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Abstract: Metastatic castration-resistant prostate cancer (nCRPC) remains a deadly disease due to a
lack of efficacious treatments. The reprogramming of cancer metabolism toward elevated glycolysis is
a hallmark of mCRPC. Our goal is to identify therapeutics specifically associated with high glycolysis.
Here, we established a computational framework to identify new pharmacological agents for mCRPC
with heightened glycolysis activity under a tumor microenvironment, followed by in vitro validation.
First, using our established computational tool, OncoPredict, we imputed the likelihood of drug
responses to approximately 1900 agents in each mCRPC tumor from two large clinical patient
cohorts. We selected drugs with predicted sensitivity highly correlated with glycolysis scores. In total,
77 drugs predicted to be more sensitive in high glycolysis mCRPC tumors were identified. These
drugs represent diverse mechanisms of action. Three of the candidates, ivermectin, CNF2024, and
P276-00, were selected for subsequent vitro validation based on the highest measured drug responses
associated with glycolysis/OXPHOS in pan-cancer cell lines. By decreasing the input glucose level
in culture media to mimic the mCRPC tumor microenvironments, we induced a high-glycolysis
condition in PC3 cells and validated the projected higher sensitivity of all three drugs under this
condition (p < 0.0001 for all drugs). For biomarker discovery, ivermectin and P276-00 were predicted
to be more sensitive to mCRPC tumors with low androgen receptor activities and high glycolysis
activities (AR(low)Gly(high)). In addition, we integrated a protein—protein interaction network and
topological methods to identify biomarkers for these drug candidates. EEF1B2 and CCNA2 were
identified as key biomarkers for ivermectin and CNF2024, respectively, through multiple independent
biomarker nomination pipelines. In conclusion, this study offers new efficacious therapeutics beyond
traditional androgen-deprivation therapies by precisely targeting mCRPC with high glycolysis.

Keywords: metastatic castration-resistant prostate cancer; glycolysis; oxidative phosphorylation;
cancer metabolism reprogramming; drug repurposing

1. Introduction

Prostate cancer (PC) is the second leading cause of cancer deaths in men in the United
States [1]. Many late-stage patients develop castration-resistant prostate cancer (CRPC).
CRPC is marked by a serum testosterone level below 1.7 nmol/L and the existence of
disease progression [2]. Although androgen receptor-signaling inhibitors (ARSI), such as
abiraterone [3,4] and enzalutamide [5,6], have significantly improved clinical outcomes of
CRPC patients, nearly all CRPC patients inevitably develop further resistance to ARSI [7].
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However, therapeutic options are very limited for ARSI-resistant CRPC, highlighting an
unmet need for CRPC patients.

Metabolic reprogramming constitutes a hallmark of cancer [8]. In PC, metabolic repro-
gramming is significantly associated with disease progression to CRPC [9,10]. Previous
studies have shown that patients with CRPC exhibited higher levels of glycolysis and
oxidative phosphorylation (OXPHOS) compared with those having primary PC tumors [9].
Also, enzalutamide resistance has been linked to increased glycolysis [11], highlighting
metabolic adaptation as a versatile survival strategy of cancer cells. This suggests a po-
tential drug resistance mechanism through metabolism reprogramming. Additionally, a
clinical study revealed that mCRPC patients with high glycolysis had worse survival rates
compared to those with low glycolysis [12]. Furthermore, the study found that AR negative
combined with high glycolysis was related to a higher risk of death, underscoring the
prognostic value of metabolic profiling in therapeutic decision making [12]. Taken together,
the presence of altered metabolism in CRPC progression and treatment resistance may in-
troduce a new target for designing therapies against this deadly disease. However, finding
drugs to efficiently inhibit high glycolysis tumor growth is challenging due to metabolic
plasticity, including an interplay between glycolysis and OXPHOS [13,14]. For instance,
strategies to target a single metabolic enzyme often lead to therapeutic resistance [13],
while a drug (e.g., a glutamine antagonist, JHU083) that is primarily designed to target
glutamine metabolism but also impacts multiple metabolic targets has shown reasonable
antitumor effects due to the weakened ability of cancer cells to rewire metabolic path-
ways [15], indicating the importance of a holistic approach in targeting cancer metabolism.
Therefore, targeting mCRPC with either high glycolysis activities (scores) or both with
high glycolysis/OXPHOS activities (scores), instead of targeting a single enzyme, could
potentially achieve better disease control and preclude drug resistance.

Traditional drug discovery and development are time-consuming and costly. The
preclinical discovery phase, including disease target identification and validation, com-
pound screening assay development, lead compound identification, and optimization,
often takes years before getting to the human study stage [16,17]. Drug repurposing, on
the other hand, is an appealing alternative way to identify new indications from approved
or investigational drugs in a shorter period [18]. In fact, drug-repurposing approaches
have contributed to about 30% of newly FDA-approved drugs [19]. Many successful drug
repositioning cases have shown promising value in the treatment of various cancers. For
instance, thalidomide, originally indicated for morning sickness in pregnant women, was
repositioned for combination treatment with dexamethasone for multiple myeloma [20].
Aspirin and raloxifene, originally indicated for pain relief and osteoporosis prevention [21],
respectively, have found new roles in reducing colorectal cancer risk [18,22] and breast
cancer incidence [23], demonstrating the transformative potential of repurposing in on-
cology. In recent years, machine learning approaches have been extensively applied in
various fields of drug discovery [24] (including for drug repurposing). This data-driven
predictive analytics enables us to capture and explore the relationship between predic-
tive variables and target variables. For example, models have been constructed between
predictive variables ranging from omics data (e.g., DNA, RNA, protein) [25] to clinical
data [26] and target variables like drug responses [25], disease progression [27,28], and side
effects [29]. Among these approaches, the availability of substantial in vitro measured drug
response data from a large collection of cancer cell lines (CCLs) and multi-omics data has
enabled the integration of machine learning tools in drug discovery efforts, facilitating a
more efficient and targeted approach to drug development. We have previously reported
a computational method, OncoPredict [30], based on a machine learning framework to
facilitate drug repurposing. Briefly, this approach first learns drug—gene relationships from
measured CCL drug responses and CCL transcriptome profiles. The learned relationship
is subsequently utilized to project patient responses to a large collection of drugs using
patient tumor gene expression profiles. Predicted patient sensitivity to various drugs can
then be examined with phenotypic data to propose candidate compounds addressing
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different therapeutic needs. This pipeline has been successfully applied to a number of
clinical datasets to accurately project patient responses to drugs [31].

Beyond drug nomination, many biomarker-directed treatments have clearly demon-
strated a significant clinical outcome improvement in patients with mCRPC. For example,
patients with mCRPC carrying germline and somatic mutations in homologous recombi-
nation repair genes (e.g., BRCA1, BRCA2, ATM) show improved outcomes when treated
with poly-ADP ribose polymerase (PARP) inhibitors [32] and platinum-based chemother-
apy [33,34]. Furthermore, mCRPC patients who exhibit an androgen receptor splice variant
(AR-V7) in their circulating tumor cells showed better overall survival outcomes when
treated with taxanes compared to ARSI treatments [35]. This evidence supports the critical
role of biomarker-based treatment approaches in optimizing therapeutic outcomes for
mCRPC patients.

Here, we aim to employ such a machine learning method to identify and repurpose
drugs with potent efficacy in mCRPC characterized by heightened glycolysis activity. We
applied the computational pipeline to two independent mCRPC patient cohorts to nominate
drugs of interest and subsequently validate them in PC cell lines. These drugs, once
clinically validated, can improve the treatment outcomes of deadly diseases like mCRPC.
To facilitate the optimal application of the newly nominated drug(s), we also carried out
biomarker discovery to refine patient selection criteria for treatment, emphasizing the move
toward personalized medicine in oncology.

2. Results
2.1. Identifying Candidate Drugs for mCRPC with High Glycolysis

We built drug response prediction models using our OncoPredict (version 0.2) pipeline [30].
For the training data, we employed two primary sources of CCL drug sensitivity screens:
CTRPv2 and PRISM. CTRPv2 contains measured responses to 545 drugs, covering about
375 mechanisms of action, in approximately 829 CCLs. In comparison, PRISM contains
measured responses to 1419 drugs, covering about 464 mechanisms of action, in about
481 CCLs, notably including a wide array of non-oncology drugs, thereby broadening
the potential for repurposing existing medicines for oncology applications. We imputed
patient tumor drug response scores in the two independent clinical studies of CRPC
patients (SU2C/EC and SU2C/WC). The imputed drug response scores were correlated
with calculated tumor glycolysis scores to identify the drugs of interest (Drugyg), which
are drugs whose imputed sensitivity scores are significantly and negatively associated
with tumor glycolysis scores. Similarly, dual-effect drugs (Drugpg) were identified as
those drugs whose imputed sensitivity scores were significantly and negatively associated
with both glycolysis and OXPHOS scores. Only drugs identified in both SU2C/EC and
SU2C/WC studies were considered potential drug candidates for subsequent analyses
(Figures 1 and S1).

A summary of the findings of drug nomination can be found in Table 1. Specifically, for
Drugpg, there are 4 and 54 drug candidates nominated in both SU2C/EC and SU2C/WC
clinical studies using either CTRPv2 or PRISM drug screens as training datasets, respec-
tively. For Drugpg, there are 0 and 19 drug candidates nominated in both clinical studies
from these two sources of training datasets. We narrowed down the final candidate list
by focusing on drugs that share the same mechanism of action (MOA). Across Drugpg,
nine drugs show an over-representation of one of these MOAs: aurora kinase inhibitors,
CDK inhibitors, EGFR inhibitors, HSP inhibitors, mTOR inhibitors, and topoisomerase
inhibitors. Indeed, some of these mechanisms have been reported to be related to cancer
glycolysis. For instance, EGFR signaling and CDKs have been associated with elevated
aerobic glycolysis [36]. Also, aurora kinase A inhibitors have demonstrated glycolysis
suppression in glioblastoma [37]. Similarly, HSP90 inhibitors exhibited glycolysis reduction
in advanced PC [38]. Table S1 provides a full list of the drug candidates, including Drugpg
and Drugpg.
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Figure 1. Lead compound nomination pipeline for mCRPC patients with high glycolysis activity.
OncoPredict was used to impute sensitivities of mCRPC patient tumors to various drugs. GSVA
was used to compute glycolysis and OXPHOS scores for each mCRPC patient tumor. Subsequently,
regression analysis was conducted. Drugs with predicted drug response significantly and negatively
correlated with glycolysis scores or both glycolysis and OXPHOS scores were selected as drugs
for high glycolysis (Drugyg) and dual-effect drugs (Drugpg), respectively. Only drugs identified
in both SU2C/EC and SU2C/WC studies were included for subsequent filtering steps to select
final drug candidates. The four filtering steps included (1) clinical translational focus, (2) consis-
tency confirmation across datasets, (3) sensitivity trend confirmation in pan-cancer cancer cell lines,
and (4) metabolism activation prevention. Abbreviations: mCRPC: metastatic castration-resistant
prostate cancer; SU2C/EC: Standard Up to Cancer East Coast; SU2C/WC: Standard Up to Cancer
West Coast; GSVA: Gene Set Variation Analysis; 31: a coefficient of predicted drug response of
mCRPC tumors; OXPHOS: oxidative phosphorylation.

