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Preface

Heat shock proteins (HSP) family members are the principal pathways involved in degradation and clearance of the misfolded 
protein aggregates. HSP plays a critical role in preventing the misfolding of protein or refolding of partially denatured or 
misfolded proteins. HSP are also involved in autophagy mechanism and are considered as intracellular lifeguards or guardians 
of proteome, as well as protein quality control. Importantly, they are constitutively expressed in the nervous system.

The book Heat Shock Proteins (HSP) in Translational Neuroscience Volume 27 is the concise collection of articles focused to 
develop efficient therapies aimed at combatting various types of neurodegenerative diseases. Using an integrative approach, 
the contributors provide the most comprehensive review on the role of HSP in signaling pathways relevant to several 
neurodegenerative diseases. To enhance the knowledge on neurodegenerative diseases, this book reviews on the current 
progress on our understanding of role of HSP in various neurodegenerative diseases including glioblastoma, neuro-oncology, 
Alzheimer’s and central nervous system.

Key basic and clinical research laboratories from major universities, academic medical hospitals, biotechnology and 
pharmaceutical laboratories around the world have contributed chapters that review present research activity and importantly 
project the field into the future. The book is a must read for graduate students. Medical students, basic science researchers and 
postdoctoral scholars in the fields of Translational Medicine, Clinical Research, Human Physiology, Biotechnology, Natural 
Products, Cell & Molecular Medicine, Pharmaceutical Scientists and Researchers involved in Drug Discovery.

Alexzander A. A. Asea� Dover, DE and Toledo, OH, USA 
Punit Kaur� Toledo, OH, USA
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ABBREVIATIONS

Aß			   amyloid beta
ACD		  alpha-crystalline domain
AD			   Alzheimer’s disease
ADP			  adenosine diphosphate
AHA1		  activator of Hsp90 ATPase
AIF			   apoptosis initiator factor
Akt			   A serine/threonine protein kinase
ALS			  amyotrophic lateral sclerosis
APAF1		  apoptotic protease-activating factor-1
ATP			  adenosine triphosphate
Cdc37		  cell division cycle 37
Cdk5		  cyclin-dependent kinase 5
CHIP		  chromatin immunoprecipitation
CMT		  Charcot-Marie tooth disease
CTD		  carboxyl-terminal domain
DAXX		  cytochrome C and/or death domain-associated protein 6
DNAJ		  DnaJ-like protein
EGCG		  epigallocatechin gallate

ABSTRACT
Heat shock proteins (HSPs) modulate the molecular mechanics of cells and cellular systems. Properly folded proteins 
are required for cellular processes and organisms use molecular mechanics to keep substrate proteins in their native 
state. Therefore, cellular compartments employ redundant isoforms of HSP to maintain substrate protein homeostasis 
and keep them functional. Hence, HSP folder function is critical for cell, HSPs are universally conserved. HSPs play 
essential roles in cellular signalling and in immune system besides their folder function. To this purpose, the roles of 
distinct HSP are described in this review to describe their molecular mechanisms in diseases.

Keywords: Cancer · Heat shock proteins · HSP inhibitors · Mutation · Neurodegenerative diseases · Protein folding
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ERAD			�   endoplasmic reticulum-associated 
degradation

ErbB-2 (Her2)		  Erb-B2 receptor tyrosine kinase 2
FKBP51			   FK506-binding protein 5
GDA			   geldanamycin
HIF				    hypoxia-inducible factor
HSE				   heat shock elements
HSF				   heat shock transcription factors
HSP				   heat shock protein family
HTT			   Huntingtin
IL-8				   interleukin 8
JDP				    J-domain proteins
LB				    Lewy bodies
LN				    Lewy neuritis
LOX-1			�   lectin-like oxidised low-density 

lipoprotein receptor-1
LRRK2			   leucine-rich repeat kinase 2
MAPK			   mitogen-activated protein kinase
MAPKAP		�  mitogen-activated protein kinase 

(MAPK)-activated protein kinase
mHTT			   mutant HTT
Mif				�    macrophage migration inhibitory 

factor
MMP9 and MMP2		  matrix metallopeptidase protein 2 and 9
NBD			   nucleotide-binding domain
NTD			   amino-terminal domain
PD				    Parkinson’s disease
PDCD			   programmed cell death protein
[PIN+]			   prion
PINK1			   Pten-induced kinase 1
PKC				   protein kinase C
PTEN			�   phosphatase and TENsin homolog 

deleted on chromosome 10
RAF				   rapidly accelerated fibrosarcoma
RAS				   rat sarcoma virus
ROS				   reactive oxygen species
SBD				   substrate-binding domain
sHSP			   small heat shock protein
Sis1				    HSP40 gene of Saccharomyces cerevisiae
SNCA			   alpha-synuclein
STAT1-2			�   signal transducer and activator of 

transcription 1
TDP-43			   TAR DNA-binding protein 43
Tid1				   mitochondrial co-chaperone gene
UV				    ultraviolet
VPS35			   vacuolar protein sorting 35

1	 INTRODUCTION

The family of heat shock proteins (HSP) is conserved in all species [1]. 
HSPs are associated with cell proliferation, differentiation, apoptosis, 
survival and carcinogenesis [2]. These proteins are called ‘HSP’ 
because they were initially identified in Drosophila melanogaster 
as the temperature rises [3]. HSPs are ‘stress proteins’ because their 
expressions are activated by stressors such as toxins, heavy metals and 
viruses [4]. The production of these proteins aids the natural folding 
of substrate proteins for appropriate biochemical function. Proper 
function depends on its native structure and HSPs play a crucial 

role in substrate protein folding, but they have other functions in 
transportation, signalling pathways, regulation of the immune system 
and cell survival as well. Furthermore, HSPs are expressed both 
constitutively and inducible under stress to perform housekeeping 
activities [5]. HSP isoforms are distinct in each compartment, and 
redundant versions of HSP exist even within the same compartment. 
The HSP complex serves a range of functions because each HSP 
coordinates and cooperates with distinct co-chaperones [6]. In 
addition, the other heat shock protein family member is the small 
heat shock protein (sHSP) class, and these proteins are accepted 
as housekeeping proteins because of their function in cytoskeleton 
stabilisation and contribute to proteostasis [7]. The expression 
regulation alters the functional role of the proteins as well; small 
HSPs are coordinated through heat shock factors for their stress-
induced expression, but their constitutive expression is under the 
regulation of other transcription factors [7]. With their different 
functions and expression patterns, the HSP families are classified 
to their own molecular weights, this classification ranges from 8 to 
110 kDa [3]. The majority of the HSP are part of the HSP27, HSP40, 
HSP60, HSP70, HSP90 and large HSP groups [2]. The families show 
sequence homology across the phylogenetic spectrum, and they are 
found to be extremely conserved throughout evolution [6].

The presence of the HSP families in all species, as well as their 
conservation, shows that they play important roles in the cell. 
Some of them serve as molecular chaperones and play in the 
maintenance of cellular homeostasis [6–8]. Each family member 
takes role(s) in the cellular processes such as protein folding and 
unfolding, multiprotein complex assembly, cell cycle control and 
stress protection [1]. The proteins that are constitutively expressed 
in normal conditions have been found to maintain and repair 
intracellular proteins. The HSPs that are expressed on stress are 
also affected by a variety of conditions such as cold, ultraviolet 
(UV) radiation, change of osmolarity, change of pH and tissue 
remodelling  [2]. Under normal physiological conditions, HSPs 
are in the cytosol of mammalian cells, linked with heat shock 
transcription factors (HSFs). These HSFs can act as inducible 
transcriptional regulators [2]. If a stress condition occurs, HSP and 
HSF dissociate and HSP may bind denatured proteins. Unbound 
HSF gets phosphorylated by protein kinase C (PKC) or other 
serine/threonine kinases to be trimerised. After trimerisation, 
HSFs are transferred to the nucleus and interact with heat shock 
elements (HSEs) which are localised in HSP genes’ promoters. As 
a result, the expression of HSP increases. Furthermore, a protein 
that is a constitutive HSE-binding factor is present under no stress 
conditions to prevent HSF from binding to HSE. HSP moves to the 
cytosol after being translated, and HSFs follow.

