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Abstract

A subset of non-small cell lung cancers (NSCLC) are dependent upon oncogenic driver mutations 

including the most frequently observed driver mutant KRAS which is associated with a poor 

prognosis. As direct RAS targeting in the clinic has been unsuccessful to date, use of Heat shock 

protein 90 (Hsp90) inhibitors appeared to be a promising therapy for KRAS mutant NSCLC, 

however limited clinical efficacy was observed due to rapid resistance. Furthermore, the 

combination of the Hsp90 inhibitor (Hsp90i), ganetespib and docetaxel was tested in a phase III 

clinical trial and failed to demonstrate benefit. Here, we investigated the mechanism(s) of 

resistance to ganetespib and explored why the combination with docetaxel failed in the clinic. We 

have not only identified a critical role for the bypass of the G2/M cell cycle checkpoint as a 

mechanism of ganetespib resistance (GR) but have also found that GR leads to cross-resistance to 

docetaxel. Reactivation of p90RSK and its downstream target, CDC25C was critical for GR and 

mediated the bypass of a G2/M arrest. Overexpression of either p90RSK or CDC25C lead to 

bypass of G2/M arrest and induced ganetespib resistance in vitro and in vivo. Moreover, resistance 

was dependent on p90RSK/CDC25C signaling, as synthetic lethality to ERK1/2, p90RSK or 

CDC25C inhibitors was observed. Importantly, the combination of ganetespib and p90RSK or 

CDC25C inhibitors was highly efficacious in parental cells. These studies provide a way forward 

for Hsp90 inhibitors through the development of novel rationally designed Hsp90 inhibitor 

combinations that may prevent or overcome resistance to Hsp90i.
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INTRODUCTION

Despite recent advances in lung cancer treatment, it remains the leading cause of cancer-

related mortality worldwide with nearly 1.6 million deaths and the five-year survival rate is 
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still below 20% (1,2). Almost 30% of adenocarcinomas and 4% of squamous cell 

carcinomas of the lung (3,4), are driven by presence of an activating KRAS mutation. 

Although KRAS was one of the earliest oncogenic drivers discovered (5), effective KRAS 

targeted therapies still remain elusive. Furthermore, KRAS mutant lung cancers have worse 

outcomes in both early stage and advanced metastatic settings (6). Clearly, there is a critical 

need for novel agents targeting KRAS mutant NSCLC.

Attempts to directly target RAS in the clinic with small molecules have failed to date (7), 

which has prompted the development of novel approaches attempting to inhibit signaling 

molecules downstream of KRAS. Of note, KRAS mutant cells show increased dependence 

on the heat shock protein 90 (Hsp90) (4,8), which is an ATP-dependent molecular chaperone 

required for the stability of its ‘client’ oncoproteins, many of which are effectors of KRAS, 

such as members of RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways (4,9). Several 

1st and 2nd generation Hsp90 inhibitors (Hsp90i) have demonstrated promising responses, 

especially in oncogene driven cancers such as HER2+ breast cancer (10). Hsp90is’, 

including the most potent 2nd generation inhibitor, ganetespib, have shown significant single 

agent activity in ALK-driven disease, but only transient, unconfirmed responses in patients 

with KRAS mutant tumors due to the rapid development of resistance (11,12). Therefore, 

identifying the acquired resistance mechanism(s) to ganetespib in KRAS mutant NSCLC is 

critical in order to design effective Hsp90i therapeutic combinations for KRAS mutant 

NSCLC.

Here, we have utilized multiple ganetespib resistant (GR) KRAS mutant NSCLC cell lines 

and observed that bypass of ganetespib induced G2/M arrest is an indispensable component 

of acquired ganetespib resistance. Furthermore, ganetespib resistance led to cross resistance 

to the anti-microtubule agent, docetaxel which was recently tested in combination with 

ganetespib in a negative phase III lung cancer trial. These results suggest that this bypass of 

G2/M arrest is mediated by the hyperactivation of p90RSK and its downstream target 

CDC25C, which is required for G2/M progression (13–15). Not only are p90RSK or 

CDC25C hyperactivated during ganetespib resistance, these resistant cells become 

dependent on p90RSK-CDC25C signaling. In addition, the combination of ganetespib with 

inhibitors of p90RSK or CDC25C had significant activity in the de novo setting as well. In 

summary, this preclinical data provides both an explanation for why both previous 

combinations with docetaxel failed and a justification to pursue clinical trials involving 

rationally designed Hsp90i combinations that may be effective against KRAS mutant 

NSCLC.

MATERIALS AND METHODS

Cell lines and Reagents

All human KRAS mutant NSCLC cell lines (A549, H460, and H358), and embryonic 

kidney cell line HEK 293T were obtained in 2013 from the American Type Culture 

Collection (ATCC) and maintained in ATCC-specified growth medium. Derivation of 

ganetespib resistant KRAS mutant NSCLC cell lines (A549-GR100, H460-GR10, and 

H358-GR10) is described elsewhere (16). Cell line authentication was performed by 

autosomal STR (short tandem repeat) profiling done at University of Arizona Genetics Core 
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(UAGC). Ganetespib was generously gifted by Synta Pharmaceutical Corp. (Lexington, 

MA). SCH772984 and BI-D1870 were purchased from Selleck Chemicals; docetaxel from 

Sigma-Aldrich; NSC-663284 and NSC-95397 from Tocris.

