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1. Introduction 
 

1.1 Cellular Proteostasis 
 

The cellular protein homeostasis or proteostasis network ensures that correctly folded 

proteins are generated at their predestined cellular location at the right time and in the 

right amounts. Through molecular chaperones preventing misfolding and proteolytic 

systems (such as autophagy and the proteasome) mediating the removal of misfolded 

or superfluous proteins, production and aggregation of these misfolded species shall 

be prevented (1). 

Throughout the course of evolution one of its main drivers has been the ability of an 

organism to efficiently detect, adapt and respond to environmental stressors to ensure 

the survival of the organism (2). Establishing preformed protein complexes for the 

maintenance of cell functions has been proposed as a way for cells to rapidly react to 

homeostasis unbalances (3, 4) thus resulting in pathways ensuring correct protein 

folding playing a key role in cell survival (5). Since the function of proteins is dependent 

on the acquisition of a specific three-dimensional structure, highly controlled and very 

efficient mechanisms are in place in cells to ensure correct native protein folding. 

These mechanisms are however not infallible and proteins folded in a non-native state 

can occur (6). Proteins folded into their native state rely of hydrophobic residues being 

oriented towards their core for their stability. In the case of misfolded proteins these 

hydrophobic residues tend to be oriented towards the surface of the protein leaving 

them exposed to the cytosol. This has resulted in the evolution of a conserved warning 

system in cells which recognizes the exposed hydrophobic side chains as a danger 

signal (7).  

The exposure of hydrophobic regions on misfolded proteins to the cytosol can lead to 

the interaction of these regions with other cellular biomolecules such as nucleic acids, 

lipids and other proteins which can lead to the triggering of cytotoxic effects (8, 9). 

Ensuring correct protein folding is however just on way in which the cells work to avoid 

the accumulation of misfolded proteins. Translation errors and the occurrence of 

aberrant mRNAs can likewise also contribute to the rise of misfolded species (10). 

Therefore, removal of the misfolded proteins is key. 
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The avoidance of the accumulation of anomalous proteins is conferred through 

molecular chaperones which are in place to ensure correct protein folding and two 

main systems of protein degradation, the ubiquitin proteasome system (UPS) and the 

lysosomal proteolysis through autophagy (the autophagy-lysosomal system ALS) (11ï

13).  

1.2 The Autophagy-Lysosomal System and the Ubiquitin Proteasome System (UPS) 
 

Autophagy first described in 1963 by DeDuve involves the encapsulation of material 

such as cellular organelles, proteins and pathogens into double membraned structures 

called autophagosomes. Upon fusion of these autophagosomes with the lysosomes 

the autolysosomes are formed and the encapsulated material is broken down and 

made available for cell growth and homeostasis (14).    

As one of the two major cellular protein degradation systems the Ubiquitin proteasome 

system (UPS) plays a major role in cellular processes such as protein homeostasis 

(degradation of damaged and misfolded proteins), cell cycle, signal transduction and 

cellular death and survival (15).   

The 20S core proteasome is a large complex comprised of two outer Ŭ-subunits rings 

(Ŭ1ï7) embracing two central head-to-head oriented rings containing ɓ-subunits (ɓ1ï

7). The catalytic activity is conferred by three of the ɓ subunits namely ɓ1, ɓ2 and ɓ5. 

These three subunits confer caspase-like, trypsin-like and chymotrypsin-like activity 

respectively. This enables the proteasome to cleave peptide bonds C-terminal of 

acidic, basic and hydrophobic amino acids respectively (16). The 20S proteasome can 

be capped by 19S regulatory complexes where it then forms the catalytic core of the 

26S proteasome which is involved in the ATP/ubiquitin dependent protein degradation 

pathway. The 19S regulatory particle can be split into a lid and a base (17). The base 

contains six ATPase subunits (Rpt1-6) which unfold the protein substrate and 

translocate it into the proteolytic core in an ATP-dependent manner (18). The lid 

contains subunits which are involved in ubiquitin recognition and removal (19).  

The assembly of the 20S core proteasome begins with the formation of the Ŭ-rings 

which is assisted by the assembly chaperone heterodimers PAC1- PAC2 and PAC3-

PAC4 which assist in the correct positioning of the Ŭ-subunits, prevent off pathway 

complex formation and also prevent Ŭ-ring dimerization maintaining the alpha rings in 

a state capable of ɓ-subunit incorporation (20ï23).  
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The ɓ-subunits are then added sequentially to the Ŭ-rings to form half-proteasomes 

with ɓ2 being the first ɓ-subunit to be incorporated followed by ɓ3, ɓ4, ɓ5, ɓ6, ɓ1 and 

then as the last of the ɓ-subunits to be incorporated ɓ7. The assembly process is 

promoted by the N-terminal propetides and C-terminal tails of several ɓ-subunits acting 

as intramolecular chaperones as well as by a dedicated extrinsic chaperone 

POMP/hUMP1 (UMP1 is the yeast homologue of the human proteasome maturation 

factor POMP) (24ï26). The N-terminal propeptide of ɓ5 (ɓ5pro) was found to be 

essential for proteasome biogenesis and functions together with hUMP1/POMP to 

promote propetide cleavage and dimerization of two half-proteasomes during 20S 

proteasome maturation (25, 27, 28). The N-terminal propeptide of ɓ5 has a partially 

redundant role with the N-terminal ɓ7 propeptide during half-proteasome dimerization 

(29). Upon proteasome impairment the chaperone hUMP1/POMP is induced, 

increasing the induction of proteasome assembly to compensate for diminished 

proteasome activity (30).  

The AAA-ATPases of the 19S regulatory particle base associate in heterodimers as 

follows: Rpt1ïRpt2, Rpt3ïRpt6, Rpt4ïRpt5. These dimers then assemble into a trimer 

of dimers in the order Rpt1-Rpt2-Rpt6-Rpt3-Rpt4-Rpt5 (31) with the assistance of the 

assembly chaperones S5b, p28 and p27 (PSMD9) (32). 

The assembly of the 19S lid does not require the presence of a preassembled 19S 

base or 20S core proteasome and proceeds through a series of subcomplexes that will 

ultimately assemble into the mature lid. The starting heterodimer of Rpn8 and Rpn11 

is joined by Rpn5, Rpn6, and Rpn9 to form óModule 1ô. Rpn3 and Rpn7 are brought 

together in a complex dubbed LP3 (lid particle 3) by the molecular tether Rpn15. 

óModule 1ô and LP3 then join to form LP2 which contains all lid subunits bar Rpn12 

(33ï35). The addition of Rpn12 at the end of lid assembly triggers extensive 

conformational changes in LP2 (Lp2 itself has little affinity for the 19S base) which 

facilitate association of the lid and base complexes into the mature 19S regulatory 

particle (36).  
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A way for the cell to restore proteasome activity upon proteasome impairment or 

oxidative stress works through a negative feedback loop involving the transcription 

factors Nrf1 and Nrf2. Under normal conditions both transcription factors are rapidly 

degraded by the proteasome with half-lives of 12-13 minutes. During the afore 

mentioned stress conditions these transcription factors are stabilized and upregulate 

proteasome genes, however Nrf1 is induced during short term proteasome inhibition, 

while Nrf2 is sensitive to oxidative stress but not proteasome inhibition (37, 38). In 

addition to the upregulation of the assembly chaperone POMP (39) as a means to 

restore proteasome activity, Nrf1 is also capable to induce all subunits of the 26S 

proteasome (40). 

The proteasome was also implicated in immunity playing a role in the antigen 

presentation process (41). During an immune response involving interferon-Ŭ/ɓ (IFN-

Ŭ/ɓ), interferon-ɔ (IFN-ɔ) or tumor necrosis factor-Ŭ (TNF-Ŭ) stimulation the three 

constitutive catalytic subunits delta, Z, and X (ɓ1, ɓ2 and ɓ5) are replaced by their 

inducible catalytic counterparts ɓ1i (PSMB9), ɓ2i (PSMB10) and ɓ5i (PSMB8) during 

proteasome neosynthesis. The benefit of this process is attributed to structural 

changes in the substrate binding pockets of the inducible subunits as well as altered 

cleavage patterns which facilitates an optimized quality and quantity of peptides for 

presentation on MHC class I molecules (42ï47). Beyond MHC class I antigen 

processing the immunoproteasome was also found to be involved in other important 

Fig.1: Brief schematic overview over the assembly of the 26S proteasome from the singular respective 20S 

and 19S subunits to their respective particles and finally the completed 26S proteasome (Adapted from Akira 

Kobayashi and Tsuyoshi Waku Cancer Sci. 2020 Jan;111(1):6-14. doi: 10.1111/cas.14244. Epub 2019 Dec 14.) 
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cellular processes through regulation of protein homeostasis, cell proliferation, cell 

differentiation, cell signalling and gene transcription (47). 

