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Neurodegenerative diseases (NDs) involve complex cellular mechanisms that are incompletely understood. Emerging findings have revealed that disruption of nuclear processes play key roles in ND pathogenesis. The nucleus is a nexus for gene regulation and cellular processes that together, may underlie pathomechanisms of NDs. Furthermore, many genetic risk factors for NDs encode proteins that are either present in the nucleus or are involved in nuclear processes (for example, RNA binding proteins, epigenetic regulators, or nuclear-cytoplasmic transport proteins). While recent advances in nuclear transcriptomics have been significant, studies of the nuclear proteome in brain have been relatively limited. We propose that a comprehensive analysis of nuclear proteomic alterations of various brain cell types in NDs may provide novel biological and therapeutic insights. This may be feasible because emerging technical advances allow isolation and investigation of intact nuclei from post-mortem frozen human brain tissue with cell type-specific and single-cell resolution. Accordingly, nuclei of various brain cell types harbor unique protein markers which can be used to isolate cell-type specific nuclei followed by down-stream proteomics by mass spectrometry. Here we review the literature providing a rationale for investigating proteomic changes occurring in nuclei in NDs and then highlight the potential for brain cell type-specific nuclear proteomics to enhance our understanding of distinct cellular mechanisms that drive ND pathogenesis.
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INTRODUCTION

Neurodegenerative diseases (NDs), including Alzheimer's Disease (AD), afflict more than 50 million people worldwide, resulting in lower quality of life for both the afflicted individuals and their caretakers (Prince et al., 2013). With increasing lifespans, the number of individuals living with NDs is projected to double by 2050 (Prince et al., 2016). Effective disease-modifying therapies for most NDs are currently lacking although some progress has been made recently in AD therapeutics (Briggs et al., 2016; Sevigny et al., 2016; Tanzi, 2021).

Different cell types of the central nervous system (CNS) including neurons, microglia, astrocytes, oligodendrocytes and endothelial cells are affected by (and may in turn contribute to) ND pathology in a cell-type specific manner. To highlight this, De Strooper and Karran describe a “cellular phase” of AD, which follows a “biochemical phase” characterized by amyloid beta accumulation and tau hyperphosphorylation (Strooper et al., 2016), in which each cell-type has a unique phenotype invested with a profile of mechanisms which react and contribute to disease pathogenesis (Strooper et al., 2016). These cell-type specific mechanisms can either accelerate or hamper disease pathogenesis. Thus, resolving mechanisms of NDs requires molecular characterization of distinct CNS cell types.

While bulk and single nuclear transcriptomics of post-mortem human brain have provided several novel insights into cell type-specific ND mechanisms, transcriptomic data is poorly reflective of functional protein-level abundance data (Seyfried et al., 2017; Higginbotham et al., 2020). This data may be captured by unbiased proteomics strategies such as mass spectrometry. Unfortunately, proteomics of different CNS cell types from human brain is limited due to limited fresh brain tissue availability and low recovery of CNS cell types for downstream proteomic analyses. Even from fresh human brain, recovery of intact astrocytes, oligodendrocytes and neurons is highly limited (Kelley et al., 2018). However, unlike the cell membrane, the nucleus of the cell retains its structural integrity even in frozen brain specimens. This feature allows for the potential to isolate cell-type specific nuclei from archived brain specimens. Proteomics of purified nuclei from the brain, therefore, holds significant potential to elucidate disease-driving mechanisms in humans.

The nucleus is a membrane-bound organelle within eukaryotic cells that houses the genome, regulates cellular activities, and plays critical roles in cellular homeostasis and disease (Guo and Fang, 2014). Proteins that reside in the nucleus or traffic to the nucleus regulate chromatin structure and folding, DNA replication, RNA synthesis and splicing, and orchestrate gene expression programs (Dundr and Misteli, 2001). Therefore, characterization of the proteomic composition of nuclei could provide a wealth of information regarding disease processes. This could be done by leveraging existing biorepositories of non-fixed frozen human brain tissues across several NDs.

In this review, we highlight nuclear processes that play pathophysiological roles in NDs and discuss how CNS cell-type specific nuclear proteomics can provide critical insight into disease pathogenesis. Last, we review emerging methodologies for cell type-specific nuclear proteomics using human brain tissues.



STRUCTURE AND SUB-COMPARTMENTS OF THE NUCLEUS

Proteins contained within the nucleus can be characterized by their functional role in the nucleus and by their compartmental localization in the nucleus. Unlike a cell which is organized into subcellular organelles enclosed by membranes, the cell nucleus is “spatially organized” into territories. The nucleus is composed of distinct spatially organized compartments, such as the nuclear envelope, nucleolus, nuclear speckles, nuclear bodies, chromatin, and the nuclear lamina and matrix which are represented in Figure 1A. Generally, distinct chromosomes fold themselves into separate territories of chromatin, DNA coiled around nucleosomes made of histone proteins. Chromatin tends to arrange into configurations which co-localize genes with similar functions (including those on different chromosomes). For example, genes encoding ribosome subunits, rDNA, localized into Nucleolar Organizing Regions (NORs) which compose the nucleolus (Thompson et al., 2003; Kobayashi, 2008; Meldi and Brickner, 2011). The nucleolus is a complex structure composed of DNA, RNA, and proteins which regulate ribosome biogenesis.


[image: Figure 1]
FIGURE 1. Nuclear compartments and functional groups of proteins perturbed in neurodegenerative diseases. (A) Visualization of nuclear structures (one way to characterize nuclear proteins). (B) Visualization of aberrant nuclear mechanisms in neurodegeneration as discussed in paper.


The nucleus also houses structures which provide structural and mechanical support, such as the nuclear lamina and the nuclear matrix. The nuclear lamina is associated with the inner membrane of the nuclear envelope and is composed of various lipids and membrane proteins. The nuclear lamina helps retain the structure of the nucleus, organize chromatin and chromatin folding, and anchor the nuclear pore complex in the nuclear envelope. The nuclear matrix is similar in function to the nuclear lamina in that it provides structural support, but it extends throughout the nucleoplasm providing a scaffold upon which chromosomes can fold and organize themselves. Both of these structures associate to specific regions of repressed heterochromatin called Lamina Associated Domains and Matrix Associated Domains, respectively (Guerreiro and Kind, 2019). The association of these chromatin domains to their respective structure aids in folding of chromosomes as well as the maintenance of generally transcriptionally repressed heterochromatin. In this way, these components not only maintain the structural organization of the nucleus, but also reinforce cell-type specific regulation of gene expression.

Additionally, proteins and RNA can localize into distinct structures called “nuclear bodies” which can regulate key biological processes such as transcription, mRNA splicing and DNA repair. There are several well-known nuclear body subtypes such as the Histone Locus Body, the Cajal Body, and the Promyelocytic Leukemia nuclear body. During transcriptional regulation, it is proposed that genes could either move to nuclear bodies or that the appropriate nuclear bodies could form de novo at transcriptional sites or at specific chromosomal loci.

Finally, the nuclear speckles represent another group of nuclear domains which are enriched with pre-mRNA splicing factors such as small nuclear ribonucleoproteins (snRNPs) and Serine/Arginine-rich (SR) proteins (Fu, 1995). Many other regulatory factors have been found in the nuclear speckles which suggest their multi-functional roles in nuclear homeostasis. Nuclear speckles are dynamic structures, where some constituents with low complexity (LC) or LC prion-like domains can interact and reversibly self-aggregate (Galganski et al., 2017). However, unlike SR proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) which have prion-like domains that can bind RNA to dynamically enhance or suppress splicing sites, snRNPs are more structurally rigid protein complexes scaffolded by snRNA (Chatel and Fahrenkrog, 2012; Bai et al., 2013; Diner et al., 2014; Xue et al., 2019; Khan et al., 2020).

In conclusion, the nucleus has functionally distinct compartments which are spatially organized rather than organized by membranes (Figure 1A). These distinct compartments are vital to the homeostatic maintenance of DNA transcription, and mRNA production, maturation, and export among other nuclear functions. Proteins' localization to specific nuclear compartments helps determine their functional role. As we examine nuclear proteomes during ND pathogenesis, we may additionally consider pairing observations on the subnuclear localization of significantly altered proteins, e.g., among associated chromatin domains, as well as determining how major nuclear components are altered longitudinally over the course of ND pathogenesis.



PATHOPHYSIOLOGICAL ROLES OF THE NUCLEUS IN NEURODEGENERATIVE DISEASES

The relevance of the nucleus in NDs is indicated by the results of genomic studies, which have found that nuclear-expressed gene products are risk factors for disease. Findings from genome-wide association studies (GWAS) have helped define the genetic risk architecture underlying NDs including late onset AD (LOAD) (Lambert et al., 2013), amyotrophic lateral sclerosis (ALS) (van Rheenen et al., 2016), frontotemporal dementia (FTD) (Ferrari et al., 2014), Huntington's disease (HD) [Genetic Modifiers of Huntington's Disease (GeM-HD) Consortium, 2015; Moss et al., 2017], and Parkinson's Disease (PD) (Grenn et al., 2020). Nuclear expression and/or the impact on nuclear biology are common themes among risk-associated genes across these NDs (Leeuw et al., 2015; Kunkle et al., 2019). A high-level summary of nuclear mechanisms that are disrupted in NDs is provided in Figure 1B.

One critical paradigm related to the genetic determinants of NDs are genomic repeat expansions. These genetic variants can have strong impacts on nuclear biology and are causally linked to several known NDs. For example, expansions of “triplet” CAG repeats within protein coding regions cause Spinal Bulbar Muscular Atrophy (SBMA), Huntington's Disease (HD), Spinocerebellar Ataxia type 1 (SCA1), and Dentatorubral-Pallidoluysian Atrophy (DRPLA) (La Spada et al., 1994). In addition, GGGGCC hexanucleotide repeat expansions in non-protein coding regions of the C9ORF72 gene can cause ALS and FTD (DeJesus-Hernandez et al., 2011). While the mechanism by which these mutations contribute to disease pathogenesis is controversial in some diseases, it is suspected that these mutations cause aberrant nucleocytoplasmic transport as shown by the pathological sequestering of RNA binding proteins in the nucleus (Zhang et al., 2015). Repeat-associated non-AUG translation is another mechanism of disease pathogenesis that occurs due to initiation of translation at disease-causing repeat expansions, leading to toxic protein accumulation (Green et al., 2017). Notably, the translated protein products of these repeat expansions encode LC peptides, some of which undergo liquid-liquid phase separation. This phase separation can affect membraneless organelle (all sub-compartments of the nucleus) formation and thus nuclear processes including transcription (Chen et al., 2021).

Analysis of genetic risk markers have implicated nuclear biology in the pathogenesis of many other NDs including LOAD. Multi-marker analysis of genomic annotation (MAGMA) of GWAS studies of over 100,000 subjects have used SNP association data to nominate 1,822 genes with potential causal links to LOAD (Jansen et al., 2019; Kunkle et al., 2019; Johnson et al., 2020). To determine whether these LOAD risk genes include an overrepresentation of genes that encode proteins with known nucleus-associated localization or function, we obtained a list of 7,639 protein-coding gene symbols that were assigned to the Gene Ontology (GO) term “nucleus” (GO term 0005634). Of the 1,822 MAGMA-identified LOAD risk genes, 682 were annotated as producing at least one nuclear localized isoform, representing approximately a third of LOAD risk genes. From this list, we filtered 242 genes with MAGMA significance of p-value < 0.01) with assignment to “nucleus” GO category and performed pathway analyses (ClueGO v2.5.8, a plugin within Cytoscape v3.5) (Chatel and Fahrenkrog, 2012). Pathway analysis of this intersection of nucleus-related genes pertaining to LOAD risk identified groups of genes (Figure 2, Supplementary Data 1) involved in regulation of protein catabolism, amyloid beta metabolism, response to redox stress, repression of gene transcription, interferon signaling, and signaling pathways. Specific genes related to RNA polymerase I expression, ribosomal RNA expression and gene expression included CBX3, CHD4, ERCC2, MTA1, POLR2E, ACTB, and those involved in nucleotide excision repair included ELL, ERCC1, ERCC2, POLR2E, UBE2N. While this GO term-based analysis of LOAD risk genes does not imply exclusive nuclear localization or nucleus-associated function of these proteins, it highlights the potential importance of nuclear biology in LOAD pathogenesis.
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FIGURE 2. ClueGO analysis of cell-type specific proteome. Molecular mechanisms regulated by nuclear-expressed proteins of AD relevance. (A) ClueGO analysis was performed on the 242 proteins encoded by AD risk genes as identified by MAGMA analysis of human AD GWAS (Kunkle et al., 2019), and with known nuclear function (based on GO Nucleus term membership). This analysis identified 12 clusters of biological and molecular processes. Each node represents a GO term and connectivity indicates shared gene symbols. Size of the node represents strength of statistical significance and intensity of color represents number of genes (fewer: red, higher: brown). (B) STRING analysis was performed on these 242 AD risk nuclear proteins to identify functional groups of proteins based on protein-protein interactions (PPI), either functional and/or physical interactions. K means clustering revealed 4 clusters of proteins and key GO terms for each cluster have been shown. Conntectivity represents known PPI (thickness represents strength of connectivity between two proteins). Gene symbols for each are indicated.


In addition to genetic insights from GWAS and repeat expansion disorders, a number of different nuclei-related mechanisms are implicated in NDs. Here we highlight a subset of these mechanisms (Figure 1B) including nucleocytoplasmic transport (NCT), chromosomal maintenance and stability, RNA processing via protein association, and specific proteins misfolding into “inclusion body”-type pathology within the nucleus. Examining the abundance, post-translational modifications and localization of nuclear proteins in neurodegeneration could provide valuable information about ND-driving mechanisms. Below, we briefly review these distinct mechanisms in the context of NDs. To accompany the discussion below, Table 1 displays specific proteins and NDs which are associated with each of the mechanisms discussed.


