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Abstract English 
HSPB3 is a small heat shock protein found predominantly in muscle cells. In contrast to other HSPBs, 

it is not upregulated upon heat-shock and it does not confer thermotolerance. In human myoblasts, 

HSPB3 is induced upon differentiation under the control of the myogenic regulatory factor MyoD. 

Yet whether HSPB3 plays a role in myogenic differentiation is unknown. The focus of this thesis was 

to assess whether HSPB3 participates in myogenic differentiation. Cell cycle exit and commitment 

to differentiation are regulated at the transcriptional level and require extensive chromatin 

remodeling. This process is modulated by the downregulation of Lamin B Receptor (LBR) and its 

detachment from chromatin and the nuclear envelope (NE). Immunofluorescence studies show that 

HSPB3 is enriched at the NE. This observation prompted the hypothesis that HSPB3 could act at the 

nuclear level facilitating the chromatin remodeling during muscle differentiation. Expression 

analysis and study of the subcellular localization of LBR in human myoblasts demonstrated that an 

interplay exists between HSPB3 and LBR. In particular, HSPB3 levels inversely correlate with LBR. 

Moreover, we demonstrate that HSPB3 directly interacts with LBR and promotes its detachment 

from the NE. Although we cannot exclude the possibility that, besides LBR, HSPB3 might also interact 

with other NE-associated proteins, our data clearly show that HSPB3 influences NE and chromatin 

remodeling, ultimately promoting the expression of pro-differentiating genes. In agreement, 

transcriptomic analysis links HSPB3 to changes in the expression of genes involved in extracellular 

matrix organization and skeletal muscle development. Four mutations in the HSPB3 gene were 

linked to neuromuscular pathologies. In this thesis we focused on the R116P mutation.  R116P was 

unable to induce the expression of myogenic-specific genes, while including the Unfolded Protein 

Response. Thus, the R116P mutation may decrease the differentiation capacity and regenerative 

potential of muscles.  

HSPB3 expression has also been detected in neuronal populations, but no physiological role has 

been identified so far. Of the best characterized function of HSPBs is the chaperone activity and 

prevention of irreversible aggregation. In vitro studies aimed at characterizing the chaperone 

activity of HSPB3 have demonstrated its ability to inhibit α-synuclein aggregation. In particular, the 

interaction between α-synuclein and lipid surfaces has been shown to trigger its conversion from a 

soluble state into the aggregated stated, associated to the development of Parkinson’s disease. Of 

note, several HSPBs have been shown to interact with lipids but this function has not yet been linked 

to their anti-aggregation functions. The work presented in the first chapter indicates that HSPB3 

affects LBR insertion into the NE opening the possibility that HSPB3 might interfere with protein-

lipid binding. In the second chapter of this thesis, we sought to investigate whether HSPB3, and 

other better characterized HSPBs (HSPB5, HSPB6, HSPB7 and HSPB8) affect α-synuclein interaction 

with lipids and aggregation. Using a three-pronged approach developed in the laboratory of Prof. 

M. Vendruscolo, we find that all HSPBs studied have an impact on α-synuclein lipid-induced 

aggregation, elongation, and secondary nucleation. More specifically, HSPBs could bind α-synuclein 

in its monomeric, oligomeric and fibrillar forms, as well as to the lipid membranes themselves.  

In summary, our findings pave the way for a better understanding of HSPB3 implication in the 

physiology and pathology of the neuromuscular system.  
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Abstract Italiano 
HSPB3 è una proteina da shock termico che si trova prevalentemente nelle cellule muscolari. A 

differenza di altre HSPB, HSPB3 non è sovraregolata in caso di shock termico e non conferisce 

termotolleranza. Nei mioblasti umani, HSPB3 è indotta al momento del differenziamento sotto il 

controllo del fattore regolatore miogenico MyoD. Tuttavia, non è noto se HSPB3 abbia un ruolo nel 

differenziamento miogenico, scopo di questa tesi. L'uscita dal ciclo cellulare e l’inizio del 

differenziamento sono regolati a livello trascrizionale e richiedono un rimodellamento della 

cromatina. Questo processo è modulato dalla sottoregolazione del recettore della lamina B (LBR) e 

dal suo distacco dalla cromatina e dall'involucro nucleare. Studi di immunofluorescenza mostrano 

un arricchimento di HSPB3 a livello dell'involucro nucleare. Questa osservazione ha suggerito 

l'ipotesi che HSPB3 possa agire a livello nucleare facilitando il rimodellamento della cromatina. 

L'analisi dell'espressione e lo studio della localizzazione subcellulare di LBR nei mioblasti dimostrano 

che esiste una connessione tra HSPB3 e LBR. In particolare, i livelli di mRNA di HSPB3 sono 

inversamente correlati a quelli di LBR. Inoltre, HSPB3 interagisce direttamente con LBR e promuove 

il suo distacco dall’involucro nucleare. Sebbene non possiamo escludere la possibilità che, oltre a 

LBR, HSPB3 possa anche interagire con altre proteine associate all’involucro nucleare, i nostri dati 

dimostrano che HSPB3 agisce su di esso e sul rimodellamento della cromatina, promuovendo 

l'espressione di geni specifici per il differenziamento. In accordo, l'analisi trascrittomica collega 

l’espressione di HSPB3 con cambiamenti nell'espressione dei geni coinvolti nell'organizzazione della 

matrice extracellulare e nello sviluppo del muscolo scheletrico. In questa tesi abbiamo poi studiato 

uno dei 4 mutanti nel gene HSPB3 associati a malattie neuromuscolari: R116P.- L’analisi 

trascrittomica su cellule esprimenti il mutante R116P dimostra una perdita di funzione 

sull'attivazione dei geni miogenici. Questi risultati suggeriscono che la mutazione R116P potrebbe 

diminuire la capacità di HSPB3 di indurre differenziamento e il potenziale rigenerativo dei muscoli. 

HSPB3 è anche esspressa in popolazioni neuronali, ma finora non è stato identificato alcun ruolo 

fisiologico. Una delle funzioni delle HSPB è rappresentata dall'attività di chaperone e dalla 

prevenzione dell'aggregazione irreversibile. Studi in vitro volti a caratterizzare l'attività di chaperon 

di HSPB3 hanno dimostrato la sua capacità di inibire l'aggregazione dell'α-sinucleina, la cui 

aggregazione è associata alla malattia di Parkinson. In particolare, α-sinucleina interagisce con le 

superfici lipidiche e ciò innesca la sua conversione da uno stato solubile a uno stato aggregato. Nel 

primo capitolo di questo lavoro è stato dimostrato che HSPB3 influenza l'inserimento di LBR nel NE, 

aprendo la possibilità che HSPB3 possa interferire con il legame proteina-lipide. Nel secondo 

capitolo, abbiamo cercato di indagare se HSPB3 e altre HSPB meglio caratterizzate (HSPB5-B8) 

influenzano l'aggregazione di α-sinucleina e la sua interazione coi lipidi. Utilizzando un metodo 

sviluppato nel laboratorio del Prof. M. Vendruscolo, abbiamo dimostrato che tutti le HSPB studiate 

diminuiscono l'aggregazione di α-sinucleina indotta dai lipidi, il prolungamento e la nucleazione 

secondaria. Più specificamente, le HSPB legano α-sinucleina nelle sue forme monomerica, 

oligomerica, fibrillare, nonché associata alle membrane lipidiche stesse. In sintesi, i nostri risultati 

aprono la strada a una migliore comprensione dell'implicazione di HSPB3 nella fisiologia e patologia 

del sistema neuromuscolare. 
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Introduction 
 

Heat Shock Proteins 
 

Heat Shock Proteins (HSPs) belong to the superfamily of molecular chaperones, proteins that are 

essential for life and are involved in the regulation of the cellular stress response, cell survival and 

development. HSPs were first described as proteins involved in thermotolerance upon heat-shock, 

whose expression levels were strongly induced upon heat shock, hence the name (Ritossa, 1962). 

Following studies demonstrated that the expression of HSPs can be regulated by several insults 

including cold, hypoxia, oxidative stress, all conditions where HSP upregulation can provide 

protection against cytotoxicity (Ghosh et al., 2018). HSPs are classified into six major families based 

on their molecular weight: Hsp100/HSPH (100-110 kDa), Hsp90/HSPC (83-90 kDa), Hsp70/HSPA (66-

78 kDa), Hsp60/HSPD (60 kDa), Hsp40/DNAJ (40 kDa) and small heat shock proteins (HSPBs)/HSPB 

(12-43 kDa). While some HSPs are constitutively expressed, others are induced upon stress and both 

constitutive and inducible members have been identified within the same family of molecular 

chaperones. For example, the 70 kDa group consists of the stress-inducible Hsp70s (e.g. HSPA1A, 

HSPA6) and the constitutively expressed heat shock cognate 70 (Hsc70) (Hartl and Hayer-Hartl 

2002). Similarly, the 90-kDa group consists of two major isoforms, namely the inducible Hsp90α and 

the constitutively expressed Hsp90β (Sreedhar et al., 2004). Nevertheless, even the constitutive 

HSPs that are inherently transcribed can have their expression further induced upon stress. The 

transcription factors that regulate the expression of HSPs are known as Heat Shock Factors (HSFs) 

and the overall response is referred to as the heat shock response (HSR) (Morimoto, 1993). 

HSPs are present in all kingdoms of life, from archaea to bacteria to eukarya and HSPs were initially 

named according to their molecular mass (Tavaria et al, 1996). As more proteins of the HSP family 

were uncovered in different species, several HSPs had the same molecular mass and, thus, the same 

name in different species, yet they were not necessarily sharing the same functions. For example, 

Drosophila melanogaster HSP22 is a mitochondrial small HSP that is different from human HSP22 

(HSPB8), which is localized mainly in the cytoplasm (Morrow and Tanguay, 2015; Sun et al., 2003). 

Therefore, to avoid misunderstandings, a new nomenclature was drawn based on the systematic 

gene symbols that have been proposed by the HUGO Gene nomenclature Committee (HGNC). This 

nomenclature was then used as the primary identifier in databases such as Entrez Gene and 
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Ensemble (Kampinga et al, 2009). Nevertheless, the scientific literature still makes use of both 

nomenclatures, although scientists in the field often specify both names for a given HSP (e.g. alpha-

B crystallin or HSPB5). Henceforth, for simplification all chaperones will be referred to by their new 

nomenclature. 

The best characterized function of the HSPs is their role as molecular chaperones.  Molecular 

chaperones assist the correct folding and assembly of other proteins, without being part of the final 

folded structure. Molecular chaperones are able to recognize the hydrophobic regions of misfolded 

or unfolded proteins. These hydrophobic regions are highly unstable in a hydrophilic cellular 

environment. Consequently, these regions are usually not accessible in properly folded proteins 

since they are buried in the “core” of the protein (Hartl and Hayer-Hartl 2002). In addition, molecular 

chaperones cooperate with degradative systems, such as the ubiquitin-proteasome system (UPS) 

and autophagy, to promote the clearance of damaged proteins or proteins that are no longer useful 

for the cells. The HSPs together with the degradative systems compose the so called "Protein Quality 

Control System" (PQC), which maintains protein homeostasis (or proteostasis) and is the primary 

defence of the cells against protein aggregation and related toxicity (Hartl et al., 2011). Proteostasis 

refers to the maintenance of the equilibrium between protein synthesis, folding and degradation 

and it is essential for life (Baltch et al., 2008; Klaips et al., 2017). It is thus not surprising that loss of 

a stable proteome has been linked to aging and to the development of neurodegenerative and 

neuromuscular disorders that are often referred to as protein conformational disorders or 

misfolding disorders (Stenoien et al. 1999; Cummings and Zoghbi 2000; Jana et al. 2000; Cummings 

et al. 2001; Sittler et al. 2001; Bailey et al. 2002; Chavez Zobel et al. 2003; Carra et al. 2005). 

Molecular chaperones are able to switch between two conformational states, characterized by low 

or high affinity for misfolded substrates. The switch between the two states allows cycles of binding 

and release of the substrates, providing repeated opportunities for renaturation or degradation of 

the substrates. Based on the mechanisms that regulate the conformational changes of chaperones 

and their activity, we define two main families: ATP-dependent and ATP-independent molecular 

chaperones. For ATP-dependent HSPs (e.g. HSP70, HSP90, HSP100), the switch between the two 

states is regulated by the hydrolysis of ATP (Hartl and Hayer-Hartl 2002; Hessling et al., 2009). For 

small HSPs, which are ATP-independent, changes in the conformation of the proteins, changes in 

their oligomerization state and post-translational modifications have been proposed to play an 

important role in client binding (see “HSPB client interaction” for a detailed description).  
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By ensuring the correct folding of a large variety of proteins (referred to as substrates or clients), 

molecular chaperones are implicated in many cellular processes such as cellular differentiation, 

regulation of cell cycle, cell resistance to stress and modulation of apoptosis (Walsh et al., 1997; 

DeGeer et al., 2015; Li et al., 2015; Luo et al., 2006). By conferring stress resistance to cells and 

ensuring cell functionality, HSPs can prevent or delay the appearance of protein aggregates and may 

therefore be protective in protein misfolding diseases; however, dysregulated expression of HSPs 

can prevent cell death and apoptosis, ultimately promoting the development of diseases such as 

cancer. Oncoproteins in cancer cells are often misfolded and require augmented chaperone activity 

for correction, hence tumour cells are more chaperone-dependent than normal cells for 

proliferation and survival (Chatterjee and Burns, 2017). Therefore, tight control in the regulation of 

these proteins is required to ensure that there are no imbalances, which may contribute to cellular 

dysfunctions and consequent pathology.  

 

Small Heat Shock Proteins 
 

Small heat shock proteins (HSPBs) are part of the superfamily of molecular chaperones and are 

present in all kingdoms of life; yet they are poorly conserved, and their functions are still largely 

unknown (Carra et al., 2019). In mammals, there are 10 genes encoding for HSPBs, named HSPB1-

HSPB10 according to the new nomenclature. While some HSPBs are ubiquitously expressed, such as 

HSPB1 and HSPB5, others have restrictive expression, such as HSPB2 and HSPB3, which are 

predominantly expressed in the muscle system, or HSPB9 and HSPB10, which are only found in the 

testis (Table 1) (Janoswka et al., 2019).  
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HSPB 
Other 

names 

Tissue 

distribution 
Disease Mutation 

HSPB1 Hsp27 Ubiquitous CMT2/ dHMN  

P7S, P7R, G34R, P39L, E41K, G43D, L58fs*105, 

A61fs*100, G84R, L99M, R127W, R127L, Q128R, 

S135F, S135C, S135Y, R136W, R136L, R140G, 

K141Q, T151I, S158fs*200, T164A, Q175X, 

T180I, P182A, P182L,  P182S, S187L, R188W 

HSPB2 MKBP 
Cardiac and 

skeletal muscle 
NA 

HSPB3 HSPL27 

Cardiac and 

skeletal muscle, 

brain 

CMT2/ dHMN R7S, Y118H 

myopathy R116P, A33AfsX50 

HSPB4 
αA-

crystallin 
Eye lens Cataract 

W9X, R12C, R21Q, R21W, R49C, R54C, G98R, 

R116C, R116H 

HSPB5 
αB-

crystallin 
Ubiquitous 

CMD R157H, G154S 

MFM R120G, Q151X, S21A, D109H, 464delCT 

Cataract P20S, 450delA, R56W, D140N 

HSPB6 Hsp20, p20 Ubiquitous NA 

HSPB7 cvHsp 
Cardiac and 

skeletal muscle 
NA 

HSPB8 Hsp22 Ubiquitous 
CMT2/ dHMN P90L, N138T, K141N, K141M,  K141E, K141T 

myopathy P173SFS*43, T194Sfs*23 

HSPB9 CT51 Testis NA 

HSPB10 ODF1 Testis NA 

 Table 1 Human HSPB tissue expression and motor neuropathy-associated mutations (Janoswka et al., 2019; Evgrafov 

et al., 2004; Irobi et al., 2004; Kolb et al., 2010; Morelli et al., 2017; Nam et al., 2018; Vicart et al., 1998; Shroff et al., 

2000; Al-Tahan et al., 2019; Vendredy, Adriaenssens and Timmerman, 2020; Nicolaua et al., 2020).  CMT2 – Charcot-

Marie-Tooth type 2; dHMN – distal hereditary motor neuropathy; CMD – cardiomyopathy; MFM – myofibrillar 

myopathy. 

 

 

HSPB structure 

 

From a structural point of view, HSPBs are characterized by their low molecular weight, ranging from 

12-43 kDa, and by their ability to interact with themselves and other members of the HSPB family 

forming higher molecular weight assemblies (homo or hetero-oligomers) (Carra et al., 2019). All 

small HSPs are characterized by the presence of a highly-conserved alpha-crystallin domain (ACD) 

of 80-100 amino acids, flanked by less conserved N-terminal and C-terminal domains (Sudnitsyna et 
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al., 2012). The ACD is the only natively folded region, forming an IgG like β-sandwich structure 

(Rajagopal et al., 2015) and represents the signature of these proteins (Figure 1).  

 

Figure 1 Representation of one member of the alpha-crystallin domain (PDB ID 2N0K) (Rajagopal et al., 2015). The six 
strands of the β-sandwich structure are labelled using previously defined nomenclature for ACD structures. The dimer 
is formed by antiparallel arrangement of the β6+7 strands at the interface. 

 

The C-terminal is the less conserved domain in the HSPB structure; it is enriched in polar and charged 

residues and is highly disordered (Janowska et al., 2019). In many HSPBs, the C-terminal contains a 

three-residue motif known as “I/V-X-I/V” (i.e., isoleucine or valine, followed by any amino acid -

usually a proline- followed by isoleucine or valine), which is involved in the interactions for 

oligomerization. An exception is represented by HSPB3, which contains the “I/V-X-I/V” motif in its 

N-terminal domain (Clark et al. 2018). The N-terminus is enriched in hydrophobic residues, is 

disordered, and often contains multiple phosphorylation sites (Kriehuber et al. 2010; Mymrikov et 

al., 2011). Although the N-terminal domain is poorly conserved, it contains a core motif (RLFDQxFG) 

conserved in all human HSPBs (Figure 2). Nevertheless, the function of this motif remains unclear 

(Shatov et al., 2018).  

Even though HSPBs’ primary structure is simple, their quaternary structure is highly complex due to 

the propensity of these proteins to form homo- and hetero-oligomers that range from dimers to 40-

mers (van Montfort et al. 2001). This complexity is further enhanced by the fact that there is no rule 

in the ability of these HSPBs to form high molecular weight assemblies/oligomers. In fact, HSPB1, 

HSPB4 and HSPB5 primarily tend to form large oligomers, while other HSPBs such as e.g. HSPB6-8 

predominantly form dimers. As both homo- and hetero-typic oligomers and dimers can be formed, 

a large variety of HSPB complexes exist. 
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Figure 2 Sequence alignment of the 10 human HSPBs (adapted from Janowska et al., 2019). Important sequence 
elements are highlighted in different colours: the conserved N-terminal sequence (yellow), the β4 and β8 strands that 
compose the groove (grey), the β6 + 7 strand that make the dimer interface (green), and amino and carboxy-terminal 
I/V-X-I/V motifs (blue). Histidine residues are highlighted in orange.  

 

Furthermore, HSPBs possess intrinsically disordered regions (IDR), which confer these proteins a 

lack of a defined three-dimensional structure in their native state (Sudnitsyna et al., 2012; Babu 

2016). The lack of a defined structure allows HSPBs to adopt different conformational states when 

interfacing with different substrates, therefore permitting the interaction with a large variety of 

substrates. The presence of disordered domains and their dynamic oligomerization confer flexibility 

to HSPB structure; this flexibility is further influenced by HSPBs’ post-translational modifications 

such as phosphorylation. Together these features enable HSPBs to bind to a large variety of 

substrates, thus playing, with yet unknown molecular mechanisms, a wide variety of functions 

(Carra and Landry, 2006). Based on these features, HSPBs are considered as reservoir of the cellular 

chaperone power that can very rapidly bind to different types of substrates upon acute stress, 

representing the first line of defence to avoid irreversible protein aggregation. 

N-terminal 

α-crystallin domain 

C-terminal 
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HSPB client interaction 

 

The mechanisms by which HSPBs recognize clients and mediate interactions are not completely 

understood. This is challenged by the fact that HSPB structure is highly dynamic and can differently 

adapt based on the substrates. 

The heterodimers in HSPBs are usually formed by the docking of the “I/V-X-I/V” motif of one HSPB 

in the β4/β8 groove in the ACD of the other HSPB (Slingsby and Clark, 2016). HSPB subunits stay 

dynamic in HSPB/client complexes and fluctuate between bound and dissociated states. The 

association/dissociation cycle correlates to the dynamic assembly of HSPBs into oligomers of 

variable size. The oligomeric state of HSPBs/client complexes and the rate at which subunits 

exchange in and out of oligomers also influence chaperone activity, but there is no consensus on 

the role of these factors. The specific effect is likely dependent on the HSPBs/client pair studied and 

the conditions under which chaperone activity is assessed (Peschek et al.2013; Jovcevski et al. 2015). 

For example, HSPB5 interacts with clients primarily via weak, transient interactions. However, the 

pH-mimicking mutant H104K-HSPB5 shows enhanced chaperone activity toward destabilized α-

lactalbumin, through its ability to disassemble into smaller species with a higher affinity to the client 

(Rajagogal et al., 2015). Furthermore, the presence of the “I/V-X-I/V”-like motifs in putative clients, 

such as α-synuclein, would suggest competition between HSPB subunits and clients for binding to 

the grooves (Liu et al.2018; Baughman et al.2018). Accordingly, HSPB5 ACD has enhanced 

chaperone activity relative to full-length HSPB5 toward the clients α-synuclein and tau, leading to 

the proposal that the C- or N-terminal domains may inhibit chaperone activity of the ACD (Liu et al. 

2018). Yet, using solid state NMR, HSPB5 was shown to bind through its N-terminal to lysozyme, 

which forms amorphous aggregates. Deletion of this N-terminal domain abolished HSPB5 

chaperone activity toward this client (Mainz et al., 2015).  

Another aspect that is considered to be involved in the HSPB/client interaction is the 

phosphorylation status, where the N-terminal would play a critical role being the domain where 

phosphorylation occurs. For example, phosphorylation of HSPB6 within its intrinsically disordered 

N-terminal domain leads to direct contact with the universal signalling hub 14-3-3, ultimately 

triggering smooth muscle relaxation (Sluchanko et al. 2017). Conversely, phosphorylation of HSPB1 

leads to a significant decrease of the oligomeric size, partially inhibiting its chaperone activity, 
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suppressing thermal denaturation and facilitating refolding of citrate synthase in vitro (Rogalla et 

al.,1999). 

Together these findings indicate that both the N-Terminal domain and ACD are involved in client 

recognition and chaperone activity, with varying roles that depend on the client protein and on the 

HSPB. To date the C-terminal domain has not been shown to directly interact with any client protein, 

but its roles in oligomerization and subunit exchange likely contribute to HSPBs’ chaperone activity 

(Janowska et al., 2019). Thus, the precise details of how a given HSPB might affect a client’s activity 

is a complicated and interconnected process to which all these factors contribute: oligomerization 

and subunit exchange dynamics, binding site accessibility, affinity for client protein, HSPB post-

translational modifications, and concerning the client itself, mechanism of aggregation and nature 

of the client species formed along the pathway. 

 

 

HSPB function 

 

From the functional point of view, HSPBs have been implicated in a large variety of processes, 

ranging from the response and adaptation to cell stress, thermotolerance, cell movement, cell 

differentiation and development, as well as cell apoptosis (Lavoie et al, 1993; Perng et al, 1999; 

Wang and Spector 1996; Mounier and Arrigo, 2002; Arrigo et al. 2007; Bryantsev et al, 2007; 

Kamradt et al. 2001; Sui et al., 2009; Andrieu et al., 2010; Kanagasabai et al., 2010; Bruinsma et al., 

2011; Almeida-Souza et al, 2011; Clemen et al, 2013). These different activities are all linked to the 

flexibility of HSPB structures, which as previously mentioned confer them different affinities for a 

wide range of proteins. The two best characterized functions of HSPBs are the chaperone-like 

activity to prevent irreversible aggregation, and the modulation of the structure and dynamics of 

the cytoskeleton (Carra and Landry, 2006). Other HSPB functions that have been investigated are 

the anti-apoptotic activity and the role in muscle development and maintenance (Janowska et al., 

2019). Here, the key principles of these functions are briefly summarized. 
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Chaperone-like activity 

 

One of the core functions of HSPBs is their chaperone-like activity (Jakob et al., 1993). HSPBs were 

originally termed “holdases” due to their role in capturing unfolded or misfolded proteins 

preventing them from irreversible aggregation (Haslbeck et al., 1999; Ungelenk et al., 2016). HSPBs 

protect substrates from uncontrolled aggregation, but do not possess enzymatic function and are 

not able to refold clients; which is due to HSPBs lack of ATP hydrolysis (De Jong, 1993). For client 

refolding, HSPB rely on the collaboration with other ATP-driven chaperones, such as HSPAs (Mogk 

and Bukau, 2017). Similar to the refolding, also the release of non-native proteins from HSPBs/client 

complexes does not occur spontaneously. Experimental studies demonstrated that the release of 

the substrate from HSPBs occurs via the transfer of the client (that is hold by the HSPBs) to the HSPA 

machinery; this step is regulated by ATP-dependent chaperones and co-factors (Bryantsev et al, 

2007). Thus, HSPB reversibly sequester unfolded/misfolded substrates into a state that is competent 

for further refolding or for targeting to degradation, in assistance with other chaperones and co-

chaperones. It is thought that the reversible sequestration of misfolded substrates by HSPBs serves 

as a protective strategy to enhance cellular fitness during stress (De Los Rios and Goloubinoff 2016; 

Vos et al. 2008). The aggregates of non-native proteins formed in the presence of HSPBs differ in 

size, composition and architecture from those formed in their absence. The altered architecture 

avoids the exposure of hydrophobic surfaces to other cellular components and protects the 

substrates from proteases. By binding to a large variety of substrates and thereby facilitating the 

disaggregation and folding executed by ATP-dependent chaperones, HSPBs act as the first line of 

defence for the maintenance of the cellular proteostasis (Haslbeck and Vierling, 2015).  

However, in recent years HSPBs have been found as part of protein inclusions themselves, where 

they seem to act to facilitate disaggregation (Muchowski and Wacker, 2005; Vleminckx et al., 2002; 

Seidel et al., 2012). Based on these data, it has been proposed that HSPBs do not act only as 

“holdases”, but would also actively regulate the aggregation process, avoiding the formation of 

irreversible, potentially toxic aggregates (Carra et al., 2019). Indeed, in vitro studies of HSPBs such 

as HSPB1, HSPB6, HSPB8 and HSPB2/HSPB3 have been shown to inhibit protein aggregation of 

model substrate proteins such as citrate synthase, in the absence of HSPA (Carra et al., 2005; Binger 

et al., 2013). These data suggest that HSPBs may play an active role in aggregation prevention. The 

chaperone activity towards misfolded proteins has been further demonstrated over the last years, 
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where several HSPBs, namely HSPB1-HSPB6 and HSPB8, have been shown to modulate α-synuclein 

aggregation, involved in Parkinson’s disease, and reduce its mediated-toxicity in vitro, in neuronal 

cell and in Drosophila models (Horwitz 1992; Rekas et al., 2004; Tue et al., 2012; Bruinsma et al., 

2011; Cox et al., 2017). Yet, although their protective effect was mainly attributed to the ability of 

the HSPBs to transiently and weakly bind to α-synuclein, their exact mechanism of action is not yet 

fully understood.  

 

Cytoskeleton stabilization 

 

Another well-characterized function of HSPBs is their ability to interact and modulate the structure 

and dynamics of the cytoskeleton (Mounier and Arrigo, 2002). The cytoskeleton is a dynamic 

structure composed of an interconnected network of three major filament systems: microfilaments 

(MFs), microtubules (MTs) and intermediate filaments (IFs) (Fuchs and Weber, 1994; Lazarides, 

1980; Steinert , Steven and Roop, 1985). When exposed to stress, cells respond by drastically 

modifying their cytoskeletal network; for instance, the MTs are disassembled, MFs collapse and 

actin microfilaments lose their organization (Arrigo et al. 2007). Concomitantly, upon proteotoxic 

stress cells rapidly induce the expression of selective HSPBs, such as HSPB1, HSPB5 and HSPB6, 

which interact with intermediate filaments and actin microfilaments sustaining their stability and 

assembly/disassembly (Lavoie et al, 1993; Perng et al, 1999). In particular, HSPB1 acts as an inhibitor 

of actin polymerization by being able to cap the plus end of actin filaments, thus preventing the 

fixation of a new actin monomer, and consequently stabilizing the fibres and preventing their 

aggregation (Miron et al., 1991, Miron et al., 1988). Albeit to a lesser extent, HSPB5 appears to show 

similar properties. HSPB5 inhibits actin fibre depolymerization and prevents their aggregation 

induced by stress (Singh et al., 2007). Furthermore, during the formation of the microtubule 

network, HSPB1 binds to MT and enhances their stability and maturation; upon MTs stabilization, 

HSPB1 is released (Wang and Spector 1996). HSPB5 and HSPB1 were also shown to colocalize with 

the IF protein GFAP (glial fibrillary acidic protein), strengthening the hypothesis that HSPBs play a 

role during IF assembly, as well as in the control of cytoskeleton interactions (Perng et al., 1999).  

The most relevant observations confirming the importance of HSPBs and cytoskeleton interactions, 

probably come from the phenotypic description of cells expressing HSPB mutants and which are 

characterized by altered cytoskeletal stability (Vicart et al., 1998; Almeida-Souza et al, 2011; Clemen 
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et al, 2013; Dimauro et al., 2017). Aggregation of cytoskeletal elements has been suggested to play 

an important role in neurodegenerative and muscular diseases. For example, mutations of desmin, 

a protein that regulates sarcomere architecture in muscle cells (Hein et al, 2000) have been linked 

to myofibrillar myopathy (Goebel, 1995). HSPB5 interacts with desmin and stabilizes it, decreasing 

its aggregation propensity. Interestingly, mutated R120G-HSPB5 is also associated with myofibrillar 

myopathy (Vicart et al., 1998). Conversely to the WT protein, the mutated form shows increased 

affinity for desmin, causing aberrant desmin aggregation; this, in turn, alters sarcomere structure 

and is thought to contribute to myofibrillar myopathy (Clemen et al, 2013). Thus, there are probably 

two mechanisms by which the R120G-HSPB5 mutation causes myofibrillar myopathy: 1) a loss of 

chaperone function of HSPB5 at the level of neurofilament network assembly (HSPB5 directly 

interacts with desmin); 2) a toxic gain of function of mutated R120G-HSPB5 (the accumulation of 

large amounts of aggregated HSPB5 in muscle cells contributes to the disease due to the inherent 

toxicity of the aggregate) (Dimauro et al., 2017). Furthermore, mutant forms of HSPB1 linked to 

Charcot-Marie-Tooth disease (for details see “Distal Hereditary Motor Neuropathies and 

myopathies” for detailed description) bind more strongly to MTs, promoting their hyper-

stabilization; consequently, this leads to altered microtubule dynamism. In addition, HSPB1 mutants 

remain bound to mature MTs, rather than being released after their maturation, which is also 

thought to contribute to increase neuronal vulnerability and disease (Almeida-Souza et al, 2011).  

