
233© Springer Nature Switzerland AG 2019 
A. A. A. Asea, P. Kaur (eds.), Heat Shock Proteins in Signaling Pathways,  
Heat Shock Proteins 17, https://doi.org/10.1007/978-3-030-03952-3_12

Chapter 12
Targeting Heat Shock Proteins in Multiple 
Myeloma

Vijay P. Kale, Sangita Phadtare, Shantu G. Amin, and Manoj K. Pandey

Abstract The heat shock proteins (Hsp), the family of molecular chaperons, are 
key proteins in protein folding and maturation. The client proteins of Hsp are criti-
cal in number of biological processes including cellular proliferation, differentia-
tion, survival, metastasis, invasion, and angiogenesis. Thus, Hsp family becomes 
one of the desirable targets for cancer treatment. It has been demonstrated that Hsp 
overexpress in multiple myeloma and linked in poor prognosis and relapse. This 
chapter describes about the Hsp and their possible link with the pathogenesis of 
multiple myeloma. It addresses the advancement and challenges in the development 
of Hsp inhibitors.
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Bax Bcl-2-associated X
Bcl-2 B-cell lymphoma-2
Cdc37 cell division cycle 37
Chip carboxy terminus of Hsc70 interacting protein
Cns1 tetratricopeptide repeat domain 4
CR connecting linker region
CTD C terminal domain
ErbB epidermal growth factor receptor
ER Estrogen receptor
Her3 erb-b2 receptor tyrosine kinase 3
HIF-1α hypoxia inducible factor 1 subunit alpha
Hip Hsc70-interacting protein
Hop Hsp70-Hsp90 organizing protein
HSF-1 heat shock transcription factor-1, Hsp, heat shock proteins
MAPK Mitogen-activated protein kinase 1
MEEVD Met-Glu-Glu-Val-Asp motif
Mek1/2 mitogen activated protein kinase kinase
MD middle domain
NF-κB nuclear factor kappa-light-chain- enhancer of activated B cells
NTD N terminal domain
PP5 protein phosphatase 5
p23 prostaglandin E synthase 3
Smac second Mitochondria-derived activator of caspases
Tom70 translocase of outer mitochondrial membrane 70
TPR tetratricopeptide repeat domains
Unc45 unc-45 myosin chaperone B

12.1  Introduction

Heat Shock Proteins (Hsp) are the family member of highly conserved proteins (Wu 
et al. 2017). In addition to their most studied role in protein folding, Hsp are also 
involved in intracellular trafficking, signaling pathways, and immune responses. 
These functions enable Hsp to play critical roles in the regulation of protein homeo-
stasis, cell survival, development and differentiation. Based on the molecular 
weight, mammalian Hsp have been classified into five families: Hsp100, Hsp90, 
Hsp70, Hsp60, and small Hsp such as Hsp27. These proteins expressed differen-
tially in the cells depending on the cell conditions, though often times these proteins 
are constitutively expressed. These proteins can be found in different cellular com-
partments, for example, Hsp90 is produced in the nucleus and cytoplasm, while 
Hsp60 is produced in the mitochondria (Whitley et al. 1999). Based on the studies 
it has been illustrated that each family members are designated for specific function 
for example, Hsp90 family found to be involved in steroid receptor complex forma-
tion, while Hsp70 plays an important role in protein synthesis process including 
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folding, and Hsp60 provides protein stability. Along with the co-chaperones, Hsp90 
protein forms a huge complex, which interacts with variety of proteins involved in 
various biological processes such as proliferation, survival, angiogenesis, cell cycle, 
invasion, and metastasis. Importantly, it has been reported that a complex of Hsp90 
is required for activation of transcription factors (e.g. p53, NF-κB, HIF-1α), MAPK 
kinases (e.g. RAF-1), receptor tyrosine kinases (e.g. erbB) (Zagouri et al. 2012). 
Hsp70 interacts with a variety of proteins irrespective of their conformational 
stages, for example it may bind to unfolded, and natively folded proteins. Hsp70 
protects the cells against cellular stresses, lethal injuries, and apoptosis, thus, pro-
motes the cell survival. In cancer cells, it regulates intrinsic and extrinsic apoptosis 
by modulating caspase-independent apoptotic pathways (Kumar et  al. 2016). 
Because of the critical role of Hsp70 in cancer cell survival and proliferation, mam-
moth efforts have been made to develop Hsp70 inhibitors for cancers mostly other 
than multiple myeloma (Kumar et al. 2016).

