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Abstract

Proteins carry out important functions as they fold themselves. Protein misfolding occurs during
different biochemical processes and may lead to the development of diseases such as cancer,
which is characterized by genetic instability. The cancer microenvironment exposes malignant
cells to a variety of stressful conditions that may further promote protein misfolding. Tumor
development and progression often arises from mutations that interfere with the appropriate
function of tumor-suppressor proteins and oncogenes. These may be due to alteration of catalytic
activity of the protein, loss of binding sites for effector proteins or alterations of the native folded
protein conformation. Src family kinases, p53, mTOR and C-terminus of HSC70 interacting
protein (CHIPs) are some examples associated with protein misfolding and tumorigenesis.
Molecular chaperones, such as heat-shock protein (HSP)70 and HSP9O0, assist protein folding and
recognize target misfolded proteins for degradation. It is likely that this misfolding in cancer is
linked by common principles, and may, therefore, present an exciting possibility to identify
common targets for therapeutic intervention. Here we aim to review a number of examples that
show how alterations in the folding of tumor-suppressor proteins or oncogenes lead to
tumorigenesis. The possibility of targeting the targets to repair or degrade protein misfolding in
cancer therapy is discussed.
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Protein folding is the process by which the newly synthesized protein molecule folds into its
unique, 3D structure in order to acquire its functionally active, native state. The folding of a

TAuthor for correspondence: Tel.: +1 615 322 2391 Fax: +1 615 322 6174

nagaraj.nagathihalli@vanderbilt.edunipun.merchant@vanderbilt.edu.
Both authors can be contacted regarding this article

For reprint orders, please contact reprints@expert-reviews.com

Financial & competing interests disclosure

The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies,
honoraria, stock ownership or options, expert testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nagaraj et al.

Page 2

polypeptide chain to a unique, functionally competent structure is a key step in cellular
protein synthesis. In vivo, protein folding can be: initiated before the completion of protein
synthesis, where the nascent chain is still attached to the ribosome [1]; undergo the major
part of their folding in the cytoplasm after release from the ribosome; or fold in specific
compartments, such as mitochondria or the endoplasmic reticulum (ER), after trafficking
and translocation through membranes (Figure 1) [2-4]. The misfolding and mis-assembly
that occur within the ER are largely controlled by the interplay of chaperones and
proteasome machinery and occur later in the secretory pathway, making it a challenge to
correct [5].

Numerous factors can induce the accumulation of misfolded or unfolded proteins including
cytotoxic stresses, such as hypoxia, nutrient deprivation, redox, cellular environment due to
aging or temperature fluctuation, genetic mutation, or exposure to amino acid analogues and
Ca?* misregulation [6]. Protein misfolding or unfolding is normally counterbalanced by
quality control machinery, including chaperones, activated due to stress or heat-shock
responses. The folding process requires extremely high fidelity to ensure that misfolded
proteins do not increase in concentration and mediate undesirable effects. The cellular
folding machinery is adept at correctly folding large quantities of protein, however, when
this system is overwhelmed with protein in its non-native conformation, a diverse range of
protein-folding diseases, such as cancer, may occur [7].

Understanding carcinogenesis, tumor progression and metastasis, requires a careful analysis
of effector molecules, such as key proteins, which have critical functions in the complex
network of signaling pathways in cancer [8,9]. Proteomic techniques can play a considerable
role in global analysis of cellular response to determine protein expression which assists in
understanding gene functions [10]. Two key technologies underpinning these studies in
cancer tissues are 2D polyacrylamide gel electrophoresis (2DE) and mass spectrometry
(MS). Utilizing these techniques, evaluation of protein expression levels, regardless of the
pattern, may potentially diagnose and/or identify molecular therapeutic targets that can lead
to drug development. One particular area that has clinical implications for proteomics
studies in this regard includes identifying a series of modification of heat-shock proteins
(HSPs) in cancer. HSPs seem to have fundamental tumor promoting activities and are
among the most repeatedly identified proteins utilizing proteomic approaches [11]. Here we
discuss the major events and targets of misfolded proteins in cancer. Tumor-suppressor
proteins and oncogenes targeting protein misfolding will be explored and highlighted as
potential pharmacological targets in cancer therapy. We will also shed light on recent
proteomic strategies that are likely to be most effective for cancer prevention and treatment.

