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Abstract 

 Heat shock proteins (Hsp) are a class of stress-inducible proteins that mainly act as molecular protein 

chaperones. This chaperone activity is diverse, including assisting in nascent protein folding, and regulating 

client protein location and translocation within the cell. The main proteins within this family, particularly Hsp70 

and Hsp90, also have a highly diverse and numerous set of protein clients, which when combined with the high 

expression levels of these proteins (2%-6% of total protein content), establishes these molecules as “central 

regulators” of cell protein physiology. Among these client proteins, Hsps regulate numerous signal transduction 

and receptor regulatory kinases, and indeed directly regulate some receptors themselves. This makes the Hsps, 

particularly Hsp90, also central regulators of signal transduction machinery, with important impacts on 

endogenous and drug ligand responses. Among these roles, Hsp90 in particular acts to maintain mature 

signaling kinases in a metastable conformation permissive for signaling activation. In this review, we will focus 

on the roles of the Hsps, with a special focus on Hsp90, in regulating receptor signaling and subsequent 

physiological responses. We will also explore potential means to manipulate Hsp function to improve receptor-

targeted therapies. Overall, Hsps are important regulators of receptor signaling that are receiving increasing 

interest and exploration, particularly as Hsp90 inhibitors progress towards clinical approval for the treatment of 

cancer. Understanding the complex interplay of Hsp regulation of receptor signaling may provide important 

avenues to improve patient treatment. 
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Introduction 

 The heat shock proteins (Hsp) are a conserved class of stress-inducible proteins that primarily act as 

molecular chaperones (Li and Buchner, 2013; Odunuga et al., 2004). This chaperone activity is diverse, with the 

central Hsp regulators Hsp70 and Hsp90, assisted by co-chaperones such as Hop/STIP1 and Cdc37, performing 

a central role in promoting proper folding of nascent polypeptides (Assimon et al., 2013; Gould et al., 2009; Li 

and Buchner, 2013; Odunuga et al., 2004; Verba et al., 2016). However, the chaperone activity of the Hsps 

extends well beyond the promotion of proper protein folding. Hsp90 in particular maintains mature signaling 

kinases and other signal transduction proteins in the proper metastable conformation necessary for signaling 

activation (Li and Buchner, 2013). Hsp90 can also regulate the location and translocation of signaling kinases 

and other proteins within the cell, helping to maintain the proper organization of cell biology and signal 

transduction (Yang et al., 2012). Hsp90 can also act as a molecular scaffold, selectively associating signaling 

kinases and other proteins in close proximity for selective activation during signal transduction (Jaiswal et al., 

1996; Nieto-Miguel et al., 2008; Schulte et al., 1995). Other Hsps show a diverse set of roles in regulating cell 

function, such as Hsp27 acting as a central regulator of actin polymerization and thus cell motility and other 

cytoskeletal functions (McConnell and McAlpine, 2013; Okada et al., 2005).  

 The Hsps perform these different chaperone functions on a broad array of client proteins. These client 

proteins span nearly every functional class, including transcription factors, nuclear hormone receptors, viral 

proteins, and signaling kinases . In this review, we will focus on the role of Hsps, particularly Hsp90, in regulating 

receptor-related signaling. Of the receptors in the genome, G Protein-Coupled Receptors (GPCRs) represent 

the largest class, with more than 800 GPCRs in humans; these represent a plurality of the drug targets exploited 

in the current pharmacopeia and in ongoing clinical trials (Hauser et al., 2017). As such, GPCRs represent the 

largest area of study for receptor activation and signal transduction, and will be the primary but not exclusive 

focus of this review. 

 

Heat Shock Protein 90 

G Protein-Coupled Receptor Kinases (GRK) 
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 One of the largest classes of signaling proteins regulated by Hsp90 are signaling kinases, and regulation 

of these kinases is the main means by which Hsp90 regulates receptor signaling. Hsp90 regulates a broad 

swathe of these kinases across numerous functional classes, often in concert with its kinase-specific co-

chaperone Cdc37 (Gould et al., 2009; Grammatikakis et al., 1999; Li and Buchner, 2013; Ota et al., 2010; Tatebe 

and Shiozaki, 2003; Verba et al., 2016). A selection of these regulated kinases are listed in Table 1, and further 

information on Hsp90 client proteins can be found in a web database maintained by Didier Picard of the 

University of Geneva (www.picard.ch) as well as the following references: (Echeverria et al., 2011; Tsaytler et 

al., 2009). Of these client proteins, the GRKs are the most closely associated with GPCR signaling, as GRKs 

directly phosphorylate GPCRs upon activation to promote desensitization, βarrestin recruitment, and 

internalization (Brackley et al., 2016; Penela, 2016). 

 Hsp90 has been shown to stabilize and promote the maturation of GRK2, 3, 5, and 6, through which 

Hsp90 can generally promote GPCR desensitization and internalization across a broad array of GPCR targets 

(Luo and Benovic, 2003; Penela, 2016; Wu et al., 2012). This interaction for GRK3 was found to be regulated by 

acute calcium release in neuroblastoma cells, suggesting that Hsp90 could acutely regulate GRK3 activity in 

activated neurons (Salim and Eikenburg, 2007). Hsp90 also regulates GRK localization and transport within the 

cell. Hsp90 was found to target GRK2 to the mitochondria in response to ERK MAPK activation during ischemic 

stress; this translocation was found to promote the mitochondrial permeability transition and cell death (Chen et 

al., 2013a). These results suggest that Hsp90 inhibitors could be potential therapies for ischemia-reperfusion 

injury after myocardial infarction or stroke, which was supported by a recent experimental stroke study (Kim et 

al., 2015). These combined studies suggest that Hsp90 could have a broad impact on GPCR signaling via 

regulation of GRKs. 

 

Heterotrimeric G Proteins 

 The heterotrimeric G proteins are a class of effector proteins that convey signal transduction downstream 

of all GPCRs. These proteins form an obligate trimer of an α subunit that differentially modulates cAMP or calcium 

signaling depending on subtype, and a β/γ dimer that evokes phospholipase C/calcium signaling (Gurevich and 
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Gurevich, 2017). Regulation of these G proteins by Hsp90 thus has the potential to regulate signal transduction 

downstream of up to hundreds of GPCRs. Hsp90 was shown to specifically direct mature Gα12 (but not Gα13) to 

lipid rafts and the mitochondria, which is required for Gα12 signaling; this demonstrates an obligate role for Hsp90 

in all GPCR signaling evoked by this protein (Andreeva et al., 2008; Montgomery et al., 2014; Vaiskunaite et al., 

2001; Waheed and Jones, 2002). Among other potential roles, this was shown to be necessary for tight junction 

formation in MDCK cells (Sabath et al., 2008). Hsp90 was also shown to play a similar role in translocation and 

targeting of the Gαi2 protein to the cannabinoid type-2 receptor, through which Hsp90 could have a broad impact 

on cannabinoid signaling in the CNS and immune system (He et al., 2007). Hsp90 was further shown to regulate 

GDP/GTP exchange of Gαs by forming a complex with this protein; as GDP/GTP exchange is central to G protein 

signaling (Gurevich and Gurevich, 2017) Hsp90 could have a broad impact on all Gαs-coupled GPCRs through 

this interaction (Gibbs et al., 2009). Although less specific than the above regulatory roles, Hsp90 was also 

shown to maintain protein expression of Gαo, through which Hsp90 could generally promote GPCR signaling of 

receptors that couple to this G protein (Busconi et al., 2000). Intriguingly, Hsp90 was also shown to form a 

complex with the Gβ/γ dimer; although this interaction could broadly impact GPCR signaling through Gβ/γ, no 

functional impact has yet been identified for this association (Inanobe et al., 1994). 

