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Dissertation Abstract 
 

Title: Post-translational regulation of co-chaperones affects Hsp90 drug sensitivity in 

cancer 

Author: Diana M. Dunn 

Sponsor: Dr. Mehdi Mollapour 

 

Heat Shock Protein-90 (Hsp90) is a molecular chaperone critical to the stability 

and activity of over 200 proteins known as “clients” including many oncogenes. Hsp90 

chaperone function is linked to its ability to hydrolyze ATP and Hsp90 drugs inhibit its 

activity leading to the degradation of clients, thus making Hsp90 an attractive target for 

cancer therapy. The Hsp90 chaperone cycle is fine-tuned by another group of proteins 

called co-chaperones. They modify the cycle, allowing Hsp90 to chaperone different 

pools of clients. Post-translational modifications (PTM) of Hsp90 and its co-chaperones 

can also regulate the chaperone cycle, and affect Hsp90 drug sensitivity.  

Here it is shown that c-Abl kinase phosphorylates Y223 in the co-chaperone 

Aha1, promoting its interaction with and stimulation of Hsp90 ATPase activity. 

Pharmacologic inhibition of c-Abl prevents the Aha1-Hsp90 interaction thereby, 

hypersensitizing cancer cells to Hsp90 inhibitors. 

Another co-chaperone of Hsp90, protein phosphatase-5 (PP5), mediates the de-

phosphorylation of the co-chaperone Cdc37 which is an essential process for the 

activation of kinase clients. The crystal structure of phospho-Cdc37 bound to the catalytic 

domain of PP5 revealed elements of substrate specificity within the phosphatase cleft. 

Hyperactivity and hypoactivity of PP5 increased Hsp90 binding to its inhibitor, providing 

insight into increasing the efficacy of Hsp90 inhibitors by regulation of PP5 activity in 

tumors. 

PP5 is autoinhibited by intramolecular interactions that can be activated by a 

number of cellular factors, including Hsp90. Casein kinase-1δ (CK1δ)-mediated 

phosphorylation of T362-PP5, was identified as an integral step for PP5 activation, 

independent of binding to Hsp90. Additionally, the tumor suppressor von Hippel-Lindau 

(VHL), the substrate recognition component of the VCB-E3-ubiquitin ligase, was found 

to interact with and multi-monoubiquitinate K185/K199-PP5 for proteasomal degradation 

in an oxygen-independent manner. Furthermore, VHL-deficient clear cell renal cell 

carcinoma (ccRCC) cell lines or patient tumors exhibit elevated PP5 levels. Down-

regulation of PP5 caused apoptosis in ccRCC cells, suggesting a prosurvival role for PP5 

in ccRCC. 

This evidence suggests that inhibition of the enzymes that target and catalyze the 

PTM of Hsp90 and co-chaperones can act synergistically with Hsp90 inhibitors, 

providing novel therapeutic strategies to enhance the efficacy of Hsp90 inhibitors in 

cancer cells. 
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Chapter 1 – General Introduction 

 

Diana M. Dunn1,2,3 and Mehdi Mollapour1,2,3 

 

1 Department of Urology,  
2 Cancer Center,  
3 Department of Biochemistry and Molecular Biology, SUNY Upstate Medical 

University, 750 E. Adams St., Syracuse, NY 13210, USA 

 

 

This chapter serves as a general introduction to this thesis. 

 

 

1.0 Contributions 

 

This section was written by Diana M. Dunn and revised by Dr. Mehdi Mollapour. 
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1.1 The molecular chaperone Heat Shock Protein 90 (Hsp90) 

Molecular chaperones are essential for proper quality control of proteins 

necessary for normal cellular functions (Rohl et al., 2013). Heat shock protein 90 

(Hsp90) is a vital molecular chaperone in eukaryotes that participates in stabilizing and 

aiding in the activation of approximately two hundred target proteins, known as “clients”, 

many of which are involved in signal transduction pathways and cell cycle regulation. 

They are broadly classified as kinase clients such as ErbB2, c-Met and CDK4 and non-

kinase clients including transcription factors (TFs) such as heat shock factor-1 (HSF-1), 

and steroid hormone receptors (SHRs) such as glucocorticoid receptor (GR) and estrogen 

receptor (ER). A list of clients can be obtained from the Picard laboratory: 

(www.picard.ch/downloads/downloads.htm) (Taipale et al., 2010). 

Cancer cells depend on Hsp90 to chaperone an array of mutated and over-

expressed oncoproteins, most commonly kinase clients, from misfolding and degradation 

(Figure 1) (Trepel et al., 2010). Hsp90 function is often described as being hijacked by 

cancer in order to feed its oncogene addiction (Mollapour et al., 2012; Walton-Diaz et al., 

2013). This makes Hsp90 an attractive target in cancer therapy. 

Hsp90 chaperone function depends on its ability to bind and hydrolyze ATP. This 

action facilitates Hsp90’s many conformational changes required for careful chaperoning 

of various client proteins. This is known as the chaperone cycle, and is fine-tuned by 

another group of proteins called co-chaperones (Cox et al., 2011). These co-chaperones 

are distinct proteins that do not rely on Hsp90 for their function. They have the ability to 

modify the Hsp90 cycle either by accelerating, decelerating or post-translationally 

modifying the Hsp90 protein, allowing for the chaperoning of specific clients (Figure 2).  



3 
 

 

 

 

Figure 1 – Hsp90 function in cells 

Heat Shock protein 90 (Hsp90) is involved in normal cellular functions (left) and is often 

important for processes associated with the hallmarks of cancer (right). 

 

Normal Cells

Cancer Cells

Protein Degradation

Cell Cycle

Cell Proliferation

Gene Expression

Protein Folding

Intracellular Transport

Cell Signaling

Insensitivity to

Anti-growth Signals

Limitless Replication

Potential

Sustained Angiogenesis

Tissue Invasion & 

Metastasis

Evading Apoptosis

Self-Sufficiency in

Growth Signals

Reprogramming of

Energy Metabolism

Evading the

Immune System

Hsp90



4 
 

 

 

 

Figure 2 – The Hsp90 chaperone cycle 

The Hsp90 chaperone has the ability to hydrolyze ATP, which induces conformational 

changes, leading to distinct intermediate conformations, which drive the chaperone cycle. 

The ATP binding pocket can also bind Hsp90 inhibitors (drugs). Co-chaperones and post-

translational modifications (PTMs) of Hsp90 and the co-chaperones, help modulate this 

cycle and can affect Hsp90 drug sensitivity. (N-domain – light purple, charged linker – 

black, M-domain – medium purple, C-domain – dark purple) 
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Post-translational modifications (PTMs) can also regulate the chaperone cycle, tailoring 

its function to suit a specific cell type or environmental condition (Figure 2) (Walton-

Diaz et al., 2013; Woodford et al., 2016a).  

Recent evidence suggests that inhibition of the enzymes that target and catalyze 

the post-translational modification of Hsp90 can act synergistically with Hsp90 inhibitors 

(Woodford et al., 2016a), providing a novel therapeutic strategy to enhance the efficacy 

of Hsp90 inhibitors in cancer cells. This introduction will elaborate on Hsp90 structure, 

function and regulation in normal and cancer cells. The regulation of Hsp90 by two co-

chaperones in particular, Aha1 and PP5 (described in Sections 1.7 and 1.9 respectively), 

and how they can affect Hsp90 drug sensitivity in cancer, will be elucidated further in 

Chapter 3. 

 

1.2 Hsp90 structure and function  

Hsp90 is a homodimer comprised of three structural domains: (1) an N-terminal 

domain for ATP-, small molecule inhibitor-, and co-chaperone binding; (2) a middle 

domain for client and co-chaperone interaction, and (3) a C-terminal domain containing 

sites for constitutive dimerization as well as co-chaperone and client interaction (Figure 

2) (Lavery et al., 2014; Prodromou, 2012). The Middle and N-domains are connected by 

a charged linker region involved in Hsp90 dimer contacts. It also contains the 

tetratricopeptide repeat (TPR) binding motif at the C-terminus which is important for 

interactions with specific, TPR domain containing co-chaperones. 

Distinct genes encode two human Hsp90 isoforms: Hsp90α is stress-induced and 

Hsp90β is constitutively expressed in cells. As mentioned before, Hsp90 chaperone 
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function depends on ordered, dynamic conformational changes that are coupled to ATP 

binding and hydrolysis. These conformational changes are comprised of distinct 

intermediate steps that work in concert with co-chaperones to cater to specific client 

pools (Li et al., 2012; Mickler et al., 2009; Prodromou, 2016; Schopf et al., 2017). Co-

chaperones, as well as other enzymes (many of which are Hsp90 clients), are able to 

further alter Hsp90 activity by introduction of PTMs such as, phosphorylation, 

acetylation, S-nitrosylation, ubiquitination and SUMOylation (Figure 2, Table 1) 

(Walton-Diaz et al., 2013; Woodford et al., 2016a). These modifications provide another 

layer of regulation, thereby fine-tuning the specificity with which each interaction occurs.  

Hsp90 inhibitors disrupt the chaperone cycle by replacing ATP in the nucleotide 

binding pocket (Figure 2). These modifications are known to differentially affect 

sensitivity to Hsp90 inhibitors (Table 1) (Dunn et al., 2015; Mollapour et al., 2014; 

Mollapour et al., 2011c; Mollapour et al., 2010b; Wolfgeher et al., 2015; Woodford et 

al., 2016b; Woodford et al., 2016d). Dissecting the PTM status of Hsp90 and its co-

chaperones as well as developing an understanding of the interplay between PTMs and 

inhibitor efficacy is important to our understanding of the cellular-specific and disease-

specific effects of Hsp90 inhibition.  

Previous work suggests inhibition of enzymes that target Hsp90 or co-chaperones 

can act synergistically with Hsp90 inhibitors (Iwai et al., 2012; Riggs et al., 2004). This 

provides a novel therapeutic strategy to enhance the efficacy of Hsp90 inhibitors in 

cancer cells and has led to the overall goal of this thesis, which is to increase tumor 

sensitivity to Hsp90 inhibitors through mechanistic understanding of the chaperone cycle. 
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Table 1 – Impact of post-translational modifications of Hsp90 on its drug sensitivity 

Residues modified, modification and enzyme catalyzing the modification (when known) 

are listed. Drugs studied are also indicated (geldanamycin, radicicol, ganetespib 

(Madrigal Pharma), SNX-2112 (Esanex, Inc.), PU-H71 (Samus Therapeutics)). 

 

Residue  Modification  Enzyme  Drug  Reference  

T36  Phosphorylation  CKII  

- geldanamycin 

- radicicol 

- ganetespib  

- SNX-2112 

(Mollapour et al., 

2011c) 

Y38  Phosphorylation  Wee1  

- geldanamycin 

- radicicol  

- ganetespib  

- SNX-2112  

(Mollapour et al., 

2010b) 

Y61  Nitration  Peroxynitrite  - radicicol (Franco et al., 2013) 

K69, K100, 

K292, K327, 

K478, K546, 

K558  Acetylation  p300  - geldanamycin (Yang et al., 2009) 

K191  SUMOylation  

UBC9  

(SUMO-1)  

- geldanamycin 

- radicicol 

- ganetespib  

- SNX-2112 

(Mollapour et al., 

2014) 

Y197, Y309  Phosphorylation  c-Src  

- geldanamycin 

- PU-H71 (Beebe et al., 2013) 

S399, S505  Phosphorylation  ?  - radicicol (Soroka et al., 2012a) 
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1.3 Hsp90 N-domain inhibitors compete with ATP binding and hydrolysis 

N-domain inhibitors function by targeting the ATP-binding pocket of Hsp90 (Roe 

et al., 1999). This mode of inhibition decreases or inhibits Hsp90 ATPase activity, thus 

compromising chaperone function, leading to the ubiquitination and proteasomal 

degradation of the clients (Rohl et al., 2013; Theodoraki et al., 2012; Xu et al., 2002). N-

terminal inhibitors are currently the most commonly used Hsp90 inhibitors in clinical 

trials due to their ability to effectively compete with ATP binding and hydrolysis. There 

are also M-domain and C-domain targeting inhibitors of Hsp90 currently in development, 

but they will not be the focus of this thesis. 

First generation Hsp90 inhibitors include radicicol (RD; a macrocyclic antifungal 

antibiotic) and geldanamycin (GA; a benzaquinoid ansamycin antibiotic) (Whitesell et 

al., 1994). These natural products compete with and displace ATP from the N-domain 

pocket of Hsp90. They are effective at inhibiting Hsp90 but poor drug candidates due to 

low solubility and high cellular toxicity. These qualities necessitated the development of 

second generation drugs such as 17-allylamino-demethoxygeldanamycin (17-AAG, 

Tanespimycin), a derivative of GA with much lower toxicity found to be effective in 

clinical trials for HER2+ breast cancer (Caldas-Lopes et al., 2009; Modi et al., 2011). 

Later, a stabilized water-soluble form of 17-AAG, known as IPI-504 (retaspimycin) and 

another soluble inhibitor, alvespimycin, (17-DMAG; 17-dimethylaminoethylamino-17-

demethoxygeldanamycin), also entered clinical trials and showed promise while incurring 

less hepatotoxicity (Hollingshead et al., 2005; Scaltriti et al., 2011). Ganetespib (formerly 

STA-9090, Madrigal Pharma) (Proia et al., 2014; Wang et al., 2010), and other drugs 

such as NVP-AUY-922 (also called Luminespib, Vernalis plc.) (Garon et al., 2013; 
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Nagengast et al., 2010), KW-2478 (Ishii et al., 2012) and AT-13387 (also called 

Onalespib, Astex) (Smyth et al., 2014), are derivatives of resorcinals, and have also 

shown promise in clinical  trials for such diseases as melanoma, non-small cell lung 

cancer (NSCLC) and solid tumors in general (Figure 3) (www.clinicaltrials.gov).  

Based on the X-ray crystal structure of Hsp90 bound to ATP, a class of purine-

scaffold (or purine-based) inhibitors have also been rationally designed (Jhaveri et al., 

2014; Taldone et al., 2009). These inhibitors were designed and synthesized to fit in the 

Hsp90 binding pocket based on the unique structure the ATP nucleotide adopts when 

bound to Hsp90. These purine-scaffold molecules include BIIB021 (Wang et al., 2014), 

BIIB028 (Hong et al., 2013), and PU-H71 (Samus Therapuetics) (Gallerne et al., 2013). 

PU-H71 is currently in Phase I clinical trials for treatment of advanced malignancies 

(Figure 3) (www.clinicaltrials.gov). 

Additionally, SNX-2112 (Esanex, Inc.) is an orally administered Hsp90 inhibitor 

that is shown to inhibit Hsp90 chaperone activity (Barrott et al., 2013; Okawa et al., 

2009). Its pro-drug, SNX-5422 (Esanex, Inc.) (Infante et al., 2014), and another Hsp90 

inhibitor, XL-888 (Exelixis, Inc.) (Bussenius et al., 2012), are orally bioavailable 

inhibitors currently being evaluated in Phase I clinical trials in chronic lymphocytic 

leukemia (CLL), neuroendocrine tumors, melanoma, and solid tumors (Figure 3) 

(www.clinicaltrials.gov).  

Finally, TAS-116 (Taiho Oncology, Inc.) is a newly developed, small molecule 

ATP-competitive Hsp90 inhibitor that entered phase I clinical trials in Japan in 2014, and 

since then has made its way into the US clinical trials for treatment of advanced solid  
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Figure 3 – Hsp90 inhibitors in clinical trials 

Current Hsp90 inhibitors in Phase 1 and Phase 2 clinical trials include: AT-13387 

(Astex), SNX-5422 (Esanex, Inc.), PU-H71 (Samus Therapuetics), TAS-116 (Taiho 

Oncology, Inc.), XL-888 (Exelixis), Ganetespib (Madrigal Pharma) and AUY-922 

(Vernalis) (www.clinicaltrials.gov).  
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tumors (Figure 3) (www.clincaltrials.gov) (Ohkubo et al., 2015; Seggewiss-Bernhardt et 

al., 2015).  

New Hsp90-N-terminal binding inhibitors are actively sought after. Using both 

the Hsp90 structure itself and established inhibitors as a template, new compounds may 

be created with less toxicity, more specificity and more potent anti-cancer effects. 

 

1.4 Hsp90 drug sensitivity 

Although Hsp90 is required for survival of normal cells (Louvion et al., 1996; 

Neckers, 2006; Taipale et al., 2010), many of its clients are oncogenes, important for 

cancer cell growth, survival and metastasis. Inhibiting the action of Hsp90 can lead to 

degradation of many of these onocogenic clients through the ubiquitin-proteasome 

pathway (Rohl et al., 2013; Xu et al., 2002). Hsp90’s role in cancer makes it an attractive 

target in cancer therapy (Picard, 2002; Powers et al., 2006). Inhibition of Hsp90 activity 

is most often accomplished by agents that compete with or block N-terminal ATP 

binding and/or hydrolysis as mentioned earlier (see page 6) (Trepel et al., 2010).  

 

1.5 Post-translational modification of Hsp90 affects its sensitivity to drugs 

In addition to creating new Hsp90 inhibitors, it is also important to explore PTMs 

of Hsp90 because they are known to alter Hsp90 sensitivity to its inhibitors (Table 1) 

(Walton-Diaz et al., 2013; Woodford et al., 2016c). Early studies showed the 

serine/threonine phosphatase inhibitor, okadaic acid, causes hyper-phosphorylation of 

Hsp90 in NIH3T3 cells, leading to compromised chaperoning of kinase client p60v-src 

(Mimnaugh et al., 1995). This has led to studies on the drug-sensitizing effects of specific 
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phosphorylation events in Hsp90 T36/Y38 in humans (T22/Y24 in yeast) (Table 1) 

(Mollapour et al., 2011c; Walton-Diaz et al., 2013). 

Treonine-36 has been shown to be phosphorylated by Casein Kinase 2 (CK2) in 

human Hsp90α, leading to reduced ATPase activity and increased sensitivity to Hsp90 

inhibition (GA, RD, SNX-2112 and ganetespib) (Mollapour et al., 2011b; Mollapour et 

al., 2011d). Phosphorylation of Y38 is regulated by Wee1 (Swe1 in yeast), a tyrosine 

kinase and regulator of cell cycle progression. This phosphorylation event influences 

Hsp90-mediated signaling and chaperoning of client proteins. Knock-down of Swe1 in 

yeast cells resulted in increased GA sensitivity. Pharmacologic targeting of Wee1 in PC3 

prostate cancer and HeLa cervical cancer cell lines up-regulated the intrinsic apoptotic 

pathway and increased sensitivity to RD, GA, 17-AAG, SNX-2112 and ganetespib  

(Table 1) (Mollapour et al., 2011c). 

Another important PTM that modulates Hsp90 is the addition of a small ubiquitin-

like modifier protein (SUMO), in a manner similar to ubiquitination. This is known as 

SUMOylation, and SUMO conjugation can affect cellular localization, protein-protein 

interaction, and/or conformational changes of the protein itself (Hay, 2005). 

SUMOylation of K191 in human (K178 in yeast) Hsp90 increases sensitivity to GA, RD, 

SNX-2112 and ganetespib (Table 1) (Mollapour et al., 2014). 

The use of HDAC (histone deacetylase) inhibitors (HDACi) results in the 

accumulation of acetyl groups on lysine residues of Hsp90. It has been observed that 

hyper-acetylation of the middle and N-domain by panHDACi panobinostat (LBH589), 

results in increased binding of 17-AAG. These acetylated residues include, K69 and 
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K100 in the N-domain, and K292, K327, K478, K546 and K558 in the middle domain of 

human Hsp90 (Table 1) (Scroggins et al., 2007; Yang et al., 2008). 

Phosphorylation of Y301 in Hsp90β (conserved residue Y309 in Hsp90α), is 

responsible for pro-angiogenic signaling pathways in endothelial cells (Duval et al., 

2007). It has been demonstrated that these residues on Hsp90 α and β confer varying 

affinities to different Hsp90 inhibitors (GA and PU-H71). Hsp90β-Y301 phosphorylation 

reduces GA affinity, but the phosphorylation status of Hsp90α-Y309 does not affect GA 

binding. Additionally, residues within the N-domain, Hsp90α-Y197 and its Hsp90β-Y192 

equivalent, confer a decrease in GA binding when phosphorylated. PU-H71 binding was 

unaffected by the phosphorylation status of any of the residues (Beebe, 2013). These data 

show the dynamic nature of Hsp90 PTM, where PTM of a single residue can affect drug 

sensitivity with one Hsp90 inhibitor, yet not another, solidifying how cellular context 

matters in Hsp90 inhibition (Table 1).  

 

1.6 Hsp90 regulation by co-chaperones affects its drug sensitivity 

Co-chaperones play a major role in regulating Hsp90 chaperone function by 

forming chaperone complexes with Hsp90, other chaperones, co-chaperones and/or client 

proteins. This multiple protein complex is termed ‘the molecular chaperone machinery’. 

Many co-chaperones activate Hsp90 activity, while others may inhibit or modulate 

Hsp90’s dynamic conformational state to cater to different clients, there is also a subset 

of co-chaperones responsible for the PTM of Hsp90, thus affecting its chaperone activity 

(Figure 4). 
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Figure 4 – Co-chaperones affect Hsp90 ATPase activity and drug sensitivity 

Hsp90 activity is decelerated by the co-chaperone Cdc37 in the open conformation. In 

cooperation with the co-chaperone Protein phosphatase-5 (PP5), Cdc37 is able to load 

kinase clients onto the Hsp90 chaperone for proper activation, de-phosphorylation by PP5 

allows for complex dissociation. The co-chaperone Aha1 can bind and promote Hsp90 N-

terminal dimerization and subsequent ATP hydrolysis, allowing for the full maturation 

and release of kinase clients. (N-domain – light purple, charged linker – black, M-domain 

– medium purple, C-domain – dark purple) 
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There are two groups of co-chaperones: those that do not interact with the TPR 

binding domain of Hsp90 (e.g. Aha1/Hch1, p50/Cdc37, p23 (prostaglandin E synthase 3, 

PGES3)/Sba1, Sgt1, and FNIPs 1 and 2) and those that do (e.g. Hop/Sti, PP5/Ppt1 

(serine/threonine protein phosphatase 5), FKBP-51/52 (immunophilins-peptidyl-prolyl 

isomerases), and CHIP (Edkins, 2015)). The MEEVD motif contains the TPR binding 

sequence located at the C-terminus of Hsp90 which has an affinity for TPR-containing 

co-chaperones. In the following sections, the co-chaperones Aha1, Cdc37 and PP5 will 

be discussed in more detail, as they pertain to the contents of Chapter 3 (Figure 4). 

 

1.7 Aha1 co-chaperone – Activator of Hsp90 ATPase activity 

Aha1 is a potent activator of Hsp90’s ATPase activity (Figure 4) (Meyer et al., 

2004; Panaretou et al., 2002). The N- and C-domains of Aha1 bind to the middle and N-

domains of Hsp90 respectively, effectively closing the N-terminal domains of Hsp90, 

promoting ATP hydrolysis (Li et al., 2013; Lotz et al., 2003; Meyer et al., 2004; Retzlaff 

et al., 2010). Activation of Hsp90 by Aha1 is important for client proteins such as 

glucocorticoid receptor (GR) and p60v-src (Harst et al., 2005). Over-expression of Aha1 

in the HT49 colon cancer cell line resulted in an increase in Aha1-Hsp90 binding. This 

led to an overall increase in kinase client (C-RAF and AKT) activation, but did not affect 

inhibitor (17-AAG) sensitivity (Holmes et al., 2008). Silencing of Aha1 in human colon 

carcinoma HCT116 cells and ovarian cancer A2780 cells caused a decrease in kinase 

client phosphorylation (indicating compromised Hsp90 activity), an increase in apoptosis 

and sensitized the cells to Hsp90 inhibition (Holmes et al., 2008). In this study, it was 
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speculated that affecting the stability of the Aha1-Hsp90 complex, could increase cellular 

sensitivity to Hsp90 inhibitors. 

This led to the hypothesis tested in Chapter 3.1: where Aha1 post-translational 

regulation can affect Aha1 binding to Hsp90, and in turn affect Hsp90 drug sensitivity. 

Briefly, Aha1 phosphorylation on Y223 by the tyrosine kinase, c-abl, was identified as a 

prerequisite signal for Aha1 binding to Hsp90. Inhibition of c-abl diminished Aha1 

binding to Hsp90, resulting in increased Hsp90 drug sensitivity to ganetespib, SNX-2112 

and PU-H71 in prostate cancer cell lines, renal cancer cell lines, and renal cancer patient 

tumor samples. In Chapter 3.1, the details behind Aha1 phosphorylation and how this 

affects Hsp90 drug sensitivity will be discussed in detail (Dunn et al., 2015). 

 

1.8 Cdc37 co-chaperone – Hsp90 kinome-specific co-chaperone 

Hsp90 and its co-chaperone Cdc37 help stabilize and activate over half of the 

human kinome (Figure 4, 5) (Taipale et al., 2012). Cdc37 can be divided into three 

domains: an N-domain of unknown structure that interacts with kinases, a globular 

middle domain that interacts with Hsp90, and an extended C-domain of unknown 

function (Roe et al., 2004; Siligardi et al., 2002). Crystallographic studies have shown 

that Cdc37 inhibits Hsp90 lid closure and N-domain dimerization, therefore decelerating 

its ATPase activity (Figure 5) (Roe et al., 2004; Siligardi et al., 2002). Recently, a high-

resolution cryoelectron microscopy structure of a complex between human Hsp90, Cdc37 

and the Hsp90 kinase client, cyclin-dependent kinase 4 (CDK4) has been solved. The co-

chaperone is wrapped around the middle domain of Hsp90, forming extensive contacts  
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Figure 5 – The Hsp90-Cdc37-PP5 complex activates kinase clients 

 (a) Casein kinase 2 (CK2) phosphorylates the co-chaperone, Cdc37 at Serine-13, which 

binds to the N-terminal lobe of the inactive kinase client. (b) phospho-Ser13-Cdc37 

bound to kinase client binds to open conformation of Hsp90 by N-terminal and M-

domain contacts. (c) Cdc37 then facilitates Hsp90 N-dimerization and Hsp90-kinase 

interactions. (d) The complex reopens with active kinase, PP5 binds to Hsp90 and de-

phosphorylates Ser13 of Cdc37. (e) This in turn (in co-operation with other Hsp90 co-

chaperones such as Aha1) releases the active kinase client and the complex dissociates 

(Vaughan et al., 2008; Verba et al., 2016). (Hsp90: N-domain – light purple, charged 

linker – black, M-domain – medium purple, C-domain – dark purple) 
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with the kinase and Hsp90 (Verba et al., 2016). This allows Hsp90 to clamp around and 

protect the unfolded kinase.  

