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Abstract 

Proteostasis alteration characterizes several diseases affecting muscle and neuronal cells 

and can be caused by protein misfolding and aggregation and/or mutations in Protein 

Quality Control system members. For instance, mutations in the Chaperone Assisted 

Selective Autophagy (CASA) members are causative of neuropathies/myopathies. The 

CASA complex mainly acts in muscles and neurons, by facilitating the disposal of misfolding 

and aggregating proteins. This occurs through substrate recognition by the chaperone 

HSPB8, which interacts with the HSP70 co-chaperone BAG3. If substrates cannot be 

refolded by HSP70, they are ubiquitinated by the E3 ubiquitin ligase CHIP. Substrates are 

then routed and compartmentalized into perinuclear deposits of aggregates, or 

aggresomes, for subsequent autophagic-lysosomal disposal. 

In the first part of my studies, I showed results on neuropathies/myopathies related 

P209S/L/Q BAG3 mutants. By overexpressing BAG3 mutants in cells, I observed that all 

BAG3-P209 mutants are characterized by decreased solubility. The decreased solubility 

determines BAG3-P209 mutants aggregation and relocation with the other CASA members 

at the aggresome, resulting in an impairment of CASA activity against misfolded clients. In 

addition, I demonstrated that BAG3-P209 mutants are preferentially degraded through 

autophagy. Thus, I showed that boosting autophagy using trehalose, proven to favour the 

clearance of aggregating proteins related to neurodegenerative diseases, determined 

BAG3-P209 aggregates disposal, representing a valuable therapeutic approach in BAG3-

P209 diseases. 

In the second part, I firstly showed results on HSPB8 variants S9P, P41S and S181C found 

in Amyotrophic Lateral Sclerosis (ALS) patients. Using a motoneuron-like cell model 

overexpressing HSPB8 variants, I observed no differences in HSPB8 variants biochemical 

behaviour with respect to HSPB8 wildtype (WT), except for the S181C variant, 

characterized by a structural alteration. However, no differences in HSPB8 variants activity 

were observed. Instead, I obtained promising results on myopathies/neuropathies-related 

frameshift mutants pPro173Serfs*43, pGln170Glyfs*45, and pThr194Serfs*23. I found that 

these mutants present the same C-terminal modification and/or an identical elongated C-

terminal tail, predicted to affect protein solubility. Indeed, I observed insolubility and 

aggregation of these mutants, when overexpressed in cells. Similar to BAG3-P209 mutants, 

HSPB8 mutants co-segregate with CASA members and associate to an increase in 

ubiquitinated proteins, suggesting CASA impairment. Again, trehalose-mediated 

autophagic enhancement favoured the clearance of these aggregating HSPB8 mutants. 
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In the third part, I characterized isogenic iPSCs-derived motoneurons as new cell models 

to study TDP-43-related proteinopathies. These cell lines were previously gene-edited, to 

express WT or the ALS-A315T mutated TDP-43, tagged with the DENDRA2 reporter. Using 

a small molecules-based protocol, I differentiated these iPSCs obtaining a mixed population 

of neurons and motoneurons. Model validation showed that under untreated conditions all 

WT and A315T-mutated cell lines are not characterized by TDP-43 misbehaviour, since no 

hallmark of pathogenic TDP-43 was observed; instead, upon proteasome inhibition, all cell 

lines showed TDP-43 cleavage, phosphorylation, and aggregation, correlating with 

activated cleaved caspase-3, in line with the current literature. 

With my work, I determined shared biochemical and functional alterations between BAG3 

and HSPB8 mutants, suggesting that a common therapeutic strategy might be beneficial in 

the related neuromuscular diseases. In addition, I defined TDP-43-DENDRA2-derived 

motoneurons as a valuable tool to study TDP-43-related proteinopathies.  
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Chapter I 

1. Introduction  

1.1 The Protein Quality Control system in proteostasis maintenance 

Proteostasis, or protein homeostasis, is the maintenance of an intact and functional 

proteome. To assure proteostasis, cells possess a wide variety of molecular mechanisms 

and players which, altogether, constitute the Protein Quality Control (PQC) system. The 

PQC system acts at all levels of proteins lifetime, from synthesis to degradation, assuring 

the correct folding or disposal. Although neosynthesized proteins reach their native 

conformation based on the amino acids sequence, the folding process of a given protein is 

helped and supervised by specific members of the PQC system, such as chaperones 

(Balchin et al., 2016). Moreover, stochastic errors occurring during mRNA transcription, 

maturation, or translation, which may lead to the synthesis of misfolded or aberrant 

products, are not uncommon and require a fast action of the PQC for the disposal of these 

products. Indeed, it has been estimated that approximately 30% of newly synthetized 

proteins are defective ribosomal products (DRiPs) and about 20% of newly synthesized 

proteins are immediately degraded through the intracellular degradative systems (Schubert 

et al., 2000; Wickner et al., 1999). Even when a newly synthesized protein reaches its native 

and functional conformation, it might undergo several stress conditions, such as oxidative, 

mechanical, or thermal stresses, capable to induce protein damage and misfolding. Also, 

mutations or the presence of intrinsically disordered domain in proteins often enhance their 

misfolding propensity. In any case, unfolded or misfolded proteins must be recognized by 

members of the PQC system for refolding or degradation to prevent undesired proteins 

interactions. Indeed, misfolded proteins tend to expose hydrophobic amino acids 

sequences that are usually buried in their native structures, and these aberrantly generated 

regions interact forming oligomers and/or inclusions (Fig. 1.1). If not removed from cells, 

these oligomers and inclusions may become toxic and/or interfere with essential cellular 

pathways; this may occur either by physical aberrant interaction with cell structures or by 

sequestering key factors involved in cell responses and in the proteostasis network. 

Presently, the role of cell inclusions and aggregates is still largely debated. The current 

opinion, supported by several experimental evidences, suggests that the toxic activity is 

carried out by the small insoluble oligomers of misfolded proteins; these oligomers may be 

freely distributed in the cell environment exposing a higher interaction surface which 
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increases the possibilities of aberrant interactions (Chiti & Dobson, 2017). Instead, big 

inclusions or aggregates are the result of an active and controlled misfolded 

proteins/oligomers transport into spatially defined deposits inside the nucleus (e.g., nuclear 

aggresomes) or in specific regions of the cytoplasm (cytoplasmic juxtanuclear 

aggresomes); these structures are regulated by PQC members (Kopito, 2000; Latonen, 

2019). In this scenario, the compartmentalization of misfolded species into aggregates 

could be considered as a protective response of the cell, which limits potentially toxic 

interactions and promotes their subsequent disaggregation and degradation. Proteotoxicity 

appearing as a consequence of mutations of members of the PQC system or to 

accumulation of mutated or even wildtype proteins that are prone to misfold, is at the basis 

of several diseases, including neurodegenerative disease (NDs), emphasizing the 

importance of proteostasis maintenance in cells (Klaips et al., 2018). 

1.1.1 The Protein Quality Control system 

As previously mentioned, the PQC system consists in all pathways and members that act 

in the maintenance of cell proteostasis. It has been estimated that the PQC system is made 

up of approximately 2000 factors. PQC members can be divided into three main classes: 

Figure 1. 1 Proteins from synthesis to misfolding and aggregation.  
When synthesized, proteins reach their native structure in a process called “folding”. 
Stressors, mutations or stochastic errors during translation and post-translational events can 
result in protein misfolding. The PQC system acts by promoting substrate refolding or 
degradation. Accumulation of misfolded substrates results in their aggregation. (From 
Tyedmers, J et al., 2010). 
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the chaperones and the two main degradative systems, which are the autophagic process 

and the ubiquitin-proteasome system (UPS). 

Chaperones are defined as factors that act in the folding, assembly or conformational 

maintenance of another protein, without being a part of its final structure and are usually 

assisted by factors named co-chaperones (Hartl, 1996). Thus, chaperones and co-

chaperones represent a network of proteins that serve to reach and maintain the correct 

conformation of a given substrate; when the substrate cannot achieve its native 

conformation, chaperones favour its routing to the degradative systems. Some chaperones 

are also known as Heat Shock Proteins (HSPs), as several members were initially identified 

upregulated in response to heat shock. Indeed, even if several chaperones are 

constitutively expressed, many others are induced upon stress conditions to counteract a 

likely increase of misfolded and damaged proteins. 

Chaperones were initially classified according to the molecular weight: HSP40s, HSP60s, 

HSP70s, HSP90s, HSP100s and small HSPs (sHSPs) (Hartl et al., 2011) (Fig. 1.2). 

Recently, a new nomenclature has been proposed in response to ambiguities in 

denominating human HSPs. For instance, HSPA, HSPB, HSPC, HSPH, DNAJ, HSPD/E 

families correspond to HSP70s, sHSPs, HSP90s, HSP100s, HSP40s and 

HSP60s/HSP10s, respectively (Kampinga et al., 2009). HSPA, the Bcl-2 Associated 

Athanogenes (BAGs) co-chaperones and the HSPBs will be deeply described in the 

following sections. 

Figure 1. 2 Chaperones classified based on the molecular weight.  
Schematic representation of HSPs structure, co-chaperones and functions. (From 
C. M. Kumar, Mande, & Mahajan, 2015). 
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When proteins fail to fold or refold, they are targeted to degradation, which can be operated 

by the UPS or the autophagic pathway. The UPS (Fig. 1.3) represents the degradative 

pathway for short-lived, misfolded and damaged proteins. The UPS also acts in the 

regulation of other cellular pathways, such as cell cycle progression, cell proliferation or 

apoptosis (Ciechanover, 1994). The UPS begins with ubiquitination, which consists in the 

targeting of a substrate with a chain of polyubiquitin (polyUb). Ubiquitin is a conserved 

protein of 76 amino acids which is covalently bound to amino groups in lysine (Lys) residues 

of the substrate, and it can be ubiquitinated itself forming the polyUb chains. PolyUb chains 

are added to the substrate through the action of three class of enzymes: E1 enzymes, which 

are encoded by two genes, are also known as ubiquitin-activating enzymes; E2 enzymes, 

encoded by approximately 40 genes, are also known as ubiquitin-carrier or ubiquitin-

conjugating enzymes; E3 enzymes, encoded by approximately 800 genes, are called 

ubiquitin-ligases. The process of ubiquitination (Fig. 1.3) requires the ATP-dependent 

activation of ubiquitin at the glycine residue at position 76. Then, the activated ubiquitin is 

transferred and conjugated to an E2 enzyme. Through the formation of a complex consisting 

of the E2 enzyme carrying the ubiquitin moiety and E3 enzyme interacting with the 

substrate, the ubiquitin is conjugated to the target. The ubiquitin moiety is directly 

conjugated to a Lys residue of the substrate if the E3 enzyme belongs to the Really 

Interesting New Gene (RING)-finger class, while it is firstly conjugated to a cysteine residue 

of the E3 enzyme when this belongs to the Homologous to the E6-AP Carboxyl Terminus 

(HECT)-domain class, and then transferred to the substrate. By adding other ubiquitin 

moieties to the substrate-conjugated ubiquitin, a polyUb chain is formed and this is 

performed through the intervention of E4 enzymes, also known as ubiquitin-chain 

elongation factors. PolyUb chains represent a signal for both proteasomal and autophagic 

degradation. 

The proteasome 26S is a multicatalytic ATP-dependent protease made up of two 

complexes: i) the 20S proteasome, which is the barrel-shaped core particle, and ii) the 19S 

proteasome, a regulatory particle attached to one or both end of the core particle. The 

regulatory particle consists of a base and a lid, which permit the recognition of ubiquitinated 

substrates and their insertion into the core particle. In particular, the regulatory particle is 

made up by several subunits which serve as ubiquitin receptors, ATPases for substrates 

unfolding and translocation inside the 20S core particle, and deubiquitinating enzymes for 

ubiquitin recycle. Instead, the core particle is made up of two external α-rings and two 

internal β-rings. The two internal β-rings consist of β-subunits: β1, β2 and β5 subunits 

possess caspase-like, trypsin-like and chymotrypsin-like activities, respectively, and are 

responsible for substrate proteolysis (Budenholzer et al., 2017). Proteasomes localize in 
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both the nucleus and the cytoplasm. Moreover, their composition, abundance and 

specialized functions are dynamic and regulated by transcriptional activity, post-

translational modifications (PTMs) and their degradation (proteaphagy). 

The other main degradative system in cells is autophagy (from the Greek, “self-eating”) 

(Fig. 1.4), which has been often counterposed to the UPS as a route for aspecific 

degradation of long-lived proteins, large multimeric assemblies, aggregates and organelles. 

Autophagy is a cytoplasmic route for substrates degradation and divides in three main 

branches: macroautophagy, microautophagy and chaperone-mediated autophagy (CMA), 

which all end in the lysosomal degradation of substrates. Macroautophagy (referred as 

autophagy herein) begins with the engulfment of cytoplasmic material by the phagophore, 

a double-membrane structure which rounds up and closes, forming the autophagosome 

(Lamb et al., 2013). Then, by fusion between the autophagosome and the lysosome, the 

content is degraded by lysosomal hydrolases. Microautophagy, instead, consists in the 

engulfment of cytoplasmic content by direct invagination of the lysosomal membrane and 

subsequent degradation (W. W. Li et al., 2012). Finally, CMA is a route for degradation of 

proteins carrying KFERQ or KFERQ-like motifs. These short sequences are recognized by 

Figure 1. 3 The UPS relies on substrate ubiquitination and proteasomal degradation. 
Ubiquitination is a multi-step process, which starts with the conjugation of ubiquitin to the ubiquitin-activating 
E1 enzyme. Then, the activated ubiquitin is transferred to the ubiquitin-conjugating E2 enzyme, which, by 
interacting with the ubiquitin-ligase E3 enzyme, transfers ubiquitin to the substrate. An iterative process of 
ubiquitination determines the formation of a polyubiquitin chain. Polyubiquitinated substrates are then 
recognized and degraded by the 26S proteasome, made up by one or two regulatory particles (19S 
proteasome) and a barrel-shaped core particle (20S proteasome). Deubiquitinating enzymes (DUBs) remove 
ubiquitin moieties from substrates, which can be recycled. (From Zheng et al., 2016). 



 

6 

 

the Heat Shock Cognate 70 (HSC70, or HSPA8), which routes the substrate to the 

lysosome. Lysosomal degradation of the substrate needs the binding of HSC70 to the 

lysosomal-associated membrane protein 2A (LAMP2A) which oligomerizes to form a 

channel for substrate translocation in the lumen of the lysosome (Kaushik & Cuervo, 2012). 

As anticipated, autophagy has been considered an aspecific nonselective process for cell 

components recycle in response to starvation and stresses. However, it is now clear that 

several forms of selective autophagy exist. For instance, names as Endoplasmic Reticulum 

(ER)-phagy, mitophagy, aggrephagy, lysophagy and xenophagy have been coined to 

describe specialized types of autophagy-mediated selective degradation of intracellular 

structures or microbes (Anding & Baehrecke, 2017). Selective autophagy requires the 

presence of specialized autophagic receptors which bridge the cargo to proteins located in 

the autophagosomal membrane, such as the phosphatidylethanolamine (PE)-lipidated 

microtubule-associated proteins 1A/1B light chain 3B (MAP1LC3B), or simply LC3. An 

example of autophagic receptor is sequestostome-1/p62 (SQSTM1/P62), which acts as an 

adaptor protein by interacting with ubiquitinated targets through its ubiquitin-associated 

UBA domain and with autophagosome membrane-inserted protein LC3 through its LC3-

interacting region (LIR). Thus, SQSTM1/P62 promotes the autophagic clearance of 

selected ubiquitin-tagged substrates (Lamark et al., 2017). An example of selective 

autophagy is the Chaperone-Assisted Selective Autophagy (CASA), which relies on the 

HSP70/HSPA, BAG3, HSPB8 and the carboxy-terminus of HSC70 interacting protein 

(CHIP) protein complex formation for the degradation of damaged and misfolded proteins. 

Although the UPS and the autophagic pathway are two different degradative systems, they 

intersect and cooperate at various levels. First, it has been already mentioned the role of 

ubiquitin as a common degradation signal, or degron, in both UPS and autophagy. It has 

been shown that ubiquitin moieties link substrates to proteasomal or autophagic 

degradation based on the Lys residue used in polyubiquitination. For instance, Lys48 

linkage, but also Lys11 and Lys29, represent proteasomal degrons. Instead, ubiquitin Lys63 

linkage represents an autophagic degron. However, it is worthy to note that ubiquitination 

can occur at different Lys residues of a substrate and ubiquitin chain polymerization 

originates distinct types of polyUb chains, characterized by different linkages and branching, 

complicating the understanding of the ubiquitin code in relation to the degradative systems 

(Ji & Kwon, 2017). As both the degradative systems use ubiquitin as a common degron, it 

is clear that the machinery of enzymes responsible for ubiquitination are not only related to 

the UPS. For example, the E3 ubiquitin ligase CHIP (see below) interacts with HSP70/HSPA 

and ubiquitinates its bound misfolded substrate promoting the degradation, which can occur 

both through the proteasome and through autophagy. Indeed, misfolded substrates are 
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firstly routed to the proteasome for degradation. However, when the proteasome is 

overwhelmed or when the misfolded substrates deposit into large aggregates, which cannot 

be processed in the tight hole of the proteasome, autophagy comes into play for their 

clearance (Minoia et al., 2014). Vice versa, blocking the routing of misfolded substrates to 

autophagosome promotes proteasomal degradation (Cristofani et al., 2017). Autophagy-

proteasome switch will be later described as dependent on the ratio between HSP70/HSPA-

co-chaperones BAG1/BAG3 (Gamerdinger, Carra, et al., 2011; Rusmini et al., 2017). This 

example of compensatory activity reflects the integrated response of the PQC system to 

overcome proteotoxic stress (Fig. 1.5). 

 

 

 

Figure 1. 4 Autophagy divides in three main branches.  
a. Macroautophagy consists in the aspecific (in bulk) or selective engulfment of cytosolic material in an 
autophagosome, a double-membrane vesicle. Autophagosomes then fuse with lysosomes, which degrade the 
engulfed content. b. Microautophagy is based on the direct invagination of the lysosomal membrane and 
subsequent degradation of the substrates by lysosomal enzymes. c. CMA consists in the degradation of 
substrates that possess a KFERQ motif. This motif is recognized by the chaperone HSC70, which carries the 
substrate to the lysosomal receptor LAMP2A. The substrate is then translocated into the lysosome for 
degradation. (From Kaushik & Cuervo, 2018). 
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Figure 1. 5 The PQC system is a network of factors and 
pathways that assure proteostasis.  
Chaperone and co-chaperones lead the misfolded substrates to 
their fate, which is folding or degradation through the autophagic 
pathways (CMA, microautophagy or selective autophagy-CASA) 
or the proteasome. (From Cristofani et al., 2020). 
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1.2 The co-chaperone BAG3 and the BAG family 

BAG3 is a co-chaperone, belonging to the BAG family. The BAG family includes six 

members (BAG 1-6), all possessing a BAG domain. The name BAG, which stands for Bcl-

2-Associated Athanogenes, originates from the identification of BAG proteins as 

interactors of the anti-apoptotic protein Bcl-2. Functional analyses on the first BAG 

identified, BAG1, revealed shared anti-apoptotic functions with Bcl-2, condensed in the 

word Athanogene (from Greek Athànatos = against death) (Takayama et al., 1995). 

Actually, the other BAG members of the family were later identified through a two-hybrid 

screen assay as interactors of the ATPase domain of HSP70/HSPA chaperone. The BAG 

domain comprises 78-120 amino acids and is present in one copy in all BAG members, 

except for BAG5, which contains four putative BAG domains (Doong et al., 2002; Rosati et 

al., 2007; Takayama et al., 1999). BAG proteins are described as nucleotide exchange 

factors (NEFs), as their BAG domain, interacting with the ATPase domain of HSP70/HSPA, 

favours the ATP-ADP cycle and the release of the substrate (Fig. 1.6). Structural analyses 

revealed that the BAG domain consists of helices with a length of 30-40 amino acids, with 

the second and third helices binding the ATPase domain of HSP70/HSPA (Briknarová et 

al., 2001; Brive et al., 2001; Sondermann et al., 2002; Sondermann et al., 2001; Takayama 

et al., 1999). 

Figure 1. 6 Role of the BAG domain as NEF of HSP70/HSPA. 
The unfolded or misfolded substrates interact with the ATP-bound HSP70/HSPA along with co-
chaperones (e.g., HSP40). ATP to ADP hydrolysis causes the open to close conformational change of 
HSP70/HSPA substrate binding domain. BAGs, acting as NEFs, enhance the ADP-ATP exchange, thus 
the close to open conformational change of the substrate binding domain of HSP70/HSPA, permitting the 
substrate release (From Mariotto, Viola, Zanon, & Aveic, 2020). 
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BAG proteins contain other domains beyond the BAG domain (described below) (Fig. 1.7). 

BAG proteins homologues have been described in animals, plants, fungi, and yeasts, 

suggesting that this evolutionary conserved family of proteins plays fundamental basic 

functions in cells (Kabbage & Dickman, 2008; Kang et al., 2006; Takayama et al., 1999). It 

is likely that all BAG proteins derived from a common ancestor and that during evolution 

they acquired new domains, therefore new specialized functions. 

 

Among BAG family, BAG3 (also known as Bis, CAIR-1) has the highest affinity to 

cytoplasmic HSP70/HSPA (Rauch & Gestwicki, 2014). BAG3 gene locates in the 

chromosome 10q.26.11 and encodes a 75 kDa protein and a shorter isoform (40 kDa) that 

has been described in synaptosomes (Bruno et al., 2008). BAG3 is ubiquitously expressed, 

with higher expression levels in heart and skeletal muscles and in cancer cells (Felzen et 

al., 2015; Gentilella & Khalili, 2011; Homma et al., 2006; Liao et al., 2001; Rosati et al., 

2007). At a cellular level, BAG3 localizes predominantly in the cytosol and translocates to 

the perinuclear region after acute stress (Gamerdinger, Kaya, et al., 2011; Kyratsous & 

Silverstein, 2008). BAG3 expression is also enhanced by several stresses, such as 

oxidative stress, proteasome inhibition, heat shock (Basile et al., 2009; Du et al., 2009; 

Franceschelli et al., 2008; Pagliuca et al., 2003). Aging also positively modulates BAG3 

expression (Gamerdinger et al., 2009). Well-known transcription factors that modulate 

directly or indirectly BAG3 expression are the Heat Shock transcription Factor1 (HSF1), 

Figure 1. 7 The human BAG family (BAG1-6). 
Representation of BAG family members and domains. Conserved BAG domains in green, ubiquitin-like 
domain (UBL) in blue is present in BAG1 (all isoforms) and BAG6. A nuclear localization signal (NLS; pink) 
is present in the isoform BAG1L, while TXSEES repeats (violet) are present in BAG1L/M/S isoforms. A 
proline-rich domain (PxxP; yellow) is present in BAG3 and BAG6, while a Tryptophan-Tryptophan (WW; 
orange) domain in BAG3 only. BAG3 shows two additional domains: the Ile-Pro-Leu (IPV) domains. (From 
Behl., 2016). 
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which binds to the two Heat Shock Responsive Elements (HREs) present in bag3 gene 

promoter, Nuclear Factor-kappa-light-chain-enhancer of activated B cells (NF-κB) and 

Nuclear factor erythroid 2–related factor 2 (Nrf2) (Franceschelli et al., 2008; Tang et al., 

2018; Wang et al., 2012; Wu et al., 2018). Beyond the BAG domain, BAG3 protein 

possesses several domains which makes BAG3 able to bind to multiple partners involved 

in several cellular pathways and to act as a scaffold protein. In particular, it possesses a 

Tryptophan-Tryptophan (WW) domain, a PxxP region and two Ile-Pro-Val (IPV) domains 

(Fig. 1.8). The WW domain is located at the N-terminus and is responsible for interactions 

with proline-rich regions. These include synaptopodin-2 (SYNPO2), located at the Z-disc of 

muscle cells. Here, SYNPO2 and BAG3, together with the vacuolar protein sorting (VPS) 

factors VPS16 and VPS18 and syntaxin-7, help the formation of the phagosome and the 

engulfment of damaged structural substrates of the CASA complex, such as filamin (Ulbricht 

et al., 2013). Other proline-rich proteins are LATS1, LATS2 and AMOTL1/2, which are 

inhibitors of the transcription factors YAP and TAZ; BAG3, by contacting LATS1/2 or 

AMOTL1/2, abrogates their inhibitory activity, letting YAP and TAZ entering the nuclei and 

activate transcription (Meriin et al., 2018; Ulbricht et al., 2013). Finally, the mTOR inhibitor 

tuberous sclerosis 1 (TSC1) is a target of the WW-domain of BAG3. TSC1 is part of the 

TSC complex and mediates indirectly the inhibition of mTORC1, one of the autophagy 

master regulators (Kathage et al., 2017). The two IPV domains, located at the N-terminus 

and in the middle of the protein, are responsible for the interaction with two sHSP/HSPBs: 

HSPB8 and HSPB6 (Fuchs et al., 2009; Hishiya et al., 2011). Small HSPs (described below) 

belong to the chaperone network and have an anti-aggregation and pro-degradative activity. 

BAG3 and HSPB8 complex has been intensely investigated: HSPB8 is the HSPBs with the 

highest affinity for BAG3 and interacts as a dimer, forming a 1:2 BAG3:HSPB8 stoichiometry 

complex (Carra, Seguin, & Landry, 2008; Morelli, Mediani, et al., 2017). Another feature of 

this unique liaison is also the observation of HSPB8 decreased stability after BAG3 

depletion (Fang et al., 2017). BAG3, through the PxxP domain, which is upstream of the 

BAG domain, recognizes SH3-domain containing proteins, such as phospholipase C 

gamma (PLCγ), Src, and the dynein motor complex (Colvin et al., 2014; Doong et al., 2000; 

Gamerdinger, Kaya, et al., 2011). This latter interaction permits the routing of the CASA 

complex towards the Microtubule Organizing Center (MTOC), where aggresomes form, and 

depletion of this domain abolishes this function (Gamerdinger, Kaya, et al., 2011). BAG3 

activity and function can be modulated also by PTMs. Phosphorylation sites have been 

reported at tyrosines Tyr451 or 457; phosphorylation at serines Ser187 by protein kinase C 

delta (PKCδ) has been reported in cancer studies (Doong et al., 2000; N. Li et al., 2013); 

phosphorylation of tyrosines by the focal adhesion kinase FAK was observed upon glucose 
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stimulation in pancreatic beta cells and seems to regulate insulin release (Iorio et al., 2015); 

in multiple myeloma cells, proteasome inhibition by bortezomib results in Ser377 

phosphorylation (Ge et al., 2010). Another PTM is ubiquitination by the ubiquitin ligase 

CHIP, which has been described in myocytes (Arndt et al., 2010) and after caspase 

cleavage upon staurosporine stress (Virador et al., 2009). In addition, BAG3 caspase-

mediated cleavage at aspartic acid Asp347 has been reported and linked to a loss of BAG3 

anti-apoptotic function (Virador et al., 2009). 

1.2.1 Insights into BAG3 mutations and related diseases 

BAG3 mutations have been linked to diseases that affect skeletal and heart muscles and 

neurons. The first identified mutation is a heterozygous point mutation which causes a 

Proline to Leucine substitution at position 209 (P209) in the second IPV domain. This P209L 

mutation has been linked to myofibrillary myopathy (MFM) and cardiomyopathy (Lee et al., 

2012; Selcen et al., 2009). Patients carrying the P209L mutation showed early onset (first 

or second decade) and rapid progression of disease (Selcen et al., 2009). Rare cases 

developed severe axonal neuropathy (Jaffer et al., 2012; Kostera-Pruszczyk et al., 2015). 

A Proline to Glutamine (P209Q) mutation has also been reported and linked to mild, late 

onset MFM and axonal neuropathy (Semmler et al., 2014). Recently, a Proline to Serine 

(P209S) substitution has been described in two families with peripheral neuropathy and one 

family with axonal Charcot-Marie-Tooth (CMT) disease, with no heart or skeletal muscle 

involvement (Shy et al., 2018). A Proline to Serine substitution at position 470 (P407S) in 

the BAG domain has been also found in two MFM cases (Meister-Broekema et al., 2018). 

BAG3 mutations have been related to dilated cardiomyopathy (DCM), such as the Glutamic 

Figure 1. 8 Schematic representation of BAG3 domains and interacting partners. 
BAG3 (575 amino acids length) has a WW domain (orange), two IPV domains (blue) for HSPBs interaction 
(e.g., HSPB8), a PxxP domain (green) for dynein motor complex interaction and a BAG domain (pink) for 
HSP70/HSPA interaction. Below, disease-causing mutations are reported: P209 substitutions with serine 
(S), leucine (L) or glutamine (Q) and the glutamic acid (E) substitution with a lysine (K) at position 455. 
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Acid to Lysine substitution at position 455 (E455K). At a molecular level, E455K mutation, 

which falls in the BAG domain, causes a decreased interaction between BAG3 and 

HSP70/HSPA (Villard et al., 2011).  

BAG3 deficiency animal models have been developed and studied. Knock-down (KD) of 

BAG3 by morpholinos was associated to cardiac disfunction and myofibrillar disintegration 

in Zebrafish (Norton et al., 2011; Ruparelia et al., 2014). DCM was observed in a Zebrafish 

model of BAG3 haploinsufficiency (Ding et al., 2019). BAG3 knock-out (KO) mice models 

are vital at birth, but develop a progressive myopathy at early stages of life which brings to 

death at day 25 (Homma et al., 2006). DCM mice models were developed with cardiac-

targeted KO of BAG3 gene and recapitulated the disease observed in humans (Fang et al., 

2017; Homma et al., 2006; Myers et al., 2018). Models of P209X mutations have also been 

studied. For instance, Zebrafish overexpressing a GFP-tagged human BAG3 carrying the 

P209L mutation leads to the observation of accumulation of mutant BAG3 protein 

(Ruparelia et al., 2014). Instead, the P215L mouse model, equivalent of the P209L mutation 

in humans, did not show any cardiac or muscular disfunction (Fang, Bogomolovas, Zhou, 

et al., 2019). However, very recently, a KI(P215L)/KO mouse was generated and described 

as a first murine model recapitulating well the human myopathy phenotype (Robertson et 

al., 2020). Cell models and patients muscle biopsies gave more insights into P209 mutants 

dysfunction. Biopsies from patients affected by myopathy and peripheral neuropathy 

showed aggregated proteins accumulation (Selcen et al., 2009). Indeed, it has been 

observed that P209 mutants aggregate, sequestering CASA complex members and 

causing an alteration of SQSTM1/P62 phosphorylation (Guilbert et al., 2018; Meister-

Broekema et al., 2018). It has been suggested that the aberrant behaviour of P209 mutants 

might affect the stress signalling axis KEAP1-Nrf2, as KEAP1 is sequestered in BAG3 P209 

mutant aggregates (Guilbert et al., 2018). Interestingly, no loss of interaction with HSPB8 

was observed, even if the mutation falls in the HSPB8-interacting IPV domain. Instead, it 

was recently demonstrated that P209 mutants affect the HSP70/HSPA activity and that the 

aggregating prone behaviour can be counteracted by impairing BAG3-HSP70/HSPA 

interaction, using drugs that inhibit HSP70 activity or by mutations that disrupt BAG domain 

interaction with HSP70/HSPA (Meister-Broekema et al., 2018). 

1.2.2 A brief description of the other members of the BAG family 

To give a complete overview of the BAG family, all the remaining members will be briefly 

described hereafter. 

BAG1 gene is located on chromosome 9p13.3 and encodes four isoforms arising from 

different in-frame initiation translation sites of the same mRNA. The four isoforms, which 

differ only in the length of the N-terminal domain (NTD), are named BAG1L, BAG1M, 
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BAG1S and BAG1 p29, and have a molecular weight of 50, 46, 36 and 29 kDa, respectively 

(Packham et al., 1997; Yang et al., 1998). BAG1 mRNA translation into the different 

isoforms is dependent on a mechanism called “leaky scanning”, which describes the 

skipping of a weak initiation codon. This results in differential levels of BAG1 isoforms, 

depending on the strength of the sequence surrounding the initiation codon. A second 

mechanism rules the initiation of translation at the third start codon, which results in the 

production of the BAG1S isoform. In this case, translation is cap-independent since 

translation initiation factors recognize an internal ribosome entry site (IRES). Interestingly, 

this second mechanism of translation is described to be favoured upon stress, e.g. heat 

shock, when the cap-dependent translation is shut down (Coldwell et al., 2001). It has been 

recently shown that both translation mechanisms are regulated by the presence of G-

quadruplex structures located in the 5’-untranslated region of BAG1 mRNA and their 

stabilization using small molecules affects BAG1 expression (Jodoin et al., 2019). Like 

BAG3, all four isoforms of BAG1 are expressed ubiquitously, but show a differential 

subcellular localization. For instance, BAG1L localizes predominantly in the nucleus, as it 

contains a nuclear localization signal (NLS) at the N-terminus, while BAG1M and BAG1S 

show a cytoplasmic localization. BAG1S and BAG1M are also found in the nucleus in 

response to stress (Takayama et al., 1998). BAG1 isoforms also possess a putative 

nucleolar localization sequence (Lee et al., 2007). 2 to 8 TXSEEX repeated sequences have 

been described and their function seems to be related to a regulatory activity of hormone 

receptors such as glucocorticoid or androgen receptor (Knee et al., 2001; Schneikert et al., 

1999). In addition, BAG1 possesses a UBL domain, which permits the routing of 

polyubiquitinated substrates to the proteasome system. Indeed, as anticipated above, 

BAG1, together with HSP70/HSPA and the E3 ubiquitin ligase CHIP/STUB1, targets the 

polyubiquitinated substrates to the proteasome system. Therefore, while BAG3 mediates 

the autophagic disposal of substrates, BAG1 mediates their proteasomal degradation 

depending on the BAG1/BAG3 ratio (Minoia et al., 2014; Gamerdinger, Carra, et al., 2011). 

