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Abstract 
To resist lineage-dependent therapies such as androgen receptor inhibition, prostate luminal epithelial adenocarcinoma cells often adopt a 
stem-like state resulting in lineage plasticity and phenotypic heterogeneity. Castrate-resistant prostate adenocarcinoma can transition to neu-
roendocrine (NE) and occasionally to amphicrine, co-expressed luminal and NE, phenotypes. We developed castrate-resistant prostate cancer 
(CRPC) patient-derived organoid models that preserve heterogeneity of the originating tumor, including an amphicrine model displaying a range 
of luminal and NE phenotypes. To gain biological insight and to identify potential treatment targets within heterogeneous tumor cell populations, 
we assessed the lineage hierarchy and molecular characteristics of various CRPC tumor subpopulations. Transcriptionally similar stem/progen-
itor (St/Pr) cells were identified for all lineage populations. Lineage tracing in amphicrine CRPC showed that heterogeneity originated from dis-
tinct subclones of infrequent St/Pr cells that produced mainly quiescent differentiated amphicrine progeny. By contrast, adenocarcinoma CRPC 
progeny originated from St/Pr cells and self-renewing differentiated luminal cells. Neuroendocrine prostate cancer (NEPC) was composed al-
most exclusively of self-renewing St/Pr cells. Amphicrine subpopulations were enriched for secretory luminal, mesenchymal, and enzalutamide 
treatment persistent signatures that characterize clinical progression. Finally, the amphicrine St/Pr subpopulation was specifically depleted with 
an AURKA inhibitor, which blocked tumor growth. These data illuminate distinct stem cell (SC) characteristics for subtype-specific CRPC in addi-
tion to demonstrating a context for targeting differentiation-competent prostate SCs.
Key words: prostate cancer; cancer stem cells; clinical translation; progenitor cells; self-renewal; amphicrine; drug target.
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Graphical Abstract 

Significance Statement
For advanced prostate cancer, therapeutic resistance to androgen signaling suppression increasingly involves the development of lineage 
plasticity. The cellular states of transition and subpopulation heterogeneity that underlie lineage plasticity are not well understood, which 
is an ongoing challenge to the design of effective treatments. Using patient-derived organoid models of various castrate-resistant prostate 
cancer (CRPC) lineage subtypes, we observed distinct patterns with respect to stem/progenitor (St/Pr) activity and associated growth 
phenotypes. The simultaneous expression of androgen receptor (AR-driven and neuroendocrine identities, so-called amphicrine tumors, is 
thought to be an early dedifferentiation stage in plasticity-mediated resistance. We observed in an amphicrine model of CRPC that a rare but 
necessary bipotent St/Pr population is suppressed by AURKA inhibitors, leading to tumor regression, while adenocarcinoma demonstrates 
both self-renewing differentiated luminal cells and St/Pr. These data suggest that AURKA inhibition may block the amplification of a 
resistance dedifferentiation pathway and should be considered in combination with AR signaling inhibitors for adenocarcinoma with 
characteristics of lineage plasticity.

Introduction
Targeted therapies are designed to attack cancer cells through 
specific molecular pathways to maximize impact and mini-
mize general toxicity to the patient. Cancer cells can develop 
resistance to targeted therapies through a process of trans-
differentiation where drug-sensitive tumor cells modify their 
lineage to acquire an alternate cellular identity that is not 
dependent on the targeted pathway for survival.1-3 Transition 
from an adenocarcinoma (ARPC) to neuroendocrine (NE) 
lineage is one differentiation path taken in various epithe-
lial cancers including lung and prostate (denoted ARPC 
for prostate adenocarcinoma).1,4 In metastatic castration-
resistant prostate cancer (mCRPC), a decrease in luminal 
epithelial identity upon treatment with potent AR pathway 
inhibitors occurs in ~20% of cases.1,5,6 Acquisition of a less 
differentiated, stem-like state leads to a spectrum of mCRPC 
phenotypes, termed lineage plasticity, which appears to exist 
along a continuum.7 A detailed characterization of stem-like 
cells across various models representative of heterogeneous 
CRPC is needed to gain insight into the process and to iden-
tify cellular points of therapeutic vulnerability. The stages of 
lineage plasticity most proximal to ARPC are thought to be 
CRPC with low AR signaling as well as CRPC representing 
an adenocarcinoma lineage that gains NE features while 
maintaining AR activity, so-called amphicrine) subtype 
(denoted AMPC).7 The transition to highly aggressive 

small-cell neuroendocrine prostate cancer (scNEPC) or a 
mesenchymal/basal AR−NE− phenotype is thought to often 
proceed via clonal selection following the loss of RB1 and/
or TP53 function.2

Because prostate cancer does not readily establish in cul-
ture, a large share of research historically has relied on clinical 
samples and a relatively small number of cell lines, limiting 
investigations into the origins of phenotypic tumor heteroge-
neity.8 The use of organoid culturing procedures has allowed 
the establishment of new models derived from contempo-
rary patient samples.8 We established and characterized an 
amphicrine biopsy-derived CRPC organoid model harboring 
mutations in ARID1A and ARID1B. Amphicrine CRPC has 
been increasingly recognized in clinical samples, although an 
amphicrine model originating from a pathologically validated 
patient sample is not in common use.7 We describe a trac-
table model that has captured the phenotypic heterogeneity 
documented in the originating patient samples and provides a 
clinically relevant model to study the dynamic interrelation of 
the ARPC and NE lineage states.