Cell proliferation assays

Cell viability following specific drug treatment was assessed by CellTiter96® Aqueous One 

Solution Cell Proliferation Assay kit (Promega) according to manufacturer’s protocol. 

Quadruplets were used for each treatment group and data were normalized to percentage of 

controls. IC50 values were calculated using Prism V5.0 (GraphPad software). Each cell 

proliferation assay was performed at least three times independently i.e. biological repeat. In 

each independent (biological) experiment, quadruplets were used for each condition in order 

to perform statistical analysis. Colony formation assays were performed three times as 

previously described (17).

Cell-cycle analysis

Cells were seeded in 25-cm2 flasks at 2 × 105 cells/ml followed by harvesting at noted time 

points. Cells were washed, fixed, stained with propidium iodide, and analyzed by flow 

cytometry as previously described (18). Approximately 20,000 gated events were collected 

and the cell cycle distributions were analyzed using BD Accuri™ C6 software (BD 

Biosciences). Each flow cytometry analysis was performed three times and statistical 

significance was determined performing unpaired t-test between groups.

Western blot and antibodies

After being treated with specific drugs for defined periods of times, cell collection, protein 

preparation, concentration measurements, and western blotting were performed as 

previously described (17). Information on all antibodies used in this report is provided in 

supplementary table S1.

Lentiviral production and infection

4 × 106 293T cells were seeded in 25-cm2 flasks. Transfection was performed to generate 

lentiviral particles using a four-plasmid system as per the TRC Library Production and 

Performance protocols, RNAi Consortium, Broad Institute (19) and as previously described 

(17). CDC25C shRNA constructs were purchased from the Sigma MISSION® shRNA 

Library, and their respective sequences are listed in supplementary table S2. pLKO.1-shRNA 

scramble (SCR) vector was obtained from Dr. David M. Sabatini through Addgene (plasmid 

1864) as previously described (20). The pLenti CMV Puro DEST (w118-1) vector was 

obtained from Eric Campeau through Addgene (plasmid 17452). The Ultimate™ ORFs 

(Invitrogen) for CDC25C and RSK isoforms was obtained from the Johns Hopkins 

University HiT Center and an LR reaction (Invitrogen) was performed to construct pLenti 

Puro DEST (w118-1)-CDC25C. All constructs were sequence verified. The ORF clone IDs 

of the constructs are – IOH14569 (RSK1.a, variant 1), IOH12130 (RSK1.b, variant 2), 

IOH63248 (RSK2), IOH3648 (RSK3), IOH36120 (RSK4), and IOH14569 (CDC25C).
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In vivo experiments

For H460 xenografts, a total of 5×106 viable cells were suspended in equal volumes of PBS 

and Matrigel and subcutaneously injected in adult 6 – 8 weeks old Athymic Nude Mice 

[Crl:NU (NCr)-F] (Charles Rivers). One tumor per mouse was implanted. Once the tumors 

reached an average size of ≥150 mm3 (range 100–250 mm3), mice were distributed among 

control and treatment arms and were intravenously (i.v.) dosed with either vehicle control or 

ganetespib at 50 mg/kg once a week. In addition, we used a KRAS G12C mutant human 

NSCLC PDX model established from a brain metastasis (BM012–15). 2 mm2 tumor tissues 

cut with sterile blade were implanted subcutaneously. Once reaching ≥150 mm3, animals 

were randomized to four arms and i.v. dosed with vehicle control, ganetespib (50 mg/kg) 

every 8th day, NSC-663284 (3 mg/kg) (21) every 4th day, or combination of ganetespib and 

NSC-663284. Animals were sacrificed once tumors reached ~ 2000 mm3. In both 

experiments, tumor sizes [1/2(length × width 2)] were measured by digital caliper thrice a 

week. Animals were sacrificed when tumors reached ~ 2000 mm3.

Statistical analyses

For all the dose-response MTS assays, we have shown one representative curve which was 

derived from one experiment. We determined the 50% inhibition concentration (IC50) values 

for three biological repeats of each experiment using GraphPad Prism V5.0 Software and 

generated the average IC50 values for each cell lines from each experiment and finally 

performed unpaired t-test to determine the level of significance (Supplementary table S3). 

Unpaired t-test was performed to determine the level of significance in all the cell-cycle 

analyses. Growth patterns in animal studies were summarized graphically by plotting the 

mean and standard error for each treatment group at each tumor assessment time. Unpaired t 

test and ANOVA were performed to determine whether the difference between the control 

and the treatment groups were significant.