Table 1. Specific neurodegenerative diseases and aberrant proteins associated with each mechanism.
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Nucleocytoplasmic Transport (NCT)

One key nuclear process that has been implicated in ND pathogenesis is NCT (Zhang et al., 2015; Boeynaems et al., 2016; Gasset-Rosa et al., 2017; Grima et al., 2017; Eftekharzadeh et al., 2018). ND-related NCT dysfunction can manifest in both the failure to import and retain normally nuclear material and failure to export normally cytoplasm-bound material. The resulting mislocalized macromolecules include both proteins and RNA (DiFiglia et al., 1997; Amador-Ortiz et al., 2007; Bichelmeier et al., 2007; Dormann et al., 2010; Gasset-Rosa et al., 2017; Grima et al., 2017; Chou et al., 2018; Eftekharzadeh et al., 2018). The current knowledge of the mechanisms underlying NCT dysfunction in neurodegeneration is limited. Possible mechanisms include (mis)targeting of the proteins/mRNA themselves, dysfunction of the nuclear transport receptors (NTRs) (Kapinos et al., 2017), or of the nuclear pore complex (NPC) (Ori et al., 2013; Sakiyama et al., 2016; Eustice et al., 2017). Despite the incomplete knowledge to date, there are compelling indications that NCT dysfunction contributes to NDs (Zhang et al., 2015; Boeynaems et al., 2016; Gasset-Rosa et al., 2017; Grima et al., 2017; Eftekharzadeh et al., 2018).

NCT dysfunction has been implicated in FUS and TAR-DNA binding protein 43 kDa (TDP-43) proteinopathies because both of these proteins are normally enriched in the nucleus, although in ALS/FTD spectrum disorders, they are mislocalized in the cytoplasm (Arai et al., 2006; Dormann et al., 2010). This mislocalization of FUS/TDP-43 is conspicuous in FTD-TDP, ALS, and in Limbic-predominant age-related TDP-43 encephalopathy (LATE). Some cases of ALS are caused by mutations in the nuclear localization signal (NLS) of the FUS protein (Belzil et al., 2009; Lopez-Erauskin et al., 2018) which disable the translocation of FUS to the nucleus (Dormann et al., 2012). It has been hypothesized that the mislocalization of FUS and TDP-43 causes a loss-of-function disease pathogenesis by disabling their nuclear functions of transcription and pre-mRNA splicing, and also a gain-of-function toxic impact in the cytosolic compartment (Shelkovnikova et al., 2014; Suk and Rousseaux, 2020).

In AD, tau proteins have been hypothesized to play active roles in NCT function and dysfunction (Eftekharzadeh et al., 2018). Not only are tau proteins apparently mislocalized themselves, but they also interact with nucleoporins of the NPC, amplifying the disruption of NCT (Eftekharzadeh et al., 2018). In addition, NCT dysfunction may also be a downstream effect of pathogenetic germline DNA repeat expansions which are linked to several neurodegenerative diseases. For example, C9ORF72 hexanucleotide expansion in patients with FTD and ALS is linked to the failure to transport TDP-43 from the cytoplasm to the nucleus (Balendra and Isaacs, 2018; Zhang et al., 2018). Triplet repeat disorders have also been shown to sequester RNA-binding proteins, which can disrupt NCT (Nalavade et al., 2013; Zhang et al., 2018). To further test whether mislocalization of other molecular entities could be attributed to NCT dysfunction, protein transport assays have been developed and performed (Shani et al., 2017; Hutten and Dormann, 2020). These assays can quantitatively measure the nuclear cargoes imported and/or exported using photobleaching assays or import assays in vitro or in intact cells (Zhang et al., 2015; Eftekharzadeh et al., 2018; Hutten and Dormann, 2020). The same methodology may in the future be combined with proteomics methods to expand the understanding of NCT in healthy and disease states.



Chromosomal Proteins

Chromosome-associated proteins provide complex structural and functional support for the genome and gene regulation, and have been shown to be affected in AD and other NDs (Iourov et al., 2009; Arendt et al., 2010; Potter et al., 2019; Yurov et al., 2019). Chromosomal function and stability are crucial to the homeostatic maintenance within the nuclei of all cell types by reducing aneuploidy (abnormal number of chromosomes in a cell), as well as protecting against chromosomal damage, deletions, insertions, or other chromosomal aberrations (Masai et al., 2010; Vijg and Suh, 2013).

Recent research has demonstrated a strong association between chromosomal instability (CIN) and aging-related neuronal deterioration. CIN mediates neuronal loss and acts as a key feature of the pathogenic cascade in NDs (Yurov et al., 2019). This is evidenced by the obstruction of DNA repair and replication efficiency observed in neurodegeneration which is correlated with CIN (Jeppesen et al., 2011; Yurov et al., 2011). Additionally, neurons with chromosomal aberrations or aneuploidy are much more susceptible to cell death, potentially underlying the shared theme of age-related or regional vulnerability of neurons in different NDs (Arendt et al., 2010). Arendt et al. assert that 20–30% of neurons are aneuploid during early stages of AD, and that aneuploid neurons can account for 90% of neuronal loss observed at autopsy (Arendt et al., 2010). Understanding triggers and mechanisms of CIN and/or aneuploidy in neurons and other CNS cell types could provide valuable information for not only the nuclear pathogenesis of neurodegeneration but also possible future drug targets.



RNA Processing

RNA processing is another crucial aspect of nuclear homeostatic maintenance that may be disrupted in ND pathogenesis (Hsieh et al., 2019). Key players in this process are RNA binding proteins (RBPs) which regulate post-transcriptional gene regulation as well as mRNA splicing, transport, export, and localization (Gerstberger et al., 2014). Therefore, RBPs are partly responsible for the diversity of the proteome. RBP-encoding transcripts as well as genetic mutations in RBPs have been shown to be associated with NDs, including ALS and FTD, where mutations in TARDP, FUS, ATXN2, MATR3, TIA-1, HNRNPA1, and HNRNPA2B1 occur (Sreedharan et al., 2008; Kwiatkowski et al., 2009; Kim et al., 2013a; Johnson et al., 2014; Conlon and Manley, 2017; Kapeli et al., 2017; Mackenzie et al., 2017; Abramzon et al., 2020). In NDs, some of the cognate proteins of these RBP genes become mislocalized (e.g., TDP-43 and FUS), and may be observed in cytosolic stress granules (Arai et al., 2006; Ederle and Dormann, 2017). This mislocalization likely causes loss of normal homeostatic function of these RBPs, resulting in problems in the maturation, splicing, export, and translation of mRNA (Ling et al., 2013). Evidence for this dysregulation may be visible at the proteomic level, displaying incorrectly and dysfunctionally spliced or folded proteins. A proteomic investigation of the nucleus across different cell types and conditions could provide insight into the effect of ND pathogenesis on RBP localization that would not otherwise be revealed by bulk brain proteomics or whole-cell proteomics. Nucleus-specific proteomics could also identify the resulting effect that RBP mislocalization has on protein products that maintain homeostasis in the nucleus.

One disease that is partially attributable to RBPs is myotonic dystrophy (MD) (Lee and Cooper, 2009). MD Type 1 is caused by repeat (CTG)n expansion in the 3′ untranslated region of the DMPK gene (Takahashi and Ishiura, 1999; Orengo et al., 2008). When the expansion becomes large enough, the DMPK transcript binds and sequesters RBPs in the nuclei of cells throughout the body, including in neurons (Lee and Cooper, 2009). The sequestration of RBPs in MD leads to a deleterious, positively reinforcing cycle of mRNA mis-processing and aberrant splicing. Among the MD Type 1-associated phenomena is mis-splicing of the MAPT gene which encodes the protein tau. Tau “tangles” are a characteristic pathologic biomarker of MD type 1, similar to tau neurofibrillary tangles (NFTs) in AD (Caillet-Boudin et al., 2014). MD Type 1 affected individuals develop a tauopathy due to the mis-splicing of tau transcripts in the cell nucleus (Sergeant et al., 2001; Park et al., 2016). Stress granules containing aberrant RBPs were found to be correlated with tau NFT pathology (Maziuk et al., 2018). Additionally, an in vitro study by Apicco et al. determined that reducing levels of the RNA binding protein, TIA-1, protects against the accumulation of tau oligomers and increased neuronal survival (Apicco et al., 2018). This provides further indication that RBPs play a role in tau-mediated neurodegeneration.

A relevant bulk brain proteomic analysis of post-mortem human cases, performed by Johnson et al., discerned that RBPs were a class of proteins which were differentially expressed in asymptomatic AD (persons with presumed preclinical disease, or a high pathologic load still below the threshold that generates cognitive impairment), and symptomatic AD (Johnson et al., 2018). Johnson et al. also investigated how loss of splicing function of RNA binding proteins became evident at the protein level by utilizing a proteogenomic approach which examined alternative exon-exon junctions in AD risk proteins such as BIN1, PICALM, PTK2B, and FERMT2 (Johnson et al., 2014). Based on these observations, it is likely that a nucleus-specific proteomic analysis could yield further insights into aberrant splicing machinery mechanisms involving RBPs in NDs.



Nuclear Inclusion Bodies

Although cytoplasmic inclusion bodies, neuritic (Langfelder and Horvath, 2008) (axonal and dendritic) and extracellular protein accumulation is associated with various NDs, proteinaceous deposits may also occur within cell nuclei. Such deposits may be pathognomonic, as is the case of neuronal Intranuclear Inclusion Disease (NIID) (Sone, 2020). NIID is characterized by eosinophilic hyaline intranuclear inclusions in both the CNS and PNS (Sone et al., 2016). Nuclear inclusions are also seen in other conditions including FTD-TDP, HD, and others (Sieradzan et al., 1999; Woulfe et al., 2001).

NIID is caused by a CGG repeat expansion in the 5′UTR of the NOTCH2NLC (a gene that plays roles in neuronal development by regulating Notch signaling), was discovered in Japanese populations and recently replicated in a European ancestry cohort (Nakamura et al., 2020). The NIID intranuclear inclusions are immunoreactive for ubiquitin, p62/SQSTM1, SUMO1, FUS, and OPTN, suggesting that nuclear ubiquitin-mediated proteasome pathways are normally functioning in the nucleus and those pathways are aberrantly stimulated in NIID (Pountney et al., 2003; Franic et al., 2021). Nuclear inclusions are also seen in other conditions including FTLD-TDP, HD, and others (Sieradzan et al., 1999; Woulfe et al., 2001).



Post-translational Modifications

Post-translational modifications (PTMs) of proteins contribute to the functional diversity of the human proteome by covalently attaching functional groups to amino acids, impacting a protein's localization, functionality, (re)folding and stability. These PTMs include phosphorylation, ubiquitination, and methylation, among many others. Maintenance of homeostatic PTMs is critical to retaining a cell's function and health.

Phosphorylation is one of the most widespread PTMs, and homeostatic regulation of phosphorylation by protein kinases and protein phosphatases can drastically alter the functionality of target proteins. Aberrant hyper-phosphorylation is seen in many NDs, including tauopathies (in which tau becomes hyperphosphorylated and forms NFTs) and TDP-43 proteinopathies (where C-terminal phosphorylated TDP-43 is aberrantly localized outside the nucleus). Hyperphosphorylation of specific amino acid residues on tau is seen to directly incite conformational changes in the protein. Tau hyperphosphorylation is further implicated in neuronal toxicity because hyperphosphorylation of tau precedes NFT aggregation and is also seen to contribute to neuronal toxicity independent of the aggregation of NFTs (Sato-Harada et al., 1996; Cowan et al., 2010; Hoover et al., 2010; Didonna et al., 2019). Phosphorylation is also implicated in other pathologies such as Parkinson's disease, in which aberrant alpha-synuclein aggregates into cytoplasmic inclusions called “Lewy Bodies.” Several phosphorylation sites undergo aberrant phosphorylation in alpha-synuclein proteins, such as Ser129, which is phosphorylated in 4% of homeostatic alpha-synuclein and in 90% of Lewy Body alpha-synuclein (Anderson et al., 2006). The aberrant phosphorylation of Ser129 is seen to modulate the transport of alpha-synuclein between the nucleus and cytoplasm (Goncalves and Outeiro, 2013).

Other PTMs such as aberrant acetylation and ubiquitination are also seen in several NDs. In triplet repeat expansion disorders (such as pathogenetic GAA triplet expansions in Friedreich ataxia or Polyglutamine diseases such as HD) hypo-acetylation of histone proteins can decrease the expression of specific proteins or cause widespread transcriptional deficits at several loci (He and Todd, 2011; Nageshwaran and Festenstein, 2015). Furthermore, ubiquitin is found in pathological protein aggregates in proteinopathies, implicating aberrant regulation of the ubiquitin-proteasome system which is meant to rid a cell of misfolded proteins (Schmidt et al., 2021).

Proteomic studies are able to detect the presence and location of PTMs such as phosphorylation, acetylation, and ubiquitination (Mann and Jensen, 2003). Such modifications can be monitored at different stages of NDs and across different cell types, providing novel proteomic insights in NDs that would otherwise go unnoticed by genomic or transcriptomic approaches.