 

Small GTPases 

 The small GTPases (Ras, Rac, etc.) are a large class of downstream signaling molecules that are highly 

impactful in numerous signal transduction cascades, including GPCR signaling as well as other receptor families. 

This family of proteins, although GTPases that cycle GDP with GTP, are distinct from the heterotrimeric G 

proteins above. The small GTPase Ras is perhaps the best studied Hsp90 client protein, as increased Ras 

activity due to mutation or other causes is a major driver of cancer cell proliferation through the Ras-Raf-MEK-

ERK MAPK cascade (for examples, see (Bar et al., 2017; Haarberg et al., 2013; Park et al., 2017)). Treatment 

with Hsp90 inhibitors to block cancer cell growth either acts to destabilize Hsp90-Ras interactions directly, or 

circumvents the pro-proliferation drive of Ras. 
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 Hsp90 has been shown to complex with Raf kinase to promote cell proliferation, and this interaction has 

further been shown to be dependent on Ras. Ras signaling promotes Hsp90-Raf formation, which in turn 

associates the Hsp90-Raf complex with Ras in the membrane. This trinary complex acts as a positive feedback 

interaction to promote Ras-Raf signaling and thus cell proliferation (references for all above claims: (Cissel and 

Beaven, 2000; Diedrich et al., 2017; Mitra et al., 2016; Schulte et al., 1995)). Interestingly, Hsp90 has also been 

shown to repress Ras-mediated protein kinase A (PKA) signaling, demonstrating the importance of context in 

the actions of Hsp90 to regulate signaling (Shapiro et al., 2009). 

 Beyond Ras, Hsp90 has been shown to associate with and regulate several members of the Rab family. 

Hsp90 was shown to regulate the access of Rab to the protein  alpha-GDP Dissociation Inhibitor (alpha-GDI), 

which regulates GDP/GTP exchange. As such, this interaction represents an important signal-responsive 

mechanism to regulate Rab activity (Chen and Balch, 2006; Chen et al., 2005; Raffaniello et al., 2009; Sakisaka 

et al., 2002). Hsp90 was also shown to specifically complex with Rab11 and Rab5, through which Hsp90 

regulated signaling-responsive endocytosis and sorting (Allonby et al., 2014; Bozza et al., 2014; Liu et al., 2009). 

Hsp90 similarly targets Rab3 to the membrane to regulate internalization (Chen et al., 2013b). Interestingly, 

some Rab proteins have been shown to regulate Hsp90, in that Rab27 has been shown to regulate the cleavage 

and secretion of Hsp90 as an extracellular pro-growth signal (Hendrix et al., 2010). 

 Hsp90 has also been shown to directly link Rho signaling to the GPCR Vascular Endothelial Growth 

Factor Receptor (VEGFR). Hsp90 couples RhoA to the VEGFR, and is necessary for the activation of Focal 

Adhesion Kinase (FAK; (Le Boeuf et al., 2004)). This makes Hsp90 crucial for vasculogenesis signaling via 

VEGF. Hsp90 also regulates cytoskeletal remodeling via Rho/RhoC, relating to motility, with Hsp90 blocking 

cancer migration in some contexts through the regulation of Rho (Amiri et al., 2007; Willmer et al., 2013). Hsp90 

also regulates Rho access of the Rho-GDP exchange regulatory protein Vav3, through which Hsp90 may 

regulate a broad swathe of GPCR and other receptor signaling through Rho (Wu et al., 2013). Lastly, Hsp90 

increases Src-mediated RhoA signaling in endothelial cells, implicating Hsp90 in a role for promoting 

macrophage extravasation and edema in response to inflammation (Joshi et al., 2014). 
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 Continuing with this theme, Hsp90 also regulates the Rac family mostly in the context of inflammation. 

Hsp90 complexes with Rac1 to promote its signaling, which was found to be crucial in the innate immunity 

response (Thao et al., 2007). Similarly, Hsp90 promotes Rac1 signaling in infected gastric epithelial cells, 

promoting reactive oxygen species generation and cell damage in this context (Cha et al., 2010). This could 

make Hsp90 inhibitors useful for the treatment of gastric ulcers. Lastly, Hsp90 was shown to promote a Rac1-

PP5-ERK MAPK complex, which regulated ERK MAPK activation and activity (Mazalouskas et al., 2014). 

Together, these studies demonstrate a strong impact of Hsp90 on these small GTPases, which will have broad 

impacts on the signaling of multiple receptor families in multiple physiological contexts. 

 

Signaling Kinases 

 Hsp90 also regulates an incredibly broad swathe of signaling kinases, by which receptors carry out much 

of their signaling activity (Table 1, (Echeverria et al., 2011; Tsaytler et al., 2009)). We cannot exhaustively cover 

each kinase family, but will highlight some prominent examples below to exemplify the impact of Hsp90 on 

receptor-kinase signaling. Through regulating these kinases, Hsp90 may regulate the signaling of every receptor 

and every physiological process they are implicated in. 

 The Extracellular Signal-Regulated Kinase (ERK) Mitogen Activated Protein Kinase (MAPK) pathway is 

perhaps the best studied in regards to Hsp90 regulation, due to the importance of this pathway in regulating cell 

survival and proliferation, and thus a major mechanism for Hsp90 inhibitors developed for cancer therapy 

(Nagaraju et al., 2016; Park et al., 2017; Sidera and Patsavoudi, 2014). As discussed above, Hsp90 forms a 

complex with the small GTPase Ras and the kinase Raf which promotes their activity, both of which go on to 

activate ERK MAPK (Cissel and Beaven, 2000; Diedrich et al., 2017; Mitra et al., 2016; Schulte et al., 1995). 

 However, Hsp90 has also been directly associated with ERK signaling, which has shown to be dependent 

on context; increased in some contexts and decreased in others. This theme is present in work relating to the 

opioid receptors. Hsp90 has only been lightly studied in opioid receptor signaling; Hsp90 inhibitors were shown 

to block opioid cAMP superactivation in a cell model (Koshimizu et al., 2010), while chronic morphine treatment 

was shown to increase Hsp90 expression in the synapse while Hsp90 inhibitors acutely blocked morphine 
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withdrawal behavior (Abul-Husn et al., 2011). In our own work, we found that Hsp90 strongly increases ERK 

MAPK signaling in the brain, leading to loss of ERK activation and morphine analgesia in some pain states with 

Hsp90 inhibitor treatment (Lei et al., 2017). In contrast, we found that Hsp90 in the spinal cord strongly 

potentiates ERK MAPK signaling, in that Hsp90 inhibitor treatment in the spinal cord led to enhanced ERK 

activation and analgesia in response to morphine (unpublished data, Figure 1). These results demonstrate how 

context determines the role of Hsp90 regulation of ERK signaling, which can have strongly divergent 

physiological consequences. This theme is echoed in the literature, which also found that Hsp90 complexed with 

and promoted ERK MAPK signaling in some contexts (Georgakis et al., 2006; Rice et al., 2008; Setalo et al., 

2002; Wang et al., 2014; Yun et al., 2011), while blocking it in others (Lin et al., 2015). 