RESULTS

Acquired resistance to ganetespib leads to loss of the ganetespib induced G2/M arrest and 
cross-resistance to docetaxel

Hsp90 inhibition has been demonstrated to induce a substantial G2/M arrest in a variety of 

tumor types (22–24). Our group and others have previously shown that ganetespib treatment 

results in significant growth inhibition in KRAS mutant NSCLC (16,25–27). To determine 

whether the observed growth inhibition was due to a cell cycle arrest and whether loss of a 

cell cycle checkpoint was important for ganetespib resistance, we investigated the cell cycle 

profiles of KRAS mutant NSCLC cells following 48 hours of ganetespib treatment. We 

utilized our established ganetespib resistant (GR) cells and parental cells (16) to determine 

whether the G2/M checkpoint was intact in the GR cells. As expected, a significant G2/M 

arrest was observed in the parental A549 cells with only 16.5% of G2/M phase in DMSO 

control compared to ganetespib induced accumulation of 39.3% and 38.5% of cells in the 

G2/M phase at 50 and 100 nM doses, respectively. Surprisingly, ganetespib induced G2/M 

arrest was significantly diminished in the A549-GR100 cells (Fig. 1A). A similar effect was 

also observed in a second KRAS mutant cell line H460 with loss of this ganetespib induced 

arrest in the H460-GR10 cells (Supplementary Fig. S1). Since docetaxel has previously been 
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demonstrated to synergize with ganetespib, induce a G2/M arrest (28) and was tested in 

combination with ganetespib in a large phase III trial in advanced lung cancer (29), we 

examined whether the GR cells would be cross resistant to docetaxel (30). Indeed, we 

observed that the resistant cell line showed cross-resistance to docetaxel with a statistically 

significant two fold increase in IC50 in short term assays as well as sustained resistance in 

long term assays (Fig. 1B, C and Supplementary Table S3).

p90RSK mediates bypass of a ganetespib induced G2/M arrest in KRAS mutant NSCLC

The p90RSK family of kinases has been implicated in promoting nuclear signaling, cell 

growth and protein synthesis, cell migration and survival, cell proliferation, and more 

importantly, for the current study, G2/M cell-cycle progression (31,32). We have previously 

shown that these ERK1/2 targets were hyperactivated in the GR cells and can induce 

ganetespib resistance in KRAS mutant NSCLC (16) (Fig. 2A). Therefore, given its 

established role in G2/M cell cycle progression (33), we examined whether p90RSK 

overexpression was responsible for the observed bypass of G2/M arrest in the GR cells. As 

the RSK isoform specific functions in lung cancer have not be previously elucidated and our 

previous studies have suggested that the activity of multiple isoforms is increased in GR 

cells and required for ganetespib resistance (16), we decided to investigate roles of all 

isoforms in G2/M regulation. Using these previously established cell lines (16) 

(Supplementary Fig. S2A), we found that overexpression of p90RSK was sufficient to 

bypass the ganetespib induced G2/M arrest in an isoform dependent manner (Fig. 2B, 2C 

and S2B). Compared to 41% of cells arrested at G2/M in control A549-W118Δ cells, A549 

cells overexpressing isoforms 1A, 1B, and 2 showed significant reduction in % of G2/M 

arrested cells, 23.3, 23.1 and 21.35% respectively, in response to 50 nM ganetespib 

treatment for 48 hours. However, overexpression of isoforms 3 and 4 failed to prevent the 

ganetespib induced G2/M checkpoint (Fig. 2C and Supplementary S2B). To further support 

the role of p90RSK in the bypass of G2/M arrest in KRAS mutant NSCLC cells, we asked if 

treatment with the p90RSK inhibitor, BI-D1870 would lead to G2/M arrest. Notably, BI-

D1870 treatment led to a significant G2/M arrest in a dose and time dependent manner 

(Supplementary Fig. S3A and B).

CDC25C, a p90RSK downstream target and an important inducer of G2/M progression, is 
hyperactivated in GR cells and its overexpression can lead to ganetespib resistance

As p90RSK expression mediated bypass of G2/M arrest and led to ganetespib resistance in 

KRAS mutant NSCLC cells, we wanted to determine the key p90RSK substrate(s) that were 

responsible for the observed resistance. We therefore performed a systematic protein 

expression analysis by western blotting of many of the known mediators of G2/M 

progression in parental and GR cells after ganetespib treatment (Supplementary Fig S4 and 

Fig 3A). We observed that the expression of the total protein or phosphorylated forms of 

many of the G2/M regulators such as the mitosis-specific phosphatase CDC20, the dual-

specificity phosphatases of the CDC25 family, cyclins B1 and D3, and the cyclin-dependent 

kinase, cdc2 were upregulated in at least a subset if not all of the GR cells compared to the 

control parental cells (Supplementary Fig. S4). Since CDC25C is both a known Hsp90 client 

protein (22,23) and a p90RSK target (33,34), which plays a key role in G2/M progression 

(35), we examined whether its expression and activity were altered in GR cells. Similar to 
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the observed increase in p90RSK expression in GR cells (Fig 2A), we observed increased 

expression of the p90RSK phosphorylation target, CDC25C. Most notably, we observed 

increased expression of the CDC25C phosphorylation at Thr48 and Ser198 residues that 

correlate with CDC25C activity (14,15,36) (Fig. 3A and Supplementary S5A). Furthermore, 

p90RSK overexpression was sufficient to induce expression and activation of CDC25C in 

parental cells (Fig. 3B). Of note, p90RSK induced CDC25C phosphorylation has already 

been reported to be involved in G2/M checkpoint progression (33,34). These results 

suggested that CDC25C may be a critical p90RSK target for mediating the bypass of G2/M 

arrest and ganetespib resistance. To test whether CDC25C was responsible for the observed 

ganetespib resistance, we overexpressed CDC25C in KRAS mutant NSCLC cell lines and 

found that CDC25C expression was sufficient to induce ganetespib resistance in vitro as 

IC50 values of these CDC25C overexpressing A549, H460 and H358 cells increased notably 

to 74.5, 86, and 79.7 compared to 38.7, 34.1, and 36.3 respectively in their controls 

expressing empty vector, W118Δ (Fig. 3C; Supplementary table S3). We next examined 

whether CDC25C overexpression was also sufficient to induce ganetespib resistance in vivo. 

