38701

 Hegde, R. S., and Rane, N. S. (2003). Prion protein trafficking and the development of neurodegeneration. Trends Neurosci. 26, 337–339. doi: 10.1016/S0166-2236(03)00143-7

 Heiseke, A., Aguib, Y., Riemer, C., Baier, M., and Schatzl, H. M. (2009). Lithium induces clearance of protease resistant prion protein in prion-infected cells by induction of autophagy. J. Neurochem. 109, 25–34. doi: 10.1111/j.1471-4159.2009.05906.x

 Hetz, C. (2021). Adapting the proteostasis capacity to sustain brain healthspan. Cell 184, 1545–1560. doi: 10.1016/j.cell.2021.02.007

 Hill, A. F., and Collinge, J. (2003). Subclinical prion infection. Trends Microbiol. 11, 578–584. doi: 10.1016/j.tim.2003.10.007

 Homma, T., Ishibashi, D., Nakagaki, T., Fuse, T., Mori, T., Satoh, K., et al. (2015). Ubiquitin-specific protease 14 modulates degradation of cellular prion protein. Sci. Rep. 5, 11028. doi: 10.1038/srep11028

 Homma, T., Ishibashi, D., Nakagaki, T., Satoh, K., Sano, K., Atarashi, R., et al. (2014). Increased expression of p62/SQSTM1 in prion diseases and its association with pathogenic prion protein. Sci. Rep. 4, 4504. doi: 10.1038/srep04504

 Howell, J. J., Hellberg, K., Turner, M., Talbott, G., Kolar, M. J., Ross, D. S., et al. (2017). Metformin inhibits hepatic mTORC1 signaling via dose-dependent mechanisms involving AMPK and the TSC complex. Cell Metab. 25, 463–471. doi: 10.1016/j.cmet.2016.12.009

 Ironside, J. W., and Bell, J. E. (1997). Florid plaques and new variant Creutzfeldt-Jakob disease. Lancet 350, 1475. doi: 10.1016/S0140-6736(05)64239-0

 Ironside, J. W., Mccardle, L., Hayward, P. A., and Bell, J. E. (1993). Ubiquitin immunocytochemistry in human spongiform encephalopathies. Neuropathol. Appl. Neurobiol. 19, 134–140. doi: 10.1111/j.1365-2990.1993.tb00418.x

 Iwasaki, Y. (2020). The Braak hypothesis in prion disease with a focus on Creutzfeldt-Jakob disease. Neuropathology 40, 436–449. doi: 10.1111/neup.12654

 Jeffrey, M., Scott, J. R., Williams, A., and Fraser, H. (1992). Ultrastructural features of spongiform encephalopathy transmitted to mice from three species of bovidae. Acta Neuropathol. 84, 559–569. doi: 10.1007/BF00304476

 Jin, T., Gu, Y., Zanusso, G., Sy, M., Kumar, A., Cohen, M., et al. (2000). The chaperone protein BiP binds to a mutant prion protein and mediates its degradation by the proteasome. J. Biol. Chem. 275, 38699–38704. doi: 10.1074/jbc.M005543200

 Kang, S. C., Brown, D. R., Whiteman, M., Li, R., Pan, T., Perry, G., et al. (2004). Prion protein is ubiquitinated after developing protease resistance in the brains of scrapie-infected mice. J. Pathol. 203, 603–608. doi: 10.1002/path.1555

 Karapetyan, Y. E., Sferrazza, G. F., Zhou, M., Ottenberg, G., Spicer, T., Chase, P., et al. (2013). Unique drug screening approach for prion diseases identifies tacrolimus and astemizole as antiprion agents. Proc. Natl. Acad. Sci. U.S.A. 110, 7044–7049. doi: 10.1073/pnas.1303510110

 Katsuragi, Y., Ichimura, Y., and Komatsu, M. (2015). p62/SQSTM1 functions as a signaling hub and an autophagy adaptor. FEBS J. 282, 4672–4678. doi: 10.1111/febs.13540

 Keller, J. N., Hanni, K. B., and Markesbery, W. R. (2000). Impaired proteasome function in Alzheimer's disease. J. Neurochem. 75, 436–439. doi: 10.1046/j.1471-4159.2000.0750436.x

 Kenward, N., Hope, J., Landon, M., and Mayer, R. J. (1994). Expression of polyubiquitin and heat-shock protein 70 genes increases in the later stages of disease progression in scrapie-infected mouse brain. J. Neurochem. 62, 1870–1877. doi: 10.1046/j.1471-4159.1994.62051870.x

 Klionsky, D. J., Abdel-Aziz, A. K., Abdelfatah, S., Abdellatif, M., Abdoli, A., Abel, S., et al. (2021). Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition)(1). Autophagy 17, 1–382. doi: 10.1080/15548627.2020.1797280

 Kopito, R. R. (2000). Aggresomes, inclusion bodies and protein aggregation. Trends Cell Biol. 10, 524–530. doi: 10.1016/S0962-8924(00)01852-3