 As a consequence of their role as stabilizing agents of the cytoskeleton, HSPBs participate indirectly 

in the regulation of complex processes such as the response and adaptation to cell stress, 

thermotolerance, cell differentiation and development, cell movement and cell apoptosis, which 

are characterized by profound rearrangements and breakage of the cytoskeleton (Lavoie et al. 1993; 

Perng et al. 1999; Arrigo 2000; Kamradt et al. 2002; Clemen et al, 2013; Haslbeck et al. 2016; Litt et 

al. 1998; Nicholl and Quinlan 1994; Parcellier et al. 2006; Park et al. 2016; Qian et al. 2009; Quinlan 

and Van Den Ijssel 1999; Takayama et al. 2003; Tanguay and Hightower 2015; Webster 2003). Thus, 

at least in part due to dysfunction at the level of the stabilization of the cytoskeleton, malfunction 

of HSPBs, due to genetic mutations or improper expression, can have adverse effects in a number 

of diseases and are the cause of a wide range of pathologies including cardiomyopathy, myofibrillar 

myopathy, motor neuron diseases, and cataracts (Vicart et al. 1998; Perng et al. 1999; Evgrafov et 

al. 2004; Irobi et al. 2004; Kolb et al. 2010). Indeed, the histopathological aggregates that typify such 

diseases often contain both intermediate filaments and HSPBs (Toivola et al. 2010). Since HSPBs, 
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like intermediate filaments, are stress responsive, it has been proposed that they act as evolutionary 

capacitors that cooperate with the intermediate filament cytoskeleton to act as a transcellular 

network that not only partitions efficiently the intracellular space of individual cells, but also 

integrates the individual cell into the context of the tissue, with far more complex implications in 

(cardiac and muscle) tissue maintenance/function (Carra et al., 2017). 

 

HSPB and their potential function in muscle differentiation, development, and function 

 

An emerging area of investigation is the role for HSPBs in muscle development and maintenance 

(for details see “Myogenesis – Section I”), which has been suggested to occur through the regulation 

of cytoskeleton stability, cell migration and cell cycle regulation (Golenhofen et al., 2002; During et 

al., 2007; Lee et al., 2007; Clemen et al, 2013). Muscles have a complex cytoskeletal system, which 

is fundamental for their contraction, and are subject to high oxidative stress conditions in their 

normal working modes; leading to destabilization and misfolding of important cytoskeletal proteins 

(Arndt et al., 2010). So, given their role in the stabilization of the cytoskeleton and as molecular 

chaperones that prevent irreversible protein aggregation and assist misfolded proteins clearance, it 

is perhaps not surprising that many HSPBs are expressed at high levels in different types of muscle 

tissues. Indeed, cardiac and skeletal muscle cells express the largest variety of HSPBs: HSPB1, HSPB2, 

HSPB3, HSPB5, HSPB6, HSPB7, and HSPB8 (Beall et al. 1997; Sugiyama et al. 2000; Kappé et al. 2001; 

Dubińska-Magiera et al., 2014). Recent evidence suggests that HSPBs contribute to the proteostasis 

of sarcomeres, the fundamental unit of myocyte contraction that consists of thick and thin filaments 

bordered by two Z-disks. The sarcomeric Z-disk components titin and the actin-binding protein 

filamin C (FLNC) undergo repeated cycles of folding-unfolding during muscle contraction and are 

particularly sensitive to protein misfolding and aggregation upon mechanical stress (Carlisle et al., 

2017; Collier et al., 2019; Juo et al., 2016; Kotter et al., 2014). HSPB1, HSPB5 and HSPB7 directly bind 

to titin and FLNC, preventing their aggregation and providing skeletal and cardiac muscle protection 

(Kotter et al., 2014; Mercer et al., 2018). Conversely, loss of HSPB7 leads to FLNC aggregation and 

skeletal muscle degeneration (Juo et al., 2016). In addition, the HSPB8-BAG3-HSP70 (or CASA) 

complex facilitates the autophagy-mediated degradation of FLNC, thus maintaining Z-disk integrity 

(Arndt et al., 2010). Impairment of the CASA complex in flies and mice leads to muscle weakness 

accompanied by a rapid deterioration of cytoskeleton architecture under mechanical strain (Ardnt 
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et al., 2010). Together these data suggest that HSPB1, HSPB5, HSPB7 and HSPB8 are 

mechanoresponsive chaperones that play housekeeping and redundant roles aimed at maintaining 

a proper mechanical stress response, which is fundamental for muscle functionality and viability. 

Alternatively, but not mutually exclusive, HSPBs may exert specific yet unidentified functions that 

are required for muscle cell development and maintenance. Expression levels of HSPB7, HSPB5, 

HSPB3 and HSPB2 increase upon myogenic differentiation; instead, HSPB6 levels slightly decrease 

while HSPB1 levels are maintained throughout the differentiation process (Sugyama et al., 2000; 

Mercer et al., 2018). Analysis of the promoters of several HSPBs have identified the presence of 

binding regions specific for myogenic transcription factors. For example, HSPB2 and HSPB3 are 

specifically induced during myogenesis via the muscle regulatory factor MyoD (Sugiyama et al., 

2000) (see also this thesis). Similarly, the promoter region of HSPB5 contains potential binding sites 

for MyoD, as well as other muscle-specific factors such as myogenin, Myf-5, and MRF4 in the muscle-

preferred enhancer region (Dubin et al., 1991). Whether specific HSPBs are required for proper 

muscle cell differentiation is unclear. However, the implication of specialized chaperone 

machineries in the muscle differentiation program was previously described in several organisms. 

(Sala et al., 2017). For example, in C. elegans, the myogenic transcription factor HLH-1 (MYOD) 

induces the expression of muscle-specific chaperones, including HSPC and the small heat shock 

protein hsp-12.2, which are required to maintain the folding and assembly of muscle-specific 

proteins; conversely, reducing the expression of these muscle-specific chaperones impairs 

myogenesis and muscle development, with important implications for muscle disease (Bar-Lavan et 

al., 2016). Upon differentiation, murine myoblasts switch the expression of the chaperone HSPC2 

and the co-chaperone p23 with HSPC3 and Aarsd1L, respectively; the formation of this HSPC2/ 

Aarsd1L specialized chaperone machinery, in turn, promotes myotube formation (Echeverria et al., 

2016). Recently, HSPB1 was shown to take part in regulation of craniofacial muscle development in 

zebrafish. HSPB1 depletion influenced the optimal growth of craniofacial myocytes rather than 

determination or proliferation of myogenic precursors (Middleton and Shelden, 2013). Thus, the 

reason why some of these proteins are specifically upregulated during myogenesis is still enigmatic. 

Yet, a recent transcriptomic analysis revealed HSPB3 as one of the top genes that might serve as 

differentiation marker (Ghosh and Som, 2020), highlighting the need to better study the functional 

significance of HSPB upregulation during cell differentiation, especially in neurons and muscle cells. 

Mechanistically, the chaperones may regulate the folding and stability of highly specialized 
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substrates that are required for the differentiation process; alternatively, HSPB function in the 

apoptotic cascade may have functional consequences for muscle cell differentiation. In fact, an 

interplay between HSPBs and apoptosis and between apoptosis and cell differentiation exists. In 

particular, the process of cell differentiation requires the activation of cell-death associated 

caspases, whose activation needs to be tightly controlled to avoid excessive apoptosis, which would 

lead to tissue degeneration and improper tissue development. HSPBs have been suggested to 

participate to differentiation of muscle cells at least in part, by acting at the level of the apoptotic 

process (for details see  “Anti-apoptotic activity”) (Bakthisaran et al., 2015; Kamradt et al., 2002). 

For example, HSPB5 induces resistance to differentiation-induced apoptosis in C2C12 myoblasts at 

the early stages of differentiation (Kamradt et al., 2002). This regulation of differentiation-induced 

apoptosis is due to the inhibition of the proteolytic activation of caspase-3. In addition, HSPB5 was 

shown to participate in the maintenance of the antioxidant glutathione (GSH) levels, and 

consequently modulate oxidative stress. Mice models carrying the R120G-HSPB5 mutation develop 

cardiomyopathy due to oxido-reductive stress and consequent protein aggregation (Rajasekaran et 

al., 2007). Furthermore, Escobedo et al. (2004) showed that HSPB1 protects skeletal muscle cells 

from reactive oxygen species (ROS)-induced damage by increasing the GSH level and suggested that 

HSPB1 protects skeletal myoblasts against oxidative stress and may play a key role in regulating the 

GSH system and resistance to ROS in skeletal muscle cells. As previously mentioned, HSPB1, HSPB5, 

HSPB7 and HSPB8 play an important role in Z disks maintenance by acting on proteostasis of 

sarcomeres (read “Distal Hereditary Motor Neuropathies and myopathies” for information on Z 

disks role in muscle) as part of the CASA complex, mediating the degradation of large cytoskeleton 

components damaged during contraction (Ulbricht et al., 2015). However, confining the ability of 

HSPBs to regulate differentiation via their anti-apoptotic activity may be too simplistic and most 

likely, the various HSPBs take part in this process with distinct mechanisms, acting on different 

cellular targets. This idea is suggested by the finding that HSPB8 promotes neuronal differentiation 

by enhancing phosphorylation of Akt. Intriguingly, a truncated form of HSPB8 comprising its ACD 

was sufficient to maintain the neuronal differentiation promotion, opening the possibility that this 

function might be shared by other HSPBs (Ramírez-Rodríguez et al., 2013).  

Albeit the functions of HSPBs in the context of cell differentiation are still poorly understood (and 

have not been extensively studied so far), several experimental findings support the idea that HSPBs 

may contribute with different mechanisms to the correct functioning and maintenance of muscle 



P a g .  23 | 145 

 

cells. First, mutations in HSPB1, HSPB3, HSPB5 and HSPB8 have been directly associated with 

myofibrillar myopathy or motor neuron disease (Table 1). Second, experimental evidence suggests 

the ability of various HSPBs to protect neuronal and muscle cells from stress and damage. For 

example, in double knockout experiments, loss of HSPB5 and HSPB2 functions leads to degeneration 

of skeletal muscle tissue in mice, supporting the notion that these chaperones are required for 

muscle health and maintenance (Brady et al., 2001). As previously mentioned, HSPB5 was shown to 

interact with intermediate filaments, in particular with the muscle-specific intermediate filament 

protein desmin that regulates sarcomere architecture (Hein et al, 2000). HSPB5 stabilizes not only 

intermediate filaments but also actin filaments, as well as the myofibrillar protein titin (Golenhofen 

et al., 2002). The protective effects of HSPB5 against muscle cell damage seems to also be linked to 

the maintenance of the cellular redox state. In the presence of an excessive amount of oxygen, 

cardiomyocytes are exposed to increased ROS production, which may lead to oxidative stress-

inducible tissue damage and can induce apoptosis. HSPBs seem to be the first line of defence under 

these circumstances, as discussed previously.  

 All together these data are consistent with the hypothesis that HSPBs play an important role in 

myogenic and neuronal maintenance and aging. 

 

Anti-apoptotic activity 

 

As previously mentioned, HSPBs also act as anti-apoptosis regulators (Kamradt et al. 2001; Sui et al., 

2009; Kanagasabai et al., 2010). Two fundamentally different pathways are involved in apoptosis, 

although crosstalk between the two signal transducing cascades exists (Franco and Cidlowski, 2009) 

(Fig.3). Briefly, the extrinsic pathway, or death receptor pathway, is triggered through plasma 

membrane protein of the TNF receptor family, which lead to the activation of caspases such as 

caspase-8 through the death-inducing signalling complex (DISC). The intrinsic pathway, or 

mitochondrial pathway, involved intracellular signalling that elicit the production or activation of 

pro-apoptotic molecules, in particular cytochrome c (Garrido et al., 2003). Cytochrome c, along with 

Apaf-1 and pro-caspase-9 form the apoptosome, which is the complex responsible for caspase-3 (-

6, or -7) activation (Li et al., 1997). Both pathways culminate in the execution pathway, which is 

initiated by the activation of caspase-3 (-6, or -7) and leads to DNA fragmentation, degradation of 
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cytoskeletal and nuclear proteins, cross-linking of proteins, and formation of apoptotic bodies 

(Elmore, 2007).  

Several HSPBs display anti-apoptotic activity and they seem to exert this function with distinct 

mechanisms. Three main mechanisms have been proposed: 1) HSPBs, as well as other HSPs such as 

HSP70, can enhance the proteostasis capacity of the cells, thereby providing protection to the cells; 

2) HSPBs, along with HSP70, can inhibit key effectors of the apoptosis; 3) HSPBs can regulate the 

proteasome-mediated degradation of proteins that regulate apoptosis (Garrido et al., 2003). For 

example, HSPB1 can directly bind to cytochrome-c, released from stress-damaged mitochondria, 

thus preventing apoptosome formation and consequent apoptosis (Bruey et al., 2000). Moreover, 

HSPB1 is implicated in increased phosphorylation and cytoplasmic localization of cyclin-dependent 

kinase inhibitor p21, promoting cell survival and cell cycle progression (Kanagasabai et al., 2010).  

Similar to HSPB1, HSPB5 prevents cell death induced upon oxidative stress and upon cell treatment 

with pro-apoptotic drugs such as e.g. staurosporin and doxorubicin (Kamradt et al. 2001; Li et al. 

2005). However, it does so with a different mechanism acting through the extrinsic pathway 

(Mehlen et al., 1996). The anti-apoptotic function of HSPB5 was shown to involve inhibition of the 

RAS-initiated RAF/MEK/ERK signalling pathway, as well as interaction with p53 leading to its 

retention in the cytoplasm (Li et al. 2005). Moreover, HSPB5 is able to inhibit the autocatalytic 

maturation of caspase-3, negatively regulating apoptosis during myogenesis (Kamradt et al. 2001; 

Kamradt et al., 2002).  

Also, HSPB8 has been shown to possess anti-apoptotic activity (Rusmini et al., 2017; Modem et al., 

2011; Shen, Li and Min, 2018). In breast cancer and glioblastoma cells, HSPB8 functions in cell cycle 

regulation to prevent apoptosis, potentially through activation of the growth-associated 

transcription factor E2f and the cyclin-dependent kinase CDK4 (for details on cell cycle regulation, 

see below) (Modem et al., 2011). Furthermore, the complex formed by HSPB8 along with its co-

chaperone BAG3 (Bcl2-associated athanogene 3) modulate intracellular pathways involved in 

apoptosis or development altered in several tumours (Romano et al., 2003; Chiappetta et al., 2007; 

Rapino et al., 2014). HSPB8 was also shown to promote the proliferation and inhibit the apoptosis 

of gastric cancer cells by activating ERK-CREB signalling (Shen, Li and Min, 2018). The anti-apoptotic 

function of HSPBs may have implications beyond the regulation of cell death, such as for example, 

for cell differentiation and myogenesis. By contrast, HSPB8 was shown to lead to pro-apoptotic 
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activity in some cells. In Ewing's sarcoma and hematologic malignancies, restored HSPB8 expression 

induces cell death through caspase-3 activation and inhibits tumour growth in xenograft models 

(Gober et al., 2003; Gober et al., 2005; Li et al., 2007; Cui et al., 2012). The activation of apoptosis 

was described to be due to the activation of the TGF-beta-activated kinase 1(TAK1) 

/p38MAPK/caspase-3/caspase-7 pathway. Similarly, HSPB8 expression was demonstrated to induce 

the death of genetically diverse melanoma lines and inhibit tumour growth through the activation 

of TAK1-dependent death pathways (Smith et al., 2012).  

Thus, selective inhibition of HSPBs, along with inhibition of other HSPs (such as HSP70 and HSP90) 

may represent a valuable strategy to treat cancer (for detailed information about HSP90 and cancer 

(Zuehlke et al., 2018; Schwartz et al., 2015).  

 

New potential functions of HSPBs in the extracellular space and in cell-to-cell communication  

 

During the last decades, the study of HSPB functions has been focused on their intracellular roles. 

Yet, several HSPBs, such as HSPB1, HSPB5 and HSP6 have been found in the extracellular 

environment (Clayton et al., 2005; Sreekumar et al., 2010; Gangalum et al., 2011; Zhang et al., 2012; 

Bakthisaran et al., 2015; Batulan et al., 2016). Thus, several researchers shifted their focus on the 

potential functions of HSPBs at the extracellular level.  The most widely accepted secretion pathway 

for HSPBs to exit from the cells is via exosomes (Clayton et al., 2005; Sreekumar et al., 2010; 

Gangalum et al., 2011). Exosomes are extracellular vesicles involved in the transfer of molecules 

from one cell to another via membrane vesicle trafficking. These vesicles are considered potential 

extracellular signalling machines due to their role in lateral transfer of molecular information, i.e. 

transfer of certain proteins into non-expressing cells (Gangalum et al., 2011).  

HSPB1 was the first HSPB to have been shown to be secreted by a non-classical pathway involving 

exosomes (Rayner et al. 2009). Shortly after, also HSPB5 and HSPB6 were shown to be secreted via 

exosomes (Sreekumar et al., 2010; Gangalum et al., 2011; Zhang et al. 2012). An alternative, 

mutually existing mechanism is represented by direct interaction of HSPBs with membranes 

(Batulan et al., 2016). Indeed, several HSPBs, namely HSPB1, HSPB4, HSPB5, and HSPB8 directly bind 

to lipid vesicles in vitro (Cobb et al., 2002; Grami et al., 2005; Chowdary et al., 2007; Gangalum et 

al., 2011; Tjondro et al., 2016; De Maio et al., 2019).  
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Although HSPB extracellular functions are not yet clear, extracellular HSPBs have been implicated in 

cell-to-cell communication, signalling, inflammation, and immunity (Binder et al., 2004; Schmitt et 

al., 2007; Rayner et al., 2008; Reddy et al., 2018). Assuming that distinct pools of extracellular HSPBs 

exist, these may exert distinct functions. The HSPBs that are confined inside the exosomes could be 

targeted to other cell types and therefore act intracellularly in these target cell types. By contrast, 

HSPBs that are directly released via binding to membrane lipids, once in the extracellular space may 

either bind to extracellular components or to membrane receptors. In agreement, extracellular 

HSPB1 displays a neuroprotective effect by reducing α-synuclein cellular toxicity through inhibition 

of extracellular fibril formation (Cox et al., 2018). Extracellular HSPBs might also act as molecular 

chaperones, by forming associations with antigenic polypeptides and thus efficiently delivering 

exogenous antigens to the endogenous antigen-processing-pathway of dendritic cells (Binder et al., 

2001; Manjili et al., 2002; Srivastava and Udono, 1994; Zeng et al., 2003). For example, HSPB8 has 

been found in the extracellular space, where it binds to the Toll like receptor 4 (TLR4) abundantly 

expressed in the synovial fluid of rheumatoid arthritis patients leading to activation of dendritic cells 

(Roelofs et al., 2006). Similarly, extracellular HSPB1 was reported to act as a signalling molecule to 

activate NF-κB in macrophages, providing a protective mechanism against atherosclerosis (Salari et 

al., 2013). Finally, HSPB5 autoantibodies have been detected in the serum of Alzheimer’s and 

Parkinson’s disease patients, providing additional evidence for the presence of extracellular HSPBs 

in neurodegenerative disease (Papuć et al., 2015; Papuć et al., 2016). Of course, one cannot exclude 

the possibility that a pool of HSPBs found extracellularly accumulates as a consequence of cellular 

injury, rather than of regulated secretion or release (Clayton et al., 2005). 

 

HSPB and human diseases 
 

HSPBs have been directly or indirectly implicated in three major types of diseases: Distal Hereditary 

Motor Neuropathies (dHMNs), myopathies (desmin-related myopathy, rimmed vacuolar myopathy 

and cardiomyopathy), which affect the neuromuscular system, and age-related protein 

conformational diseases (or protein misfolding diseases). Genetic evidence shows that mutations in 

HSPB genes are causative for dHMNs and several types of myopathies (see Table 1) (Vendredy, 

Adriaenssens and Timmerman, 2020). By contrast, so far no genetic mutations in HSPBs have been 

linked to age-related protein conformational diseases; however, a large body of evidence 

demonstrates that HSPB dysfunction, as well as a general decline in the expression and function of 
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chaperones that occurs during aging (Hipp, Kasturi and Hartl, 2019), contributes to disease 

progression and, conversely, HSPB boosting may play protective roles (Boncoraglio, Minoia and 

Carra, 2012).   

 

List of mutations in HSPBs and their link to human disease 

 

The updated list of the mutations found in HSPB genes and associated with human diseases 

(referred to as chaperonopathies) is shown in Table 1. In summary, mutations in HSPB1, HSPB3 and 

HSPB8 are primarily associated with dHMNs and Charcot Marie Tooth (CMT) disease (Evgrafov et 

al., 2004; Irobi et al., 2004; Kolb et al., 2010; Morelli et al., 2017; Nam et al., 2018; Vendredy, 

Adriaenssens and Timmerman, 2020), while mutations in HSPB5 are associated with 

cardiomyopathy (CMD), desmin-related and myofibrillar myopathy (DRM and MFM) and cataract 

(Vicart et al., 1998, Shroff et al., 2000). Recently a new mutation in the HSPB8 gene (c.515dupC; 

p.P173SFS*43) has been linked to autosomal dominant rimmed vacuolar myopathy (RVM)  (Al-

Tahan et al., 2019) (for details see “Distal Hereditary Motor Neuropathies and myopathies”). 

Besides, mutations in the HSPB4 gene, which is only expressed in the eye lens, are linked to cataract 

(Janoswka et al., 2019; Shroff et al., 2000; Vendredy, Adriaenssens and Timmerman, 2020; Nicolaua 

et al., 2020). Considering that the majority of the patients with mutations of HSPBs develop 

symptoms during adulthood and the disease progression is relatively slow, it is likely that HSPB 

function is important for the maintenance of motor neuron and muscle cell survival during aging, 

which also requires repair and regeneration of injured neuronal and muscular cells.  

The disease-causing mutations have been reported to occur mainly at the level of the ACD, hitting 

a highly conserved “hot-spot” arginine (R)/lysine (K) residue (R140-HSPB1 is equivalent to R116-

HSPB3, to R116-HSPB4, to R120-HSPB5 and to K141-HSPB8) (Houlden et al., 2008; Morelli et al., 

2017; Litt et al., 1998; Richter et al., 2008; Vicart et al., 1998; Irobi et al., 2004). Besides this “hot-

spot” residue, mutations in residues located both at the N terminus and within the ACD have been 

linked to disease. All these mutations are thought to be critical for the structure and chaperone 

activity of the HSPB proteins (Boncoraglio, Minoia and Carra, 2012). This is supported by the 

identification of protein aggregates in several chaperonopathies and by experimental evidence 

showing that most of the HSPB-mutated forms are aggregation prone and that most of these 

mutated forms lose their chaperone activity when tested using in vitro and/or cellular assays. 
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Mutations of HSPB4 and HSPB5 reduce lens transparency due to protein aggregation leading to 

cataract, the primary cause of blindness worldwide (Sun and MacRae, 2005). Furthermore, the “hot-

spot” located R120G mutation in HSPB5 leads to disruption of its structure, chaperone activity and 

interaction with desmin resulting in protein aggregation of HSPB5 itself together with desmin in the 

so-called desmin‐related myopathies (Vicart et al., 1998; Perng et al., 1999). Conversely, some HSPB 

mutations, in particular ACD mutants of HSPB1 (E127W, S135F, and R136W) are found 

predominantly in the monomeric state and display increased chaperone activity (Almeida-Souza et 

al., 2010). Besides the increased chaperone activity, these ACD mutants also shown an increased 

the affinity of HSPB1 for its clients, which might lead to pathogenesis (Vendredy, Adriaenssens and 

Timmerman, 2020). An example of this are S135F-HSPB1 and P182L-HSPB1 which decrease tubulin 

acetylation due to their increased affinity for tubulin leading to axonal transport deficits and CMT 

(d’Ydewalle et al., 2011). 

Previous data demonstrated that HSPB8 K141E has reduced ability to inhibit the aggregation of 

polyglutamine-disease causing Htt43Q, SCA3(64)Q, and the neuropathy-causing mutant HSPB1 

P182L in cells, suggesting a partial loss of chaperone activity (Carra et al., 2010). Thus, both a toxic 

gain of function, due to the increased aggregation propensity of mutated HSPBs (e.g. P182L-HSPB1, 

R116P-HSPB3, R120G-HSPB5 and K141E/N-HSPB8) and a loss of function, due to decreased 

chaperone activity of these mutated proteins compared to their wildtype counterpart, are thought 

to contribute to disease pathogenesis (Carra et al., 2019). Likewise, a number of mutations in HSPB1 

(R127W, S135F, and P182L) have been linked to impairment of autophagy leading to accumulation 

of misfolded proteins and damaged organelles in the cytoplasm (Vendredy, Adriaenssens and 

Timmerman, 2020). In addition, the mutated form can exert a dominant negative effect on the 

wildtype protein, contributing to a loss of its function.  

While the main physiological functions of some HSPBs and how their mutants alter them have been 

well-characterized, providing potential pathomechanisms that should be pharmacologically 

targeted (e.g. HSPB1 and HSPB5), very little is known about other HSPB members and how they may 

lead to disease, such as e.g. HSPB3.  
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Distal Hereditary Motor Neuropathies and myopathies 

 

Distal Hereditary Motor Neuropathies (dHMN) are a group of progressive disorders characterized 

by lower-motor-neuron weakness, and many forms include minor sensory abnormalities. dHMNs 

are genetically and clinically heterogenous, with the onset ranging from adolescence through mid-

adulthood (Irobi, De Jonghe and Timmerman, 2004). Initial symptoms include progressive length-

dependent motor weakness and atrophy and wasting of the extensor muscles of the toes and feet. 

Diagnosis is often done based on a slow progressive length-dependent condition, which is ultimately 

confirmed by muscle wasting and weakness with reduced or even absent reflexes, as well as reduced 

motor amplitude potentials suggesting chronic distal denervation (Rossor et al., 2011). It is not 

uncommon for “non cardinal” signs to be present, such as predominance in the hands, vocal cord 

paralysis, diaphragm paralysis and pyramidal tract signs, which might be due to the diversity of 

causative genes (Irobi, De Jonghe and Timmerman, 2004). Indeed, the gene mutations associated 

with dHMN include proteins implicated in diverse functions such as protein misfolding (HSPB1, 

HSPB8, BSCL2), RNA metabolism (IGHMBP2, SETX, GARS), axonal transport (HSPB1, DYNC1H1, 

DCTN1) and cation-channel dysfunction (ATP7A and TRPV4) in motor-nerve disease (Rossor et al., 

2011). 

There are numerous overlapping characteristics between dHMN and Charcot-Marie Tooth disease 

(CMT), particularly in the axonal forms. However, in CMT sensory involvement is a significant 

component of the disease. Nevertheless, complete distinction between the two pathologies is 

difficult, and often they are referred simultaneously (Irobi, De Jonghe and Timmerman, 2004). 

Charcot-Marie-Tooth (CMT) is a group of inherited diseases affecting the peripheral nervous system 

(PNS) first described by three physicians: Jean-Martin Charcot, Pierre Marie, and Howard Henry 

Tooth. It is one of the most common inherited disorders with a frequency of 1 case in 2500 

individuals. CMT can be divided into 2 main groups: demyelinating (CMT1) and axonal (CMT2) 

disease forms, which are distinguished according to the primarily affected cell types, the Schwann 

cells or the neurons, respectively (Patzko and Shy, 2011). Similarly, to dHMN, the onset of CMT 

ranges between adolescence and early adulthood. Symptoms initiate with muscle weakness in the 

lower leg muscles and feet, slowly progressive degeneration of peripheral nerves, reaching then the 

hands and arms and gradually developing into complete muscle atrophy. Foot deformities such as 

high arches and hammertoes are not unusual in CMT. In the later stages, the disease leads to 
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progressive inability to walk and manipulate small objects. Additionally, these symptoms are 

sometimes associated with hand tremor, diaphragm palsy, optical nerve atrophy, and renal failure 

(Reilly, 2007). Progression of symptoms is usually slow, and the severity varies greatly among 

individuals, possibly due to the several mechanisms that might lead to the pathology.  Similar to 

dHMN, also CMT is genetically linked to mutations in different proteins, including HSPB1, HSPB3, 

HSPB8, RAB7, NEFL, GDAP1, among others (El-Abassi et al., 2014). Currently there are no treatments 

available for neither dHMN nor CMT, therefore pathology management relies on physiotherapy, 

occupational therapy, and walking aids at the later stages of the diseases. 

Desmin-related myopathy (DRM), rimmed vacuolar myopathy (RVM), and dilated cardiomyopathy 

(CMD) belong to the family of myopathies, which affect either the skeletal or the cardiac muscular 

systems, or both. Briefly, these diseases are a group of genetic muscle disorders characterized 

clinically by hypotonia and weakness, and a static or slowly progressive clinical course. Both DRM 

and RVM are part of the subgroup of myofibrillar myopathies (MFMs), in which skeletal muscles are 

primarily affected. To date, all MFM mutations have been traced to Z-disk associated proteins, 

namely, desmin, HSPB5, myotilin, ZASP, filamin C, and Bag3 (Selcen, 2011). The Z-disk provides an 

important structural linkage in the transmission of tension and contractile forces along the muscle 

fibre and has a role in sensing of muscle activity and signal transduction. Therefore, deficiency in 

the proteins mentioned not only results in disturbance to the structure of the sarcomere (defined 

as repeating unit between two Z lines), but also results in striking changes to the cellular 

morphology, which may have direct implications for muscle function (Ardnt et al., 2010). In contrast, 

in CMD cardiac muscle is primarily affected, and is characterized by enlargement, rigidity, and 

stiffness of the cardiac tissue leading to a reduced ability to pump blood through the body and 

maintain a normal electrical rhythm (Vicart et al., 1998). Mutations in more than 30 genes have 

been found to cause familial dilated cardiomyopathy, but many are associated with the cytoskeleton 

of cardiomyocytes, such as actin, lamins, dystrophin, titin, HSPB5 and BAG3 (Hershberger, Hedges, 

and Morales, 2013). Sarcomeric proteostasis has been recently suggested to represent an important 

process that is regulated by several chaperones, including several HSPBs and whose dysregulation 

is involved in disease manifestation and progression. 
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Protein conformational diseases: loss of proteostasis and the potential protective role of HSPBs 

 

The conversion of normal and soluble polypeptides into amyloid-like deposits has been associated 

with more than 50 disorders, with disparate symptoms and referred to as protein conformational 

or protein misfolding diseases (Chiti and Dobson, 2006). Examples are: Alzheimer's disease (AD), 

Parkinson's disease (PD), frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS), 

polyglutamine diseases and inclusion body myopathy (IBM) (Chiti and Dobson, 2006). Although 

protein misfolding diseases are disparate in term of origin and symptoms, they are all associated 

with the accumulation of proteins that are highly organized in fibrillar structures and are referred 

to as amyloid fibrils or proteinaceous inclusions, when they accumulate intracellularly, or amyloid 

plaques, when they accumulate extracellularly. Although heterogeneous in their composition and 

often containing a number of proteins that are not directly linked to disease, the amyloid fibrils are 

enriched for specific aggregation-prone proteins that are also genetically linked to the familial forms 

of these diseases, such as e.g. α-synuclein and tau. In particular, α-synuclein and tau are the main 

components of the inclusions found in patients affected by PD, AD and FTD (Ciryam et al, 2016; 

Ciryam et al., 2015; Kundra et al, 2017). Genetic mutations in the genes encoding for these proteins 

enhance their vulnerability to misfolding and cause familial forms of PD and FTD (Papanikolopoulou 

& Skoulakis, 2020; Wong & Krainc, 2017). 