Proteomic techniques

Proteomic technologies identify changes in protein expression, PTMs, subcellular
distribution, and decipher protein—protein interactions. In cancer, proteomic approaches aim
to isolate, identify and recognize the pattern of expression of diverse proteins involved in
tumor progression, development and therapeutic targeting and have been used by cancer
researchers to look at proteins that are differentially displayed in a given tissue, body fluid
or serum to identify biomarkers that could be important for early detection, diagnosis and
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treatment. The study of proteomics also allows for a greater understanding of protein
interactions within cellular signaling pathways and responses to internal and external
signals. Proteomic techniques are broadly divided into gel-based and non-gel-based
techniques, each with its own advantages and disadvantages.

Gel-based proteomics

Although 2DE is limited by low sensitivity and low solubility of proteins, it is still the
mainstay of proteomic techniques. This technique allows for exploration of hundreds to
thousands of proteins at once using an extensive separation technique based on the charge,
according to their different electrofocusing points in the first dimension and SDS-PAGE,
according to their different molecular weights in the second dimension. If a protein of
interest is found, it can be broken down further into peptides by digestion with site-specific
proteases. This technique can be labor intensive, suffers from poor resolution at high pl
values, and lacks reproducibility. The development of 2D difference in-gel electrophoresis
(DIGE) by Unlu et al. in 1997 significantly improved the accuracy of protein identification
and led to more precise quantification [12]. This advance introduced pre-labeling of proteins
with positively charged, amine reactive and molecular weight-matched fluorescent cyanine
dyes (Cy2, Cy3 and Cy5), followed by simultaneous electrophoresis on the same 2D gel
[13]. This resolved many of the above described problems, including reduction in inter-gel
variability, the number of gels required, accurate spot matching and spot identification using
MS.

Non-gel-based proteomics

Non-gel-based proteomic approaches involve isotope-coded affinity tagging (ICAT),
isobaric tags for relative and absolute quantitation (iTRAQ) and electron spray ionization
tandem MS (ESI MS/MS), which rely on liquid chromatography (LC) for protein separation
interfaced with high-end mass spectrometers for protein identification [14]. The advantages
of these techniques include automation and reduced sample requirement, but lack universal
availability and have higher costs [15].

Surface-enhanced laser desorption/ionization (SELDI) time of flight (TOF) MS enables
high-throughput analysis of individual clinical samples, such as serum, urine and other
biofluids, using protein chips with various surface characteristics, but it usually does not
provide the identity of differentially expressed proteins [16]. Methods for quantitative
comparison of protein abundance between two biological samples using label-free shotgun
proteomics are well established based on spectral counting techniques [17].

Recent progress in non-gel-based proteomics has included development of better surface
chemistry, capture molecule attachment, and protein labeling [14]. Non-gel-based
proteomics approaches or protein chips include chemical (e.g., ionic, hydrophobic or
hydrophilic) or biochemical (e.g., antibody, receptor or DNA) surfaces to capture proteins of
interest. The chemically modified surfaces are used to retain a group of proteins on the basis
of a specific physical property, such as hydrophobicity or charge. Biologically modified
surfaces are typically used to isolate a specific protein or functional class of proteins.
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Major targets of protein misfolding in cancer

A failure to adequately respond to increases in the requirement for cellular folding may lead
to an accumulation of misfolded proteins and development of cancer (Table 1), as
summarized in Figure 1. Misfolded tumor suppressors are simply inactive and result in a
loss-of function phenotype (VHL and NF2) or the mutated protein may adopt an aberrant
conformation that is regulated differently than the wild-type protein (p53 and Src family
kinases [SFKs]) leading to tumorigenesis [18]. The unambiguous mediators of protein
folding are the cellular chaperones, which include the heat-shock family proteins. HSPs
constitute an evolutionarily conserved family that is ubiquitous in nature and exerts
prominent functions in protein synthesis, transport, maintenance and degradation. The
molecular chaperones of the HSP family can be classified into two groups — stress-
repressible HSPs and stress-inducible HSPs — which actively correct folding and refolding
mechanism upon denaturation [19]. HSP70 and HSP90 play key roles in assisting protein
folding and in recognizing and targeting misfolded proteins for degradation [20]. The C-
terminus of HSP70-interacting protein (CHIP) suppresses tumorigenesis and metastatic
cellular phenotypes in cancer cells. The mTOR, integrates diverse signals to regulate
fundamental cellular processes, such as translation, cell growth, autophagy and stress
response [21-23].