 Kovacs, G. G., Kurucz, I., Budka, H., Adori, C., Muller, F., Acs, P., et al. (2001). Prominent stress response of Purkinje cells in Creutzfeldt-Jakob disease. Neurobiol. Dis. 8, 881–889. doi: 10.1006/nbdi.2001.0418

 Kristiansen, M., Deriziotis, P., Dimcheff, D. E., Jackson, G. S., Ovaa, H., Naumann, H., et al. (2007). Disease-associated prion protein oligomers inhibit the 26S proteasome. Mol. Cell 26, 175–188. doi: 10.1016/j.molcel.2007.04.001

 Kumar, A. V., Mills, J., and Lapierre, L. R. (2022). Selective autophagy receptor p62/SQSTM1, a pivotal player in stress and aging. Front. Cell Dev. Biol. 10, 793328. doi: 10.3389/fcell.2022.793328

 Kumar, D., Ambasta, R. K., and Kumar, P. (2020). Ubiquitin biology in neurodegenerative disorders: from impairment to therapeutic strategies. Ageing Res. Rev. 61, 101078. doi: 10.1016/j.arr.2020.101078

 Lamb, C. A., Dooley, H. C., and Tooze, S. A. (2013). Endocytosis and autophagy: shared machinery for degradation. Bioessays 35, 34–45. doi: 10.1002/bies.201200130

 Laszlo, L., Lowe, J., Self, T., Kenward, N., Landon, M., Mcbride, T., Farquhar, C., Mcconnell, I., Brown, J. (1992). Lysosomes as key organelles in the pathogenesis of prion encephalopathies. J. Pathol. 166, 333–341. doi: 10.1002/path.1711660404

 Le Guerroue, F., and Youle, R. J. (2021). Ubiquitin signaling in neurodegenerative diseases: an autophagy and proteasome perspective. Cell Death Differ. 28, 439–454. doi: 10.1038/s41418-020-00667-x

 Lee, J. H., Yang, D. S., Goulbourne, C. N., Im, E., Stavrides, P., Pensalfini, A., et al. (2022). Faulty autolysosome acidification in Alzheimer's disease mouse models induces autophagic build-up of Abeta in neurons, yielding senile plaques. Nat. Neurosci. 25, 688–701. doi: 10.1038/s41593-022-01084-8

 Lehman, N. L. (2009). The ubiquitin proteasome system in neuropathology. Acta Neuropathol. 118, 329–347. doi: 10.1007/s00401-009-0560-x

 Leri, M., Bertolini, A., Stefani, M., and Bucciantini, M. (2021). EVOO polyphenols relieve synergistically autophagy dysregulation in a cellular model of Alzheimer's disease. Int. J. Mol. Sci. 22. doi: 10.3390/ijms22137225

 Liberski, P. P., Sikorska, B., Gibson, P., and Brown, P. (2011). Autophagy contributes to widespread neuronal degeneration in hamsters infected with the Echigo-1 strain of Creutzfeldt-Jakob disease and mice infected with the Fujisaki strain of Gerstmann-Straussler-Scheinker (GSS) syndrome. Ultrastruct. Pathol. 35, 31–36. doi: 10.3109/01913123.2010.527038

 Liberski, P. P., Sikorska, B., Hauw, J. J., Kopp, N., Streichenberger, N., Giraud, P., et al. (2010). Ultrastructural characteristics (or evaluation) of Creutzfeldt-Jakob disease and other human transmissible spongiform encephalopathies or prion diseases. Ultrastruct. Pathol. 34, 351–361. doi: 10.3109/01913123.2010.491175

 Liberski, P. P., Yanagihara, R., Gibbs, C. J. Jr., and Gajdusek, D. C. (1992). Neuronal autophagic vacuoles in experimental scrapie and Creutzfeldt-Jakob disease. Acta Neuropathol. 83, 134–139. doi: 10.1007/BF00308472

 Lindersson, E., Beedholm, R., Hojrup, P., Moos, T., Gai, W., Hendil, K. B., et al. (2004). Proteasomal inhibition by alpha-synuclein filaments and oligomers. J. Biol. Chem. 279, 12924–12934. doi: 10.1074/jbc.M306390200

 Liu, R., Barkhordarian, H., Emadi, S., Park, C. B., and Sierks, M. R. (2005). Trehalose differentially inhibits aggregation and neurotoxicity of beta-amyloid 40 and 42. Neurobiol. Dis. 20, 74–81. doi: 10.1016/j.nbd.2005.02.003

 Liu, Y., Wang, J., Hsiung, G. R., and Song, W. (2020). Trehalose inhibits abeta generation and plaque formation in Alzheimer's disease. Mol. Neurobiol. 57, 3150–3157. doi: 10.1007/s12035-020-01942-1

 Lopez-Perez, O., Toivonen, J. M., Otero, A., Solanas, L., Zaragoza, P., Badiola, J. J., et al. (2020). Impairment of autophagy in scrapie-infected transgenic mice at the clinical stage. Lab. Invest. 100, 52–63. doi: 10.1038/s41374-019-0312-z