THE ROLE OF TDP-43 AND TAU PROTEINS IN THE NUCLEUS IN NDS


TAR DNA-Binding Protein 43 (TDP-43)

TDP-43 is a nuclear-enriched protein that binds both DNA and RNA (Furukawa et al., 2016) and is expressed throughout many organs and cell types. TDP-43 plays key roles in RNA processing including regulating mRNA splicing and stability (Arnold et al., 2013; Donde et al., 2019). TDP-43 proteinopathy is now known to be a pathologic hallmark in multiple NDs including FTLD, ALS, and LATE (Feneberg et al., 2018; Nelson et al., 2019; Prasad et al., 2019). Under homeostatic conditions, TDP-43 is dephosphorylated at critical residues including serine 403/404 and 409/410 and localized in the nucleus (Hasegawa et al., 2008; Inukai et al., 2008; Mackenzie et al., 2011). However, under pathological conditions and cellular stress, TDP-43 appears in cellular microdomains called stress granules in the cytoplasm (Khalfallah et al., 2018). In dementias, the cytoplasmic TDP-43 can become hyperphosphorylated (including at the aforementioned critical residues) and arrayed in fibrillary polymers (Prasad et al., 2019). Dysfunction of the NPC may contribute to TDP-43 mislocalization and cytoplasmic aggregation in a deleterious feed-forward mechanism (Chou et al., 2018). In this hypothetical framework, TDP-43 aggregates can induce defects in the NPC, leading to dysfunction in NCT via mislocalization of nucleoporins and transport factors, which may result in more severe TDP-43 pathology. While TDP-43 proteinopathy was initially discovered in the context of ALS/FTD spectrum disorders, TDP-43 proteinopathy is also a pathological hallmark of the more common ND, Limbic-predominant Age-related TDP-43 Encephalopathy (LATE). While FTLD and ALS afflict ~1/1,000 individuals, LATE afflicts ~1/3 persons above the age of 80 (Hogan et al., 2016; Talbott et al., 2016). The impact of a nuclear-enriched protein such as TDP-43 in a broad spectrum of different diseases—some rare, some very common—underscores the relevance of the nuclear proteome to NDs. Because TDP-43 proteinopathy is an essential marker in many NDs and it is predominantly nuclear, changes of nuclear TDP-43 across cell-types and disease phenotypes could provide valuable cell autonomous and non-cell autonomous insights into the nuclear landscape of ND pathogenesis.



Tau Protein

Tau protein isoforms result from alternate splicing of the microtubule associated protein (MAPT) gene (Andreadis, 2006). These proteins are found in both neuronal cells, and to a lesser degree, non-neuronal cells in the CNS (Guo et al., 2017). Tau proteins are most well-known for their role in microtubule assembly and stability, but they also assist in additional functions such as axonal transport (Guo et al., 2017). Aggregated, hyperphosphorylated tau intracellular inclusions characterize “tauopathies,” which are a subclass of NDs that include AD and FTLD subtypes (Kovacs, 2017).

Tau has been found to be present in the nuclei of human brain cells, where it is predominantly present in nucleoli (Brady et al., 1995; Greenwood and Johnson, 1995; Thurston et al., 1996). Different tau isoforms resulting from alternative splicing, localize to different cellular compartments (Goedert et al., 1989; Xia et al., 2016). Additionally, immunofluorescence and western blot analyses indicate that the majority of tau in the nucleus is dephosphorylated (Arrasate et al., 2000). Ortega et al. determined that nuclear dephosphorylated tau was diminished in the CA1 and dentate gyrus (hippocampal) regions of diseased tissue, and further, practically disappeared in the nuclei of neurons with tau tangles (Hernandez-Ortega et al., 2016). This insight in addition to the known nature of tau-mediated neurodegeneration provides reason to investigate the impact of both homeostatic and diseased tau on nuclear mechanisms. Via separate mechanisms, tau may impact both DNA stability and NCT.

Abnormal tau is implicated in CIN by both the effects of tau hyper- phosphorylation (as seen in tauopathies) and by mutations of the MAPT gene affecting increased instability and vulnerability of chromatin (Rossi et al., 2013; Alonso et al., 2018; Colnaghi et al., 2020). Lu et al. determined that hyperphosphorylated nuclear tau lost its ability to bind to DNA and thereby to also protect the cell from differing stressors including thermal denaturation and reactive oxygen species attack (Lu et al., 2013). Hua and He also found that nuclear tau protein, both in its native and phosphorylated states, had the ability to bind to and stabilize DNA (Hua and He, 2002). They also determined that aggregated (pathologic) tau lost its ability to bind to and support DNA. These results indicate that as tau proteins become phosphorylated and form aggregates in NDs such as AD, they lose their ability to stabilize DNA.

In addition to investigating the effect of aberrant phosphorylation of tau proteins on CIN, Rossi et al. assessed the effect of different mutations in the MAPT gene on the ability of tau to stabilize chromatin, further implicating nuclear tau in chromosomal stability (Rossi et al., 2013; Bukar Maina et al., 2016). Furthermore, tau motifs that bind to DNA can also become phosphorylated in neurodegeneration (Guo et al., 2017; Kimura et al., 2018). It was hypothesized that tau protects DNA by binding to the DNA backbone, which induces an adaptive conformational change, this mechanism has been seen in other DNA protecting proteins (Multhaup et al., 2015; Guo et al., 2017).

In addition to chromosomal stability, tau is implicated in nuclear processes by its effect on NCT. A recent study by Eftekharzadeh et al. revealed that cytosolic tau interacts with the NPCs and that cytosolic tau impacts NCT function (Eftekharzadeh et al., 2018; Diez and Wegmann, 2020). The conditions under which tau is localized in the nucleus, how this effects CIN, and how nuclear tau effects NCT are still controversial topics that warrant further investigation. Proteomic studies focusing on how tau is affected by and correlated with proteins that regulate different nuclear mechanisms could help develop our understanding of these mechanisms.




NETWORK BASED PROTEOMICS IN NEURODEGENERATION

The development of network-based proteomics in recent years has contributed considerably to our understanding of ND pathogenesis (Seyfried et al., 2017; Johnson et al., 2020, 2022; Rayaprolu et al., 2021). Proteomics using mass spectrometry-based approaches enables high-throughput analyses of protein expression using unbiased and targeted approaches. Network-based analyses of proteomic data can help elucidate how the proteins interact with and affect each other by organizing large-scale proteomic data into “modules” of co-expressed proteins (Langfelder and Horvath, 2008). The proteins in these modules are likely to share biological characteristics, cellular functions and potentially, upstream regulation. Individual modules can then be analyzed for their associations with markers of specific cell types, organelles, biological factors, genetic risk factors and disease traits (Rayaprolu et al., 2021). By associating proteomic network modules to quantitative measures of disease pathogenesis, these studies provide insight into the mechanistic factors that are altered in the course of disease pathogenesis and provide a framework for validation and mechanistic studies. This approach, summarized by Rayaprolu et al., highlights six primary modules associated with AD, three of which are increased in AD, and three of which are decreased in AD. These modules are characterized by their cell-type specificity, biological pathways and ontologies, and “common hubs” seen across networks of ND brain proteomes (Rayaprolu et al., 2021).

One strong indicator of the value of network-based brain proteomics approaches in ND research is by its comparison to transcriptomic studies. Modules in the network transcriptome and the network proteome only overlap by 30–40% (Seyfried et al., 2017; Higginbotham et al., 2020). This suggests that there are significant post-transcriptional and post-translational effects occurring in the AD brain in addition to genetic and transcriptional alterations. Thus, it is evident that proteomic studies provide crucial information regarding disease pathogenesis that cannot be obtained from transcriptomic studies.

Network based proteomics of human post-mortem brain samples have mostly been “bulk” tissue analyses, meaning that proteomic analyses were performed on the entirety of the tissue. While bulk proteomic analyses of diseased and control brain tissue have provided valuable insight into alterations at a global scale, we hypothesize that more nuanced proteomic investigations will provide complementary information. By solely examining the proteome at a global level, significant disease related alterations may be missed. These alterations may be missed because they are not deemed significant on the global level, or because they may localize differently in neurodegeneration, but retain similar global abundance levels. For example, a given protein may be homeostatic in astrocytes and disease-driving in neurons, or differentially distributed in cytoplasm and nuclei. Furthermore, alterations in relatively rare cell types such as microglia (~10% of brain cells) may be significant mediators of ND pathogenesis, but are very difficult to detect and distinguish cell-type-specific changes using bulk proteome analysis. By conducting more focused (including cell-type or compartment-specific) proteomic analyses, we may overcome these barriers, and prove more detailed, targeted, and ultimately valuable insights into local changes during ND pathogenesis (Rangaraju et al., 2018; Rayaprolu et al., 2020).


Cell-Type Specific Proteomics

The brain is composed of distinct cell types that react and contribute via specific mechanisms to pathogenic triggers. Understanding how a disease effects different cell types' proteomic landscapes could be very valuable to elucidating how cellular mechanisms contribute to disease and would eventually provide therapeutic insights. Bulk proteomic analysis cannot directly resolve cell-type specific changes because changes in cell-types which comprise the minority of brain cells gets diluted or under-sampled in bulk analysis. We thus suggest an emphasis on investigating the proteome of specific cell-type populations in the brain.

One reason for investigating a cell-type specific proteome is the implication of specific cell types in modules identified by bulk network proteomics. A large proportion of co-expression modules with associations with AD pathology identified by network-based approaches in AD pathogenesis were found to be enriched in cell-type specific markers (Higginbotham et al., 2020). Specifically, glia-enriched modules were increased in AD, and neuronal modules were decreased in AD. These cell-type assignments derive from a gene set enrichment analysis which is followed by assignment of known cell-type specific markers to the various modules (Eden et al., 2009; Zambon et al., 2012). One important module identified in several bulk network proteomic analyses is enriched with astrocytic and microglial proteins and highlights several “hub proteins” implicated in neuroprotection (Seyfried et al., 2017; Johnson et al., 2020; Swarup et al., 2020). This module is seen to increase in both asymptomatic and symptomatic AD, which suggests that these glial cells play a critical role in neuroimmunity against the progression of ND pathogenesis (Seyfried et al., 2017). The implication of specific cell types in modules of bulk proteomic analyses serves as a basis to investigate the network-based proteome of specific cell types as well as their correlation to disease progression.

In addition to the implication of specific cell-types by modules identified in the bulk proteomic analyses, there exists substantial evidence to suggest that disease pathogenesis both affects and is affected by different cell types in a cell-type specific manner. Here we will provide a brief description of the manner in which specific cell types are distinctly affected in neurodegeneration.



Microglia

Microglia are phagocytic immune cells that comprise ~10% of adult CNS cells (Seyfried et al., 2017). The manner in which neuroinflammation contributes to and is affected by ND pathogenesis is partly microglia dependent, identifying microglia as a possible modulator of disease. Hickman et al. identify three primary roles of microglia: sensing their environment, conducting physiological housekeeping, and to protect against injurious agents (Hickman et al., 2018). Microglia recognize pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) and produce proinflammatory cytokines which help the CNS to recognize pathological agents and phagocytose them, while also recruiting other cells to participate. While these are neuroprotective mechanisms, pro-inflammatory cytokines activate resting microglia to produce pro-inflammatory factors which may be detrimental in NDs. This heterogenous microglial response produces microglia that have been broadly characterized as neurotoxic and neuroprotective (Kwon and Koh, 2020); although these simplistic characterizations do not capture the heterogeneity seen within microglia in human and non-human brain with or without pathology (Keren-Shaul et al., 2017; Masuda et al., 2020; Rayaprolu et al., 2020). The understanding of the contribution of microglia in ND pathogenesis is complicated by the presence of the complex and heterogeneous microglial phenotypes. Much remains unknown regarding the manner in which microglia, including homeostatic, pro-inflammatory and anti-inflammatory phenotypes or states, progress during ND pathogenesis.



Astrocytes

Astrocytes are the most abundant glial cell-type in the CNS (Freeman and Rowitch, 2013). These cells are very dynamic and perform many different roles including maintenance of the blood brain barrier, formation and maintenance of neuronal synapses, and tissue repair after injury (Phatnani and Maniatis, 2015; Strooper et al., 2016). Additionally, astrocytes aid microglia in mediating the inflammatory response of the CNS (Vainchtein and Molofsky, 2020; Baxter et al., 2021). In reaction to pathophysiological changes in AD, astrocytes undergo “astrogliosis” which is accompanied by cellular proliferation and hypertrophy. Astrogliosis responds in stimuli-specific manners in different individuals, specific anatomical microdomains, and NDs (Zamanian et al., 2012; Phatnani et al., 2013; Liddelow and Barres, 2017; Jiwaji et al., 2022; Ziff et al., 2022). During astrogliosis, astrocytes release inflammatory modulators and various neurotropic factors. Similar to the aforementioned microgliosis, the factors released by astrocytes can be either neuroprotective or neurotoxic.

Astrocytes are also implicated in the pathogenesis of PD by genetic studies. Of the 17 monogenetic mutations found to be associated with PD by Herdandez et al., 8 are shown to have roles in astrocytes biology (Hernandez et al., 2016; Booth et al., 2017). Among the 8 protein products of these genes is DJ1 which is encoded by the PARK7 gene (Hernandez et al., 2016). In astrocytes, the DJ1 protein regulates the assembly of lipid rafts which are membrane microdomains involved in endocytosis, exocytosis, and signal transduction (Simons and Ehehalt, 2002; Kim et al., 2013b, 2016). Mutations in the PARK7 gene result in degradation of lipid raft proteins, and thus dysfunctional astrocytes which contribute to PD pathogenesis (Kim et al., 2016).

Astrocytes are further implicated in many tauopathies including Progressive Supranuclear Palsy, Corticobasal degeneration, and Aging-related tau astrogliopathy, by the presence of tau aggregates in diseased astrocytes (Togo and Dickson, 2002; Kouri et al., 2011; Kovacs et al., 2016; Reid et al., 2020). While Tau aggregates are typically found in neurons, their localization to astrocytes in these NDs implicate that in disease pathogenesis astrocytes internalize exogenous tau and may have roles in propagating this pathology.



