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Chapter 3 
 

Hsp70 Acts as a Guardian of Cell Survival By Inhibiting Multiple Cell Death 

Pathways 

 

3.1 Abstract 

Hsp70 is a multi-functional chaperone that has been implicated in numerous 

cancers and as a target for several therapies. However, this target has proven difficult to 

inhibit with small molecules. In the previous chapter, we described JG-98, a novel 

allosteric Hsp70 modulator. JG-98 displayed significant activity against a panel of 

cancer cell lines (EC50 ~ 400 nM) and favorable pharmacokinetics in mice. In this 

Chapter, we use JG-98 as a new chemical tool compound to explore the roles of Hsp70 

in cancer cell survival. We report that JG-98 triggers apoptosis in a Bcl-2 independent 

and RIP1-kinase dependent fashion. Further, under conditions in which apoptosis is 

blocked, JG-98 retained its cytotoxic activity, exploiting RIP1’s unique capability to 

facilitate programmed necrosis (necroptosis). The ability of JG-98 to induce non-

apoptotic cell death has important implications for chemotherapeutic drug development. 

Moreover, these results also suggest that the roles of Hsp70 in cancer are distinct from 

those of Hsp90, as this chaperone is linked to multiple cell death pathways. 
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3.2 Introduction 

To aid in the survival of numerous cytotoxic signals, most cancers express 

elevated levels of molecular chaperones, including heat shock proteins 70 (Hsp70) and 

90 (Hsp90) (1–6). Both chaperones cooperate to stabilize several oncogenic “clients”, 

provide resistance to cell death, and protect against radiation and chemotherapy (7–9). 

These pro-survival activities make Hsp70 and Hsp90 promising nodes for potential anti-

cancer therapies. Hsp90 is the more well-studied chaperone and has been shown to 

govern a large subset of the proteome devoted to oncogenic activity, including kinases 

and transcription factors (7, 10–12). Indeed, Hsp90 is so centrally positioned amongst 

these oncogenic effectors that it has been called the “Cancer Chaperone” (13–15). 

Further, a substantial number of small molecules have been developed to inhibit Hsp90 

(16), and these compounds display potent efficacy in several cancer models. Yet, 

despite their pre-clinical successes, many of these inhibitors have struggled in clinical 

trials. Patients often respond quite well initially, only to relapse a short time later (17–

20). Their tumors grow back, and resume resistance to the chemotherapeutics and 

radiation therapy originally sensitized by Hsp90 inhibition (21, 22). Although the direct 

mechanisms for this restored oncogenic activity and resistance are unclear, the 

induction of Hsp70 expression upon treatment with these compounds is thought to play 

a vital role (20, 23, 24).  

Indeed, Hsp70 itself has been shown to be upregulated in a large number of 

cancers and to correlate with disease progression and resistance to traditional first-line 

therapies (8, 25–27). Moreover, studies have shown that knockdown of Hsp70 greatly 

enhances the efficacy of Hsp90 inhibitors (28). While the clients of Hsp90 are well 
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known (see above) and it is apparent that Hsp90 inhibitors induce apoptosis (7, 10, 11), 

the exact mechanisms by which Hsp70 protects against cell death remain unclear. 

Although many reports have suggested that Hsp70 regulates Hsp90 clients (28–30) and 

that it shares the ability of Hsp90 to inhibit both the extrinsic and intrinsic pathways of 

apoptosis (31), it is uncertain if Hsp70 is restricted to only these activities. Studies to 

clarify Hsp70’s oncogenic activity have been limited, in part, by the lack of successful 

Hsp70-targeting small molecules. In the previous Chapter, we discussed the synthesis 

and preliminary characterization of JG-98, a novel allosteric modulator of Hsp70 and 

derivative of the rhodocyanine MKT-077 (32). JG-98 “trapped” Hsp70 in an ADP-bound 

state with a low affinity for nucleotide exchange factor (NEF) co-chaperones and 

increased substrate binding. JG-98 also displayed potent activity against multiple 

cancer cell lines and it had improved metabolic stability in vivo. In this Chapter, we 

further analyze JG-98’s cytotoxic activities and describe its synergistic activity with 

Hsp90 and proteasomal inhibitors. Using JG-98, we made the unexpected discovery 

that Hsp70 blocks multiple cell death pathways through the cell-death switch RIP1 

kinase, suggesting Hsp70’s involvement in proteostasis is broader than previously 

known.  
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3.3 Results 

 

3.3.1 JG-98 Triggers Degradation of Classical Hsp90-Clients and Induces 

Apoptotic Cell Death 

In the previous chapter, we showed that JG-98 stabilized Hsp70 in an ADP-

bound conformation, with a low affinity for Bag3 co-chaperone, and high affinity for 

protein substrates. Interrupting Hsp70’s chaperone cycle appears to target chaperone 

clients for degradation, including Akt, Raf-1, and Cdk4 kinases (Figure 3.1.A), similar to 

what is observed after treatment with 17-DMAG, an Hsp90 inhibitor, or bortezomib. 

However, unlike Hsp90 or proteasome inhibition, JG-98 did not induce a stress 

response in MDA-MB-231 cells (Figure 3.1.A), as shown by the constant levels of 

Hsp70. The lack of a stress response by JG-98 is consistent with previous work from 

our group, showing that Hsp70 inhibitors with a variety of mechanism do not promote a 

stress response (33, 34).  

We observed caspase-3 and PARP cleavage upon JG-98 treatment, and thus 

investigated whether these molecular changes were reflective of an apoptotic cascade. 

Microscopy revealed apoptotic-like features such as cell shrinkage, rounding, and 

membrane blebbing (Figure 3.1.B) after 24 hours. Further, Hoechst staining revealed 

DNA-fragmentation and 80% of the cells treated with JG-98 became double positive for 

the apoptotic markers annexinV+ and DAPI- after 48 hours (Appendix 3.1). Together, 

this data suggest that JG-98 triggers degradation of classical Hsp90-clients and induces 

a classic caspase-dependent apoptotic cascade.  
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3.3.2 Targeting Hsp70 is Highly Synergistic with Hsp90 or Proteasomal Inhibition  

Due to their apparent cooperative activities in governing the oncogenic proteome, 

it has been suggested that combinatorial therapy targeting both Hsp70 and Hsp90 or 

the proteasome would be highly synergistic. Powers et al. showed that knockdowns of 

both Hsc70 and Hsp72 potentiated treatment with the Hsp90 inhibitor 17-AAG (28). 

Other studies have also shown synergy between small molecule inhibitors of Hsp70 and 

Hsp90 (29, 35). However, these studies have been limited by the lack of potent 

compounds targeting Hsp70. Additionally, the mechanism of synergy for these 

combinations has not been fully characterized.  
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Before moving on, it is worthwhile to note that the term “synergistic” is often 

mistakenly used to describe compounds that are merely “additive.” Particularly with 

regards to chemotherapeutics, adding one cytotoxic agent to another will usually result 

in increased cell death. However, the true definition of synergy is actually quantitative 

(36), and can only be measured by calculating the Combination Index (CI), a readout of 

the ratio between the most potent combination doses (e.g. Two drugs at doses CX and 

CY) and the individual IC values for those drugs (e.g. ICX and ICY). Thus, the CI value 

for any desired effect (in this case, percent cell death) can be calculated as: 

€ 

CI(%) = [ CX

IC(%)X
]+ [ CY

IC(%)Y
] 

Values less than 1 indicate synergy, while greater than 1 suggests an antagonistic 

nature. A CI value equal to 1 defines a simple additive effect. 

To understand the true effect of targeting both Hsp70 and Hsp90 or the 

proteasome, we combined JG-98 with 17-DMAG or bortezomib and measured the 

viability of MDA-MB-231 cells  (Figures 3.2.A and 3.2.D). Both JG-98/17-DMAG and JG-

98/bortezomib combinations exhibit very strong synergism with decreasing CI values at 

increased cell death (CI95 values < 0.2) (Figures 3.2.B and 3.2.E). The exact 

mechanism for this improved synergy at more cytotoxic dosing is unclear, but a 

potential explanation is provided here. We have previously commented that both 17-

DMAG and bortezomib suffer from resistance through Hsp70 induction, and that this 

stress response occurs in a dose-dependent manner. Thus, it is reasonable to suggest 

that the addition of an Hsp70 inhibitor, such as JG-98, would be most synergistic when 

the stress response phenotype is peaked - in this case, at higher doses. Interestingly, 

JG-98/bortezomib, when given at 1:1 ratios, did not display this trend. In this case, the 
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higher content of bortezomib in that particular dose ratio likely triggers a stress 

response at lower cytotoxic values, thus facilitating strong synergy at all CI ratios. 

