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Abstract

Castration-resistant prostate cancer (CRPC) with neuroendocrine differentiation (NED) is a lethal disease for which effective
therapies are urgently needed. The mechanism underlying development of CRPC with NED, however, remains largely
uncharacterized. In this study, we explored and characterized the functional role of neurotensin (NTS) in cell line and animal
models of CRPC with NED. NTS was acutely induced by androgen deprivation in animal models of prostate cancer (PCa)
and activated downstream signaling leading to NED through activation of neurotensin receptor 1 (NTSR1) and neurotensin
receptor 3 (NTSR3), but not neurotensin receptor 2 (NTSR2). Our findings also revealed the existence of a CK8T/CK14"
subpopulation in the LNCaP cell line that expresses high levels of both NTSR1 and NTSR3, and displays an enhanced
susceptibility to develop neuroendocrine-like phenotypes upon treatment with NTS. More importantly, NTSR1 pathway
inhibition prevented the development of NED and castration resistance in vivo. We propose a novel role of NTS in the
development of CRPC with NED, and a possible strategy to prevent the onset of NED by targeting the NTS signaling

pathway.
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Introduction

Prostate cancer (PCa) progression is largely dependent on
androgen/androgen receptor (A/AR) signaling [1]. After a
striking but temporary regression of tumors in the majority
of patients undergoing androgen deprivation therapy
(ADT), virtually all patients experience disease recurrence
and progression to a disease state termed castration-resistant
prostate cancer (CRPC) [2]. Drugs that further target A/AR
signaling in CRPC, such as abiraterone and enzalutamide,
have been approved for metastatic CRPC [3, 4]. Despite
their successes, these novel agents for CRPC are similarly
limited by primary and acquired resistance. In a significant
number of cases, pathways independent of A/AR signaling
emerge to sustain the development of CRPC [5].
Neuroendocrine (NE)-like PCa is identified by increased
staining of neuroendocrine differentiation (NED) markers,
e.g. neuron-specific enolase (NSE), chromogranin A (CgA),
and synaptophysin (Syn), and is believed to originate from
trans-differentiated tumor cells that give rise to CRPC fol-
lowing ADT [6, 7]. Markers of NED may be detected in up
to 70% of PCa that have undergone ADT for more than
13 months, but rarely detected in ADT naive tumors [8, 9],
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supporting the notion that ADT induces NED in PCa. NE-
like PCa is highly aggressive, with only 35% 2-year sur-
vival rate [10, 11]. Since NE-like PCa is independent of A/
AR signaling [5], alternative critical signaling pathways
driving NED in CRPC must be identified and characterized
in order to formulate effective strategies for novel ther-
apeutic development.

A transcriptome analysis of archived tumor specimens
revealed that NE-like PCa cells are more similar to non-NE
PCa cells than normal NE cells [12], suggesting NE-like
PCa cells originated from cancerous epitheliums through
the trans-differentiation process [13—15]. Generally, there
are three subgroups of epithelial cells in PCa: CK8™" luminal
cells, CK14" basal cells and CK8"/CK14" intermediate
cells. The specific cell type that contribute to the emergence
of NE-like tumor cells after ADT remains unknown,
although the composition and dynamics of each cell type
may vary in different disease stages after ADT.

Neurotensin (NTS) has been implicated in NED. Other
than the brain cells, NTS is widely expressed in various
tissues. The function of NTS is mediated through the
interaction with its receptors neurotensin receptor |1
(NTSR1), neurotensin receptor 2 (NTSR?2), and neurotensin
receptor 3 (NTSR3) [16]. NTS has been identified an as a
NED marker [17], and it has demonstrated increased
expression after castration [18]. Previous studies revealed
an association of NTS with progression and invasiveness of
PCa [19, 20], also offer preclinical proof for targeting the
NTSRI receptor as a potential pharmacological target in
cancer therapy [19, 21]. However, an integrated under-
standing of acquired NED in the context of castration is
lacking. Such insights might be used for designing more
effective therapies to overcome resistance and improve
survival from palliative to curative measures in PCa. In this
study, we delineated how NTS induces NED development
after ADT in cell line and animal models of CRPC with
NED. Blocking NTS signaling with NTSR1 inhibitor in
combination with ADT markedly delayed NED develop-
ment and reduced tumor burden in preclinical models.

