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ABSTRACT 

 

 Pharmacological induction of proteotoxic stress is rapidly emerging as a promising 

strategy for cancer cell-directed chemotherapeutic intervention.  Due to the essential role 

of the cellular heat shock response in cytoprotection through the maintenance of 

proteostasis and suppression of apoptosis, small molecule heat shock protein (Hsp) 

inhibitors can be harnessed for targeted induction of cytotoxic effects in cancer cells.  

Recent research strongly suggests that melanoma is a malignant tumor amenable to 

therapeutic modulation of proteotoxic stress, particularly in situations where traditional 

chemotherapeutics and novel targeted therapies have failed. Based on this rationale, my 

graduate research has focused on the identification of redox-directed electrophilic 

pharmacophores capable of modulating the heat shock response for the therapeutic 

induction of proteotoxic stress targeting malignant human melanoma cells.  The following 

specific aims were pursued: (1) to identify redox-directed heat shock response modulators 

active in malignant melanoma cells; (2) to explore melanoma cell directed activity of our 

lead heat shock response inducer, aurin (4-[bis(p-hydroxyphenyl)methylene]-2,5-

cyclohexadien-1-one; CAS #143-74-8); and (3) to explore melanoma cell directed activity 

of our lead heat shock response antagonist, methylene blue (3,7-bis(dimethylamino)-

phenothiazin-5-ium chloride; CAS#: 61-73-4).  First, we demonstrate that the quinone 

methide, aurin, is a targeted Hsp90 inhibitor that induces apoptosis in human malignant 

melanoma cells but not in non-malignant human skin cells.  Second, we have identified 

methylene blue as a functional antagonist of the global heat shock response which is active 

at the mRNA and protein levels, and have discovered that it sensitizes melanoma cells to 

the apoptogenic activity of the Hsp90 antagonist, geldanamycin.  Taken together, these 
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data suggest the feasibility of aurin and methylene blue as functional therapeutic heat shock 

response modulators targeting melanoma cells through pharmacological induction of 

proteotoxic stress.     
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CHAPTER 1 

INTRODUCTION 

 

1.1       Molecular Pathogenesis of Melanoma 

 

 Cutaneous melanoma is the most aggressive form of skin cancer, and remains one 

of the most difficult cancers to treat.  Its incidence in developed countries has risen faster 

than any other malignancy over the past 40 years [1,2].  Melanoma arises from transformed 

melanocytes which are located within the basal epidermis.   Risk factors for melanoma 

include family history, the presence of multiple benign or atypical nevi, sun sensitivity and 

exposure to ultraviolet (UV) radiation [1,3,4]. 

 Melanoma detected in early stages of tumor progression, which is characterized by 

the formation of a nevus (ie. common mole), is a highly curable disease – a very high 

percentage of people diagnosed early are cured with surgical excision of the primary lesion 

alone.  However, many melanomas diagnosed during later stages of tumor progression 

evolve with an extensive repertoire of molecular defenses against cytotoxic, targeted, and 

immunological anti-melanoma strategies.  Melanoma’s aggressiveness and high likelihood 

of metastasis, combined with its notorious resistance to interventional therapies, represent 

the major challenges underlying the treatment of this deadly disease [5,6]. 

     Malignant melanoma generally progresses through two phases:  (1) the radial 

growth phase (RGP), which is characterized by the horizontal spreading of transformed 

melanocytic cells within the epidermis, and the development of small nests of invasive 

cells in the upper part of the dermis; and (2) the vertical growth phase (VGP) characterized 

by invasion of melanoma cells into the deeper dermis and underlying subcutaneous tissues.  

It is at the VGP where melanoma lesions begin to metastasize (Figure 1.1).  It is important 
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to note that not all melanomas pass through these phases in an orderly manner.  Both RGP 

and VGP can develop abruptly from isolated melanocytes, and both can progress directly 

to metastatic malignant melanoma [4]. 

 

 

Figure 1.1 Stages of melanoma progression.  The first stage is characterized by 

proliferation of normal melanocytes leading to the formation of a benign nevus.  The next 

step involves the development of dysplastic nevi, with aberrant growth occurring within a 

preexisting benign nevus, or in a different location.  During the radial-growth phase (RGP), 

the transformed melanocytic cells begin to spread within the epidermis, in addition to the 

development of small nests of invasive cells in the upper part of the dermis.  Lesions that 

progress to the vertical growth phase (VGP) begin to invade the deeper dermis and 

underlying subcutaneous tissues.  The final stage is characterized by the metastatic spread 

of cells to distant areas of the skin and other organs [4]. 

 

 

1.1.1  Primary events in the development and progression of melanoma 

 A large body of experimental and epidemiological evidence supports the causative 

involvement of specific hereditary genetic alterations in melanomagenesis, which are 

relatively rare, accounting for less than 10% of all melanomas [6].  Specifically, the 

pigmentation controlling receptor and its respective gene, melanocortin 1 receptor 
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(MC1R), are important hereditary determinates of melanoma susceptibility.  The MC1R 

encodes a cyclic AMP (cAMP)-stimulating αs-type G protein-coupled receptor.  This 

receptor controls pigment production through the cAMP response element-binding protein 

(CREB)-dependent upregulation of the encoding microphthalmia-associated transcription 

factor (MITF).  The MITF is a basic helix-loop-helix leucine zipper transcription factor 

that serves as the master regulator of melanocyte differentiation.  It controls the 

transcription of melanogenic genes including tyrosinase (TYR), tyrosinase-related protein 

1 (TYRP1), and dopachrome tautomerase (DCT) [9,10].     

 Dysregulation of the cell cycle, and aberrant activity of crucial cell-signaling 

pathways, are also important events in melanomagenesis.  Cell cycle dysregulation arises 

from mutations in cyclin-dependent kinase inhibitor 2A (CDKN2A), which is associated 

with approximately 10-40% of genetically inherited melanomas [11].  The CDKN2A 

encodes for two distinct tumor suppressor proteins, cyclin-dependent kinase-4 inhibitor 

(p16) and ARF tumor suppressor (p14ARF).  These tumor suppressor proteins inhibit 

progression of the cell cycle through negative regulation of the retinoblastoma protein 

(RB1) and the tumor suppressor protein p53 (p53).  Genetic aberrations that result in loss 

of function of either of these two proteins will lead to loss of cell cycle control, and 

therefore lead to uncontrolled cellular proliferation [7].   

 Other hereditary or somatic genetic mutations involved in melanoma disease 

susceptibility include alterations to the following:  (1) kinases (BRAF, KIT, ERBB4, 

AKT3, PIK3CA, MAP3K5, MAP3K9, CDK4); (2) GTPases (NRAS, RAC1, GNAQ, 

GNA11); (3) phosphatases (PTEN); (4) GTPase and phosphatase regulatory factors 

(PREX2); (5) transcription factors (MYC); (6) receptors for glutamate (GRIN2A, GRM3); 
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(7) proteases (MMP8); and (8) modulators of proteasome-dependent substrate degradation 

(KEAP, CDKN2A) [7-9]. 

 In addition to melanomas arising from familial origins, the more common non-

hereditary melanoma, which accounts for more than 90% of all melanoma cases, can arise 

from the constitutive activation of the mitogen-activated protein kinase (MAPK; also 

known as RAF-mitogen-activated or extracellular signal-regulated protein kinase kinase 

(MEK)-extracellular signal-regulated kinase (ERK)) signaling pathway.  Activation of the 

MAPK pathway occurs through extracellular signals that initiate the binding of a broad 

array of receptor tyrosine kinases (RTKs), including epidermal growth factor (EGFR), the 

proto-oncogene c-KIT, platelet derived growth factor β (PDGFβ), insulin-like growth 

factor receptor (IGFR), and vascular endothelial growth factor (VEGF).  Binding of an 

RTK activates the small G-protein RAS, which forms a complex with one of the RAF 

serine/threonine kinase isoforms (ARAF, BRAF, RAF1/CRAF).  Formation of the RAS-

RAF complex activates RAF, subsequently phosphorylating and activating MEK and ERK.  

This results in increased cellular proliferation, protection from apoptosis, and increased 

survival through induction of transcription factors and cell cycle proteins in the nucleus 

[12].  Activating mutations in the BRAF isoform occur at the highest frequency in 

melanoma (~70%), the majority (<90%) involving substitution of a glutamate for valine at 

position 600, denoted as V600E, as well as mutations in NRAS (~20%) and KIT (~5%) 

[13,14].  Aberrant signaling of the phosphoinositide-3-OH kinase/protein kinase B 

(PI3K/AKT) pathway has also been implicated in melanomagenesis [15]. 
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1.1.2     Current anti-melanoma therapies 

 Standard of care therapies for melanoma, including dacarbazine (FDA approved in 

1975) and high-dose interleukin-2 (IL-2; FDA approved in 1998), have been surpassed by 

the development of FDA approved molecularly targeted agents (Table 1.1) with improved 

clinical efficacy [16-25].   

 

BRAF inhibitors 

Vemurafenib (2011) 

 

Dabrafanib (2013) 

MEK inhibitor Trametinib (2013) 

Immunotherapy 

Ipilimumab (2011) 

 

Nivolumab (2014) 

 

Pembrolizumab (2014) 

Table 1.1 Target- and immune-based therapies FDA approved for the treatment of 

melanoma.  Numbers in parentheses indicate year of FDA approval.   

 

 

 

 Vemurafenib, which targets the most common V600E (substitution of valine (V) 

for glutamic acid (E) at position 600) mutant BRAF, and dabrafenib, which targets the less 

frequent BRAF mutations, V600K (substitution of V for lysine (K)) and V600/D/R 

(substitution of valine for aspartic acid (D) or arginine (R)) BRAF mutations, cause rapid 

tumor shrinkage and improve progression free survival (PFS) compared with dacarbazine 

[16-18].  The MEK inhibitor, trametinib, displays significant clinical activity in tumors 

previously exposed to a BRAF inhibitor, suggesting that combination therapy with BRAF 

and MEK targeted inhibitors may improve patient outcomes [19,20].  Ipilimumab (MDX-

010; MDX-101; marketed as Yervoy) is a monoclonal antibody that activates the immune 

system by targeting and blocking the inhibitory signal of the cytotoxic T lymphocyte-
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associated antigen 4 (CTLA-4) protein receptor.  This is the first agent to have durable 

survival benefit in 10-20% of patients with metastatic melanoma [21,22]. Nivolumab 

(ONO-4538; BMS-936558; MDX11106; marketed as Opdivo) and pembrolizumab (MK-

3475; lambrolizumab; marketed as Keytruda) act as immunomodulators through targeted 

inhibition of ligand activation of the programmed cell death protein 1 (PD-1) receptor on 

activated T cells [23-25].  Other promising immunotherapies include adoptive cell therapy 

(ATC) and vaccination with peptides such as the melanoma antigen glycoprotein 100 

(gp100), dendritic cells, nucleic acids (Allovectin-7), and heat shock protein-peptide 

complexes (HSPPC) [26].   

 In spite of these recent advances in target- and immune-based therapies which have 

improved the clinical benefit over traditional chemotherapy regimens [21,27], it is 

important to note that all patients inevitably relapse within a year following treatment as a 

consequence of either the reactivation of the MAPK pathway or activation of alternative 

signaling pathways [28-35].  This suggests that targeting a single component in a 

pathogenic signaling pathway is insufficient for obtaining significant antitumor responses.  

Rather, simultaneously targeting multiple survival mechanisms is imperative for achieving 

complete remission in patients, and novel treatments for metastatic melanoma are 

desperately needed.   

  

1.1.3   Primary mechanisms of resistance to targeted therapies in malignant 

melanoma  

 Unlike certain other cancers, melanoma does not acquire resistance through a 

secondary mutation in the binding site of a targeted inhibitor, such as vemurafenib.  Rather, 
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resistance is derived from a variety of primary and secondary mechanisms.  Primary 

mechanisms include alterations that cause activation of numerous components of the 

MAPK pathway, such as upregulation of RTKs (PDGFRβ, EGFR, IGFR) [30], secondary 

RAS mutations [30], and mutational activation of MEK [31,32].  Enhanced expression and 

activation of the mitogen-activated protein kinase kinase kinase 8 (COT) can also re-induce 

MAPK signaling by re-activating MEK [33].  In addition, elevated levels of RAF1/CRAF 

have also been implicated in resistance, allowing heterodimerization with BRAF to 

reestablish cell signaling [34].  Increased phosphorylated ERK levels have also been 

observed in vemurafenib resistant melanoma [32].  Further, the with formation of a 61-kDa 

variant form of V600E BRAF, p61BRAF(V600E), which lacks exons 4 to 8 of the region 

encompassing the RAS binding domain, can restore MAPK signaling through dimerization 

in a RAS independent manner [35].  The PI3K/AKT pathway, a signaling pathway distinct 

from the MAPK pathway, is also implicated in melanoma resistance [36] (Figure 1.2). 
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Figure 1.2  Molecular mechanisms underlying resistance to targeted therapies.  (A) 

Secondary RAS mutations.  (B) Elevated levels of RAF1/CRAF. (C) Expression of 

p61BRAF (V600E) splice variants.  (D) Enhanced expression and activation of COT.  (E) 

MEK mutations.  (F) Overexpression of RTKs (PDGFβ, IGFR1 and others).  (G) 

Activation of the PI3K-AKT pathway.   

 

 Acquired and intrinsic resistance remains a major challenge in the quest for 

achieving long-term disease management in melanoma.  Current research efforts are 

focused upon the development of combination therapy strategies and the identification of 

new classes of therapeutic agents to overcome proposed resistance mechanisms in 

melanoma.  
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1.1.4  Secondary mechanisms of resistance to targeted therapies in malignant 

melanoma 

  Cumulative evidence suggests that secondary mechanisms of melanoma initiation, 

progression, and resistance arise from a heightened dependence of tumors on protein 

homeostasis-, or proteostasis-, ensuring mechanisms (Figure 1.3).  These secondary 

mechanisms include dysregulation of autophagy, the ubiquitin-proteasome system (UPS), 

the unfolded protein response (UPR), and the heat shock response (HSR).  Each of these 

secondary mechanisms is activated upon deviations in cellular proteostasis originating 

from mutation-driven expression of misfolded proteins, aneuploidy, and adverse 

conditions associated with the tumor microenvironment (hypoxia, energy crisis, and redox 

dysreguation) [37].  For example, BRAF and/or MEK inhibition, activates a PKR-like ER-

kinase (PERK)-dependent ER stress response that subsequently activates cytoprotective 

autophagy [38].  Further, elements of the HSR, such as heat shock protein 90 (Hsp90), are 

implicated in resistance to BRAF inhibition through its role in stabilizing several 

oncogenes (BRAF), kinases (COT), and RTKs (PDGFRβ, IGFR) [39].   Therefore, 

targeting proteotoxic stress responsive pathways has emerged as an attractive strategy for 

overcoming present challenges in achieving durable responses in patients with metastatic 

melanoma.  Indeed, agents that target autophagy [40-44], the UPS [45-48], the UPR [49-

52], and the HSR systems [39,53-58] are now in pre-clinical and clinical development as 

reviewed in the following chapters.  
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Figure 1.3 Proteostasis in cancer cells.  In cancer cells, the load of degradation substrates 

is increased due to high levels of endogenous proteotoxic stress arising from the cytotoxic 

tumor environment characterized by hypoxia, energy crisis, and redox dysregulation, in 

addition to expression of mutant proteins and aneuploidy.  For their survival and 

proliferation, tumor cells rely on protein-quality control mechanisms including autophagy, 

the ubiquitin-proteasomal system (UPS), the unfolded protein response (UPR), and the heat 

shock response (HSR).  The HSR involves the activities of protein chaperones such as 

Hsp90 and Hsp70.  

 

 

 

1.2 Emerging melanoma drug targets 

 

1.2.1    Autophagy as an emerging melanoma drug target 

 

 Macroautophagy, hereafter referred to simply as autophagy, is a lysosomal-

dependent degradation process within the cell.  It is activated by cellular stress events such 

as nutrient deprivation, growth factor withdrawal, and hypoxia [59].  Autophagy maintains 

cellular homeostasis and proper cell function through its activities involving bulk 
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degradation and recycling of surplus proteins and aged or damaged organelles [60].  

Autophagy proceeds through a series of tightly regulated steps including initiation, 

elongation, and completion.  During this process, stress-induced substrates are tagged by 

ubiquitin modification and are recognized by autophagy receptors that link the damaged 

products to the autophagosome machinery (Figure 1.4) [61].   

 

 

Figure 1.4 Autophagy.  The initiation step begins with the extrusion of ER membranes, 

trans-Golgi network, mitochondrial outer membrane, or the plasma membrane to generate 

a structure called a phagophore.  During elongation, the phagophore expands and wraps 

cytosolic organelles/molecules, and then closes forming an autophagosome.  During the 

completion phase, the autophagosome fuses with lysosomes, forming an autolysosome, 

which degrades and recycles the inner membrane, macromolecular cargo.  

 

 

 The molecular events underlying the process of autophagy involve the activities of 

the unc-51-like kinase (ULK) complex.  The ULK complex consists of ULK1, the 

autophagy-related proteins 13 and 101 (Atg13, Atg101), the scaffold protein FIP200, and 

the mammalian target of rapamycin (mTOR) [62,63].  When growth factor signaling 

pathways are activated and extracellular nutrients are abundant, mTOR phosphorylates 

ULK1, repressing the activity of the ULK complex to block the activation of autophagy.  
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Upon cellular stress, such as nutrient deprivation or pharmacological inhibition, mTOR 

dissociates from the ULK complex to initiate autophagy [63].   

 Although autophagy prevents tissue damage and disease and is essential for the 

maintenance of cellular homeostasis in normal cells during periods of stress, there is also 

significant evidence that it promotes tumor growth by supporting cell survival [64-66].  

Studies have shown that high levels of autophagy predict invasiveness, poor response to 

cytotoxic chemotherapy, and shortened survival in metastatic melanoma [67].  Further, 

elevated levels of autophagy in primary melanoma tumors correlate with proliferation and 

lymph node metastases [66].  These studies indicate that not only are autophagy levels high 

before melanoma treatment, but may be induced even further during therapy, especially in 

tumors that are insensitive to BRAF inhibition.   

 Consequently, autophagy inhibition  may represent a viable therapeutic strategy for 

advanced stage melanomas, especially if used in conjunction with other anti-melanoma 

therapies.  Targeted inhibitors of mTOR are the furthest in clinical development for various 

cancers, but have yet to demonstrate efficacy as single agents [69].  In contrast, a 

combination of the targeted mTOR inhibitor, rapamycin, and the RAF inhibitor, sorafenib, 

potently induce cell death and attenuate invasive tumor growth of melanoma cells.  These 

combined effects are partly attributed to the downregulation of anti-apoptotic proteins (Bcl-

2 and Mcl-1) [40].  Similar results were observed with other MAPK pathway inhibitors 

(U0126, PD98059) in combination with rapamycin [40].   

 Conversely, evidence suggests that induction of autophagy, rather than its 

inhibition, may represent a more favorable approach to the development of anti-melanoma 

therapies.  This hypothesis is based on observations that melanoma cells with high basal 
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levels of autophagy remain less responsive to alkylating agents despite simultaneous 

treatment with autophagy inhibitors.  In support of this theory, combination treatment with 

certain alkylating chemotherapeutic agents and either chloroquine (CQ; anti-malarial, anti-

inflammatory) or its derivative, hydroxychloroquine (HQ), causes cell death by inducing a 

massive autophagic response along with an inability to degrade the autophagic substrates.  

Impairment of autophagic induced degradation of damaged substrates causes their 

accumulation in the cell, subsequently leading to apoptosis [41,43].  Moreover, it was 

recently discovered that amodiaquine (AQ) inhibits autophagy to an ever greater extent 

than CQ, causing a more potent anti-melanoma response [49].  The precise molecular 

mechanisms underlying this phenomenon currently remain undefined. 

 Combined BRAF- and autophagy-directed therapeutic approaches, shown to be 

efficacious in murine xenograft models, are now under investigation for clinical use 

[38].  Moreover, preclinical studies of pharmacological agents such as the anti-diabetic 

drug, metformin, and the H1 histamine receptor antagonist, terfenadine, have offered 

valuble insight into how drug-induced autophagy can be harnessed to promote cell death 

in melanoma [70,71].   