 Lowe, J., Fergusson, J., Kenward, N., Laszlo, L., Landon, M., Farquhar, C., et al. (1992). Immunoreactivity to ubiquitin-protein conjugates is present early in the disease process in the brains of scrapie-infected mice. J. Pathol. 168, 169–177. doi: 10.1002/path.1711680204

 Lowe, J., Mayer, R. J., and Landon, M. (1993). Ubiquitin in neurodegenerative diseases. Brain Pathol. 3, 55–65. doi: 10.1111/j.1750-3639.1993.tb00726.x

 Lowe, J., Mcdermott, H., Kenward, N., Landon, M., Mayer, R. J., Bruce, M., et al. (1990). Ubiquitin conjugate immunoreactivity in the brains of scrapie infected mice. J. Pathol. 162, 61–66. doi: 10.1002/path.1711620112

 Lu, M., Su, C., Qiao, C., Bian, Y., Ding, J., and Hu, G. (2016). Metformin prevents dopaminergic neuron death in MPTP/P-induced mouse model of Parkinson's disease via autophagy and mitochondrial ROS clearance. Int. J. Neuropsychopharmacol. 19, pyw047. doi: 10.1093/ijnp/pyw047

 Lyu, J., Yang, E. J., Head, S. A., Ai, N., Zhang, B., Wu, C., et al. (2018). Astemizole inhibits mTOR signaling and angiogenesis by blocking cholesterol trafficking. Int. J. Biol. Sci. 14, 1175–1185. doi: 10.7150/ijbs.26011

 Ma, J., and Lindquist, S. (2001). Wild-type PrP and a mutant associated with prion disease are subject to retrograde transport and proteasome degradation. Proc. Natl. Acad. Sci. U.S.A. 98, 14955–14960. doi: 10.1073/pnas.011578098

 Magalhaes, S., Goodfellow, B. J., and Nunes, A. (2018). Aging and proteins: what does proteostasis have to do with age? Curr. Mol. Med. 18, 178–189. doi: 10.2174/1566524018666180907162955

 Mandrioli, J., D'amico, R., Zucchi, E., Gessani, A., Fini, N., Fasano, A., et al. (2018). Rapamycin treatment for amyotrophic lateral sclerosis: protocol for a phase II randomized, double-blind, placebo-controlled, multicenter, clinical trial (RAP-ALS trial). Medicine (Baltimore) 97, e11119. doi: 10.1097/MD.0000000000011119

 Mardones, P., Rubinsztein, D. C., and Hetz, C. (2016). Mystery solved: trehalose kickstarts autophagy by blocking glucose transport. Sci. Signal 9, fs2. doi: 10.1126/scisignal.aaf1937

 Masperone, L., Codrich, M., Persichetti, F., Gustincich, S., Zucchelli, S., and Legname, G. (2022). The E3 ubiquitin ligase TRAF6 interacts with the cellular prion protein and modulates its solubility and recruitment to Cytoplasmic p62/SQSTM1-positive aggresome-like structures. Mol. Neurobiol. 59, 1577–1588. doi: 10.1007/s12035-021-02666-6

 Mays, C. E., Armijo, E., Morales, R., Kramm, C., Flores, A., Tiwari, A., et al. (2019). Prion disease is accelerated in mice lacking stress-induced heat shock protein 70 (HSP70). J. Biol. Chem. 294, 13619–13628. doi: 10.1074/jbc.RA118.006186

 Mcnaught, K. S., Olanow, C. W., Halliwell, B., Isacson, O., and Jenner, P. (2001). Failure of the ubiquitin-proteasome system in Parkinson's disease. Nat. Rev. Neurosci. 2, 589–594. doi: 10.1038/35086067

 Mead, S., Khalili-Shirazi, A., Potter, C., Mok, T., Nihat, A., Hyare, H., et al. (2022). Prion protein monoclonal antibody (PRN100) therapy for Creutzfeldt-Jakob disease: evaluation of a first-in-human treatment programme. Lancet Neurol. 21, 342–354. doi: 10.1016/S1474-4422(22)00082-5

 Meldolesi, J. (2021). Extracellular vesicles (exosomes and ectosomes) play key roles in the pathology of brain diseases. Mol Biomed 2, 18. doi: 10.1186/s43556-021-00040-5

 Migheli, A., Attanasio, A., and Schiffer, D. (1994). Ubiquitin and neurofilament expression in anterior horn cells in amyotrophic lateral sclerosis: possible clues to the pathogenesis. Neuropathol. Appl. Neurobiol. 20, 282–289. doi: 10.1111/j.1365-2990.1994.tb00970.x

 Mishra, R. S., Bose, S., Gu, Y., Li, R., and Singh, N. (2003). Aggresome formation by mutant prion proteins: the unfolding role of proteasomes in familial prion disorders. J. Alzheimers Dis. 5, 15–23. doi: 10.3233/JAD-2003-5103

