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Abstract

:

Cancer stem cells (CSCs), a rare cell population in tumors, are resistant to conventional chemotherapy and thus responsible for tumor recurrence. To screen for active compounds targeting CSCs, a good CSC-enriched model compatible with high-throughput screening (HTS) is needed. Here, we describe a new head and neck cancer stem cell-enriched spheroid model (SCESM) suitable for HTS analyses of anti-CSC compounds. We used FaDu cells, round-bottom ultra-low adherent (ULA) microplates, and stem medium. The formed spheroids displayed increased expression of all stem markers tested (qRT-PCR and protein analysis) in comparison to the FaDu cells grown in a standard adherent culture or in a well-known HTS-compatible multi-cellular tumor spheroid model (MCTS). Consistent with increased stemness of the cells in the spheroid, confocal microscopy detected fast proliferating cells only at the outer rim of the SCESM spheroids, with poorly/non-proliferating cells deeper in. To confirm the sensitivity of our model, we used ATRA treatment, which strongly reduced the expression of selected stem markers. Altogether, we developed a CSC-enriched spheroid model with a simple protocol, a microplate format compatible with multimodal detection systems, and a high detection signal, making it suitable for anti-CSC compounds’ HTS.
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1. Introduction


Head and neck squamous cell carcinoma (HNSCC) is one of the most common malignancies worldwide with a ~50% five-year survival rate. Mortality is mainly attributed to local recurrences, cervical lymph node metastases, and occasionally distant organ metastases [1,2]. HNSCC growth is maintained by a population of cancer stem cells (CSCs) characterized by a dormant state with infrequent divisions, resistance to conventional antitumor therapies, and ability to activate, multiply, and differentiate after therapy [3,4,5,6]. CSCs’ resistance to therapy is thus a major impediment to successful treatment, making effective targeting of the CSCs essential for complete tumor eradication. [7].



However, since CSCs are a rare population within tumors, they are difficult to isolate and examine. Thus, to assist the search for biologically active compounds with anti-CSCs activity, CSCs enrichment models are being developed [8,9,10]. CSCs can mainly be obtained from cancer cell lines or primary tumors through reprogramming, selection of cells resistant to anoikis (the so-called culture of free-floating spheres, i.e., tumorsphere model and spheroid forming assay), or based on the application of specific culture conditions (i.e., multi-cellular tumor spheroid model, MCTS, among others) [8,11].



Among the most commonly used spheroid forming techniques in HNSCC are cultures of free-floating spheres and MCTS [12,13,14,15,16]. Cultures of free-floating spheres are technically quite challenging as they demand long-term cultivation (2–3 weeks), multi-step cell culture manipulations, and growing cells on flat low-adherent surfaces, causing the generation of multiple non-uniform spheroids with no spatial separation, which limits the use of this model for compound screenings [17]. On the other hand, MCTS is based on high-density microplate formats, simple protocols, and is compatible with automated and multimodal detection systems [18]. Unfortunately, the method only partially enriches for CSCs, since it uses serum-supplemented cell culture media, which were recently shown to promote cellular differentiation and hinder CSCs expansion [12,19,20,21,22].



Here, we combined features of the two most commonly used HNSCC spheroid-forming techniques and developed a new stem cell-enriched spheroid model (SCESM) adaptable for high-throughput screenings (HTSs) of anti-CSC compounds. The SCESM uses a commercial HNSCC cell line, proper stem cell medium, and round-bottom ULA plates, generating a single uniform spheroid per well. It is characterized by simple procedures, short cultivating time, compatibility with high-density microplate formats, and exhibits CSCs enrichment much higher than that observed in the MCTS model. Additionally, we treated SCESM with all-trans retinoic acid (ATRA), a known differentiating agent used also in HNSCC [23,24], which resulted in strongly reduced stem marker expression, thereby validating SCESM’s sensitivity for anti-CSCs active substances screening.




2. Materials and Methods


2.1. Cells and Monolayer Cell Culture


The FaDu HNSCC cell line was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in 1:1 mixture of Dulbecco’s Modified Essential Medium and Ham’s F-12 Medium (DMEM/F12, GibcoTM ThermoFisher Scientific, Waltham, MA, USA), supplemented with 10% FBS (GibcoTM) and 1% penicillin/streptomycin (P/S) (Sigma-Aldrich, St. Louis, MO, USA) and maintained under standard culture conditions (37 °C, %5 CO2, >90% relative humidity).




2.2. MCTS Cell Culture


FaDu MCTS were generated as previously published [25]. Briefly, for the generation of FaDu MCTSs in 96-well round bottom ULA plates (Cat. No. 7007; Corning, NY, USA), FaDu cells were resuspended in DMEM/F12 medium (GibcoTM), supplemented with 10% FBS (GibcoTM) and 1% P/S (Sigma-Aldrich). In total, 200 μL of FaDu single-cell suspension with a concentration of 3500 cells per well were transferred into each well. ULA plates were centrifuged at 710× g for 10 min and then kept under standard culture conditions for seven days with a half medium change every two to three days.




