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Network in Prostate Cancer Cells
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Leonard Neckers3, Jason E. Gestwicki1,*

1Department of Pharmaceutical Chemistry and the Institute for Neurodegenerative Disease, 
University of California San Francisco, San Francisco CA 94158

2Functional Genomics Core, University of California San Francisco, San Francisco, CA 94158
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Abstract

The protein homeostasis (proteostasis) network is composed of multiple pathways that work 

together to balance protein folding, stability and turnover. Cancer cells are particularly reliant on 

this network; however, it is hypothesized that inhibition of one node might lead to compensation. 

To better understand these connections, we dosed 22Rv1 prostate cancer cells with inhibitors 

of four proteostasis targets (Hsp70, Hsp90, proteasome and p97), either alone or in binary 

combinations, and measured effects on cell growth. The results reveal a series of additive, 

synergistic and antagonistic relationships, including strong synergy between inhibitors of p97 

and the proteasome, and striking antagonism between inhibitors of Hsp90 and the proteasome. 

Based on RNA-seq, these relationships are associated, in part, with activation of stress pathways. 

Together, these results suggest that cocktails of proteostasis inhibitors might be a powerful way 

of treating some cancers, although antagonism that blunts the efficacy of both molecules is also 

possible.
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androgen receptor; synergy

Introduction

The proteostasis network is a highly conserved set of pathways that balances the synthesis, 

folding, activation, and degradation of the proteome1. There are hundreds of components 

dedicated to this network, including molecular chaperones (e.g. heat shock proteins), 
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co-chaperones, the translation machinery, the ubiquitin-proteasome system and autophagy-

lysosome pathway2, 3. This network is characterized by major “nodes” that are connected, 

often through direct protein-protein interactions, with the other components4. Importantly, 

the flux of proteins through this network is tightly regulated by stress signaling, including 

the unfolded protein response (UPR), the integrated stress response (ISR), the heat shock 

response (HSR) and others5–8. Specifically, stress signaling often elevates the levels of 

proteostasis factors, such as some chaperones, as well as tuning the rates of protein 

synthesis and turnover, allowing cells to adapt to changing conditions. Thus, the proteostasis 

network is both interconnected and responsive, likely allowing different sub-networks to 

play dominant roles in response to specific perturbations9.

Cancer cells have been found to be particularly reliant on specific components of the 

proteostasis network, likely because of the rapid growth, high frequency of translation 

errors and genomic instability of these cells10, 11. For example, major nodes of the 

proteostasis network, such as Hsp70, Hsp90 and HSF1, are important for maintaining 

tumorigenesis7, 12, 13. In contrast, normal, untransformed cells seem to be less reliant on 

these same proteostasis factors, perhaps because their networks are more robust to the loss 

of an individual component. The mechanistic reasons for differential vulnerability are often 

not clear, but recent studies have started to provide insights. For example, Hsp90 binds to a 

distinct set of co-chaperones in cancer cells vs. non-transformed cells14,15, suggesting that 

the same node can be “wired” differently following tumorigenesis.

These observations, and others, have led to the hypothesis that nodes of the proteostasis 

network are promising drug targets, which could be exploited for anti-cancer therapy16–19. 

Accordingly, substantial efforts have been mobilized to create chemical inhibitors of 

proteostasis targets20–22. Although this remains an active research area, a subset of these 

molecules has advanced to the clinical setting, with varying levels of success. For example, 

proteasome inhibitors are approved and widely used in treating multiple myeloma23. 

However, inhibitors of other proteostasis targets have been less successful24–26, often due 

to lack of efficacy, rapid onset of resistance and/or unacceptable toxicity. Moreover, even 

proteasome inhibitors are ineffective at treating some cancer subtypes, such as solid tumors, 

for reasons that remain uncertain27.

One hypothesis to explain the uneven and sometimes confounding clinical results is 

that the interconnected nature of the proteostasis network might create opportunities for 

compensation by stress responses28. For example, it is well established that treatment with 

Hsp90 inhibitors, at least those that bind the N-terminal domain, leads to elevated expression 

of Hsp70 and other chaperones via an HSR program10. Similarly, proteasome inhibitors 

induce autophagy pathways29, and inhibition of p97 activates the UPR22. Mounting 

evidence suggests that these compound-induced, stress responses might directly contribute 

to inhibitor resistance. For example, activation of autophagy and other stress pathways28 

makes certain cancer cells relatively resistant to Hsp70 inhibition30. Additionally, activation 

of the HSR has been linked to bortezomib resistance in multiple myeloma31,32. Thus, cancer 

cells seem to activate stress pathways in response to proteostasis inhibitors, which can, in 

some cases, provide them with partial protection.
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Because the nodes of the proteostasis network are inter-connected and subject to regulation 

by stress responses, combinations of proteostasis inhibitors might, in some cases, be strongly 

synergistic33. Specifically, inhibition of two proteostasis targets simultaneously might limit 

the ability of cancer cells to circumvent loss of one target. However, while some promising 

combinations have been proposed34–36, this possibility has not been systematically explored. 