 Beyond the MAPKs, Hsp90 also regulates numerous other influential signaling kinase families which 

signal downstream of receptors (Table 1). These include Protein Kinase C (PKC), a central regulatory kinase in 

the cell; Hsp90 was shown to target PKCε to the mitochondria after adenosine receptor activation, leading to 

ischemic protection in the brain and heart (Thompson et al., 2013; Yang et al., 2012). Hsp90 also generally 

promotes stability and activation of the cyclin-dependent kinases (CDK), which are crucial for regulating the cell 

cycle; this promotion may underlie in part the mechanism by which Hsp90 promotes cancer growth, although in 

at least some contexts Hsp90 prevents inappropriate cell cycle entry by the CDKs (Chaklader et al., 2012; 

Mikolajczyk and Nelson, 2004; Stetz et al., 2017). Another central kinase regulated by Hsp90 is glycogen 

synthase kinase-3 (GSK-3), which requires Hsp90 for functional maturation, and which also requires Hsp90 for 

complexing with the Wnt/β-catenin cascade to promote signaling through that pathway (Cooper et al., 2011; Jin 

et al., 2016; Lochhead et al., 2006). These examples give a flavor for the wide-ranging and impactful regulation 

of receptor-activated signaling kinases by Hsp90, and show how crucial this protein is for regulating receptor 

signal transduction in numerous contexts. 

 

Heat Shock Protein 70 

 Hsp70 is a close partner of Hsp90 in the protein folding and maturation process; however, Hsp70 acts 

earlier on in the process, so it has less of a role in regulating mature protein activation, signaling complex 
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formation, and subcellular targeting as Hsp90 does (Li and Buchner, 2013). In addition, treatment with typical 

ATP binding pocket-targeted Hsp90 inhibitors releases Heat shock factor-1 (HSF-1), leading to increases in 

Hsp70 protein expression; this can make disentangling Hsp90 inhibition from Hsp70 induction difficult in practice 

(Kim et al., 2015; Lei et al., 2017; McConnell and McAlpine, 2013). Nonetheless, clear evidence has emerged 

for the role of Hsp70 in regulating GPCR signaling. An early study demonstrated that Hsp70 interacts with 

unglycosylated versions of the angiotensin receptor, leading to retention in the endoplasmic reticulum; this 

mechanism is thus important for insuring the transport of mature, glycosylated receptor to the membrane (Lanctot 

et al., 2006). Similar studies found that Hsp70 was important in the folding and trafficking of the adenosine A2A 

receptor (Bergmayr et al., 2013) and the lysophosphatidic acid receptor (Zhao et al., 2014) in the endoplasmic 

reticulum. Continuing the theme of trafficking and internalization, Hsp70 was also found to be a substrate of 

GRK5, and phosphorylation by GRK5 was necessary for Hsp70 to induce agonist-mediated internalization of the 

chemokine receptor CXCR4 (Barker and Benovic, 2011). These studies thus demonstrate a clear role for Hsp70 

in processing and targeting GPCRs specifically to the membrane, as well as internalization of those receptors 

after agonist activation, a crucial negative feedback loop in GPCR signaling. Interestingly, another study showed 

that Hsp70 could directly complex with the mature adenosine A2A receptor; this prevented G protein binding to 

activated receptor and attenuated receptor signaling (Lim et al., 2013). These results show that Hsp70 can 

dynamically regulate mature GPCR signaling. Lastly, similarly to Hsp90, Hsp70 can also promote the expression 

and maturation of numerous signaling kinases. However, in general, this role appears to be weighted to simple 

maturation/expression, and not mature kinase activation, complex formation, and cellular targeting (e.g. (Hao et 

al., 2018)). 

 

Heat Shock Protein 40 

 Hsp40 is also involved in the early stages of protein maturation and folding, and regulates the ATPase 

activity and substrate binding of Hsp70 (Li and Buchner, 2013; McConnell and McAlpine, 2013). However Hsp40 

has also been shown to possess unique roles in regulating receptors. In one case, Hsp40 was found to be crucial 

for the proper processing and targeting of the rhodopsin GPCR within the photoreceptors. Interestingly, this role 
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was shown to be independent of Hsp70 (Chapple and Cheetham, 2003). Similarly, Hsp40 was shown to properly 

process and target the human cannabinoid receptor type-1, albeit in a bacterial expression host (Skretas and 

Georgiou, 2009). Hsp40 also acts to regulate parts of the downstream signaling machinery. Hsp40 complexes 

with Hsp90 in the study discussed above that regulates access of alpha-GDI to the small GTPase Rab, regulating 

the GTPase and thus signaling activity of this protein (Sakisaka et al., 2002). Similarly, Hsp40 acts to regulate 

the GTP hydrolysis rate of GαS proteins, through which Hsp40 could regulate a broad array of GPCR signaling 

(Gibbs et al., 2009). Hsp40 was also shown to respond in a dynamic way to chronic morphine treatment in the 

brain; Hsp40 was downregulated in the synapses while Hsp90 was upregulated, which is involved by an unknown 

mechanism in the development of morphine dependence and withdrawal (Abul-Husn et al., 2011). Another 

intriguing experiment showed that Hsp40 acts as an adaptor protein to form a trinary complex with Hsp70 and 

the urokinase receptor; this interaction facilitated receptor signaling and the subsequent changes in cell 

migration, invasion, and adhesion (Lin et al., 2014). 

 

Heat Shock Protein 27 

 Hsp27 is an important small Hsp that is perhaps best known as a regulator of actin polymerization, and 

is phosphorylated by kinases like MAPKAP-K2 (Streicher et al., 2010). The above Hsps like Hsp90 act in large 

part as multi-target protein chaperones that regulate protein expression, function, and localization; in contrast, 

Hsp27 appears to act as a more traditional signal transduction effector. It is phosphorylated by kinases 

downstream of multiple identified receptors, and subsequently activates other signaling molecules or changes 

cell physiology as in its role in actin polymerization. It has been identified in numerous cell processes, with a 

particular identified role in promoting cancer cell survival. The above general information is reviewed in (Singh 

et al., 2017). Hsp27 has been particularly linked to TGF-β receptor stimulation; Hsp27 was found to be 

responsible for cisplatin resistance and lung cancer cell survival subsequent to TGF-β treatment (Huang et al., 

2017). Hsp27 was also found to regulate lung fibroblast differentiation in response to TGF-β via activation of 

Smad3 and ERK MAPK (Wang et al., 2017). Other receptor systems have also been implicated in Hsp27 

signaling: these include the membrane associated androgen receptor (Li et al., 2018) and endothelin-1 
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stimulation (Fujita et al., 2018). Hsp27 has further been implicated in different physiological processes 

downstream of these receptors. These include chemokine CCL2-induced platelet function (Liu et al., 2018), TNF-

α induced myofibroblast migration (Saini et al., 2016), A1 adenosine receptor-induced protection against 

intracerebral hemorrhage (Zhai et al., 2016), and intestinal epithelial cell cytoprotection after exposure to the 

bacterial chemotactic peptide fMLP (Carlson et al., 2007). A number of papers have also linked Hsp27 to the β2 

adrenergic receptor and its downstream signaling regulator βarrestin2; stimulation of this receptor led to Hsp27 

induction which can be cytoprotective in both brain and heart (Imura et al., 1999; Martinez-Laorden et al., 2012; 

Rojanathammanee et al., 2009; Xu et al., 2011). Care must be taken in interpreting these results, however, in 

that β2 adrenergic stimulation can lead to pathophysiology such as cardiomyopathy (Xu et al., 2011), and some 

of the above studies did not disentangle the potential protective effects of Hsp27 induction from the harmful 

effects observed with β2 adrenergic stimulation. Lastly, Hsp27 has been linked to some of the other molecular 

signaling cascades discussed in the above sections. In particular, the small GTPase Ras was found to block 

activation of Hsp27 via reducing p38 MAPK stimulation after VEGF activation (Sawada et al., 2015). Overall, 

these findings indicate that Hsp27 has an important role in regulation of receptor signal transduction via a distinct 

mechanism from the other Hsps discussed above.  