Disruption of the Hsp90-Cdc37 complex not only can affect the chaperoning of 

kinase clients but can also impact drug binding. Several studies demonstrate that the 

knock-down of Cdc37 sensitizes prostate carcinoma and human colon carcinoma 

HCT116 cells to Hsp90 inhibitors and impacts the chaperoning of kinase clients, but not 

non-kinase clients (Gray et al., 2007; Smith et al., 2009). Cdc37 silencing also results in a 

decrease in cancer cell proliferation, increased apoptosis, and kinase client depletion 

(Smith et al., 2009).  

Post-translational modifications of co-chaperones add another layer of regulation 

in controlling Hsp90 chaperone function both in normal and cancer cells. In yeast, casein 

kinase-2 (CK2) has been shown to phosphorylate conserved, Ser14 and Ser17 in yeast 

Cdc37 (Ser13 in human Cdc37), which is necessary for Cdc37 interaction with Hsp90 

and chaperoning of kinase clients (Bandhakavi et al., 2003). Reduced phosphorylation of 

Cdc37 hypersensitizes cells to the Hsp90 inhibitor geldanamycin (GA), and later studies 

confirmed that a similar process exists for mammalian Cdc37 (Miyata, 2009; Shao et al., 

2003b). Subsequent work has shown that Cdc37 and PP5/Ppt1 form complexes with 

Hsp90 in yeast and in human tumor cells (Vaughan et al., 2008). The protein phosphatase 

PP5/Ppt1 de-phosphorylates Ser-13 on Cdc37, affecting its interaction with Hsp90 and 

positively impacting the chaperoning of kinase clients by the Hsp90-Cdc37 complex 

(Figure 5) (Vaughan et al., 2008). 

 

 



19 
 

1.9 PP5 co-chaperone – necessary for Cdc37 function  

The serine/threonine protein phosphate-5 (PP5, Ppt1 in yeast) co-chaperone is a 

unique member of the phosphoprotein phosphatase (PPP) family in that; (1) it is encoded 

on a single gene, (2) it is autoinhibited in the cell (does not require subunits for 

activation) and (3) it has low basal activity. PP5 contains two domains, the autoinhibitory 

TPR domain (amino acids 1-151) and the catalytic domain (amino acids 175-499), 

connected by a linker region (amino acids 151-175) (Figure 6) (Hinds et al., 2008). The 

autoinhibitory TPR domain, at the N-terminus, is composed of three tetratricopeptide 

repeat (TPR) domains (amino acids 28-62, 62-96, and 96-129). These are amphipathic 

regions that have high affinity for the TPR binding domains of other proteins, such as 

Hsp90 (Figures 4, 5 and 6) (Das et al., 1998). The C-terminus makes up the phosphatase 

domain of PP5 (amino acids 175-490) and a small inhibitory region known as the α-J 

helix (amino acids 490-499) (Figure 6) (Hinds et al., 2008). Autoinhibited PP5 has low 

basal activity in the cell and requires contacts with its TPR domains by Hsp90, Hsp70 or 

fatty acids for activation (Chen et al., 1996; Chen et al., 1997; Connarn et al., 2014; 

Hinds et al., 2008). This releases contacts between the α-J helix from N-terminal TPR 

domain contacts, exposing the catalytic domain for substrate binding (Figure 6). The 

domains of PP5 are important to note for later Chapters 3.2 and 3.3, as they are 

implicated in PP5 activity and regulation in the cell. 

PP5 is responsible for the de-phosphorylation of the Cdc37 co-chaperone as 

described above (Figure 5). This de-phosphorylation has been shown to negatively 

impact kinase client stability in the Hsp90-Cdc37 complex (Vaughan et al., 2008). 

Overexpression of Ppt1 in yeast cells makes cells sensitive to first generation Hsp90 



20 
 

 

 

Figure 6 – Schematic representation of PP5 

 (A) Schematic representation of the protein phosphatase-5 (PP5) structure in its 

autoinhibited state, where the C-terminal αJ helix makes contacts with the TPR domains 

in the autoinhibitory region of the protein, rendering the protein inactive.  

 

(B) Schematic representation of the active protein, no longer in the autoinhibited state. 

 

(A) and (B) are labeled as follows: three TPR-tetratricopeptide repeats (yellow), catalytic 

domain (blue), N-terminus (N), C-terminus (C), amino acids are numbered, domains and 

αJ helix are labeled. 
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inhibitors (Vaughan et al., 2008). Additionally, overexpression as well as knock-down of 

PP5 in HEK293 cells increases Hsp90 sensitivity to ganetespib. It is suggested, based on 

mutational analysis, that PP5’s phosphatase activity plays an important role in its ability 

to form Hsp90 complexes, and in turn affects Hsp90 drug sensitivity (Oberoi et al., 

2016). This point will be further discussed in Chapter 3.2.  

Additionally, Ppt1 has been reported to de-phosphorylate Hsp90 at S379 and 

S485 in the M-domain and S604 in the C-domain of yeast, conferring sensitivity to RD 

(Hinds et al., 2008; Soroka et al., 2012b; Wandinger et al., 2006). As mentioned earlier, 

treating NIH373 cells with okadaic acid (serine/threonine phosphatase inhibitor) caused 

hyper-phosphorylation of Hsp90, leading to compromised chaperoning of a kinase client 

(Mimnaugh et al., 1995). This compromised Hsp90 chaperoning of clients by 

phosphatase inhibition (including PP5) could affect Hsp90 drug sensitivity and warrants 

further investigation. 

 

Targeting Hsp90-co-chaperone complexes is one strategy in current cancer 

therapies, whether it is by direct inhibition of Hsp90 or indirectly by targeting the co-

chaperones and activators of these co-chaperones. In many cases it may be that a 

combination of these will work best. As discussed, PTM of co-chaperones adds another 

layer of regulation and may be an optimal secondary target for complex interruption and 

novel therapeutic options. 
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1.10 Progress of Hsp90 inhibitors in clinical trials 

Although the development of Hsp90 inhibitors has resulted in specific compounds 

with fewer side effects, there has been a problem with pushing these inhibitors through 

the drug development pipeline, mainly because the drugs are found to be less than 

optimally effective in clinical trials. The main reasons for this outcome are poor trial 

design and poor patient selection. In particular, the administration schedule and dosing of 

Hsp90 inhibitors has not been optimized. The differential response observed in patients 

across Hsp90 inhibitor clinical trials could be due to a lack of understanding in tumor 

addiction to Hsp90 itself  (Jhaveri et al., 2012).  A better understanding of the molecular 

mechanisms behind cancer sensitivity to Hsp90 inhibition is needed before these drugs 

can be effective in the clinic. Understanding the molecular mechanisms behind co-

chaperone regulation in relation to Hsp90 function, and how this in turn affects Hsp90 

drug sensitivity is the main goal of this thesis.  

Hsp90 inhibitors have shown particular promise in stabilizing kidney cancer in 

clinical trials. Although patients with renal cell carcinoma (RCC, kidney cancer) 

generally do not improve with Hsp90 inhibitor treatment, the cancer does not progress 

and these patients tend to be more tolerant of the treatment, than patients treated for other 

types of cancer. In a phase I trial with Hsp90 inhibitor, 17-AAG, the outcome for patients 

with RCC was stable disease upon completion. Similar results were observed in a phase 

II trial with 17-AAG (Heath et al., 2008; Ronnen et al., 2006; Solit et al., 2008). In 

combination with Raf inhibition, 17-AAG also showed clinical activity in RCC patients 

(Vaishampayan et al., 2010). Stable disease in RCC patients also occurred when treated 

with Hsp90 inhibitor, 17-DMAG (Jhaveri et al., 2012) and again when treated with 
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Hsp90 inhibitor ganetespib (Goldman et al., 2013; Jhaveri et al., 2012). Pre-clinical trials 

in clear cell renal cell carcinoma (ccRCC) xenograft mice showed that combination 

therapy of ganetespib with mTOR inhibitors (commonly used single-agent treatments for 

ccRCC), everolimus and pazopanib, increased Hsp90 inhibitor effectiveness. This was 

marked by a significant decrease in tumor growth as compared to single agent treatment, 

and even more so from untreated mice (Parasramka et al., 2014).  

A major contribution to this lack of improvement in RCC tumors could be due to 

the heterogeneous nature of the tumors themselves. For example, in ccRCC, the most 

common mutation observed is those in the von Hippel-Lindau (VHL) gene (described in 

more detail in Section 1.11 below). In addition to VHL, mutations in chromatin biology 

genes: BAP1 (BRACA1-associated protein 1) (Pena-Llopis et al., 2012), SETD2 (SET 

domain-containing 2) (Duns et al., 2010) and PBRM1 (poly-bromo 1) (Varela et al., 

2011) have also been commonly reported in ccRCC (Cancer Genome Atlas Research, 

2013; Gossage et al., 2015). These mutations can cause massive differences in tumor 

biology which causes a heterogeneous population of tumors (Gossage et al., 2015); this 

heterogeneity is even observed intratumorally (Gerlinger et al., 2012).  Heterogeneous 

ccRCC tumors have also been shown to differentially affect patient response to current 

treatments (Gossage et al., 2015). If the underlying mechanisms behind this cytostatic 

response, presumably due to tumor heterogeneity, can be elucidated, then a combinatorial 

therapeutic approach can be employed to make RCCs more sensitive to Hsp90 inhibition, 

leading to a cytotoxic response. 
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1.11 Renal cell carcinoma (RCC) 

 Renal (kidney) cancer is among the top 10 cancers afflicting both males and 

females in the United States. It is estimated that of the 63,990 new kidney cancer cases 

expected this year that 14,400 will die from the disease in 2017 alone and these statistics 

are rising each year (www.cancer.org). The most common type of kidney cancer is renal 

cell carcinoma (RCC), which accounts for 90% of all kidney cancers (www.cancer.org). 

Renal cell carcinoma is a broad term for a several sub-types including: clear cell renal 

cell carcinoma (ccRCC) (75% of RCC’s) occurring both as inherited and sporadic tumors 

(www.cancer.org), papillary type I and type II (10% of RCC’s), chromophobe and 

oncocytomas (5% of RCC’s), and several rarer forms (Muglia et al., 2015). Each subtype 

is driven by different genetic mutations. Papillary RCC’s are driven by c-MET mutations, 

trisomies of chromosomes 3, 7, 12, 16 and 17 as well as loss of the Y chromosome (Low 

et al., 2016; Prasad et al., 2006), whereas oncocytoma and chromophobe are often 

associated with Birt-Hogg-Dube syndrome (Prasad et al., 2006). ccRCC, the most 

common form of RCC, is driven by mutations in the VHL gene.  

VHL is a tumor suppressor, encoding a critical component of a multi-protein 

complex, E3-ubiquitin ligase, responsible for proteasomal degradation of hypoxia-

inducible factor (HIFα) (Gossage et al., 2015; Robinson et al., 2014). VHL is the 

substrate recognition component of the VHL-ElongB-BlongC-Cul2 (VCB) complex. The 

classic mode of VHL-mediated degradation of HIFα is dependent on oxygen levels. In 

the presence of oxygen, prolyl hydroxylases (PHDs, also known as Eglns) are active and 

hydroxylate VHL targets, such as HIFα, allowing VHL to recognize and degrade it. In 

hypoxic conditions, oxygen is low, resulting in inactivation of PHDs and accumulation of 
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HIFα, thus induction of its target genes. In many ccRCCs, VHL is mutated and is no 

longer stable or can no longer recognize HIFα, even in the presence of oxygen, resulting 

in the accumulation of HIFα and transcription of many onocogenic factors involved in 

pro-angiogenic pathways and tumor metastasis (Figure 7) (Gossage et al., 2015; Hong et 

al., 2004; Liu et al., 2012). Some of these HIF target genes include: Rafs, VEGFs 

(vascular endothelial growth factor), PDGFs (platelet-derived growth factor), EDGFs 

(epidermal growth factor) and other pro-angiogenic kinases (www.cancer.org). 

Consequently, most ccRCC treatments target the VHL pathway, specifically the 

downstream targets of HIF, which is an effective treatment for only a short period of time 

and patients often develop resistance within 6 months (Pracht et al., 2014; Rini et al., 

2009). Another small molecule inhibitor, PT2399, has recently been developed which 

targets HIF2α directly. In pre-clinical models this drug showed promise in treating 

patient-derived RCC tumor xenograft mice, but resulted in only an approximately 50% 

response rate (Cho et al., 2016). This was attributed to the heterogeneity of the tumors 

themselves (Chen et al., 2016). This resistance could also be attributed to VHL-

independent functions of HIFα in the tumors (Li et al., 2011). These results are another 

reason why sensitizing renal cancer to Hsp90 inhibitors is especially important, due to the 

high instances of drug resistance to current renal carcinoma therapies in RCC patients 

and, especially, ccRCC patients.  

As mentioned above, resistance to treatment is often due to tumor heterogeneity. 

This further supports the idea that Hsp90 inhibitors, although presenting cytostatic effects 

in patients, can have enhanced effects towards cell death with a broader knowledge on 

Hsp90 regulation in the tumors themselves. The work presented in this thesis will 
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Figure 7 – VHL-mediated degradation of HIFα in the presence or absence of oxygen 

 

(A) In oxygenated conditions (normoxia), prolylhydroxylases (Egln’s), hydroxylate the 

VHL target, transcription factor - HIFα (hypoxia inducible factor), allowing for its 

recognition by the VHL-E3-Ubiquitin ligase complex. This leads to HIFα degradation in 

the proteasome.  

 

(B) In conditions lacking oxygen (hypoxia), Egln’s are no longer active, therefore HIFα 

is no longer recognized or degraded by the VHL complex. This leads to accumulation of 

HIFα and transcription of its pro-angiogenic and growth stimulating target genes: VEGF 

(vascular endothelial growth factor), EGF (epidermal growth factor), PDGF (platelet-

derived growth factor), etc. Mutations in VHL are often associated with clear cell renal 

cell carcinomas (ccRCC), these mutations affect VHL stability or its ability to recognize 

HIFα, leading to HIFα accumulation. 

  

Proteasomal
Degradation

Normoxia Hypoxia

HIF-α

CUL2

ELC

VHL

RBX1
ELB

E2

Ub

–OH

–OH
HIF-α

Ub

Ub

Ub

CUL2

ELC

VHL

RBX1
ELB

E2

Ub

HIF-α
HIF-α
HIF-α
HIF-α
HIF-α
HIF-α

HIF-α
accumulation

VEGF
EGF

PDGF

xEgln’s Egln’s

A B



27 
 

elaborate on possible novel modes of RCC treatment involving Hsp90 inhibition that 

have the potential to be more effective than current treatment options. The Hsp90 

chaperone not only regulates the canonical RCC pathways but also other pathways not 

yet identified that could be important in RCC tumor development and survival. 

Understanding Hsp90 regulation provides a promising alternative approach for RCC 

treatment. 

 

1.12 Conclusions 

Hsp90 inhibitors have been evaluated in clinical trials, and single-agent activity 

has been seen in certain cases in which the tumor is driven by an Hsp90 client protein. 

These include HER2+ breast cancer or EML4-ALK+ non-small cell lung cancer. 

However, in some cases, monotherapy has proven less effective than expected. This is 

despite the fact that Hsp90 is involved in numerous signaling pathways whose activity is 

essential for cancer survival. One potential explanation is that Hsp90 inhibitors have 

cytostatic and not cytotoxic effects, as observed in RCC patients discussed above. 

Therefore, strategies to enhance tumor cell death in response to Hsp90 inhibitors are 

being actively sought. Hsp90 clients, mainly protein kinases, have been shown to target 

and post-translationally modify both Hsp90 and co-chaperones and therefore fine-tune 

chaperone function. Pharmacologic inhibition of these kinase clients has been shown to 

synergize with Hsp90 inhibitors, therefore providing a novel strategy to enhance the 

cellular potency of Hsp90 inhibitors for the treatment of RCCs and cancer in general. 
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Chapter 2 – Materials and Methods 

 

Diana M. Dunn1,2,3, Dimitra Bourboulia1,2,3, Jasmeen Oberoi4, Cara K. Vaughan4, David 

Loiselle5, Timothy Haystead5, and Mehdi Mollapour1,2,3 

 

1 Department of Urology,  
2 Cancer Center,  
3 Department of Biochemistry and Molecular Biology, SUNY Upstate Medical 

University, 750 E. Adams St., Syracuse, NY 13210, USA 
4 Institute of Structural and Molecular Biology, University College London and Birkbeck 

College, Biological Sciences, Malet Street, London, WC1E 7HX, UK 
5 Department of Pharmacology and Cancer Biology, Duke University Medical Center, 

Durham, NC 27710, USA 

 

 

This chapter contains the materials and methods used in Chapter 3 of this thesis. 

 

 

2.0 Contributions 

 

- Section 2.3, Yeast plasmids, strains and growth media, was provided by Dr. Mehdi 

Mollapour (see pages 32-33). 

 

- Section 2.7, Flow cytometry analysis, was provided by Dr. Dimitra Bourboulia (see 

pages 40-41). 

 

- Section 2.10 Protein crystallization, including sections 2.10.1, Protein expression and 

purification, and 2.10.2, Crystallization, data collection, and structure determination, 

were provided by Dr. Cara Vaughan and Dr. Jasmeen Oberoi (see pages 43-45). 

 

- Section 2.13, Mass spectrometry analysis, was provided by Dr. Timothy Haystead and 

Dr. David Loiselle (see pages 46-47). 
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2.1 Plasmids  

C-terminally FLAG-tagged hAha1 in mammalian expression plasmid pCDNA3 

(pCDNA3-hAha1-FLAG) and bacterially expressed pRSETA-hAha1-His6, as well as the 

phospho-mutants, were derived by site-directed mutagenesis kit. N-terminally FLAG or 

c-myc-tagged human PP5 and N-terminally FLAG-tagged human Cdc37 in mammalian 

expression plasmid pCDNA3 and their mutants were derived by site-directed 

mutagenesis.N-terminally FLAG-tagged human PP5 mammalian expression plasmid 

pCDNA3.1 and their mutants were derived using by site-directed mutagenesis. PP5 was 

subcloned into bacterial expression plasmid, pRSET-A, with His6 tag followed by a 

PreScission protease site at the N-terminus of human PP5. Site-directed mutagenesis was 

performed to mutate indicated residues. C-terminally tagged CK1δ-cMyc was cloned into 

pcDNA3.1. N-terminally tagged VHL30-FLAG and VHL30-His6 were cloned into 

pcDNA3.1. VHL mutations were either subcloned from HA-VHL Y98H-pRc/CMV or 

HA-VHL C162F-pRc/CMV constructs from addgene or performed by site-directed 

mutagenesis into the VHL30-His6 template. All primers are listed in Table 2. Mutations 

were checked by DNA sequencing. 

 

2.2 Mammalian cell and tissue culture  

The RCC tumors were cultured in Roswell Park Memorial Institute medium 

(RPMI 1640, GIBCO) supplemented with 10% fetal bovine serum (FBS, Invitrogen) with 

the addition of 100 U/ml penicillin (Invitrogen) and 100 µg/ml streptomycin (Invitrogen). 

The murine fibroblast cell lines NIH3T3, NIH3T3-vSrc, and Human Embryonic Kidney 

(HEK293) cell lines were grown in Dulbecco's Modified Eagle's Minimal Essential   
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Table 2 – Table of primers 

For the PP5-Cdc37 chimera construct: PP5 sequence is in bold, the linker sequence is 

highlighted in purple, and Cdc37 sequence is italic. For all primers: restriction sites are 

underlined, mutated sequences are highlighted in red, epitope sequences are highlighted 

in blue. 

 

Primer Sequence 

Aha1-Kpn1-F TATGCGGTACCATGGCCAAGTGGGGTGAGGGA 

Aha1-Xho1-Flag-R 

TCGGTCTCGAGTTAATGATGATGATGATGATGAAATAAGCGTGCG

CCATAGCCAA 

Aha1-Y81F-F AAACTTATCTTCTTTTTTGAATGGAGCGTCAAA 

Aha1-Y81F-R TTTGACGCTCCATTCAAAAAAGAAGATAAGTTT 

Aha1-Y99F-F AAGTCAGGAGTACAGTTCAAAGGACATGTGGAG 

Aha1-Y99F-R CTCCACATGTCCTTTGAACTGTACTCCTGACTT 

Aha1-Y151F-F GCAATGGGAATTTTCATCAGCACCCTCAAA 

Aha1-Y151F-R TTTGAGGGTGCTGATGAAAATTCCCATTGC 

Aha1-Y223F-F TCACCAGAGGAGCTCTTTAGAGTGTTTACCACC 

Aha1-Y223F-R GGTGGTAAACACTCTAAAGAGCTCCTCTGGTGA 

Aha1-Y322F-F AGGGCTGGCAGCGGTTCTACTTTGAGGGCAT 

Aha1-Y322F-R ATGCCCTCAAAGTAGAACCGCTGCCAGCCCT 

Aha1-Y323F-F GCTGGCAGCGGTACTTCTTTGAGGGCATTAA 

Aha1-Y323F-R TTAATGCCCTCAAAGAAGTACCGCTGCCAGC 

Aha1-Y333F-F AACAGACCTTTGGCTTTGGCGCACGCTTATT 

Aha1-Y333F-R AATAAGCGTGCGCCAAAGCCAAAGGTCTGTT 

cAbl-HindIII-F TATGCGAAAGCTTATGTTGGAGATCTGCCTGAAGCTG 

cAbl-XhoI-R CTAAGGACTCGAGCTACCTCTGCACTATGTCACTGATTTCC 

Chimera-BamHI-F CGGGGATCCTACAGCGGACCC  

Linker-Nhe1-R CCGGCTAGCGCTACCGCTGCCGCTACCCATCATTCCTAGCTG 

Chimera-XhoI-Linker-R 

CCGCTCGAGTTAGTGCGTCTCGTCTTCATCATCCTCCACCTCAATGTGG

TCCCACACGCTCCGGCTAGCGCTACCGC 

Cdc37 -HindIII-FLAG- F 

TATGCGAAAGCTTATGGATTACAAAGACGATGACGATAAGGTGGA

CTACAGCGTGTGG 

Cdc37-EcoRI-FLAG-R CTAATGCGAATTCTCACACACTGACATCCTTCTCATC 

Cdc37-H9A-F GACTACAGCGTGTGGGACGCAATTGAGGTGTCTGATGATGAAGAC 

Cdc37-H9A-R GTCTTCATCATCAGACACCTCAATTGCGTCCCACACGCTGTAGTC 

Cdc37-E11A-F AGCGTGTGGGACCACATTGCCGTGTCTGATGATGAAGAC 

Cdc37-E11A-R GTCTTCATCATCAGACACGGCAATGTGGTCCCACACGCT 

Cdc37-D14N-F GACCACATTGAGGTGTCTAACGATGAAGACGAGACGCACC 

Cdc37-D14N-R GGTGCGTCTCGTCTTCATCGTTAGACACCTCAATGTGGTC 

PP5-BamHI-cMyc-F 

GGTACCTTGGATCCATGGAACAAAAGTTAATCTCCGAAGAAGATT

TAGGTGCGGAGGGCGAGAGGACTGAGTG 

PP5- Kpn1-FLAG-R 

TATGCGGTACCATGGATTACAAGGATGACGATGACAAGGGAGCG

GAGGGCGAGAGGACTGAGTGTG 

PP5-XhoI-R GGATCGTCTCGAGTCACATCATTCCTAGCTGCAG 

PP5-N308D-F GGCAACCACGAGACAGACGACATGAACCAGATCTACGGTT 
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PP5-N308D-R AACCGTAGATCTGGTTCATGTCGTCTGTCTCGTGGTTGCC 

PP5-M309C-F 

CGAGGCAACCACGAGACAGACAACTGTAACCAGATCTACGGTTTCG

AGGGTG 

PP5-M309C-R 

CACCCTCGAAACCGTAGATCTGGTTACAGTTGTCTGTCTCGTGGTTG

CCTCG 

PP5-W386F-F CCCATGTGTGACCTGCTCTTTTCAGATCCACAGCCACAG 

PP5-W386F-R CTGTGGCTGTGGATCTGAAAAGAGCAGGTCACACATGGG 

PP5-Y313F-F GACAACATGAACCAGATCTTCGGTTTCGAGGGTGAGGTGA 

PP5-Y313F-R TCACCTCACCCTCGAAACCGAAGATCTGGTTCATGTTGTC 

Ppt1-Xho1-F(Nat-prom) ACCTTGGCTCGAGACGAATATGTATTTTATTTTA 

Ppt1- SpeI-His6- R 

GGTTATCACTAGTCTAATGATGATGATGATGATGTAAACCAAAACC

ACCATTAG 

Hrr25-HindIII-F GGACCTGAAGCTTATGGACTTAAGAGTAGGAAGGAAA 

Hrr25- XhoI-cMyc- R 

AGTGCTCTCGAGTTAAAACTCTAAATCTTCTTCGGAGATTAACTTT

TGTTCCAACCAAATTGACTGGCCAGCTGG 

PP5-Nde1-His6-

PreScission-F 

GTAGTCATATGATGCACCATCATCACCATCATCTGGAAGTTCTGT

TCCAGGGGCCCGCGGAGGGCGAGAGGACTGAGT 

PP5-T33A-F AGCGGGCAGAGGAGCTCAAGGCTCAGGCCAATGACTACTTCAA 

PP5-T33A-R TTGAAGTAGTCATTGGCCTGAGCCTTGAGCTCCTCTGCCCGCT 

PP5-T121A-F CCGCGCTGCGAGACTACGAGGCTGTGGTCAAGGTGAAGCCCCA 

PP5-T121A-R TGGGGCTTCACCTTGACCACAGCCTCGTAGTCTCGCAGCGCGG 

PP5-T171A-F CGCTGGACATCGAGAGCATGGCTATTGAGGATGAGTACAGCGG 

PP5-T171A-R CCGCTGTACTCATCCTCAATAGCCATGCTCTCGATGTCCAGCG 

PP5-T238A-F TCAAAGAGACAGAGAAGATTGCTGTATGTGGGGACACCCATGG 

PP5-T238A-R CCATGGGTGTCCCCACATACAGCAATCTTCTCTGTCTCTTTGA 

PP5-T362A-F TGTTCAGTGAAGACGGTGTCGCTCTGGATGACATCCGGAAAAT 

PP5-T362A-R ATTTTCCGGATGTCATCCAGAGCGACACCGTCTTCACTGAACA 

PP5-T362E-F TGTTCAGTGAAGACGGTGTCGAACTGGATGACATCCGGAAAAT 

PP5-T362E-R ATTTTCCGGATGTCATCCAGTTCGACACCGTCTTCACTGAACA 

PP5-K32R-F TGAAGCGGGCAGAGGAGCTCCGTACTCAGGCCAATGACTACTT 

PP5-K32R-R AAGTAGTCATTGGCCTGAGTACGGAGCTCCTCTGCCCGCTTCA 

PP5-K40R-F CTCAGGCCAATGACTACTTCCGTGCCAAGGACTACGAGAACGC 

PP5-K40R-R GCGTTCTCGTAGTCCTTGGCACGGAAGTAGTCATTGGCCTGAG 

PP5-K185R-F GACCCAAGCTTGAAGACGGCCGTGTGACAATCAGTTTCATGAA 

PP5-K185R-R TTCATGAAACTGATTGTCACACGGCCGTCTTCAAGCTTGGGTC 

PP5-K199R-F AGGAGCTCATGCAGTGGTACCGTGACCAGAAGAAACTGCACCG 

PP5-K199R-R CGGTGCAGTTTCTTCTGGTCACGGTACCACTGCATGAGCTCCT 

PP5-K320R-F ACGGTTTCGAGGGTGAGGTGCGTGCCAAGTACACAGCCCAGAT 

PP5-K320R-R ATCTGGGCTGTGTACTTGGCACGCACCTCACCCTCGAAACCGT 

CK1δ- EcoR1-F GTCAGCATGAATTCATGGAGCTGAGAGTCGGGAACAG 

CK1δ- Xho1-c-Myc-R 

GTTCAGCTCTCGAGTCAAAACTCTAAATCTTCTTCGGAGATTAACT

TTTGTTCTCGGTGCACGACAGACTGAAGAC 

VHL30-HindIII-FLAG-F 

TATGCGAAAGCTTATGGACTACAAGGACGACGATGACAAGCCCCG

GAGGGCGGAGAACTGGGACGAGGCCGAGGTA 

VHL30-HindIII-His6-F 

TATGCGAAAGCTTATGCATCATCACCACCATCACCCCCGGAGGGC

GGAGAACTGG 

VHL30-Xho1-R AGTGCGCTCTCGAGTCAATCTCCCATCCGTTGATGT 

VHL-W117A-F ACAGCTACCGAGGTCACCTTGCCCTCTTCAGAGATGCAGGGAC 
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VHL-W117A-R GTCCCTGCATCTCTGAAGAGGGCAAGGTGACCTCGGTAGCTGT 

VHL-R167Q-F GAGCGATGCCTCCAGGTTGTCCAGAGCCTAGTCAAGCCTGAGAAT 

VHL-R167Q-R ATTCTCAGGCTTGACTAGGCTCTGGACAACCTGGAGGCATCGCTC 

PP5-RT-F AAGACTCAGGCCAATGACTACT 

PP5-RT-R CGCGTAGCCATAGCACTCAG 

GAPDH-RT-F GGAAGGTGAAGGTCGGAGTCA 

GAPDH-RT-R GCAACAATATCCACTTTACCAGAGTTAA 
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Medium (DMEM, Invitrogen) supplemented with 10% FBS. PC3 prostate cancer cells 

were cultured in RPMI media supplemented with 10% FBS. Clear cell renal cell 

carcinoma (ccRCC) cells, 786-O, A-498 and Caki-1 were grown in RMPI-1640 Medium 

(Sigma–Aldrich) supplemented with 10% FBS, McCoy’s 5A Medium (Sigma–Aldrich) 

supplemented with 10% FBS and Minimum Essential Medium Eagle (MEM, Sigma–

Aldrich) supplemented with 10% FBS 1X MEM non-essential amino acid solution 

(NEAA, Sigma–Aldrich) and 1 mM sodium pyruvate (Sigma–Aldrich) respectively. All 

cells were acquired from (American Type Culture Collection, ATCC) and maintained in 

a CellQ incubator (Panasonic Healthcare) at 37°C in an atmosphere containing 5% CO2. 