Here, we tested four proteostasis inhibitors by themselves and in binary combinations to 

reveal additive, synergistic and antagonistic relationships. We chose to perform these screens 

in 22Rv1 prostate cancer cells, given the known reliance of these cells on the proteostasis 

network37, 38. As test compounds, we selected four well-known inhibitors that target major 

nodes in the proteostasis network: Hsp70, Hsp90, the 26S proteasome and VCP/p97. Briefly, 

Hsp70 and Hsp90 are molecular chaperones involved in protein folding and activation39. 

VCP/p97 is a AAA+ ATPase which plays multiple roles in protein trafficking and quality 

control40, and the 26S proteasome is responsible for degrading ubiquitinated proteins41. 

Beyond their individual functions, these nodes also engage in functional relationships within 

a defined sub-network (Figure 1A). For example, Hsp70 delivers unfolded proteins to Hsp90 

through a shared co-chaperone, Hop42, 43. Moreover, p97 collaborates with Hsp70 and the 

proteasome during ER-associated degradation (ERAD)44, 45 and both Hsp70 and Hsp90 

are involved in delivering proteins to the proteasome for degradation46, 47. Thus, we were 

interested in whether an inhibitor of one node in this particular sub-network might create 

synergy with inhibitors of others.

To target these four nodes, we selected well-characterized chemical inhibitors: JG-98 

(Hsp70 inhibitor)48, 17-DMAG (Hsp90 inhibitor)49, bortezomib (proteasome inhibitor)50 

and CB-5083 (p97 inhibitor)22 (Figure 1B). These compounds were selected because three 

of them have been explored in clinical trials, while the fourth, JG-98, is a close analog 

of a molecule, MKT-077, tested in Phase I51. Using a high throughput, 384-well growth 

assay, we tested binary combinations of the compounds on growth of 22Rv1 prostate cancer 

cells, revealing examples of both synergy (Hsp70-Hsp90, p97-Hsp90, p97-proteasome) 

and antagonism (Hsp70-proteasome, Hsp90-proteasome). Transcriptome studies on cells 

treated with the most promising combinations revealed differences in the cellular stress 

response(s) compared to the single agent treatments, perhaps underlying, in part, the 

observed relationships. Also, repeating these screens in three additional prostate cancer 

cell lines, C4-2, LNCaP and PC3, identified both shared and cell-type specific relationships, 

suggesting that the “wiring” of the proteostasis network can partially differ across cell lines. 

Together, these studies show that testing proteostasis inhibitor combinations in cultured cells 

reveals patterns of additivity, synergy and antagonism, which could aid in the design (or 

avoidance) of therapeutic combinations for use in the clinic.

Results

Proteostasis inhibitors reduce cell viability in 22Rv1 prostate cancer cells, as single 
agents.

To provide a baseline for combination studies, we first confirmed the effects of the four 

proteostasis inhibitors: JG-98 (Hsp70 inhibitor), 17-DMAG (Hsp90 inhibitor), bortezomib 

(proteasome inhibitor) and CB-5083 (p97 inhibitor) on growth of 22Rv1 cells as single 
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agents. After a 72-hour treatment, each of the inhibitors, but not the DMSO control, 

reduced growth of 22Rv1 cells, with IC50 values varying from 0.02 to 3.3 μM (Figure 

1B). Consistent with observations from the literature, inhibitors of Hsp70, p97, and the 

proteasome reduced cell viability to nearly baseline at the highest doses, while Hsp90 

inhibition produced a ~50% reduction, even at the highest concentrations.

Combination treatments reveal patterns of additivity, synergy and antagonism upon 
proteostasis disruption.

Based on the calculated IC50 values, we then chose compound concentration ranges for use 

in the combination screens (see Methods). First, 22Rv1 cells were plated in 384-well plates, 

and, on the following day, compounds were added using standard laboratory automation. 

Treatments were performed in quadruplicate (4 wells per treatment) and each compound 

was tested in 8 concentrations (DMSO control, plus 7 doses in 2-fold dilutions; Figure 

2). After 3 days of treatment, cell viability was quantified using Cell Titer Glo. From the 

resulting data, all of the values in the 8x8 treatment matrix were used to calculate synergy 

values using the ZIP synergy model52 (Figure 2). There are multiple methods for estimating 

potential synergy or antagonism between compounds53, 54 and consensus in which approach 

to select has been elusive55, 56. In this case, we chose to use ZIP synergy because it utilizes 

the entire dose-response landscape (Figure 2, Figure S1), ensuring that all of the doses 

are represented when determining the numerical synergy value. This feature was especially 

important here because the Hsp90 inhibitor 17-DMAG did not reduce viability to baseline, 

which we found could create misleading synergy values if other approaches were employed. 