To further characterize the synergy between members of the PQC machinery, we 

examined whether the combinations of compounds would have an effect on the stability 

of chaperone clients. We found that combinations of JG-98 with 17-DMAG or 

bortezomib caused dramatically improved degradation of Akt, Raf-1, and Cdk4. These 

clients were degraded at significantly lower concentrations when used in concert 

(Figures 3.2.C and 3.2.F). The combinations of 17-DMAG and bortezomib with JG-98 

induced a stress response when the two compounds were added simultaneously. 

However, pre-treatment of cells with JG-98 for 4 hours blocked the stress response 

induced by 17-DMAG (Neckers unpublished/personal communication). 
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3.3.3 JG-98 Induces a Rapid Cell Death 

Thus far, the results seemed to indicate that Hsp70 and Hsp90 have similar and 

largely redundant roles in protecting chaperone clients and inhibiting apoptosis. 

However, we noted that the effect of JG-98 on the chaperone clients (when used as a 

single agent) were relatively modest. Moreover, cell death in response to JG-98 

treatment was rapid when compared to Hsp90 or proteasome inhibition (Figure 3.3.A). 

The kinetics of cell death did not coincide with loss of Akt, Raf-1 or Cdk4, which were 

only lost hours after the initiation of cell death in the MDA-MB-231 cells (Figure 3.3.B). A 

striking feature of Hsp90 inhibitors is that the loss of clients occurs at the same time as 

the initiation of cell death (37, 38). These observations were our first indication that 

there was a substantial difference in the way that Hsp70 and Hsp90 were protecting the 

cells from cell death.  
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3.3.5 JG-98’s Cytotoxicity Proceeds Independently of the Mitochondria 

To further understand the apoptotic cascade triggered by JG-98, we genetically 

overexpressed the Bcl-2 family member, Bcl-xL in MDA-MB-231 and Jurkat cells using 

a lentiviral system. Overexpression of Bcl-xL blocked the cytotoxicity of 17-DMAG and 

bortezomib, as expected, but it did not impede JG-98 cytotoxicity (Figures 3.4.A and B). 

Microscopic examination revealed that JG-98 treatment still induced features consistent 

with apoptosis, similar to cells transduced with lentiviral vector only (Figure 3.4.C). 

Control transduced cells showed cytosolic release of both cytochrome c and 

Smac/DIABLO, suggesting that JG-98 engages the mitochondrial death pathway en 

route to apoptosis (Figure 3.4.D). However, Bcl-xL overexpression only suppressed 

relocalization of Smac, while JG-98 still triggered release of cytochrome c. The ability of 

JG-98 to induce cytochrome c release even in the presence of high Bcl-xL levels likely 

results from its actions on mitochondrial Hsp70 (see Chapter 2: Conclusions). The exact 

mechanism for this selective effect on cytochrome c will be the subject of future studies, 

but the result has enormous implications for treatments of several cancers where Bcl-2 

overexpression is a driving mutation, such as in follicular lymphoma (39).  
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3.3.5 Caspase Inhibition Alters JG-98 Cytotoxic Phenotype  

Despite circumventing Bcl-2 inhibition, JG-98’s cytotoxic effects appear to trigger 

caspase-3 cleavage and thus, should be recovered by blocking caspase activity. To this 

end, we pre-treated MDA-MB-231 and Jurkat cells with z-VAD.fmk, a pan-caspase 

inhibitor. Although it recovered viability for cells treated with 17-DMAG or bortezomib 

(Figure 3.5.A and Appendix 3.2), z-VAD.fmk did not block JG-98 cytotoxicity. We 

examined the treated cells by fluorescent microscopy and observed that pre-treatment 

with z-VAD.fmk prior to JG-98 yielded cells with swollen cytoplasm and intracellular 

granules (Figure 3.5.B). These morphological features are consistent with necrosis 

instead of apoptosis. As further evidence of this alternative cell death pathway, we 

observed no nuclear fragmentation in z-VAD pre-treatments by Hoechst stain.  
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3.3.6 Cytotoxic Effects of JG-98 Depend on RIP1-Kinase 

RIP1 is a kinase that directs cells into either the apoptotic or necroptotic 

(programmed necrosis) cascades (40–42). Because JG-98 appeared to be directing 

cells into both pathways, we explored whether Hsp70 might be involved in RIP1 

regulation. We first explored RIP1-/- Jurkat cells and found they were resistant to JG-98 

treatment (Figure 3.6.A). Similarly, treatment with the small molecule Necrostatin-1 
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(Nec-1), a recently discovered inhibitor of RIP1’s kinase activity (43), also blocked JG-

98 cytotoxicity. Nec-1 is also capable of blocking necroptosis under conditions where 

apoptosis has already been inactivated (44). Consistent with this activity, cells pre-

treated with Nec-1 were nearly completely resistant to treatment with JG-98 (Figure 

3.6.B and Appendix 3.2). Together these data suggest JG-98’s cytotoxicity is dependent 

on RIP1, and specifically its kinase activity. 

We then examined JG-98’s direct effects on RIP1 and its modulators. It has 

recently been identified that RIP1 is constitutively ubiquitinated by the E3 ligases XIAP, 

c-IAP1, c-IAP2, and cFLIP (45). JG-98 treatment induced dose-dependent degradation 

of all these negative modifiers (Figure 3.6.C). However, RIP1 levels were unaffected, 

suggesting one of two mechanisms: 1) JG-98 does not lead to RIP1 stabilization but 

merely prevents basal RIP1 degradation; or 2) JG-98 frees a separate pool of RIP1 that 

is normally degraded and is capable of triggering cell death. 

To test if the role of Hsp70 in RIP1 regulation was more directly related to cell 

death, we measured how fast RIP1 modulators were degraded in response to JG-98. 

Unlike what we observed with the loss of Akt and other classic clients, we found that the 

kinetics of RIP1 modulator degradation more closely paralleled cytotoxicity (Figure 

3.6.D). In addition, we noticed that the loss of Inhibitor of Apoptosis Proteins (IAPs) was 

less pronounced than the degradation of both isoforms of cFLIP. Thus, stabilization of 

cFLIP might be an especially important role for Hsp70. 
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3.3.7 JG-98 Activates a Novel RIP1-Dependent Death Pathway 

We then investigated the cellular processes involving RIP1 that might be 

triggered by JG-98. One major role for RIP1 is as a central scaffold in TNF-Receptor I, a 

complex capable of mediating both apoptosis and necroptosis (40). Recently, it has 

been shown that autocrine-TNF-producing cells, such as MDA-MB-231, are sensitive to 

small molecule mimetics of Smac/DIABLO (41), and that this cytotoxicity proceeds 

through TNF-R1. We investigated this possibility, and found that an antibody against 

TNF-R1 (Enbrel) was unable to prevent JG-98 mediated cell death, though it 

significantly recovered treatment with a smac-mimetic SM-164 (Figure 3.6.E). Further, 

JG-98 showed no activation of the NF-κB pathway (Andy Kocab, Duckett Lab, 

Michigan). These results are consistent with Hsp70 serving a role in regulating RIP1 

independent of TNF-R1. 

 Recently, a novel cytosolic death complex, the “Ripoptosome”, has been 

described to consist of RIP1, caspase-8, and FADD (41). The Ripoptosome was shown 

to be a unique species from TNF-R1 Complex II, though the constituents were largely 

the same. Like TNF-R1 Complex II, the Ripoptosome is negatively regulated by the 

IAPs and cFLIPL. To determine if JG-98 triggered formation of the Ripoptosome, we 

immunoprecipitated Caspase-8 and blotted for RIP1 interaction. As expected, SM-164 

induced a strong association between caspase-8 and RIP1; however, this interaction 

was not promoted by JG-98 (Figure 3.6.F). Thus, the RIP1-mediated cell death induced 

by JG-98 appears to proceed through a new mechanism. 
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3.3.8 Blockade of both Apoptosis and Necroptosis is Necessary to Inhibit JG-98 

Cytotoxicity 

 Next, we wondered whether blocking necroptosis would be sufficient to inhibit 

cytotoxicity in response to JG-98. To test this idea, we employed the necroptosis-

specific inhibitor, Necrosulfonamide (NSA) (46). Pretreatment of MDA-MB-231 or Jurkat 

cells did not protect against JG-98 cytotoxicity (Figure 3.6.G and Appendix 3.2). 

However, the combination of z-VAD.fmk and NSA was sufficient to block JG-98 (Figure 

3.6.H and Appendix 3.2), suggesting that inactivation of both apoptotic and necroptotic 

pathways are required to recover cell viability. This data recapitulates the effects of 

inhibiting RIP1’s kinase activity genetically (Figure 3.6.A) or chemically (Figure 3.6.B), 

effectively severing the upstream signal for both apoptosis and necroptosis. 