ARID1A and ARID1B are mutually exclusive members 
of the cBAF complex, and ARID1A is mutated in ~20% 
of cancers. BAF (Brahma associated factor, also known as 
SWI/SNF) complexes remodel chromatin structure, posi-
tively or negatively regulating gene expression.9 Mistargeting 
of BAF complexes by disease-relevant transcription 
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factors (TFs) contributes to loss of tumor suppression and 
context-dependent abnormal differentiation.10,11 ARID1A 
mutations in breast cancer determine resistance to estrogen 
receptor (ER)-targeted therapy by promoting cellular plas-
ticity resulting from loss of chromatin interactions for lu-
minal lineage-determining TFs such as ER, FOXA1, and 
GATA3.12,13 In addition, ARID1A mutations occur with 
increased frequency relative to adenocarcinomas in NE 
breast cancers14 and are considered drivers for some NE 
tumors, including gastrointestinal NETs and pulmonary 
carcinoids.15,16 These data suggest the hypothesis that epige-
netic deregulation of transformation is one mechanism asso-
ciated with differentiated NE tumors. By contrast, small-cell 
NE tumors are driven mechanistically by RB1 and TP53 
pathway mutations.

Using lineage tracing, we experimentally determined the 
proliferative and differentiated status of subpopulations 
across ARPC, NEPC, and AMPC organoid subtypes. 
Following integration of single-cell RNA sequencing 
(scRNAseq) clusters across multiple models, we observed the 
existence of a common stem/progenitor (St/Pr) cell phenotype 
consistently present in all models, which is rare among AMPC 
and ARPC and frequent in scNEPC models. In ARPC, there 
is a unique population of dividing, differentiated cells, while 
differentiated amphicrine cells are not self-sustaining but are 
continuously generated from progenitors. Subpopulations of 
amphicrine cells encompass gene signatures that characterize 
progressive phenotypes in clinical samples. Finally, we show 
that inhibition of St/Pr cells is sufficient to inhibit the growth 
of patient-derived AMPC.

Results
Patient-derived organoids with mutations in BAF 
core complex components demonstrate lineage 
plasticity and NE differentiation
We established a set of patient-derived organoid models 
designated NCI-PC35-1 and NCI-PC35-217 (PC35-1 and 
PC35-2) from 2 spatially separated needle biopsies of an 
mCRPC lymph node metastasis that was histologically 
ARPC with islands of NE marker-expressing cells (Figure 
1A, 1B; Supplementary Figure S1A). There was no evi-
dence of NE markers in the primary tumor (Supplementary 
Figure S1B). Whole-genome sequencing (WGS) phylogenetic 
analysis revealed that PC35-1 and PC35-2 arose from a 
common ancestor in the primary tumor featuring genomic 
mutations with high oncogenic potential: a deep deletion of 
CDKN1B, a frameshift mutation of ARID1A and a small 
deletion in ARID1B (Supplementary Figure S2A, S2B). 
ARID1A/B are core components of the BAF complex, and 
reductions of ARID1A and ARID1B have been shown to 
drive carcinogenesis and neural developmental disorders.18,19 
The RB1, TP53, and PTEN loci were intact and expressed 
(Supplementary Figure S2C). Phylogenetic analysis showed 
little geographic co-mingling of PC35-1 and PC35-2, which 
demonstrated 77% and 97% exclusive subclonal genomic 
variants, respectively. Thus, the 2 PC35 models shared driver 
mutations and similar phenotypes but represented divergent 
clonal populations from separated core biopsies within the 
heterogenous tumor. No additional known driver mutations 
were found in the metastatic clones except for a tandem 
duplication of the AR enhancer, a frequent genomic event 
in CRPC (Supplementary Figure S2D), suggesting that the 

primary tumor had high metastatic potential. An analysis of 
prostate cancer cohorts in cBioportal and WCDT data sets 
revealed that ARID1A and ARID1B mutations occur at a 
frequency of ~1% and ~2% and demonstrate enrichment to 
~6% and 15%, respectively, in the CRPC setting, consistent 
with promotion of androgen resistance (Supplementary 
Figure S2E).

The organoids reflected the pathology of the metastatic 
tumor with a range of AR and/or NE-marked populations 
(Figure 1B, 1D). All possible combinations of AR and NE 
marker (CHGA) expression status were observed in indi-
vidual cells. Furthermore, mapping AR activity and NE sig-
nature scores of bulk RNAseq data relative to other ARPC 
and NEPC models and clinical samples placed PC35-1/2 at 
the NEPC-adjacent edge of the ARPC cluster, consistent with 
the pathology and an early evolutionary step in ARPC lin-
eage switching (Figure 1E). The distribution of phenotypic 
markers was stable over time (Supplementary Figure S3A). 
EdU labeling and growth kinetic experiments showed that 
a minor population of PC35-1/2 cells underwent multiple 
divisions while the majority of cells were not proliferative 
(Figure 1F; Supplementary Figure 3B, 3C). This stands in 
contrast to scNEPC and ARPC organoid models, where a 
majority of the cells are proliferative (Supplementary Figure 
S3C).