Results

NTS expression is elevated in CRPC xenografts and
correlated with NE transdifferentiation

We have previously shown that castration-resistant LNCaP
xenografts (CRLX) could be established and serially
transplanted under castrate conditions according to the
schema shown in Fig. 1a [22]. Aggregated microarray data
from CRLX and control tumors were compared to identify
differentially expressed genes associated with resistance

SPRINGER NATURE

(Fig. 1b and Supplementary Table 2). The most upregulated
genes in the CRLX were the Hyaluronan and proteoglycan
link protein 1 (HAPLN1), Keratin 13 (KRT13), Fibrillin 1
(FBN1), Aldehyde dehydrogenase 1 family member Al
(ALDHI1A1), and neurotension (NTS) (Supplementary
Table 2). As a NED marker, NTS were noticed. Elevated
mRNA expression of NTS was validated by quantitative
RT-PCR (Fig. 1c) comparing established CRLX specimens
with castration-naive specimens. Interestingly, elevated
NTS expression was also observed at 7 days after castration
(Fig. 1c). Although concomitant elevation of NSE and
CGA, traditional NED markers, were demonstrated in
CRLX specimens, these markers were not elevated at 7 days
after castration (Fig. 1c), suggesting elevation of NTS
occurs earlier than other NED markers after castration.
Western blot analysis in a subset of samples (with sufficient
protein lysates) confirmed this observation (Fig. 1d).

To determine whether NTS elevation following castra-
tion can be observed in a different in vivo PCa model, we
conducted experiments in the TRAMP mice according to
the schema shown in Fig. le. The earlier elevation of NTS
after short-term castration (one week after castration) and
positive correlation between NTS and NED after long-term
castration were further confirmed in the TRAMP mouse
model (Fig. 1f and g). Together, these findings suggest that
NTS may be acutely induced by castration in vivo, and
elevated NTS may be required for the establishment of the
NED phenotype.

NTS is sufficient to induce NED in vitro

A series of in vitro experiments were carried out to test
whether exogenous NTS is sufficient to induce NED.
First, we determined that in vitro treatment with 4 ng/ml
NTS could mimic endogenous signals in CRLX, on the
basis of Erk1/2 response [19] (Supplemental Fig. 1a, b)
and global gene signature analysis (Supplemental Fig. lc,
d). With the optimal NTS concentration established for
in vitro experiments, we modeled NTS effects by sub-
jecting LNCaP cells preconditioned by charcoal-stripped
serum (CSS) to NTS treatment (Fig. 2a). Branching and
extension of neuron-like processes, morphological fea-
tures of NED, were evident at passage 3 in the NTS-
treated LNCaP cells (NT-L) (Fig. 2b—e). In addition, NT-
L cells expressed traditional NED markers as shown by
both IF (Fig. 2f, g) and Western blot analysis (Fig. 2h, and
Supplemental Fig. 1e). Moreover, NT-L cells displayed
NED expression profile defined in a previous study [23]
(Fig. 2g). Morphological features of NED were also evi-
dent at passage 5 in the NTS-treated C4-2 cells (NT-C)
(Supplemental Fig. 2f), in which the molecular signature
of NED was replicated (data not shown).
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Fig. 1 NTS expression is elevated in castration-resistant prostate
cancer xenografts and correlated with neuroendocrine transdiffer-
entiation. a Schematic illustrating the design of LNCaP mouse xeno-
graft experiments. LNCaP cells were subcutaneously injected into
BALB/c nude mice. Until tumors grew reached a size of ~100 mm3,
xenografted mice were randomized to two groups: (1) castration-
resistant LNCaP xenograft (CRLX), and control (Ctrl). Mice in CRLX
group were castrated, while mice in control group received sham
treatment until the first generation tumors were harvested after
2 months. Achieved tumors from above model were cut and minced to
~1 mm®, which were integrated to the size of about 100 mm® by using
matrigel and subcutaneously transplanted into the next generation of
syngeneic mice. Repeating the circle process, the status of castration-
resistant was determined until tumor in CRLX group grew faster than
their reference. b Most differentially expressed genes in a cohort of
CRLX (n = 8) compared to control (n =4) determined by expression
microarray analysis (Human Genome U133 Plus 2.0). The candidate
genes were defined as fold change (CRLX vs. Ctrl)>2 and false
discovery rates (FDR) < 0.05. see also Supplementary Table 2. ¢ qRT-

NTS induces NED through NTSR1 and NTSR3

NTS action is mediated by three receptors, NTSR1, NTSR2,
and NTSR3. NTSR1 and NTSR2 are G protein-coupled
receptors, with high and low affinity NTS binding, respec-
tively, while NTSR3 is a non-specific single trans-

