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Abstract

Background: Putative castration‐resistant (CR) stem‐like cells (CRSC) have been

identified based on their ability to initiate and drive prostate cancer (PCa) recur-

rence following castration in vivo. Yet the relevance of these CRSC in the course of

the human disease and particularly for the transition from hormone‐naive (HN) to

castration‐resistance is unclear. In this study, we aimed at deciphering the sig-

nificance of CRSC markers in PCa progression.

Methods: We constructed a tissue microarray comprising 112 matched HN and CR

tissue specimens derived from 55 PCa patients. Expression of eight stemness‐
associated markers (ALDH1A1, ALDH1A3, ALDH3A1, BMI1, NANOG, NKX3.1, OCT4,

SOX2) was assessed by immunohistochemistry and scored as a percentage of positive

tumor cells. For each marker, the resulting scores were statistically analyzed and

compared to pathological and clinical data associated with the samples. Unsupervised

clustering analysis was performed to stratify patients according to the expression of the

eight CRSC markers. Publicly‐available transcriptional datasets comprising HN and CR

PCa samples were interrogated to assess the expression of the factors in silico.

Results: Immunohistochemical assessment of paired samples revealed atypical

patterns of expression and intra‐ and intertumor heterogeneity for a subset of CRSC

markers. While the expression of particular CRSC markers was dynamic over time in

some patients, none of the markers showed significant changes in expression upon

the development of castration resistance (CR vs HN). Using unsupervised clustering

approaches, we identified phenotypic subtypes based on the expression of specific

stem‐associated markers. In particular, we found (a) patterns of mutual exclusivity

for ALDH1A1 and ALDH1A3 expression, which was also observed at the tran-

scriptomic level in publicly‐available PCa datasets, and (b) a phenotypic cluster as-

sociated with more aggressive features. Finally, by comparing HN and CR matched

samples, we identified phenotypic cluster switches (ie, change of phenotypic cluster

between the HN and CR state), that may be associated with clinical and predictive

relevance.
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Conclusions: Our findings indicate stemness‐associated patterns that are associated

with the development of castration‐resistance. These results pave the way toward a

deeper understanding of the relevance of CRSC markers in PCa progression and

resistance to androgen‐deprivation therapy.
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1 | INTRODUCTION

Prostate cancer (PCa) remains the most diagnosed cancer type and

a leading cause of cancer‐related deaths in European men.1,2

Androgen‐deprivation therapy (ADT) is a mainstay of treatment for

advanced PCa. While it is initially effective, most tumors eventually

become resistant and the emergence of a more aggressive disease

referred to as castration‐resistant (CR) prostate cancer (CRPC)

occurs.3 Resistance to ADT (ie, castration‐resistance) may be driven

by small populations of cells endowed with stem‐like properties and

referred to as cancer stem cells (CSC).4,5 CSC pools are thought to

be resistant to therapy, to drive cancer relapse after treatment, and

may expand during tumor development as suggested by the pre-

sence of higher CSC contents and the enrichment of stem cell sig-

natures in aggressive tumors and posttreatment settings.6‐8 Despite

intense investigation, the origin and the phenotype of CSC remain

unresolved in many solid tumors. In particular, it is still unclear

whether these cells derive from normal adult stem cells or may arise

de novo from non‐stem differentiated cells, which have acquired

plasticity.9 CSC may, therefore, be present at the time of diagnosis

or arise as a result of treatment‐induced plasticity of differentiated

tumor cells.10

In the prostate, various cell populations have been identified,

based on their ability to initiate and drive tissue regeneration and

tumor recurrence following ADT in distinct experimental systems. In

particular, a population of luminal cells expressing NKX3.1 survives

castration and drives tumor reinitiation in mouse and xenograft

models.11,12 These cells, referred to as CARNs (CR NKX3.1 expres-

sing), are endowed with stem‐like properties and express stem‐
associated markers such as NANOG, SOX2, OCT4, and ALDH1A1 in