Protective effects against protein aggregation diseases have been observed in vitro and in cellular 

and animal models overexpressing different types of chaperones, including HSPA, DNAJ (Muchowski 

et al., 2000) and HSPBs (Carra et al., 2013; Mogk and Bukau ,2017; Haslbeck, Weinkauf and Buchner, 

2019; Horwitz 1992; Bruinsma et al., 2011; Cox et al., 2017). Focusing on HSPBs, previous studies 

demonstrated that several proteins of this family, namely HSPB1-HSPB6 and HSPB8, modulate α-

synuclein and amyloid-β aggregation and reduce their mediated-toxicity in vitro, in neuronal cell 

and in Drosophila models (Horwitz 1992; Tue et al., 2012; Bruinsma et al., 2011; Cox et al., 2017; 

Wilhelmus et al., 2006). So far, the inhibitory effect towards protein aggregation has been mainly 

attributed to the ability of the HSPBs to transiently and weakly bind to α-synuclein and amyloid-β 

(Bruinsma et al., 2011; Wilhelmus et al., 2006). When using cellular and animal models of protein 

aggregation diseases, HSPBs seem to provide protection with distinct and more complex 

mechanisms. For example, using a cellular model of polyglutamine/polyQ disease (namely 

Huntington’s disease), it was shown that HSPB1 protected against polyQ-mediated toxicity, acting 
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at the level of the production of reactive oxygen species, but could not prevent polyQ aggregation 

(Wyttenbach et al., 2002); by contrast, HSPB8 prevented polyQ aggregation by facilitating its 

autophagy-mediated clearance and by concomitantly decreasing its translation (Carra et al., 2008; 

Carra et al., 2009).  

Given the potential contribution of alterations in HSPB expression and function to human disease, 

a better understanding of their roles and how defects in their basic functions could result in disease 

might widen the opportunities for therapeutic avenues, as well disease prevention. 

 

 

Focus on HSPB3: a poorly characterized HSPB with implications for skeletal muscle and 

motor neuron maintenance. 
 

HSPB3, HSPL27 by the old denomination system, is one of the smallest members of the HSPB family 

with a molecular mass of 17kDa (150aa) (Boelens et al. 1998). HSPB3 expression has been primarily 

detected in cardiac and skeletal muscle tissue, where the presence of this protein has been 

confirmed both at the mRNA and protein levels (Lam et al. 1996; Sugiyama et al., 2000) (Table 1). In 

addition, mRNA studies have revealed the presence of low levels of HSPB3 mRNA in the grey matter 

of the spinal cord in mice, including large cells in the ventral horn that are morphologically motor 

neurons (Allen Spinal Cord Atlas) (Lein et al. 2007). HSPB3 mRNA has also been found in several 

foetal tissues, suggesting that it might have a role in foetal development (La Padula et al, 2012). 

Nevertheless, the mRNA HSPB3 expression pattern in the brain is controversial, with reports stating 

the detection of expression in the whole brain, cortex and cerebellum in rats (Kirbach and 

Golenhofen, 2010), and others affirming that expression is restricted to hypothalamus, frontal 

cortex, hippocampus, striatum, and midbrain in mice (Kondaurova et al., 2010). To date there is a 

single report showing expression of both HSPB3 mRNA and protein in the peripheral nervous 

system, more specifically in axons of both motor and sensory neurons of chicken, mouse, and 

human samples (La Padula et al., 2012).   

In muscle cells, HSPB3 has been described to form an oligomeric 150kDa complex with HSPB2, with 

a stoichiometry of 3:1 HSPB2:HSPB3 (Sugiyama et al., 2000; den Engelsman et al. 2009) (Figure 3). 

Both mRNA and protein levels of HSPB2 and HSPB3 are strongly upregulated during myogenesis 
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(Sugiyama et al., 2000; den Engelsman et al. 2009). Yet, the functions of this complex during muscle 

differentiation are unknown. 

 

 

Structure 

 

HSPB3 is the most deviating protein among the human HSPBs. First, the ACD of HSPB3 shows only 

40% sequence identity with the other human HSPB proteins (Figure 2). The C-terminus of HSPB3 

contains only five residues. Consequently, HSPB3 is unable to form a bridge between adjacent ACD 

dimers, and primarily exists in low molecular weight oligomers (den Engelsman et al., 2009). In 

addition, the N-terminal domain of HSPB3 is considerably different to that of all the other HSPBs. In 

the case of HSPB3, the “I/V-X-I/V” motif is not located in the C-terminus (which is absent), but in the 

N-terminus; thus, the N-terminal region of HSPB3 docks in the β4/β8 pocket of the ACD of HSPB2, 

enabling the formation of the HSPB2:HSPB3 complex with the 3:1 ratio (Clark et al. 2018) (Figure 3).  

 

 

 

 

 

 

Figure 3 Tetramer structure of HSPB3/HSPB2 complex (Clark et al., 2018). The yellow (chain A), blue (chain C), and cyan 

(chain D) chains are parts of the HspB2 N-terminal regions. HspB3 is represented by the orange chain (chain Q), with 

the N-terminal region of this chain reaching across the pseudo-twofold to bind to the pocket of the cyan chain in the 

adjacent dimer, while chain 1 patches the pocket of chain Q. 

Unlike all the other HSPBs, HSPB3 is not subjected to splicing since it is encoded by a single exon 

and its mRNA is intronless (Kappé, 2003). Importantly, functional analysis of intronless genes has 
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revealed over-representation of signal transduction genes and genes encoding regulatory proteins 

important for growth, proliferation, and development (Grzybowska, 2012). Whether HSPB3 falls 

within these categories is unclear. 

 

HSPB3 chaperone function 

 

In vitro studies aimed at characterizing the chaperone activity of HSPB3 have demonstrated that 

HSPB3 alone can exhibit molecular chaperone-like activity and can prevent, for example, the heat-

induced aggregation of alcohol dehydrogenase (ADH) (Ashtana et al., 2012). However, when 

compared to other HSPBs, HSPB3 is far less efficient as a chaperone (PMID: 27909051). The lack of 

chaperone activity has been attributed to the very short C-terminal tail of HSPB3. In agreement with 

this idea, Ashtana and colleagues demonstrated that a chimeric protein formed by the fusion of 

HSPB5’s C-terminal to HSPB3 provided to HSPB3 enhanced chaperone activity towards DTT-induced 

aggregation of insulin. 

Considering that in muscle cells HSPB3 forms a stoichiometric complex with HSPB2 (Sugiyama et al., 

2000; den Engelsman et al. 2009), most of the studies that aimed at characterizing HSPB3 chaperone 

activity in vitro have so far been performed using a mixture of HSPB2 and HSPB3. The results 

obtained depend on the type of substrate used. For example, due to its reduced surface 

hydrophobicity, in complex with HSPB2, HSPB3 has poor chaperone activity towards DTT-induced 

aggregation of insulin (den Engelsman et al. 2009). By contrast, HSPB3 could inhibit α-synuclein 

aggregation in vitro, when in complex with HSPB2, due to direct weak binding to both WT and 

mutant α -synuclein (Bruinsma et al., 2011). As well as, exhibiting moderate chaperone-like activity 

towards heat-induced aggregation of citrate synthase (Sugiyama et al. 2000).  

 

HSPB3, muscle cells and motor neurons 

 

In contrast to other types of HSPBs, such as for example HSPB1, HSPB3 is not upregulated upon 

heat-shock (Sugiyama et al. 2000) and it does not confer thermotolerance (den Engelsman et al. 

2009). The best characterized stimulus that upregulates transcriptionally HSPB3 is muscle cell 

differentiation; mechanistically HSPB3 is induced upon differentiation under the control of MyoD 
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(Sugiyama et al., 2000). Yet, its putative function in differentiation has not been well characterized. 

Morelli et al. (2017) reported that in differentiating myoblasts HSPB3 might regulate the subcellular 

distribution and function of its binding partner HSPB2. In particular, HSPB3 avoids aberrant phase 

separation of HSPB2, which could lead to sequestration of nuclear lamin A, with consequences on 

lamin A function, as well as RNA transcription (Morelli et al., 2017). Whether HSPB3 exerts specific 

functions that are unrelated to binding to HSPB2 is currently unknown.  

Four missense variants in HSPB3 have been linked to neuromuscular diseases (Table 1): R7S-HSPB3 

(rs139382018) and Y118H-HSPB3 lead to dHMN2C (Kolb et al., 2010; Nam et al., 2018) (Kolb et al., 

2010); R116P-HSPB3 (rs150931007) and A33AfsX50-HSPB3 were identified in two patients affected 

by congenital myopathy, with neuropathy signs (Morelli et al., 2017). However, very little 

information exists about how these mutations mechanistically contribute to the progressive 

degeneration of the neuromuscular system. A33AfsX50-HSPB3, which was identified in 70-year-old 

Italian man who presented shoulder-girdle muscle weakness and atrophy, is a truncated and 

unstable protein that is rapidly degraded upon synthesis (Morelli et al., 2017). R116P-HSPB3 was 

detected on a 25-year-old woman of Italian origin who had developed weakness of the upper and 

lower limbs, along with neurogenic changes in the lower limbs compatible with axonal neuropathy; 

R116P-HSPB3 cannot bind to HSPB2 and cannot prevent the aberrant phase separation of HSPB2 

(Morelli et al., 2017). By contrast, R7S-HSPB3 which was described in 2 sisters with adult-onset 

HMN2C, maintained its binding affinity to HSPB2 unchanged compared to HSPB3 (Kolb et al., 2010; 

Morelli et al., 2017). Overexpression of R7S in chicken embryos resulted in reduction of motor 

neuron formation, supporting a possible gain of toxic function (or a loss of protective function of 

HSPB3-WT) (La Padula et al., 2016). No data are available yet concerning Y118H-HSPB3 identified in 

a family affected by autosomal dominant axonal CMT2 neuropathy. Together these results suggest 

that both loss and toxic gain of function mechanisms may contribute to HSPB3-linked diseases, 

similar to what has been so far observed for e.g. HSPB5 disease-causing HSPB mutants (Brady et al., 

2001; Perng et al., 2004; Vicart et al., 1998). 

Motor neuropathies and congenital myopathies associated with HSPB3 mutations develop with 

aging, when the peripheral nerve and muscle regeneration capacities decline (Carosio et al., 2011; 

Li et al., 2018; Wallace and McNally, 2009). Muscle regeneration recapitulates many aspects of 

myogenesis. In fact, muscle cell differentiation occurs not only during embryogenesis, to sustain 

muscle development, but also during adulthood, to enable the repair and regeneration of muscles 
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that have been damaged after injury or exercise (Biressi and Gopinath, 2015; Le Grand and Rudnicki, 

2007). It is thus not surprising that a decline in the regenerative abilities of peripheral nerves and 

muscles contributes to the deterioration of the neuromuscular system during natural aging and to 

age-related neuromuscular diseases (Carosio et al., 2011; Li et al., 2018; Wallace and McNally, 2009). 

Considering that HSPB3 is absent in cycling cells and is specifically upregulated in muscle cells by the 

transcription factor MYOD, these data together lead to these important questions: Could HSPB3 

promote muscle cell differentiation? And could altered muscle cell differentiation as a consequence 

of HSPB3 mutations participate to the degeneration of the neuromuscular system? Of note, 

mutations in genes that play a role in cell differentiation, including neuronal and muscle cell 

differentiation, as well as defects in the differentiation process have been linked to motor 

neuropathies. For example, IGHMBP2 (immunoglobulin mu DNA binding protein 2) is mutated in 

Charcot-Marie-Tooth (CMT) type 2S disease and leads to differentiation defects in primary 

motoneurons (Shi et al., 2015); MORC2 (microrchidia family CW-type zinc-finger 2) is a chromatin 

remodeling protein that regulates cell differentiation and is mutated in CMT disease (Albulym et al., 

2016; Liu et al., 2019; Schottmann et al., 2016); NDRG1 (N-myc downstream regulated gene 1) 

promotes differentiation and is mutated in CMT type 4D disease (Echaniz-Laguna et al., 2007); Sbf1 

(SET binding factor 1) and Sbf2 (SET binding factor 2) are members of the myotubularin family that 

play a role in the epigenetic regulation of cell growth and differentiation and are also mutated in 

CMT (Lassuthova et al., 2018; Nakhro et al., 2013; Senderek et al., 2003), as well as myotubularin-

related protein 2 and 13 (MTMR2, MTMR13), that were suggested to play important roles during 

skeletal muscle, neuronal and Schwann cells differentiation and  whose mutations are linked to CMT 

(Azzedine et al., 2003; Bolino et al., 2000). 
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Myogenesis – Section I 
 

Muscle fibres are composed of multinucleated myotubules that result from the fusion of hundreds 

or thousands of mononucleated myoblasts, a process referred to as myogenesis. Myogenesis is a 

highly coordinated and defined process that occurs during embryonic development, when the tissue 

that constitutes the muscular system is being formed, and also postnatally, when it is activated to 

heal and repair damaged muscle fibres (Braun and Gautel, 2011; Biressi and Gopinath, 2015; Le 

Grand and Rudnicki, 2007). In both embryonic and postanal stages, myogenesis is characterized by 

a sequential expression of myogenic factors known as Myogenic Regulatory Factors (MRFs: Myf5, 

MyoD, MRF4, and myogenin) (Figure 5), which in turn activate the expression of muscle-specific 

genes and the signalling cascades required for the various steps of muscle development(Rhodes et 

al., 1989; Braun et al., 1990; Miner et al., 1990).  

Muscle development is continuously required for growth and wound repair after damage. The 

regeneration, maintenance, and growth of skeletal muscles postnatally rely mainly on a small 

population of muscle stem cells, termed satellite cells (SCs) (Chen et al., 2006; Biressi and Gopinath, 

2015). SCs are located between the sarcolemma and the basal lamina where, in absence of stimuli, 

they are kept in a quiescent state (Jone and Wagers, 2008). Quiescent SCs do not express any of the 

four MRFs (Cornelison et al., 1997) and their myogenic potential is dependent on the sequential 

repression of Pax genes and expression MRFs (Figure 5). In response to stress, the SC population 

transitions from quiescent to proliferative state, yet the activators involved in this transition remain 

largely unknown (Chen, Datzkiw and Rudnicki, 2020). Following activation, SCs start to cycle and 

induce the expression of Pax7 and MyoD, giving origin to cycling myoblasts. These cycling myoblasts 

are able to undergo several rounds of division, until expression of myogenin, or MRF4, is induced 

and, concomitantly Pax7 is downregulated; the sequential expression of these genes commit SCs to 

terminal differentiation. Importantly, not all SCs differentiate and  a small population of activated 

satellite cells reverse to quiescence to replenish the stem cell pool; this process is known as self-

renewal and is fundamental to ensure tissue maintenance with aging and tissue repair upon damage 

(Yin et al., 2013). Therefore, myogenesis is delimited by a number of stages characterized by 

withdrawal from the cell cycle and fusion of mononucleated myocytes to form multinucleated 

myofibres. At the molecular level, the cellular events that determine skeletal myogenesis rely on 
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the expression and function of muscle-specific transcription factors that orchestrate myogenic gene 

expression, in collaboration with chromatin-remodelling complexes. 

 

 

Figure 4 Synoptic view of the different steps involved in muscle differentiation and repair (adapted from Baghdadi and 
Tajbakhsh, 2018). During the quiescent state SCs express Pax7 (and Pax3 in some muscles) and Myf5, and Notch 
signalling is highly active. Upon damage, they rapidly upregulate Myod and Myf5, and Pax7 protein remains detectable. 
Following the amplification phase, myoblasts express the terminal differentiation gene Myogenin and exit the cell cycle. 
Differentiated myoblasts fuse to the pre-existing fibre (mild) or together to form new fibres (severe). During this process, 
some satellite cells self-renew to replenish the stem cell pool.  

 

Chromatin and nuclear envelope remodelling during myogenesis 

 

Remodelling of chromatin is an important step in myogenic differentiation as it allows for the 

expression of muscle-specific genes. The nuclear lamina has been reported to play a pivotal role in 

maintenance and remodelling of chromatin during differentiation (Deniaud and Bickmore, 2009). 

There are two main types of lamins: A-type and B-type, which are intermediate filament proteins 

and constitute the nuclear lamina scaffold. Expression of A-type lamins, in contrast to the 

homologous B-type lamins, is largely restricted to differentiated tissues with high expression in 

skeletal muscle (Butin-Israeli et al., 2012).  

During myogenic differentiation chromatin changes have been shown to be determined by the 

switch of the expression of the Lamin B Receptor (LBR) and lamin A/C (LMNA), the two major tethers 

for heterochromatin in eukaryotic cells (Figure 6) (Solovei et al., 2013). These mechanisms occur in 

a sequential manner upon differentiation commitment. LBR in an integral protein able to bind 

heterochromatin through HP1α, and Lamin B1 type proteins. Targeting of chromatin to the nuclear 

envelope (NE) silences its transcription in a histone-deacetylation-dependent manner. During 
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muscle cell differentiation, LBR expression levels decrease, as well as its anchoring to the NE; in 

addition, the LBR tether is partially replaced by the lamin A/C (LMNA) tether. This tether switch 

modifies discrete peripheral chromatin regions, inducing the expression of genes that are required 

for cell differentiation (Solovei et al., 2013). These include genes responsible for the remodelling of 

the generic cytoskeleton into the specialized contractile cytoskeleton and of the extracellular matrix 

(ECM), which sustains cell migration, cell-cell fusion, and assembly into myofibrils (Solovei et al., 

2013) (for details see “Extracellular Matrix remodelling”).   

 

 

Figure 5 Schematic representation showing that the LBR chromatin tether is replaced by the LMNA chromatin tether 
during cell differentiation and the impact on myogenic gene expression (adapted from Solovei et al., 2013). 

 

Furthermore, DNA dense regions denominated chromocenters have been shown to be altered upon 

myogenic differentiation. In cycling myoblasts, chromocenters are present in high numbers 

appearing with a low volume and predominantly present in the nuclear periphery; conversely, in 

differentiated myotubes, chromocenters fuse therefore reducing its numbers while increasing the 

volume, and also move into the nuclear centre (Brero et al., 2005). LBR downregulation has been 

reported to be essential for chromocenter fusion and movement from the nuclear periphery 

(Solovei et al., 2013), reinforcing its importance for the regulation of cell differrentiation. Yet how 

the expression of LBR is temporarily coordinated and how its localization at the NE is spatially 

modulated during muscle cell differentiation are largely unknown. 
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Extracellular Matrix Remodelling 

 

The ECM is a mesh-like structure present in the interstitial space between cells and tissues and is 

involved in mechanical support for cell anchorage and migration, maintenance of cell polarity, as 

well as scaffolding for tissue renewal (Bentzinger et al., 2013; Urciuolo et al., 2013; Csapo et al., 

2020; Goody et al., 2015). Furthermore, it functions as a mechanical force transducer thereby 

allowing for the activation of several signalling pathways required for muscular function (Kjaer, 

2004).  The muscle ECM is comprised of basement membrane and endomysium, the layer that 

surrounds each individual myocyte; perimysium, groups the myofibrils into bundles; and 

epimysium, the dense layer that encloses the entire muscle tissue corresponding to the interstitial 

matrix (Kjaer, 2004). The basement membrane keeps in contact with the cells, providing structural 

support and dividing tissues into compartments, thereby regulating cell behaviour. Its major 

constituents are collagen IV, laminins, entactin/nidogen 2, and sulphated proteoglycans such as 

perlecan and agrin (Gullberg et al., 1999; Tunggal et al., 2000; Jimenez-Mallebrera et al., 2005). The 

interaction between the ECM and the intracellular environment is accomplished by the integrins, 

which connect the cytoskeleton to the ECM. The cytoskeleton is coupled to the nuclear lamina via 

LINC (Linker of Nucleoskeleton and Cytoskeleton) complex (Figure 6). The LINC complex is composed 

of SUN and Nesprin proteins and is connected to lamins A and B, lamin B receptor (LBR), LAP 

proteins, and emerin (Bouzid et al., 2019). The LINC complex functions as a structural support to the 

nucleus and plays a mechanosensory role to translate mechanical cues and alterations in the 

extracellular matrix into biochemical signals (Bouzid et al., 2019), thereby allowing the cell to adapt 

to its surrounding environment by modulation of cytoskeleton organization, gene expression, 

nuclear organization, and structure. Being a central complex in signal transduction, the LINC 

complex is involved in nuclear migration, maintenance of the proper nuclear morphology and 

positioning of the nucleus, maintenance of the centrosome–nucleus connection via direct or indirect 

interaction, DNA repair, and movement of chromosomes within the nucleus during meiosis (Hieda, 

2019).  

The ECM plays a crucial role during muscle development and differentiation. Myogenesis is 

accompanied by remodelling of ECM proteins as well as by changes in integrin receptor expression 

pattern. Specifically, the proteins fibronectin (Bentzinger et al., 2013) and collagen VI (Urciuolo et 

al., 2013), as well as the proteoglycans syndecan 3, syndecan 4, perlecan, and decorin (Cornelison 
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et al., 2001; Brack et al., 2008) have been identified as the niche constituents influencing the balance 

between differentiation and self-renewal and, thus, the maintenance of skeletal muscles’ 

regenerative capacity.  

 

 

Figure 6 The LINC complex in the cardiomyocyte (Adapted from Stroud et al., 2014). The LINC complex couples the 
nuclear lamina to the cytoskeleton. SUN domain proteins, SUN1 and SUN2, located at the inner nuclear membrane 
(INM) interact with the nuclear lamins, Lamin A/C, B1, and B2, that line the nucleoplasmic face of the INM. SUN domain 
proteins interact with Nesprins in the perinuclear space (PNS). Nesprins protrude from the outer nuclear membrane 
(ONM) and interact with the cytoskeleton, often through an intermediate binding partner. Various proteins are 
associated with the LINC complex, such as Emerin and Luma. Chromatin directly interacts with Lamin A/C and indirectly 
with Emerin and Lamin B Receptor (LBR) via barrier to autointegration factor (BAF) and heterochromatin protein 1 (HP1), 
respectively. NPC indicates nuclear pore complex; and M, M-band. 

The glycoproteins fibronectin and laminins display an opposite pattern of changes in time during 

myogenesis. Cycling myoblasts secrete a large amount of fibronectin, which allows for myoblast 

adhesion and proliferation, yet inhibits differentiation. Upon differentiation, fibronectin gets 

replaced by laminins in myotubes, leading to enhanced myoblast proliferation, migration, and 

alignment preceding the fusion (Bentzinger et al., 2013; Urciuolo et al., 2013). Proteoglycans are 

essential for signal transduction, as they act as co-receptors of growth factors. In particular, perlecan 

has been demonstrated to be downregulated during myogenesis, yet its expression is increased 

upon damage (Larrain et al., 1997). Conversely, decorin’s expression is upregulated during 

myogenesis, leading to increased myoblast proliferation and myogenesis. In addition, decorin 

upregulation promotes muscle differentiation, as well as muscle regeneration in vivo (Li et al., 2007); 

and decorin interacts with the epidermal growth factor receptor or oncogenic ErbB receptors, 
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leading to activation of the mitogen-activated protein kinase (MAPK) signal transduction pathway, 

eventually inducing p21 and cell cycle arrest (Li et al., 2008) (for details see “Cell cycle arrest in 

myogenesis”). 

Besides its important role during myogenesis, ECM is essential also for muscle growth and repair. 

Upon damage, extensive ECM remodelling supports satellite cell activation, migration, and 

myogenic differentiation, enabling muscle repair (Csapo et al., 2020; Goody et al., 2015). This is 

accomplished mainly by degradation of ECM surrounding satellite cells, thereby enabling their 

migration and subsequent relocation to the damaged site, where the SCs can become activated and 

restore muscle tissue by differentiating. Matrix metalloproteinases (MMPs) degrade extracellular 

matrix components such as collagens, elastin, fibronectin, laminin, and proteoglycans. Among the 

MMPs expressed in skeletal muscle, MMP-2 appears particularly critical as it is secreted by satellite 

cells and regenerating myofibers. Indeed, it acts as a mechanical barrier to prevent migration of 

satellite cells and their loss from normal muscle, repressing satellite cell mitosis and differentiation 

in the absence of muscle injury (Thomas et al., 2015). Further support for the notion that the ECM 

is actively involved in the maintenance of satellite cell quiescence comes from reports that satellite 

cells removed from their niche quickly enter the cell cycle and lose their capacity for myogenic 

differentiation (Gilbert et al., 2010). 

 

Cell cycle arrest in myogenesis 

 

Myoblast commitment to differentiation initiates with irreversible withdrawal of cycling myoblasts 

from the cell cycle.  This growth arrest is mediated and maintained by the retinoblastoma protein 

(Rb), together with p21 and other inhibitors of cell cycle progression (Figure 7) (De Falco, Comes 

and Simone, 2006). Indeed, myotubes express high levels of p21 and hypophosphorylated Rb, which 

maintain terminal differentiation and protect these multinucleated cells against apoptosis 

(Peschiaroli et al., 2002). The cell-cycle inhibitor p21 (encoded by CDKN1A) has been shown to be 

upregulated in a MyoD-dependent manner upon induction of myogenic differentiation (Halevy et 

al., 1995) and high expression of p21 has been correlated with the activation of the myogenin gene 

during embryogenesis (Parker et al., 1995).  
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Figure 7 Schematic overview of the role of cyclin D-CDK4/6-INK4-Rb pathway in cell cycle arrest during myogenic 
differentiation (Niu, Xu and Sun, 2019) 

Induction of p21 leads to the blockage of Cyclin Dependent Kinase (CDK) 2 and 4, whose activity is 

involved in the progression of G1 to S phase of the cell cycle (De Falco, Comes and Simone, 2006). 

Conversely, MyoD, which upregulates p21, is inhibited by the overexpression of cyclin D1, a G1-S 

cyclin and a CDK4 activator. The repression of cyclin D1 is required for terminal arrest of the cell 

cycle and initiation of differentiation, orchestrated by Rb. In dividing conditions, Rb is 

phosphorylated (pRb) by the activated CDK4 and bound to cyclin D1, which leads to the release of 

the transcription factor E2F. E2F family of transcription factors in turn, transcriptionally activates 

cycling A and E, thus allowing for normal cell cycle progression (Bracken et al., 2004). However, 

hypophoshorylation of Rb, due to CKD2/4 inhibition (by p21), releases it from cyclin D1 and 

increases its association with E2F1-3, culminating in repression of E2F target genes and leading to 

cell cycle arrest (Pantoja and Serrano, 1999) (Figure 7). Of note, Rb deficiency leads to skeletal 

muscle defects due to reduction of myofiber quantity and reduction of late muscle-specific genes in 

mice, further confirming the role of Rb in cell cycle arrest in myogenesis (Zacksenhaus et al., 1996). 

Furthermore, expression of MyoD leads to apoptosis in a p21-dependent manner in myoblasts 

lacking Rb function (Peschiaroli et al., 2002).  
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α-synuclein aggregation – Section II 
 

As previously mentioned, the misfolding and aggregation of the presynaptic protein α-synuclein is 

associated with development of PD, but not only (see “Protein conformational diseases: loss of 

proteostasis and the potential protective role of HSPB”). Indeed, α-synuclein is associated with a 

broad range of diseases known as synucleinopathies, which include PD, Lewy body dementia, Lewy 

body variant of Alzheimer’s disease, Krabbe disease to neurodegeneration with brain iron 

accumulation (Burre et al, 2018).  

The aggregation of soluble polypeptides into fibrillar amyloids is a multi-step process that includes 

a nucleation event, which consists in the random generation of nanofibrils, followed by fibril 

elongation, fibril amplification and culminating with the accumulation of an amyloid mass (Buell, 

2017; Buell et al, 2014). This multi-step process is influenced by several environmental factors such 

as contact surfaces, temperature, and pH (Buell et al., 2014; Galvagnion et al, 2016). The initiation 

of aggregate formation is characterized by a slow formation of growth-competent nuclei from 

monomeric α-synuclein in solution, termed primary nucleation event. Using α-synuclein as a model 

protein, it has been recently demonstrated that the primary nucleation process is strongly enhanced 

by its contact with lipids, the major constituent of biological membranes (Fusco et al, 2017).  

Aggregation at physiological concentrations has been recently achieved by taking advantage of lipid 

contact surfaces to induce primary nucleation. In particular, small unilamellar vesicles (SUVs) 

prepared from model membrane lipid DMPS (1,2-dimyristoyl-sn-glycero-3-phospho-L-serin) have 

been shown to significantly increase α-synuclein aggregation rate in vitro (Galvagnion et al., 2015). 

α-synuclein binding to lipids is emerging as a double-edged sword: on the one hand, it is associated 

with α-synuclein physiological functions. In fact, α-synuclein binds to synaptic vesicles and regulates 

their docking at the presynaptic membrane, their clustering and recycling (Maroteaux et al., 1988); 

α-synuclein also binds to other types of membranes, including mitochondrial membranes and lipid 

droplets (Burre et al., 2018). On the other hand, α-synuclein binding to lipids is associated with its 

pathological functions, since the interaction between α-synuclein and lipid vesicles triggers the 

initial primary nucleation process (Galvagnion et al, 2015).  

Taking advantage of lipid contact surfaces to induce primary nucleation, a lipid-induced primary 

nucleation assay has been developed. The assay allows to study α-synuclein aggregation at 

physiological concentrations, which are estimated to be lower than 30 - 60 μM (Figure 8, Step 1) 

(Flagmeier et al, 2016; Galvagnion et al., 2015; Perni et al, 2018). Primary nucleation is then followed 
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by secondary nucleation events that lead to proliferation of mature amyloid fibrils, such as 

elongation and surface-assisted nucleation (Buell et al., 2014). Upon formation of mature fibrils 

generated through primary nucleation, monomeric α-synuclein assembles into the growing 

extremity of an existing fibrils, thereby elongating the fibril. Thus, a second assay has been 

developed to monitor fibril elongation in the presence of preformed seed fibrils, where the kinetics 

are dominated by elongation of the added seeds (Figure 8, Step 2). Next, a third assay has been 

developed to study fibril amplification, which occurs via secondary pathways, such as formation of 

surface-catalysed aggregates, under conditions of mildly acidic pH (Figure 8, Step 3) (Flagmeier et 

al., 2016). These mildly acidic environmental conditions mimic the low pH (5.5) that characterizes 

dopaminergic neurons, which express the highest levels of α-synuclein (Sinning & Hubner, 2013). 

Using this three-pronged approach it is now possible to separately evaluate each step of α-synuclein 

aggregation, identifying the contribution of specific environmental factors that are biologically 

relevant such as e.g. lipid composition and pH variation.  

