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Chapter 7
p53-Hsp90 Axis in Human Cancer

Amr Ghaleb and Natalia Marchenko

Abstract The heat shock protein 90 (Hsp90) is a ubiquitous molecular chaperone 
that is abundantly expressed in cancer cells and plays a pivotal role in correct fold-
ing and functions of a variety of oncogenic clients. Hsp90 is up-regulated in response 
to cellular stresses that cancer cells encounter, such as heat, hypoxia and nutrient 
deprivation, conditions commonly associated with the tumor microenvironment. 
P53 is the tumor suppressor gene that is mutated in nearly 50% of all human can-
cers. When mutated p53 not only lose its tumor suppressive function but also gain 
novel oncogenic activities via gain-of-function mechanisms leading to increased 
genomic instability, chemoresistance, and metastasis, which promote tumor pro-
gression. In contrast to wild-type p53, mutant p53 is protected from degradation via 
interaction with Hsp90 leading to marked stabilization of mutant p53 protein in 
cancer cells. Recent in vivo studies unequivocally have proven that the stabilization 
of mutant p53 is crucial pre-requisite for its oncogenic functions. The pharmaco-
logical targeting the pathways involved in the stabilization of mutant p53, in par-
ticular, the Hsp90 chaperone complex, recently attracted a lot of attention as a 
promising therapeutic approach to treat mutant p53 harboring cancers.
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HSP heat shock protein
LOH loss of heterozygosity
MDM2 mouse double-minute 2
RTK receptor tyrosine kinases
SAHA suberoylanilide hydroxamic acid

7.1  Introduction

The tumor suppressor protein, p53, was initially discovered in the late 1970s, where 
it was wrongfully identified as the middle antigen of SV40 virus (Kress et al. 1979; 
Lane and Crawford 1979; Linzer and Levine 1979). Later, p53 was found to be 
expressed in the cells in response to viral infections and that it accumulates in the 
nucleus of tumor cells (Kress et al. 1979). Initially, p53 was characterized as an 
oncoprotein (Eliyahu et al. 1984; Jenkins et al. 1984; Parada et al. 1984). Over the 
years, starting in the mid-1980s, TP53 was firmly established as tumor suppressor 
gene, cell cycle regulator, and cell sensor in response multiple stresses that the cell 
may encounter (Gatz and Wiesmuller 2006; Menon and Povirk 2014; Soussi 2010).

The tumor suppressive functions of p53 were shown to be inhibited by various 
mechanisms, such as epigenetic modulations, miRNA, or by a dysregulated 
CCCTC-binding factor (Saldana-Meyer and Recillas-Targa 2011). However, muta-
tions in TP53 gene are the most frequent inactivating genetic events in most types 
of cancer ((http://p53.iarc.fr/TP53SomaticMutations.aspx) (Petitjean et  al. 2007; 
Vogelstein et al. 2000)). Unlike other tumor suppressors that are usually inactivated 
by deletion, 75% of all p53 genetic alterations in TP53 gene are missense mutations 
within the DNA-binding domain, predominantly located in six most frequent 
‘hotspots’ (http://p53.iarc.fr/TP53SomaticMutations.aspx) (Baugh et  al. 2018; 
Bouaoun et  al. 2016). TP53 missense mutations hinder p53 binding to DNA 
response elements precluding its tumor suppressive transcription program. Clinical 
data suggest that p53 behaves as a classic “two-hit” tumor suppressor so that a point 
mutation in one allele of p53 at early stages is followed by loss of heterozygosity 
(LOH) in the second allele later on during tumor progression (Levine et al. 1991).