a human established xenograft model.12 In addition, lineage tracing in

vivo enabled the identification of CR populations based on the ex-

pression of Bmi1 and/or Sox213,14; notably, these cells are distinct

from CARNs, suggesting the coexistence of several CR stem‐like cell

(CRSC) populations in mouse models. Finally, CSC may be char-

acterized by high activity of the aldehyde dehydrogenase enzyme

(ALDH), which occurs via the (co)‐action of specific ALDH iso-

forms.15‐17 While it is likely that distinct subsets of CRSC coexist, it is

also possible that the functional relevance of specific subsets may be

model‐ and context‐dependent. Considering the difficulties to access

relevant samples and perform longitudinal analyses in humans, the

relevance of these cell populations for the development of

castration‐resistance in PCa patients is poorly understood.

In this study, we investigated the expression and clinical sig-

nificance of a panel of putative CRSC markers, including ALDH1A1,

ALDH1A3, ALDH3A1, NANOG, OCT4, SOX2, BMI1, and NKX3.1, in

matched specimens derived from patients pre‐ADT (hormone‐naive
[HN] status) and post‐ADT (CR status). We observed that expression

of particular CRSC markers is heterogeneous and may be dynamic

over time within the same patients, but none of the investigated

markers showed significant changes in expression upon the devel-

opment of castration resistance (CR vs HN). Furthermore, we un-

covered correlation patterns between markers at the protein level,

some of which were also observed in silico in transcriptomic datasets.

Finally, we identified CRSC‐associated phenotypic subtypes based on

the tissue microarray (TMA) immunostaining data that (a) highlighted

patterns of mutual exclusivity for ALDH1A1 and ALDH1A3 expres-

sion and (b) may be associated with clinical and predictive relevance

in PCa.

2 | MATERIAL AND METHODS

2.1 | Patients and tissue samples

All PCa samples were obtained under an approval by the Ethics

Committee of Northwestern and Central Switzerland (EKNZ, No EK/

1311 and 2015/228). Tumor‐free prostate core needle biopsies were

used for the analysis of benign prostate (n = 3 patients). PCa biopsies

included in the TMA were taken during routine clinical treatment.

Samples were selected based on the following inclusion criteria: (a)

histologically‐diagnosed PCa, (b) tumor‐containing biopsies available

at HN and CR state, and (c) sufficient quality and amount of material,

as evaluated by experienced pathologists (LB and KM). Castration‐
resistance was defined as either biochemical progression (ie, serum

PSA progression according to Prostate Cancer Clinical Trials Working

Group criteria18) or clinical progression (ie, growth of metastasis in

size or number or local progression to the point of need for surgical

intervention). A TMA comprising 112 matched HN/CR tissues spe-

cimens, and including 107 transurethral resections and five distant

metastases derived from 55 PCa patients was constructed as pre-

viously described.19 Briefly, tissue cylinders with a diameter of 1mm

were punched from the patient's tissue blocks containing the speci-

mens using the robotic precision instrument Grand Master TMA (3D

Histech). Clinical and pathological characteristics of the patients in-

cluded in the TMA are described in Table S1.
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2.2 | Immunohistochemistry

Immunohistochemical analyses were conducted according to stan-

dard indirect immunoperoxidase procedures as previously re-

ported.20 Expression of the eight CRSC markers, Chromogranin A,

and Ki67 was assessed using heat‐mediated antigen retrieval before

the staining with the following antibodies and dilutions: ALDH1A1

(1:50; ab52492; Abcam), ALDH1A3 (1:25; HPA046271; Atlas Anti-

bodies), ALDH3A1 (1:50; SP298; Spring Bioscience antibody),

NKX3.1 (Ventana 760‐5086, ready to use), BMI1 (1:50; HPA030472;

ATLAS), OCT4 (Ventana 760‐4392, ready to use) NANOG (1:200;

ab109250; Abcam), SOX2 (Ventana 760‐4621, ready to use) Chro-

mogranin A (Ventana 760‐2519, ready to use), and Ki67 (Mib1, Dako

IR626, ready to use). To ensure antibody specificity and sensitivity,

antibodies were tested on appropriate positive controls (as shown in

Figure S1).