The immunoproteasome subunit ɓ1i (LMP2) features T20V, T31F, R45L and T52A as 

amino acid substitutions compared to its constitutive counterpart leading to alterations 

in the substrate binding channel of LMP2. The afore mentioned alterations cause an 

increase in hydrophobicity of the S1 binding pocket and simultaneously diminishing the 

S1 pocket in size. This alteration leads to the production of epitopes with non-polar C-

termini such as Ile, Leu, or Val which are better suited for presentation on MHC-I 

molecules. Furthermore, the alterations T22A and A27V in LMP2 lead to a decrease 

in size and increase in polarity of the S3 binding pocket changing the amino acid 

preference at substrate side chain position P3. The immunoproteasome ɓ2i (MECL-1) 

subunit bears no alteration in its substrate binding channel compared to its constitutive 

counterpart leading to the rationale of ɓ2i incorporation into the immunoproteasome 

remaining elusive. A Gly48 Ser or Cys alteration in the S2 binding pocket of ɓ5i when 

compared to ɓ5 leads to ɓ5i presented with a shallower S2 binding pocket now limiting 

the size of the amino acid at substrate side chain position P2. The Ala27Ser change in 

the S3 pocket also restricts the size of this binding pocket and endows it with a more 

hydrophilic character, limiting the binding pocket to small hydrophilic amino acids at 

P3. A distinct conformation around Met45 provides ɓ5i with a larger S1 binding pocket 

allowing for the accommodation of larger amino acids in S1. The alterations A46S and 

V127T in ɓ5i increase the hydrophilicity surrounding the active site nucleophilic Thr1Oɔ 

with the elevated polarity favouring peptide bond hydrolysis (42).  

During assembly of the immunoproteasome pre-LMP2 and pre-MECL are 

cooperatively incorporated early into the pre-proteasome and favour the incorporation 

of LMP7 over its homologue X as the maturation of the pre-proteasomes does not 

efficiently progress when X is incorporated and LMP7 is absent. This cooperative 

incorporation of LMP7 into pre-proteasomes containing pre-LMP2 and pre-MECL 

ensures the assembly of 20S immunoproteasomes containing all three IFN-ɔ inducible 

subunits. Experiments in LMP7 -/- mice showed the accumulation of unprocessed 

LMP2 and MECL in indicating that the absence of LMP7 results in inefficient 

processing of the other IFN-ɔ inducible ɓ-subunits (48). During immunoproteasome 

assembly the assembly chaperone POMP plays a pivotal role by enhancing the 

incorporation of LMP7 accelerating the assembly of the immunoproteasome 20S core 

particle (49).   
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The immunoproteasome also associates with the 11S complex also leading to 

increased peptide production with higher affinity to the MHC class I complex (41). 

In order to be recognized by the 26S proteasome the proteins targeted for degradation 

are labelled via covalent attachment of several ubiquitin moieties. This is a three-step 

process catalysed by the ubiquitin-activating enzyme E1, one of the ubiquitin-carrier 

proteins or ubiquitin-conjugating enzymes E2 and a member of the ubiquitin-protein 

ligase family, E3. Upon activation of the ubiquitin by E1 the ubiquitin moiety is 

transferred from E1 to E3 by E2. In the final step E3, to which the target protein is 

specifically bound, catalyses the conjugation of the ubiquitin to the target protein (50). 

Molecular chaperones such as Hsp70 and Hsp90 which are capable of sensing the 

hydrophobic residues exposed on the surface of misfolded proteins are capable of 

directly recruiting E3 ubiquitin ligases to these misfolded proteins and target them for 

degradation by the UPS. These ligases include carboxy-terminus of Hsc70 interacting 

protein (CHIP), leucine-rich repeat and sterile alpha motif-containing 1 (LRSAM1) 

and/or E6-associated protein (E6-AP) (51, 52).  

 

 

 

 

 

 

 

 

Fig.2: Brief schematic overview over the ubiquitination process. Thew ubiquitin is activated under the 
consumption of ATP by the ubiquitin-activating enzyme E1, the ubiquitin is then transferred to the ubiquitin 
conjugating enzyme E2. The attachment of the ubiquitin to the target protein is in the final step catalysed by an 
ubiquitin ligase E3. Proteins modified with several ubiquitin moieties are in the following recognized for 
degradation by the proteasome with the attached ubiquitin moieties being cleaved from the target protein 
before its degradation in order to be reused (adapted from Jingsong Wang and Michael A. Maldonaldo Cell Mol 
Immunol. 2006 Aug;3(4):255-61.) 
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The C-Terminus of a ubiquitin of a single ubiquitin moiety can be linked to one of the 

seven lysyl Ů-amino groups or the N-terminus of another ubiquitin forming an ubiquitin 

chain. This process is termed polyubiquitination. A single protein can also be 

ubiquitinated at multiple sites which is called multi-monoubiquitination. Depending on 

the linkage location of the added ubiquitin proteins in a polyubiquitin chain several 

different distinct conformations of ubiquitin chains can be formed. The type of 

ubiquitination and/or the conformation of polyubiquitin chains mediates the interaction 

with distinct sets of downstream interacting proteins which confers the correct 

interpretation of the divers ubiquitin signals, such as degradation through the 

proteasome or transportation of the marked proteins to specific cellular sites (53). 

1.3 Impaired Cellular Proteostasis 

1.3.1 Proteinopathies 
 

Proteinopathies represent a class of diseases in which a particular protein or set of 

proteins misfolds and aggregates. These diseases include Alzheimer disease (AD), 

Parkinson disease (PD), amyotrophic lateral sclerosis (ALS), prion diseases, and the 

polyglutamine (polyQ)ðdiseases (54). The accumulation of abnormal filament proteins 

in these diseases can occur intra- and extracellularly (55).  It is estimated that these 

proteins when aggregating over time can eventually interfere with the normal function 

of the proteolytic machinery or physically alter some cellular activities in later stages of 

the progression of these diseases (56). These diseases share a proteotoxic pathology 

and the proteotoxic stress exerted on cells therein, if sustained can be deleterious and 

cause cells death (57, 58). 

1.3.2 Dysfunctions of the Ubiquitin-proteasome-system 
 

It has been reported, that a loss and/or decline of function of the UPS during aging 

takes place (59). Several studies have shown that during the ageing process 

proteasome activity declines 1,5-2 fold with the caspase-like activity being most 

constantly affected (60). In an effort to find an explanation for this decline in activity 

Chondrogianni et al. conducted studies with replicative senescence of human 

fibroblasts as a model for ageing. They discovered that in aged cells the expression 

levels of the ɓ-subunits but not the Ŭ-subunits decreased making the ɓ-subunits a 

limiting factor in proteasome assembly (61). The occurrence of oxidized proteins has 

been recognized as a marker for advanced ageing (62). While these oxidized proteins 
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are proteasome substrates (63) extensively oxidized proteins were suggested to be 

able to act as proteasome and lysosome inhibitors (61, 64ï66). Further studies in 

fibroblasts were able to show that partial proteasome inhibition in young cells lead to 

an irreversible senescent-like phenotype implicating decline of proteasome function in 

the ageing process (61, 67). 

1.3.2.1 Rare Proteasomopathies 

 

Not only ageing but also mutations in the genes encoding the proteasomal subunits as 

well as assembly helpers have been shown to induce proteasome dysfunction and are 

capable of causing a set of diseases. 

In 2010 in two unrelated patients presenting with autosomal-recessive 

autoinflammatory syndrome characterized by joint contractures, muscle atrophy, 

microcytic anemia, and panniculitis-induced lipodystrophy (JMP) a genetic screening 

revealed homozygous mutations in the immunoproteasome subunit coding gene 

PSMB8 (ɓ5i) in both patients. The identified missense mutation T75M (c.224C>T) at a 

highly conserved threonine was found to disrupt the tertiary structure of ɓ5i. This in 

turn was found to lead to diminish chymotryptic activity in lymphoblasts from affected 

patients compared to control cells. It was concluded that the mutation in PSMB8 is 

causative for the disease afflicting the patients and was probably triggered by impaired 

MHC class I antigen processing due to the immunoproteasome impairment (68).  

The affliction caused by autosomal recessive homozygous or compound heterozygous 

loss-of-function mutations in PSMB8 has also been referred to as Nakajo-Nishimura 

syndrome (NNS), or chronic atypical neutrophilic dermatosis with lipodystrophy and 

elevated temperature (CANDLE) (68ï71).  

A study performed by Brehm et al. investigated mutations in proteasomal subunits and 

assembly helpers in patients suffering from CANDLE. The study demonstrated that the 

affliction can be caused by monogenic and digenic inheritance of alterations in 

immunoproteasome as well as constitutive subunits as well as proteasome assembly 

helpers. It was further shown that the resultant proteasome dysfunction can lead to 

chronic type I IFN induction classing CANDLE as an IFN mediated autoinflammatory 

disease. The affected patients suffer from clinical features including early presentation 

with fever, nodular skin rashes, myositis, panniculitis-induced lipodystrophy, and basal 

ganglion calcifications. The investigated alterations included mutations in the 
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constitutive proteasome subunits PSMA3 (encodes Ŭ7) and PSMB4 (encodes ɓ7), in 

the immunoproteasome specific subunits PSMB9 (encodes ɓ1i) and PSMB8 (encodes 

ɓ5i) as well as in the proteasome maturation protein (POMP). The results showed that 

patients with homozygous missense mutations in PSMB8 showed a reduction in 

chymotrypsin-like activity, while a patient with a homozygous nonsense mutation 

showed decrease in all three proteasomal activities. PBMCs isolated from a patient 

with two PSMB4 mutations and from a patient with a PSMA3 and a PSMB4 mutation 

also showed decreased in all three proteasomal subunits as well. The silencing of 

POMP via siRNA meanwhile was shown to result in proteasome assembly defects, 

accumulation of precursors and overall decreased proteasome activity. The 

proteasome impairment in the patients could be traced to altered proteasome 

assembly and failed incorporation of the mutated subunits. The study also showed that 

proteasome dysfunction in these patients lead to increased IFN type I production (72).  

