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Abstract

:

In Alzheimer’s disease (AD), tau dissociates from microtubules (MTs) due to hyperphosphorylation and misfolding. It is degraded by various mechanisms, including the 20S proteasome, chaperone-mediated autophagy (CMA), 26S proteasome, macroautophagy, and aggrephagy. Neurofibrillary tangles (NFTs) form upon the impairment of aggrephagy, and eventually, the ubiquitin chaperone valosin-containing protein (VCP) and heat shock 70 kDa protein (HSP70) are recruited to the sites of NFTs for the extraction of tau for the ubiquitin–proteasome system (UPS)-mediated degradation. However, the impairment of tau degradation in neurons allows tau to be secreted into the extracellular space. Secreted tau can be monomers, oligomers, and paired helical filaments (PHFs), which are seeding competent pathological tau that can be endocytosed/phagocytosed by healthy neurons, microglia, astrocytes, oligodendrocyte progenitor cells (OPCs), and oligodendrocytes, often causing proteotoxic stress and eventually triggers senescence. Senescent cells secrete various senescence-associated secretory phenotype (SASP) factors, which trigger cellular atrophy, causing decreased brain volume in human AD. However, the molecular mechanisms of proteotoxic stress and cellular senescence are not entirely understood and are an emerging area of research. Therefore, this comprehensive review summarizes pertinent studies that provided evidence for the sequential tau degradation, failure, and the mechanistic link between tau-driven proteotoxic stress and cellular senescence in AD.
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1. Introduction


Tau is a natively unfolded and intrinsically disordered protein, which mainly associates with microtubules (MTs) to maintain the axonal integrity and synaptic plasticity by supporting the MT-based axonal trafficking of various cargoes back and forth from the cell body and the neuronal terminal [1]. In theory, intrinsically disordered proteins are subjected to different post-translational modifications, conformationally changed to gain novel functions, and interact with multiple proteins. Since tau is an intrinsically disordered protein, various kinases phosphorylate tau and alter its structure. This makes it acquire an unrecognized novel function depending on the context. The human MAPT gene encodes six isoforms of tau by alternative splicing. It is primarily expressed in neurons [1] and a small amount in mature oligodendrocytes (OLs) [2] in the central nervous system (CNS), and more than 30 different familial mutations in the MAPT gene cause frontotemporal dementia (FTD) and other tauopathy [3,4]. Intracellular accumulation of hyperphosphorylated tau as neurofibrillary tangles (NFTs) [5,6] is typical in tauopathy, including Alzheimer’s disease (AD). AD is the most prevalent tauopathy, where both amyloid beta (Aβ) [7,8] and NFT pathologies are evident [9,10,11]. Aging, metabolic dysfunction, oxidative stress, and neuroinflammation are risk factors that drive tau hyperphosphorylation, causing microtubule destabilization, neuronal instability, and eventually, neurodegeneration.



The pathological (hyperphosphorylated and/or misfolded) tau is a substrate for the proteasome and autophagy, as reviewed elsewhere [12,13,14]. However, the efficiency of these two degradative pathways declines during normal aging and tauopathy. Thus, it is essential to understand the mechanisms of pathological tau degradation and its impairment in various cell types in the brain, including neurons, microglia, astrocytes, and oligodendrocytes. Both newly synthesized and MT-dissociated tau undergo degradation, primarily in neurons. While the 20S proteasome can degrade unfolded tau, the 26S proteasome can degrade both misfolded and phosphorylated tau upon tagging with a K48-linked polyubiquitin chain and, thus, prevents tau from aggregating and seeding. However, the imbalance in protein homeostasis can exacerbate tau aggregation pathology because the cells cannot stop the protein translation upon impairment of the proteasomal activity and dysregulated molecular chaperones, which is often the case in various neurodegenerative diseases [15].



It is possible that the inability of the 26S proteasomal degradation of tau can lead to its hyperphosphorylation and differential ubiquitination, such as K63-linked polyubiquitin chains that can be a signal for either autophagy or exosomal secretion into the extracellular space. Notably, soluble tau oligomers are stabilized by K63-linked ubiquitin chains [16,17]. Therefore, tau undergoes hyperphosphorylation whenever the degradation pathway is impaired [18] and eventually gets ubiquitinated [19] for various protein degradation pathways [14,20,21]. To support this hypothesis, a high-resolution proteomics mapping of post-translational modifications (PTMs) in tau obtained from the autopsy of human AD brains revealed that tau can obtain 95 PTMs on 88 amino acid residues. They are mapped as 55 phosphorylation, 17 ubiquitination, 19 acetylation, and 4 methylation sites on tau. It suggests that PTMs can occur sequentially, leading to tau aggregation [18]. However, it is not clear whether tau needs to be hyperphosphorylated to dissociate from the MTs. Alternatively, sequential failure of tau degradation adds additional phosphorylation as a signal for differential linkage-specific ubiquitination in an attempt to push it through various degradative pathways. Protein homeostasis, including protein translation and degradation, is critical for cellular homeostasis, a regulated process that maintains cell growth and death. The impairment of protein homeostasis causes cells to become apoptosis-resistant senescent and secrete toxic contents and signaling molecules into the extracellular space through various mechanisms [14]. Given these complexities, this review article describes the dynamics of tau degradation and cellular senescence in AD.




2. Dynamics of Tau Degradation in AD


2.1. Ubiquitin-Independent Proteasomal Degradation of Tau in AD


Tau directly enters the catalytic core of the 20S proteasome, which is a ubiquitin- and ATP-independent proteolytic machinery that degrades mainly intrinsically disordered proteins. In vitro studies show that a recombinant human tau isoform (383 aa) can enter into the catalytic core of the 20S proteasome, purified from human erythrocytes and degrades tau, and with lactacystin, a specific 20S proteasome inhibitor stabilizes tau from undergoing degradation [22]. The brain’s longest human tau isoform (441 aa) has also been shown to be catalytically degraded by the 20S proteasome. Notably, calcium-calmodulin kinase II (CaMKII)-mediated tau phosphorylation at S262, S324, S352, and S356 has been shown to abolish the 20S proteasomal activity completely. In contrast, glycogen-synthase kinase-3 beta (GSK3β)-mediated tau phosphorylation at S46, T175, T181, S202, T205, T212, T217, T231, S235, S396, S400, and S404 inhibited 20S proteasomal activity partially [23]. This study suggests that the 20S proteasome may not degrade phosphorylated tau, which is perhaps misfolded and cannot be traversed effectively into the 20S proteasome for degradation (Figure 1 and Figure 2).



Moreover, the intrahippocampal injection of lactacystin, which is a 20S proteasome inhibitor, led to the accumulation of insoluble ubiquitinated tau in rat brains, which surprisingly was not hyperphosphorylated despite increased cAMP-dependent protein kinase A (PKA), GSK-3β, and cyclin-dependent kinase-5 (Cdk-5) activities, and decreased protein phosphatase-2A (PP2A) activity [24]. However, the increased accumulation of ubiquitinated tau by lactacystin did not affect learning and memory [24]. It suggests that acute 20S proteasomal inhibition does not increase tau phosphorylation and preferentially degrades unfolded and non-phosphorylated tau. Lactacystin-mediated accumulation of insoluble ubiquitinated tau indicates that 20S proteasome may also degrade ubiquitin-conjugated unfolded soluble tau. Alternatively, tau is ubiquitinated upon the inhibition of 20S proteasome for either 26S proteasomal or autophagic degradation. To support the first speculation, the 20S proteasome has been shown to degrade K48-linked mono to tetra ubiquitin conjugated intrinsically disordered cyclin B1 peptide (1–88 aa) wherein ubiquitin conjugate also degraded, and 20S’s mechanism of action is distinct from 26S proteasome, which recycles ubiquitin from the substrates via deubiquitination [25]. Thus, it is suggested that the 20S proteasome plays a pivotal role in regulating tau levels in neurons, and inhibiting its activity is sufficient to cause total tau accumulation and disease progression in an early stage before tau hyperphosphorylation and tau seeding into NFTs.




2.2. Molecular Chaperone-Assisted Ubiquitin-Dependent Proteasomal Degradation of Tau in AD


The 26S proteasome recognizes substrates through the 19S regulatory proteasome submit complex by interacting with polyubiquitin chains followed by the sequential action of unfolding and deubiquitinating the substrates before entering the main catalytic 20S proteasome submit complex for degradation. As mentioned above, tau is a natively unfolded protein bound to the microtubules. In AD, phosphorylated tau is detached from MTs and undergoes aggregation driven by three pro-aggregation motifs mapped at R2 (275–280 aa), R3 (306–311 aa), and R4 (337–342 aa) in the microtubule-binding repeats [1,26]. Upon conformational changes in tau, the molecular chaperone is recruited to prevent aggregation and restore its native state or direct it to the ubiquitin–proteasome system (UPS) for degradation [15].



Phosphorylated tau can bind to the molecular chaperones heat shock protein 70 (HSP70) or heat shock cognate 71 kDa protein (Hsc70), which in turn recruits the E3-ubiquitin ligase C-terminus of Hsc70-interacting protein (CHIP) and E2-ubiquitin-conjugating enzyme UbcH5B to attach K48-linked polyubiquitin chains on tau covalently for the 26S proteasomal degradation [27,28]. The molecular cochaperone BCL2 Associated Athanogene 1 (BAG1) functions as an ATP/ADP exchange factor of HSP70 or Hsc70 to release the properly refolded proteins. Also, it enhances the anti-apoptotic effects of B-cell lymphoma 2 (BCL2) [29,30]. The overexpression of BAG-1 in neurons inhibited the proteasomal activity of the 20S but not the 26S, leading to an increased accumulation of total tau and its ubiquitination level [31]. Thus, it is suggested that BAG-1 favors tau refolding via Hsc70 and ubiquitination for the 26S proteasomal degradation. To support this hypothesis, BAG-1 depletion decreased the total tau accumulation, perhaps the consequence of enhanced 20S proteasomal activity, and inhibited tau refolding by reducing the interactions of Hsc70 [31]. The remaining undegraded tau from BAG-1 depleted cells undergo phosphorylation. Furthermore, endogenous BAG-1 is associated with hyperphosphorylated tau aggregates in 3xTg AD transgenic mice [31].