 

3.4 Discussion 

Due to their dependence on metastable oncogenic proteins for viability and 

proliferation, cancer cells have been described as “addicted” to molecular chaperones 

(13, 47, 48). To this end, Hsp90, as a central regulator of many oncogenic proteins and 

inhibitor of apoptosis, has been the target of numerous anti-cancer drug campaigns 

(16). However, these efforts have suffered from developed tolerance and resistance, 

often driven by induction of Hsp90’s sister chaperone, Hsp70. Itself a potent inhibitor of 

apoptosis, Hsp70 has emerged as the subject of newer studies on proteostatic 

regulation of cancer cells (49, 50). While Hsp90’s clientele has been well defined (7, 

10–12), the analogous pool for Hsp70 is not known. Studies have shown that Hsp70 
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does indeed have the ability to regulate the stability of Hsp90 clients (28–30), but it is 

unclear if Hsp70’s oncogenic activities are restricted to the Hsp90 pool.  

In Chapter 2, we described a novel allosteric inhibitor of Hsp70, JG-98, with anti-

cancer activity (32). In this chapter, we further characterized JG-98’s cytotoxic nature.  

We found that JG-98 treatment led to the degradation of oncogenic clients, such as Akt, 

Raf-1, and Cdk4, which are also known to be regulated by Hsp90. Thus, Hsp70 does 

share some responsibilities with Hsp90 in cancer cells. However, we also noticed some 

significant and interesting differences. Specifically, we noted that the degradation of the 

classical clients occurred with kinetics that did not correlate with the progression of 

cytotoxicity; JG-98 triggered cell death much faster than 17-DMAG or bortezomib. 

Before discussing the major differences between the functions of Hsp70 and 

Hsp90 in cancer signaling, it is worth pointing out that inhibition of Hsp70 did not 

activate a stress response. Inhibitors of either Hsp90 or the proteasome activate a 

cellular stress response and elevate the levels of other chaperones and components of 

the protein quality control system, including Hsp70. The increase in these proteins is 

believed to be a major driving force in chemotherapeutic resistance. Thus, it has been 

hypothesized that the combination of these drugs with an Hsp70 inhibitor might be 

highly desirable. Indeed, we found that JG-98 has highly synergistic activity with both 

17-DMAG and bortezomib, especially at more lethal doses, where Hsp70 induction is 

highest. We also observed greatly increased degradation of client proteins at dosing 

well below that for any individual compound. It is not known why inhibition of Hsp70 by 

JG-98 (or other inhibitors) does not activate a stress response. Hsp70 is known to 
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interact with the major heat shock transcription factor (HSF1), yet JG-98 did not activate 

HSF1 activity, suggesting that Hsp70 is not required to block HSF1 function. 

One of the major goals of this thesis work was to better understand the roles of 

Hsp70 in cancer signaling. Using JG-98 as a tool, we now had the opportunity to 

address this important question. Although inhibition of Hsp70 compared with Hsp90 and 

proteasome inhibition in the ability to induce apoptotic cell death, we found that 

overexpression of the anti-apoptotic Bcl-2 member, Bcl-xL, was not enough to recover 

cell viability. Bcl-xL overexpressing cells were not resistant to JG-98, still displaying 

morphological features associated with apoptosis and maintaining cytosolic release of 

cytochrome c, but not Smac. Thus, Hsp70 appears to suppress the mitochondrial death 

pathway independent of the status of Bcl-2 family members. It is not yet clear why Smac 

is not released in the Bcl-xL overexpressing cells treated with JG-98. However, Hsp70 

inhibition seems to enact a redundancy in Smac function by directly regulating the 

stability of the IAPs, permitting the apoptotic pathway even in the absence of Smac 

release. Regardless, the cytotoxicity of JG-98 in the presence of high Bcl-xL is an 

important finding because it suggests that inhibition of Hsp70 will still be effective in 

cancers with high Bcl-2 expression. 

When Hsp70 is inhibited, caspase-3 and PARP are cleaved; however, inhibition 

of caspase activity by z-VAD.fmk did not diminish JG-98 cytotoxicity. Instead, we 

observed dramatic changes in cellular morphology, including cytoplasmic swelling and 

intracellular granules, more consistent with necrosis. This was an unexpected result, as 

Hsp70 had extensively been linked to the apoptosis pathways, but not to necrosis. To 

explore this mechanism in greater detail, we studied the possible relationship between 
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Hsp70 and RIP1. RIP1 kinase has been implicated as a regulator of apoptosis and 

necroptosis, or programmed necrotic cell death (40–42). RIP1-/- Jurkat cells were 

resistant to the Hsp70 inhibitor, as were those pre-treated with Necrostatin-1, a 

chemical inhibitor of RIP1’s kinase activity. Moreover, JG-98 induced the degradation of 

known negative regulators of RIP1, including the IAPs and cFLIP. Thus, our data is 

consistent with a model in which cell death induced by JG-98 proceeds through the 

“fork” of RIP1 kinase (Figure 3.7), likely by triggering the degradation of its negative 

regulators. Given the option of two cytotoxic paths, cells will undergo apoptosis after 

Hsp70 inhibition. However, under situations in which apoptosis has been inactivated, 

such as with a caspase-inhibitor or genetic alteration, cells may still die through 

necroptosis. Indeed, downstream of RIP1, a blockade of both apoptotic and necroptotic 

cascades was necessary to block JG-98 cytotoxicity. Further, JG-98 activity was found 

to be independent of TNF-Receptor function, again suggesting that Hsp70 operates 

autonomous of receptor signaling. In addition, JG-98 did not trigger a Caspase-8-RIP1 

interaction (41, 45), suggesting that it operates by a different RIP1 dependent 

mechanism than previously known. 

The ability of JG-98 to trigger necroptosis has important implications for future 

chemotherapeutic regimens targeting the protein quality control machinery. Given its 

highly synergistic activity, the combination of either 17-DMAG or Bortezomib with an 

Hsp70 inhibitor is likely to exhibit clinical successes where the individual compounds 

failed. Whether this synergy is due to doubly inducing the same apoptotic pathway, or 

by simultaneously triggering both apoptotic and necroptotic events will need to be 

explored.  
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3.5 Conclusion and Future Work 

In conclusion, we find that JG-98, an allosteric modulator of Hsp70, reveals the 

chaperone’s involvement in multiple cell death pathways. These results provide 

important insight into the roles of Hsp70 in cancer. Most strikingly, they suggest that 

Hsp70 functions in a much broader capacity than Hsp90. However, several questions 

still remain. What novel RIP1 process is being triggered by JG-98? What are the RIP1 

interacting proteins that are associated after JG-98 treatment? It will be important to 

perform unbiased experiments to reveal how Hsp70 controls RIP1 pathways, including 

possible direction through the mitochondria. Does cytochrome c release depend on 

RIP1? Or is JG-98 capable of engaging multiple death pathways simultaneously? How 

does JG-98 circumvent Bcl-xL inhibition to trigger selective release of cytochrome c and 

not Smac? It is possible that Smac is itself a client of Hsp70 and might be degraded 

upon compound treatment. Experiments are currently underway to investigate all these 

questions. 
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3.6 Notes 

This work, in part, has been submitted as a publication entitled “Hsp70 Regulates 

RIP1-Dependent Cell Death.” Sharan R. Srinivasan performed a majority of the 

experiments. Xiaokai Li calculated the synergistic activity of JG-98 with 17-DMAG and 

Bortezomib. Flow cytometry was performed by Sharan R. Srinivasan with Jooho Chung 

(Maillard Lab, University of Michigan). Genetically altered cell lines were prepared by 

Stephanie Gálban. Sharan R. Srinivasan, Xiaoki Li, Colin Duckett, and Jason Gestwicki 

assisted in preparation of the manuscript. 
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3.7 Experimental Procedures 

 
3.7.1 Materials 

Reagents: 

The following reagents were purchased from Sigma-Aldrich: Necrostatin-1, Bortezomib; 

Enzo: z-VAD.fmk; Millipore: Necrosulfonamide; LC Labs: 17-DMAG; and Teva 

Pharmaceuticals: Etoposide. 

 

Antibodies: 

The following antibodies were purchased from Enzo: Hsp72 (C92F3A-5), XIAP (ADI-

AAM-050), c-IAP1 (ALX-803-335), Caspase-8 (ALX-804-429); SCBT: GAPDH (sc-

32233), Hsp90 (sc-7947), Raf-1 (sc-133), Caspase-8 (sc-6136), anti-rat (sc-2006), goat 

IgG (sc-2028); CellSignal: Akt-1 (2967), Cleaved Caspase-3 (9664), c-IAP2 (3130); BD 

Pharmingen: RIP1 (610459), Cdk4 (559693), cytochrome c (556433), Bcl-xL (610746); 

Molecular Probes: COXIV (A21347); Alexis: FLIP (ALX-804-428); Millipore: Smac 

(567365). 