 

Figure 8 Three-pronged approach to characterise a-synuclein aggregation. (1) lipid-induced nucleation, where growth-
competent nuclei form from monomeric species due to the interaction with lipid surfaces, (2) elongation, where existing 
preformed fibrils at high concentrations and in presence of monomeric a-synuclein lead to their assembly and formation 
of longer fibrils, and (3) secondary nucleation, where preformed fibrils at low concentrations along with monomeric a-
synuclein under mildly acidic pH conditions, lead to the generation of secondary pathways such as surface-catalysed 
aggregates. 
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Aim of the thesis 
 

HSPB3 is a small heat shock protein belonging to the mammalian family of sHSP/HSPBs, being the 

most deviating member of the HSPB family. HSPB3 is absent in cycling cells and is predominantly 

expressed in differentiated muscle cells and in selected neuronal cell types, including motor 

neurons. In contrast to other HSPBs, HSPB3 is not upregulated upon heat-shock and it does not 

confer thermotolerance, yet the physiological functions of HSPB3 are poorly understood. 

Nevertheless, four mutations in the HSPB3 gene have been identified in patients affected by 

hereditary peripheral neuropathies and congenital myopathies. Together these data suggest that 

HSPB3 is important for motor neurons and muscle cell viability, underlining the importance of 

understanding HSPB3 functions for the neuromuscular system. This thesis aimed at characterizing 

HSPB3 properties and functions in different systems, focussing on two main aims: 

1) determine whether and how HSPB3 participates in myogenic differentiation, and how the R116P-

HSPB3 mutation affects HSPB3 properties and functions. In human myoblasts, HSPB3 is induced 

upon differentiation under the control of the myogenic regulatory factor MyoD. Yet whether HSPB3 

plays a role in myogenic differentiation is unknown. Cell cycle exit and commitment to 

differentiation are regulated at the transcriptional level and require extensive chromatin 

remodelling. This process is modulated by the downregulation of Lamin B Receptor (LBR) and its 

detachment from chromatin and the nuclear envelope (NE). Immunofluorescence studies show that 

HSPB3 is enriched at the NE. Previous RNA analysis showed that HSPB3 expression levels correlated 

with the one of myogenin, one of the key muscle-specific transcription factors (Morelli et al., 2017). 

Based on these observations we asked whether HSPB3 could act at the nuclear level facilitating the 

chromatin remodelling during muscle differentiation.  

2) investigate whether HSPB3, and other better characterized HSPBs (HSPB5, HSPB6, HSPB7 and 

HSPB8) affect α-synuclein interaction with lipids and aggregation. So far, no physiological role has 

been identified for HSPB3 in neuronal populations. One of the best characterized function of HSPBs 

is their chaperone activity and prevention of irreversible aggregation. In vitro studies aimed at 

characterizing the chaperone activity of HSPB3 have demonstrated its ability to inhibit α-synuclein 

aggregation. Importantly, recent evidence demonstrates that the interaction between α-synuclein 

and lipid surfaces triggers its conversion from a soluble state into the aggregated stated, which is 

associated to Parkinson’s disease development. Of note, several HSPBs have been shown to interact 
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with lipids; however, whether lipid binding is required for or participates to regulate the chaperone 

activity and anti-aggregation functions of HSPBs is currently unknown. Here we aimed at addressing 

this specific question and understanding how at the molecular level HSPBs affect α-synuclein 

aggregation using an in vitro three-pronged approach developed in the laboratory of Prof. M. 

Vendruscolo (Flagmeier et al, 2016). 
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Materials & Methods 
 

Reagents 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Experimental Models: Cell 

Lines 

  

HeLa Kyoto cell line (Poser et al., 2008) N/A 

HeLa cell line (Morelli et al., 2017) N/A 

LHCNM2 cell line (Zhu et al., 2007) N/A 

HeLa GFP-LMNB1 (Poser et al., 2008) N/A 

NSC34 cell line (Morelli et al., 2017) N/A 

Vectors   

pcDNA5/FRT/TO GFP (Hageman and Kampinga, 

2009) 

N/A 

myc-HSPB1 (Vos et al., 2010) N/A 

myc-HSPB3 (Vos et al., 2010) N/A 

mCherry-HSPB3 Generated for this article Genewiz 

GFP-HSPB3 (Vos et al., 2010) N/A 

myc-R116P Generated for this article Genewiz 

myc-R7S Generated for this article Genewiz 

myc-Y118H Generated for this article Genewiz 

His-HSPB2 (Vos et al., 2010) N/A 

LBR-GFP (Ellenberg et al., 1997) N/A 

myc-HSPB3 d37-43 Generated for this article Genewiz 

myc-HSPB3 dN Generated for this article Genewiz 

mCherry-H2B AddGene Hs01072232_m1 

α-synuclein Flagmeier et al., 2016 N/A 

pET21a-HSPB3 Asthana et al., 2012 N/A 

pET23b-HSPB7 Mymrikov et al., 2016  N/A 

pUBS520-HSPB6 Bukach et al., 2004 N/A 
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pET28b(+)-HSPB5 Peschek et al., 2013  N/A 

pGEX-4T-GST-HSPB8 Carra et al., 2005 N/A 

shRNA HSPB3 Dharmacon VGH5518-200215240 

Reagents   

Lipofectamine 2000 Life Technologies 11668019 

Lipofectamine 3000 Life Technologies L3000015 

Complete-EDTA Roche 11873580001 

DAPI Santa Cruz Biotechnology SC3598 

poly-L-lysine Sigma-Aldrich P8920 

rh FGF-b/FGF-2 ImmunoTool 11343625 

Human Insulin Solution Sigma-Aldrich I9278 

Ham-F12 Aurogene L0135 

Fetal Bovine Serum (FBS) Invitrogen Gibco 10106-169 

DMEM EuroClone ECM0728L 

Fetal Bovine Serum (FBS) Sigma-Aldrich F7524 

Trizol Zymo Research R2050 

Penicillin/streptomycin EuroClone ECB3001D 

Urea Sigma-Aldrich U5378  

Β-mercaptoethanol Sigma-Aldrich M3148 

Complete™, EDTA-free 

Protease Inhibitor Cocktail 

Roche 11873580001 

Cycloheximide (used at 

50μg/mL) 

Sigma-Aldrich C7698 

Polybrene (Hexadimethrine 

bromide) 

Sigma-Aldrich H9268 

Puromycin Sigma-Aldrich P8833 

IPTG Invitrogen 15529-019 

Benzonase 250 U/mL Sigma-Aldrich E8263-5ku 

Arabinose Lucigen 490234 

GsH Sigma-Aldrich G4251 
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Thioflavin T UltraPure Grade  Eurogentec AS-88306 

NaH2PO4 , BioPerformance 

Certified > 99.0% 

Sigma-Aldrich S6191 

Na2HPO4, ReagentPlus, > 

99.0% 

Sigma-Aldrich S0876 

NaN3, ReagentPlus, >99.5% Sigma-Aldrich S2002 

DMPS (1,2-Dimyristoyl-sn-

glycero-3-phospho-L-serine) 

sodium salt 

Avanti Polar Lipids 840033 

POPS (1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-L-

serine) 

Avanti Polar Lipids 840034 

DOPS (1,2-dioleoyl-sn-

glycero-3-phospho-L-serine) 

Avanti Polar Lipids 840035 

Diphenylhexatriene (DPH) Sigma-Aldrich SML0202 

Triton X-100 Sigma-Aldrich T8787 

Bovine serum albumin (BSA) Sigma-Aldrich A7906 

DABCO Sigma-Aldrich 290734 

Mowiol Sigma-Aldrich M5661 

HEPES Sigma-Aldrich H3375 

DTT Sigma-Aldrich D0632 

Nonidet 40 (IGEPAL) Sigma-Aldrich I8896 

NaCl Sigma-Aldrich S3014 

KCl Sigma-Aldrich P3911 

Sodium Phosphate dibasic Sigma-Aldrich S9763 

Potassium Phosphate 

monobasic 

Sigma-Aldrich P0662 

Tween-20 Sigma-Aldrich P1379 

Commercial kits and 

enzymes 

  

Duolink™ In Situ Red Starter 

Kit Mouse/Rabbit 

Sigma-Aldrich DUO92101 
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Lenti-Pac HIV Expression 

Packaging Kit 

GeneCopoeia HPK-LvTR-20 LT001 

ReliaPrep RNA Cell Miniprep Promega Z6011 

RNA Clean & Concentrator Zymo Research R1017 

DNase I Set Zymo Research E1010 

Maxima First Strand cDNA 

Synthesis Kit for RT-qPCR 

ThermoFisher K1671 

TAQ SYBR Green qPCR SYBR ThermoFisher K0251 

ECL kit Westar Eta C Ultra 

2.0 

Cyanogen XLS075 

ECL kit Westar Supernova Cyanogen XLS3 

MycoAlert™ Mycoplasma 

Detection Kit 

Lonza LT07-318 

Escherichia coli strain BL21 Thermo Fisher C607003 

High-Trap Q HP column GE Healthcare 17-1154-01 

Sephacryl S300 High-Prep 

16/60 column 

GE Healthcare  

Superdex 200-pg column GE Healthcare  

Protino GST/4B Column Macherey-Nagel 745515 

Primary antibodies   Application 

c-myc (mouse) Santa Cruz Biotechnology SC-40 1:500 IF 

1:1000 WB 

TUBA4A (mouse) Sigma-Aldrich T6074 1:1000 WB 

LMNB1 (goat) Santa Cruz Sc-6217 1:100 IF 

1:1000 WB 

LMNB1 (8D1) (mouse) Santa Cruz Sc-56144 1:100 IF 

1:1000 WB 

LMNA/C (rabbit) Santa Cruz Sc-20681 1:100 IF 

1:1000 WB 

LBR (rabbit) Atlas antibodies HPA062236 1:200 IF 
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1:1000 WB 

HSPB3 (rabbit) Sigma-Aldrich SAB1100972 1:100 IF 

1:500 WB 

HSPB2 (mouse) Santa Cruz SC-136339 1:100 IF 

1:1000 WB 

V5 (mouse) LifeTechnologies R960-25 1:100 IF 

1:1000 WB 

GFP Living Colors® (mouse) Takara JL-8 1:100 IF 

1:1000 WB 

Secondary antibodies   

Donkey anti-Mouse IgG 

(H+L), Alexa Fluor® 594 

Thermo Scientific A-21203 

Donkey anti-Mouse IgG 

(H+L), Alexa Fluor® 488 

Thermo Scientific A-21202 

Donkey anti-Mouse IgG 

(H+L), Alexa Fluor® 647 

Thermo Scientific A-31571 

Donkey anti-Rabbit IgG 

(H+L), Alexa Fluor® 488 

Thermo Scientific A-21206 

Donkey anti-Rabbit IgG 

(H+L), Alexa Fluor® 594 

Thermo Scientific A-21207 

Donkey anti-Goat IgG (H+L), 

Alexa Fluor® 647 

Thermo Scientific A-21447 

MOUSE IGG HRP LINKED 

WHOLE AB 

GE Healthcare NXA931 

Rabbit IgG HRP-Linked 

Whole 

GE Healthcare NA934 

Mouse IgG HRP-Linked 

Whole 

GE Healthcare NA931 

Donkey anti-Goat IgG-HRP Santa Cruz) sc-2020 

Oligomers Forward Reverse 

Myc-HSPB3 (EX-T1904-

Lv107) 

TCTAGAACCATGGAGCAGAAAC ATGATTTTTGCCATGGTACCG 
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RPL0 TTAAACCCTGCGTGGCAATCC CCACATTCCCCCGGATATGA 

MYOG CACTCCCTCACCTCCATCGT CATCTGGGAAGGCCACAGA 

HSPB2 CATGGTCCACAATGTATGGT ATTTGGGTTTATTCAGCTCCAC 

HSPB3 GACTAAGTGACATCGTATCGG ACAAACATTCTCGTAGTACCAG 

LMNA CTCCTACCTCCTGGGCAACT AGGTCCCAGATTACATGATGCT 

LMNB1 GCTGCTCCTCAACTATGCTAAG GAATTCAGTGCTGCTTCATATTCT

C 

LBR ATTTGCCGATGGTGAAGTG TGAGCCACCTTTCCTTTGC 

LMNB2 GCCATGAGGACTGTGAAGAAG AAGGTGTGTGGATGAGGAGTG 

NOTCH3 GCCAAGCGGCTAAAGGTA CACTGACGGCAATCCACA 

ACTA1 CTTCGTCGCACATTGTGTCT GACAGCGCCAAGTGAAGC 

DES GGAGAGGAGAGCCGGATCA GGGCTGGTTTCTCGGAAGTT 

CADM1 GAGTTAACATGTGAAGCCATCG CGACTCTCACCCAAGTTACCA 

LUM CTTCAATCAGATAGCCAGACTG

C 

AGCCAGTTCGTTGTGAGATAAAC 

NID2 TAGGCGCTTACGAGGAGGTCA

A 

TATCAGACCCATCAGATGCCAAA

AC 

DCN TGCAGGTCTAGCAGAGTTGTGT AATGCCATCTTCGAGTGGTC 

SVIL CTGAAGTTGGACAGGCTGGAA

AC 

CACCTCCTTCACAGATTTGCCG 

MFAP5 GTGCAATATCAGCCAAA ATTCCAGCCTCATTG 

GADD45B GTCGGCCAAGTTGATGAAT CACGATGTTGATGTCGTTGT 

Software and Algorithms   

Daniel's XL Toolbox open-source add-in for 

Microsoft® Excel® 

https://www.xltoolbox.net/  

Fiji NIH  https://fiji.sc/ 

R Studio RStudio http://www.rstudio.com/ 

ScanR Olympus analysis 

software 

Olympus https://www.olympus-

lifescience.com 

R2 N/A hgserver1.amc.nl/cgi-

bin/r2/main.cgi 
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MARS Data Analysis BMG LABTECH https://www.bmglabtech.com/

mars-data-analysis-software/ 

Reader Control BMG LABTECH https://www.bmglabtech.com/

reader-control-software/ 

AmyloFit Meisl et al., 2016  https://www.amylofit.ch.cam.a

c.uk/login 

 

Section I 
 

Cell lines and treatments 

HeLa, HeLa Kyoto, HeLa GFP-LMNB1 and NSC-34 cells were maintained in DMEM supplemented 

with 100 U/mL penicillin/streptomycin and 10% Fetal Bovine Serum (FBS) in a humidified 

atmosphere at 37°C incubator with 5% CO2. LHCN-M2 cells were maintained in Ham-F12 

supplemented with 100 U/mL penicillin/streptomycin, 20% Fetal Bovine Serum (FBS) (Gibco), and 

25 ng/mL of rh FGF-b/FGF-2. For induction of myogenic differentiation, LHCN-M2 cells were cultured 

in DMEM supplemented with 100 U/mL penicillin/streptomycin, and 30ug/mL Human Insulin 

Solution. Cells were routinely tested for mycoplasma contamination using the MycoAlert kit. 

DNA transfection 

Transfections of cDNAs were performed using Lipofectamine 2000 in HeLa, HeLa Kyoto and HeLa 

GFP-LMNB1 and Lipofectamine 3000 in LHCN-M2, and NSC-34 following manufacturer's 

instructions. Experiments were performed 48h after transfection of cDNAs for HeLa, HeLa Kyoto and 

HeLa GFP-LMNB1 and 24h after transfection for LHCN-M2 and NSC-34, unless specified otherwise. 

Viral vector production and viral transduction 

Lentiviral particles for GFP, myc-HSPB3 and myc-R116P were packaged with Lentipak packaging 

system in HEK293T cells using Endofectin, following manufacturer’s instructions.  32h post-

transfection, the cell culture supernatants containing the viral particles were harvested, filtered with 

0.45 µm filter (Minisart Syringe Filter 0.45 µm, cellulose acetate, 16555K, Sartorius) and stored at -

80°C in aliquots. shRNA Control and shRNA HSPB3 lentiviral particles were packaged using 2nd 

generation vectors pPAX2 and pMD2.VSVG into HEK293T cells using the calcium-phosphate 

method. Filtered lentiviral particles were stored at -80°C in aliquots, as previously described (Morelli 

et al., 2017). 
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For viral transduction with lentiviral particles encoding for GFP, myc-HSPB3, myc-R116P, myc-R7S, 

and myc-Y118H, cycling LHCN-M2 cells were seeded at 5x105 cells/6-well and after 24h culture 

media was replaced with 1mL of viral suspension supplemented with 8μg/mL of polybrene and 

incubated for 16h in a humidified atmosphere at 37°C incubator with 5% CO2. The cells were then 

harvested with trypsin and reseeded in a T25 flask to which cycling media was added and incubated 

for further 48h.  Culture media was then replaced with fresh cycling media supplemented with 4 

μg/mL puromycin for selection. Cells were harvested/fixed after 4 days of selection, unless stated 

otherwise. 

For viral transduction with lentiviral particles for shControl and shHSPB3, cycling LHCN-M2 cells 

were seeded at 5x105 cells/6-well and after 24h culture media was replaced with 1mL of viral 

suspension supplemented with 8μg/mL of polybrene and incubated for 16h in a humidified 

atmosphere at 37°C incubator with 5% CO2. Media volume was made up to 2mL by adding 1mL of 

cycling media, and the culture was further incubated 48h.  Culture media was then replaced with 

fresh cycling media supplemented with 4 μg/mL puromycin for selection. At day 4 of selection, cells 

were washed twice with PBS and differentiation media (as described above) supplemented with 4 

μg/mL puromycin was added. Cells were differentiated for 5 days before being harvested/fixed, with 

media being replaced every 2 days. 

 

Immunofluorescence Microscopy 

HeLa, HeLa Kyoto, NSC-34 cells and cycling LHCN-M2 were grown on poly-L-lysine coated glass-

coverslip, while LHCN-M2 to be differentiated were grown on SPL cell culture chambers (330068; 

Biosigma).  Cells were fixed with 3.7% formaldehyde in PBS 1x for 9 minutes at room temperature, 

followed by permeabilization with ice-cold acetone 100% for 5 minutes at -20°C. Coverslips were 

blocked with blocking solution (PBS 1x containing 3% BSA and 0.1% Triton X-100) for 1hours at room 

temperature and then incubated overnight with primary antibodies at 4°C. Following PBS 1x wash, 

cells were incubated with fluorescent secondary antibodies for 1 hour at room temperature in the 

dark. 

Primary and secondary antibodies were diluted in blocking solution. Primary and secondary 

antibodies used are listed below. Cells were then washed with PBS 1x and the coverslips were 

mounted on glass microscope slides with mounting solution (PBS pH 7,4, Mowiol 20%, 1.4-

diazabiciclico-[2,2,2]-ottano DABCO as antifading agent). Slides were stored at 4°C.  
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The primary and secondary antibodies used in this study are detailed in the table above.  

Immunofluorescence microscopy acquisition, processing, and image analysis 

Confocal microscopy of fixed samples was performed using a Leica TCS SP8 microscope (Leica 

Microsystems) equipped with a White Light Laser and a 63x oil-immersion lens. Images were 

acquired at 1024x1024 pixel resolution and 400Hz scanning speed. 

Cellular distribution analysis 

Fields were randomly selected, and confocal images were analysed using ImageJ Fiji cell counter and 

manually assessed for nuclear and/or cytoplasmic enrichment. 

LBR rim analysis 

LBR enrichment at the nuclear rim was performed using ScanR software (Olympus Corporation). 

Myoblast nuclei were segmented based on DAPI signal using intensity detection algorithm. The 

LMNB1 (8D1) signal detection at the nuclear rim was performed by applying a fixed distance in pixels 

from the segmented nucleus. Similar fixed distance was applied to measure fluorescence intensity 

inside the nucleus (nucleoplasm). The mean fluorescence intensity of LBR was measured at the rim 

and inside the nucleoplasm. The relative enrichment of LBR at the rim was calculated as a ratio of 

mean fluorescence intensity at the rim divided by mean intensity in nucleoplasm. From the values 

obtained ratios of above 1.2 were considered as “Nuclear envelope enriched” whereas ratio under 

1.2 were considered as “diffuse in the nucleus”. 

 

Proximity Ligation Assay (PLA)  

Proximity Ligation Assay (PLA) was performed on HeLa cells using Duolink In Situ Red (Sigma) with 

the antibodies anti-GFP and anti-HSPB3, as per manufacturer’s instructions. Z-stack images were 

acquired every 1 μm using Leica TCS SP8 at 1024x1024 pixel resolution, 400Hz scanning speed. 

Quantification of PLA foci was performed using ScanR. Cell bodies were segmented using the GFP 

signal and the intensity detection algorithm while PLA foci were segmented using the edge detection 

algorithm. Samples stained with anti-GFP only, anti-HSPB3 only or No Antibody were used as 

controls, and ratio of anti-GFP + anti-HSPB3 by anti-GFP only was calculated to normalize for 

background.  

Chromocenter analysis 

Confocal microscopy images composed of 0.3μm Z-stacks spanning the whole nucleus, determined 

by DAPI staining were used for chromocenter analysis. Chromocenter analysis was performed using 
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the ImageJ Fiji NucleusJ plugin (Poulet et al, 2015). Briefly, images were first segmented using 

Nucleus Segmentation (batch mode) setting the Voxel Calibration at x = 0.075, y = 0.075, z = 0.029, 

units = pixel; volumes set as Min Volume = 7, Max Volume = 2000. Then analysis of segmentation 

was performed using Nucleus Segmentation and Analysis (batch mode) keeping the Voxel 

Calibration and volumes as before.  The chromocenters were then identified using Chromocenter 

Segmentation (batch mode), consisting of 2 components: an automatic step using the voxel settings 

as before; followed by a manual step. For the manual step, the following setting were used for the 

Threshold: Stack Histogram, 99.5%, these setting were applied across all samples. Finally, 

Chromocenter Analysis (batch mode) was performed and NbCc (Number of Cc) and VCcMean (Mean 

volume of chromocenter/ nucleus) used for further analysis. 

Live‐cell imaging and Fluorescence recovery after photobleaching (FRAP) 

Live‐cell imaging was done using the Leica SP8 system. FRAP measurements on HeLa cells 

transfected with LBR-GFP in presence of absence of mCherry-HSPB3 were performed using a 

confocal microscope Leica TCS SP8 (Leica Systems). 

For FRAP analysis we used a 63× oil immersion objective. A region of approximately 2.2–2.5 × 2.2–

2.5μm was bleached for 1 s using a laser intensity of 100% at 405 nm. For FRAP analysis of untreated 

cells or in cells during the stress recovery in drug‐free medium, a laser intensity of 100% for 5 s was 

used. Recovery was recorded for 300 time points after bleaching (300 s). Analysis of the recovery 

curves were carried out with the FIJI/ImageJ. The flow of the protein was measured by quantifying 

the recovery of the bleached area at the cost of the unbleached region and using a custom written 

FIJI/ImageJ routine. The bleached region was corrected for general bleaching during image 

acquisition. We quantified the molecules that move from the unbleached region to the bleached 

region, leading to recovery of the bleached region. 

Prior to FRAP analysis, we corrected the images for drift using the StackReg plug‐in function of the 

FIJI software suite. The equation used for FRAP analysis is as follows ((Ibleach − 

Ibackground)/(Ibleach(t0) − Ibackground(to)))/((Itotal‐Ibackground)/(Itotal(t0) − Ibackground(to))), 

where Itotal is the fluorescence intensity of the entire cellular structure, Ibleach represents the 

fluorescence intensity in the bleach area, and Ibackground the background of the camera offset. 

FRAP curves were averaged to obtain the mean and standard deviation. Fluorescent density analysis 

was performed using FIJI/ImageJ and selecting specific region of interest (ROI). 
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Protein extract preparation and western blottling 

For whole cell lysates, cells were harvested and lysed in Laemmli buffer (2%) with 4M urea (Sigmal-

Aldrich, U5378) and homogenized by sonication for 5 seconds. Protein samples were reduced with 

β-mercaptoetanol (Sigma-Aldrich, M3148) (final 3-5%) and boiled for 3 minutes at 100 °C and were 

separated on SDS-PAGE gels at 10% or 12.5% (Laemmli et al. 1970) at 50mV for 30min then 100mV 

for 1h. After separation by electrophoresis, proteins were transferred into nitrocellulose membrane 

using Bio-rad Wet/Tank Blotting System at 70mV for 90min.  

Nuclear and cytoplasmic fractions were isolated in lysis buffer (10mM HEPES pH7.9, 10mM KCl, 0.1 

mM EDTA, 0.1 mM GDTA, 1mM DTT, 0.15% nonidet 40, 1% Phosphatase Inhibitor Cocktail 1X) and 

homogenized using a 26G needle followed by 5s sonication. Lysates were centrifuged at 12,000g for 

30s, the nuclear fraction (pellet) was resuspended in Laemmli buffer (2%); to the cytoplasmic 

fraction was added Laemmli buffer (8%). Protein samples were reduced with β-mercaptoetanol 

(final 3-5%) and boiled for 3 minutes at 100 °C, run and blotted as above. 

Membranes were blocked with PBS-T (137mM NaCl, 2.7mM KCl, 10mM Sodium Phosphate dibasic, 

2mM Potassium Phosphate monobasic, 0.1% Tween-20, pH 7,4) and 5% dried non-fat milk for 1hour 

at room temperature. Primary antibodies diluted in PBS-T containing 3% BSA and 0.02% Na-azide 

were added and incubated overnight at 4°C. HRP-conjugated secondary antibodies (GE Healtcare) 

were prepared in PBS-T and 3% dried non-fat milk and incubated for at least 1hour at room 

temperature. Protein signals were visualized using ECL kit Westar. Chemiluminescence signals were 

acquired on a ChemiDoc imaging system. Images were analysed with ImageLab analysis tools, and 

signal intensities measured and normalized to the loading control.  

The primary and secondary antibodies used in this study are detailed in the table below. Where 

quantifications are provided, samples were processed in parallel and run/blotted within the same 

gel to avoid run discrepancies, and quantification performed using ImageLab. 

RNA extraction and RT-qPCR 

For gene expression analysis on HeLa cells, total RNA was isolated using ReliaPrep RNA Cell Miniprep 

system according to the manufacturer's instructions. For gene expression analysis on LHCN-M2 cells, 

total RNA was isolated using Trizol, as per manufacturer’s instructions. Followed by purification 

using RNA Clean & Concentrator, and DNase I Set, as per manufacturer’s instructions. 
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First-strand cDNA was generated using Maxima First Strand cDNA Synthesis Kit for RT-qPCR 

according to the manufacturer's instructions. For each reaction 1ug of total RNA was used. The 

samples were incubated at 25°C for 10 minutes followed by a step of 50°C for 15 minutes, and then 

85°C for 5 minutes. The cDNA was stored at -20°C or used immediately for real-time PCR (Q-PCR). 

cDNA was amplified using Relative in a CFX96 Touch Thermal cycler (Bio-Rad, Hercules, CA, USA) 

using TAQ SYBR Green qPCR SYBR. For each reaction 50ng of cDNA was used. The real-time PCR was 

performed as follow: one cycle of denaturation (95°C for 3 minutes) followed by 40 cycles of 

amplification (95°C for 10 seconds, 60°C for 30 seconds). Each reaction was monitored by the use 

of a negative control (no template). DNA amounts were quantified using the ΔΔCt method, and the 

nontreated (or lentiviral control i.e. LVGFP or shCtrl) condition was set to 1. A list of all primers used 

is in Supplementary Table 2. 

RNAseq 

For RNAseq analysis, LHCNM2 total RNA was extracted as described above. Libraries were prepared 

using the TruSeq Stranded mRNA Library Prep Kit. Library preparation started with 1 μg total RNA. 

After selection (using poly-T oligo-attached magnetic beads), mRNA was purified and fragmented 

using divalent cations under elevated temperature. The RNA fragments underwent reverse 

transcription using random primers followed by second strand complementary DNA (cDNA) 

synthesis with DNA Polymerase I and RNase H. After end repair and A-tailing, indexing adapters 

were ligated. The products were then purified and amplified (20 μl template, 14 PCR cycles) to 

create the final cDNA libraries. After library validation and quantification (Agilent 2100 Bioanalyzer), 

equimolar amounts of library were pooled. The pool was quantified by using the Peqlab KAPA 

Library Quantification Kit and the Applied Biosystems 7900HT Sequence Detection System. The pool 

was sequenced on an Illumina HiSeq 3000 sequencer with a paired-end (2 × 75 bp) protocol. 

RNA-seq data were analysed using a SnakePipes pipeline. Raw counts (output of SnakePipes RNA-

seq module) were used as input for DESeq2. FPKMs, FC and P-values were calculated with DEseq2. 

Statistical analysis 

One-way ANOVA followed by Bonferroni–Holm post-hoc test was used for comparisons between 

three or more groups using R. Student’s t-test was used for comparisons between two groups. 

*P<0.05; **P<0.01; ***P<0.001. Where specified Kruskall-Wallis test was used for comparison 

between non-normally distributed data using R. *P<0.05; **P<0.01; ***P<0.001. For RNA-seq data, 

FC and P-values were calculated with DEseq2 using R. 
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Section II 
 

Protein production 

α-synuclein   

α-synuclein was expressed and purified as described previously (Nakajo et al., 1990; Shibayama-

Imazu et al., 1999; Kim et al., 2014). To determine the concentrations in solution absorbance value 

of the protein measured at 275 nm and an extinction coefficient of 5,600 M−1 were used. The 

protein solutions were divided into aliquots, flash frozen in liquid N2 and stored at -80°C, until 

required for use. 

HSPB3 and HSPB7 

HSPB3 and HSPB7 were expressed and purified as described previously in Asthana et al. (2012). 

Briefly, pET21a containing the human HSPB3 coding sequence, or pET23b containing HSPB7 (kindly 

provided by Prof. Johannes Buchner, Technische Universität München) were transformed into 

Escherichia coli strain BL21. Protein expression was induced with 1mM IPTG at 37°C for 4h. E. coli 

pellet was lysed in Buffer A (20 mM phosphate buffer, pH 7.4150; 100 mM NaCl; 2 mM DTT) 

supplemented with 1 tablet of cOmplete Protease Inhibitor Cocktail and Benzonase 250 U/mL for 

40min on ice, followed by sonication: 1x5 min 60% amp, 2sec ON/ 2sec OFF. Inclusion bodies 

containing protein were isolated by centrifugation (JA-20 @ 13,500rpm for 1h), and washed with 

Wash Buffer (20 mM phosphate buffer, pH 7.4; 100 mM NaCl; 0.05 % Triton X-100) using 4 to 6mL 

per g of wet cell weight. It was further washed twice with buffer A to remove Triton X-100 (4 to 6mL 

per g of wet cell weight). The inclusion bodies were then solubilized in buffer A containing 6 M urea 

(2 to 4mL per g of wet cell weight) and incubated at 30°C for 15min. After centrifugation at 100,000g 

for 1h (to remove aggregated protein), the solution was filtered through 0.22 μm filter. The protein 

was allowed to refold by diluting the solution twofold with buffer A (to 3 M urea) and then fivefold 

from the sample in 3 M urea (to 0.6 M urea), followed by dialysis (in phosphate buffer). The protein 

solutions were divided into aliquots, flash frozen in liquid N2 and stored at -80°C, until required for 

use. 