PCR analysis of NTS, NSE, and CgA mRNA expression in a vali-
dation cohort of LNCaP tumors from mice treated with sham (control,
n==6), 7 days of castration (n=6), or with acquired resistance to
castration (n = 12). GAPDH used for normalization. d Western blot
analysis of NTS, NSE, and CgA protein expression in a validation
cohort of LNCaP tumors from mice treated with sham (control, n = 4),
7 days of castration (n = 4), or with acquired resistance to castration (n
= 8). CRLX samples were loaded for analysis from high to low NTS
levels based on mRNA analysis. e Schematic illustrating the design of
TRAMP mice experiments. Mice were divided into three groups fol-
lowed by receiving sham, short-term, or long-term surgical castration,
then tumors were harvested at the same time. f qRT-PCR analysis of
NTS, NSE, and CgA mRNA expression in primary tumors from
uncastrated (n = 4), short-term (n = 3), and long-term (n = 6) castrated
TRAMP mice. GAPDH used for normalization. g Western blot ana-
lysis of NTS, NSE, and CgA protein expression in a subset of tissues
from uncastrated (n=4), short-term (n=3), and long-term (n = 6)
castrated TRAMP mice. "p <0.05, “p <0.01

membrane-sorting receptor [24, 25]. We used shRNA to
stably knockdown NTSR1, NTSR2, and NTSR3 in LNCaP
cells (Supplementary Fig. 2). Down-regulation of NTSR1
and NTSR3, but not NTSR2, suppressed the NED pheno-
type induced by NTS in LNCaP cells (Fig. 3a—d). These
findings demonstrated that NTSR1 and NTSR3, but not
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Fig. 2 NTS induces neuroendocrine differentiation in prostate cancer
cell lines. a Schematic illustration of the procedure inducing NE-like
cells from prostate cancer cell lines. Before NTS treatment, cells were
cultured in 1640 medium with CSS serum (charcoal stripped serum)
for 2 weeks to mimic the castration conditions. Then, cells were
induced by NTS or DMSO for 3 weeks (LNCaP cells) or 5 weeks (C4-
2 cells). b Representative cell images in bright field of each group from
different passages. ¢ Quantification of branching/cell body ratio in
each group from different passages. Branching/cell body ratio was
determined for three microscopy fields, n = 171-242 total cell count. P
values were evaluated by Mann—-Whitney U test. d Bright field
microscopy showed the cell morphology of parental, DMSO-treated
(Ctrl), and NTS (4 ng/ml)-treated LNCaP cells (NT-L) on passage 3.
Mag: magnification. e Branching/cell body ratio of individual cells

NTSR2, were required for NED in response to NTS
stimulation.

NTS targets CK8"/CK14™ cells

We have observed that although NED could be induced
by NTS, not all cells demonstrate the NE-like phenotype
[26] (Fig. 2). This observation likely suggested differ-
ential sensitivity to NTS in the cells exposed to NTS
treatment. To identify the target cells for NTS, we
designed the luminal keratin CK8 and basal keratin CK14
promoter reporter constructs (GLuc-ON™), in which the
CK8 and CK14 promoters separately drive eGFP (green)
and mCherry (red) expression (Supplemental Fig. 3a).
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C]A Pan-CK Mer‘e

LNCaP

from each group shown in (b) was calculated. P values were evaluated
by Mann—Whitney U test. f Immunofluorescence double staining of
helix-loop-helix transcription factors (hASH1) and synaptophysin
(Syn) shows the NE-like phenotype in passage 3NT-L. g Immuno-
fluorescence double staining of chromogranin A (CgA) and pan-
cytokeratin (pan-CK) showed increased neuroendocrine marker and
decreased epithelial cytokeratin marker in passage 3NT-L. h The
differential expression of CgA, NSE, hASHI1, Syn, and pan-CK in
parental, DMSO-treated control, and passage 3NT-L groups was
shown in Western blot assay. i Heat map representing expression
changes in NED-related genes [23] in control and NT-L cells. Heat
map was generated by conversion of qRT-PCR data that was nor-
malized to -actin and p2M. “p<0.05, “p<0.01, ““p<0.001. See
also Supplementary Fig. 1

Using this promoter reporter system, CK8 /CK14%,
CK8"/CK14~, and CK8"/CK14"% cell subpopulations
were sorted by FACS (Fig. 4a). Phenotypes of these
sorted cell fractions were further analyzed by Western
blotting and FACS (Fig. 4b, c), confirming that CK8
T/ICK14~ cells presented biomarkers of luminal cells,
CK8 /CK14™" cells presented basal cell markers, and CK8
*/CK14™" cells expressed both basal and luminal markers
like intermediate cells. Interestingly, the intermediate-like
cells expressed high levels of both NTSR1 and NTSR3,
while lower level of NTSR1 and NTSR3 was, respec-
tively, detected in CK8"/CK14~ and CK8 /CK14" cells
(Fig. 4c). Because both NTSR1 and NTSR3 are necessary
for NED (Fig. 3), we hypothesized that intermediate-like
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Fig. 3 NTSR1 and NTSR3 are required for NTS-stimulated NED in
LNCaP cells. a LNCaP cells, which were transfected with indicated
shRNA to NTSRI1, 2, 3, 143 and shRNA control, were treated with
NTS (4ng/ml). The NE phenotypes were shown in bright field
microscopy (upper panel) and in immunofluorescence assay of Syn/
hASHI1 double staining (lower panel). b Branching/cell body ratio of
cells shown in (a) was quantified and plotted as box and whisker plots
(branching/cell body ratio was determined for three microscopy fields,
n=97-125 total cell count). P values were evaluated by Mann—

