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ABSTRACT
Neuroendocrine prostate cancer (NEPC) is becoming more prevalent as more 

potent androgen receptor (AR) pathway inhibitors are applied to patients with 
metastatic tumors. However, there are limited cell and xenograft models currently 
available, hindering the investigation of signal pathways involved in regulating NEPC 
progression and the design of high throughput screening assays for inhibitors to 
treat NEPC patients. Here, we report an NEPC model, LnNE, that is derived from 
prostate adenocarcinoma cells and has global similarity in transcription and RNA 
splicing to tumors from NEPC patients. LnNE xenografts are castrate-resistant and 
highly aggressive. Its tumor take is ~3-5 weeks and tumor doubling time is ~2-3 
weeks. LnNE expresses multiple neuroendocrine markers, preserves AR expression, 
but is PSA negative. Its neuroendocrine phenotype cannot be reversed by androgen 
treatment. LnNE cells grow as multi-cellular spheroids under 2-dimensional culture 
conditions similar to the NEPC cell line NCI-H660, but have higher proliferation 
rate and are easier to be transfected. LnNE cells can also adapt to 3-dimensional 
culture conditions in a 96-plate format, allowing high throughput screening assays. 
In summary, the LnNE model is useful to study the mechanisms of NEPC progression 
and to discover potential therapies for NEPC.

INTRODUCTION

Although new generation androgen receptor (AR) 
pathway inhibitors (ARPIs) are effective in prolonging 
the survival of patients with metastatic prostate cancer 
[1, 2], emerging evidence indicates that a subtype of 
castrate-resistant prostate cancer, called treatment-induced 
neuroendocrine prostate cancer (t-NEPC), is becoming 
more prevalent due to the selection pressure of ARPIs [3-
6]. T-NEPC has been reported in up to ~25% of patients 
who had received either first- or second-line anti-AR 
therapies [7] and this rate of occurrence is predicted to 
rise with the widespread use of ARPIs. Once diagnosed, 
the average survival of t-NEPC patients with small cell 
carcinoma is only ~7 months [8]. Besides systemic 
chemotherapy regimens, no targeted therapy has yet 
been approved for t-NEPC patients. This is in part due 
to the limited NEPC cell and tumor models available for 
studying molecular underpinnings of t-NEPC progression.

Whole transcriptome sequencing technology applied 
on prostate tumor samples had identified many genes 
whose expression were highly correlated with t-NEPC 
progression [3, 9, 10]. These findings subsequently 
require experimental validations on whether these genes 
can drive NEPC progression; and furthermore, whether a 
driver gene could be used as potential therapeutic target 
for the disease. These molecular mechanistic studies 
require cell or xenograft models that have transcriptome, 
morphology and cellular physiology similar to those of 
NEPC tumors in patients. Such NEPC models should also 
be easily manipulated so that gain- and loss-of-function 
approaches can be applied to dissect signal cascades 
regulated by the genes of interest. The later requirement 
is challenging to patient derived xenografts, patient 
organoids and genetically engineered mouse models. 
Among in vitro NEPC cell models, the NCI-H660 line is 
relatively well characterized [11-13]. It is AR negative, 
expresses high levels of neuroendocrine markers, and 
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grows as suspending cell clusters, a morphology distinct 
from adherent luminal epithelial cells such as LNCaP or 
PC3 cells. When grafted in immune comprised mice, the 
NCI-H660 line can form NEPC xenografts that progress 
rapidly [9]. However, its slow growth rate in vitro and low 
efficacy to be transfected by plasmids or siRNA limit its 
applications. Several LNCaP-derived cell models were 
reported to acquire neuroendocrine phenotypes when 
treated with androgen depletion, IL-6, cAMP, hypoxia 
and radiation [14-18]. However, it has not been established 
whether these phenotypical alterations are sustainable 
during prolonged treatments and whether xenografts 
derived from these cells can be established and show 
similar gene signature to NEPC globally.

Our previous studies using whole transcriptome 
analyses of RNA-seq data from two independent patient 
cohorts [9, 10] have identified an NEPC specific splice 
signature [4] that is predominantly regulated by the RNA 
splicing factor, SRRM4. We report that through generating 
neuronal-specific splice variants of target genes, SRRM4 
can induce neuroendocrine phenotypes and neuronal-like 
cellular morphology in adenocarcinoma (AdPC) cells 
and transform AdPC cells into NEPC xenografts. These 

findings suggest that exogenous expression of SRRM4 in 
adenocarcinoma cells such as LNCaP cells may enable the 
establishment of t-NEPC cell and xenograft models.