2.3 | TMA analysis

The staining was blindly scored by an experienced pathologist as a

percentage of positive tumor cells for ALDH1A1, ALDH1A3, ALD-

H3A1, NKX3.1, BMI1, OCT4, NANOG, SOX2, Ki67, and Chromo-

granin A. A score greater than 0 was considered positive. Two

independent cores for each specimen were scored and the highest

value was considered for analysis.

2.4 | Computational analyses

For analyses of gene expression levels in published datasets, mes-

senger RNA expression (z scores), and clinical data were exported

from cBioPortal.21,22 Analyses were performed on two datasets

comprised of untreated primary PCa samples23,24 and two datasets

comprised of advanced CRPC samples.25,26 Unsupervised clustering

(k‐nearest neighbors with 100 repetitions) of the TMA protein ex-

pression data was performed using R (version 3.5.3)27 and the cluster

number of 4 was determined by biological reasoning on the cluster

composition and compared to the computed elbow point. For clus-

tering, missing values in the TMA data were imputed using multiple

chained imputation by predictive mean matching as provided by the

“MICE” package28; samples with information missing for more than

four markers were excluded from imputation and clustering. Cluster

computation and visualization were done using the “Complex Heat-

map” package29 and Pearson's coefficient was used as the distance

metrics.

2.5 | Statistical analyses

All statistical analyses were performed using R (version 3.5.3). Ex-

pression levels of markers before and post‐ADT were compared

using unpaired and paired Wilcox rank‐sum tests. Time to castration

resistance was analyzed in a univariate fashion using the logrank test

and in a multivariate fashion considering all analyzed markers to-

gether by fitting a Cox proportional hazard model as implemented in

the “survival” package.30 Associations between markers expression

and clinical parameters (T and N stages at diagnosis, PSA at diag-

nosis) were assessed using rank‐based tests (Kruskal‐Wallis test,

Spearman correlation). Mutual exclusivity analysis on the TMA data

was done using the odds ratio and the Fisher exact test and time to

castration resistance was compared using a logrank test after di-

chotomizing the groups into negative and positive for IHC marker

staining. Similarly, public datasets were dichotomized at the median

and compared using the odds ratio and the Fisher exact test. Two‐
sided P values were calculated, as done previously.31 All pairwise

correlations were done using Spearman's correlation (rs) and the

Spearman's rank test for the non‐normally distributed TMA data. For

published datasets, Pearson's correlation method (rp) was used.

3 | RESULTS

3.1 | Inter‐ and intratumor heterogeneity of
putative CRSC markers in PCa

To determine their patterns of expression in the normal setting, we

analyzed the expression of eight putative CRSC markers in re-

presentative benign prostatic tissues (n = 3 patients). As expected,

the Homeobox protein NKX3.1 was highly expressed in prostate

epithelial cells and the Polycomb complex protein BMI1 was abun-

dantly expressed in epithelial and stromal cells (Figure 1A,B, left

panels). Expression of the pluripotency‐associated factor OCT4 was

observed in the cytoplasm of rare cells exhibiting a neuroendocrine‐
like morphology in all tested samples (Figure 1C and Figure S2A, left

panels). In contrast, all benign samples were negative for the other

pluripotency‐associated factor NANOG (Figure 1D, left panel). Po-

sitivity for SOX2 and the ALDH‐specific isoforms ALDH3A1 and

ALDH1A1 was restricted to subsets of basal cells, while ALDH1A3

expression was mainly observed in luminal cells of the benign pros-

tate (Figure 1E‐H and Figure S2B‐D, left panels).