For instance, BAG1/BAG3 switch (Fig. 1.9) has been observed during aging or acute 

stress, with aged cells showing higher levels of BAG3 and lower levels of BAG1 in respect 

to young cells (Gamerdinger et al., 2009). Similarly, when BAG3-mediated autophagy is 

blocked, substrates are subjected to BAG1-mediated proteasomal degradation (Cristofani 

et al., 2017). Up to date, no mutations have been reported on BAG1 gene, but KO 

experiments revealed that its homozygous deletion is embryonically lethal in mice and is 

associated to abnormal apoptosis and defects in neuronal development (Götz et al., 2005). 

Oppositely, it has been demonstrated that BAG1 overexpression promotes neurite growth 

and axonal regeneration (Kermer et al., 2002; Planchamp et al., 2008). In addition, BAG1 
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exerted a neuroprotective activity in rodent stroke models through its anti-apoptotic function, 

and in cell models of Huntington Disease (HD), Amyotrophic Lateral Sclerosis (ALS) and 

Spinal and Bulbar Muscular Atrophy (SBMA), through its prodegradative activity against the 

toxic mutated Huntingtin (polyQ-Htt, carrying the expanded polyglutamine tract), the TAR 

DNA binding protein 43 (TDP-43) C-terminal fragments (CTFs) and the toxic mutated 

Androgen Receptor (polyQ-AR, carrying the expanded polyglutamine tract) (Cicardi et al., 

2019; Cicardi et al., 2018; Jana & Nukina, 2005; Sroka et al., 2009). 

 

BAG2 is a 23 kDa protein and, beyond the BAG domain, a predicted coiled-coil domain has 

been described at the NTD. BAG domain in BAG2 has been defined as a non-canonical 

BAG domain since it is characterized by a low homology in respect to the other members 

of the family. In addition, structural studies on the BAG2 isolated NTD and BAG domains 

revealed that they both homodimerize, suggesting that in cells the full-length BAG2 is found 

in tetramers and oligomers. Indeed, BAG2 is found in high molecular weight fractions in 

cells extracts. Even if BAG2 possesses a non-canonical dimeric BAG domain, it is still able 

to interact with HSP70/HSPA and to act as a NEF, although through a different binding 

mode (Xu et al., 2008). Differently from BAG1, BAG2 shows an inhibitory activity against 

CHIP-mediated ubiquitination, while it seems to promote client proteasomal degradation 

through a ubiquitin-independent pathway (Arndt et al., 2005; Dai et al., 2005). A role of 

BAG2 has been described in NDs. For instance, in Parkinson disease (PD) models, BAG2 

was shown to interact with DJ-1, exerting neuroprotective functions and to inhibit CHIP 

Figure 1. 9 BAG1/BAG3 switch.  
When the proteasome is blocked or overwhelmed, BAG3 and HSPB8 are upregulated and promote CASA-
mediated degradation of misfolded and aggregating substrates. Oppositely, when the CASA activity is 
blocked (e.g., by blocking dynein-mediated transport of the CASA complex), BAG1 is upregulated and, by 
interacting with HSP70/HSPA and CHIP, favours the proteasomal degradation of misfolded substrates. 

(From Cristofani et al., 2019). 
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activity in the degradation of PINK1. Of note, both DJ-1 and PINK1 have been found 

mutated in PD patients (Carrettiero et al., 2009; Song et al., 2015). 

Studies on BAG4 are mainly focused on its debated role in apoptosis in cancer cells. 

Indeed, it is also named silencer of death domains (SODD), since it can bind to death 

domains of the tumour necrosis factor (TNF) receptors preventing trimerization and 

subsequent apoptotic pathway activation (Jiang et al., 1999). 

BAG5 possesses four putative BAG domains but only one of these domains seems 

important for HSP70/HSPA interaction (Arakawa et al., 2010). Like BAG2, BAG5 was found 

to inhibit CHIP activity. It has been also demonstrated that BAG5 exerts a neuroprotective 

role in PD models by stabilizing PINK1, and in Alzheimer disease (AD), where its 

downregulation exacerbates β-amyloid-mediated toxicity and cell death (Guo et al., 2015; 

Kalia et al., 2011; Wang et al., 2014). However, studies also demonstrated a detrimental 

activity of BAG5 in PD models. For instance, BAG5 has been shown to enhance α-synuclein 

oligomerization and to promote dopaminergic neuron death in animal models of PD, through 

Parkin inhibition (Friesen et al., 2020; Kalia et al., 2004). 

BAG6, also named BAT3/Scythe, is the last and largest member of BAG family. BAG 

domain in BAG6 shows a weak homology in respect to the other members of BAG family 

Indeed, only a weak BAG6 activity on HSP70/HSPA was firstly described, but other studies 

demonstrated no interaction with HSP70/HSPA (Mock et al., 2015; Thress et al., 2001). 

BAG6, like BAG1, possesses a UBL domain (Tanaka et al., 2016). In addition, BAG6 

possesses a C-terminal NLS and a central proline-rich region. Although it is still debated 

the belonging of BAG6 to the BAG family, it must be mentioned its role in PQC system. 

Indeed, BAG6 has been involved in tail-anchor PQC: by forming a complex with UBL4A and 

TRC35, BAG6 is able to interact with hydrophobic stretches of nascent polypeptides and to 

route them to proteasomal degradation when their insertion to their resident membranes, 

e.g. ER membrane, fails (Hayashishita et al., 2019; Kuwabara et al., 2015). 

Interestingly, in contrast to BAG3, no mutations in any other member of BAG family have 

been described in literature, so far. 

1.3 The small Heat Shock protein HSPB8 and the other HSPBs 

HSPBs, or sHSPs, are a subset of chaperones characterized by a low molecular weight 

(15-30 kDa) and highly conserved in all kingdoms and in viruses (Caspers et al., 1995; 

Maaroufi & Tanguay, 2013). In mammals, HSPBs consist of ten members (HSPB1-

HSPB10) and one related member (HSPB11) (Kappé et al., 2003). Some HSPBs, such as 

HSPB1, HSPB5 and HSPB8, are ubiquitously expressed, while others show a tissue 

specific expression. For instance, HSPB4 is expressed only in lens, HSPB2 and HSPB3 in 
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cardiac and muscle cells, HSPB9 and HSPB10 in testis (Kappé et al., 2003; Sugiyama et 

al., 2000; Treweek et al., 2015) (Fig. 1.11). Cardiac muscle, skeletal muscles and neurons 

show high expression and a wide variety of HSPBs, supporting a fundamental role in the 

maintenance of these cell types. The fundamental role of HSPBs activity in neuronal and 

muscle cells is further highlighted by the identification of HSPBs mutations associated to 

cardiomyopathies, myopathies, distal hereditary motor neuropathies (dHMNs) and CMT 

diseases (Datskevich et al., 2012; Garrido et al., 2012). On the other hand, HSPB4 and 

HSPB5, which are also known as αA-crystallin and αB-crystallin, have a crucial role in 

lenses maintenance and their mutations are associated to lens defects (Clark et al., 2012). 

HSPBs have been also related to cancer. 

HSPBs share the common ATP-independent holdase activity, which is the ability to interact 

with misfolded substrates and avoid their aggregation without exerting ATPase activity 

(Leroux et al., 1997). However, HSPBs can indirectly interact with ATP-dependent 

chaperones with foldase activity, such as HSP70/HSPA, for the refolding of misfolded 

substrates (Franklin et al., 2005). 

HSPBs are structurally defined by the presence of an α-crystallin domain (ACD) in the 

central region of their structure, which is a highly conserved 80-90 amino acids long domain 

consisting of 8 β-strands, which fold in a β-sandwich structure (Hayes et al., 2009). Outside 

the ACD, HSPBs share poor similarity of both the NTD and the C-terminal domain (CTD), 

except for the presence of a SRLFDQxFG motif in the NTD of sHSPs B1, B4, B5, B6, B8 

and a I/V-X-I/V motif in the CTD of sHSPs B1, B2, B4 and B5 (Kriehuber et al., 2010) (Fig. 

1.12 and 1.13). 

A primary feature of HSPBs is their dynamic homo- or hetero- dimerization and 

oligomerization. HSPBs can form oligomers of 4-40 monomers, reaching molecular weight 

up to 900 kDa. All three ACD, NTD and CTD are fundamental for oligomerization and 

function (Fig. 1.10) In particular, the ACD is responsible for dimer formation, while the NTD 

and the CTD promote the stabilization of oligomeric and dimeric structures. For instance, it 

has been observed that truncation of the NTD causes the formation of smaller oligomers, 

while the absence of the I/V-X-I/V motif in the CTD of sHSPs B3, B6, B8 is thought to explain 

their low oligomerization tendency. In response to environmental stimuli, a dynamic change 

in subunit composition of oligomers can occur, changing the affinity for substrates binding, 

and so, the functional activity of oligomers (Basha et al., 2012; Van Montfort et al., 2001). It 

has been shown that PTMs, such as phosphorylation or oxidation, mediate the 

environmental stimuli to subunit exchanges in HSPBs oligomers. Transient phosphorylation 

can occur at Ser or Thr (Threonine) residues in response to heat shock, proinflammatory 

agents, oxidants but also to differentiating agents and mitogens. Phosphorylation may 
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change not only HSPBs oligomerization capability, but also their intracellular localization. 

For example, upon stress, phosphorylated HSPB1 or HSPB5 translocate into the nuclei. 

Other PTMs described include deamidation, glycation, oxidation, myristoylation and 

palmitoylation. For example, the oxidation of HSPB4 causes the formation of an intra-

molecular disulphide bond, which changes the subunit dynamics and its anti-aggregation 

activity (Garrido et al., 2012; Treweek et al., 2015). 

As anticipated, HSPBs exert several activities in cells. First, HSPBs, acting as holdase 

chaperones, prevent the aggregation of misfolded substrates and help in the refolding 

activity mediated by chaperones with foldase activity. Second, when the substrate cannot 

be refolded, HSPBs favour its routing to the degradative pathways, which are autophagy 

and the UPS; for example, while HSPB1 and HSPB5 mediate proteasomal degradation, 

HSPB8 mediates the routing of substrates to autophagy, through the CASA pathway (Carra, 

Seguin, Lambert, et al., 2008; Parcellier et al., 2006; Zhang et al., 2010). Third, HSPBs 

interact with the cytoskeleton components. HSPB1, HSPB5, HSPB8 and HSPB6 interact 

with actin; in addition, HSPB5 can associate with intermediate filaments type III, regulating 

their assembly and preventing aggregation (Wettstein et al., 2012). Fourth, HSPBs are 

involved in the response to cellular stress and apoptosis, by regulating enzymes involved 

in oxidative-stress response, participating in redox metabolism, and blocking the activity of 

pro-apoptotic factors (Acunzo et al., 2012; Arrigo, 2007). 

 

Since my work in this thesis has been mainly focused on HSPB8 (HSP22 or H11), I will 

initially illustrate some of the specific features of this protein. HSPB8 is a 22 kDa chaperone 

ubiquitously expressed, especially in cardiac and skeletal muscles. It is found mainly as a 

dimer and it oligomerizes only at high concentration. HSPB8 shows weak interaction with 

the other HSPBs, therefore it does not form hetero oligomers. Indeed, the obligate binding 

partner of HSPB8 is the co-chaperone BAG3, with whom forms a 2:1 stoichiometric complex 

Figure 1. 10 Schematic structure and oligomerization of HSPBs. 
A. HSPBs share a common α-crystallin domain (ACD) and variable N- and C- terminal regions (NTR and 
CTR, corresponding to NTD and CTD in the text). B. HSPBs monomers (i) dimerize through the ACD domain. 
Dimers (ii), through their CTR and NTR, interact forming oligomeric assemblies (iii and iv). (From Delbecq, 

Rosenbaum, & Klevit, 2015). 
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(Carra, Seguin, & Landry, 2008; Fuchs et al., 2009). HSPB8 interacts with the two IPV 

domains in BAG3 through the last two β-strands of the ACD domain (Fuchs et al., 2009). 

The dependency of HSPB8 on BAG3 is supported not only by the fact that HSPB8 stability 

depends on BAG3 interaction, but also because HSPB8 has the highest affinity to BAG3 in 

respect to other BAG3-binding HSPBs (Fang et al., 2017; Carra et al., 2008). In concert 

with BAG3, HSPB8 participates to the CASA complex (Arndt et al., 2010; Carra, Seguin, & 

Landry, 2008). HSPB8 is induced by different cell stresses, including mainly proteotoxic 

stress, but also in response to sodium-arsenite, oxidative and osmotic stress (Bartelt-

Kirbach & Golenhofen, 2014; Wilhelmus et al., 2006) (Yew et al., 2005). In skeletal muscle 

cells, HSPB8 is involved in Z-disc maintenance, by facilitating the degradation of damaged 

structural proteins (Arndt et al., 2010). In neurons, HSPB8 exerts its chaperone and 

autophagy-promoting activity against a broad variety of misfolded substrates, such as ALS-

related substrates TDP-43 and its CTFs, mutated superoxide dismutase 1 (SOD1), the 

C9ORF72 gene-related Dipeptide Repeats (DPRs), but also α-synuclein and the elongated 

polyQ-AR and polyQ-Htt, which will be discussed below (Carra et al., 2005; Cristofani et al., 

2019). Besides the pro-autophagic activity, HSPB8 promotes eIF2α phosphorylation to shut 

down translation of unnecessary proteins in response to proteotoxic stress (Carra et al., 

2009). 

1.3.1 Insights into HSPB8 mutations and related diseases 

HSPB8 mutations are causative of dHMNs, CMT2 and myopathies, characterized by high 

variability in onset and progression. The most often encountered mutation falls in a 

conserved residue of Lys at position 141, which has been found substituted with glutamic 

acid (K141E), asparagine (K141N), threonine (K141T) or methionine (K141M) (Echaniz-

Laguna, Geuens, et al., 2017; Irobi et al., 2004; Nakhro et al., 2013). This conserved residue 

is fundamental for dimerization and correspond to R140 in HSPB1 or R120 in HSPB5, 

which, when mutated, are also causative of diseases (see below). Other dHMN-related 

mutations in HSPB8 are P90L and N138T (Echaniz-Laguna, Geuens, et al., 2017). Distal 

onset rimmed vacuolar myopathy, with neurogenic involvement, has been also linked to 

K141E mutation (Ghaoui et al., 2016). A similar phenotype of autosomal dominant rimmed 

vacuolar myopathy was described for HSPB8 pP173Sfs*43 mutation (Al-Tahan et al., 

2019). Other two frameshift mutations, pQ170Gfs*45 and pT194Sfs*23 were linked to axial 

and distal myopathy and to proximal myopathy, respectively, without neurologic signs 

(Echaniz-Laguna, Lornage, et al., 2017; Nicolau et al., 2020). Histopathological features 

associated to the pQ170Gfs*45 mutation consist in signs of myofibrillar myopathy with 

protein aggregates formed by structural proteins such as desmin (DES), dystrophin, myotilin 

(MYOT) and members of the PQC, such as HSPB8 itself, BAG3, HSPB5, ubiquitin, but also 
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TDP-43, and rimmed vacuoles (Echaniz-Laguna, Lornage, et al., 2017). Similar 

histopathological signs were observed in pT194Sfs*23 mutation carriers, with myofibrillar 

aggregates and rimmed vacuoles and abnormalities in the stress granules (SGs)-

associated protein TIA-1 (Nicolau et al., 2020). 

HSPB8 K141E/N mutations have been extensively studied in patient biopsies, cells, and 

animal models. A first observation is that motoneurons (MNs) are the primary target of 

K141E/N mutations as only primary MNs and N2a cell models show important neurite 

degeneration, while primary sensory neurons are only mildly affected and primary cortical 

neurons and glia show no sign of neurodegeneration (Irobi et al., 2010). A second 

observation is that HSPB8 K141E/N mutants cytotoxicity is strictly linked to their 

aggregation prone behaviour as HSPB8 aggregates have been detected in cell models, 

patient fibroblasts and in animal models as well (Irobi et al., 2012). Animal models 

recapitulate quite well the human phenotype. For instance, homozygous KI mouse 

overexpressing HSPB8 K141N mutant shows MN pathology with progressive axonal 

degeneration and muscle atrophy, abnormal and degenerating organelles and 

accumulating mitochondria, which might suggest an impaired autophagic flux. Indeed, 

sciatic nerve of pre-symptomatic mice shows low autophagy potential while post-

symptomatic mice show HSPB8 aggregation. Moreover, homozygous KI mouse shows 

MFM signs with Z-disc disorganization, likely independent from the neuronal pathology, and 

characterized by aggregating HSPB8, HSPB5, DES and presence of rimmed vacuoles. 

Instead, the heterozygous model shows no sign of MNs or muscle disfunction, but 

accumulating abnormal mitochondria were observed in muscle (Bouhy et al., 2018). 

Drosophila models overexpressing the HSPB8 ortholog Hsp67Bc carrying the R126E or 

R126N mutations, which correspond to K141E or K141N mutants, show normal muscle 

performance, but have histopathological hallmarks of muscle dysfunction: the R126E 

mutant is associated to myofibrillar disorganization with mitochondrial abnormalities and 

alterations at the neuromuscular junctions, while the R126N mutant shows no mitochondrial 

abnormalities but protein aggregation which leads to a mild myofibrillar disorganization 

(Carra et al., 2010; Jabłońska et al., 2018). Interestingly, the presence of detectable HSPB8 

aggregates correlates with a less severe phenotype, suggesting that HSPB8 mutant soluble 

oligomers are more toxic than HSPB8 aggregates (Jabłońska et al., 2018). Indeed, cell 

models without detectable aggregates, such as SH-SY5Y neuroblastoma cell line, show 

signs of HSPB8 mutant cytotoxicity and, when HSPB8 mutant oligomers are added to cell 

culture media, they exert a cytotoxic effect on cultured cells (Echaniz-Laguna, Geuens, et 

al., 2017; Sanbe et al., 2013). Mitochondria abnormalities observed in mice and Drosophila 

models, but also in patients fibroblast, suggest that these organelles are a target of HSPB8 
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mutant-mediated cytotoxicity (Irobi et al., 2010). In cardiomyocytes of mice models 

expressing HSPB8 K141N mutation, it has been observed that mutant HSPB8 shows 

increased mitochondrial localization (Sanbe et al., 2013). Aggregated mitochondria have 

been also observed in SH-SY5Y cell model expressing K141N mutation. Of note, a 

protective activity of HSPB8 in response to oxidative stress by inhibiting ROS formation and 

mitochondrial apoptotic pathway has been described (Jo et al., 2017; Yu et al., 2019). 

Indeed, higher ROS levels and reduced response to oxidative stress are observed in 

presence of HSPB8 K141N mutants (Yang et al., 2017). In addition, it has been reported a 

regulatory activity of HSPB8-BAG3 complex in the antioxidant axis of KEAP1-Nrf2. For 

instance, SH-SY5Y cells expressing HSPB8 K141N mutant show impaired Nrf2 nuclear 

translocation which can be reverted by antioxidants, and similar alterations have been 

observed in cells expressing the myopathy related P209L BAG3 mutant (Guilbert et al., 

2018; Yang et al., 2017). HSPB8 has been also involved in RNA metabolism: HSPB8 can 

bind the RNA helicase DDX20, which is a component of Survival Motor Neuron (SMN) and 

small nuclear ribonucleoproteins (snRNP) complexes, and HSPB8 K141 mutants show 

alteration of DDX20 binding (Sun et al., 2010). Moreover, a deregulation in the RNA binding 

protein (RBPs) TDP-43 activity has been observed in dHMN and MFM patients carrying the 

K141E mutation: in particular, alteration of splicing of TDP-43 target genes and decreased 

mRNA levels of TDP-43 were observed in patients muscle (Cortese et al., 2018). In 

summary, mutations in HSPB8 K141 hotspot are characterized both by a loss of protective 

function, and by a likely gain of toxic function. 

The effects of the novel HSPB8 frameshift mutations, which have been linked to dHMN and 

forms of myopathies, are less clear. All these three frameshift mutations fall in the C-

terminus of HSPB8 and cause the production of HSPB8 proteins with extended C-terminal 

tails, with different aminoacidic sequences in the last 20-26 amino acids of the CTD of 

HSPB8 for pP173Sfs*43 and pQ170Gfs*45 mutations, while a minor change of only two 

amino acids for pT194Sfs*23 mutation (Al-Tahan et al., 2019; Echaniz-Laguna, Lornage, et 

al., 2017; Nicolau et al., 2020). It has been suggested that HSPB8 frameshift mutations 

cause an HSPB8 haploinsufficiency, since no expanded HSPB8 species have been 

detected and a halved decrease of HSPB8 protein was observed; this is likely related to a 

rapid degradation of mutant HSPB8, which has been reported in muscle and fibroblast cells 

(Echaniz-Laguna, Lornage, et al., 2017). However, HSPB8 KO in mice did not cause any 

myopathic phenotype, suggesting that a simple loss of function of HSPB8 frameshift 

mutants is not sufficient to induce muscle diseases. Indeed, it is likely that HSPB8 frameshift 

mutants cause an impairment in CASA pathway which determines an insufficient clearance 

of aggregates, as suggested by the accumulation of the autophagic markers LC3 and 
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SQSTM1/P62 in patient fibroblasts; alternatively, it is possible that HSPB8 mutants are 

prone to form aggregates themselves (Al-Tahan et al., 2019; Kwok et al., 2011). Moreover, 

an impairment of RNA metabolism and SGs formation are suggested as other 

pathomechanisms of HSPB8 frameshift mutations. Indeed, HSPB8 pT194Sfs*23 mutation 

was associated to abnormal punctate distribution of TIA-1, which is a RBPs that takes part 

in SGs formation (Nicolau et al., 2020). 

1.3.2 A brief description of the other HSPBs 

For the thoroughness of this work, all the remaining HSPBs will be described hereafter. 

HSPB1 (HSP27) has been firstly found upregulated in HeLa cells in response to heat shock 

(Hickey & Weber, 1982). It is a 27 kDa protein constitutively expressed in all human tissues, 

especially in skeletal, smooth, and cardiac muscles (Sugiyama et al., 2000). Its constitutive 

and stress-induced expression assures an increased resistance to cellular stress. HSPB1 

exerts its protective function through its chaperone activity, by preventing aggregation, 

cooperating indirectly in refolding, or promoting degradation of substrates. HSPB1 is mainly 

found in polydisperse oligomers of 400-600 kDa and its phosphorylation and oligomerization 

have been extensively studied and previously described (Arrigo, 2017). Dimerization is 

dependent on the formation of a disulphide bond between cysteine residues at position 137 

and on the β7 strand, which fall in the ACD, and is necessary for further oligomerization. 

HSPB1 phosphorylation can occur at Ser residue 15, 78, 82 and it influences the 

oligomerization state. (Diaz-Latoud et al., 2005; Mymrikov et al., 2010). Several functions 

under physiological and stressed conditions have been ascribed to HSPB1. For instance, 

HSPB1 interaction with cytoskeletal elements is well documented. It has been 

demonstrated that HSPB1, but also HSPB5, bind to intermediate filaments (e.g. keratins, 

GFAP) and their soluble subunits, suggesting a role in their correct assembly (Perng et al., 

1999). HSPB1 binds and caps the plus end of actin filament preventing actin monomer 

addition and protects actin fibers after stress (Miron et al., 1991). HSPB1 binding to 

microtubules has been observed only after Taxol stabilization. Interestingly, CMT-related 

mutated HSPB1 (see below) shows a stronger binding affinity to microtubule components 

(Almeida-Souza et al., 2011). Another well studied function of HSPB1 concerns its multilevel 

anti-apoptotic activity. It has been demonstrated that HSPB1 is able to interfere with the 

activity of the pro-apoptotic proteins Bax and Bid, but also to sequester the cytochrome c 

released from mitochondria and hence to inhibit the caspase cascade activation (Bruey et 

al., 2000; Pandey et al., 2000; Paul et al., 2010). All HSPB1 activities reflect its role in 

protection against several cellular stressors, in particular thermal and oxidative stress. This 

protective activity is evident in cancer cells, where HSPB1 expression is associated to cell 

resistance against apoptosis and immune-system attacks and in favouring cancer cells 
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growth and dissemination (Ciocca et al., 2013). Up to 30 mutations in HSPB1 have been 

described along the whole structure of the protein and almost all show a dominant 

phenotype (Echaniz-Laguna, Geuens, et al., 2017; Houlden et al., 2008). HSPB1 mutations 

are the most frequent cause of hereditary neuropathies. In particular, HSPB1 mutations 

have been associated to adult-onset dHMNs and CMT2, sometimes characterized by 

myopathic features (Bugiardini et al., 2017; Houlden et al., 2008). HSPB1-related 

neuropathies are often benign even if some mutations are associated to a rapidly 

progressive phenotype that resembles ALS pathology (Capponi et al., 2016). Noteworthy, 

a heterozygous variant in the HSPB1 promoter was identified in an ALS patient (Dierick et 

al., 2007). HSPB1 mutations in the ACD affect homo- and hetero- dimerization, therefore 

oligomerization dynamics. It has been demonstrated that HSPB1 chaperone activity is 

enhanced when HSPB1 is in its monomeric state and this might explain the increased 

chaperone activity and response to heat shock observed in R127W and S135F mutants, 

which are characterized by reduced dimerization (Almeida-Souza et al., 2010). On the other 

hand, a C-terminal extension due to a frameshift mutation causes an impairment in dimer 

dissociation and has been associated to an ALS-like phenotype (Capponi et al., 2016). The 

mutation at the conserved residue R140 (R140G) also alters HSPB1 dynamics, determining 

an increase in oligomers size and aggregation propensity (Nefedova et al., 2013). HSPB1 

aggregation has been observed in P182 mutants (Chalova et al., 2014). HSPB1 mutant 

pathogenic mechanisms have been related to its impairment in the chaperone activity. For 

instance, dysregulation in chaperone function toward cytoskeletal elements has been 

observed, such as alteration of neurofilaments assembly in vivo and in vitro, and 

microtubule hyperstabilization associated to impaired mitochondria transport (Ackerley et 

al., 2006; Almeida-Souza et al., 2011). Detrimental effects directly against mitochondria 

have been described as well, such as impaired mitochondrial respiration and increased 

oxidative stress (Kalmar et al., 2017). Another cellular pathway altered by HSPB1 mutants 

is autophagy: for instance, HSPB1 mutants associate with stronger affinity to SQSTM1/P62 

causing an impairment in the autophagic flux (Haidar et al., 2019) In summary, similar to 

HSPB8, HSPB1 mutants studies evidence not only a loss of protective function, but suggest 

a likely toxic gain of function of the mutant proteins, corroborated by the evidence that 

HSPB1 deficient mice do not develop a disease-associated phenotype (Huang et al., 2007). 

Instead, mice models carrying mutations (e.g., S135F, P182L) recapitulate well neuropathic 

and myopathic features associated to mutated HSPB1 (Bouhy et al., 2016; d'Ydewalle et 

al., 2011). 

HSPB2 (or MKBP) with its 20 kDa molecular weight is the HSPB with the lowest homology 

among HSPBs family. Interestingly, its gene is located near the HSPB5 gene, in the 
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opposite direction in the 5’ flanking region, and this might be due to an ancestral gene 

duplication (Iwaki et al., 1997). HSPB2 is predominantly expressed in cardiac and skeletal 

muscle where it localizes in the cardiac intercalated discs, in Z-disc and in neuromuscular 

junctions (Shama et al., 1999; Sugiyama et al., 2000; Suzuki et al., 1998). In muscle cells, 

HSPB2 is found in mitochondria, exerting a protective activity during stress, as suggested 

by the evidence of mitochondrial alteration in mice models of HSPB2 deficiency after 

ischemia/reperfusion, while an enhanced protection against stress when HSPB2 is 

overexpressed. 

HSPB2 activity is strictly related to HSPB3 (HSP27L), which is the smallest HSPB with its 

17 kDa molecular weight (Boelens et al., 1998; Grose et al., 2015; Ishiwata et al., 2012). 

Similarly, HSPB3 is expressed in cardiac and skeletal muscle, but also in smooth muscle 

and nervous system. HSPB2 and HSPB3 interact by forming a 3:1 ratio hetero tetramer, 

which subsequently oligomerizes (den Engelsman et al., 2009; Sugiyama et al., 2000). 

Interestingly, both HSPB2 and HSPB3 are not upregulated upon thermal stress. HSPB2 in 

concert with HSPB3 associates to several cytoskeletal elements in muscle cells, such as 

actin, myosin, titin and filamin, suggesting a role in contractile structures maintenance 

(Grose et al., 2015). Moreover, HSPB2 C-terminus drives its compartmentalization in 

membraneless organelles in a process named liquid-liquid phase separation (LLPS) 

(Morelli, Verbeek, et al., 2017). These HSPB2 containing droplet-like structures are found 

both in cytoplasm and nuclei and their formation seems to be negatively regulated by 

HSPB3. Indeed, increased levels of HSPB2 through its overexpression enhance the 

formation of these nuclear compartments causing an aberrant distribution of chromatin and 

lamin A and alteration of transcription (Morelli, Verbeek, et al., 2017). Outside muscle cells, 

HSPB2 and HSPB3 activities might be independent from hetero oligomerization. In 

neurons, HSPB3 localizes in the cytosol where it associates to actin, neurofilaments and 

mitochondria (La Padula et al., 2016). HSPB2 mutations have not been yet described. 

Instead, four HSPB3 dominant mutations have been found in neuropathies and myopathies. 

In particular, the N-terminus mutation R7S, which does not alter HSPB2-HSPB3 hetero 

dimerization, but impacts on oligomerization, has been related to dHMN (Kolb et al., 2010). 

Mutations R116P and Y118H are causative of axonal neuropathy and myopathy, and 

CMT2, respectively. These mutations fall in the dimerization surface in the ACD and 

determine the loss of interaction with HSPB2 partner (Nam et al., 2018). Moreover, the 

R116P mutation, which is topologically equivalent to R140G mutation in HSPB1, associates 

to HSPB3 aggregation and abnormal HSPB2 phase separation in nuclei (Morelli, Verbeek, 

et al., 2017). Finally, the HSPB3 frameshift pL34Ffs*50 mutation, which causes HSPB3 
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destabilization and its proteasomal degradation, was found in patients affected by 

myopathy. 

HSPB4 (αA-crystallin, CRYAA) and HSPB5 (αB-crystallin, CRYAB) are highly expressed in 

lenses. Lens fiber cells are post-mitotic cells, characterized by the absence of most of the 

light scattering intracellular organelles, such as nuclei and mitochondria, in order to 

guarantee the lens transparency (Bassnett, 2009). This means that most of the lens proteins 

are synthesized during early life and remain for the whole life. The most abundant proteins 

in lens are α-, β-, γ- crystallins and form the liquid-like structures of lenses. In order to 

maintain lens transparency, the α-crystallins HSPB4 and HSPB5, which represent one-third 

of total soluble proteins, exert an anti-aggregating activity against proteins that get damaged 

during aging (Kumar & Reddy, 2009). In lenses, HSPB4 and HSPB5 interact with 

cytoskeletal components, regulating the assembly and stability. For instance, they prevent 

intermediate filaments incorrect interaction, avoiding gel formation; they protect actin 

against stress and participate to actin dynamics in lamellipodia in lens epithelial cells; they 

stabilize the microtubules network (Andley, 2007). Another role ascribed to HSPB4 and 

HSPB5 consists in their pro-survival activity in response to stressors, such as thermal stress 

or UV-light. It has been demonstrated that HSPB4 and HSPB5 both abrogate UVA-induced 

apoptosis, by activating the AKT pathway and suppressing the RAF-MEK-ERK pathway, 

respectively. Moreover, both HSPB4 and HSPB5 interact with the pro-apoptotic proteins 

Bax, Bcl-Xs and caspase-3, inhibiting their activity (Andley, 2007). Interestingly, HSPB4 

expression is confined in lenses and is synthesized later in respect to HSPB5 (Srinivas et 

al., 2008). Instead, HSPB5 is also expressed in skeletal and cardiac muscle cells and 

interacts with HSPB1, HSPB6 and HSPB8. In cardiac muscle, HSPB5 interacts with and 

maintains the correct folding of titin, a structural protein involved in muscle fibers integrity 

(Bullard et al., 2004). HSPB5 overexpression is associated to less cardiac tissue damage 

and better contractile function (Golenhofen et al., 1999). HSPB5 is also expressed in the 

central nervous system and its expression increases during life. HSPB5 is especially found 

in white matter, where it might exert a protective effect on myelin sheets (Quraishe et al., 

2008). HSPB5 studies on neuroprotection against NDs show that HSPB5 possesses an 

antiaggregating activity against β-amyloid, α-synuclein and mutated SOD1, the misfolded 

proteins causative of AD, PD and ALS (Shammas et al., 2011; Waudby et al., 2010; Yerbury 

et al., 2013). Mutations in HSPB4 and HSPB5 have been reported and related to cataracts, 

myopathies, and cardiomyopathies, in line with their expression profile. HSPB4 mutations 

can be found along the whole structure of the protein: the N-terminus mutation W9X is 

associated to cataracts at early age, but heterozygous carriers do not develop the disease, 

suggesting that the wildtype allele is sufficient to compensate the loss of function of the 



 

26 

 

mutated allele (Pras et al., 2000); other mutations at conserved arginine residues at the N-

terminus have been found associated to cataracts (Graw, 2009); mutations in conserved 

residues of the ACD have been also found: the G98R mutation, which might determine a 

misfolding or destabilization of the HSPB4, causes a dominant phenotype characterized by 

progressive cataracts at young age, while the R116C, which falls in a conserved residue 

fundamental for correct dimerization, is associated to congenital cataracts (Shroff et al., 

2000). HSPB4 mutation phenotypes are in line with the double KO mouse model, which 

develops cataracts at early age (Brady et al., 1997). HSPB5 mutations at the N-terminus 

are associated to a dominant (R11H, P20S) or recessive (R56W) cataracts phenotype, 

likely due to a toxic gain of function of the mutated HSPB5, since the double KO mouse 

does not show any signs of lens defects. N-terminus mutations are not associated to muscle 

defects, suggesting that, N-terminal HSPB5 mutants are still functional. Instead, when the 

C-terminus is affected by mutations, a mild late onset cardiomyopathy (dominant mutants 

G154S or R157H) or congenital cataracts (A171T) are observed (Clark et al., 2012). HSPB5 

ACD dominant mutations R120G (topologically equivalent to R116 in HSPB4) and D109H 

have been associated to myopathy, cardiomyopathy, and cataracts (Sacconi et al., 2012; 

Vicart et al., 1998). These two residues, together with the D140 residue, which is also found 

mutated and associated to dominant cataract (D140N), are fundamental for the structure of 

the ACD domain and its role in dimerization (Clark et al., 2011; Liu et al., 2006). Indeed, 

similar to what observed for the HSPB1 R140G mutant, the R120G mutation is associated 

to an increase in HSPB5 oligomers size and low dissociation of dimers. Studies in cells 

have demonstrated that the R120G mutation causes a loss of function in chaperone activity 

and coaggregation with the muscle structural protein DES in inclusion bodies. Frameshift 

or truncating mutations have been also found in HSPB5: homozygous frameshifts at the N-

terminus or in the ACD have been associated to stiff baby syndrome with early death with 

no defects in lenses (Del Bigio et al., 2011; Forrest et al., 2011). Frameshift or truncating 

mutations at the C-terminus might cause defects in hetero oligomers assembly without 

affecting the ACD function and have been associated to a dominant myopathy; a frameshift 

mutation in the ACD, which results in HSPB5 misfolding and destabilization, has been 

associated to congenital cataract (Clark et al., 2012). 