Single-cell RNAseq reveals subclonal heterogeneity 
and lineage gradients
To better understand the heterogeneity and subpopulation 
dynamics of the organoid models, we performed scRNAseq. 
By this method, we identified 2 major clusters (I and II) in 
PC35-1 and 3 (I, II, and III) in PC35-2, with a heterogeneous 
range of lineage phenotypes (Figure 2A). Clusters were des-
ignated by phenotype based on AR, NE, and proliferation 
(PRLF) signature scores (Figure 2B, 2D; Supplementary 
Figure S4) as well as by comparison to a variety of phenotyp-
ically and biologically defined signatures for prostate cancer 
models, presented subsequently in Figure 4; Supplementary 
Figure S9. Additionally, we performed RNA velocity anal-
ysis20 on the data to infer temporal states of differentiation 
(Supplementary Figure S5). St/Pr cells, which separated into 
2 subclusters characteristic of the stem (red) and transit-
amplifying (blue) cells, were designated based upon a high 
proliferation score, enrichment of stem marker gene ex-
pression, long RNA velocity vectors showing a multidirec-
tional pattern (Supplementary Figure S5), and a prominent 
G2/M transcriptional profile (Supplementary Figure S4D). 
Prominent in both PC35-1 and PC35-2 was an amphicrine 
population (colored orange) demonstrating features of both 
AR− and NE− gene expression, a low proliferation score, 
and a uniform direction of short RNA velocity vectors. 
Amphicrine populations demonstrated gradients of AR 
and NE-dependent gene expression (Supplementary Figure 
S4B, S4C). In addition, PC35-2 had 2 additional ARPC 
clusters, one enriched for NR3C1-dependent transcription, 
and PC35-1 had an additional mesenchymal cluster. In con-
trast to PC35-1/2, the ARPC model PC44 and NEPC model 
LuCaP 145.2 were homogenous in their respective lineages 
and PRLF scores, indicating a more equal proliferative po-
tential for the majority of cells in the population (Figure 2B, 
2D). In summary, heterogeneity of PC35-1/2 captured from 
the patient tumor includes both inter- and intra-cluster lin-
eage plasticity.
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To validate the scRNAseq analysis and to develop a quanti-
tative assay for specific subpopulations, we performed quan-
titative single-molecule RNA-FISH using selected markers on 
PC35-1/2 organoid-derived cells (Supplementary Figure S6). 
In agreement with the scRNAseq results, we found ARPC lin-
eage marker-positive cells, NEPC marker-positive cells, and 
double-positive cells (Supplementary Figure S6A). EZH2 and 
TK1 marked the same population of EdU-positive, dividing 
cells (Supplementary Figure S6A-S6C). Double staining for 
mRNA and protein of selected lineage markers confirmed 
a strong positive correlation between mRNA and protein 
(Supplementary Figure S6D).

Simultaneous tracking of lineage and clonal 
identity with single-cell resolution identifies 
self-renewing stem-like subpopulations with 
differentiation potential
To address the dynamic plasticity and the hierarchical struc-
ture of the subpopulations, we used the “CellTagging” method 
of combinatorial indexing of expressed barcodes, determined 
by scRNAseq, to simultaneously track cellular origin and 
phenotypic identity within growing organoids.21 We analyzed 
single time point experiments of different durations after tag-
ging to identify the clonal expansion of sibling cells, allowing 
determination of the clonal relationships for lineage-marked 

