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Acquired resistance to platinum (Pt)-based therapies is an urgent unmet

need in the management of epithelial ovarian cancer (EOC) patients. Here,

we characterized by an unbiased proteomics method three isogenic EOC

models of acquired Pt resistance (TOV-112D, OVSAHO, and MDAH-

2774). Using this approach, we identified several differentially expressed

proteins in Pt-resistant (Pt-res) compared to parental cells and the chaper-

one HSP90 as a central hub of these protein networks. Accordingly, up-

regulation of HSP90 was observed in all Pt-res cells and heat-shock protein

90 alpha isoform knockout resensitizes Pt-res cells to cisplatin (CDDP)

treatment. Moreover, pharmacological HSP90 inhibition using two differ-

ent inhibitors [17-(allylamino)-17-demethoxygeldanamycin (17AAG) and

ganetespib] synergizes with CDDP in killing Pt-res cells in all tested mod-

els. Mechanistically, genetic or pharmacological HSP90 inhibition plus

CDDP -induced apoptosis and increased DNA damage, particularly in Pt-

res cells. Importantly, the antitumor activities of HSP90 inhibitors

(HSP90i) were confirmed both ex vivo in primary cultures derived from Pt-

res EOC patients ascites and in vivo in a xenograft model. Collectively, our

data suggest an innovative antitumor strategy, based on Pt compounds

plus HSP90i, to rechallenge Pt-res EOC patients that might warrant further

clinical evaluation.

1. Introduction

Epithelial ovarian cancer (EOC) represents the seventh

most commonly diagnosed cancer among women and

the most lethal gynecological disease, with a 5-year

relative survival rate of 46% after the diagnosis [1,2].

EOC is not a single disease but comprises different his-

tological entities (e.g., high-grade serous, endometri-

oid, mucinous, clear cell, and low-grade serous) with

different biological, molecular, and clinical
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characteristics and high-grade serous ovarian cancers

(HGSOC) are the most common type of EOC,

accounting for 75% of all EOC [3]. The standard

treatment of advanced EOC is based on the maximum

debulking surgery, followed by platinum (Pt)-based

chemotherapy, which remained the same over the past

three decades. Many anticancer agents, including

molecular-targeted agents and combination therapies,

have been developed and validated clinically in Pt-sen-

sitive EOC patients [3]. However, the overall survival

rate has not been improved significantly in the meta-

static disease. Indeed, although EOC is one of the

most chemo-responsive tumors, almost invariably after

an initial response, the majority of patients relapse and

Pt resistance invariably emerges [4,5]. Therefore,

understanding the underlying molecular mechanisms

associated with the onset of Pt resistance is an urgent

unmet clinical need.

On this regard, we previously generated and charac-

terized three CDDP-resistant isogenic high-grade EOC

cell lines (TOV-112D Pt-res, MDAH-2774 Pt-res, and

OVSAHO Pt-res) from their parental counterparts

[6–8]. Since gene expression profiling failed to identify

signaling pathways commonly altered in Pt-resistant

(Pt-res) cells [6], we took advantage of a proteomic

approach to investigate the possible mechanisms by

which cells acquire CDDP resistance. We highlighted

the heat-shock protein 90 (HSP90) as a central hub of

the network of proteins differentially expressed between

resistant and parental cells in all the three ovarian can-

cer models explored. Small-molecule inhibitors for the

HSP90 have been extensively exploited in preclinical

studies representing promising agents in cancer treat-

ment and some of them, such as tanespimycin (17AAG)

and ganetespib (STA9090), are in phase II/III clinical

studies in cancers patients alone or in combination with

conventional chemotherapy2. Therefore, we tested either

17AAG or ganetespib activity in Pt-res ovarian cancer

cells demonstrating a strong synergistic antitumor effect

when used in combination with CDDP in vitro and in

vivo xenograft models as well as in primary cultures

from Pt-res ovarian cancer patients.

2. Materials and methods

2.1. Cell culture and cisplatin-resistant cell

selection

TOV-112D (CRL-11731), MDAH-2774 (CRL-10303)

cells and hTERT-immortalized human foreskin

fibroblasts BJ-hTERT (CRL-4001) were from ATCC

(Manassas, VA, USA) while OVSAHO (JCRB1046)

cells were from JCRB Cell Bank (Tokyo, Japan). BJ-

hTERT cells were cultured in Dulbecco’s modified

Eagle’s medium, whereas TOV-112D, MDAH-2774,

and OVSAHO were cultured in RPMI-1640 medium.

All media were supplemented with 10% FBS (Cam-

brex, Verviers, Belgium) heat-inactivated, 50 units per

mL penicillin (Cambrex), 500 g�mL−1 streptomycin

(Cambrex), and glutamine 4 mM. The cells were grown

in a humidified atmosphere composed of 95% air and

5% CO2 at 37 °C.
CDDP-resistant cancer cells (referred as Pt-res cells)

were generated as previously described and include

pooled resistant populations (pool) and individual

clones, as indicated in the text [6–8]. Primary cells

(OV102, OV202, OV199, OV200) were established

from ascites of EOC patients, collected by the CRO-

Aviano National Cancer Institute Institutional Bio-

bank with a written informed consent from patients.

The CRO-Aviano Internal Review Board approved

this study (#IRB-06/2011).
Primary cells were maintained in OCMI medium

(M199 and Ham’s 1 : 1) supplemented with 2% FBS,

EGF (10 ng�mL−1), hydrocortisone (500 ng�mL−1),

cholera toxin (25 ng�mL−1), and insulin (20 µM�mL−1).

Negative mycoplasma cultures were confirmed by

monthly mycoplasma tests.

2.2. 2-D DIGE (two-dimensional differential in-gel

electrophoresis), image acquisition, analysis, and

processing

All 2-D DIGE reagents and instruments were provided

by GE Healthcare (Pittsburgh, PA, USA). Proteomic

experiments were performed as described by Milone

et al. [9]. In detail, four independent biological condi-

tions are required to give statistic confidence to 2-D

DIGE data. All proteomics maps were subjected to

the following two analysis modules from the DeCy-

der™ version 7.2 software (GE Healthcare): differential

in-gel analysis (DIA) and biological variation analysis.

Matched spots considered for the analysis were filtered

according to the following criteria: their presence was

detected in at least 80% of spot maps, the average

ratio selected was ≤ 1.3 or ≥ 1.3, and unpaired Stu-

dent’s t-test. Protein expression changes were statisti-

cally supported by a p< 0.05. In addition, an

unsupervised multivariate analysis was carried out by

the extended data analysis module, and based on dif-

ferential protein expression profiles, the overall

2https://clinicaltrials.gov/ct2/results?cond=cancer&term=hsp90+inhibitor&cntry=&state=&city=&dist=. In. 2020.
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correlations occurring between the spot maps were

visualized using a principal component analysis (PCA).

2.3. Protein identification by liquid

chromatography–mass spectrometry tandem (LC-

MS/MS)

Protein extracts were separated on preparative gels and

recovered from the gels for identification by LC-MS/MS

as previously described [9]. Mass fingerprinting search-

ing was carried out in Swiss-Prot/TrEMBL database

using Mascot (Matrix Science Ltd., London, UK).