In this study, we considered scores to be additive if they were between the values of +1.5 

and −1.5, while scores greater than +1.5 were categorized as synergistic and those less than 

−1.5 were antagonistic. We arrived at these arbitrary cutoff values by comparing the variance 

of the ZIP synergy scores across replicates and by manually examining the dose-response 

curves (see below). Importantly, this protocol and analysis pipeline was reproducible, with 

independent replicates on different days showing high correlation (Figure S1).

From the combination screens in 22Rv1 cells, we observed clear patterns of additivity, 

synergy and antagonism between the proteostasis inhibitors. For example, the combination 

of Hsp70 and p97 inhibitors was additive (ZIP score ~ 1.2), as co-treatment with the p97 

inhibitor did not significantly impact the apparent IC50 of the Hsp70 inhibitor (Figure 

3). However, other combinations, such as Hsp90-p97, Hsp90-Hsp70 and proteasome-p97, 

were found to be synergistic. The combinations of Hsp90-p97 and Hsp70-Hsp90 were 

modestly synergistic (ZIP scores between +2.4 and +2.8), while the combination of p97 

and proteasome inhibitor (compounds bortezomib and CB-5083) was the most strongly 

synergistic, with a ZIP score of +9.1. This relationship is illustrated by examining a subset of 

the dose response curves, in which bortezomib alone is able to decrease cell viability (Figure 

3; black curve), but the apparent IC50 is enhanced when CB-5083 is added (Figure 3; blue 

curves). These findings of strong synergy confirm the long-standing idea that targeting two 

proteostasis nodes might, in some cases, enhance cancer cell death.

In addition to synergistic combinations, we were surprised to observe combinations 

that were antagonistic. For example, the Hsp70-proteasome combination was moderately 
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antagonistic (ZIP score −5.5). This effect seemed most prominent at the higher doses of 

Hsp70 inhibitor, as is clear from examination of a subset of dose-response curves that show 

that the proteasome inhibitor (Figure 3; black curves) becomes less effective when the cells 

are also dosed with an Hsp70 inhibitor (Figure 3; blue curves). More strikingly, we found 

that the combination of Hsp90 and proteasome inhibitors was strongly antagonistic (ZIP 

score −19.9). In a representative series of results, addition of 17-DMAG (Figure 3; blue 

curves) clearly suppresses the anti-proliferative activity of bortezomib compared to this 

compound alone (Figure 3; black curve). Indeed, at the higher doses of the Hsp90 inhibitor, 

the anti-proliferative effects of the proteasome inhibitor are nearly abolished. Thus, some 

proteostasis combinations can be strongly antagonistic.

To provide additional insight, we repeated a subset of the combination treatments, replacing 

17-DMAG for an alternative Hsp90 inhibitor, AUY-922. In those studies, we observed 

effects consistent with those obtained using 17-DMAG (Figure S2A), suggesting that anti-

proliferative activities are, at least in part, a product of target biology and not specific to 

the compound. Next, we repeated the screens using a non-tumorigenic prostate cell line 

RWPE-1 and found no strong synergy between any drug combination (Figure S2B). Thus, 

the combinations did not seem to generally increase toxicity to cells, but rather, to enhance 

selectivity for 22Rv1 cancer cells over the non-tumorigenic cells. Finally, we wanted to 

ensure that the handling steps do not contribute to the observed synergy values, so we 

repeated the combinations by testing compounds against themselves. In those studies, we 

found no synergy or antagonism (Figure S2C), giving additional confidence in the screening 

platform.

Androgen receptor (AR) stability may explain some, but not all, drug synergies.

We next wanted to explore possible mechanisms of synergy and/or antagonism. 22Rv1 cells 

are a prostate cancer cell line that is reliant on androgen receptor (AR) signaling57. However, 

these cells are relatively resistant to anti-androgen therapy because they express both full 

length (FL) AR and androgen-independent splicing variants (ARv) associated with severe 

disease58. AR and its variants are established clients of Hsp70 and Hsp9037 and inhibitors of 

these chaperones have been shown to promote degradation of AR and ARv37, 59. Indeed, we 

confirmed that treatment with combinations of JG-98 and 17-DMAG leads to loss of FL and 

ARv in 22Rv1 cells (Figure 4A), reducing AR to ~10% of total and ARv to ~60% of total. 

Consistent with previous reports37, the single agent treatments show that Hsp70 inhibition 

has a more dramatic effect on ARv, while Hsp90 inhibition preferentially destabilizes FL 

AR. Thus, Hsp70 and Hsp90 inhibitors may be synergistic because their co-treatment leads 

to lower levels of both AR and ARv, interrupting the AR signaling required for growth 

of these cells. However, AR stability did not explain all of the synergies. For example, 

treatment with the synergistic combination, p97-proteasome, did not alter either AR or ARv 

levels under the same conditions (Figure 4B). Likewise, AR stability did not correlate with 

synergy or antagonism after co-treatment with inhibitors of p97-Hsp70, Hsp70-proteasome, 

or Hsp90-proteasome (Figure S3), as there was no substantial differences between single-

agents and combination treatments. Together, these results suggest that AR stability can be 

important, but that different mechanism(s) may be underlying drug synergy and antagonism 

in response to most of the combinations.
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RNASeq experiments reveal differential activation of stress responses that occur after 
treatment with inhibitor combinations.

