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Preface

The sixty-kilo Dalton heat shock protein (HSP60) family is one of the oldest groups 
of proteins belonging to the molecular chaperones. HSP60 is present in all living 
organisms. HSP60 is a mitochondrial chaperonin that functions in the transportation 
and refolding of proteins from the cytoplasm into the mitochondrial matrix. In addi-
tion, HSP60 functions as a chaperonin to assist in folding linear amino acid chains 
into their respective three-dimensional structure. Through the extensive study of 
groEL, HSP60’s bacterial homolog, HSP60 has been deemed essential in the syn-
thesis and transportation of essential mitochondrial proteins from the cell’s cyto-
plasm into the mitochondrial matrix. Further studies have linked HSP60 to diabetes, 
stress response, cancer and certain types of immunological disorders.

The book Heat Shock Protein 60 in Human Diseases and Disorders provides 
the most comprehensive review on contemporary knowledge on the role of HSP60 
in human diseases and disorders. Using an integrative approach, the contributors 
provide a synopsis of novel mechanisms and signal transduction pathways. To 
enhance the ease of reading and comprehension the book has further been subdi-
vided into various section including; Part I: Biomolecular Aspects of HSP60; Part 
II: HSP60 and Cancer; Part III: HSP60 and Inflammatory Diseases and Disorders; 
Part IV: HSP60 and Cardiovascular Diseases and Disorders; Part V: HSP60 and 
Neurological and Neurosciences; Part VI: HSP60 and Skeletal Muscle Diseases and 
Disorders; and Part VII: HSP60 in Human Health.

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 proj-
ect 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, 
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Neurology & Neuroscience, Oncology, Cardiovascular Disease, Skeletal Muscle 
Diseases and Disorders, Cell & Molecular Medicine, Pharmaceutical Scientists and 
Researchers involved in Drug Discovery.

Toledo, OH, USA  Alexzander A. A. Asea
Houston, TX, USA  Punit Kaur
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Chapter 1
HSP60: A Story as Long as Life 
on the Earth

Francesco Cappello, Everly Conway de Macario, and Alberto J. L. Macario

Abstract In this Chapter, we briefly recount a few salient aspects of our personal 
experience and ideas about one of the most important anti-stress proteins in all cells, 
i.e., HSP60 (HSPD1 in humans). We outline the progression of HSP60 from gene to 
protein and its voyages inside and outside the cell, mentioning its various roles in 
health and disease. We correlate scientific data obtained by different experimental 
approaches to personal visions about the existence of life on Earth, its perpetuation, 
and the future of the human-species evolution. We believe that Science should not 
only be the application of technologies to find an answer to an unsolved question but 
also a source of philosophical considerations about ourselves and the future of our 
ecosystem, on Earth and elsewhere.

Keywords Chaperonins · Chaperonopathies · Chaperonotherapy · Endosymbiotic 
theory · Evolution · HSP60 · Molecular anatomy · Phylogenesis
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Abbreviations

CCT Chaperonin containing TCP-1
Hsp Heat shock protein
MIS Mitochondrial import signal
TCP-1 T-complex protein 1
TRiC TCP-1 ring complex

1.1  Introduction

When did the first cell (“protocell”) appear on Earth? We may assume that when it 
happened, billions of years ago, it was immediately subjected to physical and chem-
ical stressors, e.g. temperature, radiation, pH, etc. Therefore, it was necessary for it 
to develop anti-stress mechanisms. These mechanisms had to ensure not only that 
the cell was able to resist stress and therefore to survive, but also to reproduce itself. 
If today there is still life on Earth, in various forms and under a range of different 
conditions, including extreme ones (from very hot hydrothermal vents to icy poles), 
it is probably thanks to these anti-stress mechanisms that organisms, first unicellular 
and then multicellular, have been able to subsist and evolve. We can therefore say 
that it is a law of Nature that if an organism is able to fight stress it can survive, 
reproduce, and evolve. Vice versa, if it is not able to resist stress, it will succumb. In 
this short Chapter, we will attempt to summarize our own experience and views 
concerning the most studied cellular anti-stress mechanism, i.e., the chaperoning 
system, of which the molecular chaperones are the primary components, focusing 
on one of the most conserved of them throughout evolution, the mitochondrial chap-
eronin HSP60.

1.1.1  Molecular Chaperones

Molecular chaperones are among the phylogenetically older proteins. They are 
found in ancestral life forms (including Bacteria and Archaea) and are structurally 
much conserved (Macario and Conway de Macario 1997). The homologues present 
in the most complex and most evolved organisms, such as primates (including 
humans), are very similar to the most primitive forms (Gupta 1995; Macario and 
Conway de Macario 1997; Macario et al. 2004; Rowland and Robb 2017). This has 
allowed for decades studies on the structural (molecular anatomy) and functional 
(biochemistry) features of chaperones using very simple models (Conway de 
Macario et al. 2017). Many molecular chaperones but not all are heat shock proteins 
(Hsp), and vice versa, not all Hsp are chaperones, and they have been named and 
classified accordingly (Kampinga et al. 2009; Macario et al. 2013). We will focus on 

F. Cappello et al.
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the HSP60 family, which is one of the oldest groups of proteins belonging to the 
molecular chaperones (Gupta 1995). These proteins present in all living species, 
including plants – are unique in their molecular characteristics, so that they have 
been called “chaperonins” in order to differentiate them from other chaperones 
(Hemmingsen et al. 1988).

1.1.1.1  Chaperonins

Classically, there are two groups of chaperonins. Group I are found in bacteria as 
well as in eukaryotic organelles of endosymbiotic origin (chloroplasts and mito-
chondria). In humans, it is known as HSP60 (or Cpn60, or HSPD1) and it works 
along with its co-chaperone HSP10 (or Cpn10, or HSPE1). Group II chaperonins 
are found in the eukaryotic cytosol and in archaea, and compared to Group I pro-
teins they are less well characterized. In human cells, this group is represented by 
TRiC (TCP-1 Ring Complex), also called CCT (Chaperonin Containing TCP-1) 
(Macario et  al. 2013). Recently a third group has been identified and it is under 
characterization (Rowland and Robb 2017). What both HSP60 and TRiC have in 
common is that they can form very large (~1  MDa) macromolecular complexes 
capable of accommodating other proteins inside them, the client proteins, i.e., pro-
teins that must be folded to achieve the correct and functional final conformation 
(Koldewey et al. 2017; Skjærven et al. 2015). This unique morphological character-
istic is the reason why they have been called “chaperonins” (Hemmingsen et  al. 
1988).

The fact that these macromolecular complexes form closed structures as if they 
were very small, miniature membrane-less cells, we can hypothesize that they could 
represent a first attempt to organize an isolated environment in which organic mate-
rial (peptides) can flow and gather together to become functional. This would make 
them even more ancient and interesting, as membrane-less biological structures, 
than the protocells that first appeared on Earth. Most of the information we have 
about how human chaperonins are made and work derive from studies of their bac-
terial counterparts. Although phylogenetically they are much conserved proteins, 
there are billions of years of evolution in-between separating human proteins from 
their ancestors, which have led to modifications of some of their structural and func-
tional characteristics.

For example, the bacterial homolog of the human protein HSP60 (Hsp60, Cpn60) 
is GroEL. In its quaternary structure, GroEL forms a heptameric ring, a toroidal 
shape, and two rings associate to form a sort of barrel with a cavity inside. The barrel 
can accommodate a protein to be folded, the substrate or client polypeptide. The bar-
rel of GroEL works thanks to a “hood” formed by a heptamer of its co- chaperone, 
GroES (the homologous of eukaryotic HSP10 (Hsp10, Cpn10) and ATP. Two rings 
form a macromolecular complex in which each half works alternately to optimize the 
folding times: while one folds one protein, the other releases an already folded pro-
tein, and then vice versa, as in an assembly line (Nielsen and Cowan 1998;  

1 HSP60 Ontology
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Vilasi et al. 2018). Nevertheless, the heptameric ring of HSP60 can work even with-
out forming a macro-complex with another ring and, surprisingly, even without ATP 
(Bhatt et al. 2018; Nielsen and Cowan 1998; Vilasi et al. 2018). HSP60 could have 
acquired these functions during phylogenesis to be able to work in emergency condi-
tions, for example when there is not a sufficiently high concentration of HSP60 to 
form two rings that are near enough to each other to form a barrel, or when there is 
little or no ATP available. Even under these “extreme” conditions, HSP60 tries to 
perform its very important functions for human cells, often  – but probably not 
always – succeeding.

1.1.2  HSP60 Impairments (Chaperonopathies)

HSP60 may not be able to function if it has undergone mutations, which may cause 
disease, i.e., chaperonopathies in homozygous and heterozygous conditions 
(Macario et  al. 2013). Genetic chaperonopathies have been described in which 
HSP60 is mutated and this leads to premature death of the organism due to serious 
heart or nervous diseases (Bross et al. 2012; Macario et al. 2013). All the organs, 
and not only the heart and the neuraxis, suffer from the lack of functional HSP60 in 
their cells but the heart and the neuraxis are probably the first ones that are damaged 
as a result of HSP60 deficiency, which is probably the reason why the pathologies 
described as a result of these mutations affected predominantly these two anatomi-
cal districts.

It is likely that many fetuses or newborns affected by HSP60 mutations, not yet 
characterized, die prematurely and, consequently, it is also likely that a mutation 
affecting HSP60 would cause as yet unexplained early abortions. New studies are 
necessary to confirm or disprove this hypothesis. The confirmation that HSP60 is 
essential for life derives from experiments that tried to generate knock-out animal 
models for both hsp60 alleles, e.g., in mice (Berger et al. 2016; Christensen et al. 
2010), and zebrafish (personal data, unpublished); these experiments have been 
unsuccessful because the knock-out conditions were incompatible with life. Even 
experiments with hsp60 knock-out cells often result in failure because the cells die 
(Tang et al. 2016). The explanation lies in the fact that HSP60, which in human cells 
is classically present in the mitochondria, serves to ensure the correct folding of 
virtually all other mitochondrial proteins, including those of the respiratory chain, 
which are essential for cell’s life. Therefore, if HSP60 does not work well because 
it is defective due to mutation or other structural anomaly, for example aberrant 
post-translational modification, the cell, and in turn the whole organism, will die.

F. Cappello et al.
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1.1.3  HSP60 Odyssey

The endosymbiotic theory postulates that mitochondria come from bacteria that 
have adapted to live within eukaryotic cells, supplying it with energy and receiving 
in return the molecular elements for their turn-over (Ku et al. 2015; Martin et al. 
2015; Zimorski et al. 2014). Current versions of endosymbiotic theory have it that 
the host was an archaeon (an archaebacterium), not a eukaryote (Ku et al. 2015). It 
means that the Group I chaperonin HSP60 probably derives from bacteria, while the 
Group II chaperonin TRiC derives from archaea. The bacterial homolog of HSP60 
is GroEL, which works along with its co-chaperone, GroES. However, the HSP60 
and HSP10 genes in humans are nuclear and not mitochondrial. They are found on 
chromosome 2 and have a common promoter to which they are joined head-to-head 
(Hansen et al. 2003). The promoter’s reading by the RNA polymerase in one direc-
tion or another determines the transcription of the HSP60 and HSP10 gene, respec-
tively, and the mRNA formation that will go into the cytosol for translation into 
protein (Fig.  1.1A). The protein will then have to enter the mitochondrion. 
Differently from HSP10, the HSP60 transcribed into the cytosol possesses a mito-
chondrial import signal (MIS) that is lost when HSP60 finally enters the mitochon-
drion (Singh et al. 1990).

The fact that the HSP60 and HSP10 genes are located in the nucleus and not in 
the mitochondrion suggests that  – according to the endosymbiotic theory  – this 
fragment of DNA coding for both these proteins migrated to the nucleus, becoming 
integrated into the nuclear DNA. This forced the “Odyssey” that HSP60 and HSP10 
must undertake to return to their “home of origin”, the bacterium/mitochondrion 
(Fig. 1.1A). The mitochondrial DNA has some aspects that are still mysterious and 
not fully understood, but now we can ask a question: given the strategic importance 
these proteins have for the functioning of the mitochondrion, was it not simpler that 
the DNA for the HSP60 and HSP10 genes remained in this organelle? Why did it 
migrate to the nucleus? Geneticists argue that the nuclear environment is more sta-
ble than the mitochondrial environment for transcription. Even if this were true, the 
fact remains that other parts of the genetic code of these prokaryotic organisms 
stayed within them as mitochondrial DNA. However, one can argue that, moving to 
the nucleus and requiring a translation into the cytosol, not all copies of HSP60 and 
HSP10 produced should go into the mitochondria but some would remain in the 
cytosol to perform other functions. Is this possible? We are still interrogating our-
selves on these issues. Nevertheless, we were able to show that human HSP60, 
containing its mitochondrial import signal, is able to form heptamers and tetra-
decamers remarkably stable over a wide range of concentrations (Vilasi et al. 2014). 
There are other “Odysseys” which HSP60 undertakes that will be discussed ahead.

1 HSP60 Ontology
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Fig. 1.1 HSP60 Odyssey. The endosymbiotic theory postulates that the DNA coding for HSP60 
(and HSP10, not shown) in the endosymbiont moved to the nucleus of eukaryotic host-cells or 
their precursors. This resulted in a complex migration itinerary, a sort of Odyssey, for this molecule 
during both normal (A) and stressful (B) conditions. (A) After gene transcription (1), mRNA cod-
ing for HSP60 is transported to the cytosol (2) for translation (3) by ribosomes. The protein is then 
imported (4) into the mitochondrion where it works (5) as chaperonin. (B) Stress (6) causes HSP60 
accumulation in the cytosol and the chaperonin undergoes post-translational modifications (yellow 
circle) that determine its migration (6a) to the plasma-cell membrane. Lipid rafts (horizontal pur-
ple bands) internalize HSP60 into multivesicular bodies (7a) from where it is released outside the 
cell via exosomes (8a). Another route consists of HSP60 reaching the Golgi’s complex (6b), inter-
nalization in Golgi’s vesicles (7b), and its secretion in its free (soluble) form (8b). In both cases, 
HSP60 bound to exosomes (9a) or free (9b) reaches the circulation (vertical undulating blue band) 
and, thereby, anatomical districts far from the site it was released. Note: it is possible that pathways 
shown in B occur not only in stressed cells but also under normal physiological conditions although 
at considerable lower levels than in stressed cells. See for further information (Campanella et al. 
2012; Merendino et al. 2010)

F. Cappello et al.
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1.1.4  Extramitochondrial HSP60 (the HSP60 Odyssey, Part 2)

Does the fact that HSP60, and its co-chaperonin HSP10, are translated into the cyto-
sol represent an advantage or a disadvantage? Extracellular HSP10 has been char-
acterized as EPF (Early Pregnancy Factor) since its concentrations increase after 
fertilization in mammals (Cavanagh 1996; Morton 1998). It is thought that this is 
due to the strong immunomodulatory properties of this protein: reducing the aggres-
siveness of immune cells, which would favor the implantation of the blastocyst and 
therefore the start of pregnancy. The immunomodulatory capacity of HSP10 is an 
additional function that obviously does not find any explanation in a single-cell 
organism that perpetuates simply by dividing. So, we can hypothesize that this func-
tion was acquired by HSP10 relatively late during phylogenesis and represents an 
advantage for the evolution of the species.

But can we say with certainty that the human being is the finished product of 
evolution on Earth? May be not, and may be that the many diseases – genetic and 
acquired  – that occur in humans are unsuccessful attempts to produce a more 
evolved species. Even some studies about HSP60 give us some clues in this direc-
tion. For example, one thing we know is that HSP60 can accumulate in the cytosol 
(Cappello et  al. 2013a, 2014, 2008; Pace et  al. 2013; Vilasi et  al. 2018). This 
occurs under particular stressful conditions. An example is carcinogenesis as orig-
inally shown by our group, both in vivo (Cabibi et al. 2016; Cappello et al. 2002, 
2003a, b, 2005; Rappa et al. 2013, 2016) and in vitro (Campanella et al. 2008; 
Cappello et al. 2018; Caruso Bavisotto et al. 2017b; Gorska et al. 2013). The can-
cer cell must survive a series of stress conditions. This is the basis of the competi-
tion between the body and the tumor that develops in it. In tumor cells, there is 
over-transcription and -translation of HSP60, which accumulates in the cytosol 
(Fig. 1.1B). We do not know the cause, but we have proposed a possible explana-
tion: following mitochondrial stress, HSP60 is released from the mitochondrion 
and, like cytochrome C, is able to activate apoptosis. In particular, HSP60 goes to 
activate pro-caspase 3, favoring its maturation into caspase 3, a pro-apoptotic 
molecule (Campanella et al. 2008; Chandra et al. 2007).

The HSP60 that is released from the mitochondrion, for the reasons we have 
explained before, is devoid of the MIS, which instead is present in that which has 
just been translated at the ribosomal level. Noteworthy, in the cytosol of the tumor 
cells both HSP60 with the MIS and without the MIS accumulate. The former has a 
function opposite to that of the latter with respect to pro-caspase 3, i.e., it prevents 
its activation. Thus, HSP60 without MIS is pro-apoptotic, while HSP60 with MIS is 
anti-apoptotic. To survive, the tumor cell needs to produce a lot of HSP60 so that the 
chaperonin – unable to enter the mitochondrion in its totality – accumulates in the 
cytosol, in which it has an anti-apoptotic effect. However, the cytosolic HSP60 is 
prone to undergo post-translational modifications, such as acetylation or nitration 
(Fig. 1.1B) (Campanella et al. 2016; Marino Gammazza et al. 2017). We hypothe-
size that these modifications increase the affinity of this protein with the plasma-cell 
membrane. In fact, in tumor cells, we find increased amounts of HSP60 at the 
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plasma-cell membrane. But, when present at the plasma-cell membrane, HSP60 can 
turn into a self-antigen, as demonstrated with models of human atherosclerosis 
(Wick et al. 2014). Furthermore, bacterial infections can lead to the production of 
anti-GroEL antibodies capable of cross-reacting against human HSP60 (molecular 
mimicry) (Cappello et al. 2009). Therefore, for the tumor cell it is disadvantageous 
to have HSP60 at the plasma-cell membrane.

We were the first to show that when the HSP60 reaches the plasma-cell mem-
brane of a tumor cell, the lipid rafts internalize it through endosomes in the multive-
sicular bodies from which exosomes loaded with HSP60 are released (Fig. 1.1B) 
(Campanella et al. 2012; Merendino et al. 2010). Further evidence lies in the fact 
that subjects affected by some forms of tumors that are known to overexpress 
HSP60 (such as colorectal carcinoma) have high circulating levels of exosomal 
HSP60, while these levels are drastically reduced when the tumor is removed 
(Campanella et al. 2015); these patterns suggest that HSP60 levels in circulation 
may have not only a role in tumorigenesis but also diagnostic and prognostic appli-
cations (Caruso Bavisotto et al. 2017a). The release of HSP60 through exosomes is 
the ending of the intracellular Odyssey of this protein but it is also the starting of a 
new Odyssey, the extracellular travel of this protein that – through exosomes and 
possibly also free (Fig. 1.1B) – may reach every district of the human body. However, 
we still do not know the effects of HSP60 on distant target organs. It is also unclear 
what are the actions and effects of HSP60 in the peri-tumoral microenvironment; for 
instance, we do not know yet if and how HSP60 can modify it, making it advanta-
geous or disadvantageous for tumor progression. These all are open questions that 
deserve further investigation.

1.2  Conclusions

HSP60 has been dubbed Proteus and Janus Bifrons because of its multifaceted and 
changeable properties but it can also be said that it resembles Odysseus (or Ulysses). 
Its encoding gene and the gene product, the protein chaperone HSP60, are protago-
nists of complicated voyages inside and outside the cell. This Odyssey, from the 
times in which life originated to this day and today inside and outside cells is, like 
the Homeric epic poem, characterized by a variety of landing places and is pregnant 
with stressful situations and with the hero’s encounters with local friends and foes. 
Maybe this is not unique to HSP60 but it is certainly one of its distinctive character-
istics, perhaps indicating the chaperonin’s extraordinary importance in evolution 
and, today, in health and disease. Indeed, HSP60 is one of the most important pro-
teins for living cells and may have significantly affected the propagation and evolu-
tion of life on Earth. Without HSP60 there cannot be life and many types of 
mutations in HSP60 most likely cause fatal pathologies very early in embryo devel-
opment. Other mutations cause more subtle deleterious effects and allow life to 
proceed to early adulthood: these are the “genetic chaperonopathies” that have been 
reported. Post-translational modifications can also affect HSP60 structural and 
functional properties and, most likely, are at the basis of cellular senescence as well 
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as of degenerative events affecting many human tissues (“acquired chaperonopa-
thies”) (Cappello et al. 2013b; Macario et al. 2010, 2013). HSP60 seems to have 
contrasting effects (we discussed the pro- and anti-apoptotic effects, but elsewhere 
in this volume the pro- and anti-inflammatory effects will also be described) so 
much so that we have compared it to Proteus (Cappello and Zummo 2005), the 
Greek god of the sea whose “shape” could not be captured by anyone, while others 
compared it to the roman god Janus Bifrons (Henderson 2010). The truth is proba-
bly close to the fact that this molecule participates in the fine tuning of many homeo-
static processes: very small deviations in the balance of the conditions under which 
it operates or is studied change its functions/effects and what we see. Also, assum-
ing that the Human species is probably not the final product of the evolution of life 
on Earth, it is possible that HSP60 is still participating in this evolutionary process, 
also through its involvement in the pathogenesis of some human diseases (e.g., 
HSP60 chaperonopathies) that will be described in other chapters of this book. 
Given its plurality of roles in multiple places, and its voyages inside and outside 
cells, it can be surmised that HSP60 failure will cause morphological and functional 
lesions in virtually any tissue and organ of the human body. Consequently, HSP60 
chaperonopathies are of interest to physicians and medical researchers across a 
wide range of specialties. As explained earlier, if the HSP60 damage is more than 
subtle the probability of survival is minimal, but minor abnormalities will produce 
phenotypes, namely patients with HSP60 chaperonopathies, as already shown by 
numerous investigators. Therefore, efforts should be made to develop means of 
diagnosis and treatment protocols targeting the chaperonin. HSP60 chaperonopa-
thies can be by defect, excess or mistake (like other chaperonopathies pertaining to 
other chaperones) and, therefore, can in principle also be treated using the corre-
sponding type of chaperonotherapy (Cappello et al. 2013a; Cappello et al. 2014). 
The future for research in developing chaperonotherapy strategies and tools to treat 
HSP60 chaperonopathies seems full of exciting possibilities.
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Chapter 2
Single-Ring Intermediates in the Catalytic 
Cycle of the Human Mitochondrial Hsp60

Jay M. Bhatt and Ricardo A. Bernal

Abstract The human mitochondrial heat shock protein 60 (hsp60) is composed to 
two heptameric rings stacked back-to-back. During the protein-folding cycle, these 
two rings dissociate to form single-ring intermediates that are catalytically active 
in-vitro and in-vivo. In this book chapter, we discuss the structural and catalytic 
features of hsp60 single-ring intermediates. We also provide a comparative analysis 
of the structural and mechanistic characteristics of single-ring intermediates 
observed in hsp60 versus ϕ-EL, OBP, and groEL chaperonin complexes that have 
also been reported to utilize single-rings within their catalytic cycle.

Keywords ϕ-EL · Catalytic cycle · GroEL · Hsp60 · Mitochondria · Single-ring

Abbreviations

hsp60 Heat shock protein 60
RUBISCO Ribulose-1,5 bisphosphate carboxylase

2.1  Introduction

Proteostasis refers to a coordinated functioning of multiple biochemical pathways 
to maintain an active set of cellular proteins. These pathways regulate the synthesis, 
folding, transport, and degradation of nascent and unfolded proteins. Cellular pro-
teostasis is achieved through the functional integration of several families of pro-
teins that reside within and outside the cell. Chaperonins are one such family of 
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proteins that modulate the correct folding of partially or completely unfolded pro-
teins. Proteins that lose their 3-dimensional structure also lose their ability to func-
tion. These partially or completely unfolded proteins could form aggregates and 
lead to a wide myriad of diseases such as Parkinson’s disease, Alzheimer’s disease, 
Huntington’s disease, cancer, cystic fibrosis, etc. (Chaudhuri and Paul 2006; Elborn 
2016; Sweeney et al. 2017; Wang and Kaufman 2014). Therefore, it is not surprising 
that all cells have evolved intricate mechanisms to protect against protein aggrega-
tion that can lead to cell death.

Chaperonins are found in organisms ranging from bacteria to humans. In the 
human mitochondria, heat shock protein 60 (hsp60) is the predominant chaperonin 
that folds proteins in the mitochondrial matrix. Hsp60 along with its co-chaperonin, 
heat shock protein 10 (hsp10) have been known to be essential for the import and 
assembly of multimeric protein complexes in mitochondria (Cheng et  al. 1989). 
Microarray analyses have shown that bacterial cells containing mutant hsp60/10 
complexes display an up-regulation of genes that are essential for robust aerobic 
growth (Bross et al. 2008). This suggests that hsp60/10 plays an essential role in 
mitochondrial biogenesis and therefore, a functionally compromised hsp60/10 sys-
tem leads to mitochondrial dysfunction causing early onset diabetes, juvenile rheu-
matoid arthritis, and neurodegenerative diseases (Hansen et al. 2002; Juwono and 
Martinus 2016; Magen et al. 2008; Vercoulen et al. 2009).

Hsp60 and hsp10 subunits arrange themselves into heptameric ring-like struc-
tures reminiscent of the bacterial homologues, chaperonin groEL and its co- 
chaperonins groES (together denotes as groEL/ES). Sequence alignment of hsp60 
to groEL reveals that the hydrophilic residues that line the central cavity of groEL 
are conserved in hsp60 (Brocchieri and Karlin 2000). This sequence identity cou-
pled with a similar mechanism for co-chaperonin binding indicates that hsp60 uti-
lizes a hydrophilic central cavity to facilitate the burial of exposed hydrophobic 
patches in non-native substrate proteins. Despite similarities in the general ring 
structure, subunit architecture, and the nature of the central cavity, the hsp60/10 
system significantly differs from groEL/ES in its mechanism of protein-folding. 
Hsp60/10 complexes have been shown to exist and function in single-ring and 
double- ring conformations. On the other hand, chimeras and mutations generated in 
groEL/ES have demonstrated that the bacterial system operates exclusively via a 
double-ring mechanism.

In this book chapter, we discuss the structural and catalytic features of single- 
ring intermediates observed in the protein-folding pathway of hsp60/10. Thus far, 
single-ring intermediates have also been identified in bacteriophage encoded chap-
eronins ϕ-EL and OBP (Molugu et al. 2016; Semenyuk et al. 2016). Recently, Yan 
et al. (2018) reported that groEL/ES might also be working using single-ring inter-
mediates (Yan et al. 2018). We also provide a comparative analysis of the structural 
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and mechanistic characteristics of single-ring intermediates observed across these 
various types of chaperonin complexes.

2.1.1  History of Hsp60/10 Single-Ring Intermediates

Early studies investigating the structural and biochemical nature of the hsp60/10 
chaperonin suggested that homo-oligomeric single-rings composed of seven sub-
units could be expressed and purified from bacteria (Viitanen et al. 1992). These 
single-ring complexes were stable and could fold partially or completely unfolded 
substrate protein, RUBISCO (ribulose-1,5 bisphosphate carboxylase), in the pres-
ence of ATP. Similarly, chimeric hsp60/groEL chaperonin molecules that could not 
form double-ring complexes were demonstrated to have the ability to fold proteins 
in-vivo without the formation of double-ring intermediates (Nielsen and Cowan 
1998). Hence, it was believed that hsp60/10 could maintain productive protein- 
folding without the use of double-ring complexes. In addition, expression of 
hsp60/10 in E.coli cells devoid of endogenous groEL/ES showed that the single- 
ring hsp60/10 complexes were able to compensate for the loss of groEL/ES and 
could carry out all the essential in-vivo functions that double-ring groEL/ES com-
plexes would fulfill (Nielsen et al. 1999).

Most of what is currently known about the protein-folding mechanism of 
hsp60/10 is based on the knowledge derived from groEL/ES, its single-ring mutants, 
and the ϕ-EL chaperonin (Illingworth et al. 2011, 2015; Kovacs et al. 2010; Liu 
et al. 2009; Molugu et al. 2016; Sun et al. 2003). This is mainly attributed to the 
instability of the functional complexes in-vitro (Viitanen et al. 1992, 1998; Vilasi 
et al. 2014). Attempts to purify hsp60/10 complexes as tetradecamer were not suc-
cessful since most groups could only isolate the monomers. The tetradecameric 
complexes had to be reconstituted in-vitro to study their architecture, however, such 
complexes would readily dissociate into monomers at low temperatures and in the 
presence of ATP (Viitanen et al. 1998). Therefore, unlike groEL/ES, the nucleotide 
induced conformational changes in the human mitochondrial hsp60 remained 
largely unknown. Negative stain electron microscopy studies indicated hsp60 
favored a tetradecameric conformation in the presence of ATP. However, a high- 
resolution structure for the resulting ATP-hsp60/10 complex has not been deter-
mined (Levy-Rimler et  al. 2001). Current knowledge allows us to postulate a 
catalytic cycle for hsp60 based on the conformational intermediates that have been 
observed under the electron microscope (see below). However, further studies are 
warranted to investigate the detailed mechanism by which hsp60/tenfold proteins 
along its catalytic pathway.

2 Catalytic Cycle of the Human Mitochondrial Hsp60
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2.1.2  Catalytic Cycle of GroEL/ES

All chaperonins share a general architecture characterized by two rings stacked 
back-to-back. Each ring is composed of seven to nine subunits arranged in a homo- 
or hetero-oligomeric manner. The individual subunits are composed of equatorial, 
intermediate, and apical domains (Braig et al. 1994; Hildenbrand and Bernal 2012). 
Upon ATP binding and hydrolysis, these domains undergo conformational changes 
within each ring that allow for binding of substrate proteins and co-chaperonin to 
create an isolated environment to fold proteins, and finally release the newly folded 
protein back into the cellular milieu. However, the molecular details of these 
nucleotide- driven conformational changes are dramatically different across various 
chaperonin complexes.

The ATPase cycle of groEL/ES is divided into two phases. The first phase 
involves ATP binding to one of the heptameric groEL rings (Fig. 2.1). Seven mole-
cules of ATP bind with positive cooperativity to the cis-ring followed by binding of 
the unfolded substrate and co-chaperonin groES. ATP hydrolysis drives the sub-
strate folding within the internal cavity. ATP binding to the trans-ring stimulates the 
release of groES, ADP and folded substrate molecules in the cis-ring. This converts 
the trans-ring into the cis-ring conformation leading to the second phase of the 
cycle that involves sequential binding of ATP, unfolded substrate, and groES. The 
positive intra-ring cooperativity of groEL promotes the successive binding of ATP 
to all the subunits in the cis-ring. The negative inter-ring cooperativity in groEL 

Fig. 2.1 GroEL/ES catalytic cycle: The APO conformation sequentially binds ATP molecules to 
the cis-ring, followed by substrate binding and capping by groES. ATP binding to the trans-ring 
leads to the release of folded substrate, ADP, and groES. The trans-ring transitions into the cis-ring 
conformation and the catalytic pathway continues in a cyclic manner such that the two rings alter-
nate in their protein-folding responsibility
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restricts the binding of ATP to both rings simultaneously. Therefore, the cis-ring is 
ATP-bound while the trans-ring is devoid of ATP. Hence, the groEL/ES mechanism 
resembles a “two-stroke engine” where protein-folding switches back and forth 
between the two heptameric rings. Yan et al. (2018) recently reported that groEL/ES 
might be forming single-ring intermediates (Yan et al. 2018). However, these obser-
vations need to be validated by further studies since they utilized groEL mutants and 
nucleotide analogs that in our hands lead to erroneous off-pathway conformations 
that do not match with natural (ATP and ADP) nucleotide-driven conformations.

2.1.3  Recent Advances in the Knowledge of ϕ-EL and Hsp60 
Single-Ring Intermediates

We obtained cryo-EM reconstructions of the ϕ-EL chaperonin to show that nucleo-
tide binding drives the conformational changes during its protein-folding catalytic 
pathway. The overall ϕ-EL subunit architecture and ring-arrangement was found to 
be like group I chaperonins. The ATP-bound conformation shows D7 symmetry and 
is ‘open’ at both ends such that the two chambers are fully accessible for substrate 
binding. ATP hydrolysis substantially diminishes the cavity opening since the apical 
domains rearrange themselves to form an in-built lid. The equatorial domains drop 
away from the cavity to allow the formation of an enlarged central cavity. ATP 
hydrolysis also results in the dissociation of the double-ring complexes into single- 
ring intermediates that can independently fold proteins in-vivo and in-vitro (Molugu 
et al. 2016). The ADP-bound single-ring ‘closed’ conformation of the ϕ-EL chap-
eronin has an expanded internal cavity, presumably to fold larger viral proteins that 
could not be accommodated within the host chaperonin. ϕ-EL has been shown to 
fold β-galactosidase, a 116-kDa substrate that would be too large to be folded by 
groEL/ES complexes (Molugu et al. 2016).

Upon release of ADP from the nucleotide binding pocket (APO conformation), 
the two heptameric rings come back together to form a tetradecameric double-ring 
conformation. The APO conformation is also a ‘closed’ conformation since the cen-
tral cavity is not accessible from the cytosol. The ADP and APO conformations 
showed that the function of the co-chaperonin is circumvented by the conforma-
tional changes in the apical domain that effectively close the openings of the central 
cavity to provide an environment isolated from the cytosol to facilitate efficient 
protein-folding. This structural feature is similar to group II chaperonins that utilize 
apical domain rearrangements to facility ring closure and thereby preclude the 
requirement of a co-chaperonin (Hildenbrand and Bernal 2012). It is particularly 
interesting to note that ϕ-EL utilizes structural features of both group I and II chap-
eronins (reviewed in Bhatt et al. 2018). The catalytic cycle of ϕ-EL has been sum-
marized in Fig. 2.2. In contrast with groEL’s “two-stroke” mechanism, ϕ-EL utilizes 
a “one-stroke” mechanism where both the single-rings fold the proteins 
simultaneously.

2 Catalytic Cycle of the Human Mitochondrial Hsp60
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Like ϕ-EL, hsp60/10 has been known to utilize single-ring intermediates within 
its catalytic pathway to fold proteins. However, there are additional conformations 
that are observed within the hsp60/10 protein-folding pathway due to the require-
ment of co-chaperonin hsp10 for productive catalysis. ATP binding drives the asso-
ciation of hsp10 to the tetradecameric hsp60 complexes leading to the formation of 
unique “bullet” and “football” conformations (Levy-Rimler et al. 2001; Nisemblat 
et al. 2014, 2015). The asymmetric “bullet” conformation is composed of one hep-
tameric hsp10 ring binding to only one heptameric hsp60 ring within the tetradeca-
meric complex. The symmetric “American football” complex contains hsp10 
heptamers bound to both rings of the hsp60 tetradecamer resulting in a fully enclosed 
chaperonin complex. The observation of “bullet” shaped hsp60/10 complexes in the 
presence of ATP indicate that the inter-ring negative cooperativity seen in groEL/ES 
is conserved in hsp60. However, the additional presence of “football” complexes 
suggests the inter-ring negative cooperativity is used to sequentially pack one ring 
with denatured substrate before the second ring can accommodate a substrate of its 
own. This is in stark contrast to groEL/ES that depends on the binding of ATP to the 
trans-ring to eject substrate and co-chaperonin form the cis-ring (Fig.  2.1). The 
presence of a “football” conformation and lack of a trans-ring indicates that 
hsp60/10 utilizes a different mechanism for ejecting substrate and co-chaperonin as 
compared to groEL/ES.

Upon ATP hydrolysis, the “football” complex dissociates into single-rings that 
can independently fold the substrate proteins. Recently, we reported that in the 
absence of nucleotide and substrate, hsp60 forms a stable tetradecameric conforma-
tion (Enriquez et al. 2017). Therefore, the two single-rings come back together to 
form a stable double-ring APO conformation after the release of ADP, hsp10 and 
folded substrate protein from both the rings. The protein-folding catalytic cycle of 
hsp60/10 is unique since it combines the mechanistic features of the “two-stroke” 
groEL/ES cycle and the “one-stroke” ϕ-EL cycle. However, the exact structural and 

Fig. 2.2 Catalytic cycle of ϕ-EL: ATP binding followed by entry of the unfolded substrate yields 
the ‘open’ double-ring ATP-conformation. ATP hydrolysis results in a dramatic increase in the 
volume of the central cavity and separation of the two ADP-bound rings (‘closed’ single-ring con-
formation). These single-rings associate upon ADP release to form the ‘closed’ double-ring APO- 
conformation and release the folded substrate upon ATP binding

J. M. Bhatt and R. A. Bernal



21

catalytic features of the hsp60/10 protein-folding cycle are yet to be elucidated since 
high-resolution structures of nucleotide-bound conformations have remain elusive. 
Based on the limited knowledge of the unique hsp60/10 conformations that have 
been observed under the electron microscope, we have proposed a catalytic cycle 
for hsp60/10 (Fig. 2.3).

Bioinformatics analyses have suggested that ϕ-EL and hsp60 form single-rings 
due to altered inter-ring salt bridge contacts as compared to groEL (Karlin and 
Brocchieri 2000; Molugu et al. 2016). These residues are critical for negative inter- 
ring allostery within groEL but are mutated in hsp60 and ϕ-EL. This observation 
has interesting implications for the overall architecture and subunit contacts across 
the two rings for ϕ-EL and hsp60. The inter-ring contacts between the groEL sub-
units are out-of-register (1:2); meaning one subunit contacts two subunits across the 
inter-ring interface. ϕ-EL demonstrates in-register (1:1) inter-ring contacts such that 
a subunit from one ring interacts with only one subunit from the other ring. One 
would expect hsp60/10 subunits to be arranged in an in-register (1:1) formation 
since it forms single-ring intermediates similar to ϕ-EL and have limited inter-ring 
negative cooperativity. However, our lab has shown that APO-hsp60 subunits dis-
play an out-of-register (1:2) organization (Enriquez et al. 2017). This reinforces the 
idea that hsp60/10 utilizes catalytic and architectural features from both the “two- 
stroke” groEL/ES cycle and the “one-stroke” ϕ-EL systems.

Fig. 2.3 Proposed hsp60/10 catalytic cycle: The APO conformation binds ATP, substrate, and 
hsp10 to form the “bullet” conformation. However, additional ATP binding leads to the formation 
of the “football” conformation with ATP, substrate, and hsp10 both to both the rings simultane-
ously. ATP hydrolysis leads to the separation of the double-ring complex. The single-ring confor-
mation is probably where the substrate is folded as it has been noted that the single-ring is able to 
expand to a much larger internal chamber volume. The expulsion of ADP likely induces the 
removal of hsp10 and the folded substrate from both the rings and the return to the APO double- 
ring conformation
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2.1.4  Unanswered Questions

The ADP-bound single-ring conformation of the ϕ-EL chaperonin has an expanded 
internal cavity, presumably to fold larger viral proteins that could not be accommo-
dated within the host chaperonin, groEL/ES (Molugu et al. 2016). Likewise, an 80% 
increase in the volume of the internal cavity has also been reported for the single- 
ring mutant of groEL, SR398 (Chen et al. 2006). It has been postulated that single- 
ring hsp60/10 intermediate would also show an expanded central cavity to allow for 
larger substrate proteins to be sequestered by the chaperonin. This hypothesis is 
supported by the association between hsp60 and the 82 kDa mitochondrial Aconitase 
protein, a protein too large to be encapsulated by groEL/ES (Dubaquie et al. 1998; 
Wolf 2006). However, there is still no clear evidence to strongly support this hypoth-
esis for hsp60/10 complexes.

Neurodegenerative disorders MitCHAP-60 and SPG13 have been associated 
with point mutations in hsp60. A D3G hsp60 mutation is a missense mutation that 
has been linked to MitCHAP-60 while a V72I mutation leads to SPG13 (Bross et al. 
2008; Hansen et al. 2002; Magen et al. 2008; Parnas et al. 2009). MitCHAP-60 is 
inherited in an autosomal-recessive pattern and is characterized by neuronal hypo-
myelination and white matter degradation. Patients show psychomotor develop-
mental delays, muscle weakness, limb spasticity, followed by death within the first 
two decades of life (Magen et al. 2008). SPG13 is a member of the hereditary spas-
tic paraplegia group of neurodegenerative diseases. It is characterized by progres-
sive muscle weakness, lower extremity spasticity, impaired vision, deafness, and 
cognitive deficits (Depienne et al. 2007; Lo Giudice et al. 2014; Morfini et al. 2009; 
Salinas et al. 2008). The exact molecular mechanism(s) by which the D3G and V72I 
mutations lead to these neurodegenerative disorders is unknown. It is possible that 
the single-ring intermediates might be involved in the pathogenesis of these dis-
eases; however, more research needs to be done to uncover the molecular basis of 
these disorders.

Approximately 80% of the hsp60 complexes reside within the mitochondria 
while the remainder is scattered throughout the cell in the cytosol, nucleus, Golgi, 
plasma membrane, and peroxisomes (Campanella et al. 2012; Itoh et al. 1995, 2002; 
Khan et al. 1998; Kirchhoff et al. 2002; Meng et al. 2018; Piselli et al. 2000; Soltys 
and Gupta 1996). It is unclear if the extra-mitochondrial pool of hsp60 is capable of 
folding proteins and uses single-ring-intermediates. If yes, are single-ring interme-
diates relevant in pathological conditions such as infections, cancer, cellular stress, 
and apoptosis where a role of extra-mitochondrial hsp60 has been implicated? 
(Belles et al. 1999; Isidoro et al. 2005; Kirchhoff et al. 2002; Lin et al. 2007). The 
cellular conditions that regulate the formation of these single-ring intermediates, 
within and outside the mitochondria, are still unknown. Additional studies that elu-
cidate the high-resolution structure of hsp60/10 conformations, along with bio-
chemical, cell-based, and organismal experimental approaches are needed to 
understand the role of hsp60/10 single-ring intermediates in various biological 
processes.
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2.2  Conclusions

Hsp60/10 has been known for a long time to operate via a protein-folding mecha-
nism that utilizes both single-ring and double-ring intermediates. The hsp60/10 
protein-folding cycle utilizes catalytic and architectural features from both the 
“two-stroke” groEL/ES cycle and the “one-stroke” ϕ-EL systems. However, there 
are still a number of unanswered questions revolving around the cellular, structural, 
and pathological details of the hsp60/10 single-ring intermediates. It is especially 
critical to resolve these questions since hsp60/10 is implicated in several biochemi-
cal pathways and disease conditions in humans.

Acknowledgements This work was made possible by the Welch Foundation award (AH-1649) 
and NIH-NIGMS (SC3GM113805) awarded to RAB.  We would also like to acknowledge the 
UTEP BBRC and grant 5G12MD007592 from the National Institutes on Minority Health and 
Health Disparities (NIMHD), a component of the National Institutes of Health (NIH). JMB was 
supported by the NIH-NIGMS under linked Award Numbers RL5GM118969, TL4GM118971, 
and UL1GM118970.

References

Belles C, Kuhl A, Nosheny R, Carding SR (1999) Plasma membrane expression of heat shock 
protein 60 in vivo in response to infection. Infect Immun 67:4191–4200

Bhatt JM, Enriquez AS, Wang J et al (2018) Single-ring intermediates are essential for some chap-
eronins. Front Mol Biosci 5:42

Braig K, Otwinowski Z, Hegde R et al (1994) The crystal structure of the bacterial chaperonin 
GroEL at 2.8 A. Nature 371:578–586

Brocchieri L, Karlin S (2000) Conservation among HSP60 sequences in relation to structure, func-
tion, and evolution. Protein Sci 9:476–486

Bross P, Naundrup S, Hansen J et al (2008) The Hsp60-(p.V98I) mutation associated with heredi-
tary spastic paraplegia SPG13 compromises chaperonin function both in  vitro and in  vivo. 
J Biol Chem 283:15694–15700

Campanella C, Bucchieri F, Merendino AM et al (2012) The odyssey of Hsp60 from tumor cells 
to other destinations includes plasma membrane-associated stages and Golgi and exosomal 
protein-trafficking modalities. PLoS One 7:e42008

Chaudhuri TK, Paul S (2006) Protein-misfolding diseases and chaperone-based therapeutic 
approaches. FEBS J 273:1331–1349

Chen DH, Song JL, Chuang DT, Chiu W, Ludtke SJ (2006) An expanded conformation of single- 
ring GroEL-GroES complex encapsulates an 86 kDa substrate. Structure 14:1711–1722

Cheng MY, Hartl FU, Martin J et al (1989) Mitochondrial heat-shock protein Hsp60 is essential for 
assembly of proteins imported into yeast mitochondria. Nature 337:620–625

Depienne C, Stevanin G, Brice A, Durr A (2007) Hereditary spastic paraplegias: an update. Curr 
Opin Neurol 20:674–680

Dubaquie Y, Looser R, Funfschilling U, Jeno P, Rospert S (1998) Identification of in vivo sub-
strates of the yeast mitochondrial chaperonins reveals overlapping but non-identical require-
ment for hsp60 and hsp10. EMBO J 17:5868–5876

Elborn JS (2016) Cystic fibrosis. Lancet 388:2519–2531

2 Catalytic Cycle of the Human Mitochondrial Hsp60



24

Enriquez AS, Rojo HM, Bhatt JM, Molugu SK, Hildenbrand ZL, Bernal RA (2017) The human 
mitochondrial Hsp60 in the APO conformation forms a stable tetradecameric complex. Cell 
Cycle 16:1309–1319

Hansen JJ, Durr A, Cournu-Rebeix I et al (2002) Hereditary spastic paraplegia SPG13 is associated 
with a mutation in the gene encoding the mitochondrial chaperonin Hsp60. Am J Hum Genet 
70:1328–1332

Hildenbrand ZL, Bernal RA (2012) Chaperonin-mediated folding of viral proteins. Adv Exp Med 
Biol 726:307–324

Illingworth M, Ramsey A, Zheng Z, Chen L (2011) Stimulating the substrate folding activ-
ity of a single ring GroEL variant by modulating the cochaperonin GroES.  J Biol Chem 
286:30401–30408

Illingworth M, Salisbury J, Li W, Lin D, Chen L (2015) Effective ATPase activity and moderate 
chaperonin-cochaperonin interaction are important for the functional single-ring chaperonin 
system. Biochem Biophys Res Commun 466:15–20

Isidoro A, Casado E, Redondo A et al (2005) Breast carcinomas fulfill the Warburg hypothesis and 
provide metabolic markers of cancer prognosis. Carcinogenesis 26:2095–2104

Itoh H, Kobayashi R, Wakui H et al (1995) Mammalian 60-kDa stress protein (chaperonin homo-
log). Identification, biochemical properties, and localization. J Biol Chem 270:13429–13435

Itoh H, Komatsuda A, Ohtani H et al (2002) Mammalian HSP60 is quickly sorted into the mito-
chondria under conditions of dehydration. Eur J Biochem 269:5931–5938

Juwono J, Martinus RD (2016) Does Hsp60 provide a link between mitochondrial stress and 
inflammation in diabetes mellitus? J Diabetes Res 2016:8017571

Karlin S, Brocchieri L (2000) Conservation among HSP60 sequences in relation to structure, func-
tion, and evolution. Protein Sci 9:476–486

Khan IU, Wallin R, Gupta RS, Kammer GM (1998) Protein kinase A-catalyzed phosphorylation 
of heat shock protein 60 chaperone regulates its attachment to histone 2B in the T lymphocyte 
plasma membrane. Proc Natl Acad Sci U S A 95:10425–10430

Kirchhoff SR, Gupta S, Knowlton AA (2002) Cytosolic heat shock protein 60, apoptosis, and 
myocardial injury. Circulation 105:2899–2904

Kovacs E, Sun Z, Liu H et al (2010) Characterisation of a GroEL single-ring mutant that sup-
ports growth of Escherichia coli and has GroES-dependent ATPase activity. J  Mol Biol 
396:1271–1283

Levy-Rimler G, Viitanen P, Weiss C et  al (2001) The effect of nucleotides and mitochondrial 
chaperonin 10 on the structure and chaperone activity of mitochondrial chaperonin 60. Eur 
J Biochem 268:3465–3472

Lin L, Kim SC, Wang Y et al (2007) HSP60 in heart failure: abnormal distribution and role in 
cardiac myocyte apoptosis. Am J Phys Heart Circ Phys 293:H2238–H2247

Liu H, Kovacs E, Lund PA (2009) Characterisation of mutations in GroES that allow GroEL to 
function as a single ring. FEBS Lett 583:2365–2371

Lo Giudice T, Lombardi F, Santorelli FM, Kawarai T, Orlacchio A (2014) Hereditary spastic 
paraplegia: clinical-genetic characteristics and evolving molecular mechanisms. Exp Neurol 
261:518–539

Magen D, Georgopoulos C, Bross P et al (2008) Mitochondrial hsp60 chaperonopathy causes an 
autosomal-recessive neurodegenerative disorder linked to brain hypomyelination and leuko-
dystrophy. Am J Hum Genet 83:30–42

Meng Q, Li BX, Xiao X (2018) Toward developing chemical modulators of Hsp60 as potential 
therapeutics. Front Mol Biosci 5:35

Molugu SK, Hildenbrand ZL, Morgan DG et  al (2016) Ring separation highlights the protein- 
folding mechanism used by the phage EL-encoded chaperonin. Structure 24:537–546

Morfini GA, Burns M, Binder LI et al (2009) Axonal transport defects in neurodegenerative dis-
eases. J Neurosci 29:12776–12786

Nielsen KL, Cowan NJ (1998) A single ring is sufficient for productive chaperonin-mediated fold-
ing in vivo. Mol Cell 2:93–99

J. M. Bhatt and R. A. Bernal



25

Nielsen KL, McLennan N, Masters M, Cowan NJ (1999) A single-ring mitochondrial chaperonin 
(Hsp60-Hsp10) can substitute for GroEL-GroES in vivo. J Bacteriol 181:5871–5875

Nisemblat S, Parnas A, Yaniv O, Azem A, Frolow F (2014) Crystallization and structure determi-
nation of a symmetrical ‘football’ complex of the mammalian mitochondrial Hsp60-Hsp10 
chaperonins. Acta Crystallogr F Struct Biol Commun 70:116–119

Nisemblat S, Yaniv O, Parnas A, Frolow F, Azem A (2015) Crystal structure of the human mito-
chondrial chaperonin symmetrical football complex. Proc Natl Acad Sci U S A 112:6044–6049

Parnas A, Nadler M, Nisemblat S, Horovitz A, Mandel H, Azem A (2009) The MitCHAP-60 dis-
ease is due to entropic destabilization of the human mitochondrial Hsp60 oligomer. J  Biol 
Chem 284:28198–28203

Piselli P, Vendetti S, Vismara D et al (2000) Different expression of CD44, ICAM-1, and HSP60 
on primary tumor and metastases of a human pancreatic carcinoma growing in scid mice. 
Anticancer Res 20:825–831

Salinas S, Proukakis C, Crosby A, Warner TT (2008) Hereditary spastic paraplegia: clinical fea-
tures and pathogenetic mechanisms. The Lancet Neurology 7:1127–1138

Semenyuk PI, Orlov VN, Sokolova OS, Kurochkina LP (2016) New GroEL-like chaperonin of 
bacteriophage OBP Pseudomonas fluorescens suppresses thermal protein aggregation in an 
ATP-dependent manner. Biochem J 473:2383–2393

Soltys BJ, Gupta RS (1996) Immunoelectron microscopic localization of the 60-kDa heat shock 
chaperonin protein (Hsp60) in mammalian cells. Exp Cell Res 222:16–27

Sun Z, Scott DJ, Lund PA (2003) Isolation and characterisation of mutants of GroEL that are fully 
functional as single rings. J Mol Biol 332:715–728

Sweeney P, Park H, Baumann M et al (2017) Protein misfolding in neurodegenerative diseases: 
implications and strategies. Transl Neurodegener 6:6

Vercoulen Y, van Teijlingen NH, de Kleer IM, Kamphuis S, Albani S, Prakken BJ (2009) Heat 
shock protein 60 reactive T cells in juvenile idiopathic arthritis: what is new? Arthritis Res 
Ther 11:231

Viitanen PV, Lorimer GH, Seetharam R et  al (1992) Mammalian mitochondrial chaperonin 60 
functions as a single toroidal ring. J Biol Chem 267:695–698

Viitanen PV, Lorimer G, Bergmeier W, Weiss C, Kessel M, Goloubinoff P (1998) Purification of 
mammalian mitochondrial chaperonin 60 through in vitro reconstitution of active oligomers. 
Methods Enzymol 290:203–217

Vilasi S, Carrotta R, Mangione MR et al (2014) Human Hsp60 with its mitochondrial import sig-
nal occurs in solution as heptamers and tetradecamers remarkably stable over a wide range of 
concentrations. PLoS One 9:e97657

Wang M, Kaufman RJ (2014) The impact of the endoplasmic reticulum protein-folding environ-
ment on cancer development. Nat Rev Cancer 14:581–597

Wolf SG (2006) Single-ring GroEL: an expanded view. Structure 14:1599–1600
Yan X, Shi Q, Bracher A et al (2018) GroEL ring separation and exchange in the chaperonin reac-

tion. Cell 172:605–17 e11

2 Catalytic Cycle of the Human Mitochondrial Hsp60



27© Springer Nature Switzerland AG 2019 
A. A. A. Asea, P. Kaur (eds.), Heat Shock Protein 60 in Human Diseases  
and Disorders, Heat Shock Proteins 18, 
https://doi.org/10.1007/978-3-030-23154-5_3

Chapter 3
Hsp60 Inhibitors and Modulators

Antonio Palumbo Piccionello, Paola Marzullo, Silvestre Buscemi, 
and Andrea Pace

Abstract In this chapter, we focus on the 60 KDa Heat Shock Protein (Hsp60) and 
discuss some of its biological, molecular and pathological features. The structural 
and mechanistic aspect of the Hsp60 folding cycle will be also presented. We further 
illustrate how Hsp60 may be involved in many diseases and therefore considered as 
an effective therapeutic or theranostic target. Finally, the state-of-the-art on the 
development of Hsp60 and bacterial GroEL inhibitors and modulators of their 
expression will be illustrated. This is discussed in the light of a negative chaperono-
therapy, and the consequent development of inhibitors, as well as positive chaper-
onotherapy, in the event its excessive activity is a disease-contrasting event.

Keywords Avrainvillamide · Carboranylphenoxyacetanilide · Cpn60 · 
Epolactaene · GroEL · Heat shock proteins · Hsp60 · Hsp60 inhibitors · HspD1 · 
Mizoribine · Pyrazolopyrimidine
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AD alzheimer’s disease
ADP adenosine diphosphate
APP amyloid precursor protein
ATP adenosine triphosphate
AuTPP Gold(III) meso-tetraphenylporphyrin chloride
Aβ amyloid peptide
COPD chronic obstructive pulmonary diseases
Cpn60 chaperonins
Cys cysteine
DNA deoxyribonucleic acid
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EM electron microscopy
ESKAPE Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter
ETB epolactaene tertiary butyl ester
GroEL bacterial 60 KDa heat shock protein
GroES bacterial 10 KDa heat shock protein
GTP guanosine triphosphate
HNE 4-hydroxynonenal
HSP heat shock proteins
Hsp10 10 KDa heat shock protein
Hsp40 40 KDa heat shock protein
Hsp60 (HspD1), 60 KDa heat shock protein.
Hsp70 70 KDa heat shock protein
Hsp90 90 KDa heat shock protein
Hsp110 110 KDa heat shock protein
HTS high-throughput screening
ITC isothermal titration calorimetry
MD molecular dynamics
MIS mitochondrial import sequence
NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells
MRSA methicillin-resistant Staphylococcus Aureus
NMR nuclear magnetic resonance
SAR structure-activity relationship
SAXS small-angle X-ray scattering
sHsp small Hsp
SP substrate protein
SPG13 hereditary spastic paraplegia
TEM transmission electron microscopy

3.1  Introduction

The concept of the “chaperome” is related to a system that includes all molecular 
chaperones, co-chaperones and co-factors of an organism (Macario and Conway de 
Macario 2005). Chaperonology is the science that studies this system, which also 
includes the study of diseases due to chaperoning system malfunction (Macario and 
Conway de Macario 2007a). The chaperome is physiologically necessary for man-
aging protein homeostasis, folding and trafficking in a highly regulated fashion, 
therefore, its failure results in a pathological condition (Macario and Conway de 
Macario 2005, 2007b). Heat Shock Proteins (HSP) are classical molecular chaper-
ones and they play a crucial role in the biosynthesis, folding/unfolding, transport and 
assembly of other proteins (Finka and Goloubinoff 2013). Molecular chaperones 
have been traditionally classified on the basis of their molecular weight, into: heavy 
(Hsp110, Hsp90, Hsp70, Hsp60, Hsp40), and small Hsp (sHsp) (Macario et  al. 
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2013). 60 KDa Heat Shock Proteins, usually known as chaperonins (Cpn60), mainly 
represented by the human Hsp60 and the bacterial homologue GroEL, are one of the 
main component of the chaperome and are classically described as mitochondrial 
proteins, constitutively expressed under normal conditions and induced by various 
types of stressors as heat shock, oxidative stress, and DNA damage (Czarnecka et al. 
2006). Inside mitochondria, they act as a folding machine, together with co-chaper-
onin Hsp10 (GroES in bacteria), for the correct folding of several mitochondrial 
proteins (Bukau and Horwich 1998; Parnas et al. 2012). A new nomenclature has 
been proposed on the basis of the HUGO Gene Nomenclature Committee and used 
in the National Center of Biotechnology Information Entrez Gene database for the 
heat shock genes (Kampinga et al. 2009). Even if this terminology is not universally 
adopted in the scientific literature, Hsp60 is often referred as HspD1.

3.2  Hsp60 Structure and Functions

Hsp60/GroEL assists client protein’s folding by forming a tetradecameric structure 
with a barrel shape obtained by two heptameric rings. (Horwich et al. 2006) The 
folding process is also assisted by the 10 kDa co-chaperonin Hsp10/GroES and by 
ATP to ADP hydrolysis. The monomeric chaperonin presents: (i) an equatorial 
domain responsible for ATP/ADP binding and inter-ring interaction; (ii) an interme-
diate domain and (iii) an apical domain, whose movement is responsible for substrate 
protein (SP) capture/release and interaction with co-chaperonin. Concerning the 
structure of the bacterial GroEL, for many years the active form of this supramolecu-
lar folding machine was assumed to be an asymmetric bullet-shaped GroEL14:GroES7 
complex (Clare et  al. 2012), while only recently a symmetric football- shaped 
GroEL14:(GroES7)2 complex was also evidenced (Yang et al. 2013; Fei et al. 2014). 
In these models, the binding of the SP precedes the one of ATP. Therefore, the barrel-
shaped tetradecamer in its T-state (ATP-unbound) is the basis for the recognition of 
SPs. Further studies revealed the role of the C-terminus of GroEL, at the bottom of 
the barrel chamber, useful to force SP entrance in, and final substrate release from, 
the folding chamber (Weaver and Rye 2014). On the other hand, the human homo-
logue Hsp60 similarly works with its co-chaperone Hsp10 in a ATP-mediated pro-
cess, even if Hsp60 shows less affinity for Hsp10 than the bacterial homologue, 
forming preferentially a single heptameric ring instead of the barrel-shaped double-
ring (Parnas et al. 2009). The crystal structure of human Hsp60, in complex with 
Hsp10, was also obtained, showing a symmetric football- shaped assembly also for 
the mammalian form (Nisemblat et  al. 2014, 2015). The human Hsp60 system 
behave differently from the bacterial GroEL; in fact, also single heptameric rings are 
described as stable oligomeric state together with tetradecameric double-rings 
(Enriquez et al. 2017), and the binding with ATP seems crucial for the Hsp10 recog-
nition (Enriquez et  al. 2017). A GTPase activity was also evidenced for Hsp60 
(Okamoto et al. 2017). TEM experiments revealed the presence of a complex distri-
bution of double-ring (football and bullet-type complexes) and single-ring complexes 
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(Ishida et al. 2018). In general, the folding cycle of Hsp60 seems more complex than 
that reported for GroEL. The growth of EM techniques boosted this research field 
and allowed to shed light into these complex mechanisms.

Furthermore, Naïve-Hsp60, which is characterized by the presence of a 26 pep-
tides Mitochondrial Import Sequence (MIS) linked at the N-terminus, was also stud-
ied (Vilasi et  al. 2014). The oligomeric states of naïve-Hsp60 was investigated, 
revealing the presence of an equilibrium between stable heptameric and tetradeca-
meric forms (Spinello et al. 2015). Detailed quaternary structure in solution, under 
physiological conditions, was investigated by means of MD simulations and SAXS 
experimental data, analyzed by the QUAFIT method (Spinozzi and Beltramini 
2012). The combination of MD simulations and the advanced SAXS data analysis 
provided the quaternary structure of both GroEL and Hsp60 in naïve-solution.

3.3  Hsp60 Involvement in Different Pathologies

The role of Hsp60 in many pathologies is evident and in particular in those cases 
related to the protein’s malfunction due to mutations of the Hsp60 (HSPD1) gene 
(Bross and Fernandez-Guerra 2016). Hereditary spastic paraplegia SPG13 is a rare 
and incurable neurodegenerative disorder related to the V98I mutation in Hsp60 
(Bross et al. 2008), while MitCHAP-60 disease, which is associated with D27G or 
D3G mutations, is a neurodegenerative disorder that causes hypomyelination and 
leukodystrophy in the brain (Magen et al. 2008). Beside this direct involvement, 
Hsp60’s role as “friend or foe” is currently under investigation for various condi-
tions. In Cancer, the Hsp60’s role has been widely assessed and its anti-apoptotic 
role in tumor-cell lifecycle unraveled (Wu et al. 2017; Cappello et al. 2014, Kondoh 
and Osada 2013; Pace et al. 2013). Tumor pro-survival effects are due, for example, 
to interactions with caspase-3 (Chandra et al. 2007) and nuclear factor-kB (NF-kB)-
dependent pathway (Chun et al. 2010). In general, Hsp60 overexpression is a fre-
quent pro-tumoral factor that could be used as diagnostic as well prognostic tool. In 
this field, also the interest toward the extracellular exosomial fraction is increasing 
(Campanella et al. 2015; Lv et al. 2012; Merendino et al. 2010).

Moreover, Hsp60 is a risk factor for atherosclerosis (Wick et al. 2014), diabete 
(Juwono and Martinus 2016) and cardiovascular diseases (Rizzo et al. 2011), such 
as myocardial injury (Kirchhoff et al. 2002).

Hsp60 is also involved in neurodegenerative diseases related to protein misfold-
ing like Alzheimer’s Disease (AD) (Campanella et al. 2018). Interactions of Hsp60 
with both amyloid peptide (Aβ) (Veereshwarayya, et  al. 2006; Mangione et  al. 
2016) and amyloid precursor protein (APP) (Walls et al. 2012) were reported but 
with controversial role regarding its protective role in neurons or as cause of 
 mithocondrial stress in AD. Interestingly, an Aβ-Hsp60 conjugate vaccine was suc-
cessfully tested in a mouse model of AD (Nemirovsky et al. 2011). Finally, due to 
strict homology of human Hsp60 with that of several bacteria, Hsp60 is also involved 
in different autoimmune diseases (van Eden et  al. 2017) including inflammatory 
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bowel diseases (Tomasello et  al. 2011), chronic obstructive pulmonary diseases 
(COPD) (Cappello et al. 2011), Hashimoto’s thyroiditis (Marino Gammazza et al. 
2014) and myasthenia gravis (Marino Gammazza et al. 2012).

3.4  Hsp60 Inhibitors and Modulators

Despite various studies point toward targeting Hsp60 as a promising therapeutic 
strategy, only a few compounds have been characterized in some detail as Hsp60 
inhibitors (Meng et al. 2018). Moreover, in many cases, the mechanism of action of 
such inhibitors needs to be clearly assessed. Therefore, both in the development of 
new Hsp60 inhibitors and in the study of their mechanism of action, a particular care 
should be paid to structural differences between eukaryotic Hsp60 and its more 
widely studied prokaryotic homolog, GroEL. For instance, GroEL lacks three cyste-
ine residues that are instead present in the human Hsp60 (i.e. Cys237, Cys442 and 
Cys447). In fact, due to their nucleophilic character and easy oxidizability, such resi-
dues represent ideal sites for drug interaction (Cappello et al. 2014). Two approaches 
have been proposed so far to design Hsp60 inhibitors (Cappello et al. 2014). The first 
one targets the sites which are functional for hydrolysis and ATP binding, thus affect-
ing those Hsp60’s conformational changes which are ATP- dependent and crucial for 
inducing protein folding (Itoh et al. 1999; Chapman et al. 2008; Tanabe et al. 2012).

The second strategy targets Hsp60’s cysteine residues as either oxidizable sites 
(Wang et al. 2013) or for covalent binding, likely by reaction with an electrophilic 
moiety on the drug candidate (Nagumo et al. 2004, 2005; Wulff et al. 2007). For 
instance, mizoribine (Fig.  3.1, left) is an immunosuppressant imidazole 
N-ribofuranoside which targets Hsp60’s ATPase activity by forming a complex with 
Hsp60 and affecting its protein-folding activity (Itoh et al. 1999; Chapman et al. 
2008). Mizoribine was shown to affect ATP hydrolysis thus slowing down the 
protein- folding cycle. Additionally, mizoribine’s activity was hypothesized to 
inhibit the dissociation of the co-chaperonin Hsp10 from the Hsp60/Hsp10 com-
plex. In this case, however, there was a relevant difference in the activity observed 

Fig. 3.1 Modulators of 
Hsp60’s ATP-dependent 
activity
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with prokaryotic and eukaryotic Hsp60, since the GroEL/GroES system was not 
significantly affected by mizoribine (Tanabe et  al. 2012). Similarly, another aza- 
aromatic heterocycle, pyrazolopyrimidine EC3016 (Fig.  3.1, right), was able to 
affect the protein-folding function of Hsp60 by blocking ATP binding and hydroly-
sis (Chapman et  al. 2008). Surprisingly, no further update on EC3016 use has 
appeared since the original report of its inhibitory activity against Hsp60’s function. 
As for the second strategy, a different class of molecules has been reported to inter-
act with of Hsp60’s cysteine residues (Fig. 3.2) (Cappello et al. 2014).

One of these compounds, avrainvillamide, can alkylate the thiol function of cyste-
ine residues through the 3-alkylidene-3H-indole 1-oxide electrophilic moiety (Wulff 
et al. 2007). However, its inhibitory effects on Hsp60 functions has not been unequiv-
ocally demonstrated so far. Other Hsp60-interacting molecules were identified found 
among natural compounds, such as epolactaene, which inhibits the chaperoning 
activity of human Hsp60 by specifically binding the Cys442 residue (Nagumo et al. 
2005). Recently, other epolactaene derivatives, such as its tertiary butyl ester ETB, 
were proved to target mitochondrial transcription (Sun et al. 2012). A structure-activ-
ity relationship (SAR) analysis has been performed on a series of epolactaene deriva-
tives demonstrating that both the α-β unsaturated ketone and the lactam are critical 
moieties to inhibit Hsp60’s chaperone activity (Nagumo et al. 2004). However, by 
looking at the whole structure of ETB, one can recognize more than one electrophilic 
site able to covalently bind the thiol groups of cysteine residues. In particular, the 
epoxide moiety of epolactaene should be the most likely binding site for the nucleo-
philic cysteine residues. This was demonstrated in a study on the reactivity of epolac-
taene with a series of thiols, including cysteine, pointing out epolactaene’s ability to 
favor oxidation to disulfide (Kuramochi et al. 2011). The mechanism of action of 
epolactaene was investigated by means of Molecular Dynamics (MD), revealing that 
epolactaene could bind Hsp60 at the ATP-binding site in the APO form and, more 
intriguing, a binding pocket in proximity of Cys442 after ATP binding (Spinello et al. 
2016). Once in proximity of Cys 442, epolactaene covalently binds thiol moiety 
through attack at C14 and epoxide ring-opening. Interestingly, epolactaene binding 

Fig. 3.2 Compounds targeting Hsp60’s cysteine residues
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hinders the dynamic conformational changes of the apical domain of the monomer, 
necessary for SP capture and release during folding process.

Another study, based on a proteomic screening of the interactions between 
several natural compounds and Hsp60, showed that suvanine (Fig. 3.3), a natural 
sesquiterpene of marine origin targets the chaperonin’s cysteine residues for sul-
fation (Cassiano et al. 2012). On the other hand gossypol (Fig. 3.3), a polyphe-
nolic drugs which induces apoptosis through oxidative stress, interacts with 
Hsp60 interfering with the typical thiol/disulfide redox reaction of its cysteine 
residues (Wang et  al. 2013). Interestingly, a hypoxic-inducible factor 1 alpha 
inhibitor, containing an unusual (for pharmacological purposes) carboranyl moi-
ety, was found to target Hsp60, although its actual binding site is still undefined 
(Ban et al. 2010). Recently, one of the carboranylphenoxyacetanilide derivatives 
(1) (Fig. 3.3; R1 = CH2CH3, R2 = B(OH)2, R3 = OH) showed a twofold chaperone 
inhibitory activity compared to ETB (Ban et al. 2012; Nakamura et al. 2013).

Another proteomic analysis performed on compounds targeting heat shock pro-
teins involved in the stress response (Hsp60, Hsp70, Hsp90, and 78-kDa glucose 

Fig. 3.3 Molecular structure of compounds interacting with Hsp60
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regulated protein) revealed that 4-hydroxynonenal (HNE) (Fig. 3.3) targets Hsp60, 
with a dose-dependent increase in labeled proteins with increased sequence cover-
age at higher concentrations (Vila et al. 2008). Also in this case, the binding site was 
not discovered; however, a nucleophilic attack of the cysteine thiol group on the 
electrophilic α-β-unsaturated aldehyde moiety can be reasonably suggested as a 
mode of binding. Gold(III) meso-tetraphenylporphyrin chloride (AuTPP) (Fig. 3.3), 
is a well-known antitumoral that was revealed to inhibit Hsp60 through different 
experiments: chemoproteomic, NMR and folding assays (Hu et al. 2016). The pres-
ence of both Gold(III) and the porphyrin scaffold is necessary for activity as estab-
lished through SAR studies; nevertheless, the mode of action is still unclear. 
Similarly, antitumoral drug myrtucommulone A (Fig. 3.3), was find to bind Hsp60 
by means of a protein fishing approach (Wiechmann et al. 2017). The activity of 
myrtucommulone A was further confirmed by malate dehydrogenase protein refold-
ing assay. Other representative molecules interacting with Hsp60 or affecting its 
expression with unknown mechanism of action ranges from copper complex (2), to 
matrine and curcumin (Fig. 3.4). For example, the exposure of tumor cells to some 
recently characterized copper complexes (Terenzi et al. 2010, 2011) showed antitu-
mor activity that was correlated to decreased levels of Hsp60 and of the Hsp60/
pro-Caspase-3-complex (Caruso Bavisotto et al. 2017). The neuroprotective effect 
of Matrine (Zhang et al. 2017) and Curcumin (Ding et al. 2016) was ascribed to 
reduced Hsp60 expression and therefore to lower microglia activation. Another 
interesting research field is the discovery of GroEL inhibitors as a new class of 
 antibacterials. An HTS screening performed on 700,000 compounds allowed the 
individuation of compound (3) as hit inhibitor (Johnson et al. 2014), together with 
compounds (4–5) active toward ESKAPE pathogens (Abdeen et al. 2016). Further 
SAR optimization yields to compounds (6–7) as potent antibacterial versus resistant 
strains such as MRSA (Abdeen et al. 2018). The mode of action seem linked to the 
targeting of the ATP binding site, interestingly, from ITC experiments highlighted 

Fig. 3.4 Chemical 
structure of Hsp60 
modulating molecules
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the binding of more than one molecule per monomer, opening the possibility to the 
presence of other bonding sites (Fig. 3.5).

3.5  Conclusions

In summary, current strategies to target chaperonin’s activity focus on its ATP bind-
ing site or cysteine residues. Nevertheless, several mechanism of action need to be 
assessed and other regions of Hsp60 can be surveyed to develop novel inhibitors. 
For instance, crucial features for protein (re)folding activity, such as the site of inter-
action between the mitochondrial Hsp60 and Hsp10, could be suggested as target 
for new inhibitors/modulators. Ideally, a thorough study on the development of new 
Hsp60 inhibitors should test their efficacy in inhibiting ATP binding and hydrolysis 

Fig. 3.5 Chemical structure of GroEL inhibitors

3 Hsp60 Inhibitors and Modulators



36

and the chaperonin’s protein folding activity, address the binding capability and 
identify the docking site (Cappello et  al. 2014). Unfortunately, these aspects are 
rarely addressed in comprehensive studies (Nagumo et al. 2004; Tanabe et al. 2012). 
Therefore, there is still room for studies aiming at resolving the unanswered ques-
tions concerning current Hsp60 inhibitors. In this context, the lack of experimental 
information on the mechanism of action of several promising Hsp60-targeting 
drugs, remarks the importance and the supporting role of biomolecular computa-
tional studies. These can be used preliminarly to drug design, to explore other 
regions of Hsp60, including, for instance, the site of interaction between the mito-
chondrial Hsp60 and its co-chaperonin Hsp10. Additionally, the lack of consensus 
on the nature of the oligomers involved in the folding cycle and the lack of a co- 
crystallized structure with a known inhibitor, leave several unanswered questions 
concerning Hsp60 role in pathologies. Overall, the design of drugs targeting Hsp60 
is a perspective growing field of research and its translation into potential therapies 
remains still unexploited.
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Chapter 4
HSP60 as Modulators of Apoptosis

Pratima Chaudhuri (Chattopadhyay) and Naira Rashid

Abstract Heat shock proteins are a significant class of proteins that play a pivotal 
role in cells undergoing stress (heat/chemical). They also perform certain important 
functions in cells during normal conditions. Majority of heat shock proteins execute 
the role of molecular chaperones by enabling the unfolded protein to fold properly. 
Heat shock protein 60 (HSP 60) plays a significant role in protein homeostasis 
inside the mitochondria. Aberrant expression of HSP 60 has been observed to result 
in various disorders in humans. It is also responsible for various cell survival and 
apoptotic pathways. A wide cell survival program is orchestrated by HSP 60 and 
this process can be particularly explored for carcinogenesis. Therefore it can act as 
a lucrative target for treatment of various types of cancers and other diseases.
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chaperones

Abbreviations

COX cytochrome c oxidase
Cpn chaperonin
Hip HSP 70-interacting protein
Hop HSP 70-HSP 90 organizing protein
HSP heat shock proteins
MAP mitogen activated protein
PARP Poly (ADP ribose) polymerase

P. Chaudhuri (Chattopadhyay) (*) · N. Rashid 
Molecular Biophysics Lab, Amity Institute of Biotechnology, Amity University,  
Noida, Uttar Pradesh, India
e-mail: pchaudhuri@amity.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23154-5_4&domain=pdf
mailto:pchaudhuri@amity.edu


42

SPG spastic paraplegia
shRNA short hairpin RNA
TUNEL transferase-mediated dUTP nick-end labeling

4.1  Introduction

Molecular chaperones are ubiquitously present in all living organisms. They exe-
cute a significant role in protecting the cells from intrinsic and extrinsic stresses. In 
pathological conditions, these cyto-protective molecules assist in folding of proteins, 
repair, refolding of peptides that are misfolded, and also in degradation of proteins 
that cannot be repaired. They are constitutively expressed in ideal growth conditions; 
however, under heat shock or any other environmental insults, there is an up 
regulation of many of these chaperones. Thus such chaperones are also known as 
stress or heat shock proteins (Hsp). Their primary function is in establishing 
conformational quality control of the proteome. These molecules achieve the 
conformational stability of non native polypeptides by interacting with them. A 
number of other cellular functions have also been attributed to these molecular 
chaperones. Based on amino acid composition, designated function and molecular 
weight, these molecular chaperones have been classified into two groups; the high 
molecular weight and the small molecular weight heat shock proteins. The high 
molecular weight heat shock proteins have a molecular weight ranging between 60 
and 110 kDa. They are dependent on ATP and primarily operate by binding and 
enabling the nascent polypeptides to fold through ATP-dependent allosteric 
organization. The small molecular weight heat shock proteins have a molecular 
weight ranging between 15 and 43 kDa (Creagh et al. 2000). They perform their 
function in an ATP independent manner. This type of molecular chaperones have 
been observed to act in various embryonic development pathways, formation of 
respiratory organs such as cardiac muscles, as biomarkers for formation of tumor, in 
exercise induced stress, as well as in protein folding .

The elemental capability of Heat shock proteins to perpetuate the longevity of 
cell is correlative to suppression of caspase activation and apoptosis that could 
usually be based on their chaperoning capabilities (Beere 2004). They are known to 
enhance the survival of cell by inhibition of mitochondrial cell death initiated by 
apoptosome, stabilizing the survival effectors, and inactivating p53. For example, 
the anti apoptotic activity of HSP 90 might become selectively exploited in case of 
carcinoma (Whitesell and Lindquist 2005) and may execute a pivotal part in 
maintenance of tumor cell (Ghosh et al. 2008; Isaacs et al. 2003).
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4.2  Heat Shock Protein 60

Heat Shock Protein 60 (HSP 60), along with its co-chaperonin HSP10 (Zhao et al. 
2002), is an evolutionarily conserved stress response chaperone system in 
Eukaryotes. Human HSP 60 is also known as the 60 kDa chaperonin (Cpn 60). It is 
a homolog of bacterial GroEL. It is usually localized within the mitochondria and 
has been referred to as the mitochondrial molecular chaperone. HSP 60 and HSP10 
(Fig. 4.1) also are known to occupy extracellular space, cytosol, and nucleus. The 
mitochondrial compartmentalized HSP 60 and HSP 10 together form a heptameric 
ring assembly. A folding chamber is formed due to stacking of these heptameric 
rings (Nielsen et al. 1999; Nisemblat et al. 2014). HSP 60 executes cardinal functions 
such as organelle biogenesis and folding/refolding of imported pre-proteins. A 
number of studies carried out on HSP 60 have pointed out their role in a number of 
tumor series correlating with disease outcome. The role of heat shock proteins has 
been discerned in regulation of a significant cancer related gene called survivin. 
Survivin participates in defence against apoptosis. It is also responsible for 
controlling mitosis in transformed cells.

4.3  HSP60 and Human Diseases

HSP 60 plays a significant role in protein homeostasis inside the mitochondria 
(Meng et al. 2018). A number of diseases have been associated to mutations that 
occur in HSP 60 (also called HSPD1), e.g. a rare and non treatable hereditary 

Fig. 4.1 HSP60. (a) Complex formed by HSP 60 and HSP 10. (b) ADP binding pocket and 
Cysteine residue 442 of HSP 60
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neurodegenerative disorder called spastic paraplegia SPG13 has been discerned to 
occur due to a mutation V981 in HSP 60. This disorder exhibits its effect by causing 
spasticity and weakness of lower limbs (Meng et al. 2018). This mutation results in 
reduction of refolding ability of HSP 60 client proteins. MitCHAP-60 disease is 
another neurodegenerative disorder that is autosomal recessive in nature. It is 
designated by hypomyelination and leukodystrophy in the brain. This devitalizing 
disease occurs due to mutation in HSP 60 (Magen et  al. 2012). The underlying 
mechanism contributing to this disease is the less stability of D3G mutant in 
formation of heptameric and tetradecameric oligomers in comparison to the wild 
type. The decreased stability is coupled with deterioration in the refolding ability 
and ATPase activity.

In addition to the mutations occurring in the HSP 60, aberrant expression of HSP 
60 has also culminated in various diseases. The involvement of in various inflam-
matory responses and immune reactions HSP 60 has also been pointed out (Pockley 
2003). Thus these physiopathological pathways can be modulated by the level of 
expression of HSP60. For instance, the expression of HSP 60 in skin allografts can 
mediate the rejection by host for these allografts. The increased expression in this 
case, results in augmented dismissal in non obese diabetic mice. HSP 60 is able to 
play the role as an auto-antigen and the HSP 60 autoimmunity could be mediated in 
non obese diagnostic mice by injecting mouse HSP 60 peptides subcutaneously. 
This vaccination protects against allograft rejection. Mechanistically, this HSP 60 
vaccination pathway apparently is involved in shifting the phenotype of the T cell 
in response to self HSP 60 from a pro-inflammatory Th1 kind of reciprocation to a 
Th2 regulatory type of reciprocation. The idea of endogenously present HSP 60 
being able to execute the role of auto-antigen which further produces anti-HSP 60 
antibody has also been corroborated in humans. People suffering from spondyloar-
thritis or periodontitis possess higher concentration of HSP 60 antibody than nor-
mal healthy volunteers. Nevertheless, concentration of human serum anti- HSP 60 
appears to be disconnected of predicting kidney allograft rejection (Meng et  al. 
2018). The autoimmunity opposing HSP 60 might perform as a preventive measure 
against the occurrence of atherosclerosis with ageing. The functioning of HSP 60 as 
an auto-antigen also executes a role in the progression of various other autoimmune 
diseases (e.g., Hashimoto’s thyroiditis, myasthenia gravis, inflammatory bowel dis-
eases, chronic obstructive pulmonary diseases (COPD)). The participation of 
HSP60 in various autoimmune disorders is extremely intriguing as one of the phar-
macologically utilized immunosuppressant mizoribine targets HSP 60.

4.4  Heat Shock Proteins in Apoptosis

Apoptosis is a morphologically well defined, genetically programmed, cell death. It 
involves energy dependent biochemical mechanisms. This programmed cell death is 
a significant part of number of biochemical processes such as normal cell turnover, 
development and function of the immune system, hormone reliant atrophy, 
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embryonic development and chemical induced cell death. Abnormal apoptosis i.e. 
too low or too high results in neurodegenerative diseases, ischemic damage, 
autoimmune disorders and numerous kinds of carcinomas in Homo sapiens. 
Numerous genes have been established that act as either positive or negative 
modulators of apoptosis. An increase in the production of inducible heat shock 
proteins results in hike in resistance to apoptosis that was induced by diversified 
cytotoxic agents and is engrossed in chemotherapeutic resistance of tumors and 
carcinogenesis (Creagh et  al. 2000). Various studies in the past explored the 
underlying mechanism involved in apoptosis. The regulatory effects of heat shock 
proteins in apoptotic death are very well ascertained.

A strict modulation of proliferation, differentiation and death processes is essen-
tial for proper cell development and maintenance. Development of any abnormality 
in any of these processes culminates in serious complications including disorders 
like leukemia, autoimmunity, viral infections, allergic and neurodegenerative disor-
ders. Aberrant expression of heat shock proteins has been implicated as one of the 
significant factors responsible for deregulation of development and maintenance of 
cell. The death of cells in eukaryotes can take place in two principally different 
ways; necrosis or apoptosis. Intense damage or harm to the cell leads to intense 
dysfunctioning of cell which subsequently leads to Necrosis. It is characterized by 
inert and disorderly processes that cause the cell to lose its control over the ionic 
transport. These disruptive processes results in cytolysis due to swelling of cell and 
the cellular organelles which takes place due to water uptake by the cell. A local 
inflammatory response is generated as the cell contents get released into the extra-
cellular tissues present in the vicinity of the cell. On the other hand, apoptosis 
involves activation of intrinsic cascade leading to cell death. Apoptosis is geneti-
cally regulated and a number of external signals can modulate the cascade leading 
to cell death as shown in Fig. 4.2. This is a sequential step wise process that is initi-
ated by shrinking of cells followed by blebbing of membranes, condensation of 
chromatin, fragmentation of inter-nucleosomal DNA and apoptotic body 
formation.

The occurrence of apoptosis or necrosis is dependent on the stress condition 
present in the cell. Necrosis takes place in harsh situations where the cell is unable 
to regulate the activation of stepwise programmed cell death i.e. the apoptosis. 
However, when the surrounding environment is not much harsh, the cells are able to 
initiate the cascade of apoptosis as shown in Fig. 4.3. Apoptosis is carried out by the 
aspartate specific cysteine proteases called caspases activity. These caspases split to 
make the target substrates either active or inactive. A cascade is initiated by the 
caspases during which preliminary caspases show an interaction with specific adap-
tor molecules which mediates their own autocatalytic processing. This further leads 
to cleavage and activation of the downstream caspases that execute the proteolytic 
disorganization of the cell (Fig. 4.2). Sometimes when the cell faces with a low 
enough level of stress, cells employ a distinct response pathway to sustain. This 
process is characterized by inhibition of synthesis of proteins inside the cells; how-
ever expression of heat shock proteins is simultaneously induced as a consequence 
of which the cell enters a thermo tolerant phase transiently. These proteins are clas-
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Fig. 4.3 Comparison between Necrosis and Apoptosis

Fig. 4.2 Apoptotic pathway

P. Chaudhuri (Chattopadhyay) and N. Rashid



47

sified on the basis of their size e.g. the HSP 27, HSP 60, HSP 70, HSP 90 and HSP 
100 families (Beere 2004).

