
Address for correspondence: Alberto J. L. Macario, M.D. University of Maryland 

Biotechnology Institute, Center of Marine Biotechnology, 701 E. Pratt Street, 

Baltimore, Maryland  21202, USA. Phone: 410-234-8849; FAX: 410-234-8896 

e-mail: macario@umbi.umd.edu  

Chaperonopathies by defect, excess, 

or mistake 

ALBERTO J. L. MACARIO AND EVERLY CONWAY DE MACARIO 

 

University of Maryland Biotechnology Institute, Center of Marine 
Biotechnology, Baltimore, Maryland21202, USA 

 

ABSTRACT: The stress response, stress proteins, heat-shock genes 

and proteins, molecular chaperone genes and proteins, and a 

number of closely related molecules and cellular processes have 

been studied over the last few decades. A huge amount of 

information has accumulated that is scattered in printed and 

electronic literature and data bases. Most of this information 

constitutes the subject matter of the science of chaperonology. More 

recently, the concept of chaperone pathology, sick chaperones, has 

evolved since various pathological conditions have been identified in 

which defective chaperones play an etiologic role. These conditions 

are the chaperonopathies. Recent findings on chaperonopathies are 

briefly discussed in this article. Chaperonopathies occur at all ages; 

as a rule the genetic cases have an early clinical onset while the 

acquired chaperonopathies become manifest in the elderly and/or in 

association with other diseases. Other fields of chaperonology, 

which will most likely be expanded in the near future, are the study 

of extracellular chaperones, chaperone networks, the therapeutic 

use of chaperones (i.e, chaperonotherapy) to manage 

chaperonopathies and to improve cell performance in the face of 

stress, the evaluation of chaperones as diagnostic markers and as 

prognostic indicators, and the development of anti-chaperone agents 

to suppress chaperone-gene expression or inhibit chaperone 

function when chaperones contribute to disease rather than the 

opposite. 

KEYWORDS: Genetic chaperonopathies; acquired chaperonopathies; 

chaperonology; sick chaperones; chaperonotherapy; anti-chaperone 
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INTRODUCTION 

 
The study of molecular chaperones has progressed steadily since they came into 

prominence in the early 1970’s. Many aspects of their role in cell survival in the 

face of stress and of their physiological functions, including assisting protein 

maturation and translocation have been elucidated in a few species, particularly 

bacterial and eukaryotic model organisms. The molecular mechanisms involved 

in chaperoning client polypeptides, the structure and evolution of chaperones, 

and the participation of chaperones in various cellular processes other than 

protein folding have also been actively investigated in the last decades. The 

information is available in a great number of original articles and reviews and 

constitutes the subject matter of a scientific discipline we call chaperonology. 

Also within the realm of chaperonology is the study of chaperone pathology. 

The idea that chaperones could participate in pathology developed since the 

early times of chaperonology.
1,2
 More recently the notion that chaperones may 

themselves be etiological factors in disease and ageing has emerged in full 

view.
3,4
 Pathological conditions in which a defective chaperone is a etiological 

factor have been grouped and classified as chaperonopathies, syndromes and 

diseases that form a definite area of General Pathology and Medicine.
5
 A few 

recent findings pertinent to chaperonopathies will be briefly discussed in this 

article. 

 

 
GENETIC CHAPERONOPATHIES 

 
Some recent developments within the area of genetic chaperonopathies 

pertain to Bardet-Biedl syndrome (BBS), neuropathies associated with sHsp 

mutations, Williams syndrome, dilated cardiomyopathies, ataxia of 

Charlevoix-Saguenay, and endoplasmic reticulum (ER) pathology. 

BBS. This is a genetically heterogeneous developmental disorder 

characterized by obesity, polydactyly, retinopathy, mental retardation, renal 

and cardiac anomalies, hypertension, and diabetes. It is considered to be 

essentially a ciliopathy but many genes with various prospective roles seem to 

be implicated. Until recently, nine BBS loci had been identified, one of 

which, BBS6 encodes a chaperonin II-like subunit. It was later established 
that this gene is the same as the MKKS, involved in McKusick Kaufman 
syndrome (MKKS) and known to be related with CCT subunit 8. BBS10 and 
BBS11 were recently added to the list of BBS loci, both encoding proteins 
that would be involved in protein maturation and processing. BBS10 encodes 
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a chaperonin II-like molecule
6
 while BBS11 encodes an E3 ubiquitin ligase,7 a 