To examine the downstream effects of proteostasis inhibition in an unbiased way, RNA-

seq was used to identify transcriptional differences in the response of 22Rv1 cells to 

compounds and their combinations. Based on the growth assays, we focused these studies 

on 9 treatment conditions: a DMSO control, Hsp70, Hsp90, p97, or proteasome inhibition 

alone, and the Hsp70-Hsp90, p97-proteasome, and Hsp90-proteasome combinations. These 

combinations were selected to sample both synergistic (Hsp70-Hsp90 and p97-proteasome) 

and antagonistic (Hsp90-proteasome) examples. In the RNA-Seq studies, compounds were 

tested at a single concentration, selected by considering both the IC50 values (see Figure 1) 

and the results from the ZIP synergy analysis (see Methods).

22Rv1 cells were treated for 6 hours with the indicated compounds in triplicate, after 

which RNA was extracted and RNA-seq was performed (see Methods). Read count data 

was analyzed by DeSeq2 and the top 100 variably expressed genes were hierarchically 

clustered and visualized (Figure 5). First, we noted that almost all of the biological replicates 

clustered together, suggesting a reproducible and specific transcriptional response to each 

treatment. The only outlier was the combination of JG-98 (Hsp70 inhibitor) and 17-DMAG 

(Hsp90 inhibitor), where one of the three replicates did not immediately co-cluster. Next, 

we further subdivided the top 100 variably expressed genes across all the treatments into 

5 clusters (Cluster 1-5) and examined them via gene ontology (GO) analysis (Figure 6A). 

Cluster 1 contains stress response genes, such as DDIT4 and SESN2, as well as ER stress 

response genes linked to the UPR, including HSPA5 (BiP, an ER Hsp70) and DDIT3 

(CHOP). Cluster 2 contains many heat shock proteins and co-chaperones, including multiple 

Hsp70s (HSPA1B, HSPA1A, HSPB1, HSPH1, HSPA8), Hsp90s (HSP9-AA1, HSP90AB1), 

Hsp70 co-chaperones (DNAJA1 and BAG3), and ubiquitin (UBB). These genes are known 

to be upregulated following Hsp90 inhibition, but we additionally found that this effect is 

exacerbated by the combined Hsp90-proteasome inhibition (Figure 5). Qualitatively, this 

group of genes includes many hallmarks of the HSR60. Clusters 3 and 5 produced less 

well-defined GO terms, and their relevance will require additional study. However, we 

were interested to find that Cluster 4 contains exclusively mitochondrially expressed genes 

(Figure 5). The mitochondrial genome contains 37 genes, and we observed up-regulation 

of a significant portion following treatment with either JG-98 alone or the JG-98 and 

17-DMAG combination. JG-98 has been shown to target mitochondrial Hsp7048, 61, and it 

seems likely that, in these cells, it impacts mitochondrial proteostasis.

Immunoblotting validates the RNA-seq results and highlights differences in stress 
responses caused by proteostasis inhibition.

To validate a subset of these RNA-Seq findings, we examined the protein levels of 

representative stress response effectors, BiP (marker of the UPR) and Hsp72 (marker of 

the HSR), following proteostasis inhibition in the treated 22Rv1 cells (Figure 6C). We 

also monitored the levels of Hsc70/HSPA8, which is typically more mildly upregulated in 

the HSR. After 24 hours of compound treatment, we observe BiP upregulation following 

inhibition of the proteasome or p97 and after treatment with the p97 inhibitor or the 

combinations of p97-proteasome or Hsp90-proteasome inhibitors, which is consistent with 
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the RNASeq results. In multiple myeloma cells, inhibitors of p97 have also been shown 

to activate the UPR, leading to elevated BiP levels22. Additionally, we observed that 

Hsp72 is elevated following treatment with either the Hsp90 inhibitor, the proteasome 

inhibitor or the Hsp90-proteasome inhibitor combination in 22Rv1 cells (Figure 6C). 

Interestingly, the response to the combination was generally stronger than Hsp90 or 

proteasome inhibition alone, consistent with the RNA-Seq results. Thus, we hypothesized 

that one mechanism driving antagonism between Hsp90 and proteasome inhibitors may be 

the strong upregulation of HSR genes, which might blunt the activity of both compounds. 

