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Abstract

Increasing evidence suggests the presence of minor cell subpo-

pulations in prostate cancer that are androgen independent and

poised for selection as dominant clones after androgen deprivation

therapy. In this study, we investigated this phenomenon by strat-

ifying cell subpopulations based on transcriptome profiling of 144

single LNCaP prostate cancer cells treated or untreated with andro-

gen after cell-cycle synchronization. Model-based clustering of

397 differentially expressed genes identified eight potential subpo-

pulations of LNCaP cells, revealing a previously unappreciable level

of cellular heterogeneity to androgen stimulation. One subpopu-

lation displayed stem-like features with a slower cell doubling rate,

increased sphere formation capability, and resistance toG2–Marrest

induced by a mitosis inhibitor. Advanced growth of this subpop-

ulation was associated with enhanced expression of 10 cell-cycle–

related genes (CCNB2, DLGAP5, CENPF, CENPE, MKI67, PTTG1,

CDC20, PLK1, HMMR, and CCNB1) and decreased dependence

upon androgen receptor signaling. In silico analysis of RNA-seq data

from The Cancer Genome Atlas further demonstrated that

concordant upregulation of these genes was linked to recur-

rent prostate cancers. Analysis of receiver operating charac-

teristic curves implicates aberrant expression of these genes

and could be useful for early identification of tumors that

subsequently develop biochemical recurrence. Moreover, this

single-cell approach provides a better understanding of how

prostate cancer cells respond heterogeneously to androgen

deprivation therapies and reveals characteristics of subpopu-

lations resistant to this treatment.

Significance: Illustrating the challenge in treating cancers with

targeted drugs, which by selecting for drug resistance can drive

metastatic progression, this study characterized the plasticity and

heterogeneity of prostate cancer cells with regard to androgen

dependence, defining the character or minor subpopulations of

androgen-independent cells that are poised for clonal selection after

androgen-deprivation therapy. Cancer Res; 78(4); 853–64.�2017 AACR.

Introduction

A major clinical challenge in the management of prostate

cancer is overcoming resistance to androgen deprivation ther-

apy (ADT; refs. 1, 2). Although ADT can initially achieve a

biochemical response in recurrent prostate cancer, approxi-

mately 30% of patients eventually develop castration resistance

and succumb to the disease (3). Intensive studies have focused

on understanding the mechanisms involved in the transition of

prostate cancer from an androgen-dependent to an -indepen-

dent state. At the molecular level, castration resistance is linked

to mutations or amplification of the androgen receptor (AR)

gene, augmented intracellular AR signaling, and activation of

other growth factor signaling pathways (4). These findings

provide the rationale for the development of novel agents that

target AR and non-AR signaling in recurrent prostate cancer. At

the cellular level, however, it is less clear how androgen-

responsive prostate cancer cells evolve through ADT selection

into androgen-independent tumors.

Prostate cancer cell evolution may fit the following two

models—stepwise and punctuated selection (5). The stepwise

selection indicates that a single cell (or clone) that acquires an

AR mutation initially has a proliferative advantage under

androgen deprivation conditions. Subsequently, a new deriv-

ative subline accumulates additional intracellular AR or other

oncogenic activating pathways that prevails in overtaking the

original cancer cell population (6, 7). The selective outgrowth

occurs each time when a new subline arises with proliferative

advantages over the previous one, leading to advanced cancer
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development. This stepwise expansion model was used to

explain the acquisition of an androgen-independent subline

through the androgen-sensitive LNCaP parental line under a

prolonged androgen deprivation condition (8–10). However,

increasing evidence supports the punctuated model for the

development of androgen-independent prostate cancer. In the

latter model, the phylogeny of cancer cells is not strictly linear,

and numerous subgroups stochastically arise and coexist within

a population at the same time, to different degrees of magni-

tude, each with its own set of molecular alterations (11). If

indeed, the punctuated model is further supported, the andro-

gen-dependent parental line could contain multiple preexisting

subpopulations of cells that exhibit a wide range of androgen

sensitivity. Through ADT selection and clonal expansion, a

subgroup of androgen-insensitive cells may eventually develop

to overtake the entire population. Therefore, subpopulation

stratification of different prostate cancer cells is critical not only

for predicting early development of castration-resistant cancer,

but also for providing valuable information for the design of

targeted inhibitors to treat this disease.