The proteasome-linked diseases joint contractures, muscle atrophy, microcytic 

anemia, and panniculitis-induced childhood-onset lipodystrophy (JMP) syndrome, 

Nakajo-Nishimura syndrome (NNS), or chronic atypical neutrophilic dermatosis with 

lipodystrophy and elevated temperature (CANDLE) were determined to form one 

disease spectrum of proteasome-associated autoinflammatory syndrome (PRAAS) 

(68ï71). PRAAS was thought of as a monogenic disease (PSMB8) until the discovery 

of the PRAAS causing mutations in the study described in the paragraph above (73). 

Another study investigated a mutation in PSMB10 (coding for ɓ2i). The patient also 

showed dysregulation of IFN type I as well as a decrease in trypsin-like activity. Due 

to the mutation processing of the PSMB10 subunit was impaired which was estimated 

to disturb 20S assembly in the immunoproteasome (74).   

The discovery of de novo mutations in the 19S proteasome subunit PSMD12 in 

patients gave rise to an entirely different phenotype of proteasome related disorders. 

These patients suffered from intellectual disability, congenital malformations, 

ophthalmologic anomalies, feeding difficulties, deafness, and subtle dysmorphic facial 

features something rarely observed in PRAAS patients. The patients also presented 

with central nervous system, renal, and craniofacial pathologies.  Investigation of cells 

derived from one of the patients (carrying a c.367C>T (p.Arg123 )z alteration in 

PSMD12) showed increased accumulation of ubiquitin-modified proteins compared to 

control PBMCS indicating impaired proteasome activity without the catalytic subunits 
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being affected by any alteration. Experiments using CRISPR/Cas9 PSMD12 loss of 

function zebra-fish embryos were able to replicate some of the patientôs phenotypes 

namely microcephaly, decreased convolution of the renal tubules, and abnormal 

craniofacial morphology. This demonstrated the importance of PSMD12 as a 

proteasome subunit during development and neurogenesis allowing for the 

classification of this disorder caused by PSMD12 alterations as a neurodevelopmental 

disorder (75). 

Soon thereafter another study performed genetic investigations in a family in which 

several members presented with intellectual disability (ID) and autistic features. The 

investigation revealed an inherited heterozygous nonsense mutation in PSMD12 

c.367C>T: p.R123X.  The study also found a de novo PSMD12 mutation c.601C>T: 

p.R201X in a different family with one member affected by ID. This was the first report 

of an inherited mutation in the PSMD12 gene, also confirming the association of 

PSMD12 mutations with ID by unraveling more cases (76). 

A very recent study by Kröll-Hermi, Ebstein et al. identified a new homozygous deep 

intronic variant in the 19S AAA-ATPase PSMC3 (Rpt5) causing severe deafness and 

earlyȤonset cataracts as part of a neurological, sensorial and cutaneous novel 

syndrome in the affected patients. This was the first time a proteasome AAA-ATPase 

was linked to a disease. Investigations carried out with patient derived PBMCs showed, 

that in the patient cells the proteasome content was increased compared to control 

PBMCs. This was indicated by a higher amount of proteasome complexes as well as 

higher steady-state expression levels of most of the Ŭ, ɓ and Rpt subunits. The amount 

of proteasome modifier PA28 was also increased in the patient cells. Despite all these 

measures that should equate to higher proteolytic activity in the patient cells, there was 

an increased amount of ubiquitin modified proteins observed in the patient PBMCs. 

This indicates the proteasomes in the patient cells are ineffective at clearing their 

substrates. The upregulation of the proteasome subunits and consistent assembly of 

new proteasomes thus appears to be a compensatory mechanism to combat the 

defective proteasome function. PSMC3 knockdowns in zebra-fish embryos using 

morpholino oligomers were capable to recapitulate the patient phenotype (with inner 

ear development anomalies as well as cataracts), implicating that PSMC3 has a major 

role to play in the inner ear, lens and central nervous system development (77).  



S e i t e | 12 

 

 

The discovery of homozygous Tyr103His alterations in the PSMB1 gene (coding for 

the 20S proteasome subunit ɓ6) in two patients exhibiting intellectual disability (ID), 

developmental delay and microcephaly dispelled the initial notion that the divergence 

between PRAAS and NDD as afflictions caused by mutations in proteasome genes is 

dictated by the location of the affected subunit within the 26S proteasome (78, 79). 

Overexpression experiments in SHS-5Y5 cells with myc-tagged constructs of the 

PSMB1 wildtype and mutant showed impaired processing of the altered subunit which 

in turn reduced the incorporation of the mutated subunit into the 20S and 26S 

proteasome by around 30%. The chymotrypsin-like activity of proteasomes carrying 

the altered subunit was also found to be decreased by around 30% compared to 

proteasomes which had incorporated the wildtype PSMB1 subunit. Knock-down of the 

PSMB1 orthologue in zebra fish was once more capable of replicating some of the 

patientôs phenotype as they exhibited microcephaly, microphthalmia and reduced brain 

size (78).  

Interestingly NDD patients with proteasome lesions fail to develop systemic 

inflammation unlike the CANLDE/PRAAS patients (79).   

1.3.3 Dysfunctions of the Autophagy-Lysosomal System  
 

Investigations found, that several nanomaterials are associated with lysosomal 

dysfunction. One form of dysfunction associated with nonmaterial treatment is termed 

lysosome membrane permeabilization (LMP).  Partial LMP can cause mitochondrial 

membrane permeabilization through a variety of mechanisms including lysosomal-iron 

mediated oxidative stress, and release of cathepsins and other associated lysosomal 

hydrolases. This can result in the generation of reactive oxygen species and apoptosis 

while massive LMP can lead to cytosol acidification and necrosis (80). Dysfunction of 

autophagy has also been observed in lysosomal diseases due to the blockage of 

autophagosome fusion with the lysosomes. This in turn leads to accumulation of 

autophagosomes and autophagy substrates such as ubiquitinated protein aggregates 

(81). Inflammatory responses to nanoparticles such as nanoscale titanium dioxide 

fibers, carbon nanotubes and amino-functionalized polystyrene nanoparticles were 

proposed to result from NLRP3 inflammasome activation through cathepsin B following 

LMP (82ï85). One mechanism through which nanoparticles can cause lysosome 

dysfunction is through the alkalization of the lysosome. This was found to be the case 

in rat kidney cells where gold nanoparticles increased the lysosomal pH leading to 
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lysosomal dysfunction (86). Exposure of lysosomes to the proton pump inhibitor 

bafilomycin A1 was also shown to increase lysosomal pH predisposing cells to LMP 

(87).  

Dysfunction of autophagy also plays a role in neurodegenerative diseases such as 

Alzheimerôs disease (AD). Here the toxic accumulation of Aɓ associated with AD was 

found to impair anchoring between the endoplasmatic reticulum and the microtubule 

in the cell (88). The hyperphosphorylation of tau protein was discovered to impair in 

microtubule binding and assembly which inhibits microtubule-mediated transport of the 

autophagosome (89, 90). In the late stages of AD the cytotoxic effects of Aɓ can lead 

to lysosome membrane disruption and impairment of function (91, 92). Due to their 

dysfunction in late AD the autophagy cannot properly fulfil its role in degrading 

oxidatively damaged macromolecules and organelles thus neurons progressively 

accumulate lipofuscin (biological garbage) which may exacerbate neuronal 

degeneration in AD (93). 

1.4 Cellular Response to the Disruption of Proteostasis 
 

Proteostasis can be disrupted by ageing, infection and oxidative stress that can induce 

protein damage and misfolding (1, 94, 95).  This delicate balance can also be disturbed 

by erroneous folding of newly synthesized proteins (6) as well as translation errors and 

the occurrence of aberrant mRNAs (10). Dysfunction of the UPS through ageing or 

mutations in subunits and assembly helpers and likewise dysfunction of the 

Autophagy-Lysosomal System can also lead to the disruption of proteostasis as the 

UPS and the Autophagy-Lysosomal System are the two major systems of protein 

degradation (11, 12, 14).  

1.4.1 The Unfolded Protein Response (UPR) 
 

The endoplasmatic reticulum is the site for biosynthesis of steroids and for cholesterol 

and many lipids as well as the entrance site for proteins destined for secretory 

pathways or the extracellular environment. In addition to these proteins the ER is also 

home to a large number of resident structural proteins and biosynthetic enzymes 

creating a high protein density in the ER. In order to ensure that the capacity of the ER 

is not overwhelmed through the accumulation of damaged or misfolded proteins a 

system of chaperones is in place to ensure correct folding and correct the folding of 
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misfolded proteins. Several protein quality control mechanisms are in place to ensure 

that only correctly folded proteins enter the Golgi compartment. Incorrectly folded 

proteins are retained in the ER until correctly folded or are translocated into the cytosol 

via the ER-associated degradation (ERAD) pathway for degradation through the 26S 

proteasome (96). Exposed oligosaccharides that underwent cleavage of the Ŭ-

mannose in non-native peptides that cannot reach its mature form are recognized by 

the ERAD lectins OS-9 and XTP3-B. Together with the chaperone EDEM1 OS-9 and 

XTP3-B form a recognition complex that interacts with misfolded proteins and the HRD-

1/SEL-1L retrotranslocation channel, a proteinaceous channel called the also referred 

to as retrotranslocon. Once the misfolded protein has reached the cytosol through the 

retrotranslocon it undergoes polyubiquitination and degradation through the 26S 

proteasome (97ï99). 