  

 

1.2.2  Ubiquitin-proteasome system (UPS) as an emerging melanoma drug target 

 

 The majority (up to 80%) of endogenous proteins are degraded by the ubiquitin-

proteasomal system (UPS).  These include proteins involved in the cell cycle, apoptosis, 

transcription, DNA repair, protein quality control, and antigen presentation.  The UPS is 

highly dependent on the proper functioning of the 26S proteasome, and defects within this 
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protein degradation machinery are associated with a number of diseases, including cancer 

[72].    

 The 26S proteasome is a large (2.5 MDa), multisubunit, ATP-dependent complex 

that resides in the nucleus and cytoplasm of eukaryotic cells.  It contains a hollow, 

cylindrical 20S catalytic core containing 28 subunits arranged into four stacked rings.  The 

two outer rings are composed of seven different α subunits which are predominately 

structural, and two inner rings composed of seven different β subunits, at least three of 

which have catalytic functions [73].  Catalytic activities of the proteasome are classified 

into three major categories, based upon their preference to cleave a peptide bond after a 

particular amino acid residue.  Chymotrypsin-like (CT-L; cleaves hydrophobic residues), 

trypsin-like (T-L; cleaves basic residues), and caspase-like (C-L; cleaves acidic residues) 

activities are associated with β5, β2, and β1 subunits, respectively [74,75].    The 20S core 

is capped with two 19S regulatory particles which recognize ubiquitinylated substrates and 

prepares them for proteolysis by cleaving and recycling ubiquitin, and unfolding the target 

protein (Figure 1.5) [73,76].  
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Figure 1.5 Molecular stages of proteasomal degradation.  (A) An E1 ubiquitin-

activating enzyme binds ubiquitin (Ub), which is then transferred to an E2 ubiquitin-

conjugating enzyme.  An E3 ubiquitin ligase subsequently recruits the target protein and 

mediates the transfer of ubiquitin to the protein.  (B): Polyubiquitin molecules are removed 

and the protein is unfolded and fed into the inner catalytic chamber of the 20S proteasome, 

where the protein is cleaved into small peptides using 3 main catalytic activities: 

chymotrypsin-like (CT-L), trypsin-like (T-L) and caspase-like (C-L). 

  

  

 The proteasome inhibitor bortezomib (PS-341, Velcade) provided the first direct 

evidence that selectively inhibiting the UPS is possible.  Bortezomib has since become an 

effective therapy in the treatment of patients with multiple myeloma and mantle cell 

lymphoma [45].  There are currently five other proteasome inhibitors in clinical 

development: MLN9708, CEP-18770, carfilzomib, ONX 0912, NPI-0052 [46,47].  These 

proteasome inhibitors bind either reversibly or irreversibly to catalytic sites within the 

proteasome.  Further, specific inhibitors of individual active sites and numerous activity-

based probes have been developed, and inhibitors of the enzymatic activities of the 19S 
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regulatory particles have been discovered [47].  Proposed mechanisms underlying selective 

apoptosis of tumor cells upon inhibition of the proteasome include up-regulation of the 

pro-apoptotic phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) [48].  

 Investigations with bortezomib in pre-clinical and clinical melanoma models have 

shown that it cannot sufficiently induce apoptosis as a single agent due to ineffective down-

regulation of pro-apoptotic factors, such as NOXA.  It has also been shown to upregulate 

anti-apoptotic factors, such as Mcl-1 [77].  However, when used in conjunction with other 

therapies such as INF-α [78], IL-29 [79], dacarbazine [80], and temozolamide [81], 

improvements in melanoma cell death are observed.   

 

 

1.2.3    Endoplasmic reticulum (ER) stress and unfolded protein response (UPR) as 

an emerging melanoma drug target 

 The endoplasmic reticulum (ER) is the main subcellular compartment involved in 

initial protein maturation steps that are crucial for the proper folding of proteins.  The ER 

accounts for the synthesis of approximately one-third of the total proteome.  When 

circumstances arise that cause protein unfolding and misfolding, such as nutrient 

deprivation, hypoxia, and disturbances of calcium flux, a series of adaptive mechanisms 

are initiated: (1) the ER-associated protein degradation (ERAD) program guides 

unfolded/misfolded substrates to the cytosol to be tagged for degradation by the 26S 

proteasome; and (2)  the unfolded protein response (UPR) is activated in response to a 

global disruption of protein folding that overwhelms the ERs ability to cope with the 

proteotoxic stress that ensues [82].    
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 The UPR is initiated through the activity of three ER transmembrane proteins: (1) 

inositol-requiring enzyme 1 (IRE1); (2) PERK and (3) activating transcription factor 6 

(ATF6) [83].  Under normal cellular conditions, these proteins are maintained in their 

inactive state by the ER molecular chaperone and heat shock protein, glucose-regulated 

protein 78 (GRP78/BiP/HSPA5), which occupies their luminal domains.  When ER stress 

occurs, GRP78 mobilizes and binds to misfolded/unfolded proteins, releasing from these 

cellular stress sensors, thereby activating their downstream signaling pathways (Figure 1.6) 

[84].  Activated PERK phosphorylates eukaryotic initiation factor 2α (eIF2α), suppressing 

global protein synthesis, while activating the translation of a select group of proteins, 

including activating transcription factor 4 (ATF4).   Activation of ATF4 controls the 

expression of genes required to restore proteostasis, as well as important genes involved in 

pro- and anti-apoptotic mechanisms, including Noxa and C/EBP-homologue protein 

(CHOP) [85].  The activation of ATF6 involves its translocation to the Golgi complex 

where it undergoes regulated intramembrane proteolysis to release its cytosolic fragment 

[86,87]. Cytosolic ATF6 regulates the expression of genes in the ERAD pathway including 

the X-box-binding protein (XBP1), which is involved in protein folding, secretion, and 

degradation in the ER [88,89].  Activated IRE1 also processes XBP1 by splicing its mRNA, 

leading to its more stable and active form [90-93].   
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Figure 1.6 The ER-stress/Unfolded protein response (UPR).  GRP78 dissociates from 

the luminal domains of ER sensors, activating their downstream signaling pathways.  

Activated PERK phosphorylates eIF2α, leading to global attenuation of protein synthesis 

with the exception of a few proteins, including ATF4.  Pro-survival or pro-apoptotic genes 

are activated downstream of ATF4.  Both ATF6 and IRE1 activate XBP1, which regulates 

the expression of genes important to the proper functioning of the cellular stress response. 

  

 Although the UPR is essentially a cytoprotective response, persistent or excessive 

ER stress will trigger apoptosis if proteostasis is not restored.  Interestingly, most 

melanoma cell lines are insensitive to apoptosis by pharmacological induction of ER stress.  

Proposed mechanisms of melanoma resistance to ER induced stress include increased 

expression of GRP78 in melanoma cells in vivo [94-96], persistent activation of IRE1, 

overexpression of XBP1 [97,98], upregulation of Mcl-1 [99], and mutations in the MAPK 

pathway [100,101].      
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 Inhibition of MEK signaling through MEK knockdown or the MEK inhibitor 

U0126, has been shown to sensitize melanoma cells to ER stress-mediated apoptosis [49].  

In addition, the BH3 mimetic obatoclax, inhibits Mcl-1 to promote ER stress-mediated 

apoptosis [50].  Vemurafenib has also been shown to induce apoptosis by inhibiting the 

MAPK pathway, decreasing the abundance of anti-apoptotic proteins (Bcl-2 and Mcl-1), 

and increasing the expression of ER stress-related genes [51].  Further, D-penicillamine, an 

FDA-approved redox active d-cysteine-derivative, was shown to selectively induce 

caspase-dependent apoptosis in metastatic melanoma by inducing a rapid response in 

PERK without compromising viability of nontransformed melanocytes [52].  Example of 

other UPR-targeted cancer drugs in development for various tumors are listed in Table 1.2. 
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Table 1.2 Examples of UPR-targeted cancer drugs in development. Eerl, eeyarestatin; 

ERAD, enoplasmic reticulum associated protein degradation; EGCG, (-)-epigallocatechin 

gallate; EGF, epidermal growth factor; IRE1α, inositol requiring enzyme 1 α; THC, 

tetrahydrocannabinol; ER, endoplasmic reticulum; PERK, protein kinase RNA-like ER 

kinase.  

 

 

 Targeting the UPR pathway for anti-melanoma therapy offers an exciting novel 

strategy for overcoming metastatic melanoma resistance.  Further understanding of the 

mechanisms involved in these complex signaling UPR pathways, and their relationship to 

Drug 
Classification/ 

Mechasnism 

Development 

Stage 

Disease 

Indication 

EErl ERAD inhibitor Preclinical - 

Versipelostatin GRP78 inhibitor Preclinical - 

EGF-SubA 
GRP78-targeting 

Cytotoxin 

Preclinical  

Murine animal 

Models 

Prostate tumor 

Irestatin IRE1α inhibitor Preclincal 
Multiple 

Myeloma 

Delta(9)-THC 

Cannabinoid, 

activates ER 

stress and  

autophagy 

Phase I clinical 

Trial 

Glioblastoma 

multiforme 

STF-083010 
IRE1 RNase domain 

(cytotoxic) 
Preclinical 

Multiple 

Myeloma 

4μ8C IRE1 RNase domain Preclinical 
Multiple 

Myeloma 

MKC-3946 

IRE1 RNase domain 

(sensitization to 

bortezomib) 

Preclinical 
Multiple 

Myeloma 

Toyocamycin IRE1 (cytotoxic) Preclinical Various cancers 

GSK2656157 
PERK (anti-

angiogenic) 
Preclinical 

Multiple 

myeloma, 

pancreatic cancer 
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other survival pathways involved in melanomagenesis, will provide additional therapeutic 

opportunities in the future treatment of melanoma. 

 

1.2.4   Heat shock response (HSR) and heat shock proteins (Hsps) as emerging 

melanoma drug targets 

          Malignant transformation generates substantial proteotoxic stress derived from (1) 

the disruption of protein translation machinery, (2) aneuploidy and gene amplification, (3) 

increased concentration of mutated, highly chaperone-dependent oncoproteins, and (4)  

escalation of protein damages due to oxidative stress [102-105]. In an effort to maintain 

proteostasis, the evolutionarily conserved cellular HSR, involving the essential function of 

heat shock factor 1 (Hsf1), is constitutively activated to promote the survival of cells 

undergoing malignant transformation (Figure 1.7). 
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Figure 1.7 Proteotoxic stress in cancer cells.  During cellular transformation, cancer cells 

experience heightened levels of proteotoxic stress arising from the dysregulation of protein 

translational machinery; imbalanced protein production due to aneuploidy and gene 

amplification; accumulation of mutated, highly chaperone-dependent oncoproteins; and 

escalation of protein damages due to oxidative stress [106]. 

 

 The molecular mechanisms underlying the HSR involve the dissociation of Hsf1 from 

multi-protein complexes.  These complexes consist of molecular chaperones and co-chaperones 

(Hsp70, Hsp40, HOP, and others), as well as client proteins or substrates, that are stabilized by 

Hsp90 during non-stressed cellular conditions.  In response to internal and external cellular stress 

resulting in the accumulation of unfolded and misfolded proteins in the cytosol, Hsp90 is rapidly 

titrated away from the complex, causing it to destabilize. As a consequence, formerly inactive Hsp1 

monomers are mobilized and activated to their trimeric forms.  Trimeric Hsf1 translocates to the 

nucleus and binds to heat shock elements (HSEs) in the promoter regions of various Hsp genes 

(HSF1, HSPB1, and HSPA5).  Once phosphorylated, Hsf1 transcriptionally activates proteins 

directly involved in protein folding, namely Hsp70, Hsp27, and GRP78 (Figure 1.8).  
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Figure 1.8 The cellular heat shock response (HSR).  In response to various internal and 

external sources of cytotoxic stress, the heat shock response is activated to maintain cellular 

proteostasis.  The HSR is initiated when Hsf1 dissociates from Hsp90, trimerizes, 

phosphorylates, and translocates to the nucleus.  There, it bind to HSEs in the promoter 

regions of heat shock responsive genes, encoding for the transcription of heat shock 

proteins (Hsp70, Hsp27, Grp78) to promote protein folding and cell survival.  

 

 Several kinases have been implicated in phosphorylation of Hsf1, including ERK 

and glycogen synthase kinase 3 (GSK3), both of which negatively modulate Hsf1 activity 

by phosphorylating Ser307 and Ser303, respectively [107].  Conversely, Hsf1 is activated 

through phosphorylation of calcium/calmodulin-dependent kinase II (CaMK11) on Ser230 

and casein kinase 2 (CK2) on Thr142 [108,109].  Furthermore, polo-like kinase 1 (PLK1) 

phosphorylates Hsf1 on Ser419, facilitating Hsf1 nuclear translocation [110].  

Once transcriptionally activated through the nuclear activities of Hsf1 in response 

to stress, Hsps are mobilized to perform functions essential for maintaining proteostasis 

and cellular survival.  It is important to note that despite their name, most Hsp families are 
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constitutively expressed under normal cellular conditions.  During typical levels of internal 

and external stress, Hsps perform essential housekeeping and higher-order functions for 

proper maintenance of cellular activity (Table 1.3).  

 

Housekeeping functions Higher order functions 

De novo protein folding during nascent 

polypeptide-chain synthesis 

Post-translational regulation of signaling 

molecules 

Translocation of proteins across 

membranes 

Assembly/disassembly of transcriptional 

complexes 

Quality control in the ER 
Processing immunogenic peptides by the 

immune system 

Normal protein turnover  

Table 1.3 Cellular functions of molecular chaperones. 

 

 Heightened activity of Hsp90 and Hsp70 is a common feature in both solid tumors 

and hematological malignancies, and often correlate with a poor prognosis and drug 

resistance [111-120].  Further, the increased expression of HSPs directly involved in 

protein folding (Hsp70, GRP78) reflects an appropriate cytoprotective stress response to 

extremely toxic cellular microenvironments that are characteristic of tumors, allowing 

them to adapt to neoplastic transformation [121,122].  Moreover, Hsp70 family members, 

and several Hsp70 co-chaperones, are established anti-apoptotic proteins that interfere with 

normal functioning of key apoptotic molecules, such as apoptotic protease activating factor 

1 (APAF1) and caspase 3 [123-127].  In addition, Hsp90 stabilizes many oncogenes 

implicated in melanomagenesis, including V600E BRAF [39]. For these reasons, 
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disruption of proteostasis through modulation of Hsp90 and Hsp70 expression are 

extensively explored as therapeutic targets for anti-melanoma intervention.  

 

 

1.2.4.1 Heat shock protein 90 (Hsp90) structure and function  
 

 Hsp90 is a highly conserved conformationally flexible protein that resides primarily 

in the cytoplasm as homodimers.  It comprises as much as 1-2% of total cellular protein 

content, increasing only about twofold under stress [128].  There are two distinct isoforms 

of Hsp90, inducible Hsp90α and constitutively-expressed Hsp90β, but their functional 

differences are poorly understood [129].  Distinct Hsp90 homologs exist in the 

enodoplasmic reticulum (glucose related protein 94, Grp94) and mitochondria (TNF 

receptor-associated protein 1, Trap1) [130].   In addition, it has been shown that Hsp90 is 

also present on the cell surface of various cell types and secreted into the extracellular space 

suggesting distinct extracellular chaperoning activity [131,132].   

 Each Hsp90 homodimer consists of three domains: (1) a 25 kDa N-terminal domain 

(NTD), (2) a 35 kDa middle domain (MD), and (3) a 12 kDa C-terminal domain (CTD) 

(Figure 1.9).  The NTD contains an ATP- and drug-binding site, as well as co-chaperone 

interacting motifs.  The ATP-binding pocket is unique amongst the ATP-binding domains 

found in other kinases or heat shock proteins, and is known as the Bergerat fold [129].  This 

structural motif belongs the GHKL (bacterial gyrase, Hsp90, histidine kinase, MutL) 

superfamily, and is essential for Hsp90 function both in vivo and in vitro [129-133].  The 

MD provides docking sites for client proteins and co-chaperones.  It also modulates ATP 

hydrolysis by interacting with the γ-phosphate of ATP molecules bound in the N-terminal 

pocket of the chaperone.  The CTD contains a dimerization motif, a second drug-binding 
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region, and a conserved EEVD motif.  The EEVD motif recruits various tetratricopeptide-

containing repeat (TPR)-domains which contain co-chaperones such as the Hsp70/Hsp90-

organizing protein (HOP).  There is also as a highly charged, flexible linker between the 

NTD and MD [129].   

   

 

 

 

Figure 1.9  Domain structure of Hsp90.  The NTD contains an ATP and drug-binding 

site and co-chaperone interacting motifs.  The MD has docking sites for client proteins and 

co-chaperones, and modulates ATP hydrolysis.  The CTD contains a dimerization motif, a 

second drug-binding region, and a conserved EEVD motif.  A charged region serves as a 

link between the NTD and MD.     

 

 Hsp90 is a key component in maintaining cellular proteostasis through its activities 

in fundamental processes such as cell cycle control, cell survival, hormone signaling, and 

response to cellular stress.  Many of its cellular substrates, or ‘client’ proteins, are 

conformationally labile signal transducers that are essential for growth control, cell 

survival, and developmental processes (Figure 1.10) [134-137].  More than 200 Hsp90 
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client proteins have been identified, some of which are responsible for maintaining the 

hallmarks of cancer [37,138]. 

 

Figure 1.10 Hsp90 stabilizes many client proteins responsible for the cancer 

phenotype.  VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial 

growth factor receptor; HIF-1, hypoxia-inducible factors; RAF, rapidly accelerated 

fibrosarcoma; ERBB2, receptor tyrosine-protein kinase erbB-2; CDK4, cyclin-dependent 

kinase 4; hTERT, telomerase reverse transcriptase; MET, MET proto oncogene, receptor 

tyrosine kinase; MMP2, matrix metalloproteinase-2; AKT/PKB, protein kinase B ; RIP, 

ribosome-inactivating protein; Survivin/BIRC5, baculoviral inhibitor of apoptosis repeat-

containing 5.  

 

 



[46] 
 

 The chaperone activity of Hsp90 occurs in a cyclical, iterative manner.  Hsp90 

cycles between an open and closed conformation which is dependent upon its ATPase 

activity [139,140].  In its inactive state, Hsp90 adopts a predominantly ‘open’ conformation 

(Fig. 1.11).   Upon ATP binding to the NTD, the lid segment is repositioned followed by 

structural changes which induce the ‘closed’ state.  In the closed state, the NTDs are 

dimerized and associate with MDs, initiating ATP hydrolysis.  After ATP hydrolysis, the 

NTDs dissociate, release ADP and inorganic phosphate, returning Hsp90 to its original 

conformation [141,142].  The ATP-driven conformational cycle of Hsp90 is sequentially 

and multiply regulated by a set of chaperones, co-chaperones, and adapter proteins (Table 

1.4).   

 

 

Figure 1.11 ATPase cycle of Hsp90.  (A) Nucleotide-free Hsp90 is in an open state with 

its C-terminal domains (CTD) constitutively dimerized.  (B) Binding of ATP (A) in the N-

terminal domain (NTD) induces conformational changes, resulting in the closed state of 

Hsp90. 
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Protein Family Function 

Hsp90 

Supports meta-stable protein 

conformations, especially in signal 

transducers 

Hsp70 

Helps fold nascent polypeptide chains; 

participates in assembly of multiprotein 

complexes 

Hsp40 Stimulates Hsp70 ATPase activity 

Hop 

Mediates interaction of Hsp90 and Hsp70; 

involved in client protein maturation; 

inhibits Hsp90 ATPase 

CDC37/p50 
Modulates interactions with kinases; 

inhibits ATPase activity 

AHA1 Stimulates ATPase activity 

p23 
Involved in client protein maturation; 

inhibition of ATPase activity 

Table 1.4 Important components of the Hsp90 chaperone machinery.  AHA1, activator 

of Hsp90 ATPase homologue 1; CDC37, cell division cycle 37 homologue; HOP, 

Hsp70/Hsp90-organizing protein; HSP, heat-shock protein.                     

