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Neuroendocrine prostate carcinoma cells originate from
the p63-expressing basal cells but not the pre-existing
adenocarcinoma cells in mice
Cell Research (2019) 29:420–422; https://doi.org/10.1038/s41422-019-0149-4

Dear Editor,
The prostate epithelium consists of p63/cytokeratin 14/cytoker-

atin 5-expressing (p63+/K14+/K5+) basal cells (BCs), K8+/andro-
gen receptor (AR)+ luminal epithelial cells (LECs), and
neuroendocrine cells (NECs) expressing synaptophysin (Syp),
neural cell adhesion molecule (NCAM) and neuron-specific
enolase (NSE). We previously demonstrated that BCs could
differentiate into all three cell lineages in the prostate of postnatal
mouse.1 The LEC-originated AR+ prostate adenocarcinomas are
treated with anti-androgen/AR endocrine therapy. However, the
AR-negative (AR–) neuroendocrine prostate carcinoma (NEPC) is
usually associated with castration resistance, metastasis, resistance
to chemotherapy, and poor prognosis. Approximately 2% of all
prostate cancers (PCa) are NEPCs, and ~30% of adenocarcinomas
contain focal NEPC cells after androgen deprivation therapy.2,3

Previous studies suggested that NEPC might originate from NECs,4

cancer stem cells (CSCs),5 or pre-existing adenocarcinoma cells via
transdifferentiation.2,6–8 However, no lineage tracing study has
been performed to test whether NEPC can arise from BCs without
transdifferentiation.
To examine whether NEPC cells arise from p63+ BCs, we

generated p63-CreERT2;Rosa-LoxP-STOP-LoxP-tdRFP;TRAMP (desig-
nated as p63iCre;iRFP;TRAMP) mice by breeding p63iCre;iRFP and
TRAMP mice (Supplementary information, Data S1).1,9 TRAMP mice
are prone to develop both adenocarcinomas and NEPCs, but the cell
of origin for NEPC is unknown.9 In the TRAMP mouse prostate, SV40
T/t antigens start expressing at 3 weeks of age. Low-grade
hyperplasia and prostate intraepithelial neoplasia (PIN) develop at
4 and 12 weeks of age, respectively.9 In p63iCre;iRFP;TRAMP mice,
tamoxifen treatment-activated CreERT2 triggers irreversible red
fluorescent protein (RFP) expression in BCs, which is an ideal model
for lineage tracing. p63iCre;iRFP;TRAMP mice were treated with
tamoxifen during 2-3 weeks of age, which resulted in RFP expression
in 70.6% of p63+ BCs and none of LECs at 4 weeks of age (Fig. 1a).
All tamoxifen-treated mice developed large NEPCs and prostate
adenocarcinomas by 20 weeks of age. On the adjacent tumor
sections, the tumor cells, NEPC cells and RFP+ cells were tested by
immunohistochemistry (IHC) for SV40 T antigen, Syp and RFP. SV40T
antigen was expressed in both Syp+ NEPC cells and Syp–
adenocarcinoma cells, although its immunoreactivity in NEPC cells
was much higher than that in adenocarcinoma cells. Results from
IHC for other NEC markers including NCAM and NSE were consistent
with the IHC results for Syp (data not shown). We found that tumor
areas with either Syp+ NEPC or Syp– adenocarcinoma had many
RFP+ tumor cells, indicating that both NEPC and adenocarcinoma
cells can originate from p63-expressing BCs (Fig. 1b). Triple
immunofluorescent (IF) staining confirmed the Syp+/RFP+/SV40T
+ NEPC cells and the Syp–/RFP+/SV40T+ adenocarcinoma cells.
Double IF staining for K14 and RFP or K8 and RFP detected large
numbers of K14+/RFP+ BCs and K8+/RFP+ adenocarcinoma cells.