cells are the target cells for NTS action. Indeed, after sub-
jecting CK8"/CK14~, CK8 /CK14%, and CK8/CK14"
cells to 4 ng/ml NTS, NED morphology (Fig. 4d) and NED
markers (Fig. 4e) could only be detected in CK81/CK14"
cells at passage 3 after NTS treatment (Fig. 4d, e). To
determine whether expression of both NTSR1 and NTSR3
enables NTS response CK8'/CK14~ (NTSR1 negative) and

I o9, Ratios

-1.5 -05 05 1.5

Whitney U test. ~ p <0.001. ¢ Inmunoblotting analysis of CgA, NSE
and Syn, HASHI1 and pan-CK expression in control, NTS-treated, and
following NTSR1, 2 and 3 knockdown groups. d Heat map repre-
senting expression changes in NED-related genes in NTS (4 ng/ml)-
treated LNCaP cells with NTSR1, 2 and 3 knockdown by indicated
shRNAs. Heat map generated by conversion of qRT-PCR data that
was normalized to f-actin and p2M. Data are representative of two
independent experiments. See also Supplementary Fig. 2

CK8 /CK14" cells (low NTSR3), the CK8T/CK14~ and
CK8 /CK14" cells were transfected with NTSR1 and
NTSR3, respectively (Supplemental Fig. 3b, c). The trans-
fected CK81/CK14~ and CK8 /CK14" cells with both
receptors developed NED morphologies with increased
NED markers at levels similar to those detected in
CK8'/CK14" cells (Fig. 4d, e).
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Fig. 4 Characterization of the CK8'/CK14" cell population as the
origin of NE-like cells. a FACS plots showed the distribution of
LNCaP cells, based on expression of CK14 and CK8 and gates drawn
to distinguish three populations. Cells were transfected with CKS8-
eGFP and CK14-mCherry, and three populations of CK8"/CK14~,
CK87/CK14%, and CK8T/CK14% were separated. b Expression of
CK18 and CKS5 in the three cell populations distinguished above. ¢
Characterization of the three cell populations distinguished in (b) by
immunoblotting analysis of basal markers, CK5 and p63, and luminal

Suppression of NED and castration resistance by
NTSR1 antagonist

To determine the feasibility of suppressing NED in vivo, we
evaluated a NTSRI antagonist, SR48692, in LNCaP
xenografts and TRAMP tumors. The mice were randomized
and treated with vehicle, SR48692, enzalutamide, or the
combination of enzalutamide and SR48692. Xenograft-
bearing mice started to receive treatments until tumors
reached size of ~300mm [3], and TRAMP mice were
treated at 12-week old [27]. In LNCaP Xenografts, Enza-
lutamide as a single agent significantly suppressed tumor
growth initially, but tumor growth accelerated with
increased NED after a period of therapy (Fig. 5a—d).
Although SR48692 alone did not suppress NED and tumor
growth, a remarkable reduction in NED and tumor growth
was observed when it was combined with Enzalutamide
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markers, CK8 and AR. NTSRI1 and NTSR3 were also determined.
d Branching/cell body ratio was calculated in indicated cells received
treatment of NTS (4 ng/ml) for 3 weeks. Branching/cell body ratio was
determined in three microscopy fields, n = 112-146 total cell count. P
values were evaluated by Mann—Whitney U test. € Immunoblotting
analysis of CgA, NSE, Syn, hASHI1, AR, and pan-CK in indicated
cells received treatment of NTS (4 ng/ml) for 3 weeks. ***p<0.001.
See also Supplementary Fig. 3

(Fig. 5a—d). These findings were largely replicated in the
TRAMP mice (Supplemental Fig. 4) Together, these results
highlight the potential of targeting NTS signaling to delay
or prevent the progression of CRPC through NED.