In previous in vitro experimental models, the androgen depri-

vation strategy has been used to select for androgen-insensitive

cell types as away to reveal heterogeneous populations of prostate

cancer cells (8, 9). The limitation of this approach is that it does

not take into consideration the spectrum of differential androgen

sensitivity in the original cell population before androgen dep-

rivation treatment. In this study, we used a novel approach to

determine whether multiple subpopulations are present in the

LNCaP cell line by analyzing the cells' differential sensitivity to

androgen stimulation. First, we compared single-cell transcrip-

tome profiles of androgen-stimulated and -unstimulated LNCaP

cells following cell-cycle synchronization. In addition to stratify-

ing different subpopulations that vary in their dependence upon

androgens, we identified a stem-like subpopulation that has the

potential to develop androgen independence. The growth of this

previously uncharacterized subpopulation of cells appeared to

depend more on a cell-cycle transcription network and less on

androgen signaling. Our findings underscore the importance of

analyzing dynamic single-cell transcriptome profiles that can lead

to the identification of hidden subpopulations intrinsic to andro-

gen independence in an androgen-responsive prostate tumor.

Materials and Methods

Cell lines

LNCaP cells obtained from the ATCC along with their derived

subclone (i.e., 8.1) were cultured in RPMI-1640 (Life Technolo-

gies) with 10% charcoal-stripped FBS (CS-FBS; Sigma) and 1%

penicillin/streptomycin (Gibco) aired with 5% CO2 at 37
�C. The

cells were not authenticated. The absence ofMycoplasma contam-

ination was validated using DAPI staining.

Single-cell expression analysis of candidate genes

To investigate heterogeneous responses of LNCaP cells to

androgen, these cells were androgen-deprived and cultured in

phenol-free medium (GIBCO), 10% CS-FBS (Sigma, F6765),

and 1% penicillin/streptomycin approximately 24 hours before

androgen treatment. The cells were treated with 1 nmol/L

R1881 (R0908, Sigma-Aldrich) for 0, 6, 12, 24, 48, and 72

hours. The single cells were isolated and subjected to qRT-PCR

carried out as described previously (12). Single cells from

another prostate cancer line PC3 were similarly isolated for

qRT-PCR analysis. Primers of candidate genes are shown in

Supplementary Table S1.

Single-cell and bulk RNA-seq

LNCaP cells were synchronized in the G1–S-phase by double

thymidine block (13). Approximately 4� 105 cells were seeded in

full medium for 12 hours and then 2 mmol/L thymidine was

added for 18 hours. The mediumwas replaced again with CS-FBS

for 9hours and then2mmol/L thymidinewas added for 17hours.

The cells were then subjected to 1 nmol/L R1881 treatment for 12

hours. The cells were trypsinized and washed once in PBS and

suspended in 1:1 CS-FBSmedium/1� PBS. The cells were isolated

manually for SMART-seq2 (14). The expectedDNA fragment sizes

for quality control were one normal distribution of cDNA cen-

tered at approximately 1.8-kb post-reverse transcription and

cDNA amplification and the other normal distribution of DNA

between 300 to 900-bp posttagmentation and index PCR. We

analyzed the single-cell transcriptomes of 3 groups of LNCaP

cells after cell-cycle synchronization: (i) untreated at 0 hour (ii)

untreated at 12 hours, and (iii) androgen treated for 12 hours.

Bulk-cell RNA was harvested with TRIzol reagent (15596026,

Thermo Fisher Scientific) then isolated with the Direct-zol RNA

MiniPrep Kit (R2052, Zymo Research). The RNA was diluted to

1 ng/mL and 1 ng was amplified using the same amplification and

quality control steps as for single cells (described above).

Cell-cycle analysis

After double thymidine block, LNCaP cells were cultured inCS-

FBS or subjected to androgen treatment (as described above).

Cells were washed with 1� PBS, centrifuged, fixed with 70%

ethanol, and then stained with propidium iodide according to an

established protocol (15). Then the cells' cell cycle was analyzed

on a BD FACSCalibur.

Gene expression profiling and pathway analysis

The sequence reads were aligned with TopHat and the read

counts were calculated with HTSeq (16–18). The low expressed

genes (reads <10), cells with only a few genes detected (genes

<180), and insufficiently represented genes (genes found in <5

cells) were removed from the read count data. Then, the batch

effect was adjusted and the differentially expressed genes

were identified using the SCDE package from R (19). The prob-

abilities of the observed overlaps occurring by chance

were calculated using the hypergeometric distributions in R (R:

The Hypergeometric Distribution). To determine the likelihood

that each 48-cell group was representative of the bulk cell popu-

lation, the reads from the bulk sample(s) were correlated to the

same number of randomly selected reads from the cells of the

same treatment group. To validate our scRNA-seq findings, we

compared the differential expression genes with a previous similar

bulk cell microarray experiment data (GSE18684; refs. 20, 21).

