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Abstract

Cancer stem cells (CSCs) virtually present in all tumors albeit in small numbers are

primarily responsible for driving cancer progression, metastasis, drug resistance, and

recurrence. Prostate cancer (PCa) is the second most frequent cancer in men

worldwide, and castration resistant prostate cancer (CRPC) remains a major

challenge despite the tremendous advancements in medicine. Currently, none of

the available treatment options are effective in treating CRPC. We earlier reported

that VNPP433‐3β, the lead next‐generation galeterone analog is effective in treating

preclinical in vivo models of CRPC. In this study using RNA‐seq, cytological, and

biochemical methods, we report that VNPP433‐3β inhibits prostate CSCs by

targeting key pathways critical to stemness and epithelial–mesenchymal transition.
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VNPP433‐3β inhibits CSCs in PCa, presumably by degrading the androgen

receptor (AR) thereby decreasing the AR‐mediated transcription of several stem

cell markers including BMI1 and KLF4. Transcriptome analyses by RNA‐seq,

Ingenuity Pathway Analysis, and Gene Set Enrichment Analysis demonstrate that

VNPP433‐3β inhibits transcription of several genes and functional pathways critical

to the prostate CSCs thereby inhibiting CSCs in PCa besides targeting the bulk

of the tumor.

K E YWORD S

androgen receptor, AR/AR‐V7 degrader, cancer stem cell, castration resistant prostate cancer,
lead next generation galeterone analog, MNK‐eIF4E, prostate cancer transcriptome, RNA
sequencing, VNPP433‐3β