Overexpression of HSP has been reported in many solid tumors during cancer progression
[24] and may in part account for the ability of cancer cells to maintain protein homoeostasis
[25]. Therefore, targeting HSPs with chemical inhibitors may disrupt multiple cancer
promoting processes. Therefore, there has been widespread interest in the development of
small-molecule inhibitors that target individual HSPs to alter their function and cause the
proteasomal degradation of oncogenic proteins [26]. Upregulation of HSP90 and HSP70 is
relatively common in human tumors and is also often associated with increased
chemotherapy resistance and poor patient prognosis [19]. Both of these chaperones vary in
response to the change in folding requirements of normal and cancer cell types.

Major tumor-suppressor proteins & oncogenes associated with protein
misfolding & cancer p53

The tumor-suppressor protein p53 is a sequence-specific transcription factor whose function
is to maintain genome integrity. Owing to its ability to initiate cell cycle arrest, apoptosis
and senescence, it is a key protein involved in the cell’s defense against tumorigenesis [27].
p53 is a modular protein containing an N-terminal transactivation domain, followed by a
proline-rich region, a central DNA binding domain, a tetramerization domain, and a C
terminus [28]. The central or core domain of p53, comprising residues 94-312, is responsible
for specific DNA interactions, and 97% of the point mutations in p53 are in this domain
[28].

Based on these functions, p53 represents the classic example of protein misfolding-mediated
tumor development. Inactivation of p53 by mutation is a key molecular event, and is seen in
more than 50% of human cancers, making it a likable target for cancer therapies [29]. Due to
this frequent mutation-induced misfolding of p53 in human cancers, an efficient treatment
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strategy would be to reverse these folding defects that can restore wild-type functions to
mutant p53 in tumors. However, structural studies of p53 show that the extent of misfolding
differs among mutants. Therefore, it appears unlikely that different mutants possess a
defined alternative fold [30].

p53 has been observed to interact with several HSPs, such as HSP40, HSP70 and HSP90
[31]. Interestingly, the unfolded mutant p53 binds to HSP70 with higher affinity than the
wild-type protein [32], suggesting that binding of HSPs stabilizes p53 in an unfolded
conformation. Therefore, disruption of HSP binding to mutant p53 should rescue p53
unfolded conformation.

Src family kinases

CHIP

The proto-oncogene c-Sc (Sr¢) encodes a non-receptor tyrosine kinase whose expression
and activity are correlated with cancer progression, advanced malignancy and poor
prognosis in a variety of human cancers [33-36]. The SFKSs are involved in regulating
important mechanisms of receptor tyrosine kinases, G-protein-coupled receptors, and focal
adhesion kinase (FAK), thereby influencing many aspects of tumor cell behavior, including
proliferation, survival, angiogenesis, adhesion, invasion and metastasis [33-37].
Destabilization of Src in relation to oncogenic mutations supports a possible relationship
between tumor development and protein misfolding [38]. Proper folding by molecular
chaperones, especially HSP90, is an important part of the regulation of SFKs, including c-
Sc[39]. In addition to its role in folding, HSP90 appears to protect constitutively activated
SFK proteins from degradation by the ubiquitin—proteasome system. In doing so, HSP90
allows the accumulation of mutant activated SFK associated with tumor development [39].
Src requires HSP90 as a substrate for the regulatory kinase Csk and for the maturation of its
catalytic activity [40,41]. The site of interaction of HSP90 with SFKs has been narrowed
down to the catalytic domain [42]. This has been demonstrated by the ability of
geldanamycin to inhibit folding and induce misfolding of the catalytic domain of the SFK
Lck [43].