HSPB6 

HSPB6 was expressed and purified as described previously in Bukach et al. (2004). Briefly, pUBS520 

containing the human HSPB6 coding sequence (kindly provided by Prof. Johannes Buchner, 

Technische Universität München) was transformed into Escherichia coli strain BL21. Protein 

expression was induced with 1mM IPTG at 30°C for 4h. E. coli pellet was lysed in Buffer A (50 mM 
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Tris/HCl, pH 8.0; 100 mM NaCl; 1 mM EDTA; 2 mM DTT) supplemented with 1 tablet of cOmplete 

Protease Inhibitor Cocktail and Benzonase 250 U/mL by sonication: 1x5 min 60% amp, 2sec ON/ 

2sec OFF.  The crude extract of HSPB6 was fractionated with (NH4)2SO4 (50% saturation) and allowed 

precipitate to form for 30min at 4°C with stirring. Precipitate was resuspended to the original 

volume with Buffer A. Solution then subjected to ion-exchange chromatography on a High-Trap Q 

column equilibrated with Buffer B and developed by a linear (10 – 410 mM) gradient of NaCl. 

Fractions containing the protein were gel filtrated on a Sephacryl S300 High-Prep 16/60 column, 

followed by dialysis (in phosphate buffer). The protein solutions were divided into aliquots, flash 

frozen in liquid N2 and stored at -80°C, until required for use. 

HSPB5 

HSPB5 was expressed and purified as described previously in Peschek et al. (2013). Briefly, pET28b+ 

containing the human HSPB5 coding sequence (kindly provided by Prof. Johannes Buchner, 

Technische Universität München) was transformed into Escherichia coli strain BL21. Protein 

expression was induced with 1mM IPTG at 30°C for 4h. E. coli pellet was lysed in Buffer A (50 mM 

Tris/HCl, pH 8.0; 100 mM NaCl; 1 mM EDTA; 2 mM DTT) supplemented with 1 tablet of cOmplete 

Protease Inhibitor Cocktail and Benzonase 250U/mL by sonication:1x5 min 60% amp, 2sec ON/ 2sec 

OFF. After cell disruption, the cleared lysate was applied on a Hi-Trap column equilibrated with TE 

buffer pH 9.0 B and developed by a linear (20mM–1M) gradient of NaCl. Fractions containing the 

target protein were pooled, concentrated, and loaded onto a Superdex 200-pg column run in TE, 

and eluted with linear (20mM–1M) NaCl gradient, followed by dialysis (in phosphate buffer). The 

protein solutions were divided into aliquots, flash frozen in liquid N2 and stored at -80°C, until 

required for use. 

HSPB8 

HSPB8 was expressed and purified as described previously in Carra et al. (2005). Briefly, pGEX-4T 

containing the GST-tagged human HSPB8 coding sequence (Carra et al., 2005) was transformed into 

Escherichia coli strain BL21(C607003, Thermo Fisher). Protein expression was induced with 1mM 

IPTG and 10mL/L arabinose at 30°C for 4h. E. coli pellet was lysed in PBS buffer (supplemented with 

1mM DTT, 1 tablet of cOmplete Protease Inhibitor Cocktail and Benzonase 250U/mL by 

sonication:1x5 min 60% amp, 2sec ON/ 2sec OFF. After cell disruption, the cleared lysate was applied 

on a Protino GST/4B Column, equilibrated PBS buffer and eluted with elution buffer containing GsH 

(PBS pH7.4 KOH, 1mM DTT, 1mM EDTA, 20mM GsH. Eluate is dialysed in PBS buffer (supplemented 
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with 1mM DTT, 1 table of cOmplete and Benzonase 250U/mL ON at 4°C with rotation. Solution is 

reapplied into Protino GST/4B Column and developed by a linear KCl gradient (20mM - 1M). 

Fractions are run through SDS-PAGE and the ones containing HSPB8 only are pooled and applied on 

a Hi-Trap column equilibrated with low salt buffer (40mM Hepes pH 7.4, 20mM KCl, 1mM DTT, 1mM 

EDTA) and and developed by a linear KCl gradient (20mM - 1M), followed by dialysis (in phosphate 

buffer). The protein solutions were divided into aliquots, flash frozen in liquid N2 and stored at -

80°C, until required for use. 

Far-UV circular dichroism (CD) spectroscopy 

CD samples were prepared by incubating 25 μM of HSPBs in 20 mM phosphate buffer, pH 6.5 or 5.5, 

or in absence or presence of 100 μM DMPS in 20 mM phosphate buffer, pH 6.5. Far-UV CD spectra 

were recorded on a JASCO J-810 spectrophotometer (JASCO UK, Ltd) equipped with a Peltier 

thermally controlled cuvette holder at 30°C. Quartz cuvettes with path lengths of 1 mm were used 

and CD spectra were obtained by averaging three individual spectra recorded between wavelengths 

of 250 and 200 nm, with a bandwidth of 1 nm, a data pitch of 0.2 nm, a scanning speed of 50 nm/min, 

and a response time of 1 s. For each protein sample, the CD signal of the buffer used to solubilize 

the protein, or the signal of DMPS alone, was recorded and subtracted from the CD signal of the 

protein. The CD data was normalized in molar ellipticity per residue as per below: 

[q]res(deg cm2 dmol-1) = [q(mdeg) • mol weight > (g/mol)] / [(10 • number of res.• optical path(cm) 

• C (mg/cm3)] 

Lipid vesicle preparation 

DMPS lipid powder was dissolved in 20 mM phosphate buffer (NaH2PO4/Na2HPO4), pH 6.5, 0.01% 

NaN3 and stirred at 45°C for 4 h. The solutions were then frozen and thawed five times using dry ice 

and a water bath at 45°C. Lipid vesicles were prepared by sonication (Bandelin, Sonopuls HD 2070, 

3 x 5 min, 50% cycle, 10% maximum power) and centrifuged at 15,000 rpm for 30 min at 25C. 

POPS and DOPS lipid films were prepared by transferring the desired volume of lipid stock solution 

with a Hamilton syringe into a round bottom flask and the solvent was evaporated using a gentle 

flow of nitrogen gas. The flasks were then incubated overnight under vacuum to remove any 

residual traces of solvent. The lipid films or powders were dissolved in 20 mM phosphate buffer 

(Na2HPO4/NaH2PO4), pH 6.5, 0.01% NaN3), and stirred at 45°C for 2 h. The solutions were then 

frozen and thawed five times using dry ice and a water bath at 45°C. Lipid dispersions were prepared 
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using sonication (3 × 5 min, 50 % cycles, 10 % maximum power) on ice, and centrifuged at 15,000 

rpm for 30 min at 25C. 

Seed fibril preparation 

Seed fibrils were produced as described previously (Kim et al., 2014). 500 µL samples of α-synuclein 

at concentrations from 500-800 µM were incubated in 20 mM phosphate buffer (pH 6.5) for 48-72 

h at ca. 40◦C and stirred at 1,500 rpm with a Teflon bar on an RCT Basic Heat Plate (IKA, Staufen, 

Germany). Fibrils were diluted to a monomer equivalent concentration of 200 µM, divided into 

aliquots, flash frozen in liquid N2 and stored at -80◦C. For experiments at pH 6.5 the 200 µM fibril 

stock was sonicated for between 0.5 and 1 min using a probe sonicator (Bandelin, Sonopuls HD 

2070, Berlin, Germany), using 10% maximum power and a 50% cycle. For experiments at low pH 

with nM fibril concentrations the 200 µM stock was diluted to 10 µM in water, sonicated 3 times for 

5 s using 10% maximum power and 50% cycles using the probe sonicator. 

 

Measurements of aggregation kinetics (ThT assay) 

WT α-synuclein were incubated at 20 μM, in the presence or absence of HSPBs at the concentrations 

indicated, and of 50 µM ThT and either preformed fibrils or DMPS vesicles at 37◦C or 30◦C, 

respectively (Flagmeier et al., 2016). The change in the ThT fluorescence signal was monitored using 

a Fluostar Optima or Polarstar Omega fluorescence plate reader (BMG Labtech, Aylesbury, UK) in 

bottom reading mode under quiescent conditions. Corning 96 well plates with half-area (3881, 

polystyrene, black with clear bottom) non-binding surfaces sealed with metal sealing tape were 

used for each experiment. At the end of each aggregation experiment the concentrations of 

monomeric and fibrillar states of the protein were determined as described previously (Flagmeier 

et al., 2016). 

Analysis of the aggregation kinetics 

 

Determination of the lipid-induced aggregation rate 

By fitting a linear slope to the early time points of the aggregation reaction, we can obtain the 

value of 2k+P(0)m(0). For the comparison of the effective rate constants when different HSPBs are 

introduced, we then calculated the ratio of the extracted k+ value for each chaperone to that of 

the control experiment with α-synuclein alone. 
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The change in mass concentration of fibrils with time M(t) was fitted using the model described 

previously (Galvagnion 2015; Flagmeier et al., 2016) and the following equation: 

𝑴(𝒕) =
𝑲𝑴𝒌 + 𝒎(𝟎)𝒏+𝟏𝒌𝒏𝒃𝒕𝟐

𝟐(𝑲𝑴 + 𝒎(𝟎))
 

where k+ is the elongation rate constant of fibrils from lipid vesicles, kn is the heterogeneous 

primary nucleation rate constant, n is the reaction order of the heterogeneous primary nucleation 

reaction relative to the free monomer, m, b is the total mass concentration of the protein bound to 

the lipid at 100% coverage (𝒃 =  
[𝑫𝑴𝑷𝑺]

𝑳
, with L the stoichiometry) and KM is the Michaelis constant 

(fixed at 125 μM, as determined previously (Galvagnion et al., 2015). This global analysis yields knk+ 

and n, for each variant. We then estimated the rate of aggregation of each variant on lipid vesicles, 

using AmyloFit (Meisl et al., 2016) to fit the kinetics to the model described above. 

 

Derivation of the approach used to analyse highly seeded aggregation data  

The change in mass concentration of fibrils for aggregation experiments at high seed concentrations 

(μM) was fitted using the model described previously (Flagmeier et al., 2016). For aggregation 

experiments at high seed concentrations (μM), under which primary nucleation of α-synuclein can 

be neglected, and under quiescent conditions, where fragmentation is negligible, the aggregation 

kinetics for the consumption of monomers can be described by 

𝒅𝒎(𝒕)

𝒅𝒕
=  −

𝒅𝑴(𝒕)

𝒅𝒕
= −𝟐𝒌+𝑷(𝒕)𝒎(𝒕) 

where k+ is the fibril elongation rate constant, m(t) the monomer concentration, M(t) is the mass 

concentration of fibrils and P(t) the number concentration of fibrils. At early times in the 

aggregation reaction, the monomer concentration and the fibril number concentration can be 

assumed to be constant, hence m(t) = m(0) and P(t) = P(0), and: 

𝒅𝑴(𝒕)

𝒅𝒕
|𝒕=𝟎 = 𝟐𝒌+𝑷(𝟎)𝒎(𝟎) 

By fitting a linear slope to the early time points of the aggregation reaction, we can obtain the value 

of 2k+P(0)m(0). For the comparison of the effective rate constants when different HSPBs are 

introduced, we then calculated the ratio of the extracted k+ value for each chaperone to that of the 

control experiment with α-synuclein alone. 
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Results  
 

Section I – Role of HSPB3 in myogenesis 
 

HSPB3 is enriched at the nuclear envelope 

HSPB3 was first identified in a complex with HSPB2 in skeletal muscle cells (den Engelsman et al., 

2009).  HSPB3 expression is absent in cycling cells, being specifically upregulated by MYOD during 

muscle cell differentiation (Sugiyama et al., 2000). LHCN-M2 cells, which are human myoblasts 

immortalized with human telomerase (hTERT) that were previously characterized (Zhu et al., 2007) 

were used to address the question whether HSPB3 participates in myogenic differentiation. In 

particular, upon serum starvation LHCN-M2 cells exit the cell cycle and commit to differentiation, 

forming myotubes. Key steps in the differentiation process are the increase in the expression of 

myogenic transcription factors such as MYOD and myogenin (MYOG). In agreement with the 

literature (Morelli et al., 2017; Sugiyama et al., 2000), HSPB3 and its partner HSPB2 were confirmed 

to be absent in cycling human LHCN-M2 cells (herein referred to as myoblasts), but were 

upregulated in differentiating myoblasts, along with the muscle-specific transcription factor MYOG 

(Figure 9A).  

Immunofluorescence (IF) experiments followed by confocal microscopy were performed with the 

aim of characterizing HSPB3 expression and localization on myoblasts and HeLa cells. Confocal 

microscopy studies confirmed HSPB3 induction during differentiation and highlighted a 

heterogeneous subcellular distribution of HSPB3 in this cell type, similar to what was previously 

found for HSPB2 (Morelli et al., 2017). Specifically, some differentiating myoblasts cells showed a 

diffuse HSPB3 staining both in the cytoplasm and nucleoplasm, while others showed an enrichment 

of HSPB3 at the nuclear envelope (NE) (Figure 9B). Staining of the NE with lamin B1 (LMNB1) further 

confirmed the recruitment of HSPB3 at the NE in differentiating myoblasts (Figure 9C). To avoid 

possible misinterpretation due to antibody artifact, myc-tagged HSPB3 was transduced in cycling 

myoblasts that do not express the endogenous protein and its subcellular distribution and 

colocalization with LMNB1 was assessed. Overexpressed myc-HSPB3 showed a distribution 

resembling the one of the endogenous protein, with enrichment at the NE and colocalization with 

LMNB1 at the NE and at lamin filaments/folds (Figure 9D).  
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Figure 9 HSPB3 is upregulated in differentiating myoblasts and is enriched at the nuclear envelope. (A) HSPB2, HSPB3 
and myogenin (MYOG) mRNA levels were measured by qPCR in cycling and 5-days differentiating human myoblasts. n= 
3, ± sem; p =10-2 (HSPB3, HSPB2 and MYOG). (B) Immunofluorescence pictures showing absence of endogenous HSPB3 
(green) in cycling human myoblasts (top panel) and its subcellular distribution in 7-day differentiating human myoblasts 
(lower panel). DAPI staining is shown. (C) 7-day differentiating human myoblasts expressing endogenous HSPB3 and 
stained for HSPB3 and lamin B1 (LMNB1).  (D) Cycling human myoblasts infected with lentiviral particles expressing myc-
HSPB3 immunostained with antibodies against myc and LMNB1. (C, D) Endogenous HSPB3 and myc-HSPB3 colocalize 
with LMNB1. DAPI staining is shown. (E) Immunofluorescence pictures showing the subcellular localization of myc-
HSPB3 after 48h of transfection in HeLa cells. Quantitative percentage of myc-HSPB3 phenotypes observed in HeLa - 3 
experiments; n = 331.  Data indicate mean ± SEM. (F) Overexpressed GFP-HSPB3 (co-expressed at a 1:8 ratio with myc-
HSPB3 for 24 hrs) shows a NE-like staining in living human myoblasts (left panel) and in fixed HeLa cells (right panel). 
DAPI staining is shown. 

To understand whether the enrichment of HSPB3 at the NE was cell-type specific, HSPB3 subcellular 

distribution was further analysed in HeLa cells. Since HeLa cells do not express detectable levels of 

endogenous HSPB3, according to The Human Protein Atlas, myc-tagged HSPB3 was transiently 

transfected in these cells. Overexpression of myc-HSPB3 led to a predominantly nuclear-enriched 
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expression with approximately 80% of the protein being present in the nucleus as compared to the 

cytoplasm (Figure 9E). Finally, NE-like staining was also observed on GFP-tagged HSPB3 in living 

myoblasts and in HeLa cells (Figure 9F). Together these data indicate that a pool of HSPB3 is enriched 

at the NE and this occurs independent on the cell type. 

It was also noted that HSPB3 was not homogeneously distributed inside the nucleus, but instead 

was enriched in structure resembling amorphous or liquid-like condensates (Figure 10A, B) (Banani 

et al., 2017). Morelli et al. (2017) previously reported that HSPB2 formed intranuclear liquid-like 

condensates via liquid-liquid phase separation and in a concentration dependent manner. 

Therefore, this raised the question whether HSPB3 behaved in a similar manner to HSPB2. Firstly, 

HeLa cells co-expressing GFP-tagged and myc-tagged HSPB3 in cycling myoblasts and were analysed 

for protein dynamics by live-cell imaging. In both cell lines, overexpressed HSPB3 formed dynamic 

nuclear condensates that touched one another and coalesced (Figure 10A). These condensates 

dissolved with time in cycling myoblasts, while they persisted in HeLa cells (Figure 2B). As the N-

terminus of HSPB3 is intrinsically disordered (Sudnitsyna et al., 2012), series of experiments were 

set up to determine if the N-terminus was required for HSPB3 condensate formation.  

Deletion mutants that lack the entire N-terminus (myc-HSPB3 dN) or a short fragment of 7-residues 

that is predicted to be unfolded (myc-HSPB3 d37-43) (Figure 10C) were analysed for their subcellular 

distribution and tendency to form condensates. Confocal microscopy studies clarified that deletion 

of the N-terminus (p < 10-3), but not of the short fragment of 7 residues, reduced the nuclear 

localization of HSPB3, as well as its ability to form condensates, which mainly occurred inside the 

nucleus (Figure 10D). This observation was confirmed through the analysis of nuclear and cytosolic 

fractions by western blotting (Figure 10E).  A similar phenotype was observed in cycling myoblasts, 

where deletion of the N-terminal also led to a reduction in nuclear localization (p < 10-3) (Figure 

10F). This observation was confirmed by analysis of nuclear and cytosolic protein fractions by 

western blot: while full-length HSPB3 was enriched in the nuclear fraction, the N-terminal mutant 

was present at an equivalent level in the cytoplasmic and nuclear fractions (Figure 10G). Thus, the 

nuclear accumulation of HSPB3 and its self-assembly into dynamic condensates are driven by the N-

terminus of HSPB3. The lack of effect of the 7-residue deletion mutant (myc-HSPB3 d37-43) supports 

the interpretation that other residues within the N-terminus of HSPB3 contribute to the intrinsicly 

disordered domain (Sudnitsyna et al., 2012). 
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Figure 10 HSPB3 nuclear localization is dependent on its N-terminus. (A) Live-cell confocal imaging of human cycling 
human myoblasts overexpressing GFP-HSPB3 + myc-HSPB3 (at a 1:8 ratio) for 24 hrs. Pictures were taken every 10 min. 
Representative pictures are shown. Arrowheads show dynamic nuclear condensates that touch one another, fuse, and 
then dissolve. (B) Live-cell confocal imaging in HeLa cells overexpressing GFP-HSPB3 + myc-HSPB3 (at a 1:8 ratio) for 48 
hrs. Pictures were taken every 10 min. Representative pictures are shown. Arrowheads show dynamic nuclear 
condensates that touch one another and fuse, growing in size. (C) Sequence and schematic representation of the HSPB3 
protein and the deletion mutants lacking the N-terminus (dN) and the predicted IDR domain (d37-43), respectively. Blue 
indicates the N terminus; black indicates the alpha-crystallin domain (ACD); red indicates the predicted IDR. (D) 
Immunofluorescence of HeLa cells overexpressing myc-HSPB3 WT, dN or d37-43 for 48h. Quantitative percentage of 
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myc-HSPB3 distribution is reported; n = 4 independent experiments, ± sem. P < 10-3 between cells expressing HSPB3 WT 
or dN. Total number of cells analysed: 440 (WT), 458 (dN), and 384 (d37-43). (E) Immunoblotting of nuclear/cytoplasmic 
fractions of HeLa cells overexpressing myc-HSPB3 WT, dN or d37-43 for 48h. Tubulin and LMNAC were used as loading 
controls for cytoplasmic and nuclear fractions, respectively. (F) Immunofluorescence of cycling human myoblasts 
overexpressing myc-HSPB3 WT, dN or d37-43 for 24 hrs. Quantitation of HSPB3 distribution is reported.  n = 3 
independent experiments, ± sem. P < 10-3 between cells expressing HSPB3 WT or dN. Total number of cells analysed: 93 
(WT), 61 (dN), and 132 (d37-43). (G) Immunoblotting of nuclear/cytoplasmic fractions of cycling human myoblasts 
overexpressing myc-HSPB3 WT, dN or d37-43 for 24h. TUBA4A and LMNAC were used as loading controls for the 
cytoplasmic and nuclear fractions, respectively. 

 

 

HSPB3 affects myogenin expression  

 

HSPB3 was first identified as a complex with HSPB2 in skeletal muscle cells (den Engelsman et al., 

2009). However, expression of HSPB3 has also been reported in the hypothalamus, frontal cortex, 

hippocampus, striatum, and midbrain in mice, while HSPB2 has only been detected in the 

hippocampus and cortex (Kondaurova et al., 2010). In differentiating myoblasts, HSPB2 and HSPB3 

displayed different subcellular localizations during the early steps of differentiation. HSPB2 has been 

described to form intranuclear foci previously characterized as phase-separated compartments in 

differentiating LHCN-M2 (Morelli et al., 2017); instead, in the same cells HSPB3 was enriched at the 

NE and in nuclear filaments, which are reminiscent of the nuclear lamin meshwork (Figure 11A). This 

observation, together with previous reports of different expression patterns, led to the question 

whether HSPB3 might also exist in a pool separate from HSPB2. To assess this, the colocalization of 

endogenous HSPB2 and HSPB3 differentiating myoblasts was analysed through the use of Pearson 

Correlation Coefficient (PCC), in which a value of +1 represents total positive linear correlation, 0 no 

linear correlation, and −1 total negative linear correlation. This analysis resulted in a PCCs of 0.13, 

confirming the distinct subcellular pattern of HSPB2 and HSPB3 (p < 10-16) (Figure 11B). As a control, 

PCCs of the myc and HSPB3 staining in myoblasts overexpressing myc-tagged HSPB3 was 

significantly higher (PCC = 0.7); this significance was lost by rotating of 90 degrees the red channel 

(PCC = 0.03), as expected. These results suggest that, during the early steps of myoblast 

differentiation, HSPB2 and HSPB3 exist in separate pools that may exert distinct functions. 
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Figure 11 HSPB3 and HSPB2 show distinct distribution in differentiating myoblasts. (A) Immunofluorescence pictures 
showing that HSPB3 (red) does not colocalize with nuclear HSPB2 (green) foci in in differentiating human myoblasts. 
DAPI staining is shown. (B) Quantification of HSPB2 and HSPB3 colocalization in differentiating human myoblasts. 
Pearson's correlation coefficients (PCCs) of images of Alexa Fluor 488-HSPB2 and Alexa Fluor 594-HSPB3 in 7-day 
differentiating myoblasts cells expressing endogenous HSPB2 and HSPB3 (n = 55 multinucleated myotubes). PCCs of 
images of Alexa Fluor 488-myc and Alexa Fluor 594-HSPB3 in cycling human myoblasts cells overexpressing myc-HSPB3 
for 24 hrs, before and after rotating Alexa Fluor 594-HSPB3 image by 90 degrees (n = 47 myoblasts).  P < 10-10, +/- sem. 
(C)  

 

 

HSPB3 influences nuclear envelope remodelling during myogenic differentiation by affecting LBR 

levels 

 

HSPB3 and LBR expression level are inversely correlated 

 

Besides its main function as a protective coat for the segregation of the genome within the nucleus 

of eukaryotic cells, the NE also acts as a malleable compartment barrier that responds to mechanical 

challenges such as cell migration and nuclei fusion, two typical events that occur during the early 

steps of myogenesis (Ungricht and Kutay, 2017). Importantly, changes in the composition and 

morphology of the NE occur during cell differentiation and regulate the spatial segregation of 

euchromatic and heterochromatic regions, influencing gene expression. In particular, during 

myogenic differentiation these chromatin changes are determined by the switch of the Lamin B 
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Receptor (LBR) and lamin A/C (LMNA), the two major tethers for heterochromatin in eukaryotic cells 

(Figure 5) (Solovei et al., 2013).  

It was previously published that downregulation of HSPB3 during the early steps of myogenesis 

inhibited  the upregulation of MYOG, a muscle-specific transcription factor that is required for the 

differentiation of precursor myoblasts (Morelli et al., 2017). Compared to overexpression of GFP, 

used as a control, overexpression of myc-tagged HSPB3 (myc-HSPB3) in cycling myoblasts enhanced 

MYOG mRNA levels (p = 10-5), mimicking the activation of myogenesis (Figure 12A). Together these 

data point to an active role of HSPB3 during myogenic differentiation. Considering that the results 

presented point to an enrichment of HSPB3 at the NE during differentiation, it led to the question 

whether HSPB3 participates in the NE remodelling responsible for the sequential tethering of LBR 

and Lamin A/C to peripheral heterochromatin. Thus, firstly it was monitored whether HSPB3 genetic 

manipulation, via downregulation or overexpression could affect the expression levels of LBR. As a 

control, LBR mRNA levels decreased (approximately 50%, p < 103) in myoblats upon differentiation 

(Figure 12B), in line with the observations previously reported by Solovei et al (2013). Interestingly, 

LBR levels were reduced by approximately 50% (p < 104) in cycling myoblast stably overexpressing 

HSPB3 due to lentiviral transduction (Figure 12C), mimicking differentiation conditions. 

Furthermore, downregulation of HSPB3 in differentiating myoblasts led to a 2-fold increase in LBR 

expression levels (p = 0.007) compared to control cells expressing a non-targeting shRNA sequence 

(Figure 12D). Thus, the expression levels of HSPB3 influence the ones of during differentiation.  

LMNA substitutes LBR in the tethering of chromatin upon differentiation (Solovei et al., 2013). In 

agreement with the literature, in differentiating myoblasts the mRNA levels of LMNB1 and LMNB2 

were also significantly downregulated compared to cycling myoblasts; instead, LMNA mRNA levels 

did not significantly change (Figure 12E). It was then tested whether HSPB3 affected specifically LBR 

levels, or it could also affect the ones of LMNB1, LMNB2 and LMNA. In cycling myoblasts 

overexpression of myc-HSPB3 also significantly downregulated LMNB1 and LMNB2 mRNA levels 

compared to GFP overexpression; by contrast, LMNA expression was not significantly affected 

(Figure 12F). Moreover, depletion of endogenous HSPB3 in differentiating myoblasts significantly 

enhanced the expression of LMNB1, but not of LMNA or LMNB2, compared to control cells infected 

with a non-targeting shRNA control (Figure 12G). Thus, modulation of HSPB3 levels influences the 

expression of LBR and LMNB1, leaving LMNA unchanged and mimics the changes that sequentially 

occurs during cellular differentiation.  
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Figure 12 LBR mRNA levels are altered by HSPB3 expression in human myoblasts. (A) RT-qPCR analysis of HSPB3 and 
MYOG mRNA levels in cycling human myoblasts infected with lentiviral particles expressing GFP (used as control) or 
myc-HSPB3 for 7 days. RPLO was used as housekeeping control gene. n = 3, ± sem; p = 10-5. (B) RT-qPCR analysis of LBR 
expression in 7 days differentiating human myoblasts compared to cycling myoblasts. RPLO was used as housekeeping 
control gene. n = 3, ± sem; p = 10-3. (C) RT-qPCR analysis of LBR expression in cycling human myoblasts overexpressing 
myc-HSPB3 for 7 days compared to GFP (used as control). RPLO was used as housekeeping control gene. n = 3, ± sem; p 
= 10-4. (D) RT-qPCR analysis of LBR expression in differentiated human myoblasts (5 days) infected with lentiviral 
particles expressing an shRNA against HSPB3 (shHSPB3) compared to a non-targeting shRNA control sequence (shRNA 
control). RPLO was used as housekeeping control gene. n = 3, ± sem; p = 0.007. (E) RT-qPCR analysis of LMNB1, LMNB2 
and LMNA expression in 7 days differentiating human myoblasts compared to cycling myoblasts. RPLO was used as 
housekeeping control gene. n = 3, ± sem; p = non-significant (n.s.). (F) RT-qPCR analysis of LMNB1, LMNB2 and LMNA 
expression in cycling human myoblasts overexpressing myc-HSPB3 for 7 days compared to GFP (used as control). RPLO 
was used as housekeeping control gene. n = 3, ± sem; p = non-significant (n.s.). (G) RT-qPCR analysis of LMNB1, LMNB2 
and LMNA expression in differentiated myoblasts (5 days) infected with lentiviral particles expressing an shRNA against 
HSPB3 (shHSPB3) compared to a non-targeting shRNA control sequence (shRNA control). RPLO was used as 
housekeeping control gene. n = 3, ± sem; p = non-significant (n.s.). 

 

 

 

 

 

LBR relocalizes to the nucleoplasm in the presence of HSPB3 
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During cell differentiation the downregulation of LBR levels is accompanied by a decreased insertion 

of LBR in the NE. Moreover, LBR relocalization to the nucleoplasm has been associated with its 

inability to anchor to the nuclear membrane and bind to chromatin (Giannios et al., 2017). Based 

on these data, it is possible that HSPB3 also affects the subcellular distribution of LBR, and 

consequently has an effect on the LBR tethering to the NE. First, the enrichment of LBR at the NE in 

HSPB3 proficient and deficient differentiating myoblasts was investigated by confocal microscopy. 

For this analysis, the NE was marked by LMNB1 and the intensity of LBR staining measured in this 

region was fractioned by the intensity present in the total nuclear area (Figure 13A). In agreement 

with the literature (Solovei et al., 2013), upon differentiation in myoblasts LBR detached from the 

NE and redistributed to the nucleoplasm, with less than 5% of the cells showing enrichment at the 

NE (Figure 13A, B). By contrast, upon HSPB3 depletion, more than 30% of the differentiating 

myoblasts maintained LBR at the NE (Figure 13B, C). This opens the possibility that HSPB3 is not only 

correlated with the reduction in LBR levels, but also to its detachment from the NE upon 

differentiation. 

 

 

Figure 13 HSPB3 is required for LBR relocalization during myogenesis. (A) Schematic representation of segmentation of 
the NE for automated quantification of LBR enrichment at the NE with ScanR. Segmentation of the nucleus (using DAPI 
staining) and NE are shown. (B) Immunofluorescence pictures showing the subcellular distribution of LBR (red) and 
mature LMNB1 (8D1 antibody), used as NE marker. LBR (red) is mainly found in the nucleoplasm in differentiating human 
myoblasts expressing a non-targeting shRNA control sequence (shRNA control), while it is enriched at the NE, where it 
colocalizes with mature LMNB1 upon downregulation of HSPB3 for 5 days. (C) Quantification of LBR NE:nucleoplasm 
signal ratio at the NE in differentiating human myoblasts (5 days) control (shRNA control) or HSPB3-depleted (shHSPB3) 
is shown (ratio > 1.2). n = 3, ± sem; p = 0.019. Total number of cells analysed: 864 (shRNA control); 710 (shHSPB3). 
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LBR is a very stable protein characterized by a long half-life. Indeed, its half-life is longer than 16 

hours both in HeLa and cycling myoblasts, as evidenced by the lack of protein level variation upon 

protein synthesis blockage with cycloheximide (Figure 14A). Furthermore, LBR is a highly insoluble 

protein and therefore challenging to characterize through cellular and molecular based assays. 

Hence, a shorter fragment of the protein, consisting of the LBR N-terminal and the first 

transmembrane domain is widely used to study its localization and turnover (Ellenberg et al., 1997). 

