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Abstract

Prostate-specific membrane antigen (PSMA) is overexpressed in most prostate 
adenocarcinoma (AdPC) cells and acts as a target for molecular imaging. However, some 
case reports indicate that PSMA-targeted imaging could be ineffectual for delineation 
of neuroendocrine (NE) prostate cancer (NEPC) lesions due to the suppression of the 
PSMA gene (FOLH1). These same reports suggest that targeting somatostatin receptor 
type 2 (SSTR2) could be an alternative diagnostic target for NEPC patients. This study 
evaluates the correlation between expression of FOLH1, NEPC marker genes and SSTR2. 
We evaluated the transcript abundance for FOLH1 and SSTR2 genes as well as NE markers 
across 909 tumors. A significant suppression of FOLH1 in NEPC patient samples and AdPC 
samples with high expression of NE marker genes was observed. We also investigated 
protein alterations of PSMA and SSTR2 in an NE-induced cell line derived by hormone 
depletion and lineage plasticity by loss of p53. PSMA is suppressed following NE induction 
and cellular plasticity in p53-deficient NEPC model. The PSMA-suppressed cells have more 
colony formation ability and resistance to enzalutamide treatment. Conversely, SSTR2 
was only elevated following hormone depletion. In 18 NEPC patient-derived xenograft 
(PDX) models we find a significant suppression of FOLH1 and amplification of SSTR2 
expression. Due to the observed FOLH1-supressed signature of NEPC, this study cautions 
on the reliability of using PMSA as a target for molecular imaging of NEPC. The observed 
elevation of SSTR2 in NEPC supports the possible ability of SSTR2-targeted imaging for 
follow-up imaging of low PSMA patients and monitoring for NEPC development.
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Introduction

The main treatment protocol for patients suffering from 
castration-resistant prostate cancer (CRPC) is androgen 
receptor pathway inhibition (ARPI). Selection pressure 
and lineage plasticity of ARPI can lead to neuroendocrine 
(NE) differentiation of prostate adenocarcinoma (AdPC), 
promoting the more prevalent subtype of CRPC, 
which is termed treatment-induced neuroendocrine 
prostate cancer (NEPC) (Davies et  al. 2018). It has been 
speculated that mutations in lineage regulators such as 
retinoblastoma 1 (Rb1) and tumor protein 53 (p53) could 
also pave the way of ARPI to confer AdPC lineage plasticity 
and development of NEPC (Chen et al. 2018).

Due to the presumed androgen receptor (AR) 
negativity of NEPC tumors, treatment options are 
restricted to platinum- and cisplatin-based combinations 
and median survival of NEPC patients is much lower than 
patients with AdPC (Vlachostergios & Papandreou 2015). 
Early identification of NEPC and novel targeting options 
could be beneficial. The transmembrane protein prostate-
specific membrane antigen (PSMA) is an appealing 
target for molecular imaging and therapy of AdPC since 
it is overexpressed in a majority of AdPC tumors and 
metastatic lesions (Rai et  al. 2016). Targeting PSMA is 
feasible by a wide variety of radioligands (Kopka et  al. 
2017, Rowe et al. 2017, Jadvar & Ballas 2018). The PSMA 
ligands can also be labeled with therapeutic radionuclides 
which can irradiate PSMA-expressing cells (Boegemann 
et al. 2017). Despite the positive implications of PSMA for 
many forms of advanced AdPC there are clinical reports 
supporting that PSMA-targeted imaging is not able to 
delineate NEPC tumors (Parimi et al. 2014, Chakraborty 
et al. 2015, Sheikhbahaei et al. 2017, Tosoian et al. 2017, 
Usmani et al. 2017). In four specific cases, NEPC patients 
did not show substantial PSMA-radioligand uptake, in one 
case, this was described due to a downregulation of PSMA 
(Chakraborty et al. 2015, Tosoian et al. 2017, Usmani et al. 
2017, Parida et al. 2018). To date, the relevance of these 
clinical reports has not been investigated.

NEPC tumors express common markers such as 
neuron-specific enolase (NSE; gene ENO2), chromogranin 
A (CHGA) and synaptophysin (SYP) (Parimi et  al. 
2014). NEPC is associated with the loss of RE1-silencing 
transcription factor (REST) due to alternate splicing 
by the RNA splicing factor serine/arginine repetitive 
matrix 4 (SRRM4). We revealed that SRRM4 plays a key 
role in transdifferentiation of AdPC to NEPC under 
ARPI (Li et al. 2017). The somatostatin receptor subtype 
2 (SSTR-2) is prevalent in the majority NE tumors and 

DOTATOC and DOTATATE radioligands with affinity 
to SSTR are radiotracers for delineation of NE tumors 
(Poeppel et al. 2011). Recently, Gofrit et al. suggested that 
68Ga-DOTATATE might be a potential option for NEPC 
imaging (Gofrit et  al. 2017). Interestingly, Usmani et  al. 
compared 68Ga-PSMA vs 68Ga-DOTA in a NEPC patient 
and reported that the NEPC tumor and metastatic lesions 
have avid uptake of 68Ga-DOTA while the 68Ga-PSMA 
uptake was faint and inconclusive (Usmani et al. 2017).

In this study, we use bioinformatic datasets, cell lines 
and patient-derived xenograft (PDX) models to study the 
correlation between expression of the PSMA gene, FOLH1, 
NE biomarkers and SSTR2. This work supports that NEPC 
tumors have a distinct PSMA-suppressed signature and 
demonstrate the possibility that SSTR2-targeted imaging 
could be an alternative diagnostic target for this aggressive 
form of prostate cancer.

Materials and methods

Cell lines and cell culture

The LNCaP and DU-145 cell lines were purchased from 
ATCC. The high passage LNCaP cell line (LNCaP-HP) 
was a generous gift from Dr Dora Cavallo-Medved of 
University of Windsor. LNCaP and LNCaP-HP cells were 
grown in RPMI-1640 in the presence of 10% fetal bovine 
serum (FBS). DU-145 cells were grown in Eagle’s minimum 
essential medium (E-MEM) supplemented with 10% FBS. 
For induction of NE transdifferentiation, LNCaP cells 
were cultured in RPMI-1640 medium with 10% charcoal-
stripped serum (CSS) over ten passages during 4  weeks. 
LNCaP cells were cultured in RPMI medium supplemented 
with 10% CSS when treated with 10 µM enzalutamide 
(ENZ) from Selleckchem (Houston, TX, USA).