 

  Hsp90 inhibitors, such as the ansamycin antibiotic, geldanamycin (the first 

established Hsp90 inhibitor) and its derivatives, bind to the N-terminal ATP-binding 

pocket of Hsp90.  Hsp90 inhibition prevents ATP binding and hydrolysis, disassembles the 

HSP90/client protein complex, and initiates client protein destabilization, ubiquitination, 

and proteasomal degradation (Figure 1.12) [143-145].   
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Figure 1.12 Pharmacological inhibition of Hsp90. Hsp90-inhibitor drugs, such as 

geldanamycin (GM), bind to the NTD ATP-binding pocket of Hsp90 and inhibit ATP 

binding and hydrolysis, locking Hsp90 in an intermediate complex state.  The client protein 

is then targeted for proteasomal degradation. Scheme adapted from Kamal & Burrows 

[146]. 

 

 

1.2.4.2 Hsp90 inhibition as an emerging drug target in melanoma  

 The feasibility of targeting HSP90 is indicated by an approximately 100-fold 

greater selectivity for HSP90 inhibition in cancer cells compared to non-transformed cells.  

Administration of Hsp90 inhibitors in multiple animal models of cancer results in 

significant antitumor effects with little off-target associated toxicity.  Selectivity of 

inhibitors in tumor cells may be a result of oncogenic client proteins which require higher 
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ATPase activity for maintaining Hsp90 function compared to normal tissues, in which 

Hsp90 is essentially latent and uncomplexed (Figure 1.13) [147]. 

 

 

Fig. 1.13 Hsp90-dependent malignant progression underlying tumor selectivity of 

Hsp90 inhibitors.  Hsp90 in normal cells exists in an uncomplexed form that has low 

affinity for Hsp90 inhibitors, and therefore accumulate poorly in normal tissues.  By 

contrast, Hsp90 in cancer cells is involved in the active chaperoning of altered 

oncoproteins.  The accumulation of mutant proteins during cancer progression generates a 

dependence on Hsp90 function that renders these cells vulnerable to selective Hsp90 

inhibition. Scheme adapted from Kamal & Burrows [146].    

 

 Based on favorable Hsp90 directed tumor selectivity, significant effort has been put 

forth in the discovery and development of small molecule Hsp90 inhibitors, some of which 

have entered clinical trials for various malignancies (Table 1.5) [148].  Although these 

trials have not lead to FDA approval of Hsp90 inhibitors for human use, based on their 

limited efficacy as single agents, many have been successful in overcoming multiple drug 

resistance mechanisms in multiple tumor types, both in vitro and in vivo [149-151].  
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Hsp90 Inhibitor Malignancy  

Tanespimycin/17-

AAG/KOS-953 

Melanoma; MM; leukemias; myelodysplastic syndromes; 

breast, prostate, pancreatic, thyroid, bladder, colorectal, 

renal, and ovarian cancer  [152] 

Alvespimycin/17-DMAG Melanoma; advanced solid tumors [153] 

Retaspimycin 

Hydrochloride/IPI-504 

Melanoma; MM; breast, prostate cancer; NSCLC; GIST; 

sarcomas [154] 

NVP-AUY922 
MM; breast and pancreatic cancer; lymphoma; GIST 

[155] 

Ganetespib/STA-9090 

Melanoma; prostate, breast, esophagogastric and 

colorectal cancer;  hematologic malignancies; SCLC; 

NSCLC; GIST  [156-158] 

BIIB021/CNF2024 Breast cancer; GIST; CLL; lymphoma [159] 

Debio 0932/CUC305 NSCLC; lymphoma [160] 

SNX-5422 Mesylate 
Leukemias; lymphoma; prostate, breast, adrenal gland 

cancer [161] 

AT13387 
Melanoma; GIST; ALK-positive; lung, prostate cancer 

[162] 

HSP990 Advanced solid tumors [163]  

MPC-3100 Solid or hematological refractory cancers [148] 

Table 1.5 Selected Hsp90 inhibitors in clinical trials.  MM, multiple myeloma; NSCLC, 

non-small cell lung cancer; GIST, gastrointestinal stromal tumor; SCLC, small cell lung 

cancer; CLL, chronic lymphocytic leukemia; NHL, non-Hodgkin lymphoma; ALK, 

anaplastic lymphoma kinase.  

 

 

 The potential utility of Hsp90 inhibitors in overcoming vemurafenib resistance in 

melanoma was recently demonstrated by the ability of the Hsp90 inhibitor XL888 to inhibit 

multiple unrelated resistance pathways [39].  XL888 attenuated the expression of multiple 
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Hsp90 client proteins implicated in acquired and intrinsic vemurafenib resistance (IGF1R, 

cyclin D1, PDGFR-β, AKT, COT, ARAF, and CRAF), blocked signaling activities of key 

pathways involved in melanoma cell survival (MEK, AKT, and mTOR), restored 

expression of pro-apoptotic Bim and reduced expression of anti-apoptotic Mcl-1 proteins  

[39].    

 Another small molecule, ganetespib/STA-9090, has demonstrated potent 

antiproliferative activity in a panel of melanoma cell lines carrying BRAF and NRAS 

mutations, as well as those with acquired resistance to BRAF inhibitors.  Its exhibits even 

greater antitumor efficacy when used in combination with vemurafenib or the MEK 

inhibitor, AZD6244/Selumetinib, compared with either of these drugs alone [54].  

Ganetespib is currently undergoing evaluation in multiple human clinical trials in patients 

with advanced and metastatic melanoma. 

 A second-generation fragment-derived HSP90 inhibitor, AT13387, exhibits 

improved antiproliferative activities in melanoma models of acquired resistance to both 

BRAF and MEK inhibitors.  AT13387 treatment of these resistant cell lines led to 

inhibition of growth, depletion of key Hsp90 clients, and inhibition of MAPK and AKT 

signaling pathways.  In addition, AT13387 in combination with vemurafenib, delayed the 

emergence of resistance [55]. 

 In the past, the vast majority of Hsp90 inhibitors were developed to target the N-

domain ATP binding site.  However, the C-domain also provides a potential target for the 

development of novel Hsp90 inhibitors [56].  Molecules targeting this domain have shown 

a less robust Hsf1 activation, and therefore, less tendency toward drug resistance [147].  

The coumarin antibiotic novobiocin, binds to this site, destabilizing Hsp90 client proteins 
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[56] and disrupting its association with co-chaperones implicated in melanoma resistance 

[57].  Early studies have reported novobiocin inhibition of melanoma cell proliferation [58] 

and sensitization to microtubule-disrupting cytotoxic drugs [164].  The novel novobiocin 

derivative, KU135, binds with greater affinity to the C-terminus, and has recently 

demonstrated Hsp90 inhibition, reduced melanoma cell viability, proliferation, and 

mitochondrial membrane potential.  Importantly, it does not induce the activation of Hsp70, 

suggesting that the C-terminal domain of Hsp90 is a viable target for targeted inhibition of 

melanoma [165]. 

 Valuable lessons have been learned from the pioneering clinical studies and have 

improved next-generation Hsp90 inhibitor discovery efforts.  As a result, a diverse range 

of chemical scaffolds have emerged, including SNX-5422 [161], NVP-BEP800/VER-

82576 [166], and CUDC-305 [160].  These new agents have shown clinically relevant 

potential of achieving improved efficacy over traditional experimental Hsp90 inhibitors in 

terms safety, efficacy, and ease of administration [154-156].         

 

1.2.4.3 Heat shock protein 70 (Hsp70) structure and function  

 

 The human Hsp70 family consists of at least eight highly homologous (52-99% 

identity) members with diverse, yet overlapping functions.  Hsp70 proteins are all involved 

in mediating correct protein folding and maintaining proteostasis.  The two major 

cytoplasmic Hsp70 isoforms are the constitutively expressed heat shock protein 70 

(Hsc70), which carries out the majority of housekeeping functions, and stress inducible 

heat shock protein 70 (Hsp70/Hsp72).  In contrast to Hsp90, there are no specific ‘client’ 

proteins of Hsp70.  Rather, Hsp70 directly binds to stretches of exposed hydrophobic 



[53] 
 

residues on unfolded and misfolded proteins in an ATP-dependent fashion, stabilizing them 

in an intermediately folded state and preventing their aggregation [167]. 

 HSP70 proteins have a highly conserved domain structure comprised of (1) a N-

terminal nucleotide (ATP, ADP) binding domain (NBD; 44 kDa); (2) a middle flexible 

linker region; (3) a 15 kDa substrate binding domain (SBD); and (4) a C-terminal domain 

(CTD; 10 kDa) that forms a ‘lid’ comprised of an EEVD motif capable of interacting with 

TPR co-factors (Chip and HOP; Figure 1.14).  When ATP is bound to the NTD, the lid 

opens, allowing for the rapid exchange of substrates.  The exchange of ATP for ADP closes 

the lid, binding the substrates with high affinity to the SBD [168,169] 

 

 

Figure 1.14 Structure of Hsp70.  Hsp70 consists of a nucleotide binding domain  (NBD), 

a flexible linker, a substrate binding domain (SBD), and a C-terminal domain (CTD) 

consisting of an EEVD motif forms a lid over TPR co-factors (Chip and Hop) [170]. 
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 HSP70 co-chaperones and their function include: J-domain proteins (Hsp40) which 

stimulate the ATPase activity of Hsp70 [171]; nucleotide exchange factors (NEFs) include 

ing BAG-1; atypical Hsp70 homologues (e.g., HSP110) which mediate ADP-ATP 

exchange thus catalyzing the release of substrate [172]; C-terminus of Hsc70 interacting 

protein (CHIP) which is believed to redirect HSP70 activity to process grossly misfolded 

proteins for proteasomal degradation rather than refolding; and HOP which couples HSP70 

to HSP90 [169]. 

 Expression of Hsp70 protects cells from stress-induced apoptosis, suppresses 

senescence, and prevents autophagy through modulation and regulation of multiple cell 

death pathways [173-177].  The cytoprotective activities of Hsp70 provide a selective 

advantage to tumor cells by helping them to survive in proteotoxic environments.  In fact, 

high levels of Hsp70 are correlated with increased tumor grade, poor prognosis, metastasis, 

and drug resistance [178-196].  It has been suggested that the anti-apoptotic function of 

Hsp70 may provide a useful target for anti-melanoma therapy.  

 

1.2.4.4 Hsp70 modulation as an emerging drug target in melanoma 

 Following the disappointing clinical efficacy of Hsp90 inhibitors in melanoma, 

efforts have begun to focus on the discovery and development of Hsp70 inhibitors to be 

used either alone or in conjunction with other anti-melanoma therapies, including Hsp90 

inhibitors.  The rationale behind this effort is attributed to the activation of Hsf1 and the 

subsequent up-regulation of Hsp70 induced by Hsp90 inhibition and the disruption of the 

Hsp90 multi-client protein complex.  Accumulated data regarding the role of stress-

inducible Hsp70 has shown that although it is not required for the growth and survival of 
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normal cells, Hsp70 constitutive expression plays a role in the early steps of tumor 

initiation [197].  Cancer cells appear to become addicted to Hsp70 due to its supportive 

activity on multiple cell signaling and survival pathways.  Tumor cells are provided with a 

selective survival advantage through Hsp70 inhibition of intrinsic and extrinsic apoptosis, 

protection from p53-dependent and independent senescence, and inhibition of lysosomal 

membrane permeabilization and autophagy [198,199].  Silencing Hsp70 in tumor cells is 

often lethal in several types of cancer cells in vitro, as well as in tumor xenografts in mice, 

and has been shown to improve sensitization to cytotoxic agents in vivo [200-202].  

Although to date Hsp70 inhibitors have not entered clinical trials for melanoma, many 

small molecules are being actively pursued. 

 The modified Hsp70 inhibitor, PES-Cl (2-(3-chlorophenyl)ethynesulfonamide), 

binds selectively to a deep hydrophobic pocket in the C-terminal α-helical lid of Hsp70 in 

transformed cells, preventing its interaction with co-chaperones.  The mechanisms of PES-

Cl induced melanoma cell death include inhibition of autophagy and increased apoptosis, 

with enhanced activity of both events observed in BRAF inhibitor-resistant melanoma.  

Further, it has been shown to inhibit Hsp90 client function and induce G2/M cell cylce 

arrest [203]. 

 The flavonoid, quercetin, decreases Hsf1 activity and Hsp70 expression [204-207], 

and increases sensitivity of melanoma models when used in conjunction with 

temozolomide [208].  Multiple molecular targets of quercetin, a notoriously promiscuous 

ligand, have been proposed.  Quercetin inhibits signal transducer and activator of 

transcription 3 (STAT3), which down-regulates the expression of Mcl-1, matrix 

metalloproteinase (MMP)-2, MMP-9, and vascular endothelial growth factor (VEGF) 
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[209,210].  Further, it was discovered that the diterpenoid, triptolide, inhibits induction of 

Hsp70 by blocking a step in the activation of Hsf1.  Triptolide induces caspase-dependent 

apoptosis, as well as apoptosis dependent on a nuclear factor κB (NF-κB) mediated 

mechanism [211].   

 A region of the apoptosis inducing factor (AIF) has been characterized and 

identified as imperative for interactions with the SBD of Hsp70.  Following this discovery, 

a mini-peptide inhibitor (the AIF-derived decoy for Hsp70, ADD70) comprising this 

domain was developed - the AIF-derived decoy for Hsp70 (ADD70).  This novel peptide 

has demonstrated Hsp70 inhibitory potential and delayed the growth of tumors in mice 

models of melanoma.  In addition, ADD70 sensitized mouse melanoma cells to the 

alkylating agent, cisplatin.  The anti-tumorigenic effects of ADD70 are associated with an 

increase in tumor-infiltrating cytotoxic CD8+ T-cells [212].   Due to difficulties related to 

the delivery of large peptides into cells, optimization experiments of ADD70 have lead to 

the identification of two aptamers, A8 and A17, that are also specific for stress inducible 

Hsp70 - A8 and A17 [213].  Both aptamers sensitize HeLa cells to apoptosis upon co-

treatment with cisplatin. Further, a 13 amino acid peptide from A17 binds to Hsp70 and 

inhibits it, inducing the regression of subcutaneous tumors in vivo after local or systemic 

administration [213].  

 Results from these and other preliminary studies suggest that Hsp70 represents a 

viable target for overcoming melanoma resistance, especially when used in conjunction 

with new or existing anti-melanoma therapies.  Based accumulating data, agents that 

modulate Hsp70 function may offer significant anti-melanoma treatment options. 
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1.3 Hypothesis and specific aims 

1.3.1    Central hypothesis 

 Dysregulation of proteotoxic stress in malignant melanoma represents a molecular 

vulnerability that can be pharmacologically targeted through heat shock response 

modulation overcoming melanoma resistance mechanisms and ultimately improving 

patient survival.  

 

1.3.2   General rationale 

 Despite recent progress in the design of melanoma-targeted therapies, such as the 

V600E mutation-directed BRAF-inhibitor vemurafenib, efficacy of chemotherapeutic 

intervention directed against the metastatic stage of the disease remains limited, creating 

an urgent need for the identification and development of improved antimelanoma agents.  

 Dysregulation of proteotoxic stress and pathological alterations affecting 

expression and function of HSPs, namely Hsp70 and Hsp90, have been documented in 

human melanoma tissue, and are believed to contribute to chemoresistance. Specifically, 

Hsp90 serves as an essential factor stabilizing oncogenic V600E BRAF and other 

oncogenic proteins implicated in melanomagenesis.  Further, Hsp70 expression maintains 

cellular proteostasis through maintenance of proper protein processing, thereby inhibiting 

apoptosis of malignant cells.  Pharmacological modulation targeting Hsp70 and Hsp90 has 

therefore emerged as a promising strategy for further increasing the proteotoxic burden 

caused by melanomagenesis in an attempt to overcome acquired and intrinsic mechanisms 

of melanoma resistance. 
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1.3.3  Focused screening of redox-directed pharmacophores for the identification of 

melanoma directed inducers of proteotoxic stress 

 Reactive oxygen species (ROS), including free radicals and peroxides, are 

produced as a result of normal cellular metabolic and signaling processes [215-217].  

However, excessive ROS formation causes oxidative damage to lipids, nucleic acids and 

proteins, and redox deregulation has been implicated in pathological processes involved in 

melanoma initiation and progression [10,218].  A large body of evidence supports the 

hypothesis that ROS can be selectively targeted by redox chemotherapeutics due to 

constitutively elevated levels of oxidative stress in cancer cells compared to normal cells 

[219].    

 Based on this evidence, numerous preclinical and clinical studies have investigated 

the tumor-directed efficacy of experimental and investigational redox chemotherapeutics 

[219-238].  Our own work has demonstrated the feasibility of redox-directed invention 

targeting malignant melanoma cells through small molecule pro-oxidant therapeutics 

[52,219,232,234,239,240].  However, there remains an urgent need for clinically available 

melanoma-directed redox chemotherapeutics with improved potency and selectivity.   

 It has become evident that certain redox-directed pharmacophores are equally 

potent inducers of proteotoxic stress, a phenomenon attributable in part to the redox 

sensitivity of the heat shock factor [138].  For example, the potent Hsp90 directed inhibitor 

geldanamycin contains a redox-active benzoquinone pharmacophore crucial for its 

function [220].  Likewise, the triterpene celastrol is known to induce oxidative stress, and 

has been shown to suppress initiation, proliferation, and metastasis in various cancer 

models in vivo [221,222].  Due to the functional overlap between redox and proteotoxic 
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stress responses, we hypothesize that our focused library of small molecule redox 

pharmacophores represents a promising starting point for the identification of novel 

proteotoxic stress modulators  

                           

1.3.4 Specific Aims 

Specific Aim 1. 

To identify redox-directed heat shock response modulators active in malignant melanoma 

cells. 

 Rationale and approach:  In an attempt to identify novel small molecules for the 

therapeutic modulation of oxidative and proteotoxic stress targeting A375 human 

malignant melanoma cells, a focused library of compounds containing redox-directed 

electrophilic pharmacophores was screened by Real Time RT-PCR. Specifically, we 

examined modulation of HSPA1A gene expression which is indicative of proteotoxic stress.  

Our compound library comprised redox pharmacophores including quinones, quinone 

imines, quinone methides, Michael acceptors, triphenylmethanes, phenolics, and 

endoperoxides (Figure 1.15).  Of the compounds tested, aurin and methylene blue 

displayed the most dramatic effect on HSPA1A expression, and were therefore selected for 

further analysis and represent the main focus of this dissertation.  

 

 



[60] 
 

 

Figure 1.15 Focused library of redox-directed electrophilic drugs.  A selection of redox 

pharmacophore containing lead compounds that were tested for anti-melanoma activity in 

the context of this dissertation is depicted.  Compounds blue boxes represent the primary 

focus of this dissertation and are the subject of our recent publications. 

 

Aurintricarboxylic 

acid (ATA) 
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Specific Aim 2. 

To explore specific mechanisms of action underlying aurin induced heat shock 

response in malignant melanoma cells.  

 Rationale and Approach: The consequences and molecular mechanisms underlying 

aurin induced HSPA1A overexpression in A375 malignant melanoma cells were 

investigated.  The involvement of a panel of 85 stress and toxicity related genes were 

examined by PCR expression gene array analysis using RT2 ProfilerTM PCR Expression 

Array technology.  Dose-response relationship and time course of aurin-induced induction 

of heat shock response genes at the mRNA and protein level were examined using 

independent real time RT-PCR and immunoblot analysis, respectively.  The role of the heat 

shock response in HSPA1A gene expression was validated by examining HSF 

transcriptional activity in A375 cells transfected with an HSE-luciferase reporter construct. 

In addition, immunoblot analysis comparing cytosolic and nuclear fractions of aurin treated 

A375 cells was performed.   Aurin induced apoptosis was assessed using annexin V-PI 

staining of A375 malignant melanoma cells.  The effect of cellular viability on a panel of 

cultured cells exposed to aurin was determined employing flow cytometric analysis of 

annexin V-PI stained cells.  The panel of cell lines included both malignant melanoma 

(G361, LOX-IMVI) and nonmalignant skin cells (Hs27 fibroblasts, HaCaT keratinocytes, 

primary melanocytes). The expression HSPA1A in these cell lines was also determined at 

the mRNA (real time RT-PCR) and protein levels (immunoblot analysis).  