 

Tissue Culture 

MDA-MB-231 WT cells were maintained in DMEM (Invitrogen), supplemented with 10% 

Fetal Bovine Serum (FBS), 1% Penicllin-Streptomycin, and non-essential amino acids. 

Jurkat cells were grown in RPMI 1640 (Corning), supplemented with GlutaMax. MDA-

MB-231 and Jurkat cells overexpressing Bcl-xL and RIP1-KO Jurkats were all created 

as previously described (51).  
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3.7.2 Cell Viability Assays and Treatments 

Cell death was analyzed using either the MTT Assay as previously described (32) or 

Trypan Blue Exclusion. Cells were pre-treated with z-VAD.fmk (40µM), Nec-1 (20µM), 

Necrosulfonamide (20µM), or a combination for 1 hour before addition of designated 

drug.  

 

3.7.3 Flow Cytometry 

MDA-MB-231 cells were detached using Accutase (BD Biosciences) and washed with 

PBS before staining with AnnexinV-APC (BD Biosciences) for 15 minutes at room temp. 

Cells were washed again with PBS before addition of DAPI (100µg/ml) immediately 

before analysis. 

 

3.7.4 Immunoprecipitation and Western Blots 

Cells were pre-treated with z-VAD.fmk (40µM) prior to compound to prevent cleavage of 

RIP1 upon complex activation. Following compound treatment, cells were incubate for 

24 hours before proceeding with lysis, immunoprecipitation, and western blot as 

previously described (32, 41). Cytosolic lysates were prepared using a modified 

digitonin extraction buffer as previously described (52). 

 

3.7.5 Fluorescence Microscopy 

Cells were visualized using an Olympus IX83 Inverted Microscope. Nuclear morphology 

was examined by Hoechst 33258 staining (Sigma). 
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3.8 Appendices 

 

3.8.1 Flow Cytometry Indicates JG-98 Triggers an Apoptotic Cell Death 
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3.8.2 Inactivation of Both Apoptosis and Necroptosis is Required to Inactivate JG-

98’s Cytotoxic Effects. 
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Chapter 4 
 

Deconvoluting the Roles of Distinct Members of the Hsp70 Family in Cancer 

 

4.1 Abstract 

The Heat Shock Protein 70 (Hsp70) family of molecular chaperones consists of 

multiple members separated into subcellular compartments.  It is not known whether 

members of the Hsp70 family play unique roles in cancer. Towards a better 

understanding of this question, it would be powerful to have chemical inhibitors that are 

selective for the various isoforms; however, this goal has been difficult to achieve. 

Because the binding site of MKT-077 on Hsp70s is largely conserved, we considered it 

unlikely that selective analogs could be designed. Rather, we took advantage of the 

chemical and physical properties to tune subcellular distributions of compounds. 

Specifically, we found that cationic molecules, such as MKT-077 or JG-98 (described in 

Chapters 2 and 3), are primarily targeted to the mitochondria because of their overall 

positive charge. Based on this finding, we describe JG-13, a neutral derivative of MKT-

077, which we found to preferentially inhibit the cytosolic isoforms of Hsp70. Both JG-13 

and JG-98 are cytotoxic to cancer cells and were synergistic with inhibitors of Hsp90 

and the proteasome. However, treatment with JG-13 did not cause degradation of 

Hsp90 clients. Thus, JG-13 is a valuable addition to our chemical toolbox, and can be 

used to distinguish between the roles of cytoplasmic and mitochondrial Hsp70s in 

cancer. 
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4.2 Introduction 

There are thirteen members of the heat shock protein 70 (Hsp70) family of 

proteins in humans (1, 2). Members of this family are highly conserved, with sequence 

identity values ranging from 52-99% (1, 3–5). Further, the biochemical properties of the 

Hsp70 family members, such as ATPase rate and client-binding affinity, are thought to 

be nearly identical. However, the members of this family are distinguished by their 

subcellular localization. There are specific Hsp70s found in the endoplasmic reticulum 

(BiP, Grp78 or HSPA5) and mitochondria (mortalin, mtHsp70, Grp75 or HSPA9). 

Further, the nuclear-cytoplasmic compartment also contain two major Hsp70 family 

members: Hsc70 (HSPA8), which is constitutively expressed and Hsp72 (HSPA1A), 

which is expressed in response to stress (6, 7). In a few cases, specific functions have 

been ascribed to distinct members of this family (8, 9). For example, Hsc70 appears to 

be important for stabilizing tau, while Hsp72 is important in tau turnover (10). However, 

it has been relatively difficult to address the question of whether Hsp70 isoforms have 

other unique capabilities. 

As discussed in Chapter 1, Hsp70 inhibitors that compete with ATP for binding, 

such as Apoptozole (11) and VER-155008 (12, 13), struggle to overcome Hsp70’s high 

affinity for nucleotide (14). Furthermore, the ATP binding site is highly conserved 

amongst Hsp70 members and other kinases (15–17), and thus it is difficult to build 

selective inhibitors. One possibility is to target unique chemical functionality in the 

Hsp70 isoforms. For example, the Gestwicki group recently reported that methylene 

blue selectively inhibits Hsp72 over Hsc70, owing to the ability of this compound to 

oxidize a unique cysteine residue in Hsp72 (18). The pifithrin-µ derivative, PES, is 
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suggested to bind Hsp72, but not Grp75/Mortalin or Grp78/BiP (19, 20). However, these 

results have been difficult to repeat and a recent study suggested that PES activity 

might be an artifact (21).  

We reasoned that a different approach to selective inhibition of Hsp70 isoforms 

would be to take advantage of the intrinsic differences between the subcellular 

components of the cell. Specifically, it is known that MKT-077, a rhodacyanine originally 

shown to bind both cytosolic and mitochondrial Hsp70, is preferentially localized to the 

mitochondria, owing to its cationic charge and the negative potential in the organelle 

(22, 23). Thus, although the binding site for MKT-077 on Hsp70s is highly conserved 

and this molecule binds multiple Hsp70s in vitro, it is likely to inhibit mtHsp70 in cells 

because it preferentially accumulates in that compartment.  These traits are conserved 

in JG-98, as discussed in Chapters 2 and 3. However, we envisioned that a neutral 

molecule would be relatively more selective for cytosolic and (potentially) ER-resident 

Hsp70 members. Importantly, the charge of MKT-077 is on the pyridine ring, which was 

shown by NMR studies to be only peripherally involved in physical contact with Hsp70, 

suggesting that this region could be removed. Indeed, a previous graduate student in 

the Gestwicki laboratory, Yoshinari Miyata, showed that YM-08, a neutral MK-077 

analog, retains affinity for Hsp70s (24). In this Chapter, we report the characterization of 

JG-13, a neutral Hsp70 inhibitor with potent anti-cancer activity. Mechanistic studies 

showed that JG-13 has a different mechanism-of-action than JG-98, consistent with its 

activity on a different subset of Hsp70 isoforms.  
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4.3 Results 

 

4.3.1 Design and Development of JG-13, a Neutral Analog of MKT-077 

MKT-077, though promising in pre-clinical studies, failed in Phase I Clinical Trials 

due to nephrotoxicity (25). The positive charge on the pyridinium ring was thought to 

contribute to renal tubular accumulation, and eventual magnesium wasting. To address 

this issue and create a probe for studying Hsp70s outside the mitochondria, we 

developed a neutral analog. Using a similar synthetic approach as employed to arrive at 

JG-98 (26), Yoshi Miyata and Xiaokai Li made modifications to MKT-077, removing the 

ethyl group from the pyridinium ring, yielding YM-08 (Scheme 4.1).  

 

 

 

Though not particularly effective as an anti-cancer agent, YM-08 retained its 

ability to bind Hsp70 and, more importantly, was not retained in mouse kidneys (24). It 

also showed penetrance into the brain, suggesting potential uses for a neutral MKT-077 

derivative in neurological malignancies.  
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Starting from YM-08, and using insights learned from studies with charged 

analogs (see Chapter 2), we made several more analogs to improve pharmacokinetic 

and -dynamic features. Fluorination of the benzothiazole ring greatly improved 

compound stability, similar to JG-98, by blocking CYP450 oxidation sites. We next 

rotated the heteroatom of the pyridine ring from the 2- to 4- position, which greatly 

improved potency. In fact, JG-13 yielded EC50 values against MCF-7, MDA-MB-231, 

and HeLa cells that are similar, if not better, to those of JG-98 (~300-400 nM; Figures 

4.1.A-C). Compared to JG-98, JG-13 was more toxic to MEFs (Figure 4.1.D), although 

the therapeutic index was still favorable (>20).  
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4.3.2 Genomic shRNA Screen Reveals JG-13 Targets Cytoplasmic Hsp70 

We next sought to determine how much of the anti-proliferative activity of JG-13 

might arise from inhibition of cytosolic members of the Hsp70 family. Collaborating with 

Jonathan Weissman (UCSF), we performed a genomic shRNA screen (27) against 

1,000 PQC targets, scanning for sensitization or resistance to sublethal doses of JG-13. 