Upon accumulation of misfolded proteins in the ER (due to for example proteasome or 

autophagy dysfunction or accumulation of oxidized proteins during ageing) the 

unfolded protein response is induced. The classical marker for induction of the UPR in 

humans is the ER chaperone BiP (Binding Protein/GRP78). This chaperone binds to 

exposed hydrophobic patches on unfolded proteins and interactive sites of 

unassembled protein complexes (100). BiP then promotes folding and prevents 

aggregation of damaged/misfolded proteins utilizing ATP as an energy source. Upon 

the accumulation of misfolded proteins in the ER BiP dissociates form the three ER 

transmembrane proteins IRE1, PERK and ATF6 which act as sensors for the UPR and 

mediate the response to ER stress (96, 101). IRE1 is a Ser/Thr protein kinase with 

RNase activity. Activation of the UPR leads to IRE1 dimerization and trans-

autophosphorylation activating the RNase activity of IRE1 (102). The activation of IRE1 

leads to the cleavage of the XBP1 mRNA removing an intron of 26 nucleotides resulting 

in a frameshift in the mRNA. The protein translated from this new RNA acts as a potent 

transcriptional regulator (96). The regulator then promotes the transcription of ER-

resident molecular chaperones via direct binding to the ER stress response element in 

the presence of NF-Y (103, 104). The ER stress response element I [ERSEI; 

CCAAT(N9)CCACG] was defined in 1998 by Yoshida et al. and found to be necessary 

and sufficient for UPR gene activation (105). The activation of the UPR leads to the 

cleavage of ATF6 resulting in 50-60 kDa transcription factors which subsequently 

migrate to the nucleus (106). ATF6 was found to activate the XBP1 promoter and thus 

increase XBP1 transcription and produce more substrate for IRE1-mediated splicing 
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generating more active XBP1 (107). ATF6 has been identified to be able to bind to 

ERSEI elements in the promoters of UPR responsive genes much like the protein 

translated from sXBP1 (96, 108). During ER stress PERK is autophoshporylated and 

then goes on to phosphorylate eIF2Ŭ (109), p-eIF2Ŭ then induces a global shut-down 

of protein translation and the transcription of stress-responsive cytoprotective genes 

as part of the integrated stress response (ISR) (110, 111). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.2 The Integrated Stress Response (ISR) 
 

Through the degradation of its target substrates the proteasome produces peptides 

which are the further degraded into amino acids by peptidases. This implicates the 

proteasome in the regulation of the pool of free amino acids in the cell, something that 

has been demonstrated in yeast, mammalian cells (NIH 3T3, 293T (ATCC), 293T and 

HeLa cells) as well as in Drosophila (112). Therefore, it stands to reason, that 

impairment of the proteasome leads to a decline in the amount of free intracellular 

amino acids. Amino acid depletion leads to the activation of the GCN2 kinase through 

Fig.3: The Unfolded Protein Response 
(UPR): Accumulation of misfolded 
proteins in the ER prompts the 
dissociation of the chaperone BiP from 
the three UPR sensors IRE1, ATF6 and 
PERK leading to UPR induction. Upon 
activation IRE1 cleaves the XBP1 mRNA 
leading to a frameshift in the mRNA 
resulting in the sXBP1 variant. This mRNA 
variant encodes a potent transcription 
factor inducing the transcription of 
molecular chaperones through binding 
to the ER stress response element 
(ERSEI). UPR induction leads to the 
cleavage of ATF6 into a 50-60kDa 
transcription factor which can bind to the 
XBP1 promoter as well as the ER stress 
response element. The activation of 
PERK leads to p-eIF2h  phosphorylation 
which in turn results in global reduction 
of protein translation.   
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binding of deacylated (uncharged) transfer RNAs (tRNAs) via a histidyl-tRNA 

synthetase-related domain (113). Upon activation GCN2 phosphorylates the alpha 

subunit of eukaryotic translation initiation factor 2 (eIF2Ŭ) on serine 51 (114) which 

causes a global reduction in protein synthesis while inducing the transcription of certain 

selected genes such as activating transcription factor 4 (ATF4), aiding in cell survival 

and recovery (115). Another ISR kinase capable of phosphorylating eIF2Ŭ is the 

protein kinase R (116). The main activator of this kinase is double-stranded RNA 

(dsRNA) as a result of viral infection (117, 118) however other stresses such as such 

as oxidative and ER stress (119, 120) growth factor deprivation, cytokine or bacterial 

infection (121, 122), ribotoxic stress (123), stress granules (124), and heparin (125) 

have been found to activate PKR. Activation of PKR is mediated through dimerization 

via its C-terminal kinase domain and subsequent autophosphorylation at T446 (126ï

128). It was recently discovered that PKR activation can also be induced through 

cytosolic accumulation of misfolded IL-24 upon proteasome impairment providing a 

new pathway for proteasome impairment recognition by the cell and the induction of 

the ISR through PKR (129).  Since the PERK arm of the UPR also activates eIF2Ŭ 

(109), the ISR and UPR intersect in this translation initiation factor.   

1.4.3 Stress Granules 
 

Stress granules are assemblies of messenger ribonucleoproteins (mRNPs) that form 

from mRNAs stuck in translation initiation. The formation takes place due to 

interactions of mRNA binding proteins that link together populations of mRNPs (130). 

The formation of these stress granules can be induced through a wide variety of 

environmental stresses such as heat shock, oxidative stress, hyperosmolarity, viral 

infection, and UV irradiation, but not X-irradiation or DNA-damaging agents. In most 

cases the assembly of stress granules is triggered by the translation initiation factor 

eIF2Ŭ by means of preventing or delaying translational initiation. The induction of eIF2Ŭ 

takes place through the phosphorylation of the regulatory serine through a group of 

structurally related eIF2Ŭ kinases. These kinases are each themselves induced by a 

very specific stress such as PKR (activated by double-stranded RNAs), PERK 

(activated by endoplasmic reticulum stress, see UPR), HRI (activated by oxidative 

stress) and GCN2 (activated by nutrient stress). The phosphorylation of eIF2Ŭ limits 

the availability of the eIF2ŬïGTPïtRNAiMet ternary complex that is required for 

translation initiation, thereby resulting in stalled translation (131).  
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1.4.4 Nuclear factor erythroid derived 2-related factor 1 (Nrf1) 
 

Nuclear factor erythroid derived 2-related factor 1 (Nrf1) is a transcription factor which 

is known to be activated upon cellular stress (132). In mouse fibroblast treated with a 

proteasome inhibitor Nrf1 was found to be needed for a recovery of proteasome activity 

through the elevated expression of proteasome subunits (133). TCF11, a longer 

isoform of Nrf1 only present in humans, was found to be a mediator of proteasome 

bounce-back after proteasome inhibition (37). It has been established that under 

normal conditions Nrf1 is integrated into the ER membrane but is subject to rapid 

turnover (133, 134). Further work found, that the domains of Nrf1 which are involved 

in transcriptional activation are translocated into the ER lumen and subsequently 

retrotranslocated into the cytosol where they are quickly degraded by the proteasome. 

This locks Nrf1 into a futile continuous cycle of synthesis, membrane insertion, 

retrotranslocation, and degradation. Proteasome dysfunction allows for Nrf1 

accumulation and subsequent cleavage on the N-terminal side of Leu-104 through the 

aspartyl protease DNA-damage inducible 1 homolog 2 (DDI2). The resulting fragment 

is no longer attached to the ER membrane and can now migrate to the nucleus to 

induce the expression of proteasome genes (135, 136).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: The Nrf1 pathway: 
During normal conditions 
Nrf1 is integrated into the ER 
membrane and is subject to 
retrotranslocation and 
subsequent degradation by 
the proteasome. 
Proteasome dysfunction 
allows for Nrf1 accumulation 
and cleavage by DDI2, the 
resultant fragment can 
migrate to the nucleus and 
induce proteasome genes 
allowing for the assembly of 
newly synthesized 
proteasomes to replace 
defective ones 
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1.4.5 Mitochondrial Protein Quality Control 
 

In mitochondria proteins which cannot fold into the proper tertiary structure are 

degraded by the mitochondrial proteases CLPP and LONP1. In case the amount of 

misfolded or damaged proteins overwhelms the mitochondrial chaperones, retrograde 

signals are sent to the nucleus facilitating the upregulation of mitochondrial chaperones 

and proteases. This system is dubbed the mitochondrial unfolded protein response 

(mUPR) (137, 138). Another level of quality control occurs through the serine/threonine 

kinase, PINK1 (PTEN induced putative kinase 1) and the cytosolic E3 ubiquitin ligase 

PARK2/Parkin. Upon loss of mitochondrial membrane potential (ȹɊm) PINK1 is no 

longer imported into the inner membrane of the mitochondria and accumulates on the 

outer membrane. There it facilitates the recruitment of PARK2/Parkin (an E3 ubiquitin 

ligase) specifically to the damaged mitochondria (139). This translocation involves the 

ubiquitination of certain mitochondrial proteins such as VDAC1 and Mitofusin. This 

process has been implicated in Parkin-dependant mitophagy (140, 141). Another 

component of this quality control system is the mammalian protein p62/SQSTM1. This 

protein is an autophagy receptor which can interact with ubiquitin conjugated to a target 

protein and the LC3/GABARAP on the autophagosome (142).  

