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[bookmark: _Hlk19265410]SUMMARY: 
Using human primary prostate epithelial cells, we report a novel biomarker-free method of functional characterization of stem-like cells by a spheroid-based label-retention assay. A step-by-step protocol is described for BrdU, CFSE, or Far Red 2D cell labeling; three-dimensional spheroid formation; label-retaining stem-like cell identification by immunocytochemistry; and isolation by FACS.

ABSTRACT:
Despite advances in adult stem cell research, identification and isolation of stem cells from tissue specimens remains a major challenge. While resident stem cells are relatively quiescent with niche restraints in adult tissues, they enter the cell cycle in anchor-free three-dimensional (3D) culture and undergo both symmetric and asymmetric cell division, giving rise to both stem and progenitor cells. The latter proliferate rapidly and are the major cell population at various stages of lineage commitment, forming heterogeneous spheroids. Using primary normal human prostate epithelial cells (HPrEC), a spheroid-based, label-retention assay was developed that permits the identification and functional isolation of the spheroid-initiating stem cells at a single cell resolution. 

HPrEC or cell lines are two-dimensionally (2D) cultured with BrdU for 10 days to permit its incorporation into the DNA of all dividing cells, including self-renewing stem cells. Wash out commences upon transfer to the 3D culture for 5 days, during which stem cells self-renew through asymmetric division and initiate spheroid formation. While relatively quiescent daughter stem cells retain BrdU-labeled parental DNA, the daughter progenitors rapidly proliferate, losing the BrdU label. BrdU can be substituted with CFSE or Far Red pro-dyes, which permit live stem cell isolation by FACS. Stem cell characteristics are confirmed by in vitro spheroid formation, in vivo tissue regeneration assays, and by documenting their symmetric/asymmetric cell divisions. The isolated label-retaining stem cells can be rigorously interrogated by downstream molecular and biologic studies, including RNA-seq, ChIP-seq, single cell capture, metabolic activity, proteome profiling, immunocytochemistry, organoid formation, and in vivo tissue regeneration. Importantly, this marker-free functional stem cell isolation approach identifies stem-like cells from fresh cancer specimens and cancer cell lines from multiple organs, suggesting wide applicability. It can be used to identify cancer stem-like cell biomarkers, screen pharmaceuticals targeting cancer stem-like cells, and discover novel therapeutic targets in cancers.  

INTRODUCTION:
The human prostate gland contains luminal epithelium with secretory function and basal cells underlying it along with an unusual neuroendocrine cell component. The epithelial cells, in this case, are generated from a rare population of prostate stem cells that are relatively quiescent in vivo and act as a repair system to maintain glandular homeostasis throughout life1. Despite many advances, the identification and functional isolation of prostate stem cells remains a major challenge in the field. Stem cell biomarkers, including cell surface marker-based methodologies combined with flow cytometry are commonly used for stem cell research2–4. However, results for enrichment and isolation vary widely as a function of marker combinations and antibody specificity5,6, raising questions about the identity of the isolated cells. Another widely used approach for stem-like cell enrichment is three-dimensional (3D) spheroid culture2–4. While resident stem cells are relatively quiescent in vivo with niche restraints, they undergo cell division in 3D matrix culture (both symmetric and asymmetric), generating both stem and progenitor cells that rapidly reproduce toward the lineage commitment7,8. The formed spheroids are a heterogeneous mixture containing both stem cells and progenitor cells at various stages of lineage commitment, including early and late stage progenitor cells. Thus, assays using the whole spheroids are not stem cell exclusive, making the identification of unique stem cell properties inconclusive. Therefore, it is critical to create assays to identify and separate prostate stem cells from their daughter progenitors. Towards this end, the goal of the current protocol is to establish an assay system that allows for the efficient identification and isolation of stem cells from human prostate tissues followed by robust downstream analysis of their biological functions. 