Hierarchical clustering was performed with the Multi-Experi-

ment Viewer (MeV) with Pearson correlation. To perform prin-

cipal component analysis (PCA), the variance of the RNA-seq read

counts per gene was normalized using the regularized logarithm

transformation (rlog, DESeq2 R package; ref. 22). For the sub-

population (or subcluster) identification, the normal mixture

modeling algorithm, mclust (Mclust, mclust R package) was

applied using the first 4 principal components (�5% of the

variance; ref. 23).
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The average PCA values for each subcluster were correlated

(Pearson correlation, r value) with the principal component

values of each gene used in the previous PCA. This produced a

list of genes based on which subcluster each gene correlated with

most strongly (highest r value). Ontological annotation of genes

in each subcluster was queried using The Database for Annota-

tion, Visualization, and Integrated Discovery (DAVID; P < 0.05).

To assess the clinical relevance of the gene signatures, the

prostate adenocarcinoma RNA-seq data from The Cancer

Genome Atlas (TCGA) were analyzed by creating hierarchical

clustering heatmaps. Receiver operating characteristic (ROC)

analysis (R package) was conducted to assess each gene's predic-

tive power for biochemical recurrent prostate cancer. Kaplan–

Meier curves were created to determine the disease-free survival

outcomes of the TCGA patient cohort using www.cbioportal.org.

Flow sorting of LNCaP subpopulations

The two cell surface markers from the Subcluster E gene profile,

HMMR and CD81, were used to isolate the stem-like and andro-

gen-insensitive subpopulation (LNCaP 8.1) fromLNCaP cell line.

After DTB and R1881 treatment of LNCaP cells, the cells were

incubated with anti-CD81 PE-conjugated (ab81436, Abcam) and

anti-HMMRAPC-conjugated (ab170527 and ab201807, Abcam).

The HMMRhi (8.1) cells were sorted using Beckman Coulter

Moflow Astrios.

In vitro phenotypic assays of a stem-like subpopulation

To access the proliferation capability of LNCaP 8.1 and LNCaP,

the cells (1 � 104) were seeded in 96-well plates and cell conflu-

ence was quantified using the imaging of Incucyte ZOOM (Essen

BioScience). Images were acquired every 3 hours for up to 72

hours. Each assay treatment was run in triplicate with 4 images

acquired per well. Image processing analyses were applied to

derive normalized confluence calculated by normalizing conflu-

ence at each time point. The cells were cultured at very diluted

concentrations (2� 106 cells/150mmplate or 500 cells/well of 6-

well plates) and subjected to colony formation assay. After 10

days with two media refreshes, the cells were fixed with 4%

paraformaldehyde for 60 minutes, stained with 0.01% crystal

violet (diluted in dH2O), and washed with dH2O two times

before drying and imaging.

qRT-PCR

To validate the SMART-seq2 data of the 10 genes predicting

biochemcial recurrence, bulk RNA from LNCaP and 8.1 cultured

with and without R1881 were isolated using TRIzol and reverse

transcribed using the SuperScript VILO Master Mix Kit

(11755050, Thermo Fisher Scientific) as described above. The

cDNAwas diluted in nuclease-free water either 1:10 or 1:100. The

10-mL reactions were prepared in triplicate for each of the 10

genes: CCNB1, CCNB2, CDC20, CENPE, CENPF, DLGAP5,

HMMR, MKI67, PLK1, and PTTG1. The primer sequences of the

genes were listed in Supplementary Table S2. EEF1G was used as

an internal control/reference gene. LightCycler 480 SYBR Green

MasterMix (04887352001, Roche) was used to prepare the assays

and samples to be read in a 384-well plate in the LightCycler 480 II

machine.

Statistical analysis

For BioMark analyses, low quality cells and genes were not

analyzed if less than 40% of the reactions per cell or per gene,

respectively, passed quality control (specific melt curves and

detectable levels of amplificationproduct). Statistically significant

differences between hour treatment groups were calculated by

ANOVA and Tukey multiple comparison honest significance

difference the post hoc two-tailed t test. BioMark analysis compar-

ing LNCaP and 8.1 used the unpaired t test. P values <0.05 were

considered significant.

For qRT-PCR, data from one experiment with at least three

technical replicates are presented as mean � SD. Analysis was

performed with unpaired two-tailed t test or ANOVA followed by

Sidak's post hoc t test with correction for multiple comparisons. P

values <0.05 were considered significant.

For the proliferation assays, data from one experiment with

three biological replicates and three technical replicates each was

presented as mean � SD. Only the 72-hour time point was

analyzed for significant statistical difference using unpaired

two-tailed t test. For the viability assay, two independent experi-

ments were performed with 5 to 12 technical replicates each and

one representative experiment is presented. The data were ana-

lyzed with ANOVA followed by Dunnett post hoc t test with

correction for multiple comparisons. P values <0.05 were con-

sidered significant.