RESULTS

RNA splicing and transcription profiles of LnNE 
P0 cells

Although exogenous SRRM4 can transform LNCaP 
cells into NEPC xenografts under androgen depletion 
conditions [4], several questions remain to be answered: 
1) whether LNCaP cells overexpressing SRRM4 have 
global RNA splicing features and transcriptomes similar to 
those of NEPC in patients; 2) whether the neuroendocrine 
phenotype is sustainable during prolonged castration 
treatment, and the transformed LNCaP cells can be 
developed into an NEPC cell and xenograft model with 
stabilized NEPC molecular profile and morphology; and 
3) whether the AR expression and or AR signaling will be 
silenced, mimicking NEPC. To address these questions, 

Figure 1: Comparison of RNA splicing and transcriptome of LnNE P0 cells with NEPC. A. RNA-seq data from LNCaP 
and LnNE P0 cells were compared with NEPC-specific RNA splicing events from the VPC cohort. Spearman correlation and hierarchical 
clustering using the pheatmap package in R showed the correlations of LnNE P0 splicing signature with that of NEPC patient samples 
splicing signature of LnNE P0 cells correlated with NEPC. B.-C. RNA-seq data from LNCaP and LnNE P0 cells were compared with 
NEPC specific transcripts from the VPC cohort (C) and Beltran 2016 (D). Spearman correlation and hierarchical clustering showed that the 
LnNE P0 transcriptome was closer to the NEPC transcriptomes compared to those of parental LNCaP cells. D.-E. GSEA results showed the 
correlation of the LnNE P0 expression profiles with the top up regulated genes (p-value<0.01) from (D) VPC and (E) Beltran 2016 cohort.
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we applied RNA sequencing to profile the whole genomic 
transcription in LNCaP cells overexpressing SRRM4 or 
SRRM4 plus TP53 knockdown [4]. These two cell lines 
showed very similar phenotypes to each other with 15.2% 
(908/5925) - 18.1% (1110/6127) genes differentially 
expressed at the mRNA level (BenjaminiHochberg 
corrected FDR<0.01) (Supplementary Figure 1A). The 
differentially expressed genes were not relevant to NEPC 
as demonstrated by Gene Set Enrichment Analysis 
(GSEA) using the Beltran 2016 data set (NES=1.10, 
FDR=0.39) [3] (Supplementary Figure 1B). Since cells 
with TP53 depletion showed higher proliferation rate and 
faster tumor establishment rate [4], we therefore named 

the LNCaP cells with SRRM4 overexpression plus TP53 
knockdown as LnNE P0 in the following experiments. 

The LnNE P0 cells exhibited splicing profiles 
distinct from LNCaP cells, but similar to NEPC tumor 
samples from the VPC cohort containing 6 AdPC, 5 
NEPC and 1 AdPC with neuroendocrine differentiation 
samples [4]. There were 882 different splicing events 
from 606 genes between NEPC and AdPC samples 
(BenjaminiHochberg corrected, FDR<0.01) within the 
VPC cohort. Based on these differentially expressed 
splicing isoforms, Spearman correlation and hierarchical 
clustering showed that LnNE P0 cells (n=3 repeats) were 
similar to NEPC tumors, while LNCaP cells (n=3 repeats) 

Figure 2: Establishment of LnNE neuroendocrine prostate cancer xenografts. A. A schematic diagram showing the 
experimental procedure of P1 to P5 LnNE xenografts and primary cultured LnNE cells. LnNE xenografts were established as described in 
Material and Method. B. tumor take, C. tumor doubling time (average duration of tumor volumes that increase from 200 to 400 and from 
400 to 800 mm3) and D. tumor growth curve were measured. E. Serum SYP concentration were measured 6 weeks after the tumor volumes 
reached 200mm3. F. Immunohistochemistry detected SYP, AR and PSA on LNCaP, and LnNE P1-P5 xenografts. Scale bars = 100μm.
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were clustered into the AdPC tumor group (Figure 1A). 
These results support our previous findings that the 
NEPC-specific RNA splicing signature is predominantly 
controlled by SRRM4. 

There were 905 genes differentially expressed at the 
mRNA level (Benjamini-Hochberg corrected, FDR<0.01) 
between NEPC and AdPC samples from the VPC cohort 
[4] and 364 genes differentially expressed (Benjamini-
Hochberg corrected, FDR<0.01) in the Beltran cohort 
containing 34 AdPC and 15 NEPC samples [3]. Based 
on these gene expressions, Spearman correlation and 
hierarchical clustering showed that both LnNE P0 and 
LnCaP cells were classified in the AdPC group. However, 
the transcriptome of LnNE P0 was more similar to the 
NEPC profile than those of other AdPC samples including 
the AdPC with neuroendocrine differentiation samples in 
both cohorts (Figure 1B-1C). In contrast, the transcriptome 

of LNCaP cells was more distal to the NEPC profile. 
Since SRRM4 is an RNA splicing factor and the LnNE 
P0 splicing features are NEPC-like, these results together 
indicate that SRRM4 mediates RNA splicing programs 
that drive the transformation of LNCaP transcriptome 
towards the NEPC transcriptome. Further GSEA assays 
showed that the expression profiles of the LnNE P0 cells 
were also significantly correlated with the top ranked 
genes upregulated in NEPC tumors from both VPC 
(NES=2.02, FDR<0.0001) and Beltran 2016 (NES=2.22, 
FDR<0.0001) cohorts (Figure 1D-1E). Together these 
findings indicate that LnNE P0 cells possess an NEPC 
specific RNA splicing signature and confirms that SRRM4 
drives LnNE transformation to NEPC.