2.4. Immunoblotting

Protein extraction after 48 h of cell culture and

immunoblotting was performed as previously described

[9]. Western blots were quantified using IMAGEJ software

(Rasband, W.S., U.S., National Institutes of Health,

Bethesda, Maryland, USA). Primary antibodies were

purchased as follows: HSP90 alpha 2G5.G3 (#SMC-

147) and HSP90 (total) 4F3.E8 (#SMC-149) from

StressMarq Biosciences (Victoria, BC, Canada); GRP75

(#3593), LMN A/C (#2032), ANXA1 (#3299), Bax

(#2774), CASPASE 3 (#9662), cleaved PARP1 (Asp214;

#5625), PARP1 (#9542), Bcl-2 (#4223S) from Cell Sig-

naling Technology (Leiden, Netherlands); VIM (ab

16700), prohibitin (PHB; ab55618), CALR (ab2907),

heat-shock cognate 71-kDa protein (HSP7C; ab19136),

PGK1 (ab67335), PRDX4 (ab15574) from Abcam

(Cambridge, UK); GRP78 C-20 (sc-1051), EZR H-276

(sc-20773), β-actin C4 (sc-47778), and GAPDH (FL-

335) from Santa Cruz Biotechnology Inc., (Dallas, TX,

USA); VINC (10C-CR1199M1) from Fitzgerald

(Acton, MA, USA); ɣH2AX (Ser139) clone JBW301

(#05-636) from Millipore (Burlington, MA, USA); and

heterogeneous nuclear ribonucleoprotein L (HNRPL;

A303-895A) from Bethyl (Montgomery, TX, USA).

Secondary antibodies were purchased as follows:

polyclonal swine anti-rabbit immunoglobulins/horse-
radish peroxidase (HRP)-linked IgG secondary anti-

body conjugate and polyclonal rabbit anti-goat

immunoglobulins/HRP conjugate from Dako Products,

Agilent (Santa Clara, CA, USA); rabbit polyclonal anti-

mouse IgG H&L (HRP) conjugate from Abcam.

2.5. Protein network analyses

The MS-identified proteins, whose expression changes,

were analyzed by (ingenuity pathway analysis) IPA soft-

ware (GeneGo Inc., St. Joseph, MI, USA). IPA

includes a manually annotated database of protein

interactions and metabolic reactions obtained from the

scientific literature. The networks were graphically

visualized as hubs (proteins) and edges (the relation-

ship between proteins).

2.6. HSP90α knockout

The TOV-112D heat-shock protein 90 alpha isoform

(HSP90α) knockout cells were generated through the

CRISPR-Cas9 system as reported previously [10].

Briefly, cells were transfected with the pSpCas9 (BB)-

2A-Puro (PX459) V2.0 [11] (gift from Feng Zhang,

Addgene plasmid #62988) containing guide RNAs tar-

geting the HSP90 exon three (50-GATCAAAAGGAG-

CACGTCGT-30) and selected with 5 g�mL−1 of

puromycin. The generated cell clones were analyzed by

western blot and sequencing to verify knockout of

HSP90.

2.7. Cell proliferation assay and drug

combination studies

cis-Diammine Pt (II) dichloride (CDDP) was provided

by Sigma-Aldrich (St. Louis, MO, USA); carboplatin

was provided by Teva (Milan, Italy). Stock solutions

were prepared in PBS. 17AAG, a derivative of gel-

danamycin (GM), was provided by StressMarq Bio-

sciences. Stock solutions were prepared in DMSO.

Ganetespib was provided by MedChem Express (Sol-

lentuna, Sweden), and stock solutions were prepared

in DMSO.

Cell proliferation was measured in 96-well plates in

cells untreated and treated with 17AAG, ganetespib

and CDDP as single agent or in combination. Cell

proliferation was measured using a spectrophotometric

dye incorporation assay (sulforhodamine) [12]. Drug

combination studies were based on concentration–ef-
fect curves generated as a plot of the fraction of unaf-

fected (surviving) cells vs drug concentration after 72

or 96 h of treatment. Synergism, additivity, and antag-

onism were quantified after an evaluation of the com-

bination index (CI), which was calculated by the

Chou–Talalay equation with CALCUSYN software (Bio-

soft, Cambridge, UK), as described elsewhere [13]. A

CI ≤ 0.8, CI ≤ 0.9, CI = 0.9–1.1, and CI > 1.1 indi-

cated a strong synergistic, a synergistic, an additive, or

an antagonistic effect, respectively. The dose reduction

index (DRI) determines the magnitude of dose reduc-

tion allowed for each drug when given in combination,

compared with the concentration of a single agent that

is needed to achieve the same effect.

For dose–response curves, primary EOC cells were

seeded in 96-well culture plates and treated with

increasing doses of CDDP with or without ganetespib
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(25 nM) for 72 h. Cell viability was analyzed by MTS

assay using the CellTiter 96 AQueous cell proliferation

assay kit (Promega, Madison, WI, USA).

2.8. RNA isolation and Real-time PCR

Total RNA was isolated from parental and Pt-res cells

using TriZol reagent (Ambion, Austin, TX, USA) fol-

lowing the manufacturer’s instructions. One micro-

grams of total RNA was retro-transcribed using

random hexamers and the AMV reverse transcriptase

(Promega). Primers used were the following: for

human HSP90α (forward 50-GCAGGGCAACACC

TCTACAA-30 and reverse 50-GTCTTGGGTCTGG

GTTTCCT-30), HSP-90β (forward 50-cgcatgaaggaga-
cacagaa-30 and reverse 50-tcccatcaaattccttgagc-30), and

human GAPDH (forward 50-GAAGGTGAAG

GTCGGAGTC-30 and reverse 50-GAAGATG GTGA

TGGGATTTC-30). Quantitative real-time PCR analy-

ses were performed using the CFX96 TM real-time

PCR detection system (Bio-Rad Laboratories, Inc.,

Hercules, CA, USA).

2.9. Colony formation assay

Five hundred cells per well were plated in 6-well

plates. Cells were treated concomitantly or with 24 h

of delay with different concentrations (IC10–IC25) of

ganetespib and CDDP and were allowed to grow for

about 10 days until colonies could be clearly seen. Cell

culture plates containing colonies were gently washed

with PBS and fixed and stained with crystal violet

0.5%, methanol 20% for 30 min. Excess stain was

removed by washing repeatedly with distilled water.

Crystal violet was eluted with 100% methanol. Absor-

bance was read at 595 nm. All the procedures were

done at room temperature.

2.10. Apoptosis assays

Apoptosis and necrosis were identified by flow cytome-

try analysis. Briefly, 3 × 105 cells were seeded and after

48 or 72 h of treatment were stained with Annexin V-

FITC and propidium iodide, following the manufac-

turer’s instructions (MACS; MiltenyiBiotec, Bergisch

Gladbach, Germany) and analyzed by flow cytometry.

2.11. In vivo xenograft studies

All studies have been performed in compliance with

institutional guidelines and regulations (Directive 2010/
63/EU; Italian Legislative Decree DLGS 26/2014).
Female NOD scid gamma (NSG) mice (4–6 weeks old)

and female athymic (nude) mice (4–6 weeks old) were

acquired from Charles River Laboratories (Charles

River, Wilmington, MA, USA) and used for TOV-112D

Pt-res pool 2 and TOV-112D parental xenograft model,

respectively. Mice were acclimatized in the Animal Care

Facility of ‘Fondazione G. Pascale’-IRCCS/Laboratori
di Mercogliano-CROM. After 3 days, TOV-112D Pt-

res pool 2 cells (5 × 106) diluted in 200 mL [PBS/Matri-

gel GF (Becton Dickinson, Franklin Lakes, NJ, USA)

1/1] were injected subcutaneously (s.c) in flank regions

of the mice. When the tumors became palpable, the mice

were randomized into four experimental groups (n = 5).