component of the ubiquitin-proteasome system (UPS), which plays a major 

role in protein degradation, and thus in protein homeostasis together with 

chaperones.
5
 

Interestingly, BBS6 (i.e., MKKS) SNPs were found to be associated with 
common obesity, and also tended to associate with dyslipidemia and 

hyperglycemia, in the absence of other manifestations of BBS.
8
 

 
Neuropathies associated with sHsp mutations. A key property of 

chaperones, including sHsp, is the ability to interact with other molecules: 

client polypeptide in need of assistance for folding or refolding, another 

chaperone molecule of the same team or subunit of the same chaperoning 

complex, another chaperone of another team to build a chaperoning network, 

and components of the UPS.
9
 These interactions are mediated by defined 

domains in the chaperone molecule. If any of these domains is structurally 

modified because of a gene mutation or because of an aberrant post-

translational modification, the respective interaction may be impaired or 

abolished, resulting in a defective chaperoning pathway. In order to 

understand the mechanism participating in the pathogenesis of neurological 

diseases associated with mutations of the sHsp Hsp22(HSPB8), two mutants, 

K141E and K141N, were investigated.
10
 These mutants are associated with 

inherited peripheral motor neuron disorders such as distant hereditary motor 

neuropathy type II and axonal Charcot-Marie-Tooth disease.
11
 It is known 

that Hsp22 forms homodimers, heterodimers with other sHsps, and large 

oligomers; Fontaine et al. investigated the ability of each mutant to interact 

with itself, with wild type Hsp22, and with other sHsps that are abundant in 

neurons: alphaB-crystallin, Hsp20, and Hsp27.
10
 It was found that the mutants 

displayed increased interaction with alphaB-crystallin and with Hsp27, but 

not with Hsp20. Likewise, a mutant Hsp27 (S135F) that is also associated 

with distant hereditary motor neuropathy type II and axonal Charcot-Marie-

Tooth disease, showed increased interaction with wild-type Hsp22. The 

measurements performed demonstrated that each of the Hsp22 mutants 

investigated has its distinctive pattern of interaction with the various 

molecules tested, indicating that one can expect clinicopathological variations 

depending on the mutant involved. The data also indicated that the mutants’ 

exaggerated tendency to aggregate could contribute to defective chaperoning, 

and to the formation of pathological protein precipitates. 

 
Williams syndrome. Whether Williams syndrome (WS) is in fact a 

chaperonopathy has not yet been established. However, there is evidence 

suggesting that hemideletion of a gene encoding FK506 binding protein 6 

(FKBP6) is associated with WS.12 FKBP6 belongs to the PPIase (peptidyl-
prolil cis-trans isomerase) group of chaperones that isomerize Thr/Ser-Pro 
motifs, and of which three mayor families have been studied: cyclophilins, 
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FKBP6, and parvulins.
13
 WS is characterized by a distinctive facial 

appearance, growth retardation, cardiovascular anomalies, hypercalcemia, 

impaired glucose tolerance, constipation, scoliosis, and a series of 

neuropsychiatric manifestations, including mild mental retardation or learning 

difficulties. Genetically, WS has been attributed to a deletion in chromosome 

7q11.23 encompassing about 1.6 megabases with about 28 genes, one of 

which is FKBP6. A recent study of new cases has shown that mental 
retardation does not occur if the FKB6 gene is present.

12
 

 
Dilated cardiomyopathy. Dilated cardiomyopathy (DC) is the most 

common among the non-ischemic cardiopathies and is characterized by 

enlargement of the ventricular cavity, weakening of ventricular walls, and 

conduction abnormalities. In a recent paper it was reported that mitochondrial 

Hsp40 (DnaJ3, or Tid1) is differentially expressed during cardiac 

development and also in pathological cardiac hypertrophy.
14
 It was 

demonstrated, using transgenic mice lacking DnaJ3, that absence of DnaJ3 
resulted in the development of DC followed by early death. The 

mitochondrial respiratory chain and DNA were deficient and decreased, 

respectively, in the affected mice. It was found in addition that a prominent 

client for DnaJ3 was the alpha subunit of DNA polymerase gamma (Polga). 

The data considered together indicate that Hsp40 (DnaJ3) is necessary for 

mitochondrial biogenesis, most likely through its interaction with Polga. 