Figure 3: LnNE cell morphology and neuroendocrine phenotypes. LNCaP and LnNE cell series P1 to P5 were cultured in the 
RPMI1640 medium containing 10% CSS and NCI-H660 cells were cultured in the HITES medium as described in the Material and Method 
for 2 weeks. A. Cell morphology changes were examined by the Zeiss fluorescent microscope. B.-C. Total RNA and protein lysates were 
collected and used to measure the expressions of neuroendocrine and AdPC biomarkers by real-time qPCR (B) and immunoblotting (C). 
LnNE cell series were cultured in the medium containing 10% CSS for 2 weeks followed by vehicle or 10nM DHT treatment for another 
week. D. Images of spheroid morphology were captured by the Zeiss fluorescent microscope. E. Whole cell protein lysates were collected 
and used to measure expressions of neuroendocrine and AdPC biomarkers by immunoblotting.
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NEPC progression of LnNE xenografts

To determine whether long-term androgen depletion 
can further promote NEPC progression of LnNE P0 
xenografts, we inoculated LnNE P0 cells into castrated 
nude mice. Once the tumor volume reached 1000 mm3, 
xenografts were harvested. About 100mm3 tumor trunks 
were minced and re-inoculated into castrated mice to 
generate the next passage xenografts (Figure 2A). These 
experiments were repeated 5 cycles to obtain P1-P5 
passages of LnNE tumors. The rest of the tissue samples 
from each passage were used for immunohistochemistry 

and primary culture to monitor cell morphology and 
neuroendocrine marker expression changes. 

In the castrated mice where LNCaP xenografts do 
not form, the tumor take of LnNE P1 was 13 weeks but 
progressively reduced to 3.5 weeks at the P5 passage 
(Figure 2B). Tumor doubling times were also reduced 
from 3.3 weeks at P1 to 2.3 weeks at P5 (Figure 2C-
2D). In addition, serum SYP concentrations increased in 
correlation with the LnNE tumor volumes (Figure 2E). 
Immunohistochemistry showed that SYP was negative 
in the LNCaP xenografts from none-castrated mice, but 
became positive in LnNE P1 with increased intensity in 
LnNE P4 and P5 tumors (Figure 2F). The AR remained 

Figure 4: LnNE cell proliferation and transfection efficacy. A. BrdU incorporation assays were performed on LnNE P1 to P5 
cells and NCI-H660 cells. BrdU incorporation rates were calculated as described in the materials and methods. B. LnNE P5 and NCI-H660 
cells were transfected with a GFP expression vector. Fluorescence images were captured by the Zeiss fluorescent microscope 24 hours after 
transfection. C.-D. LnNE P5 cells were transfected with (C) REST expression vector or (D) control or siRNA against SRRM4. Total RNA 
were collected and used to measure NEPC biomarkers expression by real-time PCR.



Oncotarget66883www.impactjournals.com/oncotarget

positive in all tumors. However, AR negative cell 
population increased in LnNE P4 and P5 tumors. PSA 
expression was significantly reduced starting in LnNE 
P1 tumors, but was totally abolished in LnNE P3-P5 
tumors. These results indicate that LnNE xenografts are 
progressively transformed into NEPC under long-term 
androgen depletion. 

Morphology and neuroendocrine phenotypes of 
LnNE cells

LNCaP cells cultured in the androgen depleted 
medium present with the epithelial spear morphology 

with compact cell bodies and extended fine branches 
while grow as adherent monolayers (Figure 3A). In 
contrast, LnNE P1-P5 cells formed 3-dimensional (3D) 
multicellular spheroids even under the 2-dimentional 
(2D) culturing conditions. These cells strongly expressed 
multiple neuroendocrine makers at both mRNA and 
proteins levels, similar to those of the well characterized 
NEPC cell line, NCI-H660 (Figure 3B-3C). It is worth 
to mention that there were dramatic inductions of 
CHGB, SCG3 and NSE expressions between P2 and P3 
cells, implying that from the P3 passage on, LnNE cell/
xenografts models have developed full and sustainable 
neuroendocrine phenotypes. Additionally, PSA expression 

Figure 5: 3-D culture of LnNE cells. A. LnNE P5 cells were cultured to form 3D multicellular spheroids as described in Material and 
Method. B. Time-lapse images of spheroids were shown. Relative spheroid sizes and BrDU incorporation rates were measured at indicated 
time points. C. Spheroids were collected and paraffin embedded. Immunohistochemistry was performed using indicated antibodies.
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disappeared at the P2 stage, while AR expression was 
reduced and kept in low levels in the LnNE P3-P5 
passages (Figure 3C), indicating that AR transcriptional 
activity was abolished and the AR expression could be 
sustained at low levels during NEPC progression. These 
findings resemble many clinical NEPC tumors that show 
both AR and neuroendocrine maker positivity.