2.3. SCESM Cell Culture


For the generation of SCESM spheroids, two previously published protocols were combined and modified [25,26]. FaDu cells were resuspended in stem medium composed of DMEM/F12 medium (GibcoTM) supplemented with 10 ng/mL of epidermal growth factor (ThermoFisher Scientific), 10 ng/mL of basic fibroblast growth factor (ThermoFisher Scientific), B-27TM (50×) serum-free supplement (ThermoFisher Scientific), and 1% P/S (Sigma-Aldrich), and seeded in 96-well round-bottom ULA plates (Corning) at concentrations of 1500, 2500, or 3500 cells/well. ULA plates were centrifuged at 710× g for 10 min and then cultured under standard culture conditions for seven days with a half medium change every two to three days.




2.4. Measurement of Spheroid Size


The spheroid size was analyzed by using a bright-field Axiovert 40 microscope (Zeiss, Oberkochen, Germany) and photos were captured with a Zeiss Axiocam 506 camera (Zeiss). The spheroid mean diameter was determined by using FiJi software v. 1.51 (Fiji.sc/Fiji).




2.5. ATRA Treatment


Seven-day-old SCESM spheroids were further cultured in FaDu standard growth medium or stem medium and treated with 10 μM ATRA (Sigma-Aldrich) for two or five days under standard culture conditions. In case of the five-day treatment, half medium was exchanged on day three.




2.6. Confocal Microscopy


To analyze whole SCESM spheroids, seven-day-old spheroids were fixed using 3.7% formaldehyde (Sigma-Aldrich) in D-PBS (Sigma-Aldrich) for 30 min at room temperature (RT). Next, the spheroids were permeabilized with 0.5% triton X-100 (Sigma-Aldrich) overnight at 4 °C and blocked with 1% FBS (GibcoTM) in D-PBS (Sigma-Aldrich) at RT for 30 min. Spheroids were then labeled with Alexa Fluor® 488-conjugated mouse anti-human Ki-67 (#A4-155-T100, ExBio, Prague, Czech Republic) at 4 °C overnight. Next, the nuclei were stained using 7-amino-actinomycin D (7-AAD, #00-6993-50, Invitrogen, ThermoFisher Scientific) (2.5 µg/mL) and immediately analyzed with a microscope.



One image per spheroid at each wavelength (focused on the spheroid center) was captured by a Leica TCS SP5-II one photon inverted confocal microscope (Leica, Wetzlar, Germany) with a 10× objective.



The anti-Ki-67 antibody was excited with a 488-nm laser line from an argon laser, and 7-AAD was excited with a 561-nm laser line from a DPSS 561 laser. For the visualization of Ki-67, the emission window was set at 485–565 nm and for visualization of 7-AAD, the emission window was set at 607–697 nm.



For each spheroid analyzed, separate photos for fluorescent antibody and 7-AAD were captured. Using FiJi software v. 1.51 (Fiji.sc/Fiji), we constructed a graph of the fluorescence intensity according to the spheroid diameter.




2.7. mRNA Analysis


Total RNA was extracted using Trizol (ThermoFisher Scientific) and reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™ ThermoFisher Scientific). The synthesized cDNA was used to perform qPCR gene expression analysis for selected genes, using a QuantStudio 12K Flex Real-Time PCR System (ThermoFisher Scientific). The primers are listed in Table 1. The relative expression of the target genes was normalized against Beta-2-Microglobulin gene (B2M). Melting curves were examined with regard to the quality of PCR amplification for each sample and quantification was performed using the comparative Ct (2−ΔΔCt) method.




2.8. Flow Cytometry


For flow cytometry analysis, the 2-D and 3-D cancer cells were trypsinized using 0.25% EDTA trypsin (GibcoTM). The cells were fixed with 3.7% formaldehyde (Sigma-Aldrich) in D-PBS (Sigma-Aldrich) at RT for 5 min and blocked with 1% FBS (GibcoTM) in D-PBS at RT for 10 min. Cells were then labeled overnight at 4 °C with primary monoclonal antibodies: PerCP-Cyanine5.5-conjugated rat anti-human CD44 (#45-0441-82, ThermoFisher Scientific), PE-conjugated mouse anti-human CD73 (#1P-675-T100, ExBio), PE-conjugated mouse anti-human CD133 (#1P-819-T100, ExBio), and mouse anti-human CD90 (#sc-53456, SCBT, Dallas, TX, USA). Since mouse anti-human CD90 was not conjugated with a fluorophore, these samples were, after overnight incubation, stained with PerCPeFluor 710-conjugated goat anti-mouse IgG secondary antibody (#46-4010-82, ThermoFisher Scientific) for 1 h at room temperature. Flow cytometry was performed on a Luminex Image Stream X MK II System (Luminex Corporation, Austin, TX, USA) and data analysis was completed by Image Stream software Ideas v 6.2 (Luminex Corporation). Each experiment was performed 5 times (n = 5) with more than 2000 events (N > 2000) measured each time.