To further narrow down our candidate drug list, a filtering strategy depicted in
Figure 1 was employed. First, the candidate drugs were filtered based on their develop-
ment status. Only the 22 drugs that were either already approved by the FDA or were in
clinical trial stages were carried forward (Figure S2A). Then, we checked consistency across
datasets. A total of 17 of the 22 drugs were consistently predicted to be efficacious in both
high-glycolysis and OXPHOS conditions across datasets (Figure S2B). Since these drugs
were nominated using their imputed values in patient tumors, we went back to the initial
CCL drug screen data to confirm the measure drug sensitivity was also correlated with
glycolysis and OXPHOS scores. A total of 15 of the 17 drugs showed higher sensitivity
among CCLs with higher glycolysis and OXPHOS features, consistent with our predictive
model’s outcomes in mCRPC tumors (Figure S2C). To anticipate and avoid the potential
development of drug resistance, we also examined the drug-induced glycolysis and OX-
PHOS activities in a mCRPC cell line (PC3) using the LINCS L1000 dataset. Specifically,
the glycolysis and OXPHOS scores in PC3 cells before and after each drug treatment were
gauged. A total of 6 of 15 drugs did not have perturbation information; of the remaining
9 drugs, 3 would lead to higher glycolysis or OXPHOS after treatment and therefore were
removed from the candidate list (Figure S2D).
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In summary;, a total of 12 drug candidates were obtained after a four-step screening
process. These drug candidates are either FDA-approved or in the late stage of drug
development and were predicted to be efficacious in conditions of high glycolysis and
OXPHOS. They exhibited consistently predicted activities across different clinical datasets
and in measured drug response profiles of CCLs; perturbation analysis further suggested a
lower risk of metabolism activation after drug treatments. Figure 2 shows the coefficient and
relative p-value of regression analyses between glycolysis/OXPHOS scores and measured
drug response AUC across CCLs for these 12 drug candidates. Compared to other drugs,
P276-00 and CNF2024 showed higher significantly negative associations between glycolysis
scores and measured drug responses (p = 0.0005, p = 0.0008), while ivermectin showed
the most significantly negative association with OXPHOS scores (p = 0.0012) along with
decreased glycolysis scores (p = 0.0093, Welch’s t-test) and OXPHOS scores (p = 0.014,
Welch’s t-test) in PC3 cells post-treatment (Figure S3). Taken together, we prioritized P276-
00, CNF2024, and ivermectin for experimental validation. These three candidate drugs
were all significantly and negatively associated with glycolysis scores (Figures 3A-C and
S54A—C) and OXPHOS scores (Figures 3D-F and S4D-F) in two independent clinical studies,
suggesting enhanced drug efficacy under conditions of high glycolysis and OXPHOS in
clinical samples.

Table 1. Summary of number of drug candidates. (A) Drugs for high-glycolysis mCRPC; (B) dual-
effect drugs.

(A) Drugs Showing High Efficacy in High-Glycolysis mCRPC Patients (Druggyg)

Clinical study SU2C/EC SU2C/WC SU2C/EC SU2C/WC
Training Drug database CTRPv2 CTRPv2 PRISM PRISM
P o ey ; .
Drugpg 4 54
(SU2C/EC N SU2C/WC)
_ Drugnc 0 9&
in primary MOA #*
(B) Dual-Effect Drugs (Drugpg)
Clinical study SU2C/EC SU2C/WC SU2C/EC SU2C/WC
Training drug database CTRPv2 CTRPv2 PRISM PRISM
Drugs for high glycolysis mCRPC (G) 41 5 260 67
Drugs for high-OXPHOS mCRPC (O) 80 59 530 492
Drugpg (GN O) 13 0 156 27
Drugpg

(SU2C/EC N SU2C/WC) 0 19

Notes: #: Primary MOA is characterized by a MOA that appeared at least twice across these 54 Drugpg from
PRISM. *: Primary MOAs include aurora kinase inhibitors, CDK inhibitors, EGFR inhibitors, HSP inhibitors,
mTOR inhibitors, and topoisomerase inhibitors. &: Drugs were obtained from overlapping the top 50% significant
drugs identified from SU2C/EC and SU2C/WC studies. Abbreviations: mCRPC: metastatic castration-resistant
prostate cancer; Drugyg: drugs for high-glycolysis mCRPC; Drugpg: dual-effect drugs; SU2C/EC: Standard Up
to Cancer East Coast; SU2C/WC: Standard Up to Cancer West Coast; CTRPv2: Cancer Therapeutics Response
Portal Version 2; PRISM: Profiling Relative Inhibition Simultaneously in Mixtures; MOA: mechanism of action;
OXPHOS: oxidative phosphorylation.



Pharmaceuticals 2024, 17, 569

6 of 22

(A) (B)
. » Carmofur 31 .
3 L]
—_ —_
g D ladib g
S arapladi 3
S 9 ° © 2
> >
a a . TU.2100
b S . ° .
o o Papaverine.Hydrochloride
- Exatecan.mesylate -~ . .
S . . o1 Carmofur Rapamycin
o1 . 9 : :
' GSK1070916 TU.2100 ' GSK21411795
. R Exa.ecan.mesylate
Papaverine.Hydrochloride ® Fenoprofen GSK1070916 Fenopl"i: n
0 GSK2141795-Rapamycin——=—* 0 Darapladib—*
-60 -40 -20 0 -50 -40 -30 -20 -10

(A)

100+

GSVA Glycolysis score

751

501

251

(D)

1001

751

GSVA OXPHOS score
n
o

Coefficient of linear regression

Coefficient of linear regression
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analysis was performed using Student’s t-test. Drug candidates for experimental validation are
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2.2. Experimental Validation

To evaluate the efficacy of selected drug candidates in advanced PC with high glycoly-
sis activity, we generated in vitro experimental models that stimulate differential glycolysis
conditions (Figure 4A). To be consistent with our drug discovery pipelines and data sources,
we used the CRPC cell line PC3 cells to establish glycolysis conditions. We input a signifi-
cantly lower amount of glucose (1 mM of glucose) in cell culture media to mimic nutrition
deprivation under the tumor microenvironment and to stimulate glycolysis activity [39],
while a 5.5 mM glucose concentration was used to mimic normal physiological glucose
level [40]. After 72 h, glycolytic flux (p < 0.05, Student’s t-test) and glycolytic capacity
(p < 0.05, Student’s t-test) were significantly higher in PC3 cells cultured in low-glucose
media compared to those cultured in normal glucose media (Figure 4B,C). This confirmed
that decreasing glucose concentration, akin to the concentration within the tumor microen-
vironment in vivo, was able to stimulate glycolysis in PC3.

To evaluate drug efficacy, we exposed control and glycolytic PC3 cells to the three
drugs of interest independently (Figure 4D). Our findings validated the predicted higher
sensitivity of all three drugs in mCRPC with high glycolysis activity. Specifically, the
dose-response curve of ivermectin in glycolytic PC3 cells was significantly different com-
pared to that observed under normal conditions (p < 0.0001, two-way ANOVA) (Figure 4E).
Similarly, we observed the same trend for CNF2024 between glycolysis and control groups
(p < 0.0001, two-way ANOVA) (Figure 4F) as well as P276-00 (p < 0.0001, two-way ANOVA)
(Figure 4G). No difference in the dose-response curve was observed when cells were treated
with docetaxel (a negative control) (p = 0.0544, two-way ANOVA) (Figure S5). In addition,
the half-maximal inhibitory concentration (ICsg) of ivermectin in glycolytic PC3 cells was
lower compared to its value under normal conditions (4.2 uM versus 6.4 uM), and a similar
lower ICs5y was observed for CNF2024 (40.3 nM versus 85.4 nM). In the case of P276-00, a
relatively smaller difference was observed in the ICsg (554.5 nM versus 636.1 nM). These
findings demonstrated the enhanced efficacy of the identified drug candidates when PC3
cells were subjected to a high-glycolysis condition, as opposed to a normal glycolysis status,
further validating our computational drug nomination.

2.3. Candidate Drug Biomarker Discovery

To further facilitate the potential development of identified drug candidates, we
conducted biomarker discovery, informing patient groups that may benefit from these ther-
apeutics. Here, we presented two ways to identify patient populations for our experimental
validated candidate drugs. One method was based on the phenotypic features of patients;
the other was based on the expression abundance of specific genes.
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Figure 4. Experimental validation of candidate drugs in PC3 models with normal- and high-glycolysis
conditions. (A) Workflow of development of glycolytic PC3 cells and stress test assays. (B) Glycolytic
flux and (C) glycolytic capacity of PC3 after culturing in conditional media (CM) for 72 h. * p < 0.05,
Student’s t-test. Representative results of three independent experiments with 8 to 10 replicates
per group. (D) Workflow of drug sensitivity evaluation. (E-G) Dose-response curve of PC3 after
ivermectin, CNF2024, and P276-00 treatment for 48 h, respectively, in either normal-glucose or low-
glucose media. There were 3 replicates per group, and the experiments were repeated 3 times. The
statistical analysis was performed using two-way ANOVA. Abbreviations: CM: conditional media;
ECAR: extracellular acidification rate.
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mCRPC Patients with Low AR Expression and High Glycolysis Were Predicted to Be More
Sensitive to Ivemectin and P276-00

AR low /negative subtypes of CRPC often display reduced sensitivity to androgen-
deprivation therapy (ADT) [41] or ARSI therapy [42]. In addition, a previous study sug-
gested an interplay between AR and glycolysis where patients displaying AR independence
and high glycolysis had a higher risk of mortality [12]. To this end, our identified drugs may
offer new therapeutic opportunities for these patients. Therefore, we examined whether a
patient subgroup with such phenotypic features would be more responsive to our exper-
imentally validated drugs. We categorized patients into two groups: AR(low)Gly(high)
and all others. The distribution of patients based on their AR and glycolysis activity is
displayed in Figure S6. We then conducted Welch’s t-test to investigate differences in
predicted sensitivity to ivermectin between the two strata (Figure S7). Compared to all
others, AR(low)Gly(high) patients were predicted to be more sensitive to ivermectin in both
SU2C/EC (p = 0.032) and SU2C/WC (p = 0.002) clinical studies (Figure S7A,D). Similarly,
P276-00 was predicted to be more efficacious for AR(low)Gly(high) patients as well, with
statistical significance in both SU2C/EC (p = 0.018) and SU2C/WC (p = 0.018) studies
(Figure S7B,E). However, we did not observe significant differences in predicted drug
responses to CNF2024 between the two groups (Figure S7C,F). These findings suggested a
potential therapeutic advantage for ivermectin and P276-00 in the specific AR(low)Gly(high)
patient population.

While stratification based on AR and glycolysis features associated with the predicted
patient response to ivermectin and P276-00, to further identify key molecular components,
we also set out to identify drug-specific marker genes for each of the drug candidates,
namely, ivermectin and CNF2024, by utilizing a PPI network and topological methods. We
identified a small collection of hub genes as drug-specific biomarkers based on centrality.
Centrality indicates the likelihood of a gene being functionally capable of holding com-
municating nodes together in a biological network. Due to the pivotal role in maintaining
the structural and functional integrity of the network, the expression change of hub genes
likely affected therapeutic responses. For ivermectin, we observed that hub genes identified
from 12 independent topological methods were highly overlapped, as shown in Figure 5A.
We further refined our selection of hub genes to the top four-tier consensus genes, choosing
only those identified by at least 6 out of 12 topological methods. Figure 5B presents the
correlation coefficients between the expression of hub genes and the measured response to
ivermectin. Among them, RPLP0, RPS18, NPM1, RPS2, RPS27A, and EEF1B2 exhibited sig-
nificantly negative correlation coefficients between gene expression and drug responses in
CCLs, suggesting a higher predicted efficacy of ivermectin in CCLs with higher expression
of these genes. In addition, these biomarker genes also showed significant correlations with
OXPHOS scores in patients from the SU2C/EC clinical study (Figure S8), supporting con-
nections between marker genes, OXPHOS scores, and the response to ivermectin. We found
that patients with a high expression of EEF1B2 exhibited a worse survival rate compared to
the low-EEF1B2 expression group (p = 0.033, log-rank test) (Figure 5C). This implied that
mCRPC patients with a worse outcome stratified by EEF1B2 expression abundance may
benefit from ivermectin treatment.
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Figure 5. Biomarker discovery for ivermectin. (A) Bar plot about a number of consensual hub
genes identified across 12 topological analyses. The red bars indicate the top four-tier consensus
genes. (B) Spearman correlation analysis between gene expression and measured area under the
drug-response curve (AUC) in pan-cancer CCL. p = 0.05 (dashed red line). The statistical analysis was
performed using Spearman rank correlation and Student’s t-test with a significance level of « = 0.05.
(C) Survival analysis of patients stratified based on EEF1B2 expression level in the SU2C/EC clinical
cohort. The statistical analysis was performed using the log-rank test with a significance level of
o = 0.05. Abbreviations: SU2C/EC: Standard Up to Cancer East Coast.