The small Hsp are conserved among species. This family of Hsp play very 
important role in autophagy, degradation of proteasomes, development, differentia-
tion, and stress tolerance. In addition, small Hsp are anti-apoptotic in nature. The 
mutations in these proteins result in number of pathological conditions such as 
myopathies, neuropathies and cataract. It has been demonstrated that small Hsp 
bind with copper and suppress the generation of reactive oxygen species 
(Madamanchi et  al. 2001). This property of small Hsp is implicated in copper 
homeostasis and neurodegenerative disorders, such as Alzheimer, Parkinson 
(Bakthisaran et al. 2015). All together small Hsp have both beneficial and detrimen-
tal effects on human health.

In most of the cancers, Hsp are found to be overexpressed, which is linked with 
the proliferation, survival, invasion, and metastasis (Lianos et al. 2015; Teng et al. 
2012). Intracellularly, Hsp stabilize a number of oncogenic proteins, and facilitate 
the interaction of various signaling pathways associated with cancer. Because of 
their role in regulation and stabilization of a number of oncogenic proteins, the 
expression of Hsp is associated with poor prognosis of cancers including gastric, 
liver, prostate, osteosarcomas, breast, endometrial, uterine cervical, and bladder car-
cinomas. Hsp27 regulates the stability, nuclear shuttling and transcriptional activity 
of androgen receptor that are involved in prostate cancer (Azad et  al. 2015; 
Cordonnier et al. 2015; Teng et al. 2012; Zagouri et al. 2012). Altogether, Hsp thus 
prove to be an excellent anti-cancer targets (Ciocca and Calderwood 2005; Zhang 
et al. 2014).

Multiple myeloma, is a plasma cell neoplasm. The hallmark of multiple myeloma 
is the production of monoclonal proteins and bone loss (Palumbo and Anderson 
2011; Rajkumar and Kumar 2016). In last one decade the treatment options for 
multiple myeloma evolved beyond the expectations and now 5-year survival expec-
tancy is more than 50%, which is remarkable. Nonetheless, almost every patient 
relapse after successful initial treatment, thus there is always a demand for novel 
drug development. Because Hsp regulate a number of key proteins which are inte-
gral in the pathogenesis of multiple myeloma, it has become attractive therapeutic 
target. Along these lines, number of Hsp inhibitors have been developed and shown 
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promise (Born et al. 2013; Duus et al. 2006; Richardson et al. 2011c). Importantly, 
studies have demonstrated that these inhibitors possess the potential to inhibit drug 
resistance. How Hsp inhibitors control drug resistance is not fully understood, 
though a number of mechanisms have been proposed, for instance, inhibitor of 
Hsp27 induces the release of mitochondrial protein, Smac, and inhibits dexametha-
sone resistance in multiple myeloma cells (Chauhan et al. 2003).

In this chapter, we briefly discussed the roles of Hsp family members and current 
advancement in the development of Hsp inhibitors, particularly in multiple 
myeloma. Moreover, the strategies and challenges in targeting Hsp90 in particular 
is discussed in detail.

12.2  Role of Heat Shock Proteins in Cancer Cell Signaling

Hsp proteins play critical role in cancer cell survival (Calderwood and Gong 2016), 
because they interact with a variety of client proteins involved in regulation of cell 
cycle and inhibition of apoptosis (Chatterjee and Burns 2017). Thus, the importance 
of Hsp become more relevant in cancer cells as compared to their normal counter-
part, because malignant cells require more energy in order to survive in challenging 
hostile environment. Consequently, the high levels of Hsp are reported in variety of 
tumors including solid as well as hematological cancers including multiple myeloma 
(Ciocca and Calderwood 2005; Flandrin et al. 2008; Saluja and Dudeja 2008; Zhang 
et al. 2014).

12.2.1  Hsp90

The monomer Hsp90 contains three highly conserved domains: amino terminal 
domain (NTD), middle domain (MD), and carboxy terminal domain (CTD). Each 
domain is unique in function, for example, NTD mediates the binding of ATP, and 
MD facilitates the binding of Hsp90 to client proteins, and hydrolyzes ATP, while 
CTD mediates the dimerization of Hsp90, which is essential for its function 
(Fig. 12.1) (Ciglia et al. 2014; Colombo et al. 2008; Hawle et al. 2006; Nemoto 
et al. 1995; Ratzke et al. 2010). Both NTD and MD are connected by a long, flexi-
ble, charged linker. Monomer Hsp90 also contains peculiar motif at CTD site called 
MEEVD motif. The MEEVD motif facilitates the binding of Hsp90 to specific co- 
chaperons those contain TPR domains (Zuehlke and Johnson 2010). The ATP free 
Hsp90 exist in V-shaped open conformation. ATP binding induces conformation 
changes, which leads to a closed and active conformation. The overexpression 
Hsp90 has been observed in a variety of malignancies including multiple myeloma 
(Zhang et al. 2014). It has been demonstrated that proteins integral in cell cycle, 