Hypoxia treatment was carried out at 37°C in an atmosphere containing 1% O2, 5% CO2 

and 94% N2.  

 

2.3 Yeast plasmids, strains and growth media 

* Methods were provided by Dr. Mehdi Mollapour (see page 28). 

HRR25 was cloned into a 2µ yeast expression plasmid pYES2 and PPT1 

including its native promoter, was cloned into a centromeric yeast plasmid pRS415 

(Table 2). The yeast strain BY4743 (MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 

met15Δ0/MET15 ura3Δ0/ura3Δ0) was used to transform and co-express HRR25-cMyc-

pYES2 and PPT1-His6-pRS415. Yeast cells were grown on YPDA (2% (w/v) Bacto 

peptone, 1% yeast extract, 2% glucose, 20 mg/liter adenine), YPGal (2% (w/v) Bacto 

peptone, 1% yeast extract, 2% galactose, 20 mg/liter adenine) and YPRaf (2% (w/v) 

Bacto peptone, 1% yeast extract, 2% raffinose, 20 mg/liter adenine). Selective growth 
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was on dropout 2% glucose (DO) medium with appropriate amino acids (Adams et al., 

1997). Medium pH was adjusted to 6.8 with NaOH before autoclaving. 

 

2.4 Protein extraction, immunoprecipitation, and immunoblotting  

Protein extraction was carried out using methods previously described (Mollapour 

et al., 2011a).  Cells were transiently transfected with indicated constructs using 

TransIT®-2020 (mirus) transfection reagent and incubated at 37ºC for 24-72 hours 

following the suggested product protocol. Cells were washed with cold 1X PBS 

(Dulbecco’s Phosphate Buffered Saline, PBS, Sigma) on ice. Total cell lysate was 

collected in cold lysis buffer (20 mM Tris (pH 7.5), 100 mM NaCl, 1 mM MgCl2, 0.1% 

NP40, protease inhibitor cocktail (Roche) and PhosSTOP (Roche)) on ice.  

Protein extraction from both yeast and mammalian cells was carried out using 

methods previously described (Mollapour et al., 2010a). Cell lysates were quanified 

using 1X Bradford reageant (Biorad). For immunoprecipitation, cell lysates were 

incubated with anti-FLAG antibody-conjugated beads (Sigma) for 2 hr at 4ºC. Pulldowns 

were achieved by incubating lysate with Ni-NTA agarose (Qiagen) for 2 hr at 4ºC, with 

anti-PP5 antibody (2E12, Abcam or Cell signaling), or VHL antibody (3F391, Abcam) 

for 1 hr followed by protein G agarose (Invitrogen) for 2 hr at 4ºC. Immunopellets were 

washed 4 times with fresh lysis buffer and eluted in 5x Laemmli buffer. For purification, 

immunopellets were washed 4 times with fresh high salt lysis buffer (20 mM HEPES 

(pH7.0), 500 mM NaCl, 1 mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche), 

and PhosSTOP (Roche). Proteins bound to Ni-NTA agarose were washed with 50 mM 

imidazole in lysis buffer (20 mM Tris-HCl (pH 7.5), 100 mM NaCl, protease inhibitor 
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cocktail (Roche), and PhosSTOP (Roche)) and eluted with either 300 mM imidazole in 

lysis buffer or with 5X Laemmli buffer. Precipitated proteins were separated by SDS-

PAGE and transferred to nitrocellulose membranes.  

Immunoblotted proteins were detected with indicated dilutions of antibodies 

recognizing 1:8000 FLAG, 1:8000 6x-His (ThermoFisher Scientific); 1:8000 Hsp90-835-

16F1, 1:8000 GAPDH (ENZO Life Sciences); 1:4000 Cdc37, 1:50,000 Hsp70 

(StressMarq); 1:2000 GR, 1:1000 p-GR (S211), 1:1000 myc, 1:2000 HA, 1:1000 PP5, 

1:4000 Akt, 1:2000 p-Akt (S473), 1:1000 VHL, 1:500 CK1δ, 1:500 CK1ε, 1:1000 

cleaved caspase 3, 1:2000 cleaved PARP, 1:500 HIF1α, 1:500 HI2α, 1:2000 CK2α, 

1:1000 Ulk1, 1:1000 c-Abl, 1:1000 p-c-Abl (Y245), 1:2000 Src (Cell Signalling 

Technology); 1:12000 p-Cdc37 (S13), 1:1000 PP5, 1:1000 VHL (Abcam); 1:1000 

phosphothreonine-P6623, 1:1000 phosphoserine-P5747 (Sigma–Aldrich); 1:10000 GST 

(GE Healthcare); 1:1000 phosphotyrosine and 1:1000 CFTR (EMD Millipore); and 

1:4000 Raf-1, 1:4000 Cdk4, 1:4000 Wee1, 1:1000 Ubiquitin (Santa Cruz Biotechnology). 

Secondary antibodies raised against mouse, rabbit, rat and goat (Santa Cruz 

Biotechnology) were used at 1:4000 dilution. Western blots were developed using 

conventional film methods, western blots were not quantified. See Table 3 for list of 

reagents.  

 

2.5 Bacterial expression and protein purification 

PP5-His6 WT and mutants were expressed and purified from E. coli strain BL21 

(DE3).  Transformed cells were grown on agar plates containing Luria Broth (LB) with 

50 mg/L ampicillin at 37˚C overnight. Colonies were picked and grown in 10 mL of LB 
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with ampicillin overnight. The following day, cultures were diluted to 50 mL with fresh 

LB with amplicilin and grown with continuous 200 RPM shaking at 37˚C until OD600 

was 0.6. The cultures were then cooled to 30˚C and induced with 100 mg/L IPTG until 

OD600 was 1.2. Cells were harvested by centrifugation and lysed by sonication in fresh 

lysis buffer without detergent (20 mM Tris (pH 7.5), 100 mM NaCl, 1 mM MgCl2, 

protease inhibitor cocktail (Roche) and PhosSTOP (Roche)). Supernatant was collected 

and PP5-His6 expression was assessed by immunoblotting. Isolation of PP5-His6 was 

carried out by two sequential Ni-NTA agarose (Qiagen) pulldowns, followed by 

imidazole competition after each pulldown (see above). The pure protein was then 

washed in a 30K Amicon® Ultra, 500 µL centrifugal filter unit (Millipore) with lysis 

buffer 3 times. Concentrations were determined by the Micro BCA™ Protein Assay Kit 

(Thermo Scientific) as per manual protocol. Then, 50 ng of the purified proteins were run 

on an SDS-PAGE gel and coomassie-stained to confirm purity prior to use in assays. 

 

2.6 Immunofluorescence staining and microscopy  

The procedures for immunofluorescence staining and confocal microscopy were 

described previously (Bourboulia et al., 2013). HEK293 cells were cultured on sterile 

cover glass (#1) in a 6-well tissue culture treated plate, and transiently co-transfected with 

hHsp90-HA and FLAG-tagged hAha1, Y223F or Y223E mutants (pcDNA3.1 empty 

vector control). Prior to staining, cells were fixed in 2% paraformaldehyde  

(ThermoScientific) diluted in PBS for 15 min, permeabilized in 0.2% Triton X-100 (in 

PBS) for 15 min, and blocked for 2 hours in 1% BSA at room temperature with three 

washes of PBS at room temperature between each of the previous steps. Cells were  
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Table 3 – Table of reagents 

 List of reagents and resources. 

 
REAGENT or 

RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-rabbit Cdc37 

StressMarq 

Biosciences Cat# SPC-142 

Anti-rabbit Hsp70 

StressMarq 

Biosciences Cat# SPC-178D 

Anti-rabbit FLAG tag Thermo Scientific Cat# PA1-984B 

Anti-mouse 6x-His 

epitope tag (HIS.H8) Thermo Scientific Cat# MA1-21315 

Anti-rat Hsp90 (16F1) Enzo Life Sciences Cat# ADI-SPA-835 

Anti-mouse GAPDH 

(1D4) Enzo Life Sciences Cat# ADI-CSA-335 

Anti-rabbit PP5 

Cell Signaling 

Technology Cat# 2289 

Anti-rabbit Phospho-Akt 

S473 (D9E) 

Cell Signaling 

Technology Cat# 2289 

Anti-mouse Akt (2H10) 

Cell Signaling 

Technology Cat# 2967 

Anti-rabbit GR (D6H2L) 

Cell Signaling 

Technology Cat# 12041 

Anti-rabbit Phospho-GR 

S211 

Cell Signaling 

Technology Cat# 4161 

Anti-rabbit HA-Tag 

(C29F4) 

Cell Signaling 

Technology Cat# 3724 

Anti- rabbit myc-Tag 

(71D10) 

Cell Signaling 

Technology Cat# 2278 

Anti-rabbit CK1δ 

Cell Signaling 

Technology Cat# 12417 

Anti-rabbit CK1ε 

Cell Signaling 

Technology Cat# 12448 

Anti-rabbit CK2 

Cell Signaling 

Technology Cat# 2656 

Anti-rabbit HIF1α 

(D2U3T) 

Cell Signaling 

Technology Cat# 14179 

Anti-rabbit HIF2α 

(D9E3) 

Cell Signaling 

Technology Cat# 7096 

Anti-rabbit VHL 

Cell Signaling 

Technology Cat# 68547 

Anti-rabbit cleaved 

caspase 3 (D175)(5A1E) 

Cell Signaling 

Technology Cat# 9664 

Anti-rabbit cleaved 

PARP (D214) 

Cell Signaling 

Technology Cat# 9544 

Anti-rabbit c-Abl 

Cell Signaling 

Technology Cat# 2862 

Anti-rabbit Phospho-c-

Abl Y245 

Cell Signaling 

Technology Cat# 2861 



38 
 

Anti-rabbit Src (32G6) 

Cell Signaling 

Technology  Cat# 2123 

Anti-rabbit Ulk1 (D8H5) 

Cell Signaling 

Technology  Cat# 8054 

Anti-rabbit Phospho-

Cdc37 S13 (EPR4879) Abcam Cat# ab108360 

Anti-mouse PP5 (2E12) Abcam Cat# ab123919 

Anti-mouse VHL 

(3F391) Abcam Cat# ab11189 

Anti-mouse Phospho-

serine (PSR-45) Sigma–Aldrich Cat# P5747 

Anti-mouse Phospho-

threonine (PTR-8) Sigma–Aldrich Cat# P6623 

Anti-mouse Phopho-

tyrosine (4G10) EMD Millipore Cat# 05-1050 

Anti-mouse CFTR 

(M3A7) EMD Millipore  Cat# 05-583 

Anti-goat-GST GE Healthcare Cat# 27457701V 

Anti-rabbit Raf-1 (C-12) Santa Cruz Biotech Cat# sc-133 

Anti-rabbit Cdk4 (H-22) Santa Cruz Biotech Cat# sc-601 

Anti-mouse Wee1 (B-

11) Santa Cruz Biotech Cat# sc-5285 

Anti-mouse Ubiquitin 

(P4D1) Santa Cruz Biotech Cat# sc-8017 

Anti-mouse secondary Santa Cruz Biotech Cat# sc-2005 

Anti-rabbit secondary Santa Cruz Biotech Cat# sc-2004 

Anti-rat secondary Santa Cruz Biotech Cat# sc-2006 

Anti-goat secondary Santa Cruz Biotech Cat# sc-2020 

Anti-rabbit Alex 

Fluor®-488 secondary Life Technologies Cat# A11034 

Anti-mouse Alex 

Fluor®-488 secondary Life Technologies Cat# A11029 

Anti-rabbit Alex 

Fluor®-594 secondary Life Technologies Cat# A21207 

Anti-mouse Alex 

Fluor®-594 secondary Life Technologies Cat# A21203 

Chemicals, Peptides, and Recombinant Proteins 

CK1δ-GST Signalchem Cat# C65 

CK1ε-GST Signalchem Cat# C66 

CK2α-GST Signalchem Cat# C70 

c-Abl-GST Activemotif Cat# 101785 

Bortezomib LC Labs Cat# B-1408; CAS# 179324-69-7 

IC261 Abcam Cat# ab145189  

MG132 Sigma Cat# M7449 

Ganetespib 

Madrigal Pharma 

(formerly Synta 

Pharmaceuticals) 

STA-9090 CAS# 888216-25-9 

(Ying et al., 2012) 

Ganetespib, Biotinylated 

Madrigal Pharma 

(formerly Synta 

Pharmaceuticals) STA-12-7191 
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Ganetespib, Fluorescent, 

BODIPY-congugated 

Madrigal Pharma 

(formerly Synta 

Pharmaceuticals) STA-12-9455 

SNX-2112 

Duke University 

Dr. Timothy 

Haystead 

CAS# 908112-43-6 

(Barrott et al., 2013) 

PU-H71 

Memorial Sloan 

Kettering 

Gabriela Choisis CAS# 873436-91-0 

MG132 Sigma–Aldrich Cat# M7449; CAS# 1211877-36-9 

DPH Sigma-Aldrich Cat# SML0202-5MG; CAS# 484049-04-9 

GNF-5 Sigma-Aldrich Cat# SML0511-5MG; CAS# 778277-15-9 

Cycloheximide Sigma-Aldrich Cat# 01810; CAS# 66-81-9 

Dexamethasone Sigma-Aldrich Cat# D1756-1G; CAS# 50-02-2 

Alkaline Phosphatase, 

Calk Intestinal (CIAP) Promega Cat# M182A 

ProLong® Gold antifade 

reagent with DAPI Life Technologies Cat# P36935 

Critical Commercial Assays 

Mirus TransIT-2020 MirusBio Cat# MIR5405 

PNPP substrate 

ThermoFisher 

Scientific Cat# 34045 

Anti-FLAG M2 affinity 

gel Sigma-Aldrich Cat# A2220 RRID:AB10063035 

Protein G agarose 

ThermoFisher 

Scientific Cat# 15-920-010 

Strep agarose 

ThermoFisher 

Scientific Cat# 20349 

Anti-c-Myc agarose 

ThermoFisher 

Scientific Cat# 20168 

Anti-HA agarose  

ThermoFisher 

Scientific Cat# 26182 

Ni-NTA Agarose 

ThermoFisher 

Scientific Cat# 88221 

PiPer Phosphate Assay 

ThermoFisher 

Scientific Cat# P22061 

Micro BCA protein 

assay kit 

ThermoFisher 

Scientific Cat# 23235 

Experimental Models: Cell Lines 

HEK293 ATCC  Cat# CRL-1573 

c–Abl (+/+) MEF 

Columbia 

University 

Dr. Stephen Goff (Suzuki et al., 2004) 

c–Abl (–/–) MEF 

Columbia 

University 

Dr. Stephen Goff (Suzuki et al., 2004) 

PC3 ATCC Cat# CRL-1435 

786-O ATCC Cat# CRL-1932 

A49-8 ATCC Cat# HTB-44 

Caki-1 ATCC Cat# HTB-46 

Experimental Models: Organisms/Strains 
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BL21(DE3) EMD Millipore Cat# 69450 

Yeast/BY4743 EUROSCARF BY4743 

Oligonucleotides 

PP5 specfic 27mer 

siRNA duplexes Origene 

Cat# SR303702 

A-AGAGAACAACCUGGACUAUAUCATC 

B-GCUCAAGACUCAGGCCAAUGACUAC 

C-AGCUAGGAAUGAUGUGAGGUGACGG 

HIF1α specfic 27mer 

siRNA duplexes Origene 

Cat# SR302102 

A-GGAAGAACUAUGAACAUAAAGUCTG 

B-ACAAUACCCUAUGUAGUUGUGGAAG 

C-CCAGCAGACUCAAAUACAAGAACCT 

HIF2α specfic 27mer 

siRNA duplexes Origene 

Cat# SR301415 

A-CCUACUGACAACAUUAUAACUGUAT 

B-GCAGUACCCAGACGGAUUUCAAUGA 

C-CCUAUUCACCAAGCUAAAGGAGGAG 

Universal scrambled 

negative control siRNA 

duplex Origene Cat# SR30004 

DNA primers 

 Eurofins Genomics See Table 1 

Recombinant DNA 

HA-EglN1-pcDNA3  Addgene  Cat# 18963 

HA-EglN2-pcDNA3  Addgene  Cat# 18961 

HA-EglN3-pcDNA3  Addgene  Cat# 18960 

HA-VHL Y98H-

pRc/CMV  Addgene  Cat# 22044 

HA-VHL C162F-

pRc/CMV  Addgene  Cat# 22042 
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incubated with mouse anti-FLAG (Sigma, 1:10,000) and rabbit anti-HA monoclonal 

antibodies (Covance, 1:8,000) over night at 4˚C. Cells were then washed 4 times in PBS 

at room temperature, followed by incubation with anti-mouse Alexa Fluor® 488 and 

rabbit Alexa Fluor® 594 (Life Technologies) secondary antibodies (1:900) for 45 min at 

room temperature for detecting hAha1-FLAG and hHsp90-HA respectively. Both 

primary and secondary antibodies were diluted in 1% BSA. Nuclei were stained with 

4',6-diamidino-2- phenylindole (DAPI) in ProLong® Gold antifade reagent mounting 

media (Life Technologies) and cover slips mounted onto 1 mm glass slides. 

Representative images were captured using the Zeiss LSM780 Confocal Microscope. 

 

2.7 Flow cytometry analysis  

* Methods were provided by Dr. Dimitra Bourboulia (see page 28). 

PC3 cells treated with GNF-5, ganetespib or SNX2112 were analyzed for SubG1 

using propidium iodide (PI). Uptake of fluorescently fluorescein isothiocyanate (FITC)-

labeled ganetespib (STA-12-9455), (FL-ganetespib) by RCC cells was monitored by flow 

cytometry analysis. Cells were cultured in 100-mm plates, collected by centrifugation and 

washed with phosphate-buffered saline (PBS). For subG1 analysis, cell pellets were fixed 

with ice cold 70% ethanol at dropwise while vortexing, incubated at -20°C for 4 hours 

and centrifuged again. Cell pellets were resuspended in phosphate–citrate buffer (0.2 M 

Na2HPO4 and 4 mM citric acid) and incubated for 20 min at room temperature. After 

centrifugation, the pellets were resuspended in DNA staining solution (50 mg/ml PI and 

10 µg/ml RNaseA) and incubated for 20 min at room temperature. Samples were 

analysed with a FACSCalibur (Becton Dickinson) under conditions to measure only 
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specific PI fluorescence intensity. Apoptotic cells appeared as a hypodiploid peak due to 

nuclear fragmentation and loss of DNA. At least 10,000 events were collected at a linear 

scale of fluorescence and at a rate below 300 events per second.  

RCC patient-derived tumor tissues were minced and single cell suspensions were 

cultured ex vivo as described below. Untreated or cells treated with GNF-5 or FL-

ganetespib alone or pretreated with GNF-5 (24 hours) and then with FL-ganetespib (6 

hours) were harvested, washed 1x with PBS and then treated with a hypotonic lysis 

buffer (Red Cell lysis buffer) containing Tris-NH4Cl for 10 minutes are at 22oC. Cells 

were washed twice with PBS and pelleted by centrifugation. Clear cell pellets were 

stained with PI (2ug/ml) to exclude dead cells and then fixed with 2% parafolmadehyde 

for 15 minutes. Cells were washed with PBS and analyzed using a BD LSRFortessa cell 

analyzer (BD Biosciences). At least 10,000 alive cells were collected and analyzed for 

FITC fluorescence emission. 

 

2.8 Hsp90 ATPase activity in vivo  

ATPase activity of hHsp90 isolated from prostate cancer PC3 cells and its 

activation by hAha1 and phospho-Y223 mutants from HEK293 cells were measured as 

previously described (Kamal et al., 2003) with the following exceptions. Cells were 

transiently transfected with Hsp90α-HA (PC3) or the hAha1-FLAG constructs 

(HEK293). Following protein extraction and immunoprecipitation as described in the 

Supplemental Experimental Procedures, protein-bound HA (Sigma) or FLAG (Sigma) 

affinity beads were washed five times in 0.5 M NaCl and 1% NP40 buffer. Proteins were 

competed off the beads with either HA or FLAG (Sigma) peptide, at 4°C for two hours 
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with agitation. Protein was then concentrated with Amicon® Ultra-2 ml, 10K centrifugal 

filters (Millipore). Using the Micro BCA™ Protein Assay Kit (Thermo Scientific), 

protein was quantified and 1 µg was run on an SDS-PAGE gel as described previously to 

standardize the amount of protein used in the assay. Assay was performed as described in 

the PiPer™ Phosphate Assay Kit instructions for use (Life Technologies). Standard curve 

with linear fit line was created from 0-100 µM final concentration reactions. 2.5 µg of 

Hsp90α and 5 µg of hAha1 (WT, Y223F or Y223E) was added to each reaction run in 

triplicate, incubated at 37°C for 1 hour, with 1mM ATP as substrate, and 10 µM 

ganetespib (Synta Pharmaceuticals) was used in drug reactions. ATP turnover was 

calculated as mmol Pi per mol Hsp90α per minute, and relative ATPase activity was 

calculated from those values, with the value of Hsp90α alone representing 100% activity. 

See Table 3 for list of reagents. 

 

2.9 Ex vivo culture and analysis of human RCC tumors 

 Tumor and adjacent normal tissues of the patients with conventional renal cell 

carcinoma (RCC) were obtained with written informed consent from the Department of 

Urology at SUNY Upstate Medical University. At the time of radical or partial 

nephrectomy, which was done with <10 minutes of renal ischemia, RCC tumors were 

dissected into 8 mm3 pieces and cultured in 24-well plates containing 2 ml RPMI-1640 

with 10% FBS, antibiotic/antimycotic solution, with or without indicated drug 

compounds for indicated time points at 37˚C. Using an ex vivo method as previously 

described (Kedar et al., 1982), approximately 107 cells were isolated from the RCC solid 

tumors analysis by flow cytometry and/or Western blot. The protein was extracted and 
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quantified as previously described in detail (Woodford et al., 2016d). The tissues were 

also stained with haematoxylin and eosin (H&E) and examined by a pathologist. 

 

2.10 Protein crystallization 

* Methods were provided by Dr. Cara Vaughan & Dr. Jasmeen Oberoi (see page 28).  

 

2.10.1 Protein expression and purification 

* Methods were provided by Dr. Cara Vaughan & Dr. Jasmeen Oberoi (see page 28).  