1 | INTRODUCTION

Pluripotent stem cells are undifferentiated “ever‐young” cells capable

of self‐renewal and differentiation into any type of mature cell in the

body. Comparably, cancer stem cells (CSCs) constitute a small

subgroup of cells within the tumor and exhibit the features of

pluripotent stem cells. CSCs undergo active cell division or may

remain quiescent until activated by appropriate stimuli. They are

extremely tumorigenic in xenograft models of different cancers and

as little as 100 cells could initiate tumor growth whereas tens of

thousands of other types of cancer cells of same origin failed to

induce tumor.1 CSCs can be distinguished from other cells within the

tumor by symmetry of their cell division and alterations in their gene

expression. A variety of cell surface markers (CD24, CD44, CD133,

CD166, EpCAM, etc.) and intracellular markers (BMI1, Oct3/4,

Nanog, Sox2, etc.) are used to identify and isolate CSCs.2 In general,

tumor consists of heterogenous population of cells often with

hierarchical organization that reflects the hierarchy in the tissue of

origin and driven by small number of CSCs. However, the bulk of the

tumor is comprised of non‐CSCs with limited proliferation potential

and hence restricted role in long‐term growth. However, tumor

provides specialized micro niches to haven typically quiescent CSCs

that play significant role in unceasing tumor growth, metastasis,

relapse, and drug resistance.3 CSCs are pivotal in epithelial‐to‐

mesenchymal transition, thereby significantly contributing to tumor

invasion and metastasis. In fact, several studies have shown that

overexpression of epithelial–mesenchymal transition (EMT) transcrip-

tion factors not only promoted EMT but also invoked stemness and

enhanced the tumorigenic potential of cell lines.4–6 Further, it is

reported that the residual population of chemotherapy‐resistant

tumor cells that can relapse tumor is enriched in CSCs. The intrinsic

property of normal stem cells and CSCs such as the upregulation of

drug‐efflux pumps, enhanced DNA‐repair activity and protection

against ROS, and the ability of CSCs to assume a quiescent state have

emerged as key mechanism of drug resistance and survival.1

Prostate cancer (PCa) ranks the second most frequently

diagnosed cancer in men worldwide and cancer‐related death in

the United States.7 Androgen deprivation therapy is the first‐line

treatment in the early stage of the disease but inevitably PCa

progresses to castration resistant prostate cancer (CRPC), predomi-

nantly driven by residual androgen receptor (AR) signaling.8 Clinically,

CRPC is the advanced stage of the disease, which is no longer

responsive to available treatment regimens. CSCs play significant role

in all stages of PCa, namely tumor initiation, progression, metastasis,

and most remarkably, development of CRPC and tumor recurrence.9

Previously, we reported VNPP433‐3β, the lead next generation

galeterone analog as potential drug in treating castration‐resistant

drug‐naive PCa preclinical mice models in vitro and in vivo.10

VNPP433‐3β promotes degradation of AR and its splice variant AR‐

V7 besides depleting MNk1/2 in PCa.11

In this study, we report isolation of CSCs from LNCaP (androgen‐

dependent human prostate adenocarcinoma cells) and CWR22Rv1

(castration resistant, androgen‐independent human prostate cancer

cell line) and demonstrate the inhibitory effect of VNPP433‐3β in

prostate CSCs using cellular, biochemical, and molecular (RNA‐seq)

methods. We demonstrate that mechanistically, VNPP433‐3β pro-

motes degradation of AR thereby limiting AR‐mediated transcription

of several genes relevant to cell cycle and stemness (viz. BMI1 and

KLF4). Concurrently, VNPP433‐3β also promotes degradation of

MNK1/2 thereby interfering with both androgen signaling and

MNK1/2‐eIF4E signaling. Using RNA‐seq followed by Gene Ontol-

ogy (GO), Gene Set Enrichment Analysis (GSEA), and Qiagen

Ingenuity Pathway Analysis (IPA), we demonstrate that several genes

and functional pathways of cell cycle control and stemness are

modulated by VNPP433‐3β thereby inhibiting CSCs in prostate

cancer besides targeting the bulk of the tumor.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

CWR22Rv1 and LNCaP, the human prostate cancer cell lines, were

obtained from ATCC and cultured in RPMI‐1640 enriched with 10%
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heat‐inactivated fetal bovine serum (FBS; GIBCO) and 1% Pen‐Strep

(10,000 U/ml; Life Technologies) under standard conditions of 37°C

and 5% CO2. The monolayer adherent cultures were maintained in

RPMI1640 supplemented with 10% FBS and 1% Pen‐Strep at about

80% confluency under standard culture conditions and culture

medium replaced every 48 h.

2.2 | Induction of prostasphere

Prostaspheres were induced in PCa cell lines as described previ-

ously.12 Nonadherent sphere (prostasphere) cultures were induced

and maintained in six‐well ultra‐low attachment culture plates

(Corning) containing EpiGRO human Prostate Complete Media

(Millipore) supplemented with 20 ng/μl hEGF (Gibco), 20 ng/μl bFGF

(Gibco), and 1% Pen‐Strep. Monolayer parental and prostasphere

cultures were propagated for 15 days and subsequently dissociated

into single cells using 0.05% trypsin‐EDTA solution (Gibco) or

StemPro Accutase (Gibco), respectively, before flow cytometry

(fluorescence‐activated single cell sorting [FACS]). Micrographs of

both monolayer and prostasphere cultures were captured using a

phase contrast microscope.

2.3 | Immunofluorescent labeling, FACS analysis,
and cell sorting

The dissociated cells were immuno‐labeled using two fluorescent

monoclonal antibodies: Anti‐Human CD133/2 (Miltenyi Biotec) and Anti‐

Human CD44 (BioLegend) following manufacturer's instructions. Flow

cytometry analysis was performed in BD FACSAria II using the software

package BD FACSDiva 8.0.2. Unstained cells of adherent and suspension

cultures were used as control. All experiments were carried out

independently three times. Following cell sorting, the double positive

CD133+/CD44+ cells were collected and cultured in adherent plates

containing the same medium used for induction and maintenance of

prostasphere. Subsequently, VNPP433‐3β was evaluated for its effect on

cell viability, colony formation, and invasion potential of the cultured

CSCs. VNPP433‐3β was synthesized in‐house as described previously

and dissolved in cell culture‐grade dimethyl sulfoxide (DMSO).