CHIP is a cytoplasmic protein with highly conserved amino acid sequences across species.
CHIP interacts with the molecular chaperone complex HSC70-HSP70-HSP90 through a
tetratricopeptide repeat (TPR) domain [44,45]. The interaction with this chaperone complex
results in client substrate ubiquitylation and degradation by the proteasome. Thus, CHIP acts
to tilt the folding—refolding machinery toward the degradative pathway. CHIP’s ability to
degrade proteins that are signatures of disease, for example, ErbB2 in breast and ovarian
cancers, could prove to be a point of therapeutic intervention [46]. CHIP has dual activities
as a co-chaperone (through its interactions with the cytoplasmic chaperones HSP70 and
HSP90) as well as a quality control ubiquitin ligase, binding to molecular chaperones and
ubiquitylating misfolded proteins to target them for proteasome-dependent degradation
[46,47].
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The molecular chaperone HSP90 was initially identified as one of the highly conserved
HSPs involved in the stress response. Evidence suggests that expression of HSP90 and other
HSPs is mediated by the transcription factor heat-shock factor 1 (HSF1). Under normal
conditions, HSP90 binds to HSF1, preventing HSF1 release and transcriptional activation of
the heat-shock response [48]. However, it has been postulated that, under stress, the HSF1/
HSP90 complex is disassembled and HSF1 trimerizes and ultimately translocates to the
nucleus, where it binds to the heat-shock binding elements and initiates transcription of the
heat-shock genes that encode for multiple HSPs (HSP27, HSP40, HSP70 and HSP90) [49].
Accumulation of misfolded substrates diverts the chaperone and triggers nuclear localization
of HSF1 resulting the upregulation of targets involved in protection from cellular stress. The
HSP90 family stabilizes the structure and function of different nuclear receptors, protein
kinases (AKT, c-Src and Raf-1) and transcription factors (MyoD, NF-xB, nuclear steroid
receptors) [11,50,51]. In addition, the HSP90 protein-folding machinery assists in the
solubilization and refolding of aggregated and denatured proteins [52]. As a result, small-
molecule HSP90 inhibitors can exert differing activities.

Owing to an overwhelming need to fold overexpressed and mutated proteins, HSP90 and
associated chaperones have been shown to be elevated in human tumors [53,54]. HSP90 can
facilitate genetic variation in cancer by permitting the function of mutated and less stable
proteins with tumor promotion or progression activities [11]. The environmental conditions
found in tumors, such as hypoxia, low pH and poor nutritional status, can further destabilize
proteins, making them even more dependent on HSP90 activity [26]. Therefore, targeting
HSP90 is warranted and may be a new and powerful therapeutic approach in the treatment
of cancer [55,56]. Interestingly, it has been demonstrated that HSP90 in cancer cells exhibits
a higher affinity for selective inhibitors than in normal cells, although the mechanisms
underlying the tumor selectivity of HSP90 inhibitors are not fully understood [57,58].
HSP90 is expressed on tumor cell surfaces and is present in advanced, malignant
melanomas, suggesting that extracellular HSP90 may also be a viable anticancer target [59].
This provides an opportunity for drug development that exhibits higher differential
selectivity.

HSP70 is involved in the folding of nonnative proteins and can prevent aggregation,
promote folding to the native state, and solubilize and refold aggregated proteins (Figure 1)
[42]. The interaction of HSP70 with exposed hydrophobic amino acids in polypeptides
[20,42] assist in the folding of newly synthesized proteins and minimizes their aggregation
[60]. Levels of HSP70 protein are elevated in several cancer cell lines, are abundantly
expressed in a variety of malignant tumors and often correlate with tumor metastasis that
result into poor outcomes in cancer patients [61-63]. Downregulation of HSP70 in cancer
cells induce differentiation and cell death [64]. The cancer microenvironment exposes
cancer cells to a variety of stressful conditions that promote protein misfolding. As opposed
to normal cells, HSP70 helps cancer cells to survive under stress and interact with numerous
substrates and co-chaperones. The secreted and/or membrane-anchored forms of HSP70 can
chaperone tumor antigens to various antigen-presenting cells, thereby inducing an immune
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response to neoplasia that could have diagnostic, prognostic and therapeutic value [65,66].
The interaction of HSP70 with regulatory proteins continues in activation cycles that
involves HSP90 and a number of co-chaperones [42]. HSP90 and HSP70 share common
substrates in anti-apoptotic pathway and both are over-expressed in tumor cells. Therefore,
the neutralization of the function of HSP70 or inhibition of its expression may inhibit tumor
growth by chemotherapeutic agents and, therefore, is a potentially interesting molecular
target for cancer.