The role of heat shock protein in stress regulation is dependent on a single ele-
mental feature which is their capacity of interaction with substrates that are pro-
teins/polypeptides in nature. HSP 70 and HSP 90 proteins are composed of two 
parts: a highly conserved amino end that comprises the ATPase and a Carboxy end 
which constitutes the polypeptide-binding site. There are four amino acids, EEVD, 
at the carboxy end which is responsible for mediating the inter-domain interaction 
and binding ability of proteins, and are significant for modulating defence against 
heat induced stress. On the other hand, HSP27 does not possess an ATPase domain. 
Mitogen activated protein (MAP)-kinase dependent phosphorylation and self- 
oligomerization regulate the defense against stress in this case.

The chaperoning property of the heat shock proteins is regulated by a reaction 
cycle of binding of ATP, hydrolysis and nucleotide exchange to initiate a series of 
rapid association and dissociation cycles in-between the Heat shock proteins and 
their target polypeptides. The heat shock proteins bound to ATP, bind and release 
peptide quickly, which results in decreased overall affinity. On the other hand, the 
heat shock proteins bound to ADP, bind to the peptide at a slower pace but have 
more stable interactions. Presence of additional co factors/co chaperones responsible 
for catalyzing the conversion between ATP and ADP further regulates the capacity 
of these chaperones. HSP 40 (HDJ-1 and HDJ-2), HSP 70-interacting protein (Hip) 
and HSP 70-HSP 90 organizing protein (Hop) represent such classes of 
co-chaperones.

When the stress is eliminated from the cell surrounding, there is again a depre-
ciation in the quantum of heat shock proteins and their number is maintained as 
present during the normal conditions of the cell. However, paradoxically the pres-
ence of high level of heat shock proteins during these stress conditions makes the 
cell inimical to the presence of various toxic agents. In case of tumor cells, the 
quantum of heat shock proteins is quite high as they are constitutively expressed at 
increased level. This increased level of heat shock proteins in tumor cells proves 
anomalous as these cells are protected from toxic agents which results in development 
of resistance in these tumor cells against chemotherapies and carcinogenesis. The 
elevated levels of heat shock proteins apparently lead to rapid growth of tumors that 
are resistant to therapies.

4.5  HSP60 in Apoptosis of Tumor Cells

HSP 60 coupled with its co chaperone HSP10, has been discerned to be evolution-
arily conserved chaperone that is involved in defending cell against various stresses. 
It is mostly present inside mitochondria and executes a significant part in biogenesis 
of the cellular organelle and folding/refolding of proteins that are imported inside 
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the mitochondria (Asea and Brown 2008). Thus it’s able to prevent aggregating of 
proteins which is essential for the cells in stress environment. There is an upregula-
tion of HSP 60 during different kind of human cancers. It displays anti-apoptotic 
properties and supports formation, progression, invasion and metastases of tumor, 
progression. It is also responsible for therapeutic resistance and decreased survival. 
HSP 60 is deposited on the exterior of mitochondria during carcinogenesis, in the 
cytosol, plasma membrane, and in secretory vesicles thereby imparting protection 
to tumor cells from external environmental stress, which further promotes prolifera-
tion of cells. HSP 60 also shows participation in permeabilization of mitochondrial 
membrane by interacting with the cyclophilin D which is responsible for regulation 
of mitochondrial permeability transition pore.

HSP 60 mediates a cyto-protective cascade based on imparting stability to the 
quantum of survivin and restraints the functioning of p53 as shown in Fig. 4.4. On 
the other hand, acute extraction of HSP 60 leads to depreciation in the survivin 
reserves present in the mitochondria. Survivin is particularly designated for 
inhibition of the programmed cell death i.e. apoptosis, simultaneous increase in p53 
expression, and activating p53 dependent apoptosis in tumor cells. These cyto- 
protective properties of HSP 60 is carefully explored in tumors in vivo, wherein 
HSP 60 is subjected to selective upregulation, in comparison to normal cells, and 
deficit of HSP 60 in normal cells is not linked to dysfunctioning of mitochondria or 
death of cells.

Survivin is established as a cardinal carcinogenic gene with binary function in 
division of cell and reticence of apoptosis. A crucial prerequisite of this procedure 

Fig. 4.4 Role of HSP60 in tumor cell Apoptosis
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is the existence of a reserve of survivin occupying the mitochondria, generally in 
tumor cells, and excreted into the cytoplasm in return to stimulus of cell death. A 
number of evidences point out that a specific molecule designated for inhibition of 
apoptosis is provided by the survivin present in the mitochondria, thereby straightly 
exasperating the growth of tumor in vivo. This cascade is modulated by isolated 
phosphorylation taking place in mitochondria and associating differentially with the 
X chromosome-linked inhibitor of apoptosis which is an anti-apoptotic cofactor. 
Although there is an absence of a cleavable, amino end mitochondrial import 
sequence, survivin is vigorously transported to the mitochondrial compartment. A 
number of molecular chaperones associated to survivin occupying the cytoplasm 
might also be contributing to this cascade. These molecular chaperones include 
HSP 90 and/or AIP molecules that are involved in the import of pre-proteins into the 
mitochondria. Inside the mitochondria, survivin might need to associate with HSP 
60 to form a complex in order to reinstate the optimum refolding after it’s translocated 
across the membrane enveloping the mitochondria. This step of translocation 
includes unfolding of protein. Also, reports have pointed out that siRNA depletion 
of HSP 60 leads to destabilizing of quantum of survivin present and approximately 
total depletion of the deposits of survivin present in the mitochondria, thereby 
abolishing the comeback contrary to the apoptosis.

Besides, stabilizing the level of survivin present in the mitochondria, HSP 60 
also imparts cyto-protection by another mechanism which includes the forming of a 
complex by association of HSP 60 with p53 that inhibits the functioning of p53 
tumor cells. Molecular chaperones have precession in inhibiting functioning of p53. 
Mortalin, a mitochondrial HSP 70, has been reported to participate in binding to and 
sequestering p53  in the cytoplasm, thereby inhibiting its translocation into the 
nucleus and centrosomes, wherein such interplay invalidates a checkpoint for 
duplication of centrosomes that is dependent on p53. Modulation of p53 by HSP 60 
is not implicated in bringing about modifications in the Mdm-2 which is a modulator 
of p53. Therefor the role of HSP 60 is different in comparison to role of inducible 
HSP 70 that is involved in counteracting the cell death brought about by p53. Based 
on their interaction with various pathways responsible for maintaining tumor 
(Whitesell and Lindquist 2005) and their frequent over-expression in carcinoma, 
molecular chaperones are robustly explored for new cancer diagnostics (Isaacs et al. 
2003).

4.6  Regulation of Apoptosis by Mitochondrial Lon

Human Lon protease is a protein occupying the mitochondrial matrix. It performs a 
number of functions like degradation of proteins, binding of mitochondrial DNA, 
and chaperoning activity. Lon is a protease that has emerged as a significant 
modulator of tumorigenesis accorded by the mitochondria. There is increase in the 
expression of Lon in the cancer cells. It is an extremely conserved ATPase that is 
responsible for a number of cellular functions. It plays a cardinal role in ATP 
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dependent proteolytic binding of DNA and chaperoning activity. Lon in eukaryotes 
participates in the protein quality control mechanism. It is also employed in 
significant cellular processes such as functioning of mitochondria, homeostasis and 
biogenesis. As already discussed, proteins are susceptible to getting inactivated by 
virtue of misfolding, unfolding, or aggregation when cells undergo stress conditions. 
In such circumstances, protein quality control mechanism, chaperones and proteases, 
protect the cell and enable its proper functioning. The two components coordinate 
to grant stability to the misfolded proteins and enable their refolding. They even 
expel these aggregated/misfolded proteins to evade the detrimental consequences of 
aggregation of proteins (Kao et al. 2015).

Mitochondria coordinates the life and death of cells. Thus, it employs a crucial 
regulation of signaling that enables the cell to survive, especially in the intrinsic 
pathway of senescence. The quantum of Lon present is responsible for regulating 
mitochondrial actions responsible for the fate of cell. Downregulation of Lon causes 
the mitochondria to lose its function. It also results in early embryonic mortality, 
decrease in proliferating cells, and programmed cell death. On the other hand, 
upregulation of Lon is significant for the cancer cells to survive. The upregulation 
of Lon also plays a role in tumorigenesis by modulating response to oxidation 
induced stress (Cheng et al. 2013; Quiros et al. 2014; Gibellini et al. 2014). The 
signature stress conditions of cancer cells including hypoxia, oxidative and 
mitochondrial unfolded protein induces the expression of Lon protein (Kao et al. 
2015. Lon upregulation takes place in hypoxic conditions due to factor-1α (which is 
induced by hypoxia). It takes part in the pathway that responds to lower level of 
oxygen availability. The Lon protein is responsible for enabling cancer cells to get 
accustomed to hypoxia. Lon protein is also capable of showing chaperoning activity 
besides the proteolytic activity. Lon is also involved in promotion of assembling 4 
to 1 subunits of cytochrome c oxidase (COX), (Hori et al. 2002; Fukuda et al. 2007; 
Ngo and Davies 2009) signifying the chaperoning properties of Lon protein in yeast 
and mammalian cells. Therefore, Lon protein occupying the mitochondria might be 
a protein chaperone to enable cells to sustain and accommodate to a number of 
stress conditions associated to oncogenesis.

4.7  Mitochondrial Lon in Regulation Apoptosis via the 
Interaction with HSP 60

Lon has been observed to increase the stability of proteins and levels of heat shock 
proteins HSP 60 and mitochondrial HSP 70  in response to cellular stress. Also, 
during increased stress the enhanced Lon expression was linked to lowering or 
enhancement in cleaved caspase 3 after hydrogen peroxide treatment, signifying 
that when Lon is upregulated it defends the cells from senescence/apoptosis and 
when Lon is downregulated it causes induction of programmed cell death while 
recovering from stress induced due to oxidation. It has been suggested when the 
Lon is upregulated, there is enhancement in the stability of proteins HSP 
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60–mitochondrial HSP 70 which subsequently provides protection to cell from 
apoptosis due to stresses, which is achieved when Lon binds to HSP 60 or mito-
chondrial HSP 70. The down regulated expression of HSP 60 by shRNA showed 
that the signals of pro apoptotic proteins such as Bax, cleaved caspase 3, cleaved 
PARP, p53, and phosphorylated p53Ser46, were subjected to activation after UV or 
hydrogen peroxide treatment in FADU cells, denoting that the treated cells under-
went apoptosis. The quantum of pro apoptotic proteins decreases and apoptosis is 
suppressed in the cells that over-express Lon post stress that suggests the signifi-
cance of Lon protein for regulating apoptosis under environmental stresses. On the 
other hand, knocking down the HSP 60 expression, increases the quantum of apop-
totic proteins in the cells that over-expressing Lon protein in stress. These observa-
tions are indicative of the role played by HSP 60 during the stress conditions in the 
regulation of apoptotic processes which is mediated by Lon (Kao et al. 2015). The 
part played by HSP 60 in apoptosis modulated by the Lon protein has also been 
observed using terminal deoxynucleotidyl transferase-mediated dUTP nick-end 
labelling (TUNEL) assay. The cells that were TUNEL positive cells are lesser in 
number in cells where there is over-expression of Lon cells. Also, the TUNEL posi-
tive cells were greatly elevated in the cells that over-expressed Lon when HSP 60 
was knocked down. These observations are indicative of the fact that increase in 
Lon protein defends cell from apoptotic pathway in stress conditions by virtue of 
interplay with and stabilizing HSP 60.

Mitochondrial Lon is responsible for modulating the organelle function, cell pro-
liferation, and apoptosis. The increase in level of Lon is cardinal for survival of cells 
undergoing oxidative and hypoxic stress. Decrease in Lon results in decrease in 
number HSP 60 and mitochondrial HSP 70  in cell undergoing oxidative stress, 
depicting that the stability of proteins HSP 60–mitochondrial HSP 70 complex is 
reliant on Lon. Also, loss of HSP 60 results in the instability of Lon–mitochondrial 
HSP 70 interaction. Through binding with HSP 60–mitochondrial HSP 70 complex, 
increased mitochondrial Lon suppresses apoptosis and is conducive for survival of 
cell undergoing environment induced stresses, by which they are inclined to perform 
significant action in a cyto-protective chaperone network. On the basis of analysis 
of Lon related proteins purified from in solution digestion shotgun proteomics, 
these, significant mitochondrial proteins have been grouped into five functional 
classes: (1) mitochondrial chaperones, (2) cellular metabolism and energy, (3) 
Redox regulation, (4) cell death and survival, and (5) mitochondrial DNA stability. 
NDUFS8 (which is a NADH-ubiquinone iron-sulfur (Fe-S) 23 kDa subunit) HSP 
60, and mitochondrial HSP70 among these are able to bind to Lon. Lon interplays 
with NDUFS8 of mitochondrial complex I that participates in the generation of 
ROS under induction by Lon.11 NDUFS8 is a subunit of mitochondrial NADH 
oxido-reductase (Complex I) that takes part in transferring of electrons from NADH 
to the respiratory chain in the mitochondrial inner membrane. Also, mitochondrial 
Fe-S proteins in complex I, II, and III, that is, SDHB (complex II) and Rieske 
(complex III), and COX 4–1 in complex IV are potential substrates of Lon protease. 
In case of yeast Lon modulates transport of electrons by disintegrating the subunits 
of complexes III–V in yeast.
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4.8  Mechanism of Mitochondrial Lon Regulated Apoptosis

HSP60 coupled with mitochondrial HSP 70 is a binding associate. The quantum and 
stability of HSP 60 and mitochondrial HSP 70 is dependent on the quantum of Lon 
undergoing oxidative stress. Also, the capability of elevated Lon-deteriorated 
apoptosis significantly depends upon HSP 60. The mechanism involved in cell 
sustenance is modulated by Lon by the maintaining the stability of HSP 60 and 
mitochondrial HSP 70. HSP 60 displays anti-apoptotic as well as pro-apoptotic 
properties which is dependent on the background of cell type and situation. 
Mitochondrial HSP 60 is able to inhibit apoptotic pathway by enhancing the stability 
of survivin, refraining functioning of p53, opposing mitochondrial permeability 
transition which is cyclophilin D-dependent, and conserving generation of ATP for 
the complex IV. Also, mitochondrial HSP60 is an inducer of apoptotic pathway by 
increasing the maturity level of pro-caspase-3. Firstly, mitochondrial Lon stabilizes 
HSP60 and mitochondrial HSP 70 allowing them the execution of anti-apoptotic 
properties. Infact, over-expression of HSP 60 and mitochondrial HSP 70 in human 
tumor cells, has been depicted to oppose p53 and abrogate its apoptotic properties 
in cancer cells. Secondly, enhanced Lon stabilizes the complex made by association 
of HSP 60, mitochondrial HSP 70 and Lon to sequestrate HSP 60 in mitochondria, 
protecting it from activating pro-caspase-3 and cytoplasmic translocation that makes 
the cell sensitive to apoptotic pathway. Thirdly, in order to maintain the integrity of 
mitochondria, Lon protein depicts chaperoning properties in order to show 
cooperation with HSP 60 and mitochondrial HSP 70 complex and maintaining the 
protein homeostasis in mitochondria during stresses, which is backed by 
mitochondrial HSP 70 that might assist Lon chaperone misfolded proteins to 
conserved mitochondria functioning in yeast (Kao et al. 2015). Thus, the loss in the 
equilibrium between Lon and HSP 60 in the complex formed by Lon, HSP 60 and 
mitochondrial HSP 70 affects the apoptotic activation and the sustenance of cell. 
These quanta of Heat shock proteins are raised in different kinds of human tumors, 
which exhibits significant chaperone functioning to enhance the survival of stress in 
stress conditions.

4.9  Heat Shock Protein 60 Modulators and Inhibitors

As the complex formed by HSP 60 and HSP 10 chaperone is significant for mainte-
nance of homeostasis in mitochondria. It executes a cardinal role in cardiovascular 
disorders including autoimmune diseases and carcinomas. Development of small 
molecules that can act as regulators of HSP 60 by targeting it can be used in various 
therapeutic treatment of diseases. Such small molecule regulators act as significant 
tools to further throw light on the biological functioning of HSP 60 in several con-
texts (Meng et  al. 2018). A number of natural and synthetic compounds have 
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flourished that can target HSP 60. Mechanistically, the HSP 60 inhibitors developed 
are grouped into two classes:

Type I: These inhibitors are responsible for blocking binding and hydrolysis of 
ATP. This affects the ATP-dépendent conformational changes as a result of which 
the refolding activity of complex formed by the HSP 60 and HSP 10 is inhibited.

Type II: These inhibitors incorporate compounds that show covalent reactions with 
particular cysteine residues in HSP 60.

Mizoribine is the first small organic molecule that has been known to inhibit HSP 
60 inhibitor. It is an imidazole nucleoside antibiotic (Fig. 4.5) and has been isolated 
from Eupenicillium brefeldianum. Though it lacks anti-microbial activity, it does 
have potential of acting as immunosuppressor (Mizuno et al. 1974) as a result of 
which it is widely used in case of renal transplantation (Tajima et al. 1984). The 
direct binding of mizoribine inhibits the chaperoning properties of the binary 
complex formed by HSP 60 and HSP 10. Mizoribine also blocks the ATPase activity 
of HSP 60, which simultaneously results in more stable interaction of HSP 10 and 
HSP 60.

Epolactaene (Fig.  4.6) is another naturally found compound that inhibits the 
activity of HSP 60. Epolactaene (2, 2) has been isolated from the fungal strain 
Penicillium sp. BM 1689-P.  It is capable of promoting outgrowth of neurites in 
SH-SY5Y cells (Meng et al. 2018). Another naturally found molecule capable of 
inhibiting the activity of HSP 60 is myrtucommulone (MC), (Fig. 4.7). It is a non- 
prenylated acylphloroglucinol possessing different bio-activities, such as anti- 
bacterial, anti-oxidant, anti-inflammatory, and anti-tumor properties. It has been 
shown to affect the mitochondria that have been isolated from human leukaemia 
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cells, and it also alters the mitochondrial functioning at sub-micromolar concentra-
tions, which includes loss of mitochondrial membrane potential.

4.10  Conclusions

The cyto-protective property might be a general characteristic of various molecular 
chaperones, including HSP 60. This eventually results in enhancing an anti-apop-
totic threshold in case of tumor cells in vivo. Interestingly, this property of molecu-
lar chaperones is particularly exploited in transformed cells and not in normal 
tissues. Additionally, a stark contrast in expression of the molecular chaperones, 
i.e., HSP 60, in case of oncogenesis in comparison to normal tissues in vivo, depicts 
that there are several other factors contributing to the selective use of this cascade in 
tumor cells. These might incorporate qualitative variations in chaperoning proper-
ties, as has been exhibited by HSP 90 ATPase function, or link with cancer genes 
distinctively expressed in cancer, e.g. for functional survivin-chaperone complexes 
. Despite the cyto-protection provided by these chaperones might enhance the sus-
tenance of tumor cells and favor drug resistance, the distinctive expression or func-
tional exploitation of this cascade in tumor cells might be suitaleble for wider, 
chaperone-administered anticancer approaches. This concept is further validated by 
molecular or pharmacologic targeting of complexes between survivin and HSP 90, 
mortalin and p53, and HSP 60 and survivin/p53 which is reconciled with selective 
induction of mitochondrial cell death in tumor cells sans any impact on normal cell 
types, including hematopoietic progenitor cells (Fortugno et  al. 2003; Kang and 
Altieri 2006; Plescia et al. 2005). The concentration of HSP 60 and mitochondrial 
HSP 70 is reliant on Lon, and Lon-modulated programmed cell death is monitored 
by the HSP 60–mitochondria HSP 70 complex. Lon interactome, states that a Lon 
is a versatile protein involved in the regulation of mitochondrial chaperones, sur-
vival and death of cells, and mitochondrial DNA stability.

Acknowledgements The authors acknowledge the assistance and support provided by Amity 
Institute of Biotechnology, Amity University, Noida, Uttar Pradesh, India.

References

Asea AAA, Brown IR (2008) Heat shock proteins and the brain: Implications for neurodegenera-
tive diseases and neuroprotection. Springer Nature

Beere HM (2004) The stress of dying: the role of heat shock proteins in the regulation of apoptosis. 
J Cell Sci 117:2641–2651

Cheng CW, Kuo CY, Fan CC, Fang WC, Jiang SS, Lo YK, Wang TY, Kao MC, Lee AYL (2013) 
Overexpression of Lon contributes to survival and aggressive phenotype of cancer cells 
through mitochondrial complex I-mediated generation of reactive oxygen species. Cell Death 
Dis 4:e681

P. Chaudhuri (Chattopadhyay) and N. Rashid



55

Creagh EM, Sheehan D, Cotter TG (2000) Heat shock proteins – Modulators of apoptosis in tumor 
cells. Leukemia 14:1161–1173

Fortugno P, Beltrami E, Plescia J, Fontana J, Pradhan D, Marchisio PC, Sessa WC, Altieri DC 
(2003) Regulation of survivin function by Hsp90. Proc Natl Acad Sci U S A 100:13791–13796

Fukuda R, Zhang H, Kim JW, Shimoda L, Dang CV, Semenza GL (2007) HIF-1 regulates cyto-
chrome oxidase subunits to optimize efficiency of respiration in hypoxic cells. Cell 129:111–122

Ghosh JC, Takehiko Dohi T, Kang BH, Altieri DC (2008) Hsp60 regulation of tumor cell apopto-
sis. J Biol Chem 283:5188–5194

Gibellini L, Pinti M, Boraldi F, Giorgio V, Bernardi P, Bartolomeo Nasi M, Biasi SD, Missiroli S, 
Carnevale G, Losi L, Tesei A, Pinton P, Quaglino D, Cossarizza A (2014) Silencing of mito-
chondrial Lon protease deeply impairs mitochondrial proteome and function in colon cancer 
cells. FASEB J 24:5122–5135

Hori O, Ichinoda F, Tamatani T, Yamaguchi A, Sato N, Ozawa K, Kitao Y, Miyazaki M, Harding HP, 
Ron D, Tohyama M, Stern DM, Ogawa S (2002) Transmission of cell stress from endoplasmic 
reticulum to mitochondria: enhanced expression of Lon protease. J Cell Biol 157:1151–1160

Isaacs JS, Xu W, Neckers L (2003) Heat shock protein 90 as a molecular target for cancer thera-
peutics. Cancer Cell 3:213–217

Kang BH, Altieri DC (2006) Regulation of survivin stability by the aryl hydrocarbon receptor- 
interacting protein. J Biol Chem 281:24721–24727

Kao T-Y, Chiu Y-C, Fang W-C, Cheng C-W, Kuo C-Y, Juan H-F, Wu S-H, Lee AY-L (2015) 
Mitochondrial Lon regulates apoptosis through the association with Hsp60–mtHsp70 complex. 
Cell Death Dis 6:e1642

Magen MJ, David JA, Michelhaugh SK, Schmidt CJ, Bannon MJ (2012) Increased heat shock 
protein 70 gene expression in the brains of cocaine-related fatalities may be reflective of post- 
drug survival and intervention rather than excited delirium. J Forensic Sci 57(6):1519–1523

Meng Q, Li BX, Xiangshu X (2018) Toward developing chemical modulators of Hsp60 as poten-
tial therapeutics. Front Mol Biosci 5:35

Mizuno K, Tsujino M, Takada M, Hayashi M, Atsumi K (1974) Studies on bredinin. I. Isolation, 
characterization and biological properties. J Antibiot 27:775–782

Ngo JK, Davies KJ (2009) Mitochondrial Lon protease is a human stress protein. Free Radic Biol 
Med 46:1042–1048

Nielsen KL, Lennan NM, Masters M, Cowan NJ (1999) A single-ring mitochondrial chaperonin 
(Hsp60-Hsp10) can substitute for GroEL-GroES in vivo. J Bacteriol 181:5871–5875

Nisemblat S, Parnas A, Yaniv O, Azem A, Frolow F (2014) Crystallization and structure determi-
nation of a symmetrical ‘football’ complex of the mammalian mitochondrial Hsp60–Hsp10 
chaperonins. Acta Crystallogr F Struct Biol Commun 70:116–119

Plescia J, Salz W, Xia F, Pennati M, Zaffaroni N, Daidone MG, Meli M, Dohi T, Fortugno P, 
Nefedova Y, Gabrilovich DI, Colombo G, Altieri DC (2005) Rational design of shepherdin, a 
novel anticancer agent. Cancer Cell 7:457–468

Pockley AG (2003) Heat shock proteins as regulators of the immune response. Lancet 362:469–476
Quiros PM, Espanol Y, Acin-Perez R, Rodriguez F, Barcena C, Watanabe K, Calvo E, Loureiro 

M, FernAndez-Garcia MS, Fueyo A, VAzquez J, Enríquez JA, Lopez-Otin C (2014) ATP- 
dependent Lon protease controls tumor bioenergetics by reprogramming mitochondrial activ-
ity. Cell Rep 8:542–556

Tajima A, Hata M, Ohta N, Ohtawara Y, Suzuki K, Aso Y (1984) Bredinin treatment in clinical 
kidney allografting. Transplantation 38:116–118

Whitesell L, Lindquist SL (2005) HSP90 and the chaperoning of cancer. Nat Rev Cancer 5:761–772
Zhao Q, Wang J, Levichkin IV, Stasinopoulos S, Ryan MT, Hoogenraad NJ (2002) A mitochon-

drial cell response in mammalian cells. EMBO J 21:4411–4419

4 HSP 60 in Human Disorders



57© Springer Nature Switzerland AG 2019 
A. A. A. Asea, P. Kaur (eds.), Heat Shock Protein 60 in Human Diseases  
and Disorders, Heat Shock Proteins 18, 
https://doi.org/10.1007/978-3-030-23154-5_5

Chapter 5
Utilizing the Unique Architecture 
and Abilities of HSP60 in Drug 
Development

Tomohiro Mizobata and Yasushi Kawata

Abstract As a major active component in the maintenance of protein homeostasis, 
the HSP60 family of proteins have evolved numerous unique abilities that are useful 
in detecting, stabilizing, and facilitating the recovery of various proteins that have 
denatured under stress. From a technological viewpoint, many of the unique abili-
ties of HSP60 may potentially be used to solve a variety of problems in drug devel-
opment, as well as to serve as a scaffold for various applications that are relevant to 
the medical field. This section is an overview of recent efforts to harness the unique 
abilities of the HSP60 proteins in its role as a chaperonin, capable of preventing the 
aggregation of and stimulating the recovery of various proteins that have undergone 
stress-related denaturation.
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5.1  Introduction

Proteins in the cell are highly dynamic entities whose structures are responsive to 
various changes in the cellular environment and other stimuli when expressing their 
native activities. Our original understanding of the structural state of active proteins 
in the cell was that proteins were fairly rigid, with a clearly defined structure whose 
individual characteristics were indispensable to attain its biological activity. Recent 
new discoveries regarding the cellular environment have necessitated a reevaluation 
of this understanding, since research has found that many proteins in a typical 
eukaryotic cell retain large sequence regions that are in a highly dynamic, “intrinsi-
cally denatured” (Peng et al. 2015) state, and assume certain defined conformations 
only upon interaction with stimuli (Theillet et al. 2014), such as binding to other 
proteins, or posttranslational modifications such as phosphorylation (Collins et al. 
2008; Iakoucheva et al. 2004). This present dynamic view of the cellular proteome 
suggests that almost the entire scope of the “folding landscape” of a given protein 
may be relevant to its actual function as a cellular component.

In this highly dynamic environment of the cellular proteome, the effects of the 
HSP60 family of molecular chaperones has proven to be highly complex and multi-
faceted. HSP60 proteins, together with the accessory molecular chaperones 
HSP10  in bacteria, form the family of chaperonin proteins, whose function is to 
detect and segregate proteins that are prone to irreversible aggregation, and also to 
promote the structural recovery of these proteins. HSP60 proteins are present in all 
three branches of the tree of life, and many species have more than one HSP60 gene; 
in an extreme example, Bradyrhizobium japonicum possesses seven homologous 
HSP60 genes in its genome (Kaneko et al. 2002).

Many HSP60 proteins are very similar in basic structure, consisting of a poly-
peptide chain folded into three clearly defined domains (Fig. 5.1), which then form 
a ring-like quaternary structure composed of 7–9 subunits (Yebenes et al. 2011). 
Two of these HSP60 rings are associated back-to-back to form a final “double-ring” 
quaternary structure. Each domain of the HSP60 subunit also possesses clearly 
defined functional roles. The apical domain is the binding site for unfolded proteins 
that are recognized through hydrophobic interactions. The equatorial domain con-
tains a site for the binding and hydrolysis of ATP, an enzymatic reaction that acts as 
a timer for the overall functional mechanism of these proteins. The apical and equa-
torial domains are located at the top and bottom of the HSP60 subunit, respectively; 
binding these two domains together is the intermediate domain, which acts as both 
the functional and structural intermediary between the apical and intermediate 
domains.

A unique structural characteristic common to many members of the HSP60 fam-
ily is a hole-like cavity that is located in the center of each ring of the HSP60 oligo-
mer (Fig.  5.1). This cavity, termed the central cavity (Braig et  al. 1994), is the 
location where HSP60 sequesters vulnerable protein molecules for a predetermined 
interval, after recognizing and binding to these unfolded proteins that are prone to 
aggregating irreversibly. This ability of sequester and subsequently re-release 
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 unstable protein molecules so that these proteins is a signature ability of the HSP60 
proteins.

The functional mechanism of HSP60 generally consists of three phases: the ini-
tial phase involves the recognition and binding of denatured protein molecules by 
the apical domains through exposed hydrophobic regions on the target surface. The 
second phase is the “encapsulation” phase, where HSP60, sometimes in concert 
with the accessory molecular chaperone HSP10, moves the bound protein molecule 

GroEL Thermosome-α CCT-α

Apical

Equatorial

Intermediate

(A)

1. Molecular recognition

(apical domain)
2. Encapsulation

(Central cavity)
3. ATP-dependent 

release

Abilities of Hsp60

GroEL/GroES 21-mer

(B)

Fig. 5.1 Common structural characteristics of the HSP60 proteins. (a) Three representative exam-
ples of the HSP60 subunit. From left to right; Escherichia coli GroEL (PDB 1SVT Chaudhry et al. 
2004), Thermoplasma acidophilum Thermosome alpha subunit (PDB 1A6E Ditzel et al. 1998), 
Yeast CCT alpha subunit (PDB 5GW5 Zang et al. 2016). Each subunit shows the nucleotide bound, 
or open form and the domains constituting each subunit are colored identically, with green indicat-
ing the apical domain, red the intermediate domain, and blue the equatorial domain. (b) 
Characteristics of the quaternary structure of HSP60, using the E. coli GroEL/ES system as exam-
ple (PDB 1SVT Chaudhry et al. 2004). The overall architecture of HSP60 consists of a “double- 
ring” oligomeric structure with the apical domains of the HSP60 subunit situated at the two poles 
of the oligomer, and the equatorial domains at the equator (selected subunits are colored as in (a). 
The central cavity (red shaded) lies within each ring, with the size of the cavity changing depend-
ing on the state of bound nucleotide to the equatorial domains of each subunit that forms a given 
ring. Nucleotide binding and hydrolysis also govern the binding and release of the accessory chap-
erone HSP10, in bacterial HSP60 members (GroES in the figure, highlighted in magenta). The 
overall abilities of HSP60 stem from this unique quaternary structure and its dynamic behavior, 
and is summarized to the right of the main figure. Figures were generated using UCSF Chimera 
(Pettersen et al. 2004)
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to a position within the central cavity of the HSP60 ring oligomer. Once the mole-
cule is placed into the central cavity, movements of the apical domains and/or the 
binding of HSP10 results in a completion of the encapsulated complex, where the 
protein molecule is placed in a state of infinite dilution and is prevented from aggre-
gating. The third and final phase is the release phase, where the interactions that 
form the encapsulated complex are weakened, the chamber is opened, and the seg-
regated protein molecule is free to diffuse into solution. The overall functional cycle 
of HSP60 is regulated by the binding and hydrolysis of the nucleotide ATP to the 
equatorial domains of the HSP60 subunit (Hayer-Hartl et al. 2016).

The HSP60 functional mechanism highlights three abilities of these proteins that 
may potentially be utilized in the development of reagents to treat and prevent vari-
ous ailments (Fig. 5.1); hydrophobic recognition and binding to proteins, encapsu-
lation within an enclosed chamber formed by its quaternary structure, and timed 
release of encapsulated proteins through ATP hydrolysis. In the following sections 
we summarize recent efforts to harness each of these unique abilities of HSP60 
proteins in developing many medical applications.

5.1.1  HSP60 as Vehicle

The ability of HSP60 to encapsulate proteins of a certain size and segregate them 
from the bulk solution has drawn attention to the possibility of developing a 
nanometer- scale container that could house various bioactive molecules. The size of 
the central cavity of a representative member of the HSP60 proteins, GroEL from E. 
coli, is estimated from X-ray crystallographic analyses to be approx. 85,000 Å3 in 
volume (Xu et  al. 1997), which corresponds roughly to a protein with a relative 
molecular mass of 70 kDa (Xu et al. 1997). The central cavity expands roughly to 
twice its size (175,000 Å3) when the accessory chaperone GroES is bound to the 
apical domains and forms a lid to close the cavity (Fig. 5.1). Additionally, opening 
and closing of this chamber is dictated by the binding and hydrolysis of the nucleo-
tide ATP by the GroEL subunit, an attractive switchable mechanism that may be 
applied to developing signal responsive, controllable nanomedical applications.

Since the early 2000s, a concerted effort led by Professor Takuzo Aida of the 
University of Tokyo has attempted to modify the E. coli HSP60 GroEL for use as an 
environmentally sensitive supramolecular nanocarrier. The first positive results 
were reported in 2003 when the group succeed in sequestering CdS nanodots within 
the central cavity of E. coli GroEL and Thermus thermophilus cpn60, and also to 
release them in an ATP-dependent manner (Ishii et al. 2003). This result demon-
strated that the encapsulating abilities of GroEL were not limited only to protein 
molecules, and that other compounds could be fitted into the central cavity, there to 
be released in a manner that was experimentally modulable and biologically 
relevant.

Subsequently, the group went on to modify the GroEL scaffold so that two cys-
teine residues were introduced into the apical domain, and then modified these cys-
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teine residues with a photosensitive metal ion chelating group, merocyanine. The 
resultant modified GroEL formed long, unidirectional nanotubes in the presence of 
Mg2+ ion (which formed intermolecular chelates with merocyanine) that could be 
dissociated upon application of 400  nm light (which isomerized the merocyanyl 
group to spiropyran and abolished metal ion chelating abilities) (Biswas et al. 2009; 
Sendai et  al. 2013). Further application of this concept was realized when the 
researchers loaded lactalbumin molecules that were esterified with a cyanine group 
into GroEL molecules (Biswas et al. 2013). The loaded GroEL molecules formed 
nanotubes in a manner similar to that of the Cys-modified versions, and subsequent 
surface modification allowed these nanotubes to be taken up into HeLa cells. 
Strikingly, once introduced into the cells, the concentration of ATP in the cells was 
sufficient to induce disruption of the nanotubes, and an intracellular esterase cleaved 
the cyanyl group from the construct. This represented the development of an ATP 
sensitive carrier of molecules that could conceivably be used as a potential drug 
application vector.

In a very recent study, a group led by Guangjun Nie of the University of Chinese 
Academy of Sciences was successful in applying GroEL for use as a carrier for 
doxorubicin, a hydrophobic antitumor molecule (Yuan et al. 2018). An interesting 
and fortunate development of this experimental system was that the construct carry-
ing doxorubicin showed a strong affinity toward plectin, a cell surface protein that 
is strongly expressed in tumor cells. The inherent characteristics of GroEL served in 
this case to (1) Solubilize a hydrophobic antitumor drug so that the agent was pro-
tected during travel through the blood stream, (2) Enable the targeting of tumor cells 
through interaction with a specific cell surface protein, and (3) Allowed the release 
of the cargo molecule in an ATP-dependent manner.

As these studies demonstrate, the central cavity of GroEL and other HSP60 pro-
teins holds great potential as a potential environmentally sensitive carrier of bioac-
tive compounds.

5.1.2  HSP60 as Agent

The ability of HSP60 to bind to hydrophobic patches on a target protein’s surface is 
an interesting example of a highly versatile yet specific molecular recognition 
mechanism. Estimates have been reported that about 250 proteins expressed in a 
typical E. coli cell are capable of stably binding to GroEL (Kerner et  al. 2005). 
Additionally, GroEL is famous for its ability to assist the folding of proteins from 
other biological sources, indicating that the mechanism for molecular recognition in 
these molecular chaperones, especially those from bacterial sources, is versatile 
enough to be applied to many situations where molecular recognition through 
hydrophobic interactions is required.

As previously mentioned, the actual recognition mechanism for unfolded pro-
teins is typically localized in the apical domain of the HSP60 subunit (Xu et al. 
1997). In many cases, e. g. GroEL from E. coli, the apical domain may be taken out 
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of the context of the subunit and expressed independently (Zahn et al. 1996). The 
resultant polypeptide is referred to in the literature as “minichaperones” or “apical 
domain (AD)”. AD derived from HSP60 have been shown in many cases to assume 
a stable protein fold, retain its ability to bind to denatured polypeptides (Golbik 
et  al. 1998; Zahn et  al. 1996), and express a rudimentary “chaperoning” ability 
(Chatellier et al. 1998) to recognize and bind to denatured proteins, thereby prevent-
ing their aggregation.

A very intensely studied phenomenon in the protein structure field involves the 
irreversible aggregation of proteins to form regular structures termed protein fibrils, 
or amyloid deposits. These protein fibrils have been implicated in the pathology of 
many disorders, in particular, the neurological diseases that target the elderly and 
certain families. Cell biology studies have shown that for many protein fibril- 
forming reactions implicated in neuropathies such as Huntington’s disease, 
Alzheimer’s disease, and Parkinson’s disease, various members of the heat shock 
protein family, for example HSP70 and HSP40 (Auluck et al. 2002; Muchowski 
et al. 2000; Warrick et al. 1999), are able to interact with aggregation-prone poly-
peptides, and suppress the irreversible formation of fibrils. The molecular recogni-
tion abilities of members of the HSP60 family have also been the focus of numerous 
studies regarding the suppression of amyloid fibrils, and numerous members of the 
HSP60 family are capable of suppressing fibrillogenesis of proteins implicated in a 
wide variety of debilitating syndromes.

The HSP60 protein in eukaryotic cells, T-complex polypeptide 1 ring complex 
(TRiC) (or chaperonin containing T-complex polypeptide 1, CCT) is a heterooligo-
meric ring complex of eight homologous subunits (8×2 = 16-mer) (Munoz et al. 
2011). TRiC has been found to interact and suppress the fibril formation of hunting-
tin, the causative protein of Huntington’s disease characterized by a long polygluta-
mine (PolyQ) repeat (Behrends et al. 2006; Kitamura et al. 2006; Tam et al. 2006). 
This suppressive effect is proposed to occur through binding of TRiC to soluble 
molecules of PolyQ-enriched huntingtin, and also by the capping of fibrils ends by 
the chaperone, preventing fibril extension (Shahmoradian et al. 2013). Effects are 
also seen in in vivo models of Huntington’s disease (Carmichael et al. 2000, 2002). 
Further experiments have shown that an apical domain fragment from TRiC, 
ApiCCT1, is capable of suppressing the aggregation of huntingtin, both in vitro and 
in vivo (Sontag et al. 2013). This latter result is very promising to further develop-
ment of an actual treating agent for Huntington’s disease, as the ApiCCT1 polypep-
tide contains a sequence region that closely resembles the HIV Tat protein 
transduction domain, and is thereby capable of entering a eukaryotic cell on its own 
to localize at the cytosol.

TRiC has also been found to suppress the aggregation of α-synuclein, a 
140- residue natively unfolded polypeptide of unclear cellular function whose 
 aggregation and fibrillation is implicated in familial Parkinson’s disease (Sot et al. 
2017). In this case, the effects of TRiC were to bind to soluble α-synuclein mole-
cules that have not associated, to lower the cellular concentration of these molecules 
and thereby inhibit aggregation.
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In addition to the cytoplasmic HSP60 TRiC, eukaryotic cells also possess a mito-
chondrial version of HSP60. Mitochondrial HSP60 has also been demonstrated to 
bind to and suppress the fibril formation of Aβ 1–40 peptide, a small polypeptide 
whose fibrillation is correlated with the onset of Alzheimer’s disease (Mangione 
et al. 2016). Mitochondrial HSP60 bound to this peptide and maintained it in a con-
formation resembling a random coil.

The bacterial HSP60, GroEL has also been shown in recent studies to possess 
fibril suppressing abilities. The isolated apical domain of GroEL (GroEL-AD) was 
successful in suppressing the fibrillation of multiple proteins that are implicated in 
amyloidosis, such as α-synuclein and Aβ 1–42 peptide (Ojha et  al. 2016). This 
effect was not confined to pathological polypeptides, as the fibrillation of a non- 
pathogenic model protein (GroES) was also strongly suppressed by the presence of 
GroEL-AD. The recognition mechanism of GroEL-AD seemed to adapt versatilely 
to the affinities of each fibrillogenic polypeptide, as multiple modes of binding and 
fibril suppression were observed. The intact GroEL oligomer was also a potent sup-
pressor of fibrillogenesis, as determined in a separate study (Fukui et  al. 2016). 
Interestingly, in this study it was found that mutations to the GroEL subunit that 
changed the orientation of the important apical domain (Machida et  al. 2009) 
resulted in a change in affinity toward various fibrillogenic polypeptides. It was pos-
sible to modulate, using point mutations localized on a single site in the GroEL 
subunit, the affinity between GroEL and target fibrillogenic protein to a surprising 
degree of fidelity, and these results offered the potential to lead to affinity-tailored 
HSP60 agents that may show differing specificities toward various pathogenic tar-
gets. The versatility of GroEL in recognizing and binding to proteins is however not 
without its caveats; a very recent study involving GroEL and the Het-s prion protein 
revealed that in this specific case, the actions of GroEL served to accelerate the 
formation of protofibrils and formed a unique construct that bound GroEL to the 
outer surface of the resultant fibrils (Walti et al. 2017). Also, it has been demon-
strated that eukaryotic CCT promotes the fibrillar aggregation of α-tubulin in vivo 
and in vitro (Pouchucq et al. 2018). The effects of HSP60 proteins on fibrillogenic 
proteins most likely change according to the specific structural elements of each 
target and the conditions under which chaperone and target interact.

5.1.3  HSP60 as Target

In addition to the very prominent role as a molecular chaperone to unfolded poly-
peptides, members of the HSP60 family have been implicated in a large number of 
additional physiological processes, both in bacteria and in eukaryotes (Henderson 
et  al. 2013). It has been hypothesized that the prevalence of HSP60 proteins in 
diverse cellular processes such as cell surface ligand binding, induction of apopto-
sis, stimulation of cytokine synthesis, and biofilm production is due partially to the 
evolution of multiple HSP60 genes, and further evolution of these HSP60 homo-
logs into defined cellular roles. The HSP60 proteins have also been shown in recent 
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studies to be transported out of the cell, and roles involving this extracellular trans-
port mechanism have also been reported. In eukaryotes, HSP60 has been implicated 
in inflammation, immune response, and cancer, and as a prime example of a “moon-
lighting” protein with multiple and diverse set of functions in addition to its major 
role as a molecular chaperone, is a vast source of molecular targets that are cur-
rently being probed towards the development of numerous clinical applications 
(Henderson et al. 2013).

Apart from targeting the highly complex and numerous pathways that involve 
HSP60 as a moonlighting multifunctional protein, recently an effort to develop 
unique antibiotic compounds that target the original function of HSP60, that of 
molecular chaperone, have been reported. Since HSP60 is an essential molecular 
chaperone that is necessary for the survival of almost all bacterial species, and the 
sequence and function of HSP60 as molecular chaperone is highly conserved, low- 
molecular compounds targeting HSP60 function would be a highly potent way to 
prevent the spread of pathogenic bacteria.

Building on this concept, screenings of compounds that specifically bind to and 
suppress the activity of a reference HSP60 system, the E. coli GroEL/ES system, 
and a number of compounds that were effective in suppressing GroEL/ES activity 
were screened (Johnson et al. 2014). Interestingly, some of the screened compounds 
were effective as antibiotics to numerous pathogenic organisms, such as 
Trypanosoma brucei (Abdeen et  al. 2016b), and multiple Gram-positive bacteria 
such as Staphylococcus aureus (Abdeen et al. 2016a, 2018). The potential to target 
HSP60 systems to develop broad-range antibiotics for battling infectious bacteria 
seems to be promising, and is an exciting area of research.

Mitochondrial HSP60 is the eukaryotic version of bacterial GroEL, and exten-
sive efforts to discover low molecular weight compounds that inhibit its molecular 
chaperone activity are ongoing (Meng et  al. 2018). In the case of mitochondrial 
HSP60, such compounds have long-reaching effects on a wide variety of cellular 
functions, owing to HSP60 proteins’ characteristic as a moonlighting protein 
(Henderson et al. 2013) that is implicated in a large number of disorders ranging 
from neurodegenerative disease to autoimmune disorders to cancer. The reader is 
recommended to refer to the highly detailed review by Meng and colleagues regard-
ing the search for various compounds that bind to and inhibit mitochondrial HSP60 
(Meng et  al. 2018); compounds highlighted in this review include mizoribine 
(Mizuno et  al. 1974) (an immunosuppressant that binds to and suppresses the 
molecular chaperone (Itoh et al. 1995) and ATPase activity of mitochondrial HSP60 
(Tanabe et al. 2012)), and epolactaene (Nagumo et al. 2005).

5.1.4  HSP60 as Facilitator

Recent advances in molecular biology and protein engineering have resulted in the 
development of numerous protein-based pharmaceuticals, and future medical 
breakthroughs will most likely be based upon the activity of a certain polypeptide. 
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The stability of this hypothetical bioactive polypeptide, therefore, will be an 
extremely important criteria in the large-scale development of numerous future 
pharmaceuticals. In this context, a number of studies have attempted to utilize the 
abilities of HSP60 proteins such as E. coli GroEL to identify ligands or experimen-
tal conditions that would improve the stability, and therefore the usefulness, of cer-
tain proteins with important biological activities. The role of HSP60 in these efforts 
would be to act as a “facilitator” in protein-based drug design, specifically, in the 
search for ligands and conditions that stabilize the final active agent.

The concept of using HSP60 as a facilitator in the search for protein stabilizing 
factors is based upon the principle that interactions with HSP60 proteins such as 
GroEL will increase when the target protein is destabilized (and prone to aggrega-
tion) and decrease when the target is stabilized. Generalization would then involve 
developing a sensitive method to detect these changes in the GroEL-target interac-
tion. Recent efforts by the Fisher group have probed the feasibility of applying 
GroEL to such a generalized search platform (Naik et al. 2010), and their experi-
ments have shown that utilizing the abilities of GroEL in such a manner is feasible, 
with additional benefits such as a highly promiscuous binding mechanism that 
recognizes many diverse target proteins of interest, and also a high rate of target 
recovery after the assay has been completed. Recently, the group has also success-
fully applied a sensitive detection method, bio-layer interferometry, to this system 
(Naik et  al. 2014), which will allow the development of a highly sensitive and 
universally applicable method to detect the binding of protein targets to GroEL 
(which would subsequently be perturbed by the additional presence of promising 
stabilizing ligands). A robust technological platform, based on the detection and 
binding abilities of GroEL toward unstable protein molecules, may soon be real-
ized and utilized in the development of protein-based pharmaceuticals with stable 
active protein reagents.

5.2  Conclusions

The HSP60 family of molecular chaperones have evolved to attain a unique set of 
functional characteristics. Its highly sensitive and yet versatile mechanism for rec-
ognizing protein molecules, its unique ability to encapsulate molecules within its 
structure, and the eventual timed release of these encapsulated molecules in response 
to changes in nucleotide concentration are all highly relevant to the development of 
numerous agents and scaffolds of medical applicability. Additionally, the versatility 
of HSP60 has presumably resulted in the great expansion of physiological roles of 
this protein in the cell, and has made this protein the foremost target in efforts to 
prevent and treat the many diseases that are harmful to the human body. Further 
efforts such as the examples listed in this chapter will certainly result in the develop-
ment of potent and broadly applicable medical breakthroughs that will benefit 
mankind.
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Chapter 6
Role of the Post-translational Modifications 
of HSP60 in Disease

Byron Baron

Abstract Heat Shock Protein 60 (HSP60) is primarily a chaperone protein respon-
sible for refolding proteins in the mitochondria. Nevertheless it has numerous other 
pro- and anti-apoptotis and signalling functions which it achieves through a variety 
of post-translational modifications (PTMs). Increasing evidence indicates that in 
disease states from cancer to systemic inflammation, such modifications become 
dysregulated, and as a result HSP60 cannot perform its functions. Understanding 
the biological role of these PTMs in healthy and disease states, the context in which 
they are generated and removed, as well as the mechanisms by which they can be 
targetted and modulated extraneously will help to provide better therapeutic solu-
tions to deal with a wide range of conditions driven by stress-related processes.
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Abbreviations

ADAM A Disintegrin And Metalloproteinase
aDMA asymmetric N,N-di-methylarginine
AdoMet S-adenosyl-L-methioinine
Akt protein kinase B
APCs antigen-presenting cells
ATP adenosine triphosphate
β-O-GlyNAcylation O-linked N-acetylglucosamine
Bak BCL2 Antagonist/Killer 1
Bax BCL2-Associated X Protein

B. Baron (*) 
Centre for Molecular Medicine and Biobanking, Faculty of Medicine and Surgery,  
University of Malta, Msida, Malta
e-mail: byron.baron@um.edu.mt

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23154-5_6&domain=pdf
mailto:byron.baron@um.edu.mt


70

BCL2 B-Cell Chronic Lymphocytic Leukemia/Lymphoma 2
BCL2-L1 Bcl-2-Like Protein 1
CD cluster of differentiation
CLEC C-type lectin
DNA deoxyribonucleic acid
Dox Doxorubicin
E1s ubiquitin-activating enzymes
E2s ubiquitin-conjugating enzymes
E3s ubiquitin ligases
ER endoplasmic reticulum
ERB eukaryotic ribosome biogenesis protein
ETF electron transfer flavoprotein
ExAC Exome Aggregation Consortium
GA Geldanamycin
GPI anchor Glycosylphosphatidylinositol anchor
H2B histone 2B
HATs histone acetyltransferases
HDACis Histone deacetylase inhibitors
HDACs histone deacetylases
HSE heat shock response element
HSF1 heat shock factor 1
HSP heat shock protein/s
IL-1b interleukin-1b
iNOS inducible nitric oxide synthase
K lysine
KATs lysine acetyltransferases
KDACs lysine deacetylases
KO knock-out
M methionine
METTL Methyltransferase-like
MHC major histocompatibility complex
MIRKO muscle insulin receptor knockout
MMPs matrix metalloproteases
N asparagine
NAC N-acetyl-cysteine
NATs N-terminal acetyltransferases
NF-kB Nuclear Factor kappa-light-chain-enhancer of activated B cells
NKG2D Natural killer group 2 member D receptor
NO nitric oxide
NSP4 nonstructural protein 4
PKA-I protein kinase A, type 1
PKMTs protein lysine methyltransferases
PRL-3 phosphatase of Regenerating Liver 3
PRMTs protein arginine methyltransferases
PTMs post-translational modifications
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RNS reactive nitrogen species
ROS reactive oxygen species
S serine
SAHA Suberoylanilide hydroxamic acid
SET Su(var)3-9, Enhancer-of-zeste and Trithorax
SIRT sirtuin
SNP single nucleotide polymorphism
Src sarcoma
T threonine
TLR toll-like-receptor
ULBP2 UL16 binding protein 2
Y tyrosine

6.1  Introduction

Heat Shock Protein 60 (HSP60) is generally described as a mitochondrial chaper-
one, acting with its co-chaperone HSP10, to transport mitochondrial proteins from 
the cytoplasm into the mitochondrial matrix, facilitate the folding process of new 
proteins following import into the mitochondria or refold misfolded proteins within 
the mitochondria (Koll et al. 1992; Bukau and Horwich 1998; Ghosh et al. 2010). 
HSP60 also fulfils other functions within the mitochondria, including as a ROS sen-
sor and scavenger, thus protecting cells against oxidative stress (Sarangi et al. 2013).

The HSP60 protein is composed of three structural domains (referred to as api-
cal, intermediate, and equatorial) with distinct functional roles. The complex formed 
between HSP60 and HSP10 (HSP60-HSP10) is composed of two seven-meric rings 
of HSP60 stacked back-to-back, producing an inner cavity that is capped by a lid at 
each extremity composed of a seven-meric ring of HSP10 (Nisemblat et al. 2015). 
The HSP60-HSP10 complex undergoes functional folding cycles in which the 
unfolded or misfolded client protein binds to the HSP60 rings, the HSP10 rings 
enclose the protein by capping the complex, in an ATP-dependent process, promot-
ing folding of proteins into their native shape, and then the HSP60 sub-units, HSP10 
sub-units and the enclosed protein come apart (Nielsen and Cowan 1998; Levy- 
Rimler et al. 2001).

Despite the main localisation of this protein being within the mitochondria, 
HSP60 has also been isolated from other cellular compartments, such as the cyto-
plasm, endoplasmic reticulum, intracellular vesicles, peroxisomes, secretory gran-
ules and plasma membrane, as well as in the extracellular space of both normal and 
tumour cells (Soltys and Gupta 1996, 1997; Barazi et al. 2002; Chen et al. 2006; 
Chandra et  al. 2007; Merendino et  al. 2010). However, despite the various sub- 
cellular localisations of HSP60, this is not the result of splice variants of mRNA 
(Yogev and Pines 2011; Hayoun et al. 2012), directing the focus towards the appli-
cation of PTMs to achieve this. An alternate mechanism has been proposed by 
which a single mRNA initiates translation from an additional non-AUG start codon, 
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producing two variants of HSP60 (Touriol et al. 2003), where the non-AUG product 
lacks the mitochondrial targeting peptide, and can be directed to the ER membrane 
(Pyhtila et al. 2008), thus allowing HSP60 to undergo a variety of PTMs and relo-
cate to the various sub-cellular compartments.

Apart from its main chaperoning role, HSP60 can fulfil other very diverse func-
tions depending on the PTMs added and its sub-cellular localisation, as shall be 
described in the following sections. The best described of these functions is in the 
cytoplasm, where HSP60 has been reported to fulfil both anti- and pro-apoptotic 
functions depending on its tissue distribution, and the key factors it interacts with 
such as B-Cell Chronic Lymphocytic Leukemia/Lymphoma 2 (BCL2), BCL2- 
Associated X Protein (Bax), BCL2 Antagonist/Killer 1 (Bak), Bcl-2-Like Protein 1 
(BCL2-L1) and caspase 3 (Chandra et al. 2007; Gupta and Knowlton 2002; Shan 
et al. 2003; Gupta and Knowlton 2005).

At the other end of the spectrum, the role of HSP60 on the plasma membrane is 
mainly as an immune regulator, being a ligand of Toll-like-receptor (TLR)2, TLR4, 
and major histocompatibility complex (MHC) proteins on immune cells such as 
neutrophils and macrophages and thus triggering both innate and adaptive immune 
responses (Quintana and Cohen 2011; Farrugia and Baron 2017).

Furthermore, despite not having an export sequence, HSP60 may be exported 
into the extracellular space or general circulation via microvesicles such as exo-
somes (Thery et  al. 2009; Campanella et  al. 2012, 2014; Greening et  al. 2015). 
HSP60 first reaches the plasma membrane by a mechanism that involves lipid rafts 
and is then secreted outside the cell by an active mechanism in which HSP60 is car-
ried inside of or on the membrane of exosomes (Macario and de Macario Conway 
2007; Merendino et al. 2010; Campanella et al. 2012). In the extracellular space, it 
acts as a signalling molecule, mediating interactions between the secretory source 
(such as a tumour) and immune cells or other tissues, by interacting with cell- 
surface receptors, such as Cluster of Differentiation (CD)14, CD40, and TLRs, 
causing pro-inflammatory (Chen et al. 1999) or anti-inflammatory effects by pro-
moting the secretion of suppressive cytokines from antigen-presenting cells (APCs), 
with subsequent activation of T-cells (Osterloh et  al. 2004; Zanin-Zhorov et  al. 
2005; Van Eden et al. 2007).

6.2  Role in Disease

The mutation of the HSP60 gene is known to be linked only to two serious human 
genetic disorders, a dominant form of hereditary spastic paraplegia and a reces-
sively inherited white matter disorder called MitCHAP60 disease (Magen et  al. 
2008; Hansen et  al. 2002). Despite this, in most cases it is the dysregulation of 
HSP60 at the protein level which is related to a harmful condition or disease state. 
While most studies have traditionally looked at the total HSP60 expression and its 
localisation, advances in protein separation and peptide enrichment techniques, 
together with the ever-increasing sensitivity of mass spectrometric technology, are 
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now giving a more in-depth view of the changes to HSP60 at a post-translational 
level and how this translates to alterations in biochemistry, which are associated 
with disease (Baron 2015, 2018). The function of HSP60 related to cytoprotection 
against oxidative stress underlies its role in stress response and survival under such 
stressful conditions as well as some of the most common diseases such as cancer, 
diabetes, chronic inflammatory conditions, and neurological disorders such as 
Alzheimer’s disease (Koeck et al. 2009).

6.2.1  Role in Cancer

Through the stages of tumour progression, in various types of cancers, intracellular, 
pericellular or circulating HSP60 levels, have been found to increase, as a conse-
quence of some dysregulated process, accompanied by uncontrolled proliferation 
and neoplastic transformation and metastasis (Barazi et  al. 2002; Cappello et  al. 
2005; Czarnecka et al. 2006; Macario and de Macario Conway 2007; Ghosh et al. 
2008; Tsai et al. 2009; Campanella et al. 2012; Rappa et al. 2012; Li et al. 2014a; 
Lianos et al. 2015). The intracellular role of HSP60 in the process of carcinogenesis 
spans from the promotion of cell transformation via regulation of proto-oncogenes 
such as c-MYC (Tsai et al. 2008), to evasion of apoptosis and cell survival by inter-
acting with proteins such as p53 and survivin (Gupta and Knowlton 2002; Ghosh 
et al. 2008, 2010). Once released in exosomes, HSP60 can also plays an extracel-
lular role in cancer progression through its modulatory effect on the immune sys-
tem, acting as a mediator of tumour immunity or conversely blocking or misdirecting 
the immune system (Macario and de Macario Conway 2007; Merendino et al. 2010; 
Campanella et al. 2012).

The presence of total HSP60 in the blood, urine, and other biological fluids has 
been proposed as a diagnostic and prognostic marker of cancer. For example, both 
HSP10 and HSP60 are over-expressed during colorectal carcinogenesis (Cappello 
et al. 2003, 2009) and the levels of HSP60-containing exosomes in the blood of 
colon cancer patients decreased from significantly high levels before operation to 
normal levels within 1  week from surgical resection of the tumour mass 
(Campanella et al. 2015).

6.2.2  Role in Chronic Inflammation, Type 2 Diabetes Mellitus 
and Autoimmune Diseases

The role of HSP60 in chronic inflammation, Type 2 Diabetes Mellitus and autoim-
mune diseases stems from its ability to interact with both the innate and the adaptive 
immune system, acting as a foreign antigen (resulting in the induction of the immune 
system by infectious agents), a TLR ligand and a carrier of other functional 
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molecules (providing a means of communication between immune cells and other 
cells in the body) (Quintana and Cohen 2011) as well as a self-antigen. The latter is 
due to the high degree of structural similarity between eukaryotic and prokaryotic 
HSP60, and this similarity is the basis of the failure of the mechanism discriminat-
ing self from non-self, which leads to induction of autoimmunity (Campanella et al. 
2009) and inflammation (Tomasello et al. 2011) and, thereby, to chronic inflamma-
tory disorders including Type 2 Diabetes Mellitus.

6.3  Post-translational Modifications of HSP60

6.3.1  Acetylation

Acetylation occurs either at the N-terminus of a protein or on the ε-amino group of 
a lysine (K) residue and this reaction uses acetyl-coenzyme A as the acetyl group 
donor. N-terminal acetylation is considered irreversible and the enzymes catalysing 
such reactions are called N-terminal acetyltransferases (NATs), while lysine acety-
lation is reversible, with acetyl groups being added by lysine acetyltransferases 
(KATs; a.k.a. histone acetyltransferases - HATs) and removed by lysine deacety-
lases (KDACs; a.k.a. histone deacetylases - HDACs). There are 22 KATs and 18 
KDACs in humans, which can act on both histone and non-histone proteins (Drazic 
et  al. 2016). Based on their catalytic mechanisms, KDACs are divided into two 
groups, namely Zn2+-dependent HDACs (HDAC1–11) and NAD+ -dependent sirtu-
ins (SIRT1–7) (Glozak et al. 2005).

The activity of these KDACs can be inhibited by a group of compounds called 
Histone deacetylase inhibitors (HDACis), that cause accumulation of acetylated 
proteins (Marks and Xu 2009). One such HDACi, Suberoylanilide hydroxamic acid 
(SAHA; Vorinostat), presenting anti-cancer effects (Butler et al. 2000; Lauricella 
et al. 2012; Chen et al. 2013), has been administered alone or in combination with 
other anti-cancer drugs (etoposide, gemcitabine, cisplatin, paclitaxel, doxorubicin, 
cyclophosphamide, gefitinib) to cancer patients (Kim and Bae 2011; Kirschbaum 
et al. 2014; Gueugnon et al. 2014; Tu et al. 2014; Han et al. 2015; Straus et al. 2015). 
HDACis can hyperacetylate HSP40, HSP70 and HSP90, altering functions regu-
lated by acetylation (Fiskus et al. 2007; Hageman et al. 2010; Rao et al. 2012; Yang 
et al. 2013; Ha et al. 2014; Haaland et al. 2014; Huang et al. 2015). In the case of 
HSP90 hyperacetylation, HDACis inhibit HDAC6, which brings about the dissocia-
tion of client proteins ERB1, ERB2, and Akt (Fiskus et al. 2007). HDACi drugs are 
also known to produce reactive oxygen species (ROS), inducing oxidative stress and 
resulting in cell death, in a variety of cancer cell types (Yang et al. 2013; Ha et al. 
2014; De Bellis et al. 2014). For HSP60 however, hyperacetylation was not observed 
after SAHA treatment (Campanella et al. 2016)

HSP60 has been shown to be a substrate of Sirtuin 3 (Sirt3), with increased 
acetylation contributing to increased ROS and an altered response to oxidative 
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stress (Lombard et al. 2007; Sol et al. 2012). Sirt3 is a member of the sirtuin family, 
classified as Class III HDACs, located in the mitochondria (Schwer et  al. 2002; 
Lombard et  al. 2007), and its over-expression affects the expression of genes 
involved in mitochondrial function, leading to the mitochondrial stress response and 
ROS generation (Shi et al. 2005; Jing et al. 2011). Sirt3 has been found to play an 
important role in diabetes, being down-regulated in response to a high-fat diet, in 
conjugation with an increased rate of fatty acid oxidation and mitochondrial protein 
acetylation in Sirt3 knock-out mice (Alrob et al. 2014). It was also detected at sig-
nificantly decreased expression in the muscles of muscle insulin receptor knockout 
(MIRKO) mice, an insulin-deficient diabetic mouse model (Yechoor et al. 2004). 
Moreover, Sirt3 expression was found to be altered in the skeletal muscles of both 
type 1 and type 2 diabetic mouse models. The alterated Sirt3 expression regulated 
mitochondrial oxidation and ROS production, which in turn altered insulin signal-
ing, resulting in insulin resistance in skeletal muscle (Jing et al. 2011). On the other 
hand, Sirt3 is upregulated in white and brown adipose tissue in response to caloric 
restriction (Shi et al. 2005).

Cellular senescence (cell cycle arrest in the G2/M phase) can also be triggered 
by oxidative stress, such as following chemotherapy, making its induction an 
attractive aim in anticancer treatment to limit cell proliferation (Braig et al. 2005; 
Guo et al. 2009). Senescence induced by DNA-damaging anticancer drugs is one 
of the major factors of successful chemotherapy (Kikuchi et al. 2010). Doxorubicin 
(Dox), an anthracycline drug widely used as a chemotherapeutic agent, induces 
senescence at low doses and apoptosis at high doses (Song et al. 2005; Spallarossa 
et al. 2009; Altieri et al. 2012). Dox intercalates with DNA inhibiting topoisomer-
ase II progression and generates ROS. Dox induces the expression of the tumour 
suppressor protein p53, which mediates the DNA damage response (Kurz et  al. 
2004; Spallarossa et al. 2009), as well as up-regulation of p21, a transcriptional 
target of p53 involved in the induction of senescence (Roninson 2002). After 
human-lung mucoepidermoid carcinoma cells underwent Dox-treatment, HSP60 
gene expression levels significantly increased, while total protein levels decreased 
and acetylation levels increased. Hyperacetylation of Hsp60 was possibly due to 
the inhibition of sirtuins since Dox is known to induce senescence via down-regu-
lation of Sirt1 and Sirt2 (Eren et al. 2015). This was linked to a significant increase 
in HSP60 ubiquitination, which is thought to have tagged the hypermethylated 
HSP60 for proteosomal degradation. The ubiquitination and degradation of acety-
lated HSP60, impaired the anti-apoptotic effect of HSP60, leading to tumour cell 
death. On the other hand the extracellular release of HSP60 was not consistent with 
increasing doses (Gammazza et al. 2017). Furthermore, the amount of p53 in the 
HSP60:p53 complex significantly decreased after Dox-treatment in a concentra-
tion-dependent manner, probably favoured by HSP60 acetylation, suggesting that 
HSP60 acetylation may interfere with the formation of the HSP60:p53 complex 
and/or promote its dissociation, both causing an increase in the levels of free p53, 
which can then activate cell senescence (Gammazza et al. 2017). The disruption of 
the HSP60:p53 complex and the activation of senescence possibly occurs via the 
p53-p21 pathway (Mirzayans et al. 2012).
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A similar outcome was observed following treatment of osteosarcoma cells with 
Geldanamycin (GA), which induced 2.4-fold upregulation of HSP60 gene expres-
sion, but decreased both total and hyperacetylated HSP60 protein levels at 6 h post- 
treatment, compared to control (Gorska et  al. 2013). Geldanamycin (GA) is a 
benzoquinone ansamycin antibiotic, known to be a potent inhibitor of HSP90 via its 
N-terminal ATP binding site, destabilising the complex between HSP90 and its cli-
ent proteins, and leading to proteasomal degradation (Powers and Workman 2007). 
GA also appears to influence the expression of HSP by stabilising the trimeric com-
plex between Heat Shock Factor 1 (HSF1; the HSP transcription factor) and the heat 
shock response element (HSE), stimulating HSP gene expression (Kim et al. 1999; 
Lai et al. 2003; Chao et al. 2008). Apart from changes in HSP60 levels, GA treat-
ment of osteosarcoma cells brought about an overall decrease in cell viability and 
increased cancer cell death, suggesting that hyperacetylation of HSP60 is associated 
with the anti-cancer activity of GA (Gorska et  al. 2013). HSP60 knockdown is 
known to contribute to osteosarcoma cell arrest (Kaul et  al. 2006; Cappello and 
Zummo 2005), while HSP60 was shown to be acetylated in osteosarcoma cells with 
Sirt3 knockout (Sol et al. 2012). Thus it has been proposed that since hyperacety-
lation affects HSP function (Nahleh et al. 2012), GA-induced HSP60 hyperacety-
lation could act to deregulate HSP60 activity, disturbing protein folding (Cappello 
and Zummo 2005), and causing proteotoxic stress, leading to a switch from pro- 
survival signaling to cell death within cancer cells (Karbowski et al. 2001).

Moreover, the acetylation status of HSP10, the co-chaperone of HSP60, may 
play a role in the stabilisation and function of the HSP60-HSP10 complex. It has 
been shown that HSP10 is also a functional substrate of Sirt3 deacetylation (Fritz 
et al. 2012; Rardin et al. 2013; Lu et al. 2015). Proteomic analysis of Sirt3 KO mice 
identified four differentially acetylated sites on HSP10, namely K28, K40, K54 and 
K56 and further mutational analysis confirmed that K56 alters HSP60-HSP10 bind-
ing, conformation, and protein folding. Maintained acetylation of HSP10 K56 thus 
reduced HSP60-HSP10 binding affinity, prevented the accumulation of misfolded 
proteins, while enhancing the efficiency of protein folding by the HSP60-HSP10 
complex (Lu et al. 2015).

6.3.2  Nitration

The nitration of tyrosine (Y) residues to 3-nitrotyrosine is one of a variety of oxida-
tive PTMs related to the generation of ROS (Radi 2004, 2012; Monzani et al. 2004; 
Pacher et al. 2007). Reactive nitrogen species (RNS) such as peroxynitrite are pro-
duced from nitric oxide (NO) or NO-derived metabolites in the presence of elevated 
levels of ROS (Pacher et al. 2007), which when produced in the mitochondria, can 
lead to increased tyrosine nitration of mitochondrial proteins. Following nitration 
by RNS, key properties such as the structure and function of target proteins can be 
modified (Monzani et al. 2004; Radi 2012; Abdelmegeed and Song 2014), which in 
turn may alter cell homeostasis (Abello et  al. 2009). Such nitration can be 
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delaterious to mitochondrial functions, impeding cell maintenance and leading to 
cell death (Davis et al. 2010). The pathological conditions in which tyrosine nitra-
tion has been detected include cardiovascular disorders, diabetes, and hepatic and 
neurodegenerative diseases (Thomson 2015; Chavarría and Souza 2013).

Nitration of HSP60 most likely occurs on one or both of the highly conserved 
tyrosines Y223 and Y227, found in the apical domain, which is crucial for the bind-
ing of the co-chaperonin HSP10 and substrates (Campanella et al. 2016). HSP60 
nitration has also been shown to bring about a significant decrease in the ATP- 
hydrolysis activity of the chaperonin as well as disturbing the interaction of HSP60 
with its co-chaperonin HSP10 and to a lesser extent, substrate proteins (Koeck et al. 
2009). In the case of HSP60 nitration in lung cancer cells, after treatment with 
SAHA, the cell cycle was interrupted at the G2/M phase, ROS over-production 
caused oxidative stress together with increased mitochondrial damage, and HSP60 
levels were significantly reduced, leading to cell death. Once nitrated, HSP60 was 
released into the extracellular space via exosomes. The increase in nitrated HSP60 
brought about by SAHA treatment could be off-set by the antioxidant N-acetyl- 
cysteine (NAC), indicating that nitration was directly linked to the oxidative stress 
induced by SAHA (Campanella et al. 2016).

In the context of hyperglycaemia, when rat insulinoma cells and rat islets of 
Langerhans were exposed to elevated glucose levels, a significant glucose 
concentration- dependent increase in 3-nitrotyrosine immunoreactivity was observed 
specifically in the mitochondria, indicating that HSP60 nitration was organelle- 
based (Koeck et al. 2009). ROS are known to activate NF-kB and the expression of 
pro-inflammatory cytokines such as interleukin-1b (IL-1b), which is known to be a 
major cytokine in the pathogenesis of Type 2 Diabetes Mellitus (Pacher et al. 2007; 
Alexandraki et al. 2006). In turn, IL-1b is a primary mediator of inducible nitric 
oxide synthase (iNOS) expression and nitric NO generation by B-cells (Corbett and 
McDaniel 1995). Hyperglycemia is known to induce IL-1b production, iNOS 
expression, and activation of neuronal NOS in the pancreatic islets (Pacher et al. 
2007; Maedler et al. 2002; Jimenez-Feltstrom et al. 2005), and an NO-dependent 
occurrence of tyrosine nitration has been reported in the islets of Langerhans 
(Suarez-Pinzon et al. 1997; Lakey et al. 2001; Szabó et al. 2002). The processing of 
proinsulin to produce active insulin is thought to include a step in which it binds to 
HSP60 (Brudzynski and Martinez 1993; Arias et al. 2000). However it has been 
shown that the ability of ATP hydrolysis and binding efficiency of HSP60 to proin-
sulin are significantly decreased following nitration, advocating the possibility that 
HSP60 nitration could bring about a decrease in insulin secretion (Koeck et  al. 
2009), with increased levels of nitro-tyrosine having been correlated with reduced 
glucose-stimulated insulin secretion in human type 2 diabetic islets (Lupi et  al. 
2007). This further indicates that even small changes in glucose levels can bring 
about physiological changes through a variety of PTMs, that if not corrected early 
on, can lead to chronic disease such as Type 2 Diabetes Mellitus.

With respect to alcohol consumption, HSP60 nitration is part of the outcome of 
mitochondrial dysfunction and protein nitration in the liver (Barone et al. 2016). In 
both the liver and the pancreas, HSP60 is considered to be a major part of the 
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defence mechanism against cellular damage resulting from ethanol consumption 
(Rakonczay et al. 2003). Apart from this context, HSP60 in the liver is known to be 
involved in hepatocellular carcinoma, chronic active hepatitis, and primary biliary 
cirrhosis (Cappello et al. 2014).

6.3.3  Sulfoxidation

The sulfoxidation of methionine (M) residues to methionine sulfoxide (or methio-
nine sulfone) is another of the oxidative PTMs related to the generation of ROS 
(Stadtman 2006). The oxidation of methionine to methionine sulfoxide and eventual 
reduction back by methionine sulfoxide reductase (Msr) is a critical pathway for 
repairing oxidatively damaged proteins and eliminating ROS (Lee et  al. 2009; 
Moskovitz and Oien 2010). HSP60 has a methionine-rich C-terminal motif, which 
is highly conserved in different species and has been proposed as a ROS-acceptor, 
although the exact function is as yet unknown (Brocchieri and Karlin 2000; Li et al. 
2014b). Using mass spectrometry, it was shown that between one and five of the 
methionines in the C-terminus of HSP60 were oxidised and these co-localised with 
biotinylated lysines (Li et al. 2014b). Lysine biotinylation is catalysed by holocar-
boxylase synthetase (Chapman-Smith and Cronan 1999), which is localised in the 
cytoplasm, nucleus and mitochondria (Narang et al. 2004; Chew et al. 2006; Bailey 
et al. 2010; Bao et al. 2011). Furthermore, fibroblasts stressed by biotin depletion, 
produced significantly higher levels of ROS (>9-fold compared to controls using 
biotin-supplemented medium), resulting in higher levels of methionine sulfoxida-
tion, which in turn brought about cell cycle arrest in the G0/G1 and S phases (Li 
et al. 2014b). This led to the postulation of a mechanism in which lysine biotinyl-
ation increased the chance that an adjacent methionine undergoes sulfoxidation, 
facilitating the scavenging and elimination of ROS through the methionine reduc-
tion pathway, which is involved in the function of HSP60 as a means of defense 
against ROS (Li et al. 2014b).

6.3.4  Phosphorylation

Phosphorylation is a PTM which can occur on tyrosine (Y), serine (S) and threonine 
(T). Phosphorylation is performed by cellular kinases, while dephosphorylation is 
performed by phosphatases. HSP60 can be tyrosine phosphorylated at Y227 and 
Y243 (Rikova et al. 2007; Gu et al. 2011a) and HSP60 tyrosine phosphorylation is 
required for its surface activation (Asquith et al. 2004). HSP60 present in the plasma 
membrane of a human leukaemic T-cell line was phosphorylated by protein kinase 
A, type 1 (PKA-I). PKA-I is known to phosphorylate serine or threonine residues in 
the general consensus sequence R-R-X-S/T or K-R/X-S/T (Kennelly and Krebs 
1991). HSP60 has six potential PKA-I phosphorylation sites: K72-V73-T74, 

B. Baron



79

K130-I131-S132, K157-Q158-S159, K250-I251-S252, K396-L397-S398, and 
K469-R470-T471 (Jindal et al. 1989). It was shown that HSP60 binds to histone 2B 
(H2B) in the cytosol, when both molecules were unphosphorylated. HSP60 then 
chaperones H2B into the plasma membrane, where PKA-I specifically catalyses the 
phosphorylation of both HSP60 and H2B (Khan et al. 1998). One of the functions 
of HSP60 phosphorylation thus appears to be in regulating the binding affinity to its 
targets such as H2B, since it brings about the dissociation of H2B from HSP60 and 
release of H2B from the plasma membrane of the T-cells, into the extracellular 
space, while HSP60 is retained (Khan et al. 1998).

The tyrosine phosphorylation of HSP60, regulated by Phosphatase of 
Regenerating Liver 3 (PRL-3; a.k.a. Protein tyrosine phosphatase 4A3), was found 
to be essential for the protein maturation and surface expression of UL16 binding 
protein 2 (ULBP2). Newly synthesised ULBP2 (27 kDa) is glycosylated to become 
a mature 37-kDa glycoprotein (Cosman et  al. 2001) and complete maturation of 
ULBP2 requires the activity of PRL-3 (Leung et al. 2015). Treating cancer cells 
with PRL-3 inhibitor I (PRL3-I) reduced the amount of phosphorylated HSP60 
bound to ULBP2, which suppressed ULBP2 post-translational maturation, involv-
ing the formation of a GPI anchor and glycosylation, resulting in retention of the 
immature protein in the ER and reducing ULBP2 expression on the surface of can-
cer cells (Leung et al. 2015). ULBP2 is a ligand of the Natural killer group 2 mem-
ber D (NKG2D) receptor, a C-type lectin (CLEC) expressed on the surface of 
human NK cells and T-cells. The interaction between this receptor and its ligands in 
situations of stress or infection triggers NK cells to secrete cytokines, which induce 
apoptosis of target cells (Raulet et al. 2013). However, the NKG2D ligands present 
on the cell surface of many cancer cells are proteolytically shed by the single-pass 
transmembrane and secreted A Disintegrin And Metalloproteinase (ADAM) matrix 
metalloproteases (MMPs) (Salih et al. 2002; Waldhauer and Steinle 2006, 2008), in 
order to evade immunosurveillance by NK cells and CD8 T-cells and serum levels 
of ULBP2 have been correlated with cancer prognosis (Hilpert et  al. 2012; 
Yamaguchi et al. 2012). PRL-3 has also been associated with cancer progression 
and metastasis (Bessette et  al. 2008; Al-Aidaroos and Zeng 2010; Semba et  al. 
2010), with inhibition of PRL-3 being able to block migration and invasion of meta-
static cancer cells both in vitro and in vivo (Guo et al. 2008; Wang et al. 2009).

HSP60 phosphorylation was also found to play a role in rotavirus infection. 
Rotaviruses are double stranded RNA viruses, which cause gastroenteritis in chil-
dren. During the early stage of rotavirus infection, HSP60 tyrosine-phosphorylation 
increased. This led to increased ubiquitinated HSP60 and proteasomal degradation, 
with an overall decreased expression level of HSP60. HSP60 was found to be phos-
phorylated at Y227 by an activated form of Src kinase, and this was critical for 
degradation. HSP60 phosphorylation and subsequent degradation could be inhib-
ited by silencing the Src gene or using a Src kinase inhibitor. HSP60 assists the 
translocation of the rotaviral nonstructural protein 4 (NSP4) into the mitochondria 
and since NSP4 has a pro-apoptotic function, transient degradation of HSP60 dur-
ing early hours of rotavirus infection, inhibits premature mitochondrial import of 
NSP4, preventing premature apoptosis, acting as one of several strategies to increase 
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viral replication and propagation via a lower yield of viral progeny (Chattopadhyay 
et al. 2017). NSP4 is know to act by dissipating the mitochondrial potential, cyto-
solic release of cytochrome c and caspase activation (Martin-Latil et  al. 2007; 
Bhowmick et  al. 2012), together with mobilisation of Ca2+ ions from the ER, 
 triggering calcium-mediated apoptosis (Tian et  al. 1995; Zambrano et  al. 2008). 
One important aspect of phosphorylation is its crosstalk with ubiquitination, with 
phosphorylation positively or negatively regulating ubiquitination, in a wide variety 
of cellular contexts. Another important occurrence of phosphorylation crosstalk is 
its competition with O-linked N-acetylglucosamine (O-GlcNacylation or O-GlcNac) 
on serine and threonine, where O-GlcNac prevents phosphorylation at a specific 
residue or adjacent sites (Hunter 2007).

6.3.5  Ubiquitination

Ubiquitination is the process by which one (mono-ubiquitination) or multiple (poly- 
ubiquitination) ubiquitin monomers are added to the lysine, cysteine, serine, threo-
nine or N-terminus of the target protein, marking it for degradation via the 
proteasome, altering the cellular location, affecting activity, and modulating protein- 
protein interactions (Schnell and Hicke 2003; Komander and Rape 2012; McDowell 
and Philpott 2013). Ubiquitination involves three main steps: activation, conjuga-
tion, and ligation, performed by ubiquitin-activating enzymes (E1s), ubiquitin- 
conjugating enzymes (E2s), and ubiquitin ligases (E3s), respectively (Glickman and 
Ciechanover 2002; Pickart and Eddins 2004).

Proteomic analysis showed that in monocytes undergoing necrosis due to 
treatment with 5-azacytidine (as a ROS-generator), cytosolic and nuclear chap-
erones are down-regulated, while ER and mitochondrial chaperones are up-reg-
ulated. HSP60 was found to be the most abundant up-regulated mitochondrial 
chaperone, with expression after 5-azacytidine treatment increasing sevenfold. 
Moreover HSP60  in necrotic cells was found to be ubiquitinated at K396, 
whereas ubiquitinated HSP60 was not found in the untreated sample. While the 
role of ubiquitination at K396  in stress-induced monocyte necrosis was not 
determined, it was speculated that upregulation of HSP60 may serve as the first 
line of defense against cytotoxicity elicited by 5-azacytidine-induced cell stress 
(Tang et al. 2013).

Contrarily, following SAHA treatment (which was also used as a ROS genera-
tor), the level of ubiquitinated HSP60 in lung cancer cells was lower compared to 
untreated cells. The addition of MG132, a proteasome inhibitor, did not prevent the 
reduction in HSP60 levels induced by SAHA, indicating that the ubiquitin- 
proteasome system is probably not involved in this reduction (Campanella et  al. 
2016). However in this case, the position of the ubiquitinated residue/s involved was 
not determined.
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6.3.6  Glycosylation

Glycosylation of proteins in the majority of cases involves the addition of glycans 
to the nitrogen on asparagine (N) within an N-X-S/T motif, where X can be any 
amino acid except proline (N-linked glycosylation) or the hydroxyl oxygen of ser-
ine, threonine, tyrosine, hydroxylysine, or hydroxyproline side-chains (O-linked 
glycosylation) (Spiro 2002). In tumours, as well as in normal cells under stress, 
N-glycosylated HSP60 is expressed on the cell surface or secreted extracellularly 
(Barazi et  al. 2002), with about 10% of total HSP60 undergoing glycosylation 
(Avidan et  al. 2009; Hayoun et  al. 2012). The first part of the N-linked glycans 
(blocks of 14 glycan monomers) is added to the asparagine in the N-X-S/T motif in 
the ER (Helenius and Aebi 2001). HSP60 has three potential N-linked glycosylation 
sites, N103, N230 and N426. Subsequently, the glycan side chains are extensively 
modified as the glycoproteins matures through the ER and the Golgi complex 
(Helenius and Aebi 2001) into bi- and tri-antennary structures, including a fraction 
of high mannose glycans (with 5–9 mannosyl residues) as well as the addition of 
phosphorylation to the high mannose. This phosphorylation possibly occurs during 
the synthesis and trafficking of the glycosylated protein to the cell surface (Hayes 
et al. 1995; Hayoun et al. 2012). Once the modified HSP60 reaches the surface of 
the tumour, it can affect the immunological properties of the proteins in the tumour 
microenvironment, having many implications due to its ability to modulate the 
immune response within the tumour microenvironment.

HSP60 can also undergo addition of O-linked N-acetylglucosamine (β-O- 
GlyNAcylation), a cytosolic glycosylation (unlike N- and O-glycosylation), at ser-
ine or threonine residues, making it more akin to phosphorylation (Comer and Hart 
2001; Copeland et al. 2008; Whelan et al. 2008). O-GlcNAcylation is commonly 
observed to be altered under high glucose conditions (hyperglycaemia), as found in 
various cell types in diabetic patients (Liu et al. 2000; Akimoto et al. 2001; Walgren 
et  al. 2003). Hyperglycaemia is known to affect the phosphorylation status of 
O-GlcNAcylated proteins, where O-GlcNAcylation and serine or threonine phos-
phorylation have been shown to inversely affect each other while tyrosine phos-
phorylation has been found to facilitate O-GlcNAcylation (Cheng et  al. 2000; 
Kamemura et al. 2002; Dentin et al. 2008; Ande et al. 2009; Whelan et al. 2008; Gu 
et al. 2011b). Moreover, increased O-GlcNAcylation has been strongly correlated 
with the development of insulin resistance (Buse 2006; Copeland et al. 2008).