2.4 | Western blotting

The cultured cells were collected by centrifugation and lysed with

radioimmunoprecipitation assay buffer containing 1× protease inhib-

itors cocktail (Roche), 1× phosphatase inhibitors (Thermo Scientific),

1 mmol/L EDTA, and 1mmol/L phenylmethylsulfonyl fluoride.13 The

cell lysates were subjected to SDS‐PAGE and immunoblotted as

described previously.14 All primary antibodies, namely human AR,

MNK1, eukaryotic translation initiation factor 4E (eIF4E), phospho-

rylated eIF4E (p‐eIF4E), β‐actin, GAPDH, α‐tubulin, CD133, Nanog,

Sox2, CD44, KLF4, Oct4, BMI1, N‐cadherin, β‐catenin, c‐myc, matrix

metalloproteinase‐9 (MMP‐9), MMP‐2, Twist, and secondary HRP‐

conjugated anti‐rabbit and anti‐mouse antibodies used in the study

were obtained from Cell Signaling Technology. All other fine

chemicals and reagents were purchased from Sigma Aldrich. Plasmid

vector that overexpresses full‐length AR (fAR) was purchased from

OriGene Technologies Inc.

2.5 | RNA‐seq and transcriptome analyses

Total RNA was isolated from CWR22Rv1 cells treated with 10 μM

VNPP433‐3β (24 h) using RNeasy Plus mini kit (Qiagen) following

manufacturer's instructions. DMSO vehicle control and drug treat-

ment were performed in triplicates and all RNA samples were

quantified and quality‐checked using Agilent 2100 Bioanalyzer. Only

RNA preps having an RNA Integrity Number (RIN) of 8 or above were

considered for RNA‐seq experiments. NEB Ultra II Directional RNA

library prep kit was used for preparing RNA‐Seq libraries. The

libraries thus generated were evaluated for size distribution and yield

using Qubit and Agilent 2100 Bioanalyzer. RNA sequencing was

conducted on Illumina NovaSeq S2 PE100 bp lane at Maryland

Genomics, Institute for Genome Sciences, University of Maryland,

Baltimore. The quality of sequencing was measured by Phred quality

score (Q score) and more than 90% of the sequencing reads attained

Q30 (99.9% base call accuracy). GO and GSEA were carried out using

GSEA v4.2.2 against Molecular Signatures Database v7.5.1 with

permutation set at “gene set” and other parameters default.15

Qiagen IPA was carried out to uncover canonical pathways

modulated by VNPP433‐3β.

2.6 | Cell proliferation, colony formation, and
invasion assays

The cell proliferation (MTT), colony formation, and invasion assays

were performed as described previously.16 In brief, 2500 CD133+/

CD44+ cells were seeded per well in 96‐well plates and treated with

VNPP433‐3β or DMSO vehicle control for second and fifth day for a

period of 8 days. GraphPad prism 5.0 software was used to calculate

growth inhibitory concentration (GI50) based on a nonlinear regres-

sion curve fit.17 Colony formation assay was carried out by seeding

10,000 CD133+/CD44+ cells per well in a six‐well adherent plate and

treated with VNPP433‐3β (5 and 10 µM) twice a week and adherent

colony formation was assessed on 15th day using 0.05% (w/v) crystal

violet staining solution. Colonies were counted manually and

photographed. The invasion assay was performed by seeding 5000

CD133+/CD44+ cells in the top chamber of precoated transwell

inserts (corning) in serum‐free media. The lower chamber was filled

with EpiGro medium and cells were treated with VNPP433‐3β (5 and

10 µM) for 24 h. Subsequently, the cells at the upper chamber of the

transwell inserts were scraped off with a cotton swab and the

migrated cells on the lower surface were fixed with cold methanol,

stained with 0.05% (w/v) crystal violet, and photographed.
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2.7 | Statistical analysis

Statistical evaluations were carried out using one‐way analysis of

variance followed by Student's t‐test using GraphPad Prism 5.0 soft-

ware (GraphPad Software Inc.). A probability value with *p < 0.05,

**p < 0.01, and ***p < 0.001 were considered statistically significant.

The values in the data are presented as mean ± standard error of

mean of three or more independent experiments.

