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Summary

The proper folding of proteins is continuously challenged by intrinsic and extrinsic stresses, and 

the accumulation of toxic misfolded proteins is associated with many human diseases. Eukaryotic 

cells have evolved a complex network of protein quality control pathways to protect the proteome, 

and these pathways are specialized for each subcellular compartment. While many details have 

been elucidated for how the cytosol and endoplasmic reticulum counteract proteotoxic stress, 

relatively little is known about the pathways protecting the nucleus from protein misfolding. Here, 

we offer a conceptual framework for how proteostasis is maintained in this organelle. We define 

the particular requirements that must be considered for the nucleus to manage proteotoxic stress, 

summarize the known and implicated pathways of nuclear protein quality control, and identify the 

unresolved questions in the field. Proper maintenance of nuclear proteostasis has important 

implications in preserving genomic integrity, as well as for aging and disease.

Introduction

Proteins are the essential ‘workhorses’ in the cell that must fold into unique three-

dimensional structures to properly function for all aspects of cell growth and vitality [1]. A 

multitude of proteotoxic stresses, including genetic mutations, biosynthetic errors, and 

physiological and environmental insults, constantly challenge the proper folding and 

function of the proteome. Many of these proteotoxic stresses are compounded by age, and 

aberrantly folded proteins are associated with a variety of diseases, including type II 

diabetes, cancer, and many neurodegenerative diseases [2]. To counteract this, cells have 

evolved elaborate pathways to protect against protein misfolding and aggregation to 

maintain protein homeostasis (proteostasis). These pathways are collectively called the 

proteostasis network, and include machineries that maintain functional protein 

conformations folding, assembly, and disaggregation mechanisms; clearance pathways that 

recognize and dispose of terminally misfolded proteins; as well as secondary defense 

mechanisms that minimize protein aggregate toxicity (Figure 1; [2]). The relative amounts 
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of these protein quality control (PQC) machineries are controlled by adaptive stress 

responses, which transcriptionally tune the cell’s folding capacity under fluctuating 

proteotoxic stress conditions [3–5].

Eukaryotic cells are physically and functionally compartmentalized by membrane-bound 

organelles, and PQC pathways have become specialized for specific compartments, 

including the cytoplasm, endoplasmic reticulum (ER), and mitochondria [6, 7]. Many 

illuminating studies have begun to precisely define how proteostasis in these compartments 

is maintained. Surprisingly, relatively less is known about proteostasis in the nucleus, 

although this organelle has a critical role in cellular homeostasis by protecting genomic 

expression and integrity. The importance of understanding nuclear protein folding and 

quality control mechanisms is underscored not only by their implied responsibility in 

maintaining the functionality of proteins that control gene expression fidelity, but also by the 

fact that a multitude of neurodegenerative diseases-- including polyglutamine-expanded 

diseases such as Huntington’s Disease, the spinocerebellar ataxias, and amyotrophic lateral 

sclerosis- are pathologically associated with nuclear protein misfolding and aggregation [8–

12].

In this review, we examine how the nucleus maintains proteostasis. While certain aspects for 

how the nuclear proteome is protected from proteotoxic stress are not elucidated, we offer a 

conceptual framework to define this problem. General concepts of PQC are summarized to 

provide context to how the unique characteristics of the nucleus influences how the 

proteostasis network is established in this organelle. We examine known, as well as 

implicated, pathways important for nuclear proteostasis, and also consider the functional 

implications of a dysregulated nuclear proteostasis network in aging and disease.

General concepts of protein quality control and homeostasis

The functional folding of proteins is accomplished by molecular chaperones, a diverse class 

of proteins belonging to a number of different protein families that include the Hsp60, 

Hsp70, Hsp90, Hsp100 and sHSP families [1]. Chaperones have multiple roles to preserve 

proteostasis, and different members promote the folding of nascent polypeptides, refolding 

of damaged proteins, disassembly of protein aggregates, as well as the assembly and 

disassembly of functional protein complexes. In general, chaperones interact with exposed 

hydrophobic protein patches, and many utilize ATP hydrolysis to drive successive rounds of 

substrate binding and release to promote folding. Others, such as sHSPs, act as ATP-

independent ‘holdases’ that bind to misfolded proteins to maintain their solubility. 

Chaperone activity is further fine-tuned by co-chaperones, which control rates of chaperone 

ATPase activity, provide substrate specificity, as well as impart bridging mechanisms to 

couple separate chaperone systems together or with degradation machineries. This is 

illustrated by the large family of Hsp40/DNAJ proteins that modulate Hsp70 function [13]. 

In addition, different chaperone systems often functionally cooperate with each other to 

form specialized chaperone machines. This is exemplified by the Hsp70:90 as well as the 

metazoan Hsp70:Hsp110 and yeast Hsp70:Hsp104 systems, that are important for the 

maturation of specific client proteins and for protein disaggregation, respectively [6, 14]. 
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Chaperones are highly abundant, essential for viability, and are found in virtually all 

compartments of the cell [1, 5, 6, 15, 16].