To conclude this section, the Tau-Hsc70-BAG-1 complex favors tau refolding and inhibits the 20S proteasomal activity, and eventually, Hsc70 recruits the CHIP-UbcH5B complex for K48-linked polyubiquitination for the 26S proteasomal degradation. Thus, BAG-1 likely serves as a transition factor that switches tau from being a 20S proteasomal substrate into a 26S proteasomal substrate. It is possible that the drugs targeting to accelerate the 20S proteasomal activity by inhibiting the BAG-1 nucleotide exchange factor could be an effective therapeutic strategy for tauopathy at the early stage before NFT formation in neurons (Figure 3A).



The other family of heat shock protein Hsp90 binds to the paper-clip conformer of tau to predispose the pro-aggregation motifs in the microtubule-binding repeat domains, causing tau to oligomerize differentially. However, these paper-clip-derived tau oligomers inhibited fibril formation and favored the continuation of tau oligomerization [32]. However, when heat shock protein 90 kDa (HSP90) interacts with FK506 binding protein 51 kDa (FKBP51), a cochaperone inhibits the 20S proteasomal activity and favors tau to oligomerize, which exacerbates neurotoxicity in rTg(tauP301L)4510 mice [33] (Figure 3B). Hsp90 can also bind to CHIP and selectively clears phosphorylated tau [34]. Notably, the deletion of CHIP in JNPL3 (P301L) mice enhanced the accumulation of the Sarkosyl-soluble higher molecular weight of non-aggregated tau, which is hyperphosphorylated and non-ubiquitinated. This study suggests that CHIP-mediated polyubiquitination may play a pivotal role in the formation of Sarkosyl-insoluble tau aggregates formation in disease conditions [35]. Phosphorylated tau oligomers can be stabilized by K63-linked ubiquitin, which makes them resistant to 26S proteasome-mediated degradation (Figure 3B). Interestingly, “tau oligomers purified from the autopsy of human AD brains” cause secretion of tau from iHEK-tau reporter cells overexpressing K63-linked ubiquitin augments seeding activity in tau biosensor cells. However, this is not the case in K48-linked ubiquitin-expressing reporter cells, which implies that tau oligomers carrying K63-linked ubiquitin chains propagate cell-to-cell tau seeding [16,17]. Similar to BAG-1, HSP90 co-chaperone FKBP51 inhibits the 20S proteasomal activity. CHIP is the main E3-ligase for tau ubiquitination and can function with either Hsc70 or HSP90 in pathological conditions. Finally, K63-linked ubiquitin stabilizes tau oligomers and promotes more tau propagation.




2.3. LC3-Independent Chaperone-Mediated Autophagy (CMA) Degradation of Tau in AD


To overcome failed proteasomal degradation of tau, neurons engage in lysosome-mediated degradation by LC3-independent chaperone-mediated autophagy (CMA) and LC3-dependent macroautophagy. LC3 is a ubiquitin-like molecule known as microtubule-associated protein 1 light chain 3 (MAP1LC3) or autophagy-related protein 8 (ATG8), and its lipidated form LC3-PE level is used as a marker for autophagy flux. The CMA-associated molecular chaperone Hsc70 recognizes the KFERQ motif-containing folded or unfolded soluble proteins and facilitates its interaction with lysosome-associated membrane protein-2A (LAMP-2A, also known as CD107b or Mac-3), which oligomerizes to form a channel-like structure at the lysosomal membrane to deliver the substrates for lysosomal degradation [36,37,38]. Inactivating CMA by specifically deleting LAMP-2A in mouse excitatory neurons causes proteotoxic stress and accumulation of CMA, but not LC3-dependent autophagy, substrates, and exacerbation of pathology in the 3xTg-AD mouse model [39]. In the LAMP-2A knockout neurons, autophagy does not compensate to degrade the CMA substrates (38), but it does in non-neuronal proliferating cells and mouse fibroblasts (NIH 3T3) [40]. Thus, it is suggested that neuronal autophagy is unique among other cell types in the brain. Furthermore, CMA activity is essential in synaptic remodeling, as it selectively eliminates synaptic proteins containing the KFERQ motif [39].



Tau consists of two CMA-like motifs at 336QVEVK340 and 347KDRVQ351 in 2N4R isoform–both reside at the microtubule-binding repeating domain R4, which is present in all six isoforms of tau. Mutating these two CMA motifs in tau attenuated interaction with Hsc70, causing inefficient tau cleavage, leaving a seed-competent tau fragment that has a tendency to aggregate [39]. The CMA motifs in tau can also be perturbed by post-translational modifications or frontotemporal dementia and Parkinsonism linked to the chromosome 17 (FTDP-17)-associated tau ΔK280 deletion mutation that affects tau mRNA splicing [41]. Tau is preferably degraded by the 20S proteasome, which can degrade unfolded proteins. In pathological conditions, Hsc70 can recognize phosphorylated tau to prevent aggregation and interact with either CHIP for UPS- or LAMP2A for CMA-mediated degradation (Figure 4). Notably, Hsc70 can also shuttle the unmodified tau monomer, acetylated tau, and tau oligomers into the late endosomes for microautophagy-mediated degradation or multivesicular body-associated exosomes containing tau secretion into the extracellular space [42].




2.4. LC3-Dependent Autophagy Degradation of Tau in AD


The CMA activity is inhibited upon tau acetylation, thus promoting tau as a substrate for macroautophagy (autophagy) [42], which can degrade small aggregates to large tau-paired helical filaments by encapsulating them in a double membranous autophagosome and eventually fuse with lysosome for degradation (Figure 5A). The zinc-dependent histone acetyltransferase p300/CBP acetylates, and NAD+-dependent sirtuin 1 (SIRT1) deacetylates tau [43]. SIRT1 level is decreased in aging, AD, and other neurodegenerative diseases [42,43], and tau is hyperacetylated in the absence of SIRT1, causing acetylated (and also phosphorylated) tau to accumulate [43]. Tau acetylation at K280 [44], localized in a pro-aggregation motif in the R2 microtubule-binding domain, destabilizes microtubules and forms tau fibrillization. Moreover, K280 acetylated tau is mainly present in Thioflavin-S positive insoluble protein inclusions in autopsy human AD brains and transgenic AD animal models, including PS19 (Tau P301S) and PS19; PDAPP (PS19 mice expressing APP V717F) [44]. The link between tau acetylation and hyperphosphorylation has been shown in the human neuroblastoma cell line SH-SY5Y overexpressing acetyltransferase p300, which acetylates tau at K280 causing its phosphorylation on S199, AT8 (S202, T205), AT180 (T231), S262, and S422 [45] and accumulation. The combinations of 2N4R tau phosphorylation by glycogen synthase kinase (GSK)3β and ubiquitylation with CHIP in the presence of acetyltransferase p300 facilitate tau degradation by 26S proteasome. However, prolonged ubiquitination on tau leads to the accumulation of hyperubiquitinated insoluble tau fibrils [46], which correlates with overall increased ubiquitylome and inefficient 26S function in autopsy human AD brains [46]. It is possible that upon impairments of the UPS and CMA, tau can be ubiquitinated with K63-linked polyubiquitin chains for autophagy degradation. p62 can recognize autophagy cargo by interacting with K48- or K63-linked polyubiquitin chains and recruit ubiquitin-like protein LC3 conjugated with phosphatidyl ethanolamine (LC3-PE) for autophagosome formation. Thus, autophagosomes formed around tau can fuse with lysosomes for autophagy, which can degrade soluble and aggregated tau (Figure 5A). However, the mechanism of autophagy degradation of tau is unknown.




2.5. Decoding of Hyperubiquitinated Tau Fibrils


The tandem mass spectrometry analysis (MS/MS) of ubiquitinated tau PHFs isolated from autopsied human AD brains suggests that PHFs are subjected to various polyubiquitination, including M1-, K6-, K11-, K48-, and K63-linked polyubiquitination [47,48,49]. Ubiquitin is a signaling protein consisting of 76 amino acid residues and is ubiquitously expressed in eukaryotic cells. Ubiquitination is a complex post-translational modification on target proteins that can be stabilized or degraded depending on the ubiquitin-linkage specificity. The terminal amino acid of ubiquitin is glycine, which can be covalently attached to the target proteins at methionine (M), lysine (K), cysteine (C), serine (S), and threonine (T). The subsequent ubiquitination occurs on the first ubiquitin attached to the protein substrates via ubiquitin internal residues at M1, K6, K11, K27, K29, K33, K48, and K63. Protein substrates can be monoubiquitinated or multi-monoubiquitinated and polyubiquitinated with homotypic or heterotypic chains that can be linear or branched ubiquitin chains [50]. The K48-linked polyubiquitination on tau is a signal for 26S proteasomal degradation, whereas K63-linked polyubiquitination eventually occurs on the aggregated tau already carrying K48-linked polyubiquitin chains upon the impairment of proteasomal activity (Figure 5B). The linear ubiquitin chain assembly complex (LUBAC), which includes the Ring finger protein 31 (RNF31)-Heme-oxidized IRP2 ubiquitin ligase 1 (HOIL1)-SHANK associated RH domain interactor (SHARPIN) complex, an M1-specific E3-ubiquitin ligase, can generate M1-linked linear polyubiquitin chains on tau fibrils to mark tau as an inflammatory molecule (Figure 5B), and eventually recruit the inhibitor of κB (IκB) kinase complex (IKKα-IKKβ-IKKγ) by interacting with the NF-κB essential modulator NEMO (IKKγ) for NF-κB downstream signaling activation. The LUBAC-based M1-linked polyubiquitination has been identified in various proteinopathies, including polyglutamine diseases, amyotrophic lateral sclerosis, frontotemporal dementia, and AD [51,52,53]. The NEMO can bind and ubiquitinate with M1-linked linear polyubiquitin chains by LUBAC upon stimulation with interleukin-1β (IL-1β) and NEMO phase separation, essential for IL-1β induced NF-κB activation [54].