The human PP5-Cdc37 chimera was cloned in two steps. A linker (sequence 

(GS)3ASR) was added 3’ to the PP5 catalytic domain, comprising residues 175-499, 

using PCR, and subsequently used as a template for the further addition of residues 5-20 

of Cdc37, including the S13→E mutation, 3’ to the linker. The chimera gene was 

subcloned as a BamHI-XhoI fragment into a modified pET-44 vector (Novagen), with an 

N-terminal, Tobacco Etch Virus (TEV) cleavable His6-NusA tag. The PP5-Cdc37 

chimera was purified using a DEAE-sepharose anion exchange column (GE Healthcare) 

followed by cleavage of the tag with TEV protease. The protein was reloaded onto the 

anion exchange column to separate the cleaved protein from the tag, and further purified 

using a Superdex 200 HR16/60 gel filtration column (GE Healthcare). Full-length human 

Cdc37 was cloned into the pET-28a vector (Novagen) with a C-terminal His6 tag, and 

purified using Talon metal affinity resin (Clontech) followed by PreScission protease 

cleavage, glutathione sepharose resin (GE Healthcare) and finally Superdex 200 HR16/60 

gel filtration (GE Healthcare). Phospho-Cdc37-Ser13 was generated by co-expression of 

Cdc37 with GST-tagged Z. mays CK2α in pGEX 6P-1 and purified as described for WT 
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Cdc37. Phosphorylation was confirmed by mass spectrometry and Western blot using 

anti-phospho-Ser13 Cdc37 (Sigma). Human PP5 (residues 16-499) was purified as 

previously described (Yang et al., 2005). Full-length wild-type Hsp90 with an N-terminal 

His6 tag in a pRset-A vector was purified as previously described (Ali et al., 2006). All 

constructs were expressed in E.coli BL21-star (DE3) cells (Invitrogen).  

 

2.10.2 Crystallization, data collection and structure determination 

* Methods were provided by Dr. Cara Vaughan & Dr. Jasmeen Oberoi (see page 28). 

The PP5-Cdc37 chimera crystals were grown by hanging drop vapour diffusion at 

4 °C by mixing the protein at 12 mg/ml, in a buffer containing 100 mM NaCl, 20 mM 

Tris pH 8 and 2% glycerol, with an equal volume of well buffer containing 18% PEG 

10K, 8% ethylene glycol, 0.1 M Hepes pH 7.5 and 20 mM hexamine cobalt chloride. 

Crystals were cryoprotected in well buffer supplemented with 15% ethylene glycol. Data 

were collected at the Diamond light source, beamline I24, wavelength 0.968600 Å. Data 

were processed using XDS (Kabsch, 2010) and Scala (Winn et al., 2011). The chimera 

structure was solved by molecular replacement using Phaser (McCoy et al., 2007) with 

the PP5 catalytic domain (PDB code 1S95) as a search model. Clear difference density 

was observed for the phospho-mimetic Glu13 of Cdc37. Additional rounds of refinement 

using Phenix Refine (Adams et al., 2010) allowed the remainder of the peptide to be built 

manually into difference density using Coot (Emsley et al., 2010). There is clear electron 

density for the main-chain of residues 175-490 of PP5 and residues 7-15 of the Cdc37 

peptide. The αJ-helix of PP5 (residues 491-499), the linker and the N- and C-termini of 

Cdc37 (residues 5-6 and 16-20) are not seen in the maps. 95.3% of residues lie in the 
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most favoured region of the Ramachandran plot (only 2 residues, PP5-Phe272 in the core 

of the protein, and Cdc37-His9 are outliers; density for both of these residues is clearly 

defined). Data deposition: Crystallography, atomic coordinates, and structure factors have 

been deposited in the Protein Data Bank, www.pdb.org (PDB ID code 5HPE). 

 

2.11 In vitro kinase assay 

Wild-type human PP5 and its non-phospho-T362A-mutant were N-terminally His6-

tagged using pRSETA plasmid for bacterial expression. PP5 and its phospho-mutant were 

isolated by incubating 2 mg of protein extracts with 50 µl of Ni-NTA agarose (Qiagen) 

for 2 hours. The Ni-NTA agrose beads were washed with 30 µM imidazole and then 

incubated with 20ng of baculovirus expressed and purified of either active CK1δ-GST or 

CK1ε-GST (SignalChem) for in vitro kinase assay. The assay was carried out in 50 mM 

Tris-HCl (pH 7.5), 10 mM MgCl2 and 0.2 mM ATP, at 30˚C for 15 min. The Ni-NTA 

agrose beads were washed twice with 30 µM imidazole and then eluted with 300 µM 

imidazole. Samples were then dialyzed with Amicon Ultra-0.5 centrifugal filter unit with 

Ultracel-30 membrane (Millipore), quantified and then analyzed by immunoblotting with 

anti-hexahistidine (Thermo Scientific), pan-anti-phosphothreonine-P6623 (Sigma-

Aldrich), anti-phospho-serine-P5754 (Sigma-Aldrich), and anti-GST (GE Healthcare) 

antibodies. 
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2.12 In vitro Cdc37 de-phosphorylation assays 

Rate of de-phosphorylation of S13-Cdc37 by PP5 was monitored by mixing 5 μM 

purified phospho-S13-Cdc37 without or with 2.5 μM Hsp90α in a buffer containing 100 

mM NaCl, 50 mMTris, pH7.5, 2 mM DTT, and 1 mM MnCl2. The reaction was started 

by adding 0.25 μM PP5 and the samples were incubated at 30°C. Samples were taken 

every 10 min for SDS/PAGE analysis. The phosphorylation state of S13-Cdc37 was 

examined by immunoblotting using phospho-Ser13–specific antibody (Abcam). See 

Table 3 for list of reagents. 

 

2.13 Mass spectrometry analysis 

* Methods were provided by Dr. Timothy Haystead & Dr. David Loiselle (see page 28). 

Visible bands were excised from the gel manually and cut into small pieces 

approximately 1 mm x 1 mm. These gel pieces were destained using 1:1 30 mM 

potassium ferricyanide: 100 mM sodium thiosulfate for 10 minutes. The destained gel 

pieces were then washed with 25 mM ammonium bicarbonate and acetonitrile 

alternatively for 5 minutes each wash. This cycle of 5 minute 25 mM ammonium 

bicarbonate wash followed by 5 minute acetonitrile wash was repeated 3 times. To 

further prepare the gel pieces for digestion, the gel pieces were then dehydrated in 100% 

acetonitrile. After removing all acetonitrile, 25 µl of porcine trypsin (Promega) dissolved 

in 25 mM ammonium bicarbonate at a concentration of 20 µg/ml was added to the gel 

pieces. The gel pieces were then kept at room temperature overnight (approximately 12-

16 hours). Following digestion, the supernatant was transferred to a second tube, and 

acetonitrile was added to the gel pieces to complete the extraction of digested peptides. 
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This extract was added to the first supernatant and this combined solution, containing the 

extracted peptides was frozen and lyophilized. The peptides were resuspended in 5 µl of 

100:99:1 acetonitrile: water: trifluoroacetic acid immediately prior to spotting on the 

MALDI target. For MALDI analysis, the matrix solution consisted of alpha-cyano-4-

hydroxycinnamic acid (Aldrich Chemical Co. Milwaukee, WI) saturating a solution of 

1:1:0.01 acetonitrile: 25 mM ammonium citrate: trifuoroacetic acid. Approximately 0.15 

µl of peptide solution was spotted on the MALDI target immediately followed by 0.15 µl 

of the matrix solution. This combined solution was allowed to dry at room temperature. 

MALDI MS and MS/MS data was then acquired using the ABSCIEX TOF/TOF® 5800 

Mass Spectrometer. Resultant peptide mass fingerprint and peptide sequence data was 

submitted to the UniProt database using the Mascot search engine to which relevance is 

calculated and scores are displayed. 

 

2.14 In vitro ubiquitination of PP5 

50 ng WT-PP5-His6 or the K185R/K199R-PP5-His6 mutant was bound to Ni-NTA 

agarose and incubated with the VHL complex (Millipore) containing 25 mM MOPS 

pH7.5, 0.01% Tween 20, 5 mM MgCl2, 10 μM ATP, 1 ng RBX1 (Millipore), and 2 ng 

GST-ubiquitin. The reaction was initiated with the addition of GST-ubiquitin. After 30 

minutes at 30˚C the Ni-NTA agarose was washed with lysis buffer. The Ni-NTA agarose 

was resuspended in 5X Laemmli buffer, boiled, separated by SDS-PAGE and transferred 

to nitrocellulose membranes. Ubiquitination was detected by immunoblotting using anti-

ubiquitin antibody (Santa Cruz Biothech). 
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2.15 Drug binding assay 

Purified proteins were incubated together on ice for 1 hour prior to assay. Total 

cell lysates or purified protein mixtures were incubated with indicated amounts of 

biotinylated ganetespib (Synta Pharmaceuticals) at 4°C for 1 hour followed by 

streptavidin agarose beads (ThermoScientific) for an additional 2 hours with gentle 

rotation with gentle rotation. Bound Hsp90 and PP5 were detected by immunoblotting as 

described above. See Table 3 for list of reagents. 

 

2.16 PP5 knock-down by siRNA 

Short interfering RNA (siRNA) scramble control and PPP5C (PP5), HI1FA 

(HIF1α) or EPAS1 (HIF2α) targeting duplexes were purchased from OriGene (SKU: 

SR303702, SR320469, or SR301415) and suspended in provided buffer. In a 6-well plate, 

indicated cells were transiently transfected with the siRNA using TransIT®-2020 

(Mirus). For PP5 knock-down, either 30 nM of control siRNA or 10 nM of each PP5 

siRNA duplex (A, B and C) were mixed prior to transfection. For HIFα knock-down 

experiments, 90nM of control or 30 nM of each HIF1α or HIF2α siRNA duplex (A, B 

and C) were mixed prior to transfection. Cells were incubated at 37ºC for 72 hours, then 

harvested for protein extraction. See Table 3 for list of reagents. 

 

2.17 PP5 activity assay, pNPP  

PP5 activity was assayed by monitoring hydrolysis of the non-specific 

phosphatase substrate, para-Nitrophenyl Phosphate (pNPP). Samples were assayed in a 

96-well plate in triplicate.  Proteins were incubated together at 30°C for 30 min prior to 
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addition of indicated amount of pNPP substrate. Each well contained 0.15 µM PP5-His6 

WT or mutant and when indicated, 1.5 µM Hsp90α (proteins were purified into a buffer 

containing 0.5 mM MnCl2, 50 mM NaCl and 100 mM Tris, pH 8.0). After substrate was 

added, the absorbance at 405 nm was measured over 10 mins at 30 °C. Data is presented 

as a kinetic curve of absorbance over time (seconds) and the fold change in PP5 activity 

was calculated from the final data point of each curve (30 mM pNPP substrate). See 

Table 3 for list of reagents. 

 

2.18 Statistical analysis  

The data presented are representative of three biological replicates unless 

otherwise specified. Data were analyzed by an unpaired t-test and one-way ANOVA 

analysis using Prism software by GraphPad. Asterisks in figures indicate significant 

differences (* P < 0.05, ** P < 0.005, *** P < 0.0005). Error bars represent the standard 

deviation (S.D.) or standard error (S.E.) for three independent experiments, unless 

otherwise indicated.  
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3.1.1 Introduction 

The essential eukaryotic molecular chaperone Heat Shock Protein 90 (Hsp90) is 

involved in folding and stability of target proteins known as clients (Rohl et al., 2013; 

Taipale et al., 2010). Hsp90 has approximately 200 clients (listed at 

www.picard.ch/downloads/downloads.html). The majority of the kinase clients are 

involved in oncogenesis, therefore Hsp90 is recognized as a facilitator of “oncogene 

addiction” (Neckers et al., 2012).  

The Hsp90 structure consists of homodimer molecules with N-, middle and C-

domains. ATP binding to the N-domain and its subsequent hydrolysis are linked to Hsp90 

chaperone function (Obermann et al., 1998; Panaretou et al., 1998). Nucleotide binding 

and Hsp90 ATPase activity confer different conformational states that allow clients to 

bind and dissociate from Hsp90 (Hessling et al., 2009; Mickler et al., 2009). The 

chaperone activity of Hsp90 is tightly regulated by co-chaperones and post-translational 

modifications (PTMs) (Cox et al., 2011; Walton-Diaz et al., 2013). Co-chaperones are 

groups of proteins that interact with distinct conformations of Hsp90, regulating 

chaperone function by either accelerating or decelerating the ATPase activity or simply 

acting as scaffolds between Hsp90 and its clients. Studies have shown that PTMs of 

Hsp90 can impact its interaction with co-chaperones. The evolutionarily conserved co-

chaperone Aha1 is a potent activator of the Hsp90 ATPase activity (Lotz et al., 2003; 

Panaretou et al., 1998). It is also the most common co-chaperone whose interaction is 

affected by phosphorylation, acetylation and SUMOylation of Hsp90 (Mollapour et al., 

2014; Mollapour et al., 2011d; Xu et al., 2012).  
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A major gap in the knowledge is how intracellular signals to the co-chaperone 

Aha1 dictate its interaction with Hsp90. This chapter demonstrates that c-Abl tyrosine 

kinase phosphorylates a single tyrosine residue, Y223, in Aha1, which in turn appears to 

promote its association with Hsp90. This modifies Hsp90’s ATPase activity and 

chaperoning of clients. Tyrosine phosphorylation of Aha1 is also a pre-requisite for its 

ubiquitination and degradation in the proteasome, establishing a balance in the regulatory 

dynamics of the Aha1 protein. 

Hsp90 chaperone function can be inhibited by small molecules that bind to the N-

domain ATP-binding pocket, precluding ATP binding and hydrolysis. Seven different 

Hsp90 inhibitors are currently undergoing clinical evaluation in cancer patients (Figure 3) 

(www.clincaltrials.gov). Co-chaperones and PTMs can affect the efficacy of Hsp90 

inhibitors (Figure 2 and Table 1) (Walton-Diaz et al., 2013). Here, it is reported that the 

pharmacologic inhibition of c-Abl prevents Aha1 interaction with Hsp90 and 

hypersensitizes renal cell carcinoma (RCC) to Hsp90 inhibitors in vitro and ex vivo.  
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3.1.2 Results 

3.1.2.1 c-Abl phosphorylates Y223 in the co-chaperone Aha1  

Hsp90 and the majority of its co-chaperones are phosphoproteins (Walton-Diaz et 

al., 2013). To determine whether Aha1 is subject to tyrosine phosphorylation, Aha1-

FLAG was transiently expressed in HEK293 cells, using a pan-anti-phospho-tyrosine 

antibody (4G10), the tyrosine phosphorylation of Aha1 was readily detected (Figure 8A). 

Aha1 has seven tyrosine residues (Figure 8B) which were individually mutated to non-

phosphorylatable phenylalanine (F) and transiently expressed in HEK293 cells. 

Individual mutation of Y81, Y99, Y223 and Y333 to phenylalanine significantly reduced 

the tyrosine phosphorylation of Aha1 (Figure 8C). Y223 was identified within the c-Abl 

recognition motif I/V/L-YXXP/F (Figure 8B) (Ubersax et al., 2007). Therefore N-

terminally His6-tagged Aha1 was bacterially expressed and purified as well as the seven 

individual non-phosphorylatable Aha1 mutants. These purified proteins were bound to 

Ni-NTA agarose and used as substrates in an in vitro kinase assay, which included pure 

and active c-Abl-GST (glutatione S-transferase). Under these conditions, c-Abl-GST 

efficiently phosphorylated Aha1 and individual non-phosphorylatable tyrosine mutants 

except for the Y223F (Figure 8D). These results provide strong evidence that c-Abl 

directly phosphorylates Y223-Aha1, and this is the only tyrosine residue in Aha1 that is 

targeted by c-Abl (Figure 8D). 

Further evidence for this process, in vivo, was obtained by transiently co-

transfecting HEK293 cells with c-Abl plasmid and either with FLAG-tagged Aha1 or 

non-phosphorylatable Y223F mutant. Over-expression of c-Abl increased the tyrosine 

phosphorylation of Aha1. However this increase in tyrosine phosphorylation was  
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Figure 8 – c-Abl-mediated tyrosine phosphorylation of Aha1 

(A) *HEK293 cells were transiently transfected with empty plasmid (C) or Aha1-FLAG 

construct. Aha1-FLAG was immunoprecipitated (IP) and tyrosine phosphorylation was 

detected by immunoblotting with pan-anti-phospho-tyrosine antibody (4G10). 

 

(B) *Schematic representation of Aha1 showing all tyrosine residues and the putative c-

Abl targeted tyrosine consensus motif. Amino acid residues 162-201 correspond to linker 

(L) region. 

 

(C) *HEK293 cells were transiently transfected with Aha1-FLAG (WT) and indicated 

tyrosine residues mutated to non-phosphorylatable phenylalanine. Aha1-FLAG was IP 

and tyrosine phosphorylation was detected by immunoblotting with pan-anti-phospho-

tyrosine antibody (4G10). Non-phosphorylatable tyrosine amino acids are highlighted in 

red. 

 

(D) *Mutants from (C) were expressed and purified from bacteria. Active c-Abl-GST 

was used to phosphorylate Aha1-His6 and its non-phosphorylatable mutants in vitro. 

Tyrosine phosphorylation was detected by immunoblotting with pan-anti-phospho-

tyrosine antibody (4G10). 

 

 

* Figure was contributed by Dr. Mehdi Mollapour (see page 52). 
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abolished with Aha1-Y223F mutant (Figure 9A). Similar experiments were also 

performed with 5-(1,3-diaryl-1H-pyrazol-4-yl) hydantoin, 5-[3-(4-fluorophenyl)-1-

phenyl-1H-pyrazol-4-yl]-2,4-imidazolidinedione (DPH), which binds to the myristoyl 

binding site of c-Abl and leads to activation of its kinase activity (Yang et al., 2011). 

HEK293 cells transiently expressing wild-type Aha1-FLAG or Y223F mutant were 

treated with 20 µM DPH showed an increase in tyrosine phosphorylation of Aha1 but not 

of the Y223F mutant (Figure 9B).  

To further confirm this data FLAG-Aha1 and Y223F mutant were transiently 

expressed in a c-Abl deficient (c-Abl−/−) murine embryo fibroblasts (MEF) cell line and 

the wild-type MEF cell line (c-Abl+/+). Tyrosine phosphorylation of Aha1 was 

significantly reduced in c-Abl deficient MEF cells (Figure 9B). This reduction was at the 

same level of Y223F mutant expressed either in the c-Abl+/+ or c-Abl–/– MEF cells 

(Figure 9C). These data provide strong evidence that c-Abl phosphorylates Aha1-Y223. 

Subsequently, whether the phosphorylation of the Aha1-Y223 occurred before or 

after binding to Hsp90 was investigated. The presence of endogenous Hsp90 and lack of 

efficient knock-down of Hsp90 precluded addressing this issue in mammalian cell lines. 

Therefore an in vitro kinase assay was utilized to explore the dynamics of Aha1-Y223 

phosphorylation. Bacterially expressed and purified FLAG-Aha1 was immobilized on 

anti-FLAG M2 affinity gel. As shown earlier, (Figure 9A), purified and active c-Abl-

GST phosphorylates Aha1 (Figure 9D). This was detected using a pan-anti-

phosphotyrosine antibody. Immunoprecipitation of FLAG-Aha1 did not co-

immunoprecipitate c-Abl-GST suggesting that the interaction between Aha1 and c-Abl is 

transient (Figure 9D). A similar in vitro kinase assay was carried out, modified with the 
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Figure 9 – Tyrosine phosphorylation of Aha1 mediates Hsp90-Aha1 complex 

formation 

 

 (A) HEK293 cells were transiently transfected with c-Abl and Aha1-FLAG (WT) or the 

non-phosphorylatable Y223F mutant. Tyrosine phosphorylation of Aha1-FLAG IP was 

detected by immunoblotting with pan-anti-phospho-tyrosine antibody (4G10). 

 

(B) Aha1-FLAG (WT) or the non-phosphorylatable Y223F mutant constructs were used 

to transiently transfect HEK293 cells for 24 hr. Cells were then treated with 20 µM DPH 

for 6 hr prior to lysis. Tyrosine phosphorylation of Aha1-FLAG IP was detected by 

immunoblotting with pan-anti-phospho-tyrosine antibody (4G10). 

 

(C) c-Abl deficient (c-Abl−/−) murine embryo fibroblasts (MEF) cell line and the wild-

type MEF cell line (c-Abl+/+) were transiently transfected with Aha1-FLAG (WT) or the 

non-phosphorylatable Y223F mutant. Aha1-FLAG IP was immunoblotted and tyrosine 

phosphorylation was detected with pan-anti-phospho-tyrosine antibody (4G10). 

 

(D) In vitro phosphorylation of Aha1-Y223 by a purified and active c-Abl. Aha1-FLAG 

was bound to FLAG-beads and phosphorylated by active c-Abl-GST. The reaction was 

also carried out with the addition of Hsp90-His6. De-phosphorylation of Aha1-Y223 

was performed by addition Calf Intestinal Alkaline Phosphatase (CIAP). 

 

(E) c-Abl-GST does not phosphorylate bacterially expressed and purified Hsp90-His6 in 

vitro. Wee1-GST was used as a positive control. Reactions were carried out with or 

without ATP. Tyrosine phosphorylation of Hsp90-His6 was assessed by Western 

blotting using pan-anti-phospho-tyrosine antibody (4G10).  
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addition of Hsp90, initially, followed by c-Abl. This promoted an Aha1-c-Abl-Hsp90 

complex formation, but did not increase the tyrosine phosphorylation of Aha1 (Figure 

9D). Addition of calf-intestinal alkaline phosphatase (CIAP) caused de-phosphorylation 

of Aha1 and de-stabilized the Aha1-c-Abl-Hsp90 complex (Figure 9D, last lane). Also, 

c-Abl does not phosphorylate Hsp90 (Figure 9E). Taken together, the data suggests that 

c-Abl has the ability to phosphorylate Aha1-Y223 even in the absence of Hsp90. This 

fosters formation of the Aha1-c-Abl-Hsp90 complex. 

 

3.1.2.2 Y223 phosphorylation affects cellular localization and leads to Aha1 

ubiquitination and degradation in proteasomes 

The data suggests a model where tyrosine phosphorylation of Aha1 promotes 

interaction while a possible de-phosphorylation disrupts interaction with Hsp90. However 

whether the phosphorylation of Aha1 serves any additional functions was of interest. 

First, the intracellular distribution of Aha1 as the result of phosphorylation of Y223 was 

characterized. HEK293 cells were transiently co-transfected with Hsp90-HA, wild-type 

Aha1-FLAG, and non-phosphorylatable Y223F or phospho-mimetic Y223E mutants. 

immunofluorescence microscopy was performed by staining the cells with anti-FLAG 

antibody and co-staining with anti-HA antibody and DAPI. 82% of cells expressing the 

Aha1-Y223F mutant showed nuclear-cytoplasmic localization and 18% with cytoplasmic 

localization whereas 100% of cells expressing the Y223E mutant displayed cytoplasmic 

localization (Figure 10A, 10B, and Table 4). This data suggests Aha1 phosphorylation 

may affect its cellular localization and possibly an alternate function in the cell.  
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Figure 10 – Aha1-Y223 phosphorylation affects Aha1 cellular localization 

(A) HEK293 cells were co-transfected with Hsp90-HA and empty plasmid, Aha1-

FLAG, Y223F or Y223E mutants. Cells were analyzed by for immunofluorescence 

microscopy. Representative cell counts for Aha1 cellular localization (nuclear & 

cytoplasmic or only cytoplasmic) are shown as percentages above. 

 

(B) Cytoplasmic and nuclear distribution of Aha1, Y223F and Y223E mutants in (A) are 

presented as average percentage. All data represent mean ± S.D. with *p < 0.05, **p < 

0.005, ***p < 0.0005). 
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Table 4 – Aha1-Y223 phosphorylation affects Aha1 cellular localization 

300-cells were screened for subcellular localization of Aha1 WT and Y223 phospho-

mutants. Average number of cells is from three biological replicates. An unpaired t-test 

was preformed between Aha1, Y223F and Y223E localization groups. C represents 

cytoplasmic and N represents nuclear localization. 

 

 

  

Cellular 

localization 

Average 

number 

of cells 

Standard 

deviation Percentage 

Standard 

deviation p-value 

Aha1 

C 117 1.4142 39% 0.2198 

0.0079 N & C 183 2.8284 61% 0.2198 

Aha1-

Y223F 

C 54 0.7071 18% 0.2039 

0.0002 N & C 246 0.7071 82% 0.2039 

Aha1-

Y223E 

C 300 1.4142 100% 0.0000 

0.0003 N & C 0 0.0000 0% 0.0000 
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Protein phosphorylation often serves as a signal prompting ubiquitination and 

subsequent proteasome-mediated degradation of the substrate. Supporting this possibility, 

HEK293 cells transiently expressing the wild-type Aha1-FLAG or non-phosphorylatable 

Aha1-Y223F-FLAG mutant were treated with 5 µM proteasome inhibitor, MG132, for 6 

hr (Figure 11A). Aha1-FLAG proteins were immunoprecipitated with anti-FLAG M2 

affinity gel and then salt-stripped with 0.5 M NaCl prior to analysis by immunoblotting 

(Figure 11A). Ubiquitination of Aha1 was significantly decreased in Aha1-Y223F 

samples treated with MG132 (Figure 11A). This finding suggests that phosphorylation of 

Y223 is a prerequisite for ubiquitination and degradation of Aha1 in the proteasome. 

Finally, the rate of Aha1 protein degradation was determined by cycloheximide 

(CHX) chase analysis. The non-phosphorylatable Aha1-Y223F mutant was markedly 

more stable compared to the wild-type Aha1 (Figure 11B). Conversely, the phospho-

mimetic Y223E mutant was highly unstable supporting a model where c-Abl mediated 

phosphorylation of Y223 leads to Aha1 ubiquitination and degradation in the proteasome. 

 

3.1.2.3 Impact of Aha1 phospho-Y223 mutants on Hsp90 chaperone activity 

Aha1 interacts with a diverse range of proteins (Sun et al., 2015) and is most 

notably known to interact with and activate Hsp90 ATPase activity (Lotz et al., 2003; 

Panaretou et al., 2002). Phosphorylation of Hsp90 can affect its binding to Aha1 

(Mollapour et al., 2011d; Soroka et al., 2012b; Xu et al., 2012), therefore it was queried 

whether phosphorylation of Aha1 impacts binding to Hsp90. FLAG-tagged wild-type 

Aha1, non-phosphorylatable Y223F and phospho-mimetic Y223E mutants were 

transiently expressed in HEK293 cells. Aha1 proteins were isolated with anti-FLAG M2  
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Figure 11 – Aha1-Y223 phosphorylation leads to ubiquitination and degradation in 

the proteasome 

(A) HEK293 cells were transiently transfected with Aha1-FLAG (WT) and Y223F 

mutant for 24 hr and then treated with 5 µM MG132 for 6 hr. Aha1-FLAG (WT) and 

Y223F mutants were IP and ubiquitination was assessed by immunoblotting with anti-

ubiquitin antibody. IP samples were salt stripped (0.5 M NaCl) prior to immunoblotting. 