Figure 1. Patient-derived organoid models of mCRPC capture and maintain genetic and phenotypic heterogeneity. (A) Serial sections of tumor biopsy 
tissue stained with hematoxylin and eosin (H&E) or the indicated antibodies. Magnified views of Region-1 (R1) and Region-2 (R2) are shown. Scale bars, 
50 μM. (B) Patient biopsy-derived organoid sections stained with H&E or the indicated antibodies. Scale bars, 200 μM. (C) Phylogenetic tree of primary 
tumor and metastasis-derived organoids. Primary prostate tumor, 1°. PC35-1 subclones—35-1a and 35-1b. PC35-2 subclones—35-2a and 35-2b. 
Significant genetic events are indicated at positions in the tree where they originated. (D) PC35-1 organoids were dissociated into single cells and 
stained by immunofluorescence (IF) with antibodies against the indicated proteins and DAPI. Each of 4 phenotypes is indicated by a number and arrow. 
1 = ARPOS/CHGALo/NEG; 2 = ARNEG/CHGAHi; 3 = ARPOS/CHGAHi; 4 = ARNEG/CHGALo/NEG. (E) The Weill Cornell Medicine cohort of mCRPC (black filled circles) 
and the indicated models used in this study are plotted by AR signaling score and NEPC score. (F) Continuous EdU-incorporation assay for the indicated 
organoid lines. The graph shows the percentage of EdU-positive cells over time. Dashed lines mark the approximate day of population doubling for 
each. Bar and line graphs are plotted as the mean of 3 independent experiments. Error bars represent ±  SEM.
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Figure 2. Single-cell transcriptomics identifies lineage-distinct heterogeneity in the PC35 organoid models (A) scRNAseq transcriptomic profiles of 
PC35-1 and PC35-2 organoids plotted as UMAPs. Major clusters are circled and labeled with Roman numerals. Clusters are colorized by phenotype 
designations, which are further characterized in Figure 4 and Supplementary Figure S9. Broad designations include stem/progenitor (St/Pr) = red 
and blue, adenocarcinoma (ARPC) = brown (NR3C1-enriched) and gray, amphicrine (AMPC) = orange, or mesenchymal (Mes) = dark blue. (B) AR and 
(C) neuroendocrine (NE) signature scores for each cell determined by principal component analysis (PCA) using published gene sets from Beltran et 
al. Loadings from the first principal component for each cell are projected onto the UMAPs from (A) and UMAPs plotted for LuCaP 145.2 and PC44 
scRNAseq transcriptomic data. (D) Proliferation score was determined as in (B) and (C) using a proliferation gene set derived from Balanis et al.
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populations. A separation of 4 weeks between tagging and 
harvest captured uniquely tagged clones in all major clusters. 
For both PC35-1 and PC35-2, all tagged clonal sibling cells 
that were associated with any given major cluster were exclu-
sive to that cluster, demonstrating the clonality of each cluster. 
The location of tagged sibling cells is graphically depicted on 
the UMAPs for PC35-1/2 with black lines connecting clones 
(Figure 3A, 3B). Within each major cluster, a disproportionate 
number of the tagged clones were located entirely within the 
St/Pr subclusters (quantified in Supplementary Figure S7), 
indicating self-renewal. Tagged St/Pr clones also spanned 
across the differentiated subclusters within the same major 
cluster, demonstrating differentiation. The more differentiated 
subclusters showed very limited internal cellular replication, 
suggesting that differentiation from a cancer St/Pr cell was the 
major source of amphicrine cells.

In contrast, the clones captured in LuCaP 145.2 NEPC 
organoids were indicative of a widely proliferative pop-
ulation. We detected numerous clones both within and 
nondirectionally across the 2 major phenotypically identified 
stem cell (SC) populations, while the more differentiated 
NE population (colored purple) contained no tagged clones 
(Figure 3C). The ARPC model PC44 exhibited 2 phenotypes 
of dividing cells, a high number of clones associated with 2 
small clusters and giving rise to differentiated daughters as 
well as self-renewing cells within the main luminal cluster 
(Figure 3D). In contrast, AR+ cells derive mainly from SCs in 
the AMPC model.

One possible explanation for the discrete clonality of the 
major clusters in the PC35 models is that cluster-specific ge-
netic events led to distinct phenotypes, although we were un-
able to identify subclonal driver mutations by WGS analyses. 
We analyzed our scRNAseq data using CopyKAT to identify 
clonal subpopulations based on genomic copy number varia-
tion (CNV) and associated this genomic substructure with the 
phenotypically defined major clusters.22 We found 2 patterns 
defined by contributing CNV-identified clones to the different 
phenotypes of the clusters: those which were independent of 
clonal patterns (AMPC, mesenchymal, and PC35-1 ARPC 
clone II phenotypes) and those attributed to unique or closely 
related clonal genotypes (the PC35-2 ARPC III clone; Figure 
3E; Supplementary Figure S8A, S8B). These data suggest that 
there are fixed differentiation patterns for preexisting clonal 
populations in addition to common pathways of lineage plas-
ticity, demonstrating genetically determined (clonal) and in-
herent differentiation pathways contributing to phenotypic 
heterogeneity.

Integration of scRNAseq across CRPC models 
suggests distinct growth patterns associated with 
lineage subtypes
To compare tumor subpopulations among ARPC, AMPC, 
and NEPC, we integrated scRNAseq data across the organoid 
models and, in addition, included published scRNAseq data 
from 2 commonly used metastatic cell lines, LNCaP and 
VCaP (Figure 4A, 4B). We also mapped individual, tagged 
daughter cells onto the integrated clusters (Figure 4C). The 
distribution of clusters among the models and their relative 
expression of AR, NE, MYC, and St/Pr signatures is shown 
(Figure 4C). Additional lineage and relevant biological sig-
nature enrichments are shown in Supplementary Figure S9.

All models contained St/Pr cell populations, which 
separated into 2 subclusters. St/Pr 1 (colored red) appeared 

to be the originating stem population, while St/Pr-2 (colored 
blue) demonstrated transcriptomic properties of a transit-
amplifying subpopulation, as well as defining the cluster 
proximal in similarity to differentiated cells. Of interest, we 
queried for a variety of developmentally identified luminal SC 
markers including KRT13, LY6D, CD133, and PSCA.23 The 3 
former markers were not expressed in the models investigated 
here. PSCA was expressed across most of the clusters in the 
PC44 adenocarcinoma model, consistent with a luminal 
lineage marker. While the St/Pr populations were relatively 
minor in the ARPC and AMPC models, they composed the 
majority of the scNEPC cells (Figure 4B).