Plasmids and infection

Small hairpin RNA (shRNA)-based p53 knockdown was 
attained by transducing LNCaP cells with p53 shRNA 
lentiviral particles and transduction control cells were 
produced by using control shRNA lentiviral particles. 
pLKO1 shp53-targeting shRNA (Addgene, #19119) 
(MOI = 8) and pLKO1-control (Addgene, #8453) as an 
empty backbone were gifts from Dr Bob Weinberg of 
Massachusetts Institute of Technology. The lentiviral 
production was previously described (Al Sorkhy et al. 2012). 
Overall, 10,000 cells were seeded in fully supplemented 
growth media in 24-well plates for 24 h. Cells were starved 
by removing serum from the media, followed by the use 
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of 1 mg/mL polybrene (Santa Cruz, sc-134220) and MOI 3 
of the specific vector used. Infected media was changed to 
fully supplemented media 24 h after infection. Cells were 
incubated with 1 mg/mL puromycin (Sigma, P8833) 48 h 
after infection for 72 h to allow for puromycin selection. 
Media is thereafter changed every 48 h with puromycin 
included. The isolated single-cell clones were cultured in 
RPMI medium supplemented with 10% CSS.

Immunoblotting and immunocytochemistry

Immunoblotting and immunocytochemistry techniques 
were described previously (da Silva et  al. 2016, Li et  al. 
2017). In brief, cells were lysed in TNE buffer (50 mM 
Tris, 150 mM NaCl, 5 mM EDTA) with protease inhibitors 
(leupeptin 2 µg/mL, aprotinin 5 µg/mL, PMSF 100 µg/mL). 
Protein concentrations were assessed using the Bradford 
assay and equal amounts of protein were analyzed 
using SDS-PAGE and transferred to PVDF membranes. 
Membranes were blocked for 1 h at room temperature in 
1% BSA and incubated in primary antibody overnight at 
4°C, followed by secondary at a concentration of 1:10,000 
for 1 h at room temperature. Visualization was conducted 
using chemiluminescent peroxidase substrate (Pierce) as 
per manufacturer’s instructions. Images were captured on 
Alpha Innotech HD 2 using AlphaEase FC software.

For immunocytochemistry, primary antibodies were 
diluted in 3% BSA-0.1% Tween-20 in 1× PBS and used 
at a concentration of 1:200. Secondary antibodies were 
used at a concentration of 1:750. Slides were imaged using 
the LEICA DMI6000 inverted microscope with LAS 3.6 
software.

Actin antibody was purchased from Chemicon-
Millipore (MAB150 1R). PSMA (D4S1F) was purchased 
from Cell Signaling (12702). The secondary rabbit and 
mouse antibodies were purchased from Sigma. SSTR2  
(sc-365502), AR (sc-518), NSE (sc-271384) and p53  
(sc-53394) were obtained from Santa Cruz Biotechnology.

Cell proliferation assay

Cell proliferation assay was conducted by plating 20,000 
LNCaP cells per well of a 24-well cell culture plate in 500 µL 
of RPMI medium supplemented with 10% CSS and treated 
with vehicle control (DMSO) or enzalutamide (10 µM) for 
6  days. Cell numbers were counted using trypan blue 
exclusion and using a hemocytometer; counts were also 
verified using a TC10 automated cell counter (Biorad).

Colony formation assay

To evaluate the anchorage-independent ability of LNCaP 
cells with different levels of PSMA, the colony formation 
assay was used. LNCaP cells were seeded in six-well 
plates at a concentration of 2500 cells per well. They 
were then cultured for 1  week in RPMI supplemented 
with CSS, followed by treatment for one more week with 
vehicle control (DMSO) or enzalutamide (10 µM). The 
cell colonies were fixed with 4% paraformaldehyde and 
stained with crystal violet (Sigma-Aldrich). Colonies were 
photographed and scored via NIH ImageJ software.

Neurite length measurement and statistical analysis

Neurite length for each separate cell was measured 
by manual tracing and determined using NIH ImageJ 
software as previously described (Ding et  al. 2015). The 
neurites were defined as a process with lengths equivalent 
to one diameters of a cell body. The percentage of neurite-
bearing cells was calculated from the total number of 
counted cells (n = 3, ~1000 cells measured).

Quantitative real-time PCR analysis

RNA was isolated using Qiagen RNeasy Plus Mini Kit as 
per manufacturer’s instructions. cDNA was synthesized 
using Superscript II (Invitrogen) as per manufacturer’s 
instructions. SYBR Green detection (Applied Biosystems) 
was used for real-time PCR and was performed and analyzed 
using Viia7 Real-Time PCR System (Life Technologies) and 
software. The primers used are listed on Supplementary 
Table 1 (see section on supplementary data given at the 
end of this article).

In silico dataset

Using Human Protein Atlas (www.proteinatlas.org) (Thul 
et  al. 2017, Uhlen et  al. 2017), cBioPortal web-portal 
(http://cbioportal.org) (Gao et al. 2013) and the web-portal 
UALCAN (Chandrashekar et  al. 2017), we evaluated the 
transcript abundance for PSMA gene (FOLH1), prostate-
specific antigen (PSA) gene (KLK3), four well-known NE 
biomarker genes including NSE gene (ENO2), CD56 gene 
(NCAM1), synaptophysin gene (SYP), chromogranin A 
gene (CHGA).

Cambridge Carcinoma of the Prostate App (http://
bioinformatics.cruk.cam.ac.uk/apps/camcAPP) as a 
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multiple AdPC genomic datasets was used in this 
study (Dunning et  al. 2017). The web-portal UALCAN 
(Chandrashekar et al. 2017) was also used which focuses 
on TCGA level 3 RNA-seq and clinical data from 31 cancer 
types. We analyzed relative expression of genes across 
AdPC tumors and normal samples, based on Gleason 
grading system using this resource. In addition, we used 
the Beltran dataset (Beltran et al. 2016) including 34 AdPC 
samples from 33 patients and 15 NEPC samples from 10 
patients. Table 1 provides an overview of the datasets used 
in analysis.

