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Using primary cultures of normal human prostate epithelial cells, we developed a novel prostasphere-based,
label-retention assay that permits identification and isolation of stem cells at a single cell level. Their bona fide
stem cell nature was corroborated using in vitro and in vivo regenerative assays and documentation of symmet-
ric/asymmetric division. Robust WNT10B and KRT13 levels without E-cadherin or KRT14 staining distinguished
individual stem cells from daughter progenitors in spheroids. Following FACS to isolate label-retaining stem cells
from label-free progenitors, RNA-seq identified unique gene signatures for the separate populations which may

I;fg:::f B serve as useful biomarkers. Knockdown of KRT13 or PRACT reduced sphere formation and symmetric self-renew-
Stem cell al highlighting their role in stem cell maintenance. Pathways analysis identified ribosome biogenesis and mem-
Progenitor cell brane estrogen-receptor signaling enriched in stem cells with NF-«B signaling enriched in progenitors; activities
Prostasphere that were biologically confirmed. Further, bioassays identified heightened autophagy flux and reduced metabo-

Prostate cancer lism in stem cells relative to progenitors. These approaches similarly identified stem-like cells from prostate can-

cer specimens and prostate, breast and colon cancer cell lines suggesting wide applicability. Together, the present
studies isolate and identify unique characteristics of normal human prostate stem cells and uncover processes
that maintain stem cell homeostasis in the prostate gland.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The adult prostate gland contains a simple columnar epithelium
composed of luminal secretory and underlying basal cells with a scarce
neuroendocrine cell component. These epithelial cells are derived from
a rare, relatively quiescent stem cell population that maintains glandu-
lar homeostasis throughout life (Leong et al., 2008). While prostate ep-
ithelial stem cells and their progeny have been investigated in rodent
models and humans, their unique characteristics and lineage hierarchy
remain a topic of debate. Credible evidence suggests that there may be a
common precursor stem cell for all lineages while other findings sup-
port distinct basal and luminal stem cell populations within the adult
prostate. These two scenarios are not mutually exclusive as emerging
data indicates inherent plasticity and stage/context-specific utilization
of stem and progenitor cell populations. In rodent models, prostate ho-
meostasis appears to be maintained by both luminal and basal
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unipotent progenitor cells as well as bipotent stem/progenitor cells
that exist in both compartments (Ousset et al., 2012; Toivanen et al.,
2016; Wang et al., 2015; Wang et al., 2013; Xin et al., 2007). Although
stem cell traits and lineage hierarchy for the human prostate epithelium
are less studied, lineage tracing techniques using mitochondrial muta-
tions have clearly demonstrated that basal, luminal and neuroendocrine
cell lineages in the adult prostate are derived from a common precursor
stem cell (Blackwood et al.,, 2011; Gaisa et al., 2011). Most current evi-
dence from human prostate tissues suggests that normal stem cells pri-
marily reside within the basal cell compartment (Goldstein et al., 2008;
Zhang et al., 2016).

Advances in prostate cancer research have identified resident cancer
stem-like cells that are intrinsically resistant to standard treatments and
reseed tumor growth following ablative therapies (Chen et al., 2016;
Collins et al., 2005; Yun et al.,, 2016). Furthermore, gene profiling analy-
sis has shown that prostate cancer increases in a stem-like state as it
progresses from organ-confined to metastatic disease (Smith et al.,
2015). Consequently, it is imperative to develop therapeutic modalities
that target the prostate cancer stem-like population for effective disease
management. Although prostate cancer stem cells will be distinct from
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normal prostate stem cells (Chen et al., 2016), similarities could be cap-
italized on for therapeutic advantage. Thus a fundamental understand-
ing of normal human prostate stem cell properties and the factors that
modulate their self-renewal and lineage commitment may provide
new insights into the origin and treatment of prostate cancer.

