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Identification of Novel Response and Predictive
Biomarkers to Hsp90 Inhibitors Through
Proteomic Profiling of Patient-derived Prostate
Tumor Explants*
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potential drug resistance mechanisms. This selective
regulation of DNAJA1 was validated by Western blot
analysis. Our study establishes “proof-of-principle” that
proteomic profiling of drug-treated PDEs represents an
effective and clinically-relevant strategy for identification of biomarkers that associate with certain tumorspecific responses. Molecular & Cellular Proteomics
17: 1470–1486, 2018. DOI: 10.1074/mcp.RA118.000633.

Prostate cancer is the most commonly diagnosed cancer,
and the second leading cause of cancer-related death, in men
in the developed world (1). Despite intense research efforts,
no curative therapies currently exist for men with advanced,
metastatic prostate cancer. Consequently, there is an urgent
need to develop new therapeutic approaches that will achieve
more durable responses and thereby improve patient outcomes. A challenge that has constrained the clinical development of novel agents for prostate and other solid tumors is the
difficulty in predicting and monitoring their clinical efficacy.
Despite promising in vitro findings, preclinical efficacy of new
therapeutics does not necessarily translate into clinical activity (2, 3), with only 5% of all potential anticancer compounds
ever gaining regulatory approval (4). The reasons for this
inefficiency of research translation are complex, but two clear
problems have been identified: a lack of preclinical models
that accurately predict activity of new agents, and a lack of
robust biomarkers indicating an individual patient’s response
to an agent (5–7).
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Inhibition of the heat shock protein 90 (Hsp90) chaperone
is a promising therapeutic strategy to target expression of
the androgen receptor (AR) and other oncogenic drivers in
prostate cancer cells. However, identification of clinicallyrelevant responses and predictive biomarkers is essential
to maximize efficacy and treatment personalization. Here,
we combined mass spectrometry (MS)-based proteomic
analyses with a unique patient-derived explant (PDE)
model that retains the complex microenvironment of primary prostate tumors. Independent discovery and validation cohorts of PDEs (n ⴝ 16 and 30, respectively) were
cultured in the absence or presence of Hsp90 inhibitors
AUY922 or 17-AAG. PDEs were analyzed by LC-MS/MS
with a hyper-reaction monitoring data independent acquisition (HRM-DIA) workflow, and differentially expressed
proteins identified using repeated measure analysis of
variance (ANOVA; raw p value <0.01). Using gene set
enrichment, we found striking conservation of the most
significantly AUY922-altered gene pathways between the
discovery and validation cohorts, indicating that our experimental and analysis workflows were robust. Eight
proteins were selectively altered across both cohorts by
the most potent inhibitor, AUY922, including TIMP1,
SERPINA3 and CYP51A (adjusted p < 0.01). The AUY922mediated decrease in secretory TIMP1 was validated by
ELISA of the PDE culture medium. We next exploited the
heterogeneous response of PDEs to 17-AAG in order to
detect predictive biomarkers of response and identified
PCBP3 as a marker with increased expression in PDEs
that had no response or increased in proliferation. Also,
17-AAG treatment led to increased expression of DNAJA1
in PDEs that exhibited a cytostatic response, revealing
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The abbreviations used are: Hsp90, Heat shock protein 90; 17AAG, 17-N-allylamino-17-demethoxygeldanamycin; ADT, Androgen
deprivation therapy; AGC, Automatic gain control; ANOVA, Analysis
of variance; CRPC, Castrate-resistant prostate cancer; DIA, Data
Independent Acquisition; FA, Formic acid; FBS, Fetal bovine serum;
HCL, Hydrochloric acid; HIF-1, Hypoxia-inducible factors ⫺1; HRM,
Hyper reaction monitoring; iRT, Retention-time-normalized; IT, Ion
trap; MS/MS, Tandem mass spectrometry; NH4OH, Ammonium hydroxide; PCA, Principal component analysis; PDE, Patient-derived
prostate cancer explant; RPMI, Roswell Park Memorial Institute.

Molecular & Cellular Proteomics 17.8

To circumvent the limitations of current cell line-based
models of prostate cancer, we have developed a model of
culturing human prostate cancer tissue ex vivo that retains the
structure and stromal-epithelial interactions of the tumor microenvironment, has proliferative capacity, and most importantly takes into account the heterogeneous nature of the
disease. Using this patient-derived explant model, we have
showed that AUY922 but not 17-AAG, markedly inhibits cell
proliferation and induces apoptosis in human prostate tumors, warranting further clinical investigation of this class of
agents (13). When we assessed our patient-derived prostate
explants (PDEs) for induction of the clinical pharmacodynamic
biomarker of Hsp90 inhibition, Hsp70 (19), we saw equivalent
induction of the biomarker with both 17-AAG and AUY922.
This confirms that Hsp70 expression indicates target modulation but not anti-tumor activity of these inhibitors. These
results are consistent with clinical studies wherein Hsp70
levels were not correlated with clinical response (20, 21), and
highlight the urgent need for biomarkers that reflect biological
activity rather than target modulation only.
The goal of the current study was to identify protein biomarkers associated with response or resistance to specific
Hsp90 inhibitors in PDEs from clinical prostate tumors. Using
HRM-DIA mass spectrometry, we report the identification of
markers correlating with antiproliferative responses to the
new-generation agent AUY922, and identify candidate predictive markers of 17-AAG responsiveness.
EXPERIMENTAL PROCEDURES

