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Abstract

Heat Shock Proteins (HSP) are expressed at high levels in cancer and form a fostering 

environment essential for tumor development. We have reviewed the recent data in this area, 

concentrating mainly on Hsp27, Hsp70 and Hsp90. The overriding role of the HSPs in cancer is to 

stabilize the active functions of overexpressed and mutated cancer gene. Elevated HSPs are thus 

required for many of the traits that underlie the morbidity of cancer, including increased growth, 

survival and formation of secondary cancers. In addition, HSPs participate in the evolution of 

cancer treatment resistance. HSPs are also released from cancer cells and influence malignant 

properties by receptor- mediated signaling. Current data strongly support efforts to target HSPs in 

cancer treatment.

Introduction to HSPs, Chaperones and Cancer

HSPs are the effector components of a universal, explosive response to cellular stresses, 

most notably heat shock itself [1, 2]. In fact, HSPs are expressed in such quantities after heat 

shock that they can be visualized as the dominant bands on one-dimensional SDS PAGE gels 

after Coomassie blue staining; their abundance astonished some of the early investigators in 

the field. These proteins are synthesized in response to proteomic damage and can be 

thought of as components of a protein repair kit (Table 1).

Two major types of HSP are synthesized in stressed cells, which are distinguished by their 

general mechanisms of protein folding. The first type includes Hsp27, Hsp70 and Hsp90, 

and they interact directly with the surfaces of unfolded proteins[4–6] (Box1). By contrast, 

the second type (which includes the chaperonin Hsp60) assembles into complexes 

resembling folding chambers, which form privileged environments that exclude bulk 

cytoplasm and favor recovery of active protein conformations[7]. As an example of the 

chaperone reactions, we consider the properties of Hsp70 in more depth in Fig. 1. Hsp70 
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contains two major functional domains including a C-terminal peptide binding sequence and 

an N-terminal ATPase domain that permits the folding of denatured clients (Fig. 1a)[4, 8, 9]. 

In brief, Hsp70 is able to sense the topology of and bind to unfolded proteins, thus enabling 

their folding (Fig. 1b, c). Hsp70 is then released from the folded client when ATP bound to 

the N-terminal domain is hydrolyzed by utilizing its intrinsic ATPase activity. These two 

domains are regulated by mutual allosteric control: ATP binding triggers polypeptide 

release, while peptide binding provokes ATPase activity[4]. It should be noted that within 

the environment of the cell most chaperones require the aid of a number of co-chaperones to 

amplify the rates of client association, ATPase activity and nucleotide exchange[9]. Hsp60, 

Hsp70, Hsp90 and Hsp110 each utilize ATP binding and hydrolysis to mediate cycles of 

polypeptide binding, folding and release [5, 7, 10, 11]. The small HSP, Hsp27 is an 

exception and appears to function in folding reactions by formation of large oligomers that 

can store proteins in an aggregation-independent state[12]. Lacking an ATPase domain, 

Hsp27 requires the activity of Hsp70 or Hsp90 to become released from bound client 

proteins[12]. Hsp110 although possessing abundant protein binding (holdase) activity 

appears to function largely as a co-chaperone for Hsp70 and a complex of Hsp110-Hsp70-J-

domain co-chaperones possess the capacity to refold aggregated proteins[13]. Within the 

cell, proteins associated with Hp27 are passed on to Hsp70- co-chaperone complexes. 

Finally, the Hsp70-bound clients are passed to Hsp90 complexes, which carry out the 

finishing touches, producing a folded and functional client protein[9, 12]. Inhibition of any 

of these stages inhibits the folding reaction. Cells that survive one protein stress episode and 

become enriched in each of the HSPs described above and become “thermotolerant;” that is, 

markedly resistant to any further such damage [14].Due to the role of HSPs in 

accompanying cellular proteins and deterring inappropriate interactions, this class of 

proteins became known as chaperones.

HSPs can also bind more stably to some protein clients; presumably the more dynamic and 

structurally unstable proteins[15]. In this case, at the end of the folding cascade the client-

protein complex either fails to dissociate or there are repeated cycles of chaperone release 

followed by re-association. Such persistent interactions have regulatory functions within 

cells. For example, molecular chaperones form complexes with steroid hormone receptors 

[15, 16], which appear to stabilize the receptors and permit them to adopt anticipatory 

conformations that are primed to be activated by ligand binding. It is an interesting theme 

that many proteins that are persistently associated with Hsp90 complexes, although stable 

and fully folded, are inactive[16, 17]. Activation of proteins complexed to Hsp90 generally 

leads to their release; the released client is then transiently functional prior to its unfolding 

and deactivation. By contrast, Hsp70 association was shown to lead to loss of activity in the 

client protein partner through partial unfolding and Hsp70 could thus function as an inhibitor 

of some processes [15]. Elevated levels of Hsp70 inhibit the apoptotic cascade by such a 

mechanism.