Under hyperglycaemic conditions, O-GlcNAcylation and serine phosphorylation 
of HSP60 were found to be up-regulated whereas threonine phosphorylation was 
down-regulated (Gu et  al. 2011b). Levels of cytosolic O-GlcNAcylated HSP60 
were found to increase two-fold under hyperglycemic compared to normoglycemic 
conditions, with total cytosolic HSP60 levels remaining unchanged. This lead to the 
release of Bax from O-GlcNAcylated HSP60, which translocated to the mitochon-
dria, triggering cytochrome c release and caspase-3 activation, leading to pancreatic 
β-cell death. Thus it appears that under normoglycemic conditions HSP60 prevents 
apoptosis by sequestering Bax in the cytoplasm. (Kim et al. 2006).
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6.3.7  Arginine Methylation

Arginine methylation involves the addition of one or two methyl groups on one 
(asymmetric) or both (symmetrical) of the terminal nitrogen atoms of the arginine 
side chain. This reaction is catalysed by a family of enzymes called protein arginine 
methyltransferases (PRMTs), which use S-adenosyl-L-methioinine (AdoMet) as 
the methyl donor. So far, nine mammalian PRMTs (named PRMT1 to PRMT9) 
have been isolated (Wolf 2009), and are classified into two sub-families based on 
the end-product of the reaction they catalyse. Following the production of N-mono- 
methylarginine as an intermediate, type I enzymes (PRMT1, PRMT3, PRMT4/
CARM1, PRMT6, and PRMT8) produce asymmetric N,N-di-methylarginine 
(aDMA), while type II enzymes (PRMT5, PRMT7, and PRMT9) produce symmet-
ric N,N-di-methylarginine (Pahlich et al. 2006). It has been shown that there is an 
inversely proportional relationship between the level of arginine methylation and 
the cellular age or proliferation for proteins with molecular masses ranging between 
50 and 100 kDa, with asymmetric arginine di-methylation being lower in senescent 
cells compared to low-passage cells (Lim et al. 2008). In agreement with this, asym-
metric arginine di-methylation of HSP60 was found to be lower in senescent fibro-
blasts compared to low-passage fibroblasts, with no significant difference in 
asymmetric dimethyl-arginine expression levels between immortalised and low- 
passage fibroblasts, which was consistent with the reduction of total HSP60 
observed in senescent cells (Lim et al. 2010). This implies that arginine asymmetric 
di-methylation of HSP60 is correlated with the proliferation potential of cells and 
might be useful as a marker of cellular senescence at least in some cell types.

6.3.8  Lysine Methylation

Lysine methylation involves the addition of one, two or three methyl groups on the 
terminal nitrogen atom of the lysine side chain. This reaction is catalysed by a fam-
ily of enzymes called protein lysine methyltransferases (PKMTs), which use 
AdoMet as the methyl donor. The number of isolated mammalian PKMTs is over 
100 (Letunic et  al. 2004; Bateman et  al. 2004), and are classified into nine sub- 
classes, based on the presence of the Su(var)3–9, Enhancer-of-zeste and Trithorax 
(SET) and some other defined protein domain or homologous sequence. Most, but 
not all PKMTs, have a SET domain. The two families lacking the SET-domain are 
the KMT4/DOT1L and the Methyltransferase-like (METTL) family proteins, which 
are structurally closer to PRMTs (Cloutier et al. 2013). A small number of METTL 
family enzymes preferentially methylate chaperone proteins, regulating their activ-
ity (Cloutier et al. 2013). The first evidence of HSP60 lysine methylation pointed at 
an interaction with METTL20 (Cloutier et al. 2013). Data from various cell lines 
indicated that one functional methylation present on HSP60 is mono-methylated 
lysine 490 (K490me1) (Cao et al. 2013). Using quantitative mass spectrometry with 
Stable Isotope Labeling by Amino acids in Cell culture (SILAC)-labelling it was 

B. Baron



83

found that there is a possibility that METTL20 interacts with HSP60, while electron 
transfer flavoprotein (ETF)α and ETFβ were found to be strong binding partners of 
METTL20. Further experiments however did not support the finding that METTL20 
methylates HSP60 and the interaction was deemed as being unlikely (Rhein et al. 
2014). On the other hand, data generated from in vitro assays using GroEL, the 
bacterial homologue to mammalian HSP60, suggests tight binding of METTL23 to 
the chaperone protein (Bernkopf et al. 2014). Yeast-Two Hybrid and mass spectro-
metric data generated in our lab supports the findings that METTL20 presents no 
interaction with HSP60 but rather our data suggest an interaction with HSP27. 
Moreover our data does not support the interaction of METTL23 with HSP60.

6.4  Inferences from SNPs

The HSP60 and HSP10 proteins are encoded by the HSPD1 and HSPE1 genes 
respectively. The two genes are situated in a head-to-head configuration on chromo-
some 2, at chromosome locus 2q33.1, with a common bi-directional promoter 
(Bross and Fernandez-Guerra 2016). Complete deletion of the HSPD1 gene is 
embryonic lethal and mutations at most positions have deleterious or strong domi-
nant negative effects, also resulting in embryonic lethality (Christensen et al. 2010; 
Bross and Fernandez-Guerra 2016). As mentioned previously, two very low fre-
quency missense mutations in HSPD1, V98I and D29G, have been found to be 
associated with disease (Hansen et al. 2002; Magen et al. 2008). On the other hand, 
deletion of the HSPE1 gene is not embryonic lethal but a potentially disease- 
associated mutation, L73F, has been identified in a patient with a neurological and 
developmental disorder (Suarez et al. 2014; Bie et al. 2016). Nevertheless, within 
the human HSPD1 gene, a number of non-synonymous SNPs (altering the amino 
acid sequence) are known which may produce a less functionally efficient or viable 
HSP60 protein product (Bross and Fernandez-Guerra 2016). These changes affect 
function either because the variant amino acid is chemically different and therefore 
affects the overall chemistry of the protein or else, possibly, because a functionally 
critical PTM can no longer be added at that position. For example, when K156, 
found to be acetylated in the human acute myeloid leukemia cell line MV4–11 
(Choudhary et al. 2009) and in mouse liver (Rardin et al. 2013) is replaced by the 
arginine variant (K156R), despite being classified as a benign variation due to the 
conservation of the positive charge, the acetylation site is lost and this may in turn 
affect the function or regulation of HSP60.

Other than K156R, numerous benign non-synonymous mutations can be found 
on HSPD1  in the Exome Aggregation Consortium (ExAC) database (Lek et  al. 
2016), namely K157R and K205R, which are chemically similar and K192E, 
K369N, K418T and K473Q which are chemically different. New lysines are also 
introduced via R16K, E129K, R142K, Q461K. Considering the number of PTMs 
which lysine can undergo and their importance in regulation, these mutations open 
a myriad of dysregulatory options of the HSP60 protein.
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6.5  Conclusions

Very little is as yet known about the position and function of numerous HSP60 
PTMs, but the emerging picture is that this protein covers a diversity of roles both 
inside the mitochondria and in other sub-cellular compartments, with all these func-
tions being controlled by the small chemical additions to the protein, which are 
dependent on the cellular context. Besides the ability of HSP60 to produce func-
tional variants on its own, PTMs on its co-chaperone HSP10 would also play a role 
in the HSP60-HSP10 complex function. Understanding the function and context of 
these PTMs will improve the prospect of identifying therapies for treating condi-
tions involving HSP60 dysregulation.
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Chapter 7
Evaluation of Heat Shock Protein 60 
(HSP60) Chaperonin in Oncology

İsmail Ağababaoğlu

Abstract Heat shock proteins (Hsp) are a group of chaperonin that are increased 
production at cellular level in cellular stress situations. These stress include such as 
heat, infection, inflammation, many toxins such as ethanol, arsenic, some metals, 
ultraviolet light, some oncogenes. Under physiological conditions, Hsp helps the 
newly produced proteins in the cell in folding correctly. They provide stabilization 
of the mitochondria as a mechanism that prevents the cell from apoptosis. They 
function by interacting with proteins called chaperonin in the cell cycle and stabili-
zation of mitochondria. And it protects the cell from apoptosis and directs it to the 
process of carcinogenesis. Therefore, it has great potential in cancer studies in many 
stages. Thus, our chapter aims to briefly evaluate up to date knowledge for Hsp in 
oncological field.

Keywords Biomarker · Cancer vaccines · Chaperonin · Carcinogenesis · Heat 
shock protein 60 · Target therapy
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c-MYC myelocytomatosis oncogene
Cyp-D peptidylprolyl isomerase D (cyclophilin D)
E-Box enhancer box
ELISA Enzyme-linked immunosorbent assay
HCV hepatitis C virus
HSP heat shock protein
kDa kilodaltons
MALDI-TOF matrix assisted laser desorption ionization time of flight mass 

spectrometry
Mrna messenger ribonucleic acid
PSA prostate specific antigen
PCR polymerase chain reaction
SW80 human colorectal cancer cell line
TNF-Alpha tumor necrosis factor-alpha

7.1  Introduction

Hsp are a large family of proteins that perform many functions within the cell. 
They function in the most important response of living beings in the cellular 
dimension to stress, and the mechanism of evolutionary adaptation. They help to 
preserve the structure of cellular proteins that have lost their stability or are about 
to be denatured. They are particularly sensitive to heat and are named after these 
sources of stress. In this respect they work as intracellular chaperons (Liu et al. 
2012). The molecular weights of this particular protein group range from 7 to 
110 kDa and are classified according to this weight. It was demonstrated by the 
researchers that Hsp have important functions in cell differentiation, proliferation, 
intracellular transport, secretion, folding of protein structures and regulation of 
cell cycle with the functions they perform at cellular level (Ciocca and Calderwood 
2005). They provide stabilization of the mitochondria as a mechanism that pre-
vents the cell from apoptosis. They function by interacting with proteins called 
chaperonin in the cell cycle and stabilization of mitochondria. Molecular chapero-
nins allow the proteins to remain in the correct configuration (Faried et al. 2004; 
Ritossa 1996). Denaturation of protein structures in the cell is one of the factors 
that induce apoptosis.

Hsp show antiapoptotic effect with their functions protecting protein structures. 
This plays a role in protection and immortality of damaged cells during malignant 
transformation (Ghosh et al. 2008).As an important member of the HSP, HSP60 can 
be found in the large oligomer structure, in the mitochondria, in the cytoplasm, in 
the intercellular matrix or even in peripheral blood. In particular, it interacts with 
mitochondria proteins to ensure that they are in the correct spatial configuration. It 
functions in the combination of larger proteins and in cellular respiration. Even if it 
functions weakly in cell signaling pathways, it shows ATPase activity. HSP60 inter-
acts considerably with HSP 10 and HSP70 during its cellular level function and 
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provides its functions in this way (Cappello et al. 2008). It is located on HSP60 
protein and HSP10 chromosome 2 with which it works together (Cappello et al. 
2013; Chaiwatanasirkul and Sala 2011; Chang et al. 2012; Ciocca and Calderwood 
2005; Desmetz et al. 2008; Faried et al. 2004; Ghosh et al. 2008, 2010; Gorska et al. 
2013; Hamelin et al. 2011; Hamrita et al. 2008; Hjerpe et al. 2013; Hoang et al. 
2000; Hwang et al. 2009; Kang et al. 2009; Liffers et al. 2011). It has a triple protein 
structure and is bound to Y-box binding protein and creatine 23 during its physio-
logical activities (Sigler et al. 1998). They are antigenically identified by B and T 
lymphocytes and form ligand structures for toll-like receptors in antigen-presenting 
cells (Lv et al. 2012).

Among the Hsp, HSP 27, HSP70 and HSP90 are the most studied in the onco-
logical field. There is much more limited literature on HSP 60. HSP60 protein is 
equally important due to its fundamentally similar function and its role in the same 
processes, and it deserves to be investigated. It was shown to function in all phases 
of the carcinogenesis stage. Therefore, it has the potential to be used in every stage 
of the clinical approach in oncology. It has the potential to be used in all stages of 
diagnosis, treatment, follow-up and prognosis.

7.2  Carcinogenesis

HSP60 is the first evaluated heat shock protein in studies on cancer. The synthe-
sis of this protein increases in cellular stress conditions as in other heat shock 
proteins. One of the most important cases of cellular stress is carcinogenesis. 
Therefore, in many studies, HSP60 protein was shown to increase in cancer tis-
sue and is associated with many types of cancer (Ağababaoğlu et al. 2017; Arya 
et  al. 2007). In the study performed with MALDI-TOF mass spectrometry in 
subgroup patients with lung adenocarcinoma, HSP 60 protein was highly 
expressed and its exact mechanism could not be evaluated but it was found to 
increase in brain tumors especially in glioblastoma and neuroblastoma patients 
(Chaiwatanasirkul and Sala 2011).

HSP60 protein is effective in tumorigenesis, i.e. tumor growth and transforma-
tion. It was shown to be effective in the metastasis process as it supports angiogen-
esis in tumor tissue (Tsai et al. 2009). Increased metastasis rates in certain types of 
cancers with over-expressed HSP60 protein have been demonstrated in both 
in vitro and in vivo studies (Hoang et al. 2000).But the main mechanism of action 
of HSP60 in carcinogenesis is anti-apoptotic effect on mitochondria and inhibition 
of cell death. It accomplishes this by reducing the mitochondrial permeability in 
apoptosis. HSP60 protein is directly associated with cyclophilin D (CypD), a com-
ponent of the mitochondrial permeability transition pore. Inhibition of HSP60 trig-
gered cyclophilin D-dependent mitochondrial permeability transition. Therefore, 
HSP60 is a novel regulator of mitochondrial permeability transition and antago-
nizes Cyp D-dependent cell death in tumors (Ghosh et al. 2010). In this process, it 
is critical for the cancer cell to gain immortality in carcinogenesis (Nakamura and 
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Minegishi 2013) (Fig. 7.1) (Ghosh et al. 2008). Similar to this mechanism, it plays 
a role in the development of resistance in chemotherapeutic agents. In particular, it 
was shown to play a role in the development of resistance to cisplatin and oxalipla-
tin and 5-FU chemotherapies (Abu-hadid et  al. 1997; Ağababaoğlu et  al. 2017; 
Arya et  al. 2007; Cappello et  al. 2008, 2013; Chaiwatanasirkul and Sala 2011; 
Chang et al. 2012; Ciocca and Calderwood 2005; Desmetz et al. 2008; Faried et al. 
2004; Ghosh et al. 2008, 2010; Gorska et al. 2013; Hamelin et al. 2011; Hamrita 
et al. 2008; Hjerpe et al. 2013; Hoang et al. 2000; Hwang et al. 2009; Kang et al. 
2009; Liffers et al. 2011; Liu et al. 2012; Lv et al. 2012; Nakamura and Minegishi 
2013; Peng et al. 2005; Ritossa 1996; Sigler et al. 1998; Skvortsov et al. 2011; 
Srivastava 2002; Su et al. 2012; Tsai et al. 2008; Tsai et al. 2009; Wong et al. 2008). 
Kang et al. demonstrated the effect of Hsp60 overexpression on apoptosis in the 
liver disease with chronic HCV infection by reducing the production of reactive 
oxygen radicals. As a result of their studies, they found a decrease in the produc-
tion of reactive oxygen radicals as a result of an increase in HSP 60, and they found 
a decrease in the direction of damaged hepatocytes towards apoptosis through 
TNF-alpha. In light of these results, they on apoptosis the progress towards the 
oncogenic process in hepatocyte cells and the possibility of hepatoma development 
may increase (Kang et al. 2009).

Fig. 7.1 Hsp60-regulated cytoprotection in cancer (Hwang et al. 2009)
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7.3  Role of HSP60 in Diagnosis

Hsp60 has the potential to be used in every stage of the diagnosis process of can-
cer cases due to its role in the cell. It can be used as an early diagnosis and screen-
ing biomarker in almost every type of cancer. It has the potential to be used in 
diagnostic tests or combined diagnostic tests. It has the potential to be used in the 
investigation of recurrence in treatment follow-up. HSP 60 protein was shown to 
increase in many types of cancers as previously mentioned. In lung adenocarci-
noma, tumor tissues were observed to be significantly increased compared to the 
conjugated tissues of the patients (Ağababaoğlu et al. 2017). In addition, it was 
observed that tumor tissue increases in colorectal, gastric, pancreatic, head and 
neck cancers and many other cancers compared to normal healthy tissue samples 
(Desmetz et al. 2008).

In the literature, it was shown that the increase in HSP60 protein expression was 
an independent prognostic factor for disease-free survival by immunohistochemical 
staining for HSP60 protein on 103 specimens in the study of Xu X. et al. on HSA60 
protein and lung adenocarcinoma. It was reported that it may be an important bio-
marker in determining the prognosis in patients with pulmonary adenocarcinoma in 
clinical practice (Xu et al. 2011). In addition to lung cancer, HSP60 protein was 
found to be an important biomarker for the prognosis and follow-up of the response 
to treatment in serous ovarian carcinomas. In this study of Hjerpe et al. on patients 
with ovarian carcinoma, average survival was 31 months in patients with HSP60 
protein expression and 60 months in patients without expression. In addition, one of 
the important results of this study was that chemotherapy treatments targeting the 
HSP60 protein could increase survival (Hjerpe et al. 2013).

The studies to be carried out with Elisa or serum samples have the potential to 
provide clinicians with much information in early diagnosis, diagnosis and treat-
ment follow-up and detection of recurrences with HSP60. In addition, immunohis-
tochemistry studies for HSP 60 protein may be very useful in the diagnosis stage 
considering the newly developed immunological diagnostic methods. HSP60 pro-
tein was found to be associated with cancer progression in the literature. This is 
related to the grade and stage of the tumor (Skvortsov et al. 2011). Lung cancer can 
be used to predict the clinical prognosis of many cancers such as head and neck 
tumors, gastric cancers, colorectal, and prostate cancer. Of course, into a large series 
of studies are required for its use in both the diagnosis and the prognosis of the 
patient and its entry to the clinical routine.

7.4  HSP60 in Treatment and Prognosis

Cancer vaccines are important for targeted immunotherapies due to their antigenic 
structure and effects in oncogenic processes. It was also shown that it can be used in 
terms of recurrence and prognosis, which is an important part of the treatment in 
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oncology (Chaiwatanasirkul and Sala 2011). In some studies, it was found that it is 
associated with a resistance to chemotherapy agents. Thus, it is valuable to show the 
increased rate in the patients in the decision-making stage of the treatment agent in 
clinical use.

Among the HSP, HSP90 and HSP70 are the most studied structures for targeted 
therapies and immunotherapy in oncology. HSP90 protein was shown to be a suit-
able target for HSP 90 inhibitors of the ATPase domain. In this respect, Geldanamycin 
derivative is the first drug to progress to 17 AAG Phase II activity trials. HSP90 
protein inhibitor geldanamycin was shown to be highly selective in tumor cells and 
not effective in the intact cells while showing effect on the cancer tissue (Peng et al. 
2005). Even its protective effect on the normal cells was defined.It was shown in the 
studies on HSP 70 that it can be used for tumor immunotherapy and HSP antigen 
structures associated with carcinogenesis were started to be used in immunotherapy 
of cancers (Srivastava 2002).

HSP60 contains similar potentials in this respect, as in all HSP members. It was 
shown in the literature that HSP60 inhibitor agents can be used in some types of 
cancers in studies on HSP60 protein. In the osteosarcoma cell culture study con-
ducted by Magdalena et al. it was demonstrated that HSP60 may be a potential tar-
get for developing new anti-cancer strategies. Geldanamycin induced upregulation 
in HSP60 gene exspresion, and loss of hyrepacetylated mitochondrial HSP60 pool 
resulting in decreased cancer cell viability and increased cancer cell death. 
Hyperacetylation of HSP60 is associated with chemotherapeutic activity of gel-
danamycin (Gorska et al. 2013).

Bortezomib, a proteosome inhibitor, was researched in a study of ovarian cancer 
animal model and cell culture. Bortezomib chemotherapy, a CD8 + T cell-mediated 
cell growth inhibitor, enhances cell surface expression of HSP60 and increases the 
immunogenicity of tumor tissue. Thus, it was shown to increase dentritic cell- 
mediated phagocytosis and to produce an immunity mediated anti-tumor effect. 
Accordingly, it was shown that bortezomib chemotherapy will benefit significantly 
in ovarian cancer patients with ovarian expression of HSP 60 protein (Chang et al. 
2012).In another study on melanoma cell culture, it was shown that in melanoma 
cells, sinularin inhibits cell proliferation, stop cell migration and induce apoptosis. 
In addition, proteomic analysis of the cells that could be and could not be treated 
with sinularin was performed in this study. HSP60 was shown to be significantly 
lower in cell cultures treated with sinularin and it was found that the effect of this 
chemotherapeutic agent on melanoma takes place through HSP60 (Su et al. 2012).

In addition to targeted agents, Hsp60 was shown to be associated with resistance 
to chemotherapeutic agents in cancer types with overexpression. There are cell cul-
ture studies on the patients with bladder carcinoma and ovarian carcinoma. A strong 
association was found between resistance to platinum-based chemotherapies and 
increased mRNA expression encoding HSP60 in vitro trials. In particular, it was 
found to be associated with resistance to cisplatin and oxaliplatin chemotherapies in 
ovarian carcinoma and bladder carcinoma (Ghosh et al. 2010). Again, in a study on 
colorectal cancer cell cultures, HSP60 was associated with resistance to 5-FU che-
motherapy. In the study conducted on SW480 cell passage, 2000 30 proteins were 
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evaluated and it was observed that 8 proteins were down-regulated. One of the 
down-regulated proteins, HSP60, was thought to play a role in the resistance to 
5-FU. Considering the fact that 5-FU is the first choice agent in colorectal cancers 
and 80% resistance to this agent, immunohistochemical evaluation of HSP60 
expression level in the determination of chemotherapy agent will be guiding in the 
selection of treatment (Nakamura and Minegishi 2013).

Another important stage in the treatment of oncologic routine is to determine 
prognosis and recurrence. In the study on cervical cancer patients, the relationship 
between HSP 60 and carcinogenesis and the fact that it is an independent prognostic 
factor were determined. In the study using 2d gel electrophoresis and western blot 
technique, the expression of Hsp60 was shown to be significantly increased in can-
cerous cervical tissue compared to normal cervical tissue. In the same study, Hsp60 
was shown to increase at mRNA level by real-time PCR. Both the increase in pro-
tein level and increased mRNA correlate with the clinical stages of the cases and can 
be used to determine prognosis in this type of cancer (Hwang et al. 2009).Similarly, 
in a study on colorectal cancers, similar results were found in cervical cancers. In 
the study using 2d electrophoresis in the tissues of the cases and western blot tech-
niques in the serum samples, HSP60 levels were increased, and they were shown to 
be increased more in advanced stage cases. In addition, the results of immunohisto-
chemistry in a wide series of tissues were similar. When combined with CEA and 
CA-19-9, its sensitivity as a biomarker for early-stage diagnosis or for the follow-up 
of treatment was shown to increase up to 0.77 (Hamelin et al. 2011).

In a study including 107 patients, Castilla et al. evaluated HSP60 protein in pros-
tate cancer patients. The patients were divided into two groups as early and late 
stage. Immunohistochemistry and tissue samples of the patients were also studied 
with western blotting. There were high levels of HSP 60  in patients with high 
Gleason score and high serum PSA levels and in patients with lymph node metasta-
ses and they demonstrated that the elevation of HSP60 after ablation treatment in 50 
local advanced patients was associated with early recurrence. They found that pro-
tein markers such as HSP60 would be useful in clinical use related to prostate can-
cer (Ghosh et  al. 2010). Hamrita et  al. studied HSP60 protein in breast cancer 
patients with the same purpose. They organized an antibody study in serum samples 
of 42 patients diagnosed with breast cancer, at the time of diagnosis and 42 patients 
clinically proven to have no breast cancer, and they found significantly increased 
antibody levels for HSP60 antigen. These results show that serum antibody levels 
for HSP60 can be used for diagnostic purposes (Hamrita et al. 2008).

In another study evaluating the relationship of HSP60 with invasion and metas-
tasis, the regulation of the HSP60 level with c-MYC mechanism was investigated. 
It was shown that c-MYC directly activates HSP60 expression through an E-box 
region in the proximal promoter of HSP60 gene, and HSP60 also increases the con-
centration of beta-catenin protein. Beta-catenin was shown to be associated with 
invasion and metastasis, particularly associated with different types of metastatic 
cancers, such as colorectal, lung, prostate, and ovarian cancer. In addition, it was 
determined in this study that this increase in HSP60 at the cellular level can be used 
to predict metastasis and bad prognosis in head and neck cancer patients when it is 
accompanied by beta-catenin (Tsai et al. 2009).
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In light of this information, HSP60 has a great potential in clinical use in oncol-
ogy. As with all heat shock proteins, as HS60 is better understood, the pathophysiol-
ogy of oncological diseases with unknown facts will be understood and it will 
present very valuable information to clinicians in all processes of screening, diag-
nosis, treatment and all subsequent processes.

7.5  Conclusions

Cancer is as old as human history. The term cancer was first used by Hippocrates in 
the third century BC. Cancer has been a major health problem since then. The pro-
cess of transforming a normal cell into a cancerous cell is called carcinogenesis and 
various studies done to elucidate this process. Studies on heat shock proteins pro-
vide important information for carcinogenesis. Hsp help to preserve the structure of 
cellular proteins that have lost their stability or are about to be denatured. HSP60 
provide this stabilization of the mitochondria as a mechanism that prevents the cell 
from apoptosis. Thus Hsp show antiapoptotic effect with their functions protecting 
protein structures in mitochondria. This plays a role in protection and immortality 
of damaged cells during malignant transformation. So, HSP60 has the potential to 
be used in every stages of cancer studies. They have potential for early diagnosis 
and screening biomarker in almost every type of cancer and can be used in areas for 
cancer diagnosis as well. Hsp60 proteins have been shown to be associated with 
angiogenesis and metastasis and this is used in the staging treatment follow-up and 
prognosis. Furthermore, Bortezomib chemotherapy, a CD8 + T cell-mediated cell 
growth inhibitor, enhances cell surface expression of HSP60 and increases the 
immunogenicity of tumor tissue, increase dentritic cell-mediated phagocytosis and 
to produce an immunity mediated anti-tumor effect. Accordingly, expression of 
HSP 60 protein can have potential target for developing new anti-cancer strategies.
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Chapter 8
Exosomal Hsp60: A Tumor Biomarker?

Stefano Fais, Mariantonia Logozzi, Giusi Alberti, and Claudia Campanella

Abstract Exosomes (EXs) are extracellular vesicles containing proteins, DNA, 
mRNA, non-coding RNAs, such as miRNAs, and lipid. The EXs can be easily iso-
lated from different biological fluids and their content is considered a potential bio-
marker in various diseases, such as cancer. EXs play an important role in intercellular 
communication, permitting cells to exchange proteins, lipids, and genetic material 
in normal and pathological conditions. New data have shown that tumor cells- 
derived EXs contribute to cancer progression through the modulation of tumor 
microenvironment. Heat shock proteins 60 kDa (Hsp60) is classically considered 
mitochondrial proteins with different biological roles. In recent years, many studies 
have focused on the extracellular roles played by Hsp60 that appear to be involved 
in cancer development and immune system stimulation. Hsp60 is localized on the 
surface of EXs, secreted by cells and could be a key player in intercellular cross-talk 
during the course of different diseases. Therefore, exosomal Hsp60 has a great 
potential for clinical applications, including its use as biomarker for diagnostics, 
assessing prognosis, and monitoring disease progression and response to treatment, 
particularly in cancer.
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Abbreviations

ESCRT endosomal sorting complex
EVs extracellular vesicles
EXs exosomes
Hsp heat shock proteins
Hsp60 heat shock protein 60 kDa
ILVs intraluminal vesicles
MVBs multivesicular bodies

8.1  Introduction

EXs are a subtype of extracellular vesicles (EVs) with an average diameter of 
30–100  nm that derive from intraluminal endosomal vesicles (Campanella et  al. 
2014). They are released by all type of cells and they are present in all body fluid 
such as blood urine, cerebral liquid etc. (Cappello et al. 2017). EXs mediate inter-
cellular communication under physiological and pathophysiological conditions, 
including different types of cancer (Zhao et al. 2017). EXs contain proteins, nucleic 
acids (DNA, mRNA, miRNA) and lipids (Zhao et  al. 2017). According to their 
molecular signature, they can reach selected target cells at local or distance sites 
(Campanella et al. 2014). EXs contain cell-specific profile, and they have been pro-
posed as biomarkers in a variety of diseases (Caruso Bavisotto et  al. 2017a, b). 
Recent studies have shown that EXs, derived from different types of tumor, such as 
pancreatic (Samandari et al. 2018), colorectal (Campanella et al. 2015), play a piv-
otal role in tumor progression (Cappello et al. 2017). They are able to determine 
changes in tumor microenvironment favoring their growth and dissemination (Li 
et al. 2018). Recent studies have validated the hypothesis that EXs may provide a 
secretory pathway, allowing cells to actively release specific Heat Shock Proteins 
(Hsp) (Campanella et  al. 2014). Hsp are evolutionary conserved proteins, with 
diverse biological roles (Campanella et al. 2018; Vilasi et al. 2018). They play an 
important role in cellular homeostasis and cell viability (Czarnecka et al. 2006a). 
Moreover, many Hsp are defined molecular chaperones by their capacity to recog-
nize and bind substrate proteins that are in an unstable or inactive state (Rappa et al. 
2012). In particular, the Hsp act as molecular chaperones assisting in protein 
 transport, oligomeric proteins and protein complexes assembly, refolding of mis-
folded proteins and triggers of degradation by proteasome (Czarnecka et al. 2006b). 
Furthermore, the Hsp are involved in many physiological processes in normal 
cells,  such as DNA replication and regulation of gene expression (Pockley and 
Multhoff 2008). Hsp60 is a mitochondrial chaperone that collaborates with its 
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co-chaperonine Hsp10 for the correct folding of mitochondrial proteins (Czarnecka 
et al. 2006b). In recent years, many studies have focused on the extracellular roles 
played by Hsp60 that appear to be involved in cancer development and immune 
system stimulation (Caruso Bavisotto et al. 2017a). Hsp60 has been found in extra-
mitochondrial sites such as cytosol, interstitial space, on the cellular membrane and 
also in biological fluids in stable, cell free form or associated with EXs (Cappello 
et al. 2008). Many data demonstrated that its expression increased in different types 
of tumors and that its presence was often associated with a poor prognosis (Rappa 
et al. 2012). Campanella and coll. (2012, 2015) have found that Hsp60 is released 
by tumor cells, in vitro and in vivo, but much less or not at all by normal cells, and 
a possible secretion pathway, involving lipid rafts and EXs, has been proposed. In 
this chapter, we describe exosomal characteristic in normal and tumor cells and the 
role of exosomal Hsp60 in cancer.

8.2  Exosomes Biogenesis and Characteristic

The mechanisms involved in the EXs biogenesis have not yet been fully identified, 
even if some authors have proposed the possible EXs formation and release as intra-
luminal vesicles (ILVs) during multivesicular bodies (MVBs) maturation 
(Campanella et al. 2014; Gould and Raposo 2013; Colombo et al. 2014). ILVs for-
mation involves the endocytosis of transmembrane proteins directed to early endo-
somes, whereas a second membrane invagination lead to ILVs formation in the late 
endosomes, generating MVBs (Cocucci and Meldolesi 2015). The fate of ILVs 
inside MVBs to the plasma membrane or to the lysosomal lumen is related to the 
presence of specific surface proteins. MVBs, expressing proteins, such as HD-PTP, 
the HOP complex, and the GTPase Rab-7, are destined to lysosomes compartments, 
with a subsequent degradation of ILVs. On the contrary, the absence of these pro-
teins leads MVBs to fuse with plasma membrane, allowing ILVs release as EXs 
(Cocucci and Meldolesi 2015). In the biogenesis of the ILV and MVB are involved 
the components of the endosomal sorting complex required for transport (ESCRT). 
In particular, ESCRTs is composed of approx 20 proteins that assemble into four 
complexes (ESCRT-0, -I, -II and -III) and specific proteins associated (VPS4, VTA1, 
ALIX), which are conserved from yeast to mammals (Henne et al. 2011). ESCRT-0 
consists of hepatocyte growth factor–regulated tyrosine kinase substrate (HRS) that 
recognizes the mono-ubiquitylated cargo proteins (STAM, Eps15 and clathrin). 
After that, HRS recruits TSG101 of the ESCRT-I complex. The latter is involved in 
the recruitment of ESCRT-III, through ESCRT-II or ALIX, an ESCRT-accessory 
protein. To date, it is unclear whether ESCRT-II has a direct role in ILVs biogenesis 
or whether its function is limited to a particular cargo (Bowers et al. 2006; Malerød 
et al. 2007; Colombo et al. 2014). Lack subunits belonging to the four ESCRT com-
plexes does not totally impair the formation of MVBs, indicating that a possibly 
additional mechanisms may operate in the formation of ILVs and thereby of EXs 
(Babst 2011). In the literature, it is reported a second mechanism of EXs secretion 
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independent of ESCRT based on the involvement of the sphingolipid ceramide. In 
particular it was demonstrated that ceramide plays a role in membrane microdomain 
coalescence, receptor clustering, vesicle formation, membrane fusion/fission and 
vesicular trafficking (Trajkovic et al. 2008). Another ESCRT-independent mecha-
nism may involve CD63 trafficking that belong to tetraspanins (TSPANs) family. 
However, other TSPANs, such as CD9, CD81, CD151, and intercellular adhesion 
molecule-1, CD51 and CD61, integrin, Alix, externalized phosphatidylserine, milk 
fat globule-E8/lactoferrin, CD80, CD86, CD96, Rab-5b, and major histocompati-
bility complex class I and class II complexes, are commonly used as molecular 
marker for EXs (Fais et al. 2016). They are transmembrane proteins that may also 
be involved in endosomal sorting pathways (van Niel et al. 2011). These data have 
highlighted that there are different subpopulations of MVBs using different mecha-
nisms for their biogenesis, leads to the generation of different types of EXs. It is 
important to underline that the EXs are defined by specific molecular features, 
including the phenotypic expression of specific surface molecules and furthermore 
their composition can be distinct from the originated cells due to the selective sort-
ing of the cargo into EXs (Mathivanan et al. 2010; Li et al. 2017). In addition to 
proteins and lipids, EXs contain large amounts of nucleic acids, such as mRNA, 
microRNA, circular RNA, long non-coding RNA and DNA, which are protected 
from degradation due to the double lipid membrane (Li et al. 2015). Besides, the 
EXs have a different molecular characteristic in physiological and pathological con-
ditions (Li et al. 2017). In fact, the EXs are involved in initiation, growth, progres-
sion and drug-resistance of cancers through interactions with the microenvironment 
by transferring oncogenic proteins and nucleic acids (Zhang et al. 2015; Li et al. 
2017).

8.3  Exosomes in Tumor

EXs are emerging as major players able to transfer information locally within the 
tumor microenviroment as well as systemically to distant tissue sites (Li et al. 2018). 
They are distributed throughout all body fluids and they readily access all sites cre-
ating a communication network (Fais et al. 2016). Tumor-derived EXs carry infor-
mation from the tumor to distant tissues and participate in the activation of the 
immune system and in pathological events, including malignant transformation 
(Zhao et al. 2017). Many data demonstrated that tumor-derived EXs can facilitate 
tumor progression and development malignant growth and metastatization (Cappello 
et  al. 2017). Li et  al. (2017) have been demonstrated that oncogenic proteins 
enclosed in EXs can lead to spread of tumor to the adjacent tissues through the 
transfer of oncogenic signals from one tumor cell to another, or from tumor cells to 
normal cells. For example, colon carcinoma cells show a mutanted K-RAS, which 
is transported by the EXs together a growth-promoting proteins as EGFR, SRC 
family kinases and integrins (Demory Beckler et al. 2013). EXs derived from glio-
blastoma expressing activating EGFRvIII mutation, transfer this receptor to 
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glioblastoma cells lacking this mutation and convert the recipient cells to a more 
malignant phenotype (Choi et al. 2018). Intercellular transfer of molecules contain-
ing oncogenic mutations to normal or malignant recipient cells includes activated 
oncoproteins, their transcripts, oncogenic DNA sequences and oncogenic micro- 
RNAs, and leads to reprogramming of cellular pathways, especially those respon-
sible for growth factor production (Skog et al. 2008; Caruso Bavisotto et al. 2018). 
Autocrine signals mediated by EXs, between different cancer cell lines, increased 
cellular proliferation by Akt phosphorylation and extracellular signal regulated 
kinase, which, with other downstream molecules, are associated with cellular pro-
liferation (Khalyfa et al. 2016). In recent years, it has been highlighted that EXs 
could promote anti-tumor functions of immune cells, especially of dendritic cells 
and lymphocytes. On the other hand, in more advanced cancers, which have escaped 
immune surveillance, EXs carry an immunosuppressive cargo and become active 
participants in the tumor escape from the host immune system. Tumor derived EXs 
cells ready interact with blood vessels, stromal elements and immune cells in order 
to establish a pre-metastatic niche (Zhang and Grizzle 2014). Melanoma-derived 
EXs were shown to accumulate in sentinel lymph nodes, stimulate angiogenesis, 
re-model extracellular matrix and induce melanoma cells recruitment to the lymph 
nodes (Hood et al. 2011). Tumor cells secrete millions of EXs in order to re- program 
their surroundings to tumor-promoting microenvironment (Cappello et  al. 2017). 
Experimental data demonstrated that the lipid, nucleic acid, and protein content of 
EXs are tumor-specific (Fais et al. 2016). A recent report provided evidence that 
prostate cancer patients show significantly higher levels of plasmatic exosomes as 
compared to both patients with benign prostate hypertrophy and healthy individuals 
(Logozzi et al. 2017). Tumor-derived EXs are abundant in the body fluid, are tumor- 
specific and their content correlates with tumor staging and treatment outcome, for 
this reason they can be considered potential biomarkers for a cancer (Cappello et al. 
2017). EXs are readily accessible in nearly all body fluids including blood, urine, 
saliva, and ascites and contain bioactive molecules that reflect the pathological state 
of the originated cells, thus providing an enriched source of biomarkers (Fais et al. 
2016; Caruso Bavisotto et  al. 2013; Li et  al. 2018). Indeed, they are very stable 
under various conditions such as freezing, thawing, and cold-storage (Zhao et al. 
2017; Cappello et al. 2017).

8.4  Exosomal Hsp60

Several years ago, some researchers hypothesized that EXs may provide a secretory 
pathway, permitting cancer cells to actively release specific Hsp (Campanella et al. 
2014). Recent studies have confirmed this hypothesis by demonstrating that many 
members of the HSP family can be secreted by cancerous cells via the exocytotic 
pathway (Table 8.1). These proteins may inhibit apoptosis and increase cellular pro-
liferation so they provide a strong stimulus to the microenvironment that can facili-
tate the growth of cancers (Rappa et al. 2012; Caruso Bavisotto et al. 2017b).

8 Hsp60 Role in Tumorigenesis



112

Various data support the hypothesis that Hsp60 favors carcinogenesis and show 
a correlation between high levels of Hsp60 and different types of cancer, thus the 
immunopositivity for Hsp60 can be considered as biomarker useful for the diagno-
sis and monitoring these types of malignancies (Rappa et  al. 2012; Campanella 
et al. 2015). Moreover, some researchers are evaluating the use of potential Hsp60 
inhibitors in the treatment of certain diseases, such as neurodegenerative diseases or 
cancer (Cappello et al. 2014; Campanella et al. 2018). In recent years, increasing 
evidence supporting the idea that Hsp60 can be localize in extracellular site and, 
when it is outside cells, may be involved in intercellular cross talk in normal and 
pathological conditions (Pockley and Henderson 2018; Campanella et  al. 2016). 
Circulating Hsp60 may have a stimulator or inhibitor role on the immune system 
depending on the type of interaction between the chaperonin and immune system 
components (Huber et al. 2005). It can bind a variety of receptors present on the 
surface of plasma cells, such as TLR, CD14, CD40, and CD91, and can activate 
macrophages and neutrophils (Huber et al. 2005; Cappello et al. 2011). We have 

Table 8.1 HSPs identified in the tumor exosomes

Exosomal 
Hsps

Tumoural cells/cancer 
origin Function References

Hsp70 Myeloid-derived suppressor 
cells

Induction of proinflammation 
cytokines, tumor growth 
factors of and tumor 
progression

Diao et al. (2015) 
and Kumar et al. 
(2016)

Breast, lung, and ovarian 
cancer

Anti-tumor immune response Gobbo et al. (2016)

Human pancreas, colon and 
hepatocellular carcinoma 
cells

Stimulate migratory and 
cytolytic activity of natural 
killer cells

Gastpar et al. (2005)

Hsp90α Brain glioblastoma cells, 
fibrosarcoma cells, human 
breast adenocarcinoma cells

Activation of plasminogen cell 
adhesion

McCready et al. 
(2010)

Human hepatocellular 
carcinoma cells

Stimulate migratory and 
cytolytic activity of natural 
killer cells

Lv et al. (2012)

Hsp27 Ovarian Cancer cells Controls the tumor 
microenvironment

Stope et al. (2017)

Gpr78 Colon cancer cells Tumour cell proliferation and 
mesenchymal stem cell 
differentiation

Li et al. (2016)

Hsp60 Mucoepidermoid cancer 
cells

Imunnomodulatory function Campanella et al. 
(2012, 2014)

Colon cancer
Human hepatocellular 
carcinoma cells

Stimulate migratory and 
cytolytic activity of natural 
killer cells
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shown that in the blood of patients with Hashimoto’s thyroiditis there were high 
levels of Hsp60, demonstrating that extracellular Hsp60 may be involved in HT 
pathogenesis via an antibody-mediated immune mechanism (Marino Gammazza 
et al. 2014).Recently, we reported, in vitro, that Hsp60 is released by tumor cells by 
an unconventional secretion mechanism, namely the lipid raft-exosome pathway 
(Merendino et al. 2010). We shown that Hsp60 is present also in the membrane of 
tumor cells and it is associated with lipid rafts, and from there ends up in the exo-
somal membrane, “Fig. (8.1)” (Campanella et al. 2012). Successively, we demon-
strated in  vivo that Hsp60 is increased in tumor-tissue samples from colorectal 
adenocarcinoma compared with controls and it is localized not only in the mito-
chondria but also in extramitochondrial sites, such as cytosol and on membrane 
(Campanella et al. 2015). After, we focused on the levels of Hsp60 in EXs obtained 
from the blood of colorectal adenocarcinoma patients before and after surgery. 
Hsp60 was present in EXs membranes from both time points, but at different levels. 
Particularly, the Hsp60 levels in the EXs from patients before surgery were signifi-
cantly higher than in the EXs from the same patients after tumor ablation (Campanella 
et al. 2015). Moreover, we shown that the histone deacetylase inhibitor, suberoyl-
anilide hydroxamic acid (SAHA) determine, in tumor cells, a decrease of intracel-
lular levels of Hsp60 and also undergoes a Hsp60 post-translational modification. In 
particular, SAHA induced the Hsp60 nitration, which his exported towards intercel-
lular space via EXs. We hypothesize that exosomal nitrate Hsp60 may have a role in 
activating the immune system. Many data indicates that protein nitration is linked to 
tumor cell evasion from T lymphocyte mediated immune response (Campanella 
et al. 2016).

Fig. 8.1 Proposed pathway of HSP60 secretion via exosomes. HSP60 is overexpressed by cancer 
cells and it is classically considered an intracellular chaperone. It may have non-canonical local-
izations such as Golgi apparatus, cytoplasm and in plasma membrane. HSP60 is released by 
tumour cells by an unconventional secretion mechanism, i.e., the lipid-raft exosome pathway. The 
exosomal HSP60 would reach other cells near and far through the circulation, contributing to 
carcinogenesis
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8.5  Conclusions

All of these data point towards the potential of exosomal Hsp60, secreted by cancer 
cells, as a novel biomarker for diagnostic and therapeutic applications. As diagnos-
tic and disease monitoring device, exosomal Hsp60 has the advantage that Hsp60 
can be obtained from blood samples with minimal distress for the patient. All the 
results from clinical studies evaluating levels of exosomal Hsp60 in plasma or other 
body fluids, in tumor patients and controls may will provide a definitive answer to 
the question: Is exosomal Hsp60 a tumor biomarker?
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Chapter 9
Hsp60 in Cancer Immunity: Biological 
Basis, Diagnostic Potential 
and Therapeutic Opportunities

Christian R. Gomez

Abstract Hsp60 is involved in tumor immune mechanisms leading to recognition 
of transformed cells and inhibition of growth of neoplastic tissue. As tumors grow, 
Hsp60 participates in disease progression through its involvement in immunoes-
cape. In this chapter, the interactions between Hsp60 and the tumor microenviron-
ment are discussed as they offer key elements to illustrate the context-dependent 
functions of Hsp60 in tumor immunomodulation. Next, the applicability of Hsp60 
as a diagnostic, prognostic, and marker for therapy response is discussed. Finally, 
the prospect of targeting Hsp60 and its immunomodulatory effects in tumors is 
explored. A critical component of self- and nonself-recognition, Hsp60 has value as 
a tumor marker and therapeutic agent. Study of its context-dependent immune func-
tions offer the prospect of delivering better diagnostic and personalized therapeutic 
approaches.
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microenvironment
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MC Myrtucommulone A
MDSC Myeloid-derived suppressor cells
NK Natural killer
TAA Tumor-associated antigens
TAM Tumor-associated macrophages
TME Tumor microenvironment
Treg Regulatory T cells

9.1  Introduction

Heat shock proteins (HSP) are induced not only in response to thermal stress, but in 
response to a variety of stressors such as infectious agents, diverse forms of radia-
tion, intracellular stress, and stressing metabolic conditions. As such, HSP functions 
are dependent of the situation in triggering their expression as well as the compart-
ment in which they are present (Cappello et al. 2018). Hsp60, originally described 
as a mitochondrial protein (Soltys and Gupta 1996), has been localized in the cyto-
sol (Chandra et al. 2007), mitochondrial membrane (Meinhardt et al. 1995; Soltys 
and Gupta 1996), cell surface (Soltys and Gupta 1997), intracellular vesicles (Soltys 
and Gupta 1996), extracellular space (Campanella et al. 2008; Campanella et al. 
2012; Merendino et al. 2010), and even in the circulatory compartment (Campanella 
et al. 2012; Desmetz et al. 2008; Hamelin et al. 2011).

In the extracellular milieu, presence of Hsp60 is considered a danger signal and 
can lead to the activation of immune responses (Pockley and Henderson 2018; 
Quintana and Cohen 2011). Under non-pathological conditions cell surface Hsp60, 
as well as its extracellular and bloodstream forms trigger innate and adaptive immu-
nity responses. Rather than attributing multiple functions for Hsp60, it has been 
proposed that the immune system has evolved to recognize it (Pockley and 
Henderson 2018). Therefore, actions of the immune system on Hsp60 seem to oper-
ate over the basis of their localization rather than the context defined by a given 
physiological function.

Hsp60 has been involved in the pathogenesis of numerous diseases (Cappello 
et al. 2014; Kakkar et al. 2014). Since the role of this cell, stress protein in phys-
iopathology relates to its aberrant expression and/or distribution, discussion on 
this matter must include consideration of its context-specific functions. Expression 
of Hsp60 is increased in various cancers (Chatterjee and Burns 2017; Wu et al. 
2017b) and correlates with disease progression and poor prognosis (Chatterjee 
and Burns 2017). However, in some types of cancers, decreased levels have been 
associated with aggressive tumors and poor outcomes (Chatterjee and Burns 
2017). Just like under normal conditions and in different compartments, Hsp60 
mediates context- specific tumor immunity. How beneficial or detrimental are 
these immune responses to tumor Hsp60 is a subject of controversy.
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Context-associated functions of Hsp60 contribute to define antitumor immune 
responses. Understanding these interactions is key due to the relevance of this chap-
eronin as a biomarker and as a therapeutic target. In this chapter, the involvement of 
Hsp60 in tumor immunity is reviewed. A special focus will be on the role of Hsp60, 
as a component of the tumor microenvironment (TME), on immunoevassion. The 
value of Hsp60 as a biomarker of antitumor immunity is also discussed, as it per-
tains to disease prognosis and therapy responses. Finally, targeting Hsp60 in context 
of TME is explored. We propose this approximation as a strategy to overcome tumor 
immunoescape and promote development of innovative antitumor therapeutic 
approaches.

9.2  Immunoregulatory Properties of the Tumor 
Microenvironment

The TME includes the complex and dynamic interactions between cancer cells, and 
other local components of the tumor stroma such as cancer associated fibroblasts, 
cancer stem cells, and other local or bone-marrow derived stem and progenitor cells 
(Batlle and Clevers 2017; Buck et al. 2017; Elkhattouti et al. 2015; Valkenburg et al. 
2018). In addition to resident constituents, the TME includes immunocytes, T and 
B cells (Fridman et al. 2012), natural killer (NK) and NKT cells (Sznurkowski et al. 
2014), dendritic cells (DC) (Gabrilovich et  al. 2012), tumor-associated macro-
phages (TAM) (Galdiero et al. 2013), and myeloid-derived suppressor cells (MDSC) 
(Gabrilovich and Nagaraj 2009) among others. These diverse cell types deposit and 
remodel extracellular matrix, release cytokines, chemokines, adhesion molecules, 
growth factors, cellular matrix proteins, small regulatory RNAs, DNA, and metabo-
lites. The interactions between cellular and non-celullar components of the stroma 
determine tumor growth, invasion, and metastasis (Arendt et al. 2010; Patel et al. 
2018; Schiavoni et al. 2013), contribute to the natural selection of distinct clones, 
and to the establishment of aggressive tumors.

Emergence of neoantigens encoded by tumor-specific mutated genes is a relevant 
mechanism leading to cell transformation within the TME. The immune system can 
recognize tumor antigens resulting in elimination of emergent tumor cells (Burnet 
1970). However, some cancer cells escape immunosurveillance by limiting their 
expression. Known as immunoediting, this mechanism of active immune tolerance 
(immunoescape) (Schreiber et al. 2011) conduces to selection of tumor cells and 
leads to malignant progression. Immune cells, which represent a substantial percent-
age of the TME (Fridman et al. 2012), are among the factors tumors exploit to avoid 
immune responses (Vinay et  al. 2015). For example, tumor- derived CD4+CD25+ 
FoxP3+ Regulatory T cells (Treg) have comparatively higher suppressive activity 
than naturally occurring Treg (Onizuka et al. 1999; Shimizu et al. 1999). The TME 
produces immune suppressive mediators. For example MDSC, DC, and TAM 
secrete cytokines, growth factors, and other products which mediate tumor initia-
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tion, angiogenesis, and metastasis, suppress apoptosis on immunosupressive MDSC, 
or delete tumor-specific CTL through apoptosis (Albini et al. 2018; Quail and Joyce 
2013). In addition to effects on immune cells, tumors cause anergy or tolerance in 
effector cells by not expressing costimulatory molecules (Driessens et al. 2009), by 
expressing inhibitory molecules [e.g., programmed cell death ligand-1 (PD-L1)/
B7-H1] (Flies and Chen 2007), or by down regulation of death receptors, which 
prevents the killing actions of tumor cells by cytotoxic T lymphocytes (CTL), and 
NK (French and Tschopp 2002). Thus, by multiple mechanisms, some of them 
directly operating within the TME, cancer cells act on immunocytes and lead to 
tumor immunoescape.

9.3  Role of Hsp60 in Tumorigenesis

Hsp60 is aberrantly expressed in tumors (Castle et al. 2005; Cornford et al. 2000; 
Ghosh et al. 2008; Thomas et al. 2005; Zhou et al. 2018) and has contributing roles 
in tumor initiation, progression, and metastasis (Chatterjee and Burns 2017; Ciocca 
and Calderwood 2005; Wu et al. 2017b). The pro-tumorigenic functions of Hsp60 
include direct binding and stabilization of the antiapoptotic protein survivin (Ghosh 
et al. 2008), formation of a complex with Tumor Protein P53, which overrides the 
checkpoint of centrosomal duplication (Ghosh et al. 2008), interaction and stabili-
zation of the anti-apoptotic mediator clusterin, (Chaiwatanasirikul and Sala 2011), 
and interaction with cyclophilin D, a component of the mitochondrial permeability 
transition pore (Ghosh et al. 2010). Independent of its anti-apoptotic role, Hsp60 
has been recently reported to promote pancreatic ductal adenocarcinoma by regulat-
ing the generation of mitochondrial ATP, critically relevant for activation of extra-
cellular signal-regulated kinase (Erk) 1/2 (Zhou et al. 2018). Similarly, in cervical 
adenocarcinoma HeLa S3 cells, cytosolic Hsp60 mediated enhanced nuclear 
factor-κB (NF-κB) activation by direct interaction and modulation of serine- 
dependent phosphorylation of IκB kinase (IKK) (Chun et al. 2010). The survival 
program activated by this mechanism, also demonstrated in vivo, involves control of 
mitochondrial-derived reactive oxygen species (ROS), critically relevant to tumor 
progression through accumulation of cellular damage (Chun et  al. 2010). Hsp60 
also has been identified as a downstream regulator on signaling pathways triggered 
by tumor suppressor insulin-like growth factor binding protein 7 (IGFBP7) in colon 
cancer cells (Ruan et al. 2010), and as a promoter of pro-metastatic effects via inter-
action with β-catenin (Tsai et al. 2009). Thus, Hsp60 through signaling pathways 
responsive to stress, contributes to the survival of cancer cells and to tumor 
progression.
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9.4  Immunomodulatory Effects of Hsp60

Hsp60 is a critical participant in immune responses. Its immune functions include 
its role as a link between immunocytes and other cell types (Gammazza et al. 2017; 
Quintana and Cohen 2011), as an antigen (self or foreign) (Pockley and Henderson 
2018), and as a ligand for immune-related signaling (Gammazza et  al. 2017; 
Quintana and Cohen 2011). The effects of Hsp60 on immune function depend on its 
concentration, its antigenic nature (self vs. non-self Hsp60), and the particular con-
stitution of the milieu where Hsp60 acts (Quintana and Cohen 2011). Physiological 
levels, antigenicity, and a normal milieu of Hsp60 will contribute to the steady state 
of immune function. The aberrant level of Hsp60, its antigenic nature, or Hsp60’s 
interactions with components of the TME will promote immune responses consis-
tent with disease progression.

Hsp60 has a role in the mechanism of immunosurveillance. In patients with 
colon cancer, Hsp60 present in the pericellular interstitium, in conjunction with 
TAM, and NK contributed to tumor removal, through a mechanism involving secre-
tion of cytokines by the immunocytes in the TME (Campanella et al. 2015). As the 
tumor progresses, Hsp60 contributes to immunoescape by promoting an immuno-
suppressive environment. The different mechanisms involved in this process seem 
to depend on location of Hsp60. In Jurkat cells, a human T lymphocytic cell line 
utilized to study acute T-cell leukemia, mitochondrial pro-caspase-3 was found as 
part of a complex with Hsp60 and Hsp10 (Samali et al. 1999). Induction of apopto-
sis was associated with dissociation of active caspase-3 from the complex with the 
Hsp60 and Hsp10 (Samali et al. 1999). This evidence indicates that intracellular 
mechanisms of cell survival mediated by Hsp60 are involved in immunoscape.

When present on the cell surface of stressed apoptotic tumor cells, Hsp60 pro-
vided a danger signal that stimulated DC and induced a potent cytotoxic response in 
T cells (Feng et al. 2002). These findings suggest that Hsp60 present on the tumor 
cell surface may promote effective antitumor responses mediated by antigen pre-
senting cells. In the extracellular space, Hsp60 released by the B16 murine mela-
noma cell line, increased expression of cytokines IL-6, IL-10, IL-13, TGF-β1, 
chemokine CCL-2, and chemokine receptor CCR8 through signaling via the Toll- 
like receptor (TLR2) and activation of the transcription factor signal transducer and 
activator of transcription 3 (STAT3) (Yang et al. 2009). Consistent with the involve-
ment of Hsp60 as a factor of tumor aggressiveness, B16 cells, which are highly 
metastatic, released higher levels of Hsp60, had higher expression of TLR2 and had 
elevated baseline activation of STAT3, relative to low metastatic B16-F1 cells (Yang 
et al. 2009). These findings provide mechanistic evidences to the role of extracel-
lular Hsp60 in promoting a TME suitable for the development of tumor immune 
tolerance and tumor progression.
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9.5  Hsp60 as a Marker of Tumor Immune Function

Hsp60, as a key constituent and mediator of immune networks (Quintana and Cohen 
2011), provides a unique perspective as a biomarker of immune function. Tumor- 
associated expression of Hsp60 has been found correlated in most reports with can-
cer progression and poor prognosis (Ge et al. 2018). From these studies, it also has 
been revealed that the heterogeneity on Hsp60’s localization, is important for its use 
as a marker (Cappello et  al. 2018). In many cases, using immunohistochemistry 
(IHC) the authors have explored the value of cytosolic Hsp60 as a prognostic 
marker. For example, Hsp60 predicted for poor survival in tumors of the prostate 
(Beyene et al. 2018; Castilla et  al. 2010; Cornford et al. 2000), breast (Desmetz 
et al. 2008), lung (Ghosh et al. 2008), stomach (Giaginis et al. 2009; Li et al. 2014), 
bowel (Campanella et al. 2015; Hamelin et al. 2011; Li et al. 2017; Rappa et al. 
2016), and ovary (Hjerpe et al. 2013). In other studies, high Hsp60 has been associ-
ated with good prognosis. In esophageal squamous cell carcinoma, survival was 
higher in patients with high Hsp60 expression, relative to those with low Hsp60 
(Faried et al. 2004). Similarly, a significantly better prognosis was observed in ovar-
ian cancer patients with high Hsp60-expression (Schneider et al. 1999). Lower cyto-
plasmic Hsp60 has been found in some tumors. Examples include tumors such as 
those of the tongue (Ito et al. 1998), bladder (Lebret et al. 2003), bronchia (Cappello 
et al. 2006), and liver (Zhang et al. 2016). In this last tumor site, cytoplasmic Hsp60, 
reduced in the tumor correlated with poorer overall survival (Zhang et al. 2016).

Location-dependent intracellular expression of Hsp60 provides differential diag-
nostic and prognostic value. To explain these discrepancies, it has been proposed 
that aberrant expression of proteins involved in control of Hsp60 expression can 
lead to its tumor-specific expression. For example, pro-survival or pro-death func-
tions of cytosolic Hsp60 were found to be dependent on differential interactions 
with caspase-3, triggered by different apoptotic inducers (Chandra et  al. 2007). 
More research on this will expand the potential of intracellular Hsp60 as a marker. 
Hsp60 carried in exosomes, mediates interactions between tumor cells and immu-
nocytes in the TME and in other tissues (Campanella et al. 2012; Gammazza et al. 
2017). Since Hsp60 contained in exosomes can reach out to other tissues and the 
circulatory compartment, its presence in biological fluids may have promising clini-
cal applications in diagnosis, prognosis, and as a mean to monitor therapy response 
(Caruso Bavisotto et al. 2017).

Serum Hsp60 has proven valuable clinical utility for cancer management 
(Hamelin et al. 2011). Detected by ELISA assay, in a cohort of colorectal cancer 
patients, Hsp60 was elevated when compared to healthy volunteers (Hamelin et al. 
2011). The increase in serum Hsp60 was observed across different stages, but was 
more pronounced in patients with stage IV cancer (Hamelin et al. 2011). This evi-
dence suggests that serum Hsp60, rather than suited for early detection, could assess 
the prognosis in patients with advanced disease stage. Due to the facts indicating 
that Hsp60 expression is initiated early during the carcinogenesis process (Cappello 
et  al. 2003), these findings are rather surprising. As noted by the authors of this 
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report (Cappello et al. 2003), this limitation most likely is due to the sensitivity of 
their ELISA assay. Certainly, the utility of serum Hsp60 for early detection may 
benefit, in part, by development of assay methods with increased analytical sensitiv-
ity. Consistent with this notion, Hsp60 was not detected in the sera of breast cancer 
patients, despite the gradual increase in cytoplasmic Hsp60 from normal breast duc-
tal epithelium through in situ ductal carcinoma to invasive ductal carcinoma 
(Desmetz et al. 2008). Noteworthy, as a highly-sensitive ELISA assay used by the 
authors of this publication, failed to detect serum Hsp60, independent of quality, 
other factors such as protein stability may be relevant to the limitations of this detec-
tion in early state tumors.

Critically relevant for the immunosurveillance mechanism, is the balance 
between tumor-derived antibodies and their corresponding antigens (Wu et  al. 
2017a). As tumors progress and the natural immune repertoire of autoantibodies to 
antigens is disrupted, Tumor-Associated Antigens (TAA), presented in the surface 
of tumor cells lead to synthesis of immunoglobulins. In many cases, TAA may rep-
resent proteins expressed in the surface of stressed tumor cells (Multhoff et  al. 
1995). In other cases, TAA are neoantigens, such as tumor-specific mutated pro-
teins (Braunlein and Krackhardt 2017). Since their discovery tumor-associated 
autoantibodies have been explored as cancer markers. Identified in different kinds 
of tumors [reviewed in (Wu et al. 2017a)], circulating autoantibodies have attractive 
characteristics for their use as tumor makers (Anderson and LaBaer 2005). In the 
early stages of carcinogenesis, tumors express antigens that are recognized as non-
self by the immune system. Systemic release of the autoantibodies to TAA repre-
sents the end- stage of the humoral mechanism of destruction for transformed cells 
containing neoantigens (Zaenker et al. 2016). Presence of cancer-specific autoanti-
bodies provides biological amplification and allows for early detection prior to the 
presence of clinical signs (Casiano et al. 2006). Since access to premalignant lesions 
is limited, assessment of humoral response provides an alternative approach for 
identification of early-stage tumor markers. Autoantibodies are produced in higher 
qualities than TAAs. Additionally, antibodies are very stable proteins and have a 
long-lasting half- life. Finally, due to our vast knowledge of the biochemical proper-
ties of antibodies, assay development typically attempted with approaches such as 
serological analysis of recombinant cDNA expression libraries, multiplex autoanti-
body tests, enzyme linked immunosorbent assays, and antigen microarrays is 
achievable (Macdonald et al. 2017).

Autoantibodies have been utilized as markers for early-stage cancer in tumors of 
diverse origin such as breast (Anderson et al. 2011; Desmetz et al. 2009), prostate 
(Ma et al. 2015; Wang et al. 2005), lung (Chapman et al. 2011), liver (Hong et al. 
2015), ovary (Anderson et al. 2015; Bodzek et al. 2014), and oral cavity (Wu et al. 
2014). Relevant to our discussion, reactivity against Hsp60 has been of interest for 
early cancer detection (Anderson et al. 2011; Bodzek et al. 2014; Desmetz et al. 
2009; Hong et al. 2015; Ma et al. 2015; Wu et al. 2014). Autoantibodies against 
Hsp60 were identified in early stage breast cancer sera (Anderson et  al. 2011; 
Desmetz et al. 2008, 2009). Serum levels of Hsp60 correlated with increase in dis-
ease severity, suggesting that Hsp60 expression may have anticipated the 
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 development of the immune response. In another study, a panel of antibodies includ-
ing five TAAs, peptidylprolyl isomerase A (PPIA), peroxiredoxin 2 (PRDX2), HSP-
binding immunophilin (FKBP52), mucin 1 (MUC1), and Hsp60 was utilized as a 
method to distinguish primary breast cancer and carcinoma in situ from healthy 
controls in women under the age of 50 years (Desmetz et al. 2009). This ELISA- 
serum based multi analyte screening test demonstrated utility for detection of early-
stage cancer in young women with potential to develop aggressive disease (Desmetz 
et al. 2009). This approach, not only in this study, but also in other reports (Hong 
et  al. 2015; Lacombe et  al. 2014) has demonstrated the improved sensitivity or 
specificity of autoantibody panels relative to assays based on a single 
autoantibody.

Cancer progression benefits from the selective conditions present in the TME. 
Among them, tumor hypoxia is a main effector. Since oxygen levels can directly or 
indirectly influence the function of almost all immune cell types, the role of tumor 
hypoxia on immune responses is determinant for tumor development (Petrova et al. 
2018). We explored microenvironmental hypoxia as a variable to reveal an antigenic 
landscape potentially relevant to tumor aggressiveness (Ma et al. 2015). Low oxy-
gen in the tumor contributes to tumor initiation (Taiakina et al. 2014; Vaupel et al. 
2001) and therapy resistance (Tredan et  al. 2007; Westhoff et  al. 2009; Wouters 
et al. 2007), in part due to its effects on innate and adaptive immunity (Bosco et al. 
2006; Imtiyaz and Simon 2010). Following culture of prostate cancer cells LNCaP 
and VCaP in low (2%) or normal (20%) oxygen, circulating prostate cancer-specific 
autoantibodies were identified by two-dimensional gel electrophoresis (2DGE) and 
immunoblotting followed by MALDI-TOF mass spectrometry (Ma et  al. 2015). 
Among selected TAA, anti- Hsp60 and anti- Hsp70 antibodies, detected in plasma 
obtained from prostate cancer patients, were further elevated when lysates from 
cells cultured under hypoxia were used as source of TAA (Ma et al. 2015). Consistent 
with 2DGE and Western blot analysis, when assessed at the individual patient level, 
ELISA analysis showed higher frequency of Hsp60 autoantibodies in the circula-
tion of prostate cancer patients relative to healthy controls (Ma et al. 2015). The data 
showing elevated Hsp60 autoantibody level in the plasma from cancer patients, 
highlight the immunogenic nature of tumors, and support a role of hypoxia as an 
immunomodulatory factor in the TME. Under the assumption that tumor cells cul-
tured under hypoxia are akin to those present in tumors in situ, our (Ma et al. 2015) 
and other studies (Olin et al. 2010, 2011) may help to design a protocol to develop 
TME-relevant tumor markers.

9.6  Opportunities for Therapeutic Applicability

A challenge of current cancer screening tests refers to their applicability in early 
diagnosis and prediction of response to therapy. As we have described HSP, in par-
ticular Hsp60, are valuable when screening patients at risk to develop aggressive 
tumors. HSP may have a utility as markers with ability to anticipate treatment 
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response (Chatterjee and Burns 2017). For example, exosomal Hsp60 obtained 
from the blood of colorectal cancer patients was higher before surgery compared to 
post surgery levels (Campanella et al. 2015). These findings suggest measurements 
of exosomal Hsp60 may provide a non-invasive tool to identify patients prone to 
develop aggressive disease. Likewise, the measurements would have value to antici-
pate treatment response.

In a retrospective study, IHC was used to evaluate cytoplasmic expression of 
Hsp27, Hsp60, Hsp70, Hsp90, and p53  in biopsies obtained from patients with 
aggressive bladder cancer (Urushibara et al. 2007). Pathological response to treat-
ment was ascertained prior to low-dose neoadjuvant chemoradiotherapy, followed 
by radical or partial cystectomy (Urushibara et al. 2007). For all HSP, cytoplasmic 
expression was detected prior to chemoradiotherapy, however using a multivariate 
analysis, only positive expression of Hsp60 marginally predicted for a good response 
to chemoradiotherapy (Urushibara et al. 2007). Similarly, and also in a marginally 
significant manner, Hsp60 predicted for better overall survival (Urushibara et  al. 
2007). Despite the limitation of this study, based on a low number of cases (N = 54), 
this work provides additional support to the use of Hsp60 to predict for therapy 
responses. Use of Hsp60 as a predictive marker may help to personalize cancer 
treatment.

Due to the role of Hsp60 on mitochondrial homeostasis and its involvement in 
apoptosis and cell survival signaling pathways, this chaperonin has been proposed 
as a good drug target for cancer treatment (Chatterjee and Burns 2017; Meng et al. 
2018). This notion has been further supported by experimental evidence showing 
Hsp60’s involvement in the resistance of cancer cells to chemotherapeutic drugs 
(Gorska et al. 2013; Wong et al. 2008). In relation to the development of Hsp60 
inhibitors with potential as therapeutic targets in cancer, most of the research has 
been focused on testing the applicability of known natural or synthetic compounds 
with described bioactive properties (Meng et al. 2018). In leukemia HL-60 cells, 
Hsp60 was recently reported as a direct mitochondrial target of myrtucommulone A 
(MC), a non-prenylated acylphloroglucinol naturally present in myrtle (Wiechmann 
et al. 2017). Myrtucommulone A is a promising therapeutic agent since it selec-
tively induces apoptosis in cancer cells over normal cells (Tretiakova et al. 2008). 
By direct binding to Hsp60, MC inhibited its chaperone activity, and induced aggre-
gation of mitochondrial stress proteins Lon protease-like protein (LONP) and 
leucine- rich PPR motif-containing protein (LRP130) (Wiechmann et al. 2017). The 
interference of MC on Hsp60’s role on protein transport and stability under stress 
conditions can be proposed as an underlining mechanism for induction of the intrin-
sic mitochondrial pathway of cancer cell apoptosis.

Applicability of MC and other natural of currently available synthetic com-
pounds based on targeting Hsp60, will need to overcome challenges. Some include 
off target effects, and other challenges related to the intrinsic structural properties 
which limit the development of more potent derivatives (Meng et al. 2018). While 
recognizing these limitations, arguably we point to the need of further investigations 
focused on unraveling the biological roles of Hsp60, particularly those relevant to 
conditions of the TME. Progress into that direction will enable a better  understanding 
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of the potential for Hsp60 as a drug target for anti-cancer therapy. For example, 
Hsp60 is a primary molecular target of the synthetic compound o- 
carboranylphenoxyacetanilide 8 (Ban et al. 2010). Mechanisms of action for this 
compound include inhibition of Hsp60-Hsp10’s refolding activity and Hsp60’s 
ATPase activity (Ban et al. 2010). As a critical downstream effect, Ban and collabo-
rators found that o-carboranylphenoxyacetanilide 8 suppressed hypoxia-induced 
HIF-1α activation (Ban et al. 2010).

Providing further support to the relevance of targeting Hsp60 in the context of 
the TME, our group reported on tumor expression of HIF-1α, Hsp60, and the angio-
genic factor vascular endothelial growth factor (VEGF), a HIF-1α target associated 
with tumor progression (Espinoza et al. 2016). The relationship between expression 
of Hsp60 and HIF-1α may be further studied in tumors as a histological subrogate 
of tumor hypoxia and as a marker of aggressive disease. From the therapeutic point 
of view, because of the role of HIF-1α on the cellular response of tumor cells to 
hypoxia (Petrova et al. 2018), the functional association reported by Ban (Ban et al. 
2010) may have applicability for treatment of hypoxic areas, prevalent in the micro-
environment of aggressive tumors.

As we have illustrated during our discussion, the expression of Hsp60 in the cell 
surface and in the extracellular environment defines the role of this protein as a con-
nection between immune cells, as a coordinator of immune function, and as a target 
for immune-based therapy. Full length Hsp60 and derived peptides have immuno-
regulatory roles on the inflammatory response. This property has been utilized at the 
preclinical and clinical levels for therapeutic use to treat diseases such as type 1 
diabetes (Fischer et al. 2010; Quintana and Cohen 2011; Raz et al. 2014), rheuma-
toid arthritis (Quintana et al. 2008), and for the development of anti-microbial vac-
cines (Bajzert et al. 2018; Kaur et al. 2015).

At a preclinical level, chemotherapeutic drugs have shown immune mechanisms 
involving Hsp60 in their antitumor effects. Bortezomib is the first FDA-approved 
proteasome inhibitor used in multiple myeloma (Mateos et al. 2006), and mantle- 
cell lymphoma (Goy et al. 2009). In tumor cells, this drug exerts its actions via the 
induction of apoptosis and autophagy (Hu et al. 2014; Selimovic et al. 2013; Zheng 
et al. 2015). Despite the advanced knowledge on the therapeutic effects of bortezo-
mib, its effects on tumor cell immunogenicity have yet to be fully explored. In a 
murine ovarian ([C57BL/6×C3/He] F1) OV-HM cancer model with intact host 
immunity, antitumor effects mediated by bortezomib were observed (Chang et al. 
2012). However, these effects were abolished in nude mice, suggesting immune 
involvement. As a strategy to develop a tumor cell-based immunotherapy, the 
authors injected mice with bortezomib-treated tumor cells. Animals receiving this 
vaccine had high numbers of CD8+ tumor-infiltrating lymphocytes, demonstrating 
the immunological relevance of this approach. Tumor cells treated with bortezomib 
had upregulation of Hsp60 and Hsp90 on their cell surface, and were more suscep-
tible to phagocytosis by DC (Chang et al. 2012).

Hsp60-dependent protective immunity involved in bortezomib antitumor effect 
represents groundwork not only for improving the therapeutic efficacy of this che-
motherapeutic drug, but also for revealing its potential to improve the design of 
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syngeneic therapeutic cancer vaccines. The composition of current cancer vaccines 
ranges from purified single antigens to complex antigen mixtures, such as whole 
cancer cells. Whole cells are believed to raise protective immunity against tumors 
much more effectively than tumor cell lysates (Strome et al. 2002).The relative suc-
cess of whole cell cancer vaccines (Michael et al. 2005) could originate in the pre-
sentation of more relevant antigenic determinants in comparison to individual 
antigens or their combinations (Small et  al. 2007). Nonetheless, the success of 
whole-cell cancer vaccines is still limited (Michael et al. 2005). One plausible rea-
son for the incomplete response is that vaccine cells, prepared under standard tissue 
culture conditions, can drastically differ in expression of macromolecules from cog-
nate cells growing in the lab, and thus may immunize against less pertinent antigen 
spectrum. Many differences between conditions in cell culture and in situ have been 
recognized as important modifiers of cell biology and phenotype. Among these are 
the ability of cells to form three–dimensional cell–cell contacts and maintain in 
situ–like shape, flow of nutrients and metabolites, hydrodynamic pressure, access to 
macromolecules, etc. Protein expression and antigenic signature could be more akin 
to that of cells in tumors when components of the TME, such as hypoxia are included 
in the preparation of whole cell cancer vaccines (Bardos and Ashcroft 2005; Bosco 
et al. 2006). Relevant to this discussion, Hsp60 was identified by us as a hypoxia- 
reactive TAA (Ma et al. 2015). These findings underscore the contribution of Hsp60 
as a relevant antigenic determinant with potential for therapeutic development, 
additionally they suggest that hypoxia profoundly affects the antigenic signature of 
cancer cells. Cancer cells deemed largely independent of oxygen (the Warburg 
effect), are nonetheless sensitive to changes in oxygen levels. Tumor hypoxia, as a 
major modifier of tumor cell properties (Vaupel 2008) provides a variable of the 
TME with effects on immunity functions mediated by Hsp60 (Gabrilovich et al. 
1996) and potential for therapeutic development.

9.7  Conclusions

We have summarized the involvement of Hsp60 in tumor immunity and described 
how context-dependent functions of this chaperonin protein define its involvement 
in immunosurveillance and immunoescape. Research on the tumor-specific intra-
cellular signaling involved in the immunomodulatory roles of Hsp60, immune inter-
actions of extracellular Hsp60, cell populations, and variables of the TME, and 
involvement of Hsp60  in tumor progression is needed. Derived knowledge will 
broaden the scope of Hsp60 as a component of tumor immune response and will 
expand its therapeutic potential. Hsp60 and in particular cancer-specific autoanti-
bodies to this protein have utility to anticipate early disease. In many cases, circulat-
ing levels of autoantibodies to Hsp60 precede those of other tumor markers by 
several months to years. The increased sensitivity and specificity of this detection, 
added to the applicability of autoantibody panels represents a refinement with diag-
nostic, prognostic, and theragnostic applications. When applied to biomarker driven 
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clinical trial design, Hsp60 will help to improve personalized clinical decisions and 
disease management. Not only related to stress responses, Hsp60 has been associ-
ated to the aggressiveness of tumors. A critical component of self-versus non-self- 
recognition, this protein drives tumor progression and has value as a marker and 
therapeutic agent. Study of context-dependent functions of Hsp60 in tumor immu-
nomodulation offers the prospect of delivering better diagnostic and therapeutic 
approaches.
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Chapter 10
Hsp60 Involvement During Carcinogenesis

Francesca Rappa, Francesco Carini, and Pierre Schembri Wismayer

Abstract The implication of Hsp60 in cancer development is due to its participa-
tion in many metabolic and biomolecular mechanisms in cancer cells. Hsp60 inter-
acts with various molecules that are responsible of apoptosis, cell proliferation and 
other mechanisms involved when a normal cell becomes malignant. Hsp60 expres-
sion was found to be increased in many types of cancer but in same tumors of dif-
ferent anatomical district was found decreased. The mechanism of action of Hsp60 
is different depending on the type of tumor. Its involvement in the carcinogenetic 
process of some tumors, such as large bowel carcinoma or cervical carcinoma, 
seems to occur in the very early stages of disease. Hsp60 participates in the mecha-
nism of modulation of the immune response the cancer cells use to invade surround-
ing tissues, and expand the tumor mass.

Keywords Apoptosis · Biomolecular · Cancer cell · Carcinogenesis · Hsp60 · 
Tumor progression
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COPD Chronic obstructive pulmonary disease
DCs Dendritic cells
G1 Grading 1
G2 Grading 2
G3 Grading 3
Hsp Heat shock protein
IAP Inhibitors of apoptosis protein
IFNγ Interferon gamma
IKK IκB kinase
IL Interleukin
KA Keratoacantomas
MMP9 Matrix metallopeptidase 9
mtHsp Mithocondrial Heat shock protein
MyD88 Myeloid differentiation primary response 88
NCI-H292 Human lung mucoepidermoid cell
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NK Natural killer
pC3 Pro-caspase-3
PIN Prostatic intraepithelial lesions
ROS Reactive oxygen species
SCC Squamous cell carcinomas
SIL Squamous intraepithelial lesion
Th1 Type 1 T helper
TLR Toll-like receptor
VEGF Vascular endothelial growth factor

10.1  Introduction

Hsp60 is involved in the carcinogenic process and in the progression of different 
types of human cancer. Its implication during carcinogenesis is due to its interac-
tions with many metabolic and biomolecular mechanisms of cells that concluded 
with neoplastic transformation. The carcinogenic role of Hsp60 has been evaluated 
in many experiments that also examined the cellular and extracellular localization 
of this protein. Typically, in normal cells, Hsp60 is localized in and around the mito-
chondria, but, in cancer cells, it is localized in the cytosol, very close to, and in, the 
cell membrane (Campanella et al. 2008, 2012). When it accumulates inside the cell, 
Hsp60 can be actively released into the extracellular space and the general circula-
tion and, thus elicit an immune response. Hsp60 also occurs in exosomes released 
by cancer cells through an active secretion mechanism not related to apoptosis or 
necrosis (Merendino et al. 2010). The identification of intracellular and extracellu-
lar Hsp60 localization is therefore important because its intracellular accumulation 
is related to many cancerous changes and its extracellular secretion is associated 
with the cell to cell cross- talk.
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10.1.1  Hsp60 Involvement in Biomolecular Mechanism 
of Cancer Cells

Among the many functions of Hsp60, it is important to remember its potential 
involvement in mechanisms of programmed cell death, cellular proliferation, inva-
siveness, regulation of angiogenesis and immune system regulation. In some such 
mechanisms cited, Hsp60 is beneficial for the cancerous cell and, as such, patho-
genic for the organism (Macario and Conway de Macario 2007). HSP60 favors the 
survival of certain types of tumors and in some cases, it may even be essential for 
tumor cell growth.

10.1.1.1  Hsp60 and Programmed Cell Death and Cell Proliferation

A number of studies showed that Hsp60 has dual roles in cell apoptosis, pro- and 
anti-apoptotic, depending on the cellular situation (Chandra et al. 2007). The opin-
ions about the role of this chaperone in apoptosis differ and it is not yet clear when 
and how Hsp60 is pro-apoptotic (i.e., it acts as an anti-cancer factor) or the contrary, 
it works in favor of the tumor by interfering with apoptosis (Ghosh et  al. 2008; 
Campanella et al. 2008; Caruso Bavisotto et al. 2017). Thus, Hsp60 can have oppos-
ing effects and may be defined as “a molecular Proteus” of tumor cell survival 
(Cappello and Zummo 2005). Some studies, using in vitro models, demonstrated 
that Hsp60 has a pro-apoptotic role. Hsp60 in combination with the co-chaperone 
Hsp10 may regulate caspase-3 activation by facilitating the maturation of cleaved 
caspase-3 (Samali et al. 1999; Xanthoudakis et al. 1999; Rappa et al. 2012). On the 
other hand several reports in literature, support Hsp60’s survival-promoting role. In 
many experiments, the Hsp60 plays, in tumor cells, a cytoprotective role centered 
on stabilization of levels of Survivin, a member of Inhibitors of Apoptosis Protein 
family (IAP), that inhibits caspase and blocks cell death (Ghosh et al. 2008). Hsp60 
also interact with p53 protein function through the formation of Hsp60-p53 com-
plexes, which inhibited p53 pro-apoptotic function in tumor cells (Ghosh et  al. 
2008). Moreover, Hsp60 may form a complex with the pro-apoptotic protein Bax, 
that may prevent apoptosis (Lanneau et al. 2008). Recently, it has been shown that 
Hsp60 interacts with human Lon protease, a mitochondrial matrix protein which 
has emerged lately as a regulator of mitochondrial-contributed tumorigenesis. Lon 
has an anti-apoptotic function and contributes to cell survival by association with 
the Hsp60-mtHsp70 complex. Consequently, Hsp60 is essential to maintain apopto-
sis inhibition preserved by Lon overexpression (Kao et  al. 2015). Other authors 
have shown that Hsp60 interacts with Pro-Caspase-3 (pC3) in the mucoepidermoid 
carcinoma cell line NCI-H292 with this association persisting after the induction of 
oxidative stress and maintaining an anti-apoptotic function (Campanella et  al. 
2008). Stressing cancer cells affects the Hsp60 levels (Gorska et  al. 2013; 
Campanella et al. 2015) and it is known that this chaperone plays a crucial role in 
apoptosis.
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10.1.1.2  Hsp60 and Invasiveness and Regulation of Angiogenesis

Cancer cells that overexpress Hsp60 may show an increased tendency to invade the 
peri-tumoral environment and metastasize. The interaction of Hsp60 and β-catenin 
increases β-catenin protein levels and predicts, in this manner, the metastasis occur-
ring in head and neck squamous cell carcinoma (Tsai et al. 2009). Β-catenin, in fact, 
promotes tumorigenesis and metastasis in turn. It also enhances the expression of 
molecules implicated in the cell cycle (c-myc, Cyclin D1), in matrix degradation 
(MMP9) and in vascular regeneration (VEGF) (Zhang et al. 2017). Hsp60 has been 
considered a molecular mediator of activation of α3β1 integrin (Barazi et al. 2002), 
which is associated with metastasis in breast carcinoma and with cell proliferation 
and angiogenesis by stimulating cell proliferation (Chandrasekaran et al. 2000).

10.1.1.3  Hsp60 and Immune System Regulation

The presence of Hsp60 in the plasma membrane and its transit to the extracellular 
space and into the peritumoral environment, allow it to elicit an immune response. 
Hsp60 may bind to the receptors present on the surface of inflammatory cells, such 
as macrophages and NK cells. It has been suggested that Hsp60 can activate cells of 
the innate immune system, determining the release of Th1 cytokines, as well as act-
ing as a danger signal and promoting maturation of dendritic cells (DCs) (Flohé 
et al. 2003), important for the tissue immunity. Hsp60 can also stimulate B cells via 
TLR4-MyD88 signaling and thereby, promote their proliferation, the expression of 
costimulatory molecules, and the secretion of Th2 cytokines (Cohen-sfady et  al. 
2005; Pasare and Medzhitov 2005). Moreover, Hsp60 is also able to interact with 
TLR2 on T cells, in turn inhibiting the cytoskeletal rearrangement and the chemo-
taxis induced by the Stromal cell-derived factor-1α chemokine (Zanin-Zhorov et al. 
2003; Zanin-Zhorov et  al. 2005). Hsp60 is also a ligand of the CD14 receptor 
lipopolysaccharide- binding sites, stimulating an immune response. When Hsp60 
binds the CD14 co-receptor and the TLR4 signaling receptor, it stimulates at the 
same time, the production of IL-12 by antigen-presenting cells (APCs) and of IFNγ 
by T cells, whose activation depends on the presence of professional APCs, such as 
DCs (Osterloh et al. 2007). Cytosolic Hsp60 interacts with kinases (such as IKK) 
that activate the NF-kB survival pathway, thus inducing the expression of two genes 
(Bfl1/A1 and MnSOD) implicated in the control of mitochondrial-derived ROS. This 
molecular and genetic mechanism, mediated by Hsp60, prevents the stress-induced 
cell death in vivo by promotin IKK/NF-kB activation and induces a cell survival 
effect (Chun et  al. 2010). The peritumoral microenvironment contains innate 
immune cells (macrophages, dendritic cells, natural killer cells) that communicate 
directly or through the production of cytokines, with T and B lymphocytes to con-
trol cancer cell proliferation. The interaction with TLR-4 also participates in the 
activation of the NF-κB pathway, forming, in this way, a link between chronic 
inflammation and immune surveillance in cancer (Chow et  al. 2012). The same 
cancer cells, activating TLR-4 by secreted Hsp60, constantly edit and modulate the 
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host anti-tumor immune response and the host immune response modifies tumor 
immunogenicity and clonal selection. During this process, the balance between 
anti-tumor and tumor-promoting immunity may be skewed in favour of tumor pro-
liferation and cancer cell vitality (Grivennikov et al. 2010). Hsp60 released by can-
cer cells, can induce secretion of cytokines and chemokines from inflammatory 
cells to regulate and induce the inhibition of the host-protective anti-tumor response 
(Ostrand-Rosenberg and Sinha 2009). Hsp60, localized in the cell membrane, also 
might be recognized by the immune system which, could potentially attack and 
eliminate cancer cells. However, whilst this anti-tumoral action on the one hand 
could be a natural anti-tumoral action, on the other hand, it could simultaneously 
result in the selection of more aggressive cancer clones that are able to escape the 
immune surveillance of the host (Cappello et al. 2011).