2.9. Western Blot


For Western blot, we used a previously published protocol [27]. Briefly, cells were lysed in RIPA buffer (50 mMTris/HCl, pH 7.4, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 25 mM NaF, 25 mM β-glycerophosphate, 0.1 mM NaV, 0.2% Triton X-100, 0.3% Nonidet P40) supplemented with proteinase inhibitors (Sigma-Aldrich). Total protein concentration was measured by the Bradford method using bovine serum albumin (BSA) as the standard. Proteins were loaded onto 15% SDS–PAGE gels and electrophoresed using an XCell SureLock Electrophoresis System (ThermoFisher Scientific). The protein samples were transferred to a nitrocellulose membrane using iBlot, a dry blot gel transfer device (ThermoFisher Scientific).



Next, the membrane was blocked with 5% dried skimmed milk powder for 2 h at room temperature. The membranes were incubated with rabbit anti-human POU5F1 (# MA5-14845, ThermoFisher Scientific), mouse anti-human alpha-tubulin (#ab7291, Abcam, Cambridge, UK), and mouse anti-human involucrin (#MA5 11803, ThermoFisher Scientific) primary antibodies at 4 °C overnight. Then, the HRP-conjugated goat anti-rabbit (#ab97080, Abcam) and HRP-conjugated goat anti-mouse (#ab205719, Abcam) secondary antibodies were used. Western blot signals were visualized by Clarity Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA, USA) with a G:Box imaging system (Syngene, UK) and quantified using Image Lab software v. 6.0.1 (Bio-Rad Laboratories).




2.10. Statistical Analysis


All data are presented as the mean ± standard error (SE). To test for data distribution, the D’Agostino–Pearson omnibus normality test was used. The gene expression data showed an abnormal distribution, hence for assessment of the statistical significance between two groups, the nonparametric Mann–Whitney test was used. The protein expression data also showed an abnormal distribution, hence for assessment of the statistical significance between two groups, the nonparametric Kruskal–Wallis ANOVA test was used followed by ad hoc Dunn’s multiple comparisons test. Statistical analyses were performed using GraphPad Prism software v. 8 (GraphPad Software Inc., San Diego, CA, USA). * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p < 0.0001 were considered statistically significant. Individual experiments were independently repeated at least three times.





3. Results


3.1. Defining SCESM Growth Conditions


As the first step in designing SCESM, we determined optimal growth conditions enabling high CSC enrichment in a short time. We seeded FaDu cells, which were previously shown to express HNSCC stem markers and form compact spheroids [28], in stem cell medium in 96-well ULA plates at 1500, 2500, and 3500 cells per well and monitored the spheroid growth for 11 days, while changing the medium every other day. Regardless of the cell number seeded, compact spheroids formed within two days and, as expected, the average spheroid diameter reflected the initial seeding numbers, with 3500 seeded cells yielding the biggest spheroids at all time points (Figure 1a). From the start, all the spheroids increased in size significantly (8.2–62.0%, p < 0.05) between the two consecutive measurements, i.e., day 2 and 3, 3 and 6, and 6 and 7.



Interestingly though, independently of the seeding cell concentration, spheroid growth reached a plateau on day 7 (850, 1000, and 1100 μm diameter for 1500, 2500, and 3500 seeded cells, respectively), with no significant diameter change until day 11 (p = 0.49). As the spheroids from 3500 seeded cells from day 6 onward depleted the medium within 2 days (noticeable change in color of the media, not shown), we did not try seeding higher cell numbers. Of note, all of the spheroids exceeded the 500 μm diameter, which enables the development of hypoxia in the spheroid core, thus promoting CSC enrichment, already on day 3 [28,29,30,31,32].



Since spheroid size seemed to stabilize after 7 days, we used this time point for further tests. First, we analyzed the relative gene expression of three HNSCC stem markers, ALDH1A1, CD44, and PROM1 (CD133) [33], in seven-day-old spheroids. With the exception of CD44 in spheroids from 1500 seeded cells, the expression of all three markers was significantly increased in all of the spheroids compared to the FaDu cells grown in the adherent monolayer culture, consistent with an enhanced content of stem-like cells in the SCESM (Figure 1b–d). The highest increases (7.3-fold, 1.5-fold, and 76.4-fold for ALDH1A1, CD44, and PROM1, respectively) were reached in the spheroids grown from 3500 cells. The spheroids grown from 3500 seeded cells had significantly higher ALDH1A1, CD44, and PROM1 expression (2.3-fold and 1.4-fold for ALDH1A1; 1.5-fold and 1.3-fold for CD44; 12.2-fold and 1.5-fold for PROM1) compared to the spheroids grown from 1500 and 2500 seeded cells, respectively; Figure 1b–d).