 

(B) Aha1-FLAG (WT), Y223F or Y223E mutants were transiently transfected in 

HEK293 cells for 24 hr. The cells were then treated with cycloheximide (CHX, 100 

µg/ml), and harvested at the indicated time points. Aha1 was visualized by 

immunoblotting. 
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affinity gel and interaction with Hsp90 and co-chaperones were examined by Western 

blot analysis. The non-phosphorylatable Aha1-Y223F association with Hsp90 was 

completely abrogated (Figure 12A). Conversely the interaction of Aha1-Y223E mutant 

with Hsp90 was significantly stronger than the wild-type Aha1 (Figure 12A). 

In order to directly demonstrate that the phosphorylation of Aha1 promotes its 

interaction with Hsp90, HEK293 cells transiently expressing wild-type Aha1-FLAG or 

Y223F mutant were treated with 20 µM DPH and then isolated these proteins by anti-

FLAG M2 affinity gel. The Hsp90 was co-immunoprecipitated with Aha1-FLAG and this 

interaction was enhanced in DPH treated cells (Figure 12B). However, Aha1-Y223F 

association with Hsp90 even in DPH treated cells was not observed (Figure 12B). Similar 

results were also obtained from c-Abl–/– MEF cells (Figure 12C) therefore, providing 

convincing evidence that c-Abl mediated phosphorylation of Aha1 promotes its 

interaction with Hsp90. Hsp70 also interacted with the phospho-mimetic Aha1 mutant 

Y223E, presumably mediated by Hsp90 (Figure 12D). It has been previously shown that 

the PP5 co-chaperone is also found in complexes containing Aha1 and Hsp90 (Xu et al., 

2012). The phospho-mimetic Aha1-Y223E mutant moderately enhanced the amount of 

PP5 found in these complexes, in comparison to the amount of PP5 that was co-

immunoprecipitated with the wild-type Aha1 (Figure 12D). In contrast, PP5 is absent in 

complexes that contain the Aha1-Y223F mutant (Figure 12D). 

ATPase activity of Hsp90 is essential for its chaperone function and Aha1 is a 

potent stimulator of this activity (Panaretou et al., 2002). Hsp90α-HA was transiently 

expressed in the prostate cancer PC3 cell line and wild-type Aha1-FLAG and the Y223 

phospho-mutants in HEK293 cells. Proteins were immunoprecipitated, salt stripped, and 
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Figure 12 – Tyrosine phosphorylation of Aha1 is essential for binding to Hsp90 

 (A) *HEK293 cells were transiently transfected with empty plasmid (C), wild-type 

Aha1-FLAG (WT), non-phosphorylatable Y223F, or phospho-mimetic Y223E mutants. 

Aha1-FLAG proteins were IP and co-IP of Hsp90 was examined by immunoblotting. 

 

(B) HEK293 cells transiently expressing Aha1-FLAG or the non-phosphorylatable 

Y223F mutant were treated with 20 µM DPH for 6 hr prior to lysis. Aha1-FLAG proteins 

were IP and co-IP Hsp90 was detected by immunoblotting.  

 

(C) The c-Abl+/+ and c-Abl deficient c-Abl−/− MEF cells were transiently transfected 

with Aha1-FLAG or the non-phosphorylatable Y223F mutant. IP of Aha1-FLAG 

proteins and co-IP of Hsp90 was detected by immunoblotting.  

 

(D) *Co-IP of PP5 and Hsp70 in (A) were examined by immunoblotting. 

 

 

* Figure was contributed by rotation student, Jacqualyn Schulman (see page 52).  
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competed off the HA or FLAG affinity beads with the relevant peptides. These purified 

proteins were used at a ratio of 1:2, Hsp90α:Aha1 in the PiPer Phosphate Assay Kit 

(Thermo Fisher Scientific), in the presence of ATP as substrate as previously described 

(Figure 13A, 13B) (Kamal et al., 2003). Addition of 10 µM ganetespib inhibited ATPase 

activity (Figure 13A). Addition of wild-type Aha1, comprised of phosphorylated and 

non-phosphorylated Y223, stimulated ATPase activity of the Hsp90α 5-fold higher than 

that of Hsp90α, alone, while Aha1-Y223F caused minimal increase in ATPase activity 

(1.5-fold increase) (Figure 13B). In contrast, the phospho-mimetic Aha1-Y223E mutant 

stimulated Hsp90α ATPase by 8.5-fold (Figure 13B). ATP turnover was expressed as 

mmol Pi per mol per minute for Hsp90α alone and in the presence of Aha1 (wild-type and 

Y223 mutants) (0.84 = Hsp90α alone, 4.22 = Hsp90α + wild-type Aha1, 1.26 = Hsp90α + 

Aha1-Y223F, and 7.15 = Hsp90α and Aha1-Y223E). These data are comparable to 

previously reported ATPase turnover rates of Hsp90α (Kamal et al., 2003).  

It has been previously demonstrated that Aha1 coexists in an Hsp90-kinase client 

complex (Xu et al., 2012). Therefore, the impact of Y223F and Y223E mutations on 

interaction of Aha1 with kinase clients was assessed. FLAG-tagged wild-type Aha1 and 

the Y223 phospho-mutants were transiently expressed in HEK293 cells. Following 

immunoprecipitation with anti-FLAG M2 affinity gel, Aha1 was observed in complex 

with the endogenous active (phospho-S89) c-Abl, Raf-1, c-Src, Wee1, and Ulk1 kinases 

but not Cdk4 (Figure 13C). These kinases formed a stronger interaction with the 

phospho-mimetic Y223E mutant than did the wild-type Aha1 (Figure 13C). Conversely, 

association of the non-phosphorylatable Y223F mutant with c-Abl, Raf-1, c-Src, Wee1, 

and Ulk1 was completely abolished (Figure 13C). Overexpression of Aha1 compromises 
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Figure 13 – Phosphorylation of Aha1-Y223 impacts the chaperoning of Hsp90 

clients 

(A) In vitro ATPase activity of Hsp90-HA isolated from PC3 cells in the absence and 

presence of 10µM ganetespib. All data represent mean ± S.D. with **p < 0.005. 

 

(B) ATPase activity was stimulated by Aha1-FLAG or the phospho-mutants Y223E and 

Y223F isolated from HEK293 cells. All data represent mean ± S.D. with **p < 0.005. 

 

(C) Indicated Aha1-FLAG constructs were transfected in HEK293 cells. Aha1 was IP 

and co-IP of c-Abl, phospho-Tyr89-c-Abl, Raf-1, c-Src, Wee1, Ulk1, and Cdk4 proteins 

were detected by immunoblotting. 

 

(D) HEK293 cells were co-transfected with CFTR and Aha1-FLAG, Y223F and Y223E 

mutants. After 24 hr, CFTR, Aha1-FLAG and Hsp90 were detected by immunobloting. 

 

(E) HEK293 cells transiently transfected with Aha1-FLAG, Y223F and Y223E for 24 hr 

and then treated with 10 µM dexamethasone for 1 hr (time 0). Cells were then washed 

and incubated in dexamethasone free media. GR activity was monitored by Western blot 

analysis using anti-phospho-Ser211-GR and total GR antibodies. 
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the folding of cystic fibrosis transmembrane conductance regulator (CFTR) (Koulov et 

al., 2010; Wang et al., 2006). To examine the effects of Y223 phospho mutants on Hsp90 

chaperone function, their impact on steady-state expression of CFTR protein in 

mammalian cells was assessed. HEK293 cells were transiently co-transfected with CFTR 

and FLAG-Aha1, Y223F or Y223E mutants. Empty plasmid pcDNA3 (C) was used as a 

negative control. Western blot analysis of these samples using anti-CFTR antibody 

detected a doublet (Figure 13D), with the upper band representing the mature Golgi-

processed glycoform of CFTR found at the cell surface and the lower band an immature 

core-glycosylated protein (Figure 13D). Overexpression of the non-phosphorylatable 

Y223F mutant did not reduce the stability of CFTR (Figure 13D), confirming its inability 

to bind and activate Hsp90. In contrast, overexpression of the phospho-mimetic Aha1-

Y223E mutant displayed a significant reduction of CFTR protein (Figure 13D). The 

enhanced interaction of Y223E-Aha1 mutant with Hsp90 increases chaperone activity 

and, therefore, reduces the expression of CFTR.  

Finally, Aha1-FLAG and Y223 phospho-mutants were transiently expressed in 

HEK293 cells and then stimulated the cells with 10 µM dexamethasone for 1 hr, 

representing time 0. Cells were then washed and incubated in dexamethasone free media. 

GR activity was monitored by Western blot analysis using anti-phospho-Ser211-GR 

antibody. Over-expression of the non-phospho-Aha1-Y223F mutant maintained the GR 

activity even 16 hours post dexamethasone treatment (Figure 13E). However, 

overexpression of the phospho-mimetic Aha1-Y223E caused a rapid reduction in GR 

activity (Figure 13E). These data confirm the hypothesis that phosphorylation of Aha1-
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Y223 increases binding to Hsp90 and compromises the chaperoning and the activity of 

the clients that are “difficult” to fold. 

 

3.1.2.4. Pharmacological inhibition of c-Abl sensitizes cancer cells to Hsp90 

inhibitors 

Previous work has shown that knock-down of AHA1 could sensitize cancer cells 

to Hsp90 inhibitors (Holmes et al., 2008). Lack of phosphorylation of Y223 prevents 

Aha1 from binding to Hsp90 (Figure 12A), and this should phenocopy the effect of Aha1 

knock-down.  It follows that any strategy that limits Aha1 association with Hsp90 should 

have the same effect as depletion of Aha1, namely sensitization of cells to Hsp90 

inhibitors. Accordingly, given that c-Abl phosphorylates Y223, it was hypothesized that 

absence or pharmacological inhibition of c-Abl would sensitize cancer cells to Hsp90 

inhibitors. This was first explored in the c-Abl−/− and c-Abl+/+ MEF cell lines using the 

biotinylated Hsp90 inhibitor, ganetespib, and streptavidin beads to affinity purify Hsp90 

protein from cell lysates. It was observed that lack of c-Abl enhances ganetespib 

recognition of wild-type Hsp90 (Figure 14A, 14B).  

The impact of phosphorylation of Y223-Aha1 on Hsp90 binding to ganetespib 

was further tested by transiently expressing Aha1 phospho-Y223F and Y223E mutants in 

c-Abl–/– MEF cells. Expression of the non-phospho Y223F mutant did not impact the 

Hsp90 binding to ganetespib, however expression of Aha1-Y223E markedly reduced the 

Hsp90 affinity to ganetespib in c-Abl–/– MEF cells (Figure 14A, 14B). These data were 

further confirmed by showing c-Abl–/– MEF cells to be more sensitive to ganetespib, as 

evident by elevated apoptotic marker levels at lower drug concentrations (Figure 14C). 
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Figure 14 – c-Abl inhibition hypersensitizes prostate cancer cells to Hsp90 inhibitors 

(A) Lysates from wild-type (c-Abl+/+) and c-Abl deficient (c-Abl−/−) MEF cell lines 

also carrying indicated Aha1 phospho-mutant plasmids were incubated with indicated 

amounts of biotinylated ganetespib followed by streptavidin agarose beads. Hsp90 was 

detected by immunoblotting. 

 

(B) Total lysate from samples from (A) were tested for Hsp90 by immunoblotting. 

 

(C) Wild-type (c-Abl+/+) and c-Abl deficient (c-Abl−/−) MEF cell lines were treated 

with indicated amounts of ganetespib for 6 hr. Cleaved PARP and cleaved caspase 3 were 

detected by immunoblotting. Hsp90 was used as a loading control. 

 

(D, E, and F) *Prostate cancer PC3 cells were treated with 5 µM c-Abl inhibitor GNF-5 

for 24 hr. Cells were then treated with indicated concentrations of Hsp90 inhibitors, 

SNX-2112 (D), ganetespib (E) or PU-H71 (F) for an additional 24 hr. Apoptosis was 

detected by FACS analysis. The error bars in represent the S.D. of three independent 

experiments, **p < 0.005.  

 

 

* Figure was contributed by Dr. Dimitra Bourboulia (see page 52). 
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Although the possibility that absence of c-Abl may indirectly sensitizes the cells to 

Hsp90 inhibitors could not be absolutely rule out, the fact that overexpression of Aha1-

Y223E in c-Abl–/– MEF cells reversed the drug sensitivity, reduces the likelihood of this 

hypothesis. 

Next, the idea whether pharmacologic inhibition of c-Abl sensitizes cancer cells 

to Hsp90 inhibitors was tested. The prostate cancer PC3 cell line was treated with 

different amounts of GNF-5 (a selective allosteric inhibitor of c–Abl) for 24 hr (Zhang et 

al., 2010). PC3 cells were treated with 5 µM GNF-5 for 24 hr followed by 0–80 nM 

SNX-2112, ganetespib or PU-H71 (Hsp90 inhibitors) for an additional 24 hr (in the 

continued presence of GNF-5). As a control, PC3 cells were treated with Hsp90 

inhibitors, alone, for 24 hr. At the end of the incubation the percentage of apoptotic cells 

were quantified by flow cytometry (by measuring the increase of sub-G1 cellular DNA 

content (Figure 14D, 14E, 14F)). Compared to GNF-5 or Hsp90 inhibitors alone, dual 

administration of the drugs had a synergistic effect on apoptosis (Figure 14D, 14E, 14F).  

These data were confirmed by assessing the abundance of cleaved caspase 3 and 

cleaved PARP, two cellular markers of apoptosis. Treatment as above with the 

combination of c-Abl inhibitor, GNF-5, (5 µM) and Hsp90 inhibitors (SNX-2112 and 

ganetespib) significantly increased the level of apoptotic markers in PC3 cells, while 

similar incubation with the individual drugs was ineffective (Figure 15A).  

Finally, two cell lines derived from human clear cell renal cell carcinoma 

(ccRCC), Caki-1 and 786-O, were used. These cells were pretreated with 5 µM GNF-5 

for 24 hr prior to addition of 40 and 80 nM ganetespib (Figure 15B). Pharmacologic 

inhibition of c-Abl also sensitizes these two RCC cell lines to ganetespib. 
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Figure 15 – c-Abl inhibition hypersensitizes renal cell carcinoma cell lines to Hsp90 

inhibitors 

(A) PC3 cells were treated with 5 µM c-Abl inhibitor GNF-5 for 24 hr and then with 

indicated concentrations of SNX-2112 and ganetespib for an additional 24 hr. Hsp90, c-

Abl, active c-Abl (phospho-Y245) and apoptosis indicator cleaved caspase 3 and cleaved 

PARP were detected by immunoblotting. 

 

(B) Renal cell carcinoma (RCC) Caki-1 and 786-O cell lines were treated with 5 µM c-

Abl inhibitor GNF-5 for 24 hr and then with indicated concentrations of SNX2112 and 

ganetespib for an additional 24 hr. Hsp90, c-Abl, active c-Abl (phospho-Y245) and 

apoptosis indicators cleaved caspase 3 and cleaved PARP were detected by 

immunoblotting (LE, long exposure, SE, short exposure). 
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3.1.2.5 Ex vivo inhibition of c-Abl hyper-sensitizes human renal cell carcinoma 

(RCC) tumors to Hsp90 inhibitor ganetespib 

ATP competitive inhibitors of Hsp90 such as ganetespib have the remarkable 

ability to accumulate in tumors but not in normal tissues (Chan et al., 2008; Woodford et 

al., 2016d). Here tumors from patients with RCC were used and the effect of c-Abl 

inhibition on increasing tumor accumulation of ganetespib was observed. Based on 

histopathology, RCCs can be classified into several types. Tumors from two patients with 

clear cell RCC (ccRCC), one patient with papillary type I and one patient (three separate 

tumors) with papillary type II RCC were obtained (Figure 16A). Within 15 min of 

removal of tumors by radical nephrectomy, human RCC tumors were dissected into 

3mm3 pieces that were cultured in medium containing 5 µM GNF-5 for 24 hrs and then 

with 0.5 µM BODIPY fluorophore-conjugated ganetespib (STA-12-9455), (FL-

ganetespib) for additional 6 hrs. 

Using an ex vivo approach approximately 107 cells were then isolated from these 

RCC solid tumors (Kedar et al., 1982). Western blot analysis showed that GNF-5 indeed 

inactivated c-Abl and there also were relatively equal amounts of Aha1 and Hsp90 in 

these samples (Figure 16B). Next, live cells were stained with propidium iodide (PI) prior 

to fixation and analyzed by flow cytometry. The data shows that RCC tumor cells were 

able to take up FL-ganetespib (Figure 16C). However, inhibition of c-Abl significantly 

increases the accumulation of FL-ganetespib in these cells (Figure 16C, 16D).  
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Figure 16 – Pharmacologic inhibition of c-Abl increases accumulation of ganetespib 

in human renal cell carcinoma tumors from patients 

(A) Human renal cell carcinoma (RCC) tumors from patients were H&E stained. Patients 

1 and 2 (T1 and T2) diagnosed with clear cell, Patient 3 (T3) with papillary type II and 

Patient 4 (T4a, T4b and T4c) with papillary type I RCC. Scale bar represents 20 µm. 

 

(B) Within 15 min of removal of tumors in (A) by radical nephrectomy, specimens were 

dissected into 3 mm3 pieces that were cultured in medium containing 5µM GNF-5 for 24 

hr and then with 0.5 µM BODIPY fluorophore conjugated ganetespib (STA-12-9455), 

(GB-FL) for an additional 6 hr. Efficacy of c-Abl inhibition was confirmed by 

immunoblotting of the lysates with anti-phospho-Y89-c-Abl monoclonal antibody. 

 

(C) *107 cells from (B) were stained with propidium iodide (PI), fixed and analyzed by 

flow cytometry. Geometric mean fluorescence intensity (MFI) data were transformed to 

log10 values prior to statistical analysis. (Black – untreated, Dotted Line – GNF-5 treated, 

Blue – GB-FL treated, Red – GNF-5 and GB-FL treated) 

 

(D) *For each tumor treatment, a scatter dot plot with the mean, error bars representing 

the S.E of the mean with *p < 0.05. (Black – untreated, Gray – GNF-5 treated, Blue – 

GB-FL treated, Red – GNF-5 and GB-FL treated) 

 

 

* Figure was contributed by Dr. Dimitra Bourboulia (see page 52).  
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3.1.3 Discussion 

Co-chaperones are regulatory components of Hsp90 however the underlying 

mechanisms of their regulation by PTMs are poorly understood. In this study, it is shown 

that the co-chaperone Aha1 is phosphorylated on tyrosine residues. c-Abl was identified 

as the kinase that targets a conserved tyrosine 223 on Aha1 both in vitro and in vivo. 

This, in turn, promotes Aha1 interaction with Hsp90. Mutation of Y223 to non-

phosphorylatable phenylalanine (Y223F) disrupts Aha1 binding to Hsp90 and, 

subsequently, did not alter its ATPase activity. The phospho-mimetic Aha1-Y223E 

mutant bound stronger to Hsp90 than the wild-type Aha1 and stimulated the Hsp90 

ATPase activity by almost 8.5-fold relative to wild-type Aha1.  

Previous work showed that bacterially expressed and purified Aha1 and Hsp90, 

lacking any PTMs, interact and form a complex with each other, in vitro, and Aha1 also 

stimulates Hsp90 ATPase activity (Xu et al., 2012). PTMs of Hsp90, however, play a 

major role in its binding to the co-chaperones including Aha1 (Mollapour et al., 2014; 

Mollapour et al., 2011d; Xu et al., 2012). Work by Buchner and co-workers has shown 

that yeast Aha1 binding to yeast Hsp90 is comprised of two steps.  

Yeast Aha1 N-domain (amino acids 1-156) makes initial contact with a motif in 

the yeast Hsp90 middle-domain and this positions the yeast Aha1 C-domain (amino acids 

157-356) to interact with the yeast Hsp90 N-domains (Li et al., 2013; Retzlaff et al., 

2010). Tyrosine 223 is located in the C-domain of Aha1; thus, the data suggest that 

failure to establish contact with the Hsp90 N-domain significantly weakens overall 

stability of the complex, as previously suggested by Koulov et al. (Koulov et al., 2010). 

Therefore a regulatory paradigm was proposed where PTMs of Hsp90 (Mollapour et al., 
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2014; Mollapour et al., 2011d; Xu et al., 2012) and (at least) tyrosine phosphorylation of 

Aha1-Y223 provide the signaling cues for association and complex formation of these 

two proteins (Figure 17A, 17B). While it cannot be formally excluded that enhanced 

interaction of phospho-Aha1 and Hsp90 may be facilitated by c-Abl kinase itself, it can 

be considered to be very unlikely in view of the fact that phospho-mimetic Aha1-Y223E 

mutant stimulated Hsp90 ATPase by 8.5-fold. 

  How does Aha1 tyrosine phosphorylation affect chaperoning of the clients? Aha1 

plays a major role in chaperoning of v-Src, GR and CFTR. Compared to the wild-type 

Aha1, the phospho-mimetic Y223E mutant binds more strongly to Hsp90 and thus 

increases its ATPase activity, which appears to compromise the chaperoning of CFTR. 

Interestingly, the expression of the non-phosphorylatable Aha1-Y223F did not affect the 

folding of CFTR, providing further evidence that the Y223F mutant is unable to bind and 

stimulate Hsp90 ATPase activity. It was also showed that the chaperoning of GR was 

significantly compromised. Additionally, the phospho-mimetic mutant Y223E elicited a 

stronger interaction in the Hsp90 in complex with kinase clients such as c-Abl, Raf-1, c-

Src, Wee1 and Ulk1 as well as the co-chaperones PP5 and Hsp70. This could be the 

result of increased chaperone cycling that does not allow kinases and/or co-chaperones to 

dissociate from Hsp90. These observations may be the result of hyperactive chaperone 

cycle therefore compromising the necessary dwell time between Hsp90 and certain 

clients, while aiding in the activation of other clients. 

Phosphorylation of Aha1-Y223 causes ubiquitination and degradation of Aha1 in 

the proteasome. This indicates that the amount of phosphorylated Aha1 is tightly 

regulated. Additionally, the phospho-mimetic Y223E tends to be retained in the  



77 
 

 

 

Figure 17 – c-Abl mediated phosphorylation of the co-chaperone Aha1-Y223 and its 

binding to Hsp90 and pharmacologic inhibition of c-Abl sensitizes cancer cells to 

Hsp90 inhibtion 

 

 (A) c-Abl tyrosine kinase transiently binds to and phosphorylates Aha1-Y223 (1). This 

in turn promotes its binding to Hsp90 and formation of Aha1-Hsp90-c-Abl complex (2). 

 

(B) c-Abl activity is inhibited, it can no longer phosphorylate Aha1 (1). This results in 

decreased Aha1-Hsp90 interaction and enhances Hsp90 drug binding (2). 
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cytoplasm compared to the wild-type Aha1 and non-phosphorylatable Y223F mutant 

localized both in the nucleus and cytoplasm. These data suggest Aha1 may have 

additional cellular functions that are independent of binding and activating the Hsp90 

ATPase activity. 

Hsp90 inhibitors are currently employed in clinical trials for treating cancer 

patients. Therefore novel strategies to enhance their efficacy are actively sought. Previous 

data from Workman’s group has shown that down-regulation of AHA1 results in 

increased tumor sensitivity to the first generation Hsp90 inhibitor, Tanespimycin (17-N-

allylamino-17-demethoxygeldanamycin, 17-AAG) (Holmes et al., 2008). The authors 

also suggested a potential therapeutic strategy to increase the sensitivity of cancer cells to 

Hsp90 inhibitors by disrupting the Hsp90-Aha1 complex. The data, here, provides further 

direct evidence that inhibition of c-Abl hyper-sensitizes prostate cancer and RCC cell 

lines to Hsp90 inhibitors, ganetespib and SNX-2112. It was also shown that 

pharmacologic inhibition of c-Abl increases accumulation of ganetespib in cancer cells 

from patients with ccRCC, papillary type I and type II RCC.  

The data also provide an explanation for previous findings on the synergistic 

effects of the combination of imatinib (STI571, Glivec®, Gleevec™) plus 17-AAG on 

Chronic Myeloid Leukemia (CML) cell lines (Radujkovic et al., 2005). Fusion of bcr-abl 

gene is associated with CML and it has been shown that imatinib sensitizes CML cell 

lines to 17-AAG. Similar results were also observed with imatinib-resistant CML cell 

lines (Radujkovic et al., 2005). Based on the data it can be speculated that imatinib 

mediated inhibition of Bcr-Abl and possibly the endogenous c-Abl reduces the 
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phosphorylation Aha1-Y223 and therefore disrupts its association with Hsp90. This is 

turn enhances Hsp90 binding to its inhibitors. 

This section shows that Hsp90 drug sensitivity can be directly modified by the 

regulation of the co-chaperone, Aha1. It is shown that c-Abl inhibitor, GNF-5, is a viable 

treatment option when combined with low doses of Hsp90 inhibitor that can be effective 

in treating multiple types of cancers. With the data provided, the field is one step closer in 

understanding the regulation of Hsp90 regulators and how this affects Hsp90 sensitivity 

to its inhibitors.  
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3.2.1 Introduction 

Serine/threonine protein phosphatase-5 (PP5) is another co-chaperone of Hsp90 

and of particular interest in cancer. In order to dissect its role in cells and cancer 

processes, it was first important to solve the crystal structure of PP5 in complex with one 

of its substrates, Cdc37. Cdc37 is another co-chaperone of Hsp90 and along with PP5 

plays a crucial role in kinase client activation in cancer cells (Figure 5). In Section 3.1, it 

was shown that the Hsp90 co-chaperone, Aha1, binds to Hsp90 via phosphorylation by 

tyrosine kinase, c-abl, this in turn, increases Hsp90 drug sensitivity in cancer cells (Dunn 

et al., 2015). The next logical step would be to dissect PP5-Cdc37 interactions, and 

understand how Hsp90 drug sensitivity is affected. 