The protein p62/SQSTM1 was found to be critical for PINK1/Parkin-mediated 

mitophagy (140). PINK1 accumulation on the outer mitochondrial membrane was 

however also observed upon the expression of misfolded proteins despite no change 

in mitochondrial membrane potential. This suggests that accumulation of unfolded 

proteins in the mitochondrial matrix disturbs the import of PINK1 into the inner 

membrane (139). Overall the pathway involving pink1, parkin and ref(2)P (Drosophila 

orthologue of mammalian p62/SQSTM1)  was identified to play an essential part in 

maintaining a viable pool of mitochondria and ensuring that mitochondria containing 

excessive levels of unfolded proteins are cleared by autophagy (143). 

1.5 Possible Contributions of Proteotoxic Stress to Inflammation 
 

There is a myriad of pathway through which perturbed proteostasis can lead to the 

induction of an inflammatory signature.  
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1.5.1 On Inflammation  
 

In general inflammation describes a response of the body that is triggered by certain 

noxious stimuli such as infection or tissue injury (144). In evolutionary terms the 

inflammatory response to noxious stimuli is a high-cost, high benefit trait. The high 

benefit arises from the fact, that it can be lifesaving in the face of the noxious stimulus 

whilst the high cost arises from the fact that the inflammatory response interferes with 

normal cell functions which may result in tissue damage and in the worst of cases in 

death (145). The noxious triggers capable of inducing an inflammatory response can 

be divided into two groups: exogenous and endogenous inducers of inflammation, with 

the exogenous inducers being split into being either of microbial or non-microbial origin 

(146). One of the triggers of microbial origin are the pathogen-associated molecular 

patterns (PAMPs) which are conserved molecular patterns carried by microorganisms 

(pathogenic and commensal) and which are recognized by the cells of the immune 

system mainly through toll-like receptors (TLRs) and alert the organism to the invading 

microorganism (146, 147). Upon triggering of the TLRs several signaling pathways are 

activated among which the NF-əB may be one of the most distinctive (147). The NF-

əB pathway is one of the most well-known and central inducers of inflammation through 

the nuclear translocation of the NF-əB/Rel transcription factor complexes and the 

resultant induction of inflammatory genes (148). The binding of PAMPs to TLRs can 

also induce other pro-inflammatory transcription factors besides NF-əB such as IRF3. 

The activation of NF-əB and IRF3 promotes the expression of pro-inflammatory 

cytokines (i.e., TNFŬ, IL-1, IL-6) and type I and/or II interferons (IFN) (149, 150). In the 

following the interferons induce the rapid transcription of a wide range of so-called IFN-

stimulated genes (ISG) though binding to their respective receptors (IFNAR family of 

receptors) and engaging the JAK/STAT signalling pathway. The proteins encoded by 

the ISGs confer an antiviral state through for example arresting protein translation and 

promoting RNA degradation (151).   

The second type of triggers of microbial origin is virulence factors and can hence only 

originate from microorganisms of pathogenic predisposition. No dedicated sensors for 

these virulence factors exist however they can be detected by specialized sensors 

(146). It has been shown, that pore-forming exotoxins of gram-positive bacteria (such 

as the pore-forming Staphylococcus aureus alpha toxin) can activate the NLRP3 

inflammasome which is sensitive to K+ efflux as induced by the toxin (152). The Lethal 
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Toxin (LT) of Bacillus anthracis was shown to be able to activate the NLRP1 

inflammasome in rodents through the cleavage of NLRP1 (153). Another indirect way 

for the sensing of virulence factor activity is through the detection of cell death and 

tissue damage as induced by the action of the microbial virulence factors (146).  

Regarding the non-microbial exogenous source of inflammatory inducers those can 

include allergens, irritants, foreign bodies and toxic compounds (144). 

Endogenous triggers of inflammation may include intracellular components and 

molecules released during the death of a cell. Necrotic cells for example can release 

ATP, K+ ions, uric acid, HMGB1 (high-mobility group box 1 protein) and several 

members of the S100 calcium-binding protein family (S100A8, S100A9 and S100A12) 

among others (147, 154). ATP binds to purinoreceptors on the surface of macrophages 

which leads to K+ efflux and subsequent activation of the NALP3 inflammasome 

(similar to the activation of the NLRP3 inflammasome through pore forming toxins) 

(155).  HMGB1 and S100A12 signal through the receptor RAGE (advanced glycation 

end-product-specific receptor; also known as AGER), which (at least in the case of 

HMGB1) induce an inflammatory response through cooperation with TLRs (156, 157). 

S100A8 and S100A9 signal through TLR4 (158). 

The initiation, transmission, and resolution of the interferon mediated immune 

response is tightly regulated due to the large number of genes induced through the 

interferons. Genetic lesions altering   nucleic acid processing and recognition, ablate 

IFN-specific negative feedback mechanisms, or result in dysfunction of the proteasome 

system can all induce pathogenic IFN signalling (73). Interferonopathies are a group 

of diseases characterized by these disturbances in the homeostatic control of 

interferon-mediated immune responses (159). 

A study found that the bovine viral diarrhea virus (BVDV) utilizes the cellular 

proteasome system to influence the cellular immune response upon infection. This is 

accomplished through the viral protein Npro interacting with the pro-inflammatory 

mediator IRF3 which causes the polyubiquitination of IRF3 and subsequent 

degradation of this protein through the proteasome, thus leading to inhibition of 

interferon response upon infection (160). A recent study also found that proteasome 

dysfunction as a result of ɓ5i/LMP7 (conferring the chymotrypsin-like activity in the 

immunoproteasome) deficiency results in the stabilisation of the pro-inflammatory 

mediator STAT3 conferring a pro-inflammatory effect (161). This demonstrates that 
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pro-inflammatory mediators seem to be degradation targets of the proteasome which 

would not bode well for patients with proteasome dysfunctions as the removal of these 

mediators is no longer secured which may contribute to the sustained inflammation 

observed in these patients.   

1.5.2 Possible Contributions of the UPR 
 

A master transcriptional regulator of pro-inflammatory pathways NF-əB was found to 

be induced upon ER stress through the interaction of IRE1Ŭ with TRAF2. This 

interaction leads to the recruitment of IəB kinase (IKK) and the phosphorylation and 

subsequent degradation of IəB. This facilitates the release of NF-əB for translocation 

to the nucleus (162). The association of IRE1Ŭ with TRAF2 can, in addition to the 

induction of NF-əB, recruit apoptosis signal-regulating kinase 1 (ASK1; also known as 

MAP3K5) which results in the phosphorylation and subsequent activation of Jun N-

terminal kinase (JNK). This leads to the enhanced activation of activator protein 1 

(AP1) and the increased expression of pro-inflammatory genes through the activity of 

AP1 (163, 164). AP1 also interacts with nuclear NF-əB and induces the expression of 

proinflammatory cytokines (164). In macrophages the protein encoded by spliced 

XBP1 can directly bind to the Tnf and IL-6 promoters and regulate their expression 

(165). In pancreatic ɓ-cells IRE1Ŭ-mediated and PERK-mediated induction of TXNIP 

upon ER stress can trigger the activation of the NLRP3 inflammasome which allows 

the cleavage of pro-caspase-1 into its active isomer caspase-1. This in turn leads to 

the cleavage of pro-IL-1ɓ and pro-IL-18 into their respective active isomers and thus 

the secretion of IL-1ɓ (166, 167). 
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Activation of NF-əB can also be induced through the ATF6 arm of the UPR via the 

phosphorylation of the serine/threonine kinase Akt (PI3K pathway) and the subsequent 

phosphorylation and degradation of the NF-əB inhibitor IəB (168, 169). Additionally, 

ATF6 was found to be capable of triggering an acute phase response (APR) which can 

amplify the pro-inflammatory response (170). The N-linked glycosylation inhibitor 

tunicamycin activated IRF3 (IFN regulatory factor 3, a regulator of type I IFNs and other 

genes involved in innate immunity) in an ATF6 dependant pathway (171). 

 

 

Fig.5: The possible pathways through which of the IRE1 arm of the UPR can induce sterile inflammation: The 
transcriptional regulator encoded by sXBP1 can directly bind to Tnf and IL-6 promotors to regulate their 
expression. Upon activation of the UPR IRE1 can interact with TRAF2 with this complex being able to recruit 
ASK1 which can in turn induce JNK leading to increased pro-inflammatory gene expression through the 
activation of AP1 by JNK. AP1 can also interact with nuclear NF- Bˁ to induce inflammatory cytokine 
expression. The IRE1-TRAF complex can also recruit the IKK complex facilitating the phosphorylation and 
subsequent degradation of IˁB resulting in the release of NF- Bˁ for nuclear translocation. The activation of 
the NLPR3 inflammasome can be triggered through IRE1 mediated induction of TXNIP leading to cleavage of 
pro-IL-1  ̡and pro-IL18 into their active forms. 
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The PERKï eIF2Ŭ-mediated branch of the UPR is also capable of inducing NF-əB 

albeit through a different mechanism. Through the PERKïeIF2Ŭ signaling pathway 

which is engaged upon ER stress an overall halt of protein synthesis is achieved. This 

results in an increase of the NF-əB to IəB ratio, owing to the shorter half-life of IəB, in 

turn facilitating increased NF-əB-dependent transcription (172, 173). As a downstream 

effector of PERK whose transcription is induced through p-eIF2Ŭ (115) ATF4 can 

directly act as a transcription factor for IL-6 (174). Since the core regulator of the ISR 

is also   eIF2Ŭ it stands to reason that activation of the ISR can also lead to the induction 

of IL-6 though ATF4.  