For CNF2024, we identified a number of highly overlapped hub genes across
12 topological methods (Figure 6A). We further narrowed down the selection of hub genes
to the top four-tier consensus genes, which were identified in at least 8 out of 12 topological
methods. Figure 6B presents correlation coefficients between the expression of hub genes
and the measured response to CNF2024 in CCLs. Among them, CCNBI1, RPS2, CCNA2, and
CDT1 exhibited significantly negative correlation coefficients between gene expression and
drug responses in CCLs, suggesting higher predicted efficacy of CNF2024 for CCLs with
higher gene expression. Additionally, the gene expression of CCNB1, CCNA2, and CDT1
was corrected with glycolysis scores in patients from the SU2C/EC clinical study, implying
their expression is informative of the drug response (Figure S9). Notably, when stratified by
the median CCNA2 expression, mCRPC patient tumors with a high expression of CCNA2
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exhibited worse survival compared to those with a low expression (p = 0.00081, log-rank
test) (Figure 6C). Given its correlation with drug response, patients with high CCNA2 and
a worse clinical outcome may benefit from CNF2024. Overall, this biomarker identification
approach not only proposed drug-specific marker genes but also indicated patient groups
that may benefit from our drug candidates.
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Figure 6. Biomarker discovery for CNF2024. (A) Bar plot about a number of hub genes identified
across 12 topological analyses. The red bars indicate the top four-tier consensus genes. (B) Spearman
correlation analysis between gene expression and measured area under the drug-response curve
(AUC) in pan-cancer CCLs. p = 0.05 (dashed red line). The statistical analysis was performed by
Spearman rank correlation and Student’s t-test with a significance level of o = 0.05. (C) Survival
analysis on patients stratified based on CCNA2 expression level in SU2C/EC clinical cohort. The
statistical analysis was performed using the log-rank test with a significance level of « = 0.05.
Abbreviations: SU2C/EC: Standard Up to Cancer East Coast.

3. Discussion

In this study, we integrated computational and experimental approaches to quickly
identify efficacious drugs for mCRPC patients with elevated glycolytic activity within
the tumor microenvironment. We computationally predicted sensitivities to over one
thousand drugs in each of the mCRPC patient tumors from two independent clinical
cohorts. Our group was among the first to develop these computational approaches to
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construct relationships between molecular features and measured drug sensitivity data
using preclinical drug screening datasets and apply them to predict patient responses to
multiple drugs [31]. Since the publication of our work, many new approaches have sprung
out [43,44]. These approaches were built upon many different principles and employed
different strategies (some deep learning). Although small incremental improvements in
prediction accuracy can be found for specific drug(s)/dataset(s), overall, there is no clear
winner among all presented methods. Therefore, we chose to employ a relatively simple
but well-used method (OncoPredict) for our drug nomination pipeline.

By integrating tumors’ glycolysis and OXPHOS scores with the predicted drug re-
sponse, we identified efficacious candidate drugs targeting high-glycolysis conditions
while considering the risk of resistance caused by metabolism rewiring to high OXPHOS.
Specifically, 77 drug candidates (58 Drugpg and 19 Drugpg) were identified in both clinical
cohorts. We observed a wide spectrum of MOAs among these candidate drugs. Some of
them, such as aurora kinase inhibitors, CDK inhibitors, and HSP inhibitors, have been
shown to be mechanistically associated with cancer glycolysis [45,46]. Furthermore, we
narrowed down our candidate drug list by first assessing development status and screening
for drugs, which showed consistent results across various datasets to ensure the robustness
of our findings. Meanwhile, we examined connections between measured drug response
and glycolysis/OXPHOS among CCLs. Finally, we assessed the impact of drug treatment
on glycolysis and OXPHOS scores using perturbation-driven CCL transcriptomic profiles.
This step was used to ensure that therapeutic interventions do not inadvertently enhance
metabolic pathways that could exacerbate the disease or lead to treatment resistance. Finally,
based on the effect size between the measured drug responses and glycolysis/ OXPHOS
scores in CCLs, three drugs were prioritized to be evaluated in mCRPC cells experimentally.
All three drugs showed higher efficacy in the high-glycolysis conditions in preclinical
testing, echoing our computational projections. Lastly, biomarker identification was carried
out. We found that ivermectin and P276-00 were predicted to be more responsive in the
AR(low)Gly(high) mCRPC patient population. Furthermore, patients with a high expres-
sion of marker genes EEF1B2 and CCNA2 expression displayed worse survival outcomes
and may benefit from ivermectin and CNF2024 treatment.

Ivermectin has been reported to achieve its anti-cancer effect through multiple diverse
paths [47], including the inhibition of multidrug resistance proteins [48], the Akt/mTOR
pathway [49], and other tumor progression pathways [50,51]. Relevant to this work,
ivermectin has been shown to achieve anti-cancer effects by impacting cancer energy
metabolism in several malignancies. In glioma, ivermectin inhibits glycolysis by decreasing
the expression of glucose transporter 4 (GLUT4), one of the key transporters in glycol-
ysis [52]. In renal cancer, ivermectin decreases the mitochondrial membrane potential,
mitochondrial respiration, and ATP generation, leading to mitochondrial dysfunction and
oxidative damage [53]. A similar effect was also observed in breast cancer cells [54]. All of
these results are consistent with our findings in mCRPC and support the use of ivermectin
to combat high-glycolysis mCRPC.

CNF2024 is an HSP90 inhibitor, a class of drugs that is known to modulate the sta-
bility of androgen receptor (AR) [55]. A study co-administrating the HSP90 inhibitor
17-allylamino-17-demethoxygeldanamycin (17-AAG) and enzalutamide has demonstrated
enhanced inhibition of PC tumors by disrupting AR protein stability, thereby presenting
a promising therapeutic intervention for mCRPC [56]. Despite in vivo tumor inhibition
results observed with 17-AAG, clinical trials have revealed challenges related to poor
bioavailability and significant toxicity [57]. Consequently, there has been a concerted effort
to explore alternative small-molecule HSP90 inhibitors, among which CNF2024 has shown
considerable promise [58]. In Hodgkin’s lymphoma, CNF2024 has exhibited efficacy, re-
sulting in a statistically significant decrease in tumor size [58]. Furthermore, in vitro cell
viability studies conducted on L540 and L540cy cell lines showed that CNF2024 had ICs
values more than 7.5 times lower than that of 17-AAG, underscoring its potential as a more
effective therapeutic agent [58]. Another HSP90 inhibitor, SU086, has been identified for its
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direct impact on glycolysis and its inhibitory effects on PC tumor invasion, migration, and
growth [38]. Combining SU086 with enzalutamide and abiraterone in CRPC cell lines has
revealed synergistic and additive effects, respectively [38]. In our pipeline, we initially iden-
tified two HSP 90 inhibitors (ganetespib and CNF2024) as drug candidates in both mCRPC
patient cohorts. As expected, both ganetespib and CNF2024 exhibited a negative correlation
between glycolysis scores and measured sensitivity toward these drugs in CCLs. However,
ganetespib sensitivity was positively correlated with OXPHOS scores in CCLs, suggesting
a weakened efficacy of ganetespib in a high-OXPHOS condition. Interestingly, docetaxel,
one of the standard care therapies for mCRPC, has been shown to induce metabolism repro-
gramming from glycolysis to OXPHOS in PC [59]. A previous clinical trial of ganetespib
in docetaxel-pretreated mCRPC patients showed a limited clinical benefit [60], implying
a potential drug insensitivity, likely in part, from high OXPHOS. Unlike ganetespib, our
findings suggest CNF2024 may retain its efficacy even under metabolic reprogramming to
high OXPHOS, further warranting clinical evaluation of this drug.

ARSIs, such as enzalutamide and abiraterone, have significantly improved clinical
treatment outcomes of CRPC. Yet, intense treatments of ARSIs often result in therapy
resistance partially due to a reduction in AR signaling [61] or AR expression [62]. About
15-20% of CRPC patients treated with ARSIs eventually transdifferentiate into a more
lethal disease, neuroendocrine prostate cancer (NEPC) [63,64]. Previous studies have
suggested that metabolism reprogramming drives NEPC differentiation [65] and have
identified elevated glycolysis [66] and low AR signaling activity as biological features of
NEPC [61]. In our biomarker discovery based on the AR and glycolysis activities, we
identified ivermectin and P276-00 as possessing higher efficacy in the AR(low)Gly(high)
mCRPC population. This warranted a follow-up study of these drugs to delay the disease
progression of ARSI-pretreated CRPC to NEPC.

Many ivermectin-associated hub genes identified through our biomarker discovery
pipeline are ribosome synthesis-related genes, such as RPLP0, RPS18, RPS2, RPS27A, and
EEF1B2. Studies have shown ribosome synthesis is relevant to tumor progression and
therapeutic resistance [67]. Here, several ivermectin biomarkers identified in our work
have been reported to play a critical role in PC. For instance, RPLPO has been identified
as a key regulator in PC [68], while RPS18 is linked to PC recurrence and prognosis [69].
RPS2 has been recognized as a highly selective therapeutic target for PC; knocking down
RPS2 expression using oligonucleotides in an in vivo PC3-3ML model led to a promising
PC eradication [70]. Beyond PC, one of the identified hub genes, NPM1, has significant
associations with glycolysis in lung cancer [71,72] and pancreatic cancer [73]. Among these
ribosome synthesis-related genes, we observed a correlation between these hub genes and
OXPHOS. Studies have found that OXPHOS caused MCF7 cells to be more sensitive to
ivermectin [54], and ivermectin exhibited a promising tumor growth inhibition through
inducing mitochondrial dysfunction and oxidative stress in renal cell carcinoma highly
reliant on OXPHOS for survival [53]. This evidence supported our identified predicted
drug response biomarkers for ivermectin. Taken together, hub genes identified by our
study are connected with ivermectin’s mechanism of action and play a crucial role in the
context of PC and cancer energy metabolism.

In biomarker discovery for CNF2024, cell cycle-related genes such as CCNB1, CCNA2,
and CDT1 were identified. Previous studies have shown that CNF2024 induced G; cell
cycle arrest in Hodgkin’s lymphoma cells [58] and decreased cell cycle-related proteins,
including CDK1, CDK2, and cyclin D3, along with either G; or G, cell cycle arrest in
multiple lymphoma cell lines [74]. The relationship between HSP90 and the cell cycle
is highly connected since HSP90 directly regulates key cell cycle regulator proteins [75].
Beyond the cell cycle, we found that the identified biomarkers are relevant to glycoly-
sis. For example, CCNB1 has been identified as one of the top genes strongly correlated
with glycolysis in various cancers [76]. Additionally, Jiang et al. stratified patients with
hepatocellular carcinoma (HCC) into low and high risk based on a glycolysis signature
and found the cell cycle to be one of the enriched pathways from differentially expressed
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genes among high-risk patients [77]. Furthermore, under hypoxia, a factor that induces
glycolysis, CCNA2 expression was upregulated in acute myeloid leukemia [78], and a
similar relationship between hypoxia and CDT1 was found in lung cancer as well [79].
In addition, cyclin A (encoded by CCNAZ2) expression was suppressed when the platelet
isoform of phosphofructokinase 1 (PFKP), a key glycolysis enzyme, was knocked down in
colorectal cancer cells [80]. Notably, CCNA2 has been identified as a prognostic factor in
patients with PC [81]. Overall, these connections between glycolysis and hub genes align
with our research findings.