To test this idea, we combined proteasome inhibitor treatment with heat stress instead of 

the Hsp90 inhibitor. This experiment was designed to discern whether the antagonism was 

due to the effects of Hsp90 inhibitor on the HSR or its ability to destabilize the chaperone’s 

clients.62, 63 Accordingly, 22Rv1 cells were placed at 42 °C for either 15, 30 or 120 minutes 

and then treated with bortezomib. One important caveat in this experiment is that we were 

unable to maintain heat shock during the entire 72 hr growth phase that is required for 

bortezomib-mediated anti-proliferative activity. However, even with this caveat, it was still 

striking that the potency of bortezomib was unchanged by any of the heat shock treatments 

(Figure S4). Thus, the antagonism between inhibitors of Hsp90 and the proteasome might 

potentially involve destabilization of Hsp90 clients.

Additional prostate cancer cell lines have both similar and distinct patterns of sensitivity 
to proteostasis inhibitors.

Lastly, we probed how these patterns of drug synergy/antagonism might compare across 

other prostate cancer cell lines. For these studies, we chose three cell lines: LNCaP, C4-2, 

and PC-3. Briefly, LNCaP cells are an androgen-sensitive prostate cell line, and C4-2 cells 

are an androgen insensitive cell line derived from LNCaP. Like 22Rv1 cells, both LNCaP 

and C4-2 express AR and are driven by AR signaling, while PC-3 cells are a prostate line 

that are androgen-insensitive and do not express AR. Thus, we expected that screens in these 

cell lines could reveal potential synergies across a wider range of prostate cancer cell types 

with different origins, AR status, and anti-androgen sensitivities.

We treated the three cell lines with an 8x8 matrix of compounds and summarized the 

resulting additivity, synergy and antagonism through calculation of ZIP synergy scores. 

In Figure 7, we also include the results from the 22Rv1 cell lines (see Figure 3) again 

for clarity and comparison. Together, the results revealed that there are some similarities 

across the prostate cancer cell lines, but that none of them respond exactly the same way 

(Figure 7A). Among the similarities, the combination of Hsp70-p97 inhibitors tended to 

be synergistic (ZIP values between +1.2 to 3.2) and the combination of Hsp90-proteasome 

inhibitors was always antagonistic (ZIP synergy values between −6.9 and −19.9). The 

shared, antagonistic response to combinations of Hsp90 and proteasome inhibitors was 

especially intriguing. Examination of the dose response curves from this series confirmed 

that proteasome inhibitor (bortezomib) was toxic to all the cells, but that addition of Hsp90 

inhibitor (17-DMAG) could make the compound less effective (Figure 7B), although this 

effect was more modest in the PC-3 cells. To explore whether this antagonism might be 

linked to up-regulation of Hsp72, we performed western blots on the treated lysates. As 

we observed in the 22Rv1 cells, addition of an Hsp90 inhibitor to the proteasome inhibitor 
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strongly up-regulates Hsp72 at 24 hours in each cell line (Figure 7C) and the level of 

elevation was greater than with either compound alone. There are hundreds of known Hsp90 

clients,62, 63 we have not yet been able to explore whether destabilization of these might be 

linked to antagonism across the four cell lines.

In addition to these similarities across the four cell lines, we also noted that some 

relationships depend on the cell type. For example, the combination of Hsp70-Hsp90 

inhibitors was only synergistic (ZIP score +2.4) in the 22Rv1 cells (Figure 7A) and was 

generally antagonistic in the other cell lines (ZIP score between −4.4 and −4.9). 22Rv1 

cells are the only line tested here that expresses both AR and ARv, so this could be one 

contributing factor (see Figure 3). Indeed, ARv has been shown to drive both overlapping 

and unique transcriptional programs, compared to AR64; thus, loss of both factors might 

be especially required in 22Rv1 cells. Together, these results highlight the importance of 

characterizing the wiring of the proteostasis network in each cell line or tumor model 

because the exact pattern of synergy/antagonism can depend on the cell line.

Discussion

The proteostasis network holds great promise as a source of drug targets for anti-cancer 

treatment9, 65. However, this concept has met with both successes and failures in the clinic, 

perhaps requiring a re-examination of the treatment strategies. One logical approach is to 

use inhibitor combinations, which might limit the ability of cancer proteostasis networks to 

compensate for loss of one pathway. Although it had been hypothesized that combinations of 

proteostasis inhibitors might have additivity or even synergy in cancer cells, this possibility 

had not been systematically quantified. Using a high throughput platform, we revealed 

clear and reproducible patterns of additivity, synergy and antagonism between inhibitors 

of four major proteostasis nodes in four different prostate cancer cell lines. We observed 

that p97 and proteasome inhibitors were especially synergistic in 22Rv1 cells (ZIP score 

9.1), a model of castration-resistant prostate cancer (CRPC). Thus, this combination might 

be used to reduce the dose required for both compounds, potentially improving potency 

while reducing toxicity. In support of this idea, the p97-proteasome inhibitor combination 

did not produce enhanced cell growth inhibition in non-tumorigenic RWPE-1 cells (see 

Figure S2B). However, it is also important to note that synergy for this combination was 

not observed in the other three prostate cancer lines, where this combination was modestly 

antagonistic. Thus, a tailored therapeutic strategy might be required, such as screening 

primary cells against combinations ex vivo to identify synergistic relationships. Future work 

will be required to understand whether expression and stability of AR and ARv (see Figure 

4A) is predictive of this synergy, as the 22Rv1 cells are the only line tested that expresses 

both.