 

 

 

 

 

 

 

Fig.6: The possible pathways 
through which of the ATF6 arm 
of the UPR can induce sterile 
inflammation: ATF6 can induce 
the NF- Bˁ pathway through the 
activation of the protein kinase 
Akt (PI3K pathway), which upon 
activation can facilitate the 
phosphorylation and 
subsequent degradation of the 
NF- Bˁ inhibitor Iˁ B.  The 
triggering of an acute phase 
response through ATF6 can 
contribute to an amplification 
of a pro-inflammatory 
response. The pro-
inflammatory regulator IRF3 
was also found to be inducible 
through an ATF6 dependent 
pathway.    
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1.5.3 Possible Contributions of the ISR and Stress Granules  
 

The activation of the ISR leads to the phosphorylation of eIF2Ŭ through the kinases 

PKR and GCN2 which results in a global reduction in protein synthesis and 

subsequently to the creation of stress granules (114ï116, 131). The tyrosine kinase 

SYK was found to be sequestered to stress granules resulting in a pro-inflammatory 

phenotype. The activity of SYK in the stress granules then results in the production of 

reactive oxygen and nitrogen species which are toxic to neuronal cells (175). The 

downstream effector of the ISR ATF4 (115) was also found to be capable to act as a 

transcription factor for IL6 (174). Besides inducing eIF2Ŭ phosphorylation upon 

activation, PKR is also capable of signalling through TRAF3 which leads to the 

induction of IKKŮ and TBK1 both of which are capable of inducing IRF3. Additionally, 

PKR can activate the NF-əB pathway by facilitating the phosphorylation and 

Fig.7:  The possible pathways through which of the PERK arm of the UPR can induce sterile inflammation: The 
activation of the NLPR3 inflammasome can be triggered through PERK mediated induction of TXNIP leading 
to cleavage of pro-IL-1  ̡and pro-IL18 into their active forms. Owing to the shorter half-life of Iˁ B compared 
to NF- Bˁ a global reduction in protein synthesis as induced by PERKςeIF2h  signaling pathway results in an 
increased NF- Bˁ to Iˁ B ratio facilitating increased NF- Bˁ-dependent transcription. ATF4 a downstream 
effector of PERK can act as a transcription factor for IL-6.  
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degradation of the NF-əB inhibitor IəB through activation of the IKK complex. PKR also 

acts upstream of the MAPK kinase (MAPKK) MKK3 which in turn can activate the 

mitogen-activated protein kinase (MAPK) p38. The MAPK p38 is a master regulator of 

several transcription factors such as NF-əB, ATF-2, and STAT1 (121). Activating 

transcription factor 2 (ATF2), a member of the alkaline-leucine zipper family is a widely 

expressed transcription factor involved in inflammatory responses to a variety of 

irritants (176). Signal transducer and activator of transcription 1 (STAT1) plays a crucial 

role in the signalling pathway of interferon-gamma (IFN-ɔ), converting the IFN-ɔ signal 

into gene expression of several targets correlated to the inflammatory process such as 

inducible nitric oxide synthase (iNOS), COX, vascular cell adhesion molecules (VCAM) 

and intercellular cell adhesion molecules (ICAM). Activation of STAT1 is usually 

mediated through the IFNGR1/2-JAK-STAT pathway (177), however STAT1 can also 

be induced through PKR independent of IFN-ɔ (121). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8: Possible contributions of the ISR to sterile inflammation: Dysfunction of the proteasome can cause free 
amino acid deprivation and the accumulation of cytosolic IL-24 which can activate the ISR kinases GCN2 and 
PKR respectively. Both induce elF2 hphosphorylation which leads to translational arrest causing the formation 
of stress granules. The tyrosine kinase SYK can be sequestered to these stress granules resulting in a pro-
inflammatory phenotype. Phosphorylation of elF2h leads to upregulation of ATF4 which can act as a 
transcription factor for IL-6. PKR can also induce IRF3 through the TRAF3-IKKʁ /TBK1 pathway. Activation of 
the NF- Bˁ pathway is facilitated through PKR induced activation of the IKK complex resulting in the 
phosphorylation and degradation of the NF- Bˁ inhibitor Iˁ B. Acting upstream of MKK6 PKR activation can 
induce the MAP-kinase p38 which is a master regulator of pro-inflammatory transcription factors such as NF-
Bˁ, ATF2 and STAT1. 
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1.5.4 Possible Contributions of the mUPR and Nrf1 
 

The mitochondria have been implicated in the immune response through NLRP3 

inflammasome activation via mitochondrial ROS production and autophagy (178). 

Furthermore, it could be shown that induction of mUPR leads to the phosphorylation 

of eukaryotic translation initiation factor (eIF)2Ŭ and phosphorylation/activation of 

transcription factor cJun (AP1) through PKR. It has been postulated that PKR is 

induced by ClpP-dependent mUPR signaling. This shows a convergence between 

mUPR and ER UPR signaling (179). The phosphorylation of (eIF)2Ŭ limits the 

availability of the translation initiator complex eIF2ŬïGTPïtRNAiMet thereby stalling 

overall protein synthesis (131). The activation of cJun/AP1 is known to lead to 

increased expression of pro-inflammatory genes (163, 164). 

Nrf1 was discovered to be implicated in inflammation. A proposed mechanism would 

see the nuclear translocation of NF-əB upon TLR4 activation which would lead to an 

upregulation of Nrf1, which in turn would upregulate p65/RelA thus exacerbating the 

inflammation (180). 
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2. Hypothesis and Aims 
 

Through the studies alluded to in the respective part of the introduction it should have 

become evident, that the spectrum of known mutations associated with proteasome 

associated disorders has been greatly expanded ever since the description of the 

PSMB8 T57M founder mutation and the associated autoinflammatory disorder. The 

mutations identified in other proteasome subunits and assembly helpers the following 

years has greatly diversified and increased the number of proteasome lesions which 

can contribute to the autoinflammatory syndrome CANLDE/PRAAS. A new chapter on 

proteasome was opened upon discovery of proteasome lesions in patients suffering 

from neurodevelopmental delay presenting an entirely different disease entity 

correlated with proteasome dysfunction. The studies agree in that, the proteasome 

lesions underlying the respective disease entity have influenced proteasome function 

and/or assembly. We therefore hypothesize, that the newly identified proteasome 

mutations presented herein interfere with proper proteasome function by affecting 

steady state expression of the altered subunits and/or their incorporation into the 

proteasome. The main aim of this work was to investigate the impact of these novel 

alterations on proteasome function (Article 1, Manuscripts 3 and 4) and to consider 

ways in which the resulting impaired proteostasis may cause inflammation in the 

affected patients (Article 2). One of our aims was to identify the molecular sensor 

triggering the response as a possible treatment target (Manuscript 3). The effect of a 

stem-cell transplant on impaired proteasome function in a PRAAS patient as a possible 

treatment for this disease was also investigated (Article 1). In doing so we hope to 

contribute to our knowledge of the spectrum of causative PRAAS/NDD mutations and 

identify treatment possibilities and targets.  
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3. Results 
 

3.1 Article 1: Hematopoietic stem cell transplantation in a patient with 

proteasome-associated autoinflammatory syndrome (PRAAS) 
 

This study deals with the case of a young boy who presented with 2 months of age 

with skin manifestations (diffuse cutaneous vasculitis which responded to 

corticosteroids), febrile episodes, and minor organ involvement as evidenced by 

chronic inflammation and slight hepatomegaly (enlarged liver) as well as severe growth 

defect (chronic overexpression of IL-6 has been associated with growth and skeletal 

abnormalities). A hematopoietic stem cell transplantation (HSCT) was performed at 

the age of 20 months however declining donor chimerism (complete donor chimerism 

equates to 100% of haematopoietic cells being derived from the donor) and recurrence 

of disease manifestations took hold. This led to the decision to perform another HSCT 

at 3 years of age which resulted in successful grafting and disappearance of most of 

the patientôs symptoms and catch-up growth becoming evident (decreased levels of 

IL-6 were detected in the patientôs serum after the second graft). During the 7-year 

follow-up mild signs of lipodystrophy (a condition which leads to a deficiency of adipose 

tissue caused by inflammatory infiltrates in the adipose tissue depots) had appeared 

and the patientôs condition was poor with cachexia (a wasting syndrome characterized 

by extreme weight loss) appearing as well. These novel symptoms raised the suspicion 

of PRAAS. The retrospective genetic analysis subsequently carried out on patientôs 

cells stored before the first HSCT revealed two novel mutations in the PSMB4 gene 

coding for the ɓ7 subunit of the proteasome. Genetic investigation of the asymptomatic 

parents revealed that the patient had inherited an intronic variant c.494+17A>G ; p.(?) 

from his father and a deletion variant from his mother c.231del ; p.Leu78Trpfs*31 which 

was predicted to produce a truncated protein. Investigations of the patientôs T-cells 

revealed that the c.494+17A>G ; p.(?) variant produced an alternative splice variant of 

ɓ7 devoid of exon 4. The transcript variant of the c.231del ; p.Leu78Trpfs*31 alteration 

was not detectable in the patientôs cells hinting at nonsense-mediated mRNA decay of 

this transcript. The availability of patient cells from initial presentation and from 5 years 

after the second transplant allowed for the comparison of proteasome activity and 

content in the cells between these two conditions. Testing of the chymotrypsin like 

activity via gel overlay and in-plate activity assay revealed markedly decreased activity 



S e i t e | 29 

 

 

of the patientôs proteasomes compared to healthy controls. This decrease in 

chymotrypsin-like activity was shown to be almost completely remedied after the 

second transplant. The patient also showed a very noticeable decrease in overall 

proteasome content in his cells compared to the controls as visualized on an Ŭ6 native 

PAGE western blot. After the second transplant the proteasome content had reached 

almost the same levels as that shown by the healthy controls. Along with the increase 

of proteasome content and activity the amount of ubiquitin modified proteins had also 

normalized after the second transplant. The inflammatory signature was also clearly 

decreased after the second transplant. Overall this case report suggests HSCT as a 

treatment option to improve PRAAS related autoinflammatory symptoms when 

standard treatment with chronic immunosuppressive medication is unsuccessful and 

normalize proteasome function.    