Biomarkers identified in the current study were derived independently from multiple
computational methodologies. Yet, they have not been experimentally validated. This
warrants subsequent studies to functionally study the role of genes and the drug of interest.

4. Materials and Methods
4.1. Data Acquisition and Preprocessing

The Cancer Therapeutics Response Portal Version 2 (CTRPv2) [82] drug response
database was obtained from the Cancer Target Discovery and Development (CTD2) Net-
work’s data portal, maintained by the National Cancer Institute’s Office of Cancer Genomics.
The database is accessible via the following website: https:/ /ocg.cancer.gov/programs/
ctd2/data-portal (accessed on 19 December 2021). The normalized Profiling Relative In-
hibition Simultaneously in Mixtures (PRISM) area under the dose-response curve (AUC)
data was downloaded from https:/ /oncotherapyinformatics.org/simplicity/ (accessed on
3 August 2021) [83]. CCLE gene expression data were sourced from the Broad Institute’s
Cancer Cell Line Encyclopedia (CCLE) through the Dependency Map (DepMap) portal [84].
The gene expression profile of mCRPC tumors from the Standard Up to Cancer East Coast
(SU2C/EC) study was accessed through the cBioportal [85]. Originally, the unit of gene
expression data for the SU2C/EC patients was fragments per kilobase per million (FPKM)
and was preprocessed as log2(FPKM + 1). Additionally, we obtained gene expression
data of mCRPC tumors from an independent clinical study, namely, the Standard Up to
Cancer West Coast (SU2C/WC) [86]. The unit of gene expression data for mCRPC tumors
from the SU2C/WC study was originally transcript per million (TPM) and was prepro-
cessed as log2(TPM + 1). Perturbation-driven gene expression profiles of PC3 cells were
downloaded from the Connectivity Map (CMAP) [87]. All computational analyses were
performed with R, version 4.1.0. The R scripts, along with the relevant data, can be accessed
at https:/ /osf.io/nt4vu/.

4.2. Impute Drug Response in Patients with mCRPC

To impute drug responses in patients with mCRPC, we employed a computational
method OncoPredict [30,31], which leverages large-scale drug screens on CCLs to estimate
sensitivities to various drugs in patient tumor datasets through ridge regression. In this
study, we imputed drug responses for approximately 1900 agents, from CTRPv2 and
PRISM, in each mCRPC patient tumor from two different clinical cohorts (namely, the
SU2C/EC and the SU2C/WC). The following data preprocessing parameters were defined
for employing OncoPredict. First, common genes between mCRPC patients and CCLs
were selected and homogenized by ComBat [83] to remove batch effects. Second, power
transformation was applied to CCLs” measured drug response data, and then feature
selection was performed to filter for the top 50% of the genes with the highest variation
across samples. After model training from CCLE gene expression (predictors) and drug
responses (dependent variables), the estimated coefficients of the trained model were used
to predict the likelihood of patients” drug responses. A lower value of predicted drug
response (AUC) suggests increased sensitivity to the specific drug.

4.3. Regression Analysis to Identify Efficacious Drugs for mCRPC with High Glycolysis

The objective of this research study is to identify drugs efficacious for mCRPC patients
characterized by elevated glycolysis. To achieve that goal, data analysis was performed
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to find two types of drugs: (1) drugs efficacious for high glycolysis (drugpg) and (2)
drugs efficacious for both high glycolysis and OXPHOS, called dual-effect drugs (drugpg).
The former one is intended to inhibit high-glycolysis tumor growth, and the latter one
is to inhibit both high glycolysis and OXPHOS tumor growth to minimize the risk of
drug resistance development from metabolism rewiring to OXPHOS. We first calculated
glycolysis scores of mCRPC tumor samples from both SU2C/EC and SU2C/WC studies
by using the R package GSVA [89] and then constructed linear regression models to probe
the relationship between patients” glycolysis/OXPHOS scores and their predicted drug
response, as described in Equations (1) and (2). Of note, since the age of procurement is
significantly associated with OXPHOS scores in the SU2C/EC study (p = 0.0252, F-test), we
adjusted for the age of procurement in the OXPHOS linear regression model if information
on the age of procurement was given.

Glycolysis Score = By + B1 x Predicted Drug Response (1)

OXPHOS Score = By + B1 x Predicted Drug Response
+B2 x Age at Procurement

()

Here, Glycolysis Score represents a GSVA glycolysis signature score of each mCRPC
tumor based on 40 glycolysis-related genes [90] on a scale of 0-100; OXPHOS Score rep-
resents a GSVA OXPHOS signature score of each mCRPC tumor based on the hallmark
OXPHOS gene set [91] on a scale of 0-100; Predicted Drug Response indicates the predicted
sensitivity of a patient to a specific drug; Age at Procurement is the patient’s age when a
tumor sample was taken from them. By is the intercept of a linear regression model; B is
a coefficient of predicted drug response of mCRPC tumors; 8, is a coefficient of the age
of procurement.

Each drug has its linear regression model. Only the drugs that show a significantly
negative coefficient B; with a false discovery rate (FDR) of less than 0.05 in both SU2C/EC
and SU2C/WC clinical studies were included for subsequent analysis (Figure S1). Herein, a
drug with a negative coefficient 81 implies that high-glycolysis/OXPHOS mCRPC tumors
are more sensitive to the drug compared to low-glycolysis/ OXPHOS mCRPC tumors.

4.4. Selecting Drug Candidates with Higher Robustness for Validation

To narrow down our selection of drug candidates in two clinical studies, we im-
plemented four stringent filtering criteria to ensure the selection of robust and clinically
relevant drugs. First, priority was given to drug candidates that have received FDA ap-
proval or have been advanced into clinical trials, emphasizing had regulatory status and
the potential for rapid clinical application. Second, we eliminated drugs that exhibited
significantly opposing correlations between their predicted drug responses and glycolysis
or OXPHOS scores when analyzed across different datasets. Third, we focused on drugs
that consistently demonstrated a negative correlation between the measured drug response
AUCs and both glycolysis and OXPHOS scores in pan-cancer CCLs. Lastly, we minimized
the risk of metabolic activation post-treatment by excluding drugs that significantly increase
glycolysis or OXPHOS scores after 24 h of treatment in human prostate cancer cell line PC3
based on perturbation-driven gene expression profiles sourced from the Connectivity Map
(CMAP) [87].

4.5. Cell Culture and Reagents

PC3 cells (ATCC) were maintained in F-12K (ATCC) media with 10% FBS (Thermo
Fisher Scientific, Gibco, Waltham, MA, USA) at 37 °C with 5% CO,. PC3 models of
high and normal glycolysis were achieved by culturing PC3 cells in two different glucose
concentration media (1 mM and 5.5 mM). Glucose conditional medium was made using
DMEM (Thermo Fisher Scientific, Waltham, MA, USA, Cat. No. A1443001) supplemented
with 1 mM or 5.5 mM of glucose, respectively, with 2 mM of glutamine and 10% FBS.
Ivermectin (CAS No. HY-15310), CNF2024 (CAS No. HY-10212), P276-00 (CAS No. HY-
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16559), and docetaxel (CAS No. HY-B0011) for drug candidate experimental validation
were sourced from MedChem Express (Monmouth Junction, NJ, USA) and dissolved in
dimethyl sulfoxide (DMSQO) to achieve 5 mM drug stock solutions. The kit for the Glycolysis
Stress Test was obtained from Seahorse Bioscience (Billerica, MA, USA).

4.6. Cell Growth and Viability

PC3 cells were harvested and stained with Hoechst prior to seeding at a density of
8000 cells per well into 96-well tissue culture plates. Cells were allowed to attach for
24 h while incubating at 37 °C with 5% CO, prior to changing the culture medium to
either a low-glucose (1 mM) or a normal-glucose (5.5 mM) conditional medium. Culture
plates with the two conditional media were incubated for 24 h prior to the addition of
candidate compounds at concentrations ranging from 2.3 pM to 10 uM for ivermectin,
1.6 nM to 400 nM for CNF2024, 0.2 uM to 6 uM for P276-00, and 10 nM to 500 nM for
docetaxel (as a negative control). Over the duration of the drug exposure, 1 mM of glucose
was added every 24 h to maintain the same level of glucose difference between the two
conditional media and prevent cell death under nutrition stress conditions. Cell counts
were obtained longitudinally every 24 h through the 96 h drug exposure utilizing the
Cytation I Live Cell Imaging System (Agilent BioTek, Santa Clara, CA, USA). To account
for cell seeding differences, prior to the addition of the candidate drug, cell counts were
transformed by subtracting the baseline cell count obtained 24 h after the addition of the
conditional glucose media (delta cell count). Delta cell counts for each drug exposure
condition at each time point were normalized to the no-drug control condition to obtain
the percentage of normalized cell count. A two-way ANOVA was conducted to analyze
the significance of the percentage of normalized cell count differences at 48 h between low-
and normal-glucose groups.

4.7. Seahorse XFp Glycolysis Stress Test Assay

To measure the glycolysis activity of PC3 cells in low- and normal-glucose conditional
media, we used a Seahorse XF cell glycolysis stress test kit and conducted the test using
Agilent Seahorse XFe96 analyzer (Seahorse Bioscience, Agilent Technologies, Inc., North
Billerica, MA, USA) according to the manufacturer’s protocol. After cells were pre-cultured
in conditional media for 48 h where 1 mM of glucose was added per 24 h to prevent cells
from dying under the nutrition stress condition, 1.4 x 10* cells were plated directly onto
Seahorse XFp plates to a final volume of 80 uL overnight to reach total 72 h in conditional
medium before measuring glycolysis activity. Until cells reached 72 h of culturing in a
conditional medium, the medium was replaced with a 2 mM of glutamine-supplemented
Seahorse base medium, pH 7.4, and incubated in a deoxygenated 37 °C incubator for one
hour. Additionally, flux cartridges and wells were prepared by hydrating them overnight in
a deoxygenated incubator before conducting the assays. Immediately before conducting the
Seahorse glycolysis stress test, the medium was replaced with a final volume of 180 puL of the
fresh Seahorse medium according to the manufacturer’s protocol. To prepare the Seahorse
glycolysis stress test, 20 uL of glucose (10 mM), 22 uL of oligomycin (1 uM), and 25 pL of
2-DG (50 mM) were first loaded into ports A, B, and C of the flux cartridge according to the
manufacturer’s recommendations. The first hour in the glucose-free XF Seahorse medium
is for measuring the basal level of medium acidification. After that, glucose was injected to
measure glycolysis medium acidification, followed by oligomycin to measure maximum
glycolytic capacity and 2-DG to calculate glycolytic reserve sequentially. In the end, cells
were stained with Hoechst 33342 (118 ug/mL final concentration), and the fluorescence
field was scanned by a Cytation 1—Cell Imaging Multimode Reader (Agilent BioTek, Santa
Clara, CA, USA) and normalized based on cell counts. This glycolysis-relevant metabolism
activity was described by using the extracellular acidification rate (ECAR). Glycolytic flux
is the ECAR value of glucose-treated cells minus the baseline (time point 6 minus time
point 3). Glycolytic capacity was determined by subtracting the baseline ECAR value at
time point 3 from the ECAR value at time point 9 after treatment with oligomycin. A
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Student’s t-test was used to analyze the significance of the glycolysis flux and the glycolysis
capacity differences between low- and normal-glucose groups.

4.8. Stratifying Patients Based on AR and Glycolysis Status for Biomarker Discovery

We stratified patients into two distinct groups: those with low AR activity and high
glycolysis (AR(low)Gly(high)) and all others. Subsequently, we compared the predicted
drug responses of the experimentally validated candidate drugs (ivermectin, CNF2024,
and P276-00) between these two groups.