HSPB6 (HSP20), with a molecular weight of 17 kDa, is constitutively expressed in a wide 

variety of tissues but is predominant in smooth, cardiac and skeletal muscle cells, localizing 

in the cytoplasm (Brophy et al., 1999; Fan & Kranias, 2011; Kato et al., 1994). HSPB6 is 

found predominantly as a dimer in solution and forms hetero oligomers with the other 

HSPBs (HSPB1, HSPB5, HSPB2 and HSPB8) (Bukach et al., 2004; Kato et al., 1994). 

HSPB6 oligomerization and chaperone activity are likely regulated by its Ser-16 
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phosphorylation. In cardiomyocytes, HSPB6 colocalizes with HSPB5 in cytoskeletal 

structures and translocates in the nucleus during heat stress or in contractile structures after 

ischemic damage (Pipkin et al., 2003). Similarly, HSPB6 associates to actin fibers after 

proteasome inhibition in myoblasts (Verschuure et al., 2002). Of note, its expression seems 

not upregulated by heat shock, but by other stressors, such as LPS or exercise training 

(Boluyt et al., 2006; Wang et al., 2009). In the nervous system, HSPB6 shows an increased 

expression during development and, in hippocampus, upon oxidative or hyperosmotic 

stress (Bartelt-Kirbach & Golenhofen, 2014; Verschuure et al., 2003). When overexpressed, 

HSPB6 is neuroprotective. For instance, in neurons, HSPB6 exerts its chaperone activity 

by preventing β-amyloid and α-synuclein fibrils formations, similarly to what observed for 

HSPB5, and by counteracting cell damage upon ischemic injury both in brain and spinal 

cord (Bruinsma et al., 2011; Cameron et al., 2014; He et al., 2015; Lee et al., 2006; Zeng 

et al., 2010). In muscle tissues, HSPB6 regulates smooth muscle contraction and relaxation: 

it has been observed that during muscle contraction unphosphorylated HSPB6 stabilizes 

actin fibers by binding to F-actin and α-actinin, while its phosphorylation and unbinding to 

F-actin promote smooth muscle cells relaxation (Brophy et al., 1999). In cardiomyocytes, it 

has been reported that phosphorylated HSPB6 exerts an anti-apoptotic activity. Indeed, a 

phosphomimic of phosphorylated HSPB6 (S16D) increases the protection against 

apoptosis, while phospho-null S16A mutant does not exert any protective activities (Bukach 

et al., 2004; Fan & Kranias, 2011; Qian et al., 2009). Moreover, the naturally occurring DCM-

related mutant P20L, which is associated to decreased HSPB6 phosphorylation, shows a 

loss of protective activity against apoptosis (Nicolaou et al., 2008). HSPB6 shows another 

cardiovascular protective activity: plasma HSPB6, which is secreted within exosomes by 

cardiomyocytes and artery walls, can inhibit thrombin-mediated platelet aggregation by 

blocking calcium influx (Kozawa et al., 2002; Matsuno et al., 1998). 

HSPB7, also known as cardiovascular (cv)HSP, is highly expressed in myogenic tissues, 

mainly in heart. Like other HSPBs, it omo- and hetero- oligomerizes, and oligomerization is 

driven by dimerization through cysteine residues at position 125 (Yang et al., 2011). In cells, 

HSPB7 interacts with filamin A, actin binding proteins and monomeric actin, modulating F-

actin polymerization and facilitating the turnover of damaged cytoskeletal elements (Wu et 

al., 2017). It has been also found in nuclei, in SC35 splicing speckles (Vos et al., 2009). As 

the other HSPBs, HSPB7 has a chaperone activity toward misfolded and aggregating prone 

proteins, such as polyQ-Htt and mutated parkin (Vos et al., 2010). However, its function 

seems not to be fundamental in NDs since its expression in the nervous system is low. 

Instead, as suggested by its alternative name, its activity is vital in cardiac muscle. HSPB7 

KO in Zebrafish determines an abnormal cardiac morphogenesis, while in mice, both global 
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and cardiac-specific KO are embryonic lethal, with embryos characterized by small hearts, 

thinner ventricular walls, and abnormal actin bundles (Liao et al., 2017; Mercer et al., 2018; 

Rosenfeld et al., 2013). When KO is induced at later stages, mice develop cardiac arrythmia 

and show filamin C aggregates in cardiomyocytes (Liao et al., 2017). Cardioprotective 

activity of HSPB7 is supported by the findings that HSPB7 variants have been associated 

to DCM and idiopathic heart failure (Cappola et al., 2010; Matkovich et al., 2010; Wang et 

al., 2016). HSPB7 exerts its anti-aggregating activity also in skeletal muscle and it is 

upregulated during aging (Doran et al., 2007). Skeletal muscle-specific KO mouse develops 

a progressive myopathy phenotype, likely related to autophagic dysfunction (Juo et al., 

2016). HSPB7 link to autophagy needs further investigation, but it is likely independent to 

BAG3-mediated autophagy, since HSPB7, unlike HSPB8, HSPB5 and HSPB6, does not 

interact with BAG3 co-chaperone (Fang, Bogomolovas, Trexler, et al., 2019). 

HSPB9 (CT51) and HSPB10 (ODF1) are testis specific HSPBs and have a molecular 

weight of 17.5 kDa and 27 kDa, respectively. Their expression increases with age and is 

heat-shock inducible (Fontaine et al., 2003; Xun et al., 2015). As their expression is confined 

to testis and are not involved in muscle and neuronal diseases, such as the other HSPBs, 

studies on HSPB9 and HSPB10 are missing. The few studies performed revealed that 

HSPB9 is a cancer/testis antigen and might be a useful marker in cancer field (de Wit et al., 

2004). Instead, studies on HSPB10 revealed that its KO results in infertility in mice, which 

is due to an impaired head to tail connection and unordered mitochondria in spermatozoa 

(Yang et al., 2012).  

 

 

 

 

 

 

 
 
 

 

Figure 1. 11 List of HSPBs and schematic representation of oligomerization. 
(Top) Alternative names, molecular weight, oligomeric state, phosphorylation sites and disease-associated 
mutations are reported. (Bottom) Representation of homo- and hetero- dimerization/oligomerization and 
interactions of HSPBs. Authors represented the number of subunits as an indicator of the size of HSPBs 
oligomers, explaining that the complex size of HSPB9 and HSPB10 oligomers is not known yet. Squared frames 

indicate the predominant tissue localization of the HSPBs. (From Boelens, 2020). 



 

29 

 

 

 

 

Figure 1. 12 Alignment of the hHSPBs. 
6-7 β-strands form the ACD. The red box indicates the conserved SRLFDQxFG motif in the NTD, while the I/V-
X-I/V motif in both NTD and CTD, is highlighted in red. The underlined sequences at the CTD indicate flexible 
regions. The asterisk refers to the conserved arginine, which is associated to diseases when mutated. In black, 
residues conserved in 5 or more HSPBs. (From Boelens, 2020). 
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Figure 1. 13 Alternative alignment of HSPBs sequences. 
Only β7-strand is reported in HSPB1, HSPB5 and HSPB8. Residues in black are identical in 5 or more HSPBs. 
Residues in gray are similar in 5 or more sequences or occurring in one HSPB sequence in addition to identical 
residues in five sequences. In red, residues found mutated in neuropathy or myopathy diseases. Residues 
conserved in all HSPBs are indicated by an asterisk. (From Benndorf R. et al., 2015). 
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1.4 HSPB8-BAG3 functions 

1.4.1 Chaperone-Assisted Selective Autophagy (CASA) 

BAG3 and HSPB8 participate in a selective autophagic pathway for the removal of damaged 

and misfolded proteins, named CASA, through the formation of CASA complex. As 

mentioned above, the CASA complex is formed by the associated proteins HSPB8 and 

BAG3 bound to the chaperone HSP70/HSPA and CHIP (describe herein). The role of BAG3 

and HSPB8 interaction in the removal of misfolded proteins through autophagy was firstly 

observed in cells overexpressing proteins with elongated polyQ tracts, such as polyQ-Htt 

(Carra, Seguin, Lambert, et al., 2008). However, the first description of CASA complex 

composition and activity was reported in skeletal muscle cells by Arndt and colleagues 

(Arndt et al., 2010), who demonstrated the importance of the CASA complex in Z-disc 

maintenance in Drosophila. In particular, the authors observed that BAG3, bound to HSPB8 

and HSP70/HSPA, favours the disposal of CHIP-ubiquitinated damaged components of the 

Z-disc structures, such as filamin, through the autophagic receptor SQSTM1/P62. 

Moreover, CASA complex impairment, as in the case of BAG3 depletion or mutation, 

resulted in Z-disc disintegration and in a progressive muscle weakness and myopathy. It 

was later demonstrated that the removal of filamin relies on its tension-induced unfolding in 

muscle cells exposed to mechanical stress (Ulbricht et al., 2013). 

As already mentioned, CASA activity has been also demonstrated to be very efficient 

against mutated proteins that are prone to misfold and are causative of NDs. For instance, 

CASA complex activity was found to reduce the accumulation of several mutant proteins 

carrying an elongated polyQ stretch, such as the polyQ-Htt related to HD, polyQ-ataxin-3 

related to Spinocerebellar Ataxia (SCA) and the polyQ-AR related to SBMA disease (Carra 

et al., 2010; Carra, Seguin, Lambert, et al., 2008; Cicardi et al., 2019; Rusmini et al., 2013). 

Other misfolded substrates of CASA comprise the β-amyloid protein associated to AD and 

α-synuclein associated to PD (Bruinsma et al., 2011; Cao et al., 2017; Wilhelmus et al., 

2006). Moreover, several mutant or aberrant proteins that are related to ALS are efficiently 

degraded through CASA and comprise the mutant SOD1 carrying the mutation G93A, the 

CTFs of TDP-43 (TDP-35 and TDP-25), which mislocalize and aggregate in ALS and 

Frontotemporal Dementia (FTD), and the DPRs that result from aberrant translation of the 

expanded G4C2 repeated sequence in the C9ORF72 gene, which are also related to ALS 

and FTD (Cicardi et al., 2018; Crippa et al., 2016; Crippa et al., 2010; Cristofani et al., 2018). 
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1.4.2 The other members of CASA complex 

HSP70/HSPA 

HSP70/HSPAs are a group of 70kDa Heat Shock Proteins which act as a central hub in 

PQC system. HSP70/HSPAs can bind a wide array of proteins and promote their folding, 

refolding or degradation. Prokaryotes possess one single isoform of HSP70, named DnaK, 

while eukaryotes express different isoforms of HSP70/HSPA, such as HSP70-1 (HSPA1, 

inducible) or HSC70 (HSPA8, constitutive), which show differences in localization and 

expression profile. HSP70/HSPAs are ATPases that use ATP to promote substrates 

folding/refolding. The ATP molecule binds to the nucleotide binding domain (NBD) at the N-

terminus of the HSP70/HSPA protein. The NBD is a V-shaped domain, and the ATP binding 

site is enclosed within the two lobes. Besides the NBD, HSP70/HSPAs possess a substrate 

binding domain (SBD) of 25 kDa, which is formed by two subdomains: a β-sheet structured 

SBDβ domain, named Base, and a α-helical structured SBDα domain, named Lid. The SBD 

can assume an open or a closed conformation. Client proteins are characterized by the 

presence of hydrophobic sequences often flanked by positive residues (Rüdiger et al., 

1997). In correctly folded proteins, hydrophobic sequences are usually buried in the core 

protein, while, in unfolded or misfolded proteins, these hydrophobic sequences are exposed 

and can be recognized by the SBD of HSP70/HSPA. The SBD and NBD are characterized 

by an allosteric interaction: when the NBD binds ATP, it induces the open conformation of 

the SBD by separating the Base and the Lid, and the client protein can be bound. Once the 

client protein binds to the open conformation, the SBD, in turn, induces a conformational 

change at the NBD interface and ATP hydrolysis. The SBD in its open conformation has a 

low affinity for the client proteins, but ATP hydrolysis induces the closed conformation. By 

getting closer, the Base and the Lid entrap the client protein with high affinity and promote 

its folding/refolding (Qi et al., 2013; Zhuravleva & Gierasch, 2015). HSP70/HSPAs activity 

is enhanced and regulated by co-chaperones, which are J-domain proteins (JDPs) and 

NEFs. JDPs, also known as DNAJ/HSP40s, target the client proteins to HSP70/HSPA and 

potentiate the closed conformation by stimulating HSP70/HSPA ATPase activity and 

efficient locking of the substrate (Kampinga & Craig, 2010). Instead, NEFs, such as the co-

chaperones BAG3 and BAG1, potentiate the closed-to-open conformational change, by 

favouring ADP dissociation from the NBD for client protein release. 

HSP70/HSPAs interacting proteins determine the fate of a client protein. In this manner, 

HSP70/HSPAs represent a platform for the client and its interacting partners drive its 

folding, refolding or degradation. For instance, by cooperating with HSP90, HSP70/HSPAs 

promote the folding of neo-synthesised proteins while, by cooperating with sHSPs and 

HSP100, HSP70/HSPAs favour the disaggregation of protein aggregates (Mogk et al., 
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2018; Wegele et al., 2004). HSP70/HSPAs also help with the degradation of client proteins 

through the different degradative systems, UPS, chaperone-mediated autophagy (CMA) or 

CASA pathway. HSP70/HSPA drives proteasomal degradation of client proteins by forming 

a protein complex with CHIP and BAG1 (Lüders et al., 2000). Instead, by interacting with 

CHIP, BAG3 and HSPB8, HSP70/HSPA drives CASA-mediated degradation of substrates 

(Arndt et al., 2010; Rauch et al., 2017), while in CMA, HSP70/HSPA recognizes the KFERQ-

motif in client substrates and drives lysosomal internalization of the substrate through the 

LAMP2A protein complex in the lysosomal membrane (Rout et al., 2014; Terlecky et al., 

1992).  

While HSP70/HSPAs mutations have not been described, mutations in their co-chaperones 

can occur. Indeed, beside the previously mentioned BAG3 mutations, also JDPs have been 

found mutated in diseases that affect muscle or neuronal cells. Noteworthy, the JDPs 

DNAJB6 and DNAJB2 mutations have been described in myopathies and neuropathies, 

respectively (Gess et al., 2014; Harms et al., 2012; Sarparanta et al., 2012). In addition, the 

DNAJB6 has been also found associated to the CASA complex, but its role in CASA has 

not been elucidated yet (Arndt et al., 2010; Sarparanta et al., 2012). 

CHIP 

The carboxy-terminus of HSC70 interacting protein (CHIP, STUB1) is a chaperone-

associated E3 ligase, which targets HSP70/HSPA- and HSP90- protein clients to 

degradation (Ballinger et al., 1999). CHIP is a 34.5 kDa evolutionary conserved protein 

which localizes predominantly in the cytoplasm but is also found in the nucleus. It is highly 

expressed in tissues characterized by high metabolic activity and high protein turnover, 

such as skeletal and cardiac muscle and brain. CHIP structure consists in a U-box of 

approximately 90 amino acids at the C-terminus, the presence of a 34 amino acids domain 

carrying three pairs of tetratricopeptide repeats (TPRs) at the N-terminus, and a central 

coiled-coil region, which influences the dimerization and stability. The U-box domain of 

CHIP binds the E2 ubiquitin conjugating enzymes, while the TPR repeats are responsible 

for chaperone interaction (Ballinger et al., 1999; Murata et al., 2001; Nikolay et al., 2004). 

In this manner, CHIP represents a scaffold for chaperone-bound substrate ubiquitination. 

Up to date, 19 mutations in CHIP have been linked to autosomal recessive SCA (SCAR16) 

in some families, which is characterized by degeneration of the cerebellum and cognitive 

impairment (Cordoba et al., 2014; Heimdal et al., 2014; Shi et al., 2013). Mutations occur in 

the whole structure of CHIP protein, affecting differently the secondary structure, 

dimerization, oligomerization, or ubiquitination activity. For instance, in vitro experiments 

show that the N65S mutated CHIP is characterized by an increased dimerization and 
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impaired ubiquitination activity, while the T246M mutated CHIP is characterized by a 

complete loss of ubiquitination activity and an aggregation prone behaviour (Pakdaman et 

al., 2017). Overall, most of CHIP mutations are characterized by a decreased stability and 

activity in vitro and likely in vivo (Kanack et al., 2018). Indeed, loss of CHIP by genetic 

depletion determines a 20% of death at embryonic stages in mice, while 100% of mice fail 

to survive thermal stress (Dai et al., 2003). Moreover, it has been reported that CHIP genetic 

depletion determines an early aging phenotype in mice (Min et al., 2008). On the other hand, 

CHIP overexpression improves the clearance of aggregate prone proteins such as polyQ-

AR, ataxin-1, α-synuclein and mutant SOD1 (Adachi et al., 2007; Al-Ramahi et al., 2006; 

Miller et al., 2005; Tetzlaff et al., 2008; Urushitani et al., 2004). 

1.4.3 CASA complex dynamics 

The working model of CASA dynamic establishes that the misfolded or unfolded substrate 

is recognized by the chaperones HSP70/HSPA and HSPB8. It is not yet clear how these 

chaperones can bind to different substrates, but it is widely accepted that chaperone binding 

to clients relies on the exposure of hydrophobic patches by the misfolded substrate. The 

chaperone binds to the misfolded protein, whereas BAG3 acts as a scaffold for the 

interaction with all other CASA members. The sorting of the substrate toward the autophagic 

pathway requires the ubiquitination activity of CHIP, interacting with HSP70/HSPA. Once 

the substrate is ubiquitinated by CHIP, the autophagic receptor SQSTM1/P62 interacts with 

the polyUb chain through its UBA domain (Arndt et al., 2010). The substrate is therefore 

targeted to the MTOC, by taking advantage of the interaction between the PxxP domain of 

BAG3 and the molecular motor dynein; at the MTOC, aggresomes are generated and most 

nascent autophagosomes are present (Fig. 1.14). Alternatively, it has been recently 

described another mechanism of CASA dynamic, which is based on HSPB8 direct 

recognition of SQSTM1/P62-regulated ubiquitinated microaggregates. In this model, 

HSPB8 acts in the early response to stress by concentrating misfolded and ubiquitinated 

substrates into microaggregates and assists SQSTM1/P62 oligomerization. In this pathway, 

HSPB8 favours the efficient coupling of BAG3 to SQSTM1/P62 for ubiquitinated 

microaggregates transport to the aggresome. Noteworthy, these two mechanisms that 

describe CASA early stages are not mutually exclusive. In fact, it has been proposed that 

HSP70/HSPA mediates CASA under basal conditions, while HSPB8 activity becomes 

fundamental under severe proteotoxic stress (Gamerdinger, Kaya, et al., 2011; Guilbert et 

al., 2018). 

As mentioned above, routing to aggresome occurs through the dynein-mediated retrograde 

active transport of the CASA complex and the bound substrate along the microtubules 

network. Indeed, drugs that impair microtubules network, such as the microtubule-
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depolymerizing drugs vinblastine or nocodazole, suppress aggresome formation 

(Gamerdinger, Kaya, et al., 2011; Guilbert et al., 2018). In addition, inhibition of retrograde 

transport blocks the BAG3-mediated routing of CASA cargo. This can be achieved by 

silencing dynein subunits, such as DYNC1H1, by overexpressing inhibitory p50/dynamitin 

subunit or by using drugs that inhibit the ATPase and motor activity of dynein, such as 

erythro-9-[3-2-(hydrosynonyl)] adenine (EHNA) or ciliobrevin D (Cristofani et al., 2017; 

García-Mata et al., 1999; Guilbert et al., 2018). The BAG3-dynein coupling occurs through 

the PxxP domain of BAG3, and the PxxP deletion abrogates dynein interaction and 

therefore aggresome formation (Gamerdinger, Kaya, et al., 2011). However, BAG3-dynein 

coupling might occur also indirectly though the 14-3-3 protein interaction, which is engaged 

by BAG3 through its two RSQS136 and RSQS173 motifs (Xu et al., 2013). Of note, BAG3 

mediated aggresome formation requires its interaction with HSPB8 and HSP70/HSPA, as 

deletion of both IPV domains or BAG domain suppresses BAG3-mediated substrates 

targeting to aggresome (Gamerdinger, Kaya, et al., 2011; Guilbert et al., 2018). 

Aggresomes, which are aggregates of aggregates, are the result of an active 

compartmentalization process of misfolded proteins. In fact, electron microscopy revealed 

that they are not a single large aggregate, but an accumulation of aggregated particles 

loosely associated with each other (García-Mata et al., 1999). The morphology and 

composition of aggresomes are dependent on the cell type and the aggregating substrate. 

For instance, some cells show a single round-shaped aggresome with a diameter between 

1-3 µm while other cells show a ribbon-like or a crown-like structure surrounding the nucleus 

(Garcia-Mata et al., 2002; Hu et al., 2020). Aggresome formation implicates the 

rearrangement of the cytoskeleton. In particular, intermediate filaments form a cage-like 

structure surrounding the aggresome and are also used as aggresome markers. The type 

of intermediate filaments depends on the cell type: epithelial cells show aggresomes 

surrounded by vimentin, glial cells by GFAP and neuronal cells by neurofilaments. 

Intermediate filaments rearrangement around the aggresomal structures is necessary for 

the recruitment of PQC system members, such as chaperones and proteasomes, and 

therefore for restoring proteostasis. Moreover, it has been reported that vimentin 

rearrangement during aggresome formation plays a fundamental role during neurogenesis, 

as it permits neural stem cells to exit quiescence and to undergo asymmetrical segregation 

of proteasomes during mitosis (Morrow et al., 2020). Other cytoskeletal components that 

can be found in aggresomes are γ-tubulin and pericentrin (Johnston et al., 1998). Although 

aggresomes were firstly described as cells junkyard, they are dynamic deposits of protein 

aggregates that recruit cytosolic PQC members to remove misfolded substrates. Indeed, it 

has been firstly demonstrated that the MTOC represents a specialized site for protein 
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degradation, also called degrasome, where misfolded proteins are routed for proteasomal 

degradation and this is supported by the constitutive presence of a fraction of proteasomes 

and chaperones at the MTOC (Wigley et al., 1999). Based on these observations, 

aggresomes are thought to be simply the visible result of an increase in misfolded proteins 

load or an impairment in the proteostasis network. However, aggresomal deposits must be 

somehow removed. Since proteasomes cannot efficiently clear big protein aggregates, 

autophagic degradation permits the engulfment and disposal of aggregates in bulk. It 

remains an open question if aggresomes exert a cytotoxic effect, but a few pathogenic 

mechanisms have been hypothesized: first, misfolded proteins within the aggresome 

sequester PQC members which are no longer able to exert their basal physiological activity 

in proteostasis maintenance. Second, misfolded proteins can co-aggregate with their 

correctly folded counterpart or with proteins carrying the same structural determinants. For 

instance, it has been observed that the misfolded polyQ-Htt co-aggregated with its wildtype 

counterpart and with other proteins carrying polyQ stretches (Huang et al., 1998; Rajan et 

al., 2001). Third, since aggresome formation is driven by the activity of the dynein motor 

complex along microtubules, intracellular trafficking of essential components might be 

impaired by an overload on microtubules tracks. This is supported by the fact that the 

impairment in intracellular trafficking is a common pathogenic mechanism of several NDs. 

 
Figure 1. 14 HSPB8 and BAG3 functions in CASA. 
CASA acts in the removal of misfolded and aggregating proteins. Substrates are recognized by 
chaperone HSPB8. CASA complex formation relies on the BAG3 protein, which acts as a scaffold 
protein, interacting with HSPB8, HSP70/HSPA and the dynein motor complex. Substrates undergo 
refolding by HSP70/HSPA action. If refolding fails, substrates are ubiquitinated by CHIP and routed 
to the MTOC, where aggresomes form, and degraded by lysosomes. (From Rusmini P et al., 2017). 
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1.4.4 Granulostasis 

HSPB8-BAG3 complex roles in cellular homeostasis comprise also granulostasis, which is 

the process of SGs quality control in their composition and dynamics (Fig. 1.15). SGs are 

cytoplasmic membraneless organelles composed of stalled mRNA during translation 

process, translation initiation factors and several RBPs (Buchan & Parker, 2009). SGs 

assemble through a LLPS process, which consists in the demixing of two stably coexisting 

phases, one dense and one diluted, once a solution becomes over-saturated. The dense 

phase, composed of RBPs and RNAs, continuously exchanges materials with the dilute 

phase (P. Li et al., 2012). RBPs that promote LLPS are usually proteins carrying low 

complexity sequences, also known as prion-like domains, which are intrinsically disordered 

regions prone to aggregate (Molliex et al., 2015). Examples of such proteins are TIA-1, 

hnRNPA1 and Fused in Sarcoma (FUS). Unsurprisingly, mutations in FUS or hnRNPA1 are 

causative of ALS and FTD and accelerate the conversion of liquid-like SGs structures into 

an aggregate state, while SGs components, such as TIA-1, are found in ALS pathological 

inclusions (Monahan et al., 2016). SGs physiologically form in response to several 

stressors, such as oxidative stress, proteasome inhibition or heat shock, to shut down the 

translation of unnecessary mRNAs and promote the translation of genes involved in stress 

response, such as PQC factors. Shutting down translation requires the phosphorylation of 

the initiator factor eIF2α for polyribosome disassembly. Released mRNAs and RBPs are 

then sequestered in SGs until the normal cell functions are restored. During polyribosome 

disassembly, newly synthetized polypeptides are also released. However, a relevant 

fraction of these polypeptides is characterized by co-translational misfolding, premature 

termination events, amino acids misincorporation or other defects. This fraction represents 

the so-called DRiPs, which are the main source of misfolded proteins in cells, but are 

generally promptly recognized by members of the PQC system, such as HSP70/HSPA or 

the Valosin-Containing Protein (VCP), and targeted to degradation through UPS or 

autophagy. When DRiPs sorting and degradation are impaired (e.g., VCP or HSP70/HSPA 

depletion), they accumulate into SGs, which become persistent and lose their dynamics. In 

this context, HSPB8-BAG3-HSP70 complex participates in granulostasis. Indeed, aberrant 

and persistent SGs, which might contain DRiPs or mutated RBPs, are recognized and 

disassembled by the HSPB8-BAG3-HSP70 complex. It has been proposed that HSPB8-

BAG3-HSP70 complex acts in a two-step process: first, HSPB8 dissociates from BAG3-

HSP70 and is recruited to SGs in response to stress, such as proteasome inhibition (MG-

132 treatment) or oxidative stress (Arsenite treatment). Here, HSPB8 acts as a holdase, 

preventing the irreversible aggregation of misfolded substrates or DRiPs into SGs. Second, 

HSPB8 recruits BAG3-HSP70 machinery, which extracts misfolded substrates from SGs. 
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Hence, misfolded substrates are subjected to degradation or targeted to the aggresome for 

subsequent disposal (Ganassi et al., 2016; Mateju et al., 2017). In these manner, HSPB8-

BAG3-HSP70 complex promotes granulostasis by separating DRiPs or other misfolded 

substrates from SGs rather than SGs degradation. Instead, SGs degradation occurs 

through the autophagic pathway when HSPB8-BAG3-HSP70 machinery is impaired. 

1.4.5 Cell division 

As previously said, CASA complex has been involved in cytoskeletal maintenance and 

dynamics. Beside the well described role of CASA complex in assuring the integrity of the 

actin-contractile structure of the sarcomere in muscle cell, it has been recently described a 

novel function of BAG3-HSPB8 in cell division. Cell division is characterized by a drastic 

rearrangement of cytoskeletal structures: at the onset of mitosis, actin remodelling into a 

stiff actin cortex determines cell retraction and rounding; thin actin fibers, called retraction 

fibers, attach to the substrate and guide spindle orientation parallel to the substrate. Correct 

orientation of mitotic spindle is necessary to mitotic progression and chromosome 

segregation. It has been demonstrated that BAG3 and HSPB8 contribute to the 

homeostasis of actin structures during mitosis. Indeed, BAG3, with HSPB8, localizes at the 

separating centrosomes or in the perinuclear material before nuclear envelope breakdown 

Figure 1. 15 Role of HSPB8-BAG3 and HSP70 in SGs. 
Upon stress, polysome disassembles (1) and mRNAs are packaged into SGs (2). HSPB8-
BAG3-HSP70 complex assures granulostasis by limiting misfolded proteins and DRiPs 
accumulation in SGs (3,4), therefore favouring the restoration of translation processes (5). If 
HSPB8-BAG3-HSP70 activity is impaired or when RBPs are mutated (e.g., disease-
associated mutations) (6), DRiPs accumulate in SGs, leading to the presence of persistent 
and less dynamic SGs (7), which must be removed through autophagy. (From Alberti, Mateju, 
Mediani, & Carra, 2017). 
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and then at centrosomes at spindle poles during metaphase through anaphase transition. 

Of note, BAG3 is found hyperphosphorylated at the mitosis entry and is associated to 

HSPB8, SQSTM1/P62 and HDAC6. It has been reported that BAG3 depletion decreases 

the incidence of cell division, slows down mitotic process, and causes an increase in nuclear 

abnormalities such as micronucleation or multinucleation, which are hallmarks of improper 

mitosis and cytokinesis. In fact, aberrant positioning of mitotic spindle associated to a 

misalignment of chromosome was observed in BAG3 depleted cells. Interestingly, similar 

observation of defective mitotic spindle orientation and chromosome segregation arose in 

HSPB8 and SQSTM1/P62 depleted cells, as a result of actin cortex disorganization. 

Noteworthy, mitotic spindle dynamics of BAG3 are independent of HSP70/HSPA 

interaction. In fact, deletion of the IPVs, PxxP and BAG key domains in BAG3 protein 

resulted in a delayed mitosis, as observed for BAG3 complete depletion, but the use of the 

R480A BAG3 mutant, which specifically abolished HSP70/HSPA interaction, did not lead to 

an impairment of the mitotic process (Fuchs et al., 2015). 

Besides mitotic spindle orientation and mitosis, BAG3 and HSPB8 act also in the latest 

phase of cell division, that is the cytokinesis. Cytokinesis consists in the abscission of 

daughter cells through the formation of an actomyosin ring. This actomyosin ring leads to 

the formation of an intracellular bridge that connects the two nascent daughter cells. To 

finalize cell division, this intracellular bridge must get thinner and thinner until complete 

cleavage and this event occurs with actin depolymerization. It has been demonstrated that 

BAG3 and HSPB8 depletion associates to a higher incidence and persistence of abnormally 

thick and long intracellular bridges, suggesting a role of HSPB8 and BAG3 in actin dynamics 

in cytokinetic structures. In particular, HSPB8 depletion was associated to an aberrant 

accumulation of F-actin at the intracellular bridges. This phenotype was reverted by limiting 

the pool of free G-actin or by inhibiting the Arp2/3 complex, which promotes actin 

polymerization. Noteworthy, Arp2/3 complex component ArpC2 has been found in BAG3 

interactome studies. It has been suggested that HSPB8-BAG3 complex activity in 

cytokinesis consists in facilitating the autophagic clearance of actin-based structures. 

Indeed, autophagic activator drug rapamycin was able to prevent aberrant F-actin 

accumulation in HSPB8-depleted cells (Varlet et al., 2017). 
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1.5 A focused overview on diseases that affect motoneurons and 

muscle cells 

Protein aggregation and PQC impairment are main features of diseases that affect MNs 

and muscle cells. Since MNs, as other neuronal cells, are post-mitotic cells and cannot be 

replaced, the nervous system is more vulnerable to damage and cell-loss than other tissues. 

In addition, MNs axons, that can reach 1 meter of length, make the delicate MNs 

architecture difficult to maintain. Similarly, skeletal muscle cells are post-mitotic and 

characterized by a low cellular turnover. The high metabolic activity and the damaging 

action of mechanical and other stressors against its structural proteome, must be efficiently 

counteracted by the PQC system. Mutations in PQC members, but also in components 

involved in cytoskeleton structures and intracellular trafficking are frequently causative of 

motor neurons diseases (MNDs) and muscle diseases. In the following sections, a brief 

overview of these diseases and the underlying genetics will be discussed, highlighting the 

overlap in genetic causes and pathomechanisms. 