When proteins become terminally misfolded, they can be recognized and destroyed by 

proteolysis. The destruction of most misfolded proteins occurs through the ubiquitin-

proteasome system (UPS), which degrades up to ~90% of all proteins [17]. Most misfolded 

substrates are recognized and polyubiquitylated by an enzymatic cascade involving E1–E3 

enzymes [18]. The latter of these, the ubiquitin E3 ligases, are prolific in number, recognize 

different degradation motifs (degrons), and localize to various subcellular compartments to 

confer substrate specificity to the UPS [19]. Misfolding recognition by E3 ligases is often 

coupled to chaperone systems, as with the E3 ligase CHIP, which interacts with Hsp70 and 

Hsp90 to ubiquitylate chaperone-bound substrates [20]. Once polyubiquitylated, substrates 

are degraded by the proteasome, a ~2.5 MDa proteolytic machine composed of the 

activating 19S regulatory particle and proteolytic 20S core particle [21]. Specificity for 

substrate degradation can be further fine-tuned at the level of the proteasome by association 

of the 20S core particle with distinct activators, as well as by modulating the proteasome’s 

subcellular localization [19, 22]. Protein degradation by the UPS is not limited to misfolded 

proteins; UPS-dependent destruction of many proteins serves as important regulatory 

mechanisms to control processes such as transcription, DNA repair, and the cell cycle [23, 

24].

Although chaperones and the UPS can prevent the accumulation of misfolded proteins under 

optimal conditions, protein aggregation occurs when these pathways become overwhelmed. 

Often, aggregates cannot be recognized or efficiently cleared by the UPS [25], and an 

emerging concept in proteostasis is the existence of mechanisms that specifically manage 

protein aggregation [26, 27]. These strategies include spatial partitioning and packaging 

aggregates within the cell to minimize cytotoxicity [28, 29], asymmetric segregation of 

aggregates into only one cell during cell division [26] [30], as well as clearance by 

macroautophagy [31].

In addition to PQC machineries that maintain proteomic integrity, cells employ a number of 

stress responses to sense and promote cellular adaptation to proteotoxic stress by increasing 

relative folding and degradation capacities. Several of these pathways primarily respond to 

protein misfolding in a compartment-specific manner. These include the heat shock 

response, which senses cytoplasmic protein misfolding, as well as the unfolded protein 

responses of the ER and mitochondria that independently respond to misfolding within these 

respective organelles. Activation of individual response pathways can be distinctly triggered 

by environmental stresses—such as elevated temperatures and oxidants for the cytoplasm 

and reducing agents for the ER— given the unique composition of the organelle’s proteome 

[6]; however, integration amongst stress responses also exist [32]. The initiation of stress 

responses leads to a wide range of cellular events, including transient attenuation of 

translation and nuclear transport of mRNAs and proteins, as well as transcriptional induction 

of multiple genes encoding proteostasis network components [3, 4].
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Underlying principles for preserving nuclear proteostasis

The organization and contents of the nucleus present unique challenges for preserving 

proteostasis in this organelle. The identity of the nucleus is preserved by the nuclear 

envelope, a membrane sheet composed of a double lipid bilayer that extends from, and is 

continuous with, the ER [33]. The nuclear envelope is embedded with nuclear pore 

complexes, which form aqueous channels that facilitate the exchange of components 

between the nucleus and the cytoplasm. By separating the genome and mRNA transcription 

from protein synthesis, the nuclear envelope and pores serve as a critical nexus in the 

regulation and diversification of gene expression [33].

The nucleoplasm is also further compartmentalized. In metazoan cells, the nuclear lamina, a 

protein matrix of intermediate filaments, lies underneath the nuclear envelope. The lamina is 

physically linked to the nuclear envelope through direct interactions with inner nuclear 

membrane proteins and acts as both a structural and epigenetic scaffold, defining the 

organelle’s shape as well as binding to chromatin to regulate gene expression [34]. Within 

the nucleoplasm, different nuclear bodies also exist that are associated with numerous 

specialized functions involving gene expression [35]. The most prominent of these is the 

nucleolus, which forms around ribosomal DNA and is the site for the coordinated assembly 

of ribosome subunits [35]. This complex process of assembling four rRNAs and ~80 

ribosomal proteins into two functional ribosomal subunits requires ~200 auxiliary proteins 

as well as small nucleolar RNAs [36], suggesting that this subcompartment may particularly 

rely on nuclear PQC pathways to alleviate misassembly errors.

The yeast nucleus lacks a nuclear lamina and contains only the nucleolus as a distinct 

subcompartment, although less defined functional compartmentalization still occurs [37]. 

One unique aspect of the yeast nucleus is the spindle pole body, which is the equivalent to 

mammalian centrosomes and acts as the microtubule-organizing center [38]. Unlike 

metazoans, yeast mitosis occurs without nuclear envelope breakdown (i.e., closed mitosis), 

and the mitotic spindle forms within the nucleus for chromosome segregation. The spindle 

pole body is integrally embedded into the nuclear envelope, where components that nucleate 

assembly of both cytoplasmic microtubules and the mitotic spindle are poised in the cytosol 

and nucleoplasm [38].