Reagents—The Hsp90 inhibitors 17-N-allylamino-17-demethoxygeldanamycin (17-AAG; National Cancer Institute, MD) and AUY922
(Novartis, now Vernalis, Winnersh, UK) were dissolved and diluted in
dimethyl sulfoxide (DMSO). The effective dose of 500 nM for Hsp90
inhibitors, determined previously to induce Hsp70 and decrease levels of the androgen receptor and Akt in 8 independent tumors, was
used in this study (13).
Patient-derived Explant (PDE) Culture of Prostate Tumors—Human
ethical approval for this project was obtained from the Adelaide
University Human Research Ethics Committee and the research ethics committees of the Royal Adelaide Hospital and St Andrew’s
Hospital. Fresh prostate cancer specimens were obtained with written informed consent through the Australian Prostate Cancer BioResource from men undergoing robotic radical prostatectomy at the
Royal Adelaide Hospital and St Andrew’s Hospital (Adelaide, South
Australia). Tumors from two cohorts of patients were used for this
study: a discovery cohort (n ⫽ 16) and a validation cohort (n ⫽ 30).
Clinicopathological features of tumors used in each cohort are detailed in supplemental Table S1.
A single 6 mm core of tissue was obtained per patient. A longitudinal section of the entire core was taken for hematoxylin and eosin
(H&E) analysis of tumor content. The remaining tissue was dissected
into 1 mm3 pieces and cultured in triplicate on a presoaked gelatin
sponge (Johnson and Johnson, New Brunswick, NJ) in 24-well plates
containing 500 l RPMI 1640 with 10% FBS, 1⫻ antibiotic/antimycotic solution (Sigma, St Louis, MO), 0.01 mg/ml hydrocortisone, 0.01
mg/ml insulin (Sigma) and cultured for 48 h with 17-AAG, AUY922
(500 nM each) or DMSO vehicle alone as previously described (13).
Tissues were cultured at 37 °C for 48 h, then were either formalinfixed and paraffin-embedded or snap frozen in liquid nitrogen and
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A class of agents that exemplifies these challenges is the
heat shock protein 90 (Hsp90)1 inhibitors. Targeting Hsp90
was considered a particularly attractive therapeutic strategy
for prostate cancer as Hsp90 is commonly overexpressed in
prostate cancer cells compared with normal prostate epithelium (8); therefore, prostate cancer cells are often selectively
sensitive to targeting of Hsp90. Moreover, Hsp90 inhibition
affords the opportunity to simultaneously degrade the androgen receptor (AR), the driver of prostate tumorigenesis, along
with other oncogenic proteins that are Hsp90 clients (e.g.
Her2, Akt, and Raf-1). However, despite robust preclinical
data demonstrating anti-tumor activity of first-generation
ansamycin-derived Hsp90 inhibitors (e.g. 17-AAG) in prostate
cancer (9), poor clinical responses in prostate cancer trials
initially cast doubt over this class of agent (10). This lack of
efficacy has been attributed to poor solubility and pharmacokinetics, hepatotoxicity and multidrug resistance mechanisms
that prevented adequate therapeutic doses from being
achieved (11). Consequently, there has been considerable
interest in developing new generation Hsp90 inhibitors such
as AUY922, a synthetic resorcinylic isoxazole amide (12), that
have improved clinical bioavailability and toxicity profiles. We
previously reported on the efficacy of AUY922 in prostate
cancer, showing that AUY922 is markedly more effective at
killing prostate cancer cells in vitro and ex vivo than 17-AAG
(13). Moreover, AUY922 maintained its efficacy even in prostate cancer cells containing constitutively active AR variants
that are thought to drive advanced, castration-resistant prostate cancer.
Further complicating the clinical development of these
agents is the lack of response markers to ensure the maximum benefit from a drug is obtained for an individual patient.
Monitoring response markers will allow for optimal selection
of agents, regimens, and patients for clinical trials. Protein
markers of the AUY922 response have been investigated in a
wide range of cancer cell line models using a priori approaches such as Western blot analysis (14 –17). Global proteomic analysis was performed in Jurkat cells that highlighted
64 proteins (e.g. CDK1, CDK6, DNAJB1, SERPINH1, FKBP52,
and mitochondrial chaperonin 10) to be markers of HSP90
inhibition by AUY922 (18). Nevertheless, there is substantial
variation and a lack of conservation of results from these cell
line studies emphasizing the need for a more clinically-relevant model system.
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was set to Trypsin/P, minimal peptide length of 6, and up to 3 missed
cleavages were allowed. Search criteria included carbamidomethylation of cysteine as a fixed modification, oxidation of methionine and
acetyl (protein N terminus) as variable modifications. The mass tolerance for the precursor was 4.5 ppm and for the fragment ions was 20
ppm. The DDA files were searched against the human UniProt fasta
database (v2015– 08, 20,210 entries) and the Biognosys HRM calibration peptides. The identifications were filtered to satisfy FDR of 1%
on peptide and protein level. The spectral library was generated in
Spectronaut and normalized to iRT peptides (23). A peptide identification required at least 3 transitions in quantification. Quantification
was based on the top 3 proteotypic peptide for each protein (24) and
exported as an excel file with Spectronaut 8 software (23).
Statistical Rationale—Differentially expressed proteins between
treatment groups were identified using repeated measure analysis of
variance (ANOVA) with the Multi-Experiment Viewer analysis software
(25). A raw p value ⬍.01 and an F ratio ⬎5 were used to define
differential expression, and plots of local FDR estimates generated by
LocalFDR from Anapuce R package. Based on analysis of the protein
abundance data obtained from the initial cohort, an additional validation cohort of n ⫽ 30 patients was designed to have at least 95%
power to detect an effect size of 1SD in a t test (2-sided alpha ⫽ 0.05)
of within-sample difference between vehicle and AUY treatments.
Unpaired t test of PDE samples that responded compared with
samples that had no response or showed poor response based on
Ki67 proliferation was performed to determine differential proteins
prior to 17-AAG treatment (raw p value ⬍.05). A paired t test (raw p
value ⬍.01) prior and after treatment with 17-AAG was implemented
with the Multi-Experiment Viewer software to determine differential
proteins. All comparative tests were normalized with the Spectronaut
software and exported for analysis (supplemental Fig. S1).
Functional Analysis—Functional annotation of the proteome was
conducted using database for annotation, visualization, and integrated discovery (DAVID) software (26). Overrepresented functional
categories among proteins enriched in each sample population were
relative to a background of all identified proteins in study. Criteria for
reported functional enrichment required a fold enrichment ⬎1.5, FDR
⬍5, and p value ⬍.05. Experimentally verified and published proteinprotein interactions from several resources including REACTOME (27,
28) and InnateDB (29) were assessed.
For gene set enrichment analyses, after voom transformation with
quantile normalization of protein abundances (30), differential abundance analysis was performed with R limma package version 3.34.3
(31) using a pipeline like Law et al. (32). Protein uniprot IDs were
matched to available gene IDs through Biomart query, and the gene
set enrichment analysis was conducted using the camera method in
R limma package (33) screening through the Molecular Signatures
Database (MSigDB, version 6) (34). Pathways with Benjamini and
Hochberg adjusted p values (35) less than 0.05 were accepted as
statistically significant. Enrichment plots and heatmaps were generated by barcodeplot and heatmap.2 functions from limma and gplots
R packages, respectively.
ELISA—TIMP1 levels in conditioned PDE media collected from the
validation cohort (n ⫽ 25) were measured by the Human TIMP-1
Quantikine ELISA (R&D Systems, Minneapolis, MN) as per the manufacturer’s instructions. Concentrations were extrapolated from simultaneously run standard curves. Differences between PDE samples
exposed to either Hsp90 inhibitor and DMSO vehicle alone was
assessed with repeat measure ANOVA with multiple comparisons
using posthoc Tukey test (Prism7 software, Graphpad).
Western Blot Analysis—20 g of remaining protein lysates from
PDE samples prepared as described above were separated by 8%
SDS-PAGE, transferred to PVDF membrane, and blocked for 1 h.
Blots were incubated with mouse monoclonal antibody HDJ2/
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stored at ⫺80 °C until further analysis. Tissues containing ⱖ70%
tumor content and ⱖ5% baseline Ki67 positivity, determined as outlined below, were included for proteomic analysis.
Immunohistochemical Staining and Microscopy—Paraffin-embedded tissues were sectioned (2 mM) on Ultraplus slides prior to hematoxylin and eosin (H&E) staining and immunohistochemical (IHC) detection of the proliferative marker, Ki67 (Agilent, M7240 antibody;
1:200 dilution, Santa Clara, CA). IHC staining was performed and
tissues assessed for tumor content and Ki67 positivity in a blinded
fashion as described previously (22).
Protein Preparation—Snap frozen PDEs were homogenized in 0.5
ml tubes containing 1.4 mm ceramic beads (Precellys® CK14 Lysing
Kit, Bertin Instruments, Montigny-le-Bretonneux, France) and 100 l 8
M Urea buffer (8 M Urea, 20 mM HEPES, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerol phosphate, 1 mM sodium orthovanadate, 1
mM ethylenediaminetetraacetic acid, pH7.5) using the Precellys®24
tissue homogenizer (Bertin Instruments). Lysates from triplicate PDEs
were combined and transferred to Eppendorf tubes, centrifuged at
10,000 rpm for 10 min, and supernatants stored at ⫺80 °C. Total
protein measurements were determined using the Bicinchoninic acid
protein assay (Bio-Rad, Hercules, CA). 100 g of protein extracts
were denatured with 6 M urea in 25 mM Ammonium Bicarbonate,
before reduction with 5 mM TCEP at 37 °C for 1h and alkylation with
32 mM iodoacetamide in the dark for 1 h. Alkylation was stopped by
addition of 27 mM DTT. The samples were then diluted 1:10 with
ammonium bicarbonate and digested with a 1:50 modified trypsin
(Promega, Madison, WI) to protein weight at 37 °C for 18 h. Tryptic
digests were slightly acidified with 10% TFA to pH 2–3, desalted with
a C18 spin column (Thermo Fisher Scientific, Waltham, MA), and
eluted with 0.1% TFA/40% ACN. Peptides were dried with a speed
vacuum and resuspended in 2% ACN/0.1% FA before mass spectrometry analysis.
Mass Spectrometry Analysis—Samples were analyzed on an UltiMate 3000 RSLC nano LC system (Thermo Scientific) coupled to an
LTQ-Orbitrap mass spectrometer (LTQ-Orbitrap, Thermo Scientific).
Peptides for analysis were loaded via an Acclaim PepMap 100 trap
column (100 m ⫻ 2 cm, nanoViper, C18, 5 m, 100Å, Thermo
Scientific) and subsequent peptide separation was on an Acclaim
PepMap RSLC analytical column (75 m x 50 cm, nanoViper, C18, 2
m, 100 Å, Thermo Scientific). For each liquid chromatographytandem mass spectrometry (LC-MS/MS) analysis, an estimated
amount of 1 g of peptides was loaded on the precolumn with
microliter pickup. Peptides were eluted using a 2 h linear gradient of
80% acetonitrile/0.1% FA gradient flowing at 250 nL/min using mobile phase gradient of 2.5– 42.5% acetonitrile. The eluting peptides
were interrogated with an Orbitrap mass spectrometer. The HRM DIA
method consisted of a survey scan (MS1) at 35,000 resolution (automatic gain control target 5e6 and maximum injection time of 120ms)
from 400 to 1220 m/z followed by tandem MS/MS scans (MS2)
through 19 overlapping DIA windows increasing from 30 to 222 Da.
MS/MS scans were acquired at 35,000 resolution (automatic gain
control target 3e6 and auto for injection time). Stepped collision
energy was 22.5%, 25%, 27.5% and a 30 m/z isolation window. The
spectra were recorded in profile type.
HRM-DIA Data Analysis—The DIA data were analyzed with Spectronaut 8, a mass spectrometer vendor-independent software from
Biognosys (Schlieren, Switzerland). The default settings were used for
the Spectronaut search. Retention time prediction type was set to
dynamic iRT. Decoy generation was set to scrambled with no decoy
limit. Interference correction on MS2 level was enabled. The false
discovery rate (FDR) was set to 1% at peptide level. For generation of
the spectral libraries, DDA measurements of each sample were performed. The DDA spectra were analyzed with the MaxQuant Version
1.5.2.8 analysis software using default settings. Enzyme specificity
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DNAJA1 (1:1,000, cat no. NA5–12748, Thermo Fisher Scientific) and
␣-tubulin (1:5000, cat no. T5168, Sigma) for 1 h and 30 min, respectively; followed by horseradish peroxidase-conjugated secondary antibody for 1 h and 30 min, respectively; developed with Western
Lightening Plus ECL (Perkin Elmer); visualized with the ChemiDoc
Touch Imaging System (BioRad); and quantitated using Image Lab
(v5.2.1). Differences upon exposure to 17-AAG to control in two
groups (Nonresponders n ⫽ 12 and Responders and Poor Responders n ⫽ 11) was assessed with one-tailed ratio paired t test (Prism7
software, Graphpad).
RESULTS