IL-1β and tumor necrosis factor α (TNFα) have been shown to induce K63-linked polyubiquitination on TNF receptor-associated factor 6, E3 ubiquitin ligase (TRAF6) by itself, receptor-interacting protein (RIP1) by TNF receptor-associated factor 2, and E3 ubiquitin ligase (TRAF2), respectively. The K63-linked polyubiquitin chains are recognized by scaffolding proteins TAK1 binding protein 2 (TAB2) and the IKKα-IKKβ-IKKγ complex via NEMO (IKKγ). TGFβ-activated kinase 1(TAK1) binds to TAB2 and phosphorylates IKKβ, which in turn phosphorylates the NF-κB inhibitor IκBα for downstream activation of NF-κB signaling [55,56]. Interestingly, TAX1PB1 binds to deubiquitinase TNFα -induced protein 3 (TNFAIP3 or A20) and negatively regulates IL-1β and TNFα-induced NF-κB activity by deubiquitinating TRAF6 and RIP1 [57]. Thus, it suggests that TAX1BP1 likely plays a role in the crosstalk between aggrephagy and inflammation.



The ubiquitin chaperone VCP/p97 ATPase has been shown to extract the formaldehyde-induced cross-linked proteins from RNA by recognizing the K6-linked ubiquitin chains on a subset of proteins for the 26S proteasomal degradation [58,59] (Figure 5B). The 26S proteasome mainly degrades the K11-linked or hybrid K11/K48-linked polyubiquitinated proteins [60]. VCP can also bind and extract the hybrid K11/K48-linked polyubiquitin chains for rapid proteasomal degradation of newly synthesized misfolded and aggregation-prone proteins [50,61,62] (Figure 5B). However, the significance of unconventional K6- or K11-linked polyubiquitination on tau fibrils is unknown.




2.6. Aggrephagy Degradation of Tau Aggregates


Aggrephagy is a selective autophagy degradation of protein aggregates by encapsulating them in a double membranous autophagosome and subsequently fusing with a lysosome for clearance of protein aggregates [63]. To some extent, hyperubiquitinated and seed-competent/aggregated tau can be selectively degraded by aggrephagy (Figure 5B). Protein aggregates in the aqueous phase can be recognized by aggrephagy receptors, including p62 (SQSTM1/Sequestosome 1), the Next to BRCA1 gene 1 protein (NBR1), the Tax1 binding protein 1 (TAX1PB1), Optineurin (OPTN), and the Toll-interacting protein (TOLLIP). These receptors have an LC3-interacting region motif (LIR) and ubiquitin-binding domain (UBA) to interact with the autophagy protein LC3 and ubiquitinated protein aggregates cargo, respectively, for aggrephagy-mediated protein aggregates clearance [63,64,65]. A solid protein aggregate can be recognized by another aggrephagy receptor chaperonin containing T-complex polypeptide 1, subunit 2 (CCT2), which is a component of the chaperonin T-complex protein ring complex (TRiC). CCT2 has two LIR-like motifs (VLL and VIL amino acid residues) known as V-LIR that interact with LC3, but it does not have a UBA domain; instead, it interacts with protein aggregates cargo via its chaperoning apical domain [66,67]. Notably, CCT2 can interact with ubiquitinated or non-ubiquitinated protein aggregates cargo via its apical domain for solid protein aggregates clearance [66].



Autophagy receptor p62 is recruited that preferentially interacts with K63- over K48-linked polyubiquitin chains conjugated to tau aggregates for p62–ubiquitin mediated segregation of protein aggregates as larger condensates through liquid–liquid phase separation (LLPS) [49,67,68,69]. Then, the sequential action of recruiting other SQSTM1-like receptors (SLRs), including NBR1 and TAX1PB1, but not the Nuclear domain 10 protein 52 (NDP52) and OPTN, is indispensable for the efficient clearance of protein aggregates by aggrephagy [70,71]. Tau aggregates condensation via LLPS is similar to amyotrophic lateral sclerosis (ALS)-associated protein aggregates of Fused in Sarcoma (FUS), hnRNPA1, and TAR DNA-binding protein 43 (TDP43) [72]. Tau fibrils extracted from the human AD brain do not interact with the aggrephagy receptor TAX1PB1 because its binding site is masked in hyperubiquitinated tau [71]. TAX1PB1 deficiency causes the accumulation of both ubiquitinated proteins and premature aging marker lipofuscin in mouse brain tissues [73]. Thus, it suggests that a missing or masking of a unique linkage-specific ubiquitin chain impairs TAX1PB1 to effectively promote aggrephagy clearance of protein aggregates, eventually building NFTs in neurons (Figure 5B).




2.7. Tau Extraction from Hyperubiquitinated Neurofibrillary Tangles


In the tau propagation model, VCP and HSP70 cooperatively promote the disaggregation of polyubiquitinated tau fibrils for the 26S proteasomal degradation [74] (Figure 5B). However, the impaired degradation of disaggregated tau can become seeding competent in the recipient cells [74]. Moreover, VCP/p97 ATPase expression is decreased in the frontal cortex of human AD brains [75]. Overexpressing VCP in zebrafish embryos and mice expressing human Tau P301L induces autophagy-mediated clearance of tau aggregates and consequently decreases phosphorylated tau (AT8, S199, and S396) in NFTs [75]. It is possible that K6-, K11-linked, or a hybrid with K48-linked ubiquitination on tau fibrils may allow VCP to extract tau from NFTs for either the UPS or autophagy-mediated degradation (Figure 5B). Tau can also be secreted into the extracellular space upon the impairment of the UPS and autophagy in AD. Because of the technical limitations, the sequential action of different types of unconventional ubiquitin-specific linkages, such as K6- and K11-linked polyubiquitin, and their hybrid ubiquitination with K48 or K63 on tau fibrils has not been explored well to better understand the temporal consequences of these on tau degradation in AD and tauopathy.



The dynamics of tau structure, including natively unfolded to pathologically misfolded monomers, oligomers, PHFs, and NFTs, and various post-translational modifications such as acetylation, phosphorylation, and ubiquitination determine the appropriate degradative pathway or exploit the degradative pathway as the tau seeding platform for cell-to-cell pathological tau propagation (Figure 5B and Figure 2). Despite this, there is evidence for tangle-bearing neurons in the brains of AD [76,77]. If so, how do tangle-bearing neurons survive upon proteotoxic stress driven by the impairment of the UPS and autophagy? Moreover, the post-mitotic neurons cannot dilute the toxic misfolded protein aggregates through cell division, which often occurs in proliferating cells to prevent proteotoxic stress [78]. In order to survive, neurons containing pathological tau can either undergo cell-cycle activation and get arrested at a specific cell-cycle stage [79] or trigger proteotoxic stress-associated senescence [80,81].





3. Cellular Senescence in Alzheimer’s Disease (AD)


3.1. Cellular Senescence


The term cellular senescence, in which the cell cycle is permanently arrested, differs from cellular quiescence, where the cell cycle is temporarily paused at the G0 phase to arrest the cell division/proliferation [82]. Neurons are terminally differentiated and non-proliferative cells indefinitely attain a quiescent phase. How neurons acquire a senescence-like phenotype in the absence of the cell cycle in normal human aging [83,84] or neurodegenerative disease brains [85] is unclear. Senescent cells are pro-inflammatory and have senescence-associated secretory phenotype (SASP) characteristics, including the secretion of cytokines, chemokines, growth factors, and metalloproteases [86]. On the other hand, quiescent cells are not pro-inflammatory and can re-enter the cell cycle. However, there is an overlap between the cellular senescence and quiescence. Identifying biomarkers to distinguish these two cellular phenotypes is an active area of research [87]. Therefore, understanding the molecular mechanisms driving the onset and expansion of neuronal senescence is paramount to identifying novel biomarkers and developing effective therapeutic strategies against pro-inflammatory senescent cells.



In addition to proteostatic stress, cellular senescence can also be induced by other intrinsic factors such as the shortening of telomeres, oxidative stress, reactive metabolites, DNA damage repair defects, epigenetic changes, oncogene activation, and some external factors, including chemotherapeutics, radiation and UV light exposure, mutagenic molecules, and viral infections [88]. Many biomarkers are available to detect the senescence cells, including the cell cycle-independent accumulation of lipofuscin and senescence-associated β-galactosidase (SA-β-gal) in the lysosomes and decreased level of nuclear membrane protein lamin B. The increased level of cyclin-dependent kinase inhibitors, which arrest the cell cycle at the G1 phase such as p16 (CDKN2A/INK4), p19 (CDKN2D/INK4D), p21 (CDKN1A), and phospho-p53 (tumor suppressor p53), phospho-retinoblastoma protein (pRB), and absence of cell proliferation marker Ki-67 are biomarkers of cellular senescence [86,88,89]. SASP contents vary among the cell types and factors that induce primary senescence, whose SASP contents induce secondary senescence by paracrine and juxtacrine or a combination of both to other healthy cells (astrocytes, microglia, oligodendrocytes, and other non-neuronal cells) in the brain [90].




3.2. Senescence in Neurons


Synaptic plasticity is crucial for memory, which has been hypothesized to be stored as spines at the postsynaptic dendrites and maintained by the regulated firing of neurotransmitters and persistent firing of action potentials or spikes from presynaptic neurons [91,92]. The persistent or spontaneous firing of neurons is essential for working memory [93,94], which is affected in AD patients [95,96]. Interestingly, AD patient-derived induced neurons (iNs) overexpressing p16, a cell cycle regulatory protein, induces senescence and eventually loses many neuronal characteristics, including a decrease in spontaneous firing and long-term potentiation (LTP) and increased long-term depression (LTD), causing decreased synaptic transmissions [83,97]. Interestingly, 97% of senescent cells in the AD brain appear to be excitatory neurons positive for elevated senescence marker p19 and NFTs based on single-cell analyses [98]. Notably, NFTs-bearing neurons express apoptotic markers, including activated caspase-3, propidium iodide (PI)-incorporated DNA, and loss of membrane integrity in the brains of rTg4510 mouse models of tauopathy [77]. However, despite having an apoptotic phenotype, the neurons survive longer, and perhaps NFTs drive neuronal senescence and likely delay apoptosis [77]. Another study has shown the co-occurrence of NFT burden and senescence-like phenotypes, including an elevated expression of the cell cycle, survival, inflammation, NF-κB, and SASP, and decreased levels of cell death-related pathway proteins in brains of human AD and rTg4510 mice via gene expression profiling of laser capture-microdissected cortical neurons [81]. Treating the rTg4510 transgenic mice with senolytic drugs, dasatinib (D) + quercetin (Q) effectively ameliorated NFT burden and SASP by killing senescent cells. It restored the brain structure, suggesting intracellular tau aggregates driven neuronal senescence [81]. The degenerating proteostasis-compromised senescent neurons can secrete tau in the forms of monomers, oligomers, and PHFs into the extracellular space, which is then taken up by the healthy neurons or non-neuronal cells that lead to the spreading of pathological tau (Figure 6).