The identity of the nuclear proteome is largely established by facilitated transport through 

the nuclear pore complexes. Unlike other membrane protein transport channels, the nuclear 

pores are much larger complexes comprised of multiple copies of over thirty different 

proteins [39, 40]. Pore selectivity is established by phenylalanine-glycine repeat domains of 

nuceloporin proteins lining the channel interior. Protein transport through the nuclear pores 

is less stringent than for other protein-conducting membrane channels, but nevertheless 

tightly regulated depending on the cargo’s molecular size [41, 42]. Whereas globular 

proteins smaller than ~30 kDa can passively diffuse through the pore, larger proteins must 

enter or exit the nucleus through energy-driven facilitated transport. Nuclear protein 

transport is largely driven by a family of RanGTP-dependent nuclear transport receptors, 

called the importins and exportins. The importins mediate nuclear entry by binding nuclear 

localization signals within their cargo in the cytosol to traverse the nuclear pore complex. 
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Cargo release occurs in the nucleoplasm upon importin binding to the highly abundant 

RanGTP. Nuclear export of cargo via the exportins occurs in the opposite manner, where 

RanGTP binding promotes, and dissociation attenuates, exportin-cargo interaction. Nuclear 

export of mRNA-protein complexes occurs through an independent mechanism facilitated 

by the Mex67-Mtr2/TAP-p15 complex, but this pathway still depends on RanGTP-

dependent mechanisms for the proper localization of these factors [43].

The fidelities of the nuclear envelope, nuclear pores, and nuclear transport mechanisms are 

crucial for protecting this organelle from proteotoxic stress (Figure 2). By establishing the 

nucleus as a posttranslational compartment, the nuclear envelope and pores shield the 

nuclear proteome from protein misfolding in the cytoplasm, particularly of newly 

synthesized polypeptides that are especially aggregation-prone [1, 44]. The specific PQC 

machineries that protect against misfolding in the nucleus may be either nuclear residents or 

PQC components of the ER or cytoplasm imported in during times of proteotoxic stress. In 

all cases, proper transport will be critical in establishing the nuclear proteostasis network, 

particularly for components that are shared between the nucleocytoplasmic compartments. 

Given the compartmentalization of the nucleus, the localization of PQC machineries, 

misfolding sensors, and aggregates within the nucleoplasm must also be considered. 

Transport pathways will be especially important in preserving nuclear proteostasis in yeast 

and post-mitotic metazoan cells, where nuclear envelope breakdown does not occur. On the 

other hand, the semi-permeable nature of the nuclear pores would also constantly challenge 

the integrity of the nuclear proteome and the pathways that protect it, and defects in nuclear 

pore complexes or transport pathways may pose as significant risk factors in maintaining 

nuclear proteostasis during aging and disease [45].

Molecular chaperones in the nucleus

Many chaperones and co-chaperones found in the cytoplasm also localize to the nucleus 

under various conditions. Here, we confine our definition of chaperones to the protein 

families involved in general folding and misfolding, as discussed above [1]. We will not 

discuss specialized chaperones that assemble specific complexes, such as those that package 

nucleosomes or ribosomal particles, but many of these are important for nuclear homeostasis 

and are examined in detail by others [36, 46, 47].

In metazoan cells, shuttling between the nucleus and cytoplasm appears to be a prevalent 

feature of chaperones involved in general protein folding representing many of the major 

structural families, including Hsp70, Hsp90, sHSPs, and the co-chaperones Hsp40 and HOP/

mSti1 [48–57]. In general, these chaperones are enriched in the cytoplasm but can 

transiently translocate into the nucleus under various conditions, including different cell 

cycle phases and upon exposure to acute proteotoxic stresses such as heat shock (Figures 

3A–B). In the latter case, chaperones further accumulate in the nucleoli. The molecular 

function of chaperones in the nucleus/nucleolus during stress remains undetermined, but 

nucleolar accumulation of chaperones may prevent the aggregation of unassembled 

ribosomal proteins at this site (see below for further discussion).

Shibata and Morimoto Page 5

Curr Biol. Author manuscript; available in PMC 2015 May 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Given the molecular size of chaperones and chaperone complexes, their import would 

require active transport. Some chaperones possess nuclear localization signals, which may 

be utilized for import during the cell cycle [56]. Hsp70 and Hsp90 in particular also promote 

nuclear import of several proteins [58, 59], and could thus ‘piggyback’ into the nucleus this 

way. RanGTP transport pathways are transiently attenuated during many acute proteotoxic 

stresses [60, 61], thus presenting a paradox for maintaining nuclear proteostasis. Inhibition 

of import would limit nuclear entrance of cytosolic misfolded proteins, but would also block 

the transport of chaperones that prevent nuclear misfolding damage.

Recently, an alternate pathway has been identified that imports Hsp70 into the nucleus 

during acute heat stress. Import occurs through Hsp70 binding to Hikeshi, a conserved, 

soluble protein, which appears to transport through the nuclear pore independently of 

RanGTP [62]. Hikeshi preferentially interacts with and transports ATP-bound Hsp70. This 

proposed model implies a large increase in the ATP-bound, and by extension substrate-free, 

pool of Hsp70 under acute proteotoxic stress, but how this might occur is unclear and likely 

involves additional or upstream factors. For example, Hsp70 nuclear translocation is 

attenuated in heat-stressed cells treated with phosphatase inhibitors [63]. Whether Hikeshi 

transports chaperones other than Hsp70 remains to be established.