Approaches for isolating prostate stem cells have primarily utilized
flow cytometry and 3D spheroid culture (Hu et al., 2011; Leong et al.,
2008; Xin et al., 2007). However, a detailed characterization has been
hindered by their lack of specificity and selectivity. Utilization of FACS
with different antibodies against multiple surface antigens have yielded
variable results (Collins et al., 2005; Vander Griend et al., 2008;
Williamson et al., 2013), raising questions on the identity of the isolated
cells. While resident stem cells are typically growth quiescent in vivo,
when placed in 3D matrix culture without niche restraints, they under-
go asymmetric division, generating progenitor cells that rapidly prolif-
erate and lineage commit. Whereas the prostasphere (PS) culture
system has been useful to enrich stem and progenitor cell populations,
the resulting spheroids are a heterogeneous mixture of these cells
types (Fig. 1C), making the identification of unique stem cell properties
inconclusive. Clearly, improved assays to recognize and separate pros-
tate stem cells are essential to move the field forward. Towards that
end, the overall goal of the present study was to develop a system that
permits clear identification and isolation of purified stem cells from
human prostate specimens and conduct robust downstream analysis
of their functional properties.
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The approach for stem cell identification utilized herein is functional,
based on the relative quiescence and thus label retention property of
stem cells within a mixed epithelial population. Long-term 5-bromo-
2'-deoxyuridine (BrdU) retention has been previously used to label
stem cells in vivo and in vitro based on their prolonged doubling time
(Cicalese et al., 2009; Klein and Simons, 2011). In addition, the immortal
strand DNA hypothesis suggests that as stem cells undergo asymmetric
division, the older parental DNA segregates into one daughter stem cell
while the other daughter cell receives newly synthesized DNA and be-
comes a committed progenitor cell (Cairns, 1975). This unique situation
allows the opportunity to BrdU-label DNA in parental stem cells within
primary cultures and monitors their properties following BrdU-wash-
out upon transfer to 3D spheroid culture. In the present studies, this
pulse-chase approach was applied to primary prostate epithelial cul-
tures derived from healthy organ donors, as opposed to benign regions
from patient specimens, to ensure lack of a modifying disease field ef-
fect. While primary prostate epithelial cells adapt a basal and transit
amplifying phenotype in 2D culture, they also contain the rare
multipotent stem cells as evidenced by formation of fully differentiated
organoids or differentiated spheroids upon transfer to 3D systems (Hu
et al.,, 2011; Karthaus et al., 2014). By using PS-based BrdU/CFSE/Far
red retention assays followed by FACS sorting, we herein identify
label-retaining spheroid cells at a single cell resolution. Importantly,
they exhibit stem cell characteristics including asymmetric cell division
with segregation of parental DNA in daughter stem cells, in vitro serial
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Fig. 1. Prostate stem cell identification by prostasphere-based label-retention assay. (A): 2D primary PrEC (a) were BrdU labeled and transferred to 3D culture with PS harvested on day 5
(b). BrdU immunostaining (pink) identified stem-like cells with retention of parental DNA (c-f). Any BrdU label in rapidly dividing progenitor cells (DAPI, blue) was diluted and lost (c-f).
Representative images of whole PS with different numbers of BrdU* label-retaining cells (0-c, 1-d, 2-e, 3-f). (B): Graph shows an inverse relationship between BrdU™ cells and PS cell
number. *P < 0.05, **P < 0.01 vs zero BrdU™ cell group. N = 12, 33, 29 and 12 for spheres with 0, 1, 2 and 3 BrdU™ cells, respectively. (C): Proposed model for stem cell hierarchy as a
PS is formed. In response to the stem cell niche, quiescent prostate stem cells (solid red) undergo symmetric self-renewal or asymmetric cell division. Symmetric self-renewal yields
two daughter stem cells that can remain quiescent (left) or undergo asymmetric division (right). Asymmetric division generates one daughter stem cell (red) and one early stage
progenitor cell (dark brown). As progenitor cells divide and lineage commit, they give rise to middle (partial brown) and late (light brown) stage progenitor cells. (D): Fluorescent
pro-dyes CFSE and Far-red exclusively label BrdU-retenting PS cells. PrEC cells labeled with BrdU were treated with CFSE or Far-red and transferred to label-free PS culture. Day 5 PS
stained for BrdU plus CFSE (green) or Far-red (red) showed signal co-localization upon fluorescence imaging. Representative images show BrdU/CFSE (left panel), BrdU/Far-red
(middle panel) and CFSE/Far-red (right panel) co-labeling in a single PS cell. Scale bars = 50 pm.
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passage and in vivo prostate regenerative capacity, augmented autoph-
agy flux, increased ribosome biogenesis and reduced metabolic activity
relative to the lineage committed progenitor cells within early-stage
spheroids. RNA-seq revealed differentially expressed genes in the
stem-like cells including cytokeratin 13 (KRT13) and prostate cancer
susceptibility candidate 1 (PRACT) that may serve as novel biomarkers
for human prostate stem cells. Application of this approach to cancer
specimens and cell lines identified a small number of label-retaining
cancer stem-like cells which may provide translational opportunities
to target this therapeutic resistant population.

2. Materials and methods
2.1. Cell and PS cultures

Primary human prostate epithelial cells (PrEC) were obtained from
four young (19-21 yrs) disease-free organ donors (Lifeline Cell Technol-
ogy, Frederick, MD) and cultured in ProstaLife Epithelial Cell Growth
Medium (PrEGM) as described (Hu et al., 2011; Prins et al., 2014).
PrE-Ca were isolated from radical prostatectomy tissue at the UIC Hos-
pital with Institutional Review Board approval. DU145, MCF-7 and
HCT116 cancer cell lines were obtained from ATCC. PS were cultured
from primary PrEC using a previously described serum-free 3D Matrigel
(Corning) system and confirmed as clonally-derived spheroids of stem/
progenitor cells (Hu et al., 2011). See Supplementary material for fur-
ther culture details.