3.2 Article 2: Proteostasis Perturbations and Their Roles in Causing Sterile 

Inflammation and Autoinflammatory Diseases 
 

In this review the current knowledge on how proteostasis perturbations can trigger 

sterile inflammation is summarized. The various sensors for proteotoxic stress in cells 

are introduced and their mechanism of sensing proteostasis disruptions are explained 

as well as their respective modus operandi to restore protein homeostasis to the cells. 

In the following prospective pathways through which these sensors might trigger sterile 

inflammation are explored. Afterwards possible causes for protein perturbations in cells 

are explored. Firstly, through loss of function of components in the translation 

machinery translation deficiency can occur leading to protein depletion. On the other 

hand, alterations or loss of function in genes attached to the Ubiquitin-proteasome 

system (UPS) or alterations in highly translated cellular proteins (or the occurrence of 

viral proteins) can lead to the accumulation of misfolded proteins as protein folding is 

not a perfectly accurate process (around 30% of newly synthesized proteins fail to 

achieve their correct 3D structure). Decline in proteasome function has also been noted 

as a sign of ageing. The accumulation of misfolded proteins can then lead to the 

formation of insoluble protein aggregates. These aggregates are known to cause a 

series of diseases referred to as proteinopathies, mostly related to alterations in cellular 

proteins with a high synthesis rate, which can be of non-neurodegenerative (such as 

ankylosing spondylitis (AS), cystic fibrosis (CF), alpha-1-antitrypsin deficiency (AATD) 

and hereditary transthyretin amyloidosis (ATTR)) and neurodegenerative nature 
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(Alzheimerôs disease (AD), Parkinsonôs disease (PD), Huntingtonôs disease (HD), 

spinocerebellar ataxias and polyglutamine (polyQ)) depending on whether the protein 

accumulation takes place within or outside the CNS. The occurrence of 

neurodegenerative diseases has also been linked to the decline of proteasome 

function during ageing. Proteasome impairment due to loss-of-function mutations in 

proteasome genes on the other hand leads to two distinct clinical phenotypes namely 

autoinflammation (CANDLE/PRAAS) and neurodevelopmental disorders (NDD). 

Autoinflammatory syndromes have also been linked to mutations in proteins of the 

ubiquitin pathway such as E3 ubiquitin ligases and DUBs. As the second major protein 

degradation pathway besides the proteasome the autophagy-lysosomal system (ALS) 

plays a critical role in cellular protein breakdown and as such in maintaining protein 

homeostasis. Dysfunctions in the ALS have been linked to neurodegeneration and 

autoinflammation. This article underlines the role which disrupted protein homeostasis 

and subsequent protein aggregation plays in the inception of sterile inflammation and 

disease.    

3.3 Article 3: PSMC3 proteasome subunit variants are associated with 

neurodevelopmental delay and type I interferon production 
 

As previously described in the respective part of the introduction deep intronic variants 

in the PSMC3 gene (coding for the 19S AAA-ATPase Rpt5) were identified in patients 

exhibiting severe deafness and early-onset cataracts as part of a neurological, 

sensorial and cutaneous novel syndrome. In this paper fifteen dominant de novo 

variants in the PSMC3 gene were identified in twenty-three patients presenting with 

neurodevelopmental delay (NDD) and/or intellectual disability (ID) as well as exhibiting 

congenital malformations. Many of these rare missense mutations were clustered in 

the AAA (ATPases Associated with diverse cellular Activities) domain of PSMC3 a 

region predicted to be intolerant to variations. Since the patients presented with a 

neuronal phenotype the involvement of PSMC3 in cognitive function was investigated 

utilizing Drosophila flies with a knockdown of the Drosophila PSMC3 homologue via 

siRNAs. In the following odour avoidance test it was revealed, that knock-down of 

PSMC3 did not affect the learning process. However, the reversed odour shock pairing 

showed that reversal learning performance was significantly defective in the 

knockdown flies compared to the wildtype. In light of this observation the impact of 

PSMC3 and some of the variants on the development of hippocampal neuron dendrites 
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was investigated. To this end PSMC3 wildtype and the variants p.(Met175Val), 

p.(Arg304Trp), p.(Glu305Asp) and p.(Glu383Lys) were overexpressed in murine 

primary hippocampal neurons after which neurite length quantification was carried out. 

The results showed reduced neurite length for the wildtype compared to the empty 

vector control. This indicates that increased levels of the PSMC3 wildtype may be 

damaging for neurite development. The results for the PSMC3 variants did not differ 

from the ones obtained for the wildtype. Only the overexpression of the PSMC3 variant 

p.(Met175Val) showed increased neurite length compared to the control. One should 

err on the side of caution regarding this result as the resultant morphological changes 

might not be beneficial for neuronal function. The missense variants may impact 

steady-state expression level of the protein through changes in protein turnover or 

mRNA stability. Therefore, the PSMC3 mutations were introduced into SHSY5Y cells 

and overexpressed as fusion proteins with a N-terminal HA-tag and subsequently 

subjected to western blot analysis. Here it became evident, that the variants 

p.(Arg171Trp), p.(Ala237Val), p.(Met259Val) and p.(Ile261Thr) showed lower protein 

levels compared to the wildtype indicating, that the variants differently impacted protein 

expression and stability. Structural predictions based on the location of the variants in 

the Rpt5 protein and the amino acid substitutions caused by these, concluded, that the 

missense variants may strongly affect the complex structure of the 26S proteasome. 

The incorporation of a dysfunctional Rpt5 subunit without structural consequences to 

the proteasome structure could not be excluded however. To experimentally 

investigate the impact of the PSMC3 variants on the proteasome, experiments were 

carried out in the T-cells of three patients (only possible where patient material was 

available) carrying the p.(Arg304Trp), p.(Glu305Asp) and p.(Gly262Arg) alteration 

respectively. The investigations revealed that the p.(Arg304Trp) and p.(Glu305Asp) 

variants strongly affect proteasome assembly while the p.(Gly262Arg) alteration 

impacts this process very little. Proteomics analysis carried out in the T-cells of 

subjects carrying the p.Arg304Trp and p.Glu305Asp revealed significant proteomic 

changes related to mRNA metabolism and translation when compared to the controls 

indicating dysregulated protein synthesis. The proteomics data also hints at alterations 

in immune signalling and chromatin remodelling in the patients. Investigations into 

proteotoxic stress in the patients T-cells showed increased expression of the ER 

HSP90-like chaperone GRP94 when compared to the controls indicating ER stress in 

patientôs cells.  The consistent activation of PKR in the PSMC3 subjects hints at the 
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induction of the ISR. Increased steady state levels of the autophagy marker LC3-II in 

patient T-cells suggests that autophagy was induced to compensate for the cells 

inability to clear ubiquitin-protein aggregates via the 26S proteasome. Supporting this 

notion was the detected decrease of the mitochondrial proteins PINK1 and Bnip3L/NIX 

in the patient cells suggesting the upregulation of autophagic processes such as 

mitophagy upon PSMC3 disruption. It was also shown, that the proteasome 

impairment did not lead to an increased induction of the TCF11/Nrf1 compensatory 

pathway. A type I IFN signature was detected in the patientôs T-cells which was found 

to be PKR dependent. Despite the generation of the type I IFN signature the NDD/ID 

subjects showed a lack of systemic autoinflammation failing to develop recurrent fever, 

lipodystrophy and/or skin lesions (signs of systemic inflammation usually detected in 

CANDLE/PRAAS patients). The IFN despite not resulting in systemic inflammation 

may still have a detrimental effect on CNS function. The increased mitophagy observed 

in the patients supports the consensus that mitochondria function/dysfunction has an 

impact on neurodevelopment and interferonopathies. The identification of PKR as the 

driver of the type I IFN signature is in line with observations of PKR activation in the 

CNS of neurodegenerative disorders and the association of neurodegeneration with 

neuroinflammation. Overall this study identified heterozygous dominant variants in 

PSMC3 causing a neurodevelopmental syndrome characterized by a type I IFN 

signature and identified this signature and PKR as possible targets for treatment 

options.     
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3.4 Article 4: Identification of eight novel proteasome variants in five unrelated 

cases of proteasome-associated autoinflammatory syndrome (PRAAS) 
 

This study presents five unrelated PRAAS patients in which overall eight novel 

proteasome alterations were identified, that were not previously reported and 

associated with PRAAS. All of the patients presented with skin eruptions and recurrent 

fevers since relatively young ages. Genetic testing in the first patient revealed two 

heterozygous inherited proteasome mutations in PSMB8/ɓ5i and PSMC5/Rpt6 as well 

as a de novo mutation in PSMA5/Ŭ5. The PSMB8 T75M variant inherited from the 

mother is a known and characterized founder mutation. The inherited PSMC5 variant 

which results in the splicing out of exon 10 was predicted to not interfere with the 

association of the 19S regulatory complex top the 20S core complex as exon 10 is not 

located at any interfacing site necessary for the afore mentioned association. In vitro-

characterization of the variant revealed that the mutated subunit cannot be properly 

incorporated into the 19S complex in the first place as the variant failed to assemble 

into 19S precursor complexes and a such was also absent in the later 26S complexes. 