1.5.1 When motoneurons are affected by disease 

MNDs represent a wide spectrum of diseases that affect upper (UMNs) and/or lower 

motoneurons (LMNs). UMNs locate in the motor cortex and project to the bulbar region or 

the spinal cord, giving rise to the corticobulbar and corticospinal tracts. Instead, LMNs locate 

in the brainstem and in the anterior horn of the spinal cord and directly innervate the skeletal 

muscle, through the neuromuscular junctions. One LMN and all the muscle fibers it 

innervates form a motor unit. 

When diseases strike UMNs, clinical manifestations include spasticity, weakness, and 

hyperreflexia. In contrast, LMNs signs include muscle wasting, flaccidity, hyporeflexia and 

fasciculations. In addition, patients affected by the same MNDs might show a predominant 

bulbar involvement, with signs at bulbar muscles such as difficulties in eating, chocking, 

swallowing and breathing, or a predominant spinal cord involvement, with clinical 

manifestations at the limbs (Fig. 1.16). Of note, MNDs can be pure or might show sensory 

involvement or signs of frontotemporal disfunction. MNDs can be inherited or acquired 

(James & Talbot, 2006; Tiryaki & Horak, 2014). Because MNDs comprise a broad range of 

forms, here I will focus on a small group of diseases showing shared genetic bases (Fig. 

1.17 and 1.18 ). 
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When the disease strikes UMNs: Hereditary Spastic Paraplegia 

Hereditary Spastic Paraplegias are a clinically and genetically heterogeneous group of 

inherited neurological disorders in which the main neurological symptoms are lower limb 

spasticity and weakness. Clinically, it can be classified in pure or complex forms. Pure forms 

are characterized by isolated pyramidal signs, like paraparesis, quadriparesis and spasticity 

that can be associated to deep sensory loss. In complex forms, beside the spastic 

paraplegia phenotypes, other neurological and non-neurological signs can occur, including 

cerebellar dysfunctions (ataxias and tremors), peripheral neuropathies, cognitive 

impairment, myopathic features, extrapyramidal signs (parkinsonism and chorea) and 

psychiatric disorders. Based on the onset, there is a type I form (or early onset) when 

spasticity occurs before 35 years of age, or type II form (or classical) when the onset occurs 

in patients older than 35 years. More than 70 genes have been associated to the disease, 

and the inheritance can be autosomal dominant, autosomal recessive, X-linked, but also 

dependent on mitochondrial transmission (de Souza et al., 2017). Albeit the several number 

of disease-causing genes, they can be grouped based on the involvement in a few 

intracellular pathways, mainly membrane trafficking, organelle shaping, axonal transport, 

mitochondrial dysfunction, lipid metabolism and myelination. For instance, mutations in the 

kinesin heavy chain KIF5A have been related to an early onset, pure form of Hereditary 

Spastic Paraplegia. KIF5A is part of the motor complex responsible for the anterograde 

Figure 1. 16 Schematic rapresentation of UMNs and LMNs 
localization and projection and list of typical UMNs and LMNs signs. 
(From Tiryaki & Horak, 2014). 
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transport of cargos along the microtubules and, in vitro findings on mutated KIF5A, revealed 

a reduced cargo flux. Mutation in KIF1C and KIF1A have been also described. Over 150 

mutations in spastin (SPAST), which is the most common cause of hereditary spastic 

paraplegia (up to 45% of all cases), have been found. SPAST is a AAA ATPase which 

catalyses internal breaks in microtubules and might also have a microtubule bundling 

activity. SPAST is also involved in endosomal trafficking. Indeed, SPAST interacts with 

CHMP1B, which acts in the endosomal sorting complex and with Atlastin-1, a 

transmembrane dynamin/guanylate-binding protein, which operates in vesicle trafficking 

through the ER and Golgi apparatus. Noteworthy, CHMP1B and Atlastin-1 have been also 

found mutated in patients. A role of the autophagic pathway has also been proposed: a 

failure in the autophagic lysosome reformation has been observed when spatacsin or 

spastizin are mutated, as reported in some forms of the disease. The two proteins are 

fundamental in initiation of lysosomal tubulation. Mutations in proteins involved in 

mitochondria functions have been described. In particular, Paraplegin-1 is a member of the 

metalloprotease AAA complex, which acts in the PQC and ribosomal assembly regulation 

in mitochondria. Fibroblasts from patients showed an increase sensitivity to oxidative stress 

and reduced activity of the respiratory chain. HSPD1 gene, which encodes for the HSP60 

and participates in mitochondrial PQC, has been also found mutated (Blackstone, 2018; 

Boutry et al., 2019; Salinas et al., 2008). Noteworthy, these intracellular pathways 

interconnect and are also related to other neurological disorders, such as ALS, SCA and 

CMT. For instance, mutations in KIF5A and spatacsin have been reported also in CMT2 

and ALS (Boutry et al., 2019; de Souza et al., 2017). 

When the disease strikes both UMNs and LMNs: ALS 

Amyotrophic Lateral Sclerosis is the most frequent adult onset MND and is characterized 

by degeneration of both UMNs and LMNs. ALS was described by the neurologist Jean-

Martin Charcot in 1869 and is also known as Lou Gehrig’s disease, from the name of a 

famous baseball player who was diagnosed with ALS in 1939. The age of onset is between 

40 and late 60 years old. At the onset, ALS patients suffer from spasm and muscle 

weakness, but rapidly manifest a complete muscular paralysis. Within 2-5 years, most of 

patients die from respiratory failure. Since both UMNs and LMNs are affected, patients can 

experience both spasticity, fasciculations, flaccidity, muscle weakness and wasting, hypo 

and hyper -reflexia symptoms. A spinal onset of the disease is common in about two-third 

patients, while a bulbar onset involves the remnant one-third (Cleveland & Rothstein, 2001; 

Grad et al., 2017; Hughes, 1982; Mulder, 1982). ALS patients can suffer from cognitive 

impairment. Almost 50% of patients are affected by mild cognitive impairments, while 15% 
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of patients develop FTD. Overlaps in genetics and histopathological findings resulted in a 

definition of an ALS-FTD spectrum of disease (Abramzon et al., 2020; Bennion Callister & 

Pickering-Brown, 2014; Kwong et al., 2007). In other cases, patients manifesting PD-like 

symptoms have been documented. ALS divides into familial (fALS) or sporadic (sALS) form 

of disease, based on the inheritance. The first form represents less than 10% of cases, 

while the latter more than 90%. Genetic causes of fALS are ascribed to mutations in the 

gene encoding the SOD1, in the 20% of fALS cases, in the genes encoding the RPBs TDP-

43 or FUS, in the 4% of cases each, and to an hexanucleotide expansion in the C9ORF72 

gene, in the 35% of cases. SOD1 was the first gene found associated to ALS (Rosen, 1993). 

More than 170 mutations in SOD1 have been described, but the most frequent are the 

substitutions A4V, G93A, H46R and D90A. Most of the mutations show an autosomal 

dominant inheritance (Orrell, 2000). The SOD1 gene, which is highly conserved, encodes 

a 15.9 kDa ubiquitous protein, which localizes both in the cytoplasm, nucleus and 

mitochondria and acts as a homodimer. SOD1 has an antioxidant activity, which consists in 

catalysing the conversion of superoxide anions into peroxide hydrogen and oxygen 

(Bunton-Stasyshyn et al., 2015). Mutated SOD1 is characterized by misfolding and 

accumulation in insoluble species, which cause cellular damage through oxidative stress 

and proteostasis impairment mechanisms (Kato et al., 2000; Parone et al., 2013). SOD1 

mutations also impact on the enzymatic activity, which is impaired or decreased, and results 

in a deficiency in oxidative stress response. It has been also demonstrated that mutated 

SOD1 is associated to mitochondrial damage. Transgenic mice carrying mutated SOD1 

show vacuolated mitochondria and cell models show mitochondria depolarization, calcium 

homeostasis impairment and alterations in mitochondria membrane permeability, which 

impact on the apoptotic pathway. Another effect on mitochondria is the alteration of ATP 

levels, which might affect intracellular activity, such as the axonal transport (Pasinelli & 

Brown, 2006). Other ALS-related mutations involve TDP-43 and FUS, which are RBPs and 

act in RNA splicing, transport, and stability, and in SGs formation (Y. R. Li et al., 2013; Ratti 

& Buratti, 2016). TDP-43 is a 43 kDa protein which shuttles from the nucleus to the 

cytoplasm but resides mainly in the nucleus. TDP-43 possesses two RNA binding motifs 

(RRM1 and RRM2), a NLS and a putative nuclear export signal (NES). The CTD is a 

glycine-rich domain, also called prion-like domain because it is a highly disorder 

unstructured region (Ratti & Buratti, 2016). TDP-43 involvement in ALS dates to 2006, when 

TDP-43 and its fragments were identified in cytoplasmic protein inclusions in ALS and FTD 

patients (Neumann et al., 2006). Later, more than 40 TDP-43 mutations have been 

identified in fALS and sALS patients (Sreedharan et al., 2008). Mutations in TDP-43 are 

often found in the CTD, causing the destabilisation of the prion-like domain, or in the NLS, 
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causing TDP-43 cytoplasmic retention. However, also wildtype TDP-43 is characterized by 

an aberrant behaviour in ALS specimens and models. Pathogenic features of aberrant TDP-

43 include its fragmentation forming the CTFs TDP-35 and TDP-25, hyperphosphorylation, 

ubiquitination and cytoplasmic mislocalization (Buratti, 2018; Ederle & Dormann, 2017). 

Aberrant TDP-43 is also characterized by a loss of function in the regulation of RNA 

metabolism. Like TDP-43, FUS is a 53 kDa RBP involved in RNA splicing and transport 

from the nucleus to the cytoplasm and found mutated in ALS cases (Kwiatkowski et al., 

2009; Ratti & Buratti, 2016; Vance et al., 2009). FUS has one RRM, two Arg-Gly-Gly (RRG) 

repeats, one zinc-finger domain, a NLS and a N-terminal prion-like domain. Most of FUS 

mutations, up to 46 documented, fall into the prion-like domain, the NLS or the RGG domain 

(Ratti & Buratti, 2016). FUS mutants are prone to mislocalize into the cytoplasm and form 

inclusions, which colocalize with TDP-43 (Ederle & Dormann, 2017). C9ORF72 mutation 

consists in a G4C2 hexanucleotide expansion repeat in an intronic region of the C9ORF72 

gene (DeJesus-Hernandez et al., 2011; Renton et al., 2011). The number of repeats in 

healthy subjects is usually within 5 to 10, while it reaches hundreds, or even thousands 

repeats in ALS patients. C9ORF72 mutation has been also found in FTD, AD and Lewy 

bodies dementia. Three main pathogenic mechanisms have been described: a loss of 

function of the encoded protein due to a decreased expression, a toxic function linked to 

the accumulation of RNA in RNA foci and a toxicity mediated to the accumulation of DPRs 

products (Gendron et al., 2013; Mizielinska et al., 2013). C9ORF72 gene product is thought 

to be physiologically involved in autophagy, endocytosis and in the regulation of the immune 

response in microglia and macrophages. It has been demonstrated that the decreased 

expression is not sufficient to neuronal death. Indeed, C9ORF72 KO mice are not 

characterized by motoneuronal defects nor neuronal degeneration (Koppers et al., 2015; 

Sudria-Lopez et al., 2016). Instead, RNA foci containing hexanucleotide expansions have 

been observed in the spinal cord and brain of ALS/FTD patients. In cell and animal models, 

RNA foci localize in the nuclei, cytoplasm, and neurites. These aberrant RNAs can 

sequester RBPs, altering RNA metabolism, splicing, and translation (DeJesus-Hernandez 

et al., 2017). Instead, the accumulation of DPRs is the result of the unconventional 

translation process called Repeat-associated non-ATG translation (RAN-translation), which 

is independent from the presence of the ATG initiation codon. RAN-translation permits the 

codification of the hexanucleotide repeat expansion, whose products consist in five DPRs 

(poly -GA, -GP, -GR, -PR and -PA), characterized by an unstructured conformation and 

prone to form nuclear and cytoplasmic inclusions (Davidson et al., 2014). Other proteins 

whose genes have been found mutated in less than 1% of ALS patients are SQSTM1/p62, 

ubiquilin-2 (UBQLN2), optineurin (OPTN), VCP. UBQLN2, p62 and OPTN bind 



 

45 

 

ubiquitinated proteins routing them to the protein degradative systems and can be found in 

TDP-43- or SOD1- positive inclusions. Instead, VCP is involved in the unfolded protein 

response (UPR) and in the endoplasmic reticulum-associated degradation (ERAD). Other 

mutations have been found in other RBPs and in structural or regulatory proteins of the 

cytoskeleton (Brown & Al-Chalabi, 2017; Taylor et al., 2016). 

Altogether, ALS mutated proteins are involved or alter many intracellular processes, which 

are the PQC system, SGs dynamics, RNA metabolism, cytoskeletal dynamics, oxidative 

stress response and mitochondrial function. A hallmark of ALS, shared with many other 

NDs, is the presence of intracellular proteinaceous inclusions in dying MNs. Most ALS 

cases, up to 97%, show TDP-43 positive inclusions, even when TDP-43 is not mutated. 

Instead, SOD1 or FUS protein inclusions are observed in cases carrying mutations in the 

respective genes. Similarly, ALS cases related to the C9ORF72 hexanucleotide expansion 

show the presence of proteinaceous inclusions of DPRs and RNA foci (Hardiman et al., 

2017; Taylor et al., 2016). 

When the disease strikes LMNs: Spinal Muscular Atrophy, Spinal Bulbar Muscular 

Atrophy, and distal Hereditary Motor Neuropathies 

Spinal Muscular Atrophy (SMA) refers to a group of genetic disorders characterized by 

degeneration of the anterior horn cells in the spinal cord and motor nuclei in the brainstem, 

resulting in weakness and atrophy of the proximal muscles of the limbs and trunk. SMA is 

classified in 4 types (I-IV), based on the age of onset and the clinical course. Type I and II 

affect infants, type III affects patients at or after one year of age and is characterized by a 

milder phenotype with signs of weakness, but the ability to walk unaided is retained; type 

IV affects adults, has an onset at the third or fourth decade of life and is slowly progressive 

with a normal life expectancy (D'Amico et al., 2011; Harding & Thomas, 1980). The 

inheritance is autosomal recessive in most of the cases and resides on a deletion of the 

exon 7 in the Survival Motor Neuron 1 (SMN1) gene on chromosome 5q13 (Lefebvre et al., 

1995). Humans have two copies of SMN genes: SMN1 and SMN2, which differ in a single 

nucleotide that determines an alternative splicing of exon 7, resulting in a small amount of 

the full-length protein for SMN2. When SMN1 is mutated, SMA occurs, and the severity of 

the disease is determined by the copy number of SMN2, which supplies SMN protein (Singh 

& Singh, 2018). SMN is essential for cell survival since KO in mice is lethal at embryonic 

level (Schrank et al., 1997). SMN protein is ubiquitous in cells and tissues and, since it is a 

nucleic acid binding protein, acts in transcription, splicing and translation processes. 

Evidence supports that SMN plays a role in the biogenesis of snRNPs and in mRNA splicing 

of transcripts that are fundamental in MNs; other evidence supports that SMN has a MN 

specific function in mRNA transport along the axon and to neurites (Singh et al., 2017). 
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Notably, SMN protein aberrant expression or localization have been also associated to ALS 

(Rodriguez-Muela et al., 2017). 

A small percentage of patients, 4-5%, show a clinically typical SMA with additional features 

but have no identifiable mutation in SMN1 gene: these SMA variants, or non-5q SMA, can 

be inherited in an autosomal dominant or X-linked manner. These SMA variants show a 

clinical and genetic overlap with hereditary spastic paraplegia, ALS, dHMN, CMT2 and 

diseases that affect muscle cells. Examples of mutated genes in SMA variants are the 

dynein heavy chain DYNC1H1 and the bicaudal D homologue 2 (BICD2), which are 

involved in microtubule-mediated transport; the vesicle-associated membrane protein 

VAPB, which has been also found mutated in ALS; GLE1, a nucleoporin that plays a role in 

the nuclear export of RNAs; the lamin A/C (LMNA), which is found mutated in laminopathies 

(Peeters et al., 2014). 

 

Spinal and bulbar muscular atrophy (SBMA), or Kennedy’s disease, is a slowly 

progressive degenerative disease of LMNs affecting only males (Kennedy et al., 1968). 

SBMA onset typically occurs in men between 30 and 50 years of age, who manifest proximal 

lower limb weakness and a progressive decline of muscle strength. Beside MNs 

degeneration, signs of cell-autonomous toxicity in muscle are observed (Cortes et al., 2014; 

Sorarù et al., 2008). Sensory neurons are also affected in SBMA causing symptoms such 

as neuropathic pain, vibratory sensation, and numbness (Antonini et al., 2000; Li et al., 

1995). Non neuromuscular symptoms include androgen insensitivity, gynecomastia, 

infertility, and testicular atrophy, but also metabolic disorders, such as glucose homeostasis 

impairment, insulin resistance, cholesterol and triglyceride dysmetabolism (Dejager et al., 

2002; Rosenbohm et al., 2018). SBMA is a X-linked inherited disease caused by a CAG 

trinucleotide repeat expansion in the AR gene (La Spada et al., 1991). Other triplet diseases 

that were later identified include HD, dentatorubropallidoluysian atrophy and SCA types 1, 

2, 3, 6, 7 and 17. The AR belongs to the steroid hormone receptors family. As the other 

steroid hormone receptors, AR possesses a variable NTD, a highly conserved DNA binding 

domain, a hinge domain and a ligand binding domain at the C-terminus (Brinkmann et al., 

1989). AR, in absence of its ligands, resides in the cytoplasm and is maintained in an 

inactive state by chaperones HSP70/HSPA and HSP90 (Pratt & Toft, 1997; Pratt & Welsh, 

1994). Once androgens bind to the ligand binding domain, AR changes its conformational 

state, dissociates from chaperones and shuttles in the nucleus, where it modulates the 

transcription of genes that are under the regulation of androgen-responsive elements (Ni et 

al., 2013). CAG repeat expansion falls in the first exon of AR gene; healthy individuals have 

a number of CAGs repeats between 11 and 36, while SBMA patients between 38 and 62 
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(Atsuta et al., 2006; Rhodes et al., 2009). The expansion encodes an expanded polyQ tract 

which is prone to misfold and aggregate, as observed throughout the nervous system and 

in peripheral tissues of patients (Adachi et al., 2005; Li, Miwa, et al., 1998; Li, Nakagomi, et 

al., 1998). These aggregates, similar to what observed in other NDs, sequester other 

proteins that are fundamental for normal cell functions, such as chaperones, members of 

the degradative system and transcriptional activators (Stenoien et al., 1999). Interestingly, 

the toxicity of the polyQ-AR is androgen-dependent: in fact, male mice models do not 

develop symptoms upon castration, while female mice models show symptoms upon 

androgen treatment, suggesting that polyQ-AR misfolding is induced by the conformational 

change after ligand binding (Chevalier-Larsen et al., 2004; Katsuno et al., 2002). PolyQ-

AR-mediated pathomechanisms include the impairment of the PQC system, the 

transcriptional activity, mitochondrial activity, and axonal transport (Katsuno et al., 2006; 

McCampbell et al., 2000; Ranganathan et al., 2009; Rusmini et al., 2016). 

 

Distal Hereditary Motor Neuropathies (dHMNs) are a heterogeneous group of diseases 

sharing a slow length-dependent motor neuropathy. The onset is in the first two or in the 

third decades of life. Signs of distal wasting, weakness, reduced or absent reflexes and 

EMG changes are observed in patients and suggest a distal denervation. Bulbar 

involvement is rare. Instead, minor sensory involvement is quite common. Indeed, dHMNs 

share a clinical and genetic overlap with hereditary sensory neuropathies and axonal 

Charcot-Marie-Tooth type 2 (CMT2) (Rossor et al., 2012). Classification of dHMN is based 

on inheritance and phenotype. Seven types of dHMN have been described: types I, II, V 

and VII show an autosomal dominant inheritance, while III, IV and VI show an autosomal 

recessive inheritance. However, mutations have been identified only in 15-20% of patients 

(Rossor et al., 2012). The most frequent causes of autosomal dominant dHMN are related 

to mutations in genes encoding the HSPBs, such as HSPB1, HSPB8 and HSPB3 (Evgrafov 

et al., 2004; Irobi et al., 2004; Kolb et al., 2010). Pathogenic mechanisms related to HSPB1 

mutation consist in its aggregation along with cytoskeletal defects, such as neurofilaments 

co-aggregation and impaired axonal transport (Ackerley et al., 2006; Zhai et al., 2007). 

HSPB8 mutations, similarly, are characterized by an aggregation prone behaviour and co-

aggregation with HSPB1 (Carra et al., 2005; Irobi et al., 2004). Another dHMN-related 

mutation has been found in the glycyl-tRNA synthetase (GARS) gene, which is essential for 

translation through its activity in catalysing the attachment of amino acids on their respective 

tRNA. Several studies could not demonstrate a reduction in the enzymatic activity of 

mutated GARS, while mutants GARS impairment in neurites localization was reported, 

leading to the hypothesis that the most likely pathomechanism is related to defects in axonal 
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transport (Motley et al., 2010). Mutations in Berardinelli-Seip Congenital Lipodystrophy type 

2 (BSCL2) have been found not only in dHMN but also in congenital generalised 

lipodystrophy type 2, Hereditary Spastic Paraplegia and Silver syndrome. BSCL2 encodes 

for Seipin, which localizes in the ER and, when mutated in dHMN, misfolds, leading to the 

activation of the UPR and thus, the apoptotic pathway (Ito & Suzuki, 2009). Mutations in 

members of the microtubule motor machinery have been found in dHMN, such as in the 

gene encoding the p150 subunit of dynactin 1 (DCTN1) and the DYNC1H1, stressing the 

involvement of the microtubule-mediated intracellular trafficking in the disease (Puls et al., 

2003; Weedon et al., 2011). Other mutations related to dHMN are found in the copper-

transporting ATPase ATP7A, involved in the metalation of copper enzymes, in senataxin 

(SETX), involved in transcription and splicing and found mutated also in ALS, and in the 

transient receptor vallanoid 4 (TRPV4), which encodes a calcium-selective channel (Rossor 

et al., 2012). In summary, pathogenic mechanisms related to dHMN and shared with the 

other diseases described above are related again to protein misfolding, impaired 

cytoskeletal dynamics and intracellular trafficking, and RNA dysmetabolism. 

 

 

 

Figure 1. 17 Examples of genetic overlap in diseases that affect UMNs, LMNs or both (MIXED). 
(From James & Talbot, 2006). 
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1.5.2 Neuropathies with sensory involvement  

As mentioned above, MNDs can show sensory involvement. Besides motor neuropathies, 

there are forms of neuropathies that affect both MNs and sensory neurons. Of interest, there 

are CMT diseases, a group of heterogeneous motor and sensory neuropathies, which divide 

into demyelinating (CMT1) and axonal (CMT2) forms of disease. CMT, which is the most 

common neuropathy, is characterized by high heterogeneity in terms of pattern of 

inheritance (autosomal dominant or recessive or X-linked) and clinical signs (Mathis et al., 

2015). More than 90 genetic variations have been related to CMT. The pathogenic 

mechanisms comprise RNA dysmetabolism, impairments in endosomal sorting, protein 

aggregation and proteostasis disfunction, intracellular trafficking defects and cytoskeletal 

abnormalities, channelopathies and mitochondrial dysfunctions. It is not surprisingly, based 

on what has been reported above, that many of these genes have been also found related 

to dHMNs. In particular, the genetic overlap has been observed as both CMT, especially 

type 2, and dHMN can be caused by mutations in HSPBs, GARS, BCSL2, TRPV4, 

DYNC1H1. 

1.5.3 When muscle cells are affected by disease 

A broad range of conditions might affect skeletal muscle cells. Muscular diseases can be 

primary, when muscles are the target of the disease, or secondary to other conditions, as 

in MNDs. Muscle diseases that involve the PQC system and proteostasis impairment are 

of interest in this introduction. Indeed, in muscles, autophagy has a crucial role in the control 

of muscle mass and its impairment can occur in all stages of the autophagic pathway 

(Margeta, 2020). For instance, the autophagic flux is altered in Autophagic Vacuolar 

Myopathies (AVM). AVMs are a group of lysosomal storage diseases of muscle cells, 

characterized by the engulfment of autophagosomes inside skeletal myofibers, and are due 

to mutations of proteins involved in lysosome function or fusion with autophagosomes. 

AVMs include Pompe disease and Danon disease. Pompe disease belongs to the glycogen 

storage diseases and is caused by the deficiency of the lysosomal enzyme acid α-

glucosidase. Because of the absence of acid α-glucosidase, glycogen accumulates into 

lysosomes and cannot be hydrolysed to glucose. Pathological features of Pompe disease 

are the presence of glycogen-filled lysosomes and impairment in autophagosomal turnover 

(Kohler et al., 2018). Danon disease is another glycogen storage disease characterized by 

muscle weakness, cardiomyopathy, and mental retardation. It is caused by mutations in the 

gene encoding the lysosome-associated membrane protein 2 (LAMP2), which determine 

an impairment in lysosome biogenesis, maturation, and function. Indeed, skeletal muscles 

of affected patients show large vacuoles with sarcolemmal proteins surrounded by 
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lysosomes (Cenacchi et al., 2020). Proteostasis impairment is also a hallmark of other 

muscle disorders such as myofibrillar myopathies (MFM) and Inclusion Body Myositis 

(IBM). MFMs, beside the genetic and clinical variability, share the common 

histopathological feature of myofibrillar disorganization and abnormal protein aggregation. 

Clinical manifestations are distal weakness, which might associate to proximal or 

generalized weakness, cardiomyopathy, usually dilated, and respiratory insufficiency. 

MFMs manifest usually in adulthood but can also occur at early stages of life. The 

inheritance is mainly autosomal dominant, but also autosomal recessive and X-linked 

patterns of inheritance are described. However, the genetic causes are unknown in the 50% 

of patients. Typical forms of MFMs are classified based on mutations of the following seven 

genes: DES, CRYAB, MYOT, filamin C, LDB3/ZASP, BAG3 and plectin. Other mutations 

described in MFMs involve genes coding for four-and-a-half LIM domain protein 1 (FHL1), 

titin, DNAJB6, α-actin, HSPB8, lamin A, and SQSTM1/P62 + TIA-1 (digenic inheritance). 

The identified MFMs causative genes encode structural proteins, mainly associated to the 

Z-disc structures, or PQC system members. Indeed, myofibrillar disorganization starts from 

the Z-disc with progressive disintegration of its structure, which can be associated to 

accumulating proteins, including DES, MYOT, CRYAB, filamin C, BAG3, other structural 

components and factors, such as ubiquitin or TDP-43. Rimmed or non-rimmed vacuoles 

and mitochondria abnormalities can be observed in muscle fibers from biopsies of patients 

(Fichna et al., 2018; Palmio & Udd, 2016). Sporadic IBM represents the most common form 

of myopathy at the age of 50. IBM develops with a progressive asymmetric weakness at 

quadriceps and finger flexors and histopathological features are rimmed vacuoles, protein 

aggregates, mitochondrial abnormalities. Protein aggregates can be positive for TDP-43, 

SQSTM1/P62, ubiquitin, phosphorylated tau or β-amyloid. In addition, muscle fibers are 

surrounded by inflammatory cells, suggesting an important role of inflammation in the 

development of the disease. Indeed, sIBM pathogenesis involves both the inflammatory and 

degenerative pathways. Genes variants found associated to sIBM are FYCO1, an 

autophagic adaptor protein, SQSTM1/P62 and VCP (Naddaf et al., 2018). IBM is also a 

clinical feature of the Multiple System Proteinopathy (MSP), previously known as 

IBMPFD, along with Paget disease of bones and FTD. MSP is an adult-onset multisystemic 

disease characterized by proximal and distal muscle weakness, increased bone turnover 

and deformities and a progressive cognitive impairment. MSP is caused by mutations in 

VCP in the 50% of cases, but also HNRNPA1, HNRNPA2B1, SQSTM1/p62 and MATR3 

can be found mutated in a subset of patients. MSP is characterized by similar 

histopathological findings of rimmed vacuoles and protein aggregates observed in sIBM, 

but the inflammatory component is less prominent (Adam et al., 1993). 
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Figure 1. 18 Examples of genetic overlap among MNDs and myopathies. 

(From Eggermann et al., 2018). 
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Chapter II 

2. Characterization and role of BAG3 mutants 

in neuromuscular diseases 
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2.1 BACKGROUND AND AIMS 

BAG3 is a scaffold protein for CASA complex formation exerting its activity in the clearance 

of damaged and misfolded proteins. BAG3 interacts with chaperone HSP70/HSPA through 

its BAG domain and acts as a NEF by promoting ADP-ATP exchange. In this manner, BAG3 

helps HSP70/HSPA activity in the refolding process of misfolded substrates. Misfolded 

substrates can be also recognized by chaperone HSPB8, a small HSP that acts as holdase. 

BAG3 and HSPB8 are obligate partners and form a 1:2 stoichiometric complex through two 

IPV domains in BAG3 structure. When misfolded substrates cannot be refolded and 

aggregate, CASA complex favours their ubiquitination by the HSP70/HSPA-interactor CHIP 

and routing to the aggresome, at the MTOC, for subsequent disposal through the 

autophagosome-lysosomal pathway. This is achieved by BAG3 interaction with the dynein 

motor complex through the PxxP domain. CASA activity has been well described in muscle 

cells, where it operates in the maintenance of Z-disc structures, and in neurons, where it 

favours the clearance of aggregating prone proteins related to NDs, such as ALS. 

Unsurprisingly, mutations in CASA complex members are found in diseases that affect 

these cell types. In particular, the hotspot mutations in the second IPV domain, which 

consist in the substitution of the Proline in position 209 (P209), have been related to early 

onset MFM and cardiomyopathy with severe axonal neuropathy (P209L), mild late onset 

MFM and axonal neuropathy (P209Q) or peripheral neuropathy and CMT (P209S). Instead, 

the substitution Glu455Lys (E455K), which falls in the BAG domain decreasing the 

interaction with HSP70/HSPA, has been related to DCM. 

In collaboration with the Peripheral Neuropathy Research Group of the Institute Born Bunge 

(University of Antwerp, Antwerp, Belgium) and the Department of Biomedical, Metabolic 

and Neural Sciences of the University of Modena and Reggio Emilia, I investigated BAG3 

mutants biochemical behaviour and activity in CASA pathway. 

I evaluated BAG3 P209 mutant localization, levels, and aggregation prone behaviour in 

respect to the BAG3 WT and to the E455K. Since BAG3 P209 mutations are related to 

different phenotypes that affect or neurons or muscle cells, I confirmed BAG3 mutants 

behaviour both in a motoneuronal-like cell type, represented by NSC-34 cells, and in a 

muscle cell type, represented by C2C12 myoblasts. Since I observed an aggregating prone 

behaviour of BAG3 P209 mutants in the perinuclear region, I investigated whether these 

aggregates were actually aggresomes. In addition, BAG3 P209 mutant interaction with 

CASA partners was evaluated. As BAG3 mediates CASA pathway, I tested if P209 mutants 

were characterized by a detrimental function in the removal of already described substrates 

of CASA complex. Since BAG3 P209 mutants showed a similar biochemical behaviour, I 

focused on the P209L mutant to deepen BAG3 mutants preferential degradation pathways. 
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I confirmed that BAG3 P209L aggregating mutant is preferentially degraded through 

autophagy. This observation pushed me to test the therapeutic potential of the pro-

autophagic compound trehalose in the clearance of BAG3 P209L aggregates. Trehalose is 

a natural compound that has been recently proven by our laboratory to stimulate autophagy 

and therefore to facilitate the clearance of aggregating prone proteins related to NDs. 

Most of these data have been published in (Adriaenssens et al., 2020).  
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2.2 Materials and Methods 

Chemicals and reagents 

The proteasome inhibitor MG-132 (Z-Leu-Leu-Leu-al) (Sigma Aldrich, Merck, Darmstadt, 

Germany) was used at 10 µM overnight. The autophagic inhibitor 3-methyladenine (3-MA) 

(Sigma Aldrich, Merck, Darmstadt, Germany) was dissolved in medium and used at 10 mM 

for 36 hrs. The dynein ATPase inhibitor EHNA was used at 100 µM for 24 hrs. D-(+)-

trehalose dihydrate (trehalose) (Sigma-Aldrich, T9531) was dissolved in DMEM low glucose 

medium (Euroclone Pero, MI, Italy) at 100 mM for 48 hrs to stimulate autophagy. 

Plasmids 

The following plasmids were used: 

• pEGFP-N1, purchased from Invitrogen (Carlsband, CA, USA), encodes for the GFP 

protein; 

• pCDNA3, purchased from Invitrogen (Carlsband, CA, USA), is an empty vector used 

as a control; 

• pBAG3-GFP wildtype (WT) and mutants P209S (PS), P209L (PL), P209Q (PQ) and 

E455K (EK) encode for GFP-tagged BAG3 WT or mutants and were kindly provided 

by Elias Adriaennsens (E.A.) and Professor Vincent Timmerman (V.T.) (Peripheral 

Neuropathy Research Group, Department of Biomedical Sciences, Institute Born 

Bunge, University of Antwerp, Antwerp, Belgium). Plasmids carrying the point 

mutations were obtained by in vitro mutagenesis as described in (Adriaenssens et 

al., 2020) using the pBAG3-GFP WT, a kind gift of Josée N. Lavoie (Fuchs et al., 

2015); 

• pSOD1-G93A encodes for the ALS-associated mutant SOD1-G93A and was 

previously described (Crippa et al., 2010);  

• pFLAG-tagged poly-GA, which encodes the ALS-associated DPR polyGA (100 

repeats) and kindly provided by Prof. Daisuke Ito, was previously described 

(Cristofani et al., 2017). 