Long-term 5-bromo-2’-deoxyuridine (BrdU) label-retention is widely used for in vivo and in vitro lineage tracing of stem cells based on their prolonged doubling time9,10. The current approach for prostate stem cell identification and isolation described herein is based on their relative quiescent characteristic and label-retention properties within a mixed epithelial population. Furthermore, based on the immortal strand DNA hypothesis, only stem cells can undergo asymmetric cell division. The stem cell represents the daughter cell that contains the older parental DNA while the progenitor cell, which is a committed daughter cell, receives the newly synthesized DNA. The unique stem cell property described above is exploited to perform BrDU labeling in parental stem cells in primary cultures and then track their label following BrdU-washout upon transfer to 3D anchor-free spheroid culture. While the majority of primary prostate epithelial cells retain a basal and transit amplifying phenotype in 2D culture, there is also a rare population of multipotent stem cells replenishing and maintaining the epithelial homeostasis as evidenced by formation of spheroids or fully differentiated organoids with corresponding culture media upon transfer to 3D systems3,12. In our current protocol, by using HPrEC prostate spheroids or prostasphere-based BrdU, CFSE, or Far Red retention assays followed by fluorescence activated cell sorting (FACS) sorting, we identify label-retaining stem cells in spheroids at a single cell level13. 

Importantly, we further confirmed the stem cell characteristics of label-retaining cells within early-stage spheroids compared to the progenitor cells with lineage commitment. These include stem cell asymmetric division, in vitro spheroid formation ability and in vivo tissue regeneration capacity, elevated autophagy activity, augmented ribosome biogenesis and decreased metabolic activity. Subsequently, RNAseq analysis was performed. Differentially expressed genes in label-retaining spheroid cells were observed that may serve as novel biomarkers for human prostate stem cells. This spheroid-based label-retaining approach can apply to cancer specimens to similarly identify a small number of cancer stem-like cells, thus providing translational opportunities to manage the therapeutic resistant populations13. Presented below is the prostasphere-based label-retention assay using human primary prostate epithelial cells (HPrEC) cells as an example.
[bookmark: _Hlk20299233]
[bookmark: _Hlk20218183]PROTOCOL:

All cell handling and media preparations should be performed with aseptic technique in a Class II biological safety cabinet (BSC).

1.	Culture and maintenance of HPrEC Cells in 2D

1.1	Coat 100 mm culture dishes with 2 mL of 2.5 µg fibronectin solution overnight at room temperature (RT). Aspirate the solution and let the culture dishes air dry in the BSC for 45 min. Fibronectin-coated culture dishes can be stored 2–4 weeks at 4 ˚C.

1.2	Add 9 mL of the prostate epithelial cell growth medium (e.g., PrEGM) to a fibronectin-coated 100 mm culture dish and keep plates warm in a CO2 incubator at 37 ˚C. 

1.3	Thaw one vial of frozen HPrEC cells (1 x 105/mL) in a 37 ˚C water bath and resuspend the cells in 10 mL of warm medium.

1.4	Centrifuge the cell suspension at 500 x g for 5 min at RT. Aspirate and discard the supernatant.

[bookmark: _Hlk19870737]1.5	Thoroughly resuspend the cells in 1 mL of the warm culture medium. Seed cells by pipetting 1 mL of the cell suspension directly into the fibronectin-coated 100 mm culture dish containing 9 mL of the prewarmed medium (total volume of medium and cells is 10 mL). Place culture dishes back into a CO2 incubator at 37 ˚C.

1.6	Replenish the medium every 3 days. To do so, carefully aspirate all media and add 10 mL of fresh warm medium.  

1.7	In about 5 days, ensure that the cultures are ~70–80% confluent. Perform the enzymatic digestion by incubating the cells with 3 mL of 0.05% Trypsin/EDTA at 37 ˚C for 5 min.

1.8	Stop the digestion by adding 3 mL of warm PBS containing 10% FBS.

1.9	Collect the cells into a 50 mL centrifuge tube and centrifuge at 500 x g for 5 min at RT. Aspirate and discard the supernatant.

1.10	Resuspend the cell pellet in 30 mL of warm medium and dispense it equally into three new fibronectin-coated 100 mm culture dishes for the next passage. 

NOTE: Primary HPrEC cells can be passaged ~3–5x without altering their basal epithelial cell characteristics. Epithelial phenotype is tested by expressions of basal epithelial cell markers cytokeratin 5 and p63 with immunocytochemistry/immunofluorescent (ICC/IF) assays.