These results show that the seeding of 3500 FaDu cells under SCESM conditions for 7 days yields compact spheroids with a stable size of 1100 μm, enabling formation of a CSC-enriched hypoxic core, with significantly increased relative gene expression of HNSCC stem markers. Since our goal was to maximize CSC enrichment in a short time, we chose these conditions for further work with the SCESM model.




3.2. Only Surface Cells in the SCESM Are Highly Proliferative


As SCESM spheroids’ growth stagnated after 7 days, we assessed their proliferation rate at this time point. To this end, we fixed and permeabilized intact 7-day-old spheroids and stained them for the proliferation marker Ki-67. Confocal microscopy showed an intense Ki-67 signal only on the outer rim of cells, which rapidly decreased within 50 µm of depth and practically disappeared at 100 µm of depth (Figure 2). Counterstaining with 7-AAD nucleic acid stain, on the other hand, revealed the presence of nucleated cells at least to the depth of 150 µm (Figure 2).



This result suggests that fast proliferating cells are present only in the narrow outer rim of the SCESM spheroids, while the cells deeper in are poorly/not proliferating, which is consistent with the enhanced stem-like properties of cells in the SCESM spheroid.




3.3. SCESM Expresses High Levels of Stem Markers


As an additional confirmation of the SCESM spheroids’ “stemness”, we measured the relative gene expression of stem markers additional to the HNSCC markers (Figure 1b–d). We chose POU5F1 (OCT4), SOX2, and NANOG, all coding for core transcription factors of the human stem cell pluripotency signaling pathway [34,35]; and THY1 (CD90) and NT5E (CD73), which are (together with CD44) among the basic human mesenchymal stem cells markers proposed by the International Society for Cellular Therapy [36].



The relative gene expression of 4/5 additional stem markers was significantly higher (POU5F1 3.8-fold, SOX2 4.5-fold, NANOG 1.8-fold, and THY1 11.5-fold) in SCESM spheroids compared to the adherent cells (Figure 3a–d). NT5E expression showed a trend (p < 0.1) toward a 2.1-fold increase in spheroids (Figure 3e).



To further validate the relative gene expression results, we disintegrated 7-day-old spheroids to single cells and checked the protein expression of four surface markers (CD44, CD73, CD90, CD133) using flow cytometry. The results showed significantly increased expression of all the surface markers in the SCESM spheroids compared to the adherent cells (1.3-fold increase of CD44, 1.8-fold increase of CD73, 4.3-fold increase of CD90, and a 3-fold increase of CD133; Figure 4a–d). We also measured the protein expression of one of the transcription markers (OCT4) using Western blot. Again, we observed a 57-fold increase in OCT4 expression in the SCESM spheroids compared to the adherent cells (Figure 4e).



Together, all the tested stem markers confirm that growing FaDu cells under SCESM growth conditions enables significant enrichment of stem-like cells compared to the standard adherent cell culture.




3.4. SCESM Grows Better and Expresses Higher Levels of Stem Markers than MCTS


Next, we compared our SCESM (using a stem medium) to the conventional MCTS (using medium supplemented only with FBS). To this end, we seeded the same number of cells (3500) for both models. SCESM spheroids displayed a much higher growth rate than the MCTS spheroids, with the average SCESM spheroid diameter being 6.7%, 22%, and 81% larger compared to the MCTS spheroids on days 2, 4, and 7, respectively (Figure 5a). This result shows that SCESM culturing conditions enhance spheroid growth compared to MCTS conditions, resulting in bigger spheroids at the same timepoints.



When the expression of stem cell markers was compared between the two models, flow cytometry clearly showed significantly higher expression of all the surface markers in SCESM than in MCTS (1.4-fold increase of CD44, 3.5-fold increase of CD73, 2.5-fold increase of CD90, and 1.7-fold increase of CD133; Figure 5b–e). On the Western blot, the expression of OCT4 was 47-fold higher in SCESM compared to MCTS (Figure 5f). We also checked the relative gene expression of the three stem markers not tested on the protein level. Here, SCESM had a significantly higher expression of ALDH1A1 (1.8-fold increase) and NANOG (4.2-fold increase) compared to the MCTS, while a 1.6-fold increase of SOX2 expression was not significant (Figure 5g–i).



Based on these results, SCESM provides larger spheroids (i.e., more material for downstream applications) with cells that are more stem-like than the MCTS model.




3.5. ATRA Reduces Stem Marker Expression in SCESM


To confirm the usefulness of SCESM for anti-CSCs compound screening, we tested 7-day-old SCESM spheroids with all-trans retinoic acid (ATRA), a known differentiation compound also used in HNSCC therapy [23,24].