 Aurin induction of the proteotoxic stress response was assessed by examining UPR 

signaling through monitoring the effects of ER stress responsive genes (DDIT3) by real 
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time RT-PCR, and immunoblot analysis of ER stress related proteins (CHOP, PERK, p-

PERK, eIF2α, p-eIF2α).  In addition, immunoblot analysis of aurin-treated A375 

melanoma cells was done to examine protein ubiquitination status.   Moreover, a 

luminescent protease activity assay employing the Proteasome-GloTM Cell-Based Assay kit 

(Promega) examine effects of aurin on proteasomal function. This assay monitored changes 

in chymotrypsin-like activity in cytosolic extracts of aurin-treated A375 cells.  Next, the 

occurrence of oxidative stress in aurin-exposed A375 malignant melanoma cells was 

assessed by monitoring the generation of oxidizing species.  Increasing levels of ROS is 

indicated by an increase in 2’,7’-dichlorodifluorescein diacetate (DCF) fluorescence by 

flow cytometric analysis.  Further assessment of ROS was determined by luminometric 

detection of reduced glutathione levels.  Effects of aurin induced apoptosis in both the 

absence and presence of the pro-oxidant and glutathione inhibitor, L-buthionine-S,R-

sulfoximine (BSO), was determined by annexin V-PI staining of A375 cells followed by 

flow cytometric analysis.    

 The feasibility of aurin as an Hsp90 inhibitor was examined by immunoblot 

analysis of key Hsp90 client proteins (BRAF and the aryl hydrocarbon receptor (AhR)).  

In addition, direct examination of aurin’s interaction with Hsp90 was accomplished using 

a validated commerical fluorescence polarization assay.  This assay monitored competitive 

binding between a fluorescently labeled high affinity probe, derived from the standard 

Hsp90 inhibitor geldanamcyin (FITC-geldanamycin), and the test compound (aurin or 

geldanamycin).  Further, aurin induced ATPase enzymatic inhibition was assessed using a 

malachite green assay for the photometric detection of phosphate generated from 

enzymatic ATP hydrolysis.  Finally, molecular modeling of aurin employing a 
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computational strategy based on Glide score (G score) analysis was done to assess 

geldanamycin-competitive structure-based target inhibition based on the x-ray crystal 

structure coordinates of geldanamycin with Hsp90α.   

 The details of the molecular pathway underlying aurin induced A375 melanoma 

cell death was determined. Cell viability was monitored in the presence and absence of the 

pancaspase and the caspase-8 specific inhibitors, zVADfmk and IETD, respectively.  

Further, analysis underlying the molecular pathway of aurin induced apoptosis involved 

determining aurin-induced proteolytic procaspase-3 activation.  In addition, the 

mitochondrial membrane potential was examined by implementing the mitochondrial 

membrane-permeant JC-1 dye.  In addition, the apoptotic consequences of siRNA 

transfected A375 melanoma cells targeting gene expression of the pro-apoptotic Bcl-2 

family member, NOXA (PMAIP1), was determined by flow cytometric analysis of annexin 

V-PI stained cells. 

  

Specific Aim 3: 

To explore mechanisms of action underlying methylene blue (MB) attenuation of the 

heat shock response in malignant melanoma cells.  

 Rationale and Approach: The consequences and molecular mechanisms of 

methylene blue (MB) suppression of HSPA1A expression were determined.  To further 

explore the potential anti-melanoma activity of MB, induction of oxidative stress was 

assessed by measuring DCF fluorescence (indicative of the generation of oxidizing species) 

and glutathione depletion in A375 human malignant melanoma cells exposed to MB.   To 

further characterize the stress response elicited by MB treatment at non-lethal 
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concentrations, a focused gene array analysis examining the expression of 84 stress-related 

genes was performed using the RT2 Human Stress and Toxicity ProfilerTM PCR Expression 

Array technology.  MB-induced gene expression changes were further examined at the 

protein level using ELISA-based detection, and immunoblot analysis.  The effects of MB-

induced expression of other heat shock response genes and their corresponding proteins 

(Hsp27/HSPB1, Hsp60/HSPD1, Hsp90/HSP90AA1) were examined at the mRNA and 

protein levels, respectively, using independent real time RT-PCR and immunoblot 

analysis.  Key molecular changes observed in A375 melanoma cells in response to MB 

exposure were also assessed in G361 amelanotic metastatic melanoma cells.  Next, a 

comparative assessment of Hsp70 modulation by MB-related derivatives (azure A, AA; 

azure B, AB; new methylene blue, NMB) in A375 and G361 melanoma cell lines was 

performed using immunoblot analysis.  Their effects on cell viability was also assessed by 

flow cytometric analysis of annexin V-PI stained cells.   

 The possibility that MB exposure downregulates protein levels of Hsp70 and Hsp27 

(a functionally similar heat shock protein family member), in human melanoma cells 

exposed to thermal (43 °C) or pharmacological (celastrol, an established Hsp70 inducer) 

stress was examined at the protein and mRNA levels.  The feasibility of using MB in 

combination with established chemotherapeutics (etoposide, doxorubicin) known to be 

antagonized by Hsp70 expression was assessed by annexin V-PI staining followed by flow 

cytometric analysis.  In addition, the ability of MB to suppress Hsp70-induced expression 

in cells treated with the established Hsp90 inhibitor, geldanamycin, was investigated at the 

mRNA and protein level. Finally, the feasibility of achieving chemosensitization towards 

geldanamycin-induced apoptosis by MB co-administered in A375 melanoma cells at non-
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cytotoxic concentrations determined by flow cytometric analysis of annexin V-PI stained 

cells and light microscopy.        
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Chemicals.  All chemicals were purchased from Sigma Chemical Co. (St. Louis, 

MO, USA). 

2.2 Cell culture.  Malignant human melanoma (A375) and human metastatic melanoma 

(LOX-IMVI, G-361) cells from ATCC (Manassas, VA) were cultured in RPMI medium 

(10% FBS and 2 mM L-glutamine) or McCoy’s 5a medium (10% FBS), respectively.  

Dermal neonatal foreskin Hs27 fibroblasts from ATCC and human immortalized HaCaT 

keratinocytes were cultured in DMEM containing 10% fetal bovine serum.  Primary human 

epidermal melanocytes (adult skin, lightly pigmented; HEMa-LP was from Invitrogen) 

were cultured using Medium 154 supplemented with HMGS-2 growth supplement.  

HEMa-LP cells were passaged using recombinant trypsin/EDTA and defined trypsin 

inhibitor.  Cells were maintained at 37 °C in 5% CO2, 95% air in a humidified incubator. 

2.3 Human Stress and Toxicity PathfinderTM RT2 Profiler PCR Expression Array.  

After pharmacological exposure, total cellular RNA (3 x 106 cells) was prepared according 

to a standard procedure using the RNeasy kit (Qiagen, Valencia, CA).  Reverse 

transcription was performed using the RT2 First Strand kit (Superarray, Frederick, MD) 

and 5 μg of total RNA as described previously [44,239,240].  The RT2 Human Stress and 

Toxicity PathfinderTM PCR Expression Array (SuperArray) profiling the expression of 84 

stress-related genes was run using the following PCR conditions: 95 °C for 10 min 

followed by 40 cycles of 95 °C for 15s alternating with 60 °C for 1 min (Applied 

Biosystems 7000 SDS, Carlsbad, CA).  Gene-specific product was normalized to ACTB 



[67] 
 

and quantified using the comparative (ΔΔCt) Ct method as described in the ABI Prism 

7000 sequence detection system user guide as published earlier [240,241].  Expression 

values were averaged across three independent array experiments, and standard deviation 

was calculated for graphing. 

2.4 DDIT3, HSPA1A, HSPA6, HSPB1, HSPD1, HSP90AA1, HMOX1, and PMAIP1 

expression analysis by Real Time RT-PCR.  For expression analysis by real time RT-

PCR, total cellular RNA (3 x 106 cells) was prepared using the RNeasy kit from Qiagen 

(Valencia, CA).  Reverse transcription was performed using TaqMan Reverse 

Transcription Reagents (Roche Molecular Biochemicals, Branchburg, NJ) and 200 ng of 

total RNA in a 50 μL reaction.  Reverse transcription was primed with random hexamers 

and incubated at 25 °C for 10 min followed by 48 °C for 30 min, 95 °C for 5 min, and a 

chill at 4 °C.  Each PCR reaction consisted of 3.75 μL of cDNA added to 12.5 μL of 

TaqMan Universal PCR Master Mix (Roche Molecular Biochemicals, Pleasanton, CA), 

1.25 μL of gene-specific primer/probe mix (Assays-by-Design; Applied Biosystems, 

Foster City, CA), and 7.5 μL of PCR water.  PCR conditions were 95 °C for 10 min 

followed by 40 cycles of 95 °C for 15s, alternating with 60 °C for 1 min using an Applied 

Biosystems 7000 SDS and Applied Biosystems Assays On Demand primers specific to 

DDIT3 (assay ID Hs00358796_g1), HSPA6 (assay ID Hs00275682_s1), HSPA1A (assay 

ID Hs00359163_s1), HSPB1 (assay ID Hs00356629_g1), HSPD1 (assay ID 

Hs01866140_g1), HSP90AA1 (assay ID Hs00743767_sH), HMOX1 (assay ID 

Hs00157965_m1), PMAIP1 (assay ID Hs00560402_m1), and ACTB (β-actin, assay ID 

Hs99999903_m1).  Gene-specific product was normalized to ACTB and quantified using 

the comparative (ΔΔCt) Ct method as described before [239,240]. 
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2.5 siRNA transfection targeting PMAIP1 expression.  A375 cells were transiently 

transfected with a 100-nmol pool of four small interfering RNA (siRNA) oligonucleotides 

(oligos) targeting PMAIP1 or a 100-nmol pool of four non-targeting siRNA oligos using 

the DharmaFECT 1 transfection reagent (Dharma-con RNA Technologies, Lafayette, CO) 

following a standard procedure as published recently [52,242].  The sequences of 

siGENOME PMAIP1 SMARTpool (PMAIP1 siRNA; GenBankTM NM021127) were 

AAACUGAACUUCCGGCAGA, AUUCUGUAUCCAAACUCU, 

CUGGAAGUCGAGUGUGCUA, and GCAAGAACGCUCAACCGAG.  Cells were 

either harvested for confirmation of PMAIP1 knockdown by Noxa immunoblot analysis or 

exposed to aurin followed by viability assessment using flow cytometric analysis of 

annexin V (AV)-FITC/propidium iodide (PI)-stained cells. 

2.6 Immunoblot analysis.  Sample preparation, SDS-PAGE, transfer to nitrocellulose, and 

development occurred as described earlier [44,241].  Gel percentage was 12%.  Antibodies 

were purchased from the following manufacturers: Cell Signaling Technology (Danvers, 

MA): anti-HSF1 rabbit polyclonal (4356), anti-phospho-PERK (Thr-980; 16F8) rabbit 

monoclonal, anti-PERK (C33E10) rabbit monoclonal, anti-phospho-eIF2α (Ser-51) rabbit 

polyclonal, anti-eIF2α (total; 9722) rabbit polyclonal, anti-CHOP (L63F7) mouse 

monoclonal, anti-p21 rabbit monoclonal (12D1); Enzo Life Sciences (Farmingdale, NY): 

anti-Hsp70 mouse monoclonal (C92F3A-5, SPA-810; this antibody recognizes inducible 

Hsp70, also called Hsp72 or HspA1A, but does not react with constitutively expressed 

Hsc70), anti-Hsp60 mouse monoclonal (Mab11-13; SPA-829), anti-Hsp90 rabbit 

polyclonal (SPA-836), anti-Hsp27 rabbit polyclonal (SPA-803); Santa Cruz Biotechnology 
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Inc. (Santa Cruz, CA): anti-ubiquitin (P4D1) mouse monoclonal; EMD Chemicals 

(Gibbstown, NJ): anti-Noxa (OP180) mouse monoclonal.   

 The following secondary antibodies were used: HRP-conjugated goat anti-rabbit 

antibody or HRP-conjugated goat anti-mouse antibody (Jackson ImmunoResearch 

Laboratories, West Grove, PA).  Equal protein loading was examined by β-actin-detection 

using a mouse anti-actin monoclonal antibody (Sigma, St. Louis, MO).  For nuclear 

extraction (HSF1), the NE-PER nuclear and cytoplasmic extraction kit (Thermo Scientific, 

Waltham, MA) was used. 

2.7 Heat shock element (HSE)-luciferase reporter assay.  Heat shock factor-responsive 

TransLucentTM reporter vector, pHSE-Luc, and empty TransLucent control reporter vector 

were purchased from Panomics (Fremont, CA).  pHSE-Luc contains multiple copies of the 

heat shock factor binding cis-acting promoter element (HSE; 5’-

CTGGAATTTTCTAGACTGGAATTTTCTAGACTGGAATTTTCTAGA-3’) upstream 

of the herpes simplex virus thymidine kinase TATA box promoter driving luciferase gene 

expression.  A375 human melanoma cells were grown to 60% confluency in a 24-well 

plate.  For transfection, 0.4 μg of HSF-responsive TransLucent reporter vector, 0.8 ng of 

promoter-less Renilla reporter vector (phRG-B; Promega, Madison, WI), 1.32 μL of 

FuGENE 6 (Roche Molecular Biochemicals), and 20.68 μL of Opti-MEM I (Invitrogen) 

were added per well.  Twenty-four hours after transfection cells were exposed to test 

compounds for 8 h.  Cells were then lysed in 100 μl of passive lysis buffer using the Dual-

Luciferase reporter assay system (Promega) according to the manufacturer’s instructions.  

Luciferase activity was measured with a Turner Designs TD20/20 luminometer.  Data are 

reported as normalized averages of the firefly/renilla luciferase ratio. 
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2.8 Cell death analysis.  Viability and induction of cell death (early and late 

apoptosis/necrosis) were examined by AV-FITC/PI dual staining of cells followed by flow 

cytometric analysis as published previously [44].  Cells (100,000) were seeded on 35-mm 

dishes and received drug treatment 24 h later.  Cells were harvested at various time points 

after treatment, and cell staining was performed using an apoptosis detection kit according 

to the manufacturer’s specifications (APO-AF, Sigma, St. Louis, MO).   

 For chemosensitization experiments, the CellTiter-GloTM assay (Promega) based 

on luciferase-dependent luminescent detection was performed in homogenous 96 well-

format according to the manufacturer’s instructions [40]. 

 

2.9 Flow cytometric detection of cleaved procaspase-3.  Treatment-induced proteolytic 

caspase-3 activation was examined using an antibody directed against cleaved/activated 

caspase-3 (Asp-175) (Alexa Fluor 488 conjugate; Cell Signaling) followed by flow 

cytometric analysis as published [234,241]. 

2.10 Proteasome activity assay.  The Proteasome-GloTM Cell-Based Assay kit (Promega) 

was used according to manufacturer’s specifications.  Cells were seeded at 4000 cells/wells 

of an opaque 96-well plate.  After 24 h cells were treated with test compound.  At the end 

of the treatment period, cells were washed with PBS and an equal volume of reagent 

containing the appropriate luminogenic substrate (Suc-LLVY-aminoluciferin for 

chymotrypsin-like activity) was added to each well.  Plates were incubated at room 

temperature (10 min) before measuring luminescence signal using a Synergy 2 microplate 

reader.  Data are expressed as % activity relative to untreated control cells (means ± S.D. 

(n = 3)).  Likewise, inhibition of 20 S chymotrypsin-like proteasomal activity was 
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examined using the isolated human erythrocyte 20 S proteasome obtained from a 

commercial kit (EMD Millipore). 

2.11 Detection of intracellular oxidative stress by flow cytometric analysis.  Induction 

of intracellular oxidative stress by test compound was analyzed by flow cytometry using 

2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) as a sensitive non-fluorescent 

precursor dye according to a published standard procedure [234]. 

2.12 Determination of reduced cellular glutathione content.  Intracellular reduced 

glutathione was measured using the GSH-Glo glutathione assay kit (Promega, San Luis 

Obispo, CA) as described recently [239].  Cells were seeded at 100,000 cells/dish on 35-

mm dishes.  After 24 h, cells were treated with test compound.  At selected time points 

after the addition of test compound, cells were harvested by trypsinization and then counted 

using a Coulter counter.  Cells were washed in PBS, and 10,000 cells/well (50 μl) were 

transferred onto a 96-well plate.  GSH-Glo reagent (50 μl) containing luciferin-NT and 

glutathione S-transferase was then added followed by 30 min of incubation.  After the 

addition of luciferin detection reagent to each well (100 μl) and 15 min of incubation, 

luminescence reading was performed using a BioTek Synergy 2 Reader (BioTek, 

Winooski, VT).  Data are normalized to GSH content in untreated cells and expressed as 

the means ± S.D. (n=3). 

2.13 Mitochondrial transmembrane potential.  Mitochondrial transmembrane potential 

(Δψm) was assessed using the potentiometric dye 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl-

benzimidazolyl-carbocyanine iodide (JC-1; Sigma, T4069) following our published 

procedure [52,239].  In brief, cells were trypsinized, washed in PBS, resuspended in 300 
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μl of PBS containing 5 μg/ml JC-1 for 15 min at 37 °C and 5% CO2 in the dark, then 

washed twice in PBS and resuspended in 300 μL of PBS.  Bivariate analysis was performed 

by flow cytometry with excitation at 488 nm, and mitochondrial function was assessed as 

JC-1 green (depoloarized mitochondria, detector FL-1) or red (polarized mitochondria, 

detector FL-2) fluorescence. 

2.14 Fluoresence polarization assay for Hsp90α-directed geldanamycin competitive 

binding.  Hsp90-directed inhibitory activity was assessed employing fluorescence 

polarization measuring competitive binding of fluorescently labeled geldanamycin (FITC-

geldanamycin) to recombinant Hsp90α as a function of test compound concentration 

following the commercial BPS HSP90α assay kit procedure (BPS Biosciences, San Diego, 

CA) [243,244].  In brief, reactions were conducted at room temperature for 3 h in a 100-μl 

mixture containing assay buffer, HSP90α (human NM_005348, recombinant, full-length, 

C-terminal His tag; 48 ng), FITC-geldanamycin conjugate (5 nM), and test compound 

(aurin or positive control (geldanamycin)); concentration range 1 nM-10 μM; 1% DMSO 

final).  Activity assays were performed in duplicate at each concentration monitoring 

fluorescence intensity (excitation/emission wavelengths, 470/528 nM; Tecan Infinite 

M1000 microplate reader).  Fluorescence intensity was then converted to fluorescence 

polarization using the Tecan Magellan6 software, and the fluorescence polarization data 

were analyzed using the computer softward Graphpad Prism.  The fluorescence 

polarization (FPt) in the absence of the compound in each data set was defined as 100% 

activity.  In the absence of protein and test compound, the value of luroescence polarization 

(FPb) in each data set was defined as 0% activity.  The % activity in the presence of the test 

compound was calculated according to the equation,  



[73] 
 

  % activity = (FP – FPb)/(FPt – FPb) x 100%   (Eq. 1) 

Where FP = fluorescence polarization in the presence of the compound. 

 For IC50 measurements, the values of % activity versus a series of compound 

concentrations were then plotted using non-linear regression analysis of a sigmoidal dose-

response curve generated with the equation, 

  Y = B + (T – B)/1 + 10[(logEC50 – X) x Hill Slope]  (Eq. 2) 

Where Y = % activity, B = minimum % activity, T = maximum % activity, X = logarithm 

of compound, and Hill Slope = slope factor of Hill coefficient.  The IC50 value was defined 

as the compound concentration causing half-maximal % activity. 

2.15 Hsp90 ATPase activity assay.  Inhibition of Hsp90 ATPase enzymatic activity by 

test compounds was assessed in 96-well plate format as described previously [262].  This 

assay determines the amount of free phosphate generated due to enzymatic ATP hydrolysis 

and is based on the reaction of a phosphomolybdate complex with malachite green.  Per 

reaction, human Hsp90α (10 μg of pure full-length recombinant protein from Escherichia 

coli (ab48801; Abcam, Cambridge, MA) was incubated with test compound in a buffer 

containing 50 mM Hepes (pH 7.5), 6 mM MgCl2, 20 mM KCl, 1 mM ATP (50 μl total 

volume; 6 h, 25 °C).  Using the malachite green phosphate assay kit from Cayman 

Chemical (Ann Arbor, MI), the reaction was terminated by the addition of 5 μl of malachite 

green acidic solution and 15 μl of MG blue solution to each well.  After 25 min at room 

temperature, the absorbance at 620 nm was determined.  Data are expressed as % ATPase 

activity relative to Hsp90α incubated with solvent control (means ± S.D. (n=3)). 
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2.16 Molecular modeling.  Docking analysis was performed using Glide software (“grid-

based ligand docking with energetic”; available from Schrodinger Inc.).  X-ray crystal 

structure coordinates of geldanamycin with HSP90α (Protein Data Bank code 1YET) were 

used for docking [246].  Glide-generated ligand poses pass through a series of hierarchical 

filters that evaluate the ligand interaction with the target.  Initial filters test the spatial fit 

between ligand and target examining complementarity of ligane-target interactions using a 

grid-based method patterned after the empirical ChemScore function.  Final scoring is 

carried out on enery-minimized poses; Glide scores (G scores) approximating the ligand 

binding free energy were calculated for aurin and geldanamycin with the Hsp90α target 

protein [247]. 