V. P. Kale et al.



237

kinases, transcription factors, survival and anti-apoptotic proteins are the client of 
Hsp90 (Wayne et al. 2011). Thus Hsp90’s client proteins regulate number of key 
processes linked with “hallmarks of cancer” (Chatterjee and Burns 2017; Miyata 
et al. 2013).

12.2.2  Hsp70

The chaperon Hsp70 family facilitates protein folding process of client proteins 
(Saibil 2013). The overexpression of Hsp70 is linked with poor prognosis and 
aggressiveness of cancers (Lee et al. 2013; Murphy 2013). The HSP70’s client pro-
teins play key role in anti-apoptosis, senescence, and autophagy (Mayer and Bukau 
2005). It has been reported that Hsp70 is anti-apoptotic in nature and promotes the 
cancer cell survival and linked with drug resistance in a variety of cancers including 
multiple myeloma (Nimmanapalli et  al. 2008; Reikvam et  al. 2013; Yang et  al. 
2012). Number of mechanisms have been proposed regarding the role of Hsp70 in 
the regulation of apoptosis. Hsp70 protects the degradation of Bcl-2, suppresses 
Bax translocation to the mitochondria, and inhibits the recruitment of caspase 9 to 
apoptosome by binding to Apaf-1 (Li et al. 2000; Rerole et al. 2011). Overall, these 
studies demonstrate that targeting of Hsp70 is required in order to induce apoptosis 
and treatment of cancers including multiple myeloma (Bailey et al. 2015; Zhang 
et al. 2014).

Fig. 12.1 Schematic presentation of Hsp90 protein structure. The homodimer of Hsp90 contains 
a N terminal domain (NTD), connecting linker region (CR), middle domain (MD), and a C termi-
nal domain (CTD). Each domain has a specific function, for example NTD is responsible for 
ATPase and co-chaperone binding, MTD binds to client protein, and facilitates co-chaperon bind-
ing, and CTD is instrumental in dimerization. Targeting specific domains has developed various 
small molecule inhibitors. The inhibitors highlighted in red color have been identified in other than 
multiple myeloma
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12.2.3  Hsp27

Hsp27 is overexpressed in a variety of cancers including multiple myeloma, breast, 
colorectal, ovarian, and prostate that is correlated with poor prognosis, chemo- 
resistance, and tumor aggressiveness (Chauhan et al. 2003; Langdon et al. 1995; 
Voll et al. 2014; Wei et al. 2011; Yu et al. 2010; Zhang et al. 2014, 2016). Not only 
Hsp27 is critical in tumor survival, it is also instrumental in actin dynamics, cell 
migration and invasion. Studies have demonstrated that knocking down of Hsp27 
leads to suppression of bone metastasis in a breast tumor model (Gibert et al. 2012). 
Elevated levels of Hsp27 transcripts have been observed in multiple myeloma cells 
(Zhang et al. 2014). Using oligonucleotide array, Chauhan et al. (2004) showed that 
Hsp27 mRNA is highly expressed in Dexamethasone-resistant multiple myeloma 
cells versus Dexamethasone -sensitive multiple myeloma cells, which further sup-
ports its role in chemo resistance.