To determine AR activity, for each patient, an AR activity score was calculated using a
set of signature genes [92]. The log2-FPKM values (for the SU2C/EC study) or log2-TPM
values (for the SU2C/WC study) of each signature gene were normalized across all tumor
samples to z-scores. A patient’s AR activity score was then derived by summing up all
z-scores. Scores across patients were scaled to range between 0 and 1, with a higher value
indicating higher AR pathway activity. AR(low) was characterized by an AR score lower
than the median of AR scores across all patients, while Gly(high) was defined as a glycolysis
score higher than the median of glycolysis scores. A Student’s t-test was used to analyze
the significance of predicted drug response differences between AR(low)Gly(high) and
other groups.

4.9. Biomarker Discovery through PPI Network

To identify the potential biomarkers for validated drug candidates, we initially iden-
tified genes that exhibited a strong correlation with predicted drug responses using a
correlation coefficient of 0.4 as a threshold to ensure a focus on the most relevant genetic in-
teractions. Afterward, a protein—protein network (PPI) comprising these highly correlated
genes was constructed using the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING v12: https:/ /string-db.org/ (accessed on 20 September 2023)) [93], with a confi-
dence score of >0.7 and a maximum number of interactors set to zero. The constructed PPI
network was subsequently analyzed using Cytoscape software (version 3.9.1) [94] with the
cytoHubba plugin [95] to identify the top 50 hub genes from 12 topological analysis meth-
ods independently. The 12 topological analysis methods include Betweenness, Bottleneck,
Closeness, Clustering Coefficient, Degree, Density of Maximum Neighborhood Component,
EcCentricity, Edge Percolated Component, Maximal Clique Centrality, Maximum Neigh-
borhood Component, Radiality, and Stress. The resultant 50 hub genes from independent
topological methods were then overlapped to derive consensual hub genes. To further
prioritize the consensual hub genes relevant to drug sensitivity, Spearman’s rank correlation
analysis between gene expression level and measured drug response AUC in CCLs was
conducted. Genes exhibiting a significantly negative Spearman correlation (p < 0.05) were
chosen as potential biomarkers for drug candidates. This selection indicates that higher
expression levels of these genes correlate with higher drug efficacy in CCLs.

4.10. Survival Analysis

Since biomarker discovery is identified based on the level of connectedness of highly
correlated genes in the PPI network, there is a high chance of the identified biomarkers
possessing an important functional feature, such as relevance to disease progression. To
investigate that, patients with mCRPC from the SU2C/EC clinical study were categorized
into two groups, a low-expression group and a high-expression group based on the median
of gene expression levels. Survival analysis was then conducted, comparing these two pa-
tient subpopulations. Survival probabilities were calculated by the Kaplan-Meier method,
and group comparisons were performed using the log-rank test.

5. Conclusions

In summary, we efficiently identified and validated multiple drugs, each with dif-
ferent MOAs, demonstrating efficacy in treating mCRPC characterized by heightened
glycolysis in the tumor microenvironment. Our biomarker study also revealed several
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potential biomarkers for patient stratification when using these newly nominated drugs.
The significance of this study is to expand new efficacious therapeutics beyond traditional
androgen deprivation therapies by precisely targeting the mCRPC patient population with
a unique biological feature, high glycolysis. These newly nominated drugs and biomarkers,
once clinically validated, can improve the treatment outcomes of patients with mCRPC.
Looking ahead, the insights gained here could inform the development of more targeted,
effective, and personalized treatment strategies, revolutionizing the care for patients with
this aggressive form of PC.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph17050569/s1, Figure S1: Block diagram of drug candidate
nominations; Figure S2: Step-by-step results of the four-step filtering procedure; Figure S3: Al-
ternations in cancer metabolism activity after ivermectin treatment; Figure S4: The correlation
between glycolysis scores or OXPHOS scores with the predicted drug response in mCRPC patients in
SU2C/WC clinical studies; Figure S5: The dose-response curve of PC3 cells after docetaxel treatment
for 48 h in either normal glucose or low glucose media; Figure S6: Distribution plots of patients
based on AR and glycolysis scores; Figure S7: Comparison of predicted drug responses between
AR(low) and glycolysis(high) group and the others group; Figure S8: The correlation between gene
expression level against OXPHOS score of patients with mCRPC in the SU2C/EC clinical study;
Figure S9: The correlation between gene expression level against glycolysis score of patients with
mCRPC in the SU2C/EC clinical study; Table S1: Finalized preliminary drug candidates list; Table S2:
Patient features in the SU2C East Coast clinical study; Table S3: Patient features in the SU2C West
Coast clinical study.

Author Contributions: Conceptualization, M.-C.S., Y.D. and R.S.H.; Methodology, M.-C.S. and
AM.L,; Software, M.-C.S., W.Z., D.M. and R.EG.; Validation, M.-C.S. and A.M.L.; Formal analysis,
M.-C.S. and A.M.L,; Investigation, M.-C.S. and A.M.L.; Data curation, M.-C.S., W.Z. and D.M.;
Writing—original draft, M.-C.S.; Writing—review & editing, M.-C.S.,, AM.L., WZ,, DM., REG,,
Y.D. and R.S.H.; Visualization, M.-C.S. and A.M.L.; Supervision, R.S.H.; Project administration,
R.S.H.; Funding acquisition, R.S.H. All authors have read and agreed to the published version of
the manuscript.

Funding: RSH received funding from NIH/NCI Grants R01CA204856, RO1CA229618, and NCI
Contract No. 75N91019D00024, Task Order No. 75N91020F00003. She also received funding from
the University of Minnesota (UMN) OACA Faculty Research Development grant, a GIA award,
a SURRGE award from the College of Pharmacy, and a Masonic Cancer Center CRTI Exceptional
Translational Research award.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data used in this study is publicly available as listed in the method
section. All data and code can be found at https:/ /osf.io/nt4vu/.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rebecca, L.; Siegel, K.D.M.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer |. Clin. 2023, 73, 17-48. [CrossRef]

2. Huang, Y, Jiang, X,; Liang, X,; Jiang, G. Molecular and cellular mechanisms of castration resistant prostate cancer. Oncol. Lett.
2018, 15, 6063-6076. [CrossRef]

3. DeBono, ].S.; Logothetis, C.J.; Molina, A.; Fizazi, K.; North, S.; Chu, L.; Chi, K.N.; Jones, R.J.; Goodman, O.B., Jr.; Saad, F,; et al.
Abiraterone and increased survival in metastatic prostate cancer. N. Engl. . Med. 2011, 364, 1995-2005. [CrossRef]

4. Ryan, CJ.; Smith, M.R.; de Bono, ].S.; Molina, A.; Logothetis, C.J.; de Souza, P.; Fizazi, K.; Mainwaring, P.; Piulats, ].M.; Ng, S.;
et al. Abiraterone in metastatic prostate cancer without previous chemotherapy. N. Engl. ]. Med. 2013, 368, 138-148. [CrossRef]

5. Scher, H.I,; Fizazi, K.; Saad, F,; Taplin, M.E.; Sternberg, C.N.; Miller, K.; de Wit, R.; Mulders, P.; Chi, K.N.; Shore, N.D.; et al.
Increased survival with enzalutamide in prostate cancer after chemotherapy. N. Engl. J. Med. 2012, 367, 1187-1197. [CrossRef]

6. Beer, TM.; Armstrong, A.].; Rathkopf, D.E.; Loriot, Y.; Sternberg, C.N.; Higano, C.S.; Iversen, P.; Bhattacharya, S.; Carles, J.;

Chowdhury, S.; et al. Enzalutamide in metastatic prostate cancer before chemotherapy. N. Engl. J. Med. 2014, 371, 424-433.
[CrossRef]


https://www.mdpi.com/article/10.3390/ph17050569/s1
https://www.mdpi.com/article/10.3390/ph17050569/s1
https://osf.io/nt4vu/
https://doi.org/10.3322/caac.21763
https://doi.org/10.3892/ol.2018.8123
https://doi.org/10.1056/NEJMoa1014618
https://doi.org/10.1056/NEJMoa1209096
https://doi.org/10.1056/NEJMoa1207506
https://doi.org/10.1056/NEJMoa1405095

Pharmaceuticals 2024, 17, 569 19 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Chandrasekar, T.; Yang, J.C.; Gao, A.C.; Evans, C.P. Mechanisms of resistance in castration-resistant prostate cancer (CRPC).
Transl. Androl. Urol. 2015, 4, 365-380. [CrossRef]

Faubert, B.; Solmonson, A.; DeBerardinis, R.]. Metabolic reprogramming and cancer progression. Science 2020, 368, eaaw5473.
[CrossRef]

Uo, T,; Sprenger, C.C.; Plymate, S.R. Androgen Receptor Signaling and Metabolic and Cellular Plasticity During Progression to
Castration Resistant Prostate Cancer. Front. Oncol. 2020, 10, 580617. [CrossRef]

Chetta, P.; Sriram, R.; Zadra, G. Lactate as Key Metabolite in Prostate Cancer Progression: What Are the Clinical Implications?
Cancers 2023, 15, 3473. [CrossRef]

Cui, Y;; Nadiminty, N.; Liu, C.; Lou, W.; Schwartz, C.T.; Gao, A.C. Upregulation of glucose metabolism by NF-kappaB2/p52
mediates enzalutamide resistance in castration-resistant prostate cancer cells. Endocr. Relat. Cancer 2014, 21, 435-442. [CrossRef]
[PubMed]

Fox, ].].; Gavane, S.C.; Blanc-Autran, E.; Nehmeh, S.; Gonen, M.; Beattie, B.; Vargas, H.A.; Schoder, H.; Humm, J.L.; Fine, S.W.; et al.
Positron Emission Tomography/Computed Tomography-Based Assessments of Androgen Receptor Expression and Glycolytic
Activity as a Prognostic Biomarker for Metastatic Castration-Resistant Prostate Cancer. JAMA Oncol. 2018, 4, 217-224. [CrossRef]
[PubMed]

Stine, Z.E.; Schug, Z.T.; Salvino, ].M.; Dang, C.V. Targeting cancer metabolism in the era of precision oncology. Nat. Rev. Drug
Discov. 2022, 21, 141-162. [CrossRef]

Boudreau, A.; Purkey, H.E.; Hitz, A.; Robarge, K.; Peterson, D.; Labadie, S.; Kwong, M.; Hong, R.; Gao, M.; Del Nagro, C.; et al.
Metabolic plasticity underpins innate and acquired resistance to LDHA inhibition. Nat. Chem. Biol. 2016, 12, 779-786. [CrossRef]
[PubMed]

Leone, R.D.; Zhao, L.; Englert, ] M.; Sun, LM.; Oh, M.H,; Sun, LH.; Arwood, M.L.; Bettencourt, I.A.; Patel, C.H.; Wen, J.; et al.
Glutamine blockade induces divergent metabolic programs to overcome tumor immune evasion. Science 2019, 366, 1013-1021.
[CrossRef] [PubMed]

Hughes, ].P; Rees, S.; Kalindjian, S.B.; Philpott, K.L. Principles of early drug discovery. Br. |. Pharmacol. 2011, 162, 1239-1249.
[CrossRef] [PubMed]

Sun, D.; Gao, W.; Hu, H.; Zhou, S. Why 90% of clinical drug development fails and how to improve it? Acta Pharm. Sin. B 2022,
12, 3049-3062. [CrossRef] [PubMed]

Jourdan, J.P; Bureau, R.; Rochais, C.; Dallemagne, P. Drug repositioning: A brief overview. J. Pharm. Pharmacol. 2020, 72,
1145-1151. [CrossRef] [PubMed]

Pillaiyar, T.; Meenakshisundaram, S.; Manickam, M.; Sankaranarayanan, M. A medicinal chemistry perspective of drug reposi-
tioning: Recent advances and challenges in drug discovery. Eur. ]. Med. Chem. 2020, 195, 112275. [CrossRef] [PubMed]

Shim, J.S.; Liu, J.O. Recent advances in drug repositioning for the discovery of new anticancer drugs. Int. J. Biol. Sci. 2014, 10,
654-663. [CrossRef] [PubMed]

Quintanilla Rodriguez, B.S.; Correa, R. Raloxifene; StatPearls Publishing: Treasure Island, FL, USA, 2024.

