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Abstract: The high heterogeneity and low percentage of neuroendocrine cells in prostate cancer limit the utility of
traditional bulk RNA sequencing and even single-cell RNA sequencing to find better biomarkers for early diagnosis
and stratification. Re-clustering of specific cell-type holds great promise for identification of intra-cell-type heteroge-
neity. However, this has not yet been used in studying neuroendocrine prostate cancer heterogeneity. Neuroendo-
crine cluster(s) were individually identified in each castration-resistant prostate cancer specimen and combined for
trajectory analysis. Three neuroendocrine states were identified. Neuroendocrine state 2 with the highest AR score
was considered the initial starting state of neuroendocrine transdifferentiation. State 1 and state 3 with distinct
high neuroendocrine scores and marker genes enriched in N-Myc and REST target genes, respectively, were con-
sidered as two different types of neuroendocrine differentiated cancer cells. These two states contained distinct
groups of prostate cancer biomarkers and a strong distinguishing ability of normal versus cancerous prostate across
different pathological grading was found in the N-Myc-associated state. Our data highlight the central role of N-Myc
and REST in mediating lineage plasticity and classifying neuroendocrine phenotypes.
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Introduction the response to these new-generation thera-
pies is only transient and patients eventually

Prostate cancer (PCA) is the second most fre- relapse with progression to a more aggressive

quent malignancy diagnosed and the fifth lead-
ing cause of cancer death in men worldwide [1].
Although androgen deprivation therapy (ADT)
remains the gold standard for treating patients
with PCA [2], the disease often develops into
castration-resistant prostate cancer (CRPC),
associated with the restoration of androgen
receptor (AR) signaling [3]. The prevalence of
CRPC drove the development of second-gener-
ation AR pathway inhibitors, such as the andro-
gen biosynthesis inhibitor abiraterone and the
AR antagonist enzalutamide [4]. Unfortunately,

form of PCA with neuroendocrine features,
known as neuroendocrine prostate cancer
(NEPC) [5, 6]. Thus, the incidence of NEPC has
escalated after the wide use of second-genera-
tion AR-targeting therapy [7]. Given that treat-
ment-induced NEPC no longer responds to
AR-targeted therapy, as well as traditional che-
motherapy [6], patients diagnosed with NEPC
have a median overall survival of less than a
year [7, 8]. Addressing the mechanisms of neu-
roendocrine differentiation (NED) will benefit
the development of new diagnostic and thera-
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peutic strategies to restore sensitivity to
AR-targeted therapy.

Cellular plasticity has emerged as a fundamen-
tal developmental process that allows a single
genotype to acquire polymorphisms in response
to environmental stimuli [9] and has become
an important mechanism facilitating treatment-
induced drug resistance [10]. In line with this,
accumulating evidence suggested that lineage
plasticity may contribute to the acquisition of
morphological characteristics and differentia-
tion states of NEPC [11-13], a molecular fea-
ture characterized by reduced/no expression
of AR signature markers and increased expres-
sion of neuroendocrine markers, such as chro-
mogranin A (CgA), neuron-specific enolase
(NSE), synaptophysin (SYP), and tubulin |lI
(TUuBIIl) [8, 14]. Fortunately, the advent of
next-generation sequencing (NGS) makes a
comprehensive analysis of the molecular fea-
tures of NEPC possible. Based on the bulk
RNA-sequencing (RNA-seq) and DNA-se-
quencing (DNA-seq) data, neuroendocrine
transdifferentiation in advanced CRPC is be-
lieved to be a consequence of epigenetic regu-
lation of cellular plasticity rather than genomic
alteration, as the fact that loss of RB1, TP53,
and PTEN [8, 15, 16] and ERG translocation
[17] were shared between CRPC adenocarci-
noma (CRPC-adeno) and NEPC.

For epigenetic reprogramming in PCA, a pro-
nounced example is that N-Myc drives a lineage
switch in prostate adenocarcinoma toward a
neural identity that favors the development of
NEPC [12, 18]. In addition, we and others have
previously identified REST (also known as neu-
ron restrictive silencing factor; NRSF), a tran-
scriptional repressor of neuronal genes in neu-
ral precursor cells and non-neuronal cells, as
another epigenetic driver for NEPC progression.
Since NEPC is characterized by the expression
of genes associated with the neural lineage [8],
the amplification/overexpression of N-Myc [18-
20] and the loss of REST [21-23] have been
considered as crucial routes for the acquisition
of neuroendocrine phenotype in PCA. However,
whether N-Myc and REST may, alone or coop-
eratively, initiate the epigenetic reprogramming
of NEPC is largely unknown. Demonstrating the
unique and critical contribution of N-Myc
and REST in the progression of NEPC will ben-
efit the development of therapeutic strategies
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to restore sensitivity to AR-targeted therapy.
Moreover, NEPC is an end-stage lethal subtype
of CRPC with fundamental problems in early
and accurate diagnosis [24, 25]. Early detec-
tion of NEPC or detection of CRPC-adeno cells
undergoing NED offers the prospect of a better
prognosis. Identification of marker genes in
N-Myc and REST-associated NEPC states may
also help develop new diagnostic biomarkers
for NEPC.