3.3. Senescence in Astrocytes


Astrocytes are neuronal-supporting proliferative glial cells and play an important role in regulating neuronal synaptic plasticity by maintaining glutamate homeostasis. Astrocytes express excitatory amino acid transporters, EAAT1/2 and glutamine synthase (GS), to recycle excess glutamate released by the presynaptic neurons and catabolize into glutamine, which is transported back to the neurons for glutamate synthesis. Thus, astrocytes prevent glutamate-associated excitotoxicity in neurons [99,100]. Nevertheless, the glutamate homeostasis pathway is dysregulated with age and in AD brains by decreasing the levels of GS and EAAT1/2 in astrocytes [101,102] and extrasynaptic retention of glutamate, causing glutamate excitotoxicity [103].



The presence of senescence markers p16 and matrix metalloproteinase-1 (MMP-1) in astrocytes have been identified in the frontal cortex of human autopsy AD brains, and upon treatment with Aβ1–42 oligomers, suggesting that astrocytes are also senescent in human AD brains [104]. Senescence induced by X-irradiation (IR) in human astrocytes shows a decreased expression of EAAT1/2 and voltage-gated potassium channel protein Kir4.1, and water transport channel protein AQP4, and an increased expression of APOE and connexin-43. Notably, co-culturing of senescent astrocytes with fetal human cortical neurons causes glutamate excitotoxicity, which suggests that cellular senescence is not unique to AD but also in other contexts of glutamate excitotoxicity such as epilepsy, ALS, and Huntington’s disease [105].



Astrocytes are sensitive to oxidative stress and proteotoxic stresses induced by exogenous hydrogen peroxide H2O2 and epoxomicin/lactacystin, respectively, and upon chronic exposure, induce senescence [106]. Notably, the co-occurrence of tau oligomers and senescent marker p16 in the reactive astrocytes in the frontal cortex of human autopsy AD and frontotemporal dementia (FTD) brains indicate that astrocytes are also senescent in AD/AD-related dementias (ADRDs). Inhibiting the nuclear protein high mobility group box 1 (HMGB1, an alarmin) secretion into the extracellular space ameliorates the paracrine spreading of a senescent-like phenotype in the mouse primary astrocytes culture. Then, injecting HMGB1 secretion inhibitors in hTau mice brains attenuates tau pathology, neuroinflammation, and cognitive impairment [107]. Thus, senescent astrocytes may impact homeostasis at the tripartite synapse by dysregulating the glutamate balance, causing glutamate excitotoxicity, and likely triggering local neuroinflammation via molecules like HMGB1 (Figure 6 and Figure 7).




3.4. Senescence in Oligodendrocytes


Oligodendrocytes (OLs) are terminally differentiated myelinating cells that enwrap many axons by forming myelin sheaths, which are important for proper saltatory conduction [108,109]. Myelination is dysregulated (in other words, white matter damage) in various neurological diseases, including multiple sclerosis (MS) [110,111,112], ALS [113], and tauopathy [114]. The CNS-residing oligodendrocyte progenitor cells (OPCs) serve as stem cells for differentiating into mature OLs, which express tau at a relatively lower level than the neurons, perhaps after myelinating the axons [115]. Tau knockout mice show normal OL maturation and associated myelination on the axons, suggesting tau is dispensable for OL myelination in normal conditions [115,116]. But, the role of tau in OL maturation is controversial since in vitro studies show the downregulation of tau impairs the trafficking of myelin basic protein (MBP) mRNA granules and outgrowth defects most likely by a decreased interaction of α-tubulin with Fyn kinase, which can recruit microtubules (MTs) to the plasma membrane for OL outgrowth [117]. However, tau level is upregulated in OL and impairs its myelinating function in proteolipid protein-1 (PLP1), overexpressing transgenic mice of chronic hypomyelinating leukodystrophies (HDLs) [118].



The late-onset AD (LOAD) susceptible gene BIN1 encoding protein BIN1 is predominantly expressed in mature OL around the white matter tracts [119]. In AD brains, BIN1 isoforms are differentially expressed with increased BIN1:H and decreased BIN1:L isoforms [119]. Tau has been shown to interact with BIN1, whereas AD-associated phosphorylated tau T231 decreases interaction with BIN1 [120]. However, it is unknown whether tau–BIN1 interactions regulate OL-mediated myelination of axons. The demyelinating neurons have been shown to recruit and activate OPCs by the spontaneous release of glutamate to differentiate into mature OLs for myelination, which is likely compromised in AD [121]. It is well known that the spontaneous release of glutamate at the synapse is essential for working memory, which is dysregulated in AD. Perhaps senescent astrocytes impair glutamate recycling, affecting OL-mediated remyelination, causing the loss of white matter tracts and decreased brain volume in AD. Notably, tau-associated memory impairment has been shown in the THY-Tau22 tauopathy model in which AT8-positive tau spread from hippocampal pyramidal neurons into OL, causing a loss of high-firing neural cells and neurodegeneration in aged mice [122].



Tau is a neuronal protein, but pathological tau aggregates are evident in non-neuronal cells of certain tauopathy. For instance, tau aggregates are mainly present in the neurons of AD brains. In contrast, in Progressive supranuclear palsy (PSP) and Corticobasal degeneration (CBD), tau aggregates are present in neurons, astrocytes, and OLs. Pathological tau isolated from AD, PSP, and CBD brains have been shown to propagate tau aggregates in OL in a cell-autonomous manner. However, tau pathology does not propagate in astrocytes, suggesting endogenous tau in mature OL contributes to tau propagation in mice [123]. Tau expression in OL is neural activity-dependent and requires remodeling/repairing the myelin sheath. Interestingly, OL has also been shown to generate amyloidogenic Aβ1–42 peptide and substantially contribute to amyloid β plaque formation without excitatory neuron-derived Aβ peptide in AD mice [124].



Notably, Aβ plaque-associated OPCs display senescence-like phenotypes in the brains of human AD and APP/PS1 transgenic mice, with the latter showing toxic effects of oral administration of senolytic drugs D + Q on senescent OPCs [125]. It is possible that chronic exposure to OPCs with Aβ or tau aggregates impairs proteostasis activity and may promote senescence in OPCs and inhibit differentiation into mature OLs, causing loss of white matter tracts in AD and other tauopathy. Alternatively, HMGB1 from tau oligomer-exposed senescent astrocytes [107] may impair OPC differentiation into mature OLs. To support the second hypothesis, senescent factor HMGB1 has been shown to impair OPC differentiation into OLs in the lysolecithin-injected spinal cord demyelinating mouse model in which HMGB1 binds to the receptor Toll-like receptor 2/1 (TLR 2/1), activates NF-κB signaling, and eventually causes impaired CNS remyelination [126] (Figure 6). To conclude this section, protein aggregates can drive senescence in oligodendrocytes. Furthermore, senescence in OPCs may impair the differentiation of OPCs into OLs and consequently dysregulate OL-mediated myelination on axons.




3.5. Senescence in Microglia


Microglia are immune cells of the CNS that function like macrophages and maintain the homeostasis of neurons, astrocytes, and oligodendrocytes. Microglia are proliferated upon CNS injury, exposure to protein aggregates, and viral infections. The primary defensive response of microglia is to clear away the dead cells, cell debris, damage-associated molecular patterns (DAMPs), and viruses by phagocytosis or endocytosis and inducing chemotaxis via releasing inflammatory cytokines, chemokines, and growth factors. However, chronic microglial activation can adversely affect neurons and non-neuronal cells in the CNS. For example, Down’s syndrome (DS) is caused by trisomy of human chromosome 21, where the AD risk gene (amyloid precursor protein or APP) resides. In DS, increased type I interferon receptors (IFNARs) in microglia, synaptic pruning, and microglial senescence, which may be in response to amyloid and/or tau pathologies, have been observed [127,128,129]. Thus, it suggests that AD/DS-related pathological changes trigger microglial senescence and may lead to neuroinflammation.



Notably, increased synaptic pruning has been shown to impair memory before Aβ deposition in the J20 transgenic AD mouse model [130]. The soluble Aβ oligomers activate microglia and eventually eliminate the synapses excessively via complement receptor 3 (CR3). The inhibition of complement pathway-associated proteins C1q and C3 or the CR3 receptor decreased the number of phagocytic microglia and inhibited Aβ oligomer-induced synapse loss [130]. The transmembrane immune signaling adaptor protein TYROsine kinase Binding Protein (TYROBP), otherwise known as DNAX-Activation Protein 12 (DAP12), has been shown to associate with various microglial receptors, including Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) [131], CD33 [132], CR3 [133], and SIRPβ1 [134], which are either differentially expressed or genetic risk factors for LOAD. Deficiency of DAP12 in tauopathy PS19 and amyloidogenic APP/PS1 mice alleviates cognitive impairment via attenuating the C1q-CR3 complement pathway despite increased tau pathology and diffused Aβ plaques, respectively [135,136,137]. However, loss of TREM2 has been shown to exacerbate axonal dystrophy around the Aβ plaques [138]. Senolytic drugs specifically eliminated TREM2 expressing senescence microglia, but not disease-associated microglia (DAM) [139] suggesting that TREM2 may likely engage different transmembrane adaptor proteins depending on the context of disease progression.