On stress, the expression of HSP increases in the cell, their primary 
goal is to protect the cell through interactions with proteins. Because 
of their known protective roles in the cell, some HSPs are also 
known as molecular chaperones. Molecular chaperones play critical 
roles in processes such as promoting newly synthesised polypeptide 
chains of proteins to self-assemble into their native spatial structure, 
stabilising protein intermediates during intercellular transport and 
folding and assisting in protein degradation [9]. Normally, functional 
proteins are found in the cell in their folded native form. However, 
during certain cellular processes such as protein synthesis and 
translocation, nascent proteins expose hydrophobic regions and are 
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not fully folded to their native three-dimensional state. During this 
process, partially folded substrate proteins may interact with other 
proteins which result in protein aggregation. Cells programmed to 
restrict protein aggregation; therefore, unfolded and/or partially 
folded proteins’ non-specific interaction must be prevented through 
HSP folder activity. As a result, HSPs bind to these unfolded 
hydrophobic surfaces, promoting folding [10, 11]. HSP diverse roles 
come from the coordination of different redundant isoforms with 
co-chaperones. In the human body, there are 13 HSP70 isoforms and 
60 HSP40 isoforms. Specific cellular functions are performed by the 
combination of distinct HSP40s and/or co-chaperones with distinct 
HSP70s [12]. Its J-domain stimulates HSP70 ATPase activity, and 
HSP40’s C-terminal peptide-binding fragment binds to non-native 
polypeptides, which are then submitted to HSP70 [12]. HSP40 
works to stabilise the interaction between HSP70 and unfolded 
protein. If this process of protein refolding fails, aggregation may 
occur, as in the case of poly-glutamine protein, which is commonly 
found in neurodegenerative disorders [13]. This review highlights 
the roles of distinct HSP in diseases.

2	 THE ROLES OF HUMAN HSP IN 
DIFFERENT DISEASES

2.1	 Heat Shock Protein 27 (HSP27)

Human HSP27 is encoded by the HSPB1 gene in the human genome 
and is involved in cellular development, muscle cell contraction, 
protein folding, apoptosis and stress response [14, 15]. It functions as 
a chaperone in the cell, as other HSP, and interacts with a wide range 
of proteins [16]. The HSP27 protein is divided into three domains: The 
amino-terminal domain (NTD), the alpha-crystalline domain (ACD) 
and the carboxyl-terminal domain (CTD) (Fig. 1) [17]. There is an alpha-
crystalline region consisting of 80–100 residues in the middle domain, 
which is quite well conserved and is responsible for the formation of 
stable dimers [17]. The less conserved N terminal region, on the other 
hand, is responsible for ensuring the movement and flexibility of the 
protein [18]. It is in the cytosol, mainly in the perinuclear spaces. Its 
synthesis has been increased at various stages of cell differentiation and 
development [19]. The α-crystalline domain of HSP27 interacts with 
inter-subunits of other human sHSP. Any change in the genetic code 
of HSP27 conserved cysteine inhibits dimer formation, which also 
prevents multimer (large oligomer) formation. These findings suggest 
that HSP27’s conserved cysteine residue is important for large oligomer 
formation, which is related to its chaperone activity and ability to 
interact with a wide range of polypeptides [17]. HSP27 molecular 
chaperone has ‘holdase’ activity which means that its working process 
is independent of ATP [15]. Therefore, HSP may be categorised as 
folder and holder structures. In the presence of stress, HSP27 exhibits 
prominent holdase activity, allowing these proteins to interact with 
misfolded polypeptides [19]. They gain the ability to contribute to the 
refolding-competent state of misfolded proteins or the degradation of 
substrate proteins after phosphorylation [20].

Once phosphorylated and activated, it regulates many vital activities 
in the cell through chaperone oligomerisation [17]. In the absence of 
stress, they are found in low concentrations within the cell. However, 
during the presence of increased heat, oxidative stress and all other 
extracellular stress agents, the P38-MAPK cascade is stimulated 

demonstrated in Fig. 2 [21]. Following this, activated protein kinase 
MAPKAP kinases 2 and 3 (MAPKAPK-2-3) are activated, and they 
phosphorylate serine residues Ser-15, Ser-78 and Ser-82 to activate 
HSP27 [19]. This activation results in a quick response to stress. 
HSP27 can also be phosphorylated by the PKC delta isoform [22]. 
Furthermore, HSP27 plays an important role in controlling smooth 
muscle contraction through phosphorylation by PKC, most likely 
by interaction with thin filaments [23]. In the presence of stress, a 
dramatic increase in phosphorylated HSP27 levels can be observed 
in a cell within a few minutes, indicating that HSP27 is a stress-
inducible protein [24]. These phosphorylated forms build by large 
oligomers, then form small oligomers which is the active form  [18]. 
These large oligomeric units are heavier than their monomer form, 
the weight of which can be up to 800 kDa, and usually consist of six 
tetrameric complexes  [25]. The presence of physical and chemical 
parameters such as temperature, pH, ionic strength and monomer 
phosphorylation influences the size of this oligomeric unit [26]. 
When the stress factors are removed, the molecule quickly returns 
to its previous form of large oligomers and resumes its chaperone 
activity [27]. In addition, a sudden and rapid increase in expression 
at critical stages in cell growth and differentiation has also been 
observed [28]. In the presence of apoptotic agents, HSP27 inhibits 
the apoptotic pathway in the presence of apoptotic agents, ensuring 
cell survival [29]. Recent studies have shown that HSP27 controls 
the apoptotic pathway by interacting with key molecules such as 
caspase 3 [30].

3	 HSP27-RELATED DISEASES

3.1	 Anti-Apoptotic Function-Related Diseases – Cancers

Overexpression of HSP27 is observed in many types of cancer 
and is, therefore, considered to be one of the factors involved in 
cancer development [25]. HSP27 can suppress controlled cell 
death not only through intrinsic pathways through the formation 
of large oligomers but also through extrinsic pathways through the 
formation of small oligomers. This role requires the interaction of 
HSP27 forms with cytochrome C and/or death domain-associated 
protein cytochrome C and/or death domain-associated protein 6 (6 
DAXX) (Fig. 3). Aside from its anti-apoptotic or anti-ageing effect 
in cancer development, it plays a crucial function in metastasis and 
migration [19]. Overexpression of HSP27 has been demonstrated in 
various cancer types, such as lung, gastric, prostate and pancreatic 
cancer [31]. HSP27 expression has been associated with improved 
treatment response, prognosis and tumour progression [32]. 
Phosphorylated HSP27 has been linked to a suppressive function 
in cell proliferation and chemosensitivity, which is essential for 
cytoskeleton integrity and may aid in cell survival and invasion 
due to its filament regulation role and anti-apoptotic feature. For 
example, HSP27 expression and the phosphorylated HSP27 state 
are thought to be important in gemcitabine resistance in pancreatic 
cancer  [31, 32]. In conclusion, cancer cells are also abundant and they 
have a significant role in tumour development. HSP27 expression 
is high and inhibits apoptosis. Low expression of HSP27 is linked 
to the p53 pathway, which is linked to p21. The high expression of 
HSP27, on the other hand, leads to the inhibition of senescence by 
toxic agents and oxidants. HSP27 is not only anti-apoptotic and anti-
senescent but it also plays a role in metastasis and cell migration. 
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Fig. 1  Monomer, small oligomer and large oligomer structures of heat shock protein 27 (HSP27). phosphorylation of HSP27 results 
in the disturbing of the oligomer structure of HSP27 (protein structures are modelled by Swiss Model Bioinformatics Tool, HSP27 
UniProt ID: P04792)

HSP27’s interaction with the actin cytoskeleton explains its role 
in cell migration. Metalloproteases that are required for HSP27 
metastasis, on the other hand, are MMP2 and MMP9 [33].

3.2	 Protein Folding Function-Related  
Diseases – Neurodegenerative Diseases

Protein misfolding and aggregation have been identified as significant 
clinical hallmarks in various neurodegenerative diseases, including 
alpha-amyloid misfolding in Alzheimer’s and alpha-synuclein 
misfolding in Parkinson’s disease (PD). Aggregation of alpha-
synuclein is important in the autophagy pathway and proteasome 
inhibition, which feeds the rise of alpha-synuclein inclusion within 
cells. PD occurs when dopaminergic neurons selectively degenerate 
as a result of the formation of Lewy bodies (LB) composed of 
sHSP and alpha-synuclein. When HSP27 interacts with alpha-
syn fibrils, it decreases their hydrophobicity, which is the primary 
cause of aggregation and cellular toxicity. However, rapid protein 
accumulation reduces HSP27 functionality. As a result, HSP27 
becomes active at this point [27]. As previously stated, HSP27’s 
primary function is to maintain protein homeostasis [34]. There are 
two main ways that HSP27 maintains homeostasis within the cell. 
At the first one, it interacts with the denatured and/or misfolded 
proteins then prevents the protein aggregation. HSP27 large 
oligomer complexes have a role in both prevention of misfolded or 
denatured protein aggregation and interaction with ATP-dependent 
HSP, misfolded or denatured proteins are denatured. Another way 
is undergoing the misfolded or denatured proteins to degradation 
in the protease system [35]. Thus, HSP27 is important for cell 

protection from protein accumulation of partially denatured or 
misfolded proteins within the cell [36].