Mutant p53 exerts its oncogenic activities either by dominant negative (DN) or 
by gain-of-function (GOF) mechanisms (Petitjean et al. 2007; Schulz-Heddergott 
and Moll 2018). In early stages of cancers that are heterozygous for p53, mutant p53 
may suppress the expression and/or function of wild-type p53 through DN mecha-
nism (Milner et al. 1991; Willis et al. 2004). Mutant p53 was shown to form het-
erodimers with wild-type p53 that can cause conformational changes to wild-type 
p53 or may directly inhibit the DNA-binding activity of wild-type p53 on target 
genes. Similarly, mutant p53 can interact with other p53 family members- TAp63 
and TAp73, to inhibit their tumor suppressive functions (Lang et al. 2004; Muller 
et  al. 2009). Although, in  vitro studies greatly support DN effect of mutant p53 
(Milner et al. 1991; Willis et al. 2004), in mouse models it was shown to be highly 
tissue-specific and often is manifested only upon stabilization of mutant p53 after 
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genotoxic stress, e.g., epithelium-specific heterozygous expression of mutant p53 
(R270H) exerted DN effect on tumor latency, multiplicity, and progression only 
after UV exposure but not spontaneous tumors (Wijnhoven et al. 2007). Study on 
R246S mutant p53 knock-in mouse model has shown that the DN effect on transac-
tivation is detectable after acute p53 activation only (Lee et al. 2012). Also, DNA 
damage increased the DN activity of mutant p53 in various tissues of heterozygous 
mutant p53 mice (Lang et al. 2004; Olive et al. 2004).

On the other hand, GOF is commonly defined as “any activity of mutant p53 
exerted in the absence of co-expressed wild-type p53” (Oren and Rotter 2010). In 
accord with this notion, we recently demonstrated that p53 LOH is a necessary 
prerequisite for mutant p53 GOF in vivo (Alexandrova et al. 2017a). The GOF con-
cept was first introduced by Dittmer et al., where they showed the ability of mutant 
p53, but not wild-type p53, to transform p53-null cells in vitro and in vivo (Dittmer 
et al. 1993). Since then, numerous publications have confirmed that missense muta-
tions in the TP53 gene not only obliterate wild-type p53 tumor suppressive function, 
but mutant p53 protein also gains novel oncogenic activities. By inducing multiple 
oncogenic pathways (Adorno et al. 2009; Li et al. 2014; Muller et al. 2009; Yallowitz 
et  al. 2015), microRNA and altering cell metabolism, transcriptional regulation, 
chromatin structure (Blandino and Di Agostino 2018; Oren and Rotter 2010), 
mutant p53 promotes oncogenic reprogramming and cancer progression.

7.1.1  Stability of Mutant p53 Protein in Cancer Cells

The stability of a wild-type p53 protein is tightly regulated through degradation by 
E3 ligase mouse double-minute 2 (MDM2) (Haupt et  al. 1997; Lukashchuk and 
Vousden 2007). As wild-type p53 target gene, MDM2 itself is regulated through a 
negative feedback loop maintaining a very low and steady level of both proteins 
under normal condition (Wu et  al. 1993). In normal and unstressed cancer cells 
wild-type p53 protein level is very low due to a rapid turnover by MDM2. This tight 
control is lost in tumors carrying mutant p53. While initially the stability of mutant 
p53 was thought to be due to the loss of p53-mediated transactivation of MDM2, it 
was later shown that mutant p53 is inherently unstable in normal cells, and only 
tumors but not normal tissues display constitutive stabilization of mutant p53 (Lang 
et al. 2004; Olive et al. 2004; Terzian et al. 2008). Mutant p53 knock-in models 
demonstrated that MDM2 is still expressed in a p53-independent mechanism in 
normal tissues and additional alteration(s) occur upon malignant conversion that 
stabilizes mutant p53 (Lang et al. 2004; Olive et al. 2004).

Similar to wild-type p53, mutant p53 protein fully preserves its ability to inter-
act with MDM2, and MDM2 protein levels can be easily detectable in mutant p53 
expressing cancer cells (Li et al. 2011b). Nevertheless, the profound lack of ubiq-
uitination of mutant p53 indicates a severe degradation defect, due to inactivation 
of MDM2 enzymatic activity (Li et al. 2011b). Mechanistically, it has been shown 
that mutant p53 stimulates the formation of triple MDM2-p53-Hsp90 complexes, 
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whereby blocking ubiquitin-protein isopeptide ligase activity of MDM2 and 
resulting in the stabilization of both mutant p53 and MDM2 (Peng et al. 2001). 
This evidence indicates that Hsp90 is essential for the stabilization of mutant 
p53 in cancer cells.