Microglia can take up monomeric and fibrillar Aβ1–42 for clearance via receptor β1 integrin-mediated phagocytosis and micropinocytosis, respectively [140,141]. Microglia can also be recruited to the Aβ plaques, where microglia function as a physical barrier to prevent the seeding of soluble Aβ1–42 into Aβ plaque. In addition to microglial barrier function to compactly packed amyloid plaques [142], reactive microglia can also phagocytose Aβ oligomers for clearance [140,141,143] and secrete enzymes to proteolyze Aβ plaque [144]. But then, how microglia survive despite functioning as a physical barrier to Aβ plaque and internalizing large amounts of Aβ oligomers chronically is still unclear. It is possible that degenerating neurons can release macrophage colony-stimulating factor 1 (CSF1 or M-CSF) and IL-34, which can accelerate the microglial proliferation capacity to recruit newly formed microglia to the plaques and eventually reach the Hayflick limit, causing replicative microglial senescence in AD [145,146,147,148]. However, it is unclear whether the Hayflick senescent microglia retained their barrier function against the amyloid plaques in AD (Figure 6), i.e., the likelihood of senescent microglia continuing to phagocytose amyloid is unclear.



Microglia have been shown to survive longer durations, from 15 months to the entire mouse lifespan, without undergoing proliferation [149]. However, in the APP/PS1 mouse model of AD, microglia shows accelerated proliferation that arises from matured microglia and migrates to the Aβ plaque, indicating that repeated cell division can induce replicative microglial senescence in AD [149]. Aβ plaque-associated microglia often display the DAM phenotype, with an upregulated expression of TREM2 and C-type lectin domain containing 7A (CLEC7A) and elevated autophagy to clear protein aggregates [150]. However, microglial autophagy is impaired upon chronic exposure to protein aggregates, which alters the cellular metabolism and induces senescence. A previous study has shown that the genetic deletion of autophagy regulatory genes (ATG7 and ATG14) in 5xFAD transgenic mice induced microglial senescence. Treating these mice with senolytic drugs D + Q eliminated the senescent microglia and ameliorated AD pathology [151,152]. This suggests that autophagy deficiency may promote proteotoxic-driven microglial senescence in AD.



In addition to Aβ plaque, tau can induce microglial senescence and impair microglial motility in mouse primary microglial cells [153]. Aging can also induce microglial senescence around the white matter in the brain and spinal cord, causing neuroinflammation-associated demyelination in the white matter axons [154]. Thus, it is suggested that protein aggregates or aging can trigger microglial senescence. The novel senescent reporter INK-ATTAC (p16Ink4a-apoptosis through targeted activation of caspase 8) transgenic mice have been used to eliminate the senescent cells by activating apoptosis using a synthetic drug AP20187, which induces the dimerization of membrane-bound enhanced green fluorescent protein (EGFP) tagged-myristoylated FK506 binding protein (EGFP-FKBP)-Caspase 8 fusion proteins under the control of the p16 (INK4a) promoter that is designed to be activated in senescent cells expressing p16 (INK4a) [155]. Pathological tau can induce senescence in the brains of senescent reporter INK-ATTAC mice when crossed with PS19 transgenic mice. Notably, the administration of AP20187 from weaning age ameliorated tau pathology and improved cognition by reducing the number of senescent microglia and astrocytes [156]. Furthermore, eliminating senescent cells in the whole body by administering AP20187 or D + Q intraperitoneally in aged INK-ATTAC transgenic mice shows attenuated aging-associated brain inflammation and cognitive impairment that implies eliminating senescent cells restores homeostasis in the brain [157]. Thus, protein aggregates in AD or tauopathy brains can trigger senescence in microglia by the Hayflick limit (proliferative/replicative senescence) and proteotoxic stress driven by impaired UPS and autophagy (Figure 6).




3.6. Replicative Senescence


A bioinformatics profiling of mRNA transcripts in multiple single nuclei using a human normal aging, AD, and Parkinson’s disease-associated Lewy body dementia (PD-LBD) brains dataset suggests the presence of cell cycle regulatory mRNA transcripts such as G2/M-phase marker cyclin B and S-phase marker proliferating cell nuclear antigen (PCNA) in excitatory neurons [158]. These cell cycle markers and senescent neurons are abundant in sporadic AD brains but not normal aging brains [158]. However, the accelerated proliferation rate and induction of replicative senescence were observed in Aβ plaque-associated microglia in AD [145]. Most likely, the degenerating neurons are transcriptionally activating the expression of cell cycle regulatory proteins. However, protein aggregates may prevent neurons from entering or completing the entire cell cycle, which is impossible for terminally differentiated cells like neurons. Instead, it switches to a senescent phenotype. It is unclear how protein aggregates regulate the post-mitotic neurons to become senescent. Still, they may induce complex molecular changes in the pro-senescence transcript(s), which triggers senescence. Thus, it is motivating to speculate the hypothesis that the intracellular accumulation of NFTs can drive neuronal senescence by proteotoxic stress. In contrast, extracellular Aβ plaques drive replicative senescence in mitotic microglia in the early stage of AD, before the beginning of tau pathology. Once tau pathology sets in, tau released from degenerating senescent neurons can trigger proteotoxic stress-induced senescence in microglia. Thus, both replicative and proteotoxic-driven senescent microglia may exacerbate SASP secretion in addition to senescence in OPCs and astrocytes, causing neuroinflammation and eventually neurotoxicity, leading to decreased brain volume in AD (Figure 6).





4. Proteotoxic Stress Drives Cellular Senescence


4.1. Proteasome in Senescence


A tightly regulated protein homeostasis is essential for healthy cell survival. The mammalian target of rapamycin (mTOR) signaling-associated protein synthesis and molecular chaperone-assisted protein folding are critical for protein function. Protein degradation by the UPS and AMP-activated protein kinase (AMPK) signaling-associated autophagy ensures the quality of the functional proteins. However, various factors, including cellular stress, aging, sporadic and inherited metabolic and neurodegenerative diseases, and infectious disease, dysregulate protein homeostasis, causing proteotoxic stress, which drives cellular senescence. The UPS and molecular chaperones are indispensable for regulating the protein homeostasis, which is deteriorated in senescent cells [159].



Proteasomal activity is impaired in aged animal tissues, including the skeletal muscle [160,161] and brain [162]. Likewise, tau oligomers and PHFs isolated from the autopsy of human AD brains impair proteasomal activity [16,163], which may trigger chronic proteotoxic stress, causing senescence in human AD brains. The direct role of impaired proteasomal or lysosomal activities inducing proteotoxic stress-associated premature senescence has been identified upon chronic treatment of human fibroblasts with the proteasomal inhibitor MG-132 [164,165,166,167] or lysosomal acidification inhibitor Bafilomycin A1 (Baf A1) [167]. Increased generation of reactive oxygen species (ROS) and accumulation of defective mitochondria were also found in Baf A1-driven senescence in human fibroblasts [167]. Interestingly, some of the proteasome subunits and proteasome-interacting proteins reduced at both the mRNA transcripts and protein levels, causing decreased proteasomal activity in replicative senescent human fibroblasts and animals’ aged muscle and brain tissues [160,162,164].



Notably, senescent cells form membrane-less nuclear proteasome foci, which are liquid droplets of 26S proteasome condensates induced by K48-linked ubiquitin chains and shuttling factor RAD23B. The senescence-associated nuclear proteasome foci (SANP) recruit the ubiquitin chaperone VCP/p97 ATPase to degrade K48-linked polyubiquitinated proteins in the nucleus. Inhibiting either ubiquitination or proteasomal activity and knocking down RAD23B decreases SANP formation causing increased mitochondrial respiration and ROS generation [168,169]. This finding suggests that the SANP drives senescence by degrading unknown proteins in the nucleus, and inhibiting SANP formation at later stages of senescence does not prevent the senescent characteristics (Figure 8). However, it is not clear how senescent cells survive upon impairment of proteasomal activity in AD and tauopathy brains.




4.2. Autophagy in Senescence


Proteotoxic stress drives cellular senescence to resist apoptosis, which can be induced by excessive activation or inhibition of autophagy. It is still unclear how protein aggregates dysregulate autophagy and become senescent cells, which are pro-inflammatory. Inhibiting autophagy at a later senescence stage does not affect senescent cell survival as they are found in many neurodegenerative diseases. The nuclear membrane may sense the proteotoxic stress in the cytoplasm and eventually trigger chromatin remodeling for transitioning into senescence. To support this hypothesis, autophagy has been shown to induce the degradation of nuclear cytoskeleton protein lamin B1 (LMNB1) and its receptor LBR and sirtuin 1 (SIRT1), which levels serve as senescent biomarkers (Figure 8).



The inner nuclear membrane-associated cytoskeleton protein lamins (lamin A, B1, B2, and C) regulate the nucleus’s stability, size and shape, and chromatin reorganization. Senescent cells are characteristics of enlarged and irregularly shaped nuclei with the loss of LMNB1, which occurred upon the overexpression of p16 and activation of either p53 or retinoblastoma protein (pRB) pathways. The loss of LMNB1 is independent of p38 mitogen-activated protein kinase (p38 MAPK), Ataxia telangiectasia mutated (ATM) serine/threonine kinase and NF-κB activation, and cellular ROS generation [170,171]. However, p38 MAPK has been shown to phosphorylate the stress kinase Unc-51-like autophagy-activating kinases (ULK1) S555 to induce autophagy-mediated senescence against chemotherapy-induced apoptotic-prone cells in cancer [172]. A direct role of autophagy-mediated degradation of nuclear blebs of LMNB1 by interacting with lipidated autophagy protein LC3-II (ATG8) has been shown in oncogene RAS-induced senescence but not in cases where autophagy is induced either by starvation or mTOR inhibition [173]. Autophagy inhibition via knockdown of autophagy regulatory proteins ATG7, ATG12, and LAMP2 also induces premature senescence through p53 and ROS pathways in primary human fibroblasts [174]. Moreover, LMNB1 dysfunction and its associated DNA heterochromatin relaxation have been identified in the D. melanogaster tauopathy model system and autopsy human AD brains, suggesting that tauopathies can be categorized into neurodegenerative laminopathies [175]. SUMOylated lamin A/C is also recognized by LC3 to induce autophagic degradation of both lamin A/C and escaped nuclear DNA in response to DNA damage [176].