Although 50 mg/kg (once a week) dosing of ganetespib was sufficient to reduce the tumor 

growth significantly in W118Δ control group compared to DMSO vehicle (72 % growth 

inhibition, p < 0.0001), no significant growth inhibition was induced by ganetespib in 

CDC25C overexpressing cell lines compared to DMSO vehicle (21 % growth reduction, p = 

NS, not significant) (Fig. 3D). This suggests that CDC25C expression is sufficient to induce 

ganetespib resistance in vivo.

CDC25C overexpression in KRAS mutant NSCLC cell lines leads to bypass of the 
ganetespib induced G2/M arrest and docetaxel resistance

As p90RSK mediated activation of CDC25 phosphatases promotes the G2/M transition 

leading to entry into M-phase (14,33), we next investigated whether overexpression of 

CDC25C in parental KRAS mutant NSCLC cells would lead to bypass of the ganetespib 

induced G2/M arrest, a phenomenon observed in GR cells in response to ganetespib 

treatment. We observed that CDC25C overexpression was sufficient to phenocopy GR cells 

as overexpression of CDC25C significantly abrogated the ganetespib induced G2/M arrest 

(Fig. 4A and B). Given the ability of CDC25C to bypass ganetespib induced G2/M arrest, we 

next asked whether it could induce docetaxel resistance as well. Remarkably, CDC25C 

overexpression in all three KRAS mutant NSCLC cell lines, A549, H460, and H358 showed 

cross-resistance to docetaxel (Fig. 4C) to a similar extent as observed in GR cells (Fig. 1B 

and C, and Supplementary table S3).

Inhibition of CDC25C, pharmacologically or genetically, induces synthetic lethality in GR 
cells

The above studies suggested that CDC25C may be required for mediating the observed 

ganetespib resistance. In order to examine the hypothesis, we first treated GR cells with two 

well characterized and specific CDC25C inhibitors, NSC-663284 (21,37,38) and 

NSC-95397 (39,40). Interestingly, both inhibitors demonstrated significant cytotoxicity in 

KRAS mutant GR NSCLCs compared to control parental cells (Fig. 5A and B, and 

Supplementary table S3). We observed a striking reduction in IC50 from 9.7 µM in H460 

control cells to 1.1 µM in H460-GR10 cells in response to 72 hours of graded NSC-663284 
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treatment (Fig. 5A, left panel). A similar sensitization to CDC25C inhibition was observed 

with NSC-95397 in the GR cells compared to parental cells (Fig. 5A, right panel). Likewise, 

the A549-GR100 cells were significantly more sensitive to these inhibitors compared to the 

control parental cells (Fig. 5B, and Supplementary table S3). These studies suggest that 

ganetespib resistance lead to an increased dependence on CDC25C leading to synthetic 

lethality with CDC25C inhibition. To further validate the requirement of CDC25C for 

ganetespib resistance and control for off target effects of the inhibitors, we silenced 

CDC25C in GR cells (Fig. 5C) and examined whether this could resensitize the GR cells to 

ganetespib. These results show that knockdown of CDC25C was sufficient to induce 

significant cytotoxicity in GR cells compared to controls (Fig. 5C), suggesting that CDC25C 

is one of the key factors mediating the acquired resistance to ganetespib. Conversely, when 

the same shRNA constructs were expressed in parental KRAS mutant NSCLC cells 

(Supplementary Fig. S6A) which do not overexpress CDC25C, we failed to observe a 

notable difference in cytotoxicity between the control and the experimental cells 

(Supplementary Fig. S6C). These experiments suggest that increased CDC25 activity is 

required for ganetespib resistance and sensitizes to CDC25C inhibition.

We next asked whether CDC25C overexpression was sufficient to induce dependence on this 

pathway. Interestingly, both CDC25C inhibitors demonstrated significant cytotoxicity in all 

three CDC25C overexpressing KRAS mutant NSCLC cell lines compared to controls 

expressing W118Δ (Supplementary Fig. S7 and Supplementary table S3). Finally, we 

investigated whether the combination of Hsp90 and CDC25C inhibition in parental cells 

would lead to a synergistic growth inhibition. Although, we could not detect a synergistic 

interaction, a significant additive combinatorial activity was observed in Loewe excess 

matrices for ganetespib with NSC-663284 (Supplementary Fig. S8). To validate the 

combinatorial activity of ganetespib and NSC-663284, we selected specific dose 

combinations on the basis of the Loewe excess matrices results to perform MTS assay. We 

observed a strong additive effect in A549 parental cells for the combination of 1 µM 

NSC-663284 and 25 or 100 nM ganetespib after 48 hours of treatment as compared to 

ganetespib or NSC-663284 treatment alone (Fig. 5D; ***, p < 0.001). Finally, we examined 

this combinatorial cytotoxicity in a KRAS mutant patient derived xenograft (PDX) model. 

Compared to the individual monotherapy of the two drugs, combination of the drugs induced 

significant tumor shrinkage (Fig. 5E; Ganetespib vs. Ganetespib + NSC-663284, **, p < 
0.01; NSC-663284 vs. Ganetespib + NSC-663284, ****, p < 0.0001).