The mTOR is a serine/threonine protein kinase, with a large molecular size near 300 kDa,
belongs to the phosphatidylinositol kinase-related kinase (PIKK) family. Recent studies
have revealed the existence of two different mTOR complexes [67] (MTORC1 and
mTORC?2), which differ in molecular composition, cellular function, upstream regulation
and sensitivity to rapamycin (Figure 1). The complex of rapamycin with its intracellular
receptor FKB12 binds directly to mTORCL1 and, at least in vitro, suppresses mTORC1-
mediated phosphorylation of the substrates S6K1 and 4EBP1 [68]. As a target of rapamycin,
mMTORC1 has been the main focus in most mTOR-related studies. Furthermore, rapamycin
and its analogues inhibit several processes that are relevant to the anticancer properties [69].
Biomarkers indicate that the mTOR pathway is hyperactive in certain cancers, suggesting
mMTOR as an attractive target for cancer therapy [70].

Role of proteomics in cancer relates to misfolded proteins

Proteomic approaches play a major role in understanding the diagnosis, prognosis and
potential treatment of human cancer. Profiling of differentially expressed proteins is the
most important and useful approach in the study of misfolding proteins and cancer. Key
technologies underpinning these studies in cancer tissue are 2DE and MS. Although
MALDI-TOF and SELDI-TOF-MS is the mainstay for serum or plasma analysis, other
methods, including isotope-coded affinity tag technology, shotgun proteomics, reverse-
phase protein arrays and antibody microarrays, are emerging as alternative proteomic
technologies [17,71,72].

A number of proteins associated with misfolding-associated cancer development have been
identified using proteomic approaches. Numerous studies have correlated changes in HSP70
and HSP90 expression in different cancer types [56,62,66,73]. Different proteomic
approaches have confirmed the correlation between HSP70 overexpression and the
aggressiveness of various types of cancer [74,75]. Grossmann et al. employed peptide
elution followed by MS analysis in a novel fashion to identify endogenous HSP70-binding
peptides [76]. A number of peptides that were identified led to the determination of a HSP70
binding motif for endogenously bound peptides. This study also identified a number of
endogenously bound peptides, providing the opportunities to further characterize the role of
HSP70 in the processing, presentation, and degradation of peptides, leading to a better
understanding of the interactions between HSP70, co-activators, the proteosome and MHC
in fundamental areas of tumor cells.
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Recently, Fujita et al. identified novel tumor antigens in the sera of patients with esophageal
squamous cell carcinoma (ESCC) using a proteomic-based approach [77]. They showed that
concentrations of the serum HSP70 autoantibody were significantly higher in patients with
ESCC than for patients with gastric or colon cancer or healthy individuals, suggesting that
proteomic approaches have the potential to define the precise role of the cancer-related
immune response.

Similar to HSP70, several proteomic-based studies have shown HSP90 overexpression in
multiple tumor cell lines [56,66,78-80]. In a study by Hayashi et al., fibrosarcoma cells
were characterized by differential expression of nine proteins, including two HSP90
isoforms HSP90-a and HSP90- [78]. Seven of these proteins (calreticulin precursor,
tropomyosin 1 a-chain, annexin A5, PEBP and Prx 1) were overexpressed and two (Anp32e
and HDGF) were downregulated. Numerous studies have also studied the HSP90
interactome, and its dynamic interactions influenced by HSP90 ligands [81-85].

A recent study revealed comprehensive information on the influence of p53 in the
modulation of cell-to-cell and cell-to-stroma interactions by the differential release of
proteins [86]. The release of p53-modulated proteins in the H358/TetOn/p53 cell line was
analyzed using liquid chromatography-matrix assisted laser desorption ionization-MS/MS
(LC-MALDI-MS/MS) for differential analysis with iTRAQ labeling. Moreover, our studies
using 2-DE analysis reveals the influence of p53 expression on the modulation of PTMs of
secretary proteins [Singh O et al., Unpublished Data]. Differential display analysis was
performed for the expression of proteins in human breast carcinoma cell lines with mutated
p53 after treatment with PRIMA-1 using a 2DE coupled with MS analyses and revealed an
important complementary role of both functional and expression proteomics in the
identification of molecular targets involved in the restoration of p53 signaling with small-
molecule inhibitors [87]. Recently, Shor et al. performed quantitative phospho-proteomics
for cancer cells treated with the mTOR active-site inhibitor WYE-125132 (WYE-132), a
highly potent and specific inhibitor of mMTORC1 and mTORC2 [88]. They mechanistically
identified Ser-75 of Maf1, a known repressor of RNA polymerase I11 (Pol 111) transcription,
further supporting the role of mTOR signaling to fine tune the rates of Pol Il transcription
in cancer cells to provide growth stimulatory signals.