The N-terminal region contains all the binding sites for LMNB1 and HP1 (Heterochromatin Protein 

1) while the transmembrane domain guarantees its anchorage to the NE; thus, the LBR fragment 

maintains all the functionality of the endogenous protein (Ye and Worman, 1994). The GFP-tagged 

shorter LBR fragment was used to further characterize the effects of HSPB3 overexpression on LBR 

localization. 
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Figure 14 HSPB3 leads to the delocalization of LBR from the NE to the nucleoplasm. (A) Quantitative fold change of LBR 
protein levels assessed by western blotting after cycloheximide (CHX) treatment versus the respective control in human 
cycling myoblasts (top panel) and HeLa cells (lower panel). Data indicate mean of three independent experiments ± 
SEM. (B) Immunofluorescence of human cycling myoblasts transfected with vectors coding for LBR-GFP and either an 
empty vector or myc-HSPB3 for 48 hrs. DAPI staining is shown. (C) Immunofluorescence pictures showing the 
distribution of LBR-GFP in HeLa cells overexpressing LBR-GFP alone or with myc-HSPB3, myc-HSPB1 or V5- for 48 hrs. 
DAPI staining is shown. (D) Quantification of transfected cells from C showing LBR-GFP at the NE or delocalized to the 
nucleoplasm. n = 3 independent experiments, ± sem. P < 10-5 between control and myc-HSPB3; p = n.s. between control 
and myc-HSPB1 or V5-HSPB7. Total number of cells analysed: LBR-GFP (273); + myc-HSPB3 (149); + myc-HSPB1 (226); + 
V5-HSPB7 (129). (E) Immunofluorescence pictures of motoneuronal-like NSC34 cells overexpressing LBR-GFP alone, or 
in presence of myc-HSPB3 or myc-HSPB1 for 48h. Quantitation of LBR-GFP distribution is reported.  n = 3 independent 
experiments, ± sem. P < 10-8 between cells expressing LBR-GFP alone or with myc-HSPB3; P = n.s. between cells 
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expressing LBR-GFP alone or with myc-HSPB1. Total number of cells analysed: control (175); + myc-HSPB3 (125); + myc-
HSPB1 (178). 

To further test whether HSPB3 directly influences the subcellular distribution of LBR, GFP-tagged 

LBR (LBR-GFP) was overexpressed in mammalian cells alone or together with myc-HSPB3 and LBR-

GFP localization was observed by confocal microscopy. In cycling myoblasts, LBR-GFP was diffusely 

distributed in the nucleus and enriched at the NE, as expected (Figure 14B, upper panel). Instead, 

co-overexpression with myc-HSPB3 led to its redistribution into the nucleoplasm as demonstrated 

by IF (Figure 14B, lower panel). In addition, we found that upon transient transfection, HSPB3 could 

form nuclear condensates depending on the overexpression levels; LBR-GFP accumulated into the 

nucleoplasm and colocalized with the myc-HSPB3 nuclear condensates (Figure 6B, lower panel). A 

similar subcellular distribution and relocalization of LBR-GFP was observed upon co-expression with 

myc-HSPB3 in HeLa cells and the mouse motor neuron-like cells NSC-34 (Figure 14C, E). More 

specifically, myc-HSPB3 led to the redistribution of LBR-GFP into the nucleoplasm in more than 80 

% of the cells (p < 10-5) (Figure 14D). It was then verified whether HSPB3 specifically affects LBR 

distribution or rather this may represent a general function shared by several HSPB members. Thus, 

the subcellular localization of LBR-GFP was examined in cells co-expressing HSPB1 or HSPB7, two 

other members of the HSPB family that similarly to HSPB3 are highly expressed in muscle cells 

(Sugiyama et al., 2000; Mercer et al., 2018). Neither of these HSPBs led to the nucleoplasmic 

redistribution of LBR-GFP observed upon co-expression with myc-HSPB3 (Figure 14C, lower 2 

panels).  Together these results suggest that HSPB3 specifically affects LBR localization in the 

nucleus; in particular, overexpression of HSPB3 decreased the presence of LBR at the NE, similar to 

pro-differentiating stimuli. 

As HSPB3 showed a predominantly nuclear distribution, it opened the question if this subcellular 

localization was required for the LBR-GFP relocalization into the nucleoplasm. In cells expressing 

myc-HSPB3 dN, there was a marked decrease in the delocalization of LBR-GFP compared to cells 

expressing myc-HSPB3, from 80% of the cells when in presence of myc-HSPB3 to 60% with cells in 

myc-HSPB3 dN cells (Figure 15A, B) (p = 0.003). Importantly, approximately 14% of the cells 

overexpressing myc-HSPB3 dN displayed nuclear localization (Figure 10D). Analysis of the cells 

characterized by completely cytoplastic myc-HSPB3 dN showed that only 38% of these cells 

presented LBR-GFP in the nucleoplasm (p = 0.004) (Figure 15C). Conversely, LBR-GFP was mainly 

found in the nucleoplasm in the cells characterized by nuclear myc-HSPB3 dN enrichment.  Hence, 
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these results suggest that the delocalization of LBR-GFP is dependent on the nuclear localization of 

HSPB3. 

 

 

Figure 15 Nuclear localization of myc-HSPB3 required for LBR-GFP nucleoplasmic delocalization in HeLa. (A) 
Immunofluorescence of HeLa cells transfected for 48 hrs with vectors coding for LBR-GFP alone or with HSPB3-WT or a 
deletion mutant of HSPB3 that has a decreased propensity to accumulate inside the nucleus (HSPB3-dN). The white 
arrowhead points to a cell with nuclear HSPB3-dN that displaces LBR-GFP; the blue arrowhead points to a cell with 
cytoplasmic HSPB3-dN that does not displace LBR-GFP from the NE. (B) Quantification of HeLa cells displaying the 
phenotypes described in A. n = 3 independent experiments, ± sem; p = 0.004. Total number of cells analysed: HSPB3-
WT (105); HSPB3-dN (158). (C) Quantitation of distribution of LBR-GFP in HeLa cells transfected for 48 hrs with vectors 
coding for LBR-GFP alone or with a deletion mutant of HSPB3 that accumulates in the cytoplasm (HSPB3-dN). n = 3 
independent experiments, ± sem; p = 0.004. Total number of cells analysed: cytosolic (74); nuclear (84). 

 

LBR anchoring to the NE has been linked to its ability to bind chromatin, and while bound to the NE 

LBR is characterized by a low mobility rate typical of transmembrane proteins (Giannios et al., 2017). 

Conversely, LBR fragments that do not contain transmembrane domains and are unable to anchor 

the NE and display high mobility rates (Giannios et al., 2017). Since HSPB3 led to the relocalization 

of LBR-GFP into the nucleoplasm, which has been linked to its inability to anchor to the NE, it opened 

the possibility that HSPB3 affected LBR mobility. Thus, the mobility of the pool of LBR-GFP at the NE 

was investigated in control cells, as well in cells co-expressing mCherry (used as a control) or 

mCherry-HSPB3, using Fluorescence Recovery After Photobleaching (FRAP) on HeLa cells (Figure 

16A). As previously reported, the pool of LBR-GFP inserted at the NE displayed low mobility rate 
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under all conditions tested: this was evidenced by the low recovery of fluorescence intensity, which 

only recovered up to 50% over the 310s of imaging (Figure 16B, black and grey lines). This was 

consistent with its anchored state (Figure 8A, two upper panels). Instead, in cells co-expressing 

mCherry-HSPB3, the nucleoplasmic pool of LBR-GFP was highly dynamic (Figure 16A, third panel). 

Indeed, nucleoplasmic LBR-GFP due to the presence of mCherry-HSPB3 recovered most of the 

fluorescence intensity only 40s after FRAP (Figure 16B, green line); by contrast, myc-HSPB3 did not 

affect the mobility of the pool of LBR-GFP that remained bound to the NE (Figure 16A, lower panel 

and Figure 16B, blue line). This suggests that HSPB3 disrupts LBR-GFP anchorage to the NE, leading 

to an increase in its mobility rate. Furthermore, Proximity Ligation Assay (PLA) studies revealed 

direct interaction of LBR with HSPB3 (Figure 16C), confirming that the relocalization of LBR observed 

is due to the direct association of HSPB3 with LBR. 

 

Figure 16 HSPB3 relocalizes LBR-GFP into the nucleoplasm and increases its mobility. (A) HeLa cells overexpressing LBR-
GFP alone, with mCherry or with mCherry-HSPB3 + myc-HSPB3 (at a 1:8 ratio) were subjected to fluorescence recovery 
after photobleaching (FRAP). Pre-bleach, bleach, and post-bleach images of LBR-GFP inserted at the NE and diffusely 
distributed in the nucleoplasm are shown. (B) Quantitation of the fluorescence intensity recovery after bleach of cells 
treated as described in D. The mean of 12-14 FRAP curves and the fitting curves are shown. sem is shown in grey. (C) 
HeLa cells co-expressing LBR-GFP and myc-HSPB3 were subjected to proximity ligation assay (PLA) using antibodies 
specific for GFP and HSPB3. GFP-positive cells were segmented, and PLA foci/cell were automatically quantified using 
ScanR. The average number of PLA foci in cells incubated with GFP or HSPB3 antibody (used as controls) or with both 
antibodies is shown. The PLA foci number was normalized for cells incubated with the GFP antibody alone. n = 4 
independent experiments, ± sem; total number cells analysed/sample: 78-90, p < 0.01. 
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To test whether HSPB3 effect on LBR distribution is specific, the impact of HSPB3 on LMNB1 and 

chromatin was monitored, as these are known to interact with LBR (Nikolakaki et al., 2017; Solovei 

et al., 2013). First, by live-cell imaging in HeLa cells stably expressing GFP-tagged LMNB1 (Poser et 

al., 2008) there was no observation of colocalization of GFP-LMNB1 with HSPB3, nor relocalization 

into the nucleoplasm, as reported for LBR-GFP (Video S1). Second, no colocalization was noted 

between the chromatin marker protein H2B-mCherry when co-expressed with GFP-HSPB3 in both 

HeLa cells and cycling myoblasts (Video S2 and S3). Together these data support the idea that LBR 

is a novel substrate of HSPB3, whose intracellular localization is influenced by interaction with 

HSPB3. 

 

Chromocenter distribution is affected by HSPB3 

 

Chromocenters are highly condensed, repetitive stretches of DNA which are mostly transcriptionally 

silent (Brero et al., 2005). During differentiation, chromocenters undergo morphological changes 

due to fusion and relocation. In quiescent cells, chromocenters are mostly small in size and high in 

number, being mainly found in the nuclear periphery. Upon differentiation, chromocenters fuse 

becoming larger in size and lower in number and relocate into the central regions of the nucleus 

(Jost et al., 2015) (Figure 17 A). Alteration of chromocenter morphology and distribution were 

previously reported upon C2C12 (murine myoblast cell line) myogenic differentiation (Brero et al., 

2005). Furthermore, LBR downregulation was reported to be fundamental for chromocenter fusion 

and relocation (Solovei et al., 2013).  

This opens the question whether HSPB3 expression could have an impact on chromocenter 

alterations. Firstly, the chromocenter distribution was characterised in myoblasts upon 

differentiation. Confocal microscopy analysis of chromocenter morphology and distribution showed 

that these cells behave similarly to C2C12: in differentiating myoblasts chromocenter number was 

reduced upon differentiation (p = 1.7E-6), with concomitant increase of the mean volume due to 

fusion (p = 0.00075) (Figure 17 B, C). Next, chromocenter distribution was analysed in cycling 

myoblasts overexpressing HSPB3 by transduction with lentiviral particles. Interestingly, we found 

that overexpression of HSPB3 led to a reduction of the chromocenter number (p = 0.00016), 

mimicking what happens during differentiation (Figure 17 D). HSPB3 overexpression also led to a 

slight increase in chromocenter mean volume, (Figure 17 E). 
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Next, chromocenter number and area were verified in HSPB3 proficient (control) or deficient 

differentiating myoblast. HSPB3 increased the number of chromocenters (p = 0.032) when 

compared to silencing control (Figure 17 F, G). There were no significant differences when analysing 

the mean volume; this might be due to the minor differences in volume between conditions, with 

high internal variability as shown in Figure 17 C, right panel. 

Together, these data support the hypothesis that HSPB3 might play a role in modulating myogenic 

differentiation by affecting chromatin tethering and consequent gene expression (Figure 17 H). How 

mechanistically HSPB3 can affect myoblast differentiation is unknown, but our results suggest that 

LBR may be a novel and specific HSPB3 substrate involved in this specific function.  
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Figure 17 HSPB3 affects chromocenter number in human myoblasts. (A) Schematic representation of the changes in 
chromocenter number and size that occur during cell differentiation (Brero et al., 2005; Jost et al., 2015). (B, C) 
Quantification of chromocenter number (B) and mean volume (Vol) (C) in cycling and 7 days differentiating human 
myoblasts, using ImageJ plug-in NucleusJ from Z-stack images. n = 73 cells (from 4 independent experiments, B) and n 
= 87 cells (from 5 independent experiments, C). Wilcoxon, p = 1.7x10-6 (B), p = 0.00075 (C). (D, E) Quantification of 
chromocenter number (D) and mean volume (Vol) (E) in cycling human myoblasts infected with lentiviral particles 
expressing GFP (control) or myc-HSPB3, using ImageJ plug-in NucleusJ from Z-stack images. n = 82 cells (from 4 
independent experiments, D) and n = 74 cells (from 4 independent experiments, E). Wilcoxon, p = 0.0001. (F, G) 
Quantification of chromocenter number (F) and mean volume (G) in differentiating human myoblasts control (shRNA 
control) or HSPB3-depleted (shHSPB3), using ImageJ plug-in NucleusJ from Z-stack images. n = 66 cells (shRNA control; 
from 3 independent experiments) and n = 57 cells (shRNA control; from 4 independent experiments). Wilcoxon, p = 
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0.014. (H) Schematic representation of the putative effect of HSPB3 on the LBR-tether, with potential implications on 
myogenic gene expression. 

 

 

HSPB3 deficiency leads to downregulation of muscle-specific genes 

 

As LBR and LMNA inversely regulate the transcription of myogenic genes upon differentiation 

(Solovei et al., 2013), the impact of downregulation and upregulation of HSPB3 on the global muscle 

cell transcriptome of myoblasts was tested by RNAseq. First, HSPB3 was depleted by shRNA in 

differentiating myoblasts, and we verified whether this negatively influenced the expression of 

genes that positively regulate myogenesis, compared to cells expressing a non-targeting shRNA 

control (GSE160027). HSPB3 downregulation significantly altered the expression of 112 genes 

(Figure 18 A; p < 0.01), 80 of which were downregulated, while 32 were upregulated (Table 1). Since 

the Log2 fold change was not high in most significant genes, only the genes that were very highly 

differentially regulated (p < 10-5) were considered for further analysis. From the 80 downregulated 

genes, 48 belong to this category (Figure 18 B upper left quadrant). Within these highly significant 

genes we found MYOG, hence confirming its downregulation due to HSPB3 silencing. Other genes 

belonging to the highly significant downregulated genes were the muscle specific genes coding for 

actin alpha 1 (ACTA1) and desmin (DES) (Figure 18 B, upper left quadrant), which we further 

validated by qPCR (Figure 18 C). To further analyse the impact of HSPB3 downregulation on 

myogenesis, gene annotation analysis was performed using Metascape to identify the pathways and 

biological functions affected. The analysis revealed the ten biological processes that were affected 

the most by HSPB3 downregulation; these include skeletal muscle differentiation, structure 

development and function, as well as muscle contraction (Figure 18 D), further indicating an 

important role of HSPB3 in myogenesis. 

Conversely, only 7 genes were highly significantly (p < 10-5) upregulated, namely CCL5, MMP3, 

MIR30A, TFPI2, IFI6, SLC39A8, CTSS (Figure 18 B upper right quadrant, Table 1).  Hence, no 

Metascape analysis was performed on upregulated genes. Interestingly, both Chemokine (C-C motif) 

ligand 5 (CCL5) and Cathepsin S (CTSS) upregulation in muscle tissues has been linked to chronic 

inflammation (Ishiuchi et al., 2018; Tjondrokoesoemo et al., 2016). Therefore, the upregulation of 

these genes in absence of HSPB3 might indicate a protective role by HSPB3. 
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Figure 18 Downregulation of HSPB3 leads to downregulation of myogenesis-specific genes in differentiating myoblasts. 
(A) Heatmap showing the genes that are differentially expressed in 3 independent biological replicates of differentiated 
control myoblasts (shRNA Control) versus HSPB3-depleted myoblasts (shRNA HSPB3). Genes that displayed greater than 
p < 0.01 are shown. (B) Volcano plot highlighting that in differentiating myoblasts HSPB3 depletion downregulates the 
muscle specific genes coding for myogenin (MYOG), actin alpha 1 (ACTA1) and desmin (DES), compared to control 
myoblasts. Horizontal dotted line represents p < 10-5, vertical dotted lines highlight log2 fold-changes of -0.5 and 0.5. 
Highly significant genes (p < 10-10) with log2 fold-change higher than 0.5 (or lower than -0.5) are marked in red; low 
significance genes (p > 10-5) with log2 fold-change higher than 0.5 (or lower than -0.5) and non-significant genes are 
marked in grey. (C) Validation by RT-qPCR of actin alpha 1 (ACTA1) and desmin (DES) downregulation in differentiated 
HSPB3-depleted myoblasts compared to control differentiated myoblasts. (D) Gene-set enrichment analysis: 
downregulated genes upon HSPB3 depletion in differentiating myoblasts. Analysis performed using Metascape Express 
Analysis on genes highly significant (p < 10-10) (Zhou et al., 2019). The top 10 hits are shown. 
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HSPB3 upregulation leads to ECM & cell cycle regulation 

 

Next, myc-HSPB3 was overexpressed in cycling human satellite cells, in presence of high serum 

concentrations to maintain cycling conditions, and their transcriptome was compared to the one of 

GFP overexpressing cells (GSE160027). Overexpression of myc-HSPB3 in cycling myoblasts 

significantly affected the expression of 381 genes (Figure 19 A, Table 2, p < 0.01), of which 188 were 

upregulated and 193 were downregulated. Again, since the Log2 fold change was not high in most 

significant genes, only the genes that were very highly differentially regulated (p < 10-5) were 

considered for further analysis. From the 188 upregulated genes, 52 belong to this category (Figure 

19 B, upper right quadrant). Amongst the genes that were upregulated following myc-HSPB3 

overexpression in cycling myoblasts were the genes coding for lumican (LUM), nidogen 2 (NID2) and 

several types of collagens, which are key components of the skeletal muscle extracellular matrix 

(ECM), as well as the cell adhesion molecule 1 (CADM1), which regulates cell-cell and ECM adhesion 

(Hynes and Naba, 2012). It was confirmed by qPCR that overexpression of HSPB3 in cycling 

myoblasts led to the upregulation of the matrisome genes LUM, CADM1, NID2 and DCN, as well as 

the SVIL and NOTCH3 genes (Figure 19 C). DCN upregulation promotes muscle differentiation, as 

well as muscle regeneration in vivo (Li et al., 2007). SVIL encodes for supervillin, which links the actin 

cytoskeleton to the membrane, regulating the early assembly of the myogenic membrane during 

the early steps of myogenesis (Oh et al., 2003). NOTCH3 encodes for the Notch3 receptor, a 

transmembrane protein that together with the other 3 family members Notch 1, 2 and 4 are 

responsible for the Notch signalling. Notch signalling is a well-known regulator of myogenesis and 

skeletal muscle repair. Notch3 induction plays a dual role during myogenesis: it promotes 

differentiation during the early steps, when myoblasts are activated by the myogenic transcription 

factor MyoD and it inhibits the terminal differentiation of myoblasts into myotubes which is 

regulated by the myogenic transcription factor Mef2c (Berkes and Tapscott, 2005; Gagan et al., 

2012). Of note, RNA-seq data showed that HSPB3 downregulation significantly reduced the 

expression of Notch3 in early differentiating myoblasts, further linking HSPB3 expression levels to 

myogenesis (Table 1). Gene annotation analysis revealed the top ten biological processes that were 

positively regulated by HSPB3 overexpression in cycling myoblasts; these include extracellular 

structure organization, ErbB pathway, connective tissue development, tissue morphogenesis and 

NABA matrisome associated proteins (Figure 19 D). The ErbB pathway plays an important role in 

both muscle development and regeneration. In particular, neuregulins (NRG) stimulate muscle 
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differentiation by increasing myosin heavy chain levels thereby supporting myotube formation (Kim 

et al., 1999). Moreover, amphiregulin (AREG), a ligand of the ErbB family tyrosine kinase EGFR, has 

been shown to enhance muscle regeneration upon injury (Burzyn et al., 2013). Interestingly, both 

NRG1 and AREG are two of the ErbB pathway genes that are upregulated upon HSPB3 

overexpression (Table 2, p < 10-5).  NABA matrisome refers to the ensemble of genes encoding for 

ECM associated proteins, such as ECM proteins, ECM regulators and secreted factors (Naba et al., 

2016). Of note, interactions between myoblasts and their ECM are required for muscle 

development, growth, and functioning, including lateral transfer of the contractile force (Kjaer, 

2004; Bentzinger et al., 2013; Urciolo et al., 2013). In addition, skeletal muscles are a post-mitotic 

tissue and depend on muscle resident stem cells, named satellite cells, to regenerate throughout 

their life. Upon damage, extensive ECM remodelling supports satellite cell activation, migration, and 

myogenic differentiation, enabling muscle repair (Csapo et al., 2020; Goody et al., 2015). It is thus 

not surprising that dysregulation of ECM remodelling has been linked to muscle aging and disease 

(Goody et al., 2015).  Importantly, the disintegrin and metalloprotease ADAM-12 has been shown 

to have a restricted spatial-temporal expression pattern that correlated well with early skeletal 

muscle development (Yagami-Hiromasa et al., 1995; Kurasaki et al., 1998). Interestingly, ADAM-12 

is one of NABA matrisome genes upregulated by HSPB3 overexpression in myoblasts (Table 2, p < 

0.01). Likewise, matrix metalloproteinases MMP14 and MMP16, which hydrolyse and activate 

MMP-2 known to be secreted by regenerating myofibers (Ioth, 2015; Thomas et al., 2015) are also 

upregulated upon HSPB3 overexpression (Table 2, p < 0.01).  

From the 193 downregulated genes due to overexpression of HSPB3, 72 were highly significant (p < 

10-5) (Table 2). Amongst these were genes encoding for the cell cycle arrest associated Growth 

Arrest And DNA Damage Inducible Beta (GADD45B), the Microfibrillar-associated protein 5 (MFAP5), 

and the Cyclin-dependent kinase 4 (CDK) (Figure 19 B, upper left quadrant). As validation of the 

RNAseq data, analysis of mRNA levels by qPCR further confirmed that overexpression of HSPB3 in 

cycling myoblasts leads to the downregulation of GADD45B and MFAP5 (Figure 19 C). Interestingly, 

overexpression of MFAP5 has been described in mouse models of Duchenne muscular dystrophy 

which leads to transdifferentiation of myoblasts into myofibroblasts and consequent muscle 

fibrogenesis (Wang et al., 2012). Hence, it is possible that HSPB3 does not only promote expression 

of ECM proteins, but also modulates protein expression of key proteins thereby acting as a muscle 

protector. Upon induction of myogenic differentiation, the cell-cycle inhibitor p21 is upregulated in 
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a MyoD-dependent manner (Halevy et al., 1995). CDK4 is subsequently inhibited by p21 leading to 

the blockage of the cell cycle.  Interestingly, p57 (CDKN1C), another cell-cycle inhibitor with 

analogous function to p21, is upregulated upon HSPB3 overexpression (Table 2, p <10-5). Another 

gene involved in the regulation of the cell cycle and upregulated by HSPB3 is the gene coding for 

E2F7 (Table 2, p < 0.01). E2F7 is an atypical E2F family member that acts as a transcriptional 

repressor of E2F target genes by cooperating with retinoblastoma (Rb), thereby contributing to cell 

cycle arrest (Aksoy et al., 2012).  

Gene annotation analysis revealed that the top biological processes downregulated by HSPB3 

overexpression included ribosomal assembly and FoxO signalling (Figure 19 E). Interestingly, FoxO1 

has been shown to act as an inhibitor of muscle differentiation by directly binding and increasing 

the activity of myogenesis repressor myostatin (Accili and Arden, 2004; Allen and Unterman, 2007). 

Ribosomal protein large 3-like (RPL3) which has been described to impair myotube growth (Chaillou, 

Zhang and McCarthy, 2016), is one of the ribosomal genes that is highly downregulated by HSPB3 

(Table 2, p < 10-5). Therefore, downregulation of ribosomal assembly by HSPB3 might be linked to 

regulation of muscle-specific ribosomal functions.  Altogether the transcriptomic data together with 

the expression and distribution analysis of LBR support the idea that HSPB3 is a specialized nuclear 

chaperone that engages in the muscle differentiation program. 
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Figure 19 Overexpression of HSPB3 incudes transcriptional changes that mimic myogenesis. (A) Heatmap showing the 
genes that are differentially expressed in 4 independent biological replicates of cycling myoblasts that overexpress GFP 
versus myc-HSPB3. Genes that displayed greater than p < 0.01 are shown. (B) Volcano plot highlighting that HSPB3 
overexpression upregulates the matrisome genes lumican (LUM), Cell adhesion molecule 1 (CADM1), nidogen 2 (NID2) 
and decorin (DCN), as well as amphiregulin (AREG), supervillin (SVIL) and NOTCH3 genes, while downregulating 
microfibril associated protein 5 (MFAP5), growth arrest and DNA-damage-inducible (GADD45B), and Cydlin-dependent 
kinase 4 (CDK4), compared to GFP overexpression, used as a control. Horizontal dotted line represents p < 10-5, vertical 
dotted lines highlight log2 fold-changes of -0.5 and 0.5. Highly significant genes (p < 10-10) with log2 fold-change higher 
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than 0.5 (or lower than -0.5) are marked in red; low significance genes (p > 10-5) with log2 fold-change higher than 0.5 
(or lower than -0.5) and non-significant genes are marked in grey. (C) Validation by RT-qPCR of LUM, CADM1, NOTCH3, 
SVIL, NID2 and DCN upregulation, and MFAP5 and GADD45B downregulation in cycling myoblasts overexpressing HSPB3 
compared to control myoblasts overexpressing GFP. (D) Gene-set enrichment analysis: upregulated genes upon HSPB3 
overexpression in cycling myoblasts. Analysis performed using Metascape Express Analysis on genes highly significant 
(p < 10-10). The top 10 hits are shown. (E) Gene-set enrichment analysis: downregulated genes upon HSPB3 
overexpression in cycling myoblasts. Analysis performed using Metascape Express Analysis on genes highly significant 
(p < 10-10). The top 10 hits are shown. 

 

 

Disease mutants display different subcellular localisation to WT 

 

As HSPB3 nuclear localization plays a role in its ability to affect the LBR tether to the NE, and 

consequently chromatin, HSPB3 localization might be disturbed by disease-associated mutations.  

First, protein levels and subcellular distribution of WT-HSPB3, R7S-HSPB3, R116P-HSPB3, Y118H-

HSPB3 and A33AfsX50-HSPB3 overexpressed in HeLa cells were assessed by fractionation of 

cytoplasmic and nuclear proteins. As previously reported (Morelli et al., 2017), A33AfsX50 which 

encodes a truncated fragment of HSPB3 is rapidly degraded after synthesis and therefore no 

expression was detected in neither the cytoplasm nor the nucleus. WT-HSPB3 was predominantly 

expressed in the nuclear fraction, while R7S-HSPB3 was mainly distributed in the cytoplasmic 

fraction, although being present also in the nuclear fraction (Figure 20 A). By contrast, R116P-HSPB3 

and Y118H-HSPB3 accumulated inside the nucleus, with Y118H-HSPB3 being absent in the 

cytoplasmic fraction (Figure 20 A, B).  

Second, using confocal microscopy the subcellular distribution of HSP3 disease mutants was further 

analysed. R7S-HSPB3 was confirmed to have a higher cytoplasmatic expression than WT-HSPB3 in 

HeLa cells (Figure 20 C, D). This was further confirmed by quantifying the ratio between the 

cytoplasmic and nuclear proteins (Figure 10 E). Microscopy analysis also confirmed that R116P-

HSPB3 and Y118H-HSPB3 accumulated inside the nucleus, where they formed nuclear assemblies 

(Figure 20 C, D).  
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Figure 20 HSPB3 disease mutants show a distinct subcellular localization and expression levels compared to WT-HSPB3. 
(A) HeLa cells overexpressing WT-HSPB3, R7S-HSPB3, R116P-HSPB3, Y118H-HSPB3 or A33AfsX50-HSPB3 for 48 hrs were 
subjected to fractionation of cytoplasmic and nuclear proteins and HSPB3 expression levels were analysed by 
immunoblotting. TUBA4A and LMNAC were used as loading controls for the cytoplasmic and nuclear fraction, 
respectively. (B) Quantitation of the wester blotting shown in A. n = 3 independent experiments, ± sem. p = non-
significant (n.s.). (C) Confocal microscopy on HeLa cells overexpressing myc-tagged WT-HSPB3, R7S-HSPB3, R116P-
HSPB3 or Y118H-HSPB3, using a myc-specific antibody. DAPI staining is shown. (D) Quantitation of myc distribution in 
HeLa cells transfected for 48 hrs with vectors coding myc-tagged WT-HSPB3, R7S-HSPB3, R116P-HSPB3 or Y118H-HSPB3. 
n = 3 independent experiments, ± sem; Total number of cells analysed: WT-HSPB3 (98); R7S-HSPB3 (141); R116P-HSPB3 
(152); Y118H-HSPB3 (103). (E) Automated quantification using ScanR of nucleo/cytosolic ratio of myc signal in HeLa cells 
overexpressing HSPB3-WT or HSPB3-R7S for 48h. (F) Western blotting analysis of co-immunoprecipitation using Ninta 
beads with affinity for His of HeLa cells transfected with His-HSPB2 and myc-HSPB3 WT or myc-HSPB3 Y118H for 48h. 
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The recently described HSPB3-Y118H can still efficiently bind to HSPB2 

 

HSPB3 mutants linked to disease were assessed by their ability to complex with HSPB2, where 

R116P-HSPB3 was reported to lose the ability to complex with HSPB2, while R7S-HSPB3 was still 

able to form a stable complex (Morelli et al., 2018). In 2018, a new HSPB3 mutation at the residue 

118 (c.352T>C, p.Tyr118His) was described in a CMT2 patient in Japan by Nam et al. Here, the newly 

discovered Y118H-HSPB3 mutation was assessed by Ni-NTA pull-down on its ability to interact with 

HSPB2. Y118H-HSPB3 precipitated along with HSPB2, similarly to WT-HSPB3. Thus, the Y118H-

HSPB3 mutation does not affect the HSPB2-HSPB3 complex formation (Figure 20 F). 

 

Myopathy-associated HSPB3-R116P forms aggregates that sequester LBR-GFP  

 

In light of the emerging role of HSPB3 in promoting muscle cell differentiation and considering that 

R116P-HSPB3 was identified in a myopathy patient with altered chromatin distribution and muscle 

fibre disorganization (Morelli et al., 2017), this thesis focused on R116P-HSPB3. Due to its very short 

half-file, A33AfsX50-HSPB3 was excluded from further analysis, which was also identified in a patient 

affected by congenital myopathy (Morelli et al., 2017).  

R116P-HSPB3 assemblies did not colocalize, but rather displaced the chromatin, as evidenced by 

confocal microscopy in cells co-expressing chromatin marker mCherry-H2B (Figure 21 A). 