Strikingly, it appears that cancer cells become addicted to high levels of mutant 
p53 protein, as an acute depletion of mutant p53 markedly reduces cells growth 
in vitro and in xenografts (Li et al. 2011b), suppresses invasion (Adorno et al. 2009; 
Li et al. 2011b; Muller et al. 2009; Yan et al. 2008), restores normal mammary archi-
tecture in 3D culture in breast cancer cell lines (Freed-Pastor et al. 2012), inhibits 
metastases in vivo (Morton et al. 2010; Weissmueller et al. 2014), and suppresses 
mammary stem cells (Yallowitz et  al. 2015). Mutant p53 depletion in allotrans-
planted and autochthonous mouse T/B-lymphoma model curbs tumor growth and 
extends the survival of mice (Alexandrova et al. 2015). Similarly, the genetic abla-
tion of R248Q mutant p53 inhibits tumor growth and invasion in AOM/DSS-Induced 
colorectal cancer mouse models. Mechanistically, Schulz-Heddergott et al. demon-
strated that mutant p53 protein binds and enhances activating phosphorylation of 
Stat3, while conditional depletion of mutant p53 from established tumors suppresses 
Jak2/Stat3 signaling, tumor growth, and invasiveness (Schulz-Heddergott et  al. 
2018). As other evidence supporting the importance of highly stabilized mutant p53 
for the manifestation of GOF activity, we found that in heterozygosity wild-type 
p53 allele suppresses mutant p53 stabilization in cancer cells in vivo, whereas p53 
LOH is associated with stabilization of mutant p53 in cancer cells and, most impor-
tantly, with mutant p53 GOF features (Alexandrova et al. 2017a).

Collectively, this proof-of-principal from in vivo studies demonstrate that high 
levels of mutant p53 protein is essential for the manifestation of mutant p53 GOF 
and underscore the translational significance of highly stabilized mutant p53 as a 
potentially attractive therapeutic target. However, targeting mutant p53 is a very 
challenging task, since mutant p53 is neither a typical enzyme nor localized to the 
cell surface. On the other hand, the addiction of cancer cells to highly stabilized 
mutant p53 can be exploited by therapeutic approaches aiming to eliminate mutant 
p53 from cancer cells. Thus, selectively targeting the mechanisms underlying can-
cer specific stabilization of mutant p53 protein is the feasible strategy to combat 
mutant p53 harboring cancers.

7.1.2  Hsp90 in Cancer

A role for Hsp90 in cancer was first implicated in breast tumors where an associa-
tion of Hsp90 and steroid receptors was observed (Pratt 1987; Shyamala et  al. 
1989), and in ovarian cancer where increased expression of Hsp90 mRNA was 
detected (Mileo et al. 1990). To date, it is well known that Hsp90 is ubiquitously 
expressed in almost all cancer types. The high-level of Hsp90 was shown to be 
associated with more aggressive phenotypes and poor prognosis in breast cancer 
patients. Also, the high levels Hsp90 were shown to correlate with more advanced 
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stages of melanomas, leukemia (Chatterjee and Burns 2017) and colon cancer 
(Milicevic et al. 2008). There are two major isoforms of Hsp90: constitutive Hsp90α 
and inducible Hsp90β, which together comprise 1–3% of total cellular protein. 
Although Hsp90 is also expressed in normal tissues, it is activated in cancer cells by 
various mechanisms: modulation of activity by translational modifications (acetyla-
tion, phosphorylation, ubiquitination, S-nitrosylation); activation by interaction 
with clients; activation of transcription; and subcellular localization (cytoplasm vs. 
cell surface) (Barrott and Haystead 2013).