2.2. Spheroid-based BrdU and CFSE/far-red label-retention assay

Parental PrEC or cancer cells were 2D cultured with 1 pM BrdU
(Sigma-Aldrich) for 10 days for labeling of dividing cells. Cells were
transferred to 3D Matrigel culture for 5 days to permit BrdU wash-out
during spheroid growth (~6 cell cycles). PS were harvested by dispase
digestion and attached to chamber slides during overnight culture in
PrEGM. Spheres were fixed in ice cold acetone/methanol (1:1) and im-
munostained using mouse anti-BrdU antibody.

For CFSE/Far-red label-retention of live cells, parental PrEC were 2D
cultured 41 uM BrdU for 10 days followed by 5 pM CFSE (5(6)-Carbo-
xyfluorescein N-hydroxysuccinimidyl ester) or Far-red (Life Technolo-
gies, Grand Island, NY) labeling for 30 min. Labeled PrEC were plated
in 3D Matrigel in the absence of labels and PS cultured for 5 days. PSs
were harvested as above and immunofluorescent stained for BrdU.
Co-labeled BrdU™ and CFSE/Far-red label-retaining cells were identified
and imaged by fluorescent microscopy (Zeiss Axioskop).

2.3. Immunocytochemistry

See Supplementary material.

2.4. Live cell separation by fluorescence-activated cell sorting

Analysis of trypsin-dispersed CFSE-labeled PS cells was performed
by single-channel FACS (CyAn™ ADP Analyzer, Beckman Coulter Inc.,
Brea, CA) using the Summit Software polygon tool. Subpopulations of
fractionated CFSE™, CFSEM®? and CFSE™ cells were gated based on the
negative and positive controls using the FACS-DiVa software polygon
tool and collected by CellSorter (MoFlo™XDP, Beckman).

2.5. PS-based paired cell, limiting dilution and clonal assays

For paired-cell analysis, BrdU-labeled PS were cultured to day 5,
trypsin-dispersed into single cells, plated on chamber slides and cul-
tured overnight in PrEGM to permit one cell division. Cells were fixed
and immunostained for BrdU. Images of paired cells (distance between
two nuclei <30 um) were taken with a Zeiss Axioskop20 fluorescence

microscope and, based on BrdU-segregation, were classified as stem
cell symmetric or asymmetric division.

For clonal analysis, single live CFSE-retaining cells were sorted into
96-well plates (1 cell/well) and 3D cultured in Matrigel. PS formation
from a single cell was evaluated at day 10 and sphere-forming efficiency
was calculated. For limiting-dilution analysis, live CFSE-retaining single
cells were sorted into 96-well plates with 10, 25, 50 or 100 cells/well for
3D spheroid culture. PS formation was evaluated at day 10 and absence
of sphere formation over a range of cell numbers was used to calculate
the minimum number of cells required for PS growth.

2.6. Tissue recombination and renal grafts
See Supplementary material.

2.7. Autophagy analysis
See Supplementary material.

2.8. Next generation RNA-sequencing analysis

Transcriptomal profiles of CFSE™ and CFSE™ cells were determined
by RNA-seq (Miyamoto et al., 2015). Following cDNA synthesis and
fragmentation, indexed deep sequencing libraries for Illumina NextSeq
500 sequencing were generated and library quantitations and size dis-
tributions were determined using Agilent Tapestation. Paired-end se-
quencing (75 nt + 75 nt) yielded >50 million raw reads, which were
aligned to the human GRCh38 reference genome sequence. See Supple-
mentary material for further details and bioinformatics analysis.

2.9. RT-PCR
See Supplementary material.

2.10. Seahorse mitochondrial-stress assay
See Supplementary material.

2.11. Statistical analysis

All experiments were biologically replicated 3-6 times. Data were
analyzed using Students' t-test or for multiple groups, ANOVA followed
by Student-Newman-Keuls test. Values are expressed as means + SEM,
and a value of P < 0.05 was considered significant.