Statistical analyses were performed with R and GraphPad

Prism 6. All the experiments were performed without methods

of randomization or blinding and the sample size was not

predetermined.

Data availability

Data generated for this study are available through the Gene

Expression Omnibus (GEO) under accession number GSE

99795.

Results

Subpopulation profiling of gene expression in single prostate

cancer cells

To determine whether cell subpopulations exist in the LNCaP

line, androgen-deprived cells were treatedwith 1 nmol/L R1881, a

nonmetabolizable androgen (24), for 0, 6, 12, 24, 36, and 72

hours. Individual cells were picked at different time points and

subjected to single-cell expression analysis of 16 known andro-

gen-responsive genes based on a 40% passing reaction rate

threshold (Supplementary Table S1). Violin plot analysis showed

a wide range of gene expression levels in individual cells at

different time points of androgen stimulation (Supplementary

Fig. S1A; Supplementary Table S3). For example, the expression of

ABCC4 and TPD52 slowly increased over time although BCLXL

and MYC appeared to be relatively stable in two cell subpopula-

tions across the time points (top). Despite a high degree of

heterogeneity, the reproducibility of single-cell expression levels

was confirmed inNKX3A andPPAP2Ausing the sameprimer pairs

in two different gene panels for reverse transcription, site-targeted

amplification, and qPCR (bottom). Hierarchical clustering and

PCA of these androgen-responsive genes showed that the 0-hour

group of cells was mostly clustered together, indicating a limited

degree of expression heterogeneity (Supplementary Fig. S1B and

S1C). Interestingly, cells treated with androgen for 6 and 12 hours

were either clustered with or apart from the 0-hour group. The

effect appeared more pronounced at later time points—24, 36,

and 72 hours. Because not all of the cells were immediately

responsive to androgen, our result suggests that multiple

Heterogeneous Androgen Responses of Prostate Cancer Cells
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Figure 1.

Single-cell analysis of 144 androgen-treated, -untreated, and control LNCaP cells reveals 397 differentially expressed genes.A, Schematic for isolating 48 single cells

per treatment group in preparation for single-cell transcriptome amplification. B, Number of aligned reads (millions) per single cells and bulk sample per

treatment group. C,Number of significantly differentially expressed genes (adjusted P value < 0.05). D,Hierarchical clustering heatmap of gene expression [Z score

of log2 normalized reads per kilo base per million mapped reads (RPKM)] for each of the 397 genes (horizontal axis) and each of the single cells (vertical

axis) within each treatment group. Of these, 125 þ 18 genes were identified as cell-cycle–dependent while 254 genes were categorized as androgen-responsive.

Note: 18 genes assigned in the cell-cycle–dependent group depicted here were also androgen-responsive.

Horning et al.
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subpopulations are present in the LNCaP cell line with unequal

sensitivity to androgen stimulation. As a result, the same andro-

gen-responsive genes may have diverse expression levels in dif-

ferent cells and at different time points of stimulation. Thefinding

also suggests that a panel of known androgen-regulated genes can

display the dynamic characteristics of the androgen response in

LNCaP cells as early as 6 to 12 hours. However, taking a de novo

approach with single-cell RNA-seq (scRNA-seq) would likely

provide a more detailed and unbiased report of which genes are

associated with the differential sensitivity to androgen.

To further investigate this heterogeneous response, cells were

first arrested in G1–S phases using a double thymidine block and

simultaneously cultured in a medium containing charcoal-

stripped serum for 24 hours (Fig. 1A; Supplementary Fig. S2).

As a result, cells in theG2 phasewere greatly reduced to 1.6% from

17.5% in the control without thymidine block. Following the

incubation, LNCaP cells were immediately released from the cell-

cycle block and treated with or without 1 nmol/L R1881 for 12

hours (Supplementary Fig. S2). Although the majority (�81%–

84%) of cells remained in G1–S, we observed a modest increase

(�6%–8%) in the number of cells progressing to G2 after the

treatment. This result indicates that the cell cycle in the LNCaP line

is not complete yet at 12 hours. A previous report suggests that an

obvious effect of androgen on gene expression in LNCaP cells

occurs more often in this transition period (25). Therefore, we

chose this time point for our single-cell RNA-seq analysis. Forty-

eight single cells per treatment/control group were picked and

subjected to SMART-seq2 amplification, Nextera XT tagmenta-

tion, library preparation, and high-throughput sequencing (14).

As an additional control for comparing basal expression changes,

48 single cells were picked immediately after the release of

thymidine block.

