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Abstract: Background: Our previous studies demonstrated that a novel quinazoline derivative, DZ-50, inhibited 
prostate cancer epithelial cell invasion and survival by targeting insulin-like-growth factor binding protein-3 (IGFBP-3) 
and mediating epithelial-mesenchymal transition (EMT) conversion to mesenchymal-epithelial transition (MET). This 
study investigated the therapeutic value of DZ-50 agent in in vitro and in vivo models of advanced prostate cancer 
and the ability of the compound to overcome resistance to antiandrogen (enzalutamide) in prostate tumors. Ap-
proach: LNCaP and LNCaP-enzalutamide resistant human prostate cancer (LNCaP-ER) cells, as well as 22Rv1 and 
enzalutamide resistant, 22Rv1-ER were used as cell models. The effects of DZ-50 and the antiandrogen, enzalu-
tamide (as single agents or in combination) on cell death, EMT-MET interconversion, and expression of IGFBP3 and 
the androgen receptor (AR), were examined. The TRAMP mouse model of prostate cancer progression was used as 
a pre-clinical model. Transgenic mice (20-wks of age) were treated with DZ-50 (100 mg/kg for 2 wks, oral gavage 
daily) and prostate tumors were subjected to immunohistochemical assessment of apoptosis, cell proliferation, 
markers of EMT and differentiation and IGFBP-3 and AR expression. A tissue microarray (TMA) was analyzed for 
expression of IGBP-3, the target of DZ-50 and its association with tumor progression and biochemical recurrence. 
Results: We found that treatment with DZ-50 enhanced the anti-tumor response to the antiandrogen via promoting 
EMT to MET interconversion, in vitro. This DZ-50-mediated phenotypic reversal to MET leads to prostate tumor re-
differentiation in vivo, by targeting nuclear IGFBP-3 expression (without affecting AR). Analysis of human prostate 
cancer specimens and TCGA patient cohorts revealed that overexpression of IGBP-3 protein correlated with tumor 
recurrence and poor patient survival. Conclusions: These findings provide significant new insights into (a) the pre-
dictive value of IGFBP-3 in prostate cancer progression and (b) the antitumor action of DZ-50, [in combination or 
sequencing with enzalutamide] as a novel approach for the treatment of therapeutically resistant prostate cancer.
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Introduction

Prostate cancer is the most commonly diag-
nosed non-skin cancer among American males, 
and it was estimated that 161,360 new cases 
will be diagnosed in the United States in 2019 
[1]. The widespread screening using serum 
prostate-specific antigen (PSA) led to the diag-
nosis of over 95% of new cases, when pros- 
tate cancer is localized (within the gland) or 
regional (beyond the outer layer of the prostate 
into nearby regions). For localized prostate can-
cer, primary treatment with surgery or radiation 
is successful with five-year survival rates over 

99% [2, 3]. However within ten years of cura-
tive-intended treatment, approximately one 
third of patients experience biochemical recur-
rence [2]. Among patients who initially present 
with androgen-sensitive prostate tumors that 
have already progressed to metastases, the first 
line therapy is androgen-deprivation therapy 
(ADT), a mainstay treatment modality pioneered 
by Charles Huggins more than 70 years ago [4]. 
ADT dramatically reduces serum testosterone 
levels, which in turn decreases intratumoral lev-
els of dihydrotestosterone (DHT)-the binding 
ligand for the androgen receptor (AR) responsi-
ble for activation of the androgen signaling in 
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the prostate. Although almost all patients ini-
tially respond to ADT, the disease invariably pro-
gresses to castration-resistant prostate cancer 
(CRPC), usually concomitant with metastasis 
[2, 3, 5, 6]. For hormone-naïve prostate cancer 
with markers of early metastasis, but lacking 
symptomatic and radiologic evidence of metas-
tasis, the indicated course of clinical action 
therapy remains ADT with active surveillance 
[7, 8]. Second line treatments are indicated for 
mCRPC and include taxane chemotherapy (1st 
and 2nd line taxane chemotherapy), second-
generation antiandrogens, and cellular immu-
notherapy [5, 6, 9].

Metastases requires that cancer cells detach 
from the primary tumor, resist anoikis, invade 
the basement membrane, and disseminate by 
blood or lymph to a new location where the can-
cerous cells embed and proliferate [10]. The 
cellular plasticity afforded to a fully differenti-
ated epithelium of prostate tumor glands, 
allows epithelial cells to de-differentiate into 
mesenchymal cells via epithelial-mesenchy-
mal-transition (EMT) and re-differentiate via 
reversal to mesenchymal-epithelial transition 
(MET) within the tumor microenvironment dur-
ing cancer evolution [10, 11]. A characteristic 
feature of the EMT landscape is the loss of 
E-cadherin, causing adherens junction break-
down, which circumvents anoikis, promoting 
metastasis and therapeutic resistance [5, 10]. 
In prostate cancer cells, induction of EMT is 
regulated by TGF-β and/or androgens, with a 
threshold AR level determining the phenotypic 
outcome and invasive properties [12]. A switch 
from E- to N-cadherin predicts prostate tumor 
progression, recurrence and mortality [13, 14], 
and therapeutic targeting of N-cadherin in 
CRPC emerges as an effective strategy block-
ing metastasis [15].