3. Results

3.1. Identification of long-term label-retaining cells in primary
Prostaspheres

Primary human prostate epithelial cells (PrEC) from young disease-
free organ donors were used to enrich and expand prostate stem and
daughter progenitor cells using a PS assay. As previously characterized
(Hu et al., 2011), ~0.1-0.5% of PrEC with stem-like characteristics sur-
vive and form clonally-derived PS when transferred to a 3D Matrigel
culture system whereas differentiated PrEC fail to survive (Fig.1Aa-b).
To identify and isolate the rare prostate stem-like cells within the spher-
oid, parental PrEC cells were BrdU-labeled for 10 days in 2D culture to
maximize labeling of the infrequently dividing stem cell population. A
wash-out phase commenced upon transfer to 3D Matrigel culture and
at day 5, the early-stage PS were fixed and immunostained with BrdU-
antibody. The relatively quiescent stem cells within each sphere
retained most of the parental DNA, visualized by strong BrdU™ staining
and identified at the single cell level (Fig.1Ad-f; Supplemental Video 1).
In contrast, any BrdU-labeled DNA remaining in rapidly dividing daugh-
ter progenitors was quickly diluted resulting in weakly positive or
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negative BrdU stain (Fig.1Ac—f). The majority of PS (>80%) contained 1-
3 BrdU * stem-like cells/sphere while a smaller fraction had no visible
strong BrdU™ cell (Fig.1Ac). These later spheroids are postulated to
arise from a stem cell that did not divide during the BrdU pulse. PS
size was inversely related to the BrdU™ cell number with BrdU-negative
spheres containing ~70 cells whereas those with 2-3 BrdU™ cells
contained ~25-40 cells on day 5 (Fig.1B). The slower PS growth with
more BrdU™ cells likely results from the sphere-initiating stem cell
first undergoing symmetric self-renewal, giving rise to 2 BrdU™" stem-
like cells, prior to asymmetric division to generate daughter progenitor
cells, thus delaying entry into the rapid amplification phase of progeni-
tor proliferation (see model, Fig. 1C).

To enable identification and isolation of live stem-like cells from
spheroids, pro-dyes were substituted for BrdU. CFSE (5(6)-Carboxyflu-
orescein N-hydroxysuccinimidyl ester) is a cell permeable, non-fluores-
cent pro-dye. Upon entry into live cells, intracellular esterases cleave
CFSE acetate groups and produce carboxyfluorescein, a membrane im-
permeable green fluorescent dye that is diluted only upon cell division.
Day 5 PS co-labeled with BrdU and CFSE revealed that a strong CFSE sig-
nal was retained exclusively in BrdU™ cells (Fig. 1D). Similarly, co-label-
ing PrEC cells with the fluorescent pro-dye Far Red and either BrdU or
CFSE prior to 5 days of 3D culture revealed exclusive staining of all
markers within a rare PS cell population (Fig. 1D). Together these results
provide strong support that the BrdU/CFSE/Far red retention assay la-
bels a scarce PS cell type that is relatively quiescent and may represent
the prostate epithelial stem cell that initiates spheroid growth.

3.2. Label-retaining PS cells exhibit stem cell properties

Live cell FACS was utilized to capture the long-term label-retaining
cells for subsequent characterization. Day 5 CFSE-labeled PS were dis-
persed to single cells and sorted for CFSE™ signal with ~1.0% of sphere
cells gated as CFSEM, ~2-3% as CFSEM®? signal and ~95-97% of PS cells
as CFSE™ across multiple runs (Fig. 2A). Imaging of CFSE™ and CFSE°
cell fractions confirmed the clean separation of CFSE™ and CFSE ™~ cells
(Fig. 2B) and revealed the larger size of CFSE™ cells relative to CFSE™
cells. Since spheroid serial passage is a measure of stemness, the sorted
CFSEM! CFSEMed and CFSE™® PS cells were replated in 3D cultures. While
CFSEM cells retained robust sphere-forming capability, this was limited
in CFSEM®? cells and lost completely in CFSE™ cells (Fig.2Ca—c, D) indi-
cating that only CFSE™! cells have stem cell properties. Further, single
CFSEM sorted cells could form a single PS in clonal 3D culture (Fig.
2Cd-f), but not single CFSEM®? or CFSE'® cells. A limited dilution assay
demonstrated that PS forming efficiency increased with increasing
numbers of CESE™ cells in culture (Fig.2E). Next, the prostate regenera-
tive ability of CFSE™ cells was evaluated in vivo. When mixed with rat
embryonic urogenital sinus mesenchyme (UGM) and renal grafted in
vivo, CFSEM cells generated prostate-like tissues (Fig. 2Fa,c) at a graft
rate of 50% whereas CFSE™ cells had no tissue-forming capacity (Fig.
2F-G).PSA™ staining of the graft tissue demonstrated the human origin
and full epithelial differentiation (Fig. 2Fd). Together, these in vitro and
in vivo data indicate that long-term label-retaining PS cells represent the
prostate epithelial stem cells whereas the BrdU™ /CFSE™ cells, which
constitute the bulk of the PS, are committed progenitor cells.

3.3. Analysis of symmetric and asymmetric cell division in label-retaining
stem cells

One hallmark property of stem cells is their ability to undergo sym-
metric and asymmetric cell divisions (Neumuller and Knoblich, 2009;
Wang et al., 2014). To assess these division types, day 5 PS were dis-
persed to single cells, cultured overnight and stained for CD49f, a
high-expressed integrin in prostate stem cells. Three cell division
types were detected (Fig. 3A): 1) CD49f stem cell symmetric self-re-
newal; 2) asymmetric division with one CD49f"" and one CD49f*°
daughter cell; and 3) CD49f° symmetric division of progenitor cells.