The coordinate induction of individual HSPs by stress suggested a shared mechanism 

regulating their expression. Indeed all HSP genes have been shown to contain at least one 

binding site (heat shock element) for heat shock transcription factor 1 (HSF1) in their 

proximal promoter regions[18]. HSF1 is a sequence specific transcription factor that is 

triggered by proteotoxic stress to form trimers and bind to HSP promoters within a few 
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seconds, leading to a prompt and massive transcriptional response. HSP gene induction 

involves the reversal of Hsp90-mediated product inhibition as well as posttranslational 

modifications such as phosphorylation, sumoylation and acetylation[18, 19]. Considerable 

effort is being exerted in determining mechanisms for HSF1 activation in cancer, although a 

definitive mechanism has not yet been identified. For the purposes of this review, we have 

only briefly discussed HSF1 as this rapidly expanding subject merits consideration of its 

own.

This review is a follow-up of our article on heat shock proteins (HSPs) in cancer published 

in TIBS in 2006, and is concentrated now largely on work published in the past five years 

[20]. Since 2006 the volume of publications in this area has increased dramatically and 

HSPs have come to be seen as playing significant roles in of many of the attributes of cancer. 

We have prepared an overall review of the properties of HSPs that may influence the 

defining traits of cancer. More detailed reviews regarding the mechanisms, in tumor 

development of HSPs in general[21], Hsp27[12], Hsp70[22], Hsp90 and its inhibitors[23] 

are available. We have concentrated on Hsp27, Hsp70 and Hsp90 as the majority of reports 

encountered by us in the literature involved these chaperones. While there is some evidence 

for a role for hsp60, particularly in GI cancers, we could find little information available for 

Hsp110[24]. It is not clear at this stage whether the paucity of information regarding Hsps 

60 and 110 reflects their minor status in tumorigenesis or if it is the result of the preferences 

of investigators for study of individual HSPs.

Cancer cells therefore resemble thermotolerant cells, in that they are enriched in chaperones 

and consequently in protein folding power

We might next ask how the enriched folding environment of the tumor cell participates in 

cancer The molecular components that drive the development of cancer are largely proteins 

that permit increased cell accumulation, tumor formation and the escape of cells from 

primary tumors to cause secondary cancers [25–29]. Intuitively one would consider HSPs 

unlikely to play a direct causal role in any of these processes. However, elevated HSP levels 

do appear to provide an enabling environment for tumor progression to take place [20]. How 

does this work?

Cancer development involves a radical breakdown in cellular regulation, as most 

differentiated cells in the body have ceased growth and are enmeshed within the tissue 

architecture[26]. Overcoming tissue homeostasis and resuming growth and mobility in 

cancer involves multistep changes to overwhelm the capacity of the regulatory proteins [26]. 

Such cancer-promoting changes involve increases in oncogene levels, gain of function 

mutations in such oncogenes and loss of function mutations in tumor suppressor genes. Thus 

we can envisage a role for elevated protein folding power in managing the amplified 

proteome and in accompanying mutant proteins that are essentially “unfoldable” due to 

covalent changes in structure (Figure 2). Indeed inhibition of Hsp90 in cancer cells leads to 

wholesale degradation of oncogenic proteins[23]. Furthermore expression of the oncogene 

Her2 in the absence of Hsp70 in lead to cell inactivation indicating the important functions 

of chaperones in oncogenesis[30].
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HSPs and the Defining Traits of Cancer Cells

When the United States President Richard Nixon signed the National Cancer Act in 1971, 

few would have predicted the complexities that such a “war on cancer” would turn up. 

However, studies carried out by the cancer research community over the next 30 or so years 

led Douglas Hanahan and Robert Weinberg to compile in 2000 a list of accepted 

“Hallmarks” essential in tumorigenesis including: (1) unregulated proliferation (2) evasion 

of anti-growth signals, (3) escape from programmed cell death, (4) avoidance of cell 

senescence, (5) de novo angiogenesis and (6) cell invasion and metastasis [25]. We consider 

here how the HSP-rich tumor environment contributes to these traits.

Chaperones of Cell Proliferation

Cell proliferation in adult tissues is not a default state and most cells have long ceased 

growing at this stage. In cancer, growth control is deregulated and proliferation resumes. 

When growth is required, normal cells receive instruction for proliferation from secreted 

growth factors[31]. The factors then bind to high affinity receptor proteins that have 

extracellular binding surfaces as well as intracellular signaling domains[31]. Receptors thus 

accept the growth signal and transmit it into the cell's interior. Signals then pass through a 

series of relay proteins that amplify the message leading ultimately to cell proliferation[32]. 