DHT treatment to P1 and P2 cells resulted in 
destruction of multicellular spheroid formation (Figure 
3D). Cells became adherent to the surface of culturing dish 
and grew as monolayers similar to LNCaP cells. However, 
the morphology of LnNE P3, P4 and P5 cells remained 
in spheroids even in the presence of DHT. Our previous 
studies reported that the neuroendocrine phenotype of 
LnNE P0 cells could be reversed when treated with 
androgens [4]. In this study, we report that cells from early 
LnNE passages were still responsive to DHT, resulting in 
the upregulation of AR, PSA and E-Cad protein levels but 
downregulation of CHGB, SCG3 and NSE expressions 
(Figure 3E). Once reached to the P5 stage, however, 
LnNE cells became indifferent to DHT treatment with 
regard to morphology and biomarker expressions. In 
summary, we observed NEPC progression of the LnNE 
model from P0 to P5 under the prolonged castration 
condition, with the AR signaling diminishing at the P2 
stage, neuroendocrine phenotypes fully developed at the 
P3 stage, and morphology and AdPC/neuroendocrine 
marker expressions being stabilized at the AR-indifferent 
P5 stage. 

Cell proliferation rate and transfection efficacy of 
LnNE cells

Using BrDU incorporation assays, LnNE cells 
cultured in the androgen depletion medium have a 
proliferation rate 2-3-fold higher than NCHI-H660 
cells (Figure 4A). Importantly, the proliferation rate of 
LnNE cells increased with passage numbers, indicating 
that the LnNE cells have adapted androgen depletion 
conditions and gradually gained proliferative abilities 
in addition to stabilized NEPC biomarker expressions. 
These observations suggest the concurrence of 
transdifferentiation and accelerated proliferation during 
LnNE P0 to P5 progression. Moreover, when transfected 
with the GFP expression vector by lipofectamine 3000, the 
transfection efficacy was ~50-70% in LnNE P5 cells but 
<2% in HCI-N660 cells (Figure 4B). We also transfected 
plasmid DNA encoding REST in LnNE P5 cells, resulting 
in ~3500-fold induction of REST mRNA levels and ~4-
164-fold reduction of mRNA levels of neuroendocrine 
markers (Figure 4C). In addition, LnNE P5 cells can 
be transfected with the siRNA oligo, resulting in 56% 
depletion of SRRM4 mRNA and 1.8-9.5-fold reduction 
of mRNA levels of neuroendocrine markers (Figure 4D). 
These results indicate that LnNE cells have a relative 

high proliferation rate in vitro and can be transfected with 
plasmid DNA and siRNA to manipulate gene expression. 

In vitro LnNE spheroids for drug screening

NCI-H660 cells proliferate extremely slow in in 
vitro culture conditions, but grow rapidly as tumors 
in mice, implying that NEPC cells favor 3D culturing 
conditions. This is consistent to our observation that the 
LnNE cells formed spheroids even under the 2D culturing 
conditions (Figure 3). We applied the GravityPLUS 
Hanging Drop system (InSphero, Brunswick, USA) 
in a 96-well format to allow LnNE cell growth in 3D 
conditions (Figure 5A). LnNE P5 cells form single 
spheroid per well in ~5 days, and the spheroids retained 
their morphology on flat-bottom 96-well plates for up to 
7 days, during which the spheroid proliferation rate can 
be measured by the spheroid size as well as by BrDU 
incorporation assays (Figure 5B). Additionally, the 
spheroids can also be collected and paraffin embedded to 
perform immunohistochemistry (Figure 5C). We showed 
that LnNE P5 spheroids expressed high levels of SYP and 
AR but no PSA, consistent to the expression profiles of 
LnNE xenografts shown in Figure 2. These results indicate 
that multiple LnNE spheroids can be established in 96 well 
plates simultaneously to allow high throughput screening 
assays to identify potential small molecules that may 
inhibit NEPC cell proliferation or modulate NEPC cell 
morphology.

DISCUSSION

We demonstrate that the LnNE can form 
multicellular spheroids under 2D or 3D culture conditions 
in vitro as well as xenografts in vivo. LnNE has global 
transcription and RNA splicing signatures similar to those 
of NEPC tumors. LnNE tumors are castrate-resistant 
and aggressively growing in nude mice. Although the 
AR protein expression remains, its ligand-dependent 
transcriptional activity on PSA secretion is deactivated 
and the neuroendocrine phenotype of LnNE cells cannot 
be reversed by androgen re-administration. We report that 
LnNE cells are relative highly proliferative, easy to be 
transfected and are suitable to perform high throughput 
screening assays. 