We were initially surprised to find drug combinations, exemplified by the Hsp90 and 

proteasome inhibitor pair, that showed striking antagonism. Within the chosen subnetwork 

(see Figure 1A), we initially hypothesized that synergy might predominate because of 

the collaboration between these factors. However, recent studies have introduced the idea 

of “single-agent dominance” in two-drug combinations66. In this paradigm, molecules 

that produce a faster onset of cell death can dominate the co-treatment because of cross-
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talk between cell death pathways. Inhibition of Hsp70, for example, has been shown to 

rapidly induce both apoptosis and necroptosis67, so a deeper exploration of the role of 

cell death pathways and their kinetics will need to be explored for proteostasis inhibitors. 

Another possibility, potentially supported by our RNA-Seq and western blot findings and 

not mutually exclusive of “single-agent dominance”, is that the stress responses might be 

partially responsible for the relationships between compound treatments. For example, the 

prostate cancer cells might activate the HSR to compensate for loss of function of either 

Hsp90 or the proteasome. In support of this idea, the combination produces a more robust 

HSR activation (see Figure 7C). However, the combination of heat shock with proteasome 

inhibitor was not antagonistic (see Figure S4), suggesting that other factors, such as 

destabilization of Hsp90 client proteins, might also play an important role. Hsp90 regulates 

the stability of hundreds of client proteins62, 63, and it remains to be seen which ones might 

be involved in antagonism. Regardless, some evidence suggests that the relationship between 

Hsp90 and proteasome inhibitors might also depend on the type of cancers. For example, in 

multiple myeloma cells, treatment with a combinations of Hsp90 and proteasome inhibitors 

has been suggested to be potentially synergistic based on pre-clinical studies68, 69 and a 

clinical trial was conducted in multiple myeloma patients.69, 70 While our studies were in 

prostate cancer cells, and not multiple myeloma, it seems possible that stratifying patients 

based on induction of the HSR and/or destabilization of Hsp90 clients might have helped 

parse the most likely to respond favorably.

Together, these results suggest that a more comprehensive understanding of which stress 

pathways are activated by proteostasis inhibitors is likely needed to better track and, 

ultimately, predict synergy/antagonism, with the goal of designing more effective treatment 

strategies. One major goal of those efforts could be to profile which stress response 

pathways, such as HSR, UPR, autophagy, etc, are activated by inhibitors, so that predictive 

biomarkers could be identified71, 72. Moreover, a deeper understanding of which Hsp90 

clients are de-stabilized by inhibitors in specific cell types is lacking. Finally, it is starting 

to become clear that this framework could be more broadly important outside proteostasis 

targets, as well. For example, treatment with other chemotherapeutics and radiation are 

capable of eliciting stress responses73, 74, which might likewise blunt their efficacy. Thus, 

clinical biomarkers of stress responses might have important impacts outside programs 

associated with proteostasis targets.

Experimental

Cell lines.

22Rv1, LNCaP, C4-2, and PC-3 cells were purchased from ATCC and grown in RPMI 

1640 medium supplemented with 10% non heat-inactivated FBS (Gibco 16000044) and 1% 

penicillin/streptomycin. RWPE-1 cells were purchased from ATCC and grown in K-SFM 

supplemented with bovine pituitary extract and human recombinant EGF. All cells were 

grown at 37 °C and 5% CO2. Cells were regularly tested for mycobacterial contamination 

(every 6 months), and maintained at a low passage number.
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Inhibitors.

JG-98 was prepared, as described48, and determined to be >95% pure by HPLC. 17-DMAG 

was purchased from Cayman Chemical (item #11036). CB-5083 was purchased from 

Fisher Scientific (catalog #50-115-2549). Bortezomib was purchased from Millipore Sigma 

(CAS 179324-69-7). AUY-922 was purchased from Fisher Scientific (CAS #747412-49-3). 

Commercial compounds are reported by the manufacturer to be 95% pure by HPLC.

Drug combinations and synergy.

All tested compounds were prepared as 10 mM stocks in DMSO and stored in aliquots at 

−20 °C. For treatments, compounds were then serially diluted in 2-fold increments in RPMI 

(final DMSO ~ 0.02%). These solutions were then aliquoted to 96-well plates in an 8x8 

matrix format for each combination. Concentrations were chosen based on the EC50 value 

of each compound in the cell lines tested, to center the dilution series on the half-maximal 

value. Specifically, the following final concentrations were used: JG-98 (0.16 to 10 μM), 

17-DMAG (0.016 to 1 μM), CB-5083 (0.078 to 5 μM), bortezomib (0.0015 to 0.1 μM). 

Each compound was tested in 7 doses (plus a DMSO solvent control), using 2-fold serial 

dilutions.