12.3  Molecular Structural Sites to Target Hsp90

Hsp90 proteins are evolutionarily conserved molecular chaperons accounting for 
almost 1–2% of total protein under normal condition (non-stressful) and 5–6% 
under stressful condition (Usmani and Chiosis 2011). The protein Hsp90, regulated 
by more than ten genes, is mainly an intracellular non-secretary localized in the 
cytoplasm, endoplasmic reticulum, mitochondria and small amount in nucleoplasm 
(Chen et al. 2005; ProteinAtlas 2018). However, Hsp90 are also secreted and found 
in the extracellular environment of cancer cells to some extent with role in metasta-
sis (Wong and Jay 2016). Considering intracellular abundance of Hsp90, small mol-
ecules and peptides may be ideal drug tools to target Hsp90 than the large molecules. 
Indeed, over a decade, a several synthetic molecules have been developed to inhibit 
Hsp90 and some also made to the clinical trials although none is yet approved by 
Food and Drug Administration (FDA). The possible drug-able sites on Hsp90 can 
be predicted by understanding the roles of different sites of Hsp90. As mentioned 
earlier the Hsp90 constitutes: NTD, connecting flexible linker region, MD, and 
CTD (Fig. 12.1) (Richardson et al. 2011b). The NTD is the site for nucleotide (ATP/
ADP) binding and interaction with co-chaperons. It is the site where ADP-ATP 
exchange and hydrolysis of ATP to ADP occurs. The binding of ATP makes the 
conformational changes in the Hsp90 molecule which is also coordinated by co- 
chaperons such as Hip, Hop, Cdc37, p23, immunophilins, and Aha1 which bind at 
NTD, MD or CTD.  These co-chaperons regulate the interaction of Hsp90 with 
nucleotides and substrate proteins (a.k.a. client proteins). Most of the client proteins 
bind to the MD during “immature” phase of the complex – just before ATP hydro-
lysis – and eventually becomes “mature” complex upon ATP hydrolysis (Sidera and 
Patsavoudi 2014). The set of required co-chaperons may differ with the client pro-
teins which emphasizes the significance of the role of co-chaperons in Hsp90 
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activity. Hence, all three sites on Hsp90 play crucial role in the function of Hsp90 
and therefore all three sites are plausible drug-able sites. However, each site poses 
challenges and benefits to target with the therapeutic. This basic understanding of 
mechanics of Hsp90 hints some possible targeting strategies: (1) Targeting ATP- 
binding site on Hsp90, (2) Targeting interaction of co-chaperons with Hsp90, and 
(3) Targeting interaction of Hsp90 with its client proteins.

12.3.1  Targeting ATP-Binding Site on Hsp90 (NTD and CTD)

Geldanamycin, radiciol and their derivatives bind to NTD and interfere with bind-
ing of ATP to NTD. However, it is important to note that geldanamycin and radiciol 
exhibit two different modes of binding within ATP-binding pocket. Although these 
drugs initially looked promising, they failed in clinical trials either due to toxicity or 
not having enough therapeutic effects, lowering the risk-benefit ratio. This might be 
due to ubiquitous nature of ATP binding sites on more than 500 kinases present in 
humans and hence more possibilities of off-target effects. However, this does not 
mean more specific ATP-competitive inhibitors cannot be developed. By rational 
drug design more selective inhibitors targeting cancer cells can be developed. The 
rational for development of cancer cell specific Hsp90 inhibitors is that cancer cell- 
derived Hsp90 shows 100-fold higher binding affinity to the inhibitors than Hsp90 
from normal cells (Kamal et  al. 2003). Moreover, two types of Hsp90 exists in 
cancer cells: major housekeeping Hsp90 which have low affinity for inhibitors and 
another type of stressed Hsp90 in complex with multi-chaperones with high affinity 
conformation (Moulick et  al. 2011). The small molecule PU-H71, which was a 
result of rational drug design, showed binding specificity for stressed cancer spe-
cific Hsp90-oncoprotein complex in chronic myeloid leukemia cells (Bcr-Abl- 
Hsp90), melanoma cells (B-Raf-Hsp90) and breast cancer cells (Her3-Hsp90 and 
Raf1-Hsp90). Per http://www.ClinicalTrials.gov, as on April, 2018, PU-H71 is 
being studied (“recruiting” status) in clinical trials as a combination therapy for 
breast cancer (with Nab-Paclitaxel) and myelofibrosis (with rituximab). Additionally, 
Phase 1 clinical trial for PU-H71 alone in patients with advanced malignancies 
shows status as “active but not recruiting”, while another clinical trial in patients 
with solid tumors and low-grade Hodgkin’s lymphoma has been terminated. Phase 
1 clinical trial data indicated that PU-H71 was well tolerated with some tumor 
regression in cervical squamous cell carcinoma (SCC; 22.6%), triple negative breast 
cancer (8.3%), ER positive breast cancer (25.6%), penile SCC (20.8%), and mar-
ginal zone lymphoma (20.6%) (Gerecitano et al. 2015). However, its effect in mul-
tiple myeloma is not yet clear. In this trial, 5 patients out of 40 exhibited dose 
limiting toxicities such as mucositis, liver enzyme elevation (ALT and AST), nau-
sea/vomiting, intolerable myalgia, anemia, and intolerable headache (Gerecitano 
et al. 2015).