As a molecular chaperone, Hsp90 plays an essential role in maintaining pro-
teome homeostasis in cancer cells by facilitating folding and intracellular traffick-
ing of its numerous oncogenic clients. Although Hsp90 is very abundant protein, it 
gets further upregulated by different stresses experienced by tumor cells such as 
acidic pH, shortage of nutrients and fluctuating oxygen levels, which commonly 
occur in cancer (Gabai et al. 1995). It appears that Hsp90 is essential to cancer cells 
survival by stabilizing and preventing aggregation of many mutated aberrantly 
folded oncogenic proteins, which drive tumor progression. There are over 400 
Hsp90 client proteins (for updated client protein list www.picard.ch/downloads/
Hsp90interactors.pdf), with a large number of them playing important roles in dif-
ferent aspects of tumor development such as tumor growth, apoptotic evasion, dif-
ferentiation and metastasis (Neckers and Workman 2012). The pharmacological 
inhibition of Hsp90 leads to rapid inhibition of clients activity, with their subse-
quent degradation leading to depletion of multiple oncoproteins and down- regulation 
of oncogenic signaling pathways, and ultimately resulting in the modulation of the 
malignant phenotype (Jackson 2013). The reliance of cancer cells on oncogenic 
pathways and proteins that are stabilized by Hsp90 is the reason for the sensitivity 
of these cells to Hsp90 inhibition (Neckers and Workman 2012; Whitesell and 
Lindquist 2005; Workman et al. 2007). Also, Hsp90 has been found to be secreted 
by cancer cells, and the role of the secreted Hsp90 has been garnering some atten-
tion for its role in cancer cell invasion and metastasis (Eustace and Jay 2004; Eustace 
et al. 2004; Nolan et al. 2015). Overall, given the clinical importance of numerous 
oncogenic Hsp90 clients in different types of cancer, targeting Hsp90 and its respec-
tive co-chaperones has huge potential for utilization in cancer therapy.

7.1.3  Mutant p53-Hsp90 Axis

Commonly, mutations in TP53 cause an alteration of mutant p53 protein conforma-
tion (e.g., residues R249, G245, R282, R175), lower melting temperature, and lead 
to aberrant protein folding (Schulz-Heddergott and Moll 2018). To prevent protein 
aggregation and cell death from proteotoxic stress, mutant p53 proteins interact 
with a number of molecular chaperones, heat shock proteins (HSP) that are essential 
for stabilization aggregation-prone proteins. Mutant p53 was shown to interact with 
several HSP: Hsp90 (Blagosklonny et al. 1996), Hsp70 (Sturzbecher et al. 1988), 
HSC70 (Hinds et  al. 1987) and HSP40/DNAJ complex (Parrales et  al. 2016). 
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Recently, mutant p53- Hsp90 interaction was extensively studied, as it was shown 
that pharmacological Hsp90 inhibition destabilized mutant p53, but not wild-type 
p53 in cancer cells in vitro (Blagosklonny et al. 1996; Li et al. 2011b; Peng et al. 
2001) and in several mouse models (Alexandrova and Marchenko 2015; Schulz- 
Heddergott et al. 2018). The long-term Hsp90 inhibition by specific inhibitor gane-
tespib extended the survival of mutant p53 R248Q/− and R172H/R172H knock-in 
mice by 59% and 48%, respectively, but not p53−/− littermates. Importantly, mutant 
p53-dependent survival benefits correlated with mutant p53 degradation, apoptosis 
and prevention of T-cell lymphomagenesis in  vivo (Alexandrova et  al. 2015). 
Treating mice with an Hsp90 inhibitor 17AAG suppressed mutant p53 levels and 
colorectal tumor growth in p53 R248Q/−mice treated with AOM/DSS compared 
with vehicle controls. Although 17AAG showed some tumor inhibitory effect in 
p53−/− control mice, it was much less pronounced than in mutant p53 mice (Schulz- 
Heddergott et al. 2018). Also, ganetespib synergized with a sub-effective dose of the 
DNA-alkylating cytotoxic agent cyclophosphamide in mutant p53 R248Q lym-
phoma mouse model by suppressing tumor growth and extending survival. 
Importantly, ganetespib/cyclophosphamide combinatorial treatment was more ben-
eficial for mutant p53 than p53−/− mice (Alexandrova et al. 2017b). Together, these 
rigorous in vivo and in vitro studies implicate the potential clinical utility of target-
ing mutant p53-Hsp90 axis and the mechanisms regulating this interaction to 
degrade mutant p53 GOF in cancer.