To confirm and quantitate symmetric and asymmetric cell divisions in
BrdU™ label-retaining cells, a paired-cell assay was performed (Fig.
3B). Upon stem cell symmetric self-renewal, parental DNA was evenly
distributed into two daughter stem cells (BrdU™"/™). During asymmetric
division, the BrdU™ labeled parental DNA segregated into one daughter
cell while the other received newly synthesized, largely BrdU™ DNA
(BrdU™/™). Quantitation of these division types revealed that symmet-
ric self-renewal was a rare event with 3.1% frequency while asymmetric
cell division constituted 96.9% of stem cell divisions.

3.4. Label-retaining stem cells exhibit low cytokeratin 14 (KRT 14) and E-
cadherin and elevated WNT10B

BrdU™ label-retaining cells were examined for expression of known
prostate epithelial cell markers. The paired-cell assay for asymmetric di-
vision revealed a striking pattern of basal cell KRT14 with BrdU™ stem
cells as KRT14~ and daughter progenitor cells as strongly KRT14"
(Fig. 3Ca). Similar patterns were noted in the intact PS (Figs. 3C-b,
S1A). Further, while PS progenitor cells strongly expressed E-cadherin,
the BrdU™/CFSE™ cells were consistently E-cadherin negative (Figs.
3Cc, S1A). WNT10B, required for stem cell differentiation into prostate
organoids (Calderon-Gierszal and Prins, 2015), was selectively localized
to BrdU™ labeled cells with limited staining in daughter progenitor cells
(Figs. 3C-d, S1A). Of note, long-term label-retaining stem cells remained
uniquely separated from the PS non-labeled cells as shown in CFSE™"
(Fig. 3D arrow, F). Further, these label-retaining stem cells had larger
nuclear diameter and area relative to the non-labeled cells (Fig. 3E).
The larger nuclei may be a function of relative quiescence in stem cells
whereas the isolation pattern may reflect limited cell adhesion/junction
proteins such as E-cadherin. Together, these data support an uncommit-
ted stemness state of label-retaining cells.

3.5. Label-retaining stem cells possess augmented autophagy activity

Increased autophagy has been shown in therapy-resistant cancer
cells and enhances survival in long lived stem cells (Guan et al., 2013).
Herein, the BrdU™ PS cells exhibited increased LC3 protein particles im-
plicating augmented autophagosome formation (Fig.3G, S1A). To assess
activity, autophagy flux was monitored in label-retaining cells using an
mCherry-GFP-LC3 expression vector (Figs. 3H, S1B). Far-red ™ label-
retaining cells specifically showed high LC3-mCherry staining (pH in-
sensitive) with loss of GFP label (pH-sensitive) indicating fusion of
autophagosomes with acidic lysosomes. This marks the stem cell as hav-
ing robust autophagy flux. In contrast, the progenitor cells exhibited
weaker LC3-mCherry labeling and retention of GFP indicating limited
autophagic flux.

3.6. RNA-Seq identifies the enriched pathways and transcriptome profiles of
prostate stem and progenitor cell populations

CFSEM and CFSE™ cell populations isolated by FACS from 2 to 3 bio-
logic replicates, respectively, were subjected to transcriptomal profiling
by RNA-seq to obtain insights into biological characteristics of stem and
progenitor cells. Gene set enrichment analysis (GSEA) detected 3 signif-
icantly enriched pathways/processes (FDRq < 0.05, FWER P < 0.05).
First, the CFSE™ stem cells were markedly enriched for ribosome/trans-
lational regulation processes associated with 88 ribosome protein genes
relative to CFSE™ cells (Figs. 4A, S2A-B). Ribosome biogenesis initiates
in the nucleolus. Accordingly, FACS sorted CFSE™ cells and BrdU™ cells
in whole PS bore prominent and larger nucleoli with robust levels of
Nucleolin protein relative to CFSE'° cells (Fig. 4B), supporting enhanced
ribosome biogenesis in stem cells. The second GSEA pathway identified
enrichment of plasma membrane estrogen receptor (ER) signaling asso-
ciated with 40 genes in CFSEM cells (Figs. 4A, S2C). Our laboratory re-
cently identified robust ER activity in PS cells with ERB enrichment in
BrdU™" retaining cells and ERa enrichment in progenitor cells (Hu et
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al., 2011; Prins et al., 2015). Notably, estrogen exposure enhances stem
cell symmetric self-renewal and progenitor cell amplification, effects
mediated in part through membrane-initiated ER signaling that in-
cludes MAPK/ERK and PI3K/AKT activation (Prins et al., 2014), together
providing biologic support for GSEA enrichment of this pathway. Finally,
GSEA identified NF-<B pathway enrichment for 23 genes in CFSE™ pro-
genitor cells (Figs. 4A, S2D). Prostate cancer stem-like and progenitor
cells were previously shown as NF-xB enriched relative to committed
epithelial cells using gene expression array analysis (Birnie et al.,
2008). Further, the NF-«B family of transcription factors is required for
normal neural progenitor cell proliferation using TNFa signaling
through TNFR2 (Chen and Palmer, 2013), both enriched in the CFSE°
cells. To test the role of NF-kB signaling in progenitor cell proliferation
directly, PS were cultured with IKK VII, an inhibitor of TNFa-stimulated
IkB degradation. PS size, a marker of progenitor cell proliferation, was
significantly reduced after 7 days (Fig. 4C). Further, an accumulation
of cyclin E and loss of cyclin A expression in IKK VII-exposed spheroids
(Fig. 4D), indicates an NF-kB pathway requirement for G1 to S cell
cycle transition in prostate progenitor cells.