PP5 plays a role in multiple cellular signaling pathways including DNA damage 

repair, proliferation of breast cancer cells, circadian cycling, response to cytotoxic 

stresses, Rac-dependent potassium ion channel activity and activation of steroid hormone 

receptors (e.g. glucocorticoid receptor (GR) and estrogen receptor (ER)) (Golden et al., 

2008b; Sanchez, 2012). It is a member of the phosphoprotein phosphatase (PPP) family 

of serine/threonine phosphatases, whose members share a highly conserved catalytic core 

and catalytic mechanism, dependent on two metal ions, commonly Mn2+. Most PPP 

family members exhibit high, non-specific phosphatase activity. Specificity is provided 

by a large cohort of regulatory and other interacting proteins that function to inhibit basal 

activity and recruit substrates, thereby finely tuning the enzymes (Shi, 2009). This 

combinatorial approach enables a small number of catalytic subunits to have the breadth 

of specificity equivalent to that seen in kinases, which are greater in number by an order 

of magnitude. Structures of complexes between regulatory and catalytic domains have 
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illuminated the importance of regulatory subunits in facilitating substrate recruitment 

(Shi, 2009). However, there was no structural information describing how a substrate 

binds at the active site of a PPP prior to this study. Therefore, a central question remained 

as to how local interactions between the substrate and the catalytic domain contribute to 

the molecular basis of PP5 phosphatase activity. 

As mentioned in Chapter 1, PP5 is unique amongst the PPP family as it has a low 

basal activity due to autoinhibition (Kang et al., 2001). Its activity is promoted by a 

number of cellular factors, including fatty acids and the molecular chaperone Hsp90 

(Ramsey et al., 2002), both of which release autoinhibition by interacting with the TPR 

domain (Cliff et al., 2006; Yang et al., 2005). Many established PP5 substrates are clients 

that depend on Hsp90 for activation. In addition to a requirement for Hsp90’s chaperone 

activity, it is likely that in many cases these PP5 substrates require Hsp90 to act as a 

molecular bridge to bring the catalytic domain of PP5 in close proximity enabling de-

phosphorylation, as has been demonstrated for the Hsp90 co-chaperone, Cdc37 (Vaughan 

et al., 2008). In such cases Hsp90 performs a role similar to that observed by the 

regulatory subunits of the PP1 and PP2A family (Shi, 2009).  

As mentioned in the general introduction, the co-chaperone Cdc37 regulates the 

activation of Hsp90 client-kinases by distinguishing between client and non-client 

kinases (Keramisanou et al., 2016) and recruiting them to Hsp90 (Pearl, 2005). Many of 

these kinases are oncogenes therefore the molecular details of their activation are of 

considerable interest in cancer therapy. Activation is dependent on a cycle of Cdc37-

Ser13 phosphorylation by the constitutively active kinase CK2 (Miyata et al., 2004; Shao 

et al., 2003b), and de-phosphorylation by PP5 (Figure 5) (Vaughan et al., 2008). But, the 



83 
 

mechanisms by which Cdc37 phosphorylation and de-phosphorylation, including any 

accompanying conformational changes, actually regulate kinase activation are still not 

well understood. 

In order to understand the molecular determinants of the phospho-Ser13-Cdc37-

PP5 interaction, the 2.3 Å crystal structure of a Cdc37 phospho-mimetic peptide, bound 

to the catalytic domain of PP5 was determined. Based on the crystal structure, specific 

contacting amino acid residues were identified, and when mutated affect PP5 activity, 

and consequently, Hsp90 drug sensitivity. Previous work has shown that PP5 

overexpression in yeast affects Hsp90 drug sensitivity (Vaughan et al., 2008). It was 

found that not only modulation of PP5 levels, but also PP5 activity itself, either by 

speeding it up, or slowing it down, results in an increased Hsp90 drug sensitivity.  
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3.2.2 Results  

3.2.2.1 Crystal structure of the PP5-Cdc37 complex 

In vivo and in vitro PP5-mediated de-phosphorylation of phospho-Cdc37-Ser13 

requires Hsp90 to act as both a PP5-activator and a PP5-substrate recruiter. In order to 

obtain a construct suitable for crystallization, the need for Hsp90 was circumvented by 

utilizing a chimera construct in which the TPR domain of PP5 was deleted and a peptide 

comprising residues 5-20 of Cdc37, including the Ser13→Glu (S13E) mutation, was 

covalently linked to the catalytic domain of PP5 via a flexible linker (Figure 18A). This 

construct yielded crystals that diffracted to 2.3 Å (Table 5). 

In the resulting structure there is clear electron density for the Cdc37 peptide from 

Trp7 to Asp15, bound in an extended conformation across the dimetallic active site of 

PP5 (Figure 18B). Substrate residues N-terminal of S13E lie in the ‘hydrophobic groove’ 

while the C-terminal end of the substrate occupies the ‘C-terminal groove’ of the PP5 

catalytic domain (Figure 18C).  

 

3.2.2.2 Mutational analysis of PP5-substrate interactions 

In order to test the structure and relative importance of residues in both the 

enzyme and the substrate, a series of mutations were introduced in full-length PP5 and 

Cdc37. Their activity in a de-phosphorylation reaction (in the presence of Hsp90) was 

assessed (Figure 19A). Indicated by detection of phospho-Cdc37-Ser13 using purified 

proteins in vitro, mutations of PP5 residues, N308D, Y313F and M309C, resulted in loss 

of activity, whereas the N308Q mutation had no effect on Cdc37-Ser13 de-

phosphorylation (Figure 19A). Interestingly, the W386F mutant resulted in hyperactivity 



85 
 

 

 

Figure 18 – Chimeric structure of Cdc37 phospho-mimetic (S13E) substrate bound 

in the PP5 catalytic cleft 

(A) *Schematic representation of human Cdc37, PP5 and the chimeric construct used to 

determine the crystal structure.  

 

(B) *Crystal structure of Cdc37-bound PP5 catalytic domain. Cdc37 is shown as sticks. 

The peptide is colored from blue to red. Water molecules (red spheres) and Mn2+ ions 

(purple spheres) are shown. PP5 is in cartoon representation where sheets, helices and 

loops are colored yellow, blue and grey respectively; the β12-13 loop is purple; the PP5 

specific C-terminus is orange. The location of the αJ-helix from the apo PP5 catalytic 

domain structure (1S95) is shown in transparent magenta. 

 

(C) *Surface representation of the PP5 catalytic domain, Cdc37 substrate (sticks) binds in 

the hydrophobic groove and extends towards the C-terminal groove. The hydrophobic, 

acidic and C-terminal grooves are highlighted.  

 

 

* Figure was contributed by Dr. Cara Vaughan and Dr. Jasmeen Oberoi (see page 80). 

 

A
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Table 5 – Data collection and refinement statistics for the PP5-Cdc37 chimeric 

structure 

* Table was contributed by Dr. Cara Vaughan and Dr. Jasmeen Oberoi (see page 80). 
 

 

PP5-Cdc37 chimera 

Data Collection  

Space group P212121 

Cell dimensions  

a, b, c (Å) 42.31, 65.16, 132.12 

 () 90, 90, 90 

Resolution (Å) 46.39 – 2.27 (2.34 – 2.27)* 

Rmerge 0.164 (0.657) 

I/I 9.1 (2.9) 

Completeness (%) 95.3 (89.5) 

Redundancy 5.3 (4.3) 

  

Refinement  

Resolution (Å) 2.3 

No. reflections 16806 

Rwork/Rfree 0.168/0.235 

No. atoms  

Protein 2626 

Ligand/ion 14/2 

Water 105 

B-factors  

Protein 18.1 

Ligand/ion 29.1/8.7 

Water 19.0 

R.m.s. deviations  

Bond lengths (Å) 0.017 

Bond angles () 1.63 
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Figure 19 – Structure-based mutational analysis of PP5 and Cdc37 in vitro and in 

vivo 

(A) *De-phosphorylation of phospho-Cdc37-Ser13 in the context of purified, full-length 

WT and indicated mutants of Cdc37 and PP5, in the presence of Hsp90. Activity was 

assessed using a Cdc37-phospho-specific antibody over time (minutes).  

 

(B) HEK293 cells were transiently transfected with empty plasmid (C), WT Cdc37-

FLAG, or indicated mutants, Cdc37-FLAG proteins were immunoprecipitated (IP). Co-IP 

of Hsp90 and PP5 were examined by immunoblotting. 

 

(C)  From samples in (B) the level of phospho-Ser13 examined by immunoblotting. Co-

IP of CK2 and Hsp90 client kinases CDK4, Raf-1, and ULK1 were examined by 

immunoblotting. 

 

(D) Total protein lysates were prepared from HEK293 cells transiently transfected with 

empty plasmid (C), WT PP5-c-myc, or indicated mutants. Cdc37, phospho-Ser13-Cdc37, 

GR and phospho GR-211 protein levels were examined by immunoblotting. 

 

 

* Figure was contributed by Dr. Cara Vaughan and Dr. Jasmeen Oberoi (see page 80). 

B
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of the full-length PP5 (Figure 19A). For the substrate, all of the changes (H9A, E11A/Q, 

and D14N) result in loss of de-phosphorylation (Figure 19A). 

To investigate the consequences of these mutations for the substrate - phosphatase 

interaction in vivo, FLAG-Cdc37 wild-type and mutants (H9A, E11A, D14N) (Figure 

19B, 19C) were transiently expressed and immunoprecipitated from HEK293 cells. 

Cdc37 mutants that were not de-phosphorylated in vitro (H9A, E11A, D14N), lose their 

interaction with PP5 in vivo while retaining wild type-like interaction with Hsp90 (Figure 

19B, 19C). 

However, loss of interaction with PP5 does not result in an increase of phospho-

Cdc37-Ser13. Instead phosphorylation of Cdc37 is diminished (Figure 19C). A positive 

feedback loop between CK2 and Cdc37 regulates the activation of the kinase, and the 

phosphorylation of Cdc37 itself (Bandhakavi et al., 2003; Miyata et al., 2005). These 

mutations disrupt this feedback mechanism, diminishing or preventing phosphorylation 

of Cdc37 by CK2 because they prevent recruitment of CK2 to Cdc37 (Figure 19C). 

Consequently recruitment of ULK1, Raf-1 and Cdk4, known Hsp90 client-kinases, is also 

affected, as this in turn is dependent on Cdc37 phosphorylation (Figure 19C). These 

results emphasize the essential nature of the polypeptide sequence surrounding Cdc37-

Ser13 in client-kinase activation, and expand the known residues in this N-terminal 

region that are essential for productive client-kinase chaperoning (Keramisanou et al., 

2016; Shao et al., 2003a). 

Mutations in the catalytic cleft of myc-tagged PP5 (N308D, M309C, Y313F, 

W386F) strongly diminish de-phosphorylation of phospho-Cdc37-Ser13 in cells, when 

compared to WT (Figure 19D), as seen in vitro, as well as impairing the ability of PP5 to 
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de-phosphorylate phospho-GR-Ser211, another known target of PP5 (Sanchez, 2012). 

This is in agreement with previous work showing overexpression of PP5 in HCT116 

colon cancer cells enhanced Cdc37 de-phosphorylation (Vaughan et al., 2008).  

 

3.2.2.3 Implications for Hsp90-dependent activation of client proteins 

PP5-mediated de-phosphorylation of Cdc37 is an essential step in the activation of 

Hsp90-dependent kinases. Dysregulation of this step, by overexpression of PP5 with 

concomitant reduction in phospho-Cdc37-Ser13, results in reduced Raf-1 activity in 

HCT116 cells and in yeast both the overexpression and deletion of the ortholog, Ppt1, 

causes reduced v-Src activity (Vaughan et al., 2008). In order to understand how Cdc37 

de-phosphorylation affects the activation mechanism of Hsp90-dependent kinases the 

impact of PP5 mutants on chaperoning of the kinase clients Cdk4 and Raf-1 was 

investigated. The PP5 mutants were immunoprecipitated and their interaction with Cdk4 

and Hsp90 was assessed by immunoblotting. Cdk4 did not co-immunoprecipitate with 

WT PP5, presumably due to its dynamic interaction within the Hsp90 chaperone cycle. 

However, the N308D, M309C and Y313F PP5 mutations, that prevent the de-

phosphorylation of Cdc37 in vitro and in vivo, trap the kinase in the Hsp90-PP5 complex 

(Figure 20A). Similar results were observed with the PP5 mutants’ interaction with Raf-1 

(Figure 20B). Co-immunoprecipitation of Hsp90 with the PP5 mutants at steady state 

showed that they bind to Hsp90 with similar affinity, with the exception of the W386F 

mutant, which is hyperactive, resulting in a transient interaction (Figure 20A). These 

results provide mechanistic details that elaborate previous work demonstrating that kinase  
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Figure 20 – PP5 mutation causes client protein stalling in the Hsp90 chaperone 

complex 

 (A) and (B) Empty plasmid (C), WT PP5-c-myc (A) or WT PP5-FLAG (B), and 

indicated mutants were transiently transfected in HEK293 cells. PP5 proteins were IP. 

Co-IP of Hsp90, CDK4, GR and Raf-1 were examined by immunoblotting. 

  

BA
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release from the chaperone complex is critically dependent on Cdc37 de-phosphorylation 

by PP5 (Vaughan et al., 2008). 

 

3.2.2.4 Hyperactivity or hypoactivity of PP5 enhances Hsp90 binding to drug 

It is well established that increased binding of Hsp90 to its inhibitors is associated 

with cellular sensitivity to Hsp90 drugs (Beebe et al., 2013; Woodford et al., 2016d). 

Previously, it has been shown that overexpression of yeast PP5 (Ppt1) sensitizes cells to 

the Hsp90 inhibitor geldanamycin (Vaughan et al., 2008). Therefore, it could be reasoned 

that the PP5 mutants might influence Hsp90 inhibitor association.  

A drug binging assay was employed to assess Hsp90 drug sensitivity when 

impacted by the presence of PP5 and mutants. FLAG-PP5 WT and mutants were 

expressed in HEK293 cells followed by biotinylated-ganetespib (biotinylated-GB) pull-

down experiments. Total cell lysates from HEK293 cells transiently expressing PP5-

FLAG WT or mutants were incubated with biotinylated-GB for 1 hour, followed by an 

additional two hours with streptavidin beads. Samples were run on an SDS-PAGE gel 

and immunoblotted for Hsp90 and PP5-FLAG. The data showed that the hypoactive 

(N308D, M309C and Y313F) and hyperactive (W386F) PP5 mutants significantly 

enhanced Hsp90 binding to biotinylated-GB (Figure 21A). Although PP5 mutants bound 

with similar affinity as the WT PP5 to Hsp90 at steady state (Figure 20A), these PP5 

mutants differentially impacted Hsp90 binding to its inhibitor ganetespib. Additionally, 

once Hsp90 was bound to biotinylated-GB, it formed different complexes with the PP5 

mutants (Figure 21A). Further evidence was obtained to support the hypothesis by down 
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Figure 21 – PP5 expression and activity affects Hsp90 sensitivity to Hsp90 inhibitors 

 (A) Empty plasmid (C), PP5-FLAG WT or mutants were transiently expressed in 

HEK293 cells. Lysates were incubated with 50 or 100 nM biotinylated-ganetespib (GB). 

Using streptavidin beads, Hsp90 and PP5 bound to the drug were captured and visualized 

by immunoblotting. 

 

(B) HEK293 cells were transiently transfected with control (CTRL) or PP5 siRNA. 

Lysates were incubated with 50 or 100 nM biotinylated-ganetespib (GB). Using 

streptavidin beads, Hsp90 bound to the drug was captured and visualized by 

immunoblotting. 

 

(C) Proteins were expressed and purified from bacteria. Hsp90α was incubated with or 

without PP5-His6 WT followed by addition of 0 or 100 nM biotinylated-ganetespib (GB). 

Then streptavidin beads were used to pull down Hsp90α immune-complexes, which were 

assessed by immunoblotting.  

B

A

C
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regulating PP5 using siRNA (Figure 21B). Modulation of PP5 levels, either up by 

overexpression or down by siRNA increased Hsp90 binding to drug.  

In order to determine whether this effect was coming from PP5 overexpression, or 

indirectly in the cell lysate through other protein interactions, a similar experiment was 

carried out using pure proteins. Hsp90α and PP5-His6-WT were expressed and purified 

from bacteria. Hsp90α was incubated with or without PP5-His6-WT on ice for 1 hour, 

followed by addition of 0 nM or 100 nM biotinylated-GB for 1 hour and then streptavidin 

beads for an additional two hours (Figure 21C). It was found that in the presence of PP5, 

Hsp90 was more sensitive to drug (Figure 21C). These data suggest that the activity of 

PP5 is a determining factor for Hsp90 affinity to its inhibitor.  
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3.2.3 Discussion 

The structure presented here defines the interaction of the Cdc37 substrate with 

the PPP Ser/Thr phosphatase PP5. The conformation of the substrate is primarily dictated 

by interactions between its backbone and residues of PP5 that line the active site. 

Interactions between the side-chains of the Cdc37 substrate and PP5 are largely water-

mediated and lie within spacious pockets that form part of the Y-shaped channel that 

surrounds the catalytic site. This channel is highly conserved in sequence and structure 

throughout the PPP superfamily and, together, the use of the main-chain of the substrate 

and the versatility provided by water-mediated interactions to accommodate a range of 

side-chains reveal how different members of this superfamily can accommodate a 

multitude of unrelated substrates with highly divergent sequences. In addition, these two 

factors suggest that the substrate conformation observed here may provide a template for 

many substrates that occupy the hydrophobic and C-terminal grooves of the PPP 

superfamily. 

The structure illustrates the fundamental difference in the mechanism of substrate 

binding at the catalytic sites of kinases and phosphatases and shows how this is achieved 

on an atomic level. For kinases the sequence of the substrate is critical in ensuring 

specificity through highly conserved interactions dictated by the substrate side-chains 

(Endicott et al., 2012; Ubersax et al., 2007), while Ser/Thr PPPs allow sequence 

plasticity by providing an environment in which a variety of side-chains can be 

accommodated within a conserved substrate backbone conformation. While this sequence 

plasticity is a key feature of PPP substrate recognition the biochemical and cell biology 
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data indicate that, contrary to the current widespread assumption in the field, the catalytic 

subunit can confer some degree of local specificity.  

The results of this section delineate mechanistic details of one step in the Hsp90-

dependent kinase activation cycle for Cdk4 and Raf-1. While the requirement for PP5-

mediated de-phosphorylation of Cdc37 was previously known to be essential for 

activation of several Hsp90 client kinases (Vaughan et al., 2008), its role at a molecular 

level was not understood. The results presented here identify this de-phosphorylation step 

as a requirement for release of these clients from the Hsp90 chaperone. Previous results 

suggest that association of PP5 with Hsp90 chaperone complexes is accompanied by 

structural changes since, within a purified Hsp90-Cdc37-Cdk4 complex, the phospho-

Ser13-Cdc37 substrate is inaccessible to de-phosphorylation by the non-specific lambda 

phosphatase but readily accessible to de-phosphorylation by PP5 (Vaughan et al., 2008). 

This is further supported by recent results indicating that residues in the vicinity of Ser13 

are responsible for binding kinase clients where it is likely to be buried (Eckl et al., 2015; 

Keramisanou et al., 2016; Polier et al., 2013). A conformational change would therefore 

be required to allow PP5 access to its substrate. It may be these conformational changes, 

rather than the absence of the phosphorylation itself, that are the trigger for client release 

(Vaughan et al., 2008). It can also be speculated that conformational changes within PP5 

itself could aid in the de-phosphorylation of Cdc37, this point will be discussed further in 

Chapter 3.3. 

While phosphorylation of Cdc37-Ser13 is essential for client kinase activation in 

vivo (Miyata et al., 2004; Shao et al., 2003b) and in vitro (Arlander et al., 2006) its 

mechanistic role remains enigmatic. In the cell, the interaction of a kinase client with 
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Cdc37 and its subsequent recruitment to Hsp90 is likely to always occur with the 

phospho-Ser13-Cdc37, as CK2 is constitutively active. Phospho-Ser13-Cdc37 has a more 

stable and compact conformation than wild-type Cdc37 (Liu et al., 2015), in which the 

phospho-Ser13 is accessible to de-phosphorylation by both calf intestine alkaline 

phosphatase (Liu et al., 2015) and lambda phosphatase (Vaughan et al., 2008). However, 

at least for the kinase B-Raf, this conformation is not a requirement for either client 

versus non-client recognition (Keramisanou et al., 2016) or subsequent association with 

Hsp90 as a stable complex between Hsp90, Cdc37 and B-Raf can be formed from the 

individual proteins in vitro in the absence of phosphorylation (Eckl et al., 2015; Polier et 

al., 2013) although phospho-Ser13 enhances its stability (Polier et al., 2013). This is 

consistent with recent data indicating that the primary interaction of Cdc37 with B-Raf is 

via a distinct C-terminal domain of Cdc37 and is remote from this site of phosphorylation 

(Eckl et al., 2015; Keramisanou et al., 2016). Nonetheless the results augment the set of 

known, non-overlapping residues, residing in a relatively short stretch of the Cdc37 

polypeptide that encompasses Ser13, responsible for interactions that regulate Cdc37 

chaperone function, namely CK2 phosphorylation (Miyata et al., 2004; Shao et al., 

2003b), client-kinase recognition in vitro (Keramisanou et al., 2016), client-kinase 

complex formation in vivo (Shao et al., 2003a), and PP5 de-phosphorylation.  

PP5-mediated de-phosphorylation of Cdc37 is one of a number of post-

translational modifications (PTMs) that control progression of the chaperone cycle, either 

by affecting co-chaperone or client association. Phosphorylation of Y197 on Hsp90 

dissociates Cdc37 from Hsp90 immune complexes, while phosphorylation of Y313 

stimulates association with Aha1 (Xu et al., 2012), the co-chaperone required for the 
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enhancement of Hsp90’s ATPase activity and completion of one round of the chaperone 

cycle (Taipale et al., 2010). These two co-chaperones are not found in the same immune 

complexes (Xu et al., 2012), highlighting the degree of control imposed by PTMs.  

The trapping of GR, a Cdc37-independent Hsp90 client, on the Hsp90 chaperone 

when PP5 activity is abrogated, shows that PP5 activity exerts influence on the chaperone 

cycle regulation beyond kinases alone. Serine/threonine phosphorylation of Hsp90 itself 

is, in general, found to result in reduced affinity with clients (Lu et al., 2014; Mollapour 

et al., 2011d; Soroka et al., 2012b). Client kinase release is also triggered by tyrosine 

phosphorylation of Cdc37 on Y298 by the Src family kinase, YES, and tyrosine 

phosphorylation of Hsp90 on Y627 dissociates Cdk4 (Xu et al., 2012). The latter 

modification also dissociates Aha1 and PP5 from Hsp90 (Xu et al., 2012), and as such 

may be a mechanism for terminating one cycle of chaperone activity. Together these 

events emphasize the intricacy of the client activation process and the many layers of 

control provided by phosphorylation and its reversal.  

Finally, this section demonstrates that not only does the presence of PP5, but also 

modulation of its activity, enhances Hsp90 binding to its inhibitor ganetespib (Figure 22) 

Previous works have shown that PTM of co-chaperones influence their activity. It 

remains to be seen whether PP5 activity is also regulated by PTMs (see Chapter 3.3). 

Targeting the potential enzymes that catalyze those PTMs may influence cell sensitivity 

to Hsp90 inhibitors. 
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Figure 22 – Modulation of PP5 protein levels and activity affect Hsp90 affinity for 

its inhibitors 

In addition to overexpression or knock-down of PP5, modulation its activity, either by 

hyperactivity (W386F mutant) or hypoactivity (N308D, M309C and Y313F mutants) 

increase Hsp90 drug sensitivity. 
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3.3.1 Introduction 

Previous work has shown a positive correlation between PP5 expression levels 

and breast cancer metastasis (Golden et al., 2008a). Also, recent work has shown the 

importance of PP5 in colorectal cancer cell growth (Wang et al., 2015). This section is 

meant to elaborate on the post-translational regulation of PP5 in the context of cancer, 

specifically clear cell renal cell carcinoma (ccRCC). 

It is important to once again reiterate that PP5 generally has low basal activity 

because the tetratricopeptide repeat (TPR) domains at its amino-terminus interact with 

the αJ helix in the C-terminus. This prevents substrates from entering the active site of 

PP5 (Cliff et al., 2006; Haslbeck et al., 2015; Kang et al., 2001; Ramsey et al., 2002; 

Yang et al., 2005). Activation of PP5 depends on binding of the TPR domain to cellular 

factors such as Hsp90 or polyunsaturated fatty acids (Chatterjee et al., 2010; Ramsey et 

al., 2002; Yang et al., 2005). 

The majority of PP5 substrates are in complex with Hsp90 and these include the 

glucocorticoid receptor (GR) and the co-chaperone Cdc37 (Vaughan et al., 2008; Zuo et 

al., 1998; Zuo et al., 1999). PP5 also functions as a co-chaperone of Hsp90 (Haslbeck et 

al., 2015; Vaughan et al., 2008; Wandinger et al., 2006; Xu et al., 2012) and its de-

phosphorylation of Cdc37 in complex with Hsp90 activates the kinase clients (Figure 5). 

Hsp90 and its co-chaperones are subject to post-translational modifications (PTMs) 

(Mayer et al., 2015; Walton-Diaz et al., 2013; Woodford et al., 2016a). However, it is 

unclear if PP5 is also subject to any PTMs and how this impacts its phosphatase activity. 

In this chapter it was shown that the serine/threonine kinase, casein kinase-1 δ 

(CK1δ), phosphorylates Threonine-362 in the catalytic domain of PP5, which in turn 



101 
 

activates and increases its phosphatase activity independent of Hsp90 binding. The tumor 

suppressor von Hippel-Lindau protein (VHL) was also found to target Lysine-185 and 

Lysine-199 for multi-mono-ubiquitination and proteasomal degradation of PP5 in a 

hypoxia-independent manner. Mutation and inactivation of VHL has been associated 

with ccRCC (Cancer Genome Atlas Research, 2013). In the absence of VHL, PP5 is 

shown to be upregulated and hyper-phosphorylated in VHL-null ccRCC cells. This PP5 

upregulation was also observed in patient tumors as compared to normal adjacent tissue. 

Small interfering RNA (siRNA) mediated silencing of PP5 induced apoptosis in the VHL 

null ccRCC cells, suggesting a prosurvival role for PP5 in these cells.  
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3.3.2 Results 

3.3.2.1 Ck1δ mediated phosphorylation of PP5 

Based on the data obtained from yeast, Hrr25 (homolog of mammalian 

serine/threonine kinase casein kinase-1 δ (CK1δ)) phosphorylates Ppt1 (yeast PP5) on 

both serine and threonine residues (Figure 23A). This was achieved by co-expressing C-

terminally His6-tagged Ppt1 under its native promoter and C-terminally cMyc-tagged 

Hrr25 under galactose-inducible promoter of GAL1. Threonine and serine 

phosphorylation of Ppt1-His6 was detectable by immunoblotting using pan-anti-

phosphothreonine-P6623 and anti-phospho-serine-P5754 (Sigma-Aldrich) antibodies 

(Figure 23A). Induction of Hrr25-cMyc, in the presence of galactose growth medium, led 

to hyper-phosphorylation of Ppt1 on both threonine and serine sites (Figure 23A).  