The expression of PSMA protein was examined in a 
variety of organs using the Human Protein Atlas (www.
proteinatlas.org). Two anti-PSMA antibodies including 
HPA010593 (Sigma-Aldrich) and CAB001451 (Novocastra) 
were used for visualization and measurement of PSMA in 
all major tissues and organs (n = 45) in the human body, 
supplemented with RNA-sequencing data for 31 tissues. 
The same antibodies used for immunohistochemistry 
images of AdPC tissues in different stages and each 
annotated by pathologists (Thul et al. 2017, Uhlen et al. 
2017).

The survival data and pairwise-correlations of 
gene expression

The specialized web interface, Cambridge Carcinoma of 
the Prostate App (http://bioinformatics.cruk.cam.ac.uk/
apps/camcAPP/) as a source for multiple AdPC genomic 
datasets was used in this study (Dunning et  al. 2017). 
Table 1 provides an overview of the datasets used in this 
analysis (Taylor et al. 2010, Ross-Adams et al. 2015). The 
Cambridge (Ross-Adams et al. 2015) cohort involved 358 
fresh frozen samples from 156 patients comprising; 125 
primary prostate cancer from radical prostatectomy with 
matched benign tissue, 64 matched germline genomic 
DNA (gDNA), 19 CRPC from channel transurethral 

resection of the prostate, 13 with matched germline gDNA, 
and 12 independent benign samples from holmium laser 
enucleation of the prostate. The camcAPP was used for 
recursive partitioning-based survival analysis and Kaplan–
Meier plots, pairwise-correlations of gene expression and 
heatmaps of gene expression data.

Survival data and heatmaps were generated using 
camcAPP, which is implemented in R code as a Shiny 
application (Dunning et  al. 2017). Kaplan–Meier 
biochemical relapse-free survival plots were generated 
using a recursive partitioning analysis named unbiased 
recursive partitioning (Hothorn et  al. 2006). This 
conditional inference framework was used to determine 
if the samples could be split into groups based on the 
expression data from each of the genes of interest. The 
algorithm tailored for our case can be described as follows: 
a statistical test of independence was run between gene 
expression levels and the survival times. When the  
P value of initial test of independence (ITI) was found to 
be less than 0.05, an optimal cutoff point was determined 
in the expression data such that a weighted log-rank 
statistic (a loss function based on log-rank) comparing the 
two groups resulting from dividing the sample of patients 
by the cutoff point would be maximized. Afterward, 
the samples were split at the optimal cutoff point on 
the expression scale and represented as a log-rank 
comparing those two groups. When the algorithm did 
not confirm dependence between survival times and gene 
expression, we split samples into two groups based on 
median expression level of the gene. In the cases with ITI  
P values more than 0.05, we are unable to state a definitive 
relationship between the expression of the gene and 
survival. The value quoted on the Kaplan–Meier plots of 
this manuscript indicate where the recursive partitioning 
algorithm has found two distinct groups of samples 
as high and low expression levels and the log-rank test 
was employed to identify statistical difference between 

Table 1 An overview of the prostate cancer datasets used in this study.

Dataset name Source
 
Platform: gene expression

 
Platform: copy number

Sample size and 
tumor type

Cambridge 2015 Ross-Adams et al. (2015) Illumina HT12 Illumina Omni 2.5 125 Primary
19 Advanced 

MSKCC 2010 Taylor et al. (2010) Affymetrix Human 1.0 ST Agilent 244k 109 Primary
19 Advanced

Michigan 2012 Grasso et al. (2012) Agilent Whole Human 44k Agilent 105k/244k 59 Primary
32 Advanced

TCGA for prostate 
cancer

UALCAN (Chandrashekar et al. 2017) Illumina Illumina HiSeq 2000N 497 Primary

Beltran 2016 Beltran et al. (2016) Agilent 2100 Illumina HiSeq 34 AdPC
15 NEPC
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the high and low expressing groups. Pearson correlation 
was used for pairwise-correlations of the studied gene 
expression analysis.

Animals and PDX models

Fresh AdPC or NEPC tissues from patients were grafted 
under the kidney capsules of non-obese diabetic/severe 
combined immunodeficient (NOD/SCID) mice. This study 
followed the ethical guidelines stated in the Declaration of 
Helsinki, specimens were obtained from patients with their 
informed written consent approved by the Institutional 
Review Board of the University of British Columbia (UBC). 
Animal care and experimental procedures were carried 
out in accordance with the guidelines of the Canadian 
Council on Animal Care (CCAC) under the approval of 
the Animal Care Committee of the UBC.

The expression of the PSMA gene in five AdPC PDX 
models (LTL-313-B, LTL-313-B-R, LTL-418, LTL-418-R 
and LTL-331-7) and two NEPC PDX models (LTL-331-7-R  
and LTL-352) was studied by real-time PCR analysis. 
Transcription of FOLH1 and SSTR2 genes in 18 PDX 
models including three NEPC models were analyzed. 
Transcriptomic analysis for all PDX models, with the 
exception of the LTL331-331R castration time-series 
samples, was achieved by GE 8 × 60 K microarray and 
transcriptomic analysis of the LTL331-331R time-series 
performed using RNA-sequencing data (Akamatsu et  al. 
2015, Ci et  al. 2018). We previously characterized and 
validated these models as having AdPC and NEPC mRNA 
and protein signatures (Li et al. 2017, Lin et  al. 2014, 
Nabavi et al. 2017).

Statistical analysis

All of the in vitro experiments were performed in triplicates 
and repeated three times. All in vitro and in vivo results are 
expressed as the mean ± standard error of the mean (s.e.m.). 
In the box whisker plots, the line inside each box is the 
median, upper box border represents the 75th quartile, 
lower box border represents the 25th quartile and whiskers 
represent the range. Statistical analysis was done using 
the GraphPad Prism 5.01 software (GraphPad Software). 
Differences between the two groups were compared by 
unpaired Student’s t-test. One-way ANOVA followed by a 
Benjamini–Hochberg, Tukey or Newman–Keuls multiple 
comparison test was used to compare differences among 
multiple groups. The false discovery rate (FDR) less than 
0.05 considered as significant in Benjamini–Hochberg 

adjustment. The levels of significance were set at P < 0.05 
as *, P < 0.01 as ** and P < 0.001 as ***.