Mutations in HSP27 that render it inactive or bulk amounts of 
misfolded protein may result in protein aggregation associated with 
neurodegenerative diseases such as Charcot-Marie-Tooth disease, 
Alzheimer’s disease (AD), PD and various forms of tauopathies. 
These mutations which are G34R, P39L and E41K in the NTD, 
L99M, R127W, S135F and R140G in the ACD and T180I, P182S 
and R188W in CTD in the Hsp27 cause larger size of protein 
oligomers, alter the function that is seen in small oligomer form 
of Hsp27 and, thereby, decrease the thermal stability. Even mutant 
proteins are phosphorylated by MAPKAP kinase 2 like HSP27, 
HSP27 phosphorylation leads to rapid large oligomer dissociation. 
However, phosphorylation of the mutants leads to insufficient 
changes in quaternary structure. Because phosphorylation induces 
the dissociation of large HSP27 oligomers that play a crucial role 
in the molecular chaperone feature of HSP90, mutations located in 
the NTD prevent phosphorylation of the protein and the molecular 
chaperone activity of HSP27 is depleted. ACD β-strands can interact 
with β-amyloid proteins and result in stabilisation of the structure 
of the latter, which ends with preventing their accumulation and/or 
their proteolytic degradation. Overexpression of HSP27 in a mouse 
model of AD resulted in improved learning capacities and boosted 
synaptic neuron excitability in the mouse model due to a decrease 
in aggregate quantity [37].

Tau is also a possible agent that can cause the formation of aggregates 
and neurofibrillary tangles within the cells that cause AD. Wild-
type tau protein is involved in microtubule stabilisation and can be 
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phosphorylated by a variety of protein kinases. When tau proteins 
are highly phosphorylated, also known as hyperphosphorylation, 
their interaction with tubulin is reduced. Moreover, the increasing 
probability of tau aggregation that ends with inclusion bodies causes 

the development of various tauopathies. HSP27 interacts with 
hyperphosphorylated tau proteins and degrades them, therefore 
decreasing the amount of protein that has the potential for aggregate 
formation [37].

Fig. 2  Stimulation of p38-MAPK cascade results in heat shock protein 27 (HSP27) phosphorylation. HSP27 phosphorylation requires 
activation of p38-MAPK signalling cascade induced by stress conditions. When HSP27 oligomer structure is phosphorylated, oligomer 
form disturbed and monomer form of HSP27 is formed that contributes refolding-competent state of misfolded proteins or degradation 
of substrate proteins

Fig.  3  HSPB1 gene product interactions shown with STRING database. HSPB1 gene products have interactions with not only 
mitosis-related proteins including MAPKAPs but also apoptosis-related proteins including DAXX
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3.3	 Heat Shock Protein 40 (HSP40)

Heat shock protein 70 (HSP70s) are molecular chaperones whose 
primary function is ATPase activity. These proteins play roles in the 
folding of misfolded non-native polypeptides into their native form, 
and to do so, they require the collaboration of heat shock protein 
40 (HSP40s) in selecting and capturing substrates for them, as well 
as enhancing their ATPase activity, resulting in a firm substrate 
binding. HSP40s are also referred to as J-domain proteins (JDPs). 
JDPs belong to a protein family that includes a diverse set of proteins 
categorised as Class  I, Class  II and Class  III. Class  I JDPs have an 
N-terminal J-domain, a G/F rich region (30 residues) of glycine and 
phenylalanine, a cysteine containing zinc-binding motif, two similar 
barrel domains called CTD1 and CTD2 that contain the client 
binding cleft and a C-terminal dimerisation domain for substrate 
binding. In terms of structural lineup, Class II JDPs are like Class I 
JDPs but lack the zinc-binding motif. Class III JDPs have J-domains 
but lack the members found in typical Class  I or Class  II JDPs. 
The J-domain of Class  III JDPs does not have to be located at the 
protein’s N-terminus. HSP40s bind to the substrate through their 
zinc-binding motif and C-terminal domain (Fig. 4) [39, 40].

Except for Class  III, all J-domains (70 residues) of the JDP classes 
are found on the N-terminus of HSP40. The J-domain of HSP40 
interacts with HSP70 by binding to its ATPase domain and 
stimulating its ATPase activity. In Class  I JDPs with zinc-binding 
motifs before the substrate-binding region and Class  II JDPs, the 
G/F rich regions are located between the N-terminus J-domain 
and the C-terminus substrate-binding region [41]. HSP70s have 
an N-terminal nucleotide-binding domain (NBD), also known as 
an ATPase domain that is connected to a conserved region called 
the linker region. This region connects NBD to substrate-binding 
domain β (SBDβ). SBD consists of two sub-domains: SBDβ and 
SBDα. While SBDβ is formed of 8-stranded β-sheets, SBDα is a 
C-terminal lid domain that is formed with α helices. The J-domain of 
the HSP40 interacts with the HSP70-ATP bound state of the HSP70 
in which both SBDs bind to the NBD. J-domain clings to the linker 
region between these regions after binding with the substrate [42].

To achieve this interaction, SBD and NDB create a peptide-binding 
pocket by two loops and two SBD stands called 3 and 4, and then, SBD 
forms a lid structure by covering the peptide-binding pocket. These 
interactions are crucial for allosteric coupling. This peptide-binding 
pocket encircles the substrate peptide. Once the peptide binds to this 
region HSP40 and peptide substrate initiates ATP hydrolysis. The 
folding process occurs in HSP70’s ADP-bound state. Then, at the end 
of the folding process, HSP40s are separated and HSP70s become 
ATP-bound through NEF (nucleotide exchange factor removes ADP 
so that a new cycle may start); in this state, HSP70s are fully closed. 
That is, HSP40 not only converts HSP70 to its open conformation 
but it also brings substrate to HSP70 [43]. While there are more than 
50 variants of HSP40 encoded in the human genome, the human 
genome encodes only 11 HSP70s. HSP40 family members can 
work in coordination and can function in protein aggregation that 
is independent of being cofactor elements for HSP70s. HSP40s may 
play essential roles in a variety of pathologies, including some cancer 
types and neurodegenerative diseases [44].

4	 HSP40 AND NEURODEGENERATIVE 
DISEASES

4.1. Amyotrophic Lateral Sclerosis (ALS)

ALS, acknowledged as ‘Lou Gehrig’s Disease’, is also a fatal 
neurodegenerative disease that causes motor neuron loss in the brain 
and spinal cord, as well as inclusions containing the RNA/DNA-binding 
protein TDP-43. TDP-43 proteinopathies are another name for ALS 
disease. TDP-43 (43 kDa) is a prion-like protein that accumulates in the 
neurons of ALS patients. TDP-43 inhibits the proteolysis of misfolded 
proteins in the cytoplasm. Prions are formed when certain soluble 
cellular proteins transform into insoluble self-seeding aggregates 
(amyloids). Aggregations are formed by the aggregation of disease-
specific soluble proteins and are present in many neurodegenerative 
illnesses (NFTs), including Alzheimer’s, Parkinson’s and ALS [45]. Sis1 
is a yeast-derived HSP40 chaperone. Overexpression of Sis1 reduces 
the toxicity of [PIN+] yeast prion-dependent TDP-43. When prion 
[PIN+] is present, the overexpression of TDP-43 increases toxicity, but 
this situation turns the exact opposite in the overexpression of Sis1. 
Like Sis1, overexpression of the mammalian homolog of Sis1 called 
DNAJB1, reduces the toxicity of TDP-43 [46].

4.2	 PD

Parkinson’s disease is the second most common neurodegenerative 
disease, with neuronal loss in the substantia nigra pars compacta as 
its hallmark. Striatal dopamine deficiency is caused by the loss of 
dopaminergic neurons. Intracellular inclusions contain LBs, which are 
protein aggregates encoded by the alpha-synuclein (SNCA) gene, such 
as alpha-synuclein. PD is the most frequent synucleinopathy among 
all synucleinopathies [47, 48]. The pathological hallmark of PD is an 
accumulation of LB aggregates composed of alpha-synucleins. It has been 
demonstrated that the Dnaj/HSP40 families reduce alpha-synuclein-
mediated toxicity. HSP40/DNAJ proteins, which play roles in clathrin 
dynamics, have been linked to PD. Some of them are Dnajc13/Rme-8, 
Dnajc6/Auxilin-1, Dnajc12/Jdp1, DnajC5/Cspa and DnajC10/Erdj5 
[49]. The DNAJC family is a subclass of Dnaj/HSP40s, and mutations in 

Fig. 4  Demonstration of structural organisation of heat shock 
protein (HSP)70 and HSP40 family members. The black lines in 
Class I and Class II HSP40s represent G/F rich regions. Class II 
HSP40s are lack of zinc-finger motifs and the J-domain of 
Class III may be in any region on the polypeptide
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this group are thought to be linked to PD. While missense mutations in 
Dnajc6 occur in early onset, (c.801-2A>G, p.T 741=) splicing mutations 
occur in both early onset and juvenile and (p.Q791*, p.Q846*) nonsense 
mutations also lead to rapid and severe disease progression in juvenile 
onset. Compound heterozygous mutations (c.203813A>G and 
c.1468183del) or heterozygous variants (p.L209P, p.R619C, p.M133L, 
p.F 839Lfs*22) in Dnajc6 identify early-onset PD in sporadic patients. 
Erdj5 is an ER (endoplasmic reticulum)-resident oxidoreductase 
encoded by Dnajc10. ERAD (ER-associated degradation) is machinery 
in which the misfolded proteins are translocated from the endoplasmic 
reticulum to cytosol and degraded by the ubiquitin-proteasome system. 
Dnajc10 binds to misfolded proteins that are directed to degradation 
through interaction with ERAD machinery proteins. According to 
reviews in the Chinese-Han population with 512 patients and control 
groups, a missense mutation in Dnajc10 (p.L301I) is thought to be 
related to a diminished risk of PD [50].