Deregulation at each of the signal transduction stages can be oncogenic due to unscheduled 

proliferation. Figure 3 shows the growth promoting, branched cascade leading from the 

cancer-causing growth factor heregulin[33]. Most of the receptors and enzymes that 

constitute the cascade are oncogenic when expressed at elevated levels or activated through 

mutation. Many of these proteins are clients of Hsp90; therefore amplification of Hsp90 is 

permissive for unrestrained proliferation[34]. Hsp90 chaperone complexes thus maintain the 

signaling circuitry that underlies the capacity of many cancers for independent growth[35]. 

There is some suggestion that Hsp70 may also be required in a similar fashion, because 

inactivation of this chaperone led to inhibition of proliferation in murine mammary tumor 

cells[36]. Indeed, Hsp27>Hsp70>Hsp90 may operate in relay manner in maintaining the 

integrity of the activated proteins involved in proliferative signaling cascades. By analogy 

with electrical circuitry, HSPs may be thought of as providing the insulation necessary for 

prompt and abundant passage of signals for growth.

Evading Anti-Growth Signals with HSPs

One of the principal factors that control the development of cancer is p53, a protein with a 

role in mediating growth arrest and apoptosis in response to DNA damage. The potency of 

p53 in preventing carcinogenesis is illustrated by the findings that germline mutation in p53 

is the principal causal agent in Li-Fraumeni syndrome, a genetic disorder that involves 

pronounced susceptibility to breast cancer, osteosarcoma, gastric cancers and soft tissue 

sarcomas [37]. Inactivating mutations in Tp53 (the gene encoding p53) appear to be 

dominant to the other, normal allele, perhaps through imposing a defective conformation on 

wild-type p53 protein through dimerization. Expression of hsp70 and hsp90 increases to 

high levels in tumors with mutated p53 and both chaperones may play roles in stabilizing the 

altered conformation of mutant p53 [38, 39]. Hsp27 interacts with wild type p53 in a 

pathway that leads to functional inactivation and interruption of senescence[40].
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Escape from Cell Death May Be Aided by Elevated HSP Levels

The chaperones Hsp70 and Hsp27 appear to be powerful inhibitors of cell death pathways 

and thus can, when they become elevated in cancer, indirectly stimulate tumor growth. 

Programmed cell death (PCD) is an intrinsic mechanism that all cells are capable of 

executing, leading to loss of cells that either pose a danger to the organism such as activated 

T cells or cells sacrificed during tissue remodeling [41]. Such death pathways can also be 

triggered by stresses. Cancer cells, have been shown to deploy a range of mechanisms to 

evade PCD [42]. Remarkably, Hsp70 and Hsp27 have both been shown to interact directly 

with protein intermediates in the apoptosis pathways and are potent inhibitors of PCD[43, 

44]. Hsp27 inhibits PCD through its capacity to block multiple steps in these death 

pathways. These effects include inhibiting cytochrome C and SMAC Diablo release from 

mitochondria as well as antagonizing caspases 3 and 9[45–47]. In addition the alternative 

death receptor pathways including the Fas, TNFα and TRAIL pathways are targets for 

inhibition by Hsp27[48]. Hsp70 is likewise a versatile inhibitor, blocking the c-jun kinase 

pathway of PCD and interrupting cytochrome C release from mitochondria[44, 47]. The 

effectiveness of Hsp27 and Hsp70 in inhibiting PCD suggests that such a mechanism could 

in fact be a component of the ancestral heat shock response to limit cell death caused by 

protein stress, which would permit an interlude in which HSPs could be synthesized and 

proteins could be refolded. PCD can also be prompted by unscheduled expression of 

oncogenes or by cytotoxic therapies [49]. The chaperone-rich cytoplasm of the cancer cell 

thus contributes to the resistance to PCD and killing by cytotoxins [49]. Chaperones appear 

to act additively in the restraint of cell death and for instance dual targeting of Hsp70 and 

Hsp90 promoted chemotherapy-induced death in bladder cancer[50].

HSPs Contribute to Limitless Proliferation and Avoidance of Senescence

HSPs are also very effective at interrupting another pathway of cell inactivation- in this case 

by inhibiting cell senescence. Normal cells resist transformation by having a limited number 

of permitted divisions [51]. This system is based on the lack of replication of chromosome 

ends at each cell division; the capping structures at the chromosome ends become 

progressively shortened, leading to arrest of further division and cell senescence[52, 53]. 

Cancer cells evade the senescence program by deploying the enzyme telomerase, which 

replaces the shortening ends of telomeres[53].

Hsp90 binds to telomerase and is required for its efficient function[54]. Thus, Hsp90 might 

deter senescence by chaperoning telomerase and overcoming the erosion of telomeres over 

time when expressed to high levels as in cancer. Indeed, chemical targeting of Hsp90 inhibits 

telomerase function, confirming a role for the chaperone in limiting senescence in cancer 

[55]. Interestingly, Hsp90 was also able interact with the promoter of the human telomerase 

gene and enhance expression of telomerase in human cancer cells [56]. In addition, Hsp27 

and Hsp70 inhibit the effector arm of the senescence pathway by reducing the effectiveness 

of p53 in promoting cell senescence [40, 49, 57, 58]. p53 transcriptionally upregulates cell 

cycle protein p21, which directly arrests proliferation, and this process is inhibited by high 

levels of Hsp70[57]. The exaggerated levels of HSPs in cancer thus provide an environment 

that is conducive to maintaining the status of the potentially immortal cancer cell.
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Do HSPs Contribute to Angiogenesis?