3 | RESULTS

3.1 | Degradation of AR and Mnk1/2 by
VNPP433‐3β

Aberrant androgen signaling is essential for PCa development and

progression. Studies showed that activation of AR suppresses eIF4E

phosphorylation whereas antagonizing ARwith anti‐androgens stimulated

eIF4E phosphorylation.18 To evaluate the effect of VNPP433‐3β on AR

signaling and MNK1/2‐mediated phosphorylation of eIF4E, we examined

the levels of fAR, its splice‐variant AR‐V7, eIF4E, p‐eIF4E, and its

upstream kinase MNK1/MNK2 in CWR22Rv1 and LNCaP cells following

treatment with varying concentrations of VNPP433‐3β (0.6, 1.25, 2.5, 5,

10, 15, 20µM) for 48h (Figure 1A,B). Interestingly, we observed that

VNPP433‐3β promotes significant degradation of fAR and AR‐V7 at

1.25µM and upwards in CWR22Rv1 and LNCaP cells in a dose‐

dependent manner. Further, we observed a distinct decrease in the level

of MNK1/2 with concomitant decline of p‐eIF4E in a dose‐dependent

manner. Our results demonstrate that VNPP433‐3β promotes degrada-

tion of AR thus inhibiting the cellular AR response and depletes MNK1/2

thereby preventing eIF4E phosphorylation crucial for inhibiting PCa and

prostate CSCs as described below.

3.2 | CSC‐enriched prostaspheres show
upregulation of stem cell markers

Further, we induced the formation of prostaspheres enriched in CSCs

in CWR22Rv1 and LNCaP cell lines. Figure 2A–D shows the phase

contrast micrographs and flow cytometry scatter‐plots of control

monolayer cultures of CWR22Rv1 and LNCaP and corresponding

prostasphere cultures enriched in CSCs. The CSCs were analyzed and

sorted using FACS following immunolabeling with fluorescent

monoclonal antibodies specific to stem cell surface markers CD44

and CD133. Only the cells displaying both markers on the surface

were considered CSCs and were sorted and cultured further for

additional experiments. We found that the monolayer cultures of

CWR22Rv1 and LNCaP possessed 0.10 ± 0.005% and 0.15 ± 0.029%

CD44+/CD133+ cells, respectively, whereas the cultured prosta-

spheres were significantly enriched with CSCs, 4.850 ± 1.05% and

2.725 ± 0.24%, respectively (Figure 2E).

Several studies report that CSCs heavily rely on active electron

transport and oxidative phosphorylation (OXPHOS) though aerobic

glycolysis is a key metabolic adaptation of cancer cells.19–21 Greater

dependency of tumor on OXPHOS is often a hallmark of CSCs and

pharmacologically targeting OXPHOS is a rational approach to treat

various cancers.22,23 It was reported that the relapsing tumors were

susceptible to treatment with oligomycin, a potent OXPHOS

inhibitor.24 Moreover, apart from the canonical role of mitotic

spindle in chromosome segregation during cell division, it plays

critical role in determining cleavage plane and self‐renewal associated

with stem cells.25 The GSEA plots of RNA‐seq shows that VNPP433‐

3β significantly inhibited OXPHOS and mitotic spindle characteristic

to CSCs (Figure 2F,G). Further, these prostaspheres were analyzed

for stem cell markers by immunoblotting and found that the levels of

KLF4, CD44, Oct4, BMI1, Nanog, Sox2, and CD133 were enhanced

in prostasphere cultures compared to the monolayer controls

(Figure 2H,I). However, the levels of these proteins were significantly

decreased in CSCs when treated with 5 and 10 μM VNPP433‐3β in a

concentration‐dependent manner.