Cell cultures 

HEK293T stably expressing the V5-tagged HSPB8 (HEK293T-HSPB8-V5) were kindly 

provided by E.A. and V.T. and obtained by lentiviral infection as described in (Adriaenssens 

et al., 2020). HEK293T-HSPB8-V5 and murine myoblasts C2C12 were grown in high 

glucose DMEM (Euroclone) completed with glutamine 1mM (Euroclone), penicillin G 100 

U/mL (SERVA, Electrophoresis GmbH, Heidelberg, Germany), streptomycin 100 U/mL 
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(SERVA) and 10% fetal bovine serum (FBS) (GIBCO, Thermo Scientific Life Science 

Research, Waltham, MA, USA). Murine Neuroblastoma x Spinal Cord 34 (NSC-34) were 

grown in high glucose DMEM completed with glutamine 1mM (Euroclone), penicillin G 

100U/mL (SERVA), streptomycin 100U/mL (SERVA) and 5% FBS (Sigma-Aldrich). Cells 

were maintained at 37°C, 5% CO2. 

Transfection  

The day before transfection, cells were seeded at the following cellular densities:  

• HEK293T-HSPB8-V5: 90 000 cells/mL in a 12-wells multiwell for western blot (WB) 

and Filter Retardation Assay (FRA), 75 000 cells/mL in a 24-wells multiwell for Flow 

cytometric analysis of Inclusions and Trafficking (FLoIT), 75 000 cells/ml in a 24-

wells multiwell for fluorescence microscopy (FM) and immunofluorescence analyses 

(IF); 

• C2C12: 65 000 cells/ml in a 12-wells multiwell for WB and FRA, 50 000 cells/ml in a 

24-wells multiwell for FM. 

• NSC-34: 90 000 cells/ml in a 12-wells multiwell for WB and FRA, 70 000 cells/ml in 

a 24-wells multiwell for FM or IF. 

HEK293T-HSPB8-V5 and C2C12 cells were transfected using Lipofectamine3000/P3000 

reagents following the manufacturers’ instruction (Invitrogen, Thermo Scientific Life Science 

Research, Waltham, MA, USA). NSC-34 were transfected using Lipofectamine Transfection 

Reagent (Invitrogen, Thermo Scientific Life Science Research, Waltham, MA, USA). 

Plasmids pCDNA3 or pEGFP-N1, as mock, or BAG3-GFP constructs (wildtype or mutants) 

were transfected alone or co-transfected with plasmids encoding SOD1-G93A or poly-GA. 

Protein extractions and quantification 

48 hrs after transfection, cells were harvested and centrifuged 5 min at 100 g at 4°C. Cell 

pellets were then resuspended in Phosphate Buffer Saline (PBS) added with protease 

inhibitors cocktail (Sigma-Aldrich) and lysed using slight sonication. For Nonidet P-40 (NP-

40) soluble and insoluble fractionation, cells pellets were resuspended in NP-40 lysis buffer 

(150 mM NaCl, 20 mM TrisBase, NP-40 0.5%, 1.5 mM MgCl2, Glycerol 3%, pH 7.4) added 

with Complete Protease inhibitor (Roche Applied Science) and 1 mM DTT. The 

resuspended pellets were passed through a syringe 10 times for cell lysis and then 

centrifuged at 16100 g for 15 min at 4°C. Supernatants were collected and pellets 

resuspended in the same volume of NP-40 lysis buffer and sonicated. Protein content 

quantification was performed with bicinchoninic acid (BCA) assay (Euroclone). 
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Western Blot and Filter Retardation Assay 

SDS-PAGE was performed loading same quantities of protein extracts, heated to 100°C for 

5 min after adding sample buffer (0.6 g/100 mL Tris, 2 g/100 mL SDS, 10% glycerol, 5% β-

mercaptoethanol, pH 6.8). 10 µg of HEK293T-HSPB8-V5 protein lysates and 25 µg of NSC-

34 and C2C12 protein lysates were loaded. A trans-turbo system (Bio-Rad Laboratories, 

cat. 1704150) was used to electro-transfer proteins to 0.45-µm nitrocellulose membranes 

(Bio-Rad Laboratories, Hercules, CA, USA). To detect insoluble species, FRA was 

performed. Briefly, 3 μg (for BAG3-GFP) and 6 μg (for SOD1-G93A) of total protein lysates 

were loaded onto a 20% MeOH-treated 0.2-µm cellulose acetate membrane (Whatman 

100404180) and filtered by gentle vacuum. Insoluble species that are larger than the pores 

are retained and fixed on the membrane through a final 20% MeOH treatment. WB and FRA 

membranes were incubated with a blocking solution of 5% of non-fat dried milk in TBS-

Tween (20 mM Tris-HCl pH 7.5, 0.5 M NaCl, 0.05% Tween-20) for 1 h and then incubated 

with primary antibodies diluted in the same solution overnight at 4°C. Primary antibodies 

used were: mouse monoclonal anti-GFP antibody (ab1218, Abcam), mouse monoclonal 

anti-α-tubulin (T6199, Sigma-Aldrich), homemade rabbit polyclonal anti-BAG3 (Carra, 

Seguin, & Landry, 2008), homemade rabbit polyclonal anti-HSPB8 (#23) (Carra et al., 

2005), mouse monoclonal anti-HSPB8 (ab66063, Abcam), rabbit polyclonal anti-HSPB8 

(PA5-76780, ThermoFisher), rabbit polyclonal anti-Cu/Zn superoxide dismutase SOD1 

(SOD-100, Enzo Life Sciences), rabbit polyclonal anti-LC3 (L8918, Sigma-Aldrich). Then, 

membranes were washed three times in TBS-Tween for 10 min and incubated with the 

peroxidase-conjugated secondary antibodies goat anti-rabbit and anti-mouse IgG-HRP 

(111-035-003, 115-035-003; Jackson ImmunoResearch Laboratories, Inc.). 

Immunodetection was achieved by pouring a solution of enhanced chemiluminescent (ECL) 

detection reagent (Clarity™ ECL western Blotting substrate, Bio-Rad Laboratories, cat. 

1705060) and by acquiring images using a Chemidoc XRS System (Bio-Rad Laboratories). 

Optical densities were analysed using Image Lab Software (Bio-Rad Laboratories). 

Fluorescence microscopy and immunofluorescence 

For BAG3-GFP WT or mutants intracellular localization and distribution assessment, 

transfected cells were fixed with a solution 1:1 of 4% paraformaldehyde and 4% sucrose in 

0.2 N PB (0.06 M KH2PO4, 0.31 M Na2HPO4; pH 7.4) for 25 min at 37°C and then washed 

with PBS solution 3 times 5 min. Nuclei were stained with Hoechst33342 (in PBS; 33342, 

Sigma-Aldrich) or DAPI (in PBS) and coverslips mounted with MOWIOL onto slides. 

For colocalization studies with the aggresomal marker Vimentin, HEK293T-HSPB8-V5 were 

transfected with BAG3-GFP constructs and left untreated or treated overnight with MG-132 
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prior fixation. For the evaluation of trehalose treatment on BAG3 WT or mutants clearance, 

NSC-34 cells were transfected with BAG3-GFP constructs and then treated with trehalose 

for 48 hrs. After fixation with a solution 1:1 of 4% paraformaldehyde and 4% sucrose in 0.2 

N PB and washing with PBS, cells were permeabilized with a solution of 0.2% Triton X-100 

in PBS. Cells were then incubated with blocking solution for 1 hr at RT and then with the 

primary antibody overnight at 4°C. The primary antibodies were rabbit polyclonal anti-

vimentin antibody (dilution 1:500, Santa Cruz Biotechnology, sc-5565) and rabbit polyclonal 

anti-TFEB antibody (1:400, Bethyl Laboratories). The following day, cells were washed 

twice with PBS and incubated for 1 hr at RT with goat anti-rabbit 549 AlexaFluor (1:1000, 

Life Technologies, Thermo Fischer, A-11012). After three washes with PBS solution and 

nuclei staining with DAPI (1:10000 in PBS), coverslips were mounted with MOWIOL onto 

slides. An Axiovert 200 microscope (Zeiss, Oberkochen, Germany) with a photometric 

CoolSnap CCD camera (Robber Scientific, Trenton, NJ, USA) was used for images capture. 

Images were processed using Metamorph software (Universal Imaging, Downingtown, PA). 

Confocal microscopy experiments on BAG3 WT and mutants were conducted as follows: 

BAG3 and vimentin colocalization was performed after HEK293T-HSPB8-V5 transfection 

with BAG3-GFP constructs. Cells were fixed in ice-cold methanol (67-65-1, Sigma-Aldrich, 

Saint Louis, MI, USA) for 20 minutes. After blocking with 5% BSA (9048-46-8, Sigma-

Aldrich, Saint Louis, MI, USA), cells were incubated with anti-GFP (Alexa Fluor 488 anti-

GFP antibody; 338008, BioLegend, San Diego, CA, USA) and anti-vimentin (dilution 1:200; 

ab28028, Abcam, Cambridge, UK) antibodies for one hour at RT and then with the 

secondary antibodies. Nuclei were stained with Hoechst33342 (H3570, Life Technologies, 

Carlsbad, CA, USA) and cells were mounted with DAKO fluorescent mounting medium 

(S3023, DAKO). Images were captured with a Zeiss 2 4 2 4 LSM700 laser scanning 

confocal microscope using a 63×/1.4 NA objective and analysed in ImageJ/FIJI. 

For colocalization studies between BAG3 and SQSTM1/P62 or FLAG-HDAC6, HEK293T-

HSPB8-V5 cells were transfected with BAG3-GFP constructs alone or co-transfected with 

FLAG-HDAC6. Cells were fixed with 3.7% formaldehyde in PBS for 9 min at RT and 

permeabilized with cold acetone for 5 min at -20°C. After blocking for 1 h at RT with BSA 

3% and 0.1% Triton X-100, cells were incubated with anti-SQSTM1/P62 (sc-28359, Santa 

Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or anti-FLAG (F3165, Sigma-Aldrich, Saint 

Louis, MI, USA) overnight at 4°C. The following day, cells were washed and incubated for 

1 hr at RT with a mouse secondary antibody (A21203, Life Technologies, Carlsbad, CA, 

USA) and nuclei were stained with DAPI. Images were obtained using a Leica SP8 AOBS 

system (Leica Microsystems) and a 63x oil-immersion lens and analysed in ImageJ/FIJI. 
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Flow cytometry and intracellular trafficking (FLoIT) and Nuclei isolation 

48 hrs after HEK293T-HSPB8-V5 transient transfection with pEGFP-N1 or BAG3-GFP 

constructs, medium was removed and cells were harvested in PBS with 10% FBS (Gibco, 

Thermo Fisher Scientific, Waltham, MA, USA) and centrifuged for 5 min at 100 g at 4°C. 

Cells were resuspended in PBS with 10% FBS (Gibco, Thermo Fisher Scientific, Waltham, 

MA, USA) and analysed by flow cytometry to determine the transfection efficiency in respect 

to untransfected control cells. Subsequently, a solution of PBS containing 1% (v/v) Triton 

X-100, a protease inhibitors cocktail (Sigma-Aldrich, Saint Louis, MI, USA) and DAPI (0.02 

µg/µl) was added to a final concentration of 0.5% (v/v) Triton X-100 and DAPI 0.01 µg/µl. 

After two minutes incubation at RT, the cell lysates were analysed by flow cytometry. Three 

untransfected control samples without DAPI were analysed to set gates on nuclei 

population. For transfection efficiency analysis, excitation wavelengths and emission 

collection windows were FITC (488 nm, 530/50 nm), Pacific Blue (405 nm, 445/45 nm). 

Voltage of 418 (FSC), 199 (SSC), 373/482 (FITC for cell transfection or inclusion analysis 

respectively), 501 (Pacific Blue) were used. Nuclei were counted based on the Pacific Blue 

positive population. Inclusions were identified for fluorescence and FSC compared to cells 

transfected with eGFPN1 vector as control. Flow cytometry was performed using NovoCyte 

Flow Cytometer 3000 (ACEA Biosciences Inc., Agilent, Santa Clara, CA, USA) and results 

were analysed by NovoExpress software 1.2.5 (ACEA Biosciences Inc., Agilent, Santa 

Clara, CA, USA). Following the equation set by (Whiten et al., 2016), the number of 

inclusions was normalized to the number of counted nuclei and reported as inclusions/100 

transfected cells. Nuclei population was analysed based on FITC fluorescence and a 

percentage of nuclei enriched with GFP-positive entities was determined. An aliquot of the 

intact nuclei suspensions was then mixed with MOWIOL and mounted between coverslips 

and slides for intact nuclei observation at the microscope (Axiovert 200 microscope). 

Immunoprecipitation 

48 after transfection, cells were lysed with lysis buffer [20 mM Tris-HCl pH 7.4, 2.5 mM 

MgCl2, 100 mM KCl, 0.5% NP-40, Complete Protease inhibitor (Roche Applied Science, 

Indianapolis, IN, USA)] and incubated in ice for 30 min. Samples were centrifuged for 10 

min at 20,000 g and equal amounts of supernatant (NP-40-soluble fraction only) was loaded 

on GFP-Trap beads (gta-20, Chromotek, Martinsried, Germany), for 1hr at 4°C. After three 

washing steps with wash buffer [20 mM Tris-HCl pH 7.4, 2.5 mM MgCl2 , 100 mM KCl, 

Complete Protease inhibitor (Roche Applied Science, Indianapolis, IN, USA)], proteins were 

eluted from the beads with Sarkosyl elution buffer (140 mM NaCl, 50 mM Tris-HCl pH 8, 1 

mM EDTA, 0.3% Sarkosyl, 10% glycerol) and samples supplemented with NuPAGE LDS 
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sample buffer (Life Technologies, Carlsbad, CA, USA) and loaded on 4-12% NuPAGE gels 

(Life Technologies, Carlsbad, CA, USA). Proteins were transferred to nitrocellulose 

membranes (Hybond-P; GE Healthcare, Wauwatosa, WI, USA) and detected using 

antibodies anti-GFP (ab290, Abcam, Cambridge, UK), anti-V5 (R96025, Invitrogen, 

Carlsbad, CA, USA), anti-SQSTM1/P62 (5114, Cell Signaling, Danvers, MA, USA), anti-

Hsp70/Hsc70 (ab5439, Abcam, Cambridge, UK), or anti-Tubulin (ab7291, Abcam, 

Cambridge, UK) and enhanced chemiluminescent ECL Plus solution (Pierce, Life 

Technologies, Carlsbad, CA, USA) and LAS4000 (GE Healthcare, Wauwatosa, WI, USA). 

Protein solubility prediction 

CamSol browser (http://wwwvendruscolo.ch.cam.ac.uk/camsolmethod.html) was used to 

obtain the intrinsic solubility profile of BAG3 WT and mutants. The full-length protein 

sequence of BAG3 (NP_004272.2) or their mutants were used as inputs, following the 

procedure described in (Sormanni et al., 2015). 

Statistic  

Student T tests or One-Way ANOVA with Bonferroni’s multiple comparisons tests were 

performed, as indicated in each figure, and using PRISM software (GraphPad Software, La 

Jolla, CA, USA). 
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2.3 RESULTS 

2.3.1 P209 substitutions in the IPV domain cause BAG3 aggregation and 

decreased solubility 

BAG3 mutations are related to neuromuscular diseases. For instance, P209 mutations have 

been related to early onset myopathy and cardiomyopathy (P209L), late onset myopathy 

(P209Q) and late-onset CMT neuropathy (P209S). Instead, E455K mutant has been linked 

to DCM. BAG3 P209 mutations related to neuropathies and myopathies fall in the second 

IPV domain, the region responsible for HSPB8 binding, while the E455K substitution 

involves the BAG domain which binds HSP70/HSPA (Fig. 2.1 A). To evaluate BAG3 WT 

and mutants localization, I transfected HEK293T previously engineered to stably express 

HSPB8-V5 (HEK293T-HSPB8-V5, herein), with plasmids encoding GFP-tagged BAG3 WT 

or mutants and then analysed cells by fluorescence microscopy (FM). I found that BAG3 

WT localized predominantly in a diffuse form in the cytoplasm, as expected (Fig. 2.1 B). 

Instead, only few cells overexpressing mutants carrying the P209 point mutation 

(P209S/L/Q) showed a diffuse cytoplasmic distribution of the mutant BAG3, while most cells 

were characterized by multiple small aggregates or one large aggregate at the perinuclear 

region. On the opposite, cells overexpressing the BAG3 E455K mutant showed a diffuse 

localization of BAG3 protein and complete absence of aggregates. By counting cells (Fig 

2.1 B), I calculated that small aggregates were present in 10.5% of cells transfected with 

the BAG3 WT, 8.4% of cells transfected with the P209S mutant, 13.7% of cells transfected 

with the P209L mutant, 9.1% of cells transfected with the P209Q mutant. Instead, large 

aggregates were present in 9.8% of cells transfected with BAG3 WT, 31.4% of cells 

transfected with P209S mutant, 36.5% of cells transfected with P209L, 34.4% of cells 

transfected with P209Q mutant. No aggregates were detected in cells overexpressing the 

BAG3 E455K mutant. Then, to evaluate the levels and the presence of high molecular 

weight (HMW) insoluble species of BAG3 WT or mutants, I performed WB and FRA on 

protein extracts obtained from HEK293T-HSPB8-V5 cell line transiently transfected with 

GFP-tagged BAG3 WT or mutants constructs. Proteins from the whole cell lysates extracted 

in PBS, a buffer with low detergent power, were analysed in WB (Fig. 2.1 C) and the results 

showed that BAG3 WT or mutants levels are very similar; thus, the mutants are not 

characterized by a decreased stability or by an increased degradation. Instead, the same 

samples processed using FRA to determine the overall amount of insoluble material present 

in the transfected cells clearly showed that BAG3 carrying the point mutation P209 are 

highly prone to form insoluble species and to accumulate in respect to the BAG3 WT. To 

confirm the low solubility of BAG3 P209 mutants in respect to the WT protein, I next 
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evaluated the partitioning of BAG3 proteins into soluble and insoluble fractions by protein 

extraction in a NP-40 buffer, which is characterized by higher detergent power in respect to 

PBS buffer. As expected, WB and FRA analyses of the NP-40 soluble and insoluble extracts 

confirmed a differential partitioning of BAG3 WT or mutants between the two fractions. 

Indeed, WB conducted in the NP-40 soluble fraction (Fig. 2.1 D) showed decreased levels 

of BAG3 P209 mutants; conversely, the levels of BAG3 E455K mutant were very similar to 

those found for the BAG3 WT. FRA results showed no significant differences of HMW 

species of BAG3 E455K mutant in respect to the BAG3 WT. Instead, WB and FRA of NP-

40 insoluble extracts (Fig. 2.1 D) showed a significant parallel increase in P209 mutants 

levels in respect to BAG3 WT, confirming their low solubility, while no accumulation was 

observed for the E455K mutant. Interestingly, HSPB8 protein levels paralleled the 

partitioning of BAG3 WT and mutants. 
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Figure 2. 1 P209 substitutions in the IPV domain cause BAG3 aggregation and decreased solubility. 
A. Schematic representation of BAG3 WT structure and interacting partners; P209 and E455K mutations are 
reported B. Fluorescence microscopy on GFP-tagged BAG3 WT or mutants. Nuclei were stained with Hoechst 
(63x magnification). Graph bars show quantification of cells as means of BAG3-GFP transfected cells containing 
aggregates, expressed as percentage. Six random fields were selected for analysis. The mean number of cells 
counted per field was 95 and the number of cells per genotype is reported. C. WB and FRA analyses of PBS-
whole cell lysates of HEK293T stably expressing HSPB8-V5 untransfected (NT) or transiently transfected with 
an empty vector (EV) or BAG3-GFP constructs. FRA relative optical densities are reported in the graphs as 
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means ± SD of normalized values. One-way ANOVA with Bonferroni’s test were performed: * p<0.05, ** p<0.01, 
**** p<0.0001 (n=3) D. WB and FRA analyses after NP-40 soluble/insoluble extraction of HEK293T stably 
expressing HSPB8-V5, untransfected (NT) or transiently transfected with eGFPN1 or BAG3-GFP constructs. 
FRA relative optical densities are reported in the graphs as means ± SD of normalized values. One-way ANOVA 
with Bonferroni’s test were performed: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (n=3). The constructs 
were abbreviated as follows: non-transfected (NT), empty vector (EV), wildtype (WT), P209S (PS), P209L (PL), 
P209Q (PQ), E455K (EK). 
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2.3.2 Aggregation propensity of BAG3 P209 mutants is confirmed in 

motoneuronal and muscle cells models 

It is not yet clear how mutations at the same P209 hotspot residue are associated to different 

phenotypes. To get insights into the mutation-phenotype relationship, I evaluated if BAG3 

mutants behave differently in a motoneuronal and muscle cell models. I used the murine 

Neuroblastoma x Spinal Cord 34 (NSC-34), which is a hybrid cell line that shows features 

of motoneurons, and the murine C2C12 cell line as muscle cells model. Both NSC-34 and 

C2C12 are routinely used in our laboratory to study MNDs and muscle cells involvement 

(Cicardi et al., 2019; Cicardi et al., 2018; Onesto et al., 2011). Localization and distribution 

analysis of BAG3 WT and mutants in both cell lines (Fig 2.2 A) confirmed that BAG3 WT 

and the E455K mutant mainly localize in the cytoplasm in a diffuse manner. Similar to the 

previous results obtained in HEK293T cells, all P209 mutants form a single big aggregate 

and/or several small aggregates in the cytoplasm; thus, BAG3 mutants aggregates 

formation is independent from the cell line considered. The aggregation prone behaviour of 

P209 mutants was confirmed in WB and FRA after NP-40 soluble-insoluble extraction (Fig 

2.2 B). Indeed, BAG3 WT and E455K were present mainly in the NP-40 soluble fraction 

while BAG3 P209 mutants showed decreased protein levels in the NP-40 soluble fraction 

and a parallel increase in the NP-40 insoluble fractions in the cell lysates of both cell lines 

analysed by WB. FRA results confirmed the formation of HMW species of BAG3 P209 

mutants in the NP-40 insoluble fraction. Therefore, all BAG3 P209 mutants form insoluble 

species and aggregates independently from the cell type, suggesting that the phenotype 

observed in patients carrying the P209 mutations might be related to other genetic or 

environmental factors. 
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Figure 2. 2 Evaluation of mutation-phenotype relationship using models of neuronal and muscle cells. 
A. FM results on motoneuronal-like NSC-34 cells and C2C12 myoblasts transiently transfected with BAG3-GFP 
constructs confirmed the aggregation of P209 BAG3 mutants. Nuclei were stained with DAPI. (Scale bar = 10 
µm; 63X magnification). B. WB and FRA on NP-40 soluble and insoluble protein fractions in NSC-34 and C2C12 
untransfected (NT) or after transient transfection with eGFPN1, as mock, or BAG3-GFP constructs. Graphs 
show FRA relative optical densities as means ± SD of normalized values. One-Way ANOVA with Bonferroni’s 
multiple comparisons test were used for statistical analysis: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (n 
= 3). 
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2.3.3 In silico analysis of BAG3 mutants by CamSol method reveals a 

decreased intrinsic solubility profile of P209 mutants 

Previous analyses did not highlight any differences in the biochemical behaviour of BAG3 

P209 mutants in both motoneuronal and muscle cells. However, among P209 mutants, the 

P209L mutant, which causes the most severe phenotype, always showed a higher tendency 

to aggregation in respect to the P209S and P209Q mutants. On these bases, I decide to 

apply an in silico approach to evaluate differences in the intrinsic solubility profile for each 

BAG3 mutant. Using the CamSol Method (Sormanni et al., 2015) on the BAG3 WT protein 

sequence, I determined that both IPV domains, which permit HSPB8 binding, are 

characterized by a low intrinsic solubility (Fig. 2.3). Usually, globular folded proteins are 

characterized by low solubility regions that form the hydrophobic core of the protein. I 

assumed that the two IPV domains could not be buried in the inner part of BAG3 protein, 

as they are fundamental for HSPBs interaction. Interestingly, by analysing the intrinsic 

solubility profile of P209 mutants, I determined that all these three substitutions in the IPV 

domain exacerbate the low intrinsic solubility profile, with a score of -2.10 (P209S), -2.17 

(P209L) and -2.15 (P209Q) in respect to -1.62 for BAG3 WT. These decreases follow the 

trend of the aggregation propensity of the three P209 mutants observed in the localization 

and solubility experiments reported above, with a slight worse behaviour of the P209L 

mutant. Instead, E455K mutant showed a slight decrease in the intrinsic solubility profile 

that does not relate to the biochemical behaviour of the E455K mutant and suggests that 

the high solubility of this mutant in respect to BAG3 WT might be dependent on 

HSP70/HSPA loss of interaction. 
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Figure 2. 3 In silico analysis of BAG3 mutants by CamSol method reveals a decreased intrinsic solubility 
profile of P209 mutants.  
Bio-informatic analysis of the intrinsic solubility profile of the full-length BAG3 WT reveals a low solubility of both 
IPV domains. On the bottom, graphs of the intrinsic solubility profile of P209 mutations in the second IPV domain 
and the corresponding value are reported. On the right, the intrinsic solubility profile of E455K mutation is 
reported in comparison to the BAG3 WT. 
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2.3.4 BAG3 aggregates are in the cytoplasm and adhere to the nuclear 

envelope 

Since the previous results failed to detect differences in the aggregation propensity among 

P209 mutants that could explain a relationship with their mild or severe phenotype, I used 

flow cytometric analysis of inclusions and trafficking (FLoIT) technique (Whiten et al., 2016), 

a new high-throughput assay which permits the analyses of a higher number of cells using 

flow cytometry. FLoIT is based on the detection of cytoplasmic aggregates or inclusions 

formed by proteins with a fluorescent tag, that can be stably or transiently expressed in 

cells. After plasma membranes lysis and nuclei staining, fluorescent aggregates or 

inclusions can be counted and normalized on cells number. A fraction of not lysed cells is 

also analysed, to obtain the transfection efficiency for data normalization. Fig. 2.4 A shows 

plots obtained by FLoIT analyses on HEK293T-HSPB8-V5 cells and transiently expressing 

BAG3-GFP WT or mutants. Fig. 2.4 A a/b show representative plots of lysed cells with intact 

Pacific Blue+ nuclei and GFP+ entities, which are aggregates or inclusions. Fig. 2.4 A c 

shows distribution of GFP+ inclusions based on dimension and complexity: as expected, 

BAG3 WT formed small amounts of insoluble species; instead, BAG3 P209 mutants formed 

higher amounts of insoluble species in respect to BAG3 WT, while BAG3 E455K was 

completely soluble. In Fig. 2.4 A d GFP and DAPI double positive entities are reported: 

these double positive entities might be interpreted as BAG3 aggregates or soluble protein 

inside the nuclei. As reported in the bar graph (Fig. 2.4 B), BAG3-GFP cytoplasmic inclusion 

quantification normalized on transfected cells, confirmed the aggregation prone behaviour 

of P209 mutants in respect to the BAG3 WT, while a complete solubility of BAG3 E455K. 

GFP protein formed 3.33 ± 3.13 cytoplasmic inclusions every 100 transfected cells, BAG3 

WT 6.03 ± 1.41, BAG P209S 34.44 ± 7.64, BAG3 P209L 46.11 ± 8.47, P209Q 39.30 ± 10.10 

and E455K 1.27 ± 0.71. GFP and DAPI double positive entities were calculated: 0.40 ± 0.57 

for GFP protein alone, 10.61 ± 6.39 for BAG3 WT, 28.24 ± 10.62 for BAG P209S, 32.43 ± 

11.57 for BAG3 P209L, 30.53 ± 11.18 for P209Q and 0.42 ± 0.39 for BAG3 E455K. 

Moreover, FLoIT analysis revealed a higher aggregation propensity of the P209L mutants, 

statistically significant in respect to the neuropathy-related P209S mutant, but not 

significantly different in respect to the myopathy/neuropathy-related P209Q mutant. To get 

an insight into GFP and DAPI positive entities, I collected and analysed the intact nuclei of 

FLoIT analyses to investigate the presence of BAG3 nuclear aggregates. As observed in 

Fig. 2.4 C, BAG3 WT was not completely excluded from nuclei. P209 mutants were not 

characterized by higher accumulation inside the nuclei or nuclear aggregates, but by 

cytoplasmic aggregates adhering tightly to the nuclear envelope. As expected, the BAG3 

E455K mutant did not form structures associated to the nuclear membrane.  
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Figure 2. 4 BAG3 aggregates are in the cytoplasm and adhere to the nuclear envelope. 
A. FLoIT analysis graphs. HEK293T-HSPB8-V5 cells untransfected or transiently transfected with BAG3-GFP 
WT or mutants were analysed by flow cytometry for transfection efficiency evaluation (γ = GFP+/cells). (a) After 
plasma membrane lysis, cellular lysates were read: nuclei populations were defined as Pacific Blue + 
populations after adding DAPI and excluded from cytoplasmic inclusion analysis. (b) The remaining particles 
were defined as GFP+ inclusions in respect to cells transfected with pEGFP-N1. (c) Distribution of GFP+ 
inclusions based on dimension and complexity. (d) Stained nuclei were analysed based on FITC fluorescence 
and dimension. B. On the bottom, bar graphs report the means ± SD of BAG3-GFP cytoplasmic inclusions (blue 
frame) and GFP-positive nuclei (red frame) per 100 transfected cells. One-Way ANOVA with Bonferroni’s 
multiple comparisons test were used for statistical analysis; * p<0.05, *** p<0.001, **** p<0.0001 (n=12). C. 
Microscope analysis of FLoIT-derived intact nuclei of HEK293T stably expressing HSPB8-V5 and untransfected 
(NT) or transiently transfected with eGFPN1 or BAG3-GFP constructs. Nuclei were stained with DAPI during 

FLoIT analysis. (63X magnification). 
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2.3.5 Nuclear envelope-associated aggregates are aggresomes 

BAG3, as part of the CASA complex, utilizes the active retrograde transport to route 

aggregates at the MTOC, where aggresomes are generated. The aggresome is a 

membraneless structure defined as “aggregate of aggregates”, which is then degraded 

through aggrephagy, a specific process that indicates the autophagic degradation of cell 

aggregates. Aggresomes are surrounded by a cage formed by intermediate filaments, such 

as vimentin or neurofilaments in epithelial cells and neurons, respectively. Other typical 

markers of the aggresomes are γ-tubulin, HDAC6, ubiquitin and proteasome subunits. To 

investigate if P209 mutants BAG3 perinuclear aggregates were aggresome, I performed an 

IF for vimentin. MG-132, which inhibits the proteasome and induces aggresome formation, 

was used as a positive control. As shown in Fig. 2.5 A, BAG3 WT did not colocalize with 

vimentin under basal condition, while treatment with MG-132 induced the formation of a 

vimentin and BAG3 -positive aggresome, located near the nucleus. Instead, BAG3 P209L, 

used as a representative P209 mutant, colocalized with vimentin, both on basal untreated 

condition and after MG-132 treatment. Interestingly, E455K mutant remained soluble and 

localized less with vimentin, even after aggresome formation induction. These results were 

then confirmed for all BAG3 P209 mutants by confocal microscopy. As observed in Fig. 2.5 

B, BAG3 P209 mutants localize not only with vimentin, but also with HDAC6, another 

aggresome marker. 
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Figure 2. 5 Nuclear envelope-associated aggregates are aggresomes. 
A. GFP-tagged BAG3 WT, P209L (representative of P209 mutants) or E455K mutants and vimentin 
colocalization. HEK293T cells stably expressing HSPB8-V5 transfected with GFP-tagged BAG3 were treated 
with MG-132 (10 µM, overnight) or left untreated. IF was performed against Vimentin (red), and nuclei were 
stained with DAPI. (63X magnification) B. Confocal microscopy confirmed that all BAG3 P209 mutants 
accumulate at aggresomes. Colocalization was assessed between BAG3-GFP and aggresome-markers 
vimentin, and transiently transfected FLAG-HDAC6. Nuclei were stained with DAPI (blue). Scale bar = 10 µm.  
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2.3.6 Interaction and colocalization of BAG3 mutants with CASA-complex 

members 

After assessing the aggregation propensity of the BAG3 P209 mutants, I evaluated their 

ability to interact and sequester other members of the CASA complex. Indeed, P209 

mutations fall in one of the two HSPB8-binding domains, suggesting that these mutations 

might impact on HSPB8 binding. Surprisingly, co-immunoprecipitation results (Fig. 2.6 A) 

did not reveal a loss of interaction between BAG3 P209 mutants and HSPB8. Similarly, the 

interaction of the BAG3 mutants with HSP70/HSPA was not affected, with the exception of 

the BAG3 carrying the BAG-domain E455K mutation, which has been already described 

with a diminished interaction with the HSP70/HSPA chaperone (Fang et al., 2017). 