CTD of Hsp90 has another putative ATP-binding site which may be involved in 
allosteric regulation of conformational change of Hsp90 during activity. Novobiocin 
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was the first small molecule inhibitor to be identified as inhibitor of Hsp90 at CTD 
(Marcu et  al. 2000). Eventually cisplatin, epigallocatechin-3-gallate (a green tea 
component), and taxol were also identified as CTD inhibitors (Donnelly and Blagg 
2008). A novel CTD inhibitor, KU675, has shown to be effective in vitro in prostate 
cancer cell lines. KU675 selectively inhibited HSP90α (Kd = 191 μM) over HSP90β 
(Kd = 726 μM) (Liu et al. 2015). However, its activity in multiple myeloma cells is 
not known. One probable advantage with CTD-binding Hsp90 inhibitors is that they 
do not induce stress response in cells and hence less chances of developing 
resistance.

12.3.2  Targeting Interaction of Co-chaperons with Hsp90

Binding of co-chaperons is essential for the activity of Hsp90. The list of Hsp90 
co-chaperons includes Aha1/Ch1 (stimulates Hsp90 ATPase), p23 (involved in mat-
uration of client proteins at later stage), Cdc37 (involved in protein kinase folding), 
Cns1 (uncertain role), Unc45 (involved in myosin assembly), PP5 (protein phospha-
tase), Tom70 (mitochondrial preprotein import), Chip (ubiquitin ligase), and HOP 
(connects Hsp70 and Hsp90, and transfers client proteins) (Caplan 2003). Inhibition 
of Hsp90 at NTD has shown to induce heat shock response by upregulating Hsp70 
and hence conferring resistance to Hsp90 inhibitors. In view of that, targeting inter-
action of co-chaperon with Hsp90 seems to be a viable alternate strategy to make 
Hsp90 dysfunctional. Novobiocin which was initially discovered to bind ATP bind-
ing site at CTD, also interferes with binding of p23 and Hsc70 with Hsp90 and 
hence its activity. The co-chaperon p23 helps in maturation of the client proteins. 
Hence, in absence of maturation, the client proteins will undergo proteasome- 
dependent degradation. Similarly, celastrol and gedunin were also identified to inac-
tivate p23 and substrate maturation (Chadli et al. 2010; Patwardhan et al. 2013). 
Before identifying celastrol and gedunin as p23 inhibitors, these agents were identi-
fied as inhibitors of co-chaperon Cdc37 during gene-expression based target path-
way identification analysis (Hieronymus et al. 2006). Mechanistic studies revealed 
that celastrol induces large conformational change in N-terminal ‘kinase-binding’ 
domain and middle ‘Hsp90 (N-terminal)-binding domain’ of Cdc37 resulting in 
disruption of Cdc37-Hsp90 complex formation and destabilization of numerous 
kinase client proteins (Sreeramulu et al. 2009). However, although optimistic, effi-
cacy of these inhibitors need yet to be investigated in multiple myeloma cancer cell 
types. Another important co-chaperon Aha1 binds to NTD and MD of Hsp90 and 
stimulates ATPase activity at those sites. siRNA mediated selective inhibition of 
Aha1 decreased activity of C-Raf, and levels of Mek1/2 and Erk1/2 in colon cancer 
cells (Holmes et  al. 2008). Recently identified small molecule HAM-1 binds to 
NTD of Hsp90 overlapping with Aha1 interacting site (Stiegler et al. 2017). Thus 
HAM-1 interferes with transient interaction of Aha1 and NTD of Hsp90, without 
dissociating Hsp90-Aha1 complex, but affects catalytic activity of Hsp90 and activ-
ity of Hsp90-Aha1 dependent client proteins in yeast.
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12.3.3  Targeting Interaction of Hsp90 with Its Client Proteins