Single-cell RNA-seq (scRNA-seq) has created
an unprecedented opportunity to simultane-
ously assess the transcriptional profiles of
thousands of individual cells in a sample,
enabling an unbiased display of heterogeneity
among tumor cells [26, 27]. Several recent
studies have successfully used scRNA-seq to
demonstrate the heterogeneity of human PCA
tissues [28-32]. Ma and Song et al. revealed
the heterogeneity of primary PCA and discov-
ered novel biomarkers for the diagnosis of ear-
ly-stage PCA [28] and cell states associated
with carcinogenesis [29], respectively. Chen et
al. detected the heterogeneity of tumor micro-
environment in 12 primary and 1 metastatic
PCA tissues [32]. He et al. showed the expres-
sion of AR isoforms in mediating resistance to
AR-targeting therapy in metastatic CRPC [33].
Taking advantage of scRNA-seq in providing
unique opportunities to detect rare subpopula-
tions, Dong and Wang et al. detected neuroen-
docrine tumor cells in CRPC specimens and try
to identify their origin [30, 31]. Since a detailed
analysis of neuroendocrine cells in metastatic
CRPC at single-cell resolution is still lacking, we
used scRNA-seq to profile the transcriptomes
of 6,512 single cells of lymph node metastatic
CRPC (mCRPC) tissue and found that it consist-
ed of four major AR-positive luminal groups and
a minor group comprising ~1% of neuroendo-
crine positive luminal cells. In line with previous
reports showing REST as a NED repressor [21-
23], we found that REST-targeted genes in-
creased significantly in the neuroendocrine-
positive group when compared to AR-positive
adenocarcinoma cells. To in-depth investigate
the heterogeneity of NEPC, we combined public
datasets and identified 2,903 luminal cells
positive for neuroendocrine markers from
CRPC samples from five patients. Using trajec-
tory analysis, we found that NEPC cells consist-
ed of three distinct states. The AR and neuroen-
docrine scoring suggested that state 2 re-
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presents the initial starting state within the 3
states of NEPC cells. Combining GSEA and bio-
marker genes, we found N-Myc and REST as
key epigenetic regulators of state 1 and state 3,
respectively. Notably, we found that N-Myc-
driven NEPC exhibited high specificity and sen-
sitivity in distinguishing high-grade PCA from
normal prostate, showed significant abilities to
predict disease-free survival, and may relate to
drug resistance of CRPC, while REST-driven
NEPC seems relatively benign. In summary, our
findings revealed the heterogeneity of NEPC at
the single-cell level and uncovered a state of
N-Myc-regulated cells that could be critical for
the diagnosis and stratification of PCA.

Materials and methods
Human subject

The patient was first diagnosed with metastatic
prostate adenocarcinoma at 56-year-old with a
clinical stage of TNM of cTAN1M1b and a pros-
tate-specific antigen (PSA) level of 1,302 ng/
ml. Computed tomography (CT) scan and bone
scan showed lymph node and bone metasta-
ses. The patient was treated with first-line ADT
(leuprolide and bicalutamide) for 14 months
and then diagnosed with CRPC as his PSA lev-
els increased. After being diagnosed with
CRPC, the patient was treated with chemother-
apy for 4 months. The lymph node mCRPC tis-
sue used in this study was collected from the
same patient at the age of 60-year-old. The
stage of cTNM was cT4N1M1b with a PSA level
of 745 ng/ml. The lymph node specimen dis-
played a cellular morphology resembling NEPC
and positive for the neuroendocrine markers
SYP and CD56/NCAM1. Informed consents
were obtained from the patient and experi-
ments with human subjects were approved by
the Institutional Review Board (IRB) of Taipei
Veterans General Hospital (TVGH).

Single-cell suspension preparation

A surgically removed lymph node from a PCA
patient was immersed in MACS Tissue Storage
Solution (Miltenyi Biotec, cat. no. 130-100-
008) and immediately transported to the labo-
ratory on ice. The tissue block was placed in a
sterile Petri dish containing 5 ml of EpiGRO™
Human Prostate Epithelia Basal Medium
(Millipore, cat No. SCMP-BM) and minced into
small cubes (~1 mm). The pieces were trans-
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ferred to a gentleMACS C tube (Miltenyi Biotec,
cat. no. 130-093-237) containing 5 ml of diges-
tive enzymes from Human Tumor Dissociation
Kit (Miltenyi Biotec, cat. no. 130-095-929)
diluted in EpiGRO™ Human Prostate Basal
Medium. Then, a single-cell suspension was
made with a gentleMACS Octo Dissociator
(Miltenyi Biotec, cat. no. 130-096-427) using
the h_TDK_2 program. The sample was incu-
bated at 37°C under continuous gentle shak-
ing. After completion of the run, 5 ml of EpiGRO
Human Prostate Basal Medium was added to
the gentleMACS C tube and then the single cell
suspension was filtered through a 70-um cell
strainer (FALCON, cat. no. 352350). Viable cells
were isolated by Ficoll density gradient centrifu-
gation (1000xg at room temperature for 15
min). Cell number and cell viability were deter-
mined with a Countess Il FL Automated Cell
Counter (Invitrogen, cat No. AMQAF1000).
Finally, the single-cell suspension was centri-
fuged at 300xg at 4°C for 7 min and resus-
pended at a density of 1000 cells/ul in
EpiGRO™ Human Prostate Basal Medium prior
to immediate scRNA analysis.