The transcription of inducible HSP is regulated by the master transcription regu-
lator of heat shock response- heat shock factor 1 (HSF1) (Gomez-Pastor et al. 2018). 
HSF1 induces the transcription of Hsp90α, Hsp70, members of the HSP40/DNAJ 
family, and numerous co-chaperones (Gomez-Pastor et al. 2018). In normal cells, 
HSF1 is transiently active in conditions of proteotoxic stress, while tumor cells that 
under permanent proteotoxic stress due to adverse tumor environment require per-
manent activation of HSF1. Importantly, activation of HSF1 also appears to be 
essential for malignant transformation, as shown in several mouse cancer models 
(Dai et al. 2012; Dai et al. 2007). In addition to regulation of heat shock response, 
HSF1 drives broad cancer-specific transcriptional programs required for numerous 
oncogenic processes, such as aberrant cell cycle regulation, signal transduction, 
translation, metabolism, and invasion (Dai et al. 2007; Mendillo et al. 2012; Min 
et al. 2007; Zhao et al. 2011). Importantly, recent studies on HSF1 knockout mouse 
model provide compelling genetic evidence for the existence of crucial cooperation 
between mutant p53 and HSF1 in malignancy (Dai et al. 2007; Min et al. 2007). 
Given the importance of both HSF1 and mutant p53  in cancer, we identified the 
mechanism of interaction between HSF1 and mutant p53 in cancer cells; a novel 
gain-of-function of mutant p53 as a promoter of HSF1 activity (Li et al. 2014). We 
found that mutant p53 via stimulation of HSF1 transcriptional activity induces a 
feed-forward loop to Hsp90, which further stabilizes mutant p53 protein. 
Mechanistically, mutant p53, through enhanced recycling and/or stability of ErbB2, 
augments MAPK and PI3K signaling, leading to phospho-activation of HSF1 at 
Ser326. Furthermore, mutant p53 via direct interaction with phospho-activated 
HSF1 facilitates the binding of HSF1 to its DNA-binding sites, thereby stimulating 
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the transcription of HSP. In turn, heat shock proteins more potently stabilize their 
clients ErbB2, EGFR, mutant p53, and HSF1 (and possibly other oncogenes), thus 
reinforcing tumor progression (Li et al. 2014). This feed-forward loop renders can-
cer cells resistant to proteotoxic stress, providing a distinct survival advantage. This 
feed-forward axis was also confirmed in vivo, where we defined its physiological 
consequences in ErbB2-driven breast cancer mouse model (Yallowitz et al. 2015).