Interestingly, an increased interaction with the autophagic adaptor SQSTM1/P62 was 

observed, in line with results already published by (Guilbert et al., 2018). These results were 

then corroborated by IF, using confocal microscopy. As shown in Fig. 2.6 B, BAG3 P209 

mutants colocalized with HSPB8, HSP70/HSPA and SQSTM1/P62 at the aggresome. This 

effect in relocating CASA-members suggested a likely impairment of CASA pathway. 
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Figure 2. 6 Interaction and colocalization of BAG3 mutants with CASA-complex members. 
A. Co-immunoprecipitation results on HEK293T cells stably overexpressing HSPB8-V5 and transiently 
transfected with BAG3-GFP constructs. Quantifications of the relative binding between BAG3 and CASA-
members were performed correcting the levels of the bound protein for the amount of immunoprecipitated BAG3 
as represented in the graph bar (means ± SD). One-Way ANOVA with Bonferroni’s multiple comparisons test 
were used for statistical analysis. NS = non-significant, **p < 0.01, and ****p < 0.0001 (n = 3). B. IF results of 
HEK293T cells stably overexpressing HSPB8-V5 and transiently transfected with BAG3-GFP constructs to 
assess colocalization with CASA members HSP70 and HSPB8 (Scale bar = 5 µm) and the autophagic adaptor 
SQSTM1/P62 (Scale bar = 10 µm). Nuclei were stained with DAPI. 
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2.3.7 BAG3 P209 mutants cause the failure of CASA activity 

Given the role of the CASA complex in the removal of damaged and misfolded prone 

proteins, I next evaluated if the pro-degradative activity of BAG3 mutants was impaired. 

Thus, I tested the effect of the BAG3 mutants on the clearance of well-known substrates of 

CASA complex in HEK293T cells. Among the various possibilities, I selected two different 

“reporter proteins”: i) the SOD1 carrying the ALS-causative mutations G93A and ii) a poly-

GA dipeptide, which is one of the five C9ORF72-related DPRs, causative of some familial 

forms of ALS-FTD. Indeed, our laboratory previously demonstrated that both these 

misfolded and aggregating substrates are cleared when CASA activity is potentiated by 

HSPB8 overexpression (Crippa et al., 2010; Cristofani et al., 2018). As reported in Fig. 2.7 

A, co-transfection of BAG3 P209 mutants with SOD1-G93A resulted in higher levels of 

HMW species of the misfolded SOD1-G93A in FRA, while no significant changes were 

detected on protein levels in WB in respect to the BAG3 WT or the E455K mutant. 

Accordingly, when BAG3 constructs were co-transfected with a flag-tagged poly-GA (Fig. 

2.7 B), a similar trend was observed in the accumulation of HMW species in presence of 

the P209 BAG3 mutants, in respect to the BAG3 WT or E455K. These results suggest that 

CASA complex activity is impaired, and CASA-substrates are no more processed through 

the CASA when P209 mutants are present. 
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Figure 2. 7 BAG3 P209 mutants cause the failure of CASA activity.  
A. WB and FRA results on HEK293T cells transiently co-transfected with an empty vector (EV) or BAG3-GFP 
constructs and mutant SOD1-G93A. Relative optical densities are reported in the graph as means ± SD of 
normalized values. One-Way ANOVA with Bonferroni’s multiple comparisons test were used for statistical 
analysis. *p < 0.05, **p < 0.01 (n = 3). B. WB and FRA results on HEK293T cells transiently co-transfected with 
an empty vector (EV) or BAG3-GFP constructs and FLAG-tagged polyGA, one of the five DPRs related to 
C9ORF72 hexanucleotide expansion. Relative optical densities are reported in the graph as means ± SD of 
normalized values (n = 3). 
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2.3.8 The degradation of the BAG3 mutants occurs mainly through autophagy 

BAG3 degradation occurs mainly through the autophagic pathway in concert with all CASA 

complex (Arndt et al., 2010). To test whether BAG3 P209 aggregating prone mutants and 

the E455K mutant were degraded through autophagy as well, I evaluated protein levels and 

accumulation after autophagy or proteasome inhibition, using 3-MA and MG-132, 

respectively. BAG3 P209L mutant was used as representative of all P209 mutants. As 

shown in Fig. 2.8 A, autophagy inhibition resulted in an increase of all BAG3 WT and 

mutants total protein levels and insoluble species. Moreover, 3-MA treatment caused an 

increase in HSPB8 protein levels, in agreement to the fact that HSPB8 is also degraded 

through the autophagic pathway. I next evaluated the role of the proteasome on BAG3 

degradation and accumulation, using MG-132 treatment alone or in combination with the 

dynein inhibitor EHNA, which has been proven to inhibit aggresome formation by blocking 

the ATP binding site of dynein (García-Mata et al., 1999). As shown in Fig. 2.8 B, upon 

proteasome inhibition there was an increase in all BAG3 WT and mutants protein levels, 

but less pronounced for BAG3 P209L. Instead, proteasome inhibition exerted a different 

impact in insoluble species accumulation among mutants, with a higher increase for BAG3 

E455K mutant in respect to the BAG3 WT and no increase for BAG3 P209L. The 

interpretation of this differential increase in BAG3 WT or mutants after MG-132 treatment is 

not univocal: on one hand, this phenomenon supports the notion that the induction of 

aggresome formation has a slight impact on P209L aggregates, as these aggregates are 

already present in the aggresomal structures, in line with colocalization results of BAG3 

P209L mutant with vimentin under untreated conditions. On the other hand, proteasome 

inhibition has a major effect on the clearance of the most soluble BAG3 mutant, which is 

the BAG3 E455K mutant. The latter hypothesis is in line with the observations that soluble 

proteins are preferentially routed to the proteasome system. Interestingly, EHNA treatment 

did not exert any effect on BAG3 protein levels and solubility, alone or in combination with 

MG-132. The lack of effect of EHNA against BAG3 P209L aggresome formation may be 

related to the fact that the compound cannot counteract the accumulation of preformed 

aggregates, as the treatment was performed after protein expression. 
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Figure 2. 8 BAG3 P209 mutant degradation occurs mainly through autophagy. 
A. WB and FRA analyses of HEK293T stably expressing HSPB8-V5 transiently transfected with BAG3-GFP 
constructs, untreated or treated the autophagic inhibitor 3-MA, 10mM for 36hrs. Relative optical densities are 
reported in the bar graph as means ± SD of normalized values. Student T tests were used for statistical analysis 
to compare the treated with untreated condition for each respective BAG3 variant; ** p<0.01, *** p<0.001, **** 
p<0.0001 (n=3). B. WB and FRA analyses of HEK293T stably expressing HSPB8-V5 transiently transfected 
with BAG3-GFP constructs, untreated or treated with EHNA (24hs, 100µM) and/or MG-132 (overnight, 10 µM). 
FRA relative optical densities are reported in the bar graphs as means ± SD of normalized values. (n=3). 
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2.3.9 The autophagic stimulator trehalose favours the clearance of BAG3 

P209L mutant aggregates 

Therapeutic approaches to counteract BAG3 P209 mutants-related diseases are missing. 

Recently, it was demonstrated that the BAG3 P209L mutant exerts its toxic function by 

impeding HSP70/HSPA refolding cycle and that, by genetic or chemical inhibition of 

HSP70/HSPA-BAG3 interaction, BAG3 P209L aggregation can be reverted (Meister-

Broekema et al., 2018). However, as authors warn, the drawbacks of a long-term use of 

non-specific inhibitors of HSP70/HSPA are not yet clear. Given these observations, I sought 

a different approach to favour the removal of BAG3 P209 mutants. Our laboratory has 

already demonstrated that misfolded substrates can be cleared by enhancing the 

autophagic machinery and flux by using the natural compound trehalose (Rusmini et al., 

2019). Trehalose exerts its pro-autophagic activity by inducing a transient lysosomal 

permeabilization, which, in turn, activates the transcription factor EB (TFEB), also known as 

master regulator of autophagy. TFEB, when activated, is dephosphorylated and 

translocates into the nucleus, where it activates CLEAR element to promote the expression 

of autophagic genes. Therefore, trehalose, by causing a transient damage of lysosomes, 

induces lysophagy and, indirectly, the removal of aggregated proteins. Given that BAG3 

P209 mutants aggregate and are removed through the autophagic pathway, I evaluated if 

trehalose also affects BAG3 P209 clearance. The data collected showed that the treatment 

with trehalose enhanced the autophagic flux, by enhancing the conversion of LC3-I to LC3-

II as evaluated by WB (Fig. 2.9 A). Regarding BAG3 WT or mutants, trehalose had a slight 

impact in the clearance or stabilization of soluble BAG3 WT and E455K mutants, while 

decreased protein levels of the BAG3 P209L mutant. On the other hand, the analysis of the 

insoluble protein fraction by FRA showed that trehalose decreased the overall accumulation 

of insoluble BAG3 species both in the case of the WT and mutant proteins, but with a clear 

and significant impact only against the aberrant aggresome-forming BAG3 P209L mutant. 

Intracellular localization studies performed using IF (Fig. 2.9 B) confirmed a decrease in 

cells bearing aggregates, which resulted less bright or completely disappeared in cells 

positive for nuclear TFEB, suggesting a beneficial effect of trehalose on BAG3 aggregation. 
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Figure 2. 9 The autophagic stimulator trehalose favours the clearance of BAG3 P209L mutant aggregates. 
A. WB and FRA analyses of NSC-34 transiently transfected with BAG3-GFP constructs, untreated or treated with 
the autophagic stimulator Trehalose, 100mM for 48 hrs. Relative optical densities are reported in the bar graph 
as means ± SD of normalized values. Student T tests were used for statistical analysis to compare the treated 
with untreated condition for each respective BAG3 variant; * p<0.05, ** p<0.01, **** p<0.0001 (n=3). B. IF analyses 
of NSC-34 transiently transfected with BAG3-GFP constructs, untreated or treated with the autophagic stimulator 
Trehalose, 100mM for 48 hrs. IF was performed against TFEB (red), and nuclei were stained with DAPI. (63X 
magnification). 
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2.4 Discussion 

BAG3 is an HSP70/HSPA co-chaperone and key member in the CASA pathway. BAG3 acts 

as a scaffold in CASA complex formation by interacting with HSPB8, HSP70/HSPA and the 

dynein motor complex. Through these multiple interactions, BAG3 permits the routing of 

misfolded substrates to the aggresome, located at the MTOC, and caged by vimentin or 

other cell specific intermediate filaments. Aggregates deposits are then addressed to 

degradation through the autophagy-lysosomal pathway. Aggresomes are the visible result 

of misfolded proteins overload and define one of the subcellular sites for protein 

degradation. Indeed, several members and structures of the PQC system, included CASA 

members, proteasomes, autophagic adaptors and vesicles, and ubiquitinated proteins can 

be found at the aggresome. However, in most cases aggresomes are not visible, since 

damaged and misfolded proteins, non-physiological oligomers and aggregates are 

efficiently removed by the PQC system in healthy cells. But when the proteostasis network 

is tampered by an increase of misfolded substrates, mutations in PQC system members or 

a blockade of the proteostasis pathways, substrates accumulation is inevitable. The 

accumulation of proteinaceous material is particularly observed in diseases affecting 

neurons and muscle cells, such as NDs, neuropathies and several form of muscle diseases. 

Indeed, neurons and muscle cells are characterized by low or absent cell renewal and a 

delicate structural architecture. Unsurprisingly, mutation in PQC members, included CASA 

members, are causative of neuromuscular diseases. Regarding BAG3, mutations have 

been found in CMT2 disease (P209S), severe and young-onset (P209L) or mild late-onset 

(P209Q) myopathies. Interestingly, all these mutants affect the same amino acid residue, 

which falls in the second IPV domains responsible for HSPB8 binding. Instead, a mutation 

in the BAG domain of BAG3 (E455K), that weakens the interaction with HSP70/HSPA, has 

been related to DCM. In this part of my studies, I found that disease-related P209 mutants 

are characterized by a decreased solubility, causing their aggregation, while the 

cardiomyopathy-related mutant solubility is unaffected or even increased. In addition, BAG3 

P209 mutants are still able to interact with the other member of CASA complex, causing 

their segregation into BAG3 aggregates. I also observed that BAG3 P209 aggregates tend 

to locate at the perinuclear region and stick to the nuclear envelope, even after the lysis of 

the cell membranes and loss of cytoplasmic material. Indeed, I found that BAG3 P209 

mutants aggregates locate at the aggresome, as supported by the aggresomal marker 

vimentin and HDAC6 colocalization. This BAG3 and CASA members relocation to 

aggresomes results in a failure of CASA in the removal of misfolded proteins, as 

demonstrated using the well-known CASA clients mutant SOD1-G93A and the polyGA 

DPR. The impairment in the clearance of misfolded substrates is not due to a defect in 
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autophagic flux (data not shown). Indeed, it was recently demonstrated by (Meister-

Broekema et al., 2018) that this impairment is caused by the effect of BAG3 P209 mutants 

through the stalling of the HSP70/HSPA refolding cycle. 

Another question of interest of my studies on BAG3 P209 mutants was related to a 

genotype-phenotype relationship. Indeed, the different P209 mutations have been related 

to phenotypes characterized by a different degree of severity. While the analyses of BAG3 

mutants in motoneurons and muscle cells models did not reveal any significant differences 

in BAG3s P209 behaviour, which resulted aggregating in both cell lines, I obtained some 

information by analysing the contribute to solubility of the specific BAG3 substitutions. 

Indeed, an in silico approach revealed that the two IPV domains are characterized by a low 

intrinsic solubility. The substitution of the proline at position 209 with the diseases-related 

amino acids revealed an augmented decrease in the intrinsic solubility, more pronounced 

for the P209L mutant, which is linked to the worst phenotype. These results might explain 

the observation of a higher aggregation propensity of the BAG3 P209L mutant but fail to 

explain why the mutations in the same residue are related to diseases affecting different 

cell types, suggesting a role of the genetic or epigenetic background in the development of 

the diseases. Instead, E455K substitution did not have a strong impact on BAG3 solubility 

profile, suggesting that, while P209 mutated BAG3 is characterized by an intrinsic loss of 

solubility, E455K slightly higher solubility is dependent on its interaction to HSP70/HSPA.  

It has been recently demonstrated that inhibiting HSP70/HSPA activity counteracts the 

aggregation prone behaviour of BAG3 P209 mutant. However, a therapeutic strategy based 

on a non-selective inhibition of HSP70/HSPA members brings into questions: 

(i) which are the side effects of a general inhibition of the HSP70/HSPA, knowing that 

HSP70/HSPAs represent a central hub in proteostasis maintenance?; 

(ii) which are the long-term side effects related to the disruption of CASA complex, knowing 

its role in structural maintenance of muscle cells and neurons? 

Thus, since CASA complex is physiologically degraded through autophagy, I reasoned that 

pushing its lysosomal degradation would have been a better therapeutic approach. In this 

manner, BAG3 misfolding and aggregating prone mutant and all the co-segregated co-

factors and ubiquitinated proteins would be degraded, favouring the emptying and 

clearance of the aggresomes. In support to this notion, it was recently demonstrated that 

ubiquitin-positive accumulated proteins can be removed by autophagic induction in a 

Zebrafish model of BAG3 P209L-related DCM (Ding et al., 2019). After demonstrating that 

BAG3 P209 mutants are still dependent on the autophagic system for their degradation, 

similarly to the BAG3 WT (shown here and in (Arndt et al., 2010)), I tested the enhancement 

of the autophagic pathway by using trehalose. Trehalose is a natural compound that boosts 
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autophagy by causing a transient and mild permeabilization of lysosomes. By damaging 

lysosomes, trehalose activates a protective response in cells, which is the selective removal 

of lysosome, or lysophagy. The molecular mechanism underlying trehalose-mediated 

lysophagy activation was recently demonstrated in our laboratory (Rusmini et al., 2019) and 

is mediated by the activation of the autophagic master regulator TFEB. TFEB is a 

transcription factor that shuttles into the nucleus and enhances the expression of 

autophagy-related proteins. By enhancing autophagy, damaged lysosomes are removed, 

together with misfolded and aggregated proteins. Indeed, I observed that trehalose 

treatment in cells showed a beneficial effect by favouring the clearance of BAG3 P209L 

mutant insoluble species and defining a new therapeutic approach to investigate. 

In conclusion, BAG3 P209 mutants are characterized by a similar biochemical behaviour in 

cells, suggesting that, independently from the phenotype, one therapeutic strategy to 

counteract its accumulation in cells could be effective in all BAG3 P209 mutant-related 

diseases. 
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Chapter III 

3. Characterization and role of HSPB8 variants 

and mutants in neuromuscular diseases  
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3.1 BACKGROUND AND AIMS 

HSPB8 belongs to the HSPB family, which shares a central ACD domain, and shows an 

antiaggregating and pro-degradative activity against a wide array of misfolded and 

aggregating prone proteins. These include the polyQ-AR, the polyQ-Htt, the ALS-mutated 

SOD1, the toxic CTFs of TDP-43 and the C9ORF72-related DPRs. HSPB8 prodegradative 

activity is exerted through the CASA complex. While several HSPBs are characterized by 

oligomerization, HSPB8 forms mainly dimers. In addition, the obligate partner of HSPB8 is 

BAG3, with whom interacts through a hydrophobic groove formed by its β4 and β8 sheets 

and form a 2:1 stoichiometric complex. 

Similar to BAG3, HSPB8 mutations have been described in dHMNs, CMT2 and forms of 

myopathies. The most studied mutations all refer to substitutions of the Lys at position 141 

(K141E/N/M) which have been found to affect HSPB8 dimerization. Little is known about 

the recently described frameshift mutations pP173Sfs*43, pQ170Gfs*45, and pT194Sfs*23, 

found in progressive distal neuropathy/myofibrillar pathology with rimmed vacuolar 

myopathy, adult-onset axial and distal myopathy and proximal limb-girdle rimmed vacuolar 

myopathy, respectively. 

In addition, new variants of HSPB8 have been recently found in ALS patients by our 

collaborators Nicola Ticozzi, Vincenzo Silani and Antonia Ratti, (Department of Neurology 

and Laboratory of Neuroscience (IRCCS Istituto Auxologico Italiano, Milan) and 

Dipartimento di Fisiopatologia Medico-Chirurgica e dei Trapianti, Centro 'Dino Ferrari' 

(University of Milan) (unpublished). These variants include the substitution of the Ser at 

position 9 with a Pro (S9P), of the Pro at position 41 with a Ser (P41S) and of the Ser at 

position 181 with a Cysteine (S181C). 

In this section, I will present results obtained on HSPB8 ALS-related variants and 

myopathy/neuropathy frameshift mutants. 

I firstly focused on ALS-related variants by evaluating their proteins levels, localization, and 

aggregation in respect to HSPB8 WT. I next assessed the stability of the selected HSPB8 

variants and the effect of HSPB8 ALS-variants on the HSPB8 WT. Moreover, I tested the 

dimerization ability of HSPB8 variants and the competition for BAG3 binding with HSPB8 

WT. 

Using a similar approach, I then performed a basal characterization of the novel frameshift 

mutants, evaluating their levels and aggregation prone behaviour. Next, I evaluated the 

effect of the frameshift mutants against the HSPB8 WT and the partner BAG3. Since I 

observed the formation of small cytoplasmic aggregates and since HSPB8 is involved in the 

formation of SQSTM1/P62-regulated ubiquitinated microaggregates, I then confirmed that 

HSPB8 frameshift mutants co-segregate with ubiquitinated proteins and SQSTM1/P62. 
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Finally, to gain more insights into the molecular mechanism underlying HSPB8 mutants, I 

tested whether the aggregation prone behaviour of HSPB8 frameshift mutants depends on 

the presence of the partner BAG3. Since HSPB8 frameshift mutants aggregate in a similar 

manner to BAG3 P209 mutants, I next evaluated the pro-autophagic compound trehalose 

in HSPB8 aggregates clearance. Indeed, I previously showed that trehalose assists in the 

removal of BAG3 aggregates representing a therapeutic strategy not only in NDs, but also 

in HSPB8 and BAG3 -related diseases. 
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3.2 Materials and Methods 

Chemicals and reagents 

Cycloheximide (Sigma-Aldrich, C4859) was used 10 µM for 8 or 24 hrs. D-(+)-trehalose 

dihydrate (trehalose) (Sigma-Aldrich, T9531) was used at concentration and time previously 

mentioned. 

Plasmids 

The following plasmids were used: 

• pCDNA3, purchased from Invitrogen (Carlsband, CA, USA), is an empty vector (EV) 

used as a control; 

• pBAG3-GFP wildtype (WT) and mutants ΔIPV 1+2, ΔPxxP, ΔBAG, R480A encode 

for GFP-tagged BAG3 WT or functional mutants and were kindly provided by E.A. 

and V.T. (Peripheral Neuropathy Research Group, Department of Biomedical 

Sciences, Institute Born Bunge, University of Antwerp, Antwerp, Belgium). The 

pBAG3-GFP plasmids are a kind gift of Josée N. Lavoie and described in (Fuchs et 

al., 2015); 

• pCi-HSPB8 wildtype and Lys141Glu (KE) encoding the WT or the neuropathy-

associated mutant were previously described (Crippa et al., 2010); 

• pCi-HSPB8 Ser9Pro (SP), Pro41Ser (PS), Ser181Cys (SC) carrying the ALS-

associated point variants were obtained by pCi-HSPB8 wildtype mutagenesis 

(Eurofins genomics service); 

• pCi-HSPB8 frameshift mutants Pro173Serfs*43, Thr194Serfs*23, Gln170Glyfs*45 

were obtained by subcloning the predicted frameshifted sequence in pCi-HSPB8 

wildtype vector, using SalI and ApaI restriction enzymes and T4 ligase. All the 

enzymes were purchased from NEB (New England Biolabs, Ipswich, MA, England); 

• pHSPB8-GFP-WT encodes for a GFP-tagged HSPB8 protein; 

• pSQSTM1/P62-mCherry encodes for the mCherry-tagged SQSTM1/P62 

autophagic adaptor protein. 

Cell cultures 

HEK293T-HSPB8-V5 and NSC-34 were grown as previously described. 



 

88 

 

Transfection 

The day before transfection, cells were seeded at the cellular densities previously 

described.  

Then, HEK293T-HSPB8-V5 and NSC-34 cells were transfected using 

Lipofectamine3000/P3000 reagent following the manufacturers’ instruction (Invitrogen, 

Thermo Scientific Life Science Research, Waltham, MA, USA). Plasmids pCDNA3, as 

mock, or pCi-HSPB8 constructs (wildtype or mutants) were transfected alone or co-

transfected with plasmid encoding BAG3-GFP WT or functional mutants, or SQSTM1/P62-

mCherry, or HSPB8-GFP-WT. 

Protein extractions and quantification 

48 hrs after transfection, cells were harvested and centrifuged 5 min at 100 g at 4°C. Cell 

pellets were then resuspended in RIPA lysis buffer (0.15 M NaCl, 20 mM Na-deoxycholate, 

100 µM Na3VO4, 50 mM NaF, 5 mM Na-iodoacetate, 2.5 mM Tris-HCl pH 7.7, 10 mM EDTA 

pH 8.0, 0.08%w/v SDS, 0.8%v/v Triton X-100) added with protease inhibitors cocktail 

(Sigma-Aldrich) and lysed using slight sonication. For NP-40 soluble and insoluble fraction, 

cells pellets were treated as previously described. Protein content quantification was 

performed with bicinchoninic acid (BCA) assay (Cyanagen). 

Western Blot and Filter Retardation Assay 

SDS-PAGE was performed as previously described. 10 µg of HEK293T-HSPB8-V5 protein 

lysates and 25 µg of NSC-34 protein lysates were loaded and then electro-transferred onto 

0.45-µm nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA). To detect 

insoluble species, FRA was performed by loading 3/6 μg of total protein onto a 20% MeOH-

treated 0.2-µm cellulose acetate membrane (Whatman 100404180) and filtered. WB and 

FRA membranes were incubated with a blocking solution of 5% non-fat dried milk in TBS-

Tween (20 mM Tris-HCl pH 7.5, 0.5 M NaCl, 0.05% Tween-20) for 1 h and then incubated 

with primary antibodies diluted in the same solution overnight. Primary antibodies used 

were: mouse monoclonal anti-GFP antibody (ab1218, Abcam or MAB-94345, 

Immunological Sciences), mouse monoclonal anti-α-tubulin (T6199, Sigma-Aldrich), 

homemade rabbit polyclonal anti-BAG3 (Carra, Seguin, & Landry, 2008), homemade rabbit 

polyclonal anti-HSPB8 (#23) (Carra et al., 2005), mouse monoclonal anti-HSPB8 (ab66063, 

Abcam), rabbit polyclonal anti-HSPB8 (ThermoFisher, PA5-76780), rabbit polyclonal anti-

V5 (D3H8Q, #13202, Cell Signaling), rabbit polyclonal anti-LC3 (L8918, Sigma-Aldrich), 

rabbit polyclonal anti-p62/SQSTM1 antibody (ab91526, Abcam). Then, membranes were 

washed three times in TBS-Tween for 10 min and incubated with the peroxidase-conjugated 
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secondary antibodies goat anti-rabbit and anti-mouse IgG-HRP (111-035-003, 115-035-

003; Jackson ImmunoResearch Laboratories, Inc.). Proteins were immunodetected as 

previously described. 

Fluorescence microscopy and immunofluorescence 

Cells were fixed with a solution 1:1 of 4% paraformaldehyde and 4% sucrose in 0.2 N PB 

(0.06 M KH2PO4, 0.31 M Na2HPO4; pH 7.4) for 25 min at 37 °C and then washed with 

PBS solution 3 times 5 min. Cells were permeabilized and nonspecific sites blocked using 

a solution of 0.1% Triton X-100, 1% BSA and 10% FBS in PBS for 40 minutes at RT. Then, 

the primary antibodies diluted in 0.1% BSA in PBS were incubated overnight at 4°C: rabbit 

polyclonal anti-HSPB8 (HPA015876, SIGMA LifeScience) and rabbit polyclonal anti-HSPB8 

(PA5-76780, ThermoFisher). The following day, primary antibody was removed, and cells 

washed with 0.1% BSA in PBS. Then, secondary antibodies goat anti-rabbit 549 AlexaFluor 

(1:1000, Life Technologies, Thermo Fischer, A-11012) or goat anti-rabbit 488 AlexaFluor 

(1:1000, Life Technologies, Thermo Fischer, A-11008) diluted in 0.1% BSA in PBS were 

incubated for 1 hr at RT. Three washing steps with PBS, with the middle one containing 

DAPI (in PBS) to stain nuclei were made. Coverslips were then mounted with MOWIOL 

onto slides. An Axiovert 200 microscope (Zeiss, Oberkochen, Germany) with a photometric 

CoolSnap CCD camera (Robber Scientific, Trenton, NJ, USA) was used for images capture 

and images were processed using Metamorph software (Universal Imaging, Downingtown, 

PA), as previously described. 

Immunoprecipitation 

Cells were harvested and then centrifuged at 100 g for 5 min at 4°C. Pellets were 

resuspended in RIPA buffer with protease inhibitors cocktail and then centrifuged at 

maximum speed. For immunoprecipitation assay, SureBeads Protein A Magnetic Beads 

(BIO-RAD) were used, following the manufacturers’ instructions. The home-made anti-

BAG3 or the anti-V5 (D3H8Q, #13202, Cell Signalling) antibodies were used for 

immunoprecipitation. Samples were then run on SDS-PAGE and a WB was performed (see 

WB and FRA section). 

Damaging missense mutations prediction 

PolyPhen-2 browser (http://genetics.bwh.harvard.edu/pph2/index.shtml) (Adzhubei et al., 

2010) and SIFT browser (https://sift.bii.a-star.edu.sg/) (Sim et al., 2012) were used to 

predict the impact of ALS-related amino acids substitution on HSPB8 structure and function. 
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Protein solubility prediction 

CamSol browser (http://wwwvendruscolo.ch.cam.ac.uk/camsolmethod.html) was used to 

obtain the intrinsic solubility profile of HSPB8 WT and mutants following the procedure 

described in (Sormanni et al., 2015). Tango browser (http://tango.crg.es) (Fernandez-

Escamilla et al., 2004) was used to obtain the aggregation propensity of HSPB8 WT and 

mutants. In both cases the full-length protein sequence of HSPB8 (NP_055180.1) or their 

mutants were used as inputs. 

For CamSol method, the reported graphs show the protein solubility profiles restricted to 

the HSPB8 CTD (amino acids 164-196 for HSPB8 WT, 164- predicted C-terminus for 

HSPB8 frameshift mutants). 

For Tango, the graphs report the Beta-aggregation propensity obtained through the 

analyses restricted to the HSPB8 CTD (amino acids 160-196 for HSPB8 WT, 160- predicted 

C-terminus for HSPB8 frameshift mutants), using the following parameters: no protection at 

the N-terminus or C-terminus of the peptide sequence, pH 7, temperature 298.15 K, ionic 

strength 0.02 M, and concentration 1 M. 

Statistic 

Student T-tests or One-Way ANOVA with Bonferroni’s multiple comparisons tests were 

performed, as indicated in each figure, and using PRISM software (GraphPad Software, La 

Jolla, CA, USA). 
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3.3 Results 

3.3.1 ALS-related variants in HSPB8 do not affect protein levels, solubility 

and localization 

The HSPB8 variants identified in ALS patients have never been described in literature, so 

far. Thus, I first evaluated if the amino acids residues affected in the variants are conserved 

in the HSPBs family. Based on the alignment proposed by Boelens et al. (2020), I observed 

that all the substitutions fall outside from the conserved residues of the HSPB family 

members, and do not affect functional motifs. However, all substitutions locate in the CTD 

and NTD of HSPB8, which are poorly conserved among HSPBs family and, thus, might 

mask potential specific functional properties of HSPB8. On these bases, I used PolyPhen-

2 and SIFT as in silico tools for the prediction of a damaging effect of amino acids 

substitutions. PolyPhen-2 analyses showed that S9P and P41S are predicted to be benign 

on HSPB8 function, while the S181C substitution is possibly damaging. Similarly, the SIFT 

analyses revealed that, while S9P and P41S substitutions are predicted to be tolerated, the 

S181C substitution might affect protein function, even if with low confidence (Fig. 3.1 A). 

However, since the role of these substituted amino acids on HSPB8 structure and activities 

has not been assessed yet, prediction tools should be supported by experimental findings. 

Thus, independently from these predictions, I proceeded with the experimental analyses on 

HSPB8 variants in respect to the HSPB8 WT and to the known mutant K141E, as a positive 

control. I first analysed HSPB8 protein levels and aggregation, by transient overexpression 

of HSPB8s in NSC-34. Results showed that the ALS-related variants of HSPB8 are not 

characterized by variations of the overall protein levels if compared to the HSPB8 WT or 

the K141E mutant (Fig. 3.1 B). This observation suggested that the amino acids 

substitutions in these variants do not affect protein stability, excluding a potential 

haploinsufficiency mechanism related to the loss of HSPB8 and, thus, to an imbalance of 

the PQC system, as observed in NDs. In addition, I tested the HSPB8s accumulation in 

HMW insoluble species, to unveil a misfolding and aggregating prone behaviour of these 

ALS-related variants. Indeed, several mutated proteins causative of ALS are characterized 

by misfolding and aggregation, which determine a gain of proteotoxic function and a loss of 

function of the protein affected. However, the analyses of HMW insoluble species did not 

reveal differences between ALS-related HSPB8 variants and HSPB8 WT (Fig. 3.1 B). Even 

the K141E HSPB8 mutant did not accumulate in insoluble species, contrary to what is 

reported in literature (Irobi et al., 2004). In addition, I did not observe an effect of ALS-related 

variants on the levels of the binding partner BAG3 and on the autophagic adaptor 

SQSTM1/P62 (Fig. 3.1 B). 
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The absence of an aggregating prone behaviour of ALS-related HSPB8 variants was 

confirmed by analysing their intracellular distribution through IF (Fig. 3.1 C). Indeed, all 

HSPBs were characterized by a diffuse distribution, mainly cytoplasmatic, as previously 

reported for HSPB8 WT. Again, the K141E mutant was not characterized by formation of 

aggregates.  
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Figure 3. 1 ALS-related variants in HSPB8 do not affect protein levels, solubility, and localization. 
A. Schematic representation of HSPB8 WT structure. ALS-related variants S9P, P41S, S181C, and the known 
mutant K141E are reported, and tools for pathogenicity predictions. B. WB and FRA analyses of whole cell 
lysates of NSC-34 untransfected (NT) or transiently transfected with HSPB8 constructs. WB/FRA relative optical 
densities are reported in the graphs as means ± SD of normalized values. Student t tests were performed: ** 
p<0.01 (n=3) C. IF on NSC-34 transiently transfected with HSPB8 constructs or a mock. Nuclei were stained 
with DAPI (Scale bar = 10 µm; 63X magnification). The constructs were abbreviated as follows: non-transfected 
(NT), empty vector (MOCK), wildtype (WT), S9P (SP), P41S (PS), S181C (SC), K141E (KE).  
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3.3.2 Analysis of the biochemical behaviour of ALS-related variants of HSPB8 

Since our preliminary studies did not reveal differences in levels and aggregation prone 

behaviour of ALS-variant of HSPB8, I next evaluated the stability of HSPB8 variants through 

a cycloheximide (CHX) assay. Indeed, I hypothesized that differences in stability could have 

been masked using an overexpression system of HSPB8 constructs. Protein translation 

was blocked by CHX 8 or 24 hrs before collecting cells and HSPB8 WT and variants protein 

levels were evaluated (Fig. 3.2 A). I observed that the overexpressed HSPB8 WT protein 

levels were halved after 8 hrs treatment and almost completely absent after 24 hrs 

treatment. The ALS-related variants of HSPB8 were characterized by an almost identical 

rate of degradation, suggesting that they are not characterized by a different stability in 

respect to the HSPB8 WT. Again, no differences were observed between the HSPB8 WT 

and the known mutant HSPB8 K141E. 

I next examined the biochemical behaviour of ALS-variants under native and non-reducing 

conditions, to test whether these mutants were characterized by unexpected quaternary or 

tertiary structures features. Indeed, even if I did not find substantial differences in the native 

structure between HSPB8 WT and ALS-variants, using native-PAGE (data not shown), I 

observed a unique feature of the S181C ALS-related variant of HSPB8 under non-reducing 

conditions. In particular, the S181C variant was characterized by a higher electrophoretic 

mobility in respect to the HSPB8 WT and the other HSPB8 variants and the mutant (Fig. 

3.2 B). I speculated that this feature was likely related to the formation of a novel 

intramolecular disulphide bond, since HSPB8 protein possesses three other cysteines, at 

position 10, 99 and 195. 