Discussion

CRPC can arise through a variety of mechanisms, including
AR gene mutations and amplification [28], bypass of AR
pathway activation [29], activation of PCa stem cell niches
[30, 31], and NE-like trans-differentiation [32]. NeCRPC is
an aggressive subtype of CRPC raised after ADT [8].
However, the mechanism of trans-differentiation from PCa
epithelial cells to NE-like cells is still not fully compre-
hended. In this study, we found that NTS could induce
tumor cells trans-differentiation into NE-like cells through
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Fig. 5 Suppression of NED and castration resistance by NTSRI
antagonist. a LNCaP cells were injected subcutaneously in mice and
grown until tumors reached a size of ~300mm® Xenografted mice
were randomized and then, received PEG vehicle, 25 mg kg’1
SR48692, 10 mgkg™' MDV3100, or SR48692-+-MDV3100 for 5 days
a week. Caliper measurements were taken biweekly. n = 8 mice per
group. P values were determined by comparing with control group. b
Individual tumor weight in each group is shown. ¢ LNCaP cells were
injected subcutaneously in mice and grown until tumors reached a size
of ~300 mm? Xenografted mice were randomized and then, received

NTS-NTSR1/3 signaling. NTSR1 pathway inhibition pre-
vented the development of NED and castration resistance
in vivo. These findings are consistently replicated in mul-
tiple cell line and animal models of CRPC, suggesting the
critical importance of NTS in mediating NED. With respect
to the source of NTS in vivo, it is highly plausible that non-
tumor cells in the tumor microenvironment may play a
critical role [33]. Data in this paper supported that NTS
function as a mediator directing tumor cell NED. However,
the contribution of the tumor microenvironment as a plau-
sible source of NTS is still under extensive investigation.
The NE-like cells in CRPC may be different from normal
prostate epithelial NE cells [7]. The remnant cytokeratin in
these NE-like cells [34] suggest they may originate from
cancerous epithelial cells through a trans-differentiation
process. The epithelial lineage from which NE-like cells
arise remains controversial. Some suggested that the origin
of malignant NE-like cells should be luminal cells due to
their double-positive staining of luminal-markers and NE-
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PEG vehicle, 25mgkg~! SR48692, 10mgkg~! MDV3100, or
SR48692+MDV3100 for 5 days a week. Representative images of Ki-
67, TUNEL, and CgA in LNCaP xenograft tumors after different
therapy, specimens were got at 20 weeks post treatment. d Quantita-
tion of Ki-67, TUNEL, and CgA expressions in LNCaP xenograft
tumors from each group, specimens were got at 20 weeks post treat-
ment. Immunostained area/FOV (per field of view) was quantified
using Imagel. p values were evaluated by Mann—Whitney U test.
“p<0.05, “p<0.01. See also Supplementary Fig. 4

markers [34]. Others postulated that NE-like cells derived
from stem cells, due to co-expression of NE-markers with
CD44 in human PCa tissues [35]. Our study provided direct
evidence supporting that CK14*/CK8™ cells, which express
both luminal markers and basal markers (including CD44)
are the most likely candidates in NTS-induced NED. Figure 4a
showing that there is a large population of double-negative
cells, which seems caused by the imperfect transfection effi-
ciency. It may cause misidentification some CK14/CK8™ as
CK147/CK8™ or CK147/CK8™" cells. So, it is unclear whe-
ther the entire CK14"/CK8" subpopulation shares the
potential to trans-differentiate into NE-like cells. Maybe the
potential is carried by a smaller subgroup within CK14
*/CKS8™ cells. However, the imperfection does not weaken
our conclusions that CK14/CK8™ cells are the most likely
candidates of NE-like cells.

Currently, there is no standard treatment for patients with
NeCRPC, possibly reflecting a poor understanding of the
mechanism driving the development of these tumors. Based
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on our data showing the biologic roles of NTS in NeCRPC,
we propose a therapeutic strategy targeting NTS signaling
to prevent NED. Suppression of NTS-NTSR1 signaling in
LNCaP xenografts by NTSR1 inhibitor resulted in drama-
tically decreased NED and synergized with AR-targeting
agent enzalutamide. We further confirmed the findings in
the TRAMP mouse model, which is regarded as an ade-
quate mouse model for NeCRPC. In the TRAMP model,
with mice castrated at 12 weeks, nearly 80% of them
developing NE-like carcinomas at 24 weeks [36, 37].

In conclusion, our results provide mechanistic insights
into the development of NeCRPC. Our findings functionally
reveal NTS-NTSR1/3 signaling in CK147/CK8™" cells that
provides a transdifferentiation advantage to NE-like cells in
castrated microenvironments. Our findings also suggest that
combined inhibition of both NTSR1 and AR could prevent
the development of NED and prolong the duration of
response to next-generation AR antagonists. This raises the
possibility of clinically targeting NTS-NTSR1/3 axis both
to limit the NED of cancer cells and to diminish castration
resistance.