For quantification of FOLH1 heatmaps, −0.5 < Z-score 
and +0.5 > Z-score are considered as suppression and 
amplification thresholds. The percent of patients 
with suppression (Z-score ≤ −0.5), no alteration 
(−0.5 < Z-score < +0.5) and amplification (Z-score ≥ +0.5) 
of FOLH1 in each group of samples were calculated. 
Total number of patients with amplification of the 
gene of interests were counted and set as the maximum 
value. Of the maximum value patients, those who 
were co-upregulated with FOLH1 were categorized as 
‘Amplification’, while those whose FOLH1 status did not 
change or was downregulated were categorized as ‘No 
Alteration’ and ‘Suppressed’ respectively. The values for 
all three categories were then divided by the maximum 
value and graphed under their respective categories.

Results

High-grade CRPC has inconsistent expression of the 
PSMA gene (FOLH1)

FOLH1 expression was highly upregulated in prostate tissue 
and relatively upregulated in both the hippocampus and 
salivary gland (Supplementary Fig. 1A). Similarly, protein 
level of PSMA was higher in prostate tissue than all other 
organs and tissues. Only the kidney, small intestine and 
duodenum reached medium levels of protein expression 
(Supplementary Fig.  1B). As compared to a spectrum of 
other cancer types (Gao et  al. 2013), FOLH1 is highly 
amplified in AdPC (Supplementary Fig.  2A). AdPC 
patients with amplification in FOLH1 have a significant 
poorer survival rate in MSKCC (Taylor et al. 2010) dataset 
(Supplementary Fig. 2B). Similarly, the Cambridge (Ross-
Adams et al. 2015) dataset displayed differential outcomes 
for men with low vs high FOLH1 expression (log-rank 
P = 0.047); however, the initial test of independence shows 
no significance and hence conclusions cannot be drawn 
from this dataset (ITI P = 0.31).

With the aim of exploring PSMA gene levels during 
progression of AdPC to clinically relevant CRPC, the 
Michigan and Cambridge datasets were used and gene 
expression levels studied (Fig. 1A and B). The Michigan 
dataset (Grasso et  al. 2012) showed that there is an 
expected rise from normal to AdPC tissue in expression 
of FOLH1, but there was no statistically significant 
difference between hormone-responsive AdPC and 
CRPC tumors (Fig.  1A). A cluster of samples with very 
low expression of the PSMA gene is observable in CRPC 
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samples. Similarly, Fig.  1B illustrates an increase from 
benign to hormone-responsive tumor in the expression of 
FOLH1 in the Cambridge dataset and, interestingly, there 
was a significant drop in expression when transitioning 
to CRPC. To further explore this inconsistency, we 
evaluated the expression of FOLH1 by Gleason grading 
score (Fig.  1C) in TCGA dataset (Chandrashekar et  al. 
2017). From benign tissue (normal) to Gleason score 
(GS) 8 FOLH1 levels steadily increase and then they 
remain unchanged between the transition from 8 to 9. 
Samples with GS of ten showed no significant elevation in 
comparison with the normal samples. While the sample 
size (n = 4) prevents definitive conclusions for GS 10, the 
observed fall in FOLH1 expression supports the possibility 
of a suppression in high-grad AdPC. Collectively, this led 
us to conclude that expression of FOLH1 in high-grade 
CRPC is variable and that there is a need to question 
whether FOLH1 expression and PSMA protein levels 

are effective in determining progression to the highest  
grades of AdPC.

An inverse correlation between the expression of 
FOLH1 and common NE biomarker genes

Figure  1D shows the mean expression levels of FOLH1, 
PSA gene (KLK3) and NE marker genes over 144 patients. 
As we expected, KLK3 and FOLH1 expression had a direct 
correlation where 49% of patients with amplified KLK3 also 
showed an amplification of FOLH1 (Fig. 1E). In contrast, 
an inverse correlation between FOLH1 and NE biomarker 
gene expression was identified. Particularly, suppression 
of FOLH1 was observed in 65 and 53% of patients who 
were overexpressing the NE genes ENO2 and NCAM1, 
respectively. The numbers of patients with amplification of 
genes of interest based on level of FOLH1 gene expression are 
presented on Supplementary Table 2. In Fig. 1F, G, H, I and J,  

Figure 1
Expression of PSMA at varying grades of CRPC. (A and B) Box-whisker plots showing the expression of FOLH1 gene in three different classes of samples 
from (A) Michigan (Grasso et al. 2012) and (B) Cambridge (Ross-Adams et al. 2015) datasets. (C) The expression of FOLH1 during progression of AdPC 
based on Gleason score from TCGA dataset generated by web-portal UALCAN (Chandrashekar et al. 2017). One-way ANOVA followed by unpaired t-tests 
were performed with Benjamini–Hochberg adjustment for multiple test correction; **P < 0.01 and ***P < 0.001, n.s.: no significant. (D) Heatmap plot of 
the mean expression levels of FOLH1, PSA gene (KLK3) and four major clinically significant NE marker genes including among patients of Cambridge 
(Ross-Adams et al. 2015) datasets. (E) Percent of patients with suppression (Z-score ≤ +0.5), no alteration (−0.5 < Z-score < +0.5) and amplification 
(Z-score ≥ +0.5) of FOLH1 in each group of samples. (F, G, H, I and J) Pairwise correlations of the studied gene expression and Pearson correlation analysis 
from Cambridge (Ross-Adams et al. 2015) datasets. A full-colour version of this figure is available at https://doi.org/10.1530/ERC-18-0226.
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this relationship was further characterized through the 
use of a Pearson correlation. On Fig. 1G and H, a strong 
inverse correlation between FOLH1 and ENO2 and NCAM1 
is prevalent (r = −0.46 and −0.33), while correlation between 
FOLH1 and the other NE markers was not significant. 
Figure 1F shows there was a significant direct correlation 
between FOLH1 and KLK3 genes (r = 0.41). Supplementary 
Table  3 provides confidence interval (CI) parameters of 
these gene correlations. Supplementary Figure 3 shows the 
mean expression levels of FOLH1, NE genes, AR and AR 
target genes. Similar to the PSA gene (KLK3), AR and some 
other AR target genes such as KLK2, FKBP5, CAMKK2 and  
NKX3-1 are also inversely correlated with FOLH1 
expression. The overall regression analysis led us to 
conclude that PSMA and NE biomarkers are inversely 
correlated.