Single-cell library preparation and sequencing

The single-cell suspension, which has viability
greater than 90%, was loaded onto the 10x
Genomics Single-Cell-A Chip for target capture
of ~10,000 cells/chip. The cDNA library was
prepared using Chromium Next GEM Single
Cell 3’ Reagent Kits v3.1 (10x Genomics, cat.
no. PN-1000121), according to the manufac-
turer’s protocol. The library was sequenced on
a NovaSeq 6000 (Illlumina, cat. no. 20012850)
at a depth of ~150 M reads.

Single-cell data processing and cell-type an-
notation

Raw sequencing data was processed by the
Cell Ranger (10x Genomics, version 3.1.0)
analysis pipeline, followed by alignment to the
human reference genome (GRCh38). Cells with
low-quality cell barcodes or with high percent-
age of reads that mapped to the mitochondrial
genome were excluded. The DoubletFinder was
used to detect and remove potential doublets.
The 6,512 high-quality cells were included for
further analysis using Partek Flow (Partek, cat.
no. 4485102). Gene counts were normaliz-
ed by log,(CPM+1) and genes that are not
expressed in more than 99.9% of cells were
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excluded. Seurat3 integrated method was
applied to remove the batch effect across the
samples.

The cells that passed the quality control were
clustered by Graph-based clustering and visual-
ized by t-distributed stochastic neighbor em-
bedding (t-SNE). Cell-type annotation for each
cluster is based on the expression of marker
genes for different cell-type: epithelial cell
(EPCAM, KRT8, KRT5, and CDH1), endothelial
cell (ENG, VWF, and CDH5), myeloid cell (CD14,
CD68, and AIF1). Epithelial cells are divided
into two types: luminal cell (KRT8 and KRT18)
and basal cell (KRT5 and KRT14).

Biomarker genes identification and gene ontol-
ogy (GO) enrichment analysis

Biomarker genes were identified using the com-
pute biomarkers function in Partek Flow and
selected a fold change > 2 and a p-value <
0.05. Biomarker genes were subjected to GO
analysis using ingenuity pathway analysis (IPA)
software (QIAGEN).

Trajectory analysis

The 2,903 neuroendocrine cells identified in
five CRPC specimens were used to construct
the trajectory analysis with Monocle2 using
default parameter in Partek Flow. The biomark-
er genes of States 1, 2, and 3 were used to per-
form the GO enrichment analysis.

Clinical relevance

To determine the correlation of the top 10 bio-
marker genes in States 1 and 3 with the dis-
ease-free survival rates of PCA patients from
TCGA, Kaplan-Meier curves were plotted for
patients sorted according to the expression
profiles (high versus low expression) of bio-
marker genes in top and bottom 20%. Ge-
ne Expression Profiling Interactive Analysis
(GEPIA) (http://gepia.cancer-pku.cn/index.html)
was used for data processing. The Mantel-Cox
test was used to calculate the logarithmic rank
p-value.

Gene set enrichment analysis (GSEA)

GSEA (version 4.0.3) was used to analyze path-
way enrichment. First, to evaluate the charac-
teristic of biomarker genes, biomarkers were

4563

subjected to enrichment analysis using
GSE5641 and GSE8702 from the Gene Ex-
pression Omnibus (GEO) database. Second, to
evaluate the association of REST, N-Myc, and
NKX2-1 with different states, the NRSF_0O1,
MYCN_O1, and TTF1_Q6 gene sets from GSEA
MSigDB were subjected to enrichment analysis
using the dataset from our scRNA-seq.

Results

Single-cell RNA sequencing (sScRNA-seq)
profiling and cell typing of a metastatic CRPC
(mCRPC)

Given that focal NED has never been in-depth
studied in advanced mCRPC at the single-cell
level, we aimed to perform an scRNA-seq on
this difficult-to-acquire high-quality specimen.
In this study, we isolated a high percentage of
viable cells (> 90%) from surgically removed
inguinal lymph node tissue of a recurrent PCA
patient who had received ADT treatment with
combined leuprolide and bicalutamide. Using
pathological immunohistochemistry (IHC) stain-
ing, the inguinal lymph node specimen was
diagnosed as PCA by positive for prostate spe-
cific antigen (PSA), prostate specific membrane
antigen (PSMA) and NKX3.1. The single cell
suspension from this mCRPC tissue was then
subjected to 10X Genomics Chromium based
scRNA sequence (Figure 1A). After exclusion
of dead cells as well as cells not passing
quality control, we obtained a total of 6,512
high-quality cells with an average of ~3,900
gene features detected per cell. The cellular
composition was explored with unsupervised
graph-based clustering and visualized by t-SNE
(Figure 1B). Using canonical marker genes
curated from the literature [30, 34, 35], we
manually classified seven cell clusters into
three major cell types, including epithelial cells,
endothelial cells, and myeloid cells (Figure 1C).
Given that PCA is usually characterized by lumi-
nal cell expansion, we next evaluated the iden-
tities of the five epithelial clusters with luminal
markers keratin 8 (KRT8) and keratin 18
(KRT18) and basal markers keratin 5 (KRT5)
and keratin 14 (KRT14). The high expression of
luminal markers (Figure 1D), but low to no
expression of basal markers (data not shown),
clearly indicated that all prostate epithelial
clusters identified in our mCRPC specimen are
luminal cells.