 

Conclusions and Future Directions 

 The literature reviewed here is not comprehensive, and is merely meant to give a general overview and 

selection of the impact of Hsps on signal transduction. The literature on these central cell regulators is extensive, 

and covers hundreds of client proteins, receptor systems, and physiological contexts. The literature on these 

regulators will continue to grow, aided by the extensive efforts to develop different Hsp and co-chaperone 

inhibitors for cancer and other therapies. What is clear is that these proteins have an enormous role in regulating 

signal transduction, which will give us important avenues to manipulate different receptor systems to achieve 

improved therapeutic outcomes. 

 In one sense, the Hsps are not good drug targets, due to their numerous client interactions and ubiquitous 

and high level expression. Despite these apparent limitations however, Hsp inhibitors are surprisingly well 
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tolerated. In the case of Hsp90, while it is true that early geldanamycin derivatives failed clinical trials due to liver 

toxicity, this effect has not been seen with new generations of inhibitors, suggesting the early toxicity was drug 

and not target-related (Jhaveri et al., 2014; McConnell and McAlpine, 2013; Sidera and Patsavoudi, 2014). In 

particular, the newest class of Hsp90 inhibitors are derived from a novobiocin scaffold, and target the C-terminal 

region instead of the ATP binding pocket; these inhibitors show a pro-survival effect in neurons with beneficial 

effects in chronic neuropathic pain and low or no toxicity, pointing the way to new and effective Hsp therapeutics 

(Ansar et al., 2007; Burlison et al., 2006; Lu et al., 2009; Samadi et al., 2011; Urban et al., 2010). 

 Another method to effectively target the Hsps is demonstrated by Gestwicki and colleagues, who 

selectively targeted the co-chaperone interactions of Hsp70 in cataract models to more specifically and 

selectively modulate Hsp proteins (Assimon et al., 2013; Assimon et al., 2015). Along these lines, Brian Blagg 

and colleagues have pioneered the development of isoform-selective Hsp90 inhibitors (Liu et al., 2015; Mishra 

et al., 2017; Tash et al., 2008), while Blagg and others have developed co-chaperone selective inhibitors like 

celastrol and gedunin (Brandt et al., 2008; Zhang et al., 2008). These approaches may reduce side effects and 

increase tolerability of Hsp-directed therapies by more selectively targeting these specific regulators of the Hsp 

machinery, which are more selective by tissue distribution and signaling process. 

 A more complete understanding of the role of Hsps in regulating different aspects of receptor signaling 

will increase our understanding of these crucial cell regulators, and will also provide more targets for new 

therapies. The new drug approaches highlighted above combined with other potential drug therapies such as 

biased agonism (Urban et al., 2007) may provide us with new means to use this knowledge to our advantage. 

These opportunities will only increase as the literature on Hsp regulation of signal transduction grows. 

 

Acknowledgments 

 We would like to acknowledge institutional funds from the University of Arizona for supporting this work. 

The author has no funding or conflicts of interest to disclose that are relevant to this topic. 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

14 
 

References 

Abul-Husn NS, Annangudi SP, Ma'ayan A, Ramos-Ortolaza DL, Stockton SD, Jr., Gomes I, Sweedler JV and 

Devi LA (2011) Chronic morphine alters the presynaptic protein profile: identification of novel molecular 

targets using proteomics and network analysis. PloS one 6(10): e25535. 

Allonby O, El Zawily AM, Freywald T, Mousseau DD, Chlan J, Anderson D, Benmerah A, Sidhu V, Babu M, 

DeCoteau J and Freywald A (2014) Ligand stimulation induces clathrin- and Rab5-dependent 

downregulation of the kinase-dead EphB6 receptor preceded by the disruption of EphB6-Hsp90 

interaction. Cell Signal 26(12): 2645-2657. 

Amiri A, Noei F, Feroz T and Lee JM (2007) Geldanamycin anisimycins activate Rho and stimulate Rho- and 

ROCK-dependent actin stress fiber formation. Molecular cancer research : MCR 5(9): 933-942. 

Andreeva AV, Kutuzov MA and Voyno-Yasenetskaya TA (2008) G alpha12 is targeted to the mitochondria and 

affects mitochondrial morphology and motility. Faseb j 22(8): 2821-2831. 

Ansar S, Burlison JA, Hadden MK, Yu XM, Desino KE, Bean J, Neckers L, Audus KL, Michaelis ML and Blagg 

BS (2007) A non-toxic Hsp90 inhibitor protects neurons from Abeta-induced toxicity. Bioorg Med Chem 

Lett 17(7): 1984-1990. 

Assimon VA, Gillies AT, Rauch JN and Gestwicki JE (2013) Hsp70 protein complexes as drug targets. Current 

pharmaceutical design 19(3): 404-417. 

Assimon VA, Southworth DR and Gestwicki JE (2015) Specific Binding of Tetratricopeptide Repeat Proteins to 

Heat Shock Protein 70 (Hsp70) and Heat Shock Protein 90 (Hsp90) Is Regulated by Affinity and 

Phosphorylation. Biochemistry 54(48): 7120-7131. 

Bar JK, Lis-Nawara A, Grelewski P, Noga L, Grzebieniak Z and Jelen M (2017) The Association Between 

HSP90/topoisomerase I Immunophenotype and the Clinical Features of Colorectal Cancers in Respect 

to KRAS Gene Status. Anticancer research 37(9): 4953-4960. 

Barker BL and Benovic JL (2011) G protein-coupled receptor kinase 5 phosphorylation of hip regulates 

internalization of the chemokine receptor CXCR4. Biochemistry 50(32): 6933-6941. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

15 
 

Bergmayr C, Thurner P, Keuerleber S, Kudlacek O, Nanoff C, Freissmuth M and Gruber CW (2013) Recruitment 

of a cytoplasmic chaperone relay by the A2A adenosine receptor. J Biol Chem 288(40): 28831-28844. 

Bozza G, Capitani M, Montanari P, Benucci B, Biancucci M, Nardi-Dei V, Caproni E, Barrile R, Picciani B, Savino 

S, Arico B, Rappuoli R, Pizza M, Luini A, Sallese M and Merola M (2014) Role of ARF6, Rab11 and 

external Hsp90 in the trafficking and recycling of recombinant-soluble Neisseria meningitidis adhesin A 

(rNadA) in human epithelial cells. PloS one 9(10): e110047. 

Brackley AD, Gomez R, Akopian AN, Henry MA and Jeske NA (2016) GRK2 Constitutively Governs Peripheral 

Delta Opioid Receptor Activity. Cell Rep 16(10): 2686-2698. 

Brandt GE, Schmidt MD, Prisinzano TE and Blagg BS (2008) Gedunin, a novel hsp90 inhibitor: semisynthesis 

of derivatives and preliminary structure-activity relationships. J Med Chem 51(20): 6495-6502. 

Burlison JA, Neckers L, Smith AB, Maxwell A and Blagg BS (2006) Novobiocin: redesigning a DNA gyrase 

inhibitor for selective inhibition of hsp90. J Am Chem Soc 128(48): 15529-15536. 

Busconi L, Guan J and Denker BM (2000) Degradation of heterotrimeric Galpha(o) subunits via the proteosome 

pathway is induced by the hsp90-specific compound geldanamycin. J Biol Chem 275(3): 1565-1569. 