2.	Labeling HPrEC with BrdU, CFSE, or Far Red pro-dyes

NOTE: The cells can proceed either to step 2.1 or step 2.2 followed by the transfer to 3D prostasphere culture as described in step 3.1. 

2.1	Single labeling of cells with BrdU

2.1.1	Culture 1 x 105 HPrEC cells in fibronectin-coated 100 mm culture dishes with 10 mL of warm medium containing 1 µM of BrdU. Culture the cells for 10 days (over two passages) to ensure labeling of all cells including prostate stem and progenitor cells. 

2.1.2	After 10 days, carefully aspirate the PrEGM medium containing the BrdU and wash the cells with 5 mL of warm PBS. Repeat 1x. 

2.1.3	Perform the enzymatic digestion using 0.05% trypsin/EDTA as described in steps 1.7–1.8. Centrifuge the cells at 500 x g for 5 min at RT. Aspirate and discard the supernatant.

2.1.4	Resuspend the BrdU-labeled pelleted cells (5 x 104) in 500 µL of ice-cold (1:1) basement membrane matrix/medium and transfer to a 3D prostasphere culture (described in step 3.1) for 5 days to permit BrdU washout during the spheroid formation (~6 cell cycles). 

2.2	Double labeling of cells with BrdU and CFSE or Far Red pro-dyes

2.2.1	If co-labeling for live cells is desired, co-label the BrdU-labeled cells from step 2.1 with 5 µM CFSE or Far Red live cell fluorescent pro-dyes for 30 min. Perform the co-labeling at Day 10.

2.2.2	Carefully aspirate the medium containing BrdU and CFSE or Far Red pro-dyes. Wash the cells with 5 mL of warm PBS. Repeat the wash 1x.

2.2.3	Perform enzymatic digestion using 0.05% trypsin/EDTA as described in steps 1.7–1.8. Centrifuge the cells at 500 x g for 5 min at RT. Remove and discard the supernatant. 

2.2.4	Resuspend the co-labeled cells (5 x 104) in 500 µL of ice-cold (1:1) basement membrane matrix/medium and transfer to a 3D prostasphere culture (described in section 3.1) for 5 days to permit BrdU and CFSE or Far Red washout during the spheroid formation (~6 cell cycles). 

2.3	Perform detection of label-retaining cells in spheres (Day 5 prostaspheres) as described in steps 4.1, 4.2, 4.3, or 5.

NOTE: Carboxyfluorescein diacetate, succinimidyl ester (CFSE), and Far Red are long-lasting fluorescent pro-dyes and are well retained within the labeled cells. Intracellular esterase in live cells cleave the acetate groups that activate the green or red fluorescent molecules that are now membrane impermeant.

3.	Prostasphere formation in the 3D basement membrane culture system

3.1	Prostasphere culture in the 3D basement membrane matrix system

3.1.1	Thaw the basement membrane matrix at 4 ˚C overnight and keep on ice before use.

3.1.2	Gently add 1 mL of ice-cold basement membrane matrix into an equal volume of the ice-cold culture medium. Slowly mix by pipetting up and down, avoiding bubbles.

NOTE:	 Pre-coat the bottom of 12 well culture plate wells with 100 µL of this solution. This will minimize the number of cells that fall through the matrix and grow as a monolayer.

3.1.3	Resuspend 5 x 104 HPrEC cells in ice-cold (1:1) basement membrane matrix/culture medium mix in a total volume of 500 µL. 

3.1.4 	Pipette 500 µL of this cell solution at the bottom rim of each well. 

3.1.5	Swirl the plate to evenly distribute the mixture around the rim of the well. Place the plate in a CO2 incubator at 37 ˚C for 30 min to allow the matrix to solidify.

3.1.6	Once the matrix has solidified, cover with 1 mL of warm culture medium per well. Do not disturb the basement membrane matrix ring. Carefully aim the pipette tip and dispense the culture medium to the center of the well.

NOTE:	The culture medium must be warmed to 37 ˚C when added to the solidified basement membrane matrix. The basement membrane matrix will lose its integrity and dissolve when exposed to cold/cool media.

3.1.7	Replenish medium every 3 days. Carefully aspirate ~500 µL of spent medium and add 500 μL of fresh warm culture medium. 