Growing tumors inevitably outgrow the local blood supply as they increase in size, and 

begin to starve for oxygen[59]. However, tumor cells are able to deploy Hypoxia Inducible 

Factors (HIF), proteins that can sense the low O2 environment and mediate the expression of 

growth factors such as vascular endothelial growth factor (VEGF) that increase the growth 

of the tumor capillary network[60]. Although there are few reports regarding the role of 

HSPs in tumor hypoxia and HIF1 activity, one study indicated HIF1–α degradation in the 

presence of Hsp90 inhibitors, suggesting a role for the chaperone in stabilizing this factor 

[61]. Recent reports also indicate that Hsp27 becomes pro-angiogenic when released from 

tumor cells and can bind to receptors, stimulating VEGF transcription through an alternative 

pathway involving the factor NFkB[62]. Extracellular Hsp27 also exerts pro-angiogenic 

properties through direct interactions with VEGF in the medium[63].

HSPs Fuel Tumor Cell Invasion and Metastasis

Metastasis is a complex behavior in which transformed cells acquire the capabilities to: (i) 

Remodel the local microenvironment and detach from neighbor cells (ii) Migrate within the 

primary tumor locus, (iii) Invade across the tumor capillary wall and enter the bloodstream 

and (iv) Survive the journey through the circulation to invade distant organs[26]. As this is a 

complex process, changes in a number of genes are associated with the acquisition of a 

metastatic phenotype[64]. Elevated expression of each of the HSPs strongly promotes 

metastasis. An increase in Hsp90 is associated with metastasis largely due its capacity to 

chaperone focal adhesion kinase, integrin linked kinase and the receptor tyrosine kinases 

ErbB2 and MET [65]. MET appears to be an important client for HSPs in cancer and Hsp70 

inactivation leads to decreased MET expression and loss of MET autophosphorylation in 

mammary tumors [36, 66]. Hsp27 expression also favors metastasis though its effects on a 

process known as the epithelial-mesenchymal transition, in which cells switch from a 

compact shape to a spindle shape and gain enhanced cell motility [67–69]. In addition, 

elevated co-chaperone levels also promote (prostate) cancer; increased levels of the Hsp90 

co-chaperone p23 increases metastasis in prostate cancer[70]. The ability of HSPs to 

respond to and protect cells from stress may also permit metastasizing cells to survive the 

trauma involved in passage through blood vessels.

HSP90: A Pivotal Factor in Evolution, Tumor Progression and the Origin of 

Treatment-Resistant Phenotypes

In 1998, the Lindquist Lab made a groundbreaking discovery: that Hsp90 could play a role 

in Darwinian evolution in cells and organisms[71] (Box 2). Hsp90 appeared to participate in 

`canalization;' that is, it smoothed over changes in phenotype despite the accumulation of 

genetic changes that occur naturally. Selection of new traits could be brought about by heat 

shock in which Hsp90 is sequestered by denatured proteins, or by Hsp90 inhibitors, 

presumably when mutant conformations are unmasked by chaperone inactivation and new 

phenotypes can thus be tested for fitness[71]. These changes also bred true after selection 

stress and inhibiting Hsp90 thus led to novel heritable traits. If there were a tissue 

environment where Darwinian evolution would be expected to operate in an accelerated 

Calderwood and Gong Page 6

Trends Biochem Sci. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



manner, it would be the nutrient deprived –but viable cells in the center of the tumor milieu. 

The tumor milieu is generally in a critical state for energy production, with reduced tumor 

glucose levels and hypoxia in cells remote from the microcirculation[72]. These are 

conditions in which Hsp90, which requires a high ATP level and low ADP level to function 

at physiologically significant rates, becomes inactive [73]. The initial emergence of cancer 

also involves selection for genetic mutations and this process accelerates as defects in 

mismatch repair and non-homologous end joining repair accelerate along with tumor 

progression and the traits encoded by these altered genes might be further unmasked when 

Hsp90 is inhibited[74]. Thus one might speculate that the emergence of new phenotypes 

close to the hypoxic cores at the center of more advanced tumors might be at least partially a 

consequence of inactivated Hsp90 and loss of phenotypic buffering [75]. Chemotherapy and 

radiation therapy also put an extra level of stress on these cells and may further lead to the 

emergence of chemoresistance and radiation resistance. This is a compelling mechanism for 

the rapid evolution of treatment resistance in tumors and suggests further investigation. 