 Nakagaki, T., Satoh, K., Ishibashi, D., Fuse, T., Sano, K., Kamatari, Y. O., et al. (2013). FK506 reduces abnormal prion protein through the activation of autolysosomal degradation and prolongs survival in prion-infected mice. Autophagy 9, 1386–1394. doi: 10.4161/auto.25381

 Newman, P. K., Todd, N. V., Scoones, D., Mead, S., Knight, R. S., Will, R. G., et al. (2014). Postmortem findings in a case of variant Creutzfeldt-Jakob disease treated with intraventricular pentosan polysulfate. J. Neurol Neurosurg. Psychiatry 85, 921–924. doi: 10.1136/jnnp-2013-305590

 Nixon, R. A. (2013). The role of autophagy in neurodegenerative disease. Nat. Med. 19, 983–997. doi: 10.1038/nm.3232

 Otto, M., Cepek, L., Ratzka, P., Doehlinger, S., Boekhoff, I., Wiltfang, J., et al. (2004). Efficacy of flupirtine on cognitive function in patients with CJD: a double-blind study. Neurology 62, 714–718. doi: 10.1212/01.WNL.0000113764.35026.EF

 Overhoff, M., De Bruyckere, E., and Kononenko, N. L. (2021). Mechanisms of neuronal survival safeguarded by endocytosis and autophagy. J. Neurochem. 157, 263–296. doi: 10.1111/jnc.15194

 Pan, K. M., Baldwin, M., Nguyen, J., Gasset, M., Serban, A., Groth, D., Mehlhorn, I., Huang, Z., Fletterick, R. J. (1993). Conversion of alpha-helices into beta-sheets features in the formation of the scrapie prion proteins. Proc. Natl. Acad. Sci. U.S.A. 90, 10962–10966. doi: 10.1073/pnas.90.23.10962

 Pankiv, S., Clausen, T. H., Lamark, T., Brech, A., Bruun, J. A., Outzen, H., et al. (2007). p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy. J. Biol. Chem. 282, 24131–24145. doi: 10.1074/jbc.M702824200

 Parchi, P., Castellani, R., Capellari, S., Ghetti, B., Young, K., Chen, S. G., et al. (1996). Molecular basis of phenotypic variability in sporadic Creutzfeldt-Jakob disease. Ann. Neurol. 39, 767–778. doi: 10.1002/ana.410390613

 Park, K. W., Eun Kim, G., Morales, R., Moda, F., Moreno-Gonzalez, I., Concha-Marambio, L., et al. (2017). The endoplasmic reticulum chaperone GRP78/BiP modulates prion propagation in vitro and in vivo. Sci. Rep. 7, 44723. doi: 10.1038/srep44723

 Paul, S. (2008). Dysfunction of the ubiquitin-proteasome system in multiple disease conditions: therapeutic approaches. Bioessays 30, 1172–1184. doi: 10.1002/bies.20852

 Perez-Gonzalez, R., Kim, Y., Miller, C., Pacheco-Quinto, J., Eckman, E. A., and Levy, E. (2020). Extracellular vesicles: where the amyloid precursor protein carboxyl-terminal fragments accumulate and amyloid-beta oligomerizes. FASEB J. 34, 12922–12931. doi: 10.1096/fj.202000823R

 Peters, S. L., Dery, M. A., and Leblanc, A. C. (2016). Familial prion protein mutants inhibit Hrd1-mediated retrotranslocation of misfolded proteins by depleting misfolded protein sensor BiP. Hum. Mol. Genet. 25, 976–988. doi: 10.1093/hmg/ddv630

 Petersen, R. B., Parchi, P., Richardson, S. L., Urig, C. B., and Gambetti, P. (1996). Effect of the D178N mutation and the codon 129 polymorphism on the metabolism of the prion protein. J. Biol. Chem. 271, 12661–12668. doi: 10.1074/jbc.271.21.12661

 Pickart, C. M. (2001). Ubiquitin enters the new millennium. Mol. Cell 8, 499–504. doi: 10.1016/S1097-2765(01)00347-1

 Prusiner, S. B. (1982). Novel proteinaceous infectious particles cause scrapie. Science 216, 136–144. doi: 10.1126/science.6801762

 Prusiner, S. B. (1998). Prions. Proc. Natl. Acad. Sci. U.S.A. 95, 13363–13383. doi: 10.1073/pnas.95.23.13363

 Prusiner, S. B., and Dearmond, S. J. (1991). Molecular biology and pathology of scrapie and the prion diseases of humans. Brain Pathol. 1, 297–310. doi: 10.1111/j.1750-3639.1991.tb00673.x

 Quaglio, E., Restelli, E., Garofoli, A., Dossena, S., De Luigi, A., Tagliavacca, L., et al. (2011). Expression of mutant or cytosolic PrP in transgenic mice and cells is not associated with endoplasmic reticulum stress or proteasome dysfunction. PLoS ONE 6, e19339. doi: 10.1371/journal.pone.0019339