To set an optimal endpoint of the treatment, we treated the spheroids for 2 and 5 days. Since the stem medium used to grow SCESM spheroids contains supplements enhancing the stemness of the cells, which could conceal the ATRA differentiating effect, we used both stem and standard monolayer culture medium (containing 10%FBS, but no other supplements). The five-day ATRA treatment reduced ALDH1A1 and CD44 expression compared to the control treatment regardless of the medium used (Supplementary Material Figure S1a–b). Additionally, PROM1 and THY1 were also significantly reduced when stem medium was used, while no differences were observed with the NT5E and POUF1 in both media (Supplementary Material Figure S1c–f). Nevertheless, we also observed that if the stem medium was used, the expression of 4/6 tested stem markers increased in the mock-treated spheroids compared to the 7-day-old spheroids (i.e., day 0 of the treatment experiment), leading to the increased differences between the ATRA- and mock-treated spheroids. This is why we decided to select standard medium for further differentiation experiments.



These showed that 5 days of ATRA treatment reduced the protein levels of all four surface stem markers selected: CD44 by 27%, CD73 by 45%, CD90 by 50%, and CD133 by 12%, compared to the mock-treated SCESM spheroids (Figure 6a), thus validating SCESM’s usefulness for anti-CSCs active substance screening. To further validate our results, we also checked the expression of two epithelial differentiation markers, Cadherin 1 (CDH1) and Involucrin (IVL) [37,38]. As expected, five days of ATRA treatment significantly increased the mRNA expression levels of both markers (CDH1 by 2.0-fold and IVL by 6.6-fold, p < 0.05; Figure 6b). Western blot confirmed the mRNA results for IVL (4.2-fold increase, Figure 6c).



The complete experimental setting of the SCESM model from the seeding of the spheroids to the addition of the tested compounds and the final results readout is summarized in Figure 7.





4. Discussion


In this work, we developed a new cancer stem cell-enriched spheroid model (SCESM), which is faster than the traditional culture of free-floating spheres and enables higher CSC enrichment than the often used MCTS model. Due to the microplate format, a simple handling protocol, compatibility with multimodal detection systems, and sufficient detection signal, i.e., high stem marker expression, SCESM is suitable for HTS analyses of anti-CSC compounds.



To best recapitulate the complexity and heterogeneity of the primary tumor conditions, it would be reasonable to use primary cells for designing SCESM [32]. However, primary cell cultures have several drawbacks limiting their use for HTS; they are difficult to obtain, and their propagation is expensive and relatively limited. Additionally, they have high intra- and inter-sample variability, making comparisons between research groups difficult [32]. Hence, immortalized cell lines enabling reliable cell propagation and high uniformity of experimental conditions are more suitable for HTS applications. The FaDu cells used in this work are particularly suitable for a cancer stem-like model as they already express high basic levels of several stem markers and are known to form compact spheroids [28,39,40].



To imitate drug penetration and response in real tumors, non-adherent 3-D models proved superior to standard adherent 2-D models [25,41,42]. Particularly, 3-D spheroid models gained much popularity in studying CSC in recent years [18,20]. The two most popular spheroid growing techniques are cultures of free-floating spheres (i.e., tumorsphere model and spheroid forming assay) and MCTS [8,12]. Cultures of free-floating spheres were applied to isolate CSC from a variety of tumors, including brain, breast, lung, and HNSCC [12,43,44]. This is an important model for unraveling CSC characteristics [45] and has also been used to study the effect of anticancer agents like cetuximab, quercetin, resveratrol, and others [46,47,48,49]. However, this technique demands prolonged cultivation (>2 weeks) with many manipulation steps. Additionally, as it employs a flat ULA surface, it generates multiple spheroids highly diverse in size, with no single spheroid spatial separation. Hence, the culture of free-floating spheres is poorly compatible with HTS demands [17]. The MCTS model, on the other hand, is designed in microtiter formats, has shorter cultivation times, is compatible with automated and multimodal detection systems, and is thus often employed in the search for anticancer compounds using HTS [18,50]. Many anticancer compounds have been analyzed using MCTS, including a dual phosphoinositide 3-kinase (PI3K) and the mammalian target of rapamycin (mTOR) inhibitor dactolisib, a tyrosine kinase inhibitor sunitinib, and others [15,17]. However, as MCTS employs FBS-supplemented medium with a known differentiation effect, only partial enrichment of CSC is possible. Therefore, the effect of anti-CSC compounds in MCTS is hard to detect [21,22,32]. To circumvent the differentiation effect of FBS-supplemented media, variations of MCTS are being developed. Recently, glucose deprivation led to MCTS with inner hypoxia [51], while two other studies used variations of serum-free media with Y-27632 or insulin-hydrocortisone supplementation and displayed CSC enrichment [52,53].



In our study, we combined positive properties of both most commonly used spheroid growing techniques, i.e., culture of free-floating spheres and MCTS. Similar to conditions for cultures of free-floating spheres, we used a complete stem medium. Its specific composition of growth factors (basic fibroblast growth factor and epidermal growth factor), hormones (insulin and progesterone), and without serum supplementation, the stem medium is an important determinant supporting the growth and proliferation of CSCs [12,32,54]. The use of stem medium enabled a significantly higher expression of seven out of eight measured stem markers in SCESM spheroids compared to the MCTS in the same short cultivation time.