Methods
Fluorescence-activated cell sorting (FACS)

Whole tumors were dissected, cut into small pieces, and
dissociated by using 0.5% collagenase Type III (Wor-
thington Biochemical) and 1% Dispase II (Roche) in PBS
for 1-2 h. Resulting single-cell suspensions were washed in
PBS with 1% FBS and filtered through 70 mm nylon mesh.
Cell fractions were incubated for 15 min at 4 °C with Fc
block antibody (MACS) in PBS containing 1% BSA to
avoid nonspecific antibody binding. Cells were subse-
quently washed in PBS/BSA and stained with either Ig
controls or fluorophore-conjugated antibodies in MACS
buffer (0.5% BSA, 2mM EDTA in PBS). Data acquisition
was performed on FACS Calibur (BD Biosciences) and
analysis was done by using Flowjo version 9. The following
antibodies were used: EpCAM-FITC (StemCell Technolo-
gies), CD45-PE, CD31-APC (WM59, BD PharMingen),
and a-SMA-APC (BD-PharMingen).

Immunohistochemistry of tissues

Formalin-fixed, paraffin-embedded (FFPE) sections were
deparaffinized, blocked with 3% H,O,, and antigen retrieval
was performed in 0.01 M citrate twice for 10 min in a
microwave oven followed by a 60-min cool down. Slides
were blocked with 3% normal goat serum, then incubated
with various primary antibodies followed by Envision-plus-
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labeled polymer-conjugated horseradish peroxidase and
DAB monitoring staining (Zhong Shan gold bridge, Beij-
ing). Counterstaining was performed with Mayer-
hematoxylin.

Animal studies

Four-week-old male Babl/c mice were procured from a
breeding colony at Chinese Academy of Sciences. 2 x 10°
LNCaP PCa cells suspended in 100 ul of PBS with 50%
Matrigel (BD Biosciences) were implanted subcutaneously
into the dorsal flank on both sides of the mice. Once the
tumors reached an indicated stage, the animals were ran-
domized without blinding and received castration or treat-
ment of 10 mgkg~! body weight MDV3100 or 25 mg kg
body weight SR48692 by oral gavage for 5 days per week
(doses previously used in mouse PCa). Tumor volume was
recorded by digital calipers and estimated using the formula
(77/6) (L x W?), where L is length of tumor and W is width.
At the end of the studies mice were killed and tumors were
extracted and weighed. For TRAMP mice, we verified the
genotypes by PCR using tail snip DNA as templates 42.
Verified mice were randomized and received castration at
12 weeks or treatment of 10mgkg ' body weight
MDV3100 or 25mgkg ' body weight SR48692 at
12 weeks by oral gavage for 5 days a week. At the end of
the studies mice were killed and tumors extracted and
weighed. All procedures involving mice were approved by
the University Committee on Use and Care of Animals at
the Tianjin Medical University and conform to all reg-
ulatory standards.

Statistical analysis

The results were reported as mean + SEM. For comparisons
of central tendencies, normally distributed data sets were
analyzed using two-sided Student’s 7-tests under assumption
of equal variance. Non-normally distributed data sets were
analyzed using non-parametric Mann—Whitney U-tests.
Time to disease relapse was estimated by the Kaplan—Meier
method using GraphPad Prism 6 software. Unless indicated
otherwise, the log rank test was used to assess statistical
significance. All heatmaps were generated by the heatmap.2
function in the R package g-plots. Statistical tests were two
sided; P <0.05 was considered statistically significant.

Acknowledgements We thank Haifang Yin (Basic Medical Science
and Department of Cell Biology, Tianjin Medical University), Ruifa
Han (Tianjin Institute of Urology), Jiwu Chang (Tianjin Institute of
Urology), and Xiaohong Kong (School of Medicine, Nankai Uni-
versity) for helpful comments and discussion. We are grateful to the
members of School of Life Sciences, Nankai University for their
assistance with flow cytometry sorting for technical assistance. We



Neurotensin and its receptors mediate neuroendocrine transdifferentiation in prostate cancer 4883

also acknowledge the support from the Central Laboratory of Tianjin
Medical University for allowing us to use their precise instrument.

Funding This work was supported by National Basic Research Pro-
gram of China (2012CB518304), National Natural Science Foundation
of China (81802573, 81472682, and 81772756), and Natural Science
Foundation of Tianjin (17JCZDJC35300, 15JCZDJC35400, and
15JCYBIC27200).

Author contributions Y.N. and S.Z. designed and carried out experi-
ments. ZS aided in design experiments and execution of bioinformatics
analyses. SZ, HT, XN, JW, XL, NJ, SW, XC, SR, CX, and CC per-
formed experiments. NJ and AF-M carried out genearray. SZ, ZS, YN,
and YS interpreted data and wrote the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Azzouni F, Mohler J. Biology of castration-recurrent prostate
cancer. Urol Clin North Am. 2012;39:435-52.