The LnNE model is generated by introducing 
exogenous SRRM4 in adenocarcinoma cells. We have 
previously shown that SRRM4 can confer AdPC cells 
neuroendocrine phenotypes through compromising the 
function of genes such as REST and FOXA1 [4, 19]. 
Other SRRM4 target genes such as PTPRF and PTK2, 
have known functions in regulating cell proliferation or 
apoptosis [4], suggesting that these genes may enable 
cancer cell to gain growth and survival advantages under 
chemo- or hormonal therapies. It should also be noted that 
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several SRRM4 target genes are histone acetyltransferases 
or de-methyltransferase (e.g. MEAF6 and BHC80) that 
may promote NEPC progression through epigenetic 
mechanisms [20]. Therefore, generation of the LnNE 
model suggest that NEPC can evolve directly from AdPC 
under the control of SRRM4. Through regulating RNA 
splicing and epigenetic mechanisms, SRRM4 induces two 
cellular processes including neuroendocrine differentiation 
and accelerated proliferation that collaboratively 
contribute to NEPC establishment. In addition, the 
phenotypical transitions of LnNE P0 to P5 support that 
NEPC progression is a gradual and chronical process. 
Neuroendocrine differentiation of cancer cells is initially 
transient and reversible, but becomes permanent possibly 
by NEPC-specific factors that promote cell proliferation. 
It is likely that multiple cycles of differentiation and 
proliferation are required for establishing NEPC. 

SRRM4 strongly induces multiple neuroendocrine 
markers, among which SYP, CD56 and chromogranins 
are commonly used for NEPC diagnosis by pathologists. 
However, a challenge in early NEPC detection is the 
intra-tumoral heterogeneity as NEPC tumors do not show 
universal neuroendocrine marker profiles. Our primary 
results suggest that SRRM4 may be a more reliable 
diagnostic marker for NEPC than those previously 
reported because our immunohistochemistry on tissue 
microarray studies show that SRRM4 has a higher 
negative predictive value in ruling out NEPC tumors, and 
SRRM4 positivity has higher sensitivity than CD56, SYP 
and CHGA individually to NEPC. 

The LnNE model also bears TP53 depletion, 
raising the question on whether loss-of-function of 
TP53 contributes to NEPC progression through either its 
canonical pathways that regulate cell cycling and apoptosis 
[21], or through promoting cell lineage plasticity mediated 
by Sox2 or Sox 11 [22-24]. Inactivation of TP53 was more 
frequent in NEPC (67%) compared to AdPC (31.4-53.3%) 
[3, 25, 26]. It is worth to be mention that the upregulation 
of basal and NE markers in the presence of anti-androgens 
only occurred when both TP53 and Rb1 were depleted. 
This is consistent to our previous results that showed 
no significant increase of neuroendocrine markers with 
TP53 inactivation alone [4]. Our GSEA analyses did not 
show further enhancement of NEPC gene signature when 
TP53 depletion was added to SRRM4 overexpression 
(Supplementary Figure 1B). In fact, our LnNE model has 
the RB1 gene intact and very low Sox2 and Sox11 mRNA 
levels. Since TP53 depletion enhances cell proliferation 
and colony formation of LNCaP cells overexpressing 
SRRM4 [4], we propose that loss-of-function of TP53 
in the context of SRRM4 overexpression contributes to 
NEPC progression through enhancing cell proliferation.

It has been shown that AR protein expression can 
be detected by immunohistochemistry in NEPC, but the 
mRNA levels of AR target genes is significantly reduced 
[3]. Consistently, the LnNE model preserves AR protein 

levels but becomes PSA negative, supporting the notion 
that reduced AR function is concurrent with NEPC 
progression from adenocarcinoma with neuroendocrine 
differentiation to small cell neuroendocrine carcinoma 
[27]. Three other independent reports also showed that 
27% (6/22), 38% (23/61) and 47% (7/15) of small cell 
neuroendocrine prostate tumors were AR protein positive, 
and in rarer instances, positive for AR target gene 
expressions including PSA and NKX3.1 [28-30]. These 
findings, together, suggest that remained AR expression 
and reduced/abrogated AR functions may be a common 
pathological characteristic in tumors with ongoing 
NEPC progression or in subsets of NEPC tumors. As we 
observed that our LnNE model had gradually reduced 
AR signaling as well as AR positive cell numbers during 
P0 to P5 xenograft passaging, it is therefore important 
to continue monitor AR expression and function as this 
model is grafted in castrated mice for higher passages. 

In summary, we report an NEPC cell/xenograft 
model that has similar molecular and pathological features 
to those of NEPC tumors from patient samples. This 
model could be a useful research tool to study this disease. 

MATERIALS AND METHODS

Cell lines and cell culture

The LNCaP and NCI-H660 cell lines were 
purchased from ATCC (Manassas, VA, USA). LnNE P0 
cells are LNCaP cells with SRRM4 overexpression and 
TP53 knockdown that were described previously [4]. 
LNCaP cell was cultured in RPMI1640 medium with 
10% FBS whereas LnNE P0 to P5 cells were maintained 
in phenol-free RPMI1640 medium with 10% charcoal-
stripped serum (CSS) (Hyclone, Logan, UT, USA). 
NCI-H660 was cultured in HITES medium (RPMI1640 
medium plus 0.005mg/ml Insulin, 0.01mg/ml Transferrin, 
30nM Sodium selenite, 10nM Hydrocortisone, 10nM beta-
estradiol and 2mM L-glutamine) with 10% FBS.