Intraperitoneal (i.p.) treatment was performed with

CDDP (2.5 mg�kg−1 dissolved in PBS) and/or ganete-

spib (75 mg�kg−1 dissolved in 10% DMSO + 40% poly

(ethylene glycol) + 50% ddH2O), or vehicles, once a

week. TOV-112D parental cells (3 × 106) were injected

s.c in both flank regions of the nude mice. When the

tumors became palpable, the mice were randomized into

four experimental groups (n = 4). I.p. treatments were

performed with carboplatin (CBDCA; 15 mg�kg−1 dis-

solved in PBS) and/or ganetespib (30 mg�kg−1 dissolved
in 10% DMSO + 40% poly(ethylene glycol) + 50%

ddH2O), or vehicles, three times/week. Mice in the con-

trol groups were treated with both PBS and 10%

DMSO + 40% poly(ethylene glycol) + 50% ddH2O.

Tumor volume (TV; mm3) and tumor growth delay

(TGD) were compared with that of the vehicle control

group as described before [13]. Overall, we took ade-

quate steps to insure that animals did not suffer unnec-

essarily at any stage of the experiment described above.

2.12. Statistical analysis

All experiments were performed at least three times.

Statistical significance was determined by one-way

ANOVA, or by a two-tailed unpaired Student’s t-test,

as indicated and a P < 0.05 was considered to be sta-

tistically significant. All statistical evaluations were

performed with GRAPHPAD PRISM 8 (Ritme Informa-

tique, Paris, France).

3. Results

3.1. Proteomic analysis identified several

differentially expressed proteins between Pt-

resistant and parental EOC cells

To investigate the mechanism by which cells acquire

Pt resistance, we took advantage of 2-D DIGE fol-

lowed by LC-MS/MS to compare the protein expres-

sion profile of the three CDDP-resistant cells (TOV-
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112D Pt-res pool, OVSAHO Pt-res pool, and MDAH-

2774 Pt-res pool) that we have previously established

and characterized [6–8]. Biological replicates of paren-

tal cells or pooled resistant populations (two different

pools for each Pt-res cell line) were analyzed by 2-D

DIGE proteomic approach performed as previously

described [14]. Approximately 1200 protein spots were

consistently detected, quantified, normalized, and

intergel-matched in each 2-D DIGE experiment. In

detail, for each condition, we evaluated biological

replicates (in quadruplicate) and performed reverse-la-

beled by the fluorescent cyanine dyes Cy3 and Cy5.

The Cy2 dye was used as the internal standard, gener-

ated from an equal combination of all the samples

tested in the same experiment, leading to a proper

quantitative comparison of proteomic variations with

statistical confidence. PCA showed a good experimen-

tal reproducibility of 2-D DIGE results as demon-

strated by the close relation between the biological

replicates clearly clustering, for each cell model, into

two groups corresponding to Pt-res pool cells (red) vs

parental cells (black; Fig. 1A). To be included in the

analysis, the differentially expressed protein spots

should be detected in 80% of the spot maps (repli-

cates) and should display a statistically significant

expression variation of at least 1.3-fold (P < 0.05;

Fig. 1A).

Using LC-MS/MS followed by MASCOT search,

we identified 23 of the 26 differentially expressed

spots according to our statistics in TOV-112D; 20/23
in MDAH-2774 (hereafter MDAH) and 23/27 in

OVSAHO cells (Tables S1-S3). Protein identification

resulted the same for master spot numbers 509 and

513 (Ezrin-EZRI; Tables S1), 292, 320, and 323 (mi-

tochondrial inner membrane protein-IMMT), 822

and 838 (protein disulfide-isomerase-PDIA1), 886

and 887 (protein disulfide-isomerase A3-PDIA3;

Tables S3) and all likely related to post-translation

modification variables. Indeed, MASCOT search con-

firmed that the above-specified proteins present puta-

tively phosphorylated sites. The identified proteins

were classified according to the literature or public

databases including UniProtKB (http://www.uniprot.

org) in different functional classes, as depicted in the

pie charts (Fig. 1B).

Among the three EOC Pt-res/parental models, we

did not identify any common differentially expressed

protein. However, several identified proteins belonged

to the same family or shared common functional

classes (Fig. 1B), and eight of them were differentially

expressed in at least two cellular models: HSP7C,

HNRPL, PHB, prelamin-A/C (LMNA), ATP synthase

subunit, mitochondrial (ATPA), elongation factor Tu

mitochondrial (EFTU), heterogeneous nuclear ribonu-

cleoprotein K, and D-3-phosphoglycerate dehydroge-

nase (highlighted in gray in Tables S1-S3). The

different expression of HSP7C, HNRPL, PHB, and

LMNA was reported as 3D view spot quantification

and validated by western blot with a high concordance

between the two analyses (Fig. 1C).

Same results were obtained for differentially

expressed proteins specifically altered in each cell

model, overall confirming the quality and strength of

the used proteomic approach (Fig. S1).

3.2. HSP90 is a central hub of the differential

expressed proteins network in Pt-resistant EOC

cells

Next, to recognize the regulatory pathways in which

the identified proteins were involved and hence to

elucidate their biological functions and relationship

with the Pt resistance, we interrogated the IPA soft-

ware. We first searched for direct interactions and

restricted the analysis to the eight proteins shared by

at least two cellular models. Significantly, all eight

proteins are associated in a single pathway related

with cancer, and the chaperone HSP90 emerged as a

relevant central hub in the network (Fig. 2A). More-

over, the IPA analysis also showed a relevant rela-

tionship between almost all the identified proteins in

each EOC Pt-res model with 21/22 of the identified

proteins closely clustering together in TOV-112D

(Fig. S2A), 20/20 in MDAH (Fig. S2B), and 19/19 in

OVSAHO model (Fig. S2C). Interestingly, HSP90

emerged again as a main hub in all the three differ-

ent networks. Furthermore, when we included all the

proteins identified in the three cellular models,

HSP90 maintained the role of a central hub in a sin-

gle network (Fig. S2D).

Based on these results, we next evaluated the expres-

sion of total HSP90α in parental and Pt-res models

showing their increased expression in all tested pools

(Fig. 2B). Moreover, using two additional TOV-112D

Pt-res clones (clones #2 and #7) recently generated

[7,8] we further confirmed HSP90 overexpression

(Fig. 2B).

Conversely, the mRNA expression of both HSP90α
and HSP90β isoforms was not consistently changed in

Pt-res cells, suggesting that HSP90 expression is

mainly regulated at post-transcriptional level (Fig. S3).

Moreover, HSP90 expression is not modulated by

acute CDDP treatment neither in parental nor in Pt-

res cells (Fig. 2C).
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3.3. HSP90 inhibitors potentiate CDDP antitumor

effect and reverse Pt resistance

The high levels of HSP90, and particularly of HSP90α,
in Pt-res relative to parental cells suggested that this

chaperone protein might represent a potential thera-

peutic target in Pt-res EOC setting. In order to test

this hypothesis, taking advantage of CRISPR-Cas9

system, we generated knockout HSP90α cells (Pt-res

KO#2) from TOV-112D Pt-res clone #7 (Fig. 3A).