Knockdown of cytosolic Hsp70, but not mitochondrial Hsp70, sensitized the cells to JG-

13 treatment (Weissman Lab, UCSF). Conversely, cationic molecules, such as JG-84 

and JG-98, were more sensitive to knockdown of mtHsp70 (as discussed in Chapter 2). 

Together, these results support the idea that neutral analogs are relatively selective for 

cytoplasmic Hsp70s, while cationic ones are more dependent on mtHsp70.  Work to 

confirm this selectivity in biochemical assays is currently underway. Importantly, a small 

number of other genes appeared to sensitize cells to treatment with JG-13, including 

DjC13, a member of the Hsp40 family. Further work will have to be done to confirm the 

relative importance of these factors. Despite this ongoing work, we decided to pursue 

the use of JG-13 and JG-98 and characterize the similarities and differences between 

the cellular responses to these chemical probes. 
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4.3.3 JG-13 Traps Hsp70 in an ADP-Bound State, Similar to Other MKT-077 

Derivatives. 

To confirm whether JG-13 might bind Hsp70 in the same conserved, allosteric 

pocket as MKT-077, we used molecular modeling and docking simulations to predict 

whether this compound would interact in this region. Similar to what we observed with 

MKT-077 and JG-98 (see Chapter 2), we found that JG-13 binds to the same allosteric 

pocket with a similar orientation to the cationic molecules (Figure 4.2.A).  

Based on the docked model, we would expect that JG-13 would inhibit the 

activity of Hsp70s in vitro. To test this idea, we tested JG-13 for activity in these assays 

and confirmed that it suppressed J-protein stimulated ATPase activity of Hsp70 (Figure 

4.2.B). Moreover, we found that JG-13 disrupted binding between Hsp70 and a 

nucleotide exchange factor (NEF) co-chaperone, BAG3 (Figure 4.2.C). Thus, JG-13 

appeared to retain many of the features of the cationic Hsp70 inhibitors, with a similar 

potency to JG-98. 
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4.3.4 JG-13 Induces Apoptotic Features 

Similar to JG-98, we found that JG-13 induced apoptosis in MDA-MB-231 cells, 

based on annexinV and DAPI staining (Figure 4.3.A). Specifically, the treated cells 

progressed from double negative to annexinV+/DAPI- to double positive over 24 hours 

Cell death in response to JG-13 was relatively rapid, closely paralleling the kinetics of 

JG-98 (Appendix 4.1). 

Interestingly, we noticed that cells treated with JG-13 had different morphological 

features than those treated with JG-98. For example, MDA-MB-231 cells treated with 

JG-13 lacked hallmark features of apoptosis, such as membrane blebbing and cell 

shrinkage (Figure 4.3.B). We also saw discrete, fluorescent punctae, which might occur 

from intracellular accumulation of JG-13. Future work is needed to determine whether 

these puncta co-localize with autophagosomes, lysosomes or some other structure. 

However, these studies were the first evidence that JG-13 and JG-98 might be killing 

cancer cells by different mechanisms.  
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4.3.5 Hsp90 Clients are Relatively Unaffected by JG-13 Treatment 

To further understand the differences between the charged and neutral 

compounds, we turned to examine the molecular changes exerted by JG-13. As 

mentioned in Chapter 3, MKT-077 is known to relieve inhibition of p53 (28). Similarly, 

we found that JG-83 stabilized wild type p53 in MCF-7 cells. However, treatment with 

JG-13 seemed to trigger degradation of the tumor suppressor (Figure 4.4.A). 

Additionally, while JG-98 led to loss of Hsp90 clients, such as Akt, Raf-1, and Cdk4, JG-

13 was relatively inactive (although some degradation of Raf-1 was seen) (Figure 

4.4.B). Further, JG-13 did not activate caspase-3 or PARP cleavage (Appendix 4.2). 

Thus, although JG-13 triggers a cell death with some apoptotic features, its exact 

mechanism of action is considerably different than that of JG-98. These results suggest 

that Hsp70s are not all redundant in maintaining cancer cells. Rather, mtHsp70 and the 

cytoplasmic isoforms appear to play distinct roles. 
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4.3.6 JG-13 is Synergistic with Other Drugs Targeting PQC Machinery 

Given JG-98’s synergistic activity with both Hsp90 and proteasome inhibitors, we 

sought to determine if JG-13 might have similar qualities. Using the MTT assay, we 

found that JG-13 was highly synergistic with 17-DMAG in MCF-7 cells (Figure 4.5.A). 

However, JG-13 did not appear to be synergistic with Bortezomib (Figure 4.5.B). In fact, 

JG-13 seemed to weaken the activity of Bortezomib in some cases. These results were 

another indication that the mechanism of cell death through the Hsc70/Hsp72 system 

was distinct. To test this idea in more detail, we asked whether JG-13 would be 

synergistic with JG-83, a charged derivative similar to JG-98. We found that the two 

analogs of MKT-077 had potent synergy (Figure 4.5.C), supporting the model that they 

target different Hsp70s. Moreover, these results suggest that combination therapy, 

employing inhibitors of multiple Hsp70s, might be a viable avenue for future therapeutic 

intervention.  



111 

 



112 

4.4 Discussion 

 Cationic molecules, such as MKT-077 and JG-98 preferentially distribute to the 

mitochondria, where the electron potential is strongly negative (23). Consistent with this 

idea, the cytotoxicities of MKT-077, JG-84 and JG-98 were sensitive to the levels of 

mortalin/mtHsp70. However, biochemical pulldown experiments with immobilized MKT-

077 have shown that this compound also interacts with cytoplasmic Hsc70 (28). These 

results suggest that JG-98 and its cationic analogs are likely to interact with multiple 

Hsp70 isoforms, but that mortalin/mtHsp70 might play an important role in its 

cytotoxicity mechanism. Clearly, more work is needed to quantify the selectivity of JG-

98. As a step towards deconvoluting the effects of JG-98, we developed a neutral 

analog of MKT-077, JG-13. We reasoned that this molecule might be used to 

differentiate between the effects of MKT-077 analogs mediated by the cationic charge 

properties from the possibility of pan-Hsp70 activity. 

 Initial efforts to convert MKT-077 into a neutral molecule focused on removing 

the ethyl functionalization of the pyridine ring, yielding YM-08. Though this molecule had 

weak anti-cancer activity, YM-08 served as a useful intermediate to justify efforts at 

producing neutral MKT-077 analogs. For example, YM-08 retained affinity for Hsp70 

and it suppressed Hsp70’s ATPase activity in vitro. Further, it did not show any 

significant accumulation in the kidneys (this was important because the clinical 

evaluation of MKT-077 was abandoned due to renal toxicity in a subset of patients) and 

it crossed the blood brain barrier, suggesting a potential future use for these compounds 

in neurological malignancies.  
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By adding a fluorine group to the metabolically labile benzothiazole ring, and 

rotating the pyridine ring to the para position, we obtained JG-13, a neutral YM-08 

analog with increased stability in P450 assays and improved anti-cancer activity. 

Importantly, JG-13, like other MKT-077 analogs, trapped Hsp70 in an ADP-bound state, 

with a low affinity for NEF co-chaperones. Further, docking studies supported the idea 

that JG-13 binds the same pocket as MKT-077, JG-98 and other analogs. This finding is 

expected because the cationic pyridine does not appear to make direct favorable 

contacts with Hsp70. Rather, the benzothiazole ring of these molecules is inserted into 

a deep, hydrophobic pocket in the enzyme. Thus, removing the charged pyridinium 

does not weaken affinity for the target.  

 A genomic shRNA screen revealed that knockdown of cytoplasmic Hsp70 

sensitized cells to JG-13, as compared to mortalin/mtHsp70 for JG-98 (see Chapter 2). 

Thus, JG-13 appears to target the cytoplasmic pool of Hsp70, though it is difficult to rule 

out activity against other Hsp70s in the absence of supportive biochemical data. 