Despite a growing number of new modalities 
approved by the US FDA, CRPC remains incur-
able, mainly due to the tremendous intratumor 
genomic diversity and cellular heterogeneity 
that several recent integrative advances were 
able to define [16-19]. Prostate cancer progres-
sion to metastasis and emergence of therapeu-
tic resistance are frequently driven by aberrant-
ly activated kinase signaling pathways regula- 
ting EMT that are potentially amenable to phar-
macological inhibition [8, 10, 20]. Ongoing 
efforts to identify novel targets of therapeutic 

value towards empowering personalized thera-
py in patients with CRPC have met with various 
levels of success. In this study, we examined 
the effects of the quinazoline-derived agent 
DZ-50, that was previously developed and char-
acterized in our lab to target anoikis, tight junc-
tions and EMT [21-23]. The impact of DZ-50 in 
combination with enzalutamide (second gener-
ation antiandrogen), on phenotypic alterations 
within the ecosystem of the prostate tumor 
microenvironment and expression of insulin-
growth factor binding protein-3 (IGFBP-3), was 
studied in in in vitro and in vivo models of 
advanced prostate cancer. Our results identi-
fied that DZ-50 mediated reversal of EMT to 
MET resulting in prostate tumor-re-differentia-
tion enhances the response to antiandrogen 
via targeting IGFBP-3. We also show here that 
IGFBP-3 has potential predictive value of bio-
chemical recurrence and disease progression 
in human prostate cancer.

Materials and methods

Cell cultures and drugs

The human prostate cancer cell lines LNCaP 
and 22Rv1 were obtained from ATCC. The 
enzalutamide resistant LNCaP-ER and 22Rv1-
ER cell lines were generated by Dr. S. 
Koochekpour as described previously [24]. 
Briefly, LNCaP and 22Rv1 cells were main-
tained in RPMI-1640 supplemented with 10% 
FBS, 1% sodium pyruvate, and 1% antibiotics. 
For androgen deprivation, normal FBS was 
replaced with charcoal-stripped FBS in phenol-
red free medium [24]. The 22Rv1-ER and 
LNCaP-ER cell lines were established in andro-
gen-deprived medium with increasing concen-
trations of enzalutamide (10-40 μM) for a peri-
od of 4 months. DZ-50, a first-generation dox- 
azosin quinazoline derivative developed in our 
laboratory was used as the novel therapeutic 
agent [21].

Western blot analysis

Cell lysates from prostate cells were subjected 
to Western blotting as previously described 
[23]. Subcellular fractionation was performed 
using NE-PER nuclear-cytoplasmic fraction kit 
(Thermo Scientific, Rockford, IL). Protein sam-
ples were analyzed by SDS-PAGE and trans-
ferred to Hybond-C membranes (Amersham 
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Pharmacia Biotech, Inc; Piscataway, NJ). Me- 
mbranes were incubated with the respective 
primary antibody (4°C), and exposed to spe-
cies-specific peroxidase-labeled secondary an- 
tibodies. Signal detection was achieved and 
visualized using a UVP Imaging System. Protein 
bands were normalized to GAPDH or H3 expres-
sion. Antibodies against specific proteins are 
summarized on Table S1. The monoclonal anti-
body against N-cadherin was from Abcam (San 
Francisco, CA); Antibodies against the IGFBP3 
and AR (N-20) protein were from Santa Cruz 
Biotechnology (Santa Cruz, CA). Antibodies 
against E-cadherin, GAPDH and H3 were from 
Cell Signaling Technology (Danvers, MA).

Cell viability assay

Cell viability was evaluated using the Thia- 
zolyl Blue Tetrazolium bromide (MTT, Thermo 
Fisher Scientific, Waltham, MA) assay. Briefly 
cells were seeded into 24-well plates and af- 
ter grown to 60% to 75% confluence, were 

underwent radical prostatectomy at the Uni- 
versity of Kentucky, to construct a tissue micro-
array (TMA) through the Markey Biospecimen 
and Tissue Procurement Shared Resource, 
University of Kentucky-Lexington (Table 1). 
Approval for use of human prostate tissue was 
obtained from the University of Kentucky 
Institutional Review Board. Tissue cores (2 mm) 
containing cancerous tissues, adjacent benign 
epithelial tissues, or human benign prostatic 
hyperplasia (BPH) were used for the construc-
tion of tissue microarrays with duplicate cores 
from each patient. There were 4 disease 
groups: Gleason scores ≥ 8, 7, ≤ 6, and benign 
prostatic hyperplasia (BPH). Prostate cancer 
TMA slides were deparaffinized in a 60°C oven 
for 1 h and then rinsed in three changes of 
xylene. To block endogenous peroxidases, 
slides were immersed in 0.3% methanol/hydro-
gen peroxide for 20 min and then rehydrated 
for 1 min in each of 100%, 95%, 75%, and 50% 
ethanol and then double-distilled H2O. Heat-