When testing the effects of the stem medium on spheroid growth, the SCESM spheroids also displayed a significantly faster diameter increase compared to the MCTS. This is consistent with the mitogenic effect of the two growth factors (EGF, bFGF) added to the stem medium. [32]. Interestingly though, EGF is also a known epithelial differentiation factor; however, this effect seems to be successfully counteracted by other components of the stem medium as evident by the expression profiles of the SCESM spheroids [55]. The SCESM spheroids exceeded 450 µm already at day 3 and 800 µm at day four (these diameters enabling the development of hypoxia and necrotic core, respectively) [28,56,57], both stimulating the dedifferentiation process and CSC enrichment [30,58,59,60]. Additionally, analyses of the proliferation marker Ki-67 and the 7-AAD nuclear stain suggested that only the outermost rim of cells is fast proliferating, while the cells deeper in are poorly/not proliferating. Such a result is consistent with other studies on the proliferation of spheroids, which have shown that live cells are present only in the outer layer of a spheroid, with fast proliferating cells present only in the outer narrow rim of the spheroid live cell area [28,56]. This result further suggests the presence of CSC in the hypoxia-developing depths of SCESM spheroids. The confocal analysis showed the absence of a signal inside the spheroid, which could indicate the presence of a hole inside the spheroid, as already reported in similarly large spheroids [28], or the incomplete penetration of dyes into the interior of the spheroid. Nevertheless, since stain control traveled deeper into the spheroid than the studied Ki-67 dye, we believe the results of proliferation marker staining represent the true image of proliferating cells in the spheroid.



Like in the MCTS model, we seeded a high concentration of cells in round-bottom ULA wells, with a subsequent centrifugation step immediately after seeding. Using ULA plates prevents the cells from adhering to the surface and therefore they remain in suspension. The centrifugation step enables the formation of a uniform cell mass and the formation of a single spheroid per well, which allows for the addition of a single active ingredient to an individual spheroid. Optimal conditions for a rapid formation of large, compact, uniform, and spatially separated spheroids with nutrient gradient/hypoxia development were set at the seeding of 3500 cells/well and cultivation of seven days. The compact spheroids, for which FaDu cells are known [28], enable an even intake of nutrients across the spheroid surface and easy handling as they are quite resistant to shear stress during manipulation. The uniformity of the spheroids is also important, as it allows the same diffusion conditions for all compounds tested. At day seven, the SCESM spheroid size stabilized. The result is in line with previous reports showing a plateau phase of spheroid growth [61]. In this, the spheroids’ growth pattern is similar to that of solid tumors, with an initial exponential growth period (i.e., the avascular growth phase), followed by a dormant phase during which the tumors develop angiogenic, invasive, and metastasizing properties characteristic of CSC [11,62]. A stable spheroid size is also important in models for testing anti-CSC agents since changes in spheroid size during treatment can be directly attributed to the effect of the active substance studied.



A sufficient detection signal enabling a good signal to noise ratio is also a prerequisite for HTS [63]. Recently, Spina et al. developed a drug screening system for the identification of CSC differentiation-inducing agents, employing FBS-supplemented MCTS and a lentiviral transcriptional green fluorescent protein (GFP) reporter system [64]. While the GFP reporter enables a strong and easy readout, it allows the monitoring of only a single differentiation marker for a single cell type. Tracking the reduction of stem marker expression instead would offer more universality, though unfortunately, no universal stem marker exists for the identification of CSC. This can be improved by using multiple markers instead of one [11]. Alternatively, functional assays, such as the limiting dilution assay, usually used to confirm the CSC properties of primary culture cells, can be employed. Unfortunately, in immortalized cell lines like FaDu, proliferation assays do not seem reasonable, since immortalized cell lines are characterized by unlimited proliferation [65]. For SCESM, we defined CD44, CD73, CD90, and CD133 as a set of stem markers increased at both the transcriptional and the protein level, enabling the tracking of CSC enrichment at both levels. Thus, depending on the design of compound screening, mRNA analysis with standardized protocols (but with a requirement for real-time expression analysis equipment) or protein analysis (requiring several optimization steps and use of flow cytometry or confocal microscopy) can be performed (Figure 7). To exemplify the usefulness of the SCESM and markers selected, we used ATRA, a known differentiating agent used also in HNSCC therapy [23,24]. As expected, treating SCESM with ATRA resulted in strongly reduced expression of stem markers, confirming both our choice of readout markers and the usefulness of SCESM for anti-CSC active substance screening. These results are even further validated by a strong increase of the IVL epithelial differentiation marker.



Last but not least, to enable the screening of large compound collections, HTS must be cost-effective [63]. Although the cost of seeding and cultivating the SCESM is slightly higher compared to the MCTS method, this is balanced out with a much higher CSC enrichment and thus a better readout. On the other hand, with regard to the consumption of reagents, SCESM’s seeding and 7-day cultivation are much more favorable to the 2–3-week cultivation for cultures of free-floating spheres.