3.1.8	Monitor the prostasphere formation and growth for 5–7 days using an inverted microscope.

3.2	Passaging of prostaspheres

3.2.1	Harvest prostaspheres from the matrix by carefully aspirating off as much media as possible. Avoid disturbing or picking up floating pieces of the solidified matrix. 

3.2.2	Add 1 mL of dispase solution (basement membrane matrix:dispase at a 1:2 ratio). Mix thoroughly by pipetting up and down several times. 

3.2.3	Incubate the culture plates in a CO2 incubator at 37 ˚C for 30 min.

3.2.4. Take images of prostaspheres that are at the bottom of the culture dish for sphere number counting and size measurements. 

3.2.5	Collect the sphere mixture into a 15 mL tube. Centrifuge the suspension at 500 x g for 5 min at RT to pellet the spheres. Aspirate and discard the supernatant.

[bookmark: _Hlk19891258]3.2.6	Disperse the spheres into single cells by digesting with 500 µL of warm 0.05% trypsin/EDTA and transferring the suspension into a 1.5 mL microcentrifuge tube. 

3.2.7	Incubate the microcentrifuge tube in a CO2 incubator at 37 ˚C for 5 min. 

3.2.8	Stop the trypsin action with 500 µL of warm PBS containing 10% FBS. Pass the sphere suspension through a 1 mL syringe with a 26 G needle 5x to dissociate the spheres into single cells. 

3.2.9	Centrifuge the suspension at 500 x g for 5 min to pellet the cells at RT. Aspirate the supernatant and discard.

3.2.10	Resuspend the cell pellet in 1 mL of warm culture medium and filter through a 40 µm pore size nylon cell strainer.

3.2.11	Centrifuge the cell suspension at 500 x g for 5 min to pellet the cells at room temperature. Aspirate and discard the supernatant.

3.2.12	Resuspend the cell pellet in 1 mL of ice-cold (1:1) basement membrane matrix/culture medium and subculture in a 3D basement membrane matrix for the second passage of the prostasphere.

4.	Identification of BrdU-retaining prostate stem cells by immunofluorescent staining

4.1	Outgrow the attached prostaspheres with immunofluorescent (IF) staining for prostate stem cell 2D imaging.

[bookmark: _Hlk19629438]4.1.1	Harvest prostaspheres by dispase digestion as described in steps 3.2.1–3.2.3. Centrifuge the spheres in a 1.5 mL microcentrifuge tube at 500 x g for 5 min. Discard the supernatant.

4.1.2	Resuspend spheres in 1 mL of warm culture medium. 

4.1.3	Incubate ~50 prostaspheres per well in 8 well chamber slides in 200 µL of culture medium in a 37 ˚C incubator overnight to allow for the attachment and outgrowth of spheres.

[bookmark: _Hlk20136314]4.1.4	On Day 2, aspirate and discard the culture medium. Wash the outgrown spheres with 200 µL of PBS for 5 min. 

4.1.5	Fix the spheres in 200 µL/well of ice-cold methanol at -20 ˚C for 20 min. 

[bookmark: _Hlk19875230]4.1.6	Wash the spheres with 200 µL/well of PBS for 5 min. Repeat 2x.

4.1.7	Acid wash spheres with 200 µL/well of 2N HCl for 30 min at RT.

4.1.8	Wash the spheres with 200 µL/well of PBS for 5 min. Repeat 3x.

4.1.9	Add 100 µL of blocking solution containing 5% normal goat serum in PBST (PBS with 0.25% Triton X-100) and incubate for 30 min at RT.

4.1.10	Aspirate off the blocking solution and add 100 µL of PBST containing 2% normal goat serum and primary mouse anti-human BrdU antibody (1:200) to each well and incubate in a humidified box at 4 ˚C overnight.

NOTE: Mouse IgG antibody is used as a negative control. 

[bookmark: _Hlk19632060]4.1.11	Aspirate and remove the primary antibody solution. Wash the spheres with 200 µL of PBS for 5 min. Repeat 2x.

4.1.12	Add 100 µL of PBST containing 2% normal goat serum and secondary goat anti-mouse Alexa Fluor 488 antibody (1: 500) to each well and incubate at room temperature for 2 h. 