HSP90α knockout completely reversed CDDP resis-

tance, as demonstrated by colorimetric cytotoxicity

(Fig. 3B) or colony assay (Fig. 3C). Next, we investi-

gated two HSP90i, 17AAG and ganetespib, both in

advanced clinical studies. As single agents, ganetespib

showed a greater antiproliferative potency than

17AAG, being effective on the majority of the exam-

ined cells with IC50 values in the low nanomolar range

(Table S4). Interestingly, in the majority of the cases,

Pt-res cancer cells were also more resistant to both the

HSP90i compared to parental controls.

We then investigated the combination of CDDP

with 17AAG (Table S5) or ganetespib (Tables 1 and

S6) using equipotent doses (50 : 50 cytotoxic ratio) or

Fig. 2. Network of differentially expressed proteins identifying HSP90 as a central hub up-regulated in CDDP-resistant cells. (A) IPA was

performed looking for direct interactions within a network including the eight proteins differentially expressed by at least two cell lines

(colored in orange), with HSP90 emerging as the main hub (colored in green). (B) Western blot analysis revealed an up-regulation of HSP90α
and total HSP90 in CDDP-resistant TOV-112D, MDAH, and OVSAHO cells. β-Actin was used as loading control. Western blot quantification

was performed by IMAGEJ software. (C) Western blot analysis evaluating the expression of HSP90 in TOV-112D parental and Pt-res cl.2 cells

treated with CDDP 25 μM for the indicated time points. Densitometric analysis of HSP90 expression (normalized to GAPDH as loading

control) is reported under the blot.

Fig. 1. Comparative proteomic analysis of three CDDP-resistant isogenic EOC cells (TOV-112D Pt-res pool, MDAH Pt-res pool, and

OVSAHO Pt-res pool) vs parental cells. (A) Unsupervised multivariate analysis (PCA plots) showed good experimental reproducibility as

demonstrated by the close relation between the four biological replicates of either parental cells or pooled resistant populations (two

different pools for each Pt-res cell line) in the 2-D DIGE results. The eight spot maps for each cell line clearly clustered into two groups

corresponding to Pt-res pool cells (red) vs parental cells (black; P < 0.05). P-values were calculated based on unpaired Student’s t-test. (B)

Functional distribution of proteins identified by 2-D DIGE LC-MS/MS is showed by the pie charts and the number of differentially expressed

proteins, as well as the number of identified proteins is reported. (C) Western blot validation of four of the eight proteins differentially

expressed by at least two cell lines. The 3D view of 2-D DIGE quantification for each spot is reported. The numbers indicate the fold

change values in protein spot levels, from 2-D DIGE data, relative to parental cells, as reported in Tables S1-S3. β-Actin and GAPDH were

used as loading controls. Western blot quantification was performed by IMAGEJ software.
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an excess of either agent (25 : 75 or 75 : 25 cytotoxic

ratio) and evaluated the CI values calculated at 50%

(CI50) or 75% (CI75) of cell lethality, in TOV-112D

and MDAH parental cells and in Pt-res pools or single

clones. By considering strong synergism CI ≤ 0.8, syn-

ergism CI ≤ 0.9, additivity CI > 0.9 and ≤ 1.1, and

antagonism CI > 1.1 [15,16], we obtained consistent

synergistic antiproliferative effects at equipotent doses

and with an excess of HSP90i, in both parental and

resistant cells, with slight better results observed by

combining CDDP with ganetespib, the latter being

effective even at lower doses in combination treat-

ments.

The synergistic interaction between 17AAG or

ganetespib and CDDP was also confirmed by the

evaluation of the DRIs, which represent the order of

magnitude (fold) of dose reduction obtained for the

IC50 (DRI50) of each agent in combination vs single

drug treatments (Tables 1 and S5-S6). Significantly, in

hTERT-immortalized human foreskin fibroblast cell

line BJ-hTERT, we observed antagonist effects

(Table S6), suggesting a selective synergistic effect of

the double combination on tumor cells.

For ganetespib/CDDP combination, we also com-

pared simultaneous vs sequential (with 24 h delay

between the two agents) treatment, demonstrating bet-

ter effect in concomitant treatment schedule or when

ganetespib preceded CDDP. Notably, in these setting

in Pt-res cells we observed a clear potentiation of

CDDP effect with DRI ranging from a minimum of

Fig. 3. HSP90α knockout sensitizes Pt-res TOV-112D cells to CDDP treatment. (A) Western blot analysis evaluating the expression of

HSP90α and HSP90 total in TOV-112D parental, Pt-res cl.7, and HSP90α knockout Pt-res KO#2 cells. β-Actin was used as loading control.

Western blot quantification was performed by IMAGEJ software. (B) TOV-112D parental, Pt-res cl.7, and HSP90α knockout Pt-res KO#2 cells

were treated for 96 h with increasing concentrations of CDDP. Cell growth expressed as percentage of control was assessed by

sulforhodamine B colorimetric assay (see Materials and methods). Statistically significant results are reported (P < 0.0001). C, Clonogenic

assay of TOV-112D parental, Pt-res cl.7, and knockout Pt-res KO#2 cells treated with CDDP at the IC72h
10 , IC72h

25 , and IC72h
50 doses for parental

cells. Representative data of at least three independent experiments performed in triplicates. Statistically significant results calculated with

one-way ANOVA test are reported (a indicates control group, b indicates Pt-res cl.7 CDDP-treated cells, and c indicates Pt-res KO#2 CDDP-

treated cells *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, ns, not statistically significant).

1012 Molecular Oncology 15 (2021) 1005–1023 ª 2020 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

HSP90 targeting reverts platinum resistance R. Lombardi et al.



T
a
b
le

1
.
C
I
a
n
d
D
R
I
v
a
lu
e
s
fo
r
g
a
n
e
te
s
p
ib

a
n
d
C
D
D
P
c
o
m
b
in
a
ti
o
n
a
c
c
o
rd
in
g
ly

to
d
if
fe
re
n
t
tr
e
a
tm

e
n
t
s
c
h
e
d
u
le
s
.