The main function of Hsp90 is to ensure proper folding of client proteins for their 
proper activity. Hence, targeting the interaction of Hsp90 and their substrate 
becomes a logical strategy to inhibit function of Hsp90. A considerable body of 
evidence from structural and functional analysis indicates that middle segment of 
Hsp90 plays a crucial role in binding of Hsp90 with the client proteins (Meyer et al. 
2003). One of such client proteins is androgen receptor (AR). Targeting AR has 
been a promising strategy to treat prostate cancer. In vitro studies revealed that 
Hsp90 stabilizes AR in the inactive conformation and is responsible for the nuclear 
translocation and transcriptional activity of androgen bound-AR (Georget et  al. 
2002). Although these studies reveal necessity of Hsp90-AR interaction in prostate 
cancer, it is less doubtful that this mechanism will be applicable for other client 
proteins that are key to multiple myeloma. A topoisomerase-I inhibitor, camptoth-
ecin, has been shown to disrupt association between Hsp90 and AR, interferes in 
binding of androgen to AR leading to inhibition of cell growth in LNCaP prostate 
cancer cells (Liu et al. 2010). Another such example of Hsp90-client protein inter-
action is Hsp90-survivin. Survivin plays a key role in promoting cell proliferation 
and preventing apoptosis in cancer cells (Wheatley and McNeish 2005). Fortugno 
et  al. reported that survivin proteins remain physically associated with Hsp90  in 
human cervical cancer HeLa cells (Fortugno et al. 2003). They further demonstrated 
that Hsp90 is required for stability of survivin and inhibition of Hsp90 by geldana-
mycin induced proteasome-dependent degradation of survivin. Plescia et al., cre-
atively identified minimal amino acid sequence in survivin that can block 
Hsp90-survivin interaction by using synthetic peptidyl mimicry (Plescia et  al. 
2005). The resultant peptide from this sequence was named shepherdin. Shepherdin 
inhibited interaction of survivin and Hsp90 not by binding at the middle domain, but 
at N-terminal ATP binding site of Hsp90 which is slightly different than geldanamy-
cin site in that shepherdin does not require geldanamycin-specific D93 site for its 
activity. Shepherdin selectively killed cancer cells (prostate carcinoma and HeLa 
cells) over normal cells indicating less probability of having off-target effects or 
overt toxicity. Moreover, shepherdin also showed promising anticancer effects in 
prostate and breast cancer mouse models. Altogether, these studies suggest that 
strategy to disrupt Hsp90-client protein interaction may well work in multiple 
myeloma as well.

12.4  Hsp90 Inhibitors

There are many Hsp90 inhibitors in the clinical trials, however none is approved by 
FDA or European Medicines Agency (EMA) so far for the treatment of multiple 
myeloma (Table  12.1). The Hsp90 inhibitors are being studied in clinical trials 
either alone or in combination with existing preferred therapeutics which 
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predominantly include bortezomib and dexamethasone. However, the clinical trial 
results indicated that Hsp90 inhibitors are more effective in combination with stan-
dard multiple myeloma chemotherapy. The molecular mechanisms for its reasons 
are discussed in following section. The obvious reason for better efficacy in combi-
nation with bortezomib is by combined inhibition of Hsp90 and proteasomal degra-
dation leads to increased accumulation of unfolded proteins and enhanced unfolded 
protein response (UPR) in cancer cells leading to activation of apoptotic pathways.

The 17-AAG was the first geldanamycin derivative to enter in the clinical trials. 
However, poor solubility, limited bioavailability, and overt toxicity limited its suc-
cess. In these trials, 17-AAD was studied as a single agent with no/minimal efficacy 
in multiple myeloma patients. However, some adverse events like diarrhea, hepato-
toxicity, gastrointestinal complaints, and nausea were observed in patients. However, 
combination of 17-AAG with bortezomib in Phase 1/2 and abbreviated Phase 2 
clinical trials showed some promising response rate and diminished severity of 
bortezomib- induced peripheral neuropathy in multiple myeloma patients 
(Richardson et al. 2010, 2011a). A Hsp90 inhibitor, NVP-AU922, was studied in 
Phase 1/1B clinical trials either as a monotherapy or in combination with bortezo-
mib for treatment of multiple myeloma. During the treatment, 12 out of 24 (50%) 
patients discontinued the NVP-AU922 treatment for various reasons while 8 out of 
remainder 12 showed adverse events without partial or complete response which 
may be due to compensatory upregulation of Hsp70, another chaperon like Hsp90. 
However, 66.6% patient showed disease stabilization. All the five patients enrolled 
in NVP-AU922 (50  mg/m2) plus bortezomib (1.3  mg/m2) combination therapy 
showed adverse events and 3 out of 5 showed dose limiting toxicities (Seggewiss- 
Bernhardt et al. 2015). Similar effect of disease stabilization was observed in mul-
tiple myeloma patients during Phase 1 clinical trial of PF-04929113, a Hsp90 
inhibitor (Reddy et al. 2013). The treatment with PF-04929113 also showed some 
adverse events (Table 12.1). Both NVP-AU922 and PF-04929113 had shown sig-
nificant anticancer activity in in  vitro and in  vivo models (Okawa et  al. 2009; 
Stuhmer et al. 2008).