4.3	 Cancer and HSP40

During cancer development, HSP40 family proteins perform both 
anticancer and pro-cancer functions. Tid1 has two alternatively 
spliced forms: hTid-1 (L) and hTid-1 (R) (S). These variants can 
interact with HSP70 and regulate its activity. Interactions between 
these two isoforms and transcription factors (STAT1 and STAT2) 
can facilitate interactions with other proteins (Hsc70), or these two 
isoforms can enhance IFN-mediated transcriptional activity directly. 
This form of Tid1 knockdown with shRNA causes a decrease in the 
potential migration of cancer cells and by inhibiting IL-8 production, 
it is understood that this form of Tid1 can also suppress tumour 
angiogenesis and downregulate IL-8 [51]. Overexpression of Tid1 in 
ErbB-2 (Her2) has been found to induce cell death by promoting 
ubiquitination and degradation of ErbB-2. This situation leads to 
the inhibition of some crucial signalling pathways (e.g., the MAPK 
pathway) that lie behind programmed cell death [52].

The high level of HLJ1 expression has a negative effect on lung 
cancer cell proliferation, motility and invasion, as well as cell cycle 
progression by the Stat1/P21 pathway. In the presence of non-small 
cell lung cancer (NSCLC), HLJ1 expression can also cause apoptosis 
through its interaction with caspase-3. Overexpression of DNAJB6, 
which is only found in malignant melanomas and breast cancers, 
reduces cancer cell proliferation, motility and invasion in mouse 
models, primarily by inhibiting the Wnt/catenin signalling pathway. 
Erdj3 (DNAJB11) is an ER protein that primarily functions in anti-
apoptotic activity, and the KSHV K1 protein has anti-apoptotic 
functions. DNAJ25 acts as a tumour suppressor and increases 
the apoptotic rate in liver cancer. DNAJB1 is a DNAJ isoform that 
inhibits p53-dependent apoptosis by forewarning programmed cell 
death protein-5 [53]. The high level of HLJ1 expression has a negative 
effect on lung cancer cell proliferation, motility and invasion, as well 
as cell cycle progression through the Stat1/P21 pathway. In the case 
of NSCLC, HLJ1 expression may also cause apoptosis through its 
interaction with caspase-3. Overexpression of DNAJB6, which is 
only found in malignant melanomas and breast cancers, reduces 
cancer cell proliferation, motility and invasion in mouse models, by 
inhibiting the Wnt/-catenin signalling pathway. Erdj3 (DNAJB11) 
is an ER protein that primarily functions in anti-apoptotic activity, 
and KSHV K1 protein has anti-apoptotic functions. DNAJ25 acts as 
a tumour suppressor and increases the apoptotic rate in liver cancer.

4.4	 Heat Shock Protein 60 (HSP60-Cpn60)

Heat Shock Protein 60 (HSP60), so called chaperonin, is a 
mitochondrial chaperone (also known as Cpn60), it is also present 
in the extracellular matrix of the cell membrane and the peripheral 
circulation [54]. In prokaryotes, HSP60 plays a crucial function in 
assisting the folding of immature proteins into their native state. Its 
chaperone activity necessitates collaboration with HSP10 (also found 
in mitochondria, Cpn10), which functions as a cap [55]. HSP60 
chaperone proteins, like HSP70, recognise proteins that cannot be 
folded correctly or have had their native structure altered, such as the 
expansion of hydrophobic faces to the protein’s outer surface. Because 
exposed hydrophobic residues of the proteins have the potential to 
become the source of an aggregation. HSP60 has a crucial role in 
their elimination or refolding. The unfolded or misfolded proteins 
that fall between these rings formed by HSP60 can be folded properly, 
without interfering with other unfolded proteins  [56]. The primary 
function of HSP60 proteins is to separate unfolded or misfolded 
proteins from other proteins, thereby preventing misfolded protein 
accumulation. Even though these actions are critical in preventing 
protein aggregation, their primary function is to quarantine the 
polypeptides. As a result, these proteins are unable to interact with 
other molecules in the cell [57]. HSP60 plays a critical role in initiation 
of apoptosis. Furthermore, HSP60, both cytosolic and mitochondrial, 
is involved in both pro-apoptotic and pro-survival pathways. During 
carcinogenesis, Hsp60 levels in various organs gradually increase or 
decrease depending on the function of HSP60 in the cell. As a result, 
it can be used as a prognostic or diagnostic marker in certain types 
of malignancies. HSP60 overexpression promotes cell proliferation, 
inhibits senescence, confers resistance to stress-induced apoptosis 
and causes neoplastic transformation in tumour cells. HSP60, on 
the other hand, has a pro-apoptotic effect and promotes apoptosis by 
cleaving and activating caspase 3, starting with mitochondrial release 
and accumulation in the cytosol and ending with pro-caspase 3 
activations. In contrast, HSP60 also inhibits p53 action by stabilising 
the antiapoptotic protein survivin, inducing cell growth [58].

5	 STRUCTURE OF HSP60

The HSP60 complex’s structure is made up of 14 different subunits. 
They form two rings, each of which consists of seven subunits. HSP60 
and its companion HSP10 are found in the mitochondria of humans, 
where they form the protein folding mechanism. These HSP10 and 
HSP60 form a stable double-ring complex (Fig. 5) [56]. HSP60 binds 
unfolded proteins in an ATP-dependent manner and catalyses their 
folding. HSP10 acts as a cap at the mouth of the heptameric rings, 
opening and closing the core cavity and controlling HSP60 monomer 
interactions and ATP hydrolysis. HSP60 monomers include three 
structural domains: The apical intermediate domain, the equatorial 
apical domain and the ATP turnover domain. The intermediate 
domain links the apical and equatorial domains, and the equatorial 
domain facilitates interactions between two heptameric rings, single 
subunits in a ring and chaperonins [56].

6	 HSP60 AND DISEASES

Hsp60 is induced by various types of stress conditions such as 
heat shock, oxidative stress and DNA damage. HSP60 plays both 
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pro-survival and pro-death roles according to the tissue, cell type 
and apoptosis inducers. These features make Hsp60 essential in 
the mechanism of a variety of diseases. It has been shown that 
Hsp60 increases in malignant cell cytosol and plasma membrane. 
Furthermore, HSP60 binds pro-caspase 3 in cancer cells such as Jurkat 
and HeLa cell lines [59]. It has also been implicated in the mechanism 
of cell ageing. In the case of the replicative senescence process of 
healthy human skin fibroblast cells, HSP60 increases, then a special 
complex with MOK, a mitogen-activated protein kinase superfamily 
protein, is involved in signal transduction to the nucleus [60].

HSP60 has been associated with autoimmune diseases such as 
multiple sclerosis and myasthenia gravis. By attaching to an 
adipocyte receptor, HSP60 regulates adipocyte pro-inflammatory 
capability, contributing to obesity-related inflammatory illness 
that leads to diabetes [60]. Crohn’s disease and other chronic 
inflammatory diseases have also been linked to the presence of 
chaperonin. Prior research has thoroughly investigated the role of 
HSP60 in ageing and their research on human fibroblast senescent 

replication requires the presence of HSP60 [61]. In addition to 
cellular protein folding, HSP60 is essential for the correct folding 
of other mitochondrial proteins and enzymes. HSP60 is not only 
essential for cellular protein folding but also crucial for the correct 
folding of other mitochondrial proteins and enzymes. Extracellular 
HSP60 has been linked to the induction of microglia-mediated 
neuroinflammation as well as a longer delay in HSP60 production 
in damaged brain areas through binding to LOX-1 (lectin-like 
oxidised low-density lipoprotein receptor-1) [62]. Such a deficit 
might be a prevalent source of mitochondrial malfunction, which 
is noteworthy since AD has been defined as an illness exacerbated 
by oxidative stress and/or mitochondrial failure characterised by 
protein conformation abnormalities [63].