Table 1. Description of clinical and pathological characteristics of 
prostate cancer specimens used on TMA
TMA Description Clinicopathlogical Parameters # of Cases
Specimens BPH 34

Prostate cancer 165
Tumor grade Gleason ≤ 6 33

Gleason 7 100
Gleason ≥ 8 32

Clinical Stage Stage I 3
Stage II 86
Stage III 47
Stage IV 18
Unknown 11

Metastatic prostate cancer Organ Confined 141
Lymph node/bone Metastasis 13

Unknown 11
Smoking Tobacco/cigar/others 52

Non-smoking 56
Unknown 57

Recurrence Local/Distal Recurrence 31
No Recurrence 82

Unknown 52
PSA < 10 ng/ml 3

10-20 ng/ml 4
> 20 ng/ml 66

Age range (years) BPH 57-81
Prostate cancer 41-75

treated with vehicle or DZ-50 
and/or enzalutamide at indi-
cated doses (DMSO, Sigma-
Aldrich, St. Louis, MO). Abs- 
orbance was measured at 570 
nm and 690 nm using μQu- 
ant Spectrophotometer (Biot- 
ech Instruments Inc., Wino- 
oski, VT).

Migration assays

Cells were seeded in 6-well 
plates and at 65% to 70%  
density the cell monolayers 
were wounded. After 72 hrs 
the number of migrating ce- 
lls towards center of the wo- 
und is counted in three differ-
ent fields in the absence and 
presence of DZ-50 and/or 
enzalutamide.

Tumor microarray construc-
tion and immunohistochemis-
try staining in human prostate 
specimens 

Paraffin-embedded tissue bl- 
ocks were selectively cored 
from 165 PCa patients and 34 
benign control patients, who 
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induced epitope retrieval was performed using 
a digital decloaking chamber (BioCare Medical, 
Concord, CA) (20 mins; 110°C) in DAKO high pH 
EDTA or low pH citrate antigen retrieval buffer, 
as indicated. Endogenous peroxidase activity 
was quenched using reagent from Envision+ 
Kits (DAKO, Glostrup Municipality, Denmark), 
followed by incubation with primary antibodies 
overnight at 4°C (against IGFBP3). Sides were 
subsequently incubated with Envision+ poly-
mer-bound secondary antibody (DAKO), then 
visualized with 3,3’-Diaminobenzidine and li- 
ghtly counterstained with hematoxylin. Slides 
were subsequently dehydrated and mounted 
with coverslips; followed by microscopic analy-
sis. The clinicopathological characteristics of 
prostate-TMA specimens are described on 
Table 1. Assessment of immunoreactivity and 
protein expression and localization patterns 
were quantified by two independent observers 
as previously described [25]. The threshold 
intensity for positive areas (weak, medium, and 
strong positive) ranged from 0-100.

Transgenic mouse model of prostate cancer 
progression (TRAMP)

The transgenic adenocarcinoma of mouse 
prostate (TRAMP) develops following the ex- 
pression of SV40 T antigen under the control  
of the rat probasin promoter [26, 27]. Sexual 
maturity of TRAMP mice contributes to prostate 
cancer initiation and progression in a pattern 
resembling the clinical development of andro-
gen independent prostate cancer [26, 27]. 
Mice were maintained under environmentally 
controlled conditions and subject to a 12-h 
light/dark cycle with food and water ad libitum. 
TRAMP Mice (18-20 weeks) were matched with 
littermates and were treated with either vehicle 
control or DZ-50 (100 mg/kg for 14 days, oral 
gavage daily) and harvested on Day 15.

Immuno-histochemical analysis

Tissue specimens transgenic mouse prostate 
tumors were formalin fixed and paraffin-embed-
ded; serial sections (5 μ), were subjected to 
immuno-histochemical analysis using antibod-
ies against Ki-67, E-cadherin, N-cadherin, And- 
rogen Receptor (N-20), IGFBP3, cofilin and cyto-
keratin-18 (as described on Table S1) After blo- 
cking nonspecific binding, sections were incu-
bated with primary antibody (overnight, 4°C) 
and were subsequently exposed to biotinylated 
goat anti-rabbit IgG (2 hrs, room temperature) 

and horseradish peroxidase-streptavidin (EMD 
Millipore, Billerica, MA). Signal/Color detection 
was achieved with SigmaFast 3, 3’-Diamino- 
benzidine tablets (Sigma-Aldrich, St. Louis, MO) 
and counterstained with haematoxylin. The 
incidence of apoptosis was examined using the 
terminal deoxynucleotidyl transferase-mediat-
ed dUTP-biotin nick end labeling (TUNEL) assay 
(Chemicon International). Sections were coun-
terstained with methyl green [27]. Images were 
captured via light microscopy (40× and 100×) 
using an Olympus BX51 microscope (Olympus 
America, Center Valley, PA). The intensity and 
level of immunoreactivity and the number of 
positive cells were scored by two independent 
observers as previously described [28].