RNA sequencing and bioinformatics analysis

RNA-seq data on both the VPC and Beltran 2016 
cohorts were reported previously [3, 10]. Total RNA 
was extracted from LNCaP, LNCaP(SRRM4) and 
LnNE P0 cells using the mirVana Isolation Kit (Ambion 
Cat#:AM1560). After ribosomal RNA depletion, RNA 
sequencing was performed using Illumina HiSeq 2000 
at the BGI Genomics (Shenzhen, China) according to 
standard protocols. RNA-Seq reads were mapped with Star 
(23104886) using Ensembl gene annotations GRCh38.87. 
Transcriptomes and splicing signatures were compared 
between samples using the Spearman correlation and 
hierarchical clustering with the pheatmap package in R. 
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Gene Set Enrichment Analyses were performed by the 
GSEA software.

Subcutaneous xenografts and primary cell culture

Male nude mice underwent castration surgery 
one week before 2×106 LnNE P0 cells were inoculated 
subcutaneously. When xenografts appeared, tumor 
volumes were measured weekly. Once the tumor volume 
reaches 1000 mm3, xenografts were harvested. About 
100mm3 tumor trunks were minced and re-inoculated 
into castrated mice to generate the next passage of 
the xenografts. These rest of the tissues were used for 
immunohistochemistry as well as primary cultures using 
the RPMI1640 medium plus 10% charcoal stripped serum 
to select adherent LnNE tumor cells. Mice serum was 
collected 6 weeks after the tumors reached to the size 
of 200mm3. Tumor doubling time was calculated by the 
average duration when tumor growth from 200-400mm3 
and 400-800mm3. All animal experiments followed the 
protocol approved by the Institutional Animal Care and 
Use Committee at the University of British Columbia.

Immunohistochemistry, real-time PCR and 
Western blotting assays

Immunohistochemistry, real-time PCR and 
Western blotting assays were described previously 
[4]. Information on antibody and primers was listed in 
Supplementary Materials. Real-time PCR and Western 
blotting experiments were repeated in three independent 
experiments and representative results were presented.

Cell proliferation assay

Cell proliferation was measured by 
bromodeoxyuridine(BrdU) assay (Millipore, Cat#: 2750) 
according to the manufacturer’s instructions. Cells were 
labeled by BrdU, which was further detected by anti-
BrdU antibody. BrdU index was calculated as relative fold 
change in 450nm OD compared with the control group. 

Transient transfection

LnNE P5 and NCI-H660 cells were transfected with 
GFP expression vectors using the Lipofactamine 3000 
transfection reagents according to the provided protocols. 
Transfection efficacy was detected by GFP protein 
expression level 24 hours after transfection. Cell imaging 
was captured by Zeiss fluorescent microscope (Carl Zeiss, 
Thornwood, NY).

3D spheroid culture

The 3D spheroids of LnNE cells were generated 
using the GravityPLUS™ Hanging Drop System 
according to the manufacturer’s protocol. The growth 
medium was replenished every other day. After spheroid 
formation, the micro-tissue spheroids were transferred into 
the GravityTRAP™ culture plates for further experiments. 
Images of spheroids were captured by Zeiss fluorescent 
microscope (Carl Zeiss, Thornwood, NY) and the sizes of 
the spheroids were analyzed by Imagine-J software.

ACKNOWLEDGMENTS

Authors would like to thank Ms. Estelle Li from the 
Pathology Core of Vancouver Prostate Centre. 

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

GRANT SUPPORT

This study was supported by the Canadian Institutes 
of Health Research (MOP-137007; X. Dong) and a 
fellowship from China Scholar Council to Yinan Li.

Editorial note 

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget.

REFERENCES

1. de Bono JS, Logothetis CJ, Molina A, Fizazi K, North 
S, Chu L, Chi KN, Jones RJ, Goodman OB Jr, Saad F, 
Staffurth JN, Mainwaring P, Harland S, et al. Abiraterone 
and increased survival in metastatic prostate cancer. 
N Engl J Med. 2011; 364: 1995-2005. doi: 10.1056/
NEJMoa1014618.

2. Scher HI, Fizazi K, Saad F, Taplin ME, Sternberg CN, 
Miller K, de Wit R, Mulders P, Chi KN, Shore ND, 
Armstrong AJ, Flaig TW, Flechon A, et al. Increased 
survival with enzalutamide in prostate cancer after 
chemotherapy. N Engl J Med. 2012; 367: 1187-97. doi: 
10.1056/NEJMoa1207506.

3. Beltran H, Prandi D, Mosquera JM, Benelli M, Puca L, 
Cyrta J, Marotz C, Giannopoulou E, Chakravarthi BV, 
Varambally S, Tomlins SA, Nanus DM, Tagawa ST, 
et al. Divergent clonal evolution of castration-resistant 
neuroendocrine prostate cancer. Nat Med. 2016; 22: 298-
305. doi: 10.1038/nm.4045.