The nuclear membrane protein lamin B receptor (LBR) regulates the nuclear heterochromatin organization, and its activity is downregulated in senescence. Human cells treated with proteasomal inhibitor MG-132 [177], DNA damage inducer γ-ray irradiation [178], and replicative senescent inducer thymidine [179] or BrdU [180] translocated the LBR into the nucleoplasm and cytoplasm for degradation, and thus, cells transition to senescence. Moreover, mutations in the LMNA gene have been shown to induce accelerated premature aging in Hutchinson–Gilford progeria syndrome (HGPS) [181,182]. SIRT1 is an NAD+-dependent deacetylase that has a broad range of substrates and, notably, functions as a sensor of the cytosolic NAD+/NADH ratio [183] and regulates histone deacetylation [184] and NF-κB activity [185] in the nucleus to repress gene expression. Notably, the presence of the LIR (LC3-interacting region) motif in SIRT1 supports the autophagic degradation of SIRT1 by directly interacting with LC3B to promote cellular senescence transition [186] (Figure 8).



Thus, excessive activation or inhibition of autophagy is detrimental to cells and consequently remodels the heterochromatin for relaxed gene expression before transitioning into senescence. Thus, nuclear remodeling in senescence is a cell survival mechanism by activating nucleophagy degradation of LMNB1, LBR, and SIRT1, and SANP-mediated degradation of unknown nuclear foci proteins. However, senescent cells are pro-inflammatory and negatively affect the healthy cell’s survival at a late stage of senescence or disease context and secrete a wide range of SASP components such as IL-1β, IL-6, IL-8, and TNF-α. Senescent cells resist apoptosis, continue growing, and produce enormous amounts of SASPs, which require active mTOR for increased protein translation. Interestingly, a distinct compartment has been identified in oncogene RAS (rat sarcoma virus)- induced senescent cells at the trans-Golgi network (TGN), which serve as a TOR-autophagy spatial coupling compartment (TASCC), where the active mTOR and autophagy work together to rapidly synthesis and package SASP contents in membranous vesicles from autophagic turnover for secretion [187]. In senescent cells, lysosomal acidification is impaired, and there is increased membrane permeability, lipofuscin accumulation, increased senescence-associated β-galactosidase (SA-β-gal) activity, and decreased proteolytic capacity [188]. However, increased nuclear translocation of dephosphorylated transcription factor EB (TFEB), a transcription factor, induces lysosome biogenesis, which is sufficient and compensates for the degradative capacity of defective lysosomes for senescent cell survival [189] (Figure 8). Thus, lysosomal activity is indispensable for senescent cell survival, and understanding the mechanism of the lysosomal biogenesis pathway in senescent cells could be a potential druggable pathway to develop a novel senolytic drug strategy to eliminate the senescent cells.



Autophagy dysfunction is a major hallmark of neurodegenerative disease. The final stage of AD is brain atrophy with extensive neuronal cell loss accompanied by decreased brain volume. However, the exact mechanism of brain atrophy is unknown. In AD brains, proteotoxic stress drives neuronal senescence, typically apoptosis-resistant. Nonetheless, cells die at a late stage of senescence by unknown mechanisms. Interestingly, the Golgi-membrane-associated degradation (GOMED) has been considered as an alternative autophagy that can function in the absence of LC3 (ATG8/autophagy-related protein 8) conjugation machinery, including ATG5, ATG7, and LC3. Notably, the other autophagy regulatory proteins, including ULK1, Beclin1, and Rab9 are essential for LC3-independent autophagy. The GOMED pathway is activated upon the impairment of the Golgi to plasma membrane trafficking, and eventually, the Golgi membrane generates the double-membranous autophagosomes [190,191]. Moreover, an early-onset of autolysosomal pathology has been identified in the polyglutamine disease dentatorubral-pallidoluysian atrophy (DRPLA), in which canonical autophagy is chronically inhibited and eventually activates the alternative autophagy pathways, including the GOMED and nucleophagy-mediated degradation or secretion of LMNB1. Thus, LC3-independent alternative autophagy extensively disrupts the nuclear membrane integrity, causing neuronal degeneration, eventually leading to terminal cell atrophy [192] (Figure 8).





5. Concluding Remarks


AD is a protein aggregation disease affecting the heterogeneous types of cells in the human brain, causing memory retrieval dysfunctions and loss of brain volume. Tauopathy is a group of more than 20 neurodegenerative diseases caused by aggregation of tau in neurons. AD is the most prevalent tauopathy associated with extracellular aggregation of Aβ plaques and intracellular accumulation of NFTs. Thus, understanding the molecular and cellular mechanisms of the dynamics of pathological tau degradation or clearance in AD will immensely benefit understanding the basics of tau degradation and its dysfunction in more than twenty tauopathies and eventually develop novel effective therapeutic strategies. Tau is a natively unfolded protein and does not have a definite structure. In AD, phosphorylated tau is misfolded and eventually recruits molecular chaperones Hsc70/HSP70 and HSP90 and their co-chaperones BAG-1 and FKBP51 to prevent tau aggregation or disease progression. Multiple degradative systems, including the 20S proteasome, 26S proteasome, CMA, autophagy, and aggrephagy control the tau level in neurons. If so, then it is still unclear how neurons determine which degradative pathway needs to be activated to maintain tau at the physiological level. Post-translational modifications on tau, such as phosphorylation, acetylation, and ubiquitination, determine which degradative pathway is required to clear pathological tau. The 20S proteasome degrades natively unfolded tau, whereas CMA degrades folded tau that can be phosphorylated or non-phosphorylated. The 26S proteasome degrades phosphorylated tau conjugated with ubiquitin chains, mainly K48-linked polyubiquitinated. Furthermore, 26S may also degrade hybrid ubiquitinated tau such as K48/K6-, K48/K11-, and K48/K63-linked polyubiquitin chains not identified in tau. Macroautophagy (autophagy) degrades the impaired 26S proteasome substrate of tau, which is phosphorylated, acetylated, and ubiquitinated. Tau aggregates form upon the sequential failure of proteasome and autophagy. Aggrephagy specifically degrades tau aggregates, and NFTs form upon the impairment of aggrephagy. The ubiquitin chaperone complex VCP-HSP70 extracts pathological tau (monomers, oligomers, and PHFs) from NFTs for either the UPS or autophagy-mediated tau clearance, which is impaired in neurons and eventually secretes pathological tau into the extracellular space (Figure 2). Neurons become senescent to prevent adverse effects from accumulating NFTs and the sequential failure of protein degradation pathways. Secreted tau can be cleared by healthy neurons and their supporting cells, including astrocytes, microglia, OPCs, and OLs. However, pathological tau impairs proteostasis in the recipient cells and may turn them into senescent cells. Chronically inhibiting autophagy with Baf-A1 and the 26S proteasome with MG-132 is sufficient to induce senescence in human fibroblasts, indicating that proteotoxic stress drives senescence. Microglia are guardians of the CNS cell types and receive signals from neurons, astrocytes, and OLs to maintain homeostasis. However, microglia become hypertrophic senescent cells due to chronic exposure to stress signals from other cell types and eventually secrete various SASP contents into the extracellular space. Secreted SASP from different cell types can adversely affect the CNS environment, causing extensive neuronal cell death and brain atrophy (Figure 6). Thus, designing novel drugs targeting both clear tau aggregates and alleviating senescent cells associated with immune responses will be a potential therapy for tauopathy, including Alzheimer’s disease.




6. Challenges and Future Directions


In this review article, we briefly described the basic mechanisms of tau degradation and its link with post-translational modifications that precede sequential tau degradation in AD brains. Since AD is a chronic brain illness, impairment in tau degradation causes proteotoxic stress, which signals the nucleus to undergo remodeling and trigger apoptosis-resistant senescent phenotypes for cell survival. Senescent cells are non-dividing, pro-inflammatory, defective in protein degradation systems, and survive through secretory pathways by secreting various SASP factors. The secreted SASPs can adversely affect the proteostasis and cell homeostasis activities in adjacent cells, triggering more senescence and cell death, reducing the brain volume, and spreading tau pathology in AD. However, the exact mechanism of how UPS and autophagy are impaired in AD brains, causing the accumulation of tau aggregates and triggering downstream effects, is unknown.



Notably, a genome-wide association study (GWAS) provides rich information about the genetic markers associated with AD. Most human genetic mutations associated with tau pathology directly or indirectly affect the protein degradation systems, causing proteotoxic stress, eventually exacerbating oxidative and nuclear stress, including impaired DNA damage response, thus promoting senescence. Therefore, functional characterization of AD risk factor genes relevant to proteostasis activity will help understand how they affect the UPS and autophagy activities causing the accumulation of pathological tau. Interestingly, some AD risk genes (APOE, BIN1, PICALM, CD2AP, SORL1, GRN, PLD, PLD3, INPP5D, MEF2C, EPHA1, PTK2B, CLU, and TREM2) are directly or indirectly associated with endosome–lysosome and autophagy pathways and regulate tau degradation (reviewed elsewhere [14,193,194]). Tau has also been shown to accumulate in various human gene mutations associated with tauopathy brains [195] such as frontotemporal dementia (FTD)-associated CHMP2B [196,197,198,199], UBQLN2 [200,201,202,203], VCP [204] and SQSTM1 [205,206,207,208], and Parkinson’s disease (PD)-associated LRRK2 [209,210] and Pick’s disease (PiD), PSP, CBD-associated MAPT haplotypes [211,212,213], and ALS-associated C9orf72 [214] and TDP-43 [215,216]. Thus, it is clear that AD risk genes and mutations in other tauopathy-associated genes impair proteostasis, causing proteotoxic stress and tau accumulation.