3.3 | Knockdown of AR leads to decreased levels
of EMT markers

We next explored the effect of small interfering RNA (siRNA)‐mediated

knockdown of AR on EMT markers as several reports implicate AR in

EMT and metastasis of PCa, apparently led by CSCs.23,26 Whereas

F IGURE 1 VNPP433‐3β promotes
degradation of AR and Mnk1/2 and decreases the
level of p‐eIF4E. (A) and (B) Immunoblots of fAR,
AR‐V7, Mnk1, Mnk2, eIF4E, p‐eIF4E following
treatment with varying concentrations of
VNPP433‐3β in CWR22Rv1 and LNCaP cells.
GAPDH or β‐actin served as loading control.
AR, androgen receptor; eIF4E, eukaryotic
translation initiation factor 4E; p‐eIF4E,
phosphorylated eIF4E.
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F IGURE 2 (See caption on next page)
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F IGURE 3 Knockdown of AR leads to decreased levels of EMT markers. (A) and (B) siRNA‐mediated knockdown of AR decreased the level
of EMT markers in CWR22Rv1 and LNCaP cells. (C) and (D) GSEA plots showing VNPP433‐3β‐mediated inhibition of two pathways
(IL‐6‐JAK‐STAT3 signaling and Myc targets) critical to CSCs in CWR22Rv1 cells. (E) and (F) AR is transcriptional activator of BMI1 and KLF4.
Overexpression of full‐length AR leads to increased expression of stem cell markers BMI1 and KLF4, but treatment with VNPP433‐3β revoked
this effect by degrading AR and thereby decreasing the levels of BMI1 and KLF4 in CWR22Rv1 and LNCaP cells. AR, androgen receptor; CSC,
cancer stem cell; EMT, epithelial–mesenchymal transition; GSEA, Gene Set Enrichment Analysis; IL‐6, interleukin 6; siRNA, small interfering
RNA; STAT3, signal transducer and activator of transcription 3 [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 Induction of prostaspheres enriched in CSCs (CD44+/CD133+) in PCa cell lines. (A–D) Phase contrast micrographs and flow
cytometry scatter plots of CWR22Rv1 and LNCaP parental monolayer adherent culture and prostasphere suspension culture enriched in CSCs.
The adherent monolayer culture was photographed at fourth day of culture and consisted of cells with typical epithelial morphology and
prostasphere suspension cultures were photographed at 12th day of induction and consisted of spherical to irregular clusters. Flow cytometric
analysis of monolayer culture and corresponding prostasphere culture (single cell suspension) enriched in CSCs that are positive for CD44 and
CD133: the single cell suspensions were labeled with fluorescently labeled CD44 and CD133 monoclonal antibodies. (E) The yield of CD44+/
CD133+ CSCs in culture is presented in the graph. p = 0.0041 (CWR22Rv1), p < 0.0001 (LNCaP). (F) and (G) GSEA plots of RNA‐seq show that
VNPP433‐3β inhibited OXPHOS and mitotic spindle pathways critical to CSCs. (H) and (I) Immunoblots demonstrating the prostaspheres
enriched in CSCs expressed higher levels of EMT markers than the adherent monolayer culture, but treatment with VNPP433‐3β significantly
decreased the EMT markers in CWR22Rv1 and LNCaP prostaspheres. CSC, cancer stem cell; EMT, epithelial–mesenchymal transition; GSEA,
Gene Set Enrichment Analysis; OXPHOS, oxidative phosphorylation; PCa, prostate cancer [Color figure can be viewed at wileyonlinelibrary.com]
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another study reports that AR played negative role in EMT of PCa stem