Targets for protein repair & cancer therapy

Chemical chaperones are small molecules that bind to a protein, stabilize the folded state
and thereby reduce protein misfolding. Extensive studies on protein misfolding have
described the inhibition of protein aggregation by small compounds such as curcumin
(Figure 1), a biologically active phytochemical isolated from turmeric root [89]. Emerging
data suggest that it may be possible to upregulate molecular chaperones using several
different pharmacological strategies. Notably, the HSP90 inhibitor geldanamycin (GA) and
its derivatives (17-allylamino-demethoxygeldanamycin) 17-AAG and (17-
[dimethylaminoethylamino]-17-demethoxygeldanamycin) 17-DMAG induce the expression
of HSP70 and HSP27 in cancer models [90,91], raising the possibility that these agents may
be useful for treating protein-misfolding diseases (Figure 1) [92]. These inhibitors could
hamper various client proteins that act as key players in different aberrant signaling
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pathways [56]. Data from earlier studies supports a model in which GA inhibits the
formation of toxic protein aggregates by regulating HSP70 [92,93]. The 17-AAG derivative
is less toxic than GA in rats and causes growth inhibition in breast, melanoma, and ovarian
mouse xenograft models [94]. 17-AAG or tanespimycin and 17-DMAG are currently being
tested in Phase | and Il clinical trials as potential anticancer agents (Table 2) [91],
suggesting that they may be suitable for administration to patients with protein-misfolding
disorders. Toxicity of 17-AAG is of concern; however, new formulations and structural
analogues have improved tolerability [94-96]. It has been shown that simultaneous
suppression of two cytosolic HSP70s, HSC70 and HSP72, sensitize cancer cells to 17-AAG
[62,63,73,97].

Heat-shock protein 90 inhibition offers additional promise in the treatment of a wide variety
of solid tumors. Various HSP90 inhibitors have entered clinical trials and are reviewed and
summarized in Table 2 [26]. These inhibitors represent multiple drug classes in adult and
pediatric oncology clinical trials [94]. Recent observations suggest that the efficacy of
HSP90 inhibitors may be improved by co-administration with HSP70 inhibitors. Consistent
with this approach, siRNA was used against HSP70 to increase the efficacy of 17-AAG in
cancer cells [98]. STA-9090 is a potent and synthetic small molecule that acts as a HSP90
inhibitor and shows 100-times greater potential than the first-generation HSP90 inhibitors,
as well as activity against a wider range of kinases (Table 2). Clinical trials of STA-9090 on
multiple cancer types [99] highlight the inter-connectivity of chaperone networks and the
ability of this basic biological approach to assist in designing therapeutic strategies [201].

Multiple lines of evidence suggest that the accumulation of cytosolic protein aggregates can
be suppressed dramatically via pharmacological upregulation of macroautophagy (Figure 1).
This approach may have greater therapeutic potential than the enhancement of proteasome
activity, given that upregulation of the ubiquitin—proteasome pathway (in contrast to
autophagy) is likely to increase the risk of cancer by causing depletion of short-lived
proteins with anti-tumorigenic activity (e.g., p53) [100]. Potential approaches to stabilize the
structure of mutant p53 include the use of several peptides and small-molecule compounds
that act to restore specific DNA-binding, transcription and apoptosis functions to mutant
p53. These synthetic peptides derived from the C-terminus of p53, as well as peptides such
as CDB3, and compounds isolated from chemical library screening, such as CP-31398, a
small synthetic molecule, reactivate p53 and induce massive apoptosis (PRIMA-1 [101].
CDBa3 stabilizes the structure of mutant p53 proteins [81] by binding to mutant p53 and
efficiently inducing the refolding of two hot spot p53 mutants, His273 and His175, in cancer
cells [82]. PRIMA-1 selectively inhibits the growth of tumor cells by provoking apoptosis in
a transcription-dependent fashion through conformational manipulation of p53 mutants to
restore sequence-specific DNA binding [83]. CP-31398 [84] has the capacity to restore wild-
type p53 function from its mutant form [85]. However, the exact molecular mechanism by
which these molecules act upon the misfolded mutant p53 to restore its activity is yet
unclear.