10.1.2  Hsp60 Level Expression in Cancer

Hsp60 is expressed, at higher levels, in a wide range of human tumor specimens, 
compared to the normal tissue of the same organ, and elevated levels of this molecu-
lar chaperone in tumor cells have been correlated with increased tumor growth and 
progression (Ciocca and Calderwood 2005; Ghosh et al. 2008; Castilla et al. 2010; 
Li et al. 2014). A gradual increase of human Hsp60 occurs along the steps in the 
‘adenoma-to-carcinoma sequence’ of the large bowel (Cappello et al. 2003a, b). In 
a recent work, we evaluated, the comparative immunohistochemical expression lev-
els of Hsp10, 60, 70 and 90 both in the epithelium and lamina propria in biopsies of 
normal human large bowel mucosa, tubular adenoma with moderate dysplasia, as 
an example of pre-neoplastic lesion, and invasive colorectal adenocarcinoma 
(Rappa et al. 2016). The results obtained have shown that only immunopositivity of 
Hsp10 and Hsp60 increased gradually throughout the all steps from normal mucosa 
through dysplastic mucosa (adenoma samples) until invasive adenocarcinoma. 
Hsp60 levels were higher in both the pre-neoplastic lesion and the neoplastic lesion 
as compared to normal mucosa “Fig. 10.1”. The presence of elevated levels of Hsp 
60, associated also with high levels of Hsp10, in adenoma indicates that these mol-
ecules appear to be involved in the very early steps of large bowel carcinogenesis 
(Rappa et al. 2016). If confirmed by molecular biology, this could help the patholo-
gist make predictions of disease progression. Hsp60 upregulation in tumor cells of 
large bowel disease is also directly correlated with higher tumor grade and, thereby, 
with tumor progression and poor prognosis (Cappello et al. 2005a). Increased levels 
of Hsp60 have been detected, also, in the carcinogenic steps of other types of tumor. 
In the dysplasia to carcinoma, sequence of the exocervix, the levels of Hsp60, as 
measured by immunohistochemistry and Western blotting, were found increased 
from low-grade squamous intraepithelial lesions (SIL) through high-grade SIL to 
invasive carcinomas (Cappello et  al. 2002) and were correlated with the tumor 
grade. It is suggested by some authors that the development of cervical cancers and 
of ovarian cancer has been associated with chronic Chlamydia trachomatis 
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infection (Di Felice et  al. 2005). They hypothesize that the Hsp60 of Clamydia 
might induce an anti-apoptotic effect on cancer cells by inhibiting, for example, 
caspase-3 activation (Di Felice et al. 2005).

The expression levels of Hsp60 have also been studied in samples that highlight 
the natural course of progression from pre-cancerous lesions to invasive cancer in 
the human prostate gland. Indeed, increasing levels of Hsp60 and also of its co- 
chaperone Hsp10, have been observed in low-grade prostatic intraepithelial lesions 
(L-PIN), in high-grade prostatic intraepithelial lesions (H-PIN) and in prostatic car-
cinoma of an intermediate grade of differentation (Cappello et  al. 2003c). 
Furthermore, it is shown that Hsp60 is also overexpressed in poorly differentiated 
prostate carcinomas and its levels are correlated with clinical indicators of a poor 
prognosis (Castilla et al. 2010). These data demonstrate that the overexpression of 
Hsp60 appears early on during prostatic tumorigenesis and is even correlated to 
cancer progression. In the dysplasia-carcinoma sequence of oral mucosa it has been 
observed that Hsp60 expression was higher in leukoplakia than normal mucosa and 
higher still in squamous cell carcinoma (Fan et al. 2006). The overexpression of 
Hsp60 is implicated in yet further types of cancer. In gastric carcinoma, high levels 
of Hsp60 has been associated with invasion, metastasis and cancer staging (Li et al. 
2014) and even in ovarian cancer high-level expression of Hsp60 is indicative of 
poor prognosis, possibly by inducing drug resistance (Kimura et al. 1993; Schneider 
et al. 1999). Hsp60 immunopositivity has also been evaluated in a series of brain 
tumors where it was found to be significantly higher in neuroepithelial tumors com-
pared with healthy control tissues, but not significantly higher or different in men-
ingeal neoplasm compared with normal meninges (Rappa et al. 2013). On the other 
hand, in some types of tumor subnormal levels of Hsp60 were detected. For exam-
ple HSP60 expression is inversely correlated with bladder tumor progression in 
accordance with Lebret (Lebret et al. 2003; Cappello et al. 2006a) and the loss of 
Hsp60 is related to the development and progression of bronchial cancer in smokers 
with COPD (Cappello et al. 2005b; 2006b). We have observed, indeed, a loss of 
expression levels of Hsp60, and of CD1a cells, in a series of squamous cell 

Fig. 10.1 Representative images of immunohistochemical results for Hsp60 in human large bowel 
biopsies of normal mucosa, tubular adenoma with moderate grade of dysplasia and adenocarci-
noma with moderate grade of differentiation. Magnification 400×. Scale bar 100-μm. Arrows 
shown Hsp60 positivity in the epithelial cells of normal mucosa. Note the slight positivity for 
Hsp60 in normal epithelial cells. (Modified by Rappa et al. 2016)
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 carcinomas (SCC) of the skin when compared to keratoacantomas (KA) (Cabibi 
et al. 2015). The reduction of Hsp60 expression was gradual from KA to SSC G1G2 
(good and intermediate grade of differentiation) to SCC G3 (low grade of differen-
tiation). Based on these features, one can hypothesize, in KA cases, a synergic 
action between Hsp60 and CD1a cells in activating the innate immune response. 
This synergism would produce an antitumor immune effect through activation of 
dendritic cells, which upon failing, reduces immunosurveillance and allows cancer 
progression (Coventry and Heinzel 2004; Corrao et al. 2008). These data could help 
to understand why some keratoacantomas progress into squamous carcinomas more 
than others.

10.2  Conclusions

The role of Hsp60 in human tumor development is very interesting and its func-
tions, both inside and outside cancer cells, are multiple. The results obtained from 
the different studies on this molecule have been highlighted and tend to confirm its 
central position in the homeostasis of the cancer cell. Hsp60 could be a promising 
candidate for a prognostic biomarker and should help the pathologist to make useful 
predictions of cancer progression, as in, for example, large bowel carcinogenesis. 
Indeed, Hsp60 should be take into consideration in design of antitumoral 
strategies.
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Chapter 11
Anti-human Hsp60 Autoantibodies 
in Autoimmune and Inflammatory 
Rheumatic Diseases

Georgios Efthymiou, Lazaros I. Sakkas, and Dimitrios P. Bogdanos

Abstract Autoantibodies against human heat shock protein 60 (Hsp60) have been 
implicated in the pathogenesis of autoimmune and inflammatory rheumatic diseases 
(AIRDs), including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), 
systemic sclerosis, Sjogren’s syndrome and various idiopathic vasculitides. Anti- 
human Hsp60 autoantibodies can be detected in the sera of patients with AIRDs in 
various frequencies and levels; therefore, their diagnostic, clinical and pathogenic 
importance remains enigmatic. Regarding their clinical significance, several studies 
have implicated them in AIRDs with vascular manifestations, including SLE and 
primary vasculitides. For other diseases, however, clinical associations have not 
been comprehensively investigated. Their pathogenetic role is also questionable, 
although several studies have suggested an apoptotic capacity of anti-Hsp60 auto-
antibodies on osteoblasts and endothelial cells, linking them with joint inflamma-
tion and bone erosion in RA and vascular inflammation in SLE and vasculitides, 
respectively. In addition, molecular mimicry based on amino acid similarities 
between human Hsp60 and bacterial Hsp60 or other bacterial antigens has been 
implicated in the production of cross-reactive autoantibodies in AIRDS, connecting 
infection with autoimmunity and autoimmune disease. In search of the connection 
between anti-human Hsp60 autoantibodies and AIRDS, the current chapter reviews 
research advances in the field and discusses prospective investigations.
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Abbreviations

ACPAs Anti-citrullinated peptide antibodies
AECAs Anti-endothelial cell antibodies
AIRDs Autoimmune and inflammatory rheumatic diseases
autoAbs Autoantibodies
BD Behçet’s disease
CCT Chaperonin containing t-complex polypeptide 1
E. coli Escherichia coli
EGPA Eosinophilic granulomatosis with polyangiitis
GCA Giant cell arteritis
GPA Granulomatosis with polyangiitis
H. pylori Helicobacter pylori
Hsp Heat shock protein
IL Interleukin
JIA Juvenile idiopathic arthritis
MPO-ANCA Myeloperoxidase-antineutrophil cytoplasmic antibodies
PR3-ANCA Peroxidase 3- antineutrophil cytoplasmic antibodies
RA Rheumatoid arthritis
SjS Sjogren’s syndrome
SLE Systemic lupus erythematosus
SpA Spondyloarthritis
SSc Systemic sclerosis
TA Takayasu’s arteritis
TLR Toll-like receptor
UCTD Undifferentiated connective tissue disease

11.1  Introduction

Autoimmune and inflammatory rheumatic diseases (AIRDs), such as rheumatoid 
arthritis (RA), systemic lupus erythematosus (SLE), Sjogren’s syndrome (SjS), sys-
temic sclerosis (SSc), vasculitides and others are characterized by the breakdown of 
immunological self–tolerance, aberrant activation of immune cells and production 
of autoantibodies (autoAbs). AutoAbs may result from insufficient clearance of 
apoptotic or necrotic cells, modification of self-antigens that generates neoepitopes 
that are perceived as foreign by B cells or from cross-reactivity between foreign and 
self-antigens (Anders et al. 2005; Bogdanos et al. 2001; Ehser et al. 2013; Getts 
et  al. 2013; Kivity et  al. 2009; Polymeros et  al. 2006; Saeki and Ishihara 2014; 
Suurmond and Diamond 2015). The cumulative evidence in support of infectious- 
triggered autoimmunity has led investigators to introduce the concept of the infec-
tome and autoinfectome, which describes the totality of specific pathogens that are 
responsible for the development and maintenance of autoreactive immune responses 
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in susceptible individuals (Bogdanos and Sakkas 2017; Bogdanos et al. 2013a, b, 
2015). Among the autoAbs with a potential diagnostic, clinical and pathogenic 
importance are those against human heat shock protein 60 (Hsp60), particularly in 
atherosclerosis, but equally importantly in AIRDs (Alard et al. 2007, 2008; Mandal 
et al. 2005). In a similar vein, although unrelated to the topic of the present chapter, 
several studies have investigated the role of bacterial antibodies against other Hsp 
antigens as triggers of autoimmunity and organ-specific autoimmune diseases 
(Bogdanos et al. 2013a, 2015; Dubaniewicz 2010; Kaufmann et al. 1991; Res et al. 
1991; Schultz and Arnold 1993; van der Zee et al. 1998).

Hsp60 is a phylogenetically and functionally conserved molecular chaperone 
that assists in the folding of nascent and denatured proteins (Horvath et al. 2002). 
The bacterial homologues are GroEL in Escherichia coli, Hsp60  in Chlamydia 
pneumoniae and Hsp65 in Mycobacterium tuberculosis, all sharing a high sequence 
similarity with the human Hsp60 (Gupta 1990; Jones et al. 1993). Bacterial Hsp60 
is very immunogenic and acknowledged as the “common antigen” of gram-negative 
bacteria (van Eden et al. 2017). Hence, anti-bacterial Hsp60 antibodies are detected 
in many infectious diseases (Alard et al. 2007). As we are going to discuss later, 
infections are commonly found in patients with AIRDS, secondary to immune- 
suppressive treatment, which weakens immune system and makes the affected indi-
viduals prone to infections. Thus, anti-bacterial Hsp60 antibodies may be merely 
epiphenomena rather than potentially relevant to disease pathogenesis in AIRDs. 
On the other hand, bacterial anti-Hsp60 antibodies can be found in treatment-naive 
patients, raising concerns as to whether they bear a pathogenic potential (Kaufmann 
et al. 1991; Leung and Gershwin 1991; Res et al. 1991; Schultz and Arnold 1993).

In human, under physiological conditions Hsp60 has a housekeeping role and is 
located in the mitochondrial matrix (Alard et al. 2007). However, under stress con-
ditions Hsp60 can be over-expressed and translocated on the cell membrane (Jamin 
et al. 2005; Pfister et al. 2005), or can be detected in serum (Davies et al. 2006) and 
in cell culture supernatant (Basu et al. 2000). In addition, elevated levels of Hsp60 
are detected in sera of patients of inflammatory diseases, including Behçet’s disease 
(BD) (Shaker et al. 2007). However, in some autoimmune diseases, such as immune 
thrombocytopenia, serum Hsp60 levels are decreased (Dolasik et  al. 2015), but 
whether this is due to its decreased expression or its binding and concomitant pre-
cipitation by anti-Hsp antibodies remains elusive (Alard et al. 2011; Dolasik et al. 
2015; Rai et al. 2015).

Cellular immune responses to human Hsp60 have been detected in almost all 
chronic, inflammatory diseases. There is evidence that cellular responses to heat 
shock proteins, including Hsp60, are associated with anti-inflammatory regulation 
and theses are extensively reported in well-informative reviews (van Eden et  al. 
2005, 2017).

Humoral immune responses to Hsp60 have been detected in autoimmune and 
non-autoimmune diseases, including multiple sclerosis (Chiba et  al. 2006; 
Efthymiou et al. 2016), type 1 diabetes mellitus (Horvath et al. 2002), atherosclero-
sis (Kilic and Mandal 2012; Wick et al. 2004) and cystic fibrosis (de Graeff-Meeder 
et al. 1993). Antibodies against both bacterial (Efthymiou et al. 2016) and human 
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Hsp60 (Alard et al. 2007) can also be detected in the sera of healthy individuals. In 
this case, they are mainly considered as part of physiological, pathogen-induced 
immune responses (Zugel and Kaufmann 1999), rather than triggers of disease 
induction.

Several investigators have suggested that the production of anti-human Hsp60 
antibodies may be triggered by bacterial Hsp60 via antibody cross-reaction 
(Fig. 11.1). Not all of them have been able to demonstrate the presence of cross- 
reactive humoral (and/or cellular) responses (Alard et  al. 2008; Efthymiou et  al. 
2016; Richter et al. 1994). In addition, endogenous Hsp60 can also act as a target of 
autoAbs, possibly through mechanisms induced by changes in the structure of the 
protein, post-translational modifications or the formation of immunogenic com-
plexes with other foreign or self-antigens. Several regions of the human Hsp60 mol-
ecule have been recognized as antigenic epitopes (Fig.  11.2), such as epitopes 
located within Hsp60383–447 (Boog et al. 1992), three overlapping epitopes spanning 
Hsp60394–460 (Horvath et al. 2002) and an epitope spanning Hsp60286–315 correspond-
ing to apical I helix of human Hsp60 (Elfaitouri et al. 2013).

Fig. 11.1 Molecular mimicry and antibody cross-reaction as potential mechanism of infection- 
induced anti-human Hsp60 antibodies production. Bacterial infection (1) stimulates the production 
of antigen-specific anti-bacterial antigen antibodies, such as those against bacterial Hsp60 (2). 
Molecular mimicry (3) between a bacterial Hsp60 epitope and a human Hsp60 epitope leads to the 
induction of cross-reactive antibodies (4) that recognize both the bacterial and human mimics. To 
this end, Boog et  al. and Horvath et  al. have reported on a human Hsp60 highly sequence- 
homologous epitope who is recognized by autoimmune disease-specific antibodies that cross-react 
with mycobacterial Hsp60 as noted in the insert (5). Eventually, cross-reactive antibodies (and in 
a similar vein cross-reactive T-cell responses) mediate self-tissue inflammation and subsequent 
tissue destruction (6)
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11.1.1  Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disease characterized mainly by 
chronic destructive polyarthritis, but may also affect extra-articular organs/tissues 
(Choy and Panayi 2001; McInnes and Schett 2011). The presence of anti- 
citrullinated peptide antibodies (ACPAs) is a highly specific biomarker for this 
disease (Sakkas et al. 2014). ACPAs are directed against various citrullinated anti-
gens, such as fibrinogen, vimentin, α-enolase, collagen type II, histone and others 
(Sakkas et al. 2014).

Anti-human Hsp60 antibodies are commonly found at low frequency in RA 
(Table 11.1). The prevalence of anti-human Hsp60 autoAbs was found to be 10% by 
immunoblotting and 20% by ELISA (Jamin et al. 2005). Jarjour et al. using immu-
noblotting found that IgM and IgG autoAbs were uncommon in RA and not differ-
ent from healthy controls (Jarjour et al. 1991). Similarly, several other groups did 
not detect increased levels of anti-human Hsp60 autoAbs in RA (Dieude et al. 2004; 
Horvath et al. 2001; Lu et al. 2016). However, elevated titres of IgG autoAbs against 
two members of the Hsp60 chaperonin family were reported, namely Hsp60 itself 

Fig. 11.2 Alignment using BLASTp2 of human Hsp60 and mycobacterial Hsp60 shows a signifi-
cant degree of amino acid similarity at various sequences. Double underlined: the sequence of the 
human Hsp60383–419 epitope recognized by antibodies in patients with juvenile chronic arthritis 
(Boog et al. 1992), overlaps with the epitope recognized by antibodies in patients with type 1 dia-
betes mellitus (Horvath et al. 2002). Single underlined is the sequence of the human Hsp60286–315 
epitope recognized by IgG and IgM antibodies in patients with myalgic encephalomyelitis 
(Elfaitouri et al. 2013)
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Table 11.1 Anti-human Hsp60 immune responses in autoimmune rheumatic diseases

Disease References Technique Prevalence
HC 
prevalence

Other major 
findings

Rheumatoid 
arthritis

Jarjour 
et al. (1991)

WB IgG/IgM 
using cell culture 
whole extract

5% IgG 2.8% IgG
5% IgM 2.8% IgM

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

10% by 
WB

ND No difference in 
titres compared 
to HCa

ELISA IgG using 
recombinant 
Hsp60

20% by 
ELISA

Hirata et al. 
(1997)

ELISA IgG using 
recombinant 
human Hsp60

ND ND Higher titres 
compared to HC

Yokota 
et al. (2000)

ELISA IgG using 
human 
mitochondrial 
Hsp60

ND ND Higher titres 
compared to HC

Horvath 
et al. (2001)

ELISA IgG using 
recombinant 
human Hsp60

ND ND No difference in 
titres compared 
to HC

Dieudè 
et al. (2004)

ELISA IgG using 
Hsp60

ND ND No difference in 
titres compared 
to HC

van Halm 
et al. (2006)

ELISA IgG using 
recombinant 
human Hsp60

ND ND Higher titres 
compared to HC

Lu et al. 
(2016)

ELISA using 
recombinant 
Hsp60 and purified 
citHsp60

ND ND Higher titres of 
anti-Hsp60 and 
anti-citHsp60 
compared to HC

Juvenile 
rheumatoid 
arthritis

Graeff- 
Meeder 
et al. (1993)

ELISA IgG using 
human Hsp60

100% ND Higher titres 
compared to HC

Nguyen 
et al. (2006)

ELISA IgG using 
recombinant 
human Hsp60

23/23 by 
ELISA

ND

SDS- and native 
WB IgG using 
heat shock 
proteins

23/23 by 
SDS-PAGE
23/23 by 
native 
PAGE

Zlacka et al. 
(2006)

ELISA IgG, IgM, 
IgA using 
recombinant 
human Hsp60

ND ND Lower titres 
compared to HC

Wu et al. 
(2011)

ELISA IgG, IgM, 
IgA using Hsp60

ND ND Higher titres 
compared to HC

(continued)
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Table 11.1 (continued)

Disease References Technique Prevalence
HC 
prevalence

Other major 
findings

Spondyloarthritis Handley 
et al. (1996)

ELISA IgG using 
human Hsp60

ND ND Higher titres 
compared to HC

Carlsen 
et al. (2013)

ELISA IgG1, 
IgG2, IgG3, IgG4 
using full length, 
recombinant 
human Hsp60

ND ND Higher titres of 
IgG3 and IgG1 
compared to HC

Hjelholt 
et al. (2013)

ELISA IgG1, 
IgG2, IgG3, IgG4 
using full length, 
recombinant 
human Hsp60

ND ND Higher titres of 
IgG3 and IgG1 
compared to HC

Systematic lupus 
erythematosus

Jarjour 
et al. (1991)

WB IgG/IgM 
using cell culture 
whole extract

4.2% IgG 2.8% IgG
12.5% IgM 2.8% IgM

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

76% by 
WB

ND Higher titres 
compared to 
HCa

ELISA IgG using 
recombinant 
Hsp60

39% by 
ELISA

Yokota 
et al. (2000)

ELISA IgG using 
human 
mitochondrial 
Hsp60

ND ND Higher titres 
compared to HC

Horvath 
et al. (2001)

ELISA IgG using 
recombinant 
human Hsp60

ND ND No difference in 
titres compared 
to HC

Dieudè 
et al. (2004)

ELISA IgG using 
Hsp60

ND ND No difference in 
titres compared 
to HC

Systemic 
sclerosis

Jarjour 
et al. (1991)

WB IgG/IgM 
using cell culture 
whole extract

6.3% IgG 2.8% IgG
12.5% IgM 2.8% IgM

Horvath 
et al. (2001)

ELISA IgG using 
recombinant 
human Hsp60

ND ND No difference in 
titres compared 
to HC

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

10% by 
WB

ND No difference in 
titres compared 
to HCa

ELISA IgG using 
recombinant 
Hsp60

10% by 
ELISA

(continued)
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Table 11.1 (continued)

Disease References Technique Prevalence
HC 
prevalence

Other major 
findings

Sjogren’s 
syndrome

Yokota 
et al. (2000)

ELISA IgG using 
human 
mitochondrial 
Hsp60

ND ND No difference in 
titres compared 
to HC

ELISA IgG/IgM 
using human 
Hsp60

ND ND Lower titres 
compared to HC

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

20% by 
WB

ND No difference in 
titres compared 
to HCa

ELISA IgG using 
recombinant 
Hsp60

10% by 
ELISA

Wegener’s 
granulomatosis

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

56% by 
WB

ND Higher titres 
compared to 
HCa

ELISA IgG using 
recombinant 
Hsp60

44% by 
ELISA

Polyarteritis 
nodosa

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

79% by 
WB

ND Higher titres 
compared to 
HCa

ELISA IgG using 
recombinant 
Hsp60

42% by 
ELISA

Microscopic 
polyangiitis

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

62% by 
WB

ND Higher titres 
compared to 
HCa

ELISA IgG using 
recombinant 
Hsp60

25% by 
ELISA

Churg-Strauss 
syndrome

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

20% by 
WB

ND No difference in 
titres compared 
to HCa

ELISA IgG using 
recombinant 
Hsp60

0% by 
ELISA

MPO-ANCA 
vasculitis

Slot et al. 
(2006)

ELISA IgG using 
recombinant 
human Hsp60

ND ND Higher titres 
compared to 
PR3-ANCA 
vasculitis and 
HC

Takayasu’s 
arteritis

Kumar 
Chauhan 
et al. (2004)

ELISA IgG/IgM/
IgA using human 
Hsp60

84% IgG 22% IgG Higher IgG 
titres compared 
to HC

15% IgM 11% IgM
15% IgA 11% IgA

(continued)
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and chaperonin containing t-complex polypeptide 1 (CCT), in RA (Yokota et al. 
2000). The elevated levels of anti-Hsp60 autoAbs were also reported in two other 
studies (Hirata et al. 1997; van Halm et al. 2006). Anti-human Hsp60 autoAbs might 
be of clinical significance for cardiovascular disease in RA (van Halm et al. 2006). 
Humoral immune responses against Hsp60 have been linked with cardiovascular 
disease (Zhu et al. 2001) and implicated in the development of atherosclerosis (Kilic 
and Mandal 2012; Wick et  al. 2004). However, anti-Hsp60 autoAbs levels were 
comparable between RA patients with or without cardiovascular disease (van Halm 
et al. 2006). Therefore, anti-human Hsp60 autoAbs has not been considered as a 
marker for cardiovascular risk in RA.

The pathogenetic potential of anti-citrullinated Hsp60 antibodies was elegantly 
demonstrated by Lu et al. (2016). ACPAs isolated from RA patients can bind to 
citrullinated Hsp60 on the surface of human mature osteoblasts in vitro, a finding 
that had been previously reported by mass spectrometry (Goeb et al. 2009). In addi-
tion, ACPAs can mediate osteoblast apoptosis by binding to cell surface-expressed 
citrullinated Hsp60 through Toll-like receptor (TLR) 4 signaling and stimulate IL-6 

Table 11.1 (continued)

Disease References Technique Prevalence
HC 
prevalence

Other major 
findings

Behçet’s disease Hirata et al. 
(1997)

ELISA IgG using 
recombinant 
human Hsp60

ND ND No difference in 
titres compared 
to HCa

Jamin et al. 
(2005)

WB IgG using 
recombinant 
Hsp60;

44% by 
WB

ND Higher titres 
compared to 
HCa

ELISA IgG using 
recombinant 
Hsp60

22% by 
ELISA

Doino et al. 
(2017)

ELISA IgG using 
Hsp60

ND ND Higher titres in 
patients with 
moderate 
compared to 
patients with 
mild or severe 
BD symptomsb

Polymyositis Jarjour 
et al. (1991)

WB IgG/IgM 
using cell culture 
whole extract

0% IgG 2.8% IgG
0% IgM 2.8% IgM

Horvath 
et al. (2001)

ELISA IgG using 
recombinant 
human Hsp60

ND ND Lower titres 
compared to 
HC, but not 
statistically 
significant

aDifference is not explicitly indicated, the estimation was extrapolated by figures
bIn resting saliva. citHsp60 citrullinated Hsp60, HC healthy controls, ND not defined, WB western 
blot
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and IL-8 gene expression (Lu et  al. 2016). Both interleukins promote osteoclast 
proliferation and could contribute to bone erosion in RA (Pathak et al. 2015). Serum 
levels of anti-citrullinated Hsp60 autoAbs were elevated in RA and correlated with 
joint damage, but there was no difference in the levels of anti-Hsp60 autoAbs 
between RA patients and healthy controls (Lu et al. 2016). It would be interesting 
to determine whether citrullinated Hsp60 is localized on the cell membrane in 
arthritic joints in RA. The homologue mycobacterial Hsp65 has been detected in the 
synovial membrane of arthritic joints both in RA and animal models of arthritis (de 
Graeff-Meeder et al. 1990; Karlsson-Parra et al. 1990). However, anti-Hsp60 anti-
body levels were found to be lower in synovial fluids than in sera, which argues 
against local production of antibodies in arthritic joints (Hirata et al. 1997).

The mechanism of molecular mimicry between bacterial and endogenous Hsp60 
has been explored in the study of Yokota et al. who demonstrated by inhibition stud-
ies that antibodies recognizing CCT, human Hsp60, E. coli GroEL and mycobacte-
rial Hsp65 were cross-reactive (Yokota et al. 2000), indicating that these antibodies 
recognize common epitopes on all four proteins. The observed anti-Hsp60 and anti- 
CCT antibody titres correlated strongly in sera of patients with rheumatic autoim-
mune diseases, a correlation that was not affected by age, disease duration or 
treatment, suggesting a common mechanism of production. Immunoblotting experi-
ments showed that the epitopes recognized by the anti-Hsp60 and anti-CCT autoAbs 
were conformational and not sequence-specific. Of relevance, when sera of RA 
patients were absorbed with E. coli GroEL the reactivity to human Hsp60 was lost, 
but when sera were absorbed with human Hsp60 reactivity to E. coli GroEL 
remained (Hirata et al. 1997). Furthermore, in RA the levels of anti-human Hsp60 
autoAbs and anti-E. coli GroEL abs were elevated in sera but lower in synovial 
fluid. These results suggest that molecular mimicry is the mechanism of anti-human 
Hsp60 antibodies in RA, rather than a synovium-localized, RA-specific generation 
(Hirata et al. 1997). Similar cross-reactivity was detected between mycobacterial 
Hsp70287–306 and human binding immunoglobulin protein (BiP)336–355. These data 
strengthen the hypothesis that molecular mimicry and immunological cross- 
reactivity, involving bacterial and human Hsp, is a mechanism for anti-human 
Hsp60 antibody production in RA (Shoda et al. 2016).

11.1.2  Juvenile Idiopathic Arthritis

Juvenile idiopathic arthritis (JIA), the most common pediatric chronic rheumatic 
disease, represents a group of disorders characterized by chronic joint inflammation 
(Eisenstein and Berkun 2014). The etiology and pathogenesis of JIA are not yet 
fully elucidated, although a few genes have been implicated (Hinks et  al. 2009, 
2010a, b; Yanagimachi et  al. 2011). Several studies have investigated humoral 
responses against human Hsp60 in JIA (Table 11.1). Two studies have reported a 
universal presence of anti-human Hsp60 autoAbs in the sera of JIA patients (de 
Graeff-Meeder et al. 1993; Nguyen et al. 2006). Serum levels of anti-human Hsp60 
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autoAbs were elevated in JIA patients, particularly with polyarticular onset (de 
Graeff-Meeder et al. 1993; Nguyen et al. 2006). These results were also reported in 
patients with active, polyarticular JIA (Wu et  al. 2011). In contrast, one study 
reported decreased serum antibody levels in JIA patients compared to healthy con-
trols (Zlacka et al. 2006). Interestingly, levels of anti-human Hsp60 antibodies were 
much higher in the synovial fluids than matched sera, suggesting local antibody 
production by plasma cells in arthritic joints (de Graeff-Meeder et al. 1993).

11.1.3  Spondyloarthritis

Spondyloarthritis (SpA) encompasses a group of immune-mediated inflammatory 
diseases, including ankylosing spondylitis, psoriatic arthritis, reactive arthritis, 
inflammatory bowel disease-associated arthritis and undifferentiated spondyloar-
thritis (Terenzi et al. 2018). These diseases share clinical manifestations, such as 
inflammation of the spine, peripheral arthritis, enthesitis, and anterior uveitis. An 
early study reported elevated serum levels of IgG anti-human Hsp60 autoAbs in 
reactive arthritis (Handley et al. 1996) (Table 11.1). Another study examined serum 
IgG subclass antibodies (IgG1, IgG2, IgG3, and IgG4) against human Hsp60 and 
Hsp60 from Chlamydia trachomatis, Salmonella enteritidis and Campylobacter 
jejuni (Hjelholt et  al. 2013). IgG1 and IgG3 abs against human Hsp60, but not 
against bacterial Hsp60, were elevated in SpA and there was only a weak associa-
tion between antibodies to human and bacterial Hsp60. These findings suggest that 
cross-reactivity between human and bacterial Hsp60 is unlikely. Another study sup-
ported the notion reporting that different IgG subclass IgG3 and IgG1 antibodies 
against human and bacterial Hsp60, respectively, of the same serum sample argues 
against cross-reactivity (Carlsen et al. 2013).

11.1.4  Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease that can 
affect almost any organ system, and is characterized by a plethora of autoAbs mostly 
targeting nuclear antigens (Kaul et al. 2016).

In SLE patients, findings on the frequency of anti-human Hsp60 antibodies are 
conflicting with one study reporting increased frequency (Jamin et al. 2005), but 
another not (Jarjour et  al. 1991) (Table  11.1). With regard to anti-human Hsp60 
autoAbs serum levels, results again are conflicting, with few studies reporting ele-
vated serum levels (Jamin et al. 2005; Yokota et al. 2000), while other do not (Dieude 
et al. 2004; Horvath et al. 2001; van Paassen et al. 2007).

A potential role for anti-human Hsp60 autoAbs in SLE has arisen for the vascular 
manifestations of the disease. SLE carries an increased cardiovascular risk, includ-
ing premature or accelerated atherosclerosis (Zampieri et  al. 2005). Anti- Hsp60 
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autoAbs have been linked to pathogenesis and prognosis of coronary heart disease, 
vascular disease and atherosclerosis (Kilic and Mandal 2012; Wick et al. 2004; Zhu 
et al. 2001), possibly through endothelial cytotoxic events (Mayr et al. 1999). For 
instance, anti-Hsp60 autoAbs bind to endothelial cells and induce apoptosis, an 
event that facilitates the generation of anti-phospholipid autoAbs and thrombosis 
(Dieude et  al. 2004). This was likely the first study to identify autoAbs against 
Hsp60 as anti-endothelial cell autoAbs, a heterogeneous class of antibodies that 
have been detected under autoimmune conditions connected with vascular involve-
ment (D’Cruz et al. 1991; Renaudineau et al. 2002; Salojin et al. 1996). Similarly, 
by using immunoblotting and immunoabsorption techniques, the complex group of 
anti-endothelial cell autoAbs were confirmed to contain Hsp60 autoAbs and that 
their binding to endothelial cells induces apoptosis (Jamin et al. 2005). The presence 
of anti-human Hsp60 autoAbs and their ability to promote vascular endothelial cell 
injury and impairment of microcirculation has also been implicated in the develop-
ment of neuropsychiatric SLE (Kimura et al. 2008). However, the role of anti-human 
Hsp60 autoAbs in apoptosis induction was questioned, since anti-epithelial cell 
antibodies not directed against Hsp60 were detected to be responsible for the induc-
tion of epithelial cell apoptosis in SLE patients with glomerular vasculopathy (van 
Paassen et al. 2007).

11.1.5  Systemic Sclerosis

Systemic sclerosis (SSc) is a complex disease of the connective tissue with exten-
sive fibrosis, microvasculopathy and production of a range of disease-related and 
other autoAbs (Sakkas and Bogdanos 2016). To date, no direct evidence has linked 
anti-human Hsp60 antibodies with SSc (Table 11.1). The frequency of IgG and IgM 
anti-human Hsp60 antibodies in SSc patients was “not demonstrable” (Jarjour et al. 
1991), and the difference in their levels between patients and controls was not sta-
tistically significant (Horvath et  al. 2001; Jamin et  al. 2005). These data argue 
against the involvement of anti-Hsp60 autoAbs in SSc. However, elevated serum 
levels of anti-human-Hsp60 autoAbs were found in in patients with undifferentiated 
connective tissue disease (UCTD) (Horvath et al. 2001). UCTD is a systemic disor-
der with a mixture of clinical traits of autoimmune connective tissue diseases, such 
as SSc, SLE, RA or SjS (Mosca et al. 2014). Although UCTD often differentiates to 
one of these well-characterized diseases, most patients will maintain the diagnosis 
of UCTD based on their clinical and laboratory features. Anti-human Hsp60 anti-
bodies in UCTD patients could be further investigated to determine whether they 
define patients who will later develop one of the connective tissue diseases or not.

Similarly, in a study of autoimmune connective tissue disease that included undif-
ferentiated connective tissue disease, SSc and SLE, serum levels of anti-Hsp60 
autoAbs were normal and not correlated with anti-H. pylori antibodies (Kalabay 
et al. 2002). Unfortunately, the authors did not analyze each disease group separately, 
so any potential disease-specific anti-Hsp60 autoAbs differences were masked. 
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Nevertheless, the normal levels of anti-human Hsp60 antibodies in  autoimmune dis-
eases supported the author’s suggestion that these are natural autoAbs (Prohaszka 
et al. 2001), a class of antibodies protecting the host from both invading antigens and 
endogenous neo-antigens that are constantly produced (Lobo 2016).

11.1.6  Sjogren’s Syndrome

Sjogren’s syndrome (SjS) is an autoimmune disease characterized by inflammation 
of exocrine glands, mainly salivary and lacrimal glands (Tong et al. 2017). A pleth-
ora of autoAbs can be detected in SjS patients, with anti-Ro/SSA autoantibodies 
being the most prevalent ones. Yokota et  al. were the first to examine immune 
responses against human Hsp60 and chaperonin containing t-complex polypeptide 
1 (CCT), a member of the Hsp60 family, in SjS (Yokota et al. 2000) (Table 11.1). 
Serum levels of anti-CCT IgG autoAbs but not anti-Hsp60 autoAbs were elevated 
in SjS. Similarly, other studies reported no difference in prevalence or levels of anti- 
Hsp60 autoAbs between SjS patients and healthy controls (Jamin et al. 2005) or 
even lower levels of anti-Hsp60 IgG and IgM autoAbs (Shovman et  al. 2005). 
Although the relevance of anti-Hsp60 antibodies to SjS pathogenesis is question-
able, their lower levels could imply a protective role against the disease. Hence, 
larger prospective studies are necessary to define the association between particular 
infections and autoimmunity.

11.1.7  Vasculitis

Vasculitis is defined as an inflammation of blood vessel walls. Although vasculitis 
can be secondary to infection, here we refer to idiopathic vasculitis. Vasculitis leads 
to aneurysm and vessel rupture or to vessel wall thickening, stenosis and tissue 
ischemia and can be primary or secondary to an underlying autoimmune disease 
(Savage et al. 2000). Primary vasculitis can involve any type of blood vessel and can 
affect any organ. The clinical manifestations vary according to the size and distribu-
tion of the inflamed blood vessels.

Jamin et al. investigated on the role of anti-human Hsp60 antibodies in vasculitis 
including granulomatosis with polyangiitis (GPA, formerly Wegener’s granuloma-
tosis), eosinophilic granulomatosis with polyangiitis (EGPA, formerly Churg- 
Strauss syndrome), microscopic polyangiitis, polyarteritis nodosa and in 
vasculitis-associated autoimmune diseases (SLE) (Jamin et al. 2005) (Table 11.1). 
The frequency of anti-human Hsp60 autoAbs was higher in vasculitic (vasculitis 
and SLE) compared to non-vasculitic autoimmune rheumatic diseases (RA, SjS), 
particularly in anti-endothelial cell antibody (AECA)-positive patients. Furthermore, 
Hsp60 was an important target of AECAs in their apoptotic effect on endothelial 
cells and appeared to have the capacity to induce apoptosis of endothelial cells 
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(Jamin et  al. 2005). In vitro experiments have demonstrated that this apoptotic 
capacity occurs in endothelial cells under stress, a condition that involves Hsp60 on 
the cell surface, requires the interaction of Hsp60 and Hsp70 and is propagated 
through the chemokine receptor CCR5 (Alard et al. 2009). Of interest, a specific 
interaction between Hsp60 and ATP synthase has been recognized in vitro on the 
surface of endothelial cells and has been shown to prevent the pathogenic effect of 
anti-ATP synthase autoAbs on endothelial cells (Alard et al. 2011), suggesting that 
the diverse surface interactions of Hsp60 can affect endothelial physiology in vari-
ous ways. It is also intriguing to speculate that these interactions of surface Hsp60 
could form immunogenic complexes that are recognized as foreign by the immune 
system and may be important in the pathogenesis of vasculitis (Anders et al. 2005; 
Suurmond and Diamond 2015). The presence of this type of antibodies could render 
an individual susceptible to endothelial inflammation in the context of a primary 
vasculitic entity or a secondary vasculitic component of another rheumatic disease 
(Alard et al. 2008).

The production of anti-human Hsp60 antibodies was reported to be elevated in 
patients with MPO-ANCA- compared to PR3-ANCA-associated vasculitis and 
healthy controls (Slot et al. 2006) (Table 11.1). However, inhibition assays did not 
support a role for infection-triggered pathogenesis of MPO-ANCA-associated vas-
culitis through molecular mimicry between MPO, human Hsp60 and mycobacterial 
Hsp65 (Slot et al. 2006).

A link between anti-human Hsp60 autoAbs and vasculitic inflammation has been 
reported in Takayasu’s arteritis (TA). Both the frequency and titres of IgG, but not 
IgM or IgA, anti-human Hsp60 autoAbs were increased in TA (Kumar Chauhan 
et al. 2004) (Table 11.1). Of importance, humoral and cellular immune response 
against both human Hsp60 and mycobacterial Hsp65 were significantly correlated, 
suggesting cross-reactivity and molecular mimicry as the triggering mechanisms of 
autoimmunity in TA. Furthermore, anti-aortic endothelial cell antibodies comprise 
of anti-human Hsp60 autoAbs in the vast majority of TA patients and these autoAbs 
can induce the expression of adhesion molecules and pro-inflammatory cytokines, 
as well as apoptosis (Chauhan et  al. 2006). In giant cell arteritis (GCA) a study 
reported elevated levels of anti-human Hsp60 autoAbs but they did not correlate 
with anti-Chlamydia pneumoniae Hsp60 antibodies (Lopez-Hoyos et al. 2008).

11.1.8  Behçet’s Disease

Behçet’s disease (BD) (also known as Adamantiades-Behcet’s disease) is a sys-
temic, inflammatory disorder characterized by recurrent inflammation that mani-
fests as oral apthous ulcers, genital ulcers, uveitis and acne-like skin lesions (Zeidan 
et al. 2016). No study thus far has investigated on the prevalence of Hsp60 autoAbs 
in BD.  There are conflicting reports regarding serum anti-Hsp60 autoAbs levels 
with one study reporting elevated levels and another study reporting normal levels 
(Hirata et al. 1997; Jamin et al. 2005). Higher levels of anti-Hsp60 autoAbs were 
detected in resting saliva of BD patients with moderate disease compared to patients 
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with mild or severe disease and higher levels were associated with stomatitis for 
more than 2 weeks and with gingival inflammation (Doino et al. 2017).

11.1.9  Idiopathic Inflammatory Myopathies

Polymyositis is an idiopathic, inflammatory rheumatic disease of the muscles with 
typical symptoms including symmetrical, proximal muscle weakness, difficulty 
arising from a seated position, dysphagia and aspiration, arthralgia Raynaud phe-
nomenon and fever (Dalakas 2015). Of the two studies that have measured immune 
responses against human Hsp60 in patients with polymyositis, none of them man-
aged to detect differences either in prevalence or serum titres of Hsp60 autoAbs 
(Horvath et al. 2001; Jarjour et al. 1991).

11.1.10  Further Prospectives

A consensus on the role of anti-human Hsp60 antibodies in autoimmune rheumatic 
diseases has not emerged. The discrepancies that are observed between studies on 
Hsp60 autoantibodies could be attributed to experimental limitations. Most studies 
do not measure the prevalence of anti-human Hsp60 antibodies but rather their titres 
on patients’ sera. In addition, almost all studies measure immune responses against 
human Hsp60 in numerous autoimmune rheumatic diseases, instead of focusing in 
a single one. This is not a de facto limitation, but it becomes one in cases where 
small cohorts of each disease were studied. Patient selection and numbers is a major 
consideration regarding interpretation of the results. Therefore, a more organized 
investigation of human Hsp60 humoral immune responses in larger patient groups 
is necessary.

11.2  Conclusions

In conclusion, anti-hsp60 autoantibodies are prevalent in various autoimmune rheu-
matic and other autoimmune diseases, as well as other chronic inflammatory dis-
eases. Whether are of pathogenic significance or not remains to be seen. Detailed, 
well-designed studies regarding their prevalence, epitope specificity and IgG sub-
class distribution is missing and should be performed in large multi-centre studies.

Molecular mimicry and immunological cross-reactivity involving human Hsp60 
and bacterial Hsp60 mimics has been implicated in the production of cross-reactive 
autoantibodies but solid data are still absent, and is premature to connect initiation 
of infectious triggered hsp60 autoreactivity infection with autoimmunity and auto-
immune disease.
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Chapter 12
Hsp60 in Inflammatory Disorders

Antonella Marino Gammazza, Giovanni Tomasello, Angelo Leone, 
and Abdo Jurjus

Abstract Heat shock proteins (HSP) including HSP60 are immunogenic proteins 
shared by particular microbial agents and mammals. HSP60 has been implicated in 
multiple inflammatory disorders and autoimmune diseases mostly through its inter-
actions with the immune system. Such diseases include inflammatory bowel dis-
ease, chronic obstructive pulmonary disease, Hashimoto’s thyroiditis, myasthenia 
gravis, multiple sclerosis and even atherosclerosis plaques among others. It is pres-
ent in the cytosol, cell membrane, cell surface as well as in the extracellular space 
and in the circulation. As a super antigen, HSP60 has the dual role as an immuno-
modulator and as a biomarker, a node molecule in balance between health and dis-
ease. Deciphering the mechanisms of HSP60 interactions with the immune system 
could lead to the development of new therapeutic strategies.
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Abbreviations

AChR Muscle acetylcholine receptor
APC Antigen-presenting cells
CD Crohn’s disease
COPD Chronic obstructive pulmonary disease
CR Chemokine receptor
CREB cAMP response element-binding protein
CSF Cerebral spinal fluid
ERK Extracellular signal–regulated kinases
HSP Heat shock proteins
HSP60 Heat shock protein 60
HT Hashimoto’s thyroiditis
IBD Inflammatory bowel disease
IFNɣ Interferon gamma
IL Interleukin
LPS Lipopolysaccharides
MG Myasthenia gravis
MHC Major histocompatibility complex
MS Multiple sclerosis
NFkB Nuclear factor kappa-light-chain-enhancer of activated B cells
PBMC Peripheral blood mononuclear cells
PKB Protein kinase B
TG Thyroglobulin
TLR Innate toll-like receptor
TPO Thyroid peroxidase
Tregs T regulatory cells
UC Ulcerative colitis

12.1  Introduction

Molecular chaperones constitute a large group of molecules highly conserved dur-
ing evolution. They play many roles during the cell cycle and organismal growth by 
being involved primarily with protein homeostasis (Rappa et al. 2012). Evolutionary 
data suggest that the primitive chaperones evolved from archaea to reach the com-
plex forms we detected today in humans, probably as a consequence of the constant 
exposure of living creatures to environmental stressors. Throughout evolution, 
molecular chaperones were physiologically involved as part of the defensive sys-
tem against aggressors (temperature elevation, tumors, infections, etc.). For 
instance, the regulation of their levels could play an important role in maintaining 
cell viability both under normal and stress conditions. In pathologic conditions, 
these proteins are recognized as potentially useful biomarkers and therapeutic 
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targets (Rappa et al. 2012; Barone et al. 2016). Likewise, the immune system as the 
role to protect against aggressors, such as infectious agents. In this respect, it is 
probably that the chaperoning and the immune system interact to ensure organismal 
homeostasis both in normal and pathological conditions. A considerable amount of 
data, over the last decades, have shown that exploring the cytoprotective and immu-
noregulatory characteristics of chaperones/heat shock proteins (HSP) can open a 
new avenue for drug discovery and treatment of many important human pathologies 
(Campanella et al. 2016; Ghosh et al. 2010; Czarnecka et al. 2006).

In this chapter, we review the interaction between the immune system and the 
chaperoning system with special attention to heat shock proteins 60 (HSP60), 
focusing on some chronic inflammatory disorders such as IBD, COPD, HT, MG and 
MS. It is well established that, HSP60 has the capacity to act as a self-antigen, for-
eign antigen, a carrier of other functional molecules, and as a ligand for innate TLR 
(Quintana and Cohen 2011). Then, HSP60 has the dual role as an immune modula-
tor and a biomarker, thus giving the possibility to modulate immunity for therapeu-
tic purposes, and to monitor the immune response in health and disease.

12.2  Hsp60 a Multifaceted Molecule that Speaks 
with the Immune System in Many Voice

HSP60 is one of the most studied HSP, especially in its interaction with the immune 
system. It was first identified as a protein capable to stimulate human monocyte 
proinflammatory cytokine synthesis without inducing monocyte activation (Tsan 
and Gao 2009). This led to assign to the chaperonin proinflammatory properties 
acting via the same receptors as lipopolysaccharides (LPS) (Tsan and Gao 2009). 
HSP60 is classically described as an intracellular chaperone, typically a mitochon-
drial protein, assisting the folding of polypeptides into proteins and their transport 
inside the cell (Campanella et al. 2014). HSP60 functions as a highly connected 
chaperone with links to most cellular proteins (Borges and Ramos 2005) since it 
has been found in the cytosol, cell membrane and surface as well as in the extracel-
lular space and in circulation (Marino Gammazza et al. 2016). The chaperonin was 
described as a dominant antigen recognized during infections (Van Eden et  al. 
2005) and has been studied in various immunologic mechanisms involved in 
tumors, transplantation, tissue regeneration, autoimmune and inflammatory dis-
eases (Rappa et al. 2012; Coelho and Faria 2012; Pei et al. 2016). The immuno-
logical relevance of HSP60 was recognized also in physiological conditions by 
having the capacity to induce self-reactive B and T cell clones even in health status 
(Coelho and Faria 2012). Although HSP60 represents a fundamental molecule in 
the intracellular chaperone network, evidence is lacking for the immune-specific 
function of the chaperonin inside the cell. Besides, the participation of other 
molecular chaperones, such as HSP70 and HSP90, in the cell biology of antigen 
processing and presentation (Bendz et al. 2007; Kunisawa and Shastri 2006), and 
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in T cell polarization, through their interactions with transcription factors have 
been published (Bohen et al. 1995; Pratt 1997). HSP90, for example, controls the 
activity of the ligand-activated transcription factor aryl hydrocarbon receptor 
(Tsuji et al. 2014), which has been proven recently to play an important role in the 
differentiation of FoxP3+ T regulatory cells (Treg), Th17 and Tr1 cells (Quintana 
et al. 2008; Gandhi et al. 2010). At the cell surface, HSP60 as the capacity to inter-
act with TLR2, TLR4 and major histocompatibility complex (MHC) molecules 
triggering innate and adaptive immune responses (Coelho and Faria 2012) 
(Fig. 12.1). Increased amounts of HSP60 on the cell’s surface was considered to 
serve as a danger signal for the immune system leading to the activation and matu-
ration of dendritic cells and the generation of a antitumor T-cell response (Pockley 
et al. 2008; Quintana and Cohen 2011) (Fig. 12.1). Moreover, Hsp60 was found in 
the extracellular space (Davies et  al. 2006) and may be exported outside cells 
through vesicles like exosomes (Campanella et  al. 2014; Thery et  al. 2009) or 
might be released intact or fragmented from damaged or dead cells (Quintana and 
Cohen 2011). In particular, the immunological activities of exosomes affect immu-
noregulation mechanisms including modulating antigen presentation, immune 
activation, immune suppression, immune surveillance, and intercellular communi-
cation (Greening et  al. 2015; Cappello et  al. 2006). The presence of HSP60  in 
circulation has been linked with various inflammatory conditions (Quintana and 
Cohen 2011; Henderson and Pockley 2010) even if the exact mechanisms by which 
HSP60 is secreted into the extracellular space are not well understood. However, it 
is clear that extracellular HSP60 is a link between body tissue and the immune 
system acting in paracrine and endocrine fashion (Henderson and Pockley 2010; 

Fig. 12.1 HSP60 can interact with the innate ad the adaptive immune system. HSP60 can act as 
immunogen-antigen or as auto-antigen. HSP60 can also act as a sort of hormonal factor on cells 
very near its origin (paracrine effect) or far away (endocrine-like effect). Immune effects of HSP60 
are mediated by innate TLR signaling and adaptive receptors. The local concentration of HSP60 is 
an important factor that determines the choice of pro-inflammatory or anti-inflammatory pathways. 
An increase in the HSP60 levels caused by stress factors, for instance, can lead to a pro- 
inflammatory effect via cytokine cascade or via B-cell activation, but it can also lead to an anti- 
inflammatory effect by increasing IL-10 and TGFβ and decreasing of TNFα by T-cells (Source: 
modified from Quintana and Cohen 2011). In hot pink a tridimensional model of an HSP60 mono-
mer created using SWISS-MODEL (https://swissmodel.expasy.org/)
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Campanella et al. 2012). Tsan and collaborators (Tsan and Gao 2009) suggested 
that the immunomodulatory role of the chaperonin on the innate immune system 
results from the presence of bacterial contaminants in preparations of recombinant 
mammalian HSP60 (Tsan and Gao 2009). However, it has been demonstrated that 
HSP60 on its own can trigger the activation of innate immune receptors (Henderson 
et al. 2010). In a review of Quintana and Cohen, they reported that TLR4 signaling, 
in macrophages and dendritic cells, is activated in response to four sources of 
HSP60: (1) bacterial HSP60, (2) bacterial or self-HSP60 molecules that bear LPS 
or other bacterial ligands (3) self-HSP60 molecules produced by infected, trans-
formed, damaged or stressed cells, and (4) peptides of HSP60 (Quintana and 
Cohen 2011). Moreover, in macrophages the chaperonin when released extracel-
lularly, can interact also with other cell-surface receptors, such as CD14, CD40, 
causing in turn either pro- or anti- inflammatory effects (reviewed in Quintana and 
Cohen 2011 and Henderson and Pockley 2010) (Fig. 12.1).

A number of studies reported that HSP60 can induce secretion of cytokines 
from professional antigen-presenting cells (APC), with consequent activation of T 
cells (Quintana et al. 2008; Osterloh et al. 2008) (Fig. 12.1). For example, it has 
been demonstrated that HSP60 can regulate T-cell behavior in inflammation via 
TLR2 and the down-regulation of chemokine receptor expression (CXCR4 and 
CCR7) (Zanin-Zhorov et al. 2005). Self-HSP60 can be recognized from T cells as 
specific antigens both in health and in autoimmune disease and the effect of the 
chaperonin on these cells is varied and unexpected (Nussbaum et al. 2006). The 
chaperonin was recognized as a co- stimulator of CD4+CD25+ Tregs via innate 
TLR2 signaling, with specific changes in Protein kinase B (PKB), Pyk2, p38, 
extracellular signal–regulated kinases (ERK) and T-bet signaling related to Tregs 
and nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) signal-
ing related to T effector cells (Zanin-Zhorov et al. 2006).

Finally, HSP60 can activate, via TLR4 and MyD88 signaling, naive mouse B 
cells to proliferate, to secrete interleukin (IL)-10 and IL-6, and to upregulate the 
expression of MHCII and other activation molecules (Cohen-Sfady et  al. 2005). 
Activated B cells present antigens to allogeneic T cells to enhance T cell secretion 
of both IL-10 and IFNɣ (Cohen-Sfady et al. 2005) (Fig. 12.1). Furthermore, HSP60 
can trigger the production of polyclonal IgG3 antibodies (Cohen-Sfady et al. 2005), 
and have the capacity to play as a second signal to activate specific IgG3 antibodies 
to LPS (Cohen-Sfady et al. 2005; Quintana and Cohen 2011). Thus, extracellular 
HSP60 impacts B cell function in terms of cytokine expression, antigen presenta-
tion and antibody secretion. These interactions probably reflect the complementar-
ity of two biological mechanisms, the chaperoning and the immune system, that 
have evolved to defend the cell and the organism, as mentioned earlier in this chap-
ter and other publications. Probably, there is an evolutionary advantage to having an 
immune system that recognizes and responds to HSP60  in different ways from 
birth, since upregulation of HSP60 represents a sign of cell stress, the chaperonin 
might allow the body to respond and to restore tissue homeostasis (Cohen 2007).
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12.3  HSP60 in Chronic Inflammatory and Autoimmune 
Diseases

As mentioned earlier in this chapter, HSP60 is a linking molecule in intercellular 
immune networks. It has the capacity to interact with both the innate and the adap-
tive immune systems in mammals (Quintana and Cohen 2011; Marino Gammazza 
et  al. 2017). Many publications reported that some immunological properties of 
HSP60 arise from its high degree of structural similarity with the prokaryotic coun-
terpart of the chaperonin, triggering the failure of the mechanism of self-non-self- 
discrimination leads to induction of autoimmunity (Marino Gammazza et al. 2014) 
and inflammation (Tomasello et al. 2011) and, consequently, to chronic inflamma-
tory disorders (Cappello et al. 2011). Because of these physiological characteristics, 
HSP60 can be involved in the pathogenesis of a variety of human diseases. Here, we 
report our work together with the findings of other laboratories, to better illustrate 
the protein involvement in some chronic inflammatory and autoimmune disorders.

12.3.1  Inflammatory Bowel Disease (IBD)

IBD is a complex of continuum pathologies that result from the interaction of envi-
ronmental and genetic factors leading to immunological responses and inflamma-
tion. Crohn’s disease (CD) and ulcerative colitis (UC) are the most common types 
of IBD of the colon and small intestine. CD can also affect the mouth, oesophagus, 
stomach and the anus, whereas UC primarily affects the colon and the rectum 
(Baumgart and Carding 2007). IBD is considered a high-risk condition predispos-
ing to cancer development and the chaperonin could be implicated in the pathogen-
esis of UC and CD by triggering and/or maintaining inflammation (Tomasello et al. 
2011). However, the role of HSP60 is still controversial. In fact, comparative pro-
teomics analysis showed colonocyte mitochondrial dysfunction due to low levels of 
HSP60 observed in biopsy specimens from both CD and UC (Peetermans et  al. 
1995; Rodolico et al. 2010). On the contrary, it has been reported that control and 
CD tissues showed similar quantitative patterns of the protein (Baca-Estrada et al. 
1994). Interestingly, published data indicate a cause-effect relationship between 
bacterial infections and IBD due to the high conservation of the HSP60 sequence 
between humans and bacteria. For example, IBD-specific T cell epitopes were 
found in many regions of HSP60 and of Hsp65 sequences (Bene et al. 2002). An old 
work in 1992, reported increased levels of anti HSP60 IgA antibody in serum from 
CD and UC patients, after stimulation with the Mycobacterium tuberculosis homo-
log Hsp65, probably as a result of HSP60 release from damaged gut epithelium, or 
as a result of increased intestinal permeability that facilitates mucosal access of 
luminal antigens leading to the production of cross-reactive anti-bacterial HSP60 
antibodies (Stevens et al. 1992). Moreover, administration of Yersinia enterocolitica 
HSP60 induced UC-like lesions and autoimmune responses in mice (Sukegawa 
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et al. 2000; Yagita et al. 1999). Recently, it has been demonstrated that prozumab, a 
monoclonal antibody against the human chaperonin, developed from an antibody 
against HPS65, suppressed murine colitis by inducing IL-10 secretion from human 
peripheral blood mononuclear cells (PBMC) (Ulmansky et al. 2015). Moreover, low 
levels of antibodies against Escherichia coli and mycobacterial HSP65 were 
detected in patients with CD and in both active and inactive UC, whereas no differ-
ence was found in the levels of anti-HSP60 antibodies (Huszti et al. 2004; Bene 
et al. 2002). Other studies showed that pediatric CD was associated with an autoim-
mune response to HSP60-derived T-cell epitopes after stimulation of biopsy sam-
ples with an HSP60/65-derived peptide (Puga et al. 2009). These data suggested 
that an abnormal immune response to bacterial HSP65 can contribute to a dysregu-
lation of host defences against certain component of the intestinal flora (Bene et al. 
2002), and it is reasonable to hypothesized that the use of specific probiotics can 
counteract gut microbiota imbalance and HSP malfunction and deregulation in IBD 
(Bellavia et al. 2013).

12.3.2  Chronic Obstructive Pulmonary Disease (COPD)

COPD is a chronic inflammatory disease of the central and peripheral airways as 
well as the lung parenchyma. It is characterized by an increased number of inflam-
matory cells such as tissue lymphocytes, macrophages, and neutrophils (Di Stefano 
et al. 2009). Tobacco smoking is the most common cause of COPD, together with a 
number of other factors such as air pollution and genetics (Decamer et al. 2012). 
Long-term exposure to these irritants causes an inflammatory response in the lungs 
resulting in the narrowing of the small airways and breakdown of lung tissue 
(Gamble et al. 2007). However, the chaperonin can be involved in maintaining the 
inflammatory status, since in severe COPD there was a positive correlation between 
the number of neutrophils and elevated HSP60 levels (Cappello et  al. 2011). 
Recently, it has been proved that in human bronchial epithelial cells, stimulation 
with HSP60 showed pro-inflammatory properties by the up-regulation of IL-8, 
IL-10, and CREB (Sangiorgi et  al. 2017). Regarding the sequence homologies 
between bacterial and human HSP60, Chlamydia pneumoniae has been established 
as a common cause of acute exacerbations of COPD producing HSP60 as a critical 
proinflammatory factor (Rupp et al. 2004).

12.3.3  Hashimoto’s Thyroiditis (HT)

HT is characterized by a prolonged autoimmune response against thyroid tissue that 
alters significantly the morphology of the gland (Ahmed et al. 2000) and causes 
primary hypothyroidism in humans (Vanderpump and Tunbridge 2002). The devel-
opment and progression of the disease include increased levels of antibodies to 
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thyroglobulin (TG) and thyroid peroxidase (TPO), two proteins localized within the 
thyroid gland cells (Lorini et al. 2003). Because of the interaction of the antibodies 
with TG and TPO inflammation develops, the gland is destroyed, and the patient 
develops hypothyroidism (Ahmed et  al. 2000). A bioinformatics analysis, con-
ducted in our laboratories, showed that there are regions in the HSP60 sequences 
with a high degree of similarity with portions of the TG and TPO molecules, sup-
porting the idea that autoantibodies against TG and TPO are likely to recognize 
HSP60 exposed on the plasma membrane of oncocytes (Marino Gammazza et al. 
2014). Moreover, peripheral blood mononuclear cells PBMC from HT patients after 
stimulation with recombinant HSP60 produce IL-2 and IFN-γ, suggesting that cir-
culating HSP60 levels might be considered as good candidates forrr biomarkers in 
HT (Tonello et al. 2015).

12.3.4  Myasthenia Gravis (MG)

MG is a T cell-dependent, B cell-mediated autoimmune disease in which autoanti-
bodies against the muscle acetylcholine receptor (AChR) attack the receptor at the 
neuromuscular junction (Astarloa and Martinez Castrillo 1996). The humoral 
immune response to HSP60 in MG is still in need of more scrutiny. Seroreactivity 
to HSP60 was detected in MG patients thus suggesting the involvement of the chap-
eronin in the development of the disease (Astarloa and Martinez Castrillo 1996). 
Moreover, a bioinformatics analysis conducted in our laboratory showed that HSP60 
proteins from humans, Chlamydia trachomatis and Chlamydia pneumoniae, share 
sequence segments of high similarity with AChR subunit α1 (Marino Gammazza 
et al. 2012; Cappello et al. 2010) indicating that AChRa1 autoantibodies production 
could be elicited and/or maintained by self- and/or bacterial HSP60 (Marino 
Gammazza et al. 2012; Cappello et al. 2010).

12.3.5  Multiple Sclerosis (MS)

MS is a chronic inflammatory demyelinating disease of the central nervous system 
with unknown etiology and pathogenesis (Ruiz-Vazquez and de Castro 2003). A 
common structural motif (“2-6-11” motif) of the chaperonin is able to elicit the 
immune response of PBMC from MS patients by the release of pro-inflammatory 
cytokines consistent with a Th1-like pattern (Ruiz-Vazquez and de Castro 2003). 
Antigen arrays conducted on cerebral spinal fluid (CSF) and serum samples of 
patients with untreated relapsing-remitting MS showed the presence of different 
antibody signatures targeting epitopes of different proteins including HSP60 
(PMID: Quintana et al. 2012). Moreover, there are experimental evidences suggest-
ing that Helicobacter pylori is a trigger of MS and that the anti-HSP60 seropositiv-
ity correlated with age of disease onset (Efthymiou et al. 2016).
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12.4  Conclusions

In physiological conditions, HSP60 has the capacity to function as a homeostatic 
molecule participating in the fine-tuning of inflammation allowing the body to 
respond and to restore tissue homeostasis. In pathological conditions, as in chronic 
inflammatory or autoimmune disease, HSP60 can function eliciting autoantibodies 
production or stimulating the immune cells to produce pro-inflammatory factors 
and thereby perpetuating inflammation. On this basis, the regulation of HSP60 lev-
els or effects, for example through appropriate peptides or in combination with 
other modulatory agents, can be considered as new strategies for autoimmune and 
chronic inflammatory disease treatment. Since it is still unclear what determines the 
immune regulatory role or the pro-inflammatory activities of the chaperonin, further 
studies and scientific efforts are necessary to better elucidate the molecular path-
ways involved and their physiological significance. However, there are no doubts 
that HSP60 represent a node molecule in the balance between health and disease.
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Chapter 13
Hsp60 in Atherosclerosis: Past, Present 
and Future

Bojana Jakic, Georg Wick, and Giuseppe Cappellano

Abstract Atherosclerosis is a multifactorial inflammatory disease of the arteries 
that manifests itself with calcified plaque formation within endothelial cells and the 
smooth muscle cell layer of vessels. T cells that recognize endogenous Hsp60 on 
endothelial cells initiate the disease. Here, we first describe the initial experiments 
that led to the discovery of Hsp60 as an autoantigenic driver of atherosclerosis. 
Then, we address numerous epidemiological and experimental studies performed 
by our lab and others that have firmly established Hsp60 as an autoantigen. In addi-
tion, we describe the pathogenic mechanisms mediated by Hsp60 and list known 
inducers of ectopic Hsp60 expression. Finally, we discuss the potential of Hsp60- 
based vaccination against atherosclerosis.
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Abbreviations

AA  Adjuvant arthritis
ApoE Apolipoprotein E
ARFY Atherosclerosis risk factor in female youngsters
ARMY Atherosclerosis risk factor in male youngsters
CAD  Coronary artery disease
CFA  Complete Freund’s adjuvant
cHsp60 Chlamydia pneumoniae-derived Hsp60
CMV Cytomegalovirus
CRP  C-reactive protein
DC  Dendritic cell(s)
EC  Endothelial cell(s)
ELISA Enzyme-linked immunosorbent assay
eNOS Endothelial nitric oxide synthase 3
ERK  Extracellular signal-regulated kinase
HCAEC Human coronary artery endothelial cell(s)
hHsp60 Human Hsp60
HNE  4-hydroxy-2-nonenal
Hsp  Heat shock protein
Hsp60 Heat shock protein 60
HUVEC Human umbilical vein endothelial cell(s)
i.p.  Intraperitoneal
i.v.  Intravenous
ICAM-1 Intercellular adhesion molecule 1
IFA  Incomplete Freund’s adjuvant
IFN-γ Interferon γ
IL  Interleukin
LDL  Low-density lipoprotein
LOX-1 Lectin-like oxidized LDL receptor
LPS  Lipopolysaccharide
MALT Muscosa-associated lymphoid tissue
MAPK Mitogen-activated protein kinase
mbHsp60 Mycobacterial Hsp60
MDSCs Myeloid-derived suppressor cells
MHC Major histocompatibility complex
MLN Mesenteric lymph node
NZW New Zealand white rabbits
OVA  Ovalbumin
oxLDL Oxidized LDL
RA  Rheumatoid arthritis
s.c.  Subcutaneous
sHsp60 Soluble/circulating Hsp60
TGF-β Transforming growth factor β
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Th  T-helper cells
TLR  Toll-like receptor
TNF-α Tumor necrosis factor α
Treg  Regulatory T cell
VALT Vascular-associated lymphoid tissue
VCAM-1 Vascular cell adhesion molecule 1
VSMC Vascular smooth muscle cell(s)

13.1  Introduction

Atherosclerosis, the worldwide killer number one, is a chronic cardiovascular dis-
ease characterized by a thickening and hardening (sclerosis) of the arterial wall 
associated with loss of elasticity due to infiltration of the intima, the innermost layer 
of the arterial wall, with smooth muscle cells, and increased deposition of extracel-
lular matrix proteins. As outlined below, the earliest stage of atherosclerosis is an 
inflammatory lesion in the intima dominated by an accumulations of lymphoid cells 
at certain predilection sites, namely arterial branching points, followed by so-called 
fatty streaks harboring abundant lipid-laden macrophages (foam cells) that further 
proceed to severe, complicated, and irreversible late manifestations called athero-
sclerotic plaques (Ross 1999). In this chapter, we summarize published research 
findings from our laboratory and others on the role of heat shock protein 60 (Hsp60) 
in the initiation and progression of atherosclerosis.

Various heat shock proteins (HSP) play important roles during the course of dif-
ferent diseases in animals and humans, both as primary pathogenic factors and as 
secondary phenomena. This also holds true for autoimmune diseases in general 
(Van Eden et al. 2007) and cardiovascular diseases in particular. Thus, serum levels 
of Hsp10 and Hsp60 are increased in type I diabetes and Hsp10 is overexpressed in 
B-cell lymphomas; however, no specific correlation of Hsp10 expression with the 
development of cardiovascular diseases has been found so far. Hsp27, another small 
HSP, triggers anti-apoptotic mechanisms and seems to exert a protective role in 
atherogenesis. Hsp40 associates with Hsp70 and promotes cardiovascular diseases. 
Hsp70 is an important chaperone the expression of which increases in pro- and 
eukaryotic cells when subjected to any kind of stress. We did not, however, find 
evidence for a primary atherosclerosis-promoting pathophysiological role of 
Hsp70. Hsp90 also acts as a potent chaperone, but again has no proven atherogenic 
or – protective properties. It is, however, abundantly expressed in late atheroscle-
rotic lesions, predominantly in the shoulder region of instable plaques. In ApoE−/− 
mice, Hsp90 has been shown to curtail the development of atherosclerosis 
(summarized in Table 1, Wick et al. 2014). In conclusion, none of these HSP plays 
a primary atherogenic role. Our own work during the last decades has focused on 
the possible atherogenic potential of Hsp60, and the interpretation of data from our 
own and other labs culminated in the formulation of the Autoimmune Concept of 
Atherosclerosis (Wick et  al. 1992, 1995, 2004). In the present chapter, we will 

13 Hsp60 in Atherosclerosis



184

briefly summarize the major steps in the past in this area of research, address recent 
work that corroborates this concept and give an outline on possible future lines of 
research.

13.1.1  The Past: How HSP60 Became an Atherogenic 
Molecule

In the 1980s, members of our group were studying the role of changes in lipid 
metabolism on the phenotypic and functional age-dependent alterations of lym-
phoid cells (Traill et al. 1990). In the course of this work, we observed an increased 
expression of low-density lipoprotein (LDL)-receptors on the surface of lympho-
cytes from elderly donors and an increased plasma membrane viscosity due to an 
elevated molar ratio of free cholesterol to phospholipids (Huber et al. 1991). For 
determining cell membrane viscosity, we used a modified method employed for 
measurements of single cells by flow cytometry (Böck et al. 1989). We then finally 
decoded the defects of the intracellular lipid metabolism responsible for the age- 
dependent alterations of lymphoid cell function (Stulnig et al. 1995). In 1988, we 
presented these data at a Meeting on Aging that we organized in Seefeld, Tyrol. 
There, we also briefly alluded to the possible role of our observations in the relative 
loss of immunological self-recognition and thus increased autoimmunity  – our 
major field of expertise  – in older age. Later at the bar, some of our colleagues 
teased us saying that we looked at every immunological finding from the perspec-
tive of autoimmunologists and that we would perhaps end up claiming that even 
atherosclerosis was an autoimmune disease. Interestingly, we had already earlier 
floated thoughts along these lines, albeit without even planning or performing any 
experimental work.

Back in the lab after the conference, we seriously discussed applying our exper-
tise in autoimmunology to tackling this problem. This decision was further pro-
moted by our knowledge as immunopathologists that hallmarks of inflammation 
had already been described more than a century earlier (Mayerl et al. 2006). As a 
matter of fact, this phenomenon had recently been “rediscovered” by several groups 
(Ross 1999; Ridker et  al. 2002; Hansson and Libby 2006; Jongstra-Bilen et  al. 
2006). However, most of these latter studies were performed on patients and experi-
mental animals with fully developed, late-stage atherosclerosis, i.e. a situation that 
was not of prime interest to us. Pathohistological or proteomic analyses of athero-
sclerotic plaques certainly revealed a panoply of cellular elements and expressed 
proteins that reflect a situation far from the stage of the initiation of the lesion 
(Danesh et al. 1997; Daugherty et al. 1997). In contrast to these studies, our own 
work on organ-specific and systemic autoimmune diseases always focused on two 
specific issues, viz. (a) what are the first cells/molecules that initiate the disease, and 
(b) how can our data be interpreted from an evolutionary viewpoint?

At the beginning of our project on The Immunology of Atherosclerosis, we 
therefore first performed pathohistological studies comparing early to late human 
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atherosclerotic lesions (Xu et al. 1990). In contrast to the then prevalent dogma, 
these studies showed that T cells preceded the appearance of macrophages/foam 
cells in early lesions, while later the number of foam cells by far exceeded that of 
lymphoid cells. These observations were later confirmed in further studies on speci-
mens of early lesions (Millonig et al. 2002). Encouraged by these results, we started 
to perform appropriate animal experiments using the methods and criteria for induc-
tion and definition of autoimmune diseases established by E. Witebsky and N. R. 
Rose (Rose and Witebsky 1956; Witebsky and Rose 1956). We reasoned that should 
atherosclerosis be an autoimmune disease, autoantigens should be present within 
atherosclerotic lesions. We therefore first immunized three groups of normocholes-
terolemic young New Zealand White (NZW) rabbits with either delipidated proteins 
from human plaques or plaques from hypercholesterolemic LDLr−/− rabbits 
(Watanabe rabbits) and a control group with ovalbumin (OVA) (Xu et al. 1992). The 
antigenic protein solutions were emulsified with complete Freund’s adjuvant (CFA) 
consisting of mineral oil, heat-killed mycobacteria and an emulsifier. If our hypoth-
esis were true, plaque protein-immunized groups should develop atherosclerosis 
and the OVA-immunized rabbits should remain unaffected. To our surprise, all three 
groups were afflicted with atherosclerosis. Since CFA was the only common 
denominator, we then immunized NZW rabbits with CFA alone. The results were 
what we had expected – the NZW rabbits got atherosclerosis while controls receiv-
ing incomplete Freund’s adjuvant (IFA) without mycobacteria remained unaffected. 
Other labs working on the pathogenesis of rheumatoid arthritis (RA) had shown 
earlier that immunization with a constituent of CFA, namely mycobacterial Hsp60 
(designated as mbHsp65 due to a slightly higher molecular weight than Hsp60 of 
other pro- and eukaryotics) induced an RA-like disease (adjuvant arthritis – AA) in 
certain strains of rats and mice (Anderton et  al. 1994). We therefore immunized 
NZW rabbits with pyrogen-free recombinant mbHsp65 and were again able to 
induce atherosclerosis (Xu et al. 1992) (Fig. 13.1). Early lesions of rabbits harbored 
Hsp60-reactive T cells (Xu et al. 1993). Later, it was shown that this approach also 
worked in mice, although much better in hypercholesterolemic knock- out (LDLr−/− 
or ApoE−/−) than in wild-type strains (George et al. 1999). Interestingly, our rabbits 
did not simultaneously develop AA. As demonstrated later, T cells of rats with AA 
recognize other (arthritogenic) mbHsp65 epitopes than mice with atherosclerosis 
(atherogenic epitopes) (CORDIS- Final Report Summary of TOLERAGE: 
Normalization of immune reactivity in old age – from basic mechanisms to clinical 
application; http://www.tolerage.eu).

13.1.1.1  Epidemiology

In mice, mbHsp65-induced atherosclerosis could be transferred by T cells to unim-
munized histocompatible recipients (George et  al. 2001). In rabbits, mbHsp65- 
induced atherosclerosis could be prevented by T-cell depletion (Metzler et al. 1999). 
We then switched back to human patients and showed a correlation of anti-mbHsp65 
antibodies (Xu et al. 1999) and soluble human Hsp60 (shHsp60) (Xu et al. 2000; 
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Xiao et al. 2005) in the serum of patients with advanced atherosclerosis. The sera 
for these and many follow-up studies were obtained from participants in the 
BRUNECK-study, a long-running, population-based atherosclerosis prevention 
project started in 1990 and still ongoing (Willeit and Kiechl 1993). Serum titers of 
anti-mbHsp65 or cross reactive anti-hHsp60 (auto)antibodies not only represented 
a marker for atherosclerosis in the BRUNECK cohort, but follow-up studies showed 
that they also have prognostic value (Xu et al. 1999). Later, we had the opportunity 
to analyze male (atherosclerosis risk factor in male youngsters  – ARMY study) 
(Knoflach et al. 2003) and female (atherosclerosis risk factor in female youngsters – 
ARFY study) (Knoflach et al. 2009) young subjects, applying the BRUNECK study 
methodology. It became evident in the these two cohorts of young subjects that the 
number of Hsp60-reactive T cells (but not antibodies) showed a significant correla-
tion with early atherosclerosis demonstrable with ultrasound, while the opposite 
was true for the elderly participants of the BRUNECK study (Knoflach et al. 2007). 
From a possible clinical epidemiological and therapeutic viewpoint, our demonstra-
tion that the first inflammatory stage of atherosclerosis is still reversible, but persis-
tence of risk factors, such as high serum cholesterol levels, turn it into an advanced, 
irreversible stage, is of special importance (Xu et al. 1996).

Fig. 13.1 Initial experiments in rabbits showing that HSP60 is a driver of atherosclerosis
(a) Rabbits were immunized with proteins derived wither from rabbit or human atherosclerotic 
plaques, and OVA was used as a control, all emulsified in CFA. All groups developed atheroscle-
rosis. (b) CFA, the common denominator in the first line of experiments, induced atherosclerosis, 
whereas IFA did not. (c) mbHSP65, a common constituent of CFA, was alone enough to replicate 
experiments with CFA immunization. Figure made in Powerpoint with free online images from 
clkr.com
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13.1.1.2  Experimental Work

An important next step in our work was the identification of possible atherogenic 
Hsp60 epitopes. HSP60 of different bacterial species display more than 95% 
sequence homology at the DNA and protein levels and greater than 55% homology 
still exists between bacterial and mammalian, e.g. human or murine, Hsp60. At 
certain molecular domains this latter homology even extends to more than 70% 
(Craig et al. 1993; Karlin and Brocchieri 2000). Therefore, every human being har-
bors antibodies and T cells reacting with bacterial HSP60 acquired either by prior 
bacterial or parasite infections or vaccinations. Incidentally, virus genomes do not 
code for viral HSP60, but viruses carry HSP60 from their target cells in their enve-
lope, e.g. human Hsp60 derived from human immunodeficiency virus infected 
CD4+ T cells (Bartz et al. 1994). Antibodies against HSP60 from a given bacterial 
species extensively cross-react with Hsp60 from other species, e.g. anti-mbHsp65 
with GroEL, the HSP60 of E. coli (Mayr et al. 1999), H. pylori (Mayr et al. 2000) 
or C. pneumoniae (Mayr et  al. 1999) and so do T cells (Rossmann et  al. 2008). 
Importantly, both anti-bacterial HSP60-reactive antibodies and T cells cross-react 
with eukaryotic Hsp60, e.g. appearing on human vascular endothelial cells (EC) 
stressed in vitro with classical atherosclerosis risk factors (Wick et al. 1995). Also, 
stressed but not unstressed vascular ECs can be lysed in a complement-dependent 
fashion or via antibody-dependent cellular cytotoxicity (ADCC) by cytotoxic anti- 
Hsp60 human antibodies (Schett et al. 1995). Using phage display and other bio-
chemical methods, we first identified potentially atherogenic mbHSP65 B cell 
epitopes (Metzler et al. 1997; Perschinka et al. 2003, 2007). Interestingly, we also 
identified a B-cell epitope that had T-cell-stimulating potential, i.e. displayed linear 
sequence homology. Experiments successfully identifying Hsp60 T cell epitopes 
will be discussed further in detail below.

In mammalian cells, Hsp60 is encoded in the nucleus, but expressed in the mito-
chondria. From there, it is translocated to the cytoplasm and finally to the cell sur-
face (Pfister et al. 2005), where it acts as a danger signal recognized by pre-existing 
Hsp60-reactive (auto)antibodies and T cells. Hsp60 released from damaged or 
dying cells, e.g. EC, is biochemically modified and recognized via “physiological” 
autoimmunity, thus functioning as a “garbage removal” mechanism. In elaborate 
studies, we have scrutinized the stressor and thus Hsp60-inducing potential of vari-
ous classical atherosclerosis risk factors on human vascular EC in vitro. The results 
of these experiments at both RNA and protein levels showed that all risk factors, 
from infections over smoking and mechanical stress (hypertension) to high oxidized 
LDL (oxLDL) levels, advanced glycation end products (AGE) (Grundtman et al. 
2011) and high salt concentration (Jakic et al. 2017) lead to Hsp60 expression dem-
onstrated within as well as on the surface of endothelial target cells for pre-existing 
anti-Hsp60 humoral and cellular immunity. Using appropriate imaging techniques, 
we also were able to visualize the expression of Hsp60 on the arterial surface in vivo 
in rats with experimentally increased unilateral blood pressure (Hochleitner et al. 
2000), and rats (Seitz et al. 1996) and rabbits stressed with bacterial lipopolysac-
charide (LPS) as a surrogate for infection (Wick et al. 2008). Arterial EC turned out 
to be more susceptible than venous EC to stress-induced Hsp60 expression due to 
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being pre-stressed by lifelong higher arterial blood pressure and pulsatile flow con-
ditions. This principle was also further proven in vivo in rats and in vitro by immu-
nohistological studies of fragments of human venous cardiac bypass conduits (Wick 
et al. 2012a). Importantly, the different stressors, including certain drugs, not only 
lead to the expression of Hsp60 on vascular ECs, but simultaneously induce the 
expression of adhesion molecules, thus providing the prerequisites for interaction of 
Hsp60-reactive T cells with their targets (Seitz et al. 1996; Amberger et al. 1997).

13.1.1.3  Vascular-Associated Lymphoid Tissue

In the course of these studies, several other observations were made that have func-
tional impact in the context of atherogenesis. Among these, the discovery of a 
Langerhans cell-like network of vascular-associated dendritic cells in the arterial 
intima with increased density at the known predilection sites for atherosclerotic 
lesions at the arterial branching points was especially important regarding its poten-
tial for local antigen presentation (Millonig et al. 2001a, b, 2002). In analogy to 
another surface-bound branch of the immune system, the mucosa-associated lym-
phoid tissue (MALT), we designated pre-existing accumulations of mononuclear 
cells in the healthy arterial intima of healthy humans as the vascular-associated 
lymphoid tissue (VALT) (Wick et al. 1997). We hypothesized that these foci of ter-
tiary lymphoid tissue might exert a similar local patrolling and protective role as the 
MALT, in this case, the inner, i.e. the vascular, surface (Waltner-Romen et al. 1998). 
The VALT together with blood-borne lymphoid cells – might contribute to the ini-
tial process of atherogenesis. Recently, other groups have emphasized a possible 
atherogenic role of the periarterial aggregates of mononuclear cells (Hu et al. 2015) 
and we have accordingly modified our VALT structure by dividing it into an inner 
and outer VALT.  In summary, the Autoimmune Concept of Atherosclerosis, as 
depicted in Fig. 13.2, is built on a large body of data, originating in our lab and 
further supported by data from other groups. Without underestimating the patho-
physiological role of Hsp60, these data support our theory that (a) atherosclerosis 
starts as an autoimmune reaction of T cells against Hsp60 expressed on arterial EC 
stressed by classical risk factors and is further accelerated and perpetuated by anti- 
Hsp60 (auto)antibodies, and (b) this concept provides a good evolutionary example 
of pleiotropic antagonism, namely the effect of genes the action of which is benefi-
cial in youth – such as protective anti-Hsp60 immunity – may turn detrimental if 
expressed by an inappropriate target cell later in life (Wick et al. 2012a).

13.1.2  Hsp60 as an Atherosclerotic Autoantigen

It is now firmly established that the autoimmune recognition of Hsp60 by T cells is 
an initiator and driver of cardiovascular-associated pathologies. In this section, we 
summarize the earliest publications and recent research that support the pathogenic 
role of HSP60 in atherosclerosis.
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13.1.2.1  Circulating Endogenous Hsp60

There are several reports that circulating Hsp60 in humans is associated with car-
diovascular pathologies, among them atrial fibrillation (Maan et al. 2016), coronary 
heart disease (Zhang et al. 2008), carotid stiffness (Ellins et al. 2008), atherosclero-
sis (Xu et al. 2000) and others (Grundtman et al. 2011). Interestingly, our and other 
groups have reported circulating endogenous Hsp60 in healthy and asymptotic indi-
viduals as well (Pockley et  al. 1999; Xiao et  al. 2005) suggesting that Hsp60 is 
released even before the onset of disease. Moreover, we have demonstrated that 
T-cell immunity toward endogenous and mycobacterial Hsp60 manifests itself 
already at a young age (Knoflach et al. 2003, 2009).