Since the tau clearance mechanism is important for preventing AD progression, it will be helpful to develop an effective therapeutic strategy against the accumulation of pathological tau by understanding the basic mechanism of how proteostasis activity is impaired by AD risk genes. There are some small molecules that can enhance autophagy-mediated tau degradation and also prevent tau transmission, as reviewed elsewhere [14]. However, some drugs may not work effectively because of the presence of senescent cells in AD brains. The future therapeutic strategies for AD or tauopathy could be firstly eliminating senescent cells using senolytic drugs followed by strategies to clear tau and promote anti-inflammatory effects, which will be a potential therapy to prevent the disease progression. There will be some challenges in understanding the impact of drugs in the above-mentioned therapeutic strategies because of the need for standard biomarkers to diagnose proteotoxic stress and senescence at the cerebrospinal fluid (CSF) or blood levels in the patients. There are many senotherapeutics currently available that include the killing of senescent cells by senolytics targeting the anti-apoptotic BCL-2 protein family and decreasing the level and activity of SASP factors by senomorphics as reviewed elsewhere [86,217,218]. Since AD is a multifactorial disease, in addition to senotherapeutics, strategies to enhance pathological tau clearance are essential as combinatorial therapy for AD.



Identifying senescent cell-secreted SASP markers in the CSF or blood levels may be challenging because some of the cytokines overlap with NF-κB-activated innate immune responses in the cells, such as DAMs, which are different from senescent microglia. It is important to identify a unique and common receptor at the cell surface level for senescent cells, which can be further sorted out based on the cell type marker in the brain or in vitro conditions. Sorted-out cells based on the above features can be further separated based on the type of SASP factors they secrete to distinguish them from other cell phenotypes, such as DAM and cell types (neurons, astrocytes, oligodendrocytes, and microglia), at least for in vitro conditions. There are many common senescent markers available to identify senescence at the cellular level, including the accumulation of lipofuscin, SA-β-gal in the lysosomes, and increased levels of p16, p19, p21, phosphorylated p53, and retinoblastoma protein, and the absence of cell proliferation marker Ki-67. These cellular senescence markers can be combined with cell-type specific markers to distinguish the cell types undergoing senescence in the brains. However, these cellular senescence markers may not be detectable in a living AD patient’s CSF or blood. Thus, identifying novel SASPs is crucial for distinguishing patient populations that may be responsive to senolytic intervention for AD.



The UPS degrades proteins, whereas autophagy degrades both proteins and intracellular defective organelles to keep the cells functioning. In AD, the UPS and autophagy are impaired, causing the accumulation of pathological tau, which eventually affects the endoplasmic reticulum-associated protein degradation (ERAD) pathway [219] and activates the unfolded protein response (UPR) signaling [220,221,222]. In another study, the accumulation of pathological tau did not induce the UPR in the rTg4510 mouse model of tauopathy [223]. This is in contrast to other prior studies, which showed an induction of UPR by pathological tau. The reason for the difference in ER stress–tau pathology in different studies using different tau models is still being determined. Chronic activation of the UPR induces cell apoptosis [222]. However, it is not clear how pathological tau dysregulates the UPR and induces senescence in AD brains.



Intracellular accumulation of pathological tau as a proteotoxic stress marker and a decreased level of lamin B as a cellular senescence marker for nuclear remodeling can help identify the causal link between proteotoxic stress and senescence in AD or tauopathy. However, whether senescent cells also undergo cell death pathways later in disease progression is unclear. Moreover, the balance between cell survival via senescence versus cell death by apoptosis or other mechanisms and how it aligns with brain atrophy in AD is unknown. Thus, understanding the mechanisms of how tau dysregulates the proteotoxic stress pathways, including the UPR, UPS, autophagy and apoptosis, and nuclear remodeling for senescent cell survival, tau pathology progression, and brain atrophy are critical to developing novel therapeutic strategies against senescent cell, tau accumulation, and brain atrophy in AD. It is essential to understand the dysfunction of the tau clearance mechanism and proteotoxic stress pathways in driving senescence/inflammation. Such information will help identify novel biomarkers linking tau pathology and senescence in AD brains.
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Figure 1. 20S proteasomal degradation of tau. The structure of the 20S proteasome consists of 7 different α subunit proteins (α1–α7—blue) and β subunit proteins (β1–β7—light red) in which β1, β2, and β5 subunits are constitutively catalytic active. The heptameric α subunits form an outer ring-like structure at the top and bottom of the inner two layers of heptameric β subunit proteins, stacked antiparallelly as an inner ring-like structure. The 20S proteasome can degrade natively unfolded tau. But, it does not degrade folded, phosphorylated (conformational changed), and ubiquitinated tau because of the absence of protein unfoldase and deubiquitinase activities, which are required to unfold and deubiquitinate tau before entering into the catalytic β subunit core proteins. Abbreviation: Ub, ubiquitin. 
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Figure 2. Overview of dynamics of tau degradation in AD. The degradation pathway for tau is selected based on the diversity of tau species based on their structure and post-translational modifications. In AD, non-ubiquitinated tau substrates, including unfolded and misfolded tau, can be degraded by the 20S proteasome and CMA, respectively. Misfolded ubiquitinated tau substrates, including phosphorylated and acetylated tau, can be degraded by the 26S proteasome and macroautophagy (autophagy), respectively. Hyperubiquitinated aqueous tau aggregates are degraded by liquid-phase aggrephagy, whereas solid tau aggregates of NFTs with or without ubiquitin chains are degraded by solid-phase aggrephagy. The ubiquitin chaperone, VCP/p97 ATPase, binds to HSP70 and synergistically extracts tau from NFTs for the UPS or autophagy degradation. The pathological tau extracted from NFTs can be monomers, oligomers, and PHFs secreted into the extracellular space upon the impairment of the UPS or autophagy in neurons. Abbreviations: p-Tau, phosphorylated tau; CMA, chaperone-mediated autophagy; AD, Alzheimer’s disease; NFTs, neurofibrillary tangles; VCP, valosin-containing protein; HSP70, heat shock protein 70, UPS, ubiquitin–proteasome system; and PHFs, paired helical filaments. 
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Figure 3. Molecular chaperones regulate tau degradation and stability via ubiquitination. (A) The 26S proteasomal degradation of tau. In AD, MT-bound tau can be phosphorylated by various kinases such as PKA, CaMKII, GSK-3β, and Cdk-5, causing tau to detach from MT (1). Then, aggregation-prone phosphorylated tau is recognized by HSP70/Hsc70 and its cochaperone BAG-1 to assist K48-linked polyubiquitination by the E3-ubiquitin ligase CHIP and E2-ubiquitin-conjugating UbcH5B protein complex (2). BAG-1 functions as a nucleotide exchange factor to release the misfolded and ubiquitinated tau from chaperones (3). The 26S proteasome consists of the inner catalytic core 20S proteasome and the outer regulatory 19S proteasome subunits, which recognize the ubiquitinated tau through binding to its ubiquitin chains and immediately unfold and deubiquitinate before entering into the 20S proteasome for tau degradation. The ubiquitinated tau substrate can be (4a) folded, (4b) phosphorylated and folded, and (4c) phosphorylated and unfolded. The non-ubiquitinated tau, including phosphorylated and non-phosphorylated folded tau, unfolded phosphorylated tau, and K63-linked polyubiquitinated tau, are not substrates for the 26S proteasomal degradation (5). (B) HSP90-FKBP51 regulates tau oligomerization. During in vitro conditions, HSP90 binds to paper-clip conformers of tau and promotes their oligomerization, which involves MTBRs (1). During in vivo conditions, HSP90 binds to its co-chaperone FKBP51 and enhances tau oligomerization (2), but this interaction does not allow transition into Thioflavin-T positive fibrillar tau (3). The HSP90-FKBP51 complex synergistically inhibits 20S proteasome-mediated degradation of tau (3), leading to the accumulation of phosphorylated tau (pT231) and toxic tau oligomers (T22 positive oligomers) (4). Tau oligomers can be stabilized by K63-linked polyubiquitin chains, which cannot be degraded by the 26S proteasome (5) unless it obtains K48-linked ubiquitin as a hybrid K63/K48-linked ubiquitination. Abbreviations: Ub, ubiquitin; CHIP, C-terminus of Hsc70-interacting protein; HSP70, heat shock protein 70; BAG-1, BCL2 Associated Athanogene-1; UbcH5B, ubiquitin-conjugating enzyme E2D 2; ATP, adenosine triphosphate; ADP, adenosine diphosphate; Pi, inorganic phosphate; HSP90, heat shock protein 90 kDa; FKBP51, FK506 binding protein 51 kDa; pT231, phosphorylated Tau at threonine 231; T22, tau oligomer specific antibody; and MTBRs, microtubule-binding repeats. 
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Figure 4. Chaperone-mediated autophagy (CMA) degradation of tau. The molecular chaperone Hsc70 binds to CMA motifs in tau and eventually interacts with the lysosome-associated membrane protein 2A (LAMP2A), which oligomerizes to form a channel-like structure to deliver tau along with Hsc70 into the lumen of the lysosome for degradation. Hsc70 stays with tau until the proteases digest tau. If not, tau gets aggregated in an acidic environment, leading to the generation of amyloidogenic tau fragments. The CMA can degrade tau if the CMA motifs can be easily accessible in either folded or unfolded tau. Acetylated tau is not a substrate of CMA, and it can eventually obtain ubiquitin chains for either autophagy or 26S proteasomal degradation. Abbreviations: HSP70, heat shock protein 70; Hsc70, heat shock cognate 71 kDa protein; CHIP, C-terminus of Hsc70-interacting protein; UPS, ubiquitin–proteasome system; CMA, chaperone-mediated autophagy; LAMP2A, lysosome-associated membrane protein 2A; and Ub, ubiquitin. 
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Figure 5. Autophagy degradation of tau. (A) Macroautophagy (autophagy) can degrade ubiquitinated non-aggregates or aggregates of tau upon the impairment of the ubiquitin–proteasome system (UPS). An autophagy receptor p62 (SQSTM1) recognizes polyubiquitinated tau as an autophagy cargo and interacts with LC3 (ATG8), which is lipidated with phosphatidylethanolamine (PE) to anchor cargo at the inner leaflet of the lipid bilayer for phagophore membrane expansion. Autophagosomes formed against tau can fuse to lysosomes for tau degradation, which is known as macroautophagy (autophagy). (B) Aggrephagy degradation of tau aggregates. Hyperubiquitinated tau aggregates within the aqueous phase are recognized by the p62 receptor initially and subsequently recruit other SQSTM1-like receptors (SLRs), including the next to BRCA1 gene 1 protein (NBR1) and Tax1 binding protein 1 (TAX1PB1) via their ubiquitin-binding domain (UBA). Tau aggregates are condensed via liquid–liquid phase separation (LLPS) (1) and recruit autophagy regulatory proteins, including LC3, for phagophore membrane expansion for liquid aggrephagy-mediated clearance of tau aggregates (2). However, some unknown factor(s) impair autophagosome formation or autophagosome maturation with the lysosome, leading to the formation of membrane-less solid aggregates of NFTs, which can be differentially marked with various linkage-specific ubiquitin chains (3). The molecular chaperone aggrephagy receptor chaperonin containing TCP1 subunit 2 (CCT2) can recognize solid protein aggregates via its apical domain for solid aggrephagy-mediated clearance of tau aggregates with or without ubiquitin chains (4a). The ubiquitin chaperone valosin-containing protein (VCP)/p97 ATPase extract ubiquitinated tau aggregates (K48/K6, K48/K11, or K48/K63 hybrid ubiquitin chains) for either autophagy or UPS-mediated degradation (4b). However, pathological tau, including monomers, oligomers (K63-linked or K48/K63-linked hybrid ubiquitin chains), and PHFs, are secreted into the extracellular space upon the impairment of autophagy or UPS. NFTs are marked with M1-linked linear ubiquitin chains for NF-κB associated inflammatory signaling activation in AD brains. Abbreviations: Ub, ubiquitin; LC3-PE, phosphatidylethanolamine conjugated to C-terminus of microtubule-associated protein 1 light chain 3; UPS, ubiquitin–proteasome system; HSP70, heat shock protein 70; and NFTs, neurofibrillary tangles. 
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Figure 6. Proteotoxic stress drives cellular senescence in AD. Pathological tau and Aβ drive proteotoxic stress in neurons by impairing the UPS and autophagy, causing an accumulation of intracellular NFTs and extracellular Aβ plaques in AD brains. Degenerating neurons secrete pathological tau into the extracellular space, where healthy neurons, microglia, astrocytes, OPC, and OL can endocytose/phagocytose tau for clearance. However, secreted tau species, including monomers, oligomers, and PHFs, are seeding competent, which propagates tau pathology in neurons and mature OL. Degenerating neuronal dendrites can secrete CSF1 and IL-34 that induce replicative senescence in microglia associated with the extracellular Aβ plaques (1). Pathological tau induces proteotoxic stress-driven senescence in microglia upon proteostasis impairment (2). Endocytosed tau oligomers can induce senescence in astrocytes and lead to the secretion of HMGB1 into the extracellular space. Senescent astrocytes may impair glutamate homeostasis, leading to glutamate excitotoxicity in AD (3). Protein aggregates (PAs) and senescent astrocytes secreted HMGB1 can also impair the differentiation of OPC into mature OL, causing demyelination of neurons (4). Abbreviations: CSF1, colony-stimulating factor 1; IL-34, interleukin-34; PAs, protein aggregates; Aβ, amyloid beta; NFT, neurofibrillary tangle; OPC, oligodendrocyte progenitor cell; OL, oligodendrocyte; and HMGB1, high mobility group box 1. 
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Figure 7. Senescent astrocytes impair glutamate homeostasis in AD. Senescence in astrocytes is induced by AD-associated tau oligomers/Aβ1–42 peptide. Senescent astrocytes show characteristics of increased GFAP, p16, HMGB1, APOE, and connexin-43 (CX43), and decreased EAAT 1/2, Kir4.1, and AQP4 levels upon exposure to ionizing radiation (1). The glutamate–glutamine cycle is essential for proper neuronal excitation by which presynaptic neurons release glutamate at the synaptic zone. The SNARE complex regulates the fusion of glutamate vesicles with the presynaptic membrane to release glutamate (2). AMPAR/NMDAR binds to glutamate, eventually allowing an influx of Na+ and Ca2+ ions to induce an action potential at the postsynaptic neurons (3). Excessively released glutamate is taken up by astrocytes via EAAT 1/2 channels, where glutamine synthase (GS) converts glutamate into glutamine and is exported into neurons for the next cycle of neuron excitation by which regulated neurotransmission is maintained (4). In senescent astrocytes, the EAAT 1/2 level is decreased, causing the accumulation of glutamate in the synaptic cleft and extrasynaptic regions, which leads to excitotoxicity (5), impairing AD memory retrieval. Abbreviations: HMGB1, high mobility group box 1; GFAP, glial fibrillary acidic protein; p16, cyclin-dependent kinase inhibitor 2A; K+, potassium ion; Kir4.1, inwardly rectifying potassium channel 4.1; AQP4, aquaporin-4; GS, glutamine synthase; EAAT 1/2, excitatory amino acid transporters 1/2; APOE, apolipoprotein E; CX43, connexin-43; Gln, glutamine; Glu, glutamic acid; VGLUT, vesicular glutamate transporter; SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor; mGluR, metabotropic glutamate receptor; Na+, sodium ion; Ca+, calcium ion; AMPAR, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; and NMDAR, N-methyl-D-aspartate receptor. 