7.1.4  Translational Significance of Mutant p53–Hsp90 Axis 
in Cancer

Targeting the pathways involved in the stabilization of mutant p53, in particular, the 
Hsp90 family, has attracted a lot of attention over many years. Hsp90 has proven to 
be a promising target for cancer treatment and is actively pursued by drug discovery 
companies (Neckers and Workman 2012; Travers et al. 2012). As discussed above, 
Hsp90 inhibition was shown to be more efficacious in mutant p53 harboring cells 
in  vitro (Li et  al. 2011b) and in  vivo (Alexandrova et  al. 2015, 2017b; Schulz- 
Heddergott and Moll 2018) compared to p53null and wild-type p53 counterparts. 
The first Hsp90 inhibitor identified is benzo-quinone ansamycin geldanamycin 
(Whitesell et al. 1994). The majority of currently available Hsp90 inhibitors, and all 
that have been clinically assessed (reviewed in (Butler et al. 2015)), have a common 
mechanism of action: bind to the nucleotide binding pocket of the N-terminal 
domain and block the processing of client proteins by preventing ATP binding and 
hydrolysis (Prodromou et al. 1997; Roe et al. 1999), thus preventing the completion 
of the Hsp90 chaperone cycle, and clients are subsequently targeted for proteasomal 
degradation by E3 ubiquitin ligases (Connell et al. 2001; Ehrlich et al. 2009; Xu 
et al. 2002). As promising as these inhibitors, however variable limitations to their 
use have risen due to several factors such as insufficient drug dose, the frequency of 
administration, variable pharmacokinetics, suboptimal formulation and dose- 
limiting toxicities, including hepatotoxicity (Butler et  al. 2015). Additionally, 
another problem that frequently arises in using N-terminal domain inhibitors is the 
development of drug resistance, since blocking N-terminal domain of Hsp90 often 
leads to the activation of HSF1 which in turn induces more Hsp90 and other HSP 
(Sauvage et al. 2017). However, Hsp90 N-terminal domain inhibitors demonstrated 
encouraging results in clinical trials in HER-positive breast cancer and non-small 
cell lung carcinoma, which have high prevalence of p53 mutations- 72% in HER2 
positive breast cancer, 81% in squamous cell carcinomas, and 68% in large cell 
carcinomas (Neckers and Workman 2012; Shepherd et al. 2017).

Further investigating the mechanisms protecting mutant p53 from degradation in 
cancer cells, we demonstrated that similar to Hsp90 inhibitors, histone deacetylase 
(HDAC) inhibitor (HDACi) suberoylanilide hydroxamic acid (SAHA) destabilizes 
mutant p53 at the level of protein degradation. We found that SAHA via inhibition 
of HDAC6, an essential positive regulator of Hsp90, releases mutant p53 from 
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Hsp90 inhibitory complex and enables its MDM2- and CHIP-mediated degrada-
tion. As a result of mutant p53 degradation, SAHA exhibits preferential cytotoxicity 
for mutant p53 compared to wild-type and null p53 human cancer cells and strongly 
chemosensitizes mutant p53 cancer cells for chemotherapy (Li et al. 2011a). As a 
follow-up of our study, Ingallina et al., demonstrated that HDAC6/Hsp90-dependent 
mutant p53 accumulation is sustained by RhoA geranylgeranylation downstream of 
the mevalonate pathway, as well as by RhoA- and actin-dependent transduction 
providing mechanistic cues to control mutant p53 levels via RhoA/actin cytoskele-
ton. This study identified statins as a mutant p53 destabilizing compounds that dis-
rupt the SREBP-mevalonate/RhoA signaling pathway, which controls 
Hsp90-mediated mutant p53 stabilization (Ingallina et al. 2018). As SAHA (vorino-
stat) and statins are FDA-approved drugs, these mechanistic studies can be instantly 
translated to the clinic. Indeed, following these publications, a Phase I clinical trial 
was initiated, which confirmed that simultaneous use of vorinostat (a mutant p53 
destabilizing drug) and Pazopanib (an anti-angiogenic VEGFR inhibitor) in meta-
static sarcoma and colorectal cancer has preferential response in mutant p53 (45%) 
vs. wild-type p53 patients (16%) (Fu et al. 2015). With regard to statins, a recent 
study by Turrell et al. demonstrated that statins sensitivity is dependent on the type 
of p53 mutation. They identified a p53R270H-specific sensitivity to simvastatin, but 
not in p53R172H, in murine KrasG12D lung cancer model. Importantly, the “statin- 
sensitivity” transcriptional signature is also present in human lung tumors suggest-
ing the clinical relevance of this data (Turrell et al. 2017).