Oncotarget66887www.impactjournals.com/oncotarget

4. Li Y, Donmez N, Sahinalp C, Xie N, Wang Y, Xue H, 
Mo F, Beltran H, Gleave M, Wang Y, Collins C, Dong 
X. SRRM4 Drives Neuroendocrine Transdifferentiation 
of Prostate Adenocarcinoma Under Androgen Receptor 
Pathway Inhibition. Eur Urol. 2017; 71: 68-78. doi: 
10.1016/j.eururo.2016.04.028.

5. Lin D, Wyatt AW, Xue H, Wang Y, Dong X, Haegert A, 
Wu R, Brahmbhatt S, Mo F, Jong L, Bell RH, Anderson 
S, Hurtado-Coll A, et al. High fidelity patient-derived 
xenografts for accelerating prostate cancer discovery and 
drug development. Cancer Res. 2014; 74: 1272-83. doi: 
10.1158/0008-5472.CAN-13-2921-T.

6. Terry S, Beltran H. The many faces of neuroendocrine 
differentiation in prostate cancer progression. Front Oncol. 
2014; 4: 60. doi: 10.3389/fonc.2014.00060.

7. Aparicio A, Logothetis CJ, Maity SN. Understanding 
the lethal variant of prostate cancer: power of examining 
extremes. Cancer Discov. 2011; 1: 466-8. doi: 
10.1158/2159-8290.CD-11-0259.

8. Wang HT, Yao YH, Li BG, Tang Y, Chang JW, Zhang 
J. Neuroendocrine Prostate Cancer (NEPC) progressing 
from conventional prostatic adenocarcinoma: factors 
associated with time to development of NEPC and survival 
from NEPC diagnosis-a systematic review and pooled 
analysis. J Clin Oncol. 2014; 32: 3383-90. doi: 10.1200/
JCO.2013.54.3553.

9. Beltran H, Rickman DS, Park K, Chae SS, Sboner A, 
MacDonald TY, Wang Y, Sheikh KL, Terry S, Tagawa 
ST, Dhir R, Nelson JB, de la Taille A, et al. Molecular 
characterization of neuroendocrine prostate cancer and 
identification of new drug targets. Cancer Discov. 2011; 1: 
487-95. doi: 10.1158/2159-8290.CD-11-0130.

10. Lapuk AV, Wu C, Wyatt AW, McPherson A, McConeghy 
BJ, Brahmbhatt S, Mo F, Zoubeidi A, Anderson S, Bell 
RH, Haegert A, Shukin R, Wang Y, et al. From sequence 
to molecular pathology, and a mechanism driving the 
neuroendocrine phenotype in prostate cancer. J Pathol. 
2012; 227: 286-97. doi: 10.1002/path.4047.

11. Carney DN, Gazdar AF, Bepler G, Guccion JG, Marangos 
PJ, Moody TW, Zweig MH, Minna JD. Establishment and 
identification of small cell lung cancer cell lines having 
classic and variant features. Cancer Res. 1985; 45: 2913-23. 

12. Johnson BE, Whang-Peng J, Naylor SL, Zbar B, Brauch 
H, Lee E, Simmons A, Russell E, Nam MH, Gazdar AF. 
Retention of chromosome 3 in extrapulmonary small cell 
cancer shown by molecular and cytogenetic studies. J Natl 
Cancer Inst. 1989; 81: 1223-8. 

13. Lai SL, Brauch H, Knutsen T, Johnson BE, Nau MM, 
Mitsudomi T, Tsai CM, Whang-Peng J, Zbar B, Kaye 
FJ, Gazdar AF. Molecular genetic characterization of 
neuroendocrine lung cancer cell lines. Anticancer Res. 
1995; 15: 225-32. 

14. Deeble PD, Murphy DJ, Parsons SJ, Cox ME. Interleukin-6- 
and cyclic AMP-mediated signaling potentiates 
neuroendocrine differentiation of LNCaP prostate tumor 

cells. Mol Cell Biol. 2001; 21: 8471-82. doi: 10.1128/
MCB.21.24.8471-8482.2001.

15. Bang YJ, Pirnia F, Fang WG, Kang WK, Sartor O, 
Whitesell L, Ha MJ, Tsokos M, Sheahan MD, Nguyen 
P, Niklinski WT, Myers CE, Trepel JB. Terminal 
neuroendocrine differentiation of human prostate carcinoma 
cells in response to increased intracellular cyclic AMP. Proc 
Natl Acad Sci U S A. 1994; 91: 5330-4.  

16. Cox ME, Deeble PD, Lakhani S, Parsons SJ. Acquisition 
of neuroendocrine characteristics by prostate tumor cells 
is reversible: implications for prostate cancer progression. 
Cancer Res. 1999; 59: 3821-30. 

17. Zhu Y, Liu C, Cui Y, Nadiminty N, Lou W, Gao AC. 
Interleukin-6 induces neuroendocrine differentiation 
(NED) through suppression of RE-1 silencing transcription 
factor (REST). Prostate. 2014; 74: 1086-94. doi: 10.1002/
pros.22819.