Thus, DC can be considered a mitochondriopathy due, at least in part, to a 

quantitative defect of Hsp40, and one may speculate that this disease may 

occur in humans as a chaperonopathy due to a genetic defect in, or absence 

of, the mitochondrial hsp40 gene. 
Mutations in the gene encoding alphaB-crystallin (CRYAB) have been 

implicated in DC. It is known that mutations in this gene cause cataracts and 

cardioskeletal myopathies,
11
 but their participation in the pathogenesis of DC 

is not completely elucidated. An overview of the literature revealed that the 

phenotypes associated with mutations in CRYAB are varied, including cataract 
only or combined with cardioskeletal anomalies, and DC only.

15
 The 

association of CRYAB mutation with DC is difficult to search for because 
there is no certain clinical marker that is specific for the mutation, nonetheless 

the search is justified because although rare the association with DC does 

occur even in the absence of cataract or skeletal myopathy. 

 
Ataxia of Charlevoix-Saguenay. The autosomal recessive spastic ataxia 

of Charlevoix-Saguenay (ARSACS) is characterized, as suggested by the 

name, by ataxia (of early onset) and spasticity, which are accompanied by 

manifestations of peripheral neuropathy with finger and foot deformities. 

Usually there is no mental deterioration. The disease was described in some 

inhabitants of the Quebec region, in Canada. The major pathological 

indicators are hypermyelination of the retinal nerve fibers, atrophy of the 
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upper vermis and loss of Purkinje cells in the cerebellum, and degeneration of 

lateral corticospinal tracts. A gene involved in the disease of patients from 

Quebec encodes sacsin, which shares some structural features with 

chaperones.
11
 Recently, ARSACS-like conditions were found in five Japanese 

families.
16
 Interestingly, some of the clinical features of the disease in the 

Japanese patients differed from those described for the Canadian patients, for 

example, there was a later onset of ataxia in the Japanese compared with the 

Canadian patients. In addition, the Japanese patients did not show 

hypermyelination of retinal nerve fibers or spasticity, and had mental 

deterioration. It is increasingly clear that one can expect various types or 

ARSACS, depending on the population examined. The disease’s 

heterogeneity may be attributed to a variety of factors, one of which could be 

the type of alteration in the sacsin molecule. This protein has a predicted 

molecular mass of 437 kDa, and a pI of 6.85. The molecule is made of 3,829 

amino acids, encompasses two leucine zippers, three coiled coils, and seven 

nuclear localization signals, and does not show significant extensive similarity 

with any known molecule. However, the C-terminal portion of sacsin contains 

a DnaJ motif. Furthermore, sacsin also has two domains similar to the N-

terminal portion of Hsp90. These features shared with molecular chaperones 

have been the basis for inclusion of ARSACS among the candidates for 

chaperonopathies,
11
 and should stimulate research on the functions of sacsin 

in vitro and in vivo, focusing on the possible chaperoning properties of the 
molecule in normal individuals and their alterations in ARSACS patients. 

 
Pathology of protein transport into the endoplasmic reticulum. 

Several pathological conditions have been identified that show alteration of 

the mechanism translocating proteins into the endoplasmic reticulum (ER).
17
 

Among these conditions one in particular, autosomal dominant polycystic 

liver disease (ADPLD),
18
 qualifies as candidate to be included in the 

chaperonopathy class. Another one would be Marinesco-Sjodren syndrome, 

associated with mutation of a nucleotide exchange factor gene, SIL1 
(discussed previously

9
). ADPLD is characterized, histopathologically, by 

biliary epithelial liver cysts, which become bigger and more numerous with 

time, leading to organ failure. One of the genes involved encodes SEC63, 

which is mutated in some cases of ADPLD.
18
 SEC63 seems to be crucial for 

folding and/or import into the ER of one or more proteins participating in the 

development of cells in the biliary ducts and in the proliferation of those cells. 

In the absence of a functional SEC63, the proteins that regulate cell growth 

and multiplication do not translocate and fail to reach their place of residence 

and work and, as a consequence, the affected cells multiply excessively. 