Guo, C.G.; Ma, W.; Drew, D.A.; Cao, Y.; Nguyen, L.H.; Joshi, A.D.; Ng, K.; Ogino, S.; Meyerhardt, ].A.; Song, M.; et al. Aspirin Use
and Risk of Colorectal Cancer among Older Adults. JAMA Oncol 2021, 7, 428-435. [CrossRef] [PubMed]

Cummings, S.R.; Eckert, S.; Krueger, K.A.; Grady, D.; Powles, T.].; Cauley, ].A.; Norton, L.; Nickelsen, T.; Bjarnason, N.H.; Morrow,
M.; et al. The effect of raloxifene on risk of breast cancer in postmenopausal women: Results from the MORE randomized trial.
Multiple Outcomes of Raloxifene Evaluation. JAMA 1999, 281, 2189-2197. [CrossRef] [PubMed]

Dara, S.; Dhamercherla, S.; Jadav, S.S.; Babu, C.M.; Ahsan, M.]. Machine Learning in Drug Discovery: A Review. Artif. Intell. Rev.
2022, 55, 1947-1999. [CrossRef] [PubMed]

Sammut, S.J.; Crispin-Ortuzar, M.; Chin, S.F,; Provenzano, E.; Bardwell, H.A.; Ma, W.; Cope, W.; Dariush, A.; Dawson, S.J.;
Abraham, J.E.; et al. Multi-omic machine learning predictor of breast cancer therapy response. Nature 2022, 601, 623—629.
[CrossRef] [PubMed]

Kanzler, C.M.; Lamers, I; Feys, P.; Gassert, R.; Lambercy, O. Personalized prediction of rehabilitation outcomes in multiple
sclerosis: A proof-of-concept using clinical data, digital health metrics, and machine learning. Med. Biol. Eng. Comput. 2022, 60,
249-261. [CrossRef] [PubMed]

Hossain, M. A ; Saiful Islam, S.M.; Quinn, ] M.W.; Hugq, F.; Moni, M.A. Machine learning and bioinformatics models to identify
gene expression patterns of ovarian cancer associated with disease progression and mortality. J. Biomed. Inform. 2019, 100, 103313.
[CrossRef] [PubMed]

Severson, K.A.; Chahine, L.M.; Smolensky, L.A.; Dhuliawala, M.; Frasier, M.; Ng, K.; Ghosh, S.; Hu, ]. Discovery of Parkinson’s
disease states and disease progression modelling: A longitudinal data study using machine learning. Lancet Digit. Health 2021, 3,
e555-e564. [CrossRef] [PubMed]

Liang, X,; Li, ].; Fu, Y,; Qu, L.; Tan, Y.; Zhang, P. A novel machine learning model based on sparse structure learning with adaptive
graph regularization for predicting drug side effects. J. Biomed. Inform. 2022, 132, 104131. [CrossRef]

Maeser, D.; Gruener, R.F.; Huang, R.S. oncoPredict: An R package for predicting in vivo or cancer patient drug response and
biomarkers from cell line screening data. Brief. Bioinform. 2021, 22, bbab260. [CrossRef]

Geeleher, P; Cox, N.J.; Huang, R.S. Clinical drug response can be predicted using baseline gene expression levels and in vitro
drug sensitivity in cell lines. Genome Biol. 2014, 15, R47. [CrossRef]


https://doi.org/10.3978/j.issn.2223-4683.2015.05.02
https://doi.org/10.1126/science.aaw5473
https://doi.org/10.3389/fonc.2020.580617
https://doi.org/10.3390/cancers15133473
https://doi.org/10.1530/ERC-14-0107
https://www.ncbi.nlm.nih.gov/pubmed/24659479
https://doi.org/10.1001/jamaoncol.2017.3588
https://www.ncbi.nlm.nih.gov/pubmed/29121144
https://doi.org/10.1038/s41573-021-00339-6
https://doi.org/10.1038/nchembio.2143
https://www.ncbi.nlm.nih.gov/pubmed/27479743
https://doi.org/10.1126/science.aav2588
https://www.ncbi.nlm.nih.gov/pubmed/31699883
https://doi.org/10.1111/j.1476-5381.2010.01127.x
https://www.ncbi.nlm.nih.gov/pubmed/21091654
https://doi.org/10.1016/j.apsb.2022.02.002
https://www.ncbi.nlm.nih.gov/pubmed/35865092
https://doi.org/10.1111/jphp.13273
https://www.ncbi.nlm.nih.gov/pubmed/32301512
https://doi.org/10.1016/j.ejmech.2020.112275
https://www.ncbi.nlm.nih.gov/pubmed/32283298
https://doi.org/10.7150/ijbs.9224
https://www.ncbi.nlm.nih.gov/pubmed/25013375
https://doi.org/10.1001/jamaoncol.2020.7338
https://www.ncbi.nlm.nih.gov/pubmed/33475710
https://doi.org/10.1001/jama.281.23.2189
https://www.ncbi.nlm.nih.gov/pubmed/10376571
https://doi.org/10.1007/s10462-021-10058-4
https://www.ncbi.nlm.nih.gov/pubmed/34393317
https://doi.org/10.1038/s41586-021-04278-5
https://www.ncbi.nlm.nih.gov/pubmed/34875674
https://doi.org/10.1007/s11517-021-02467-y
https://www.ncbi.nlm.nih.gov/pubmed/34822120
https://doi.org/10.1016/j.jbi.2019.103313
https://www.ncbi.nlm.nih.gov/pubmed/31655274
https://doi.org/10.1016/S2589-7500(21)00101-1
https://www.ncbi.nlm.nih.gov/pubmed/34334334
https://doi.org/10.1016/j.jbi.2022.104131
https://doi.org/10.1093/bib/bbab260
https://doi.org/10.1186/gb-2014-15-3-r47

Pharmaceuticals 2024, 17, 569 20 of 22

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mateo, J.; Carreira, S.; Sandhu, S.; Miranda, S.; Mossop, H.; Perez-Lopez, R.; Nava Rodrigues, D.; Robinson, D.; Omlin, A.; Tunariu,
N.; et al. DNA-Repair Defects and Olaparib in Metastatic Prostate Cancer. N. Engl. |. Med. 2015, 373, 1697-1708. [CrossRef]
[PubMed]

Pomerantz, M.M.; Spisak, S.; Jia, L.; Cronin, A.M.; Csabali, I.; Ledet, E.; Sartor, A.O.; Rainville, I.; O’Connor, E.P,; Herbert, Z.T,;
et al. The association between germline BRCA2 variants and sensitivity to platinum-based chemotherapy among men with
metastatic prostate cancer. Cancer 2017, 123, 3532-3539. [CrossRef]

Mota, ].M.; Barnett, E.; Nauseef, ].T.; Nguyen, B.; Stopsack, K.H.; Wibmer, A.; Flynn, J.R.; Heller, G.; Danila, D.C.; Rathkopf, D.;
et al. Platinum-Based Chemotherapy in Metastatic Prostate Cancer With DNA Repair Gene Alterations. JCO Precis. Oncol. 2020, 4,
355-366. [CrossRef] [PubMed]

Scher, H.I,; Lu, D.; Schreiber, N.A.; Louw, J.; Graf, R.P.; Vargas, H.A.; Johnson, A.; Jendrisak, A.; Bambury, R.; Danila, D.;
et al. Association of AR-V7 on Circulating Tumor Cells as a Treatment-Specific Biomarker With Outcomes and Survival in
Castration-Resistant Prostate Cancer. JAMA Oncol. 2016, 2, 1441-1449. [CrossRef] [PubMed]

Lim, S.0.; Li, CW.; Xia, W.; Lee, H.H.; Chang, S.S.; Shen, ].; Hsu, J.L.; Raftery, D.; Djukovic, D.; Gu, H.; et al. EGFR Signaling
Enhances Aerobic Glycolysis in Triple-Negative Breast Cancer Cells to Promote Tumor Growth and Immune Escape. Cancer Res.
2016, 76, 1284-1296. [CrossRef] [PubMed]

Nguyen, T.T.T,; Shang, E.; Shu, C.; Kim, S.; Mela, A.; Humala, N.; Mahajan, A.; Yang, HW.; Akman, H.O.; Quinzii, C.M.; et al.
Aurora kinase A inhibition reverses the Warburg effect and elicits unique metabolic vulnerabilities in glioblastoma. Nat. Commun.
2021, 12, 5203. [CrossRef] [PubMed]

Rice, M.A.; Kumar, V.; Tailor, D.; Garcia-Marques, EJ.; Hsu, E.C.; Liu, S.; Bermudez, A.; Kanchustambham, V.; Shankar, V.; Inde,
Z.; et al. SU086, an inhibitor of HSP90, impairs glycolysis and represents a treatment strategy for advanced prostate cancer. Cell
Rep. Med. 2022, 3, 100502. [CrossRef] [PubMed]

Maeda, Y.; Kikuchi, R.; Kawagoe, J.; Tsuji, T.; Koyama, N.; Yamaguchi, K.; Nakamura, H.; Aoshiba, K. Anti-cancer strategy
targeting the energy metabolism of tumor cells surviving a low-nutrient acidic microenvironment. Mol. Metab. 2020, 42, 101093.
[CrossRef]

Takatani-Nakase, T.; Matsui, C.; Maeda, S.; Kawahara, S.; Takahashi, K. High glucose level promotes migration behavior of breast
cancer cells through zinc and its transporters. PLoS ONE 2014, 9, €90136. [CrossRef] [PubMed]

Li, Q.; Deng, Q.; Chao, H.P; Liu, X;; Lu, Y,; Lin, K,; Liu, B.; Tang, G.W.; Zhang, D.; Tracz, A.; et al. Linking prostate cancer cell AR
heterogeneity to distinct castration and enzalutamide responses. Nat. Commun. 2018, 9, 3600. [CrossRef] [PubMed]

Vellky, ].E.; Ricke, W.A. Development and prevalence of castration-resistant prostate cancer subtypes. Neoplasia 2020, 22, 566-575.
[CrossRef] [PubMed]

Adam, G.; Rampasek, L.; Safikhani, Z.; Smirnov, P.; Haibe-Kains, B.; Goldenberg, A. Machine learning approaches to drug
response prediction: Challenges and recent progress. NPJ Precis. Oncol. 2020, 4, 19. [CrossRef] [PubMed]

Feng, E; Shen, B.; Mou, X,; Li, Y.; Li, H. Large-scale pharmacogenomic studies and drug response prediction for personalized
cancer medicine. |. Genet. Genomics 2021, 48, 540-551. [CrossRef] [PubMed]

Tang, Z.; Li, L.; Tang, Y.; Xie, D.; Wu, K.; Wei, W.; Xiao, Q. CDK2 positively regulates aerobic glycolysis by suppressing SIRT5 in
gastric cancer. Cancer Sci. 2018, 109, 2590-2598. [CrossRef] [PubMed]

Galbraith, M.D.; Andrysik, Z.; Pandey, A.; Hoh, M.; Bonner, E.A.; Hill, A.A,; Sullivan, K.D.; Espinosa, ].M. CDK8 Kinase Activity
Promotes Glycolysis. Cell Rep. 2017, 21, 1495-1506. [CrossRef] [PubMed]

Juarez, M.; Schcolnik-Cabrera, A.; Duenas-Gonzalez, A. The multitargeted drug ivermectin: From an antiparasitic agent to a
repositioned cancer drug. Am. J. Cancer Res. 2018, 8, 317-331. [PubMed]