 Rodriguez-Navarro, J. A., Rodriguez, L., Casarejos, M. J., Solano, R. M., Gomez, A., Perucho, J., et al. (2010). Trehalose ameliorates dopaminergic and tau pathology in parkin deleted/tau overexpressing mice through autophagy activation. Neurobiol. Dis. 39, 423–438. doi: 10.1016/j.nbd.2010.05.014

 Rubinsztein, D. C., Gestwicki, J. E., Murphy, L. O., and Klionsky, D. J. (2007). Potential therapeutic applications of autophagy. Nat. Rev. Drug Discov. 6, 304–312. doi: 10.1038/nrd2272

 Sahu, I., and Glickman, M. H. (2021). Proteasome in action: substrate degradation by the 26S proteasome. Biochem. Soc. Trans. 49, 629–644. doi: 10.1042/BST20200382

 Sakata, E., Eisele, M. R., and Baumeister, W. (2021). Molecular and cellular dynamics of the 26S proteasome. Biochim. Biophys. Acta Proteins Proteom 1869, 140583. doi: 10.1016/j.bbapap.2020.140583

 Sarkar, S., Davies, J. E., Huang, Z., Tunnacliffe, A., and Rubinsztein, D. C. (2007). Trehalose, a novel mTOR-independent autophagy enhancer, accelerates the clearance of mutant huntingtin and alpha-synuclein. J. Biol. Chem. 282, 5641–5652. doi: 10.1074/jbc.M609532200

 Sarkar, S., and Rubinsztein, D. C. (2006). Inositol and IP3 levels regulate autophagy: biology and therapeutic speculations. Autophagy 2, 132–134. doi: 10.4161/auto.2387

 Scheckel, C., and Aguzzi, A. (2018). Prions, prionoids and protein misfolding disorders. Nat. Rev. Genet. 19, 405–418. doi: 10.1038/s41576-018-0011-4

 Serrano, C., Bolea, R., Lyahyai, J., Filali, H., Varona, L., Marcos-Carcavilla, A., et al. (2011). Changes in HSP gene and protein expression in natural scrapie with brain damage. Vet. Res. 42, 13. doi: 10.1186/1297-9716-42-13

 Shyng, S. L., Huber, M. T., and Harris, D. A. (1993). A prion protein cycles between the cell surface and an endocytic compartment in cultured neuroblastoma cells. J. Biol. Chem. 268, 15922–15928. doi: 10.1016/S0021-9258(18)82340-7

 Sikorska, B., Liberski, P. P., Giraud, P., Kopp, N., and Brown, P. (2004). Autophagy is a part of ultrastructural synaptic pathology in Creutzfeldt-Jakob disease: a brain biopsy study. Int. J. Biochem. Cell Biol. 36, 2563–2573. doi: 10.1016/j.biocel.2004.04.014

 Sikorska, B., Liberski, P. P., Sobow, T., Budka, H., and Ironside, J. W. (2009). Ultrastructural study of florid plaques in variant Creutzfeldt-Jakob disease: a comparison with amyloid plaques in kuru, sporadic Creutzfeldt-Jakob disease and Gerstmann-Straussler-Scheinker disease. Neuropathol. Appl. Neurobiol. 35, 46–59. doi: 10.1111/j.1365-2990.2008.00959.x

 Simoneau, S., Rezaei, H., Sales, N., Kaiser-Schulz, G., Lefebvre-Roque, M., Vidal, C., et al. (2007). In vitro and in vivo neurotoxicity of prion protein oligomers. PLoS Pathog. 3, e125. doi: 10.1371/journal.ppat.0030125

 Simonsen, A., and Wollert, T. (2022). Don't forget to be picky - selective autophagy of protein aggregates in neurodegenerative diseases. Curr. Opin. Cell Biol. 75, 102064. doi: 10.1016/j.ceb.2022.01.009

 Sloper-Mould, K. E., Jemc, J. C., Pickart, C. M., and Hicke, L. (2001). Distinct functional surface regions on ubiquitin. J. Biol. Chem. 276, 30483–30489. doi: 10.1074/jbc.M103248200

 Stahl, N., Baldwin, M. A., Hecker, R., Pan, K. M., Burlingame, A. L., and Prusiner, S. B. (1992). Glycosylinositol phospholipid anchors of the scrapie and cellular prion proteins contain sialic acid. Biochemistry 31, 5043–5053. doi: 10.1021/bi00136a600

 Stahl, N., Borchelt, D. R., Hsiao, K., and Prusiner, S. B. (1987). Scrapie prion protein contains a phosphatidylinositol glycolipid. Cell 51, 229–240. doi: 10.1016/0092-8674(87)90150-4

 Steele, A. D., Hutter, G., Jackson, W. S., Heppner, F. L., Borkowski, A. W., King, O. D., et al. (2008). Heat shock factor 1 regulates lifespan as distinct from disease onset in prion disease. Proc. Natl. Acad. Sci. U.S.A. 105, 13626–13631. doi: 10.1073/pnas.0806319105

 Stewart, R. S., Drisaldi, B., and Harris, D. A. (2001). A transmembrane form of the prion protein contains an uncleaved signal peptide and is retained in the endoplasmic Reticulum. Mol. Biol. Cell 12, 881–889. doi: 10.1091/mbc.12.4.881