This observation prompted me to evaluate the ability of HSPB8 S181C to dimerize and 

interact with the CASA-partner BAG3. All the ALS-related variants and the K141E mutant 

were included in the analyses. First, I tested the effect of the ALS-related variants on the 

HSPB8 WT using the HEK293T cells that stably express the V5-tagged HSPB8, to 

discriminate the two HSPB8 forms. As shown in Fig. 3.2 C, the expression of HSPB8 WT, 

HSPB8 ALS-related variants and K141E mutant did not modify HSPB8-V5 protein levels, 

suggesting no impact on the WT counterpart stability and accumulation. Since HSPB8-V5 

levels were unaffected by HSPB8 variants, I evaluated the dimerization by Co-IP, taking 

advantage of the V5 tag (Fig. 3.2 D). Results showed that both HSPB8 WT and variants 

were able to interact with the HSPB8-V5 WT, indicating no increased or decreased 

interaction. Instead, the HSPB8 K141E mutant showed a slight increased interaction with 

the HSPB8-V5, in line with data reported in literature (Fontaine et al., 2006). Thus, I 

evaluated the ability of ALS-related variant to compete with the HSPB8 WT for BAG3 

binding (Fig. 3.2 E). I observed that all the transiently transfected HSPB8s were able to 
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interact with the partner BAG3 and to compete with the endogenous expressed HSPB8-V5. 

Indeed, Co-IP results showed that the endogenous HSPB8-V5 is able to interact with BAG3 

in untransfected or mock-transfected samples, but, in presence of HSPB8 WT and variants, 

the amount of the co-immunoprecipitated HSPB8-V5 is reduced, indicating that all the 

exogenous HSPB8s compete with the endogenous protein for BAG3 binding.  
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Figure 3. 2 Analysis of the biochemical behaviour of ALS-related variants of HSPB8. 
A. WB analyses of whole cell lysates of NSC-34 untransfected (NT) or transiently transfected with HSPB8 
constructs. To inhibit protein synthesis the cells were treated with 10 µM cycloheximide (CHX) for 8 or 24 hrs. 
WB relative optical densities are reported in the graphs as means ± SD of normalized values. (n=3) B. WB 
analyses of whole cell lysates of NSC-34 untransfected (NT) or transiently transfected with HSPB8 constructs 
or an empty vector, obtained after non-reducing SDS-PAGE C. WB of HEK293T stably expressing HSPB8-V5 
and transiently transfected with HSPB8 constructs (0.5 or 1 µg plasmid). Relative optical densities are reported 
in the bar graphs as means ± SD of normalized values. (n=3). D. Co-immunoprecipitation results and relative 
whole cell lysates WB on HEK293T cells stably overexpressing HSPB8-V5 and transiently transfected with 
HSPB8 constructs, empty vector or untransfected (NT). HSPB8 dimers formation was evaluated by using an 
anti-V5 tag antibody. E. Co-immunoprecipitation results and relative whole cell lysates WB on HEK293T cells 
stably overexpressing HSPB8-V5 and transiently transfected with HSPB8 constructs. HSPB8 binding to BAG3 
and competition with HSPB8-V5 was evaluated by using an anti-BAG3 antibody. 
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3.3.3 Focus on frameshift mutants of HSPB8: sequences analyses reveal a 

common elongated C-terminal tail with decreased solubility profile 

HSPB8 frameshift mutants observed so far in myopathy or neuropathy cases are (i) the 

pPro173Serfs*43 caused by a duplication of the cytosine 515 (c.dup515C), (ii) the 

pGln170Glyfs*45 caused by a deletion of the cytosine and adenine 508-509 

(c.del508_509CA) and (iii) the pThr194Serfs*23 caused by the duplication of the tract GTCA 

at position 577-580 (c.dup577_580GTCA). All these frameshift mutants are predicted to 

cause an elongation of the C-terminal tract of HSPB8 and, in the case of the first two 

mutations, a different sequence of the HSPB8 CTD. To clarify the nature of the sequence 

caused by the frameshift mutations, I compared potential homologies in the predicted 

protein sequences (Fig. 3.3 A). Surprisingly, I observed that all the mutations determined 

the same reading frameshift on the predicted translated sequences, resulting in the same 

modification of the CTD of HSPB8 for the Pro173Serfs*43 and Gln170Glyfs*45 mutants, 

and the addition of an identical elongated C-terminal tail for all the HSPB8 mutants. In fact, 

all frameshifts ended at the same alternative stop codon downstream to that utilized by the 

normal Open Reading Frame. By comparing the HSPB8 frameshift protein sequences in 

respect to the conserved residues and motifs among HSPBs, described in (Boelens, 2020), 

I observed that these mutations did not affect fundamental hot-spots of HSPB8 and did not 

fall in the ACD. However, the analyses of the intrinsic solubility profile and the aggregation 

propensity through CamSol and TANGO methods, respectively, gave more insight into the 

features of the mutated CTDs (Fig. 3.3 B). In particular, the last 18 amino acids of the 

elongated C-terminal tract are characterized by a low intrinsic solubility, as predicted by 

CamSol method. An increased aggregation propensity was observed in the same region, in 

particular the PILVLSP tract, and in the modified CTDs of HSPB8 Pro173Serfs*43 and 

Gln170Glyfs*45, corresponding to the PSLLNIWR tract, using Tango software. These 

interesting observations encouraged me to evaluate the behaviour of the frameshift mutants 

in cells. 
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Figure 3. 3 Focus on frameshift mutants of HSPB8: sequences analyses reveal a common elongated C-
terminal tail with decreased solubility profile. 
A. Alignments of HSPB8 WT and frameshift mutant protein sequences (predicted) revealed a common modified 
CTD (blue) for P173Sfs*43 and Q170Gfs*45 mutants and a common C-terminal tail (green) for all HSPB8 
frameshift mutants. Letters in uppercase and the drown arrows indicate the conserved amino acids among 
HSPBs and the β-sheets, respectively, based on the alignment of Boelens et al., 2020. The SRLFDQxFG motif 
is indicated in red, the motifs responsible for BAG3 binding are indicated in pink. B. Bio-informatic analysis of 
the intrinsic solubility profile (Top, Camsol method) and the aggregation propensity (Bottom, Tango) of the CTD 
of HSPB8 WT and HSPB8 frameshift mutants reveal regions of low intrinsic solubility and high aggregation 

propensity of the elongated C-terminal tracts of the frameshift mutants. 
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3.3.4 Frameshift mutants of HSPB8 form insoluble species and cytoplasmic 

aggregates 

Little is known about HSPB8 frameshift mutants and the feature I found in the common C-

terminal tail has never been reported (Fig. 3.4 A). In literature, HSPB8 frameshift mutant 

proteins have never been observed by protein analyses techniques (e.g., WB), arising the 

hypothesis that these mutants are affected by mRNA decay or protein degradation. Thus, I 

first tested HSPB8 frameshift mutant protein levels and their propensity to form HMW 

insoluble species, by transient transfection of plasmids encoding HSPB8 WT and mutants. 

I observed that HSPB8 frameshift mutants were expressed and characterized by a 

proportional higher M.W., reflecting the predicted elongated protein sequences, as shown 

in WB (Fig. 3.4 B). In addition, HSPB8 frameshift mutants were characterized by a 

significant higher protein levels in respect to the HSPB8 WT and an aggregation prone 

behaviour, as reported in WB and FRA results (Fig. 3.4 B). Higher protein levels of the 

autophagic marker SQSTM1/P62 were detected in samples expressing the HSPB8 

frameshift mutants in respect to those expressing the HSPB8 WT, while no significant 

differences in the BAG3 protein levels were observed. Interestingly, the Thr194Serfs*23 

mutant, which shares the same CTD of HSPB8 WT, was characterized by lower protein 

levels in respect to the other frameshift mutants. In parallel, I used IF to evaluate the 

localization of HSPB8 mutants (Fig. 3.4 C) and found that, while HSPB8 WT is diffused 

mainly in the cytoplasm, as expected, the HSPB8 frameshift mutants formed several small 

cytoplasmic aggregates, mainly concentrated in the perinuclear region, paralleled by a 

decreased diffuse signal in respect to HSPB8 WT. In summary, these data support the 

previous observation of increased aggregation propensity of HSPB8 frameshift mutants 

which translates in the formation of small aggregates of the mutated proteins. 
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Figure 3. 4 Frameshift mutants of HSPB8 form insoluble species and cytoplasmic aggregates. 
A. Schematic representation of HSPB8 WT and frameshift mutants structures B. WB and FRA analyses of 
whole cell lysates of NSC-34 untransfected (NT) or transiently transfected with HSPB8 constructs. WB/FRA 
relative optical densities are reported in the graphs as means ± SD of normalized values. One-way ANOVA with 
Bonferroni’s test was performed: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (n=3). C. IF on NSC-34 
transiently transfected with HSPB8 constructs or an empty vector. Nuclei were stained with DAPI (Scale bar = 
10 µm; 63X magnification). The constructs were abbreviated as follows: non-transfected (NT), empty vector 
(EV), wildtype (WT).  
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3.3.5 Frameshift mutants of HSPB8 co-segregate with wildtype HSPB8, BAG3 

and SQSTM1/P62 along with ubiquitinated proteins 

Since HSPB8 frameshift mutants have been described in heterozygosis, I considered a 

fundamental step to evaluate the effect of the mutated forms of HSPB8 on its WT 

counterpart. Indeed, HSPB8 forms mainly homodimers, suggesting that these mutants can 

act in a dominant negative manner on the WT protein affecting its activity and solubility. To 

evaluate the effect of HSPB8 frameshift mutants on the HSPB8 WT, I took advantage of the 

previously described HEK293T cells that stably express a V5-tagged HSPB8. After 

transfecting HSPB8 frameshift variants, I tested the protein levels and accumulation of the 

V5-tagged HSPB8 WT protein, by specific immunodetection of the fused V5-tag. In addition, 

I tested HSPB8 frameshift mutants co-aggregation with the HSPB8 WT, by co-transfecting 

the constructs with a GFP-tagged HSPB8 WT, to directly observe the presence of GFP-

positive aggregates. Interestingly, I found that HSPB8 frameshift mutants caused an 

increase in the protein levels and aggregation propensity of HSPB8 WT, suggesting their 

capability to sequester and co-segregate with the WT protein (Fig. 3.5 A). 

To better define whether HSPB8 frameshift mutants also affect the main factors involved in 

the CASA complex, I tested their co-segregation along with HSPB8, by performing an NP-

40 soluble/insoluble protein extraction. As shown in Fig. 3.5 B, the HSPB8 WT partitioned 

in the soluble fraction, while HSPB8 frameshift mutants were observed only in the insoluble 

extract, forming detergent resistant HMW insoluble species. In addition, I found that the 

partner BAG3 and the autophagic adaptor SQSTM1/P62, together with ubiquitinated 

proteins, were enriched in the insoluble fraction of HSPB8 frameshift mutants. The co-

segregation of HSPB8 frameshift mutants with BAG3 and SQSTM1/P62 was confirmed by 

IF, observing the presence of HSPB8 and GFP-BAG3 WT or SQSTM1/P62-mCherry double 

positive aggregates (Fig. 3.5 C). 

Collectively, these results suggest that HSPB8 frameshift mutants aggregation impacts on 

the HSPB WT and on the key factors of the CASA through a dominant negative effect, which 

might impair the entire selective pathway of damaged and misfolded protein degradation. 
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Figure 3. 5 Frameshift mutants of HSPB8 co-segregates with wildtype HSPB8, BAG3 and SQSTM1/P62 
along with ubiquitinated proteins. 
A. WB and FRA of HEK293T stably expressing HSPB8-V5 and transiently transfected with HSPB8 constructs 
(0.5 or 1 µg plasmid) or an empty vector. FRA relative optical densities are reported in the bar graphs as means 
± SD of normalized values. (n=3). B. WB and FRA analyses after NP-40 soluble/insoluble extraction of NSC-34 
transiently transfected with an empty vector or HSPB8 constructs. FRA relative optical densities are reported in 
the graph as means ± SD of normalized values. (n=3). C. IF analyses of NSC-34 transiently co-transfected with 
an empty vector or HSPB8 constructs and GFP-HSPB8-WT (Top) or BAG3-GFP-WT (Middle) or SQSTM1/p62-
mCherry (Bottom). IF was performed against HSPB8 (red in the two upper panels or green in the bottom panel), 
and nuclei were stained with DAPI. (Scale bar = 10 µm; 63X magnification). The constructs were abbreviated 

as follows: untransfected (NT), empty vector (EV), wildtype (WT). 
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3.3.6 BAG3 co-aggregation with the frameshift mutants is mediated through 

its IPV motifs 

HSPB8 interaction with BAG3 is mediated by the interaction of the grooves formed by β4 

and β8 sheets of HSPB8 and the two IPV domains in BAG3. To evaluate if the co-

aggregation of BAG3 with HSPB8 frameshift mutants was mediated through the canonical 

interaction of HSPB8 and BAG3 and if the aggregation prone behaviour of HSPB8 

frameshift mutants was counteracted by the absence of BAG3-HSPB8 interaction, I used a 

GFP-tagged BAG3 deleted of the two IPV domains (ΔIPV 1+2). In addition, I tested the 

effect of GFP-tagged BAG3s unable to bind to the dynein motor complex (ΔPxxP domain) 

or the HSP70 (ΔBAG domain or R480A mutant). By performing a protein soluble/insoluble 

extraction (Fig. 3.6 A), I observed that HSPB8 WT is almost completely partitioned in the 

soluble fraction and a little fraction of HSPB8 was detected in the insoluble fraction when 

BAG3-GFP WT or BAG3-GFP ΔPxxP were present. Instead, HSPB8 frameshift mutant 

Pro173Serfs*43, used as a representative mutant, was always present in the insoluble 

fraction. To note, a faint band of HSPB8 frameshift mutant appeared in the soluble fraction 

in samples expressing the BAG3-GFP ΔBAG mutant. The partitioning of BAG3-GFP WT or 

mutants paralleled the expected HSPB8 WT or frameshift mutant behaviour in all cases, 

except for the BAG3-GFP ΔIPV 1+2. Indeed, upon HSPB8 WT expression, all GFP-tagged 

BAG3s partitioned in the soluble fraction and a little fraction of BAG3-GFP WT and BAG3-

GFP ΔPxxP were detected in the insoluble fraction, together with HSPB8 WT. On the other 

hand, upon HSPB8 frameshift mutant Pro173Serfs*43 expression, all GFP-tagged BAG3s 

partitioned in the insoluble fraction, except for the GFP-tagged BAG3 ΔIPV 1+2. These 

results indicate that when the interaction between BAG3 and HSPB8 is abrogated, HSPB8 

frameshift mutant is still aggregating, but is not able to sequester BAG3 into aggregates, as 

expected by the fact that the lack of the IPV domains does not allow the interaction between 

the two obligate partners. Noteworthy, BAG3-GFP ΔBAG was also detected in the soluble 

fraction upon HSPB8 frameshift mutant expression, suggesting a potential indirect role of 

HSP70/HSPA interaction with BAG3 on BAG3-HSPB8 aggregation. These results were 

confirmed using IF by analysing the co-aggregating HSPB8 frameshift mutant with GFP-

tagged BAG3s (Fig. 3.6 B). Indeed, all the GFP-tagged BAG3s were characterized by a 

mainly diffuse cytoplasmic localization when HSPB8 WT was present. Instead, 

coaggregation with the HSPB8 frameshift mutants was observed for GFP-tagged BAG3 

WT, ΔPxxP, ΔBAG and for the R480A mutants, while the BAG3 ΔIPV 1+2 was completely 

diffused in the cytoplasm. 



 

104 

 

 

Figure 3. 6 BAG3 co-aggregation with the frameshift mutants is mediated through its IPV motifs. 
A. WB analyses after NP-40 soluble/insoluble extraction of NSC-34 transiently co-transfected with an empty 

vector (EV) or BAG-GFP constructs (WT or mutated as indicated in paragraph 3.3.7) and with HSPB8 WT or 

Pro173Serfs*43 mutant constructs. B. IF analyses of NSC-34 transiently co-transfected with an empty vector 

(EV) or BAG-GFP constructs (WT or mutated as indicated in paragraph 3.3.7) and with HSPB8 WT or 

Pro173Serfs*43 mutant constructs. IF was performed against HSPB8 (red), BAG3-GFP is in green and nuclei 

were stained with DAPI. (Scale bar = 10 µm; 63X magnification).  
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3.3.7 HSPB8 frameshift mutant aggregation is only partially diminished upon 

BAG3 depletion 

Since I did not observe a reduced aggregation of HSPB8 Pro173Serfs*43 frameshift mutant 

in presence of the BAG3 depleted of the two IPV motifs, I reasoned that this effect could 

have been masked by endogenous BAG3 expression. Thus, I evaluated the formation of 

HMW insoluble species of HSPB8 Pro173Serfs*43 frameshift mutant after silencing of 

endogenous BAG3. As observed in Fig. 3.7, the silencing of BAG3 was partially efficient in 

respect to the untransfected (NT) cells and to cells transfected with a non-targeting siRNA 

(scramble), used as controls. HSPB8 WT protein levels were reduced after BAG3 silencing 

in respect to control. This is in line with data previously published (Carra, Seguin, Lambert, 

et al., 2008), which demonstrated that HSPB8 stability is negatively affected by depletion of 

BAG3. Similarly, the HSPB8 Pro173Serfs*43 frameshift mutant levels were slightly reduced 

after BAG3 silencing, suggesting that the binding of BAG3 affects HSPB8 stability 

independently from the frameshift mutation. HSPB8 Pro173Serfs*43 frameshift mutant 

HMW insoluble species were also slightly reduced but no statistically significant difference 

was observed. Even if the silencing of BAG3 was not completely efficient, these results 

suggested that the stability of the HSPB8 frameshift mutants is still affected by BAG3 

binding but that HSPB8 aggregation prone behaviour might be independent from BAG3-

HSPB8 interaction. 
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Figure 3. 7 HSPB8 frameshift mutant aggregation is only partially diminished upon BAG3 depletion. 
WB and FRA analyses of NSC-34 transiently transfected with a non-targeting (scramble) or a siRNA against 
endogenous BAG3 (siBAG3) for 72 hrs and with an empty vector (EV) or HSPB8 constructs (WT or 
Pro173Serfs*43 (fs)) for 48 hrs. FRA Relative optical densities are reported in the bar graph as means ± SD of 
normalized values. Student T tests were used for statistical analysis to compare the conditions (scramble or 
silenced BAG3) for each respective HSPB8. (n=3). 
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3.3.8 Trehalose as a therapeutic strategy to remove HSPB8 frameshift mutant 

aggregates 

As reported in literature, autophagy is responsible for the entire CASA complex degradation 

together with the bound substrates. In addition, I previously showed that BAG3 P209 

mutants aggregates are efficiently removed by trehalose-mediated enhancement of the 

autophagic flux. Since HSPB8 frameshift mutants share a similar aggregating prone 

behaviour observed for BAG3 P209 mutants and both the mutated proteins caused the 

sequestration of their partner, I speculated that autophagic enhancement could favour the 

removal of HSPB8 frameshift aggregates, as well. Thus, I tested trehalose on cells 

overexpressing the HSPB8 WT and frameshift mutants and evaluated its effect on the 

aggregating HSPB8. As expected, trehalose treatment caused autophagic induction, 

supported by LC3-I to II conversion and SQSTM1/P62 increased levels (Fig. 3.8 A). 

Trehalose-mediated autophagic induction was accompanied to a reduction of HMW 

insoluble species of HSPB8 frameshift mutant, while had no effect on HSPB8 WT 

accumulation. Interestingly, trehalose treatment had a slight or absent impact on the soluble 

level of HSPB8, suggesting that only HSPB8 aggregates are targeted to lysosomal 

degradation. These results were then confirmed by IF (Fig. 3.8 B). Indeed, I observed a 

reduction in cells bearing cytoplasmic HSPB8 aggregates, accompanied by a relocalization, 

even if partial, of the autophagic regulator TFEB. In summary, trehalose treatment favoured 

the removal of the aggregating frameshift mutant of HSPB8, similar to what previously 

observed for BAG3 P209 mutant. Collectively, these results suggest that, similar to other 

NDs aggregating substrates and BAG3, also HSPB8 aggregates can be removed through 

autophagic enhancement. 
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Figure 3. 8 Trehalose as a therapeutic strategy to remove HSPB8 frameshift mutants aggregates. 
A. WB and FRA analyses of NSC-34 transiently transfected with an empty vector (EV) or HSPB8 constructs 
(WT or Pro173Serfs*43 (fs)), untreated or treated with the autophagic stimulator Trehalose, 100mM for 48 hrs. 
Relative optical densities are reported in the bar graph as means ± SD of normalized values. Student T tests 
were used for statistical analysis to compare the treated with untreated condition for each respective HSPB8 or 
significant differences between HSPB8 WT and frameshift; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (n=3). 
B. IF analyses of NSC-34 transiently transfected with empty vector (EV) or HSPB8 constructs (WT or 
Pro173Serfs*43 (fs)), untreated or treated with the autophagic stimulator Trehalose, 100mM for 48 hrs. IF was 

performed against TFEB (red), and nuclei were stained with DAPI. (Scale bar = 10 µm, 63X magnification). 
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3.4 Discussion 

HSPB8, which belongs to the HSPBs family, takes part in CASA complex. HSPB8 exerts a 

protective role in NDs and muscle maintenance by recognizing a wide subset of misfolded 

and damaged clients for subsequent degradation. Nevertheless, similarly to BAG3, 

mutations in HSPB8 have been found in myopathies and neuropathies. Besides HSPB8, 

other members of the HSPBs subfamily have been related to diseases affecting neurons 

and muscle cells. 

Previous works in our laboratory demonstrated the pro-degradative activity of HSPB8 on 

several aggregating proteins causative of ALS, including the mutated SOD1, the CTFs of 

TDP-43, and the C9ORF72-related DPRs and on a related MN disease, the SBMA in the 

case of the polyQ-AR. Since HSPB8 counteracts proteotoxic stresses, but is causative of 

neuromuscular diseases when mutated, studies on newly identified variants of HSPB8 in 

ALS patients should not be underrated. Moreover, HSPB1 mutations, causing an ALS-like 

phenotype, have been already described, supporting that mutations in HSPBs particularly 

enriched in neurons might account for a fraction of ALS cases with an undefined aetiology. 

Thus, part of my studies consisted in the analysis of HSPB8 variants recently identified in 

ALS cases by our collaborators Nicola Ticozzi, Vincenzo Silani and Antonia Ratti, from the 

Department of Neurology and Laboratory of Neuroscience (IRCCS Istituto Auxologico 

Italiano, Milan) and Dipartimento di Fisiopatologia Medico-Chirurgica e dei Trapianti, Centro 

'Dino Ferrari' (University of Milan). These variants include the substitution of the Ser at 

position 9 with a Pro (S9P), of the Pro at position 41 with a Ser (P41S) and of the Ser at 

position 181 with a Cysteine (S181C). Here, I demonstrated that the identified HSPB8 

variants are not characterized by a misfolding and aggregating prone behaviour, which is a 

hallmark of ALS, excluding a gain of proteotoxic function. In addition, I observed no variation 

in the stability of the HSPB8 variants, whose levels and rate of degradation are comparable 

to the HSPB8 WT, excluding a potential disease-related mechanism of haploinsufficiency. 

I also proved that HSPB8 variants are able to dimerize with the WT counterpart and interact 

with the other members of the CASA complex, showing no competition for BAG3 binding. 

A mechanism of loss of function was excluded as well, since all HSPB8 variants retained 

the prodegradative activity against HSPB8 client proteins (data not shown). However, a 

serendipitous observation concerned the S181C variant, which is its ability to form an 

intramolecular disulphide bond. HSPB8 in its WT form contains three cysteine residues, 

which have been reported to be involved in the formation of intra- and inter- subunits 

disulphide bonds in vitro (Mymrikov et al., 2010). However, besides the cited study 

performed on cysteine mutants of HSPB8, which does not seem to affect HSPB8 function 

in vitro, no additional studies deeply investigated the role of these cysteine residues in 
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HSPB8 activity and interactions with other partners than BAG3, such as HSPBs or RNA 

binding proteins. Unfortunately, any additional information on the effect of S181C mutation 

on HSPB8 structure cannot be obtained, since the CTD, and the NTD as well, correspond 

to highly intrinsically disordered regions. 

Although I did not observe a loss of function for the HSPB8 variants through a well-

established aggregation assay of defined misfolded substrates of CASA complex (data not 

shown), I cannot rule out that the identified HSPB8 variants do not possess any detrimental 

or beneficial activity in ALS. Indeed, a limitation of these studies regards the use of transient 

transfection methods combined with assays (e.g., FRA) characterized by low sensitivity to 

detect small changes between HSPB8 WT or variants activity. In support to this hypothesis, 

I observed that the already demonstrated aggregation prone behaviour of the HSPB8 

known mutant K141E was absent in our cell model and experimental conditions and that 

the partial loss of activity of this mutant sometimes could not reach a statistical significance. 

Moreover, HSPB8 activities are not strictly circumscribed to CASA. Indeed, the role of 

HSPB8 variants in granulostasis, cell cycle, cytoskeletal maintenance, and protective 

response to other stressors (e.g., oxidative stress) has not been investigated in this study, 

giving rise to the possibility that HSPB8 variants could impact in ALS through other 

molecular mechanisms. 

In conclusion to this part of my studies, I believe that, even if no gain of toxic function or 

loss of protective function were clearly identified, further efforts should be made to define 

well the role of these HSPB8 variants in ALS disease. 

 

The second part of my studies dedicated to HSPB8 concerned the investigation of the 

biochemical behaviour of the very recently identified HSPB8 frameshift mutants. 

Specifically, the mutations pPro173Serfs*43, pGln170Glyfs*45 and pThr194Serfs*23 have 

been described in patients suffering from progressive distal neuropathy/myofibrillar 

pathology with rimmed vacuolar myopathy, adult-onset axial and distal myopathy and 

proximal limb-girdle rimmed vacuolar myopathy, respectively. Actually, this study started 

with a focused analysis on pPro173Serfs*43 mutant, but a very strikingly observation 

encouraged the inclusion of the other two frameshift mutants in the characterization. Indeed, 

by analysing the predicted protein sequences caused by the frameshift mutations, I 

observed that all these mutants share a common elongated C-terminal tail. In addition, the 

mutations pPro173Serfs*43 and pGln170Glyfs*45, which fall very near to each other in the 

HSPB8 sequence, determined almost identical sequence modification of the CTD of 

HSPB8. My experimental findings demonstrated that all these mutants encode the predicted 

elongated form of HSPB8 and that are prone to form cytoplasmic aggregates. These 
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observations are partially in contrast with the literature. Indeed, HSPB8 frameshift mutant 

proteins have never been detected in protein extracts from patients-derived biopsies or 

fibroblasts and a decreased of 50-60% of total HSPB8 protein levels were observed. To 

explain these observations, mechanisms of mRNA decay or protein instability were 

hypothesized but not demonstrated. In addition, these results disagreed with the 

histopathological results in muscle biopsies, showing cytoplasmic protein aggregation of 

HSPB8 itself together with TDP-43, ubiquitin, HSPB5, other CASA members and structural 

proteins. One can argue that the overexpression of HSPB8 mutants in cell by transient 

transfection might determine artifacts. However, the fact that aggregation of the HSPB8 

frameshift mutants was not observed in patients-derived fibroblast can be explained by the 

fact that fibroblast express very low levels of HSPB8, as reported in the Human Protein 

Atlas portal. In addition, the myopathy-related P209L mutant of BAG3, which is also 

expressed at low levels in fibroblast, did not form spontaneous detectable aggregates in 

patients-derived fibroblast in the recently published paper from (Meister-Broekema et al., 

2018). BAG3 P209L mutant aggregation in patients-derived fibroblasts was observed after 

induction of BAG3 upregulation though proteasome inhibition; similarly, heat shock, which 

is potent HSPB8 inducer, permitted the observation of long-lasting HSPB8 aggregates in 

pPro173Serfs*43 fibroblasts (Al-Tahan et al., 2019). 

Indeed, in line with patient biopsies observations, I proved that HSPB8 frameshift mutant 

aggregation determines, not only the co-aggregation of its WT counterpart, but also the co-

segregation of CASA complex factors, such as BAG3, through its two IPV domains, and the 

autophagic adaptor SQSTM1/P62. These results suggest a dominant negative effect of 

these frameshift mutants against all CASA complex and affecting its activity. Indeed, along 

with the observation of decreased solubility of HSPB8 frameshift mutants and interactors, I 

observed an increase of insoluble ubiquitinated proteins, suggesting a failure of CASA 

activity. Since all these results are strikingly close to the previous observation on BAG3 

P209 mutant, I tested if the boosting of the autophagic pathway could favour HSPB8 

aggregates removal. Again, trehalose resulted effective in the removal of aggregates of 

HSPB8 frameshift mutants, suggesting that the enhancement of the autophagic pathway 

could be a promising therapeutic approach for myopathy and neuropathy diseases 

characterized by HSPB8 and BAG3 aggregation. 

It must be said that the studies on the HSPB8 frameshift mutants are still ongoing. One 

fundamental topic that need investigation concern the role of HSP70/HSPA in HSPB8 

aggregation. Since it has been described that the abrogation of HSP70/HSPA-BAG3 

interaction counteracts the aggregation of BAG3 P209 mutants, I will investigate if this 

observation applies also to HSPB8 frameshift mutants or if HSPB8 aggregation takes place 



 

112 

 

independently from CASA complex. Nevertheless, BAG3-indipendent functions of HSPB8 

have been described. For instance, it was recently demonstrated the role of HSPB8 in the 

early response to proteotoxic stress, upstream to BAG3 intervention. In this mechanistic 

model, HSPB8 concentrates misfolded proteins into ubiquitin-positive microaggregates, 

regulates the SQSTM1/P62 oligomerization and coupling to BAG3-HSP70/HSPA complex. 

In addition, HSPB8 acts independently from BAG3 in the early phases of granulostasis and, 

since co-aggregation of HSPB8 frameshift mutants with SGs marker TIA-1 has been 

observed in patient biopsies, the role of these new mutations in SGs dynamics or 

dysfunction must be addressed. 

In addition, further investigations are needed to assess the activity of HSPB8 in the removal 

of known clients, such as mutant SOD1 or the elongated polyQ tract. Alternatively, if the 

misfolded clients can be routed to degradation through alternative pathways. Finally, since 

co-aggregation of HSPB8 frameshift mutants with TDP-43 has been described, the effect 

on HSPB8 on TDP-43 pathology (ongoing studies), which comprises severe muscle and 

neuronal phenotypes, will add important pieces in the puzzle of HSPB8-related 

neuromuscular diseases. 

Finally, structural information of these HSPB8 frameshift mutants is missing. It will be of 

interest the evaluation of the amino acidic substitution observed in the modified CTD and in 

the elongated C-terminal tail. Do these new sequences contain motifs that determines 

aberrant protein-protein interaction? How do these sequences fold or misfold determining 

the formation of oligomers, fibrils, or amorphous aggregates? Which are the relative 

contributions of the modified CTD and the elongated C-terminal tail? 

Collectively, these current studies are laying the foundations for the investigation of the 

molecular mechanisms underlying HSPB8-related pathology. These and future results 

might permit the grouping of the identified, and not already identified, frameshift mutants in 

a class with defined and shared disease-causing mechanisms.  
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Chapter IV 

4. Differentiation of induced Pluripotent Stem 

Cells to Motoneurons to generate a model to 

study TDP-43 pathology 
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4.1 BACKGROUND 

Protein misfolding and aggregation are hallmarks of several NDs. NDs comprise MNDs, 

characterized by MNs death and muscle waste and atrophy. Besides NDs, proteostasis 

impairment is observed in diseases affecting muscle cells. Among MNDs, ALS is the most 

common, with an annual incidence of 1-2 cases per 100 000 habitants (Wijesekera et al., 

2009). The aetiology of ALS is unknown in most of the cases, but it is thought that ALS is a 

result of a multistep process involving environmental and genetic factors (Al-Chalabi et al., 

2012). ALS can be divided into familial (fALS) or sporadic (sALS) forms, which account for 

the 5% and 95% of cases, respectively. In both fALS and sALS, a long list of genes has 

been found to be involved in the disease. Noteworthy, several of these mutated genes and 

of the impaired cellular pathways associated to ALS are also involved in other diseases 

affecting MNs and the skeletal muscle. Although the efforts of the scientific community are 

now deciphering the molecular mechanisms causative of MNs death, most sporadic cases 

have unknown causes, and no cure is effective in slowing down or block the onset and 

progression of these diseases. The generation of new models closer to human MNs and 

muscle cells are necessary to gain new insights into ALS and other neuromuscular 

diseases. In this context, the development of protocols that permit the obtainment of 

induced Pluripotent Stem Cells (iPSCs), their genetic manipulation through gene editing 

technology and their differentiation to specialized cell types, e.g., MNs and myocytes, 

represent valuable tools for the study of diseases affecting the neuromuscular system. 

4.1.1 TAR DNA binding protein - 43 

TDP-43 is an RNA binding protein encoded by the TARDBP gene. Its functions comprise 

mRNA transport, splicing, translation and SGs formation (Gao et al., 2018). TDP-43 is a 

414 amino acids protein, containing an N-terminal domain, two RNA recognition motifs 

(RRM1 and RRM2) and a C-terminal glycine-rich unstructured domain, also known as prion 

like domain. TDP-43 contains both a nuclear localization signal (NLS) and a putative nuclear 

export signal (NES), which permit its nucleocytoplasmic shuttling (Blokhuis et al., 2013). 