Pouliot, ].F.; L'Heureux, F; Liu, Z.; Prichard, R.K.; Georges, E. Reversal of P-glycoprotein-associated multidrug resistance by
ivermectin. Biochem. Pharmacol. 1997, 53, 17-25. [CrossRef] [PubMed]

Zhang, X.; Qin, T.; Zhu, Z.; Hong, F,; Xu, Y.; Zhang, X.; Xu, X.; Ma, A. Ivermectin Augments the In Vitro and In Vivo Efficacy of
Cisplatin in Epithelial Ovarian Cancer by Suppressing Akt/mTOR Signaling. Am. J. Med. Sci. 2020, 359, 123-129. [CrossRef]
[PubMed]

Yonezawa, H.; Ikeda, A.; Takahashi, R.; Endo, H.; Sugawara, Y.; Goto, M.; Kanno, M.; Ogawa, S.; Nakamura, K.; Ujiie, H.; et al.
Ivermectin represses Wnt/beta-catenin signaling by binding to TELO2, a regulator of phosphatidylinositol 3-kinase-related
kinases. iScience 2022, 25, 103912. [CrossRef] [PubMed]

Tang, M.; Hu, X.; Wang, Y.; Yao, X.; Zhang, W.; Yu, C.; Cheng, F,; Li, ].; Fang, Q. Ivermectin, a potential anticancer drug derived
from an antiparasitic drug. Pharmacol. Res. 2021, 163, 105207. [CrossRef]

Feng, Y,; Wang, J.; Cai, B.; Bai, X.; Zhu, Y. Ivermectin accelerates autophagic death of glioma cells by inhibiting glycolysis through
blocking GLUT4 mediated JAK/STAT signaling pathway activation. Environ. Toxicol. 2022, 37, 754-764. [CrossRef] [PubMed]
Zhu, M; Li, Y;; Zhou, Z. Antibiotic ivermectin preferentially targets renal cancer through inducing mitochondrial dysfunction
and oxidative damage. Biochem. Biophys. Res. Commun. 2017, 492, 373-378. [CrossRef] [PubMed]

Guler, EM.; Akyildiz, A.G. Ivermectin Induces Oxidative Stress and DNA Damage in Breast Cancer Cells. Bezmialem Sci. 2023, 11,
15-22. [CrossRef]

Lakshmana, G.; Baniahmad, A. Interference with the androgen receptor protein stability in therapy-resistant prostate cancer. Int.
J. Cancer 2019, 144, 1775-1779. [CrossRef] [PubMed]


https://doi.org/10.1056/NEJMoa1506859
https://www.ncbi.nlm.nih.gov/pubmed/26510020
https://doi.org/10.1002/cncr.30808
https://doi.org/10.1200/po.19.00346
https://www.ncbi.nlm.nih.gov/pubmed/32856010
https://doi.org/10.1001/jamaoncol.2016.1828
https://www.ncbi.nlm.nih.gov/pubmed/27262168
https://doi.org/10.1158/0008-5472.CAN-15-2478
https://www.ncbi.nlm.nih.gov/pubmed/26759242
https://doi.org/10.1038/s41467-021-25501-x
https://www.ncbi.nlm.nih.gov/pubmed/34471141
https://doi.org/10.1016/j.xcrm.2021.100502
https://www.ncbi.nlm.nih.gov/pubmed/35243415
https://doi.org/10.1016/j.molmet.2020.101093
https://doi.org/10.1371/journal.pone.0090136
https://www.ncbi.nlm.nih.gov/pubmed/24587242
https://doi.org/10.1038/s41467-018-06067-7
https://www.ncbi.nlm.nih.gov/pubmed/30190514
https://doi.org/10.1016/j.neo.2020.09.002
https://www.ncbi.nlm.nih.gov/pubmed/32980775
https://doi.org/10.1038/s41698-020-0122-1
https://www.ncbi.nlm.nih.gov/pubmed/32566759
https://doi.org/10.1016/j.jgg.2021.03.007
https://www.ncbi.nlm.nih.gov/pubmed/34023295
https://doi.org/10.1111/cas.13691
https://www.ncbi.nlm.nih.gov/pubmed/29896817
https://doi.org/10.1016/j.celrep.2017.10.058
https://www.ncbi.nlm.nih.gov/pubmed/29117556
https://www.ncbi.nlm.nih.gov/pubmed/29511601
https://doi.org/10.1016/s0006-2952(96)00656-9
https://www.ncbi.nlm.nih.gov/pubmed/8960059
https://doi.org/10.1016/j.amjms.2019.11.001
https://www.ncbi.nlm.nih.gov/pubmed/32039764
https://doi.org/10.1016/j.isci.2022.103912
https://www.ncbi.nlm.nih.gov/pubmed/35530256
https://doi.org/10.1016/j.phrs.2020.105207
https://doi.org/10.1002/tox.23440
https://www.ncbi.nlm.nih.gov/pubmed/34904774
https://doi.org/10.1016/j.bbrc.2017.08.097
https://www.ncbi.nlm.nih.gov/pubmed/28847725
https://doi.org/10.14235/bas.galenos.2022.54254
https://doi.org/10.1002/ijc.31818
https://www.ncbi.nlm.nih.gov/pubmed/30125354

Pharmaceuticals 2024, 17, 569 21 of 22

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Chen, L; Li, J.; Farah, E.; Sarkar, S.; Ahmad, N.; Gupta, S.; Larner, J.; Liu, X. Cotargeting HSP90 and Its Client Proteins for
Treatment of Prostate Cancer. Mol. Cancer Ther. 2016, 15, 2107-2118. [CrossRef] [PubMed]

Jhaveri, K.; Taldone, T.; Modji, S.; Chiosis, G. Advances in the clinical development of heat shock protein 90 (Hsp90) inhibitors in
cancers. Biochim. Biophys. Acta 2012, 1823, 742-755. [CrossRef]

Boll, B.; Eltaib, F.; Reiners, K.S.; von Tresckow, B.; Tawadros, S.; Simhadri, V.R.; Burrows, EJ.; Lundgren, K.; Hansen, H.P.; Engert,
A.; et al. Heat shock protein 90 inhibitor BIIB021 (CNF2024) depletes NF-kappaB and sensitizes Hodgkin’s lymphoma cells for
natural killer cell-mediated cytotoxicity. Clin. Cancer Res. 2009, 15, 5108-5116. [CrossRef] [PubMed]

Ippolito, L.; Marini, A.; Cavallini, L.; Morandi, A.; Pietrovito, L.; Pintus, G.; Giannoni, E.; Schrader, T.; Puhr, M.; Chiarugi, P; et al.
Metabolic shift toward oxidative phosphorylation in docetaxel resistant prostate cancer cells. Oncotarget 2016, 7, 61890-61904.
[CrossRef] [PubMed]

Thakur, M.K.; Heilbrun, L.K,; Sheng, S.; Stein, M.; Liu, G.; Antonarakis, E.S.; Vaishampayan, U.; Dzinic, S.H.; Li, X.; Freeman, S.;
et al. A phase II trial of ganetespib, a heat shock protein 90 Hsp90) inhibitor, in patients with docetaxel-pretreated metastatic
castrate-resistant prostate cancer (CRPC)-a prostate cancer clinical trials consortium (PCCTC) study. Investig. New Drugs 2016, 34,
112-118. [CrossRef] [PubMed]

Yamada, Y.; Beltran, H. Clinical and Biological Features of Neuroendocrine Prostate Cancer. Curr. Oncol. Rep. 2021, 23, 15.
[CrossRef] [PubMed]

Formaggio, N.; Rubin, M.A_; Theurillat, J.P. Loss and revival of androgen receptor signaling in advanced prostate cancer. Oncogene
2021, 40, 1205-1216. [CrossRef] [PubMed]

Asberry, AM,; Liu, S.; Nam, H.S.; Deng, X.; Wan, J.; Hu, C.D. Reprogramming landscape highlighted by dynamic transcriptomes
in therapy-induced neuroendocrine differentiation. Comput. Struct. Biotechnol. J. 2022, 20, 5873-5885. [CrossRef] [PubMed]
Makino, T.; Izumi, K.; Mizokami, A. Undesirable Status of Prostate Cancer Cells after Intensive Inhibition of AR Signaling:
Post-AR Era of CRPC Treatment. Biomedicines 2021, 9, 414. [CrossRef] [PubMed]

Ahmad, F; Cherukuri, M.K.; Choyke, P.L. Metabolic reprogramming in prostate cancer. Br. ]. Cancer 2021, 125, 1185-1196.
[CrossRef] [PubMed]

Choi, S.Y.C,; Ettinger, S.L.; Lin, D.; Xue, H.; Ci, X.; Nabavi, N.; Bell, R.H.; Mo, F.; Gout, PW.; Fleshner, N.E; et al. Targeting MCT4
to reduce lactic acid secretion and glycolysis for treatment of neuroendocrine prostate cancer. Cancer Med. 2018, 7, 3385-3392.
[CrossRef] [PubMed]

Elhamamsy, A.R.; Metge, B.].; Alsheikh, H.A.; Shevde, L.A.; Samant, R.S. Ribosome Biogenesis: A Central Player in Cancer
Metastasis and Therapeutic Resistance. Cancer Res. 2022, 82, 2344-2353. [CrossRef] [PubMed]

Mangangcha, L.R.; Malik, M.Z.; Kucuk, O.; Alj, S.; Singh, R.K.B. Identification of key regulators in prostate cancer from gene
expression datasets of patients. Sci. Rep. 2019, 9, 16420. [CrossRef] [PubMed]

Guo, H.; Zhang, Z.; Wang, Y.; Xue, S. Identification of crucial genes and pathways associated with prostate cancer in multiple
databases. |. Int. Med. Res. 2021, 49, 3000605211016624. [CrossRef] [PubMed]

Wang, M.; Hu, Y,; Stearns, M.E. RPS2: A novel therapeutic target in prostate cancer. J. Exp. Clin. Cancer Res. 2009, 28, 6. [CrossRef]
[PubMed]

Liu, X.S.; Zhou, LM.; Yuan, L.L.; Gao, Y,; Kui, X.Y,; Liu, X.Y.; Pei, Z.]. NPM1 Is a Prognostic Biomarker Involved in Immune
Infiltration of Lung Adenocarcinoma and Associated with m6A Modification and Glycolysis. Front. Immunol. 2021, 12, 724741.
[CrossRef] [PubMed]

Zhou, LM,; Yuan, L.L; Gao, Y.; Liu, X.S.; Dai, Q.; Yang, ] W.; Pei, Z.]. Nucleophosmin 1 overexpression correlates with (18)F-FDG
PET/CT metabolic parameters and improves diagnostic accuracy in patients with lung adenocarcinoma. Eur. J. Nucl. Med. Mol
Imaging 2021, 48, 904-912. [CrossRef] [PubMed]

Zhu, Y.; Shi, M,; Chen, H.; Gu, J.; Zhang, J.; Shen, B.; Deng, X.; Xie, J.; Zhan, X.; Peng, C. NPM1 activates metabolic changes
by inhibiting FBP1 while promoting the tumorigenicity of pancreatic cancer cells. Oncotarget 2015, 6, 21443-21451. [CrossRef]
[PubMed]

Suzuki, M.; Takeda, T.; Nakagawa, H.; Iwata, S.; Watanabe, T.; Siddiquey, M.N.; Goshima, F; Murata, T.; Kawada, J.; Ito, Y.; et al.
The heat shock protein 90 inhibitor BIIB021 suppresses the growth of T and natural killer cell lymphomas. Front. Microbiol. 2015,
6,280. [CrossRef] [PubMed]