7	 HSP70

HSP70 is involved in protein folding, transport and regulation, 
as well as preventing protein aggregation. HSP70 binds newly 
synthesised proteins as well as partially folded hydrophobic 

Fig.  5  Structural components and the formation steps of the heat shock protein (HSP)60-HSP10 complex. HSP10 and HSP60 are 
expressed separately and joined within the cytoplasm to form HSP70. Seven proteins of HSP60 and HSP10 joined within their each 
other to form homo-heptamer structures of HSP60 and HSP10 and two of each one of them come together to create the HSP70 structure. 
All structures are modelled by SwissModel, amino acid sequence information of proteins was received from Uniprot Database (HSP10 
Uniprot ID: P38910, HSP60 Uniprot ID: P10809)
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substrate polypeptides, directing them to their final native state. The 
biological activity of the HSP70 family, like that of HSP90, is based 
on ATP hydrolysis and ADP/ATP exchange, which is directed by 
co-chaperone proteins. HSP70 coordinates with HSP90 and submits 
pre-folded substrate proteins to HSP90. HSP70 processes a substrate 
by seven residues at a time and this pre-folded structure facilitates 
HSP90 folding. HSP70 exists in several distinct but redundant forms. 
HSP70 isoforms are classified as constitutive or inducible. Further, 
each cellular organelle has more than 1 isoform. HSP70 coordinates 
with HSP40 and displays a variety of functions. Human has 13 
HSP70 and HSP40 isoforms, thus, the number of combinations is 
huge and provides an estimate of the degree of distinct coordination 
and functions. HSP70 family members have structural similarities. 
HSP70 has an NBD that binds to ATP as well as SBD that binds linear 
peptides and exposed parts of folded proteins. A flexible structure 
known as a linker connects NBD and SBD. This linker transports the 
energy of ATP hydrolysis to SBD [64].

8	 HSP70-INDUCED FOLDING 
MECHANISM

HSP70’s highly flexible NBD lid domain allows it to open and close 
the nucleotide-binding cavity, allowing nucleotide binding and 
release. In this case, ATP is hydrolysed and a signal is sent to the SBD. 
This signal keeps the substrate protein in the NBD cavity and closes 
the lid. The incoming signal from the formation of ADP causes the 
lid to close. The folding process begins when the lid closes over SBD 
with a rotational movement. SBD’s cavity is a hydrophobic domain, 
and hydrophobic interactions between the substrate and the domain 
transport the substrate to its native state conformation. When new 
ATP binds to NBD, the lid opens and the substrate is released, 
and HSP70 is ready to enter the new cycle. HSP40 coordinates to 
HSP70 through its J domain. HSP70 is hydrolysed by ATP because 
of the binding. HSP40 submits substrates to HSP70, which facilitates 
and speeds up substrate folding for HSP70. Proper orientation 
and sometimes dissolving aggregated substrate protein make 
HSP40 coordination effective in folding [64–66]. HSP70 not only 
participates in substrate protein folding but it also plays important 
roles in oncogenesis, neurodegenerative and autoimmune diseases, 
viral infections and ageing by regulating cell cycle, differentiation 
and apoptosis-related tasks  [64–66].

9	 HSP70 AND CANCER

Cancer cells are constantly subjected to internal and external 
stresses, such as cytokine attack, hypoxia due to insufficient blood 
supply, increased free radicals through high metabolic activity and 
misfolded protein accumulation by decreased genetic stability. 
Ciocca and colleagues discovered that HSP70 expression levels 
increased excessively in breast cancer about 20 years ago, and this 
finding was later extended to colon, liver, prostate, oesophageal and 
cervical cancers [67]. These findings establish HSP70 as a biomarker 
for determining tumour stage, metastasis and prognosis. HSP70 has 
been shown to have prognostic significance in many human cancers 
and to be an independent factor from other prognostic factors. These 
studies have significantly increased the number of studies on the 
role of HSP70 in cancer, paving the way for understanding cancer 
aetiologies and identifying new drug design approaches [67–70].

Cancer cell metabolism is higher and HSP70 provides cancer 
cells with survival mechanisms by preventing apoptosis. HSP70, 
on the other hand, plays a negative role in cancer suppression, 
most likely through distinct isoforms. The protein is known for its 
immunomodulatory properties. High HSP70 expression for example, 
is linked to a good prognosis in squamous cell carcinoma, and there 
is a significant positive association between HSP70 and lymphocytic 
infiltration, which signals a strong anti-tumour immune response 
and is a favourable prognostic indicator. The immunomodulatory 
effect of HSP70 is associated with the structure’s extracellular 
function, which is considered an immune stimulant. Extracellular 
HSP70 can activate the natural immune system and can be used as 
an adjuvant for tumour antigens in the development of anticancer 
vaccines. As a result, in tumour types, where HSP70 expression and 
prognosis are inversely related, a greater immune response to HSP70 
tumour antigen complexes develops [71, 72]. HSP70 plays a direct 
role in the apoptotic pathway and protects cancer cells from cell 
death. HSP70 binds to the N-terminal c-junk of kinase 1, blocking 
its functions and the signals that initiate apoptosis before reaching 
the mitochondria. HSP70 inhibits Bax protein translocation in 
mitochondria, preventing the release of cytochrome-c and AIF. This 
shows that HSP70 directly binds to Apaf1, preventing the formation 
of an apoptosome. HSP70 protects the cell from further apoptosis by 
inhibiting caspase 3 activation and blocking caspase-independent 
pathways. HSP70 is used as an early hepatocellular cancer marker 
in liver cancer, whereas in cervical cancer, the level of HSP70 in the 
tissue is associated with tumour size and proliferation.

HSP70 is also detected in the blastemal and epithelial components 
of nephroblastomas, which are cancers of the urinary system, and 
its level rises following chemotherapy. Inhibiting the activation of 
HSP70, HSP90 and HSP27 is lethal to tumour cells but has no effect 
on healthy cells. HSP70 expression reduction has been proven to 
destroy cancer cells in cell culture and xenograft tumour models 
in mice. As a result of HSP70 reduction induced by the cell cycle 
inhibitors p16 and p21, many cancer cell lines undergo rapid and early 
senescence. Higher levels of HSP70-1 and HSP70-2 expression result 
in lower levels of p53. This situation raised the level of p21, which 
causes senescence with the help of Ras, Her2, Pten and Raf [68–73].

10	 HSP70 AND AD

Alzheimer’s disease is a neurological illness that results in reduced 
function and the loss of neurons. Amnesia and dementia symptoms 
can be detected at a higher level, but late onset delays diagnosis 
and complicates treatment. AD has been linked to abnormal Aß 
polypeptide activity. Extracellular peptide accumulation impairs cell 
function and synaptic transmission, eventually inducing cell death. 
Moreover, the excessive secretion of tau proteins, neuroinflammation 
and mutations that affect the respiration mechanism or cause 
oxidative stresses in mitochondria can also be considered among 
the causes of this disease. HSP70 proteins have been linked to Aß 
polypeptide accumulation protection. To reduce Aß formation, 
HSP70 binds the APP protein, which is the precursor protein of Aß 
polypeptide. HSP70 proteins contribute to cell toxicity reduction 
by decreasing Aß protein oligomerisation. Extracellular HSP70 
proteins have been shown in the laboratory to promote tau protein 
phagocytosis through microglial activation. HSP70 proteins protect 
against the deposition of Aß and tau proteins. Highly phosphorylated 
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tau proteins are detected by HSP70 proteins. With the help of CHIP 
ubiquitin ligase, HSP70 binds to phosphorylated tau proteins and 
marks them for proteasomal degradation. The determination of 
protective roles against AD has led to HSP70 targeted drug studies. 
The synthetic YC-1 molecule and sulphoraphane are examples of 
the HSP70 targeting molecules. By overexpressing HSP70, the YC-1 
molecule reduces the toxic effects of amyloid proteins. It is determined 
that the sulphoraphane molecule influences Aß and tau proteins by 
increasing the amount of CHIP and HSP70 proteins [73–75].

11	 HEAT SHOCK PROTEIN 90 (HSP90)

HSP90 is a unique, greatly preserved molecular chaperone that 
has a pivotal role in the folding of proteins in a three-dimensional 
structure. HSP90 family members account for 1–2% of total cellular 
proteins found in eukaryotic cells’ cytosol, nucleus and organelles. 
The amount of these proteins can increase as the cells are subjected 
to heat, oxidative stress and chemicals [76]. HSP90, a preserved 
molecular chaperone, is critical for the maintenance and activation 
of clients throughout the cell. HSP90 clients include Huntingtin, tau, 
transcription factors, alpha-synuclein, steroid hormone receptors, 
kinases and E3 ubiquitin ligases [77]. Importantly, these proteins 
regulate protein folding and deterioration, cell proliferation, cellular 
trafficking, chromatin remodelling, distinction and other cellular 
processes [78]. Two isoforms of HSP90, extracellular and intracellular 
types, exist. These isoforms of the HSP90 family are HSP90α and 
HSP90β are located inside the nucleus and cytosol  [79]. One notable 
dissimilarity is that the form dimerises α quickly unlike the β form 
which dimerises much more slowly. Considering cellular operation, 
Hsp90b plays roles in cell cycle regulation, growth promotion 
and cancer cell intrusion. On the other hand, Hsp90b is linked to 
premature embryonic development, cellular transformation, signal 
transduction and long-term cellular adjustment [80].