Treatment-induced NEPC correlates with 
PSMA suppression

Previously we showed SRRM4 can induce NEPC in patients 
treated by ARPI through compromising the function 
of genes such as REST (Li et  al. 2017). The elevation of 
SRRM4 and the loss of REST are indicators of treatment-
induced NEPC. Figure 2A and B show that when SRRM4 

is amplified FOLH1 is highly suppressed and, conversely, 
when REST is amplified FOLH1 is amplified. Specifically, 
the suppression of FOLH1 was observed in 57% of patients 
who were overexpressing SRRM4, while only 15% of 
patients who were overexpressing REST had suppression 
of FOLH1.

As summarized on Table 1, Beltran dataset (Beltran et al. 
2016) patient samples are histologically characterized as 
AdPC and NEPC. Figure 2C shows NEPC has significantly 
lower expression of FOLH1 (P < 0.001) as compared to 
AdPC. Following this we analyzed the association between 
FOLH1 and SRRM4 expression in NEPC samples and 
found that a significant (P = 0.011) inverse correlation was 
present between the two biomarkers (r = −0.358) (Fig. 2D). 
Also, Fig.  2E shows FOLH1 directly correlated to REST 
expression (r = 0.561). The relationship of SRRM4 and REST 
to FOLH1 collectively supports that treatment-induced 
NE transdifferentiation correlates with suppressed PSMA 
gene expression.

An inverse correlation between the expression of 
FOLH1 and SSTR2

The heatmap plot in Fig.  3A displays NE marker genes 
clustered together at the top which showed less difference 

Figure 2
Analysis of FOLH1, SRRM4 and REST in tumor 
datasets. (A) The heatmap plot of the mean 
expression levels of FOLH1, SRRM4 and REST genes 
among patients of Cambridge dataset (Ross-
Adams et al. 2015). (B) The percent of patients 
with suppression (Z-score ≤ +0.5), no alteration 
(−0.5 < Z-score < +0.5) and amplification 
(Z-score ≥ +0.5) of FOLH1 in each group of 
samples. (C) The comparison of FOLH1, SRRM4 and 
REST expressions between AdPC and NEPC 
samples of Beltran dataset (Beltran et al. 2016). 
Error bars reflect s.e.m. and Student’s t-test was 
performed. (D, E) The relationship between FOLH1 
and SRRM4 levels in NEPC samples in Beltran 
dataset (Beltran et al. 2016) by Pearson 
correlation analysis. A full-colour version of this 
figure is available at https://doi.org/10.1530/
ERC-18-0226.
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while SSTR2 and FOLH1 represented the largest difference; 
consequently, Fig. 3B demonstrates that more than 61% 
of patients with amplified SSTR2 are FOLH1 suppressed. 
Figure  3C and Supplementary Table  3 show a modest 
inverse correlation between SSRT2 and FOLH1 (r = −0.50). 
Figure 3D shows that from benign tissue (normal) to GS 
of 9, FOLH1 is suppressed while there is an evidence of 
a two-fold increase in the expression of SSTR2 at GS of 
10 (P < 0.05). SSRT2 level in NEPC sample showed no 
suppression (Fig.  3E). This led us to conclude that the 
observed suppression of FOLH1 could be accompanied by 
SSTR2 gene overexpression at high-grade CRPC.

NEPC-like patients have significantly worse survival 
rates than non-NEPC-like patients

Kaplan–Meier survival curves studying high and low 
expression levels of the PSA gene, KLK3, fail to reveal 
any consistent correlation with patient survival over two 
different datasets (Fig.  4A and Supplementary Fig.  4A). 
SSTR2 and NE genes including ENO2 and NCAM1 

did not correlate with a difference in BCR (Fig.  4B, D, 
H and Supplementary Fig.  4B, D, H). Figure  4E and 
Supplementary Fig. 4E show that high expression of SYP 
was associated with decreased relapse-free survival (poor 
outcome) in both of studied datasets (log-rank P < 0.05). 
High expression of CHGA was also correlated with poor 
outcome in MSKCC (Taylor et al. 2010) dataset (Fig. 4C). 
Similarly, Kaplan–Meier analysis of CHGA in Cambridge 
(Ross-Adams et al. 2015) dataset showed clear partitioning 
for men with low vs high CHGA expression (log-rank 
P = 0.025); however, the initial test of independence was 
not significant and hence no conclusion can be drawn 
from this dataset (ITI P = 0.28).

The evaluation of treatment-induced NEPC, SRRM4, 
showed the SRRM4 high group had a significantly (log-
rank P = 0.046) poorer prognosis than SRRM4 low group 
(Fig. 4F). This trend continued with its downstream target, 
REST; where REST high group had a significantly (log-rank 
P = 0.0056) better prognosis than REST low group (Fig. 4G).

The relationships observed in MSKCC (Taylor et  al. 
2010) dataset were not consistently observed in the 

Figure 3
Correlative analysis of FOLH1 with SSRT2 and NE genes. (A) The heatmap plot of the mean expression levels of FOLH1, NE genes and somatostatin 
receptor-2 gene (SSTR2) expression among patients of Cambridge dataset (Ross-Adams et al. 2015) (method to calculate distances is euclidean). (B) The 
percent of patients with suppression (Z-score ≤ +0.5), no alteration (−0.5 < Z-score < +0.5) and amplification (Z-score ≥ +0.5) of FOLH1 in each group of 
samples. (C) Pairwise correlation of treatment-induced gene expressions and Pearson correlation analysis from Cambridge dataset (Ross-Adams et al. 
2015). (D) The expression of SSTR2 during progression of AdPC based on Gleason score from TCGA dataset generated by web-portal UALCAN 
(Chandrashekar et al. 2017). One-way ANOVA followed by a t-test was performed with Benjamini–Hochberg adjustment for multiple test correction; 
**P < 0.01 and ***P < 0.001, n.s.: no significant. (E) The comparison of SSTR2 expressions between AdPC and NEPC samples of Beltran dataset (Beltran 
et al. 2016) Error bars reflect s.e.m. and Student’s t-test was performed. A full-colour version of this figure is available at https://doi.org/10.1530/
ERC-18-0226.
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Cambridge (Ross-Adams et al. 2015) dataset. Results found 
non-significant in the Cambridge dataset do not prove 
that there is no relationship with survival for those genes, 
but this inconsistency provides evidence that the effects 
of several genes on survival are not clear-cut.