Next, differential analysis of RNA-seq data identified 203 significant
differentially expressed genes (DEGs) between the CFSEM and CFSEX°
cell populations (FDR < 0.1) (Fig. 5A). The CFSE™! stem cells were signif-
icantly enriched for 91 genes relative to progenitors whereas the CFSE'°
progenitor cells were preferentially enriched for 112 genes (Tables S1,
S2). The DEGs with the highest fold-change in stem cells include
SLC29A4, KRT13, cut-like homeobox 2 (CUX2), leukemia inhibitory fac-
tor receptor (LIF-R) and insulin-like growth factor 2 (IGF2) whereas
prominent DEGs in progenitor cells include MAP3K14, prostaglandins
E synthase (PTGS), mesothelin (MSLN) and LIM homeobox 1 (LHX1).
The transcriptome was next queried for known stemness and differen-
tiation genes (Fig. 5B). CFSEM! cells were enriched for multiple stemness
genes including Nestin, SOX2, Nanog, LIF-R and aldehydrogenase1A2
(ALDH1A2) whereas CFSE™ cells exhibited up-regulation of differentia-
tion genes including KRTs 5, 8, 18 and 19, androgen receptor (AR), car-
bonic anhydrase IX (CA9), Inhibitor of Differentiation 4 (ID4) and
epidermal growth factor (EGF), further confirming their identity as
stem and progenitor populations, respectively.

3.7. CFSE™8" stem cells exhibit decreased mitochondrial metabolism

To gain biologic insight into gene networks and pathways that may
regulate stemness and binary cell fate decisions, gene ontology using
DAVID pathway enrichment analyses was run on the 203 DEGs (P <
0.05). Several processes were enriched in this gene set with metabolic
process genes as the top pathway, having 112 down-regulated genes
in CFSEM! cells relative to CFSE™ progenitors (Fig. 5C, D). We next exam-
ined cellular metabolism using the Seahorse Bioscience mitochondria-
stress assay. As compared to CFSE™ cells, mitochondrial respiration in
CFSEM! stem cells was significantly lower for both basal and maximal ox-
ygen consumption rates (Fig. 5E). Further, CFSE™ cells exhibited overall
lower basal extracellular acidification rates, a measure of basal
glycolosis, relative to CFSE' cells (Fig. 5F). Together, these findings
identify lower anabolic metabolism in prostate stem cells compared to
daughter progenitors which reflects or contributes to their differential
proliferative activities.

3.8. Knockdown of KRT13 or PRACT inhibits stem cell self-renewal

Two genes with significantly elevated expression in the CFSE™! cells
were further studied for their role in stem cell maintenance. KRT13 was
a top-ranked DEG with 78.2-fold increased levels in the CFSE™ cells rel-
ative to CFSE™ cells. Using immunofluorescence, KRT13 was specifically
localized to the BrdU™ retaining cells while daughter progenitor cells
were KRT13 low (Figs. 6A, S1A). This pattern was opposite of KRT14 lo-
calization, suggesting that KRT13 may be a critical intermediate fila-
ment of the prostate stem cell. To test this directly, we knocked-down

KRT13 in PrEC cells using siRNA and, upon transfer to 3D culture, ob-
served a significant reduction in PS formation and number of BrdU™
retaining cells/PS (Fig. 6B-E). Another gene of interest was prostate can-
cer susceptibility candidate1 (PRACT), expressed at 4.2-fold higher
levels in CFSE™ cells. PRACT knockdown using siRNA severely reduced
spheroid formation and decreased BrdU™ retaining cells/PS by 50%
(Fig. 6F-I). Together, these results suggest that KRT13 and PRAC1 play
essential roles in maintaining stem cell homeostasis and symmetric
self-renewal.