On average, 3 � 106 sequencing reads per cell were processed

through a sequencing pipeline. Of these, an average of 1.13 �

106 reads per cell were mapped to human exomes (Fig. 1B;

Supplementary Fig. S3). Approximately 5 � 104 transcript IDs

representing about 2.5 � 104 different genes were detected

among all the cells. Furthermore, because of the significant

Figure 2.

Subpopulations of LNCaP cells exhibit distinct transcription responses to androgen stimulation. A, PCA plot representing each cell as a dot localized on basis

of its 397-gene expression profile. B, Alternative view of the first four principal components along with results of the mixed model-based clustering

algorithm showing the likely subpopulations of cells. C, Overlapping view of the original PCA plot, with each of the eight subpopulations identified by specific

symbols. D, Percentage of the fraction of cells from each treatment group represented in each subgroup.

Heterogeneous Androgen Responses of Prostate Cancer Cells
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correlations between the single-cell ensemble and bulk reads

(Spearman 0.82� rs� 0.95, P < 0.01), the 48 single cells repre-

sented a significant portion of the variation observed in reads

from the bulk population (Supplementary Fig. S4).

Of the total 23,980 genes detected in scRNA-seq, the Bayes-

ian-based single-cell differential expression (SCDE) algorithm

(19) identified 397 differentially expressed genes among the

three groups: (i) the expression of 125 genes solely affected

by time and cell-cycle progression (CCP; comparison between

0- and 12-hour untreated groups); (ii) the expression of 254

genes affected by androgen stimulation (comparison between

12-hour androgen-treated and untreated cells); and (iii) 18

genes, the expression of which were affected by both CCP and

androgen treatment (7.13 � 10�10
� P � 0.05; Fig. 1C; Sup-

plementary Fig. S5A). The number of group 3 genes might be

underestimated at the 12-hour time period because previous

studies suggest that prostate cancer cells in active CCP are more

responsive to androgen stimulation (26, 27). If we investigate

expression profiles of single cells beyond this time point, we

may find more group 3 genes. Interestingly, 119 of these genes

were also identified in 12-hour R1881-stimulated LNCaP cells

using bulk-cell microarray (Supplementary Fig. S5B and S5C).

Hierarchical clustering confirmed expression level changes

across three treatment groups of single cells in response to

CCP and/or androgen stimulation (Fig. 1D).

Subpopulation stratification of prostate cancer cells with

differential responses to CCP and androgen stimulation

To robustly identify cell subpopulations differentially respond-

ing to androgen stimulation and/or CCP, PCAwas used to create a

scatter plot of these 144 cells based on their expression profiles

of the aforementioned 397 genes. As shown in a three-dimen-

sional (3D) PCA plot (Fig. 2A), cells from the 0- and 12-hour

untreated groups appeared to be clustered together in two regions

on the bottom right and bottom left areas of the plot. Interest-

ingly, the majority of the 12-hour–treated cells were spread out

into large areas located above and mostly separated from the

untreated cells. Therefore, principal component 2 accounted for

gene expression responses to androgen. However, 14 (29%) of

these treated cells fell into the 0- and the 12-hour–untreated

groups, again suggesting that not all of the LNCaP cells respond

to androgen the same way.

Figure 3.

Distinct gene signatures characterize the individual androgen-treated and -untreated LNCaP subpopulations. A, Hierarchical clustering heatmap showing the

correlation (Pearson r value) of the gene-expression values for each of the 397 significant genes with the average/central location for each subpopulation of cells on

the PCA plot in Fig. 2A. This figure is the basis for the "positively correlated" gene expression profiles created for each subpopulation. B, Bar charts indicating

the level of significance that each gene ontology term from DAVID is associated with each subpopulation based on the "positively correlated" gene

expression profiles. Statistically significant gene ontology term associations are indicated by bars �1.3.

Horning et al.
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On the basis of first 4 principal components, which accounted

for approximately �5% of the variance in the PCA each, the

Mclust algorithm determined that there were most likely eight

subpopulations of these 144 cells (Fig. 2B; Supplementary Fig.

S6A and S6B). Subpopulations A–C were made up of androgen-

treated cells, D and E were both androgen-treated and -untreated

cells, and F–H composed almost entirely of androgen-untreated

cells (Fig. 2C). One androgen-treated cell in subpopulation F

made up less than 10% of the androgen-treated cells; therefore, it

was likely anoutlier (Fig. 2C). Furthermore, there appeared to be a

dynamic shift of subpopulation sizes (e.g., D, E, F, G, and H) in

androgen-untreated cells at 12 hours, compared with cells at 0

hour (Fig. 2D). However, androgen treatment resulted in the

arising of three new subpopulations (i.e., A, B, and C) and the

shrinking of three subpopulations (i.e.,D, E, and F) and the loss of

subpopulations G andH that were originally observed in untreat-

ed cells. Interestingly, the rest of androgen-treated cells were

clustered with subpopulations D, E, and F. This suggests that

subpopulations D, E, and F contain cells that were less sensitive to

androgen stimulation.