2. Friedlander TW, Ryan CJ. Targeting the androgen receptor. Urol
Clin North Am. 2012;39:453-64.

3. de Bono JS, Logothetis CJ, Molina A, Fizazi K, North S, Chu L,
et al. Abiraterone and increased survival in metastatic prostate
cancer. N Engl J Med. 2011;364:1995-2005.

4. Scher HI, Fizazi K, Saad F, Taplin ME, Sternberg CN, Miller K,
et al. Increased survival with enzalutamide in prostate cancer after
chemotherapy. N Engl J Med. 2012;367:1187-97.

5. Scher HI, Sawyers CL. Biology of progressive, castration-resistant
prostate cancer: directed therapies targeting the androgen-receptor
signaling axis. J Clin Oncol. 2005;23:8253-61.

6. Beltran H, Tagawa ST, Park K, MacDonald T, Milowsky MI,
Mosquera JM, et al. Challenges in recognizing treatment-related
neuroendocrine prostate cancer. J Clin Oncol. 2012;30:e386-389.

7. Yuan TC, Veeramani S, Lin MF. Neuroendocrine-like prostate
cancer cells: neuroendocrine transdifferentiation of prostate ade-
nocarcinoma cells. Endocr Relat Cancer. 2007;14:531-47.

8. Ito T, Yamamoto S, Ohno Y, Namiki K, Aizawa T, Akiyama A,
et al. Up-regulation of neuroendocrine differentiation in prostate
cancer after androgen deprivation therapy, degree and androgen
independence. Oncol Rep. 2001;8:1221-4.

9. Huang J, Yao JL, di Sant’ Agnese PA, Yang Q, Bourne PA, Na Y.
Immunohistochemical characterization of neuroendocrine cells in
prostate cancer. Prostate. 2006;66:1399-406.

10. Cindolo L, Cantile M, Vacherot F, Terry S, de la Taille A. Neu-
roendocrine differentiation in prostate cancer: from lab to bedside.
Urol Int. 2007;79:287-96.

11. Sella A, Konichezky M, Flex D, Sulkes A, Baniel J. Low PSA
metastatic androgen- independent prostate cancer. Eur Urol.
2000;38:2504.

12. Sauer CG, Roemer A, Grobholz R. Genetic analysis of neu-
roendocrine tumor cells in prostatic carcinoma. Prostate.
2006;66:227-34.

13. Davies AH, Beltran H, Zoubeidi A. Cellular plasticity and the
neuroendocrine phenotype in prostate cancer. Nat Rev Urol.
2018;15:271-86.

14. Zou M, Toivanen R, Mitrofanova A, Floch N, Hayati S, Sun Y,
et al. Transdifferentiation as a mechanism of treatment resistance
in a mouse model of castration-resistant prostate cancer. Cancer
Discov. 2017;7:736-49.

15. Li Y, Donmez N, Sahinalp C, Xie N, Wang Y, Xue H, et al.
SRRM4 drives neuroendocrine transdifferentiation of prostate
adenocarcinoma under androgen receptor pathway inhibition. Eur
Urol. 2017;71:68-78.

16. Tyler-McMahon BM, Boules M, Richelson E. Neurotensin: pep-
tide for the next millennium. Regul Pept. 2000;93:125-36.

17. Yuan TC, Veeramani S, Lin FF, Kondrikou D, Zelivianski S,
Igawa T, et al. Androgen deprivation induces human prostate
epithelial neuroendocrine differentiation of androgen-sensitive
LNCaP cells. Endocr Relat Cancer. 2006;13:151-67.

18. Sehgal I, Powers S, Huntley B, Powis G, Pittelkow M, Maihle NJ.
Neurotensin is an autocrine trophic factor stimulated by androgen
withdrawal in human prostate cancer. Proc Natl Acad Sci USA.
1994;91:4673-7.

19. Valerie NC, Casarez EV, Dasilva JO, Dunlap-Brown ME, Parsons
SJ, Amorino GP, et al. Inhibition of neurotensin receptor 1 selec-
tively sensitizes prostate cancer to ionizing radiation. Cancer Res.
2011;71:6817-26.

20. Hashimoto K, Kyoda Y, Tanaka T, Maeda T, Kobayashi K, Uchida
K, et al. The potential of neurotensin secreted from neuroendocrine
tumor cells to promote gelsolin-mediated invasiveness of prostate
adenocarcinoma cells. Lab Investig. 2015;95:283-95.

21. Wu Z, Martinez-Fong D, Tredaniel J, Forgez P. Neurotensin and
its high affinity receptor 1 as a potential pharmacological target in
cancer therapy. Front Endocrinol. 2012;3:184.