3.9. Identification of cancer stem-like cells using sphere-based label-
retaining assay

To test whether long-term BrdU™ /CFSE™ labeling can be used to
identify stem-like cells in prostate cancer, we performed PS-based
BrdU™ retention assays using primary cultures of prostate cancer cells
(PrE-Ca) and the prostate cancer cell line DU145. Spheroids grown
from both contained a small number of long-term BrdU™ retaining
cells that exhibited selectively reduced E-cadherin, elevated LC3 and
strong KRT13 staining relative to daughter progenitors suggesting sim-
ilar characteristics of cancer stem-like cells to normal stem cells (Fig.
7A-B). Further, three division types were observed in the cancer
stem-like BrdU™ retaining cells using the paired cell assay, representing
stem cell symmetric self-renewal, asymmetric cell division and commit-
ted progenitor cell division (Fig. 7C-D). CFSE-labeling combined with
FACS readily isolated the cancer stem-like cells from both PrE-Ca and
DU145 spheroids, constituting ~1% of cells (Fig. 7E-F). Similarly, breast
cancer (MCF-7) and colon cancer (HCT116) cell lines pre-labeled with
BrdU/CFSE in 2D culture formed mammospheres and colonospheres in
3D culture with lone BrdU™ label-retaining cells (Fig. 7A). Together,
this suggests that the present approaches have broad versatility for
identifying and isolating cancer stem-like cells in many epithelial cancer
cell types.

4. Discussion

The present study utilized a long-term label-retaining approach to
identify, isolate and characterize adult human prostate stem cells from
young disease-free organ donors. Detailed analyses confirm the bona
fide stem cell nature of these isolated cells using in vitro and in vivo as-
says of regenerative capability, unique gene expression profiles and
the documentation of symmetric/asymmetric cell division, classic indi-
cators of stemness. By use of this biologic-based approach, we identify
several novel properties of prostate stem cells hitherto unknown or un-
derappreciated. These include heightened autophagy flux and asym-
metric DNA inheritance to maintain stem cell integrity, decreased
mitochondrial metabolism, heightened ribosome biogenesis and elevat-
ed expression of specific genes that may be useful as prostate stem cell
markers in tissue and cultured cell populations. That this approach can
similarly be utilized for identifying cancer stem-like cells from primary
specimens and cell lines provides an avenue for detailed interrogation
of this elusive cancer cell population.

Several novel markers for normal prostate stem cells were identified
in the present studies. E-cadherin, a cell adhesion-junction protein, is an
epithelial differentiation marker that is down-regulated in stem-like
cells and cancer cells undergoing EMT (Graff et al., 1995; Toivanen et
al., 2016). Herein, we find E-cadherin is absent in normal prostate
stem cells but robust within daughter progenitors. Since RNA-seq data
found comparable E-cadherin mRNA in the cell types, the limited pro-
tein in stem cells may reflect increased endocytosis or protein degrada-
tion (Bryant and Stow, 2004). Wnt10b is an early and specific marker of
prostate epithelial buds during murine embryogenesis (Allgeier et al.,
2010) and is essential for directed differentiation of hESC into prostate
organoids (Calderon-Gierszal and Prins, 2015). The present data is the
first to identify the selective expression of canonical WNT10B in pros-
tate stem cells. As Wnt signaling is known to play a crucial role in
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cadherin*. (d) BrdU* cells exhibit high WNT10B immunostain while progenitors are negative. (D-F): CFSE" cells exhibit an isolated pattern from neighboring CFSE™® cells (D, arrows;
F) and show larger nuclear diameter and area (E). For diameter and area, CFSE" n = 5 and 10, respectively, CFSE'® n = 108 and 222, respectively. *P < 0.01 vs CFSE*° cells. (F):
Confocal image of PS immunostained for Phalloidin/F-actin (red), CFSE™ (green) and DAPI (blue) counterstain. (G): Dual immunolabeling of PS for BrdU* (red) and LC3 (green) in a
paired-cell assay (a) and whole PS (b) reveals increased autophagosome formation in BrdU™ cells. (H): Autophagy flux is specifically activated in BrdU* labeled stem cells. Far-red,
mCherry and GFP were visualized by fluorescent confocal microscopy. The Far-red ™ label-retaining cell exhibited high LC3-mCherry stain (purple) but no LC3-GFP fluorescence

(arrowhead), indicating fusion of autophagosomes with lysosomes and active autophagy flux in stem cells specifically. Scale bars = 50 pm. See S-Fig. 1 for additional images.