To assess the prognostic and clinical relevance of the putative

CRSC markers in PCa, we constructed a TMA comprising 112 mat-

ched HN and CR tissues specimens, associated with detailed patho-

logical and clinical data. Similar to benign specimens, expression of

NKX3.1 and BMI1 was generally high in all tested PCa samples

(96.8% positive [91/94], average score: 96.0 for NKX3.1, and 94.7%

positive [90/95], average score: 95.0 for BMI1, Figure 1A,B right

panels and Table S2). In contrast to these markers, positivity for the

pluripotency‐associated factors OCT4 and NANOG was less frequent

and occurred in a lower number of cells (22.2% positive [22/99],

average score: 1.9, and 3.1% positive [3/97], average score: 1.2, re-

spectively). In positive PCa samples, OCT4 and NANOG expression

was exclusively localized to the cytoplasm, in contrast with the nu-

clear expression observed in seminoma control samples (Figure 1C,D

right panels, Table S2, Figures S1 and S2A). Notably, similar to benign
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specimens, cytoplasmic expression of OCT4 appeared to be re-

stricted to cells with a neuroendocrine morphology in PCa samples

(Figure 1C right panel, Figures S2A and S3A). Confirming these ob-

servations, expression of the neuroendocrine‐associated marker

Chromogranin A (CGA) significantly correlated with OCT4 expres-

sion (Spearman's rank correlation, R = .59, P = 1.4e‐10; Figure S3A,B).

Similarly, expression of POU5F1 (ie, the gene encoding OCT4), sig-

nificantly correlated with that of CHGA (ie, the gene encoding

Chromogranin A) in a transcriptomic dataset comprising 131 primary

PCa samples24 (Pearson correlation, R = .48, P = 5.8e‐09; Figure S3B).

These findings are in line with previous studies, highlighting the ex-

pression of cytoplasmic OCT4 in a subset of neuroendocrine prostate

cells.32,33 Nuclear positivity for SOX2 was detected in 16.1% of PCa

samples (15/93; average score: 7.1, Table S2; Figure 1E and Figure

S2B right panels). Finally, immunohistochemical staining for the

ALDH‐specific isoforms ALDH1A1, ALDH1A3, ALDH3A1 revealed

heterogeneity between and within samples for the three isoforms

with 38.5% (37/96; average score: 19.0), 38.3% (36/94; average

score: 24.0), and 3.9% (4/102; average score: 2.0) of positive samples

for ALDH1A1, ALDH1A3, and ALDH3A1, respectively (Figure 1F‐H,

Figure S2C,D right panels, Table S2).

3.2 | Progression to castration‐resistance is not
associated with expression of single CRSC‐associated
markers

Recent studies have suggested that CSC may be enriched in post-

treatment settings in various tumor types including PCa.6 We,

therefore, assessed and compared the expression and the frequency

of each CRSC marker in the HN and the CR group. Unpaired statis-

tical analyses revealed similar levels of expression between the HN

and CR group for ALDH1A1, ALDH1A3, ALDH3A1, NKX3.1, BMI1,

NANOG, and OCT4 (P values ranging from 0.08 to 0.99, two‐sided
Wilcoxon test, Figure 2A). In contrast, expression of SOX2 was sig-

nificantly higher in the CR group as compared to the HN group

(P = .04, two‐sided Wilcoxon test, Figure 2A). Given that our TMA

comprised matched primary HN and CR samples, we performed

paired statistical analyses to directly compare the HN and CR state

for each patient. For a subgroup of markers (ie, ALDH1A1, ALD-

H1A3, SOX2), we observed dynamic changes of expression when

comparing HN specimens and their matched CR samples but no

significant difference of expression between matched HN and CR

samples was found for any of the tested markers (P values ranging

from 0.11 to 1, two‐sided Wilcoxon test, Figure 2B). Thus, cells ex-

pressing these putative CRSC markers do not appear to be sig-

nificantly enriched in the CR state.