Therefore it was hypothesized that a similar phenomenon as seen in yeast, also 

occurs with human CK1δ and human PP5. Amino-terminal FLAG-tagged PP5 (PP5-

FLAG) was transiently expressed in HEK293 cells. Using anti-FLAG M2 affinity gel, 

PP5-FLAG was immunoprecipitated and co-immunoprecipitation of CK1δ was observed 

by immunoblotting (Figure 23B). A similar experiment was also conducted by transiently 

co-transfecting HEK293 cells with PP5-FLAG and N-terminally cMyc-tagged CK1δ. 

Immunoprecipitation of PP5-FLAG led to co-immunoprecipitation of CK1δ-cMyc 

(Figure 23C). These data show that CK1δ interacts with PP5. 

Previous work has showed that PP5-mediated de-phosphorylation of the co-

chaperone Cdc37 is essential for activation of Hsp90 kinase clients (Vaughan et al., 

2008). To establish whether CK1δ is an Hsp90 client, HEK293 cells were treated with 1 

µM Hsp90 inhibitor ganetespib (GB) overtime. This did not impact the stability of CK1δ 
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Figure 23 – PP5 interacts with and is phosphorylated by CK1δ 

(A) *GAL1-HRR25-cMyc-pYES2 and PPT1-His6-pRS415 were co-transformed and 

expressed in BY4743. Cells were grown on raffinose overnight at 28˚C. Then shifted to 

galastose media for 2 hr. PPT1-His6 was isolated from cell lysate by Ni-NTA agarose 

pull-down. Phosphorylation of Ppt1 was detected by immunoblotting with anti-

phosphoserine or anit-phosphothreonine antibodies. 

 

(B) Empty vector (EV) or PP5-FLAG plasmids were transiently expressed and 

immunoprecipitated (IP) from HEK293 cells. Co-immunoprecipitation (Co-IP) of 

endogenous CK1δ was examined by immunoblotting. EV was used as a control.  

 

(C)  PP5-FLAG and CK1δ-cMyc were transiently co-expressed in HEK293 cells. PP5-

FLAG was IP and co-IP of CK1δ-cMyc was assessed by immunoblotting. EV was used 

as a control.  

 

(D)  **HEK293 cells were treated with 1 μM Hsp90 inhibitor ganetespib (GB) at the 

indicated time points. CK1δ protein stability was assessed by immunoblotting. Akt and 

Phospho-S473-Akt were used as positive controls. GAPDH was used as a negative and 

loading control. 

 

(E)  Bacterially expressed and purified human PP5-His6 was used as a substrate of CK1δ-

GST and CK1ε-GST in an in vitro kinase assay. Phosphorylation was assessed by 

immunoblotting with anti-phosphoserine or anti-phosphothreonine antibodies. 

 

 

* Figure was contributed by Dr. Mehdi Mollapour, ** Figure was contributed by Mark 

Woodford (see page 99). 
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 (Figure 23D), therefore it is unlikely that CK1δ is an Hsp90 client. Next, it was 

examined if CK1δ directly phosphorylates PP5 in vitro. Bacterially expressed and 

purified PP5-His6 was bound to Ni-NTA agarose and then an in vitro kinase assay was 

initiated by addition of active CK1δ-GST (glutatione S-transferase) and ATP. Using anti-

phosphothreonine-P6623 (Sigma-Aldrich) antibody, it was possible to detect threonine 

phosphorylation of PP5 (Figure 23E). However, unlike in yeast, CK1δ does not 

phosphorylate any serine sites on PP5 (Figure 23E).  

There are seven mammalian CK1 isoforms, however CK1δ and CK1 display the 

highest homology (Schittek et al., 2014). These isoforms contain 95% homology in the 

kinase region but only 53% homology in regulatory region, suggesting that they may 

have similar substrate specificity but play distinct and context-driven cellular roles 

(Schittek et al., 2014). Therefore, the in vitro kinase assay was repeated with PP5-His6 

and CK1-GST. Surprisingly, CK1 did not phosphorylate PP5 on threonine or serine 

sites (Figure 23E). 

Generally, the CK1 consensus phosphorylation site is S/Tp-X-X-S/T, where S/Tp 

refers to phospho-serine or phospho-threonine priming sites, X refers to any amino acid, 

and the underlined residues refer to the target site (Flotow et al., 1990). There were no 

threonine residues identified using this consensus sequence in PP5. CK1 also 

phosphorylates a related unprimed site, D/E-X-X-S/T, where underlined residues refer to 

the phosphorylated amino acid (Flotow et al., 1990). Five threonine residues within CK1 

consensus site (Figure 24A), T33, T121, T171, T238 and T362, were identified using this 

consensus sequence. With the exception of T238, all the identified threonine sites are 

located on the surface of PP5 (Figure 24B). These sites were individually mutated to non- 
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Figure 24– CK1δ phosphorylates T362 of PP5 

(A) Schematic representation of PP5 with highlighted CK1δ consensus sequence 

E/DXXT.  

 

(B) *Potential CK1δ targeted threonine sites on PP5 are highlighted on the cartoon of 

representation of the PP5 protein, modeled with UCSF Chimera software (PDB:1WAO). 

 

(C)  PP5-threonine residues within the CK1δ consensus sequence were mutated 

individually to alanine (A), transiently expressed, and IP from HEK293 cells. Threonine 

phosphorylation was detected by immunoblotting with anti-phosphothreonine antibody 

and endogenous CK1δ with anti-CK1δ-antibody (SE, short exposure, and LE, long 

exposure). 

 

(D)  Bacterially expressed and purified PP5-His6 and T362A-PP5-His6 were used as 

substrates of CK1δ-GST in an in vitro kinase assay. Phosphorylation was assessed by 

immunoblotting with anti-phosphoserine or anti-phosphothreonine antibodies.  

 

 

* Figure was contributed by rotation student, Alexander J. Baker-Williams (see page 99). 
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phosphorylatable alanine in the PP5-FLAG construct and transiently co-expressed with or 

without CK1δ-cMyc in HEK293 cells. PP5-FLAG was then immunoprecipitated with 

anti-FLAG M2 affinity gel and threonine phosphorylation was detected by 

immunoblotting using anti-phosphothreonine-P6623 (Sigma-Aldrich) antibody. 

Overexpression of CK1δ-cMyc increased threonine phosphorylation of wild-type PP5-

FLAG and also the non-phosphorylatable threonine mutants except for T362A-PP5-

FLAG (Figure 24C). The threonine phosphorylation of this mutant was significantly low, 

even with overexpression of CK1δ-cMyc (Figure 24C), suggesting that T362 is targeted 

by CK1δ. Further evidence was obtained by carrying out an in vitro kinase assay with 

bacterially expressed and purified wild-type PP5-His6 and the non-phosphorylatable 

mutant T362A-PP5-His6. Threonine phosphorylation of this mutant was undetectable by 

immunoblotting (Figure 24D) therefore confirming CK1δ targets and phosphorylates 

only T362 in PP5. 

 

3.3.2.2 Phosphorylation of T362 activates PP5 phosphatase activity independent of 

Hsp90 binding 

To determine the impact of T362 phosphorylation on activation and activity of 

PP5, T362-PP5 phospho-mutants were used to de-phosphorylate para-nitrophenyl 

phosphate (pNPP), a commonly used small molecule for determining nonspecific 

phosphatase activity in vitro (Oberoi et al., 2016). The data showed that the bacterially 

expressed and purified wild-type-PP5-His6 had basal phosphatase activity and addition of 

the Hsp90α stimulated this activity (Figure 255A, 25B). The phospho-mimetic T362E- 

PP5-His6 or CK1δ-mediated phosphorylation of T362-PP5-His6 stimulated PP5 activity  
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Figure 25 – CK1δ mediated phosphorylation of PP5 activates and increases the rate 

of phosphatase activity in vitro 

(A) Rate of de-phosphorylation of the model substrate pNPP by the wild-type PP5 

(black) and PP5 mutants: T362A (red), T362E (green), CK1δ mediated phosphorylation 

of the wild-type PP5 (blue), and CK1δ mediated phosphorylation of the T362A (orange). 

The data represents three independent experiments. Error bars represent ± the standard 

deviation (S.D.) for three independent experiments. 

 

(B)  Fold increase from wild-type PP5 basal activity at 30 mM data point from samples in 

(A). The error bars represent mean ± S.D. of three independent experiments. A Student’s 

t-test was performed to assess statistical significance (****P<0.0001) or non-significant 

(n.s.)).  
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in the absence of Hsp90α (Figure 25A, 25B). The same experiments were repeated using 

the non-phosphorylating T362A-PP5-His6. This mutant had a similar basal phosphatase 

activity as the wild-type-PP5-His6 suggesting that the mutation did not structurally affect 

the PP5 activity. However addition of Hsp90α or CK1δ (attempting to phosphorylate 

T362A-PP5-His6 in vitro) did not stimulate the phosphatase activity (Figure 25A, 25B). 

Next, an in vitro de-phosphorylation assay of the phospho-S13-Cdc37, which is a bona 

fide substrate of PP5, was used in the same assay as used in Chapter 3.2. (Oberoi et al., 

2016; Vaughan et al., 2008). 

Addition of Hsp90α to wild-type PP5 leads to complete de-phosphorylation of 

phospho-S13-Cdc37 after 30 min (Figure 26A, 26B). However, addition of Hsp90α to 

phospho-mimetic T362E-PP5-His6 (Figure 26A) or phospho-T362-PP5-His6 (Figure 

26B) led to de-phosphorylation of Cdc37 after only 10 min. To determine whether 

activation of phospho-T362-PP5 is independent of Hsp90, the above experiment was 

repeated in the absence of Hsp90α. The data revealed that wild-type PP5 is unable to de-

phosphorylate phospho-S13-Cdc37 in the absence of Hsp90α (Figure 26C, 26D). 

However, the phospho-mimetic T362E-PP5-His6 (Figure 26C) or CK1δ-mediated 

phosphorylation of T362-PP5 (Figure 26D) de-phosphorylated phospho-S13-Cdc37 in 

vitro even in the absence of Hsp90.  

To ascertain whether CK1δ interaction with PP5 caused an increase in its 

phosphatase activity, CK1δ was incubated with PP5-His6 in the presence or absence of 

ATP. CK1δ has the ability to interact with PP5-His6 independent of ATP (Figure 26E). 

However, only CK1δ incubation with PP5-His6 in the presence of ATP, hence 

phosphorylation of PP5, is capable of its activation (Figure 26E, 26F). This leads to de- 
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Figure 26 – CK1δ mediated activation of PP5 is independent of binding to Hsp90 

(A) and (B) In the presence of  Hsp90α or (C) and (D) in the absence of Hsp90α, de-

phosphorylation of phospho-S13-Cdc37 with: (A) and (C) recombinant full-length wild-

type PP5-His6 and phospho-mimetic T362E-PP5-His6 or (B) and (D) recombinant full-

length wild-type PP5-His6 (phosphorylated by CK1δ in vitro) was assessed. Rate of 

Cdc37 de-phosphorylation was assessed by immunoblotting with a phospho-specific S13-

Cdc37 antibody over time (minutes). 
 

(E) Recombinant full-length WT-PP5-His6 was used in an in vitro kinase assay with 

CK1δ-GST. PP5-His6 was IP and threonine phosphorylation of PP5 as well as co-IP of 

CK1δ-GST were examined by immunoblotting with anti-phosphothreonine and anti-GST 

antibodies. 

 

(F) Recombinant full-length WT-PP5-His6 was phosphorylated by CK1δ in vitro in the 

presence (+) or absence (–) of ATP. PP5-His6 proteins were then used in the de-

phosphorylation of phospho-S13-Cdc37 in vitro without Hsp90α. PP5 activity was 

assessed with immunoblotting using a phospho-specific S13-Cdc37 antibody over time 

(minutes). 
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phosphorylation of PP5 substrate (ie. phospho-S13-Cdc37) (Figure 26F). Taken together, 

these in vitro data suggest that CK1δ mediated phosphorylation of T362-PP5 causes 

activation and hyperactivity of PP5 phosphatase independent of binding to Hsp90.  

To obtain further evidence for this observation, wild-type PP5-FLAG and the 

phospho-mutants T362A and T362E were overexpressed in HEK293 cells. The de-

phosphorylation of PP5 substrates, phospho-S13-Cdc37 and phospho-S211-

.glucocorticoid receptor (GR) were examined by immunoblotting. Overexpression of 

wild-type PP5-FLAG led to de-phosphorylation of phospho-S13-Cdc37 and phospho-

S211-GR (Figure 27A). This effect was enhanced with overexpression of the phospho-

mimetic T362E-PP5-FLAG and unaffected (similar to the empty vector control) with 

T362A-PP5-FLAG, which is consistent with the in vitro data (Figure 27A). Finally, it 

was confirmed that the interaction of the phospho-T362 mutants with Hsp90, Cdc37 and 

GR were not affected, and therefore these observations are not due to lack of interaction 

of PP5 mutants with the substrates (Figure 27B). The in vitro and in vivo data here show 

that phosphorylation of T362-PP5 is involved in both activation and hyperactivity of PP5. 

Furthermore, based on the in vitro results, CK1δ-mediated phosphorylation and 

activation of PP5 does not depend on binding to Hsp90. 

 

3.3.2.3 VHL-mediated degradation of PP5 is hypoxia-independent 

PP5 interactome data identified VHL as a binding partner of PP5 (Table 6). VHL 

forms a multi-protein complex with VCB-Cul2 (VHL-Elongin C-Elongin B-Cullin-2)  
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Figure 27 – CK1δ mediated phosphorylation of PP5 activates and increases the rate 

of phosphatase activity in vivo 

(A) PP5-FLAG and T362-PP5 phospho-mutants (T362A and T362E) were transiently 

transfected in HEK293 cells. Cdc37, phospho-S13-Cdc37, GR and phospho-S211-GR 

protein levels were examined by immunoblotting. EV was used as a control 

 

(B)  Wild-type PP5-FLAG, non-phosphorylating T362A-PP5-FLAG and the phospho-

mimetic T362E-PP5-FLAG were transiently expressed and IP from HEK293 cells. Co-IP 

of GR, Cdc37 and Hsp90 were examined by immunoblotting. 
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Table 6 – Cellular proteins associated with PP5 

Proteins identified, molecular weight (MW), confidence score, peptides identified and 

accession number are reported. Data was acquired by MALDI MS and MS/MS and 

resultant peptide mass fingerprint and peptide sequence data was submitted to the 

UniProt database using the Mascot search engine to which relevance is calculated and 

scores are displayed. 

 

* Table was contributed by Dr. Timothy Haystead and Dr. David Loiselle (see page 99). 

 

 
Protein MW Protein 

Score 

Protein 

Score 

C.I.% 

Total 

Ion 

Score 

Total 

Ion 

C.I.% 

Peptides Accession 

Number 

Serine/ 

threonine-

protein 

phosphatase 

5-PP5 

56842.2 95 100 80 100 FYSQAIELNPSNAIYYGN 

TECYGYALGDATR  

AFLEENNLDYIIR  

AEGYEVAHGGR  

AASNMALGKFR 

TQANDYFK 

gi|324021715 

Actin, 

cytoplasmic 

2 -ACTG1 

41765.8 351 100 303 100 TTGIVMDSGDGVTHTVPIYEGYALPHAILR 

KDLYANTVLSGGTTMYGPADR 

DLYANTVLSGGTTMYPGADR 

VAPEEHPVLLTEAPLNPK 

SYELPDGQVITIGNER 

QEYDESGPSIVHR 

AVFPSIVGRPR 

AGFAGDDAPR  

GYSFTTTAER 

DLTDYLMK 

gi|823672677 

Vimentin 53619.1 49 72 29 98 VEVERDNLAEDIMRLREK 

STRSVSSSSYRRMFGGP 

SLYASSPGGVYATR  

ISLPLPNFSSLNLR  

LGDLYEEEMR  

QDVDNASLAR  

GTASRPSSSR 

gi|340218 

 

Actin, 

cytoplasmic 

1 -ACTB 

41709.7 77 100 50 100 MDDDIAALVVDNGSGMC 

MTQIMFETFNTPAMYVAI 

VAPEEHPVLLTEAPLNPK 

SYELPDGQVITIGNER  

QAVLSLYASGR  

AGFAGDDAPR  

GYSFTTTAER  

DLTDYLMK  

gi|823671251 

 

Von Hippel-

Lindau 

disease 

tumor 

suppressor-

VHL 

24137.9 

 

5 5 42 94 HGIADLFR gi|319655736 
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and Rbx1, which acts as an E3 ubiquitin-ligase (Gossage et al., 2015; Kamura et al., 

1999; Stebbins et al., 1999) and directs proteasome-dependent degradation of targeted 

proteins such as hypoxia-inducible factors (HIF1α or HIF2α) (Kamura et al., 2000).   

Next, the interactome data was confirmed by immunoprecipitating endogenous 

PP5 from HEK293 cells and detecting VHL (Figure 28A). The reciprocal 

immunoprecipitation of the endogenous VHL yielded PP5 (Figure 28B). Since binding to 

VHL could suggest that PP5 is a substrate of the E3-ubiquitin ligase complex, the next 

logical step was to determine whether VHL-mediated degradation of PP5 occurs in cells. 

VHL was overexpressed in the VHL-deficient ccRCC cell line, 786-O, and down-

regulation of the endogenous PP5 was observed by immunoblotting (Figure 28C). Next, 

PP5-FLAG was transiently transfected and expressed in the 786-O cell line. Using 

immunoprecipitation and immunoblotting, PP5 ubiquitination was undetectable in these 

cells (Figure 28D), even when treated with 50 nM proteasome inhibitor bortezomib (BZ) 

for 2 hours (Figure 28D). However, transient co-expression of PP5-FLAG and VHL-His6 

in 786-O cells for 16 hours and subsequent treatment with 50 nM BZ for 2 hours led to 

detection of multi-monoubiquitination of PP5-FLAG (Figure 28D). Taken together, these 

data suggest that the VHL E3-ligase ubiquitinates and degrades PP5 in the proteasome. 

VHL substrates are recognized when hydroxylated by proyl hydroxylases (PHDs) 

at specific proline sites (Ivan et al., 2001; Jaakkola et al., 2001). To determine whether 

VHL-mediated degradation of PP5 depends on PHD hydrolylation, three known isoforms 

of PHDs, Egln-1, Egln-2 and Egln-3, were overexpressed in HEK293 cells (Figure 29A). 

As expected, HIF degradation was observed, but, surprisingly, PP5 was not degraded, 

suggesting PP5 degradation by VHL is hypoxia-independent (Figure 29A). Next, 
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Figure 28 – VHL E3 ligase mediated PP5 ubiquitination and proteasomal 

degradation 

(A) Endogenous PP5 was IP from HEK293 cells and co-IP of VHL was assessed by 

immunoblotting. 

 

(B)  Endogenous VHL was IP from HEK293 cells and co-IP of PP5 was examined by 

immunoblotting. 

 

(C)  VHL-FLAG or EV was transiently over-expressed in 786-O cells and endogenous 

PP5 protein levels were assessed by immunoblotting. 

 

(D)  The 786-O cells transiently expressing PP5-FLAG, were treated with or without 50 

nM proteasome inhibitor bortezomib (BZ) for 2 hr. PP5-FLAG was also co-expressed 

with VHL-His6 with additional treatment of 50 nM BZ for 2 hr. PP5-FLAG IP and its 

ubiquitination was assessed by immunoblotting.  
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Figure 29 – VHL degradation of PP5 is independent of hypoxia 

(A) Prolyl hydroxylases (PHDs) Egln1-HA, Egln2-HA, Egln3-HA and EV were 

transiently over-expressed in HEK293 cells. The expression of Egln1, 2 and 3 as well as 

PP5, and HIF1α were assessed by immunoblotting with anti-HA, anti-PP5 and anti- 

HIF1α antibodies.  

 

(B)  HEK293 cells were treated with the PHD inhibitor 500 µM dimethyloxaloylglycine 

(DMOG) or hypoxia mimetic 250 µM deferoxamine (DFX) or 150 µM CoCl2 for 18 hr. 

PP5 and HIF1α protein levels were examined by immunoblotting. GAPDH was used a 

control.  

 

(C) Caki-1 cells were treated and samples immunoblotted as in (B). 

 

(D) Caki-1 cells cultured in normoxia and hypoxia (1% O2, 5% CO2, 94% N2). PP5 and 

HIF1α protein levels were examined by immunoblotting. GAPDH was used a control.  

 

(E) HIF1α or HIF2α were silenced by small interfering RNA (siRNA) in HEK293 cells. 

HIF1α, HIF2α and PP5 protein levels were examined by immunoblotting. GAPDH was 

used a control.  

 

(F) HIF2α was silenced by siRNA in 786-O cells. HIF2α and PP5 protein levels were 

examined by immunoblotting. GAPDH was used a control.  
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HEK293 cells were treated with hypoxia mimetic compounds: 500 µM DMOG 

(Dimethyloxalylglycine), 250 µM DFX (Deferoxamine) or 150 µM CoCl2 (Cobalt 

Chloride) for 24 hours and PP5 levels were assessed by western blot, using HIF1α as a 

positive control. These compounds mimic hypoxia by allowing for the accumulation of 

HIF1α in the cell. But the mechanisms behind how these compounds work are different. 

DMOG is non-specific PHD inhibitor, DFX is an iron chelator and CoCl2 works by 

binding to VHL, blocking the VHL-HIFα interaction. Each of these compounds mimic 

hypoxia by inducing HIFα accumulation in the cell (Yuan et al., 2003). Similarly, 

treatment with these compounds did not affect PP5 protein levels (Figure 29B). As 

expected, these conditions all led to stabilization of HIF1α (Figure 29B). A similar result 

was obtained when the Caki-1 ccRCC cell line (containing wild-type VHL gene) was 

treated with DMOG, DFX or CoCl2 (Figure 29C). Finally, PP5 protein levels were 

examined in Caki-1 cells cultured in normoxia and hypoxia (1% O2, 5% CO2, 94% N2). 

While HIF1α levels increased under hypoxia, PP5 levels were similar to normoxia 

(Figure 29D). 

 Previous work indicated that transcription of PP5 can be mediated by HIF1 

(Zhou et al., 2004). This possibility was examined using small interfering RNA (siRNA) 

to silence HIF1α or HIF2α in HEK293 cells. The results showed that neither HIF1α or 

HIF2α are involved in regulation of PP5 (Figure 29E). A similar experiment was 

conducted in 786-O ccRCC cells and silenced only HIF2α (HIF1α is not expressed in 

these cells) (Shinojima et al., 2007). The data also showed that HIF2α is not involved in 

PP5 expression in VHL-null 786-O cells (Figure 29F). These data indicate that VHL 
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ubiquitinates PP5 independent of prolyl hydroxylation and hypoxia and that HIFα 

expression does not affect PP5 levels in the cell.  

 

3.3.2.4 VHL ubiquitinates PP5 at K185 and K199  

Based on the information provided on the PhosphoSitePlus® 

(www.phosphosite.org/), which is an online systems biology resource providing 

comprehensive information on PTMs of human proteins, five ubiquitinated lysine sites 

were identified (K32, K40, K185, K199 and K320) on PP5 (Figure 30A). These sites are 

all located on the surface of PP5 protein (Figure 30B). Each lysine site was individually 

mutated to a non-ubiquitinating arginine residue and transiently expressed in HEK293 

cells (Figure 30C). Based on the ubiquitination pattern of PP5 by immunoprecipitation 

and immunoblotting, it appears that PP5 is subject to multi-monoubiquitination (Figure 

30C). Ubiquitination of PP5 was significantly reduced in the K185R and K199R mutants 

(Figure 30C). The data also showed that K185R and K199R-PP5-FLAG mutants were 

slightly more stable than the wild-type PP5-FLAG expressed in HEK293 cells, which 

contain endogenous VHL (Figure 30D). Whereas the mutants were expressed at the same 

levels as WT-PP5-FLAG in the VHL null, 786-O cells (Figure 30E).  

Next a K185R/K199R-PP5-FLAG double mutant was constructed and transiently 

expressed it in HEK293 cells. Ubiquitination of this mutant was undetectable by 

immunoprecipitation and immunoblotting experiments (Figure 31A). To determine if 

VHL is responsible for ubiquitination of these sites, an in vitro ubiquitination assay kit 

(Millipore) was used with the VCB-Cul2 (VHL-Elongin C-Elongin B-Cullin-2) complex. 

As mentioned earlier, VHL forms a multi-protein complex VCB-Cul2 and Rbx1, acting 
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Figure 30 – VHL-mediated multi-monoubiquitination and proteasomal degradation 

of K185-PP5 and K199-PP5. 

(A) Schematic representation of PP5 with highlighted lysine residues possibly subject to 

VHL mediated ubiquitination.  

 

(B) *Potential ubiquitinating lysine residues are highlighted on the cartoon representation 

of the PP5 protein modeled with UCSF Chimera software (PDB:1WAO). 

 

(C) Wild-type (WT) PP5-FLAG and its potentially non-ubiquitinating lysine mutants 

were transiently expressed and IP from HEK293 cells. Ubiquitination of PP5 was 

examined by immunoblotting using anti-ubiquitin antibody. EV was used as a control 

(SE, short exposure; LE, long exposure). 

 

(D) WT PP5-FLAG, K185R or K199R mutants were individually and transiently 

expressed and in HEK293 cells. PP5 protein levels were examined by immunoblotting 

using anti-FLAG antibody. EV was used as a control 

 

(E) WT PP5-FLAG, K185R or K199R mutants were transiently expressed in 786-O cells. 

PP5 protein levels were examined by immunoblotting using anti-FLAG antibody. EV 

was used as a control. 

 

 

* Figure was contributed by rotation student, Alexander J. Baker-Williams (see page 99).  
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Figure 31 – VHL-mediated multi-monoubiquitination and proteasomal degradation 

of K185/K199-PP5 

(A) Wild-type PP5-FLAG and its non-ubiquitinating K185/K199R mutant were 

transiently expressed and IP from HEK293 cells. Ubiquitination of PP5 was examined by 

immunoblotting using anti-ubiquitin antibody. EV was used as a control (SE, short 

exposure; LE, long exposure). 