stem cell homeostasis (Clevers et al., 2014), we propose that WNT10B
may provide this necessary function in the prostate stem cell niche. Se-
lective expression of KRT13 and PRACT was also documented in prostate
stem cells relative to progenitors and knockdown experiments con-
firmed their critical role in maintaining stemness properties. A recent
study similarly identified KRT13 as enriched in human fetal prostate ep-
ithelial cells and confirmed it as a marker for the stem/progenitor pop-
ulation in adult prostate tissue (Liu et al., 2016). Of note, KRT13 plays a
directive role in prostate cancer metastasis and its expression in prima-
ry prostate tumors is predictive of metastasis and lower survival (Li et
al,, 2016). Little is known about PRAC1, which encodes a small nuclear
protein in human prostate and bladder cancer with prognostic capabil-
ity (Kim et al., 2015; Lenka et al., 2013). That KRT13 and PRACT are high
in normal prostate stem cells and re-expressed in prostate cancers sup-
ports the emerging concept that during cancer progression, epithelia

transition to a stem-like state that permits their robust growth poten-
tial. Together, these stem cell proteins as well as other identified differ-
entially expressed genes may be useful markers in future studies to
distinguish stem cells within human prostate tissues.

Data generated from GSEA, DAVID and gene hierarchical clustering
of sorted stem and committed progenitor cell transcriptomes provides
an opportunity to explore processes that govern prostate stem cell biol-
ogy, self-renewal and differentiation. One notable enrichment in active
stem cells relative to their committed progenitors was genes involved in
ribosomal biogenesis and translation initiating factors. Ribosome gene
enrichment was similarly observed within the basal cell fraction that
contains stem cell markers relative to luminal cells of human benign
prostate specimens (Zhang et al., 2016). Recent studies have demon-
strated that ribosome biogenesis and translation output levels are criti-
cal for stem cell homeostasis and self-renewal while down-regulation of
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rDNA transcription triggers differentiation (Brombin et al., 2015; Zhang synthesis and maturation, provide biologic evidence of enhanced ribo-
et al., 2014). Enlarged nucleoli in BrdU™*/CFSE™! cells with elevated some formation in prostate stem cells. Increased nucleolin further sup-
levels of nucleolin, a nucleolar phosphoprotein involved in ribosome ports the stemness nature of CFSE™ cells in light of new findings of
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(D): The highest enriched function in CFSE" cells, metabolic process, contained 112 down-regulated genes which are further subcategorized for specific pathways. (E-F): Mitochondrial
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nucleolin's essential role in maintenance of stem cell homeostasis
through p53 suppression which enhances nanog expression (Cinghu
et al., 2014). While not directly tested herein, elevated expression of
both nucleolin and nanog in the CFSE™! cells suggests a similar regulato-
ry mechanism may exist in the prostate stem cells. Together, these

findings implicate CFSE™ cells as “active” stem cells whereas CFSE°
cells with reduced ribosome genes are likely committed progenitor
cells poised for differentiation.

Autophagy is a major mechanism by which cells survive under stress
conditions and stem cells use the same process for life-long survival
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(Guan et al,, 2013; Maycotte et al., 2015). The increased autophagy flux
activity in PS label-retaining stem cells relative to the committed pro-
genitors adds to their stem-like characteristics uncovered herein. Re-
markably, the present results revealed that during asymmetric
division of long-term BrdU™ cells, there is asymmetric DNA inheritance
with the daughter progenitor cell receiving newly synthesized DNA
while the stem cell retains the parental DNA which supports the immor-
tal stand hypothesis for the human prostate stem cell (Cairns, 1975).
Asymmetric segregation of DNA strands appears to occur in stem cells
of some, but not all systems (Neumuller and Knoblich, 2009) and may
be related to cell turnover rates in different organs. It is considered a
mechanism for preserving DNA integrity within the long-lived stem
populations and the present data indicate that the prostate stem cell uti-
lizes this cell preservation process.

Anabolic metabolism plays a critical role in dictating whether a cell
remains quiescent or proliferates and differentiates and metabolic
down-regulation is a distinctive stem cell feature (Ito and Suda, 2014).

The present findings of reduced metabolic pathway gene expression
with lower mitochondrial oxidative respiration and basal glycolysis
supports a relative quiescent stage of prostate stem cells. A recent
study showed asymmetric apportioning of mitochondria between
stem and progenitor cells following asymmetric division of human
mammary stem cells (Katajisto et al,, 2015) and it will be of interest to
determine whether a similar process contributes to differential meta-
bolic activity in prostate stem cells.

5. Conclusion

The present work has identified unique characteristics of the normal
human prostate stem cell population, providing potential markers for
future studies and uncovering useful processes that maintain stem cell
homeostasis in the prostate gland. The methods derived herein have
broad utility in isolating stem cells and more thoroughly characterizing
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their properties, not only from other tissue types but also from cancer Accession numbers
specimens which may aid in the discovery of novel therapeutic targets.

Supplementary data to this article can be found online at http://dx. The accession number for the RNA sequencing data reported in this
doi.org/10.1016/j.scr.2017.06.009. paper is GEO: GSE95542
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