Am J Cancer Res 2023;13(10):4560-4578



Single-cell landscape of neuroendocrine prostate cancer

A Tumor tissue ~ MACS tumor Single cell
'. ' dissection dissociation kit sequencing
/ y'l Lymph node

mCRPC tissue 5
il L 4100

Endothelial - 3 B g 220 S
. 3 \?4. #.,é

: R LR o Epithel

A3 ;:35,. ",’.‘."‘!;.:-3’":»:. Epithelial 2
- i AT Y e

Epithelial 5 e85s 4% Mg ¥ Y P o

).', R SN, ’,\g}‘%’&?’-., Myeloid cell

R A v b a3 ‘;;\., *v‘;“.\‘-—'.‘flé*’ 'r‘.:k* ¥,

RSN 2Tyt y

R T S0 SR PR A T .
fidst T J‘;‘.Q'-: A ._‘E’.t.*. -

t-SNE2

ST gz a0 TR T IR
R ety
T8 g RN el B
PR ‘:r\f:,: €a0é52" Epithelial 1

c D KRT8

Cluster Nfrr?tl)ler Percentage
Epithelial 1 1985 30.48%
Epithelial 2 1886  28.96%
Epithelial 3 1453  22.31%
Epithelial 4 846 12.99%
Myeloid cell 163 2.50%

Endothelial cell 129 1.98%

Epithelial 5 50 0.77%

Expression Level

Figure 1. Dissection of cell types in lymph node metastatic
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seq) analysis. A. Workflow of metastatic lymph node collec-
tion, tumor dissection, sequencing, and data analysis. B.
T-distributed stochastic neighbor embedding (t-SNE) plot
of 6,512 single cells, colored by assigned cell type. C. The
cell numbers and percentages of each cluster. D. The violin
plots display the expression of luminal marker genes KRT8
and KRT18 in each cluster.
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Identification and characterization of neuroen-
docrine cells in mCRPC

Having characterized the luminal phenotype in
all epithelial clusters, we next focused on study-
ing the luminal compartment by computation-
ally combining all luminal cells and then per-
formed unsupervised graph-based clustering
and visualized by t-SNE. The 6,220 luminal
cells were divided into 5 clusters with 2 minor
populations (Figure 2A and 2B). Given that
CRPC-adeno and NEPC can be broadly identi-
fied by prostate luminal (AR, KLK3) and neuro-
endocrine (CHGA, SYP) lineage markers, res-
pectively, the expression levels of marker genes
in each cluster were visualized by violin plot
(generated with the VInPlot package). The
results showed that most luminal cells (luminal
clusters 1 to 4) are CRPC-adeno, with a minor
population (luminal cluster 5) representing an
obvious neuroendocrine phenotype (Figure
2C), illustrating an intra-tumoral focal NED in
mCRPC.

Using bulk RNA-seq data from 98 treatment-
refractory mCRPC, Labrecque et al. have previ-
ously divided neuroendocrine-associated ge-
nes into REST-repressed genes (NEURO 1)
and transcription factors (NEURO II) [23]. The
expression levels of REST in each cluster
were visualized by violin plot (Figure 2D). Using
the transcriptomic signature developed by
Labrecque et al. in 2019, we showed that lumi-
nal 5 was NEPC cells without AR activity and
expresses all REST-repressed neuroendocrine-
associated genes (NEURO 1) and part of the
NEURO II transcription factors (Figure 2E). To
further confirm the association of REST with
NEPC cells, we performed GSEA using the
NRSF_01 gene set. The result showed that the
REST-targeted genes increased significantly in
NEPC cells (luminal 5) when compared to CRPC-
adeno cells (luminal 1-4) (Figure 2F), suggest-
ing that luminal 5 neuroendocrine characteris-
tics came from loss of REST activity. Since
NEPC is AR-independent, we further performed
GSEA using microarray datasets from LNCaP
cells before versus after androgen deprivation
(GSE8702). Consistently, the result showed
that NEPC population (luminal 5) had an andro-
gen-independent characteristic (Figure 2G).

To elucidate the functional properties of NEPC
population, we performed a GO functional
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enrichment analysis of 2,916 biomarker genes
(P < 0.05, = 2-fold change) in luminal 5 using
ingenuity pathway analysis (IPA). Consistent
with the neuronal nature of NEPC, biomarkers
in luminal 5 were enriched for development
of neuron, organization of cytoskeleton and
cellular protrusions (Figure 2H). Furthermore,
biomarkers in luminal 5 were also positively
enriched for cell transformation, movement,
migration, and invasion (Figure 2H), supporting
the high malignant and metastatic propensity
of NEPC [36]. Having characterization of the
metastatic phenotype of NEPC population, we
further performed GSEA using microarray data-
set that compares the expression profiles of
cells undergone transendothelial migration
in vitro or metastasis in vivo (GSE56410).
Consistently, NEPC population (luminal 5)
showed the metastatic characteristic (Figure
2l).