18. Lin TP, Chang YT, Lee SY, Campbell M, Wang TC, Shen 
SH, Chung HJ, Chang YH, Chiu AW, Pan CC, Lin CH, 
Chu CY, Kung HJ, et al. REST reduction is essential for 
hypoxia-induced neuroendocrine differentiation of prostate 
cancer cells by activating autophagy signaling. Oncotarget. 
2016; 7: 26137-51. doi: 10.18632/oncotarget.8433.

19. Kim J, Jin H, Zhao JC, Yang YA, Li Y, Yang X, Dong 
X, Yu J. FOXA1 inhibits prostate cancer neuroendocrine 
differentiation. Oncogene. 2017. doi: 10.1038/onc.2017.50.

20. Lee AR, Li Y, Xie N, Gleave ME, Cox ME, Collins CC, 
Dong X. Alternative RNA splicing of the MEAF6 gene 
facilitates neuroendocrine prostate cancer progression. 
Oncotarget. 2017; 8: 27966-27975. doi: 10.18632/
oncotarget.15854.

21. Bieging KT, Mello SS, Attardi LD. Unravelling 
mechanisms of p53-mediated tumour suppression. Nat Rev 
Cancer. 2014; 14: 359-70. doi: 10.1038/nrc3711.

22. Mu P, Zhang Z, Benelli M, Karthaus WR, Hoover E, Chen 
CC, Wongvipat J, Ku SY, Gao D, Cao Z, Shah N, Adams 
EJ, Abida W, et al. SOX2 promotes lineage plasticity and 
antiandrogen resistance in TP53- and RB1-deficient prostate 
cancer. Science. 2017; 355: 84-8. doi: 10.1126/science.
aah4307.

23. Ku SY, Rosario S, Wang Y, Mu P, Seshadri M, Goodrich 
ZW, Goodrich MM, Labbe DP, Gomez EC, Wang J, Long 
HW, Xu B, Brown M, et al. Rb1 and Trp53 cooperate to 
suppress prostate cancer lineage plasticity, metastasis, and 
antiandrogen resistance. Science. 2017; 355: 78-83. doi: 
10.1126/science.aah4199.

24. Zou M, Toivanen R, Mitrofanova A, Floc’h N, Hayati S, Sun 
Y, Le Magnen C, Chester D, Mostaghel EA, Califano A, 
Rubin MA, Shen MM, Abate-Shen C. Transdifferentiation 
as a Mechanism of Treatment Resistance in a Mouse Model 
of Castration-resistant Prostate Cancer. Cancer Discov. 
2017. doi: 10.1158/2159-8290.CD-16-1174.

25. Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro 
RJ, Mosquera JM, Montgomery B, Taplin ME, Pritchard 



Oncotarget66888www.impactjournals.com/oncotarget

CC, Attard G, Beltran H, Abida W, Bradley RK, et al. 
Integrative clinical genomics of advanced prostate cancer. 
Cell. 2015; 161: 1215-28. doi: 10.1016/j.cell.2015.05.001.

26. Chen H, Sun Y, Wu C, Magyar CE, Li X, Cheng L, Yao JL, 
Shen S, Osunkoya AO, Liang C, Huang J. Pathogenesis of 
prostatic small cell carcinoma involves the inactivation of 
the P53 pathway. Endocr Relat Cancer. 2012; 19: 321-31. 
doi: 10.1530/ERC-11-0368.

27. Aparicio A, Tzelepi V, Araujo JC, Guo CC, Liang S, 
Troncoso P, Logothetis CJ, Navone NM, Maity SN. 
Neuroendocrine prostate cancer xenografts with large-
cell and small-cell features derived from a single patient’s 
tumor: morphological, immunohistochemical, and gene 
expression profiles. Prostate. 2011; 71: 846-56. doi: 
10.1002/pros.21301.

28. Lotan TL, Gupta NS, Wang W, Toubaji A, Haffner MC, 
Chaux A, Hicks JL, Meeker AK, Bieberich CJ, De Marzo 
AM, Epstein JI, Netto GJ. ERG gene rearrangements are 

common in prostatic small cell carcinomas. Mod Pathol. 
2011; 24: 820-8. doi: 10.1038/modpathol.2011.7.

29. Scheble VJ, Braun M, Wilbertz T, Stiedl AC, Petersen 
K, Schilling D, Reischl M, Seitz G, Fend F, Kristiansen 
G, Perner S. ERG rearrangement in small cell prostatic 
and lung cancer. Histopathology. 2010; 56: 937-43. doi: 
10.1111/j.1365-2559.2010.03564.x.

30. Wang L, Williamson SR, Zhang S, Huang J, Montironi 
R, Davison DD, Wang M, Yao JL, Lopez-Beltran A, 
Osunkoya AO, MacLennan GT, Baldridge LA, Du X, 
et al. Increased androgen receptor gene copy number is 
associated with TMPRSS2-ERG rearrangement in prostatic 
small cell carcinoma. Mol Carcinog. 2015; 54: 900-7. doi: 
10.1002/mc.22162.