These considerations suggested the profound strategy of inhibiting Hsp90 with non-toxic 

amounts of drugs in combination with standard therapies to combat the evolution of drug-

resistant traits[76].

HSF1 and HSPs in Cancer Stem Cells and Tumor Initiation

It has recently become apparent that tumors are heterogeneous at the cellular level and that 

only a fraction of the cell population is able to seed a new tumor [77]. The small tumor 

initiating sub-populations possess phenotypes similar to those of tissue stem cells, and are 

referred to as cancer stem cells (CSCs) (Box 3). The remainder of the tumor cells (non-stem 

cells, NSC) although continuing to proliferate, have reduced tumor initiating capacity and 

therapy resistance and are thus not the primary drivers of cancer growth and recurrence [78]. 

Many of the NSC may however be required for maintenance properties such as releasing 

growth factors and generating the stem cell niche and may possess the plasticity required to 

be recruited into the CSC fraction during episodes of cell death[79]. Thus the role of HSPs 

in both CSC and NSC may be informative. Stem cell renewal can be triggered by a number 

of signaling pathways including the Wnt / β-catenin, JAK-STAT, Hedgehog, Notch, TGF-β 

and Hippo-YAP/TAZ pathways that are often aberrantly regulated in cancer[79]. 

Interestingly, CSC seem to be enriched in HSPs, which undergo a decline upon 

differentiation [80]. CSCs are a particularly problematic subpopulation because they exhibit 

resistance to most therapies, drive tumor growth and metastasis and mediate tumor 

recurrence[79, 81]. It was shown recently that murine and human mammary CSCs are 

enriched in Hsp70[36]. Knockout of the genes encoding Hsp70 or reduction in HSP levels 

through knockdown of HSF1 markedly depleted CSC levels[36]. CSCs in this model system 

were the major drivers of metastasis and loss of Hsp70 led to a striking reduction in 

secondary lung tumors[36]. The molecular mechanisms underlying the role of Hsp70 in 

stemness and metastasis are still under study,[36] although a role for the oncogene MET was 

noted. HSF1 and HSPs may play a key role in activating the Wnt / β-catenin pathway of 

stem cell renewal through permitting elevated translation of β-catenin itself[82]. As with 

Hsp70, Hsp27 was also required for mammary CSC maintenance and cell migration. In this 

case, the mechanism for CSC renewal involved another pathway, one involving the factor 
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NFkB, a known factor in stemness[83]. Inhibition of Hsp90 also led to a reduction in 

stemness in a number of tumor types [84, 85] (Figure 4). Hsp90 is required for activity of 

the CSC renewal pathway involving the JAK-STAT system[86, 87]. In normal tissues, the 

stem cell inducing pathways become inactivated during differentiation while in CSC, loss of 

regulation, a process involving elevated HSP levels leads to sustained CSC survival and 

promotion of cancer[36, 79].

Although we have discussed the properties of HSPs in cancer under various headings, these 

processes are intimately linked. HSPs are important promoters of the CSC phenotype and 

such cells are highly invasive, support tumor repopulation, are profoundly metastatic and are 

resistant to treatment[36, 85]. Tumor hypoxia may play a part in the evolution of new cancer 

cell properties through its effects on Hsp90 activities in cells remote from the circulation. 

The combined effects of increases in sustained proliferation and reduction in PCD and 

senescence, each dependent on elevated levels of HSPs, may be key to promotion of tumor 

growth.

HSPS in Transgenic Tumor Models: In Vivo Veritas?

Within tumors, one or more dominant mutation(s) generally occur and these mutated 

proteins drive the malignant process [88]. Much may be learned about the roles of HSPs in 

tumorigenesis by studying transgenic mice that have been engineered to express dominant 

oncogenes For instance, Sherman et al. discovered an essential role for Hsp70 in the Her2 

mouse model[30]. Mammary tumors arising in such mice are a model for the Her2 positive 

subtype of human breast cancer[30]. In this case the primary role of Hsp70 was to deter 

senescence in the emerging mammary tumors and to permit survival of Her2 transformed 

cells[49]. By contrast, in the hsp70−/− MMT spontaneous mouse mammary model, in which 

animals are transformed by the Polyoma Middle T antigen expressed from the mouse 

mammary tumor virus long terminal repeat sequence, the primary effects of Hsp70 were to 

encourage tumor initiation and metastasis [36]. Mammary tumors that develop in MMT 

mice mimic a number of aspects of human breast cancer including ability to metastasize and 

expression of estrogen receptors[77]. Interestingly Hsp70 appeared to interact with a specific 

molecular target in this model: the transforming oncogene MET[36]. Therefore, Hsp70 was 

essential in both systems investigated to date but may have quite different ways of 

interacting with the individual drivers of carcinogenesis. As multiple dominant oncogenes 

have been shown to fuel the growth of tumors of many morphologies, future studies using 

transgenic animals that express other driver oncogenes may permit us to ask fundamental 

questions regarding the role of HSPs throughout the tumorigenic process.