Acquired resistance to ganetespib mediated by CDC25C hyperactivation is also dependent 
upon upstream ERK/p90RSK signaling

As we have previously shown that hyperactivation of ERK/p90RSK pathway 

(Supplementary Fig. S9A and 2A) (16) is an important determinant of acquired resistance to 

ganetespib in KRAS mutant NSCLC, we wanted to examine whether the ganetespib 

resistance via CDC25C overexpression was dependent upon upstream ERK1/2 and p90RSK 

signaling. In order to investigate this hypothesis, we first treated a panel of KRAS mutant 

NSCLC cells expressing either W118Δ or CDC25C with the potent, ATP competitive and 

non-competitive ERK1/2 inhibitor, SCH772984 (41,42). All three cell lines expressing 

CDC25C, when treated with increasing concentration of the drug, compared to cells 
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expressing the control vector, W118Δ, showed significantly greater sensitivity to 

SCH772984 (Supplementary Fig. S9B, and Supplementary table S3). These results suggest 

that ganetespib resistance induced by CDC25C overexpression leads to increased 

dependence on ERK signaling. Of note, we had previously demonstrated that GR cells were 

more sensitive to this ERK inhibitor (16). Similarly, in order to investigate the dependence 

of CDC25C induced GR on p90RSK signaling, we treated the same panel of cells with the 

well characterized and specific p90RSK inhibitor, BI-D1870 (43). While BI-D1870 had little 

activity as monotherapy in the control cells, it showed significant cytotoxicity in CDC25C 

overexpressing cells compared to their respective control cells expressing empty vector 

(W118Δ) (Supplementary Fig. S9C and Supplementary table S3). As the panel of CDC25C 

overexpressing cells showed synthetic lethality to this drug, we decided to further analyze 

the efficacy of this drug in combination with ganetespib in the treatment naïve parental cells. 

Based on the preliminary results of Loewe excess matrices (Supplementary Fig. S10A for 

H460 and S11A for A549) for ganetespib with BI-D1870, we tested the efficacy of specific 

dose combinations in H460 and A549 parental cells. These results suggest significant 

additive effects of 1 µM BI-D1870 in combination with either of 25, 50 or 75 nM ganetespib 

at 48 hours (*, p < 0.5), compared to ganetespib treatment alone in H460 cells (Fig. S10B). 

In A549 cells, 2.5 µM BI-D1870 in combination with 25 or 50 nM ganetespib was sufficient 

to produce significant additive effects after 48 hours of treatment (*, p < 0.5), compared to 

ganetespib treatment alone (Supplementary Fig. S11B). These results suggest that targeting 

the ERK/p90RSK/CDC25C pathway in combination with Hsp90i would be an effective 

therapeutic strategy. As previous studies have suggested that dual pathway inhibition maybe 

more effective than sequential or parallel pathway inhibition (44–46), we tested if dual 

pathway inhibition would be more effective in GR cells. We tested the efficacy of specific 

combinations in the GR cells that inhibited ERK1/2 (SCH772984), p90RSK (BI-D1870) and 

CDC25C (NSC-663284) (Supplementary Fig. S12 and S13). All combinations tested 

produced significantly higher growth inhibition compared to individual drug monotherapies 

at specific dose combinations. Interestingly, the combination of dual ERK and CDC25C 

inhibition appears to be the most effective (Supplementary Fig. S12C and S13C). In 

summary, dual pathway inhibition was additive for the combinations examined and may be 

worth testing in the clinic if response to ganetespib with an ERKi, RSKi or CDC25Ci is not 

sufficiently efficacious.

DISCUSSION

KRAS is mutated in ~30% of lung adenocarcinomas (47) and ~5% of squamous cell 

carcinomas. Given its high mutation frequency in NSCLC, KRAS is an appealing target, 

however; no approved therapies exist for these patients. Development of direct KRAS 

inhibitors has been limited by the complex KRAS biochemistry and these inhibitors have not 

been successfully translated to the clinic to date (48,49). Targeted inhibition of Hsp90 is 

quite effective in preclinical studies involving KRAS mutant NSCLC cell lines and mouse 

models (9,27,50). However, Hsp90i such as ganetespib, which showed strong preclinical 

efficacy, both in monotherapy or with chemotherapy (9,27,51), had little activity in patients 

with KRAS mutant tumors (11,12). Furthermore, the combination of ganetespib and 

docetaxel, which was recently tested in a large phase III clinical trial (Galaxy-2) in advanced 
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lung cancer, failed to demonstrate either a PFS or OS benefit in either KRAS mutant or 

KRAS wild type NSCLC patients (29). Unfortunately, this current study suggests that this 

combination was unlikely to succeed due to the development of cross resistance to docetaxel 

with the development of ganetespib resistance. In addition, our study suggests that simply 

demonstrating in vitro or in vivo synergy with a combination is insufficient to predict 

clinical response. Rather it is critical to understand the mechanisms of resistance to targeted 

agent a priori and then develop rational combinations which not only demonstrate activity 

but prevent or overcome acquired resistance.