Burrows, F.; Zhang, H.; Kamal, A. Hsp90 activation and cell cycle regulation. Cell Cycle 2004, 3, 1530-1536. [CrossRef] [PubMed]
Wei, J.; Huang, K.; Chen, Z.; Hu, M,; Bai, Y;; Lin, S.; Du, H. Characterization of Glycolysis-Associated Molecules in the Tumor
Microenvironment Revealed by Pan-Cancer Tissues and Lung Cancer Single Cell Data. Cancers 2020, 12, 1788. [CrossRef]
[PubMed]

Jiang, L.; Zhao, L.; Bi, J.; Guan, Q.; Qi, A.; Wei, Q.; He, M.; Wei, M.; Zhao, L. Glycolysis gene expression profilings screen for
prognostic risk signature of hepatocellular carcinoma. Aging 2019, 11, 10861-10882. [CrossRef] [PubMed]

Jiang, F; Mao, Y,; Lu, B.; Zhou, G.; Wang, ]. A hypoxia risk signature for the tumor immune microenvironment evaluation and
prognosis prediction in acute myeloid leukemia. Sci. Rep. 2021, 11, 14657. [CrossRef]

Li, W,; Huang, K.; Wen, F.; Cui, G.; Guo, H.; He, Z.; Zhao, S. Intermittent hypoxia-induced downregulation of microRNA-320b
promotes lung cancer tumorigenesis by increasing CDT1 via USP37. Mol. Ther. Nucleic Acids 2021, 24, 528-541. [CrossRef]
[PubMed]


https://doi.org/10.1158/1535-7163.MCT-16-0241
https://www.ncbi.nlm.nih.gov/pubmed/27390342
https://doi.org/10.1016/j.bbamcr.2011.10.008
https://doi.org/10.1158/1078-0432.CCR-09-0213
https://www.ncbi.nlm.nih.gov/pubmed/19671844
https://doi.org/10.18632/oncotarget.11301
https://www.ncbi.nlm.nih.gov/pubmed/27542265
https://doi.org/10.1007/s10637-015-0307-6
https://www.ncbi.nlm.nih.gov/pubmed/26581400
https://doi.org/10.1007/s11912-020-01003-9
https://www.ncbi.nlm.nih.gov/pubmed/33433737
https://doi.org/10.1038/s41388-020-01598-0
https://www.ncbi.nlm.nih.gov/pubmed/33420371
https://doi.org/10.1016/j.csbj.2022.10.031
https://www.ncbi.nlm.nih.gov/pubmed/36382181
https://doi.org/10.3390/biomedicines9040414
https://www.ncbi.nlm.nih.gov/pubmed/33921329
https://doi.org/10.1038/s41416-021-01435-5
https://www.ncbi.nlm.nih.gov/pubmed/34262149
https://doi.org/10.1002/cam4.1587
https://www.ncbi.nlm.nih.gov/pubmed/29905005
https://doi.org/10.1158/0008-5472.CAN-21-4087
https://www.ncbi.nlm.nih.gov/pubmed/35303060
https://doi.org/10.1038/s41598-019-52896-x
https://www.ncbi.nlm.nih.gov/pubmed/31712650
https://doi.org/10.1177/03000605211016624
https://www.ncbi.nlm.nih.gov/pubmed/34082608
https://doi.org/10.1186/1756-9966-28-6
https://www.ncbi.nlm.nih.gov/pubmed/19138403
https://doi.org/10.3389/fimmu.2021.724741
https://www.ncbi.nlm.nih.gov/pubmed/34335635
https://doi.org/10.1007/s00259-020-05005-4
https://www.ncbi.nlm.nih.gov/pubmed/32856112
https://doi.org/10.18632/oncotarget.4167
https://www.ncbi.nlm.nih.gov/pubmed/26068981
https://doi.org/10.3389/fmicb.2015.00280
https://www.ncbi.nlm.nih.gov/pubmed/25914683
https://doi.org/10.4161/cc.3.12.1277
https://www.ncbi.nlm.nih.gov/pubmed/15539946
https://doi.org/10.3390/cancers12071788
https://www.ncbi.nlm.nih.gov/pubmed/32635458
https://doi.org/10.18632/aging.102489
https://www.ncbi.nlm.nih.gov/pubmed/31790363
https://doi.org/10.1038/s41598-021-94128-1
https://doi.org/10.1016/j.omtn.2020.12.023
https://www.ncbi.nlm.nih.gov/pubmed/33898105

Pharmaceuticals 2024, 17, 569 22 of 22

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Lu, TJ.; Yang, Y.F,; Cheng, C.E; Tu, Y.T.; Chen, Y.R.; Lee, M.C.; Tsai, K.W. Phosphofructokinase Platelet Overexpression Accelerated
Colorectal Cancer Cell Growth and Motility. J. Cancer 2023, 14, 943-951. [CrossRef] [PubMed]

Yang, R.; Du, Y;; Wang, L.; Chen, Z.; Liu, X. Weighted gene co-expression network analysis identifies CCNA2 as a treatment target
of prostate cancer through inhibiting cell cycle. J. Cancer 2020, 11, 1203-1211. [CrossRef] [PubMed]

Seashore-Ludlow, B.; Rees, M.G.; Cheah, J.H.; Cokol, M.; Price, E.V.; Coletti, M.E.; Jones, V.; Bodycombe, N.E.; Soule, C.K,;
Gould, J.; et al. Harnessing Connectivity in a Large-Scale Small-Molecule Sensitivity Dataset. Cancer Discov. 2015, 5, 1210-1223.
[CrossRef] [PubMed]

Ling, A.L.; Zhang, W.; Lee, A.; Xia, Y;; Su, M.C.; Gruener, R.F; Jena, S.; Huang, Y.; Pareek, S.; Shan, Y.; et al. Simplicity: Web-Based
Visualization and Analysis of High-Throughput Cancer Cell Line Screens. J. Cancer Sci. Clin. Ther. 2023, 7, 249-252. [CrossRef]
[PubMed]

Basu, A.; Bodycombe, N.E.; Cheah, ].H.; Price, E.V,; Liu, K.; Schaefer, G.I.; Ebright, R.Y.; Stewart, M.L.; Ito, D.; Wang, S.; et al. An
interactive resource to identify cancer genetic and lineage dependencies targeted by small molecules. Cell 2013, 154, 1151-1161.
[CrossRef] [PubMed]

Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.0O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012, 2,
401-404. [CrossRef] [PubMed]

Quigley, D.A.; Dang, H.X.; Zhao, S.G.; Lloyd, P.; Aggarwal, R.; Alumkal, ].J.; Foye, A.; Kothari, V.; Perry, M.D.; Bailey, A.M.; et al.
Genomic Hallmarks and Structural Variation in Metastatic Prostate Cancer. Cell 2018, 174, 758-769.€9. [CrossRef] [PubMed]
Subramanian, A.; Narayan, R.; Corsello, 5.M.; Peck, D.D.; Natoli, T.E.; Lu, X.; Gould, J.; Davis, ].E; Tubelli, A.A.; Asiedu, ] K,; et al.
A Next Generation Connectivity Map: L1000 Platform and the First 1,000,000 Profiles. Cell 2017, 171, 1437-1452.e17. [CrossRef]
[PubMed]

Leek, ].T.; Johnson, W.E.; Parker, H.S ; Jaffe, A.E.; Storey, ].D. The sva package for removing batch effects and other unwanted
variation in high-throughput experiments. Bioinformatics 2012, 28, 882-883. [CrossRef] [PubMed]

Hanzelmann, S.; Castelo, R.; Guinney, ]. GSVA: Gene set variation analysis for microarray and RNA-seq data. BMC Bioinformatics
2013, 14, 7. [CrossRef] [PubMed]

Tanner, L.B.; Goglia, A.G.; Wei, M.H.; Sehgal, T.; Parsons, L.R.; Park, ].O.; White, E.; Toettcher, ].E.; Rabinowitz, ].D. Four Key
Steps Control Glycolytic Flux in Mammalian Cells. Cell Syst. 2018, 7, 49-62.e8. [CrossRef] [PubMed]

Liberzon, A.; Birger, C.; Thorvaldsdottir, H.; Ghandi, M.; Mesirov, ].P.; Tamayo, P. The Molecular Signatures Database (MSigDB)
hallmark gene set collection. Cell Syst. 2015, 1, 417-425. [CrossRef] [PubMed]

Kumar, A.; Coleman, I.; Morrissey, C.; Zhang, X.; True, L.D.; Gulati, R.; Etzioni, R.; Bolouri, H.; Montgomery, B.; White, T; et al.
Substantial interindividual and limited intraindividual genomic diversity among tumors from men with metastatic prostate
cancer. Nat. Med. 2016, 22, 369-378. [CrossRef] [PubMed]

Szklarczyk, D.; Kirsch, R.; Koutrouli, M.; Nastou, K.; Mehryary, F; Hachilif, R.; Gable, A.L.; Fang, T.; Doncheva, N.T; Pyysalo, S.;
et al. The STRING database in 2023: Protein-protein association networks and functional enrichment analyses for any sequenced
genome of interest. Nucleic Acids Res. 2023, 51, D638-D646. [CrossRef] [PubMed]

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
[PubMed]

Chin, C.H.; Chen, S.H.; Wu, HH.; Ho, CW.; Ko, M.T,; Lin, C.Y. cytoHubba: Identifying hub objects and sub-networks from
complex interactome. BMC Syst. Biol. 2014, 8 (Suppl. 4), S11. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.7150/jca.82738
https://www.ncbi.nlm.nih.gov/pubmed/37151384
https://doi.org/10.7150/jca.38173
https://www.ncbi.nlm.nih.gov/pubmed/31956366
https://doi.org/10.1158/2159-8290.CD-15-0235
https://www.ncbi.nlm.nih.gov/pubmed/26482930
https://doi.org/10.26502/jcsct.5079217
https://www.ncbi.nlm.nih.gov/pubmed/38435702
https://doi.org/10.1016/j.cell.2013.08.003
https://www.ncbi.nlm.nih.gov/pubmed/23993102
https://doi.org/10.1158/2159-8290.CD-12-0095
https://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1016/j.cell.2018.06.039
https://www.ncbi.nlm.nih.gov/pubmed/30033370
https://doi.org/10.1016/j.cell.2017.10.049
https://www.ncbi.nlm.nih.gov/pubmed/29195078
https://doi.org/10.1093/bioinformatics/bts034
https://www.ncbi.nlm.nih.gov/pubmed/22257669
https://doi.org/10.1186/1471-2105-14-7
https://www.ncbi.nlm.nih.gov/pubmed/23323831
https://doi.org/10.1016/j.cels.2018.06.003
https://www.ncbi.nlm.nih.gov/pubmed/29960885
https://doi.org/10.1016/j.cels.2015.12.004
https://www.ncbi.nlm.nih.gov/pubmed/26771021
https://doi.org/10.1038/nm.4053
https://www.ncbi.nlm.nih.gov/pubmed/26928463
https://doi.org/10.1093/nar/gkac1000
https://www.ncbi.nlm.nih.gov/pubmed/36370105
https://doi.org/10.1101/gr.1239303
https://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1186/1752-0509-8-S4-S11
https://www.ncbi.nlm.nih.gov/pubmed/25521941

	Introduction 
	Results 
	Identifying Candidate Drugs for mCRPC with High Glycolysis 
	Experimental Validation 
	Candidate Drug Biomarker Discovery 

	Discussion 
	Materials and Methods 
	Data Acquisition and Preprocessing 
	Impute Drug Response in Patients with mCRPC 
	Regression Analysis to Identify Efficacious Drugs for mCRPC with High Glycolysis 
	Selecting Drug Candidates with Higher Robustness for Validation 
	Cell Culture and Reagents 
	Cell Growth and Viability 
	Seahorse XFp Glycolysis Stress Test Assay 
	Stratifying Patients Based on AR and Glycolysis Status for Biomarker Discovery 
	Biomarker Discovery through PPI Network 
	Survival Analysis 

	Conclusions 
	References