2.17 GM-CSF ELISA.  The enzyme-linked immunosorbent assay for colorimetric GM-

CSF detection in culture medium of MB-exposed (1-20 μM) A375 and G361 melanoma 

cells (1 x 106 cells) was performed in 96 well format using recombinant protein standard 

according to kit instructions (Human GM-CSF ELISA Kit; Thermo Scientific, Ann Arbor, 

MI).  Absorbance (450 and 550 nm) was determined on a microtiter plate reader 

(Versamax, Molecular Devices, Sunnyvale, CA).  Data represent the average of three 

independent experiments. 

2.18 Statistical analysis.  Unless indicated differently, the results are presented as the 

mean ± S.D. of at least three independent experiments, and data were analyzed employing 

one-way analysis of variance with Tukey’s post hoc test using the Prism 4.0 software 

(version 4.0a, GraphPad Software, Inc., San Diego, CA).  Differences were considered 

significant at p < 0.05.  Means without a common letter differ (p < 0.05). 
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2.19 Figure illustrations. Select figure illustrations were produced using Servier Medical 

Art. (www.servier.com) 
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CHAPTER 3 

IDENTIFICATION OF THE QUINONE METHIDE AURIN AS A HEAT SHOCK 

RESPONSE INDUCER THAT CAUSES PROTEOTOXIC STRESS AND NOXA-

DEPENDENT APOPOTOSIS IN MALIGNANT MELANOMA CELLS 

This chapter has been adapted from the following publication:  

Davis AL, Qiao S, Lesson JL, Rojo de la Vega M, Park SL, Seanez CM, Gokhale V, 

Cabello CM, Wondrak GT. The Quinone Methide Aurin Is a Heat Shock Response Inducer 

That Causes Proteotoxic Stress and Noxa-dependent Apoptosis in Malignant Melanoma 

Cells. J. Biol. Chem. 2015, 290: 1623-1638. 

 

3.1 Introduction and Rationale. 

 Dysregulation of proteotoxic stress through impairment of UPS, UPR, and 

autophagic-lysosomal systems have been observed in human melanoma tissue contributing 

to the notorious chemoresistance of metastatic melanoma cells.  Further, cumulative 

evidence suggests pathological alterations affecting expression and function of heat shock 

proteins (including Hsp27, Hsp70, Hsp90, and GRP78) in human melanoma tissue [248-

250].  Specifically, Hsp90 serves as an essential factor stabilizing oncogenic V600EBRAF in 

malignant melanoma cells, and its inhibition has emerged as a promising strategy for 

antimelanoma intervention [251,252].  Therefore, strategies that aim at increasing 

proteotoxic stress through pharmacological modulation of proteasomal, autophagic-

lysosomal, or heat shock response functions are now pursued for experimental and 

investigational chemotherapeutic intervention targeting malignant melanoma [44,54,253-

255]. 
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 Here we report for the first time that in a series of redox-directed pharmacophores, 

the quinone methide aurin (Table 3.1) was identified as an experimental cell stress 

modulator that causes (i) heat shock factor transcriptional activation, (ii) up-regulation of 

heat shock response gene expression, (iii) early unfolded protein response signaling, (iv) 

proteasome impairment with increased protein ubiquitination, and (v) oxidative stress with 

glutathione depletion.  Further, fluorescence polarization-based experiments, molecular 

docking, and ATPase inhibition analysis revealed that aurin displays activity as a 

geldanamycin-competitive Hsp90α-antagonist.  Interestingly, although aurin exposure 

induced the heat shock response in non-malignant human skin cells, it did so without 

impairing their viability.  Conversely, aurin caused caspase-dependent cell death in a panel 

of human malignant melanoma cells dependent upon Noxa up-regulation.     

 

 

IUPAC name 
4-[Bis(p-hydroxyphenyl)methylene]-2,5-

cyclohexadien-1-one 

CAS number 603-45-2 

Molecular formula C19H14O2 

Molar mass 290.31 g·mol-1 

Density 1.283 g/cm3 

Melting point 308 °C (586 °F; 581 K) 

Boiling point 542.96 °C 

Solubility 
Soluble in alcohol, concentrated acids, NaOH 

(freely), and KOH (freely).  Insoluble in water. 

UV-vis (λmax) 482 nm 

pKa 8.48 

cLogP 4.06 

IC50 NF°B p50: Ec50 = 50 μM (human) 

Synthesis 
Aurin is formed by heating phenol and oxalic acid 

in concentrated sulfuric acid. 

Table 3.1  Physical and chemical properties of aurin (rosolic acid, corallin) 
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3.2 Results 

3.2.1  Array analysis reveals global up-regulation of heat shock response gene 

expression in human A375 malignant melanoma cells exposed to aurin. 

 Aurin (Figure 3.1A), a triphenylmethane dye with an electrophilic quinone methide 

group, displayed micromolar activity as an inducer of HSPA1A gene expression (10 μM, 

24 h) in A375 cells, detectable both at the mRNA (~25-fold up-regulation) and protein 

levels (Figure 3.1B-C).  In contrast, none of the other triphenylmethane-derived test 

compounds (ATA, PR, PRC) caused HSPA1A up-regulation (Figure 3.1B-C), whereas 

pronounced up-regulation of HSPA1A was induced in response to either celastrol or 

geldanamycin, an observation consistent with the published literature [256-260]. 

 

 

Figure 3.1. Up-regulation of HSPA1A expression in human A375 malignant 

melanoma cells exposed to aurin.  (A) Chemical structures of test compounds (A, ATA, 

Cel, PRC, PR, Gel).  (B) Modulation of HSPA1A mRNA levels in A375 cells exposed to 

test compounds (A, ATA, PRC, and PR, 10 μM; Cel and Gel, 1 μM; 24 h) as determined 

by real time RT-PCR analysis.  (C) Modulation of Hsp70 protein levels as assessed by 

immunoblot analysis (conditions as in panel B).   
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 Next, in an attempt to further characterize the cellular stress response elicited by 

aurin treatment, gene expression array analysis was performed.  To this end, aurin-induced 

modulation of stress and toxicity response gene expression was examined in A375 

melanoma cells using the RT2 ProfilerTM PCR Expression Array technology (aurin, 10 μM, 

6 h; scatter blot; Figure 3.2A) as summarized in Figure 3.2B [44,239,255].  Of 85 stress-

related genes contained on the array, aurin-induced expression changes in A375 cells 

affected 10 genes by at least 3-fold over untreated control cells, 8 of which are known to 

be inducible in response to stimuli causing proteotoxic stress; HSPA6 (encoding the stress-

responsive Hsp70 family member Hsp70B’, ~179-fold), HMOX1 (encoding heme 

oxygenase-1, ~67-fold), HSPA1A (encoding the inducible heat shock 70-kDa protein 1A 

(Hsp70, also called Hsp72), ~17-fold), DDIT3 (encoding the ER-stress responsive 

transcription factor DNA damage-inducible transcript 3/CHOP (GADD153), ~7-fold), 

HSPA1L (encoding the Hsp70 family member heat shock 70-kDa protein 1-like, ~6-fold), 

DNAJB4 (encoding the Hsp70 cochaperone DnaJ (Hsp40) homolog, subfamily B, member 

4, ~6-fold), CRYAB (encoding αB-crystalline, ~5-fold), and HSPB1 (encoding heat shock 

protein 27, ~3-fold).  In addition, pronounced up-regulation PMAIP1 (encoding the pro-

apoptotic BH3-domain only protein Noxa (phorbol-12-myristate-13-acetate-induced 

protein 1)) was observed [239,245]. 

 For comparison, an analogous expression array profile was generated using the 

established heat shock response inducer celastrol (10 μM, 6 h exposure; Figure 3.2C). It 

was observed that even though up-regulation of Hsp70 subtype encoding genes (HSPA1A, 

HSPA6) was a common feature of aurin- and celastrol-induced expression changes, the 

transcriptional profile induced by celastrol treatment differed significantly from that 
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elicited by aurin and was characterized by pronounced up-regulation of pro-inflammatory 

genes including PTGS1 (~170-fold), CCL3 (~68-fold), CXCL10 (~7-fold), and TNFSF10 

(~64-fold). 
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Figure 3.2 Gene expression array analysis performed in human A375 malignant 

melanoma cells exposed to aurin.  (A) The scatter blot depicts differential gene 

expression as detected by the RT2 Human Stress and Toxicity ProfilerTM PCR Expression 

Array technology (aurin, 10 μM, 6 h exposure).  Upper and lower lines represent the cut-

off indicating 4-fold up- or down-regulated expression, respectively.  Arrays were 

performed in three independent repeats and analyzed using the two-sided Student’s t test.  

(B) Numerical expression changes (p < 0.05) elicited by aurin. (C) For comparison, an 

analogous experiment was performed using the established heat shock response inducer 

celastrol (10 μM, 6 h exposure), and celastrol-induced numerical expression changes are 

listed (p < 0.05).  

 

 

 Next, the dose-response relationship and time course of aurin-induced effects on 

the expression of HSPA1A and other heat shock response genes (mRNA and protein level) 

were examined using independent real time RT-PCR and immunoblot analysis (Figure 

3.3A and 3.3C).  Pronounced up-regulation of HSPA1A (~28-fold), HSPA6 (~150-fold), 

and HMOX1 (~55-fold) was observed at the mRNA level (Figure 3.3A), and Hsp70, 

Hsp27, and heme oxygenase 1 (HO-1) protein levels were increased within 6–12 h of 

continuous exposure to aurin at low micromolar concentrations (Figure 3.3B-C). In 

contrast, expression of Hsp60 and Hsp90 (encoded by HSPD1 and HSP90AA1, 

respectively) remained unaffected by aurin exposure both at the mRNA (Figure 3.2A-B) 

and protein (Figure 3.3B and 6A) levels. Importantly, the changes affecting expression of 
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HSPA1A, HSPA6, and HMOX1 were not observed using ATA (Figure 3.3F-G) confirming 

the results of our initial screen (Figure 3.1B-C). 

 

 

Figure 3.3 Early heat shock response gene expression followed by apoptotic cell death 

in human A375 malignant melanoma cells exposed to aurin.  (A) Aurin-modulation (1-

20 μM, 6 h) of HSPA1A, HSPA6, and HMOX1 mRNA levels as determined by independent 

real time RT-PCR analysis.  (B) and (C) Modulation of heat shock protein levels in aurin-

exposed A375 cells as assessed by immunoblot analysis (panel B, 10 μM, 1-24 h; panel C, 

1-40 μM, 24 h).  (D) Up-regulation of HSF transcriptional activity was assessed using an 

HSE-luciferase reporter construct in A375 cells (dual luciferase system; F, firefly 

luminescence; R, renilla luminescence; A and ATA, 10 μM; 8 h exposure time; positive 

control: celastrol (Cel: 500 nM).  (E) HSF1 nuclear translocationresponse to aurin (10 μM; 

≤120 min exposure time) detected by immunoblotting; N, nuclear extract; C, cytosolic 

extract.  (F) and (G) ATA (≤20 μM; 24 h) modulation of heat shock-related gene 

expression at the mRNA (quantitative RT-PCR (panel F) and protein (Hsp70) level (panel 

G); for comparison, aurin-exposed (10 μM, 24 h) cells were analyzed.  Immunoblot 

analysis representative of three independent repeats is depicted.  Bar graphs represent data 

obtained from three independent repeats (mean ± S.D.; n ≥ 3).  N.S., not significant.  (H) 

Cell viability in response to aurin exposure (10 μM, 24 h) performed in the absence or 

presence of the pancaspase inhibitor zVADfmk (40 μM) was monitored using flow 

cytometric analysis (annexin V-PI staining; numbersin quadrants indicate viable (AV-

negative, PI-negative) in percent of total gated cells (mean ± S.D., n = 3). 
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 To further elucidate the molecular mechanisms underlying aurin-induced heat 

shock response up-regulation, aurin-modulation of HSF transcriptional activity was 

assessed in A375 cells transfected with an HSE-luciferase reporter construct employing a 

dual luciferase reporter assay (Figure 3.3D). Indeed, aurin exposure caused a pronounced 

(~9-fold) activation of firefly luciferase expression indicative of HSF1 transcriptional 

activation. The established heat shock response inducer celastrol was employed as a 

positive control [256-259]. Immunoblot analysis (comparing cytosolic and nuclear 

fractions) indicated that aurin-induced HSF1 nuclear translocation occurs within 10 min 

exposure time (Figure 3.3E). 

 Importantly, viability analysis using flow cytometric analysis of annexin V-PI-

stained cells indicated that prolonged aurin exposure (10 μM, 24 h) causes caspase-

dependent cell death that was antagonized if aurin-exposure occurred in the presence of the 

pancaspase inhibitor zVADfmk (40 μM; Figure 3.3H). 

 

3.2.2  Aurin-induced heat shock response elicited in non-malignant human skin cells 

(Hs27 fibroblasts, HaCaT keratinocytes, primary melanocytes) occurs without 

impairment of viability.   

 Next, the effects of aurin exposure on viability and HSPA1A expression were 

examined in a panel of cultured cells including malignant melanoma (A375, G361, LOX-

IMVI) and nonmalignant skin cells (Hs27 fibroblasts, HaCaT keratinocytes, primary 

melanocytes). Employing flow cytometric analysis of annexin V-PI-stained cells, we 

observed that in malignant melanoma cells, exposure to aurin (24 h) caused pronounced 

induction of apoptotic cell death (LD50; μM ± S.D.); A375, 5.4 ± 3.4 (Figure 3.4H and 
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3.7A); G361, 8.1 ± 1.8 (Figure 3.4A); LOX-IMVI, 2.6 ± 1.4 (data not shown)). As observed 

in A375 melanoma cells (Figure 3.4H), aurin-induced loss of cell viability was antagonized 

when G361 metastatic melanoma cells were co-treated with the pancaspase inhibitor 

zVADfmk (Figure 3.5A). Moreover, as observed with A375 melanoma cells, aurin 

treatment (1–10 μM; 6 h) caused pronounced up-regulation of HSPA1A and HMOX1 

expression in G361 melanoma cells, observable both at the mRNA and protein levels 

(Figure 3.4B-C). 

 Next, aurin effects on heat shock response gene expression and viability in non-

malignant cells (HaCaT keratinocytes (Figure 3.4D–F), Hs27 dermal fibroblasts (Figure 

3.4G–I), primary melanocytes (Figure 3.4J–L)) was examined. Remarkably, even though 

aurin exposure caused pronounced up-regulation of HSPA1A expression at the mRNA and 

protein levels (1–10 μM; 3–24 h) in HaCaT keratinocytes (Figure 3.4E-F), Hs27 fibroblasts 

(Figure 3.4H-I), and melanocytes (Figure 3.4K-L), cellular viability of these non-malignant 

cells was not impaired by aurin treatment (10 μM, 24 h; Figure 3.4D, G, and J, 

respectively).  
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Figure 3.4 Aurin-induced heat shock response elicited in non-malignant human skin 

cells (Hs27 fibroblasts, HaCaT keratinocytes, primary melanocytes) occurs without 

impairment of viability.  Viability of aurin-exposed (10 μM, 24 h) cells was monitored 

using flow cytometric analysis (annexin V-PI staining): (A) human G361 melanoma cells, 

(D) HaCaT keratinocytes, (G) Hs27 dermal fibroblasts, (J) primary melanocytes (HEMa-

LP).  Numbers in the quadrants indicate viable (AV-negative, PI-negative) in percent of 

total gated cells (mean ± S.D., n = 3).  In G361 melanoma cells, aurin exposure also 

occurred in the presence of the pancaspase inhibitor zVADfmk (40 μM; panel A).  (B), (E), 

(H) and (K) bar graphs depict analysis of HSPA1A/HMOX1 expression changes induced 

by aurin treatment (≤ μM, 24 h) at the mRNA level (quantitative RT-PCR; n = 3).  (C), 

(F), (I), and (L), Hsp70/Hsp27/HMOX1 expression changes induced by aurin-treatment 

(1-10 μM, ≤24 h) at the protein level; immunoblot analysis representative of three 

independent repeats is depicted. 
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3.2.3 Aurin induces UPR signaling, proteasomal impairment, and oxidative stress in 

human A375 malignant melanoma cells. 

 Led by HSF1 nuclear translocation observed within minutes of aurin exposure 

followed by early up-regulation of proteotoxic stress and heat shock response gene 

expression (HSPA6, HSPA1A, HSPA1L, DNAJB4, CRYAB, HSPB1, HSPH1, DNAJA1, and 

DDIT3) as observed by array analysis (Figure 3.2), the occurrence of UPR stress signaling 

in aurin-treated A375 melanoma cells was further examined (Figure 3.5A-B). Time course 

analysis by quantitative RT-PCR revealed early up-regulation of DDIT3 expression 

encoding CHOP (CCAAT/enhancer-binding protein homologous protein), the ER stress 

inducible transcription factor (Figure 3.5A). DDIT3 mRNA levels exceeded control by 

almost 7-fold within 6 h of exposure.  Immunoblot detection indicated that up-regulation 

of CHOP protein levels occurred within 1–3 h of continuous exposure, reaching a 

maximum within 12 h (Figure 3.5B). As a positive control, CHOP protein up-regulation 

was also monitored in response to thapsigargin (T), an established inducer of ER stress and 

UPR through SERCA inhibition (sarco/endoplasmic reticulum)-Ca2+ ATPase (Figure 

3.5B) [255]. Inhibitory phosphorylation of eIF2α (eukaryotic translation initiation factor) 

through activation of PERK (double-stranded RNA-activated protein kinase (PKR)-like 

endoplasmic reticulum kinase) is an established hallmark of cytotoxic ER stress known to 

occur upstream of DDIT3/CHOP up-regulation. Therefore, aurin induced changes 

affecting phosphorylation status of eIF2α and PERK was examined (Figure 3.5B). 

Consistent with aurin induction of cytotoxic ER stress, pronounced PERK activation 

(autophosphorylation of its cytoplasmic kinase domain (Thr-980)) together with inhibitory 

phosphorylation of eIF2α (Ser-51) was detectable within 6 h of exposure and was sustained 
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over the 24-h observation period. Likewise, inhibitory phosphorylation of eIF2α was 

detectable over a 24-h time course (Figure 3.5B). 

 

 

Figure 3.5 UPR signaling, proteasomal impairment, and oxidative stress in human 

A375 malignant melanoma cells exposed to aurin.  (A), (B) and (C) Aurin modulation 

(10 μM; 24 h) of DDIT3 mRNA levels (panel A), total and phospho-PERK (Thr-980), total 

and phospho-eIF2-α (Ser-51), CHOP (panel B), and total protein ubiquitination (panel C) 

were assessed by immunoblot analysis. In panel B exposure to thapsigargin (T; 300 nM; 6 

h) served as a positive control.  Immunoblot analysis representative of three independent 

repeats is depicted. (D) Luminescence-based analysis of proteasomal chymotrypsin-like 

enzymatic activity in A375 cells exposed to aurin ((1–10 μM, 3- and 6-h time points). (E) 

Analysis of oxidative stress in aurin-exposed A375 cells (10 μM, 24 h) as monitored by 

flow cytometric detection of 2’,7’-dichlorodihydrofluorescein (DCF) fluorescence. One set 

of histograms representative of three repeats is shown. (F) Time course of aurin modulation 

of intracellular reduced glutathione content in A375 cells (10 μM,18 h) normalized to cell 

number (mean ± S.D., n ≥ 3). (G) After preincubation (24 h) with L-buthionine-S,R-

sulfoximine (BSO; 1 mM), aurin-induced (5 μM, 24 h) A375 cell death was assessed by 

flow cytometric analysis of AV/PI-stained cells (mean ± S.D., n ≥ 3). 