The St/Pr signature overlaps with a signature termed 
“Persist,” which was identified in LNCaP cells from a 
subpopulation resistant to the AR antagonist enzalutamide, 
and computational approaches inferred “Persist” as a 
founding trajectory population.24 Similarly, in primary pros-
tate cancers, the “Sig51” signature, which was shown to 
correlate with increased aggressiveness, overlaps the in-
tegrated St/Pr signature (Supplementary Figure S9).25 By 
contrast, the gene set defining the recently described, mesen-
chymal stem-like PC subpopulation (termed MSPC) in bulk 
cultures of mCRPC cell lines, organoids, and xenografts26 
was not substantially enriched in the St/Pr signature de-
fined here. In addition, using experimental lineage tracing, 
we show here for the first time in CRPC models a direct 
one-to-one correspondence in individual cells between either 
self-renewal or the generation of differentiated daughter 
cells and the expression of a gene signature (St/Pr), which 
has been associated with enzalutamide resistance and clin-
ical aggressiveness.

The ARPC cell line models share a major population 
(cluster 5, enriched for genes found in mouse basal and 
castration-resistant luminal cells), which is a minor popula-
tion in the organoid models (Figure 4A, 4B). However, in the 
organoid models, cluster 5 cells are juxtaposed or intermixed 
with St/Pr-2 cells, and in some cases, demonstrate evidence of 
division using lineage tracing (Supplementary Figure S7). One 
possibility is that cluster 5 cells represent an intermediary cell 
that may have been expanded in the continuous growth of 
cell lines selected on a 2 dimensional surface.

Amphicrine cell populations, which have yet to be thor-
oughly characterized due to their rarity in tractable models, 
are found in the NCI-PC351/2 and the VCaP cell line (Figure 
4A, 4B). Signatures characterizing amphicrine populations 
(clusters 3, 7, 8, and 10) include senescence, mesenchymal, 
“Prosgenesis” (regenerative luminal cells enriched for basal 
and mesenchymal features),27 MSPC,26 and clusters from 
LNCaP models that have been selected by long-term growth 
in enzalutamide (Supplementary Figure S9).24 This suggests 
that amphicrine transcriptomes are a component of various 
cell lines and mouse models describing progression following 
AR signaling suppression of ARPC.

Single-cell ATACseq reveals TFs regulating 
amphicrine SC, luminal, and mesenchymal 
pathways
As the transcriptional determinants of the amphicrine lin-
eage are largely unknown, we performed single-cell assay 
for transposase accessible chromatin  (ATAC)seq on PC35-
1/2 organoids. Clustering by genome-wide chromatin ac-
cessibility yielded 3 clusters1-3 in both PC35-1 and PC35-2 
(Figure 5A). To look for TFs that may be responsible for the 
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differing phenotypes among the clusters, we performed an 
analysis of inferred TF activity and assessed the similarity 
with ATACseq-based signatures describing various subclasses 
of clinical mCRPC or dynamic states of lineage transition26,28 
(Figure 5B-5D).

Cluster 3 in both models were distinguished as mesen-
chymal and lacking SC, ARPC, NEPC, and WNT-driven 
phenotypes (Figure 5D). These clusters were notable for a rel-
ative absence of REST activity and high activity scores for 
TFs such as NRF1, HES4, and ONECUT2 (Figure 5B, 5C).

Figure 3. Single-cell combinatorial barcoding identifies lineage-distinct and stem-like/progenitor subpopulations (A-D) CellTag lineage tracing analysis. 
Clusters are colorized by phenotypes further defined in Figure 4 and Supplementary Figure S9. (A) UMAP major clusters I and II of PC35-1 and (B) I, 
II, and III of PC35-2 are shown. Each cell in a clonal population (≥ 2 cells expressing the same combination of barcode IDs), is connected by a black 
line. Self-renewing clones that exist in the same subcluster are connected by curved lines, differentiating clones that span at least 2 subclusters 
are connected by straight lines. (C) Clonal connections as in (A) and (B) mapped onto (C) LuCaP 145.2 and (D) PC44 UMAPs. (E) Comparison of 
subpopulations defined by their scRNAseq transcriptional profile (UMAP clusters), to subclones defined by genomic CNV (CopyKAT clusters) 
determined using the same scRNAseq data. Results for both PC35-1 (top) and PC35-2 (bottom) are shown. Dendrograms are colored according to 
CopyKAT cluster number and show the hierarchical relationships among the CopyKAT clusters. Heatmaps directly below the dendrograms show the 
distribution of cells from UMAP major clusters I, II, and III throughout the CopyKAT clusters. Each cell is represented by a vertical line colored according 
to the UMAP cluster (top row) or the CopyKAT cluster (bottom row) to which it belongs and sorted by CopyKAT cluster. PC35-2 contains 2 additional 
minor UMAP clusters lacking differentially expressed genes that were not annotated here.
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Clusters 1 and 2 in PC35-1/2 demonstrated unique but 
highly overlapping combinations of TFs contributing to 
SC, luminal epithelial, and neural phenotypes. Additionally, 
clusters 1 and 2 of both models could be partitioned into 2 
pairs of subclusters 1.1, 1.2, and 2.1, 2.2 (Figure 5B). Inferred 