Oligodendrocytes

Oligodendrocytes generate and maintain the lipid-rich myelin sheaths which insulate neuronal axons and facilitate rapid signal transduction (Strooper et al., 2016; Kipp, 2020). Several studies have revealed myelination disfunction in the early stages of NDs which implicate oligodendrocytes in ND pathogenesis (Scheltens et al., 1992; Bartzokis, 2011; Tosto et al., 2015; Mot et al., 2018). Using magnetic resonance imaging (MRI)-based studies, scientists have shown that the myelin changes occurring with aging is exacerbated in NDs (Scheltens et al., 1992; Bartzokis, 2004; Tosto et al., 2015). Furthermore, other MRI studies have demonstrated that individuals with the APOE4 allele, the strongest known genetic risk factor of AD, have increased myelin breakdown in AD (Bartzokis, 2011). Yet another recent study has demonstrated that white matter lesions attributable to myelination dysfunction have been found in individuals in the early stages of NDs (Tosto et al., 2015). In addition to the correlation of myelin breakdown with early ND pathogenesis, it has also been demonstrated that the reforming and maturation of myelin sheaths is significantly altered in the presence of amyloid-beta peptides, one of the two essential hallmarks of AD (Dean et al., 2017; Papuc and Rejdak, 2020). This implies that myelination is affected in the AD brain not only by myelin breakdown, but also in the inhibition of homeostatic myelin reformation.



Neurons

Neurodegeneration is characterized by the progressive loss of function and eventual death of neurons and synapses in the nervous system. Thus, neurons are a natural focal point of cell-type specific studies related to NDs. Neuronal death occurs in a disease specific manner in many NDs (Gorman, 2008). In AD, neuronal death begins in the entorhinal cortex and hippocampus, and later is found in other areas of the cerebral cortex as the disease progresses (DeTure and Dickson, 2019). In contrast, PD is characterized by a loss of dopaminergic neurons focally in the substantia nigra (Kinoshita et al., 2015). It would be very interesting to compare neuron-specific proteomes with different disease-specific phenotypic traits to understand which characteristics make neurons vulnerable to specific diseases. Additionally, it would be important to compare the proteomes of neurons from different brain regions within specific phenotypes to identify mechanisms of regional vulnerability and resistance of neurons to different NDs.

In the sections above, we have demonstrated that neurodegeneration develops via cell-type specific mechanisms, although much remains unknown regarding the details of these mechanisms. We propose that by investigating the proteome of specific cell types using network-based approaches, we will obtain a much greater understanding of how cell-types mediate disease at different stages and thus, will understand the network of biological processes interacting across cell types at each stage of disease.

Furthermore, while we have discussed both that neurodegeneration is mediated by specific cell types and that several nuclear mechanisms are dysfunctional in neurodegeneration, we do not know what how these nuclear mechanisms functionally vary with cell type and disease state. We suggest that a proteomic analysis of cell-type specific nuclei, which has become possible with emerging technologies, will elucidate gaps in our understanding of both cell-type specific disease states and the how the nucleus contributes to neurodegeneration.




CELL TYPE-SPECIFIC NUCLEAR PROTEOMICS FROM POST-MORTEM HUMAN BRAIN

Analyses of human brain tissue at the proteomic level have been mostly performed at the bulk brain level rather than at the level of specific cell types. This is due to technical limitations related to isolating pure and intact cell populations from frozen brain tissue. While microglia and other cell types can be isolated intact from post-mortem brain, neurons do not survive cell isolation approaches, and further, the immense cellular and tissue complexity of human brain as compared to mouse brain, poses additional technical challenges (Bohlen et al., 2019). Mouse models have often been used, because of the great potential for experimental manipulation of rodent models and control over tissue quality. While mouse models have provided invaluable information into ND pathogenesis, there are limitations due to substantial species differences, which exist at molecular, cellular and pathological levels (Maloney et al., 2007; Monaco et al., 2015; Breschi et al., 2017).

Recent advances in single cell nuclear transcriptomics from mouse and human brain have revealed cellular heterogeneity in healthy, aging and disease states (LoVerso and Cui, 2016; Mathys et al., 2019; Lau et al., 2020; Cid et al., 2021), but protein-level inferences cannot be drawn confidently from mRNA levels. Since intact cells cannot be isolated from frozen or fixed human brain, cellular proteomic insights into human ND from human post-mortem tissues are very limited. However, the nucleus of the cell retains its structural integrity even after frozen tissue is thawed. This unique property allows the isolation of intact nuclei from frozen brain tissue for downstream analyses.

In a study by Dammer et al., NeuN-positive (neuronal) and NeuN-negative (non-neuronal) nuclei were isolated from frozen post-mortem human brain by wide-clearance dounce homogenization, centrifugation, and then flow cytometry based sorting of nuclei, followed by mass spectrometry proteomic analyses. Using this approach, termed Fluorescence Activated Nuclear Sorting (FANS), Dammer et al. identified 487 nuclear proteins that were highly enriched in NeuN+ve nuclei and 420 which were highly enriched in NeuN-ve nuclei. Using these differentially expressed nuclear proteins, we cross referenced these lists against known genetic risk factors for AD, PD and ALS (Figure 3, Supplementary Data 1) (Nalls et al., 2014; Zhang et al., 2014; Sharma et al., 2015; Iacoangeli et al., 2020; Sarkar et al., 2020), and identified several disease-relevant markers expressed in nuclei of neurons and non-neuronal cells that could serve as nuclear and cell type-specific markers for future FANS approaches. If these markers can be leveraged for further optimization and coverage of brain cell types, the preservation of nuclear proteomic integrity in the frozen human brain can be leveraged to investigate nuclear specific proteomic mechanisms of NDs with cell type-specific resolution. Accordingly, a recent protocol describes a method to extend FANS to non-neuronal cells using markers such as SOX10 (oligodendrocyte), IRF8 (microglia) and the absence of these markers to purify nuclei from frozen human brain in a cell type-specific manner (Policicchio et al., 2020).


[image: Figure 3]
FIGURE 3. Proteomics of neuronal and non-neuronal nuclei from frozen human post-mortem brain. Volcano plot of proteomic differences between NeuN+ vs. non-NeuN Nuclei with highlighted disease markers that have p-value <0.05 and fold change >2. The reannotated data demonstrates that proteins found in cell-type specific nuclear populations are correlated to disease. List of MAGMA genes associated with each ND displayed in this figure can be found in Supplementary Table 1.




PROPOSED METHOD FOR CELL TYPE-SPECIFIC NUCLEAR PROTEOMICS

The study of the nuclear proteome offers intriguing possibilities, not only because of its enabling of cell-type specific proteomics, but additionally because of the ability to investigate nuclear alterations that occur during ND pathogenesis that may be missed by whole cell or bulk tissue proteomics. Alterations in protein can be linked to additional omic data obtained from additional samples of the same purified nuclei. As previously mentioned, numerous studies implicate nuclear pathways in NDs, including but not limited to: NCT, chromosomal stability, RBPs, and nuclear inclusion bodies. Thus, investigating cell-type specific nuclear proteomes would provide us with a better understanding of how these biological pathways, and specific cell phenotypes are altered in a cell type specific manner over the course of NDs.

Recently, Nott and colleagues designed a protocol aimed at isolating cell type specific nuclei for the purpose of genomic and epigenomic investigation. The authors of this new protocol asserted that nuclei isolated using their protocol can be used to identify chromatin features including chromatin architecture and to identify the binding sites of transcription factors using chromatin immunoprecipitation-sequencing (ChIP-seq) (Nott et al., 2021). While the protocol proposed by Nott et al. aimed to isolate the transcriptome of cell-type specific nuclei, a study conducted by Dammer et al. used similar methods to isolate the proteome of neuronal specific and non-neuronal specific nuclei. This proteomic study implemented LC-MS/MS which identified 1,755 proteins, ~20% of which were significantly up or down regulated in the neuronal cell populations compared to the non-neuronal cell populations (Dammer et al., 2013). The protocol proposed by Nott et al. attempts to label and purify nuclei of microglia, astrocytes, and oligodendrocytes in addition to neurons. Specifically, they used the nuclear markers NeuN for neurons, PU.1 for microglia, and Olig2 for Oligodendrocytes (Nott et al., 2021).

While these experiments aimed to investigate the nature of cell-type specific alterations at different levels, they both implemented a similar workflow to isolate the cell-type specific nuclei. Both studies prepared the tissue, isolated pure nuclei, and then implemented antibody tagging of the nuclei to distinguish between cell-types, followed by fluorescence activated nuclei sorting (FANS) to sort the nuclei. Dammer et al. found that FANS not only allowed cell-type specific nuclear sorting but additionally reduced non-nuclear protein contamination (Dammer et al., 2013) when comparing to the proteome of unsorted nuclei. Based on these studies, we propose a workflow for CNS cell type-specific FANS (Figure 4) to decipher cell type-specific nuclear mechanisms of NDs using frozen human post-mortem brain samples.


[image: Figure 4]
FIGURE 4. A proposed pipeline for cell type-specific nuclear proteomics of human brain. Proposed specific cell-type specific nuclear markers for flow cytometry are listed. A proposed workflow for nuclear proteomics is also outlined once nuclei have been purified.


The proposed FANS approach takes advantage of the integrity of the nucleus in the brain, even from archived frozen samples. This is important because cellular architecture is typically lost during thawing frozen brain tissue, which limits the ability perform proteomic analyses of intact cells, or to subject them to down-stream cellular purification using cell surface markers. This is in stark contrast to handling fresh brain samples which are amenable to cell type dissociation and intact cell isolation for bulk and single cell omics approaches. Rapidly evolving mass spectrometry-based proteomics strategies (eg. proteoCHIP and single cell proteomics by mass spectrometry or SCOPE-MS) are also promising approaches that may be capable of obtaining deep proteomes from single cells or nuclei or pools of small numbers of nuclei (10–100) from brain (Budnik et al., 2018; Zhu et al., 2018). Apart from mass spectrometry, high-dimensional proteomic profiling methods, such as mass cytometry by time-of-flight, and high-dimensional flow cytometry can also be used to capture several parameters from single cells or single nuclei (Korin et al., 2018; Weber et al., 2019). From frozen human brain tissues, it is possible that future single nuclear proteomics approaches can complement or serve as an alternative approach to FANS. As with current single nuclear transcriptomics approaches, the depth of the proteome from single nuclear omics is likely to be an order of magnitude lower than depth of a bulk nuclear proteome. A limitation of the FANS approach is that it is biased against cytosolic proteins by design, and will therefore not capture cellular mechanisms that occur outside the nucleus. However, when comparing nuclear proteomes of distinct cell types from disease cases and controls, relative abundance or absence of nuclear proteins will provide clues toward protein trafficking and mislocalization, which will warrant additional studies to verify these findings.



SUMMARY

We have reviewed the importance of key nucleus-specific mechanisms and of individual cellular contributions in the pathogenesis of NDs. Despite advances in bulk and cell type-specific transcriptomics and bulk brain proteomics of human NDs, there is an immense knowledge gap in cellular mechanisms of NDs occurring at the proteomic level. Deciphering these cell type-specific proteomic mechanisms in human NDs can provide a deeper understanding of disease mechanisms and identify therapeutic targets for NDs. While cell type-specific proteomics of intact cells from human post-mortem brain is technically challenging, the nucleus of the cell is preserved even in archived human brain samples, representing an untapped resource to investigate molecular mechanisms of NDs specifically occurring within the nucleus. We have highlighted the FANS approach as a promising method for nuclear proteomics of neurons and non-neuronal cells from post-mortem human brain. While further studies are warranted to improve this method, the cell type-specific FANS approach holds great promise for proteomic analyses of diverse CNS cell types in human neurodegeneration.



AUTHOR CONTRIBUTIONS

RN and SR conceptualized, drafted, and edited the manuscript. ED, JS, and NS critically reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

Research reported in this publication was partly supported by the National Institute on Aging of the National Institutes of Health and National Institutes of Health: R01 NS114130 (SR), R01 AG075820 (SR, NS), and R01AG061800 (NS).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.902146/full#supplementary-material



ABBREVIATIONS

ND, Neurodegenerative disease; AD, Alzheimer's disease; ALS, Amyotrophic lateral sclerosis; PD, Parkinson's disease; FTD, Frontotemporal dementia; CNS, Central nervous system; FACS, Fluorescence-associated cell sorting; MS, Mass spectrometry; NCT, Nucleocytoplasmic transport; CIN, Chromosomal instability; GWAS, Genome-wide association study; RNA, Ribonucleic acid; RBP, RNA binding protein; LATE, Limbic-predominant Age-related TDP-43 Encephalopathy; hnRNPs, heterogeneous nuclear ribonucleoproteins; SR, Serine/Arginine-Rich; NFT, Neurofibrillary tangle; SCOPE-MS, Single cell proteomics by mass spectrometry.