2-phenylethynesulfonamide (PES) is a lead compound that specifically inhibits HSP70
(Figure 1) [86], interfering with its cancer cell survival activity [102]. Studies show that the
interaction of PES with HSP70 blocks its stress-relieving functions and also induces HSP70-
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dependent cell death by disrupting the cell’s ability to remove damaged components.
Paradoxically, for a compound first identified for blocking apoptosis, PES does kill cells,
however, through a different mechanism. Given the heterogeneity of cancer cells,
simultaneously disabling networks of signaling pathways may be important.

The dysregulation of mTOR signaling is implicated in a number of human diseases,
including cancer. Despite the substantial pre-clinical data indicating that rapamycin and its
analogues have antitumor effects and that mTOR participates in many cancer-related
pathways, these molecules have not shown universal antitumor activity in early clinical
trials. Analogues of rapamycin, such as CCI-779 (also known as temsirolimus; Wyeth),
RADO001 (also known as everolimus; Novartis) and AP23573 (Ariad Pharmaceuticals), are
likely to be the first mTOR-perturbing molecules to be approved for anticancer use in
humans (Table 2) (reviewed in [69]). The US FDA has approved the rapamycin analogs
CCI-779 and RADO0O01 for the treatment of advanced-stage renal cell carcinoma and
sarcoma, respectively [103-105].

Expert commentary

There has been tremendous progress over the past few years in the development of novel
therapeutic approaches targeting protein misfolding in cancer. In the case of proteins that
normally have a compact, globular structure, misfolding and aggregation have been
inhibited successfully by compounds that stabilize the native conformation [106]. Continued
high-throughput screening efforts will lead to the identification of additional compounds that
interfere with protein self-assembly. Emerging data also suggest that the depletion of
aggregating proteins using RNAi methods in vivo may be a powerful approach to prevent
misfolding diseases [106,107].

Mutant p53 reactivation by small-molecule inhibitors is a rapidly evolving approach with
great potential for the development of novel anticancer therapeutics [30]. The inactivation of
the p53 pathway is most likely a universal feature of tumor cells. The successful
identification of p53-targeting therapeutics in recent years has encouraged investigators to
initiate screening of chemical libraries with the aim of identifying novel molecular
therapeutics targeting the p53 pathway in human cancer.

Considering the role of HSPs in the induction of cancer cell resistance to different
therapeutic approaches, targeting HSP inhibition may be a useful therapeutic strategy
supplementing conventional anticancer therapy. HSP90 inhibitors have already entered
preclinical and clinical evaluation and have revealed promising results as single agents or in
combination with chemotherapy. Targets to the HSP90 in the treatment of cancer will focus
on progress in developing agents that exhibit reduced toxicity compared with ansamycin-
based molecules, such as 17-AAG. Based on preclinical results, HSP90 inhibitors for anti-
cancer therapeutics have a potentially bright future. Moreover, HSP70 proteins are now seen
as attractive targets in cancer. Among challenges, the relatively high levels of HSP70
expression, the large number of family members, the complex series of functions and the
mechanistic details of multiple co-chaperone interactions remain to be analyzed [62]. The
preclinical and clinical results of HSP90 inhibitors [108,109] have provided proof-of-
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concept for targeting at least one mediator of the HSF1 stress response pathway; however, it
will be necessary to accurately define the toxicologic profile of HSP-modulating drugs,
especially in terms of global cell proteome modification.

Proteomics of HSPs have revealed a significant role of drug-induced overexpression and
highlighted multiple potential clinical applications. For example, numerous proteomic
studies clearly correlate the level of HSP70 overexpression with therapeutic resistance [110-
112] and this finding has fundamental implications in drug therapy or targeting. Moreover,
proteomics studies have also revealed the modulation of HSP induction and release through
the presentation of tumor-specific peptides to antigen-presenting cells, which could
ameliorate the immune response towards cancer. Therefore, proteomic approaches could be
useful to obtain a better understanding of some of the biological activities and mechanisms
related to the induction of HSPs.