To determine which genes associated most strongly with each

subpopulation, the average location of each group on the 3D PCA

plot was correlated with each of the principal component values

for the genes (Fig. 3A; Supplementary Fig. S7). Each of the 397

genes was assigned to a specific subpopulation (Supplementary

Table S4). Genes correlated with a specific subpopulation were

also highly expressed in each of the cells within that group

(Supplementary Fig. S7). DAVID was used to determine which

molecular pathways were associated with each of the subgroup

gene lists (Fig. 3B; Supplementary Table S4). Each of the andro-

gen-dependent subpopulations A, B, and C exhibited increased

expression of different molecular pathways: A was cell-motility–

related, B showed serine-peptidase activity, and C showed per-

oxisome and fatty-acid metabolism activity. In contrast, subpop-

ulation E showed significant upregulation of mitosis and cell-

cycle pathways, which are commonly associated with aggressive

and androgen-independent prostate cancers (28–30). Subpopu-

lation D showed upregulation of mitochondrial membrane pro-

teins. Subpopulations F, G, and H, all made up of androgen-

untreated cells, showed significant upregulation of DNA organi-

zation and replication, protein modification and ribonucleopro-

tein complex pathways, respectively. Altogether, the results sug-

gest that each of the subpopulations examined may be respon-

sible for separate functions within a larger population of cells. In

this case, the androgen responsiveness may be split up into five

subpopulations of cells, with A, B, and C being highly sensitive to

Figure 4.

Increased expression of the subpopulation E gene profile predicts biochemical recurrent prostate cancer. A, Hierarchical clustering heatmap of prostate

cancer tissue disease status and the subpopulation E gene expression profile from TCGA [Z score of log2-normalized reads per kilo base per million mapped

reads (RPKM)]. B, ROC curves for genes related to subpopulation E cells. The blue line indicates the false- and true-positive rates for predicting biochemical

recurrence at each point throughout the range of gene expression for each gene. C, Kaplan–Meier plot predicting disease-free status of patients based

on �2-fold gene expression changes of any of the genes in the 10-gene set.
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androgen stimulation, and D and F less sensitive to the stimula-

tion but dependent on other cell-cycle–driven events.

Identification of a cell-cycle–driven subpopulation linked to

advanced cancer development

Although statistically defined, some of these subpopulations

might be drivers for prostate cancer progression. It is possible

that castration-resistant cancer cells can arise through selection

in treatment-na€�ve tumors. Therefore, we postulated that one

(or some) of the subpopulations could represent an aggressive

stage of prostate cancer. To verify this hypothesis, hierarchical

clustering was conducted in a TCGA prostate cancer cohort (n¼

497 tumors and control samples) based on expression profiles

of the 8 subpopulations described above (Supplementary Fig.

S8). Interestingly, the gene expression profile of subpopulation

E was the only one that appeared to distinguish biochemical

recurrent prostate cancer from non-recurrent tumor types (i.e.,

Gleason score 6, 7, and >7; Fig. 4A). Specifically, 10 (CCNB2,

DLGAP5, CENPF, CENPE, MKI67, PTTG1, CDC20, PLK1,

HMMR, and CCNB1) of the 22 genes in the subpopulation E

had expression patterns that could distinguish biochemical

recurrent from nonrecurrent prostate cancer with �0.60 area

under the curve (AUC), or overall predictive ability, in ROC

curves (Fig. 4B; Supplementary Table S5). Moreover, when any

one of the genes of the 10-gene set was upregulated in tumors

�2-fold, the gene set was significantly predictive for recurrence

in patients (P ¼ 0.005; Fig. 4C).

Seven of these 10 aforementioned genes encode cell-cycle–

related functions (Fig. 4A; Supplementary Table S4). CCNB1 and

CCNB2 are essential cyclin components of the cell-cycle–regula-

tory machinery whereas CENPF and CENPE are centromere

proteins important for cell division (31–35). Both CDC20 and

PLK1 regulate activation of anaphase complex and PTTG1 is a

(36–39) known transcription factor that specifically modulates

theG1–S-phase transition. As shownby these previous studies, the

expression of these cell-cycle–related genes is not primarily driven

by androgen signaling in prostate cancer cells. Taken together,

these results provide the first evidence that a hidden subpopula-

tion in an androgen-sensitive cell linemay contribute to advanced

development of prostate cancer.