AUY922 is Significantly More Efficacious in PDE Tissues
Than 17-AAG—Human PDEs cultured in the absence or presence of two Hsp90 inhibitors, 17-AAG (500 nM) or AUY922
(500 nM) for 48 h (Fig. 1A), were assessed for the biological
response to these agents. Analysis was initially performed on
a discovery cohort of 16 patients, and subsequently on a
further validation cohort of 30 patients (supplemental Table
S1). Parallel immunohistochemical analysis of the cohorts
was performed to quantify treatment response by expression
of the proliferative marker, Ki67. Overall, in both cohorts
AUY922, but not 17-AAG, caused a statistically significant
reduction in proliferation in the PDE tissues compared with
the matched vehicle-treated control tissues (Fig. 1B), which
confirmed our previously published findings (13).
The Proteome of PDEs Cultured with Specific Hsp90 Inhibitors Segregates Samples Based on Drug Exposure—HRMDIA of PDE samples was performed to investigate alterations
upon exposure to the Hsp90 inhibitors. From the combined
proteome of an initial discovery cohort of 16 PDE samples
cultured in the absence or presence of Hsp90 inhibitors, 4095
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quantifiable proteins were identified. Proteins identified in
PDE samples were functionally categorized to poly(A) RNA
binding, membrane, mitochondrion, cell adhesion, ribosome,
extracellular matrix and protein folding (adjusted p value ⬍
.01, proteins mapping to pathway ⬎100, and hypergeometric
fold enrichment distribution ⬎2). Supplemental Tables S2A–
S2B and S3 contain lists of identified proteins with peptides
used for quantification and functional pathways, respectively.
625 differentially expressed proteins were identified between
PDE samples exposed to vehicle (DMSO), either drug, or
17-AAG alone (supplemental Table S4). Principal component
analysis of protein expression variability of these differential
proteins segregated patient PDE samples based on Hsp90
inhibitor treatment (Fig. 2). The 328 proteins that significantly
decreased upon exposure to both Hsp90 inhibitors (Fig. 3A)
exhibited enrichment for processes involved in nucleoplasm,
mRNA translation, RNA metabolism, and ribosome function
(Table I), with AUY922 exhibiting a significant effect compared
with 17-AAG (adj. p value ⬍.0001). The 264 proteins that
significantly increased upon exposure to Hsp90 inhibitors
(Fig. 3B) were enriched for processes involving membrane
rafts, muscle contraction, endoplasmic reticulum membrane
and the TCA cycle. The most significant increase in expression
was observed for heat shock 70 kDa proteins: HSPA6 (p value
9.14 ⫻ 10⫺12) and HSPA1A (p value 1.09 ⫻ 10⫺10), consistent
with our previous results in prostate cancer PDE samples and
their roles as markers of Hsp90 inhibition (13) (supplemental
Table S4). The 33 proteins that showed a significant increase of
expression with 17-AAG relative to AUY922 and control (Fig.
3C) were enriched for response to unfolded protein.
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FIG. 1. Proliferative responses of
explants cultured in the absence
(DMSO) or presence of 17-AAG or
AUY922. A, Workflow for drug treatment and MS analysis of patient-derived explant (PDE) cultures. B, Response of proliferation marker Ki67 to
17-AAG or AUY922. Mean and S.D. of
Ki67 staining in PDEs are indicated.
Statistical differences were calculated
using repeat measure ANOVA with multiple comparisons using posthoc Tukey
test.
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Characterization of Hsp90 Inhibitor-induced Changes in an
Independent Validation Cohort—To validate the identified
proteomic changes in response to Hsp90 inhibition, we analyzed an additional validation cohort of 30 PDE tissues, which
was powered based on the protein abundance data in the
discovery cohort. From the combined proteome of the validation cohort, 5450 proteins were identified (supplemental
Table S5A with peptides used for protein quantification in
supplemental Table S5B). Of these proteins, 3770 were in
common with the discovery cohort, equating to a marked
69.2% overlap between the two cohorts. Further analysis of
the validation cohort identified 635 proteins as differentially
expressed (DE) between PDE samples exposed to AUY922,
17-AAG, and vehicle (DMSO). Supplemental Tables S6 and
S7 contains lists of DE proteins and functional pathways,
respectively. Principal component analysis of each PDE sample’s variability of expression based on 635 DE proteins in the
validation cohort only segregated patient PDE samples exposed to AUY922, whereas control and treatment with 17AAG samples were indistinguishable (Fig. 4). Overall, there
were 100 DE proteins identified in both cohorts with consistent expression changes: 44 and 54 proteins exhibited decreased, and increased, expression in response to both
drugs, respectively, and 2 increased in expression solely in
response to 17-AAG (supplemental Tables S8A–S8G). Conservation of the proteomic response to specific Hsp90 inhibitors was further determined at a functional pathway level.
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FIG. 2. Principal component analysis with pearson correlation.
Each sphere represents a patient-derived PDE sample whose location in “proteome space” is determined by protein expression variability
of 625 differentially expressed proteins. Each axis represents a principal
coordinate that captures a component of the variance in protein expression. PDE samples segregated based on drug exposure.