TF activities in subclusters 1.1 and 2.1 were consistent with 
a stem-like phenotype, while 1.1 and 2.1 were enriched for 
ATAC signatures determining luminal epithelial and transi-
tional mesenchymal lineages, respectively (Figure 5D). The 
“transition” signature includes JAK/STAT inflammatory 

Figure 4. Integration of organoid cohort with LNCaP and VCaP cell lines shows common phenotypes across samples. (A) UMAP embeddings of integrated 
scRNAseq for NCI-PC35-1/2, LuCaP145.2, and NCI-PC44 organoid cultures and LNCaP and VCaP cell lines using mutual nearest neighbors correction. Each 
UMAP was generated using the batch corrected principal components for each sample independently. Cells are colored based on clustering membership 
using integrated data for all samples. 1) Stem/progenitor (St/Pr)-1, 2) St/Pr-2, 3) AMPC, 4) NEPC, 5) ARPC/luminal stem,27 6) ARPC/NR3C1HI, 7) AMPC, 8) 
mesenchymal, 9) ARPC/NR3C1HI, 10) AMPC, 11) ARPC/luminal stem, (B) Pie charts show the relative proportion for each cluster in each sample. (C) Violin 
plots show signature scores relative to cluster and model. Colored dots are signature scores for individual cells that were determined to be CellTagged 
clones. Red dots are self-renewing clones, blue dots are differentiating clones. The number of clones is enumerated below each cluster.
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Figure 5. scATACseq clusters NEPC and ARPC populations in the PC35 organoids (A) UMAPs of global chromatin accessibility for PC35-1 and PC35-
2. Major clusters are annotated as 1, 2, 3. Clusters 1 and 2 are partitioned into 2 additional subclusters, stem-like and differentiated. (B) Heatmaps 
show inferred transcription factor (TF) activities of the listed TFs for each of the UMAP clusters/subclusters in PC35-1 and PC35-2. The heatmaps are 
colored by deviations z-scores, calculated as the differential accessibility for a particular TF compared to the average accessibility profile for the entire 
dataset. TF activity shown was selected using the score markers function (see Supplementary Methods) on the deviations z-scores to identify maximal 
enrichment across lineages and development. TFs shown were determined to be expressed and selected from a list of the top 50 most deviant TFs. 
(C) Inferred TF activity density plots for each cluster population. Deviations z-scores are shown on the x-axis for the TF indicated at the top. Density 
estimates are represented along the y-axis and broken down by cluster/subcluster. (D) Normalized enrichment scores derived using GSEA for each 
cluster across molecular phenotyping signatures. Significant scores are denoted with “*” (adjusted P ≤ 0.05).
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processes, which bridges SC and neural populations in a 
dynamic mouse model.29 Consistent with the expression of 
NE markers in a mouse model transitioning from adenocar-
cinoma to NEPC, ASCL1, and FOXA2 TF activities were 
observed, but other classical scNEPC TFs such as MYCN, 
BRN2, or NEUROD1 were not apparent.30-32 Of interest, a 
WNT-related signature was exclusively expressed in the lu-
minal epithelial SCs but lost in the transitional mesenchymal 
population. These data extend and contextualize previously 
defined CRPC subclass signatures to plasticity-mediated 
subpopulations.

There were no remarkable TF activities gained in clusters 
1.2 and 2.2 compared to the stemlike 1.1 and 2.1. The de-
fining signatures in 1.2 were enriched AR-driven and depleted 
NE signatures, while 2.2 demonstrated a depleted AR signa-
ture. Of interest, differentiation was mostly associated with 
reduced TF activity relative to the stem-like clusters. One 
possible explanation for this is that the plasticity-associated 
heterogeneity across the differentiating population obscured 
TF patterns. This is supported by the observation that there 
is a loss of accessibility for the TFs shown in Figure 5B, while 
the average global number of accessible sites did not change. 
These data suggest a model of plasticity whereby the ac-
tivity of a transitional mesenchymal lineage program on lu-
minal stem-like/progenitor clones resulted in distinct cellular 
phenotypes that share to differing degrees features of ARPC 
and NEPC lineages, as observed in the major amphicrine cel-
lular population.

Targeting both AR pathway-dependent and 
independent compartments of the St/Pr 
subpopulations inhibits in vitro and in vivo tumor 
growth
The existence of multiple identifiable clones propagated al-
most exclusively by St/Pr cells in the AMPC model implies an 
approach to treatment. Because at least a portion of the St/Pr 
population expressed AR, we incubated PC35-1 and PC35-2 
organoids with enzalutamide, quantified cell numbers, and 
found a partial response in both models, concordant with the 
notion of a subpopulation-specific dependence on AR signaling 
(Supplementary Figure S10A). PC35-1 showed a greater than 
2-fold reduction after treatment, while PC35-2 showed a less 
than 30% decrease. We then performed RNA-FISH in combi-
nation with EdU to quantify subpopulation-specific changes 
due to enzalutamide treatment (Supplementary Figure 
S10B-S10D). Congruent with the different overall response 
observed in bulk, we found that enzalutamide caused a >10-
fold reduction to proliferating ARPOSEdUPOS cells in PC35-1, 
while the same population in PC35-2 showed only a small de-
crease (Supplementary Figure S10C). PC35-2 demonstrates an 
NR3C1-dependent signature, consistent with enzalutamide 
resistance (PC35-2 cluster 7, Supplementary Figure S9). The 
SCG2-positive, NE-like, populations in both PC35-1/2 were 
insensitive to enzalutamide (Supplementary Figure S10D).33 
These data document treatment-resistant variability selected 
within a single patient tumor consisting of distinct clonal 
lineages.