Statistical analysis

For the data from in vitro studies and the in vivo 
pre-clinical model, Student t-test, one-way, or 
two-way ANOVA were performed using Graph- 
Pad Prism 6 software to determine the statisti-
cal significance of difference between means/
treatments. All numerical data are presented 
as mean ± SEM. Statistical significance was set 
at P < 0.05.

The Spearman’s correlation coefficient was cal-
culated to quantify the correlation between 
IGFBP3 expression and Gleason score. To as- 
sess the association between IGFBP-3 expres-
sion and patient’s overall survival/recurrence, 
samples were classified into high or low IGFBP-
3 expression subgroup using the median as the 
cutoff value. Kaplan-Meier curves and the log 
rank test were used to compare patient’s sur-
vival/disease-free time between high and low 
IGFBP-3 expression subgroups. The proportion-
al hazards model was used to calculate the 
hazard ratio (HR) and its associated 95% CI. 
TCGA analysis: IGFBP-3 expression data and 
associated clinical information from Nakagawa 
et al (n=596) (PLoS ONE 2008/05/28), Setlur 
et al (n=363) (J Natl Cancer Inst 2008/06/04), 
Taylor et al (n=185) (Cancer Cell 2010/07/ 
13), TCGA PRAD (n=498) (Nature volume 487, 
pages 330-337 (19 July 2012)) were downlo- 
aded from Oncomine (https://www.oncomine.
org/) or GDC (https://portal.gdc.cancer.gov/
projects/TCGA-PRAD).

Results

The cell viability of the dose response of LNCaP 
and enzalutamide resistant LNCaP-ER cells to 



EMT and prostate tumor resistance

192	 Am J Clin Exp Urol 2019;7(3):188-202

increasing doses of DZ-50 was assessed at 48 
hrs. The results shown on Figure 1A, indicate 
that DZ-50 induced a significant loss of cell 
viability in a dose-dependent manner in both 
cell lines regardless of their sensitivity to 
enzalutamide. There was no difference in cell 
death induction between the LNCaP and 
LNCaP-ER cells in response to increasing con-
centrations of DZ-50 (Figure 1A). To investigate 
the significance/potential role of the AR vari-
ants (AR V7) in the response to DZ-50 we ex- 
amined the response of 22Rv1 and 22Rv1 
enzalutamide resistant, 22Rv1-ER, cell lines. 

The dose response of cell viability loss by DZ-50 
(1-10 µM), was similar in both the 22Rv1 paren-
tal and 22Rv1-ER enzalutamide-resistant cells, 
with a significant loss detected at a concentra-
tion of DZ-50 as low as 2 µM, compared to 
untreated control cells (Figure 1B). To deter-
mine the antitumor effect by the combination 
of DZ-50 with the antiandrogen, we subse-
quently analyzed the response of LNCaP and 
LNCaP-ER cells to enzalutamide alone and in 
combination with DZ-50 (Figure 1C and 1D). 
The results shown on Figure 1 revealed that 
DZ-50 increased the sensitivity of LNCaP-ER 

Figure 1. Response of Antiandrogen-Resistant Prostate Cancer Cell to Novel Agent DZ-50. A and B. Reveal the 
dose-response effect of DZ-50 on LNCaP/LNCaP-ER and 22Rv/22Rv1-ER prostate cancer cell viability, respectively. 
Cells were treated for 48 hrs with increasing drug concentrations as indicated and cell viability was assessed. DZ-
50 treatment resulted in a significant loss of cell viability in the enzalutamide resistant prostate cancer cells (both 
LNCaP-ER and 22Rv1-ER) at 4 µM. At higher concentrations there was a further induction of cell death that was 
comparable to the parental LNCaP and 22RV1 cell lines. Numerical values are the average of the percentage of cell 
viability relative to untreated controls from three independent experiments in duplicate +/- SEM (standard error of 
the mean). Statistical significance is at *P < 0.05. C and D. Indicate the response of LNCaP and LNCaP-ER prostate 
cancer cells to enzalutamide alone or in the presence of DZ-50 (5 µM) for 72 hrs. Cell viability was determined and 
values represent the average from three independent experiments performed in duplicate +/- SEM. *P < 0.05.
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cells to the antiandrogen. In response to in- 
creasing doses of enzalutamide (3-10 µM) in 
combination with DZ-50 (5 µM), there was a  
significant increase in cell death in both the 
LNCaP and LNCaP-ER cells, compared to un- 
treated controls or DZ-50-treated only (Figure 
1D). Furthermore, loss of cell viability in LNCaP 
parental cells in response to enzalutamide 
(100 µM) and DZ-50 combination was signifi-
cantly higher than that observed for the LNCaP-
ER cells.

Assessment of the effect of the novel quinazo-
line agent DZ-50, on prostate cancer cell migra-
tion, revealed that the LNCaP-ER cells exhibited 

a significantly increased migration potential 
compared to LNCaP cells, indicating the aggres-
sive behavior of the enzalutamide resistant 
cells (P < 0.05) (Figure 2A and 2B). Treatment 
with DZ-50 and the antiandrogen (enzalu-
tamide), either as single agents or in combina-
tion, led to a significant reduction in migratory 
capacity of both LNCaP and LNCaP-ER cells, 
compared to untreated controls (P < 0.05). 
There was no significant difference in the effect 
among the three treatments (Figure 2B).