Significantly enriched conserved pathways included a decrease in mRNA translation, ribosome function, and RNA
metabolism whereas the tricarboxylic acid (TCA) cycle increased upon Hsp90 inhibition. The effects on ribosome function and RNA metabolism are consistent with a previous
report (36). A response to unfolded protein was conserved
specifically for 17-AAG (Fig. 5A) in both cohorts. The unfolded
protein response (UPR) and Hsp90 chaperone system are
closely related mechanisms for maintaining cellular homeostasis, and activation of the UPR has previously been reported
for 17-AAG (37). The UPR can activate pro-survival signals or
under persistent stress induces apoptotic cell death (38). In
light of this, and our previous report that AUY922 but not
17-AAG induces apoptosis in prostate PDEs (13), it is likely
that differential activation of the UPR by these agents reflects
stimulation of pro-survival mechanisms by 17-AAG and apoptosis by AUY922.It is noted that an additional 34 DE proteins
were identified in both cohorts that displayed inconsistency in
protein expression direction change (supplemental Table
S8H). Most of these proteins exhibited conflicting expression
changes upon 17-AAG treatment, which is reflective of the
heterogeneity in response to this drug as indicated by the
contrasting grouping of 17-AAG-treated samples upon PCA
(Figs. 2 and 4). Regardless, a marked conservation was observed at the functional pathway level despite the heterogeneity evident in these clinical samples.
Gene set enrichment analysis was performed for each
agent alone compared with control and, given the substantial
overlap in pathways altered by 17-AAG and AUY922, we
focused on proteins selectively altered by AUY922 in the
discovery and validation cohorts. Significant enrichment of
key pathways was confirmed using the independent annotation methods REACTOME, KEGG, and GO (supplemental
Table S9), and importantly, these were clearly conserved between the two cohorts. The most markedly enriched conserved pathways were involved in ribosomal function, gene
translation, and RNA metabolism. Fig. 5B shows an example
of one such function, Ribosome (KEGG), that was significantly
enriched in discovery and validation cohorts, and when considered on an individual gene/protein level (Fig. 5C), despite
the heterogeneity evident in these clinical samples, exhibits
clear enrichment of the multiple genes annotated to this
pathway.
A Signature of Proteins Selectively Altered by AUY922 in
PDEs—To focus our list of proteins that were selectively altered by AUY922, a more stringent criterion for differential
protein expression was applied (adjusted p value ⬍.01). There
were 12 proteins significantly altered by AUY922 in both
cohorts. A group of 9 proteins significantly decreased upon
AUY922 treatment compared with DMSO control (Fig. 6A and
6B), 2 proteins increased with AUY922 treatment (Fig. 6C) and
1 protein increased with both 17-AAG and AUY922 treatment
(Fig. 6D). Of the 9 inhibited proteins, SERPINE1 significantly
decreased with both Hsp90 inhibitors compared with DMSO
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but with greater potency by AUY922 (Fig. 6B). The remaining
8 proteins significantly decreased only in the presence of
AUY922 and therefore represent selective response markers
to this drug. Of the induced proteins, apoptosis inducer
LGALS1 (39) showed a significant increase upon exposure to
AUY922, whereas TMEM109 increased significantly in expression to both Hsp90 inhibitors but again with greater potency in the presence of AUY922 compared with 17-AAG (Fig.
6C The cognate Hsp70 family member, HSPA8 (40), showed
a significant increase in expression upon treatment with both
Hsp90 inhibitors and there was no statistical difference between AUY922 and 17-AAG (Fig. 6D). From the proteins that
decreased in expression upon treatment with AUY922, three
proteins are associated with the HIF pathway (i.e. SERPINE1,
TFRC, and TIMP1); SERPINA3 (41), DDX21 (42), S100A2 (43),
and ITGA2 (44) are associated with tumor progression;
ACOT7 promotes hydrolysis of specific long chain fatty acids
and is implicated in regulation of cell cycle progression (45)
and CYP51A (46) is essential for cholesterol, sterol, and androgen production. Also, of note, SERPINE1 (decreased by
both drugs), and both TIMP1 and SERPINA3 (decreased by
AUY922 only) are all selective protease inhibitors that are
associated with cancer progression and poor prognosis (47,
48) (41). The expression of these proteins in the Discovery
cohort is reported in supplemental Fig. S2. TIMP1 was se-
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lected for validation as a selectively AUY922-modulated
secretory protein (http://www.cbs.dtu.dk/services/SignalP/)
(49). Conditioned media generated during culture of PDEs
from the validation cohort (n ⫽ 25) were analyzed by ELISA
and this confirmed that AUY922 significantly decreased the
secretion of TIMP1 compared with DMSO vehicle and 17AAG (Fig. 6E). Supplemental Fig. S3 shows the fold change
for both inhibitors compared with DMSO vehicle for each
individual PDE sample.
PCBP3 is a Potential Predictive Biomarker for 17-AAG Response—Although treatment of PDEs with the second generation Hsp90 inhibitor AUY922 decreased cellular proliferation
in the majority of PDE samples, responses to 17-AAG were
more varied (Fig. 1). The latter response data provided us with
the capability to determine whether our profiling platform
could identify predictive biomarkers of response to a given
drug. PDE samples were grouped into three categories based
on proliferative response, as measured by Ki67 positivity,
upon treatment with 17-AAG: (1) Responders showed a decrease in Ki67 positivity by -log2 (0.5), (2) Poor responders
showed an increase in Ki67 positivity by ⫹log2 (0.5), and (3)
Non-responders showed positivity levels between the two
cut-offs. From 40 PDE samples, 14 were grouped as “Responders” (Fig. 7A); 17 as “Nonresponders” (Fig. 7B); and 9
as “Poor Responders” (Fig. 7C). Statistical analysis compar-
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FIG. 3. Differentially expressed proteins upon exposure to Hsp90 inhibitors. The mean (⫾ S.D.) expression values for these proteins from
16 patients are presented. Statistical differences were calculated using repeat measure ANOVA with multiple comparisons using posthoc
Tukey test (***adjusted p value ⱕ0.0001). A, 328 proteins with a significant decrease in expression upon treatment with both Hsp90 inhibitors.
B, 264 proteins with a significant increase in expression upon treatment with both Hsp90 inhibitors. C, 33 proteins with a significant increase
in expression upon treatment with 17-AAG compared with control and AUY922.
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TABLE I
Functional analysis of differentially expressed proteins upon exposure to HSP90 inhibitors. Overrepresented functional categories among
proteins enriched in each sample population (e.g., decreased and increased expression in presence of Hsp90 inhibitors, and increased
expression in presence of 17-AAG) relative to all identified proteins using a permutation-based false discovery rate analysis (FDR)