Elucidate the heterogeneity of NEPC popula-
tion in CRPC

NEPC is a minor population even in CRPC. This
is supported by our scRNA-seq data showing
that NEPC (luminal 5) possess only 1.05% (65
cells) of luminal cells (Figure 2B). In keeping
with our aim of characterizing the features
of NEPC, we next downloaded GEO scRNA
sequencing data from four CRPC samples with
NED phenotype (GSE137829) [30]. We first
performed unsupervised graph-based cluster-
ing and assigned luminal cells using its lineage
markers (KRT8, KRT18). Clusters with > 60% of
KRT8-positive and KRT18-positive cells were
selected and combined for further analysis

(Figure S1).

To collect NEPC cells in an unbiased manner,
we first conducted an unsupervised graph-
based clustering of luminal cells in the five
CRPC. Secondly, we sought to identify neuroen-
docrine clusters using the expression levels of
NEURO | and NEURO Il markers [23]. Using
Seurat scoring strategy, neuroendocrine cell
populations were detected in our mCRPC (Pt1
CRPC) and the other four CRPC samples. In line
with the result observed by Dong et al., most
clusters in Pt2 CRPC (GSE137829 patient #2)
and Pt4 CRPC (GSE137829 patient #5) are
neuroendocrine cells and a few clusters in Pt3
CRPC (GSE137829 patient #4) and Pt5 CRPC
(GSE137829 patient #6) are neuroendocrine-
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five luminal clusters. C. The violin plots display the expression of androgen receptor (AR) signaling markers AR and
PSA/KLK3 and neuroendocrine markers CHGA and SYP in each cluster. D. The violin plots display the expression of
REST in each cluster. E. Heatmap generated based on the expression levels of the AR panels (AR-associated genes),
NEURO | panels (neuroendocrine genes repressed by REST), and NEURO Il panels (neuroendocrine transcription
factors) in each luminal cluster. F. NRSF_01 gene set was subjected to GSEA enrichment analysis using scRNA-seq
data of luminal cluster 5 in compared to all other groups. G. The luminal 5 biomarker genes were subjected to GSEA
enrichment analysis using GSE56410 dataset. H. Ingenuity pathway analysis (IPA) was used to reveal functional
categories significantly enriched in luminal 5 biomarker genes. |. Biomarker genes of luminal 5 were subjected to a

GSEA enrichment analysis using GSE8702 dataset.

positive (Figure 3). Notably, we found that
although most luminal cells from Pt2 CRPC and
Pt4 CRPC represent an obvious NED pheno-
type, NEPC populations (cluster 1-4) in Pt2
CRPC contain both NEURO | and NEURO Il
markers, while NEPC populations (cluster 1, 2,
4, 5) in Pt4 CRPC contain mainly NEURO I
markers (Figure 3, lower two rows). Pt3 CRPC,
the PCA representing the early state of NED of
adenocarcinomas toward neuroendocrine fate
[30], has a NEURO I-positive cluster (cluster 6)
and a NEURO ll-positive cluster (cluster 5)
(Figure 3, lower two rows of the middle column).
Similar to our sample, Pt5 CRPC contains only
one NEURO I-positive cluster (cluster 5), which
has a relatively higher NEURO | score (> 2)
(Figure 3, lower two rows of the right column).
These results illustrate clear inter- and intra-
tumoral heterogeneity regarding NED.

The trajectory analysis revealed distinct NEPC
states

Given the relatively small population of NEPCs,
the heterogeneity of NEPC has never been
studied at the single-cell level. More important-
ly, NED may be governed by multiple epigenetic
regulation mechanisms. To elucidate the het-
erogeneity of NEPC and its corresponding epi-
genetic regulation at the single-cell level, we
first need to distinguish the different transcrip-
tional states of NEPC cells. To this end, we com-
bined the neuroendocrine clusters identified in
each of the five CRPC samples (Figure 3) and
then performed a monocle trajectory analysis.
The trajectory analysis revealed three distinct
cell states (Figure 4A), which highlighted the
heterogeneous subpopulations of NEPC in
CRPC. Given that neuroendocrine transdiffer-
entiation is characterized by the loss of AR sig-
naling and gain of neuroendocrine features, we
next calculated AR, NEURO | and NEURO I
scores for individual cells in each state. The
non-neuroendocrine luminal clusters identified
in the five CRPC samples were combined and
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used as luminal control. Consistent with neuro-
endocrine features with lower AR signaling, vio-
lin plot showed that all three states of NEPC
populations have lower AR scores when com-
pared to luminal cells (Figure 4B).

Interestingly, we noted that state 2 was mainly
composed of neuroendocrine cells from Pt3
CRPC (Figure 4A). In line with the result
observed by Dong et al. showing that Pt3 CRPC
represents the early state of NED [30], NEPC
state 2 showed a higher AR score when com-
pared with states 1 and 3, while state 1 and
state 3 have higher NEURO Il and NEURO |
scores when compared with state 2, respec-
tively (Figure 4B). The data here indicate that
state 2 may represent the initial starting state
of NEPC. More importantly, NEPC cells split into
two states at the end of state 2. State 3 com-
prises neuroendocrine cells from all CRPC sam-
ples, while state 1 contains neuroendocrine
cells mainly from Pt2 CRPC and Pt4 CRPC, the
two CRPC samples possess an obvious NED
phenotype in most luminal cells (Figure 4A).