There are three domains of this chaperone; ATP-binding domain 
or N-terminal domain (~ 35  KDa), ATP hydrolysis regulating 
domain or middle domain (~  40 KDa) and dimerisation domain or 
C-terminal domain (~ 12 KDa), as illustrated in Fig. 6  [81]. HSP90’s 
N-terminal domain has an ATP-binding site (Bergerat fold) that can 
be occupied by drugs such as geldanamycin (GA) and tanespimycin 
as well as nucleotides. The catalytic loop and binding sites for client 
proteins such as Akt (serine/threonine kinase), nitric oxide synthase, 
cyclin-dependent kinase 4 and co-chaperones like Aha1 (activator 
of HSP90 ATPase activity 1) are in the ATP hydrolysis regulating 
domain [82]. Client protein and small compounds (e.g.,  nucleotides, 
cisplatin and novobiocin) binding and HSP90 dimerisation occurs 
in the C-terminal domain  [83]. Furthermore, co-chaperones in 
this domain help proteins fold properly into three-dimensional 
structures [84]. The functional activity of proteins in the cell depends 
on proper protein folding to create a three-dimensional formation. 
Otherwise, the formation of protein aggregates as well as protein 
misfolding occur, and these aggregates cause cellular metabolic 
abnormalities. Protein aggregates are known to exist in more than 
30 different human diseases. Therefore, HSP90 has been related to 
several important disorders, including cerebral and cardiovascular 
diseases (ischaemia and reperfusion), neurodegenerative diseases, 
autoimmune diseases and cancer  [85] However, the role of HSP90 
and its co-chaperones in these conditions, particularly PD, AD, 
cancer and HD, is highlighted in this section.

12	 HSP90 AND AD

The agglomeration of amyloid (A) in senile plaques and the creation 
of intracellular neurofibrillary tangles characterise AD, one of the 
principal NFTs. Tau is a protein found in NFTs that are associated 
with microtubules. Even though tau’s physiological function 
is unknown, pathologic events in the brain cause it to become 
hyperphosphorylated, making it susceptible to misfolding and 
separation from microtubules [87]. The primary cause of cognitive 
decline, according to a study on a mouse model of tauopathy, is aberrant 
tau phosphorylation. Tau phosphorylation and dephosphorylation 
may be regulated by HSP90 and its co-chaperones [88]. The HSP90 
co-chaperone cell division cycle 37 (Cdc37), which interacts with tau 
in the human brain, has been found to modulate tau phosphorylation. 
The stability of tau kinases such as cyclin-dependent kinase 5 and 
Akt was found to be affected by Cdc37 knockdown in HeLa cells. 
Furthermore, although Cdc37 overexpression keeps tau levels in 
these cells steady, Cdc37 suppression causes tau to become unstable. 
As a result, it was observed that as one gets older, their Cdc37 levels 
increase, impacting tau phosphorylation and hence the protein’s 
toxicity and stability   [89]. FK506-binding protein 5 is an HSP90 
co-chaperone that has been shown to be considerably upregulated in 
aged and AD brains by Blair et al. [90]. Furthermore, in an Alzheimer’s 
disease mice model, Aha1 increases tau aggregation and insoluble tau 
build-up. When Aha1 is inhibited, the accumulation of tau in cultured 
cells is reduced. In addition, in a mouse model, overexpression of 
Aha1 causes neuronal death and cognitive impairments [78].

13	 HSP90 AND PD

Patients with PD lose dopaminergic neurons in the substantia 
nigra as well as toxic alpha-synuclein aggregates forming in LB. 

Fig.  6  Structure of heat shock protein (Hsp) 90 dimer. Three 
main domains form the protein: its N-terminal domain bind 
ATP, which is critical for its chaperone function. A charged linker 
separates the middle domain from the N-terminal domain. The 
middle domain is responsible for binding of client proteins and 
cochaperone and ATPase activation. The C-terminal domain 
allows the binding of small molecules and cochaperone, as well 
as two monomers [81]
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Although PD is mostly sporadic, some cases are caused by heritable 
factors, such as mutations in the genes encoding synuclein, parkin 
and protein deglycase/disease Parkinson’s protein 7, Pten-induced 
kinase 1, leucine-rich repeat kinase 2 (Lrrk2) and vacuolar protein 
sorting 35, are all proteins that have been linked to PD [91]. The Snca 
(alpha-synuclein gene) is responsible for the production of alpha-
synuclein, which is a major component of LB and Lewy neurites 
(LNs). The SNCA gene duplications, triplications or point mutations 
have been linked to sporadic and autosomal dominant PD. HSP90 
was found to colocalise with alpha-synuclein in LB, LN and glial cell 
inclusions. HSP90 and insoluble alpha-synuclein levels have been 
found to be higher in PD individuals’ brains [92]. Furthermore, in 
yeast, Hsp90 (Hsp82) deletion resulted in toxicity and an increase 
in reactive oxygen species accumulation [93]. In an in vitro study, it 
was discovered that when HSP90-ATP is present, alpha-synuclein 
oligomers cannot form. Because they are swiftly converted 
into fibrils. However, there was only a modest conversion from 
oligomer to fibril form in the absence of ATP. As a result, several 
co-chaperones, such as P23 or STT1/HOP, have been proposed to 
impede the HSP90-ATP cycle, increasing the creation of soluble 
oligomers, while Aha1 activation may promote the formation of 
amyloid fibrils [94]. A study showed a complex between HSP90 and 
Lrrk2 kinase in vivo when HSP90 was inhibited, the connection with 
Lrrk2 was disrupted and caused its proteasomal degradation [95]. In 
microglial cell lines, several inhibitors have been utilised to target 
the connection between HSP90 and Cdc37, which are crucial for 
Lrrk2 stability. As a result of this therapy, the HSP90-Cdc37 complex 
with Lrrk2 kinase was disrupted and Lrrk2 instability and clearance 
were observed [96].

14	 HSP90 AND HUNTINGTON DISEASES 
(HD)

Exon 1 of the Huntingtin (Htt) gene, which causes HD, contains CAG 
trinucleotide repeats. These CAG repeats form a polyQ tract during 
protein synthesis. By generating aggregation and inclusion bodies, 
this PolyQ tract induces neuronal toxicity and degeneration  [97]. 
It has been shown that HSP90 binds to the N-terminus of HTT. In 
collaboration with Usp19 (ubiquitin-specific protease 19), HSP90 
can also influence the aggregation of polyglutamine-expanded 
ataxin-3 and HTT [98]. Other studies have investigated the physical 
interaction between HSP90 and wild-type or mutant Htt (mHTT). 
When HSP90 is inhibited, the link between these proteins is broken, 
and the ubiquitin-proteasome system cleaves HTT. According to 
the findings, direct suppression of HSP90 is required for mHTT 
degradation. A  study [99] backs up these findings, suggesting 
that HSP90 inhibitors may reduce the amount of mHTT in 
neuroblastoma SH-SY5Y cells.

15	 HSP90 AND CANCER

HSP90 has a role in cell growth and survival, differentiation, signalling 
pathways, cellular stress response and apoptosis [100]. According to 
a study, malignant cells have 2–10-fold greater expression levels than 
normal cells. HSP90 has been used to identify a variety of cancers 
since its discovery, including bladder, ovarian, breast, oesophageal, 
endometrial, colorectal, bone and prostate cancer. Because of 
their high expression of HSP90, cancer cells can withstand harsh 

conditions such as low pH, UV light exposure, hypoxia, nutrition 
and chemicals [101]. HSP90 is found in multi-chaperone complexes 
in cancer cells that regulate client protein expression, whereas 
normal cells have an uncoupled inactive form. As a result, in 
cancer cells, HSP90 and its client proteins can evade apoptosis and 
immunological destruction. Self-sufficiency in growth signalling, 
antigrowth signal insensitivity, energy metabolism reprogramming, 
tissue invasion and metastasis are some of their other features. 
Cancer cells also express mutant oncoproteins, which contribute to 
the growth, proliferation and survival of neoplastic cells [102]. Client 
proteins of the HSP90 include many oncoproteins, such as AKT, 
BCR-ABL and HIF 1. As a result, HSP90 has been identified as a key 
molecule of oncogene addiction and cancer survival  [103]. HER2 
overexpression is related to aggressive tumours, poor prognosis, low 
response and resistance to chemotherapy in breast cancer followed 
by HSP70/HSP90 overexpression. HSF1 is a major regulator of heat 
shock response (HSR) associated with HSP90 and is activated due 
to the overexpression of HER2 shown in a mouse model of HER2-
driven breast cancer. HSF1 activation stabilises tumour promoting 
HSP90 clients such as Mif (macrophage migration inhibitory factor), 
Akt and Hsf1. This causes tumour growth in HER2-positive breast 
cancer  [104, 105].