In all, the trends in Kaplan–Meier survival curves 
in Fig.  4 and Supplementary Fig.  2B, C imply that NE 
markers, especially treatment-induced NEPC, could be 
clinically significant in determining survival rating and 
correlate with poorer prognosis. Further examination into 
FOLH1 and KLK3 is required before a definitive correlation 
can be made for these genes.

PSMA suppression and SSTR2 overexpression in 
NE-induced AdPC cell line

The levels of PSMA, SSTR2, AR and NSE were measured 
in three different cell line models representing androgen-
sensitive AdPC, CRPC and NEPC (Fig. 5A and B). LNCaP 
cell line as an AR-positive cell line has wild‐type p53, and 
it is considered a typical model for androgen-sensitive 
AdPC (Chen et al. 2018). In addition, LNCaP-HP as a high 
passage LNCaP cell line could be a model of CRPC due to its 
androgen insensitivity while it has positivity for AR (Unni 
et al. 2004). AR-negative DU145 cells, suggested to be used 
as a NEPC model, contain two different point mutations 
in the TP53 gene (Phe223Leu and Val274Phe), one on 
either allele, producing nonfunctional protein product 
(Chappell et  al. 2012, Li et  al. 2016). Figure  5B shows  

the level of NSE as a NE marker has continuous elevation 
from AdPC to NEPC. AdPC and CRPC in vitro models 
are AR and PSMA positive while NEPC models are PSMA 
and AR negative. SSTR2 has significantly higher level in 
DU145 model.

To examine the impact of NE transdifferentiation of 
AdPC on PSMA levels we used the LNCaP cell line which 
mimics the phenotype of NEPC cells when maintained 
overtime in steroid-reduced conditions (Zelivianski et al. 
2001). LNCaP cells maintained in 10% CSS for 1 month 
have an altered phenotype compared to control cells 
maintained in 10% FBS (Fig.  5C). Almost 75% of the 
CSS-treated LNCaP cells (LNCaP-CSS) extended neurites, 
whereas less than 10% of control or LNCaP-FBS cells bore 
neurites (Fig.  5D). Additionally, both the mean length 
of the longest neurite and the total neurite length were 
significantly increased in LNCaP-CSS cells compared 
with the LNCaP-FBS (Fig. 5E and F). These observations 
indicate that LNCaP growth conditions can play the role 
of in vitro models for AdPC and NEPC. The western blot 
assay (Fig. 5G and H) demonstrated that SSTR2 and NSE 
as a NE marker protein are expressed at a higher level in 
the LNCaP-CSS cell line. In contrast, PSMA, AR and p53 
proteins have a significant decline. Immunofluorescence 
microscopy of LNCaP cell lines supports western blot data 
(Fig. 5I, J, K and L). Collectively, these data demonstrate 
that LNCaP-CSS are differentiating toward a NE phenotype 
and that this occurs coincidentally with a decrease in 
PSMA and AR levels.

Figure 4
The probability of freedom from biochemical recurrence (BCR) of prostate cancer patients grouped according to the gene expression levels. Kaplan 
Meyer survival curves for high and low expression levels of (A) KLK3, (B) ENO2, (C) CHGA, (D) NCAM1, (E) SYP, (F) SRRM4, (G) REST, (H) SSTR2 genes generated 
by MSKCC (Taylor et al. 2010). A full-colour version of this figure is available at https://doi.org/10.1530/ERC-18-0226.
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Development of ENZ resistance following a  
p53-dependent suppression of PSMA

Treatment of LNCaP cell line with ENZ (10 µM) resulted 
in an increase in PSMA protein levels in medium 
containing either FBS or CSS (Fig.  6A and B). AR levels 
show no significant alteration under these conditions. 
Treatment with ENZ in medium supplemented with 
CSS had an increase in levels of NSE. This experiment, 

and previously reported data, supports that short-term 
exposure of LNCaP cell lines to either ENZ treatment 
or serum removal cannot be a viable approach to make 
a clinically relevant PSMA-suppressed in vitro model of 
AdPC with NE features. Recently, it had been reported 
that p53 knockdown could lead to suppression of luminal 
markers and overexpression of basal and NE markers (Li 
et al. 2017, Mu et al. 2017). Figure 6C and D shows p53 
knockdown of LNCaP cells in a medium supplemented in 

Figure 5
Analysis of PSMA and SSTR2 in a NEPC induced cell line. (A and B) Western blot analyses of protein level of PSMA, SSTR2, AR, NSE and p53 in 3 different 
prostate cancer cell line models. (A) Immunoblotting (B) diagram showing the relative density of protein levels. (C) Representative photos of control (left) 
and CSS-treated (right) LNCaP cells stained with Hoechst. Scale bar: 50 μm. (D, E and F) Neurites were studied under an inverted microscope: (D) % of cells 
with neurites counted over 3 fields of view over 3 separate experiments. (E) Neurites were measured using ImageJ software and longest neurite 
calculated. (F) Average neurite. (G, H, I, J, K and L) LNCaP cells are treated with either FBS or CSS as indicated and level of PSMA, SSTR2, AR, NSE and p53 
were detected by (G and H) immunoblotting and (I, J and K) immunocytochemistry. (L) Data are quantified using ImageJ software. Stat: Error bars reflect 
s.e.m. between three separate experiments. The data were analyzed by either Student’s t-test or one-way ANOVA followed by a Tukey’s multiple 
comparison tests; **P < 0.01 and ***P < 0.001.
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CSS for 6 days causes suppression AR and PSMA. DU145 as 
an AR- and PSMA-negative cell line has a significant higher 
level of NSE (P < 0.01). Due to overexpression of NSE and 
suppression of PSMA, we used the p53-knockdown cell 
line as a model of low-PSMA cancer with NE features for 
the next steps of our experiments. The LNCaP cell line 
transduced with shControl is also referred to as high-PSMA 
cell line. Figure 6E shows that LNCaP cells with low level 
of PSMA have slightly higher proliferation during 6-day 
treatment with the control vehicle (DMSO), but it was 
not statistically significant (P = 0.65). During ENZ (10 µM) 
treatment, low-PSMA cells demonstrate a higher growth 
rate (P = 0.0048) and on the sixth day of cell counting 
low-PSMA cell numbers were 2.8 times higher than high-
PSMA cells. It can be inferred that low-PSMA cells are less 
sensitive to ENZ (10 µM) than high-PSMA cells over this 
6-day experiment. In addition, we tested sensitivity of 
LNCaP cells with different levels of PSMA using colony 
formation assay (Fig. 6F) and find that low-PSMA cells have 
more colonies formed under ENZ (10 µM) treatment than 
treatment of cells with high PSMA. Therefore, low-PSMA 
cells were less sensitive to ENZ treatment, supporting the 
hypothesis that suppression of PSMA, as found in NEPC, 
correlates with more aggressive disease.