There are a number of outstanding challenges that still remain to be addressed. However, the
use of -omics-based technologies and genome-wide RNAI [113-115] will improve our
understanding by dissecting the mechanism of tumorigenesis. The insights highlighted
above will make it possible to devise therapeutic strategies that modulate cellular signaling
pathways disrupted by protein misfolding and aggregation, including apoptosis,
tumorigenicity, signal transduction and transcription.

Five-year view

The continued elucidation of protein-folding pathways of oncogenes and tumor-suppressor
proteins will provide new mechanisms to correct the defects of misfolded variants. The
mechanistic views of aggregated oligomers and protofibrils/fibrils for cell death in cancer
cells are still unclear. Understanding the regulatory pathways of cellular chaperones has
extended targets for drug intervention. Induction in signaling pathway-based approaches
may provide a better therapeutic benefit in the near future.

Drug combinations targeting protein aggregation as well as the resulting perturbation of
cellular pathways will provide the most effective treatment strategies to protein misfolding
in cancer. Approaches targeting misfolded proteins in cancer therapy are already under
Phase | and Phase 11 clinical trials. Additionally, anti-apoptotic approaches for HSPs are
being tested in clinical trials and in ongoing combination drug trials. The results from
current clinical trials will significantly impact future cancer treatment strategies. The
identification of protein folding and rescue in cancer opens new-insight into cancer-causing
pathways and therapies.
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Figure 1. Model of protein misfolding and therapeutic targets in cancer
Proteins are synthesized on ribosomes from the genetic information encoded in cellular

DNA and undergo the major part of their folding in the cytoplasm after release from the
ribosome. Newly synthesized proteins are translocated into the endoplasmic reticulum,
where they fold into their 3D structures. Correctly folded proteins are transported to the
Golgi complex and then delivered to the extracellular environment. Under certain
circumstances, a folded protein is converted to a misfolded protein by various stresses, gene
mutations or proteolysis. During normal conditions, misfolded proteins are detected by a
quality-control mechanism and are degraded by the ubiquitin—proteosome pathway. A
misfolded protein can be induced to form prefibrillar oligomers at higher concentrations and
transported to form aggresomes. These aggregated proteins at the aggresome are targeted for
degradation via macroautophagy. Accumulation of prefibrillar oligomers at the aggresome
pathway may induce apoptosis. Curcumin, a potential antioxidant or anticancer compound
may inhibit protein misfolding and/or aggregation. Protein aggregation can also be blocked
by upregulation of molecular chaperones with heat shock protein (HSP)90 inhibitors (17-
allylamino-demethoxygeldanamycin (AAG), 17-[dimethylaminoethylamino]-17-
demethoxygeldanamycin (DMAG), STA-9090, STA-1474 and geldamycin) or HSP70
inhibitors, such as 2-phenylethyneusulfonamide. Aggregate clearance can be upregulated via
inhibition of mMTOR by rapamycin that inhibits macroautophagy. Analogues of rapamycin,
such as CCI-779 (temsirolimus), RAD001 (everolimus) and AP23573, are likely to be the
first mTOR-perturbing molecules to be approved for anticancer use in humans. Redrawn
with permission of Cambridge University Press from [106].
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Table 1
Proteins involved in misfolding cancer.
Protein Cancer type Ref.
P53 Various [7]
Src family kinases ~ Various [39]
CHIP Breast, ovary [46]
HSP90 Breast [55]
HSP70 Breast [25,64]
WT1 Kidney [116]
VHL Renal, CNS, retina [117]
NF2 Cranial, spinal nerves, brain, spinal cord [118]
mTOR Various [69]
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Table 2

Pharmacological inhibitors and protein-based cancer therapeutics.

Inhibitors Protein  Clinical trial Cancer type Ref.
17-AAG HSP90  Phase | Breast, solid tumors, lymphoma [108,119,201]
17-DMAG HSP90 Phase | Lung, solid tumors [120,121,201]
STA-9090 HSP90  Phase Il Non-small-cell lung cancer, gastrointestinal stroma tumor [99,201]
STA-1474 HSP90  Preclinical Osteosarcoma [122]
Geldamycin ~ HSP90  Phase | Breast [123]
CCI-779 mTOR Phase Ill, Phase Il, Phase |  Breast, endometrial, myeloma, glioma [124-127]
RADO001 mTOR  Phase Ill, Phase Il Breast, carcinoid, pancreatic neuroendocrine [128,129]
AP23573 mTOR  Phase Il Breast [130]
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