Expression of Ki67 is associated with prognostic and predictive

significance in PCa and may identify cell populations with distinct

proliferative potential34,35; we, therefore, assessed Ki67 expression

and its association with that of CRSC markers in the HN and the CR

groups. In both paired and unpaired analyses, expression of Ki67 was

significantly higher in CR samples as compared to HN samples

(P < .01, two‐sided Wilcoxon test, Figure 2A,B). Expression of Ki67

negatively correlated with expression of BMI1 and NKX3.1 in the CR

state but not with that of any other marker in both HN and CR

groups (Spearman's rank correlation, R = −.37, P = .025 and R = −0.46,

P = .003, respectively; Figure S4). We next evaluated whether

F IGURE 1 Expression and localization of putative CRSC markers in the benign prostate and in PCa. Representative images of immunohistochemical

staining for NKX3.1 (A), BMI1 (B), OCT4 (C), NANOG (D), SOX2 (E), ALDH3A1 (F), ALDH1A1 (G), and ALDH1A3 (H). Arrows indicate expression of
OCT4 in rare neuroendocrine‐like cells of the benign prostate (C, left panel), expression of SOX2, ALDH3A1, and ALDH1A1 in benign prostate basal cells
(E, F, G, left panels), and of ALDH1A3 in benign prostate luminal cells (H, left panel). Scale bars represent 20 μm. ALDH, aldehyde dehydrogenase

enzyme; CRSC, castration‐resistant stem‐like cell; PCa, prostate cancer
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F IGURE 2 Expression of single CRSC‐associated markers in hormone‐naive (HN) and castration‐resistant (CR) PCa samples. Expression of

CRSC markers and Ki67 was specifically scored in tumor cells and compared between all HN and CR samples (A) and between matched HN and
CR samples (B) using Wilcoxon analysis. Means (black bars), number of samples, and P values are indicated for each marker. (C) Correlation
maps of expression for all markers in HN samples as assessed at protein level in the TMA (left) and at transcriptional level in a published dataset

comprising 290 untreated PCa samples (right). Note that NKX3.1 was not comprised in the analyses given its ubiquitous expression in all HN
samples (D) Correlation maps of expression for all markers in CR samples as assessed at protein level in the TMA (left) and at transcriptional
level in a published dataset comprising 212 CRPC samples (right). P values (*P < .05, **P < .01, ***P < .001) and rs are indicated for each

combination. Spearman tests and Pearson tests were used for statistical analyses of the TMA immunostaining and transcriptomic datasets,
respectively. CRSC, castration‐resistant stem‐like cell; PCa, prostate cancer
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positivity for each single marker was associated with distinct pa-

thological and clinical features. We did not observe any difference in

terms of Gleason score, time to castration‐resistance, and overall

survival for patients exhibiting positivity for single markers in the HN

or CR state as compared to patients whose samples were negative

(P > .05 for all markers, Figure S5‐S7). In addition, no significant as-

sociation was found between CRSC markers expression and other

clinical parameters such as T and N stages at diagnosis and PSA

levels at diagnosis (P > .05, Kruskal‐Wallis test, Spearman correlation,

Table S3).

3.3 | Correlation analyses suggest putative
relationships between CRSC‐associated markers

To gain insight into putative relationships between CRSC markers in

PCa, we performed correlation analysis of expression for each mar-

ker combination in HN and CR samples. In HN samples, these ana-

lyses revealed a positive correlation of expression between

ALDH3A1 and SOX2 (rs = .5, P < .001) and between ALDH1A1 and

OCT4 (rs = .3, P = .022), as well as a negative correlation between

ALDH1A3 and OCT4 (rs = −0.3, P = .034) (Figure 2C). Given that this

type of analysis may be biased by the low number of positive samples

for some markers, we complemented them by analyzing gene ex-

pression data obtained from a publicly‐available dataset comprising

“untreated” primary PCa samples (n = 290).23 In this dataset, sig-

nificant positive correlation of expression between ALDH3A1 and

SOX2 (rp = .4, P < .001) and negative correlation between ALDH1A3

and POU5F1 (rp = −.2, P = .002) was also observed (Figure 2C).