progenitor cells27 probably due to the feedback loop that involves AR and

Zeb1.28 Interestingly, we observed that siRNA knockdown of AR led to

decrease in the levels of many EMT markers such as N‐cadherin, β‐

catenin, MMP‐2, MMP‐9, and Twist reflecting the effect of VNPP433‐3β

per se (Figure 3A,B). EMT markers play significant role in EMT and cancer

cell stemness.26 CSCs are shown to rely on interleukin 6 (IL‐6)‐JAK‐signal

transducer and activator of transcription 3 (STAT3) signaling in different

cancers. Earlier reports suggest that IL‐6 activates Notch 3 and promotes

self‐renewal of CSCs.29 IL‐6 inhibition decreased the fraction of CSCs and

averts tumor recurrence.30 Similarly, activation of STAT3 signaling

promotes glioblastoma stem cells,31 urothelial stem cells,32 and colorectal

CSCs.33 However, treatment with 10µM VNPP433‐3β for 24 h

significantly inhibited IL‐6‐JAK‐STAT3 signaling (Figure 3C). Earlier

reports suggests that AR promotes PCa by upregulating the expression

of c‐Myc.34 In our study, we noted a decrease in c‐Myc protein upon

siRNA knockdown of AR and VNPP433‐3β‐mediated degradation of AR

(Figure 3A). Similar response is obtained in RNA‐seq experiment where

the GSEA plot shows a significant inhibition of c‐Myc targets (Figure 3D).

Since c‐Myc is central to transcriptionally activating several oncogenic

pathways including stemness,35 decrease in its level further contributes to

inhibition of CSCs and PCa itself. Besides many other factors, BMI1 and

KLF4 oncoproteins that are transcriptionally regulated by AR are two key

proteins responsible for EMT and stemness in CSCs.36,37 As expected,

overexpression of fAR led to increased expression of stem cell markers

BMI1 and KLF4, but treatment with VNPP433‐3β revoked this effect and

reduced the levels of AR and its transcriptional targets BMI1 and KLF4

(Figure 3E,F).

3.4 | Functional pathways important to CSCs are
modulated by VNPP433‐3β

Qiagen IPA of the RNA‐seq data reveal that VNPP433‐3β (10 μM,

24 h) inhibited human embryonic and pluripotent stem cell pathway

besides several other pathways related to cell cycle control and

apoptosis in CWR22Rv1 cells. Among the key pathways modulated

by VNPP433‐3β are cell cycle control of chromosomal replication,

S‐phase entry, EMT, STAT3 pathway and activation of autophagy,

G1‐S checkpoint regulation, and p53 signaling. Further, the GSEA of

the RNA‐seq data shows that VNPP433‐3β significantly impaired

DNA repair, E2F signaling, and mitotic cell cycle that are necessary

for stemness, thus inhibiting the CSCs in PCa (Figure 4A–C).

3.5 | Effect of VNPP433‐3β on prostate CSCs

Next, we cultured the FACS‐sorted double positive (CD44+/CD133+)

CSCs in adherent plate for the evaluation of GI50 of VNPP433‐3β in

CWR22Rv1 and LNCaP stem cells by MTT assay and found that

VNPP433‐3β exhibited GI50 of 0.36 and 0.38 µM in CWR22Rv1 and

LNCaP CSCs, respectively (Figure 5A). Further, the colony formation

ability that reflects the metastatic potential of FACS‐sorted CSCs was

studied in presence of VNPP433‐3β (Figure 5B). Interestingly, 78%

and 55% reduction in colony forming unit (cfu) in both the cell lines

was noted when treated with VNPP433‐3β at concentration as low

as 5 µM for 24 h. Less than 94% and 75% of the cells formed cfu at

10 µM concentration of VNPP433‐3β (Figure 5C,D). We observed

that the VNPP433‐3β treatment substantially inhibited cell invasion

of CSCs across the membrane (Figure 5E). Virtually, 75% reduction in

invasion compared to the control was detected when CSCs were

treated with 10 µM VNPP433‐3β for 24 h in CWR22Rv1 and LNCaP

whereas only 57% and 27% inhibition was noted at 5 µM

(Figure 5F,G). This finding further complements the results of

immunoblotting wherein VNPP433‐3β decreased the levels of EMT

markers in CSCs (Figure 2). The GSEA plots show that VNPP433‐3β

significantly inhibited EMT and enhanced tumor necrosis factor‐α

signaling, thereby invoking apoptosis (Figure 5H,I). Overall, the

data suggest that the decrease in invasion is due to the VNPP433‐

3β‐induced inhibition of EMT pathway.