The de novo PSMA5 nonsense variant leads to the absence of the last 73 C-terminal 

amino acids which was predicted to impede interaction with the Rpt1 ATPase of the 

19S regulatory particle which may lead to problems during 26S proteasome assembly. 

During in-vitro studies the mutant subunit could not be detected on protein level. RNA 

levels of the mutant transcript were lower than WT transcript levels (not statistically 

significant) indicating that the transcript is not subject to nonsense mediated decay and 

that the protein translated from the mutant transcript is most likely quickly degraded.  

Since the mutant protein is subject to such a rapid degradation, incorporation into the 

proteasome most likely does not take place. Three of the five reported patients were 

compound heterozygous for PSMB10/ɓ2i alterations (patients 2-4) with all three 

harbouring the novel PSMB10 alteration F14del. This mutation leads to an in-frame 

deletion of the phenylalanine at position 14 in the PSMB10 pro-peptide. Experimental 

investigation of this variant showed, that the precursor form of PSMB10 is still efficiently 

expressed but no processing to the mature form takes place. The inability of this mutant 

subunit to be processed into its mature form severely impedes incorporation into 

mature proteasome complexes. Patient 2 also harboured a second PSMB10 mutation, 

the missense variant G167D. This variant was predicted to impede interaction of the 

altered subunit with neighbouring subunits. In-vitro characterization of this variant 

showed decreased levels of the mutant subunit on protein level. Investigations of the 
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PSMB10 G167D mRNA showed transcript levels similar to that of the wildtype 

indicating decreased steady state stability of the mutant protein. This altered subunit 

was also not properly processed into its mature form severely impeding its 

incorporation into mature proteasome complexes. The mRNA transcript produced by 

the additional PSMB10 Cys83Leufs*123 variant carried by patient 3 was found to 

undergo nonsense mediated decay and as such no protein was predicted to be 

produced.  Patient 4 additionally carries a PSMB10 c.710+1 G>C intronic variant which 

was predicted result in the splicing out exon 7. Molecular modelling predicted this 

variant to result in incorporation issues for the altered subunit as exon 7 has potential 

interaction surfaces with three neighbouring beta subunits in the 20S proteasome core 

particle. The two PSMB8 variants (S118P and Q55*) carried by patient 5 were 

previously reported but this work subjected them to in-silico and in-vitro 

characterization. In-silico modelling of the S118P variant predicted this variant to 

disrupt the PSMB8 secondary structure but not the incorporation into the proteasome 

as the affected region of the protein does not have any contact points to neighbouring 

subunits. The in-vitro work showed that the incorporation of the mutant subunit into 

proteasome complexes was strongly affected but this was due to strongly decreased 

processing of the mutant subunit rather than an effect of the variant of the interaction 

of the mutant protein with neighbouring subunits. The PSMB8 Q55* nonsense mutation 

produced effects on the protein similar to those observed for the PSMA5 R168* variant 

carried by patient 1. While the presence of PSMB8 Q55* transcript could be observed 

nothing was detectable on protein level indication quick degradation of the truncated 

protein. All of the herein described mutations had an impact on the respective subunits 

and the proteasome as a whole. This was caused either by affecting the steady state 

or the processing of the mutated subunit which in all cases lead to impaired 

incorporation of the affected subunit into the proteasome. It can be assumed that in 

the patients this impaired incorporation of these altered subunits leads to decreased 

proteolytic capacity of the proteasome and triggers the observed disease.  The 

identification of these proteasome variants allowed for the definitive diagnosis of 

CANDLE/PRAAS which resulted in the treatment being adapted accordingly. All of the 

patients treated with inhibitors of the Janus Kinase (a signal transducer of the pro-

inflammatory IFN (interferon) pathway) after CANDLE/PRAAS diagnosis showed at 

least partial improvement of the disease.     
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4. Conclusions 
 

Protein homeostasis (proteostasis) is an essential cellular process balancing the 

removal of non-functioning or damaged proteins and the synthesis of novel ones as its 

disruption can have far reaching consequences. This work placed the focus on the 

disruption of proteostasis as a result of mutations in subunits of the proteasome, one 

of the two major cellular protein degradation machineries. While mutations in 

proteasome subunits and proteasome assembly helpers have been known for a while 

to cause autoinflammatory disorders, this work investigated the impact of several novel 

mutations on this vital proteolytic complex and the patients carrying these alterations. 

While all the patients presented in this work carried mutations in subunits of the 26S 

proteasome, two different distinct disease entities could be observed. The patients 

diagnosed with CANDLE/PRAAS presented with very similar symptoms early on in life 

(namely skin eruptions and recurring febrile episodes) (article 1 and article 4) and all 

of them showed an inflammatory signature. This inflammatory signature was shared 

by the patients diagnosed with NDD (article 3), however these patients did not develop 

skin eruptions and recurring febrile episodes. Meanwhile, the CANDLE/PRAAS 

patients did not exhibit a neuronal phenotype.  

Regardless of the phenotype all of the novel mutations were found to impact 

proteasome function, be it through impacting steady state stability of the affected 

subunit, its incorporation into mature proteasome complexes or impacting the proper 

function of the affected subunit, leading to the inception of proteotoxic stress, which 

through various pathways can trigger the sterile inflammation observed in the patients 

(article 2).    

Interestingly, it could be demonstrated that changes in a singular proteasome subunit 

(be it through a mutation in the subunit or a change of the amount of the subunit present 

in the cells) had a detrimental impact on neurite development (article 3), hinting at a 

crucial role of functioning 26S proteasomes for neuronal development.      

Overall, the spectrum of CANDLE/PRAAS causing mutations could be expanded and 

as hypothesized it could be demonstrated that these novel mutations presented herein 

have a detrimental effect on proteasome function and lead to a disruption of cellular 

protein homeostasis. Several signalling pathways were proposed through which his 

disruption of protein homeostasis can lead to the sterile inflammation observed in the 
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presented patients. Targeting this inflammation through a Janus Kinase (a signal 

traducer of the pro-inflammatory interferon (IFN) pathway) inhibitor was shown to 

partially remedy the disease manifestations in the CANDLE/PRAAS patients. One of 

the aims of this work was achieved through the identification of PKR as a possible 

sensor for protein homeostasis disruption and inception point of the inflammation in 

the NDD patients, opening up a possible new treatment option. While Janus Kinase 

inhibitor blocks the signalling of a main pro-inflammatory pathway, others exist which 

can still relay pro-inflammatory signals leading to only partial effects of the inhibitor. 

Targeting PKR as the sensor may lead to the suppression of the inception of any 

inflammatory response to protein homeostasis perturbations. The remission of the 

inflammatory signature after a HSCT also hints at the hematopoietic system being a 

main driver of the inflammation in CANDLE/PRAAS patients and presents HSCT as a 

viable treatment option for this disease.          
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5. Abbreviations 
 
AAA ATPase-Associated with various cellular Activities 

AD Alzeheimer Disease 

ALS Autophagy-Lysosomal-System 

ALS Amyotrophic Lateral Sclerosis 

ATF Activating transcription factor 

BiP Binding Protein 

CANDLE 
Chronic atypical neutrophilic Dermatosis with Lipodystrophy  
and elevated Temperature 

DDI2 DNA damage-inducible 1 homolog 2 

ER Endoplasmatic Reticulum 

ERAD ER-associated degradation 

ERSEI ER stress response element I 

GCN2 General control non-derepressible 2 

HSCT Hematopoietic Stem Cell Transplantation 

Hsp Heat shock Protein 

IFN Interferon 

IFNAR Interferon Alpha And Beta Receptor 

IKK IəB Kinase 

IRE Inositol-requiring protein 

IRF Interferon regulatory factors 

ISG Interferon-stimulated gene 

ISR Integrated Stress Response 

IəB nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor 

JAK Janus Kinase 

JMP 
Joint Contractures, Muscle Atrophy, Microcytic Anemia,  
and Panniculitis-induced Lipodystrophy 

LMP Lysosome Membrane Permeabilization 

MHC Major histocompatibility complex 

NDD Neurodevelopmental Delay 

NF-əB Nuclear factor əB 

NNS Nakajo-Nishimura syndrome 

Nrf1 Nuclear factor erythroid-derived 2-related factor 1 

PAMP Pathogen-associated molecular pattern 

PBMC Peripheral Blood Mononuclear Cells 

PD Parkinsonôs Disease 

PERK Protein kinase RNA-like ER kinase 

PINK1 PTEN induced putative kinase 1 

PKR Protein Kinase R 

POMP Proteasome Maturation Protein 

PRAAS Proteasome-associated autoinflammatory Syndrome 

STAT Signal transduction and activation transcription 

TBK TANK-binding kinase 1 

TLR Toll-like receptor 

TNFŬ Tumor necrosis Factor 

UPR Unfolded Protein Response 
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UPS Ubiquitin-Proteasome-System 
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