In CR TMA samples, we observed positive correlation of ex-

pression between ALDH3A1 and NANOG (rs = 0.5, P < .001), ALD-

H3A1 and SOX2 (rs = .4, P < .01), ALDH3A1 and ALDH1A1 (rs = .3,

P = .02), and BMI1 and NKX3.1 (rs = 0.6, P < .001). Significant negative

correlation of expression included ALDH3A1 and BMI1 (rs = −.3,

P = .045), ALDH3A1 and NKX3.1 (rs = −.5, P < .001), ALDH1A1 and

NKX3.1 (rs = −.3, P = .03), BMI1 and SOX2 (rs = −.4, P < .01), NANOG

and NKX3.1 (rs = −.5, P < .001), and SOX2 and NKX3.1 (rs = −.6,

P < .001) (Figure 2D). Similar to our approach for HN samples, we

complemented these TMA analyses by examining gene expression

profiles obtained from a publicly‐available dataset comprising CRPC

samples (n = 212).25 In this dataset, we were able to confirm similar

significant correlation patterns between SOX2 and NKX3.1 (rp = −.23,

P < .01), NANOG and NKX3.1 (rp = −.15, P = .03), BMI1 and NKX3.1

(rp = .23, P < .01), ALDH3A1 and NANOG (rp = 0.43, P < .001), and

ALDH3A1 and NKX3.1 (rp = −.21, P < .01) (Figure 2D).

3.4 | Unsupervised clustering analysis identifies
phenotypic subtypes based on the expression of
specific CRSC markers

We next evaluated whether combinations of specific markers could

identify distinct subsets of patients in our cohort of longitudinal

samples. To stratify patients according to the expression of CRSC

markers, we performed unsupervised hierarchical cluster analysis of

the TMA immunostaining data for HN and CR samples. This strategy

led to the separation of the samples in four groups (clusters 1 to 4),

which revealed patterns of coexpression or of mutual exclusivity for

specific markers (Figure 3A‐C). Clusters 1 and 3 were mainly char-

acterized by expression of either one ALDH isoform (cluster 1:

ALDH1A3+/High, ALDH1A1−/Low and cluster 3: ALDH1A1+/High,

ALDH1A3−/Low), while cluster 2 mainly comprised samples with low

or no expression of both ALDH1A3 and ALDH1A1 (Figure 3A,B and

Figure S8A). Cluster 4 represented a minor group (n = 3) exclusively

comprising CRPC samples characterized by high expression of SOX2

and negativity for NKX3.1 (Figure 3A,B and Figure S8A).

As suggested by the cluster analysis, expression of ALDH1A1

and ALDH1A3 was mutually exclusive (odds ratio = 0.226, P < .01,

Fisher's exact test, Figure 3C). This pattern of mutually exclusive

expression was also observed at transcriptomic level across several

datasets23‐25 (Figure S8B).

3.5 | CRSC‐associated phenotypic clusters may
have clinical and predictive relevance

Aggressive variants of cancer have been shown to display char-

acteristics of poorly differentiated tissues and to express molecular

signatures of stem cells.8 We, therefore, assessed whether the dis-

tinct clusters were enriched in subsets of patients with aggressive

clinical and/or pathological features. Each sample was assigned a

histological type and was either classified as classical adenocarcino-

ma (“acinar/solid”) or as neuroendocrine prostate cancer (NEPC), an

aggressive variant of PCa associated with adverse prognosis36

(Figure 3A). In addition, a subset of adenocarcinoma samples was

associated with cribriform features, a tumor growth pattern which

correlates with poor clinical outcome.37 These features were ob-

served in 11/94 samples included in the clustering analysis and were

distributed without evident enrichment in one cluster type (“cribri-

form”, Figure 3A). Noteworthy, out of three samples positive for

SOX2 in the HN group, two exhibited cribriform features. Finally,

cluster 4 was exclusively represented by cases of CR‐NEPC, which

were highly positive for SOX2 (n = 3/3) and expressed OCT4

(n = 2/3). To determine whether proliferation levels were different

between distinct clusters, we allocated each sample to its respective

Ki67 level (Figure 3A). While cluster 4‐CR samples clearly exhibited

high Ki67, the number of samples was too low (n = 3) and no sig-

nificant difference was found in terms of Ki67 expression between

CRSC‐associated clusters (Wilcoxon rank‐sum test, P > .05; Figure 3A

and Figure S8A).