Fig. 13.2 The autoimmune concept of atherosclerosis
Microbiotic derived proteins (depicted as green, blue, turquoise or pink rectangles) and microbi-
otic HSP60 (red triangles) lead to protective immunity upon infection. In addition, endogenously 
derived HSP60 (red triangles) and other endogenous proteins (yellow rectangles) also lead to pro-
tective immunity under physiological conditions. However, should one expose the arteries to 
stress, with for example with a high fat diet or smoking, ECs will express HSP60 in the mitochon-
dria, the cytoplasm and the surface, together with adhesion molecules. This sets the stage for (auto)
recognition of pre-formed (during infection of vaccination) T cells that react towards HSP60 and 
enter the intima with the help of EC adhesion molecules. This early stage of disease is still revers-
ible, should one stop to stress the ECs. If on the other hand, EC stressors, e.g. smoking, persist, a 
fully developed, irreversible, calcified plaque forms, potentially leading to deadly outcomes. 
Figure made in Powerpoint
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13.1.2.2  Microbial Hsp60

Due to the high homology to prokaryotic HSP60, infectious burden has also been 
correlated to incidence of atherosclerosis. Micro-organisms that have been impli-
cated in diseases include C. pneumoniae, P. gingivalis, H. pylori, M. tuberculosis 
and cytomegalovirus, among others (Campbell and Rosenfeld 2015). 
Immunohistochemical analysis of arterial specimens from patients with coronary 
artery disease that underwent endarterectomy revealed co-localization of cHsp60 
and hHsp60, which correlated with increased C-reactive protein (CRP) and major 
adverse cardiac events (Tuleta et al. 2015). T cells isolated from either atheromatous 
plaques or gingiva of patients with periodontitis reacted to peptide19, derived from 
P. gingivalis Hsp60, and to hHsp60 in vitro (Choi et al. 2011). Hsp60 derived from 
F. nucleatum transformed THP-1 cells into foam cells in vitro, and induced increased 
expression of atherosclerosis promoting factors such as LDL, CRP and interleukin 
(IL)-6  in ApoE−/− mice when injected intraperitoneally (i.p.) (Lee et  al. 2012). 
Ayada et al. demonstrated that orally administered H. pylori to Ldlr+/−ApoE+/− dou-
ble heterozygous mice induced a H. pylori-derived Hsp60-specific T helper 1 (Th1) 
response accompanied by an increase in transendothelial migration (Schett et al. 
1997; Ayada et al. 2009).

13.1.2.3  Induction of Atherosclerosis by Administration of Hsp60

That Hsp60 can induce atherosclerosis was first established in rabbits injected with 
mbHSP65 emulsified in IFA (Xu et  al. 1992) as mentioned above. Subsequent 
experiments in which bacterial Hsp60 and peptides thereof were administered sub-
cutaneously (s.c.), intravenously (i.v.) and i.p. helped confirm that Hsp60 induces 
and exacerbates atherosclerosis (George et  al. 1999; Lin et  al. 2011; Grundtman 
et al. 2015; Hu et al. 2018). However, oral or nasal administration of Hsp60 induced 
regulatory T cells (Tregs) and anti-inflammatory cytokines, as discussed in more 
detail further on (Hu et al. 2018). To start with, it is possible to induce fatty streak 
formation, a pre-stage for atherosclerosis development, even in athero-resistant 
strains such as C57BL/6 (wild-type) mice. As reported above, s.c. administration 
with either recombinant HSP65 or mbHsp65 induced atherosclerosis (George et al. 
1999). Furthermore, we could demonstrate in ApoE−/− mice that s.c. injection of 
either whole mbHsp65 protein or peptides thereof either enhanced or ameliorated 
atherosclerosis (Grundtman et  al. 2015). Interestingly, i.p. injection of Hsp60 
derived from F. nucleatum aggravated disease in ApoE−/− mice (Lee et al. 2012).

13.1.2.4  Cellular Immunity to Hsp60

Hsp60 has been shown to directly induce inflammatory phenotypes on ECs, vascu-
lar smooth muscle cells (VSMCs), monocytes, dendritic cells (DCs) and T cells, all 
components involved in the pathogenesis of atherosclerosis. When monocytes 
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derived from peripheral blood of healthy individuals were stimulated with hHsp60 
in  vitro, they produced more IL-12p70 and interferon (IFN)-γ, suggesting they 
could induce Th1-polarization in situ (Justo-Junior et al. 2018). Deniset et al. used 
an in vitro system with rabbit VSMCs that were transfected with an adenovirus to 
overexpress either mitochondrial or cytosolic hHsp60 and showed in both settings 
that overexpression led to VSMC proliferation (Deniset et  al. 2018). Choi et  al. 
reported in vivo balloon-induced hyperplasia to be dependent on Hsp60 expression 
in VSMC, as a selective deletion of cytosolic Hsp60 in VSMCs resulted in reduction 
in intima-media thickening and a less inflammatory phenotype (Choi et al. 2015). 
Human DCs derived from peripheral blood monocytes have been shown to activate 
T cells in a major histocompatibility class (MHC)-II restricted manner after treat-
ment with Hsp60 in vitro. These MHC-II-Hsp60-activated T cells produced IL-17 
and IFN-γ (Rahman et al. 2017). Work from our laboratory identified T cells iso-
lated from early lesions, classification based on (Stary 1992), and found that early 
infiltrating auto-reactive T cells recognize a distinct set of hHsp60-derived peptides, 
as opposed to late lesion- derived T cells (Almanzar et al. 2012). This is the first ever 
functional report on T cells isolated from human lesions in early-stage disease 
(Almanzar et al. 2012), and will be described in more detail below.

13.1.2.5  Hsp60 Binding and Signaling Pathways

Several groups have shown that Hsp60 binds to endothelial cells, T cells or mono-
cytes through Toll-like receptors (TLR)2 and 4 (Ohashi et al. 2000; Brea et al. 2011; 
Lin et al. 2013; Zhao et al. 2015; Huang et al. 2016). Specifically, Ohashi et  al. 
demonstrated for the first time that endogenous hHsp60 activated mouse bone 
marrow- derived macrophages in vitro through TLR4 (Ohashi et al. 2000). It was 
also shown that cHsp60 induced the expression of TLR4 in vitro on human coronary 
artery endothelial cells (HCAECs) accompanied by phosphorylation of MAPKs 
p38, ERK1/2 and c-Jun N-terminal kinases (Lin et al. 2011). The authors then went 
on to show that Hsp60 impairs vascular endothelial cell function, through TLR4- 
dependent mechanisms, using a TLR4 mutant mouse model for induced hind limb 
ischemia (Lin et  al. 2011). Brea et  al. incubated human umbilical vein ECs 
(HUVECs) with serum from ischemic stroke patients and showed an inflammatory 
response, in the form of IL-6 and tumor necrosis factor (TNF)-α production, while 
E-selectin was reduced when TLR2/4 or Hsp60 was blocked (Brea et al. 2011).

HCAEC treated in vitro with cHsp60 displayed a reduction in endothelial nitric 
oxide synthase 3 (eNOS) production and eNOS-related gene expression, which was 
accompanied by activation of the MAPK signaling pathway, i.e. ERK phosphoryla-
tion. eNOS is considered to have a protective function on the cardiovascular system. 
By inhibiting MAPK signaling molecules, the authors could reverse cHsp60- 
induced eNOS reduction (Chen et al. 2009), thus showing that Hsp60 has a direct 
influence on EC fitness. Similarly, it was shown that Hsp60 could induce VSMC 
migration in vitro, which was dependent on TLR4 and induced MAPK/ERK signal-
ing (Zhao et al. 2015). Furthermore, Chanine et al. showed that rabbit VSMC incu-
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bated with C. pneumoniae and oxLDL in vitro displayed upregulation of Hsp60 and 
phosphorylation of ERK1/2. The upregulation of Hsp60 could subsequently be 
reversed by inhibition of ERK1/2 pathway (Chahine et al. 2011). Kol et al. showed, 
on the other hand, that treatment of ECs with either cHsp60 or hHsp60 induced 
nuclear factor-κB signaling (Kol et al. 1999). The inflammatory effects of Hsp60 
have in part been inhibited by Annexin 5A, possibly by direct binding to Hsp60 and 
thus hindering activation of DCs in vitro (Rahman et al. 2017). In contrast, Annexin 
A2 seems to play a pathogenic role in Behçet’s disease, and its expression is corre-
lated to that of Hsp60 (Chen et al. 2015).

CD4 Th1 cells are the most prominent T cells in atherosclerotic lesions, and they 
are primed by antigen-presenting cells with cognate antigen loaded in MHC-II, 
such as DCs or ECs. Both, mouse and human endogenous and bacteria-derived 
Hsp60 peptides have been found in MHC-II context and were able to prime autolo-
gous T cells in vitro (Anderton et al. 1993; Zugel et al. 1995; Michaelsson et al. 
2002). We have also demonstrated an increase of γδ-T cells in the early lesions 
compared to peripheral blood (Kleindienst et al. 1993), which indicates that Hsp60 
recognition and activation by T cells may occur in the absence of MHC presenta-
tion, since γδ-T cells do not require cross-presentation (Fisch et al. 1990). In addi-
tion, Th17 are also important drivers of disease (Gao et al. 2010).

13.1.2.6  Hsp60-Induced Adhesion Molecules and Cytokines

Isolated HCAECs treated with cHsp60 in vitro displayed expression of vascular cell 
adhesion molecule (VCAM)-1 and intercellular adhesion molecule (ICAM-1), as 
demonstrated by western blotting (Huang et al. 2016). Kol et al. demonstrated that 
both, cHsp60 and hHsp60 induced VCAM-1 and ICAM-1 on ECs (Kol et al. 1999). 
In addition, i.v. administered cHsp60 to rabbits induced VCAM-1 expression on 
abdominal aorta ECs (Huang et al. 2012). Moreover, P. gingivalis-derived Hsp60 
reduced vascular endothelial-cadherin and eNOS in HUVECs, whereas apoptosis is 
induced (Wu et al. 2016). Hsp60 from another periodontitis associated microbe, F. 
nucleatum, also induced ICAM-1, VCAM-1, E-selectin and IL-8 and monocyte 
chemoattractant protein in  vitro in human microvascular ECs (Lee et  al. 2012). 
Furthermore, hHsp60 activated mouse macrophages in vitro and induced TNF-α 
production, measured with enzyme-linked immunosorbent assay (Ohashi et  al. 
2000). In early studies, our lab showed that heat shock (42 °C) induced Hsp60 in 
human venous and arterial ECs. In addition, Hsp60 expression together with 
VCAM-1 and ICAM-1 was induced by TNF-α (Amberger et al. 1997). Together, 
these data show that soluble Hsp60 can induce many factors that contribute to acti-
vating ECs and enhancing lymphocyte adhesion and transmigration. Important to 
consider, as mentioned above, is that arterial ECs are more sensitive to stressors 
than venous ECs, because they have undergone mechanical pre-stress by higher 
arterial blood pressure and pulsations (Wick et al. 2012a).
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13.1.2.7  Hsp60 and LDL: Partners in Crime

Interestingly, Hsp60 and oxLDL share one common scavenger receptor on ECs and 
foam cells, namely lectin-like oxLDL receptor (LOX-1) (Yoshimoto et al. 2011). 
4-hydroxy-2-noneal (HNE), a by-product of lipids during oxidative stress, can form 
adducts with Hsp60 in phorbol 12-myristate 13-acetate-activated THP-1 monocytes 
that were stimulated with HNE and oxLDL (Arcaro et al. 2015), suggesting that 
oxLDL and Hsp60 can act in unison on foam cells. Moreover, s.c. administration of 
recombinant HSP65 into wild-type or ApoE−/− mice aggravated atherosclerosis, dis-
rupted cholesterol efflux, increased serum LDL and simultaneously led to a decrease 
in high-density lipoprotein, which is generally considered to be atheroprotective 
(Sun et al. 2014). Human coronary artery endothelial cells treated with P. gingivalis- 
derived Hsp60 or cHsp60 showed an upregulation of LOX-1. These cells also dis-
played an increase in oxLDL uptake and conversion of THP-1 cells to foam cells 
(Lin et al. 2011; Huang et al. 2016). In addition, when the cHsp60 was injected i.v. 
into high-fat-fed rabbits, atherosclerosis was induced and expression of LOX-1 was 
enhanced (Lin et  al. 2011). These data indicate that, in some cases, Hsp60 and 
oxLDL can act in synergy and thus accelerate disease progression.

13.1.3  Inducers of Hsp60

An understanding of the inducers of ectopic expression and translocation of endog-
enous Hsp60 on the cell surface is of crucial importance. Under physiological con-
ditions, Hsp60 is expressed in the mitochondria (although encoded in the nucleus) 
and then translocated to the cytoplasm where it functions as a chaperone (Soltys and 
Gupta 1997). Under pathological conditions, Hsp60 is also translocated to the cell 
surface. As such, finding the risk factors for abnormal induction of Hsp60 means to 
find risk factors for atherosclerosis development. Since circulating T cells recognize 
Hsp60 that is on the surface of endothelial cells lining the arteries, this section will 
focus primarily on mediators that induce Hsp60, on ECs in particular and on other 
cells in general, involved in atherogenesis. Figure 13.3 summarizes the most impor-
tant findings for the Autoimmune Concept of Atherosclerosis on ECs.

13.1.3.1  High-Fat Diet (LDL)

A high-fat diet and subsequent obesity, in particular visceral adipose tissue, is one 
of the strongest risk factors for atherosclerosis (Writing Group et al. 2016). DCs 
derived from human peripheral blood treated with oxLDL upregulated Hsp60 
expression as shown by qPCR.  This effect could be reversed upon addition of 
atorvastatin (Frostegard et  al. 2016). In contrast, in early studies, we could not 
show induction of Hsp60 on human endothelial cells subjected to oxLDL 
(Amberger et al. 1997).
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13.1.3.2  Infections

As mentioned above, infections with several pathogens have been correlated to the 
prevalence of atherosclerosis (Campbell and Rosenfeld 2015). Our lab has provided 
evidence that infection of HUVECs with C. pneunomiae in vitro can lead to surface 
expression of hHsp60, as demonstrated by confocal microscopy (Kreutmayer et al. 
2013). In vitro infection of porcine coronary arteries with C. pneumoniae revealed 
co-localization of hHsp60 (eukaryotic), cHsp60 and TLR4 on the surface of ECs 
(Deniset et al. 2012). Specifically, i.v. administration of LPS, a common bacterial 
endotoxin, into rabbits, together with radiolabeled anti-Hsp60 antibodies, resulted 
in LPS-induced Hsp60 expression on the surface of ECs, as shown by PET-CT scan-
ning (Wick et al. 2008). Lastly, a correlation was found between cytotoxic CagA 
seropositive individuals and intima-media thickness of carotid arteries and to anti- 
mbHSP65 antibodies (Mayr et al. 2000, 2003).

13.1.3.3  Smoking

Research from our lab has shown by fluorescence microscopy of live cells in cell 
culture that cigarette smoke extract (CSE) can induce Hsp60 expression on the sur-
face of HUVECs. In addition, these HUVECs released more Hsp60 into the super-
natant (Kreutmayer et al. 2011).

Fig. 13.3 Endothelial cell stressors
Stressors such as HSPs, cytokines, bacteria, bacterial products, antibodies, heat, shear blood flow, 
chemicals (CSE and salt) and lipids can all induce various components of either adhesion mole-
cules or endogenous HSP expression on the surface of ECs, thus making them a target for pre- 
existing HSP reactive T cells. References are mentioned in the text. Figure made in Powerpoint
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13.1.3.4  Sodium and Cadmium

A diet rich in salt (NaCl) is a known additional risk factor associated with increased 
cardiovascular events (Powe and Bibbins-Domingo 2016). Physiologically, high 
plasma sodium content can increase resting blood pressure, and thus disturb sheer 
blood flow, a risk factor discussed further below (Suckling et al. 2012). We have 
demonstrated that incubation of HUVECs with increasing concentrations of sodium 
chloride correlated to increased intracellular and surface expression of hHsp60, as 
shown by microscopy, reflecting plasma sodium levels in normonatremic to hyper-
natremic individuals. Moreover, the salt-induced Hsp60 expression correlated to an 
increase in apoptosis (Jakic et al. 2017). An interesting finding from an evolutionary 
point of view was that a clam species (Ruditapes philippinarum) upregulated Hsp60 
expression under low-salinity-induced stress (Ding et  al. 2018). Cadmium is an 
important constituent of urban pollution and it has been demonstrated that it can act 
as an independent risk factor for early atherosclerosis (Messner et al. 2009). In vivo, 
cadmium-fed ApoE−/− mice developed atherosclerosis, with lesion sites expressing 
VCAM-1 and Hsp60 on the surface of ECs (Knoflach et al. 2011). Furthermore, 
cadmium is a major cigarette smoke constituent, and in young smokers with higher 
serum cadmium there was stress-associated Hsp60 gene expression on ECs 
(Bernhard et al. 2006).

13.1.3.5  Shear Stress

Turbulent shear stress rather than laminar shear stress is active at branching points 
in the vascular system. Turbulent stress exposes endothelial cells of the arteries to 
higher relative blood pressure, and increases the time for contact with potentially 
detrimental agents (Wick et al. 2012b). Using an in vitro culture system with a rota-
tional viscometer, HUVECs were exposed to shear stress resembling that of arterial 
blood flow. The endothelial cells expressed Hsp60  in a time-dependent manner. 
These findings were confirmed in the right carotid artery of Lewis rats that are 
physiologically subjected to higher shear stress (Hochleitner et  al. 2000). These 
same areas, namely the intima of carotid arteries, were populated already at a young 
age (children <10 years old) by CD3+ T cells, CD68+ macrophages and CD1a+ 
DCs (Waltner-Romen et al. 1998). As mentioned above, we designated these cell 
accumulations as VALT. Further research has been carried out on VALT by us and 
others (Bobryshev and Lord 2001; Millonig et al. 2001a; Langohr et al. 2008).

13.1.3.6  Pro-inflammatory Mediators

Platelet-derived growth factor BB and IL-8 added to HUVECs induced Hsp60 secre-
tion, as shown by western blot of cell supernatant (Zhao et al. 2015). Moreover, treat-
ment of HUVECs with TNF-α entailed increased expression of Hsp60 and ICAM-1, 
as shown by flow cytometry and western blot (Amberger et al. 1997; Wu et al. 2012). 
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Homocysteine, another CVD risk factor, particularly in hemodialysis patients, also 
increased the expression of Hsp60 in HUVECs, as shown by qPCR and western blot-
ting (Capasso et al. 2012).

13.1.4  Humoral Immunity to Hsp60

Generally, T cells recognizing autologous Hsp60 are considered to be the initiators 
of atherosclerosis, whereas B cells and circulating antibodies produced by plasma 
cells are secondary and accelerating agents.

In addition to pathogen-specific antibodies, antibodies against bacterial Hsp60 
develop after infection or vaccination. Due to the high homology between prokary-
otic and eukaryotic Hsp60, cross-reactions occur when endogenous Hsp60 is 
expressed ectopically. For instance, there are several reports that anti-Hsp60 anti-
bodies are associated with cerebrovascular events, such as stroke (Banecka- 
Majkutewicz et al. 2014; Galovic et al. 2016). Data from the Framingham study 
showed correlation between anti-Hsp60 antibodies, serum IL-2 and TNF-α with 
coronary calcium score in asymptomatic patients (Damluji et al. 2015). The pres-
ence of both, cHsp60 and hHsp60 in situ in patients with unstable angina, has been 
associated with circulating levels of anti-Hsp60 autoantibodies (Andrie et al. 2011). 
Immunohistochemical analysis of cHsp60 and hHsp60 of human coronary arteries 
correlated with circulating anti-Hsp60 autoantibodies and increased the predisposi-
tion for major adverse cardiac events (Tuleta et al. 2015). Our laboratory has linked 
circulating anti-Hsp65 antibodies to carotid atherosclerosis (Xu et al. 1999). More 
recently, we also showed circulating anti-Hsp60 antibodies in the serum of patients 
with late lesions that correlate with disease, but not in those with early lesions. 
However, Hsp60 T cell-reactive cells showed correlation to both early and late 
lesions (Almanzar et al. 2012). Furthermore, patients that receive hemodialysis are 
at an increased risk for developing CVDs, and have increased circulating anti-Hsp60 
antibodies, compared to healthy controls (Musial et al. 2009; Esposito et al. 2011). 
In Balb/c mice with experimentally induced thrombi, there was enhanced thrombus 
formation and with larger thrombi (Dieude et al. 2009).

Interestingly, Wang et al. found a natural IgM antibody in mouse that selectively 
recognized epitopes on both oxLDL and Hsp60 of Aggerigatibacter actinomy-
cetemcomitans (Wang et al. 2016). Natural antibodies, which are germline encoded, 
of the IgM class are generally considered to be protective (Binder et  al. 2005). 
Finally, it has been reported that natural anti-Hsp60 might be an inherited trait, as 
they have been detected in the fetus-maternal interface, indicating that a certain risk 
for atherosclerosis might already be passed on at birth (Varbiro et al. 2010).
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13.1.5  Hsp60 Vaccination for Prevention and Treatment 
of Atherosclerosis

In general, the treatment for atherosclerosis comprises drugs to lower lipid levels 
together with anti-inflammatory drugs to inhibit the development of atherosclerotic 
lesions. Despite their initial success, we know that the events leading to plaque for-
mation involve complex inflammatory/immune processes that are poorly treated by 
available drugs in the market (Bittencourt and Cerci 2015). Taking for granted that 
atherosclerosis is a Th1 immune-mediated disease, efforts are being directed to 
designing specific strategies to modulate inflammation by shifting the immune 
response toward Th2 (Schulte et al. 2008) and/or inducing regulatory T-cell (Treg) 
responses, strategies shown to be beneficial in treatment of atherosclerosis (Foks 
et al. 2015). However, in our experimental work, we first focused on prevention of 
atherosclerosis, and only later proceeded to the therapeutic/intervention. While all 
possible atherosclerosis-specific antigens are not yet completely characterized, 
there is a bulk of evidence to show that Hsp60 is a key antigen in driving initiation 
of the disease, and thus makes it a promising prevention and treatment target. This 
paragraph describes the state of art of vaccination strategies targeting the Hsp60 full 
molecule or using Hsp60-derived peptides thereof applied via different routes, 
namely oral, nasal and s.c. to induce tolerance in animal models of atherosclerosis.

Peripheral tolerance is achieved by mucosal antigen delivery without an adjuvant 
to shut down the immune response. So far, one of the classical approaches to induce 
tolerance is the oral delivery of the antigen. In mammals, the gut is continuously 
exposed to vast amounts of foreign antigenic material derived from food and com-
mensal organisms (also termed microbiota) that colonize the mucosa of the small 
and large intestine. Oral tolerance is referred to as the non-responsiveness to intes-
tinal antigens and it is mediated by Tregs (Cebula et al. 2013). In fact, in vivo studies 
showed that adoptive transfer of orally induced Foxp3+ Tregs can transfer oral tol-
erance to naïve animals, a process which is diminished by the depletion of CD25+ 
cells, suggesting that Tregs are crucial in regulating this process (Dubois et  al. 
2003). CD103+ DCs are also involved in establishment of oral tolerance. In particu-
lar, CD103+ DCs from the intestinal lamina propria and mesenteric lymph nodes 
(MLNs) have the unique ability to induce the expression of gut-homing molecules 
on T cells and are potent in the induction of Foxp3+ Tregs (Jaensson et al. 2008). 
Finally, another cell type involved in oral tolerance are myeloid-derived suppressor 
cells (MDSCs) designated as CD11b+Gr-1+ (Veglia et al. 2018). Interestingly, it 
was shown that in vivo transfer of suppressor CD11b+Gr-1+ myeloid-derived sup-
pressor cells in LDLr−/− mice protected them from atherosclerosis (Foks et al. 2016).

Hu et  al. showed that preventive oral feeding with full-length Hsp60 reduced 
atherosclerotic plaque size at the aortic root in ApoE−/− mice fed with western-type 
diet. This protective effect was MDSCs-mediated, since their percentages were 
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increased in both peripheral blood and spleen of Hsp60-orally treated mice and not 
in the PBS control group. Moreover, Hsp60-treated mice secreted higher plasma 
levels of IL-10 and lower levels of the pro-inflammatory cytokines such as IFN-γ 
and IL-17A (Hu et al. 2018). Finally, at mRNA levels, an increase of Foxp3 expres-
sion and other Tregs-related transcriptional factors were found (Hu et al. 2018).

In our recent studies, we also investigated the effect of oral Hsp60 on atheroscle-
rosis in both young and aged ApoE−/− mice (Grundtman et al. 2015; Wick et al. 
2018). We used prokaryotic Hsp60, taking mbHSP65 as a potent representative, to 
induce experimental atherosclerosis after s.c. immunization of ApoE−/− mice with 
recombinant mbHSP65 protein emulsified in IFA.  Interestingly, feeding with 
mbHS65 protein resulted in amelioration of mbHSP65-induced atherosclerosis in 
both young and aged mice. In agreement with previous studies (Foks et al. 2016; Hu 
et al. 2018), we also found that the atheroprotective effect, upon oral treatment with 
prokaryotic Hsp60, was sustained by the increase in the proportion of Foxp3+ Tregs 
in both young and aged mice (Wick et al. 2018) and by the secretion of higher IL-10 
plasma levels in young mice (Grundtman et  al. 2015). All animals and humans 
develop protective innate and adaptive immunity against Hsp60 (due to vaccina-
tions or infections). On the one hand, Hsp60 should be recognized and reacted 
against to fight infection, but on the other, autologous Hsp60 should still be toler-
ated to avoid autoimmunity (Wick et  al. 2004). Since immunity against Hsp60 
seems to represent an important protective basic defense mechanism, tolerization 
against the whole Hsp60 molecule cannot be an optimal preventive or curative 
approach that could be translated to the human system. To navigate this complex 
situation, new approaches using bioinformatic tools are aiming to design novel 
Hsp60 vaccines targeting specific epitopes of the molecule. In line with these obser-
vations, we identified for the first time potentially atherogenic/atheroprotective pep-
tides, both for mice (Grundtman et al. 2015) and humans (Almanzar et al. 2012) that 
could be optimal future candidates for the development of an oral vaccine against 
atherosclerosis, targeting specific epitopes of Hsp60 while leaving the immune 
response to the rest of molecule intact. With a systematic screening of mbHsp65- 
derived peptides, we found in ApoE−/− mice that seven peptides gave the highest 
proliferative response (Grundtman et al. 2015). We then assessed the in vivo poten-
tial atherogenic or atheroprotective effects of mbHsp65 peptides. Interestingly, we 
found that s.c. immunization with in vitro stimulatory peptides either promoted or 
decreased atherosclerosis or had no effect. In silico analysis showed that these pep-
tides bound MHC class II molecules with high to intermediate affinity, inducing a 
CD4+ T cell response (Grundtman et al. 2015). Moreover, in mice, four peptides 
cover the same peptide regions as recognized by human T cells (Almanzar et al. 
2012). In particular, the amino acids in mbHSP65-derived peptide 33 were con-
served in hHsp60, mouse Hsp60 and mbHsp65 proteins (Almanzar et  al. 2012). 
Interestingly, it was reported earlier that a hHsp60 peptide, which overlaps with our 
peptide 33, was recognized by a CD4+ T cell clone obtained from atherosclerotic 
plaques of C. pneumonia seropositive patients (Benagiano et  al. 2005). Another 
study showed that s.c. immunization with two immunodominant Hsp60 peptides 
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derived from P. gingivalis had an anti- or pro-atherogenic role in an ApoE−/− mouse 
model of infection-triggered atherosclerosis (Jeong et al. 2015).

In humans, our group described the reactivity of T cells isolated from early, clini-
cally still inapparent atherosclerotic lesions to potentially atherogenic peptides of 
human Hsp60. We found that CD4+ T cells from early lesions secreted higher 
amount of IFN-γ and IL-17 cytokines. Moreover, T cells proliferate against the 
whole human Hsp60 and, similar to our mice data, we found that a specific peptide 
pool gave the highest rate of proliferation, suggesting the presence of human athero-
genic peptides involved in the early phase of the disease (Almanzar et al. 2012). 
Targeted multi-epitope therapeutic vaccines have been shown to be successful in 
cancer treatment (Donaldson et al. 2017) and recently it was suggested that they 
could be highly effective in atherosclerosis, too. In fact, it was shown that oral 
administration of a recombinant antigen expressing epitopes from Hsp60, 
Apolipoprotein B (ApoB) and C. pneumoniae outer membrane protein (Cpn) 
resulted in amelioration of atherosclerosis in the mouse model (Mundkur et  al. 
2014). The percentages of CD11c+CD103+ from MLNs and Peyer’s patches were 
significantly increased in Hsp60/ApoB/Cpn-treated mice. In addition, the frequen-
cies of CD4+ IFN-γ and IL-17A+ T cells were also significantly reduced. By con-
trast, a significant increase in the frequencies of Foxp3+ and CTLA-4+ Tregs was 
observed (Mundkur et al. 2014). The authors proposed a mechanism where the pep-
tides might activate tolerogenic DC in the gut that in turn induce Treg-mediated 
responses. Moreover, Tregs can also induce the shift of macrophages toward to M2 
phenotype, leading to a reduction in plaque inflammation (Thota et al. 2017).

Using an immunoinformatics based-approach, Karkhah et al. designed a multi- 
epitope vaccine from Hsp60 and calreticulin proteins (Karkhah et  al. 2017). 
Calreticulin was chosen since it has Th2-skewing property. Furthermore, it interacts 
with the mammalian scavenger receptor and at the same time induces a Th2 response 
(Rzepecka et al. 2009). Using in silico analysis, four epitopes from Hsp60 and two 
epitopes from calreticulin proteins were identified and selected as IL-4-inducing 
epitopes. As expected, at least one of those predicted Hsp60 IL-4-inducing epitopes 
(aa sequence: GEEGLTLNLEDVQPH) was identical to peptide 66 in human early 
lesions identified by our lab (Almanzar et al. 2012). Computational analysis showed 
that the predicted epitopes had a strong potential to induce B-cell mediated immune 
responses and to shift T-cell mediated immune responses toward protective Th2- 
type (Karkhah et al. 2017). The same group performed an in silico analysis which 
showed the potential for atherosclerosis treatment of a chimeric vaccine consisting 
of a different combination of three atherosclerotic autoantigens, namely hHsp60, 
ApoB-100, and β2 glycoprotein I (Karkhah and Amani 2016). Another in vivo study 
demonstrated that s.c. immunization with a chimeric vaccine combining both ApoB- 
100 and hHsp60 peptides resulted in a significant reduction of early atherosclerotic 
lesions in ApoE−/− mice (Li et al. 2011). Intriguingly, the same protective effect was 
achieved even when mice were treated with hHsp60 alone. Moreover, it was shown 
in vitro that, upon stimulation with hHsp60, CD4+ T cells secreted significantly 
higher levels of TGF- β and lower levels of IFN- γ in comparison with ApoB-100 
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peptide alone. By contrast, DCs produced more IL-10 upon stimulation with both 
peptides. These results suggested that hHsp60 peptide was the predominant compo-
nent of the vaccine being the most effective in ameliorating atherosclerosis (Li et al. 
2011). The shift toward Th2 response was also observed upon oral administration of 
L. lactis delivering mbHsp65 in LDLr−/− mice (Jing et al. 2011).

Nasal delivery of antigen represents another mucosal route to the immune system. 
In contrast to oral feeding, upon nasal vaccination the antigen remains intact, − since 
enzymatic cleavage occurs in the gut – and thus is directly absorbed in the upper 
respiratory tract. Most importantly, to be effective, it requires a smaller amount of 
desirable antigen. In fact, low doses of antigen would preferentially induce Tregs, 
suppressing disease by releasing antigen-non-specific cytokines (bystander suppres-
sion). In contrast, high doses of antigens induce T-cell anergy (Friedman and Weiner 
1994). In rabbits, nasal administration of mbHsp65 protein reduced atherosclerotic 
lesions in high-cholesterol diet-driven atherosclerosis. mbHsp65 protein and multi-
faceted vaccines targeting simultaneously HSP65 and lipids were more effective in 
controlling atherosclerotic lesions (Jun et al. 2012; Long et al. 2012). Moreover, in 
both studies, HSP65-treated rabbits displayed high serum levels of IL-10 and lower 
levels of IFN- γ (Jun et al. 2012; Long et al. 2012). In mice, nasal Hsp60 vaccination 
resulted in a significant reduction of atherosclerosis in the early stage of disease. An 
increase of Foxp3+ Tregs was observed in Hsp60-treated mice. Staining of T cells 
using a known activation marker for Tregs, namely glycoprotein Glycoprotein A 
repetitions predominant (GARP), revealed that Tregs were also activated in the 
spleen and cervical lymph nodes. More abundant Foxp3 mRNA was found in athero-
sclerotic plaques of Hsp60-treated mice. In contrast, no differences in GARP mRNA 
were observed between untreated and treated mice. Moreover, nasal application of 
Hsp60 increased the production of TGF-β and IL-10 and downregulated Th1 and 
Th17 responses. Similar to the studies in rabbits, the atheroprotective effect was only 
partly abrogated by IL-10 neutralization, which could be explained by the increase 
of TGF-β1 that can also mediate the anti-atherosclerotic effect in addition to its pro-
fibrotic effect leading to arterial stiffness (Zhong et al. 2016). The pro-fibrotic activ-
ity of TGF-β1 could lead to increased cross-linking of ECM proteins, and thereby 
contribute to vascular stiffness (Foote et al. 2016). In agreement with this observa-
tion, Li et al. showed that the increased production of TGF-β in the Hsp60-treated 
mice ameliorated disease, and this effect was mediated by the increased percentages 
of CD4+LAP+ Tregs (Li et al. 2012).

S.c. immunization with mbHsp65  in alum adjuvant alone or when combined 
with anti-CD45RB antibody administered i.p. (an isoform of CD45 which is impor-
tant for the regulation of T-cell activation) protected ApoE−/− mice against progres-
sion of early atherosclerosis (Klingenberg et  al. 2012). However, the major 
reduction in atherosclerotic plaques was not observed when mice were treated with 
the antibody alone, which suggests that to be effective, synergy with mbHSP65 
was required. Indeed, it did not enhance the proportion of Foxp3+ Tregs and it 
might lead to a transient reduction in peripheral T cells (Klingenberg et al. 2012). 
In contrast to this study, Hu et al. showed that s.c. vaccination with Hsp60 emulsi-
fied in IFA exacerbated atherosclerosis in ApoE−/− mice (Hu et al. 2018). Finally, 
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Xiong et al. reported that s.c. immunization with a peptide of human Hsp60, also 
emulsified in IFA, aggravated atherosclerosis in rabbits fed a high cholesterol diet 
(Xiong et al. 2016). The discrepancies between these studies might be due to the 
different vaccine formulations used that could have an intrinsic effect on athero-
sclerosis (Khallou-Laschet et al. 2006). There is accumulating experimental evi-
dence on the successful use of Hsp60 whole molecule and Hsp60-derived peptides 
as immunomodulatory agents in atherosclerosis. Hopefully, in the near future, 
these preclinical studies might lead to translational approaches in humans. This is 
not far from becoming a reality, since vaccines targeting HSP (namely HSPE7, 
which is composed of HSP65 and human papilloma viral protein E7) in cervical 
cancer are already tested in clinical trials (source: http://clinicaltrials.gov/).

13.2  Conclusions

In summary, the pathogenic role of Hsp60 in atherosclerosis has been firmly estab-
lished over the past two and a half decades, using various experimental approaches 
and epidemiological longitudinal studies. Currently, numerous groups are working 
towards establishing an Hsp60-based vaccine and deciphering its functional mecha-
nisms, both in vitro and in vivo. It is rewarding and satisfying to see that our original 
discovery of the initiating antigenic role of Hsp60 in atherogenesis and the subse-
quent formulation of the Autoimmune Concept of Atherosclerosis have triggered 
such a broad new field of cardiovascular research, advanced by so many groups, 
extending from basic work to new preventive and therapeutic clinical approaches.
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Chapter 14
Cardiac Myopathy in Conditional Hsp60 
Transgenic Mice

Tsung-Hsien Chen, Tzu-Ying Chen, Shan-Wen Liu, Mei-Ru Chen,  
Yen- Ling Chen, Gin-Yen Lin, Arunim Guchait, Ching-Han Hsu, 
and Kurt Ming-Chao Lin

Abstract The mitochondrial chaperonin Hsp60 (Hspd1) plays important roles in 
sustaining cellular viability, regulate cellular functions and maintain homeostasis. 
Mutations in the Hsp60 gene or erratic expression has been frequently observed in 
wide-ranging human diseases. Targeting Hsp60 to ameliorate the prognosis of mito-
chondrial dysfunction-related diseases were proposed in the past. Genetically engi-
neered mice provide a compelling tool to investigate the aetiology and pathogenesis 
of these diseases. Eventually, this will benefit the development of therapeutics 
towards these physiological complications. Conventional Hsp60 transgenic mice 
are often neonatally lethal. We’ve generated a unique conditional Hsp60 transgenic 
(Tg) mouse model to investigate the mitochondrial activities and demonstrated that 
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ubiquitous expression of human Hsp60 protein in mice leads to neonatal death due 
to septum defect (ASD) and cardiac myopathy. This chapter concisely reviews 
recent advances regarding manipulating Hsp60 levels in cells and mouse models 
along with depicts our quest to develop transgenic mice to study Hsp60-related 
human diseases.

Keywords Cardiac myopathy · Chaperonopathies · Conditional transgenic mice · 
Heart failure · Hsp60 · Mitochondrial molecular chaperone

Abbreviations

ASD Atrial septum defect
ATP Adenosine triphosphate
CAGGS CMV enhancer/chicken β-actin
CLU Clusterin
CMC Cardiomyocytes
CNS Central nervous system
H&E Hematoxylin and eosin
HIIEα Histocompatibility complex class II-Eα
HSP Heat shock proteins
HSR Heat shock response
IKK Inhibitor of κB kinase
KO Knockout
LVDP Left ventricular developed pressure
NF-κB Nuclear factor-κB
NOD Nonobese diabetic
ROS Reactive oxygen species
SPG13 Spastic paraplegia 13
Tg Transgenic
UPRmt Mitochondrial unfolded protein response

14.1  Introduction

In all organisms, a distinct group of proteins termed as the heat shock proteins 
(HSP) are specially synthesized under heat stress and by a diverse range of external 
impetus including increased temperature (Currie et  al. 1988), pressure overload 
(Katayose et al. 1993), ischemia (Richard et al. 1996), hypoxia (Heads et al. 1995), 
or changes in chemical environment. Commonly, HSP are molecular chaperones 
important for physiological and protective roles in cells, as they facilitate crucial 
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activities, such as protein folding, material transport, and cellular signalling. 
Triggered by stress or protein denaturation, HSP facilitate to preserve the natural 
metabolic, structural and functional stability of the cell, as a protective feedback 
responses by preserving in their native forms and refolding denatured proteins 
(Benjamin and McMillan 1998; Liu et al. 2012; Macario and Conway de Macario 
2007). This brisk induction of HSP in response to stress, attributed to the heat shock 
response (HSR) (Shamovsky and Nudler 2008).

14.1.1  The Curious Case of Hsp60

In general, HSP have been categorized based on their molecular weights. 
Mitochondrial chaperonin Hsp60 (Hspd1) together with Hsp10 (Hspe1) are consti-
tutively expressed in normal condition as a folding machine for refolding imported 
proteins into the mitochondrial matrix (Ciocca and Calderwood 2005). Thus, Hsp60 
is crucial in cell survival and to maintain mitochondrial functions, including the 
TCA cycle, respiration, and synthesis of ATP (Hartl 1996; Horwich et al. 2007). 
Hsp60 is concurrently induced under stress conditions by various stressors like heat 
shock, DNA damage, oxidative stress, and the unfolded protein response in mito-
chondria (Gupta and Knowlton 2002; Habich and Burkart 2007; Ohashi et al. 2000; 
Wick 2000). Hsp60 induction can result in pro-survival or pro-death consequences 
depending on the tissue type and stressors.

Upregulation of Hsp60 is an indicator of mitochondrial stress. This is well dem-
onstrated in mitochondrial unfolded protein response (UPRmt), where under stress 
condition nucleus-encoded mitochondrial chaperones (Hsp60, Hsp10 and mtHsp70) 
are induced by still poorly defined mitochondria-to-nucleus communication 
(Juwono and Martinus 2016). UPRmt has been identified in worm, flies, and mouse, 
but the signalling pathways responsible for sensing the mitochondrial stress and 
activating nuclear gene transcription are only identified in flies and worms mediat-
ing transcriptional activation of Hsp60, including ATFS-1, DVE-1, UBL-5, and 
chromatin remodelling factor. Other forms of mitochondrial stress including oxida-
tive stress (low concertation of hydrogen peroxide), hyperglycemic condition 
(100 mM glucose), and respiration stress (sodium azide 50 mM), were shown to 
result in ROS production, inhibition of mitochondrial dehydrogenase, and the 
induction of Hsp60 and mtHsp70 (Hall and Martinus 2013; Pellegrino et al. 2013). 
UPRmt was shown to influence longevity, innate immunity, and diseases affecting 
the central nervous system (CNS) (Jovaisaite et al. 2014).

In human, Hsp60 gene is situated on chromosome 2 and it shares a bidirectional 
promoter with Hsp10 gene (Wu et al. 2017). Three major domains of Hsp60 are: the 
apical, intermediate, and equatorial domains (Sigler et al. 1998). The mechanistic 
integral biology of Hsp60, regarding substrate folding, has been investigated exten-
sively. However, in the past few years, there has been an upsurge of interest about 
Hsp60, as roles of mitochondrial, cytosolic, and extracellular Hsp60 have been 
widely documented in numerous diseases. Although most of the Hsp60 proteins are 
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transported and stayed in the mitochondrial matrix, they also appear in the cyto-
plasm. The elevated level of extracellular Hsp60, at least in part due to enhanced 
Hsp60 secretion, have been associated with type 2 diabetes, cancer, cardiovascular, 
and immunity-related diseases (Cappello et al. 2014; Caruso Bavisotto et al. 2017; 
Deocaris et al. 2006; Hohfeld and Hartl 1994).

The over-expression of Hsp60 has been reported to be linked with various can-
cers including colorectal cancer (Hamelin et  al. 2011), hepatocellular carcinoma 
(Abdalla and Haj-Ahmad 2012), gastric cancer (Giaginis et al. 2009; Li et al. 2014), 
large bowel cancer (Campanella et al. 2015), prostate cancer (Skvortsov et al. 2011), 
head and neck cancer (Tsai et al. 2009), breast cancer (Desmetz et al. 2008), ovarian 
cancer (Hjerpe et al. 2013) and cervical cancer (Hwang et al. 2009). There are sev-
eral reports that Hsp60 promotes cancer cell survival, such as in neuroblastoma cells 
by binding and inhibiting the intracellular CLU (clusterin) (Chaiwatanasirikul and 
Sala 2011). In another report, cytosolic Hsp60 interacts and regulates the inhibitor 
of κB kinase (IκB kinase or IKK) in human cervical cancer HeLa cells, which lead 
to the survival of cancer cells via nuclear factor-κB (NF-κB) (Chun et al. 2010). 
Inhibition of Hsp60 leads to caspase-dependent apoptosis and suppress tumour 
growth (Ghosh et al. 2010). By interacting with β-catenin, over-expression of Hsp60 
promotes metastatic phenotypes in cancer cells (Tsai et al. 2009). In a murine model 
of ovarian cancer, treatment of tumour cells with a proteasome inhibitor, bortezo-
mib, ensues into the upregulation of Hsp60 and Hsp90 on the surface of cancer cells 
and promotes phagocytosis by dendritic cells (Chang et  al. 2012). Moreover, an 
anti-leukemic agent, azacytidine, has been reported to induce over-expression of 
Hsp60 in tumour cells (Tian et al. 2013). The pro-apoptotic role of Hsp60 in HeLa 
and Jurkat cells was also reported two decades ago (Samali et al. 1999; Xanthoudakis 
et al. 1999). Loss of Hsp60 expression has been documented, in the case of esopha-
geal squamous cell carcinoma (Faried et al. 2004), ovarian cancer (Schneider et al. 
1999) and bladder carcinoma (Lebret et al. 2003).

The role of Hsp60 in metabolic diseases has not been explored enough. Increased 
level of Hsp60 was observed in metabolic diseases, such as type 2 diabetes mellitus 
patients (Juwono and Martinus 2016; Yuan et al. 2011). Hsp60 has been identified 
as a mediator of adipose tissue inflammation and circulating Hsp60 levels were 
found elevated in obese individuals compared to lean controls (Märker et al. 2012). 
Moreover, it has been reported that obese mice develop an autoimmune response to 
Hsp60, which partially responsible for metabolic anomalies (Şelli et al. 2017). A 
recent study showed that elevated Hsp60 secretion as the response to IL-1β increases 
the phosphorylation of ERK, JNK, and p38 MAPK, and further augment the inflam-
mation primarily via TLR4-p38 MAPK axis (Swaroop et al. 2016). Endurance exer-
cise training increases Hsp60 expression in skeletal muscle, particularly in the type 
I muscle fibres and in the blood (Barone et al. 2016). This is the first report demon-
strating differential responses to exercise, in various muscle types, by varying 
Hsp60 induction. Also, exercise increases Hsp60 expression level in the subcutane-
ous adipose tissue of diabetic and  obese individuals, concomitantly alleviates 
inflammation (Khadir et al. 2018).
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Interestingly, with age and in the case of metabolic diseases, Hsp60 expression 
has been reduced in the heart. According to the study, caloric restriction increases 
lifespan, improve cardiovascular activities and restore ageing-related abatement of 
Hsp60 expression in the heart (Colotti et al. 2005). Hsp60 is involved in protecting 
cardiac myopathy by preserving mitochondrial function, ATP synthesis and by sup-
pressing cardiac myocyte apoptosis (Rizzo et al. 2011). In vitro studies have shown 
Hsp60 over-expression can result in cell survival or in cell death, depending on the 
cell type and models of the study. In neonatal rat cardiomyocytes (CMC), cells 
infected with an adenoviral construct by concomitantly overexpressing Hsp60 and 
Hsp10 were reported to be protected against simulated ischemia, whereas, cells 
infected with adenoviral constructs by overexpression of only Hsp60 or Hsp10 was 
less effective to ischemic injury (Lau et al. 1997). A follow-up study showed that 
combined or individual overexpression of Hsp60 and Hsp10 protect myocytes 
against apoptosis, preserve mitochondrial integrity and capability for ATP genera-
tion after simulated ischaemia and reperfusion (Lin et al. 2001). In the case of heart 
failure, cardiomyocytes secrete Hsp60 and its presence in the serum related to the 
severity of heart failure and cardiovascular risk (Bonanad et al. 2013; Nahas et al. 
2014). Hsp60 is released via exosomes by adult cardiomyocytes and ectopic traf-
ficking of Hsp60 to the cell surface may lead to the loss of myocyte and heart failure 
progression (Gupta and Knowlton 2007; Lin et al. 2007). Moreover, in cardiac myo-
cytes, cytosolic Hsp60 interacts with apoptotic molecules Bax and Bak (Gupta and 
Knowlton 2005; Kirchhoff et al. 2002). Also, extracellular Hsp60 (exHsp60) binds 
to cardiac myocytes and involves in apoptosis (Kim et al. 2009). Even though, the 
involvement of Hsp60 in apoptosis of CMC was demonstrated in various in-vitro 
studies, its role and underlying molecular mechanisms for resulting in mitochon-
drial dysfunction and apoptosis in CMC remain elusive in vivo. Thus, genetically 
engineered mice models are needed to examine the underlying mechanisms of 
Hsp60 on the pathogenesis of cardiovascular risk and its possibilities in prognosis. 
Amid the inconsistency and complexity of in-vitro study reports, the role of Hsp60 
as a potential biomarker and therapeutic target for the diagnosis and prognosis will 
remain clouded without the development of in vivo Hsp60 expressing transgenic 
mouse models.

14.1.2  Transgenic Hsp60 Mouse Models: A Brief History 
and New Possibilities

Though HSP can be induced by a variety of stimulants, yet in cell culture studies 
HSR is primarily induced by increasing temperature. Protocols used to induce the 
synthesis of HSP by exposing the cells to 40–45  °C heating for 15–20  min. 
Apparently, this temperature is standard in terms of thermotolerance. However, for 
cells, this temperature is extreme and may lead to disturbance to the cell’s cytoskel-
eton and cytotoxicity. The heat-associated impairment includes the disintegration of 
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the organization of keratin filaments (Shyy et al. 1989), actin filaments (Glass et al. 
1985; van Bergen en Henegouwen and Linnemans 1987) and other undesired altera-
tions in cellular metabolism. Because of the significance of Hsp60  in numerous 
diseases, transgenic animal models with inducible and tissue-specific Hsp60 expres-
sion will be beneficial to understand the pathogenesis and prognosis of these dis-
eases. Moreover, by the development and introduction of genetically engineered 
animals which overexpress Hsp60 at any desired level, most of the problems related 
to thermal/stress induction of Hsp60 can be avoided. The significant benefit of using 
transgenic mouse models is, it’s achievable to induce and intensify the level of 
Hsp60 in a tissue-specific manner, without the introduction of other metabolic alter-
ations. The genetically engineered Hsp60 mouse models in human diseases are 
summarized in Table 14.1.

The story begins with the significance of Hsp60 in autoimmune diabetes. Hsp60 
and Hsp70 of both prokaryotic and eukaryotic origins were identified as antigens of 
human diseases involving innate immunity (Dieude et  al. 2004; Quintana and 

Table 14.1 Hsp60 mouse models in human diseases and disorders

Model Strain Hsp60 Promotera Disease References

Transgenic 
mice

NOD MuHsp60 H-2EaK Reducing 
autoimmune diabetes

Birk et al. 
(1996)

C57BL/6 HuHsp60 
lacks a 
MTS (AA 
1–26)

CAGGS Controlling 
mitochondrial- 
derived ROS through 
NF-κB target gene 
expression

Chun et al. 
(2010)

FVB HuHsp60 PGK Chondrocyte 
proliferation and 
articular cartilage 
thickening

Ko et al. 
(2016)

Conditional 
transgenic 
mice

FVB HuHsp60 CAGGS/
CAGGS

Neonatal death, atrial 
septal defects

Chen et al. 
(2015)

FVB/B6 
hybrid

HuHsp60 CAGGS/Myh6 Cardiovascular 
disorders

Unpublished

Knockdown 
mice

Heterozygous Loss of the Hspd1 
gene is lethal, 
disproportionately 
large number of male 
offspring

Christensen 
et al. (2010)

C57BL/6 Late onset motor 
neuron disorder

Magnoni 
et al. (2013)

C57BL/6 Hypothalamic insulin 
resistance, 
mitochondrial 
dysfunction

Kleinridders 
et al. (2013)

Conditional 
knockout 
mice

C57BL/6 -/Villin Activates the UPRmt, 
mitochondrial 
dysfunction

Berger et al. 
(2016)

PGK phosphoglycerate kinase promoter, UPRmt mitochondrial unfolded protein response
aTransgenic promoter/Cre promoter
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Cohen 2011; Quintana et al. 2004; Tanaka et al. 1999; van Eden et al. 2005; Zugel 
and Kaufmann 1999). By using nonobese diabetic (NOD) mice as a spontaneous 
mouse model of type I diabetes, murine Hsp60 transgene induced by the major 
histocompatibility complex class II-Eα (HIIEα) promoter was generated in NOD 
strain. The researchers achieved to express Hsp60 distinctly in the thymus and bone 
marrow and also have shown a significantly restrained propensity to autoimmunity 
induced diabetes mellitus in this nonobese diabetic (NOD) HIIEα-HSP60 Tg mice 
(Birk et al. 1996).

The existence of cytosolic Hsp60 involved in cellular signalling has been shown 
in certain cell types, such as cardiac myocytes and hepatocytes (Gupta and Knowlton 
2002; Lai et  al. 2007; Park et  al. 2003). The researchers have expressed human 
Hsp60, lacking mitochondrial targeting sequence (MTS; amino acids 1–26 accord-
ing to human sequence) into CAGGS transgenic vector in C57BL/6j mice. This 
transgenic mouse study, expressing truncated Hsp60 instead of the complete Hsp60, 
demonstrated that the resultant cytosolic Hsp60 Tg mice were impervious to hepatic 
stress with increased cell survival (Chun et al. 2010). As this study reported, Hsp60 
directly interacts and influence the activation of the inhibitor of κB kinase (IκB 
kinase or IKK) and regulate mitochondrial-derived reactive oxygen species (ROS) 
via nuclear factor-κB (NF-κB) target gene expression, and this mechanism conse-
quently leads to cell survival. A previous study also showed that Hsp60 interacts 
with the IKK (Cappello et al. 2008). As mitochondrial ROS has been related with 
human diseases like cancer, degenerative diseases, therefore, further research on the 
pro-survival role of cytosolic Hsp60 which fails to enter mitochondria, but regulates 
the ROS production through cytosolic pathways can shed a light on new therapeu-
tics for these maladies (Coelho and Faria 2012).

In human, Hsp60 is encoded by Hspd1 gene located within Chromosome 2. Its 
dysfunction is associated with some hereditary diseases such as autosomal domi-
nantly inherited hereditary spastic paraplegia 13 (SPG13) and autosomal reces-
sively inherited hypomyelinating leukodystrophy termed MitCHAP-60, caused by 
mutations in the Hspd1 gene at equatorial domain of Hsp60 protein (Bross et al. 
2008; Hansen et  al. 2007; Hansen et  al. 2003; Hansen et  al. 2002; Magen et  al. 
2008), with a functional consequence affecting only the central nervous system. 
Hsp60 knockout (KO) mice were not successfully produced until recently. It was 
shown that Hsp60 homozygous KO mice which lack both functional Hspd1 alleles, 
are lethal at early embryonical stage (at 7.5 dpc); by contrast, the heterozygous 
Hspd1+/− mouse, in which Hsp60 expression had been reduced by 50% in most 
organs was postnatally viable up to a few weeks (Christensen et  al. 2010). The 
Hspd1+/− mice developed a late-onset, gradual dysfunction in motor functions due 
to Hspd1 haploinsufficiency ensues in the hereditary spastic paraplegia-like features 
in mice, suggests a role for Hsp60 in late-onset motor neuron disorder (Magnoni 
et al. 2013). This heterozygous Hspd1+/− mice in combination with tissue-specific 
cre mouse have the possibility to serve as valuable mouse models and shed light on 
mechanistic details for diseases related to mitochondrial functional deficiencies and 
neurodegenerative disorders such as, Parkinson’s disease, Alzheimer’s disease, 
Huntington’s disease, and multiple sclerosis (Dutta et al. 2006; Kwong et al. 2006). 
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Hspd1+/− mice present swollen mitochondria and deficient complex III activity in 
spinal cord and brain cortex with an increase of protein carbonylation (oxidation of 
protein side chains), indicative of increased ROS generation in these tissues. In the 
affected tissue, the decreased level of complex III subunit ubiquinone cytochrome c 
core protein1 (Uqcrc1), and the increase of ROS levels may be due to increased 
turnover of matrix superoxide dismutase (SOD2) as a result of impaired protein 
folding (Magnoni et al. 2014).

A prevalent characteristic of human obesity is leptin resistance and it’s linked 
with insulin resistance and mitochondrial dysfunction (Myers et al. 2008). A recent 
study reported obesity is linked to mitochondrial dysfunction in the hypothalamus 
due to the reduction of Hsp60 and demonstrated Hsp60 as a leptin-induced mito-
chondrial chaperone. This study investigated a new perspective of Hsp60 in obesity 
and type 2 diabetes by documenting decreased Hsp60 in the brain of diabetic mice 
and humans. Mitochondrial dysfunction and lowered Hsp60 expression lead to 
weakened hypothalamic insulin signalling in mice. Heterozygous obliteration of 
Hsp60 in the hypothalamus results in mitochondrial dysfunction, elevated ROS, and 
insulin resistance. Hsp60 downregulation in the hypothalamus was also achieved by 
bilaterally injecting lentiviral vector enclosing shRNA against Hsp60 into the ven-
tral hypothalamus, and resulted in insulin resistance in the mice. Thus, by using 
knockdown mouse model, Hsp60 has been found as a novel mediator correlates 
leptin/insulin crosstalk in the brain (Kleinridders et al. 2013).

Control of intestinal epithelial stemness is important for tissue homeostasis and 
disturbances in epithelial function can lead to gastrointestinal tract diseases (Sartor 
2006). To understand how Hsp60 regulates the epithelial cell homeostasis in the 
intestine, the researchers have established the epithelial-specific knockout mice. In 
intestinal epithelial cell (IEC)-specific mouse model, intestinal epithelial-specific 
Hsp60 deletion resulted in defected UPRmt and leads to mitochondrial dysfunction, 
impedes epithelial stem cell homeostasis (Berger et al. 2016). This finding may sug-
gest that Hsp60 induction can potentially be beneficial by aggravating or simulating 
local UPRmt in targeted lesions.

A newly reported study confirmed the pathological role of Hsp60 in osteoarthri-
tis. Transgenic mice that overexpress human Hsp60 driven by phosphoglycerate 
kinase promoter were generated, which had higher chondrocyte proliferation along 
with thicker articular cartilage compared to wild-type mice. These findings suggest 
a therapeutic potential of targeting Hsp60 for osteoarthritis (Ko et al. 2016).

14.1.3  Conditional Hsp60 Transgenic Mouse Models to Study 
Cardiovascular Disorders

Protective roles of Hsp60, together with Hsp10, in the cardiovascular system by 
maintaining mitochondrial function and protecting from ischemia/reperfusion 
injury has been shown previously through a mechanism involving collaborative 
folding by Hsp60 and Hsp10 (Lau et al. 1997; Lin et al. 2001, 2004). Reduction in 
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Hsp60 expression and subsequent decline of insulin-like growth factor-1 receptor 
(IGF-1R) signalling in cardiac muscle cells have been implicated in the develop-
ment of diabetic cardiomyopathy (Shan et  al. 2003). We’ve generated a unique 
Hsp60 Tg mouse model (G-lox-HSP60) in FVB strain driven by a ubiquitous CMV 
early enhancer/chicken β-actin promoter (CAGGS) to investigate the mitochondrial 
function and generation of ROS in tissues isolated from our Hsp60 Tg mouse (Chen 
et  al. 2015). This Hsp60 Tg vector allows tissue-specific induction of human 
Hsp60 in Tg mice. We reported that ubiquitous expression of human Hsp60 protein 
in mice results in neonatal death due to septum defect (ASD) and cardiac myopathy 
(Fig. 14.1). This conditional Hsp60 transgenic mice model surmounted the early 
lethality of the conventional transgenic method.

In our another project, we’ve generated conditional Hsp60 transgenic mice for 
heart-specific Hsp60 expression involving the G-Lox-HSP60 Tg vector and Myh6- 
creERT2 Tg vector driven by the Myh6 promoter. A strong induction of human Hsp60 
expression in the heart of double-Tg mice by 2-week tamoxifen feeding, was vali-
dated by western blotting. In the double Tg mice, we’ve observed the rapid induction 
of cardiac hypertrophy and dilated heart failure within 6–8 weeks after the tamoxi-
fen treatment, which supports the hypothesis that perturbation of the Hsp60 level in 
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Fig. 14.1 (a) G-Lox-HSP60 and EGFP-Cre Tg vectors. The CAGGS promoter was used to drive 
both Tg vectors. After the LoxP sites were rejoined using the Cre DNA recombinase, the Hsp60 
transcript was expressed. (b) Analysis of possible littermate genotypes using PCR on tailDNA. PCR 
amplification using the primer pair complementary to human Hsp60 (top row), amplification of 
EGFP-Cre (middle row), and the abridged sequence in the recombined vector from CAGGS pro-
moter to human Hsp60 (bottom row). (c) Western blotting for Hsp60 and EGFP proteins in sam-
ples of B. (d) Pictures of neonatal Tg litters. The white arrow indicates cyanosis and abdominal 
bleeding in H+/C+ neonates; middle, fluorescent images of the same mice; right, the lungs and heart 
of neonatal mice. Scale bar = 3 mm. (e) Atrial septal defect in H+/C+ neonatal mice. (f) Transmission 
electron microscopy showing ultrastructure of myofibril defect in H+/C+ neonatal heart. This 
research was originally published in Biomed Res Int. (Chen et al. 2015)
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cardiac myocytes can result in mitochondrial and calcium dysregulation, and in cer-
tain circumstances, precipitate cardiomyopathy. By using Langendorff isolated heart 
perfusion model and simulated ischemia/reperfusion protocol, the left ventricular 
developed pressure (LVDP) of hearts isolated from double-Tg mice were recorded. 
Strikingly, 4 weeks after Hsp60 induction, both LVDP at baseline and after reperfu-
sion were significantly higher than uninduced double Tg mice or wild-type mice. 
Baseline LVDP as well as after reperfusion LVDP have been diminished at 6–7 weeks 
since the induction of Hsp60 (Fig.  14.2). The results suggest an opportunity of 
employing Hsp60 induction for treating diseases involving a reduced Hsp60 level, 
such as in brains and muscles during ageing and diabetes. This hypothesis has been 
further supported by a recent report showing benefit from enhanced Hsp60 expres-
sion during endurance training (Barone et al. 2016). Optimal Hsp60 induction in 
cardiac myocytes can be beneficial for cardiac function and ameliorate cardiac isch-
emic injuries. Whereas, prolonged Hsp60 induction may result in pathological con-
sequences in the heart such as pathological remodelling and  hypertrophy. Thus, this 
will be a potential conditional transgenic mice model to study cardiac myopathy.
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Fig. 14.2 (a) G-Lox-HSP60 and Myh6-creERT2 Tg vectors. (b) Western blotting for Hsp60 and 
GFP proteins in hearts at 4th week or 8th week after the period of tamoxifen feeding. (c) Bright- 
field images of hearts from double-Tg mice, which haven’t received tamoxifen and sacrificed at 4 
or 7 weeks after receiving tamoxifen. (d) Heart weight of double-Tg mice received control chow 
and mice sacrificed at 0–2, 4, 6–8 weeks after receiving tamoxifen. (e) Left ventricular developed 
pressure (LVDP) in wild-type and double-Tg mice hearts, that were uninduced or induced for 0–2, 
4, or 6–7 weeks and subjected to Langendorff preparation. Simulated ischemia/reperfusion was 
induced by stopping the flow for 45 mins followed by reperfusion. Both LVDP at baseline and after 
reperfusion in hearts of double Tg mice at 4 weeks after Hsp60 induction, were significantly higher 
than other groups. Baseline LVDP as well as after reperfusion LVDP have been diminished at 
6–7 weeks after the induction of Hsp60 (∗p < 0.05)
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14.2  Conclusions

Lately, the involvement of Hsp60 with a wide array of human diseases has gained 
increasing interests and focus on Hsp60. Though, Hsp60 has been explored exten-
sively for more than three decades from the molecular, genetic, or protein aspects, 
its involvement in complex biological pathways are not yet completely explored. In 
vitro studies on Hsp60 have come a long way to discover the enormous amount of 
information on fundamental mechanisms and biological roles. As we’ve seen in this 
chapter that there are many contrasting results regarding the impact of Hsp60  in 
cells, in vivo, or in diseases. With the advances of molecular biology and cell analy-
sis techniques such as cellular imaging, cryo EM, and due to the rapid developments 
in metabolic research, the unsolved puzzles of mitochondrial Hsp60 can be revis-
ited, particularly about the molecular mechanisms of Hsp60 in the context of myop-
athy and protection against noxious stress. Moreover, the presence of 
extramitochondrial Hsp60 adds a new dimension to the research of Hsp60. The 
development of genetically engineered mouse models will enable to decode this 
highly complex mitochondrial chaperonin in in  vivo settings. Knowledge to be 
gained will be beneficial to the better diagnosis and prognosis of diseases such as 
Hsp60 chaperonopathies, cancer, cardiovascular disorders, type 2 diabetes mellitus 
and other metabolic diseases.
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Chapter 15
Heat Shock Protein 60: An Effective Target 
Candidate in Neurological Diseases 
Treatment
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Abstract The accumulation of intra- and extracellular misfolded proteins is found 
to play an imperative role in the progression of several neurological disorders 
including epilepsy, Alzheimer’s disease, brain tumors, etc. which ultimately causes 
death worldwide. Heat shock protein (Hsp60) was found to be an important biomol-
ecule that plays an essential role in the removal or degradation of these misfolded 
proteins and also act as a biomarker in disease prognosis. In neurological diseases, 
these systems are compromised due to deregulation or mutation of Hsp60 resulting 
in a large amount of aggregated proteins accumulation. Therefore, the development 
of novel and more efficient Hsp60 modulators is essential that can modulate the 
Hsp60 and involved pathways for the treatment of neurological diseases. For this 
propose, several In silico computational tools are developed, and many tools are 
under development. In this chapter, we discuss the role of Hsp60  in some more 
prominent neurological diseases and modulators developed in this direction. Further, 
we also highlight advanced computational tools that could be used for designing 
more Hsp60 modulators.
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Abbreviations

AD Alzheimer’s disease
FLD Frontotemporal lobar degeneration
Hsp Heat shock protein
INDD Integrated neurodegenerative disease database
PDT Photodynamic therapy
SRSs Spontaneous recurrent seizures
TLE Temporal lobe epilepsy

15.1  Introduction

Heat shock proteins (Hsp) are a special kind of protein generally found in all three 
kingdom prokaryotes, archaea and eukaryotes including human beings (Kim et al. 
2013). The primary roles of Hsp are to help in the folding of nascent polypeptides 
to their native and accurate confirmation, prevent the aggregation of other proteins, 
degrade severely damaged proteins, and to regulate the apoptosis (Akerfelt et al. 
2010). The failure of this cellular process leads to several neurological disorders. 
Although, different kinds of Hsp, like Hsp40, Hsp60, Hsp70, Hsp90, and Hsp100, 
among them, Hsp60 has been reported a critical molecule involved in several neu-
rological disorders (Bross et al. 2012).

Hsp60 involved in translocation, folding and assembly of different proteins. It 
acts as a molecular chaperone which cooperates with other chaperones such as 
Hsp10/GroES, Hsp70 to fulfill their specific functions (Hartl 1996). Hsp60 (HspD1) 
is most commonly present in mitochondria, help in the transportation of nascent 
polypeptide from the cytoplasm to the mitochondrial matrix. It mainly works in 
combination with Hsp10 (Cpn10), resides in the mitochondria (Veereshwarayya 
et al. 2006). In addition to its classical chaperone function, Hsp60 is also involved 
in the replication and transmission of mitochondrial DNA molecule. It has been 
reported that mutations in Hsp60 molecules, unregulated the mtDNA levels that 
cause transmission defects (Samluk et al. 2018).

There are mainly two functions perform by Hsp60 concerning mitochondrial 
protein transport. First is to catalyze the folding of proteins destined for the matrix 
and then maintains protein in an unfolded state for transportation across the inner 
membrane of the mitochondria. Hsp60 binds to incoming proteins and induces con-
formational and structural changes, the hydrophobic portion of Hsp60 is responsi-
ble for maintaining the protein in unfolded conformation during transmembrane 
transport (Hartl and Hayer-Hartl 2002; Natalello et al. 2013). Further, consequent 
changes in the concentration of ATP hydrolyze the bonds between the protein and 
Hsp60 which signals the protein to exit from the mitochondria. Hsp60 is also capa-
ble of distinguishing between proteins designated for export and proteins destined 
to remain in the mitochondrial matrix by looking for an amphiphilic alpha-helix of 
15–20 residues (Priya et al. 2013).
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Additionally, some evidence indicates that Hsp60 also represents a regulator of 
an enormous and diverse range of cellular activities as far beyond to identify roles 
in protein folding and chaperoning (M van Noort et al. 2017). Now, it is well under-
stood that Hsp60 to be involved in several processes such as synaptic transmission, 
autophagy, ER stress response, protein kinase and cell death signaling (Bie et al. 
2016). Further, dysfunction of Hsp60 has robust effects on the fate of cells in neu-
rological injury and disease states that leads to a variety of severe neurodegenerative 
disorders including Alzheimer’ and Parkinson’s disease, familial amyloidotic poly-
neuropathy and bovine spongiform encephalopathy as well as Jacob-Creutzfeldt 
disease (Cardinale et al. 2014). Deficiency in Hsp60 has recently been identified as 
being associated with atypical mitochondrial diseases in combination with multi-
system failure (Amor et al. 2014). Further, proteomic analysis revealed that Hsp60 
acts as an interactor of Parkin, PINK1, α-synuclein, and DJ-1. Among all these 
proteins PINK1 has different mitochondrial localization, but all these are involved 
in Parkinson’s disease (Campanella et al. 2012). Hsp60 is among the most potent 
suppressors of neurodegeneration in animal models. Thus, Hsp60 provides a poten-
tial target for protective pharmacotherapy in many neurologic disorders (Benarroch 
2011). This chapter presents the information about the role of Hsp60 in different 
neurological disorder with their multiple functions and dynamics of Hsp modulators 
with different computational tools designed to predict the conformational changes 
occurs during binding of Hsp60 with different proteins.

15.1.1  HSP60 in Neurological Diseases

Neuron dysfunction is caused by abnormal aggregation of misfolded or mutant pro-
teins which is a vague and significant medical challenging condition (Cardinale 
et al. 2014). The plagued brain region and disruption of daily activities including 
sensory and motor functions are major clinical manifestations. These include a 
problem in moving, speaking, swallowing, breathing and cognitive dysfunctions. In 
different neurodegenerative diseases, misfolding and accumulation of proteins are 
known to be a significant cause of neuronal death and loss of synapses (Bross et al. 
2012). There are various cellular processes which exacerbate or attenuate the dis-
eases process (Wyttenbach et al. 2000). There are several mechanisms involved to 
clear off these protein aggregates which include molecular chaperones, the autoph-
agy pathway, and the ubiquitin-proteasome system. Among all these mechanisms 
chaperone-mediated autophagy is known to be the most effective and promising 
approach to remove misfolded protein aggregation in the cells (Maiti et al. 2014).

Protein quality control mechanism of the mitochondrial matrix has been taken up 
by two protein system mitochondrial m-AAA protease system paraplegin and 
Afg312 (Neuspiel 2008). Defects of genes encoding in these systems lead to neuro-
logical disorders like hereditary spastic paraplegia SPG7, spinocerebellar ataxia 
SCA and early onset spatic ataxia-neuropathy syndrome (Rugarli and Langer 2012). 
Along with these findings mutation in the gene encoding, Hsp60 is associated with 
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another form of hereditary spastic paraplegia SPG13 (Hansen et al. 2002). This dis-
ease is a subgroup of heterogeneous neurological disorders characterized by pri-
mary motor neuron degeneration, and the disease affects motor and sensory neurons 
with the longest axons. This degeneration is known as dying back degeneration 
(Laser et al. 2003).

A further role of Hsp60 was supported by findings that homozygosity for a mis-
sense mutation in the HSPD1 gene which is found to be associated with fatal hypo-
myelinatingleukodystrophy (MitCHAP60) (Magen et  al. 2008). MRI revealed 
severe hypomyelination in the central nervous system and characterized by roatary 
nystagmus, early onset and progressive spastic paraplegia which is followed by neu-
rological decline and worsening situations with severe mental retardation (Hansen 
et al. 2007). MitCHAP60 mutations for heterozygous siblings are entirely asymp-
tomatic which recommends that a single mutant allele does not considerably impair 
the overall activity of Hsp60 in mitochondria (Bross et al. 2012).

15.1.1.1  Epilepsy

It is a central nervous system disorder affecting approximately 1% of the world 
population (Sendrowski and Sobaniec 2013). It is characterized by spontaneous 
recurrent seizures (SRSs) with a high frequency of neuronal discharges, unusual 
behavior, sensations and sometimes loss of consciousness (Gu and Daltone 2017). 
Temporal lobe epilepsy (TLE) is the most common one in adult humans which is 
characterized by the advanced development of SRSs from temporal lobe foci and 
morphological fluctuations in the hippocampus (Liu et al. 2008). Generally, TLE is 
initiated by head injury or stroke, infection in brain or delirious seizures which 
induces a status epilepticus (SE) and epileptogenesis is the period between initial 
injury and seizure. This period duration is 5–10 years in which many neurobiologi-
cal events occur. At the site of injury, inflammation develops which involves glial 
and endothelial cells (Van Liefferinge et  al. 2013). Clinically for diagnostic and 
prognosis purposes, biochemical measurements of inflammatory mediators in blood 
serum serve as a powerful tool. Hsp serves as promising candidates can be used as 
biomarkers among neuroinflammatory mediators including TLE (Chang et  al. 
2012). Hsp60, a constitutively expressed mitochondrial protein is expressed endog-
enously in astrocytes, neurons, oligodendrocytes, and microglia, ependymal cells of 
the brain. Thus, Hsp60 distribution in many of the cells of the brain suggests its 
active participation in normal and pathological conditions (Gu and Daltone 2017).

Gammazza et al. 2015 studied the expression and distribution of Hsp60 in the 
hippocampus of rats. They induce partial seizures in anesthetized rats which were 
based on the phenomenon of maximal dentate activation (MDA) which was 
recorded in the dentate gyrus (DG). This was induced by repetitive electrical stimu-
lation of the perforant path in these rats and conducted analysis using western blot 
and immunohistochemistry of hippocampal tissues. Epileptic rats were assessed for 
Hsp60 by using ELISA. A similar technique was used to assay Hsp60 levels in the 
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 bloodstream of patients suffering from temporal lobe epilepsy. It was found that 
immunoreactivity of Hsp60 in rat models of TLE increased. The epileptic rats and 
patients with seizures showed a high level of circulating Hsp60 in the bloodstream. 
Their results demonstrate that Hsp60 can be potentially used as a biomarker and 
diagnostic for patients with these types of seizures.

15.1.1.2  Alzheimer’s Disease

Alzheimer’s disease (AD) is a type of dementia which is irreversible progressive 
and slowly destroys memory and thinking skills (Sonkusare et al. 2005). It is cur-
rently sent as the 6th leading cause of death in the US after heart disease and cancer 
(Rodgers 2002). In the AD, the expression of an Hsp60 is associated with the depo-
sition of Aβ tangles of neurofibrils (Venegas and Heneka 2017). Current studies on 
Hsp showed that they prevent the accumulation of Aβ tangles. Papuc et al. 2015 
studied the humoral response against Hsp60 in the AD and found out its potential as 
biomarkers for early diagnosis of disease. It has been known that anti-60 KD Hsp60 
antibodies are present in the serum of healthy humans and the serum of patients 
with inflammatory and autoimmune disorders. A cellular signaling pathway 
involved in Hsp60-mediated NLRP3 inflammasome activation and subsequent 
IL-1β production is described in Fig. 15.1. So, it might be hypothesized that AD 
patients may be accompanied by the presence of anti-HSP antibodies due to the 
inflammatory process present in the brains of these patients. They didn’t find any 
significant difference in antibody titer of the healthy individual as compared to AD 
patients. So, they concluded that anti Hsp60 antibodies that are present in these 
patients might belongs to a natural human immune system and does not signifi-
cantly induce any effect on immunoreactivity against Hsp60.

Hsp60 is a mitochondrial chaperone which is required for its homeostasis and 
there are many human diseases associated with mutation in Hsp60 (also known as 
HSPD1 gene) (Meng et al. 2018).V98I mutation in Hsp60 was reported to be asso-
ciated with hereditary spastic paraplegia SPG 13 which is a rare neurodegenerative 
disorder characterized by weakness of the lower Limbs (Bross et al. 2008). Another 
mutation in Hsp60 (D27G) was identified from patients suffering in an autosomal 
recessive neurodegenerative disorder also called MitCHAP-60 disease (Magen 
et al. 2008). It is characterized by hypomyelination and leukodystrophy in the brain, 
and it was found that D27G mutant was less stable in forming hepta and decameric 
oligomers as compared to wild-type (Meng et al. 2018).

15.1.1.3  Brain Tumors

The frequency of development of brain tumors accounts for 2% of human neo-
plasms in adults and 20% in pediatric patients (McKeever 1999). These tumors 
comprise a different group of neoplasms which arises in the brain and its 
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surrounding structures as shown in Fig. 15.2. Hsp had a promising role for cell sur-
vival functions and believed to be involved in the development of some human dis-
eases known as chaperonopathies (Macario and Macario 2005). According to some 
studies, chaperones favors the tumor by inhibiting tumor cell apoptosis and pres-
ence of high levels of various Hsp in human brain tumors might be useful in early 
detection of disease (Campanella et al. 2012). Rappa et al. 2013 studied the level 
and cellular distribution of Hsp60 and Hsp70 in a series of brain tumors. They found 
the significantly higher level of Hsp60  in neuroepithelial tumors as compared to 
meningeal neoplasms, and Hsp60 was mainly present in the cytoplasmic level. They 
hypothesized that increment of level of Hsp60 is not by passive phenomenon but 
might be implicated in tumor progression. In another study by Kato et  al. 2001, 
demonstrated expression and immunopositivity of Hsp60 in a series of 158 human 
brain tumors as compared to normal brain tissues.

Fig. 15.1 Scheme of the signaling pathway involved in Hsp60-mediated NLRP3 inflammasome 
activation and subsequent IL-1β production. IL-1β induces its production by the activated microg-
lia in an Hsp60-dependent manner. Hsp60, after being up-regulated by IL-1β, gets secreted outside 
and binds with TLR4 of the microglia to activate p38 MAPK. Binding of Hsp60 with TLR4 facili-
tates NF-κB phosphorylation, mitochondrial damage, and ROS generation and finally activates 
NLRP3 inflammasome leading to IL-1β production. JEV also augments Hsp60 production and 
thus influences inflammasome complex to induce a consecutive expression of IL-1β and, in turn, 
induces an exaggerated immune response
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15.1.2  HSP60 Modulators

There is a need to develop Hsp60 modulators that can target Hsp60 and useful in 
therapeutics of these disease conditions (Nakamura and Minegishi 2013). Already 
numerous compounds have been designed to focus on Hsp90, but few have been 
developed up till now for Hsp60 (Capello et al. 2014). Most of the Hsp60 modula-
tors that are developed to date are bioactive compounds from studies of chemo 
proteomics. These modulators are classified into two types Type I and Type II (Pace 
et  al. 2013). Type 1 inhibitors are work through inhibiting ATP binding and its 
hydrolysis. These inhibitors inhibit Hsp60 refolding activity as ATP-dependent con-
formation changes are affected (Meng et  al. 2018). Type II inhibitors covalently 
react with specific cysteine residues in Hsp60. There is some natural product based 
Hsp-inhibitors and other from synthetic source (Radons 2017). Mizoribine is the 
first smallest organic molecule to be known as an Hsp60 inhibitor (Mizuno et al. 
1974). This compound act as imidazole nucleoside antibiotic isolated from 
Eupenicillium brefeldianum. It does not contain any antimicrobial activity, but it is 
a potential immunosuppressor (Itoh et al. 1999).

Another natural compound which inhibits Hsp60 is epolactaene isolated from 
fungus Penicillium sp. Recently, MyrtucommulaneA (MC) is a non prenylatedacyl-
phloroglucinol which contains antibacterial, antioxidant, anti-inflammatory, antitu-
mor properties and isolated from human leukemia cells (Nagumo et  al. 2004). 
Experiments have shown that Hsp60 is a direct target of MC.  Indeed there is an 
excellent opportunity to develop potential therapeutic by targeting Hsp60 because 
the expression level of Hsp60 is increased in almost all neurodegenerative disorders 

Fig. 15.2 An analysis of the immunopositivity of Hsp60 in brain tumors
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(Nagumo et al. 2005). Few small modulators of Hsp60 have been identified which 
includes both natural products and synthetic molecules but these all molecules does 
not share any common structural motif or pharmacophore, so it will be crucial to 
understanding how these inhibitors can interact with Hsp60.

15.1.3  Computational Tools Used in Drug Discovery

Hsp60 is a complex molecule having a large number of therapeutic application in 
drug discovery, by stimulation of different genes and protein effectively 
(Abramovitch 2018). The pro-tumoral strategies in Hsp60 include stimulation of 
pro-apoptotic pathways, pro-survival pathways, surface expression, and antitumor 
immune responses. The target of Hsp60 inhibitors is ATP binding sites and hydro-
lysis sites whose change in conformation can lead to the tumor (Nakamoto et al. 
2018). A variety of docking databases can help to identify these conformational 
changes such as PDB bind database, some commercial programs such as LigandFit, 
Glide, GOLD, MOE Dock, and Surflex-Dock and some academic programs such as 
AutoDock, AutoDock Vina, LeDock, rDock, and UCSF DOCK also helpful in this 
direction (Padmadas et al. 2018). These programs can help in finding the accuracies 
of binding pose prediction (sampling power) and binding affinity (scoring power). 
Docking can assist not only in identifying these ligands with their specific sites also 
they can contribute to predicting the interactions between them (de Ruyck et al. 
2016). Another place for Hsp60 attack is oxidation sites and binding sites with 
specific ligands. Improvement in computational tools such as target/ligand data-
bases, homology modeling, ligand fingerprint methods, etc. can sort out the diffi-
culties of predicting ligand activity, based on only similarities or dissimilarities. 
Various computer- aided drug designing can act as a companion for efficient drugs 
development (Hauser et al. 2017). Tumor-derived Hsp60 act as a loyal candidate 
for anti- tumor vaccines; derived peptides shows high immunomodulatory effect 
such as in arthritis. In addition to this, levels of Hsp60 influence by the levels of 
flavonoids and other proteins (Carlson 2002). Certain web tools such as SwissADME 
can detect these physicochemical properties, pharmacokinetics, drug-likeness. 
Some methods in cheminformatics such as BOILED-Egg and iLOGP are used to 
support drug discovery endeavors (Daina et al. 2017). They function collaboratory 
and interacts with others also; some proteins inhibit the expression of other Hsp 
such as Hsp60, Hsp70, Hsp27, and Hsp47. Photodynamic therapy (PDT) can help 
in identifying treatments for different oncologic and nononcologic lesions; it can 
act as a powerful tool for modulating HSP60/HSPD1 gene expression tumor cell 
resistance to anti- tumor agents induced by PDT might be related to Hsp60 overex-
pression. For example, E. coli Hsp90 and the DnaK system work synergistically to 
remodel of the client protein. E. coli Hsp90 and DnaK interact both in vivo and 
in vitro, additional evidence justify that E. coli Hsp90 and the DnaK system func-
tion together (Genest et al. 2011).
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Some DNA vaccines encoded with Hsp60 directly targets different disease such 
as arthritis, diabetes, obesity, etc. so, they can be modified and predicted by using 
various computational strategies. Moreover, various computational studies can be 
used to predict the epitopes design for particular diseases especially mycobacterium 
Hsp60which is responsible for T-cell activations. Here, Docking of peptides to the 
binding groove of MHC I proteins can be used to study the binding interactions of 
15 antigenic CTL epitopes with three class I major histocompatibility complex 
(MHC I). The self-reactive T-cell population can be protected by the cross-reactivity 
between non-self- and self-Hsp60. Exosome-based tumor vaccines represent an 
exciting approach in inducing strong anti-tumor immune responses CD8(+) T cells 
have been recognized as the significant T-cell subset responsible for the anti-tumor 
effect of Hsp60-containing exosomes interpretation of anti-tumor vaccines based on 
Hsp60-containing exosomes act as novel anti-cancer therapies. In addition to this, 
chemotherapy possibly impacts Hsp60 expression has been the subject of numerous 
investigation (Leelananda and Lindert 2016).