Noteworthy in this regard, is that the SEC63 gene has been found mutated in 
certain types of cancers (e.g., hereditary nonpolyposis colorectal cancer-

associated small-bowel cancer) that are very malignant tumors characterized 

by extremely excessive cell multiplication.
19
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ACQUIRED CHAPERONOPATHIES 

 
Failure of inducible chaperones and disease. The distribution of Hsp73 

(constitutive) and Hsp72 (heat-inducible) was examined in the neuromelanin-

containing neurons by applying immunohistochemistry.
20
 Brain samples were 

obtained within 10 hours after death from patients that had Parkinson’s 

disease (PD) and from matched controls without the disease. In these 

controls, Hsp72 was undetectable and Hsp73 was present at low levels in 

cytosol and nucleus. In PD samples, Hsp73 was high in the nucleus, in which 

Hsp72 was undetectable. Lewy bodies were specifically examined, and 

Hsp73 was present in a subset of them, many more than the bodies showing 

Hsp72. The immunoreactivity of this latter chaperone was considerably 

stronger in non-melanized neurons than in the melanized ones. These results 

suggest that the expected increase of Hsp72 in response to increased need of 

assistance for the defective peptides characteristic of PD, and to the cellular 

stress caused by misfolded and aggregated peptides, does not occur. This lack 

of reaction by the Hsp72 chaperoning pathway may contribute to 

pathogenesis in PD by allowing accumulation-aggregation of misfolded 

peptides. 

 
Age related chaperone deficiency. The effect of stress-preconditioning on 

the subsequent response to stress was studied in human dermal fibroblasts 

(HDF) from primary cultures.
21
 HDF were obtained from young (15-28 years 

of age) and from old (61-77 years of age) individuals to assess the 

consequences of age in determining the outcome of stress preconditioning. 

The latter preconditioning was done by incubating cultured cells at 42 

degrees C for one hour while the tested stressor was applied to the 

preconditioned cells at 1, 2, or 20 hours of recovery at 37 degrees C after the 

one-hour long heat shock. Both, pre-conditioned and non-stressed cells were 

submitted to hypoxic and oxidative stress by treating them with cyanide-m-

chlorophenylhydrazone or hydrogen peroxide, respectively, for one hour. 

Western blot was used to assess the levels of Hsp70 in cell lysates and lactic 

dehydrogenase (LDH) was quantified in the used culture medium to assess 

cell damage. Hsp70 levels increased in young HDF by nearly 100, 200, and 

over 200 percent at 1, 2, and 20 hours after the preconditioning stress, 

respectively. In contrast, the increases in aged HDF were considerable lower, 

i.e., nearly 30, 60, and less than 30 at the same intervals. Therefore, aged cells 

responded poorly to the preconditioning heat stress by comparison with 

young counterparts. Furthermore, a decrease in cell damage caused by the 

secondary stressor (hypoxia or oxidative) likely attributable to the 

preconditioning stress was evident only in young HDF (LDH release after 

secondary stress was decreased only in used media from the young cells that 
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had been preconditioned 20 hours before). It was concluded that aged cells 

respond poorly to hypoxic and oxidative stresses even after preconditioning, 

and that the deficient response to the secondary stress is associated with a 

decreased response to the preconditioning stress measured by Hsp70 levels. 

Aged cells fail to increase the Hsp70 levels after heat shock by comparison 

with young counterparts, and this failure may contribute to their poor 

response to a secondary stress. 

Basal levels of Hsps during senescence in the absence of deliberate 

or known induction by stressors could be assumed, at least as a working 

hypothesis, to be good indicators of how ageing affects antistress mechanisms 

and protein homeostasis. However, information on basal levels of Hsps and 

chaperones in humans of any age is scarce. To address this lack of data on 

what appear to be an important aspect of the ageing process, the expression 

patterns of various Hsps were studied in human peripheral blood cells from 

individuals of old age and younger controls.
22
 Twelve women and five men 

(mean age 36.4 + SD 8.1 years) were compared to six women and 12 men 

with an average age of 75.0 + SD 6.3 years. In both groups all participants 

were healthy, with no detectable pathology. In addition, patients with acute 

infection (C-reactive serum protein levels over 10mg/l) were also studied 

divided into two groups: “young” composed of 10 women and six men, mean 

age 37.9 + SD 6.7 years, and “old” constituted of 11 women and four men, 

mean age 82.7 + SD 7.2 years. An increase in the basal levels of Hsp32, 

Hsp70 and Hsp90 was evident with age in the healthy set of individuals but 

not in the patients with infection, although the latter patients had overall 

higher levels of the Hsps than the healthy counterparts. The data also 

indicated that Hsp70 levels in patients with infection parallel the levels of 

serum C-reactive protein and cytokines. 