Accumulation of R116P-HSPB3 in nuclear assemblies occurred also in differentiating myoblasts or 

motoneuronal-like NSC34 cells (Figure 21 B, C). Since upon overexpression WT-HSPB3 forms 

dynamic nuclear condensates in HeLa and muscle cells (Figure 10 A, B), the mobility of R116P-HSPB3 

was then verified by FRAP. In contrast to WT-HSPB3, which showed partial mobility within the 

nuclear condensates, R116P-HSPB3 was completely immobile, demonstrating that R116P-HSPB3 

forms nuclear aggregates in HeLa cells (Figure 21 D, middle panel).  
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Figure 21 R116P-HSPB3 forms nuclear aggregates. (A) Confocal microscopy on HeLa cells expressing myc-tagged R116P-
HSPB3 and mCherry-H2B, using a myc-specific antibody. (B) Confocal microscopy on differentiating LHCNM2 cells 
expressing myc-tagged WT-HSPB3 or R116P-HSPB3, using myc and LMNB1 antibodies. Nucleic acid was stained with 
DAPI. (C) Confocal microscopy on motoneuronal-like NSC34 cells expressing myc-tagged WT-HSPB3 or R116P-HSPB3, 
using myc and LMNB1 antibodies. Nucleic acid was stained with DAPI. (D) HeLa cells were transfected as follows: GFP-
WT-HSPB3 (at a 1:8 ratio with myc-WT-HSPB3, upper panel), GFP-R116P-HSPB3 (at a 1:8 ratio with myc-R116P-HSPB3, 
middle panel) or GFP-WT-HSPB3+R116P (at a 1:8 ratio with myc-R116P-HSPB3, lower panel); 24 hrs post-transfection, 
cells were subjected to fluorescence recovery after photobleaching (FRAP). Pre-bleach, bleach and post-bleach images 
of GFP-WT-HSPB3 (upper and lower panels) and GFP-R116P-HSPB3 (middle panel) nucleoplasmic foci are shown. 
Quantitation of the fluorescence intensity recovery after bleach is reported. The mean of 10 FRAP curves for WT-HSPB3, 
13 FRAP curves for R116P-HSPB3 and 13 FRAP curves for WT-HSPB3+R116P-HSPB3 and the fitting curves are shown. 
sem is shown in grey. 

 

Next, it was tested whether R116P-HSPB3 nuclear aggregates affect the distribution and mobility of 

LBR-GFP, as well as of WT-HSPB3. Confocal microscopy revealed that R116P-HSPB3 nuclear 

aggregates sequester LBR-GFP in both HeLa cells and myoblasts (Figure 22 A, B). Subsequently, FRAP 

experiments showed immobilization of LBR-GFP inside the R116P-HSPB3 nuclear aggregates (Figure 

22 C). This effect is in sharp contrast with the increased nucleoplasmic mobility of LBR-GFP observed 

in cells co-expressing WT-HSPB3 (Figure 16 A, B).  
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These results suggest that R116P-HSPB3 may acquire a toxic gain of function; therefore, it opened 

the possibility that it could act in a dominant negative manner by also immobilizing WT-HSPB3. FRAP 

analysis of HeLa overexpressing GFP-tagged HSPB3 and myc-HSPB3-R116P demonstrated that in 

presence of R116P-HSPB3, the WT counterpart is sequestered inside nuclear aggregates, where it is 

becomes immobile (Figure 21 D, lower panel). These results confirm that myc-HSPB3-R116P acts as 

a dominant negative that impairs the functionality of the WT protein. 

 

 

Figure 22 R116P-HSPB3 nuclear aggregates sequester LBR-GFP. (A) Confocal microscopy on HeLa cells expressing LBR-
GFP alone or with myc-tagged R116P-HSPB3, using a myc-specific antibody. Nucleic acid was stained with DAPI. (B) 
Confocal microscopy on LHCNM2 cells expressing LBR-GFP alone or with myc-tagged R116P-HSPB3, using myc and 
LMNB1 antibodies. Nucleic acid was stained with DAPI. (C) HeLa cells overexpressing LBR-GFP with R116P-HSPB3 were 
subjected to fluorescence recovery after photobleaching (FRAP). Pre-bleach, bleach, and post-bleach images of LBR-GFP 
nucleoplasmic foci are shown. Quantitation of the fluorescence intensity recovery after bleach is reported. The mean 
of 20 FRAP curves and the fitting curves are shown. sem is shown in grey. 

 

R116P fails to promote myogenic differentiation and induces the unfolded protein response 

 

As previously mentioned, the LBR-tether plays an important role in the regulation of the chromatin 

remodelling during cell differentiation (Solovei et al., 2013). Thus, it was verified whether R116P-

HSPB3 differentially affects the transcriptional program of cycling myoblasts compared to WT-

HSPB3. First, compared to the muscle transcriptome of cycling myoblasts overexpressing GFP, used 
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as a control, R116P-HSPB3 affected the expression of 695 genes (295 genes were upregulated and 

400 genes were downregulated) (Figure 23 A, Table 3), while WT-HSPB3 changed the expression of 

381 genes (Figure 19 A, Table 2). Importantly, when comparing both WT-HSPB3 and R116P-HSPB3 

to GFP, we found that the impact of R116P-HSPB3 on the muscle cell transcriptome was often 

reversed to the one of WT-HSPB3 (Figure 23 B). For example, LUM and DCN were upregulated by 

WT-HSPB3, while they were strongly downregulated by R116P-HSPB3 (p ≤ 10-10) (Figure 23 C, upper 

left quadrant). Direct comparative analysis was then performed between the transcriptome of 

myoblasts overexpressing R116P-HSPB3 or WT-HSPB3, which allowed to further appreciate the 

reverse effects of R116P-HSPB3 (Figure 23 D, E, Table 4). Many of the gene pathways that were 

upregulated by overexpressing WT-HSPB3 and play a fundamental role in myoblast differentiation, 

such as ECM remodelling and organization, collagen fibril organization, cell migration, were 

downregulated by R116P (Figure 23 D).  

In addition, compared to WT-HSPB3, overexpression of R116P-HSPB3 in cycling myoblasts induced 

the expression of genes involved in the unfolded protein response, general stress and ER stress 

response, as well as in protein degradation (via autophagy and proteasome) (Figure 23 E). Amongst 

the most highly significantly upregulated genes were those encoding for the Sequestosome-1 

(SQSTM1), which is required for autophagic degradation of protein aggregates, the Hsp70 co-

chaperone proteins BAG3 and the chaperone HSP90AA1 (Figure 23 C, upper right quadrant). 

Interestingly, HSP90AA1 (HSP90α) has been described to dissipate upon myogenic differentiation 

(Echeverría, Briand and Picard, 2016), hence its upregulation by R116P-HSPB3 might further indicate 

a decrease in the differentiation capacity of the myoblasts. These results suggest that R116P-HSPB3 

loses the ability to regulate the expression of genes involved in ECM remodelling, while acquiring 

aggregation-prone properties that can evoke ER stress and the unfolded protein response, similar 

to what previously reported for other aggregation-prone proteins that accumulate in the nucleus 

(Hetz and Saxena, 2017; Kouroku et al., 2002). Both mechanisms may contribute to the muscle 

degeneration that was previously described in the patient carrying the R116P-HSPB3 mutation 

(Morelli et al., 2017). 
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Figure 23 R116P-HSPB3 loses the capacity to promote myogenesis and instead induce a stress response. (A) Heatmap 
showing the genes that are differentially expressed in 2 independent biological replicates of cycling myoblasts 
overexpressing myc-R116P-HSPB3 versus GFP, used as control. Genes that displayed greater than p < 0.01 are shown. 
(B) Heatmap showing the genes that are differentially expressed in 2 independent biological replicates of cycling 
myoblasts overexpressing myc-R116P-HSPB3 versus myc-WT-HSPB3, used as control. Genes that displayed greater than 
p < 0.01 are shown. (C) Volcano plot highlighting that R116P-HSPB3 overexpression upregulates the UPR genes 
sequestosome 1 (SQSTM1), Heat shock protein 90α (HSP90AA1), and BAG3, while downregulating matrisome genes 
lumican (LUM) and decorin (DCN), compared to GFP overexpression, used as a control. Horizontal dotted line represents 
p < 10-5, vertical dotted lines highlight log2 fold-changes of -0.5 and 0.5. Highly significant genes (p < 10-10) with log2 
fold-change higher than 0.5 (or lower than -0.5) are marked in red; low significance genes (p > 10-5) with log2 fold-
change higher than 0.5 (or lower than -0.5) and non-significant genes are marked in grey. (D, E) Gene-set enrichment 
analysis: downregulated (D) and upregulated (E) genes upon R116P-HSPB3 overexpression in cycling myoblasts 
(compared to WT-HSPB3). Analysis performed using Metascape Express Analysis on genes highly significant (p < 10-10). 
The top 10 hits are shown. 
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Section II – HSPBs inhibit α-synuclein in vitro  
 

Amongst the molecular chaperones investigated for their potential anti-aggregation function 

against α-Synuclein are the small heat shock proteins (HSPBs). HSPBs are ATP-independent 

molecular chaperones and in mammals there are 10 genes encoding for HSPBs (HSPB1-HSPB10). 

While some HSPBs are ubiquitously expressed, such as HSPB1 and HSPB5, others have restrictive 

expression and function, such as HSPB3, HSPB9 and HSPB10 (Boncoraglio et al., 2012). HSPBs are 

characterized by their low molecular weight (12-43kDa) and the presence of a highly-conserved 

alpha-crystallin domain (ACD) of 80-100 amino acids, flanked by less conserved N-terminal and C-

terminal domains. All these regions are involved in regulating the interaction of HSPB monomers, 

building up oligomers of variable size (Sudnitsyna et al., 2012). The N-terminus and, in some 

instances the C-terminus of HSPBs possess intrinsically disordered regions (IDR), which confer these 

proteins a lack of a defined three-dimensional structure in their native state (Sudnitsyna et al., 2012; 

Babu 2016). The undefined three-dimensional structure allows the interaction of HSPBs with a large 

variety of substrates. This is also influenced by the ability of HSPBs to reversibly oligomerise. 

Together the flexibility of HSPB oligomerization, which is also influenced by HSPB post-translational 

modifications, and the presence of disordered domains enable HSPB to play a wide variety of 

functions, ranging from prevention of irreversible aggregation to modulation of the structure and 

dynamics of the cytoskeleton (Carra and Landry, 2006). As molecular chaperones, one of HSPBs 

main functions correlates with neutralization of non-native and aggregate-prone intermediates, 

preventing irreversible aggregation (Carra et al., 2013; Mogk and Bukau 2017; Haslbeck, Weinkauf 

and Buchner, 2019).  

This work sought to investigate whether/how HSPBs affect α-synuclein aggregation. More 

specifically, HSPBs could bind α-synuclein in its monomeric, oligomeric and fibrillar forms, the 

corresponding forms associated with lipid membranes, as well as to the lipid membranes 

themselves (Figure 24). Thus, HSPBs could modulate α-synuclein aggregation in a multitude of ways, 

by interacting with all these states of α-synuclein. To obtain insights into how different HSBPs affect 

α-synuclein aggregation, we applied a three-pronged approach (Figure 8). The effects of five HSPBs 

were studied, namely HSPB3 (Hsp17), HSPB5 (αB-crystallin), HSPB6 (Hsp20), HSPB7 (cardiovascular 

Hsp), and HSPB8 (Hsp22) on α-synuclein lipid-induced aggregation, elongation, and secondary 

nucleation.  
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Figure 24 Identification of putative steps of the aggregation process that can be affected by HSPBs. HSPBs could bind α-
synuclein in its monomeric, oligomeric and fibrillar forms. HSPBs could also bind to lipid-associated forms of α-synuclein. 
Alternatively, but not mutually exclusive, HSPBs might compete with α-synuclein for binding to lipids and displace α-
synuclein (see bended arrow). 

 

HSPBs inhibit α-synuclein lipid-induced nucleation with different strengths 

 
The binding of α-synuclein to lipid membranes facilitates its aggregation process (Fusco et al., 2017; 

Galvagnion et al., 2016; Galvagnion et al., 2015). It has been shown in particular that α-synuclein 

aggregation can be triggered by the binding of monomeric proteins with small unilamellar vesicles 

(SUVs) prepared from model membrane lipid DMPS (1,2-dimyristoyl-sn-glycero-3-phospho-L-serin) 

(Figure 8, step 1). 



P a g .  98 | 145 

 

As amyloid fibril formation can be measured over time by ThT fluorescence, the question whether 

or not HSPBs affect the lipid-induced aggregation of α-synuclein was raised. This study focussed on 

five members of the HSPB family: HSPB3, HSPB5, HSPB6, HSPB7, and HSPB8. All these HSPBs could 

delay lipid-induced aggregation at low stoichiometries, but with different degrees of efficacy (Figure 

25 A, B). In particular, HSPB6 showed the strongest effect as it completely inhibited α-synuclein lipid-

induced aggregation on the timescale that we monitored, while HSPB3 had the lowest inhibitory 

effect (Figure 25 A, B). The other HSPBs tested had intermediate effects (Figure 25b). HSPB5, HSPB6, 

HSPB7 and HSPB8 all seemed to delay the onset of aggregation: the aggregation of α-synuclein alone 

was detectable already after 5 hours of incubation, while it was delayed to 30 – 40 hours in the 

presence of HSPB5-8 (Figure 25 A). However, once the aggregation was initiated, it proceeded with 

similar kinetics regardless of the presence of HSPB5-8 (Figure 25 A). 

 

Figure 25 HSPBs inhibit lipid-induced alpha-synuclein primary nucleation. (A) Changes in ThT fluorescence intensity 
when monomeric alpha-synuclein (20µM) is incubated with 100µM DMPS at pH 6.5 and 30°C and in the absence (black) 
or presence of HSPBs (0.2µM):  HSPB3 (orange), HSPB5 (grey), HSPB6 (yellow), HSPB7 (blue), HSPB8 (green). Data as 
absolute ThT fluorescence. a.u. arbitrary units. (B) Relative rate of lipid-induced alpha-synuclein aggregation constant, 
determined by AmyloFit (Meisl et al., 2016), in the presence of HSPB3 (pink), HSPB5 (green), HSPB7 (blue), HSPB8 
(purple), as per conditions in detailed in A. n = 3; SEM = 3.4E-3 (HSPB3); 4.64E-3 (HSPB5); 7.27E-3 (HSPB7); 4.47E-3 
(HSPB8).   (C) Schematic representation of possible HSPBs effect on lipid-induced aggregation. 



P a g .  99 | 145 

 

In light of these observations, the aggregation kinetics was then analysed in detail using a one-step 

nucleation model previously developed (Galvagnion et al., 2015). In this model, the nucleation 

reaction is assumed to occur at the surface of the vesicles and is then followed by the growth of 

fibrils from the lipid-bound α-synuclein (Figure 25 B). To enable direct comparison of the various 

HSPBs, the elongation rates were normalized to that of α-synuclein alone. Due to the complete 

inhibition of primary-nucleation, HSPB6 was excluded from this analysis. Using this model, HSPB3 

was confirmed to have the lowest efficacy, nevertheless it displayed a strong delaying capacity with 

a relative aggregation rate ratio to α-synuclein alone (Ctrl) of 0.10 (Figure 25 B); by contrast, HSPB5, 

HSPB7 and HSPB8 reduced the lipid-induced aggregation with a relative aggregation rate ratio 

between 0.05 and 0.07 (Figure 25 B).  

 

These results are compatible with at least two possible, not mutually exclusive, mechanisms (Figure 

25 C). In mechanism 1, HSPBs compete with α-synuclein for binding to lipid membranes, thus 

reducing α-synuclein lipid-induced aggregation. In mechanism 2, HSPBs bind to α-synuclein 

monomers, thus preventing their binding to the lipid surface. 

 

 

HSPB6 competes with α-synuclein for binding to lipids and inhibits its lipid-induced nucleation 

 
To differentiate between the two possible mechanisms by which HSPBs may inhibit lipid-induced α-

synuclein primary nucleation, a series of experiments were carried out with the aim of testing 

whether HSPBs can interact with lipid membranes. HSPB1, HSPB4, HSPB5 and HSPB8 were 

previously reported to interact with lipid membranes (Chowdary et al., 2007; Cobb & Petrash, 2002; 

De Maio et al., 2019; De Maio & Hightower, 2020; Gangalum et al., 2011). In these experiments it 

was exploited the observation that when proteins interact with lipid membranes, they can affect 

their fluidity and melting temperature. More specifically, the binding of monomeric α-synuclein to 

lipid vesicles containing DMPS decreases its melting temperature from 45 °C to 35 °C (Galvagnion 

et al., 2015). Thus, it was measured how the fluidity of these membranes changes in absence or 

presence of HSPBs by monitoring changes in fluorescence polarisation (FP) of diphenylhexatriene 

(DPH) with increasing temperatures (Figure 26). The impact of the various HSPBs on lipid membrane 

fluidity was compared to that in the presence of α-synuclein, employed as a positive control. HSPB3, 

HSPB6 and HSPB7, but not HSPB5 and HSPB8 reduced the melting temperature of DMPS, indicating 
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these HSPBs directly interact with the lipid vesicles (Figure 26 A). Of note, each HSPB examined 

displayed a different temperature at which it had a stronger impact: 35 °C for HSPB3, 37 °C for HSPB6 

and 40 °C for HSPB7. In addition, the impact of HSPBs on the melting temperature of DMPS was 

lower compared to the one of α-synuclein (Figure 26 A). To further characterize the interaction of 

HSPBs with lipid membranes, SUVs prepared from POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine) and DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine) were used, which have 

the same head group but different hydrocarbon chains to DMPS. POPS and DOPS are also 

considered to be more physiologically relevant lipid vesicles, given the fact that phosphatidylserine 

(PS) is highly abundant in synaptic vesicles (Galvagnion et al., 2015). However, compared to DMPS, 

POPS and DOPS have a lower protein-free melting temperature than DMPS, corresponding to 17 °C 

and <10 °C, respectively (Petrache et al, 2004). Therefore, the analysis of fusion temperature would 

not be possible using the same temperature ranges as DMPS. Incorporation of α-synuclein into POPS 

and DOPS lipid vesicles led to a decrease in DPH fluorescence polarisation, supporting its association 

(Figure 26 A). Using these vesicles, the impact on membrane fluidity of HSPB3, HSPB6 and HSPB7 

was similar or even stronger than the one of α-synuclein (Figure 26 A). Instead, HSPB5 and HSPB8 

had a lower impact on POPS and DOPS, similar to what observed using DMPS (Figure 26 A). 

 

Once established that HSPB3, HSPB6 and HSPB7 affect the fluidity of lipid membranes, next it was 

measured their impact on the incorporation of α-synuclein into the lipid vesicles, including also 

HSPB5 and HSPB8 in the study. The embedding of α-synuclein within the lipid vesicle changed their 

fluidity in a concentration-dependent manner, as we found that the higher the amount of α-

synuclein embedded, the higher the fluidity change (Galvagnion et al., 2015). When co-incubating 

α-synuclein with a given HSPB and DMPS, different results were obtained depending on the type of 

HSPB used. In line with previous findings, α-synuclein changed the fluidity of DMPS, POPS and DOPS 

vesicles (Figure 26 B). Compared to α-synuclein alone, all HSPBs tested, except for HSPB8, led to a 

reduction of lipid vesicles fluidity (Figure 26 B). Based on these data it was possible to conclude that 

HSPB3, HSPB5 and HSPB7 reduced α-synuclein embedding inside the lipid vesicles, with HSPB7 

showing a stronger effect. By contrast, co-incubation of α-synuclein with HSPB6 increased even 
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further the fluidity curve, compared to α-synuclein alone, suggesting that both proteins are 

embedded in the lipid vesicles. 

 

Figure 26 HSPBs interact with lipid vesicles. (A) Changes in lipid vesicle (100µM) membrane fluidity due to presence of 
alpha-synuclein or HSPBs (20µM) detected through fluorescence polarisation of DPH at increasing temperatures (25°C 
to 50°C). (B) Changes in lipid vesicle (100µM) membrane fluidity due to presence of alpha-synuclein and HSPBs (20µM) 
detected through fluorescence polarisation of DPH at increasing temperatures (25°C to 50°C). 

 

In order to further elucidate how the interactions of HSPBs might have an impact on lipid-induced 

α-synuclein aggregation, the effect of HSPBs was observed over time in the conditions of the lipid-

induced aggregation (DMPS at 30 °C).  The fluidity of DMPS did not alter over time, but changes in 

fluidity were detected from the beginning of the measurement (Figure 27 A-E). As previously 

reported (Galvagnion et al., 2015), co-incubation of α-synuclein with DMPS lipid vesicle greatly 

increased the fluidity of the lipid vesicles, as evidenced by the decrease in fluorescence polarization 

of DPH. HSPB7 and HSPB8 did not affect the fluidity per se (Figures 27 D, E). However, in presence 

of α-synuclein, the fluidity was rescued (Figures 27 D, E). 
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Figure 27 Impact of HSPBs on the fluidity of DMPS lipid vesicles and on α-synuclein lipid-induced aggregation. (A-E) 
Changes in DMPS (100µM) membrane fluidity due to presence of alpha-synuclein or HSPBs (20µM) detected through 
fluorescence polarisation of DPH at 30°C for 4h: HSPB3 (A), HSPB5 (B), HSPB6 (C), HSPB7 (D), HSPB8 (E).  (F) Schematic 
representation of effect of HSPBs in alpha-synuclein/lipid interaction. 

 
It is thus possible to propose that these HSPBs may bind to free α-synuclein monomers, thereby 

preventing α-synuclein association with lipids, thus maintaining the fluidity (Figure 27 F, mechanism 

1). HSPB3 and HSPB5 both altered SUV fluidity when incubated alone, and slightly rescued the loss 

of membrane fluidity due to α-synuclein (Figures 27 A, B). These data may suggest that these HSPBs 

bind to monomers of α-synuclein embedded in the lipid membranes, thereby preventing α-

synuclein aggregation, which would further affect membrane fluidity (Figure 27 F, mechanism 2). 
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Concerning HSPB6, when incubated alone with the SUVs, it reduced their fluidity more than α-

synuclein alone; when HSPB6 and α-synuclein were co-incubated with the SUVs, the fluidity was not 

restored but further reduced (Figure 27 C). Together these results suggest that HSPB6 competes 

with α-synuclein for binding to lipids, partly displacing α-synuclein monomers and consequently 

abrogating its lipid-induced aggregation (Figure 27 F, mechanism 3).   

 
 

HSPBs delay α-synuclein fibril elongation with different kinetics 

 

As the initial formation of α-synuclein fibrils is followed by their growth by elongation (Flagmeier et 

al., 2016), it was investigated whether HSPBs inhibit α-synuclein fibril elongation using a method 

previously described (Flagmeier et al., 2016; Galvagnion et al., 2016; Galvagnion et al., 2015). In this 

assay, fibril growth is induced by the addition of monomeric α-synuclein to the ends of mature fibrils 

at neutral pH (Figure 8, step 2). All HSPBs tested delayed the elongation of the preformed fibrils, 

although with different kinetics (Figure 28 A). To enable direct comparison of the HSPBs, the 

measured elongation rates were normalised relative to the one of α-synuclein alone (Figure 28 B). 

HSPB3, HSPB5, and HSPB7 inhibited elongation with a relative fibril elongation ratio of 

approximately 0.1, independently of HSPB concentration. HSPB8 delayed fibril elongation with a 

relative fibril elongation ratio of 0.2 to 0.35; HSPB8 showed slightly reduced activity when used at 

lower concentrations (Figure 28 A, B).  HSPB6 delayed fibrils elongation only at high concentration. 

When the concentration of HSPB6 was equal to that of monomeric α-synuclein, the relative fibril 

elongation ratio was of 0.2, and when HSPB6 concentration was 4-times lower that the one of 

monomeric α-synuclein, HSPB6 had almost no effect (Figure 28 A, B). 
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Figure 28 HSPBs delay alpha-synuclein fibril elongation. (A) Changes in ThT fluorescence intensity when monomeric 
alpha-synuclein (20uM) is incubated with 1uM preformed fibrils at pH 6.5 and 37°C and in the absence (black) or 
presence of HSPBs: HSPB3 (yellow), HSPB5 (light blue), HSPB6 (green), HSPB7 (blue), HSPB8 (orange), HSPBs at 5uM, 
10uM or 20uM. Data as absolute ThT fluorescence. a.u. arbitrary units. (B) Relative rate of alpha-synuclein fibril 
elongation, determined as per Flagmeier et al., 2016. n = 3; SEM = 6.08E-4 (HSPB3 5 µM); 9.20E-3 (HSPB 5 µM); 7.99E-
3 (HSPB6 5 µM); 7.17E-4 (HSPB7 5 µM); 2.73E-3 (HSPB8 5 µM); 2.12E-3 (HSPB3 10 µM); 7.53E-3 (HSPB 10 µM); 1.04E-4 
(HSPB6 10 µM); 2-09E-4 (HSPB7 10 µM); 1.08E-2 (HSPB8 10 µM); 5.18E-3 (HSPB3 20 µM); 2.13E-3 (HSPB 20 µM); 1.24E-
1 (HSPB6 20 µM); 2.62E-2 (HSPB7 20 µM); 7.97E-3 (HSPB8 20 µM). (C) Schematic representation of the putative effect 
of HSPBs on fibril elongation. 

The poor efficacy of HSPB6 on fibril elongation, together with its high binding affinity for lipids 

reinforces the idea that HSPB6 interacts weakly with monomeric α-synuclein, hence the need for 

high concentrations of HSPB6 to have an effect on fibril elongation. Thus, the protective effect of 

HSPB6 would mainly consists in competing with α-synuclein for the interaction with lipid 

membranes, therefore inhibiting the lipid-induced primary nucleation. Concerning the other HSPBs 

tested, two distinct mechanisms of action could explain the results obtained. In the first mechanism, 

HSPBs bind the extremities of α-synuclein fibrils, thus preventing the incorporation of the added 

seeds into the pre-existing fibril. In the second mechanism, HSPBs bind to α-synuclein monomers 

and prevent their binding to the fibrils. It is entirely possible that both mechanisms might 

simultaneously occur (Figure 28 C). Importantly, on this assay the concentration of α-synuclein 

seeded fibrils (1 µM) is considerably lower than the monomer concentration (20 µM). Therefore, 
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the kinetics observed might be better explained by an affinity of HSPBs to intermediary forms of α-

synuclein, leading to an arrest at the earlier stages of aggregation.  Since the ability of HSPB8 to 

inhibit elongation is concentration dependent, the presented data suggest that HSPB8 would bind 

with higher affinity to α-synuclein monomers rather than to the fibril extremities. Thus, its ability to 

neutralize α-synuclein monomers is dependent on the HSPB8:α-synuclein monomers ratio. By 

contrast, the ability of HSPB3, HSPB5 and HSPB7 to prevent fibril elongation was not affected by 

their concentration, suggesting that they might bind with higher affinity to the pre-formed fibrils, 

rather than to free α-synuclein monomers (Figure 28 C). 

 

HSPBs delay α-synuclein secondary nucleation with different kinetics 

 
To further understand how HSPBs affect α-synuclein aggregation, next it was studied their impact 

on α-synuclein fibril amplification, which occurs via secondary nucleation pathways including the 

formation of surface-catalysed aggregates, under conditions of mildly acidic pH ( Buell et al, 2014; 

Flagmeier et al., 2016) (Figure 8 step 3). First, since the secondary nucleation assay is performed at 

low pH, by circular dichroism (CD) it was measured whether lowering the pH affects the folding and 

stability of the various HSPBs, which would influence their chaperone activity. Lowering the pH from 

6.5 to 5.5 affected only the CD spectra of HSPB5, which was thus excluded from further analysis 

using the secondary nucleation assay to avoid data misinterpretation (Figure 29).  
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Figure 29 HSPBs CD spectra at different pH. (A-E) Change in the CD signal of HSPBs (25μM) when in sodium phosphate 
buffer at pH 6.5 (gray) or pH 5.5 (orange): HSPB3 (A), HSPB5 (B), HSPB6 (C), HSPB7 (D), HSPB8 (E).   

 

The other HSPB studied, HSPB3, HSPB6-8 could all delay α-synuclein secondary nucleation, although 

with different strengths (Figure 30 A). HSPB7 and HSPB3 strongly delayed α-synuclein secondary 

nucleation, while HSPB8 had a moderate effect and HSPB6 performed poorly compared to α-

synuclein alone, although still displaying some chaperone activity (Figure 30 A). As for primary 

nucleation and for elongation, two different, but not mutually exclusive, mechanisms of action could 

explain the results obtained. In the first mechanism, HSPBs bind to α-synuclein fibril surfaces and 

prevent the binding of monomers to the pre-formed fibril. In the second mechanism, HSPBs bind to 

α-synuclein monomers and prevent them from binding to and amplifying the pre-existing fibrils 

(Figure 30 B). Taken together the results obtained using the three-pronged approach support the 
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idea that HSPB8 inhibits α-synuclein aggregation by binding to and neutralizing its monomeric 

forms, while HSPB3 and HSPB7 preferentially bind to α-synuclein oligomer and/or fibrils.   

 

 
Figure 30 HSPBs delay alpha-synuclein secondary nucleation. (A) Changes in ThT fluorescence intensity when monomeric alpha-
synuclein (20uM) is incubated with 50nM preformed fibrils at pH 5.5 and 37°C and in the absence (black) or presence of HSPBs (5uM):  
HSPB3 (yellow), HSPB5 (light blue), HSPB6 (green), HSPB7 (blue), HSPB8 (orange). Data are shown as absolute ThT fluorescence. a.u. 
arbitrary units. (C) Schematic representation of possible HSPBs effect on secondary nucleation. 

 

The disease-related mutant K141E-HSPB8 weakly inhibits fibril elongation compared to WT-HSPB8 

 
Mutations in several HSPB genes have been linked to human neuromuscular diseases ranging from 

myofibrillar myopathy (e.g. HSPB5) to distal hereditary neuropathies (e.g. HSPB1, HSPB3 and HSPB8) 

(Evgrafov et al, 2004; Irobi et al, 2004; Kolb et al, 2010; Morelli et al, 2017; Nam et al, 2018; Vicart 

et al, 1998). Amongst the best characterized mutations in the HSPB genes is the K141E-HSPB8, which 

was the first disease-causing mutation discovered in the HSPB8 gene (Irobi et al., 2004). Studies 

performed in mammalian cells and aimed at comparing the anti-aggregation properties of K141E 

and wild-type (WT) HSPB8 showed that K141E is characterized by a reduced ability to inhibit the 

aggregation of various misfolded proteins such as expanded huntingtin (Htt43Q), ataxin 3 

(SCA3(64)Q), which lead to polyglutamine-diseases (Carra et al, 2010; Carra et al, 2005). Studies in 

vivo, using a drosophila melanogaster model of SCA3 further confirmed a partial loss of chaperone 

activity of K141E-HSPB8 compared to WT-HSPB8. In vitro studies using alcohol dehydrogenase and 

rhodanese as model proteins further confirmed the lower chaperone activity of K141E-HSPB8 

compared to WT-HSPB8 and evidenced an increased susceptibility of K141E-HSPB8 to trypsinolysis 

(Kim et al, 2006). Based on these data here it was further investigated using the three-pronged 
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approach whether/how the K141E mutation affects the HSPB8 chaperone activity towards α-

synuclein.  