As discussed above, we demonstrated that ErbB2 signaling via downstream 
transduction cascade controls HSF1 activity, HSP expression and as a result, mutant 
p53 stability (Li et al. 2014; Yallowitz et al. 2015). Following this study, we found 
that pharmacological interception of this circuit by the dual ErbB2/EGFR kinase 
inhibitor (lapatinib) downregulates mutant p53 in vitro and in vivo. Inhibition of 
ErbB2 by lapatinib inhibits transcription factor HSF1, and its target Hsp90, fol-
lowed by mutant p53 degradation in MDM2 dependent manner. We speculate that 
mutant p53 sensitizes cancer cells to lapatinib via two complementary mechanisms: 
mutant p53 mediated amplification of ErbB2 signaling, and simultaneous annihila-
tion of both potent oncogenic drivers, ErbB2 and mutant p53. This conclusion is 
strongly supported by a meta-analysis of the COSMIC drug sensitivity database of 
226 human cancer cell lines (representing breast, as well as other cancers) (http://
www.cancerrxgene.org/translation/Drug/119). Specifically, we found that mutant 
p53 human cell lines were more sensitive to lapatinib than wild-type p53 cells 
(p  =  0.0408). Consistently, we found higher sensitivity to lapatinib in R172H/
R172H;ErbB2 mammary epithelial cells than their p53null;ErbB2 counterparts (Li 
and Marchenko 2017). Figure  7.1 is an illustration summarizing the pathways 
involved in augmenting the mutant p53-Hsp90 axis in cancer and the different drug-
gable targets that have been identified within this pathway.

Adding to the complexity of modulating Hsp90 and its related pathways in treat-
ing cancer, a recent follow-up study by our lab (Yallowitz et al. 2018) attempted to 
identify a mechanism for lapatinib resistance (D’Amato et  al. 2015). Several 
 mechanisms of lapatinib resistance have been described in the literature, and they 
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primarily involve compensatory activation of several receptor tyrosine kinases 
(RTKs) (Stuhlmiller et  al. 2015). This and the substantial heterogeneity among 
adaptive RTKs that exists in different cell lines in response to lapatinib represent a 
major hurdle for the development of successful combinatorial strategies to reverse 
and/or prevent lapatinib resistance (Stuhlmiller et al. 2015). In our study, we found 
that lapatinib-resistant cells show chronically activated HSF1 and its transcriptional 
targets, heat shock proteins, and consequently, higher tolerance to proteotoxic 
stress. Importantly, lapatinib-resistant tumors and cells retained sensitivity to Hsp90 
and HSF1 inhibitors, both in vitro and in vivo. Indeed, HSF1 inhibition simultane-
ously downregulated ErbB2, adaptive RTKs, and mutant p53, and notably, its com-
bination with lapatinib prevented the development of lapatinib resistance in vitro 
(Yallowitz et al. 2018). Recently, a novel drug curaxin CBL0137, which has been 
shown to suppress HSF1 (Neznanov et al. 2011), entered a clinical trial (phase 1) in 
patients with metastatic or unresectable advanced solid cancers (Incuron) (Burkhart 
et al. 2014). Hence, pharmacological inhibition of HSF1 opens up a new therapeutic 

Fig. 7.1 Targeting mutant p53–Hsp90 axis in cancer. Blue line: cell membrane. Above the line 
represents extracellular material, and below the line represents cell cytoplasm. “Y”: different 
receptor tyrosine kinases. Blocked red lines: drug inhibition. Black arrows: activation. Black bro-
ken arrows: compensatory activation pathways. Blocked black line: protein-protein inhibition
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possibility for the clinical application of HSF1 inhibitors to prevent and/or delay the 
onset of lapatinib resistance in 72% ErbB2 positive breast cancer patients carrying 
mutant p53.

7.2  Conclusions

Although Hsp90 inhibitors have recently shown some clinical success, it becomes 
increasingly evident that patient selection and predictive biomarkers seem to be the 
main hurdle to the successful clinical utilization of Hsp90 inhibitors. Despite nearly 
400 proteins interacting with Hsp90 have been identified, the clinical value of these 
interactions remains unclear. As mutant p53 ablation in cancer cells shows a signifi-
cant survival benefit in multiple in vivo models, here we discussed the therapeutic 
potential of targeting mutant p53-Hsp90/HDAC6 axis to achieve mutant p53 deple-
tion in cancer cells. Future retrospective and prospective clinical studies are needed 
to confirm these preclinical studies and establish mutant p53-Hsp90/HDAC6 axis as 
an exploitable target.
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