REFERENCES

 Abramzon, Y. A., Fratta, P., Traynor, B. J., and Chia, R. (2020). The overlapping genetics of amyotrophic lateral sclerosis and frontotemporal dementia. Front. Neurosci. 14, 42. doi: 10.3389/fnins.2020.00042

 Alonso, A. D., Cohen, L. S., Corbo, C., Morozova, V., ElIdrissi, A., Phillips, G., et al. (2018). Hyperphosphorylation of tau associates with changes in its function beyond microtubule stability. Front. Cell. Neurosci. 12, 338. doi: 10.3389/fncel.2018.00338

 Amador-Ortiz, C., Lin, W. L., Ahmed, Z., Personett, D., Davies, P., Duara, R., et al. (2007). TDP-43 immunoreactivity in hippocampal sclerosis and Alzheimer's disease. Ann. Neurol. 61, 435–445. doi: 10.1002/ana.21154

 Anderson, J. P., Walker, D. E., Goldstein, J. M., de Laat, R., Banducci, K., Caccavello, R. J., et al. (2006). of Ser-129 is the dominant pathological modification of alpha-synuclein in familial and sporadic Lewy body disease. J. Biol. Chem. 281, 29739–29752. doi: 10.1074/jbc.M600933200

 Andreadis, A. (2006). Misregulation of tau alternative splicing in neurodegeneration and dementia. Prog. Mol. Subcell. Biol. 44, 89–107. doi: 10.1007/978-3-540-34449-0_5

 Apicco, D. J., Ash, P. E. A., Maziuk, B., LeBlang, C., Medalla, M., Al Abdullatif, A., et al. (2018). Reducing the RNA binding protein TIA1 protects against tau-mediated neurodegeneration in vivo. Nat. Neurosci. 21, 72–80. doi: 10.1038/s41593-017-0022-z

 Arai, T., Hasegawa, M., Akiyama, H., Ikeda, K., Nonaka, T., Mori, H., et al. (2006). TDP-43 is a component of ubiquitin-positive tau-negative inclusions in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Biochem. Biophys. Res. Commun. 351, 602–611. doi: 10.1016/j.bbrc.2006.10.093

 Arendt, T., Bruckner, M. K., Mosch, B., and Losche, A. (2010). Selective cell death of hyperploid neurons in Alzheimer's disease. Am. J. Pathol. 177, 15–20. doi: 10.2353/ajpath.2010.090955

 Arnold, E. S., Ling, S. C., Huelga, S. C., Lagier-Tourenne, C., Polymenidou, M., Ditsworth, D., et al. (2013). ALS-linked TDP-43 mutations produce aberrant RNA splicing and adult-onset motor neuron disease without aggregation or loss of nuclear TDP-43. Proc. Natl. Acad. Sci. U. S. A. 110, E736–E745. doi: 10.1073/pnas.1222809110

 Arrasate, M., Perez, M., and Avila, J. (2000). Tau dephosphorylation at tau-1 site correlates with its association to cell membrane. Neurochem. Res. 25, 43–50. doi: 10.1023/A:1007583214722

 Bai, B., Hales, C. M., Chen, P. C., Gozal, Y., Dammer, E. B., Fritz, J. J., et al. (2013).Peng, U1 small nuclear ribonucleoprotein complex and RNA splicing alterations in Alzheimer's disease. Proc. Natl. Acad. Sci. U. S. A. 110, 16562–16567. doi: 10.1073/pnas.1310249110

 Balendra, R., and Isaacs, A. M. (2018). C9orf72-mediated ALS and FTD: multiple pathways to disease. Nat. Rev. Neurol. 14, 544–558. doi: 10.1038/s41582-018-0047-2

 Bartzokis, G. (2004). Age-related myelin breakdown: a developmental model of cognitive decline and Alzheimer's disease. Neurobiol. Aging 25, 5–18. doi: 10.1016/j.neurobiolaging.2003.03.001

 Bartzokis, G. (2011). Alzheimer's disease as homeostatic responses to age-related myelin breakdown. Neurobiol. Aging 32, 1341–1371. doi: 10.1016/j.neurobiolaging.2009.08.007

 Baxter, P. S., Dando, O., Emelianova, K., He, X., McKay, S., Hardingham, G. E., et al. (2021). Microglial identity and inflammatory responses are controlled by the combined effects of neurons and astrocytes. Cell Rep. 34, 108882. doi: 10.1016/j.celrep.2021.108882

 Belzil, V. V., Valdmanis, P. N., Dion, P. A., Daoud, H., Kabashi, E., Noreau, A., et al. (2009). Mutations in FUS cause FALS and SALS in French and French Canadian populations. Neurology 73, 1176–1179. doi: 10.1212/WNL.0b013e3181bbfeef

 Bichelmeier, U., Schmidt, T., Hubener, J., Boy, J., Ruttiger, L., Habig, K., et al. (2007). Nuclear localization of ataxin-3 is required for the manifestation of symptoms in SCA3: in vivo evidence. J. Neurosci. 27, 7418–7428. doi: 10.1523/JNEUROSCI.4540-06.2007

 Boeynaems, S., Bogaert, E., Michiels, E., Gijselinck, I., Sieben, A., Jovicic, A., et al. (2016). Drosophila screen connects nuclear transport genes to DPR pathology in c9ALS/FTD. Sci. Rep. 6, 20877. doi: 10.1038/srep20877

 Bohlen, C. J., Bennett, F. C., and Bennett, M. L. (2019). Isolation and culture of microglia. Curr. Protoc. Immunol. 125, e70. doi: 10.1002/cpim.70

 Booth, H. D. E., Hirst, W. D., and Wade-Martins, R. (2017). The role of astrocyte dysfunction in Parkinson's disease pathogenesis. Trends Neurosci. 40, 358–370. doi: 10.1016/j.tins.2017.04.001

 Brady, R. M., Zinkowski, R. P., and Binder, L. I. (1995). Presence of tau in isolated nuclei from human brain. Neurobiol. Aging 16, 479–486. doi: 10.1016/0197-4580(95)00023-8

 Breschi, A., Gingeras, T. R., and Guigo, R. (2017). Comparative transcriptomics in human and mouse. Nat. Rev. Genet. 18, 425–440. doi: 10.1038/nrg.2017.19

 Briggs, R., Kennelly, S. P., and O'Neill, D. (2016). Drug treatments in Alzheimer's disease. Clin. Med. 16, 247–253. doi: 10.7861/clinmedicine.16-3-247

 Budnik, B., Levy, E., Harmange, G., and Slavov, N. (2018). SCoPE-MS: mass spectrometry of single mammalian cells quantifies proteome heterogeneity during cell differentiation. Genome Biol. 19, 161. doi: 10.1186/s13059-018-1547-5

 Bukar Maina, M., Al-Hilaly, Y. K., and Serpell, L. C. (2016). Nuclear tau and its potential role in Alzheimer's disease. Biomolecules 6, 9. doi: 10.3390/biom6010009

 Caillet-Boudin, M. L., Fernandez-Gomez, F. J., Tran, H., Dhaenens, C. M., Buee, L., and Sergeant, N. (2014). Brain pathology in myotonic dystrophy: when tauopathy meets spliceopathy and RNAopathy. Front. Mol. Neurosci. 6, 57. doi: 10.3389/fnmol.2013.00057

 Chatel, G., and Fahrenkrog, B. (2012). Dynamics and diverse functions of nuclear pore complex proteins. Nucleus 3, 162–171. doi: 10.4161/nucl.19674

 Chen, C., Yamanaka, Y., Ueda, K., Li, P., Miyagi, T., Harada, Y., et al. (2021). Phase separation and toxicity of C9orf72 poly(PR) depends on alternate distribution of arginine. J. Cell Biol. 220. doi: 10.1083/jcb.202103160

 Chou, C. C., Zhang, Y., Umoh, M. E., Vaughan, S. W., Lorenzini, I., and Liu, F. (2018). TDP-43 pathology disrupts nuclear pore complexes and nucleocytoplasmic transport in ALS/FTD. Nat. Neurosci. 21, 228–239. doi: 10.1038/s41593-017-0047-3

 Cid, E., Marquez-Galera, A., Valero, M., Gal, B., Medeiros, D. C., Navarron, C. M., et al. (2021). Sublayer- and cell-type-specific neurodegenerative transcriptional trajectories in hippocampal sclerosis. Cell Rep. 35, 109229. doi: 10.1016/j.celrep.2021.109229

 Colnaghi, L., Rondelli, D., Muzi-Falconi, M., and Sertic, S. (2020). Tau and DNA damage in neurodegeneration. Brain Sci. 10. doi: 10.3390/brainsci10120946

 Conlon, E. G., and Manley, J. L. (2017). RNA-binding proteins in neurodegeneration: mechanisms in aggregate. Genes Dev. 31, 1509–1528. doi: 10.1101/gad.304055.117

 Cowan, C. M., Bossing, T., Page, A., Shepherd, D., and Mudher, A. (2010). Soluble hyper-phosphorylated tau causes microtubule breakdown and functionally compromises normal tau in vivo. Acta Neuropathol. 120, 593–604. doi: 10.1007/s00401-010-0716-8

 Dammer, E. B., Duong, D. M., Diner, I., Gearing, M., Feng, Y., Lah, J. J., et al. (2013). Neuron enriched nuclear proteome isolated from human brain. J. Proteome Res. 12, 3193–3206. doi: 10.1021/pr400246t

 Dean, D. C. III., Hurley, S. A., Kecskemeti, S. R., O'Grady, J. P., Canda, C., Davenport-Sis, N. J., et al. (2017). Association of amyloid pathology with myelin alteration in preclinical Alzheimer disease. JAMA Neurol. 74, 41–49. doi: 10.1001/jamaneurol.2016.3232

 DeJesus-Hernandez, M., Mackenzie, I. R., Boeve, B. F., Boxer, A. L., Baker, M., Rutherford, N. J., et al. (2011). Expanded GGGGCC hexanucleotide repeat in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron 72, 245–256. doi: 10.1016/j.neuron.2011.09.011

 DeTure, M. A., and Dickson, D. W. (2019). The neuropathological diagnosis of Alzheimer's disease. Mol. Neurodegener. 14, 32. doi: 10.1186/s13024-019-0333-5

 Didonna, A., Canto, E., Shams, H., Isobe, N., Zhao, C., Caillier, S. J., et al. (2019). Sex-specific Tau methylation patterns and synaptic transcriptional alterations are associated with neural vulnerability during chronic neuroinflammation. J. Autoimmun. 101, 56–69. doi: 10.1016/j.jaut.2019.04.003

 Diez, L., and Wegmann, S. (2020). Nuclear transport deficits in tau-related neurodegenerative diseases. Front. Neurol. 11, 1056. doi: 10.3389/fneur.2020.01056

 DiFiglia, M., Sapp, E., Chase, K. O., Davies, S. W., Bates, G. P., Vonsattel, J. P., et al. (1997). Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in brain. Science 277, 1990–1993. doi: 10.1126/science.277.5334.1990

 Diner, I., Hales, C. M., Bishof, I., Rabenold, L., Duong, D. M., Yi, H., et al. (2014). Aggregation properties of the small nuclear ribonucleoprotein U1-70K in Alzheimer disease. J. Biol. Chem. 289, 35296–35313. doi: 10.1074/jbc.M114.562959

 Donde, A., Sun, M., Ling, J. P., Braunstein, K. E., Pang, B., Wen, X., et al. (2019). Splicing repression is a major function of TDP-43 in motor neurons. Acta Neuropathol. 138, 813–826. doi: 10.1007/s00401-019-02042-8

 Dormann, D., Madl, T., Valori, C. F., Bentmann, E., Tahirovic, S., Abou-Ajram, C., et al. (2012). Arginine methylation next to the PY-NLS modulates Transportin binding and nuclear import of FUS. EMBO J. 31, 4258–4275. doi: 10.1038/emboj.2012.261

 Dormann, D., Rodde, R., Edbauer, D., Bentmann, E., Fischer, I., Hruscha, A., et al. (2010). ALS-associated fused in sarcoma (FUS) mutations disrupt Transportin-mediated nuclear import. EMBO J. 29, 2841–2857. doi: 10.1038/emboj.2010.143

 Dundr, M., and Misteli, T. (2001). Functional architecture in the cell nucleus. Biochem. J. 356, 297–310. doi: 10.1042/bj3560297

 Eden, E., Navon, R., Steinfeld, I., Lipson, D., and Yakhini, Z. (2009). GOrilla: a tool for discovery and visualization of enriched GO terms in ranked gene lists. BMC Bioinformatics 10, 48. doi: 10.1186/1471-2105-10-48

 Ederle, H., and Dormann, D. (2017). TDP-43 and FUS en route from the nucleus to the cytoplasm. FEBS Lett. 591, 1489–1507. doi: 10.1002/1873-3468.12646

 Eftekharzadeh, B., Daigle, J. G., Kapinos, L. E., Coyne, A., Schiantarelli, J., Carlomagno, Y., et al. (2018). Tau protein disrupts nucleocytoplasmic transport in Alzheimer's disease. Neuron 99, 925–940.e7. doi: 10.1016/j.neuron.2018.07.039

 Eustice, M., Bond, M. R., and Hanover, J. A. (2017). O-GlcNAc cycling and the regulation of nucleocytoplasmic dynamics. Biochem. Soc. Trans. 45, 427–436. doi: 10.1042/BST20160171

 Feneberg, E., Gray, E., Ansorge, O., Talbot, K., and Turner, M. R. (2018). Towards a TDP-43-Based Biomarker for ALS and FTLD. Mol. Neurobiol. 55, 7789–7801. doi: 10.1007/s12035-018-0947-6

 Ferrari, R., Hernandez, D. G., Nalls, M. A., Rohrer, J. D., Ramasamy, A., Kwok, J. B. J., et al. (2014). Frontotemporal dementia and its subtypes: a genome-wide association study. Lancet Neurol. 13, 686–699. doi: 10.1016/S1474-4422(14)70065-1

 Franic, D., Zubcic, K., and Boban, M. (2021). Nuclear ubiquitin-proteasome pathways in proteostasis maintenance. Biomolecules 11, 54. doi: 10.3390/biom11010054

 Freeman, M. R., and Rowitch, D. H. (2013). Evolving concepts of gliogenesis: a look way back and ahead to the next 25 years. Neuron 80, 613–623. doi: 10.1016/j.neuron.2013.10.034

 Fu, X. D. (1995). The superfamily of arginine/serine-rich splicing factors. RNA 1, 663–680. 