C
e
ll

lin
e
s

G
A
N
E
T
E
S
P
IB
-C
D
D
P

G
A
N
E
T
E
S
P
IB
→
C
D
D
P

C
D
D
P
→
G
A
N
E
T
E
S
P
IB

C
I5
0
�

S
D

C
I7
5
�

S
D

C
I9
0
�

S
D

D
R
I5
0
�

S
D

C
I5
0
�

S
D

C
I7
5
�

S
D

C
I9
0
�

S
D

D
R
I5
0
�

S
D

C
I5
0
�

S
D

C
I7
5
�

S
D

C
I9
0
�

S
D

D
R
I5
0
�

S
D

G
A
N
E

C
D
D
P

G
A
N
E

C
D
D
P

G
A
N
E

C
D
D
P

T
O
V
-

1
1
2
D

0
.5
5
�

0
.0
2

0
.5
7
�

0
.0
6

0
.6
1
�

0
.1
0

6
.0
2
�

1
.9
3

2
.7
4
�

0
.3
9

0
.7
0
�

0
.0
4

0
.7
8
�

0
.0
8

0
.8
2
�

0
.0
1

3
.1
5
�

0
.7
9

3
.0
9
�

0
.0
7

0
.6
8
�

0
.0
5

0
.6
5
�

0
.0
3

0
.6
0
�

0
.0
4

5
.0
5
�

0
.1
4

1
.7
6
�

0
.1
8

T
O
V
-

1
1
2
D

P
t-
re
s

p
o
o
l
2

0
.6
4
�

0
.0
4

0
.6
2
�

0
.0
7

0
.6
6
�

0
.0
6

3
.6
7
�

0
.7
7

1
.9
3
�

0
.3
3

0
.8
0
�

0
.0
9

0
.8
3
�

0
.0
7

0
.8
5
�

0
.0
5

2
.7
4
�

0
.7
9

2
.8
9
�

0
.3
6

0
.7
2
�

0
.0
7

0
.7
2
�

0
.1
2

0
.7
9
�

0
.0
9

3
.9
1
�

0
.1
1

1
.7
3
�

0
.2
1

T
O
V
-

1
1
2
D

P
t-
re
s

c
l.
#
2

0
.7
7
�

0
.0
7

0
.8
6
�

0
.0
0
4

0
.7
4
�

0
.1
9

2
.9
5
�

0
.2
3

2
.3
4
�

0
.4
0

0
.5
6
�

0
.1
9

0
.5
9
�

0
.1
6

0
.6
5
�

0
.1
4

3
.2
4
�

0
.9
2

3
.1
9
�

1
.0
7

0
.9
2
�

0
.0
4

0
.8
1
�

0
.0
3

0
.7
7
�

0
.0
4

2
.1
3
�

0
.6
4

1
.1
9
�

0
.1
7

T
O
V
-

1
1
2
D

P
t-
re
s

c
l.
#
7

0
.6
3
�

0
.1
4

0
.6
0
�

0
.1
0

0
.6
0
�

0
.0
7

2
.7
5
�

0
.1
8

2
.2
9
�

0
.8
6

0
.9
3
�

0
.0
2

0
.9
0
�

0
.0
4

0
.7
3
�

0
.1
8

2
.0
2
�

0
.2
2

2
.2
5
�

0
.3
6

0
.8
1
�

0
.1
4

0
.8
1
�

0
.0
7

0
.7
5
�

0
.1
4

3
.7
9
�

0
.1
0

1
.5
6
�

0
.3
0

M
D
A
H

0
.8
7
�

0
.0
8

0
.8
6
�

0
.0
7

0
.8
4
�

0
.0
9

2
.8
1
�

0
.7
0

1
.8
6
�

0
.1
0

0
.9
4
�

0
.0
5

0
.9
4
�

0
.0
8

0
.9
8
�

0
.0
7

2
.0
1
�

0
.2
4

2
.4
4
�

0
.1
7

0
.8
6
�

0
.0
2

0
.8
3
�

0
.0
8

0
.8
7
�

0
.0
8

4
.1
3
�

0
.9
6

1
.3
8
�

0
.1
4

M
D
A
H

P
t-
re
s

p
o
o
l
2

0
.6
1
�

0
.0
9

0
.6
2
�

0
.0
7

0
.6
9
�

0
.0
8

2
.6
9
�

0
.4
3

3
.8
5
�

0
.5
2

0
.6
4
�

0
.1
0

0
.6
8
�

0
.0
2

0
.7
4
�

0
.0
6

2
.4
6
�

0
.1
6

4
.7
8
�

0
.4
8

0
.8
4
�

0
.0
3

0
.8
2
�

0
.0
6

0
.9
5
�

0
.0
2

3
.0
7
�

0
.0
7

2
.7
5
�

0
.2
0

M
D
A
H

P
t-
re
s

c
l.

#
4
2

0
.9
9
�

0
.0
2

0
.9
4
�

0
.0
0
7

0
.9
0
�

0
.0
2

2
.8
5
�

0
.8
9

1
.6
1
�

0
.2
2

1
.0
7
�

0
.0
0
7

0
.9
8
�

0
.0
5

0
.9
1
�

0
.0
9

1
.9
7
�

0
.5
2

1
.9
0
�

0
.4
9

1
.1
8
�

0
.0
6

1
.0
6
�

0
.0
3

0
.9
7
�

0
.1
0

4
.6
2
�

1
.2
4

1
.0
5
�

0
.1
3

M
D
A
H

P
t-
re
s

c
l.
#
1
2

0
.7
9
�

0
.0
8

0
.7
8
�

0
.0
5

0
.7
6
�

0
.0
2

2
.8
7
�

0
.5
9

2
.2
5
�

0
.0
7

0
.7
8
�

0
.0
7

0
.6
7
�

0
.0
5

0
.5
8
�

0
.0
3

2
.1
9
�

0
.3
8

3
.0
9
�

0
.0
4

0
.8
7
�

0
.0
4

0
.8
5
�

0
.0
0
1

0
.8
3
�

0
.0
4

4
.5
0
�

0
.6
2

1
.5
2
�

0
.0
3

C
e
ll
g
ro
w
th

a
s
s
e
s
s
m
e
n
t
w
a
s
d
o
n
e
b
y
s
u
lf
o
rh
o
d
a
m
in
e
B

c
o
lo
ri
m
e
tr
ic

a
s
s
a
y
(s
e
e
M
a
te
ri
a
ls

a
n
d
m
e
th
o
d
s
).
C
I
v
a
lu
e
s
(m

e
a
n
�

S
D
)
fr
o
m

a
t
le
a
s
t
th
re
e
s
e
p
a
ra
te

e
x
p
e
ri
m
e
n
ts

p
e
rf
o
rm

e
d
in

q
u
a
d
ru
p
lic
a
te

c
o
m
p
u
te
d
a
t
5
0
%

(C
I5
0
),
7
5
%

(C
I7
5
)
a
n
d
9
0
%

(C
I9
0
)
o
f
c
e
ll
k
ill
b
y

C
A
L
C
U
S
Y
N
s
o
ft
w
a
re

(B
io
s
o
ft
).
C
Is

v
a
lu
e
s
:
s
m
a
lle
r
th
a
n
0
.8

in
d
ic
a
te

s
tr
o
n
g
s
y
n
e
rg
is
m

h
ig
h
lig
h
te
d
in

b
o
ld
;
C
Is

s
m
a
lle
r
th
a
n
0
.9

in
d
ic
a
te

s
y
n
e
rg
is
m

h
ig
h
lig
h
te
d
in

b
o
ld
;
a
d
d
it
iv
it
y
b
e
tw

e
e
n
0
.9

a
n
d
1
.1

o
r
a
n
ta
g
o
n
is
m

m
o
re

th
a
n
1
.1
.
E
q
u
ip
o
te
n
t
d
o
s
e
s
(5
0
:
5
0
c
y
to
to
x
ic

ra
ti
o
)
o
f
e
a
c
h
o
f
th
e
tw

o
a
g
e
n
ts

w
e
re

e
v
a
lu
a
te
d
a
ft
e
r
9
6
h
w
it
h
a
s
im

u
lt
a
n
e
o
u
s
(C
D
D
P
+

G
A
N
E
)
o
r
s
e
q
u
e
n
ti
a
l
e
x
p
o
s
u
re

w
it
h
2
4
-h

d
e
la
y
to

e
it
h
e
r
d
ru
g
(G
A
N
E
T
E
S
P
IB
→
C
D
D
P
;
C
D
D
P
→
G
A
N
E
T
E
S
P
IB

)
a
s
d
e
s
c
ri
b
e
d
in

M
a
te
ri
-

a
ls

a
n
d
m
e
th
o
d
s
.
D
R
I
v
a
lu
e
s
(m

e
a
n
�

S
D
)
fr
o
m

a
t
le
a
s
t
th
re
e
s
e
p
a
ra
te

e
x
p
e
ri
m
e
n
ts

p
e
rf
o
rm

e
d
in

q
u
a
d
ru
p
lic
a
te
)
re
p
re
s
e
n
t
th
e
o
rd
e
r
o
f
m
a
g
n
it
u
d
e
(f
o
ld
)
o
f
d
o
s
e
re
d
u
c
ti
o
n
o
b
ta
in
e
d
fo
r

IC
5
0
(D
R
I 5
0
)
in

c
o
m
b
in
a
ti
o
n
s
e
tt
in
g
c
o
m
p
a
re
d
w
it
h
e
a
c
h
d
ru
g
a
lo
n
e
.