Characterization of the cell-cycle–driven subpopulation with

androgen-insensitive and stem-like features

Both single-cell and in silico analyses indicate that higher

expression levels of these 10 cell-cycle–related genes may render

subpopulation E cells with aggressive phenotypes. To validate this

in vitro, synchronized and androgen-stimulated LNCaP cells were

flow-sorted on the basis of two surface markers, HMMR and

CD81, which were both highly expressed in subpopulation E

cells regardless of androgen treatment (Fig. 5A). As a result,

Figure 5.

The HMMRhi subpopulation of androgen-treated LNCaP cells is less responsive to androgen stimulation.A, Bar chart of reads per kilo base per million mapped reads

(RPKM) values of CD81 and HMMR for each cell within each original treatment group. Bars representing gene expression for subcluster E cells are red.

B, Flow cytometry plot of androgen-treated LNCaP cells stained with anti-HMMR and anti-CD81 antibodies conjugated to APC and PE, respectively. The HMMRhi-

sorted subpopulation is LNCaP 8.1. C, Gene expression of subpopulation E-related genes in LNCaP and 8.1 cells. D, Cell viability assay of LNCaP and 8.1 cells

treated with enzalutamide. Results are shown asmeans� SD from triplicates and analyzed for statistical significance using ANOVA, then Sidak multiple comparison

post hoc test to compare within cell lines. 	 , P < 0.05; 		 , P < 0.01; 			 , P < 0.001. No asterisk indicates no significant difference.
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one minor subgroup (0.7%) of cells, termed 8.1, were sorted on

the basis of high HMMR expression whereas themajority showed

relatively low expression of the surface marker (Fig. 5B). Signif-

icantly higher expression of six (i.e., PLK1, CDC20, MKI67,

CENPF, and PTTG1) of the 10 genes were detected in 8.1 cells

relative to those of LNCaP cells, suggesting that 8.1 cells are indeed

representative of the original subpopulation E (P < 0.05; Fig. 5C).

In addition, the expression of some of these 10 cell-cycle–related

genes appeared to be differentially regulated in response to

androgen stimulation (Supplementary Fig. S9). A cell viability

assay showed that 8.1 cells were less responsive than LNCaP cells

to inhibition by enzalutamide, which is known to block androgen

Figure 6.

The HMMRhi subpopulation of androgen-treated LNCaP cells has stem cell-like features. A, Live-cell imaging quantification showing the normalized proliferation

fold changes of LNCaP and 8.1 (n ¼ 4 images per every biological triplicate). B, Live-cell imaging quantification of LNCaP and 8.1 treated with and without

the PLK1 inhibitor BI2536 (2 nmol/L; n ¼ 4 images per every biological triplicate). C, Cell-cycle analysis of LNCaP and 8.1 in the presence and absence of BI2536

(2 nmol/L). D, Colony formation photos of representative regions within the culture dish. Also, colony formation area analysis of paraformaldehyde-fixed and

crystal violet–stained images of another colony formation assay of the LNCaP subpopulations performed with technical triplicates (500 cells per well in a

6-well dish cultured for 10 days before fixing). E, Single hand-picked LNCaP and 8.1 cells analyzed using a BioMark gene panel and presented as a Z-score–normalized

heatmap. F, Violin plots quantifying the epithelial characteristics gene expression from E. G, Schematic illustration for the development of LNCaP subpopulations

to androgen dependence and independence. The model depicts the majority of preexisting cell subpopulations that are sensitive to androgen-driven

proliferation. The model also shows CCP and expansion of stem-like cell subpopulations (i.e., less sensitive to androgen) under an androgen-deprivation

condition. 	, P < 0.05; 			 , P < 0.001; 				 , P < 0.0005.
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from binding to androgen receptors, suggesting that 8.1 cells

exhibit androgen-independent characteristics (Fig. 5D; ref. 40).

The resultwas consistentwith single-cell expression analysis of the

10 genes that were highly expressed inmore aggressive androgen-

independent PC3 cells (Supplementary Fig. S10A and S10B).

Taken together, the findings initially imply that this minor sub-

group likely possesses stem cell characteristics because prostate

cancer stem (or -initiating) cells are known to exhibit self-renewal

ability in the absence of androgen (7, 41).