We next evaluated whether CRSC‐associated clusters were as-

sociated with particular clinical features, by comparing pathological

and clinical data for each patients’ group. While no difference was

found in terms of Gleason score, cluster 2‐HN samples were asso-

ciated with shorter time to castration‐resistance as compared to

those with clusters 1 and 3 (P < .0001, logrank test; Figure 3D and
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Figure S8C). In addition, by comparing matched HN and CR samples,

we identified phenotypic cluster switches (ie, change of phenotypic

cluster between the HN and CR state), suggesting that CRSC‐
associated phenotypes are dynamic between HN and CR states

(Figure 3E). Notably, cluster 4‐CR samples, which are associated with

an NEPC histology and aggressive features, exclusively derived from

cluster 2‐HN samples (ALDH1A1/ALDH1A3−/Low).

4 | DISCUSSION

In this study, we have investigated the expression of eight stem‐
associated markers that are functionally relevant for castration‐
resistance in vivo. By analyzing matched HN and CR resections, we

provide insight into the dynamic of expression of these CRSC mar-

kers in the path toward castration‐resistance. While a group of

markers showed heterogeneous and dynamic expression (ALDH1A1,

ALDH1A3, SOX2), others were expressed at a high level

irrespectively of the castration state (NKX3.1, BMI1) (Figures 1‐2
and Table S2). High expression of these markers across samples may

be explained by their multifaceted role in prostate stemness and

differentiation; as an example, while NKX3.1 marks and is necessary

for the maintenance of a population of prostate stem cells, it also

controls a transcriptional network driving luminal differentiation and

is commonly expressed by a majority of non‐stem prostate cells.11,38

In contrast, the pluripotency factors OCT4 and NANOG and the

ALDH3A1 isoform were expressed in a limited subset of patients. In

particular, we observed atypical subcellular localization of OCT4 and

NANOG in the cytoplasm of PCa cells, which may provide insight into

their putative role in PCa.39 In agreement with previous studies,

OCT4 expression was restricted to a subset of Chromogranin A po-

sitive neuroendocrine cells, suggesting a possible association be-

tween OCT4 and neuroendocrine differentiation32,33 (Figure S3).

When comparing the expression of single markers in matched HN

and CR samples, no significant difference was found, suggesting that

these particular CRSC markers are not enriched in the post‐ADT setting

F IGURE 3 Unsupervised clustering analysis identifies phenotypic subtypes based on the expression of specific CRSC markers with potential
clinical relevance. A, Unsupervised k‐means clustering analysis identifies CRSC‐related phenotypic subtypes (k = 4). Expression of Ki67 as
assessed by IHC is shown for each individual sample. Color code for IHC score, histological subtype, and cluster number are indicated in the

legend. N.A.: not available. B, Representative images of immunohistochemical staining for NKX3.1, ALDH1A3, ALDH1A1, and SOX2 in PCa
samples with phenotypic clusters 1 to 4. Scale bars represent 100 μm. C, Scatter plot showing expression of ALDH1A1 and ALDH1A3 in the
HN/CR TMA. D, Survival analysis comparing patients with cluster 2 and patients with clusters 1 and 3 in the HN group (P < .0001, logrank test)

(E) Chord diagram depicting phenotypic clusters dynamic between CR and HN paired samples. Chords exemplify the number of patients
switching cluster upon development of CR. CRSC, castration‐resistant stem‐like cell; PCa, prostate cancer
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(Figure 2). Correlation analysis of marker expression in HN and CR

samples highlighted putative relationships between CRSC markers in

our TMA and transcriptomic data in silico (Figure 2). Differences in

terms of the correlation between datasets may be accounted by distinct

sample cohorts (metastasis vs prostate resections) and the type of

analyses (protein vs transcriptional). Despite these differences, common

association patterns between markers (eg, ALDH3A1 and SOX2) were

identified in both our TMA and published datasets, which warrants

further investigation in larger cohorts of samples.

Given that CRSC may be defined by combinations of markers, we

stratified HN and CR samples according to the expression of the

eight CRSC markers using unsupervised clustering analysis. Strik-

ingly, three similar cluster groups (clusters 1‐3) were identified in the

HN and CR group, which appeared to be mainly driven by the ex-

pression of ALDH1A1 and/or ALDH1A3 and highlighted frequent

mutual exclusivity between both markers (Figure 3 and figure S8A,B).