Mechanisms: Do We Understand How HSP Levels Increase in Cancer?

We next ask - is there an overall hypothesis to account for the abundance of HSP expression 

in cancer cells and do such cells have reduced capacity to fold proteins? This question was 

directly addressed in studies by Sherman et al., who monitored several criteria associated 

with cell stress and found that cancer cells do not seem to be in folding deficit[89]. However, 

there seems little doubt that cancer cells have an increased folding demand. This is 

evidenced by the studies showing that inhibition of Hsp90 in cancer cells leads to loss of a 
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wide range of proteins essential for tumor growth[34]. It was however shown in a study of 

prostate cancer cell lines, each rich in chaperone expression, that heat shock led to rapid 

induction of HSP mRNAs, indicating that the heat shock response was far from saturated in 

such cells[90]. The prevailing hypothesis is, then, that as the expression levels of oncogenes 

rises, the heat shock response becomes progressively activated and HSP expression rises.

Other Regulatory Roles for HSPs in Driving Cancer: Beyond Chaperoning?

(i) Do HSPs influence RNA expression? It was shown recently that inactivation of 

Hsp70 in mouse mammary cancer led to significant changes in transcripts of a 

number of potentially significant genes[36]. The roles of HSPs in regulating the 

tumor transcriptome are still unclear, although with the widespread availability of 

RNA-deep sequencing capabilities one predicts much new information in this area.

(ii) Co-chaperones do not merely influence the rate of protein folding by chaperones 

but can also regulate their cellular functions. In addition, the interaction goes both 

ways: the primary chaperone also regulates co-chaperone function. Hsp70 can 

couple to the co-chaperone BAG3[89]. This may be highly significant as BAG3 is 

an important signaling protein and, when coupled with Hsp70, BAG3 influences 

the activities of a range of proteins with regulatory roles in cancer[89].

Extracellular Chaperones: the Jokers in the Pack

Although their existence was originally treated with some skepticism, the biological 

significance of extracellular HSPs is now growing rapidly. Extracellular HSPs can be 

proinflammatory in some contexts or show the opposite nature in others[91, 92]. When used 

as vaccines to chaperone tumor antigens, they can stimulate specific tumor immunity and 

lead to tumor regression[81]. The direction of their effects thus appears to depend on the 

environment. When cells are exposed to elevated Hsp70 levels in the context of 

inflammatory cell killing, potent immunity is observed[92]. When HSPs are released from 

tumors in the absence of such killing, a class of immune suppressor cells is stimulated and 

reduced immunity is observed[93]. Extracellular Hsp27 also influences the behavior of 

surrounding cells. Like Hsp70, this chaperone can influence immunity in both directions 

through pro-inflammatory cytokines IL-1β and TNF-α and anti-inflammatory cytokine 

IL-10 [94]. Extracellular Hsp27 also positively influences angiogenesis by increasing VEGF 

transcription in vascular endothelial cells [62].

In addition to its immune properties, extracellular Hsp90 plays a remarkably powerful role 

in stimulating wound healing[95]. As many of the properties of cancer resemble those found 

in wound healing this suggested a potential role in malignancy. Indeed, a number of studies 

suggest a role for extracellular Hsp90 in stimulation of metastasis, involving a range of 

mechanisms[96, 97]. Hsp90 appears to have a profound influence on would healing, EMT 

and metastasis through this “inside out” signaling cascade (Figure 5).

The expanding levels of molecular chaperones in the progressing tumor may thus precede 

the release of these molecules into the extracellular microenvironment. It is not clear by 

which mechanisms these molecules, lacking in secretion leader sequences are released from 
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tumor cells. However, leakage of HSPs from dying cells in the necrotic cores of large tumors 

or from cells damaged in cancer therapy could be involved. In addition Hsp70 has been 

shown to be actively secreted from tumor cells[98]. Extracellular HSPs appear to be able to 

bind to cells of many morphologies, suggesting pleiotropic effects of the extracellular HSPs 

within the tumor milieu, which contains multiple competing or cooperating cell types[99]

Concluding Remarks

There is overwhelming evidence that molecular chaperones such as Hsp27, Hsp70 and 

Hsp90 are expressed at elevated levels in a wide range of cancers and their elevated 

expression indicates a poor prognosis in most diseases. HSP expression appears essential in 

many of the distinctive traits of malignant cells, including uncontrolled growth, reduced 

tumor suppression, enhanced cell survival and the acquisition of powerful capacities for 

angiogenesis and metastasis. It was also recently shown that HSPs play key roles in 

promoting the CSC phenotype, including a capacity for cell renewal, invasion and 

metastasis. Hsp90 appears to permit dynamic changes in tumors and aid in rapid evolution 

of new treatment-resistant phenotypes, a feature of tumor progression. Within malignant 

disease types, individual oncogenes are known drive the progression of individual cancers, 

and Hsp70 can interact distinctly with different driver oncogenes. In addition, extracellular 