 Suenaga, T., Hirano, A., Llena, J. F., Ksiezak-Reding, H., Yen, S. H., and Dickson, D. W. (1990). Ubiquitin immunoreactivity in kuru plaques in Creutzfeldt-Jakob disease. Ann. Neurol. 28, 174–177. doi: 10.1002/ana.410280210

 Sun, D., Wu, R., Zheng, J., Li, P., and Yu, L. (2018). Polyubiquitin chain-induced p62 phase separation drives autophagic cargo segregation. Cell Res. 28, 405–415. doi: 10.1038/s41422-018-0017-7

 Tanaka, M., Machida, Y., Niu, S., Ikeda, T., Jana, N. R., Doi, H., et al. (2004). Trehalose alleviates polyglutamine-mediated pathology in a mouse model of Huntington disease. Nat. Med. 10, 148–154. doi: 10.1038/nm985

 Taraboulos, A., Raeber, A. J., Borchelt, D. R., Serban, D., and Prusiner, S. B. (1992). Synthesis and trafficking of prion proteins in cultured cells. Mol. Biol. Cell 3, 851–863. doi: 10.1091/mbc.3.8.851

 Teruya, K., and Doh-Ura, K. (2022). Therapeutic development of polymers for prion disease. Cell Tissue Res. doi: 10.1007/s00441-022-03604-1. [Epub ahead of print].

 Thackray, A. M., Lam, B., Mcnulty, E. E., Nalls, A. V., Mathiason, C. K., Magadi, S. S., et al. (2022). Clearance of variant Creutzfeldt-Jakob disease prions in vivo by the Hsp70 disaggregase system. Brain. doi: 10.1093/brain/awac144. [Epub ahead of print].

 Thellung, S., Corsaro, A., Nizzari, M., Barbieri, F., and Florio, T. (2019). Autophagy activator drugs: a new opportunity in neuroprotection from misfolded protein toxicity. Int. J. Mol. Sci. 20, 901. doi: 10.3390/ijms20040901

 Thellung, S., Corsaro, A., Villa, V., Simi, A., Vella, S., Pagano, A., et al. (2011). Human PrP90-231-induced cell death is associated with intracellular accumulation of insoluble and protease-resistant macroaggregates and lysosomal dysfunction. Cell Death Dis. 2, e138. doi: 10.1038/cddis.2011.21

 Thellung, S., Gatta, E., Pellistri, F., Corsaro, A., Villa, V., Vassalli, M., et al. (2013). Excitotoxicity through NMDA receptors mediates cerebellar granule neuron apoptosis induced by prion protein 90-231 fragment. Neurotox. Res. 23, 301–314. doi: 10.1007/s12640-012-9340-9

 Thellung, S., Gatta, E., Pellistri, F., Villa, V., Corsaro, A., Nizzari, M., et al. (2017). Different molecular mechanisms mediate direct or glia-dependent prion protein fragment 90-231 neurotoxic effects in cerebellar granule neurons. Neurotox. Res. 32, 381–397. doi: 10.1007/s12640-017-9749-2

 Thellung, S., Scoti, B., Corsaro, A., Villa, V., Nizzari, M., Gagliani, M. C., et al. (2018). Pharmacological activation of autophagy favors the clearing of intracellular aggregates of misfolded prion protein peptide to prevent neuronal death. Cell Death Dis. 9, 166. doi: 10.1038/s41419-017-0252-8

 Thibaudeau, T. A., Anderson, R. T., and Smith, D. M. (2018). A common mechanism of proteasome impairment by neurodegenerative disease-associated oligomers. Nat. Commun. 9, 1097. doi: 10.1038/s41467-018-03509-0

 Tien, N. T., Karaca, I., Tamboli, I. Y., and Walter, J. (2016). Trehalose alters subcellular trafficking and the metabolism of the Alzheimer-associated amyloid precursor protein. J. Biol. Chem. 291, 10528–10540. doi: 10.1074/jbc.M116.719286

 Tittelmeier, J., Nachman, E., and Nussbaum-Krammer, C. (2020). Molecular chaperones: a double-edged sword in neurodegenerative diseases. Front. Aging Neurosci. 12, 581374. doi: 10.3389/fnagi.2020.581374

 True, H. L. (2006). The battle of the fold: chaperones take on prions. Trends Genet. 22, 110–117. doi: 10.1016/j.tig.2005.12.004

 Tsakiri, E. N., and Trougakos, I. P. (2015). The amazing ubiquitin-proteasome system: structural components and implication in aging. Int. Rev. Cell Mol. Biol. 314, 171–237. doi: 10.1016/bs.ircmb.2014.09.002

 Tseng, B. P., Green, K. N., Chan, J. L., Blurton-Jones, M., and Laferla, F. M. (2008). Abeta inhibits the proteasome and enhances amyloid and tau accumulation. Neurobiol. Aging 29, 1607–1618. doi: 10.1016/j.neurobiolaging.2007.04.014