Beyond acute environmental stresses, multiple chaperones, including Hsp70, Hsp110, and 

Hsp40, co-localize with nuclear aggregates formed by different disease-associated proteins 

such as mutant Huntingtin, ataxin-1, and TDP-43, which are linked to Huntington’s disesae, 

spinocerebellar ataxia 1, and amyotrophic lateral sclerosis, respectively (Figure 3C; [11, 

64]). The physical association of chaperones with aggregates appears to be transient, 

suggesting that chaperones may be actively recognizing aggregates for disaggregation and 

refolding [65]. The presence of Hsp70 and Hsp110, which together possess disaggregase 

activity [14], supports this concept. This in turn raises the possibility that mechanisms 

sensing nuclear misfolding to modulate chaperone import under chronic misfolding stress 

may exist, but these pathways remain to be determined.

Nuclear chaperone enrichment also occurs in yeast, where chaperones from multiple 

families, including Hsp70, Hsp90, Hsp100, and sHSPs, concentrate in the nucleus under 

various metabolic and proteotoxic stress conditions (Figure 3A; [66–70]). Several of these 

contain nuclear localization signals, but, as in metazoans, acute stress-induced translocation 

occurs independently of RanGTP-mediated transport. A difference in yeast cells, however, 

is that many chaperones-- representing most major families-- are already enriched in the 

nucleus under non-stress conditions [15, 16, 71]. The purpose of having high nuclear 

chaperone concentrations during normal growth is unclear, but may relate to closed mitosis. 

For example, nuclear Hsp110/Sse1 appears necessary for proper mitotic spindle assembly 

[72]. Whether Hikeshi orthologs modulate nuclear localization or enrichment of chaperones 

in yeast remains to be established.
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UPS in the nucleus

Nuclear UPS in yeast

The specificity for misfolded substrate recognition and degradation by proteasomes is 

largely imparted by ubiquitin E3 ligases. This particular arm of nuclear proteostasis is most 

established by experimental evidence in yeast, where several E3 ligases have been identified 

to participate in nuclear PQC (Figure 4A).

The primary nuclear ubiquitin ligase is San1, which ubiquitylates misfolded polypeptide 

substrates for degradation in both budding and fission yeasts [73–75]. San1 localizes to the 

nucleus under stress and nonstress conditions [74, 75], and ubiquitylates a large variety of 

misfolded substrates, including destabilized endogenous mutant proteins, short synthetic 

polypeptides, exogenous model misfolded proteins, as well as misfolded ER substrates 

lacking their ER-targeting sequences [74, 76–81]. The subcellular localizations of these 

polypeptides are diverse, where they are found in the nucleus but, perhaps more 

surprisingly, also in the cytoplasm as soluble or ER membrane-associated states (more on 

this below). San1’s ability to ubiquitylate diverse substrates occurs through its disordered N- 

and C-termini that flexibly interact with disordered polypeptides. These domains recognize 

exposed, hydrophobic polypeptide stretches in a postulated mechanism analogous to how 

chaperones, particularly sHSPs, interact with misfolded proteins [76–78].

The integral ER membrane E3 ligase, Doa10, also ubiquitylates several soluble and 

membrane-bound proteins localized to the nucleoplasm or inner nuclear membrane [82–85]. 

Doa10 has a well-characterized role in ER-associated degradation of proteins with misfolded 

cytoplasmic domains, but is able to access the inner nuclear membrane to mediate nuclear 

PQC [82]. Experiments with a destabilized component of the kinetochore complex indicate 

that Doa10 also recognizes misfolded substrates that have exposed hydrophobicity, although 

the particular motifs appear different from San1’s [85]. Doa10 also recognizes N-terminally 

acetylated proteins as part of the N-end rule pathway, but how this contributes to nuclear 

proteostasis is unexplored [86]. Of the substrates tested, those recognized by San1 and 

Doa10 do not widely overlap (reviewed in [80]), and Doa10 may preferentially recognize 

misfolding of integral membrane proteins [87].

Slx5-Slx8, a nuclear E3 ligase complex that recognizes sumoylated proteins, has also been 

implicated in nuclear PQC [88]. Slx5-Slx8 mediates degradation of a temperature-sensitive 

mutant of the transcriptional regulator Mot1, and degradation of this protein also requires its 

sumoylation. These results suggest that this posttranslational modification pathway may 

additionally contribute to nuclear proteostasis, but the extent to which sumoylation plays a 

role is currently unknown (further discussed in [11]).

Ubr1, an E3 ligase that mediates degradation in the N-end rule pathway, also ubiqutiylates 

several San1 substrates for degradation in S. cerevisiae [79–81], as does its homolog Ubr11 

in S. pombe [89]. However, Ubr1 function is proposed to be confined to cytoplasmic PQC 

[79], and it is unclear whether or how the cytoplasmic and nuclear PQC pathways coordinate 

substrate degradation.

Shibata and Morimoto Page 7

Curr Biol. Author manuscript; available in PMC 2015 May 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Cooperation between nuclear E3 ligases and chaperones in yeast

Given its ability to directly bind misfolded proteins, San1 has been proposed to generically 

scan the nucleoplasmic volume for misfolding. However, this would imply a direct 

competition with chaperones for misfolded substrate, and the abundance of molecular 

chaperones far exceeds that of San1 [90, 91]. Perhaps this chaperone excess provides the 

misfolded substrate a greater chance to refold before being terminally degraded by the UPS. 

Regardless, additional triage criteria likely exist to determine whether a misfolded substrate 

should be refolded or destroyed, and this may occur through a more intimate interplay 

between chaperones and the nuclear UPS.