Another graduate student in the Gestwicki laboratory will be exploring the selectivity of 

these molecules in greater detail. Despite these questions, we sought to characterize 

the cellular responses to JG-13 and JG-98 to gain an initial understanding of the 

potential differences between Hsc70/Hsp72 and mtHsp70 in cancer. 

There were some similarities in the response of cells to JG-13 and JG-98. For 

example, neither compound activated a stress response and both had potent anti-

proliferative activity (EC50 ~200 to 400 nM). However, while JG-83 caused a dramatic 

stabilization of p53 in MCF-7 (p53+/+) cells, JG-13 actually seemed to induce 
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degradation of the tumor suppressor. Further, there was little change in the levels of 

Akt, Cdk4, or Raf-1 in either MCF-7 or MDA-MB-231 cells upon JG-13 treatment.  

To further understand the cytotoxicity of JG-13, we turned to flow cytometry and 

found that the treated cells had an apoptotic profile by annexin staining. However, there 

was a lack of apoptotic features by microscopy. Instead, discrete, fluorescent punctae 

were formed in response to JG-13. Future work will clarify the identity of these 

additional features (see Chapter 5). Preliminary data showed a modest conversion of 

LC3-I to active LC3-II in MCF-7 cells (Appendix 4.2), suggesting that autophagy could 

be one viable mechanism. Cytoplasmic Hsp70s are well known to stabilize lysosomes 

(29), further suggesting this possibility. Pre-treatment of cells with necrostatin-1, an 

inhibitor of RIP1’s kinase activity, partially recovered viability in JG-13 treated cells 

(Appendix 4.3). Thus, as a preliminary model, we suggest that JG-13 might triggers a 

RIP1-dependent, autophagic pathway. Exactly how these pathways connect will be the 

subject of future studies. 

Lastly, we examined the synergistic nature of JG-13 with other compounds 

targeting the protein quality control machinery. As with JG-98, JG-13 was highly active 

in combination with 17-DMAG. Interestingly, JG-13 was not synergistic with bortezomib, 

further suggesting a unique mechanism compared to the charged analogs. Further, JG-

13 was synergistic with JG-83 and other charged derivatives.  Together, these results 

suggest that JG-13 and JG-98 target distinct pools of Hsp70s. These results also 

suggest that targeting multiple Hsp70 isoforms may be a favorable therapeutic strategy. 
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4.5 Conclusion 

 There are thirteen Hsp70s in most cells, yet little is known about how these 

isoforms might play distinct roles. Further, little is known about which isoform(s) might 

be the best anti-cancer targets. Rather than develop molecules that are able to 

distinguish between structural features amongst the highly conserved Hsp70 isoforms, 

we chose to modify a single scaffold, MKT-077. We tuned the electronic properties of 

this scaffold to generate an analog, JG-13, that is not localized to mitochondria. For the 

first time, we are able to show a pharmacological difference between the dependence of 

cancer cells on these pools of Hsp70s. Specifically, JG-98 and JG-13 initiate cell death 

by very different pathways, suggesting that the multiple Hsp70 isoforms cooperate to 

guard against diverse routes to cell death. Future work combining JG-98 and JG-13 

along with genetic knockdowns will help identify the exact roles played by the specific 

Hsp70 family members. 
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4.6 Notes 

Sharan R. Srinivasan performed a majority of the experiments, including viability, 

docking, synergy, and cytotoxic mechanism studies. Synthesis of neutral derivatives of 

MKT-077 was performed by Yoshinari Miyata and Xiaokai Li. Jooho Chung assisted 

with flow cytometry of MDA-MB-231 cells. Jennifer N. Rauch and Zapporah T. Young 

examined disruption of Hsp70-Bag3 Binding. Sharan R. Srinivasan and Jason E. 

Gestwicki contributed to the preparation of this manuscript. 
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4.7 Experimental Procedures 

 

4.7.1 Materials 

Reagents: 

 

The following reagents were purchased from Sigma-Aldrich: Necrostatin-1, Bortezomib; 

Enzo: z-VAD.fmk; Millipore: Necrosulfonamide; LC Labs: 17-DMAG. 

 

Antibodies: 

 

The following antibodies were purchased from Enzo: Hsp72 (C92F3A-5); SCBT: 

GAPDH (sc-32233), Hsp90 (sc-7947), Raf-1 (sc-133), p53 (DO-1), p62 (sc-28359), 

Actin (sc-47778); CellSignal: Akt-1 (2967), Caspase-3 (9662), Cdk4 (2906), PARP 

(9542); Novus: LC3 (NB100-2331). 

 

4.7.2 Tissue Culture 

MDA-MB-231 WT cells were maintained in DMEM (Invitrogen), supplemented with 10% 

Fetal Bovine Serum (FBS), 1% Penicllin-Streptomycin, and non-essential amino acids. 

Jurkat cells were grown in RPMI 1640 (Corning), supplemented with GlutaMax. MDA-

MB-231 and Jurkat cells overexpressing Bcl-xL and RIP1-KO Jurkats were all created 

as previously described (30).  
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4.7.3 Cell Viability Assays and Treatments 

Cell death was analyzed using either the MTT Assay as previously described (26) or 

Trypan Blue Exclusion. Cells were pre-treated with z-VAD.fmk (40µM), Nec-1 (20µM), 

Necrosulfonamide (20µM), or a combination for 1 hour before addition of designated 

drug.  

 

4.7.4 Flow Cytometry 

Cell-Based: MDA-MB-231 cells were detached using Accutase (BD Biosciences) and 

washed with PBS before staining with AnnexinV-APC (BD Biosciences) for 15 minutes 

at room temp. Cells were washed again with PBS before addition of DAPI (100µg/ml) 

immediately before analysis. 

Protein-Interaction: Biotinylated Hsp72 was immobilized on polysterene streptavidin 

coated beads (Spherotech), incubated with Alexa-Fluor® 488 labeled BAG3 (50nM) and 

increasing amounts of JG-13 in buffer A (25mM HEPES, 5mM MgCl2, 10mM KCl, 0.3% 

Tween-20 pH 7.5). Plates were incubated for 15 minutes then analyzed using a 

Hypercyt liquid sampling unit in line with an Accuri® C6 Flow Cytometer. Protein 

complex inhibition was detected by measuring median bead associated fluorescence. 

DMSO was used as a negative control and 1µM excess unlabeled Hsp70 was used as 

a positive control.  

 

4.7.4 Fluorescence Microscopy 

Cells were visualized using an Olympus IX83 Inverted Microscope. Nuclear morphology 

was examined by Hoechst 33258 staining (Sigma). 
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4.7.5 Molecular Modeling and Docking 

Computational modeling of JG-13 binding to Hsc70NBD (PDB: 3C7N) was obtained using 

similar methods as previously described (24, 31). Briefly, AUTODOCK-4.2 was used for 

the docking of JG-13 to Hsc70NBD with the following parameters: GA runs = 100, initial 

population size = 1500, max number of evaluations = long, max number of surviving top 

individuals = 1, gene mutation rate = 0.02, rate of crossover = 0.8, GA crossover mode: 

two points, Cauchy distribution mean for gene mutation = 0, Cauchy distribution 

variance for gene mutation = 1, number of generations for picking worst individuals = 

10. The docked structures were clustered and then evaluated using PyMol. All 

calculations were completed on a Apple MacBookPro computer equipped with a 64-bit 

2.4 GHz Intel Core 2 Duo processor running MacOSX 10.6.8. 
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4.8 Appendices 

 

4.8.1 JG-13 Induces a Rapid Cell Death 
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4.8.2 JG-13 Mildly Affects Hsp90 Clients 
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4.8.3 JG-13 is At Least Partially Dependent on RIP1 Kinase Activity 
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Chapter 5 
 

Conclusions and Future Directions: Unraveling the Signaling Roles of Hsp70 in 

Cancer and Development of Hsp70 Inhibitors as Therapeutics 

 

5.1 Abstract 

In the preceding chapters, the development of small molecules targeting Hsp70 

was described and these molecules were shown to be potent anti-cancer agents. In 

addition, these studies have advanced our understanding of the roles Hsp70 plays in 

maintaining the cancer phenotype. Most significantly, we showed that Hsp70 has a 

previously unanticipated activity as a hub of multiple cell death pathways. Additionally, 

we have started to define how individual Hsp70 family members might play discrete 

roles in cell survival. However, many questions still remain. What RIP1-dependent 

process is being controlled by Hsp70? How do the individual Hsp70 isoforms contribute 

to the various cell death pathways? This chapter proposes some of the future studies 

that will shed light on these questions. In addition, we discuss the implications of this 

thesis work, and how we might therapeutically take advantage of these pathways in a 

physiologic environment. Overall, this work suggests that the addition of Hsp70 

inhibitors to current chemotherapeutic regiments would be highly effective and bypass 

common mechanisms of resistance. 
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5.2 Conclusions 

A major goal of this thesis work was to clarify the role that Hsp70 plays in 

keeping cancer cells alive. Hsp70 was known to inhibit apoptosis (1, 2) and it was 

thought to stabilize oncogenic client proteins, similar to Hsp90 (3–5). However, the full 

scope of Hsp70’s functions in cancer was not clear. The central tenet of this thesis work 

is that tool compounds would provide new insight into these questions. In part, this 

approach is modeled after the long history of Hsp90 inhibitors. In 1994, Len Neckers 

and colleagues showed that geldanamycin destabilizes client kinases through inhibition 

of Hsp90 (6). This fortuitous discovery launched a concerted effort to develop 

increasingly more potent and selective Hsp90 inhibitors. Importantly, these efforts also 

provided chemical probes that revolutionized our understanding of Hsp90’s pro-survival 

roles in cancer.  