Altogether, our cancer stem-cell enrichment model is a compromise between tumor complexity and protocol simplicity. It is an example of a simple spheroid model formed by only one cell type. Although it does not capture the complexity of the real tumor, it provides high CSC enrichment and is therefore suitable only for testing anti-CSC active substances but not active substances targeting other tumor cells, usually present in complex tumors. Due to SCESM’s simple establishment, uniformity, short cultivation time, and spatial separation, which allows for the addition of a single active ingredient to an individual spheroid, the model is well suited for the first HTS hit compounds identification, as also validated by the ATRA treatment. Such simple models enable cheaper first compound identification, narrowing further validation of the detected active substances in more complex and costly spheroidal or animal models [25].
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Figure 1. Stem cell-enriched spheroid model (SCESM) spheroid growth condition analysis. Growth of SCESM spheroids with three different cell seeding concentrations, i.e., 3500, 2500, and 1500 cells per well, was analyzed and relative gene expression of head and neck squamous cell carcinoma (HNSCC) stem markers was assessed; (a) Growth curve of SCESM spheroids cultured for 11 days. Mean values ± SE (n = 4) are presented, (*, ∆, and o represent p < 0.05, * is used for comparisons in group 1500 c./well, ∆ is used for comparisons in group 2500 c./well, o is used for comparisons in group 3500 c./well); (b–d) Relative gene expression of stem markers in 7-day-old SCESM spheroids and an adherent cell line. Normalized mean values ± SE (n ≥ 4) are presented. Asterisks above the graph bars represent the results of statistical analysis of the studied group vs. the control group—adh (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001); (b) Relative gene expression of ALDH1A1; (c) Relative gene expression of CD44; (d) Relative gene expression of PROM1. adh, adherent cell line. 
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Figure 2. Confocal microscopy analysis of SCESM spheroid. Seven-day-old SCESM spheroid was stained for the presence of the proliferation marker Ki-67 (anti-Ki-67) and spheroid nuclei were stained with 7-amino-actinomycin D (7-AAD). (a) Confocal microscope fluorescent and visible light images are presented. Green fluorescence represents Ki-67 and red fluorescence represents 7-AAD staining. Scale bars correspond to 200 μm; (b) Histograms of the fluorescence intensity across the SCESM spheroid diameter are presented; the green histogram displays Ki-67 and the red histogram displays the 7-AAD fluorescence intensity across the SCESM spheroid diameter. 
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Figure 3. Relative gene expression of stem markers. Relative gene expression of five additional stem markers was assessed in the FaDu adherent cell line and 7-day-old SCESM spheroids. (a) Relative gene expression of POU5F1; (b) Relative gene expression of SOX2; (c) Relative gene expression of NANOG; (d) Relative gene expression of THY1; (e) Relative gene expression of NT5E. Normalized mean values ± SE (n ≥ 5) are presented (* p < 0.05, *** p < 0.001, **** p < 0.0001 vs. control- adh). adh: adherent cell line; S: SCESM. 
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Figure 4. Protein expression of stem markers. The protein expression of five different stem markers was assessed in the FaDu adherent cell line and 7-day-old SCESM spheroids by Western blot and flow cytometry. (a–d) Protein expression analyzed by flow cytometry. Normalized fluorescence intensities of selected proteins are presented, and corresponding flow cytometry visible light and fluorescent photos are attached. Normalized mean values ± SE (n ≥ 5, N ≥ 2000) are presented (**** p < 0.0001 vs. control (adh)); (a) CD44 protein expression; (b) CD73 protein expression; (c) CD90 protein expression; (d) CD133 protein expression; (e) OCT4 and tubulin protein expression analyzed by Western blot. Western blot membrane photos showing OCT4 and tubulin and a graph depicting normalized OCT4 protein expression analysis from Western blots are presented. Bars represent normalized mean values ± SE (n ≥ 3). B: blank; adh: adherent cell line; S: SCESM. 
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Figure 5. Comparative analysis of SCESM spheroids and multi-cellular tumor spheroids (MCTSs). (a) Graph representing SCESM spheroid and MCTS mean diameter increase. Spheroids were photographed on days 2, 4, and 7 and representative phase-contrast microscope images of SCESM spheroids and MCTSs on days 2, 4, and 7 are displayed under the graph. Mean values ± SE (n ≥ 8) are presented. Scale bars correspond to 400 µm; (b–e) Protein expression of four different stem markers was assessed in SCESM spheroids and MCTSs by flow cytometry. Normalized fluorescence intensities of selected proteins are presented and corresponding flow cytometry visible light and fluorescent photos are attached (n ≥ 5, N ≥ 2000); (b) CD44 protein expression; (c) CD73 protein expression; (d) CD90 protein expression; (e) CD133 protein expression; (f) OCT4 and tubulin protein expressions were assessed in SCESM spheroids and MCTSs by Western blot analysis. Western blot membrane photo showing OCT4 and tubulin and graph depicting normalized OCT4 protein expression analysis from Western blots (using Image Lab software) are presented (n ≥ 3); (g–i) Relative gene expression of three additional stem markers assessed in 7-day-old MCTSs and SCESM spheroids; Normalized mean values ± SE (n ≥ 5) are presented; (g) Relative gene expression of ALDH1A1; (h) Relative gene expression of NANOG; (i) Relative gene expression of SOX2. (* p < 0.05, **** p < 0.0001 vs. control (MCTS)). B: blank; M: multi-cellular tumor spheroid; S: SCESM. 
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Figure 6. All-trans retinoic acid (ATRA) treatment. Seven-day-old SCESM spheroids were treated with 10 μM ATRA for 5 days. (a) Normalized fluorescence intensities of selected surface stem markers and corresponding flow cytometry visible light and fluorescent photos are presented. Normalized mean values ± SE (n ≥ 5, N ≥ 2000) are shown. (b) Relative gene expression of two differentiation markers, CDH1 and IVL, after 5 days of ATRA treatment are displayed. Normalized mean values ± SE (n ≥ 5) are presented. (c) IVL protein expression was assessed after 5 days of ATRA treatment by Western blot analysis. Western blot membrane photo showing IVL and Ponceau staining and a graph depicting normalized IVL protein expression analysis from the Western blot membrane, (using Image Lab software) are presented (n ≥ 3). (* p < 0.05, **** p < 0.0001 vs. control − ATRA untreated group)—control/ATRA untreated group; +: ATRA treated group. 
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Figure 7. A schematic representation of compound screening with SCESM using relative gene expression and protein expression analysis. A single-cell suspension is seeded with stem medium onto round-bottom ultra-low adherent (ULA) microwell plate and centrifuged to obtain single multi-cellular mass per well. To form spheroids, the cells are cultured for 7 days, with half of the medium changed every 2–3 days. After seven days, half of the stem medium is replaced with treatment medium containing testing compound. Each spheroid can be treated individually with different compounds/concentrations. After five days of treatment, the spheroids are disintegrated by lysis buffer and RNA or protein analysis can be performed. For the RNA analysis, RNA is extracted by spin columns and the isolated RNA can be used for qRT-PCR analysis. For the protein analysis, cells are labeled with fluorescently labeled antibodies and analyzed with flow cytometry. Use of active anti-CSC compounds leads to decreased expression of “stemness” genes/proteins compared to the mock treatment. 