S
tr
o
n
g
s
y
n
e
rg
is
m

(C
I
≤

0
.8

�
S
D
),
S
y
n
e
rg
is
m

(C
I
≤

0
.9

�
S
D
),
A
d
d
it
iv
it
y
(C
I
>

0
.9
;
≤

1
.1

�
S
D
),
A
n
ta
g
o
n
is
m

(C
I
>

1
.1

�
S
D
).

1013Molecular Oncology 15 (2021) 1005–1023 ª 2020 The Authors. Molecular Oncology published by John Wiley & Sons Ltd

on behalf of Federation of European Biochemical Societies.

R. Lombardi et al. HSP90 targeting reverts platinum resistance



1.4 up to almost 5 (Table 1). Indeed, concomitant

treatment of TOV-112D Pt-res cells with ganetespib

and CDDP, demonstrated a complete reversion of the

CDDP resistance (Fig. 4A) and a significant synergistic

reduction of cell viability, compared to either agent

alone (Fig. 4B).

Moreover, we demonstrated that concomitant

ganetespib/CDDP or sequential treatment of ganete-

spib 24 h before CDDP, using IC72h
25 of either agent,

completely suppressed colony formation in parental

(Fig. 4C) and Pt-res TOV-112D cells (Fig. 4D,E),

compared with single agents, or CDDP treatment

preceding ganetespib. This effect was also confirmed

at IC72h
10 dosages, particularly in parental cells

(Fig. S4A,C).

Furthermore, since TOV-112D Pt-res cells were

cross-resistant to doxorubicin [6] (Table S4), another

chemotherapeutic drug commonly used to treat EOC

patients, we evaluated concomitant treatment of this

agent plus ganetespib, also demonstrating synergistic

interaction with CI50 lower than 0.8 and DRI for dox-

orubicin up to 5 (Table S7), suggesting that HSP90i

may be able to overcome a common mechanism of

acquired drug resistance.

Finally, we observed that the potentiation of CDDP

antitumor effect and the reversion of Pt resistance by

HSP90α knockout or pharmacological inhibitors such

as ganetespib was due to an increased apoptosis as

demonstrated by the evaluation of Annexin V positiv-

ity and of cleaved PARP1 and caspase-3 expression

both in TOV-112D and in MDAH models (Figs 5A-E

and S5A-C). The observed increased apoptosis

observed was accompanied by a clear induction of

γH2AX, indicating increased DNA damage (Figs 5C,E

and S5A). These data support the possibility that the

intrinsic apoptotic pathway was activated for an

increased DNA damage. Accordingly, with respect to

control or single-agent treatments, the ganetespib plus

CDDP combination induced a clear up-regulation of

the pro-apoptotic BAX with a down-regulation of the

antiapoptotic Bcl-2 protein and an overall increase of

the BAX/Bcl-2 ratio (Fig. 5C). Interestingly, we also

observed in TOV-112D parental and Pt-res cells a

decrease of HSP90α protein expression induced by

ganetespib/CDDP combination compared with

untreated or single agents-treated cells (Fig. S6A).

The collected data suggested that Pt-res EOC cells

were particularly sensitive to the ganetespib/CDDP.

We thus tested this possibility using primary cells

obtained from ascites of two Pt-sensitive EOC patients

and from one patient that developed Pt resistance over

the time (Fig. 6A). Cultured cells responded to CDDP

treatment as predicted by the Pt sensitivity of the

corresponding patients (Fig. 6B). The use of ganete-

spib effectively increased the activity of CDDP in both

Pt-sensitive and Pt-res primary cultures with some dif-

ferences. In Pt-sensitive cells (i.e., OV102 and OV202),

ganetespib increased the activity of low doses of

CDDP (1 µM) while it had no effects when high doses

of CDDP were used (25 µM). In these primary cultures

at the dose used (25 nM), ganetespib had no or minor

effects. (Fig. 6C left graphs). In Pt-res cells (i.e.,

OV199 and OV200), ganetespib used alone signifi-

cantly reduced cell survival and this activity prevailed

on the one of low doses of CDDP (1 µM). Importantly,

the addition of ganetespib to a high dose of CDDP

(25 µM) significantly improved CDDP efficacy (Fig. 6C

right graphs), confirming that the combination therapy

is effective also on ex vivo cultures of patient-derived

tumor cells.

3.4. In vivo synergistic antitumor effect of CDDP

and ganetespib combination

Finally, we used the CDDP/ganetespib combination to

treat mice-bearing xenograft tumors formed by TOV-

112D Pt-res pool 2 cells. When tumors reached ~ 500

mm3 of volume, mice were randomized in four treat-

ment groups: control, CDDP, ganetespib, and CDDP

plus ganetespib. Significantly, CDDP/ganetespib-trea-
ted group was the only one that produced a statisti-

cally significant TV reduction compared with all other

groups (Fig. 7A,B). Tumors in vehicle-treated, CDDP

or ganetespib alone treated mice, grew rapidly and

reached the endpoint size within 20 days, when the

average TV of single agents-treated groups was even

slightly increased compared with controls. We

observed a modest decrease of mice body weight in the

combination treatment; however, it was less than 10%

and was not paralleled by other signs of acute or

delayed toxicity (Fig. 7C).

The synergistic effect of the CDDP/ganetespib com-

bination treatment was confirmed by the resulting

TGD that reached a peak of about 35% indicating

that the mean rate of tumor growth was more than

three-fold higher in the controls or single agents-trea-

ted groups, than the combination setting (Fig. 7D).

Western blot analyses on tumor lysates demon-

strated that the combination treatment induced a clear

reduction in HSP90α and of total HSP90 levels that

was accompanied by a prominent increase of PARP1

and caspase 3 cleavage and of γH2AX expression,

compared with the other groups, confirming in vivo

what observed in vitro (Fig. 7E). Conversely, in xeno-

graft model of parental TOV-112D cells, by using car-

boplatin and ganetespib, we showed that both agents
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Fig. 4. Potentiation of CDDP antitumor

effect induced by ganetespib in parental

and CDDP-resistant TOV-112D cells. (A)

TOV-112D Pt-res pool 2 cells were treated

for 72 h with increasing concentrations of

CDDP alone or in combination with

ganetespib and compared with TOV-112D

treated with CDDP alone. Cell growth

expressed as percentage of control was

assessed by sulforhodamine B colorimetric

assay (see Materials and methods). (B)

Percent (%) of cell growth of TOV-112D Pt-

res pool 2 cells after 72 h of treatment with

CDDP, ganetespib, or CDDP/ganetespib
combination, compared to untreated cells.

Drugs were used at IC72h
50 doses for

parental cells. In A and B, the values are

the means � SD from at least three

independent experiments. (C, D, E)

Clonogenic assay of TOV-112D (C) and

TOV-112D Pt-res cells (D-E) treated with

CDDP, ganetespib, or their combination

(simultaneous or sequential exposure with

24 h delay to either drug) at the IC72h
25

doses for parental cells. Representative

data of at least three independent

experiments performed in triplicates.

