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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 (quanti ed 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 identi ed
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-speci ¢ 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 de ned major clusters.?2 We found 2 patterns
de ned by contributing CNV-identi ed clones to the different
phenotypes of the clusters: those which were independent of
clonal patterns (AMPC, mesenchymal, and PC35-1 ARPC
clone 11 phenotypes) and those attributed to unique or closely
related clonal genotypes (the PC35-2 ARPC Il clone; Figure
3E; Supplementary Figure S8A, S8B). These data suggest that
there are xed 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
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to be the originating stem population, while St/Pr-2 (colored
blue) demonstrated transcriptomic properties of a transit-
amplifying subpopulation, as well as de ning the cluster
proximal in similarity to differentiated cells. Of interest, we
queried for a variety of developmentally identi ed luminal SC
markers including KRT13, LY6D, CD133, and PSCA.% 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 SScNEPC cells (Figure 4B).

The St/Pr signature overlaps with a signature termed

Persist, which was identi ed in LNCaP cells from a
subpopulation resistant to the AR antagonist enzalutamide,
and computational approaches inferred Persist as a
founding trajectory population.?* 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). By
contrast, the gene set de ning the recently described, mesen-
chymal stem-like PC subpopulation (termed MSPC) in bulk
cultures of mCRPC cell lines, organoids, and xenografts?®
was not substantially enriched in the St/Pr signature de-

ned here. In addition, using experimental lineage tracing,
we show here for the rst 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 VVCaP 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),?” MSPC,%® and clusters from
LNCaP models that have been selected by long-term growth
in enzalutamide (Supplementary Figure S9).2* 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 revealsTFs regulating
amphicrine SC, luminal, and mesenchymal
pathways

As the transcriptional determinants of the ampbhicrine 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 clusters'® in both PC35-1 and PC35-2
(Figure 5A). To look for TFs that may be responsible for the
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Figure 3. Single-cell combinatorial barcoding identi es lineage-distinct and stem-like/progenitor subpopulations (A-D) CellTag lineage tracing analysis.
Clusters are colorized by phenotypes further de ned in Figure 4 and Supplementary Figure S9. (A) UMAP major clusters | and Il of PC35-1 and (B) I,
I, and 11l 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 de ned by their scRNAseq transcriptional pro le (UMAP clusters), to subclones de ned 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, 11, and Il 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.

differing phenotypes among the clusters, we performed an
analysis of inferred TF activity and assessed the similarity
with ATACseg-based signatures describing various subclasses
of clinical mCRPC or dynamic states of lineage transition2-2
(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 ONECUT?2 (Figure 5B, 5C).
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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,?” 6) ARPC/NR3C1", 7) AMPC, 8)
mesenchymal, 9) ARPC/NR3C1", 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.

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 in ammatory
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