 Unfortunately, Hsp70 has proven a much more difficult drug target. Hsp70 has a 

significantly higher affinity for nucleotide than Hsp90 (7), making it more difficult for 

active-site inhibitors to compete with endogenous nucleotide (8, 9). Accordingly, a 

number of small molecules targeting other sites on Hsp70 have been developed, but 

have struggled with potency and selectivity (10–13). The difficulty of targeting the ATP-

binding site of Hsp70 is also illustrated by the difficulty of finding small molecule 

fragments that bind this region – Hsp70 has one of the lowest “hit rates” of any target 

yet described (7).  

 When I joined the Gestwicki laboratory in 2011, Yoshinari Miyata and Xiaokai Li 

had just begun revisiting an abandoned Hsp70 inhibitor, MKT-077, as a possible 

alternative to ATP-competitive molecules. MKT-077 is a rhodacyanine that was 
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originally developed as a dye by Fuji Film Corp. This compound was found to have anti-

cancer activity during unbiased screens of the Fuji Film chemical collection and MKT-

077 was eventually advanced to clinical trials (14, 15). It was later discovered that MKT-

077 exerted its cytotoxicity through Hsp70, especially mtHsp70 and Hsc70 (16). Despite 

its promising activity, MKT-077 was abandoned in Phase I trials due to acquired 

nephrotoxicity (17), a result of labile metabolism and renal accumulation. However, our 

group noticed that MKT-077 was identified in a small group of analogs, without 

substantial medicinal chemistry efforts to optimize its properties. Further, its binding site 

wasn’t known, precluding structure-guided design. In collaboration with Erik Zuiderweg’s 

group, our lab showed that MKT-077 binds to a conserved, allosteric pocket on the NBD 

of Hsp70, leading to inhibition of its enzymatic functions (18). Further, Yoshinari Miyata, 

in collaboration with Duxin Sun’s group (UM), identified the major metabolites of MKT-

077 and its analogs (19). Together, these observations suggested ways of rationally 

improving the stability and potency of MKT-077 – and paving the way to making the first 

selective Hsp70 chemical probes. 

 In Chapter 2, I described the development of first generation derivatives of MKT-

077 with increased potency and improved metabolic stability. We found that 

halogenation of the benzothiazole ring and replacement of the pyridine with a thiazole 

ring resulted in improved activity and half-life (Figure 5.1). Similar to MKT-077, the 

newer analogs seem to trap Hsp70 in an ADP-bound conformation. This state has a 

lower affinity for nucleotide exchange factor (NEF) co-chaperones (20) and seems to 

position client proteins for proteasomal degradation. Another graduate student in the 

group, Zapporah Young, is fully characterizing the molecular mechanisms of these 
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molecules and studying how the ADP-bound conformation is linked to enhanced client 

turnover. One interesting observation from these studies was that the MKT-077 

analogs, such as JG-98, were not toxic to MEFs or normal cells, such as HepG2s. Why 

are these inhibitors so well tolerated when molecular chaperones constitute 2-5% of the 

cellular content? One possibility is that there are unique Hsp70 complexes that exist 

only in cancer cells and that are more sensitive to inhibitors, as has been suggested for 

Hsp90 (21). Our data shows that JG-98 reduces the ability of Hsp70 to interact with its 

co-chaperones, consistent with this idea. Another possibility is that normal cells have 

reduced protein turnover and a surplus of proteostasis capacity, such that if a portion of 

the Hsp70 is inhibited, the other chaperones can compensate. Cancer cells, on the 

other hand, express numerous mutated proteins that are prone to degradation. 

Increased chaperone activity is required to prevent turnover of these oncogenic drivers. 

Furthermore, rapid cellular division and exposure to conditions like ischemia, acidity, 

and oxidation result in a constitutively activated stress response. In these cells, a loss of 

Hsp70 function causes catastrophic proteostatic collapse. Another student in the group 

has recently completed a SILAC mass spectrometry experiment that will begin to 

address these possibilities (see Future Work below). 
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 The result of the studies in Chapter 2 was JG-98, a selective and relatively potent 

(EC50 ~ 400 nM) inhibitor of Hsp70. In Chapter 3, I used this new reagent to probe the 

roles of Hsp70 in cancer. Consistent with earlier hypotheses, JG-98 treatment induced 

modest degradation of Hsp90 clients. However, the kinetics of cytotoxicity did not match 

the rate of protein loss, as it does with Hsp90 inhibitors. Instead, JG-98 activated a 

RIP1-dependent pathway by coordinating degradation of the IAPs and cFLIP proteins. 

This RIP1 process appears to be novel as cytotoxicity was independent of TNF-R 

signaling, and no complex of RIP1 and Caspase-8 could be detected after compound 

treatment. However, JG-98 was still able to exploit RIP1’s unique capacity to facilitate 

both apoptosis and, when combined with a caspase inhibitor, necroptosis. In addition, 
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we found that JG-98 could engage the mitochondrial death pathway independent of Bcl-

2 status, the first compound ever to do so. Together, these studies provide new insights 

into the surprisingly broad roles played by Hsp70 in cancer. We anticipate that these 

studies are only the beginning of efforts to understand Hsp70 functions (see Future 

Studies below). 

 Another goal of my thesis work was to define the roles assigned to individual 

Hsp70 isoforms, especially in regards to the survival of cancer cells. The cationic MKT-

077 analogs, including JG-98, localize largely to the mitochondria and, based on shRNA 

screens, are sensitive to the levels of mtHsp70/mortalin. Mitochondrial localization of 

MKT-077 analogs is likely to be particularly strong in cancer cells (22, 23). However, the 

binding site on Hsp70 is universally conserved amongst human isoforms, and MKT-077 

was able to pull down both mtHsp70 and cytosolic Hsc70. Further, JG-98 perturbs 

cytosolic clients. Together, these findings suggest that the charged analogs of MKT-

077, act through both mortalin and the cytosolic Hsp70s. 

 In Chapter 4, we discuss the development of JG-13, a neutral derivative of MKT-

077. To develop JG-13, we removed the cation from MKT-077, hypothesizing that this 

change would disfavor accumulation in the mitochondria. Concordant with this, in 

collaboration with Jonathan Weissman’s Lab at UCSF, we found that JG-13 

predominately relies on cytosolic Hsp70s for its cytotoxicity. Thus, this probe appears to 

be the first step towards chemical probes that can distinguish between Hsp70 isoforms. 

Moreover, the Gestwicki lab has previously shown that neutral derivatives of MKT-077 

do not accumulate in the kidney and even penetrate the blood-brain barrier (19). Thus, 
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compounds such as JG-13 also have potential applications for treating neurological 

malignancies.  

 Interestingly, JG-13 had a very different cytotoxicity profile than JG-98. Although 

both compounds elicited cell death with similar kinetics and appeared to trigger 

apoptotic features by flow cytometry, JG-13 had a number of unique features. 

Fluorescence microscopy showed a lack of membrane blebbing or nuclear 

fragmentation, and was instead characterized by discrete punctae and flattened cells, 

more consistent with autophagy. Further, JG-13 had little effect on Hsp90 clients such 

as Raf-1 or Akt. Thus, despite binding to a conserved pocket, and eliciting similar 

allosteric perturbations, JG-13 directs a cell death very distinct from other Hsp70 

inhibitors.  