Figure 7. A schematic representation of compound screening with SCESM using relative gene expression and protein expression analysis. A single-cell suspension is seeded with stem medium onto round-bottom ultra-low adherent (ULA) microwell plate and centrifuged to obtain single multi-cellular mass per well. To form spheroids, the cells are cultured for 7 days, with half of the medium changed every 2–3 days. After seven days, half of the stem medium is replaced with treatment medium containing testing compound. Each spheroid can be treated individually with different compounds/concentrations. After five days of treatment, the spheroids are disintegrated by lysis buffer and RNA or protein analysis can be performed. For the RNA analysis, RNA is extracted by spin columns and the isolated RNA can be used for qRT-PCR analysis. For the protein analysis, cells are labeled with fluorescently labeled antibodies and analyzed with flow cytometry. Use of active anti-CSC compounds leads to decreased expression of “stemness” genes/proteins compared to the mock treatment.



[image: Cells 09 01707 g007]







[image: Table] 





Table 1. Primer sequences.






Table 1. Primer sequences.





	Target
	Forward Primer Sequence (5′–3′)
	Reverse Primer Sequence (5′–3′)





	B2M
	TTCTGGCCTGGAGGCTATC
	TCAGGAAATTTGACTTTCCATTC



	ALDH1A1
	GCACGCCAGACTTACCTGTC
	AGCATCCATAGTACGCCACG



	CD44
	GAAGAAGGTGTGGGCAGAAG
	TCTGCAGGTTCCTTGTCTCA



	PROM1
	TAATGAGCATACTGGAAGCA
	CTGCACCCAACAGAAAGAT



	POU5F1
	CGAAAGAGAAAGCGAACCAG
	ATCTGCTGCAGTGTGGGTTT



	SOX2
	GCCTGGGCGCCGAGTGGA
	GGGCGAGCCGTTCATGTAGGTCTG



	NANOG
	GATGCAAGAACTCTCCAACATCC
	TTGCTATTCTTCGGCCAGTTGT



	THY1
	CTAACAGTCTTGCAGGTCTCC
	CTTCTTTGTCTCACGGGTCAG



	NT5E
	TCTCTCAAATCCAGGGACAAATT
	GTCCACACCCCTCACTTTCT



	ENG
	GAGGCGGTGGTCAATATCCT
	GGACACTCTGACCTGCACAA



	IVL
	GCCTTACTGTGAGTCTGGTTGA
	GGAGGAACAGTCTTGAGGAGC



	CDH1
	GAGGGGTTAAGCACAACAGC
	ACGACGTTAGCCTCGTTCTC
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