 Furukawa, Y., Suzuki, Y., Fukuoka, M., Nagasawa, K., Nakagome, K., Shimizu, H., et al. (2016). A molecular mechanism realizing sequence-specific recognition of nucleic acids by TDP-43. Sci. Rep. 6, 20576. doi: 10.1038/srep20576

 Galganski, L., Urbanek, M. O., and Krzyzosiak, W. J. (2017). Nuclear speckles: molecular organization, biological function and role in disease. Nucleic Acids Res. 45, 10350–10368. doi: 10.1093/nar/gkx759

 Gasset-Rosa, F., Chillon-Marinas, C., Goginashvili, A., Atwal, R. S., Artates, J. W., Tabet, R., et al. (2017). Polyglutamine-expanded huntingtin exacerbates age-related disruption of nuclear integrity and nucleocytoplasmic transport. Neuron 94, 48–57.e4. doi: 10.1016/j.neuron.2017.03.027

 Genetic Modifiers of Huntington's Disease (GeM-HD) Consortium. (2015). Identification of genetic factors that modify clinical onset of Huntington's disease. Cell 162, 516–526. doi: 10.1016/j.cell.2015.07.003

 Gerstberger, S., Hafner, M., and Tuschl, T. (2014). A census of human RNA-binding proteins. Nat. Rev. Genet. 15, 829–845. doi: 10.1038/nrg3813

 Goedert, M., Spillantini, M. G., Jakes, R., Rutherford, D., and Crowther, R. A. (1989). Multiple isoforms of human microtubule-associated protein tau: sequences and localization in neurofibrillary tangles of Alzheimer's disease. Neuron 3, 519–526. doi: 10.1016/0896-6273(89)90210-9

 Goncalves, S., and Outeiro, T. F. (2013). Assessing the subcellular dynamics of alpha-synuclein using photoactivation microscopy. Mol. Neurobiol. 47, 1081–1092. doi: 10.1007/s12035-013-8406-x

 Gorman, A. M. (2008). Neuronal cell death in neurodegenerative diseases: recurring themes around protein handling. J. Cell. Mol. Med. 12, 2263–2280. doi: 10.1111/j.1582-4934.2008.00402.x

 Green, K. M., Glineburg, M. R., Kearse, M. G., Flores, B. N., Linsalata, A. E., Fedak, S. J., et al. (2017). RAN translation at C9orf72-associated repeat expansions is selectively enhanced by the integrated stress response. Nat. Commun. 8, 2005. doi: 10.1038/s41467-017-02200-0

 Greenwood, J. A., and Johnson, G. V. (1995). Localization and in situ phosphorylation state of nuclear tau. Exp. Cell Res. 220, 332–337. doi: 10.1006/excr.1995.1323

 Grenn, F. P., Kim, J. J., Makarious, M. B., Iwaki, H., Illarionova, A., Brolin, K., et al. (2020). The Parkinson's disease genome-wide association study locus browser. Mov. Disord. 35, 2056–2067. doi: 10.1002/mds.28197

 Grima, J. C., Daigle, J. G., Arbez, N., Cunningham, K. C., Zhang, K., Ochaba, J., et al. (2017). Mutant huntingtin disrupts the nuclear pore complex. Neuron 94, 93–107.e6. doi: 10.1016/j.neuron.2017.03.023

 Guerreiro, I., and Kind, J. (2019). Spatial chromatin organization and gene regulation at the nuclear lamina. Curr. Opin. Genet. Dev. 55, 19–25. doi: 10.1016/j.gde.2019.04.008

 Guo, T., and Fang, Y. (2014). Functional organization and dynamics of the cell nucleus. Front. Plant Sci. 5, 378. doi: 10.3389/fpls.2014.00378

 Guo, T., Noble, W., and Hanger, D. P. (2017). Roles of tau protein in health and disease. Acta Neuropathol. 133, 665–704. doi: 10.1007/s00401-017-1707-9

 Hasegawa, M., Arai, T., Nonaka, T., Kametani, F., Yoshida, M., Hashizume, Y., et al. (2008). TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Ann. Neurol. 64, 60–70. doi: 10.1002/ana.21425

 He, F., and Todd, P. K. (2011). Epigenetics in nucleotide repeat expansion disorders. Semin. Neurol. 31, 470–483. doi: 10.1055/s-0031-1299786

 Hernandez, D. G., Reed, X., and Singleton, A. B. (2016). Genetics in Parkinson disease: mendelian versus non-mendelian inheritance. J. Neurochem. 139(Suppl. 1), 59–74. doi: 10.1111/jnc.13593

 Hernandez-Ortega, K., Garcia-Esparcia, P., Gil, L., Lucas, J. J., and Ferrer, I. (2016). Altered machinery of protein synthesis in Alzheimer's: from the nucleolus to the ribosome. Brain Pathol. 26, 593–605. doi: 10.1111/bpa.12335

 Hickman, S., Izzy, S., Sen, P., Morsett, L., and El Khoury, J. (2018). Microglia in neurodegeneration. Nat. Neurosci. 21, 1359–1369. doi: 10.1038/s41593-018-0242-x

 Higginbotham, L., Ping, L., Dammer, E. B., Duong, D. M., Zhou, M., Gearing, M., et al. (2020). Integrated proteomics reveals brain-based cerebrospinal fluid biomarkers in asymptomatic and symptomatic Alzheimer's disease. Sci. Adv. 6, eaaz9360. doi: 10.1126/sciadv.aaz9360

 Hogan, D. B., Jette, N., Fiest, K. M., Roberts, J. I., Pearson, D., Smith, E. E., et al. (2016). The prevalence and incidence of frontotemporal dementia: a systematic review. Can. J. Neurol. Sci. 43(Suppl. 1), S96–S109. doi: 10.1017/cjn.2016.25

 Hoover, B. R., Reed, M. N., Su, J., Penrod, R. D., Kotilinek, L. A., Grant, M. K., et al. (2010). Tau mislocalization to dendritic spines mediates synaptic dysfunction independently of neurodegeneration. Neuron 68, 1067–1081. doi: 10.1016/j.neuron.2010.11.030

 Hsieh, Y. C., Guo, C., Yalamanchili, H. K., Abreha, M., Al-Ouran, R., Li, Y., et al. (2019). Tau-mediated disruption of the triggers cryptic RNA splicing and neurodegeneration in Alzheimer's disease. Cell Rep. 29, 301–316.e10. doi: 10.1016/j.celrep.2019.08.104

 Hua, Q., and He, R. Q. (2002). Effect of phosphorylation and aggregation on tau binding to DNA. Protein Pept. Lett. 9, 349–357. doi: 10.2174/0929866023408652

 Hutten, S., and Dormann, D. (2020). Nucleocytoplasmic transport defects in neurodegeneration - cause or consequence? Semin. Cell Dev. Biol. 99, 151–162. doi: 10.1016/j.semcdb.2019.05.020

 Iacoangeli, A., Lin, T., Al Khleifat, A., Jones, A. R., Opie-Martin, S., Coleman, J. R. I., et al. (2020). Genome-wide meta-analysis finds the ACSL5-ZDHHC6 locus is associated with ALS and links weight loss to the disease genetics. Cell Rep. 33, 108323. doi: 10.1016/j.celrep.2020.108323

 Inukai, Y., Nonaka, T., Arai, T., Yoshida, M., Hashizume, Y., Beach, T. G., et al. (2008). Abnormal phosphorylation of Ser409/410 of TDP-43 in FTLD-U and ALS. FEBS Lett. 582, 2899–2904. doi: 10.1016/j.febslet.2008.07.027

 Iourov, I. Y., Vorsanova, S. G., Liehr, T., and Yurov, Y. B. (2009). Aneuploidy in the normal, Alzheimer's disease and ataxia-telangiectasia brain: differential expression and pathological meaning. Neurobiol. Dis. 34, 212–220. doi: 10.1016/j.nbd.2009.01.003

 Jansen, I. E., Savage, J. E., Watanabe, K., Bryois, J., Williams, D. M., Steinberg, S., et al. (2019). Genome-wide meta-analysis identifies new loci and functional pathways influencing Alzheimer's disease risk. Nat. Genet. 51, 404–413. doi: 10.1038/s41588-018-0311-9

 Jeppesen, D. K., Bohr, V. A., and Stevnsner, T. (2011). DNA repair deficiency in neurodegeneration. Prog. Neurobiol. 94, 166–200. doi: 10.1016/j.pneurobio.2011.04.013

 Jiwaji, Z., Tiwari, S. S., Aviles-Reyes, R. X., Hooley, M., Hampton, D., Torvell, M., et al. (2022). Reactive astrocytes acquire neuroprotective as well as deleterious signatures in response to Tau and Ass pathology. Nat. Commun. 13, 135. doi: 10.1038/s41467-021-27702-w

 Johnson, E. C. B., Carter, E. K., Dammer, E. B., Duong, D. M., Gerasimov, E. S., Liu, Y., et al. (2022). Large-scale deep multi-layer analysis of Alzheimer's disease brain reveals strong proteomic disease-related changes not observed at the RNA level. Nat. Neurosci. 25, 213–225. doi: 10.1038/s41593-021-00999-y

 Johnson, E. C. B., Dammer, E. B., Duong, D. M., Ping, L., Zhou, M., Yin, L., et al. (2020). Large-scale proteomic analysis of Alzheimer's disease brain and cerebrospinal fluid reveals early changes in energy metabolism associated with microglia and astrocyte activation. Nat. Med. 26, 769–780. doi: 10.1038/s41591-020-0815-6

 Johnson, E. C. B., Dammer, E. B., Duong, D. M., Yin, L., Thambisetty, M., Troncoso, J. C., et al. (2018). Deep proteomic network analysis of Alzheimer's disease brain reveals alterations in RNA binding proteins and RNA splicing associated with disease. Mol. Neurodegener. 13, 52. doi: 10.1186/s13024-018-0282-4

 Johnson, J. O., Pioro, E. P., Boehringer, A., Chia, R., Feit, H., Renton, A. E., et al. (2014). Mutations in the Matrin 3 gene cause familial amyotrophic lateral sclerosis. Nat. Neurosci. 17, 664–666. doi: 10.1038/nn.3688

 Kapeli, K., Martinez, F. J., and Yeo, G. W. (2017). Genetic mutations in RNA-binding proteins and their roles in ALS. Hum. Genet. 136, 1193–1214. doi: 10.1007/s00439-017-1830-7

 Kapinos, L. E., Huang, B., Rencurel, C., and Lim, R. Y. H. (2017). Karyopherins regulate nuclear pore complex barrier and transport function. J. Cell Biol. 216, 3609–3624. doi: 10.1083/jcb.201702092

 Kelley, K. W., Nakao-Inoue, H., Molofsky, A. V., and Oldham, M. C. (2018). Variation among intact tissue samples reveals the core transcriptional features of human CNS cell classes. Nat. Neurosci. 21, 1171–1184. doi: 10.1038/s41593-018-0216-z

 Keren-Shaul, H., Spinrad, A., Weiner, A., Matcovitch-Natan, O., Dvir-Szternfeld, R., Ulland, T. K., et al. (2017). Associated with restricting development of Alzheimer's disease. Cell 169, 1276–1290.e17. doi: 10.1016/j.cell.2017.05.018

 Khalfallah, Y., Kuta, R., Grasmuck, C., Prat, A., Durham, H. D., and Vande Velde, C. (2018). TDP-43 regulation of stress granule dynamics in neurodegenerative disease-relevant cell types. Sci. Rep. 8, 7551. doi: 10.1038/s41598-018-25767-0

 Khan, A. U., Qu, R., Ouyang, J., and Dai, J. (2020). Role of nucleoporins and transport receptors in cell differentiation. Front. Physiol. 11, 239. doi: 10.3389/fphys.2020.00239

 Kim, H. J., Kim, N. C., Wang, Y. D., Scarborough, E. A., Moore, J., Diaz, Z., et al. (2013a). Mutations in prion-like domains in hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and ALS. Nature 495, 467–473. doi: 10.1038/nature11922

 Kim, J. M., Cha, S. H., Choi, Y. R., Jou, I., Joe, E. H., and Park, S. M. (2016). DJ-1 deficiency impairs glutamate uptake into astrocytes via the regulation of flotillin-1 and caveolin-1 expression. Sci. Rep. 6, 28823. doi: 10.1038/srep28823

 Kim, K. S., Kim, J. S., Park, J. Y., Suh, Y. H., Jou, I., Joe, E. H., et al. (2013b). DJ-1 associates with lipid rafts by palmitoylation and regulates lipid rafts-dependent endocytosis in astrocytes. Hum. Mol. Genet. 22, 4805–4817. doi: 10.1093/hmg/ddt332

 Kimura, T., Sharma, G., Ishiguro, K., and Hisanaga, S. I. (2018). Phospho-tau bar code: analysis of phosphoisotypes of tau and its application to tauopathy. Front. Neurosci. 12, 44. doi: 10.3389/fnins.2018.00044

 Kinoshita, K., Tada, Y., Muroi, Y., Unno, T., and Ishii, T. (2015). Selective loss of dopaminergic neurons in the substantia nigra pars compacta after systemic administration of MPTP facilitates extinction learning. Life Sci. 137, 28–36. doi: 10.1016/j.lfs.2015.07.017

 Kipp, M. (2020). Oligodendrocyte physiology and pathology function. Cells 9, 2078. doi: 10.3390/cells9092078

 Kobayashi, T. (2008). A new role of the rDNA and nucleolus in the nucleus–rDNA instability maintains genome integrity. Bioessays 30, 267–272. doi: 10.1002/bies.20723

 Korin, B., Dubovik, T., and Rolls, A. (2018). Mass cytometry analysis of immune cells in the brain. Nat. Protoc. 13, 377–391. doi: 10.1038/nprot.2017.155

 Kouri, N., Whitwell, J. L., Josephs, K. A., Rademakers, R., and Dickson, D. W. (2011). Corticobasal degeneration: a pathologically distinct 4R tauopathy. Nat. Rev. Neurol. 7, 263–272. doi: 10.1038/nrneurol.2011.43

 Kovacs, G. G. (2017). Tauopathies. Handb. Clin. Neurol. 145, 355–368. doi: 10.1016/B978-0-12-802395-2.00025-0

 Kovacs, G. G., Ferrer, I., Grinberg, L. T., Alafuzoff, I., Attems, J., Budka, H., et al. (2016). Aging-related tau astrogliopathy (ARTAG): harmonized evaluation strategy. Acta Neuropathol. 131, 87–102. doi: 10.1007/s00401-015-1509-x

 Kunkle, B. W., Grenier-Boley, B., Sims, R., Bis, J. C., Damotte, V., Naj, A. C., et al. (2019). Genetic meta-analysis of diagnosed Alzheimer's disease identifies new risk loci and implicates A?, tau, immunity and lipid processing. Nat. Genet. 51, 414–430. doi: 10.1038/s41588-019-0358-2