Decreased expression
(⫹Hsp90 inhibitors)

Increased expression (17-AAG)

p value

Fold
enrichment

Adj. p value

FDR

Nucleoplasm
Translational initiation
rRNA processing
Nuclear-transcribed mRNA catabolic process,
nonsense-mediated decay
RNA binding
poly(A) RNA binding
Viral transcription
SRP-dependent cotranslational protein
targeting to membrane
Ribosome
Translation
RNA transport
HIF-1 signaling pathway
Nucleolus
Cytosolic large ribosomal subunit
mRNA 3⬘-end processing
Nuclear speck
Cytosolic small ribosomal subunit
Formation of translation preinitiation complex
ATP-dependent RNA helicase activity
NuRD complex
Structural constituent of ribosome
cholesterol biosynthetic process
Translation initiation factor activity
Termination of RNA polymerase II transcription
Positive regulation of translation
Eukaryotic translation initiation factor 3 complex
Membrane raft
Muscle contraction
Endoplasmic reticulum membrane
Tricarboxylic acid cycle
Extracellular matrix organization
Lipid particle
GTPase activity
Focal adhesion
GTP binding
Melanosome
Regulation of nitric-oxide synthase activity
Actin cytoskeleton
Guanyl nucleotide binding
Regulation of heart contraction
Regulation of cell death
Blood microparticle
response to cytokine
Nucleus
Cytosol
Response to unfolded protein
Cytoplasm
poly(A) RNA binding

1.13E-11
7.51E-11
6.48E-09
7.84E-08

1.7
3.5
3.1
3.3

4.31E-09
1.17E-07
5.07E-06
4.09E-05

1.56E-08
1.25E-07
1.08E-05
1.31E-04

2.60E-07
3.45E-07
6.21E-07
3.38E-06

2.2
1.6
3.1
3.1

1.39E-04
9.24E-05
2.43E-04
1.05E-03

3.78E-04
5.02E-04
1.04E-03
0.01

4.76E-05
1.02E-04
1.99E-04
4.82E-04
1.07E-03
1.88E-03
1.94E-03
2.08E-03
2.44E-03
3.16E-03
3.49E-03
3.67E-03
4.57E-03
4.95E-03
5.08E-03
5.94E-03
6.15E-03
6.63E-03
5.22E-05
3.53E-04
7.28E-04
1.10E-03
1.79E-03
2.38E-03
2.87E-03
3.47E-03
3.69E-03
4.13E-03
4.18E-03
4.34E-03
4.80E-03
4.86E-03
4.86E-03
5.68E-03
5.95E-03
8.59E-04
9.36E-04
9.48E-04
1.88E-03
4.29E-03