16	 HSP AS POTENTIAL DRUG TARGETS

HSPs are molecular chaperones that ensure proper folding and 
activation of client proteins to keep the cell’s protein homeostasis. One 
distinguishing feature of HSP is their ability to become overexpressed 
when under stress [106, 107]. HSPs are being studied for their role 
in the development and advancement of a variety of conditions and 
diseases, including cancer [109, 110], neurodegeneration  [111, 112] 
and infection   [113]. For example, cancer cells were shown to 
express 2–10  times more HSP90 levels compared to regular cells. 
Many client proteins are signal transducers, which are required for 
tumour cell generation, survival and proliferation [114]. Moreover, 
the HSP90’s client proteins belong to three classes which are serine-
threonine or tyrosine kinases, steroid hormone receptors as well as 
proteins with unrelated functions and they have a role in signalling 
pathways related to tumour progression pathways [115]. Another 
feature of HSP90 is the importance of protein post-translational 
maturation and disposition. Its N-terminal domain includes a 
typical Bergerat fold, which is a structurally unique ATP-binding 
domain. Topographical alterations to HSP90 are induced by 
binding and hydrolysis of ATP that grants the HSP90 binding to 
its client proteins that aid them to fold to the active form. HSP90 
inhibitor binds to the ATP domain and prevents the exchange of 
ADP for ATP by the HSP90 protein. This leads to client proteins 
experiencing ubiquitination, misfolding and degeneration thanks to 
the proteasome pathway  [116]. As previously stated, scientists work 
hard to identify therapies for HSP because many diseases are caused 
by disruptions in protein homeostasis. Among the known HSP, 
HSP90 and HSP70 have grown in popularity and are best known 
for their potential in drug discovery  [108]. For more than a quarter-
century, the advancement of HSP90 inhibitors has primarily focused 
on the development of drug compounds that disrupt molecular 
chaperone function through competing binding to the N-terminal 
ATP-binding sites [117, 118]. HSP90 inhibitors can be classified into 
four groups based on their chemical structures. These are (i) natural 
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products and their derivatives, (ii) purine-based, (iii) benzamide 
and (iv) resorcinol-containing compounds. The remainder of this 
section provides more information on the five different HSP90 
inhibitors that have advanced to clinical trials [119].

17	 NATURAL PRODUCTS AND THEIR 
DERIVATIVES

GDA is the first HSP90 inhibitor which was derived from Streptomyces 
hygroscopicus and is a 1,4-benzoquinone ansamycin antibiotic (Fig. 7). 
GDA was described as a ligand of HSP90 by the Whitesell Group 
in the early 1990s that bind to the N-terminal ATP-binding site. 
Once bonded to GDA, the molecular chaperone’s ATPase activity is 
interrupted which leads to client protein degeneration and an impact 
on several cellular processes [120]. Specifically, GDA possesses a 
reactive quinone which brings superoxide radical inducing cell 
death [122]. Aside from GDA, another natural product, radicicol, 
was isolated from the fungus Monosporium border and has a similar 
binding activity to GDA [121]. Unfortunately, due to metabolic 
instability, poor solubility and high liver toxicity, GDA is not used in 
clinical settings [123]. 17-AAG, a GA analogue, maintains its powerful 
anticancer exercise while reducing hepatotoxicity and increasing 
bioavailability (Fig. 7)  [115]. Furthermore, the initial GA derivative to 
enter clinical trials for multiple human cancer types is 17-AAG  [124]. 
17-AAG inhibits ATP binding by binding to the HSP90’s ATP-
binding region. This prevents the development of the HSP90 

multichaperone complex and promotes the degeneration of client 
proteins by the ubiquitin-proteasome pathway [115]. The inhibition 
of a multichaperone complex with greater binding affinity regardless 
of HSP90 expression is an advantage of 17-AAG over GA. 17-AAG is 
selective for cancer cells and leads to tumour growth inhibition [125]. 
Although 17-AAG has advantages over GDA and may be considered 
acceptable pharmacologically, its high hepatotoxicity and low water 
solubility may limit its clinic use [115]. These constraints can be 
overcome using nanomaterials-based drug delivery carriers. Such 
carriers have the potential to extend the firmness of anticancer drugs 
and preserve their chemotherapeutic responses, furnish encapsulation 
and expel chemical drugs that are low soluble within the storage, have 
targeted transfer to the tumour site, leading to decreased chemical 
waste, have single-dose drug delivery and minimise systemic toxicity 
and ill effects to regular tissues [126].

18	 PURINE-BASED INHIBITORS

Chiosis and colleagues [127] created the first synthetic purine scaffold 
inhibitor, PU3 [9-butyl-8(3,4,5-trimethoxybenzyl)-9H-purin-6-
ylamine], which can promote protein degradation. To combat the 
poorer water solubility of the 9-benzyl series, a 2’-pyridyl group was 
used instead of the phenyl ring [128]. Another HSP90 inhibitor that 
is soluble in biological fluids is BIIB021, a 3’,5’-dimethyl-4’-methoxy-
2’-pyridyl derivative [116]. It is a small-molecule inhibitor that is 
completely synthetic and has the potential to be used as a selective 
antitumour agent. It has been shown to curb the growth of several 
types of cancerous cells such as MCF‐7, N87 and BT474 at nanomolar 
concentrations. Moreover, in vitro experiments have shown the 
efficacy of BIIB021in promoting cell cycle arrest, apoptosis and 
inducing tumour cell autophagy. It has also been observed to cause 
oncogenic protein degeneration, to disrupt signalling transduction, 
to reinforce NK cell-mediated cytotoxicity, to act as a complement 
to radiotherapy, to defeat the resistance of multiple drugs and 
to have synergistic effects with other drugs. BIIB021 is active in 
serum, PBMCs and tumour tissue is well absorbed and can result 
in observational reactions in refractory gastrointestinal stromal 
tumour (GIST) patients [129, 130]. Combination therapy may also 
be based on another effective treatment strategy. Several in vitro 
studies have demonstrated the potency of jointly using the HSP90 
inhibitor with several other drugs (e.g., FLT3 inhibitor, bortezomib, 
Ara-C, histone deacetylase inhibitor and imatinib). To illustrate, in 
Phase I/II trial, 17-AAG + bortezomib was absorbed sufficiently by 
the patients and 27% of them with relapsed or refractory myeloma 
resulted in an observational reaction. Hence, it is safe to conclude 
that BIIB021 is a unique agent in the treatment of cancer and has 
been shown to treat blood malignancies by targeting HSP90 [131].

19	 RESORCINOL CONTAINING INHIBITORS

Another class of HSP90 inhibitors contains resorcinol. AUY922, also 
known as luminespib, is an HSP90 inhibitor that effectively inhibits 
tumour cell division by blocking chaperone functions [132]. HER2-
positive breast cancer studies indicated that AUY922 inhibits cell 
growth and proliferation by significantly reducing PI3-kinase and 
MAP kinases [133]. AT13387 (2,4-dihydroxy-5-isopropyl-phenyl)-
[5-(4-methyl-piperazine-1-ylmethyl)-1,3-dihydro-isoindol-2-yl] 
thanone, l-lactic acid salt), another resorcinol-containing HSP90 

Fig. 7  Structure of (a and b) 17-AAG (PubChem CID: 6440175) 
and GDA (PubChem CID: 5288382). 17-AAG and GDA 
molecules are used as inhibitors of heat shock protein
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inhibitor, was discovered in the UK. It is a non-GA-containing 
inhibitor that is less toxic and easier to use than 17-AAG   [134]. 
AT13387 is currently being tested in Phase I and II clinical trials 
with patients suffering from refractory GIST, ALK-positive lung 
cancer and prostate carcinomas [135, 136].

20	 C-TERMINAL INHIBITORS

Inhibitors bind the nucleotide-binding site at the C-terminus. There 
are currently no FDA-approved classical HSP90 inhibitors on the 
market. One of the reasons is the stimulation of the HSR, which is 
a well-known side effect of this class of inhibitors and has already 
been demonstrated for GA. The used model for the HSR mechanism 
involves the binding of N-terminal HSP90 inhibitors discharging heat 
shock factor-1 (Hsf-1). The transcription factor gets phosphorylated, 
trimerises and moves to the nucleus, resulting in overexpression of 
multiple HSP which include HSP70, HSP40 and HSP27. Since HSR 
supports survival, it can hurt the efficacy of anti-cancer therapy [137].