4.1.13	Aspirate and remove the secondary antibody solution. Wash the spheres with 200 µL of PBS for 5 min.  Repeat 3x.

4.1.14	Mount the slides with ~25-40 µL of aqueous mounting medium containing DAPI. 

4.1.15	Obtain images of the stained spheres/cells with a fluorescent microscope and a color digital camera.

4.2	Whole mount IF staining of prostaspheres for prostate stem cell 3D imaging

NOTE: For whole mount IF staining, prostaspheres are handled using 1.5 mL microcentrifuge tubes. 

[bookmark: _Hlk19890767]4.2.1	Harvest the prostaspheres by dispase digestion as described in steps 3.2.1–3.2.3. Centrifuge the spheres in a 1.5 mL microcentrifuge tube at 500 x g for 5 min. Aspirate the supernatant and discard.

4.2.2	Resuspend and fix the spheres with 1 mL of ice-cold methanol in a -20 ˚C freezer for 20 min. Centrifuge the spheres at 500 x g for 5 min. Aspirate the supernatant and discard.

[bookmark: _Hlk19631463]4.2.3	Wash the spheres by resuspending the pellet in 1 mL of PBS. Centrifuge the spheres at 500 x g for 5 min. Aspirate the supernatant and discard. Repeat 1x.

4.2.4	Acid wash the spheres by resuspending the pellet in 1 mL of 2N HCl for 30 min.

4.2.5	Wash the spheres with 1 mL of PBS for 5 min and centrifuge at 500 x g for 5 min. Aspirate the supernatant and discard. Repeat 3x.

4.2.6	Resuspend ~15–30 spheres in 100 µL of blocking solution containing 5% normal goat serum in PBST (PBS with 0.25% Triton X-100) and incubate for 30 min at RT.
 
4.2.7	To remove the blocking solution, centrifuge the spheres at 500 x g for 5 min. Aspirate and discard the supernatant.

4.2.8	Resuspend the spheres in 100 µL of PBST containing 2% normal goat serum and primary mouse anti-human BrdU antibody (1:200) and incubate at 4 ˚C overnight. 

4.2.9	Wash the spheres by resuspending the pellet in 1 mL of PBS. Centrifuge the spheres at 500 x g for 5 min. Aspirate the supernatant and discard. Repeat 1x.

4.2.10	Resuspend the spheres in 100 µL of PBST containing 2% normal goat serum and secondary goat anti-mouse Alexa Fluor 488 antibody (1:1,000) and incubate at RT for 2 h.

4.2.11	Wash the spheres by resuspending the pellet in 1 mL of PBS. Centrifuge the spheres at 500 x g for 5 min. Aspirate the supernatant and discard. Repeat 1x.

[bookmark: _Hlk19788350]4.2.12	Resuspend the spheres in 30–50 µL of aqueous mounting medium containing DAPI. To prevent flattening the spheres, dispense them into a well created from a 35 mm uncoated culture dish with a cover glass bottom. Then add a coverslip to the culture dish, covering the well.

4.2.13	Acquire whole sphere Z-stack images using a transmitted light inverted fluorescent confocal microscope. Convert these Z-stack images into 3D images using an imaging software with freeform drawing capabilities.

NOTE: Mouse IgG antibody is used as a negative control.

4.3	Paired-cell analysis (4 day protocol)

4.3.1	Culture the BrdU-labeled spheres to Day 5.

[bookmark: _Hlk19891287]4.3.2	Day 1: Harvest the spheres from a basement membrane matrix with 1 mL of dispase digestion. Disperse into single cells by 500 µL of warm 0.05% trypsin/EDTA in a 1.5 mL microcentrifuge tube as described in steps 3.2.1–3.2.11.

4.3.3	Resuspend the cells in 1 mL of warm culture medium.

4.3.4	Plate the dispersed single cells (~300–500 per well) in 8 well chamber slides and culture in 200 µL/well culture medium overnight to allow for attachment. 

4.3.5	Day 2: Add 200 µL of 2 µM cytochalasin D in the culture medium and incubate overnight at 37 ˚C to permit one cell division that pauses at late metaphase to anaphase. 

4.3.6	Day 3–4: Aspirate and discard the medium. Fix cells in 200 µL/well of ice-cold methanol at -20 ˚C for 20 min. Follow the immunostaining protocol for BrdU as described in steps 4.1.5–4.1.14.