Statistically significant results calculated

with one-way ANOVA test are reported (a

indicates control group, b indicates CDDP-

treated cells, and c indicates ganetespib-

treated cells *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001, ns, not

statistically significant).
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were effective in inhibiting tumor growth in monother-

apy and that their combination did not produce any

clear potentiation of the antitumor effect (Fig. S6B,C).

4. Discussion

Despite numerous efforts to develop novel therapeutic

approaches, the treatment of refractory/resistant EOC

patients after first-line Pt treatment remains a clinical

challenge. Different mechanisms of Pt resistance have

been described, including alterations in intracellular

concentration due to influx or efflux defects as well as

increased DNA repair or survival pathways [17].

Indeed, several attempts have been undertaken to

bypass these mechanisms with relative scarce success,

mainly due to the multimodal nature of the resistance

[17]. The complex and heterogeneous genetic profile of

EOC, particularly of HGSOC, limited the stratification

of patients subtypes also preventing the identification

of distinct genetic features predicting Pt resistance [5].

In the present study, by using a proteomic approach

followed by a bioinformatic analysis using IPA soft-

ware, we demonstrated that HSP90 emerged as a cen-

tral hub in a protein network, associated with ‘cancer’,

connecting the identified differentially expressed pro-

teins in all three Pt-res models, compared with paren-

tal controls. HSP90 was overexpressed in Pt-res

compared to parental cells, mostly due to HSP90α

Fig. 5. HSP90 pharmacological inhibition or HSP90α knockout increases the pro-apoptotic and DNA damage effect of CDDP in Pt-res TOV-

112D cells. (A) Apoptosis and necrosis evaluated by flow cytometry after Annexin V-FITC and propidium iodide staining in TOV-112D Pt-res

cl. 7 and (B) cl. 2 cells, untreated or treated for 48 h (upper panels) or 72 h (lower panels), with CDDP and/or ganetespib at IC72h
50 doses of

parental cells. (C) Western blot analysis of γH2AX, PARP1 and caspase 3 cleavage, BAX and BCL2 expression, in TOV-112D Pt-res pool 2

cells untreated or treated with CDDP and/or ganetespib at the doses indicated above. β-Actin expression serves as loading control. Western

blot quantification was performed by IMAGEJ software. (D) Apoptosis and necrosis evaluated by flow cytometry after Annexin V-FITC and

propidium iodide staining in TOV-112D, TOV-112D Pt-res cl. 7 and in HSP90α knockout TOV-112D Pt-res KO#2 cells, untreated or treated

for 48 or 72 h with CDDP at IC72h
50 doses of parental cells.
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Fig. 6. Increased CDDP sensitivity of EOC primary cells by ganetespib. (A) Table reporting the pathological variables of patients included in

this study. At the bottom, the timeline showing the dates of diagnosis, chemotherapy treatments, relapses, and ascite collections of the

EOC patient from whom OV199 and OV200 primary cultures were established. (B-C) MTS assay of primary cells established from EOC

patient’s ascites (described in A), treated for 72 h with increasing doses of CDDP alone (B) or in combination with ganetespib 25 nM (C).

Data are expressed as the percentage of viable cells in treated respect to the untreated condition and represent the mean (�SD) of three

independent experiments. Statistical significance was determined by a two-tailed, unpaired Student’s t-test (*P < 0.05, **P < 0.01,

***P < 0.001 and ****P < 0.0001, ns, not statistically significant).
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Fig. 7. Potentiation of CDDP antitumor effect induced by ganetespib in vivo CDDP-resistant TOV-112D xenograft model. TOV-112D Pt-res

pool 2 cells (5 × 106) were s.c. injected into NSG mice as described in Materials and methods. When tumors were established, mice (five/
group) were treated once a week for two weeks, with CDDP (2.5 mg�kg−1 i.p.), ganetespib (GANE; 75 mg�kg−1 i.p.), both drugs in

combination, or their respective vehicles (UNT). (A) Relative TV measured at prespecified time points (Means � SEM). (B) TVs at cutoff

when mice were sacrificed. Data are shown as means � SEM. (C) Mice body weight as surrogate indicator of toxicity for in vivo

experiment reported in A. Body weight was measured three times/week. (D) TGD, indicating the mean rate of tumor growth in the

treatment groups relative to control untreated mice (see Materials and methods). Statistically significant results calculated with one-way

ANOVA test are reported (*P < 0.05, **P < 0.01, and ***P < 0.001). (E) Western blot analysis of γH2AX, cleaved PARP1, cleaved caspase

3, HSP90α, and total HSP90, in lysates from three representative xenograft tumor samples from each treatment group (see Materials and

methods). β-Actin expression serves as loading control. Western blot quantification was performed by IMAGEJ software using the mean value

of the three samples for each experimental group.
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isoform protein overexpression, further suggesting a

potential role in the mechanism of resistance. Indeed,

we demonstrated that HSP90α knockout sensitizes Pt-

res cells to CDDP treatment. Most importantly, by

targeting HSP90 with specific HSP90i, we demon-

strated, in vitro, ex vivo in primary cultures derived

from the ascites of Pt-res EOC patients and in vivo in

Pt-res EOC xenograft models, synergistic antitumor

effect in combination with CDDP.

Stress-associated phenotype, including proteotoxic

stress, recently emerged as an additional hallmark of

cancer, also highlighting the critical role in cancer cells

of chaperons such as HSP90 that is involved in protein

homeostasis [18]. HSP90 is a family of ATP-dependent

molecular chaperones that with the help of co-chaper-

ones modulate signal transduction and stress responses

by regulating the folding, stability, and activity of cli-

ent proteins, including several oncogenic molecules

(i.e., HER2, estrogen receptors, AKT, MET, VEGFR,

BRCA-1, MMP2) [19]. Thereby, HSP90 is also

involved in many other hallmarks of cancer, including

cell growth, survival, angiogenesis, metastases, and

immune response [19,20]. Indeed, high HSP90 expres-

sion levels have been reported in many tumors and

correlated with metastasis status and chemo-resistance

as well as recently also with immune refractory status

[19–21]. Overexpression of HSP90 has been also

reported in ovarian carcinoma where it was linked to

the FIGO stage of the disease [22]. Moreover, by using

an ovarian cancer expression library for a serological

screening, HSP90 emerged as a specific tumor antigen

for this disease [22].

Notably, the two largest groups of identified pro-

teins in all three Pt-res EOC models were those under

the functional clusters ‘stress response, chaperones and

protein fate’ and ‘nucleic acid processing and DNA

damage’. An additional functional cluster of identified

proteins is EMT, cancer stem cells, and cytoskeleton

organization”, and included common biological fea-

tures we have previously attributed to our Pt-res EOC

models [6]. Interestingly, numerous identified proteins

and particularly the eight deregulated in at least two

Pt-res models have been directly connected with Pt

resistance and/or ovarian cancer aggressive features

[23–27]. For example, among those proteins overex-

pressed in our PT-res EOC models: molecular chaper-

ones, including HSP90 or proteins involved in drug

detoxification such as peroxiredoxins, (PRDX) were

reported up-regulated in PT-res cancer cells and/or
induced by CDDP treatment [23]; similarly, PRDX2,

the chaperone GRP75, and the protein involved in

stress response EFTU were proposed as candidate

biomarkers of drug-resistant disease in ovarian cancers

[24]; furthermore, PHB, involved in cancer prolifera-

tion and metastasis, and PRDX4 were significantly

found increased in ovarian cancer tissues from

chemotherapy nonresponders patients [27]. Conversely,

among those proteins whose expression we have found

reduced in Pt-res models: loss of nuclear lamina pro-

tein LMNA in EOC was associated with metastasis

and poor prognosis [25], while reduced secreted expres-

sion of the dehydrogenase 3-PGDH was identified

among candidate circulating CDDP-resistant biomark-

ers from EOC cell secretomes [26].