Carlson RM, Vavricka SR, Eloranta JJ, Musch MW, Arvans DL, Kles KA, Walsh-Reitz MM, Kullak-Ublick GA and 

Chang EB (2007) fMLP induces Hsp27 expression, attenuates NF-kappaB activation, and confers 

intestinal epithelial cell protection. American journal of physiology Gastrointestinal and liver physiology 

292(4): G1070-1078. 

Cha B, Lim JW, Kim KH and Kim H (2010) HSP90beta interacts with Rac1 to activate NADPH oxidase in 

Helicobacter pylori-infected gastric epithelial cells. The international journal of biochemistry & cell biology 

42(9): 1455-1461. 

Chaklader M, Das P, Pereira JA, Law A, Chattopadhyay S, Chatterjee R, Mondal A and Law S (2012) 17-AAG 

mediated targeting of Hsp90 limits tert activity in peritoneal sarcoma related malignant ascites by 

downregulating cyclin D1 during cell cycle entry. Experimental oncology 34(2): 90-96. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

16 
 

Chapple JP and Cheetham ME (2003) The chaperone environment at the cytoplasmic face of the endoplasmic 

reticulum can modulate rhodopsin processing and inclusion formation. J Biol Chem 278(21): 19087-

19094. 

Chen CY and Balch WE (2006) The Hsp90 chaperone complex regulates GDI-dependent Rab recycling. 

Molecular biology of the cell 17(8): 3494-3507. 

Chen CY, Sakisaka T and Balch WE (2005) Use of Hsp90 inhibitors to disrupt GDI-dependent Rab recycling. 

Methods in enzymology 403: 339-347. 

Chen M, Sato PY, Chuprun JK, Peroutka RJ, Otis NJ, Ibetti J, Pan S, Sheu SS, Gao E and Koch WJ (2013a) 

Prodeath signaling of G protein-coupled receptor kinase 2 in cardiac myocytes after ischemic stress 

occurs via extracellular signal-regulated kinase-dependent heat shock protein 90-mediated mitochondrial 

targeting. Circ Res 112(8): 1121-1134. 

Chen RH, Wislet-Gendebien S, Samuel F, Visanji NP, Zhang G, Marsilio D, Langman T, Fraser PE and Tandon 

A (2013b) alpha-Synuclein membrane association is regulated by the Rab3a recycling machinery and 

presynaptic activity. J Biol Chem 288(11): 7438-7449. 

Cissel DS and Beaven MA (2000) Disruption of Raf-1/heat shock protein 90 complex and Raf signaling by 

dexamethasone in mast cells. J Biol Chem 275(10): 7066-7070. 

Cooper LC, Prinsloo E, Edkins AL and Blatch GL (2011) Hsp90alpha/beta associates with the 

GSK3beta/axin1/phospho-beta-catenin complex in the human MCF-7 epithelial breast cancer model. 

Biochemical and biophysical research communications 413(4): 550-554. 

Diedrich B, Rigbolt KT, Roring M, Herr R, Kaeser-Pebernard S, Gretzmeier C, Murphy RF, Brummer T and 

Dengjel J (2017) Discrete cytosolic macromolecular BRAF complexes exhibit distinct activities and 

composition. The EMBO journal 36(5): 646-663. 

Echeverria PC, Bernthaler A, Dupuis P, Mayer B and Picard D (2011) An interaction network predicted from 

public data as a discovery tool: application to the Hsp90 molecular chaperone machine. PloS one 6(10): 

e26044. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

17 
 

Fujita K, Otsuka T, Kawabata T, Sakai G, Matsushima-Nishiwaki R, Kozawa O and Tokuda H (2018) Inhibitors 

of heat shock protein 90 augment endothelin1induced heat shock protein 27 through the SAPK/JNK 

signaling pathway in osteoblasts. Mol Med Rep 17(6): 8542-8547. 

Georgakis GV, Li Y, Rassidakis GZ, Martinez-Valdez H, Medeiros LJ and Younes A (2006) Inhibition of heat 

shock protein 90 function by 17-allylamino-17-demethoxy-geldanamycin in Hodgkin's lymphoma cells 

down-regulates Akt kinase, dephosphorylates extracellular signal-regulated kinase, and induces cell 

cycle arrest and cell death. Clinical cancer research : an official journal of the American Association for 

Cancer Research 12(2): 584-590. 

Gibbs SJ, Barren B, Beck KE, Proft J, Zhao X, Noskova T, Braun AP, Artemyev NO and Braun JE (2009) Hsp40 

couples with the CSPalpha chaperone complex upon induction of the heat shock response. PloS one 

4(2): e4595. 

Gould CM, Kannan N, Taylor SS and Newton AC (2009) The chaperones Hsp90 and Cdc37 mediate the 

maturation and stabilization of protein kinase C through a conserved PXXP motif in the C-terminal tail. J 

Biol Chem 284(8): 4921-4935. 

Grammatikakis N, Lin JH, Grammatikakis A, Tsichlis PN and Cochran BH (1999) p50(cdc37) acting in concert 

with Hsp90 is required for Raf-1 function. Molecular and cellular biology 19(3): 1661-1672. 

Gurevich VV and Gurevich EV (2017) Molecular Mechanisms of GPCR Signaling: A Structural Perspective. Int 

J Mol Sci 18(12). 

Haarberg HE, Paraiso KH, Wood E, Rebecca VW, Sondak VK, Koomen JM and Smalley KS (2013) Inhibition of 

Wee1, AKT, and CDK4 underlies the efficacy of the HSP90 inhibitor XL888 in an in vivo model of NRAS-

mutant melanoma. Molecular cancer therapeutics 12(6): 901-912. 

Hao Y, Feng Y, Li J and Gu X (2018) Role of MAPKs in HSP70's Protection against Heat Stress-Induced Injury 

in Rat Small Intestine. Biomed Res Int 2018: 1571406. 

Hauser AS, Attwood MM, Rask-Andersen M, Schioth HB and Gloriam DE (2017) Trends in GPCR drug 

discovery: new agents, targets and indications. Nature reviews Drug discovery 16(12): 829-842. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

18 
 

He F, Qiao ZH, Cai J, Pierce W, He DC and Song ZH (2007) Involvement of the 90-kDa heat shock protein (Hsp-

90) in CB2 cannabinoid receptor-mediated cell migration: a new role of Hsp-90 in migration signaling of 

a G protein-coupled receptor. Mol Pharmacol 72(5): 1289-1300. 

Hendrix A, Maynard D, Pauwels P, Braems G, Denys H, Van den Broecke R, Lambert J, Van Belle S, Cocquyt 

V, Gespach C, Bracke M, Seabra MC, Gahl WA, De Wever O and Westbroek W (2010) Effect of the 

secretory small GTPase Rab27B on breast cancer growth, invasion, and metastasis. Journal of the 

National Cancer Institute 102(12): 866-880. 

Huang Z, Yang C, Sun S, Nan Y, Lang Z, Wang X, Zhao J and Liu Y (2017) Heat Shock Protein 27, a Novel 

Regulator of Transforming Growth Factor beta Induced Resistance to Cisplatin in A549 Cell. 

Pharmacology 100(5-6): 283-291. 

Imura T, Shimohama S, Sato M, Nishikawa H, Madono K, Akaike A and Kimura J (1999) Differential expression 

of small heat shock proteins in reactive astrocytes after focal ischemia: possible role of beta-adrenergic 

receptor. J Neurosci 19(22): 9768-9779. 

Inanobe A, Takahashi K and Katada T (1994) Association of the beta gamma subunits of trimeric GTP-binding 

proteins with 90-kDa heat shock protein, hsp90. Journal of biochemistry 115(3): 486-492. 