Although ARPOS cells made up a proportion of the EdUPOS 
progenitor population, ≥50% of St/Pr cells were AR negative 
(Supplementary Figure S10C, −Enza columns). To specifically 
address the St/Pr population, we identified multiple druggable 
targets as highly enriched in the St/Pr clusters, including 
EZH2, AURKA, and the Notch pathway (Supplementary 

Figure S4B, S4C) and targeted them with CPI-1205, alisertib, 
or Compound E, (EZH2i, AURKAi, and Notchi, respec-
tively). For comparison, we included the chemotherapeutic 
agent carboplatin, which is used as a late line of therapy 
in mCRPC. We treated the PC35 organoids with AURKAi, 
EZH2i, Notchi, carboplatin, or DMSO for 6 weeks. In both 
organoid models, the AURKAi caused a nearly 10-fold de-
crease in cell number compared to DMSO while the other drug 
conditions resulted in only minor reductions (Figure 6A). We 
tracked the effect of AURKAi, EZH2i, and carboplatin rela-
tive to DMSO with single-cell resolution using RNA-FISH/
EdU combined assays. Subpopulations were identified by 
marker gene expression: AR to mark ARPC lineage; SCG2 to 
mark NEPC lineage; TK1, EZH2, and AURKA to mark stem-
like/progenitors. We found that the AURKAi specifically de-
pleted the dividing, EdU-incorporating stem-like/progenitor 
subpopulation in PC35-1/2 (Figure 6A, 6B), while the SCG2 
population increased as a percentage of the total (Figure 6B, 
6C). By comparison to AURKA inhibition, carboplatin treat-
ment of PC35-1/2 had no effect (Figure 6A-6C).

To evaluate how effective inhibition of AURKA and/or 
AR is at blocking tumor growth in vivo, we treated PC35-1 
organoid-derived xenograft tumors for 9 weeks with either 
alisertib, castration, alisertib combined with castration, or 
vehicle. Castration or alisertib (30 mg/kg once/day) alone 
caused a 50% decrease in tumor growth. However, the com-
bination treatment rapidly and dramatically blocked tumor 
growth (Figure 6D). In addition, an alternative dose schedule 
of alisertib (20 mg/kg twice/day) alone, designed to maintain 
a continuous efficacious exposure level, caused tumor regres-
sion (Figure 6E). We validated the loss of dividing cells and 
retention of differentiated amphicrine cells in the residual 
tumor bed (Supplementary Figure S11). In 9-week CT35 
tumors, castration caused a strong increase in cytoplasmic 
and decrease in nuclear AR, as well as increased expression of 
the NE marker, synaptophysin (Supplementary Figure S11A). 
Consistent with the effects on tumor growth, the strong BrdU 
incorporation observed in the control was decreased in all 
the treated conditions, reaching the lowest level in the com-
bination treatment (Supplementary Figure S11A, S11B). 
These results demonstrate that the subpopulation-specific 
vulnerabilities that we identified in patient-derived organoids 
can be exploited to yield impactful results on tumor growth 
in vivo.

Discussion
There is a growing appreciation for the role of lineage 
plasticity in drug resistance and progression. Amphicrine 
(AR+NE+) CRPC tumors are thought to be an early indicator 
of lineage plasticity and are of particular interest in providing 
models to investigate mechanisms associated with lineage 
losses and gains. The amphicrine model investigated here 
and characterized by mutations in the epigenetic regulators, 
ARID1A and ARID1B, and the cell cycle regulator, 
CDKN1B, exhibited at the single-cell level all permutations 
of luminal epithelial and NE lineage marker expression. 
Although clinical amphicrine CRPC has been characterized 
for pathological and molecular features, tractable cell models 
have been limited to the VCaP cell line. Integrating scRNAseq 
data across multiple models and applying various CRPC lin-
eage signatures revealed that amphicrine populations were 
enriched for mesenchymal SC, regenerative, and enzalutamide 
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Figure 6. The stem-like/progenitor subpopulation is vulnerable to AURKA inhibition (A) Determination of drug sensitivity. Organoids were treated twice 
weekly for 6 weeks with 500 nM AURKAi, 500 nM EZH2i, 500 nM carboplatin, 1 μM Notchi, or 0.02% DMSO-treated controls. Quantification was done 
by dissociating the organoids and manually counting the cells. The quantified values for each condition were plotted relative to the DMSO controls. (B) 
PC35-1 and (C) PC35-2 organoids treated for 6 weeks as in (A) with AURKAi, carboplatin, or DMSO, then pulsed with 10 μM EdU, 24 hours prior to 
collection. The indicated marker expression for each cell was determined by RNA-FISH. EdU-incorporation status (positive or negative) was determined 
for each cell. Data was plotted as the percentage of cells that were positive for a given marker or EdU for the 3 treatment conditions. (D&E) Relative 
change in tumor volume for PC35-1 organoid-derived xenografts (ODXs). Mice were dosed with alisertib (Alisertb) 30 mg/kg once-daily for 9 weeks 
(D) or with 20 mg/kg twice-daily for 4 weeks (E) or vehicle (Veh) (D&E). Tumor volume was calculated as an average of the replicates. The change 
in volume was calculated relative to the “0” time point (~150 mm3 tumor volume). Vehicle n = 5 mice; castration n = 5 mice; alisertib n = 4 mice; 
castration + alisertib n = 5 mice. Error bars, ± SEM. P-values were calculated using the Student’s t test, 2-tailed, unpaired.
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resistance characteristics, which are often linked with pros-
tate cancer progression.24,27,29