HSPs are of growing importance in the etiology of cancer and may mediate powerful effects 

on tumor immunity and metastasis.
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Box 1.Molecular chaperones

Molecular chaperones are an ancient class of proteins found in all cellular organisms, 

suggesting a fundamental role. Their level of conservation is quite remarkable. For 

instance, the human Hsp70.1 and E. coli Hsp70 protein DNAK are at least 50% 

conserved[8]. Molecular chaperones bind to “client” proteins and deter unfolding or aid 

in de novo folding[103]. A number of different chaperone families with unrelated 

sequences exist. Such heterogeneity among chaperones may indicate that they interact 

with different client proteins or that they perform subtly different tasks in folding.

Many chaperones are members of multigene families, often with similar DNA sequences. 

For instance, human cells have 12 members of the HSP70 family. The presence of 

multiple similar genes may permit rapid production of HSPs when cells are stressed[8]. 

However, there is increasing evidence for distinct functions often between quite similar 

chaperones, suggesting specialized functions within the cell[100].
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Box 2. Hsp90 as a facilitator of tumor cell evolution

It has been hypothesized that Hsp90 plays a unique role as a “capacitor for evolution” 

based on its ability to chaperone quasi-stable structures resulting from point mutations 

and even more gross alterations in structure as in the fusion genes formed from domain 

swapping between distinct proteins[71]. Cells in human tumors undergo a process similar 

to natural selection as they compete to overcome the many physiological barriers to 

growth of malignant cells, struggle to survive in the hostile, energy-deprived milieu of the 

tumor[59, 72], and intermittently undergo massive levels of cytotoxic stress during cancer 

therapy[81]. In addition, the process of tumor progression is accompanied by increasing 

genomic instability, an alteration that generates the point mutations and translocations 

mentioned above[74, 75]. Hsp90 may thus permit the survival of such altered proteins, 

which may drive the emergence of cryptic phenotypes that can be expressed when cells 

are stressed by therapy or by deterioration in the tumor milieu.
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Box 3. Cancer Stem Cells

In most tissues, renewal or growth of the population is due to a specialized class of stem 

cells[78]. Stem cells divide and lead to a lineage of cells that differentiate progressively 

to finally produce the specialized effector cells that carry out organ-specific functions. It 

came as a surprise to most oncologists when the common solid tumors were found to 

contain cells that resembled stem cells (cancer stem cells)[79]. These cells are of high 

significance as they almost exclusively initiate the primary and secondary tumors. The 

majority of the remaining tumor cells thus have properties in common with differentiated 

cells and have much less pronounced tumor-initiating potential. Relative roles as stem or 

differentiated cells involve divergent fate-determining gene expression profiles. The stem 

cell fractions of tumors have powerful intrinsic resistance to drugs, ionizing radiation and 

immune attack, consonant with their essential roles as repositories of cell lineage[81].
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Outstanding Questions

(1) The HSP gene families have multiple members. However, it is not clear whether 

this redundancy serves mainly to increase gene dose, or whether individual HSP 

family members have significantly different functions. Determining the 

distinctive properties for each HSP family member would also help in the design 

of future drugs. Current drugs target properties common to the whole family, 

such as the ATPase domain of Hsp90 proteins. Thus, essential chaperoning 

properties that are required by normal cells are also inhibited and toxic 

complications can ensue. This will be a challenging project, as the structures of 

the proteins within individual HSP families can be very similar.

(2) One area that has been relatively neglected is study of HSP regulation by 

posttranslational modification (PTM). However, the Neckers lab has recently 

determined a number of key PTMs in Hsp90, including phosphorylation and 

SUMOylation sites that may influence the susceptibility of cancer cells to 

Hsp90 drugs. Further study in this area might offer significant insights into how 

HSPs are regulated in cancer and in designing optimal new drugs.

(3) Inside or outside? The relative importance of intracellular and extracellular 

HSPs in tumor growth and metastasis is not yet determined, and remains a key 

question for the future.

(4) Do HSPs have properties beyond the chaperoning of proteins in cancer cells? 

Recent studies suggest so, and these properties may offer new areas that we can 

exploit for new therapies.
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TRENDS BOX

• Molecular chaperones such as Hsp27, Hsp70 and Hsp90 have elevated 

expression in a wide range of cancers, which indicates a poor prognosis in 

most cases.

• HSP expression is essential to many of the distinctive traits of malignant 

cells including uncontrolled growth, reduced tumor suppression, enhanced 

cell survival and angiogenic and metastatic properties.

• Recent studies show that HSPs support cancer stem cell identity including 

the capacity for cell renewal, invasion and metastasis.

• Increased levels of Hsp90 aides the rapid evolution of new treatment-

resistant phenotypes by permitting new traits to arise within tumors.