Cooperation between the two systems is supported by experiments with cytosolic misfolded 

substrates, which are targeted to the nucleus by Hsp70 for San1-mediated degradation. The 

targeting ability of Hsp70/Ssa1 depends on its ATPase activity, requiring the nucleotide 

exchange factor Hsp110/Sse1 and the Hsp40 co-chaperones Ydj1 and/or Sis1 (reviewed in 

[80]). Sis1 may have additional roles targeting misfolded cytoplasmic substrates to the 

nucleus for degradation [92]. Doa10-driven degradation of mutant Ndc10 also requires 

Hsp70/Ssa1 [85], which suggests a role for chaperone-dependent degradation of nuclear 

substrates by this E3 ligase. In addition, recent work in S. pombe indicates the involvement 

of bag102, an Hsp70 nucleotide exchange factor tethered to the ER, in the degradation of 

several misfolded kinetochore proteins [89].

It is unclear to what extent physical coupling occurs between the two systems. For San1, 

Hsp70/Ssa1facilitates this E3 ligase’s ability to bind at least one substrate [80]. Other studies 

indicate that chaperones do not readily interact with San1 [78]. Future experiments will be 

necessary to elucidate how E3 ligases and chaperones might coordinate their activities in 

nuclear PQC.

Nuclear proteasomes in yeast

Once polyubiquitinated, misfolded substrates are generally delivered to the proteasome 

through interactions of the E3 ligase or adaptor proteins with this proteolytic machine, 

where the substrates are then deubiquitylated by associated ubiquitin hydrolases and 

degraded [21]. How and to what extent these processes occur in the nucleus remains to be 

determined, but proteasomes are enriched in yeast nuclei [93, 94]. This localization appears 

to rely on RanGTP-dependent transport (Figure 4B). Several individual proteasomal 

subunits possess nuclear localization signals; in addition, Blm10, an alternate activator of 

the proteolytic 20S core particle, can also direct nuclear localization of the 20S core particle 

itself [95].

The nuclear retention of proteasomes depends on Cut8/Sts1 in fission and budding yeasts 

([96–98]; Figure 4B). This nuclear protein appears to directly tether proteasomes to inner 

nuclear membranes [99], although the molecular details of this tethering process is unclear. 

The regulated degradation of the nuclear proteins Cdc13/cyclin and Cut3/securin requires 

Cut8 for cell cycle progression, and this protein is also essential for viability during heat 

stress, where its expression levels are elevated [97]. These results suggest the hypothesis that 
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Cut8-- and by extension, nuclear proteasomes— is involved in maintaining nuclear 

proteostasis, but more work is necessary to establish how this occurs.

Nuclear UPS in higher eukaryotes

The identity of nuclear UPS pathways in higher eukaryotes is less understood, and many of 

the nuclear UPS pathways described above are unique to yeast. For example, San1 is not 

conserved in metazoans, and to date, no functional orthologs have been identified. 

Homologs of Doa10 and Slx5-Slx8 exist but their involvement in nuclear PQC has not been 

established. In addition, Cut8/Sts1 is not found in most metazoans, although a homolog 

appears to exist in Drosophila [96].

Nevertheless, multiple studies support the presence of an active UPS within the nucleus 

[100, 101]. A nuclear-targeted reporter for proteasomal clearance, GFP fused to the CL1 

degron, is degraded rapidly [102], and nuclear ubiquitylation for degradation appears to be a 

global feature in transcriptional regulation [103]. More notably for PQC, 20S proteasomal 

core particles have been implicated in the degradation of oxidatively damaged histones 

[104]. Other studies report that newly synthesized ribosomal proteins at stoichiometric 

excess of other ribosomal components are still imported into the nucleus and associate with 

the nucleolus, but are then degraded [105, 106]. How these misfolded histone and ribosomal 

proteins are recognized for proteasomal degradation remains to be determined, but certain 

E3 ligases have been independently identified to degrade certain nuclear misfolded disease 

proteins. These include Uhrf-2 and PML IV, which increase the turnover of mutant 

polyglutamine-expanded proteins localized in the nucleus [107, 108]. It is unclear how these 

E3 ligases recognize mutant polyglutamine proteins, and thus the specificity or generality of 

misfolding recognition by these E3 ligases is unknown. As in yeast, proteasome particles are 

also actively imported into and enriched in metazoan nuclei [101, 109].

Spatial control of misfolded substrate engagement and degradation

A central unresolved question regarding nuclear PQC is not only on how recognition and 

degradation of protein misfolding occur, but where each of these steps happen in context to 

cellular location. As presented above, the nuclear localization of E3 ligases and the 

proteasome implies that recognition, targeting, and clearance of nuclear misfolded substrates 

can all take place within this compartment, and multiple lines of evidence suggest this to be 

the case. Perhaps surprisingly, beyond nuclear misfolded proteins, multiple cytoplasmic 

misfolded proteins also appear to be actively targeted to the nucleus for degradation. Studies 

indicate that this targeting is dependent on Hsp70/Ssa1 [80, 81, 87], as well as the DNAJ co-

chaperone Sis1 and the RanGTP gradient [92]. A similar situation for cytoplasmic misfolded 

polypeptides has been described in mammalian cells, where a model misfolded protein, 

mutant firefly luciferase, is proposed to be imported into the nucleus by the Sis1 ortholog 

DNAJB1 for degradation [92]. For luciferase, the UPS components responsible for 

degradation remain unidentified.