Jaiswal RK, Weissinger E, Kolch W and Landreth GE (1996) Nerve growth factor-mediated activation of the 

mitogen-activated protein (MAP) kinase cascade involves a signaling complex containing B-Raf and 

HSP90. J Biol Chem 271(39): 23626-23629. 

Jhaveri K, Ochiana SO, Dunphy MP, Gerecitano JF, Corben AD, Peter RI, Janjigian YY, Gomes-DaGama EM, 

Koren J, 3rd, Modi S and Chiosis G (2014) Heat shock protein 90 inhibitors in the treatment of cancer: 

current status and future directions. Expert opinion on investigational drugs 23(5): 611-628. 

Jin J, Tian R, Pasculescu A, Dai AY, Williton K, Taylor L, Savitski MM, Bantscheff M, Woodgett JR, Pawson T 

and Colwill K (2016) Mutational Analysis of Glycogen Synthase Kinase 3beta Protein Kinase Together 

with Kinome-Wide Binding and Stability Studies Suggests Context-Dependent Recognition of Kinases by 

the Chaperone Heat Shock Protein 90. Molecular and cellular biology 36(6): 1007-1018. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

19 
 

Joshi AD, Dimitropoulou C, Thangjam G, Snead C, Feldman S, Barabutis N, Fulton D, Hou Y, Kumar S, Patel 

V, Gorshkov B, Verin AD, Black SM and Catravas JD (2014) Heat shock protein 90 inhibitors prevent 

LPS-induced endothelial barrier dysfunction by disrupting RhoA signaling. American journal of respiratory 

cell and molecular biology 50(1): 170-179. 

Kim N, Kim JY and Yenari MA (2015) Pharmacological induction of the 70-kDa heat shock protein protects 

against brain injury. Neuroscience 284: 912-919. 

Koshimizu TA, Tsuchiya H, Tsuda H, Fujiwara Y, Shibata K, Hirasawa A, Tsujimoto G and Fujimura A (2010) 

Inhibition of heat shock protein 90 attenuates adenylate cyclase sensitization after chronic morphine 

treatment. Biochemical and biophysical research communications 392(4): 603-607. 

Lanctot PM, Leclerc PC, Escher E, Guillemette G and Leduc R (2006) Role of N-glycan-dependent quality control 

in the cell-surface expression of the AT1 receptor. Biochemical and biophysical research communications 

340(2): 395-402. 

Le Boeuf F, Houle F and Huot J (2004) Regulation of vascular endothelial growth factor receptor 2-mediated 

phosphorylation of focal adhesion kinase by heat shock protein 90 and Src kinase activities. J Biol Chem 

279(37): 39175-39185. 

Lei W, Mullen N, McCarthy S, Brann C, Richard P, Cormier J, Edwards K, Bilsky EJ and Streicher JM (2017) 

Heat-shock protein 90 (Hsp90) promotes opioid-induced anti-nociception by an ERK mitogen-activated 

protein kinase (MAPK) mechanism in mouse brain. J Biol Chem 292(25): 10414-10428. 

Li J and Buchner J (2013) Structure, function and regulation of the hsp90 machinery. Biomedical journal 36(3): 

106-117. 

Li J, Fu X, Cao S, Li J, Xing S, Li D, Dong Y, Cardin D, Park HW, Mauvais-Jarvis F and Zhang H (2018) 

Membrane-associated androgen receptor (AR) potentiates its transcriptional activities by activating heat 

shock protein 27 (HSP27). J Biol Chem 293(33): 12719-12729. 

Lim WK, Kanelakis KC and Neubig RR (2013) Regulation of G protein signaling by the 70kDa heat shock protein. 

Cell Signal 25(2): 389-396. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

20 
 

Lin P, Yi Y, Lu M, Wang M, Yang Y, Lu Y, Song S, Zheng Z, Deng X and Zhang L (2015) Heat shock protein 90 

inhibitor mycoepoxydiene modulates kinase signaling in cervical cancer cells and inhibits in-vivo tumor 

growth. Anti-cancer drugs 26(1): 25-34. 

Lin Y, Peng N, Zhuang H, Zhang D, Wang Y and Hua ZC (2014) Heat shock proteins HSP70 and MRJ 

cooperatively regulate cell adhesion and migration through urokinase receptor. BMC Cancer 14: 639. 

Liu D, Cao Y, Zhang X, Peng C, Tian X, Yan C, Liu Y, Liu M and Han Y (2018) Chemokine CC-motif ligand 2 

participates in platelet function and arterial thrombosis by regulating PKCalpha-P38MAPK-HSP27 

pathway. Biochimica et biophysica acta Molecular basis of disease 1864(9 Pt B): 2901-2912. 

Liu J, Zhang JP, Shi M, Quinn T, Bradner J, Beyer R, Chen S and Zhang J (2009) Rab11a and HSP90 regulate 

recycling of extracellular alpha-synuclein. J Neurosci 29(5): 1480-1485. 

Liu W, Vielhauer GA, Holzbeierlein JM, Zhao H, Ghosh S, Brown D, Lee E and Blagg BS (2015) KU675, a 

Concomitant Heat-Shock Protein Inhibitor of Hsp90 and Hsc70 that Manifests Isoform Selectivity for 

Hsp90alpha in Prostate Cancer Cells. Mol Pharmacol 88(1): 121-130. 

Lochhead PA, Kinstrie R, Sibbet G, Rawjee T, Morrice N and Cleghon V (2006) A chaperone-dependent 

GSK3beta transitional intermediate mediates activation-loop autophosphorylation. Molecular cell 24(4): 

627-633. 

Lu Y, Ansar S, Michaelis ML and Blagg BS (2009) Neuroprotective activity and evaluation of Hsp90 inhibitors in 

an immortalized neuronal cell line. Bioorg Med Chem 17(4): 1709-1715. 

Luo J and Benovic JL (2003) G protein-coupled receptor kinase interaction with Hsp90 mediates kinase 

maturation. J Biol Chem 278(51): 50908-50914. 

Martinez-Laorden E, Hurle MA, Milanes MV, Laorden ML and Almela P (2012) Morphine withdrawal activates 

hypothalamic-pituitary-adrenal axis and heat shock protein 27 in the left ventricle: the role of extracellular 

signal-regulated kinase. J Pharmacol Exp Ther 342(3): 665-675. 

Mazalouskas MD, Godoy-Ruiz R, Weber DJ, Zimmer DB, Honkanen RE and Wadzinski BE (2014) Small G 

proteins Rac1 and Ras regulate serine/threonine protein phosphatase 5 (PP5).extracellular signal-

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

21 
 

regulated kinase (ERK) complexes involved in the feedback regulation of Raf1. J Biol Chem 289(7): 4219-

4232. 

McConnell JR and McAlpine SR (2013) Heat shock proteins 27, 40, and 70 as combinational and dual 

therapeutic cancer targets. Bioorg Med Chem Lett 23(7): 1923-1928. 

Mikolajczyk M and Nelson MA (2004) Regulation of stability of cyclin-dependent kinase CDK11p110 and a 

caspase-processed form, CDK11p46, by Hsp90. The Biochemical journal 384(Pt 3): 461-467. 

Mishra SJ, Ghosh S, Stothert AR, Dickey CA and Blagg BS (2017) Transformation of the Non-Selective 

Aminocyclohexanol-Based Hsp90 Inhibitor into a Grp94-Seletive Scaffold. ACS Chem Biol 12(1): 244-

253. 

Mitra S, Ghosh B, Gayen N, Roy J and Mandal AK (2016) Bipartite Role of Heat Shock Protein 90 (Hsp90) Keeps 

CRAF Kinase Poised for Activation. J Biol Chem 291(47): 24579-24593. 