At this 20-week stage, 45.5% of the total Syp+/SV40T+ NEPC areas
consisted of Syp+/RFP+/SV40T+ NEPC cells, 99.5% of the K14+ BCs
were RFP+/K14+ cells, and 92% of the K8+ adenocarcinoma cells
were RFP+/K8+ cells (Supplementary information, Fig. S1a–c). The
development of RFP-negative NEPC cells, BCs and adenocarcinoma
cells might be a result of incomplete RFP labeling of p63+ BCs in
TRAMP mice during 3–4 weeks of age. These results demonstrate
that p63+ BCs labeled with RFP are the cells of origin for NEPC,
adenocarcinoma and BCs in TRAMP mice.
To examine whether K8+ LECs or pre-existing K8+ adenocarci-

noma cells could transdifferentiate into NEPC cells, we generated
K8-CreERT2;Rosa-LoxP-STOP-LoxP-tdRFP;TRAMP (designated as
K8iCre;iRFP;TRAMP) mice and traced the K8+ cell lineage. We
treated these mice with tamoxifen during 2–3 weeks of ages and
found that 54.5% of the K8+ LECs and adenocarcinoma cells in
the prostates were labeled with RFP (Fig. 1c). To our surprise, no
Syp+/RFP+/SV40T+ NEPC cells were detected in the prostate
tumors containing both large and small Syp+/SV40T+ NEPC
regions at 20 weeks of age, although Syp–/RFP+/SV40T+
adenocarcinoma cells were detected (Fig. 1d). These results
indicate that NEPC cells are not derived from K8+ LECs and
adenocarcinoma cells, different from the results obtained from the
double p53 and Pten knockout-induced PCa mouse model in
which all NEPC cells were transdifferentiated from LEC lineage.8

This difference indicates that NEPC can originate from trans-
formed p63+ progenitor cells without pre-differentiation into LEC
lineage in one PCa subtype or from transformed LEC lineage in
another PCa subtype.
Interestingly, the ratios of Syp–/RFP+/SV40T+ to Syp–/RFP–/

SV40T+ adenocarcinoma cells and LECs were reduced from 54.5%
at 4 weeks of age to 17.2% at 20 weeks of age in K8iCre;iRFP;
TRAMP mice (Supplementary information, Fig. S1d), which could
be attributed to loss of RFP+ adenocarcinoma cells labeled at
4 weeks of age and gain of RFP– adenocarcinoma cells derived
from unlabeled basal progenitor cells during tumor progression.
This explanation is consistent with the observation that p63+ BCs
are capable of differentiating into AR+ LECs and adenocarcinoma
cells in the prostates of TRAMP mice.
The rat NRP-152 cell line contains prostate epithelial progenitor

cells.10 To test whether these progenitor cells could differentiate
into NEPC cells, we generated SV40 T/t-expressing NRP-152 cell
lines and examined their cellular markers. In the newly established
clones cultured for 3 weeks, NSE was not expressed in the control
cells harboring the empty vector. NSE was expressed in clone T6 at
a high level and clones T8, T9 and T10 at low levels. AR and p63
were present in the control cells; their expression levels nearly
disappeared in clone T6 but only slightly decreased in clones T8,
T9 and T10. K14 expression was similar in all clones (Fig. 1e). These
results demonstrate that clones T8, T9 and T10 co-express SV40T
with basal or progenitor cell markers p63 and K14 and low-level
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neuroendocrine marker NSE, while clone T6 co-expresses SV40T
with only K14 and high-level NSE at this early time point,
suggesting that clones T8, T9 and T10 are in their early
intermediate state and clone T6 is in its late intermediate state
toward NEPC differentiation. During the subsequent passages,
clone T8 was lost due to failure of continuous growth. After one-
year in culture, control cells maintained their expression levels of
all proteins examined at both early and late time points (Fig. 1f).
Of note, the stronger p63 band from control cells shown in Fig. 1f
was a result of enhanced experimental conditions for detecting
weak p63 bands from other clones. In comparison with the control
cells, clone T6 maintained similar expression profiles of NSE, AR,
and p63 but reduced K14 expression to a shallow level, and clone
10 showed robustly increased NSE expression and decreased AR,
p63 and K14 expression (Fig. 1f). These results indicate that these
two clones have gone much farther toward NEPC differentiation in

terms of losing progenitor cell markers and gaining the
neuroendocrine marker. In contrast, clone T9 expressed lower
level of SV40T compared to the other two clones, became NSE
negative, and retained AR, p63 and K14 expression, indicating that
this clone has reversed its partial NEPC differentiation and
returned to its progenitor state (Fig. 1f). These results suggest
that SV40 T/t overexpression beyond a threshold is sufficient to
induce NEPC differentiation from a subpopulation of NRP-152 cells
in culture.
To test whether SV40 T/t-expressing NRP-152 cells could

develop NEPC in vivo, we subcutaneously injected these cells
into male SCID mice. The control cells were unable to form any
tumors. The cells of clone T9 without NSE expression but with AR,
SV40 T/t, p63 and K14 expression were also incapable of
developing any tumors. Interestingly, the cells of clone T6 and
clone T10 developed palpable tumors within 4 weeks after being