In mammalian cells, there are two major HSP90 iso-

forms that are the constitutively expressed: HSP90β
and the stress-inducible HSP90α, sharing a conserved

ATP-binding domain targeted by most HSP90i [28,29].

HSP90α protein is expressed at differing levels in a

tissue-specific manner and is specifically up-regulated

in several cancers, while the corresponding HSP90AA1

gene is not altered in the majority of tumors [28]. In

line with our data, it was previously demonstrated that

overexpression of HSP90α in ovarian cancer cells

decreased the chemosensitivity to CDDP [30].

Interestingly, recently it was pointed out that tumor

addiction to a chaperon like HSP90 is due to its level

of connectivity with other chaperons and/or to the hub

role played within a network of proteins crucial for

cancer cells homeostasis, rather than to the overexpres-

sion of the protein itself [31]. In other words, due to

the dynamic nature of the binding with client proteins

in order to modulate the plasticity of signaling path-

ways, only when HSP90 is hyper-connected and fully

integrated with client proteins and chaperone machin-

ery, then its targeting with specific inhibitors is thera-

peutically effective [31]. Indeed, a correlation between

HSP90 isoform levels and HSP90i sensitivity in cancer

cells is debated [32]. On this regard, although we

found in all tested Pt-res cells HSP90α and total

HSP90 protein overexpression compared with controls,

HSP90 was not identified by the proteomic study as

differentially expressed, probably because the magni-

tude of level change was not prominent and/or
homogenous. Yet, we propose that the hub role of

HSP90 highlighted in Pt-res cells was more biologically

relevant than the mere protein overexpression and

might explain the clear synergistic interaction we

observed between HSP90i and CDDP in Pt-res EOC

cells. Interestingly, data-mining meta-analyses integrat-

ing the results from multiple siRNA screening in EOC

also identify HSP90 as a central hub and an effective

therapeutic target [33]. Notably, we have also discov-

ered HSP90 as a critical hub within a network of dif-

ferentially expressed proteins identified in a Pt-res

NSCLC isogenic model [9], supporting the possibility
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that the same mechanism is present in different tumor

types. Indeed preliminary results showed also in this

Pt-res NSCLC model a synergistic antitumor interac-

tion between HSP90i and CDDP1.

Classical HSP90i act by competitively binding the

ATP-binding site of HSP90, consequently halting the

progression of the protein folding machinery, leading to

the degradation of most client proteins [34]. Gel-

danamycin (GA), a large naturally occurring compound

and its ansamycin derivatives 17AAG and 17DMAG

were the first HSP90i to be tested [35,36]. In accord with

our observation previous in vitro studies reported that

the combination of GA, 17DMAG, or 17AAG with

CDDP remarkably inhibited cell proliferation and par-

tially reverse the drug resistance of CDDP-resistant

SKOV-3 ovarian cancer cells [37]. Here we add the new

notions that ganetespib is more effective than 17AAG in

improving CDDP efficacy and prove for the first time

that the combination therapy is active in vivo in Pt-res

ovarian cancer models and in primary ovarian cancer

cells derived from the ascites of Pt-res ovarian cancer

patients. Preclinical studies have shown that ganetespib

has greater potency than first-generation inhibitors such

as 17AAG in several cancers [38–40] also in combina-

tion therapy (i.e., carboplatin, taxanes, and etoposide),

with a better therapeutic index and no evidence of the

cardiac, ocular or liver toxicity observed with other

HSP90i, thus emerging as a promising anticancer agent

being tested in several clinical trials [39,42–44]. These
data are in accord with our observation that ganetespib

was able to revert the cross-resistance of Pt-res cells to

doxorubicin, confirming the critical role of HSP90 in

conferring a complex prosurvival chemo-resistant phe-

notype, likely by regulating tumor apoptosis. Of note,

the lack of synergistic interaction between ganetespib

and CDDP observed in normal human fibroblasts sug-

gested a selective action on tumor cells and thus a good

therapeutic index of the combined approach.

Our data support the possibility that the multimodal

mechanisms of Pt resistance acquisition in our three

EOC cell models, that differ in histology and genetic

backgrounds, are commonly dependent on the addic-

tion to HSP90 hub function, thereby rendering resis-

tant cells particularly vulnerable to the combined

HSP90i/CDDP approach. Interestingly, the lack of a

clear synergistic interaction in vivo xenograft parental

EOC models of ganetespib plus Pt compound as com-

pared with results obtained in Pt-res cells, confirmed,

at least in part, this hypothesis. Anyhow to our knowl-

edge, this study is the first to show the reversion of

CDDP resistance and the synergistic interaction of

ganetespib with CDDP, both in vitro and in vivo in Pt-

res ovarian cancer models, providing a rationale to

clinically explore this combination to rechallenge

refractory/resistant EOC patients.

In unselected cancer patients, the clinical benefit of

HSP90i has been modest so far, however in selected

populations, with distinct molecular features and/or in

refractory/resistant subgroups a promising activity has

been shown [44,45]. Ganetespib has been evaluated in

combination with weekly paclitaxel in Pt-res ovarian

cancer patients and was generally well-tolerated with

no DLTs observed [46]; however, no survival benefit

was demonstrated in a randomized phase 2 trial evalu-

ating this combination regimen vs paclitaxel alone [47].

Notably, a recent designed randomized multiarms

phase 2 study, not yet recruiting, will evaluate the

potential of ganetespib in combination with carbo-

platin in Pt-sensitive ovarian cancer patients (relapse

> 6 months after previous Pt-based treatment) vs car-

boplatin plus paclitaxel or plus gemcitabine3.

In our opinion, strategies to identify HSP90 addic-

tion within tumor cells could help in patient’s stratifi-

cation/selection. In this regard, changes in the

expression levels, the composition of chaperone com-

plex, or the level of interaction with other chaperones/
clients, as well the cellular location of HSP90, could

be considered. Interestingly, tumor cells constitutively

secrete HSP90 and recent studies showed that the

plasma level of HSP90α correlates with the pathologic

stage of cancer in patients, suggesting the potential of

circulating HSP90 as predictive biomarker [29,48].

Similarly, a gene expression classifier that predicts sen-

sitivity to HSP90i in a subgroup ovarian and breast

cultured cells, cell line-derived xenografts, and PDX

models, was recently generated and could be explored

in the frame of translational clinical studies aiming at

testing the feasibility and efficacy of HSP90i plus Pt in

Pt-res EOC patients [32].

5. Conclusion

In conclusion in this study starting from an unbiased

proteomic approach, we identified HSP90 as a central

druggable target in Pt-res EOC cells. We then showed

that the HSP90i ganetespib has a strong synergistic

effect with CDDP in Pt-res EOC cells in vitro, ex vivo,

and in vivo. Since the association between ganetespib

and chemotherapy had an acceptable safety profile in

cancer patients, this study has an immediate

1Lombardi R., Pucci B, Addi L and Budillon A, unpublished observations.
3https://clinicaltrials.gov/ct2/show/NCT03783949?term=ganetespib&cond=Ovary+Cancer&draw=2&rank=1. In. 2020.
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translational relevance and provides a strong rationale

of an effective therapeutic strategy for the treatment of

Pt-res EOC patients for whom we still do not have

valid therapeutic options.
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