Montgomery ER, Temple BR, Peters KA, Tolbert CE, Booker BK, Martin JW, Hamilton TP, Tagliatela AC, 

Smolski WC, Rogers SL, Jones AM and Meigs TE (2014) Galpha12 structural determinants of Hsp90 

interaction are necessary for serum response element-mediated transcriptional activation. Mol 

Pharmacol 85(4): 586-597. 

Nagaraju GP, Mezina A, Shaib WL, Landry J and El-Rayes BF (2016) Targeting the Janus-activated kinase-2-

STAT3 signalling pathway in pancreatic cancer using the HSP90 inhibitor ganetespib. European journal 

of cancer (Oxford, England : 1990) 52: 109-119. 

Nieto-Miguel T, Gajate C, Gonzalez-Camacho F and Mollinedo F (2008) Proapoptotic role of Hsp90 by its 

interaction with c-Jun N-terminal kinase in lipid rafts in edelfosine-mediated antileukemic therapy. 

Oncogene 27(12): 1779-1787. 

Odunuga OO, Longshaw VM and Blatch GL (2004) Hop: more than an Hsp70/Hsp90 adaptor protein. BioEssays 

: news and reviews in molecular, cellular and developmental biology 26(10): 1058-1068. 

Okada T, Otani H, Wu Y, Kyoi S, Enoki C, Fujiwara H, Sumida T, Hattori R and Imamura H (2005) Role of F-

actin organization in p38 MAP kinase-mediated apoptosis and necrosis in neonatal rat cardiomyocytes 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

22 
 

subjected to simulated ischemia and reoxygenation. Am J Physiol Heart Circ Physiol 289(6): H2310-

2318. 

Ota A, Zhang J, Ping P, Han J and Wang Y (2010) Specific regulation of noncanonical p38alpha activation by 

Hsp90-Cdc37 chaperone complex in cardiomyocyte. Circulation research 106(8): 1404-1412. 

Park KS, Yang H, Choi J, Seo S, Kim D, Lee CH, Jeon H, Kim SW and Lee DH (2017) The HSP90 inhibitor, 

NVP-AUY922, attenuates intrinsic PI3K inhibitor resistance in KRAS-mutant non-small cell lung cancer. 

Cancer letters 406: 47-53. 

Penela P (2016) Chapter Three - Ubiquitination and Protein Turnover of G-Protein-Coupled Receptor Kinases 

in GPCR Signaling and Cellular Regulation. Progress in molecular biology and translational science 141: 

85-140. 

Raffaniello R, Fedorova D, Ip D and Rafiq S (2009) Hsp90 Co-localizes with Rab-GDI-1 and regulates agonist-

induced amylase release in AR42J cells. Cellular physiology and biochemistry : international journal of 

experimental cellular physiology, biochemistry, and pharmacology 24(5-6): 369-378. 

Rice JW, Veal JM, Fadden RP, Barabasz AF, Partridge JM, Barta TE, Dubois LG, Huang KH, Mabbett SR, 

Silinski MA, Steed PM and Hall SE (2008) Small molecule inhibitors of Hsp90 potently affect inflammatory 

disease pathways and exhibit activity in models of rheumatoid arthritis. Arthritis and rheumatism 58(12): 

3765-3775. 

Rojanathammanee L, Harmon EB, Grisanti LA, Govitrapong P, Ebadi M, Grove BD, Miyagi M and Porter JE 

(2009) The 27-kDa heat shock protein confers cytoprotective effects through a beta 2-adrenergic receptor 

agonist-initiated complex with beta-arrestin. Mol Pharmacol 75(4): 855-865. 

Sabath E, Negoro H, Beaudry S, Paniagua M, Angelow S, Shah J, Grammatikakis N, Yu AS and Denker BM 

(2008) Galpha12 regulates protein interactions within the MDCK cell tight junction and inhibits tight-

junction assembly. Journal of cell science 121(Pt 6): 814-824. 

Saini S, Liu T and Yoo J (2016) TNF-alpha stimulates colonic myofibroblast migration via COX-2 and Hsp27. 

The Journal of surgical research 204(1): 145-152. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

23 
 

Sakisaka T, Meerlo T, Matteson J, Plutner H and Balch WE (2002) Rab-alphaGDI activity is regulated by a 

Hsp90 chaperone complex. The EMBO journal 21(22): 6125-6135. 

Salim S and Eikenburg DC (2007) Role of 90-kDa heat shock protein (Hsp 90) and protein degradation in 

regulating neuronal levels of G protein-coupled receptor kinase 3. J Pharmacol Exp Ther 320(3): 1106-

1112. 

Samadi AK, Zhang X, Mukerji R, Donnelly AC, Blagg BS and Cohen MS (2011) A novel C-terminal HSP90 

inhibitor KU135 induces apoptosis and cell cycle arrest in melanoma cells. Cancer letters 312(2): 158-

167. 

Sawada J, Li F and Komatsu M (2015) R-Ras Inhibits VEGF-Induced p38MAPK Activation and HSP27 

Phosphorylation in Endothelial Cells. Journal of vascular research 52(5): 347-359. 

Schulte TW, Blagosklonny MV, Ingui C and Neckers L (1995) Disruption of the Raf-1-Hsp90 molecular complex 

results in destabilization of Raf-1 and loss of Raf-1-Ras association. J Biol Chem 270(41): 24585-24588. 

Setalo G, Jr., Singh M, Guan X and Toran-Allerand CD (2002) Estradiol-induced phosphorylation of ERK1/2 in 

explants of the mouse cerebral cortex: the roles of heat shock protein 90 (Hsp90) and MEK2. J Neurobiol 

50(1): 1-12. 

Shapiro RS, Uppuluri P, Zaas AK, Collins C, Senn H, Perfect JR, Heitman J and Cowen LE (2009) Hsp90 

orchestrates temperature-dependent Candida albicans morphogenesis via Ras1-PKA signaling. Current 

biology : CB 19(8): 621-629. 

Sidera K and Patsavoudi E (2014) HSP90 inhibitors: current development and potential in cancer therapy. 

Recent Pat Anticancer Drug Discov 9(1): 1-20. 

Singh MK, Sharma B and Tiwari PK (2017) The small heat shock protein Hsp27: Present understanding and 

future prospects. Journal of thermal biology 69: 149-154. 

Skretas G and Georgiou G (2009) Genetic analysis of G protein-coupled receptor expression in Escherichia coli: 

inhibitory role of DnaJ on the membrane integration of the human central cannabinoid receptor. 

Biotechnol Bioeng 102(2): 357-367. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

24 
 

Stetz G, Tse A and Verkhivker GM (2017) Ensemble-based modeling and rigidity decomposition of allosteric 

interaction networks and communication pathways in cyclin-dependent kinases: Differentiating kinase 

clients of the Hsp90-Cdc37 chaperone. PloS one 12(11): e0186089. 

Streicher JM, Ren S, Herschman H and Wang Y (2010) MAPK-activated protein kinase-2 in cardiac hypertrophy 

and cyclooxygenase-2 regulation in heart. Circ Res 106(8): 1434-1443. 

Tash JS, Chakrasali R, Jakkaraj SR, Hughes J, Smith SK, Hornbaker K, Heckert LL, Ozturk SB, Hadden MK, 

Kinzy TG, Blagg BS and Georg GI (2008) Gamendazole, an orally active indazole carboxylic acid male 

contraceptive agent, targets HSP90AB1 (HSP90BETA) and EEF1A1 (eEF1A), and stimulates Il1a 

transcription in rat Sertoli cells. Biol Reprod 78(6): 1139-1152. 