 Varges, D., Manthey, H., Heinemann, U., Ponto, C., Schmitz, M., Schulz-Schaeffer, W. J., et al. (2017). Doxycycline in early CJD: a double-blinded randomised phase II and observational study. J. Neurol Neurosurg. Psychiatry 88, 119–125. doi: 10.1136/jnnp-2016-313541

 Vella, L. J., Sharples, R. A., Lawson, V. A., Masters, C. L., Cappai, R., and Hill, A. F. (2007). Packaging of prions into exosomes is associated with a novel pathway of PrP processing. J. Pathol. 211, 582–590. doi: 10.1002/path.2145

 Verhoef, L. G., Lindsten, K., Masucci, M. G., and Dantuma, N. P. (2002). Aggregate formation inhibits proteasomal degradation of polyglutamine proteins. Hum. Mol. Genet. 11, 2689–2700. doi: 10.1093/hmg/11.22.2689

 Villa, V., Tonelli, M., Thellung, S., Corsaro, A., Tasso, B., Novelli, F., et al. (2011). Efficacy of novel acridine derivatives in the inhibition of hPrP90-231 prion protein fragment toxicity. Neurotox. Res. 19, 556–574. doi: 10.1007/s12640-010-9189-8

 Walker, L. C., and Levine III, H. (2000). The cerebral proteopathies. Neurobiol. Aging 21, 559–561. doi: 10.1016/S0197-4580(00)00160-3

 Wang, H., Tian, C., Fan, X. Y., Chen, L. N., Lv, Y., Sun, J., et al. (2015). Polo-like kinase 3 (PLK3) mediates the clearance of the accumulated PrP mutants transiently expressed in cultured cells and pathogenic PrP(Sc) in prion infected cell line via protein interaction. Int. J. Biochem. Cell Biol. 62, 24–35. doi: 10.1016/j.biocel.2015.02.011

 Wang, H., Tian, C., Sun, J., Chen, L. N., Lv, Y., Yang, X. D., et al. (2017). Overexpression of PLK3 mediates the degradation of abnormal prion proteins dependent on chaperone-mediated autophagy. Mol. Neurobiol. 54, 4401–4413. doi: 10.1007/s12035-016-9985-0

 Weibezahn, J., Schlieker, C., Tessarz, P., Mogk, A., and Bukau, B. (2005). Novel insights into the mechanism of chaperone-assisted protein disaggregation. Biol. Chem. 386, 739–744. doi: 10.1515/BC.2005.086

 Whitehouse, P., Gandy, S., Saini, V., George, D. R., Larson, E. B., Alexander, G. C., et al. (2022). Making the case for accelerated withdrawal of aducanumab. J. Alzheimers Dis. doi: 10.3233/JAD-220262

 Will, R. G., and Ironside, J. W. (2017). Sporadic and infectious human prion diseases. Cold Spring Harb. Perspect. Med. 7, a024364. doi: 10.1101/cshperspect.a024364

 Wolkers, W. F., Walker, N. J., Tablin, F., and Crowe, J. H. (2001). Human platelets loaded with trehalose survive freeze-drying. Cryobiology 42, 79–87. doi: 10.1006/cryo.2001.2306

 Wurth, R., Barbieri, F., and Florio, T. (2014). New molecules and old drugs as emerging approaches to selectively target human glioblastoma cancer stem cells. Biomed Res. Int. 2014, 126586. doi: 10.1155/2014/126586

 Xu, J., Camfield, R., and Gorski, S. M. (2018). The interplay between exosomes and autophagy - partners in crime. J. Cell Sci. 131, 215210. doi: 10.1242/jcs.215210

 Xu, Y., Zhang, J., Tian, C., Ren, K., Yan, Y. E., Wang, K., et al. (2014). Overexpression of p62/SQSTM1 promotes the degradations of abnormally accumulated PrP mutants in cytoplasm and relieves the associated cytotoxicities via autophagy-lysosome-dependent way. Med. Microbiol. Immunol. 203, 73–84. doi: 10.1007/s00430-013-0316-z

 Yedidia, Y., Horonchik, L., Tzaban, S., Yanai, A., and Taraboulos, A. (2001). Proteasomes and ubiquitin are involved in the turnover of the wild-type prion protein. EMBO J. 20, 5383–5391. doi: 10.1093/emboj/20.19.5383

 Yoshida, S., and Hasegawa, T. (2022). Deciphering the prion-like behavior of pathogenic protein aggregates in neurodegenerative diseases. Neurochem. Int. 155, 105307. doi: 10.1016/j.neuint.2022.105307

 Zaffagnini, G., Savova, A., Danieli, A., Romanov, J., Tremel, S., Ebner, M., et al. (2018). p62 filaments capture and present ubiquitinated cargos for autophagy. EMBO J. 37, e98308. doi: 10.15252/embj.201798308

 Zaidi, S. I., Richardson, S. L., Capellari, S., Song, L., Smith, M. A., Ghetti, B., et al. (2005). Characterization of the F198S prion protein mutation: enhanced glycosylation and defective refolding. J. Alzheimers Dis. 7, 159–171; discussion 173-180. doi: 10.3233/JAD-2005-7209