Cells were grown in tissue-culture treated, 384-well plates (Corning). After 24 hours of cell 

growth, an Agilent robot was used to transfer compound from the 96-well plates to these 

384-well test plates. Cells were returned to 37 °C and 5% CO2 and grown for three days 

(doubling time 30-50 hours depending on the cell line). Cell viability was measured using 

Cell Titer Glo (Promega) according to the manufacturer’s instructions and luminescence 

was measured with a SpectraMax M5 plate reader (Molecular Devices). Cell viability 

was normalized per plate to the untreated, DMSO control. Synergy was determined using 

SynergyFinger (http://www.synergyfinderplus.org/). All drug combinations were performed 

twice per cell line (in technical quadruplicates), and the average mean synergy score for the 

entire dataset was reported.

Immunoblotting.

Cells were plated in 6-well or 12-well plates at 80-100% confluency for 24 hours, after 

which the medium was replaced with fresh medium containing indicated compounds at 

1% DMSO. Compounds were left on cells for the indicated time period (6-24 hours), 

and cells were incubated at 37 °C and 5% CO2. Cell lysate was then harvested with 

M-PER supplemented with protease inhibitor. For measuring phospho-proteins, M-PER 

was additionally supplemented with phosphatase inhibitor. Lysate was then run on 4-15% 

gradient SDS polyacrylamide gels at 5-10 μg of total protein per sample. Proteins levels 

were detected either with Licor florescent secondary antibodies and detected with a Licor 

machine, or HRP-conjugated secondary antibodies and imaged with BioRad. The following 

antibodies were used:

Antibodies

The following antibodies were used for immunoblotting: AR (Abcam #ab133273, 1:2000, 

rabbit), BiP (CST #3177, 1:2000, rabbit), Hsc70/HSPA8 (Enzo ADI-SPA-816-F, 1:2000, 
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rabbit), Hsp72/HSPA1A (Enzo ADI-SPA-811-F, 1:2000, rabbit) and actin (Sigma A2228, 

1:5000, mouse).

RNAseq and Western blot validation

Treatment concentrations were chosen based on dose-response and drug synergy data, 

to best capture combinations of compounds that were either synergistic or antagonistic. 

Specifically, the following concentrations were used: JG-98 (0.625 μM), 17-DMAG (0.25 

μM), CB-5083 (0.625 μM) and bortezomib (0.025 μM). For RNA-seq studies, 22Rv1 

cells were plated at 80% confluency in 12-well plates. After 24 hours, cells were dosed 

with compounds at indicated concentrations and incubated at 37 °C and 5% CO2. After 

6-hour treatment, RNA was extracted using Zymo Quick-RNA miniprep kit (Catalog 

#R1054). RNA from all samples were diluted to 20ng/uL in 10 uL for input into TECAN 

Universal plus mRNA-seq library preparation. RNA-seq libraries were prepared using 

the manufacture’s protocol. RNA-seq libraries were sequenced for quality control on an 

Illumina MiniSeq and pooled according to protein coding read counts to obtain uniform 

protein coding read depth. The final pools were sequenced using single end 50bp reads 

on an Illumina HiSeq 4000 at the Center for Advanced Technology (www.cat.ucsf.edu). 

Sequencing reads were aligned to the Human reference genome (Build HG38) and the 

Ensembl gene annotation (version 95) using STAR (v2.7.2b; PMID: 23104886). Read 

counts per gene as output by STAR were collapsed into a read counts matrix and were 

used as input to DESeq2 (v1.24.0; PMID: 25516281) to test for differential gene expression 

between conditions using a Wald test. Genes passing a multiple testing correct p-value of 

0.1 (FDR method) were considered significant. For western blot validation of RNA-seq, 

22Rv1 cells were plated and dosed at the same conditions. Following drug-treatment, 

immunoblotting was performed as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AR androgen receptor

ARv androgen receptor variant

17-DMAG 17-Dimethylaminoethylamino-17-demethoxygeldanamycin

ERAD ER-associated degradation

ISR integrated stress response

Hop Hsp70-organizing protein
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HSF1 heat shock factor 1

Hsp70 heat shock protein 70

Hsp90 heat shock protein 90

HSR heat shock response

UPR unfolded protein response

VCP valosin-containing protein
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Figure 1. 
Proteostasis inhibitors, targeting multiple nodes of the proteostasis network, have anti-

proliferative effects in 22Rv1 prostate cancer cells. A. A subset of the proteostasis network 

is shown, highlighting the connections between the major nodes: Hsp70, Hsp90, p97, 

and the proteasome. Together, these factors guide protein folding and turnover, working 

together to mediate client “hand-off”. B. Inhibitors of proteostasis nodes limit growth of 

22Rv1 cells. In this study, four inhibitors were used: JG-98 (Hsp70 inhibitor), 17-DMAG 

(Hsp90 inhibitor), bortezomib (proteasome inhibitor) and CB-5083 (p97 inhibitor). Cells 
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were incubated with the indicated compound for 72 hours, and viability measured via Cell 

Titer Glo (see Methods). Results are the average of experiments performed in quadruplicate 

and the error bars represent SD. Some error bars are smaller than symbols.
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Figure 2. 
Workflow for the measurement of additivity, synergy or antagonism amongst proteostasis 

inhibitors. Briefly, cells are aliquoted to 384-well plates and allowed to adhere for one day. 