Tatebe H and Shiozaki K (2003) Identification of Cdc37 as a novel regulator of the stress-responsive mitogen-

activated protein kinase. Molecular and cellular biology 23(15): 5132-5142. 

Thao NP, Chen L, Nakashima A, Hara S, Umemura K, Takahashi A, Shirasu K, Kawasaki T and Shimamoto K 

(2007) RAR1 and HSP90 form a complex with Rac/Rop GTPase and function in innate-immune 

responses in rice. The Plant cell 19(12): 4035-4045. 

Thompson JW, Dave KR, Saul I, Narayanan SV and Perez-Pinzon MA (2013) Epsilon PKC increases brain 

mitochondrial SIRT1 protein levels via heat shock protein 90 following ischemic preconditioning in rats. 

PloS one 8(9): e75753. 

Tsaytler PA, Krijgsveld J, Goerdayal SS, Rudiger S and Egmond MR (2009) Novel Hsp90 partners discovered 

using complementary proteomic approaches. Cell Stress Chaperones 14(6): 629-638. 

Urban JD, Clarke WP, von Zastrow M, Nichols DE, Kobilka B, Weinstein H, Javitch JA, Roth BL, Christopoulos 

A, Sexton PM, Miller KJ, Spedding M and Mailman RB (2007) Functional selectivity and classical 

concepts of quantitative pharmacology. J Pharmacol Exp Ther 320(1): 1-13. 

Urban MJ, Li C, Yu C, Lu Y, Krise JM, McIntosh MP, Rajewski RA, Blagg BS and Dobrowsky RT (2010) Inhibiting 

heat-shock protein 90 reverses sensory hypoalgesia in diabetic mice. ASN neuro 2(4): e00040. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

25 
 

Vaiskunaite R, Kozasa T and Voyno-Yasenetskaya TA (2001) Interaction between the G alpha subunit of 

heterotrimeric G(12) protein and Hsp90 is required for G alpha(12) signaling. J Biol Chem 276(49): 

46088-46093. 

Verba KA, Wang RY, Arakawa A, Liu Y, Shirouzu M, Yokoyama S and Agard DA (2016) Atomic structure of 

Hsp90-Cdc37-Cdk4 reveals that Hsp90 traps and stabilizes an unfolded kinase. Science 352(6293): 

1542-1547. 

Waheed AA and Jones TL (2002) Hsp90 interactions and acylation target the G protein Galpha 12 but not Galpha 

13 to lipid rafts. J Biol Chem 277(36): 32409-32412. 

Wang B, Chen L, Ni Z, Dai X, Qin L, Wu Y, Li X, Xu L, Lian J and He F (2014) Hsp90 inhibitor 17-AAG sensitizes 

Bcl-2 inhibitor (-)-gossypol by suppressing ERK-mediated protective autophagy and Mcl-1 accumulation 

in hepatocellular carcinoma cells. Experimental cell research 328(2): 379-387. 

Wang G, Jiao H, Zheng JN and Sun X (2017) HSP27 regulates TGF-beta mediated lung fibroblast differentiation 

through the Smad3 and ERK pathways. International journal of molecular medicine 39(1): 183-190. 

Willmer T, Contu L, Blatch GL and Edkins AL (2013) Knockdown of Hop downregulates RhoC expression, and 

decreases pseudopodia formation and migration in cancer cell lines. Cancer letters 328(2): 252-260. 

Wu F, Peacock SO, Rao S, Lemmon SK and Burnstein KL (2013) Novel interaction between the co-chaperone 

Cdc37 and Rho GTPase exchange factor Vav3 promotes androgen receptor activity and prostate cancer 

growth. J Biol Chem 288(8): 5463-5474. 

Wu Z, Chen Y, Yang T, Gao Q, Yuan M and Ma L (2012) Targeted ubiquitination and degradation of G-protein-

coupled receptor kinase 5 by the DDB1-CUL4 ubiquitin ligase complex. PloS one 7(8): e43997. 

Xu Q, Dalic A, Fang L, Kiriazis H, Ritchie RH, Sim K, Gao XM, Drummond G, Sarwar M, Zhang YY, Dart AM 

and Du XJ (2011) Myocardial oxidative stress contributes to transgenic beta(2)-adrenoceptor activation-

induced cardiomyopathy and heart failure. Br J Pharmacol 162(5): 1012-1028. 

Yang Z, Sun W and Hu K (2012) Molecular mechanism underlying adenosine receptor-mediated mitochondrial 

targeting of protein kinase C. Biochimica et biophysica acta 1823(4): 950-958. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

26 
 

Yun TJ, Harning EK, Giza K, Rabah D, Li P, Arndt JW, Luchetti D, Biamonte MA, Shi J, Lundgren K, Manning A 

and Kehry MR (2011) EC144, a synthetic inhibitor of heat shock protein 90, blocks innate and adaptive 

immune responses in models of inflammation and autoimmunity. Journal of immunology (Baltimore, Md 

: 1950) 186(1): 563-575. 

Zhai W, Chen D, Shen H, Chen Z, Li H, Yu Z and Chen G (2016) A1 adenosine receptor attenuates intracerebral 

hemorrhage-induced secondary brain injury in rats by activating the P38-MAPKAP2-Hsp27 pathway. 

Molecular brain 9(1): 66. 

Zhang T, Hamza A, Cao X, Wang B, Yu S, Zhan CG and Sun D (2008) A novel Hsp90 inhibitor to disrupt 

Hsp90/Cdc37 complex against pancreatic cancer cells. Molecular cancer therapeutics 7(1): 162-170. 

Zhao J, Wei J, Bowser RK, Dong S, Xiao S and Zhao Y (2014) Molecular regulation of lysophosphatidic acid 

receptor 1 trafficking to the cell surface. Cell Signal 26(11): 2406-2411. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 22, 2019 as DOI: 10.1124/mol.118.114652

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL # 114652 
 

27 
 

Figure Legend 

Figure 1: Summary of the Context-Dependent Role of Hsp90 in Regulating ERK MAPK in the Brain vs. 

Spinal Cord. The mu opioid receptor (MOR) promotes ERK MAPK phosphorylation in response to opioid 

signaling, which induces anti-nociception in pain states. Hsp90 differentially regulates this process by promoting 

ERK MAPK activation in the brain, and repressing it in the spinal cord. Hsp90 inhibitors (17-AAG, KU-32) or co-

chaperone inhibitors (gedunin, celastrol) reverse this regulation, leading to blocked ERK MAPK activation in the 

brain and enhanced activation in the spinal cord; this results in blocked opioid anti-nociception in the brain and 

enhanced anti-nociception in the spinal cord (dashed lines). Using selective inhibitors and in vivo CRISPR, we 

further found that Hsp90α and the co-chaperones Cdc37 and p23 mediate this regulation in the brain. Data taken 

from (Lei et al., 2017) and unpublished data from the Streicher lab. 
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Table 1: Selected Signaling Kinase Families Regulated by Hsp90. Selected families of signaling kinases 

known to interact with and are regulated by Hsp90 are shown here. The list is not exhaustive. Taken from 

(Echeverria et al., 2011) and a site maintained by Dr. Didier Picard from the University of Geneva 

(www.picard.ch). 

Selected Families of Signaling Kinases Regulated by Hsp90 
ACVR Cyclin ERBB ERK MAPK 

Akt CDK GRK JNK MAPK 
ALK DDR GSK3 p38 MAPK 

AMPK DAPK GTPases Atyp MAPK 
ASK1 DYRK IKK mTOR 
c-Abl eEF-2 JAK NTRK 

CAMK EPH MAPK-Ks p90RSK 
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