In this report, the goal was to identify the mechanism(s) of acquired resistance to ganetespib 

in KRAS mutant NSCLC in order to offer a way forward for ganetespib or other newly 

emerging Hsp90i’s through the rational design of Hsp90 inhibitor combinations that may 

prevent and/or overcome resistance to Hsp90i’s. These rationally designed combinations 

would in turn serve as the scaffold for an effective therapeutic strategy for KRAS mutant 

NSCLC. We have already established hyperactivation of RAF/MEK/ERK and PI3K/AKT/

mTOR signaling as the foundation of the acquired ganetespib resistance mechanism 

providing us with a number of specific inhibitors that could be combined with ganetespib 

monotherapy to overcome resistance (16). In this report, we unexpectedly found that bypass 

of the G2/M checkpoint through the p90RSK-CDC25C pathway is a key determinant of 

resistance to ganetespib as well as leading to cross resistance to docetaxel. These findings 

will have substantial impact on future trials with emerging Hsp90 inhibitors such as 

TAS-116 as the critical role of the G2/M checkpoint in determining response to Hsp90 

inhibitors has previously been unrecognized. Furthermore, the key role of CDC25C in 

mediating bypass of the G2/M checkpoint after Hsp90 inhibition provides a novel target to 

restore this checkpoint and develop for the clinic. Finally, these results could serve as an 

explanation for the failure of the GALAXY 2 trial (29,52,53).

Our investigation of the role of p90RSK in G2/M regulation also revealed that a subset of 

p90RSK isoforms were sufficient enough to bypass of G2/M arrest and induce resistance 

(Fig. 2B, C and Supplementary Fig. S2B). Although all isoforms appear to be active when 

overexpressed, clearly there is a more subtle difference in either the activity of each isoform 

or the substrate specificity between those isoforms which can bypass the G2/M arrest 

(RSK1A, 1B and 2) versus those isoforms which are incapable of overcoming this arrest. As 

such, our findings represent one of the few examples in the literature and especially in lung 

cancer to interrogate the isoform specific functions of the p90RSK family of kinases. Our 

results demonstrating RSK1/RSK2 overexpression leading to G2/M progression are, indeed, 

in accordance with the previously published reports (31,33,54). As it is beyond the scope of 

this report future studies will focus on identifying the critical substrates which determine the 

ability of an individual p90RSK isoform to bypass arrest. Notably, this may be less of an 

issue in the clinic as the p90RSK inhibitors developed to date have activity against multiple 

isoforms and can induced marked G2/M arrest (Supplementary Fig. S3). These findings 

strongly suggest that the p90RSK inhibitor, BI-D1870 is a potential candidate to combine 

with ganetespib. In addition, to potentially targeting p90RSK directly or upstream with an 

ERK inhibitor, it may also be possible to target the critical downstream p90RSK substrate(s) 

if we could identify them. In the current study, we have identified CDC25C phosphatase as 

potentially target (33,34).
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The dual specificity phosphatases of cell division cycle 25 (CDC25) family including 

CDC25A, CDC25B and CDC25C are required at various stages of the cell-cycle(35) and 

have been implicated in the development of several types of human cancers (55,56). In 

addition, several small molecule CDC25C inhibitors have been developed and could be 

brought to the clinic. CDC25C appeared to be a promising candidate for the mediator of the 

observed resistance as it is a known p90RSK substrate, an Hsp90 client and is a potent 

inducer of G2/M progression. We have established the critical role of CDC25C in acquired 

ganetespib resistance both in vitro and in vivo (Fig. 3, Fig. 4, Supplementary Fig. S5 and 

S6). We have also shown that it is not only CDC25C overexpression, but the p90RSK-

CDC25C signaling arc that is responsible for this ganetespib resistance to develop and the 

mechanism involved was the bypass of G2/M arrest induced by ganetespib (Fig. 4). These 

results identified CDC25C as a potential therapeutic target to overcome the ganetespib 

resistance, as both genetic silencing or pharmacological inhibition of CDC25C was able to 

restore sensitivity to ganetespib (Fig. 4, and Supplementary Fig. S6).

We have previously described that ERK1/2 specific inhibitor - SCH772984 (41,42) could be 

an effective candidate to combine with ganetespib (16). In the current study, we examined 

whether the combination of ganetespib and the p90RSK specific inhibitor- BI-D1870 (43) 

and CDC25C inhibitor, NSC-663284 (21,37,38) and found that it was extremely effective in 

both parental cells and the GR cell lines (Supplementary Fig. S8D, E, and Fig. 5). 

Furthermore, we also tested the sensitivity of CDC25C overexpressing cell lines to either 

SCH772984 or BI-D1870. Surprisingly, both inhibitors were able to induce synthetic 

lethality in those cells (Supplementary Fig. S9B, and C). These results suggest that not only 

NSC-663284, but SCH772984 or BI-D1870 could also be combined with ganetespib to 

block the G2/M progression with maximum efficacy leading to overcome ganetespib 

resistance. Interestingly, we attempted to generate GR cells resistant to NSC-663284, 

SCH772984 or BI-D1870, but failed as the GR cells only survived 11–14 days when they 

were cultured in respective inhibitors at their IC5-IC10 doses. Our conclusion from these 

experiments is that the GR cells remain sensitive to these above mentioned inhibitors and 

that development of resistance to the combination is not readily achievable. This further 

supports that these combinations may be effective in the clinic. The common theme from 

these studies is that the bypass of the G2/M checkpoint is critical to ganetespib resistance 

and that an effective combination will target this vulnerability.