2.5
2.2
2.4
3.3
1.7
2.9
3.4
2.5
3.3
4.5
3.4
6.9
1.9
3.6
3.0
2.9
3.5
4.7
3.3
3.9
1.8
4.7
2.4
4.1
2.2
1.7
1.9
2.5
6.9
2.3
10.1
10.1
10.1
2.3
6.3
1.9
1.9
19.4
1.7
2.3

4.54E-03
0.03
0.04
0.05
0.07
0.10
0.35
0.09
0.10
0.46
0.37
0.13
0.34
0.58
0.32
0.61
0.58
0.21
0.01
0.44
0.10
0.59
0.62
0.22
0.74
0.22
0.58
0.22
0.82
0.20
0.52
0.79
0.79
0.23
0.80
0.09
0.05
0.26
0.07
0.34

0.07
0.17
0.25
0.60
1.47
2.57
3.20
2.85
3.33
5.14
4.96
4.96
6.44
7.95
7.14
9.47
9.78
8.81
0.07
0.59
1.02
1.82
2.96
3.29
4.01
4.76
5.13
5.66
6.79
5.93
6.62
7.84
7.84
7.69
9.53
0.96
1.05
1.27
2.10
4.62

ing DE proteins in the 3 groups was performed first in the
Discovery cohort and then in the Validation cohort. There
were no differential proteins that validated in both cohorts.
Responders were then compared with both Nonresponders

1476

and Poor Responders. In the Discovery cohort (n ⫽ 15) there
were 202 DE proteins, and 474 DE proteins identified in the
Validation cohort (n ⫽ 25) (unpaired t test, raw p value ⬍0.05)
(supplemental Table S10 and S11). Four proteins were vali-

Molecular & Cellular Proteomics 17.8

Downloaded from http://www.mcponline.org/ by guest on September 30, 2018

Increased expression (⫹Hsp90
inhibitors)

Functional term
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dated to be over-expressed in Nonresponders and Poor Responders compared with Responders in both cohorts:
UCHL3, S100P, PCBP3, WBP11 (Fig. 7D and 7E). PCBP3, a
RNA binding protein that plays an important role in posttranscriptional control of gene expression (50), was the only
protein passing statistical significance in both cohorts after p
value adjustment.
17-AAG Elicits Different Response Mechanisms in PDE
Samples Grouped as Responders, Nonresponders, or Poor
responders—To gain insight into potential mechanisms of
sensitivity and resistance to 17-AAG, perturbations of the
proteome were characterized before and after treatment with
17-AAG in the 3 response groups. DE proteins were identified
in the Discovery cohort (n ⫽ 15) (supplemental Table S12) and
the Validation cohort (n ⫽ 25) (supplemental Table S13) in the
3 response groups (paired t test, p value ⬍0.05). Seventeen
proteins increased in expression whereas 4 proteins decreased in expression in the Responders in both cohorts (Fig.
8A– 8B). Functional pathway analysis of proteins with increased expression upon treatment with 17-AAG highlighted
regulation of the neuron apoptotic pathway, suggesting a
mechanism of sensitivity in the Responders (Table II). Next, to
investigate mechanisms of resistance, differential proteins in
PDE samples of Nonresponders and Poor responders were
interrogated. Ten proteins increased in expression whereas
13 proteins decreased in expression in Nonresponders (Fig.

Molecular & Cellular Proteomics 17.8

DISCUSSION

The identification of informative biomarkers in the preclinical phase that can be integrated into clinical studies and
decision making is increasingly being recognized as key to
successful drug development and the most ethical way to
minimize harm and maximize patient benefit (51). However,
the clinical validation and implementation of biomarker discovery efforts has, to date, been limited. The rationale for this
roadblock is multifactorial (52), but a major player is the shortcomings of cell-based models. The majority of preclinical
studies of prostate cancers are based on immortalized cell
lines that are either grown in cultured dishes or xenografted
onto mice (53). Although these models have provided valuable
breakthroughs in our current understanding of prostate cancer, they represent a limited spectrum of disease and do not
capture the unique and dynamic interplay of a heterogeneous
population of cells within the tumor microenvironment. The
tumor microenvironment encompasses the tumor epithelial
cells and the surrounding stroma that encompasses fibroblasts, macrophages, lymphocytes, and components from
the extracellular matrix (54). Stromal-epithelial signaling has
been shown to be integral in prostate cancer metastasis and
response to therapeutics (55, 56). Although prostatic cell
lines have been subcutaneously xenografted onto the flanks
of an immunocompromised murine host in an attempt to
recapitulate stromal-epithelial signaling, the outcomes have
not been predictive of clinical efficacy (57, 58). The use of
primary human tumors for grafting is a promising technique
to circumvent the drawbacks of cell-based xenograft models, but this methodology is technically challenging and
aggressive tumors are needed to establish the model (59,
60). Despite these limitations, cell line models have re-

1477

Downloaded from http://www.mcponline.org/ by guest on September 30, 2018

FIG. 4. Principal component analysis with pearson correlation
of PDE samples upon Hsp90 inhibitor treatment in Validation
cohort (n ⴝ 30). Each sphere represents a location in “proteome
space” determined by protein expression variability of 635 differentially expressed proteins. Each axis represents a principal coordinate
that captures a component of the variance in protein expression. PDE
samples exposed to AUY922 treatment segregate from PDE samples
exposed to 17-AAG and DMSO.