 The observations from experiments with JG-98 and JG-13 have significantly 

advanced our understanding of Hsp70’s roles in protecting against cell death (Figure 

5.2). However, they also reveal how much more we have to uncover about proteostasis 

in cancer. In the remainder of this chapter, I will discuss some future experiments to 

shed light on these questions. Finally, I will suggest how Hsp70 inhibitors might be 

incorporated into chemotherapeutic regiments.  
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5.3 Future Directions 

 

5.3.1 Second Generation Derivatives of MKT-077 – Moving Beyond JG-98 

 The work in Chapter 2 showed that structure-guided design could result in the 

development of an analog of MKT-077 with superior stability and potency, JG-98. Using 

a combination of NMR (24) and Molecular Modeling (performed by Bryan Dunyak, a 

graduate student in the Gestwicki Lab), we’ve been able to model the conformational 

orientation of JG-98 as it binds to Hsp70. These structures have improved our 

understanding of JG-98’s allosteric effects on the chaperone, and have suggested how 

even more potent analogs of JG-98 might be made. While not discussed in detail here, 

Xiaokai Li recently found that the new compounds have EC50 values of ~70 nM, which is 

4-5 times more potent than JG-98. Further studies to examine the pharmacokinetic 

properties of these newer derivatives are warranted, as is mechanistic confirmation. 

However, it is clear that these allosteric inhibitors of Hsp70 can be modified to resemble 

more “drug-like” molecules. My thesis work will be an important guide in the 

development and optimization of these molecules. Specifically, activity in the RIP1 

pathways can be used as an assay to guide development of the chemical series. 

Previous efforts (in other research groups) have largely focused on using the 

destabilization of Hsp90 clients as a primary endpoint for chemical optimization, a 

functional readout that appears to be less important for targeting Hsp70. Thus, the new 

insights provided by our work could provide an important advance. 
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5.3.2 Identification of Hsp70’s Control on RIP1 Cytotoxicity 

 In Chapter 3, we determined that JG-98 activated a RIP1-dependent pathway 

that could activate both apoptosis and necroptosis. However, we still don’t know how 

Hsp70 inhibition results in the activation of RIP1. Is Hsp70-mediated degradation of the 

IAPs sufficient to activate RIP1? Or is some other process involved? Does Hsp70 bind 

directly to RIP1 or the IAPs? An examination of the binding partners of RIP1 in 

response to JG-98 treatment might give insight into these questions. One potential 

experiment would be to immunoprecipitate RIP1 after JG-98 treatment, and assess its 

binding partners by mass spectrometry. Understanding the unique activation of RIP1’s 

cytotoxic abilities will be important as we move towards pre-clinical advancement of 

these compounds. 

 

5.3.3 Proteomic Analysis of Hsp70-Dependency 

 Another exciting use of the chemical tools, like JG-98 and JG-13, is to define the 

Hsp70-dependent proteome. Hsp90 inhibitors have helped define the “Hsp90-ome”, to 

consist of approximately 200 kinases, transcription factors and oncogenes (25–27). 

However, similar studies have not been performed with Hsp70 due to the lack of 

chemical probes. Another student in the Gestwicki Lab, Laura Cesa, has recently 

started to use JG-98 in combination with SILAC, a powerful mass spectrometry 

platform, to help define the “Hsp70-ome” (Figures 5.3.A and B). It will be interesting to 

see if the proteomic changes observed with JG-98 can provide mechanistic insight into 

how apoptotic or necroptotic pathways are activated (Figures 5.3.C and D). In addition, 

comparing the profiles seen with JG-98 versus JG-13 may also allow the definition of 
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isoform-specific proteomes and further clarify functional distinctions of Hsp70 family 

members.  
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5.3.4 Understanding the True Driving Factors of Cancer, Examination of 

Chaperones as Facilitators of Oncogenesis 

One caveat of oncogenesis is that mutations in different proteins can lead to 

cancer, and that tumor specificity is often determined by the initial insult. For example, 

over 95% of pancreatic cancers are driven by a mutation in the oncogene Kras (28, 29). 

Thus, with regards to this thesis work, one question is whether different cell lines, driven 

by different mutations, would respond similarly to an Hsp70 inhibitor like JG-98. For 

example, if JG-98 was cytotoxic to a Kras-mutated cell line, would the toxicity proceed 

through loss of Kras? Or some other independent pathway? That is, would a mutated 

Kras still be under the control of Hsp70, and thus degraded in response to inhibition with 

JG-98? Studies like the SILAC experiment proposed above will help our understanding 

of Hsp70’s regulation of different oncogenes, and the extent to which they are 

dependent. It is possible that JG-98 will exert differential effects on cell lines with unique 

driver mutations.  

However, at this point it is also worth returning to the argument made for the 

importance of chaperones in cancer. The same mutations, like in Kras, that promote 

unchecked proliferation or evasion of cell death, also render the protein unstable and 

prone to degradation. Without the upregulated activation of chaperone activity 

beforehand, these proteins would be discarded before oncogenesis could occur. Thus, 

it is possible to consider increased chaperone function as the initial insult to drive 

oncogenic activity, a theory that has been previously suggested (25, 30). In this context, 

the cytotoxic potential of a chaperone inhibitor, like JG-98, would not be altered by 
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unique driver mutations, but rather by differential activation of the protein quality 

machinery. 

 

5.3.5 Progress Towards the Clinic – Studying the Effects of Hsp70 Inhibitors in 

vivo  

 The work presented in this thesis has enormous therapeutic implications. 

However, in order to advance to clinical scenarios, it is important to study the effects of 

these compounds in vivo to understand the physiological realities of Hsp70 inhibition. 

To this end, we have collaborated with Michael Sherman (Boston University) and Byron 

Hann (UCSF) to study the effects of MKT-077 analogs in mouse models. In dose 

escalation studies, we found that JG-98 was well tolerated at 3mg/kg given i.p. twice 

weekly. We did not observe any evidence of renal damage or other toxicity in these 

animals and the compound lifetime was calculated to be ~10 hrs. In addition, 

preliminary xenografts of MCF-7 cells have been conducted, using the earlier analog 

YM-01 (Figure 5.4). The results suggest that MKT-077 analogs have efficacy in vivo, 

preventing tumor growth over long periods of time. Work is also underway to analyze 

the effects of newer derivatives, including JG-98 and JG-13, in the same xenograft 

models. In these planned studies, we are particularly interested in whether the more 

potent molecules reduce tumor volumes, instead of preventing growth as YM-01 does. 
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The results of Chapter 3 also suggest that JG-98 might be used to treat 

malignancies where the mitochondrial death pathway has been inactivated. Specifically, 

these studies showed that JG-98 triggered cytochrome c release independent of Bcl-2 

status. This mechanism could be important in follicular lymphoma, which is driven by a 

translocation that increases the levels of Bcl-2 members (31). This cancer currently 

lacks any truly effective therapies and is regarded as incurable. Thus, pre-clinical 

studies of lymphoma models using JG-98 as part of the treatment regimen are an 

exciting future application. 

We are also excited to test JG-98 and its analogs in mice with a humanized 

immune system. Recently, nod scid gamma (NSG) mice have been shown to acquire 

bone marrow grafts that completely recapitulate the human immune system (reviewed 

in (32)). This model would allow us to study not only tolerance of MKT-077 analogs in a 

more physiological setting, but also their efficacy. It has previously been shown that 

Hsp70 works in conjunction with immune regulators (33, 34), and that inhibitors can be 

potentiated by the presence of a working immune system (35). Thus, it is possible that 

JG-98’s effects in vivo might be more dramatic combined with the existing cytotoxic 

functions in these mice models. 

 Lastly, the ability of JG-98 to kill apoptosis-resistant cells begs the question of the 

physiological relevance of necroptosis. Would a cancer that was completely resistant to 

apoptosis (e.g. deprived of all caspases), undergo necroptosis when treated with JG-

98? Would a mouse model of this cancer show inflammation? The use of the models 

described above, along with newer genetic tools such as TALENS or CRISPR/Cas9 to 

disrupt endogenous gene function may help answer these questions. 
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5.4 Final Thoughts 

 The work presented herein has made significant progress towards understanding 

the roles Hsp70 plays in maintaining the cancer phenotype. I was also able to advance 

our knowledge of how Hsp70 might be exploited as a cancer drug target. The most 

important finding was that Hsp70 guards against multiple cell death pathways, and 

operates quite differently from other members of the protein quality control machinery. 

Also this thesis work definitively answers speculations on synergistic activity of an 

Hsp70 inhibitor with compounds targeting Hsp90 or the proteasome, and makes 

headway towards selectively inhibiting individual members of the Hsp70 family. 

Together, this work argues not only for the implementation of Hsp70 inhibitors in clinical 

settings, but also for their use as probes to understand regulation of proteostasis in 

cancer cells. It will be important to examine multiple cancer models, both in cellulo and 

in vivo, as the principles uncovered here are not likely to be universal. Moving forward, 

unbiased, interdisciplinary studies driven by collaborations will reveal more intricacies 

about the oncogenic function of Hsp70, and better position us for successful therapeutic 

intervention. 
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