 

 After confirming aurin induction of ER stress signaling, aurin-induced changes in 

protein ubiquitination status and inhibition of proteasomal enzymatic activity was 

examined (Figure 3.5C-D). Consistent with aurin induction of a pronounced proteotoxic 
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insult in A375 cells, elevated levels of ubiquitinated proteins were detectable within 1–3 h 

of exposure, further increasing over a 12 h observation time (Figure 3.5C). Moreover, using 

a luminescent protease assay that measures proteasome dependent release of luciferin from 

specific precursor substrate peptides, we observed that aurin displays activity as an 

inhibitor of chymotrypsin-like proteasomal function. Specifically, chymotrypsin-like 

activity in cytosolic extracts prepared from aurin-treated A375 cells was impaired by ~20% 

of control levels within 6 h of exposure. However, no impairment of proteasomal activity 

was detected at earlier time points (3 h), suggesting that HSF1 nuclear translocation, heat 

shock response gene expression, and UPR-related gene expression changes including 

DDIT3 up-regulation detectable within minutes to hours of aurin exposure precede 

proteasomal impairment. 

 Next, the occurrence of oxidative stress in aurin-exposed A375 malignant 

melanoma cells was examined using flow cytometric determination of 2’,7’-

dichlorodihydrofluorescein (DCF) fluorescence and luminometric detection of reduced 

glutathione levels (Figure 3.5E-F). Aurin treatment was associated with the induction of 

pronounced oxidative stress as obvious from significant DCF fluorescence increase (almost 

10-fold more than control levels) and depletion of reduced glutathione (by ~35%) 

detectable within 12–18 h of exposure time. The fact that aurin-induced redox 

dysregulation was detectable only after HSF1 nuclear translocation (Figure 3.3E), 

transcriptional activation (Figure 3.3D), and up-regulation of early heat shock response 

gene expression (Figure 3.2A-B) have already occurred suggests that oxidative stress does 

not represent the upstream event that triggers aurin-induced stress responses. However, 

consistent with a mechanistic involvement of redox dysregulation in the apoptotic mode 
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and cytotoxic potency of aurin, it was observed that cellular glutathione depletion 

employing L-buthionine-S,R-sulfoximine (BSO; 1 mM, 24 h of pretreatment) strongly 

sensitized A375 cells to the apoptogenic activity of aurin (Figure 3.5G). 

 

3.2.4  Fluoresence polarization and molecular modeling identify aurin as a 

geldanamycin-competitive inhibitor of Hsp90 causing down-regulation of Hsp90 

client proteins in A375 malignant melanoma cells. 

 It has been shown earlier that heat shock response gene expression and UPR may 

be up-regulated in response to pharmacological inhibition of Hsp90, an established 

pathway leading to heat shock response gene expression as observed with the Hsp90 

inhibitor geldanamycin (Figure 3.1B-C) [245,260-263]. Specifically, up-regulation of 

HSPA1A and other heat shock response genes downstream of Hsp90 antagonism may 

represent a counter-regulatory mechanism involving the known repression of heat shock 

transcription factor (HSF1) activation by Hsp90 that forms a stress-sensitive complex with 

HSF1 [262]. Therefore, the hypothesis that aurin induction of heat shock gene expression 

and UPR may occur in part as a result of Hsp90-directed inhibitory activity was tested. 

 First, the possibility that aurin-induced impairment of Hsp90 function may cause 

destabilization and subsequent down-regulation of established Hsp90 client proteins in 

melanoma cells was examined. It has recently been shown that V600EB-Raf (as expressed 

in A375 malignant melanoma cells) requires Hsp90 chaperone function for stability and 

that V600E B-Raf is degraded in response to Hsp90 inhibitor treatment [54,244]. Likewise, 

Hsp90 inhibitors suppress aryl hydrocarbon receptor (AhR)-mediated activation of the 

AhR target gene CYP1A1 [263]. Indeed, immunoblot analysis revealed a pronounced 
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down-regulation of these Hsp90 client proteins in A375 melanoma cells exposed to aurin 

(10 μM; 24 h; Figure 3.6A). Consistent with pronounced reduction of cellular AhR protein 

levels, aurin treatment suppressed expression of CYP1A1 at the mRNA level observable 

within 3 h of exposure time (Figure 3.6B).  This finding is in agreement with the initial 

expression array-based identification of CYP1A1 as the gene displaying the most 

pronounced down-regulation in response to aurin treatment in A375 melanoma cells 

(Figure 3.2A-B). 
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Figure 3.6 Aurin is a structure-based, geldanamycin-competitive inhibitor of Hsp90; 

down-regulation of Hsp90 client proteins in aurin-exposed A375 malignant 

melanoma cells.  (A) Immunoblot detection of Hsp90 client proteins and Hsp90 in A375 

cells exposed to aurin (10 μM; 24 h). Immunoblot analysis representative of three 

independent repeats is depicted. (B) Expression of the AhR target gene CYP1A1 induced 

by aurin treatment (10 μM, 24 h) assessed at the mRNA level (quantitative RT-PCR; mean 

± S.D.; n = 3). (C) and (D), Hsp90α inhibition as assessed by fluorescence polarization. A 

competitive binding assay employing FITC-labeled geldanamycin and purified 

recombinant Hsp90α was performed comparing inhibitory activity of geldanamycin (panel 

C) and aurin (panel D). E (inset in D), aurin (<40 μM)- and geldanamycin (40 μM)-induced 

inhibition of ATPase activity of recombinant human Hsp90α was assessed using the 

malachite green assay. Data are expressed as % ATPase activity relative to Hsp90α 

incubated with solvent control (means ± S.D. (n = 3)). (F) Molecular docking of aurin with 

HSP90α x-ray structure (ribbon view). Aurin interacts with the HSP90α active site formed 

by β-sheets at the bottom and α-helices H2, H4, and H7.  (G) Close view of aurin docked 

with the HSP90α active site. Yellow lines indicate hydrogen bond interactions. Phenolic -

OH groups of aurin engage in hydrogen bonding interactions with Asp-93 carboxylate and 

Asn-106 backbone carbonyl groups. The quinone carbonyl group forms a hydrogen bond 

with Lys-58. (H) Close view of geldanamycin docked with the HSP90α active site. 

Interactions with Asp-93, Lys-58, and Asn-106 are depicted. 
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 Next, using a validated commercial fluorescence polarization assay platform, the 

possibility that aurin displays activity as a competitive Hsp90α N-terminal inhibitor was 

directly examined.  Based on the competition between a fluorescently labeled high affinity 

probe derived from the standard Hsp90 inhibitor geldanamycin (FITC-geldanamycin) and 

the test compound for binding to human recombinant Hsp90α, reduction in FITC-

geldanamycin fluorescence polarization was assessed to quantify competitive target 

binding [243,244]. Measuring displacement of the geldanamycin-FITC/Hsp90α interaction 

over a broad concentration range of aurin versus geldanamycin (positive control) (Figure 

3.6C-D), aurin displayed a significant geldanamycin-competitive Hsp90α target affinity 

(geldanamycin, 22.0 ± 2.3 nM; aurin, 574.0 ± 15.2 nM; IC50 values (inhibitory activity on 

Hsp90α; data are the mean ± S.E.; n = 2)).  However, Hsp90α-directed ligand activity of 

aurin was ~25-fold smaller than that displayed by geldanamycin. 

 Further experimental evidence in support of an Hsp90-directed antagonistic activity 

of aurin was obtained by assessment of aurin-induced inhibition of ATPase enzymatic 

activity of recombinant human Hsp90α (Figure 3.6E) [232]. Using the malachite green 

assay for the photometric detection of phosphate generated from enzymatic ATP 

hydrolysis, it was observed that low micromolar concentrations of aurin (10–40 μM) were 

sufficient to cause an almost 40% reduction in Hsp90α ATPase activity.  Under our assay 

conditions, aurin surpassed the inhibitory activity of geldanamycin (~20% inhibition of 

ATPase activity at 40 μM), an observation that is consistent with the known dependence 

of geldanamycin and its derivatives on NQO1/NADH-mediated bioreductive activation for 

full inhibitory activity [232]. 
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 A computational strategy was then used to explore the potential molecular basis of 

aurin-induced target modulation by modeling ligand binding of aurin to Hsp90α. It is well 

established that Hsp90 chaperone function depends on the conformational changes driven 

by its ATPase activity. Binding of the ansamycin antibiotic geldanamycin to the N-terminal 

ATP pocket restrains Hsp90 in its ADP-bound conformation, preventing the subsequent 

“clamping” of Hsp90 around a client protein [246,264]. The N-terminal geldanamycin 

binding domain of Hsp90 (amino acid residues 9–232) reveals a pronounced pocket that is 

highly conserved across species representing an ATP/ADP switch domain regulating 

Hsp90 conformation, and it has been demonstrated that geldanamycin adopts a compact 

structure inside this pocket, thereby competing with substrate binding and blocking the 

conformational maturation and refolding reaction of Hsp90 client proteins [246]. To assess 

geldanamycin-competitive structure-based target inhibition, molecular modeling was 

performed based on the x-ray crystal structure coordinates of geldanamycin with HSP90α 

(Protein Data Bank code 1YET) employing the Glide docking methodology, an empirical 

scoring function that approximates the ligand binding free energy (Figure 3.6F–H) 

[246,247]. Glide score (G score) analysis indicated that aurin displays significant binding 

affinity toward Hsp90α, a finding consistent with the fluorescence polarization-based 

observation that aurin may operate as a structure-based Hsp90α inhibitor. A common 

hallmark of known Hsp90 N-terminal domain inhibitors is their ability to engage in 

molecular interaction with Asp-93, conserved throughout all known Hsp90 homologs from 

at least 35 species, positioned at the bottom of a mostly hydrophobic pocket. 

 Indeed, comparative Glide docking revealed that aurin may interact favorably with 

the Hsp90α active site (formed by antiparallel β-sheets S3, S4, and S7 at the bottom 
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surrounded by α-helices H2, H4, and H7) through hydrogen bonding interactions involving 

Asp-93, Asn-106, and Lys-58, residues also engaged in geldanamycin binding (G score = 

-3.8 versus G score = -5.3, respectively; Figure 3.6F–H). 

 

3.2.5  Aurin-induced melanoma cell apoptosis depends on up-regulated PMAIP1 

gene expression. 

 Next, the details of the molecular pathway underlying aurin-induced A375 

melanoma cell death were elucidated. To this end, viability was monitored using flow 

cytometric analysis of annexin V-PI stained cells defining the dose-response relationship 

and time course of aurin-induced cell death (Figure 3.7A-B).  Remarkably, viability of 

A375 cells exposed to aurin (10 μM, 24 h) was maintained upon cotreatment with 

zVADfmk but not with the caspase 8-specific inhibitor IETD-CHO pointing toward a 

causative involvement of the intrinsic (mitochondrial) pathway of apoptosis (Figure 3.3H 

and 3.7C).   

 Pretreatment using the thiol antioxidant and glutathione precursor N-acetyl-L-

cysteine (10 mM, 24 h) rescued cells from aurin-induced apoptosis, an observation 

consistent with the prior observation that glutathione-depletion caused sensitization to 

aurin-induced cell death (Figure 3.5F-G).  Aurin-induced proteolytic procaspase-3 

activation was observable within 12 h of continuous exposure (Figure 3.7D), a time point 

at which a significant disruption of the mitochondrial transmembrane potential (Δψm) 

became apparent (Figure 3.7E).  In the context of a possible mitochondrial involvement in 

aurin-induced apoptosis, the up-regulated expression of the proapoptotic gene PMAIP1 

encoding the BH3-only Bcl2 family member Noxa as detected earlier at the mRNA level 
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by expression array profiling (Figure 3.2A-B), was confirmed subsequently by a more 

detailed time course analysis (Figure 3.7F). Due to the established causative involvement 

of PMAIP1 up-regulation in cancer cell mitochondrial apoptosis that occurs in response to 

various genotoxic, proteotoxic, and oxidative stress stimuli [239,255,265-267], a genetic 

target modulation approach employing siRNA-based antagonism of PMAIP1 expression 

was used to further substantiate the causative involvement of Noxa in aurin-induced 

melanoma cell apoptosis. First, immunoblot analysis confirmed that aurin-induced up-

regulation of Noxa protein levels (detectable within 12 h of exposure time) was fully 

suppressed in siPMAIP1-cotreated A375 melanoma cells (Figure 3.7G). Strikingly, 

siPMAIP1-based suppression of Noxa expression protected A375 melanoma cells against 

aurin-induced (10 μM; 24 h) apoptosis, a specific rescue effect that was not observed in 

siControl-treated cells exposed to aurin (Figure 3.7H). 
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Figure 3.7 Aurin up-regulates early PMAIP1 gene expression causing Noxa-

dependent A375 melanoma cell apoptosis. Viability of aurin-exposed cells was 

monitored using flow cytometric analysis (annexin V-PI staining; mean ± S.D., n = 3). (A) 

Dose-response relationship (aurin 1–20 μM, 24 h).  (B) Time course (aurin 10 μM, 1–24 

h). (C) Viability of A375 cells exposed to aurin (10 μM, 24 h) combined with selected 

caspase inhibitors and N-acetyl-L-cysteine (NAC, 10mM, 24 h preincubation). (D) Aurin-

induced (10 μM, 6–24 h) caspase-3 activation in A375 cells as examined by flow 

cytometric detection using an Alexa 488-conjugated monoclonal antibody against cleaved 

procaspase-3. One experiment (histogram) representative of three similar repeats is 

displayed.  (E) Mitochondrial transmembrane potential was determined using flow 
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cytometric analysis of JC-1 stained cells (time course; 10 μM, 24 h). Numbers indicate 

cells with polarized mitochondria (circle) in percent of total cells (mean ± S.D., n = 3)). 

(F) Time course of PMAIP1 expression changes induced by aurin (10 μM) at the mRNA 

level (quantitative RT-PCR; n = 3).  (G) Immunoblot analysis of Noxa protein levels in 

aurin (10 μM; 24 h) exposed cells with siControl or siPMAIP1 cotreatment.  (H) Viability 

of aurin-exposed (10 μM; 24 h) cells was monitored as a function of siControl or siPMAIP1 

cotreatment using flow cytometric analysis (annexin V-PI staining; mean ± S.D., n = 3).   

 

 

3.3  Discussion 

 Pharmacological induction of proteotoxic stress is rapidly emerging as a promising 

strategy for cancer cell-directed chemotherapeutic intervention [46,50,51,54,245]. 

Cumulative experimental evidence suggests that therapeutic impairment of proteostasis 

may be harnessed for the apoptotic elimination of cancer cells that display constitutively 

elevated levels of proteotoxic stress originating from endogenous factors such as 

aneuploidy, mutation-driven expression of misfolded proteins, and adverse conditions 

associated with the tumor microenvironment [43,44,46,47,51,53,264]. 

 Aurin, a phenolic triphenylmethane-derived quinone-methide, has been identified 

as an apoptogenic inducer of proteotoxic and oxidative stress in human cultured malignant 

melanoma cells. Accumulation of data indicate that in A375 malignant melanoma cells, 

aurin treatment causes (i) early nuclear translocation and transcriptional activation of HSF1 

(Figure 3.3D-E), (ii) up-regulation of heat shock response gene expression (Fiure 3.1B-C 

and 3.2A-B), (iii) UPR induction (phosphorylation of PERK and eIF2α, up-regulation of 

DDIT3/CHOP; Figure 3.5A-B), (iv) proteasome inhibition with accumulation of 

ubiquitinylated proteins (Figure 3.5C-D), (v) downregulation of Hsp90 client proteins 

including BRAF and AhR (Figure 3.6A), (vi) oxidative stress with glutathione depletion 

(Figure 3.5E–G), and (vii) induction of caspase-dependent melanoma cell death 
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downstream of PMAIP1 (Noxa) up-regulation and impairment of mitochondrial 

transmembrane potential. Furthermore, fluorescence polarization-based experimentation 

revealed that aurin displays activity as a geldanamycin-competitive Hsp90α antagonist 

(Figure 3.6C-D), a finding further substantiated by aurin inhibition of ATPase enzymatic 

activity of recombinant human Hsp90α (Figure 3.6E) and molecular docking analysis 

(Figure 3.6F–H). Consistent with Hsp90-directed antagonism, aurin treatment caused 

pronounced down-regulation of Hsp90 client proteins including V600EBRAF and AhR, 

changes observed in conjunction with early transcriptional down-regulation of the AhR 

target gene CYP1A1 (Figure 3.6A-B) as already indicated by array analysis (Figure 3.2A-

B) [54,251,263], without affecting Hsp90 protein levels (Figure 3.6A). Consistent with an 

aurin-induced up-regulation of heat shock response gene expression downstream of Hsp90 

inhibition (Figure 3.1C-D), earlier experiments have demonstrated that Hsp90-directed 

pharmacological inhibitors up-regulate mRNA and protein levels of heat shock response 

genes by inhibiting the association of Hsp90 with HSF1 causing nuclear translocation and 

increased transcriptional activity of the latter [260-262]. 

 Earlier research has demonstrated that Hsp90 antagonism, proteasome inhibition, 

and UPR induction can all be associated with redox dysregulation and oxidative stress 

occurring downstream of the initial proteotoxic event [50,267]. Indeed, data indicate that 

redox dysregulation represents an additional factor involved in aurin-induced apoptosis as 

evident from antioxidant rescue (using N-acetyl-L-cysteine (NAC), Figure 3.7C) and cell 

sensitization caused by pharmacological glutathione depletion (using L-buthionine-

sulfoximine, Figure 3.5G). Importantly, a detailed time course analysis indicated that 

induction of proteotoxic stress (as evident from HSF1 nuclear translocation observable 
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within 10 min of aurin exposure (Figure 3.3E), heat shock response gene expression 

(Figure 3.1B-C and 3.2A-B), DDIT3/CHOP up-regulation (Figure 3.5A-B), and protein 

ubiquitination (Figure 3.3C)) precedes loss of proteasomal enzymatic activity (Figure 

3.3D), redox dysregulation (Figure 3.5E-F), and mitochondrial impairment (Figure 3.7E) 

detectable only at later time points. This suggests that it is the Hsp90-directed inhibitory 

activity of aurin that is the upstream factor causing the induction of a cytotoxic heat shock 

response in malignant melanoma cells. It should also be mentioned that prior research has 

documented the specific mitochondriotoxic activity of cationic aniline-triphenylmethane 

dyes including crystal (gentian) violet that target the mitochondrion based on cationic 

lipophilic properties [268,269]. However, at physiological pH aurin (rosolic acid) exists as 

an anionic phenolate devoid of mitochondrial tropism [270], and the preceding data 

indicate that early proteotoxic effects of aurin precede loss of mitochondrial 

transmembrane potential. 

 However, more detailed follow up experimentation must aim at elucidating the 

mechanistic interplay between Hsp90-, proteasome-, and redox-directed effects elicited by 

aurin in A375 malignant melanoma cells. Importantly, aurin-induced PMAIP1 up-

regulation (Figure 3.2A-B and 3.7F–H) was identified as a key factor underlying Noxa-

dependent apoptosis in A375 melanoma cells.   

 Remarkably, in non-malignant human skin cells (Hs27 fibroblasts, HaCaT 

keratinocytes, primary melanocytes) an aurin induced heat shock response (as indicated by 

HSPA1A up-regulation) occurred without impairment of viability (Figure 3.4D–L), an 

observation consistent with the emerging concept that normal cells display lower 

constitutive levels of endogenous proteotoxic stress together with a diminished dependence 
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on proteostasis-ensuring mechanisms including proteasomal and heat shock protein 

chaperone functions pointing toward a molecular vulnerability of malignant cells amenable 

to therapeutic intervention as proposed before [43,46,47,93,255]. It is interesting to note 

that one prior publication has reported the cytoprotective activity of aurin observed in 

cultured human endothelial cells where aurin caused up-regulation of heme oxygenase 1 

(HO-1) without loss of cell viability [270], consistent with the observation that in non-

malignant human cultured cells aurin treatment up-regulates the heat shock response 

without inducing cell death (Figure 3.4D–L). 