4.3.7	Take images of paired cells with a fluorescence microscope. Ensure that the distance between the two nuclei is greater than 30 µm. Based on BrdU-retention, identify the paired stem cells as undergoing symmetric or asymmetric cell division. 

NOTE: BrdU label-retaining prostate stem cells undergo symmetric division to give rise to two daughter stem cells retaining an equal amount of BrdU, whereas stem cells undergoing asymmetric division give rise to one daughter stem cell retaining all the BrdU and the other daughter progenitor cell which has lost the BrdU label.

5.	Isolation of the CFSE label-retaining prostate stem cells by FACS sorting

5.1	Day 5: Harvest the CFSE-labeled prostaspheres growing in 6 well culture plates in 3D culture by replacing the medium with 2 mL of dispase (basement membrane matrix: dispase at a 1:2 ratio). Pipette up and down several times to mix thoroughly. 

5.2	Incubate the plates in a CO2 incubator at 37 ˚C for 30 min to digest the matrix.

5.3	Collect the sphere mixture into a 15 mL centrifuge tube. Centrifuge the spheres at 500 x g for 5 min at RT. Aspirate the supernatant and discard.

5.4	Resuspend the sphere pellet in 500 µL of warm 0.05% trypsin/EDTA, and transfer into a 1.5 mL microcentrifuge tube. 

5.5	Incubate the spheres in a CO2 incubator at 37 ˚C for 5 min. Add 500 µL of warm PBS containing 10% FBS.

5.6	Pass the spheres through a 1 mL syringe with a 26 G needle 5x to completely dissociate the spheres into single cells.

5.7	Centrifuge the cells at 500 x g for 5 min at RT. Aspirate and discard the supernatant.

5.8	Resuspend the cells in 1 mL of warm culture medium containing 1 µg/mL propidium iodide (PI) to stain dead cells. Incubate for 1 min at RT.

5.9	Centrifuge the cells at 500 x g for 5 min at RT. Aspirate and discard the supernatant.

5.10	Resuspend the cells in 1 mL of warm culture medium. Centrifuge the cells at 500 x g for 5 min at RT. Aspirate and discard the supernatant.

[bookmark: _Hlk19541557]5.11	Resuspend the cells in 500 µL of warm culture medium and filter through a 40 µm pore size nylon strainer. Collect the cells in 5 mL polystyrene round bottom tubes with caps. 

5.12	Perform the analysis of trypsin-dispersed CFSE-labeled prostasphere cells with a single-channel FACS analyzer.

5.13	Gate the subpopulations of fractionated CFSEHi, CFSEMed, and CFSELo cells. Use the negative and positive controls for gating. 

[bookmark: _Hlk20290708]NOTE:	The presence of FACS sorted CFSE label-retaining prostate stem cells (see Hu et al.13) can be confirmed by green fluorescence microscopy and their larger cell size compared to non-retaining cells. This larger cell size is a property of prostate stem cells relative to progenitor cell populations. This may be different with other tissue types.

REPRESENTATIVE RESULTS:
[bookmark: _GoBack]Primary normal human prostate epithelial cells are placed into fibronectin-coated culture dishes and cell growth is maintained in 2D culture (Figure 1A). Upon transfer into 3D culture with a basement membrane matrix, differentiated epithelial cells slowly die out. Only prostate stem cells can survive in an anchor-free culture and form spheroids in 5 days (Figure 1B). 

Dual labeling of prostate epithelial cells in 2D culture followed by spheroid formation in 3D culture indicates the colocalization of BrdU, CFSE, and Far Red in the same label-retaining cells (Figure 2A–I).

Label-retaining cells show stem cell characteristics in Day 5 spheroids. Dual immunostaining shows that label-retaining cells exhibit lower levels of cytokeratin protein KRT14; decreased cell junction protein E-cadherin14; increased stem cell early marker proteins Wnt10B13,15,16 and ALDH1A1; increased autophagy protein LC3, an indicator of autophagy flux activity17; and increased myosin IIB (Figure 3A–F).

A spheroid-based label-retention assay also successfully detects cancer stem-like cells in prostate cancer specimens (Figure 4). This will enable the discovery of true biomarkers for cancer stem-like cells and has the potential to identify novel therapeutic targets for prostate cancer.