In neurological disorders especially that targets the genes and protein expression, 
Hsp60 plays a significant role. Hsp60 plays a crucial role in protecting the brain, as 
it consists of proteins consisting of microglial triggering receptor expressed in 
myeloid (TREM). They bind on the surface of neuroblastoma cells and astrocytes 
when exposed to the surface of Hsp60. Under nonpathological conditions Hsp60- 
complexed TREM-2 synchronize functions of brain cells, these types of correla-
tions can be studied by using various computational strategies such as Brain-coX 
which provide a wide range of transcriptomics studies based on brain and gene 
expressions. In microglia, it was found that different interactions of extracellular 
Hsp60 with microglial LOX-1 boost the production of pro-inflammatory factors 
(IL-1β, NO and ROS) and propagate neuronal damage. For a better analysis of gene 
networks for hsp60 in different neurological disorders, NeuroDNet is a web server 
using Mysql - 5.0.18 - Win32 and PHP - 5.2.0 (Bendl et al. 2016; Jorgensen 2004). 
For the comparative analysis, an Integrated Neurodegenerative Disease Database 
(INDD) has been made of frontotemporal lobar degeneration (FLD) (Sliwoski et al. 
2014). Extracellular Hsp60 induces an inflammatory response and soluble neuronal 
injury signal having a direct link with neuroinflammation and neurotoxicity. More 
informative studies can be done by Alzforum, by which diagnostics and treatment 
related to Alzheimer disease and related disorders can be retrieved quickly. Alzforum 
has developed other ten open-access databases- AlzBiomarker, AlzGene, AlzPedia, 
AlzRisk, Antibodies, Brain Banks, Mutations, Research Models, Protocols, 
Therapeutics which directly links it to all aspects of AD and PD (Weinberg et al. 
2017). In addition to this other database such as CIDeR and CombiROC can be used 
for integrative studies of metabolic and neurological disorders, it can help in deter-
mining best possible biomarkers for specific diseases (Scott et al. 2016).
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15.2  Conclusions

In recent years, there has been a spectacular augment in cases where individual suf-
fering from neurological disorders worldwide. It was observed from different stud-
ies that Hsp60 deregulation or malfunction play a significant role in the progression 
of these diseases. In a healthy individual, Hsp60 involves in refolding, or degrada-
tion of misfolded proteins thus prevents the development of the disease. So, the 
development of Hsp60 modulators could be a better and effective treatment option 
for several neurological diseases. In this direction, several modulators such as 
Mizoribine and Myrtucommulane A were discovered from natural sources that can 
inhibit or modulate the Hsp60 activity and pathways where Hsp60 takes part. 
Further, several computer-based advanced docking and simulation models have 
been developed that can be used for designing and screening of more potent modu-
lators for disease treatment.
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Chapter 16
Hsp60 in Modifications of Nervous System 
Homeostasis and Neurodegeneration

Celeste Caruso Bavisotto, Federica Scalia, Alessandro Pitruzzella, 
Magdalena Górska-Ponikowska, Claudia Marino, and Giulio Taglialatela

Abstract Hsp60 is a critical chaperonin for its role in preserving cell survival and 
protecting mitochondria against stress conditions. Indeed, mutations or malfunc-
tions of Hsp60 are involved in several human diseases, either genetic or acquired, 
some of them affecting also the brain. In this chapter, we present several experimen-
tal observations supporting the role of Hsp60 in some neurodegenerative diseases. 
Further, Hsp60, as multifunctional protein, contributes to the protein folding sys-
tem, to protect mitochondria and is involved in several other cellular pathways that 
are known to be affected in these diseases. Furthermore, due to its role outside of the 
mitochondria and in the extracellular fluids, it has also been suggested that Hsp60 
has a role in triggering neuroinflammation. Taken together, these considerations 
strongly suggest the important role for Hsp60  in neurodegenerative diseases and 
might propose Hp60 as an attractive target for developing future therapies.

C. Caruso Bavisotto (*) 
Department of Biomedicine, Neuroscience and Advanced Diagnostics (BIND),  
Section of Human Anatomy, University of Palermo, Palermo, Italy 

Euro-Mediterranean Institute of Science and Technology (IEMEST), Palermo, Italy 

Institute of Biophysics, National Research Council, Palermo, Italy
e-mail: celeste.carusobavisotto@unipa.it; celeste.carusobavisotto@pa.ibf.cnr.it 

F. Scalia · A. Pitruzzella 
Department of Biomedicine, Neuroscience and Advanced Diagnostics (BIND),  
Section of Human Anatomy, University of Palermo, Palermo, Italy 

Euro-Mediterranean Institute of Science and Technology (IEMEST), Palermo, Italy 

M. Górska-Ponikowska 
Department of Medical Chemistry, Medical University of Gdansk, Gdańsk, Poland 

Institute of Biomaterials and Biomolecular Systems, Department of Biophysics,  
University of Stuttgart, Stuttgart, Germany 

C. Marino · G. Taglialatela 
Mitchell Center for Neurodegenerative Diseases, Department of Neurology,  
University of Texas Medical Branch, Galveston, TX, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23154-5_16&domain=pdf
mailto:celeste.carusobavisotto@unipa.it
mailto:celeste.carusobavisotto@pa.ibf.cnr.it


242

Keywords Exosomes · Heat shock proteins (Hsp) · Hsp60 · Molecular chaperones 
· Neurodegenerative disease · Theranostic tool

Abbreviations

ACADS Acyl-CoA dehydrogenase gene
AD Alzheimer’s disease
APP Amyloid precursor protein
ATPase Adenosine triphosphatase
Aβ Amyloid-β peptide
BBB Blood brain barrier
CNS Central nervous system
CS Chaperone system
HD Huntington’s disease
Hsp60 Heat shock protein 60 kDa
HSPD1 Heat shock protein family D
HTT Huntingtin gene
NDDs Neurodegenerative disorders
NFTs Neurofibrillary tangles
PD Parkinson’s disease
sHsp Small heat shock proteins
TLR Toll-like receptor

16.1  Introduction

Neurodegenerative disorders (NDDs) are age-related pathologies in which genetic 
determinants and environmental stressors play a complex role. These pathologies 
have been often classified as “conformational diseases” or “protein misfolding dis-
eases” (Soto 2003; Butterfiel et al. 2012; Kayed et al. 2003), as they are character-
ized by synaptic dysfunction and loss of neurons associated with pathologically 
altered proteins. These proteins are highly prone to aggregate and to form insoluble 
deposits both in brain and in peripheral organs (Carrell and Lomas 1997; Korsak 
and Kozyreva 2015).

Despite these neurodegenerative diseases share the common mechanism of pro-
tein misfolding, each disease differs from the other for the anatomical onset, and for 
the primary structure of the misfolded peptide involved (Kayed et  al. 2003; 
Armstrong 2012; Macario and Conway de Macario 2001). Few examples of these 
disorders are: Alzheimer’s disease, which is mainly caused by the misfolding of 
amyloid beta and tau proteins originating from the hippocampus (Selkoe and Hardy 
2016); Parkinson’s disease, which is characterized by the misfolding of α-synuclein 
and neuronal loss originating in the substantia nigra (Poewe et al. 2017); Huntington’s 
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disease, which is characterized by poli-repeated hungtintin protein, originating 
from a mutation in the HTT gene originating in the caudate nucleus (Zielonka et al. 
2015). Molecular chaperones are critical for the correct function of the stress- 
response machinery and they are also involved in the maintenance of both proteome 
integrity and protein homeostasis (proteostasis). However, it has been demonstrated 
that during aging this capacity can be reduced or compromised, thus leading to the 
manifestation of various protein-aggregation diseases (Hartl et al. 2011).

Chaperones are ubiquitous proteins highly conserved throughout evolution, from 
bacteria to humans (Lindquist 1986). They can be classified by molecular weight: 
small heat shock proteins (sHsp) family from 10 to 30 kDa; Hsp40 family (40 kDa); 
Hsp60 (or chaperonins) with molecular weight close to 60  kDa; Hsp70 family 
(70  kDa); Hsp90 family (83–90  kDa); and Hsp100/110 family with molecular 
weight equal or higher than 100 kDa (Kampinga et al. 2009). Among all compo-
nents of the Chaperone System (CS), the chaperonin Hsp60 (also called Cpn60 or 
HspD1) is the focus of this chapter, with particular attention to its role in the Central 
Nervous System (CNS).

The chaperonin Hsp60, along with its co-chaperonin Hsp10, is essential for cell 
survival, since assists protein folding, protein trafficking and cellular homeostasis 
(Macario and Conway de Macario 2005). Even though the typical function of Hsp60 
involves stress response, where it is considered mainly as a cytoprotective factor, 
there is evidence suggesting the presence of various pathological conditions associ-
ated with Hsp60 failure or malfunction (Cappello et al. 2013a, b). In mammalian 
CNS a mild deficiency of Hsp60 primarily affects neuronal and/or glial cells, 
whereas a more severe deficiency of Hsp60 would affect all tissues and would not 
be compatible with life (Christensen et al. 2010). The pathological conditions in 
which Hsp60 promotes these malfunctions are referred as “chaperonopathies” 
(Macario et al. 2013; Macario and Conway de Macario 2018), and appears that are 
needed new research approaches, to further understand Hsp60 functions, and there-
fore propose it as a novel therapeutic tool.

16.2  Central Nervous System Cytology: Neurons and Glia

The brain and the spinal cord constitute the CNS and are protected inside the cra-
nium and the vertebral column respectively. Bundles of axons called nerves connect 
the CNS to the rest of the body (Peters et al. 1978). Two main types of cells charac-
terizing the CNS are: (1) neurons specialized in impulse conduction and signals 
exchanging with other neurons and/or specialized cells; (2) neuroglial cells (col-
lectively known as the neuroglia) with many important physiological functions 
(Table 16.1). Both neurons and neuroglia cells develop from the dorsal ectoderm of 
the early embryo. Overall, these cells are responsible for most of the functional 
characteristics of nervous tissue (Peters et al. 1978).
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16.2.1  Neurons

Neurons are highly specialized cells that send and receive chemical and electrical 
signals (Peters et al. 1978; Kandel et al. 2000). Neurons exhibit great variability in 
both size and shape, despite they commonly present a rounded or polygonal area, or 
soma, that includes the nucleus, the organelles and its cytoplasm. Further, these 

Table 16.1 Cell types and associated neurodegenerative disease of the CNS

Cell type Characteristics Functions

Associated 
neurodegenerative 
disease References

Neurons Polarized cells Send and receive 
chemically 
mediated 
electrical signals

Alzheimer’s disease; 
Huntington’s disease; 
Parkinson’s disease; 
Lewy body disease; 
multiple system 
atrophy; 
frontotemporal 
dementia; 
amyotrophic lateral 
sclerosis

Ahmed et al. 
(2012), Beyer 
et al. (2009), 
Jellinger 
(2012), Seelaar 
et al. (2011), 
and Wijesekera 
and Leigh 
(2009)

Astrocytes Small cells with 
extensive and 
highly branched 
processes

Guide neuronal 
development

Alzheimer’s disease; 
Huntington’s disease; 
Parkinson’s disease; 
amyotrophic lateral 
sclerosis; Alexander’s 
disease

Bellavista et al. 
(2014), Ferrer 
et al. (2014), 
Mizielinska 
et al. (2013), 
Pasanen et al. 
(2014), and 
Tong et al. 
(2014)

Regulate synaptic 
communication 
via regulation of 
neurotransmitter 
levels

Oligodendrocytes Small cells with 
small processes

Form myelin Alzheimer’s disease; 
Parkinson’s disease; 
amyotrophic lateral 
sclerosis; multiple 
system atrophy

Bellavista et al. 
(2014), Ferrer 
et al. (2014), 
Goedert 
(2001), 
Mizielinska 
et al. (2013), 
Morell and 
Norton (1980), 
and Pasanen 
et al. (2014)

Microglial cells Cells with small 
nucleus and 
long, thin, very 
motile 
processes

Remove dead 
cells and cell 
debris

Alzheimer’s disease; 
amyotrophic lateral 
sclerosis; multiple 
sclerosis

Bellavista et al. 
(2014) and 
Mizielinska 
et al. (2013)

Ependymal cells Large cell with 
distinct round 
nucleus

Produce and 
circulate 
cerebrospinal 
fluid

– Jiménez et al. 
(2014)
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cells have one or few axons, so send signals to other neurons, and numerous cell 
processes, or dendrites that receive signals from other neurons. Most neurons of the 
CNS have several dendrites and are multipolar in shape. By reaching out in various 
directions, dendrites increase the ability of neurons to receive input from different 
sources at the same time through the synapses (Peters et al. 1978). A distinguishing 
characteristic of neurons is their complexity and highly differentiated structure. The 
number and morphology of their processes (either axonal or dendritic) commonly 
categorize them. Neuronal cell bodies also contain a prominent Golgi apparatus, 
similarly to other secretory cells, which is necessary to satisfy the high vesicles 
synthesis for neurotransmitter release (Illis 1999; Peters et al. 1978).

16.2.2  Glial Cells

Glial cells were first recognized as a distinct cell type in the mid-1800s. The name 
“neuroglia,” assigned by Rudolph Virchow, means “nerve glue,” since these cells 
were thought to support brain function, by keeping neurons in their proper position 
(Jacobson 1991). Despite glial cells are still thought to be cells of support for neu-
rons, their role is considerably more complex. Indeed, it has been shown that neu-
rons and glia can interact in interdependent ways, influencing each other’s 
development, differentiation, and physiological function.

Astrocytes are thought to play different important roles: (1) they modulate the 
exchange of materials between capillaries and neuronal cells; (2) they provide nutri-
tive or trophic support to neurons; (3) they regulate the extracellular ionic composi-
tion and they are involved in the intake of neurotransmitters that are released by 
neurons; (4) they remove debris produced after injury, particularly from degenerat-
ing synaptic terminals; and (5) they contribute to cellular compartmentation in 
densely packed neuropil zones by separating neuronal processes (Jäkel and Dimou 
2017; Steward 1989).

Further, glia is widespread and heterogeneous, and there are two principal types 
of glia that are distinguished by size and embryonic origin: macroglia, astroglia and 
oligodendroglia, the latter being the larger type of glial cells, originating from the 
neural plate. Microglia are smaller cells and are thought to originate from the meso-
derm. Astroglia or astrocytes have small cell bodies and extensive and highly 
branched processes. They are involved in the induction, development, and regula-
tion of the blood brain barrier (BBB) (Abbott 2002). There are two kinds of astro-
cytes, which differ in appearance and location: fibrous astrocytes, occurring 
predominantly in the white matter, and protoplasmic astrocytes, which are found 
mainly in grey matter (He and Sun 2007).

Oligodendroglia or oligodendrocytes have inferior dimensions than astrocytes 
and have fewer and shorter processes. The oligodendrocytes can be classified in two 
types: intrafascicular oligodendroglia, which are found in fiber tracts where they are 
the myelin-forming elements; and perineuronal oligodendroglia, which are not 
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associated with axon and found near neuronal cell bodies as satellite cells (Morell 
and Norton 1980).

Microglia are the smallest of the glial elements. They have short, thin processes 
that contact neurons and capillaries and can migrate even in the mature CNS, and 
they play an important function in the removal of degeneration debris following 
injury (Jäkel and Dimou 2017).

Ependymal cells line overlying the ventricles as an epithelial layer. Particularly, 
these cells are interconnected by gap junctions, and at the ventricular side, ependy-
mal cells have numerous microvilli and cilia (Jiménez et al. 2014).

Glial cells are essential for proper neuronal function. However, the exact nature 
of their role in the brain function remains to be addressed, even though it is well 
established that in neurodegenerative diseases they can lose their normal function of 
supporting cells, thus leading to astrogliosis and microglial proliferation and subse-
quent damaged brain tissues (Table 16.1) (Bellavista et al. 2014; Ferrer et al. 2014; 
Goedert 2001; Mizielinska et al. 2013; Pasanen et al. 2014; Perry and Holmes 2014; 
Tong et al. 2014).

16.3  Hsp60 Canonical and Non-canonical Cell Localization 
and Functions

Hsp60 is commonly classified as a mitochondrial protein, as it is mainly found in 
the mitochondrion. However, its coding gene, HSPD1, is located in the cell nucleus 
(Hansen et al. 2003). In fact, after being synthesized in the cytosol as Hsp60 precur-
sor, it migrates into mitochondria, where, once processed in its active form, contrib-
utes to the intra-mitochondrial protein homeostasis (Hartl et al. 1989) (Fig. 16.1). 
Therefore, under normal conditions, there are at least two intracellular populations 
of Hsp60, one in the cytosol and one in the mitochondria (Chandra 2007; Vilasi 
et al. 2018). Hsp60 is crucial for life and regulate cell homeostasis. This protein acts 
as a molecular chaperone, to fulfill its specific functions and it also cooperates with 
other chaperones (Böttinger et al. 2015; Cappello et al. 2008; Marino Gammazza 
et al. 2012). In the mitochondria, Hsp60, along with Hsp10, assist the folding of a 
subset of mitochondrial matrix proteins (Okamoto et al. 2015, 2017), refolds nascent 
polypeptides and assist their translocation as unfolded linear chains from the cyto-
plasm to the mitochondrial matrix (Marino Gammazza et al. 2012). The understand-
ing of the structure and function of Hsp60 is mainly based on research done on the 
bacterial homologue GroEL, as both proteins share approximately the 50% of 
sequence identity. Hsp60 forms a stable tetradecameric double-ring conformation in 
which it is possible to identify three domains: (1) apical domain that interacts with 
the unfolded substrate proteins and serves as binding site for Hsp10; (2) intermedi-
ate domain that join the apical to the (3) equatorial domains, which hold the ATPase 
activity (Horwich et al. 2007; Vilasi et al. 2014). Effectively, the Hsp60/Hsp10 com-
plex has been indicated to be able to function as a single ring (Nielsen et al. 1999; 
Nielsen and Cowan 1998). However, seem that the human Hsp60 exists in a dynamic 
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equilibrium between monomers, single ring heptamers and double ring dodecamers 
(Levy-Rimler et al. 2001, Okamoto T. et al. (2015).

Hsp60 is critical for assisting mitochondrial protein folding and is also crucial 
for the proper function of mitochondria, as it regulates mitochondrial permeabil-
ity (Ghosh et al. 2010) and favors the folding of mitochondrial matrix enzymes 

Fig. 16.1 Hsp60: canonical and non-canonical localization. Hsp60 was initially described as a 
mitochondrial molecular chaperone. During the last years, novel functions have been proposed for 
Hsp60, relatively to intracellular and extracellular cell compartments, where Hsp60 has been 
shown to have a multifaceted role, depending on the cell type and its localization. However, these 
roles are still not completely understood (Caruso Bavisotto et al. 2017). After its synthesis, Hsp60 
is translocated and localized in several compartments within the cell, such as mitochondria, Golgi 
apparatus, plasma membrane, and cytoplasm, but Hsp60 is also secreted outside the cell by canoni-
cal secretion pathway as a “free” Hsp60, or by exosomes (a). Thus, Hsp60 has also been identified 
in the extracellular space. According to different studies, the protein can be secreted into the extra-
cellular matrix, for instance, to regulate the tissue regeneration, initiating cell proliferation, regu-
lating inflammation (Campanella et al. 2012, 2014; Caruso Bavisotto et al. 2017; Nakamura and 
Minegishi 2013; Soltys and Gupta 1997). It mediates the interaction between cells of the immune 
system and other cell types (b). The extracellular Hsp60 can be found as well in human peripheral 
blood as free or membrane-bound showing immunosuppressive or immunostimulating effects. The 
exosomes, considered a new mechanism of intercellular exchange of information in normal and 
pathological conditions, are present in body fluids such as blood, urine, breast milk, saliva, cere-
brospinal fluid, bronchoalveolar lavage, ascitic, and amniotic fluids. Therefore despite further stud-
ies are needed, the presence of Hsp60 in the exosomes cannot be excluded (c). Exosomes can be 
considered tools for improving diagnostic procedures for diagnosis, patient stratification and/or 
prognosis of disease outcome. These considerations could contribute to reduce diagnostic mistakes 
and to improve future therapeutic decisions
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(Corydon et  al. 2005). Moreover, there is a possible link between Hsp60-
dependent protein quality control and the oxidative stress scavenging systems that 
may contribute to increased levels of reactive oxygen species under folding stress 
(Magnoni et al. 2014).

In addition to its role in protein folding, Hspo60 is implicated in intracellular 
protein trafficking (Bukau and Horwich 1998) peptide-hormone signaling (Monreal- 
Flores et  al. 2017), and in pro-apoptotic and pro-survival pathways (Caruso 
Bavisotto et al. 2017; Gorska et al. 2013; Pace et al. 2013). These events are pre-
rogative of both mitochondrial and cytosolic Hsp60 isoforms, and its cell distribu-
tion appears to modulate several phenomena in both normal and pathological 
conditions (Gupta and Knowlton 2005; Gupta and Knowlton 2007; Shan et  al. 
2003). Further, our studies and various others have shown that Hsp60 also resides 
and functions outside the mitochondria (Cappello et al. 2008), namely in the cytosol 
(Chandra et al. 2007), in intracellular vesicles, in the Golgi (Soltys and Gupta 1996, 
2000), at the plasma membrane (Soltys and Gupta 1997), and in body fluids 
(Campanella et al. 2012, 2014, 2015b; Caruso Bavisotto et al. 2017) (Fig. 16.1). 
Furthermore, Hsp60 also plays non-canonical roles not related to protein homeosta-
sis: innate and adaptive immunities, inflammation, autoimmunity, and cancer 
(Cappello et al. 2014; Macario and Conway de Macario 2018; Marino Gammazza 
et al. 2014, 2017b; Vilasi et al. 2018). In the cytosol, Hsp60 upregulates various 
pathways that can also lead to pathologies, such as facilitating the survival of malig-
nant cells, by protecting them from apoptosis and/or senescence (Marino Gammazza 
et  al. 2017a). Further, it has been demonstrated that Hsp60 facilitates apoptosis 
through the interaction with mitochondrial Hsp70 (mortalin) (Deocaris et al. 2006; 
Wadhwa et al. 2005), survivin and p53 (Ghosh et al. 2008; Cappello et al. 2008). 
Therefore, Hsp60 can be either pro-survival or proapoptotic depending on other cel-
lular factors (Chandra et  al. 2007): whether it binds to pro-caspase 3 has a pro- 
apoptotic role, because allows its activation in normal cells (Samali et al. 1999). 
Conversely, in tumor cells, as Hsp60 does not activate the caspase pathway, it facili-
tates the survival of malignant cell, thus, contributing to tumorigenesis (Caruso 
Bavisotto et al. 2017) by preventing apoptosis (Kirchhoff et al. 2002). In several 
conditions, Hsp60 it has been shown to be either increased or decreased in its levels 
and the pathophysiological significance of these quantitative variations seem to be 
dependent on the environment in which the chaperonin resides (Marino Gammazza 
et al. 2017b). At the plasma membrane, the extra-mitochondrial Hsp60 may mediate 
the interaction between cells of the immune system and other cell types. Indeed, 
receptors for Hsp60 have been observed on various inflammatory cells. Particularly, 
the most described receptors for HSP60 are toll-like receptor (TLR) 2 and TLR-4 
and CD14, CD30, and CD54, expressed predominately on lymphocytes and macro-
phages (Marino Gammazza et al. 2014; Nakamura and Minegishi 2013).

Interestingly, Hsp60 may be also secreted in the extracellular space and in the 
blood circulation (Campanella, et al. 2015a, b; Marino Gammazza et al. 2014; Novo 
et al. 2011; Rizzo et al. 2012), both as a free from or through the secretion of extra-
cellular vesicles, such as exosomes (Fig.  16.1). Extracellular Hsp60 has been 
 postulated to have effects on neutrophils (Cappello et  al. 2011; Tomasello et  al. 
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2011) and macrophages. With the latter, Hsp60 has been found to interact with 
macrophage- specific surface receptors and to modulate either pro- or anti-inflam-
matory effects (Macario et al. 2010). For example, Hsp60 can induce secretion of 
cytokines from professional antigen-presenting cells, with consequent activation of 
T-cells (Gupta et al. 2008; Merendino et al. 2010; Osterloh et al. 2004; Soltys and 
Gupta 1996).

The secretion of Hsp60 through exosomes is a multi-step process including its 
(1) accumulation in the cytosol; (2) translocation to the plasma membrane; (3) inter-
nalization by lipid rafts into multivesicular bodies; (4) and secretion via exosomes 
(Campanella et al. 2012; Caruso Bavisotto et al. 2017). Exosomes are extracellular 
vesicles of 20–150 nm in diameter, considered as one of the most important media-
tors of cell-to-cell communication regarding their involvement in pathophysiologi-
cal processes (Caruso Bavisotto et al. 2013). Exosomes may circulate throughout 
the body and thereby can reach target cells and affect both their properties and 
functions. It is well established that Hsp60 accumulates in exosomes released by 
cells and its presence in exosomes may constitute a sort of cell fingerprint. Exosomes 
circulating throughout the body may reach distinct target cells, thus affecting their 
properties and functions. Due to the above, exosomal Hsp60 has been proposed as 
a promising “theranostics” tool and novel biomarker useful for diagnosing and 
assessing prognosis of a variety of diseases (Caruso Bavisotto et al. 2017b; Gupta 
and Knowlton 2007; Hayoun et  al. 2012; Lv et  al. 2012; Malik et  al. 2013) 
(Fig. 16.1).

16.4  Nervous System Diseases in Which Hsp60 Contributes 
to Disease Pathogenesis

Given the important role of Hsp60 in cellular and extracellular mechanisms, such as 
protein trafficking and/or degradation, cell differentiation, signal transduction 
(Caruso Bavisotto et al. 2018; Graziano et al. 2018; Vilasi et al. 2018), it is not sur-
prising that any malfunctioning of this chaperonin leads to pathogenic conditions, 
as seen in different neurodegenerative diseases. Hsp60 is endogenously expressed 
in astrocytes, neurons, microglia, oligodendrocytes, and ependymal cells (D’Souza 
and Brown 1998). This distribution suggests an active participation of this chapero-
nin in many functions of the brain, in both normal and pathological conditions.

As previously stated, Hsp60 is implicated in the regulation of “proteostasis”, by 
modulating not only protein activity but also by targeting misfolded or aggregated 
proteins for refolding or for degradation and translocation (Czarnecka et al. 2006). 
Therefore, any failure of these essential cellular quality control mechanisms con-
tributes to a variety of pathologies, referred as “proteinopathies”. These pathologies 
are characterized by protein dysfunctions, accumulation of specific misfolded or 
conformationally altered proteins (Bayer 2015). In the CNS, the protective role of 
Hsp60 is even more important; here in fact, Hsp60 must assist the complex activities 
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and the exclusive morphology of the cells of the nervous system. Much more than 
the other cells of the human organism, neurons need mitochondria to be functional 
for energy support and for proper synaptic transmission (Lee et al. 2018). Therefore, 
it is not surprising that mitochondrial dysfunction contributes to neurological disor-
ders. Despite the phenotypic diversity and the heterogeneous genetic origin, many 
neurodegenerative disorders share some common features like mitochondrial dys-
function, alteration of cellular quality control mechanisms, oxidative stress, neuro-
inflammation, and impaired subcellular trafficking (Bross et al. 2012). In the context 
of this chapter, we distinguish two main groups of neurological disorders that can 
be linked to Hsp60 functions: (1) mitochondrial dysfunctions diseases and (2) mis-
folded proteins accumulation diseases.

16.4.1  Mitochondrial Dysfunctions and Related Diseases

The involvement of Hsp60 in the pathogenesis of neurological diseases brought the 
attention of the scientific community to the identification of mutations in the HSPD1 
gene that might be responsible for neurodegeneration. In fact, m it has been shown 
that mutations in the HSPD1 gene are associated with an autosomal dominant form 
of hereditary spastic paraplegia (designated by its genetic locus as SPG13) and an 
autosomal recessive hypomyelinating leukodystrophy termed MitCHAP60 disease 
(Bross et al. 2012).

16.4.1.1 Hereditary Spastic Paraplegia

Hereditary spastic paraplegias (HSPs) represent a clinically and genetically hetero-
geneous group of neurodegenerative disorders that are characterized by progressive 
spasticity and weakness of the lower limbs with a typically late-onset (Hansen et al. 
2002). In 2000 has been mapped for the first time a new locus associated with 
SPG13 in a French family (Fontaine et al. 2000). This first analysis gave an idea that 
the penetrance of autosomal dominant HSP is age-dependent and incomplete: 
affected patients had a different symptomatology, while individuals who carried the 
disease haplotype were diagnosed as neurological normal upon clinical examina-
tion. The latter individuals were defined as unaffected individuals probably due to 
their younger age at the onset of the disease, compared to the average of population 
carrying the disease haplotype (Fontaine et  al. 2000).Subsequently, in 2002, the 
gene encoding for the human mitochondrial Hsp60 and its co-chaperonin Hsp10 
was localized on chromosome 2, at the cytogenetic position 2q33.1, which is the 
same region where the locus for HSP (SPG13 [MIM ∗ 605280]) had been mapped 
in a French family (Hansen et al. 2002).

After the determination of the Hsp60/Hsp10 genomic structure (HSPD1 
[GenBank accession number AJ250915]), Hansen’s group performed the sequenc-
ing of the 16 exons encoding for the two genes and the bidirectional promoter region 
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in two affected members of the family with SPG13, and was also detected that both 
individuals were heterozygous for a variation G → A at position 292 of the cDNA 
of Hsp60. It results in the replacement of a valine residue at position 72 with isoleu-
cine (V98I), which, as demonstrated by in vitro analyzes, revealed that the Hsp60 
V72I mutant did not allow a correct growth of E. coli (Hansen et al. 2002). Until 
these findings, the investigation of the impact of genetic variation in the HSP60 and 
Hsp10 genes in genetic diseases has been limited by the common knowledge of the 
tidings of the human chaperonin genes, and the inconsistent nucleotide and map-
ping databases. Therefore, the Hansen’s group characterized the entire nucleotide 
sequence of the human Hsp60/Hsp10 by experimentally determining the chromo-
somal localization and characterizing the promoter region. From these analyzes, it 
was discovered that the fragments analyzed in healthy patients showed a different 
sequence and different chromosome location when compared to the sequence 
deposited in the Human Genome Assembly (build 30) (Hansen et al. 2003).

In 2008, the mutation c292 G > C, the V72I, was renamed in p. V98I (Bross et al. 
2008). The researchers performed experiments to analyze the properties of mutant 
protein expression in assisting the folding of an in vitro model protein and have also 
engineered a flexible E. coli system to monitor all different phenotypes. Their 
results showed that the V98I mutation affected ATPase activity. Incorporation of 
only one or two ATPase mutant subunits has a dramatic effect; whereas complexes 
composed of Hsp60-(p.V98I) and wild-type Hsp60 subunits appear to possess 
reduced but residual activity. Regarding patients affected by SPG13, it has been 
observed the formation of hetero-complexes of both mutated and wild type pro-
teins, probably leading to a reduction of chaperonin activity and subsequent reduc-
tion of protein folding activity and a premature substrate degradation. Interestingly, 
despite this impairment can be compensated in other tissues thanks to the compen-
satory up-regulation of encoding genes for other chaperones, in neuronal cells this 
compensatory mechanism could be limited by the long distances (in some cases 
more than 1 m) between the axonal mitochondria and the nucleus at the cell body 
(Bross et al. 2008).

Around the same time, has been identified by others a novel missense mutation 
(p.Gln461Glu) in the HSPD1 gene in one out of 23 Danish index patients diagnosed 
with HSP (Hansen et al. 2007). Functional studies showed that E. coli mutant cells 
deleted in the groES/groEL genes but complemented with Hsp10 and Hsp60 clearly 
display reduced growth, compared to cells complemented by the wild type Hsp60. 
Those results suggested that the function of the novel p.Gln461Glu (Q461E) mutant 
protein is mildly compromised and is consistent with p.Gln461Glu being associated 
with HSP but having a low penetrance. On the other side, the p.Val98Ile Hsp60 
mutant previously associated with a highly penetrant late-onset HSP in a large fam-
ily was shown to be more severely functionally impaired (Hansen et al. 2007).

To investigate how spastic paraplegia (SPG13)-associated mutant of HSPD1 
affects mitochondrial morphology, Miyamoto et al. carried out in vitro experiments 
on Cos-7 transfected cells. They evaluate that the length of the mitochondria of cells 
transfected for the V98I mutation was 30% smaller than the control cells transfected 
with HPSD1 wildtype; the number of mitochondria of cells harboring the mutation 
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was larger compared to wildtype cells; and V98I HSPD1 mutant cells incorporated 
50% less dye than the cells transfected for HSPD1 wild type (Miyamoto et al. 2016).

The possibility of interpreting the degree of Hsp60 involvement in pathogenesis 
was complicated when it was clear that in many monogenic diseases, the phenotype 
is not solely determined by gene variations in the primary target gene but is sub-
jected to modification by both modifier genes and environmental influences. In 
complex multi-factorial diseases, it is never a single gene, but rather a set of several 
gene variants (also termed modifiers that can contribute along with environmental 
factors to the disease phenotype (Bross et al. 2007). For instance, the p.[Gly563Ala] 
Hsp60 polymorphism appears to modify the spastin (SPG4) phenotype, causing an 
earlier onset of the disease symptoms (Hewamadduma et al. 2008); recently, has 
been reported a rare phenomenon of two siblings, a younger brother with hypomy-
elinating leukodystrophy and an elder brother with a severe intellectual disability 
and autistic features. They have independent de novo variants of HSPD1c.139T > G 
(p.Leu47Val) and HIP1c.1393G > A (p.Glu465Lys), respectively. These novel vari-
ants were predicted to be pathogenic and both patients also had a known MECP2 
variant, c.499C > T (p.Arg167Trp) (Yamamoto et al. 2018) (Table 16.2).

16.4.1.2 MitCHAP60

In 2008 has been identified a disorder termed MitCHAP-60 disease (Magen et al. 
2008). This neurodegenerative disorder causes a “complicated” SPG in which 
patients showed diffuse hypomyelination and leukodystrophy, and myelin is not 
formed properly. It is allelic to the pure autosomal-dominant SPG13 but is a disease- 
associated to a recessive missense mutation of Hsp60. In a large inbred Israeli 
Bedouin kindred has been detected a homozygous missense mutation g.1512A/G in 
exon 2 at position 86 of the cDNA sequence, causing an aspartic acid/glycine 
exchange at amino acid 29 of the Hsp60 protein sequence (D29G or D3G in the 
mature form). D29G mutation in HSPD1 segregated completely with the disease; 
all ten affected children were homozygous for the mutation and all parents were 
heterozygous. The pathogenic effect of the D29G mutation was verified by an E. 
coli Hsp60/Hsp10-GroES/GroEL complementation assay demonstrating a reduced 
ability of the D29G-Hsp60 mutant protein to support E. coli survival at all tempera-
tures, but especially at the higher ones (Magen et al. 2008).

Subsequently, researchers tried to determine the molecular basis of the 
MitCHAP-60 disease caused by the D3G mutation. The first studies were focused 
on the entropic destabilization of Hsp60 (Parnas et al. 2009). Particularly, they dem-
onstrated that at high protein concentrations, the D3G mutant can assemble into 
oligomers (heptamers and tetradecamers), but the D3G oligomers are unstable when 
compared with wild-type mHsp60 and dissociate into monomers rapidly upon dilu-
tion. This destabilization effects on the mHsp60 oligomer ATPase function (Parnas 
et al. 2009). Afterwards, the focus shifted to the relationship between the disease- 
associated mutation of HSPD1 and mitochondrial dynamics. Studying the effect of 
D29G missense mutation on mitochondrial morphological changes in Cos-7 living 
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cells has been demonstrated that the mutation affects mitochondrial fission and 
fusion cycles and mitochondrial membrane potential (Miyamoto et al. 2015)

More recently, it has been reported an additional case with MitCHAP-60 disease 
caused by the mutation previously reported in the Israeli Bedouin family (Magen 
et al. 2008). The patient was homozygous for an ACADS mutation and had the same 
missense mutation (Asp-29-to-Gly) on HSPD1 gene, previously described (Kusk 
et al. 2016). Therefore, also in this case it is possible to attribute a disturbed interac-
tion between ACADS and HSPD1. Because of their multifactorial fashion, to create 
animal models for these diseases can be challenging, despite it has been reported 
that transgenic mice expressing HLD4-associated (Asp-29-to-Gly) mutant of 
HSPD1 exhibit a defect in myelination in brain (Miyamoto et al. 2017) (Table 16.3).

Table 16.2 An overview of the historical literature about Hereditary Spastic Paraplegia

Year of 
publication Work of literature Breakthrough References

2000 A new locus for autosomal 
dominant pure spastic paraplegia, 
on chromosome 2q24-q34

Identified locus for HSP Fontaine et al. 
(2000)

2002 Hereditary Spastic Paraplegia 
SPG13 is associated with a 
mutation in the gene encoding the 
mitochondrial chaperonin Hsp60

SPG13 is associated with 
V72I mutation in Hsp60 
gene

Hansen et al. 
(2002)

2003 Genomic structure of the human 
mitochondrial chaperonin genes: 
Hsp60 and Hsp10 are localised 
head to head on chromosome 2 
separated by a bidirectional 
promoter

Experimental study of the 
entire Hsp60/Hsp10 
nucleotide sequence

Hansen et al. 
(2003)

2007 A novel mutation in the 
HSPD1gene in a patient with 
hereditary spastic paraplegia

Identified the missense 
mutation Q461E and its 
effects in E. coli system

Hansen et al. 
(2007)

2008 The Hsp60-(p.V98I) mutation 
associated with hereditary spastic 
paraplegia SPG13 compromises 
chaperonin function both in vitro 
and in vivo

The mutation V72I was 
renamed V98I. In vivo and 
in vitro data suggest a 
dysfunction of the 
Hsp60-(p.V98I) mutant

Bross et al. 
(2008)

2008 Hsp60 is a rare cause of hereditary G563A Hsp60 
polymorphism appears to 
modify the spastin (SPG4) 
phenotype

Hewamadduma 
et al. (2008)spastic paraparesis, but may act as 

a genetic modifier

2016 Data supporting mitochondrial 
morphological changes by 
SPG13-associated HSPD1 
mutants

Aberrant mitochondrial 
morphological changes 
with decreased activities of 
Hsp60-(p.V98I) mutants

Miyamoto et al. 
(2016)

2018 Independent occurrence of de 
novo HSPD1 and HIP1 variants in 
brothers with different 
neurological disorders–
leukodystrophy and autism

L47V HSPD1 variant was 
predicted to be pathogenic 
in association with others 
mutated genes

Yamamoto et al. 
(2018)
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16.4.2  Misfolded Protein Accumulation and Related Diseases

Neuronal dysfunction caused by the dysfunctional aggregation of proteins is a key 
feature shared by several neurodegenerative diseases, in which clinical manifesta-
tions depend on the brain region affected, and may involve the disruption of physi-
ological activities including sensory, motor and cognitive functions. Particularly, 
misfolding and aggregation of proteins are thought to be one of the leading causes 
of synaptic loss and neuronal death observed in different neurodegenerative dis-
eases. The aggregation of misfolded proteins is highly regulated, and it also depends 
on genetic and environmental factors (Maiti et al. 2014) (Table 16.4).

16.4.2.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative condition characterized by protein 
aggregation leading to toxic oligomer formation, synaptic loss and dementia. The 
protein aggregation mainly involves the amyloid-β peptide (Aβ), which accumu-
lates in extracellular deposits called senile or neuritic plaques, and tau protein, 
whose hyperphosphorylation and aggregation lead to intraneuronal inclusions 

Table 16.3 An overview of the historical literature about MitCHAP60 disease

Year of 
publication Work of literature Breakthrough References

2008 Mitochondrial Hsp60 
chaperonopathy causes an 
autosomal-recessive 
neurodegenerative disorder linked to 
brain hypomyelination and 
leukodystrophy

Identified a homozygous 
missense mutation (D29G) in 
HSPD1 gene

Magen et al. 
(2008)

2009 TheMitCHAP-60 disease is due to 
entropic destabilization of the 
human mitochondrial Hsp60 
oligomer

D3G (or D29G) mutation 
severely impairs the ATPase 
activity of mHsp60 and to 
destabilize the oligomeric 
structure of the protein

Parnas et al. 
(2009)

2015 Hypomyelinating leukodystrophy- 
associated missense mutation in 
HSPD1 blunts mitochondrial 
dynamics on chromosome 2 
separated by a bidirectional 
promoter

Effects of D29G missense 
mutation on mitochondrial 
morphological changes

Miyamoto 
et al. (2015)

2016 Hypomyelinating Leukodystrophy 
due to HSPD1 mutations: a new 
patient

Additional case with 
MitCHAP-60 disease caused 
by D29G mutation

Kusk et al. 
(2016)

2017 Defective myelination in mice 
harboring hypomyelinating 
leukodystrophy-associated HSPD1 
mutation

Transgenic mice expressing 
D29G mutation exhibit a 
defect in myelination in brain

Miyamoto 
et al. (2017)
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Table 16.4 An overview of the role of Hsp60 in the Misfolded proteins accumulation diseases

Disease Work of literature Breakthrough References

Alzheimer’s 
disease

Hsp60 levels were 
significantly decreased in 
hippocampi of APP- 
transgenic mice then 
controls

Aβ oligomers might 
contribute to changing the 
expression of the 
chaperonin.

Takano et al. (2013)

In a rat model of AD, the 
expression of Hsp60 is 
significantly decreased in 
the parietal cortex of AD 
subjects and in the 
cerebella

Hsp60 could have 
protective role against 
intracellular Aβ stress 
through the maintenance of 
mitochondrial functions

Jiang et al. (2013) and 
Veereshwarayya et al. 
(2006)

Hsp60 mediates 
translocation of APP/Aβ 
to the mitochondria

Hsp60 influences the Aβ 
amyloid aggregation 
process mediating its 
mislocalization and cell 
disfunctions

Mangione et al. (2016) 
and Walls et al. (2012)

Hsp60 and Aβ peptide can 
directly interact in several 
cell compartments and in 
the extracellular space
Hsp60 is highly expressed 
by activated microglia 
and it is release in 
extracellular space

Hsp60 induces 
neuroinflammation

Cappello et al. (2013a, 
b), Sun et al. (2018), 
Wojsiat et al. (2015), 
and Zhang et al. 
(2017)Lymphocytes from AD 

patients overexpress 
Hsp60.

Parkinson’s 
disease

In mutant yeast for 
Hsp60, it was observed 
accumulation of 
misfolded proteins

Hsp60 has a protective role 
in PD

Cheng et al. (1989)

Increased expression of 
Hsp60 in dopaminergic 
neurons

Hsp60 favors regeneration 
and remodelling changes in 
dopaminergic neurons

Kuter et al. (2016), 
and Zhao et al. (2016)

Hsp60 decrease in 
dopaminergic neuron and 
located on the surface of 
activated microglia and in 
extracellular environment

Hsp60 is involved in the 
neuronal toxicity and 
degeneration

Feng et al. (2013)

Upregulation of Hsp60 in 
dopaminergic cell line

Role in neurodegeneration Noelker et al. (2014)

Huntington’s 
disease

Overexpression of Hsp60 
family protein suppresses 
mutant huntingtin 
aggregation and toxicity 
in vitro

Supposed positive role in 
Huntington’s disease

Wang et al. (2009)

Creutzfeldt- 
Jakob disease

Prion protein PrPc 
interacts with molecular 
chaperones of the Hsp60 
family

The role of Hsp60 in the 
disease pathogenesis 
remains unknown

Edenhofer et al. 
(1996), and Satoh 
et al. (2005)
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called neurofibrillary tangles (NFTs) (Querfurth and La Ferla 2010; Haass et  al. 
2012; Campanella et al. 2018; Marino Gammazza et al. 2016).The role of Hsp60 in 
AD is still unclear. Proteomic analysis of hippocampi of APP-transgenic mice 
shows abundant levels of Aβ oligomers from 8  months of age, but no amyloid 
plaques is found even at 24 months of age. Further, data revealed that chaperones, 
including Hsp60, is significantly decreased compared to controls. Therefore, it has 
been hypothesized that Aβ oligomers might modulate the expression of the chaper-
ons (Takano et al. 2013).However, it has been reported contrasting data about the 
effect of the expression level of Hsp60: some studies demonstrated the neuroprotec-
tive roles of Hsp60 but, conversely, other authors have attributed harmful effects to 
the elevated expression levels of Hsp60 in AD. In a rat model of AD, the expression 
of Hsp60 is significantly decreased in the parietal cortex of AD subjects and in the 
cerebella, suggesting a protective role of the chaperonin (Jiang et al. 2013). In addi-
tion, in vitro experiments sustain the neuroprotective role of Hsp60. Particularly, 
Hsp60 would provide protection against the intracellular stress induced by Aβ 
oligomers through the maintenance of mitochondrial oxidative phosphorylation 
state and functionality of tricarboxylic acid cycle enzymes (Veereshwarayya et al. 
2006). Conversely, it has been demonstrated a negative effect of Hsp60, because 
Hsp60 bind APP/Aβ and this link is increased in AD mitochondria (Walls et  al. 
2012). Probably, Hsp60 mediates the translocation of APP to the mitochondria, 
determining APP/Aβ mislocalization and mitochondrial dysfunction (Walls et  al. 
2012). In addition, Hsp60 and Aβ peptide can directly interact, not only in mito-
chondria but also in other cell compartments, as well as in the extracellular space, 
thus influencing the Aβ amyloid aggregation process (Mangione et al. 2016).

At the extracellular level, Hsp60 is known to can mediate neuroinflammation and 
therefore might contribute to some possible negative effect. Particularly, Hsp60 is 
highly expressed in activated microglia and it has been shown that its extracellular 
release induces a neuro-inflammatory effect, leading to neuronal cell death (Sun 
et al. 2018). Therefore, the inhibition of Hsp60 expression or its release could be 
advantageous to prevent neurodegeneration (Zhang et  al. 2017). Furthermore, in 
lymphocytes isolated from AD patients, were detected higher levels of Hsp60 levels 
when compared to controls (Cappello et al. 2013a, b; Wojsiat et al. 2015) thus sug-
gesting to further study the involvement of Hsp60 in AD, in order to confirm Hsp60 
as a possible early marker in the diagnosis of the disease. When a peptide derived 
from Hsp60 was used as an adjuvant in Aβ immunization in a mouse model of AD 
(Hsp60 peptide-Aβ), the murine immune system was induced to produce anti-Aβ- 
specific antibodies, thus resulting in an upregulation of both humoral and cellular 
immune responses associated with a significant reduction of cerebral amyloid bur-
den (Nemirovsky et al. 2011) (Table 16.4).

16.4.2.2 Parkinson’s Disease

Parkinson’s disease (PD) is the most common neurodegenerative movement disor-
der and second most common form of dementia (Poewe et al. 2017). This disease is 
characterized by progressive degeneration of dopaminergic neurons in the 
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substantia nigra and by the accumulation of Lewy bodies in the affected neurons, 
mainly comprised by aggregated α-synuclein (Dawson and Dawson 2003). For its 
functions in the mitochondria, Hsp60 is an attractive candidate for PD. It has been 
shown that in yeast cells carrying a null mutation in HSPD1 are observed severe 
defects in folding of mitochondrial proteins and are non-viable. In contrast, yeast 
cells with conditional mutations in Hsp60 accumulate misfolded proteins that are 
similar to α-synculein aggregates found in PD (Cheng et al. 1989). Increased expres-
sion of Hsp60 was observed during and after dopaminergic neurons degeneration 
and compensation (Kuter et al. 2016), which is in accordance with its role on tissue 
regeneration and remodelling changes (Zhao et al. 2016).

In addition, it was demonstrated a role for Hsp60 in microglia activation in a rat 
model of Parkinson’s disease. Particularly, in this study, the authors demonstrated 
that Hsp60 was decreased in dopaminergic neuron and located on the surface of 
activated microglia, where could contribute to activating microglia. Furthermore, 
in vitro experiments showed that Hsp60 was incremented in cell supernatants, thus 
proposing a mechanism of Hsp60 release and a subsequent role in the induction of 
neuronal toxicity (Feng et al. 2013). The role of Hsp60 in PD is strongly suggested 
by other in vivo and in vitro experiments where Hsp60 has been observed to be 
upregulated and then released by a dopaminergic neurons, and possibly contributing 
actively to neuronal degeneration (Noelker et al. 2014) (Table 16.4).

16.4.2.3 Huntington’s Disease

In literature, there are few studies concerning the role of Hsp60  in Huntington’s 
disease. This autosomal dominant neurodegenerative disease is caused by a patho-
logical expansion of a CAG trinucleotide sequence that encodes for the polygluta-
mine repeat in the huntingtin (Htt) protein, alteration leading to either a loss of 
function or gain of toxicity of this protein due to the formation of toxic neuronal 
inclusions. The anatomical regions affected by HD are mainly the caudate nucleus, 
the striatal and cortical areas of the brain whose alteration lead to movement disor-
ders and cognitive decline (Imarisio et al. 2008, Kim and Fung (2014). It has been 
hypothesized that, a protein of the Hsp60 family occurs in polyglutamine aggregate 
formation and toxicity, suggesting a neuroprotective role (Wang et  al. 2009) 
(Table 16.4).

16.4.2.4 Creutzfeldt-Jakob Disease

Hsp60 is the major interactor for the prion particle in prion disease (Edenhofer et al. 
1996; Satoh et al. 2005). However, the mechanism of interaction remains unknown 
(Table 16.4).
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16.5  Conclusions

The results described in the preceding sections strongly suggest that Hsp60 is a key 
chaperonin with a critical role in the regulation of a variety of cellular and extracel-
lular processes in the central nervous system. As other chaperons, Hsp60 is critical 
for maintaining cell proteostasis and modulates several metabolic pathways resid-
ing in the mitochondria. Therefore, its affected functions certainly can contribute to 
the onset of fatal neurodegenerative diseases. However, the role of Hsp60 in these 
disorders is still not fully understood, as there are several controversial findings in 
this field. Nevertheless, future research is aiming to further investigate the molecu-
lar pathways in which Hsp60 is involved. Due to the better health care, hygiene and 
healthier life styles, the life span is rapidly increasing but, this also correlates with 
a dramatic increase of age-related diseases, disability, dementia and other related 
dysfunctions. Considering these aspects, the biomedical research is primarily focus-
ing on elucidating possible molecular mechanisms leading to these diseases to 
design innovative tools for early diagnostic. To this purpose, Hsp60 constitutes an 
attractive target for developing specific and sensitive diagnostic tests for preventive 
therapies or patient follow-ups due to the early detection of altered Hsp60 levels in 
some neurodegenerative diseases. Further, given its dual activity, Hsp60 can be an 
attractive candidate for designing new drugs to either inhibit or promote the func-
tion of Hsp60 for future personalized medicine.

Acknowledgements A.P., C.C.B. and F.S. were partially supported by UniPA.

References

Abbott NJ (2002) Astrocyte-endothelial interactions and blood-brain barrier permeability. J Anat 
200(6):629–638. Retrieved August 28, 2018 from internet: http://www.ncbi.nlm.nih.gov/
pubmed/12162730

Ahmed Z, Asi YT, Sailer A, Lees AJ, Houlden H, Revesz T, Holton JL (2012) The neuropathol-
ogy, pathophysiology and genetics of multiple system atrophy. Neuropathol Appl Neurobiol 
38(1):4–24. https://doi.org/10.1111/j.1365-2990.2011.01234.x

Armstrong RA (2012) On the “classification” of neurodegenerative disorders: discrete entities, 
overlap or continuum? Folia Neuropathol 50(3):201–208. Retrieved August 2, 2018 from inter-
net: http://www.ncbi.nlm.nih.gov/pubmed/23023335

Bayer TA (2015) Proteinopathies, a core concept for understanding and ultimately treating degen-
erative disorders? Eur Neuropsychopharmacol 25(5):713–724. https://doi.org/10.1016/j.
euroneuro.2013.03.007

Bellavista E, Santoro A, Galimberti D, Comi C, Luciani F, Mishto M (2014) Current understanding 
on the role of standard and immunoproteasomes in inflammatory/immunological pathways of 
multiple sclerosis. Autoimmune Dis 2014:739705. https://doi.org/10.1155/2014/739705

Beyer K, Domingo-Sàbat M, Ariza A (2009) Molecular pathology of Lewy body diseases. Int 
J Mol Sci 10(3):724–745. https://doi.org/10.3390/ijms10030724

Böttinger L, Oeljeklaus S, Guiard B, Rospert S, Warscheid B, Becker T (2015) Mitochondrial 
heat shock protein (Hsp) 70 and Hsp10 cooperate in the formation of Hsp60 complexes. J Biol 
Chem 290(18):11611–11622. https://doi.org/10.1074/jbc.M115.642017

C. Caruso Bavisotto et al.

http://www.ncbi.nlm.nih.gov/pubmed/12162730
http://www.ncbi.nlm.nih.gov/pubmed/12162730
https://doi.org/10.1111/j.1365-2990.2011.01234.x
http://www.ncbi.nlm.nih.gov/pubmed/23023335
https://doi.org/10.1016/j.euroneuro.2013.03.007
https://doi.org/10.1016/j.euroneuro.2013.03.007
https://doi.org/10.1155/2014/739705
https://doi.org/10.3390/ijms10030724
https://doi.org/10.1074/jbc.M115.642017


259

Bross P, Li Z, Hansen J, Hansen JJ, Nielsen MN, Corydon TJ, Georgopoulos C, Ang D, Lundemose 
JB, Niezen-Koning K, Eiberg H, Yang H, Kølvraa S, Bolund L, Gregersen N (2007) Single- 
nucleotide variations in the genes encoding the mitochondrial Hsp60/Hsp10 chaperone sys-
tem and their disease-causing potential. J  Hum Genet 52(1):56–65. https://doi.org/10.1007/
s10038-006-0080-7

Bross P, Naundrup S, Hansen J, Nielsen MN, Christensen JH, Kruhøffer M, Palmfeldt J, Corydon 
TJ, Gregersen N, Ang D, Georgopoulos C, Nielsen KL (2008) The Hsp60-(p.V98I) muta-
tion associated with hereditary spastic paraplegia SPG13 compromises chaperonin function 
both in  vitro and in  vivo. J  Biol Chem 283(23):15694–15700. https://doi.org/10.1074/jbc.
M800548200

Bross P, Magnoni R, Bie AS (2012) Molecular chaperone disorders: defective Hsp60 in neurode-
generation. Curr Top Med Chem 12(22):2491–2503

Bukau B, Horwich AL (1998) The Hsp70 and Hsp60 chaperone machines. Cell 92(3):351–366
Butterfield S, Hejjaoui M, Fauvet B, Awad L, Lashuel HA (2012) Chemical strategies for con-

trolling protein folding and elucidating the molecular mechanisms of amyloid formation and 
toxicity. JMB 421:204–236

Campanella C, Bucchieri F, Merendino AM, Fucarino A, Burgio G, Corona DFV, Barbieri G, 
David S, Farina F, Zummo G, de Macario EC, Macario AJL, Cappello F (2012) The odyssey 
of Hsp60 from tumor cells to other destinations includes plasma membrane-associated stages 
and Golgi and exosomal protein-trafficking modalities. PLoS One 7(7):e42008. https://doi.
org/10.1371/journal.pone.0042008

Campanella C, Caruso Bavisotto C, Marino Gammazza A, Nikolic D, Rappa F, David S, Cappello 
F, Bucchieri F, Fais S (2014) Exosomal heat shock proteins as new players in tumour cell-to- 
cell communication. J Circulating Biomark 1. https://doi.org/10.5772/58721

Campanella C, D’Anneo A, Marino Gammazza A, Caruso Bavisotto C, Barone R, Emanuele S, Lo 
Cascio F, Fais S, Conway de Macario E, Macario AJL (2015a) The histone deacetylase inhibi-
tor SAHA induces HSP60 nitration and its extracellular release by exosomal vesicles in human 
lung-derived carcinoma cells. Oncotarget 7(20):28849–28867. https://doi.org/10.18632/onco-
target.6680. a

Campanella C, Rappa F, Sciumè C, Marino Gammazza A, Barone R, Bucchieri F, David S, 
Curcurù G, Caruso Bavisotto C, Pitruzzella A, Geraci G, Modica G, Farina F, Zummo G, Fais 
S, Conway de Macario E, Macario AJL, Cappello F (2015b) Heat shock protein 60 levels in 
tissue and circulating exosomes in human large bowel cancer before and after ablative surgery. 
Cancer 121(18):3230–3239. https://doi.org/10.1002/cncr.29499.b

Campanella C, Pace A, Caruso Bavisotto C, Marzullo P, Marino Gammazza A, Buscemi S, 
Palumbo Piccionello A (2018) Heat shock proteins in Alzheimer’s disease: role and targeting. 
Int J Mol Sci 19(9):2603. https://doi.org/10.3390/ijms19092603

Cappello F, Conway de Macario E, Marasà L, Zummo G, Macario AJL (2008) Hsp60 expression, 
new locations, functions and perspectives for cancer diagnosis and therapy. Cancer Biol Ther 
7(6):801–809

Cappello F, Caramori G, Campanella C, Vicari C, Gnemmi I, Zanini A, Spanevello A, Capelli A, 
La Rocca G, Anzalone R, Bucchieri F, D’Anna SE, Ricciardolo FLM, Brun P, Balbi B, Carone 
M, Zummo G, Conway de Macario E, Macario AJL, Di Stefano A (2011) Convergent sets of 
data from in vivo and in vitro methods point to an active role of Hsp60 in chronic obstruc-
tive pulmonary disease pathogenesis. PLoS One 6(11):e28200. https://doi.org/10.1371/journal.
pone.0028200

Cappello F, Angileri F, Conway de Macario E, Macario AJL (2013a) Chaperonopathies and chap-
eronotherapy. Hsp60 as therapeutic target in cancer: potential benefits and risks. Curr Pharm 
Des 19(3):452–457

Cappello F, Conway de Macario E, Marino Gammazza A, Bonaventura G, Carini F, Czarnecka 
AM, Farina F, Zummo G, Macario AJL (2013b) Hsp60 and human aging: les liaisons dangere-
uses. Front Biosci (Landmark Edition) 18:626–637. Retrieved May 22, 2017 from internet: 
http://www.ncbi.nlm.nih.gov/pubmed/23276948

16 Hsp60 in CNS Homeostasis and Disorders

https://doi.org/10.1007/s10038-006-0080-7
https://doi.org/10.1007/s10038-006-0080-7
https://doi.org/10.1074/jbc.M800548200
https://doi.org/10.1074/jbc.M800548200
https://doi.org/10.1371/journal.pone.0042008
https://doi.org/10.1371/journal.pone.0042008
https://doi.org/10.5772/58721
https://doi.org/10.18632/oncotarget.6680
https://doi.org/10.18632/oncotarget.6680
https://doi.org/10.1002/cncr.29499.b
https://doi.org/10.3390/ijms19092603
https://doi.org/10.1371/journal.pone.0028200
https://doi.org/10.1371/journal.pone.0028200
http://www.ncbi.nlm.nih.gov/pubmed/23276948


260

Cappello F, Marino Gammazza A, Palumbo Piccionello A, Campanella C, Pace A, Conway de 
Macario E, Macario AJL (2014) Hsp60 chaperonopathies and chaperonotherapy: targets and 
agents. Expert Opin Ther Targets 18(2):185–208. https://doi.org/10.1517/14728222.2014.856
417

Carrell RW, Lomas DA (1997) Conformational disease. Lancet 350(9071):134–138. https://doi.
org/10.1016/S0140-6736(97)02073-4

Caruso Bavisotto C, Marino Gammazza A, Rappa F, Fucarino A, Pitruzzella A, David S, 
Campanella C (2013) Exosomes: can doctors still ignore their existence? EuroMediterranean 
Biomed J 8:137–139. https://doi.org/10.3269/1970-5492.2013.8.22

Caruso Bavisotto C, Nikolic D, Marino Gammazza A, Barone R, Lo Cascio F, Mocciaro E, Zummo 
G, Conway de Macario E, Macario AJ, Cappello F, Giacalone V, Pace A, Barone G, Palumbo 
Piccionello A, Campanella C (2017a) The dissociation of the Hsp60/pro-Caspase-3 complex 
by bis(pyridyl)oxadiazole copper complex (CubipyOXA) leads to cell death in NCI-H292 can-
cer cells. J Inorg Biochem 170:8–16. https://doi.org/10.1016/j.jinorgbio.2017.02.004. b

Caruso Bavisotto C, Graziano F, Rappa F, Marino Gammazza A, Logozzi M, Fais S, Maugeri R, 
Bucchieri F, Conway de Macario E, Macario A, Cappello F, Iacopino D, Campanella C (2018) 
Exosomal chaperones and miRNAs in gliomagenesis: state-of-art and theranostics perspec-
tives. Int J Mol Sci 19(9):2626. https://doi.org/10.3390/ijms19092626

Caruso Bavisotto C, Cappello F, Macario AJL, Conway de Macario E, Logozzi M, Fais S, 
Campanella C (2017b) Exosomal HSP60: a potentially useful biomarker for diagnosis, assess-
ing prognosis, and monitoring response to treatment. Expert Rev Mol Diagn 17(9):815–822. 
https://doi.org/10.1080/14737159.2017.1356230. a

Chandra D, Choy G, Tang DG (2007) Cytosolic accumulation of HSP60 during apoptosis with or 
without apparent mitochondrial release: evidence that its pro-apoptotic or pro-survival func-
tions involve differential interactions with caspase-3. J  Biol Chem 282(43):31289–31301. 
https://doi.org/10.1074/jbc.M702777200

Cheng MY, Hartl FU, Martin J, Pollock RA, Kalousek F, Neuper W, Hallberg EM, Hallberg 
RL, Horwich AL (1989) Mitochondrial heat-shock protein hsp60 is essential for assem-
bly of proteins imported into yeast mitochondria. Nature 337(6208):620–625. https://doi.
org/10.1038/337620a0

Christensen JH, Nielsen MN, Hansen J, Füchtbauer A, Füchtbauer E-M, West M, Corydon TJ, 
Gregersen N, Bross P (2010) Inactivation of the hereditary spastic paraplegia-associated Hspd1 
gene encoding the Hsp60 chaperone results in early embryonic lethality in mice. Cell Stress 
Chaperones 15(6):851–863. https://doi.org/10.1007/s12192-010-0194-x

Corydon TJ, Hansen J, Bross P, Jensen TG (2005) Down-regulation of Hsp60 expression by RNAi 
impairs folding of medium-chain acyl-CoA dehydrogenase wild-type and disease-associated 
proteins. Mol Genet Metab 85(4):260–270. https://doi.org/10.1016/j.ymgme.2005.04.003

Czarnecka AM, Campanella C, Zummo G, Cappello F (2006) Mitochondrial chaperones in cancer: 
from molecular biology to clinical diagnostics. Cancer Biol Ther 5(7):714–720. https://doi.
org/10.4161/cbt.5.7.2975

D’Souza SM, Brown IR (1998) Constitutive expression of heat shock proteins Hsp90, Hsc70, 
Hsp70 and Hsp60 in neural and non-neural tissues of the rat during postnatal development. Cell 
Stress Chaperones 3(3):188–199

Dawson TM, Dawson VL (2003) Molecular pathways of neurodegeneration in Parkinson’s dis-
ease. Science 302(5646):819–822. https://doi.org/10.1126/science.1087753

Deocaris CC, Kaul SC, Wadhwa R (2006) On the brotherhood of the mitochondrial chaperones 
mortalin and heat shock protein 60. Cell Stress Chaperones 11(2):116–128

Edenhofer F, Rieger R, Famulok M, Wendler W, Weiss S, Winnacker EL (1996) Prion protein PrPc 
interacts with molecular chaperones of the Hsp60 family. J Virol 70(7):4724–4728

Feng M j, Zhang L, Liu Z, Zhou P, Lu X (2013) The expression and release of Hsp60 in 6-OHDA 
induced in vivo and in vitro models of Parkinson’s disease. Neurochem Res 38(10):2180–2189. 
https://doi.org/10.1007/s11064-013-1127-8

C. Caruso Bavisotto et al.

https://doi.org/10.1517/14728222.2014.856417
https://doi.org/10.1517/14728222.2014.856417
https://doi.org/10.1016/S0140-6736(97)02073-4
https://doi.org/10.1016/S0140-6736(97)02073-4
https://doi.org/10.3269/1970-5492.2013.8.22
https://doi.org/10.1016/j.jinorgbio.2017.02.004
https://doi.org/10.3390/ijms19092626
https://doi.org/10.1080/14737159.2017.1356230
https://doi.org/10.1074/jbc.M702777200
https://doi.org/10.1038/337620a0
https://doi.org/10.1038/337620a0
https://doi.org/10.1007/s12192-010-0194-x
https://doi.org/10.1016/j.ymgme.2005.04.003
https://doi.org/10.4161/cbt.5.7.2975
https://doi.org/10.4161/cbt.5.7.2975
https://doi.org/10.1126/science.1087753
https://doi.org/10.1007/s11064-013-1127-8


261

Ferrer I, López-González I, Carmona M, Arregui L, Dalfó E, Torrejón-Escribano B, Diehl R, 
Kovacs GG (2014) Glial and neuronal tau pathology in tauopathies: characterization of disease- 
specific phenotypes and tau pathology progression. J Neuropathol Exp Neurol 73(1):81–97. 
https://doi.org/10.1097/NEN.0000000000000030

Fontaine B, Davoine CS, Dürr A, Paternotte C, Feki I, Weissenbach J, Hazan J, Brice A (2000) 
A new locus for autosomal dominant pure spastic paraplegia, on chromosome 2q24-q34. Am 
J Hum Genet 66(2):702–707. https://doi.org/10.1086/302776

Ghosh JC, Dohi T, Kang BH, Altieri DC (2008) Hsp60 regulation of tumor cell apoptosis. J Biol 
Chem 283(8):5188–5194. https://doi.org/10.1074/jbc.M705904200

Ghosh JC, Siegelin MD, Dohi T, Altieri DC (2010) Heat shock protein 60 regulation of the mito-
chondrial permeability transition pore in tumor cells. Cancer Res 70(22):8988–8993. https://
doi.org/10.1158/0008-5472.CAN-10-2225

Goedert M (2001) Alpha-synuclein and neurodegenerative diseases. Nat Rev Neurosci 2(7):492–
501. https://doi.org/10.1038/35081564

Gorska M, Marino Gammazza A, Zmijewski MA, Campanella C, Cappello F, Wasiewicz T, 
Kuban-Jankowska A, Daca A, Sielicka A, Popowska U, Knap N, Antoniewicz J, Wakabayashi 
T, Wozniak M (2013) Geldanamycin-induced osteosarcoma cell death is associated with 
hyperacetylation and loss of mitochondrial pool of heat shock protein 60 (hsp60). PLoS One 
8(8):e71135. https://doi.org/10.1371/journal.pone.0071135

Graziano F, Caruso Bavisotto C, Marino Gammazza A, Rappa F, Coway de Macario E, Macario 
AJL, Cappello F, Campanella C, Maugeri R, Iacopino DG (2018) Chaperonology: the third eye 
on brain gliomas. Brain Sci 8(6):110. https://doi.org/10.3390/brainsci8060110

Gupta S, Knowlton AA (2005) HSP60, Bax, apoptosis and the heart. J Cell Mol Med 9(1):51–58
Gupta S, Knowlton AA (2007) HSP60 trafficking in adult cardiac myocytes: role of the exo-

somal pathway. Am J Physiol Heart Circ Physiol 292(6):3052–3056. https://doi.org/10.1152/
ajpheart.01355.2006

Gupta RS, Ramachandra NB, Bowes T, Singh B (2008) Unusual cellular disposition of the mito-
chondrial molecular chaperones Hsp60, Hsp70 and Hsp10. Novartis Found Symp 291:59–68. 
Retrieved December 2, 2015 from internet: http://www.ncbi.nlm.nih.gov/pubmed/18575266

Haass C, Kaether C, Thinakaran G, Sisodia S (2012) Trafficking and proteolytic processing of 
APP. Cold Spring Arb Perspect Med 2:a006270

Hansen J, Dürr A, Cournu-Rebeix I, Georgopoulos C, Ang D, Nielsen MN, Davoine C-S, Brice A, 
Fontaine B, Gregersen N, Bross P (2002) Hereditary spastic paraplegia SPG13 is associated 
with a mutation in the gene encoding the mitochondrial chaperonin Hsp60. Am J Hum Genet 
70(5):1328–1332. https://doi.org/10.1086/339935

Hansen J, Bross P, Westergaard M, Nielsen M, Eiberg H, Børglum A, Mogensen J, Kristiansen 
K, Bolund L, Gregersen N (2003) Genomic structure of the human mitochondrial chaperonin 
genes: HSP60 and HSP10 are localised head to head on chromosome 2 separated by a bidirec-
tional promoter. Hum Genet 112(1):71–77. https://doi.org/10.1007/s00439-002-0837-9

Hansen J, Svenstrup K, Ang D, Nielsen MN, Christensen JH, Gregersen N, Nielsen JE, 
Georgopoulos C, Bross P (2007) A novel mutation in the HSPD1 gene in a patient with heredi-
tary spastic paraplegia. J Neurol 254(7):897–900. https://doi.org/10.1007/s00415-006-0470-y

Hartl FU, Pfanner N, Nicholson DW, Neupert W (1989) Mitochondrial protein import. Biochim 
Biophys Acta 988(1):1–45

Hartl FU, Bracher A, Hayer-Hartl M (2011) Molecular chaperones in protein folding and proteos-
tasis. Nature 475(7356):324–332. https://doi.org/10.1038/nature10317

Hayoun D, Kapp T, Edri-Brami M, Ventura T, Cohen M, Avidan A, Lichtenstein RG (2012) 
HSP60 is transported through the secretory pathway of 3-MCA-induced fibrosarcoma 
tumour cells and undergoes N-glycosylation. FEBS J  279(12):2083–2095. https://doi.
org/10.1111/j.1742-4658.2012.08594.x

He F, Sun YE (2007) Glial cells more than support cells? Int J Biochem Cell Biol 39(4):661–665. 
https://doi.org/10.1016/j.biocel.2006.10.022

16 Hsp60 in CNS Homeostasis and Disorders

https://doi.org/10.1097/NEN.0000000000000030
https://doi.org/10.1086/302776
https://doi.org/10.1074/jbc.M705904200
https://doi.org/10.1158/0008-5472.CAN-10-2225
https://doi.org/10.1158/0008-5472.CAN-10-2225
https://doi.org/10.1038/35081564
https://doi.org/10.1371/journal.pone.0071135
https://doi.org/10.3390/brainsci8060110
https://doi.org/10.1152/ajpheart.01355.2006
https://doi.org/10.1152/ajpheart.01355.2006
http://www.ncbi.nlm.nih.gov/pubmed/18575266
https://doi.org/10.1086/339935
https://doi.org/10.1007/s00439-002-0837-9
https://doi.org/10.1007/s00415-006-0470-y
https://doi.org/10.1038/nature10317
https://doi.org/10.1111/j.1742-4658.2012.08594.x
https://doi.org/10.1111/j.1742-4658.2012.08594.x
https://doi.org/10.1016/j.biocel.2006.10.022


262

Hewamadduma CAA, Kirby J, Kershaw C, Martindale J, Dalton A, McDermott CJ, Shaw PJ 
(2008) HSP60 is a rare cause of hereditary spastic paraparesis, but may act as a genetic modi-
fier. Neurology 70(19):1717–1718. https://doi.org/10.1212/01.wnl.0000311395.31081.70

Horwich AL, Fenton WA, Chapman E, Farr GW (2007) Two families of chaperonin: physiol-
ogy and mechanism. Annu Rev Cell Dev Biol 23(1):115–145. https://doi.org/10.1146/annurev.
cellbio.23.090506.123555

Illis L (1999) The central nervous system structure and function. Spinal Cord 37(4):310–310. 
https://doi.org/10.1038/sj.sc.3100793

Imarisio S, Carmichael J, Korolchuk V, Chen CW, Saiki S, Rose C, Krishna G, Davies JE, Ttofi E, 
Underwood BR, Rubinsztein DC (2008) Huntington’s disease: from pathology and genetics to 
potential therapies. Biochem J 412(2):191–209. https://doi.org/10.1042/BJ20071619

Jacobson M (1991) Developmental neurobiology. Springer US, Boston. https://doi.
org/10.1007/978-1-4757-4954-0

Jäkel S, Dimou L (2017) Glial cells and their function in the adult brain: a journey through the 
history of their ablation. Front Cell Neurosci 11:24. https://doi.org/10.3389/fncel.2017.00024

Jellinger KA (2012) Interaction between pathogenic proteins in neurodegenerative disorders. 
J Cell Mol Med 16(6):1166–1183. https://doi.org/10.1111/j.1582-4934.2011.01507.x

Jiang YQ, Wang XL, Cao XH, Ye ZY, Li L, Cai WQ (2013) Increased heat shock transcription fac-
tor 1 in the cerebellum reverses the deficiency of Purkinje cells in Alzheimer’s disease. Brain 
Res 1519:105–111. https://doi.org/10.1016/j.brainres.2013.04.059

Jiménez AJ, Domínguez-Pinos MD, Guerra MM, Fernández-Llebrez P, Pérez-Fígares JM (2014) 
Structure and function of the ependymal barrier and diseases associated with ependyma disrup-
tion. Tissue Barriers 2(1):e28426. https://doi.org/10.4161/tisb.28426

Kampinga HH, Hageman J, Vos MJ, Kubota H, Tanguay RM, Bruford E a, Cheetham ME, Chen B, 
Hightower LE (2009) Guidelines for the nomenclature of the human heat shock proteins. Cell 
Stress Chaperones 14(1):105–111. https://doi.org/10.1007/s12192-008-0068-7

Kandel ER, Schwartz JH, Jessell TM, Siegelbaum SA, Hudspet AJ, Mack S et al (2000) Principles 
of neural science, 4th edn. McGraw-Hill Ed, New York

Kayed R, Head E, Thompson JL, Mclntire TM, Milton SC, Cotman CW, Glabe CG (2003) 
Common structure of soluble amyloid oligomers implies common mechanism of pathogenesis. 
Science 300(5618):486–489

Kim SD, Fung VS (2014) An update on Huntington’s disease: from the gene to the clinic. Curr 
Opin Neurol 27(4):477–483. https://doi.org/10.1097/WCO.0000000000000116

Kirchhoff SR, Gupta S, Knowlton AA (2002) Cytosolic heat shock protein 60, apoptosis, and 
myocardial injury. Circulation 105(24):2899–2904

Korsak M, Kozyreva T (2015) Beta amyloid hallmarks: from intrinsically disordered proteins to 
Alzheimer’s disease. In: Felli I, Pierattelli R (eds) Intrinsically disordered proteins studied by 
NMR spectroscopy. Advances in experimental medicine and biology, vol 870. Springer, Cham. 
https://doi.org/10.1007/978-3-319-20164-1_14

Kusk MS, Damgaard B, Risom L, Hansen B, Ostergaard E (2016) Hypomyelinating Leukodystrophy 
due to HSPD1 mutations: a new patient. Neuropediatrics 47(5):332–335. https://doi.org/10.1
055/s-0036-1584564

Kuter K, Kratochwil M, Marx S-H, Hartwig S, Lehr S, Sugawa MD, Dencher NA (2016) Native 
DIGE proteomic analysis of mitochondria from substantia nigra and striatum during neuro-
nal degeneration and its compensation in an animal model of early Parkinson’s disease. Arch 
Physiol Biochem 122(5):238–256. https://doi.org/10.1080/13813455.2016.1197948

Lee A, Hirabayashi Y, KyuKwon S, LLewis T Jr, Polleux F (2018) Emerging roles of mitochondria 
in synaptic transmission and neurodegeneration. Curr Opin Physiol 3:82–93

Levy-Rimler G, Viitanen P, Weiss C, Sharkia R, Greenberg A, Niv A, Lustig A, Delarea Y, Azem A 
(2001) The effect of nucleotides and mitochondrial chaperonin 10 on the structure and chaper-
one activity of mitochondrial chaperonin 60. Eur J Biochem 268(12):3465–3472

Lindquist S (1986) The heat-shock response. Annu Rev Biochem 55(1):1151–1191. https://doi.
org/10.1146/annurev.bi.55.070186.005443

C. Caruso Bavisotto et al.

https://doi.org/10.1212/01.wnl.0000311395.31081.70
https://doi.org/10.1146/annurev.cellbio.23.090506.123555
https://doi.org/10.1146/annurev.cellbio.23.090506.123555
https://doi.org/10.1038/sj.sc.3100793
https://doi.org/10.1042/BJ20071619
https://doi.org/10.1007/978-1-4757-4954-0
https://doi.org/10.1007/978-1-4757-4954-0
https://doi.org/10.3389/fncel.2017.00024
https://doi.org/10.1111/j.1582-4934.2011.01507.x
https://doi.org/10.1016/j.brainres.2013.04.059
https://doi.org/10.4161/tisb.28426
https://doi.org/10.1007/s12192-008-0068-7
https://doi.org/10.1097/WCO.0000000000000116
https://doi.org/10.1007/978-3-319-20164-1_14
https://doi.org/10.1055/s-0036-1584564
https://doi.org/10.1055/s-0036-1584564
https://doi.org/10.1080/13813455.2016.1197948
https://doi.org/10.1146/annurev.bi.55.070186.005443
https://doi.org/10.1146/annurev.bi.55.070186.005443


263

Lv LH, Wan YL, Lin Y, Zhang W, Yang M, Li G-L, Lin HM, Shang CZ, Chen Y-J, Min J (2012) 
Anticancer drugs cause release of exosomes with heat shock proteins from human hepatocel-
lular carcinoma cells that elicit effective natural killer cell antitumor responses in vitro. J Biol 
Chem 287(19):15874–15885. https://doi.org/10.1074/jbc.M112.340588

Macario AJL, Conway De Macario E (2001) Molecular chaperones and age-related degen-
erative disorders. Adv Cell Aging Gerontol 7:131–162. https://doi.org/10.1016/S1566- 
3124(01)07018-3

Macario AJL, Conway de Macario E (2005) Sick chaperones, cellular stress, and disease. N Engl 
J Med 353(14):1489–1501. https://doi.org/10.1056/NEJMra050111

Macario AJ, Conway de Macario E (2018) The Chaperonopathies. Diseases with defective molec-
ular chaperones. In: Fink G (ed) Stress physiology, biochemistry, and pathology. Handbook of 
stress. Handbook of stress. Elsevier, Edinburgh

Macario AJL, Cappello F, Zummo G, Conway de Macario E (2010) Chaperonopathies of senes-
cence and the scrambling of interactions between the chaperoning and the immune systems. 
Ann N Y Acad Sci 1197:85–93. https://doi.org/10.1111/j.1749-6632.2010.05187.x

Macario AJL, Conway de Macario E, Cappello F (2013) The chaperonopathies  : diseases with 
defective molecular chaperones. Springer, Dordrecht

Magen D, Georgopoulos C, Bross P, Ang D, Segev Y, Goldsher D, Nemirovski A, Shahar E, Ravid 
S, Luder A, Heno B, Gershoni-Baruch R, Skorecki K, Mandel H (2008) Mitochondrial hsp60 
chaperonopathy causes an autosomal-recessive neurodegenerative disorder linked to brain 
hypomyelination and leukodystrophy. Am J Hum Genet 83(1):30–42. https://doi.org/10.1016/j.
ajhg.2008.05.016

Magnoni R, Palmfeldt J, Hansen J, Christensen JH, Corydon TJ, Bross P (2014) The Hsp60 fold-
ing machinery is crucial for manganese superoxide dismutase folding and function. Free Radic 
Res 48(2):168–179. https://doi.org/10.3109/10715762.2013.858147

Maiti P, Manna J, Veleri S, Frautschy S (2014) Molecular chaperone dysfunction in neuro-
degenerative diseases and effects of curcumin. Biomed Res Int 2014:1–14. https://doi.
org/10.1155/2014/495091

Malik ZA, Kott KS, Poe AJ, Kuo T, Chen L, Ferrara KW, Knowlton AA (2013) Cardiac myocyte 
exosomes: stability, HSP60, and proteomics. Am J Physiol Heart Circ Physiol 304(7):954–965. 
https://doi.org/10.1152/ajpheart.00835.2012

Mangione MR, Vilasi S, Marino C, Librizzi F, Canale C, Spigolon D, Bucchieri F, Fucarino A, 
Passantino R, Cappello F, Bulone D, San Biagio PL (2016) Hsp60, amateur chaperone in 
amyloid-beta fibrillogenesis. Biochim Biophys Acta 1860(11 Pt A):2474–2483. https://doi.
org/10.1016/j.bbagen.2016.07.019

Marino Gammazza A, Bucchieri F, Grimaldi LME, Benigno A, Conway De Macario E, Macario 
AJL, Zummo G, Cappello F (2012) The molecular anatomy of human Hsp60 and its similarity 
with that of bacterial orthologs and acetylcholine receptor reveal a potential pathogenetic role 
of anti-chaperonin immunity in myasthenia gravis. Cell Mol Neurobiol 32(6):943–947. https://
doi.org/10.1007/s10571-011-9789-8

Marino Gammazza A, Rizzo M, Citarrella R, Rappa F, Campanella C, Bucchieri F, Patti A, Nikolic 
D, Cabibi D, Amico G, Conaldi PG, San Biagio PL, Montalto G, Farina F, Zummo G, Conway 
de Macario E, Macario AJL, Cappello F (2014) Elevated blood Hsp60, its structural similari-
ties and cross-reactivity with thyroid molecules, and its presence on the plasma membrane of 
oncocytes point to the chaperonin as an immunopathogenic factor in Hashimoto’s thyroiditis. 
Cell Stress Chaperones 19(3):343–353. https://doi.org/10.1007/s12192-013-0460-9

Marino Gammazza A, Caruso Bavisotto C, Barone R, Conway de Macario E, Macario AJL (2016) 
Alzheimer’s disease and molecular chaperones: current knowledge and the future of chaper-
onotherapy. Curr Pharm Des 22(26):4040–4049. https://doi.org/10.2174/1381612822666160
518141437

Marino Gammazza A, Campanella C, Barone R, Caruso Bavisotto C, Gorska M, Wozniak M, Carini 
F, Cappello F, D’Anneo A, Lauricella M, Zummo G, Conway de Macario E, Macario AJL, Di 
Felice V (2017a) Doxorubicin anti-tumor mechanisms include Hsp60 post- translational modi-
fications leading to the Hsp60/p53 complex dissociation and instauration of replicative senes-
cence. Cancer Lett 385:75–86. https://doi.org/10.1016/j.canlet.2016.10.045. a

16 Hsp60 in CNS Homeostasis and Disorders

https://doi.org/10.1074/jbc.M112.340588
https://doi.org/10.1016/S1566-3124(01)07018-3
https://doi.org/10.1016/S1566-3124(01)07018-3
https://doi.org/10.1056/NEJMra050111
https://doi.org/10.1111/j.1749-6632.2010.05187.x
https://doi.org/10.1016/j.ajhg.2008.05.016
https://doi.org/10.1016/j.ajhg.2008.05.016
https://doi.org/10.3109/10715762.2013.858147
https://doi.org/10.1155/2014/495091
https://doi.org/10.1155/2014/495091
https://doi.org/10.1152/ajpheart.00835.2012
https://doi.org/10.1016/j.bbagen.2016.07.019
https://doi.org/10.1016/j.bbagen.2016.07.019
https://doi.org/10.1007/s10571-011-9789-8
https://doi.org/10.1007/s10571-011-9789-8
https://doi.org/10.1007/s12192-013-0460-9
https://doi.org/10.2174/1381612822666160518141437
https://doi.org/10.2174/1381612822666160518141437
https://doi.org/10.1016/j.canlet.2016.10.045


264

Marino Gammazza A, Caruso Bavisotto C, David S, Barone R, Rappa F, Campanella C, Conway 
de Macario E, Cappello F, Macario AJL (2017b) HSP60 is a ubiquitous player in the physi-
ological and pathogenic interactions between the chaperoning and the immune systems. Curr 
Immunol Rev 13(1):44–55. https://doi.org/10.2174/1573395513666170412170540. b

Merendino AM, Bucchieri F, Campanella C, Marcianò V, Ribbene A, David S, Zummo G, 
Burgio G, Corona DFV, Conway de Macario E, Macario AJL, Cappello F (2010) Hsp60 is 
actively secreted by human tumor cells. PLoS One 5(2):e9247. https://doi.org/10.1371/journal.
pone.0009247

Miyamoto Y, Eguchi T, Kawahara K, Hasegawa N, Nakamura K, Funakoshi-Tago M, Tanoue A, 
Tamura H, Yamauchi J (2015) Hypomyelinating leukodystrophy-associated missense mutation 
in HSPD1 blunts mitochondrial dynamics. Biochem Biophys Res Commun 462(3):275–281. 
https://doi.org/10.1016/j.bbrc.2015.04.132

Miyamoto Y, Megumi FT, Hasegawa N, Eguchi T, Tanoue A, Tamura H, Yamauchi J (2016) Data 
supporting mitochondrial morphological changes by SPG13-associated HSPD1 mutants. Data 
Brief 6:482–488. https://doi.org/10.1016/j.dib.2015.12.038

Miyamoto Y, Kawahara K, Torii T, Yamauchi J (2017) Defective myelination in mice harboring 
hypomyelinating leukodystrophy-associated HSPD1 mutation. Mol Genet Metab Rep 11:6–7. 
https://doi.org/10.1016/j.ymgmr.2017.03.003

Mizielinska S, Lashley T, Norona FE, Clayton EL, Ridler CE, Fratta P, Isaacs AM (2013) C9orf72 
frontotemporal lobar degeneration is characterised by frequent neuronal sense and antisense 
RNA foci. Acta Neuropathol 126(6):845–857. https://doi.org/10.1007/s00401-013-1200-z

Monreal-Flores J, Espinosa-García MT, García-Regalado A, Arechavaleta-Velasco F, Martínez F 
(2017) The heat shock protein 60 promotes progesterone synthesis in mitochondria of JEG-3 
cells. Reprod Biol 17(2):154–161. https://doi.org/10.1016/j.repbio.2017.04.001

Morell P, Norton WT (1980) Myelin. Sci Am 242(5):88–90
Nakamura H, Minegishi H (2013) HSP60 as a drug target. Curr Pharm Des 19(3):441–451
Nemirovsky A, Fisher Y, Baron R, Cohen IR, Monsonego A (2011) Amyloid beta-HSP60 peptide 

conjugate vaccine treats a mouse model of Alzheimer’s disease. Vaccine 29(23):4043–4050. 
https://doi.org/10.1016/j.vaccine.2011.03.033