 Due to its essential role in the stabilization of oncogenic client proteins and its 

emerging role in the suppression of mitochondrial apoptosis, the molecular chaperone 

Hsp90 represents a valid molecular target for chemotherapeutic intervention [264]. Small 

molecule inhibitors of Hsp90 are, therefore, an important class of experimental and 

investigational chemotherapeutics that have reached the stage of clinical testing.  Hsp90-

directed inhibitory activity of aurin seems to be of particular relevance in the context of 

melanoma chemotherapy, as Hsp90 inhibition has emerged as a particularly promising 

therapeutic strategy based on the finding that V600EB-Raf is an obligatory Hsp90 client 

protein essential to the clonal evolution of melanoma tumors and that Hsp90 inhibitors 

cause the degradation of V600E BRAF [54,251,262]. Moreover, it has now been observed 

that V600EBRAF melanoma cells that have acquired resistance to vemurafenib due to a 

variety of molecular changes retain sensitivity to Hsp90 inhibition suggesting feasibility of 

aurin-based Hsp90-directed interventions targeting melanoma [39,252]. 

 Based on the results of the prototype fluorescence polarization and ATPase 

enzymatic activity assays combined with Glide molecular docking analysis, aurin was 
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identified as a novel structure-based geldanamycin-competitive Hsp90 antagonist (Figure 

3.6). Future research efforts must explore the structure activity relationship underlying 

aurin-induced Hsp90-directed proteotoxic stress. Interestingly, aurin contains a quinone 

methide functional group reminiscent of the triterpenoid celastrol, a reference heat shock 

inducer and Hsp90 inhibitory agent containing an essential quinone methide 

pharmacophore.  However, comparative transcriptional profiling analysis revealed that 

apart from the common induction of Hsp70-directed gene expression changes aurin (Figure 

3.2A-B)- and celastrol-induced (Figure 3.2C) responses differed significantly in A375 

melanoma cells. Interestingly, in contrast to aurin targeting the N-terminal ATP pocket, it 

has been demonstrated that celastrol displays Hsp90 C-terminal domain-directed 

antagonistic activity inhibiting Hsp90 interaction with its cochaperone, cdc37 [271]. 

Remarkably, in addition to Hsp90-directed antagonistic activity, proteasome-directed 

inhibitory activity and depletion of cellular thiols are thought to be involved in celastrol-

induced cancer cell apoptosis, suggesting a mechanistic overlap between celastrol-induced 

proteotoxic and oxidative stress pathways reminiscent of aurin-induced changes observed 

by us in malignant melanoma cells [256-259].  Interestingly, Noxa-induced apoptosis 

downstream of ER stress causing PERK/phospho-eIF2_/ATF4-dependent PMAIP1 

upregulation has been substantiated earlier in celastrol-exposed hepatocellular carcinoma 

cells [266]. In this context, it will be interesting to examine how Hsp90-directed 

antagonistic activity synergizes with proteasomal impairment, UPR signaling (resulting in 

up-regulated expression of the pro-apoptotic transcription factor CHOP), and oxidative 

stress, all of which are potentially critical factors contributing to aurin-induced Noxa 

dependent melanoma cell apoptosis [60,255,266,267]. 
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 In the context of preclinical studies examining the feasibility of experimental 

intervention targeting malignant melanoma cells using the drug-like small molecule aurin, 

it should be mentioned that prior preclinical and clinical developmental studies have 

focused on the pharmacological activity of the aurin derivative, aurin tricarboxylic acid 

(ATA) (Figure 3.1A).  Aurin tricarboxylic acid potently inhibits protein-nucleic acid 

interactions, therefore preventing the activities of numerous enzymes involved in DNA or 

RNA processing [272].  It also blocks the initial stages of protein biosynthesis, and has 

been shown to inhibit the binding of the HIV coat protein gp120 to the CD4 molecule [273-

275].  Further, research has shown that ATA is effective at inhibiting aberrant activation 

of both the alternative and classical pathways of the complement system, which is a 

powerful defense mechanism of the immune system [276].  Aberrant complement 

activation is implicated in exacerbating a wide spectrum of pathologies, including 

degenerative (Alzheimer’s disease, macular degeneration, rheumatoid arthritis) and 

hematological (paroxysmal nocturnal hemoglobinemia; PNH) conditions [277].  

Specifically, ATA demonstrated efficacy as a non-toxic orally available agent in a mouse 

model of Alzheimer’s disease, and protects against red blood cell hemolysis in patients 

with PNH at nanomolar concentrations (1.67 µM) [276,277].  Moreover, ATA is currently 

under investigation for the topical treatment of various skin diseases characterized by 

immune attack due to aberrant complement activation, including androgenetic alopecia 

(baldness), seborrheic dermatitis (dandruff), allergic dermatitis, and dermatitis 

herpetiformis [278].  Finally, ATA is also being investigated for the treatment of sepsis as 

well as autoimmune diseases such as multiple sclerosis (MS) [279,280].  However, ATA 

was not active in our HSE-luciferase reporter (Figure 3.3D), mRNA- (HSPA1A, HSPA6, 
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HMOX1; Figure 1B and 3F), and protein-directed (Figure 1C and 3G) assays examining 

heat shock response induction.   

 Feasibility of acute systemic administration of aurin in the absence of dose liming 

toxicity has been demonstrated in murine models, where doses up to 60 mg/kg (s.c) and 30 

mg/kg (i.p) were well tolerated [281]. Based on the prototype evidence presented above, 

our ongoing preclinical efforts aim at testing efficacy of aurin-induced proteotoxic stress 

and apoptosis for therapeutic intervention in relevant murine xenograft models of human 

malignant melanoma. 
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CHAPTER 4 

PHENOTYPIC IDENTIFICATION OF THE REDOX DYE METHYLENE BLUE 

AS AN ANTAGONIST OF HEAT SHOCK RESPONSE GENE EXPRESSION IN 

METASTATIC MELANOMA CELLS 

This chapter has been adapted from the following publication:  

Davis AL, Cabello CM, Qiao S, Azimian S, Wondrak GT. Phenotypic Identification of the 

Redox Dye Methylene Blue as an Antagonist of Heat Shock Response Gene Expression in 

Metastatic Melanoma Cells. Int. J. Mol. Sci. 2013, 14: 4185-4202. 

 

4.1  Introduction and Rationale 

 Due to the essential role of the cellular heat shock response in cytoprotection, 

proteostasis, and suppression of apoptosis, small molecule heat shock response antagonists 

can be harnessed for the targeted induction of cytotoxic effects in cancer cells 

[245,261,282-285]. The stress-inducible heat shock protein Hsp70 (also called Hsp72 or 

Hsp70-1, encoded by HSPA1A), an ATP-dependent chaperone overexpressed in many 

tumor types, has emerged as a causative factor in tumorigenesis and is now considered a 

high quality target for therapeutic intervention aiming at cancer cell chemosensitization 

[260,283]. Genetic depletion and small molecule antagonism of Hsp70 have been shown 

to cause chemosensitization of cancer cells [245,282,283]. 

 Guided by previous studies demonstrating the apoptogenic activity of the 3,7-

diamino-phenothiazinium drug toluidine blue in G361 metastatic melanoma cells 

[219,269], gene expression array analysis and phenotypic screening of various 3,7-

diaminophenothiazinium-derivatives, revealed for the first time that the redox dye 
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methylene blue (MB) (Table 4.1) displays significant activity as a functional antagonist of 

heat shock response gene expression in cultured human metastatic melanoma cells at non-

cytotoxic concentration.  Further, MB-treatment attenuates thermally- and 

pharmacologically-induced heat shock response gene expression, suppressing Hsp70 

(HSPA1A) and Hsp27 (HSPB1) upregulation at the mRNA and protein level, and causes 

chemosensitization of melanoma cells to geldanamycin and celastrol cytotoxicity. 

 

 

IUPAC name 
3,7-bis(Dimethylamino)-phenothiazin-5-ium 

chloride 

CAS number 61-73-4 

Molecular formula C16H18N3SCl 

Molar mass 319.85 g·mol-1 

Density  1.757 g/cm3 

Melting point 100 to 110 °C (212 to 230 °F; 373 to 383 K) 

Boiling point Decomposes 

Solubility 4.36E+04 mg/L (water) 

UV-vis (λmax) 668 – 609 nm 

pKa 3.8 

LogP -0.9 

Synthesis 

Methylene blue is prepared by treating dimethyl-4-

phenylenediamine with hydrogen sulfide dissolved 

in hydrochloric acid, followed by oxidation with 

ferric chloride. 

 

Table 4.1 Physical and chemical properties of methylene blue 

 

 

 Currently, MB serves as a redox therapeutic clinically used for the infusional 

treatment of methemoglobinemia and widely studied as an investigational oral antimalarial 

[286,287]. As an inhibitor of nitric oxide synthase and guanylate cyclase, hemodynamic 

activities of methylene blue have been employed clinically in the context of postoperative 

vasoplegia, cardiac surgery, and septic shock [288-290].  MB has shown to reduce levels 

of certain Hsp70 substrates (tau, polyglutamine fragments, Akt) in cells [290-292], and has 

been explored in phase IIb clinical trials for Alzheimer’s disease [293]. Here, prototype 

data that suggest feasibility of repurposing MB as an investigational drug for the 
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attenuation of heat shock response gene expression causing chemosensitization of human 

metastatic melanoma cells is presented. 

 

4.2  Results 

4.2.1  Downregulation of heat shock response gene expression in human A375 and 

G361 metastatic melanoma cells exposed to the redox-active phenothiazine-derivative 

methylene blue. 

 Compared to phenothiazine-derivatives that were tested in a previous screen [234], 

methylene blue (MB) displayed negligible apoptogenicity while causing pronounced 

oxidative stress in melanoma cells. 

 To further explore the potential anti-melanoma activity of MB, induction of 

oxidative stress that occurred in the absence of apoptotic effects was assessed (Figure 

4.1C), measuring DCF fluorescence (indicative of the generation of oxidizing species) and 

glutathione depletion in A375 human metastatic melanoma cells exposed to MB (Figure 

4.1A-B) [239]. MB-induction of significant intracellular oxidative stress was observed 

within 6 h exposure time and maintained over the 24 h duration of the experiment. As an 

independent marker of oxidative stress, the occurrence of MB-induced glutathione 

depletion was examined. In A375 cells, moderate reduction of reduced glutathione levels 

(approximately 10% of untreated control) was detectable within 6 h (10 μM; Figure 1B) 

suggesting that MB exposure, while not impairing melanoma cell viability over the 

extended observation period (24 h; Figure 1C), is associated with the induction of 

pronounced cellar redox dysregulation. 
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Figure 4.1. Gene expression array analysis reveals heat shock response 

downregulation in human A375 melanoma cells exposed to methylene blue.  (A) 
Methylene blue (MB)-induction of cellular oxidative stress as monitored by DCF 

fluorescence (flow cytometric analysis; MB, 10 μM, ≤24 h exposure).   (B) Depletion of 

reduced cellular glutathione  (C) Cell viability was examined using flow cytometric 

analysis (annexin V-PI staining).  Numbers in the bar graph indicate viable (AV-negative, 

PI-negative) in percent of total gated cells (mean ± SD, n = 3).  (D) Gene expression 

changes by at least twofold (p < 0.05; RT2 Human Stress and Toxicity ProfilerTM PCR 

Expression Array technology; MB: 10 μM, 24 h) in A375 melanoma cells.  Arrays were 

performed in three independent repeats and analyzed using the two-sided Student’s t test.  
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(E) MB-modulation (1-20 μM, 18 h; n = 3) of GM-CSF2 protein levels in A375 cell culture 

medium as assessed by ELISA.  (F) MB-modulation (1-20 μM, 3-24 h) of Hsp70 and p21 

expression (immunoblot analysis).  (G) MB-modulation (10 μM, 3-24 h) of Hsp70 protein 

expression (immunoblot analysis).  (H), (I), (J), and (K) Heat shock response gene 

expression changes (HSPA1A, HSPB1, HSPD1, HSP90AA1) at the mRNA and protein 

level induced by MB-treatment (10 μM, 24 h) in A375 cells using independent quantitative 

RT-PCR (upper panels) and immunoblot analysis (lower panel).  

 

 In an attempt to further characterize the complex stress response elicited by MB 

treatment at non-lethal concentrations, a focused expression array analysis was performed. 

First, MB-induced modulation of stress and toxicity response gene expression was 

examined in A375 melanoma cells using the RT2 Human Stress and Toxicity Profiler™ 

PCR Expression Array technology (SuperArray, Frederick, MD, USA; MB: 10 μM, 24 h; 

Figure 4.1D) [239-241]. Out of 84 stress-related genes contained on the array MB-induced 

expression changes in A375 cells affected 4 genes (CSF2, CDKN1A, HSPA8, HSPA1A) by 

at least three-fold over untreated control cells. Massive upregulation of expression occurred 

with CSF2, the gene encoding granulocyte-macrophage colony stimulating factor (GM-

CSF; approximately 125-fold), and CDKN1A, the stress-responsive tumor suppressor gene 

encoding cyclin-dependent kinase inhibitor 1A (p21; approximately 10 fold) [241]. 

 MB-induced upregulation of GM-CSF in human melanoma cells may be of 

chemotherapeutic significance, since it has been shown recently that GM-CSF may be an 

effective agent for immunostimulatory antimelanoma intervention, an area of investigation 

beyond the scope of this study [294,295]. Importantly, significant downregulation of 

HSPA8 (encoding the constitutively expressed heat shock 70 kDa protein 8 (Hsc70, also 

referred to as heat shock cognate 71 kDa protein or Hsp73); almost three-fold) and 

HSPA1A (encoding the inducible heat shock 70 kDa protein 1A (Hsp70, also called Hsp72 

or Hsp70-1); approximately eight-fold) was observed [295].  Next, MB-induced gene 
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expression changes were examined at the protein level (Figure 4.1E and G).  ELISA-based 

detection revealed an almost 15-fold increase in GM-CSF levels in the medium of A375 

cells exposed to MB (10 μM, 24 h; Figure 4.1E), an effect also observable at lower 

micromolar concentrations (5 μM; data not shown). Immunoblot analysis also revealed 

MB-induced upregulation of p21 and pronounced downregulation of inducible Hsp70 

protein levels that occurred at low micromolar concentrations (≥5 μM; Figure 4.1B). 

Consistent with upregulation of the cyclin dependent kinase inhibitor p21, MB displayed 

pronounced antiproliferative activity on A375 melanoma cells (IC50 = 660 ± 48 nM; data 

not shown). Next, time course analysis (0–24 h; 10 μM) of MB-induced Hsp70 modulation 

revealed that MB-induced downregulation is detectable at the protein level as early as 

within 3 h exposure time (Figure 4.1G). 

 MB-induced effects on the expression of other heat shock response genes (mRNA 

and protein level) was also examined using independent real time RT-PCR and 

immunoblot analysis (Figure 4.1H and K). Indeed, moderate downregulation of the small 

heat shock protein Hsp27 (encoded by HSPB1) was observed at the mRNA (approximately 

twofold) and protein level (Figure 4.1I). In contrast, expression of Hsp60 and Hsp90 

(encoded by HSPD1 and HSP90AA1, respectively) remained unaffected by MB (Figure 

4.1J and K), both at the mRNA and protein level, indicating that MB-induced modulation 

of the cellular heat shock response causes differential effects on inducible Hsp70 (Hsp72) 

and Hsp27 (downregulation at the protein and mRNA level) versus Hsp60 and Hsp90 (no 

changes at the protein and mRNA level). 

 In the context of MB-induced attenuation of heat shock response gene expression 

as observed by us for the first time in cultured mammalian cells, it should be mentioned 
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that an earlier report has demonstrated the direct inhibitory activity of MB on Hsp70-

ATPase enzymatic activity assessed in a cell free biochemical assay; moreover, it has been 

shown that inactivation by MB may involve covalent cysteine modification of Hsp72 

(encoded by HSPA1A) but not Hsc70 (encoded by HSPA8) [294,296]. Indeed, direct 

biochemical inactivation of Hsp70 subtypes by MB may represent an additional 

mechanism of MB-dependent heat shock response modulation operative in addition to the 

early, more global downregulation of Hsp70 (HSPA1A) and Hsp27 (HSPB1) expression as 

observed by us at the transcriptional and protein level in melanoma cells, a hypothesis to 

be tested by future experimentation.  

 Importantly, key molecular changes observed in A375 melanoma cells in response 

to MB exposure were also reproduced in other human melanoma cell lines including G361 

(amelanotic metastatic melanoma) (Figure 4.2). PCR expression array analysis revealed 

massive upregulation of CSF2 (approximately 70 fold), confirmed at the protein level by 

detection of upregulated GM-CSF concentrations in cell culture medium using ELISA 

analysis (Figure 4.2B). Equally, as documented in MB-exposed A375 cells, pronounced 

upregulation of CDKN1A occurred at the mRNA (Figure 4.2A) and protein (p21) level 

(Figure 4.2C). Moreover, significant upregulation of oxidative stress-responsive genes 

(HMOX1, GSTM3, EGR1) was observed in MB-exposed G361 melanoma cells. 

Importantly, significant downregulation of heat shock response protein encoding genes 

(HSPA1A, HSPA2, HSPA1L, HSPA8) was observable at the mRNA level (Figure 4.2A), 

paralleled by downregulation of Hsp70 (Hsp72) protein levels observed by us upon 

exposure to MB concentrations as low as 5 μM (Figure 4.2C). 

 



[112] 
 

 

Figure 4.2. Gene expression array analysis indicates heat shock response 

downregulation in methylene blue-treated human G361 metastatic melanoma cells.  

(A) The table summarizes gene expression changes by at least twofold (p < 0.05) as 

detected by the RT2 Human Stress and Toxicity ProfilerTM PCR Expression Array 

technology (MB: 10 μM, 24 h) in G361 melanoma cells.  Arrays were performed in three 

independent repeats and analyzed using the two-sided Student’s t test.  (B) MB-modulation 

(10 μM, 24 h) of GM-CSF2 protein levels in G361 cell culture medium as assessed by 

ELISA and analyzed using the Student’s t test.  (C) MB-modulation (1-20 μM, 24 h) of 

Hsp70 and p21 protein expression as assessed by immunoblot analysis. 

 

 

4.2.2  Modulation of melanoma cell viability and Hsp70 expression by MB-related 

phenothiazine derivatives.   

 Next, a comparative assessment of Hsp70 modulation by MB-related 3,7-

bis(dimethylamino)-phenothiazin-5-ium derivatives (chemical structures shown in Figure 

4.3E) was performed using immunoblot analysis (Figure 4.3).  Among phenothiazine-
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derivatives we selected the MB-derived metabolites azure A (AA) and azure B (AB), 

formed physiologically from MB via hepatic desmethylation, and other closely related 3,7-

bis(dimethylamino)-phenothiazin-5-ium derivatives including “new methylene blue” 

(NMB) and toluidine blue (TB) [294]. We observed that treatment with a number of MB-

derivatives (AA, AB, NMB; 10 μM, 24 h) caused pronounced downregulation of Hsp70 

expression in A375 (Figure 3A) and G361 melanoma cells (Figure 4.3C). In contrast, 

exposure to TB did not cause significant modulation of Hsp70 expression (Figure 4.3A), 

but induced CSF2 mRNA upregulation as observed earlier with MB (data not shown). 

Viability analysis revealed potent apoptogenic effects associated with AA, AB, and NMB 

exposure (10 μM, 24 h), observed in A375 (Figure 3b) and G361 melanoma cells (Figure 

4.3D). 
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Figure 4.3. Comparative activity of phenothiazine-derivatives on melanoma cell 

viability and Hsp70 expression.  (A) Hsp70 modulation as assessed by immunoblot 

analysis in A375 melanoma cells exposed to phenothiazine derivatives (10 μM, 24 h; 

methylene blue (MB), toluidine blue (TB), azure A (AA), azure B (AB), “new methylene 

blue” (NMB) as assessed by immunoblot analysis.  β-actin: loading control.  (B) Viability 

analysis by flow cytometric analysis (all test compounds as used in (A)).  (C) Hsp70 

modulation as assessed by immunoblot analysis in G361 melanoma cells exposed to 

phenothiazine derivatives as specified in (A).  (D) Viability analysis of G361 melanoma 

cells by flow cytometric analysis showing annexinV-PI panels; test compounds as used in 

(A).  The numbers indicate viable (AV-negative, PI-negative) in percent of total gated cells 

(mean ± SD, n = 3).  (E) Molecular structures of phenothiazine test compounds, 

abbreviations as in (A). 