Fig. 1 NEPC cells originate from p63+ basal progenitor cells but not LECs or pre-existing adenocarcinoma cells. a Experimental procedure and
representative double immunofluorescent (IF) staining for p63 and RFP on prostate sections at 4 weeks of age. p63iCre;iRFP;TRAMP mice (n=
6) were treated with tamoxifen (Tam) during 2–3 weeks of age and examined for RFP-labeling efficiency of p63+ BCs at 4 weeks of age, and
for RFP-labeled NEPC cells, BCs and adenocarcinoma cells at 20 weeks of age (Supplementary information, Fig. S1a–c). At 4 weeks, 70.6% of
the examined p63+ BCs (n= 921) were RFP positive. The boxed area is enlarged and shown on the right. b Immunohistochemistry (IHC) for
Syp, RFP and SV40T on adjacent serial prostate tumor sections at 20 weeks of age. NEPC, neuroendocrine prostate carcinoma; AC,
adenocarcinoma. c Experimental procedure and representative double IF staining for K8 and RFP on prostate sections at 4 weeks of age.
K8iCre;iRFP;TRAMP mice (n= 8) were treated with Tam during 2–3 weeks of age, and analyzed for RFP-labeling efficiency of K8+ LECs at
4 weeks of age (n= 3), and for RFP-labeled NEPC and adenocarcinoma cells at 20 weeks of age (n= 5; Supplementary information, Fig. S1d). At
4 weeks, 54.5% of the counted K8+ LECs and adenocarcinoma cells (n= 2,285) were RFP positive. The boxed area is enlarged and shown on
the right. d Representative images for Syp, RFP and SV40T IHC on adjacent serial prostate tumor sections at 20 weeks of age. e, f Western blot
analysis of SV40T, NSE, AR, p63 and K14 in cloned NRP-152 cell lines transduced by control (Ctrl) or SV40 T/t-expressing lentivirus (other lanes).
The cloned cells examined in e, f were cultured for 3 weeks and one year, respectively. β-actin served as a loading control. g Xenograft tumor
growth assay in SCID mice. Tumors formed from clones T6 and T10 are circled. Control and T9 cells did not develop any tumors. The images
are representative of 5 mice in each group. h Representative double IF staining for SV40 T antigen (red) and NSE (green) on tissue sections
prepared from xenograft tumors derived from clones T6 and T10 in SCID mice
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inoculated (Fig. 1g). When examined at week 8 after inoculation,
the tumor cells derived from either clone T6 or clone T10 showed
both SV40T and NSE expression (Fig. 1h), and the majority of these
tumor cells were K14 negative (Supplementary information,
Fig. S2a). In summary, T6 and T10 clones with SV40 T/t expression
developed NEPC in vivo.
We previously showed that p63+ BCs could differentiate into

prostate neuroendocrine cells in normal mice,1 and also identified
the rare subsets of p63+/Syp+ and K5+/SV40T+/Syp+ cells in
TRAMP mice with prostate-specific steroid receptor coactivator-3
(SRC-3) knockout.11 In the present study, we demonstrated that
overexpression of SV40 T/t, which inhibits p53, RB and PP2A tumor
suppressor functions, can induce prostate progenitor cells to
differentiate into NEPC cells via early and late intermediate states
with an expression of both neuroendocrine cell marker and basal/
progenitor cell markers. Based on these findings, we propose a
progenitor-initiating NEPC model. At early PCa-initiating stages,
transformed intermediate progenitor cells deficient of p53, RB and
PP2A may preferentially differentiate into adenocarcinoma
progenitor cells but also produce a small number of NEPC cells.
During PCa progression stages, the adenocarcinoma progenitor
cells continuously produce adenocarcinoma cells, and the
matured adenocarcinoma cells are continuously lost over time
to constitute a dynamic change in the adenocarcinoma cell
population. However, the rare NEPC cells at early stages gradually
increase their number by self-proliferation and eventually become
a large cell population in advanced prostate tumors (Supplemen-
tary information, Fig. S2b). This model suggests that NEPC cells
can arise independently without transdifferentiation from the pre-
existing adenocarcinoma cells and thereby should be diagnosed
and treated as early as possible instead of waiting for the
completion of endocrine therapy.
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