 Zanusso, G., Petersen, R. B., Jin, T., Jing, Y., Kanoush, R., Ferrari, S., et al. (1999). Proteasomal degradation and N-terminal protease resistance of the codon 145 mutant prion protein. J. Biol. Chem. 274, 23396–23404. doi: 10.1074/jbc.274.33.23396

 Zheng, Q., Huang, T., Zhang, L., Zhou, Y., Luo, H., Xu, H., et al. (2016). Dysregulation of ubiquitin-proteasome system in neurodegenerative diseases. Front. Aging Neurosci. 8, 303. doi: 10.3389/fnagi.2016.00303

 Zhou, G., Myers, R., Li, Y., Chen, Y., Shen, X., Fenyk-Melody, J., et al. (2001). Role of AMP-activated protein kinase in mechanism of metformin action. J. Clin. Invest. 108, 1167–1174. doi: 10.1172/JCI13505

 Zhou, L., Wang, H., Ren, H., Hu, Q., Ying, Z., and Wang, G. (2015). Bcl-2 decreases the affinity of SQSTM1/p62 to poly-ubiquitin chains and suppresses the aggregation of misfolded protein in neurodegenerative disease. Mol. Neurobiol. 52, 1180–1189. doi: 10.1007/s12035-014-8908-1



OPS/images/fnins-16-966019-t001.jpg
Drug

Rapalogues

Astemizole

Lithium, valproic acid

Trehalose

Metformin

Class

Immunosuppressant
HI histamine receptor
antagonist

Mood stabilizers

Disaccharide

Hypoglycemizing

Mechanism of action

mTOR inhibition
mTOR inhibition

Phosphoinositide turnover inhibition
Autophagy activation and chaperone-like
inhibition of PrP% aggregation

AMPK-dependent activation of autophagy

References

Cortes et al, 2012

Karapetyan etal,, 2013

Heiseke et al., 2009
Beranger et al, 2008; Aguib
etal, 2009

Abdelaziz et al, 2020





OPS/images/fnins-16-966019-t002.jpg
Compound
(class)

Flupirtine
(non-opioid
analgesic)
Quinacrine
(antimalarial)
Quinacrine

(antimalarial)

Pentosan polysulfate
(chaperone)
Doxycycline

(antibiotic)

Doxycycline

(antibiotic)
Doxyeycline
(antibiotic)

PRN100 (anti-Prp©

monoclonal Ab)

Mechanism of action
(hypothetical)

Antiapoptotic

Inhibition of PrP®-PrP
interaction
Inhibition of PrPC-PrPSe

interaction
PrPC stabilization
Inhibition of PrP¢/PrPS¢

interaction

Inhibition of PrP/PrpS

interaction

Inhibition of PrPC/PrpS

interaction

Removal of PrP®

Trial/(status)

Double-blind,
randomized (closed)

Patient-preference
(closed)
Double-blind
placebo-controlled
(Closed)
Observational study
(Closed)

Phase 2, randomized,
double-blind,
placebo-controlled
(Closed)

Phase 2, randomized,
double-blind,
placebo-controlled
(Closed)

Preventive trial
Patient-preference
(ongoing)
Systematic

observation

Disease (patients’
number)

sCJD (28)

sCJD (45) fC]D (42) vCJD (18)
iCJD (2)
sCJD (54)

vCJD (5)

<D (121)

sCID (62)

FFI(25)

sCJD (5)iCID (1)

Outcome

Delayed cognitive
decline; no extended

survival

No effects on
course
No effects on clinical

course
Extended survival
(unclear reason)

No effects on clinical

course

Slight extension of

survival

Ongoing

Ongoing

References

Otto etal., 2004

Collinge ctal., 2009

Geschwind etal, 2013

Newman etal, 2014

Haik etal, 2014

Varges et al, 2017

Forloni etal., 2015

Mead etal, 2022





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Proteostasis unbalance in prion diseases: Mechanisms of neurodegeneration and therapeutic targets



		Introduction



		Protein quality control



		Chaperone-assisted refolding and proteolysis



		Ubiquitin proteasomal system



		Autophagy







		Protein quality control of prion protein



		Proteostasis failure is a pathogenic trait shared by prion diseases and other neurodegenerative conditions



		Pharmacological enhancement of autophagy is a therapeutic perspective for prion diseases



		The present and the future of neuroprotective therapies targeting protein clearance



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neuroscience

Proteostasis unbalance in prion
diseases: Mechanisms of
neurodegeneration and
therapeutic targets





OPS/images/fnins-16-966019-g001.gif
]

®
® o, »
& o~
/ MULTVESIGULAR
wosanes /7] ) MU These §
L cany

— ENDOSOME
E pHAsaPHoRE
AUTO
LYSOSOME AuTo
/PHAGOSOME

Lvsosoms

' PPC
' PPSc






OPS/images/fnins-16-966019-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neuroscience