8C– 8D). Proteins that increased expression upon treatment to
17-AAG demonstrated enrichment for negative regulation of
protein localization to mitochondrion, response to DNA damage, and response to unfolded protein (Table II). The extracellular space and phosphoprotein binding were pathways
associated with proteins that decreased in expression upon
17-AAG treatment in this group. Altogether, these pathways
highlight potential resistance mechanisms associated with a
cytostatic phenotype. Finally, nine proteins increased in expression in “Poor responders” (Fig. 8E) upon treatment with
17-AAG and were enriched for the axonogenesis and metabolic pathways (Table II), highlighting potential mechanisms
that contribute to tumor growth in the presence of 17-AAG.
Further validation of DNAJA1 expression was performed to
confirm its potential role in resistance mechanisms to 17-AAG
in Nonresponders. Western blot analysis confirmed a significant increase in expression of DNAJA1 in 10/12 Nonresponders (one tailed, ratio paired t test p value 0.001) (Fig.
9A–9B) whereas Responders and Poor responders showed
no significant increase in expression upon exposure to 17AAG (supplemental Fig S4, Fig. 9C).
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FIG. 5. Proteomic alterations in response to Hsp90 inhibitors in the Discovery and Validation cohorts exhibit concordance at the
functional pathway level. A, Overrepresented functional categories in each sample population (e.g. decreased and increased expression in
presence of Hsp90 inhibitors, and increased expression in presence of 17-AAG) relative to all identified proteins using a permutation-based
false discovery rate analysis (FDR). Significantly altered and conserved pathways (-log10p value) ⬎ 2.2 are depicted for both cohorts. B,
Barcode plots demonstrating significant alteration of the Ribosome pathway (KEGG) by AUY922 in both Discovery and Validation cohorts. C,
Individual patient data on protein abundance for components of the Ribosome pathway for matched Control and AUY922-treated PDEs, in the
Discovery and Validation cohorts.
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mained the primary approach for preclinical assessment of
therapeutic agents.
In this study we used our patient-derived explants as a
more clinically relevant discovery model, capable of retaining
inter-patient disease heterogeneity and the tumor microenvironment, to assess the efficacy of investigational agents (i.e.
specific Hsp90 inhibitors) in prostate cancer. Notwithstanding
the intra- and inter-tumoral heterogeneity inherent to primary
tumors, our ex vivo model system was not only able to robustly identify signaling pathways that may be suitable for
monitoring drug effectiveness, but also gave potential insight
to mechanisms that lead to cytotoxic, cytostatic, and tumor
progressive phenotypes induced by a drug. In addition, using
posteriori data based on the Ki67 proliferation marker, potential predictive biomarkers have been identified that could be
indicative of whether a patient responds to a given drug prior
to treatment. Our results provide robust evidence that an ex

Molecular & Cellular Proteomics 17.8

vivo patient-derived explant model system in the cancer setting can be exploited to obtain a clinically translatable understanding of functional targets, variability and likelihood of
patient response to clinical agents, and potential mechanisms
of resistance. Although AUY922 has not yet been clinically
evaluated in prostate cancer, the markers identified may be
validated in other cancers that are being treated with Hsp90
inhibitors, and our explant-based approach to biomarker discovery will likely be applicable to other new investigational
agents.
Extensive efforts have been invested into characterizing the
proteome upon Hsp90 inhibition. Studies in yeast (61, 62),
human cell lines of different origins (36, 63) including Jurkat
cells (18) indicate that 58% (86/148 protein responses) are
observed in one or more of the cell lines. These results capture a potential conserved signature that is inherent to Hsp90
inhibition, while also highlighting that some responses are
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FIG. 6. Validated proteins that alter expression upon treatment with Hsp90 inhibitors in both cohorts. A, 9 proteins with a significant
decrease in expression upon treatment with AUY922. The mean (⫾ S.D.) expression of these proteins in response to specific treatments in 30
PDEs from the validation cohort is presented. Statistical differences were calculated using repeat measure ANOVA with multiple comparisons
using posthoc Tukey test (***adjusted p value ⱕ0.0001). B, Mean expression and 95% CI of 9 proteins that decrease in expression upon
treatment with AUY922. t test corrected for multiple comparisons using Holm-Sidak method (***adjusted p value ⱕ0.0001). C, Mean expression
and 95% CI of 2 proteins with a significant increase in expression upon treatment with AUY922. t test corrected for multiple comparisons using
Holm-Sidak method (*adjusted p value ⱕ0.01, ***adjusted p value ⱕ0.0001). D, Mean expression and 95% CI of HSPA8 upon treatment with
Hsp90 inhibitors. t test corrected for multiple comparisons using Holm-Sidak method (***adjusted p value ⱕ0.0001). E, ELISA analysis of
conditioned explant media from PDEs from the validation cohort (n ⫽ 25). Statistical differences were calculated using repeat measure ANOVA
with multiple comparisons using posthoc Tukey test (*adjusted p value ⱕ0.05).
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FIG. 7. Identification of predictive biomarkers of 17-AAG response. A, Ki67 levels for PDE samples that responded to 17-AAG treatment
(decrease in Ki67 by -log2(0.5)). B, Ki67 levels for PDE samples unresponsive to 17-AAG treatment (no significant change in Ki67 positivity).
C, Ki67 levels for PDE samples with a poor response to 17-AAG treatment (increase in Ki67 by ⫹log2(0.5)). D, Mean expression and 95% CI
of 4 proteins with significantly increased expression in discovery cohort “Nonresponder” and “Poor Responder” PDEs (n ⫽ 10) compared with
“Responders” (n ⫽ 5). t test corrected for multiple comparisons using Holm-Sidak method (*adjusted p value ⱕ0.05, **adjusted p value ⱕ0.01).
E, Mean expression and 95% CI of 4 proteins with significantly increased expression in validation cohort “Nonresponder” and “Poor
Responder” PDEs (n ⫽ 16) compared with “Responders” (n ⫽ 9). t test corrected for multiple comparisons using Holm-Sidak method (*adjusted
p value ⱕ0.05).
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FIG. 8. Identification of potential mechanisms of sensitivity and resistance to 17-AAG treatment based on changes in protein
expression in responders, poor responders, and non-responders. The plots indicate mean (⫾ S.D.) of proteins that showed significant
alteration upon treatment with 17-AAG (paired t test, *p value ⱕ0.01, **p value ⱕ0.001, ***p value ⱕ.0001). A, 17 proteins with increased
expression upon 17-AAG treatment in validation cohort “Responder” PDE samples (n ⫽ 9). B, 4 proteins with decreased expression upon
17-AAG treatment in validation cohort “Responder” PDE samples (n ⫽ 9). C, 10 proteins with increased expression upon 17-AAG treatment
in validation cohort “Non-responder” PDE samples (n ⫽ 12). D, 13 proteins with decreased expression upon 17-AAG treatment in validation
cohort “Non-responder” PDE samples (n ⫽ 12). E, 9 proteins with increased expression upon 17-AAG treatment in Validation cohort “Poor
responder” PDE samples (n ⫽ 4).

specific to cell lines. We attempted to compare our results to
studies performed in cancer cell lines. In the Discovery cohort,
we found that AUY922 and 17-AAG share a highly conserved
proteomic fingerprint of Hsp90 inhibition, and that most expression differences in these proteins are related to the potencies of the two drugs (Fig. 3). This is consistent with other
comparative studies of AUY922 and 17-AAG in pancreatic,
colorectal, and leukemia cancer cell lines (16, 18). Heat-shock