Epithelial protein markers lost are adherens 
and tight junction proteins (E-cadherin, ZO-1), 
while there is gain of mesenchymal markers 

Figure 2. Effect of DZ-50 and Enzalu-
tamide Combination on Prostate Can-
cer Cell Migration. A. Representative 
images of cell migration; cell mono-
layers were subjected to wounding, 
cultures were treated with either DZ-
50 (5 µM) or enzalutamide (30 µM) 
for 72 hrs. B. Indicates the data from 
the quantitative analysis of cell migra-
tion, values represent the average 
from three independent experiments 
in duplicate +/- SEM. *P < 0.05.
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including vimentin and N-cadherin [14]. We 
next profiled the EMT protein markers by 
Western blot analysis. As shown on Figure 3, 
DZ--50 treatment for 72 hrs led to a marked 
increase in the epithelial marker (E-cadherin), 
as well as the mesenchymal marker (N-cadhe- 
rin) expression in both LNCaP and LNCaP-ER 
cells (Figure 3A). Treatment of LNCaP cells  
with enzalutamide (alone) led to a decrease in 
N-cadherin levels, with no major effect on 
E-cadherin (E/N=1.2), reflecting an epithelial 
phenotype, while the combination treatment of 
DZ-50 and enzalutamide reversed the pheno-
typic ratio (E/N=1.0; Figure 2A). The LNCaP-ER 
cells exhibited an increase in N-cadherin con-
current with a modest increase of E-cadherin 
levels after treatment with either drug alone, 

pointing to an epithelial characteristics; signifi-
cantly enough, the combination of DZ-50 and 
enzalutamide resulted in a dramatic overex-
pression of N-cadherin, reflecting reversal to 
the original mesenchymal phenotype (Figure 
3A).

Representative analysis of subcellular frac- 
tions of the LNCaP and LNCaP-ER cell lines 
before and after treatment is indicated on 
Figure 3B. As shown DZ-50 (alone) results in 
marked reduction of nuclear IGFBP-3 in LNCaP 
cells. Enzalutamide treatment exerted a similar 
effect by decreasing nuclear IGFBP-3, while 
increasing cytosolic IGFBP-3 levels; the combi-
nation of DZ-50 and enzalutamide led to deple-
tion of nuclear IGFBP-3 and paralleled by 
increased cytoplasmic accumulation in LNCaP 
cells (Figure 3B). In LNCaP-ER cells, DZ-50 
decreases nuclear IGFBP-3 with a simultane-
ous increase of cytosolic IGFBP-3. In the LN- 
CaP-ER cells, enzalutamide decreased nuclear 
AR with no apparent effect on cytosolic AR. 
Interestingly, the combination treatment led to 
a further decrease of both cytosolic and nucle-
ar AR levels compared to DZ-50, or enzalu-
tamide alone. Treatment with enzalutamide (as 
single agent) decreased nuclear AR levels in 
both the LNCaP and LNCaP-ER cells (Figure 
3B).

We subsequently investigated the in vivo an- 
titumor effect of DZ-50 in the pre-clinical model 
of androgen-sensitive advanced prostate tumor 
model. Prostate tumors were removed from 
intact TRAMP mice after 2 wks of treatment 
with DZ-50 (100 mg/kg/day) (Figure 4). Panel A 
reveals representative images of prostate of 
6-pair of littermates and the weight of the 
respective prostate glands/tumors. Panel B 
reveals characteristic images of Ki67 immuno-
reactivity (cell proliferation) and TUNEL (apopto-
sis) positive cells, in serial sections of prostate 
tumors derived from 20 wk-old male TRAMP 
transgenic mice treated with DZ-50. The resu- 
lts on Figure 4 indicate that treatment DZ-50 
decreases the overall prostate tumor weight in 
these transgenic mice (Figure 4A). Treatment 
with DZ-50, led to a significant reduction in cell 
proliferation and a parallel significant increase 
in tumor cell apoptosis (Figure 4B). Quantitative 
analysis of the Ki-67 immunoreactivity among 
the prostate tumor epithelial cells indicated a 
significantly lower proliferative index in DZ-50 

Figure 3. DZ-50 Treatment Mediates Phenotypic 
EMT-MET Interconversion and IGFBP3 Expression in 
Vitro. A. Reveals the E-cadherin and N-cadherin ex-
pression profile by Western blot analysis in prostate 
cancer LNCaP and LNCaP-ER cells in response to DZ-
50 (5 µM), or enzalutamide (30 µM) as single agents 
or in combination (72 hrs). No marked changes in 
E-cadherin are detected, while there is a significant 
reduction in N-cadherin in response to the combina-
tion treatment. B. Reveals the expression profile of 
AR and IGBP-3 in the cytosolic and nuclear fractions 
of prostate cancer cells after the various treatments. 
Subcellular fractionation was performed as in “Ma-
terials and Methods”. Western blots are each repre-
sentative of three independent experiments. Protein 
expression was assessed by densitometric analysis 
of band intensity (numerical values shown at the bot-
tom of blot).