 
Post-translational modification of PDIase and protein misfolding disease. 

A chaperone that is part of the cellular anti-stress mechanisms residing in the 

endoplasmic reticulum is protein-disulphide isomerase (PDIase). This 

chaperone assists folding and transport of secretory proteins via a mechanism 

that involves catalysis of thiol disulphate exchange, which leads to disulphide 

bond formation and conformational re-arrangements. In neurodegenerative 

diseases and cell stress due to ischemia-hypoxia, a stress response is mounted 

in the ER with participation of PDIase in response to accumulation of 

misfolded proteins. However, this important function of PDIase may be 

compromised in some neurodegenerative disorders. For example, it was 

found that the chaperone is S-nitrosylated (a nitric oxide (NO) group is 

transferred to a key cysteine thiol) in brain cells from individuals with 

Alzheimer’s and Parkinson’s diseases.
23
 S-nitrosylation has a negative impact 

on the chaperone and on the cell: it inhibits the PDIase’s enzymatic activity 

and promotes accumulation of polyubiquitinated peptides with induction of 

the ER stress response that may proceed to apoptosis and cell death. As a 
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consequence of S-nitrosylation the cytoprotective capacity of PDIase is 

cancelled. This is a documented example on the molecular and pathological 

consequences of an acquired chaperonopathy (post-translational 

modification) that add up on top of those due to the intrinsic molecular 

abnormalities, i.e., proteinopathies, occurring in neurodegenerative disorders. 

 
Physical association of chaperones with precipitates of abnormal 

proteins in neurodegenerative disorders. Presence of chaperones and 

components of the ubiquitin-proteasome system in lesions characteristic of 

neurodegenerative disorders has been reported on numerous occasions. A 

recent article shows that sHsp are present in lesions typical of Alzheimer’s 

disease, AD in short.
24
 AD shows various pathological signatures: 

extracellular senile plaques (SP), intracellular neurofibrillary tangles (NFT), 

and cerebral amyloid angiopathy (CAA). All of them are constituted of 

defective proteins with a tendency to misfold, aggregate, and precipitate, thus 

forming the three kinds of deposits mentioned above. SP and CAA are chiefly 

made of A-Beta amyloid, while the main component of NFT is tau. The 

article discussed here reports that SP was accompanied by Hsp20, Hsp27, and 

HspB2 in the extracellular space.
24
 In addition, CAA was accompanied by 

extracellular HspB2. In contrast, NFT did not contain any of these sHsps. 

One inference one can make from these results is that the various types of 

sHsp play differential roles in the pathogenesis of the different types of 

lesions that are characteristic of AD. Therapeutic strategies based on the use 

of chaperones as therapeutic agents (chaperonotherapy), or based on the use 

of other agents targeted to chaperones, must take into account the findings 

just discussed, i.e., not all sHsp have the same role and not all participate in 

every type of lesion. See also the section on chaperonopathies by “mistake” 

further ahead. 

 
Sequestration of chaperone molecules in protein deposits may cause 

chaperoning deficiency. A quantitative deficiency of chaperones can 

conceivably occur if they become trapped into precipitates, which will 

subtract them from the pool of useful molecules. This phenomenon is not only 

possible in theory but it is likely to occur also in real life. Indeed, chaperones 

are found in protein deposits of various misfolding disorders, including 

neurodegenerative diseases. The question then is: are the quantities subtracted 

from the useful pool big enough to cause a deficiency in the overall 

chaperoning capacity of the cell? It has recently been reported that alphaB-

crystallin and Hsp27 are abundant in Rosenthal fibers.
25
 These fibers are 

protein deposits typically found in astrocytes from Alexander disease cases, 

and contain mainly glial fibrillary acidic protein (GFAP), which occurs 

almost exclusively in astrocytes. In most cases of Alexander disease studied, 

mutations of GFAP have been documented. One of the most frequent 

mutations, R416W, was found to disrupt intermediate filament assembly: the 
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filaments do form but they tend to aggregate. The mutant also induces the 

generation of intracellular precipitates in many cell types, including 

astrocytes, if the mutant gene is expressed in transfected host cells. These 

precipitates experimentally induced in trasnfected cells share properties with 

Rosenthal fibers, for example, alphaB-crystallin and Hsp27 are present in the 

precipitates together with the mutant GFAP. Analysis of the mechanism of 

formation of the experimentally induced aggregates showed that the mutant 

GFAP and the two chaperones associate simultaneously, during the formation 

of the aggregates. Interestingly, Hsp70 does not co-aggregate, suggesting that 

aphaB-crystallin and Hsp27 have a measure of specificity for aggregate 

formation with mutant GFAP. Furthermore, it was demonstrated by 

immunofluorescence with a monoclonal antibody for R416W GFAP, that the 

latter protein is present in Rosenthal fibers. 