Nielsen KL, Cowan NJ (1998) A single ring is sufficient for productive chaperonin-mediated fold-
ing in vivo. Mol Cell 2(1):93–99

Nielsen KL, McLennan N, Masters M, Cowan NJ (1999) A single-ring mitochondrial chaperonin 
(Hsp60-Hsp10) can substitute for GroEL-GroES in vivo. J Bacteriol 181(18):5871–5875

Noelker C, Morel L, Osterloh A, Alvarez-Fischer D, Lescot T, Breloer M, Gold M, Oertel 
WH, Henze C, Michel PP, Dodel RC, Lu L, Hirsch EC, Hunot S, Hartmann A (2014) Heat 
shock protein 60: an endogenous inducer of dopaminergic cell death in Parkinson disease. 
J Neuroinflammation 11(1):86. https://doi.org/10.1186/1742-2094-11-86

Novo G, Cappello F, Rizzo M, Fazio G, Zambuto S, Tortorici E, Marino Gammazza A, Corrao 
S, Zummo G, Conway de Macario E, Macario AJL, Assennato P, Novo S, Li Volti G, Volti 
GL (2011) Hsp60 and heme oxygenase-1 (Hsp32) in acute myocardial infarction. Transl Res: 
J Lab Clin Med 157(5):285–292. https://doi.org/10.1016/j.trsl.2011.01.003

Okamoto T, Ishida R, Yamamoto H, Tanabe-Ishida M, Haga A, Takahashi H, Takahashi K, Goto D, 
Grave E, Itoh H (2015) Functional structure and physiological functions of mammalian wild- 
type HSP60. Arch Biochem Biophys 586:10–19. https://doi.org/10.1016/j.abb.2015.09.022

Okamoto T, Yamamoto H, Kudo I, Matsumoto K, Odaka M, Grave E, Itoh H (2017) HSP60 pos-
sesses a GTPase activity and mediates protein folding with HSP10. Sci Rep 7(1):16931. https://
doi.org/10.1038/s41598-017-17167-7

Osterloh A, Meier-Stiegen F, Veit A, Fleischer B, von Bonin A, Breloer M (2004) Lipopolysaccharide- 
free heat shock protein 60 activates T cells. J Biol Chem 279(46):47906–47911. https://doi.
org/10.1074/jbc.M408440200

Pace A, Barone G, Lauria A, Martorana A, Piccionello AP, Pierro P, Terenzi A, Almerico AM, 
Buscemi S, Campanella C, Angileri F, Carini F, Zummo G, Conway de Macario E, Cappello 
F, Macario AJL (2013) Hsp60, a novel target for antitumor therapy: structure-function features 
and prospective drugs design. Curr Pharm Des 19(15):2757–2764

C. Caruso Bavisotto et al.

https://doi.org/10.2174/1573395513666170412170540
https://doi.org/10.1371/journal.pone.0009247
https://doi.org/10.1371/journal.pone.0009247
https://doi.org/10.1016/j.bbrc.2015.04.132
https://doi.org/10.1016/j.dib.2015.12.038
https://doi.org/10.1016/j.ymgmr.2017.03.003
https://doi.org/10.1007/s00401-013-1200-z
https://doi.org/10.1016/j.repbio.2017.04.001
https://doi.org/10.1016/j.vaccine.2011.03.033
https://doi.org/10.1186/1742-2094-11-86
https://doi.org/10.1016/j.trsl.2011.01.003
https://doi.org/10.1016/j.abb.2015.09.022
https://doi.org/10.1038/s41598-017-17167-7
https://doi.org/10.1038/s41598-017-17167-7
https://doi.org/10.1074/jbc.M408440200
https://doi.org/10.1074/jbc.M408440200


265

Parnas A, Nadler M, Nisemblat S, Horovitz A, Mandel H, Azem A (2009) The MitCHAP-60 dis-
ease is due to entropic destabilization of the human mitochondrial Hsp60 oligomer. J  Biol 
Chem 284(41):28198–28203. https://doi.org/10.1074/jbc.M109.031997

Pasanen P, Myllykangas L, Siitonen M, Raunio A, Kaakkola S, Lyytinen J, Tienari PJ, Pöyhönen 
M, Paetau A (2014) Novel α-synuclein mutation A53E associated with atypical multiple sys-
tem atrophy and Parkinson’s disease-type pathology. Neurobiol Aging 35(9):2180.e1–2180.e5. 
https://doi.org/10.1016/j.neurobiolaging.2014.03.024

Perry VH, Holmes C (2014) Microglial priming in neurodegenerative disease. Nat Rev Neurol 
10(4):217–224. https://doi.org/10.1038/nrneurol.2014.38

Peters A, Palay SL, Webster HD (1978) The fine structure of the nervous system: the neurons and 
supporting cells. Ann Neurol 4(6):588–588. https://doi.org/10.1002/ana.410040660

Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann J, Schrag AE, Lang AE (2017) 
Parkinson disease. Nat Rev Dis Primers 3:17013

Querfurth, La Ferla (2010) Alzheimer’s disease. N Ingl J Med 362:329–344
Rizzo M, Cappello F, Marfil R, Nibali L, Marino Gammazza A, Rappa F, Bonaventura G, 

Galindo-Moreno P, O’Valle F, Zummo G, Conway de Macario E, Macario AJL, Mesa F (2012) 
Heat-shock protein 60 kDa and atherogenic dyslipidemia in patients with untreated mild 
periodontitis: a pilot study. Cell Stress Chaperones 17(3):399–407. https://doi.org/10.1007/
s12192-011-0315-1

Samali A, Cai J, Zhivotovsky B, Jones DP, Orrenius S (1999) Presence of a pre-apoptotic com-
plex of pro-caspase-3, Hsp60 and Hsp10 in the mitochondrial fraction of jurkat cells. EMBO 
J 18(8):2040–2048. https://doi.org/10.1093/emboj/18.8.2040

Satoh J, Onoue H, Arima K, Yamamura T (2005) The 14-3-3 protein forms a molecular com-
plex with heat shock protein Hsp60 and cellular prion protein. J  Neuropathol Exp Neurol 
64(10):858–868. Retrieved September 2, 2018 from internet: http://www.ncbi.nlm.nih.gov/
pubmed/16215457

Seelaar H, Rohrer JD, Pijnenburg YAL, Fox NC, van Swieten JC (2011) Clinical, genetic and path-
ological heterogeneity of frontotemporal dementia: a review. J Neurol Neurosurg Psychiatry 
82(5):476–486. https://doi.org/10.1136/jnnp.2010.212225

Selkoe DJ, Hardy J (2016) The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol 
Med 8:595–608. https://doi.org/10.15252/emmm.201606210

Shan YX, Liu TJ, Su HF, Samsamshariat A, Mestril R, Wang PH (2003) Hsp10 and Hsp60 mod-
ulate Bcl-2 family and mitochondria apoptosis signaling induced by doxorubicin in cardiac 
muscle cells. J Mol Cell Cardiol 35(9):1135–1143

Soltys BJ, Gupta RS (1996) Immunoelectron microscopic localization of the 60-kDa heat shock 
chaperonin protein (Hsp60) in mammalian cells. Exp Cell Res 222(1):16–27. https://doi.
org/10.1006/excr.1996.0003

Soltys BJ, Gupta RS (1997) Cell surface localization of the 60 kDa heat shock chaperonin pro-
tein (hsp60) in mammalian cells. Cell Biol Int 21(5):315–320. https://doi.org/10.1006/
cbir.1997.0144

Soltys BJ, Gupta RS (2000) Mitochondrial proteins at unexpected cellular locations: export of 
proteins from mitochondria from an evolutionary perspective. Int Rev Cytol 194:133–196

Soto C (2003) Unfolding the role of protein misfolding in neurodegenerative diseases. Natl Rev 
4:49–60

Steward O (1989) Principles of cellular, molecular, and developmental neuroscience. Springer, 
New York

Sun Y, Zheng J, Xu Y, Zhang X (2018) Paraquat-induced inflammatory response of microg-
lia through HSP60/TLR4 signaling. Hum Exp Toxicol, 960327118758152. https://doi.
org/10.1177/0960327118758152

Takano M, Yamashita T, Nagano K, Otani M, Maekura K, Kamada H, Tsunoda S, Tsutsumi Y, 
Tomiyama T, Mori H, Matsuura K, Matsuyama S (2013) Proteomic analysis of the hippo-
campus in Alzheimer’s disease model mice by using two-dimensional fluorescence difference 
in gel electrophoresis. Neurosci Lett 534:85–89. https://doi.org/10.1016/j.neulet.2012.11.010

16 Hsp60 in CNS Homeostasis and Disorders

https://doi.org/10.1074/jbc.M109.031997
https://doi.org/10.1016/j.neurobiolaging.2014.03.024
https://doi.org/10.1038/nrneurol.2014.38
https://doi.org/10.1002/ana.410040660
https://doi.org/10.1007/s12192-011-0315-1
https://doi.org/10.1007/s12192-011-0315-1
https://doi.org/10.1093/emboj/18.8.2040
http://www.ncbi.nlm.nih.gov/pubmed/16215457
http://www.ncbi.nlm.nih.gov/pubmed/16215457
https://doi.org/10.1136/jnnp.2010.212225
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1006/excr.1996.0003
https://doi.org/10.1006/excr.1996.0003
https://doi.org/10.1006/cbir.1997.0144
https://doi.org/10.1006/cbir.1997.0144
https://doi.org/10.1177/0960327118758152
https://doi.org/10.1177/0960327118758152
https://doi.org/10.1016/j.neulet.2012.11.010


266

Tomasello G, Rodolico V, Zerilli M, Martorana A, Bucchieri F, Pitruzzella A, Marino Gammazza 
A, David S, Rappa F, Zummo G, Damiani P, Accomando S, Rizzo M, Conway de Macario 
E, Macario AJL, Cappello F (2011) Changes in immunohistochemical levels and subcellular 
localization after therapy and correlation and colocalization with CD68 suggest a pathoge-
netic role of Hsp60 in ulcerative colitis. Appl Immunohistochem Mol Morphol 19(6):552–561. 
https://doi.org/10.1097/PAI.0b013e3182118e5f

Tong X, Ao Y, Faas GC, Nwaobi SE, Xu J, Haustein MD, Anderson MA, Mody I, Olsen ML, 
Sofroniew MV, Khakh BS (2014) Astrocyte Kir4.1 ion channel deficits contribute to neuro-
nal dysfunction in Huntington’s disease model mice. Nat Neurosci 17(5):694–703. https://doi.
org/10.1038/nn.3691

Veereshwarayya V, Kumar P, Rosen KM, Mestril R, Querfurth HW (2006) Differential effects 
of mitochondrial heat shock protein 60 and related molecular chaperones to prevent intra-
cellular beta-amyloid-induced inhibition of complex IV and limit apoptosis. J  Biol Chem 
281(40):29468–29478. https://doi.org/10.1074/jbc.M602533200

Vilasi S, Carrotta R, Mangione MR, Campanella C, Librizzi F, Martorana V, Marino Gammazza 
A, Ortore MG, Vilasi A, Pocsfalvi G, Burgio G, Corona D, Palumbo Piccionello A, Zummo 
G, Bulone D, Conway de Macario C, Macario AJL, San Biagio PL, Cappello F (2014) Human 
Hsp60 with its mitochondrial import signal occurs in solution as heptamers and tetradecamers 
remarkably stable over a wide range of concentrations. PLoS One 9(5):e97657. https://doi.
org/10.1371/journal.pone.0097657

Vilasi S, Bulone D, Caruso Bavisotto C, Campanella C, Marino Gammazza A, San Biagio PL, 
Cappello F, Conway de Macario E, Macario AJL (2018) Chaperonin of group I: oligomeric 
spectrum and biochemical and biological implications. Front Mol Biosci 4:99. https://doi.
org/10.3389/fmolb.2017.00099

Wadhwa R, Takano S, Kaur K, Aida S, Yaguchi T, Kaul Z, Hirano T, Taira K, Kaul SC (2005) 
Identification and characterization of molecular interactions between mortalin/mtHsp70 and 
HSP60. Biochem J 391(Pt 2):185–190. https://doi.org/10.1042/BJ20050861

Walls KC, Coskun P, Gallegos-Perez JL, Zadourian N, Freude K, Rasool S, Blurton-Jones M, 
Green KN, LaFerla FM (2012) Swedish Alzheimer mutation induces mitochondrial dysfunc-
tion mediated by HSP60 mislocalization of amyloid precursor protein (APP) and beta-amyloid. 
J Biol Chem 287(36):30317–30327. https://doi.org/10.1074/jbc.M112.365890

Wang HQ, Xu YX, Zhao XY, Zhao H, Yan J, Sun XB, Guo JC, Zhu CQ (2009) Overexpression of 
F0F1-ATP synthase α suppresses mutant huntingtin aggregation and toxicity in vitro. Biochem 
Biophys Res Commun 390(4):1294–1298. https://doi.org/10.1016/j.bbrc.2009.10.139

Wijesekera LC, Leigh PN (2009) Amyotrophic lateral sclerosis. Orphanet J  Rare Dis 4(1):3. 
https://doi.org/10.1186/1750-1172-4-3

Wojsiat J, Prandelli C, Laskowska-Kaszub K, Martín-Requero A, Wojda U (2015) Oxidative stress 
and aberrant cell cycle in Alzheimer’s disease lymphocytes: diagnostic prospects. J Alzheimer’s 
Dis: JAD 46(2):329–350. https://doi.org/10.3233/JAD-141977

Yamamoto T, Yamamoto-Shimojima K, Ueda Y, Imai K, Takahashi Y, Imagawa E, Miyake N, 
Matsumoto N (2018) Independent occurrence of de novo HSPD1 and HIP1 variants in brothers 
with different neurological disorders – leukodystrophy and autism. Hum Genome Var 5(1):18. 
https://doi.org/10.1038/s41439-018-0020-z

Zhang R, Li Y, Hou X, Miao Z, Wang Y (2017) Neuroprotective effect of heat shock protein 60 
on matrine-suppressed microglial activation. Exp Ther Med 14(2):1832–1836. https://doi.
org/10.3892/etm.2017.4691

Zhao C, Li H, Zhao XJ, Liu ZX, Zhou P, Liu Y, Feng MJ (2016) Heat shock protein 60 affects 
behavioral improvement in a rat model of Parkinson’s disease grafted with human umbilical 
cord mesenchymal stem cell-derived dopaminergic-like neurons. Neurochem Res 41(6):1238–
1249. https://doi.org/10.1007/s11064-015-1816-6

Zielonka D, Mielcarek MG, Landwehrmeyer B (2015) Update on Huntington’s disease: advances 
in care and emerging therapeutic options. Parkinsonism Relat Disord 21(3):169–178

C. Caruso Bavisotto et al.

https://doi.org/10.1097/PAI.0b013e3182118e5f
https://doi.org/10.1038/nn.3691
https://doi.org/10.1038/nn.3691
https://doi.org/10.1074/jbc.M602533200
https://doi.org/10.1371/journal.pone.0097657
https://doi.org/10.1371/journal.pone.0097657
https://doi.org/10.3389/fmolb.2017.00099
https://doi.org/10.3389/fmolb.2017.00099
https://doi.org/10.1042/BJ20050861
https://doi.org/10.1074/jbc.M112.365890
https://doi.org/10.1016/j.bbrc.2009.10.139
https://doi.org/10.1186/1750-1172-4-3
https://doi.org/10.3233/JAD-141977
https://doi.org/10.1038/s41439-018-0020-z
https://doi.org/10.3892/etm.2017.4691
https://doi.org/10.3892/etm.2017.4691
https://doi.org/10.1007/s11064-015-1816-6


Part VI
HSP60 and Skeletal Muscle Diseases  

and Disorders



269© Springer Nature Switzerland AG 2019 
A. A. A. Asea, P. Kaur (eds.), Heat Shock Protein 60 in Human Diseases  
and Disorders, Heat Shock Proteins 18, 
https://doi.org/10.1007/978-3-030-23154-5_17

Chapter 17
Hsp60 in Skeletal Muscle: From Molecular 
Anatomy to Pathophysiology

Rosario Barone, Valentina Di Felice, Dario Coletti, and Alberto J. L. Macario

Abstract The chaperoning system of an organism is composed of the entire set of 
chaperones, co-chaperones, and chaperone co-factors and their interactors and 
receptors. Its functions pertain typically to protein homeostasis but also to many 
other activities inside and outside cells. In the skeletal muscle, with its multi- 
molecular structures rich in proteins and their continuous rearrangements, the chap-
eroning system plays a crucial role. However, little is known about the details of the 
workings of the chaperoning system in skeletal muscle development and during 
exercise and disease. Molecular chaperones are surely involved in muscle formation 
and maintenance under physiologic conditions and under stress but if abnormal or 
involved in a pathogenic pathway can cause disease, a chaperonopathy. There are 
many genetic and acquired chaperonopathies affecting muscles primarily. For these 
reasons, we have begun to study chaperones in skeletal muscle, focusing on Hsp60. 
This chaperone is essential for muscle activity since it maintains the functionality of 
the respiratory chain inside the mitochondria, among other critical functions such as 
defense against oxidative stress. In addition, in skeletal muscle, Hsp60 occurs in the 
cytosol and the extracellular space but its functions in these non-canonical locations 
remain to be elucidated.
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Abbreviations

EDL extensor digitorum longus
HSP heat shock proteins
MHC myosin heavy chain
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1 alpha
ROS reactive oxygen species

17.1  Introduction

The human body responds quickly and specifically to the various physiological 
challenges to maintain a constant internal environment, a process known as homeo-
static control. Skeletal muscle, the most abundant tissue in the human body, is 
highly plastic in response to different stimuli and stress. Physical exercise (Hoppeler 
1986), hypoxia (Hoppeler et al. 2008), weightlessness (Desplanches 1997), disuse 
(Bodine 2013), and nutritional modifications (Vogt et al. 2003) all induce strong 
responses of the skeletal muscle. Repeated stimuli by mechanical loading or other 
factors such as hormonal, metabolic, and neuronal inducers regulate both gene 
expression and protein function affecting muscle homeostasis (Flück and Hoppeler 
2003). In particular, the adaptations of skeletal muscle after physical exercise are 
related to the type of training: for example, strength training determines hypertro-
phy and hyperplasia, while endurance training increases mitochondria and oxidative 
capacity.

Skeletal muscle typically contains a heterogeneous population of muscle fibers, 
which can be classified into several groups based on properties such as contractile 
speed, myosin heavy chain (MHC) expression, and metabolic capacity (Spangenburg 
and Booth 2003; Zierath and Hawley 2004). In addition, physiologically each indi-
vidual muscle fiber can change its properties, such as mechanical (isometric ten-
sion) and morphological parameters (cross section area), and molecular patterns 
(MHC isoforms) to adapt to exogenous stimuli. Other conditions like aging, some 
diseases, and disuse cause weakening, atrophy and loss of muscle strength, with 
important consequences, such as compromised mobility. The latter condition is 
known as muscle wasting and is characterized by a disarrangement of the sarco-
meric proteins, a decrease in protein synthesis, and an increase in protein catabo-
lism. The chaperoning system participates in many cellular functions from assisting 
protein folding and assembling of multimolecular complexes to maintaining the 
correct structures of enzymes (Czarnecka et  al. 2006; Georgopoulos and Welch 
1993; Voos 2013; Macario and Conway de Macario 2019). In addition, extracellular 
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chaperones contribute to the intercommunication between different cells, tissues, 
and organs (Cappello et al. 2008; Henderson et al. 2010). Skeletal muscle is a tissue 
that relies on the chaperoning system for both, the control of intracellular compo-
nents and intercellular communications. In response to various types of stress, cells 
rapidly produce a set of proteins, components of the chaperoning system, the heat- 
shock proteins (HSP), which help to protect cells against stress, and some are 
important and ubiquitously functioning as chaperones. In brief, HSP, many of which 
are molecular chaperones with functions in maintaining protein homeostasis under 
normal, physiological conditions and as a defense against stress, are classified by 
molecular weight in various groups: super heavy, 100, 90, 70, 60, 40, and small Hsp 
(sHsp), including chaperones within the following ranges in kDa: 100 or higher, 
81–99, 65–80, 55–64, 35–54, and 34 or lower, respectively (Macario 1995; Macario 
and Conway de Macario 2019). Members of four of these groups have been detected 
in skeletal muscle: small Hsp, Hsp60, Hsp70, and Hsp90 (Moresi et  al. 2009; 
Morton et al. 2009). Hsp60 is one of the least studied HSP in skeletal muscle, in 
particular after exercise, a condition which profoundly affects muscle stress and 
homeostasis. This protein is primarily localized to the mitochondria, although we 
currently know that it occurs also in extra-mitochondrial sites, such as cytosol, 
plasma-cell membrane, inside exosomes, extracellular space, and circulation, both 
in normal and pathological conditions (Campanella et  al. 2012; Cappello et  al. 
2008). This Chapter focuses on recent advances in the understanding of the role of 
Hsp60 in skeletal muscle.

17.2  Levels and Distribution of Hsp60 in Skeletal Muscle

Skeletal muscle fibers are a complex and heterogeneous system mostly character-
ized by the abundance of contractile proteins (myofilaments) organized in myofi-
brils. Different isoforms of contractile proteins account for the different histochemical 
and functional characteristics of the various muscle fiber types which as we shall 
explain also differ in their contents of Hsp60. Skeletal muscle is capable of produc-
ing several HSP in response to stress and ATP deficit, in particular Hsp60 (Ornatsky 
et al. 1995; Bornman et al. 1995). It was known for some time that exercise was 
accompanied by increased expression of intramitochondrial Hsp60 but its release 
into the extracellular space and circulation was demonstrated more recently, when 
it was shown that the chaperonin is secreted by muscle fibers via exosomes (Barone 
et al. 2016).

Little can be found in the literature about the expression of the Hsp60 during 
physical exercise or whether it is expressed in the skeletal muscle fibers in propor-
tion to the mitochondrial content and its oxidative capacity. In rats trained with an 
endurance protocol of 8 weeks, a significant increase in Hsp60 levels in plantaris 
muscle and no difference in soleus muscle were shown (Mattson et al. 2000). These 
findings are consistent with the hypothesis that the adaptive response to running 
may require augmented expression of Hsp60 to support protein import and folding. 
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Also, it was shown a significant increase in Hsp60 levels in soleus muscle in trained 
relative to untrained rats, while its levels were unchanged in lateral gastrocnemius 
after training (Samelman 2000). These results indicate that exercise can modify the 
basal expression of Hsp60 with a pattern that differs between muscles and this 
observation is consistent with the hypothesis that physical exercise may activate a 
protective mechanism to stress (Samelman 2000). In contrast, no significant differ-
ences in Hsp60 levels were observed by others in rats with different time-point of 
endurance training in plantaris and gastrocnemius muscles (Ogata et  al. 2009; 
Moura et al. 2014).

We could find very few reports on studies in humans on Hsp60 levels after train-
ing. For instance, the acute effect of a single bout of endurance training was inves-
tigated and it was found that the levels of Hsp60  in the vastus lateralis were 
significantly higher in trained subjects than in sedentary ones (Morton et al. 2008); 
likewise, it was demonstrated that Hsp60 in sedentary and trained subjects was not 
fiber type specific in the vastus lateralis muscle (Folkesson et al. 2013). Our research 
group measured the levels of Hsp60  in the fibers of the posterior muscles group 
(gastrocnemius, soleus, and plantaris) of Balb/c mice after they completed a 6-week 
program of endurance training (Barone et al. 2016). Our data showed a differential 
quantitative distribution of Hsp60 within a single muscle group and changes in 
response to exercise. By performing immunohistochemical determinations of 
Hsp60 levels in muscle cross-sections and by comparing the content of Hsp60 to 
that of MHCs, it was possible to unveil fiber-type-specific levels of Hsp60 in skel-
etal muscle. Hsp60 was elevated in type I, IIa, and IIx muscle fibers, while type IIb 
fibers appeared only slightly positive for Hsp60 (Fig. 17.1) (Barone et al. 2016). 
Endurance exercise training induced a significant increase in the Hsp60 levels in 
type I fibers, an increase which may represent a physiological adaptation in response 
to exercise. Furthermore, we demonstrated a correlation in vitro between Hsp60 and 
PGC-1α (Peroxisome proliferator-activated receptor gamma coactivator 1 alpha) 
levels; the latter is considered the lead factor of mitochondrial biogenesis (Barone 
et  al. 2016; Barone et  al. 2017). In agreement with the above, earlier data exist 

Fig. 17.1 Immunohistochemistry of the posterior group of hind limb muscles. 
Immunohistochemistry for MHC-I (I), MHC-IIa/x (II) and Hsp60 (III) in serial cross-sections of 
the posterior group of hind limb muscles (gastrocnemius, and plantaris). Type IIb fibers are nega-
tive to antibodies anti-MHC-I and anti-MHC-IIa/x. Hsp60, heat shock protein 60; MHC-I, myosin 
heavy chain I; MHC-IIa/x myosin heavy chain IIa/x; Bar 25 μm
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showing that the increased expression of Hsp60 in trained mice facilitates protein 
import and folding, inducing mitochondrial biogenesis (Hood et al. 2000).

17.3  Expression and Role of Hsp60 in Pathological 
Conditions Involving Skeletal Muscle

Hsp60 plays a crucial role in the reduction of oxidative stress. Silencing of Hsp60 in 
cell lines increased reactive oxygen species (ROS) production (Tang et al. 2016) and 
induced mitochondrial dysfunction (Kleinridders et  al. 2013). Hsp60 suppresses 
excessive ROS production and promotes resistance to oxidative stress and the main-
tenance of mitochondrial function. Hsp60 content was significantly higher in the 
extensor digitorum longus muscle (EDL) of heat-stressed diabetic rats than in non- 
stressed diabetic rats, and its levels were similar to normal rat skeletal muscle 
(Nonaka et al. 2018). Heat-stressed diabetic rats maintained Hsp60 content, result-
ing in the prevention of excessive ROS production and resistance to oxidative stress 
in the skeletal muscle. The diaphragm muscle but not the quadriceps and gastroc-
nemius muscles of dystrophic-trained mice showed decreased Hsp60 levels com-
pared to dystrophic-sedentary mice, suggesting exhaustion of potentially protective 
mechanisms in the diaphragm (Morici et al. 2017). Probably, the ability to maintain 
a high level of Hsp60 contributes to the positive effects of exercise training in limb 
muscles, while the decreased levels found in the diaphragm could contribute to the 
overall lack of major positive effects of mild exercise in this anatomic district.

17.3.1  Hypothesis on Alternative Roles of Hsp60 in Skeletal 
Muscle

Well established observations on Hsp60 in muscle tissue are its mitochondrial local-
ization and its increase in response to physical exercise. However, the biological 
relevance of Hsp60 translocation from the mitochondrion to the cytoplasm and to 
the plasma-cell membrane, and its secretion with extracellular vesicles, such as exo-
somes, remain elusive. Similarly, the regulation of Hsp60 by exercise needs more 
research on our suggestion that it could contribute to PGC-1α upregulation, ulti-
mately leading to improved endurance. A generally well-known function of Hsp60 
is its involvement in the folding of mitochondrial proteins, or in the re-folding of 
these proteins when they are partially denatured by stress. We have shown that 
Hsp60 increases preferentially in certain muscle fiber types, and that the serum of 
untrained mice at time zero does not contain abundant exosomes and does not con-
tain much Hsp60 (Barone et al. 2016). We have also shown that: (a) following train-
ing, exosomes contain higher levels of Hsp60 than exosomes from untrained 
animals; (b) during training PGC-1α and its isoforms increase; and (c) Hsp60 
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in vitro interacts with PGC-1α. We do not know how Hsp60 can enter the target cell 
and activate the transcription of PGC-1α, but a close correlation between Hsp60 and 
PGC-1α occurs and, as a consequence, the mitochondrial biogenesis pathway is 
activated upon training. Another explanation of the increase in Hsp60  in skeletal 
muscle upon exercise is that in the process of fiber differentiation and structural 
changes inherent to activity, muscle cells need more Hsp60 than at rest, as we have 
determined in human primary fibroblasts in culture. Also there is a correlation 
between the expression of IL-6 and Hsp60, since both are expressed in greater quan-
tities during training and their mRNAs are both targets of the same miR, i.e., miR- 
206 (Shan et al. 2010). This interaction has been demonstrated only in the heart 
muscle so far, but given the histological and molecular similarity between the two 
striated muscles, we cannot exclude that also in skeletal muscle the expression of 
these two molecules is somewhat co-regulated and correlated.

17.4  Conclusions

Hsp60 is constitutively expressed in many tissues of the body in basal conditions, 
upon stress and in pathological conditions. Its role as a mitochondrial chaperone is 
relatively well known, but new roles in the pathophysiology of the skeletal muscle 
are now emerging. We have for the first time demonstrated the presence of Hsp60 in 
exosomes of trained mice, and suggested a role for Hsp60 as a myokine. The perti-
nent intimate molecular mechanisms involved are currently under investigation.
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Chapter 18
Heat Shock Protein 60 (HSP60): Role in 
Skeletal Muscle Diseases and Novel 
Prospects for Therapy
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Abstract Eukaryotic Hsp60 is also known as mitochondrial chaperones 
(Chaperonin, Cpn60) as earlier it was considered to be present in mitochondria only. 
Last few years it has become clear that it is also present in cytosol, cell surface, 
extracellular space and in the peripheral blood. Hsp60 plays a vital role in quality 
control of proteins. It interacts with Hsp10 (resides in mitochondria, also named as 
Cpn10) to prepare native conformational protein from nascent polypeptides in the 
presence of ATP. Some other newly identified functions of Hsp60 include cell sur-
vival and proliferation. Hsp60 has significant role in various skeletal muscle wast-
ing diseases like sarcopenia, cancer cachexia, sepsis, denervation, burns, and 
chronic obstructive pulmonary disease. The present chapter describes a brief repre-
sentative research efforts aimed to establish the role of Hsp60 in various skeletal 
muscle wasting conditions with the purpose to illustrate possible protective and 
therapeutic implications for developing novel approach to rectify them.
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Hsp Heat shock proteins
Hsp60 Heat shock protein60
IGF1 Insulin growth factor-1
LMF Lipid mobilising factor
MAPK Mitogen-activated protein kinase
mTOR Mammalian target of rapamycin
TLRs Toll like receptors
UPS Unfolded protein response

18.1  Introduction

Heat Shock proteins (Hsp) comprises a heterogeneous group of molecules involved 
with various functions such as response to stress and protein folding. In past, Hsp 
were considered stress proteins which usually involved in assisting quality control 
for protein folding of nascent polypeptides and refolding cellular stress induced 
partially denatured proteins (Kregel 2002; Brodsky and Chiosis 2006; Macario and 
de Macario 2007) and these Hsp are also known as molecular chaperones. Recently, 
a number of cellular functions attributed to Hsp like protein translocation, protein 
degradation, dissolution of pathologic protein aggregates, regulation of gene expres-
sion, cell differentiation, DNA replication, signal transduction, programmed cell 
death, cellular senescence and carcinogenesis. The first heat shock protein was dis-
covered by Feruccio Ritossa (1962, 1996) in salivary gland cells of Drosophila 
buskii after a serendipitous heat shock. Followed by, it was clearly characterized 
later in 1974 (Tissieres et al. 1974). Previously it was assumed that they induced by 
heat shock stress but afterwards it was detailed that a large variety of stimuli or 
environmental stresses lead to produce heat shock proteins (Fig. 18.1).

18.1.1  Heat Shock Proteins, Molecular Chaperones

Occasionally, the term Hsp and molecular chaperone are used interchangeably. But, 
in actual few Hsp does not contain chaperoning function and some chaperones do 
not belong to Hsp group. As per the definition, chaperones are defined as “proteins 
that bind to and stabilize an otherwise unstable conformer of another protein – and, 
by controlled binding and release, facilitate its correct fate in vivo: be it folding, 
oligomeric assembly, transport to a particular subcellular compartment, or disposal 
by degradation” (Hartl 1996). Basically chaperones could be divided into two cat-
egories: small heat shock proteins and 90kD heat shock protein (Hsp90 family) 
(Table 18.1).
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18.1.2  Synthesis of Heat Shock Proteins

Synthesis of heat shock protein is dependent on the interaction between heat shock 
factor transcription factor (HSF1) and heat shock elements (HSEs), present on the 
heat shock protein gene promoter regions (Voellmy 1994; Morimoto et al. 1994). 
During unstressed condition, HSF1 is present in latent monomeric molecule which 
doesn’t have capability to bind with DNA. While, during stressed conditions, HSF1 
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Fig. 18.1 Numerous adverse stimuli or environmental stress conditions lead to produce heat 
shock proteins

Table 18.1 Major families of molecular chaperones and their functions

Molecular chaperone 
families Major functions of chaperone families

Small heat shock (e.g. 
Hsp27) proteins

Prevent the aggregation of other proteins

Hsp60 family Involved in protein folding and re-folding
Hsp70 family Involved in protein folding and re-folding
Hsp90 family Involved in stabilizing substrate proteins interaction; maintain their 

active or inactive state; prevent the aggregation of other proteins
Hsp100 family Involved in desegregation of proteins
Protein disulfide 
isomerases

Promoted correct disulfide-bridge formation and involved with 
reorganization of disulfide bridges

Peptidyl prolyl cis/trans 
isomerases

Catalysis of the cis/trans isomerization of peptide-bonds

18 Skeletal Muscle Diseases and Hsp60 with the Protective Approaches
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is hyperphosphorylated in a ras-dependent manner via mitogen-activated protein 
kinase (MAPK) subfamilies (e.g. ERK1, JNK/SAPK, p38 protein kinase) (Knauf 
et al. 1996; Kim et al. 1997). After phosphorylation, it converts into phosphorylated 
trimers, translocates to nucleus from cytoplasm and binds with promoter region as 
trimer phosphorylated HSF1 has capability to bind with DNA. Consequently, tran-
scription of heat shock proteins starts (Shi et al. 1998). The other mechanism that 
also regulates the heat shock protein synthesis, is the binding of heat shock protein 
binding factor 1 (HSBP1) and active trimeric form of HSF1 and Hsp70. Once this 
binding occurs, HSF1 lost the capacity to bind with DNA (14) HSBP1 is mainly 
present in nucleus and unaffected by heat shock (Satyal et  al. 1998) (Fig. 18.2). 
According to the occurrence of the Hsp60, it is divided into three types:

 1. Intracellular Hsp60
 2. Surface Hsp60
 3. Extracellular Hsp60

18.1.2.1  Intracellular Hsp60

Hsp60, a molecular chaperone is known for its protein folding function in prokary-
otics and eukaryotics cell organelles. In eukaryotes, it is mainly present in mito-
chondria (chaperonin 60 or Cpn60) and chloroplasts (in plants) and interacts with 
Hsp10 (or Cpn10) when involved with the function of chaperoning of nascent poly-
peptide to functional conformation or native protein (Ranford and Henderson 2002; 

Fig. 18.2 Regulation of synthesis of heat shock proteins

R. Rathor et al.



281

Naylor and Hartl 2001). Along with its recognised role in protein folding, Hsp60 
has also important role in intracellular protein trafficking (Deocaris et  al. 2006; 
Czarnecka et  al. 2006) and in peptide-hormone signalling (Sigal et  al. 2001). 
Previously, Hsp60 was known as intracellular chaperone but few years back evi-
dences suggested that Hsp60 is found in cytosol too and both, mitochondrial and 
cytosolic forms of Hsp60 may function in pro-survival or pro-apoptotic pathways as 
per the cellular situation (Chandra et al. 2007).

18.1.2.2  Surface Hsp60

Recent studies suggested that Hsp60 is also present on the surface of normal (Soltys 
and Gupta 1997) and tumor cells (Piselli et al. 2000; Feng et al. 2002; Shin et al. 
2003) but its presence at cell surface was considered as danger signal which lead to 
activation of immune system, consisting activation and maturation of dendritic cells 
and generation of antitumor T-cell response (Osterloh et al. 2004).

18.1.2.3  Extracellular Hsp60

Hsp60 is also found in extracellular space and in circulation along with its intracel-
lular and pericellular locations. However, the mechanism comprises its secretion 
and exosomal functions are still unanswered (Chen et al. 2006; Gupta and Knowlton 
2007). Reports depicted, extracellular Hsp60 act as pro-inflammatory agent as it 
interacts with various cell-surface receptors like CD14, CD40 and toll like receptors 
(TLRs) and generate pro- and anti-inflammatory effects (Pockley et al. 2007). Some 
other studies reported its role in release of TNF-α, production of nitric oxide (NO) 
and induction of Th1- promoting cytokines IL-12 and IL-15 in macrophages (Chen 
et  al. 1999). Whilst, as anti-inflammatory agent, it is involved with antitumoral 
immunosuppression activity (Atre et al. 2006).

Extracellular Hsp60 is also found in plasma and blood stream in the range of 
1–1000 ng/ml (Shamaei Tousi et al. 2007). Figure 18.3 depicts the working process 
of molecular chaperone, Hsp60. First, Hsp60 binds its target protein to internal cav-
ity of oligomeric protein. Hsp10-heptamer acts as a cap which closes the Hsp60 
protein and this protected environment of Hsp60 cavity restricts the aggregation of 
protein completely (Hartl 1996). Then, binding and hydrolysis of ATP leads to con-
formational changes in Hsp60 and further help to loosen the hydrophobic core of 
the target protein to partial unfolding stage. Due to this multidirectional pulling of 
target protein, water can enter the hydrophobic sites and help to reorganizing the 
target protein (Csermely 1999). Ergo, hydrolysis of ATP and binding of new target 
protein to the other side of Hsp60 resultant into release of Hsp10 cap and target 
protein. Single round Hsp60-assisted folding is not enough to correct the folding of 
target protein while multiple folding and refolding cycles are required to commence 
the correct folding of target protein.
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18.1.3  Quality Control and Heat Shock Proteins

In a normal phenomenon, eucaryotic cells operate the protein quality control (PQC) 
system for removing cytotoxic agents in time dependent manner as any chemical or 
physical stress lead to misfolding of proteins. Molecular chaperones are considered 
as the essential component of PQC as they are involved with refolding of misfolded 
protein and also inhibit protein aggregation (Kim et al. 2013). Kastle and Grune 
(2012) reported the molecular chaperones plays an pivotal role in proteostasis under 
normal and stress conditions and about 10% part of its constituted by proteome. 
Basically, molecular chaperones performed via three known mode of actions.

 1. Some molecular chaperones like Hsp70 hold the unfolded protein until they 
achieve spontaneous folded proteins (Hartl et al. 2011; Kastle and Grune 2012).

 2. Some molecular chaperones such as Hsp60 and Hsp70 assist the refolding of 
misfolded protein into natively protein species in the presence of ATP (Itoh et al. 
2002; Tutar and Tutar 2010).

 3. Some chaperones such as Hsp40 and Hsp110 performs as “disaggegases” which 
forcefully unfold and solubilize protein aggregates into natively refolded pro-
teins (DeSantis et al. 2012).

Recently Wiechmann (2017) currently identified mitochondrial Hsp60 as a direct 
target of myrtucommulone (MC) and it is ATP-dependent chaperonin which assem-
bles with co-chaperonin Hsp10 and this assembly is responsible for mitochondrial 
proteostasis by promoting folding of newly imported mitochondrial protein and pre-
venting protein aggregation.

Fig. 18.3 Working Process of molecular chaperone, Hsp60
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18.1.3.1  Role of Hsp60 in Skeletal Muscle Diseases

Numerous conditions are characterized by muscle wasting, including sarcopenia, 
cancer cachexia, sepsis, denervation, burns, and chronic obstructive pulmonary dis-
ease. Muscle trauma and loss of mass and physical capacity can significantly com-
promise quality of life. Heat shock proteins play a vital role during these adverse 
conditions.

18.1.3.2  Sarcopenia and Hsp60

Sarcopenia term refer to age-related loss of muscle mass, resulting into loss of 
strength (Morley et al. 2001). In simple words, the human body age increment is 
related to decrease in muscle mass which is associated with gain in fat mass and 
abdominal circumference. This age related muscle mass loss is termed as sarcope-
nia. As per definition of sarcopenia (from Greek sarx: flesh, penia: poverty), it is 
defined as “progressive loss of muscle mass and strength with a risk of adverse 
outcomes such as disability, poor quality of life and death” (Rosenberg 1997; 
Santilli et al. 2014). In view of public health, age related sarcopenia is a major clini-
cal problem of older people with numerous adverse outcomes like disability, poor 
quality of life, falls, hospitalisation, nursing home admission and increased risk of 
death (Lauretani et al. 2003; Rizzoli et al. 2013; Rantanen 2003). The prevalence of 
sarcopenia is rising day by day all over the world with increase in world’s older 
population. The meta analysis based results described the overall prevalence of 
sarcopenia is 10%. The prevalence of sarcopenia is higher in non-Asian countries 
as compared to Asian countries. Gender based studies provided the highest preva-
lence of sarcopenia in older men (50%) as compared to older females (43.8%) of 
the age of 80 years (Iannuzzi-Sucich et al. 2002; Kirchengast and Huber 2009). On 
average, 5–13% of 60–70 years old and 11–50% of ≥80 years old people suffers 
from sarcopenia with high prevalence of 68% who are also residing in nursing 
home (Landi et al. 2012).

Insulin sensitivity is impaired during sarcopenia, which leads to reduction in 
insulin growth factor-1 (IGF-1) release and decrease expression of Akt and mam-
malian target of rapamycin (mTOR) that lead to decrease protein synthesis. On the 
other hand, increment in protein degradation was reported via increase in calpain 
activity and unfolded protein response (UPS) (Dargelos et  al. 2007). Whereas, 
autophagy declines and apoptosis increase with age (McMulen et al. 2009).

Only few reports detailed the expression of Hsp60 in skeletal muscle during rest 
and stress conditions and their results are also contradictory. Colotti et al. (2005) 
detected lower amount of Hsp60 present in mitochondria in aged ventricles and in 
aged rat hearts. Joseph et  al. (2012) also evidenced an age-related decrement in 
Hsp60 protein levels. On the other hand, few studies reported a significant increase 
in heat shock proteins such as Hsp27, Hsp60 and inducible Hsp70 in skeletal mus-
cle which associated with enhance apoptosis regulatory proteins like p53, Bcl-2, 
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Bax, Apaf-1, cleaved caspase-9, pro-caspase-12, pro-caspase-7 that ultimately lead 
to increase apoptosis process and muscle atrophy (Chung and Ng 2006).

18.1.3.3  Cancer Cachexia and Hsp60

Cancer cachexia is a multiorgan, multifactorial and irreversible wasting syndrome 
showing symptoms such as marked body weight loss, asthenia, anorexia, anaemia 
and biochemical alternations (reactive protein, CRP, albumin, haemoglobin 
(Bosaeus et al. 2001; Argilés et al. 2005; Fearon et al. 2006). It is a serious condition 
associated with cancer and other serious, chronic illnesses including AIDS, chronic 
heart failure, chronic kidney disease and chronic obstructive pulmonary disease 
(Graul et al. 2016). Cachexia results in poor performance status, poor quality of life 
with high mortality rate in cancer patients. A longitudinal study depicted a 2.5 kg 
weight change over 6–8  weeks which led to changes in performance status 
(O’Gorman et al. 1999) and death usually happened in the case of 30% weight loss 
(Tisdale 2002).

As per the previous definition of cachexia, it is described “a wasting syndrome 
involving loss of muscle and fat directly caused by tumour factors, or indirectly 
caused by an aberrant host response to tumour presence” (MacDonald et al. 2003). 
While recent definition depicts “a complex metabolic syndrome associated with 
underlying illness and characterised by loss of muscle with or without loss of fat 
mass” (Evans et al. 2008). In cachexia, increase muscle protein catabolism resilient 
into muscle mass loss while protein synthesis may be increased or unchanged 
(McMillan et al. 1994). The pivotal catabolic pathways involved with loss of muscle 
mass loss are proteolytic pathways such as lysosomal pathway (cathepsins B, H, D, 
and L) (Bosutti et  al. 2002), calpain pathway (Busquets et  al. 2000) and ATP 
ubiquitin- dependent proteolytic pathway (Khal et  al. 2005; DeJong et  al. 2005). 
Another important factor of cachexia is loss of adipose tissue mass or lipolysis 
(Tisdale 2002) which driven by lipid mobilising factor (LMF) and tumor factor, 
zinc-alpha-2 glycoprotein (Tisdale 2010). Other factor involved with lipolysis is 
dysregulation of energy metabolism which lead to increase resting energy expendi-
ture (Tisdale 2002).

Heat shock proteins play an important role in cancer cachexia. Zhang et  al. 
(2017) found surprisingly that cancer cachexia related muscle catabolic activity was 
associated with high level of Hsp70 and Hsp90 and another interesting finding of 
their research was high levels extracellular vesicles (EVs) which served as a carrier 
of tumor-released Hsp70 and Hsp90. Conclusively, the research group demonstrated 
that tumor cell-released EV-associated HSp70 and Hsp90 are required and suffi-
cient to induce cancer cachexia induce muscle wasting. On the other hand, intracel-
lular Hsp70/90 plays cytoprotective role as molecular chaperones against stressful 
conditions (Wang 2011). Hence, aiming these Hsp could become promising thera-
peutic targets for defeating cancer cachexia (Zhang et al. 2017). Along with this, 
role of Hsp60 was also established with exercise and cachexia and the results 
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 concluded that Hsp60 over expression could improve muscle performance and 
reduce cachexia (Barone et al. 2016).

18.1.3.4  Duchenne Muscular Dystrophy (DMD) and Hsp60

Dystrophin is a rod shaped cytoplasmic protein which primarily located in muscles 
and used for the movement of skeletal and cardiac muscles. DMD is a known human 
gene, provides instructions for translating dystrophin protein. Mutations in dystro-
phin gene are the cause of duchenne muscular dystrophy (DMD) that is a lethal 
X-linked recessive disorder (Guiraud et al. 2015). The disorder is so severe, charac-
terized by progressive muscle wasting which lead to loss of ambulation by 
8–12 years of age and affects 1 in 5000 boys and also results in death due to cardio-
respiratory failure (Mendell et al. 2012; Emery 1993; Bach et al. 1987). A crucial 
link occurs between dystrophin associated protein complex (DAPC) present at the 
sarcolemma and the cytoskeleton. Dystrophin is required for maintaining strength, 
flexibility and stability in skeletal muscle (Davies and Nowak 2006). Absence of 
dystrophin results in increase myofibres susceptibility, leading to contraction- 
induced injury, muscle wasting and premature death (Emery 1990). Morici et al. 
(2016) reported the epithelial Hsp60 expression was progressively decreased and 
inversely correlated with epithelial apoptosis (r = −0.66, P = 0.01) in mdx mice. 
Further, the same group also observed low expression of Hsp60 in mdx mice which 
indicates progressive exhaustion of preventing epithelium integrity. Recently, 
Guiraud et al. (2017) identified Hsp60 as a new potential putative serum dystrophic 
marker.

18.1.3.5  High Altitude Associated Muscle Atrophy and Hsp60

High altitude is defined as an altitude exceeding 2438 meters or 8000 feet above sea 
level. Traditionally, according to the height, it is divided into the following catego-
ries (Fig. 18.4):

 1. High altitude: 2438–3658 m (8000–12,000 ft)
 2. Very high altitude: 3658–5487 m (12,000–18,000 ft)
 3. Extreme high altitude: 5500+ m (18,000+ feet)

High altitude presents numerous adverse and challenging environmental condi-
tions for human survival and its exposure sometimes unavoidable due to military, 
pilgrimages, sports and tourism activities. High velocity winds, low humidity, 
extreme low ambient temperature, high intensity solar radiation, reduced atmo-
spheric pressure, reduce oxygen availability are variety of stresses faced at high 
altitude and these stress conditions leads to compromise physiological function and 
physical performance (Verratti et al. 2015). One of the main hassles at high altitude 
is hypobaric hypoxia which leads to disturb redox homeostasis and modified protein 
structure in skeletal muscle. Our recent studies established the detail overview of 
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oxidative protein modification in response to hypobaric hypoxia that altered protein 
homeostasis and skeletal muscle protein loss (Agrawal et al. 2017, 2018) that ulti-
mately lead to compromised physical performance.

Ironically, the proposal has been made that hypobaric hypoxia provokes alterna-
tions in mitochondrial activity which lead to accumulation of reactive oxygen spe-
cies (ROS) and oxidative stress (Barbieri and Sestili 2012; Barbieri et al. 2014). It 
has been further demonstrated the role of oxidative stress in the damage of lipids, 
proteins and nucleic acids (Beccafico et  al. 2007; Pietrangelo et  al. 2009). 
Paradoxically, accumulation of ROS leads to oxidation of proteins and oxidative 
protein modification which altered proteostasis (Chaudhury et  al. 2012; Agrawal 
et al. 2017). The oxidative protein modification leads to the activation of ER stress 
in which GRP78, GRP94, Hsp70, Hsp60, Hsp90 gets activated to rectify the mis-
folded proteins (Jain et al. 2014; Rathor et al. 2015). When the cells protein folding 
machinery was not able to cope up with the stress situation; there were a marked 
upregulation of transcription factor C/EBP homologous protein (CHOP), associated 
with ER stress initiated that lead to apoptosis and cell death.

The well known fact regarding heat shock proteins is its crucial cytoprotective 
role in relation to environmental and metabolic stress. Jain et al. (2013) observed 

Fig. 18.4 Altitude Categories
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an enhancement of heat shock proteins during hypobaric hypoxia exposure which 
suggested its better chaperone activity. This chaperone activity prevents misfold-
ing of protein structure and impaired protein function. Mestril and Dillmann 
(1995) also proposed a positive correlation between production of heat shock pro-
teins and protection against myocardial, hepatic and muscle damage (Jain et al. 
2014; Rathor et al. 2015).

18.1.4  Protective or Therapeutic Efficacy of Hsp60

Hsp60 depicts vital activities in angiogenesis, transformation and metastasis due to 
its unique anti-apoptotic property (Wu et  al. 2017). The cell survival activity 
prompted via the pro-proliferative and pro-survival activity of HSP60. Recently, 
Hsp60 also emerging as a novel regulator of cytoprotective chaperone network via 
its ability to inhibit CypD-dependent tumor cell death (Haslbeck and Vierling 2015). 
Two pathways also proposed via Hsp60 shows its anti-apoptotic activity. First, via 
modulating mitochondrial survivin (SVV) stability and second, via control of p53 
expression. Survivin (SVV) and p53 is well known for the activation of apoptosis 
pathway. During normal conditions, Hsp60 binds with SVV and p53 proteins and 
make complex with these proteins. But during stress conditions, Hsp60 silence from 
these proteins that result in loss of chaperonage function. Once SVV release from 
Hsp60, lead to mitochondrial apoptotic pathway. On the other hand, silencing of 
Hsp60 from p53 leads to p53-dependent transcription of apoptotic factors like BAX 
that ultimately promote cell death (Ghosh et al. 2008) (Fig. 18.5).

Hsp also has cellular degeneration activity, along with its major role in protein 
folding, refolding, transportation and translocation. It also comprises molecular 
chaperones activity of thermotolerance against stresses such as reactive oxygen spe-
cies (Auluck et al. 2002). Andersen 2004 also reported its free radical scavenging 
activity and it also able increase catalase and superoxide dismutase activity during 
heat shock stress. Recently, Veereshwarayya et al. (2016) also depicted that overex-
pression of Hsp60 alone and in combination with Hsp70 and Hsp90 protect brain 
cell cultures via reducing cytotoxicity. Presently, a number of available information 
indicates that Hsp60 has key role in maintaining protein homeostasis and cell sur-
vival. It also consist an important role in progression of aging-related diseases. 
Aging is the condition in which chaperone levels and its functionality generally 
decreases. Barone et al. (2016) depicted that endurance training leads to increase 
Hsp60 level which further increase the levels of mitochondrial DNA compared to 
nuclear DNA. This process indicates mitochondrial biogenesis and release of Hsp60 
protein in blood.

Cellular heat shock protein increment also showed cytoprotection not only 
against ischaemia and reperfusion but also against calcium paradox or the oxygen 
paradox (Marber 1994; Plumier and Currie 1996). Additionally, hyperthermic con-
dition and excessive exercise result into increment in Hsp content in skeletal muscle 
which also related to cytoprotection of skeletal muscle damage (Febbraio and 
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Koukoulas 2000; Khassaf et al. 2001; McArdle et al. 2001; Maglara et al. 2003). 
Hsp60 also engaged as a key protein in a crosstalk between metabolic stress and 
inflammation. Interestingly during this crosstalk, it participates in both the ways 
like pro-inflammatory and anti-inflammatory way which could further induce both 
types of cytokines (Quintana and Cohen 2011). Moreover, Hsp60 also showed cyto-
protective efficacy against tolerance to high altitude induced hypobaric stress (Jain 
et al. 2013). Increase Hsp60 level was also observed in skeletal muscle, liver and 
heart in multiple stress condition, CHR (cold-hypoxia-restraint) which predict its 
adaptogenic activity via restoring protein homeostasis (Rathor et al. 2015).

18.2  Conclusions

A number of studies demonstrated the inimitable anti-apoptotic function of Hsp60 
by which it explain its crucial role in angiogenesis, transformation, metastasis and 
cell survival activity. The present chapter established an insight into different patho-
physiological conditions of muscular atrophy and the probable role of Hsp60 into it. 
Understanding the role of Hsp60  in these diseases, might further offer its 

Fig. 18.5 Mechanisms of HSP60 for cytoprotection
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pharmacological interventions function so that various muscular stress conditions 
like sarcopenia, muscular fatigue and muscular dystrophy could be benefited.
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Chapter 19
Heat Shock Protein 60 Regulation 
of Skeletal Tissue Integrity

Feng-Sheng Wang, Wei-Shiung Lian, Chung-Wen Kuo, Yu-Shan Chen, 
and Pei-Rong Chang

Abstract Osteoporosis and osteoarthritis are the most prevalent degenerative skel-
etal diseases in the elderly. Deregulated osteoblast and chondrocyte behavior are 
prominent cellular features of these disorders. Organelle dysfunction disturbs cell 
survival and differentiation capacity, accelerating bone mass and articular cartilage 
loss. Heat shock protein 60 (HSP60) is a mitochondrial chaperonin essential to 
mitochondrial integrity and proteostasis. Its function to skeletal tissue homeostasis 
and degeneration warrants systemic characterization. Here, we highlight the merg-
ing evidence in regard to the involvement of this chaperonin in mitochondrial bio-
genesis, autophagy, and post-translational modification of bioactive proteins, 
contributing to tissue homeostasis, deterioration, and tumorigenesis in various 
physiological and pathological contexts. This article sheds a new light on the benefi-
cial actions of HSP60 to osteoblast autophagy that protects bone tissue against 
osteoporosis development. We also offer a productive insight into how this chaper-
one protein sustains chondrocyte function to facilitate cartilage development and 
slow down osteoarthritis progression.
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Abbreviations

μCT microcomputed tomography
Acetyl CoA acetyl coenzyme A
ADP adenosine diphosphate
AMPK AMP-activated protein kinase
Atg autophagy related proteins
ATP adenosine triphosphate
Bax BCL2 associated X apoptosis regulator
BNIP3 BCL2 interacting protein 3
DKK-1 dickkopf-1
ERK extracellular regulated MAP kinase
FOXO forkhead box subgroup O
HDAC1 histone deacetylase 1
HSP60 heat shock protein 60
HSPd1 heat shock protein family D member 1
IGF-1 insulin-like growth factor-1
IL-1β interleukin-1β
LC3 microtubule associates protein 1 light chain 3 alpha
MMP matrix metalloproteinases
MSC mesenchymal stem cells
mtDNA mitochondrial DNA
mTOR mechanistic target of rapamycin kinase
NAD+ nicotinamide adenine dinucleotide
NRF nuclear respiratory factor
OA osteoarthritis
O-GlcNAc O-linked N-acetylaglucosamine
PGC-1α peroxisome proliferator-activated receptor γ coactivator-1α
PGK phosphoglycerates kinase
PINK1 PTEN induced kinase 1
PKA protein kinase A
PP2A serine-threonine protein phosphatase 2A
PTM post-translational modification reactions
RANKL receptor activator nuclear factor-κ ligand
REDD1 DNA damage inducible transcript 4
RPTOR regulator-associated protein of mTOR complex 1
SOX9 SRY-box 9
TCA tricarboxylic acid
SUMO small ubiquitin like modifier proteins
TFAM mitochondrial transcription factor A
TGF-β1 transforming growth factor-β1
TNF-α tumor necrosis factor-α
ULK1 unc-51 like autophagy activating kinase
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19.1  Introduction

Osteoporosis accounts for the most prevalent bone disorder in aged people. 
Extremely poor bone mass and fragile microstructure of affected skeletons under-
mine that of biomechanical strength incompetent against the impact of accidental 
falling, increasing the risk of osteoporotic fracture (Sattui and Saag 2014). Aging, 
estrogen deficiency, glucocorticoid excess, renal disorders, and diabetes, etc. are 
shown to accelerate the bone disease progression (Rachner et al. 2011). Osteoporosis 
has become an urgent healthcare issue to tackle down disability and even premature 
mortality of the aged people. To this end, having a productive insight into the molec-
ular events underlying skeletal tissue deterioration will facilitate us to manage 
osteoporotic disorders.

Bone mass homeostasis is a dynamic status harmonized by bone mineral accre-
tion and resorption reactions. Osteoblasts are responsible for piling up mineralized 
matrices, whereas osteoclastic cells resorb bone matrices to develop a well-woven 
three-dimensional microarchitecture (Favus 2010). In excessive bone turnover con-
ditions, deregulated osteoblast behavior is a well-recognized hallmark of osteopo-
rotic bone development. It slows down bone mineralization or overproduces 
osteoclastogenesis-promoting factors, like receptor activator nuclear factor-κ ligand 
(RANKL) and inflammatory cytokines, to activate osteoclasts and ultimately causes 
skeletal tissue to lose bone mineral density, microarchitectural integrity, and biome-
chanical properties (Canalis 2013).

Emerging evidence has shown that deregulated differentiation potential of bone- 
marrow mesenchymal stem cells (MSC) also contributes to osteoporosis develop-
ment (Seibel et  al. 2013). Loss of WNT and β-catenin signaling components 
suppresses osteogenic differentiation capacity of bone-marrow MSC, but upregu-
lates adipocyte formation of marrow compartment in osteoporotic bone tissue 
(Wang et al. 2005). Upregulated WNT inhibitors, like glycogen synthase kinase-3β 
(GSK-3β) and dickkopf-1 (DKK-1), increase osteogenic cell apoptosis and fatty 
marrow accumulation in osteoporotic skeletal microenvironment (Wang et al. 2009, 
2008). Neuropeptide and cannabinoid receptor pathways also shift MSC into adipo-
genic lineages rather than osteoblastic cells during osteoporosis development (Ko 
et al. 2012; Wang et al. 2016). Little has been characterized how intracellular disin-
tegration causes osteoblastic cells to lose bone formation activity in the course of 
osteoporosis.

Heat shock proteins (HSP) belong to the chaperone family, ubiquitously existing 
in mammalian cells. These highly-conserved molecules along with E3 ubiquitin and 
adenosine triphosphate (ATP) have been shown to escort unfolded native proteins in 
various organelles to gain biological stability, facilitate transcription factor entry 
into nuclei, and sustain histone assembly, etc. (Arlet et al. 2014). HSP also plays an 
important role in modulating intracellular homeostasis as cells encounter adverse 
conditions, like heat, chemical, mechanical stress, hypoxia, nutrient depletion, and 
inflammation, etc. (Nisemblat et al. 2015).
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This article highlights the biological roles of heat shock protein 60 (HSP60) in 
osteoporosis development and how HSP60 wards off detrimental stress-induced 
osteoblast dysfunction. We center on its actions to organelle function and post- 
translational modification of bioactive proteins in bone cells. We also shed light on 
HSP60 function to chondrocyte metabolism and cartilage integrity in osteoarthritis 
and arthritic diseases.

19.1.1  Organelle Dysfunction in Stressed Osteoblasts

Increasing studies reveal that organelle malfunction impairs survival and differen-
tiation capacity of osteoblasts upon deleterious stresses. For example, a supraphysi-
ologic level of dexamethasone impairs endoplasmic reticulum integrity, interrupting 
protein transportation and mitochondrial ATP synthesis in osteoblasts (Sato et al. 
2015). Ageing hinders mitochondria function, increasing hydrogen peroxide and 
superoxide burst in osteoblasts and osteocytes, reducing mineralized matrix synthe-
sis, and ultimately accelerating trabecular bone loss (Kobayashi et  al. 2015). 
Hyperglycemic derivatives advanced glycation end products induce endoplasmic 
reticulum stress, which ramps up osteoblast apoptosis (Tanaka et al. 2013). Defective 
autophagy escalates endoplasmic reticulum dysfunction in osteoblasts, suppressing 
bone mineral density and trabecular integrity (Omari et al. 2018). The molecular 
mechanism underlying the disintegrated mitochondria, endoplasmic reticulum, and 
autophagy in intracellular microenvironment that deteriorate survival and bone 
matrix production of osteoblastic cells during osteoporosis progression has become 
an attractive topic.

19.1.1.1  Mitochondrial Function in Bone Tissue

Mitochondria, the largest organelle in cytosolic compartment, is responsible for 
ATP synthesis and fatty acid metabolism through a sophisticated respiratory reac-
tion in cells (Bertero and Maack 2018; Rambold and Pearce 2018). Mitochondrial 
energy metabolism enables cells to deal with a plethora of biochemical reactions, 
like lipid metabolism, amino acid synthesis (Herzig and Shaw 2018), molecular 
pumps (Madeira 2018; Wu et al. 2016), and apoptotic program (Chen et al. 2018). 
Aerobic oxidation process of tricarboxylic acid (TCA) in mitochondrial micro-
compartment plays an important role in consuming fatty acids, pyruvate, amino 
acid, and glutamine, etc. to produce adenosine diphosphate (ADP) and 
ATP.  Several molecules within mitochondrial matrix, like acetyl coenzyme A 
(CoA), succinyl CoA, nicotinamide adenine dinucleotide (NAD+), and NADH 
participate in electron transfer during the respiratory complex reaction (Spinelli 
and Haigis 2018).
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In addition, this organelle is an enclosed bilayer membrane structure containing 
genetic materials with a circular form of mitochondrial DNA (mtDNA) distinct 
from genomic DNA. mtDNA is maternally inherited and composes of two initiated 
subunits with specific genetic codes, which are replicated by a unique genome- 
encoded RNA polymerase (Falkenberg 2018). This DNA component dynamically 
integrates metabolic processes and enzymatic reactions within cellular microenvi-
ronment under the physiological, extracellular stress, and pathological conditions. 
Accumulating evidence reveals that perturbed mtDNA is relevant to the disorga-
nized extracellular matrix and  Unstable genomic statuses in various human 
diseases.

With regard to the relevance of mitochondrial function to osteoporosis and osteo-
arthritis development, increased matrix metalloproteinases (MMP), interleukin-1β 
(IL-1β), and tumor necrosis factor-α (TNF-α) are shown to provoke oxidative stress 
in osteoporotic bone and osteoarthritic cartilage. Impaired respiratory chain reac-
tion, ATP synthesis, calcium influx, and redox status also occur in osteoblasts and 
chondrocytes (Blanco et  al. 2018; Ucer et  al. 2017; Zarrouk et  al. 2014). While 
shreds of emerging evidence reveal the correlation of poor mitochondrial integrity 
with osteoporosis and osteoarthritis development, the contribution of mtDNA to 
these skeletal diseases remains elusive.

19.1.1.2  Autophagy in Osteoblasts and Chondrocytes

Autophagy is an important intracellular reaction to dispose of unwanted macromol-
ecules, like damaged organelles, pathogens, and unfolded proteins, through autopha-
gosome inclusion and lysosomal breakdown processes (Memme et al. 2016). Beclin, 
autophagy related proteins (Atg), and microtubule associates protein 1 light chain 3 
alpha (LC3) are essential builders during autophagic body formation, removing 
unnecessary molecules within cells upon encountering adverse conditions to sustain 
microenvironment homeostasis (Doria et al. 2013; Goutas et al. 2018). In bone and 
cartilage tissues, osteoblast-specific Atg5 knockout mice exhibit poor bone mass 
and trabecular morphology and those of primary bone-marrow MSC cultures exhibit 
low osteogenic differentiation capacity (Nollet et al. 2014). Mice deficient in Atg5 in 
chondrocytes show cartilage underdevelopment and defective skeletal morphology 
(Vuppalapati et al. 2015). In the starvation or nutrient depletion condition, autoph-
agy upstream regulator serine/threonine kinase mechanistic target of rapamycin 
kinase (mTOR) pathway is shown to induce unc-51 like autophagy activating kinase 
(ULK1) and Atg13 phosphorylation and thus controls autophagic programs (Corona 
Velazquez and Jackson 2018). On the contrary, mTOR pathway is suppressed by 
forkhead box subgroup O (FOXO), Akt/AMP-activated protein kinase (AMPK), 
and DNA damage inducible transcript 4 (REDD1) signaling to maintain survival 
and extracellular matrix synthesis of osteoblasts and chondrocytes for retaining 
bone and cartilage matrix homeostasis (Alvarez-Garcia et al. 2017; Cai et al. 2018).
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19.1.1.3  Autophagic Degradation of Mitochondria

Autophagy is also involved in maintaining mitochondrial matrix homeostasis 
through mitophagy. For example, dysfunctional mitochondrial components or dam-
aged mtDNA are subjected to undergoing a mitophagic degradation process to keep 
mitochondrial ultrastructure and microarchitecture of cell cultures to stay intact 
upon oxidative stress, DNA damage, and endoplasmic reticulum stress (Vyas et al. 
2016). Two pathways PTEN induced kinase 1 (PINK1) /Parkin and BCL2 interact-
ing protein 3 (BNIP3) /Nix are key regulators, acting as “receptors” of the mitophagic 
reactions. Once autophagosome recognizes these molecules, an ubiquitination pro-
cess is initiated to selectively get rid of unwanted mitochondrial components 
(Ashrafi and Schwarz 2013; Yamano et al. 2016).

19.1.1.4  Endoplasmic Reticulum Function and Chaperone Proteins

When mitochondrial biogenesis is impaired, an endoplasmic reticulum- 
mitochondrial network is important to maintain the autophagosome formation pro-
cess (Sasaki and Yoshida 2015). The lumen compartment of endoplasmic reticulum 
acts as a factory for protein assembling, folding, and shaping via various post- 
translational modification processes. Several chaperone pathways within cytoplas-
mic compartment are found to secure a wide spectrum of protein unfolding/folding 
mechanism to facilitate proteostasis and stabilize biological function of newly- 
synthetized proteins. These molecules are shown to interact with unfolded proteins, 
in a ATP-dependent way, coordinating chaperonins to prevent the unstable proteins 
from aggregation. The chaperone family are highly conserved molecules, also par-
ticipating in protein assembly, secretion, trafficking, and degradation. Of chapero-
nins, heat shock proteins (HSP), depending on types and sizes, exert various 
physiological and pathological activities (Table 19.1).

HSP60 exists in the mitochondrial compartment and forms an intricate hollow 
ultrastructure for securing and embedding misfolded or unfolded proteins into a 
properly folded state. It plays an important role in quality control of proteins. HSP60 
is constitutively expressed by the majority of mammalian cells and also acts as a 
stress-inducible protein responsible for cellular and mitochondrial homeostasis. 
This molecule is shown to work with co-chaperonin HSP10, in an ATP-dependent 
fashion, to regulate protein assembly and facilitate the transportation/synthesis of 
proteins from cytoplasmic compartment toward mitochondria.

19.1.2  HSP60 Function to Tissue Integrity

HSP60 exerts various effects on tissue morphogenesis and deterioration. For exam-
ple, mice lacking heat shock protein family D member 1 (HSPd1) gene that encodes 
HSP60 exhibit spastic paraplegia-like neurodegenerative disorders, embryo 
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lethality (Christensen et al. 2010), and hypothalamus insulin resistance (Kleinridders 
et al. 2013). Mice deficient in epithelial-specific HSP60 show severe mitochondrial 
dysfunction and stemness loss of intestinal epithelial stem cells (Berger et al. 2016). 
However, HSP60 transgenic mice driven by CAGGS promoter show neonatal mor-
tality with severe cardiac muscle dystrophy (Chen et al. 2015). Intriguing evidence 
is that mice ubiquitously overexpressing HSP60 driven by phosphoglycerates kinase 
(PGK) promoter are fertile and gain body weight (Ko et al. 2016), which is indica-
tive of different in vivo HSP60 gene manipulation strategies may generate various 
phenotypes. While the contribution of HSP60 to tissue development is still conten-
tious, increasing studies have revealed the involvement of mitochondrial HSP60 in 
various pathological conditions, like chronic metabolic syndrome, carcinogenesis, 
immune responses, and inflammation (Berger et al. 2016; Jeong et al. 2017; Swaroop 
et al. 2016).

19.1.2.1  HSP60 Control of Cell Survival

Chaperones are shown to facilitate protein folding within cell microenvironment 
upon intra or extracellular stress. Various molecular chaperones exist in nuclei, 
cytoplasm, endoplasmic reticulum, and mitochondrial compartments. HSP60 is a 
well-known chaperone that primarily appears in the mitochondrial matrix. Increasing 
evidence also uncovers the existence and function of this molecule outside the 

Table 19.1 Biological actions and relevance of chaperone proteins to various diseases

HSP 
types Cellular location Biological functions Related diseases

Chaperonins
HSP60 Mitochondria Importing newly formed 

proteins into mitochondrial from 
cytosol; protein folding

Osteoarthritis, rheumatoid 
arthritis, autoimmune disorders, 
aging, embryonic lethal, 
metabolic syndrome, and stem 
cells differentiation, etc.

HSP10 Cytosol Co-chaperone with HSP60 for 
folding protein

Molecular chaperones
HSP40 Cytosol Co-chaperone with HSP70, 

regulating ATPase activity
Degenerative neural disorders, 
dementia, Huntington’s disease, 
Parkinson’s disease, 
and mechanical damage of tissue 
integrity, etc.

HSP70 Cytosol Protein folding/unfolding; 
regulating protein post- 
translational modification. 
Protecting unfolding proteins 
from aggregation.

Bip/
Grp78

Endoplasmic 
reticulum

Co-chaperone with GRP94; 
modulating ER stress, regulating 
protein unfolding/aggregation

Malignant melanoma 
and leukemic diseases

HSP90 Cytosol Co-chaperone with HSP70, 
folding and conformational 
regulation of signaling proteins

Osteoporotic diseases
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mitochondria (Cechetto et al. 2000; Choi et al. 2015; Deniset et al. 2018; Padma 
Priya et  al. 2015). In mitochondrial compartment, HSP60 forms a complex with 
HSP10 to modulate mitochondria-dependent cell death pathway and mtDNA repli-
cation (Cheng et al. 2016; Jeffery 2018).

The biological role of HSP60 in cell apoptosis appears to depend on several fac-
tors, like cell, stress and disease types, etc., but still remains inconclusive. 
Cytoplasmic HSP60 is found to interact with pro-apoptotic regulators to form a 
complex, preventing cells from apoptosis (Choi et al. 2015); however, some groups 
suggest that HSP60 accumulates in the cytoplasm without changing mitochondrial 
integrity in apoptotic cells (Chandra et al. 2007). In yeast, cytoplasmic HSP60 is 
shown to change 6-phosphofructokinase activity, controlling the glycolysis path-
way (Kalderon et al. 2015). This chaperonin also exists in endoplasmic reticulum in 
apoptotic breast cancer cells (Arya et al. 2015). Forced HSP60 expression in various 
human tumor cells enables HSP60 to accumulate in secretory vesicles and plasma 
membrane and thus shield cancer cells from deleterious stress (Marino Gammazza 
et al. 2017; Zhang et al. 2016), whereas other groups report that loss of HSP60 func-
tion increases the viability and behavior of tumor cells (Gorska et al. 2013; Wadhwa 
et  al. 2016). In addition to the cytoplasmic compartment, various cell types are 
shown to secrete HSP60 and that of interacts with receptors of immune cells to 
change immune responses. HSP60 circulating in bloodstream also acts as a chap-
erokine to regulate cell fate and behavior (Gazali 2012; Osterloh et  al. 2007; 
Suragani et al. 2013; Xie et al. 2010).

19.1.2.2  Post-Translational Modification Capacity of HSP60

Post-translational modification reactions (PTM), like phosphorylation, ubiquitina-
tion, sumoylation, acetylation, and glycosylation, etc. convert native proteins into 
biologically active and stable ones. Several studies have revealed the role of PTM in 
HSP60 function. Protein kinase A (PKA) and serine-threonine protein phosphatase 
2 A (PP2A) are shown to phosphorylate HSP60 to dissociate that of protein from 
histone 2B in plasma membrane (Kotlo et al. 2014; Vilasi et al. 2017). With respect 
to the ubiquitination process, proteolytic enzymes breakdown the protein targets of 
interest and thus change the structure and function of the protein. Ubiquitin and 
proteasome are common regulators responsible for protein degradation reactions. 
HSP60 is ubiquitinated and subsequently sequestrated in mitochondrial compart-
ment in hydrogen peroxide-stressed human monocytes (Tang et al. 2013). On the 
other hand, small ubiquitin like modifier proteins (SUMO)-mediated sumoylation is 
also a well-known PTM reaction similar to ubiquitination process to influence pro-
tein stability, transportation, and activity. HSP60 sumoylation is found to occur 
mainly in the mutated sumoylation regions of HSP60  in fungi and enables the 
microorganisms sensitive to a thermal stress (Leach et al. 2011).

Lysine residues of proteins are inclined to be targets of acetylation that function-
ally modulates cell biology and mitochondrial function (Lu et al. 2015; Merendino 

F.-S. Wang et al.



303

et al. 2010). Mass spectrometric analysis reveals that histone deacetylase 1 (HDAC1) 
deacetylates HSP60 (Choudhary et al. 2009). Mdm-2 antagonist nutlin-3 induces 
HSP60 hypoacetylation in myeloid leukemia cells (Haaland et  al. 2014). 
Deacetylated HSP60 causes p53 to dissociate from the chaperonin and thus acti-
vates p53 to worsen cell apoptosis (Marino Gammazza et al. 2017). HSP60 hyper-
acetylation is also found to decrease HSP60 activity in osteosarcoma cells upon 
geldanamycin treatment (Gorska et al. 2013).

The carboxyl groups of lysine residue of proteins are also putatively reactive to 
malonylation or succinylation process, which alters cellular stress response and 
metabotic activities (Park et al. 2013; Peng et al. 2011). High performance liquid 
chromatography/tandem mass spectrometric analysis shows that Lys133 and Lys355 
of HSP60 are the putative malonylation and succinulation sites; however, the con-
tribution of these two PTM processes to HSP60 function is still unclear (Park et al. 
2013; Peng et al. 2011). Methylation of lysine residue by specific lysine methyl-
transferases also occurs in HSP60. While HSP60 exists mainly in mitochondria, this 
molecule is also secreted to interact with immune cells via lipid raft-exosome sys-
tem (Gupta and Knowlton 2007). On the other hand, N-glycosylated HSP60 is 
secreted through a endoplasmic reticulum-Golgi system in malignant fibrosarcoma 
cells (Hayoun et  al. 2012). In the hyperglycemic condition, O-linked 
N-acetylaglucosamine (O-GlcNAc) modification of HSP60 occurs in β-cells in rat 
pancreas and dissociate HSP60/BCL2 associated X apoptosis regulator (Bax) com-
plex to activate caspase-3 that accelerates cell apoptotic program (Kim et al. 2006).

19.1.3  HSP60 Function to Bone Tissue

Bone cells in skeletal microenvironment adapt extracellular biophysical or bio-
chemical stresses through altering intracellular signaling pathways (Plotkin and 
Bellido 2016). Accumulating studies reveal that HSP in bone cells actively respond 
to various deleterious stresses, affecting cell fate or metabolic activity. HSP22 
impairs migration capacity of osteoblastic cells upon the stimulation by osteogenic 
factor transforming growth factor-β1 (TGF-β1) (Yamamoto et  al. 2016). Forced 
HSP27 expression mitigates the reactive oxidative stress-induced osteoblast apop-
tosis. Grafting HSP27-transfected osteoblasts prolongs bone cell survival in cal-
varial bone defects (Kitami et al. 2016). On the contrary, forced HSP27 expression 
causes osteoblasts to lose osteogenic matrix osteocalcin synthesis (Kato et al. 2011). 
HSP90 expression along with mineralized matrix production is increased in osteo-
blast cultures upon low-intensity pulsed ultrasound stimulation (Miyasaka et  al. 
2015). HSP90 inhibitor reduces the prostaglandin-mediated inflammatory cytokine 
production and the glucocorticoid excess-induced bone mass loss (Chen et  al. 
2017). While the contribution of HSP to osteoblast function may depend on extra-
cellular stimulation or stress types, whether these HSP influence organelle function 
in osteoblasts is not defined.
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19.1.3.1  HSP60 Is Essential to Tissue Integrity

Chaperonin HSP60 is indispensable in mitochondrial integrity and embryo survival. 
Thus, loss of HSP60 function results in fused sarcoma-linked neural disorders 
(Magnoni et al. 2013). This molecule is shown to increase energy metabolism in 
mitochondrial compartment in skeletal muscle and promote immune responses of 
macrophages in ischemia/perfusion lung (Liu et al. 2017). HSP60 also exerts inhibi-
tory actions to some cancer cell types. For example, it acts as a tumor suppressor, 
slowing down the invasion activity of hepatocellular carcinoma (Zhang et al. 2016). 
HSP60 loss blocks mitochondrial function, exaggerates the epithelial to mesenchy-
mal transition capacity, and exacerbates malignancy of clear renal cell carcinoma 
(Tang et al. 2016). These studies unravel the beneficial function of HSP60 to tissue 
homeostasis.

19.1.3.2  HSP60 Alleviates Bone Mass Loss

With regard to skeletal tissue homeostasis, comparative proteomic analysis shows 
that a low HSP60 abundance along with decreased bone mineral density and meager 
trabecular bone morphometry occurs in osteoporotic skeletons in rats upon long- 
term glucocorticoid treatment (Wang et al. 2011). In vivo knocking down HSP60 
causes bone tissue to show porous bone structure and weak mechanical property 
lower than the baseline, which suggests that HSP60 is required for bone mass 
homeostasis. Striking findings are that gain of HSP60 action by adenovirus HSP60 
gene therapy offsets the severity of glucocorticoid-mediated loss of bone mass and 
microstructure, as well as sustains biomechanical strength of the skeletal tissue 
(Wang et al. 2011).

Increasing HSP60 sustains mineral acquisition reaction and represses osteoblast 
apoptosis in bone microenvironment, whereas knocking down this chaperonin 
downregulates bone formation rate and bone cell survival below the baseline. The 
molecular events underlying the bone-protective effects are that HSP60 activates 
multiple cell survival regulators, like extracellular regulated MAP kinase (ERK), 
p38, and Atk pathways, and subsequently reverses the glucocorticoid-induced 
mitochondrial cytochrome c release and Bax-Caspase 3 activation (Wang et  al. 
2011). In contrast to the HSP60 protection against osteoblast dysfunction, a study 
of ovariectomized mice shows that increasing HSP60 expression reportedly accel-
erates osteoclast formation of macrophage precursor cells, bone resorption, and 
estrogen deficiency-induced bone loss (Koh et al. 2009). Exogenous HSP60 recom-
binant proteins also activate toll-like receptor pathways, provoking osteoblastic 
cell apoptosis (Kim et al. 2009). These findings hint that the effect of HSP60 on 
bone mass status may depend on osteoporosis types, endogenous/exogenous 
HSP60, and bone cell lineage.
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19.1.3.3  HSP60 Retains Osteoblast Autophagy

Of interest, this chaperone protein is important to stabilize autophagy in osteoblasts 
upon high concentration of glucocorticoid stress as forced HSP60 expression atten-
uates the glucocorticoid-induced loss of autophagic puncta formation probed by 
fluorescent monodansylcadaverin (Fig.  19.1a). It maintains autophagic builders 
Atg4, Atg12, and LC3-II conversion, protecting from autophagosome loss to reduce 
apoptotic reactions in glucocorticoid-stressed osteoblasts (Lian et  al. 2018). The 
high throughput tandem mass spectrometric analysis uncovers an interaction 
between HSP60 and autophagy upstream modulator regulator-associated protein of 
mTOR complex 1 (RPTOR), which is indispensable in sustaining autophagic pro-
gram in osteoblastic cells and bone mass metabolism. Mechanistically, HSP60 sta-
bilizes RPTOR function through repressing the glucocorticoid-deregulated multiple 
post-translational modification reactions, like de-phosphorylation, ubiquitinization, 
and aggregation of this autophagy regulator (Lian et al. 2018).

Fig. 19.1 Protective effects of HSP60 on osteoblast autophagy and bone microstructure. (a) 
Forced HSP60 expression represses the glucocorticoid-induced loss of osteoblast autophagy. 
Osteoblasts with or with HSP60 cDNA transfection were treated with 1 μM dexamethasone for 
24 h. Autophagic puncta is probed by fluorescent monodansylcadaverin (green) and DAPI coun-
terstaining (blue). (b) Mice overexpressing HSP60 (HSP60Tg) show a minor response to 
glucocorticoid- induced loss of trabecular bone. Mice were given 10 mg/kg/day methylpredniso-
lone for 2  weeks. Trabecular bone microarchitecture was scanned by micro-CT.  GC, 
glucocorticoid
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19.1.3.4  HSP60 Overexpression Compromises Osteoporosis

The HSP60 promotion of autophagy enables osteoblasts to accumulate abundant 
mineralized matrices. Consistent with the analysis of in vitro model, mice overex-
pressing HSP60 driven by PGK promoter show high bone formation rate and bone 
mass, as well as increased osteogenic differentiation potential of primary bone- 
marrow MSC. These beneficial effects on bone tissue improve the glucocorticoid- 
mediated RPTOR loss, osteoblast dysfunction, like impaired autophagy and 
survival, and osteoporotic skeleton development as evident from micro-CT imaging 
(Fig. 19.1b) (Lian et al. 2018). The robust in vitro and in vivo evidence underpins 
the beneficial actions of this mitochondrial chaperonin to autophagosomal integrity 
important to maintain osteoblastic activity for bone formation (Fig. 19.2).

19.1.3.5  HSP60 Action to Osteosarcoma

In addition to osteoporosis, HSP60 is also relevant to osteosarcoma development, its 
action to the cancer cell behavior remains inconclusive though. For example, the 
differentially expressed gene array analysis reveals that HSPd1 is a candidate gene 
during the tumor development of osteosarcoma stem cells (Selvarajah et al. 2013). 
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Fig. 19.2 Schematic drawings for HSP60 stabilization of autophagy in osteoblasts. HSP60 is 
indispensable in protecting from glucocorticoid-induced loss of RPTOR action to osteoblast 
autophagy and osteoporosis development
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Low-grade osteosarcoma cells highly express this chaperone protein. Strong HSP60 
immunostaining in human and canine osteosarcoma is correlated with poor progno-
sis. Interfering with HSP60 decreases survival of highly metastatic osteosarcoma 
cells. Chemotherapy with geldanamycin induces HSP60 hyperacetylation and 
ramps up apoptosis processes in osteosarcoma cell cultures (Gorska et  al. 2013; 
Moon et al. 2010).

19.1.3.6  HSP60 Action in Other Osteopenic Conditions

Increasing evidence also links HSP60 action to the extracellular stress-deregulated 
MSC behavior. MSC incubated in a simulated microgravity status strongly express 
HSP60 along with high osteogenic maker expression (Cazzaniga et  al. 2016). 
HSP60 expression in dental pulp MSC is decreased with age (Feng et al. 2014). A 
low HSP60 level is correlated with bone metastasis of laryngeal squamous cell car-
cinoma (Bodnar et  al. 2016). While HSP60 expression is changed in progenitor 
cells upon these extracellular stresses, its biological function to cell fate is not yet 
identified.

19.1.4  HSP60 Action to Cartilage Integrity

Osteoarthritis (OA) is an irreversible joint degeneration provoked by progressive 
articular cartilage degradation. This joint disorder impacts patients’ daily life qual-
ity badly, especially the aged people. A chronic inflammation status in articular 
microenvironment is shown to devastate chondrocyte function, like viability loss, 
extracellular matrix underproduction, and excessive matrix breakdown, that accel-
erates disease progression (Robinson et  al. 2016). Accumulating studies have 
revealed the relevance of HSP to OA development. Systemic microarray profiles 
uncover that HSPd1 gene encoding HSP60 along with cartilage matrix production 
is increased in chondrocytes. HSPd1 knockdown decreases matrix expression, 
which is indicative of HSP60 action essential to cartilage metabolism (Suwanwela 
et al. 2011). The biological function of HSP60 signaling to cartilage and osteoarthri-
tis development warrants mention.