21	 NOVOBIOCIN

The finding of the C-terminal ATP-binding site is closely related to the 
evaluation of novobiocin as an HSP90 inhibitor. The coumarin antibiotic 
was discovered to interfere with nucleotide-binding in bacterial gyrase 
B, but no binding to the NTD was found in HSP90. The pull-down 
assays suggest that GA has a different binding mode. In other studies, 
researchers discovered another ATP-binding site in the CTD that is 
only accessible when the N-terminal ATP-binding site is occupied. 
Moreover, the C-terminal-binding site can bind purine and pyrimidine 
nucleotides whereas the NTD is quite specific for adenine  [138]. To 
the best of our knowledge, there is no inhibitor that binds to this site 
now. Nevertheless, through molecular modelling, there are several 
ways to estimate the C-terminal ATP-binding site. Next, we will 
mention HSP90 inhibitors that bind to the C-terminal ATP-binding 
site [139]. Novobiocin causes depletion of HSP90 clients such as Raf-1 
and Her-2, like GA but requires much higher concentrations compared 
to N-terminal inhibitors. Another confirmation of interference 
of HSP90  -Hsc70, HSP90-P23 and HSP90-Cdc37 complexes was 
completed by co-immunoprecipitation assays [140]. Novobiocin was 
also the first discovered agent that inhibits HSP90 without promoting 
HSR and/or ocular toxicity. Another compound labelled as RTA 901 
underwent a Phase I clinical trial and was administered on non-cancer 
patients (https://clinicaltrials.gov, identifier: NCT02666963). The agent 
was disclosed to be derived from novobiocin, but the full structure has 
not been released as of now [138, 139].

22	 EPIGALLOCATECHIN GALLATE (EGCG)

Green tea contains active polyphenolic compounds such as EGCG. 
Many HSP90 client proteins, including telomerase, many kinases 
and the aryl hydrocarbon receptor, are thought to be inhibited by 
EGCG (AhR). Growth factors including epidermal and vascular 
endothelial growth factors, as well as transcription factors such as 
Ap-1 and NF-B, are all regulated by EGCG. According to affinity 
purification of HSP90 fragments, EGCG binds to the protein’s 
C-terminus, specifically amino acids 538–729. This demonstrates 
that binding occurs at the C-terminus of the ATP-binding site. 
Unlike previously identified N-terminal HSP90 inhibitors, EGCG 

does not appear to prevent HSP90 from forming hetero protein 
complexes. Studies have examined the possibility of EGCG binding 
competing with novobiocin or cisplatin binding [140].

23	 CISPLATIN

Cisplatin is a platinum-based chemotherapeutic drug that is used to 
treat cancers of the testicles, ovary, bladder and small cell lung. One 
of the significant properties of cisplatin is its ability to prevent rapidly 
dividing cells from duplicating DNA during mitosis by coordinating to 
DNA bases, resulting in cross-linked DNA [141, 142]. Binding to the 
HSP90 C-terminus and interfering with cisplatin nucleotide binding 
was also demonstrated by Sreedhar and colleagues [143]. According 
to Rosenhagen, physiological outcomes could be used as indicators 
of cisplatin-HSP90 interaction. The hyperactive HSP90-androgen 
receptor (AR) in prostate cancer is cured with cisplatin through 
HSP90 inhibition. Similarly, HSP90 inhibitors can overcome cisplatin 
resistance, which can hinder its therapeutic efficiency and can form 
under numerous mechanisms [144, 145], in cells that are transfected 
with the HSP90-dependent protein kinase v-src [144]. These 
mechanisms include reduced intracellular drug proliferation, improved 
cellular detoxification by glutathione and metallothionein, altered DNA 
repair and apoptosis limitation [140, 145]. In vivo genomic screening 
can help to clarify the mechanisms of cisplatin toxicity and acquired 
resistance [143]. Another appealing strategy to attack cancer is to target 
HSP70. Scientists have developed HSP90 inhibitors and some are 
undergoing clinical trials. However, drugs that inhibit HSP70 are less 
common. HSF1 transcription factor regulates the HSP70 transcription 
when activated under stress stimulation [146]. HSF1 inhibition has 
the potential to curb the expression of HSP70 because Hsf1 activation 
causes HSP70 expression [146]. HSF1 activation can be inhibited by 
agents such as quercetin, diterpene triperoxide and triptolide. While 
these compounds, along with benzopyrene, inhibit the expression of 
HSP70, they have no effect on the other HSP [147]. Another type of 
HSP70-targeting drug is AIF-derived peptides [148]. These peptides 
have AIF sections (150aa–228aa) that are essential for HSP70 binding 
but do not have AIF’s pro-apoptotic activity. ADD70 (AIF-derived decoy 
for HSP70), for example, has been demonstrated to diminish tumour 
growth in mice with colon cancers and melanomas (B16F10) and 
soften these malignancies to cisplatin. It also boosts tumour-infiltrating 
cytotoxic CD8 + T-cells in syngeneic mice, unlike immunodeficient 
mice, and has anti-tumour effects  [149]. HSP70 interacts with a small 
molecule termed HS-72, causing misfolded protein aggregation and 
disrupting lysosome membrane stability, promoting autophagic cell 
death [150]. PES interacts with HSP70s C-terminal and suppresses its 
expression  [151], but it also triggers the caspase-dependent apoptotic 
pathway in B-CCL cells [152]. Even though the mechanism is unknown 
and must be investigated more, HSP70 can be targeted using HSP90 
inhibitors that remove the ATP from HSP70 [153]. VER-155008, an 
adenosine-derived molecule, decreases chaperone action by targeting 
the HSP70/hsc70 ATPase domain [154]. Compounds including azure 
C, methylene blue and myricetin may inhibit human HSP70, although 
additional research is needed [155].

In cancer cells, MKT-077, a cationic rhodacyanine dye, influences 
ABD-HSP70. MKT-077, which operates by translocating to 
mitochondria and inhibiting mitochondrial HSP70, is currently 
undergoing Phase I clinical trials as a cancer treatment [156]. The 
interaction between MKT-077 and HSP70 does not appear to occur, 
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but more research is needed [157]. Furthermore, NSC 630668, a 
dihydropyridine, MAL3-101, a second-generation molecule and 
MAL2-11B, a polyomavirus inhibitor, all have the potential to 
be employed as anticancer medicines [158, 159]. HSP70 and its 
co-chaperones interact with several synthetic substances, which 
work against them. Pyrimidotriazinediones is a new type of such 
medication that interacts with Hop/HSP70 and is harmful to 
WST-1  cells [160]. HSP70-chaperone activity is also inhibited 
by medicines that target Huntingtin-interacting protein 1 [161], 
which causes neurodegeneration. HSP90/HSP70 inhibitors 
increase apoptosis in cancer cells, as previously indicated, and 
some of them are currently in clinical trials [149]. Unfortunately, 
patients had higher HSP70 expression levels, which reduce the 
effectiveness of HSP70 inhibitors by lowering the likelihood of cell 
death. Chemotherapy medications stimulate TGF signalling and 
increase HSP70 expression [162]. HSP70 suppression by siRNA 
makes cancer cells vulnerable to tanespimycin (17-N-allylamino-
17-demethoxygeldanamycin, 17-AAG) [163], whereas HSP70 
and HSC70 knockdown cause HSP90 client protein degradation 
and death in HCT116  cells  [164]. Furthermore, in HCT116 
colon cancer cells, a cocktail of an adenosine-derived inhibitor 
of HSP70, VER-155008 and 17-AAG causes apoptosis [154]. In 
addition, 17-AAGs anti-cancer activity is increased when HSP70 is 
hindered [149]. HSP70 and HSP90 inhibitors increased HSP70 cell 
surface expression when paired with histone deacetylase inhibitors, 
according to a study on haematological cancer cells [165]. 
Suppressive myeloid immune cells are triggered when extracellular 
HSP70 is present [166]. This needs testing for synergistic effects 
of HSP70 and HSP90 inhibitors. Finally, both chelerythrine, 
a benzophenanthridine alkaloid that is a selective inhibitor of 
PKC, and staurosporine, a non-specific PKC inhibitor, have been 
demonstrated to suppress HSP70 expression [167].

24	 CONCLUSIONS

HSPs are protein that has various roles inner and outer of cell 
including protein folding, unfolding, cell cycle and other signalling 
pathways. HSP can be grouped according to their molecular weight. 
Each group has their specific mechanisms of action. Increased 
levels of HSF and HSP have been linked to early detection, 
prediction of prognostic marker for a variety of diseases including 
neurodegenerative diseases and cancer due to its multifunctional 
roles. According to their roles, activity of the HSP is changed. For 
example, they become highly active in cancer but insufficient in 
neurodegenerative disease. Many significant advances in the field 
of HSP inhibitors have recently been made. In relation to pre-
clinical and clinical studies, some HSP-based inhibitors and vaccine 
therapies are quite effective and promising in the treatment of cancer.
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