 
Inactivation of chaperones by exogenous toxins. A newly identified type of 

chaperonopathy is caused by inactivation of a chaperone by a bacterial 

toxin.
26
 A toxin from a highly virulent strain of Escherichia coli, termed AB5 

subtilase, was found capable of cutting the Hsp70 chaperone that resides in 

the endoplasmic reticulum (ER), BiP, between two amino acids at positions 

416 and 417. In this manner, the substrate binding and the ATPase domains 

(for structural details see
9
) are severed from one another, causing inactivation 

of BiP. This chaperone plays a central role in the cell, not only in protein 

folding but also in various other related functions (e.g., translocation of 

extending polypeptide chains into the ER lumen, degradation of damaged or 

misfolded proteins, sealing of inactive translocons, maintenance of calcium 

concentration in the ER, and triggering the unfolded protein response (UPR) 

in response to ER stress caused by accumulation of damaged and misfolded 

polypeptides). Because of these many roles, inactivation of BiP is lethal. One 

can envisage that similar mechanisms still to be unveiled may be involved in 

the pathogenesis of many other bacterial infections and conditions due to 

toxic compounds from a variety of sources. In this regard, one may assume 

that even if a chaperone is not irreversibly destroyed as in the case of AB5 

subtilase described above but just partially inactivated or blocked, 

pathological consequences will ensue, the extend and severity of which will 

depend on the role of the chaperone affected. 

 
Quantitative changes of Hsp47 and fibrotic disorders. Collagen, the most 

abundant protein in the body of mammals, is an important component of 

many tissues providing a matrix that supports other molecules and endowing 

these tissues, e.g., skin and cartilage, with elasticity. Collagen synthesis is a 

complex process that involves a number of enzymes and also the molecular 

chaperones protein disulphide isomerase (PDIase) and Hsp47. The first set of 

steps occur inside the ER, in which the procollagen molecules form trimers 

assisted by PDIase and then fold with the help of Hsp47 to build stable triple-
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helical procollagen molecules. These triplets are then transported to the 

extracellular space via Golgi, in which parts of the procollagen molecules are 

cleaved and thus proceed to the formation of the collagen fibrils. Structurally, 

Hsp47 is characterized by a signal sequence at the N-terminus that directs it 

to the ER and by an ER-retention signal sequence (made of the aminoacids 

Arg, Asp, Glu, and Leu), which makes Hsp47 stay in the ER. When Hsp47 

binds the nascent procollagen chains, the ER-retention signal sequence is 

cleaved and the chaperone dissociates from its client peptide that is then 

exported to the extracellular space. In view of these mechanisms with central 

participation of Hsp47, it has recently been proposed that this chaperone 

might play a role in pathological disorders characterized by accumulation of 

fibrotic material made of collagen.
27
 Fibrosis occurs, for example, in skin 

keloids, pulmonary fibrosis, and renal glomerular and tubulointerstitial 

sclerosis. In experimental models of these disorders it has been observed that 

Hsp47 is increased, sometimes quite markedly. It is not completely clear 

whether this increase is primary (primary quantitative chaperonopathy), 

namely whether it precedes the fibrosis and causes it, or rather the reverse, 

increase in collagen production forces the increase of Hsp47 (secondary 

quantitative chaperonopathy), since the chaperone is required for the 

synthesis-assembly of collagen, as seen above. The fact that experimental 

blockage of Hsp47 activity reduces collagen accumulation would tend to 

indicate, although it does not prove, that upregulation of the chaperone is a 

causative factor rather than a response to a disorder affecting other genes-

molecules, such as collagen. 

 

 
CHAPERONOPATHIES BY MISTAKE OR COLLABORATIONISM 

AND THE NEED FOR ANTI-CHAPERONE AGENTS 

 
Typically, chaperones are considered to be devoted to the 

maintenance of healthy, normal cells and organisms. However, in some 

instances chaperones are recruited into pathogenic pathways and thus 

contribute to disease rather than the opposite. 