We show the existence of clonally distinct cancer St/Pr 
subpopulations as the source of growth and phenotypic het-
erogeneity. Defining the relationship of CRPC SCs to devel-
opmentally identified, castration-resistant prostate luminal 
SCs remains an important question.23 Surprisingly, the least 
proliferative population was the most NE-like. This finding 
is contrary to the increased growth rate of AR− NEPC driven 
by RB1 and TP53 loss, but consistent with less aggressive 
NE tumors including gastroenteropancreatic NE neoplasms, 
breast cancer with NE differentiation, and pulmonary 
NE carcinoids that are frequently driven by mutations in 
ARID1A.14-16 This model is evidence for the concept that SC 
plasticity per se does not correlate with aggressiveness but 
that additional drivers are needed to overcome proliferative 
arrest associated with terminal differentiation. To the best of 
our knowledge, this is the first near-patient CRPC organoid 
that dynamically produces a range of phenotypically hetero-
geneous daughters. Additional models of amphicrine CRPC 
are needed to obtain a more complete understanding of the 
range of biological characteristics.

Diversified and labile transcriptional programs within a 
heterogenous tumor cell population can rapidly confer clonal 
fitness in the face of therapeutic pressure.24,34-36 In addition to 
lineage switching, we found ARPI resistance in independent 
clones mediated by other potential mechanisms, such as high 
expression of NR3C1. This observation directly demonstrates 
within a patient CRPC tumor that multiple different paths to 
AR resistance exist within the same tumor, underscoring the 
challenges in the development of curative treatments.

Despite the range of lineage heterogeneity, scATACseq 
identified 2 major populations of amphicrine SCs with 
overlapping inferred TF activity. Two populations were dis-
tinguished by ATAC signatures representing respectively ei-
ther ARPC and WNT pathway or transitional JAK/STAT and 
mesenchymal pathways. The latter signature is kinetically 
associated with cells in a GEMM model that bridge adeno-
carcinoma and NE population transitions,29 suggesting a 
contribution in PC35 amphicrine cells to the expression of 
NE markers such as CHGB. Of interest, the differentiated 
populations had equally accessible global chromatin relative 
to the SC state but reduced inferred activity for a variety of 
the TFs. One interpretation of this data is that plasticity is 
associated with a widely accessible chromatin state followed 
by heterogeneous and perhaps stochastic chromatin closing 
during commitment.

The existence of a stem-like/progenitor subpopulation as 
the seedbed of growth in a tumor predicts excellent poten-
tial as a point at which to direct therapeutic intervention. 
We found Aurora Kinase A, a regulator of mitotic progres-
sion, SC self-renewal, and asymmetric division,22,37,38 to be 
expressed and restricted to the St/Pr. Interestingly, in a mouse 
model of incisor development, ARID1A was shown to be a 
transcriptional repressor of Aurka, while loss of ARID1A led 
to AURKA overexpression and expanded transit-amplifying 
cells with abnormal differentiation.39 Inhibition of AURKA 
in the organoid models caused a strong and specific depletion 
of the St/Pr pool that blocked the growth of the entire heter-
ogeneous population and importantly, blocked tumor growth 
in vivo. Using lineage tracing in combination with scRNAseq, 
we observed in the PC44 ARPC model, the existence of 2 
pools of dividing tumor cells, a minor St/Pr population, and 

a self-renewing luminal epithelial population. Thus, we antic-
ipate that alisertib alone would likely not be useful in most 
ARPC tumors but may be beneficial in combination with AR 
pathway inhibitors to suppress the dividing St/Pr population 
that is insensitive to AR inhibition.

Clinical trials targeting the treatment of scNEPC with 
alisertib have been mostly ineffective. Our analysis of the 
population structure and its relationship to cell division po-
tentially provides insight >70% of the scNEPC cells had a St/
Pr phenotype. Besides the underlying physiological differences 
attributable to distinct genomic mutations in scNEPC such as 
RB1 loss, it is expected that targeting a major as compared 
to a minor population of St/Pr tumor cells would increase the 
probability of resistance. In total, the results presented here 
establish the utility of alisertib for a cancer SC-driven model 
of AMPC and suggest that alisertib be tested as a combina-
tion agent for ARPC to assist with the development of lineage 
plasticity-mediated resistance to AR pathway inhibitors.
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