 

Figure 31 K141E-HSPB8 fails to inhibit fibril elongation. (A) Changes in ThT fluorescence intensity upon incubation of 
monomeric α-synuclein (20µM) with 100uM DMPS at pH 6.5 and 30°C and in the absence (black) or presence of HSPBs 
(0.2µM):  HSPB8 WT (orange) or HSPB8 K141E (grey). Data as absolute ThT fluorescence. a.u. arbitrary units. (B) Relative 
rate of lipid-induced alpha-synuclein aggregation constant, determined by AmyloFit (Meisl et al., 2016), in the presence 
of HSPB8 WT (blue) or HSPB8 K141E (orange), as per conditions in detailed in A. n = 3; SEM = 4.47E-3 (HSPB8 WT); .  
4.44E-3 (HSPB8 K141E) (C) Changes in ThT fluorescence intensity when monomeric alpha-synuclein (20µM) is incubated 
with 1µM preformed fibrils at pH 6.5 and 37°C and in the absence (black) or presence of HSPBs:  HSPB8 WT (orange) or 
HSPB8 K141E (grey), at 5µM, 10µM or 20µM. Data as absolute ThT fluorescence. (D) Relative rate of alpha-synuclein 
fibril elongation, determined as per Flagmeier et al., 2016. n = 3. SEM = 2.73E-3 (HSPB8 WT 5 µM); 3.95E-3 (HSPB8 K141E 
5 µM); 5.22E-3 (HSPB8 WT 10 µM); 1.08E-2 (HSPB8 K141E 10 µM); 7.97E-3 (HSPB8 WT 20 µM); 1.21E-2 (HSPB8 K141E 
20 µM).  (E) Changes in ThT fluorescence intensity when monomeric alpha-synuclein (20µM) is incubated with 50nM 
preformed fibrils at pH 5.5 and 37°C and in the absence (black) or presence of HSPBs (5uM):   HSPB8 WT (orange) or 
HSPB8 Ks141E (grey). Data are shown as absolute ThT fluorescence. a.u. arbitrary units. 
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K141E-HSPB8 was very efficient in inhibiting the lipid-induced α-synuclein aggregation and actually 

displayed a slightly higher activity compared to WT-HSPB8 (lowering the relative aggregation rate 

ratio from 0.06 to 0.01; Figure 31 A, B). Similar to WT-HSPB8, K141E-HSPB8 did not reduce the 

melting temperature of DMPS, neither did it affect fluidity, indicating no direct interaction with lipid 

vesicles (Figure 32).  

 

Figure 32 K141E-HSPB8 interact with lipid vesicles. (A) Changes in lipid vesicle (100µM) membrane fluidity due to 
presence of alpha-synuclein or HSPBs (20µM) detected through fluorescence polarisation of DPH at increasing 
temperatures (25°C to 50°C). (B) Changes in lipid vesicle (100µM) membrane fluidity due to presence of alpha-synuclein 
and HSPBs (20µM) detected through fluorescence polarisation of DPH at increasing temperatures (25°C to 50°C). 

 

However, when K141E-HSPB8 was co-incubated with lipid vesicles and α-synuclein, K141E-HSPB8 

rescued the vesicle fluidity; this result suggests that K141E-HSPB8 binds to free α-synuclein 

monomers, thereby preventing their association with lipids (Figure 33). By contrast, K141E-HSPB8 

could delay fibril elongation less efficiently than WT-HSPB8, and this loss of function was particularly 

evident when K141E-HSPB8 was used at lower concentrations (Figure 31 C, D). Concerning fibril 

amplification, K141E-HSPB8 was as efficient as WT-HSPB8 in delaying secondary nucleation (Figure 



P a g .  110 | 145 

 

31 E). Together these data suggest that K141E-HSPB8 is unable to inhibit fast rated aggregation, 

which is typical of α-synuclein fibril elongation. 

 

Figure 33 Impact of K141E-HSPB8 on the fluidity of DMPS lipid vesicles and on α-synuclein lipid-induced aggregation. (A 
and B) Changes in DMPS (100µM) membrane fluidity due to presence of alpha-synuclein or HSPBs (20µM) detected 
through fluorescence polarisation of DPH at 30°C for 4h: WT (A), K141E (B). (C) Proposed working model for WT and 
K141E-HSPB8. 
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Discussion 
 

Section I 
 

The mammalian HSPB family consists of ten members, some of which are ubiquitously expressed, 

such as HSPB1 and HSPB5, while others have restrictive expression, such as HSPB2 and HSPB3, which 

are predominantly expressed in muscle cells and restricted neuronal populations, including 

peripheral motor neurons (Janoswka et al., 2019). HSPB3 is the most deviating member of the HSPB 

family, which is mainly found in muscle and specific neuronal populations but whose physiological 

functions are largely unknown. Muscle cells orchestrate their differentiation by transcribing a set of 

specialized factors, ranging from muscle-specific structural proteins to a subset of specialized 

chaperones, which are expressed under the control of the muscle transcription factor MYOD (Sala 

et al., 2017). These chaperones include Hsp90 and the small HSP hsp-12.2 in C. elegans (Bar-Lavan 

et al., 2016), and HSPB2 and HSPB3 in mammalian cells (Sugiyama et al., 2000). This work provides 

compelling evidence supporting the idea that HSPB3 is a specialized chaperone that engages in the 

muscle differentiation program.  

But what is the experimental evidence that supports an active role for HSPB3 in muscle 

differentiation? And how can a small HSP regulate the muscle transcriptional program? The finding 

that HSPB3 stands out as one of the top genes that are strongly downregulated in pluripotent cells 

and act as differentiation marker (Ghosh and Som, 2020) suggests that HSPB3 may actively 

participate in the differentiation process. In agreement with this hypothesis, HSPB3 was shown to 

facilitate the differentiation process in human myoblasts (LHCN-M2 cells) by promoting the ECM 

remodelling and the build-up of the specialized muscular cytoskeletal apparatus required for 

myogenesis (Bentzinger et al., 2013; Li et al., 2007; Cornelison et al., 2001; Brack et al., 2008; Csapo 

et al., 2020). In particular, HSPB3 upregulates the proteoglycan decorin, which has been shown to 

promote muscle differentiation, as well as muscle regeneration in vivo (Li et al., 2007). Conversely, 

HSPB3 depletion impairs the activation of the transcriptional program that is required for skeletal 

muscle differentiation, structure development and function, as well as muscle contraction. 

Importantly, HSPB3 depletion leads to the downregulation of the myogenic factor MYOG, which is 

required for the expression of muscle-specific genes and the activation of signalling cascades 

required for the various steps of muscle development (Rhodes et al., 1989; Braun et al., 1990; Miner 
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et al., 1990). A careful analysis of the genes affected by HSPB3 downregulation or overexpression 

highlighted many genes that have a recognized function in muscle differentiation and build-up. 

Myoblast commitment to differentiation initiates with irreversible withdrawal of cycling myoblasts 

from the cell cycle.  In particular, upon induction of myogenic differentiation, the cell-cycle inhibitor 

p21 is upregulated in a MYOD-dependent manner (Halevy et al., 1995) leading to the blockage of 

CDK4 and cell cycle arrest (De Falco, Comes and Simone, 2006). Of note, CDK4 is downregulated by 

HSPB3 while p57, a cell-cycle inhibitor analogous to p21, is upregulated upon HSPB3 overexpression. 

Moreover, decorin interacts with ErbB receptors, leading to activation of the MAPK signal 

transduction pathway, eventually inducing p21 and cell cycle arrest (Li et al., 2008). Besides decorin 

also MAP2K2 is upregulated by HSPB3 overexpression in cycling myoblasts, as well as the ErbB 

pathway. These results point to a specific function of HPB3 at the early stages of differentiation, 

where it promotes the commitment to differentiation and induces the expression of proteins 

required for muscle development.  

Skeletal muscle atrophy is associated with elevated apoptosis while muscle differentiation results 

in apoptosis resistance, indicating that apoptosis requires tight regulation in muscle cells to ensure 

homeostasis. Indeed, myotubes express high levels of p21 and hypophosphorylated Rb, which 

maintain terminal differentiation and protect these multinucleated cells against apoptosis 

(Peschiaroli et al., 2002). Moreover, the process of cell differentiation requires the activation of cell-

death associated caspases, whose activation needs to be tightly controlled to avoid excessive 

apoptosis, which would lead to tissue degeneration and improper tissue development (Bakthisaran 

et al., 2015; Kamradt et al., 2002). Interestingly, one of biological processes downregulated by the 

expression of HSPB3 is the positive regulation of the apoptotic process. Of note, the positive 

mediator of apoptosis GADD45B (Cho et al., 2010) is highly downregulated by HSPB3. This is in line 

with previous data showing that HSPBs act as anti-apoptosis regulators (Kamradt et al. 2001; Sui et 

al., 2009; Kanagasabai et al., 2010). For example, HSPB1 can directly bind to cytochrome-c, 

preventing apoptosome formation and consequent apoptosis (Bruey et al., 2000). HSPB1 is a 

ubiquitously expressed HSPBs, therefore it is not surprising that the tight regulation of apoptosis 

during myogenesis would require a targeted chaperone. Hence, it is possible that while promoting 

differentiation, HSPB3 is also playing a role in the modulation of apoptosis thus protecting the 

myoblasts from cell death.  
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Finding that manipulation of the expression of HSPB3 changes the expression of many different 

gene pathways was unexpected.  How changes in the expression levels of one single member of the 

HSPB family can have such a profound impact on a complex and highly regulated process such as 

muscle cell differentiation? HSPB3 would act on an upstream player that can indeed regulate the 

transcriptional program required for cell cycle exit and commitment to differentiation.  

The transcriptional changes require extensive chromatin remodelling. One of the early events that 

regulates the chromatin remodelling is the switch between the LBR-tether and the LMNA-tether 

(Solovei et al., 2013). The finding that in differentiating muscle cells HSPB3 is localized in the nucleus 

and can be enriched at the NE suggested the idea that HSPB3 could indirectly participate to the NE 

and chromatin remodelling. Expression analysis and study of the subcellular localization of LBR in 

cycling myoblasts overexpressing HSPB3 or differentiating myoblasts downregulating HSPB3 

demonstrated that an interplay exists between HSPB3 and LBR. The idea that LBR could be a novel 

molecular target of HSPB3 was substantiated by the findings that HSPB3 directly interacts with LBR 

and promotes its delocalization from the NE into the nucleoplasm. LBR binds to LMNB1 and tethers 

heterochromatin to the inner nuclear membrane in undifferentiated and embryonic cells (Solovei 

et al., 2013). Of note, the effects of HSPB3 on LBR were highly specific: HSPB3 selectively affected 

the nuclear distribution of LBR, leaving unchanged the one of LMNB1 and H2B. In addition, 

overexpression of HSPB7, another member of the HSPB family that, similar to HSPB3, shows a 

restricted expression profile or of the ubiquitous HSPB1 did not affect the distribution of LBR. Thus, 

the present data identifies LBR as one of the molecular targets of HSPB3 that regulates the 

transcriptional program of muscle cells. However, since the chromatin associates with the NE via 

multiple components, including not only lamins, but also LEM domain proteins and DNA binding 

factors, we cannot exclude the possibility that, besides LBR, HSPB3 might also interact with and 

regulate the subcellular localization of other NE-associated proteins. Future research will need to 

further address how HSPB3 influences NE and chromatin remodelling, ultimately promoting the 

expression of pro-differentiating genes. Independently on what are the exact molecular targets of 

HSPB3, our study clearly supports a role for HSPB3 as a facilitator of skeletal muscle cell 

differentiation, with clear implications for disease.  

Concerning HSPB3-linked diseases, this work characterized the sub-cellular localization and 

expression of the 4 known mutations (R7S-HSPB3, R116P-HSPB3, Y118H-HSPB3 and A33AfsX50-

HSPB3). WT-HSPB3 was predominantly expressed in the nuclear fraction, while R7S-HSPB3 was 
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mainly distributed in the cytoplasmic fraction. Interestingly, the HSPB3-dN mutant which had the N-

terminal truncated, presents itself predominantly in the cytoplasm. Therefore, these results indicate 

that HSPB3 might have a nuclear localization signal on its N-terminal. Interestingly, HSPB1 and 

HSPB5 localize to the cytoplasm of myoblasts under normal conditions but translocate to the 

nucleus under conditions of stress (Adhikari et al., 2004). Hence, alteration of the subcellular 

localization by R7S-HSPB3 might lead to loss-of-function upon specific conditions where HSPB3 is 

required in the nucleus. Further research will need to be conducted to address how HSPB3 

localization might play an important role in its function. By contrast, R116P-HSPB3 and Y118H-

HSPB3 accumulated inside the nucleus, with Y118H-HSPB3 being almost absent in the cytoplasmic 

fraction. The mutation R116P-HSPB3, is located at the groove between HSPB2 and HSPB3 and 

resides in the highly conserved “hot-spot” arginine (R)/lysine (K) residue where many HSPB disease-

causing mutations have been reported (Vendredy, Adriaenssens and Timmerman, 2020). The 

R116P-HSPB3 mutation disrupts the binding of HSPB3 to HSPB2 (Morelli et al 2017). By contrast, the 

mutation Y118H-HSPB3, which also lies at the border of the same grove does not impair HSPB3’s 

ability to bind to HSPB2.  This thesis focused on the R116P-HSPB3 mutation, previously identified in 

a myopathy patient displaying muscle fibre disorganization and chromatin alterations (Morelli et al., 

2017). This work reveals that R116P-HSPB3 aggregates in the nucleus and immobilizes both WT-

HSPB3 and LBR-GFP, with profound consequences on the transcriptome of skeletal muscle cells. 

Indeed, R116P-HSPB3 loses the ability of inducting ECM proteins required for myogenic 

differentiation, among which decorin. Not only decorin, but also the majority of the genes that 

promote cell differentiation and are upregulated by WT-HSPB3 were unaffected by R116P-HSPB3, 

pointing to a loss of this specific function. Of note, satellite cell activation and differentiation, as well 

as ECM remodelling are important to regenerate the muscle and neuromuscular junction that can 

be damaged because of aging or disease (Charge and Rudnicki, 2004; de Luca et al., 2014; Le Grand 

and Rudnicki, 2007; Yin et al., 2013). In addition, HSPB3-linked neuromuscular diseases develop with 

aging, when the peripheral nerve and muscle regeneration capacities decline (Carosio et al., 2011; 

Li et al., 2018; Wallace and McNally, 2009). These results open the possibility that, by exerting a 

dominant-negative effect, R116P-HSPB3 may decrease the differentiation capacity and regenerative 

potential of muscles during aging and in response to muscle damage. In addition, mutations in genes 

that decrease the differentiation capacity of muscle cells, such as dysferlin, have been linked to 

myopathies (Cohen et al., 2012; Klinge et al., 2007). On the other hand, not only does R116P-HSPB3 

fails to promote myogenic differentiation but it also leads to the stimulation of the unfolded protein 
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response.  Another “hot spot” mutation R120G-HSPB5 impaired the ability of HSPB5 to negatively 

regulates apoptosis during myogenesis (Kamradt et al. 2001; Kamradt et al., 2002). Intriguingly, 

R116P-HSPB3 does not downregulate apoptosis mediator GADD45B which might further indicate a 

loss of myogenic regulation. HSPB3 mutations are also genetically linked to motor neuropathies, 

opening the possibility that HSPB3 may display a pro-differentiation function also in motor neurons, 

and deregulation thereof may contribute to neuromuscular disease. Of note, the switch between 

the LBR and LMNA tethers is not specific to muscle cells, but occurs during the differentiation of 

different cell types, including neuronal cells (Solovei et al., 2013). Moreover, mutations in genes that 

play a role in cell differentiation, including neuronal and muscle cell differentiation, as well as 

defects in the differentiation process have been linked to motor neuropathies.  

In summary, the findings presented in this thesis provide an additional example to how cells can 

regulate complex processes such as muscle cell differentiation by switching on the expression of 

highly specialized chaperones in a cell-type and temporal regulated manner. They also pave the way 

for a better understanding of HSPB3 implication in the physiology and pathology of the 

neuromuscular system, with implications that may extend to myopathy. Future work will need to 

address the role of HSPB3 in motor neuron differentiation and regeneration upon damage. 

 

 

 

Section II 
 

Aggregation of α-synuclein has been recognized as one of the main factors for the development of 

Parkinson’s disease and dementia with Lewy Bodies (Spillantini et al., 1998; Polymeropoulos et al., 

1997; Krϋger et al., 1998; Zarranz et al., 2004; Appel-Cresswel et al., 2013; Lesage et al., 2013). Yet, 

our knowledge regarding both the pathophysiology and possible therapeutic strategies that could 

halt disease progression are still limited (Herrero and Morelli, 2017; Chakraborty et al., 2020; Pujols 

et al., 2020). Thus, approaches that aim at decreasing protein aggregation, by boosting for example 

the expression and function of molecular chaperones may offer a promising therapeutic avenue to 

treat these neurodegenerative diseases. This work compared the ability of five human HSPBs to 

inhibit α-synuclein aggregation using a previously developed three-pronged approach that enables 

to separately study three key steps in the α-synuclein aggregation process: lipid-induced primary 
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nucleation, fibril elongation and fibril amplification (Flagmeier et al., 2016; Galvagnion et al., 2015). 

All the HSPBs studied inhibit or delay α-synuclein aggregation, although with different efficacies and 

mechanisms that include HSPB binding to monomeric α-synuclein or to α-synuclein fibrils, as well 

as competition with α-synuclein for binding to lipids. These observations pave the way for further 

research which might prove useful in making use of molecular chaperones as a promising 

therapeutic avenue to treat these neurodegenerative diseases. 

HSPB1 and HSPB5 were previously shown to bind to monomeric and fibrillar α-synuclein and to 

prevent fibril elongation (Bendifallah et al., 2020; Cox et al., 2018; Waudby et al, 2010). This work 

extends this property to HSPB3, HSPB6, HSPB7 and HSPB8. Together these data suggest that HSPB 

binding to α-synuclein fibrils represents a general mechanism by which HSPBs shield fibrils, limiting 

their growth. The affinity of HSPBs for pre-existing fibrils and their ability to prevent their elongation 

may explain why HSPBs can confer protection against α-synuclein-mediated toxicity in cells and why 

they colocalize with α-synuclein deposits, as well as with other types of inclusions that share the 

fibrillar structure such as amyloids (Cox & Ecroyd, 2017; Outeiro et al, 2006; Waudby et al., 2010; 

Wilhelmus et al, 2006). In parallel, a decrease in HSPBs’ ability to inhibit fibril elongation may have 

pathological implications that extend from misfolding diseases such as PD and AD to the 

neuromuscular and muscular diseases that are genetically linked to the HSPB themselves (Vendredy 

et al, 2020). This idea is suggested by our finding that, amongst all the properties analysed here, 

inhibition of fibril elongation is specifically affected by the K141E-HSPB8 mutation that is responsible 

for distal myopathy and motor neuropathies (Ghaoui et al, 2016). These data not only corroborate 

previous results showing that K141E-HSPB8 has a decreased chaperone activity against misfolded 

proteins in cells and flies (Carra et al., 2010; Carra et al., 2005); importantly, they identify a reduction 

in the inhibition of fibril elongation as the K141E-HSPB8 “Achilles heel”. Future studies will need to 

address whether impaired binding to pre-formed fibrils and decreased ability to inhibit fibril 

elongation are a common characteristic shared by several HSPB disease-causing mutants. This may 

be relevant given the fact that the majority of the HSPB-linked mutations cause disease in the late 

adulthood (Vendredy et al., 2020), when the general chaperone capacity declines and protein 

aggregation becomes widespread (Hipp et al., 2019). 

A specific aspect that was studied here is whether HSPB’s ability to interact with lipids is functionally 

related to their activity as molecular chaperones or rather it represents an unrelated property, 

whose biological functions are yet unknown. Experimental evidence supports the interaction of 
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HSPBs with lipids. For example, HSPB8 is localized to the plasma membrane of neuronal cells and 

interacts in vitro with brain lipid extracts and lipid SUVs (Chowdary et al., 2007). HSPB1 and HSPB5 

associate with different types of liposomes, including POPS, POPC (palmitoyl oleoyl 

phosphatidylcholine) and POPG (palmitoyl oleoyl phosphatidylglycerol) (De Maio et al., 2019). All 

the HSPBs tested were able to interact with lipid vesicle made of different lipid groups, namely 

DMPS, POPS or DOPS, although with different affinities. HSPB3, HSPB6 and HSPB7 showed higher 

binding affinities to the lipid vesicles compared to HSPB5 and HSPB8. Considering that α-synuclein 

embedding into the lipids triggers its aggregation, it was investigated whether HSPBs can specifically 

interfere with this primary nucleation step and how this could happen. The results presented here 

were quite surprising and open new avenues for a better understanding of HSPB function in both 

protein and lipid homeostasis. Only one HSPB, amongst the five studied, showed outstanding 

activity: HSPB6. Already at very low concentrations, HSPB6 was embedded into the lipid vesicles, 

even further than α-synuclein alone and completely inhibited α-synuclein lipid-induced aggregation. 

In addition, upon co-incubation with HSPB6 and α-synuclein, the fluidity of DMPS SUVs was not 

restored, but further reduced, indicating increased protein insertion within the lipid vesicle. 

Together these data support the interpretation that HSPB6 displaces α-synuclein preventing its 

binding to lipids, which, in turn, decreases its lipid-induced aggregation. When studying fibril 

elongation and secondary nucleation, assays that are performed in absence of lipid vesicles, HSPB6 

performed poorly compared to the other HSPBs tested. Of note, secondary nucleation consists in 

the incorporation of monomers on the fibril surface, a process that generates new aggregates; 

these, in turn, quickly elongate by addition of α-synuclein monomers and serve as a platform that 

amplifies protein aggregation (Gaspar et al, 2017). When using monomeric α-synuclein at a low 

concentration (20 µM), a mild protective effect of HSPB6 was observed; by contrast, when 

monomeric α-synuclein was used at high concentration, HSPB6 could not prevent its aggregation 

into fibrils (Bruinsma et al., 2011). Although HSPB6 was previously reported to weakly and 

transiently bind to monomeric α-synuclein (Bruinsma et al., 2011), together these data suggest that 

HSPB6 binds with higher affinity to lipids, outcompeting α-synuclein. Is thus HSPB6 a highly 

specialized chaperone that combat protein aggregation induced by lipid surfaces? And what could 

be the physiological relevance of HSPB6 binding to lipids? Similar to what we observed with α-

synuclein, HSPB6 could interfere with the tethering of specific molecules at the plasma membrane. 

Alternatively, it could modulate the activity of molecules that are recruited at the membrane, such 

as the phosphoinositide 3-kinase (PI3K). In particular, HSPB6 was shown to interact with the catalytic 
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and regulatory subunits of PI3K, a lipid kinase that converts phosphatidylinositol 4,5-bisphosphate 

(PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3) (Matsushima-Nishiwaki et al, 2013). PI3K 

regulates a broad range of cellular processes including cell proliferation, migration, differentiation, 

as well as cell metabolism and autophagy, via the Akt/mTOR signalling pathway (Fruman et al, 2017). 

Binding of HSPB6 to PI3K correlated with its decreased activity in human cells (Matsushima-

Nishiwaki et al., 2013). Whether this is functionally related to its chaperone activity is currently 

unknown. However, using C. elegans it was recently shown that proteins that specifically bind to 

PIP3, the product generated by PI3K, promote age-dependent protein aggregation and decrease 

lifespan; conversely, mutant worms that lack class-I PI3K are more resistant to oxidative stress and 

amyloid-β mediated toxicity and live longer than their wild-type counterpart (Ayyadevara et al, 

2016).  

The functional consequences of decreased α-synuclein binding to lipids by HSPB6 may be multiple, 

besides reducing the lipid-induced aggregation. Intracellular accumulation of α-synuclein leads to 

increased extracellular release of the protein through exosomes (Danzer et al., 2012; Fussi et al., 

2018). Extracellular α-synuclein has been shown to lead to plaque formation resulting in increased 

cytotoxicity. Hence, prevention of α-synuclein exosomal release has been proposed as a compelling 

approach to halt spreading in Parkinson’s disease (Danzeret al., 2012). By hindering α-synuclein 

binding to lipid vesicles, HSPB6 may reduce α-synuclein exosomal release, a hypothesis that will 

require further investigations. Thus, in the future, it will be important to address in detail whether 

HSPB6 influences protein embedding into physiological membranes and whether this is directly or 

indirectly linked to its chaperone function or instead represents a novel mechanism that has indirect 

consequences on protein aggregation, acting on lipids.  

Besides HSPB6, also the other HSPBs tested could effectively delay α-synuclein lipid-induced primary 

nucleation. However, it seems that they do so with distinct mechanisms. Based on the data present, 

it is proposed that HSPB5, which only mildly rescued the changes induced at the level of membrane 

fluidity by α-synuclein would preferentially bind to α-synuclein embedded in the lipids; instead, 

HSPB3, HSPB7 and HSPB8, which rescued more efficiently membrane fluidity in presence of α-

synuclein, would preferentially bind to and neutralize its monomers or oligomers, preventing their 

embedding inside the liposomes. Nevertheless, it is important to note that HSPB5 binding to 

monomeric (Cox et al., 2016) and fibrillar (Binger et al., 2013; Cox et al., 2018) α-synuclein has been 

so far shown to be weak and transient, This suggests that these HSPBs are able to bind several 
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oligomeric forms of α-synuclein, explaining their capacity of delay several steps of the aggregation 

kinetics. Similar to HSPB5, also HSPB3 and HSPB7 seem to bind to α-synuclein fibrils or intermediate 

aggregates, hindering addition of monomeric forms into mature fibrils; in fact, they all inhibited 

fibril elongation, independently of their concentration in our assays. This interpretation is supported 

by previous findings reporting that HSPB5 acts through two different mechanisms: the first, it 

directly interacts with α-synuclein monomers to prevent aggregate formation; second, it interacts 

with exposed hydrophobicity of the intermediate aggregates hindering fibril formation (Rekas et al., 

2004; Kulig and Ecroyd, 2012). Additionally, HSPB5 directly bound mature amyloid fibrils with 

stronger affinity than monomeric species, in apolipoprotein C-II (apoC-II) model of amyloid fibril 

formation (Binger et al., 2013). Yet, the affinity between HSPB and the different oligomeric forms of 

α-synuclein are most likely not equal throughout the HSPB family. In a recent study HSPB8 was 

described as the HSPB with the highest binding affinity to monomeric α-synuclein, while HSPB5 

showed the lowest (Bruinsma et al., 2011). HSPB8 displayed an intermediate efficacy in all kinetics, 

when compared to other HSPBs, which might be explained due to direct binding to free α-synuclein 

monomers, thereby preventing their aggregation in all kinetic states.  Also HSPB3 was shown to 

interact with monomeric α-synuclein with higher affinities compared to HSPB5 (Bruinsma et al., 

2011).  Thus, slight binding affinities to the various α-synuclein species and partial redundancy in 

their mechanism of action may guarantee that different HSPB cooperate to achieve proper anti-

aggregation of α-synuclein. 

The binding of HSPB5 to α-synuclein has been studied in detail: several peptide fragments on the 

ACD domain of HSPB5 bind to the α-synuclein N-terminal (Ghosh et al. 2008; Liu et al., 2018). The 

N-terminal of α-synuclein is responsible for membrane binding. Our data does not point to a role in 

displacing α-synuclein from lipid vesicles, as observed for HSPB6; yet, HSPB5 may regulate the 

binding of α-synuclein to membranes by controlling the amount of embedded monomers. This is 

consistent with previous reports showing that HSPB5 is inserted into lipid membranes, including 

POPS vesicles (Cobb and Petrash et al., 2002; De Maio et al., 2019). The HSPB5 regions reported to 

be inserted into POPS lipid vesicles were detected within the conserved ACD; hence it is possible 

that lipid interaction is an intrinsic property of HSPBs. Indeed, in the same study also HSPB1 was 

found to bind POPS, mainly through its ACD (De Maio et al., 2019), and here it was found that all 

the HSPBs tested, except for HSPB8, bound to lipids per se. Nevertheless, HSPB5 was previously 

described to have a higher tendency to bind disordered lipids, such as DMPC or DOPC, than ordered 
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lipid, such as DSPC (Cobb and Petrash et al., 2002). Therefore, it is possible that HSPBs are able to 

bind to a variety of lipids, but with slight differences in the levels of affinity. This would also influence 

their efficacy in preventing lipid-induced protein aggregation, which could vary also based on the 

membrane lipid composition; given that the lipid composition slightly differs between plasma 

membrane, ER membrane and exosome membranes, it is tempting to speculate that lipid 

composition would also influence the ability of HSPBs to influence lipid-induced protein 

aggregation. 

   

In summary the results presented here demonstrate that HSPBs can regulate α-synuclein protein 

aggregation with multiple mechanisms, acting either directly on α-synuclein or at the intersection 

between α-synuclein and its embedding into lipid, which triggers α-synuclein aggregation. These 

findings contribute to the understanding of how HSPBs can prevent the formation of α-synuclein 

fibrils and lend further support to the notion that boosting HSPB function represents a promising 

therapeutic avenue to combat or delay the progression of neurodegenerative diseases. 

 

 

 

 

Conclusion 
 

This thesis shows that HSPB3 is actively involved in the differentiation process of muscle cells, by 

influencing their transcriptional program. This novel function of HSPB3 is, at least in part, ascribed 

to its direct interaction with LBR and to chromatin remodelling. This novel pro-differentiation 

function of HSPB3 might be maintained in neuronal populations, which can also express HSPB3; 

further research will need to address this important question, given the implication of HSPB3 in 

neuromuscular diseases that affect both peripheral motor neurons and muscle cells.  

LBR is a transmembrane protein; in this thesis, we also show that HSPB3 is able to interact directly 

with lipids and possibly prevent insertion into lipid vesicles of proteins such as α-synuclein. It is 

tempting to speculate that HSPB3 may act as a membrane chaperone influencing the membrane 
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embedding of specific substrates, such as LBR. This idea is supported by cellular data showing that 

HSPB3 relocates LBR from the nuclear envelope to the nucleoplasm and that depletion of HSPB3 

stabilizes the LBR tether, in which LBR embedded in the nuclear envelope binds to peripheral 

chromatin. Although there is still a need to understand how mechanistically HSPB3 can influence 

LBR embedding into the nuclear envelope, to what extent this would influence the chromatin 

remodelling, ultimately regulating the transcriptional program of differentiating muscle cells, this 

work provides new clues for a better understanding of HSPB3 implications in the physiology and 

pathology of the neuromuscular system. 

Moreover, here It was revealed that HSPB3 has a great impact on α-synuclein aggregation leading 

to a significant delay on fibril formation at diverse steps of aggregation. These results point to a 

possible important role as a neuronal protector. Several HSPBs have been linked to various 

neurodegenerative disorders; however, the data is not always straightforward to interpret. Hence, 

here it is presented a side-by-side comparison to aid further in assessing the potency of each of the 

chaperones individually. Using this approach, it was possible to assess the chaperone activity of 

HSPB3 in comparison to other 4 HSPBs to better described molecular chaperones and noted that 

for example HSPB6 seems to prevent α-synuclein aggregation solely through direct competition with 

lipid binding. Nevertheless, in vivo experiments are required which not only allow to assess whether 

a HSPB can reduce the protein aggregation but also whether this leads to phenotypic amelioration. 

In summary, this thesis paves the way for a better understanding of HSPB3 implication in the 

physiology and pathology of the neuromuscular system, with future implications in therapeutic 

approaches. 
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