Identifying distinct NED-associated epigenetic
regulatory mechanisms

Given that Labrecque et al. highlight the central
role of REST in NEURO | and transcription fac-
tors, including CELF3, PCSK1, SOX2, POU3F2,
LMO3, and NKX2-1, in NEURO Il, we compared
the expression levels of these epigenetic regu-
lators in different states of NEPC from the
scRNA-seq data. The most dramatic findings
were the reduced expression of REST in state 3
(Figure 5A) and the increased expression of
NKX2-1/TTF1, but not the other NEURO Il tran-
scription factors, in state 1 (Figure 5B). To fur-
ther characterize the association of REST with
state 3 and NKX2-1 with state 1, we performed
GSEA using the NRSF_01 (REST) and TTF1_Q6
(NKX2-1) gene set, respectively. GSEA con-
firmed a highly significant enrichment of REST-
targeted genes in state 3 versus state 2 (Figure
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5C) and a slight but significant enrichment of sion level of master transcription activators, we
genes associated with NKX2-1- in state 1 ver- were unable to detect N-Myc in the scRNA-seq
sus state 2 (Figure 5D). This suggests that the data (Figure 5E). Therefore, we next use GSEA
NEURO | feature of state 3 may mainly come to study the enrichment of N-Myc target genes
from the loss of REST activity, while the NEURO (NMYC_01) in state 1 or state 3 versus state 2.
Il feature of state 1 may only partially result Consistent with our hypothesis, a significant
from the induction of NKX2-1. enrichment of N-Myc target genes was found in

state 1, but not in state 3 (Figure 5F). To further
Considering that N-Myc is one of the most well- validate the association of N-Myc with state 1,
known neuroendocrine-associated transcrip- we scored the correlation of N-Myc and tran-
tion factors in PCA [12, 18-20, 37] and NKX2-1 scription factors in NEURO I, including NKX2-1,
is its downstream target [12], we next detect- with biomarkers enriched in state 1 and state 3
ed its expression in different states of NEPC. using the TCGA dataset. Among the 401 bio-
However, it may be that due to the low expres- markers in state 1 (Table S1), 392 genes were
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found in the TCGA database, and 42 of them
were positively correlated with N-Myc, while
only a few of them were positively correlated
with the NEURO II transcription factors (Figure
5G). On the contrary, among the 392 of 406
biomarkers in state 3 (Table S2) identified in
TCGA, only 3 and 4 of them were positively cor-
related with N-Myc and LMO3, respectively,
while no gene was found to correlate with other
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NEURO Il transcription factors (Figure 5G).
These analyses together supported the notion
that N-Myc is the key epigenetic regulator that
mediated the lineage plasticity of NEPC state 1.
Given that NKX2-1 is a downstream target of
N-Myc and N-Myc (Figure 5F, upper panel)
showed a higher significance enrichment than
NKX2-1 (Figure 5D) in GSEA, a possible expla-
nation is that induction of N-Myc may initiate
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the plasticity of PCA cells through distinct
epigenetic mechanisms, allowing NEPC cells
switched toward state 1. This interpretation
can also support by the bulk RNA-seq data of
CRPC from Labrecque et al. published in 2019,
showing that NE-associated transcription fac-
tors regulate a distinct neuroendocrine pheno-
type (NEURO ll) [23]. Therefore, we concluded
that during NED, luminal cells start with lose of
AR signaling and subsequently undergo either
REST-mediated or N-Myc-mediated epigenetic
reprogramming in CRPC.

N-Myc-driven NEPC is critical for PCA diagnosis
and prognosis

To elucidate the clinical relevance of NEPC
states mediated by N-Myc and REST, the cor-
relations of NEPC states 1 and 3 were analyzed
with the expression patterns of their biomark-
ers in PCA patients from TCGA. Strikingly, most
of the biomarkers in state 1 were highly ex-
pressed in PCA tissues, especially in patients
with a Gleason score greater than 8 (Figure 6A,
upper panel). On the other hand, the expres-
sion levels of most state 3 biomarkers (Table
S2) in normal prostate were similar to those in
PCA tissues (Figure 6A, lower panel). This sug-
gests a higher potential of N-Myc-driven NEPC
in distinguishing normal prostate from high-
grade PCA. To validate this, we also performed
ROC analysis of the top 10 most significant bio-
marker genes in NEPC state 1 and state 3. In
line with our hypothesis, ROC analysis showed
that all of the top 10 biomarkers in N-Myc-
driven state (state 1) exhibited high specificity
and sensitivity in distinguishing PCA from nor-
mal tissue, while only two of the top 10 bio-
markers in REST-driven state (state 3) showed
distinguishing ability (Figure 6B and 6C).

To determine the potential roles of N-Myc-
driven NEPC in the progression of PCA, func-
tional enrichment analysis was performed
using IPA. Biomarker genes in NEPC state 1
were mainly enriched for cell proliferation
and survival-related processes involved in can-
cer progression, such as positive regulation
(z-score > 2.5; red) of cell proliferation and sur-
vival and negative regulation (z-score < -2.5;
blue) of apoptosis and senescence, indicating
the malignancy of NEPC state 1 (Figure 7A).
Furthermore, since numerous patients with
CRPC relapse into NEPC, we further evaluated
whether NEPC state 1 contributes to PCA recur-
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rence. Consistent with our hypothesis, Kaplan-
Meier analysis using GEPIA revealed that all of
the top 10 biomarkers in state 1 showed signifi-
cant abilities to predict disease-free survival in
terms of recurrence (Figure 7B), while only
one of the top 10 biomarkers in REST-driven
state (C200rf204) showed distinguishing ability
(Figure 7C). A more important finding was the
negative enrichment in the sensitivity of cells in
response to therapeutics (Figure 7A). Since
therapeutic resistance accounts for most
CRPC-related deaths, this data suggests that
state 1 may be related to drug resistance of
CRPC. In summary, malignant cells in NEPC
state 1 are critical for the diagnosis and prog-
nosis of PCA.