The nuclear enrichment of proteasomes has been given as a major reason for why 

cytoplasmic substrates are degraded in the nucleus [81, 92], but many questions remain on 

how and why this phenomenon occurs. The nuclear import factors that transport these large 
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chaperone:substrate complexes through the nuclear pores remains unknown. It is also 

unclear whether nuclear substrate targeting is coupled to the relative concentration of 

proteasomes in the nucleus. An accumulation of misfolded substrates in the nucleus could 

occur otherwise during conditions when proteasomes are depleted from the nucleus, lading 

to toxic aggregation.

Contradicting evidence that nuclear misfolded proteins are degraded in the cytoplasm also 

exists. Ubp3, a proteasome-associated deubiquitylating enzyme involved in the clearance of 

mutant nuclear kinetochore proteins in S. pombe [89], is largely cytosolic [110]. Nuclear 

export-based degradation pathways also have been described in mammalian cells. The 

regulated degradation of certain factors such as p53, albeit not misfolded, occurs by first 

being exported to the cytoplasm for destruction [111]. Nuclear export defects of an 

aggregation-prone mutant Huntingtin fragment have also been proposed in the toxic nuclear 

accumulation of this disease protein [112]. Thus, a clear picture on the general ‘rules’ of 

where misfolded substrates are engaged and ultimately destroyed has not yet emerged, 

making this rich ground for future research.

Spatial management of toxic protein aggregation in the nucleus

If protein degradation pathways become dysregulated, misfolded proteins can accumulate as 

toxic aggregates. Within the cytoplasm, cells are known to employ several tactics of 

aggregate containment and clearance to prevent this from occurring [26–29]. These include 

sequestration of misfolded or aggregated proteins in certain locales to minimize toxicity, as 

well as clearance mechanisms during mitosis or via macroautophagy. Little is known about 

analogous pathways that might manage nuclear protein aggregation, but certain nuclear 

subcompartments have been implicated in this process in mammalian cells. Beyond its 

purported role in ubiquitylation, PML protein relocalizes around nuclear aggregates of 

mutant polyglutamine-expanded proteins to form cage-like structures [113, 114]. These 

PML bodies are postulated to have a protective effect by sequestering aggregates from the 

rest of the nucleoplasm. More generally, PML bodies contain ubiquitin, proteasomal 20S 

core particles, multiple chaperones, as well as misfolded or metastable proteins [108]. 

Similar nuclear bodies enriched with PQC components and aggregation-prone proteins, with 

or without PML protein, have also been observed during Herpesvirus replication, where they 

are proposed to act as nuclear PQC centers [108, 115].

The nucleolus is also implicated in nuclear aggregation. Nucleolar accumulation of 

misfolded and aggregated proteins occurs with heat stress or proteasomal inhibition [116, 

117], and many chaperones and UPS components localize to the nucleolus [48, 49, 105]. 

The presence of misfolded proteins and PQC components at the nucleolus may mean that 

nascent ribosomal proteins or the auxiliary nucleolar proteins themselves are simply 

aggregation-prone, whereby accumulation of misfolded and nuclear PQC proteins is simply 

coincident (further discussed below). However, Hsp70 appears to be actively recruited to 

nucleoli by stress-induced noncoding nucleolar RNAs [118]. More studies are necessary to 

determine whether PML bodies or nucleoli have abilities to actively sequester or 

disaggregate nuclear protein aggregates.
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Aside from sequestration, cells employ various pathways to clear cytoplasmic aggregation 

[26], and we speculate that analogous methods for clearing cells of nuclear aggregates may 

also exist (Figure 5). One strategy for clearing aggregation is during mitosis, where 

cytoplasmic protein aggregates can be segregated asymmetrically into one cell, thus keeping 

the other cell pristine [26, 30]. This uneven inheritance is proposed to contribute to the aging 

of the cell acquiring the damage [26, 119], and has been best studied in budding yeast, 

which naturally divide asymmetrically to produce mother and daughter cells.

Several nuclear elements are known to segregate asymmetrically during mitosis in S. 
cerevisiae, raising the possibility that nuclear aggregates are also cleared this way (Figure 

5A). Extrachromosomal rDNA circles are retained in the mother cell and this strongly 

correlates with aging [120]. On the other hand, older nuclear pore complexes appear to 

predominantly segregate to the younger daughter cell, as does the older spindle pole body 

[121–123]. Segregation of nuclear aggregates into one cell could occur through physical 

association with any of these nuclear elements, especially with spindle pole bodies, given 

that cytosolic aggregates accumulate around these structures [25, 28]. Asymmetric clearance 

could also occur through the mechanisms that segregate these elements themselves. In 

higher eukaryotes, nuclear envelope breakdown during mitosis could provide an additional 

opportunity for sequestering, disaggregase, or autophagy machineries in the cytoplasm to 

directly access nuclear aggregates.

Cytoplasmic aggregates can also be directly degraded through macroautophagy. However, 

studies in mammalian cells and mice indicate that nuclear aggregates of mutant Huntingtin 

or ataxin-1 are cleared ineffectively by this pathway [124]. Given this, an alternative 

strategy for nuclear aggregate degradation has been hypothesized by Schlieker and 

colleagues, where nuclear aggregates first exit the nucleus independently of nuclear pores 

for autophagic clearance (Figure 5B; [125]). This provocative model proposes transport of 

aggregates through analogous pathways that mediate nuclear egress of Herpesvirus capsids 

or of mRNA-protein granules [126, 127], and would require the vesicular budding of nuclear 

aggregates through the double membrane of the nuclear envelope.