Based on these results, we propose the following model for ganetespib resistance as depicted 

in Fig. 6. Activation of p90RSK by the MEK/ERK and PDK signaling pathways lead to 

upregulation and activation of its downstream target CDC25C leading to bypass of the G2/M 

arrest and ganetespib resistance. This hyperactivation of CDC25C then drives the GR cells 

to bypass the G2/M arrest via regulation of Cyclin B/cdc2 signaling (Supplementary Fig. 

S4), a well-established mechanism that is involved in G2/M progression (14,22,33,57). 

These preclinical studies strongly advocate that the combination of ganetespib with an 

ERK1/2 inhibitor, a p90RSK inhibitor or a CDC25C inhibitor would be an effective strategy 

to test in the clinic (Fig. 6). Combination of any one of the inhibitors tested in this study 

with ganetespib or even any other Hsp90i currently under clinical evaluation (e.g., AT13387, 

NCT01712217 and TAS-116, NCT02965885) may well prevent Hsp90i resistance and/or 

help overcome the resistance after single agent treatment. Finally, our results further suggest 
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that dual pathway inhibition may be worth testing in the clinic if response to ganetespib with 

an ERKi, RSKi or CDC25Ci is not efficacious. In the short term, a combination of a Hsp90 

inhibitor with an ERK inhibitor would be the most practical to bring to the clinic as 1) 

ERK1/2 resides at the top of the ERK-RSK-CDC25C signaling cascade currently and 

therefore targeting ERK1/2 should have effects potentially of larger magnitude as it will not 

only affect the functions of p90RSK or CDC25C, but others critical for cellular function and 

2) Although SCH772984 is not part of any on-going clinical investigation, there are other 

ERK1/2 inhibitors that are currently being evaluated in the clinic such as ulixertinib 

(BVD-523) that is currently under clinical investigation involving patients with BRAF and 

NRAS mutant melanoma. In the long term, the combination of Hsp90 inhibitors and 

CDC25C inhibitors would more specifically target the bypass of the G2/M checkpoint that is 

seen with ganetespib resistance. As such, our findings presented here serve as the preclinical 

rationale for a future Phase I/II trial in KRAS mutant NSCLC testing these therapeutic 

combinations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank Mark Socinski, MD, James G. Herman, MD, Laura Stabile, PhD, Deborah L. Galson, PhD, 
Frank P. Vendetti, PhD, Juraj Adamik, PhD, Zachary A. Yochum, B.S., at the University of Pittsburgh and David 
Proia formerly of Synta Pharmaceuticals for the discussion, advice regarding this work and supply of resources 
when applicable. They also thank Synta Pharmaceuticals Corp. (Lexington, MA) for the constant supply of 
ganetespib. T.F.B. and S.C. have received research funding for this project from a LUNGevity Foundation Career 
Development Award and National Cancer Institute SPORE IN LUNG CANCER Career Development award 
(P50CA090440). This project used the UPCI Animal and Cytometry Facilities that are supported in part by award 
P30CA047904. We apologize to the authors whose work was not cited due to space limitations.

Abbreviations

Gan Ganetespib

C control

GR ganetespib resistance/resistant

NSCLC non-small cell lung cancer

Hsp90i Hsp90 inhibitor

p90RSK p90 ribosomal S6 kinase

CDC25C cell division cycle 25, isoform C
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Figure 1. Acquired resistance to ganetespib in KRAS mutant NSCLC leads to loss of ganetespib 
induced G2/M arrest and docetaxel resistance
(A) Representative cell cycle analysis at 48 hours after treatment with ganetespib in parental 

(A549C) and A549-GR100 cells (top). For each group, triplicates were used and average % 

of G2/M arrested cells was compared between control and GR100 cells in the bar graph 

(bottom). The two-tailed P values for A549C and A549-GR100 at 50 and 100 nM were < 

0.001, and were considered extremely significant (***, p < 0.001) [NS = Not Significant]. 

(B) Representative MTS assay at 72 hours after treatment with docetaxel in A549C and 
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A549 GR-100. (C) Long term colony formation assay in A549C and A549 GR-100 cells 

grown in the docetaxel at the indicated doses for 3 days. On day 10, cells were fixed and 

stained with crystal violet.
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Figure 2. p90RSK activity is markedly upregulated in GR cells at baseline and after ganetespib 
treatment and overexpression of p90RSK leads to bypass of the ganetespib induced G2/M arrest
(A) Western blot analysis of p90RSK activity after ganetespib treatment (48 hours) in A549 

and H460, C vs. GR cells. (B) Representative cell cycle analysis at 48 hours after ganetespib 

(Gan) in parental A549C cells with individual p90RSK isoform overexpression. (C) Bar 

graph represents a comparative display of % of G2/M cells corresponding to (B). The 

average % of G2/M cells were compared between control cells expressing empty vector 
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W118Δ and RSK1.A, RSK1.B, RSK2, RSK3 or RSK4 by performing unpaired t-test, and 

the level of significance were denoted as **, p < 0.01; NS = not significant.
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Figure 3. CDC25C, a p90RSK downstream target and an important inducer of G2/M 
progression, is hyperactivated in GR cells and its overexpression can lead to ganetespib 
resistance
(A) Western blot analysis of the downstream p90RSK target, CDC25C, after ganetespib 

treatment (48 hours) in A549 C vs. GR cells. (B) Western blots showing overexpression of 

p90RSK isoforms leading to hyperactivation of CDC25C in parental A549 cells. (C) 
CDC25C was overexpressed in parental KRAS mutant NSCLC cell lines and percent 

viability were assessed by MTS assays after 72 hours treatment with increasing ganetespib 

doses. Cells expressing empty vector – W118Δ were used as a negative control. Unpaired t-
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test was performed on the IC50 values from three biological repeats to determine the level of 

significance and denoted as ***, p < 0.001. See Supplementary Table S3 for further details. 