12.5  Challenges in Targeting Hsp90

It is intriguing to question that why none of the Hsp inhibitors have been yet 
approved by FDA in spite almost 20 such inhibitors have gone through clinical tri-
als. The analysis of data published about Hsp90 inhibitors indicate two possible 
reasons for their failure: No better efficacy than existing treatment regime; and tox-
icity/adverse events. Clinical trials have revealed that inhibition of Hsp90 did not 
lead to a remarkable cure rather at the most it stabilized the disease (Ramanathan 
et al. 2007; Reddy et al. 2013; Seggewiss-Bernhardt et al. 2015). One of the main 
reasons for Hsp90 inhibitors for not achieving desirable efficacy in cancer patients 
is induction of heat shock response in cancer cells in response to Hsp90 inhibition 
and induction of other compensatory mechanisms. This compensatory phenomenon 
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is not new to be observed in cancer cells. To adhere to the Darwin’s theory of evolu-
tion, cancer cells remodel themselves to survive the repeated attacks of chemother-
apy. Normal eukaryotic cells (and cancer cells as well) have a huge incomprehensible 
network of cellular proteins and their signaling. Under normal conditions, there are 
some ancillary and “redundant” (not really!) pathways, the role of which may not be 
much appreciated in normal cells by the scientists. However, these “redundant” 
pathways drive the survival process in cancer cells when their “main” networks are 
disrupted by chemotherapy. The similar process has been indicated to be involved 
in targeting Hsp90. During clinical trials of Hsp90 inhibitors, expression of Hsp70 
protein is monitored as pharmacodynamic biomarker for Hsp90-inhibitors and 
indeed, Hsp70 was found to be upregulated in the patients treated with Hsp90 inhib-
itor 17-AAG (Banerji et al. 2005; Goetz et al. 2005; Ramanathan et al. 2007; Solit 
et  al. 2007). It is hypothesized from the molecular studies that the resistance to 
Hsp90 inhibition by 17-AAG and NVP-AUY922 may be a result of compensatory 
overexpression of Hsp70 and Hsp27 chaperons (McCollum et al. 2006; Seggewiss- 
Bernhardt et al. 2015). Hsp90 is a negative regulator of HSF-1 and inhibition of 
Hsp90 activates HSF-1 in homotrimer form. The activated HSF-1 in turn induces 
expression of chaperones such Hsp70 and Hsp27 and co-chaperons like Aha1 which 
have major pro-survival roles. Hsp70 binds to Bax (a proapoptotic protein) prevent-
ing it to localize in mitochondria and induce apoptosis (Guo et al. 2005). Considering 
anti-apoptotic role of Hsp70, no wonder that Hsp70 offers protection against neuro-
degenerative diseases and trauma by modulating inflammatory and apoptotic path-
ways (Magrane et  al. 2004; Yenari 2002). This is considered as a plausible 
mechanism behind neuroprotective effect of tanespimycin, a Hsp90 inhibitor, in 
bortezomib-induced peripheral neuropathy (Argyriou et  al. 2008; Cavaletti and 
Jakubowiak 2010; Flint et al. 2009; Richardson et al. 2011a). Clinically, other com-
pensatory mechanisms conferring resistance to Hsp90 inhibitors needs to be shunted 
for their full effect. The other chaperones like Hsp70 and Hsp27 needs to be inhib-
ited simultaneously either by another inhibitor or a single inhibitor with selective 
poly pharmacologic effect blocking these chaperones along with Hsp90 (McCollum 
et al. 2008). The siRNA mediated abrogation of Hsp70 along with Hsp90 inhibition 
has proved to be an effective strategy to overcome Hsp70 medicated resistance to 
17-AAG treatment in acute myelogenous leukemia (AML) cells (Guo et al. 2005). 
Similarly, Hsp70 inhibition with VER155008 has also exhibited potentiation of 
Hsp90 inhibitor (17-AAG)-induced apoptosis in human colon cancer cells (Massey 
et al. 2010). The other small molecule inhibitors of Hsp70 such as A17, ADD70 and 
PES, have been developed although for non-multiple myeloma cancers (Jego et al. 
2013). There is hope that these small molecule inhibitors of Hsp70 can be effective 
as a co-treatment with Hsp90 inhibitors in multiple myeloma as well. In 2015, Lu 
et  al. had reported discovery of KU675, a selective small molecule inhibitor of 
Hsp90α (Kd = 191 μM) and Hsp70 (Kd = 76.3 μM) over Hsp90β (Kd = 726 μM), and 
anticancer activity in prostate cancer cells (Liu et al. 2015). It is intriguing to ques-
tion whether this dual inhibitor of Hsp90 and Hsp70 will show activity in multiple 
myeloma cells. The natural flavonoid quercitin and synthetic small molecule inhibi-
tor KNK437 have been found to inhibit Hsp70 expression at mRNA level mediated 
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by HSF-1 inhibition in HeLa human cervical cancer, HL-60 AML or COLO 320DM 
human colon carcinoma cells (Guo et  al. 2005; Nagai et  al. 1995; Yokota et  al. 
2000). Moreover, HSF-1 induction in response to Hsp90 inhibition with 17-AAD 
also induces activity of co-chaperons like Aha1 which increases the phosphoryla-
tion of pro-survival kinases like Mek1/2 and Erk1/2 and activity of c-Raf in HT-29 
colon cancer cells (Holmes et al. 2008). However, selective silencing of Aha1 along 
with 17-AAD in these studies sensitized HT-29 cells to 17-AAD treatment with 
two- to threefold increase in apoptosis. Although, these results need to be confirmed 
in multiple myeloma cells, these strongly indicate that combination therapy of 
Hsp90 inhibitors and co-chaperon inhibitors may be effective in developing such a 
therapeutic strategy for multiple myeloma. Actually, in 2017, Stiegler et al. identi-
fied small molecule HAM-1 as an inhibitor of Hsp90-Aha1 complex (Stiegler et al. 
2017). Co-inhibition of HSF-1, which is considered as main cause of developing 
‘heat shock response’-mediated resistance to Hsp90 inhibitors, may also seem an 
attractive strategy. But, as a word of caution, targeting HSF-1 with small molecule 
inhibitors may bring challenges of non-specific inhibition of HSF-1 in normal cells 
as well, which can lead to toxicity. This issue can be circumvented by synthesizing 
cancer specific antibody-drug conjugates which can be delivered specifically to 
tumors only and thus avoiding any untoward effects resulting from inhibition of 
HSF-1 in normal cells. The alternate strategy could be to inhibit the final product of 
these co-chaperones, like glutathione (GSH) of Hsp27, which is also responsible for 
conferring resistance to Hsp90 inhibitors (McCollum et al. 2006). The delivery of 
the drug to the inaccessible Hsp90 located in the mitochondria would be challeng-
ing, which may also confer some degree of resistance to Hsp90 inhibitors (Piper and 
Millson 2011).