It should be stressed that the above pathways for asymmetric segregation and aggregate 

export are purely speculative, and exploring the existence of such pathways deserves future 

attention.

Nuclear proteostasis: The intersection of multiple quality control pathways 

and stress responses?

Given the unique organization and composition of the nucleus, crosstalk may exist between 

nuclear PQC pathways and those that protect the integrity of DNA and RNA. Many of the 

speculated nuclear PQC components discussed above in yeast are also involved in, or 

genetically interact with, pathways controlling DNA replication and repair, cell cycle, and 

transcription [84, 88, 97, 128, 129]. It would seem reasonable that decisions for replication 

and transcription of the genome could be tightly linked to nuclear PQC and the quality of the 

nuclear proteome. The possible coordination between mechanisms protecting protein and 

nucleic acid fidelity may be particularly important during ribosome subunit assembly, a 
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complex multi-step process prone to error [130]. As stated previously, ribosomal proteins in 

excess are degraded [105, 106], and in yeast, the ribosomal RNA of misassembled pre-

ribosomal particles is cleared at the nucleolus by the exosome, an RNA degradation machine 

[130, 131]. The coordination between RNA degradation and the stability of ribosomal 

proteins has yet to be established, but the presence of chaperones and UPS machinery at the 

nucleolus raises the possibility of cooperation between RNA and protein quality control 

pathways within the nucleus.

Crosstalk of mechanisms protecting nuclear protein folding and other nuclear processes may 

extend to the transcriptional stress responses that protect this organelle. The stress 

response(s) that sense and transcriptionally respond to nuclear protein misfolding is 

presently unknown but likely exist. For example, S. cerevisiae cells lacking San1 show 

increased transcription of several chaperone genes [78], indicating that compensatory 

transcriptional pathways exist to increase proteostasis capacity. While a novel transcriptional 

pathway is possible, it is likely that transcription factors that modulate cytoplasmic and ER 

stress responses are involved, given the many components that are shared among these 

different compartments. The less-established auxiliary components important for the 

localization of essential PQC machinery to the nucleus—Hikeshi and Cut8—show increased 

expression with heat stress and are necessary for viability at elevated temperatures [62, 97], 

suggesting a role for the cytoplasmic heat shock response. Given the participation of the 

membrane-bound E3 ligase Doa10, the unfolded protein response of the ER may sense and 

respond to nuclear protein misfolding along the nuclear envelope. The common 

susceptibility of both proteins and nucleic acids to oxidative damage suggests that the 

oxidative stress response may also be activated. The elucidation of how discrete nuclear 

quality control and transcriptional pathways might coordinate to sense and adapt to nuclear 

proteotoxic stress will be important in understanding the pathways protecting nuclear 

proteostasis.

Consequences of dysregulated nuclear proteostasis network in aging and 

disease

We predict that the functional consequences of a dysregulated nuclear proteostasis network 

are far-reaching and may impact genomic expression, integrity, and epigenetics, as well as 

contribute to the pathologies of age-dependent protein conformational diseases. A direct link 

between genomic and proteomic stabilities is beginning to emerge, suggesting that the 

proper maintenance of one affects the stability of the other. Yeast cells that experience 

widespread protein misfolding induce DNA mutagenesis [132], and chronic inhibition of 

Hsp90 induces aberrant chromosomal number (aneuploidy) [133]. On the other hand, 

aneuploid yeast cells reportedly have impaired proteostasis capacities, which may occur 

from stoichiometric protein complex imbalances caused by uneven gene dosage [134, 135]. 

The ability of chronic proteotoxic stress to stimulate genetic error has been proposed to 

drive the evolutionary adaptation of cancer cells. Whether the nuclear proteostasis network 

might promote or attenuate this adaptation is presently unclear.

The fidelity of the nuclear proteostasis network likely impacts aging as well. Several histone 

and nuclear pore complex components are extremely long-lived proteins that do not turn 
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over in post-mitotic cells, instead persisting for the lifespan of the cell [45, 136]. Why these 

proteins are not degraded is unclear but may indicate nuclear UPS selectivity or deficiencies, 

especially given that mechanisms appear to exist for histone degradation [104]. The long-

lived nature of histones and nuclear pore complex components underscores the importance 

of nuclear-localized chaperones and their transport pathways to protect them from age-

related damage. Inevitably, the selective porosity of old nuclear pores becomes leaky in aged 

cells, and cytoplasmic proteins can accumulate within the nucleus [45]. We postulate that 

this likewise leads to a decline in the fidelity of transport pathways that establish a robust 

proteostasis network in the nucleus, thus exposing this organelle to the consequences of 

protein misfolding seen in age-related proteinopathies.