Three additional lines of experimental evidence further support

the presence of stem-like features in 8.1 cells. First, this subpop-

ulation of cells showed a slower growth rate than the parental

LNCaP line when culturing these cells in media supplemented

with FBS, which contains low levels of androgen (Fig. 6A; ref. 42);

the relatively slow-cycling 8.1 cells were also less sensitive

to inhibition (i.e., BI2536) of PLK1 that preferentially induced

G2–M arrest in LNCaP cells (Fig. 6B and C; ref. 43). Second, 8.1

cells tended to form spherical colonies as a property of cancer stem

cells in vitro (Fig. 6D). Third, single-cell expression analysis of gene

marks confirmed that compared with 8.1 cells, LNCaP cells

exhibit significantly higher levels of epithelial features (KRT8,

CDH1, and EPCAM) and two well-known androgen-responsive

genes, IGFBP2 andKLK3 (P < 0.05; Fig. 6E and F). Therefore, these

in vitro studies recapitulate our single-cell findings that a previ-

ously uncharacterized side-population of cells, the growth of

which depends more on a well-functioning cell-cycle network

and less on androgen signaling, is present in the androgen-

dependent LNCaP cell line.

Discussion

Previous studies have isolated and characterized androgen-

independent clones from the androgen-dependent LNCaP paren-

tal line after prolonged androgen deprivation (8, 9). These initial

findings seem to favor the stepwise model that successive acqui-

sition of molecular alterations in LNCaP cells, enabling clonal

expansion of androgen-independent cells. This classical approach

on a bulk-cell scale, however, cannot rule out the possibility that

preexisting subpopulationswith various androgen sensitivity cells

are already present in the parental line before androgen depriva-

tion selection (see a proposed model in Fig. 6G). Indeed, our

preliminary single-cell whole-genome sequencing implicates the

presence of clonally related subpopulations carrying multiple

genetic alterations in the LNCaP line (Lin and colleagues, unpub-

lished data). The present single-cell expression study corroborates

this genomic finding that multiple subpopulations are present in

the cell line. Although the majority (�81%–84%) of LNCaP cells

remain in G1–S phase after the release of thymidine block, these

preexisting subpopulations appear to exhibit a wide range of

androgen sensitivity, resulting in rapid and diverse changes of

gene expression after the R1881 treatment.

To further determine which subpopulations are sensitive or

insensitive to androgen stimulation, we compared single-cell

transcriptome profiles between androgen-stimulated and -unsti-

mulated LNCaP cells after cell-cycle synchronization. The result

identified at least eight subpopulations of LNCaP cells, revealing a

previously unappreciable level of heterogeneity to androgen

sensitivity in this commonly studied cell line. Subpopulation A

and C cells are androgen-responsive, the growth of which can be

predominately driven by signaling networks associated with

cellular migration/invasion and lipid metabolism (Fig. 3B). Sub-

population B cells appear to have high peptidase activities, which

represent a previously uncharacterized androgen-responsive

mechanism uncovered in this study. Subpopulation D and E cells

are partially androgen-responsive and in the absence of androgen-

stimulation, these cells may turn on backup signaling networks of

mitochondrial membrane or cell-cycle functions for survival.

Subpopulation F and G cells were androgen-unresponsive, their

growth of which may depend on pathways independent of

androgen signaling.

Althoughdefinitive proof of the latter three subpopulations (F–

H) as less- or nonresponsive groups will need to come from a

single-cell studyof long-termandrogen-deprived LNCaP cells, our

in silico analysis of the TCGA cohort supports that subpopulation

E cells are likely an originator population that develops an

aggressive phenotype. Interestingly, the link between increased

expression levels of cell-cycle–related genes associated with bio-

chemical recurrencehas beenobservedbefore (30). The "cell-cycle

progression" (CCP) profile of a 31-gene panel was preferentially

found in patients' tumor biopsies that subsequently progressed to

recurrence (28, 29). Of note, we observed concordant upregula-

tion of five (CDC20, CENPF, DLGAP5, PLK1, and PTTG1) of these

31 CCP-related genes in subpopulation E cells. This further

supports our finding that high activities of mitotic gene networks

are linked to advanced development of prostate cancer (26). To

validate our findings in vitro, we successfully isolated and char-

acterized a side population of LNCaP cells, implicating the stem-

cell features of subpopulation E cells. For future studies, serial

propagation of these cells can be performed in xenografts to

convincingly prove their self-renewal property and androgen-

independent characteristics.

In summary, we demonstrate that scRNA-seq analysis provides

a more in-depth understanding of the underlying biology of the

heterogeneous androgen-sensitivity in prostate cancer cell sub-

populations. Although our present investigation is limited to few

cell line models, this single-cell expression profiling can be

applied to primary tumors using the aforementioned 10-gene

panel for subpopulation stratification. Positive identification of

subpopulation E cells in a patient will imply the propensity of

future recurrence of his prostate tumor. If proven in a large-scale

study, concordant expression of these 10 candidate genes in single

cellsmay be usefulmarkers for early detection of high-risk tumors

that subsequently develop androgen independence. Moreover,

this approach could also be used to better understand how cancer

cells respond heterogeneously to antiandrogen therapies and to

reveal which subpopulations are resistant to this treatment.
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