(D) Ganetespib induced tumor regression was compared between vehicle and ganetespib 

treated H460 xenografts arms either overexpressing empty vector W118Δ or the CDC25C. 

Tumor growth curves represent mean tumor volume (± SEM). N = 9 mice per treatment arm. 

The two-tailed P value for H460-CDC25C (Vehicle) and H460-CDC25C (Ganetespib) was 

0.1042, and considered not significant (NS). The two-tailed P value for H460-W118Δ 

(Vehicle) and H460-W118Δ (Ganetespib) was < 0.0001, and was considered extremely 

significant (****, p < 0.0001).
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Figure 4. CDC25C overexpression in KRAS mutant NSCLC cell lines leads to bypass of the 
ganetespib induced G2/M arrest and docetaxel resistance
Representative cell cycle analysis at 48 hours after treatment with ganetespib in (A) H460 

and (B) A549 cells carrying either empty vector W118Δ as control or the CDC25C. Bar 

graph represents a comparative display of % of G2/M cells corresponding to the flow 

cytometry data. CDC25C overexpression significantly decreased the % G2/M in response to 

50 nM ganetespib as determined by performing unpaired t-test on the % G2/M to obtain the 

level of significance and denoted as **, p < 0.001(C) Representative MTS assay at 72 hours 
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after treatment with docetaxel in control vs. CDC25C overexpressing KRAS mutant NSCLC 

cell lines. Unpaired t-test was performed on the IC50 values obtained from three 

independent biological repeats to determine the level of significance between control and 

experimental groups and denoted as **, p < 0.01 and ***, p < 0.001. See Supplementary 

Table S3 for further details.
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Figure 5. GR cells are dependent upon sustained CDC25C signaling as pharmacologic or genetic 
inhibition of CDC25C induce synthetic lethality
Percent viability of control and GR (A) H460 and (B) A549 cells after a 72 hours of 

treatment with the CDC25C inhibitors, NSC-663284 (0 – 10 µM) (left) and NSC-95397 (0 – 

40 µM) (right) was determined by MTS assay and level of significance was determined 

performing unpaired t-test on IC50 values obtained from three independent biological 

repeats and denoted as **, p < 0.01 and ***, p < 0.001. See Supplementary Table S3 for 

further details. (C) CDC25C was silenced in KRAS mutant H460 and A549 GR cells by 
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expressing specific shRNA and percent viability was measured by MTS assays after 72 

hours treatment with increasing concentrations of ganetespib. A549 or H460 GR cells 

expressing scramble shRNA (SCR) were used as a negative control. Bar graphs represent a 

comparative display of the respective dose response curves showing level of significance at 

50 nM and 100 nM doses of ganetespib which were determined by performing unpaired t-

test between the groups (*, p < 0.05; **, p < 0.01; ***, p < 0.001). (D) The combination of 

ganetespib and CDC25C inhibitor, NSC-663284 was assessed in A549, where cells were 

treated with increasing concentrations of ganetespib (0, 25 and 100 nM) in absence or in 

presence of 1 µM NSC-663284 for 48 hours followed by MTS assay to determine the 

percent viability of the cells. Bars represent the mean percent cell viability (± SD) relative to 

the mean of control cells (DMSO). Each cell type in each experiment included at least 4 

replicates. Statistical significance by unpaired student t-Test are denoted as *, p < 0.05, and 

****, p < 0.0001(E) KRAS mutant NSCLC PDX model. Athymic nude mice bearing the 

indicated tumors (n = 8 mice per group) were i.v. dosed with either vehicle or ganetespib (50 

mg/kg) or NSC-663284 (3 mg/kg) or both. Data are presented as mean ± SD. Ganetespib vs. 

Ganetespib + NSC-663284, **, p < 0.01; NSC-663284 vs. Ganetespib + NSC-663284, ****, 

p < 0.0001).
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Figure 6. Acquired resistance to ganetespib in KRAS mutant NSCLC is mediated through bypass 
of ganetespib induced G2/M arrest in response to hyperactivation of p90RSK-CDC25C signaling 
pathway
In KRAS mutant NSCLC, acquired resistance to ganetespib is initiated by hyperactivation of 

ERK, which in turn augments the expression of master switch, p90RSK. p90RSK 

hyperactivation then leads to hyperactivation of the mTOR pathways as well as induces 

G2/M progression via overexpressing and activation of CDC25C and subsequently its targets 

– Cyclin B1 and cdc2. Targeted inhibition of p90RSK or CDC25C induced synthetic 

lethality in GR cells. Based on these results, this model illustration proposes that 
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combination of HSP90i, ganetespib with inhibitors of p90RSK (BI-D1870), or CDC25C 

(NSC-663284 or NSC-95397) may prevent ganetespib resistance and/or help overcome the 

resistance after single agent treatment.
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