22. Jiang N, Hjorth-Jensen K, Hekmat O, Iglesias-Gato D, Kruse T,
Wang C, et al. In vivo quantitative phosphoproteomic profiling
identifies novel regulators of castration-resistant prostate cancer
growth. Oncogene. 2014;34:2764-76.

23. Lapuk AV, Wu C, Wyatt AW, McPherson A, McConeghy BJ,
Brahmbhatt S, et al. From sequence to molecular pathology, and a
mechanism driving the neuroendocrine phenotype in prostate
cancer. J Pathol. 2012;227:286-97.

24. Martin S, Navarro V, Vincent JP, Mazella J. Neurotensin receptor-
1 and -3 complex modulates the cellular signaling of neurotensin
in the HT29 cell line. Gastroenterology. 2002;123:1135-43.

25. Vincent JP, Mazella J, Kitabgi P. Neurotensin and neurotensin
receptors. Trends Pharmacol Sci. 1999;20:302-9.

26. Delk NA, Farach-Carson MC. Interleukin-6: a bone marrow
stromal cell paracrine signal that induces neuroendocrine differ-
entiation and modulates autophagy in bone metastatic PCa cells.
Autophagy. 2012;8:650-63.

27. Niu Y, Altuwaijri S, Lai KP, Wu CT, Ricke WA, Messing EM,
et al. Androgen receptor is a tumor suppressor and proliferator in
prostate cancer. Proc Natl Acad Sci USA. 2008;105:12182-7.

SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

4884

S. Zhu et al.

28.

29.

30.

31.

32.

Lorente D, Mateo J, Zafeiriou Z, Smith AD, Sandhu S, Ferral-
deschi R, et al. Switching and withdrawing hormonal agents for
castration-resistant prostate cancer. Nat Rev Urol. 2015;12:37-47.
Arora VK, Schenkein E, Murali R, Subudhi SK, Wongvipat J,
Balbas MD, et al. Glucocorticoid receptor confers resistance to
antiandrogens by bypassing androgen receptor blockade. Cell.
2013;155:1309-22.

Li P, Yang R, Gao WQ. Contributions of epithelial-mesenchymal
transition and cancer stem cells to the development of castration
resistance of prostate cancer. Mol Cancer. 2014;13:55.

Niu Y, Chang TM, Yeh S, Ma WL, Wang YZ, Chang C. Dif-
ferential androgen receptor signals in different cells explain why
androgen-deprivation therapy of prostate cancer fails. Oncogene.
2010;29:3593-604.

Qi J, Nakayama K, Cardiff RD, Borowsky AD, Kaul K, Williams
R, et al. Siah2-dependent concerted activity of HIF and FoxA2
regulates formation of neuroendocrine phenotype and neu-
roendocrine prostate tumors. Cancer Cell. 2010;18:23-38.

SPRINGER NATURE

33.

34.

35.

36.

37.

Fiaschi T, Marini A, Giannoni E, Taddei ML, Gandellini P, De
Donatis A, et al. Reciprocal metabolic reprogramming through
lactate shuttle coordinately influences tumor-stroma interplay.
Cancer Res. 2012;72:5130-40.

Vashchenko N, Abrahamsson PA. Neuroendocrine differentiation
in prostate cancer: implications for new treatment modalities. Eur
Urol. 2005;47:147-55.

Palapattu GS, Wu C, Silvers CR, Martin HB, Williams K, Sala-
mone L, et al. Selective expression of CD44, a putative prostate
cancer stem cell marker, in neuroendocrine tumor cells of human
prostate cancer. Prostate. 2009;69:787-98.

Gingrich JR, Barrios RJ, Kattan MW, Nahm HS, Finegold MJ,
Greenberg NM. Androgen-independent prostate cancer progres-
sion in the TRAMP model. Cancer Res. 1997;57:4687-91.
Kaplan-Lefko PJ, Chen TM, Ittmann MM, Barrios RJ, Ayala
GE, Huss WIJ, et al. Pathobiology of autochthonous prostate
cancer in a pre-clinical transgenic mouse model. Prostate.
2003;55:219-37.



	Neurotensin and its receptors mediate neuroendocrine transdifferentiation in prostate cancer
	Abstract
	Introduction
	Results
	NTS expression is elevated in CRPC xenografts and correlated with NE transdifferentiation
	NTS is sufficient to induce NED in�vitro
	NTS induces NED through NTSR1 and NTSR3
	NTS targets CK8&#x0002B;/CK14&#x0002B; cells
	Suppression of NED and castration resistance by NTSR1 antagonist

	Discussion
	Methods
	Fluorescence-activated cell sorting (FACS)
	Immunohistochemistry of tissues
	Animal studies
	Statistical analysis

	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