 Kwiatkowski, T. J. Jr., Bosco, D. A., Leclerc, A. L., Tamrazian, E., Vanderburg, C. R., Russ, C., et al. (2009). Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic lateral sclerosis. Science. 323, 1205–1208. doi: 10.1126/science.1166066

 Kwon, H. S., and Koh, S. H. (2020). Neuroinflammation in neurodegenerative disorders: the roles of microglia and astrocytes. Transl. Neurodegener. 9, 42. doi: 10.1186/s40035-020-00221-2

 La Spada, A. R., Paulson, H. L., and Fischbeck, K. H. (1994). Trinucleotide repeat expansion in neurological disease. Ann. Neurol. 36, 814–822. doi: 10.1002/ana.410360604

 Lambert, J.-C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R., Bellenguez, C., et al. (2013). Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer's disease. Nat. Genet. 45, 1452–1458. doi: 10.1038/ng.2802

 Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted correlation network analysis. BMC Bioinformatics 9, 559. doi: 10.1186/1471-2105-9-559

 Lau, S. F., Cao, H., Fu, A. K. Y., and Ip, N. Y. (2020). Single-nucleus transcriptome analysis reveals dysregulation of angiogenic endothelial cells and neuroprotective glia in Alzheimer's disease. Proc. Natl. Acad. Sci. U. S. A. 117, 25800–25809. doi: 10.1073/pnas.2008762117

 Lee, J. E., and Cooper, T. A. (2009). Pathogenic mechanisms of myotonic dystrophy. Biochem. Soc. Trans. 37, 1281–1286. doi: 10.1042/BST0371281

 Leeuw, C. A., d. e., Mooij, J. M., Heskes, T., and Posthuma, D. (2015). MAGMA: generalized gene-set analysis of GWAS data. PLoS Comput. Biol. 11, e1004219. doi: 10.1371/journal.pcbi.1004219

 Liddelow, S. A., and Barres, B. A. (2017). Reactive astrocytes: production, function, therapeutic potential. Immunity 46, 957–967. doi: 10.1016/j.immuni.2017.06.006

 Ling, S. C., Polymenidou, M., and Cleveland, D. W. (2013). Converging mechanisms in ALS and FTD: disrupted RNA and protein homeostasis. Neuron 79, 416–438. doi: 10.1016/j.neuron.2013.07.033

 Lopez-Erauskin, J., Tadokoro, T., Baughn, M. W., Myers, B., McAlonis-Downes, M., Chillon-Marinas, C., et al. (2018). ALS/FTD-linked mutation in FUS suppresses intra-axonal protein synthesis and drives disease without nuclear loss-of-function of FUS. Neuron 100, 816–830.e7. doi: 10.1016/j.neuron.2018.09.044

 LoVerso, P. R., and Cui, F. (2016). Cell type-specific transcriptome profiling in mammalian brains. Front. Biosci. 21, 973–985. doi: 10.2741/4434

 Lu, Y., He, H. J., Zhou, J., Miao, J. Y., Lu, J., He, Y. G., et al. (2013). Hyperphosphorylation results in tau dysfunction in DNA folding and protection. J. Alzheimers. Dis. 37, 551–563. doi: 10.3233/JAD-130602

 Mackenzie, I. R., Neumann, M., Baborie, A., Sampathu, D. M., Du Plessis, D., Jaros, E., et al. (2011). A harmonized classification system for FTLD-TDP pathology. Acta Neuropathol. 122, 111–113. doi: 10.1007/s00401-011-0845-8

 Mackenzie, I. R., Nicholson, A. M., Sarkar, M., Messing, J., Purice, M. D., Pottier, C., et al. (2017). TIA1 mutations in amyotrophic lateral sclerosis and frontotemporal dementia promote phase separation and alter stress granule dynamics. Neuron 95, 808–816.e9. doi: 10.1016/j.neuron.2017.07.025

 Maloney, B., Ge, Y. W., Alley, G. M., and Lahiri, D. K. (2007). Important differences between human and mouse APOE gene promoters: limitation of mouse APOE model in studying Alzheimer's disease. J. Neurochem. 103, 1237–1257. doi: 10.1111/j.1471-4159.2007.04831.x

 Mann, M., and Jensen, O. N. (2003). Proteomic analysis of post-translational modifications. Nat. Biotechnol. 21, 255–261. doi: 10.1038/nbt0303-255

 Masai, H., Matsumoto, S., You, Z., Yoshizawa-Sugata, N., and Oda, M. (2010). Eukaryotic chromosome DNA replication: where, when, and how? Annu. Rev. Biochem. 79, 89–130. doi: 10.1146/annurev.biochem.052308.103205

 Masuda, T., Sankowski, R., Staszewski, O., and Prinz, M. (2020). Microglia heterogeneity in the single-cell era. Cell Rep. 30, 1271–1281. doi: 10.1016/j.celrep.2020.01.010

 Mathys, H., Davila-Velderrain, J., Peng, Z., Gao, F., Mohammadi, S., Young, J. Z., et al. (2019). Single-cell transcriptomic analysis of Alzheimer's disease. Nature 570, 332–337. doi: 10.1038/s41586-019-1195-2

 Maziuk, B. F., Apicco, D. J., Cruz, A. L., Jiang, L., Ash, P. E. A., da Rocha, E. L., et al. (2018). B. RNA binding proteins co-localize with small tau inclusions in tauopathy. Acta Neuropathol. Commun. 6, 71. doi: 10.1186/s40478-018-0574-5

 Meldi, L., and Brickner, J. H. (2011). Compartmentalization of the nucleus. Trends Cell Biol. 21, 701–708. doi: 10.1016/j.tcb.2011.08.001

 Monaco, G., van Dam, S., Casal Novo Ribeiro, J. L., Larbi, A., and de Magalhaes, J. P. (2015). A comparison of human and mouse gene co-expression networks reveals conservation and divergence at the tissue, pathway and disease levels. BMC Evol. Biol. 15, 259. doi: 10.1186/s12862-015-0534-7

 Moss, D. J. H., Pardiñas, A. F., Langbehn, D., Lo, K., Leavitt, B. R., Roos, R., et al. (2017). Identification of genetic variants associated with Huntington's disease progression: a genome-wide association study. Lancet Neurol. 16, 701–711. doi: 10.1016/S1474-4422(17)30161-8

 Mot, A. I., Depp, C., and Nave, K. A. (2018). An emerging role of dysfunctional axon-oligodendrocyte coupling in neurodegenerative diseases. Dialogues Clin. Neurosci. 20, 283–292. doi: 10.31887/dcns.2018.20.4/amot

 Multhaup, G., Huber, O., Buee, L., and Galas, M. C. (2015). Amyloid precursor protein (APP) metabolites APP intracellular fragment (AICD), Abeta42, and tau in nuclear roles. J. Biol. Chem. 290, 23515–23522. doi: 10.1074/jbc.R115.677211

 Nageshwaran, S., and Festenstein, R. (2015). Epigenetics and Triplet-repeat neurological diseases. Front. Neurol. 6, 262. doi: 10.3389/fneur.2015.00262

 Nakamura, N., Tsunoda, K., Mitsutake, A., Shibata, S., Mano, T., Nagashima, Y., et al. (2020). Clinical characteristics of neuronal intranuclear inclusion disease-related retinopathy with CGG repeat expansions in the NOTCH2NLC gene. Invest. Ophthalmol. Vis. Sci. 61, 27. doi: 10.1167/iovs.61.11.27

 Nalavade, R., Griesche, N., Ryan, D. P., Hildebrand, S., and Krauss, S. (2013). Mechanisms of RNA-induced toxicity in CAG repeat disorders. Cell Death Dis. 4, e752. doi: 10.1038/cddis.2013.276

 Nalls, M. A., Pankratz, N., Lill, C. M., Do, C. B., Hernandez, D. G., and Saad, M. (2014). Large-scale meta-analysis of genome-wide association data identifies six new risk loci for Parkinson's disease. Nat. Genet. 46, 989–993. doi: 10.1038/ng.3043

 Nelson, P. T., Dickson, D. W., Trojanowski, J. Q., Jack, C. R., Boyle, P. A., Arfanakis, K., et al. (2019). Limbic-predominant age-related TDP-43 encephalopathy (LATE): consensus working group report. Brain 142, 1503–1527. doi: 10.1093/brain/awz099

 Nott, A., Schlachetzki, J. C. M., Fixsen, B. R., and Glass, C. K. (2021). Nuclei isolation of multiple brain cell types for omics interrogation. Nat. Protoc. 16, 1629–1646. doi: 10.1038/s41596-020-00472-3

 Orengo, J. P., Chambon, P., Metzger, D., Mosier, D. R., Snipes, G. J., and Cooper, T. A. E. (2008). repeats within the DMPK 3' UTR causes severe skeletal muscle wasting in an inducible mouse model for myotonic dystrophy. Proc. Natl. Acad. Sci. U. S. A. 105, 2646–2651. doi: 10.1073/pnas.0708519105

 Ori, A., Banterle, N., Iskar, M., Andres-Pons, A., Escher, C., Khanh Bui, H., et al. (2013). Cell type-specific nuclear pores: a case in point for context-dependent stoichiometry of molecular machines. Mol. Syst. Biol. 9, 648. doi: 10.1038/msb.2013.4

 Papuc, E., and Rejdak, K. (2020). The role of myelin damage in Alzheimer's disease pathology. Arch. Med. Sci. 16, 345–351. doi: 10.5114/aoms.2018.76863

 Park, S. A., Ahn, S. I., and Gallo, J. M. (2016). Tau mis-splicing in the pathogenesis of neurodegenerative disorders. BMB Rep. 49, 405–413. doi: 10.5483/BMBRep.2016.49.8.084

 Phatnani, H., and Maniatis, T. (2015). Astrocytes in neurodegenerative disease. Cold Spring Harb. Perspect Biol. (2015) 7, a020628. doi: 10.1101/cshperspect.a020628

 Phatnani, H. P., Guarnieri, P., Friedman, B. A., Carrasco, M. A., Muratet, M., O'Keeffe, S., et al. (2013). Intricate interplay between astrocytes and motor neurons in ALS. Proc. Natl. Acad. Sci. U. S. A. 110, E756–E765. doi: 10.1073/pnas.1222361110

 Policicchio, S., Davies, J., Chioza, B., Burrage, J., Mill, J., and Dempster, E. (2020). Fluorescence-activated nuclei sorting (FANS) on human post-mortem cortex tissue enabling the isolation of distinct neural cell populations for multiple omic profilin. Protocols.io. doi: 10.17504/protocols.io.bmh2k38e

 Potter, H., Chial, H. J., Caneus, J., Elos, M., Elder, N., Borysov, S., et al. (2019). Chromosome instability and mosaic aneuploidy in neurodegenerative and neurodevelopmental disorders. Front. Genet. 10, 1092. doi: 10.3389/fgene.2019.01092

 Pountney, D. L., Huang, Y., Burns, R. J., Haan, E., Thompson, P. D., Blumbergs, P. C., et al. (2003). SUMO-1 marks the nuclear inclusions in familial neuronal intranuclear inclusion disease. Exp. Neurol. 184, 436–446. doi: 10.1016/j.expneurol.2003.07.004

 Prasad, A., Bharathi, V., Sivalingam, V., Girdhar, A., and Patel, B. K. (2019). Molecular mechanisms of TDP-43 Misfolding and pathology in amyotrophic lateral sclerosis. Front. Mol. Neurosci. 12, 25. doi: 10.3389/fnmol.2019.00025

 Prince, M., Ali, G. C., Guerchet, M., Prina, A. M., Albanese, E., and Wu, Y. T. (2016). Recent global trends in the prevalence and incidence of dementia, and survival with dementia. Alzheimers Res. Ther. 8, 23. doi: 10.1186/s13195-016-0188-8

 Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., and Ferri, C. P. (2013). The global prevalence of dementia: a systematic review and metaanalysis. Alzheimers Dement. 9, 63–75.e2. doi: 10.1016/j.jalz.2012.11.007

 Rangaraju, S., Dammer, E. B., Raza, S. A., Gao, T., Xiao, H., Betarbet, R., et al. (2018). Quantitative proteomics of acutely-isolated mouse microglia identifies novel immune Alzheimer's disease-related proteins. Mol. Neurodegener. 13, 34. doi: 10.1186/s13024-018-0266-4

 Rayaprolu, S., Gao, T., Xiao, H., Ramesha, S., Weinstock, L. D., Shah, J., et al. (2020). Flow-cytometric microglial sorting coupled with quantitative proteomics identifies moesin as a highly-abundant microglial protein with relevance to Alzheimer's disease. Mol. Neurodegener. 15, 28. doi: 10.1186/s13024-020-00377-5

 Rayaprolu, S., Higginbotham, L., Bagchi, P., Watson, C. M., Zhang, T., Levey, A. I., et al. (2021). Systems-based proteomics to resolve the biology of Alzheimer's disease beyond amyloid and tau. Neuropsychopharmacology 46, 98–115. doi: 10.1038/s41386-020-00840-3

 Reid, M. J., Beltran-Lobo, P., Johnson, L., Perez-Nievas, B. G., and Noble, W. (2020). Astrocytes in tauopathies. Front. Neurol. 11, 572850. doi: 10.3389/fneur.2020.572850

 Rossi, G., Conconi, D., Panzeri, E., Redaelli, S., Piccoli, E., Paoletta, L., et al. (2013). Mutations in MAPT gene cause chromosome instability and introduce copy number variations widely in the genome. J. Alzheimers. Dis. 33, 969–982. doi: 10.3233/JAD-2012-121633

 Sakiyama, Y., Mazur, A., Kapinos, L. E., and Lim, R. Y. (2016). Spatiotemporal dynamics of the nuclear pore complex transport barrier resolved by high-speed atomic force microscopy. Nat. Nanotechnol. 11, 719–723. doi: 10.1038/nnano.2016.62