In principle, one can envisage at least two types of pathogenic 

pathways involving chaperones: 1) the pathway is normal, part of the cell 

physiology, and includes the participation of one or more chaperones, but for 

some reason the pathway becomes part of a pathologic process; and 2) the 

pathway is not part of the normal physiology of the cell but it becomes active 

in pathologic situations, involving chaperones. In both instances, 1 and 2, 

chaperones contribute to a pathogenic pathway by “mistake” as it were. This 

scenario must be viewed from the standpoint of the affected cell and also 

from the standpoint of the tissue or organism of which the affected cell is 

part. The pathway can be deleterious for the affected cell, and thus the 

chaperone would be promoting cell pathology and death, and disease of the 
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tissue and organism. An example would be chaperones that fail to prevent 

protein precipitation when they are overwhelmed by excess of misfolded 

peptides and co-precipitate with them, as it occurs in some neurodegenerative 

disorders of the elderly in which protein deposits are important components 

of the histopathological picture.
4,5,24,28

 

On the other hand, if the pathway in which a chaperone participates 

leads to the malignant transformation of a cell and is required for the tumor 

cell to grow and proliferate, the chaperone while beneficial to the tumor cell 

is pathogenic for the organism. Examples of the conditions in which 

chaperones do promote cell growth but are nevertheless pathogenic are 

provided by certain types of malignancies, in which chaperones (e.g., Hsp70, 

Hsp60, and Hsp10) are elevated and are required for tumor-cell proliferation 

and growth.
29-31

 It has also been shown that increased expression of Hsp90 

predicts lower survival in breast cancer.
32
 The mechanisms by which 

chaperones could contribute to tumorigenesis are not yet fully understood, but 

it is thought that the impact that some chaperones have on the cell cycle, and 

also the anti-apoptoptic effect of some chaperones, could be key components 

of these mechanisms.
31,33

 For example, protection of tumor cells from 

apoptosis would favor tumor progression. 

In situations 1 and 2 described above, if the levels of the pathogenic 

chaperones are elevated the pathologic entity could be classified as a 

dysregulatory, quantitative chaperonopathy.
5
 However, elevated levels of the 

pathogenic chaperones may not be essential for the pathogenic pathway to 

proceed and cause disease, in which case normal chaperones at normal levels, 

become involved in the causation of disease. Whether the chaperones are 

increased or not treatment of these conditions would benefit from anti-

chaperone agents that would suppress their genes and/or would block their 

function. It is clear then that the development of anti-chaperone agents ought 

to be a priority in the research agenda of chaperonologists for the next 

decade. 

 

 
CONCLUSIONS AND PERSPECTIVE 

 
 Chaperonology is an emerging science born after many years of work 

that has unveiled a variety of chaperones with distinct evolution, structure, 

function, pathology, and potential applications. It is now the time for progress in 

the understanding of the chaperonopathies, and in the refinement and 

standardization of chaperonotherapy, namely the use of chaperone genes and 

proteins to treat chaperonopathies and other conditions, such as cancer, in which 

chaperones have shown promise to help in the induction of antitumor 

immunity.
34
 Also, very promising is the study of chaperone networks to achieve 

a more complete understanding of protein homeostasis.
35,36

 This strategy will 

help elucidate the interactions between the various chaperoning systems and 
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between chaperones and other molecules, and will also help to unveil 

pathological disruptions of these interactions and predict their pathogenetic 

impact in what regards, for example, ageing and associated diseases. It can be 

envisaged that other fields of chaperonology will soon expand considerably 

such as: a) the use of chaperones, genes or proteins, to make cells more resistant 

to stress in clinical and biotechnological settings. For example, in preparation 

for surgical interventions with expected general hypoxia; in bioreactors in which 

productive cells must be protected from a variety of stressors that come with the 

influent or are generated during fermentation; and in industry focused on the 

health and productivity of plants and animals that need to be made resistant to 

environmental stressors (e.g., water pollutants in aquaculture tanks); b) the 

evaluation of chaperones as diagnostic markers and prognostic indicators; c) the 

elucidation of the role of extracellular chaperones and their alterations during 

development, ageing, and disease; d) the optimization of chaperone-based 

agents for the treatment of cancer; and e) the development of anti-chaperone 

agents for prevention and treatment of conditions in which chaperones play an 

active pathogenetic role. 
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