Molecular & Cellular Proteomics 17.8

cognate 70 protein, HSPA8, significantly increased upon
treatment with both 17-AAG and AUY922 compared with
control. HSPA8 regulates the heat shock response (HSR)
and maintains homeostasis (64). The induction of the heat
shock response is established as a bona fide component of
the molecular signature of Hsp90 inhibition observed in
numerous cancer cell line studies (18, 65– 67) and is used to
indicate target modulation in clinical trials (68, 69). AUY922
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TABLE II
Functional analysis of differentially expressed proteins upon exposure to Hsp90 inhibitor 17-AAG in responder, poor responder, and
nonresponder PDE samples
Functional term
Increased expression in
Responders (⫹17AAG)

Increased expression in
Nonresponders
(⫹17-AAG)

Fold
enrichment

FDR

96.61

21.89

4.70

38.39

8.05
24.15
772.86

41.76
59.08
2.29

Regulation of neuron apoptotic
process
Protein homodimerization activity

0.02

PARK7, NPMI

0.04

Protein heterodimerization activity
Copper ion binding
Negative regulation of establishment
of protein localization to
mitochondrion
DNA damage response, detection of
DNA damage
Response to unfolded protein
Drug binding
Pyridoxal phosphate binding
Regulation of cellular response to heat
Extracellular space

0.05
0.07
0.00

PARK7, AOC3, GSTMI,
NPMI
AOC3, NPMI, PPP2RIA
PARK7, AOC3
DNAJA1, HSPH1

0.03

DNAJA1, RPA3

59.45

26.05

0.03
0.03
0.04
0.07
0.01

55.20
50.31
46.84
25.34
4.76

27.76
26.58
28.25
50.86
11.14

Phosphoprotein binding
Axonogenesis
Metabolic pathways

0.04
0.05
0.09

DNAJA1, HSPH1
SIGMAR1, PYGL
MARC2, PYGL
RPA3, HSPH1
QSOX2, SERPINB4, PLAT,
KLK3, SFN
PLAT, SFN
FLOT1, CNP
ALDH9A1, SUCLG1, MTR,
PLA2G7

41.17
36.43
2.86

31.65
40.67
50.82

induces HSPA8 expression in breast cancer cell lines (17)
whereas HSPA8 induction by 17-AAG has been observed in
numerous cancer cell lines (18, 70 –74), human ovarian cancer xenograft murine models (75), and patient tumor samples (68, 76). The Hsp70 proteins contribute to tumor
cell survival though anti-apoptotic functions (77), and concurrent inhibition of both HSPA8 and inducible HSPA2 enhanced the clinical potency of 17-AAG in colon cancer
(40).
Comparing data from both the Discovery and Validation
cohorts using a stringent criterion for differential expression
focused the list to 8 proteins that showed a selective and
significant decrease with AUY922 treatment. Among the 8
proteins that were specifically decreased by AUY922 treatment in both cohorts were two components of the HIF-1
pathway, TFRC and TIMP1. Interestingly, hypoxia-related biomarkers are associated with poor prognosis in prostate cancer (78 – 81) and HIF-1 interacts with the AR to increase transcriptional activity and enhance PSA expression (82, 83).
Consequently, although the impact of AUY922 on the HIF-1
pathway requires further characterization, treatment with this
drug may present a novel strategy to target this pathway.
TIMP1 is a secreted glycoprotein that inhibits matrix metalloproteinase (MMP) activity (84) and has been linked to (1)
inhibition of tumor cell invasion by preventing extracellular
matrix remodeling (85) and (2) promotion of tumor progression
in a MMP-independent manner by inhibiting apoptosis and
stimulating cancer cell growth (86, 87) in prostate cancer cell
lines. Elevated TIMP1 levels in plasma predict worse survival
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Proteins

outcome in metastatic CRPC patients to further support the
pro-tumorigenic role of TIMP1 (88). Broad spectrum MMP
inhibitors have been developed and tested in clinical trials
resulting in disappointing outcomes, most likely because of
the lack of understanding of the pro- and/or anti-tumor activities of distinct MMPs (89 –91). The selective impact of
AUY922 on several other proteins might also lead to therapeutic benefit. These proteins include ITGA2 and SERPINA3,
both associated with tumor progression, and the cytochrome
P450 enzyme, CYP51A1. Importantly, CYP51A1 first demethylates lanosterol as an early step in cholesterol biosynthesis, with cholesterol being metabolized by other enzymes
including CYP17A1 to mediate androgen production. Abiraterone, a CYP17A1 antagonist, is commonly prescribed in
patients to treat CRPC (92–94), and the identification of
CYP51A1 as a AUY922 target identifies another potential
strategy to target androgen biosynthesis.
A diverse proliferative response to 17-AAG was observed in
the PDE samples, allowing us to identify protein biomarkers
that predict response to this drug in individual patient tumors.
PCPB3 was the only protein that was significantly overexpressed in non- and poor responders compared with responders in both cohorts. Interestingly, PCBP3 was identified,
along with 27 other genes, as a predictive marker for clinical
recurrence in early stage prostate cancer (95), and a paralog
of PCBP3, PCBP1, is implicated as a regulator of cancer stem
cells in DU145 and LNCAP prostate cell lines (96). Consequently, it will be important to characterize whether there is a
direct role for this protein family in modulating response to
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Decreased expression
in Non-responders
(⫹17-AAG)
Increased expression in
Poor responders
(⫹17-AAG)

p value
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specific drugs, and the underlying mechanisms. In addition,
the heterogenous response to 17-AAG also enabled us to
gain insights into potential drug resistance mechanisms.
Here, a key protein identified to increase expression in the
presence of 17-AAG in Nonresponders and was further validated was DNAJA1, which acts as a HSPA8 co-chaperone
(97) and importantly, protects against apoptosis by inhibiting
the stress-induced translocation of Bax from the cytosol to
the mitochondria (98).
CONCLUSION

This study provides proof of concept for the utilization of
MS-based proteomic profiling of patient-derived explant
tissues for the identification of clinically-relevant response
and predictive biomarkers to specific drugs and drug resistance mechanisms. Specifically, it provides this information
in the context of certain Hsp90 inhibitors, which may help
guide the more effective clinical use of these drugs.
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FIG. 9. Western blot analysis of DNAJA1. Statistical differences were calculated using one-tailed ratio t test for paired PDE samples
exposed to DMSO and 17-AAG. A, Log2(ratio 17-AAG/DMSO) for Non-responders (n ⫽ 12), Responders (n ⫽ 8), and Poor responders (n ⫽
3). B, Log2(AUC) of PDE samples of Non-responders (n ⫽ 12) exposed to DMSO and 17-AAG. C, Log2(AUC) of PDE samples of Responders
(n ⫽ 8) and Poor responders (n ⫽ 3) exposed to DMSO and 17-AAG.
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