 Sarkar, S., Dammer, E. B., Malovic, E., Olsen, A. L., Raza, S. A., Gao, T., et al. (2020). Molecular signatures of neuroinflammation induced by alphasynuclein aggregates in microglial cells. Front. Immunol. 11, 33. doi: 10.3389/fimmu.2020.00033

 Sato-Harada, R., Okabe, S., Umeyama, T., Kanai, Y., and Hirokawa, N. (1996). Microtubule-associated proteins regulate microtubule function as the track for intracellular membrane organelle transports. Cell Struct. Funct. 21, 283–295. doi: 10.1247/csf.21.283

 Scheltens, P., Barkhof, F., Valk, J., Algra, P. R., van der Hoop, R. G., Nauta, J., et al. (1992). White matter lesions on magnetic resonance imaging in clinically diagnosed Alzheimer's disease. Evidence for heterogeneity. Brain 115(Pt 3), 735–748. doi: 10.1093/brain/115.3.735

 Schmidt, M. F., Gan, Z. Y., Komander, D., and Dewson, G. (2021). Ubiquitin signalling in neurodegeneration: mechanisms and therapeutic opportunities. Cell Death Differ. 28, 570–590. doi: 10.1038/s41418-020-00706-7

 Sergeant, N., Sablonniere, B., Schraen-Maschke, S., Ghestem, A., Maurage, C. A., Wattez, A., et al. (2001). Dysregulation of human brain microtubule-associated tau mRNA maturation in myotonic dystrophy type 1. Hum. Mol. Genet. 10, 2143–2155. doi: 10.1093/hmg/10.19.2143

 Sevigny, J., Chiao, P., Bussiere, T., Weinreb, P. H., Williams, L., Maier, M., et al. (2016). The antibody aducanumab reduces Abeta plaques in Alzheimer's disease. Nature 537, 50–56. doi: 10.1038/nature19323

 Seyfried, N. T., Dammer, E. B., Swarup, V., Nandakumar, D., Duong, D. M., Yin, L., et al. (2017). Multi-network approach identifies protein-specific co-expression in asymptomatic and symptomatic Alzheimer's disease. Cell Syst. 4, 60–72.e4. doi: 10.1016/j.cels.2016.11.006

 Shani, T., Levy, M., and Israelson, A. (2017). Assay to measure nucleocytoplasmic transport in real time within motor neuron-like NSC-34 cells. J. Vis. Exp. doi: 10.3791/55676

 Sharma, K., Schmitt, S., Bergner, C. G., Tyanova, S., Kannaiyan, N., Manrique-Hoyos, N., et al. (2015). Cell type- and brain region-resolved mouse brain proteome. Nat. Neurosci. 18, 1819–1831. doi: 10.1038/nn.4160

 Shelkovnikova, T. A., Robinson, H. K., Southcombe, J. A., Ninkina, N., and Buchman, V. L. (2014). Multistep process of FUS aggregation in the cell cytoplasm involves RNA-dependent and RNA-independent mechanisms. Hum. Mol. Genet. 23, 5211–5226. doi: 10.1093/hmg/ddu243

 Sieradzan, K. A., Mechan, A. O., Jones, L., Wanker, E. E., Nukina, N., and Mann, D. M. (1999). Huntington's disease intranuclear inclusions contain truncated, ubiquitinated huntingtin protein. Exp. Neurol. 156, 92–99. doi: 10.1006/exnr.1998.7005

 Simons, K., and Ehehalt, R. (2002). Cholesterol, lipid rafts, and disease. J. Clin. Invest. 110, 597–603. doi: 10.1172/JCI0216390

 Sone, J. (2020). [Neuronal intranuclear inclusion disease (NIID)]. Rinsho Shinkeigaku 60, 653–662. doi: 10.5692/clinicalneurol.cn-001417

 Sone, J., Mori, K., Inagaki, T., Katsumata, R., Takagi, S., Yokoi, S., et al. (2016). Clinicopathological features of adult-onset neuronal intranuclear inclusion disease. Brain 139, 3170–3186. doi: 10.1093/brain/aww249

 Sreedharan, J., Blair, I. P., Tripathi, V. B., Hu, X., Vance, C., Rogelj, B., et al. (2008). TDP-43 mutations in familial and sporadic amyotrophic lateral sclerosis. Science. 319, 1668–1672. doi: 10.1126/science.1154584

 Strooper, B. D., e., and Karran, E. (2016). The cellular phase of Alzheimer's disease. Cell 164, 603–615. doi: 10.1016/j.cell.2015.12.056

 Suk, T. R., and Rousseaux, M. W. C. (2020). The role of TDP-43 mislocalization in amyotrophic lateral sclerosis. Mol. Neurodegener. 15, 45. doi: 10.1186/s13024-020-00397-1

 Swarup, V., Chang, T. S., Duong, D. M., Dammer, E. B., Dai, J. J., Lah, E. C. B., et al. (2020). Identification of conserved proteomic networks in neurodegenerative dementia. Cell Rep. 31, 107807. doi: 10.1016/j.celrep.2020.107807

 Takahashi, N., and Ishiura, S. (1999). [DM pathogenesis and expansion of CTG trinucleotide repeat within 3' untranslated region of DMPK gene]. Nippon. Rinsho 57, 937–942. 

 Talbott, E. O., Malek, A. M., and Lacomis, D. (2016). The epidemiology of amyotrophic lateral sclerosis. Handb. Clin. Neurol. 138, 225–238. doi: 10.1016/B978-0-12-802973-2.00013-6

 Tanzi, R. E. (2021). FDA approval of aduhelm paves a new path for Alzheimer's disease. ACS Chem Neurosci. 12, 2714–2715. doi: 10.1021/acschemneuro.1c00394

 Thompson, M., Haeusler, R. A., Good, P. D., and Engelke, D. R. (2003). Nucleolar clustering of dispersed tRNA genes. Science. 302, 1399–1401. doi: 10.1126/science.1089814

 Thurston, V. C., Zinkowski, R. P., and Binder, L. I. (1996). Tau as a nucleolar protein in human nonneural cells in vitro and in vivo. Chromosoma 105, 20–30. doi: 10.1007/BF02510035

 Togo, T., and Dickson, D. W. (2002). Tau accumulation in astrocytes in progressive supranuclear palsy is a degenerative rather than a reactive process. Acta Neuropathol. 104, 398–402. doi: 10.1007/s00401-002-0569-x

 Tosto, G., Zimmerman, M. E., Hamilton, J. L., Carmichael, O. T., Brickman, A. M., and Alzheimer's Disease Neuroimaging Initiative. (2015). The effect of white matter hyperintensities on neurodegeneration in mild cognitive impairment. Alzheimers Dement. 11, 1510–1519. doi: 10.1016/j.jalz.2015.05.014

 Vainchtein, I. D., and Molofsky, A. V. (2020). Astrocytes and microglia: in sickness and in health. Trends Neurosci. 43, 144–154. doi: 10.1016/j.tins.2020.01.003

 van Rheenen, W., Shatunov, A., Dekker, A. M., McLaughlin, R. L., Diekstra, F. P., Pulit, S. L., et al. (2016). Genome-wide association analyses identify new risk variants and the genetic architecture of amyotrophic lateral sclerosis. Nat. Genet. 48, 1043–1048. doi: 10.1038/ng.3622

 Vijg, J., and Suh, Y. (2013). Genome instability and aging. Annu. Rev. Physiol. 75, 645–668. doi: 10.1146/annurev-physiol-030212-183715

 Weber, L. M., Nowicka, M., Soneson, C., and Robinson, M. D. (2019). diffcyt: differential discovery in high-dimensional cytometry via high-resolution clustering. Commun Biol 2, 183. doi: 10.1038/s42003-019-0415-5

 Woulfe, J., Kertesz, A., and Munoz, D. G. (2001). Frontotemporal dementia with ubiquitinated cytoplasmic and intranuclear inclusions. Acta Neuropathol. 102, 94–102. doi: 10.1007/s004010000346

 Xia, D., Gutmann, J. M., and Gotz, J. (2016). Mobility and subcellular localization of endogenous, gene-edited Tau differs from that of over-expressed human wild-type and P301L mutant Tau. Sci. Rep. 6, 29074. doi: 10.1038/srep29074

 Xue, S., Gong, R., He, F., Li, Y., Wang, T., Tan, T., et al. (2019). Low-complexity domain of U1-70K modulates phase separation and aggregation through distinctive basic-acidic motifs. Sci. Adv. 5, eaax5349. doi: 10.1126/sciadv.aax5349

 Yurov, Y. B., Vorsanova, S. G., and Iourov, I. Y. (2011). The DNA replication stress hypothesis of Alzheimer's disease. Sci. World J. 11, 2602–2612. doi: 10.1100/2011/625690

 Yurov, Y. B., Vorsanova, S. G., and Iourov, I. Y. (2019). Chromosome instability in the neurodegenerating brain. Front. Genet. 10, 892. doi: 10.3389/fgene.2019.00892

 Zamanian, J. L., Xu, L., Foo, L. C., Nouri, N., Zhou, L., Giffard, R. G., et al. (2012). Genomic analysis of reactive astrogliosis. J. Neurosci. 32, 6391–6410. doi: 10.1523/JNEUROSCI.6221-11.2012

 Zambon, A. C., Gaj, S., Ho, I., Hanspers, K., Vranizan, K., Evelo, C. T., et al. (2012). GO-Elite: a flexible solution for pathway and ontology over-representation. Bioinformatics 28, 2209–2210. doi: 10.1093/bioinformatics/bts366

 Zhang, K., Daigle, J. G., Cunningham, K. M., Coyne, A. N., Ruan, K., Grima, J. C., et al. (2018). Stress granule assembly disrupts nucleocytoplasmic transport. Cell 173, 958–971.e17. doi: 10.1016/j.cell.2018.03.025

 Zhang, K., Donnelly, C. J., Haeusler, A. R., Grima, J. C., Machamer, J. B., Steinwald, P., et al. (2015). The C9orf72 repeat expansion disrupts nucleocytoplasmic transport. Nature 525, 56–61. doi: 10.1038/nature14973

 Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R., O'Keeffe, S., et al. (2014). An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J. Neurosci. 34, 11929–11947. doi: 10.1523/JNEUROSCI.1860-14.2014

 Zhu, Y., Piehowski, P. D., Zhao, R., Chen, J., Shen, Y., Moore, R. J., et al. (2018). Nanodroplet processing platform for deep and quantitative proteome profiling of 10-100 mammalian cells. Nat. Commun. 9, 882. doi: 10.1038/s41467-018-03367-w

 Ziff, O. J., Clarke, B. E., Taha, D. M., Crerar, H., Luscombe, N. M., and Patani, R. (2022). Meta-analysis of human and mouse ALS astrocytes reveals multi-omic signatures of inflammatory reactive states. Genome Res. 32, 71–84. doi: 10.1101/gr.275939.121

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.

Copyright © 2022 Nelson, Dammer, Santiago, Seyfried and Rangaraju. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnins-16-902146-t001.jpg
Aberrant nuclear
mechanism

Nucleocytoplasmic
transport

Chromosomal
instabiity

Nuclear inclusions
RNA processing

Transcription

Neurodegenerative
disease

ALS/FTLD

AD
AD

NID
ALS/FTD

Myotonic Dystrophy
Tauopathies
D

AD
ALS/FTD
PD

Aberrant protein

FUS, TDP-43

Tau
CDT2, Tau

SUMO-1
ATXN2, Optineurin,
Angiogen

DMPK, MAPT

TIAY

Tau, BIN1, PICALM, PTK2B,
FERMT

BACH1, ERG
SOD1, TARDP
TFEB





OPS/images/fnins-16-902146-g003.gif
-Log10 P-Value

Dammer et. al. NeuN+ vs NeuN- Nuclei

e Disease

. AD
. ALS
)

25 00 25 50 75
Log2 Fold Change (NeuN+ vs NeuN- Nuclei)





OPS/images/fnins-16-902146-g004.gif
Cell-Type Specific Nuclear Markers Nominations.

° Mirogla  Astroctyo  Olgodendrocyte
® Newd Pu1 NORG2 sox10
59 1873 ouiG2

NucleofalCell Types:

| )

Diferent Quantative roteomic Proposals

Validation o CelFType Specific
Nucle by Flow Cytometry






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Brain Cell Type-Specific Nuclear Proteomics Is Imperative to Resolve Neurodegenerative Disease Mechanisms



		Introduction



		Structure and Sub-Compartments of the Nucleus



		Pathophysiological Roles of the Nucleus in Neurodegenerative Diseases



		Nucleocytoplasmic Transport (NCT)



		Chromosomal Proteins



		RNA Processing



		Nuclear Inclusion Bodies



		Post-translational Modifications







		The Role of TDP-43 and TAU Proteins in the Nucleus in NDs



		TAR DNA-Binding Protein 43 (TDP-43)



		Tau Protein







		Network Based Proteomics in Neurodegeneration



		Cell-Type Specific Proteomics



		Microglia



		Astrocytes



		Oligodendrocytes



		Neurons







		Cell Type-Specific Nuclear Proteomics From Post-Mortem Human Brain



		Proposed Method for Cell Type-Specific Nuclear Proteomics



		Summary



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References

















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

Brain Cell Type-Specific Nuclear
Proteomics Is Imperative to Resolve
Neurodegenerative Disease
Mechanisms





OPS/images/fnins-16-902146-g001.gif
Major Components Represented
Nuclear Envelope.

INuclear Pore Complex (NPC)
INuclear Lamina (Pink Ring)
Nucleoplasm

INuclear Speckies

Nucleolus.

Nuclear Bodies

INuclear Matrix (Grey Grid)

o
N Araons o Nl Procsses nhDs
eicoaropome Tovapon

Chromosomal Instabiity
Nuclear Inclusions.

RNA processing
Aberrant Transcription






OPS/images/fnins-16-902146-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





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