• HSPs can interact distinctly with different driver oncogenes, which drive the 

progression of individual cancers.

• Extracellular HSPs are of growing importance in the etiology of cancer and 

may mediate powerful effects on tumor immunity and metastasis.
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Figure 1. The Basics of Hsp70 Chaperoning
(a) Heat shock protein 70 (Hsp70) contains two main functional domains, including a 

peptide-binding domain that recognizes unfolded client proteins and an ATPase domain that 

can utilize the energy stored in ATP for the folding reaction (above). (b) Thus, the Hsp70 

and ATP can promote protein folding (below).(c) Hsp70 associates with unfolded proteins 

that are themselves recruited by J domain co-chaperones (JDP). Binding of the client protein 

then triggers the intrinsic ATPase domain of Hsp70 to hydrolyze ATP, resulting in a higher 

affinity association of ADP-bound Hsp70 with the client. Client release from Hsp70 is 

triggered by co-chaperones such as HSP-BP1 (Heat Shock Protein-Binding Protein 1) and 

Bag1 (BCl2-associated athanogene 1). These proteins mediate dissociation of ADP from 

Hsp70, followed by the binding of ATP. ATP-bound Hsp70 has a reduced affinity for the 

client that can now dissociate in a more folded conformation.
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Figure 2. HSPs in Cancer Signaling
(A) We depict potentially oncogenic proteins (rectangles) being suppressed in normal cells 

by regulatory proteins (oval, triangle). (B) Potentially oncogenic changes including mutation 

(pink parallelogram) or increased expression (multiple blue rectangles) fail to transform 

cells in the absence of elevated HSPs due to insufficient chaperoning power. These mutated 

and overexpressed oncoproteins are depicted as then undergoing proteasome-mediated 

degradation. (C) Elevated levels of chaperones (green ovals) permit transformation by 

stabilizing the mutated or hyperexpressed oncogenic proteins and permitting tumor growth. 

Cells with elevated HSP levels as in (C) can be reverted to those with a failed oncogenic 

change as in (B), with oncogene degradation, by chaperone antagonism using drugs such as 

Hsp90 inhibitors (not shown).
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Figure 3. Hsp90 enhances the heregulin-HER3 Signaling Cascade
Heregulin binds to its receptor and launches growth-promoting signaling through the Erk 

(left), src (far left) and Akt (right) branches. Numerous high affinity partners for Hsp90 

(white circle) exist along these pathways, indicating the long reach of Hsp90 in cancer 

signaling. These pathways can be blocked by Hsp90 inhibitors at each individual Hsp90 

chaperoned step, leading to multitargeted cancer therapy.
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Figure 4. Elevated levels of HSF1 and HSPs promote renewal of tumor-initiating cancer stem 
cells
HSPs and HSF1 interact with effectors of CSC renewal and reinforce stemness in a non-

canonical manners. Hsp90 and HSF1 promote stemness by, respectively, the STAT3 and β-

catenin CSC pathways while Hsp27 promotes stemness through activating NFκB. Expanded 

populations of CSC then initiate primary and metastatic tumor growth. CSC divide either 

symmetrically to produce CSC daughter cells or asymmetrically to produce one daughter 

CSC and one daughter that is a progenitor cell capable of forming different types of tumor 

tissue. We depict CSCs with a spindle-shaped mesenchymal morphology and NSCs, formed 

by asymmetric division in the tumor with a more epithelial-type, polygonal morphology.
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Figure 5. Intracellular and extracellular HSPs in cancer
HSPs are released from tumor cells and can act in an autocrine manner on the secreting 

cancer cell. Here, we show an extracellular HSP binding a receptor and stimulating cancer 

signaling. In addition, extracellular HSPs may also function in a paracrine manner in the 

milieu, binding to other tumor cells, to immune cells such as macrophages, and to vascular 

endothelial cells. Extracellular HSPs may thus influence tumor immunity, invasion and 

metastasis and angiogenesis. Blue ovals are cell nuclei.
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Table1

Major HSP families in humans

Protein Function Co-chaperones
1 Refs

Small HSP (Hsp27) Chaperone None [12]

HSP60 Chaperonin Hsp10 [7]

HSP70 Chaperone Hsp40, Grpe, Bag1, Bag3, Hip, Hop, CHIP [4, 10, 14]

HSP90 Chaperone P23, Aha1, Hop, FKBP51, FKBP52, Cyp40, Cdc37 [5, 17, 23, 34]

HSP110 Holdase, Co-chaperone None [11, 13]

1
These are the major HSPs induced by heat shock. Their roles in cancers of various morphologies have been reviewed previously[3]. Co-

chaperones Hsp10, Hsp40, Grpe, Bag1, Bag3, Hip, Hop, CHIP, p23, Aha1FKBP51 and FKBP52, Cyp40 and Cdc37 facilitate interactions of the 
primary chaperone with client proteins.
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