This pattern of expression is particularly intriguing considering that

these distinct ALDH isoforms represent functional regulators of stem

cells and may have differential roles in mediating cancer initiation

and progression, as well as treatment resistance.40,41 Finally, the

fourth cluster was exclusively represented by histologically‐distinct
cases of CR‐NEPC samples characterized by negativity for NKX3.1

and high expression of SOX2, consistent with its role in promoting

neuroendocrine differentiation upon ADT.42 Thus, whereas samples

with a cluster 4 phenotype may be easily identified by their clear

neuroendocrine histology, assessing the expression of ALDH1A1 and

ALDH1A3 may be sufficient to distinguish morphologically‐similar

clusters 1 to 3 in future validation studies.

While the expression of single markers did not associate with

particular clinical features, CRSC‐associated clusters may provide

insight into the aggressiveness of the tumors. In particular, at HN

state, patients with a cluster 2 PCa (ie, negative/low expression of

both ALDH1A1 and ALDH1A3) exhibited a shorter time to

castration‐resistance as compared to patients with clusters 1 and 3

PCa (ie, positivity for at least one isoform). Moreover, by tracking the

dynamics of CRSC‐associated clusters between matched HN/CR

samples, we found that CRPC with a phenotypic cluster 4 and an

NEPC histology that typically associate with aggressive features and

poorer prognosis, exclusively derive from HN‐cluster 2 samples. Al-

together, these data suggest that phenotypic dynamics may be

patient‐specific and support the clinical relevance of CRSC‐
associated phenotypic clusters.

Our study may be hampered by several limitations that are in-

herent with the type of samples used in this study. First, as we in-

vestigated only two cores for each sample, our analyses may fail fully

capturing intratumor heterogeneity, a phenomenon which is fre-

quently observed in PCa.43 While we cannot completely overcome

this limitation, we have reduced it by selecting the most re-

presentative tumor areas for each patients’ sample following detailed

histological assessment. In addition, the limited number of samples

included in our cohort (n = 112 HN and CR PCa) prevented us from

drawing more definitive conclusions regarding the prognostic and

predictive value of the CRSC markers. Yet, the rarity of our samples’

cohort (ie, matched HN and CR prostate resections) provided a un-

ique insight into the relevance of these markers for castration re-

sistance in the context of the native prostate microenvironment.

Finally, the expression of stemness‐associated markers may be highly

dynamic, dependent upon cellular plasticity, and there may be con-

sequently no stable phenotype as reported for other tumor types.9,44

Our investigations may, therefore, be biased by the time point for

sampling, which is highly dependent upon clinical requirements.

Nevertheless, our analyses allowed elucidating cellular localiza-

tion and expression of specific markers in longitudinal pre‐ and post‐
ADT samples and uncovering dynamics between markers that may be

missed in transcriptional analyses of bulk tissue. In particular, deci-

phering the relationship between ALDH1A1 and ALDH1A3 and

whether they differentially contribute to PCa progression warrants

further investigation. In addition, our analyses highlight the utility of

performing more comprehensive analyses incorporating additional

putative CRSC markers (eg, Ly6D45) to dissect the landscape of CRSC

populations in human PCa. Finally, given that expression of specific

CRSC markers is absent or highly heterogenous in subsets of pa-

tients, our study may suggest a gap in translating findings from basic

science to translational research and clinical utility (ie, in experi-

mental systems vs clinical specimens). It remains possible that iden-

tification of CRSC is model‐dependent and/or that distinct CRSC

populations characterize subgroups of PCa patients.

In summary, we provide a detailed analysis of the expression of

known CRSC markers in the path toward castration‐resistance and

propose that CRSC‐associated phenotypic clusters have clinical re-

levance. Our study paves the way toward a deeper elucidation of the

relevance of CRSC markers in PCa progression and resistance

to ADT.
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