Figure  6H shows a schematic of the associations in 
changing gene expression found using in vitro models. 
Hormone depletion, which is modeled by serum 
deprivation, suppresses PSMA, AR and p53 levels and 
elevates levels of SSTR2. ARPI which is modeled by 
treating cells with ENZ showed no alteration of AR or 
SSTR2 but increased levels of PSMA. A p53 knockdown 
in vitro model supports that suppression of PSMA and AR 
are associated with p53-dependent cellular plasticity and 
that this is independent of SSTR2 levels.

NEPC has a distinct FOLH1-suppressed signature in 
PDX models

Following pathological investigation, patient tumors were 
stratified into either AdPC or NEPC phenotypes put into 
PDX mouse models and studied before or after castration 
(schema Fig.  7A, B and C). Significant suppression of 
FOLH1 was observed in the LTL-331R-G7 and LTL-352 
mice, which were found to progress to NEPC, as compared 
to those mice lacking NE marker expression (P < 0.05) 
(Fig. 7D). There was a wide spectrum of FOLH1 expression 
in different AdPC models. In the LTL-313-B model, after 
castration of mice, which can mimic treatment-induced 

Figure 6
Analysis of treatment response to ENZ following a p53-dependent suppression of PSMA. (A and B) Western blot analyses of protein level of PSMA, SSTR2, 
AR and NSE in LNCaP cell line treated with vehicle control (DMSO) or ENZ (10 µM) supplemented with either FBS or CSS for 6 days (A) representative 
immunoblot (B) the relative density of protein levels. (C and D) Western blot analyses of protein level of PSMA, SSTR2, AR, NSE and p53 in LNCaP cell line 
transduced with annotated shRNA supplemented with CSS for 6 days. (C) Representative immunoblot (D) the relative density of protein levels. (E) Growth 
curve of LNCaP cell lines with different levels of PSMA following treatment with vehicle control (DMSO) or ENZ (10 µM) in supplemented with CSS. (F and 
G) The colony-forming ability of high-PSMA and low-PSMA seeded in 10% CSS for 1 week and treated with either ENZ (10 µM) or DMSO for one more 
week. (F) Representative wells (G) quantification of the number of the colonies using CellProfiler software. (H) Schematic of the impact of ARPI, hormonal 
deletion and loss of p53 on PSMA, AR and SSTR2 based on the obtained data in Figs 5 and 6. Error bars reflect s.e.m. between three separate experiments. 
The data were analyzed by either Student’s t-test or one-way ANOVA followed by a Tukey’s multiple comparison tests; **P < 0.01 and ***P < 0.001.  
A full-colour version of this figure is available at https://doi.org/10.1530/ERC-18-0226.
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relapse in the form of CRPC, we observed a 2.4-fold 
elevation in FOLH1. However, in the LTL-418 model, 
there was no significant alteration in FOLH1 expression. 
For simulation of treatment-induced NEPC, after inducing 
NE to LTL-331-7 model as a CRPC model, a 2.1 times 
suppression of FOLH1 was observed. Similarly, the PDX 
model obtained by direct engraftment of tissue from a 
NEPC metastases sample had significantly lower FOLH1 
expression in comparison with all AdPC models.

The transcription of FOLH1 and SSTR2 in 18 PDX 
models including three NEPCs were investigated (Fig. 8A 
and B). Among these PDX models, LTL331 and LTL331R 
are the first-in-field PDX model of AdPC-to-NEPC 
transdifferentiation. Figure  8C illustrates upon LTL331 
model castration, the primary AdPC initially regresses 
but relapses within 24–32  months as typical CRPC and 
the whole transdifferentiation process is predictive of 
disease progression and is fully recapitulated in the donor 
patient (Akamatsu et al. 2015, Ci et al. 2018). Figure 8B 
shows a five-fold suppression of FOLH1 gene expression in 
NEPC models subsequent with a two fold increase in the 
expression of SSTR2. Figure 8D shows of the expression 
levels of FOLH1 and SSTR2 through the progression to 
NEPC. In the AdPC model, FOLH1 is found at a maximum 
level and SSTR2 at a minimum level. Following castration 
up to 8 weeks there is low fluctuations in the transcription 
of both of the genes. However, on 8th week, a sharp 

decline in FOLH1 and a profound elevation of SSTR2 
starts. The terminally differentiated NEPC model has a 
minimal transcriptional level of FOLH1 and maximal 
transcription of SSTR2.

PSMA levels fail to adequately predict NE 
transdifferentiation of high-grade AdPC

Similar to its RNA, PSMA protein level could have a variable 
series of staining levels of low grade (Supplementary 
Fig.  5A and D), medium grade (Supplementary Fig.  5B 
and E) and high grade (Supplementary Fig.  5C and F) 
AdPC. These staining patterns imply a series of possible 
progression paths for AdPC progression and eventual 
NEPC. On Fig. 8E, we proposed five possible models for 
alteration of PSMA during progression of AdPC. Model 1 is 
the classical model of PSMA expression in which the level 
of PSMA correlates positively with the stage of AdPC, our 
data support that this model may not adequately represent 
all stages of disease. Model 5 is a representation of a de 
novo occurrence of NEPC, which shows poor-onset PSMA 
staining. However, models 2 and 3 are relevant as AdPC 
progression pathways that lead to NE transdifferentiation 
and subsequent loss of PSMA. In addition, model 4 is 
representation of a constant poor PSMA staining, which 
against its low abundance is still capable of detecting 
metastatic sites. The HPA dataset PSMA antibody staining 
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Figure 7
Establishment and analysis of AdPC and NEPC PDX mouse models. (A, B, C and D) Schematic of the established PDX mice models of AdPC and NEPC 
(adapted, with permission, from Lin et al. (2014)). (D) The levels of FOLH1 in different PDX models. One-way ANOVA followed by a Newman–Keuls multiple 
comparison test was used (n = 3). Some elements of this figure were produced using Servier Medical Art image bank (www.servier.com) under the terms 
of a Creative Commons Attribution 3.0 Unported licence. A full-colour version of this figure is available at https://doi.org/10.1530/ERC-18-0226.
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patterns for AdPC progression led us to conclude that 
model 2 is the most likely progression pattern for the 
treatment-induced NEPC.