Mutations in TARDBP gene accounts for only 4% of fALS cases. Although mutated TDP-

43 has been found in a very few cases of ALS/FTD, TDP-43 inclusions are present in 97% 

of ALS cases and 45% of FTD cases (Ling et al., 2013). Besides ALS-FTD, TDP-43 has 

been also involved in SMA in association to its splicing activity on SMN2 transcript (Bose et 

al., 2008). However, TDP-43 pathology is not only restricted to neuronal cell types. Indeed, 

TDP-43 inclusions or co-aggregation have been also observed in muscle cells of patients 

suffering from ALS, IBM and muscle dystrophy, dHMN and MFM (Bengoechea et al., 2015; 

Cortese et al., 2018; Sorarú et al., 2010; Weihl et al., 2008). 
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TDP-43 proteinopathy has been attributed to an aberrant behaviour of TDP-43, 

characterized by mislocalization and PTMs, which cause its aggregation and dysfunction, 

and this may be related to the generation of proteolytic fragments of 25 and 35 KDa. Indeed, 

the role of TDP-43 and its toxic fragments in MNs-like and muscle cell models was 

previously investigated in our laboratory. We demonstrated that TDP-43 fragments 

accumulate in both cell types and that the expression of the TDP-25 toxic fragment was 

able to impair autophagy. On the other hand, by boosting the autophagic or proteasome 

systems, TDP-43 fragments aggregates can be cleared from cells (Cicardi et al., 2018). Not 

only proteolysis inducing selective TDP-43 cleavage in aggregating CTFs, but also other 

specific PTMs are involved in the pathogenic mechanism of TDP-43, like TDP-43 Ser-

409/410 phosphorylation, TDP-43 ubiquitination and acetylation. These PTMs are 

associated with TDP-43 nuclear depletion and accumulation in cytoplasmic detergent-

resistant inclusions. TDP-43 inclusions are related to a gain of proteotoxic function and its 

sequestration into physically compartmentalized aggregates results in a decreased TDP-43 

bioavailability and nuclear distribution, associated to its loss of function in RNA metabolism. 
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4.2 AIM 

The inaccessibility to the brain tissue in living human being has been a limiting factor in the 

study of MNDs. But, the recent set up of protocols that permit to reprogram somatic cells 

into induced Pluripotent Stem Cells (iPSCs) and their subsequent differentiation into 

different cell types, including specific subset of neurons, has overcome this issue 

(Takahashi et al., 2007, Takahashi and Yamanaka, 2006). IPSCs can be obtained by 

reprogramming skin fibroblasts or blood cells from patients or healthy donors by using a 

cocktail of four transcription factors (OCT4, SOX2, KLF4, and c-MYC). Then, iPSCs can be 

differentiated and used as human cell models to investigate molecular mechanisms related 

to a disease and for drug discovery. Another issue that rises in the study of complex 

diseases is the genetic variability among cell models derived from different patients and 

healthy donors. By genome editing techniques (e.g., CRISPR/Cas9 system), isogenic iPSC 

lines can be generated, and the disease-not-related genetic background noise can be 

limited. While often using the CRISPR/Cas9 technique, a genetic mutation can be repaired 

in iPSCs derived from ALS patients generating isogenic control cell line sharing the same 

genetic background of the given patients, it is also possible to introduce a novel mutation 

into a desired normal gene (e.g., TARDBP) in normal iPSCs to produce isogenic mutated 

cell lines mimicking a specific human disorder (Cong et al., 2013). Once iPSCs are obtained, 

protocols for their differentiation can be used to obtain the desired cell type generally 

affected in the disease object of the study. 

Here, I applied a new protocol for the obtainment of iPSCs-derived MNs on previously 

generated isogenic TDP-43-DENDRA2 reporter cell lines (Fig 4.1 A). These iPSCs clones 

were obtained by gene editing on a healthy donor-derived cell line of iPSCs with 

CRISPR/Cas9 technology, to express (i) wildtype (WT) or (ii) A315T mutated TDP-43 

tagged at the C-terminus with DENDRA2. The DENDRA2 tag is a 23 kDa modified protein 

derived from octocoral Dendronephthya sp. and undergoes an irreversible photoconversion 

from green to red fluorescence, when activated with UV-violet (405 nm) or blue (488 nm) 

lights. 

By using a small molecule-based differentiation protocol, I aimed to differentiate iPSCs to 

MNs and perform a basal characterization of the selected isogenic reporter cell lines. 

Most of these data were obtained during a short-term fellowship at the iPS cells and 

neurodegenerative disease group lead by PhD Jared Sterneckert (DFG-Center for 

Regenerative Therapies Dresden, Center for Molecular and Cellular Bioengineering 

(CMCB), Technische Universität Dresden) and in collaboration with PhD Lara Marrone. The 

gene edited iPSC lines were generated by PhD Maria Elena Cicardi in our laboratory during 

her PhD course with the assistance of Dr. Valeria Crippa, researcher in our laboratory.  
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4.3 Materials and methods 

Chemicals and regents  

The following reagents were used: mTeSR1 (85850, Voden Medical Instruments), N2 

Supplement (17502-048, GIBCO), B27 Supplement W/O VitA (12587-010, GIBCO), 

Neurobasal medium SFM (21103-049, GIBCO), Knock Out D-MEM (10829-018, GIBCO), 

Serum Replacement (10828-028, GIBCO), Collagenase (C6885-25MG, Sigma-Aldrich), 

ROCK Inhibitor (Y-27632, Selleckchem), Ascorbic Acid (A2218, Sigma-Aldrich), Retinoic 

Acid (R2625, Sigma-Aldrich), CHIR (SML 1046, Sigma-Aldrich). dbCAMP (D0627, Sigma-

Aldrich), VPA (P4543, Sigma-Aldrich), Dorsomorphin (s7306, Selleckchem), SB-431542 

(Cayman), PMA (10009634, Selleckchem), SAG (11914, Cayman), DAPT (131997, 

Cayman), DMH-14126/10 (Tocris), FGF basic (100-18B, peprotech), BDNF (450-02, 

peprotech), GDNF (450-10, peprotech), TGFb3 (100-36E, peprotech), Activin A (34-8993-

85, Affymetrix e-bioscience), MG-132 (Z-Leu-Leu-Leu-al) (Sigma Aldrich), 3-MA (Sigma 

Aldrich). 

Cell cultures 

IPSCs were previously gene edited and characterized by PhD Maria Elena Cicardi, from 

our laboratory. IPSCs were expanded in mTeSR (Stem cell Technologies) at 37°C, 5% CO2 

on Matrigel (Corning)-coated multiwells. Medium was changed every day, and cells splitting 

was performed by enzymatic detachment using Accutase (Sigma) supplemented with 10 

µM ROCK inhibitor (Y-27632, Selleckchem). MNPs and MNs were grown at the conditions 

described in the following section and maintained at 37°C, 5% CO2 on Matrigel (Corning)-

coated multiwells. 

Cells were seeded at the following cellular densities:  

• iPSCs: 400 000 cells/well in a 6-wells multiwell for maintenance, 500 000 cells/well 

in a 6-wells multiwell for Motoneuron Progenitors (MNPs) derivation; 

• MNPs: 400 000 cells/well in a 6-wells multiwell for maintenance, 400 000 cells/well 

in a 12-wells multiwell for Motoneurons (MNs) differentiation, 30 000 cells/well in a 

96-wells multiwell for IF; 

• MNs: 1 800 000 cells/ml in a 12-wells multiwell for WB and FRA, 40 000 cells/well 

in a 96-wells multiwell for IF. 

Differentiation of iPSCs to MNs 

MNs derivation was obtained by applying the protocols set by (Reinhardt et al., 2013) and 

(Du et al., 2015) and adapted by Dr. Sterneckert laboratory (Center for Molecular and 
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Cellular Bioengineering (CMCB) - DFG-Center for Regenerative Therapies (Technische 

Universität Dresden, Dresden, Germany)) (Fig. 4.1 B). This protocol permits the derivation 

of MNPs cells from iPSCs-formed Embryo Bodies (EBs). Next, MNPs can be expanded and 

differentiated to MNs. The MNs derivation is based on the use of small molecules that 

interfere by activating or inhibiting pathways responsible for cell differentiation, mimicking 

the differentiation process that takes place during embryogenesis. The first passage of the 

protocol consists in the neural induction by exposing detached iPSCs clumps to hES 

medium supplemented with 200 µM ascorbic acid, and with 0.5 µM dorsomorphin and 10 

µM SB-431542, which inhibit BMP and TGFβ signalling, respectively, and to 3 µM 

CHIR99021, a GSK3b inhibitor that stimulates the canonical WNT signal (Induction Medium 

[IM]). After four days, cells are exposed to N2B27 medium (DMEM-F12/Neurobasal medium 

1∶1, 0.5 % N2 supplement, 1 % B27 supplement without vitamin A, 1 % 

Penicillin/Streptomycin/Glutamine) supplemented with 0.5 µM purmorphamine, a stimulator 

of the SHH pathway, and 0.10 µM retinoic acid (RA), which specifies the spinal cord fate 

(Neuron Precursor Cells Medium [NPCM]). Because of the neurogenic effect of RA, the use 

of Valproic Acid (VPA, 0.5 µM), a histone deacetylase inhibitor that indirectly activates Notch 

signalling, permits to expand MNPs for at least five times (Motor Neuron Precursor Medium 

[MNPM]). 

Once the MNPs are obtained, they can be induced to differentiate into MNs, by exposing 

MNPs to Patterning medium. Patterning medium consists of N2B27 medium supplemented 

with 200 µM ascorbic acid, 1 µM retinoic acid (Sigma), 0.5 µM SAG, 10 ng/ml BDNF 

(Peprotech), 10 ng/ml GDNF (Peprotech). After six days, MNs are cultured in Maturation 

medium, consisting of N2B27 supplemented with 5 ng/ml Activin A (for the first 2 days), 200 

µM ascorbic acid, 20 ng/ml BDNF, 20 ng/ml GDNF, 1 ng/ml TGFβ3, 100 µM dbcAMP 

(Sigma). After at least 14 days, MNs are mature and used for subsequent analyses. 

Protein Extraction and quantification 

After 15-20 days MNs maturation, derived MNs were harvested and centrifuged 5 min at 

100 g at 4 °C. Cell pellets were then resuspended in RIPA lysis buffer (0.15 M NaCl, 20 mM 

Na-deoxycholate, 100 µM Na3VO4, 50 mM NaF, 5 mM Na-iodoacetate, 2.5 mM Tris-HCl pH 

7.7, 10 mM EDTA pH 8, 0.08%w/v SDS, 0.8%v/v Triton X-100) added with protease 

inhibitors cocktail (Sigma-Aldrich) and lysed using slight sonication. For RIPA 

soluble/insoluble protein extraction, cells were lysed in RIPA buffer and centrifuged at 

16100 g for 15 min. Supernatants were collected and pellets resuspended in sample buffer. 

Protein content quantification was performed with bicinchoninic acid (BCA) assay 

(Cyanagen). 
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Western Blot and Filter Retardation Assay 

SDS-PAGE was performed as previously described. 25 µg of MNs protein lysates were 

loaded onto gels and then electro-transferred to 0.45-µm nitrocellulose membranes (Bio-

Rad Laboratories, Hercules, CA, USA). To detect insoluble species, FRA was performed 

by loading 10 μg of total protein onto a 20% MeOH-treated 0.2-µm cellulose acetate 

membrane (Whatman 100404180) and filtered. WB and FRA membranes were incubated 

with a blocking solution of 5% of non-fat dried milk in TBS-Tween (20 mM Tris-HCl pH 7.5, 

0.5 M NaCl, 0.05% Tween-20) for 1 h and then incubated with primary antibodies diluted in 

the same solution overnight. Primary antibodies used were: mouse monoclonal anti-

DENDRA2 antibody (clone OTI1G6, TA180094, TrueMAB), rabbit polyclonal anti-TDP-43 

C-terminus (12892-1-AP, Proteintech), rat monoclonal anti-phospho TDP-43 

(Ser409/Ser410) (clone 1D3, MABN14, Sigma-Aldrich), mouse monoclonal anti-α-tubulin 

(T6199, Sigma-Aldrich), rabbit polyclonal anti-LC3 (L8918, Sigma-Aldrich). Then, 

membranes were washed three times in TBS-Tween for 10 min and incubated with the 

peroxidase-conjugated secondary antibodies IgG-HRP goat anti-rabbit and anti-mouse 

(111-035-003, 115-035-003; Jackson ImmunoResearch Laboratories, Inc.) and anti-rat (sc-

2065, Santa Cruz Biotechnology). After 4 times washing, proteins were immunodetected as 

previously described. 

Fluorescence microscopy and immunofluorescence 

Cells were fixed in a solution of 4% paraformaldehyde for 25 min at RT and then washed 

with PBS solution 3 times 5 min. Cells were permeabilized and nonspecific sites blocked 

using a solution of 0.1% Triton X-100, 1% BSA and 10% FBS in PBS for 40 minutes at RT. 

Then, the primary antibodies diluted in 0.1% BSA in PBS were incubated overnight: mouse 

monoclonal anti-Nestin antibody (MAB1259, R&D systems), rabbit polyclonal anti-HB9 

(PA5-40456, Invitrogen), mouse monoclonal anti-Smi32 antibody (NE1023, Sigma Aldrich), 

rabbit polyclonal anti-TDP-43 (10782-2-AP, Proteintech), mouse monoclonal anti-α-tubulin 

(T6199, Sigma-Aldrich), rabbit polyclonal anti-CC3 (D175, #9541, Cell Signaling). The 

following day, primary antibodies were removed, and cells washed with 0.1% BSA in PBS. 

Then, secondary antibodies were added: goat anti-mouse AlexaFluor 647 (A-21241, 

Thermo) or donkey anti-rabbit AlexaFluor 647 (A-31573, Thermo), diluted in 0.1% BSA in 

PBS, were incubated for 1 hr at RT. Three washing steps with PBS, with the middle one 

containing Hoechst (in PBS) to stain nuclei were made. Cells were imaged on a Confocal 

Laser Scanning Microscope 700 (Zeiss). 
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4.4 Results 

4.4.1 IPSCs differentiation to MNPs 

Isogenic iPSCs lines expressing the DENDRA2-tagged WT or A315T mutated TDP-43 have 

been previously generated in our laboratory. After characterization of the selected iPSCs 

clones, I applied a small molecules-based protocol for differentiating iPSCs to MNPs and 

then, to MNs (Fig. 4.1 A and B). By analysing cell morphology and distribution using light 

microscopy, I observed that undifferentiated iPSCs, both from WT and mutated TDP-43 

tagged with DENDRA2, correctly showed a typical colony forming behaviour (Fig. 4.1 B). 

The derivation of MNPs requires the passage of EBs formation. For EBs formation, cells 

were grown until complete confluence with MEF-derived conditioned medium 

supplemented with FGF2. During the phase of induction, colonies were scraped and cut 

into smaller pieces and exposed to the induction medium [IM]. EBs were grown in a low 

binding petri dish as floating rounded or tubular cell aggregates (Fig. 4.1 B). Then, cells 

were exposed to Neural Progenitor cells medium [NPCM]. After 2 days, EBs were collected 

and disaggregated on a Matrigel-coated 12-multiwell to obtain MNPs. 

Because of the presence of contaminant flat cells, colonies of cells grown in NPC medium 

were manually selected or underwent sequential enzymatic-based detachment. Then, cells 

were split and plated in MNP medium. MNP medium has the same formulation of NPC 

medium, with small molecules that help in the differentiation to MNPs, but it contains VPA, 

that represses neurogenesis, permitting the expansion of MNPs for at least five passages. 

MNPs obtained from all four iPS cell lines (W80 and W54 expressing the DENDRA2-tagged 

TDP-43 WT; A5 and A19 expressing the DENDRA2-tagged TDP-43 A315T) grew in 

clusters, with cells that emit propagations outside the colonies (Fig. 4.1 C). IF showed that 

MNPs were positive for Nestin, which is expressed in precursors of neural lineage (Fig. 

4.2). Under basal conditions, I did not observe any appreciable differences in TDP-43 WT 

(W80) or A315T mutant (A5) localization and distribution: in both MNPs cell lines, 

DENDRA2-tagged TDP-43 localized in the nuclei. 
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Figure 4. 1 Differentiation of iPSCs to MNs. 
A. Schematic representation of isogenic reporter iPSC clones obtained by CRISPR/Cas9 gene editing and their 
differentiation to MNs. W80 and W54 are the selected clones after previous gene editing to express a 
DENDRA2-tagged TDP-43 WT (in heterozygosis); A5 and A19 are the selected clones after previous gene 
editing to express a DENDRA2-tagged TDP-43 carrying the A315T ALS-related mutation (in heterozygosis). B. 
Timeline and passages of the differentiation protocol with representative images of cell organization and 
morphology at the main steps. C. Microscope images of obtained MNPs and MNs of all four cell lines. 
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Figure 4. 2 MNPs derived from W80 and A5 iPSC lines. 
DENDRA2-TDP-43 emits green fluorescence. Nestin, a pan-neuronal precursor cell marker was 
stained in purple, while nuclei were stained with Hoechst. (40X magnification). 
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4.4.2 Differentiated TDP-43 DENDRA2 cell lines are positive for neuronal 

markers 

IPSCs-derived MNs were obtained by exposing cells to patterning medium, and then to 

maturation medium. As shown in Fig. 4.1 C, MNs grew in small clusters, emitting long 

propagations which resemble axons. These cells are characterized by a large cell body, a 

feature of MNs. At day 20, MNs were mature for subsequent analyses. 

MNs obtained from MNPs differentiation were stained for MNs markers. As shown in Fig. 

4.3 (Top), motoneuronal-specific marker HB9 localized correctly in nuclei. Quantification of 

positive cells to HB9 showed that 8.4% of W80 cell line, 12.5% of A5 cell line, 9.1% of W54 

cell line, 11.2% of A19 cell line are MNs. Notably, Fig. 4.3 (bottom) showed that all cell 

lines express the pan neural marker Smi-32, which stains for the non-phosphorylated 

Neurofilament H. TDP-43 DENDRA2 localizes in the nuclei in all cell lines and no 

appreciable differences in fluorescent signal were observed (Fig. 4.3). 
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Figure 4. 3 Differentiated TDP-43 DENDRA2 cell lines are positive 
for neuronal markers 
(Top) MNs derived from all four cell lines were stained with HB9 
(purple), a motoneuronal specific marker and positive cells were 
counted. Nuclei were stained with Hoechst (Scale bar = 50 µm; 20X 
magnification). (Bottom) IF for pan-neuronal cell marker Smi32 
(purple). Nuclei were stained with Hoechst. (20X magnification). 
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4.4.3 TDP-43 DENDRA2 MNs characterization 

To obtain insights into DENDRA2-tagged or untagged TDP-43 protein levels and 

aggregation prone behaviour, I performed a WB, FRA and IF on both the WT (W54 and 

W80) and the A315T mutated (A19 and A5) cell lines -derived mature MNs. TDP-43 

behaviour was investigated under untreated conditions and upon proteasome and/or 

autophagic inhibition. I used MG-132 as a proteasome inhibitor, which is known to cause 

proteotoxic stress resulting in an exacerbation of TDP-43 cleavage and mislocalization 

(Berning et al., 2019). Instead, 3-MA was used for autophagy inhibition. As observed in Fig. 

4.4 A, all WT and A315T mutated cell lines correctly expressed both the tagged and 

untagged TDP-43. Interestingly, all cell lines showed higher level of untagged-TDP-43 in 

respect to the DENDRA2-tagged TDP-43. This difference may be due to a loss of stability 

of TDP-43 protein when tagged, even if an interference of the tag with antibody recognition 

affecting the efficiency of detection is also possible. Interestingly, in cells undergoing 

proteotoxic stress induced by MG-132, I found that this type of stress did not induce an 

increase in endogenous TDP-43 levels, while it increased the overall levels of signals 

related to proteins that might recapitulate the TDP-43 CTFs (TDP-35 and TDP-25). 

Proteasome inhibition correlated with an increase in TDP-43 HMW insoluble species in all 

cell lines, as observed in FRA results. Instead, no differences in TDP-43 fragmentation or 

accumulation were observed in all cell lines upon autophagic blockade, using 3-MA. In 

addition, 3-MA did not exacerbate the effect of proteasome inhibition. Interestingly, 

proteasome, but not autophagic inhibition permitted the detection of a phosphorylated TDP-

43 form, likely corresponding to the DENDRA2-tagged TDP-25 and 35 CTFs. To better 

understand the relative contribution of TDP-43 CTFs in the accumulation of HMW insoluble 

species, RIPA soluble/insoluble protein extracts were analysed. As reported in Fig. 4.4 B, 

both the tagged and the untagged TDP-43 were present in both soluble and insoluble 

fractions, but an increase in the insoluble fraction was observed in cells treated with the 

proteasome inhibitor. The presumed tagged TDP-35 and 25 fragments were also observed 

in the insoluble fractions of cells treated with the proteasome inhibitor. Again, 3-MA did not 

modify TDP-43 behaviour. These results suggest that proteasome inhibition correlates with 

an increase of TDP-43 fragmentation into insoluble species and are in line with the data 

previously published by us using immortalized motoneuronal models of ALS expressing 

TDP-43 and the two CTFs (Cicardi et al., 2018). 

Analysis of the intracellular distribution of the TDP-43 protein with IF (Fig. 4.5) confirmed 

that under basal condition, both endogenous TDP-43 and DENDRA2-tagged TDP-43 

resided in the nucleus of all iPSCs-derived MNs cell lines. Instead, after proteotoxic stress 

induction, performed using the proteasome inhibitor MG-132, the untagged TDP-43 seems 
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to mislocalize in the cytoplasm near the nucleus, while the DENDRA2-tagged TDP-43 was 

not clearly detectable outside the nucleus. Again, no effect of 3-MA on TDP-43 signal or 

localization was observed. Unfortunately, the magnification of the captured images was too 

low to appreciate the untagged and tagged TDP-43 localization and further IF experiments 

will be performed to validate these data. I finally evaluated the percentage of cells positive 

for active cleaved caspase-3 (CC3), when untreated or upon proteasome and/or autophagic 

inhibition (Fig. 4.6). Indeed, CC3 is a marker of MNs death and, in addition, its activity has 

been involved in TDP-43 fragmentation into CTFs. It has been shown that TDP-43 

possesses three caspase-3 cleavage consensus sites, and that caspase-3 activity is 

induced by proteasome inhibition with MG-132 (Nonaka et al., 2009; Zhang et al., 2007). 

This results in an increase of TDP-43 fragmentation, due to caspase-3 activity, and TDP-

43 accumulation in the cytoplasm, related to UPS blockage (Kleinberger et al., 2010; 

Nonaka et al., 2009). Under untreated conditions, no significant differences in the 

percentage of CC3-positive cells were observed among cell lines (W54 = 3.895 ± 1.615; 

A19 = 4.947 ± 2.941; W80 = 4.305 ± 0.870; A5 = 4.328 ± 1.181). Autophagy inhibition with 

3-MA determined a slight but not significant increase in CC3-positive cells percentage (W54 

= 6.160 ± 1.432; A19 = 5.693 ± 0.583; W80 = 8.402 ± 2.072; A5 = 4.294 ± 1.038), while 

proteasome inhibition with MG-132 caused a significant increase in CC3-positive cells in all 

cell lines (W54 = 10.787 ± 1.846; A19 = 12.683 ± 2.761; W80 = 16.576 ± 2.429; A5 = 10.461 

± 0.992). The combined treatment with autophagy and proteasome inhibitors caused an 

increase in the CC3 positivity, too, comparable to MG-132 treatment alone (W54 = 10.206 

± 2.363; A19 = 13.125 ± 2.377; W80 = 16.130 ± 2.027; A5 = 10.554 ± 1.041). This latter 

result suggested an absence of a synergic effect of the two treatments or a likely lack of 

effect of the autophagic inhibitor in the experiment. In conclusion, I finally confirmed that 

MG-132 treatment was associated to the presence of active CC3, indicating MNs death. 

Altogether, these results permitted to set up the experimental conditions of proteasome 

impairment to use as a paradigm model of TDP-43 misbehaviour in future experiments 

involving these iPSCs-derived MNs. 
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Figure 4. 4 TDP-43 fragmentation and solubility upon proteasome and/or autophagic inhibition. 
A. WB and FRA results on protein extracts of MNs derived from TDP-43-DENDRA2 WT (W54 and 
W80) and A315T mutated (A19 and A5) iPSC lines, with or without MG-132 treatment (5 µM, 24 hours) 
and/or 3-MA treatment (10 mM, 24 hours). Bar graphs report the relative optical densities of FRA.       
B. WB results on RIPA-soluble and insoluble protein extracts of MNs derived from TDP-43-DENDRA2 
WT (W54 and W80) and A315T mutated (A19 and A5) iPSC lines, with or without MG-132 treatment 
(5 µM, 24 hours) and/or 3-MA treatment (10 mM, 24 hours). 



 

128 

 

 

 

  

Figure 4. 5 Proteasome and/or autophagic inhibition effect on TDP-43 localization. 
IF on MNs derived from TDP-43-DENDRA2 WT (W54 and W80) and A315T mutated (A19 and A5) 
iPSC lines, with or without MG-132 treatment (5 µM, 24 hours) and/or 3-MA treatment (10 mM, 24 
hours). DENDRA2-TDP-43 emits green fluorescence. TDP-43 (both the untagged and the DENDRA2-
tagged) was stained in purple, while nuclei were stained with Hoechst. (Scale bar = 50 µm; 20X 
magnification). 
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Figure 4. 6 Proteasome but not autophagic inhibition correlates to CC3 activation. 
IF on MNs derived from TDP-43-DENDRA2 WT (W54 and W80) and A315T mutated (A19 and 
A5) iPSC lines, with or without MG-132 treatment (5 µM, 24 hours) and/or 3-MA treatment (10 
mM, 24 hours). DENDRA2-TDP-43 emits green fluorescence. Active cleaved caspase-3 (CC3) 
was stained in purple, while nuclei were stained with Hoechst. (Scale bar = 50 µm; 20X 
magnification). On the bottom the graph relative to the percentages of CC3 positive cells, for each 
cell line and condition. 
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4.5 Discussion 

TDP-43 is one of the proteins found mutated in ALS cases. Interestingly, mutations on TDP-

43 account only for 5% of ALS cases, but 97% of cases show pathogenic inclusions of this 

protein in its full length or cleaved forms. Moreover, TDP-43 inclusions are present also in 

45% of patients affected by FTD. TDP-43 is an mRNA binding protein involved in mRNA 

transport and processing and resides in the nucleus. Disease-related TDP-43 pathogenic 

mechanisms include its mislocalization in the cytoplasm, cleavage, phosphorylation, and 

aggregation. Many efforts have been done to deepen and identify new mechanisms or 

therapeutic approaches in TDP-43-related ALS, but a growing need to translate findings in 

patients has pushed investigators to validate results using cell models that are closer to 

human neurons and MNs. Protocols to differentiate iPSCs derived from healthy donors or 

patients have been developed and the use of gene editing techniques (CRISPR/Cas9) to 

obtain isogenic cell lines are routinely set. 

Here, I show the application of a protocol to differentiate isogenic reporter cell lines 

expressing TDP-43 WT (W54 and W80 clones) or carrying the A315T disease-associated 

mutation (A19 and A5 clones). 

With this protocol, I observed that the resulting clones generated a mixed population of 

neurons, comprising a small population of HB9-positive MNs. Even if I did not obtain a pure 

MN population, these cell lines will be helpful to study pathogenic TDP-43, as it causes both 

ALS and FTD, which affect, not only MNs, but also other different neuronal populations. In 

addition, it must be underlined that HB9 is considered a good marker for developing MNs, 

therefore a deeper evaluation of MNs markers characterizing also mature MNs is needed 

(e.g., ISL1, ChAT, VAChT). Preliminary data on the neuronal population derived from these 

iPSCs show that, under basal conditions both WT and A315T-mutated cell lines are not 

characterized by TDP-43 accumulation in intracellular inclusions, cytoplasmic 

mislocalization nor differences in TDP-43 protein levels. Instead, after proteasome 

inhibition, all cell lines show TDP-43 cleavage and aggregation, associated to activated 

cleaved caspase-3. These results are in line with several reports that demonstrated 

proteasome inhibition to correlate with TDP-43 misbehaviour. Instead, as expected from 

our previous publication (Cicardi et al., 2018) we did not observed effects or impairments 

on TDP-43 by inhibiting the autophagic pathway. However, since the autophagic marker 

LC3-I/II did not confirm an effective autophagic inhibition, further studies will be performed 

to evaluate the contribute of autophagy to TDP-43 behaviour and degradation in these cell 

models. 
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In conclusion, these results here presented demonstrated that the DENDRA2-tagged TDP-

43 iPSCs can be used as a valuable cell model for study TDP-43 pathology, related to ALS 

and FTD.  
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Chapter V 

5. Conclusions 
 

Proteostasis dysfunction characterizes several diseases in which neuronal or muscular cell 

types are affected. Common molecular mechanisms at the basis of proteinopathies are 

protein misfolding and aggregation, and failure of the PQC system to restore proteostasis. 

Among the genetic causes of proteinopathies, several mutations occurring in specific 

factors involved in PQC network have been described. These encompass the members of 

the CASA complex, which is formed by chaperones HSPB8 and HSP70/HSPA, co-

chaperone BAG3 and the ubiquitin-ligase CHIP, and acts in a form of selective autophagic 

degradation of damaged and misfolded substrates. Since the role of CASA is fundamental 

in proteostasis maintenance in neuronal and muscle cells, it is not surprising that mutations 

of some of its members are related to neuropathies and myopathies and the number of 

identified mutations is still growing. Indeed, how cellular functions are affected has not been 

investigated for all the mutants identified so far. 

For these reasons, during my PhD course, I focused my studies on the characterization of 

mutants and variants of BAG3 and HSPB8, which are two key components of the CASA 

complex. 

I studied some variants (S9P, P41S, S181C) of HSPB8 found in ALS patients. However, I 

could not appreciate significant differences in respect to the HSPB8 WT, that might relate 

to the ALS phenotype, except for the HSPB8 S181C. Indeed, this latter is characterized by 

intramolecular disulphide bond formation, whose effects are still under investigation. 

On the other hand, I observed that all the myopathy and neuropathy causing BAG3 P209 

and HSPB8 frameshift mutants share a common aggregation prone behaviour, which 

determines the co-segregation of BAG3 or HSPB8 with the other CASA members and with 

the autophagic adaptor SQSTM1/P62; the presence of these aggregates also associates 

to an increase of insoluble ubiquitinated proteins. These similarities suggest that the 

analysed BAG3 and HSPB8 mutants share a common disease-causative mechanism. 

However, several questions need a deeper investigation. 

First, both BAG3 and HSPB8 mutated proteins form cytoplasmic aggregates that converge 

to the perinuclear region. Indeed, BAG3 mutants are found at the aggresome and this 

observation is likely applicable for HSPB8 mutants (under investigation). However, it is not 

yet clear how pre-aggresomal particles are formed and routed to the MTOC. Indeed, how 

HSPB8 or BAG3 mutants assemble in insoluble species has not been well investigated. 
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In addition, BAG3 mutants exert their toxicity by stalling HSP70/HSPA folding activity, and, 

by abrogating their interaction, BAG3 aggregation can be counteracted. With regard to this 

observation, evaluation on HSPB8-HSP70/HSPA relationship in HSPB8 aggregation and 

HSP70/HSPA dysfunction is needed. 

Another difference between HSPB8 and BAG3 resides in their functions in CASA: BAG3 is 

the scaffold protein of CASA by interacting with HSPB8 and HSP70/HSPA. Although 

HSPB8 has the highest affinity in BAG3 binding, other HSPBs can bind to BAG3. This might 

suggest two scenarios that are of a certain interest: 

(i) HSPB8 might cause the segregation of other HSPBs together with BAG3; 

(ii) by favouring the binding of other HSPBs to BAG3, HSPB8 effect on BAG3 segregation 

might be bypassed. 

On the other hand, HSPB8 and BAG3 independent functions have been described. It has 

been observed that HSPB8 acts independently from BAG3 in early response to proteotoxic 

stress by concentrating proteins into microaggregates and by mediating SQSTM1/P62 

oligomerization. HSPB8 is the first line intervention which has been described also in 

granulostasis process, where it acts in response to stressors by preventing the irreversible 

aggregation of misfolded substrates or DRiPs into SGs. Thus, the BAG3-independent 

HSPB8 activities on CASA and SGs dynamics suggest that HSPB8 mutant dysfunctions 

might be upstream to the entire pathways. 

Thus, although HSPB8 and BAG3 mutants share similar features, their relative contribution 

on CASA and SGs dysfunction will be investigated in future work. 

 

The last part of this work focused on TDP-43, which is found in inclusions in most ALS 

cases. This strikingly observation determined an indisputable interest on TDP-43 in ALS 

research, with a particular focus to those many sporadic ALS cases. TDP-43 misbehaviour 

has been extensively investigated in our laboratory in MN-like and muscle cell models. In 

particular, the aggregation of TDP-43 and its toxic CTFs and the boosting of HSPB8-BAG3- 

and BAG1- mediated degradation for their clearance. However, the scientific research is 

asking for cell models recapitulating the features of the human cell types affected by 

disease. 

Thus, here I showed results obtained in the differentiation of iPSC isogenic reporter cell 

lines to MNs, using a small molecules-based protocol. These cell lines have been previously 

generated using CRISPR/Cas9 technique to study TDP-43-related ALS. However, TDP-43 

pathology is also present in FTD. Since FTD and ALS genetic and clinical features overlap 

in many patients, TDP-43 ALS-FTD is defined as a spectrum of disease. Thus, the neuronal-

derived cell lines I obtained could be used to investigate ALS-FTD disease. Indeed, results 
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obtained by cell model validation, using drug-induced proteotoxic stress, were in line with 

the current literature from different investigators, including us. In conclusion, these data 

define TDP-43-DENDRA2 cell lines as a valuable tool to study TDP-43, with a particular 

interest on stress conditions that alter its behaviour. 
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