F IGURE 4 Functional pathways important to CSCs are modulated by VNPP433‐3β. GSEA plots showing VNPP433‐3β‐mediated inhibition
of three pathways critical to CSCs and prostate cancer progression: mitotic cell cycle (A), E2F signaling (B), and DNA repair (C). CSC, cancer stem
cell; GSEA, Gene Set Enrichment Analysis [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 Effect of VNPP433‐3β on cell viability and invasion potential of FACS‐sorted PCa CSCs. (A) cell viability as determined by MTT
assay, (B–D) Effect of VNPP433‐3β in colony formation, and (E–G) invasion of CWR22Rv1 and LNCaP CSCs (CD44+/CD133+) were assessed.
Graphs show the standard error of mean and p‐value of the colonies within three independent treatment groups as compared to that of vehicle
controls, *p< 0.05, **p < 0.005, ***p < 0.0001. The cells were stained with crystal violet and plates were photographed. (H) GSEA plot
demonstrating inhibition of epithelial–mesenchymal transition (EMT) thus inhibiting cell invasion. (I) RNA‐seq GSEA plot showing activation of
TNFA signaling by VNPP433‐3β, thereby inhibiting cell proliferation and colony formation. CSC, cancer stem cell; GSEA, Gene Set Enrichment
Analysis; PCa, prostate cancer [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 6 (See caption on next page)
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4 | DISCUSSION

AR is known to activate transcription of key stem cell markers KLF4

and BMI1 by directly binding to its promoter.36,37 AR being a central

transcription factor, besides enhancing KLF4 expression, it enhances

the transcription of BMI1 and promote castration‐resistance in

prostate cancer.36 BMI1 is recognized for its prominent role in

tumorigenesis by repressing the transcription of tumor suppressor

proteins. The expression of AR and BMI1 is positively correlated as

dihydrotestosterone (DHT) elicits increase in BMI1 RNA and protein,

presumably due to the increased AR activity triggered by DHT.

Presence of AR binding site in the BMI1 promoter is established and

elevated levels of BMI1 RNA and protein are recorded in human

CRPC patients and mice xenograft models.36 The Cancer Genome

Atlas (TCGA) data show that AR and BMI1 are misregulated in

prostate cancer (Figure 6A–C) and BMI1 is upregulated in most of the

TCGA cancers (Figure 6C). The levels of AR and BMI1 are positively

correlated in prostate cancer patients (Figure 6B). The overall survival

of patients expressing AR is significantly reduced compared to the

low‐level AR groups (Figure 6D). In our study, overexpression of AR

protein increased the protein levels of BMI1 and KLF4 in LNCaP and

CWR22Rv1 cell lines, emphasizing the role of AR‐regulated BMI1

and KLF4 in stemness of PCa. However, treating with VNPP433‐3β

significantly impaired the androgen response presumably by degrad-

ing AR and thereby inhibiting several pathways associated with

stemness and cell proliferation.

Orientation of mitotic spindle is a determinant feature of stem

cells. Apart from the canonical role of mitotic spindle in chromosome

segregation during cell division, it plays critical role in determining

cleavage plane. Asymmetric cell division of stem cells and the

correlation between positioning of cleavage plane and cell‐fate

choice as defined by mitotic spindle orientation has been well

recognized.38,39 Parallel cleavage plane results in placing each

daughter cell at the apical and basal surface whereas a perpendicular

cleavage generates daughter cells that inherit equal amounts of apical

and basal membrane.25 Interestingly, VNPP433‐3β significantly

downregulated formation of mitotic spindle, a prerequisite to halt

cell division featured in CSCs, and the rest of the tumor cells.