Then, two drugs (A and B) are added in an 8x8 matrix format, with 7 doses per compound, 

using 2-fold dilutions (see Methods for tested concentrations) and a DMSO solvent control. 

Treatments were performed in quadruplicate, with 4 wells per each dose combination (grey 

squares). After 72-hours of treatment, cell viability was measured using Cell Titer Glo, 

and synergy determined through the ZIP synergy model. Drug-combination screens were 

performed twice per cell line, and ZIP synergy score was averaged between replicates. 

Under this model, addition of Drug B reducing the potency of Drug A (blue lines) would 

be considered synergy. ZIP scores around zero (between 1.5 and −1.5) were considered 

additive, while scores above 1.5 were considered synergistic and those below −1.5 were 

considered antagonistic. To map these relationships onto the proteostasis subnetwork (see 

Fig 1A), we plotted the nodes and created lines between them to indicate whether the ZIP 

synergy score was additive, synergistic or antagonistic for each tested cell line (termed a 

Synergy Map).
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Figure 3. 
Combinations were either additive, synergistic or antagonistic in 22Rv1 cells. A. For 

each combination, a black line and bolded text indicates the tested nodes on the Synergy 

Map in the highlighted adjacent dose-response panel. B. Dose-response curves from each 

combination are used to highlight additivity, synergy or antagonism. In each graph, the 

single-agent (black) and combination treatments (blue curves) are shown. Curves are 

arranged from top to bottom from the most synergistic to the most antagonistic, with the 
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average ZIP synergy scores shown. For the full matrix landscape of the cell viability and 

synergy results, see Figure S1. All concentrations are in micromolar.
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Figure 4. 
Some combinations reduce androgen receptor levels, but others do not. Effects of 

proteostasis inhibitor combinations on AR levels in 22Rv1 cells following 6-hour treatment. 

A. Treatment with the Hsp90 inhibitor 17-DMAG reduces the levels of full length AR, 

and Hsp70 inhibitor JG-98 treatment reduces levels of both AR and ARv in 22Rv1 cells 

after 6 hours. The combination was effective at reducing both proteins. B. Neither the p97 

nor proteasome inhibitor, or their combination, had an effect on AR or ARv levels at 6 

hours. Western blots are representative of experiments performed in triplicate. The blots 

were quantified in NIH Image J and the average density adjusted to the loading control and 

DMSO treatment was plotted on the right. Error bars represent SD.
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Figure 5. 
RNA-seq data highlights differences in gene expression following single-agent and 

combination proteostasis inhibitor treatment. 22Rv1 cells were treated with indicated 

compounds for 6 hours, after which RNA-seq was performed (see Methods). The top 100 

variably expressed genes across all conditions were clustered and further analyzed.
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Figure 6. 
RNA-seq studies and protein level validation highlight differences in activation of stress 

response pathways between single-agent and combination proteostasis inhibitor treatments. 

A. Gene ontology (GO) analysis of clusters 1 and 2 from top variably expressed genes 

(see Figure 5). Top 8 most significantly enriched GO terms are shown. B. BiP, Hsc70, and 

Hsp72 levels were probed via Western blot following 24 hours of compound treatment (see 

Methods for concentrations used). Protein levels at 24 hours closely match transcriptomic 

data and are differentially expressed across single-agent and combination proteostasis 

inhibition. Results are representative of experiments performed in triplicate.
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Figure 7. 
Expanded screens in additional prostate cancer cell lines reveals both similarities and 

differences in their responses to combinations of proteostasis inhibitor treatment A. Synergy 

maps depicting the relationship between proteostasis nodes from the drug-combination 

screens. Synergy is blue, antagonism is orange, and additivity is gray. Cutoffs defined in 

Figure 2 were applied here. Screens were performed as described in Figure 2, with each 

dose-combination performed in quadruplicate. Each screen was performed twice per cell 

line, and synergy scores were averaged. B. Representative dose-response curves from the 

antagonistic combination of proteasome-Hsp90 inhibitors. In each example, the proteasome 

inhibitor (bortezomib) alone is shown in black, while the combinations with the Hsp90 

inhibitor 17-DMAG are shown with blue lines. Results are the average of quadruplicate and 

error bars are SD. Some error bars are smaller than the symbols. C. Hsp72 is upregulated 

following Hsp90 and proteasome inhibition in all of the cell lines tested, by Western blot. 
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Results are representative of experiments performed in triplicate. See Methods for the 

concentrations used.
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