 

 

 Among all test compounds only MB displayed Hsp70-directed modulatory activity 

that occurred in the absence of induction of cell death. In order to avoid apoptogenicity as 

a confounding factor, for subsequent experimentation on heat shock response modulation 

and melanoma cell chemosensitization MB was therefore selected as a prototype 

phenothiazine-derived Hsp70 modulator. The mechanistic basis underlying MB-dependent 
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heat shock response modulation and the potential involvement of MB-induced cellular 

oxidative stress as demonstrated in Figure 1A-B remains unknown at this point.  Likewise, 

it remains to be seen if the ability of various MB-derivatives (AA, AB, NMB) to cause heat 

shock response modulation together with induction of apoptosis may be of potential 

chemotherapeutic use, but the underlying structure-activity relationship is unresolved at 

this point. 

 

4.2.3  Methylene blue attenuates thermal and pharmacological induction of heat 

shock response gene expression. 

 After demonstrating that MB exposure downregulates protein levels of Hsp70 and 

Hsp27 in human melanoma cells cultured under standard conditions, the possibility that 

MB exposure could also attenuate cellular heat shock response gene expression elicited 

upon thermal or pharmacological challenge was examined (Figure 4.4). 

 First, effects of MB (5 μM, 1 h pretreatment) on heat-induced (43 °C) upregulation 

of Hsp70 protein levels in A375 cells were assessed by Hsp70 immunoblot analysis (Fig. 

4.4A). Indeed, pronounced suppression of thermally induced expression of Hsp70 was 

observed in response to MB exposure. Next, the established small molecule heat shock 

inducer celastrol (1 μM, 24 h), an electrophilic quinone-methide-based natural product, 

was used for the pharmacological induction of heat shock response gene expression in 

A375 melanoma cells [256,294,295]. As expected, celastrol exposure caused the 

pronounced upregulation of Hsp70 and Hsp27 at the protein (Figure 4.4B) and 

transcriptional level (HSPA1A, Figure 4.4C; HSPB1, Figure 4.4D). 
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Figure 4.4. Methylene blue attenuates thermal and pharmacological induction of heat 

shock reponse gene expression human in A375 metastatic melanoma cells.  (A) MB 

(10 μM, 1 h pretreatment) effects on heat-induced (43 °C, 0-120 min exposure followed by 

6 h recovery) upregulation of Hsp70 protein levels (immunoblot analysis); upper panel: 

thermal treatment only; lower panel: thermal treatment with MB.  (B) MB (5-20 μM, 1 h 

pretreatment) effects on celastrol-induced (1 μM, 24 h) upregulation of Hsp70 and Hsp27 

protein levels (immunoblot analysis).  (C), (D), and (E) MB-modulation (10 μM, 1 h 

pretreatment) of celastrol-induced (1 μM, 24 h) heat shock response gene expression 

(HSPA1A, HSPB1, HSPD1) analyzed at the mRNA level using quantitative RT-PCR. 

 

 MB treatment caused pronounced attenuation of celastrol-induced heat shock 

response gene expression (HSPA1A, HSPB1) in A375 cells, an effect observed at the 

protein (Figure 4.4B) and mRNA level (Figure 4.4C-D). In contrast, in response to celastrol 

exposure cellular levels of Hsp60 (encoded by HSPD1) remained unchanged at the protein 

(data not shown) and mRNA level (Figure 4.4E), consistent with the known 

irresponsiveness of Hsp60 to regulation by heat shock induction. 
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4.2.4  Methylene blue attenuates geldanamycin-induced HSPA1A upregulation and 

sensitizes human A375 metastatic melanoma cells to geldanamycin- and celastrol-

induced apoptosis. 

 Guided by the observation that MB treatment can attenuate stress-induced heat 

shock response gene expression in cultured metastatic melanoma cells, the feasibility of 

using MB to suppress upregulation of Hsp70 expression in a pharmacological context 

potentially relevant to chemotherapeutic elimination of cancer cells was tested. 

 First, the possibility that MB cotreatment at non-lethal concentrations can enhance 

apoptogenicity of established cancer chemotherapeutics known to be antagonized by 

Hsp70 expression was examined [256,257,297]. 

 Indeed, in A375 melanoma cells, cytotoxicity of etoposide and doxorubicin was 

significantly potentiated by MB cotreatment (Figure 4.5A). Potentiation of etoposide 

cytotoxicity was most pronounced at 2.5 μM concentration where MB cotreatment caused 

a threefold reduction of the viable melanoma cell fraction, an extent of cell death equal to 

that induced by 25 μM etoposide if used as single agent (Figure 4.5A, left panel). Similarly, 

a moderate MB-induced potentiation of doxorubicin (50 nM) cytotoxicity (Figure 4.5A, 

middle panel) was observed. 
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Figure 4.5. Methylene blue sensitizes A375 melanoma cells to etoposide-, doxorubicin, 

and geldanamycin-induced cell death and attenuates geldanamycin-induced HSPA1A 

upregulation and Hsf1 nuclear translocation.  (A) MB-induced (10 μM cotreatment; 24 

h) sensitization to etoposide, doxorubicin, and geldanamycin (GA) cytotoxicity (CellTiter-

GloTM luminescence analysis).  (B) Upper panel; MB attenuation (10 μM; 1 h pretreatment) 

of GA-induced (≤1.0 μM, 24 h) Hsp70 upregulation (immunoblot analysis); Lower panel; 

MB attenuation (10 μM; 15 min) of GA-induced (0.5 μM, 15 min) Hsf1 nuclear 

translocation by immunoblot analysis comparing cytosolic and nuclear extracts.  (C) MB 

attenuation (10 μM; 1 h pretreatment) of GA-induced (0.5 μM, 24 h) HSPA1A mRNA 

upregulation.  (D) MB-sensitization (10 μM; 1 h pretreatment) to GA-induced (0.5 μM, 24 

h) cell death (flow cytometric analysis; left panels).  Numbers indicate viable (AV-

negative, PI-negative) in percent of total gated cells (mean ± SD, n = 3); right panels: 

representative light microscopy pictures (24 h). 

 

 It has been shown earlier that the apoptogenic efficacy of geldanamycin, a cytotoxic 

Hsp90 antagonist and investigational cancer chemotherapeutic, is compromised as a result 

of counter-regulatory upregulation of Hsp70 expression, an established cytoprotective 

mechanism that depends on heat shock factor (HSF1) transcriptional activation 
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downstream of Hsp90 inhibition [245,260,261].  In order to specifically test the hypothesis 

that MB-induced Hsp70-antagonism may cause the chemosensitization of melanoma cells 

towards geldanamycin-induced apoptosis, we therefore examined modulation of Hsp70 

expression at the protein (Figure 4.5B, upper panel) and mRNA (HSPA1A) levels (Figure 

4.5C). Further analysis revealed that MB treatment was able to suppress geldanamycin 

induced nuclear translocation of Hsf1 (Figure 4.5 B, lower panel), indicating that MB may 

interfere with heat shock response gene expression through Hsf1 antagonism. We also 

assessed induction of apoptosis in A375 metastatic melanoma cells exposed to the single 

or combined action of MB and geldanamycin (Figure 4.5A and D). Indeed, geldanamycin 

(0.25–1 μM) caused pronounced Hsp70 upregulation at the protein (Figure 4.5B) and 

mRNA level (Figure 4.5C). MB co-treatment strongly attenuated geldanamycin-induced 

Hsp70 upregulation, an effect observable at the protein (Figure 4.5B) and mRNA level 

(Figure 4.5C). Geldanamycin-induction of Hsp70 protein levels was most significant at 

concentrations <1 μM and was less pronounced at 1 μM, an observation consistent with 

the pronounced cytotoxicity of the agent that might impair Hsp70 expression at higher 

doses. 

 Geldanamycin-based chemotherapeutic intervention has shown only limited 

efficacy in melanoma models [298]. Therefore the feasibility of achieving 

chemosensitization towards geldanamycin-induced apoptosis by MB co-administered at 

non-cytotoxic concentrations was examined (Figure 4.5A, right panel and Figure 4.5D, left 

panels). Significant MB-potentiation of geldanamycin cytotoxicity became apparent when 

MB (10 μM) combined with geldanamycin (0.5 μM) caused an extent of cell death almost 

equal to that induced by a fivefold higher geldanamycin concentration (2.5 μM) if used as 
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a single agent (Figure 4.5A, right panel). Flow cytometric analysis of annexinV-propidium 

iodide stained A375 cells after exposure to the single or combined action of geldanamycin 

(0.5 μM, 24 h) and MB confirmed a pronounced sensitization to geldanamycin-induced 

cell death achieved by MB co-administration (Figure 4.5D, left panels; geldanamycin only: 

74.1% + 2.9% viable cells; geldanamycin/MB co-treatment: 33.5% ± 5.8% viable cells; 

mean ± S.D.; n = 3), an effect that was also observable by light microscopy (Figure 4.5D, 

right panels).    

 Taken together, our data demonstrate feasibility of achieving chemosensitization of 

cultured melanoma cells to the apoptogenic activity of chemotherapeutics including 

etoposide, doxorubicin, geldanamycin, and celastrol. MB-attenuation of geldanamycin-

induced Hsp70 upregulation suggests that chemosensitization may in part result from MB-

dependent suppression of heat shock response gene expression, a hypothesis to be 

substantiated further by future experimentation. 

 

4.3   Discussion 

 Small molecule heat shock response antagonists are an emerging class of targeted 

chemotherapeutics for induction of cancer cell apoptosis [245,261,282-285]. Among a 

collection of 3,7-diaminophenothiazinium compounds the clinically used redox-active 

phenothiazine drug MB has been identified as a negative modulator of thermally and 

pharmacologically induced heat shock response gene expression in cultured human 

metastatic melanoma cells. Importantly, MB treatment attenuates geldanamycin-induced 

Hsp70 upregulation, and, when combined with other chemotherapeutics, MB-treatment 

causes significant chemosensitization of cultured melanoma cells. However, the molecular 
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mechanism underlying MB antagonism of heat shock response gene expression remains 

undefined at this point.  Our preliminary evidence suggests that MB acts at the level of 

Hsf1 causing inhibition of nuclear translocation, whereas prior research indicates that 

Hsp70 antagonism is based on direct inhibition of ATPase enzymatic activity [238].  MB 

is a promiscuous pharmacological agent known to interact with multiple cellular targets 

(including guanylate cyclase, nitric oxide synthase, monoamine oxidase, NQO1, Hsp70-

ATPase, components of the mitochondrial respiratory chain, and the proteasome) through 

redox-directed and redox-independent mechanisms that may also be involved in MB-

modulation of heat shock response gene expression [234,288-290,291,293-295].  Further, 

a recent study suggests that MB oxidizes Hsp72 selectively at two cysteine residues, 

Cys267 and Cys306 in the NBD, to irreversibly inactivate ATP turnover in vitro [238].  

Interestingly, Cys306 is uniquely conserved in stress-inducible Hsp70 family members 

only, suggesting they have evolved to sense and respond to redox stress in tumor cells 

while constitutive members remain unaffected despite emergence of cytotoxic 

microenvironments [238].   

 Repurposing approved and abandoned non-oncological drugs as an alternative 

developmental strategy for the identification of anticancer therapeutics has recently 

attracted considerable attention [299,300]. Based on a defined pharmacokinetic and 

toxicological profile and its established clinical use as an infusional and oral drug for non-

oncological indications in human patients [288], our data suggest feasibility of repurposing 

MB as an investigative heat shock response antagonist for the chemosensitization of human 

cancer cells. 
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CHAPTER 5 

SUMMARY OF STUDIES AND FUTURE DIRECTIONS 

 The cellular heat shock response is mediated by heat shock proteins (Hsps) that are 

involved in maintaining proteostasis through mediating proper protein folding, and control 

of protein aggregation, complex formation, transport and degradation.  Members of the 

Hsp70 and Hsp90 families are overexpressed and/or functionally altered in cancer cells 

contributing to increased survival, proliferation, metastasis, and chemoresistance.  

Specifically, Hsp90 stabilizes and maintains several oncogenic proteins and receptor 

tyrosine kinases (RTKs) involved in melanomagenesis, such as V600E BRAF, COT, 

PDGFRβ, and IGFR.  In addition, Hsp70 is implicated in conferring resistance to apoptosis 

in melanoma cells despite cytotoxic, targeted, and immunological interventional therapies.  

Therefore, pharmacologically inducing proteotoxic stress through targeted inhibition of 

melanoma’s heightened dependence on protein folding (Hsp70) and stabilization systems 

(Hsp90), will induce cytotoxic overload beyond the ability of established molecular coping 

mechanisms (HSR, ER-stress/UPR).  This strategy represents unique opportunities for 

targeted cancer cell-directed chemotherapeutic intervention.  

 Here, two non-oncological experimental therapeutics have been identified: (1) the 

Hsp90 inhibitor, aurin (4-[bis(p-hydroxyphenyl)methylene]-2,5-cyclohexadien-1-one), 

and (2) and the Hsp70 inhibitor, methylene blue (3,7-bis(dimethylamino)-phenothiazin-5-

ium chloride).  In melanoma cells, the phenolic triphenylmethane-derived quinone-

methide, aurin, causes (i) early nuclear transclocation and transcriptional activation of 

HSF1, (ii) up-regulation of heat shock response gene expression, (iii) UPR induction, (iv) 

proteasome inhibition with accumulation of ubiquitinylated proteins, (v) downregulation 
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of Hsp90 client proteins including BRAF and AhR, (vi) oxidative stress with glutathione 

depeletion, (vii) induction of caspase-dependent melanoma cell death downstream of 

PMAIP1 (Noxa) up-regulation, and (viii) impairment of mitochondrial transmembrane 

potential.  Furthermore, fluorescence polarization-based experimentation revealed that 

aurin displays activity as a geldanamycin-competitive Hsp90α antagonist.  This finding 

was further substantiated by aurin inhibition of ATPase enzymatic activity of recombinant 

human Hsp90α, and molecular docking analysis.   

 The 3,7-diaminophenothiazinium- derivative, methylene blue, (i) induces cellular 

oxidative stress, (ii) attenuates thermally- and pharmacologically-induced heat shock 

response gene expression, (iii) suppresses Hsp70 (HSPA1A) and Hsp27 (HSPB1) 

upregulation at the mRNA and protein level, (iv) causes chemosensitization of melanoma 

cells to geldanamycin cytotoxicity, (v) and causes massive up-regulation of GM-CSF 

expression, the most pronounced change among all genes detected by array analysis.  

 Future work for aurin involves determining the specific mechanistic relationship 

between upstream Hsp90 inhibition, and subsequent impairment of proteasome function, 

redox homeostasis, and UPR induction.  In addition, specific molecular mechanisms 

underlying NOXA-dependent apoptosis will be elucidated, focusing on potential upstream 

pathways known to upregulate PMAIP1 expression.  Specifically, transcriptional activation 

of ATF4, which occurs upstream of NOXA, in response to ER stress has been shown to 

occur in a PERK- and phosphorylated eIF2α-independent manner in melanoma cells upon 

treatment with the proteasome inhibitor, bortezomib [234].  A scheme depicting suggested 

molecular mechanisms is shown in Figure 5.1.   
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Figure 5.1 Suggested molecular mechanism underlying induction of lethal proteotoxic 

stress in aurin-exposed malignant melanoma cells. Aurin induces rapid Hsp90 inhibition 

causing HSF1 nuclear translocation (detectable within minutes of exposure) and 

pronounced activation of heat shock response gene expression. Together with Hsp90 

antagonism, destabilization of Hsp90 client proteins (e.g. oncogenic BRAF and AhR), 

UPR induction characterized by phosphorylation of PERK and eIF2α and up-regulation of 
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DDIT3 (CHOP), and proteasomal impairment with accumulation of ubiquitinated proteins 

contribute to aurin-induced proteotoxic stress. Downstream of proteotoxic stress induction 

(with unknown involvement of transcription factors upstream of PMAIP1 such as ATF4), 

Noxa up-regulation facilitates the mitochondrial pathway of apoptosis associated with 

breakdown of mitochondrial transmembrane potential, induction of massive oxidative 

stress and glutathione depletion, and ultimately initiation of caspase-dependent cell death. 

Cell rescue as demonstrated in this study can occur by siRNA-based suppression of 

PMAIP1 up-regulation, antioxidant intervention (NAC), and pancaspase inhibition 

(zVADfmk). The molecular mechanism underlying the crucial transition from aurin-

induced proteotoxic stress to apoptogenic lethal execution remains to be elucidated.  

 

 

 Further, examination of aurin’s ability to block alternative pathways of resistance 

(MEK, AKT, and mTOR) will be assessed by observing aurin-induced degradation of other 

Hsp90 clients relevant to melanomagenesis, including IGF1R, cyclin D1, PDGFR-β, AKT, 

COT, ARAF, and CRAF.  In addition, efforts will also aim at exploring the structure 

activity relationship underlying aurin-induced Hsp90-directed proteotoxic stress.  Ongoing 

preclinical efforts aim at testing efficacy of aurin-induced proteotoxic stress and apoptosis 

for delaying, or overcoming, resistance in cellular and murine xenograft models of 

vemurafenib resistant melanoma models.  The feasibility of aurin as a heat-shock directed 

cytoprotective agent will also be explored based on data that despite its induction of Hsp70 

mRNA and protein expression, it does not impair viability of non-transformed cell lines.   

 It has recently been suggested that the Hsp90 inhibitor, 17-AAG, may be of value 

for the topical treatment of UV-induced non-melanoma squamous cell carcinoma (SCC) 

[301,302].  Although the precise mechanisms of SCC formation are unknown, activation 

of protein kinase Cε (PKCε), a client protein of Hsp90, has been shown to mediate UVR-

induced tumor necrosis factor α (TNFα) release, which is linked to the development of 

SCC [303].  Topical treatment with 17-AAG in mouse models of UVR-induced SCC was 
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nontoxic and effective at inhibiting tumor incidence and multiplicity, as well as increasing 

the latency period of tumor appearance [304].  Based on the promising results of our recent 

work, aurin as a topical treatment for SCC will also be explored in mouse models of UV-

induced SCC.  

 Future work with MB will involve exploration of the structure-activity relationships 

and molecular mechanisms underlying MB-induced heat shock response attenuation.  Our 

data indicate that phenothiazine derivatives with various substituent patterns (AA, AB, 

NMB, TB), some of which are established hepatic MB metabolites (AA, AB), display MB-

like activity.  The feasibility of these derivates as experimental chemotherapeutics will be 

explored based on their ability to cause heat shock response modulation with induction of 

apoptosis.      

 Our preliminary data suggest a mechanism of action distinct from direct inhibition 

of Hsp70 ATPase activity as previously observed [238].  Rather, our data suggest that 

significant reduction in Hsp70 protein levels are a consequence of a global attenuation of 

heat shock related gene expression as evident on the gene array.  This finding is consistent 

with a mode of action involving inhibition of the heat shock response and is compatible 

with the ability of MB to suppress Hsf1 dependent gene transcription.   Indeed, our 

preliminary data indicate that MB blocks geldanamycin induced nuclear translocation of 

Hsf1, implying the potential of MB as a novel lead compound targeting Hsf1 inhibition.  

Hsf1 inhibition has become an attractive anticancer strategy, and MB may therefore 

represent a promising lead compound for the future development as an HSf1 antagonist 

[285].  Follow-up experimentation will therefore examine if MB based HSF1 antagonism 

involves interference with HSF1 trimerization, phosphorylation, nuclear translocation, or 
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DNA binding.  Presently, only a few functional HSF1 antagonists have been described, 

including KNK437 [305], triptolide [297,306,307], NZ28 [308], and EMUNIN [308].  The 

specific mechanisms of these compounds remain to be explored. 

 Pre-clinical and clinical evaluation of MB as a potential anti-melanoma 

interventional therapy may be feasible based on its current clinical use as a tranfusional 

agent.  Indeed, repurposing approved and abandoned non-oncological drugs as an 

alternative developmental strategy identifying of anticancer therapeutics has recently 

attracted considerable attention [299,300].  Based on a previously established 

pharmacokinetic and toxicology profile and its established clinical use as an infusional and 

oral drug for non-oncological indications in human patients [288], our data supports the 

feasibility of repurposing MB as an investigative heat shock response antagonist for the 

chemosensitization of human cancer cells.  
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