 

(B) Bacterially expressed and purified PP5-His6 and K185/K199R double mutant were 

used an in vitro ubiquitination assay with VCB-Cul2 (VHL-Elongin C-Elongin B-Cullin-

2) and Rbx1, which acts as an E3 ubiquitin-ligase. Ubiquitination of PP5 was assessed by 

immunoblotting. 

 

(C) PP5-FLAG or K185/K199R-PP5-FLAG double mutant were co-transfected with 

VHL-His6 in 786-O cells and then after 24 hr treated with 50 nM BZ for 2 hr. PP5-FLAG 

or K185/K199R-PP5-FLAG IP and ubiquitination was assessed by immunoblotting. 

 

(D) PP5-FLAG, K185-PP5-FLAG, K199R-PP5-FLAG, K185/K199R-PP5-FLAG and 

EV were individually and transiently expressed in HEK293 cells. They were IP and their 

interactions with VHL were assessed by co-IP. 
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as an E3-ubiquitin-ligase and directing proteasome-dependent degradation of targeted 

proteins. Next, bacterially expressed and purified wild-type PP5-His6 and K185R/K199R-

PP5-His6 double mutant were used in the in vitro ubiquitination assay. The data show that 

the recombinant wild-type PP5-His6 but not the K185R/K199R-PP5-His6 mutant were 

subject to ubiquitination. Based on the immunoblots and the appearance of the bands, the 

data suggest that PP5 is subject to multi-monoubiquitination (Figure 31B), therefore 

suggesting that VHL targets K185/K199-PP5 for ubiquitination. To gain further evidence 

of VHL-mediated ubiquitination of K185/K199-PP5 in cells, the wild-type PP5-FLAG or 

K185R/K199R-PP5-FLAG were transiently co-expressed with VHL-His6 for 16 hours in 

VHL-null 786-O cells, then treated them with 50 nM BZ for 2 hours. The multi-

monoubiquitination of the wild-type PP5 was detectable but not of the K185R/K199R-

PP5 double mutant (Figure 31C).  

The K185R-, K199R-PP5 single or double mutants interacted with the same 

affinity as the wild-type PP5 to VHL (Figure 31D). Therefore the reduced ubiquitination 

of these mutants could not be due to their inability to bind to VHL. Taken together, the 

data show that the VHL E3-ligase complex ubiquitinates K185 and K199 residues in PP5. 

 

3.3.2.5 Stability and hyperactivity of PP5 provides a pro-survival mechanism in 

VHL null ccRCC 

To gain further insight into the significance of PP5 stability and hyperactivity in 

ccRCC, first PP5 protein levels in tumors and normal adjacent tissues from three patients 

with ccRCC were examined (Figure 32A, 32B). Within 10 minutes of removal of tumors, 

by radical or partial nephrectomy, tumors and normal adjacent tissues were dissected into  
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Figure 32 – Downregulation of PP5 induces apoptosis in VHL deficient ccRCC cells 

(A) Clear cell renal cell carcinoma (ccRCC) tumors, (T) and normal adjacent tissues (N) 

were stained with haematoxylin and eosin (H&E). Bar scale represents 200µm. 

 

(B) Proteins were extracted from tumors and normal adjacent tissues in (A) and 

expression of PP5, CK1δ, VHL and Hsp90 was examined by immunoblotting. 

 

(C) PP5, Cdc37 and phospho-S13-Cdc37, GR and phospho-S211-GR, CK1δ, CK1ε and 

VHL proteins from ccRCC cells lines 786-O, A-498 and Caki-1 were assessed by 

immunoblotting.  GAPDH was used as a loading control. 

 

(D) PP5 was silenced by siRNA in 786-O and Caki-1 cells. siCtrl represents the non-

targeting siRNA control. Induction of apoptotic markers are shown by immunoblotting. 

 

(E) Samples from first two lanes in (D) were examined by immunoblotting for CK1δ 

protein levels. 

 

(F) A498 cells were processed and examines as in (D). 
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10 mm3 pieces followed by staining with haematoxylin and eosin (H&E) (Figure 32A) or 

protein extraction (Figure 32B). The data showed that VHL is absent in the ccRCC 

tumors. Conversely PP5 and CK1δ were both upregulated in the tumors compared to the 

normal adjacent tissues (Figure 32B).  

The data was confirmed by using established VHL-deficient (786-O and A-498) 

and VHL-containing (Caki-1) ccRCC cell lines. The data showed that PP5 was 

upregulated in the 786-O and A-498 cell lines compared to Caki-1 cells. CK1δ levels 

displayed a similar expression pattern, while CK1ε levels were unchanged between the 

VHL-deficient and VHL-containing ccRCC cell lines (Figure 32B). This pattern was 

consistent with de-phosphorylation of PP5 substrates; Cdc37 and GR. These were both 

de-phosphorylated in 786-O, and A-498 cells compared to the VHL-containing Caki-1 

cells (Figure 32C). Next, siRNA was used to silence PP5 in 786-O and Caki-1 cells, and 

induction of the apoptotic markers cleaved caspase 3 and cleaved PARP in the VHL-null 

786-O cells was observed by immunoblotting (Figure 32D, 32E). Also, silencing of PP5 

in 786-O cells did not affect the CK1δ protein levels (Figure 32E). Furthermore, siRNA 

silencing of PP5 in A-498 cells (VHL-null cell line) also led to induction of the apoptotic 

markers cleaved caspase 3 and cleaved PARP (Figure 32F).  

In order to evaluate the threonine phosphorylation status of PP5 in the VHL-null 

cells, the endogenous PP5 was immunoprecipitated from 786-O and Caki-1 cells and it 

was shown that PP5 from VHL null 786-O cells was hyper-phosphorylated on threonine 

residues (Figure 33A). Next, it was examined whether pharmacologic inhibition of CK1δ, 

therefore lack of PP5 phosphorylation and activity, leads to apoptosis of VHL-null cells. 

786-O and Caki1 cells were treated with indicated amounts of IC261, which is a potent  
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Figure 33 – Pharmacologic inhibition of CK1δ induces apoptosis through inhibition 

of PP5 activity in VHL deficient ccRCC cells 

(A) PP5 was IP from ccRCC cell lines, Caki-1 and 786-O, lysates using anti-PP5 

antibody or IgG (control). Threonine phosphorylation of PP5 was assessed by 

immunoblotting with anti-phosphothreonine antibody. 

 

(B) ccRCC cell lines 786-O and Caki-1 were treated with indicated amounts of CK1δ 

inhibitor IC261 for 16 hr and induction of apoptotic markers shown by immunoblotting 

using anti-cleaved caspase 3 and cleaved PARP antibodies. 

 

(C) PP5 was isolated from the lysates of 786-O cell treated with 2 µM IC261 for 16 hr 

using anti-PP5 or IgG (control) antibodies. Threonine phosphorylation of PP5 was 

examined by immunoblotting using anti-phosphothreonine antibody. Anti-phosphoserine 

antibody was used as a control. 

 

(D) Wild-type PP5-FLAG, non-phosphorylating T362A-PP5-FLAG and the phospho-

mimetic T362E-PP5-FLAG were transiently expressed in 786-O cells. Cells were then 

either untreated (– IC261) or treated (+ IC261) with 2 µM IC261 for 16 hr and induction 

of apoptotic markers shown by immunoblotting using anti-cleaved caspase 3 and cleaved 

PARP antibodies. 
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and specific inhibitor of CK1δ/ε. Increasing amounts of IC261 correlated with increased 

induction of the pro-apoptotic markers cleaved caspase 3 and cleaved PARP, only in 

VHL-null, 786-O cells (Figure 33B). To confirm that IC261 treatment of 786-O cells 

cause a reduction in the PP5 threonine phosphorylation, PP5 was immunoprecipitated 

from 786-O cells treated or untreated with 2 µM IC261 overnight. As expected, IC261-

treated cells led to marked reduction of PP5 threonine phosphorylation but not serine 

phosphorylation (Figure 33C). Lastly, further evidence was obtained that apoptosis of 

786-O cells treated with the CK1δ inhibitor is manifested through lack of 

phosphorylation and activity of PP5. This was achieved by transiently expressing wild-

type PP5-FLAG and its phospho-PP5 mutants T362A and T362E in 786-O cells. Treating 

the cells expressing empty vector (EV) or the non-phosphorylatable T362A-PP5-FLAG 

mutant with 2 µM IC261 led to induction of the pro-apoptotic markers cleaved caspase 3 

and cleaved PARP. This effect was significantly reduced upon expression of the wild-

type PP5-FLAG and completely abrogated with the phospho-mimetic T362E-PP5-FLAG 

mutant (Figure 33D).  

Taken together, these data suggest that PP5 is upregulated and phosphorylated by 

CK1δ in VHL-null ccRCC cells. Pharmacologic inhibition of CK1δ caused apoptosis in 

ccRCC cells and this effect is through lack of threonine phosphorylation of PP5 and 

reduced phosphatase activity. 
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3.3.3 Discussion 

PP5 plays a key role in the regulation of both hormone- and stress-induced 

signaling networks that allow cells to respond to genomic stress (Golden et al., 2008b). 

Structural work and in vitro based assays have shown that PP5 activity is promoted by a 

number of cellular factors, including the molecular chaperone Hsp90 and fatty acids, both 

of which release autoinhibition by interacting with the TPR domain of PP5 (Ramsey et 

al., 2002; Yang et al., 2005). In this Chapter an alternative mechanism for activation and 

regulation of PP5 is shown both in vitro and in vivo. The data showed that the 

serine/threonine kinase, CK1δ, interacts with and phosphorylates T362 on PP5. This in 

turn activates PP5 independent of binding to Hsp90. Additionally it is shown that CK1δ 

is not an Hsp90 client since pharmacologic inhibition of Hsp90 did not affect CK1δ 

stability. Cell-based assays have demonstrated that expression of the non-phosphorylating 

T362A-PP5 does not de-phosphorylate substrates such as GR and Cdc37, whereas over-

expression of the phospho-mimetic T362E-PP5 has the opposite effect on those two 

substrates. The findings clearly demonstrate that although phosphorylation of T362-PP5 

does not affect the binding of PP5 to its substrates or even Hsp90, the phosphatase 

activity of PP5 is influenced as the result of T362 phosphorylation (Figure 34). 

What is the mechanism of phosphorylation-mediated PP5 activation? Threonine-

362 is close to one of the six metal-coordinating sites, H352, but it is remote from the 

catalytic site. T362 is also at the center of an acidic patch, located between D365, D364, 

and E416, E417. The latter residues are linked in the primary structure to the active site 

R400. Therefore, it is conceivable that phosphorylation or phospho-mimetic mutation of 

T362 could either destabilize the domain as a whole or cause some local unfolding, 
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Figure 34 – PP5 regulation: activation by CK1δ-mediated phosphorylation and 

degradation by ubiquitination by the VHL-E3 ligase complex 

(A) PP5 is phosphorylated by CK1δ, activating PP5’s phosphatase activity and co-

chaperone function, aiding in the activation of kinases in the cell. 

 

(B) The VCB-Cul2 (VHL-Elongin C-Elongin B-Cullin-2) and Rbx1, E3-ubiquitin ligase 

complex recognizes, ubiquitinates and degrades PP5 in the proteasome. 
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possibly allosterically ‘opening’ the active site, therefore increasing the rate of 

phosphatase activity.  

Proteomic data has identified the tumor suppressor VHL to interact with PP5. 

VHL is an E3-ligase that recognizes its substrates as part of an oxygen-dependent prolyl 

hydroxylase reaction, with HIFα being its most studied substrate (Clifford et al., 2001; 

Kondo et al., 2002; Maxwell et al., 1999). The data revealed that PP5 is a hypoxia-

independent target for VHL ubiquitination. It is also shown that VHL multi-

monoubiquitinates K185/K199-PP5 to target the phosphatase for proteasome-mediated 

degradation (Figure 34). This finding of a hypoxia-independent function of VHL is not 

unusual; recent work has shown that VHL also directly ubiquitinates Aurora kinase A 

(AURKA) independent of oxygen or PHD activity (Hasanov et al., 2017). Classically, 

VHL is known to polyubiquitinate its substrates as a prerequisite to proteasomal 

degradation. Interestingly, it was suggested by Hasanov et al. that multi-

monoubiquination was observed upon VHL-mediated ubiquination of AURKA, which 

may act to distinguish between oxygen-dependent and -independent substrates (Hasanov 

et al., 2017). A similar mechanism was observed upon PP5 ubiquitination by VHL. 

Mutation and inactivation of VHL has been associated with the most common 

type of kidney cancer, ccRCC (Cancer Genome Atlas Research, 2013; Gossage et al., 

2015). It was further demonstrated that inactivation of VHL in tumors or established cell 

lines leads to increased PP5 protein levels. These findings also provided a prosurvival 

role for PP5 in VHL-null kidney cancer cells. Down-regulation of PP5 by siRNA induced 

apoptosis, this effect was apparent only in VHL-null ccRCC cells. It was also shown that 

pharmacologic inhibition of CK1δ by IC261 also leads to apoptosis in VHL-null ccRCC 
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cells. This effect was completely abrogated by over-expressing the phospho-mimetic 

T362E-PP5 mutant in IC261-treated cells. These findings strongly suggest that the 

apoptotic effect of CK1δ inhibition is through lack PP5 phosphorylation and thus 

inactivation of its phosphatase activity in ccRCC cells. It is worth noting that IC261 is 

also a potent inhibitor of CK1ε, however CK1ε does not phosphorylate PP5. Although 

the apoptotic effect of IC261 may be the result of CK1ε inhibition, this possibility is 

highly unlikely because treating the 786-O cells overexpressing the phospho-mimetic-

T362E-PP5 with IC261 did not induce apoptosis.  

Based on previous studies, there is circumstantial evidence suggesting that 

aberrant expression of PP5 may aid tumor development and progression (Golden et al., 

2008a; Wang et al., 2015). This study also suggests that upregulation of PP5 is essential 

for ccRCC survival, but how is this achieved by PP5? Previous work has shown that PP5-

mediated de-phosphorylation of the co-chaperone Cdc37 is essential for activation of the 

kinase client proteins of Hsp90 (Vaughan et al., 2008). Several of these clients, including 

vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) 

receptors as well as the mammalian target of Rapamycin (mTOR) are important for the 

progression of ccRCC (Gossage et al., 2015; Linehan, 2012) and therefore potentially 

rely on the co-chaperone activity of PP5. Down-regulation of PP5 in these cells appears 

to be detrimental for the ccRCC survival perhaps because of compromised function of 

these kinases for the cancer cells survival. PP5 has been shown to be a negative regulator 

of the ASK1/MKK4/JNK signaling that promotes apoptosis (Zhou et al., 2004). Its 

overexpression, under hypoxia (which implies upregulation of HIFα) in breast cancer has 

been shown to turn off this apoptotic signaling pathway (Zhou et al., 2004). In contrast to 
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this previous study, the data presented here, clearly demonstrates that neither HIF1 nor 

HIF2 were linked to the regulation of PP5. Although PP5 contains a single HIF1 response 

element, as demonstrate by Zhou et al., 2004, it is shown here by knockdown of HIF and 

upon hypoxia treatment leading to the induction of HIF, that PP5 levels remain 

unchanged. Additionally, this study shows that ccRCC cells rely on PP5 protein levels 

and activity for survival. Further investigation is warranted to identify the exact signaling 

pathways dependent on PP5 function in VHL-null ccRCC cells for possible novel 

treatment options.  
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4.1 Hsp90 regulation and drug sensitivity 

Hsp90 function and regulation is a highly dynamic process, driven by its ability to 

hydrolyze ATP, and is further regulated by the addition of post-translational 

modifications (PTMs) and co-chaperones (Figure 2, 4). This dynamic process can be 

modified in order to increase Hsp90 drug sensitivity in cancer. This thesis shows how 

Hsp90 co-chaperones are regulated in the cell and how this regulation can be post-

translationally modified in order to reach the goal of sensitizing cancer cells to Hsp90 

inhibitors. 

 

4.2 c-Abl-mediated phosphorylation of Aha1 affects Hsp90 drug sensitivity 

Tyrosine phosphorylation of Y233 of Aha1 by c-Abl kinase was identified as the 

regulatory signal for Aha1 binding and stimulation of Hsp90 ATPase activity. By 

inhibiting the kinase, cells became sensitive to Hsp90 inhibitors. This was shown through 

the co-inhibition of c-Abl and Hsp90 in PC3 prostate cancer and kidney cancer cells, 

marked by an increase in apoptosis. It was also shown in six renal cell carcinoma (RCC, 

kidney cancer) patient tumor samples, marked by an increase in drug accumulation when 

pre-treated with the c-Abl inhibitor, followed by fluorescent Hsp90 inhibitor ganetespib 

treatment, quantified by flow cytometry.  

Together these findings pinpointed the signal for Aha1 regulation and function 

towards Hsp90, and, through inhibition of its regulatory enzyme, c-Abl, the interaction 

could be abrogated. As expected, abrogation of this interaction made prostate cancer and 

kidney cancer cell lines, as well as patient RCC patient tumor cells, more sensitive to 

Hsp90 inhibition (Figure 35) (Dunn et al., 2015).   
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Figure 35 – c-Abl inhibition increases Hsp90 drug sensitivity 

Inhibition of c-Abl tyrosine kinase decreases Aha1 binding to Hsp90 and increases Hsp90 

sensitivity to its inhibitors (Dunn et al., 2015). 
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Although this study focused on the function of Aha1 towards Hsp90, an 

interesting finding showed that the phospho-mimetic Aha1 was retained in the cytoplasm, 

suggesting an alternative function of Aha1 in the cell. This phosphorylation was also 

found to be a signal for proteasomal degradation of Aha1, suggesting there is a regulatory 

balance associated with Aha1 phosphorylation in the cell. It would be interesting to study 

these points further in order to unravel possible alternative roles Aha1 may play in 

normal and cancer cells. 

 

4.3 Hyperactivity and hypoactivity of PP5 enhances Hsp90 binding to drug 

A chimeric structure consisting of the catalytic domain of PP5 fused by a flexible 

linker to the substrate peptide of another co-chaperone and substrate of PP5, Cdc37, was 

designed (Figure 18). Several residues were identified as important contacts between PP5 

and Cdc37. Based on these contacts, mutational analysis was performed to alter the 

electrostatic environment of the PP5 catalytic cleft and study the effects of these 

mutations on PP5 activity. Within PP5 the following mutations were made and found to 

be hypoactive: N308D, M309C, Y313F or hyperactive: W386F, based on their ability to 

de-phosphorylate phospho-S13-Cdc37 in vitro and in vivo. 

Most interestingly, these PP5 mutants had a major affect on Hsp90 drug 

sensitivity. It has been previously shown in yeast, that overexpression of the PP5 

ortholog, Ppt1, sensitizes yeast cells to geldanamycin, a first generation Hsp90 inhibitor 

(Vaughan et al., 2008). Interestingly, overexpression of the PP5 mutants (both 

hyperactive and hypoactive), further increased Hsp90 affinity for its inhibitor. These data 

suggest that not only is PP5 a driver in Hsp90 binding to its inhibitors, but also 
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modulation of PP5 activity can have an even greater affect on Hsp90 drug sensitivity 

(Figure 36) (Oberoi et al., 2016). 

These results broadened the current knowledge of the Hsp90-Cdc37-PP5 

complex, and how these proteins work together to chaperone kinases, as well as affect 

Hsp90 drug sensitivity when in complex together. Further work that would be crucial to 

better understand PP5 activity in the cell would include crystallizing PP5 in complex with 

other phospho-substrates, such as phospho-glucocorticoid receptor (phospho-GR). Based 

on the mutational analysis, PP5 activity varied towards phospho-S211-GR and phospho-

S13-Cdc37 (shown in Chapter 3.2). By crystallizing this complex, insight could be 

gathered about PP5 substrate specificity and in turn, overall cellular signaling and 

regulation. Additionally, valuable information can be gathered by crystallization of full-

length PP5 in complex with its full-length substrates.  

 

4.4 PP5 regulation in ccRCC 

Although mutational analysis of PP5 was found to alter its activity in vitro and in 

vivo, the question remained as to what other signals might regulate PP5. Serine/threonine 

kinase CK1δ was shown to phosphorylate T362-PP5. This phosphorylation was identified 

as a signal for PP5 activation, independent of binding to Hsp90. Upon inspection of the 

phosphorylation site on the full-length crystal structure of PP5, it was found that 

phosphorylation at this site, which is located just on the outside of the backside of PP5’s 

catalytic domain, could act to drive de-phosphorylated substrates out of the catalytic 

groove at a faster rate, thus increasing PP5’s catalytic activity. It may also lead to  
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Figure 36 – Modulation of PP5 activity increases Hsp90 drug binding 

Hyperactivity (W386F) and hypoactivity (N308D, M309C, Y313F) of PP5 increases 

Hsp90 binding to its inhibitors (Oberoi et al., 2016). 
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conformational changes in PP5, making it more assessable to substrate. These 

speculations can be solved with the crystal structure of phosphorylated PP5. 

Additionally, PP5 degradation by the VCB-Cul2 (VHL-Elongin C-Elongin B-

Cullin-2) and Rbx1-E3 ubiquitin ligase complex was also shown to occur in an oxygen-

independent manner. PP5 and CK1δ expression levels increased in VHL-null clear cell 

renal cell carcinoma (ccRCC) patient tumor samples and cell lines as compared to normal 

adjacent tissue or a VHL-containing ccRCC cell line. This led to the discovery that VHL-

null cells express more active PP5, due to lack of degradation and an increase in 

activating CK1δ phosphorylation. Moreover, when PP5 was depleted in these cells by 

siRNA knock-down, the cells underwent apoptosis, while VHL-containing ccRCC cells 

did not. This phenomenon was further confirmed by inhibition of CK1δ in these cells, 

leading to apoptosis and a decrease in PP5 activity. Additionally, this response could be 

rescued by the overexpression of WT PP5 or its phospho-mimetic mutant in the VHL-

null ccRCC cells. 

Together these data suggest PP5 plays an important pro-survival role in VHL-null 

ccRCC cells (Figure 37). This is presumably through the role of PP5 in Cdc37-mediated 

kinase activation, where many of these kinases are the receptor tyrosine kinases (RTKs) 

implicated in ccRCC (e.g. VEGF, EGF, PDGF, etc.) (see Chapter 1). Future directions 

include mapping which kinases, if any, are regulated by the PP5 co-chaperone in these 

ccRCC cells and subsequently understanding those effects on ccRCC cell survival. Better 

understanding of the mechanisms behind oxygen-independent degradation of VHL 

targets, such as PP5, is also an important avenue to explore. 
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Figure 37 – CK1δ inhibition inactivates PP5, inducing apoptosis in VHL-null 

ccRCC 

Inhibition of CK1δ leads to induction of apoptosis in VHL-null ccRCC through 

inactivation of PP5 phosphatase activity. 
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The crystal structure of PP5 bound to substrates, as suggested in Section 4.3, 

could also give insight into possible residues within the catalytic cleft that are important 

for its function. This, in turn, could be used to design PP5 inhibitors. PP5 is highly 

conserved in the catalytic domain as compared to other phosphoprotein phosphatases 

(PPPs), making it a challenge to design a specific inhibitor. But the crystal structure can 

identify residues important for its PP5 specific activity towards its bona fide substrates 

such as Cdc37 of GR. A PP5-specific inhibitor is also possible because PP5 differs 

slightly from other PPPs in the loop regions, where non-specific PPP inhibitors such as 

okadaic acid and microcystin are known to interact (Golden et al., 2008b). This 

promising structural information, in combination with PP5-substrate structural data could 

lead to a PP5-specfic inhibitor that could be used to treat ccRCC in the future. 

 

4.5 Implications for renal cell carcinoma treatment 

Chapter 3 emphasized the regulation of the Hsp90 co-chaperones Aha1 and PP5 

in the context of RCC. As mentioned in the introduction, RCC is the most common type 

of kidney cancer and the current treatment options target RTKs and their associated 

ligands, which promote angiogenesis and growth of the cancer. Unfortunately these 

treatments are effective for only a short period of time and often lead to resistance and 

cancer progression in patients. Both Aha1 and PP5 are integral in the chaperone cycling 

of Hsp90 kinase clients, which include some RTKs. 

Understanding the common mechanisms of co-chaperone regulation from one 

tumor to another can help alleviate the differential responses observed upon Hsp90 

inhibition in these highly heterogenous tumor populations. Additionally, Hsp90 inhibitors 
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have shown promise in their ability to stall RCC progression in pre-clinical trials 

(Parasramka et al., 2014) and in patients (Goldman et al., 2013; Heath et al., 2008; 

Jhaveri et al., 2012; Ronnen et al., 2006; Solit et al., 2008). If RCC cells can be further 

sensitized to Hsp90 inhibitors through modulation of co-chaperone proteins, this is a 

promising new treatment option for patients with RCCs.  

 

4.6 Conclusions 

In conclusion, this thesis has added to the current knowledge of PTMs affecting 

Hsp90 drug sensitivity. There have been many accounts of Hsp90 PTM affecting Hsp90 

sensitivity to its inhibitors (Table 1) (Walton-Diaz et al., 2013; Woodford et al., 2016a). 

Although the effects of modulating protein levels of the co-chaperones and those effects 

on Hsp90 drug sensitivity have been documented; up until this point, the PTM of co-

chaperones have not been well studied. This body of work has added to the current 

knowledge of co-chaperone regulation. It has been demonstrated that PTMs of co-

chaperones can affect their activity and function towards Hsp90, and in turn, affect 

Hsp90 sensitivity to its inhibitors. This information can be used to create combinational 

therapies by targeting those enzymes that regulate the co-chaperone with Hsp90 

inhibitors.  

Development of biomarkers recognizing the modifications of these co-chaperones 

could shed light on how to better treat patients with Hsp90 inhibitors in the clinic. As 

mentioned in the introduction, Hsp90 inhibitors, although effective in preclinical models, 

are not necessarily effective in patients, often leading to cytostatic but not cytotoxic 

effects. This is due to poor trial design and patient selection, in addition to tumor 



140 
 

heterogeneity. Studies like the ones presented in Chapter 3 can help form a foundation for 

a better understanding of Hsp90 drug sensitivity in cancer cells and in turn, cancer 

patients. 

Additionally, targeting co-chaperones directly is also a viable option for novel 

cancer therapies. As elucidated in Chapter 3.3, PP5 is shown to play an important role in 

ccRCC survival and is a promising target for the treatment of ccRCC patients with VHL 

mutations. Targeting CK1δ, the regulator of PP5 activity, may also prove to be an 

important target, in not only ccRCC cases, which rely on PP5 activity, but possibly other 

cancers, such as breast cancer cells, which have also been shown to overexpress PP5 

(Golden et al., 2008a). 
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