Significantly, VNPP433‐3β treatment is associated with nega-

tive regulation of Myc signaling and OXPHOS. Myc signaling is

crucial for normal embryogenesis and acquisition and maintenance

of stemness by cancer cells.35 c‐Myc is known to promote

dedifferentiation by downregulating lineage‐specifying transcrip-

tional factors and therefore c‐Myc‐induced oncogenic and

epigenetic reprogramming leads to the acquisition of cancer

stem‐like properties resulting in CSCs.35,40,41 In various clinical

cases, c‐Myc‐ or N‐Myc‐driven tumors are found to result from

cell lineages that express a given variant during the normal

development of each tissue. Often, N‐Myc is expressed in self‐

renewing, quiescent stem cells, but it switches to c‐Myc upon

differentiation.42 In prostate cancer, increasing reports suggests

that N‐Myc is crucial in lineage switching from epithelial origin to

neuroendocrine lineage. Switching of expression among Myc

family during tumor growth may be correlated to tumor progres-

sion and treatment resistance.35,42

Adaptation of cancer cells to aerobic glycolysis does not warrant

complete shutdown OXPHOS pathway as reports demonstrate that

active electron transport occurs in cancer cells that facilitate tumor

recurrence and CSCs.19–21 Though aerobic glycolysis is a key

metabolic adaptation of cancer cells, growing evidence suggest that

OXPHOS plays a critical role in meeting the energy demand in high

grade serous ovarian cancer, especially the CSCs.43 Further, it was

reported that the relapsing tumors were susceptible to treatment

with oligomycin, a potent OXPHOS inhibitor.24 It is demonstrated

that the key objective of OXPHOS in tumors is to support

the survival and proliferation of CSCs. The tumor initiating cells of

murine ovarian surface epithelial cells expressed higher levels of

glucose transporters with increased rate of glycolysis besides having

increased mitochondrial oxygen consumption.44 Studies show that

CD44+/CD117+ CSCs in mice generated higher levels of oxygen

radicals and had enhanced OXPHOS than the nonstem cell (CD44+/

CD117−) population. In RAG2−/− mice bearing HGSOC tumors and

fed with 2‐deoxyglucose, a glycolysis inhibitor, the tumor size was

decreased but the surviving tumor cells were enriched in CD44+/

CD117+ CSCs, which strongly suggest the role of OXPHOS in

survival and proliferation of CSCs.19 A generic scheme of effect of

VNPP433‐3β on PCa22 CSCs is presented in Figure 6E. Taken

together, the cytological, biochemical, and molecular data suggest

that VNPP433‐3β inhibits prostate CSCs besides targeting the bulk

of the tumor.

F IGURE 6 TCGA data showing significance of AR and AR‐regulated stem cell marker BMI1 in prostate cancer and other TCGA cancers.
(A) BMI1 is aberrantly expressed in prostate cancer patients (n = 497) compared to normal prostate tissue (n = 52). (B) Expression of BMI1 is
positively correlated to the expression of AR in prostate cancer patients. (C) BMI1 is overexpressed in most of the TCGA cancers compared to
the normal tissue (p > 0.1 ns, *p< 0.05, **p< 0.01, ***p < 0.001, ****p < 0.0001). (D) The overall survival of prostate cancer patients was negatively
related to the level of AR expression. Over 90% patients with high AR expression survived not more than 3500 days but 75% of PCa patients
with medium or low levels of AR registered survival beyond 5000 days. (E) A generic scheme of effect of VNPP433‐3β on PCa CSCs. VNPP433‐
3β degrades AR and decreases AR‐dependent transcription of stem cell factors BMI1, KLF4 besides inhibiting EMT, mitotic spindle, DNA repair,
IL‐6‐JAK‐STAT3, and Myc signaling but activating apoptosis and TNF‐α signaling thereby inhibiting CSCs and other tumor cells. AR, androgen
receptor; CSC, cancer stem cell; EMT, epithelial–mesenchymal transition; GSEA, Gene Set Enrichment Analysis; IL‐6, interleukin 6; PCa, prostate
cancer; STAT3, signal transducer and activator of transcription 3; TCGA, The Cancer Genome Atlas; TNF‐α, tumor necrosis factor‐α [Color figure
can be viewed at wileyonlinelibrary.com]
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5 | CONCLUSION

VNPP433‐3β inhibits CSCs in prostate cancer, presumably by

degrading the AR thereby decreasing the AR‐mediated transcription

of key stem cell markers BMI1 and KLF4. Transcriptome analyses

demonstrate that VNPP433‐3β inhibits transcription of several genes

and functional pathways critical for prostate CSCs.
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