FIGURE LEGENDS:
Figure 1: Maintenance of HPrEC in 2D culture and spheroid formation in 3D culture. (A) A 2D primary culture of HPrEC was BrdU-labeled and transferred to 3D culture with prostasphere formation on Day 5 (B). Scale bars = 400 µm.

Figure 2: Identification of long-term label-retaining cells in primary prostaspheres. Double labeling of BrdU (red) and CFSE (green); CFSE (green) and Far Red (red); BrdU (green) and Far Red (red) identified the same stem-like cells with retention of parental DNA. Any BrdU, CFSE, or Far Red labels in rapidly dividing progenitor cells (DAPI, blue) were diluted and lost (A–I). Representative images show BrdU/CFSE (A–C) (upper panel), CFSE/Far Red (D–F) (middle panel), and BrdU/Far Red (G–I) (lower panel) co-labeling in single prostasphere (PS) cells. Scale bars = 50 µm.

Figure 3: Label-retaining PS cells exhibiting stem cell properties. As compared to non-label-retaining progenitor cells, BrdU or CFSE label-retaining stem cells exhibit (A) lower levels of cytokeratin 14 (KRT 14), (B) decreased levels of E-cadherin, (C) elevated levels of Wnt10B, (D) higher levels of ALDH1A1, (E) increased LC3, and (F) increased myosin IIB proteins. Scale bars = 50 µm.

Figure 4: Using the sphere-based label-retaining assay for identification of cancer stem-like cells. CFSE label-retaining cancer stem-like cells in spheroids derived from human prostate cancer specimens exhibited reduced E-cadherin protein relative to the non-labeled progenitor cells. Scale bars = 50 µm.

DISCUSSION:
Flow cytometry using multiple stem cell surface markers is a commonly used approach for stem cell research despite lacking both specificity and selectivity1,5,6. While spheroid formation in a 3D culture system is another useful method in enriching the rare stem cell population from primary epithelial cells, including HPrEC, the resulting spheroids are still a heterogeneous mixture of stem and progenitor cells2–4. In prostaspheres, compared to the rapidly proliferating progenitor cells, the relatively quiescent character of stem cells allows them to be identified by long-term label-retention assay. 

The methods summarized in this paper describe the labeling of HPrEC using BrdU, CFSE, and/or Far Red pro-dyes13. While BrdU, CFSE, and/or Far Red pro-dyes in rapidly proliferating cells are all quickly diluted by each cell division, there is an additional mechanism that accounts for the loss of BrdU known as immortal strand DNA segregation11. This is when the stem cell undergoes asymmetric division, giving rise to one daughter stem cell and a progenitor cell. The daughter stem cell retains all the old parental DNA with BrdU label, while the daughter progenitor cell receives the newly synthesized DNA without the BrdU label. Therefore, a label-retention assay using BrdU allows for clearer and easier identification of label-retaining stem cells by immunofluorescent staining. This is especially useful to confirm stem cell biomarkers by IF double staining using two different antibodies. One major limitation of BrdU labeling is that cells must be fixed for IF staining, thus preventing further functional studies following BrdU labeling and cell fixation.   

To solve this issue, two fluorescent pro-dyes for live HPrEC labeling were tested in label-retaining assays. Results indicated that there was a complete overlap of BrdU, CFSE, and Far Red labeled sphere cells. BrdU label could be substituted with CFSE or Far Red in sphere-based label-retaining assays to allow visualization of live cells for imaging and separation by FACS, promoting functional characterization of isolated live stem cells using both in vitro cell culture assays and in vivo xenograft assays13. CFSE or Far Red label-based FACS sorted live stem and progenitor cells could also be used for RNA-seq including single cell RNA-seq, which is very powerful in identifying novel stem cell gene markers and signaling pathways as well as epithelial cell lineage hierarchy. 

The novel biomarker-free method of functional characterization of stem cells by a spheroid-based label-retention assay presented here can identify cancer stem-like cells from primary patient specimens and cancer cell lines. Thus, it provides an avenue for discovering novel biomarkers of cancer stem-like cells and developing effective therapeutics targeting cancer13.  
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