Discussion

Drug resistance in cancer is often linked to
mutations in drug-target, but growing transcrip-
tomic analyses indicate that CRPC, a highly het-
erogeneous tumor sharing features of normal
development, may escape next-generation AR
pathway inhibitors designed to circumvent
AR-based resistance through lineage transition
from prostate adenocarcinoma to NEPC [3, 5,
38]. Therefore, it is believed that lineage plas-
ticity may play a causal role in the development
of resistance to ARI and the incidence of NEPC
has increased coinciding with the wildly use of
second-line ARIs over the past decade [35].
Consistent with this, whole-exome sequencing
of mMCRPC biopsies revealed that epigenetic
modifiers, but not genetic alteration, play a key
role in the induction and/or maintenance of the
treatment-resistant state of NEPC [39]. More
interestingly, studies of mCRPC have been
extensively performed with bulk RNA-seq and
highlight the central role of AR and REST in
treatment-resistant CRPC [23]. Here, we per-
formed an in-depth scRNA-seq in a lymph node
MCRPC specimen from a recurrent patient who
had previous bone metastases (in 2016 and
2019) and received prior ADT therapy. Of note,
we identified a distinct NEPC population, with
a significantly higher expression of REST-
repressed genes (Figure 2F). Thus, for the first
time, our finding has proven REST that has
been long proposed to explain NED in PCA [21-
23] as a potential transcription repressor for
NEPC at single cell resolution in a human
specimen.
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Figure 6. Clinical relevance of NEPC states 1 and 3 for PCA diagnosis. A. Heatmap demonstrating the correlation of
PCA status with state 1 (top) and state 3 (bottom) biomarker gene expression using TCGA dataset. B. ROC curves for
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the top 10 biomarker genes in state 1 in distinguishing normal prostate and PCA using TCGA dataset. C. ROC curves
for two of the top 10 biomarker genes in state 3 that can distinguish normal prostate from cancerous prostate using
TCGA dataset.
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Figure 7. Identification of cell properties in NEPC states 1. A. IPA was used to reveal functional categories sig-
nificantly enriched in the biomarker genes of NEPC state 1. B. Kaplan-Meier analysis was performed using Gene
Expression Profiling Interactive Analysis (GEPIA) to predict the recurrence-free survival in PCA patients according to
the expression levels of the top 10 biomarker genes of state 1. C. Kaplan-Meier analysis of the two biomarker genes
in state 3 (Figure 6C). The Mantel-Cox test was used to calculate the logarithmic rank p-value (p-value in each plot).

scRNA-seq analysis is a powerful tool for char-
acterizing the transcriptional profiles of tumor
specimens at the single-cell level and has been
instructive in revealing heterogeneities within
and between PCA patients [28-31, 40].
However, the heterogeneity of NEPC has never
been in-depth studied in single-cell level. This
may due to the fact that NEPC population is
typically present in the minority and does not
universally exist in all CRPC specimens [28, 30,
31]. Therefore, it is difficult to precisely deci-
pher their transdifferentiation mechanism, par-
ticularly in combined sample analysis, due to
the presence of the large number of CRPC-
adeno cells. More importantly, although epi-
genetic factors, such as N-Myc, and REST, have
been implicated in neuroendocrine transdiffer-
entiation of prostate adenocarcinoma cells,
their role in mediating the heterogeneity of
NEPC has never been studied at the single-cell
level. In this study, by using the strategy of com-
bining neuroendocrine clusters from individual
samples, we have successfully elucidated dif-
ferent states of NEPC cells, with a state regu-
lated by N-Myc and a state regulated by REST.

Recently, scRNA-seq has also been applied to
profile the heterogeneity of CRPC. Dong et al.
performed a scRNA-seq on six CRPC speci-
mens and identified luminal-neuroendocrine
transdifferentiation in four of them [30]. In
combination with CRPC samples from Dong’s
group, Wang et al. found two NEPC gene expres-
sion signatures, including NE1 that expressed a
high level of ASCL1 and NE2 that expressed a
high level of CHGA, CHGB, and ENO2, repre-
senting the early and late state of the NED pro-
cess, respectively. Although distinct transcrip-
tomic profiles have been revealed in NEPC
cells, studies using scRNA-seq to elucidate epi-
genetic drivers have not yet been reported.