The accumulation of misfolded and aggregated disease proteins is increasingly recognized 

as a common pathological mechanism in many neurodegenerative disorders [137]. The 

toxicity of aggregation is largely attributed to gain-of-function effects caused by the aberrant 

association of various chaperones, UPS components, and other metastable proteins with 

these aggregates. Nuclear protein misfolding and aggregation of disease-associated proteins 

are prominent features in several of these diseases [11, 12]; specific examples include 

TDP-43, huntingtin, and ataxin-1, which are associated with amyotrophic lateral sclerosis, 

Huntington’s Disease, and spinocerebellar ataxia 1, respectively [8–10]. The nuclear 

localization of aggregates is suggested to be important in disease pathology, as shown with 

huntingtin and ataxin-1 [9, 138]. While aspects of PQC have been studied in context to these 

disease-associated proteins within the nucleus as described above, we predict that global 

mechanisms that sense the need for, transport, and establish PQC machineries into this 

organelle likely play important roles in the molecular pathology of these diseases as well.

In addition, the robustness of nuclear PQC pathways may differ among distinct cell types. 

Certain neurons show decreased sensitivity for the heat-induced nuclear translocation of 

chaperones [139], and the long-lived nature of neurons suggests that these cells may be 

particularly susceptible to protein folding and degradation dysfunction, dependent on age. 

Gaining an understanding of nuclear proteostasis mechanisms in neurons is important, given 

the multitude of protein conformational diseases that primarily affect the function of these 

cells.

Perspectives

Many exciting questions remain to be addressed on the molecular pathways that protect the 

nucleus from protein misfolding. A comprehensive identification of the components of the 

nuclear proteostasis network is necessary, especially in higher eukaryotic systems. 

Elucidation of the molecular signals, transport pathways, and transcription responses that 

sense the need for and establish robust nuclear proteostasis mechanisms is vital, especially 

in context to chronic misfolding stresses. Finally, an understanding of how nuclear PQC 

may crosstalk with other nuclear pathways such as those mediating ribosome assembly, 

DNA replication, mRNA transcription and quality control is required. Grasping how all of 

these pathways coordinate in postmitotic cells and on the organismal level will be essential 

in understanding how this remarkable organelle functions in health and disease.
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Figure 1. The proteostasis network maintains a functional proteome
Molecular chaperones and the ubiquitin-proteasome system (UPS) cooperate in pathways of 

protein folding, refolding, disaggregation, and degradation. At the cellular level, the 

accumulation of protein aggregates is also managed by autophagic degradation, mitotic 

clearance, and physical sequestration pathways.
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Figure 2. The integrities of the nuclear envelope, nuclear pore complexes, and transport 
pathways are critical for preserving proteostasis in the nucleus
These three factors are speculated to protect the nuclear proteome by (A) restricting access 

of aggregation-prone nascent polypeptide synthesis and folding processes; (B) transporting 

protein quality control (PQC) machineries into the nucleoplasm to establish the nuclear 

proteostasis network; and (C) possibly sensing nuclear protein misfolding to signal for 

increased import of PQC components (1), as well as clearing the nucleus of misfolded or 

aggregated protein (2). Molecular pathways that sense and respond to nuclear protein 

misfolding are currently unknown. ONM, outer nuclear membrane; INM, inner nuclear 

membrane; HSP, heat shock protein/chaperone; E3, E3 ubiquitin ligase.
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Figure 3. Cytoplasmic chaperones shuttle into the nucleus under various conditions
(A) Several cytoplasmic chaperones contain nuclear-targeting peptide signals and can be 

imported into the nucleus by RanGTP-mediated mechanisms in ambient growth conditions. 

(B) Cytoplasmic chaperones shuttle into the nucleus upon acute environmental stress. For 

Hsp70, this transport occurs independently of RanGTP and is mediated by the Hikeshi 

protein. (C) Chaperones are found associated with nuclear aggregates composed of disease-

associated proteins, i.e. chronic nuclear misfolding stress. It is thus far unclear how these 

chaperones are transported into the nucleus under these conditions.
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Figure 4. The nuclear UPS in budding yeast
(A) Misfolded substrates within the nucleus are polyubiqitinated for degradation by nuclear 

resident E3 ligases San1 and Slx5-Slx8, and the integral membrane protein Doa10. San1 

also polyubiquitnates cytoplasmic misfolded substrates targeted to the nucleus. The E3 

ligase Ubr1 and its S. pombe homolog Ubr11 (not shown) also mediate degradation of 

proteins that reside in or sample the nucleus. The different colored misfolded proteins 

represent substrates with different misfolded moieties. (B) Proteasomes are imported into 

the nucleus by RanGTP-dependent transport pathways. Several individual 20S subunits 

possess nuclear localization-like signals and are transported by the importins; the assembled 

20S core particle can also be imported by the proteasomal activator Blm10. Cut8/Sts1 

retains proteasomes in the nucleoplasm. Note that the role for nuclear proteasomes in 

nuclear proteostasis has not been formally established. See text for a discussion on nuclear 

UPS in higher eukaryotes.
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Figure 5. Hypothetical mechanisms for clearance of nuclear aggregates
(A) Nuclear aggregates may be cleared during mitosis through asymmetric inheritance, as in 

yeast (top panel). In metazoans, the dissolution of the nuclear envelope may expose nuclear 

aggregates to cytoplasmic PQC machineries (bottom panel). (B) Large nuclear aggregates 

have been proposed to actively transport through the nuclear envelope to the cytoplasm for 

disaggregation or degradation, analogous to nuclear egress pathways of Herpesvirus and 

mRNA-protein granules; adapted from a model proposed by Schlieker and colleagues [125]. 

These models require experimental validation.
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