19.1.4.1  HSP60 Represses Mitochondrial Dysfunction in Osteoarthritic 
Chondrocytes

In human end-stage osteoarthritis, weak HSP60 expression occurs in osteoarthritic 
cartilage (Fig. 19.3a). Forced HSP60 expression downregulates the IL-1β-mediated 
loss of mitochondrial biogenesis activity as mitochondrial transcription factor A 
(TFAM), nuclear respiratory factor (NRF), and peroxisome proliferator-activated 
receptor γ coactivator-1α (PGC-1α) are improved in chondrocyte cultures. Increasing 
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this chaperonin thus restores chondrocytic activity (Ko et al. 2016). These studies 
confirm the indispensability of HSP60 signaling in maintaining mitochondrial 
integrity in cells upon experiencing deleterious conditions.

19.1.4.2  HSP60 Overexpression Compromises OA Progression

Consistent with the  in vitro analysis, mild cartilage overgrowth, like increased 
chondrocyte proliferation, chondrocytic marker expression, and cartilage thickness, 
appears in transgenic mice overexpressing HSP60 driven by PGK promoter. Of 
interest, these transgenic mice show a minor response to collagenase-induced OA 
signs, like cartilage degradation, synovial hypertrophy, and osteophyte formation 
(Fig.  19.3b, c). These effects also protect joints from irregular walking patterns. 
These beneficial actions stand true for a further study that an intra-articular HSP60 
gene therapy also lessens the severity of OA signs (Ko et al. 2016). Molecular events 
underlying these cartilage-promoting effects are that HSP60 chaperones chondro-
genic transcription factor SRY-box 9 (SOX9) from ubiquitination and thus increases 
chondrocyte-promoting factor insulin growth factor-1 (IGF-1) expression (Chen 
et al. 2015) (Fig. 19.4).

Fig. 19.3 HSP60 protection against osteoarthritis development. (a) Chondrocytes in human osteo-
arthritic cartilage weakly show HSP60 immunostaining as compared to cartilage from femoral 
neck fracture. Collagenase-induced OA signs, including (b) articular cartilage erosion and (c) 
osteophyte formation are compromised in HSP60 transgenic mice. OA was induced by an intra- 
articular injection of collagenase. Articular cartilage morphology and osteophyte formation were 
detected by histology and μCT imaging
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19.1.4.3  HSP60 in Other Joint Disorders

HSP60 is also relevant to human arthritic diseases. For example, HSP60 gene poly-
morphism is strongly correlated with gouty arthritis (Ren et al. 2018). Significantly 
increased the abundances of HSP60 in peripheral blood exist in patients with rheu-
matoid arthritis (Sedlackova et al. 2011). The role this chaperone protein in organ-
elle function or joint remodeling during the disease progress is still unknow.

19.1.5  Epigenetic Regulation of HSP60

HSPd1 gene is shown to encode HSP60 in the majority of cells types and that of 
mutation is relevant to mitochondria-associated diseases in human (Bross et  al. 
2012). Emerging evidence has uncovered epigenetic pathways, like small non- 
coding microRNAs and histone modification that regulate HSP60 gene expression 
without changing DNA sequence. For example, microRNA let-7 is found to target 
HSP60 mRNA expression in Müller glia cells (Ramachandran et  al. 2010). 
MicroRNA-1 directly silences HSP60 mRNA expression through binding 
3′-untranslated region of HSP60 in cardiomyocytes (Neumann et al. 2016). Given 
that HSP60 expression is affected during osteoporosis and osteoarthritis, the epi-
genetic actions to HSP60 expression appear to shine a new landscape of molecular 
mechanisms underlying HSP60 stabilization of bone and cartilage homeostasis.
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Fig. 19.4 Schematic drawings for HSP60 protection from chondrocyte dysfunction. HSP60 sus-
tained chondrocyte metabolism by escorting chondrogenic transcription factor SOX9 from 
ubiquitination
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19.2  Conclusions

Mitochondrial HSP60 exerts multifunction to organelle integrity, regulating cell 
behavior and fate in various physiological, pathological, and oncological condi-
tions. This chaperone protein plays an important role in escorting molecules essen-
tial to sustain autophagy, mitochondrial function, endoplasmic reticulum integrity, 
and differentiation capacity, shielding bone and cartilage tissues from osteoporosis 
and osteoarthritis. This article offers profound insights into the HSP60 action to 
bone and joint metabolism and highlights the protective effects of this mitochon-
drial chaperonin on osteoporotic and osteoarthritic disorders in the future.
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Chapter 20
Role of HSP60 in Steroidogenesis 
and Reproduction

Sofia Olvera-Sanchez, Jessica Monreal-Flores, Oscar Flores-Herrera, 
and Federico Martinez

Abstract Heat shock proteins (HSP) play an important role in cellular homeosta-
sis; however, they have recently been involved also in diverse relevant biological 
processes, like cellular proliferation and differentiation. It has been suggested that 
they could play an important role in some pathologies, such as cancer and athero-
sclerosis, making them an attractive therapeutic target. The high degree of HSP’ 
conservation along evolution suggests that these proteins provide intrinsic defense 
mechanisms to cells against stress conditions. This chapter provides general infor-
mation on heat shock proteins, as well as on their role in some pathophysiological 
processes related to reproduction. It also approaches the association of HSP with 
hormones and their participation in steroidogenesis, because hormones are critical 
mediators in regulating development, reproduction, and homeostasis in general. 
This chapter emphasizes the Hsp60, which has been suggested to have a relevant 
role in steroid hormones synthesis; besides, this protein is located in mitochondrial 
contact sites favoring progesterone synthesis in the human placenta.

Keywords Cholesterol transport · Human reproduction · Mitochondrial contact 
sites · Pregnancy · Steroidogenesis · Syncytiotrophoblast
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BAD Bcl2-associated agonist of cell death (Bcl2-L-8)
Bax apoptosis regulator (Bcl2-L-4)
ERK extracellular signal-regulated kinases
FSH follicle-stimulating hormone
HDL high-density lipoproteins
HspB1 heat shock protein beta-1
LH luteinizing hormone
LPS lipopolysaccharide
MLN64 metastatic lymph node 64 protein (STARD3)
P450scc cholesterol side-chain cleavage enzyme
PI3K phosphoinositide 3-kinase
PKA protein kinase A
RAF kinase rapidly accelerated fibrosarcoma kinase
SMAC second mitochondria-derived activator of caspases
StAR steroidogenic acute protein (STARD1)
TIM translocase of the inner membrane
TNF tumor necrosis factor
TOM translocase of the outer membrane
TSPO translocator protein
VDAC voltage-dependent anion channel

20.1  Introduction

Heat shock proteins are a family of proteins that were originally associated with a 
specialized mechanism of cellular protection. Their “chaperone” activity contrib-
utes to avoid the structural and functional changes of certain proteins, conferring 
them stress resistance to maintain cell viability in the presence of chemical or physi-
cal agents, such as changes in temperature. These enzymes are called chaperones 
because their activity is to prevent the irreversible aggregation of non-native confor-
mations of housekeeping proteins, thus maintaining their vital structure and 
function.

HSP are practically distributed in all cellular compartments and have been asso-
ciated with several biological processes different to chaperonin function. The clas-
sification of HSP in different families involves among other aspects, specific 
structural characteristics, their cellular functions such as the transport of proteins to 
specific cellular sites, and the proliferation or cell signaling.

Through time, it has been observed that the function of a type of HSP was not 
linked to a single activity. Even more, it was reported that certain HSP could change 
their subcellular location in response to alterations produced by diseases or specific 
metabolic conditions. Different functions and diverse subcellular locations of the 
same HSP, suggests that the cell has acquired an adaptive strategy to maintain its 
integrity and survival with a limited number of proteins that have a broad spectrum 
of functions. Therefore, the term “moonlight proteins” is appropriate to describe the 
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multiple functionality of the HSP.  Additionally, the cellular requirements allow 
HSP to perform functions both inside and outside of cells, which makes them poten-
tial candidates as markers of physiological processes or diseases such as pregnancy 
or atherosclerosis, respectively. In this chapter, a review of the functions described 
for several HSP in the processes of fertilization and pregnancy is done, emphasizing 
on the role of Hsp60.

20.1.1  General Aspects of Heat Shock Proteins (HSP)

Heat shock proteins (HSP) are highly conserved from bacteria to eukaryotes 
(Seigneuric et al. 2011). In the 1960-decade, Ritossa (1996) described, for the first 
time, a group of proteins whose expression is regulated under stress conditions, like 
the increase of temperature. Posterior studies described other stress factors that also 
regulate the expression of HSP, such as UV radiation (Keyse and Tyrrell 1989), 
anoxia (Li and Shrieve 1982), ischemia (Rani et  al. 2013), bacterial infections 
(Zhang et  al. 2011), exposure to heavy metals (Burdon et  al. 1982), and cancer 
(Whitesell and Lindquist 2005), among others. The first function described for HSP 
was proteins folding; however, currently, it has been described that they participate 
in diverse processes, such as proliferation, cellular differentiation and apoptosis 
(Omori et al. 2013).

The HSP are classified in six families according to their molecular weight: (1) 
Hsp110 (HspH), (2) Hsp90 (HspC), (3) Hsp70 (HspA), (4) Hsp60 (HspD), (5) 
Hsp40 (DNAJ), and (6) small Hsp (HspB); in turn, each family is constituted by 
various members (Seigneuric et  al. 2011). The HSP are located in different cell 
compartments such as cytoplasm (Chun et al. 2010), mitochondrion (Miyata et al. 
2013), endoplasmic reticulum (Miyata et  al. 2013), and nucleus (Whitesell and 
Lindquist 2005). The human genome encodes four genes for the Hsp110 family (1, 
2b, 3b, and 4b) (Kampinga et al. 2009), which is expressed practically in all verte-
brates, although its characterization has been made mostly in mammals (mouse, 
hamster, and humans) (Levinson et al. 1980; Hightower 1980). It is localized mainly 
in the cytoplasm, whereas under stress conditions like heat shock, as well as in pro-
liferative stage cells, the protein is localized in the nucleus (Easton et al. 2000). Two 
isoforms of Hsp110 have been identified: The APG-1 protein that is the product of 
Hsp110-3 gene and protein APG-2, derived from Hsp110-2 gene (Kampinga et al. 
2009). Protein APG-1 is expressed in germ cells and has been suggested to play an 
important role in the maturation of these cells, as it increases their expression while 
maturation is underway (Kaneko et al. 1997a). Isoform APG-2 is mainly expressed 
in gonads, testicles, germ cells (Kaneko et al. 1997b), and, in contrast to APG-1, is 
not heat inducible (Yagita et al. 1999). Overexpression of APG-2 increases the cel-
lular proliferation, and this action makes it the primary therapeutic target against 
carcinogenesis (Li et al. 2010).

Likewise, it has been described that Hsp110 is overexpressed in colorectal can-
cer, so that it has been suggested as a possible marker for this disease (Slaby et al. 
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2009; Kim et  al. 2013). Other studies determined that the loss of expression of 
APG-2 causes fibrosis and cardiac hypertrophy, because denaturalized proteins are 
accumulated inducing loss of proteasome function, which indicates that these pro-
teins are key elements in cell homeostasis (Mohamed et al. 2012).

The Hsp90 is the most abundant protein in the cytoplasm of eukaryote cells and 
corresponds to 1% of all soluble proteins under normal conditions (Omori et  al. 
2013). There are five isoforms encoded by five genes, being TRAP1 isoform a pro-
tein of mitochondrial localization, which has been proposed as an alternative for 
cancer treatment (Harris et al. 2004; Lettini et al. 2017). In contrast to the other 
chaperone proteins, the Hsp90 does not participate in the folding of newly synthe-
sized; they rather interact with folded proteins in almost native state. Currently it is 
known that the Hsp90 regulates the maturation of more than 300 proteins (Rohl 
et al. 2013). The first proteins identified to interact with Hsp90 were the kinase Src 
2 and 3 (Xu and Lindquist 1993). Later on, it was found that Hsp90 is essential in 
the activation of steroid hormone receptors (Joab et al. 1984), and that it participates 
in telomere maintenance (Woo et al. 2009), transduction of signals (He et al. 2012), 
vesicular transport (Taylor et al. 2010), immune response, viral infection, signaling 
of steroids (Pratt et al. 2006), and cancer development (Rohl et al. 2013). In this 
regard, it has been reported that Hsp90 is overexpressed in various tumors, suggest-
ing its involvement in the regulation of processes related to cancer through its inter-
action and maturation of kinase proteins like AKT, the TNF receptor, and the 
transcription factor NF-κB (Becker et  al. 2004; Cheng et  al. 2012). In addition, 
overexpression of Hsp90 participates in the development of neurodegenerative dis-
eases such as Alzheimer, promoting accumulation of protein aggregates, such as the 
Tau protein, which are toxic for nervous system cells (Luo et al. 2010).

The Hsp70 is inducible by thermal stress (Seigneuric et al. 2011), and partici-
pates in the folding of newly synthesized proteins, preventing their aggregation, has 
anti-apoptotic properties, and translocates target organelles to specific proteins (Shi 
and Thomas 1992; Gambill et al. 1993). The Hsp70 is of organelle-specific location 
according to its isoforms; Hsp70-5 is located in the endoplasmic reticulum, 
Hsp70-0 in mitochondria, and other six isoforms are located in the cytoplasm and 
nucleus (Vos et al. 2008). It has been suggested that Hsp70 plays a relevant role in 
cancer because its overexpression promote tumorigenesis and cell growth (Jaattela 
1995; Nanbu et al. 1998). This effect is accomplished by the inhibition of the intrin-
sic and extrinsic apoptotic pathways when sequestering BAX in the cytoplasm and 
avoiding its translocation to the mitochondrion (Gotoh et al. 2004), thereby imped-
ing its interaction with the apoptosome when recruiting APAF-1 (Saleh et al. 2000). 
It also binds to the apoptosis inducing factor, inhibiting it and producing chromatin 
condensation (Ravagnan et al. 2001; Murphy 2013).

The human genome encodes 49 genes for the Hsp40 family (Hageman and 
Kampinga 2009), which participates in the recruiting and binding of specific sub-
strates for Hsp70 (Kelley 1998). Isoforms of Hsp40 have an important role in cancer 
development, through their role as co-chaperone with Hsp70 and Hsp90, which are 
overexpressed in breast and ovary cancers (Sullivan and Pipas 2002; Mitra et al. 
2009; Sterrenberg et al. 2011). Elevated expression of Hsp40 has been associated 
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with the increase in aggregation of the huntingtin protein (poliQ), inducing the for-
mation of inclusion bodies and giving rise to Huntington’s disease, which is charac-
terized by the presence of muscular coordination disorders and cognitive 
deterioration (Wyttenbach et al. 2000).

The Hsp60 is encoded by gene HspD1 in chromosome 2q33.1, and it correlates 
with Hsp10, since the genes of both proteins are localized in the same chromosome 
and are placed contiguously (Hansen et al. 2003). Although expression of Hsp60 is 
constitutive, its overexpression is regulated by factors like high temperatures (42 °C) 
(Nadin et al. 2003), hypoxia (Chandra et al. 2007), sodium arsenite (Somji et al. 
2000), or cadmium chloride (Somji et  al. 2000). The Hsp60 is translated in the 
rough endoplasmic reticulum and is transported to the mitochondria, as it contains 
a signal peptide in the amino terminal region (Trapasso et al. 2008). However, it is 
also located in the cytoplasm, nucleus, plasmatic membrane and, in some cases, in 
the extracellular space (Soltys and Gupta 1996; Alard et al. 2007). As will be dis-
cussed later, the 60 kDa proteins take up different structural associations, they can 
be found as tetradecamer, tetramer, or dimer, apparently under some particular con-
ditions of the cell, as for example during cell growth (Henderson et al. 2013). The 
Hsp60 is considered a “moonlighting” protein, as it has more than one biological 
activity, independently from the activity for which it was characterized. These func-
tions can be divided as follows: (A) when the protein acts in the interior of the cell, 
(B) when Hsp60 acts as a ligand/receptor for other molecules in the plasmatic mem-
brane, and (C) when it acts exogenously as an intercellular signal (Henderson et al. 
2013). Some of its reported actions are binding to the surface of human cells (Hickey 
et al. 2010), it stimulates the synthesis of pro-inflammatory cytokines (Friedland 
et al. 1993), it binds to HDL in the cells surface (Bocharov et al. 2000), it stimulates 
the proliferation of vascular cells of the smooth muscle (de Graaf et al. 2006), it 
regulates apoptosis, as it can have and anti-apoptotic as well as a pro-apoptotic 
effect. It exerts its anti-apoptotic effect by forming a macromolecular complex at the 
cytosolic level with Bak and Bax, preventing apoptosis (Czarnecka et  al. 2006; 
Deocaris et al. 2006); the pro-apoptotic effect is exerted by promoting maturation of 
the procaspase 3 (Arya et  al. 2007), among many other described functions 
(Henderson et  al. 2013). The Hsp60 plays an important role in regulating some 
types of cancer; while the increase in its expression inhibits apoptosis by interacting 
with Bax, which suggests its participation in cancer progression in neuroepithelial 
cells (Rappa et al. 2013). Other studies indicate that the interaction of Hsp60 with 
p53 also inhibits apoptosis, favoring survival of tumor cells (Ghosh et al. 2008). 
Besides, the interaction of Hsp60 with β-catenin promotes metastases (Tsai et al. 
2009). It has been reported that Hsp60 is involved in cardiovascular diseases because 
it has been found at high concentrations in its soluble form in blood plasma (Xiao 
et al. 2005). Likewise, Hsp60 induces the production of pro-inflammatory cytokines 
promoting the development of atherosclerotic plaques. An association between 
hypercholesterolemia and high anti-Hsp60 antibodies levels has been reported, 
which has allowed suggesting that this protein possesses properties relating it with 
the distribution of cholesterol in the organism (Mandal et al. 2005).
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Expression of small heat-shock proteins is induced by stress (Lund 2001) and 
they participate in diverse cellular processes such as signals transduction and trans-
lation. The HspB1 are considered anti-apoptotic proteins which interferes with the 
activation of procaspase 9 and 3 inhibiting the release of pro-apoptotic factors like 
cytochrome c and the Smac/Diablo complex. Because of this anti-apoptotic role, 
HspB1 can exert tumorigenic effects; besides, it has been found in some types of 
cancer (Sun et al. 2007a, b; Kase et al. 2009; Boncoraglio et al. 2012).

20.1.2  HSP in General Cell Functions

In a general way, several proteins exert functions or activities that are different from 
those originally assigned; therefore, they have been termed as “moonlighting pro-
teins”. It has been proposed that the human proteome is more complex than the 
genome. Thus, providing proteins with several activities becomes relevant, because 
the number of genes that produce proteins needed for the adequate control of cel-
lular biological function is not enough (Henderson and Martin 2014). This informa-
tion is based on data obtained from the human proteome, which contains 3 × 109 
base pairs that produce 19,000 proteins, whereas the water flea Daphnia pulex has 
0.2 × 109 base pairs coding for at least 31,000 genes. This has been interpreted as 
that the number of proteins expressed by the human genome is low to cover totally 
all the cell functions. Hence, the fact that a protein has several activities, which 
depend on its association with another protein(s) or the milieu in that it is found, 
allows the cells to respond adequately and to maintain their vital functions.

In this context, Hsp60 is one of the proteins that have been studied about its dif-
ferent activities and it has been termed as a moonlight protein (Jeffery 1999). The 
Hsp60s have been classified in two groups (Skjærven et al. 2015). Group I consist-
ing of bacterial and mitochondrial variants whereas group II includes archaea and 
eukaryote variants of the cytoplasm. It has been suggested that the activities 
described as “moonlighting” are not due to a fusion of genes or multiple fragments 
of proteins, but to native form of the proteins; even, they have been named “multi-
tasking proteins”. On the other side, the alternate activities are not necessarily per-
formed where their function was originally described. In several occasions, their 
functions are performed inside the cell in compartments where it is not frequent to 
find them, like the nucleus (Monaghan and Whitmarsh 2015) or outside cells, or 
associated to the plasmatic membrane (Ellis 1999; Jeffery 2017), as occurs in bac-
teria. In the latter case, some proteins of the bacterial surface that participate in 
infection, virulence, or invasion processes shown: (1) identity with intracellular pro-
teins, like chaperons, and (2) some lack the signal peptides for their translocation to 
outside the cells (Wang and Jeffery 2016). As a whole, these data suggest that cells 
adopt mechanisms that allow them to conform to the different metabolic and regula-
tory conditions required to maintain their vital functions.
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Similarly to what occurs in bacteria, in several eukaryotic cells Hsp60 and other 
chaperones can be localized in different compartment inside and outside cells. In a 
study with electron microscopy using different gold-marked antibodies against 
Hsp60, it was found that between 80% and 85% of the gold-marked antibodies were 
localized associated to mitochondria. However, the rest of the Hsp60 protein was 
detected, depending on the cell line, in the endoplasmic reticulum, vesicles, peroxi-
somes, and cell surface (Soltys and Gupta 1996, 1997). Recently, it was reported 
that Hsp60 could be transported to the plasmatic membrane via exosomes and the 
Golgi apparatus, because inhibition with brefeldin A, a specific inhibitor of the 
Golgi apparatus, diminishes significantly the presence of extracellular Hsp60 
(Campanella et  al. 2012). Results revealed that part of the Hsp60 extracellular 
release is associated with the formation of multivesicles that converge with lipid 
rafts where cholesterol concentration is high. Hence, it is proposed that part of the 
adverse effects of circulating Hsp60s or bound to plasma membranes could be due 
to this type of associations, as will be discussed further ahead (Fig. 20.1). Hsp60 
becomes phosphorylated in spermatic cells to be translocated from the internal to 
the external membrane of the acrosome during capacitation in the mouse. These 
data suggest that Hsp60 in spermatozoids could play a relevant role in oocyte fertil-
ization (Naaby-Hansen and Herr 2010).

In a review, Henderson et  al. (2013) describe more than 50 different actions 
reported for Hsp60, which shows the versatility of this protein in modulating differ-
ent activities in different cell locations. Likewise, it describes the complexity of 
these actions which differ from those assigned to them at the beginning of their 
discovery that opens a door for more detailed studies. Among the functions described 
in bacteria are aggregation, association with neurotoxins, formation of biofilms, 
association with toxins, and membrane adhesion. In mammalian cells, the functions 
presented by Hsp60 occurs both inside and outside of cells, which are classified in 
four groups. Among them are worthwhile mentioning the intracellular functions 
that differ from those originally described, i.e., association to ligands in the plas-
matic membrane and signaling actions among cells. These functions as a moonlight 
protein are not only exclusive for Hsp60, but are for other HSP, in which pleiotropic 
functions have been described, like those described for Hsp90 (Hartl et al. 2011). 
There is even a specific database for moonlight proteins that describes the reported 
activities (Mani et al. 2015; Chen et al. 2018).

Although the Hsp60 functions have been associated with pathological processes, 
its presence has been demonstrated in the peripheral circulation of healthy individu-
als (Pockley et al. 1999). Results revealed that its concentration is 3.5 times higher 
in women than in men, suggesting that Hsp60 is necessary to fulfill different essen-
tial functions, as proposed for tolerance in the immune system. Up to the present, 
the role played by Hsp60 in human sera is unknown; however, some studies have 
related the presence of Hsp60 with some diseases. For example, this protein acti-
vates the innate and adaptive responses of the immune system, as well as its binding 
to membrane receptors participating in both pathological and immunity protection 
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mechanisms (Landstein et al. 2015). In this regard, the actions exerted by Hsp60 in 
the immune system with an intra- and extra-cellular location have been described; 
at the same time, it could be a marker of the disease process that would also allow 
assessing the effects of treatment on some diseases (Quintana and Cohen 2011). 
Two isomers of Hsp60 of Mycobacterium tuberculosis (Cpn60.1 and Cpn60.2) bind 
to different membrane receptors contributing thereby to the infectious process of 

Fig. 20.1 Proposed Hsp60 secretion pathways in a tumor cell. Hsp60 (black dots) in normal cells 
localizes mainly in mitochondria, while in tumor cells it accumulates in the cytoplasm and, for 
unknown reasons (post-translational modifications?), it reaches the cell membrane and the Golgi. 
At the membrane, Hsp60 binds to lipid rafts internalized (endocytose) toward multivesicular bod-
ies (MVB), later it is secreted via exosomes. In these, it is located in the membrane and probably 
also inside. Hsp60-loaded exosomes thus would reach other cells near and far through the circula-
tion. The Golgi may also participate in Hsp60 secretion via transport vesicles moving to both MVB 
and the extracellular space. Hsp60 released in the extracellular space by Golgi vesicles (free 
Hsp60) can thus reach other cells in the vicinity and distant via blood circulation. (Figure is from 
Campanella et al. 2012)
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mycobacteria (Cehovin et al. 2010). On the other side, Hsp60 can bind to certain 
proteins to contribute with a biological effect, as the protein ULBP2 that associates 
with Hsp60, which, in this case, has to be phosphorylated in the amino acid tyrosine 
(Leung et al. 2015). Similarly, Hsp60 associates with ATP synthase in mitochondria 
(Prasad et al. 1990), an association that has also been observed in endothelial cells 
between Hsp60 and the β subunits of the ATP synthase in membranes containing 
lipid rafts (Alard et al. 2011). Other diseases related to Hsp60 are cardiovascular 
disorders (Shamaei-Tousi et al. 2007), particularly, atherosclerosis where Hsp60 is 
associated with lipoproteins (Milioti et al. 2008).

Apoprotein-II (Apo-II) resulted to be an Hsp60 which binds to HDL. In this case, 
the plasmatic membrane-located Hsp60 would help in the recognition of HDL and 
apoproteins. The mechanism proposed for this process could occur through two 
ways; one is that the enrichment of glycines and methionines in the C-terminal end 
would facilitate their insertions in the lipid bilayer, favoring the transport of pep-
tides inside and outside of cells, as occurs with apoproteins, that has been described 
to be under retro-endocytosis, which would generate an important mechanism in the 
reverse cholesterol transport route (Bocharov et  al. 2000). The other mechanism 
proposed is related to changes between the cycles of folded protein and a molten 
globule at the membrane level, which modifies the capacity of Hsp60 to dissociate 
from the membrane and allow the lipid to leak out. Notwithstanding, the possibility 
of binding and acting with other proteins with greater impact, such as the participa-
tion in signaling cascades, is another possibility on how HSP accomplish their func-
tions. For example, heat shock proteins 90 and 70 can bind to RAF kinases that are 
associated with mitochondria.

Given the role played by Hsp60 in several cell functions, both under normal and 
disease conditions, it has been suggested that Hsp60 could become a therapeutic 
target for some inflammatory type and infectious diseases or cancer (Meng et al. 
2018). In the human brain, HSP are expressed constitutively and, in particular, are 
located in lipid rafts that are rich in cholesterol in association with the protein flotil-
lin- 1, which could contribute to the stabilization of membrane proteins or to signal 
transduction complexes (Chen et al. 2005). Besides, Hsp60s from different biologi-
cal sources do not necessarily express the same actions. For example, the effect of 
the Hsp60 from Gram-negative bacteria stimulates bone resorption, whereas that 
from mycobacteria is unable to do so (Meghji et al. 2003). It was also observed, that 
mutants of the N-terminal had no effect. Apparently, the action mechanism is related 
with signal transduction processes in the presence of immunological system stimu-
lation (Ranford and Henderson 2002). To this regard, leptin modifies the expression 
of Hsp60 in the hypothalamus, and this causes insulin resistance; the insulin itself is 
capable of inducing the presence of Hsp60, suggesting that the latter could be acting 
as an integrating molecule in the crosstalk between leptin and insulin (Kleinridders 
et al. 2013). The results of these authors revealed that the deficiency of Hsp60 by 
itself induces relevant changes in mitochondrial morphology.

To this regard, determinations have been made on which are the Hsp60 epitopes 
for its biological effects. For example, in the effect of Hsp60 in the activation of 
macrophages by LPS, a specific binding of Hsp60 for LPS was observed and that 
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this binding lies in the region of clone 4B9/89 (aa 335–366). The important observa-
tion is that these peptides exert their effect without the need to modify the structure 
of heptamer or decatetramer, which is the functional conformation of Hsp60. Data 
on the binding to LPS showed a relation of approximately two molecules of LPS per 
mole of Hsp60. Results also revealed that when making an analogy between Hsp60 
and GroEL of E. coli, the region that binds LPS would lie in the apical zone of 
Hsp60. In this zone, the amino acids of clone 4B9/89 do not interact with the intra- 
molecular contacts nor with the adjacent monomers, suggesting that the binding site 
is accessible for LPS in both the monomeric and oligomeric states of Hsp60 (Habich 
et al. 2005). Besides, the recognition of Hsp60 for other proteins does not lie in the 
same region, so that the interactions become specific. Thus, the region that recog-
nizes LPS is specific, since these authors characterized that the epitope that reacts 
with macrophages lies between amino acids 481 and 500 (Habich et al. 2004). In the 
case of diabetes type 1, a destruction of pancreatic cells that synthetize insulin has 
occurred due to an autoimmune action. Aiming at cancelling this activity, a peptide 
named DiaPep277 was synthetized from Hsp60, which covers the largest recogni-
tion region of T cells. This peptide is being investigated as a possible alternative in 
the initial treatment of diabetes type 1, which reveals the relevant role of Hsp60 in 
the physiology of the human organism (Tuccinardi et al. 2011).

20.1.3  Hsp60 in Mitochondrial Functions

The mitochondrion is a subcellular structure that performs multiple functions. 
Although, frequently it has been restricted to the production of energy in the form 
of ATP as its main function, its activities go far beyond this concept. For example, 
its participation in the events of apoptosis, calcium regulation, transformation of 
cholesterol into pregnenolone for the synthesis of steroid hormones, and its relation 
to mechanisms of cell signaling are some of the activities in which mitochondria 
participate actively in cell metabolism. The outer mitochondrial membrane partici-
pates in related signaling processes such as cell death, apoptosis, and regulated 
necrosis. It has even been proposed that mitochondria produce risk signals to alert 
against perturbations in cell homeostasis. In addition, it has been suggested that 
mitochondria are the center of a complex system of sensors that detect alterations in 
intracellular homeostasis, including oxidative stress, abstinence of the growth fac-
tor, and viral infection. Mitochondria not only decode input risk signals, activating 
adaptative responses or promoting cell death, but they also emit risk signals that 
alert the cell against mitochondrial stress conditions. The additional mitochondrial 
factors that can act as risk signals include, among others, ATP, cardiolipin, SMAC, 
Hsp60, β-subunit of the F1-ATPase. Both the Hsp60 and the β-subunit of the F1- 
ATPase are directed by antibodies that contribute to (or at least accompany) some 
diseases like atherosclerosis and vasculitis. Interestingly, an ectopic variant of the 
β-subunit of the F1-ATPase can act as a receptor for the coupling of Hsp60 in the 
surface of endothelial cells, which contributes to the action mechanism of Hsp60 
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(Galluzzi et al. 2012). In this sense, it has been suggested that this association could 
favor the phosphorylation of antigens to special T cells (Mookerjee-Basu et  al. 
2010); it would have to be evaluated whether this could be the mechanism used by 
other cell lines.

As mentioned upper, the location of HSP are not restricted to mitochondria, 
which opens a wide range of possibilities in which HSP participate, such as cell 
signaling cascades, among other actions described in the former section (Gupta 
et al. 2008). In this regard, Hsp60 and the disulfide isomerase are required by the 
hepatic growth factor as inducer or ERK activator and cell transformation to hepa-
tocellular cancer (Lin et al. 2016). Some kinases associated with mitochondria, like 
RAF, could interact with HSP (Galmiche and Fueller 2007). In this way, the RAF 
kinase could phosphorylate the BAD protein, promote indirectly the phosphoryla-
tion of two other kinases, as PKA and PKB, and could recruit a small but function-
ally relevant group of MEK, which reveals the value of the relations of this kinase 
with HSP. Particularly, it was demonstrated that the overexpression of the domain 
283–288 of Hsp60 increases the levels of the subunit 110 of PI3K. A similar mecha-
nism was observed for the induction of c-Myc expression. Besides, an increase in 
the levels of Akt phosphorylation was also observed (Tsai et al. 2008; Yan et al. 
2015). These results show that Hsp60 participates in cell signaling processes.

20.1.4  The Role of Hsp60 in Steroidogenesis, Generalities

As described in the previous sections, HSP are implicated in several events like 
folding and translocation of mitochondrial proteins, assembling of oligomeric pro-
teins, rupture and formation of supramolecular complexes associated with transport, 
intracellular catabolism of proteins, signal transduction mechanisms, regulation of 
genetic expression, cell protection in stress conditions, among others. The HSP con-
stitute a complex system, as they interact physically among themselves forming 
multifunctional complexes with other proteins, whose joint action allows modulat-
ing or regulating the transport through membranes. In this sense, incorporation of 
specific proteins at the level of mitochondria becomes relevant because most pro-
teins that constitute them are encoded in the nucleus and are synthetized in the 
cytoplasm with a pre-sequence or a signal peptide that allows their transportation 
into mitochondria. This process requires complex systems, like the TIM and the 
TOM, where HSP are required (Marom et al. 2011). For example, for the incorpora-
tion of the translocator of adenine nucleotides into the inner mitochondrial mem-
brane, the presence of Hsp60 is indispensable (Mahlke et al. 1990). In this case, it 
has been proposed that contact points are formed among mitochondrial membranes 
that recognize the signal peptide and, once localized in the matrix, it is processed 
undergoing a retrotranslocation by interacting with Hsp60 toward the internal mem-
brane to exert its functions in the transport of ADP/ATP. Another example is the 
incorporation of adrenodoxin, which has been shown to require a 60 kDa- chaperonin 
for its incorporation into mitochondria (Grunau et al. 1995). Although HSP perform 
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multiple functions, the studies carried out in relation to steroidogenesis have been 
limited. Probably, several of the alterations observed respect to HSP could be due to 
direct alterations in the steroidogenic processes, in the modulation or expression of 
enzymes related to cholesterol transport and transformation, or rather due to altera-
tions of receptors associated with steroidogenesis, aside from the already demon-
strated effects. In this way, steroids synthesis would be affected indirectly; however, 
future research is needed to determine the role of HSP in different physiological 
processes and/or diseases, and to relate them to the production of steroid 
hormones.

20.1.5  Steroidogenesis

Steroidogenic tissues transform cholesterol in steroid hormones, like the suprarenal 
glands, ovaries, testicles, and placenta, being mitochondria the site where this trans-
formation occurs (Papadopoulos and Miller 2012). The sterol hormones are critical 
mediators in processes such as regulation of development, reproduction, and 
homeostasis, in general. Under physiological conditions, steroidogenic cells have 
low amounts of steroid hormones; however, when there is an external stimulus 
(ACTH, LH, and FSH) large amounts of glucocorticoids (cortisol, corticosterone), 
mineralocorticoids (aldosterone), progestins (progesterone), androgens (testoster-
one, dihydrotestosterone) or estrogens (estradiol) are produced (Miller 2013; Issop 
et al. 2013). Synthesis of steroid hormones starts in mitochondria, where cholesterol 
is transferred from the cytoplasm to the outer membrane, and then to the internal 
mitochondrial membrane, where it is metabolized to pregnenolone by cytochrome 
P450scc, and finally transformed into progesterone by the 3β-HSD. There are two 
isoforms of enzyme 3β-HSD: type II localized in the smooth endoplasmic reticulum 
and expressed in the suprarenal glands and gonads; and type I, localized in the mito-
chondrion and expressed in the placenta (Sanderson 2006; Miller and Bose 2011; 
Elustondo et al. 2017).

20.1.6  Cholesterol Transport in Mitochondria Is Mediated 
by HSP-Associated Proteins

Steroidogenesis can be modified by altering some of the steps that participate in its 
production. For example, it has been proposed that VDAC contributes to cholesterol 
transport by forming multiprotein complexes with the TSPO and the StAR at mito-
chondrial binding sites, which allows cholesterol to reach cytochrome P450scc 
(Campbell and Chan 2008; Graham 2015). At least 700 proteins are capable of 
binding cholesterol; among them are receptors, enzymes, and transport proteins like 
VDACs and several HSP, like 10, 70, and 90 (Hulce et al. 2013). Several of the 
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proteins that bind cholesterol are not directly related to its metabolism and/or trans-
formation, revealing the relevance of cholesterol in cell functions. On the other side, 
associations between proteins and HSP could be a factor to promote some cell activ-
ities, as more than 150 proteins bind to Hsp60 in Methanosarcina mazei (Hirtreiter 
et al. 2009). Based on the aforementioned paragraphs, it could be suggested that the 
interaction of proteins with HSP is necessary for a biological activity to occur, as is 
the case of membrane recognition of some T lymphocytes or the association with 
proteins for their transport to mitochondria. To this regard, results from our labora-
tory suggest that there are several proteins involved in cholesterol transport in the 
human placenta (Navarrete et al. 1999; Espinosa-Garcia et al. 2000; Flores-Herrera 
et al. 2002). It was observed that in mitochondria isolated from the placenta and 
treated with trypsin, synthesis of pregnenolone is not stimulated in the presence of 
exogenous cholesterol, whereas synthesis of pregnenolone in trypsin-treated mito-
chondria was stimulated in the presence of 22-OH cholesterol, a metabolite that 
crosses freely the membranes. These data show that there are proteins of the exter-
nal mitochondrial membrane that participate in cholesterol transfer to cytochrome 
P450scc located in the internal mitochondrial membrane (Espinosa-Garcia et  al. 
2000; Martinez et al. 2015).

20.1.7  Participation of HSP in Receptors for Steroidogenesis

Other examples are the reports that suggest that Hsp40 and Hsp70 participate in 
folding of the receptor for glucocorticoids, which is associated with the synthesis of 
steroid hormones. On the other side, Hsp90 regulates the activation and transloca-
tion of the GR to the nucleus, where it modulates the expression of target genes 
involved in the synthesis of steroid hormones (Mangelsdorf et al. 1995; Grad and 
Picard 2007). In this same sense, mitochondria make contact with the endoplasmic 
reticulum forming associations named mitochondria-associated ER membrane 
(MAM), where some proteins are processed for their incorporation to mitochondria. 
Protein StAR is associated with the glucose regulatory protein 78 (Grp78), which is 
a chaperone of the endoplasmic reticulum that allows protein StAR to perform its 
function of cholesterol transport into the mitochondrion (Prasad et  al. 2017). 
Knockdown of Grp78 resulted in an important diminution of StAR activity, sug-
gesting that this protein is a regulator of steroidogenesis at the MAM’s level.

A direct effect of some HSP has been shown on steroidogenesis. For example, 
overexpression of Hsp70 inhibits the synthesis of steroid hormones in luteal cells. It 
has been suggested that the action mechanism by which Hsp70 inhibits steroids’ 
synthesis is by interfering with cholesterol translocation to the mitochondrial cyto-
chrome P450scc (Khanna et al. 1994). Similarly, testosterone synthesis in a model 
of cryptorchidism in mice diminished significantly along time. Results revealed that 
the presence of Hsp70 in Leydig cells was constant, whereas Hsp60 was detected in 
both germinal and Leydig cells associated with an increase in the heat shock factor 
1 and a diminution in the StAR protein, with the consequent diminution in testoster-

20 HSP60 and Reproduction



330

one production (Oka et  al. 2017). Authors proposed that the heat shock factor 1 
regulates testicular steroidogenesis by stabilizing cholesterol transport through 
StAR.

In steroidogenic tissues, such as the corpus luteum of rats and the suprarenal 
cortex, incubation of these cells during 10 min at 45 °C induce the synthesis of a 
70-kDa protein, which was identified as a heat shock protein. It was also found that 
this protein modifies the levels of progesterone sensitive to the LH. However, the 
mechanism by which these HSP modify the synthesis of steroids is complex. 
Besides inhibiting the synthesis of progesterone when temperature increases, ste-
roidogenesis is blocked in response to 8-bromo-cAMP and forskolin. On the other 
side, the heat shock increases eight to ten times the synthesis of progesterone with 
respect to control cells. Authors suggest that one of the effects could be the modifi-
cation of cholesterol transport at the mitochondrial level (Khanna et  al. 1994, 
1995a, 1995b).

20.1.8  Role of Hsp60 in the Steroidogenic Process

Although, it has been shown that Hsp60 has diverse effects on cell functions, its 
repercussion on blood circulation has been associated to several diseases. An asso-
ciation between high levels of Hsp60 and hypercholesterolemia has been reported 
in the serum of atherosclerotic patients (Ohashi et al. 2004), suggesting that Hsp60 
can play a relevant role in the regulation of cholesterol distribution in the organism. 
It has also been reported that heat of the summer produces stress in bovines increas-
ing infertility. In this sense it has been reported that all HSP increase, particularly 
Hsp60 increases 2.6 times, and Hsp70 type 3 was the highest with a 4.9-times 
increase. Although levels of StAR and P450scc diminished, this did not affect the 
synthesis of progesterone, but 17β-estradiol did, which, in turn, induced apoptosis. 
There is no explanation for this lack of effects on P4 synthesis (Li et al. 2016). 
Similarly, overexpression of Hsp60 in Leydig cells induced by human chorionic 
gonadotropin and the follicle stimulating hormone is associated with the increase 
in testosterone secretion and regulation of steroidogenesis (Miller 2013; Issop 
et al. 2013).

As mentioned, association of Hsp60 with other proteins could be a mechanism 
for cholesterol transport. In MA-10 mouse tumor Leydig cells, as well as in HeLa 
cells, the possible participation of Hsp60  in the incorporation or insertion of the 
translocator protein (TPSO) was determined in the outer mitochondrial membrane. 
TPSO has been associated to the cholesterol transport in these cells. However, con-
tradictory results were reported where the Hsp60 was identified as a soluble form in 
the mitochondrial matrix and not associated to TPSO, whereas TPSO bound specifi-
cally to Hsp70 (Rone et al. 2009). The effect on steroidogenesis is not clear, since 
by using MA-10 cells subjected to heat stress, where Hsp70 levels increased 
between 6 and 20 times, depending on the treatment time, the inhibition of steroido-
genesis was induced, without affecting the P450scc or 3β-HSD activities; however, 
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it was suggests that the observed effect was due to a diminution in the expression of 
the StAR protein (Liu and Stocco 1997; Murphy et al. 2001). One of the effects of 
Hsp60 would be on the signaling mechanisms. To this regard, it was demonstrated 
that RhoA, a GTPase of the family of Rho GTPases, participates in the transmission 
of signals for diverse cell processes, including the female reproductive system. 
Deletion of RhoA in the corpus luteum of mice reduced significantly the mitochon-
drial Hsp60, among others (El Zowalaty et  al. 2017). It was proposed that RoA 
deletion produced important changes in the cell’s cytoskeleton, causing accumula-
tion of lipid droplets, and avoiding mitochondrial fusion/fission processes, thereby 
impeding steroidogenesis by decreasing mitochondrial Hsp60.

20.1.9  Hsp60 and the StAR Effect

In follicular cells of the ovary, the induction of protein StAR synthesis was accom-
panied by an increase of Hsp60 and several proteases when stimulated with hCG 
(Bahat et al. 2014). However, transfection of HEK293 cells with StAR and their 
overproduction did not modify the synthesis of Hsp60. Transfection with the whole 
electron transport chain of P450scc, which is needed for cholesterol transformation 
into pregnenolone, increased significantly the expression of Hsp60 with the con-
comitant hormonal increase (Monreal-Flores et al. 2017). As mentioned, it has been 
proposed that part of the mitochondrial proteins involved in steroidogenesis is asso-
ciated to contact sites. In our laboratory, we isolated this mitochondrial contact sites 
from the human placenta (Uribe et al. 2003). They contained the proteins of the 
cytochrome P450scc chain, several HSP, among them Hsp90, Hsp40, and Hsp27, 
and Hsp72 at a lower concentration, as well as Hsp60 (Olvera-Sanchez et al. 2011; 
Monreal-Flores et al. 2017). These contact sites were defined as steroidogenic con-
tact sites, since their capacity to transform cholesterol into progesterone in the pres-
ence of isocitrate and NADP+ without the addition of exogenous cholesterol (Uribe 
et  al. 2003). The results allowed demonstrate that mitochondrial integrity is not 
necessary to perform steroidogenesis, that cholesterol concentration of mitochon-
drial membranes as substrate was enough and that the proteins present in these 
contact sites let to transport cholesterol for steroidogenesis.

Complementarily, in human placenta mitochondria, we identified the Hsp60 
using an antibody that recognizes the cholesterol binding domain (called the START 
domain) to the protein MLN64, which is located in the C-terminal region of the 
protein and has been involved in cholesterol transport to mitochondria in steroido-
genic cells (Fig. 20.2). Accordingly, amino acid sequence alignment of Hsp60 with 
the START domain of the StAR and MLN64 showed an identity of 18.6% and of 
26.1%, respectively (Fig. 20.3). This result allowed suggesting that Hsp60 presents 
a common region with the START domain in the C-terminal. To this regard, it has 
been proposed the Hsp60 could be associated with the movement of cholesterol 
among mitochondrial membranes of the human placenta (Olvera-Sanchez et  al. 
2011). Based on these antecedents, the role of Hsp60 in mitochondrial steroidogen-
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esis in the human placenta was characterized. Previous studies demonstrated that 
the human Hsp60 has a Cys-442 in its active site, which is crucial for its chaperone 
activity. Both in vitro and in situ studies revealed that N-ethylmaleimide and ETB 
(epolactaene tertiary butyl ester), a metabolite derived from epolactaene that binds 
to Cys-442, inhibit the activity of Hsp60 (Nagumo et al. 2005; Lin et al. 2016). The 
afore mentioned allowed using them to determine the Hsp60 activity in mitochon-
dria of the placenta.

Steroidogenesis from human syncytiotrophoblast mitochondria was inhibited by 
fluorescein-5-maleimide and N-ethyl maleimide, similar to observed in the JEG-3 
cells model (Olvera-Sanchez et al. 2011). Given that these maleimides bind to cys-
teines 442 and 447, inhibiting the Hsp60 activity (Nagumo et al. 2005; Lin et al. 

Fig. 20.2 Electroelution of proteins SDS-PAGE and Western blot analysis. The syncytiotropho-
blast mitochondria were incubated for progesterone synthesis and recovered by centrifugation. 
Protein from mitochondria was separated by SDS-PAGE, electroeluted and separated again by 
SDS-PAGE, and stained with silver (a). The proteins were electro transferred to PVDF membranes 
and blotted against MLN64 (b) bu. using a rabbit anti-MLN64 antibody raised against recombi-
nant MLN64 protein recognizing the START domain (ABR Inc., USA). Arrows indicate the 60 
and 30 kDa positions on the MLN64-like protein
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2016), the interpretation was that the mitochondrial Hsp60 of the human placenta is 
directly related with the transport of cholesterol. Furthermore, the presence of 
maleimides did not modify the oxidative phosphorylation in these mitochondria, 
confirming that inhibition of progesterone synthesis is related with blocking the 
active cysteines of Hsp60 (Olvera-Sanchez et al. 2011). On the other side, immuno-
precipitation assays with antibodies against MLN64 allowed identifying Hsp60, 
supporting the proposal that there is an association between both proteins (Monreal- 
Flores et al. 2017). Similar results were obtained with immunohistological assays in 
cotyledons of human placenta, demonstrating that Hsp60 and MLN64 co-localize in 
syncytiotrophoblast cells (Olvera-Sanchez et al. 2011). This suggests that Hsp60 
can present a new activity within the steroidogenic metabolism of the human pla-
centa (Papadopoulos and Miller 2012).

Confirmation of Hsp60 participation in steroidogenesis of the placenta was 
obtained with the overexpression of Hsp60  in choriocarcinoma cells (Monreal- 
Flores et al. 2017). Furthermore, a reproducible model of non-steroidogenic cells 
(HEK293) transformed into steroidogenic with the transfection of P450scc system, 
and the protein 3β-HSD confirmed that overexpression of Hsp60 increased the 

Fig. 20.3 Amino acids alignment of MLN64 and Hsp60. Sequences were obtained from https://
www.uniprot.org/uniprot/. Amino acids sequences of Metastatic lymph node gene 64 protein 
(MLN64 or StARD3; UniprotKB-Q14849) and Heat shock protein 60 (Hsp60; UniprotKB-P10809) 
were aligned with BioEdit CLUSTALW multiple sequence alignment program. (∗) Identical resi-
dues, (:) Conserved residues, (•) Semi-conserved residues. The START domain of MLN64 is in 
yellow
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transformation of cholesterol into progesterone (Monreal-Flores et  al. 2017). 
Consistent with these data, in vitro assays demonstrated that the recombinant His10- 
Hsp60 protein favored progesterone synthesis in mitochondria isolated from JEG-3 
cells, confirming its participation in steroidogenesis. Immunoprecipitation also 
revealed that Hsp60 is associated to cytochrome P450scc and to MNL64, suggest-
ing that a multiprotein is formed to accomplish the transformation of cholesterol 
into progesterone (Monreal-Flores et al. 2017) (Fig. 20.4).

Since there are antecedents suggesting that Hsp60 can bind to cholesterol-rich 
regions, like lipid rafts (Ohashi et al. 2004) or studies in which Hsp60 has been 
involved in cholesterol metabolism at a systemic level and its association to athero-
sclerosis (Bocharov et al. 2000; Mandal et al. 2005; Ohashi et al. 2004), the choles-
terol binding capacity of Hsp60 was investigated as a possible action mechanism of 
Hsp60  in steroidogenesis. Data from our laboratory (Monreal-Flores et al. 2017) 
showed that Hsp60 could bind cholesterol similarly to what has been reported for 
the StAR protein in MA10 cells (Roostaee et al. 2009). As a whole, data suggest 
that, in the placenta, Hsp60 plays a relevant role in steroidogenesis, aside from the 
folding functions associated with mitochondria (Monreal-Flores et  al. 2017). 
Although, Hsp60 is an important protein in mitochondrial cholesterol transport in 
the human placenta, the mechanism by which this effect is accomplished must still 
be determined.

Fig. 20.4 Proposed participation of HSP in the placental steroidogenesis. The Hsp60 is located in 
both sides of the mitochondrial membranes. An association of Hsp60 with the MLN64 protein is 
required to transport the cholesterol to outer mitochondrial membrane, although experimental 
research will be necessary to determine the molecular mechanism. Also, the presence of Hsp60 
inside the mitochondria contribute to present the cholesterol to the electron transport chain coupled 
to cytochrome P450scc. ANT, adenine nucleotide translocase; Adx, adrenodoxin reductase; Ad, 
adrenodoxin; P5, pregnenolone; P4, progesterone; 3β-HSD, 3 beta hydroxy steroid 
dehydrogenase
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20.1.10  Participation of Hsp60 in Obstetric and Developmental 
Alterations

Based on the shown information, the detailed study about HSP and their participa-
tion in reproductive biology is evident, as well as to find, as has been suggested, 
markers and standards that will allow to monitor pregnancy in a safe and objective 
manner. Studies have even made to establish possible associations with some obstet-
ric and gynecological alterations. In general, it has been reported that HSP are the 
first proteins to be produced in in  vitro culture of embryos, and that they are 
immunodominant antigens of some pathogens like Chlamydia trachomatis, which 
have been associated to infertility problems (Neuer et al. 1999). The presence of 
practically all HSP has been described in the endometrium along the menstrual 
cycle. Of these, Hsp60 shows variation during that cycle, increasing during the pro-
liferative phase and decreasing during the secretory phase. It has been proposed that 
the presence of HSP, in particular of Hsp70, could avoid the cytotoxic effects pro-
duced by TNFα, which induces activation of phospholipase A2 with the subsequent 
activation of mediators that induce inflammation and mitochondrial formation of 
reactive oxygen species (Tabibzadeh et al. 1996; Tabibzadeh and Broome 1999). 
Finally, it is proposed that these modifications can be modulated, like the menstrual 
cycle, by the effects of steroid hormones. Apparently, in the oviduct, epithelial cells 
release Hsp60 and Grp78, which have the capacity of binding to spermatic cells. 
This relation favors the viability, mobility, and integrity of the acrosome. The pres-
ence of added Hsp60 modulated spermatic motility, tyrosine phosphorylation, and 
intracellular calcium concentration during capacitation of spermatozoids; although 
the mechanisms to produce these effects are still unknown (Lachance et al. 2007).

Therefore, it is convenient to mention that pregnancy is a fundamental biological 
process to ensure the subsistence of humans. Efforts have been made to count upon 
better indicators to provide information on the advancement and state of the fetus 
and the mother during pregnancy. In this sense, with the help of modern technolo-
gies, both the placenta and its cells have been studied to know their proteome and 
gather information that will allow distinguishing between normal pregnancy and 
pre-eclampsia. A difference of 34 proteins has been reported between the cells iso-
lated from the trophoblast of normal placentas and those with pre-eclampsia, of 
which, seven spots were identified. Expression of the following proteins dimin-
ished, disulfide isomerase ER-60, peroxiredoxin 2, and Δ3,5-Δ2,4-dienoyl-CoA 
isomerase; whereas four proteins (protein disulfide isomerase precursor, endoplas-
mic reticulum resident protein, dihydrolipoyl dehydrogenase, and TIM21-like pro-
tein) increased significantly (Sun et al. 2007a, b). Data suggest that mitochondria 
could play a relevant role in pre-eclampsia. In complete placentas, more than 1000 
spots were observed, of which 650 coincided, allowing to differentiate 21 spots that 
showed a 140% increase or a 50% diminution. The identified proteins were divided 
in the following groups; structural, antioxidant, and detoxicant, related to stress, 
apoptosis, NADP+ regeneration through the enzyme isocitrate dehydrogenase, gly-
colytic and immunomodulator proteins. Of the proteins that increased their  presence 
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in the placentas of patients with pre-eclampsia are: Hsp60, catepsin D, GST, VDAC, 
and ERp29 (Kim et al. 2007). In a similar study, 2636 proteins were detected, of 
these, 171 differed between normal placentas and those with pre- eclampsia, among 
them stand out peroxiredoxin, cytochrome P450scc, and 3-βHSD (Wang et  al. 
2013). Finally, in another study, using normal and placentas from patients with pre-
eclampsia, 110 proteins were characterized, among them were Hsp27, 60, and 70, 
as well as peroxiredoxin 1 and 2 (Mine et al. 2007).

Using placental trophoblasts obtained through laser capture micro-dissection, 
962 deficient proteins were observed in patients with pre-eclampsia. Proteins identi-
ties were classified in the following groups: membrane (17%), nucleus (15%), cyto-
plasm (14%), and mitochondrion (11%). Of these, the proteins of interest that were 
classified are: the 14-3-3, which participates in signal transduction processes, the 
heat shock protein 27, and anexins II and V, which are involved in the response to 
stress (Jin et al. 2008). In another study using complete placentas, 1275 proteins 
were identified, in which 520 different spots were detected, 17 spots were expressed 
differentially, and 11 proteins were characterized. Four proteins increased: chloride 
intracellular channel 3, apolipoprotein A-I, transthyretin, and protein disulphide 
isomerase. Seven diminished their expression in the placenta from patients with 
pre-eclampsia: peroxiredoxin 2, peroxiredoxin 3, Hsp70. Cu/Zn-superoxide dis-
mutase, actin gamma 1 propetide, chain A of enoyl-coenzyme A hydratase, and 
Hsp-gp90 precursor (Gharesi-Fard et al. 2010). Using the central core portion of the 
placenta, changes in Hsp27, Hsp70, vimentin, and peroxiredoxin II, among others, 
were considered relevant (Shin et al. 2011; Yang et al. 2015). Similar results were 
obtained in isolated mitochondria from human placenta, where Hsp10 and Hsp70 
increase their expression whereas the cytochrome P450scc diminishes. Results sug-
gest that mitochondria are related to pre-eclampsia (Shi et al. 2013). Based on this 
information, Hsp70 has been proposed as a possible marker of pre-eclampsia (Cuffe 
et al. 2017).

In a study, in which the presence of Hsp60 was particularly determined in control 
patients and in patients with pre-eclampsia, the values of serum antibodies against 
Hsp60 and Hsp70 were not different between both studied groups, suggesting that 
they could be the normal antibodies occurring in humans (Molvarec et al. 2009). 
Although results from proteomic studies show differences among them, it is clear 
that the stress conditions in which the placenta is during pre-eclampsia would allow 
suggesting that Hsp60 could become a marker or indicator of the damage occurring 
in that disease. In spite of all the previous data and the importance of Hsp60 in the 
different metabolic processes described, efforts are underway to find a possible rela-
tion between the presence of Hsp60 and certain obstetric pathologies. It has been 
reported that sera obtained from both control pregnant women and the umbilical 
cord of neonates presented anti-HSP antibodies, concluding that these are part of 
the natural antibodies, being part of a particular maternal response with the produc-
tion of IgA antibodies, and fetal response with IgM antibodies. Authors suggest that 
the natural autoimmunity during pregnancy starts in the uterus (Merbl et al. 2007). 
For example, in mice, a relation between the increase in anti-Hsp60 and the arrest 
of in  vitro embryos was observed with respect to controls (Neuer et  al. 1997). 
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Similar results were obtained in women with Chlamydia trachomatis infections, in 
which high levels of anti-Hsp60 were related with a diminution in in vitro fertiliza-
tion (Witkin 1999), suggesting that this type of infection could be part of the infer-
tility problems, or even of abortions (Eggert-Kruse et al. 2014). In endometriosis, 
Hsp60 levels increase in response to activation of macrophages, T lymphocytes, and 
the release of cytokine kinase, which can lead to infertility (Kligman et al. 1996).

Likewise, the stress during pregnancy gives rise to increases in HSP levels, being 
Hsp60 which showing the highest increment during fetal hypoxia (Hromadnikova 
et al. 2015), suggesting that determination of the circulating levels of the mRNA of 
HSP as biomarkers could be a non-invasive control measure to avoid complications 
during pregnancy, like the premature rupture of membranes. In the premature rup-
ture of membranes and in the preterm labor with intact membranes, an increase in 
both Hsp60 and Hsp27 was observed (Dvorakova et al. 2017). Likewise, the forma-
tion of antibodies against Hsp60 and Hsp70 seem to modify the functions during 
pregnancy, leading to preterm births (Ziegert et al. 1999). Alterations occurring dur-
ing pregnancy also affect the fetus. For example, the presence of IgG and IgM anti-
bodies against Hsp60 was demonstrated in the sera of small fetuses according to 
their gestational age, being IgM antibodies the only one generated by the fetus. IgM 
antibodies against Hsp60 increased significantly in small fetuses as compared to 
controls, thus, it was suggested that this response could risk the life of fetuses, as 
occurred in three of the clinical cases studied (Belhia et  al. 2010). Similarly, in 
patients with recurrent pregnancy losses, the levels of anti-Hsp60 and 70 antibodies 
increase, apparently associated with maternal vascular disorders (Matsuda et  al. 
2017). There are even evidences that the high levels of anti-Hsp70 could also be 
associated with other diseases during pregnancy (Molvarec et al. 2010). Interestingly, 
immunoidentification and distribution of HSP in the placenta shows changes in their 
concentration and a particular distribution along the pregnancy (Shah et al. 1998).

The presented information shows that HSP have multiple functions during preg-
nancy and there is interest in determining the effects produced by their presence in 
different sites inside and outside of cells, as well as the immunological reactions 
that become associated with infections during gestation and their repercussion on 
the development of the fetus. It is clear, that research has been aimed at searching 
for the possible role that these proteins would have in the circulation and their anti-
bodies, and even of other proteins that are modified by the presence of Hsp60, to 
establish biometric markers that would allow making a follow up of the maternal- 
fetal health status. Data of the literature have also suggested that acting against the 
heat shock proteins could be a therapeutic alternative for some diseases, and it is not 
discarded that these strategies could also have implications in the realm of repro-
ductive biology in the future. There are still many subjects to be studied regarding 
HSP, in particular Hsp60, given the multiple interactions they display and, above all, 
their participation as one more element in the signaling cascades, which opens new 
horizons in the field of hormonal control within the physiology and biochemistry of 
reproductive biology, among other biomedical areas.

20 HSP60 and Reproduction



338

20.2  Conclusions

Procreation is a harmonic process that requires strategies that allow organisms, in 
this case the human, to transmit their genetic background to the next generation and 
preserve the specie. Collectively, the mechanisms of maturation of the gametes, the 
relationships generated during implantation and the hormonal production to keep 
the fetus in the womb and not be expelled, require a series of steps and strategies to 
protect both the mother and the fetus. As mentioned, the role played by HSP at dif-
ferent levels acquires relevance given the complexity of the reproductive process. In 
this sense, intense studies have been carried out in order to find possible markers 
that allow the monitoring of pregnancy and to prevent probable complications or 
alterations. It is interesting that in the human placenta, Hsp60 is associated with the 
steroidogenic process by participating in the transport of cholesterol at the mito-
chondrial level where is transformed into progesterone by the P450scc chain. 
Although up to now, it has not been possible to have a HSP as a biomarker of preg-
nancy, it is possible that in the near future, the identification and characterization of 
HSP in the maternal serum could be an alternative for monitoring the course of 
pregnancy, as well as the fetal well-being.
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Chapter 21
Heat Shock Protein 60 in Skin Diseases

Papapit Tuchinda and Visith Thongboonkerd

Abstract In addition to serving as a stress regulatory/response protein, heat shock 
protein 60 (Hsp60) also plays important roles in disease mechanism and progres-
sion. This chapter summarizes all aspects of the current knowledge on Hsp60 related 
to various skin diseases, including acne, atopic dermatitis (AD), dermatitis herpeti-
formis (DH), vasculitis, Behçet’s disease (BD), microscopic polyangiitis (MPA), 
systemic sclerosis (SSc), dermatomyositis, lichen planus (LP), and psoriasis. The 
data have shown that not only human Hsp60 but also its homologs in bacteria or 
microbes (e.g., GroEL) are involved in immune response and inflammatory cascade 
of these skin diseases. Furthermore, Hsp60 expression is also associated with sever-
ity of some diseases. Therefore, Hsp60 can be considered as a potential target for 
future development of a useful biomarker for diagnostics and prognostics in skin 
diseases. Moreover, it may also serve as a new therapeutic target for better treatment 
outcome.
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DH dermatitis herpetiformis
Hsp60 heat shock protein 60
ICAM-1 intercellular adhesion molecule-1
IFN-γ interferon-γ
IL interleukin
LP lichen planus
MPA microscopic polyangiitis
MPO myeloperoxidase
PBMC peripheral blood mononuclear cells
SLE systemic lupus erythematosus
SSc systemic sclerosis
TGF-β transforming growth factor-β
TLR toll-like receptors
TNF-α tumor necrosis factor-α

21.1  Introduction

Heat shock proteins are generally considered as the stress regulatory/response mol-
ecules induced by various types of stimuli and are involved in several inflammatory 
and autoimmune disorders. In human skin, heat shock protein 60 (Hsp60) has been 
demonstrated to play roles in various stress conditions. For example, ultraviolet A 
and B radiation, which frequently induces cellular apoptosis, causes increased level 
of Hsp60 in keratinocytes in a dose-dependent manner (Wang et al. 2013). In addi-
tion, hyperthermia can increase nuclear expression of Hsp60 in the normal human 
skin (Subjeck et al. 1982). The increased Hsp60 expression has been also observed 
in cellular compartment of skin fibroblasts during an early stage of senescence (Di 
Felice et al. 2005). Such increases in expression of Hsp60 following stress condi-
tions have been thought to be involved in the refolding process of cellular proteins 
to protect human keratinocytes and other skin cells from stress-induced damage 
(Wilson et al. 2000).

In addition to human Hsp60, its homologs in bacteria or microbes (e.g., GroEL) 
also play crucial roles in cutaneous response against pathogens. A previous study 
has demonstrated that human keratinocytes increased secretion of tumor necrosis 
factor-α (TNF-α), interleukin-1α (IL-1α), IL-6 and soluble intercellular adhesion 
molecule-1 (ICAM-1) after 48-h exposure to GroEL from Escherichia coli 
(Marcatili et  al. 1997). Hsp60 purified from Actinobacillus actinomycetemcomi-
tans, the oral pathogen, could induce proliferation and migration of HaCaT human 
keratinocytes through activation of ERK1/2 MAP kinase pathway, whereas exoge-
nous recombinant human Hsp60 showed no such effect (Zhang et al. 2001). This 
process might be involved in wound repair of the skin and oral mucosa after  exposure 
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to bacterial pathogens. However, prolonged exposure of HaCaT cells to bacterial 
Hsp60 caused decrease in cell viability (Zhang et al. 2004).

Hsp60 not only serves as the stress regulatory/response protein but also plays 
important roles in pathogenic mechanisms of several skin disorders. This chapter 
summarizes all aspects of the current knowledge on Hsp60 related to various skin 
diseases, including acne, atopic dermatitis (AD), dermatitis herpetiformis (DH), 
vasculitis, Behçet’s disease (BD), microscopic polyangiitis (MPA), systemic sclero-
sis (SSc), dermatomyositis, lichen planus (LP), and psoriasis.

21.2  Hsp60 in Acne

Acne (also known as acne vulgaris) is a common skin problem associated with 
sebaceous follicles and Propionibacterium acnes infection (Das and Reynolds 
2014). Acne has a varied spectrum of manifestations, including non-inflammatory 
comedones, inflammatory papules, pustules, nodules and cysts. Common sites of 
acne include face, chest, upper back and upper arms (Eichenfield et al. 2013). The 
pathophysiology of acne involves follicular epithelial hyperproliferation, inflamma-
tory processes, sebum overproduction and proliferation of P. acnes, which is a 
Gram-positive rod bacterium that resides in pilosebaceous follicles (Das and 
Reynolds 2014).

P. acnes can induce inflammatory processes leading to diffuse infiltration of 
inflammatory cells around the hair follicle and rupture of follicular wall (Beylot 
et al. 2014; Das and Reynolds 2014; Harper 2004). In addition, P. acnes may induce 
a cell-mediated inflammatory response to physiological stress and increase produc-
tion of heat shock proteins. Wilcox et al. investigated the proliferative response of 
peripheral blood mononuclear cells (PBMC) to P. acnes, Hsp60/Hsp70 derived 
from P. acnes and Hsp65 derived from Mycobacterium bovis BCG isolated from 
acne patients, resolved acne subjects and healthy controls (Wilcox et al. 2007). The 
data have indicated that PBMC stimulated by mycobacterial Hsp65 from acne 
patients showed significantly higher proportion of positive responders (as deter-
mined by purified CD4+ T-cells) than those derived from the resolved acne subjects 
and healthy controls (Wilcox et al. 2007). However, the proportion of such positive 
response was comparable between stimulation with P. acnes vs. Hsp60/Hsp70 
derived from P. acnes. Although these results could not conclude that P. acnes 
Hsp60 plays a crucial role in the pathogenesis of acne, the limiting dilution analysis 
showed a significantly lower proportion of the resolved acne subjects responded to 
P. acnes fitting the single-hit kinetic model than acne patients and controls, suggest-
ing an association of spontaneous resolution of acne and negative regulation of the 
CD4+ T-cell response to P. acnes (Wilcox et al. 2007).
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21.3  Hsp60 in Atopic Dermatitis (AD)

AD is a common chronic inflammatory skin disorder affecting approximately 20% 
of children and 10% of adults (Flohr and Mann 2014). AD patients usually have 
personal or family history of other atopic symptoms, such as asthma and allergic 
rhinitis, and frequently have xerosis, pruritus and eczema at flexural areas (Weidinger 
and Novak 2016). Distribution of AD skin lesions varies according to the patient 
age. In infants, the commonly affected areas are cheeks, forehead and scalp, whereas 
flexures, neck and hands are more common in older children (Akdis et al. 2006; 
Wollenberg et al. 2016). Lichenification may occur from repeated scratching and 
rubbing (Akdis et  al. 2006; Wollenberg et  al. 2016). The pathogenesis of AD is 
considerably complex and is associated with genetic factors, skin barrier disruption 
and immune dysregulation. Mutation of gene encoding filaggrin (a filament aggre-
gating protein) has been reported in AD patients, leading to disruption of the skin 
barrier (Thyssen and Kezic 2014). The impaired epidermal barrier then increases 
transepidermal permeability, water loss and penetration of external antigens that 
subsequently activate innate immune response (Weidinger and Novak 2016).

Roles of Hsp65  in the pathogenesis of AD have been investigated. Ghoreishi 
et  al. studied the expression of Hsp65  in AD skin lesion compared with contact 
dermatitis lesion and normal skin (Ghoreishi et al. 2000). Hsp65 expression was 
more intense in keratinocytes of the whole epidermis in AD lesion than in contact 
dermatitis lesion and normal skin (Ghoreishi et al. 2000). Infiltrating lymphocytes 
in the dermis of approximately half of AD patients showed Hsp65 expression, which 
was not observed in contact dermatitis, suggesting that Hsp65-expressed lympho-
cytes may play a role in the pathogenic processes of AD (Ghoreishi et al. 2000).

Subsequent studies also support roles of Hsp60  in AD (Jassies-van der Lee et al. 
2008; Kapitein et al. 2013). Kapitein et al. have demonstrated increased Hsp60 expres-
sion in AD lesion as compared to the non-lesional skin and suggested that Hsp60-specific 
T-cell response might affect local inflammation found in AD (Kapitein et  al. 2013). 
Another study in dogs has shown that intradermal injection of recombinant human 
Hsp60 at AD lesion could induce regulatory cytokines (i.e., IL-10, transforming growth 
factor-β (TGF-β) and IL-12p40) and Th1 phenotype in the skin (Kapitein et al. 2013).

21.4  Hsp60 in Dermatitis Herpetiformis (DH)

DH is an autoimmune blistering disease associated with gluten sensitivity and celiac 
disease. These patients usually present with pruritic papules or vesicles mainly on 
extensor surfaces of the elbows, buttocks, knees, back and scalp, but frequently 
spare the mucosal areas (Nicolas et al. 2003). Pathogenic mechanism of DH is not 
completely understood but multiple factors (e.g., genetic and environmental factors) 
have been demonstrated to get involved in the disease process. Following the inges-
tion of gluten-containing foods, tissue transglutaminase can modify gliadin (a 
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fraction of gluten) into an autoantigen, leading to activation of the gluten-responsive 
T-cells (Nicolas et al. 2003). IgA1 is the main type of autoantibody detected in DH 
and granular deposition of IgA1 in dermal papillae and along the basement mem-
branes serves as one of the hallmarks for the diagnosis of DH (Bolotin and Petronic- 
Rosic 2011a; Nicolas et al. 2003). Neutrophilic microabscess can be found in the 
area of IgA deposition, suggesting that IgA may trigger inflammatory cascade 
(Bolotin and Petronic-Rosic 2011a; Nicolas et al. 2003).

In celiac disease, cross reaction of autoantibodies to the celiac peptide and Hsp60 
may induce intestinal mucosal damage and increase intestinal permeability (Tukaj 
et al. 2017; Zanoni et al. 2006). Serum anti-tissue transglutaminase and anti-Hsp60 
IgA antibodies were detected in active celiac patients (Tukaj et al. 2017; Zanoni 
et al. 2006). These antibodies were no longer detectable after elimination of gluten 
from the diet (Zanoni et  al. 2006). Because DH is closely related with gluten- 
sensitive disease, Hsp60 may also play such important role in the pathogenesis of 
DH (Bolotin and Petronic-Rosic 2011a, b).

Kasperkiewicz et  al. studied the role of heat shock proteins in autoimmune 
vesiculobullous diseases, including DH, bullous pemphigoid and pemphigus vul-
garis (Kasperkiewicz et al. 2014). They have demonstrated that serum anti-Hsp60 
IgG antibody was significantly increased only in patients with active DH, not in 
those with other active autoimmune vesiculobullous diseases (Kasperkiewicz et al. 
2014). In addition to dapsone therapy, gluten-free diet is the mainstay treatment for 
DH (Bolotin and Petronic-Rosic 2011b; Nicolas et al. 2003). The strict gluten-free 
diet leads to resolution of the skin lesion and improvement of gastrointestinal 
symptoms in association with reduction of anti-Hsp60 IgG autoantibody 
(Kasperkiewicz et al. 2014).

21.5  Hsp60 in Vasculitis

Anti-endothelial cell antibodies (AECA) are the circulating autoantibodies target-
ing to endothelial cells (Guilpain and Mouthon 2008). There is evidence suggesting 
the role of AECA in the pathogenesis of various vasculitides (Alard et  al. 2008; 
Guilpain and Mouthon 2008). Nevertheless, the AECA-targeting antigens are not 
well characterized. Hsp60 is commonly localized in the cytoplasm of human endo-
thelial cells. When endothelial cells are exposed to heat stress, Hsp60 can be trans-
located to the cell membranes and thus be accessible to antibodies (Jamin et  al. 
2005). An interaction between AECA and Hsp60 has been reported to play patho-
genic role in vasculitis-associated systemic autoimmune diseases (Alard et al. 2008, 
2011; Jamin et al. 2005). Furthermore, anti-Hsp60 could trigger an inflammatory 
response of vasculitis by inducing apoptosis of endothelial cells (Jamin et al. 2005). 
However, apoptosis could be inhibited only partially by pre-incubating recombinant 
Hsp60 with purified IgG, indicating that there should be other antibodies associated 
with AECA-induced apoptosis (Jamin et al. 2005). Details of roles for Hsp60  in 
specific types of vasculitis are discussed below.
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21.5.1  Behçet’s Disease (BD)

BD is a rare chronic systemic vasculitis of unknown etiology that may affect mul-
tiple parts of the body. Common manifestations include recurrent aphthous and 
genital ulcers, uveitis and cutaneous lesions (Pineton et al. 2012). Etiopathogenesis 
of BD is highly complex and remains unclear. Genetic predisposition, immune dys-
regulation, infections, and environmental factors have been implicated in the patho-
genic mechanisms of BD (Greco et al. 2018; Mendoza-Pinto et al. 2010; Pineton 
et al. 2012). Increasing evidence has supported the role for Hsp60 in the etiopatho-
genesis of BD (Kaneko et al. 2011; Shaker et  al. 2007; Shimizu et al. 2012). In 
addition, Hsp60 level has been found to increase in peripheral blood lymphocytes, 
intestinal tissues, mucocutaneous lesions and plasma of patients with BD (Ergun 
et al. 2001; Imamura et al. 2005; Shaker et al. 2007). Moreover, it has been reported 
that excessive Th1 immune response and Hsp60-reactive T-cells also play roles in 
active BD (Greco et al. 2018; Imamura et al. 2005).

A precipitating factor of BD is infection (Lule et al. 2017; Mendoza-Pinto et al. 
2010; Pineton et  al. 2012). Cho et  al. have demonstrated that GroEL from 
Streptococcus sanguinis is a target for anti-S. sanguinis IgA antibody reactivity, 
which is higher in BD patients than in healthy controls (Cho et al. 2013). Interestingly, 
T-cell immune response to Hsp60 peptide was markedly increased in patients with 
BD comparing to those with rheumatoid arthritis and healthy controls (Kaneko 
et al. 1997). Furthermore, Hsp60 peptide up-regulated mRNA expression of proin-
flammatory cytokines, i.e., IL-8, TNF-α and TNF-β (Kaneko et al. 1997). Hsp60 
can also activate immune response through toll-like receptors (TLR). A previous 
study has shown that TLR were involved in the pathogenesis of BD and level of 
TLR-6 expressing granulocytes of BD patients was significantly increased after 
Hsp60 stimulation (Yavuz et al. 2008).

21.5.2  Microscopic Polyangiitis (MPA)

MPA is an autoimmune disease affecting small vessels and characterized by necro-
tizing vasculitis, but without paucity of immune deposits within blood vessel walls. 
MPA can affect several organs, including skin, lungs and kidneys. Although the 
etiology of MPA is still unclear, the autoimmune process has been thought to play a 
critical role in the pathogenesis of MPA. Anti-neutrophil cytoplasmic antibodies 
(ANCA) are positive in most of the MPA patients and targets mainly to myeloper-
oxidase (MPO) (Kallenberg 2014). A study in 58 patients with MPO-ANCA posi-
tive MPA has shown significantly higher frequency and titer of anti-human Hsp60 
antibody in these patients than in those with rheumatoid arthritis, systemic lupus 
erythematosus (SLE) and healthy controls (Komiya et al. 2011).
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21.6  Hsp60 in Systemic Sclerosis (SSc)

SSc or diffuse scleroderma is an uncommon autoimmune disease characterized by 
extensive fibrosis of skin and internal organs, as well as vasculopathy (Denton and 
Khanna 2017). Other common clinical manifestations of SSc include sclerodactyly of 
the fingers, digital tip ulcers, telangiectasia, Raynaud’s phenomenon, interstitial lung 
disease, and renal involvement (Denton and Khanna 2017). Histopathology commonly 
shows excessive collagen accumulation, vascular injury, and autoimmune activation 
(Yazawa et al. 2007). Danieli et al. studied serum levels of antibodies against M. tuber-
culosis Hsp65 in 53 SSc patients, 36 patients with primary Raynaud’s phenomenon, and 
36 SLE patients (Danieli et al. 1992). The data showed that 47% and 38% of patients 
with SSc and primary Raynaud’s phenomenon, respectively, had serum antibodies 
against Hsp65, whereas such antibodies were detected only in 5% of SLE patients 
(Danieli et al. 1992). While the role of immunity to bacterial Hsp65 has been implicated 
in rheumatoid arthritis, its role in SSc is controversial (Gaston et al. 1989, 1990).

21.7  Hsp60 in Dermatomyositis

Dermatomyositis is a systemic autoimmune disease affecting mainly children who 
present with rash and proximal muscle weakness. Both genetic and environmental 
conditions have been reported as the pathogenic factors affecting dermatomyositis. 
However, its mechanism and autoantigen(s) remain poorly defined (Quartier and 
Gherardi 2013; Thompson et al. 2018). Expression of Hsp60 has been reported to 
increase in muscle tissues of inflammatory myositis patients (Hohlfeld and Engel 
1992). In addition, Elst et al. studied the expression of Hsp60 in juvenile dermato-
myositis tissues and found that all of these muscle tissues had increased Hsp60 
expression in both degenerating and regenerating muscle fibers and in the mural 
layer of small blood vessels (Elst et  al. 2008). Moreover, muscle tissue-derived 
mononuclear cells and PBMC from juvenile dermatomyositis patients could acti-
vate T-cell proliferation (Elst et al. 2008). In vitro activation of PBMC isolated from 
juvenile dermatomyositis patients with human and microbial Hsp60 significantly 
induced secretion of IL-1β, TNF-α, and IL-10 (Elst et al. 2008). This study has sug-
gested that Hsp60 induced both effector and regulatory T-cell response to control 
inflammation in juvenile dermatomyositis (Elst et al. 2008).

21.8  Hsp60 in Lichen Planus (LP)

LP is an idiopathic chronic inflammatory disorder that is mediated through T-cell 
immune response. The most frequently affected site is oral mucosa (found in 
approximately 70% of cases), followed by genital mucosa and skin (Farhi and 
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Dupin 2010; Kurago 2016). Cutaneous LP presents as polygonal, pruritic, flat- 
topped violaceous papules on the trunk or extremities overlying with whitish lacy 
lesions known as Wickham striae. In the oral cavity, the commonly involved areas 
include buccal mucosa, tongue and gingiva, characterized by multiple papules typi-
cally with Wickham striae (Alrashdan et al. 2016; Olson et al. 2016).

Multiple factors, including genetic background, infections, dental materials, 
medications and autoimmunity, can affect the pathogenesis of oral LP (Olson et al. 
2016). A meta-analysis has demonstrated the association between hepatitis C sero-
positivity and oral LP in certain populations, such as Mediterranean and Japan 
(Shengyuan et al. 2009). Some medications are also associated with this disease, 
including beta blockers, angiotensin-converting enzyme inhibitors, anti- 
inflammatory drugs, diuretics and dapsone (Alrashdan et al. 2016; Roopashree et al. 
2010). Contact hypersensitivity to dental materials, such as amalgam, dental acryl-
ics, cobalt, composite and nickel has been also reported as the priming cause of 
LP. Moreover, replacement of such dental materials lead to resolution of the LP oral 
lesions (Ismail et al. 2007). Histopathology includes liquefaction degeneration of 
the basal layer, saw-tooth rete pegs, band-like infiltration of lymphocytes in subepi-
thelial layer, necrotic keratinocytes, hyperkeratosis and acanthosis (Fernandez- 
Gonzalez et al. 2011). The immunoreaction of oral LP is mediated through T-cells, 
whereas antigen that can induce such immune process can be exogenous antigen or 
autoantigen (Alrashdan et al. 2016; Roopashree et al. 2010). Activation of CD4+ and 
CD8+ T-lymphocytes can then induce secretion of inflammatory cytokines, such as 
IL-2, interferon-γ (IFN-γ) and TNF-α, leading to apoptosis of basal layer due to a 
cytotoxic reaction (Olson et al. 2016; Roopashree et al. 2010).

Hsp60 has been implicated in the pathogenesis of oral LP but with unclear mech-
anism. It may serve as an autoantigen that can induce T-cell mediated immune 
response or associated with an autoimmune response to basal cell antigens 
(Bayramgurler et al. 2004; Bramanti et al. 1995). Hsp60 expression was found in 
the basal layer (Bramanti et al. 1995; Chaiyarit et al. 1999) and epithelial- connective 
tissue interface of oral LP tissues (Bramanti et al. 1995). A study by Chaiyarit et al. 
has suggested that Hsp60 expression in basal keratinocytes might be up-regulated 
by cytokines produced from T-lymphocytes in the subepithelial layer (i.e., IL-6, 
granulocyte-macrophage colony stimulating factor (GM-CSF) and TNF-α) 
(Chaiyarit et al. 1999).

21.9  Hsp60 in Psoriasis

Psoriasis is a common chronic inflammatory skin disease, which can be classified 
into five subtypes based on historic descriptions of its underlying histology and 
morphology (Menter et al. 2008). The most common form is psoriasis vulgaris, in 
which well demarcated erythematous plaques are covered by thick silvery scales. 
The second subtype, guttate psoriasis, classically presents as small circumscribed 
erythematous scaly lesions, which usually occur in young adults. The third subtype, 
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inverse psoriasis, is the uncommon form localized at flexural and intertriginous 
areas in which scales are rarely present due to the local moist environment. The 
forth subtype is (localized and generalized) pustular psoriasis, which is character-
ized by pustules without or with fever and systemic symptoms. The last form is 
erythrodermic psoriasis with diffuse erythema and scaling of the skin covering 
nearly the entire body. Nails and scalp are commonly involved in psoriasis, whereas 
systemic symptoms (i.e., fever and malaise) may also present (Boehncke and Schon 
2015; Menter et al. 2008).

Although its etiology is unclear, the pathogenic mechanism of psoriasis has been 
thought to involve genetic and environmental factors, as well as infections, stress, 
drugs and trauma (Menter et al. 2008). Both innate and adaptive immune processes, 
particularly cell-mediated adaptive immune response triggered by environmental 
factors, are also considered to be involved in the disease mechanism (Gaspari 2006). 
Infiltrating CD4+ and CD8+ T-lymphocytes are commonly found in the affected 
skins (Griffiths and Barker 2007). Additionally, many cytokines have been shown to 
be up-regulated in psoriatic lesions, including IL-12, IL-17, IL-22, IL-23, TNF-α 
and IFN-γ (Gaspari 2006; Kim and Krueger 2015).

The role of Hsp60 has been implicated in the pathogenic mechanism of psoriasis. 
A previous study has demonstrated that Hsp60 expression was significantly greater 
in epidermal keratinocytes of plaque psoriasis and guttate psoriasis than those of the 
normal skin (Seung et  al. 2007). A study in severe combined immunodeficient 
(SCID) mice transplanted with skin-grafts from pustulosis palmaris et plantaris 
patients has demonstrated the strong expression of Hsp60  in epidermal keratino-
cytes of the animals (Hayashi et al. 2009). The role of association between Hsp60 
and TLR has been also suggested in the innate immune response of psoriasis. Zanin- 
Zhorov et al. have shown that soluble Hsp60 regulated response of T-cells by inter-
acting with TLR2 (Zanin-Zhorov et al. 2003). Ohashi et al. have demonstrated that 
TLR4-defective macrophages isolated from C3H/HeJ mice did not response to 
Hsp60 (Ohashi et al. 2000).

Human immunodeficiency virus (HIV)-infected patients are frequently associ-
ated with more severe form of psoriasis and refractory skin lesions (Mallon and 
Bunker 2000). Puig et al. has demonstrated intense expression of Hsp65 in psoriatic 
skins and lesions of AIDS-associated psoriasiform dermatitis (Puig et  al. 1995). 
This study has suggested that immunodysregulation background in HIV-infected 
individuals may be associated with severity of psoriasis through modified or 
increased expression of Hsp65 in the skin (Puig et al. 1995).

21.10  Conclusions

Increasing evidence has indicated that Hsp60 is involved in pathogenic mechanisms 
of a broad spectrum of skin diseases. The data have shown that not only human 
Hsp60 but also its bacterial or microbial homologs (e.g., GroEL) play important 
roles in immune response and inflammatory cascade of these skin diseases. 
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In  addition, Hsp60 expression is associated with severity of some diseases. 
Therefore, Hsp60 can be considered as a potential target for future development of 
a useful biomarker for diagnostics and prognostics in skin diseases. Moreover, it 
may also serve as a new therapeutic target for better treatment outcome.
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