Discussion

The development of NE phenotype following hormone 
depletion in LNCaP cell line is a well-studied observation 
(Shen et al. 1997, Yuan et al. 2006). Liu et al. (2012) reported 
that hormone depletion suppresses AR and PSMA levels in 
LNCaP cells; however, they did not evaluate the expression 
of NE makers. Suppression of AR and overexpression of 

NE makers in LNCaP following p53 knockdown in LNCaP 
cell has also been described recently (Li et al. 2017, Mu 
et al. 2017). In this manuscript, we report the suppression 
of PSMA and overexpression of NSE and SSTR2 in LNCaP 
cell line following hormone depletion and loss of p53.

Mannweiler et  al. reported that a direct correlation 
between histological parameters and PSMA could not be 
established; specifically, in AdPC patients with distant 
metastasis (Mannweiler et  al. 2009). In this study, we 
report the possibility of PSMA suppression in high grades 
of CRPC. We further show that expression of the PSMA 
gene, FOLH1, inversely correlates with markers of NE 
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ERC-18-0226.
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differentiation. These data support previous clinical 
reports showing a suppression of PSMA-targeted nuclear 
scans for NEPC patients (Chakraborty et al. 2015, Tosoian 
et al. 2017, Usmani et al. 2017). This mounts the possibility 
that portions of AdPC patients undergoing ARPI will 
transdifferentiate to NEPC and will subsequently fail to 
adequately uptake PSMA-targeted radiopharmaceuticals.

Clinical reports show the possibility of a false-positive 
uptake of PSMA-targeted radioligand after ARPI (Hope 
et al. 2017) and a false-negative uptake of this radioligand 
in NEPC (Chakraborty et  al. 2015, Tosoian et  al. 2017, 
Usmani et al. 2017). We previously reviewed the available 
preclinical evidence justifying molecular backgrounds 
of a false-positive uptake of PSMA-targeted radioligand 
after ARPI (Bakht et al. 2017). However, there is a lack of 
preclinical evidence for the reported false-negative uptake 
of PSMA-targeted radioligand. The observed significant 
suppression of FOLH1 expression in PDX models shown 
in this work are the first preclinical evidence validating 
false-negative uptake of PSMA-targeted radioligand in 
NEPC. The suggested second model of alteration of PSMA 
on Fig. 8E best describes the progression of AdPC patients 
undergoing ARPI who end up with NEPC.

There is literature to support that SSTR-targeted 
radioligands such as 68Ga-DOTATOC or 68Ga-DOTATATE 
could be valuable alternatives for PSMA-negative and 
non-hormone-naive patients. Usmani et  al. compared 
68Ga-PSMA vs 68Ga-DOTA NOC PET-CT in a 62-year-old 
NEPC patient and reported that the NEPC tumor and 
its metastatic lesions have avid uptake of 68Ga-DOTA 
NOC while the PSMA uptake was faint and inconclusive 
(Usmani et  al. 2017). Additionally, in a study on 12 
patients with CRPC, 68Ga-DOTATATE PET/CT is suggested 
for NEPC imaging and early detection of metastatic lymph 
node and blastic or lytic bone lesions (Gofrit et al. 2017, 
Sheikhbahaei et  al. 2017). In this study, we report an 
overexpression of SSTR2 in NEPC that could potentially 
lead to overexpression of SSTR2 at the protein level and 
positivity in the uptake of SSTR radioligand. Interestingly, 
Morichetti et al. reported a strong specific staining for SSTR2 
in 20 cases of NEPC (Morichetti et al. 2010). We speculate 
that SSTR radioligand might be a feasible tool to delineate 
PSMA-negative NEPC from the normal tissue while PSMA-
negative NEPC is not detectable by PSA measurements 
or by PSMA radiotracers. Future work to explore the role 
of SSTR2-targeted radionuclide therapy for the detection 
and/or management of NEPC is of high priority.

Two possible scenarios for a patient with a suppressed 
PSMA radioligand uptake after ARPI are illustrated on 
Supplementary Fig.  6. In an ideal condition, the PSMA 

radioligand should be able to delineate AdPC tumor and all 
metastatic lesions (Supplementary Fig. 6A); consequently, 
after therapy faint or a no PSMA radioligand uptake 
should be observed since ARPI suppresses the malignancy 
(Supplementary Fig.  6B). However, as a second possible 
scenario, we might face a high-grade NEPC with suppressed 
PSMA expression level (Supplementary Fig.  6C). In this 
case, SSTR2 radioligand might be able to delineate NEPC 
tumor and its metastatic lesions.

Conclusion

The use of potent antiandrogens and lineage plasticity 
may contribute to the increasing prevalence of NEPC, 
an aggressive and hormone-resistant form of AdPC. 
While PSMA targeting is a promising approach for the 
nuclear imaging and therapy of many forms of aggressive 
AdPC, our data based on transcriptome analysis of tumor 
samples, cell line models and PDX mice models supports 
that PSMA (FOLH1 gene) levels are not consistent with 
all forms of high-grade CRPC. Our in vitro data showed 
a significant suppression of PSMA as a result of hormone 
depletion, loss of p53 and lineage plasticity. A PSMA-
suppressed NEPC cell line model showed higher colony 
formation and resistance to ARPI by ENZ. Our data further 
show that induced NE transdifferentiation correlates 
with an elevated level of the protein SSTR2. SSTR2 levels 
appear to elevate due to hormone depletion but are not 
affected by altered cellular plasticity. PDX data support 
these conclusions, showing an inverse correlation 
between the expression of the PSMA gene and SSTR2 
gene. Specifically we find declining PSMA and increasing 
SSTR2 gene expression occurring during the development 
of CRPC and becoming more pronounced in terminally 
differentiated NEPC. Collectively, this study cautions on 
the reliability of using PMSA levels as a diagnostic target 
for molecular imaging in advanced treatment-induced 
NEPC. Our work supports the recommendation that 
SSTR2-targeted imaging approaches may permit more 
accurate monitoring of PSMA-suppressed patients due to 
SSTR2-positivity of NEPC tumors.
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