In this study, we conducted a trajectory analy-
sis of NEPC cells collected from one CRPC,
three CRPC with metastasis and one lymph
node mCRPC specimens (Figure 3) and identi-
fied three cells states, with one initial (state 2)
and two distinct neuroendocrine states (state 1
and state 3) (Figure 4). We found that REST
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expression was lost in one neuroendocrine
state (state 3) (Figure 5A). This result further
confirmed REST as a key transcription repres-
sor for NEPC. However, most of the transcrip-
tion factors known to be associated with NED
were not detected in the scRNA-seq. A possible
reason for this is that most transcription fac-
tors are expressed at low levels inside cells and
are difficult to detect by scRNA-seq. However,
although the mRNA levels of transcription fac-
tors may be low, the expression of their target
genes can be high after the induction.
Therefore, we employed a functional enrich-
ment analysis approach using a transcription
factor-targeted gene set. Given that Labrecque
et al. performed bulk RNA-seq in 98 treatment-
refractory mCRPC and divided neuroendocrine-
associated genes into REST-repressed genes
(NEURO 1) and transcription factors (NEURO lI),
we performed GSEA in REST and three NEURO
ll-associated transcription factors, NKX2-1,
SOX2, and POU3F2, with an available target
gene set. Consistently, a significant enrichment
of REST-targeted genes with state 3 was identi-
fied (Figure 5C). Notably, a slight but significant
association was found in NKX2-1 (FDR=0.046),
but not in SOX2 (FDR=0.187) nor in POU3F2
(FDR=0.052). This result suggested that the
NED of NEPC state 3 could be determined by a
higher stratum of transcription factors other
than the transcription factors in NEURO Il [23].

Since an integrated transcriptomics analysis of
PCA and genetically modified mouse models
revealed the central role of N-Myc in NEPC in
2016 [18, 19], N-Myc is nowadays recognized
as a key epigenetic activator driving the lineage
plasticity of NEPC [12, 37]. Given that NKX2-1,
the only NEURO Il transcription factor associat-
ed with NEPC state 1 (Figure 5D), is a down-
stream target of N-Myc [12], we studied the
enrichment of N-Myc target genes in state 1
using GSEA. N-Myc target genes in state 3 were
also analyzed and used as a control. Consistent
with our hypothesis, a significant enrichment of
N-Myc target genes was found in state 1
(FDR=0.013), but not in state 3 (FDR=0.063)
(Figure 5F). To elucidate the importance of
N-Myc in gene expression in state 1, we further
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calculated the correlation between N-Myc and
biomarker genes in state 1 using the TCGA
dataset (Table S1). The other transcription fac-
tors in NEURO Il were also analyzed in parallel
to distinguish the effect caused by N-Myc or
other transcription factors. Among the 392 bio-
markers found in the TCGA database, 42 of
them (10.7%) were positively correlated with
N-Myc, while only 3 (0.8%), 1 (0.3%), 7 (1.8%), 3
(0.8%), 9 (2.3%), and 17 (4.3%) biomarkers in
state 3 were correlated with NKX2-1, CELF3,
PCSK1, SOX2, POU3F2, and LMO3, respective-
ly (Figure 5G). Interesting, only 3 (0.8%) and 4
(1%) of biomarkers in state 3 were positively
correlated with N-Myc and LMO3, respectively,
and no biomarkers were found to correlate with
the other transcription factors of NEURO I
(Figure 5G). Collectively, these data not only
supported the existence of state-specific tran-
scriptional factors in NEPC states 1 and 3, but
more importantly showed us that N-Myc as a
key transcription regulator of a state of NEPC
cells. It should be noted that our results do not
exclude the possibility that state 1 of NEPC may
also be regulated by other transcription factors.
To our knowledge, this is the first report of
NEPC heterogeneity and transcription factor
activities examined by scRNA-seq of CRPC
tissue.

Another fundamental problem of NEPC is the
inability to diagnose the disease early and
accurately. To achieve an early diagnosis, it is
crucial to identify feasible biomarkers that
can detect the emergence of NEPC. In this
study, CgA, a classical neuroendocrine bio-
marker used in clinical practice [24], was
detected in the REST-regulated state (state 3).
Unexpectedly, the biomarkers detected in this
state have poor predictive ability in PCA
patients. Interestingly, most biomarkers in the
Myc-regulated state (state 1) were highly
expressed in PCA tissues, especially in PCA
with a Gleason score above 8 (Figure 6A, upper
panel). Furthermore, all of the top 10 biomark-
ers in the N-Myc-regulated state exhibited high
specificity and sensitivity in the diagnosis of
PCA (Figure 6B) and showed significant abilities
to predict PCA recurrence (Figure 7B). Since
PCA specimens in TCGA are mostly prostate
adenocarcinoma (TCGA-PRAD), the biomarker
genes that we identified in N-Myc-regulated
state may represent early diagnostic biomark-
ers for NEPC. Taken together, the biomarkers
identified in this study may help monitor the
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early “critical period” of the onset of NEPC, dur-
ing which therapies could prevent, delay, or
even reverse plasticity.

Taken together, we elucidated N-Myc and REST
as two master regulators in mediating lineage
plasticity and classifying neuroendocrine phe-
notypes. Given that the unique biomarkers
identified in the neuroendocrine subtype could
potentially guide future diagnosis and treat-
ment of the highly lethal AR-independent CRPC,
the biomarkers identified in this study may help
monitor the early “critical period” of the onset
of NEPC, during which therapies could prevent,
delay, or even reverse plasticity.
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Figure S1. t-SNE plot of cells from four patients with CRPC (left column) with cells colored according to the luminal

marker genes KRT8 (middle column) and KRT18 (right column).