Another challenge is to develop relatively safe Hsp90 inhibitors. Inherently, any 
therapeutic that binds to the ATP-binding pocket of kinases are promiscuous for the 
target with low selectivity. This results in increased toxicity and adverse events. 
This observation is supported by adverse events reported the clinical trials on Hsp90 
inhibitors. These adverse events ranged from ocular toxicity (night blindness, pho-
tophobia, and visual impairment), diarrhea, nausea, prolonged QTc, thrombocyto-
penia, peripheral neuropathy, pneumonia, and hyponatremia. However, the ultimate 
decision for the development of such inhibitors targeting ATP-binding sites depends 
on continual efforts in improving their specificity and their risk-benefit ratio.

12.6  Conclusions

It has now been established that targeting one protein or signaling pathways would 
not be sufficient for multiple myeloma treatment. Therefore, targeting selective 
multiple proteins and signaling pathways concurrently is the future of cancer treat-
ment, particularly multiple myeloma. Along these lines, combination therapies are 
now common practice in myeloma treatment. Furthermore, poly pharmacological 
agents have been also appreciated and got great amount of attention recently. It may 
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be worthwhile approach to target chaperone proteins because these proteins regu-
late a number of key events in carcinogenesis. As Hsp are highly expressed in can-
cer cells as compared to their normal counterpart, it makes them an attractive target. 
Importantly, early results from combination clinical trial are encouraging. 
Furthermore, targeting several Hsp together may be a good option as it has been 
observed that simultaneous inhibition of Hsp90 and Hsp70 is more effective com-
pared to single targeting, nonetheless, further studies are required to fully validate 
this observation (Cavanaugh et  al. 2015). Despite the progress in Hsp inhibitor 
development there are several challenges that need to be addressed. First, the com-
plete understanding of the mechanism is required, because Hsp exist in several iso-
forms and perform similar functions. Dissecting the roles of individual Hsp and the 
effect of combined inhibition of multiple Hsp is the key in order to develop an effec-
tive treatment strategy against myeloma. Second, the development of suitable Hsp 
inhibitors for the clinic remains a major challenge. Overall, much more effort is 
needed for targeting Hsp and exploiting this protein for better treatment in multiple 
myeloma.
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