EMT and prostate tumor resistance

195	 Am J Clin Exp Urol 2019;7(3):188-202

treated tumors compared to controls (*P < 
0.05). There was a significant reduction in num-
ber of apoptotic cells among the prostate tumor 
cell populations after treatment with DZ-50 
(100 mg/kg), indicating a marked induction of 
apoptosis, compared to vehicle controls (Figure 
4B; *P < 0.05).

To determine the impact of treatment with 
DZ-50 on the phenotypic landscape of the 
tumors in vivo, we next examined the EMT fea-

tures of the TRAMP prostate tumors, before 
and after treatment. Figure 5A, reveals charac-
teristic immunostaining images from profiling 
the EMT landscape in serial sections of the 
tumors, as well the expression of AR and 
IGFBP3 in prostate tumor specimens from 
TRAMP mice. Our findings show that in vivo 
exposure to DZ-50 leads to a considerable 
reduction in IGFBP-3 and N-cadherin, while it 
increases E-cadherin, indicating EMT conver-
sion to MET. Interestingly enough, DZ-50 exert-

Figure 4. Effect of DZ-50 on Prostate Tumor Growth Kinetics in TRAMP Model. Prostate tumors were surgically 
removed from TRAMP mice after 2 wks of treatment with DZ-50 (100 mg/kg/day). A. The average values of pro- 
state weight from 6-pairs of littermates (+/- SEM). B. Shows representative images of Ki-67 immunoreactivity 
(cell proliferation) and TUNEL (apoptosis) positive cells, in serial sections of prostate tumors derived from (20 wk- 
old) TRAMP mice in response to DZ-50 treatment. Magnification ×100, insert ×400. The numerical data from the 
quantitative analysis are shown on the left respectively. Scoring was performed as described in “Materials and 
Methods” in littermates (n=6). Quantitative analysis of Ki-67 immunoreactivity among the prostate tumor epithelial 
cells indicated a significantly lower proliferative index in prostate tumors from DZ-50 treated compared to controls 
(*P < 0.05). There was a significant increase in the number of apoptotic (TUNEL-positive) cells among the prostate 
tumor cell populations after DZ-50 treatment (100 mg/kg), compared to controls (untreated mice). Numerical data rep-
resent the average scoring of three fields per individual section, (assessed by two independent observers). Values 
represent the average +/- SEM (standard error of the mean). Statistically significant difference between groups is 
set at *P < 0.05.
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ed an effect on neither the immunoreactivity 
nor the localization of AR (Figure 5A). Profil- 
ing of cytokeratin-18, indicated a markedly 
increased expression after DZ-50 treatment, 
suggesting that the DZ-50 mediated reversal to 
MET among prostate tumor epithelial cells 
(TRAMP model) results in prostate tumor- re-
differentiation (Figure 5B). Previous work from 
our group identifying cofilin, the primary actin 
cytoskeleton regulator as a potential marker of 
radioresistance in human prostate cancer [25], 
prompted us to investigate the impact of DZ-50 
on cofilin expression in serial sections of pros-
tate tumors. As shown on Figure 5B, DZ-50 
treatment of TRAMP mice decreases cofilin 

immunoreactivity compared to prostate tumors 
from control mice.

Profiling the expression of IGBP3 in human 
prostate TMA tissue specimens consisting of 
normal prostate, benign prostate (BPH) and 
prostate cancer of increasing Gleason grade 
(Table 1), revealed a significant increase in 
IGFBP-3 levels in prostate cancer compared to 
normal or benign prostate (P < 0.01). Further- 
more a strong association between high IGBP-3 
expression with clinical tumor aggressiveness 
as well as prostate cancer recurrent after ADT 
(Figure 6A-C). We also found a significant cor-
relation between elevated IGFBP-3 levels with 

Figure 5. DZ-50 Promotes EMT-MET 
and Re-differentiation in Prostate 
Tumors in Vivo. A. Reveals repre-
sentative images of prostate tumor 
serial sections from untreated con-
trol and DZ-50 treated prostate tu-
mors stained with H&E, and assess-
ment of the expression of IGFBP3, 
E-cadherin, N-cadherin and the AR. 
B. Reveals characteristic patterns of 
expression of cofilin (the actin cyto-
skeleton organization effector) and 
cytokeratin-18 differentiation mark-
er among prostate tumor cells con-
sequential to treatment with DZ-50. 
(Magnification ×200, insert ×1000).
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Figure 6. Clinical Value of IGFBP3 as a Biomarker in Human Prostate Cancer. A. The human prostate cancer speci-
mens on the TMA were subjected to immunostaining profiling the IGFBP3 expression. Progression through through 
stage and grade, there was a significant increase in IGFBP3 levels; there was markedly higher expression detected 
in prostate tumor specimens from a patient who had received treatment with neoadjuvant ADT. (Magnification ×200, 
insert ×1000). B and C. Indicate the numerical analysis of IGFBP3 scoring in the human TMA. A significant increase 
in IGFBP3 levels was detected in prostate tumors with increasing Gleason grade compared to normal and BPH pros-
tate (P < 0.001). Elevated IGFBP3 levels were observed in prostate cancer specimens from recurrent disease after 
ADT. D. Reveals there was a significant increase in IGFBP3 expression among tumors from patients who exhibited 
both local and distant recurrence. E. Indicates that a significant increase in IGFBP3 levels is associated with poor 
survival and death of patients with prostate cancer (P < 0.001).

tumor recurrence and poor survival/lethal dis-
ease (Figure 6D and 6E, respectively).