Figure 7. Senescent astrocytes impair glutamate homeostasis in AD. Senescence in astrocytes is induced by AD-associated tau oligomers/Aβ1–42 peptide. Senescent astrocytes show characteristics of increased GFAP, p16, HMGB1, APOE, and connexin-43 (CX43), and decreased EAAT 1/2, Kir4.1, and AQP4 levels upon exposure to ionizing radiation (1). The glutamate–glutamine cycle is essential for proper neuronal excitation by which presynaptic neurons release glutamate at the synaptic zone. The SNARE complex regulates the fusion of glutamate vesicles with the presynaptic membrane to release glutamate (2). AMPAR/NMDAR binds to glutamate, eventually allowing an influx of Na+ and Ca2+ ions to induce an action potential at the postsynaptic neurons (3). Excessively released glutamate is taken up by astrocytes via EAAT 1/2 channels, where glutamine synthase (GS) converts glutamate into glutamine and is exported into neurons for the next cycle of neuron excitation by which regulated neurotransmission is maintained (4). In senescent astrocytes, the EAAT 1/2 level is decreased, causing the accumulation of glutamate in the synaptic cleft and extrasynaptic regions, which leads to excitotoxicity (5), impairing AD memory retrieval. Abbreviations: HMGB1, high mobility group box 1; GFAP, glial fibrillary acidic protein; p16, cyclin-dependent kinase inhibitor 2A; K+, potassium ion; Kir4.1, inwardly rectifying potassium channel 4.1; AQP4, aquaporin-4; GS, glutamine synthase; EAAT 1/2, excitatory amino acid transporters 1/2; APOE, apolipoprotein E; CX43, connexin-43; Gln, glutamine; Glu, glutamic acid; VGLUT, vesicular glutamate transporter; SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor; mGluR, metabotropic glutamate receptor; Na+, sodium ion; Ca+, calcium ion; AMPAR, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; and NMDAR, N-methyl-D-aspartate receptor.
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Figure 8. Nuclear remodeling and TOR-autophagy spatial coupling compartment (TASCC) regulate senescence cell survival. Senescent-inducing factors regulate the translocation of nuclear transmembrane protein lamin B receptor (LBR) into the cytoplasm for proteasomal degradation or are, perhaps, degraded by nucleophagy (1). Chronic inhibition of the UPS or autophagy induces senescence by remodeling the nucleus for relaxed gene expression. The oncogene RAS-induced autophagy, but not by mTOR inhibition or starvation-induced autophagy, regulates the degradation of lamin B1 (LMNB1), causing oncogene-induced senescence (2). In senescent cells, nuclear autophagy (nucleophagy) degrades LMNB1 nuclear blebs (2) and SIRT1 (3) by interacting with ubiquitin-like LC3B to remodel the nuclear membrane and chromatin for relaxed gene expression (4). Senescent cells import the proteasome subunit proteins into the nucleus to assemble the 26S proteasome and eventually form senescence-associated nuclear proteasome foci (SANP) by actively recruiting VCP/p97 ATPase and RAD23 to degrade unknown nuclear proteins (5). Senescent cells enhance the nuclear translocation of active dephosphorylated TFEB (6) and NF-κB (7) for increased lysosome biogenesis and senescence-associated immune response gene expression (8), respectively. In RAS-induced senescence, the trans-Golgi network (TGN) provides a novel compartment, TOR-autophagy spatial coupling compartment (TASCC), for accelerated mTOR and autophagy activities (9), which is essential for senescent cell survival. An alternative autophagy, LC3-independent Golgi-membrane-associated degradation (GOMED) pathway is activated upon the impairment of the Golgi to plasma membrane trafficking that eventually triggers extensive remodeling of the nuclear membrane leading to the terminal cell atrophy (10). Abbreviations: LBR, lamin B receptor; LMNB1, lamin B1; SIRT1, sirtuin 1; LC3B, microtubule-associated protein 1 light chain 3 beta; TFEB, transcription factor EB; TGN, trans-Golgi network; SASP, senescence-associated secretory phenotype; NF-κB, nuclear factor kappa B; IL, interleukin; TNFα, tumor necrosis factor alpha; ER, endoplasmic reticulum; RAD23B, UV excision repair protein RAD23 homolog B; VCP, valosin-containing protein; mTOR, mammalian target of rapamycin; RAS, rat sarcoma virus; TASCC, TOR-autophagy spatial coupling compartment; GOMED, Golgi-membrane-associated degradation; and SANP, senescence-associated nuclear proteasome foci. 
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