TCGA analysis was performed to assess the 
association between IGFBP-3 expression and 

overall survival/recurrence of prostate canc- 
er patients. As shown on Figure 7A, IGFBP-3 
expression data and associated clinical infor-
mation from Nakagawa et al (n=596) (PLoS 
ONE, 2008), Setlur et al (n=363) (JNCI 20- 
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Figure 7. TCGA Analysis of IGBP3 Expression in Human Prostate Cancer Patient Cohorts. (A) Reveals IGFBP3 ex-
pression data and associated clinical information from Nakagawa et al (n=596), Setlur et al (n=363), Taylor et al 
(n=185), TCGA PRAD (n=498) were downloaded from Oncomine (https://www.oncomine.org/) or GDC (https://
portal.gdc.cancer.gov/projects/TCGA-PRAD). The Spearman’s correlation coefficient was calculated, to quantify the 
correlation between IGFBP3 expression and Gleason score. (B and C) Indicate Kaplan-Meier curves comparing 
patients’ survival/disease-free time between high and low IGFBP3 expression subgroups. The proportional hazards 
model was used to calculate the hazard ratio (HR) and its associated 95% CI. (D) Reveals the genomic analysis of 
IGFBP proteins (IGFBP1, IGFBP3, IGFBP4, IGFBP5, IGFBP6), using several cohorts of prostate cancer patients (MSKCC, 
TCGA, FH, Michigan, SU2C); there was no significant difference in IGFBP3 mRNA expression levels between primary and 
metastatic prostate tumors or therapeutic response to ADT (D).
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08), Taylor et al (n=185) (Cancer Cell 2010), 
TCGA PRAD (n=498) (Nature, 487: 330-337, 
2012) were downloaded from Oncomine 
(https://www.oncomine.org/) or GDC (https://
portal.gdc.cancer.gov/projects/TCGA-PRAD). 
The Spearman’s correlation coefficient was cal-
culated, to quantify the correlation between 
IGFBP-3 expression and Gleason score. Kaplan-
Meier curves and the log rank test were used to 
compare patient’s survival/disease-free time 
between high and low IGFBP-3 expression sub-
groups. The hazard ratio (HR) and its associat-
ed 95% CI was calculated using the propor- 
tional hazards model and identified a signifi-
cant correlation between IGFBP3 high expres-
sion levels and disease-free survival (Figure  
7B and 7C). Genomic analysis of IGFBP iso-
forms (including IGFBP3) using several coh- 
orts of prostate cancer patients (MSKCC, TC- 
GA, FH, Michigan, SU2C), showed no signifi- 
cant difference in IGFBP3 mRNA expression 
levels between primary and metastatic pros-
tate tumors or therapeutic response to ADT 
(Figure 7D).

Discussion

The cellular composition of the prostate tumor 
microenvironment is critical for progression to 
metastatic disease and patients’ prognosis  
and response to treatment [11, 29]. Emerging 
single cell tools can profile the individual cell 
types comprising the tumor ecosystem to 
reconstruct mechanisms of cell-cell interac-
tions that can potentially be targeted to over-
come therapeutic resistance [30]. There is rap-
idly growing interest in the phenotypic manipu-
lation of the EMT dynamic process towards 
overcoming therapeutic resistance in advanced 
metastatic cancer. Evidence by our team and 
other investigators supported the therapeutic 
targeting value of androgen and/or TGF-β regu-
lated EMT-MET interconversion in pre-clinical 
models of prostate cancer progression, with 
potential applications in clinical advanced dis-
ease [15, 28, 31].

This study demonstrates the ability of a novel-
quanizoline analogue, DZ-50, to overcome resi- 
stance to enzalutamide in human prostate can-
cer cells in vitro and in the TRAMP transgenic 
mouse preclinical model in vivo. The ability of 
DZ-50 to inhibit prostate cancer cell migration, 
shown here in the enzalutamide-resistant cells, 
is consistent with our previous characterization 

of the action of the drug in blocking prostate 
tumor migration and invasion via anoikis induc-
tion [21, 22]. The DZ-50 induced phenotypic 
reversal of EMT to MET, results in prostate 
tumor re-differentiation; importantly there was 
no apparent impact on AR expression or cellu-
lar localization by DZ-50. Profiling the expres-
sion of EMT markers revealed a marked reduc-
tion in N-cadherin driving an epithelial pheno-
type after treatment with DZ-50 in in vitro and 
in vivo prostate tumor models. These results 
support that phenotypic reversion of prostate 
tumor EMT to MET, consequential to DZ-50 
treatment, results in the acquisition of the well-
differentiated phenotype, ultimately overcom-
ing resistance to the antiandrogen. Indirect 
support for our findings stems from recent evi-
dence suggesting different mechanisms and 
responses utilized by prostate cancer cells in 
the acquisition of enzalutamide resistance. 
Beyond the canonical AR-mediated mecha-
nisms of resistance, a broader approach across 
several cell lines implicates a significant contri-
bution from non-AR mediated mechanisms [24, 
32, 33]. The present findings indicate DZ-50 
alone had no impact on cytosolic AR, but it 
decreased nuclear AR expression levels in the 
enzalutamide resistant prostate cancer cells 
(LNCaPER) to the same degree as in the enzalu-
tamide sensitive cells LNCaP. In the LNCaP-ER 
cells, enzalutamide decreased nuclear AR with 
no apparent effect on cytosolic AR levels. 
Interestingly, the combination treatment led to 
a further decrease of both cytosolic and nu- 
clear AR levels compared to DZ-50, or enzalu-
tamide alone. Treatment with enzalutamide (as 
single agent) decreased nuclear AR levels in 
both the LNCaP and LNCaP-ER cells (Figure 
3B). This downregulation of AR-protein cou- 
ld be due to protein degradation as recen- 
tly shown in response to other drugs [24], wi- 
thout involving changes in mRNA expression 
levels.

Our previous studies showed that TGF-β resis-
tant LNCaP cells exhibit higher sensitivity to 
DZ-50 compared to TGF-β responsive LNCaPT- 
βRII cells, implicating EMT in this temporal 
resistance to DZ-50 [23]. The present results 
provide proof-of principle that DZ-50 mediates 
(via TGF-β), conversion of prostate cancer cell 
EMT to MET by targeting IGFBP-3 in vitro and in 
vivo. In accord with recent studies supporting 
that TGFβ signaling engages the actin cytoskel-
eton via cofilin as the main driver to dictate 
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EMT and invasive properties in prostate cancer 
[34, 35], our original findings link targeting 
cofilin to acquisition of prostate tumor re-differ-
entiation by DZ-50. This is the first time that 
changes in the phenotypic landscape and the 
actin cytoskeleton induced by the novel agent 
DZ-50, were found to lead to tumor re-differen-
tiation and sensitization of advanced prostate 
tumors to the antiandrogen therapy. Identi- 
fication of the EMT effector IGFBP-3 as the pri-
mary target of DZ-50 (independent of AR) is of 
major translational significance, as overexpres-
sion of this protein correlates with poor clinical 
outcomes and disease recurrence in CRPC 
patients (Figure 7). Taken together with recent 
evidence suggesting that IGFBP-3 promotes 
TGFβ-mediated EMT and cell motility in other 
human cancer cells [36], our study supports a 
potential therapeutic value of IGFBP-3 as a tar-
get of DZ-50 towards the development of opti-
mized strategies in combination with enzalu-
tamide for the treatment of therapeutically 
resistant prostate cancer, as well as a predic-
tive value of IGFBP-3 in progression to recur-
rent disease.

In conclusion, the present study demonstrates 
that DZ-50 treatment-induced dramatic pheno-
typic alterations, dictate the interconversion of 
mesenchymal cells into epithelial cells enter- 
ing re-differentiation. These treatment-induced 
phenotypic changes sensitize prostate tumor 
cell populations, by compromising their surviv-
al, to overcome therapeutic resistance to anti-
androgens. Further exploitation of high-throu- 
ghput datasets interrogating multiple cellular 
functions in human prostate cancer specimens 
will enable identification not only of druggable 
signaling events, but also of predictive biomark-
ers, like IGFBP-3 for tailoring therapy optimiza-
tion towards personalized approaches for the 
treatment of patients with advanced prostate 
cancer.
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Table S1. List of antibodies used in the study
Antibodies Company
Rabbit polyclonal AR Antibody (N-20); sc-816 Santa Cruz Biotechnology, Santa Cruz, CA 
In Situ Apoptosis Detection Kit; S7100 Millipore, Billerica, MA
Rabbit polyclonal N-Cadherin antibody; ab18203 Abcam, Inc. Cambridge, MA 
Rabbit polyclonal Ki67 antibody; ab15580 Abcam, Inc. Cambridge, MA 
Rabbit polyclonal Smad4 antibody; ab40759 Abcam, Inc. Cambridge, MA 
Rabbit polyclonal TGFβ1 antibody; ab25121 Abcam, Inc. Cambridge, MA 
Rabbit polyclonal Cytokeratin 18 antibody; ab189444 Abcam, Inc. Cambridge, MA 
Rabbit polyclonal cofiln antibody; C8736 Sigma Life Science, St. Louis, MO
Rabbit monoclonal E-cadherin antibody; 3195S Cell Signaling Technology, Inc. Danvers, MA 
Rabbit monoclonal GAPDH antibody; 2118S Cell Signaling Technology, Inc. Danvers, MA 
Rabbit monoclonal H3 antibody; 4499S Cell Signaling Technology, Inc. Danvers, MA


